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Resumen  

El factor de crecimiento y diferenciación 11 (GDF11) ha sido caracterizado como uno 

de los principales reguladores de los procesos de diferenciación en células con 

características troncales a pesar de algunas controversias sobre estudios relacionados 

con la edad. El GDF11 ha sido pobremente estudiado en patologías como el cáncer, 

particularmente por las características troncales que presentan las células, 

principalmente en el carcinoma hepatocelular (HCC), uno de los cánceres más 

agresivos a nivel mundial. En este trabajo nos propusimos investigar los efectos del 

GDF11 en las células de cáncer de hígado.  

El GDF11 induce la activación de la ruta de las Smad (Smad2/3) sin activar a las Smad 

asociadas a la familia de las BMP (Smad1/5) en la línea celular Huh7, pero observamos 

en la línea celular Hep3B la activación de las proteínas Smad de ambas familias.  

El tratamiento con el GDF11 no afecta la viabilidad de las células, pero reduce de 

manera significativa la proliferación, la formación de esferoides y la formación de 

colonias en las líneas de HCC. 

Se observó también la desregulación de CDK6, Ciclina D1 y Ciclina A y la 

sobreregulación de p27 después del tratamiento con GDF11. Interesantemente, el 

tratamiento induce disfunción mitocondrial mediante la disminución de la fosforilación 

oxidativa (OCR) y la disminución en la capacidad glucolítica (ECAR). 

Estos efectos fueron potencialmente inducidos por la expresión de E- Cadherina y 

Ocludina así como la represión de Snail y N- Cadherina de manera dependiente.  
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Además, el tratamiento con el GDF11 por 72 h provoco en las células la disminución 

en la formación de colonias y de esferoides, estos efectos fueron observados una vez 

que el tratamiento fue removido dejando las células sin este estímulo hasta por 10 

días, indicando que el efecto del GDF11 no es transitorio. 

Finalmente, en el ensayo de invasión observamos la disminución de manera 

significativa en la migración de las células tratadas con GDF11 asociado a la 

disminución en la proliferación mediante la tinción con Ki67.  

Finalmente, nosotros proponemos la activación de ERK1/2 como unos de los 

principales blancos de la señalización de GDF11 en la disminución en la proliferación.  

Los datos mostraron que el GDF11 exógeno muestra propiedades supresoras de 

tumores en las células de HCC. 
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Abstract 

Growth differentiation factor 11 (GDF11) has been characterized as a key regulator of 

differentiation in cells that retain stemness features, despite some controversies in age-

related studies. GDF11 has been poorly investigated in cancer, particularly in those 

with stemness capacity, such as hepatocellular carcinoma (HCC), one of the most 

aggressive cancers worldwide. Here, we focused on investigating the effects of GDF11 

in liver cancer cells. 

GDF11 induced Smad signaling activation (Smad2/3), without activated the BMP 

associated Smad signaling (Smad 1/5) in Huh7 cell line, but we observe in Hep3B cell 

line both Smad signaling activated. 

GDF11 treatment did not affect the viability but significantly reduced proliferation, 

colony and spheroid formation in HCC cell lines. 

Consistently, down-regulation of CDK6, cyclin D1, cyclin A, and concomitant 

upregulation of p27 was observed after 24 h of treatment. Interestingly, GDF11 

treatment induce mitochondrial dysfunction by oxidative phosphorylation decrease 

(OCR) and glycolytic capacity decrease (ECAR).    

These effects were potentially induced by the expression of E-cadherin and occludin, 

as well as Snail and N-cadherin repression, in a time-dependent manner. Furthermore, 

GDF11 treatment for 72 h induced that cells were incapable of sustaining colony and 

sphere capacity in the absent of GDF11, up to 10 days, indicating that the effect of 

GDF11 on self-renewal capacity is not transient.  
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In vivo invasion studies revealed a significant decrease in cell migration of 

hepatocellular carcinoma cells treated with GDF11 associated to a decreased 

proliferation judged by Ki67 staining.  

Finally, we propose ERK1/2 activation like a principal target for GDF11 signaling in the 

decrease in the proliferation. Data show that exogenous GDF11 displays tumor 

suppressor properties in HCC cells. 
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1.    Introducción  

1.1 Generalidades del hígado  

El hígado es uno de los órganos internos más grande de nuestro cuerpo, tiene un peso 

promedio de 1.5 kg en el adulto, en él fluye aproximadamente litro y medio de sangre 

cada minuto, de ahí su color característico. El hígado realiza más de 500 funciones 

entre las que están la transformación de los alimentos en energía, la síntesis de 

factores de coagulación, la eliminación de sustancias tóxicas, produce la bilis que se 

secreta en el intestino para ayudar a absorber nutrientes que no son hidrosolubles, 

almacena algunas vitaminas y al glucógeno (un reservorio importante de energía).  

Aun cuando está especializado para llevar a cabo dichos procesos, es muy susceptible 

a la agresión que suele comprometer su funcionamiento adecuado.  

 

1.2 Principales agentes tóxicos y estadios de daño hepático  

Entre los principales agentes que lo afectan se encuentran algunas sustancias toxicas 

como lo son: el alcohol, fármacos, drogas, exceso de grasas y las infecciones por virus 

como la hepatitis B y hepatitis C. 

Cuando la agresión se vuelve crónica, el órgano puede sufrir una esteatosis, si las 

agresiones continúan, puede progresar a un proceso de inflamación denominada 

esteatohepatitis, siguiendo al proceso de fibrosis, cirrosis y culminar finalmente en un 

hepatocarcinoma celular (HCC, por sus siglas en inglés) (Gutiérrez Ruiz et al., 2014). 

El cambio en el estilo de vida de muchas personas está tendiendo a incrementar la 

prevalencia en las enfermedades hepáticas, como la asociada al consumo de alcohol, 

la esteatohepatitis no alcohólica y el cáncer hepático. 
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1.3 Estadísticas del cáncer de hígado  

El hepatocarcinoma celular (HCC, por sus siglas en inglés) es uno de los tumores con 

mayor prevalencia y uno de los más agresivos en todo el mundo, se posiciona como 

una de las principales causas de muerte por cáncer a nivel mundial (Ferlay et al., 2015; 

Kaposi-Novak et al., 2006; Liu et al., 2017).  

En 2018, el Instituto Nacional del Cáncer en Estados Unidos hizo público en su Reporte 

Anual de la Nación (Cronin et al., 2018) la incidencia y mortalidad de diversos tipos de 

cáncer.  Sorprendentemente, los datos mostraron que la gran mayoría de los tipos de 

cáncer han disminuido tanto en la incidencia como en la mortalidad en hombres y 

mujeres, encontrando que de los 18 tipos de cáncer más comunes en hombres 11 han 

disminuido y de los 20 tipos más comunes en mujeres 14 han disminuido, 

lamentablemente, no todos los tipos de canceres siguen la misma tendencia a 

disminuir, ya que el cáncer de páncreas, encéfalo, algunos relacionados con el sistema 

nervioso y el cáncer de hígado lejos de disminuir van en aumento.  

El Instituto Nacional de Estadística y Geografía INEGI en México (www.inegi.org.mx) 

reportó en 2015 las cifras de las principales causas de muerte en hombres y mujeres, 

de las cuales 35,718 muertes registradas fueron causadas por enfermedades 

relacionadas con el hígado, de las cuales 6,333 muertes fueron por causa de tumores 

malignos, por lo que, lo posiciona como el tercer tipo de cáncer con mayor índice de 

mortalidad registrada en dicho año.  

Este índice de mortalidad relacionada con enfermedades hepáticas aumenta con la 

edad, ya que se posiciona como el segundo lugar en hombres con edades entre 30 a 

44 años, manteniendo el mismo lugar entre las edades de 45 y 59 años. En hombres 
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de 60 años y más, las muertes relacionadas con las enfermedades hepáticas se 

posicionan como la quinta causa.  

Estas cifras se mantienen en mujeres, ya que en edades entre 45 y 59 años esta causa 

de muerte se posiciona en el tercer lugar y en mujeres mayores a los 60 años las 

muertes por este padecimiento se posicionan en el sexto lugar (www.inegi.org.mx). 

Este incremento en la incidencia y la mortalidad es debido principalmente a la 

detección en etapas avanzadas de la enfermedad, y son estas etapas donde las 

terapias no suelen funcionar de manera óptima, por esta razón, en la actualidad uno 

de los principales objetivos para la ciencia es la búsqueda de nuevas terapias, que 

sean específicas y eficaces o bien mejoras para la detección temprana del HCC.  

 

1.4 Características del cáncer hepático 

El HCC se caracteriza por la proliferación descontrolada de los hepatocitos y la 

acumulación de mutaciones lo que conlleva a desórdenes en diversas rutas de 

señalización encargadas de modular procesos que confieren a las células cancerosas 

sobrevivencia, alteración en el metabolismo energético, resistencia a fármacos  y 

capacidad para migrar (Hanahan et al., 2011). 

 

1.5 El papel de la ruta de las MAPK en el cáncer de hígado  

Una de las rutas que se encuentra afectada en HCC y que se ha reportado que juega 

un papel esencial es la de la familia de las MAPK (mitogen- activated protein kinase) 

(Mandal et al., 2016). Esta familia está conformada por aproximadamente 518 

miembros y se encuentra ampliamente conservada en los seres vivos (Lu et al., 2006).  
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La familia de las MAPK se encuentra orquestando procesos esenciales para las células 

ya que está implicada en el crecimiento y la diferenciación celular, procesos de mitosis, 

motilidad celular, metabolismo energético, proliferación, apoptosis, sobrevivencia, 

procesos de embriogénesis y en la regulación de la expresión de genes (Chen et al., 

2001).  

Esta ruta actúa mediante una cascada de señalización que implica la activación de 

intermediarios comenzando por la activación de MAPK3, esta cinasa es la encargada 

de fosforilar y activar al siguiente intermediario MAPK2 y esta finalmente culmina con 

la activación de MAPK, quien es la responsable de unirse al núcleo permitiendo la 

expresión de genes relacionados con los procesos anteriormente mencionados 

(Chang et al., 2001; Leppa et al., 1999). 

Esta familia está conformada por diversos miembros, entre ellos se encuentra ERK 

(extracellular signal- regulated kinases), JNK y P38 (Lu et al., 2006). 

ERK a su vez es una de las principales rutas de señalización debido a que también 

juega un papel importante en procesos como proliferación celular, diferenciación, 

progresión del ciclo celular, migración, motilidad, invasión, metástasis e interacción 

con la matriz celular (Cargnello et al., 2011; Mandal et al., 2016; Mandal et al., 2014; 

Roberts et al., 2007).  

Principalmente la activación de esta ruta se ha relacionado con procesos de agresión 

como en el caso de la ingesta alta de colesterol (Gomez-Quiroz et al., 2016). 

La activación de esta ruta también se lleva a cabo mediante un estímulo derivado de 

factores de crecimiento como el factor de crecimiento epidermal (EGF), el factor de 

crecimiento derivado de plaquetas (PDGF), receptores acoplados a proteínas G, 
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factores mitogénicos, citocinas y proteínas G. Una vez que llega el estímulo se activará 

RAS, la cual se va a encargar de la activación de RAF, que a su vez activará a MEK 

que finalmente activa a ERK (Geest et al., 2009; Mandal et al., 2016; Mandal et al., 

2014).  

Se ha observado que alteraciones en esta ruta de señalización se encuentra 

estrechamente ligada con el 30% de neoplasias (Gollob et al., 2006; Mandal et al., 

2016).  Hay reportes que indican que el oncogen RAS presenta varias mutaciones, por 

lo que se está trabajando en el diseño de inhibidores como posible terapia para 

diversos tipos de cáncer (Gollob et al., 2006). 

 

1.6 El papel del TGF- b en el cáncer de hígado  

Otra de las vías que juega un papel importante en la progresión del cáncer es la de la 

superfamilia del factor de crecimiento transformante beta (TGF- b) la cual podría 

considerarse como un posible blanco terapéutico.  Sin embargo, dado el papel dual 

que juega es difícil ya que en etapas tempranas de la enfermedad sus efectos suelen 

ser citotóxicos, mientras que en etapas avanzadas los principales efectos que suele 

ejercer sobre el tumor son el crecimiento, procesos de invasión y metástasis, la evasión 

del sistema inmune entre otros (Moon et al., 2017; Zhang, J. et al., 2016; Zhang et al., 

2017).  

 

1.7 Generalidades del GDF11  

Uno de los miembros de la superfamilia del TGF- b es el factor de crecimiento y 
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diferenciación 11 (GDF11), quien también se encuentra en la familia de las proteínas 

morfogenéticas de hueso (BMP), donde es conocido como BMP11 el cual se ha 

asociado con efectos diferenciales en los distintos linajes celulares, mientras que en 

unos puede inducir citotoxicidad, en otros, puede iniciar señales de sobrevivencia 

(Sinha et al., 2014; Zhang et al., 2015; Zhang, Y. H. et al., 2016).  

 

1.8 Ruta de señalización mediada por el GDF11   

Esta proteína induce su señalización mediante un complejo tetramérico de receptores 

con actividad de serina treonina cinasa, este complejo de receptores está conformado 

por dos receptores tipo I a los que pertenecen los receptores ALK y dos receptores 

tipo II, entre los que se encuentran ACTRII. 

Si bien, el GDF11 se encuentra entre dos familias, ambas inducen activación de 

proteínas Smad de manera distinta y esto se debe al tipo de receptor que se esté 

activando por el GDF11.  

Cuando la activación es mediada por la ruta canónica del TGF- b, el GDF11 se une a 

los receptores tipo I como ALK4, ALK5 o ALK7 y a receptores tipo II como ACTRIIA o 

ACTRIIB (Walker et al., 2017; Williams et al., 2013). 

Cuando la ruta de señalización es mediada por la familia de las BMP la activación de 

los receptores es distinta, ya que para esta la ruta va mediada por los receptores ALK1, 

ALK2, ALK3 y ALK6 (Ning et al., 2019; Zhang, Y. H. et al., 2016). 

Una vez que el GDF11 se une a los receptores tipo I, estos se encargan de activar a 

las proteínas Smad, las cuales también son conocidas como R-Smad, nuevamente, 
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según el tipo de receptores que se activen serán las encargadas de activar la ruta de 

las proteínas Smad, en el caso del TGF- b, la ruta activada de manera canónica esta 

mediada por Smad2/3 (Williams et al., 2013), para el caso de las BMP, la ruta canónica 

de las Smad es vía Smad 1/5 (Zhang, Y. H. et al., 2016) (Fig. 1). 

Una vez activadas las proteínas R-Smad una Smad en común (Smad 4), también 

conocida como Co-Smad, se les une formando así un complejo que se transloca al 

núcleo para la expresión de diversos genes que se encargan de regular procesos 

relacionados con el desarrollo, diferenciación, migración y proliferación celular 

(Finkenzeller et al., 2015; Gaunt et al., 2013; Massague, 2012; Williams et al., 2013). 

 

Fig. 1 Ruta de señalización mediada por el GDF11. 

Si bien, esta familia se caracteriza por la amplia diversidad de receptores y ligandos, 

los mencionados para GDF11 tienen respuestas fisiológicas distintas comparadas con 
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las respuestas producidas por la unión de otros ligandos con sus receptores 

correspondientes, sin embargo de las principales respuestas emitidas por GDF11 son 

las relacionadas con la inhibición de la neurogénesis controlando la expresión de p27, 

un regulador negativo del ciclo celular que interactúa con las cinasas dependientes de 

ciclinas, además de  regular la expresión de otros genes relacionados con dicho 

proceso e inhibiendo la proliferación celular, también, suprime la expresión de genes 

implicados en la migración celular incluyendo FASCIN, LIM y LASP1, ejerce efectos 

sobre la activación de Hoxd11, un factor de transcripción que juega un papel 

importante en la morfogénesis de organismos multicelulares (Gaunt et al., 2013; 

Williams et al., 2013). 

 

1.9 Funciones del GDF11  

Entre las funciones fisiológicas del GDF11 se encuentran procesos de desarrollo, 

embriogénesis, diferenciación y organogénesis, regeneración del músculo esquelético, 

el músculo cardiaco y el sistema neural a partir de células progenitoras; y esto se lleva 

a cabo mediante el incremento de la proliferación y la diferenciación de las células 

troncales, las cuales dan origen a más células que, después de su maduración serán 

las encargadas de sustituir a las células dañadas cuya función se encuentra 

comprometida devolviendo así a los músculos sus funciones fisiológicas adecuadas 

(Esquela et al., 2003; McPherron et al., 1999; Nakashima et al., 1999; Sinha et al., 

2014). Estos descubrimientos se determinaron mediante el uso del GDF11 

recombinante en ratones viejos, donde determinaron que el uso de este factor de 
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crecimiento provocó el aumento de la frecuencia de células satélites, lo cual se vio 

reflejado en el incremento en el mejoramiento muscular (Sinha et al., 2014). 

Otro de los efectos que se han demostrado que induce esta molécula son sobre los 

procesos de invasión y metástasis (Finkenzeller et al., 2015; Ge et al., 2005; Gokoffski 

et al., 2011; Williams et al., 2013). 

 

2.    Antecedentes 

En 2007, el grupo del Dr.  Mori reportó por primera vez la relación existente entre el 

GDF11 y el cáncer colorectal, donde encontraron un incremento del ARNm del factor 

de crecimiento en muestras de pacientes con mal pronóstico. Interesantemente, este 

aumento se hizo más notorio en muestras de pacientes considerados con pobre 

pronóstico debido a la baja sobrevivencia después de la intervención quirúrgica,  por 

esta razón se relacionó al factor como un posible marcador de agresividad (Yokoe et 

al., 2007). 

En 2017, el grupo del Dr. Bajikar (Bajikar et al., 2017), reportó el efecto 

antitumorigénico de GDF11 en cáncer de mama humano triple negativo y reportaron 

que la presencia de dicho factor confería a las células la pérdida de la capacidad 

migratoria, considerada como una característica de agresividad, debido al aumento de 

E-cadherina, proteína que se encarga de mantener a las células epiteliales ancladas 

al sustrato, además, de una disminución en la proliferación celular. Efectos similares 

se reportaron en ratones a los cuales se le implantaron células MDA- MB- 231, dicho 

modelo demostró que esta línea celular presenta un aumento en la susceptibilidad a 

la apoptosis. Al estudiar el mecanismo por el cual se producían estos efectos 
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encontraron que se debió principalmente al impedimento de la maduración de GDF11 

ya que la convertasa Pcsk5, la cual es la encargada de llevar a cabo este proceso no 

funcionaba adecuadamente, debido a la presencia de mutaciones principalmente en 

sus sitios activos. Esto provocó que la célula presentara una acumulación del GDF11 

inmaduro en su interior (Bajikar et al., 2017; Essalmani et al., 2008) . 

