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Abreviaturas

MCF-7: Linea celular receptor de estrégenos positivo+.
MCF-7VarE; Linea celular receptor de estrogeno positivo resistente, variante E.
RE+: Receptor de Estrégenos positivo.

HER2+: Receptor positivo al factor 2 de crecimiento epidermal.
RP+: Receptor de progesterona positiva.

CYP: Citocromos de la familia P450.

MDR: Multifarmaco resistente.

4-OH Tam: 4-OH tamoxifeno.

E2 : Estradiol.

TNBC: Células de cancer de mama triple negativo.

WB: Western Blot.

REa: Recpetor de estrogenos Alpha.
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RESUMEN

El cancer de mama es el tipo de cancer mas comun entre las mujeres, y
aproximadamente el 80 % de los casos diagnosticados son positivos para
receptores de estrogenos (RE+). Este subtipo tumoral es particularmente
sensible a los tratamientos hormonales, aunque muestra una baja respuesta
frente a terapias citotdxicas convencionales.

El tamoxifeno es uno de los tratamientos hormonales mas empleados para el
cancer de mama RE+. Sus principales metabolitos activos, el 4-OH-tamoxifeno y
el endoxifeno, que desempefian un papel fundamental en su mecanismo
terapéutico. Sin embargo, la aparicion de resistencia al tamoxifeno en células
tumorales RE+ representa un desafio clinico significativo, asociado a diversos
mecanismos moleculares, entre ellos, la mayor actividad del complejo elF4F.
Dentro de este complejo, el factor elF4A juega un papel esencial al desenrollar
las estructuras terciarias de la regiéon 5'UTR del ARN mensajero (ARNm),
facilitando asi la traduccion de proteinas criticas para la proliferacion celular y la
resistencia a los tratamientos.

En este contexto, se planted la generacion de lineas celulares resistentes a los
metabolitos del tamoxifeno mediante protocolos especificos de induccién de
resistencia. Posteriormente, se propuso evaluar el potencial terapéutico de la
criptotanshinona y el aurapteno como agentes sensibilizadores en estas células
resistentes a los metabolitos 4-OH-tamoxifeno y endoxifeno. Para ello, se
realizaron ensayos de viabilidad celular, estudios de docking molecular y analisis
mediante western blot. Los resultados obtenidos evidencian la eficacia de los
tratamientos combinados de criptotanshinona y aurapteno con los metabolitos
del tamoxifeno, lo que sugiere su potencial en la sensibilizacion de las variantes

resistentes.
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1.  Introduccién
El cancer de mama es una enfermedad heterogénea que se puede clasificar en
diferentes subtipos moleculares: receptor de estrégeno positivo (RE+), receptor 2
del factor de crecimiento epidérmico humano (HER2+), y triple negativo (TNBC)
(Garcia-Redondo et al., 2023). Aproximadamente el 80 % de los casos de cancer
de mama son receptor de estrogeno positivo (RE+) (Sung et al., 2021). Uno de
los medicamentos mas utilizados para el tratamiento del cancer de mama RE+ es
el tamoxifeno, un modulador selectivo del receptor de estrogeno que compite con
su ligando natural, el estradiol (E2); una hormona estrogénica que juega un papel
critico en el crecimiento, desarrollo y funcién del tejido mamario (Chang, 2012). El
tamoxifeno se clasifica como un profarmaco debido a su transformacién al ser
metabolizado en metabolitos activos. Estos metabolitos incluyen N-
desmetiltamoxifeno (NMD), 4-hidroxi-N-desmetiltamoxifeno (endoxifeno) y 4-OH
tamoxifeno (4-OH Tam), los cuales muestran una afinidad entre 30 y 100 veces

mas por el receptor de estrogeno comparado con el tamoxifeno (Lim et al., 2005).

Dentro de los tratamientos mas recurrentes contra el cancer de mama RE+ es el
tamoxifeno; No obstante, algunos pacientes desarrollan farmacorresistencia.
Particularmente, hay informes sobre la adquisicion de la resistencia a 4-OH Tam
y su capacidad para inhibir al RE+ (Chang, 2012); Siendo, el 4-OH Tam vy el
endoxifeno los principales metabolitos activos. Sin embargo, la informacién es
limitada sobre la resistencia al metabolito activo mas potente, el endoxifeno. La
aparicion de quimiorresistencia en las diferentes etapas del cancer de mama RE+,

ha aumentado significativamente la complejidad del tratamiento (Lim et al., 2005).

Se han elucidado varios mecanismos que explican cédmo las células neoplasicas
desarrollan resistencia a la terapia. Estos incluyen una disminucion en la
activacién del profarmaco, una mayor expresiéon de bombas de eflujo, una
reduccion de la internalizacion del farmaco (Marin et al., 2014) ademas de la

activacion de sistemas enzimaticos responsables del catabolismo del farmaco.



Asimismo, una de las causas de la resistencia al tamoxifeno es la disminucion de
la expresién del RE a través de la supresidon transcripcional, causando una
transformacién fenotipica o cambios en el porcentaje de poblaciones celulares
entre baja y normal expresion de RE (Gupta et al., 2011). También se ha
observado una baja concentracion de metabolitos intratumorales de tamoxifeno
en algunos casos de cancer de mama resistente al tamoxifeno, lo que sugiere
una condicion de resistencia adquirida asociada con un aumento de bombas de
eflujo de ABC (ATP-binding cassette) o de resistencia a multiples farmacos (MDR)
(Hembruff et al., 2008). El receptor de estrogenos Alpha (REa) es un actor clave
en el contexto del cancer de mama RE+, influyendo tanto en la patogénesis como
en la respuesta al tratamiento. Ademas, la sefalizacion de REa muestra una
compleja interaccion con otras vias, como las mediadas por receptores de
crecimiento, influyendo en el crecimiento y la supervivencia celular (Nair &
Sachdeva, 2018).

Esta activacion conduce al aumento en la sintesis selectiva de proteinas,
haciendo del complejo del factor de iniciacion eucariético 4F (elF4F) un obijetivo
de estudio interesante. El complejo elF4F estd compuesto por tres componentes
clave: elF4E, elF4A y elF4G, que juntos coordinan el inicio de la traduccién del
MARN en células eucaridticas(Pelletier et al., 2015). Una sobreexpresion o
hiperactivacion del factor elF4E ha sido implicado en la traduccién de diversos
blancos de mARN, incluyendo ciclinas D1, c-Myc, VEGF y Bcl-2, dependientes de
la sefalizacion por RE, que contribuyen a la progresion del cancer de mama.
Ademas, un aumento en la traduccion de proteinas de supervivencia, incluyendo
mecanismos de resistencia a farmacos por anti apoptéticos y bombas de eflujo.
Ademas, una sefalizacién anormal de elF4G puede aumentar el ensamblaje y la
estabilidad del complejo elF4F, llevando a un incremento de la traduccién de
MARN. Ademas, las alteraciones que incrementan la expresion 0 mejoran la
funcién helicasa de elF4A, pueden llevar a la traduccién de transcritos
especificos de mARN, que, a su vez, pueden potenciar la quimioresistencia
(Boyer et al., 2024; Galicia-Vazquez et al., 2012).



Por lo tanto, estos componentes forman un complejo dinamico y crucial para una
traduccién eficiente de mARN, cuya desregulacion a menudo esta implicada en
fendmenos de quimiorresistencia en células cancerosas (Boussemart et al.,
2014). Mediante su influencia en la traduccién de proteinas clave, el complejo
elF4F impacta diversos procesos celulares mediados por RE, incluyendo la
regulacion del ciclo celular, proliferacion, angiogénesis y resistencia a la
apoptosis. Ademas, en células MCF-7 (células RE+), se han descrito altos
niveles de expresion de las bombas de eflujo ABCB1 y ABCC1 (Hembruff et al.,
2008; Sodani et al., 2012). Por lo tanto, esta doble regulaciéon de elF4F y RE
podria representar un enfoque terapéutico estratégico para la quimiorresistencia
del RE.

Como respuesta a este enfoque terapéutico, los compuestos naturales tienen
potencial como estrategia terapéutica. En este sentido, se ha reportado que
varias moléculas, como los rocaglates, el hippuristanol y la pateamina A, tienen
actividad anticancerigena en modelos in vitro e in vivo (Naineni et al., 2020). De
hecho, se ha caracterizado que el rocaglamida y el silvestrol son compuestos
adyuvantes en el tratamiento del cancer, capaces de inhibir la subunidad elF4A
(Boyer et al., 2024; lwasaki et al., 2019; Naineni et al., 2020). Sin embargo,
nuevas moléculas de origen natural pueden representar un area de oportunidad,
en este sentido, el aurapteno, una geraniloxicumarina obtenida de plantas del
género Citrus, la que podria mostrar varias propiedades farmacologicas, como
agente antineoplasico, inductor de apoptosis, agente neuroprotector, inhibidor de
metaloproteinasas, antioxidante y hepatoprotector. También se ha propuesto que
el aurapteno se une a ERa y modula su actividad transcripcional en células RE+
(de Medina et al., 2010). Ademas, esta cumarina puede interactuar con el
complejo elF4F interfiriendo con la traduccion selectiva (Naineni et al., 2020), en

este sentido, elF4A podria ser su blanco.

La criptotanshinona es un diterpeno natural obtenido de plantas del género Salvia.



Este compuesto posee una amplia variedad de propiedades farmacoldgicas, tales
como antitumoral, antiinflamatoria, antifibrética, protector cardiovascular y
regulador en trastornos metabdlicos. La criptotanshinona podria mostrar
capacidades antitumorales, induciendo apoptosis, disminuyendo la proporcion de
Bcl-2/Bax, aumentando la liberacion de citocromo C y la pérdida de
metaloproteinasas. También puede inhibir la proliferacion a través de la via
STAT-3 (Wu et al., 2020b). Ademas, evidencia sugiere que también podria
interactuar con el factor de iniciaciéon de la traduccion de proteinas elF4A vy el
factor PI3K (Gonzalez-Ortiz et al., 2022).

Los compuestos naturales, como moléculas bioactivas derivadas de plantas,
hierbas y otras fuentes, han demostrado un efecto terapéutico contra el cancer,
que abarca desde propiedades antiinflamatorias y antioxidantes hasta la
modulacién del sistema inmunologico y la induccion de apoptosis. Los
metabolitos del tamoxifeno utilizados junto con estos compuestos naturales
pueden tener el potencial de contrarrestar los mecanismos de quimiorresistencia
y mejorar los resultados terapéuticos. En este sentido, la criptotanshinona y el
aurapteno pueden ser una alternativa para la sensibilizacion de las células
cancerigenas resistentes. Por lo tanto, ser coadyuvantes en los tratamientos,

dirigidos a modelos de células RE+.



2. Marco teodrico

2.1 El Receptor de estréogenos.
Los receptores de estrogenos forman parte de una superfamilia de receptores
hormonales nucleares, que actuan como factores de transcripcion activados por
ligando y juegan un papel importante en el crecimiento, desarrollo, reproduccion

y mantenimiento de un amplio rango de tejidos (Lipovka & Konhilas, 2016).

El REa esta conformado por 595 aminoacidos, el cual esta diseccionado en
diferentes dominios que cumplen diversas funciones, entre los que encontramos
el dominio amino terminal o NTD en el cual se encuentra el sitio de activacion 1 o
AF1, después tenemos al dominio de unidon a ADN, seguido del sitio H o de
articulacion, y finalmente el sitio de union a ligando o LBD, el cual se encuentra el
dominio de activacion 2 o AF-2 (Fig. 1) (Xin et al., 2016). Siendo la parte mas
importante para la activacion del receptor, el dominio LBD, el cual esta
conformado por 12 hélices alfa en posicidn antiparalela, en el cual la parte del
central estan las hélices 5/6, H9, H10, y dos estratos mas de hélices que rodean
al centro, lo que genera una cavidad para la union de los ligandos, a su vez el RE
se dimeriza para poder cumplir con su funcién, en donde la regién DBD y H

juegan un papel importante para que esto se lleve a cabo (Yasar et al., 2017).

REa
NTD LBD
| i i !
1 180 263 302 595

Fig. 1 Dominios estructurales del receptor de REa. El receptor de estrégenos se conforma de 595

aminodcidos, y tiene 2 regiones principales, la NTD regién amino terminal, en donde se encuentra la AF-1

(Activation function 1) en color amarillo, después se encuentra el DBD que corresponde al dominio de union a
DNA en color verde, seguido del dominio H o de articulacion, después tenemos la otra region principal
denominada LBD o dominio de unién a ligando, donde se encuentra el AF-2 (Activation function 2) en color

azul.
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La gran mayoria de los tumores RE+ (55-65%) son positivos también para el
receptor de progesterona (RP+). El RP tiene una funcién en la sefnalizacion por
RE (Fragomeni et al., 2018). Cabe mencionar que los tumores RE+ son sensibles
al tratamiento hormonal, pero muestran baja sensibilidad a tratamientos
citotoxicos. Ademas, presentan una mayor recurrencia, pero siendo menos

agresivos (Garcia-Redondo et al., 2023).
2.2 El rol del complejo elF4F en la regulacion de la traduccién

Los mecanismos de traduccion de ARNm a proteinas representan un proceso
complejo, en donde participa el complejo elF4F, que esta conformado por tres
subunidades principales, los factores elF4E, elF4A y elF4G. El complejo tiene
como principal funcién el reclutamiento de los ribosomas, con el fin de llevar a
cabo la traduccion del ARNm. Ademas, este complejo requiere de dos
chaperonas de ARN, elF4B y elF4H, que promueven la actividad del elF4A, para
desplegar las estructuras terciarias que se pueden formar en la regién 5’UTR del
ARNmMm (Pelletier & Sonenberg, 2019b).

El mecanismo de traduccion de proteinas comienza con la uniéon de las

subunidades pequefias ribosomales dependientes del 5’-m7G al ARNm,
seguido de la busqueda de las regiones 5 no traducidas (UTRs), para lo cual
se requiere del factor de iniciacion de helicasas de ARN dependientes de ATP,
es decir el elF4A, que contribuye en la velocidad de sintesis proteica, ademas
estan involucrados otros mecanismos de regulacion, modulados por tres vias
de sefalizacién, PI3K/mTOR, MAPK e ISR (Fig. 2) (Shirokikh et al., 2019). En el
caso de la via de PIBK/mTOR puede tener un efecto sobre la regulacion de
elF4E, asi como de las proteinas de unién del grupo 4E-BP, ademas la
activaciéon de la via de sefializacion de MAPK provoca la fosforilacion de elF4E,
que estimula la traduccién de los ARNm (Bhat et al., 2015). Sin embargo, aun

no se ha dilucidado como se lleva a cabo la regulacion de estos



mecanismos.

Growth factors, Hormones, Cytokines, GPCR, Mitogens
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Fig. 2 Vias de senfalizaciéon que regulan la formacion del complejo elF4F. Vias implicadas para la
formacion del complejo elF4F. Tomado de Hou, J., Lam, F., Proud, C., & Wang, S. (2012). Targeting Mnks
for cancer therapy. Oncotarget, 3(2), 118-131. https://doi.org/10.18632/oncotarget.453.

2.2.1 El factor elF4E.
Los niveles del factor elF4E son criticos para el inicio de la traduccion, y en

células que se dividen activamente. Por ejemplo, ciertos calculos sugieren

que los niveles se encuentran hasta en 4><105 moléculas/célula. Cabe destacar
que la expresion de elF4E debe controlarse de manera adecuada, ya que
incluso un pequeio aumento en su expresion podria promover la
tumorigénesis, e incluso fendmenos asociados con la farmaco-resistencia
(Kulak et al., 2014). El aumento de la expresion de elF4E se ha asociado a
distintos tipos de cancer, asi como un incremento en la actividad del complejo

elF4F, que podria estar relacionado con fendmenos de resistencia, en terapias



que tiene como objetivo la via de PISK/mTOR. Cabe mencionar que la
expresion de elF4E es estimulada por medio de MYC y C-MYC, que
aumentan por el estimulo de elF4E, lo que genera una retroalimentacion
entre ambos factores (Lin et al., 2008; Schmidt, 2004).

Si bien existen tres proteinas supresoras que regulan la disponibilidad de elF4E
en el complejo elF4F, las cuales son 4E-BP1, 4E-BP2, y 4E-BP3, esta regulacién
se lleva a cabo cuando sufren una fosforilacion a la baja, lo que genera una
seleccion competitiva para unirse con elF4E, es decir entre las proteinas de
union (4E-BP1, 4E-BP2, 4E-BP3) y el elF4G, suprimiendo la traduccion
dependiente de Cap (Pelletier & Sonenberg, 2019a).

Por otro lado, se han descrito proteinas homdélogas a elF4E, dentro de las
cuales se encuentra la 4EHP/elF4E2 que comparte un 30 % de homologia. Cabe
mencionar que 4EHP/elF4E2 son menos abundantes, y se unen a analogos de
Cap con una menor afinidad en comparaciéon con elF4E, no llegando a
interaccionar con elF4G. Asi mismo, se han reportado otras proteinas
homdlogas, elF4E3 vy elF4E1, las cuales no han sido completamente
caracterizadas debido a su baja expresion y que solo se encuentran en tejido
cardiaco, pulmonar y del musculo esquelético (Joshi et al., 2004; Rosettani et al.,
2007; Zuberek et al., 2007).

2.2.2 El factor elF4G.

El factor elF4G funciona como una estructura de andamiaje para la unién del
ARNm vy la subunidad ribosomal pequefia, resultando en el reclutamiento del
complejo de pre-iniciaciéon 43S (43S PIC). Ahora bien, en el caso de elF4G1
y elF4G3 poseen un sitio especifico de unién para las proteinas de unién a poli-
A (PABP), elF4E, elF4A, elF3 y MNK, las cuales son de gran importancia para el

proceso de inicio de la traduccion (Pelletier & Sonenberg, 2019a).

En el inicio de la traduccién se lleva a cabo la interaccion de elF4G y PABP, lo



cual sucede en varias etapas. En primera instancia, esta interaccién hace
posible la estabilizacion del complejo elF4F con el Cap del ARNm, lo que
estimula el reclutamiento del 43S PIC, provocando la unién de la subunidad
ribosomal 60S, permitiendo incrementar la concentracién de ribosomas maduros

cercanos al Cap (Sun et al., 2010).

2.2.3 El factor elF4A.

El factor elF4A se compone de 2 paralogos, elF4A1 y elF4A2, los cuales tienen
un 90% de homologia a nivel de secuencia de aminoacidos, siendo elF4A1
el mas abundante y mejor caracterizado, no obstante, una de las mayores
diferencias de estos paralogos esta relacionado con su expresion: elF4A1 es
sintetizado al momento de la division celular, y de manera contraria elF4A2 se
produce cuando la célula se encuentra en estado basal. Por otro lado, las
expresiones de estos paralogos estan interrelacionada, ya que al suprimir la
expresion de elF4A1, esto provoca un aumento en los niveles de elF4A2
(Galicia-Vazquez et al., 2012).

Ademas, existe una dependencia de la traduccidon limitada por el Cap en
varios ARNm, fendmeno que ocurre cuando aumenta la estabilidad de las
barreras estéricas en la region 5, en parte, debido a la formacién de
estructuras tridimensionales, lo que conlleva a elF4A mantener su funcién
critica en el complejo elF4F, esto al discriminar entre diferentes ARNm. En el
caso de la afinidad entre elF4A al ARNm, ésta tiende a ser mejor cuando el ARN
presenta cadenas sencillas de polipurinas, con fragmentos de una longitud de
15 a 20 nucledtidos, donde no se ve involucrada una actividad ATPasa, puesto
que, si se presenta dicha actividad, provocaria la separacion de elF4A del
complejo elF4F (Peck & Herschlag, 1999).

Adicionalmente, otro mecanismo relacionado con la modulacién de elF4A y del
complejo elF4F, es la via de PDCD4, el cual es un gen supresor de tumores

que se une a elF4A, secuestrandolo, condicion que puede bloquear la



formacion del complejo elF4F. Sin embargo, la interaccion entre elF4A vy
PDCD4 esta regulada por S6K1 y S6K2 por la via de mTORCH1, las cuales
fosforilan a PDCD4, e inducen su degradacion por la via de ubiquitinacién
(Dorrello et al., 2006; Liwak et al., 2012).

Ademas, en un reporte realizado en células tumorales resistentes a tamoxifeno,
mostro6 un aumento en la expresion del complejo elF4F, debido a una
hiperfosforilacion de la proteina 4E-BP1, ocasionando un impedimento en la
unién con elF4E vy, provocando un aumento en la formacién del complejo elF4F
(Fagan et al., 2017).

2.3 Mecanismos de resistencia al tamoxifeno.

La quimiorresistencia involucra procesos que provocan la falta de sensibilidad
de las células cancerigenas a la terapia, siendo uno de los factores mas
notables en el fracaso de la quimioterapia. Las células tumorales estan
expuestas a condiciones metabdlicas altamente fluctuantes, metabolitos de
sefalizacion, biomoléculas del estroma y agentes quimioterapéuticos, que en
conjunto generan un microambiente que puede inducir cambios en el fenotipo
(Carvalho et al., 2021; Galindo-Hernandez et al., 2015). Estas adaptaciones
pueden incluir alteraciones genéticas y, de manera importante, implican cambios
transcripcionales o epigenéticos que modifican rutas metabdlicas (Li et al., 2017).
Por mucho tiempo, la expresion de receptores del tipo MDR/ABCB1 se ha

asociado con fenotipos multifarmaco-resistentes (Wang et al., 2020).

Con la aparicion de los fendmenos de quimiorresistencia a diferentes niveles, el
tratamiento del cancer de mama se ha vuelto mas complejo (Zahreddine &
Borden, 2013). Se han descrito varios mecanismos a través de los cuales,
células neoplasicas se vuelven resistentes a la quimioterapia. Por ejemplo, la
disminucién de la activacion de profarmacos, el aumento en la expresion de
bombas de eflujo, la disminucion de la internalizacion de los farmacos vy, la

activacion de sistemas enzimaticos para su catabolismo (Marin et al., 2014).
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Ademas, se ha observado que la metastasis de tumores epiteliales resistentes a
la terapia constituye una de las principales causas de mortalidad por cancer en
adultos. (Gupta et al., 2011).

Especificamente, dentro de las posibles causas de resistencia al tamoxifeno,
se encuentra la disminucion en la expresion del RE, provocando un cambio de
fenotipico, de receptor de estrégenos positivo (RE+) a receptor de estrogenos
negativo (RE-), por medio de una supresion transcripcional del RE o un cambio
en el porcentaje de las poblaciones celulares, a este tipo de resistencia se le
denomina resistencia de novo (Chang, 2012). Por otro lado, se puede
presentar un fendmeno de resistencia por medio de una desregulacién en la
expresion de proteinas reguladoras; estos reguladores pueden ser tanto
activadores como inhibitorios, encargados de determinar la actividad
transcripcional del RE. También cambios conformacionales del RE provocados
por la unién de agonistas o antagonistas determinan su habilidad de reclutar a
proteinas regulatorias (Bocchinfuso & Korach, 1997; Simons & Kumar, 2013). En
el caso del tamoxifeno, puede ejercer un efecto agonista mediante la
interaccion con coactivador 1 del receptor de esteroides (SRC-1) en el dominio
AF-1 del RE, de tal manera que su actividad agonista o antagonista puede ser
modulada dependiendo del contexto celular y de los activadores asociados al RE
(Benecke et al., 2000), ya que una alta expresion de algunos activadores
podria aumentar la actividad agonista sobre el RE, lo que podria resultar en la

resistencia al tamoxifeno.

Ademas, los mecanismos mas frecuentes en la generacion de resistencia
farmacolégica, se deben a la disminucion de las concentraciones intracelulares
del farmaco, al aumentar su eflujo y disminuir su internalizacién a la célula. En
algunos casos de cancer de mama que presentaron resistencia a tamoxifeno,
encontraron una menor cantidad del farmaco intratumoral, lo que sugiere una
condicion de resistencia adquirida (Chang, 2012). Una de las posibles causas de

tener una menor cantidad de tamoxifeno intracelular, es por el aumento de las
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bombas de eflujo de la familia de las ABC o MDR; sin embargo, en el caso
particular del tamoxifeno al ser un profarmaco es necesario su biotransformacién
a los metabolitos activos, endoxifeno y 4-hidroxitamoxifeno, proceso que se
da por medio de los citocromos de la familia P450 o CYP (Massarweh & Schiff,
2006). Se conoce que existen polimorfismos que pueden afectar su funcion y

disminuir su actividad enzimatica.

2.4 Moléculas reguladoras del factor elF4F

Una subunidad esencial del complejo elF4F, es el factor elF4A, que es uno de
los blancos mas valorados que se han estudiado del complejo. Se han reportado
varias moléculas como los rocaglates, hippuristanol, pateamina A, los cuales han
presentado una actividad anticancerigena en modelos in vitro como in vivo
(Naineni et al., 2020). Siguiendo esta misma tematica de moléculas pequefas de
origen natural, donde se encuentran las flavaglinas, como la rocaglamida y el
silvestrol, que han sido caracterizados como compuestos coadyuvantes en el
tratamiento contra el cancer, debido a que pueden inhibir a la subunidad elF4A
(lwasaki et al., 2019; Kim et al., 2007).

Sin embargo, existen otras biomoléculas como la criptotanshinona, un
compuesto de origen natural, que en células de leucemia linfoblastica aguda
puede regular genes relacionados con la via UPR y la via de sefalizacién de
elF2. Adicionalmente, podria interaccionar con el factor elF4A y PI3K, esto
basado en evidencia de docking molecular llevado a cabo en nuestro grupo de
trabajo, de manera que puede ser un blanco importante como disruptor de
sintesis proteica (Gonzalez-Ortiz et al., 2022). No obstante, esta informacién
todavia no se ha corroborado de manera experimental. Asi mismo, se ha
observado que la criptotanshinona puede inhibir la proliferaciéon de las células
MCF7, efecto regulado por la via de sefalizacion de mTOR y el RE, de tal
manera que la criptotanshinona podria ser un coadyuvante para el tratamiento

de cancer de mama RE+ (Pan et al., 2017).
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Por otro lado, el aurapteno, una molécula pequefa, la cual no ha sido
caracterizada extensivamente, podria interaccionar con el complejo elF4F,
debido a que reduce la fosforilacion de 4EBP1 y disminuye la traduccion de
elF4B (Andreou et al., 2017), también se ha observado que se puede unir a los
receptores de estrogeno, y por lo tanto podria modular su actividad
transcripcional en las células RE+ (de Medina et al., 2010). A continuacion, se
llevara a cabo una descripcion mas especifica del aurapteno y la

criptotanshinona.

2.4.1 Aurapteno. El aurapteno es una preniloxicumarina, que es obtenida de
las plantas del género Citrus, como lo son la toronja, naranja y mandarina. El
aurapteno posee propiedades farmacolégicas como un agente antineoplasico,
inductor de apoptosis, agente neuroprotector, antihipertensivo, agonista de PPAR
alfa, inhibidor de metaloproteinasas de matriz extracelular, antioxidante y agente

hepatoprotector (Tayarani-Najaran et al., 2021).

En estudios con lineas celulares de cancer de mama triple negativo (MDA-MB-
231), se encontré que el aurapteno puede reducir la proliferacién celular en un
50% a una dosis de 12 yM y hasta un 85% con 25 yM. Asi mismo, en la linea
celular MCF-7 también se observé una reduccion en proliferacion celular, sin
embargo, esta no fue tan critica como con las MDA, este efecto se observé en
los rangos de 20-50 pyM de aurapteno (Krishnan et al., 2009). Por otro lado, se ha
descrito que el aurapteno puede disminuir la proliferacion del carcinoma, junto
con IGF-1, esto por medio del aumento de la expresion de la ciclina D1 (Krishnan
et al.,, 2009). De manera interesante también se ha observado que puede llegar
a modular al RE, en un rango de concentraciones de3.5 pM a 4.5 pM, de igual
manera también puede tener un efecto agonista sobre la expresion de TGF-a, ya
que bloquea la via del receptor EGF. Otro de los efectos que tiene el
aurapteno es inhibir a la enzima ACAT, y por lo cual puede inducir la

inhibicion del ciclo celular (de Medina et al., 2010).
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2.4.2 Criptotanshinona. La criptotanshinona, es un diterpeno que se obtiene de
la planta Salvia miltiorrhiza, la cual posee una gran cantidad de propiedades
farmacoldgicas, como capacidad antitumoral, antiinflamatorias, antifibrotica,

ademas como protector cardiovascular, y regulador en desérdenes metabdlicos.

