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RESUMEN

El cancer es el resultado de una disfuncion generalizada de procesos celulares fundamentales,
en cuyos casos se involucran oncogenes, proto-oncogenes y genes supresores de tumores,
que se ven frecuentemente relacionados en el desarrollo y la progresion de este.
Pseudomonas aeruginosa PAO1 produce los ciclodipéptidos ciclo(L-Pro-L-Tyr), ciclo(L-
Pro-L-Phe), ciclo(L-Pro-L-Val), y ciclo(L-Pro-L-Leu) (PAO1-CDPs), cuyos efectos han sido
implicados en la inhibicion de la proliferacion de lineas celulares cancerosas. Esta propuesta
se encamind a investigar el mecanismo de inhibicion de la proliferacion de las células
cancerosas por los PAO1-CDPs, en la que se utiliz6 como modelo de estudio la linea de
adenocarcinoma cervicouterino humano HeLa. Los estudios realizados demostraron que los
PAO1-CDPs inhiben la fosforilacion de las proteinas cinasas Akt en el residuo Ser473y S6K
en el residuo Thr389, induciendo apoptosis en la linea celular HeLa. Adicionalmente se
encontré que el efecto citotoxico de los PAO1-CDPs se efectla a través de la via de
sefalizacion PI3k/Akt/mTOR mediante los complejos mMTORC1 y mTORC2, de una manera
dependiente de la participacion del complejo TSC1/TSC2. Los resultados obtenidos en el
presente estudio indican que la desregulacién y comunicacion cruzada de las diferentes vias
de sefializacion en la linea celular Hela, las cuales se asocian con su agresividad y
recurrencia, fueron impactadas como blancos moleculares por los PAO1-CDPs. Lo anterior
sugiere que los PAO1-CDPs pueden ser considerados como potenciales drogas

antineoplasicas.

Palabras clave: Antiproliferacion, Adenocarcinoma de cérvix, Proteinas cinasa,

Ciclodipéptidos, Apoptosis



ABSTRACT

Cancer results from dysfunction of fundamental cellular processes, in which oncogenes,
proto-oncogenes, and tumor suppressor genes are frequently involved in cancer development
and progression. Pseudomonas aeruginosa PAO1 produces the cyclodipeptides cycle(L-Pro-
L-Tyr), cycle(L-Pro-L-Phe), cycle(L-Pro-L-Val) and cycle(L-Pro-L-Leu) (PAO1-CDPs),
whose effects have been implicated in inhibition of the proliferation of cancer cell lines. Our
proposal aimed to investigate the mechanism of inhibition of cancer cell proliferation by
PAO1-CDPs, in which the adenocarcinoma human cervical line HeLa was used as study
model. The studies performed showed that PAO1-CDPs inhibits the Akt protein kinase
phosphorylation at residue Ser473 and S6K at residue Thr389, inducing apoptosis in the
HeLa cell line. Additionally, it was found that the cytotoxic effect of PAO1-CDPs was
achieved through the PI3k/Akt/mTOR signaling pathway by the mTORC1 and mTORC2
complexes, and in a dependent manner of the participation of the TSC1/TSC2 complex. The
results obtained in this study indicate that the deregulation and cross-communication of the
different signaling pathways in the HelLa cell line, which are associated with their
aggressiveness and recurrence, were impacted as molecular targets by PAO1-CDPs. The

foregoing suggests that PAO1-CDPs can be considered as potential antineoplastic drugs.

Keywords:  Antiproliferation; Cervix adenocarcinoma; Protein  Kinases;

Cyclodipeptides, Apoptosis



1. INTRODUCCION

1.1. Cancer

La Organizacion Mundial de la Salud (OMS) define al cancer como un proceso de
crecimiento y diseminacion incontrolados de células, que puede aparecer practicamente en
cualquier lugar del cuerpo invadiendo el tejido circundante y puede provocar metastasis en
puntos distantes del organismo. Normalmente, las células humanas crecen y se dividen para
formar nuevas células a medida que el cuerpo las necesita. Cuando las células normales
envejecen o se dafian, son reemplazadas por células nuevas. Sin embargo, en el cancer, este
proceso ordenado se altera; a medida que las células se hacen anormales, las células viejas o
dafadas sobreviven, cuando deberian morir, y células nuevas se forman cuando no son
necesarias. Estas células adicionales pueden dividirse sin interrupcion y pueden formar masas

que se llaman tumores.

El cancer es un padecimiento multifactorial, donde las causas de su desarrollo son el resultado
de la interaccion entre los factores genéticos del paciente y tres categorias de agentes

externos, a saber (www.cancer.gov, National Cancer Institute, NCI):

e Carcinogenos fisicos, como las radiaciones ultravioletas e ionizantes;

e Carcindgenos quimicos, como el amianto, los componentes del humo de tabaco, las
aflatoxinas (contaminantes de los alimentos) y el arsénico (contaminante del agua de
consumo), y

e Carcindgenos bioldgicos, como determinados virus, bacterias y parasitos.

Debido a que el cancer es causado por alteraciones en la expresion de un grupo de genes,
también se considera que el cancer es una enfermedad genética compleja causada
principalmente por factores ambientales que producen mutaciones que afectan a genes

implicados en el crecimiento y la proliferacion (Alison, 2011).



Desde hace varias décadas los tumores malignos se han posicionado en los primeros sitos
como causa de mortalidad a nivel mundial representando un gran desafio para las economias
y sistemas de salud. México no ha sido la excepcién, desde la década de 1960 el cancer se
ubicd entre las diez principales causas de muerte (Reynoso-Noveron et al., 2016), siendo en
1960 y 1970 el sexto motivo de mortalidad ascendiendo diez afios después al quinto puesto,
para 1990 ocupo la segunda posicion hasta 2004, periodo donde descendi6 un lugar, mismo
que ocupd hasta 2014, Unicamente por debajo de las enfermedades cardiacas y la diabetes
mellitus. Asi mismo, la mortalidad por neoplasias fue mayor en mujeres (13.97%) que en
hombres (10.74%). EI 43.7% de las muertes correspondieron a poblacion en edad productiva
(15-64 afos) y 54.4% a poblacion adulta mayor (65 afios o mas). Tumores como los
provenientes de prostata, trdquea, bronquios, pulmon y estdmago son los que mas afectan al
género masculino representando 36.1% de los fallecimientos; mientras que los cancer de
mama Yy cervicouterino constituyen el 25.7% de las defunciones en lo que se refiere a
poblacion femenina (Arrieta et al., 2015). En comparacion con las cifras a nivel mundial,
México parece tener bajas tasas de mortalidad anual por cancer, considerando a toda la
poblacion (70 por 100 mil habitantes), siendo de las tasas mas bajas del continente americano.
Sin embargo, se ha estimado que las transiciones y estilos de vida llevaran al incremento de
mortalidad por neoplasias en los préximos afos, llegando a tasas superiores a las observadas
en Europa (mayores de 200 por 100 mil habitantes) (Karimkhani et al., 2017). Segun la OMS
las proyecciones de muertes por neoplasias a nivel mundial indican que del 2007 a 2030 la
mortalidad aumentard en 45%, pasando de 8 millones a 11.5; ademas, tumores de mama,
prostata y pulmdén, son los de mayor impacto tanto en paises desarrollados como en vias de
desarrollo (Silva, 1999). Sin embargo, en paises desarrollados el cancer colorrectal es la
segunda causa de muerte en mujeres, a diferencia de paises en vias de desarrollo, como es el
caso de Mexico, donde el cancer cervicouterino (CCU) ocupa esta posicion (Ferlay et al.,
2015). A nivel mundial, el CCU es el cuarto cancer mas frecuente en la mujer (Lin et al,
2016). Se calcula que en 2018 hubo 570 000 nuevos casos, que representaron el 7.5% de la
mortalidad femenina por cancer. De las aproximadamente 311 000 defunciones por CCU que
se registran cada afio, mas del 85% se producen en las regiones menos desarrolladas (who.int,

Organizacion Mundial de la Salud, OMS). En México, entre el periodo comprendido en los



afos 2000 al 2010, se reportaron 82 090 nuevos casos de cancer cervicouterino, dentro de los
cuales se registraron 46 173 muertes (Anaya-Ruiz et al., 2014).

Como se puede observar, la mortalidad por tumores malignos presenta un comportamiento
ascendente lo que conlleva una carga econémico-social para el sistema de salud, para los
pacientes y sus familias (Kuri-Morales, 2011; Rios et al., 2015). EI control del cancer
requiere un esfuerzo integral; México tiene el reto de mejorar el sistema de informacién en
salud, asi como la inversion en equipos e infraestructura para su correcto diagnostico y

tratamiento.

1.1.1. Aspectos moleculares del cancer

Los cambios genéticos que contribuyen al desarrollo del cancer tienden a afectar en tres
tipos principales de genes, los proto-oncogenes, genes supresores de tumores y genes
reparadores del ADN (Vogelstein et al., 2004; Cullen, 2002).

Los proto-oncogenes regulan el crecimiento y division celular normal. Sin embargo, cuando
hay mutaciones en dichos genes, se potencian sus actividades provocando el crecimiento de
las células, convirtiéndose en genes causantes de cancer (u oncogenes), al permitir a las
células crecer y sobrevivivir (Campbell et al.,2012). Por otra parte, cambios 0 mutaciones
genéticos que inactivan los genes supresores de tumores liberan a la célula de las
limitaciones impuestas por dichos genes, promoviendo la division de la célula sin control.
Estas dos alteraciones, la activacion de proto-oncognes e inactivacion de genes supresores
de tumores son comUnmente detectados en el genoma de las células tumorales. Los
supresores de tumores mas estudiados codifican a las proteinas Rb (asociada a
retinoblastoma) y TP53 (Weinberg, 1991), los cuales funcionan como nodos de control
central que rigen las decisiones de las células ya sea para proliferar o activar programas de
senescencia y apoptosis, respectivamente (Hanahan et al., 2011).

Los genes reparadores del ADN son aquellos encargados de corregir los posibles errores
producidos en la replicacién y de reparar las alteraciones producidas por cualquier agente
mutagénico, ademas de que estdn involucrados en procesos como la segregacion

cromosomal. Si alguno de estos genes no funciona, aparecen multiples mutaciones en el



genoma que acaban afectando a los dos tipos anteriores, desencadenando procesos tumorales
(Wood et al., 2006).

1.1.2. Caracteristicas distintivas del cancer

A pesar de la gran diversidad y plasticidad de las células cancerosas, se han establecido una

serie de caracteristicas distintivas comunes a todos los tipos de cancer, las llamadas “marcas”

del céncer, que se definen como capacidades que van adquiriendo las células a medida que

evolucionan desde células normales a células tumorales (Figura 3), las cuales en conjunto

constituyen un principio de organizacion celular; cada uno de estos cambios fisiologicos

representa un mecanismo de defensa exitoso para el cancer (Hanahan et al., 2011). Algunas

de las caracteristicas se mencionan a continuacion:

1.-Inestabilidad genética y mutaciones.- La acumulacion de mutaciones puede acelerar o
comprometer la supervivencia de las células ya que normalmente se monitorea su integridad
gendmica y si es el caso, se fuerza a las celulas dafiadas a entrar en procesos de senescencia
0 apoptosis; la adquisicion de maltiples habilidades de las celulas cancerosas depende en
gran parte de una sucesion de alteraciones en el genoma, por ejemplo, la inactivacion de
genes supresores de tumores (Berdasco et al., 2010) como lo es TP53, el cual es Ilamado el
“guardian del genoma”(Lane, 1992). El desarrollo de una alta inestabilidad genética genera
un gran nimero de mutaciones, incluyendo rearreglos cromosomales, los cuales podrian ser

los orquestadores de las “caracteristicas distintivas del cancer”.

2.-Promocion de la inflamacion.- Las células cancerosas asociadas a una respuesta
inflamatoria tiene un efecto paraddjico en donde gracias a esta respuesta inflamatoria se
incrementa la tumorogénesis y progresion del cancer a través del suministro de biomoléculas
al microambiente tumoral, como factores de crecimiento que sustentan la sefalizacion
proliferativa (DeNardo et al., 2010), factores proangiogénicos (Grivennikov et al., 2010),
modificacion de enzimas de la matrix-extracelular que facilitan la angiogénesis, invasion y
metastasis; induciendo la activacion de transicion epitelio-meséngquima y otras vias de

sefializacién que coadyuvan las caracteristicas distintivas del cancer.
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3.-Desregulacion del metabolismo energético.- La proliferacién celular sin control,
representa la esencia del desarrollo del cancer, en donde no sélo se ha perdido el control de
la proliferacion celular, sino que también ha ocurrido un cambio en el metabolismo
energético para brindar la suficiente energia para el crecimiento y division celular. Bajo
condiciones anaerdbicas, se favorece la glucdlisis y se envia relativamente poco piruvato a
las mitocondrias. Otto Warburg observd una caracteristica anémala en el metabolismo
energético de las células cancerosas (Warburg, 1930), que consta en que limitan su
metabolismo energético en gran medida a la glucdlisis, incluso en ausencia de oxigeno; las
células cancerosas pueden reprogramar el metabolismo de la glucosa, y, por lo tanto, su
produccion de energia, lo que lleva a un estado que se ha denominado “glucolisis

anaerdbica”.

4.-Evasion del sistema inmune.- Las células del sistema inmune reconocen y eliminan
células y tejidos dafiados asi como células cancerosas incipientes o de tumores nacientes.
Lamentablemente, de alguna manera los tumores evitan ser detectados por el sistema inmune,
evitando asi ser eliminados. Este hecho parece estar relacionado con el sistema

inmunocomprometido del paciente (Vajdic et al., 2009).

5.-Resistencia a la muerte celular.- La muerte por apoptosis es un proceso homeostatico
fundamental para mantener regulada la poblacion de células en los tejidos; se lleva a cabo
cuando las células estan dafiadas, especialmente cuando el dafio afecta al ADN (Hengartner
et al., 1994). Los mecanismos de apoptosis son altamente complejos y sofisticados e
involucran una cascada de eventos moleculares que son dependientes de energia. Existen dos
principales vias que desencadenan la apoptosis: La via extrinseca o via de receptores de
muerte y la via intrinseca o via mitocondrial (EImore, 2007). Sin embargo, las dos vias estan
ligadas y las moléculas en una via pueden influenciar a las otras (Igney et al., 2002). Existe
una amplia variedad de estimulos y condiciones, tanto a nivel fisiolégico como patolégico,
que pueden desencadenar la apoptosis, no todas las células necesariamente mueren en
respuesta al mismo estimulo (Kerr, 2002); una de las ventajas de que se logre que células
cancerosas de un tumor sean enviadas a muerte celular programada por apoptosis es que las
células seran fagocitadas por macréfagos, de esta manera son eliminadaas del tejido, sin

causar una respuesta inflamatoria (Kurosaka et al., 2003).
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Figura 1. Caracteristicas distintivas que permiten el desarrollo del cancer

Posibles blancos terapedticos (Modificada de Hanahan et al., 2011).

6.-Mantenimiento de sefializacion proliferativa.- Dentro de las caracteristicas distintivas
de las células cancerosas se encuentra su habilidad para mantener una proliferacion constante
(Zhu et al.,2019). Los tejidos normales controlan cuidadosamente la proliferacion a través de
la produccidn y liberacion de sefiales promotoras del crecimiento que instruyen la progresion
del ciclo celular, asegurando la homeostasis del nimero de células y, por lo tanto, el
mantenimiento de la arquitectura y funcion normal del tejido. Por el contrario, las células
cancerosas desregulan la sefializacion instruyendo a la progresion del ciclo celular constante,
sin tomar en cuenta la homeostasis del nimero de células (Dai, et al.,2013). Las sefiales que
activan la proliferacion son transmitidas en gran parte por factores de crecimiento que se
unen a los receptores de la superficie celular que tipicamente contienen dominios

intracelulares de tirosina cinasa.
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Estos Gltimos emiten sefiales a través de vias de sefializacion intracelulares que regulan la
progresion del ciclo celular; a menudo estas sefiales influyen otras propiedades biol6gicas
como supervivencia celular y metabolismo energético (Almendro et al.,2010).

Las células cancerosas pueden adquirir la capacidad de mantener la sefializacion proliferativa
de formas alternas, ya sea mendiante la produccion de sus propios ligandos de factores de
crecimiento, a los que pueden responder mediante la expresion de receptores afines, lo que

resulta en la estimulacion proliferativa autocrina (Bhowmick et al., 2004).

El estudio de las “caracteristicas distintivas del cdncer” brinda la oportunidad de identificar
las alteraciones que permiten crecer a las células cancerosas, en este caso las vias de
sefalizacion y sus moleculas; existen varias moléculas que se encuentran en puntos control
para regular las vias de sefializacion a los que se les conoce como biomarcadores del fenotipo
canceroso, su estudio permite disefiar nuevas terapias especificas (Figura 3), siendo estos

biomarcadores los posibles blancos terapéuticos.

1.1.3. Cancer cervicouterino

El cancer cervicouterino es una alteracion celular que se origina en el epitelio del cérvix
manifestandose inicialmente a través de lesiones precursoras de lenta y progresiva evolucion,
las cuales progresan a un cancer in situ (confinado a la superficie epitelial) o un cancer
invasor, en donde las celulas con transformacion maligna traspasan la membrana basal
(Woodman et al., 2007).

El virus del papiloma humano (VPH) es el agente etioldgico en el desarrollo del cancer
cervical. Sin embargo, no todas las mujeres infectadas con el VPH desarrollan cancer
cervicouterino, indicando que otros factores como alteraciones en oncogenes celulares, junto
con una respuesta inmune inadecuada del hospedero (Chelimo et al., 2013) también estan

involucrados en la carcinogénesis cervical.

El desarrollo del cancer cervicouterino es precedido por una serie de anomalias celulares
caracterizadas citoldgica e histolégicamente por variaciones en la maduracion del citoplasma
e irregularidades nucleares. La enfermedad comienza como una proliferacion atipica de las

células epiteliales que invaden el espesor del epitelio y degeneran en lesiones mas graves
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hasta invadir el estroma. La progresion de una lesién precancerosa del cuello uterino
involucra varios eventos: la exposicién a un VPH de alto riesgo (VPH-AR) produce una
infeccion inicial del epitelio escamoso en la zona de transformacion, seguido por alteraciones

morfoldgicas y bioldgicas de las células infectadas por el VPH (Figura 2).

Cérvix Lesidon escamosa Cancer
. T
Bajo grado Alto grado

Neoplasia intraepitelial _
Gradol = Grado2 = Grado3 '

\
\\ "T_‘,.g, !’.2
L P

Particulas virales mfecuosas /

Epitelio escamoso
. o |- °
Zona superficial 5

Zona media

Capa basal
Membrana basal
de la dermis

= Nucleo con ADN viral
™  Nucleo con ADN viral
= Nucleo normal

Figura 2. Desarrollo del cancer cervicouterino

El VPH ingresa a las células basales a través de micro abrasiones en el epitelio del cuello uterino. Después de la infeccion,
los genes tempranos del VPH E1, E2, E4, E5, E6 y E7 se expresan en las células infectadas, el genoma viral se mantiene
de forma episomal (nucleos de color morado). En las capas superiores del epitelio (Ia zona media y la zona superficial), el
genoma viral se replica con mayor intensidad, y los genes tardios L1, L2, y E4 se expresan. La ruptura de la capside permite
la liberacion del genoma viral, la formacion de nuevos viriones y el inicio de una nueva infeccion. Las lesiones escamosas
intraepiteliales de bajo grado (LEIBG) se caracterizan por una replicacion viral productiva. Un nimero desconocido de
infecciones por VPH-AR progresan a neoplasia intraepitelial cervical de alto grado. La progresion de las lesiones tratadas
a cancer microinvasor e invasivo se asocia con la integracion del genoma del VPH en los cromosomas del hospedero
(ndcleos rojos), con la consiguiente pérdida o interrupcion de E2, y la sobreregulacion posterior de la expresion de los
oncogenes E6 y E7. Modificado de (Woodman et al., 2007).
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1.1.3.1. Biologia molecular del cancer cervicouterino

La integracion del genoma viral al genoma celular provoca la proliferacion de células
epiteliales atribuyéndose esta a la expresion de los oncogenes virales, E6 y E7 (Cullen et al.,
1991; Hopman et al., 2004). Las proteinas E6 estimulan la expresion de la subunidad
catalitica de la telomerasa, una ADN polimerasa dependiente de ARN que mantiene los
extremos cromosomales en las células somaticas proliferantes, provocando su
inmortalizacion (Gewin et al., 2001). La influencia de la actividad de la telomerasa y la
capacidad de las proteinas E6 y E7 de interferir con las funciones de p53 y pRb (proteina
Retinoblastoma), respectivamente, representan las bases para el desarrollo del CCU (Oh et
al., 2001; Veldman et al., 2001).

E6 se asocia con p53 (supresora de tumores) impidiendo la reparacion normal de mutaciones
en el genoma celular (Doorbar et al., 2006). Ademas, E6 se considera anti-apoptotica ya que
se asocia con Bak (Thomas et al., 1998) y Bax (Li et al., 2000), dicha asociacion permite que
se comprometa la eficacia de la respuesta al dafio en el ADN permitiendo la acumulacion de

mutaciones.

E7 se asocia con la proteina Rb (supresora de tumores) interrumpiendo la asociacion entre la
pRb y la familia de factores de transcripcion E2F; el cual posteriormente transactiva a las
proteinas celulares necesarias para la replicacion del ADN viral, como las ciclinas Ay E
(Figura 2). E7 también se asocia con otras proteinas implicadas en la proliferacion celular,
como los inhibidores p21 y p27 de las cinasas dependientes de ciclina (CDK) (Funk et al.,
1997); la capacidad de E7 para impulsar la proliferacion celular depende de los niveles de
p2ly p27. Altos niveles de p21 y p27 puede conducir a la formacion de complejos inactivos
con E7 y ciclina, resultando en el bloqueo de la progresion del ciclo celular; en el caso de las
células que expresan p21 y p27 a bajo nivel o que expresan suficiente E7 para superar el
blogueo a la progresion del ciclo celular progresan para desarrollar CCU (Noya et al., 2001)
(Figura 2).

15



Si bien el mecanismo oncogeénico inducido por el VPH se debe a la expresion conjunta de E6
y E7, existen otros factores que contribuyen al desarrollo carcinogénico entre los que
destacan la sobreexpresion, amplificacién o pérdida de funcion de genes.

El gen c-myc codifica para una proteina que actla como regulador transcripcional y se
encuentra amplificado en 32-34% de los canceres de cérvix, lo cual se traduciria en un
aumento en el crecimiento y division celular al inducir el paso de GO/G1 a S (Riou et al.,1987;
Bourhis et al., 1990). Otra familia de genes que esta involucrada en el desarrollo del cancer
es la familia Ras (K-ras, H-ras y N-ras). Ras codifica para una proteina (p21) que se localiza
en la parte interna de la membrana y que actla como un factor intercambiador de GTPasa.
Las mutaciones en miembros de la familia Ras son muy frecuentes y provocan aumento en
la capacidad de invasion y metastasis, asi como disminucion de la apoptosis. En cancer
cervical se han encontrado mutaciones en K-ras y H-ras del 10 al 15% (Dokianakis et
al.,1998).

Otro gen supresor de tumores es el inhibidor de la apoptosis bcl-2 que se encuentra sobre
expresado en linfomas y tumores epiteliales (Krajewski et al., 1993). Debido a la funcion de
inhibir la apoptosis, la sobrexpresion de bcl-2 conlleva a la supervivencia celular y ha sido
asociada con un fenotipo menos maligno. Dos estudios revelaron la sobrexpresion de bcl-2
en cancer cervical en 61-63% Yy, en ambos casos, estuvo relacionado a una mayor
supervivencia celular (Tjalma et al., 1997; Tjalma et al., 1998).

Ademas, la sobreexpresion o amplificacion de diversos receptores de factores de crecimiento
han sido implicados en el desarrollo del CCU. De manera particular, el receptor del factor de
crecimiento epidérmico (EGFR) y Her2/neu han sido estudiados en cancer cervical. El factor
de crecimiento epidérmico es un miembro de la familia de receptores ErbB, una subfamilia
relacionada con los receptores tirosina cinasa: EGFR (ErbB- 1), HER2/c-neu (ErbB-2), Her
3 (ErbB-3) y Her 4 (ErbB-4). EI EGFR se encuentra en la superficie celular y se activa
mediante la union de sus ligandos, incluidos el factor de crecimiento epidérmico y el factor
de crecimiento transformante alfa (TGFa) que inducen una cascada de transduccion de varias
sefales, principalmente la Akt, MAPK vy las vias de JNK, que conducen a diversos procesos
celulares como la proliferacion, adhesion y migracion celular.
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La sobreexpresion de EGFR usualmente esté relacionada con la amplificacion de su gen, y
confiere una ventaja de crecimiento a las células. Este receptor se encuentra sobre expresado
en una gran proporcion de cancer cervicouterino (Lakshmi et al., 1997). Ademas, el factor
de crecimiento derivado de plaquetas (PDGF) es un fuerte estimulante para la formacién de
capilares sanguineos y también ha sido asociado al desarrollo de cancer cervicouterino
debido a que sus ligandos se encuentran frecuentemente expresados en lineas celulares
derivadas de CCU (Taja-Chayeb et al., 2006).

1.1.4. Tratamientos convencionales contra el cancer

El diagndstico correcto del cancer es esencial para poder prescribir un tratamiento adecuado
y eficaz, porque cada tipo de cancer requiere un protocolo de tratamiento especifico que
puede abarcar una o mas modalidades, tales como la cirugia, la radioterapia y la
quimioterapia:

Cirugia
Consiste en la extirpacion quirdrgica completa de un tumor solido, en donde también se
extrae una parte del tejido sano que rodea el tumor para garantizar que no queden remanentes
de tumor que puedan seguir desarrollandose.

Radioterapia
Mediante el uso de radiaciones de alta energia como los rayos X, rayos gamma, haces de
electrones o protones que pueden causar dafio a las células cancerosas retrasando su division
0 eliminandolas por completo. Generalmente es un tratamiento de aplicacion local, sin
embargo, puede administrarse de diferentes maneras, por ejemplo; radiacion externa donde
se usa una maquina que dirige los rayos desde fuera del cuerpo hacia el tumor; la radiacion
interna o braquiterapia en donde se coloca una fuente de radiacion dentro o cerca del tumor
en el cuerpo y; la radiacién sistémica que administra medicamentos radiactivos via oral o

intravenosa.
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Quimioterapia
Consiste en el uso de medicamentos para tratar cualquier enfermedad de manera sistémica.
Actualmente se usan mas de 100 medicamentos en el tratamiento contra el cancer. Estos son
diferentes en su composicion quimica, administracion y efecto y acttan sobre las células
cancerosas en diferentes etapas del ciclo celular. Algunos ejemplos de quimioterapéuticos
comunmente empleados para tratar el cancer cervicouterino son Topotecan, Paclitaxel,
Vinorelbina, Gemcitabina, entre otros (Monk et al., 2009).
El problema de la radiacion y la quimioterapia es que suelen ser altamente toxicos con un
amplio espectro de efectos secundarios (ej. anemia, alopecia, infertilidad, delirio, diarrea,
dolor, edema, fatiga y nauseas) debido a que no son especificos, actuando en cualquier célula
prolifica, sin diferenciar una célula sana de una maligna (Miller et al., 2019).
En la mayoria de los casos de cancer se han encontrado multiples alteraciones genéticas que
los hacen dificiles de tratar con un solo tipo de farmaco. Dependiendo del mecanismo del
efecto anticanceroso, los farmacos pueden ser categorizados como citotdxicos y citostaticos.
Diversos tipos de farmacos han sido investigados para la terapia contra el cancer, en el que
sus blancos de accion incluyen genes, citocinas, anticuerpos y proteinas (Lengauer et al.,
1998). Un ejemplo de ello son las tirosina cinasas, las cuales estan frecuentemente
desreguladas en células cancerosas, haciéndolos blancos terapéuticos atractivos; dentro de
este contexto, el farmaco Wortmannin, un metabolito fungico, es un potente inhibidor de la
cinasa P13-K (West, et al., 2002). Por el hecho de que Wortmannin es inestable en soluciones
acuosas se necesitan desarrollar derivados mas estables. Otro ejemplo es el St1571, el cual es
un inhibidor de Akt que causa desregulacion transcripcional de las proteinas antiapoptoticas
Bcl-2 y c-1AP in vitro (West et al., 2002).
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1.2. Mecanismos de muerte celular
Es de suma importancia caracterizar las vias involucradas en la muerte celular para poder

entender las patologias que se presentan en el cancer. Existen dos mecanismos principales de
muerte, la necrosis y la apoptosis. Aunque, en realidad, el espectro bioldgico de los tipos de

muerte es mucho mas diverso como se describe abajo.

1.2.1. Necrosis
La necrosis es un tipo de muerte celular resultante de perturbaciones ambientales, se refiere

a un proceso degradativo en el que la célula sufre cambios morfolégicos como son formacion
de vacuolas citoplasmaticas, ruptura de la mitocondria, disgregacion de los ribosomas y
ruptura de los lisosomas con la posterior ruptura de la membrana celular (Fink et al., 2005).
Esta pérdida de integridad de la membrana hace que se libere el contenido citoplasmatico a
la células vecinas, con lo que eventualmente se desencadena una respuesta inflamatoria en el
tejido (Elmore, 2007).
1.2.2. Necroptosis

Desde el punto de vista morfologico se asemeja a la necrosis, ya que ambas se caracterizan
por edema de la célula y los organulos, liberacién de enzimas lisosomicas y, en ultimo
término, rotura de la membrana plasmatica. El proceso de necroptosis se inicia de manera
similar a la forma extrinseca de apoptosis, es decir, por la unié de un ligando a su receptor
(TNFR1) (Holler et al., 2000). En la necroptosis intervienen al menos dos cinasas, llamadas
cinasas asociadas a receptores 1y 3 (RIP1 Y RIP3) las cuales son reclutadas por el TNFR1
desencadendndose la permeabilizacion de membranas lisosomicas, generacion de especies

reactivas de oxigeno y afectacion mitocondrial (Christofferson et al., 2010).

1.2.3. Autofagia
El término autofagia fue introducido por De Duve y Wattiaux (1966), quienes definieron el

proceso de vacuolizacion para el transporte del material intracelular a los lisosomas para su
degradacion. En estados de carencia de nutrientes, la célula desnutrida sobrevive
canibalizandose a si misma y reciclando el contenido digerido. La autofagia interviene en

diversos estados fisioldgicos (ej. ejercicio y envejecimiento) y en procesos patolégicos (Chen
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et al., 2016). En este proceso, los organelos intracelulares y porciones del citosol son
primeramente secuestrados del citoplasma en vacuolas autofagicas formada por regiones del
reticulo endoplasmatico rugoso libres de ribosomas, en donde ocurre elongacion de la
vesicula, maduracion del autofagosoma, fusion de éste con los lisosomas, y por dltimo
degradacion del contenido. Se han identificado méas de una docena de genes relacionados con
la autofagia; llamados Atg, cuyos productos son necesarios para formar el autofagosoma
(Edinger et al., 2004; Yao et al., 2015).

1.2.4. Piroptosis
A diferencia de la apoptosis que inhibe la respuesta inflamatoria, la piroptosis es un tipo de

muerte celular proinflamatoria, la cual depende de la caspasa 1, y no esta involucrada en la
muerte celular apoptdtica. Una funcion importante de la caspasa 1 es el procesamiento de las
proformas de citocinas inflamatorias IL-1f3 e IL-18 a sus formas activas (Maltez et al., 2015).
Se ha visto la participacion de la caspasa 1 durante la muerte celular en los sistemas
inmunoldgico, nervioso central y cardiovascular (Liu et al., 2017; Fink et al., 2005).
1.2.5. Apoptosis

Kerr et al. en 1972 propusieron el término “apoptosis” (en griego “caida de hojas™), que se
refiere al cardcter “secuencial y ordenado” de este proceso, para describir una forma
morfologicamente distinta de muerte celular, con caracteristicas bioquimicas y genéticas

especificas.

La muerte por apoptosis es un proceso homeostatico fundamental para mantener regulada la
poblacion de células en los tejidos. Asi mismo, la apoptosis ocurre cuando las células estan
dafiadas sin remision, especialmente cuando el dafio afecta a su ADN (Hengartner et al.,
1994). Existe una amplia variedad de estimulos y condiciones, tanto a nivel fisiol6gico como
patolégico, que pueden desencadenar la apoptosis, y no todas las células mueren

necesariamente en respuesta al mismo estimulo (Kerr et al., 2002).

Desde el punto de vista morfologico, las células apoptoticas se caracterizan por la contraccién
celular, la ruptura de las uniones celulares por desmosomas, el incremento de la condensacion
del citoplasma, aparecen pequefias evaginaciones esféricas surgidas a partir de la membrana
que se denominan “blebs”, se condensa la cromatina en la periferia del nicleo, la posterior

fragmentacién del mismo, el hinchamiento del reticulo endoplasmatico y de las mitocondrias
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y, finalmente, la formacion de cuerpos apoptéticos que serén fagocitados por macrofagos, de
esta manera los cuerpos apdptoticos son eliminados del tejido, sin causar una respuesta
inflamatoria. Estos cambios morfoldgicos son una consecuencia de los eventos bioquimicos

que ocurren dentro de una célula apoptotica (Evan et al., 1998; Kurosaka et al., 2003).