Los resultados anteriores se vieron reforzados por los encontrados en el grupo del Dr. 

Behr, quien determinó la relación del GDF11 con el cáncer de mama, reportando que 

las células después del tratamiento con el factor de crecimiento perdieron la capacidad 

de migrar. Además, encontraron en pacientes con cáncer de mama, con un índice  de 

recaída menor, que los niveles de expresión de GDF11 eran altos (Wallner et al., 

2018). 

 

3.    Justificación  

El HCC es una de las principales causas de muerte por cáncer a nivel mundial, 

mientras que, en México, las defunciones por enfermedades del hígado se posicionan 

en el tercer lugar, razón por la cual se ha convertido en un serio problema de salud 

pública.  Una de las dificultades para tratar esta patología es debido a su detección 

tardía ya que esta suele presentarse como un padecimiento asintomático en sus 

etapas iniciales permitiendo el avance rápido, por lo que cuando se diagnostica, en la 

mayoría de los casos, las terapias comunes ya no suelen ser efectivas, siendo la 

principal opción el trasplante del órgano. Sin embargo, esta opción suele ser poco 

alentadora debido al bajo índice de donación de órganos y al riesgo que presenta.  
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Por esta razón, es importante buscar nuevas terapias que sean efectivas, con menor 

riesgo y menos invasivas para los pacientes. 

El GDF11 puede ser una buena opción terapéutica debido a los efectos antitumorales 

observados in vitro por lo que es importante conocer el mecanismo de acción por el 

cual actúa dicho factor para inducir tales efectos. 

 

4.    Pregunta de investigación   

¿Cuál es el mecanismo desplegado por el GDF11 en la inducción de sus efectos 

antitumorigénicos en células de cáncer hepático humano? 

 

5.    Hipótesis  

Por su fenotipo troncal, las células Huh7 y Hep3B responderán al GDF11 induciendo 

un efecto antitumorigénico medido por la regulación del metabolismo y la transición 

mesénquima epitelial. 

 

6.    Objetivos 

6.1 Objetivo general  

Caracterizar el mecanismo por el cual el GDF11 induce efectos antitumorales en 

células Huh7 y Hep3B derivadas de carcinomas hepatocelular humano. 

 

 

 

 



 12 

6.2 Objetivos particulares  

• Caracterizar los efectos antitumorigénicos ejercidos por el GDF11 en células 

Huh7 y Hep3B derivadas de carcinomas hepatocelular humano. 

• Determinar la transducción de señales en respuesta al GDF11 en células Huh7 

y Hep3B.  

• Caracterizar los efectos del GDF11 en la transición mesénquima epitelial.  

• Evaluar las propiedades de invasión del GDF11en un modelo de membrana 

corioalantoidea de embriones de pollo. 

• Determinar los efectos transcriptómicos globales que ejerce el GDF11 en 

células Huh7 por medio de RNA-seq y su relación con el fenotipo celular.  

 

7.    Material y Métodos  

7.1 Diseño experimental  

Se usó el factor de crecimiento y diferenciación 11 (GDF11) recombinante humano 

(Peprotech) a una concentración de 50 ng/ml siguiendo los protocolos (Fig. 2).  
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                             Fig. 2 Diseño experimental del proyecto desarrollado 

 

7.2 Cultivo celular  

Se usaron las líneas celulares Huh7, Hep3B, HepG2, SNU182 y Hepa1-6 las cuales 

son derivadas de carcinomas hepatocelulares, MDA-MB-231 derivadas de un 

carcinoma de mama y CAPAN1 derivada de un cáncer de páncreas. Todas las líneas 

celulares fueron obtenidas de la ATCC (Manassas, VA, USA). Se cultivaron usando 

medio Williams (Sigma- Aldrich, USA), con suero fetal bovino (SFB) (Hyclone, USA) al 

10% y antibiótico y antimicótico (Thermo Fisher, USA) al 1%, las células se 

mantuvieron al 5% de CO2, 90% de humedad y 37 °C. Se sembraron en botellas para 

cultivo de plástico (Costar Inc, USA). Todos los experimentos se realizaron en un 

intervalo de pasaje 20- 35. Se usó el factor de crecimiento y diferenciación 11 

recombinante humano GDF11, (Peprotech Inc, USA) a una concentración de 50 ng/ml 

por diferentes intervalos de tiempo. 
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7.3 Cuantificación de proteína  

Se realizó la extracción de proteína usando un buffer de lisis con inhibidores de 

proteasas (PhosSTOP, Rocher, Complete, Rocher). Se realizó la cuantificación de la 

proteína mediante el estuche comercial de ácido bicinconínico (BCA, Pierce, Thermo 

Fisher Scientific) siguiendo el protocolo del fabricante. 

 

7.4 Western blot  

El western blot se realizó siguiendo el protocolo previamente reportado (Enriquez-

Cortina et al., 2013). Se usó membrana de PVDF (Bio-Rad, USA) con los anticuerpos 

descritos en la tabla 1. Las membranas fueron expuestas usando Super Signal West 

Pico Quimioluminiscente (Pierce Biotechnology, USA). Las membranas fueron 

reveladas usando un Gel Logic 2500 (Kodak, Rochester, NY, USA) 

 
Tabla. 1 Lista de anticuerpos  
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7.5 Ensayo de inmunofluorescencia 

Se realizó siguiendo el protocolo descrito (Marquardt et al., 2012). Las células fueron 

tratadas por diferentes intervalos de tiempo con GDF11 (50ng/ml), posteriormente 

fueron fijadas con paraformaldehido al 4% en PBS (phosphate buffered saline). Las 

muestras fueron permeabilizadas con 0.01% con triton- X 100 por 30 min. y 

bloqueadas con BSA al 3% por 30 min e incubados con los anticuerpos anti-occludin 

(Santa Cruz Biotechnology 81812, dilución 1:100), anti-snail (Santa Cruz 

Biotechnology 28199, dilución 1:100), anti-E-cadherin (Santa Cruz Biotechnology 

21791, dilución 1:100) and anti-N-cadherin (Santa Cruz Biotechnology 59987, dilución 

1:100). El núcleo fue teñido con DAPI. Las imágenes fueron obtenidas con un 

microscopio confocal (Carl Zeiss LSM- 780 NLO, Oberkochen, Alemania). 

 

7.6 Funcionalidad mitocondrial por MTT 

La funcionalidad mitocondrial fue medida usando bromuro de 3-(4,5-dimetiltiazol-2-il)-

2,5-dimetiltetrazolio mediante un ensayo de funcionalidad mitocondrial comercial 

(Vybrant MTT cell proliferation assay kit, Thermo Fisher Scientific) siguiendo el 

protocolo del fabricante.  

 

7.7 Determinación en tiempo real del metabolismo mediante Seahorse  

La taza del consumo de oxígeno en tiempo real de manera in vivo (OCR) y la taza de 

acidificación extracelular (ECAR) fue monitoreada mediante el uso del equipo 

Seahorse XFe24 (Seahorse Bioscience) siguiendo el protocolo estándar. La línea 

celular Huh7 fue tratada con GDF11 a la concentración reportada anteriormente por 
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48 h con medio sin SFB. Después de las 48 h del tratamiento, se obtuvieron 40,000 

células fueron sembradas nuevamente en las placas específicas del equipo usando 

medio con SFB, una vez adheridas las células, se realizó el último tratamiento con 

GDF11 para completar las 72 h de tratamiento. Para realizar la medición en tiempo 

real tanto de ECAR como de OCR, las células fueron incubadas con medio de ensayo 

(XF Base Media) el cual fue suplementado con 2mM de L-glutamina seguido de una 

inyección de 10mM de glucosa, 2mM de oligomicina y 50mM de 2-deoxy-glucosa (2-

DG) (Glycolysis Stress test). El ECAR y el OCR fueron normalizados con el total de 

proteína.  

 

7.8 Estudio de invasión usando el modelo de membrana corioalantoidea (CAM) 

Se realizó el experimento siguiendo el protocolo reportado previamente (Quigley et al., 

1998; Ribatti, 2017; Sinning et al., 2012). Se usaron huevos fértiles (Granja ALPES 

SA, Puebla, México), los cuales fueron separados en dos grupos de forma aleatoria. 

Los huevos fueron incubados a 37.8°C y 60% de humedad, se realizó una ventana 

sobre el cascaron de 1cm2. La membrana vitelina fue diseccionada, un millón de 

células, tratadas y no tratadas con GDF11 por 72 h, fueron trazadas con el colorante 

comercial vibrant CFDA SE cell tracer kit (Thermo Fisher Scientific) e introducidas en 

la CAM, entre dos vasos sanguíneos usando 30 µl de matrigel (Sigma- Aldrich) como 

sustrato. La ventana fue cubierta con cinta adhesiva esteril y los huevos fueron 

incubados por 2 y 4 días. La CAM fue removida e inmediatamente fue fijada con 

paraformaldehido (4%) en PBS. Las secciones en parafina fueron usadas para realizar 
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las tinciones de inmunofluorescencia. El núcleo fue teñido con DAPI. 

Las imágenes fueron obtenidas con un microscopio confocal (Carl Zeiss LSM- 780 

NLO, Oberkochen, Alemania). 

 

7.9 Reacción en cadena de la polimerasa acoplada a retrotranscripción 

cuantitativa 

1 µg de ARN se transcribió de forma reversa usando 20µl de reacción SuperScript 

(Invitrogen Corp.) siguiendo el protocolo descrito por el fabricante. Los primers fueron 

diseñados usando Primer3 v.0.4.0 (http://frodo.wi.mit.edu/primer3/) como se reportó 

en (Czauderna et al., 2018). El análisis de qRT-PCR fue realizado con un CFX96 Touch 

(Bio-Rad) termo ciclador de reacción de placas de 96 pozos. 10 µl de reacción fueron 

mezcladas con 5 µl 2X SYBR Green PCR Master Mix (Bio-Rad), 200nM de cada primer 

y 1 µl de cDNA. La reacción fue incubada por 10 min a 95°C seguido de 40 ciclos de 

30s a 95°C y 60s a la temperatura específica del primer. El nivel de expresión de la 

proteína ribosomal S18 (rs18) se usó como referencia. Los niveles de expresión 

relativos de los genes fueron calculados usando la formula 2(-DDCt). 

 

7.10 Ensayo de inmunoprecipitación  

Se realizó siguiendo el protocolo reportado (Clavijo-Cornejo et al., 2013). Se usó la 

línea celular Huh7 y el GDF11 (50 ng/ml) por diferentes periodos de tiempo. Se usó el 

anticuerpo pSer/Thr (Abcam 17464), ACVIIA (Abcam 96793) para detectar el receptor 

en su forma activa. 
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7.11 Ensayo de proliferación celular 

Se realizó siguiendo el protocolo reportado (Perez-Aguilar et al., 2015). Se sembraron 

las líneas celulares en placas de 96 pozos estériles. Se usó el GDF11 (50 ng/ml) y se 

incubo por diferentes tiempos en presencia o no de SFB. La proliferación celular se 

midió mediante el reactivo cck-8 (Dojindo Lab, Kumamoto, Japón) siguiendo las 

recomendaciones del fabricante.  

 

7.12 Ensayo de viabilidad 

Se realizó siguiendo el protocolo reportado por (Nakagawa, 1996). Se sembraron las 

líneas celulares en placas de 96 pozos estériles. Se usó el GDF11 (50 ng/ml) a 

diferentes tiempos en presencia o no de SFB. La viabilidad celular se midió por medio 

de la absorbancia obtenida del cristal violeta una vez extraído con SDS.  

 

7.13 Ensayo de herida- cicatriz  

Se realizó el ensayo siguiendo lo reportado por (Jimenez-Salazar et al., 2014). Se 

sembraron las líneas células a una confluencia de 90% aproximadamente en platos de 

cultivo de 3 cm. Se realizaron dos heridas usando una punta de pipetas de 1-200 µL 

estéril. Se realizaron lavados de forma delicada con PBS con la finalidad de remover 

las células no adheridas después de la realización de la herida. Las heridas realizadas 

fueron monitoreadas cada 24 h.  Se usó el GDF11 (50 ng/ml) por 72 h en presencia o 

no de SFB. Finalmente, una vez terminado el experimento se tomaron fotografías. 
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7.14 Ensayo de formación de esferoides  

Este ensayo se realizó siguiendo el protocolo reportado por (Perez-Aguilar et al., 

2015). Se sembraron las líneas celulares en placas de baja adherencia. Se usó el 

GDF11 (50 ng/ml) por cinco días. Una vez terminado el tratamiento se contaron los 

esferoides y se tomaron fotos. 

 

7.15 Ensayo de clonogenicidad  

Se sembraron las líneas celulares en platos de cultivo de 6 cm. Se usó el GDF11 (50 

ng/ml) por 72 h en presencia o no de SFB. Transcurrido el tiempo, las células fueron 

despegadas usando tripsina y se sembraron 1000 células en placas de 6 pozos usando 

medio Williams con suero, pero sin la presencia del factor de crecimiento por 10 días. 

Al finalizar el experimento las colonias fueron teñidas con cristal violeta y se realizó el 

conteo de estas. 

 

7.16 Secuenciación masiva de ARN 

La extracción del ARN se realizó utilizando el reactivo Trizol (Thermo Fisher Scientific) 

siguiendo las instrucciones del fabricante. 

La cantidad de ARN y la pureza se estimó utilizando un espectrofotómetro Nanodrop 

ND-2000c (NanoDrop Technologies, Wilmington, DE) y la integridad fue evaluada por 

Agilent 2100 Bioanalyzer (Agilent, Palo Alto, CA). La secuenciación del ARN se realizó 

utilizando la plataforma de Illumina HiSeq4000, los resultados fueron guardados en la 

base de datos de Bioproject. 
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Las lecturas sin procesar se filtraron mediante la eliminación de secuencias 

adaptadoras, contaminación y calidad de lectura. Las lecturas se mapearon usando la 

secuencia de referencia del genoma humano (GRCh37.82) usando HISAT2 (hisat2-

2.0.2-beta) seguido de un resumen de lectura con featureCounts (subread-1.5.0-p1). 

Los parámetros para el análisis de expresión diferencial fueron la tasa de 

descubrimiento falso (FDR) igual a 0.5, valor p<0.001 y cambio de registro de pliegue 

de -1.5 a 1.5. Todos los análisis de datos se realizaron utilizando el lenguaje de 

programación R y paquetes relacionados. La matriz de salida de featureCounts se 

ingresó en el paquete Bioconductor DESeq2 para análisis de expresión diferencial. 

 

7.17 Análisis estadístico 

Cada experimento se llevó a cabo por triplicado en al menos tres experimentos 

independientes. El análisis estadístico de los resultados obtenidos se realizó mediante 

el análisis de varianza (ANOVA) seguido por la prueba no paramétrica Tukey para el 

análisis de viabilidad, funcionalidad mitocondrial mediante MTT, número de esferoides 

y número de colonias. La prueba t-student fue realizada para el análisis del número de 

esferoides.  

 

8.    Resultados  

8.1 El GDF11 no afecta la viabilidad de las células de cáncer de hígado 

Debido a que el GDF11 es un miembro de la familia del TGF-b y a dicha familia se le 

han atribuido efectos citotóxicos sobre las células transformadas, esto principalmente 
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en etapas avanzadas del cáncer, se evaluó el impacto del GDF11 sobre la viabilidad 

celular, las células Huh7 y Hep3B fueron tratadas con GDF11 (50 ng/ml) por diferentes 

intervalos de tiempo.  

Como se observa en los resultados, ambas líneas celulares no se vieron afectadas 

después del tratamiento, sin encontrar cambios significativos incluso 72 h en presencia 

del tratamiento (Fig. 3A y 3B) 

 

A)              
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B)               

 

Fig. 3A y 3B El GDF11 no afecta la viabilidad de las células de cáncer de hígado. Ensayo de 
viabilidad celular determinado mediante cristal violeta. Se usó CdCl2 (5 µM por 6h) como 
control positivo (PC). Cada columna representa el promedio ± SEM de al menos cuatro 
experimentos independientes por triplicado.    
 

8.2 La línea celular Huh7 presenta los receptores requeridos por el GDF11  

Como se pudo observar, el GDF11 no está afectando la viabilidad celular, por lo que 

se determinó evaluar cuales eran los receptores implicados en la señalización mediada 

por el factor de crecimiento. Mediante Western blot se observaron dos de los 

principales receptores reportados para el GDF11, ALK5, como uno de los receptores 

tipo I y ACTRIIA como uno de los receptores tipo II. 

El resultado muestra que la línea celular Huh7 cuenta con ambos receptores del 

GDF11 (Fig. 4A) 
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A) 

 

Fig. 4A La línea celular Huh7 presenta los receptores requeridos por el GDF11. Ensayo de 
Western blot muestra la presencia de los principales receptores usados por el GDF11. Se usó 
actina como control de carga.  
 

Con la finalidad de estudiar el comportamiento de los receptores en la línea celular 

Huh7, se realizó un ensayo de inmunoprecipitación, el resultado muestra que el 

tratamiento con el GDF11 permite la activación del receptor (Fig. 4B).   

B)                                     

 

Fig. 4B La línea celular Huh7 presenta los receptores requeridos por el GDF11. Ensayo de 
Inmunoprecipitación, muestra activación del receptor ACTRIIA. Imagen representativa de al 
menos tres experimentos independientes. 
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8.3 Las líneas de HCC responden al tratamiento del GDF11 mediante la activación 

de las proteínas Smad 

Debido a que el GDF11 es un miembro de la superfamilia del TGF-b y de la familia de 

las BMP, a continuación, se evaluó cuál de las vías canónicas de ambas familias se 

encontraban implicadas en los procesos observados por el GDF11 mediante su 

activación. 

Se realizó un ensayo de Western blot para determinar las proteínas Smad activadas 

en la línea celular Huh7. Los resultados muestran la activación de las proteínas Smad2 

y Smad3 a partir de los 5 minutos del tratamiento, esta ruta es activada de manera 

canónica por el TGF-b. Sin embargo, las proteínas río abajo de la familia de las BMP 

(Smad1 y Smad5) no participan en la señalización del GDF11 en la línea celular Huh7 

ya que estas no muestran cambios después de la administración del factor de 

crecimiento, encontrando, además, la activación de ambas proteínas en el grupo 

control (Fig. 5A). En la línea celular Hep3B la activación de las proteínas Smad2 y 

Smad3 es a partir de los 15 minutos después de la administración del GDF11, sin 

embargo, también se observa la activación de las proteínas Smad1 y Smad5 a los 

mismos tiempos que las proteínas canónicas de la familia del TGF- b, este resultado 

sugiere que la línea celular Hep3B induce efectos utilizando las dos rutas canónicas 

del GDF11 sin mostrar alguna preferencia por la señalización de ambas familias (Fig. 