Dentro de las capacidades antitumorales, se ha visto que la criptotanshinona
puede ser un inductor de la apoptosis, esto por medio de la disminucién de la
relacion de Bcl-2/Bax, aumento en la liberacion de citocromo C, y pérdida de
las metaloproteinasas, ademas de aumentar la expresion de la caspasa 3 por
el aumento de expresion de p53, asi mismo se ha visto que puede inhibir la
proliferacion por la via de STAT-3 (Wu et al., 2020b). Ademas, en modelos
celulares RE+, puede disminuir la expresion de los genes de CDK1 y CCNA2
que son reguladores del ciclo celular, y al presentar una menor expresion se
ve disminuida la proliferacién celular (Li et al., 2021). Por otro lado, también se
ha observado que la criptotanshinona puede inhibir la actividad transcripcional
del REq, ya que disminuye la expresion del mensajero de pS2 y Cat D, que en

condiciones con E2 el ligando natural del RE, se ven aumentadas (Li et al., 2015).
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3. Antecedentes

El cancer de mama es una enfermedad heterogénea, el uso de técnicas como la
inmunohistoquimica y el perfil de expresion genética permite identificar a los
diferentes subtipos moleculares. La determinacién del subtipo es de gran
importancia, ya que permite orientar el tratamiento, asi como llevar a cabo un

pronéstico de la enfermedad.

Los 3 principales subtipos moleculares son: el positivo a receptores de estrégeno
(RE+), que puede subclasificarse en luminal A o luminal B dependiendo de la
expresion de la proteina marcadora de proliferacion (Ki67) (Loibl, Poortmans,
Morrow, Denkert, & Curigliano, 2021); el positivo al receptor 2 del factor de
crecimiento epidermal (HER2+/Neu) y el triple negativo (TNBC) que no expresa
receptores hormonales (Fragomeni et al., 2018). EI 80% de los tumores
mamarios son RE+ (Sung et al., 2021)., siendo el que presentan una alta tasa de

recurrencia, aunque representa el subtipo molecular menos agresivo.

Uno de los farmacos mas utilizados para el tratamiento del cancer de mama RE+
se encuentra el tamoxifeno, indicado para etapas tempranas y avanzadas en
mujeres en todas las edades. Ademas, su uso ha sido aprobado para la
prevencion primaria del cancer de mama en mujeres con factores de riesgo
elevado (Snozek et al., 2011). El tamoxifeno actua como modulador selectivo del
RE, compitiendo con su ligando natural, estradiol (E2). El efecto
mayoritariamente es antiestrogénico, debido a que impide la unién del E2, y
evitando la generacion de sefales de supervivencia y proliferacion, e
inhibiendo el crecimiento de los tumores mamarios (Snozek et al., 2011).
También, juegan un papel importante las enzimas CYP1A1 y CYP1B1, debido a

que se encargan de la degradacién del E2.

El tamoxifeno es descrito como un profarmaco, ya que su efecto farmacolégico
no es llevado a cabo unicamente por la molécula del tamoxifeno, debido a la
formacion de metabolitos a partir de este, y que tienen una contribucién

inhibitoria mas elevada. De los metabolitos formados a partir del tamoxifeno se
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encuentran el N-desmetiltamoxifeno (NMD), 4-hidroxi-N- desmetil-tamoxifeno
(endoxifeno) y el 4-hidroxitamoxifeno (4-OH Tam), siendo el endoxifeno y el 4-OH
Tam los que poseen una mayor actividad, la cual puede ser de 30-100 veces mas
potente que la del tamoxifeno. No obstante, el endoxifeno presenta un efecto
farmacolégico mas potente y con mayor citotoxicidad, debido a su elevada
concentracion en plasma (Lim et al., 2005), ademas de presentar una mayor

afinidad sobre el receptor de estrégenos con respecto al 4- OH Tam.

Si bien, el uso del tamoxifeno es uno de los tratamientos mas recurrentes contra
el cancer de mama RE+, algunos de los pacientes generan procesos de
resistencia a dicho farmaco. De manera particular, existen reportes sobre la
adquisicién de resistencia con 4-OH Tam (Fan et al., 2014); Sin embargo, los

reportes sobre la resistencia a endoxifeno son reducidos.

En resultados obtenidos por nuestro grupo de trabajo, sugieren que PDCD4, una
proteina con propiedades antitumorales e inhibidora de elF4A, esta regulada a la
baja en variantes resistentes a doxorrubicina en un modelo celular de cancer de
mama triple negativo (células MDA-MB-231) al ser tratadas con criptotanshinona.
Ademas, se observo que el tratamiento con esta molécula puede reducir su
capacidad de invasion (Gonzalez-Ortiz et al., 2022). En otro modelo y con la
finalidad de la identificacion de proteinas blancos a las que se une la
criptotanshinona, en un reporte de nuestro grupo de sobrecarga metabdlica en
hepatocitos, se encontré que la criptotanshinona podria modular algun elemento

del complejo elF4F (Galindo-Hernandez et al., 2019).
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4. Planteamiento del problema
El cancer de mama es una enfermedad heterogénea, que mediante el uso de
técnicas como la inmunohistoquimica y el perfil de expresion genética permite
la identificacién de los diferentes subtipos bioldgicos, los cuales son receptores
de estrogeno positivo (RE+), receptor 2 del factor de crecimiento epidermal
positivo (HER2+) y el triple negativo (Fragomeni, Sciallis, & Jeruss, 2018).
Los tumores RE+ son sensibles a tratamientos hormonales, pero muestran
poca sensibilidad a tratamientos citotoxicos. Los RE forman parte de la
superfamilia de receptores hormonales nucleares, que actuan como factores de
transcripcion activados por ligando y juegan un papel importante en el
crecimiento, desarrollo, reproduccion y mantenimiento en un amplio rango de
tejidos (Lipovka & Konhilas, 2016).

Las células tumorales estan expuestas a condiciones metabdlicas altamente
fluctuantes, metabolitos de senalizacion, biomoléculas del estroma y agentes
quimioterapéuticos, que generan un microambiente que puede inducir cambios
fenotipicos (Carvalho et al., 2021; Galindo-Hernandez et al., 2015). Estas
adaptaciones pueden incluir alteraciones genéticas, que implican cambios
transcripcionales o epigenéticos que modifican las rutas metabdlicas (Li et al.,
2017), que pueden repercutir sobre la efectividad de la terapia farmacoldgica.
La quimiorresistencia involucra procesos que generan la falta de sensibilidad
de las células cancerigenas a la terapia, por lo tanto, es un factor clave en el
fracaso del tratamiento. Puesto que en el proceso de quimiorresistencia se ha
observado un incremento en la expresibn de bombas de eflujo, una
disminucién de la internalizacion de farmacos (Marin et al., 2014), y la

activacion de sistemas enzimaticos para el catabolismo de los farmacos.

Por lo tanto, un blanco en el tratamiento del cancer es la traduccién de proteinas,
debido a que disminuiria la expresion de las bombas de eflujo y de los
sistemas enzimaticos, por lo cual el factor elF4A, una subunidad del complejo

elF4F se vuelve apreciable para ser caracterizada, de manera que se dilucide
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su comportamiento en fendmenos de quimiorresistencia. Siendo el uso de
moléculas pequefias naturales una alternativa para los tratamientos
convencionales, como la criptotanshinona o el aurapteno, que podrian regular o
modular el complejo elF4F en células resistentes al tamoxifeno y los metabolitos
derivados de este farmaco.
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5. Justificacion
El cancer RE+ representa aproximadamente el 80 % de los casos de cancer
de mama (Fragomeni et al., 2018), por lo cual es de gran interés su estudio.
Dentro de las estrategias farmacologicas mas utilizadas para el tratamiento
complementario del cancer de mama se encuentra el tamoxifeno. Sin embargo,
se ha visto que pacientes con cancer RE+ es probable que desarrollen
fendbmenos de resistencia. De tal manera, que el desarrollo de modelos
experimentales, que permitan dilucidar los mecanismos de la
quimiorresistencia son de gran importancia. Siendo, el factor elF4F un
elemento critico, no sélo en la proliferacion celular descontrolada asociada con
procesos neoplasicos, sino también en los fendmenos de quimiorresistencia.
Por lo anterior, es de gran interés, el buscar nuevas alternativas que puedan
modular al complejo elF4F, mas aun, en casos donde se presenten fenomenos
de resistencia, como la disminucioén de la activaciéon de profarmacos, el aumento
en la expresion de bombas de eflujo o la disminucion de la internalizacién de
los farmacos. Para conocer como se llevan estos procesos de
quimiorresistencia es de alta relevancia dilucidar las vias de sefalizacion que se

ven involucradas.
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6. Hipoétesis y Objetivos

6.1 Hipotesis

La criptotanshinona o aurapteno disminuyen la actividad del complejo elF4F, en

un modelo celular de cancer RE+ (MCF-7), resistente a metabolitos del

tamoxifeno.

6.2 Objetivo general

Caracterizar el efecto del aurapteno y criptotanshinona sobre el complejo elF4F

en células de cancer de mama resistentes al tamoxifeno (modelo celular de
cancer MCF-7 RE+).

6.3 Objetivos especificos

1.

Generar dos variantes resistentes a los metabolitos 4-OH Tamoxifeno y

endoxifeno utilizando la linea celular tumoral MCF-7 RE+.

Evaluar las siguientes moléculas, criptotanshinona y aurapteno, en
fendmenos de proliferacién y quimiorresistencia en células MCF-7 nativas

y resistentes.

Evaluar la funcién de las moléculas criptotanshinona, y aurapteno con
respecto al factor elF4A (ARN helicasa), a partir de proteinas

sobrexpresadas.

Determinar las bases de interaccion de moléculas naturales
(criptotanshinona, y aurapteno) a través de ensayos de docking molecular

sobre componentes del complejo elF4F y el RE.

Evaluar la expresion de marcadores de resistencia asociados a los
transportadores ABC (ABCB1, ABCC1), en células MCF-7 nativas y

resistentes.

Evaluar la activacion de los factores del complejo elF4F y RE en

variantes resistentes en base a la estimulacibn con moléculas
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reguladoras como criptotanshinona, y aurapteno.

7. Materiales y Métodos

7.1 Cultivo de células MCF-7 (RE+).

Se evalud la linea celular MCF-7, que es RE+ y sensible a anti-estrégenos
(ATCC HTB-22). La linea MCF-7 se cultivd en medio Dulbecco’s modified Eagle
Medium (DMEM Gibco). Los medios se suplementaron con 10 % de suero fetal
bovino, 50 U/mL de penicilina y 50 pg/mL de estreptomicina, ademas de

0.02mg/mL de insulina.

7.2 Cultivo de células MDA-MB-231.

Se utilizé la linea celular MDA-MB-231 que tiene como caracteristica la ausencia
de marcadores, y se le denomina también como triple negativo (ATCC HTB-26).
La linea celular MDA-MB-231 se prolifero en medio Dulbecco’s modified Eagle
Medium (DMEM). Los medios se suplementaron con 10 % de suero fetal bovino,

50 U/mL de penicilina y 50 pg/mL de estreptomicina.

7.3 Protocolo de resistencia.

Se establecieron los protocolos de resistencia a los metabolitos activos 4-hidroxi-
tamoxifeno (4-OH Tam) y 4-hidroxi-N-desmetil tamoxifeno (endoxifeno), a través
del tratamiento de las células con concentraciones de 1 yM de cada metabolito
ademas de la adicion de 2 yuM de estradiol. Las soluciones stock de los
metabolitos se disolvieron 1 mM de DMSO para endoxifeno y estradiol, y para el
4-OH Tam se disolvio en etanol. El protocolo inicial comenzé con tratamientos
con 1 yM de 4-OH Tam y de endoxifeno por 48 h, después de un periodo de
recuperacion, en donde las células se mantuvieron en medio fresco libre de 4-
OH Tam y endoxifeno por 24 h, posteriormente se adicion6 de nuevo el
tratamiento con 1 uM de 4-OH Tam y de endoxifeno por 48 hrs ademas de 2 uM
de estradiol, y este proceso se repitido por un periodo de 4 meses, hasta obtener
las variantes resistentes, las cuales se expandieron para los estudios

posteriores.
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Ademas, se realizd otro protocolo de resistencia, donde se utilizé el farmaco
fulvestrant, y mediante dosis crecientes, en un intervalo de 200nM hasta 1.6uM
en periodos de 8-12 dias segun se observaron sus efectos por un periodo total
de 4 meses.

Para el mantenimiento de las variantes resistentes, se mantuvieron los cultivos
con 50 nM de 4-OH Tam y endoxifeno (Cheng et al., 2017) o en su caso 50 nM
de Fulvestrant. Como control en los experimentos se utilizaron células no

tratadas con ninguno de los farmacos.

7.4Evaluacion de la resistencia.

La resistencia a los metabolitos derivados del tamoxifeno se evaluo a través de
dos métodos:

7.4.1Ensayos de viabilidad celular.

Para evaluar la quimioresistencia y los estimulos de citotoxicidad se utilizo el
ensayo de reduccion de MTT (Pulido-Capiz et al., 2018). Las células se
mantuvieron en proliferacion en placas de 96 pozos con una densidad de
20,000 células/pozo y se dejaron proliferar hasta obtener una confluencia del
90 % con medio DMEM completo. Posteriormente, se reemplazé el medio de
cultivo por medio Opti-MEM. Después las células se incubaron por 2 h bajo esta
condicion, pasado este tiempo se adicionaron los distintos tratamientos, con
tiempos que variaron de 12 hasta 120 h dependiendo del experimento a realizar,
el procesamiento de los resultados realizo en base a trabajos previos (Pulido-
Capiz et al., 2018).

7.4.2 Caracterizacion de factores asociados a la resistencia.

Se evalud la expresidon génica de transportadores de la familia de ABC, ABCC1
y ABCB1. Este protocolo se llevd a cabo mediante el uso de ARNm. Se
sembraron a una densidad de 200.000 células/mL en placas de 6 pocillos de 20
mm y posteriormente se incubaron hasta alcanzar un 90 % de confluencia.
Posteriormente, las células se incubaron bajo los diferentes tratamientos en
periodos de 12h. EI ARN total de las variantes celulares se obtuvo utilizando

Trizol (Invitrogen), siguiendo las instrucciones del proveedor. EI ADNc se sintetizo
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utilizando 1 yg de ARN y el Primer Script RT-PCR (FastSCRIPT™ cDNA
Synthesis Kit). La concentracidon de ADNc se estandarizé para la qPCR con la
mezcla maestra PowerUp Sybr Green Master Mix 2X (Applied Biosystems,
Waltham, MA, EE.UU.) segun las instrucciones del fabricante, y se utilizaron 10
ML de los ADNc resultantes para cada reaccion de PCR.

Se utilizaron las siguientes secuencias de los primers: ABCB1 FWD 5-
GCCAGCTGAACTCCTTAGAC-3; ABCB1 RVS 5-GATTCGTGCACAGCAGCA-3;
ABCCA1 FWD  5-GGCTCAAGGAGTATTCAGAG-3; ABCC1 RVS 5-
CCATCGATGATGATCTCTCC-3; GAPDH FWD 5-
AGACAGCCGCATCTTCTTGT- 3; y GADPH RVS 5-
CTTGCCGTGGTAGAGTCAT-3. Las reacciones de qPCR se realizaron en un
QuantStudio 1 de Applied Biosystems. Se utilizaron las siguientes condiciones de
reaccion. 1 ciclo 95°C 1 min, 40 ciclos 95°C 15 s, 62°C 1 min, seguido de la curva
de melting 95°C 15 s, 60°C 1 min, 95° 15 s. Los datos fueron analizados con el
método 2-AACt tomando a GAPDH como gen de referencia y los resultados se

expresaron como cambio segun el control.

7.5. Evaluacion de crytotanshinona, y aurapteno sobre los fenomenos de
proliferacion y quimioresistencia.

La evaluacion de criptotanshinona y aurapteno se llevd a cabo sobre la linea
celular MCF7 (RE+) quimiorresistente a los metabolitos del tamoxifeno
(desarrolladas a travez del método 7.3 Protocolo de resistencia). Se utilizaron
diferentes concentraciones en orden creciente en un rango de 500 nM a 100
MM, esto para determinar los valores de ICsp, para criptotanshinona y aurapteno,
con el fin de establecer la concentracion éptima de efectividad de cada una de

estas moléculas.

7.6 Evaluacion de las vias relacionadas con el complejo elF4F.

Se realizd esta evaluacion por medio de la expresion proteica, para el complejo

elF4F. El protocolo se llevd a cabo con las células MCF-7 y la variante resistente,
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utilizando las moléculas reguladoras (criptotanshinona, y aurapteno).

Las células se sembraron a una densidad de 200 000 células/mL en placas de 20
mm y 6 pocillos hasta alcanzar una confluencia del 90%. Una vez alcanzada la
confluencia deseada, se expusieron a los tratamientos respectivos.
Posteriormente, las células se lavaron con PBS y se lisaron durante 35 minutos a
4°C utilizando un buffer de lisis de proteinas con inhibidores de proteasas vy
fosfatasas. Los lisados se centrifugaron a 4100xg durante 10 minutos y se
colectd el sobrenadante. La cuantificacion de proteinas se realiz6 mediante el

ensayo de acido bicinconinico (BCA assay kit Thermo Scientific).

Las muestras de la fraccidon proteica total se analizaron mediante electroforesis
en geles de SDS-poliacrilamida (SDS-PAGE) con concentraciones del 8-12%,
dependiendo del peso molecular de las proteinas blanco. Las proteinas se
transfirieron a membranas de PVDF (Millipore, Burlington, MA, EE.UU.), se
bloquearon con leche descremada al 5% en solucion buffer Tris al 0.1% de
Tween-20 (TBS-T) durante 1 h a 37 °C, posteriormente se cubrieron con los
respectivos anticuerpos primarios durante la noche a 4 °C. Los anticuerpos
utilizados son lo siguientes, entre paréntesis se indica la concentracion utilizada:
anti-ER (1:250), anti-B actina (1:500), anti-elF4A (1:500), anti-elF4E (1:400), anti-
GAPDH (1:500), anti-Catepsina D (1:450), anti-elF4G (1:300) y anti-p-4E-BP1/2/3
(1:400).

La B-actina y GAPDH se usaron como control de carga. Las membranas se
incubaron con anticuerpos secundarios conjugados con peroxidasa de rabano y

la deteccion se realizé con el kit Immobilon Western (Millipore).

7.7 Ensayos de docking molecular para determinar las bases de interaccion de

moléculas reguladoras y los componentes del complejo elF4F y el RE.

La estructura tridimensional de elF4A1 se obtuvo del Protein Data Bank (PDB) ID
5ZC9, que corresponde a la estructura de elF4A1-ATP humana a 2A de
resolucion. La estructura tridimensional de ERa es PDB 3ERT a 1,9A de

resolucion (Berman et al., 2002). Las estructuras de las moléculas ligando se
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obtuvieron de la base de datos PubChem (Kim et al., 2023), rocaglamida (CID
331783), aurapteno (CID 1550607), endoxifeno (CID 10090750), 4-OH Tam (CID
449459) y fulvestrant (CID 104741). Las estructuras proteicas se prepararon
eliminando el agua y las moléculas pequeias, dejando solo la estructura de la
proteina. El receptor fue protonado y con minimizacion de energia, estos
experimentos se realizaron mediante el software Molecular Operating
Environment (MOE) (Molecular Operating Environment (MOE), 2022.02) con
parametros por defecto bajo el campo de fuerza AMBER99 (Hornak et al., 2006).
Para los ligandos, se generaron diferentes conformaciones utilizando la

busqueda estocastica en los parametros por defecto del MOE.

Los sitios de union se predijeron empleando la opcién site Finder del software
MOE (Soga et al., 2007). El acoplamiento molecular se establecié con los
parametros por defecto del software MOE y se utilizé el refinamiento de receptor
rigido. Para la interpretacion de los resultados del docking, MOE identifica
puentes salinos, enlaces de hidrogeno, interacciones hidrofobicas, azufre-LP,
cation-1r y exposicion al disolvente y da la puntuacién S como valor de afinidad
ligando-receptor. Las interacciones del ligando con las proteinas diana se

predijeron basandose en la puntuacién S (Clark & Labute, 2007).

7.8 Sobreexpresion y purificacion de elF4A.

El gen que codifica para la proteina elF4A1 se clond en el vector de expresion
pET19b modificado (pET19bm), que contiene un gen de resistencia a la
ampicilina, un sitio de poliadeninas, la secuencia del operdn lac controlada por el
promotor T7 y un tracto de 10 histidinas en el extremo N-terminal de elF4A1.
Ademas, el vector incluye un sitio de protedlisis para la proteasa de prescision
(PPS, GE Healthcare) para facilitar la eliminacion del tracto de histidinas.

Para los ensayos de sobreexpresion, el plasmido (pET19b-elF4A1) se transformo
en células de Escherichia coli Rosetta-Star (Novagen) y se sobreexpreso a 37°C
en medio de cultivo 2XYT suplementado con ampicilina (100 ug/mL) hasta
alcanzar una densidad o6ptica (DO 600 nm) de 0.6 nm. La expresién de la

proteina se indujo afadiendo isopropil R-D-1-tiogalactopiranésido (IPTG) a una

25



concentracion final de 1 mM, seguido de incubacion durante 16-24 h a 37°C.

Tras la incubacién, las células se colectaron por centrifugacion, se lisaron por
sonicacion y el sobrenadante se lavé con una solucion tampon de NaH,PO, 50
mM, NaCl 300 mM y de imidazol 10 mM. La purificacion de la proteina elF4A1 se
llevé a cabo mediante cromatografia de afinidad Ni-NTA (QIAGEN, Alemania). La
purificacion se evalué mediante gel de acrilamida nativo adaptado del protocolo
de Arndt Cluadia et.al, (Arndt et al., 2012), la identificacion se realiz6 mediante
western blot utilizando anticuerpo contra elF4A y también se realiz6 otro con un
anticuerpo especifico para el tag de histidinas, que se denominé Anti-His, en el
cual solo deberia estar presente en las proteinas que si presentan el tag de
Histidinas (Fig. 3).

A ET/ ETC/ FT/ U SC/ PC3/PC2/PCA B PM ET/ ETC/ FT/L/ SC/ PC/PCR1/PCV

50kDa — N
. e o b
8-
f

Fig. 3 Western Blot y SDS-PAGE de la proteina eF4A purificada. A) Imagen del WB de elF4A ademas
del Anti-His. El carril ET corresponde al extracto total, el ETC es el extracto total pasado por la columna de
Niquel, FT es el flow true, L corresponde a los Lavados, SC corresponde a proteina sin cortar, PC3
corresponde a proteina cortada con la PPS de la tercera purificacion realizada, PC2 es proteina cortada de
la segunda purificacién realizada y PC1 proteina cortada de la primera extraccion realizada. B) El carril ET
corresponde al extracto total, el ETC es el extracto total pasado por la columna de Niquel, FT es el flow true, L
corresponde a los Lavados, SC corresponde a proteina sin cortar, PC corresponde a proteina cortada con
la PPS de la tercera purificacion realizada, PCR1 es proteina cortada de la segunda purificacion realizada y
PCV proteina cortada de la primera extraccion realizada. La flecha sefala la proteina cortada donde se ve
mayor cantidad de proteina.

50kDa —

. - Anti-His

7.9 Evaluacion de la actividad ATPasa del elF4A.

Se empled el ensayo de ATPasa en gel de poliacrilamida con tincién de nitrato de
plomo (PbNO;) para evaluar el efecto de aurapteno sobre la actividad ATPasa de

elF4A. Se prepararon diluciones seriadas de aurapteno en un intervalo de
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concentracion de 0-200 pM. La rocaglamida, utilizada como control, se preparo a
una concentracion de 5 nM segun un informe anterior (lwasaki et al., 2019). Tras
realizar la electroforesis en gel, los geles se tifieron con nitrato de plomo. La

actividad ATPasa se visualizé como bandas claras sobre un fondo oscuro.

7.10 Evaluacion de la interaccion entre elF4A por medio de ensayos de

fluorescencia.

Las mediciones se realizaron mediante un fluorometro Cary Eclipse (Varian) con
barrido de 250 a 350 nm a 25 °C en modo sincrono. Se evalud la interaccidon
proteina-ligando con el uso de 12 yM de elF4A1 y un rango de concentracion de
aurapteno de 0-80 yM. Las soluciones se homogeneizaron y se incubaron durante
5 min a 25 °C; las mediciones se realizaron en una celda de cuarzo con una

longitud de trayectoria de 1 cm y un volumen de 500 L a 25 °C.
7.11 Propiedades ADME del aurapteno.

La estructura quimica del aurapteno se introdujo en la herramienta web
SwissADME (Daina et al., 2017) y en la interfaz ADMETlab 2.0 (Xiong et al., 2021)
para identificar las caracteristicas ADME favorables y de toxicidad. Las
propiedades ADME (absorcién, distribucién, metabolismo y excrecion) de
aurapteno determinan su similitud con un farmaco y los perfiles farmacocinéticos
deseados. En concreto, nos centramos en evaluar la lipofilica 6ptima, la alta

solubilidad en agua y la biodisponibilidad prevista.

7.12 Analisis estadistico.

Los analisis estadisticos se llevaron a cabo utilizando un analisis de la varianza
(ANOVA) de dos vias, implementado mediante el programa GraphPad Prism 8.
Este método permitié evaluar y comparar la expresion de diferentes variantes en
los westerns blots, asegurando un analisis robusto de las diferencias observadas

entre los grupos estudiados.

En el caso de los ensayos de viabilidad celular mediante la técnica MTT, se
consideraron tres experimentos independientes para garantizar la
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reproducibilidad y validez de los resultados obtenidos. Los datos se presentan
como el promedio acompafiado de su correspondiente desviacion estandar (SD),

lo que proporciona una medida clara de la variabilidad en las observaciones.

Finalmente, los resultados obtenidos se consideraron estadisticamente
significativos cuando el valor de p fue menor a 0,05 (p < 0,05), indicando un nivel

de confianza suficiente para respaldar las conclusiones derivadas del estudio.
| Con formato[Raquel Muiliz-Salazar]: Justificar, Sangria:
Izquierda: 1.6 mm, Derecha: 2 mm, EspacioAnterior: 10.25

pto, Interlineado: 1.5 lineas, Punto de tabulacion: 2.23 car,

Izquierda, Sin control de lineas viudas y huérfanas
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8 Resultados

8.1 Generacion de variantes farmacoresistentes en células RE+ (MCF-7)
Se generaron dos variantes resistentes denominadas variante E y variante G,
obtenidas por distintas estrategias experimentales. Para la variante E (MCF-7Va"E)
el protocolo de resistencia utilizado fue mediante la exposicidon a endoxifeno 1 uM,
4-OH tamoxifeno 1 uyM y estradiol (E2) 2 yM de manera conjunta para mantener
una concentracion equimolar entre los metabolitos y el E2, esta relacion se
consideré para emular las condiciones en el organismo. Cabe destacar que los
metabolitos derivados del tamoxifeno utilizados son los que se encuentran en
mayores concentraciones plasmaticas, y tienen un mayor efecto terapéutico. Estos
cultivos celulares se estimularon en periodos de 48 h, seguidos de una
recuperacion de 24h (Fig. 4), asi como dosis de mantenimiento de 50 nM de cada

uno de los compuestos en el periodo de recuperacion.

Ahora bien, para la variante G, se utilizé fulvestrant, un antagonista del receptor de
estrogenos, el cual fue administrado en dosis crecientes; los tratamientos iniciaron
con una concentracion de 200 nM y se fue duplicando la dosis periddicamente en
intervalos de 7-9 dias, hasta llegar a una concentracion de 1.6 yM (Fig. 4),
utilizando dosis de mantenimiento de 50 nM de fulvestrant en los periodos de

recuperacion; ambas variantes se originaron a partir de la linea celular MCF-7.
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VarianteE  Tiempo total de tratamiento: 4 meses

Medio Experimental Medio Completo Medio Experimental Medio Completo
48h ' 24h ' 48h 24h
Endoxifeno 1 pM Recuperacién Endoxifeno 1 pM Recuperacion |
4-OH tamoxifeno 1 uM 4-OH tamoxifeno 1 uM
MCE-7 Estradiol 2 uM o
e . s N
I \ / N fr )
(e, ) |
N, { v
. 7 % e

Variante G Tiempo total de tratamiento: 4 meses

Medio Completo Medio Completo Medio Completo Medio Completo Medio Completo Medio Completo
8 dias 200 nM 7 dias 400 nM Recambio Celular a caja | | 7 d{as 400 nM | | 9 dias800 nM | | 8 dias 1.6uM
Fulvestrant Fulvestrant Recupgggi%nmg dias + Fulvestrant Fulvestrant Fulvestrant

dosis de mantenimiento

Fig. 4 Esquema para la generacion de resistencia a los metabolitos del tamoxifeno. Tiempo y dosis del
tratamiento para generar la resistencia. A) Representacion grafica del tratamiento utilizado para la generacion
la resistencia de la variante E utilizando endoxifeno 1uM, 4-OH tamoxifeno 1uM y estradiol 2 pM. B)
Representacion grafica del tratamiento utilizado para la generacion de resistencia de la variante G utilizando
fulvestrant en dosis crecientes de 200 nM a 1.6 uM.