Las caracteristicas bioquimicas méas destacadas de la apoptosis son: la activacion de unas
proteasas denominadas caspasas, la ruptura de ADN en fragmentos oligonucleosomales, el
desacoplamiento de la cadena de transporte electronico, generacion de radicales libres, la
disminucién del potencial de membrana mitocondrial y la pérdida de la asimetria de la
membrana citoplasmatica, exponiéndose la fosfatidilserina en la superficie celular. El punto
de no regreso en la apoptosis es cuando las caspasas comienzan a ser enzimaticamente activas

uniéndose a sus proteinas blanco (las ejecutoras de la apoptosis) (Hengartner, 2000).

Los mecanismos de apoptosis son complejos y sofisticados, e involucran una cascada de
eventos moleculares que son dependientes de energia. Existen dos vias principales de
apoptosis: La via extrinseca o via de receptores de muerte y la via intrinseca o via
mitocondrial (EImore, 2007). Sin embargo, las dos vias estan ligadas y las moléculas en una

via pueden influenciar a otras (Igney et al., 2002).

1.2.5.1. Caspasas
Las caspasas (proteasas especificas de aspartato dependiente de cisteina) son una familia de

proteasas que contienen cisteina en sus sitios activos. Desde el descubrimiento de la primer
caspasa en 1993, se han identificado al menos 10 caspasas en humanos. Todas las caspasas
se unen especificamente justo en el carbono terminal del acido aspartico. En la célula existen
en forma de zimdgenos que necesitan activacion proteolitica para desencadenar la apoptosis
(Fisher, 1994).

Las diez caspasas humanas (caspasas 2, 8, 9, 10, 3, 6, 7, 1, 4 y 5) identificadas han sido
categorizadas como iniciadoras (caspasas 2, 8, 9, 10), las cuales tienen un pro dominio largo;
las caspasas 8 y 10 poseen un dominio de muerte (DED) y un dominio de reclutamiento
(CARD); en el caso de las caspasas 9 y 2, éstas son reclutadas por este pro dominio para

luego ser activadas en complejos por la accién de un ligando en los receptores de muerte en
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la superficie celular (Elmore, 2007). Las caspasas efectoras (3, 6, 7) tienen un pro dominio
corto al igual que las caspasas inflamatorias (1, 4, 5) (Cohen, 1997).

Se considera que la caspasa efectora 3 es la mas importante, ya que activa especificamente a
la endonucleasa CAD. En células normales CAD se encuentra en complejo con su inhibidor
ICAD. En células apoptdticas, la caspasa 3 en su forma activa se une a ICAD liberando a
CAD. Posteriormente, CAD degrada el ADN cromosomal y causa condensacion de la

cromatina (Sakahira et al., 1998).

1.2.5.2. Via extrinseca o mediada por receptor
La via extrinseca de la apoptosis se origina con los receptores pertenecientes a la familia de

los receptores del factor de necrosis tumoral (TNF), una superfamilia de genes que incluyen
FAS/CD95, TNF-R1, DR-3, TRAIL-R1, TRAIL-R2, DR-6, EDA-R, DF-5 y p75NTR,
denominados genéricamente receptores de muerte (DR). Esta familia de receptores presentan
dominios extracelulares con motivos ricos en cisteina, una region transmembrana y una cola
intracitoplasmatica en la que destaca el dominio de muerte (DD) que le permite reconocer a
su ligando con especificidad, dando como resultado la trimerizacién y activacion del
respectivo receptor de muerte (Naismith et al., 1998; Ashkenazi, 2002). Esta union, conlleva
a la interaccion de los DD con otros dominios DD presentes en proteinas adaptadoras como
FADD/MORT1 O TRADD (Chinnaiyan et al., 1995). Estas proteinas adaptadoras presentan
a su vez dominios efectores de muerte (DED) que interaccionan con los DED de la
procaspasa 8, generandose un complejo multimérico denominado complejo de la sefial
inductora de muerte (DISC), que permite la activacion de la procaspasa y desencadena el
comienzo de la apoptosis. Esta tltima, procesa la caspasa efectora 3 la cual subsecuentemente
ejecuta la muerte celular y las caracteristicas bioquimicas usualmente observadas (Figura 4)
(Kischkel et al., 1995).
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1.2.5.3. Via intrinseca o0 mediada por la mitocondria
En respuesta a sefiales apoptaticas, los miembros de la familia Bcl-2 alteran la permeabilidad

de la membrana mitocondrial. Estas proteinas son capaces de formar canales en la membrana
mitocondrial externa, produciendo cambios en el potencial de membrana mitocondrial,
liberacion de citocromo ¢ y produccion de especies reactivas de oxigeno (Salvesen et al.,
2002).

La via intrinseca o mediada por la mitocondria puede desencadenarse por varios factores
como el dafio al ADN, la hipoxia o la deprivacion de factores de crecimiento, y en esta via la
mitocondria desempefia un papel crucial. Estos desencadenantes modifican el equilibrio entre
miembros proapoptéticos (Bax o Bak) y antiapoptoticos (Bcl-2 o Bcl-x), se altera la
permeabilidad de la membrana mitocondrial y se liberan diversos factores proapoptoticos
como citocromo c, por lo que la proteina activadora de caspasas Apaf-1 se une al citocromo
c Yy, en presencia de ATP o dATP, promueve la activacion de la procaspasa 9 lo que

desencadena la activacion de otras caspasas efectoras como la caspasa 3 (Enari et al., 1998)

Ademas esta via involucra a la procaspasa 9, la cual es activada por eventos proapoptoticos
mitocondriales que forman el apoptosoma, el cual es un complejo proteico de sefial de muerte
dependiente de ATP, que se forma en el citosol debido a la liberacion de citocromo c desde
el espacio intermembranal de la membrana mitocondrial (Salvesen et al., 2002). En este caso,
es la dimerizacién de la procaspasa 9 en este complejo que da como resultado la activacion
de la caspasa 9 (Denault et al., 2002). Una vez que la caspasa iniciadora es activada, puede
activar proteoliticamente a caspasas efectoras como la procaspasa 3, la cual
subsecuentemente proteoliza a diferentes sustratos proteicos como ICAD, y de esta manera
amplifican la sefial de muerte que finaliza con la ejecucion de la muerte celular y sus

caracteristicas bioquimicas usualmente observadas (Earnshaw et al., 1999).

La apoptosis es un evento critico para proteger la homeostasis tisular que asegura el estado
de salud de los organismos, de manera que la supresion o sobreexpresion de la apoptosis esta
asociada con la presentacion de algunas enfermedades como el cancer (Bjorkerud et al., 1996;
Thatte et al., 1997). Dado que en muchos tumores malignos la apoptosis esta inhibida, la
mayoria de las células malignas muestran cambios en la expresion, mutacion o delecion de

oncogenes y genes supresores de tumores como: bcl-2, p53, ras, Akt. Otras, en el ligando de
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Fas y en los receptores TNF, o bien cambios en la actividad de las caspasas, lo que modifica
el programa genético de muerte (Cory et al., 1999).
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Figura 3. Vias de induccion de apoptosis

Via extrinseca: Se puede observar la activacion de receptores, asi como la unién de un ligando de muerte (FasL) a su
receptor especifico (Fas) en la superficie celular. Los ligandos de muerte son constitutivamente homotriméricos y la union
a sus receptores conduce a la formacion de un complejo homotrimérico minimo ligando-receptor, que recluta factores
citosdlicos, tales como FADD y procaspasa 8. Via intrinseca: En ausencia de un factor tréfico, se inhibe la actividad cinasa
de PI3K, que conduce a la inactivacion de la cinasa Akt corriente abajo, que a su vez inactiva a Bad evitandose la formacién
del complejo con la proteina 14-3-3, por lo que Bad se une a las proteinas antiapoptéticas Bcl-2 y Bel-xI, insertas en la
membrana mitocondrial. La union de Bad impide que las proteinas antiapoptéticas interactlen con Bax, una proteina
proapoptética unida a la membrana. Como consecuencia, Bax forma canales permitiendo la liberacién de citocromo ¢ al
citosol, donde se une a la proteina adaptadora Apaf-1 estimulando la cascada de caspasas e induciendo muerte celular.
Modificado de Marzban, et al., 2015.
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1.3. Vias de sefalizacion implicadas en cancer
El cancer es causado por alteraciones en grupos de genes, por lo tanto, se considera que el

cancer es una enfermedad genética compleja causada principalmente por mutaciones que
afectan a genes implicados en el crecimiento y proliferacion (Alison et al., 2001). En este
sentido, las sefiales supresoras de tumores y oncogénicas que estan principalmente
involucradas son PI3K, Akt, Ras, Raf, TRK, NF1, LKN1, PTEN, p53, TSC1 y TSC2
(Laplante et al., 2012; Borders et al., 2010) (Figura 5).
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Figura 4. Nodos de sefializacion clave que regulan mTORC1 y mTORC2

En esta figura, las proteinas representadas en rojo son oncogenes, y las de color verde son supresores de tumores. Modificado
de Laplante et al., 2012.
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Los andlisis de secuenciacion de genomas de células cancerosas han revelado mutaciones
somaticas en varios tipos de cancer, que predicen la activacion constitutiva de circuitos de
sefializacidn y esta activacion es generalmente desencadenada por la activacion de factores
de crecimiento; por ejemplo, se han encontrado en distintos tipos de tumores mutaciones en
la subunidad catalitica de las isoformas de fosfoinositol 3-cinasa (P13K), lo que resulta en la
hiperactivacion de la via de sefializacion PI3K, asi como de la via de sefializacion
PI3K/Akt/mTOR (Ren et al., 2009; Yuan et al., 2008).
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1.3.1. Via de sefnalizacion PI3K/Akt/mTOR
La via PI3K/Akt/mTOR regula diversos procesos celulares por lo que estd implicada en un

gran nimero de condiciones patoldgicas, incluyendo obesidad, diabetes, neurodegeneracion
y cancer (Laplante et al., 2012). Se activa por diversas sefiales extracelulares, como factores
de crecimiento (IGF-1, PDGF, IRS-1) que ejercen su accion a través de receptores con
actividad de tirosina cinasa (RTKSs) y otros, como PKC, SHP1, Rac, Rho y Src (Jiang et al.,
2008). PI3K consta de dos subunidades; la subunidad regulatoria p85 y la subunidad
catalitica p110. Cuando p85 es reclutada en la membrana, se une a p110 y cataliza la sintesis
de PIP3, que se une a proteinas como Akt. Una vez en la membrana, Akt sufre un cambio
conformacional que facilita la fosforilacion en Thr308 por PDK1 y en Ser473 por mTORC2,
para su completa activacion (Toker, 2012). Una vez activada, AKT se trasloca al citoplasma
y nucleo, donde ejerce sus funciones a través de numerosos efectores como GSK3p, PRAS40
elF4E, TSC2, mTOR (mammalian Target of Rapamycin), entre otros (Hers et al. 2011)
(Figura 6).

La rapamicina se descubrio inicialmente como un metabolito antimicético producido por
Streptomices hygroscopicus a partir de una muestra de suelo de la isla Rapa Nui.
Posteriormente, se descubrié que la rapamicina posee propiedades inmunosupresoras y
antiproliferativas en células de mamiferos, lo que produjo un interés en identificar el modo
de accion de la rapamicina. A principios de la década de 1990, el analisis genético de células
de levadura en gemacion identifico los genes TOR1 y TOR2 como mediadores de los efectos
toxicos de la rapamicina en levadura (Cafferkey et al., 1993; Kunz et al., 1993).
Posteriormente, se aislo e identific6 mTOR en células animales como la diana molecular de
la rapamicina (Laplante et al., 2012).

mMTOR es una serina/treonina cinasa, que se considera como el regulador maestro del
metabolismo celular pertenece a la familia de las cinasas relacionadas con la PI3K e
interactlia con varias proteinas para formar dos complejos distintos denominados mTOR
complejo 1 (mTORC1) y 2 (mMTORC2). Cada uno de los complejos de mTOR contiene
multiples proteinas accesorias (MLST8, DEPTOR, y el complejo Ttil/Tel2 existen en ambos
complejos, mMTORC1 y mTORC2; por otra parte, RAPTOR y PRAS40 pertenecen a
MTORCL1, mientras que RICTOR, mSinl, y PROCTORL1/2 pertenecena mTORC?2). Los dos

27



complejos de cinasas tienen sustratos especificos, y por lo tanto desencadenan distintos
eventos de sefializacién para modular funciones celulares (Laplante et al., 2012) (Figura 6).
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Figura 5. Via de sefalizacion PI3K/Akt/mTOR

Esta via se encuentra desregulada en muchos tipos de céncer, incluido el cancer cervicouterino, ya sea a través de a)
Estimulacidn directa de los receptores de factores de crecimiento y sus ligandos, b) Activacidn indirecta a través de la via
Ras y ¢) Activacidn via intrinseca por alteraciones genéticas en PI3K, Akt, o por pérdida de funcion del supresor de tumores
PTEN. En color verde se sefiala la activacion de la via PI3K mediante los RTK/ligandos o indirectamente mediante la via
Ras. En color rojo se sefiala la activacion intrinseca de la via que se lleva a cabo por las mutaciones de PI3K en p110
(PIK3CA) o0 p85 (PIK3R), mutaciones de Akt o por pérdida de PTEN. Modificado de Leary et al., 2013.
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Una caracteristica notable de mTORC1 es el numero y la diversidad de las sefiales
ascendentes que detecta; la via mTORCL integra al menos cinco sefiales extracelulares
principalmente (factores de crecimiento, nutrientes (aminoécidos), estres, estado energético,
y oxigeno) para controlar procesos importantes, que incluyen la sintesis de proteinas, lipidos
y la autofagia.

Estrés

/

Factores de
crecimiento

Aminoacidos

mTOR \
\ Metabolismo / l Supervivencia
Sintesis de / \ celular
proteinas Organizacion del
Autofagia Progresion |citoesque|eto
de ciclo

Rapamicina

@ — 7 - J- I I —
D

Repeticiones Repeticiones Dominio FAT Dominio Dominio Dominio
HEAT HEAT FRB cinasa EATC

Figura 6. Complejos mTORC1 y mTORC2

Descripcion de las abreviaciones: Dominio FAT, dominio terminal carboxi FAT; dominio FATC, dominio FRAP-ATM-
TTRAP, dominio FRB, FKBP12-dominio de union a rapamicina; repeticiones HEAT, Factor de Elongacion 3 Huntingtin
subunidad A de repeticiones PP2A-TOR1 Modificado de (Laplante et al., 2012).

1.3.2. mTORC1 en respuesta a factores de crecimiento
El heterodimero formado por TSC1 y TSC2 (esclerosis tuberosa 1, también conocida como

Hamartina y esclerosis tuberosa 2 como Tuberina) es el regulador negativo mas importante
de mTORCL1 (Inoki et al., 2002); su desregulacion causa desarrollo de tumores en varios

tejidos como angiofibromas, angiomiolipomas, y carcinoma de células renales. La pérdida
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de funcidén en las mutaciones ya sea de TSC1 o TSC2 provocan una activacion constitutiva
de mTORC1, el cual contribuye al crecimiento incontrolado de las células (Astrinidis et al.,
2005).

El complejo TSC1/2 transmite muchas de las sefiales ascendentes que afectan a mTORC1,
incluidos factores de crecimiento, como la insulina, y el factor de crecimiento similar a la
insulina 1 (IGF1), que estimulan las vias de PI3K y Ras. Algunas de las cinasas efectoras de
esta via son, la proteina cinasa B (Akt/PKB), la cinasa ERK 1/2 (Extracellular signal
Regulated Kinase 1/2) y la cinasa ribosomal S6 (RSK1), las cuales fosforilan directamente
el complejo TSC1/TSC2 para inactivarlo y asi activar a mTORC1 (Manning et al., 2002; Ma
et al., 2005). Akt fosforila directamente e inhibe a TSC1/2, una proteina activada por GTPasa
de Rheb (Ras homolog enriched in brain) (Potter et al., 2002). La fosforilacion dependiente
de Akt resulta en la disociacion del complejo TSC1/TSC2 del lisosoma, donde se localiza
Rheb, promoviendo su activacion. Cuando Rheb se une a GTP es un potente activador de
MTORCL, por lo que la inhibicion de TSC1/2 por Akt dependiente de la fosforilacion resulta
en la activacion de mTOR. Adicionalmente, Akt fosforila directamente a PRAS40, un
componente de mTOR que regula negativamente la actividad cinasa del complejo,
permitiendo la activacion de mTORCL1 (Inoki et al., 2003; Tee et al., 2003). Las citocinas
proinflamatorias, como el factor de necrosis tumoral o (TNF a), activan mTORCI a través
de un mecanismo conceptualmente similar a los factores de crecimiento, ya que la cinasa IkB
B (IKK B) fosforila a TSC1, causando la inhibicién de TSC1/2 (Lee et al., 2007).

1.3.3. mTORC1 en respuesta a aminoacidos

Los aminoéacidos, en particular la leucina y arginina, también activan mTORC1. Aunque, los
aminodacidos actuan independientemente de TSC1/2, el mecanismo molecular a través del
cual mTORC1 detecta los aminoacidos intracelulares es a través de las Rag GTPasas (Kim
et al., 2003). Los mamiferos tienen cuatro proteinas Rag, RagA, RagB, RagC y RagD, los
cuales forman heterodimeros entre ellos; los dos miembros de heterodimeros parecen tener
estados de carga de nucle6tidos opuestos, ya que cuando RagA/B se une a GTP, RagC/D se
une al GDP y viceversa. A través de un mecanismo desconocido, los aminoacidos promueven

la union de RagA/B con GTP, lo que permite que el heterodimero interactie con el
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componente raptor de mTORCL1 (Sancak et al., 2008). Esta interaccion da como resultado la
translocacion de mTORC1 de una ubicacién citoplasmaética a la superficie lisosomal, donde
las Rag GTPasas se acoplan en un complejo de subunidades multiples llamado Ragulator,
dicho complejo es esencial para la activacion de mTORC1 por amino&cidos.

1.3.4. mTORCI1 en condiciones de estrés
Algunos de los factores de estrés, como los niveles bajos de energia y oxigeno, o el dafio del
ADN también acttan a través del complejo TSC1/2 sobre mTORCL1. De este modo, la
proteina cinasa activada por monofosfato de adenosina (AMPK), en respuesta a la hipoxia o
a un estado de baja energia, fosforila TSC2 y aumenta su actividad GAP hacia Rheb. Al igual
que Akt, AMPK también se comunica directamente con mTORC1, fosforilando a Raptor, lo
que lleva a la unién de la proteina 14-3-3 y la consecuente inhibicion de mTORC1 (Gwinn
et al., 2008). El dafio al ADN induce la expresion de TSC2 y PTEN (del inglés, Phosphatase
and tensin homolog deleted on chromosome 10), causando la infraregulacion de todo el eje
PI3K-mTORCL1, activandose la via AMPK a través de un mecanismo dependiente de Sestrin
1/2 (Stambolic, et al., 2001).

1.3.5. mTORCI1 en el estado energético celular
mTORCL1 tambiéen regula el metabolismo celular y produccion de ATP, ya que aumenta el
flujo glucolitico al activar la transcripcion y la traduccion de HIFla (Hipoxia Inducible
Factor 1), el cual es un regulador positivo de muchos genes glucoliticos. Ademas, HIF1a
orquesta la adaptacion celular a un ambiente con bajo oxigeno y sin nutrientes, impulsando
la progresion de tumores (lommarini et al., 2017).

1.3.6. Regulacion de sintesis proteica a través de mTORC1
El proceso por el cual mTORCL1 regula la sintesis de proteinas esta bien caracterizado;
MTORC1 fosforila directamente los reguladores de la traduccion elF4E (eukaryotic
translation initiation factor 4E), 4E-BP1 (elF4E binding protein 1) y S6K (S6 kinase 1), que
a su vez, promueven la sintesis de proteinas. La fosforilacion de 4E-BP1 impide su unién a
la proteina elF4E, lo que le permite participar en la formacion del complejo elF4F que es
necesario para el inicio de la traduccién. La activacién de S6K y su sustrato, la proteina
ribosomal S6 conducen a través de una variedad de efectores, a un aumento en la biogénesis
de ARNm, asi como a la iniciacion de la traduccién y la elongacion. mTORC1 también regula

la maquinaria de sintesis de proteinas a través de otras maneras, ya sea mediante la activacién
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de TIF-1A (regulatory element tripartite motif- containing protein-24), que promueve su
interaccion con la ARN polimerasa | (Pol 1) y la expresion de ARN ribosomico (ARNr) y
mediante la fosforilacion de Mafl, un represor de Pol 11, induciendo la transcripcion (Mayer
et al., 2004).

1.3.7. Regulacion de sintesis de lipidos a través de mTORC1
Ademas de regular la produccién de proteinas, mTORC1 también controla la sintesis de

lipidos necesarios para que las células en proliferacion generen membranas. mTORC1 actla
a través de los factores de transcripcion sterol regulatory element binding proteins 1 and 2
(SREBP1/2), que controlan la expresion de numerosos genes implicados en la sintesis de
acidos grasos y colesterol. Los SREBP inactivos residen en el reticulo endoplasmatico (ER)
y su procesamiento proteolitico en respuesta a la deplecion de insulina o esterol libera su
forma activa que viaja al nucleo para activar la transcripcion. La inhibicion de mTORC1
reduce los niveles de SREBP1/2 asi como su procesamiento, disminuyendo marcadamente

la expresion de genes lipogénicos (Duvel et al., 2010; Li et al., 2011).

1.3.8. Regulacion de la autofagia a través de mTORC1

Uno de los papeles de mTOR es promover el metabolismo celular anabolico para suplir la
energia 0 moléculas necesarias para el crecimiento celular y proliferacion. mTOR integra
varios estimulos y vias de sefializacion, como la sintesis de proteinas, lipidos y nucleétidos,
y bloquea procesos catabolicos como la autofagia a niveles post-transcripcionales vy
transcripcionales. La autofagia permite a las células descomponer los organulos celulares,
como los ribosomas y las mitocondrias, permitiendo que los catabolitos resultantes sean
reciclados y por lo tanto utilizados para la biosintesis y metabolismo energético. Como parte
de este programa, las vesiculas intracelulares Ilamadas autofagosomas envuelven los
organulos intracelulares y luego se fusionan con lisosomas en los que se produce la
degradacion. De esta manera, se generan metabolitos de bajo peso molecular que brindan
supervivencia en ambientes limitados por nutrientes. En el caso de las células cancerosas la

activacion de la autofagia les permitiria su supervivencia (Levine et al., 2008).
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Al igual que la apoptosis, la maquinaria de la autofagia tiene biomoléculas que regulan su
activacion (Mizushima, 2007). Entre ellas se encuentran las proteinas que median la
formacion del autofagosoma y su liberacion a los lisosomas. Cabe destacar que
investigaciones recientes han revelado intersecciones entre los circuitos regulatorios que
rigen la autofagia, la apoptosis y la homeostasis celular. Por ejemplo, la via de sefializacion
que involucra a las cinasas PI3K, AKT y mTOR, la cual es estimulada por sefiales que
bloquean la apoptosis, también se encarga de inhibir de manera similar a la autofagia; cuando
las sefiales de supervivencia son insuficientes, la via de sefializacion PI3K activa sefiales para
que la autofagia y/o la apoptosis puedan ser inducidas (Sinha et al., 2008; Mathew et al.,
2007). Otra interconexidn entre estos dos programas reside en la proteina Beclin-1, la cual
es necesaria para la induccion de la autofagia (Levine et al., 2008). Beclin-1 es un miembro
de la subfamilia de proteinas BH3 reguladoras de apoptosis, la caracteristica es que su
dominio BH3 les permite unirse a proteinas Bcl-2/Bcl-xL (Qui et al.,2003). Cuando se genera
estrés celular las proteinas BH3 se acoplan provocando el desplazamiento de Beclin-1 de su
asociacion con Bcl-2/Bcl-xL, lo que permite la liberacion de Beclin-1 y desencadenar la
autofagia, asi como la liberacion de las proteinas proapoptoticas Bax y Bak para

desencadenar la apoptosis (Pattingre et al.,2005).

Tras la inhibicion de mTORC1, se forman autofagosomas que engullen a las proteinas
citoplasmaticas y organulos fusionandose con los lisosomas, lo que conduce a la degradacion
de los componentes celulares. En mamiferos, mTORCL1 fosforila y suprime directamente a
ULKZ1/Atg13/FIP200 (unc-51- like kinase 1/mammalian autophagy-related gene 13/Focal
adhesion kinase family-interacting protein of 200 kDa), un complejo cinasa requerido para
iniciar la autofagia. Al igual que con el control de la sintesis de proteinas y lipidos, es
probable que mTORC1 regule la autofagia a través de varios mecanismos. Por ejemplo,
MTORCL regula a la proteina DAP 1 (death associated protein 1). A través de un analisis
fosfoprotedmico se sabe que WIPI2 es efector de mTORC1 y que es esencial para la

formacién del autofagosoma (Hsu el al., 2011).

1.3.9. Procesos celulares regulados por mTORC2
MTORC2 ha sido considerado como insensible a nutrientes, pero responde a ciertos factores

de crecimiento como la insulina a través de mecanismos no bien definidos, activando
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principalmente a la cinasa Akt en su residuo Ser 473. mTORC2 controla varios miembros
de la subfamilia de cinasas AGC, incluyendo Akt, SGK1 (serum-and glucorticoid-induced
protein kinase 1) y PKC- a (Protein Kinase C-a). Akt regula procesos celulares como el
metabolismo, la supervivencia, la apoptosis, el crecimiento y la proliferacion a través de
varios efectores. mMTORC2 activa a Akt a través de la fosforilacion de su dominio
hidrofébico Ser473. La fosforilacion defectuosa de Akt-Ser473 causada por la deplecion de
mTORC2 disminuye la fosforilacion de algunas dianas de Akt como FoxO1/3a (Forkhead
box O1/3a), mientras que otras dianas de Akt como TSC2 y GSK3-B no se ven afectadas.
mTORC2 también activa directamente SGK1, una cinasa que controla el transporte de iones
y el crecimiento; en contraste con Akt, la actividad SGK-1 queda completamente bloqueada
por la pérdida de mTORC2 (Jacinto et al., 2006). Debido a que SGK1 controla la
fosforilacion de FoxO1/3a en los mismos residuos fosforilados por Akt, la pérdida de la
actividad de SGK1 es probablemente responsable de la reduccion en la fosforilacion de
FoxO1/3a en células deficientes en mTORC2. Por otra parte, la activacion de PKC-a por

mTORC2 se encarga de regular el citoesqueleto de actina (Sarbassov et al., 2005).

1.3.10. Inhibidores de PI3K/Akt/mTOR en la terapia antitumoral
La activacion oncogeénica de la sefalizacion de mTOR induce procesos requeridos para el

crecimiento, supervivencia y proliferacion de celulas cancerosas, por lo que se ha generado
gran interés en blancos moleculares de la via mTOR para el tratamiento del cancer. Existen
en el mercado méas de 30 farmacos y 5 clases de inhibidores de la via PI3K/AKT/mTOR,
entre ellos, inhibidores de PI3K, inhibidores duales de PI3K y mTOR, inhibidores de Akt,
inhibidores cataliticos de mTOR y analogos de la rapamicina. Estos agentes estan siendo
probados en ensayos clinicos como terapia contra distintos tipos de cancer (Dienstmann et

al., 2014). En la Tabla 1 se muestran algunos de los inhibidores.
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Tabla 1 . Inhibidores de la via PI3K/Akt/mTOR

Inhibidores de PI3K/AKT/mTOR en fase I, II y III

Tipo de inhibidor

Accion

Agente/ensayo clinico/Tipo de cancer

Inhibe las 4 clases de

-Buparlisib (BKM120)/Cancer de mama
metéstasico y de pulmén

Pan-PI13K subunidades p110 de
PISKIA: p110a, p110B, ~Pilaralisib (XL147)
pl10y, p1100 -Pictilisib (GDC-0941)/Cancer de mama
Inhibe las tres isoformas de |-MK-2206/Cancer de mama
Pan-AKT AKT (AKTL, AKTZ2y -Uprosertib (GSK2141795)
AKT3) -Ipatasertib (GDC-0068, AZD5363)/Cancer de
mama y prostata
Se une alostéricamente -Everolimus/Cancer de mama, rifion, pulmén y
mTORC1 inhibiendo a mTOR pancreas
Ridaforolimus/Cancer de endometrio
-Temsirolimus/Cancer de endometrio y de
mama
-Sirolimus/Sarcoma de Kaposi
Se une al sitio de unional | -AZD2014/Cancer de mama metastasico
mTORC1y mTORC2 |ATP de mTOR e inhibea | . AzDgos5/Cancer de colon
ambos complejos -INK128 (MLN0128),
-CC-223
Inhibidor dual Inhibe PI3K, mTORC1/ -Voxtalisib (XL765)/Glioblastoma y leucemia

dePI3K 'y mTOR

mTORC2

-Apitolisib (GDC-0980)/Cancer de endometrio

-Gedatolisib (PF-05212384)/Céncer de
endometrio y cancer de colon

-P1-103

Adaptada de Chia et al., 2015.
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El uso de inhibidores como monoterapia en tumores sélidos no tuvo buenos resultados,
debido al desarrollo de distintos mecanismos de resistencia (Brachmann et al., 2012). Dicha
resistencia puede darse por reactivacion de la via, debido a mecanismos de retroalimentacion
negativa. Los mecanismos de retroalimentacién negativa funcionan en mdltiples nodos
dentro de las vias de sefializacion, un ejemplo de ello es la activacion de mTOR a través de
fosfatidilinositol 3-cinasa (PI13K), la cual se lleva a cabo por via retroalimentacion lo que
provoca que se active la via de PI3K (Sudarsanam et al., 2010); por lo que cuando mTOR es
farmacoldgicamente inhibido en células cancerosas (ej. con la rapamicina) la pérdida de la
retroalimentacion negativa provoca el incremento de la actividad de PI3K/Akt, debilitando
los efectos antiproliferativos de la inhibicion de mTOR.

La reactivacion de la via PI3K/Akt puede producirse con la administracion de inhibidores de
RTKSs, PI3K o de Akt, por inhibicidén de la retroalimentacion negativa que ejerce mTOR
sobre los RTKs (Chandarlapaty et al., 2011; Chakrabarty et al., 2012). La inhibicién de PI3K
puede llevar con frecuencia a la activacion de mecanismos alternativos como la MAPK
(Carracedo, et al., 2008).

Los complejos que constituyen mTOR tienen diferentes sensibilidades a la rapamicina, asi
como a los reguladores upstream (rio arriba) y downstream (rio abajo). La rapamicina es un
inhibidor alostérico de mTORC1 (Chiarini et al., 2015), formando un complejo con la
proteina intracelular 12-kDa FK506-binding protein (FKBP12). Sin embargo, exposiciones
prolongadas o altas concentraciones de rapamicina pueden resultar inhibitorias de mTORC2,
probablemente porque secuestra moléculas recién sintetizadas de mTOR (Sarbassov et al.,
2006; Efeyan et al., 2010).

Actualmente se han desarrollado los rapalogos Everolimus y Temsirolimus aprobados por la
FDA. Aunque debido a la presencia de numerosos actores sobre la activaciéon de mTOR
contribuyen a la limitacion de la eficacia terapéutica de los rapalogos (Laplante et al., 2013).
Por lo que se tiene gran interés en desarrollar moléculas que inhiban la actividad cinasa de
MTOR o0 en su caso buscar otros blancos moleculares que puedan inhibir esta via de

sefializacion.
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1.4. Ciclodipéptidos como moléculas con potencial anticancerigeno
Debido a que la mayoria de los tratamientos convencionales para el cancer radica en utilizar

agentes citotoxicos, los cuales por lo general no son especificos para las células cancerosas,
lo que desencadena un estado de citotoxicidad sistémica, resultando en efectos adversos
indeseables, como alopecia, hepatotoxicidad, nefrotoxicidad y supresién del sistema
inmunitario, sigue la busqueda de nuevas alternativas de tratamiento, por lo que se esta
investigando el efecto anticancerigeno de biomoléculas producidas por una amplia gama de

organismos (bacterias, plantas, hongos, etc).
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Figura 7. Estructura general de los ciclodipéptidos

Los ciclodipéptidos presentan dos aceptores y dos sitios donadores de puentes de hidrogeno importantes para la unién a
receptores (Borthwick, 2012).