5B).  
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A)                                                     

 
Fig. 5 Las líneas de HCC responden al tratamiento del GDF11 mediante la activación de las 
proteínas Smad. A) Ensayo de Western blot muestra la activación de las proteínas Smad2/3 
sin encontrar cambios en la activación de las proteínas Smad1/5 en la línea celular Huh7. 
Imágenes representativas de al menos tres experimentos independientes. 
 

 B) 

 
Fig. 5 Las líneas de HCC responden al tratamiento del GDF11 mediante la activación de las 
proteínas Smad. B) Ensayo de Western blot muestra la activación de las proteínas Smad2/3 
además de la activación de las proteínas Smad1/5 en la línea celular Hep3B. Imágenes 
representativas de al menos tres experimentos independientes. 
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8.4 El GDF11 induce efectos antiproliferativos en las líneas celulares de HCC  

Posteriormente se evaluó el efecto del GDF11 sobre la proliferación, si bien, resultados 

anteriores mostraron que no había efectos sobre la viabilidad se evaluó sí el 

tratamiento afectaba la proliferación de las líneas provenientes de un cáncer de hígado 

humano. 

Los resultados muestran que el GDF11 disminuye la proliferación en ambas líneas 

celulares, encontrando que en las células Huh7 disminuye la proliferación de manera 

significativa hasta las 72 h de tratamiento, estos experimentos se realizaron en 

presencia o no de SFB, el cual fue utilizado como un agente mitogénico, permitiendo 

así la progresión acelerada de la proliferación celular (Fig. 6A y 6B). 

A) 
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B) 

 

Fig. 6 El GDF11 induce efectos antiproliferativos en las líneas celulares de HCC. A) Ensayo 
de proliferación celular muestra que el GDF11 induce la disminución de la proliferación sin la 
presencia de SFB. B) Ensayo de proliferación en presencia de SFB en la línea celular Huh7. 
Cada punto representa el promedio ± SEM de al menos cuatro experimentos independientes 
por triplicado. * p< 0.05 vs NT 
 

Efectos similares fueron observados en las células Hep3B, donde la disminución en la 

proliferación se vio reflejada después de 72 h con el tratamiento, nuevamente, estos 

resultados se realizaron en presencia o no de SFB (Fig. 6C y 6D). Si bien, en ambos 

grupos (-/SFB, +/SFB) se observó disminución en la proliferación, los resultados fueron 

significativos cuando el experimento se realizó en presencia de SFB.  
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C)                                                                     

 

D) 

 

Fig. 6 El GDF11 induce efectos antiproliferativos en las líneas celulares de HCC. C) Ensayo 
de proliferación celular muestra que el GDF11 induce la disminución de la proliferación sin la 
presencia de SFB. D) Ensayo de proliferación en presencia de SFB en la línea celular Huh7. 
Cada punto representa el promedio ± SEM de al menos cuatro experimentos independientes 
por triplicado. ** p< 0.05 vs NT 
 

A continuación, se realizó además un ensayo de herida cicatriz con la finalidad de 

observar de manera indirecta los efectos sobre la proliferación celular, ya que dicho 

ensayo nos sugiere además afectos sobre la migración. Como se puede observar en 

las imágenes, ambas líneas celulares que estuvieron en presencia del GDF11 

disminuyeron de manera notoria el cierre de la herida realizada comparada con las 
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células control, las cuales, como se puede observar, después de 72 h la herida 

realizada estaba cerrada en su gran mayoría, observando efectos similares a la herida 

realizada en el tiempo cero (Fig. 6E y 6F). 

E) 

 

Fig. 6 El GDF11 induce efectos antiproliferativos en las líneas celulares de HCC. E) Ensayo 
de herida cicatriz muestras que el tratamiento con el GDF11 retrasa el cierre de la herida en 
la línea celular Huh7. Imágenes representativas de al menos tres experimentos 
independientes. 
 
F)  

 

Fig. 6 El GDF11 induce efectos antiproliferativos en las líneas celulares de HCC. F) Ensayo 
de herida cicatriz muestras que el tratamiento con el GDF11 retrasa el cierre de la herida en 
la línea celular Hep3B. Imágenes representativas de al menos tres experimentos 
independientes. 
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Para corroborar el efecto de la disminución en la proliferación celular y el cierre del 

ensayo de herida cicatriz, se decidió observar mediante un ensayo de Western blot 

algunas proteínas implicadas en la regulación del ciclo celular. Como se puede 

observar, algunas de las principales proteínas que se encargan de regular de manera 

positiva, permitiendo la progresión del ciclo celular, como ciclina A, ciclina D1 y la 

cinasa dependiente de ciclina (cdk6) se encuentran disminuidas después del 

tratamiento con el GDF11 en el transcurso del tiempo, observándose un mayor efecto 

después de 72 h con el tratamiento, mientras que la proteína p27, uno de los 

reguladores negativos del ciclo celular se encuentra aumentado con el tiempo. 

Este resultado nos sugiere porque la proliferación se encontró disminuida (Fig. 6G y 

6H). 

G)                                                              
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H) 

 

Fig. 6 El GDF11 induce efectos antiproliferativos en las líneas celulares de HCC. G) Ensayo 
de Western blot muestra la disminución de las principales proteínas regulatorias del ciclo 
celular y la sobreactivación de p27, regulador negativo del ciclo celular, en la línea celular 
Huh7. H) Densitometría de las imágenes del ensayo de Western blot. Imagen representativa 
de al menos tres experimentos independientes.  
 

8.5 El GDF11 afecta la funcionalidad mitocondrial de las células de HCC  

Si bien, el GDF11 no estaba afectando la viabilidad celular, pero si estaba afectando 

la proliferación, se decidió evaluar la funcionalidad mitocondrial por MTT de las células 

derivadas de HCC. 

Como se puede observar, el tratamiento con el GDF11 provoco la disminución de la 

funcionalidad mitocondrial de la línea celular Huh7, observándose la diferencia de 

manera significativa a partir de las 24 h en presencia del tratamiento y observándose 
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el punto con mayor efecto después de las 72 h en presencia del tratamiento en 

comparación con las células que no recibieron el tratamiento (Fig. 7A).  

 

 A) 

 

Fig. 7 El GDF11 afecta la funcionalidad mitocondrial de las células de HCC. A) Ensayo de 
funcionalidad mitocondrial por MTT en la línea celular Huh7 muestra la disminución después 
del tratamiento con GDF11, viéndose efecto desde las 24 h, encontrando mayor efecto hasta 
las 72 h. Cada columna representa el promedio ± SEM de al menos cuatro experimentos 
independientes por triplicado. * p< 0.05 vs NT 
 

Efectos similares fueron encontrados en la línea celular Hep3B, donde al igual que en 

la otra línea celular, se observa la disminución de la funcionalidad, encontrando la 

disminución de manera significativa a partir de las 48 h de tratamiento (Fig. 7B). 
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B) 

 

Fig. 7 El GDF11 afecta la funcionalidad mitocondrial de las células de HCC. B) Ensayo de 
funcionalidad mitocondrial por MTT en la línea celular Hep3B muestra la disminución después 
del tratamiento con GDF11, viéndose mayor efecto hasta las 72 h. Cada columna representa 
el promedio ± SEM de al menos cuatro experimentos independientes por triplicado. * p< 0.05 
vs NT 
 

Nuevamente, los efectos fueron más notorios en la línea celular Huh7, estos efectos 

pueden deberse al grado de diferenciación que tienen las células, sugiriéndonos que 

la línea celular Hep3B es de un fenotipo más agresivo en comparación con la línea 

celular Huh7.  

El ensayo de funcionalidad mitocondrial mediante MTT nos sugiere fuertemente que 

dicho proceso se encuentra comprometido, pero para ganar más certeza sobre los 

efectos que induce el GDF11 sobre la funcionalidad mitocondrial, específicamente 

sobre el metabolismo energético, se analizaron parámetros como ECAR, mediante la 

medición de la producción de lactato, indicándonos los efectos sobre la glucolisis y 

OCR, el parámetro relacionado con la fosforilación oxidativa, estos parámetros fueron 

medidos usando el equipo Seahorse Agilent.  
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Las células que habían recibido el tratamiento con el GDF11 por 72 h, como se puede 

observar en la gráfica, se muestra la disminución del parámetro ECAR, observando 

además una disminución en la respuesta de las células en presencia de glucosa, 

resultado que además muestra que las células presentan la disminución en el 

glucolisis, aunado a la disminución en la capacidad glucolítica. Mientras que las células 

del grupo control muestran una actividad glucolítica mejor, lo cual se relaciona con la 

capacidad proliferativa alta, una de las principales características de las células 

cancerosas (Fig. 7C y 7D).  

C) 

 
Fig. 7 El GDF11 afecta la funcionalidad mitocondrial de las células de HCC. C) ECAR, 
determina la producción de lactato y glucolisis en la línea celular Huh7.   
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D) 

 
Fig. 7 El GDF11 afecta la funcionalidad mitocondrial de las células de HCC. D) ECAR, 
determina la producción de lactato y glucolisis en la línea celular Hep3B.   
 

Las mediciones obtenidas del OCR, de las células que fueron tratadas con el GDF11 

presentaron una disminución en dicho parámetro comparado con las células que no 

recibieron el tratamiento. La respiración mitocondrial basal fue normalizada restando 

el OCR no mitocondrial esto en presencia del inhibidor oligomicina A, el cual se 

observa disminuido de manera significativa en las células tratadas con el GDF11 (Fig.  

7E). 

E) 

 
Fig. 7 El GDF11 afecta la funcionalidad mitocondrial de las células de HCC. E) OCR, medición 
de la fosforilación oxidativa en las células Huh7.   
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F) 

 
Fig. 7 El GDF11 afecta la funcionalidad mitocondrial de las células de HCC. F) OCR, medición 
de la fosforilación oxidativa en las células Hep3B.   
 

Estos resultados nos mostraron que el GDF11 está jugando un papel importante en la 

regulación del metabolismo energético, estos resultados se relacionan con la 

disminución en la proliferación, debido a que el principal organelo encargado del 

suministro de energía se encuentra comprometido, si bien, las mitocondrias en cáncer 

suelen mostrar una menor capacidad energética, el GDF11 está aumentando los 

efectos de la disfunción mitocondrial.  

 

8.6 El GDF11 induce cambios transcriptómicos en la línea celular Huh7 

Se realizó un análisis de secuenciación masiva de ARN con la finalidad de obtener un 

panorama global de los genes regulados de manera diferencial en las células Huh7 

después del tratamiento con el GDF11 por 3 días. 

Los resultados mostraron que el tratamiento provocó la desregulación de 32 genes, 

mientras que 101 genes fueron sobreregulados (Fig. 8A y Anexo I). 
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Por medio de un análisis no supervisado, mediante un mapa de calor se pudo observar 

la separación eficiente de ambos grupos (Control contra GDF11) (Fig. 8B). 

Finalmente, un análisis de enriquecimiento mediante una ontología genética (GO) 

evaluada mediante el uso del programa IPA (Ingenuity Pathway Analysis) nos mostró 

que dentro de las principales rutas alteradas con el tratamiento del GDF11 se 

encontraban aquellas relacionadas con el metabolismo del colesterol y su regulación, 

estrés del retículo endoplasmático entre otros procesos (Fig. 8C). 

A) 
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B) 

 

C) 

 

Fig. 8 El GDF11 induce cambios transcriptómicos en la línea celular Huh7. A) Gráfica de 
volcán. B) Análisis no supervisado (haet map), expresión diferencial entre las células control 
contra las células tratadas con GDF11 por 72 h. Un total de 133 genes expresados 
diferencialmente, 32 genes desregulados (en verde) y 101 genes sobreregulados (en rojo). C) 
Análisis de enriquecimiento. Principales rutas de señalización afectadas por el tratamiento del 
GDF11 determinado mediante el software IPA. 
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8.7 El GDF11 disminuye la capacidad de formación de esferoides de las células 

de HCC  

Debido a que los resultados anteriormente presentados sugieren que el GDF11 induce 

efectos antitumorigénicos, se realizó un ensayo de formación de esferoides. Ambas 

líneas celulares fueron tratadas con GDF11 cada 24 h por cinco días. 

Los resultados muestran que ambas líneas pierden la capacidad de formar esferoides, 

ya que las células que estuvieron en presencia del factor de crecimiento formaron una 

menor cantidad de esferoides (39% en las células Huh7 comparados con las células 

controles) (Fig. 9A). 

A)  

 

Fig. 9 El GDF11 disminuye la capacidad de formación de esferoides de las células de HCC. 
A) Ensayo de formación de esferoides muestra que el GDF11 disminuye la formación de 
esferoides de las células Huh7. Cada punto representa un experimento independiente, se 
reportó la media ± SEM de al menos cuatro experimentos independientes por triplicado. & p< 
0.05 vs NT 
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Mientras que en las células Hep3B los resultados obtenidos fueron similares ya que 

esta línea celular en presencia del GDF11 formo una menor cantidad de esferoides 

(34% comparados con las células controles) (Fig. 9B). 

  

B) 

 

Fig. 9 El GDF11 disminuye la capacidad de formación de esferoides de las células de HCC. 
B) Ensayo de formación de esferoides muestra que el GDF11 disminuye la formación de 
esferoides de las células Hep3B. Cada punto representa un experimento independiente, se 
reportó la media ± SEM de al menos cuatro experimentos independientes por triplicado. & p< 
0.05 vs NT 
 

También se pudo observar que los esferoides formados de las células que recibieron 

el tratamiento con el GDF11 eran más pequeños comparados con los esferoides que 

no recibieron ningún tipo de tratamiento 25% para las células Huh7 (Fig. 9C) y 40% 

para las células Hep3B (Fig. 9D). 
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C)                                                                    

 

D) 

 

Fig. 9 El GDF11 disminuye la capacidad de formación de esferoides de las células de HCC. 
C) Imágenes representativas de los esferoides de la línea Huh7 formados después de cinco 
días. D) Imágenes representativas de los esferoides de la línea Hep3B formados después de 
cinco días.  
 

8.8 El GDF11 disminuye la expresión de algunos genes relacionados con 

agresividad en las células de HCC  

Si bien, con el ensayo de formación de esferoides el resultado nos muestra el efecto 

antitumorigénico ejercido por el GDF11, se midieron algunos de los principales genes 

relacionados con agresividad mediante qRT-PCR. Como se puede observar, el 

tratamiento provoco la disminución de la cantidad de ARN mensajero de CD133, 

CD24, CK19 y EpCAM, particularmente este último fue disminuido de manera 
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significativa solo en la línea celular Hep3B (Fig. 10B) en comparación de la línea celular 

Huh7, donde no se encontraron cambios de manera significativa (Fig. 10A).    

A) 

 

B) 

 

Fig. 10 El GDF11 disminuye la expresión de algunos genes relacionados con agresividad en 
las células de HCC. A) línea celular Huh7, niveles de ARN mensajero de genes relacionados 
con agresividad B) línea celular Hep3B, niveles de ARN mensajero de genes relacionados con 
agresividad, la expresión de las células no tratadas es reportado como el promedio ± SEM. *, 
p≤0.05 vs NT 
 

8.9 El GDF11 induce transición mesénquima epitelial 

Uno de los principales puntos a estudiar en cáncer es la capacidad que presentan las 

células para migrar y hacer metástasis, estos procesos mediados por la transición 

epitelial a mesenquimal (TEM), donde las células sufren procesos de perdida de 

marcadores epiteliales, quienes son los encargados de mantener adheridas las células 
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a sus sustratos, y con ello la ganancia de marcadores mesenquimales, los cuales se 

encargan de permitir que las células migren. De acuerdo con el resultado de herida 

cicatriz, que sugieren también el proceso de migración, se decidió realizar una 

inminofluorescencia de algunos marcadores del proceso de TEM. Como se puede 

observar, el marcador Snail, un marcador mesenquimal, se encuentra disminuido con 

la progresión del tiempo en presencia del GDF11, mientras que, al mismo tiempo, E-

Cadherina, un marcador epitelial se observa aumentado (Fig. 11A).   

 

Para ganar más certeza con el resultado, se usaron otros marcadores, nuevamente, 

el marcador mesenquimal, N- Cadherina, se encuentra disminuido y Ocludina, otro de 

los marcadores epiteliales se observa aumentado (Fig. 11B).   Observando, además, 

que el cambio en las células del proceso mesenquimal a epitelial se da a las 12 h. Por 

lo que es importante realizar más estudios enfocados en este tiempo.  
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A) 

 

Fig. 11 El GDF11 induce transición mesénquima epitelial. Inmunofluorescencia determinada 
por microscopia confocal de A) Snail y E- Cadherina. Imagen representativa de al menos tres 
experimentos independientes. Aumento original 360X. 
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B) 

 

Fig. 11 El GDF11 induce transición mesénquima epitelial. Inmunofluorescencia determinada 
por microscopia confocal de B) N- Cadherina y Ocludina. Imagen representativa de al menos 
tres experimentos independientes. Aumento original 360X. 



 46 

Para corroborar los efectos sobre el proceso de TEM, se realizaron ensayos de  

Western blot de los marcadores usados anteriormente (Fig. 11C). Como se puede 

observar, se encontraron efectos similares, encontrando nuevamente que los 

marcadores epiteliales se aumentan con el transcurso del tiempo y los marcadores 

mesenquimales se ven disminuidos después de 72 h de tratamiento con el GDF11. 

C) 

 

Fig. 11 El GDF11 induce transición mesénquima epitelial. C)Ensayo de Western blot muestra 
las proteínas implicadas en el proceso de TEM. Imagen representativa de al menos tres 
experimentos independientes.  
 

Estos resultados nos indican que el tratamiento con el GDF11 está induciendo 

transición mesénquima epitelial, evitando así el proceso de migración por el cual pasan 

las células para llevar a cabo una metástasis. 