8.2 Caracterizacion de variantes farmacorresistentes

Para determinar la farmacorresistencia de las variantes G y E se realizaron
ensayos de viabilidad celular, mediante la técnica de MTT, para determinar la
concentracion efectiva 50 (ECso) de cada uno de los compuestos, realizandose
una comparacion entre las células parentales (MCF-7) y las variantes resistentes,
con el fin de determinar los valores de ECso (Tabla 1). Se observd un
comportamiento particular entre cada una de las variantes, las cuales
corresponden a los metabolitos del tamoxifeno (endoxifeno y 4-OH tamoxifeno) y

el fulvestrant.
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% viabilidad celular

En el caso de la variante E, se encontré un incremento en los valores de ECs bajo
el tratamiento con endoxifeno y 4-OH tamoxifeno comparado con los valores de la
linea celular parental (tabla 1), demostrando la resistencia a los compuestos.
También se realizd el experimento con fulvestrant, el cual mostré un
comportamiento similar, registrandose un incremento en el valor de ECso de la

variante E en comparacion con la linea parental (Fig. 5, Tabla 1).

A Parental B Variante E
120+ 120 -
- 4.0H - 4-0H
100 -= Endoxifeno g 100+ -=- Endoxifeno
80 -+ Fulvestrant E 80 -+ Fulvestrant
T
60 S 60
40 3 40
>
20 2 204
O —T—T——T—T—T—TT T T M 0
QQ,&@J; SNV X e e n K nM

Fig. 5. Comparacién de dosis vs viabilidad celular sobre la linea celular partenal y la variante E.
Curvas de viabilidad celular obtenidas bajo diferentes dosis de los endoxifeno 4-OH Tam vy fulvestrant. A) Se
muestran los resultados obtenidos en las células parentales con tratamientos crecientes de 4-OH Tam de
color azul, endoxifeno en color rojo y fulvestrant en color verde. B) Se muestra la variante E con
tratamientos crecientes de 4-OH Tam de color azul, endoxifeno en color rojo y fulvestrant en color verde.

Tabla 1. Valores de ICsy de las variantes de linea celular MCF-7 bajo tratamientos con
endoxifeno, 4-OH tamoxifeno y aurapteno. Comparacion de los valores de ECsp de los
diferentes tratamientos con metabolitos derivados del tamoxifeno y fulvestrant.

Variante de Endoxifeno (uM) = 4-OH Tam (uM) Fulvestrant (uM)

Linea celular

MCF-7 591+1.75 10.49 + 0.96 19.81+3.9
MCF-7 VarE 9.62 £ 0.49 591+1.5 29.62 £8.7
MCF-7 Var ¢ 8+6.6 16.35 23.23
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La variante G también mostré resultados favorables al obtener la resistencia a
fulvestrant y al 4-OH Tam, sin embargo, para el endoxifeno los datos no fueron
favorables en la adquisicion de la resistencia (Fig. 6), puesto que el resultado
obtenido fue similar al de la variante parental (MCF-7). Tomando estos resultados
en consideracion, se deduce que los mecanismos que inducen a la resistencia son
diferentes para ambas variantes, aunque los farmacos tengan el mismo blanco

terapéutico.

Variante G
140 -
" e 4-OH
= 120+ Y
Z g e g T T Y = Endoxifeno
2 100'.:’.'._'—_' oo == & Fulvestrant
i & A ¥

T 80+ . .
o "
Z 604 N
& 204 P .

0 1 i | I i | I I LI LI

000025050 1 2 % 0.0 >@ (uM)

Fig. 6 Comparacion de dosis vs viabilidad celular sobre la variante G. Se muestra el comportamiento de
la variante G con respecto a los diferentes farmacos, asi también se observa como en el caso del
endoxifeno cae mas rapidamente que los otros dos, y en el caso del 4-OH Tam podria incluso estimular el
metabolismo de la clonaG.

Para comprender parte del mecanismo de resistencia y su relacion con el RE, se
realizaron ensayos de western blot, donde se caracterizd6 de manera particular a la
variante E ahora denominada como MCF-7V?"E junto con la variante parental ahora

nombrada como MCF-7. Se utilizaron las siguientes condiciones, 8 uM de cada
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uno de los metabolitos del tamoxifeno, con una dosis de 2 uM de estradiol. Con
esto se obtuvieron seis condiciones diferentes, enlistadas a continuacién: control
(sin metabolitos), endoxifeno (8uM), 4-OH tamoxifeno (8 uM), estradiol (2 pM),
endoxifeno (8 uM) + estradiol (2 uM) y 4-OH tamoxifeno (8 uM) + Estradiol (2 uM).

Debido a que las células MCF-7 presentan como caracteristica principal la
expresion del RE y a su vez es la proteina blanco de los metabolitos derivados del
tamoxifeno, asi como el E2, ligando natural del RE, se decidi6 caracterizar su
expresion en las distintas condiciones mencionadas anteriormente. Cabe indicar
que el E2 funciona como un regulador critico de la sefalizacion ERa. Aunque su
presencia favorece el crecimiento y la proliferacion celular, elucidar los efectos del
E2 es crucial para desentrafar las complejidades de la regulacion del cancer de

mama ER+ y para desarrollar estrategias terapéuticas.

En condiciones de quimiorresistencia, los metabolitos del tamoxifeno indujeron un
aumento de la expresion del RE en las MCF-7V2E en comparacién con las células
MCF-7 parentales (Fig. 7). Ademas, el tratamiento combinado con metabolitos
derivados del tamoxifeno y E2 mostraron una regulacion a la baja de la expresion
del receptor de estrogenos a (Fig. 7 B), provocando un dafo celular significativo el
cual se hace evidente al observar por microscopia (Fig. 8 E, F). Este fendmeno
podria estar asociado a la estimulacion con E2, al aumentar la actividad celular,
potenciando asi la eficacia de los metabolitos del tamoxifeno, en los tratamientos
combinados. Ademas, en las células MCF-7Ve" E resistentes, el efecto combinado
del E2 y lo metabolitos del tamoxifeno, redujo significativamente la expresion de
ERa (Figura 7A, B) y, en consecuencia, provocaria un efecto citotdxico mas

potente.
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A MCEF-7 MCF-7 Var € B
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- —— T — — . e 37 - + = - + - Endoxifen (8uM)

Fig. 7 Expresion del Receptor de Estrogenos y catepsina D. Comparacién de células MCF-7 y MCF-7 VaE
bajo tratamientos con E2, endoxifeno y 4-OH Tam A) Caracterizacion del RE y Catepsina D entre MCF-7 y
MCF-7V2'E con los estimulos de endoxifeno (8uM), 4-OH tamoxifeno (8uM) y estradiol (2uM). B) Comparacion
de la densitometria del receptor de estrogenos entre MCF-7 y MCF-7V2"E con los tratamientos de endoxifeno,
4-OH tamoxifeno y estradiol, de manera conjunta. Se reportan las medio + SD (n = 3) y se expresan como
cambio relativo en comparacién con el control de carga; * p < 0.05, *** p < 0.001 en comparacién con el
control mediante anova de dos vias. GAPDH se utilizé como control de carga.

Las células, MCF-7Ve" E con tratamientos conjuntos de estradiol y los metabolitos
del tamoxifeno (endoxifeno, 4-OH tamoxifeno), mostraron un efecto sinérgico al
disminuir la proliferacién celular, y la expresion del receptor. La combinacion del
4-OH tamoxifeno con estradiol fue la mas efectiva, comparada con el tratamiento
con endoxifeno y estradiol (Fig. 7 B), en periodos de 24 h. El receptor de
estrogenos induce un aumento en la proliferacion celular, por tanto, al bloquearlo
se espera una disminucién en este proceso. Sin embargo, de manera conjunta
con el estradiol, muestra una pérdida en la expresion del receptor, coincidiendo
con lo observado a nivel de microscopia Optica, en donde las células con este
tratamiento combinando con 4-OH tamoxifeno y estradiol presentaron una mayor

afectacion (Fig. 8).
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Fig. 8 Imagen de Microscopia Optica de Ia linea celular MCF-7 con tratamientos de E2, endoxifeno, 4-
OH Tam, Comparacion de células MCF-7 bajo diferentes tratamientos con 12 horas de tratamiento, objetivo
10 X. A) Muestra sin tratamiento. B) Tratamiento con E2. C) Tratamiento con endoxifeno. D) Tratamiento con
4-OH Tam. E) Tratamiento conjunto de E2 con endoxifeno. F) Tratamiento conjunto de E2 con 4-OH Tam.

8.3 Los componentes del complejo elF4F a través del tratamiento con metabolitos

derivados de tamoxifeno mas E2.

Los componentes proteicos del complejo elF4F, son esenciales para el inicio de
la traduccidén de proteinas. Para determinar el papel del complejo elF4F en la
farmacorresistencia, caracterizamos su expresion en las lineas celulares MCF-7 y
MCF-7Va"E, En primer lugar, se observo a elF4A, que es una proteina helicasa de
ARN, donde las células MCF-7Va" E mostraron niveles aumentados en su
expresion comparado con las células parentales MCF-7, este fendmeno puede
ser atribuido a la resistencia a los farmacos (Figura 9 A, B). No obstante, los

niveles de elF4A aumentaron en las células MCF-7 al ser tratadas con E2 en
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comparacion con el control. En contraste, las células MCF-7V2" E mostraron una

disminucién de la expresion de elF4A tras el tratamiento con E2, sugiriendo que

E2 tiene un efecto diferencial en ambas variantes celulares. De igual manera, los

niveles de elF4A se mantuvieron estables a pesar del tratamiento concomitante

con metabolitos derivados de tamoxifeno y E2 (Figura 9 A, B).
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Fig. 9 Caracterizacion del complejo elF4F utilizando como tratamiento las moléculas del tamoxifeno y
E2. A) Caracterizacion de elF4A y elF4G con tratamientos de E2, endoxifeno y 4-OH tamoxifeno. B) Analisis
densitométrico de elF4A, mostrando la significancia entre el MCF-7 y MCFVe &, C) Analisis densitométrico de
elF4G, mostrando la significancia entre el MCF-7 y MCFV2"E_ D) Caracterizacion de elF4E y p-4E-BP1,2,3 con
tratamientos de E2, endoxifeno y 4-OH tamoxifeno. Los resultados se reportan como media + DE (n = 3) y se
expresan como cambio relativo en comparacién con el control de carga; * p < 0.05, *** p < 0.001 en
comparacion con el control. GAPDH y Actina se utilizaron como control de carga.
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La regulacion de la expresidon de elF4E es crucial, siendo las proteinas 4E-BP las
que modulan su actividad al unirse a elF4E e inhibiendo la formacién del
complejo elF4F. De manera particular, en las células MCF-7, la expresion de
elF4E se mantuvo sin cambios a pesar de los estimulos de los metabolitos de
tamoxifeno (Fig. 9 D). Ademas, en las células MCF-7Ve" E, |a expresion de elF4E
aumentd con los tratamientos combinados (Fig. 9 D). Ademas, el estado de
fosforilacién de p-4E-BP1, 2 y 3 sugiere una posible incorporacién de elF4E en el
complejo elF4F, lo que probablemente lo vuelve mas activo en las células MCF-
7VerE (Fig. 9 D).

La evidencia sugiere un mecanismo compensatorio para mantener la actividad
del complejo al aumentar potencialmente la expresion de elF4G y elF4A. Ademas,
la expresion del factor de traduccion se mantiene a pesar de los tratamientos con
los metabolitos del tamoxifeno y de forma conjunta con E2. Por lo tanto, elF4A
podria permanecer unido al complejo elF4F y cumplir su funcidén, una
caracteristica particular de las células resistentes MCF-7V®" E, Esto nos lleva a
buscar estrategias para la regulacion del complejo elF4F, especificamente elF4A

y ERa, mediante la inhibicion con compuestos naturales, como las cumarinas.

8.5 Efecto celular de las moléculas reguladoras.

Se utilizaron dos moléculas derivadas de productos naturales, la criptotanshinona,
un diterpeno que se obtiene de las plantas del género salvia, y el aurapteno,
una preniloxicumarina, obtenida de las plantas del género Citrus. Sin embargo,
aun se desconocen su posible interaccion con el complejo elF4F en un modelo
de cancer de mama RE+. Por lo tanto, se realizaron ensayos de viabilidad
celular para establecer las concentraciones que se utilizarian en ensayos
posteriores, mediante el conocimiento de los valores de [Cso, y conocer el
comportamiento diferencial de las células MCF-7 y MCF-7Va E,

Ademas, de forma complementaria se realizaron experimentos de docking
molecular, para conocer si las moléculas naturales (aurapteno y criptotanshinona)

podrian interaccionar con el REa, asi como con elF4A, parte esencial del
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complejo elF4F.

8.5.1 Caracterizacioén de la union de la criptotanshinona con el RE.

Se realizé un ensayo complementario de docking molecular para comparar las
posiciones de unién de la criptotanshinona (Cry) y los metabolitos del tamoxifeno,
junto con su ligando natural, el estradiol (E2). Los valores de afinidad obtenidos, o
E Score, fueron los siguientes: -5.60 kcal/mol para estradiol, -6.45 Kcal/mol para
criptotanshinona, -7.81 kcal/mol para endoxifeno y -7.29 kcal/mol para 4-OH
tamoxifeno. Cabe destacar que la afinidad fue mayor para criptotanshinona (Cry)
y los metabolitos del tamoxifeno en comparacion con el estradiol (Fig. 10), debido
a que a menor valor tiene una mayor afinidad. Ademas, el sitio de unidén se
encuentra en la misma region de interaccion que el estradiol, lo que sugiere una
competencia por el sitio de unién a ligando del receptor de estrogeno (ER),

provocando la inhibicion de su funcion.

(A
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Fig. 10 Comparacion de docking molecular del receptor de estréogeno. Cristal del receptor de estrégenos
en color beige (PDB: 3ERT). A) Cristal del receptor de estrogeno mas estradiol en color verde. B) Cristal del
receptor de estrégeno mas criptotanshinona en color verde. C) Cristal del receptor de estrégeno mas
criptotanshinona (Verde) y endoxifeno (Morado) en el sitio de interaccion. D) Cristal del receptor de estrogeno
mas criptotanshinona (Verde) y 4-OH tamoxifeno (Azul). E) Interaccion del ligando criptotanshinona, muestra
los residuos y el tipo de interaccion. F) Interaccion del ligando criptotanshinona, muestra los residuos y el tipo
de interaccién. G) Interaccion del ligando endoxifeno, muestra los residuos y el tipo de interaccion. H)
Interaccion del ligando 4-OH tamoxifeno, muestra los residuos y el tipo de interaccién.

Es importante senalar que la criptotanshinona comparte la interaccion con
aminoacidos del RE tanto con el endoxifeno como con el 4-OH tamoxifeno, los
que incluyen al Glu-380, Leu-536 y Leu-525. En particular, con el endoxifeno
también comparte Met-522, mientras que con el 4-OH tamoxifeno comparte Tyr-
526. Esto implica que la criptotanshinona podria exhibir una actividad similar a la

de los metabolitos del tamoxifeno.

La evidencia del docking molecular proporciona informacion consistente de la
afinidad de la criptotanshinona y los metabolitos del tamoxifeno por el receptor de
estrogeno (ER). En consecuencia, los resultados sugieren que la

criptotanshinona podria tener un efecto sensibilizador sobre RE.
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8.5.2 Caracterizaciéon de la actividad de la criptotanshinona sobre el factor
elF4A.

La criptotanshinona puede modular la traduccion de ARNm especificos al inhibir
la actividad helicasa de elF4A, afectando la sintesis de proteinas involucradas en
el crecimiento celular y la supervivencia entre otros procesos celulares. Para
entender mejor el proceso de union entre elF4A y la criptotanshinona, se
sobrexpreso y purificd la proteina elF4A utilizando la cepa E. coli Rosetta Star
(Fig. 11 A-B), de la cual se obtuvo una fraccién enriquecida de elF4A purificada
(Fig. 11 C).

Una vez obtenida la proteina, se realizdé un ensayo de unién entre elF4A y Cry
(elF4A 4 uM, Cry 50-100 uM), que fue caracterizado por fluorescencia mediante
un escaneo sincronico (Fig. 11 D). Los resultados obtenidos sugieren una
interaccidon entre elF4A y Cry a diferentes concentraciones, debido a un cambio
en el espectro de emisién, los cuales fueron ajustados restando la linea base. En
contraste, no se observd una disminucion en la actividad ATPasa, la cual se
evalué en un gel de nitrato de plomo, donde la actividad ATPasa se mantuvo,
incluso en concentraciones altas; resultado que podria asociarse al sitio de

interaccion entre la Cry y elF4A.
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Fig. 11 Efecto de la cryptotanshinona en la regulacién de elF4A. A) SDS-PAGE tefiido con Coomassie de
fracciones purificadas de elF4A, correspondientes a: TL (lisado total), UC (proteina con tag de histidinas) y PC
(proteina sin tag de histidinas). B) Inmunodeteccion de las fracciones con sobreexpresion de elF4A utilizando
anticuerpos especificos para elF4A y otra para el tag de histidinas. C) Ensayo de fluorescencia de elF4A y
cryptonashinona, mostrando los espectros de emision de fluorescencia de elF4A, elF4A con 50 uM de Cry y
elF4A con 100 uM de cry, en azul, rojo y violeta, respectivamente. D) Ensayo de actividad ATPasa en gel de
acrilamida con nitrato de plata, en concentraciones crecientes de cry 10-200 uM y control de rocaglamida. E)
docking molecular de rocaglamida en el sitio de union al ARN de elF4A (PDB ID: 5ZC9), donde elF4A se
muestra en beige y la rocaglamida en verde. F) Docking molecular de cry en el sitio de interaccién con ARN
de elF4A, con elF4A en beige y aurapteno en verde. G) Valores de E score obtenidos para cada molécula en
el docking molecular. H) Interacciones ligando-proteina entre rocaglamida y elF4A, mostrando los residuos y
tipos de interaccion. 1) Residuos de unién de cry y elF4A y naturaleza de las interacciones.
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En este sentido, el docking molecular mostré que el sitio de union de Cry se
encuentra en la region de interaccion ARN-elF4A (PDB ID: 5ZC9) (Fig. 11 E),
mostrando ser la misma regidn de interaccion que la rocaglamida, la cual se ha
descrito como un inhibidor de elF4A (Shintaro lwasaki et al., 2019). Para
evidenciar este resultado, se realiz6 un docking molecular tomando a la
rocaglamida como control y se comparé con la Cry. Resulté que la afinidad de la
criptotanshinona es menor que la rocaglamida (Fig. 11 G), sin embargo, el sitio
de unién sugiere que la Cry podria bloquear la interaccion ARN-elF4A, ya que
comparten algunos residuos de interaccion con la rocaglamida, como lo son Arg-
110, Arg-311, Phe-192 y Gly-304 (Fig. 11 E, F, H, I). Ademas, tomando en cuenta
el ensayo de actividad ATPasa, asi como el docking molecular, la rocaglamida
tampoco mostré disminucion de la actividad ATPasa, debido a que su sitio de
union de este compuesto se encuentra en la region de unién al ARN (Fig. 11 E),

efecto que también estaria presente con la criptotanshinona (Fig. 11 F).

8.5.3 Sensibilizacion de la criptotanshinona sobre las células RE+

Se realizaron ensayos de viabilidad celular para comparar el comportamiento de
las células MCF-7 y su contraparte resistente, MCF-7Va"E,

Se utilizaron las células MCF-7, empleando concentraciones crecientes desde 0
hasta 10 uM de criptotanshinona, (Fig. 12 A, B), basado en reportes previos (Wu
et al., 2020b). También se evalué a la cry en conjunto con los metabolitos
derivados del tamoxifeno (endoxifeno y 4-OH tamoxifeno) a una concentraciéon
fija de 8 uyM, para observar si estos metabolitos pueden potenciar su efecto. De
mantera interesante, se logré observar un efecto sinérgico en el tratamiento
combinado de cry con los metabolitos del tamoxifeno. Se observd que la
interaccion de los metabolitos del tamoxifeno con la criptotanshinona redujo
drasticamente la viabilidad celular en concentraciones que previamente la Cry no
habia mostrado efecto. El efecto sinérgico con 4-OH tamoxifeno se logro
observar a una concentracion de 10 uM de criptotanshinona, mientras que con

endoxifeno fue a 5 yM, lo que indica una mayor sinergia con este metabolito (Fig.
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Fig. 12 Viabilidad celular de las células MCF-7 con tratamientos de cryptotanshinona. Comparacion
entre tratamientos con cryptotanshinona y combinado con metabolitos de tamoxifeno. A) Molécula de
criptotanshinona. B) Porcentajes de viabilidad de células MCF-7 tratadas con cry en concentraciones
crecientes 0-10 yM, C) Porcentajes de viabilidad de cry con 4-OH Tam. D) Porcentajes de viabilidad de cry

con endoxifeno. Los resultados para cry se presentan en columnas negras y cry con metabolitos de
tamoxifeno en gris.

Tomando en cuenta los resultados anteriores se llevd a cabo la misma estrategia
para la variante resistente MCF-7V2" E (Fig. 13). Los resultados obtenidos
mostraron que el tratamiento con criptotanshinona (10 uM) induce un fenbmeno
de sensibilizacién en las MCF-7Ve" E tanto con 4-OH tamoxifeno (Fig. 13 A, B)
como con endoxifeno (Fig. 13 C). Sin embargo, la criptotanshinona en conjunto
con el endoxifeno induce una mayor sensibilidad sobre las células MCF-7Var E,
puesto que la disminucion de la viabilidad celular sucede en la concentracion de
5 uM (Fig. 13 C), mostrando un resultado similar en las células MCF-7, de tal

manera que este efecto es independiente si presentan o no farmacorresistencia.
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Fig. 13 Viabilidad celular de las células MCF-7V2r E con tratamientos crecientes de Cryptotanshinona y
en combinacion con metabolitos del tamoxifeno. Comparacion entre tratamientos con cryptotanshinona y
combinado con metabolitos de tamoxifeno. A) Molécula de criptotanshinona. B) Porcentajes de viabilidad de
células MCF-7 tratadas con cry en concentraciones crecientes 0-10 uM, C) Porcentajes de viabilidad de cry
con 4-OH Tam. D) Porcentajes de viabilidad de cry con endoxifeno. Los resultados para cry se presentan en
columnas negras y cry con metabolitos de tamoxifeno en gris.
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8.5.4 Regulacion de elF4A por aurapteno.

Segun nuestros resultados, el aurapteno podria interrumpir el proceso de
traduccién a través de la inhibicion de elF4A, lo que afectaria la expresion de
proteinas relacionadas con el crecimiento celular, la supervivencia v,
potencialmente, la quimiorresistencia. Para confirmar la unién in vitro entre el
aurapteno y elF4A, se sobre expresé y purifico elF4A recombinante a partir de
cultivos de la cepa Rosetta Star de E. coli (Fig. 14 A, B). Los resultados
mostraron una disminucion significativa en la fluorescencia durante la interacciéon
entre elF4A (14 uM) y el aurapteno en concentraciones de 50 uM y 100 uM,
debido una reduccion en la intensidad de emision, lo que sugiere un fenomeno
de extincidn (quenching) y, por lo tanto, la union del aurapteno hacia la proteina
elF4A (Fig. 14 C).
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Fig. 14 Efecto de aurapteno en la regulacion de elF4A. A) SDS-PAGE tefiido con Coomassie de las
fracciones purificadas de elF4A correspondientes a TL: lisado total, T: proteina con tag de histidinas, y U:
proteina sin tag de histidina. B) Inmunodeteccién para las fracciones de sobreexpresion de elF4A. Se
utilizaron anticuerpos para detectar elF4A y tag de polihistidina. C) Ensayo de fluorescencia de elF4A y
aurapteno. Los espectros de emision de fluorescencia de elF4A, elF4A mas 50 uM de aurapteno, y elF4A
mas 100 uM de aurapteno se muestran en azul, rojo y verde, respectivamente. D) Acoplamiento de
rocaglamida en el sitio de union al ARN de elF4A (ID PDB: 5ZC9). elF4A se muestra en beige y rocaglamida
en verde. E) Acoplamiento de Aurapteno en el sitio de interaccion de elF4A con ARN. elF4A se muestra en
beige y el aurapteno en verde. F) Interacciones ligando-elF4A de rocaglamida, mostrando los residuos y el
tipo de interaccion. G) Residuos de union de aurapteno-elF4A y la naturaleza de la interaccion con las
moléculas. H) Valores de la puntuacion E obtenidos para cada molécula en la simulacion de acoplamiento
molecular.

Los resultados de docking molecular sugieren que el aurapteno se puede unir a
elF4A cerca del sitio de union de la rocaglamida, lo cual se probé en diferentes
protocolos de docking molecular, en los cuales se encontraron posiciones de
union altamente puntuadas de aurapteno cerca del sitio de union al ARN.
Ademas, comparte residuos de interaccion importantes con la rocaglamida,
como Asp330, Leu331, Pro108 y Thr109 (Fig. 1 4D-G). El valor del E-score para
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el aurapteno fue de -9.68 kcal/mol, cercano al de la rocaglamida, que fue de -
10.21 kcal/mol (Fig. 4H). Finalmente, la funcion de puntuacion de Vina permitio
identificar una conformacién del aurapteno en la que el oxigeno de la lactona
forma enlaces de hidrégeno con Arg334 (Fig. 15), de tal manera que esta

interaccion del aurapteno podria interrumpir la actividad de elF4A.

C

Compound MOE Score Vina Score
Rocaglamide -10.2 -9.6
Auraptene -9.7 -6.3

Fig. 15 Docking molecular de Aurapteno y rocaglamida sobre elF4A. A) Cristal de elF4A (ID PDB: 5ZC9),
se muestra en color verde aurapteno obtenido por docking con MOE, en magenta aurapteno con Vina, y azul
rocaglamida proveniente del cristal. B) Sitio de interaccion del aurapteno sobre el cristal de elF4A. C) Valores
de afinidad con MOE y Vina en kcal/mol.

8.5.5 Sensibilizacion del aurapteno sobre las células RE+

Se propuso investigar los efectos del aurapteno en las células MCF-7Var &y MCF-
7 para evaluar posibles efectos con los metabolitos activos del tamoxifeno. Se
emplearon concentraciones por debajo de sus valores de ECso (Fig. 16 A, D) y
metabolitos activos de tamoxifeno, endoxifeno y 4-OH Tam, a una concentraciéon
fija de 8 uM (Fig. 16).
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Fig. 16 Viabilidad celular de células MCF-7 y MCF-7V2" E con tratamientos de aurapteno. Comparacion de
tratamientos con aurapteno y aurapteno mas metabolitos de tamoxifeno. Porcentajes de viabilidad de las
células MCF-7 bajo tratamientos con aurapteno (A), aurapteno y 4-OH tamoxifeno (B), y aurapteno y
endoxifeno (C). Los resultados de aurapteno y aurapteno mas metabolitos de tamoxifeno se muestran en
columnas negras y grises, respectivamente. Porcentajes de viabilidad de las células MCF-7Ve" E bajo
tratamientos con aurapteno (D), aurapteno y 4-OH tamoxifeno (E), y aurapteno y endoxifeno (F). Los
resultados de aurapteno y aurapteno mas metabolitos de tamoxifeno se muestran en columnas negras y
grises, respectivamente. Los resultados se reportan como media + DE (n = 3); ***p<0.0001 en comparacion
con el control utilizando ANOVA de 2 vias.

Los resultados revelaron que el aurapteno puede reducir significativamente la
viabilidad celular a partir de una concentracion de 50 yM en ambas lineas
celulares, MCF-7 y MCF-7Var E (Fig. 16 A-D). Posteriormente, se realizaron
tratamientos combinados de aurapteno con los metabolitos del tamoxifeno. De
manera interesante, el aurapteno mostré un efecto sinérgico con 4-OH Tam (Fig.
16 B, E) y endoxifeno (Fig. 16 C, F), lo que resultdé en una reduccién significativa
de la viabilidad celular en ambas lineas, MCF-7 y MCF-7Var E. De manera
interesante, el efecto fue observado incluso en la concentracidn mas baja de
aurapteno (25 uM), lo que resalta el potencial de un tratamiento combinado con
aurapteno y los metabolitos del tamoxifeno.

Aun cuando las células presentaban un fenotipo resistente, se observo un posible

48



efecto terapéutico en las células MCF-7Va" E. Al modular una via de sefializacion
clave involucrada en los mecanismos de resistencia a los farmacos, el aurapteno
mostro el potencial de mejorar la eficacia de los tratamientos convencionales en
células de cancer de mama RE+. Es importante destacar que los tratamientos
combinados demostraron ser efectivos tanto en las células MCF-7 como en la
variante resistente MCF-7V" E |o cual también se observé utilizando microscopia
optica (Fig. 17), mostrando un mayor dafio en las células que presentaron
tratamientos combinados entre el aurapteno y los metabolitos del tamoxifeno. Sin
embargo, este tratamiento podria ser especifico para el cancer de mama RE+.

Por lo tanto, se evaluo este efecto en otro subtipo molecular de cancer de mama.