Dentro de las nuevas alternativas para contrarrestar el cancer, tenemos a los ciclodipéptidos
(Figura 8), una clase de moléculas pequefias, derivadas de la condensacién de dos
aminodcidos, biosintetizadas por un amplio rango de microorganismos. Se sabe que el 90%
de las bacterias Gram negativas los sintetizan. También han sido aislados de bacterias Gram
positivas, hongos, plantas y organismos marinos (Carvalho et al., 2012). El anillo de la
molécula de CDPs se compone de 6 atomos, los cuales orientan sus sustituyentes de manera
espacial definida, y debido a sus caracteristicas estructurales estables representa un
importante farmac6foro, que se definen como la unidad central molecular para

generaractividad bioldgica (Giner, 2000).
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Los ciclodipéptidos son sintetizados por una familia de enzimas dependientes de los ARN de
transferencia (tARN) llamadas ciclodipéptido sintasas no ribosomales (CDPS-NR); asi como
también por una familia de enzimas formadoras de enlace peptidico conocidas como
ciclodipéptido sintasas no dependientes de ATP (CDPS) (Finking et al., 2004; Gondry et al.,
2009). Aunque los CDPs son ampliamente obtenidos por extraccion de fuentes naturales,
éstos pueden ser facilmente sintetizados, debido a su simplicidad estructural (Prasad, 1995).

Algunas de las actividades bioldgicas importantes de los ciclodipéptidos son antivirales,
antifungicas, antibacterianas, asi como inductores de apoptosis (Kanoh et al., 1999; Sinha et
al., 2004). Ademas de las actividades ya mencionadas, algunos CDPs inducen apoptosis en
diferentes lineas celulares, como es el caso de ciclo(L-Pro-L-Tyr) y ciclo(L-Pro-L-Phe)
aislado de especies de Bacillus (Hong et al., 2008); dichos CDPs inducen la disminucion en
la fosforilacion de la cinasa serina/treonina (AKT1), la cual esta involucrada en la via de
sefializacion PI3k/Akt/mTOR regulando mecanismos como la proliferacion celular y la
apoptosis (Laplante et al., 2013).

Ademas de la estructura rigida y quiral de los ciclodipéptidos, éstos se unen a una amplia
variedad de receptores con una alta afinidad brindando un amplio rango de actividades
biologicas. Por lo tanto, el estudio de ciclodipéptidos naturales y sintéticos contribuye a
entender los requerimientos estructurales de las interacciones con los diversos receptores
biologicos permitiendo la validacion de blancos moleculares para asi abrir nuevas
perspectivas para el descubrimiento de nuevos farmacos anticancerosos. En este contexto se
tiene que la plinabulina, un derivado semisintético del ciclo(L-Phe-L-His) es un farmaco
anticanceroso en fase Il, actuando como agente inhibidor de la polimerizacion de los

microtubulos (Okuyama et al., 2015).
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2. ANTECEDENTES

La bacteria Pseudomonas aeruginosa cepa PAO1 produce los CDPs ciclo(L-Pro-L-Val),
ciclo(L-Pro-LPhe) y ciclo(L-Pro-L-Tyr). En nuestro grupo de trabajo se reporto que los CDPs
de P. aeruginosa (PAO1-CDPs) son sintetizados a través de las péptido sintetasas no
ribosomales y se encontrd que poseen actividad promotora del crecimiento en plantas (Ortiz-
Castro et al., 2011). Ademas se determind que los PAO1-CDPs influyen en la deteccion del
quérum sensing (Gonzalez et al., 2016). En 2019, Corona-Sanchez y colaboradores
reportaron que los PAO1-CDPs promueven el crecimiento y desarrollo del maiz, a través de
la via de sefializacion TOR/S6K como un mecanismo de crecimiento de la planta y desarrollo

de raices en la interaccion planta-microorganismo.

Se ha demostrado que los ciclodipéptidos producidos por una amplia gama de organismos
tienen efectos citotoxicos en lineas celulares cancerosas (Hong et al., 2008; Fokas et al.,
2010). En este contexto, se evaluo el efecto de la mezcla de los PAO1-CDPs en las lineas
cancerosas humanas HelLa (cancer cervico-uterino) y CaCo-2 (cancer colorectal), los
resultados mostraron que los PAO1-CDPs promueven muerte celular por apoptosis en ambas
lineas celulares cancerosas, con una concentracion inhibitoria 50 (IC50) de 0.53 y 0.66

mg/mL, respectivamente (Figura 9).
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Figura 8. Efecto citotoxico de los PAO1-CDPs en células cancerosas

En la gréafica de la izquierda se muestra la viabilidad celular en forma dependiente de la dosis de los PAO1-
CDPs sobre las lineas celulares cancerosas Hela y CaCo-2. En la gréafica de la derecha se muestra la apoptosis
en forma dependiente de la concentracion de los PAO1-CDPs sobre las lineas celulares cancerosas HelLa y
CaCo-2 (Modificado de Vazquez-Rivera et al., 2015).
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Ademas se evalud el efecto de los PAO1-CDPs en celulas no cancerosas, en células humanas
NOVA (fibroblastos de pulmén humano obtenidas a partir de un cultivo primario de tejido
de pulmén), y en células CEMB (Células de Epitelio Mamario Bovino), los resultados
mostraron que los PAO1-CDPs no afectan la viabilidad de las células NOVA y CEMB
(Vazquez-Rivera et al., 2015) (Figura 10).
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Figura 9. Efecto de los PAO1-CDPs en células NOVA y CEMB

En las fotografias A, B y C, se muestran células NOVA sin tratamiento, tratamiento con Actinomicina D y tratamiento con
los PAO1-CDPs, respectivamente. En las graficas A) muestra el efecto de los PAO1-CDPs en la viabilidad de fibroblastos
de pulmén humano (NOVA) y en B) células de epitelio mamario bovino, respectivamente (Modificado de Vazquez-Rivera,
2014).
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En 2020, Duréan-Maldonado y colaboradores reportaron que los PAO1-CDPs disminuyeron
el tamafio y la formacién de tumores en un modelo in vivo de melanoma murino (Durén-
Maldonado et al., 2020) (Figura 11).
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Figura 10. Efecto de los PAO1-CDPs en la formacion de tumores en un modelo in vivo de melanoma
murino

En el panel A) se muestra la fotografia de los grupos de ratones en el dia 20 del procedimiento experimental antes de la
eutanasia, se muestran fotografias representativas del tumor de cada grupo de ratones En el panel B), se muestra la
determinacion del peso del raton durante un periodo de 20 dias. Las puntas de flecha indican el tiempo de administracion
de los CDPs y el namero de dosis. C) Peso del tumor. D) Volumen del tumor. (Modificado de Duran-Maldonado, et al.,
2020).

La radiacion y quimioterapia son los procedimientos mas comunes para la terapia del cancer,
aungue estos métodos se asocian con dafios colaterales serios. Por lo tanto, es necesario
encontrar alternativas y tratamientos especificos para el cancer, y en este aspecto, la via de
sefializacién PI3K-Akt-mTOR ha sido sugerida como blanco para el disefio de moléculas con
propiedades farmacoldgicas anticancerosas que podrian ser utilizadas en el control y

tratamiento de enfermedades humanas incluyendo el cancer. En este sentido, dentro del
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Células apoptaticas (%)

mismo grupo de trabajo, se reportd que el mecanismo por el cual los PAO1-CDPs inducen
muerte celular por apoptosis es a través de la via de apoptosis intrinseca, mediante la
inhibicién de la fosforilacion de las proteinas Akt (Ser 473) y S6K (Thr 389) (Hernandez-
Padilla et al., 2017) (Figura 12).
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Figura 11. Induccion de apoptosis en celulas HeLa por los ciclodipéptidos producidos por
Pseudomonas aeruginosa

A la izquierda; ensayo de induccion de apoptosis usando inhibidores de caspasas participantes en las diferentes vias
apoptoéticas. A la derecha, ensayo de inmunodeteccion por Western blot de las formas fosforiladas y desfosforiladas de las
cinasas Akt y S6k a diferentes concentraciones de los PAO1-CDPs y tiempos de tratamiento. (Modificado de Hernandez-
Padilla et al., 2017).

MTORC2 es una cinasa que fosforila a Akt en su residuo Ser 473 causando su maxima
activacion; la fosforilacion de Akt dependiente de mTORC2 conduce a la activacién de
MTORCL. Por lo tanto, mTORC2 puede inhibir indirectamente la autofagia (Kim el at.,
2015). De esta forma el comportamiento de fosforilacion ciclica de Akt-S473 observados
durante el tratamiento con los PAO1-CDP de las células de HelLa sugiere que la actividad de
mMTORC2 puede estar involucrada posiblemente a través de mantener inhibida la autofagia
asegurando la induccion de apoptosis como via de muerte de las células cancerosas
(Hernandez-Padilla, et al., 2017). Ademas, mTORC2 esta involucrado principalmente en
reorganizacion del citoesqueleto de actina, y mas recientemente, en la regulacion del
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crecimiento, la proliferacion, el metabolismo energético y la resistencia a los medicamentos
(Guri et al., 2017). Cabe resaltar que mTORC2 es futil para epitelio de células sanas o
fibroblastos de embridn, mientras que es muy necesario para células cancerosas que tienen
hiperactivada la via de sefializacién PI3K/Akt. Esto indica que la inhibicién del complejo
mTORC2 puede ser méas deletérea para células cancerosas que para células normales, de
forma que inhibidores de mTORC2 causarian menos toxicidad en células sanas.

En este sentido, se desconoce si los PAO1-CDPs modulan otras vias relacionadas con los
procesos requeridos para el crecimiento, supervivencia y proliferacién de células cancerosas,
los cuales son eventos importantes regulados por el complejo mTORC2, por lo que la
caracterizacion de los mecanismos de accion de los PAO1-CDPs permitira dilucidar si éstos
tienen capacidad multiblanco inhibiendo al complejo mTORC1 y mTORC2, proponiendo a
los PAO1-CDPs como un farmaco con alto potencial anticanceroso.
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3. JUSTIFICACION

Una de las caracteristicas ideales de un farmaco que causa efectos antiproliferativos es que
no dafie a las células normales, pero que comprometa la proliferacion y/o supervivencia de
las células cancerosas. En este sentido, se sabe que mTORC2 es un blanco ideal en cancer ya
que se ha reportado que su inhibicion provoca la muerte de células cancerosas, sin causar
dafio a células normales. Los estudios realizados hasta el momento demuestran que los
PAO1-CDPs poseen efecto antiproliferativo inhibiendo la fosforilacion de las proteinas
cinasas Akt en el residuo Ser 473 y S6K en el residuo Thr 389, induciendo la apoptosis en la
linea celular HeLa. Sin embargo, se desconoce la participacion de los complejos mTORC1 y
MTORC2 en este fendmeno, por lo que es de nuestro interés evaluar si los PAO1-CDPs
inducen la apoptosis en las células HelLa a través de la via mTOR.

4. HIPOTESIS

El efecto apoptético causado por los ciclodipéptidos producidos por Pseudomonas
aeruginosa PAOL en la linea celular cancerosa humana HelLa se lleva a cabo a través de
mTORC1 y mTORC2.
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5. OBJETIVO GENERAL

Determinar el papel de la sefializacion de mTORC1 y mTORC2 implicada en el efecto
apoptético de los ciclodipéptidos producidos por P. aeruginosa PAO1 en la linea celular
Hela.

5.1. OBJETIVOS ESPECIFICOS

1. Dilucidar la participacion de los complejos mMTORC2 y mTORC1 en el efecto de los
PAO1-CDPs en la linea celular cancerosa humana Hela.

2. Dilucidar la participacion del complejo TSC1/TSC2 en el efecto de los PAO1-CDPs

en la linea celular cancerosa humana HelLa.
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6. RESULTADOS

6.1. Capitulo 1

Hernandez-Padilla, L., Vazquez-Rivera, D., Sanchez-Briones, L. A., Diaz-Pérez, A. L., Moreno-
Rodriguez, J., Moreno-Eutimio, M. A., & Campos-Garcia, J. (2017). The antiproliferative effect of
cyclodipeptides from Pseudomonas aeruginosa PAO1 on Hela cells involves inhibition of
phosphorylation of Akt and S6k kinases. Molecules, 22(6), 1024.
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Abstract: Panfuusnias aeruginoss PADL o posential pathogen of plants and animals, prodoces the
cyclodipeptides cyclofL-Pro-L-Tyr), cycho(L-Pro-L-The), and cyclodl-Pro-1-Val) (PAOLCDPY), whose
efficts have bevn invplicated n inhibition of human tumoe ool ling prolifesation, Our purpose was
Lo levestigate i depth s the mechanisms of Hela cell proliferation inhibition by the PAOL-CDPs
The results indicaty that PAOL-CDPs, both purified indivadually and in mixtures, inhibited Hela
cell proliferation by amresting the cell cycle at the GD-GI transition. The cude PAOLCDI's mixtune
promoted ool death in HeLa colls in o dose-dependent marmee showing efficacy similar o that
of solated PAOL-CDPs (LDy of 60-250 M) and inducing apoptosts with ECy b Q06 and
30 UM Moreover, PAOL-CDPs showed 4 higher proapeptotic activity (~HP-10% fold) than their
synthetic analogs did. Subsequently; the PAOI-CDPs affected mitochondrial membrane potential
andd imnduced apopiosss by caspase-P-dependent pathway The muechanism of nhibiton of oedls
proliferatbon in Hela cells involves inhibition of phosphorylation of both Akt-S473 and S6k-T389
probetn kinases, shoveing a cyclic behavior of their expresston and phosphorylation in o time and
conce ~dependent fash Taken together our findings mdicate that PIIK-Akt-mTOR-S6k
sigraling pathway blockage 1= involved in the antiproliferative effect of the PAO1LCDPs

Keywords: biomolecule: cyclodipeptid ] activity; cell proliferation; apoptosss; Akt-Sok
sapsaling: Hela

L Introduction

Paesdomopas aernginosa codonizes several blotogical enviroements, such as soll, plants, and animal
fissues, buing an important oppartunistic pathogen in humans, e g, causing nosocosmial infctaons [1.2]
Several mechanisms driving infection in the host have been attributed to the production of toxins,
adlwwing, siderophons, and a great nuieder of virlenoe factons. Cyclodipeptiches (COPS) are cyclized
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molecules comprising two amino acids attached by peptide bonds; they are produced by a wide range
of organisms, from bacteria to fungi to animals [3]. CDPs represent a new class of quorum-sensing
(QS) signals, and they may act as interkingdom signals; nonetheless, their mechanism of action and
physiological relevance are poorly understood [4].

CDPs are structurally diverse and have been implicated in multiple biological effects.
The CDP cyclo(L-Phe-1-Pro} isolated from Lactobacillus plantarum has an antifungal effect [5],
whereas CDPs cyelo(l-Leu-1L-Pro), cyclo(L-Phe-1-Pro), cyclo(l-Val-L-Pro), cyclo(L-Trp-1-Pro), and
cyclo(L-Leu-L-Val) isolated from the deep-sea bacterium Streptonmyees fungicidicus show antifouling
effects [6]. In Staphiylococcus aurens, aurcusimines A/B. namely, CDPs cyclo(L-Val-L-Tyr) and
cyclo(L-Val-1-The), respectively, are involved in the regulation of bacterial virulence factors in a murine
host [7] Inaddition, it was reported that CDPs cyclo{L-Leu-1-Pro) and cis-cyclofL-Phe-L-Pro} isolated
from Lactobacillus show antiviral activity against the influenza A (H3N2) virus [8]. In mammalian cells,
CDPs induce DNA damage via reactive oxygen species (ROS) [9]. Cyclo(L-Phe-L-His) of Aspergilins
ustus inhibits the cell cycle in various cancer cell lines [10], whereas cyclo({L-Phe-L-Pro) from L. planfarim
induces apoptosis in colon cancer HT-29 cells [11]. On the other hand, synthetic CDPs such as
cyclo(Phe-Pro} induce apoptosis in the HT-29 colon cancer cell line, and cydo(L-Cys-1-Leu) has a
potential for scavenging of free radicals [12], The molecular mechanisms behind the induction of cell
death in cancer cell lines by CDPs involve biological processes such as microtubule polymerization [13].
Cyclo(-Tyr-D-Phe) isolated from Bacillus sp. induces apoptosis via caspase 3 activation in the AS9
pulmonary adenocarcinoma cell line [14]. In addition, our group has demonstrated that a crude
mixture of CDPs obtained from the P acruginoss PAO1 strain, mainly composed of cyclo{L-Pro-1-Tyr),
cyclo(L-Pro-L-Val), and cyclo(L-Pro-L-Phe), promotes cell death in cultured Hela and Caco-2 cells,
pointing to an apoptotic pathway as the mechanism underlying the inhibition of cell profiferation [15].

Cancer results from malfunction of fundamental cellular processes that control cell number,
indluding cellular growth, proliferation, survival and metabolism. In this sense, oncogenic and tumor
suppressor signals such as PI3K, Akt, Ras, Raf, TRK, NF1, LKN1, FTEN, p33, and TSC1 and TSC2
have largely involved [16,17], The phosphatidylinositol 3-kinase (PI3K) signal transduction pathway
has been studied extensively and is known to be involved in growth control and in diseases [16,17].
The mTOR kinase is a master regulator of cellular metabolism, acting downstream of a more complex
cell signaling network, The mTOR kinase exists in two complexess mTORC1, which has been
implicated in almost all cellular processes, such as anabolic metabolism, proliferation, protein, lipid,
and nucleotide synthesis, cell survival, cell mobilization, oxygen supply, energy, proliferative signals,
and tumorigenesis, and blocks catabolic processes such as autophagy at the post-translational and

transcriptional levels; while mTORC2 is involved mainly in actin cytoskeleton reorganization [18].

The mTORC] pathway is frequently up-regulated in cancer, particularly under increased PI3K signaling
due to oncogenic activation of PI3K or mutagenic inactivation of the lipid phosphatase PTEN [16].

Radiation and chemotherapy are the most common procedures for cancer therapy, however,
serious collateral damage is associated with these methods, Hence, is necessary to find altemative
and spexific cancer treatments, and in this regard, the PI3K-Akt-mTOR signaling pathway has been
suggested as a target for the design of molecules with anticancer pharmacological properties that could
be used in the control and treatment of human diseases including cancer. In this sense, CDPs have
been shown to have toxic effects on tumor cell lines via an Akt-dependent mechanism [19], but the
evidence is scarce.
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2 Results

2.1, Purified CDPs from P. aerugimosa PAOT Affect Hela Cetls Viability

Quantification of CDPs in the supernatant of P aeruginosae cultures was conducted previously,
identifying CDPs cyclofL-Pro-L-Tyr), cyclo{ L-Pro-L-Val), and cyclo{L-Pro-L-Phe) by GC-MS, RMN-H,
and RMN-C [20]. During subsequent studies, an additional CDFP was identified, corresponding to
cyclo(L-Pro-L-Leu), whose mass fragmentation pattems showed >96% probability with respect to
the NIST library. Therefore, the CDP mixture from the PAO1 strain (PAO1-CDPs) was composed of
following proportions: cyclo(i-Pro-L-Tyr) ~25%, cyclo(L.-Pro-L-Val) ~25%, cyclo(l-Pro-L-Phe) ~30%,
eyclo(L-Pro-L-Leu) ~10%, and other compounds ~107% (Figure S1, Supplementary Material),

As previously described, we used this crude mixture of CDPs isolated from P aeruginosa PAO1
cultures to evaluate the antiproliferative effect on Hela and Caco-2 cells [15]. Moreover, to determine
whether the most abundant CDPs in the mixture have differential antiproliferative activities, a
preparative CDP purification procedure was carried out. After separation and concentration of
the fractions, CDP structures were confirmed by GC-MS, The purified fractions with ~85-95% purity
corresponding to the three major CDPs were used to determine the effect on Hel.a cell viability, by
the MTT assay. Additionally, the response to CDPs of bacterial origin was compared with that of the
respective synthetic CDPs.

The results showed that PAO1-CDPs affected the viability of HeLa cells in a dose-dependent
manner. Cell cultures showed 75% of dead cells after treatment with PAO1-CDPs, using either
individual (punfied) CDPs and the crude CDP mixture at 1.0 mg/mlL after 24 h, being the
cyclo(L-Pro-L-Phe) slightly more active against HeLa cells than the other CDPs (Figure 1a; Table 1),
Moreover, the effect of synthetic CDPs on viability, separated or in the mixture, was significantly
less active than PAOT-CDPs. At concentrations below 1.0 mg/mL, CDPs of bacterial origin showed
Hel.a cells viabilities below 20, whereas the cell viability was ~80"% with the synthetic CDPs at the
same concentration (Figure 1b). For Hela cells, the half-lethal dose (LDg) for the individual and
purified PAOL-CDPs was in the concentration range of 0.015-0,06 mg /mL (60-250 uM) after 24 h of
treatment. Interestingly, the LDsy for the crude PAOT-CDP mixture was in the same range as for the
purified PAO1-CDPs (Table 1). On the other hand, LDy, of individual synthetic CDPs was between 2
and 150 mg/mL (10-600 mM); furthermore, the mixture of synthetic CDPs was more bioactive (5- to
30-fold) than the individual synthetic compounds (Table 1). Remarkably, the LDg data indicate that
the PAO1-CDPs were ~1000-fold more bioactive inducing cellular death than their synthetic analogs.

Table 1. Induction of cellular dead and apoptosis on human tumor Hela colls by the £ aeruginesa
PAO1 cyckedipeptides

Cydlodipeptide Viability LDs (mg/mL) ! Apoplosis ECs (mg/mL)
PAOL-Cycloit.-Pro-1.-Tyr) (L061 /0.053 32x 107416 x 104
PAO1-Cyclof L-Pro-1-Val) 0,067 /0.035 27 w 10-4/28 « 104
PAOTCy cloft-Fro-L-Phe) 0.015/0.010 50 % 10440 x 1004

Crude PAOI-CDPs mix 0.060/0.062° 49« 10423 « 10
Synthetic cyclofL-Pro-1-Tyr) 1074114 ND
Synthetic cyclo{L-Pro-L-Val) 193/60.7 ND
Synthetic cyclo{L-Pro-L-Phe) 90.9/154 ND

Synthetse CDPs mix 290/2.04 100

! LD Half lethal dosrs and ECo: half effective conoentration determined after 24 h of trewtment with COPs, beitg
caloulated usivg: Nonlinear regreseion (curve fith, lcg(nhum/ Imindor) «.-respcm(vuhbhv slop) R- 09509
(GraphPad Prsm 500 ND, not d ined. Data ined wsing: comyp
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Figure 1. Effects of PAO1 and synthetic CDPs on Hela cell viability and apoptosis mduction. Hel.a
cells were incubated in OM medinm and treated with CDPs for 24 h as described in Materdals and
Methods. Determination of viability of Hels cells by an MTT assay treated with CDPs from P2 aeruginose
PAO1 (a) and synthetic analogous COPs (b). Induction of apoploses in human HeLa cells by CDPs was
analyzed in cultures grown in the CM medium and after treatment with COPs for 24 h. Human cell lines
were stained with annexin V and propidium todide and analyzed by flow cytometry. The percentage
of viability was determined by fluorescent cell quantitation in the dot plots, values were graphed as
bars. Apoptosis induction in Hela cells treated with PAOL-CDPs () and with the mixture of synthetic
analogs of CDPs (d); (e) Apoptosis induction in normal human lung fibroblasts by the PAOL-CDP
mixture at different concentrations determined as in (¢); (£) IL-S indaction in HEK-293 cells by ELISA
assay as described In Materials and Methods, Bars represent mean + standard error (SE) of three
independent experiments, r = 6. One-way analysis of variance (ANOVA} was carried out, with Tukey's
post hoe test; statistical significance (p < 0.01) of differences between treatments is indicated with
different lowercase ketters.
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2.2. Purificd CDPs from P acruginesa PACH Iuduce Apoprtosts in Hela Cells

To determine whether some of the CDPs that constitute the PAOI-CDPs mixtune are the
campounds nsponsible of the induction of apoptesisin Hhela cdliy, the effect of PAOL-COINs scparately
or in mixtures was determined by flow cytomelry using annexin ¥V and propidium indide as probes.
The pereentige of Auanescent cells (PRC), cormesponding to cells that wepe positive for the annexin
V marker was 5% for Mela celis without CDPs (Figure <), Oo the other hand, cells treated with
the purified PAC1-CDPs added separately or in mixtures, shawed -5 of apoptotic Hela cells at
1.0 g /ml ¢4 M) afler 12 1 of trealment (Figure 10); iaterstingly, for the synthehe CDP mixhae
(thatl wias mere: active than its indlvidual compeunds), the apoptinls indiction veas ~18% at the same
cotwentralion (Figure 1d). These resujts indicale that atler 12 b of treatment, the PACT-CDPS minture
induces apaptosis in 2954 of Hela cells, showing a halfefiectlye concenteation (ECsib between
~16 x 10" *and 5 = 10°* mg/mL{~0.6-3 pM). Howevee, no sipnificant differences between isolated
PAOQ1-CDPs and the crude PAOT-CDFP mixtur were obsarved, lndependently whether CM or 55
mediums were ased {Figure 16 Table 10, Comversely, for (he synthwtlc-COP mixtury, the ECoy values
tar apeptosis inductivm were higher than 16 mg/mL (400 mM; Table 1}, Thesc data indicate that
PACI-CDPs were al |east three log unils more active for apoprosis induction in Hela cells than theis
svathetic analogs.

Omn U other hand, the crude PAOT-CDP mixtute produced a slighl apoplosis induction {-8'%}
in normal human lang fibroblasts, bat at the bighest ¢emcentratiom tesied 100 mg/mL (400 mM);
Figure l¢p. Additionally, to rule out the possibility that the apoptotic cftect caused by the crude
PAOILDP mixture is due to the presence of Lipopolysaccharides {LPS) as additianal compounds
of bacterial urlgin, the inkereukin L8 presence was determined [n the HEK-293 homaao cellulayr
line. The data showed that the crude PAO1-CDP mixbure obtawned as desaribed our procedure does
net meuce 11K producton in the HEK-293 aell enltune at evmdentrations over 9.5 mM (Fygure 1.
These results imdicate that the crude PAOT1-CDP mixture does not contam LPS at concontrations that
can to imduce the biological responue observed, and hence, the apoptotic response provoked in HeLa
eells e [ndeed due o PAOI-CDPs.

In additicn, the apaptosis induction in fHeLa cells was confirmed by miceoscopic examination;
the cells treated with the crude PAC1-CDP mixture at U01 mg/mL {40 ph} after 4 b of icubation,
shinved apoptotic coll morphology similar 10 the morphelogy of the cells treated with actinomycin
D {10 mg/mL). Of note, apaptotic celf morphology was not observed in the normal human lung
Abroblast line lreated with high coenirations of the PAO1-CDP mixture (100 pM, Flgure 2f)

2.3. COPs from P. aerugiaose PADT Diduce Apoptosis i Hela Cells though a Caspase-3- and
Caxpis-FDepeistint Putlraw

To [dentify the apoptutlc pathway [oduced by the coude PAQL-CDP mixhire, a mume detalled sty
was caricd out, delermining apoptesis in HelLa cells at short response times. After 12 h of treatment
with &6{ pM of crude PADTCDP muxtany, the cellular ppulation was fovnd mostly atearly stages of
apoptosis {~ X% carly with ~7'%-at Jate stages}H{Figure 3a-d). Similar resulls were observed when tested
in the concentratlon range af 1-100 ug,/ mL (6-600 pi; Flgure 3e6). lerestingly, cullutes of nomal
human mononushear blood cells reated with the cruds PAOL-CDP mixtun: shaw minimal «ffect on
apuptosis inducton at carly or lar utages, with bess than 100 of cell populatiom at coneeniraticons
sulficient for apoplosis induction of >95% of HeLa cells (100 pg/mL; Figure 3g hy. These results
lndicare that the anliprolifesative effect of the PAOT-CDP misture In the Hela ovlls was medieted by
an dpuptolic pathway Instead of necrosls, indicaling the partidipatlon of caspasey as the mnolecular
tmechanism of cell death involved. Tos Further elucldate Whis fact, the sheexin V apoplosis-musrker
was used in the presence of caspase inhibitors. Data shoyy that, although apoptosis was diminished
(~20%) in Lhe presence of the caspase-8 Inhibitor (Z-LETD-FMK), il was strangly Inhibited In Hela cells
trealed with PAO1-CDPy plus the polvcaspase inhibtor {Z-VATD-FMK), caspase-3 (Z-DEVD-FMK]),
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or caspase-4 (Z-LEHTD-FMK) inhibitors (Figure 3i), indicating that the PAOI-CDPs mixture induces
apoptosis mainly by the caspase-9- and caspase-3-dependent pathway (intrinsic pathway),

d) Human lung fibroblasts ) Human lung fibroblasts Human lung fibroblasts
{Actinosmecin D) (PAO1.CDPa )

HelLa (A%m + O0,7)

Figure 2. Morphological changes in human cell cultures stimulated with the CDP mixture from
P aeruginost PAOL. (a-n) Images of human cells taken by means of phase contrast and confocal
microscopy after treatment; (a-¢} Hela cell line; (d-f) Human lung fibroblast cell line, (ad) DMSO
((05%; negative control); (b,e) Actinomyan D (50 mg/ ml; positive apoptosis control ); (c,f) PAO1.CDP
mixture (10 mg/mL) treatment for 2 h; (g) Hela cells without treatment; (h) Determination of Hela
celis” membrane potential (A¥m) using Rhadamine 123 withoat treatment. (i HeLa cell membrane
potential (A¥m) and superoxide (02* ) quantification (using DHE probe) without treatment; (j) Same
as in (i); but examination by dark field microscopy; (k-n) Conditions as in (g-j) but with treatment
with the PAOL-CDP mixture. Images of the cells were taken at 40 x magnification, using inverted
phase-contrast microscope (HB0-50, Carl-Zeiss, San Diego, CA, USA) or confocal microscope (FVI0,
Olympus, Center Valley, 'A, USA).

2.4, COPs from P. aerigimosa PAOT Arrest Hela cells at the G0-G1 Transition

The PAO1-CDPs antiproliferative mechanism was further explored by determining cell
distribution in different phases of the cell cvele, through measuring the intracellular DNA content by
flow cytometry. HeLa cells growing in a CM medium (medium with serum) showed ~25% of cells
population at the GO-GI stage, ~20%, of cells at the G2-M stage, and ~55% of cells in the S phase.
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Figure 3. Apoptesis induction in HeLa cells by CDPs from P aerugiomose PAOL. HeLa cells were
incubated in the CM medium after treatment with PAO1-CDPs (various doses} as a function of time.
Cells were stained with annexin V, 7-AAD, or propidium iodide and analyzed by flow cytometry.
fa—d) The percentage of fluorescent cells determined in the dot plots is shown, corresponding to Hels
cells treated for 6 b with (a) DMSO: (b} actinomycin D (3¢ mg/ml.), (¢) PAOICDP mixture (1 pg/ml.);
(d} PAOL-COP mixture (10 pg/ml). Q1, early apoptoss; Q2, late apoptosis; Q3, necrotic cells; Q4,
viable cells; (ef) Kinetic of induction early and late apoptosis stages in HeLa cells treated with the
PAOT-CDP mixture; (gh) Kinetics of induction of early and late apoptosis stages in blood mononuclear
human cells treated with the PAOT-CDP mixture. Points of the plots represent mean -+ standard error
{SE) of three independent experiments; (i) Effects of mhibitors of apoptosis on HelLa cells in the presence
of the PAQ1-CDP mixture, The cells were incubated in the CM medium after treatment with 10 g /mL
PAOI-CDP mixture with the addition of caspases inhibitors. Cells were revealed with annexin V and
analyzed by flow cytometry. The percentage of fluorescent cells (apoptotic cells) after each treatment
was determined by means of the dot plots and is shown as bars in the graph. The inhibitors tested
are indicated on the X-axis. Bars of the plots represent mean £ SE of three independent experiments
o =2 One-way ANOVA was carrled out, with Tukey’s post hoe test; statistical significance (p < 0.01) of
differences between treatments i showed with different lowercase letters, () Effects of the PAO1-CDP
mixture on the cell cycle in HeLa cells. Hela cells were incubated in serum-free medium (55) and
serum-enriched medium (CM) after treatment with various doses of the PAO1-CDPs for 24 h. Cells
were fixed with paraformaldehyde (4%) for 10 min on sce. Then, the cells were incubated with DAPI
(1:1000) for 10 min at room temperature and analyzed by flow cytometry for DNA quantitation.

Tod18
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Comparatively, cell cultures treated with the crude PAO1-CDP mixture (because no significant
differences were observed in comparison with purified PAO1-CDPs) at 6-600 uM showed cell
populations ~70% of cells at the G0-G1 stage, ~3% of cells at the G2-M stage, and ~25% of cells
in the § phase (Fgure 3j). Additionally, an arresting culture condition of Hela cells such as S5 medium
(medium without serumby at least 4 h), showed propertions of cell populations similar o PAO1-CDPs
treatment. These results suggest that the PAO1-CDFs diminish the proliferation of Hela cells, blocking
the DNA synthesis (S phase) and arresting the cultures at the G)-G1 stage.