 

8.10 El GDF11 reprime la capacidad de auto renovación de las células de HCC  

Para determinar si los efectos inducidos por el GDF11 se mantenían en las células, se 

realizó un ensayo de formación de colonias mediante un nuevo diseño experimental, 

para ello, las líneas celulares se trataron con GDF11 (50ng/ml) cada 24 h por 72 h en 

presencia o no de SFB, una vez terminado el tratamiento, las células fueron 
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despegadas y sembradas nuevamente para la realización de experimentos extras, 

dichos experimentos se realizaron sin la presencia del GDF11, estos fueron llevados 

hasta 10 días con la finalidad de observar los efectos que había inducido el factor de 

crecimiento y determinar si estos permanecen en las células una vez retirado el 

tratamiento.  

Los resultados obtenidos mostraron que las células Huh7 con el tratamiento previo de 

GDF11 no lograron recuperar su capacidad para proliferar observando un menor 

número de colonias formadas comparado con las células que no recibieron el 

tratamiento, sin encontrar diferencias significativas en aquellas células que recibieron 

el tratamiento en presencia o no del SFB (Fig. 12A y 12B).   

A)                                                                            B) 

 

Fig.12 El GDF11 reprime la capacidad de autorenovación de las células de HCC. A) El 
resultado muestras que las células Huh7 que recibieron el tratamiento con el GDF11 por 72 h 
no recuperan su capacidad de formar colonias. B) Imagen representativa de las colonias. Cada 
columna representa el promedio ± SEM de al menos cuatro experimentos independientes por 
triplicado. * p< 0.05 vs NT (+/SFB), & p< 0.05 vs NT (-/SFB). 
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En el caso de las células Hep3B, el resultado obtenido fue similar, ya que las células 

que recibieron el tratamiento perdieron su capacidad de formar colonias, sin embargo, 

los efectos fueron más notorios cuando las células recibieron el tratamiento en 

presencia de SFB (Fig. 12C y 12D). 

C)                                                                              D)               

 

Fig. 12 El GDF11 reprime la capacidad de autorenovación de las células de HCC. C) El 
resultado muestras que las células Hep3B que recibieron el tratamiento con el GDF11 por 72h 
no recuperan su capacidad de formar colonias. D) Imagen representativa de las colonias. Cada 
columna representa el promedio ± SEM de al menos cuatro experimentos independientes por 
triplicado. * p< 0.05 vs NT (+/SFB) 
 

Para corroborar los efectos observados en el ensayo de formación de colonias se 

realizó nuevamente un ensayo de formación de esferoides con las células que habían 

recibido el tratamiento del GDF11 por 3 días, el experimento se realizó por 10 días sin 

que las células continuaran en presencia del estímulo del factor de crecimiento.  

Como se puede observar, ambas líneas celulares que fueron tratadas previamente 

perdieron su capacidad para formar esferoides, indicando nuevamente que los efectos 
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que induce el GDF11 son antitumorigénicos además de preservarse en las células 

después de 10 días de ausencia del GDF11, indicando que el efecto que induce este 

factor de crecimiento no es transiente (Fig. 12E – 12H).     

E)                                                  F) 

    
 
G)                                                 H) 

 

Fig. 12 El GDF11 reprime la capacidad de autorenovación de las células de HCC. E) y G) 
Ensayo de formación de formación de esferoides muestra que el GDF11 disminuye la 
formación de esferoides de las células que habían recibido el tratamiento por 72 h. F) y H) 
Imágenes representativas de los esferoides de las células que habían recibido el tratamiento 
por 72 h. Cada punto representa un experimento independiente, se reportó la media ± SEM 
de al menos cuatro experimentos independientes por triplicado. & p< 0.05 vs NT. Imágenes 
representativas de los esferoides de la línea Hep3B formados después de cinco días. 
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8.11 El GDF11 disminuye la migración de las células de HCC  

Para corroborar el efecto del GDF11 sobre el proceso de migración y ganar más 

certeza, se realizó un ensaño de migración usando el modelo de membrana 

corioalantoidea (CAM) de embriones de pollo. Para ellos se utilizaron huevos fértiles, 

a los cuales se le transplantaron 1x106 de células Huh7 tratadas previamente o no con 

GDF11 por 72 h y se colocaron sobre la CAM de los embriones. La figura 13A muestra 

la morfología normal de la CAM, sin la presencia de células, como un control. El circulo 

amarillo muestra la posición donde fueron colocadas las células. Los huevos con las 

células fueron incubados a 37°C, después de dos y cuatro días de haber colocado las 

células sobre la CAM, esta fue removida y embebida en parafina para la realización de 

los cortes y proseguir con los ensayos de inmunofluorescencia microscopia confocal. 
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A) 

 

Fig. 13 El GDF11 disminuye la migración de las células de HCC. A) Morfología normal de la 
CAM. Imagen representativa de al menos tres experimentos independientes.  
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B) 

 

Fig. 13 El GDF11 disminuye la migración de las células de HCC. B) Membrana con las células 
sin tratamiento, muestra la migración de las células. Imagen representativa de al menos tres 
experimentos independientes.  
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C) 

 

Fig. 13 El GDF11 disminuye la migración de las células de HCC. C) Membrana con células 
tratadas con GDF11, se observan las células retenidas. Imagen representativa de al menos 
tres experimentos independientes.  
 
Con la finalidad de analizar el proceso de invasión, se prosiguió a analizar las muestras 

de dos días de incubación. Los análisis microscópicos de las muestras de la CAM 

revelaron que la mayoría de las células sin el tratamiento habían desaparecido (Fig. 

13B), en comparación con las células que habían recibido el GDF11, las cuales, como 

se puede observar en la figura 13C aún se mantienen contenidas.  
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Después de haber transcurridos los dos días de incubación con las células, se pudo 

observar que los embriones habían muerto, este resultado solo pudo observarse en 

los embriones que contenían las células que no habían recibido el tratamiento con el 

GDF11, ya que los embriones con las células que recibieron el tratamiento 

permanecieron vivos hasta que el experimento termino (Fig. 13D) 

D) 

 

Fig. 13 El GDF11 disminuye la migración de las células de HCC. D) Gráfica de sobrevivencia 
de los embriones, muestra que las células sin el tratamiento provoco la muerte de los 
embriones en comparación con los embriones que recibieron las células tratadas, los cuales 
se mantiene vivos hasta el final del experimento. 
 
Las zonas de la CAM cercanas a las células se puede observar una mayor expresión 

de beta catenina (Fig. 13C) (flechas amarillas), posiblemente este efecto se deba a 

una respuesta desplegada de las células por el tratamiento con el GDF11, el cual 

siguiere ser un efecto de reprogramación celular, este efecto no pudo ser localizado 

en las muestras de las CAM con las células sin el tratamiento, este resultado sugiere 

un proceso de degradación de la membrana, lo cual da inicio al proceso de migración, 

este resultado se relaciona con las imágenes de las muestras de los cuatro días, donde 
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la mayoría de las células habían migrado. Además, de mostrarnos el inicio del proceso 

de migración de las células in vivo. 

Con la finalidad de observar el proceso completo de migración, se realizaron cortes de 

muestras después de cuatro días de incubación, como se puede observar en la figura 

13E, se muestran algunas células disgregadas, lo cual nos indica que las células han 

migrado, mientras que en la figura 13F se pueden observar las células que recibieron 

el GDF11 compactadas, lo que nos indica que las células no han migrado.  

E)                                                                       F) 

             
Fig. 13 El GDF11 disminuye la migración de las células de HCC. E) Muestras de 4 días de 
incubación, se observan pocos vestigios de células debido al proceso de migración. F) 
Muestras de 4 días de incubación, se observan células retenidas en la membrana. Imágenes 
representativas de al menos tres experimentos independientes.  
 
Con la finalidad de corroborar que las células habían migrado, se realizaron cortes de 

las zonas distales de la membrana. En la figura 13G se pueden observar algunas 

células, demostrando que estas habían llevado a cabo el proceso de migración. 
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Mientras que en la figura 13H no se logran observar células en esta zona, nuevamente, 

indicando que el tratamiento con el GDF11 induce la disminución de los procesos de 

migración celular.   

G)                                                                       H) 

 

Fig. 13 El GDF11 disminuye la migración de las células de HCC. G) Zona distal de la 
membrana, se observa la presencia de las células no tratadas migrando. H) Zona distal de la 
membrana, no se observa la presencia de las células que fueron tratadas previamente con el 
GDF11. Imágenes representativas de al menos tres experimentos independientes.  
 
Con la finalidad de determinar el estado en el que se encontraban las células una vez 

colocadas en el embrión, se realizó una tinción con el marcador Ki67, como se muestra 

en la figura 13I, las células controles son positivas para la tinción, lo cual nos indica 

que las células una vez colocadas en el embrión son capaces de proliferar, mientras 

que las células que habían recibido el tratamiento con el GDF11 siguen arrestadas, 

impidiendo el proceso de proliferación, corroborando los resultados anteriores (Fig. 

13J). La figura 13K muestra la densitometría de las imágenes teñidas con Ki67. 
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Fig. 13 El GDF11 disminuye la proliferación de las células de HCC. I) Tinción de Ki67, muestra 
la proliferación de las células control en la CAM de los embriones de pollo. J) Tinción de Ki67, 
muestra la proliferación de las células que recibieron el GDF11 en las cuales la proliferación 
esta disminuida en la CAM de los embriones de pollo. K) Densitometría de la tinción de KI67. 
Imágenes representativas de al menos tres experimentos independientes.  
 

8.12 El GDF11 disminuye la formación de esferoides en otras líneas de cáncer  

Con la finalidad de analizar los efectos antitumorigénicos ejercidos por el GDF11 en 

las líneas de HCC y determinar que este efecto no era solo en las líneas usadas, se 

realizó el ensayo de formación de esferoides usando otras líneas de cáncer HepG2 

(Fig. 14A), una línea de hepatoblastoma humano, Hepa1-6 (Fig. 14B), una línea de 

cáncer de hígado de ratón, SNU-182 (Fig. 14C), otra línea de cáncer de hígado 

humano, una línea de cáncer de mama, MDA-MB-231 (Fig. 14D) y finalmente una línea 

de cáncer de páncreas, CAPAN1 (Fig. 14E).  
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Fig. 14 El GDF11 disminuye la formación de esferoides en otras líneas de cáncer.  
A) -  E) Ensayo de formación de esferoides muestra que el GDF11 disminuye la formación de 
esferoides en otras líneas derivadas de cáncer. Cada punto representa un experimento 
independiente, se reportó la media ± SEM de al menos cuatro experimentos independientes 
por triplicado. & p< 0.05 vs NT. Imágenes representativas de los esferoides de otras líneas de 
cáncer. 
 

Las líneas celulares fueron tratadas con GDF11(50 ng/ml) cada 24 h por cinco días. 

Como se puede observar, en todas las líneas celulares se observaron efectos similares 

a los encontrados en las líneas Huh7 y Hep3B, donde el tratamiento provoco un menor 

número de esferoides formados. 

Este resultado nos sugiere nuevamente que el efecto que induce el GDF11 es 

principalmente sobre las células que presentan un fenotipo troncal, en el caso de las 

células de cáncer, este proceso ocurre aunado al grado de agresividad que presentan 

las células.  
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8.13 El GDF11 activa la señalización de ERK1/2  

Finalmente, para estudiar cual es el mecanismo que despliega el GDF11 y por el cual 

las células derivadas de HCC están disminuyendo su proliferación celular, se analizó 

mediante Western blot el estado de la proteína ERK, un miembro de la familia de las 

MAPK, quien se ha reportado que juega un papel importante durante la progresión del 

cáncer.  

Si bien, en la línea celular Huh7 no se logró detectar algún cambio (Fig. 15A), en la 

línea celular Hep3B se logró apreciar la activación de ERK1/2 a partir de los 5 minutos 

y su inactivación a partir de los 15 minutos (Fig. 15B).  

Este resultado nos sugiere que el GDF11 está afectando la señalización mediada por 

ERK, provocando así la disminución en la proliferación celular. 

A)                                                                        B) 

         

Fig. 15 El GDF11 activa la señalización de ERK1/2. Ensayo de Western blot muestra la 
activación de ERK1/2. Imágenes representativas de al menos tres experimentos 
independientes.  
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9.    Discusión  

El cáncer de hígado es una de las principales causas de muerte por cáncer a nivel 

mundial, según lo reportado por el NIH en su “Anual Report to the Nation of the Status 

of Cancer, Part I: National Cancer Statistic” en 2018, la tasa de incidencia y de 

mortalidad por esta patología ha ido en aumento en los últimos años.  

Una de las principales causas a este aumento en las cifras es debido a que la detección 

de dicha patología suele ser en etapas avanzadas y esto es debido a la falta de 

marcadores específicos. 

Una de las alternativas para el tratamiento del cáncer de hígado es mediante la 

intervención quirúrgica para realizar un trasplante de dicho órgano, sin embrago, esta 

alternativa terapéutica difícilmente suele ser una opción viable, y esto es debido a la 

falta de donadores. 

El uso de tratamientos convencionales como la quimioterapia y radioterapia tienen 

efectos prometedores como tratamiento contra el cáncer, sin embargo, estos efectos 

solo son presentados en las etapas tempranas de dicha patología, además de ser 

tratamientos altamente invasivos en los pacientes, por tal motivo, la calidad de vida a 

la que se enfrentan suele ser mala. 

La búsqueda de nuevas alternativas terapéuticas o marcadores específicos para la 

detección temprana de dicha enfermedad es uno de los principales objetivos en los 

que nos encontramos trabajando, con la finalidad de proporcionar tratamientos que no 

sean invasivos y sean efectivos.  
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La familia del TGF- b es uno de los principales factores de crecimiento que se han 

estudiado en cáncer, debido a los efectos que se han reportado que induce dicho factor 

de crecimiento. Entre los efectos reportados en cáncer, se ha demostrados que el 

TGF- b provoca efectos citotóxicos sobre las células transformadas, además de inducir 

efectos citoestáticos. 

El GDF11 es un miembro de la familia del TGF- b, el cual se ha vinculado con procesos 

de regeneración muscular, esto mediante la modulación de procesos relacionados con 

la proliferación y la diferenciación celular. Estos efectos inducidos por el GDF11 

principalmente se llevan a cabo en células troncales y estas son las características que 

presentan las células que conforman los tumores en etapas avanzadas.  

Los resultados demostraron que el GDF11 estaba afectando a las dos líneas celulares 

provenientes de un cáncer de hígado humano, esto mediante la activación de las 

principales proteínas implicadas en las rutas de señalización canónica de las familias 

a las que pertenece el GDF11.  

Como se pudo observar, en la línea celular Huh7 hay activación de las proteínas  

Smad2 y Smad3 mientras que las proteínas Smad 1/5 no muestra cambios, lo que 

sugiere que los efectos encontrados en la línea celular Huh7 es mediada por la ruta 

canónica del TGF- b, además de sugerir que dicha línea celular solo cuenta con los 

receptores encargados de activar las proteínas Smad antes mencionadas. 

En el caso de la línea celular Hep3B, se pudo observar resultados similares a los 

encontrados en la línea Huh7, la activación de las proteínas Smad2 y Smad3, pero 

sorprendentemente, también se observó activación de las proteínas Smad1/5, esto 
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nos sugiere que los resultados encontrados en esta línea celular no tienen preferencia 

por alguna ruta de la familia a la que pertenece el GDF11. Este resultado también 

sugiere la posibilidad de la presencia de los receptores canónicos para el TGF- b y la 

BMP en la línea Hep3B. 

Otro de los efectos que se encontró con el tratamiento del GDF11 fue la disminución 

de la proliferación de las dos líneas celulares, sin embargo, estos efectos fueron más 

contundentes en la línea Huh7, donde en presencia o no de SFB la proliferación 

disminuyó de manera significativa hasta las 72 h con el tratamiento.  

Mientras que en la línea celular Hep3B, el efecto más contundente se vio en el grupo 

que recibió el tratamiento con el SFB. Estos efectos fueron corroborados mediante las 

proteínas que se encargan de regular el ciclo celular, observando que el GDF11 

provoca la desregulación de los principales reguladores positivos de dicho proceso y 

a su vez, la sobreregulación de uno de los reguladores negativos el ciclo como es p27. 

Una de las posibles razones por lo cual la proliferación se está afectando, es debido a 

que el GDF11 está afectando la señalización de una de las principales rutas de 

señalización que participan en la progresión del cáncer, mediante el aumento en la 

proliferación celular. Como se pudo observar, el GDF11 está impactando sobre la 

activación de ERK, quien después de 15 minutos está disminuyendo su activación sin 

encontrar su activación nuevamente incluso 60 minutos después del tratamiento con 

el factor de crecimiento.  

Si bien, el GDF11 no estaba induciendo efectos citotóxicos sobre las células, ya que 

la viabilidad se encontraba sin cambios, si se encontraba afectado de alguna manera 
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a las células, lo cual se observó mediante la disminución de la proliferación, por tal 

motivo se decidió estudiar el metabolismo de las células con el tratamiento, esto 

mediante el ensayo de MTT y el uso del Seahorse, los resultados mostraron que las 

células en presencia del factor de crecimiento presentan una alteración sobre el 

metabolismo de lípidos, específicamente sobre el metabolismo del colesterol, lo cual 

se observó después de la realización de la secuenciación de ARN, estos resultados 

pueden explicar porque las células disminuyen su proliferación, ya que una de las 

principales rutas de señalización que se encargan de proveer a las células de energía 

se encuentran alteradas. Además, se observó que la presencia del GDF11 provoca la 

alteración de 133 genes, de los cuales 101 se sobreexpresaron y 32 fueron reprimidos. 

Como se observó en los resultados de los esferoides, el GDF11 está induciendo la 

disminución tanto en número como en tamaño de los esferoides, esto nos indica que 

el tratamiento está induciendo efectos antitumorigénicos en ambas líneas celulares de 

cáncer de hígado, además de encontrar que el GDF11 provoca la disminución de los 

principales genes relacionados con agresividad, específicamente con procesos de 

diferenciación, lo cual corrobora que el GDF11, en condiciones normales participa en 

los procesos de diferenciación celular como se ha reportado anteriormente (Egerman 

et al., 2015; Sinha et al., 2014), encontrando específicamente en cáncer la disminución 

de los genes usados como marcadores de agresividad. 

El GDF11 participa en los procesos de migración celular, esto se debe principalmente 

a que dicho factor de crecimiento provoca la disminución de marcadores 

mesenquimales, quienes se encargan de permitir que las células puedan migrar, a su 

vez, aumentan los marcadores epiteliales, quienes se encargan de mantener 
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adheridas las células, por lo que este resultado contradice lo reportado anteriormente 

(Pons et al., 2018; Williams et al., 2013) quienes indican que el GDF11 induce la 

progresión de la migración celular, encontrando además que el factor de crecimiento 

provoca la disminución del marcador E-Cadherina. 