49



Endoxifen (8 uM) - +
4-OH Tam (8 pM) - — +
Aurapetene (12.5 uM)

MCF-7

MCF-7Vare

Endoxifen (8 pM) _ - M + | —_
4-OH Tam (8 uM) _ +
Aurapetene (12.5 uM) + 4 +

MCF-7

MCF-7ver

Fig. 17 Microscopia optica de los tratamientos con endoxifeno, 4-OH Tam, y aurapteno. Se muestran
imagenes a 10X de los efectos caudados con cada uno de los tratamientos utilizados, endoxifeno (8 pM), 4-
OH Tam (8 yM), aurapteno (12.5 yM), tratamientos combinados endoxifeno y aurapteno, asi como 4-OH Tam
bajo las mismas concentraciones.
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% cell viability

8.5.6 Especificidad del aurapteno en células de cancer de mama
ER+

Para aclarar si los efectos de los tratamientos combinados de aurapteno con los
metabolitos derivados del tamoxifeno son especificos para las células de cancer
de mama RE+ (receptor de estrégeno positivo), se evalué en un modelo de
células de cancer de mama triple negativo (TNBC) que carece de expresion de
receptores hormonales, siendo la linea celular MDA-MB-231 (MDA) la que
presenta las principales propiedades fenotipicas del cancer TNBC. Dentro de lo
encontrado, la linea celular MDA mostré una mayor tolerancia al aurapteno en
comparacion con las lineas celulares MCF-7 y MCF-7V2E, con una viabilidad del

80 % a una concentracion de 35 yM de aurapteno (Fig. 18).
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Fig. 18 Tratamientos con aurapteno y mezcla de aurapteno mas metabolitos de tamoxifeno en
variantes de células ER+ y ER-. Los porcentajes comparativos de viabilidad celular de células MCF-7, MCF-
7Var By MDA-MB-231 se muestran en negro, gris claro y gris con patron, respectivamente, bajo dosis
crecientes de aurapteno mas 4-OH Tam 8 uM (A) y endoxifeno 8 uM (B). Los resultados se reportan como
media = DE (n = 3); # p<0.0001 en comparacioén con el control.

Para determinar la concentracion minima de aurapteno en la que se registrara
una sinergia entre aurapteno y los metabolitos del tamoxifeno, se utilizaron
concentraciones bajas de aurapteno (0-35 uM) y una concentracion fija (8 uM) de
los metabolitos de tamoxifeno (Fig. 18). Los resultados sugieren un efecto
sensibilizador en ambas variantes de células RE+, MCF-7 y MCF-7Var E

principalmente bajo el tratamiento con 4-OH Tam (Fig. 18, Tabla 2). En contraste,
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las células triple negativas mostraron una mayor tolerancia a los tratamientos

conjuntos (Fig. 18, Tabla 2).

Tabla 2. Valores de ECso para células ER+ y TNBC bajo tratamientos con aurapteno y metabolitos
de tamoxifeno. Valores de los tratamientos combinados en diferentes variantes celulares.

Linea celular Caracteristicas Aurapteno Aurapteno+ 4- Aurapteno+
(M) OH Tam (uM) Endoxi (uM)
MCF-7 RE+ 47.49 12.69 13.34
MCF-7 VarE Resistente 52.4 8.53 6.47
MDA TNBC 76.75 80.65 52.68

Ambas variantes de MCF-7 mostraron sinergia con el aurapteno y los metabolitos
del tamoxifeno, lo que se corrobora con los valores de ECso mas bajos cuando
las células fueron tratadas con aurapteno y los metabolitos de tamoxifeno. Se
obtuvo un resultado de sinergia, en el que los valores de ECso fueron casi 4
veces menores en comparacion a las células tratadas solo con aurapteno (Fig. 18,
Tabla 2). Mostrando un efecto de sinergia fue mas potente en las células MCF-
7VeE debido a que redujeron el valor de ECso casi en un orden de magnitud en

comparacioén con las células MCF-7 (Fig. 18 Tabla 2).

Sin embargo, las células MDA (TNBC) no mostraron un efecto sinérgico, entre
aurapteno y los metabolitos de tamoxifeno, el valor de ECso para aurapteno fue
de 76.75 pM y el tratamiento concomitante con 4-OH Tam no indujo un efecto
terapéutico significativo, ya que el valor de ECso se mantuvo en 80.65 pM (Fig. 18,
Tabla 2).

En el caso de los resultados con endoxifeno, mostraron un efecto sinérgico en las
células MCF-7 y MCF-7VarE, pero no tuvieron un efecto significativo en las células
MDA (Fig. 6B). Se registr6 una reduccion en los valores de ECso en ambas
variantes RE+, mientras que el ECsp para el tratamiento con aurapteno en células
MCF-7 fue de 47.49 uM, el impacto del endoxifeno redujo el ECso a 13.34 pM;

mientras que en las células MCF-7Ver E| |os valores fueron de 52.4 uM para el
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tratamiento con aurapteno, y el uso en conjunto con ekl endoxifeno promovié una
reduccion a 6.47 uM en el valor de ECso. En las células MDA, el valor de ECsp
para aurapteno fue de 76.75 uM y el tratamiento concomitante con endoxifeno
solo redujo a un valor de ECso a 52.68 pM (Fig. 18, Tabla 2).

Los resultados sugieren un potencial terapéutico para el tratamiento combinado
en células RE+. Ademas, el aurapteno mostré eficacia a concentraciones bajas
como 12 uM, casi cinco veces menor que la concentracién efectiva del aurapteno
por si solo (60 pM) tras 24 horas de tratamiento. Debido a los resultados
favorables, se llevaron a cabo experimentos posteriores con una concentracion
de aurapteno de 12.5 yM y poder dilucidar el mecanismo de sensibilizacion en las

lineas celulares RE+.

8.5.7 Efecto del aurapteno sobre el RE y el complejo elF4F.

Teniendo en cuenta que el aurapteno puede modular la actividad del receptor de
estrégeno (RE), impactando en procesos celulares como la proliferacion,
apoptosis y potencialmente la quimiorresistencia, evaluamos la posibilidad de que
la sinergia observada entre el aurapteno y los metabolitos derivados del
tamoxifeno pudiera surgir de la union del aurapteno al RE. Para ello, se
realizaron simulaciones de docking molecular para comparar las posiciones de
unién del aurapteno y los metabolitos del tamoxifeno contra el ligando natural del
RE, el E2 (Fig. 19 A-F). En primera instancia, el E2 y el aurapteno mostraron
valores de afinidad similares o E-scores de -5.60 kcal/mol y -5.39 kcal/mol,
respectivamente. De manera notable, se encontré que el aurapteno se une al
dominio de unién al ligando (LBD), lo que sugiere una posible competencia por el
dominio de unién del ligando natural del RE (Fig. 18 A-D). En este sentido, el
aurapteno comparte varios residuos de unién con el estradiol, incluidos Arg394,
Glu353, Leu346, Leu349, Leu384, Leu525, lle424 y Met421, lo que resulta en un

valor de afinidad similar al del estradiol.
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Fig. 18 Caracterizacion del complejo elF4F y ER. Acoplamiento molecular de las moléculas de aurapteno
y metabolitos de tamoxifeno en el receptor de estrégenos. Acoplamiento molecular de aurapteno (A),
endoxifeno (B) y 4-OH tamoxifeno (C) en el ERa (PDB: 3ERT). ERa se muestra en beige, mientras que el
grafeno, endoxifeno y 4-OH tamoxifeno se muestran en verde, parpura y azul, respectivamente. Residuos
del sitio de unién y sus tipos de interacciones con aurapteno (D), endoxifeno (E) y 4-OH tamoxifeno (F). G)
Comparacion entre MCF-7 y MCF-7V" E bajo tratamientos con metabolitos de tamoxifeno y aurapteno para
ER, catepsina D, elF4A, elF4G, elF4E. Analisis de densitometria de ER (H) y elF4G (l) en células MCF-7 y
MCF-7VerE bajo las mismas condiciones. Los resultados se reportan como media + DE (n = 3) y se expresan
como cambio relativo respecto al control de carga; *p < 0.05, **p < 0.002, ***p < 0.001 en comparacién con

el control utilizando ANOVA de 2 vias. B-actina y actina fueron utilizados como controles de carga.

54



De forma interesante, los valores de E-score para el endoxifeno y el 4-OH Tam
fueron de -7.81 Kcal/mol y -7.29 Kcal/mol, respectivamente (Fig. 18 A-F), y
ademas de compartir algunos residuos de unién entre ellos, como Glu380,
Leu536 y Leu525 (Fig. 18 A-F). Trp383 y Leu525 son compartidos entre los sitios
de union de aurapteno y endoxifeno, mientras que Tyr347 y Leu525 son
compartidos entre los sitios de union de 4-OH Tam y aurapteno, sugiriendo que el
aurapteno puede ejercer una actividad similar a la de los metabolitos del
tamoxifeno, que es la inhibicion competitiva del RE, lo cual debe confirmarse

mediante experimentos in vitro.

Intentamos entonces inhibir completamente el RE mediante el uso de
tratamientos combinados de metabolitos derivados del tamoxifeno y aurapteno.
Sin embargo, estos tratamientos resultaron bastante agresivos para los modelos
celulares, como se evidencia en la figura 18. Por lo tanto, se redujo el tiempo de
incubacion a 12 h y en los experimentos posteriores a 6 h, con el fin de obtener
suficiente lisado celular para realizar ensayos de western blot (Fig. 19 G, H),
debido al dafio celular significativo (Fig. 18). Utilizando los tratamientos conjuntos
de metabolitos activos del tamoxifeno (8 uM) y aurapteno (12.5 yM), evaluamos
la expresidn proteica del RE, catepsina D y componentes del complejo elF4F.
Los resultados indicaron que el tratamiento simultdneo de aurapteno junto con
metabolitos del tamoxifeno ejerce un efecto de regulacién negativa notable sobre
REa en las células MCF-7, mostrando un efecto mas evidente en la variante
MCF-7Ve"E (Fig. 19 G, H). Ademas, se registré una disminucion en la catepsina D
bajo los tratamientos combinados, destacando la efectividad del tratamiento
sobre el RE, y por lo tanto el desarrollo de una posible estrategia terapéutica (Fig.
18 G, H).

Los tratamientos concomitantes también desencadenaron la regulacion negativa
de elF4G, otra proteina del complejo elF4F (Fig. 18 G, H), lo que podria
interrumpir el ensamblaje del complejo elF4F. Este efecto podria potenciarse aun
mas en las células MCF-7, donde también se observé una disminucién en la
expresion de elF4E bajo el tratamiento conjunto de aurapteno y 4-OH Tam (Fig.

18 H, |), lo que disminuiria la actividad del complejo de traduccion elF4F.
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8.5.8 El aurapteno podria disminuir la expresion de los transportadores
ABC (ATP-binding cassette).

Los transportadores ABC son conocidos por su papel en el mecanismo de
resistencia a multiples farmacos (MDR), ya que facilitan la expulsion de los
farmacos fuera de las células, reduciendo su efectividad. La supresion de estos
transportadores por el aurapteno podria aumentar la acumulacion intracelular de
los metabolitos del tamoxifeno, potenciando su eficacia y reduciendo la
resistencia quimioterapéutica en células de cancer de mama RE+. Esta via de
accion reforzaria el potencial del aurapteno como un agente coadyuvante en

tratamientos de resistencia al tamoxifeno.

Para ampliar la caracterizacion de los mecanismos de quimio resistencia en las
células MCF-7Ver Ey evaluar el posible efecto del aurapteno y los metabolitos del
tamoxifeno, se evaluo la modulacion transcripcional de los genes transportadores
ABCB1 y ABCC1, asociados con el complejo de traduccion elF4F. Bajo
condiciones basales, las células MCF-7Ve" E presentan niveles de expresion de
ABCB1 casi del doble comparado con las MCF-7 (Fig. 19 A). En este sentido, el
endoxifeno altera de manera importante el patron de expresion de ABCB1, ya
que las células MCF-7 muestran un aumento de 25 veces en la expresion,
mientras que las MCF-7V2" E presentan una ligera disminucién en la expresion. El
tratamiento con 4-OH Tam promueve un aumento en la expresién tanto en
células MCF-7 como en MCF-7Ve" E (Fig. 19 A). De manera interesante, el
tratamiento conjunto de aurapteno y endoxifeno suprime por completo la
expresion de ABCB1 en las células MCF-7V"E (Fig. 19 A).
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Fig. 19. Interacciones de la bomba de eflujo de aurapteno. A) Expresidn génica relativa de ABCB1.
Expresion relativa de ABCB1 normalizada con GAPDH, en negro MCF-7, en gris MCF-7Var E. B) Expresion
génica relativa de ABCC1. Expresion relativa de ABCC1 normalizada con GAPDH, en negro MCF-7, en gris
MCF-7Var E.

Por otro lado, el transportador ABCC1 mostré un patrén de expresion similar al
de ABCB1, ya que las células MCF-7V2"E también presentan niveles de expresion
casi dos veces mas que las MCF-7. Tanto los tratamientos individuales con 4-OH
Tam como con aurapteno desencadenan un aumento de 2.5 veces en la
expresion de ABCC1 en células MCF-7Ve" E. Sin embargo, los tratamientos
combinados de aurapteno y metabolitos derivados del tamoxifeno redujeron la
expresion de ABCC1 en células MCF-7 y MCF-7V2"E (Fig. 19 B). Los tratamientos
concomitantes demuestran su maxima eficacia una vez que las células adquieren
resistencia (MCF-7Va"E); por otro lado, al tratar las células MCF-7 con endoxifeno
y la reduccion de la expresion de ABCB1 y ABCC1 refuerzan la eficacia

terapéutica de los tratamientos combinados.

Este patron sugiere que los tratamientos combinados no solo tienen el potencial
de disminuir su viabilidad celular una vez adquirida la resistencia, sino también de
reducir la expresion de transportadores clave involucrados en fendmenos de
farmacorresistencia, con lo cual se podria mejorar la eficacia de los tratamientos

en células de cancer de mama RE+ resistentes.
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8.5.9 Potencial uso farmacéutico del aurapteno.

Como perspectiva para un eventual uso en el tratamiento clinico, se realiz6 el
analisis computacional ADME del aurapteno utilizando SwissADME (Fig. 20) y
ADMETIlab 2.0, que proporciona un analisis in silico de las propiedades de un
compuesto quimico y su potencial uso como farmaco. En este sentido, el
aurapteno tiene un peso molecular de 298.16, un logP de 5.18 y un logS de -
5.75, lo que sugiere propiedades farmacéuticas potenciales basadas en sus
parametros de solubilidad y permeabilidad calculados (Xiong et al., 2021). Con
caracteristicas de solubilidad moderada segun los modelos ESOL y Ali (Daina et
al., 2017), sugiriendo un potencial para una adecuada disolucion y absorcion en
sistemas bioldgicos. Ademas, su puntuacion de accesibilidad sintética (SA score)
sugiere simplicidad para la sintesis, y se adhiere a la regla del Triangulo Dorado,

indicando un perfil ADME potencialmente favorable (Xiong et al., 2021).
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Fig. 20. Resultados de SwissADME sobre las propiedades del aurapteno. Los resultados se calcularon

utilizando la fuente de datos SwissADME (http://www.swissadme.ch/index.php/;
Bioinformatica; consultado el 18 de marzo de 2024).

Instituto Suizo de

Particularmente, el aurapteno muestra una alta absorcién gastrointestinal, lo que

indica un comportamiento farmacocinético favorable. Ademas, el aurapteno no

muestra una inhibicién significativa de las enzimas clave del citocromo P450
(CYP1A2, CYP2C19, CYP2C9, CYP2D6 y CYP3A4), lo que sugiere un potencial

minimo para interacciones entre farmacos segun el perfii ADME (Fig. 20). Esta

informacion sugiere que el aurapteno puede ser un compuesto para un eventual

desarrollo farmacéutico.
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9 Discusién
En el presente trabajo abordd en primera instancia la generacion de variantes
resistentes a los metabolitos derivados de tamoxifeno (4-OH tamoxifeno,
endoxifeno). Para obtener un modelo de cancer de mama RE+ que emule algunos
de los efectos de la quimiorresistencia en pacientes. Uno de los principales
adyuvantes para el tratamiento de cancer de mama RE+ es el tamoxifeno, que es
un profarmaco, de tal manera que los metabolitos son los que tienen un mayor
efecto terapéutico. Dentro de la novedad del trabajo se encuentra que la
resistencia se adquiri6 con ambos metabolitos del tamoxifeno (4-OH tamoxifeno,
endoxifeno). En la literatura ya se han utilizado modelos celulares resistentes a
tamoxifeno (Benz et al., 1992; Hiscox et al., 2006; Jordan, 2004), y en menor
medida modelos de resistencia a sus metabolitos activos, como el 4-OH
tamoxifeno y el endoxifeno, sin embargo, no se encontraron reportes donde
utilicen ambos metabolitos y ademas en conjunto con E2, para la generacion de
modelos resistentes. Por otra parte, el tiempo para generar la resistencia fue de
aproximadamente 4 meses, tiempo relativamente bajo en comparacién de otros
protocolos en donde se genera la resistencia en periodos de 6 meses hasta 1 afio.
Sin embargo, el proceso utilizado todavia puede mejorar su especifidad a través
del analisis con un citdmetro de flujo acoplado a cell sorter, para poder conocer
blancos especificos que generen la resistencia a partir de una sola célula,
teniendo asi diversas clonas resistentes, sin embargo, este proceso extenderia

mas el tiempo para generar la resistencia.

En el caso de la caracterizacién de las vias de sefalizacion, se obtiene una
perspectiva de los posibles mecanismos que podrian estar en accion. El mas
evidente se observa en las lineas celulares resistentes, donde se identifica una
disminucién en la expresion del receptor de estrégeno (RE). Este hallazgo sugiere
un cambio fenotipico, un fendmeno previamente documentado en la clasificacion
de tumores de cancer de mama (Garcia-Redondo et al., 2023). Esta disminucién
podria explicarse porque los metabolitos empleados para inducir la resistencia

actuan como agonistas del receptor de estrégeno (RE), lo cual fomenta cambios
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fenotipicos al estimular a las células a activar vias alternas para promover su
proliferacion. Sin embargo, es importante sefalar que las lineas celulares
resistentes presentan una velocidad de crecimiento menor en comparacién con las
lineas parentales. Este fenomeno puede explicarse por una redistribucién de los
recursos metabolicos hacia mecanismos que sustentan la resistencia, como la
reparacion del ADN, la regulacion de vias de sefializacion celular y la gestion del
estrés oxidativo (Holohan et al., 2013; Housman et al., 2014), asi también las
células resistentes, al priorizar la expresion de proteinas protectoras o
transportadores de eflujo como las bombas de eflujo de la familia ABC, pueden
ralentizar procesos normales como la proliferacién celular (Gottesman et al., 2002).
Por otro lado, mediante microscopia éptica se observaron cambios morfologicos
en las variantes resistentes, lo que confirma alteraciones estructurales asociadas a
la resistencia, las que pueden incluir la reorganizacion del citoesqueleto o
variaciones en la forma y el tamafo nuclear, asociadas con el cambio fenotipico,
confiriéndoles una mejor adaptacion a agentes externos (Aseervatham, 2020).
Estos cambios morfolégicos pueden estar ligados a una activacion diferencial de
vias como PI3K/AKT o NF-kB, que son fundamentales para la supervivencia y la

plasticidad celular

Por otro lado, se propone que las moléculas reguladoras aurapteno y
criptotanshinona podrian interactuar tanto con el factor de iniciacion elF4A como
con el receptor de estrogenos. En particular, se sugiere que la criptotanshinona
interactua con elF4A, como lo evidencian los ensayos de fluorescencia realizados
donde se observo una disminucidn en la emision. Ademas, estudios previos
indican que la criptotanshinona puede inhibir la via PI3K/AKT/NF-kB (Liu et al.,
2020; Wu et al., 2020a; Zhang et al., 2018; Zheng et al., 2024), lo cual indicaria
posible impacto sobre la actividad del complejo elF4F. Esta posible inhibicién
sugiere un mecanismo por el cual la criptotanshinona podria modular la sintesis
proteica, afectando procesos celulares criticos asociados a la proliferacion vy

supervivencia de las células resistentes.
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Tomando en consideracion las vias de sefalizacion antes mencionada, la
diminucion de elF4A puede ser un buen blanco terapéutico, para regular con las
moléculas naturales (criptotanshinona y aurapteno). Debido a su posible
interaccion con elF4A, podrian disminuir su funcionamiento y por lo tanto inducir
a apoptosis, ademas de bloquear procesos de transcripcidon para proteinas

oncogénicas, o de bombas de eflujo (Sridharan et al., 2019).

El aurapteno demostré un efecto mas potente en la linea RE+ en comparacioén con
la linea TNBC similar a lo reportado por (de Medina et al., 2010), quien describio al
aurapteno como un modulador del RE. Parte de la explicacion de este fendmeno
de resistencia, se plantea que este podria depender de los sitios de interaccion en
el receptor de estrégenos. Es posible que el aurapteno esté actuando en
diferentes dominios activos del RE, como AF-1 o AF-2 (Chang, 2012), estos
dominios desempefan roles cruciales en la modulacion de la actividad
transcripcional del RE, dependiendo de las senales celulares y del entorno
molecular. La interaccion diferencial con estos dominios podria desencadenar
respuestas especificas en términos de resistencia celular y la activacion de vias de
sefalizacion posteriores, como las vias de supervivencia o apoptosis,
promoviendo resistencia a terapias hormonales o sensibilizacion a otros
tratamientos (Ali & Coombes, 2002; McDonnell & Norris, 2002).

De forma interesante, la linea celular resistente exhibié una respuesta amplificada
cuando se aplico un tratamiento combinado de endoxifeno y aurapteno, lo que
evidencia un efecto sinérgico entre ambos compuestos. El efecto de sinergismo
con 4-OH tamoxifeno y endoxifeno ya han sido reportados, donde observaron una
sinergia con epicatequinas y los metabolitos derivados del tamoxifeno en la linea
celular MDA-MB-231 (Chisholm et al., 2004), de acuerdo con los autores, el efecto

esta relacionado con la sensibilizacion del proceso de apoptosis.

Con base en nuestros resultados, se propone que el aurapteno puede estar

inhibiendo al factor elF4A ademas del RE, bloqueando asi una parte fundamental
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de los procesos de traduccion y proliferacion celular y favoreciendo la activacion
de la via apoptética. Este fendbmeno parece mostrar una especificidad por el

fenotipo RE+, en concordancia con los resultados obtenidos en este proyecto.

Por otro lado, al evaluar la modulacion transcripcional de los genes
transportadores ABCB1 y ABCC1, ambos relacionados con el complejo de
traduccién elF4F, encontré un perfil diferencial de expresién, que podria estar
vinculado con la resistencia a farmacos en células de cancer de mama RE+. Bajo
condiciones basales, las células MCF-7Va" E mostraron una expresion de ABCB1 y
ABCC1 casi el doble de las células MCF-7, lo que sugiere una predisposicion a la
quimiorresistencia. La exposiciéon de la combinacién de aurapteno y endoxifeno
logré suprimir por completo la expresion de ABCB1 en las células MCF-7Va" E|
destacando el potencial de esta combinacién en revertir la quimiorresistencia.
Ademas, al aplicar tratamientos combinados de aurapteno con metabolitos del
tamoxifeno, se observé una reducciéon en la expresion de ABCC1 en ambas lineas
celulares, lo cual refuerza el efecto inhibidor de estos compuestos en los
mecanismos de resistencia. De tal manera, que los tratamientos combinados no
solo afectan la viabilidad celular en células resistentes, sino que también reducen
significativamente la expresion de transportadores clave asociados a la

quimiorresistencia.
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10 Conclusiones

El presente trabajo ofrece un enfoque innovador en el disefio de terapias dirigidas
a contrarrestar la quimiorresistencia en un modelo celular con receptor de
estrogeno positivo (RE+). En este trabajo se identific6 un mecanismo no reportado
previamente, en el que el estradiol (E2), en combinacién equimolar con
metabolitos activos derivados del tamoxifeno, contribuye al desarrollo de
quimiorresistencia. Fenomeno que sugiere un aumento en la actividad del receptor
de estrogeno y su implicacidon con el complejo de inicio de traduccion elF4F,
factores que podrian jugar un papel importante en la generacién de las células

resistentes.

Adicionalmente, la criptotanshinona y especialmente el aurapteno son candidatos
prometedores para modular tanto al elF4A como al receptor de estrogeno,
inhibiendo procesos como la traduccion y proliferacién celular, especificos del
fenotipo RE+. Los resultados muestran que el efecto inhibidor del aurapteno es
mas potente en lineas celulares RE+ en comparacion con modelos triple negativos
(TNBC), lo cual destaca su capacidad de seleccion fenotipica y el potencial en

aplicaciones terapéuticas dirigidas.

Los tratamientos combinados de aurapteno y metabolitos del tamoxifeno,
disminuyeron significativamente la expresiéon de RE. Este fendmeno sugiere un
sinergismo que podria aprovecharse para sensibilizar las células resistentes y
contrarrestar la quimiorresistencia. Asi, esta combinacion no solo interfiere en la
sefalizacion del receptor de estrogeno, sino que también logra disminuir la
activacion de las bombas de eflujo ABCB1 y ABCCH1, lo cual abre una via para
explorar nuevas estrategias terapéuticas, dirigidas a reducir la proliferacion
tumoral mediante la interrupcién de vias esenciales para la supervivencia celular

en cancer de mama RE+ resistente.
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Los resultados de este estudio aportan una base para el desarrollo de terapias
combinadas con compuestos naturales y derivados de tamoxifeno en el
tratamiento de cancer de mama ER+, principalmente en la modulacién de elF4F y

RE como estrategias innovadoras para abordar la quimiorresistencia.
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11 Logros alcanzados

Durante el doctorado, se lograron tres productos de investigacion:

Publicacion de articulo cientifico como primer autor Auraptene Boosts the
Efficacy of the Tamoxifen Metabolites Endoxifen and 4-OH-Tamoxifen in a

Chemoresistant ER+ Breast Cancer Model (Anexo 1).

Solicitud de patente (Anexo 2) para proteger una tecnologia innovadora
desarrollada en el laboratorio, la cual tiene como base el articulo anteriormente

mencionado.
Articulo de colaboracién con el nombre de elF4A/PDCD4 Pathway, a Factor for
Doxorubicin Chemoresistance in a Triple-Negative Breast Cancer Cell Model

(Anexo 3), en el cual también se tuvo primera autoria.

De manera complementaria se esta desarrollando otro articulo, pero teniendo

como base a la criptotanshinona.
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1. Introduction

Breast cancer (BC) is a heterogeneous disease classified into the following molecular subtypes: estrogen receptor positive a
(ERa), epidermal growth factor receptor 2 positive (HER2+), and triple negative (TNBC) [1]. Approximately 80% of BC cases are
estrogen receptor positive (ER+) [1]. One of the most widely used drugs for the treatment of BC ER+ is tamoxifen, a selective ER
modulator that competes with its natural ligand, estradiol (E2), an estrogen hormone playing a critical role in breast tissue
growth, development, and function [2]. Tamoxifen is classified as a prodrug due to its transformation into active metabolites
upon metabolism. These metabolites include N-desmethyltamoxifen (NMD), 4hydroxy-N-desmethyltamoxifen (endoxifen), and
4-hydroxytamoxifen (4-OH Tam), which exhibit significantly 30 to 100 times greater affinity for ER compared to tamoxifen itself
[3].
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Abstract: Approximately 80% of breast cancer (BC) cases are estrogen receptor positive (ER+) and sensitive
to hormone treatment; Tamoxifen is a prodrug, and its main plasmatic active metabolites are 4-
hydroxytamoxifen (4-OH Tam) and endoxifen. Despite the effectiveness of tamoxifen therapy, resistance can
be developed. An increment in eukaryotic initiation factor-4A complex (eIF4A) activity can result in
tamoxifen-resistant tumor cells. For this work, we developed a cell variant resistant to 4-OH Tam and
endoxifen, denominated MCF-7V* E; then, the aim of this research was to reverse the acquired resistance of
this variant to tamoxifen metabolites by incorporating the natural compound auraptene. Combination
treatments of tamoxifen derivatives and auraptene successfully sensitized the chemoresistant MCF-7V# E,
Our data suggest a dual regulation of e[F4A and ER by auraptene. Joint treatments of 4-OH Tam and
endoxifen with auraptene identified a novel focus for chemoresistance disruption. Synergy was observed
using the auraptene molecule and tamoxifenderived metabolites, which induced a sensitization in MCF-7V4 E
cells and ERa parental cells that was not observed in triple-negative breast cancer cells (TNBC). Our results
suggest a synergistic effect between auraptene and tamoxifen metabolites in a resistant ER+ breast cancer
model, which could represent the first step to achieving a pharmacologic strategy.

Keywords: auraptene; breast cancer; estrogen receptor; resistance; eukaryotic initiation factor-4A complex
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Although one of the most recurrent treatments against ER+ BC is tamoxifen, some patients
develop a resistance to this drug. Particularly, there are reports on the acquisition of 4-OH
Tam resistance for ER inhibition [3]; however, there is limited information available
regarding resistance to the more potent metabolite, endoxifen. Moreover, 4-OH Tam and
endoxifen are the main plasmatic metabolites. The emergence of chemoresistance at
various stages has significantly increased the complexity of BC treatment [4].