2.5, CDPs from P. aeruginosa PAOT Affect Membrane Potentiol and Induce Superoxide in HeLa Cells

Some toxic effects caused by CDPs in cell lines have been found to be associated with an increase
in oxidative stress [9), or conversely, with beneficial effects of ROS scavenging [12]. Nevertheless,
the mechanisms involved in ROS generation, accumulation, and type of ROS species generated
by the CDPs are poorly known. So far, the findings indicate that the PAOL-CDP mixture induces
apoptosis through an intrinsic pathway dependent on caspase-9 and caspase-3 activation, affecting the
mitochondrial functionality prior to cytochrome ¢ release, and therefore increased ROS generation is
expected. The apoptotic pathway was confirmed by determining mitochondrial membrane potential
(A¥m) in cell cultures using the fluorescent marker Rhodamine 123, The findings showed that the
fluorescence intensity of cells decreased ~70% after treatment with the crude PAO1-CDP mixture in
comparnison with untreated cells (Figure 4a). Real-time ROS quantification by flow cytometry and
examination by confocal microscopy were carried out using the DHE fluorescent probe, which mainly
identifies the mitochondrial superoxide radical. As described above, the crude PAOL-CDP mixture was
able to decrease 80% cell survival at 60-250 1:M; thus, this concentration range was used for superoxide
determination in Hela cells growing in CM or S§ medium. The percentage of fluorescent cells (PFC)
was incréased in HelLa cells in a PAO1-CDP concentration-dependent and treatment time-dependent
manner (Figure 4b), Cell suspensions without treatment showed PFC of ~10%, whereas with the
PAO1I-CDP mixture, the PEC increased significantly to 30-80% after 3 h of treatment (Figure 4b).

@) Mitochondrial membrane potential ) Mitochondrial superoxide

gooooo] a 1004

L]
%
L
400004

: . “
T

5 200007 2 a0

=
0 Y
S PO o wd 00 0001 001 01
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Figure 4. Membrane potential and superoxide quantification in Hela cells treated with the COP mixture

from I aeruginese PAOL. Cell cultures were grown in the CM medium, harvested, and incubated in the
CM or S5 medium for 2 h. After that, the cell suspensions were incubated with or without PAO1-CDPs
for 1 hat 37 “C. At the indicated time points, samples (100 uL) were resuspended in PBS and mixed
with the Rhodamine 123 and DHE probes for quantitation of mitochondrial membrane potential and
superoxide, respectively. The samples were incubated for 30 min and washed, and fluorescence was
measured in real-time by flow cytometry. (a) Mitochondrial membrane potential and (b) superoxide
quantification as percentage of fluoresoent cells. Values are the mean of theee independent experiments
with 20,000 celis counted by flow cytomelry per data point. SEM values are indicated as bars (i = 3),
one-way ANOVA with Tukey's post hine test, significant differences (p < 0.01) are indicated by different
Jowercase letters
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These results indicate that the crude PAOI-CDF mixture increased superoxide generation in Hela
cells in the same fashion, suggesting that the mechanism of antiproliferative effects (toxicity } could be
related with ROS generation events, impairing mitochondrial functionality (such as A'¥m).

2.6, COPs from P. aeruigimosa PAOT Madify the Akt and S6k Phosplorylation in Hela Cells

Early studies on cell death regulation dependent on the caspase-9 protein have revealed the
participation of Akt and small G protein p21-Ras kinases [21], and the PI3K-Akt-mTOR signaling
pathway dysregulation has been extensively associated with cancer [22, 23], In this sense, our findings
showed that the apoptotic caspase-9-dependent intrinsic pathway is involved in the antiproliferative
effect of the PAO1-CDPs, and that HeLa cells are arrested in G0-G1 stages of the cell cycle. Accordingly,
the participation of the PI3K-Akt-mTOR signaling pathway was analyzed next.

As described above, the results showed that the PAOL-CDP mixture induces apoptosis efficiently
at short times; thus, analysis of Akt protein expression and phosphorylation was conducted by
immunodetection procedures. The results showed that the phosphorylation of the Akt-5473 protein
(p-Akt-5473) was decreased in the Hel.a cells treated with 0.01 and 0.1 mg/mL (40 and 400 M) of the
crude PAO1-CDP mixture at 5 min of treatment, and was totally undetectable after 15 min {(Figure 5a),
On the other hand, the total Akt protein showed a strong level of expression with significant difference
at 0.1 mg/mL by 5 min, but without significant differences at concentration (0.01 mg/mlL) (Figure 5a).
At Jonger periods of PAOT-CDPs treatment (30-240 min), the phosphorylation of p-Akt-S473 was
induced again in function of time and PAO1-CDPs concentration, while total Akt protein and p-actin
(protein load control) remained at high levels and without significant changes between treatments
(Figgure 5b).

The S6K (S6 ribosomal protein kinase) i one of the downstream targets of Akt protein
in the PI3K-Akt-mTOR signaling pathway; thus, the effect of PAO1-CDPs on the S6K protein
phosphorylation was determined in HeLa cells. We found that the phosphorylated S6K-T389 protein
(p-S6K-T389) also was strongly inhibited after short periods of the PAOL-CDP treatment (<30 min),
whereas induction of p-S6K-T38% amount was detected after longer periods (=120-240 min); however,
total S6K protein expression was not modified at 30 min, but it showed an increased induction at
60 and 120 min post CDPs treatment (Figure 5b), These results showed that the crude CDP mixture
from P. aeruginesa PAO1 modify the phosphorylation of Akt-5473 and S6K-T389 proteins, as well as
their expression levels in a time- and concentration-dependent manner,
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Figure 5. Effects of the CDP mixture from P aeruginoss PAOL1 on Akt and Sek phosphorylation
and expression in Hela cells. Hela cells were incubated in SS and CM media and treated with
0.01 or 0.1 pg/mlL PAOL-CDP mixture. At the indicsted time points, cells were harvested and
diszupted by sonication, and the solubilized proteins were separated by denaturing polvacrviamide
gel electrophoresis (SDS-PAGE). Gels were electroblotted to PYDF membranes, and protein bands
immunodetected using the indicated antibodies fanti-Akt (C-20-R), anti-Akt-phosphoryled 1/2/3
(Ser 473-R), anti-p70 S6 kinase & (H-160), anti-phosphoryled-p?0 56 kinase a (Thr 389)-R, and
anti-f-actin] as the first antibody and a horseradish peroxidase (HRP)<conjugated goat anti-rabbit
I5G antibody as the second antibody. Images correspond to representative gels from at least three
independent treatments (left). Data correspond to the mean of three independent assays; the band
ntensity was determined by densitometry using the Image | software (right). (a) Immunodetection
using the anti-phosphorylated AkE5473 and anti-Akt antibodies after 5 and 15 min of treatment
with the PAO1-CDP mixture; (b) Hela cells extracts were obtained of cultures grown in CM media
and treated with 0.01 or 0.1 mg/mL PAOI-CDP mixture. The same membranes reveled with
anti-phosphorylated AKt-S473 were after immunodetected with the next antibodies: anti-Akt, anti-Sok,
anti-phosphory lated-S6k-T389 and anti-fi-actin. The assay was repeated at beast theee times using cell
extracts from different cultures and treatments. A representative immunodetection assay is shown,
and their plots of band intensity quantitation are shown to the right of the images. Bars represent
mean of three densitometry determinations. Two-ways ANOVA was carried out, with Tukey's post
o test; statistical significance (p < 0.05) of differences between treatments is indicated with different
Jowercase letters.

3. Discussion

The quest tor novel molecules with properties related to inhibition of cancerous cell growth is
a scientific field of major interest. Natural molecules with antiproliferative activity are considered
more target-specific than their synthetic analogs. Besides, peptides constitute a diverse family of
natural compounds that also have been implicated in diverse biological functions, Cyclic peptides or
their derivatives diketopiperazines of microbial origin are believed to have a strong pharmaceutical
potential as antimicrobial and antifungal agents, immunomodulators, antioxidants, or anticancer
agents [13,24]. CDPs possess intrinsic physiological advantages over other molecules, for example,
chemical and enzymatic stability and structural and conformational specificity. These properties make
them more promising than their non-CDP counterparts. Several approaches to CDP synthesis have
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been explored to discover synthetic analog molecules that can serve as novel drugs. Although CDPs
have been discovered a long time ago and have been studied all this time; only recently have they
aroused some interest because of their antiproliferative effects on cancerous cell lines [11,12,14,15].

P aerugimosa is a pathogenic and opportunistic bacterium that produces a large number of
virulence factors. CDPs can be considered the molecules thal can regulate the production of
virulence factors in a QS-dependent manner in this microorganism [25-28]. In the context of
antiproliferative properties attributed to CDPs, we recently reported that a mixture of CDPs composed
of eyclo(L-Pro-L-Tyr), cyclo(L-Pro-L-Val), and cyclofL-Pro-L-Phe) isolated from the P aeruginose PAOL
strain can inhibit the proliferation of human tumor cell lines: Hela and CaCo-2 [15]. In the
present work, a CDP purification process was carried out with the aim to determine whether the
antiproliferative effect previously observed in tumor cells are induced by some of the CDPs that
constitute the PAOT-CDPs mixture or whether synergistic effects exit.  We found that the CDP
mixture from the PAO1 strain contains mainly the CDPs cyelo{L-Pro-1-Tyr), cycof(L-Pro-L-Val), and
cyclo(L-Pro-L-Phe) (>80%) (Figure 51, Supplementary Material). When the effect of these isolated
PAOL-CDP fractions on the viability or apoptosis of Hela cells was tested, no significant differences
were observed between them, except a slightly increased effect of cyclo{l-Pro-L-Phe) against Hel.a cell
viability than the other CDPs, but no over apoptosis induction (Figure 1a; Table 1). Furthermore, CDP
synthetic analogs, though able to affect cell viability and to induce apoptosis, required a ~10(0-fold
higher concentration than PAOL-CDPs did. The LDy of PAOL-CDIs was in the range between
0.010-0.03 mg/mL (60 and 250 uM) for Hela cells; whereas this LDx) for the synthetic CDPs was
between 10 and 400 mM (Table 1). Interestingly, we found that the PAO1-CDP mixture showed minimal
apoptosis induction in blood mononuclear human cells cultures (<8%) at high concentrations such as
100 mg/mL (400 mM) and also in normal human lung fibroblasts cultures (<10%) at concentrations
100 pg/ml (4 uM) (Figures le and 3g-h). In addition, we previously have been reported that a
crude PAO1-CDP mixture showed ICx of 0.53 mg/mL [15], however in this work the LDs; dose was
of 0.06 mg/mL; this discrepancy is attributed to a better extraction process that let us to eliminate
compounds such as AHL, LPS, or pjgments.

Previously, researchers have described the growth inhibition of colon cancer H1-29, HeLa, and
MCF-7 cells in culture by seven synthetic proline-based CDPs, revealing that cyclo{Phe-Pro) causes
growth inhibition at 10 mM and induction of apoptosis (15% cells population) at 5 mM after 72 h
of treatment [11,12]. In agreement with these data, we observed an inhibitory effect of viability and
apoptosis induction at the same concentration (10 mM) with the same synthetic CDPs in Hel.a cells
(Figare 1). However, PAO1-CDPs showed highest antiproliferative activity than synthetic CDP's such
as apoplosis induction at 0.6 uM after 12 h of treatment (Table 1), whereas for the synthetic mixture,
it was observed at 400 mM. Furthermore, these data showed that PAOL1-CDPs were at least three
log units more active than their synthetic analogs. The probable reason for the observed effects is
that molecules isolated from living entities such as P aeruginesa are produced with chiral specificity,
ensuring stereochemical specificity and therefore strong activity, as described elsewhere [11].

The antiproliferative mechanism of the PAOT-CDP mixture was explored further by determining
cell population distribution in different phases of cell cycle, The results indicate that proliferation of
the HelLa cells was arrested at the GO-G1 stage and at the DNA synthesis stage (S phase; Figure 3§).
Quantification of apoptotic cells indicates that PAO1-CDPs caused apoptosis in Hela cells mostly at
early apoptotic steps. This effect was not observed in normal blood mononuclear cells (Figure 3g).
Furthermaore, the utilization of caspase inhibitors allowed us to determine that the induction of
apoptosis in Hela cells was dependent of the caspase-9 and -3 pathway (Figure 3i). This pathway
was verified by measuring A¥m in cell cultures, confirming that the intrinsic spoptotic pathway was
implicated. In line with this finding, Hela cells treated with the crude PAO1-CDF mixture showed
an increase in superoxide generation in a dose-dependent manner, confirming that the mechanism of
cellular death caused by PAOT-CDPs also involves ROS generation, with superoxide being one of the
major produced and accumulated species (Figure 4). The cells showed increased superoxide levels at
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the same times as the early stages of apoptosis induction with the PAO1-CDPs treatment, indicating
that the strong ROS production occurs simultaneously with apoptotic events (Figures 3e and 4b),

Dysregulation of the PISK-Akt-mTOR signal transduction pathway has been shown to be
associated with some carcinomas and has been implicated in the apoptotic intrinsic pathway too; this
pathway performs essential functions in cellular growth regulation [29]. Additionally, the regulation
of the apoptotic intrinsic pathway involves caspase-9 and subsequent cytochrome ¢ proteolysis, where
phosphorylation of pro-caspase-9 is related to the Akt protein kinase [21]. In this context, studies
have revealed that the possible pathway for apopitosis induction by the COPs cyclo(prolyl-tyrosyl)
and cyclo(prolyl-phenylalanyl) isolated from Bacillus sp., is assodated with Akt phosphorylation
(inhibition to ~3-18"% with respect to untreated cell cultures) [19). Nonetheless, those authors did not
present sufficient evidence to implicate these CDPs in the mechanism of apoptosis induction. In this
sense, our results clearly show that the PAO1-CDF mixture was able to abrogate phosphorylation of
both Akt-5473 and S6k-T389 protein kinases in a time- and concentration-dependent manner in Hela
cells in short time periods (5-30 min) (Figure 5). Additionally, we found that the phosphorylation and
dephosphorylation of Akt-5473 and S6k-T389 protein kinases showed a cyclic behavior in Hela cells:
after inhibition of phasphorylation by PAOL-CDPs treatment, phosphaorylation of both proteins was
detected again, but after longer periods of time (120240 min). We also determined the phosphorylation
of Akt-5473 protein in free cell extracts of HeLa cultures treated with the crude PAO1-CDP mixture
at prolonged times (1248 h), but it was impossible to detect the p-Akt-5473 or Akt protein isoforms,
observing massive protein degradation on the SDS-PAGE gels:

Akt phosphorylation and dephosphorylation have been reported in HeLa cells subjected to serum
starvation in a cyclic biphasic behavior. Incubation periods less than 12 h led to Jow levels of AkE-5473
phosphorylation, but after periods longer than 12 h, higher levels of p-Akt were observed involving
endogenous insulinlike growth factor (IGF) synthesis under deficient culture conditions, such as serum
deprivation [30]. It is interesting whether CDPs themselves also induce endogenous synthesis of
molecules that can activate the Akt pathway, and more experiments are needed to explain this biphasic
behavior of Akt phosphorylation.

mTORCI controls the rate of protein synthesis through phosphorylation and activation of the S6k
protein kinase and eukaryotic translation initiation factor 4E (elF4E)-binding protein 1 (4dE-BP1),
promoting mRNA translation and protein synthesis [23], In general, our findings confirm that
PAO1-CDPs are capable of inducing apoptosis in human tumor Hela cells involving the inhibition
of Akt phosphorylation and subsequently the phosphorylation of the downstream S6k protein
target. Because cell proliferation is associated with p-Akt/p-56k levels, our findings suggest that
the inactivation of the TORC1 complex probably participates in the antiproliferative effect of the
PAO1-CDPs in HelLa cells, thereby pointing to inactivation of the PI3K-Akt-mTOR signal transduction
pathway as PAO1-CDPs’ mechanism of action.

Akl regulates metabolism, survival, apoptosis, growth, and proliferation, whereas mTORC2
directly activates Akt by phosphorylating its hydrophobic motif (Serd73), a site required for its maximal
activation [16,31]. Hence, the cyclic phosphorylation behavior of Akt-$473 observed during PAO1-CDP
treatment of Hel.a cells suggests that mTORC2 activity may be involved. The mTORC2-dependent
Akt phosphorylation leads to activation of mTORCI; thus, mTORC2 may indirectly suppress
autophagy [18.32].

The heterodimer consisting of tuberous sclerosis 1 (TSC; also known as hamartin) and TSC2
(also known as tuberin) is a key upstream regulator of mTORC1 and functions as a GTPase-activating
protein (GAP) for Ras homolog enriched in brain (Rheb) GTPase. The GTP-bound form of Rheb directly
Interacts with mTORC! and strongly stimulates its kinase activity. As a Rheb GAP, TSC1-2 heterodimer
negatively regulates mTORC1 by switching Rheb to its inactive GDP-bound state [ 16]. Phosphorylated
Akt disrupts the heterodimer by phosphorylating TSC1, thereby abrogating its GAP action on Rheb,
leading to mTORCT activation, thus promoting cell proliferation and inhibiting autophagy:
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TSC1 or TSC2 dysfunction is also implicated in uncontrolled growth and cancer {18]. In contrast,
low cellular energy levels or hypoxia induce TSC1/2 heterodimer formation inhibiting mTORC1
activation. Autophagy is a cellular process necessary for development and tissue homeostasis
and participates in various physiological and pathologic processes (including exercise, metabolic
adaptation, and disorders such as neurodeg tive di infectious diseases, cardiovascular
diseases, cancer, and aging) [18]. Because mTORCT1 plays essential roles in autophagy, it is a potential
pharmacological target. Therefore, identification of novel molecules with the capacity for modulation
of autophagy via mTOR-dependent mechanisms is of great scentific interest in terms of treatment of
human diseases,

4. Materials and Methods

4.1. Chemicals and Reagents

Dulbecco’s modified Eagle's medium (DMEM), fetal bovine serum (FBS), antibiotic and
antimycotic solution (100X) containing penicillin, streptomycin, amphotericin B, 4,6-diamidino-2-
phenylindole {DAPI), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were
purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Tissue-culture plasticware was acquired
from Coming (New York, NY, USA), Alexa Fluor 488 Annexin V and the P1/dead cell apoptosis kits
(Invitrogen, Life Technologies, Carisbad, CA, USA), and synthetic CDPs cyclo(-Pro-Val), cyclo(-Pro-Tyr),
and cyclo(-Phe-Pro) (G-4730, GA715, and G-4720, respectively) were acquired from Bachem Co.
(Torrance, CA, USA).

4.2, Bacterm! Strains and Culture Conditions

The P aerugmasa PAOL wild type [33] was grown in Luria-Bertani (LB) broth at 37 “C, with
shaking. Solid media were prepared by adding 1.5% (w/v) agar. Antibiotic concentrations used for the
P.acrugimosa were 200 g /mL streptomycin; all reagents were purchased from Sigma-Aldrich Co.

4.3. Solvest Extraction and Chemrical Characterization of CDPs from the P, aerugmosi PAOT Strain

A 25 % 10° CFU inoculum of P. arruginosa WT was placed in 300 mL of LB broth and incubated
in a growth cabinet 24 h at 37 °C for bacterial growth. Cell-free supernatants were prepared by
centrifugation (10,000 g at 25 "C by 10 min; in an 5810R centrifuge (Eppendorf Hauppauge, NY,
USA). The resulting supernatant was extracted twice with two volumes of ethyl acetate supplied with
acetic acid (0.1 mL/L). The extract was evaporated to dryness using a rotavapor {Buchi-210 Lab, Buchi,
Flawil, Switzerland} at 60 “C under vacuum. The residue was solubilized in methanol-acetonitrile (1:1),
the undissolved residue was removed by centrifugation and the sample was evaporated to dryness,
and finally dissolved in DMSO-water (1:3) rendering the crude PAO1-CDPs mixture, Analysis of
extracts was carried out using High Performance Liquid Chromatography (HPLC, model 240, Varian,
Santa Clara, CA, USA) using a Pholodiode Array detector (Varlan 410) and a reverse-phase HPLC
column Sephasil-Peptide C18, 12 um, 4.6 mm x 250 mm (Amersham, Pittsburgh, PA, USA). Fractions
were eluted with water-acetonitrile, starting with a equilibration solvent mix of 0:100; followed by a
gradient linear up 6(:40, at flow of 1 mL/min by 15 min, following with retum to 0:100 solvent mix in
3 min and an equilibrium phase during 2 min. The deionized water and HPLC-grade acetonitrile were
filtered and degasified (J.T. Baker, Center Valley, PA, USA). The extract was also analyzed for CDPs
identification by gas chromatography-mass spectrometry (GC-MS, GC-6850 Series 11 equipped with
a MS-5973, Agilent Technologies Inc,, Santa Clara, CA, USA) as previously described {20]. Relative
CDP proportions were determined by area units showed in chromatograms of the GC-MS analysts,
For dose-response assays, the crude PAOL-CDPs mix was evaporated to dryness, weighed out, and
dissolved with DMSO-water 1:3 to prepare a 100 mg/mL concentration as stock solution,
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44. Cell Line Growty

The human cancer cel]l ine Hela was obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA), HIEK-293/MD2/CD14 cell line 1sed in L8 induction assay {InviveGone,
San Dicga, CA, USA), pesipheral blood mononulcear celis {ACMB) ablained fivm healthy volunteers by
lsrlatlem throagh Feall gradiest sad human luny fibeoblast cells were kindly provided by Dy, Malses
Sclman and tr. Adan Moreno {1Hospital Juarez de Médco, Mexice City), Cell procedures were
perforrued under ctass 11 biological safety cabinets. Cells were cultured in DMEM suppiemented
with 0% (2/ 0} FBS {vacaplet medism, CM), and [0 antibiotle (20,000 unlts of peaicillin, 10 mg
streptomyein, and 25 g of amphotericin B per mL, Sigma-Aldrich Co.) soluton, The cuitures were
fod Iwie a week and mantaiogd ot 37 "C under 83" humidity and ineubated in an atmosphers of
e €. Hela celis wiere collected by trypsinization using trypsm/EDTA bu fered solution for 5 min
at 30 "'C, totlowed by the addition of serum-enriched complete medium (KM} to stop nypsin action.
ARer Irypsinization the oells were collected and washed with CM. Finally, vells wete counted it a
hemocytomader chamber and incubabed in fresh OM med la

4.5, Cell Vinhilite Awsay

Cell viability was determined by the coborimetric method using MTT dyc, Briefly, Mela colls were
seeded In 96-well dat-bottamed plates (Thermo Fisher Scenlific, Grand Istand, NY, USA) at a denslly
of 2 x 104 cells per well s 20wl 0f CM amd incubabed by 24 h 1 37 -C with 5% CO;y s Jesmbed
above. Then, the madium was removed and replaced with fresh CM ar serumi-free medivin {SS). Then,
¢k were incubated with the CIOPs solutum at Indicated ¢aneratrations. Cells were incubnted foc
anothee 24 h at 37 "C with 5% COy. Tir determine cell viabifity, MTT 50 mg /mL in T"BS was added 10
each well and Incubated for 4h at 37 *C. Finally, 100 uL of 2-propanci/ 1M HCL{19:1 v/ ) was added
1o dlssolve the (ormazan crvalals. Abmorbance measuremnents were cxemducted ubillzing a miceaplake
spectrophotometer reader (BloTek Instruments, Winooskd, YT, USA) a1 595 am,

4.0. Nevrasis and Apapiosis Assay

Hela celf line was seeded in %-well flat-bottomed plates at a deasity of 3 x W cells per well m
200 pl of TM and Jercubotend for 24 1 ab 37 °C wlih 3% Q0. Then, cells were synchranvasd with 55
medium for 12 h under the same conditions and 2dding different concentrations of CD8%s. VS0 was
used as crntro] at The same concentration used to dissolve the CDPs. T deteeminate Ow apopdntic
effect, aclls wene cullected by amtrifugation at 200 ¢ for 10 min. The petlet was suspended in
20 uL. of 85 medium and treated with annexin V and propidium jodide {Pl} (Dead Cell Apopiosts Kit;
Moleculas Probes, Invilrogen Lide Teelnologles), o svith 7-anunoacUnomyein D (7-AAD; Molecular
Prodes, Invalrogen Life Tee hnelogies) following the indications nvommended by the mantfacturer
Fluotescence was immodiately quantified by flow cvtometry using an Accuri-Cé Flow Cytometee
(BL Bivsgiences, Sun Juse, CA, USA ) Cell populations from vach reatment were gaked in fonwvand
scatter and side scatter dot plots to efiminate cell debris. Populations comresponding to auto- ar
basal-(luorescence were located in the lefl quadrant, and cebls with emission of fluorescence increasing
al least ape Jog unit value were locaend [n the oght quadrand of the dot plods. 1 add|tion, the peroentage
of flucrescent cidls {PRC) and median fluorcscence intensity {F) were debermined in memeparamctric
histograns of duorescence envssion obtained from the dot plots and Labeled as PFC and as relative
Tlsorezrence unlis. The eyuipment was calibrated using Spheratech 8-peak (FIL1-FL3)and f-peak (FL-4)
validation beads (BD Accurd, San Jose, CA, USA). Far apoptusis and necrosis assays, Guorescence
fow annexln Vin emssdon fluotescence chammel FLT 2t 4957519 nm, fur propldlum wdide in the FL2
channd at 335/617 nm, and for 7-AAD n the FL) channel at 48%/647 am were moenitored, At least
201,00 cetlular events were analyzed far each determinalion paint. Data were analyzed using Flowlo
V121 software (Tree skat, Stanford, CA, USA).
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4.7. Caspascs Intulntion Assays

Heta cell Jne was seeded 2 % 10° cells per well In 24 0al bottom plates in 0.5 ml of CM
medium, Cells were symoronized for 12 h in$% medium and after the caspases inhibitors: pan caspasc
{(Z-VAD-FMK), caspase-3 inhibitoe (Z-DEVD-FMK), caspase-8 inhibitor (Z-IETD-FMK), and caspase-9
inhibitor (Z.1L EHTIFMK) {BD Pharmdyen, San Jose, CA, TI5A) at 1t mM comcentralam were added
120 mim privr to the addition of crude PACI-CDT's mis at 1tmg/ mL, folluwed by 4 b of incubatton,
DMS0 was used as negative controt in absence of caspase inhibitor in the same condition as Lhe crude
PACIDPs aux. Celky were collected by trypraenization, and washed wath coltd PBS. Apoptosls was
menttored wsing aressth Y-APC {allophycecraning conjugated {BD Pharmigen) nnd flustescvoce tvas
registensd in Accurk-C6 flow cylometer by fluarescence emission (6507660 nm) defermined |[n FL4
channe, At least 20,000 cellular vvents weee analyzed in each determination point, data after were
analyzed vsing Flowjo Y121 software,

48. Deenmimatron of IL-8 bw ELISA

HEK-233 TLR4/MD2 /C D4 cell line thal slably expressed TLRA recepilor wete seeded into o
O4vell plate al o concembration of 2« 1P celks perwel| and freated with the ¢risde PAOTACDPs mix
for $ h. Cell supcmatants were tested for IL-8 protcin with the commerdially available Op(EIATM kit
{BD Biosciences), absorbance was measure at 490 nm in ELISA reader {Dynax, Ghantilly, VA, USA).

4.9, Mifowlued vidl SMemfrane Pitestal Deterriinalam

Menbrane poteplial o Hela cebls saspension was debermined wijng the flnorescent,
ccll-permeakble indicator Rhodamine 123 (Sigma-Aldrich Co.l Hela ol line was seeded in %6-well
flat-batunned plates 4t demalty of 3 x 107 cells per well In 200 pul, of M and [acubated for 24 b at 37 °C
with 5% CC. Then, colls wert synchroaiaed with S8 medium for 2 h under the same conditions and
adding 0.1 mg /ml ot the crude PACI-{DI's mix. DM was used as control al the same concentration
used to disolve | CDPa After, celld were joaded with Rhodamine 123 (3 pg/ml ) and incobated at
37 °C for 30 min in darkeess, Saspensions wite washwd and Rucrescence was quantified wsing an
Accuri-Cé Flaw Cytometor monitoring the emission Auotescence in channel FLT at 5337 30 am. At least
201,003 cellular events were analyze; ar directly observed in 3 Confocal Microacopy (FYI000, Olymipus,
Center Valley, PA, USA ) monitoring the emission fluorescence at 533/ 30 nm. Fluorescence intensily
was quantifed using Lhe Ernage [ soflwace.

4 M. Rewt-Tueme Quanetification of Supvroxide in Hunrai Tumior Celt Lincs

Tntracellular superoxide (Ca"7) in il susperwions was determined using ocklspermeant
fluoresornil probe dihydrocthidium (DHE, Molecular I'robes, Invitrogen} and fluorescence was
guasnellied by Bow cylometry using an Accun-Cé Flow Cytomeler. Human cell Unes wens grown as
described abuve aad satnpbes (100 plh wene kypsimzed and washed with PBS bulfer. Cells suspenaiias
(1 = 107 celish were meubated with DIHE (5 ug/mLj at 37 °C for 2h in darkness. Then, human cells
werne harvested, washed, and re-suspended in PBS. The populations of fluorescent cells for each
treatment were monitored by flow cvtometry in the emission ftuorescence channed FL1 {387/40 nm).
At Jeast 20,000 cellular events were analvzed In each determimation point

AI1. Innrunodeicction Assmes

Human Hela cell cullures were grow'h 33 described above apd synehronized by 12 b In ineoinplete
mixtium wethout securn (85} Incubating at 37 7 C wnder 5% CO; atmosphere, 3 « 104 colbs were sewded
in each well {six-well plates) in total volurne por weli of 3 mL of fresh &8 or CM mediums supplemented
with cespective comprunds to test. After treatments, The medium was vllminated and cells were
sbmutted to cellular bypsinization with CM/SS meditim and harvested by centrifugation at 500« g,
47C by 10 min. Cellular lysis was carried out in phospharyation buffer (PB) 300 pL composed by
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|Hepes XM pH 7.6, sodium-pyrophosphate 50 mM, sodium ortovanadale 1 mM, sodium molybdate
1 mM, EDTA, EGTA M inM, beazamldine | 1M, NoF 20 mM, PMSF 0.2 mM, 8glycerophosphaje
30 mM, mamnitel 203 mb, priteass nhibitor cocktails | il mL (akl neogents from Sigma-Aldrich Co.)j
Cel suspensiom was lysed (cell lysate) by two sonication pulses av low intensity by X soceach at $°C
(Hielscher-LS23 Utrasound Technol, Ringwoaod, NJ, USA). The protein extracts cefl-free were abtaining
by centrifugation of total cell homogenates at 7500« g, 4 *C by 15 min. Protein was deermined by
Bradfard method (BioRad, Hercules, CA, USA) and 30 pg of lolal profeln was mixed with 10 pl of
deaainning bufivr (Tris-HCI 0.060, pH6, 5% de glycerol, 4% SDI5, % fomentaptoethand and 0,0025%
bramophenol bluc) durmg 5 min at 45 “C in a boiting water bath. Samples were run in a2 denaturing
pelyacrylamide gel electroplwresis al 10-12% {(SDS-PAGE). The gels in ane side were Coomassie blue
stamed and the other g&l fransferred o polyvinglidene difovdde (PYDF, Millipore, Bitlerica, MA,
USA) membranes for western blot procedure,

Fur tmmunedetecton, membranes wire blocked using dry milk in TES-T (Tris- HCL 10 miM:
NaCl Q.%4%; bween-2} (1%, pt 7.8) and blotted with the anti-human antibodies: anti-A ki (C-2U0-R),
ann-Akl-phasphoryled /273 (Ser 473-R), antl-pA) St kinase & {H-160), anli-phosphoryvled-p70 So
kinase « (Thr 289K, and anl-B-actin; all frwm Santa Croz Bickechmiogy, Santa Cruz, CA, USA.
The first antibody was blinted in blocking mediam at 1:10,6%0 gilution for 12 h at 4 =C with light
shaking. After washing, the membrane was incubated with the secondary antibody, Geoat anti-Rabbit
I8G HRPcomjugate (BioRad), in Blocking medium al ):10000 dilubiens for J K at 4 'C; Lhe mepabrase
was twive washed with TBS-T and developed using hydrogen peroxide and Supersignal West Pleo
Tombaod {Plene, Thermo Fisher Schentific) and after expesing n lghrtaensabive hlms ar Chem|Due™
MP System (Bio~Rad). Assaya wiere conducted by at keast thro: imdependent awayx and cepronentalive
images are shown. Bands infensities in gels or films werv quantified using the Image }! software
{NTH frmage, Bethesda, MA, USA).