Estos resultados fueron corroborados mediante el ensayo de migración usando el 

modelo de la CAM, donde observamos que las células en presencia del GDF11 

pierden sus capacidades para migrar, corroboran el ensayo de herida cicatriz, que 

fuertemente nos sugirió una alteración en el proceso de migración.  

Se pudo observar también, que las células una vez colocadas dentro de los embriones, 

donde por el proceso de desarrollo en el que se encuentran los embriones existe una 

producción elevada de factores de crecimiento, aun así, las células que habían recibido 

el tratamiento con el GDF11 no lograron recuperar sus capacidades proliferativas, 

comparadas con las células controles. 

Los efectos inducidos por el GDF11 no son transientes, ya que las células que 

recibieron el tratamiento por 72 h no recuperaron su capacidad de proliferación, este 

resultado se observó en el ensayo de clonogenicidad y de formación de esferoides, 

donde después de 10 días sin la presencia del GDF11 continúan de alguna manera 

arrestadas.  

Si bien, los resultados muestran el efecto antitumorigénico ejercido por el GDF11, 

mediante un análisis de secuenciación de ARN se pudo observar la expresión 

diferencial de algunos genes, entre ellos se observaron alteraciones en genes 

relacionados con el metabolismo del colesterol, lo cual explica los efectos observados, 
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debido a que el colesterol es una de las principales moléculas encargadas de proveer 

energía a las células además de un incremento en la resistencia a la muerte celular. 

Finalmente, los efectos que fueron encontrados en las líneas celulares de HCC se 

observaron también en otras líneas derivadas de diferentes tipos de cáncer, 

encontrando que el tratamiento con el GDF11 provoco la disminución en la formación 

de esferoides. Estos resultados nos corroboran una vez más que el principal blanco 

del GDF11 son las células troncales, en el caso específico de las células cancerosas, 

éstas durante su proceso de progresión, adquieren características similares a las 

células troncales, este proceso está estrechamente relacionado con el grado de 

agresividad que presentan las células cancerosas. 

En conclusión, el GDF11 induce efectos antitumorigénicos en las células derivadas de 

cáncer de hígado, mediante la desregulación de proteínas encargadas de regular la 

progresión del ciclo celular, reflejándose en la disminución de la proliferación de las 

células. Además, el tratamiento con el GDF11 provoca la disminución de las 

principales características de agresividad que presentan las células, como son la 

disminución en la migración celular, la disminución de genes relacionados con 

agresividad y por último alteraciones en el metabolismo energético.   
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11.    Anexos 

11.1 Anexo I 

Genes diferencialmente expresados por RNA-seq de células Huh7 no tratadas vs 

células tratadas con GDF11 por 72h. 

Gene Symbol log2FoldChange pvalue 
LGALS14 3.921469019 3.53E-261 
LEFTY2 3.687024639 1.06E-26 
LGI4 3.490888727 8.56E-35 
COMP 2.747552515 9.82E-25 
NPNT 2.713387978 5.13E-232 
ADAMTS16 2.647553308 1.30E-45 
PREX2 2.569974521 1.75E-20 
TNNI2 2.488468809 2.20E-17 
CYP27C1 2.470734906 5.01E-21 
LAMP3 2.466356076 4.10E-18 
INHBE 2.452467137 6.39E-48 
LOXL4 2.428604852 2.17E-198 
SLC2A3 2.376173926 8.30E-22 
UACA 2.37336341 1.85E-216 
HOXD10 2.341004559 1.93E-34 
ANGPTL2 2.339207786 4.82E-36 
PNCK 2.338519511 1.09E-22 
DPYSL3 2.324217136 7.81E-39 
TMPRSS6 2.284219761 5.99E-35 
FXYD3 2.246128235 3.23E-14 
ROCK1P1 2.236023786 1.63E-57 
FBN1 2.187855546 5.76E-33 
ABCA5 2.180522535 4.23E-87 
NCF2 2.165376117 1.69E-42 
MUC4 2.154113058 3.96E-10 
BRINP2 2.145535665 4.69E-35 
IGF2 2.145324365 3.52E-14 
ELN 2.135058095 7.67E-10 
MUC6 2.124994446 2.19E-11 
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CCDC114 2.117616995 7.32E-10 
FCRLA 2.068443888 8.20E-10 
TBX15 2.035915515 1.00E-30 
AKR1D1 2.022713664 3.31E-32 
HERPUD1 2.01607821 4.49E-47 
H2AFY2 2.009538684 5.22E-42 
HSPA5 1.949514938 3.02E-18 
MAP4K4 1.920309378 4.85E-145 
CPA6 1.90940687 3.76E-41 
KSR2 1.902561407 1.45E-08 
NFASC 1.894703438 2.23E-09 
DNAH17 1.891291946 1.63E-15 
MUC12 1.88025976 1.38E-13 
NEBL 1.877571261 4.53E-23 
PALMD 1.873603078 1.82E-43 
BIRC7 1.861189535 5.29E-08 
ADAM18 1.845354175 9.14E-08 
THSD7B 1.836839641 7.64E-09 
CACNA1I 1.807888686 4.57E-09 
MUC16 1.788859558 3.84E-09 
HOXD11 1.770701533 8.34E-10 
HAO2 1.769695508 3.80E-11 
HR 1.768831463 3.54E-08 
SCARA5 1.756851385 6.87E-08 
TNR 1.755585331 3.91E-09 
VLDLR 1.745466075 5.29E-44 
LGR5 1.743793568 6.26E-36 
FAT2 1.730028538 9.07E-14 
TMIE 1.715156511 8.26E-11 
COL3A1 1.707350978 4.57E-18 
CRMP1 1.707206198 1.03E-08 
LINC00626 1.702047953 3.77E-07 
COL6A3 1.684020112 1.04E-07 
NRP2 1.658978033 9.19E-18 
VAT1L 1.658095383 8.47E-28 
SLC38A4 1.657462088 7.81E-61 
TFCP2L1 1.657241066 1.69E-08 
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RYR1 1.65532021 3.85E-07 
CTCFL 1.651149779 3.91E-09 
SLC17A2 1.647355437 5.96E-07 
DDIT3 1.642562624 2.27E-22 
ERICH2 1.641813038 1.25E-12 
MUC17 1.633344068 2.94E-08 
INHBC 1.628561448 2.00E-11 
RASGRF1 1.621020225 2.83E-06 
TSPAN2 1.620255918 2.39E-11 
GRAMD1B 1.619594262 4.80E-07 
USH2A 1.610606432 1.09E-24 
LOC100505570 1.607861636 7.57E-07 
EGFLAM 1.604269324 1.00E-06 
SYT12 1.60131133 3.69E-16 
ADGRG1 1.595839165 1.01E-09 
SDAD1P1 1.595801649 2.96E-08 
PLOD2 1.588643143 1.21E-46 
AKAP9 1.586904882 8.35E-35 
CD244 1.584133714 3.22E-06 
GRIN2B 1.583927447 4.44E-09 
NODAL 1.579142937 6.48E-07 
SPOCK3 1.575663235 1.33E-21 
ARG1 1.570875587 9.63E-12 
MUC5B 1.568495098 1.13E-06 
SSUH2 1.567813132 2.40E-11 
SLC17A1 1.56688722 6.87E-12 
DDIT4 1.550565301 1.10E-12 
DCDC1 1.535536328 8.26E-13 
LINC00607 1.535457271 9.33E-08 
ESRP1 1.52514354 9.88E-15 
COL4A4 1.524387072 4.95E-07 
HPX 1.516843773 1.96E-13 
SUSD4 1.514676264 9.53E-08 
LOC101927476 1.504933399 4.12E-06 
TGM2 1.503268181 3.89E-24 
GDA -1.528488074 3.00E-41 
NQO1 -1.532507828 2.55E-38 
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CEBPD -1.559862342 8.04E-25 
RNU1-4 -1.569737269 0.003581296 
HMGCS1 -1.572736881 4.05E-28 
DHCR7 -1.604743325 1.02E-15 
ID3 -1.635236286 2.89E-14 
FASN -1.640033605 1.47E-16 
LDLR -1.660673068 4.87E-32 
UCA1 -1.683039475 1.35E-15 
GPX2 -1.72467583 1.97E-40 
AGR2 -1.726754148 5.96E-35 
RELN -1.732237464 2.98E-46 
C4BPA -1.736620543 2.49E-22 
SLPI -1.819627376 8.63E-10 
PCSK9 -1.837419153 7.00E-14 
DUSP5 -1.891144348 3.21E-52 
REG1A -1.985463268 7.09E-23 
INSIG1 -1.993474499 2.30E-32 
SERPINC1 -2.037707054 9.74E-10 
PIGR -2.144615136 4.15E-11 
SAA1 -2.159203684 1.72E-09 
RAMP1 -2.184992954 3.79E-18 
CEACAM7 -2.246612681 5.49E-18 
CEACAM6 -2.328163629 4.73E-11 
LYZ -2.332004714 1.23E-13 
MAGEA11 -2.335203017 4.74E-11 
FJX1 -2.431089774 1.53E-16 
PCDH20 -2.554797019 4.66E-45 
NTS -2.668937049 4.98E-75 
PI3 -2.716861907 1.79E-28 
CXCL5 -2.954990498 2.30E-132 
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A B S T R A C T

Growth differentiation factor 11 (GDF11) has been characterized as a key regulator of differentiation in cells that
retain stemness features, despite some controversies in age-related studies. GDF11 has been poorly investigated
in cancer, particularly in those with stemness capacity, such as hepatocellular carcinoma (HCC), one of the most
aggressive cancers worldwide. Here, we focused on investigating the effects of GDF11 in liver cancer cells.
GDF11 treatment significantly reduced proliferation, colony and spheroid formation in HCC cell lines.
Consistently, down-regulation of CDK6, cyclin D1, cyclin A, and concomitant upregulation of p27 was observed
after 24 h of treatment. Interestingly, cell viability was unchanged, but cell functionality was compromised.
These effects were potentially induced by the expression of E-cadherin and occludin, as well as Snail and N-
cadherin repression, in a time-dependent manner. Furthermore, GDF11 treatment for 72 h induced that cells
were incapable of sustaining colony and sphere capacity in the absent of GDF11, up to 5 days, indicating that the
effect of GDF11 on self-renewal capacity is not transient. Finally, in vivo invasion studies revealed a significant
decrease in cell migration of hepatocellular carcinoma cells treated with GDF11 associated to a decreased
proliferation judged by Ki67 staining. Data show that exogenous GDF11 displays tumor suppressor properties in
HCC cells.

1. Introduction

Liver diseases represent one of the main challenges in public health.
Changes in human habits tend to increase the prevalence of severe liver
diseases, such as steatohepatitis, cirrhosis, viral hepatitis and liver
cancer [1]. Hepatocellular carcinoma (HCC) is one of the most pre-
valent and aggressive tumor worldwide with high rate of postsurgical
recurrence [2–4], and despite the outstanding progress made in the last
decade in identifying new therapeutic approaches to target canonical

proliferation and survival pathways, the potential use of non-canonical
molecules and the molecular basis of their anti-proliferating activity are
currently being studied directed to provide new therapeutic targets [5].

Growth differentiation factor 11 (GDF11) is a member of the sub-
family of the bone morphogenic proteins, and of the superfamily of the
transforming growth factor beta (TGF-β). GDF11 is critical for orga-
nogenesis and development, particularly for skeletal system. Knock-out
for mouse Gdf11, or for the furin-like convertase (Pcsk5), which acti-
vates GDF11 to a mature form, results in skeletal development defects
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and lethality in uterus [6,7].
Recently, some controversies have emerged about the effects of

GDF11 in rejuvenation process [8]. While some groups report that
GDF11 expression reduces with age, and its restoration induces pro-
liferation and differentiation of progenitor cells (satellite cells) in the
skeletal [9] and cardiac muscle [10], reversing the age-related hyper-
trophy, others state that GDF11 significantly inhibits muscle re-
generation and decreases satellite cell expansion in mice [11,12]. This
debating question is also associated with the great similarity of GDF11
with myostatin (or GDF8) and the poor specificity of some commercial
antibodies [13]. Aside of these controversial functions of GDF11 in age-
related disorders, both outlooks have in common that cells, with some
stemness properties, are targeted by the GDF11, notably in develop-
ment process [14–16].

Given that cancer cells, with stemness features, are recognized as
key therapeutic target, due to their capacity of sustained proliferation
and migration, possibly driving tumor progression and resistance to
treatment, we aimed at figure out the effects of GDF11 in HCC-derived
cell lines. Although some studies revealed that GDF11 expression cor-
relates with poor prognosis in colorectal [17] and breast cancer [18], it
has been poorly studied in this kind of disease. Recently, Bajikar and
collaborators [19] reported that GDF11 exerts tumor suppressive
functions in triple-negative breast cancer cells. Loss of function of
GDF11 in breast cancer has been notably related to deficient maturation
due to the convertase PCSK5, which activates bioactive GDF11 from its
immature form. The present study is the first one related to liver cancer
and provides evidence that GDF11 could be a good candidate for new
therapeutic options.

2. Materials and methods

2.1. Cell culture

Huh7, Hep3B, Hepa1–6, HepG2, SNU-182 and MDA-MB-231 cell
lines were obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). Cells were cultured in William's medium supple-
mented with 10% fetal bovine serum (FBS, Hy-Clone, Logan, UT, USA),
100 U/ml ampicillin and 100 μg/ml streptomycin (Thermo Fisher
Scientific, Waltham, MA, USA). Cells were maintained at 37 °C in a 5%
CO2 and 90% humidity atmosphere. Cells were plated in plastic culture
bottles (Sigma-Aldrich, Saint Louis, MO, USA). All cell lines were my-
coplasma free.

2.2. Main experimental design

Cells were exposed to 50 ng/ml GDF11 [20] for different times.
GDF11 was added to culture media every 24 h and cells were recovered
after 72 h for experiments, as depicted in Supplementary Fig. 1A.

In order to determine whether GDF11 effects are not transient, and
remain after growth factor withdrawal, we performed additional ex-
periments, in which cells were treated every 24 h up to 72 h, then
harvested and re-plated without GDF11. Spheroid and colony formation
were evaluated up to 5 days in the absent of GDF11 (Supplementary
Fig. 1B).

2.3. Western blotting

Western blot was conducted as we previously reported [21]. PVDF
membranes were probed with specific antibodies as described in the
Supplementary Table 1. Horseradish peroxidase-conjugated antibodies
were used according to the primary antibodies. Blots were exposed
using Super Signal West Pico Chemiluminescent substrate (Pierce Bio-
technology, USA). Signal was detected using Gel Logic 2500 (Kodak,
Rochester, NY, USA).

2.4. Immunofluorescence assays

Immunofluorescence was conducted as previously reported [22],
briefly, cells were treated for different times with GDF11, and then
fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS).
Samples were permeabilized with 0.01% (v/v) Triton-X 100 for 30min
and blocked with 3% (w/v) bovine serum albumin (BSA) in PBS for
30min and subsequently incubated with primary antibodies anti-oc-
cludin (Santa Cruz Biotechnology 81812, dilution 1:100), anti-snail
(Santa Cruz Biotechnology 28199, dilution 1:100), anti-E-cadherin
(Santa Cruz Biotechnology 21791, dilution 1:100) and anti-N-cadherin
(Santa Cruz Biotechnology 59987, dilution 1:100). Nuclei were coun-
terstained with 1 μg/ml 4′,6-diamidino-2-phenylindole (DAPI) (Sigma-
Aldrich). Images were obtained using a multi-photon confocal micro-
scope (Carl Zeiss LSM-780 NLO, Oberkochen, Germany).

2.5. Cell proliferation

Cell proliferation was addressed by CCK-8 kit (Dojindo Lab,
Kumamoto, Japan), following manufacturer's instructions.

2.6. Spheroid formation

Cells were seeded in six-well low attachment plates (Millipore-
Sigma, Saint Louis MO, USA). The cultures were supplemented every
24 h with 50 ng/ml of GDF11 for five days. The spheroids were counted
and photographed using an inverted microscope Carl Zeiss VERT.A1.

2.7. Wound-healing assay

Cells were seeded in six-well plates to approximately 90% of con-
fluency. In each well a couple of wounds were created with a 20 μl
pipette tip. Plates were washed three times with PBS to remove de-
tached cells. Subsequently, media were added supplemented or not
with FBS in presence or absent of GDF11.

The healing response was monitored every 24 h up to 72 h when
photography register was performed.

2.8. Cell functionality by MTT assay

Cell functionality was addressed by the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) test, using the Vybrant
MTT Cell Proliferation Assay Kit (Thermo Fisher Scientific), following
manufacturer's instructions.

2.9. Clonogenic assay

After 72 h under GDF11 treatment, 1× 103 cells were seeded into 6-
well plates in triplicate and maintained in GDF11-free media, in pre-
sence or absent of FBS. After 10 days, colonies were stained with crystal
violet, photographed and counted.

2.10. Invasion study using a chick embryo chorioallantoic membrane
(CAM) assay

Chick embryo CAM model was used to study invasion properties,
following previous method reported by our group and others [23–25].
Briefly, ten fertile chick (Gallus domesticus) eggs (ALPES SA Farms,
Puebla, Mexico) were randomly separated in two groups. Eggs were
incubated at 37.8 °C and 60% humidity up to 22 HH of embryo stage
development. Then, shells were wiped with 70% ethanol, and 1 cm2

window was done. The vitelline membrane was dissected and 1× 106
cells, treated or not with GDF11 for 72 h and labeled with vibrant CFDA
SE cell tracer kit (Thermo Fisher Scientific), were introduced onto the
CAM, in the convergence of two blood vessels, using 30 μl of Matrigel
(Sigma-Aldrich) as substrate. The window in the shells was covered
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with sterile adhesive tape and eggs were incubated as above for 2 and
4 days. CAM were recovered and immediately fixed with 4% paraf-
ormaldehyde in PBS. Paraffin sections (5 μm) were obtained for im-
munofluorescence using anti-beta-catenin antibody (Cell Signaling
#9562). Proliferation was addressed by immunofluorescence using
anti-Ki67 antibody (abcam 15580; dilution 1:100). Nuclei were coun-
terstained with 1 μg/ml DAPI. Images were acquired using a multi-
photon confocal microscope (Carl Zeiss LSM-780 NLO).