Several mechanisms have been elucidated to explain how neoplastic cells develop
resistance to therapy. These include diminished prodrug activation, heightened expression
of efflux pumps, reduced drug internalization [5], and the activation of enzymatic systems
responsible for drug catabolism.

Likewise, one of the causes of resistance to tamoxifen is the decrease in ER expression
through transcriptional suppression, causing a phenotype transformation or changes in the
percentage of cell populations among low and normal expression of ER [6]. A low
concentration of intratumoral tamoxifen metabolites has also been observed in some cases
of tamoxifen-resistant BC, suggesting a condition of acquired resistance associated with an
increase in ATP-binding cassette (ABC) or Multidrug resistance (MDR) efflux pumps [7].
ERa is a key player in the context of ER+ breast cancer, influencing both pathogenesis and
treatment response. Moreover, ERa signaling exhibits intricate cross-talk with other
pathways, such as those mediated by growth factor receptors, influencing cell growth and
survival [8].

This interaction leads to an increase in selective protein synthesis, making the eukaryotic
initiation factor 4F complex (elF4F) an important target [9,10]. The eIF4F complex is
composed of three key components, elF4E, elF4A, and elF4G, which together coordinate
the initiation of mRNA translation in eukaryotic cells. An overexpression or
hyperactivation of factor eIF4E has been implicated in the translation of mRNA targets
including cyclin D1, c-Myc, VEGF, and Bcl-2, which are known to depend on ER
signaling and contribute to BC progression, and also the increase in translation of pro-
survival proteins, including those involved in drug resistance mechanisms such as anti-
apoptosis and drug efflux pumps. Moreover, aberrant e[F4G signaling can enhance the
assembly and stability of the eIF4F complex, leading to the increased translation of mRNA.
In addition, alterations that increase the expression or enhance the helicase function of
elF4A can lead to the translation of specific mRNA transcripts, thereby potentiating
chemoresistance according to our results [11,12]. Together, these components form a
dynamic complex crucial for efficient mRNA translation, whose dysregulation is often
implicated in chemoresistance phenomena registered in cancer cells [13]. Through its
influence on the translation of these key proteins, the el[F4F complex can impact various
aspects of ER-mediated cellular processes, including cell cycle regulation, proliferation,
angiogenesis, and apoptosis resistance. Moreover, in MCF-7 cells (ER+ cells), heightened
expression levels of ABCB1 and ABCCI1 efflux pumps have been described [14].
Therefore, this dual regulation elF4F and ER could represent a strategic therapeutic
approach for ER chemoresistance.

Natural compounds have potential as a therapeutic strategy. In this regard, several
molecules such as rocaglates, hippuristanol, and pateamine A have been reported to have
anticancer activity in vifro and in vivo models [15]. Indeed, rocaglamide and silvestrol have


https://doi.org/10.3390/pharmaceutics16091179
https://www.mdpi.com/journal/pharmaceutics

been characterized as adjuvant compounds in cancer treatment, capable of inhibiting the
subunit eIF4A [16—18]. However, new molecules of natural origin may represent a
potential opportunity area; in this regard, auraptene, a prenyloxycoumarin obtained from
plants of the genus Citrus, could show several pharmacological properties, such as being an
antineoplastic agent, apoptosis inducer, neuroprotective agent, metalloproteinase inhibitor,
and an antioxidant and hepatoprotective agent. Auraptene has also been proposed to bind to
ERq and modulate its transcriptional activity in ER+ cells [19]. Therefore, auraptene is
proposed as a molecule with a dual function in the modulation of strategic protein targets in
ER cancer cells, moreover, in chemoresistance conditions.

Natural compounds, the bioactive molecules derived from plants, herbs, and other sources,
have demonstrated a therapeutic anti-cancer effect, ranging from anti-inflammatory and
antioxidant properties to immune modulation and apoptosis induction. Tamoxifen
metabolites used along these natural compounds may have a potential to counteract
chemoresistance mechanisms and enhance therapeutic outcomes. In this regard, we
explored the use of auraptene for developing improved treatment strategies targeting ER
signaling in breast cancer, as well as its use in chemoresistance conditions.

2. Materials and Methods

2.1. Materials

The salts and buffers were obtained from Merck (Darmstadt, Germany). The cell culture
reagents were purchased from Thermo-Fisher (Carlsbad, CA, USA); tissue culture plates
and other plastic materials were obtained from Corning Inc. (Corning, NY, USA). For the
MTT reactive, endoxifen, 4-OH Tam, and aurpatene (Aur) were obtained from Merck in a
concentration of 298% (HPLC). Anti-B actin (sc-8432), anti-eIF4A (sc-377315), antieIF4E
(sc-271480), anti-elF4G (sc-133155), anti-RE (sc-8002), anti-Cathepsin D (sc-377299),
anti-GADPH (sc-32233), and anti-p-4E-BP1/2/3 (sc-271947) antibodies were obtained
from Santa Cruz Biotechnology (Dallas, TX, USA). The horseradish peroxidase-
conjugated anti-mouse secondary antibody from Thermo-Fisher was used for detection
using the immobilon western kit (Millipore Western from Millipore, Burlington, MA, USA)
[20]. B-actin and GAPDH were used as loading controls.

2.2. Cell Culture

MCEF-7 cells, ERa and PR positive, were purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA), accession number: HTB-22. The TNBC cell line
model MDA-MB-231 was purchased from American Type Culture Collection (ATCC,
Manassas, VA, USA), accession number: HTB-26. Cell cultures were grown in DMEM
medium supplemented with 10% fetal bovine serum (FBS), 10 U/mL penicillin, 10 pg/mL
streptomycin, and 25 pg/mL amphotericin B; 1100 units of insulin were added for MCF-7
according to ATCC recommendations. Cultures were maintained at 37 *C in a humidified
atmosphere with 95% air and 5% COs. The culture medium was changed every 3 to 4 days
according to ATCC recommendations.
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2.3. Chemoresistance Protocol

To generate a drug-resistant phenotype in MCF-7 cells, we established a protocol for
resistance development to the active metabolites 4-OH Tam and endoxifen. Cells were
treated with 1 pM concentrations of each metabolite and supplemented with 2 uM estradiol.
Stock solutions of the metabolites were prepared at 1 mM in DMSO for endoxifen and
estradiol, while 4-OH Tam was prepared in ethanol.

The treatment protocol involved exposing the cells to 1 uM of 4-OH Tam and endoxifen
for 48 h; these concentrations of the metabolites were also used by Calley et al. [21], but
they were applied independently. Following this treatment, a recovery period was
implemented wherein the cells were maintained in fresh medium free of 4-OH Tam and
endoxifen for 24 h. Subsequently, the cells were again treated with 1 uM of each
metabolite plus 2 uM of estradiol for another 48 h, maintaining a molar 1:1 ratio of each
metabolite. This cycle was repeated for a duration of 4 months to induce resistance. For
maintaining the resistant cell variant, the culture was maintained with 50 nM of 4-OH Tam
and endoxifen. This maintenance protocol was adapted from Chen et al. (2020) [22].

2.4. Cell Viability

Cell viability was assessed using the MTT assay according to a previous protocol [23]. The
experiments were performed in a 96-well plate, seeding 20,000 cells, which were incubated
to reach 80% of confluence. Next, cells were incubated under different treatments.
Formazan crystals were dissolved in a lysis buffer containing 20% SDS and 50%
N,Ndimethylformamide (pH 3.7) for 12 h at 37 * C. Optical densities were measured at 570
nm using a microplate reader.

The treatments used in the cell viability assays were under 24 h incubation periods using
the following increasing concentrations: 0—16 uM for endoxifen, 4-OH Tam, and
fulvestrant. For auraptene, the concentrations used were 0—100 uM, and for joint treatments,
endoxifen and 4-OH Tam was used in a concentration of 8 uM with 12 h of incubation.

To determine EC50 values, the software GraphPad Prism 8 was used. The obtained data
were transformed and normalized, followed by the application of a five-parameter
asymmetric curve model.

2.5. Western Blot (WB) Analysis

Cells were seeded at a density of 200,000 cells/mL in 20 mm 6-well plates and incubated
until they reached 90% confluence. After reaching the desired confluence, cells were
exposed to the specified treatments. Subsequently, cells were washed with PBS and lysed
for 35 min at 4 * C using a protein lysis buffer containing protease and phosphatase
inhibitors. The lysates were centrifuged at 4100x g for 10 min, and the supernatant was
collected. Protein quantification was performed using a BCA assay.

Samples (12 pg/lane) from the total protein fraction were analyzed using
SDSpolyacrylamide gel electrophoresis (SDS-PAGE) using 8—12% gels, depending on the
molecular weight of the target proteins. Proteins were transferred to PVDF membranes
(Millipore, Burlington, MA, USA). Membranes were blocked with 5% nonfat milk in Tris-
buffered saline with 0.1% Tween-20 (TBS-T) for 1 h at 37 *C, followed by overnight
incubation at 4 * C with the respective primary antibodies: anti-ER (1:250), anti-B actin

il



(1:500), anti-elF4A (1:500), anti-eIF4E (1:400), anti-GAPDH (1:500), anti-Cathepsin D
(1:450), anti-elF4G (1:300), and anti-p-4E-BP1/2/3 (1:400).

After washing with TBS-T, membranes were incubated for 2 h at 37 °C with the
corresponding horseradish peroxidase (HRP)-conjugated secondary antibodies. Membranes
were washed again with TBS-T, and HRP activity was detected using the Immobilon
Western kit (Millipore, MA, USA). Immunoblots were analyzed using the ImageJ 1.51
program, and the figures presented are representative of the blots.

2.6. Optical Microscopy

Cells were seeded at a density of 200,000 cells/mL in 6-well plates of 20 mm and were
subsequently proliferated until 90% of confluence. Next, cells were incubated under
indicated treatments. We utilized an inverted microscope VWR Vista Vision coupled to a
camera Moticam 5 (Vancouver, BC, Canada), and cell imaging data were analyzed using
Motic Images plus 3.0.

2.7. Molecular Docking

The three-dimensional structure of eI[F4A1 was obtained from the Protein Data Bank
(PDB) [24] ID 5ZC9, which corresponds to the structure of human eIF4A1-ATP at 2 A
resolution. The PDB 3ERT three-dimensional structure of ERq at 1.9 A resolution was
used. The structures of the ligand molecules were obtained from the PubChem database
[25], rocaglamide (CID 331783), auraptene (CID 1550607), endoxifen (CID 10090750), 4-
OH Tam (CID 449459), and fulvestrant (CID 104741). The protein structures were
prepared by removing water and small molecules, leaving only the protein structure. The
ligand and receptor were protonated in 3D and energy minimization; these experiments
were performed using Molecular Operating Environment (MOE) 2022.02 software [26]
with default parameters under the AMBER99 force field [27]. For the ligands, different
conformations were generated using a stochastic search on the MOE default parameters.
Binding sites were predicted by employing the site finder option of the MOE software [28].
Molecular docking was established with the default parameters of MOE software, and
refinement was used. For interpretation of the docking results, MOE identifies salt bridges,
hydrogen bonds, hydrophobic interactions, sulfur-LP, cation-rt, and solvent exposure, and
gives the score S as a value of affinity ligand-receptor. Ligand interactions with target
proteins were predicted based on the S score [29].

To find inaccessible binding modes with MOE’s scoring function, molecular docking
simulations were also carried out using Vina [30]. Protein and ligand structures were
prepared using Chimera’s [31] Dockprep plugin. Polar hydrogens were added, Gasteiger
charges were calculated with ANTECHAMBER [32] and AMBER ff99sb force field, and
missing residues were added using Dunbrack’s rotamer library [33]. Structures were then
minimized using 100 steps of steepest descent with step sizes of 0.02 A followed by 10
conjugate gradient steps of the same step size. Autodock Vina was then used to prepare
pdbqt files and run the docking simulations using a grid box of enough volume to contain
both the protein and the ligand and with an exhaustiveness parameter of 8.

v



2.8. Overexpression and Purification of e[F4A1

The gene coding for the eI[F4A1 protein was cloned into a modified pET19b expression
vector (pET19bm), which contains an ampicillin resistance gene, a polylinker site, the lac
operon sequence controlled by the T7 promoter, and a 10-histidine tract at the N-terminal

of eI[F4A1. Additionally, the vector includes a proteolysis site for Prescission Protease (PPS,
GE Healthcare, Chicago, IL, USA) to facilitate the removal of the histidine tract.

The plasmid was transformed into Escherichia coli Rosetta Star cells (Novagen, Darmstadt,
Germany) harboring the pET19b-elF4A1 plasmid. Cultures were grown at 37 *C in 2XYT
medium supplemented with ampicillin (100 pg/mL) until an optical density (OD600) of 0.6
was reached. Protein expression was induced by adding Isopropil B-D-
1thiogalactopyranoside (IPTG) to a final concentration of 1 mM, followed by incubation

for 16-24 h at 37 °C.

After incubation, the cells were collected using centrifugation and lysed using sonication.
The supernatant was obtained and washed with a buffer containing 50 mM NaH>POs, 300
mM NacCl, and 10 mM imidazole. Purification of the eIF4A1 protein was carried out using
immobilized metal affinity chromatography (IMAC) with Ni-NTA agarose resin (QIAGEN,
Hilden, Germany). Purification was evaluated using native acrylamide gel adapted from
Arndt Cluadia et al. protocol [34], and the identification was performed using Western blot.

2.9. Fluorescence Assays for Auraptene-elF4A Binding

Measurements were performed using a Cary Eclipse fluorometer (Mulgrave, VIC, Australia)
scanning from 250 to 350 nm at 25 ° C in a synchronous mode. Protein—ligand interactions
were evaluated using 12 uM elF4A1 and a range of auraptene concentration 0—-80 pM.
Solutions were homogenized and incubated for 5 min at 25 °C, and measurements were
performed in a quartz cell with a path length of 1 cm and 500 pL volume at 25 *C.

2.10. ATPase Activity Assay for eIF4Al

The ATPase assay in polyacrylamide gel with lead nitrate (PbNOs3) staining was employed
to evaluate the effect of auraptene on eI[F4A ATPase activity. Serial dilutions of auraptene
were prepared through a concentration range of 0-200 uM. Rocaglamide, used as a control,
was prepared at a concentration of 5 nM based on a previous report [17]. After performing
gel electrophoresis, the gels were stained with lead nitrate. Then, ATPase activity was
visualized as clear bands against a dark background.

2.11. qPCR for ABCC1 and ABCB1 Expression

Cells were seeded at a density of 200,000 cells/mL in 6-well plates of 20 mm and were
subsequently incubated until 90% confluence was reached. Next, cells were incubated
under indicated treatments for 12 h. The total RNA from cell variants were obtained with
Trizol reagent, following the supplier’s instructions. cDNA was synthesized using 1 pg of
RNA and the Primer Script RT-PCR. cDNA concentration was standardized for qgPCR with
the PowerUp Sybr Green Master Mix 2X (Applied Biosystems, Waltham, MA, USA)
according to the manufacturer’s instructions, and 10 pL of the resultant cDNAs was used
for each PCR reaction. Primer sequences were ABCBI forward 5'-



GCCAGCTGAACTCCTTAGAC-3; ABCBI reverse 5-GATTCGTGCACAGCAGCA-3';
ABCCIforward5-GGCTCAAGGAGTATTCAGAG-3;4ABCCIreverse5 -
CCATCGATGATGATCTCTCC3'; GAPDH forward 5-AGACAGCCGCATCTTCTTGT-
3'; and GADPH reverse 5CTTGCCGTGGGTAGAGTCAT-3". qPCR reactions were
performed in QuantStudio

1 by applied biosystems. Data were analyzed with the 2-24“‘method with GAPDH as
reference, and results were reported as fold change.

2.12. ADME Properties of Auraptene

The chemical structure of auraptene was input into the SwissADME [35] web tool and the
ADMET]ab 2.0 [36] interface to identify favorable ADME characteristics. The ADME
(Absorption, Distribution, Metabolism, and Excretion) properties of auraptene determine
its drug-likeness and desired pharmacokinetic profiles. Specifically, we focused on
evaluating optimal lipophilicity, high water solubility, and predicted bioavailability.

2.13. Statistical Analysis

All data are expressed as mean * standard deviation (SD). Statistical analyses were
performed using two-way analysis of variance (ANOVA) with GraphPad Prism 8. For
MTT assays, the data are also expressed as mean * SD. According to GraphPad Prism,
manual results were considered statistically significant if p < 0.05.

3. Results

3.1. Resistance Acquisition under Tamoxifen-Derived Metabolites and
Estradiol Treatments in ERa Cells

An MCF-7 (ER+) cell variant resistant to 4-OH Tamoxifen (4-OH Tam) and endoxifen was
generated, denominated as MCF-7V®E, The endocrine resistance was acquired through
treatment under a scheme of 1 uM of endoxifen, 1 pM 4-OH Tam, and 2 pM estradiol (E2)
in a concomitant incubation; E2 was utilized as an antagonist against the tamoxifen
metabolites. The ratio of active metabolites to hormones was maintained at an equimolar
concentration. The resistant variant was generated by stimulating the cell cultures with
Tamoxifen metabolites for 48 h periods followed by a 24 h recovery period; maintenance
doses of 50 nM of each compound were incubated over a 120-day cycle to induce
endocrine resistance (Figure 1A). Cell viability experiments were performed to determine
the endocrine resistance of the MCF-7Va E variant. Using the MTT assay, the half maximal
effective concentration (ECso) of each active metabolite for MCF-7 and MCF-7¥E cell
cultures was quantified to determine the resistance of the variants (Figure 1B-D).

The MCF-7V# E showed an increase in ECso values under treatment with endoxifen

(9.62 £0.49 uM) and 4-OH Tam (12.13 £ 1.5 uM) in comparison to MCF-7 cells with
values for endoxifen (5.91 £ 1.75 uM) and 4-OH Tam (10.49 + 0.96 uM) (Figure 1B-D).

Results demonstrate the acquisition of resistance to the pharmacologically active tamoxifen
metabolites. In a complementary way, the experimentation with the fulvestrant drug
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showed a similar behavior; an increase in the ECs value for the MCF-7VaE(29.62 + 0.49
uM) compared to MCF-7 cells (19.81 + 0.49) was registered (Supplementary Figure S1).
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Figure 1. Resistance development in MCF-7 cells and its characterization. (A) Illustration of the protocol used to carry out
chemoresistance, showing the procedure for resistance acquisition in MCF-7V* E cells. (B) Comparison of the ECso values
and SD among MCF-7 and MCF-7"* E cells under the 4-OH Tam (C) and endoxifen (D) treatments (0-16 pM).

3.2. Effect of Estradiol as a Determinant of Chemoresistance

E2 functions as a critical regulator of ERa signaling. Although its presence promotes cell
growth and proliferation, elucidating the effects of E2 is crucial for unraveling the
complexities of ER+ breast cancer regulation and for developing therapeutic strategies.
Under conditions of chemoresistance, tamoxifen metabolites induced an increase in
ER expression in the MCF-7V* E in comparison to MCF-7 cells under basal conditions
(Figure 2A,B). Moreover, combined treatment with E2- and tamoxifen-derived metabolites
showed a down-regulation in ERq expression (Figure 2A,B), which in turn caused more
significant cell damage (Supplementary Figure S2). This phenomenon could be associated
with the fact that E2 stimulation increases cellular activity, enhancing the effectiveness of
tamoxifen metabolites, particularly under the combined treatments. In addition, in the
resistant MCF-7Va E cells, the combined effect was more pronounced, resulting in a
significant decrease in ERq expression (Figure 2A,B) and, consequently, a more potent
cytotoxic effect (Supplementary Figure S2). These results suggest a role of ERa under
elevated concentrations of pharmacologically active tamoxifen-derived metabolites.
Given the impact of changes in cathepsin D expression levels on breast cancer prognosis
[37], we also determined its expression in control and resistant cells. Importantly, we
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observed an increase in cathepsin D levels in both MCF-7 and MCF-7V# E cells when
treated with a combination of estradiol and tamoxifen metabolites.

Additionally, we observed an association between the resistant phenotype and increased ER
expression. To investigate whether tamoxifen metabolites could modulate ER activity, we
conducted molecular docking simulations (Supplementary Figure S3A—C). The obtained
affinity values through algorithm MOE (Molecular Operating Environment), E-scores,
were -5.60 kcal/mol for estradiol, -7.81 for endoxifen, and -7.29 for 4-OH Tam,
suggesting a higher affinity for tamoxifen-derived metabolites on ER structure.
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Figure 2. Role of estrogen receptor (ER) in chemoresistance. (A) Expression of ER and cathepsin D.

The comparative expression between MCF-7 and MCF-7V# Eunder the indicating conditions, with E2 (2 pM) and
tamoxifen metabolites treatment (8 uM). (B) Quantitative analysis of ER expression. Comparative expression by
densitometry analysis in three independent experiments of ER in MCF-7 and MCF-7V* E cells. Results are reported as
mean + SD (n = 3) and expressed as fold-change in regard to loading control; * p < 0.05, *** p <0.001 in regard to
control. GAPDH were used as loading controls.

Notably, these results revealed that the binding site of tamoxifen-derived metabolites
overlaps with the interaction region of E2, suggesting a potential competition phenomenon
for the ER-native ligand-binding domain (LBD); indeed, several residues involved in E2
binding, such as Glusso, Leusss, and Leuszs, are also involved in binding both endoxifen and
4-OH Tam (Supplementary Figure S3D-G).

Ligand/tamoxifen-derived molecules competing for ER could favor a potent inhibitory
effect, inhibiting cell proliferation by down-regulating the translation of ER downstream
genes. Under these conditions, adaptive mechanisms must be triggered to maintain
chemoresistance; in this regard, targeting the elF4F complex and its associated signaling
pathways have emerged as potential therapeutic strategies to overcome ER+ cancer
chemoresistance [38].

3.3. elF4F Protein Components Are Conserved during Chemoresistance
and through Treatment of Tamoxifen-Derived Metabolites Plus E2

To determine the role of the e[F4F complex in ER drug resistance cells, we characterized
its expression in MCF-7 and MCF-7V* E cells. In the first instance, for eIF4A, the
RNAhelicase protein MCF-7V¥ E’g cells showed increased expression levels when
compared to MCF-7 parental cells, possibly due to drug resistance (Figure 3A,B).
Notwithstanding, e[F4A levels were higher in E2-treated MCF-7 cells compared to their
control; in contrast, MCF-7V2"E cells show an elF4A reduction with E2 treatment,
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suggesting that E2 has a differential effect on the cell variants. Interestingly, the levels of
elF4A were maintained despite the concomitant treatment of tamoxifen-derived

metabolites and E2 (Figure 3A,B).

In the case of the eIF4G translation initiation factor, we obtained a similar result, an
increased expression in MCF-7Va E compared to the MCF-7 cells (Figure 3A,C); however,
endoxifen and 4-OH Tam treatment (8 uM) induced a slight reduction in its expression in
MCF-7VaE Moreover, in MCF-7 cells, the same tamoxifen-derived treatments induced a
slight increment (Figure 3A,C). In this case, the response was regulated by the E2 treatment,
and the MCF-7V¥E cells had a more active complex that could confer chemoresistance
(Figure 3A,C).
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Figure 3. elF4F complex characterization. (A) Expression of eIF4A and elF4G targets. The comparative expression
between MCF-7 and MCF-7V# E cells under different treatments, with E2 (2 uM) and tamoxifen metabolites (8 uM) for 12
h. Densitometry analysis of eIlF4A (B) and elF4G (€) in MCF-7 and MCF-7V*E cells under the same conditions. (D)
Expression of eIF4E and p-4E-BP1,2,3. The comparative expression between MCF-7 and MCF-7V Eunder different
treatments with E2 and tamoxifen metabolites is shown. Results are reported as mean + SD (n = 3) and expressed as

foldchange in regard to loading control; * p < 0.05, ** p < 0.002 in regard to control. B-actin and GAPDH were used as
loading controls.

Regulation of eIF4E expression is crucial, with 4E-BP proteins modulating its activity by
binding to elF4E and inhibiting e[F4F complex formation. Interestingly, in MCF-7 cells,
elF4E expression remained unchanged despite tamoxifen metabolite stimuli (Figure 3D).
Moreover, in MCF-7V E cells, eIF4E expression increased with concomitant treatments
(Figure 3D). The phosphorylation status of p-4E-BP1,2,3 implies a potential eI[F4E
incorporation into the eIF4F complex, likely rendering it more active in MCF-7V* E cells
(Figure 3D).
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Evidence suggests a compensatory mechanism to maintain the activity of the complex by
potentially increasing the expression of e[F4G and elF4A. Moreover, the expression of the
translation factor is maintained despite tamoxifen-derived treatment and concomitant
treatment with E2. e[F4A could remain bound to the elF4F complex and fulfill its function,
a particular feature of the MCF-7V# E-resistant cells. This prompted us to search for
strategies for elF4F regulation, specifically el[F4A and Era, through inhibition by natural
compounds, such as coumarins.

3.4. Regulation of eIF4A by Auraptene Binding

Auraptene, a natural coumarin found in citrus fruits, could show promising potential in
cancer treatment. According to our results, auraptene may disrupt the translation process
through elF4A inhibition, in turn affecting the expression of proteins involved in cell
growth, survival, and potentially chemoresistance. To find if auraptene binds elF4A, we
overexpressed and purified recombinant elF4A from Escherichia coli Rosetta Star strain
cultures (Figure 4A,B). Results showed a significant decrease in fluorescence under the
interaction of elF4A (4 uM) and auraptene at concentrations of 50 uM and 100 uM; a
reduction in the emission intensity was observed, resulting from a quenching phenomenon,
suggesting that auraptene binds with the e[F4A protein (Figure 4C). Molecular docking
simulation results suggest that Aur binds elF4A close to the rocaglamide binding site, as
different docking protocols found highly scored auraptene binding poses near the RNA
binding site. Critical residues for rocaglamide interaction are also shared, such as

Asp330, Leu331, Pro108, and Thr109 (Figure 4D—G). The E-score for values for auraptene
was -9.68 Kcal/mol, which was close to rocaglamide’s -10.21 (Kcal/mol) (Figure 4H).
Additionally, Vina’s scoring function allowed us to find an auraptene pose in which the
lactone oxygen hydrogen bonds to Arg***(Supplementary Figure S4).
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Figure 4. Effect of auraptene on the elF4A regulation. (A) Coomassie-stained SDS-PAGE of elF4Apurified fractions
corresponding to TL: total lysate, T: tagged protein, and U: untagged protein. (B) Immunodetection for the fractions of
elF4A overexpression. Antibodies to detect e[F4A and polyhistidine tags were used. (C) Fluorescence assay of eI[F4A and
auraptene. Emission fluorescence spectra of elF4A, elF4A plus 50 uM auraptene, and elF4A plus 100 uM auraptene are
shown in blue, red, and green, respectively. (D) Docking of rocaglamide in the eIlF4A RNA binding site (PDB ID: 5ZC9).
elF4A protein is shown in beige and rocaglamide molecule in green. (E) Docking of auraptene in the elF4A RNA
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are shown. (H) E-score values obtained for each molecule in the molecular docking simulation.

3.5. Enhancing Chemotherapeutic Sensitivity in ER+ Cells with
Auraptene Treatment

Auraptene is a natural compound which has been proposed to have anticarcinogenic effects
in several cancer cell lines [39]; however, it has not been studied in chemoresistant
conditions. We thus set out to test the effects of auraptene on MCF-7V# Eand MCF-7 cells
to evaluate potential synergistic effects with the active tamoxifen metabolites. We
employed concentrations below their ECso values (Figure 5A,D), and active metabolites of
tamoxifen, endoxifen, and 4-OH Tam at a concentration of 8 pM (Figure 5).
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Figure 5. Cell viability of MCF-7 and MCF-7V* E cells with auraptene treatments. Comparison of auraptene and auraptene
plus tamoxifen metabolite treatments. Viability percentages of MCF-7 cells under auraptene (A), auraptene and 4-OH
tamoxifen (B), and auraptene and endoxifen treatments (C). Results of auraptene and auraptene plus tamoxifen metabolites
shown in black and gray columns, respectively. Viability percentages of MCF-7V* E cells under auraptene (D), auraptene
and 4-OH tamoxifen (E), and auraptene and endoxifen (F) treatments. Results of auraptene and auraptene plus tamoxifen
metabolites shown in black and gray columns, respectively. Results are reported as mean + SD (n = 3); *** p <(0.0001
regard to control.

Our results revealed that auraptene significantly reduced cell viability starting from a 50
uM concentration in both MCF-7 and MCF-7V* E (Figure 5A-D). Subsequently, we
explored the combined treatment of auraptene with tamoxifen metabolites. Interestingly,
auraptene exhibited a synergistic effect with both 4-OH Tam (Figure 5B,E) and endoxifen
(Figure 5C,F), resulting in a substantial reduction in cell viability in both MCF-7 and MCF-
7VarE cells. Remarkably, this effect was observed even at the lowest auraptene
concentration evaluated (25 uM), highlighting the potency of the auraptene—tamoxifen
metabolite combination treatment.