4.12. Cf Dnage Captarrs

Hela cebls wis seeded in 12-well flat-bottomed plates al & density of 1 = 1 cells per well with
1mL of CM and incubated far 24 b at 37 *C with 5% COy. Ueliswere incubated with sonim-free medium
(S5) for 12 hat 37 C and an atmosphere of 5% COs and bwubdated with different conoen lrations of
the CDPs. After reatrient, the cells were washed with 'BS. Celis were fixed with paraformaldehyde
(PFA at 4"} far 1} min on Jee and oollocated on cover glass, placed Into a holder with a drop of
P83 and glyeend 1:T and phatographed wing ar inveried phasescontmst mikasoope (Carl Zeiss
HB(-50, Cottingen, Geomany} aquipped with an AxioCam/Ccl digital camera {Carl-Zeiss, Cottingen,
Gerraany). Addilionally cell cultures wen: observed directly using a conforal nucroscope {Clympus
FYI0MD), bmages of the Hela cells were Liken using Hx magnificatlon.

4 13, Ethaad Consilenttions

The Hospital fuarcz of Mexico Sacntific Rescarch Committec (composed of Scientific, Ethics, and
Biv-security Committees) approved the project (profects number: H|M 2321/148, B)M2112/12-8), and
in accordunce with “Reglamuento de la Ley General de Salud on Mateela de Investigacion pam la Sabud,
Mexico™, and the protocols that weore used conformed 10 the ethical guldelines of the 1973 Dedaration
of Helsinkl. All encolled individusks proyvided written informed consent.

5 Coaclusions

Char Andings Indicate that the antiprollferative offect of the PAQ1-CDP mixture om Hela cells
involves inhibition of both Akt-5473 and S6k-T28Y protein phospharylation and activation of the
caspase-3-dependent inlrinsic apoplogis pathway and mitochund rial dysfunction. These data supgest
that the antiproliferative effect of PAOL.CDPs involves Hhw Akt-mTOR-56k signallng pathway.
pointing, W the involvement of mTORC camplvxes.
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Antiproliferative effect of bacterial cyclodipeptides in the HeLa line
of human cervical cancer reveals multiple protein kinase targeting,
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Abstract

Cervix adenocarcinoma rendered by human papillomavirus (HPV) integration is an aggressive cancer that occurs by dysregu-
Lation of multiple pathways, including oncogenes, proto-oncogenes, and wmor suppressoes. The PISK/AKVmTOR pathway,
whisch cross-talks with the Ras-ERK pathway, has been associated with cervical cancers (CC), which includes signaling path-
witys related 1o carcinoma aggressiveness, metastasis, recurrence, and drug resistance, Sinee bacterial cyclodipeptides (CDPs)
possess ¢ytotoxic properties in Hela cells with inhibiting AkvS6k phosphorylation, the mechanism of CDPs cytotoxicity
involved was deepened. Results showed that the antiproliferative effect of CDPs occurred by blocking the PE3K/AKUmTOR
pathway, inhibiting the mTORC I/mTORC2 complexes m a TSC1/TSC2-dependent manner. In addition, the CDPs blocked
protein kinases from multiple signaling pathways involved in survival, proliferation. invasiveness, apoplosis, autophagy. and
energy metabolism, such is PIIK/AK/mTOR, RavRafMEK/ERK1Z2, PIKANK/PKA, p27Kip VCDK 1 fsurvivin, MAPK,
HIF-1, Wnt/p-catenin, HSP27, EMT, CSCs, and receptors, such s EGF/ErhB2/HGF/Met. Thus, the antiproliferative effect
of the CDPs made it possible to identify the crosstalk of the signaling pathways involved in HeLa cell malignancy and to
suggest that bacterial CDPSs may be considered as a potential anti-neoplastic drug in human cervical adenocarcinoma therapy.

Keywords Antiproliferation - Anti-neoplastic drugs - Cervix adenocarcinoma - Cyclodipeptides - Malignancy - Protein
kinases

Introduction

Cancer is caused by the malfunction of fundamental cellular
processes modulaning the number of cells, as well as cellular
growth, proliferation. survival, and e¢nergy metabolism. In
this sease. oncogenes and tumor suppressors, such as PI3K.
Akt, Ras, Raf, TRK. NF1. LKN1, PTEN, P53, TSCI, and
TSC2. have been widely docamented in cancer diseases |1 ).
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Cervical cancer (CC) is one common type of gyneco.
logic cancer that is responsible for cancer-related death in
women worldwide. which occurs due to the infection by
certan types of the human papillomavirus (HPV), particu-
larly types 16, 18,33, and 42 [2, 3]. CC is characterized by
poor diagnosis. high recurrence rates, and drug resistance.
Consequently, CC patients have a relatively pooe prognosis,
In CC, the E6 und E7 oancoproteins targeted w the P53 and
Retinoblastoma (Rb) tumor suppressor protesns are widely
implicated in the regulation of cellular profiferation. In addi-
uon, mutations in the Ras family of genes or the dysregula-
tion of EGFR and ERBB2 play important roles in the car-
cinogenesis and aggressiveness of CC [4], Previous studies
have reported that the spindle and kinetochore-gssocusted
complex subunit 3 (SKA3Z) participates in cancer pathogen-
esis and progression, and recently, it was also found to be
associated with CC patients, with overexpression related to
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cell growth and migration by promoting cell cyele progres-
sion by the PI3K/AKt signaling pathway activation [2].

Human cervical cancer has been deseribed in terms of
the cross-talk of several signaling pathways, with the most
common being the ERK/MAPK (RAF/MEK/ERK). PI3K/
AKUmTOR, EGFR/VEGFR, and Wnup-catenin pathways
[4], though others pathways have recently been considered
as potential participunts. such as STAT. NOTCH [5], and
HSPs (Hsp90, Hsp70, and Hsp27) (6]

From the PI3K/AKUmTOR signaling pathway, the mTOR
kinase is a master regulator that acts as two complexes. First,
mTORC] has been implicated in cellular processes, such
as anabolic metabolism, oxygen supply, encrgy. prolifera-
tion, survival, mobilization, tumorigenesis, and atophagy,
while mTORC?2 is apparently involved mainly in actin
cytoskeleton reorganization [7, 8], und more recently, in
regulation of growth, prolifesation, energy metabolism, anl
drug resistance [9, 107, The mTORC | complex (conformesd
by mTOR, Raptor, mLSTS/GL, PRAS40, Deptor. and
KBP12-rapa) is frequently up-regulived in cancer, particu-
larly under increased oncogenic activation of PI3K signaling
or inactivation of the lipid phosphatase PTEN [ 1], whereas
mTORC2 (conformed by mTOR, Rictor, mLSTS, DEPTOR,
mSinl, and Protor 1/2) is directly activated by Akt phospho-
rylation at Serd73, a site requured for its muximal activation
[8, 11, 12], The mTORC2-dependent Akt phosphorylation
leads to the activation of mTORC]. Thus, mTORC2 may
indirectly suppeess autophagy [ 7, 11, 13]. Hence, the cyclic
phosphorylation behavior of AKt-S473 observed during
PAOL-CDP treatment of HeLa cells suggests that mTORC2
activity may be involved [14).

The heterodimer, which consists of tuberons sclerosis
I (TSCI; also known as hamartin) and TSC2 (also known
as tuberin), is o key upstream regulator of mTORC1 and
functions as a GTPasc-actvating protein (GAP) for Ras
homologs, such as Rheb GTPase. The GTP-boand form of
Rheh directly interacts with mTORC1 and strongly stimu-
lates its kinase activity. As a Rheb GAP, the TSCI1/22 heter-
odimer negatively regulates mTORCT by switching Rheb to
its mactive GDP-bound state [8], Thus, the phosphorylted
Akt protein disrupts the heterodimer by phosphorylating
TSCL, thereby abrogating its GAP activity associated with
Rheb. This leads 1o mTORC] activation, which promoles
cell proliferation and the inhibition of autophagy.

TSC1 or TSC2 dysfunction is also implicated in uncon-
trolled growth and cancer [7]. By contrast. low cellular
energy levels or hypoxia induce TSCL/2 heterodimer for-
mation, thereby inhibiting the activation of mTORC]I.
Autophagy is a cellular process necessary for development
and tissue homeostasss. which participates in various physi-
ological und pathologx: processes, incliding exercise, mets-
bolic adaptation, and certain disorders, such as nenrodegen-
crative diseases, cardiovascular diseases, cancer, and aging
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7] Because mTORC1 plays essential roles in autophogy, it
15 @ potential pharmacological target that may be associated
with several malignances.

Therelore, identification of novel molecules that have
the capacity to madulate cell proliferation, metastasis, drug
ressstance, and other processes, such as neerodegenersative
diseases and autophagy, is of particular scientific interest
in terms of treating human diseases: Our group has dem-
onstrated that & maxture of CDPs obtained from the Pres
domonay aeruginosa PAOL bacterium, which is mainly
composed of cyclo{i-Pro-1-Tyr), cy¢lo(i-Pro-1-Val). and
cyclofi-Pro-1-Phe), promotes cell death (LDg, 15 pg/mL)
and apoptosis induction (ECy,~0.3 pg/mL) in cultures of
Hela cells, though not in normial human lung fibrobiasts
or peripherical blood cells [15]. The hndings pointed to
a mechanism underlying the inhibition of cell prolifers-
uon depending on mitochondrial functionality, white also
implicating the Akt and S6k protein-kinases phosphoryla-
ton involvement [ 14, 15). Thus. the objective of this study
implies o deepening of the signaling pathways involved in
the cytotoxicity effect of CDPs in the HeLa cell Tine. and as
such, this knowledge may contribute 10 a better understand-
ing of the malignancy and drug resistance as it oceurs i
human cervical cancer,

Materials and methods
Chemicals and reagents

Chemiculs and reagents included Dulbecco's modified
Eagle’s medium (DMEM; Sigma-Aldrich), fetal bovine
serum (FBS; Gibco Life Technology), und trypsin solution
(Sigma Life Science), while Alexa Fluor 438 Annexin V
was obtained from Invitrogen, Life Technologies. and 7-ami-
noactinomycin D (7-AAD) was from Molecular Probes, [nv-
itrogen Lite Technologies. Cyclodipeptides were obtained
from P. aeruginosa PAOL cells-free supernatant as previ-
ousty described [ 16, 17]. CDPs were dissolved in a DMSO-
water ratio of 1:3 to prepare stock solutions (100 mg/mL).
AZDS055 and LY 294002 inhibitors were purchased from
LC Laboratories.

Cell line growth

The Hela human cancer cell line was obtained from the
American Type Culture Collection (ATCC, Manassas,
VA, USA), which contained mutated the H-Ras oncogene
and Jow-level expression of the P53 wmor suppressor pro-
tein. Cells were cultured in complete medsa [DMEM sup-
plemented with 10% (viv) FBS, 100 Uil of penicillin,
40 pg/mL of streptomycin, and | pg/mL of smphotericin
B (Sigma-Aldrich Co.)). Cell culture media were changed

68



Apopacels

twice v week und maimnimed 18 37 <C under KO% tmimidity
ond spcubnted io 2n atmasphere of 3% O, fo confuency:
cebls woere thed rypaimzed commert nsing a heroeyiomeser
chamber, wnl usedd tor subseyquent askiys. Cell cultures unt
olher procedures were perfommed in class £l biokopical safety
¢abingts.

Apoptosls and ceBulas cycie determination

Cdlular opoptosis wee decermined using anvexio V¥ oand
T-AAD reugentic, amd for cellulut ¢yeke phine dederniitil-
tion. 7-AAD was used. both fellowing the manufacturers’
reconmendouons. Brefly, cells were seeded in 96 woell
flal-buttamed plates o @ density of 3% 10*cells per well in
200 L of DMEM with FBS mesum onl incubsted by 24h
ut 37 "C with 3% CO.. The culiure nxdia were duew o puwed
vkl replweenl wilh secum-free DMEM miedivm To guamily
opopiosis, cell caltures wire incubated osing DMEM wilth
FBS medium for 12 h prue $o treatmweat with CDPs (0.1 mg/
niLk DMSO (wl the same concenaimemn wsed 1o disslve
the CEPs) and Actioomycin D were used us Ihe ocgotive
sl poshive controls, rexpectavely. Foblowing licubation,
v¢lls were trypsinizal 11d collevted by centriluzalion wl
2000 foc 10 min and the pellet wis suspended in 20 pL
and incuboict with unnexin ¥ and 7.AAD. Buessoeee
witk yuiatified by FACS using an Aveuri-C6 Flow Cylone-
eter{BD Biasciences). The pereentages of fuerescent cells
was deernnuned Mo Lisgagrans of Auirescence cnskinn
in the phuls, For apoptssis asssys. lhwsresvence rendered by
agerexin Y was (neasureyd i the Anorscence chiumel Fl.|
i +BB/49% i, and fos 7-AATD, il ;s measared io the FL3
chanrnet 38 SM&GAT nem. At keass 20,000 coblular cvents were
used) [vd eich meissitremtietit. Stages o0 e cell Cycle were
defermined bor ihe Hela celis osing (he 7-AAD reagemt by
FACS, nnd the datn were anohyzed nsing CFlow Plus soft-
wiags {Thee stu, Sapfor ).

Immunocdstection ascays

Human HelLo cell culturey were prman of descnibed above
ownd synchroiized by 12 b io DMEW mediom without feial
huvine <o mesbated 3 37 "C uikder S LY tmenphicte.
Thereufter, 2x 19 cells were seeded in spch well (six-well
phates b with a lotal votume pes well of 3 ml of fresh DMWEM
nredivin with FBS, &lding the COPx W & conventrilion of
.1 mgfmL. After lecatments, the medium was eliminated
and cebls were submitled to celiular ovpsinzatlon in DMEM
nrelivin amd horvested by cantifigatiom = SNIx g, 4 °C
tor L0 min. Cellulac Iysis was carried oul in phusphoeylo-
tlan buffer (PBY A0 pL compuased of Hepes {30 mM, pH
1.6), contatning sodium-pyrophosphote (50 mM ). wdivm
artovunaduie (3 mM), sodivm molybdate (1 mMp, EDTA
120 mMI, EGTA (20 mM). henzamidine {1 mbiy, NaF

€20 mM), PMSF (0.2 mM). p-glycerophesphate (B0 oM},
mannltod {200 mM ). and protease Inhibitor cocktails 4 ) pLr
iy, with adl reagetits from Sigins-Aldeech Co. Coll suespe.
aion wox [ysed (<1l baate) hy dheee cyckes ol sonication o
1ow intensy {20 EHZ 5 W) jor 3 scach 4 4 *C with 5 min
of resting between sonication cyvles {Heelwher 1,524 Lijw.
sennl Technol), Cell-itee prsein eatmels were ohthining
by contritugalion at TS00xg &od 4 °C for |5 min. Proteino
concenimation wos detevmined wsing the Brodford reagent
¢BioRad) and 3 pg of protein wan mixed whb 10 pL of
demnuning bulTey iTrs=HCI .06 M, pH 6.8, 5% zlyceral,
A% SDS. 4% §-mencaptoahanol and 0.0025% brumopheno]
bluey fas 3 min o ¥5 °C ln o bexling water hash. Samples
wore sepurabed Nisder denaturing souditions wing poly-
acrvlomide pel ckectrophoresis a1 10-12% (SDS-PAGE}.
Gels were anained will Coomiussie blue, and proleens frony
replicicie pebs were tmoslerrd o pulyvinglidene difluocidke
(PYDF, Millipore) membeanes fur immunodetiection ussays.
Brefly, PYDF membranes weee incuboted with TRS.T
(Tr~HCE 1M i pH 7.8, 0,95 NaCl I I'F tween-21), 5%
dry milk), PYDF membrunes were cul according bo a rzoge
ol malecular weight sardory anl sncubuted with sle sudi-
cated uniibudies L the voncemrition swgpesied by 1he manis-
tocturer. the antibodies used included p-mTOR {Ser2 448},
p-osTOR {Ser248 |3, mTOR, Ragsor, Rictor, GJ3E.. and snte
rubbi IgG-HRP froa Cell Signuling Technubogy. us welk ax
P-Akt{Ser473), Ak, Hanmatin p-tuberio. tobesin p-pAS6L
(Thedsy), Rheb, H-Ras, HSP2Y, - PTEN {Serdis0}, VLK,
P53, and P-actin [rom Smin Cruz Biotechnolugy. Fillowing
12 ol incubadion (4 >C) [or the prinry wnibxly., wmeai
brunes were washed and invubuied with secendary antibady
Goat zute-Rabbin IgG HRP-comjugate 4 1:13,000, BioRad|
it Blocking e for 4 B at 6 207 el vanbridies weye
washed twice with TBS-T butfer and developed ucing hydro-
gen peroxide ond Superssgnal West Pico Luminol (Piweree,
Thernwr Fisler Scienifick. Imuges were then vagiund
using 2 ChemiBoc™ MP System (Bio-Radi Ausays wer
conducted at leusat Lhree thines, repeesenditive imuges weee
ofgainal, and bond inseisines in gels imoges wes qriniifed
using ihe image] software {NTH Tmagst.

For aotibody ureays immunodetection, 30 pg of totol
proein were wtded o each well wirh ghass slides ol an
aolibady amoy kit | PothScin Cancer Pheootype Antibuily
Array Kit #14821 and PushScan loescellolar Signoling
Arhey Kit #7323; Cel) Signaling Technolugy) fidlowing
the instruciians of 1be prowider The arcay gloss shides were
sncubated vvernaght at 4 *C on an vrbaal shoker. Follow-
g immsreationy skl washes, shides were moubated
with 8 biotinylated-untibody cockiail and HRP-linked
Streprovidan far B b ac room cempecatuee. To deteet imiu-
noreacuvity, LumiGla®/Perexide reagen! wie added and
mages were ipspsediaiely capruted using @ dgatal eeaging
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Apoptotic cells (%)

Long time
oxposition B HeLa (DMEO0)

Shont time r—;w
s T V) Heta {Actinomycin D, 58 mgimL)

3 Heta (COPs, 5.1 mgiml. |

TAAD T
! GO/GY (83%)
GaM (<54
I s (1%

chemiluminescent system, ChemiDoc™ MP System (Bio-
Rad). Determination of spot intensity from the micro-array
was carried out by densitometric analysis using Imagel)
software (NIH Image).
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GONG1 (73%)
G2M (<1%)
$ (7%

Statistic analysis

Correlation analysis of data obtained from antibody arrays
was conducted utifizing response variables (treatments)
versus data of signal intensity for each spot in the urrays
(cases) with STATISTICA softwure (Data Analysis Software
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<Fig. 1 Apoplosis induction and cell cycle arresting in Hela cetls by
CDPs. Hela cells were cubtueed in the DMEM + FBS medivm and
treated wih COPs. Cells were stained weh manexin V and TAAD
and analyzed by FACS. a The percentage of Buonescent cells deter-
mined in the dot plots is shomm, which cormesponds 1o Hela cells
trested for 2 b (short time) or 15 4 (long time) with DMSO. actino-
mycin D (50 mgfmL). or COPs {01 mp/mby, QI, early apoptosis:
Q2. late apoposis; Q3, nectic cells; 4, viable calls b Pacem-
ape of Dovesscent cells (apuptatic cells) were determined by FACS
after CDPs neatment. Bas of the plots sepresent means & SE of
theee Independemt experiments, One-way ANOVA was carnied our
with a Bonfenves post hoo test; statistical signiticance (P<001) of
i bety with respect 1o the costrol (DMSO)
arc denoted by difforent lowercase Jetters. ¢ Effects of CDPs on the
cedl ¢ycle m Helas cells. HeLa cells were incubated in serum-froe
medium { DMEM) and serumv-enrichod medivm (DMEM + FBS) after
treatiment wilh CDPy (10 pghmi) for 18 b, which were stained with
T-AAD and asalyzed by FACS. Proportion of cells in different sage
of cell cyele we shown

System 8.0.. Stat Soft. Inc.). Other data were statistically
analyzed using GraphPad Prism 6,0 software (GraphPad
Software, San Diego, CA),

Results
CDPs arresting Hela cells on GO/G1 stage

In a previous study. we reported that the mixture of CDPs
isolated from P. aeruginosa PAO] cultures were eytotoxic
and induced apoptosis m a dose-dependent manner on the
HelLa cell line. which mvolved a mechanism that falls on the
inhibation of phosphorylation of the Akt-S473 and S6k-T3R9
protein-Kinases [14].

Exploration of apoptotic cells in the population of CDPs-
treated HelLa cells (0.1 mg/mL) indicated that a population
of cells responded at shoet times of CDP-exposure, inducing
apoptosis (early and late apoptosis, ~ 20305 of cells), while
that other population of cells responded over long time peri-
ods (late apoptosis, ~60% of cells; Fig. 1a. b). This differen-
tial cell behavior was also observed when the phase of the
cellular cycle was determined in HeLa cells after CDP-expo-
sure (Fig. [c). Regarding the control of cells with depeivation
of nutrients {without feral bovine serum (DMEM)), ~85% of
cells were arrested at the GO-G1 stage, ~5% of cells at the
G2-M stage. and - 10% of cells in the S phase, Comparu-
tively, for HeLa cells in DMEM medium with fetal bovine
serum (DMEM + FBS), major cell proportion was found in
S phase (= 55%). while a decreased proportion of cells was
found in the GOVG I stage (~25%; Fig. 1¢), Interestingly, for
the HeLa cultured in DMEM 4+ FBS medium supplkementcd
with CDPs (0.1 me/mL), cell populations were arrested at
the GO-G1 stage (=705 of cells), at the G2-M stige (< 1),
und in the S phase (~ 25% of cells), This indicates that Hel.a
cells meet in the S phase (~55%) und G2/M (~20%) were

reprogramed by the addition of CDPs, changing the pro-
poetion of arrested cells at the GOVG1 stage (< 70% ). These
results suggest that CDPS are targeted elements responsthle
for cell cycle control,

Effect of CDPs on cancer and intracellular signaling
markers in Hela cells

To deepen the intracellular mechanism involved in the anti-
prolifesative effect of bacterial CDPs in the Hela sdenocar-
cinomi model, protein extracts obtained from Hela cells
cultures were used to immunodetect proteins involved in
cancer [4], These cancer markers were on a 21-antibody
array (Fig. 2), which was blotted using the protein extract
of Hela cultures exposed to CDPs (at 0.1 mg/mL) for 15,
60, and 240 min of exposure, Results indicated that most
of the antibodies contained on the array were turned on in
the control HeLa protein extract, though in the HeLa CDP-
exposed cell extract, o clear decrease in signals of the anti-
body signal spots were observed (at 15 min and 60 min of
treatment; Fig. 2a). We found that at short times of CDP
exposure (15 and 60 min), CDPs provoked o decrease in the
expression of the cancer protein markers CD3 1 (PECAM-1),
EpCAM, Vimetin, CD44, CD45, PCNA, Ki67, p27Kipl,
E-Cadhetin, N-Cadherin, VE-Cadherin, MUCI, Rb-Ser807,
HIF-1a, Survivin, P53, HER2, Met, and EGF compared (o
the control HelLa protein extract (Fig. 2b). Interestingly, in
proteins extracted from CDP-exposed Hel.a cells duning the
longer treatment time (240 min), the spots of the untibody
array were restored in the majornity of profeins, which was
similar to the control extract, except for P53, Met, and EGF,
which remained with low protein expression (Fig. 2a, b).
Additionally, the proteins EpCAM, CD4S5, p27Kip!, and
VE-Cadherin showed a significant increase of expression
level at 240 min of CDP exposure, comparing to the control

Further, a second antibody array wis used (o monitor 20
intracellular signaling proteins subject to phosphorylation
or cleaving, as being involved in cellular and cancerrelated
signaling pathways (Fig. 3), Results showed thut Statd-
Tyr705. AKt-Thr308, Akt-Ser473, AMPKa-Thr172, 56-RP-
Ser235/236, mTOR-Ser2448, HSP27-Ser78. Bad-Serl12,
pTOS6K-Thr389, PRASA0-Thi246, PS3-Serl 5, P33-Thris8/
Tyrl82, SAPKANK-Thr183/TyrI85, PARP-Asp214, Cas-
pase 3-Asp175. and GSK-3f-Ser9 proteins diminished their
immunoblot signal in HeLa cells exposed 10 CDPs at 30 min
and 60 min (Fig. 3a, b), while restoration of immunoblot
signal level was partially observed in the Akt (Serd73), Bud
(Serl 12), SAPKANK (Thr I83/Tyr 185), caspuse-3 (Aspl75),
and GSK-3J) (Ser9) proteins (Fig. 3a. b). Results showed
that the expression/phosphorylation of proteins related 1o
cancer and proteins involved m intrucellular signaling path-
ways found dysregulated in Hel.a cells were mxdified by the
CDPs-exposure,
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CDPs (0.1 mg/mL)
3 contol 15 min 60 min 240 min
g+ .
2 4 1 FEl 3
L1 TR .
o 5.
3P TR S T Tk S S N-Cacherin VE-Cadharin
b
B Control
[ 15 min
] 60 min CDPs (0.1 mg/mL)

[[] 240 min

Fg 2 Protcomic amlysis of CDP cffoct on the exprossion of cincer
markers in Hela cells. HeLa cells were homogenized to obiain pro-
teim exttacts wsed for imomunodetection assays using antibody arrays
& decnbed 0 Moterlals and Methods, 8 Repeesestutive lmages
carrespond 10 amibody micro-anay (PathScan Cancer Phenotype
Antibody Army Kit) The army comains the following antibodies:
(1) positive contrnd. (21 negative contrel, (3) CD3L, (4) EpCAM, (5)
Vimentin, (6) CDM4, (7) CD4S, (81 PCNA, (%) Ki67, (10) p2TKipl.
{11} E-Cadherin, {123 N-Cadherin. (13) VE-Cadherin, (14) MUCI.

Correlation analysis of proteins expression on Hela
cells exposed to CDPs

Analysis of multiple proteins expression in the HeLa cells
exposed to CDPs (using the numerical values of proteins
expressionphosphorylation of the antibody arrays; Figs. 2,
1) were analyzed using statistical correspondence analysis
(Fig. 4).

The plot clearly grouped the proteins in several correla-
tion groups, Fiest, a group of proteins that modified their
cxpression in correlation with the CDP exposure at short
time periods (15 min and 60 min), such as HSP27, AMPKa,

Q Speanger

 —d

(15) Rb Se®07/811L (16) HIF-la. (17) Survivio, (18) P53, (19)
HERZEMB2, (20) Met. (21) EGF. b Determination of spot signal
inlensity from micio-arrays @ was coadictod by domitometry using
Image J software (NIH). Data represent the means = SE of two inde-
pendem assays with spot<luplication for ench anabody. One-way
ANOVA was carried out with o Bonferrool post-hoc test; statisticul
significance (£ <0.05) of differences between treatments is denoled
by lower-case letters

PRAS40, INK. ERK, mTOR, AKI-T, AKL-S, Stat], Stu3,
caspase-3, PARP, Bad. P38, P53, PARP, p70S6k, and S6-RP
(black circle in Fig. 4). A second group of proteins was asso-
crated with the CDP exposure o the longer exposure time
(240 min} including Vimetin, N-Cadherin, E-Cadherin, VE-
Cadherin. MUCL, PCNA, CD31. CD44, CDAS, EpCAM.
Rb, p27Kipl, Ki67, and HIF-1a (green circle in Fig. 4)

Finally, the third groop of proteins that showed u behavior
outside of the last two and near to control (Hela cells with-
out treatment ), comprising the Survivin, HERZ/ErbB2, P53,
EGF, and Met proteins {red circle in Fig. 4). This unalysis
shows a clear effect of CDPs over the differential expression
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a CDPs (0.1 mgfmL)
Control 15 min 60 min 240 min
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Fig.3 Prateomic analysss of CDP cffect oo the expeession of pro-
tein miskers of 1 Thal vs in HeLa cells. Hela
cells were homogs § o nbum extracts used for immuno-
detection mw;- using mtlhdy arruys as dcsrnh:d in Maorials and
Methods. # Ropr ¢ images ¢ pond w0 antibody micro-
artay (PathScan I Hular Signaling Array Kit), The array comtuing
the followang anvibodies: (1) pmm\: comral, (1) negative control,
(3) ERKIZ2The202/Tyr204, (4) Statl-Ty 701, (5) Statd-TyrNs, (6)
Akt Thr308. (7) Akt-Serd7), (8) AMPKaThrl72 (9) S6 Riboso-
mal Protein-Ses235/236, (10) mTOR-Ser2448, (11) HSP27-Sed T8,

s P

fevels of multiple signaling and cancer-involved pathways.
The result of the proteins that modified their expression at
short time of CDPs exposition showed that several proteins
belonging to the PISK/AKYMTOR pathway were grouped,
suggesting that this pathway plays an important role in Hela
adenocarcinoma pathogenesis, which it can targeted by the
bacterial CDPs.

CDPs inhibit the HeLa cells proliferation by blocking
mTORC1/2 by TSC1/TSC2-dependent

To deepen the mechanism of signaling involved in the anti-
proliferation effect of the bactersal CDPs on HeLa cells,
and 1o further confirm the antibody arrays findings, protein
expression was determined by Western blot assays (Fig. 5).
Results idicated that, as previously described [14], the Akt-
Serd73 kinase showed a dramatic decrease of phosphoryla-
tion without modification in its total protein expression.

FOPELLIEL IS {,,u/,

(12) Bad-Serl 12, (13) pT0SH Kinase-Thr3s9, (14) PRASI-Th 246,
(15) P53-SerlS, (16) PAS-TheiSWTyr182, (17) SAPKANK-Thrl 83/
TyrlS5, (18) PARP-Asp2 14, (191 Caspase-3-Aspl 75, (20) GSK-3-
Secr9. b Detormination of spot signal intensity from micro-array & was
comducted by demsitometry wsing Image J software (NTH). Dita repre-
weot e means =SE o a two indepeaclont asviys wilh spot-<haplica-
tion for each antsbody, Che-wiy ANOVA was carried out with 4 Boo-
ferromi post-hoc test; statistical sigaificance (P <(0.05) of differences
between treatments bs indicated with lowercase letters

and the P53-Sert$ protein, also widely described as » can-
cer marker, decreased its.expression in response to CDP-
treatment (Fig. 5). Remarkably, the phosphorylated form
(p-mTOR-Ser” ") showed strong levels of phosphorylation
in untreated cells (control at 0 min), but was significantly
diminished in its phosphorylation kevel in extracts from
CDP-exposed Hela cells ot 15 min and 60 min, and total
mTOR protein expression was unmodificd by CDP expo-
sure. Furthermore, the phosphorylation of mTOR-Ser™®
was recovery al a longer CDP exposure time (230 min,
Fig. 51. With respect to the phosphorylation of the mTOR-
Ser*™form, i remained unaltered ut 15 min and 60 min, but
increased s phosphorylation at 240 mm of CDP exposure,
comparing with the control (Fig. 5).