2.11. Real-time quantitative reverse transcriptase-polymerase chain
reaction (qRT-PCR)

One μg total RNA was reverse transcribed in 20 μl reaction volume
with a SuperScript (Invitrogen Corp.) first-strand synthesis kit ac-
cording to the manufacturer's instructions. Oligonucleotide primers
were designed using Primer3 v.0.4.0 (http://frodo.wi.mit.edu/

primer3/) as describe [26]. The qRT-PCR analysis was performed
with a CFX96 Touch (Bio-Rad) thermal cycler in a 96-well reaction
plate. The 10 μl PCR reaction mix contained 5 μl 2× SYBR Green PCR
Master Mix (Bio-Rad), 200 nM of each primer, and 1 μl cDNA template.
Reactions were incubated for 10min at 95 °C followed by 40 cycles of
30 s at 95 °C and 60 s at specific primer temperature. The expression
level of ribosomal protein S18 (rs18) was used as reference. Relative
gene expression levels were calculated using the formula 2(−ΔΔCt).
Primer sequences are listed in Supplementary Table 2.

2.12. Protein quantification

The protein content was determined by using the bicinchoninic acid
method (BCA, Pierce, Thermo Fisher Scientific), following the manu-
facturer's instructions.

Fig. 1. HCC cells respond to GDF11 treatment activating Smad3 with no effects on cell viability. Huh7 and Hep3B cells were treated for different times with GDF11
(50 ng/ml). A) Western blot analysis of the Smad3 phosphorylation. Actin was used as loading control. B) Time-course analysis of cell viability determined by crystal
violet staining, cadmium chloride (CdCl2, 5 μM for 6 h) was used as positive control (PC). Each column represents the mean ± SEM of at least four independent
experiments carried out by triplicate. C) Cell morphology under GDF11 treatment at 72 h, cells were treated every 24 h with GDF11 up to 72 h. Representative images
of at least four independent experiments. Original magnification 200×.
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2.13. Statistical analysis

The results are presented as the average of at least three in-
dependent experiments. A One-way ANOVA followed by Tukey post-

test was performed for the analysis of cell viability, mitochondrial
functionality by MTT, number of spheroids and number of colonies in
cell sensitization experiments whit GDF11. t-Student test was per-
formed for the analysis of the numbers of spheroids.

Fig. 2. GDF11 impairs proliferation, migration and cellular function. A) Huh7 cell proliferation addressed by CCK-8 in the absent or the presence of fetal bovine
serum (FBS). B) Wound-healing assay, Huh7 cells were treated every 24 h with GDF11 up to 72 h. Representative images of at least four independent experiments. C)
Western blot of the main cell cycle proteins and densitometric analysis. D) Hep3B cell proliferation addressed by CCK-8 in the absent or the presence of FBS. Each
point represents the mean ± SEM of at least four independent experiments carried out by triplicate, F) wound-healing assay, Hep3B cells were treated every 24 h
with GDF11 up to 72 h. Representative images of at least four independent experiments. G) Mitochondrial functionality by MTT assay in HCC cell lines, each column
represents the mean ± SEM of at least three independent experiments carried out by triplicate. Images are representative of at least three independent experiments.
*, p≤ 0.05 vs NT cells at 72 h.
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3. Results

3.1. HCC cells respond to GDF11 treatment by activating Smad3

To figure out whether HCC-derived cells respond to GDF11, Huh7
and Hep3B cells were treated with 50 ng/ml GDF11 up to 60min.
Activation of the canonical signaling pathway was addressed by im-
munoblot of Smad3. Fig. 1A shows that Smad3 is rapidly activated by
phosphorylation 5min, in Huh7 cell line, and 30min in Hep3B cell line,
after GDF11 treatment. Activation remains up to 60min. To explore
impact in cell viability, Huh7 and Hep3B cells were treated at different
times with GDF11. Time-course analysis up to 72 h of treatment de-
monstrates that GDF11 has no significant impact on cell viability
(Fig. 1B), while CdCl2 (5 μM, 6 h), used as a positive control, reduces
cell viability. In addition, morphology inspection of cell culture at 72 h
revealed small changes in cells, including a flat-like phenotype and a
decrease in cell density in both cell lines (Fig. 1C).

3.2. GDF11 impairs cell proliferation and cycle progression

Next, we decided to address cell proliferation; although no sig-
nificant effect was observed on cell viability, GDF11 was shown to
decrease Huh7 cell proliferation starting after 48 h GDF11 treatment
and being statistically significantly at 72 h in the absence or presence of
FBS (Fig. 2A), which was used as a competitor. In addition, a wound-
healing assay revealed an impaired repair process at 72 h under GDF11
treatment compared with untreated cells (Fig. 2B). The analysis of the
content of key cell cycle proteins shows that positive regulators such as
Cyclin A, Cyclin D1 and CDK6 decreases in a time dependent manner,
while CDK inhibitor p27 increases (Fig. 2C). Consistent with results
observed in Huh7 cells, Hep3B cells under GDF11 treatment showed
similar effects in cell proliferation (Fig. 2D) and wound-healing assay
(Fig. 2F). Although viability was not affected in both HCC-derived cell
lines, cell functionality, evaluated by MTT assay was significantly de-
creased starting after 24 h of treatment, in Huh7 cells, and 48 h in

Fig. 2. (continued)
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Fig. 3. GDF11 decreases spheroid formation capacity and the expression of genes related to aggressiveness. A) Spheroid counting at 72 h, Huh7 and Hep3B cells were
treated every 24 h with GDF11 (50 ng/ml) up to 72 h, each point represents an independent experiment, we reported the median ± SEM of at least ten independent
experiments. Images are representative of at least ten independent experiments, original magnification 100×. &, p≤ 0.05 vs NT cells at 72 h. B) Messenger RNA
levels of key genes related to cancer aggressiveness, relative expression to not treated (NT) cells is demonstrated as means ± SEM. *, p≤ 0.05 vs NT cells.
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Hep3B cells, explaining the effects observed in proliferation and
wound-healing (Fig. 2G).

3.3. GDF11 decreases spheroid formation capacity and the expression of
genes related to aggressiveness

Previous results strongly suggest that GDF11 exerts tumor sup-
pressive effects. To gain more evidence, we performed studies of

spheroid formation under GDF11 treatment every 24 h for 5 days. Cells
treated with GDF11 exhibited fewer spheroids at day 5 (39%, in Huh7
cells; and 34% in Hep3B), as compared with untreated cells at the same
time (Fig. 3A). Even more, spheroids observed under the GDF11
treatment were smaller (25% in Huh7 cells; and 40% in Hep3B) than
those formed in the absent of treatment.

The analysis of the expression of some of the key well-characterized
markers of cancer cell aggressiveness, revealed an increment of

Fig. 4. GDF11 promotes mesenchymal to epithelial transition. A) Time-course analysis by Western blot of representative epithelial (E-cadherin and occludin) and
mesenchymal (Snail and N-cadherin) markers in Huh7 cells treated with GDF11 (50 ng/ml) and, B) corresponding densitometric analysis. Each column represents the
mean ± SEM of at least three independent experiments carried out by triplicate. Images are representative of at least three independent experiments. *, p≤ 0.05 vs
NT cells. Immunofluorescence determined by confocal microscopy of C) Snail and E-cadherin content and, D) N-cadherin and occludin content. Images are re-
presentative of at least three independent experiments. Original magnification 360×.
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messenger RNA of CD133, CD24, CK19 and EpCAM particularly, the
last one was significantly diminished only in Hep3B with no changes in
Huh7 cells (Fig. 3B).

3.4. GDF11 promotes mesenchymal epithelial transition

Next, we decided to address the expression of some mesenchymal
and epithelial key markers in cells under GDF11 treatment. The im-
munoblot revealed a decrement of mesenchymal markers, such as Snail
and N-cadherin, and the increment of epithelial markers, such as oc-
cludin and E-cadherin, in a time-dependent manner (Fig. 4A and B),
interestingly mesenchymal markers remain below levels of not treated
cells, while epithelial markers decrement peaked at 24 h and then de-
creased to control values. To gain more confidence of these data, we
analyzed the content of these proteins by immunofluorescence, Fig. 4C
and D show the colocalization of Snail and E-cadherin; and N-cadherin
and occludin, respectively, in both cases the expression of the me-
senchymal proteins (Snail or N-cadherin) was considerably diminished,
and the epithelial ones was increased, confirming the immunoblot ex-
periments. Similar results were obtained in Hep3B exhibiting an in-
crement in the expression of E-cadherin and occludin, and decrement in
N-cadherin, in a time-dependent manner (Supplementary Fig. 2).

3.5. The effects elicited by GDF11 for 72 h of treatment remain in the
absence of the factor

To figure out whether the effects displayed by GDF11 induce a long-
lasting or a transient cellular reprograming, cells were treated with
GDF11 every 24 h for three days then, cells were harvested and pro-
cessed to explore the capacity of colony and spheroid formation for five
days, in presence or absence of serum as competitor. Fig. 5A shown that
Huh7 cells treated with GDF11 remarkably decreased the ability to
form colonies, in the presence or absence of FBS. Similarly, spheroid
formation was significantly diminished in both cell lines (Fig. 5B and
C), interestingly a better effect was observed in Huh7 cell line practi-
cally abrogating the spheroid formation capacity. Serum supple-
mentation in the media did not rescue cells from the static phenotype
(Supplementary Fig. 3), but the number of spheroids were different in
the presence or absent of FBS in NT cells. Reprogramming experiments
showed that cells exposed to GDF11 were unable of sustaining their
colony and sphere forming capacity, indicating that the effect of GDF11
on self-renewal capacity is not transient.

3.6. GDF11 impairs invasion capacity

To address one of the key hallmarks of malignancy, we assayed

Fig. 4. (continued)
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invasion property in cells treated or not with GDF11. 1× 106 cells were
grafted in the CAM of the chick embryo (Fig. 6A). Fig. 6C shows the
complete control CAM with no cells, in order to observe normal mor-
phology of the CAM. Cells were grafted in the area labeled with the
yellow circle; the eggshell was covered with sterile tape. After two or
four days of incubation at 37 °C, the CAM was recovered fixed and
paraffin embedded for immunofluorescence and confocal microscopy.
We started exploring the effect at day four; at this time we observed
embryo lethality only with not treated cells (Fig. 6B). Microscopy in-
spection revealed few disaggregated not treated cells remaining in the
grafted zone (Supplementary Fig. 4A, white arrows), and some cells
were observed in the distal zone of the CAM (green cells), indicating an
ongoing invasion process (Supplementary Fig. 4C). The same experi-
mental setting with GDF11 treated cells revealed some significant
compacted aggregates of cells (Supplementary Fig. 4B, yellow arrow
heads), and some of them in transit (Supplementary Fig. 4B, white ar-
rows). No cell was detected in the distal CAM (Supplementary Fig. 4D).
Remarkably, chick embryos in the eggs inoculated with GDF11 treated
cells were still alive (Fig. 6B).

In order to analyze the invasion process at an early time point, we
decided to incubate the eggs only for two days. Microscopic analysis of
the complete CAM revealed that most of the untreated cells were gone
(Fig. 6D). In fact, some of chick embryo dies also at this time, however,

cells treated for three days with GDF11 remained covered by the CAM
and cell localization suggests an attempt of migration, but most of the
cells still there (Fig. 6E). The CAM zones near to the cell cumulous
strongly express beta catenin (yellow arrow, and figure inset), probably
as a response to Huh7 cells reprograming induced by GDF11; in com-
parison, beta catenin expression in CAM with non-treated cells, was
weak, suggesting degradation. In order to address the cell proliferation
status in the invasion experiment, we proceeded to detect Ki67 protein
content by immunofluorescence; Fig. 6F shows more proliferating cells
in CAM grafted with not treated Huh7 cells comparing with those under
GDF11 treatment; remarkably, Ki67 positive cells were more abundant
in the lower zone of the CAM, indicating more proliferative capacity
(yellow arrow; Fig. 6F).

To corroborate the GDF11-induced invasion restriction, we per-
formed the CAM experiment using Hep3B cells. The results depicted in
Supplementary Fig. 3E show disaggregated not treated cells in the en-
graftment zone, cells seems to be disabled to form cell to cell interac-
tions, in comparison with GDF11 treated cells that exhibited a well
compacted cell cumulous with well defined cell interactions, the vas-
cular zone exhibited not treated cells in blood vessels, effect that was
absent in GDF11-treated cells, interestingly, the tumor was well de-
limited (white arrows, Supplementary Fig. 4), suggesting that treated
cells were able to degrade the basal membrane, as observed in an in situ

Fig. 4. (continued)
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tumor. The distal zone in the experiment with not treated cells shows
many disaggregated cells in the CAM, in comparison of the GDF11
experiment with few cells; remarkably, the size of this zone was thicker
than that with not treated cells. Thus, these data strongly suggest that
GDF11 significantly reduces invasive property.

3.7. GDF11 decreases spheroid formation in other cancer cell lines

Finally, to corroborate that the tumor suppressive effects displayed
by GDF11 are not restricted to Huh7 and Hep3B cell line, we treated for
three days the human hepatoma cell line HepG2 (Fig. 7A), the mouse
HCC cell line Hepa1–6 (Fig. 7B), the human breast cancer cell line
MDA-231 (Fig. 7C), and the human HCC cell line SNU-182. In all cases,
GDF11 significantly decreases spheroid-forming capacity, suggesting a

conserved effect among cancer cells with some stemness phenotype.

4. Discussion

HCC accounts for 90% of primary liver cancer, with increasing new
cases every year, raising a warning worldwide [4,27]. Although, some
therapeutic options are currently well established, such as sorafenib
administration for advanced tumors, local ablation or resection, these
options only provide some limited benefits in terms of patient survival.
Besides, liver transplantation remains a great challenge due to the
limited number of donors.

Investigation of signaling pathways involved in the control of pro-
liferation, survival or the metabolism of cancer cells is crucial to define
novel alternative therapeutic approaches.

Fig. 5. The effects elicited by GDF11 remains in the absent of the growth factor. Cells were treated every 24 h with GDF11 (50 ng/ml) up to 72 h, after that, cells were
harvested and we proceeded to analyze: A) colony formation and, B) spheroid formation with deprivation of GDF11. Experiments were conducted in the presence or
absence of fetal bovine serum (FBS). For the number of colonies each column represents the mean ± SEM of at least three independent experiments carried out by
triplicate. Representative images of the six-well plates. For spheroid formation, each point represents an independent experiment; we reported the median ± SEM of
at least nine independent experiments. *, p≤ 0.05 vs NT cells in presence of FBS (+FBS); &, p≤ 0.05 vs NT cells in the absence of FBS (−FBS).
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GDF11, a relatively new member of the TGF-β superfamily, has been
showed to display biological effects in a wide range of cell types. It is
particularly interesting that most of the cells that respond to GDF11
exhibit some degree of stemness phenotype [9,20]. Along this char-
acteristic, we hypothesized that this growth factor could exert some
effects in HCC-derived cell lines, particularly in those retaining stem-
ness features. It was reported that Huh7 cell line expresses some of the
key stemness markers, such as Nanog, Oct4 or Sox2. It has been also
reported that increased expression of these genes in Huh7 cells is re-
lated to the increment of stemness [28,29], particularly when cells are
forming spheroids [30]. The first evidence that Huh7 and Hep3B cells
respond to GDF11 was the activation of one of the canonical signal
transducers, specifically the phosphorylation of Smad3 [11,20], which
was strongly detected after 5min of GDF11 treatment in the case of
Huh7 and, at 30min in Hep3B cells, and remained activated along
60min (Fig. 1A). It is well-characterized that some members of the
TGF-β display effects in epithelial cells that modulate survival or pro-
liferation [31]. Interestingly, we found that viability is unaffected up to
72 h under GDF11 treatment (Fig. 1B), with no outward changes in cell
phenotype. However, cell proliferation is clearly diminished at 72 h, in
presence or not, of the proliferative action of FBS (Fig. 2A and D),
suggesting cytostatic effects similar to those observed with other
members of the TGF-β family. Indeed, it is reported that TGF-β by itself,
displays cytostatic and apoptotic functions that restrain cell growth,
avoiding the hyperproliferative disorders, even in Huh7 and Hep3B
cells [32,33]. This novel effect, elicited by GDF11 in liver cancer cells,
confirms the well-conserved cytostatic effect in the TGF-β family, as
exemplified by the analysis of the content of the main cell cycle reg-
ulating proteins; cyclins A and D1, and cdk6 were downregulated, and
p27 was overexpressed, these effects being particularly evident at 72 h
(Fig. 2C). Similarly, GDF11 significantly attenuated the proliferation of
the neural stem cell line Cor-1, downregulating key positive cell cycle
proteins [20]. In addition, this work by Williams and collaborators
showed that cell migration is impaired by GDF11 as we also observed
(Fig. 2B and F).

Based in the fact that stemness feature is increasing in spheroid or
3D culture, particularly in cells used in this study [29,30], we observed
that the number and the size of spheroids decreased in the presence of
GDF11 at 72 h of repeated treatment (50 ng/ml, every 24 h) in both
HCC cell lines. We found similar effects in HepG2 (Fig. 7A), a human
hepatoma cell line capable to form spheroids as well [30], and in SNU-
182, another human HCC cell line from a high aggressive tumor. In-
terestingly, when comparing the human liver cancer cell lines, GDF11
displayed greater effects in Huh7 and Hep3B than in HepG2, although,
in the last one, decrement in sphere formation was statistically sig-
nificant, confirming the preference of GDF11 on cells with stemness
feature. Similar results were reported by Bajikar and collaborators in
triple negative breast cancer cell lines [19], even more, Hepa1–6, MDA-
MB-231 and SNU-182 cell lines presented similar effects with some
differences in the number of spheroids, but in all cases with significant
changes (Fig. 7).

To gain more evidence, we performed the analysis of the messenger
RNA levels of key molecular markers for aggressive cancers and stem-
ness (Fig. 3B), cytokeratin 19 (ck19) has been closely related to poor
prognosis and high recurrence in HCC [34], the effect on ck19 ex-
pression, induced by GDF11, was the most relevant, in terms of absolute
values comparing with NT cells, prom1 (CD133) and epcam (EpCAM)

also are well characterized stemness markers, being CD133 most sig-
nificant in stages I, while the prognostic role of EpCAM is more effective
in advanced stages [35], interestingly, the effect of GDF11 in epcam
expression was different in the HCC cell lines studied here, Huh7 cells
did not respond to the GDF11 treatment exhibiting no changes in the
expression, however, Hep3B, which a more aggressive cell line, di-
minished the expression since 6 h of treatment, supporting the findings
by Chang and coworkers [35]. These results strongly suggest that
GDF11 antitumorigenic properties are more relevant in advanced tu-
mors. Finally, cd24 is another well-known marker for stemness and
aggressive HCC [36], our data clearly show a decrement since 6 h in
Huh7 and at 12 h in Hep3B, once again the difference in stemness ca-
pacity is evident in both cell lines, but in both cases GDF11 displays
antitumorigenic effects.