Despite its chemoresistance acquisition, we observed a potential therapeutic effect in MCF-
7VarE cells. By modulating key signaling pathways involved in drug resistance mechanisms,
auraptene exhibited the potential to enhance the efficacy of conventional treatments in ER+
breast cancer cells. Notably, the joint treatments were shown to be effective for both MCF-
7 cells and the resistant variant MCF-7V# E, Nevertheless, this treatment may be specific to
ER+ breast cancer. Thus, we evaluated this therapeutic effect in another breast cancer
molecular subtype.

3.6. Auraptene Specificity in ER+ Breast Cancer Cells

To elucidate if the effects of the combined treatments of auraptene with tamoxifenderived
metabolites are specific to BC cells that overexpress ER+, the triple-negative breast cancer
cell model lacking expression of hormone receptors, MDA-MB-231 (MDA) cell line,
which shows the main phenotypic properties of TNBC cancer, was evaluated. The MDA
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cell line displayed a higher tolerance to auraptene than the MCF-7 and MCF-7V* EER+ cell
lines, with a viability of 80% observed at the auraptene concentration of 35 uM (Figure 6).
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To determine the minimal auraptene concentration at which synergy with auraptene and
tamoxifen metabolites could be registered, we used low concentrations of auraptene (035
uM) and a fixed concentration of tamoxifen metabolites (8§ uM) (Figure 6A,B). Results
suggest a sensitizing effect observed on both ER+ cell variants MCF-7 and MCF-7Va £
under the treatment with 4-OH Tam (Figure 6A, Table 1). In contrast, triple-negative cells
showed higher tolerance to joint treatments (Figure 6A, Table 1). Both MCF-7 variants
displayed synergy between auraptene and both tamoxifen metabolites, as evidenced by
lower ECso values for auraptene when cells were treated with tamoxifen metabolites. This
synergy resulted in ECso values almost four times lower for MCF-7 cells treated with
auraptene and tamoxifen metabolites when compared to cells treated with auraptene
(Figure 6A,B, Table 1); synergy was more pronounced in MCF-7V# E cells, as concomitant
treatments of tamoxifen metabolites and auraptene resulted in ECsolowering by almost an
order of magnitude when compared with cells treated with auraptene (Figure 6A,B, Table
1). However, MDA cells (TNBC) displayed no synergy between auraptene and tamoxifen
metabolites, the ECso value for auraptene was 76.75 uM and the concomitant treatment
with 4-OH Tam did not induce a significant therapeutic effect, the ECso value remained at
80.65 uM (Figure 6A, Table 1).

Table 1. ECso values for ER+ and TNBC under auraptene and tamoxifen metabolite treatments. Values for the combined
treatments in different cell variants.

Cell Variant Characteristic Auraptene (HM) Auraptene + 4-OH Tam (HM) Auraptene + Endoxifen (HM)

MCEF-7 ER+ 47.49 12.69 13.34
MCF-7Var& Drug resistance 52.40 8.53 6.47
MDA TNBC 76.75 80.65 52.68

Results for endoxifen showed a synergistic effect on MCF-7 and MCF-7V# E cells, but for

the triple-negative cells, it did not show any significant effect (Figure 6B). We registered a
reduction in ECso values in both variants, while the ECso for auraptene treatment in MCF-7
cells was 47.49 uM, the impact of endoxifen reduced the ECsoto 13.34 uM; for MCE-7VarE
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cells, the values were 52.4 uM for auraptene treatment, while the concomitant use of
endoxifen promoted a reduction to 6.47 uM in ECso. For MDA cells, the ECso value for
auraptene was 76.75 uM and the concomitant treatment with endoxifen did not induce a
significant therapeutic effect; the ECso value was maintained at 52.68 uM (Figure 6B, Table
1).

Our results suggest a therapeutic potential for the concomitant treatment for ER+ cells,
which requires further testing. Auraptene displayed efficacy at concentrations as low as 12
M, almost five times lower than the effective concentration of auraptene alone (50 pM) at
24 h of treatment. As a result, subsequent experiments were carried out at an auraptene
concentration of 12.5 uM to elucidate the specific mechanism of sensitization on ER+ cell
lines.

3.7. Characterization of Auraptene Molecular Mechanism of Resistance

Taking into account auraptene can modulate ER activity, impacting cellular processes such
as proliferation, apoptosis, and, potentially, chemoresistance; we evaluated the possibility
that the synergy observed between auraptene- and tamoxifen-derived metabolites could
arise from auraptene ER binding. Therefore, a molecular docking simulation compared the
binding positions of auraptene and tamoxifen metabolites to the natural ER ligand, estradiol
(Figure 7A—F). In the first instance, estradiol and auraptene displayed similar affinity
values or E-scores of -5.60 and -5.39, respectively. Notably, auraptene was found to bind
the estradiol-denominated ligand-binding domain (LBD), suggesting potential competition
for the estrogen receptors’ (ER) natural ligand-binding domain (Figure 7A-D). In this
regard, auraptene shares several binding residues with estradiol, including Argsos, Glusss,
Leusss, Leusso, Leusss, Leusas, Ilesns, and Metaoi, resulting in a similar affinity value to
estradiol.

Critically, the values of the E-scores for endoxifen and 4-OH Tam were -7.81 and
-7.29, respectively (Figure 7A-F), and share some binding residues among them such as
Glusso, Leusss, and Leuszs (Figure 7A—F). Trpssgs and Leusys are shared among auraptene and
endoxifen binding sites, and Tyrss; and Leuszs are shared among 4-OH Tam and auraptene
binding sites, suggesting that auraptene may exert similar activity as tamoxifen metabolites,
which is a competitive inhibition of the ER, which remains to be confirmed with in vitro
experiments.
We thus attempted to completely inhibit ER with the strategy of joint treatments of
tamoxifen-derived metabolites and auraptene. However, these treatments are quite
aggressive for the cellular models, as evidenced in Figures 5 and 6; therefore, the
incubation time was reduced from 12 h in the previous experiments to 6 h in order to obtain
enough cellular lysates to perform Western blot assays (Figure 7G,H), as a result of
significant cellular damage (Supplementary Figure S5). Under the joint treatments of active
tamoxifen metabolites (8 uM) and auraptene (12.5 pM), we evaluated the ER, cathepsin D,
and elF4F protein expressions. The results indicate that simultaneous treatment of
auraptene alongside tamoxifen metabolites exert a notable down-regulation effect on ERa
in MCF-7 with a more pronounced effect in MCF-7V¥ E variant (Figure 7G,H). In addition,
a decrease in cathepsin D was also registered under the combined treatments. Then, the
development of a potential therapeutic strategy is highlighted (Figure 7G,H).
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Concomitant treatments also triggered the down-regulation of elF4G, another elF4F

complex protein (Figure 7G,H), which may disrupt the assembly of the eI[F4F complex.
This effect could be further potentiated in MCF-7 cells, wherein elF4E expression was also
down-regulated under concomitant treatment of auraptene and 4-OH Tam (Figure 7H,I).
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of interactions with auraptene (D), endoxifen (E), and 4-OH tamoxifen (F). (G) Comparison between MCF-7 and MCF-
7Va Eyunder treatments with metabolites of tamoxifen and aurapteno for ER, Cateptsin D, elF4A, elF4G, and elF4E.
Densitometry analysis of ER (H) and eIF4G (1) in MCF-7 and MCF-7"# E cells under the same conditions. Results are
reported as mean + SD (n = 3) and expressed as fold-change in regard to loading control; * p < 0.05, ** p <0.002, *** p
< 0.001 in regard to control. B-actin and Actin were used as loading controls.

3.8. Auraptene Treatment Could Inhibit Chemoresistance to Tamoxifen
Metabolites through Suppression of ABC Transport Expression

To broaden the characterization of the chemoresistance mechanism in MCF-7V# E cells and
the potential effect of auraptene and tamoxifen metabolites, we characterized the
transcriptional modulation of the ABCB1 and ABCCI1 transporter genes associated with the
elF4F translation complex. Under control conditions, MCF-7V# E cells have expression
levels almost twice as high as ABCB1 (Supplementary Figure S6A). In this regard,
endoxifen severely alters the ABCB1 expression pattern, as MCF-7 cells display a 25-fold
increase in expression, whereas MCF-7V2 E cells only show a slight expression decrease.
The 4-OH Tam treatment promotes a slight increase in expression on both MCF-7 and
MCF-7VarE cells (Supplementary Figure S6A). In an interesting way, joint treatment of
auraptene and endoxifen completely abates ABCB1 expression in both cellular variants
(Supplementary Figure S6A).

The ABCCI1 transporter showed a similar expression pattern as ABCB1, as MCF-7Va £
cells also show almost two-fold expression levels of ABCC1. Both 4-OH Tam and
auraptene single treatments trigger a 2.5-fold expression increase in MCF-7V# E cells.
However, mixed treatments of auraptene- and tamoxifen-derived metabolites abated
ABCCI expression on MCF-7 and MCF-7V#E cells (Supplementary Figure S6B). The
concomitant treatments demonstrate their highest efficacy once MCF-7V# E acquires
resistance; on the other hand, they up-regulate the expression when treating MCF-7 cells
with endoxifen, and reduce the expression of ABCB1 and ABCCI.

3.9. Pharmacological Potential of Auraptene

As a perspective into an eventual use in clinical treatment, we performed an ADME
analysis of auraptene from SwissADME (Supplementary Figure S7) and ADMETIab2.0,
which provides an in silico analysis of a chemical compound’s properties and its potential
as a drug. In this sense, auraptene has molecular weight of 298.16, a logP of 5.18, and a
logS of -5.75, suggesting potential pharmaceutical properties based on its calculated
solubility and permeability parameters [36]. It has moderately soluble characteristics
according to ESOL and Ali models [35], suggesting its potential for adequate dissolution
and absorption in biological systems. Its synthetic accessibility score (SA score) suggests
simplicity for synthesis, and it adheres to the Golden Triangle rule, indicating a potentially
favorable ADME profile [36].

In particular, auraptene displays a high gastrointestinal absorption, which indicates a
favorable pharmacokinetic behavior. Moreover, auraptene shows no significant inhibition
of key cytochrome P450 enzymes (CYP1A2, CYP2C19, CYP2C9, CYP2D6, and
CYP3A4), suggesting its minimal potential for drug—drug interactions according to the
ADME profile (Supplementary Figure S7). These findings suggest that auraptene cannot be
ruled out as a compound for eventual pharmaceutical development.
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4. Discussion

In the present work, tamoxifen-derived metabolite-resistant variant MCF-7V* £ was
generated as a model to replicate the chemoresistant phenotype observed in patients with
ER+ breast cancer, wherein tamoxifen is one of the main adjuvants used. In this regard, this
model is a heterogeneous pool of cells, which is obtained through multiple processes of
resistance generation. Although cellular models resistant to tamoxifen have been developed
[40—43], resistant models to its primary plasmatic active metabolites, 4-OH Tam and
endoxifen, have yet to be developed. In this context, a novel approach was taken in
generating resistance by incorporating E2 into the 4-5 months resistance induction protocol
(Figure 1A). This model closely mirrors physiological conditions that involve competition
between tamoxifen metabolites and E2. As a result, we generated an endoxifen and 4-OH
Tam-resistant MCF-7V# E cellular model with higher ECso values compared to the MCF-7
cell line.

We characterized the mechanisms associated with drug resistance and the main cellular
features of the resistant cell line with evident phenotypic changes. In contrast to previous
reports, our results indicate an ER expression increase in resistant cells. ER overexpression
could have been driven by the metabolites used to induce resistance, given their ER agonist
nature. In this regard, ER overexpression could act as a resistance mechanism, wherein the
dual stimulation by tamoxifen metabolites and E2 triggers an increase in receptor
expression. The MCF-7V* E variant shows a distinct phenotype from the usual scenario,
wherein drug resistance is associated with decreased ER expression [44,45].

The dose of tamoxifen metabolites was insufficient to decrease receptor activity.
Furthermore, when using estradiol, which increases ER expression levels, a new phenotype
was generated in which we registered that the growth rate of the resistant cell lines is lower
compared to the parental cells, in addition to exhibiting slight morphological changes
(Supplementary Figure S2).

On the other hand, we evaluated the effect of treatments with E2 on both MCF-7 and MCF-
7VarE cells, in which a protective E2 effect was expected. However, combined treatments
with E2 plus tamoxifen metabolites resulted in a decrease in ER+ expression in resistant
cells (Figure 2A). Due to the combined ER binding, diminished ER expression levels, and
lower downstream signaling processes, significant cellular damage was observed through
optical microscopy (Supplementary Figure S2) [46].

In the context of acquired resistance in MCF7V# E cells and the ER expression increase,
which is associated with higher protein translation levels [47], analyzing the eIF4F
complex becomes relevant [9]. We observed an increase in the expression of translation
initiation factors eIF4A and elF4G in MCF7V# E cells, which are crucial for the assembly of
the translationally active ribosome. Given their crucial role in translation, these proteins
have been identified as potential therapeutic targets. Natural compounds have shown
therapeutic potential against the translation machinery, and compounds like rocaglamide
have been proven to inhibit eI[F4A [17]. It has also been observed that inhibiting eI[F4A can
reduce ER expression when combined with fulvestrant [16], showing an effect similar to
our proposal involving auraptene and tamoxifen metabolites. Given its anticancer activity,
we explored auraptene regulation of e[F4A activity.

In this regard, spectroscopy data from interaction assays support its binding capability,
indicating a similar mechanism of activity to rocaglamide. However, the binding
mechanism of auraptene to e[F4A remains to be elucidated.
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Auraptene has also been shown to have anticarcinogenic effects in different cancer cell
lines [39]. It has been observed that auraptene exerts a series of anti-tumor effects, inducing
apoptosis and the generation of reactive oxygen species (ROS) in colorectal cancer cells, as
well as antiproliferative effects by inducing cell cycle arrest [48]. Thus, our data add an
additional effect of auraptene and indicate a potential to be included in chemoresistant
breast cancer treatment, but further experiments will be necessary.

In this regard, auraptene showed similar results on both the native and resistant cell lines,
with an ECso close to 50 pM for both cases. Due to this, combined treatments were
performed with tamoxifen metabolites, wherein, surprisingly, we found a similar behavior
in both cell lines, with effects observed even at the lowest concentration used in this assay,
which was 25 uM for auraptene and 8 uM for the tamoxifen metabolites (Figure 5),
suggesting a synergy between both compounds. Based on this, an assay was conducted
with auraptene concentrations ranging from 0 to 35 uM to determine the minimum
effective concentration. The combined treatments were found to be effective at a
concentration of 12.5 uM (Figure 6). Similarly, a TNBC cell line was characterized to
determine if the ER was required for the treatment to exert auraptene effects (Table 1).
Critically, combined treatment was only effective for the ER+ and not for the TNBC,
suggesting the specificity of the treatment of auraptene with tamoxifen metabolites (Table
1). With this evidence, it is worth noting that the proposed tamoxifen—auraptene treatment
would have no effect on ER cell populations or populations which respond to treatment by
down-regulating ER expression.

Notwithstanding, in the resistant cell MCF-7V E| the therapeutic effect was more
significant with the endoxifen and auraptene joint treatment (ECso 6.47 uM), a phenomenon
that could be caused by a synergism between the two compounds. The synergy between
tamoxifen metabolites has already been reported by Chisholm, K and collaborators, where
they observed synergy between epicatechins and metabolites derived from tamoxifen in the
MDA-MB-231 cell line [49] and attributed the effect to the sensitization of the apoptosis
process [50].

A down-regulation effect on ERa was observed in MCF-7 and MCF-7V# E variant cells
under the joint treatments of auraptene and tamoxifen metabolites, suggesting a potential
for complete ER inhibition (Figure 7G). Interestingly, the concomitant treatments also led
to a decrease in cathepsin D and eIF4G expression, critical proteins involved in cellular
processes. This down-regulation of eIF4G could disrupt the assembly of the e[F4F complex,
further impacting cellular functions. These findings represent a first step in proving that the
ER activity and elF4F components could be modulated by auraptene and be exploited as a
therapeutic strategy for breast cancer treatment. Further experiments are needed to exactly
determine the inhibition mechanism of this compound on elF4A.

In a complementary way, we broadly elucidate the drug resistance mechanism in MCF-7V#
Ecells and its potential regulation by auraptene and tamoxifen metabolites. We focused on
characterizing the transcriptional modulation of transporter genes associated with the eIF4F
translation complex [51] and ABCB1 and ABCCI1 transporters. The combined treatment of
auraptene and 4-OH tamoxifen completely diminish ABCB1 expression in MCF-7V# E
while maintaining basal levels in MCF-7 cells (Supplementary Figure S5). Similarly, joint
treatments profoundly impacted ABCC1 expression, leading to a significant decrease in
expression levels in both cell lines. This phenomenon suggests that auraptene, in
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combination with tamoxifen metabolites, may exert regulatory effects on ABCB1 and
ABCCI transporter expression.

5. Conclusions

Our study presents a novel approach to design treatments for chemoresistance in an
ER+ cellular model. We discovered a previously unreported mechanism involving the
participation of estradiol (E2) in the development of chemoresistance under an equimolar
scheme with active tamoxifen-derived metabolites. This unique condition suggests an
increment of estrogen receptor (ER) activity and the participation of the eI[F4F complex.
Also, auraptene may be a potential candidate for modulating e[F4A activity in addition to
ER, hampering key factors of cell translation and proliferation. It is worth mentioning that
this phenomenon presents specificity for the ER+ phenotype, considering the results in the
TNBC model. Interestingly, combined treatments of auraptene and tamoxifen metabolites
resulted in a significant down-regulation of ER expression, suggesting a potential
therapeutic strategy to overcome chemoresistance.

6. Patents
The experimental analysis is protected under Mexico law MX/E/2024/037190.
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En términos de lo dispuesto por el articulo 106 de la Ley Federal de Proteccion a la Propiedad
Industrial y articulos 18, 19 y 26 del Acuerdo por el que se establecen lineamientos en materia de
servicios electrénicos del Instituto Mexicano de la Propiedad Industrial; se tiene por satisfecho el
examen de forma al haber cumplido con lo dispuesto por la Ley Federal de Proteccion a la Propiedad
Industrial y el Reglamento de la Ley de la Propiedad Industrial, aplicable a la Ley Federal de
Proteccién a la Propiedad Industrial en términos de lo dispuesto por el articulo Cuarto Transitorio
del DECRETOQ por el que se expide la Ley Federal de Proteccion a la Propiedad Industrial y se abroga
la Ley de la Propiedad Industrial publicado en el Diaric Oficial de la Federacion del dia 01 de julio de
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Por lo anterior, de conformidad con los articulos 107 y 108 de la Ley Federal de Proteccion a la
Propiedad Industrial; articulos 39 y 40 del Reglamento de la Ley de la Propiedad Industrial y articulo
9 del Acuerdo por el que se establecen los plazos de respuesta a diversos tramites ante el Instituto
Mexicano de la Propiedad Industrial, una vez aprobado el examen de forma, la publicacion en Gaceta
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formula quimica que mejor la caracterice.

No obstante, el pendltimo parrafo del articulo 107 de la Ley Federal de Proteccion a la Propiedad
Industrial; articulo 40 del Reglamento de la Ley de |la Propiedad Industrial y 10 del Acuerdo por el
gue se establecen los plazos de respuesta a diversos tramites ante el Instituto Mexicano de la
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AT

2C24

- Felipe Carrillo
PUERTO

-

xxiii



SUBDIRECCION DIVISIONAL DE
PROCESAMIENTO ADMINISTRATIVO DE
PATENTES

COORDINACION DEPARTAMENTAL DE EXAMEN DE
FORMA

EC ONOM ‘I' A % —; IMPI DIRECCION DIVISIONAL DE PATENTES

podra ser publicada de manera anticipada, siempre que la misma haya aprobado el examen de
forma y el solicitante entere al Instituto el pago de la tarifa correspondiente (articulo 1d).

Asi, una vez publicada la solicitud, de conformidad con el articulo 102 de la Ley Federal de Protecciéon
a la Propiedad Industrial, en relaciéon con lo dispuesto en el articulo 23 del Acuerdo por el que se
establecen lineamientos en materia de servicios electronicos del Instituto Mexicano de la Propiedad
Industrial, cualguier persona podra dentro de un plazo de dos meses posteriores a aquella, presentar
ante el Instituto, informacion concerniente a los requisitos de patentabilidad y sus excepciones
(articulos 47 y 49 de la Ley Federal de Proteccion a la Propiedad Industrial), por lo que el Instituto
dara inicio al examen de fondo hasta haber transcurrido los plazos especificados.

El suscrito firma el presente oficio con fundamento en los articulos 5° fracciones | y XIX, 92 y 10 de la
Ley Federal de Proteccion a la Propiedad Industrial; articulos 1°, 2°, 3° fraccién V, inciso a), sub inciso
i}, segundo guion, 4°,5 ° y 12° fracciones |, II, IlI, IV y VI del Reglamento del Instituto Mexicano de la
Propiedad Industrial; articulos 1°, 2°, 3°, 4°, 5° fraccion V inciso a) sub inciso i), segundo guion, 16
fracciones |, 11, lll, IV y VI y 30 del Estatuto Organico del Instituto Mexicano de la Propiedad Industrial;
articulos 1°,3° y 5° fracciones VIl y XV y penultimo parrafo del Acuerdo Delegatorio de Facultades del
Instituto Mexicano de la Propiedad Industrial.

El presente documento electronico ha sido firmado mediante el uso de la firma electronica
avanzada por el servidor publico competente, amparada por un certificado digital vigente a la fecha
de su elaboracion, y es valido de conformidad con lo dispuesto en los articulos 7 y 9 fraccion | de la
Ley de Firma Electrénica Avanzada y articulo 12 de su Reglamento.

El presente documento electronico, su integridad y autoria, se podra comprobar en

www.gob.mx/impi.

Asimismo, se emitio conforme lo previsto per los articulos 1° fraccién IlI; 2° fraccion VI; 37, 38 y 39 del
Acuerdo por el que se establecen lineamientos en materia de Servicios Electréonicos del Instituto
Mexicano de la Propiedad Industrial.
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Abstract: Cells employ several adaptive mechanisms under conditions of accelerated cell division, such as
the unfolded protein response (UPR). The UPR is composed of a tripartite signaling system that involves
ATF6, PERK, and IRE1, which maintain protein homeostasis (proteostasis). However, deregulation of
protein translation initiation could be associated with breast cancer (BC) chemoresistance. Specifically,
eukaryotic initiation factor-4A (elF4A) is involved in the unfolding of the secondary structures of several
mRNAs at the 5" untranslated region (5'-UTR), as well as in the regulation of targets involved in

chemoresistance. Importantly, the tumor suppressor gene PDCD4 could modulate this process. This
regulation might be disrupted in chemoresistant triple negative-BC (TNBC) cells. Therefore, we
characterized the effect of doxorubicin (Dox), a commonly used anthracycline medication, on human breast
carcinoma MDA-MB-231 cells. Here, we generated and characterized models of Dox chemoresistance, and
chemoresistant cells exhibited lower Dox internalization levels followed by alteration of the IRE1 and PERK
arms of the UPR and triggering of the antioxidant Nrf2 axis. Critically, chemoresistant cells exhibited
PDCD4 downregulation, which coincided with a reduction in e[F4A interaction, suggesting a sophisticated
regulation of protein translation. Likewise, Dox-induced chemoresistance was associated with alterations in
cellular migration and invasion, which are key cancer hallmarks, coupled with changes in focal adhesion
kinase (FAK) activation and secretion of matrix metalloproteinase-9 (MMP-9). Moreover, elF4A
knockdown via siRNA and its overexpression in chemoresistant cells suggested that eI[F4A regulates FAK.
Pro-atherogenic low-density lipoproteins (LDL) promoted cellular invasion in parental and chemoresistant
cells in an MMP-9-dependent manner. Moreover, Dox only inhibited parental cell invasion. Significantly,
chemoresistance was modulated by cryptotanshinone (Cry), a natural terpene purified from the roots of
Salvia brandegeei. Cry and Dox co-exposure induced chemosensitization, connected with the Cry effect on
elF4A interaction. We further demonstrated the Cry binding capability on elF4A and in silico assays suggest
Cry inhibition on the RNA-processing domain. Therefore, strategic disruption of protein translation initiation
is a druggable pathway by natural compounds during chemoresistance in TNBC. However, plasmatic LDL
levels should be closely monitored throughout treatment. Keywords: breast cancer; chemoresistance; PDCD4;
elF4A; cryptotanshinone; proteostasis
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1. Introduction

Triple-negative breast cancer (TNBC) accounts for 15% to 20% of annual breast cancer
(BC) diagnoses [1]. The name of this condition refers to the fact that the BC cells fail to
express estrogen/progesterone receptors as well as human epidermal growth factor receptor
2 (HER2) [2—4], and this type of cancer is diagnosed based on immunohistochemical
criteria [2]. TNBC has a poor prognosis due to the lack of specific and effective treatments.
TNBC is a highly aggressive cancer with poor clinical outcomes due to its high degree of
recurrence and distant metastasis. Therefore, the survival rates of TNBC patients are far
lower than those diagnosed with other BC subtypes. Histologically, TNBC is a high-grade
invasive carcinoma, and is molecularly classified as a basal phenotype. TNBC is
characterized by a low sensitivity to the targeted receptor and endocrine therapies, as well
as a high rate of chemoresistance [2,4,5].

The unfolded protein response (UPR) is composed of a tripartite signaling system that
regulates gene expression in response to cellular stress and maintains protein homeostasis
(proteostasis) through the regulation of protein translation [6]. Accumulation of unfolded
proteins in the endoplasmic reticulum (ER) lumen triggers the activation of the three UPR
transducers, ATF6, PERK, and IRE1, which promote mRNA degradation and translation of
chaperones through the activation of the transcription factors ATF6a, CHOP, and XBP1s,
respectively [7]. Critically, these mechanisms are altered in BC cells [8]. Moreover,
pathways associated with the UPR and the initiation of protein translation, which is the
rate-limiting step in translation, could regulate the acquisition of chemoresistance in TNBC
cells [9]. Recent findings have demonstrated that inhibition of proteins involved in
translation initiation, specifically the three members of the eIF4F cap-binding complex
elF4E, elF4G, and elF4A, promotes sensitization of tumor cells [10].

elF4F binds 7-methylguanylate at the 5'end of mRNA, thereby modulating protein
translation. e[F4A carries out scanning and unwinds the secondary structures of several
mRNAs at the 5 untranslated region (5'-UTR), thus promoting binding to the small
ribosomal subunit [11]. The assembly of the mature e[F4F complex is modified by the
binding of programmed cell death protein 4 (PDCD4) to elF4A via the MA-3 domain,
which could suppress the selective translation of mRNAs [12]. PDCD4 activity is
associated with the inhibition of cancer cell proliferation [13], and it is negatively regulated
by the cascade of the mMTORC1/p70S6K pathway [14]. Although PDCD4 is related to
estrogen receptor status [15], its role in TNBC and its association with UPR remain unclear.
PDCD4 and elF4A may become tightly associated during tumor development, and also
potentially during drug resistance. In fact, a previous study reported that the ubiquitination
and degradation of PDCD4 could increase the migration and invasion of ovarian and
endometrial cancer cells [16]. Moreover, enhancing eIF4A activity could promote the
translation of oncogenes required for tumor cell growth and survival via the dysregulation
of HER2 or FGFR1/2, leading to PI3K/Akt activation and RAS/ERK signaling [17].

In response to ER stress, PERK activation through the pro-survival Nrf2 pathway triggers
an intricate transcriptional and translational regulatory response, which ultimately affects
the cell cycle [18]. The transcription factor Nrf2 has been identified as a substrate of
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PERK kinase, and their interaction mediates the translocation of Nrf2 to the nucleus [18].
Moreover, a connection between the PERK/Nrf2 axis with PDCD4 has been proposed.
PDCD4 overexpression in lung tumor cells has been associated with the suppression of the
transcriptional activation of Nrf2 through its negative regulator, Keapl [19]. ER stress
adaptations in cancer cells are likely linked to a drug-resistant phenotype. This presumably
occurs through the downregulation of tumor suppressor genes such as PDCD4 with an
impact on elF4A and the PERK/Nrf2 axis, thus promoting the survival of cancer cells.
Additionally, the activation of IRE1 through X-box-binding protein 1 (XBP1I) could also
contribute to the acquisition of chemoresistance [20].