With regard to the involvement of mTORC! and
mTORCZ complexes in the antiproliferative effect of CDPs
in HeLa cells, our results showed that the protein expression
of Rictor was decreased in the Hela cells wreated with CDPs
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Fig.4 Carrel ! of ch of cuncer and  ables (indepenchent) are indicaied as: Comtrol, Hela cells withom

intracellular signuling pmhw.ws nmt.m in H:Ln cells erepted with
CDPs. Coerel y dats froem microarrsys
(Figs. 2. 3) weme luluzd by multivarige exploratory techmigues,
using the mrrapuukme analysis (CA) with 22D PCA correspond-
ence cres wiout grouping varishles using the
\I’;\“QTICA Snfmwr: Sysem X0, St Soft loc. Respomse van-

(Fig. 5); though, by contrast, the Raptor protein showed an
i 1 expression depending of the exposure time. Inter-
estingly, harmatin (TSC1 ) also diminished its expression by
CDP-exposure and o5 a function of exposure time, while
the phosphor ylated-tuberin form (p-ubern-Ser 1 798; TSC2)
showed decreased phosphorylation at 15 min and 60 min.
Nevertheless, the p-tuberin-Sec1798 exhibited 4 partial
recovery of i1s phosphorylation at 240 min of CDP expo-
sure, but mo changes for the tuberin total protein expression
were shown (Fig. 5). Similar behavior was observed for the
mTORC L-modulator protesn, mLSTRGEL (Fig, 5).
Further implication of the PISK/AKT/mTOR pathway
was confirmed with the utilizat:on of the AZDS0SS mTOR
inhibitos and LY 294002 PI3K inlibutor (Fig, 6), Our findings
showed that the CDP-treated Hella cells at 60 min inhibited
the phosphorylation of p-mTOR-S2448, which was similar
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treutment, CDPs 15), Hela cells weated wizh CDPs (0.1 mg/ml.) by
15 min: and CDPsif0), Hela cells tremed with CDPs (0.1 mg/mL)
by 60 nun;, and CDPs240), Hela cells treated with CDPs (L1 mgf
mb) by 240 min. Dependent variables are indicated as blue poant and
protan ames in the gruph

to HelLau cells exposed 1o AZDROSS (Fig. 6a). As mentioned
above, the cyclic overexpression of p-mTOR-S2448 phos-
phorylation at 240 min was observed for CDP treatment
but not in the HeLa cells treated with the AZDS055 inhibi-
tor. Importantly, the combination of AZDS055 with CDPs
showed o decrease of p-mTOR-S2448 phosphorylation at
240 min of CDP exposure, This result indicated a similur
mechanmism of inhibstion of CDPsand AZDS0SS, alw & an
interference in the hyper-phosphorylation at 240 min of the
CDPs by AZDS055. With respect to the PI3K inhibition.
the LY293002 inlabitor caused a decrease in phosphoryla-
tion of the p-mTOR-S2448 protein induced by the addition
of CDPs at 240 min of exposure with respect 1o the control
(Fig. 6b), indicating that the CDP mechanism involves the
interaction with the mTOR complexes and also at the P13k
blocking level.
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CDPs (0.9 mgmit)
—_——

Protais tand intaraity (%)

Fig. 5 Effects of CDPy on the expeessson of protelss imolved in
mTOR sgnaling pathway in HeLa cells. Hela cells were homog-
enized W obtain protein extroct wsed for Wetern blot assays ax
deseribed in Materials and Methodls. Reprosentative images cor-
respoesd 10 wostertt blol using peotein extrocts of of least three inde-
pendent iesvilys wring ihe indicated antibody. The antibodes used
were as follows; p-Akt-S473, Akt, p-mTOR-S2481. p-mTOR-52448.
mTOR, Rictor. Raptoe, Hurmatin (TSC 1y p-Tuberin (TSC2), Tuberin,
p-pTOSE-T3R, Rheb., H-Rm. HSP27, p-PTEN-S380. Gfil. ULK

The protein expression of downstream tasget proteins
10 TSCHTSC2 or TOR. such as Rhieh and pTOS6K, respec-
tively, or upstream proteins, such as H-Ras and PTEN,
were evaluated in HelLa cells exposed to CDPs. Western
blot results showed that the Rheb expression and phospho-
rylation of p-pT0OS6k-Thr389 were decreased by CDP treat-
ment at short exposure times, but reverted at the longer
time of 240 min (Fig. 5). Additionally, H-Ras was inhib-
ited at 15 min, but overexpressed at 60 min and 240 min

P53-S15. amwl Proctin. On the right, graphs corresponsd (o the determi-
nativn of the band intenvity from the Western blot assiry (left), which
were analyred by densitometry swing the Image 1 software, Data rep-
resent the means +SE of densitometry determinations using progein
extrocts obtained from ot kast (heee independent assays. Ono-way
ANOVA with & Bonfaron post-hoc test wis tsx] 10 compare treal-
ment-times with respect 10 control. Significant dafferences (P <0.05)
vs. controd is depoted by Jower-case kaers

of CDP exposure. While the HSP27 protein showed inac-
fvation at 15 min and 60 min, it recovesed at 240 min, By
contrast, p- PTEN-S380 showed increased phosphorylation
at 15 min and 60 min. though it was diminished at 240 min
of CDPs exposure, and similar behavior was observed for
the ULKT and P53 proteins (Fig. 5). These hindings indi-
cate that in additon 1o the PEBR/AKUmTOR pathway. other
important signaling pathways involved in tumorigenesis
were tiurgeted by CDPs,
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Fig.6 Effect of the AZD®0SS and LY2M002 inhibitors over the
mTOR-S2448 phosphoryltion in CDP-ussted Hela cells. Hela
cedls were homogentzed o obtuln protein extencts wed for Wessen
blot assavs as desaribed in Materals asd Methosds, Rep

b F R 3 d,f
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Protein band intensity (R.U)

mtensity from Western blot assay, analyzed by densstometry using
e lmage) softeare Data ropresent the means = SE of densdtometry
auumimlmm using peotein extracts obtained from of Jeast thee

Imspes comespond 10 westem blot using presein txmma of m leun
theee independent axys using the poo TOR-S2445 antibaody. i Effect
of AZDSOSS inhibitce, b Effect of LY294002 inhibuior. Ar bedow are
showed the plots that spond o the deermanation of the bands

Discussion

Antiproliferative effect of the CDPs involves mTORC1
and mTORC2 blocking

Cervical adenocarcinoma is one of the most aggressive
types of cancer and presents resistunce to chemothera-
peutics. and this cancer type has been described with the
participation and cross-talk of several signaling pathways.
One of the more studied pathways is the PI3K/AKYmTOR
signaling pathway. being upregulated 73% in differcnt types
of cancers [18]. Previously, we described the antiprolifera-
tive properties of bacterial CDPs in the human HeLa fine
involving the abrogation of phosphorylation of Akt-5473
and S6k-TIRY protein kinases | 14]. Interestingly, the phos-
phorylation of these proteins showed cyclic behavior, the
inhibition of phosphorylation by CDPs at short time of expo-
sures (5 min to 60 min), then recovering at longer exposure
times (120230 min) { 14]. Thus, this cyclic phasphorylation
behavior may first suggest that the antiproliferative cffect of
CDPs occurs at a level of inhibition of phosphorylation of
elements of the PIIK/AKYMTOR signaling pathway, Sec-
ondly, the induction at the genetic level of master modula-
tors constitutes signaling pathways associated with recur-
rence and drug resistance of the HelLa Jine that this study
wis designed to discern. The third reason, similar to the
Muk ! pathway, which has been implicated with exposure 10
rapamycin or prolonged mTORCT inhibition status, Jeading
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dent assiys, One-wiy ANOVA with & Bosderonl post-hee
TSt wis e 10 compare treatment-times with msspect 1o conerol. Sig-
nifkcam ditferences (P<0.08) versua control bs indicaied widh lowes-
case letsen

10 teedback loop of rescue of the elFAE phosphorylation
through Mnk | activation | 19}; mechanisms that could be
implicated on long time CDP exposure i owr followed Hela
cells model.

The apoptosis and cell cycle stage results of the Hela
cells exposed 1o CDPs (Fig. 1), revealed that a HeLa cells
population was susceptible 1o induce early apoplosis, arrest-
ing the cells mainly in the GIVG] stage. Consistent with its
antiproliferative effect, this finding suggests inhibition of
quick respanse elements from signaling pathways assoctated
with the S phase conrol and nutrients, while a second cell
population’s response could be associated with mechanisms
that modulate apoptosis und sutophagy. Thus, the antibody
array approach utilized i this work with the cervix ademo-
curcinoma HeLa line model made it possible to evaluate
clements of several signaling pathways related to cancer and
protein Kinases involved in imtracellular signaling pathways.

In the HeLa model, we further confirmed that signaling
pathways are upregulnted and relsed to noncontrolled cell
proliferation. Hyperphosphorylation of proteins, such as
p-Akt-Serd73, p-mTOR-Ser2448, and p-p70S6K-Thr3s9,
clearly confirmed the malignancy in HeLa cells line, which
were inactivated after CDP exposure (Figs: 2, 3), ln our anti-
proliferative study, the cyclic behavior of phosphorylation/
dephosphorylation over several proteins involved in carcino-
genie pathways was an important observistion. On one had,
inhibition of phosphorylation by CDPs was observed at short
times of exposure (15 min and 60 min), but recovered o
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longer exposure times (240 min). By contrast, we found
hyper-phosphocylation of p-mTOR-Ser2481 at longer times
of CDPy exposure (Fig. 5. This finding shows thas CDPs are
actuated over mTOR complexes at different sites of phos-
phorylation. and therefore. they are actusted over different
signaling pathway targets. CDPs reduced the amount of the
P-p70S6K-Thr289 isoform (Fig. 5), which correlates with a
decrease in the p-mTOR-Scr2448 isoform, a phospharyla-
tion tanget site mainly associated with the mTORC1 complex
[20]. while the p-mTOR-Ser2481 isoform is mainly associ-
ated with the mTORC2 complex [20). Interestingly, redis-
tion in phosphorylation of the Ser-2448 residue was also
observed, confirming the involvement of both the mTORCH
and mTORC2 complexes in the antiproliferative effect of the
bacterial CDPs (Fig. 5).

Deepening of the signaling mechanism of the antipro-
liferative effect of CDPs. our findings showed that both
the mTORC| and mTORC2 complexes are involved in
the mahgnancy of the Hel.a line. The Rictor protein was
decreased by CDP treatment, which indicates thiat the
mTORC2 complex decreased, while the Raptor protein
expression was increased by CDPS treatmsent, indicating that
mTORCH complex formation was favored (Fig. 5). In addi-
tion, the positive regulator mLSTS associated with mTOR
activaty favors the interaction with Raptor, and in mamma-
lians, mLSTS is a shared constituent of both mTORC and
mTORC2. which has been found in high levels of expression
in certain types of carcinoma. Thus, mLSTS overexpression
is positively correlated with tumer size, differentiation, and
invasiveness [ 21]. Interestingly, nutrients and rapamycin
only regulate the association between mTOR and Raptor in
complexes that also contain mLSTE. This suggests that the
opposing effects of the mLSTR. and Raptor-mediated inter-
actions on mTOR activity, regulute the AKT pathway. In our
study, mLTSS was increased at shoet times of CDP exposure,
but was inhibsted at longer times. These results suggest that
the antiproliferative effect of the CDPs in HeLa cells favor
the mTORC! complex integration at short times of CDP
exposure and the prevalence of mTORC2 at longer times of
CDPs exposure, confirming the essential rofe of mLSTS in
the function of mTOR. as described elsewhere [11].

Some newrodegenerative and tumor diseases have been
described as being associated with the tuberous sclerosis
complex (TSC) i any of its forms, and both the hamar-
tin (TSC1) and the wberin (TSC2) levels are upregulated
und have been found to be mutation-associated [22] We
found that in Hela cells, the TSC1 and TSC2 protein lev-
¢ls were overexpressed (Fig, 5), though the TSC1 expres-
sion was decreased by the addition of CDPs (indicating
that mTORC1 is down-activated). Interestingly, the phos-
phorylation of TSC2-Thr1462 showed a cyclic behavior of
phosphorylation, and similar to others elements of the PI3K/
AKU/mTOR pathway, it was inhibited af short times of CDP

treatment (15 min and 60 min) and recovered ut a fonger
time (240 min), indicating that the phosphorylation on TSC2
is responsible for mTORC1 activation and correlated with
an increase of the Raptor expression. These results further
confirm that in Hela cells. both the mTORC 1 and mTORC2
complexes can be maodified in conformation/activation by
the hacterinl CDPs effect, implicating both TSC1 and TSC2
clements in the transduction signaling mechanism, and
therefore, in the conformation/activation of the mTORC]
and mTORC2 proportions, rendening it in the on/off switch-
ing of proteinic elements of diverse signaling pathways.
Regarding the proteins that showed modification in
expression of phosphorylation level belonging to the PISK/
AKU/mTOR pathway inclsded Akl, mTOR, TSC1, TSC2,
Rictor, Raptor, mLSTS, Rhch. PTEN, S6K. and S6RP. This
finding further confirms that the PI3K/AKUmTOR pathway
is one of the main pathways implicated in the HeLa line
malignancy. TOR kinase inhibitors, such as AZDS80S55, have
been proposed as anti plastic drugs [23]. We used this
mTOR ATP-binding site inhibitor to test whether the bacte-
rial CDPs show similar mechanisms of inhibition of Hela
cells proliferation, Importantly, the bactenal CDP treat-
ment (15 min) showed a similar effect 1o AZDS055 on the
p-mTOR-Ser2448 isoform; but at longer times of exposure,
the CDPs caused hyperphosphorylation of the p-mTOR-
Ser2448 (Fig. 6). Additionally, trestment with AZDR0SS
plus CDPs resulted in diminished phosphorylation levels
of the p-mTOR-Ser2448 ssoform compared to CDP-only
exposure. These results indicated th the COPs mokecular
mechanism involves the mTOR inlubition, like AZDBOSS,
The efticacy of mTORC1 inhibitors is limited because they
suppress the mTORC |-dependent negative feedback loop
and paradoxically activate AKtsignaling, resulting  resist-
ance. By contrast, mTORC2 directly phosphorylates Akt
at a regulatory site critical to maximal Akt-kinase activity.
Thus, tasgeting both mTORCT and mTORC2 would seem
to be necessary to completely block the PI3K/AKYmTOR
signuling pathway, which has been suggested elsewhere
[24]. Dual mTOR mdnbitors represent promising therapeu-
tic agents by arresting cells in GOYGI stage, conducive to
apoptosis by blocking the phosphorylation of Akt-Serd73.
The PISK inhitator (LY 294002) and the dual mTORC12
inhibitor {AZDS055) inhibits the phosphorylation of Akt-
Seed 73 and consequently exert affectation in phosphoryla-
ton on PRAS40, TSC2, GSK3b, and Fox01. When this
occurs, inhibition of PRAS40 and TSC2, mTORC will be
affected. as well as the activity of PTOS6K [24]. Interesting
results were also obtained with the LY292002 P13K-mhibi-
tor, as the phosphorylation of the p-mTOR-Ser2448 isoform
was diminsshed by effects associated with the presence of
LY294002, but were totally abrogated when CDPs were
added jointly with LY294002 (Fig. 6). These results ind:-
cuted that the CDPs were competing with tiarget proteins of
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the AZDS05S and LY 294002 inhibitors, confirming that the
PRK/AK/mTOR/SOK pathway was targeted by the bacterial
CDPs; however, the lack of total inhsbition of the phospho-
rylation of the clement from this pathway (st longer time
periods of exposure) suggest the involvement of additional
signaling pathways and additional targers.

Involvement of multiple signaling pathways in HeLa
carcinogenesis and CDPs blocking

Our data obtained by the antibody arriys showed thit the
epidermal growth factor (EGF) family of receptor tyrosine
kinases, EGF-R and ErbB2, also as the HGF/Met receptor
maxlified their expression levels by CDPS exposure (Figs. 2,
3). These receptors can lead to moditied downstream sign-
aling pathways, such as the RAS/IRAFMEK/ERK, JAK/

STATs/Bcl-xL, the PISK/AKUMTOR, PAKI/MEKKI/
MKK4-T/INKs, Wnt/B-catenin/GSK3p. PKC. MAPK, CSC
(STAT1/3, CD44), and EMT (Snanl, E-Cad, Vimetin) path-
ways. In this sense, fuctoes belonging 1o these pathways were
clearly modified in protein expression or phosphorylution
levels by CDP exposure (Figs. 2, 3), confirming multiple
signaling pathway participation in the carcinogenesis of the
HeLa line and suggesting cross-talk between these signaling
pathways (Fig, 7),

When the Ras/Ral/MEK/ERK1/2 pathway is activated
by prolonged times of drugs exposure, it leads to altered
gene expression and contributes to cancer and chemo-
therapy resistance. Several MEK mhibitors have shown
promising pre-clinical activity in adenocarcinoma types;
however, the frequent development of resistance to kinase
inhibitors occurs through a varlety of mechunisms. Our
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g7 Scieme of Ihe propossd medsanisms imvolved in the antiproliferative effect of the Sacterial CDPy in Hela cells. Proteins identified in this
stenly are indicaled wilh @ asterisk (%) Different color were wed for protein elements off cach signaling pathiway
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work indicates that the Ras/Rafl/MEK/ERK /2 pathway is
strongly modulated by CDPs, indicating that it can be con-
sidered as an additonal targeted pathway of CDP action
(Fig. 7).

Other lindings slso included the observation of un
over-expression of the HIF- 1 protein (Fig. 2). The HIF-|
suppeessor is i master regulator of elements involved in
glycolysis, which has been found to be dysregulated in tum-
origenesis and invasiveness. Tt is known that the regulation
of HIF-1 is closely related to the PI3K/AY/mTOR pathway.
anel it has even been shown thit Akeand HIF-1 interact syn-
ergistically during the development of adenocarcinoma [25),
as shown m Fig. 7.

Qur findings show that the protein expression of the
E-CAD and VIM markers was decreased in the extracts
from Hela cells CDPs-treated, and these findings suggest
that CDPs are tasgeted elements of the EMT signaling path-
way, such as those found in a xenografted melmoma mouse
model [26], EMT-related protein markers, such as MMP-1,
E-CAD, VIM. SNAIL, and CK, showed a significant up-
regulation in cancer [27-29]. Evidence from many clinical
studies prompts further nvestigation of the pathophysiologic
ok of EMT m metastatic progression. Increased expression
of EMT components has been associated with the incidence
or invasiveness of various types of cancer, including colo-
rectal, esophageal, pancreatic, gastric, breast, and malignant
melanoma [30]. Tumor progression correfates with an over-
all loss E-cadherin expression or loss of ats normal localiza.
tion at cell-cell contacts. High levels of VIM expression in
cancer patients have been correlated with @ poor progiosis in
breast cancer, ilso correliting with a high histological grade
and the triple-negative phenotype [31]. In our model, inhi-
bition associated with short times of exposure of the CD44
receptor and E-CAD was observed, also suggesting their
participation in antiproliferative effects of bacterial CDPs
(Fig. 7). Vimentin has been implicated in many aspects of
cancer initiation and progression, In tumorigenesis, vimen-
tin forms a complex with 14-3-3 and beclin-1 to inhibit
autophagy via an Akt<tependent mechanism, In this regand,
our results suggest that CDPs diminish the expression of
VIM protein. which is also indicative of a potential target.

Differential protein expression of the CD44 and ¢ad-
herins indicated that the cancer stem cell (CSCs) system is
also imvolved in Hela malignancy and the antiproliferative
effect of CDPs (Fig. 7). CD44 s a cell surface adhesion
receptor that is highly expressed in many cancers and regu-
lates metastasis via recruitment of CDA4 to the cell surface
[32) In our study, the CD44 was decreased in the protein
extracts of HeLa cells from CDPs treated with short times
of exposure, suggesting that the antiproliferstive effect of
CDPs involves the CD44 receptor. und consequently. actua-
tion over the CSCs pathways, such as those fouand in the
xenogrufted melanomis mouse model [26],

On the other hand, the Ras-ERK pathway was also dys-
regulated in adenocarcinoma types, as previously shown
{33, M. Interestingly, we found that proteins involved i
the Ras-ERK pathway (Met and Bad ) were overexpressed
in HeLa cells and down-expression by CDP addition was
found (Fig, 2). Met is 2 receptor that is generally related
10 its main ligand hepatocyte growth factor (HGF) during
embryonic development. though it is also known as an onco-
gene that may participate in invasiveness, Met can activate
varioas signaling pathways, including PI3K either directly or
through Ras-p. Therefore, in cancer, the Ras-ERK pathway
is implicated as an alternative via signaling dysregulation.

Other protean tumor suppressors belonging to the TNF.w/
FasL pathway were found to have modified their expres-
sion in the HelLa-CDPs model, which could be considered
independent of the mTOR and Ras puthways, The pro-
teins that showed differential expression included INK,
E-CAD. N-CAD, p27Kipl, survivin, Stat-3, and Cas-3
(Figs. 2, 3). The p27kip] is5 an universal cyclin-dependent
Kinase inhibitor that regulates cell cycle progression by act-
ing over nuclear CDK proteins. and it has been related to
TINOE SUPPIESSION, APOPLosts promotion, drug sesistance in
solid tumors, cell differentiation, and safeguarding against
inflammatory injury [35]. We also found that p27Kip1 was
inhehited in the Hela cells treated with CDPs for short time
exposures (Fig. 2)

The promotion of malignancy involving the increment of
N-Cadherin and the activation of PIIK/AKL pathway sug-
gesed that the N-Cadherin couk! be also a therapeutic target
in cancer [36]. On the other kand, N-Cadherin can promote
cell survival, migration/invasion, and induction of the epi-
thelial to mesenchymal trunsition (EMT) process by direct
recrimtment of signaling molecules, The modulation of the
phosphorylation stute of cutenins also regulates their binding
to N-Cadherin and other effector molecules. contributing to
N-Cadberin signaling. The N-CAD mhabition found i our
mode! indicates that the EMT signaling pathway participates
in HeLo malignuncy und also as the Wnt/fi-catenin pathway.

In the correlation analysis utlizing data of the antibody
arrays in our study revealed o group of proteins that were
outside of all other cancer and intracelular signaling pro-
teins (Fig. 4, red arcle), From this group, we identified the
Mect, EGF, und HER2/ErbB2 receptors, which were differ-
entially located far from other 35 CDPs-associuted proteins
(Fg. 4), suggesting they play important roles in the anti-
proliferative effect on the HeLa line by CDPs. though their
participation requires more clarification.

In cancerous cells, PTEN loss correlates with an incresse
in transcription and activation of CREB regulators. and
CREB phosphorylation restores the effect of MEK ihibi-
tors {37]. Our results showed decreased phospharylation lev-
els of p-PTEN by CDPs treatment with long time exposure
(Fig. 53, suggesting that in addition to the elfect over the
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PI3K/AKUMTOR pathway, it could has also have an effect
on the CREB regulator and consequently on the MEK path-
way (Fig. 7).

With respect 1o the HSP27 protein, it has been wadely
associsted with apoptosis control, ROS damage. and also
i actin remexdeling and protein folding. High intracellular
levels of HSP27 have been found in muny cancer types and
association with promoting drug resistance [6]. HSP27 phos-
phorylation also regulates its interaction with other proteins
such as Akt and MAPKa, and its phosphorylation dsssociates
From AKL and thus promioting apoplosis [6]. In our stly, the
HSP27 was inhibited its expression by CDPs treatment in
HeLa cells for short treatment times and recovery at longer
times (Fig. 5). This suggests that the CDPs also targets the
HSPT70 protein kinase and probably renders effects over
downstream and upstream elements, such as Akt promot-
ing induction of apoptesis in the HeLa line (Fig. 7).

Finally, ULK {unc-51-like sutophagy activating kinase)
participation in Hela cell malignancy, which includes
expression also induced and repressed by CDPs treatment,
suggests that it could be an important target clemeant in
therapeatic processes. In the lysosomal degradative pathway
(autophagy ). which is essential to development and homeo-
stasts, its dysregulation is closely associated with a variety
of human diseases and cancers [38]. The major autophagy
pathway imvolves the activation of the ULK VATGI3/FIP200
complex, the PI3K complex, and the mATGY cycling
machmery 1o initiate the formatson of a phagophore/isolation
membrane, leading to subsequent expansion and maturation
of the autophagosome [39]. Alteration of ULK 1 -mediated
phosphorylation has ¢ffects on downstream elements of
autophagy stimuli, such as ATG14 and ATG9 proteins.
Induction of autophagy is triggered in response (o nutrient
deprivation or stresses 1o efficiently degrade and recycle
cytoplasmic components for homeostasis and cell survival.
Defects n autophagy have been causally finked to degenera-
tive, inflammatory, metabolic, and neoplastic diseases [39)
Thus, our results indicate that CDPs can wlso target ULK]
kimase and consequently induce awophagy i HelLa cells as
A cytotoxicity mechanism, which was previously found to
exacerbate ROS generation and cellular disintegration in the
cultures of Hela cells treated with CDPS [ 14].

In our work, the HeLa cell line was trested with CDPs
us an antiprolifesative study model, revealing a significant
decrease in protein expression/phosphory lation of pathwiy's
involved in survival, proliferation, invasiveness, autophagy.
and energy metabolism. Thus, our data suggests that bac-
terial COPs block or suppress the activation of the signal
transduction pathways associated with the onset of tumo-
rigenesis govemned by PISK/AKUmTOR, Ras/RaffMEK/
ERKIZ2, PIAK/INK/PKA, p27Kipl ACDK | survivin, MAPK.
HIF-1, Wot/i-catemn, HSP27, EMT, and CSCs signaling
pathways and receptors, such as EGF/ErbB2/HGF/ Met,
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in which the moleculur mechanism involved could be the
targeting of ATP-binding site of protein kinases. Findings
further indicated that the multiple signaling pathways were
implicated in adenocarcinoma aggressiveness, which were
impacted by the CDPs on the Hela line, which suggests that
bacterial CDPs may be conssdered as 2 potential antineoplas.
tic drug im human cervical adenocarcinoma therapy.
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7. DISCUSION

En la actualidad se tiene un gran interés en encontrar moléculas novedosas que posean
propiedades para inhibir el crecimiento de células cancerosas y/o tumores cancerosos. Dentro
de este contexto, los péptidos constituyen una familia diversa de compuestos naturales que
han sido implicados en diversas funciones biolégicas. Se sabe que los ciclodipéptidos (CDPs)
de origen microbiano tienen un gran potencial farmacéutico como agentes antiflngicos,
antimicrobianos, inmunomoduladores, antioxidantes y anticancerosos (Kanoh et al., 1999;
Sinha et al., 2004). Los CDPs poseen ventajas fisiologicas intrinsecas en sus moléculas, por
ejemplo, su estabilidad fisiolégica y quimica y su especificidad conformacional y estructural.
Estas propiedades los hacen més estables que los péptidos no ciclicos. Se han explorado
muchos aspectos de la sintesis de CDPs para descubrir moléculas andlogas sintéticas que
puedan servir como farmacos novedosos. Aungue ha pasado mucho tiempo desde que se
descubrieron los CDPs y han sido estudiados desde entonces, recientemente se ha
incrementado el interés en sus efectos antiproliferativos y citotoxicos en lineas celulares

cancerosas, asi como en tumores in vivo.

En este sentido, se ha reportado que los CDPs producidos por Pseudomonas aeruginosa
poseen efecto citotoxico en las lineas cancerosas HeLa y CaCo-2 (Vazquez-Rivera et al.,
2015), mediante induccion de apoptosis intrinseca a través de la via PI3K/Akt/S6k mostrando
especificidad por células cancerosas a través de la disminucion de la fosforilacion de p-Akt
y p-S6k en células HeLa, dependiente del tiempo y concentracion (Hernandez-Padilla et al.,
2017).

Debido a la inactivacion de la via de transduccion de sefiales PI3K-Akt causada por los
PAO1-CDPs, se posiciona a estas moléculas como potencial opcion terapéutica contra el
cancer (Hernandez-Padilla et al., 2017). Curiosamente, como se muestra en la figura 5 panel
(b) del capitulo 1 la fosforilacion de las proteinas p-Akt y p-S6k mostraron un
comportamiento ciclico, debido a la inhibicion de la fosforilacion por los PAO1-CDPs a
tiempos de exposicién cortos (5 a 60 min), luego recuperandose a tiempos de exposicion
largos (120-240 min).
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Akt regula el metabolismo, supervivencia, apoptosis, crecimiento, y proliferacion, al estar
fosforilada. El residuo de Akt Thr 308 es fosforilado por PI3K, mientras que mTORC2
fosforila directamente a Akt en su residuo Ser473, un sitio requerido para su maxima
activacion (Toker, 2012). El fendmeno de fosforilacién ciclica observado en Akt-S473 y S6k-
T389 durante el tratamiento de células HeLa con los PAO1-CDP sugiere que la actividad de
mTORC2 podria estar involucrada. Otra causa del fendmeno de fosforilacion ciclica puede
estar vinculada con la participacion de la via Mnk1, la cual se relaciona con la exposicion
prolongada de rapamicina para inhibir mTORC1, provocando la retroalimentacion de la
fosforilacion a través de elF4E (Batool et al., 2020), donde este mecanismo se podria
relacionar con los PAO1-CDPs. Por ultimo, otra alternativa es que haya induccion a nivel
genético de moduladores de vias de sefializacion asociadas con la recurrencia y/o resistencia
a farmacos anticancerosos en la linea celular HeLa, aunque se deben hacer méas experimentos

para descartar este raciocinio.

Por todo lo anterior, en este estudio se evaluo el efecto de los PAO1-CDPs en el complejo
MTOR vy las vias de sefalizacion que lo regulan, usando como modelo células de cancer
cervicouterino humano (HelLa); donde el enfoque de inmunodeteccion en tandem utilizado,
hizo posible evaluar elementos de vias de sefializacion y proteinas cinasas implicadas en vias

de sefalizacion intracelular relacionadas con el cancer.

La fosforilacion de Akt dependiente de mTORC2 permite la activacion de mTORC1; por lo
gue mTORC2 puede inhibir indirectamente la autofagia (Kim el at., 2015). Adicionalmente,
Akt fosforila directamente e inhibe a PRAS40, un componente de mTORC1 que regula
negativamente su actividad cinasa permitiendo la activacion de mTORC1 (Sancak, et al
2007). En este contexto, en la figura 3 del capitulo 2 se muestra que los PAO1-CDPs inhiben
la fosforilacion de PRAS40 (Thr 246) dependiente del tiempo de tratamiento. Ademas, los
PAO1-CDPs no afectan la fosforilacion de la cinasa Akt en su residuo Thr308, por el
contrario, los PAO1-CDPs disminuyen la fosforilacion de la cinasa Akt en su residuo Ser473,

(figura 3 del capitulo 2).

AMPKa (proteina cinasa activada por AMP) es una proteina que tiene un papel importante
en la regulacion de la homeostasis de energia, cuando es activada por un incremento en los
niveles de AMP/ATP en la célula, la subunidad catalitica de AMPKa (Thr 172) es el mejor

sitio de fosforilacién para que se lleve a cabo ésta regulacion. AMPKa responde a sefiales de
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energia y/o estrés a través de p53 (dafio al DNA) y LKB1 (déficit de energia), teniendo como
blanco la activacién/inactivacion del complejo mTOR. Se ha reportado que AMPK y mTOR
son sensores de energia que activan la autofagia a través de ULK1 (Dengler et al., 2020). En
la figura 3 del capitulo 2 se muestra que los PAO1-CDPs disminuyen la fosforilacion de
AMPKa (Thrl172) dependiente del tiempo, por lo que disminuyen la activacion de la cinasa
mTOR. Los resultados demuestran que los PAO1-CDPs disminuyen la fosforilacion de la
cinasa mMTOR en su residuo Serina 2448, esto indica que los PAO1-CDPs podrian estar
disminuyendo la proliferacion celular y la expresion de proteinas en las células HelLa a través
del complejo mTOR(figura 3 del capitulo 2). Esto concuerda con los resultados de la cinasa
p70S6K (Thr 389), en donde los PAO1-CDPs disminuyen la fosforilacion de la cinasa
p70S6K en su residuo Thr 389, por lo que se disminuye la sintesis de proteinas.

Interesantemente, entre las proteinas que mostraron una disminucion significativa en los
niveles de expresion por los tratamientos con los CDPs dependiente del tiempo, estan dos
receptores: el receptor tirosina Cinasa Met y el Receptor EGF (figura 2 del capitulo 2).
Dichos receptores han sido reportados como receptores involucrados en la via de
AKT/mTOR/S6K (Kang et al., 2013) y son claves en la supervivencia, progresion y
migracion celular en distintos tipos de cancer (Engelman et al., 2008), por ejemplo en cancer
cervicouterino (Liu et al., 2016). Los primeros estudios de la accion de los oncogenes
alentaron la nocion de que la expresion cada vez mayor de tales genes, y las sefiales que se
multiplicaron por sus productos proteicos, darian lugar a un aumento correspondiente de la
proliferacién de células cancerosas y, por lo tanto, al crecimiento tumoral. Investigaciones
mas recientes han debilitado esta nocion, y han demostrado que la sefalizacion
excesivamente elevada por oncoproteinas como RAS, MYC y RAF puede provocar
respuestas contrarias como induccion de senescencia celular y/o apoptosis (Collado and
Serrano, 2010; Evan and d’Adda di Fagagna, 2009; Lowe et al., 2004). Los resultados
mostraron que los PAO1-CDPs provocan la expresion de Ras a los 60 y 240 min de

exposicion (Figura 5 del capitulo 2).

Sorprendentemente, en este trabajo se observo un decremento significativo de la fosforilacion
en la mayoria de las proteinas evaluadas, cuando las células fueron tratadas con los
ciclodipéptidos, durante las primeras horas. Estos hallazgos concuerdan con los resultados

descritos anteriormente en donde la disminucion de los receptores Met y EGF (Figura 2 del
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capitulo 2) traerian como consecuencia la desregulacion de proteinas rio abajo de la via de
mTOR. Interesantemente, la fosforilacion de Akt-Ser473 fue diferencial; mientras que la
fosforilacion en el residuo Thr308 no mostré cambio con los tratamientos, la fosforilacion en
el residuo Ser 473 disminuyo significativamente en las primeras horas de tratamiento (Figura
3 del capitulo 2). Los hallazgos recientes de Fontoura y col., 2017, mostraron que la
fosforilacion del residuo Ser-473 es llevado a cabo directamente y exclusivamente por el
complejo mTORC2, lo cual activa rio abajo a mTORC1 que promueve la fosforilacion de la
proteina S6K y dicha fosforilacion-desfosforilacion esta involucrada en la via de apoptosis.
Por lo tanto, los resultados sugieren que la fosforilacion del residuo Ser-473 de AKT es
llevada a cabo por mTORC?2, y que cuando las células son tratadas con los CDPs, éesta se ve
inhibida. En concordancia a esto y en el mismo sentido, la proteina AMPK también mostrd
una disminucion en la fosforilacion en el residuo Thrl72 (figura 3 del capitulo 2). Se ha
reportado que la fosforilacion de AMPK es inducida por p53, que a su vez induce la
fosforilacion de TSC2, y como consecuencia la activacion de mTORC1 (Inoki et al., 2003),
promoviendo la supervivencia y proliferacion celular. Los resultados en este trabajo también
sugieren que cuando las células HelL a son tratadas con los PAO1-CDPs en la primera hora
de tratamiento, hay una disminucion de p53, una disminucién de la fosforilacion de AMPK,
una disminucion en la fosforilacion del residuo Thr240 en la proteina PRAS40 (mTORC1),
y una disminucidn en la fosforilacion del residuo Ser112 en la proteina BAD (Figura 3 del
capitulo 2); esta ultima involucrada también en la via de apoptosis (Wang et al.,1999).
Adicionalmente, se ha reportado que la activacion de Akt por si sola es suficiente para
promover la fosforilacién en el residuo 246 del represor PRAS40, lo que causa su disociacion
del complejo mTORC1 y permite su actividad (Kovacina et al., 2003). En concordancia con
esto, los resultados sugieren que la disminucion de la fosforilacion del residuo 246 del
represor PRAS40 por el tratamiento de las células con los PAO-CDPs podria desactivar al

complejo mTORCI1.