The analysis of mesenchymal and epithelial markers revealed a
clear GDF11-induced mesenchymal to epithelial transition phenotype.
A time-dependent decrement in the expression of mesenchymal-related
proteins such as Snail and N-cadherin, and increased of epithelial
markers, such as E-cadherin and occludin (Fig. 4) [37], was confirmed
by Western blot and immunofluorescence. The gain of an epithelial
phenotype was simultaneously associated to a significant decrease in
colony and spheroid formation capacity (Fig. 5), and to a decreased
capacity in invasion (Fig. 6), as addressed by the CAM assay. Interest-
ingly, in the CAM assay we observed a degradation of the basal mem-
brane, a key condition for invasion in the experiment using not treated
cells, and in the case of the experiment with GDF11 treated cells the
membrane was preserved suggesting a distinctive phenotype of an in
situ tumor, in addition treated cells were presented forming cumulous,
probably because the increment of E-cadherin expression (Fig. 4 and
Supplementary Fig. 2).

All these data clearly show that GDF11 induces an anti-tumor re-
sponse in HCC cells, directed to decreases aggressiveness by attempting
reverse the mesenchymal to epithelial phenotype.

The decrement of the invasive phenotype was also found in triple
negative breast cancer cell lines [19]. The effect was associated to an
increase in the expression of E-cadherin, supporting our findings in
HCC-derived cells. Importantly, we reported that GDF11 effects were
not transient, and may evoke a cellular reprograming in HCC cells.
Indeed, treatment for 72 h with GDF11 sustained the effects even five
days in culture in the absent of GDF11.

Although, a low frequency of mutations in GDF11 and a significant
enrichment in the convertase PCSK5 locus have been reported in breast
cancer [19], we did not find significant presence of mutations in those
genes in HCC according to The Cancer Genome Atlas (TCGA, data not
shown). However, in human HCC the expression level of GDF11 ob-
served no changes, but in cholangiocellular carcinoma (CCC), sig-
nificant differences were found increasing 1.55-fold change in tumors
versus normal tissue (Supplementary Fig. 5), (36 patients for CCC and
371 for HCC; https://portal.gdc.cancer.gov and http://firebrowse.org),
in the case of PCSK5 gene expression the TCGA reports significant
changes in both HCC and CCC (1.56-fold and 2.31-fold change versus
normal tissue.

These data suggest that changes in basal expression in GDF11 and
PCSK5 genes, are rare events in HCC and probably not responsible to
the loss of function of GDF11, maybe some epigenetic silencing me-
chanism could be related to loss of function of GDF11. Nevertheless, we
clearly demonstrated that recombinant human GDF11 induces an

Fig. 6. GDF11 impairs invasive capacity. The chick embryo chorioallantoic membrane (CAM) model was used to address the invasion capacity as specified in
Material and Methods. 1× 106 cells treated or not with GDF11 for 72 h, were engrafted in the top of the CAM in 30 μl of Matrigel. A) Schematic representation of the
model used in the study. B) Survival plot of the chicken embryo, n=6 in each treatment. C) Representative confocal image composition of the control complete
CAM, the yellow circle indicates the place were cells were placed. D) Confocal microscopic inspection of the entire CAM that received not treated Huh7 cells. E)
Confocal microscopic inspection of the entire CAM that received GDF11 treated Huh7 cells for 72 h. CAM is identified by immunofluorescence of beta catenin
(membrane in green, yellow arrows), DAPI was used for nuclei identification, Huh7 cells were traced with Vybrant CFDA SE cell tracer kit (white arrows). F) Ki67
immunofluorescence, positive cells in green (Alexa flour 488), nuclei in red (propidium iodide). V, blood vessel. Images are representative of at least 6 eggs per
condition.
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Fig. 7. GDF11 decreases spheroid formation property in other cancer cell lines. Cells were treated every 24 h with GDF11 (50 ng/ml) up to 72 h and we proceeded to
spheroid counting in A) HepG2, hepatoblastoma cell line B) Hepa1–6, mouse hepatocellular carcinoma cell line, C) MDA-MB-231, triple negative breast cancer cell
line, D) SNU-182, grade III/IV human hepatocellular carcinoma cell line. Each point represents an independent experiment; we reported the median ± SEM of at
least six independent experiments. *, p≤ 0.05 vs NT cells at 72 h.
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antitumorigenic effect with no relevance in cell death, but lessening
aggressiveness by promoting a cytostatic phenotype and repressing
invasion.

In conclusion, we are reporting tumor suppressive properties of
GDF11 in HCC-derived cells restricting self-renewal capacity, setting
GDF11 as a good candidate for therapy and biomarker in liver cancer.
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Growth Differentiation Factor 11 (GDF11), a member of the super family of the

Transforming Growth Factor β, has gained more attention in the last few years due

to numerous reports regarding its functions in other systems, which are different to

those related to differentiation and embryonic development, such as age-related muscle

dysfunction, skin biology, metabolism, and cancer. GDF11 is expressed in many tissues,

including skeletal muscle, pancreas, kidney, nervous system, and retina, among others.

GDF11 circulating levels and protein content in tissues are quite variable and are affected

by pathological conditions or age. Although, GDF11 biology had a lot of controversies,

must of them are only misunderstandings regarding the variability of its responses, which

are independent of the tissue, grade of cellular differentiation or pathologies. A blunt fact

regarding GDF11 biology is that its target cells have stemness feature, a property that

could be found in certain adult cells in health and in disease, such as cancer cells. This

review is focused to present and analyze the recent findings in the emerging research

field of GDF11 function in cancer and metabolism, and discusses the controversies

surrounding the biology of this atypical growth factor.

Keywords: GDF11, PCSK5, cancer, liver, HCC, metabolism

INTRODUCTION

On May 2013 the research groups, led by doctors Amy J. Wagers and Richard T. Lee, published
outstanding work suggesting that the growth differentiation factor 11 (GDF11) could be a good
candidate for the age-related heart hypertrophy reversion observed in the model of heterochronic
parabiosis (1). One year later, onMay 2014, Science journal published a couple of works by the same
research team at Harvard University, unveiling that systemic injection of the GDF11 reverses age-
related dysfunction in skeletal muscle (2) and vascular and neurogenic function in the brain (3).
Both reports were astonishing, particularly because myostatin, also known as GDF8, shares high
structural homology with GDF11, but GDF8 induces exactly the contrary effect, muscle growth
inhibition (4). At that moment, GDF11 was called “the rejuvenation factor,” a term taken by a
commentary note published by Jocelyn Kaiser in the same number of the Science journal (5), and
Karoline E. Brun published another similar commentary in Cell journal entitle “GDF11 and the
Mythical Fountain of Youth” (6).
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The findings, beyond this unfortunate motto, revealed that
GDF11 could exert functions in adult systems, in addition of
those characterized in embryonic and fetal tissues. The works by
the groups of doctors Wagers and Lee provided evidence that the
main target cells are those with certain stemness phenotype, such
as the satellite cells in the muscle, which are the progenitor ones
for new functional muscle cells.

If GDF11 targets cells with stemness capacity, then many
cancer cells should be targeted by this growth factor.

Many cancer cells gain stemness capacity and this correlates
with aggressiveness and poor prognosis. The findings raised by
the group of doctors, Wagers and Lee, position cancer cells
as a target of GDF11 since they proved that stemness is a
key condition for GDF11 effect. However, the results could be
opposite depending of the cancer cell origin, metabolic status,
or the stage of the cancer. We must wait for incoming works
in the next few years, perhaps months, revealing a more precise
mechanism regarding these apparent controversies in cancer
and metabolism.

This work is focused to review the general knowledge of
GDF11, and its functions in cancer biology and metabolism,
taking into consideration recent findings in the specialized
literature and in the public databases and scientific on-
line resources.

GDF11 AN ATYPICAL TGF-β FAMILY
MEMBER

GDF11 (also known as Bone Morphogenetic Protein, BMP11),
is a member of the super family of the Transforming Growth
Factor beta (TGF-β) and a subfamily of the BMP which is widely
secreted in many species, including mouse, rat and human, and
it is accepted as a key factor in embryo development, particularly
in the anterior/posterior patterning (7–9).

GDF11 was identified byMcPherron et al. in 1999, who cloned
the human and mouse GDF11 and characterized its function in
pattering the axial skeleton (9). Two years prior, the same group
also discovered and characterized the GDF8 (10).

In humans, GDF11 gene is located in chromosome
12 (12q13.2, forward strand, Ensembl accession number:
ENSG00000135414). Two splice variants products have been
identified, according to Ensembl (Figure 1), the first one, GDF11-
201 is a 8657 bp RNA, formed by three coding exons, generating
a 407 amino acids protein, and the second one, GDF11-202, is
a 1,258 bp, formed by three exons generating a 380 amino acids
protein (11). Jeanplong (12) reported another RNA splice variant
determined as GDF-11!Ex11, characterized by the absence of
exon 1, and composed for exon 2 and 3 with transcriptional
initiation in intron 1 (4,701 bp). It is predicted this variant could
be regulated by transcription factors, such as some myogenic
factors (MRF, Myf5, MyoD, Myogenin, and MRF4), Pax3, NF1,
AP1, among others (12), suggesting that it could be involved in
muscle development and/or repair as reported in other work (2).
Interestingly, the promoter of GDF11 could also be activated by
trichostatin A (13), an inhibitor of histone deacetylases (HDAC),
suggesting a clear epigenetic regulation of the GDF11 gene

expression; HDAC3 regulates zebrafish liver development by
modulating GDF11. The overexpression of HDAC3 increases
liver size, while the increase of GDF11 expression induces a
small size liver; interestingly, the knockdown of GDF11 did
not induce any relevant change in liver morphology. The role
of HDAC3 in GDF11 function in liver development is likely
a direct control over the hepatocyte precursor (hepatoblast)
proliferation, as observed in HCC-derived cells (14), but this
must be deeply addressed.

GDF11 mRNA is translated in a precursor protein (Figure 2),
which is processed by specific proteases generating the mature
GDF11 (C-terminal, 12.5 kDa) and the pro-domain (N-
terminal, 30.1 kDa). GDF11 shares 89% amino acid sequence
homology with GDF8, however GDF8 expression in human
tissues is restricted to cardiac and skeletal muscle (1),
while GDF11 is practically expressed in all tissues (15).
Although there is high homology between mature GDF8
and GDF11, the pro-domains of both proteins share only
54% homology. The pro-domain is fundamental for proper
protein folding, disulfide bond formation and exportation
of the homodimers (16), suggesting differences in post-
translational process.

The protein convertase subtilisin/kexin 5 (PCSK5) is one of
themain acting proteins onGDF11, activating themature GDF11
by proteolytic process at basic sites of the pro-domain (17). The
elimination of PCSK5 in the mouse embryo was associated with
abnormal expression of Hlxb9 and Hox genes, two well-known
GDF11 target genes, generating defects in the anteroposterior
patterning and strongly proposing a relationship with GDF11
functions (7, 8).

In humans, GDF11 is expressed in practically all tissues, but is
particularly relevant in the brain (hippocampus), the kidneys, the
endometrium, and the heart muscle; while the liver is the organ
with the lowest expression (1, 15, 18).

THE SIGNAL TRANSDUCTION

As a member of the BMP family, GDF11 uses the canonical
receptors and the SMAD proteins for signaling. The GDF11
dimer (a disulfide-linked homodimer of carboxy-terminal
fragments) binds the activin receptors type II A or B (ActRIIA,
ActRIIB), proteins with serine/threonine kinase activity; leading
to the recruitment and transphosphorylation of two type
I serine/threonine kinase receptors, also known as activin-
like kinase receptors (ALK), particularly the 4, 5, or 7 (19,
20). The activated ALK receptor phosphorylates and activates
the receptor-regulated SMAD (R-SAMD). GDF11 particularly
transduces by using SMAD2 and 3 (14, 21), and some reports
also propose the participation of SMAD1, 5 and 8 (22). The R-
SMAD dimer recruits the co-SMAD, SMAD4, to form a trimeric
complex, which eventually translocates to the nucleus for gene
expression regulation (23). Although the signal transduction
of the TGF-β family might seem simple, it is highly regulated
by extracellular and intracellular mechanisms. Inside the cell,
the regulation can occur at the membrane or in the cytosol,
during nuclear translocation and DNA biding, at this level, is a
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FIGURE 1 | Schematic representation of GDF11 gene and mRNA. (A) Gdf11 gene and (B) Gdf11 transcripts and table with the two transcripts specifications

according to Ensembl (www.ensembl.org, ENSG00000135414.9) and Jeanplog 2014.

FIGURE 2 | Maturation process of GDF11.

tetrameric complex because the interaction with a fourth protein
component or partner (24) (Figure 3).

GDF11 can also transduce by non-canonical pathways.
Mitogen activated protein kinase (MAPK) is perhaps the main
non-SMAD pathway controlled by the growth factor, activating
routes such as p38, AKT, and JNK (25, 26), however, in some
cases, inhibiting the activation of JNK or NF-κB (27) depending

of the cell lineage. Further, it has been described that the
family can also transduce by MAPKKK7 [also known as TGF-
β activated kinase 1 (TAK1)] via MEK6 (28–30). TAK1 is part
of a signaling complex formed by TAK1 binding protein 1
(TAB1) and with either TAB2 or TAB3 (31). TAK1 complex
follows an intricate mechanism of activation involving the tumor
necrosis factor receptor-associated factor (TRAF) 2 or 6, adaptor
proteins with non-conventional activity of E3 ubiquitin ligase.
TRAF proteins exert regulation over TAB2 or 3. Finally, the
autophosphorylation of TAK1 leads to the activation of its
downstream targets, particularly members of the MAPK and
NF-κB signaling pathways (32).

Negative regulation of the GDF11-mediated signaling can also
occur at different levels. Extracellularly, GDF11 can be negatively
regulated by the interaction withmany proteins such as follistatin
(33, 34), GDF-associated serum protein-1 (GASP-1), GASP-2
(35), decorin and follistatin-like 3, among others (4). Follistatin,
a secreted glycoprotein, binds GDF11 and inhibits its interaction
with ActRIIB. Follistatin is the main extracellular inhibitor of
GDF11, and is transcriptionally regulated by the same GDF11
signaling, indicating that the signal transduction is restricted by a
negative feedback mechanism (36).

The BMP and activin membrane-bound inhibitor (BAMBI), a
co-receptor that is not functional due to it lacks cytosolic domain,
has been suggested to be another negative regulator in plasma
membrane, but that still remains to be confirmed (19).

In the cytosol, GDF11 follows the canonical negative
regulation of the family. It has been reported that GDF11 is
regulated by SMAD7 (37) and SMAD6 (19). The SMAD specific
E3 ubiquitin protein ligase 2 (SMURF2) also displays negative
regulation of the signaling pathway (28). Negative-regulation
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FIGURE 3 | The signal transduction of GDF11. The figure displays the canonical signal transduction mediated by R-SMAD (SMAD 2/3, SMAD 1,5,8), assisted by the

Co-SMAD (SMAD4). The signal could inhibited by inhibitory SMAD (I-SMAD) 6 or 7 or by the SMAD specific E3 ubiquitin protein ligase (SMURF). Extracellularly,

GDF11 could be inhibited by the BMP and activin membrane-bound inhibitor (BAMBI), or the action of proteins such as Follistatin, Decorin, and GDF-associated

serum protein-1 (GASP-1) and GASP-2. The non-canonical pathway is driven particularly by the Mitogen Activated Proteins Kinases (MAPK), signaling continues to

the tumor necrosis factor receptor-associated factor (TRAF) 2 or 6; and TGF-β activated kinase 1 (TAK1), which in addition uses the TAK1 binding protein (TAB) 1 and

one of both 2 or 3. Non-canonical regulation could influence the nuclear factor kappa B (NF-kB) among others, and the inhibition of this pathway could be blocked by

protein phosphatases (PP).

FIGURE 4 | Kaplan-Meier survival curve of 176 patients with pancreatic cancer. Patients were classified as low GDF11 expression and high GDF11 expression, p <

0.001, according to the human protein atlas (www.proteinatlas.org/ENSG00000135414-GDF11/pathology).
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of the non-canonical pathway is driven by specific protein
phosphatases (PP), such as PPC1, among others.

DEVELOPMENT AND AGED-RELATED
FUNCTION

Although GDF11 was identified in 1999 (9), as previously
mentioned, in 2014 the growth factor was transiently located
in the “Sancta sanctorum” of the “miraculous” molecule,
when the laboratory of Amy Wagers (2) reported that
GDF11 was responsible for the skeletal muscle regeneration in
mice heterochronic parabiosis. A profound controversy arose
regarding the rejuvenating property of GDF11; some groups
stated that this property is displayed by the growth factor (1–
3, 38), while others reported the opposite effect (39–42), as
previously mentioned. To have a good point of view regarding
this debate, we suggest a deep view of cited works and
commentaries regarding the controversy (3, 5, 6, 19, 42, 43).

Regardless of this disagreement, there is no doubt about the
GDF11 function in differentiation and embryonic development,
particularly in anterior/posterior axial skeleton (9) and brain
function (44), which are nicely reviewed elsewhere (19, 45, 46).

GDF11 VS. GDF8 AND THE RACE FOR THE
DISCOVERY OF THE REJUVENATION
PROPERTIES

GDF11 and GDF8 are close related members of the activins
subclass in the TGF-β superfamily. Sharing 90% of their
amino acid sequence (38, 47), these two proteins have been a
technical challenge for antibody manufacturers and, therefore,
protagonists of one of the most controversial studies in recent
years (29, 39, 48–50), regarding to the issue of GDF11 being the
protein responsible for “rejuvenation” of aged organisms (1, 2),
as previously mentioned.

The race from the discovery of the rejuvenation properties of
GDF11 to the following debate of the antibody specificity led to
a deeper structural analysis of these proteins and the interaction
with their receptor. Due to the similarities of ∼90% of sequence
identity of the C-terminal signaling domain between GDF11 and
GDF8, their mature form is nearly identical, which causes these
proteins to share the same activin type II receptor (38).