Doxorubicin (Dox) is a broad-spectrum chemotherapeutic anthracycline drug that was first
isolated from Streptomyces peucetius spp. [21-23]. Dox is currently used alone or in
combination with other drugs to treat blood cancers and solid tumors (e.g., breast and
thyroid) [21,24]. Dox inhibits topoisomerase I, interrupting DNA transcription and
replication. Moreover, this drug increases the generation of reactive oxygen species, which
leads to oxidative damage in DNA, mitochondria, and cell membranes [21-23,25]. TAC
[docetaxel (Taxotere), doxorubicin hydrochloride (Adriamycin), and cyclophosphamide] is
used as a neoadjuvant therapy in TNBC treatment [26]. Patients who respond to
neoadjuvant TAC therapy have shown an excellent prognosis [26]. However, a lack of Dox
response may also occur. The acquisition of a chemoresistant phenotype requires tumor
cells to undergo molecular, biochemical, and structural adaptations. During this transition,
the activation of antioxidant systems, coupled with the expression of specific transporters
and detoxifying enzymes associated with the deregulation of the UPR [27], could affect the
migration and invasion capability of cancer cells. These hallmarks are linked to the over-
activation of the focal adhesion kinase (FAK) pathway and matrix metalloproteinase-9
(MMP-9). Moreover, elF4A-dependent FAK activity could also promote metastasis and
chemoresistance.

Epithelial-mesenchymal transition (EMT) is a phenomenon associated with an increase in
the migratory and invasive capability of cancer cells, which is accompanied by a greater
secretion of MMPs; a hallmark of metastasis. Molecules isolated from natural sources or
dietary phytochemicals could inhibit these phenomena. For example, arctigenin, baicalin,
and carnosol inhibit the signal transduction pathways mediated by TGF-B, the primary
regulator of EMT, thus reducing tumor migration and invasion [28,29], with potential
implications for FAK activity. Moreover, silvestrol-induced elF4A inhibition reduces FAK
phosphorylation, which is an important driver of cell proliferation [30]. Therefore, e[F4A
might regulate FAK activity in TNBC.

Recent evidence has suggested the potential impact of terpene molecules on cancer
development [31]. In a previous work, cryptotanshinone (Cry), a terpene molecule isolated
from the root of Salvia brandegeei, was found to potentially regulate eI[F4A [32]. Thus,
natural products could inhibit the processes associated with tumor progression and the
regulation of chemoresistance. Inhibitors that target specific translation factors in cancer
and several diseases have shown promising potential. For example, inhibitors of eI[F4E
such as 4EGI-1, 4E1RCat, and 4E2RCat have shown anti-tumor effects in preclinical trials
[33]. Likewise, Salubrinal (Sal) is a selective inhibitor of p-eIF2a phosphatase, modulating
the PERK arm of UPR through p-elF2q inactivation, which inhibits the binding of Met-
tRNAiMetto the 40S ribosomal subunit [32].



The development of chemoresistance requires the activation of specific molecular
responses such as adaptive proteostasis. Low-density lipoprotein (LDL) dyslipidemia could
accelerate the acquisition of chemoresistance in breast cancer, as reported in our previous
studies [34,35]. Here, in vitro experiments were conducted using a cellular model of TNBC
to understand the mechanisms that link the UPR and Dox-induced chemoresistance. Our
results suggested that downregulation of PDCD4 could be one of the hallmarks of acquired
chemoresistance, with PDCD4 playing a key role as a modulator of cellular responses
associated with the PERK/Nrf2 pathway. Our findings also suggested that the
PDCD4/elF4A axis plays a pivotal role in the regulation of chemoresistance development,
and, therefore, novel treatments could be developed by targeting this axis using
plantderived terpenes based in the structure of Cry. More importantly, concomitant
treatment with Cry and Dox could inhibit the chemoresistant phenotype in MDA-MB-231
cells. Therefore, strategic disruption of protein translation initiation is an attractive
therapeutic target for the treatment of TNBC.

2. Materials and Methods

2.1. Materials

Cell culture reagents were purchased from Thermo-Fisher (Carlsbad, CA, USA), tissue

culture plates and other plastic materials were obtained from Corning Inc. (Corning, NY,

USA). Salts and buffers were obtained from Merck (Darmstadt, Germany). Doxorubicin

(Dox), MTT, salubrinal (Sal) and tunicamycin (Tum) were obtained from Merck.

Antibodies anti-XBP1s and anti-BiP/GRP78 were purchased from Abcam (Cambridge,

UK). Anti-B actin, anti-CD47, anti-PCNA, anti-eIF4A, anti-PDCD4, anti-c-Jun, anti-MMP-

9, anti-Nfr2, anti-BECN1, anti-Mdm?2, anti-PERK, anti-CHOP, anti-FAK, anti-p-FAK were

obtained from Sta. Cruz Biotechnology (Dallas, TX, USA).

2.2. Cell Culture

The TNBC cell line model MDA-MB-231 was acquired from American Type Culture
Collection (ATCC, Manassas, VA, USA), accession number: HTB-26. Cell cultures were
grown in DMEM medium supplemented with 10% fetal bovine serum (FBS), 10 U/mL
penicillin, 10 pg/mL streptomycin, and 25 pg/mL amphotericin B. Cultures were
maintained at 37 °C in a humidified atmosphere of 95% air and 5% CO.. The culture
medium was changed every 3 to 4 days according to ATCC recommendations.

2.3. Chemoresistance Protocols

To generate a drug-resistant phenotype, MDA-MB-231 cells were seeded at a density of
0.8 x 10° cells/dish in p100 cell culture dishes. In one protocol, throughout the cell
treatment with Dox increasing concentrations (0—100 nM), a resistant variant was obtained
during three months of treatment. These cells were cultured in a Dox-maintaining dose (15
nM) based on the protocol reported by Carlisi et al. 2017 [36]. In a second method, we
evaluated a scheme of lethal Dox dose (0.5 uM) for 24 h, later, the Dox treatment was
diminished to 12.5 nM for 60 days. The third protocol performed a Dox-increasing dose for
60 days (15—-60 nM range). Cellular variants were evaluated by MTT assay. Experimental



conditions were assessed in resistant variants compared with the parental cells. In another
report, we considered the IC»s of the parental cells, and cell cultures were incubated with an
initial dose of Dox 0.3 uM for 4 days and a recovery period of 20-30 days, this cycle was
performed six times. This strategy has allowed defining the role of factor eIF4E on the
expression of ABCC transporters during chemoresistance (personal communication).

2.4. Cell Viability

Cell viability was evaluated employing the MTT assay according to previous protocol [37].
Formazan crystals were dissolved in a lysis buffer containing SDS 20% and N,N-
dimethylformamide 50% (pH 3.7) for 12 h at 37 °C. Optical density was measured at 570

nm using a microplate reader.

2.5. Western Blot (WB) Analysis

Cell cultures were maintained in proliferation until 90% of confluence. Next, cells were
incubated under several treatments. Cells were washed with PBS, and lysed for 35 min at 4
* C with protein buffer lysis supplemented with protease and phosphatase inhibitors.
Further to centrifugation at 4100x g for 10 min, the supernatant was recovered and the
protein quantification was carried out using the bicinchoninic acid assay (BCA). Samples
(25 pg/lane) from the protein fraction were analyzed by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) on 10% gels and further transferred to PVDF membranes.
Next, membranes were blocked with 5% nonfat milk in Tris-buffered saline 0.1% Tween-
20

(TBS-T) for 1 h at 37 °*C and incubated at 4 ° C overnight with the corresponding primary
antibody. Following washing with TBS-T, membranes were further incubated for 90 min at
37 °C with the corresponding horseradish peroxidase-conjugated (HRP) secondary
antibodies. Later, membranes were washed with TBS-T, and the HRP activity was detected
with the Immobilon Western kit (Millipore, MA, USA). Analysis of immunoblot films was
made with the Image] software (NIH, Maryland, DC, USA).

2.6. Characterization of Proteins in Extracellular Media

Proteins BiP and XBP1s were characterized in extracellular media by WB. Further to Dox
(500 nM) and Sal (25 puM) treatments, extracellular media were recovered and concentrated
10x times by centrifugation (4000 rpm) employing Amicon Ultra-15, 10 kDa disposals.
Samples were processed by SDS-PAGE and WB. Loading controls were performed with
Coomassie stain on PVDF membranes and B-actin in cellular lysates.

2.7. Immunoprecipitation Assays

Characterization of the complex PDCD4/elF4A was evaluated by co-immunoprecipitation
assay under several schemes. For these immuno-precipitation assays, cellular fractions (300
pg) were incubated with the anti-eIF4A (1:400) for 2 h at 4 * C. Next, immune complexes
were precipitated with Protein G Agarose Fast Flow (Millipore) for 12 h at 4 *C, according
to a previous protocol [38]. Immuno-precipitated proteins were washed 3 times and
suspended in Laemmli buffer, separated by SDS-PAGE gels, and transferred to PVDF



membranes for WB analysis. This same process was corroborated, but now PDCD4 was
immuno-precipitated, and e[F4A detection was made.

2.8. Nucleus Isolation

Nuclei separation was carried out using a sucrose (250 mM) and imidazole (3 mM) pH 7.4
buffer, supplemented with protease and phosphatase inhibitors. After the treatments, cells
were scraped from culture dishes, and 21 passages were performed through a 22G syringe.
For the recovery of nuclei, lysates were centrifuged at 3400 rpm for 15 min.

Two fractions (supernatant and pellet) were lysed for 25 min at 4 *C, and both fractions
(20 pg/lane) were analyzed by SDS-PAGE and transferred to PVDF membranes.
Membranes were incubated with primary antibody, and after successive washes,
membranes were incubated with specific secondary antibody. HRP activity was detected.
B-actin was used as a loading control in several experiments. Lamin B1 and GAPDH were
evaluated in the nucleus and cytoplasmic fraction, respectively.

2.9. Evaluation of Cellular Dox-Internalization

Considering the Dox fluorescent properties, this feature was used to quantify
Doxconcentrations in the cells and supernatant medium under different experiments, both
in resistant variants and parental cells.

2.9.1. Cell Cytometer Assays

After 1 h of starvation, cell cultures were incubated under the different treatments in
OptiMEM medium in 10 mm wells. Then, cell cultures were washed 2 times with PBS and
recovered in a volume of 200 pL. Finally, in cellular characterization was used a Beckman-

Coulter cytometer Cytoflex. Using the PC5.5 channel to record the Dox-associated
fluorescence, 30,000 events were registered.

2.9.2. Dox Quantification in Supernatant Media

After experimentation, supernatant media were recovered and centrifuged at 5000 rpm for
10 min to eliminate cellular debris. Later, the extracellular media were processed in a Cary
Eclipse Fluorescence spectrophotometer (Agilent Inc., Santa Clara, CA, USA), considering
Dox-fluorescent properties (Aexc: 470 nm; and Aem: 595 nm) [39].

2.10. Scratch-Wound Assay

After 2 h of starvation, cultures were washed twice with PBS. Next, cultures were treated
with 12 pM mitomycin-C for 2 h to inhibit cell proliferation. Thus, culture dishes were

scratch-wounded using a sterile 200-pL pipette tip and washed twice with PBS. Later, cells

were exposed to the treatments for 36 h. Finally, cells were fixed and crystal-violet stained;
the progress of cell migration into the wound was photographed using an inverted
microscope coupled to a digital camera. Cell migration was evaluated by ImagelJ software.

2.11. Cellular Invasion Assays

Experiments were performed with the modified Boyden chamber method in 24-well plates
containing 12 cell culture inserts (8 um pore size) (Corning, Inc., New York, NY, USA).



Briefly, 30 uL of matrigel (Corning) was added into culture inserts and kept at 37 *C to
form a semisolid matrix. After 2 h of starvation, cells were pre-treated for 2 h with 12 uM
mitomycin-C, then cells were seeded into the upper chamber of the Boyden chamber at 1 x
105 cells/well. Treatments were added to the lower chamber. Both the upper and lower
chambers contained FBS-free DMEM. After 48 h of incubation, cells on the lower
membrane surface were fixed in methanol for 5 min. Membranes were treated with triton
0.01% and stained with hematoxylin. Later, cells were photographed using an inverted
microscope.

2.12. Zymography

Cells were incubated under different treatments, and the conditioned medium was collected.
Volumes of 40 uL 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
loaded 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 CaCl,, and 0.02% NaNj3) for 40 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. Likewise, conditioned medium samples were processed by SDS-
PAGE, further transferred to PVDF membranes, and MMP-9 WB was done.

2.13. Purification of Tanshinone Molecules

The root of Salvia brandegeei as part of the chaparral vegetation was collected in the
coordinates 31°6'60"N and 116°16'9" W, Baja California, Mexico. The dry plant material
was subjected to an extraction process by alcoholic maceration. Then, the raw extract was
partitioned using solvents of increasing polarity, obtaining four partitions: n-hexane,
methylene chloride, water, and butanol. The intermediate polarity extract (methylene
chloride) was subjected to flash chromatography, using a mixture of n-hexane/ethyl acetate
as eluent. Preparative chromatography on silica gel allowed the isolation of two secondary
metabolites belonging to the terpene-tanshinone family: Cry (296.4 g/mol) and tanshinone
ITA. Both molecules were identified and characterized by mass spectrometry and nuclear
magnetic resonance spectroscopy, a previously reported method [32]. The Cry molecule
was more abundant and evaluated in this work.

2.14. Isolation of LDL and Fluorescent Labeling

A human plasma sample was obtained from a healthy donor that signed informed consent.
The protocol was designed and carried out according to the Declaration of Helsinki. In the
first step, plasma density was adjusted to 1.019 g/mL with KBr and centrifuged at 345,500x
g for 160 min using a S140-AT 2555 rotor, the VLDL and IDL-containing layer was
discarded. Subsequently, density was adjusted to 1.053 g/mL and centrifuged at 377,000x g
for 200 min; the upper fraction containing LDL was recovered. HDL was isolated,
adjusting to a 1.21 g/mL density, and centrifuged at 377,000 g for 180 min. LDL
preparation was dialyzed against 150 mM NaCl and filtered through 0.45 pym. LDL
concentration was measured with the BCA method. The quality of the lipoproteins fraction
was evaluated by apoB-100 and apoA1 characterization (data not shown).



LDL labeling was carried out with the dilC18 probe (D3911), which is incorporated in the
phospholipid monolayer by incubation of 10 uL of the probe (2 mg/mL) for each 1 mg of
protein-LDL for 18 h at 37 * C, obtaining dil-LDL. Solution density was adjusted to 1.053
g/mL and centrifuged at 377,000 g for 3 h to recover fluorescent lipoproteins as previously
described [40,41]. The fraction was recovered and dialyzed against PBS1X.

2.15. Molecular Docking elF4A1 three-dimensional structure was obtained from the
Protein Data Bank ID 5ZC9, which corresponds to the structure of human elF4A1-ATP
with a resolution of

2A [42]. The structures of ligand molecules were obtained from the PubChem database
[43], Cry (CID 160254) and rocaglamide (CID 331783). The protein structure was
prepared by removing water and small molecules, leaving only the protein structure.
Ligand and receptor were 3D-protonated, and energy minimization was performed using
Molecular Operating Environment (MOE) software with default parameters under the
AMBERAS09 force field. For the ligand, it generates different conformations by the use of a
stochastic search in MOE default parameters.

The active site was predicted by employing the site finder option of the MOE software [44].
Molecular docking was set at default parameters for MOE software, and the pre-
conformations were employed. For the interpretation of docking results, MOE identifies
salt bridges, hydrogen bonds, hydrophobic interactions, sulfur-LP, cation-rt, and solvent
exposure and gives the S score. Ligand interactions with target proteins were predicted on
the basis of the S score [45].

2.16. Small Interfering RNA (siRNA)

Cells were seeded at a density of 2 x 10° cells/plates and incubated overnight in a standard
growth medium without antibiotics. e[F4Al siRNA (h) (sc-40554) and control siRNA-A
(sc-37007) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Transfection was performed according to the manufacturer’s protocol. After verifying the
transfection efficiency by WB, experimentation with Dox and Cry was performed.

2.17. Overexpression of eIF4AI in MDA-MB-231 Variants

The human eIF4AI cDNA (gene accession number NM 001416.4) under the control of
CMV-promotor in a pcDNA3.1(+) vector was acquired under the project ID:
US533ZGE280-1, clone ID: HP4425A (GenScript, Piscataway, NJ, USA). Plasmid DNA
was transformed into E. coli strain DH5a. Scrapings from colonies were used to inoculate 5
mL of culture medium LB containing 100 ug/mL ampicillin; these mixtures were grown
overnight at 37 ° C with agitation. Plasmids were purified from the resulting cultures using
E.Z.N.A. Plasmid DNA Mini Kit I (Omega Bio-TEK) according to the manufacturer’s
protocol and verified through digestion with restriction enzymes HindIII (GibcoBRL, MD)
and BamHI (BRL, MD). The purity and yield of DNA were determined by Nanodrop
analysis. Transfections were performed using Lipofectamine 3000 (Invitrogen) following
the manufacturer’s instructions. Controls were evaluated by WB employing elF4A
monoclonal antibody (ID 2490). The effect of treatments with Dox (500 nM) and Cry (25
uM) was performed.



2.18. eIF4AI Overexpression and Purification

The gene encoding for elFF441 cDNA (NM 001416.4) under the control of CMVpromotor
in a pcDNA3.1(+) vector was acquired under the project ID: U533ZGE280-1, clone ID:
HP4425A (GenScript, Waltham, MA, USA). This vector encodes for a 10-His-tag protein
and a PreScission Protease (GE, USA) cleavage site. The plasmid was transformed into E.
coli cells strain Rosseta-Star (Novagen), harboring the pET19b-elF4AI plasmid. Cultures
were grown at 37 *C in 2XYT medium complemented with ampicillin (100 ug/mL) to
reach an optical density (ODsoo) of 0.6, followed by IPTG (1 mM) induction and further
incubation for 12-20 h at 37 *C. After harvesting by centrifugation, cells were disrupted by
sonication. The supernatant was obtained and washed with 50 mM NaH>PO4, 300 mM
NaCl and 10 mM imidazole buffer. Purification was performed by affinity chromatography
(Ni-NTA Agarose resin QIAGEN, Germany). Column was washed with 20 column
volumes of 20 mM imidazole, 50 mM HEPES-KOH (pH 7.6), and 600 mM NacCl buffer.
The bound protein was eluted with 200 mM imidazole, 20 mM HEPES-KOH, and 100 mM
NaCl buffer. The His-tag was removed from e/F'4A1 with PPS (PreScission Protease), the
purified protein was dialyzed against PBS 1x buffer pH 8.0 following the manufacturer’s
protocol. PPS was eliminated by glutathione Sepharose (Merck, Darmstadt, Germany).
elF4AI homogeneity was confirmed by SDS-PAGE with coomassie blue staining and WB.
All reactants were molecular biology grade and ultrapure water.

Fluorescence measurements were performed with a Cary Eclipse fluorometer, using the
following parameters, a scan from 250 to 350 nm at 25 °C in a synchronous mode. We
evaluated the interaction protein-ligand, under eI[F4A1 (12 uM) and cryptotanshinone
(0—80 uM). Solutions were homogenized and incubated for 5 min at 25 *C, measurements
were performed in a quartz cell with a path length of 1.0 cm and 500 mL volume.

2.19. Statistical Analysis

Data are expressed as mean * SD. The statistical analyses were conducted with oneway
ANOVA. In MTT assays data are expressed as mean * SD.

3. Results

3.1. Association between UPR and Dox-Induced Chemoresistance

TNBC is a highly aggressive and chemoresistant type of cancer [46], and MDA-MB-231
cell cultures represent an optimal model to evaluate the mechanisms that drive
chemoresistance. Therefore, we characterized several protocols to obtain Dox-induced
chemoresistant MDA-MB-231 cells (TNBC cells). Specifically, the cells were treated with
a lethal Dox dose

(0.5 uM) for 24 h, followed by a gradual decrease in Dox dose for 60 days until a dose of
12.5 nM was reached, which led to the generation of a variant that will hereinafter be
referred to as “variant B.” As demonstrated by the MTT assay, variant B showed a resistant
phenotype (Figure 1A). Upon evaluating Dox internalization through flow cytometry
analysis, variant B exhibited a decrease in Dox internalization (Figure 1B). Moreover,
higher concentrations of Dox were detected in the supernatant medium of variant B cells
compared



with the parental cells according to spectrofluorometric characterization (Figure 1C).
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Figure 1. Chemoresistance induced by Doxorubicin (Dox) is associated with UPR activation. (A) MTT assay in parental
and variant B cells, mean values are presented (n = 6, mean + SD), * p <0.001, ** p < 0.05, respect to variant cells. Dox
structure is shown. (B) Cytometer analysis under 500 nM of Dox-treatment in parental cells and variant B. Under the same
condition, fluorometer analysis of Dox in supernatant medium (C), mean values are presented (n = 3, mean + SD), * p <
0.05 compared to the control. (D) WB analysis of XBP1s in a Dox 500 Nm temporal curse (0-36 h), densitometry
analysis of XBP1s is shown (E). Under the same temporal curse, evaluation of BiP (F,G) and CD47 expression

(H.1). In densitometry analysis of proteins, mean values are presented (n = 3, mean + SD) and expressed as % of control, *
p<0.05, ** p <0.01. B-actin and GAPDH were used as a loading control.

To gain insights into the role of the UPR in the chemoresistance process, cells were treated
with Dox (500 nM) in a time-dependent way (0—36 h). Our findings suggested that
transcription factor XBP1s is differentially regulated in variant B, as demonstrated by a
significant increase in XBP1s protein expression (Figure 1D,E). When XBP1s becomes
activated, this transcription factor translocates to the nucleus and triggers the expression of
chaperones, lipid synthesis, and ER-associated degradation genes [47]. In variant B, we
identified a strong activation of binding immunoglobulin protein (BiP), a UPR chaperone
master regulator (Figure 1F,G). This was consistent with one of our previous studies, in
which metabolic inflammation induced ER stress [48]. Chaperones such as heat shock
proteins are associated with key cancer hallmarks such as cell proliferation, invasion, and
metastasis [49]. Furthermore, this phenomenon was associated with a reduced expression
of CD47 (Figure 1H,I), a target gene related to migratory and invasion hallmarks [50].
Although increased invasion is a common feature of drug resistance, recent evidence has
demonstrated the occurrence of the opposite effect. Specifically, a previous study reported
a reduction in the migratory capacity of docetaxel-resistant prostate cells compared to the
parental cells [51]. Whether this behavior can be promoted or inhibited may depend mainly
on the resistance mechanisms of a specific cell type and the tumor microenvironment.
Therefore, migratory capacity could have been impaired in variant B.

3.2. Cell Migratory Capacity Is Associated with the Disruption of the PDCD4 Tumor



Suppressor Gene

Scratch-wound assays were conducted to characterize cell migration, as this is one of the
main hallmarks of cancer onset and progression. The resistant variant B exhibited a marked
decrease in migratory capacity compared to the parental cells. This was consistent with the
UPR deregulation observed in resistant variant B (Figure 2A,D), according to CD47
expression. However, Dox treatment (500 nM) decreased the migratory capability of both
variants (Figure 2B,E). Sal (25 uM) ameliorated the chemoresistance-inducing effects of
Dox (Figure 2C,F), as suggested by the results of a semi-quantitative analysis (Figure 2G).
Additionally, MMP-9 activity was also evaluated in extracellular media, and our findings
demonstrated a decrease in MMP-9-mediated collagen degradation in variant B. Gel silver
stain was used as a loading control in our experiments (Figure 2H).

Next, the disruption of the IRE1 arm by XBP1s in the chemoresistant variant B was
confirmed. Our results suggested a connection between the activation of XBP1s, the
expression of chaperone BiP, and the effect of Sal-treatment in variant B (Figure 21,J). The
opposite was observed in another variant with a sensitive phenotype (variant F).
Specifically, the cells did not exhibit XBP1s overexpression and their Dox internalization
levels were similar to those of the parental cells (Supplementary Figure S1). These results
indicated the induction of an adaptive UPR in chemoresistant variant B. As expected, when
Dox intracellular levels were evaluated by flow cytometry, a high Dox signal was observed
in the parental cells compared to variant B (Figure 2K,L), which could explain the
chemoresistance of the latter. Sal treatment induced a slight reduction in intracellular Dox
signals in both models (Figure 2K,L), which was associated with the protective results
described above.

Moreover, our findings broadened the potential association between BiP and the ER stress
response in instances of cell damage. Specifically, increased secretion of BiP has been
associated with the depletion of ER calcium [52]. Here, we detected the presence of BiP in
the extracellular medium of the parental and variant B cell cultures (Figure 2M). This
response was cell-specific, with BiP levels being lower in the resistant variant.
Tunicamycin (Tum), a potent ER stress inducer, was used as a control (Supplementary
Figure S2). We have previously reported the importance of chaperones such as PDI in the
process of chemoresistance [48], as well as the potential involvement of the transcription
factor XBP1s, a transducer of the IRE1 arm (Supplementary Figure S3). Therefore, we are
currently elucidating the role of these proteostasis elements in the extracellular
environment in conjunction with BiP (personal communication). Given that protein
translation is a crucial mechanism associated with the activation of the UPR [53] and
potentially also chemoresistance, we evaluated the expression of elF4A, a key translation
initiation factor. No significant changes in e[F4A expression were observed in the parental
and variant B cells even under Dox and Sal exposure (Figure 2N). The basal expression of
the tumor suppressor gene PDCD4 remained consistently high in parental cells and our data
suggested that cell division control mechanisms were still likely present. Although mainly
Dox treatment could promote mechanisms that sensitize the chemoresistance, PDCD4
expression was not modified in the parental cells. In contrast, PDCD4 was markedly
downregulated in variant B (Figure 2N,0).
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Figure 2. Chemoresistant cells showed a reduced migratory capacity coupled with PDCD4 dysregulation. Representative
images of the wound-healing assay in parental cells corresponding to control (A), Dox treatment (500 nM) (B), and
concomitant Dox (500 nM) and Sal (25 uM) treatment (C). The same assay in variant B, control (D), Dox treatment (E),
and concomitant Dox and Sal (F). (G) Wound-healing results expressed as percentage respect to controls in parental and
variant B cells. Mean values are presented (n = 3, mean + SD); * p < 0.01 respect to controls. (H) Under the same
conditions, MMP-9 secretion was analyzed on a conditioned medium using gelatin-substrate gels. The silver stain was
employed as a loading control. WB analysis of XBP1s (1) and BiP (J) on parental cells and variant B, under treatment with
Dox (500 nM) and Sal (25 uM). Dox characterization by cytometer analysis in parental cells (K) and variant B (L) under
Dox (500 nM) and Sal treatment (25 uM). (M) BiP expression in extracellular media of parental cells and variant B under
Dox (500 nM) and Sal treatment (25 uM). B-actin and Coomassie stain on PVDF membranes were used as controls. (N)
At the same conditions, WB of eI[F4A and PDCD4. (0) Densitometry analysis of PDCD4, results are reported as mean +
SD (n = 3) and expressed as % of control; * p < 0.05 respect to control. B-actin was used as a loading control in WB

experiments.

3.3. Characterization of the Role of the Tumor Suppressor Gene PDCD4

To the best of our knowledge, no previous studies have characterized the role of PDCD4 on
ER stress and its connection with cancer chemoresistance. PDCD4 deficiency has only
been associated with low ER stress levels in a murine model [40]. The reduction of PDCD4
in variant B could alleviate ER stress or promote adaptations related to its tumor suppressor
function. Therefore, we next sought to characterize the expression of PDCD4 and elF4A
under Dox treatment (0—100 nM). Specifically, we characterized the basal expression of
elF4A in both variants and confirmed that PDCD4 was exclusively downregulated in
variant B (Figure 3A,B). Furthermore, upon exposing the cells to a broad range of Dox
concentrations (0-2500 nM), PDCD4 was critically downregulated in both variants at 2500
nM (Figure 3C), which was possibly associated with extensive cellular damage. Under the
same conditions, Dox dose-dependently induced a gradual reduction in MMP-9 activity,
which coincided with the impairment of cellular migration and invasion (Figure 3D). In
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turn, this confirmed the occurrence of cellular damage, with these effects being more
evident in parental cells. Finally, we evaluated the interaction between PDCD4 and eIF4A
by co-immunoprecipitation. In both variants, Dox decreased the protein interaction signal
in a dose-dependent manner (Figure 3E).
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Figure 3. Doxorubicin (Dox) induces the disruption of PDCD4/eIF4A complex. (A) WB of PDCD4 and elF4A under 10
and 100 nM Dox treatment in parental cells and variant B. (B) Densitometry analysis of PDCDA4, results are reported as
mean + SD (n = 3) and expressed as % of control; * p < 0.1, ** p <0.001 respect to control of parental cells. (C) PDCD4
expression is affected by increasing doses of Dox (0-2500 nM) in both, parental and variant B cells. Under the same
conditions, MMP-9 secretion was analyzed on a conditioned medium using gelatin-substrate gels (D) and the interaction

of PDCD4/eIF4A complex (E). (F,G). Cellular localization of PDCD4 and c-Jun in parental and variant B cells, under
increasing concentrations of Dox (0-500 nM). B-actin was used as a loading control, and Lamin B1 in nucleus fractions.

Although low PDCD4 expression levels were observed in variant B, these effects were not
related to changes in eIF4A interaction. PDCD4 expression was impaired in variant B, and
previous studies have reported that chemoresistance is linked to PDCD4 depletion [54].
Therefore, the regulation of eI[F4A expression and the downregulation of PDCD4 are
critical during chemoresistance, as these mechanisms enable the maintenance of cellular
latency. In this regard, PDCD4 expression in breast cancer cells could thus be regulated by
non-coding RNAs, ubiquitin-proteasome activity, and inflammation [55].