PECAM-1 es una molécula de adhesion en células hematopoyéticas (Bergom et al., 2005),
y en el caso de las células endoteliales y epiteliales PECAM-1 funciona como molécula
inhibidora de la muerte celular programada (Gao et al.,2003) . Los PAO1-CDPs disminuyen
la presencia de PECAM-1 en las células HelLa a los 15 y 60 min de tratamiento (figura 2 del

capitulo 2), y esto podria deberse a que los PAO1-CDPs provocan que las moléculas de
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PECAM-1 se degraden o cambien su configuracion. Los PAO1-CDPs disminuyen la
presencia de EpCAM en las células HelLa a los 15 y 60 min de tratamiento, lo que se
correlaciona con los resultados anteriores de Herndndez-Padilla y col. 2017 en donde a estos
tiempos se disminuye la proliferacion celular, ademas, de que se puede inferir que los PAO1-
CDPs promueven la agregacion celular a los 240 min a traves de EpCAM. La pérdida de
expresion de E-Cadherina provoca la pérdida de polaridad e inhibe el contacto celular,
promoviendo crecimiento no controlado e invasién de células tumorales a tejido adyascente
(Minz et al., 2004). La expresion de E-Cadherina es baja en células HeLa (Chen et al., 2003),
como los PAO1-CDPs restauran la expresion de E-Cadherina a los 240 min comparado con
el control, se puede proponer que los PAO1-CDPs disminuyen la invasividad de las células
Hela.

Asi mismo se puede inferir que los PAO1-CDPs inhiben interacciones célula-célula y célula
matriz ya que disminuyen la presencia de la proteina CD44 a los 15 y 60 min de tratamiento,
interesantemente, se restaura su expresion a los 240 minutos. Se ha reportado que cuando
Merlin (inhibidor de CD44) se desfosforila y se une a CD44, esta no puede unirse a actina y
por lo tanto, no interactda con proteinas de superficie como PI3K (Al-Othman et al., 2019).
Las interacciones de CD44 con proteinas de sefializacion conducen a la induccion de diversas
vias como PI3K, que activan una serie de procesos, incluyendo la supervivencia y e invasion
celular (Bourguignon et al., 2010). Por lo que se puede sugerir que CD44 se encuentra
secuestrado por la proteina Merlin inhibiendo el crecimiento celular, ya que se sabe que los
PAO1-CDPs inhiben la via de sefializacion PI3K/Akt (Hernandez-Padilla et al., 2017) y que
ademas los PAO1-CDPs restauran la expresion de CD44 a los 240 min de tratamiento

probablemente contribuyendo a la agregacion celular.

El complejo TSC1/TSC2 funciona como un regulador negativo de la actividad de mTORC1
(Inoki et al.,2002). La sefializacion a través de mTORCL dirige la sintesis proteica, esencial
para la proliferacion celular. Otros procesos como autofagia y apoptosis estan intimamente
ligados a la ruta TSC/mTORC1 vy tienen un papel importante en la muerte o supervivencia
de las células (McManus et al.,2002). En este sentido, y como se describid previamente en
este trabajo, se observo una disminucionen la fosforilacion del residuo Thrl172 de la proteina
AMPK con los PAO-CDPs (Figura 3 del capitulo 2). Se ha reportado que la fosforilacién de
AMPK es promovida por p53, que a su vez fosforila a a TSC2 en el residuo Thr1271
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incrementando su actividad, provocando disminucion de supervivencia y proliferacion
celular a través de mTORCL. Contrariamente, se ha reportado que la cinasa RSK1 fosforila
a TSC2 en el residuo Serl798 para inhibir la actividad del complejo TSC1/TSC2 y asi
promover proliferacion celular a través de mTORC1(Inoki, et al 2003). La evaluacion del
efecto de los PAO1-CDPs sobre la fosforilacion de TSC2 (Ser 1798) mostrd primeramente
una disminucion a los 15 y 60 minutos de tratamiento, y posteriormente, un incremento a los
240 minutos, comparado con el control de carga, B-actina, que se mantuvo sin cambios
significativos entre los tratamientos (Figura 5 del capitulo 2). Estos resultados sugieren que
la mezcla de los CDPs de P. aeruginosa PAO1 promueve la fosforilacién de la proteina
TSC2 en el residuo Ser1798, para inhibir el complejo mTORC1.

mTORC?2 es una cinasa que fosforila a Akt en su residuo Ser 473 causando su maxima
activacion (Sarbassov et al., 2005), ademas, mTORC2 puede activar la sefializacion de
MTORC1 a través de Akt Ser 473, un activador de mTORC1 a través de TSC2
(Li et al.,2015). La activacion de mTORC2 es futil para epitelio de células sanas o
fibroblastos de embridn, mientras que es necesario para células cancerosas que mantienen
activa la via PI3K. Esto indica que la inhibicion de Rictor/mTORC2 puede ser mas deletérea
para células cancerosas que para células normales, de forma que inhibidores de mTORC2

causarian menos toxicidad en células normales (Guertin et al., 2009).

En este trabajo se confirmé que las vias de sefializacion estan desreguladas en células HeLa
Y que esto se relaciona con su alta capacidad prolifica, ya que se detect6 hiperfosforilacion
de las proteinas, p-Akt-Ser473, p-mTOR-Ser2448 y p-p70S6K-Thr389, confirmando
claramente la neoplasia maligna en estas células, las cuales disminuyeron su fosforilacion
después de la exposicion con los PAO1-CDPs (Figura 5 del capitulo 2). mTOR participa en
la via PI3K/ AKT, y esté involucrado en la proliferacion de tumor y en la angiogénesis
(Karar, et al., 2011).

La alta expresion de p-mTOR estd asociada con resistencia a radioterapia
(Wang et al., 2016); por lo tanto, inhibir mTOR podria ser un blanco terpéutico en cancer
cervico-Uterino (Kim MK, et al., 2010). A este respecto, se encontré que los PAO1-CDPs
disminuyen la fosforilacién de p-mTOR-Ser2481 a los 15 y 60 min de exposicién y provocan
la restauracion de la fosforilacién a tiempos de exposicion de 240 min (Figura 5 del capitulo
2). Asi mismo, los PAO1-CDPs redujeron la fosforilacion de p70S6K-Thr389 (Figura 5 panel
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(b) del capitulo 1), que se correlaciona con la disminucion de la fosforilacion de p-mTOR-
Ser2448 a los 15 y 60 min de exposicion (Figura 5 del capitulo 2), este sito de fosforilacion
se encuentra asociado principalmente con el complejo mTORC1, mientras que la isoforma
p-mTOR-Ser2481 se asocia principalmente con el complejo mTORC2 (Copp et al., 2009).
Este hallazgo demuestra que los PAO1-CDPs acttan en los complejos mTOR en diferentes
sitios de fosforilacion, y por lo tanto, se modulan diferentes elementos de la via de
sefializacion. Estos resultados demuestran que en el efecto antiproliferativo de los PAO1-
CDPs participan los complejos mTORC1 y mTORC2. Por lo que se evalud el efecto de los
PAO1-CDPs en las proteinas Raptor (nMTORC1) y Rictor (MTORC?2).

Los PAO1-CDPs provocan la disminucion de la expresion de la proteina Rictor, lo que indica
que disminuyo la formacion del complejo mTORC2, mientras que la expresion de la proteina
Raptor se incrementd con el tratamiento, lo que indica que se favorecié la formacion del
complejo mTORC1 (Figura 5 del capitulo 2). En este sentido, la proteina mLST8
(mammalian lethal with sec-13 protein 8 (MLST8 o GBL) es un componente de mMTORC1 y
mTORC2, funciona estabilizando la interaccion entre raptor y mTORC1 asi como la
interaccion entre rictor y mTORC2, mLST8 se ha encontrado en altos niveles de expresion
en ciertos tipos de carcinoma (Kakumoto etal.,2015). La sobreexpresion de mLST8 se
correlaciona positivamente con el tamafio del tumor, la diferenciacion e invasividad
(Yu et al., 2020). En este estudio, los PAO1-CDPs provocan el incremento de la expresion
de mLTS8 a tiempos cortos de exposicidn, pero se inhibe a los 240 min (Figura 5 del capitulo
2). Estos resultados sugieren que el efecto antiproliferativo de los PAO1-CDPs en las células
HeLa favorecen la integracion del complejo mTORCL1 a tiempos largos de exposicion y la
disminucion del complejo de mTORC2 en tiempos largos de exposicién (240 min),
confirmando la participacion esencial de mLST8 en la funcién de mTOR (Figura 5 del
capitulo 2).

AZD8055 es un inhibidor competitivo del sitio de unién a ATP de la cinasa de mTOR, el
cual inhibe la fosforilacién de sustratos de mMTORC1 y de mTORC?2, y ha sido propuesto
como un farmaco anti-neoplasico (Chresta et al., 2010). En este estudio se us6 el inhibidor
AZD8055 para saber si los PAO1-CDPs tienen mecanismos similares de inhibicion en

células HeLa. Es importante destacar que el tratamiento con los PAO1-CDPs a los 15 min de
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exposicion en las células, mostré un efecto similar al de AZD8055 en la fosforilacion de p-
mTOR-Ser2448; pero a tiempos de exposicion de 240 min, los PAO1-CDPs causaron un
incremento de la fosforilacion de p-mTORSer2448 (Figura 6 del capitulo 2). Ademas, el
tratamiento con AZD8055 y PAO1-CDPs di6 lugar a una mayor disminucion de los niveles
de fosforilacion de p-mTOR-Ser2448, comparado con el efecto del tratamiento solamente
con los PAO1-CDPs en células HelLa (Figura 6 del capitulo 2). Estos resultados indican que
el mecanismo molecular por el cual los PAO1-CDPs inhiben a la cinasa mTOR es parecido
al del inhibidor AZD8055.

La eficacia de los inhibidores de mTORC1 es limitada porque al inhibir mTORCL1 se disocian
los mecanismos de retroalimentacion negativa dependiente de mTORCL1 y paraddjicamente
se activa la sefalizacion Akt, lo que resulta en resistencia. Por el contrario, mTORC2
fosforila directamente Akt en un sitio regulatorio critico para la actividad maxima de la cinasa
Akt. Por lo tanto, parece necesario inhibir ambos complejos, tanto a mTORC1 y mTORC2
para bloquear completamente la via de sefalizacion PI3K/Akt/mTOR (Kawata et al., 2018).
Los inhibidores duales de mTOR representan agentes terapéuticos promisorios, mediante la
inhibicion del ciclo celular en la etapa GO/G1, induciendo apoptosis y bloqueando la
fosforilacion de Akt-Ser473. El inhibidor de PI3K LY294002 y el inhibidor dual de
mMTORC1-2 AZD8055 inhiben la fosforilacion de Akt- Ser473y, en consecuencia, ejercen
afectacion en la fosforilacién en PRAS40, TSC2, GSK3b y FoxO1. Cuando esto ocurre, se
afecta la inhibicion de PRAS40, TSC2, mTORCL, asi como la actividad de P70S6K (Kawata
et al., 2018). Interesantemente, se obtuvieron resultados similares con el inhibidor de PI3K
LY294002, en donde se disminuyd la fosforilacion de p-mTOR-Ser2448 por efectos
asociados con la presencia de LY?294002, pero cuando se agregaron los PAO1-CDPs
conjuntamente con LY294002 se potencid la inhibicion de p-mTOR-Ser2448 (Figura 6 del
capitulo 2). Estos resultados indican que los PAO1-CDPs estan compitiendo con proteinas
blanco de los inhibidores AZD8055 y LY294002, en el que el mecanismo molecular
involucrado podria ser el sitio de union a ATP de las proteinas cinasas MTORC1 y mTORC2.
Lo que sugiere que los PAO1-CDPs pueden considerarse como un potencial antineoplasico

en la terapia de adenocarcinoma cervical humano.
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8. CONCLUSION

La mezcla de ciclodipéptidos ciclo(L-Pro-L-Tyr), ciclo(L-Pro-L—Val) y ciclo(L-Pro-L-
Phe) producidos por Pseudomonas aeruginosa PAOL inducen apoptosis en células de
cancer cervicouterino HelLa a través de la inhibicion de los complejos mTORCL1 y
mTORC2.
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9. ARTICULO DE DIVULGACION

Ano 9 /Septiembro-Octubire/ Na. 53 U.M.S.N.H.

Laura Hernandez-Padilla y Jesis Campos-Garcia

a ciencia ficcidn nos ha permitido ver un pa-
Lnorar—a apocaliptico hipotetico en el gue los

seres humanas se convierten en zombis, en
tes reanimados después de su meerte, sin voluntad
propia, que buscan a otros humanos para transfor-
marlos en uno de ello. En este escenario, &l mundo
tedrkamente termina con la extincion total de fa
raza humana, pero como en toda pelicula de zom-
bis, siempre hay sobrevivientes #n busca de wna
curague logre saivar a la humanidad

En este articulo te describimos, como la vida
cotidiana supera la ciencia ficcidn, ya que te expli-
caremos que hay células que asemejan a un zombi
as cancerosas Para ello, tambien revisaremos el
comportamiento, la invasion, asi como las altema-
'

vas de tratarmientos actuales para la erradicacion
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de estas células, a las que denominames «células
zombis»,

Estas no pueden morir, son Incapaces de rea-
lizar las funciones de una célula normal, lo que pro-
voca el descontrol y/o desrequlacion de la divisién
celular. En general, los zombis son, como dice «The
Ghost Breakersy, esta comedia norteamericana de
terror: aLos verds, caminando clegamente con los
ojos muertos, siguiendo ordenes, sin saber lo que
hacens, Los zombis se alimentan de carne humana,
lo cual les garantiza la vitalidad y |z vida eterna, se
distinguen de los humanos en que son incapaces de
dominar su voluntad, y esto mismo ocurre con una
célula cancerosa, que al parecer inmortal, convierte
las células sanas en cancerosas.

Invasion zombi: el terror que implica

El canceres un conjunto de mas de 200 enfer-
medades diferentes que comparten ciertas carac-
teristicas, entre ellas, que mantienen un crecimien-
to celular incontrolado acélulas inmortaless, que al
lgual que un zombl, no mueren y son capaces de
infectar células sanas.

Los seres humanos estamos predispuestos
a desarrollar cancer debido a diversos factoras
como el tabaquismo, |a alimentacién, la exposicion
a sustancias quimicas toxicas, entre otros mas. En
general, estos factores dafan nuestro ADN, espe-
cificamente en sitios llamados genes, de los cuales
existen dos grupos que al estar dafados o desre-
gulados, puedan promover el crecimiento celular

descontrelado y provocar el desarrollo de esta en-
fermedad.

La transformacion de un humano a zombl se
da por mordidas u otra lesién por estar en contac-
to con otro zombi. Las células cancerosas tienen un
método similar para transformar a las células sa-
nas, esto es conocido como ametastasisy, queesla
capacidad Invasora que tiene una célula cancerosa
de entrar en el torrente sanguineo para desarrollar
cancer en lugares distintes del cuerpo donde se ari-
gino. Cabe mencionar que cuanto mas capacidad
de metdstasis tenga un tipo celular de cancer, mas
dificil resultara erradicarlas

Lo anterior tiene analogia a lo que hacen los
zombis de la serie «The walking dead», su caracte-
risticaes ser lentos y torpes, pero también estan los
que corren a gran velocidad como los que hemos
visto en la pelicuia «Guerra mundial Z» Un zembi
hambriento y veloz sera mas peligroso que une len-
to y menos voraz, un cancer con las caracteristicas
de «Guerra mundial Z» sera mas agresivo.

Asi como los zombis son muy Invasores, ya
que con un solo rasguiio convierten a sus victimas
encientos ¢ miles de zombis, una célula cancerosa
es capaz de convertir una célula sana en inmor-
tal, de la cval podrian formarse un numero inmen-
so de células cancerosas. Un caso particular, es el
de una mujer estadounidense llamada Henrietta
Lacks que alcanzo literalmente la Inmortalidad, ya
que sus células se transformaron en cancerosas, de
aqui que cientificos pudieron aislar la primera linea




celular cancerosa humana llamada Hela (derivado
de las dos primeras letras de su nombre y apellido),
lo que permitid conocer como actuan este tipo de
células cancerosas Ironicamente, este cancer per-
mitid que Henrietta sea inmortal, ya que actual-
mente sus células se encuentran deambulando en
importantes laboratorios de Investigacion, donde
estan bajo constantes estudios con el fin de madifi-
car su comportamiento, y asi detener su crecimien-
to descontrolado.

:Como se alimentan los zombis?

La obtencion de energia en las células se lle-
va a cabo por la completa oxidacion de la glucosa,
empleando tres vias metabdlicas: glicdlisis, ciclo de
Krebs yfosfonlacion oxidativa El aumento descon-
trolado de |a glicolisis, es una caracteristica en tu-
mores cancerosos; tipicamente las células tumora-
les se caracterizan por un aumento de captacion de
glucosa para generarenergia; sinembargo, no usan
la respiracién, este fendmeno es conocido come
efecto Warburg.

Cuando se infectan las células cambian de
metabolismo, disminuyendo el metabolismo oxi-
dativo, jsimilar a lo que ocurre &n los zombis!, que
cambian ladietadel ser humano por el canibalismeo
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Los PA-CDPs inhiben la proliferacion
de las células cancerosas

Muerte de las céulas cancerosas, provocada porios PA-COPs

Estas alteraciones en el metabolismo confierenuna
ventaja selectiva para la supervivencia zombi.

Principales armas contra los zombis o tratamien-
to contra el cancer

Actualmente, |as principales terapias contra
elcancer son la cirugla, 13 quimicterapla y la radio-
terapia, este tratamiento multidisciplinario resul-
ta efectivo matando a las células cancerosas, pero
estas armas traen consigo efectos secundarios no-
civos como anemia, fallo renal, entre otros Varios
estudios han |dentificado subpoblaciones de cély-
las que son resistentes a tratamientos de quimiote-
rapia y radioterapla, lo que explica el origen de las
recaidas y la reaparicion del tumor con el paso del
tiempo, haciendo dificll erradicar al «zombi Inva-
sors, porlo que lainvestigacion sobre nuevas estra-
tegias es uno de los grandes retos.

Los medicamentos contra el cancer son sin
duda unos de los mas agresivos que se conocen,
yaque aunque tienen lafuncién de matar las células
cancerosas, tambieén envenenan a las otras células
sanas de nuestro organismo. Una de las diferencias,
es que las células cancerosas se reproducen rapida-
mente, y eso es una ventaja, ya que los tejidos que
sé reproducen a mayor velocidad se envenenan
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prnmera. Por lo
que, encon-
trar un farma-
co que |denti-
fique y mate a
la célula zombi
sin que afecte a
las células sanas, es
vital para contrarrestar
los efectos secundarlos
mencionados.

Los ciclodipéptidos de
origen bacteriano: una
nueva esperanza
Los ciclopéptidos o
ciclodipéptidos (CDPs), son
moléculas sintetizadas per bacte-
rias come Psevdomonas aeruginosa (PA-CDPs) que
tienen la capacidad de evitar |a proliferacidn de
diferentes tipos de células cancerosas. En nuestro
grupo de trabajo, en el laboratorio de Blotecno-
logia Microbiana del Instituto de Investigaciones
Quimico Bloldgicas de la Universidad Michoacana
de San Nicolds de Hidalgo, realizamos estudios
con los PA-CDPs y los avances indican que estos
inducen la muearte celular {apoptosis) de las células
cancerosas, € interesantemente, no afectan a las
células sanas. Incluso, sabemos cémo actian, los
PA-CDPs: provocan la muerte de las células can-
cerosas a traves del bloqueo de la activacion de
una de las principales vias de supervivencia celular
«Pi3K/AKTw», oncogenes de los que menclonamos al
Inicio del articulo

Boticano CB. y A
cancer. Madrid

El hecho de que las células cancerosas sean
eliminadas del huésped mediante farmacos como
los PA-CDPs, tiene gran relevanciaen la practicacli-
nica, ya que los resultados experimentales brindan
la posibilidad de mejorar el tratamiento y pronds-
tico del cancer. De hecho, los PA-CDPs tienen el
potencial, si no de ganar |a guerra zombi, si alguna
de |las batallas, evitando el Inminente final de un ser
humano con esta terrible enfermedad. Con estas
nuevas armas, comienza vna era muy alentadora
dande existiran mas finales felices en las lineas de
batalla, los hospitales

Nos queda esperar para ver sl esta es |a déca-
da en la que por fin comprendamos el efecto que
tienen ciertos farmacos en las vias de sefalizacidn
que gobiernan una célula para permitirle crecer,
multiplicarse, dividirse o morlr. Estaremos ante el
arma poderosa que elimine solo a las células zom-
bis y no mate a las sanas, asi como el final de una
pelicula.

:Como evitar el contagio?

Dar la noticia a un paciente de que tiene can-
cer, resulta muy alarmante, de igual maners que s|
en el noticiario de las 3:.00 p. m. informara de una
invasion zombl. ;Qué hariamos s esto sucediera?
Seguir las recomendaciones y tratamientos para
sobrevivir

Algunas recomendaciones para disminuir la
probabilidad de adquirir cancer son tener buenos
habitos alimenticios y de ejercicio, hacer deporte,
no fumary no exponerse al sol por largos periodos.
Ademas, el tener revisiones médicas al menos una
vez al afio, garantizaria tener una vida saludable
para... ;No convertimos en zombis!
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Bacterial Cyclodipeptides Target
Signal Pathways Involved in
Malignant Melanoma
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Melanoma is an aggressve cancor thal utitzes multiple sgnaing pathways, nduding
those that involve oncogenes, profo-oncogenes, and timor supprassors. It has been
supgested that malanoma formation requires cress-talk of the PIIK/AKY/MTOR and
Ras-ERK pathways, This pathway cross-talk has Dean associated with sogresshensss,
g resistance, and metastess, thus, simulansous trgeting of components of the
dfferent pathways mvohed In melenoma may aid n therapy We have previcusly
réporied thal baclerial cyclodpeptides (COPs] e ototoxdc to Hela cels and
mhibit Al phosphoryasion. Here, we show that COPs decreased melanoma size
and tumar formation In 8 subcutaneous xenogratiad mouses melanoma mool,
I fact, CDPs acoslaated deash of Bi16-FO murine melanoma cells, In mica,
antitumor effect was Improved by treatment with COPs using cyclodeinns -as
drug vehicie, In tumorg, COPs caused nucloar fagmentation and changed the
exprassion of the Bol2 and KiG7 apoptoic markers and promoted restoration of
typeractivation of the PISK/AKMTOR pattway Addtionaly, elements of several
sunaing pathways such 8s the Ras-ERK, PIGKAUNKPKA, p27Kin!/CoK1/sunin,
MAPK, HIF-1, epithetial-mesanchymal transition, snd canoer stem coll paitways were
also modified by treatment of xenografted melanoma mice with COPs. The findngs
ndicate that the mutiple signaing pathways impicated in aggressivenass of the munne
B16-FO melanoma Ine are targeatad by the bactenal COPs. Maolecular modeding of COPg
With protein Kinases nvohed in Necpiastic Hrocesses suggestod al thase compounds
coulkd indesd intaract with the actve ste of the enzymes. The resuts suggest that COPs
may be considend s potentid antnecplastic drugs, Interfanng with muttiple pathways
myoed in tumor formation BNa progression,
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patentiul for use as antiprabiferasive drugs

MATERIALS AND METHODS
Chemicals and Reagents

Mulbecca madsfed 'F.aule mediuny (DAEAS), fetd havipe werum
{FESY, 344, 5-clilnethylthiazed-2-¢1)-2.5-Jlphenyltelrozollum
hromide |MTT), and Pi-cpcdrdextrin (fi-cyclodestrin hydrave
were purchased frao Sigmae-Aldrich Ca., S1 Louis, MO, TSA).
Aleve Fliser 534 annexin ¥ wnd e pepidiuss [nadine (P10drad
cefl apopiosis kits wece From Invitcogen lLie Tvchnnlogies,
Carisbad, CA, USA. Cyulodipeplides were ublsloed from 2.
Arragrmra PACIY wid claravietized av prevasualy descelbed
{17, 1%).

Coll Gulture

binuse 6. FIb melanoma cells fine wos obdained fcam the
Amencap Type Vublyre Calectlon {ATVC, Manaswas, VA,
USah Celly were cublised 1o compbele mvdsa (62M) (LMEM
suepplemenied with 1(fs (valivul} RS, O Uil of penicsllin,
E1H ||.5o'm[. ol slrcpunnyn'n. and Ip.u,‘ml. af amp)mh:ric'm ]
Sga-Aldnch Co, S Loy, MU, USAH ¢Cell eulture nedin
were chonged twice 2 werk ond malntamed al 37 € under BU'
humidity wnd Incubpted s an simosphere of 3% CO-. Rabswany
1ypranke s, €01B were graw 1o conlfimimy: eolbs weze counlvd
wialg 3 hemexylometes chamber

Cell Viabllity, Necresia, and Apoptosis
Assays

Call viobiluy wos determined colurwsctrwally wath M'I'T. Bowlby,
cebls were sooded 4n 90-well flaf-hattomed plates al 1 depsity o
1y 1 vetle ger well 1o 2000 o, f UM need iy apd |ephated by
24h at 3770 with 5% €O uv deacriled 2bove. T'hean, <ol cwlture
media weee eenoved and seploced with serum-free DMEM.
Following Lneubation sy DMEM with FBS dor 24 b ells were
incubated In e presnce of nbsance of the Lidicoted vinounts
of COPy tor 2dh al ¥ {! with 5% (U, I'n detecmine el
viahdity, MTT, S ngeml In phespliste-buffered suline (PRS),
was acledind o each well ard Incubated Yot 3 kal 37 °C. Floally, 100
il ¢l X-propanolf] Af BECL419: valtvnl) was udded e dissdve
farnyazon crvesabs, ond ehsarhwnze was meaured a1 $9% nac um'n",
+ mcroplate rendue { B Tch fastrunits, Wasseaki, Y1, UA)
To guantify necoesis and spuplosie, <eil culturex wene
Incubaled vath DM¥M wnth FRS for 17h prinr 10 insatmenc
with M3, Mmabyl sulfoxide IDMM was wied at 3 vontsol
at the same concentration used L dissabve the COPx Fullowing
incubatian, cells were collected by centofugation at 2,000 g for
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|0min. The petlet was suspended 0 20t pl. and incubated with
aonexln V and 'pmpidium judide [P1} (Deud Cell .hpu[“mis Ku.
Molewatat Probes, baatrogen bife 'l echanlogles. Lintlsdal, CA.
USA). Fluswascence was immedlately guantificd by uorescence
aclivaled cell weliog (FACS) wing a0 Accurt On Flaw Cyvtometer
IRM Rivkciynges, San Jaw, A, LSA), The percentuger of
Nuorm«en| vells (FFC) ond median fluorescence intenalty were
determined fmm histograms of the Aunrescence emisswnn in
the ||IM>.. Lheled as PTC ar ar selubive luarcecence wpvjen
For apapliosss eid heccwiv assayy, inineklt V' lhivrecence wax
mezsured with Huorescance chonnel L1 at 495/5190m snd far
Bl FL2 ahagined ne 5350617 awm, Ac least 20N Hlular ryers
were wed fot cadculitbns,

Subcutaneous Xenagrafted Melanoma
Mouse Model

Al the eaperirnenla u.lin]{ mice cnmp]ind with standusd
kel med Fur the wetfate uf ablmabs witly exputiniental nevplala
in avcardance with the nicammendations at the Mexican CQffcial
Regulalinng (or the Use and Care ol Animals {NCGA 143.200.
1999 Miantey of Agenuiltiee, Meslcal, 1T reearch was ulss
oppruved by tise [nstitulionul Camniittee lar Use of Animads ol
the Universidad Michvmana de San Nicolks de Hudalge, Male
CSHH1L56 mive betwenn [he agec af 4 and % weoks weie purchased
from Envlgy RMS 8.4 |Mexico City, Mexico). Anlmala wese
hosted in cpeditacs far 2 wesks hefoire ﬂpen'menu were twrted,
afierward, the xynagroft myclanamia procedure wae condued o4
drwrlbed Hebow, Tlhe mbve were housed seguralely n ventibaied
cages under a cunlenlled light cpde (12-h lighti/12 b dark] at
monAl (emperinuge (2X-267°C) and wers [od with a stondusd
rmdeat dict wnd wuser ad Jitdaer an saontaoce wilh NOM
U - 20 1999; Ministry af Agriculture, Mexico.

Melanoma cells wedg [njected sybutapcnusly In gy sl 1he
ripht ank witli 2 x 107 RI6-FD murine melsawne cels. Tumar
s5z¢ waa meosured every 2 days. Twuw bisecting diamelers 1 each
tuinar were measunsd with callpu& The volume wac calcubated
wsing tlye formula (0.4) {ab” 1. with “u” being e lorger dianeter
and “h" heing the smoller diamuter ( 14]. Akl mlce injected wilth
melanamu cells develaped lumares of H-51 mm" # deys from
the my of anfeceleen. 1Tie C1PC wore sbinudlstered i1 4 dhaw of
M1 myg nl mice weight, which was determined omsuming Lthat
the corpival volume aff mice is -5 cm®. A cunceniralian ol
St gdml 15 apoplatse cadls 10 1156 wasdy) wae weed, readerlng
2.5 mg pev mulsr pre slose I addition. twe nddvional doszs
nf CIXP were Lestest in o piJnl stwtby, wrth COP tresiment al
10, 8 gud 2Xeg/ml of CDPs. The results showed slienlay
onthuiurtgeox ellect ol 50 ond 200 giml. of CIHWs, bul e
ugnificant resuls with 10ng'mL of COPs; thus, we davided to
Wi S0 papinnl of LIPS Fe Lhlomnly & 540 angeml. fock soluiion
plf C0i% wan prepured by dinsolving thy eorinpnnds lo sivelly
wline solution confaining DPMSQO (0.1 N, or P cycledextrin {50
mg.‘ml,). Alb |-||llld treatayesitn of {the prouse medel were o ted
m e vaudal ¥ein a3 adthozized by MOM 162200 1939
Ministry ul” Agriculiure, Mexice. Seven ditlerent groups ol six
mice ¢ach were randamly pasigmed: (1) conteol, healthy mice weze
Inected with 50 3LL vl stenibe sadlne sul wbivh with DM 1D 1%5

I o et ae pu e gleter o armes g o= 0yt

12] cantead + CCDPa, headrhy mvuse group wjected walh 50 p Lol
CDP dack sdulion; { )] fumor [T), mice will oselanama tumars
wire inpecded whh 50 0l of delbe sallae woluglon winh NS
{0.1%); (1) T + CUR-10, mice with mekromu cel) snjativns
werce trealed broou dhe beginnlng with a weekly wnjestisn with
SOl of CTHP atock solulion (thyee talel usash 4517 1 COPA-
18, mice with mebanoma Jumssrs {with volume af ~X-50 mm*
alter 4 doye) were snyjecled weekly with 50 jul. af CDP stock
wluteey (twer lotad adewedl (&) T + CNPecdx(u, mue « |0
gruug 4 were shjected weekly willl 5] o1 CB1* wock wolulloen
in A cvclodextrins (M mg'ml, three ta doses); and (7)1 +
CIPa-cdrth nce an 1 gronp ¥ were treiled weekly with =1 o,
ad COP niuck mdplivn in P~yelodexeein 150 sgfand. wn wilal
dower). The niice were exomined every 2 days ond weighed, and
ymar alze wae measyred wnill they were cothanland 120 days)
a3 ablwrized by the Innitutiondd Cunaminer fae Lse f Anitnal
wi the Univertidsd Michoocana de San Micwlas de Hidalgo in
axand tp the NOM 162 7KK 199, Ministry ol .*.srindlure.
Mexewa. Then, urgails weee femoveds tumar atzu wia deletinlhed,
and dissected Iumors ood nrgans were stored at —R0 O prior
1a hittvpathological sudies. Mlce thet dsed ol cuuses unreloted
1o by swiplosmn meid LM Preatanene wety dot wonsklernl I
the analywiy.