Our study also characterized the cellular localization of PDCD4 in the cytoplasm and
nucleus fractions under different Dox concentrations (0-500 nM) (Figure 3F,G). PDCD4
appeared to be mainly localized in the cytoplasmic fraction of both the parental and variant
B cells, suggesting that the activity of this protein was primarily cytosolic. In cancer cells,
decreases in nuclear PDCD4 have been correlated with tumor progression [56]. In line with
this notion, MMP-9 expression could depend on the transcription factor AP-1, a
heterodimer composed of c-Fos and c-Jun. Our results indicated that Dox dose-dependently
decreased the expression of c-Jun in the nucleus extracts of both cellular variants (Figure
3F,G), which possibly explains the changes in MMP-9 secretion in the extracellular
medium. Although a regulatory mechanism mediated by the AP-1 complex and, therefore
c-Jun is carried out, other mechanisms could have also been involved, including the activity
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of the tumor suppressor DACH1 (Dachshund Homolog 1) [57], miR-194-5p [58], and
decreases in sirtuin 6 [59]. Moreover, a potential association between PDCD4 and c-Jun
signaling was suggested by the expression of miR-21, which promotes the migration,
invasion, and

angiogenic capacity of renal carcinoma cells [60].

3.4. Small Molecule Treatment Can Desensitize the Chemoresistance of
BC Cells

To counteract the chemoresistance of BC cells and elucidate the role of the eIF4F complex,
the therapeutic and sensitizing effects of several molecules were evaluated under a low
dose of Dox (100 nM) to avoid the side effects associated with high Dox doses [61], and
proposing a potential sensitizing effect of candidate molecules. Considering the regulatory
impacts of Cry on elF4A [32], we next isolated this terpene from the root of Salvia
brandegeei. Tum was used as a control. In our first experiment, we confirmed the decrease
of PDCD4 expression in variant B (Figure 4A). Likewise, Cry treatment decreased the
expression of the PDCD4-elF4A complex in both variants. Moreover, Cry (25 uM) and
Dox (100 nM) synergistically affected cell viability (Figure 4B), which was likely due to an
interaction between Cry on elF4A, which in turn affects PDCD4/elF4A interactions. This
effect was not observed under Sal treatment (25 uM) (Figure 4A,B), possibly associated
with the inability to e[F4A binding. Finally, we examined the effect of Tum treatment
(Figure 4A), and variant B was found to be more resistant to Tum than the parent cells
(Figure 4B).
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Figure 4. Chemoresistance is regulated by a terpene-derived molecule and ER-stress inducer compound. (A) Effect of
concomitant Dox (100 nM) treatment with Salubrinal (Sal) (25 uM), Cryptotanshinone (Cry) (25 uM), and Tunicamycin
(Tum) (1 pg/mL) on the expression of eIF4A, PDCD4, and characterization of protein interaction. (B) Employing the

same conditions, cellular viability was evaluated in parental and variant B cells under the Dox treatment with Sal, Cry,
and Tum. Mean values are presented (n = 6, mean + SD), * p < 0.005 with respect to the control. (C) MMP-9 secretion

was analyzed on supernatant medium using gelatin-substrate gels and the MMP-9 expression by WB. Membranes were
processed by Coomassie stain as a loading control.

Next, we evaluated the impacts of the aforementioned treatments coupled with Dox on
MMP-9 expression, which is associated with cell invasion. Cry and Tum treatments + Dox
evidently affected MMP-9 activity (Figure 4C), as demonstrated by the quantification of
MMP-9-mediated collagen degradation (Supplementary Figure S4A). Likewise, the
cytotoxicity of Cry and Tum was confirmed by optical microscopy in both variants



(Supplementary Figure S4B—G), which was manifested as a reduction in cell density.
Western blot analysis of MMP-9 in the extracellular media confirmed the zymogram
results under Cry and Tum treatments coupled with Dox. Specifically, we identified
changes in the glycosylation pattern of MMP-9 (90 kDa) in the samples treated with Tum,
an inhibitor of protein Nglycosylation, with the parental variant showing a lower protein
band of approximately 85 kDa, as well as the same molecular weight band on zymogram
gels (Figure 4C). Similar patterns have been reported for other proteins such as
cyclooxygenase-2 under inflammatory conditions induced by lipopolysaccharide treatment
[41]. Sal incubation did not induce significant changes in MMP-9 activity and expression.
In fact, MMP-9 levels were slightly higher compared to the controls, which confirms the
protective properties of Sal.

3.5. Relevance of PERK/Nrf2 and Regulation by Terpene-Derived
Molecules

We evaluated the effect of small molecules on the PERK-signaling by the expression of
pro-survival Nrf2, results suggest an increased activation of the PERK arm in variant B
(Figure 5A), which was likely a compensatory cellular response. Nrf2 triggers the
expression of genes involved in stress resistance and mitochondrial biogenesis [62].
Critically, Nrf2 activation was suppressed under concomitant Dox (250 nM) + Cry (25 uM)
and Tum (1 pg/mL) treatments. In lung tumor cells that overexpressed PDCDA4, the
transcriptional activation of Nrf2 was inhibited [19]. Importantly, these findings were
consistent with our observations in chemoresistant variant B, wherein PDCD4
downregulation coincided with Nrf2 activation. Moreover, an increase in the activation of
XBP1s in variant B was also confirmed as an experimental control (Figure 5A).
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Figure 5. Doxorubicin (Dox) chemoresistance is associated with PERK/Nrf2 activation and regulated by cryptotanshinone
(Cry). (A) Expression of Nrf2 under the Dox treatment (250 nM) and concomitant LDL (10 ug/mL), Sal (25 uM), Cry (25
uM), and Tum (1 pg/mL) in parental and variant B cells. In this experiment, XBPIs role was confirmed in variant B. B-
actin was used as a loading control. (B) Under the same conditions, characterization of FAK pathway, evaluated by the
expression of FAK and its phosphorylation at Tyr-397 (p-FAK**7). PCNA was used as a loading control.

Several phenomena such as migration, adhesion, and proliferation have been associated
with the overexpression of UPR-associated genes such as BiP, PERK, and the target of
cellular adhesion FAK in a colorectal cancer model [50]. Similarly, FAK activation
(pFAK?%7) was differentially regulated in our study (Figure 5B), with parental cells
exhibiting higher levels of FAK expression and p-FAK activation, suggesting a higher
migration activity (Figure 2) and possibly a higher invasion capacity. However, Cry
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treatment significantly diminished p-FAK in both variants (Figure 5B). Our previous
results indicated that chemotherapy resistance could modulate adaptive mechanisms
associated with the UPR in cancer cells. This phenomenon coincided with MMP-9
secretion (Figures 2H and 4C) and FAK activation (Figure 5B), suggesting a crucial role of
proteostasis and targets regulating translation initiation such as the translation initiation
factor elF4A.

3.6. Regulation of Cell Invasion by Cry Treatment

Considering the differential regulation of FAK in parental cells and variant B, we next
characterized the invasion capacity of BC cells via the Boyden chamber method. We
previously reported the critical impact of intracellular lipid pathways on BC development.
Specifically, LDL cholesterol could promote cell invasion by triggering epithelial-
mesenchymal transition [34,35]. Therefore, LDL treatments were performed to evaluate the
putative role of LDL as a potentiator of cellular invasion. Our flow cytometry analyses
demonstrated the occurrence of LDL endocytosis in parental and variant B cells (Figure
6A,B). In the control condition, the invasion capability of both clones remained at basal
levels (Figure 6C,G).

Parental Variant B
A K i M Parental
Parental =cm - . - . Dc:« l:u -

24 Lot o s -

g 7 i ctrl £ 100 25 ug/mt
“\Y ! z MMP-9
| \r‘ 'Rl g 80 activity

LB f ] & ' § 80
3 f "I[ C
[ ') =
[ 1 S w0 MMP-g
8 / ﬂ*, - 4+ - + W0
/ \I‘q | | - Parental  Variant B 120 _h:
| i 85— h‘.,- u Coomassie
‘ 4 X - staining
" | % ; 2.5 A o Parental | ? L] S ¢
o 10 10¢ 20 " @ Comnl "ol
PCT-A o 2 -
T8 I
B 2 ﬁ Ly Variant B
Variant B Mt E T 1 Dox Cry
=8 o -
g o ] + 4+ 4+ DL
LDL & B 25 ug/mL
+ o MMP-9
| Dox activity
3 &4 i 25 w Variant B
] W o %1
2= .
(T 8 ¥ s MMP-9
2 | ! T2
) N | LoL 32 1
{ ’1] ) 2 :
/ E =~ o5
{ ", + £
{ y Ay
. Ll . " iy oA
o p 1o 0

Figure 6. Cry treatment inhibits LDL-induced cellular invasion. Dil-LDL internalization by cytometer analysis in parental
(A) and variant B (B) cells. Representative images of invasion experiments were obtained by optical microscopy,
employing Boyden chambers. In parental cells, representative image corresponding to control (C), LDL treatment (20
pug/mL) (D), LDL and Dox (500 nM) (E), LDL and Cry (25 pM) (F). The same assays showed in variant B, control (G),
LDL treatment (H), LDL and Dox

(1), LDL and Cry (J). Bars correspond to 200 pum. (K) Cellular viability in the two variants under the LDL treatment (20
ug/mL). Mean values are presented (n = 3, mean + SD), # p <0.001, ** p <0.01 with respect to control. (L) Semi-
quantitative analysis of invasion experiments in parental and variant

B cells, graphs are expressed as the fold of control. Mean values are presented (n = 3, mean + SD),

* p <0.05 with respect to LDL treatment, ** p < 0.01 with respect to LDL treatment. Effect of Dox (500 nM) and Cry (25
uM) on LDL induced-MMP-9 secretion in parental (M) and variant B (N) cells, activity was analyzed on the supernatant
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medium using zymogram gels and the expression of MMP-9 by WB. Membranes were processed with Coomassie stain as
an experimental loading control.

LDL treatment increased the invasion capacity of the parental cells (Figure 6D) compared
with the variant B cells (Figure 6H), which was attributed to an increase in the expression
and activation of FAK according to our previous results. Critically, we observed an
increase in cellular viability promoted by LDL treatment on both variants (Figure 6K).
However, the concomitant Dox (Figure 6E,L) and Cry (Figure 6F,L) treatments
significantly decreased the invasion capacity of the parental cells. Dox treatment did not
affect the invasion capacity of variant B (Figure 61,L), whereas Cry treatment did (Figure
6J,L). Moreover, to gain insights into the mechanisms through which Dox (500 nM) and
Cry (25 pM) modulate LDL-induced invasion, the critical MMP-9 target was characterized.
Our findings indicated that LDL promoted an increase in MMP-9 secretion and activity
(Figure 6M,N) in both the parental and variant B cells. In contrast, Cry treatment markedly
decreased MMP-9 secretion in both variants (Figure 6M,N). Collectively, our results
suggested that LDL treatment promotes the cellular invasion capacity of both parental and
variant B cells, whereas Cry exerts the opposite effect on this key cancer hallmark by
inhibiting MMP-9.

3.7. Modulation of eIF4A on Oncogenic Factor FAK

Upon exploring the impact of e[F4A1 (the main isoform) on the chemoresistance process
and considering the regulatory role of therapeutic small molecules such as Cry, we next
performed experiments to evaluate the effects of modulating eIF4A1 expression. Using
siRNA (80 nM), el[F4A1 was successfully knocked-down after treating parental and variant
B cells for 24 h (Figure 7A,B). Specifically, eIF4A expression was decreased by 55% and
40% in the parental and variant B cells, respectively (Figure 7B). As a complementary
assay, lactate was quantified as an indicator of energetic metabolism; primarily, the sSiRNA
effect takes place in parental cells (Figure 7C). Several studies have reported that cancer
cells exhibit an increased glucose uptake and lactate secretion due to metabolic
abnormalities,

which is referred to as the Warburg effect [63]. Here, siRNA-affectation in lactate secretion
was coupled with modifications of cellular density mainly in parental cells (Figure 7D,E)
compared to variant-B cells (Figure 7F,G).
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Figure 7. Regulation of elF4A on FAK is inhibited by concomitant treatment of Dox and Cry. Efficiency of siRNA
incubation (80 nM) on the expression of eIF4A1 in parental and variant B at 24 h. (A) WB of eIF4A1 in parental cells and
variant B and densitometry analysis of elF4A1 (B); (C) under the same conditions, lactate concentrations in supernatant
media, results are reported as mean + SD (n = 3), * p <0.01, respect to control. Optical microscopy images corresponding
to control (D) and siRNA-elF4A treated parental cells (E); for variant B, control cells (F) and siRNA-elF4A1 treatment
(G). In controls, the transfection vehicle was evaluated. Bars correspond to 200 um. (H) Effect of siRNA-eIF4A1 on the
expression of FAK, Bcl2 and Bax under the concomitant treatment of Cry (25 pM) and Dox (500 nM) for 60 h in variant
B; densitometry analysis of eI[F4A1 (1) and FAK (J), results are reported as mean + SD (n = 3) and expressed as % of
control; * p < 0.01 respect to control. Under the same transfection conditions and concomitant Cry and Dox treatment,
evaluation of lactate in supernatant media (* p < 0.01 respect to control) (K), MMP-9 activity (L), and representative
cellular images of control (M), siRNA control (N), and eIF4A1-siRNA (0). Bars correspond to 200 um. (P) Effect of the
elF4A1 overexpression on FAK expression and activity (p-FAK?*7) employing an eIF4A1 vector (GenScript, ID:
U533ZGE280-1). Results showed the effect of Cry (25 pM) and Dox (500 nM) treatment for 24 h. (Q) densitometry
analysis of p-FAK3Y’, results are reported as mean + SD (n = 3) and expressed as % of control; ** p < 0.05 respect to
control. (R) Under the same conditions, WB of factor PDCD4. In panels A, H, L, P, and R, B-actin was used as a loading
control.
To gain insights into the regulation of chemoresistance and the role of elF4A, we next
focused on the characterization of the chemoresistant variant B. Our data suggested that
concomitant Cry (25 uM) and Dox (500 nM) treatment (Figure 7H) resulted in an almost

complete knockdown of elF4A, reaching a residual expression level (22%) compared with
the control (Figure 71). Critically, this result was consistent with the expression of FAK
(Figure 7H,J). Moreover, elF4A knockdown was linked to cell damage, as evidenced by
changes in lactate levels (Figure 7K), MMP-9 activity (Figure 7L), and optical microscopy
(Figure 7M—-0). Additionally, eI[F4A1 was overexpressed to corroborate the association
between elF4A and FAK. e[F4A overexpression was achieved after 25 h of treatment
(Figure 7P). Importantly, eIF4A levels were correlated with FAK expression and activation
(Figure 7P,Q). Afterward, we confirmed the effect of Cry (25 pM) and Dox (500 nM)
treatment on elF4A expression. Based on our previous results, we identified an inverse
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association between PDCD4 and elF4A (Figure 7R). Therefore, our findings confirmed
that e[F4A, a regulator of protein translation, is crucial for proteostasis.

3.8. Cryptotanshinone Mechanism Is Mediated by eIF4A Interaction

We next sought to characterize the regulatory effect of Cry on elF4A (Figure 8). Therefore,
the overexpression of eI[F4A was evaluated in several strains of E. coli under a variety of
experimental conditions. The BL21 (DE3) pLysS, BL21 (DE3), and Rosetta-Start E. coli
strains harboring plasmid pET-19b-mod-eIF4A were examined to select the optimal host
for protein production. The Rosetta-Star strain had the best protein production yield.
Proteins were obtained from the soluble fraction and purified by affinity chromatography,
after which the PreScission protease was used to remove His tags (Figure 8A). Our process
was validated through western blot analyses in several samples, confirming a pure fraction
corresponding to elF4A1. The purity of the isolated soluble protein was higher than 90%
(Figure 8A). Therefore, we next performed protein-ligand interaction assays using a
fluorescence-based method. Purified elF4A protein (12 uM) and Cry (0-80 uM) were
incubated at 25 C for fluorescent synchronic characterization, and an emission peak was
detected near 285 nm. Incubation with Cry resulted in a quenching phenomenon,
suggesting that Cry interacted with e[F4A1 (Figure 8B). Particularly, a critical reduction in
fluorescence values was observed at a Cry concentration of 20 uM and quenching was
evident at a Cry/elF4A molar ratio of 4:1.

Based on the evaluation of the crystal structure of the human elF4A1-ATP-rocaglamide
(RocA)-polypurine RNA complex (PDB: 5ZC9), our docking results indicated that the Cry
interaction site was highly similar to the Rocaglamide (RocA), a selective eIF4A inhibitor
[64]. Specifically, RocA and Cry shared several interaction residues including Argio,
Thrss, Pheioz, and Glysos (Figure 8C—F), thus explaining their interaction with e[F4A. Our
analyses indicated that the Cry binding site is similar to the RocA interaction domain on the
elF4A structure, thus inhibiting the RNA binding capability of eIF4A [47]. The Pheio; and
Thriss residues could establish hydrophobic interactions, whereas Argiioand Argsii
promoted ionic interactions on the Cry structure (Figure 8D). In turn, these interactions are
critical to maintaining a high binding capability, and explain the changes in the
spectroscopic properties of el[F4A1 (Figure 8B). According to our molecular docking
results, the S score of Cry was lower (-8.19) than that of RocA (-10.04). Moreover,
crystallographic data suggested the critical role of hydrogen bonds and strong rt-it and
CH/r interactions between RocA-Glnios and RocA-Gs, which significantly contributed to
complex formation, as well as the stabilizing role of Phei92 [64]. Critically, both Glnios and
Phei92 could stabilize the Cry interactions in the eIF4A1 structure (Figure 8C,D). Therefore,
our results suggest that Cry interacts with the RNA-binding domain of eI[F4A 1, which
could serve as a basis for the development of novel therapeutic molecules based on the
structure of Cry.
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Figure 8. Cryptotanshinone (Cry) binds to translation initiation factor e[F4A1. (A) SDS-PAGE electrophoresis of elF4A1
purification showing the affinity chromatography results. Lane 1: overexpression of eIF4A1; lane 2, flow-through fraction;
lane 3 washing buffer with an imidazole 20 mM, lane 4 purified protein, Lane 5 and 6: His-tag cleavage with PPS after 16
h incubation. Protein of lane 6 was used in the experiments. (B) Binding experimentation evaluated by a synchronic mode
fluorescence. A scan from 250 to 350 nm at 25 ° C is showed, under eIF4A1 (12 uM) and Cry (0-80 uM) incubation. (C)
Representative snapshot corresponding to the crystallographic structure of the eI[F4A1.ATP PDB ID: 5ZC9 (yellow)

under the Cry (magenta) interaction, obtained by molecular docking. Interaction showed a —8.19 S value. (D) Residues
that define the eIF4A/Cry interactions. (E) As a control, a representative snapshot of the e[F4A1.ATP (yellow) under the
RocA (magenta) interaction. Interaction showed a —10.04 S value. (F) Residues that define the eIF4A/RocA interactions.

4. Discussion

The accelerated proliferation of tumor cells combined with an inflammatory
microenvironment leads to an impairment of protein synthesis. In these cases, the
activation of UPR arms has been found to drive chemoresistance in several types of tumors
[65]. Our results confirmed an association between UPR and chemoresistance. In the
chemoresistant variant B, we observed changes in the transcription factors XBPIs and Nrf2
associated with IRE1 and PERK arms of UPR, respectively. Although a previous study
characterized XBP1s in cells exhibiting the luminal/ER+ BC subtype [66], the role of
XBP1s in TNBC models has not been described in detail. Moreover, chaperone BiP
overexpression has been implicated in cancer cell survival, proliferation, migration, and
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chemoresistance [67]. Additionally, the silencing of chaperone BiP can decrease the efflux
activity of ABC transporters and the antioxidant response, thereby impairing the
chemoresistant phenotype [68]. This evidence supports the results described in
chemoresistant variant B, and, therefore, the UPR and chaperones may be contributing
factors to the acquisition of Dox-induced chemoresistance. Sal has been evaluated as a
promising anti-neoplastic therapy. In previous reports, Sal treatment increased cell death in
BC cells. This mechanism could be dependent on the maintenance of p-elF2q
phosphorylation, thereby blocking protein translation [69]. Likewise, Sal treatment
enhanced the radiation sensitivity of estrogen receptor cells [70]. Notably, we observed the
opposite response in Sal-treated chemoresistant TNBC cells, which was attributed to
compensatory mechanisms that can lead to a subtle inhibition in protein translation. A
previous study reported that the anticancer properties of Sal are mediated by an
upregulation of PDI, a multifunctional redox chaperone of the ER [71]. Likewise, Sal
reduced the apoptotic CHOP levels induced by lithocholic acid in prostate cancer cells [72].
The downregulation of PDCD4 was one of the critical factors determining the
chemoresistant capabilities of BC cells. Our results demonstrated that Dox-induced
chemoresistance was linked to the downregulation of PDCD4 in variant B cells, which
promotes the invasion and metastasis of tumor cells. A recent study characterized the
dynamic relationship between PDCD4 and EMT-associated proteins, and the suppression
of PDCD4 was correlated with increased cell invasion, a key cancer hallmark [73].
Additionally, the deletion of PDCD4 contributed to the development of chemoresistance in
models of glioblastoma multiforme [54]. These findings are consistent with the results of
our TNBC model. Specifically, PDCD4 could regulate the expression of Sinl, p53, E-
cadherin, CMyb, and AMyb, which are targets involved in controlling neoplastic processes
such as motility, invasion, and cell growth [42—44]. These observations could explain the
results of our TNBC model experiments. Moreover, our results indicated that PDCD4 was
mainly localized in the cytoplasm, and the subtle regulation of the interactions of e[F4A
suggests that this process was highly regulated even at high Dox concentrations. Similarly,
a reduction in the levels of nuclear PDCD4 in lung carcinoma cells was linked to tumor
progression [56], which was consistent with our findings.

Ubiquitination and proteasome degradation of PDCD4 through E3 ubiquitin ligase has been
described in ovarian and endometrial cancer cells [16]. Likewise, HER2 activation could
promote the loss of PDCD4 by activating MAPK, AKT, and miR-21 in aromatase
inhibitor-resistant BC cells [55]. Therefore, these mechanisms could contribute to
sustaining the expression of PDCD4. Our research group is currently characterizing the
impact of the mTOR/p70S6K signaling pathway on PDCD4 expression.

There is a potential association between cancer hallmarks (e.g., migration and invasion),
ER stress and the UPR, and this connection could be mediated by chaperones such as BiP
and the triggering of transcription factors such as Nrf2 and XBP1s. Here, we demonstrated
that the chaperone BiP was localized in the extracellular media. Furthermore, our data
suggest the role of regulation on FAK activation and MMP-9 secretion; moreover, these
phenomena could be driven by high LDL concentrations. Likewise, we evaluated the
regulatory role of Cry using Sal and Tum as references.

In this regard, the potential role of e[F4A is the novel data. In this regard, the significance
of the elF4A approach is supported by the pro-oncogenic and pro-survival mRNAs
dependent on elF4A processing [74]. For instance, the activation of CXCR4 signaling, one
of the most significant chemokine receptors involved in BC metastasis, increased the
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reliance on elF4A translation of the oncoproteins ROCK1, survivin, Mdm2, and cyclin D1
[75]. Critically, eIF4A could mediate EMT, which is associated with tumor cell invasion
and metastasis [76]. Aberrant activation of FAK signal transduction in tumor cells is
correlated with their invasion ability and potential effects on metastasis. Our results
suggested that e[F4A affects the expression and activation of FAK, as demonstrated by
siRNA knockdown and overexpression experiments in the TNBC variants (Figure 7). This
association suggests that FAK expression depends on the activation of e[F4A. In turn, this
phenomenon could be mediated by the PI3K/Akt/mTOR signaling cascade. These data are
highly relevant, as metastasis remains the primary cause of morbidity and mortality in
cancer patients [77].

Moreover, ApoB-lipoproteins (VLDL, IDL, and LDL) and their components modulate
intracellular metabolism and have been associated with the development of neoplastic
phenomena such as proliferation, anchorage-independent growth, epithelial-mesenchymal
transition, and cancer invasion [34].

In gastric tumor cells, FAK-silencing accentuated the effect of 5-fluorouracil, which was
associated with the activation of caspase-3 activity [78]. Gemcitabine-resistant pancreatic
cancer cells have been reported to exhibit high activation of p-FAK (Tyr*7), and inhibitory
RNAI treatment increases gemcitabine-induced cytotoxicity [79]. In our conditions,
concomitant Dox/Cry and Dox/Tum treatments synergistically inhibited p-FAK?"7.
Particularly, Dox/Cry treatment exhibited the strongest inhibitory effects on the FAK
expression of both parental and variant B cells. Co-treatment with Cry (25 uM) and low
Dox concentrations (250-500 nM) thus constitutes a promising sensitizing treatment for
regulating FAK signaling. Therefore, FAK-regulated mechanisms impact the sensitivity of
anti-tumoral treatments. This highlights the relevance of our data, as cancer relapse after
chemotherapy remains one of the leading causes of death [80]. Importantly, our study was
the first to describe the dependence of FAK on elF4A. elF4A overexpression induced
malignant progression in an acute lymphocytic leukemia

model [81]. Moreover, given that the Sal treatments rendered unpromising results, we
explored alternatives to sensitize cancer cells. Several small molecules known to disrupt
elF4A RNA helicase have been reported to possess anticancer activity both in vitro and in
vivo, including rocaglates, hippuristanol, rohinitib, and pateamine A (PatA) [82,83]. PatA,
a macrolide marine compound, could slightly inhibit cap-dependent translation in chronic
lymphocytic leukemia cells [84], thus highlighting the promising therapeutic potential of
molecules derived from natural products. In our study, the novel combination of Cry and
Dox exhibited synergistic anticancer activity against TNBC cells, re-establishing the
sensitivity of Dox-resistant cells and impairing the viability of parental cells. This suggests
the importance of pharmacologic elF4A inhibition mediated by Cry. Moreover, selective
compounds inhibit the translation of oncogenic gene drivers by increasing the affinity
between elF4A and specific polypurine sequence motifs in the 5UTR [17].

The chemosensitization of Cry and the effect on FAK regulation have important
implications in crucial processes such as migration and invasion, both of which are
associated with metastasis. Previous studies have suggested that the chemoresistance
phenotype could modify the migratory and invasion capacities of cancer cells. In this
regard, FAK is a non-receptor protein kinase involved in tumor migration, adhesion,
invasion, and metastasis [85]. Therefore, FAK Tyr*’ phosphorylation maximizes its
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catalytic activity, thus inducing the phosphorylation of several downstream targets [86],
which could be modulated by elF4A.

Our group previously characterized the role of LDL hypercholesterolemia on the process of
epithelial-mesenchymal transition and its connection with cancer hallmarks such as
metastasis and chemoresistance [34]. LDL endocytosis and the induction of invasion
capability dependent on LDL were observed in both variants. We have previously
discussed the role of targets that regulate cholesterol metabolism, including de novo
synthesis, endocytosis, and oxidation, which contribute to cancer development. Specifically,
we discussed the mechanisms associated with sterol regulatory element-binding protein 2
(SREBP-2)/mevalonate, as well as metabolites derived from cholesterol oxidation, such as
oxysterols and epoxy-cholesterols [34].

According to our findings, high levels of pro-atherogenic LDL could promote invasiveness
and chemoresistance, which we have characterized in other subtypes. Previous studies have
also proposed that metabolic alterations play a central role in the chemoresistance of cancer
cells [34]. Therefore, LDL dyslipidemia is a critical condition to consider during the
establishment of regime treatments and its efficacy evolution.

Cry is one of the primary active constituents isolated from the root of Salvia brandegeei,
and our findings demonstrated that Cry + Dox co-exposure could effectively sensitize
TNBC cell variants, even more, when elF4A was overexpressed in variant B cells. Our data
confirmed the interaction between Cry and elF4A through fluorescence characterization.
Additionally, our molecular docking analyses suggested that this interaction likely
interferes with the RNA binding domain. These findings have critical implications for the
expression of oncogenic drivers. Therefore, our data suggest that the specific disruption of
protein synthesis is a promising therapeutic strategy for the treatment of aggressive cancers
such as TNBC.

5. Conclusions

Our results suggest that the UPR is an adaptive mechanism that is crucial for the
acquisition of chemoresistance. Therefore, the PDCD4/eIF4A/FAK signaling pathway
constitutes a crucial basis for the discovery and characterization of novel cancer drug
targets. Moreover, new therapeutic strategies could be developed based on the structure of
cryptotanshinone derived from natural sources. Metabolic factors such as LDL
dyslipidemia could also potentiate the development of chemoresistance and impact the
efficacy of anti-cancer treatments. More importantly, the chemoresistance of variant B in
our study confirmed that novel therapeutic approaches can be developed based on the
regulation of

protein translation initiation factors.
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