Blood Parameters Evaluation

Blood war vbiained by cardiav punciure prior v euthanizing s
recommended {NON UR2. 70001994, Miniciry nt Agriculture,
Mesiscrk and collected in tubes contaming hepailn Blood was
wenlrifugsd al 350 ¢ fir I min o oblald plasma Heosalmrlt
war measured by centrifugation (10.000g for Sminl wdng
v Tt copllary tube, Heensglobin wie deterimed av
follkews RU = Clematocril valucl 133 acle). Plaama wes
utilized t» measure aclate debvdrogenase |LIJH), aspariote
anpnliansferase (AST), aind wlumise amunhidasiespse (AL
aclivitiey weing the 2y Chemical Awalyzer ¥itcas 350 IQnha
Clinical Diagnoaticr, Wooturn Green. Buckinghamakire, UKL

Histological Analysis of Tumor Tissue

Tumnre und Iessues frum mice wvesc cxclsed and hxed In
1% neulrd-buffered Mormaldehyde salution uod zinbedded in
pantlin ‘Thaie sedioite D2 % 100m) were oblamed
using o0 Crustat [Leica CMLIAM. [eica Brosystems Inc,
Butfolu twrove, 1), USA) ond atsined with hemataxylin:
wala Fur Imenernohistacheniical analyses toe piakn - Hxed Hasae
<ectinon were dehydrated in v suczose gradient §10-30%) in
PBA huter ¢or a%b eoch. Shder were raated whh 13t
calrate bulfer a1 60°C, permeabltized with PRS-T buffer, and
ihculvaled with H:0;, Gllowed by bncubazion witll 5'% horse
werum in PBS bulfer dor 2h at 25 . Then, tisue sections
were nculatad with anti-monse Bel-2 wnd anti-moase- Kle?
Wntilwelivs tSunt Ctux Beelechavbogy, Sahla et CA. 1'SA)
with 2 e of 1:100 in PBS builer cantoining 0.1% horse
srume dinr 24k a1 25 €L The shides were wanlsed three Lngc
with 'BST bofler, folluwel by incubativo with the secandury
antibody (£:500} in PRS loni-mowe smmunagiohutin G {[gG)
honnylaled; Veviar |abe] fnr 1ot 25 €. Aanhndy reaction was
develuped wsinkg the Vectasisin Elfite ABC horseradish preroxidase
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(IIRP| kil {Vector labs, [ne., Duwlingame, CA, USA). In cose
nl tooeen Hissue, linue secing of 7 Em were obtalned with o
crysaral Hyran 25, Cark Zelss Ginttangen, Saermnay, al =200 ¢
Imapes were awquired with a conirasl phuse inverted-Nuorescence
muccuscope (Leica DM UM equipped with a dighal CDD, Lea
Ruwgatemis [ne. Dulfabe Growe, I, USAL Ty addifnn, e
cella incuted with thudamine 123 15gmn- Aldcich Cu. 5L Linin
MQ), USA] were abierved dircctly wimp a canfocal microacope
[Olympus PV 1), Cepter Volbey, PA, BSA): the emmisslun slgml
ol fluurescence way memilored al 535 16 563 din 6o rhaslaanlne
123 probe.

Antibody Array Assay

Metanomo tissue fram three 1o six mice (~3g] were cul nto
wnall psxed un lge and hamagenized h7 canxatlan in 3M ). ol
phephonylation buffes (HEPES 50mM pH 7.6 containing
wdium-pyroplunphate NimM,  «divm  odhavanadate
1M, sndium molybdote 1M, ENTA 2amd, EGTA
20nM. bezamedine I mM. NaF 20mM. PMSF .2 mM.
B @veeraphosphute ¥lbmAf, monnitol M0rmM, and proteoss
nhibitue cockewsls € pl/ml). Then, we wed three cvcles ol
sontncation A iy Intenslty (20 KH2, S W) dor 300 eaah ot ¢
wilk 3min of reuing brtween wonivation cyches {[Miclches-
LS2d Ultasoumt Techonluyy, Ringwaod, N), USA|. Cell.leee
proteln extracts were shuesed by centrifugatlon 1930 g 1<
for ¥5min). Protein concentralivn was Jetermined using e
Rradferd reagern (UinKad, Mercubes, LA, USA) ond 30 NR
nl Al prodein wers added 0 eoch well with e slldes of
antlhody array Kl (PalthScan Caover Vhaunye Antikeudy
Arrmy Kit ¢14,82] and PalhScan IntroceBular Signaling Armay
Rt #7.32% Cell Sipndling ‘Techindogy. Lonvers, MA. LISA}
The arruy gloa shder were invubaled pewnuglt w4 € on
sn orbital shoker. Jullowing iomunoseactions and wathes,
dldes were incabalal woh o hainpalal-antibody cockiall and
HRF-linked srreptavidio Mot | b ot ek leioperuiuse. To detect
gmemunoreoctivity, LumiGlo’t il'eroxide reagent was sdded
and the imape immediately r.apmrh! using & Jlgltai umlging
clecnnluminescent sysiens, ThemlPoc™ ME Sysvan {HioRad.
Itecculex, LA, USA). Delermination af sped inlennlty from
the micraarray was carmied o1d by densicomedry analysls usiog

Tninge ) softseare {NIH Penaget
Wastarn Blot Analysis

Proavine eam fumn e¥irecte were suparatad sl denataring
conditionr using polyacrylamide gel elecirnpharais a1 1D-13%
|=dsum dudecy| muidlate (SU¥S)]. Thirty micrograms ol peateln
extracls weee ypralty Tonded pes Jane. Treoledn mnxiuves were
mited with 10 pL of dewaturlhg bulfer [Tras-HUI DO8 N,
pll A, 5% glyceral, 4% SDS, 4% # mercaptosthanol, and
1AN25% Wremapheanl bluel and incubsted for Sanln at
WA Gele war wuinnd wilth Coanssde bluw aid Jrroiclon
from replicate geb tronsterred 1o polpvinglidens difvoride
(PVDE: Milpuse, Billersew, MA, USA) wpmbrangs  [or
mmunodetection  atays. Boetly. PVDE membrones  were
mcubated with TRS-T I'I'ria-HCL 10 oM, NaCl 0.9%: Lween-
(R TNLN dry m|k %, pl‘ T.H| Pnlfvlnﬂld:ne diAuande
membran were vut accordlng to range ol molecudar weiglt

I o et ae pu e gleter o armes g o= 0yt

markers and sicubated with the indicalcd aniibodicy al the
conceniralian suygested by the manulaciurer: onti-CD3,
el €030, mnel-C-Mye, dill-Ran, wnll-SNALL aitl- MM,
anti-E-Cad, ent-vimenlin, anli-cyvtokeratin | |CK-13, unli-
1-lubulln, anuU-Aks {C- N anlj~Akt-pPuuphw,lalnd 11
i3 5)- wili-my TR, vuli-phovphonvlated- iFCIR-(S249%), wili-
A-anlin, ond anti-a-tubulin 1} fruin Santa Cruz Bimechnobogy,
Santa Cruz, CA, USAI onlkibadies. Followlng 11k of incubation
{3 3 lor Ihe primury apliludy, ppemhbgapner were wached
avd ubcubaled with goal whil-tabbi lgG HEP<an ugate
{1000, BioRad, Eleccakes, CA, UNA), in blocking medium
for 4l 4t 3 the membransn were washed twce wleh
TS-E buler and dvvdoped usling hyslcoger peeankle and
Supermignal Wesl Pica luminat [Pierce; Thermu  Fisher
Scientific, Walsham, MA, USa) Then Images were ca|1turrd
wing 0 ChemuPw™ MP Symem (BioRud, Hertules, <A,
USA|. Aszays weve vonducted a1 least theee gimes, and
representative images ure shawn. Rand intensities in gel
Images wr Mol were quantified wslng the [nsgef softwire
{NLEE Imagel.

Docking Analyals

Data ol the profeso structuee ol muce, 7at, and human ware
ohtaluel from the penteln data hank fwceasonp na AKT
{ICQUE HIPK2 (aP5S), AMIK {SUFL), MET (3Q3T), [NX
{2GAH), CIMd [21CR), aod HIF-la [5JWP)]. The three-
dayenslonal madels of CIP unal ue the tudy wese ublained
ftomy  hogsadipubebem ncbi.nlm vib.govicmmpoand!  and s
previously described 11%). Docking analysie wan corred ow
uging Ihe saltware Aulndack 4.L.4. 1 {avasloble of http:fautodock
wrppaedalh Afler dodkiog 100 conforinetwms For vach
compound were nbLinsl and then custered for anafesss
||ai'ng ADT 1.52 mofiware. The <onforinaising wected sery
withus chhe sl 1epecsented clusler and corvepondled eo those
showing the luwest values of hinding eaergy and Ki. Model
dnalpser and figure deawtng were carried cut with PYMQ)
L.04 IThe PyMQL Molzcular Geaphics Spstem, verlon 2.0.0;
Scheodinger, LLC, New York, NY. USA; hiltpw:itvwurcelorge.oct!
p'pymoll

Statisticat Analysis

Foe coregdatiop aisalysia, duta alstaaped amibo.ly 4STAYY
ad Weswrn blots wete anolyzed 9% sercedstion  anabyss
utileed av respanse vamobles jreatmenu) va. 2ato of signal
Intecnaty par each antlhody |cores) uEIng the STATISEICA
wiwary (Data Anslvsn Software System 8.0, Stk Soft e,
Tabsa, UK, USA). Otbir data wexe statislically analyred wsp
GraphPad Prism 60 aufiware (GraphPadl Saftware, San They,
CAUNAL

RESULTS

COPs From P, asruginosa PACH Induce
Apoptosis of Murine B18-F) Melanoma
Cells

Firsl, we exanuned the effeat ol Ihese conupounds on the Hie-F
melatnny ine In cullure, fikdting thay C1I%: decreased vanbitity
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of B16-FO cells in u dose-dependent manner, Cell cultures
showed 75% desd cells with CDPs ar 50 pg/mL after 12h,
rendering an LDy of 10.7 pg/mL (Figure 1A); remarkably, the
L D5 data indicated that CDPs were ~5-fold more bloactive in
inducing cell death in the BI6-FD murine melanoma line than
i the human Hela line described previously (6). To further
support the CDP effect on the BI16-FO melanoma line, we used
annexin V binding to determine apoptotic and PI 1o determine

necrotic cells by FACS analysis (Flgures 1B,C). Whereas, <20%
of colls were stalned with annexin V in colls Incobated
with yehicle, ~60% of cells treated with CDPs (50 ug/mlL
at 4h) became apoptotic {Figure 1C). The ECs, of apoptosis
indoction was 24 pg/ml ar 4h of treatment (Figure 1B).
These data indicated that CDPs rom P. aeruginoss PAO1L
were cytoloxic, indocing apoptosis in the BL6-FO melanoma
cell line.

My 00 | ok 10 | Atles 11
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Effect of CDPs on Xenografted Melanoma
Murine Tumors

To evaluate the antitumorigenic potential of a mixture of

characteristic evidence of echinocytes (frequently found in
patsents with liver diseases Figure 38), We found that the T
mouse group had a reduction in the praportion of lymphocytes
accompanied by an increment of neatrophils; these effects were

bacterial CDPs. we used a subcutaneous unognflcd 1

less p din groups d with CDPs (Figure 3C),

mouse model (20). Tumors were induced
Injection of B16-FO melanoma cells an male C5781/6 mice of
lo wukx o{ng To determine the effect of CDPs on melanoma
t, different groups were tested a3 described
in Materials and Methods. Typically, mer & days, the tumors
reached a volume average of 20-50 mm®. A group of mice
was treated with CDP injection from the beginning of cells
implantation (T + CDPs-10) (Figure 2A). Another mouse group
wus treated aftor the eighth day of melanomn cells impl
[T + CDPs-18]. To monitoe tumor growth, mice were weighed
every 2 days for 20 days (Figure 2B), The body weight of mice
belonging to the tumor (T) group showed a significant increment
in weight. Body weight of mice in both the T = CDPs-10 and
T + CDOPst8 groups were lawer than the T group withoot
CDFP treatment, suggesting that the weight increment found in
the T group could be related 1o tumor develog 1. Healthy
mice treated with CDPs did not shaow changes in body weight
compared to the control groap. All mice survived for 20 days
were humanely cothanized, and tumors and ongans removed
and weighed (Figure 2C). There were no significant differences
I welghts of kidney, lung, and heart organs; however, « 2-fold
increase in the weight and volume of the spleen of the T mouse
group was observed (Figures 2C-E). A decreased liver weight
was also observed in the T+ CDPs-t8 group (Figure 2E),

Data show that COP treatment caused a significant decrease
in mass and volume of tumors { Figures 2F,G). We found that the
average weight of the in mice with ent (T) was
5.5 g, with a tumor volume of 2,100 mm’, whereas the tumors
from the COP-treated mouse groups injected immediately with
CDPs [T + CDPs-10), and after the eighth day of melanoma cells
implantation [T + CDPs-t8], nhmnd on average ~4 and ~2g,
with volumes of ~70 and ~30 mm’, respectively, (Figures 2RG}.
Thus, CDPs d d size and weight of xenografted tumors
formed by B16-FO melanoma cells in C57BLIG mice.

Histopathological studies showed no appatent modification of
cell size. morphology, and cellular stractures from spleen, liver,
beart. kidney, Jung and skin in the mice groups (Figure 2D)
In addition, tissues from the healthy CDP-treated control mouse
group were normal; thus, CDP treatments appear to be safe
for mice.

Hemoglobin and hematocrit were ugnifxnn!ly diminished

We also determined the activity of cell damage marker
enzymes LDH, AST, and ALT. The T mouse group showed a
significant increment in both LDH and AST enzymatic activitics
(Figure 3D), which were diminished it the tumor-induced mice
treated with CDPs (T + CDPsD and T + CDPst8). The
treatment with CDPs in the healthy CDP-treated cantrol monse
group did not alter LDH and AST Jevels as shown in the
control mouse group. Alanine aminotransferase activity did
not show significant differences between the mouse groups,
except for the T mouse group. Nevertheless, the ALT/LDH
ratio showed significant differenice with tumor development
and CDP treatment. An increased ALT/LDH ratio (~10-fold)
was observed in the healthy mouse group administered with
CDPs (control + CDPs), whereas a Jower value of this ratio
wius observed in the tumor group without CDP treatment
(Figure 3D).

Histopathological  examination showed strong nuclear
fragmentation in cells of tumor tissue from mice treated with
CDPs (T + CDPs-th and T + CDPs-18): this effect was not
observed in the tissues from the untreated (1) mice group
(l’klue 3E). Bcl-2 and Ki67 tumor markers were significantly

inished in the woups that were CDP treated
(Figure 3E). Additionally, determination of reactive oxygen
species (ROS) on cells dissected from tumor tissues using the
rhodamine 123 probe was carried out, Confocal microscopic
images showed an exacerbated generation of ROS in the cells
from tumors of mice treated witl CDPs, as well as 2 loss of cell
morphology {Figure 3E), indicating un apoptotic and necrotic
status an tumor tissues, induced by COF treatment.

Cyclodextrins Favor the Antitumor Effect of
the CDPs in Xenografted Mouse Melanoma
Because DMSO was the vehicle usad to solubilize CDPs,
we wondered if the beneficial effect observed on mice with
melanoma implantation could be improved by another drug
vehicle; we r:plnced DMSO wuh a fcyclodextrin suspension,
The CDP-cy was d to the
mouse gmupa with unognﬁ«l tumors and compared with
treatments where CDPs were dissolved in DMSO. Tumors of
the group without t (T} showed an age

Trnink

in the T group (Figure SA). The i d
with CDPs showed ne differences in any of the bcnuiologl:d
parameters, Erythrocytes from ‘the T wmice group showed

Fronlm i Crestogy | mww bovtionsn oy

weight of ~9g with & volume of ~2,200 mm’, The average
weight and volume of tumors from mice treated with CDP-
dissolved in DMSO were ~2.5g and ~900 mm”’, respactively,

Judy 0 | ohamw 10| Atles 1110
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(Figures dA.C,D). The mouie ymup ireoled with the CDP-
ywvlodestiln suspensnsn pdasnlclersd o e cephily day wtier
melonuma cell injection ¢T + CODP-cduB) shawed an averoge
tumar weeght nf <0.3g and a volume of =50 mm; inerestingly.
|l weHpe ma (TN, the 1umoar wax yndetectable [Hpnlﬁ}.
The mouse growp trcoted with CLH-cycludentrice mspeinskon
njected immediately | T + CDPr cdxth) shawad imilor tumar
wm'ghl with DMSO-CDT Ireatnuents, Liul it chowed u signibzant
devreen |1 Wwnaer yolsing (Fgares 4G0). Addhienally, s
cyclodextring-{2D¥ treatments significanth decreased spleen rize
and LDH aetivaby connpuicat 3 1lise of DIMSO-CITW treated
and suleeated ouee groue |Figusee 44,E) 1o bwesc LIXH
oclivity was observed in the ' mause graup treated with CDP-
cyvladeatrins at she clghth day afier wumor |mpl.mh|.1-nn Iyl
= €0Ps<dn3). ‘These results indiwute that CDiS were nriee
eticient when ey wire lopected with cyclodeairing suspension
cnmpured lo DbISO.

Modulation of Signaling Pathways by CDPs
Treatment in Xenagrafted Mouse
Meianoma

To identily elements dysregulaled in cancer aod paksime
cell-signaling pathwavs faryeted by 1he antitumorigenic elfect
nl the CDM in the tcnngxaﬂﬂl melapemo mouse madel,
protein extracts oblsined from twmor Liviue were used [ar an
ltwnndeteviion sppramsli. Resulis of the wancel snd signeliog
antlhudy arrave showed that sunwerc prfnemed d xiﬁui fwant
ncrcoes in the rapression ol prolifivative cell oodear anUgen
[PUNA), p27Kip), N.cadheris, FIIF Lo, Stabd, AkgS433,
AMPha, mTOR.SXaM, ELSP2Y, Dad, PRASW, SAPK/NK
nhd  canpose-d  |Figune SA-C1 which  were  wpmificantly
recavesed/dimliished in thew cxpression!phawphorylation Jevel
hy ¢TI treaiment, A&Lvmnally, In the "I 1 E1IPs manse gronp,
CD¥x cawsed an increnient In Uk expression al’ elements such as
wiraven, Meq, and EGE (Figures SA-C}.

Recaute we abrerved 9a i1¢1nenl in cagrression +f pgnshing
patlsways such as P13 ARmTOR eapressivn In tumues and s
recavery kevel of expressian atler CD# treatment, we laoked al
thee nccivatlon of Aki-5473, 0TUR-52448, Sok-"T34%, und sher
hicinbem af wighalibg palhways such s Xap. DK NEcl pas.
ond ‘ENI-a/Fasl. I Pigre €A). Phoaphurylatian «f Akt-5473 und
SAk.TIHY win a[mngly activaled 1y the tomior oy Eruasp
(1), whereas a2 decrease was wbserved with COP irvatenent,
bul no dsBerence n achivation war obverved jor mTOR-52448
(Figure &4) In contracl, Xap, PRKI. KECA pa%, and TNF.
' Fael, dId nod éhiaw vigaificant differvnces In expression levd

n the COP treated mause group with respect 1o the T geaup
1Fignse 6A),

We ulvo krobied 01 markers of madigisancy {le., cancer slem
cells, pluripotency, und metanasis). Figupe 8B showe tha the
capreswan of alery cell marker ¢34 was decregsed 10« HI%W
ih praein eXtracls of tunwrs Irom T + CUPs-LD muuse group
and wus totdly depressed im the 7' 4- S oR groop, in cantrait,
the Ocidy showed low eaprecsivn levefs iy the T mice grawp,
with eapressmm bvvls sharedved o tbie 17 = 1IN grriwp,
With respect (0 Lhe oncogencex, € Myc wan decreased, Sot Rar
war iacreasd Iy the 17 & CDP mome grovp. Fustherawsre,
e cxprewsant of EMT markers such av SNQH incecassd 1
fumorns and COP 1reated Lumuors, [Horveves, MM, ¥-cadherin,
vimeptiye, and CUR-1 showed o u[;mﬁnntly decreused erpruslnq
in tWmors wreated with CL1% (Figeoe 68). Thesr renulie dvarly
indicale that, sn additlun it the PIMSARUMTOR pathway, nuer
signaling pathways are invalved in melinsma development as in
BL6-FD cells bine 2y in teinor of Xenoprafiad inelsnoina el aad
1heee alne muy be targeted by 1he bacterivk CDPw

DASCUSSION

The ywet for el nwletales 0 targa suncer han lad
investigatinns 1a lonk at miccobizl metabatites. Crdic peplittes
conutltuly o Liveiee fanlly of auslecules musply of nucrafiul
arigin thas buye antinti¢robial. immunamelunlir, snrivxidant,
or anticancerigenic activities 7. 11]. Revendy. LCDPs have
atdractad attenlinn hecapwe af their amiq"nldcntlw eHects
wa carcer cell Imey (o0 120 We nceaby reporial thae
muzture o CFe cumpased of cyelndl.- Pro-[-Tyr), cpcla(l-Prn-
[.-¥a1), and cvcla(l -Pra. L. Phe) Isodated feoum P aeruginmsa PACH
abliee mbiddod 1he padiferston of Hela and CaGo-T velly
{21 In addition, we fisund 1thay bacteral CLOINW are stranper
anliproflferative agents compored 1o chemlcolly syolbelived
wiralope Ing Thas, 0 uppeass that £10P frony Tinlogieal smrees
are maore potenl Lhan synthetic CDPy due probahdy o structural
dseeences in llzumpedﬁdty.

Cyxloshpeplides affevted The wviohllity of RiA-Fd gells by
induclng apugiusss Ist caiured cebly (Figare 1), Althaugh CLHS
bological prisperties hove bren studied 11 vitn, we now thow
That CLIPs oan wishibil inekanomn (D PrOEICSIOR b ALICE,
Inlerevangly, we showed il miles impanted whh Bis-Fo
cells ond omuitanecushy irested with CEPs did not develap
tisury, unilike vntreated mue. [npornaby, i faasore alresdy
developed, Tumpr s was decndaved in maw tr¢ated with CDPs
{Figaxes 2-4). Mice that developed 1umors showed diminished
hlnad cell cnunts, which casmelatat with an Increment Ir spleen
al2s (Figures 2, 3), svibgRones 1wt are luchcative of un snemlc
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nat shome wry henceg, (C,0) Turncr woght ana volume cotarmrinalion, {E) LM acudty i mouse sooarn. DME0 ndcatos that COPa wero dhaschad 1 saine sckiton
Wi, DARS0 10 156, -opcioduntirng ndicaies Inal COPS wine desohod 0 adine solifion wisn p-cysnduainy 150 mg/ink ). Bars ssprssn! maars + SE. iosise
grouos with 11 - 3-8, Onsvay ANOVA wilh Sonlemon post-hoo (est wos used % corrgame treatments to P unteaied group eortrols Ssgndicont difeonoes (2 -
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rplamation with COPs IDMSO chaschmal) i anryweiatidy adtet; T+ COPs<o-10 vl T+ COPo-1055 raom with tuenoe inplastation with COP Seatmwant
(Moychocaxtrre -cesahod) mmoctsiety after melinorra osll mpecion and at the eighth day of melinomo Tpartaton, mepectvny

status seen in patients with cancer {23). Cyclodipeptide treatment
of the tumor-induced mice resulted In a recovery of hematologic
parameters (Figures 3A-C), Furthermore, LI, ALT, and AST
increased In mice with tumors as described in liver and breast
cancers (24, 15), but the levels of these enzymes significantly
docreased when mice were treated with CDPs (Figure 3D).
Interestingly, the control mouse group treated with CDPs did not
show altered values of these blood and enzymes levels, suggesting
that, ot beast, the inkcted amount of CDPs was not toxsc to

mice. Levels of LDH, ALT, and AST arc used as markers of

disease evolution of anticancer treatments {25), We observed &
recovery of the levels of LDH and AST In mice trested with
CDPs similar 10 those found in healthy mice (Figure 3D), This
wits not observed in the untreated group. These results indicate
an improvement in health of mice beanng tumors treated

with CDPs. [n addition, histological und im histochemical
data showed strong nuckear fragmentation and degreased Bel-
2 and Kib? cancer marker Jevels In tumor tissues from mice
treated with CDPs (Figure 3E), Images of tissue showed an
exacerbated generation of ROS in tumors from CDP treated
mice, confirming the induction of apoplosis, dependent on
mitochondrial dysfunction and cytochrome ¢ release,

An important issue to consider in therapeutic treatments is the
drug bioavailability; in this sense, we improved the bioavallability
of the CDPs using a suspension in #-cyclodextring. Resulls
obtained in our xenografted melanoma mouse model showed
that the CDPs dissolved in cyclodextrins were more efficient
in inhibiting tumorigenesis than those dissolved in DMSO
{Figure 4), suggesting that the antitumorigenic effect of the CDPs
could be improved by utilization of an appropriate dngg vehicle,
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T determine 1he muokecalar mecbooism mvolved in s
antvumungensc «fect nl C0OPe o the xemagratted melanama
avnise modd, we ulllzed ansbody aizays be sciera e
tumars, dilereatial cxpressson ot protewrole eluoumis related to
unncer disease, aivd introceUular signaling pathways (Figure 5.
Proviewialy, we fonund that che CDP anxtare frome @ avnigutaes
PALY way able o sepoesy phosphocylation ol bath AkL-5E73
aod Sak: T 3%% pralein kinoses i Hela cells af sharl Ireatment
times (o). ‘The PLAK/ A kI8 QR pathway [n up-regulaed ip inaze
rthais 70% of @nier ey (20, 271 ln v dblrine ocladums
mexdel, we alea found up-ecgulativn of PLIA KNenTOR pathway
\Figare 61, In chis study. alio hyperactivutinn ol phosphorylonen
1 onelonuatn funere ook mwe was found, where the Jevel
ol phosphocvlatiun wiae Jdewreased in tomors fram COP-
treqicd muar. Thie, it fusther confirms shet CDPs targeled
the wTUR pathway, which i volical doc well growlh and
proliterntion. Apapleiy depeodent pn the Aki-Secd73 inhibitivn
and downsdream furyet proizins by CDRPs jn our melonoma
buxlel bidleates Use paracigaton of the mTORCL and 0TGRC2
compéexus so blockiog the PIMK/Akt/mTOR signating pathway:
11 agree with recenl Andings described p Efe)a cells | 24). In
nprventad with rhse coulie dud ubieea of rhe RTIRCL
nod mTORCL wignaliny pathways bas boen proposed as eftective
therapeutlec 1argets In neaplosias (4, b It cuggests that
CDPs <an be consldered @0 pacentiad therapentic vompoiinds
n roclanema by causamp dwal inhibltion of mTORTI and
mi{RC.) cnmp!cxef..

Additnally, we oherrved sn up-reguluaren of H1F-1v pracern
w1 tsinors of acnvgralied melanvmo mace (Figare 53, The HIF-1
wppressar is 2 master regulator ol efemenids invalved in ghycolysis
bl av dystepaibaled L Witeigeateals aid nvanyencs, 11 s well-
kavowo that Uke cegulution of HIF-D is osely relsed 1@ e
PIXK:AJymTOR pathiway. Functivnally, it kas been shown thel
Akt and HIF-© ueract syneeglolically during 1he development
»l meisnoma L. Qur dJats show thal Lthe PR Ak1uaTOR znd
HIF-J creas-lalk pathways are ioplicated 10 mowse melanoma
t!cvc!q-mcnl and 1hat CDPs ulsctcd these w‘hwuys.. Reguusy
HIF-] regulatce procesies wch ae wirvaval sperosis, glucose
metaholism, angiogenesis, and invasiveness by inducing ENT
negul:mrl [£214), 1t w aticactive ta pu:du.]-tz that the antitumaor
vhuets of CIPe sany be navdluted by nifecting HIE-1 and retdecred
In Lhe hlocking ol coll invaston 1o atdilian, the NINA, which
acts during the 5 and ¢l phases «d the cell cyile, 13 cansidered
Wowtker of codl prelifuratent, which actlvely parscipstes

in u numbes of igawling pathways sesponsible for ol
survival {15),

We fonral cliat 1w cansceiption oor SNAIL 13 up-tegulaed
in metznoma lumors, whereos exgrrssion wi €041 and E-
(ad iv down-regulated (Figure6BY. SNALL i 2 prominent
mducer of EMT and strongfy 1epeesses E~cabhenin eapigsslon,
Cycludiypreprides ovarvased SNAIL bevels aod dececased Levels of
the hyduranan receplar €34, a cell avplace adhesinp receptar
that iniighky papressed in Many cancem and populuies medastasic
by vlematave spliveng, ool cocrbitmene ot CLHA 0 the ol
surface (1),

Furshermors, Lmporant IMrorgenac markets were reprensed
in the COP-rreatad nuwce, sch oy C-Mye, MMI™-Y, E-cadhetln,
vimeotin, wnl CXK-) [Figure 6B| These data sopport the
hypoesis thad CDPs may promele the ol lvahantepression of
1lie moli companants ol the EMT pathway 1o Induwe apuptusis
in tumar and probably inhibis tumarigenesis and invaiveness.
On she other band, Xiap, PRKI NFeB pid, and TNF.o/Fasl
<dad atar show algnifivan dilfirmcon i ther cxprosstot lovel
io the CDPM-Lreated maouse group with teapect to the T graup
{Pipure 8AS, wuggeiting that these elememis play umportoat
rlee U signaling pathwavs In wioch 1hedl parficlpatiot b
1t aflected by the CDPe. however. this doos not role out
their invalvement.

Aa approwch annkyae of ehe midrlple éactore nad prthwoys
cvaluated jo uur mclaooma lumuripencais mudel with ealment
wilh hacteria]l CTIPs war  conduc)ed unng 2 statiniical
variapondence anslysis |Flguee 240, Data shaw 1hat the
cutwer Lacron cleurly cormtloted in up-oxpressedfaclivated sod
duwn expressadfipactevoted as widety deszribed (Flgoure 741
AR hnporunt auntee o protelie ate westclhiced wilh b
respute varialNe (vonteold, which were ned auditicd In their
expreasion Jevel i tumars COP-trcaled and untneuted Broups.
A <cvond geoup of proking thae showed wpidfivanr changes
io thetr caprossion fevels tn Uwe proleomic spprooch was
assocted with the cerpomae vaciable Tumar mouse graup
which developed imors without freatment. This group of
fruicios cefrpnds In vokogeis aod Womt  siupprestoe
widely associoled wilh lumocigenesis. Finally, a third geaup
o pratnim highly nnplic.m:d in the cantpt af tumarigenesis,
iovaaivencss, nod signalng gathways iy vs FIIRARTOR,
Ras!/ERK, EA{T, (CS, aund 30 or, wan assacialed with Lhe CDPs
traatad mavse groop (Figure 7A). From thes correlaton analysw,
walie cepreseditatave prroteins of vech gronp were selected and
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FIGUAE 6 | EMvctn of COPs on M kevits of profiens Praotvec) in slgradng Dot avsys promuting mroose melanorms growih, Tumeor fess wim derupled, and cnl-bes
Protor exracts wern Lsead A0r Viaemnerm DIoL assays s cesorbed 1 Materials and Methods. ages commspornd 50 a repredonmtatiee e ot aasiry ¥ = 3 usng
Protas) sem acts of @l Mast e Tmons POMogened o 1he Meediors) mose goupa, g the rckoried aniooson. JA) Avtbockes weagroed (AR-5473, Akt
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Crminnmelry Weng (e rreces) softwis Dats copesssnt e (rusans & SE of chrmtonmsiry dedrmnations, i = 3 e aach stfoody, usng proten sebacti obdened
from wumans of sach group ve. oo oo 1-ectn o a-tubulry, Cos-wy ANOVA with Borferron post-hoo test wos used 10 comparns Seatmerts wir) espect o

Tumor goup. Signficart cdifences (P « 0004 va. enor groug ae ndoated with asterish () B16 70 mouse ous Ine ureesiad, (Tumor) mice with tumor
Frphariation without tssiiment; (T + CDP-200 e with Nuerer ivgplaertaion argd COP Swartment iinrmsedinindy ifter msctions (T + S0P moe with ange

mplamistion and COF restriect af the sgihih coy ol meanoma irplantason

snalyzed by molecular docking using the crystallographic
structures with ligands, such as substrute or inhibitors, and
evoluated for the feasibility of interaction with the CDPs as
modulator molecules (Figure 7B). Docking approach showed
that the CDPs may interact with protein kinase members
of multiple signaling pathways. The cyelo(L-Pro-1-Tyr} and
cyclo{L-Pro-L-Phe) showed better predicted interaction values
(Ki of 2-65 M and binding caergy of ~7.8 ta ~7 kCal/mol),

than cyclo(L-Pro-L-Val) (Table S1). Docking revealed that the
CDPs have the potential to interact in different sites of protein
kinases such as substrate-binding site, inhibitor-binding site or
co-substrate-binding site. Analysis also predicted a differential
affinity for the CDPs, being cyclo(l.-Pro-L-Tyr) in general the
most potent as inhibitor, Structural images of proteins kinases
AKT, HIPK2, AMPK, MET, [NK, HIF-1¢, and CD44 with the
Interaction with the cyclo(L-Pro-Tyr) are shown in Figure 7B.
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