Although they are indeed similar in their monomeric form, in
fact these proteins are thought to have opposite functions, where
GDF11 works as a muscle generator in embryogenesis (9) but
GDF8 acts as a muscle mass inhibitor (10, 51), which may be
the result of the final homodimer structure. Thus, it is important
to understand that the GDF11 and GDF8 homodimer formation
leads to a different conformation that allows them to interact with
the same receptor in a unique and specific way. It is reported
that both homodimers are linked by a single disulfide bond in
an antiparallel conformation, but the flexibility in the relative
orientations generated by the differences in their structure are
determinant for the quaternary structure variations that lead to
a distinctive biological response (47, 52).

It has also been reported that GDF11 has a stronger affinity
for the receptor than GDF8 (38) and that it is more dependent on
direct receptor contacts (53), but there is also an issue with crystal
structures of both proteins. Humanmyostatin alone has not been
reported and the available structures are bound to extracellular
antagonists (follistatin and follistatin-like 3) (54, 55), which have
been compared to a small-angle X-ray scattering (SAXS) analysis
to determine the mechanism of activation (52). On the other
hand, human GDF11 structure has been resolved in recent years
(47), thus, it is possible to discover the real impact of the structure
of both proteins in future, at which point we can begin to uncover
exactly what makes the responses so different.

GDF11 EFFECTS IN CANCER BIOLOGY

An emerging field of research is the impact of GDF11 in cancer
biology. Most of the cancer cells, particularly those with high
aggressiveness, retain or recover stemness capacity, placing them
as a potential target of GDF11 (14, 23).

There exist some controversies in cancer biology as well; in
some cases GDF11 induces clear tumor suppressive properties
(14, 23), and in others it is the opposite (56, 57). Once again,
the versatility displayed by this growth factor depends of cell
progeny, grade of differentiation or transformation.

LIVER CANCER

We recently published work describing how GDF11 induces
tumor suppressive properties in human hepatocellular
carcinoma-derived cells, Huh7 and Hep3B cell lines, restricting
spheroid formation and clonogenic capacity, an effect that is also
observed in other liver cancer cell lines (SNU-182, Hepa1-6, and
HepG2), decreasing proliferation, motogenesis, and invasion.
These characteristics were associated with transcriptional
repression of cyclin D1 and A, and the overexpression of
p27 (14). GDF11 effects, on hepatic cell proliferation, have
been found in liver development, where GDF11 targets the
hepatoblast, the hepatocyte precursor (13, 58).

Remarkably, the invasion experiments using the chick embryo
chorioallantoic membrane (CAM) model (14, 59) revealed a
static phenotype in Huh7 cells treated for 72 h with GDF11
(50 ng/ml), an outcome well-correlated with a decrease in cell
migration and proliferation. Furthermore, GDF11 treated cells
were incapable of sustaining colony and sphere capacity in the
absence of GDF11, up to 5 days, indicating that the effect of
GDF11 on self-renewal capacity is not transient, suggesting a
reprogramming effect.

Similar results were obtained in the hepatoblastoma cell lines,
HepG2 and SMMC-7721: the treatment with GDF11 up to 72 h
reduced cell viability. Although SMMC-7721 cells are probably a
HELA-derivative cell line, the effect was also present (60). This
report also provides preliminary evidence that the expression of
GDF11 was significantly lower in cancerous tissue rather than in
normal liver.

Outstandingly, GDF11 was capable of decreasing
aggressiveness-associated markers in Huh7 and Hep3B cells,
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producing a deregulation in the expression of Epcam, promo1
(CD133), cd24, and ck19, that was associated with the repression
of Snail and N-cadherin, and the overexpression of occluding
and E-cadherin, strongly indicating a mesenchymal to epithelial
transition (14).

It is interesting that, under normal conditions, liver cells,
which are the poorest in GDF11 production, are highly
responsive to GDF11 in the context of cancer could be relevant
in terms of a possible use of GDF11 for treatment. The work
by Gerardo-Ramírez clearly showed that all HCC cells used
in the study responded to the exogenous GDF11 treatment,
decreasing all aggressiveness-associated markers. Interestingly,
the effects in HCC cells were differentiated, and it was dependent
of the stemness capacity, being more responsive to Hep3B
cells, which express fewer stemness markers compared to Huh7
cells. Supporting this statement, in liver development GDF11
has been related to inhibition of liver growth, mainly targeting
proliferation of hepatoblast, the cell precursor or mature
hepatocytes by a mechanism involving HDAC3, which inhibits
the expression of GDF11 as proven by Farooq and collaborators
(58). This work clearly demonstrates that GDF11 targets hepatic
cells with stemness features, not necessarily those observed in
cancer, but in the normal liver, particularly in development.

BREAST CANCER

Similarly, Bajikar et al. (23) identified a tumor-suppressive role
of GDF11 in a triple-negative breast cancer (TNBC). These cells,
under 3D culture, heterogeneously express GDF11 and very low
levels of GDF8, as well as the main canonical receptors, such as
ALK4, and ALK5, among other protein machinery required for
a proper signal transduction. This clearly indicates that breast
epithelial cells express the required components to recognize
GDF11 as an autocrine or paracrine stimulus (23). GDF11 also
induced a decrease in number and size of the spheroids and
generated more-compacted structures by the increment in E-
cadherin, as observed in liver cancer cell lines, and GDF11
treatment induces a cell-cell adhesion preventing metastasis
phenomena (14, 23).

Authors also found a defective GDF11 maturation and
secretion in seven of nine studied TNBC cell lines. The linker
was the convertase PCSK5, in which a deficiency was found in
the TNBC cells, inducing the extracellular accumulation of the
immature proGDF11 and, for instance, loss in the bioactivity
of GDF11. This mechanism was also observed in mice; the lack
of Pcsk5 in Apcmin/+ animals (61) increases adenocarcinoma
formation in the small intestine, decreasing the survival (23, 62),
which demonstrates a clear function in tandem of GDF11 and
PCSK5 to induce the tumor suppressive properties. In fact, the
restoration of the PCSK5 activity in the TNBC cells suppresses
lung metastasis (23).

Another work by Wallner et al. (63) revealed that super-
physiological levels of GDF11 (2µg/ml) could provide
advantages in chemotherapy in breast adenocarcinoma,
inducing a decrement in the migrative capacity of MCF-7 cells in
a scratch assay. Similar findings were observed in the presence of

follistatin (2µg/ml), while GDF8 (2µg/ml) induced cell death at
the same time. This study also showed that GDF11 is expressed
in low grade adenocarcinoma tissue (G1), but lower levels in G3
tissue were found, and it was correlated with high expression
of follistatin in G1, suggesting an inhibitory effect of GDF11 at
higher levels of differentiation, which is consistent with the idea
that high aggressiveness in cancer associates with less GDF11
function, confirming the tumor suppressive capacity of GDF11.

PANCREATIC CANCER

Pancreatic cancer (PC) represents one of the most lethal cancers
worldwide (64). It has been reported that GDF11 is down-
regulated in PC tissue, compared with surrounding tissue, and
pancreatic cell lines exhibit a low expression of the growth
factor (65). This group also reported that, in a cohort of 63 PC
patients, those with high GDF11 expression had significantly
better survival rates in comparison with those with low GDF11
expression. These effects were related to decreased proliferation,
migration and invasion, and these observations are in agreement
with those reported in HCC and TNBC. GDF11 is also capable of
inducing apoptosis in PC cell lines (65).

Similarly, the human protein atlas (https://www.proteinatlas.
org) provides evidence from 176 patients: those with high GDF11
expression (n = 61) exhibited better survival rates, compared
with those with low expression (n = 115, p < 0.001) (Figure 4).
These observations strongly suggest that GDF11 could also exert
tumor suppressive properties that should be deeply addressed
to gain confidence, particularly the effect of exogenous active
GDF11 (18).

Interestingly, another member of the family GDF15 is directly
correlated with poor survival in PC patients, and it is proposed
as a better marker than CA-125 (66), again raising the atypical
functions of this growth factor.

As observed in HCC, in PC, the targets of GDF11 are poorly
differentiated cells. In the mouse embryo, GDF11 is expressed in
the pancreatic epithelium, at embryonic day E12-E14 (67), as it
happens in the liver, but in GDF11−/− animals the pancreas size
are 2-fold smaller than wild type.

In the context of the educated guess that cells with some
stemness phenotype respond to GDF11, even in cancer, it has
been proven that GDF11 negatively regulates NGN3+ progenitor
cells and GDF11 induces β-cell differentiation (68), supporting
the role of GDF11 in metabolism. Under this context, GDF11
exerts its functions in pancreatic cells with stemness phenotype.

COLORECTAL CANCER

In 130 patients with colorectal cancer (CRC), the expression of
GDF11 was significantly higher compared with normal tissue
(56). The classification of the patient cohort in low and high
GDF11 expression revealed that those patients with high levels
of GDF11 showed a higher frequency of lymph node metastasis,
more deaths and lower survival. The study suggests that GDF11
could be a prognostic biomarker in patients with this disease.
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FIGURE 5 | Genomic alterations in Gdf11 gene. Alteration frequency by type of cancer according to cBioportal for cancer genomics (https://www.cbioportal.org).

FIGURE 6 | Number of mutations in Gdf11 gene. According to cBioportal for cancer genomics (https://www.cbioportal.org). RefSeq: NM_005811. Ensembl

ENST00000257868. CCDS: CCDS8891. UniProt:GDF11_HUMAN. Somatic Mutations Frequency: 0.4%. Forty missense mutations. Two truncating, 0 inframe, 2

other.

It is known that lymphangiogenesis is a fundamental
phenomenon for colorectal cancer dissemination (69). Recently,
Ungaro and collaborators reported that the microenvironment in
the lymphatic vessels provides support to the tumor-derived cells
by manipulating the production of extracellular matrix proteins
and soluble factors, such as cytokines and growth factors (70).
Whole transcriptomic analysis addressed by RNA-seq of isolated
human intestinal lymphatic endothelial cells (HILEC) from
surgically resected CRC and healthy corresponding controls,
revealed that among those genes differentially expressed, GDF11
was observed as a significant increment with high statistical
confidence. CACO-2 cells demonstrated high proliferation in co-
culture with CRC-HILEC, but the GDF11 silencing by siRNA
abrogated this effect indicating a tumor promotion role of
GDF11 in CRC. Interestingly, GDF11 was expressed not only
in lymphatic vessels in CRC, but also in normal tissue (69).
The study also provides evidence of a direct correlation of
GDF11 expression and tumor stage, confirming in this particular
cancer that GDF11 expression could be a marker of tumor

progression (70), and also raises mechanistic evidence that
microenvironment in the lymphatic vessel could play a pivotal
role in metastasis by local production of GDF11.

OTHER TYPES OF CANCER

Some reports have pointed to the pro-tumorigenic properties
of GDF11, with major or minor confidence of rigorous
scientific approach.

In oral squamous cell carcinoma, Qin and coauthors (57)
showed that in a small patient cohort GDF11 expression
is positively correlated with aggressiveness, finding a higher
expression in metastatic oral cancer (n = 19) in comparison
with non-metastatic oral cancer (n = 15). Authors also sustain
that GDF11 induced epithelial to mesenchymal transition by
downregulating epithelial markers such as E-cadherin, and the
overexpression of vimentin or metalloproteinase 9.

In uveal melanoma, GDF11 expression was significantly
upregulated compared with surrounding tissue, the expression

Frontiers in Oncology | www.frontiersin.org 7 October 2019 | Volume 9 | Article 1039

https://www.cbioportal.org
https://www.cbioportal.org
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Simoni-Nieves et al. GDF11 Regulation in Cancer and Metabolism

FIGURE 7 | Genomic alterations in Pcsk5 gene. Alteration frequency by type of cancer according to cBioportal for cancer genomics (https://www.cbioportal.org).

FIGURE 8 | Number of mutations in Pcsk5 gene. According to cBioportal for cancer genomics (https://www.cbioportal.org). RefSeq: NM_001190482. Ensembl

ENST00000545128. CCDS: CCDS55320. UniProt: PCSK5_HUMAN. Somatic Mutations Frequency: 2.8%. Three hundred thirty-two missense mutations, 61

truncating, 0 inframe, 5 others.

was higher in stage IV and substantially greater in the deceased
cases regarding living cases (71). The multivariate analysis
confirmed that GDF11 is an independent prognostic indicator of
unfavorable overall survival.

GDF11 AND PCSK MUTATIONS

The study by Liu et al. (71) also showed that no relevant
mutations were observed in the GDF11 gene in fact. The
cBioportal for cancer genomics web site (https://www.cbioportal.
org) indicates that GDF11 is altered in 1% of database patients.
Figure 4 shows the alteration frequency in Gdf11 gene in some
cancers, and Figure 5 depicts the number of somatic mutations,
most of which are missense (72). It seems that mutations in the
Gdf11 gene are not the main consequence in those cancers where

GDF11 is a prognostic factor, which increases research interest in
transcriptional and post-translational regulation.

It is particularly relevant to consider the convertase PCSK5,
a key regulator of GDF11 activity. Pcsk5 gene presents a
high frequency of genomic alterations in 3% of the patients,
according to cBioportal, being particularly relevant in melanoma,
endometrial carcinoma, and stomach adenocarcinoma, among
others (Figure 6). Missense mutations are particularly observed
in the peptidase transcript (Figure 7) (72). As proven remarkably
by the team of doctor Kevin A. Janes (23), maturation of bioactive
GDF11 is defective in TNBC due to insufficient PCSK5 activity
but, as shown, the frequency of mutations appear not to be
related with the flaw (Figure 8). Once again, transcriptional
and post-translational regulation should be considered in
future research.
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TABLE 1 | Overview of cancer cell lines or tissue from patients with differential

effect of GDF11, as tumor suppressive or tumor promotion protein.

Cancer Cell/Tissue Tumor

suppressive

Tumor

promotion

References

Liver Huh7

Hep3B

SNU-182

Hepa1-6 HepG2
X

(14)

Liver HepG2

SMMC-7721

and

tissue

X

(60)

Breast MDA-MB-231

MDA-MB-468

and

tissue

X (23)

Breast MCF-7 X (63)

Pancreas PANC-1

CFPAC-1

Tissue

X (65)

Colorectal Tissue X (56)

Colorectal Tissue X (70)

Colorectal CACO-2 X (69)

Oral squamous

cell carcinoma

Tissue X (57)

Uveal

melanoma

Tissue X (71)

EFFECTS OF GDF11 AS METABOLISM
REGULATOR

The impact of GDF11 in the development of pancreas implies
that the growth factor could exert some metabolic regulation on
this organ in the adult, particularly in the endocrine pancreas
(67). Dichmann and coauthors found that in the gdf11−/−

mouse, the maturation and number of β- and α-cells are
normal, however, another group led by Harmon reported that
the gdf11−/− mouse exhibited impairment maturation of β-cells
and an increment in α-cells, which could produce glucagon in
comparison with the wild type mouse (68). This controversy,
which is not unusual, must be addressed, but makes it clear that
GDF11 could be inducing effects in the metabolism mediated by
the pancreas.

Recently, a work by Anon-Hidalgo et al. (73) reported a
convincing study associating the circulating levels of GDF11
with thyroid-stimulating hormone (TSH) in humans. The study
showed subjects with high or normal levels of TSH present
high level contents of GDF11, compared with patients with low
levels of TSH. This finding could be due to the fact that other
members of the family, such as GDF8 and GDF15, are regulators
of the energy homeostasis (74, 75). Anon-Hidalgo team states
that it could be related to a regulation of TSH by GDF11, or
GDF11 could be positively regulated by TSH or any other thyroid
hormones (73).

Luo et al. published that GDF11 decreased lipid content in
human mesenchymal stem cells and the mouse 3T3-L1 cell line.

This was associated with the repression of adipogenic genes,
such as the transcription factors Pparg, Cebpa, and the executer
proteins Plp, Cd36, Plin1, Adipoq, among others, in a mechanism
associated to the canonical signal transduction mediated by
SMAD2/3 (76). The report provides evidence that GDF11 could
exert control over lipid content in unclear fashion. The role of
GDF11 in lipid homeostasis could be directed to lipid uptake
or efflux, intervening in lipogenic or lipolysis pathways, or lipid
removal by autophagy, but data provided by Luo et al. suggest
an intervention in lipogenesis. Interestingly, obese mice fed
with a high lipid diet present significantly decreased circulating
GDF11 levels, compared with mice under low fat diet (77). The
mRNA and protein content of GDF11 in skeletal muscle from
mice under the high fat diet correlated with the serum content
of the growth factor, exhibiting lower expression and protein
content, compared with animals under low fat diet. Furthermore,
palmitate treatment in the mouse-derived myoblast cell line,
C2C12, decreases GDF11 expression. However, the GDF11 did
not ameliorate the palmitate-induced insulin resistance and
GDF11 treatment did not change expression of Glut4 or Irs-1.

The evidence sustains the metabolic intervention by GDF11,
at least in terms of lipid homeostasis, and again in cells
with stemness features. This could be relevant in cancer, since
lipid overload is one of the main characteristics required
for a proper cancer cell proliferation (78, 79). In fact, it
is reported that GDF11 impairs mitochondrial function in
cancer cell lines, particularly in HCC-derived cells (14). The
impact of GDF11 in the central metabolic organelle could
explain the tumor suppressive properties exerted by the growth
factor. Mitochondria provide essential intermediaries required
for cell proliferation: driving redox and calcium homeostasis,
coordinating energy supply and mediating cell survival; all
of which are fundamental for all cells, and particularly for
transformed ones (80). A report by Hernandez-Rizo and
collaborators states that GDF11 restricts cell proliferation in
hepatic tumor cells through glycolysis and lipid metabolism
impairment (81). In agreement with these findings, Garrido-
Moreno et al. (82) recently reported that GDF11 prevents
cardiomyocyte hypertrophy by preserving the communication
between the mitochondria and sarcoplasmic reticulum and
calciummobility, preserving oxidative mitochondria metabolism
by a mechanism mediated by the maintenance of mitochondrial
cytosolic calcium buffering capacity.

Although the evidence of GDF11 regulation of the energetic
and lipid metabolism is limited, it clearly indicates an effect
tending to maintain the cellular energetic homeostasis. More
research is required to characterize the mechanism underlying
metabolic regulation by the growth factor, particularly in
cancer cells.

CONCLUDING REMARKS AND FUTURE
PROSPECTIVE

GDF11 is an intriguing non-conventional growth factor, perhaps
the most fascinating new member of the TGF-β superfamily.
It transduces, as practically all members, by the canonical
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SMAD and non-canonical MAPK pathways, but its functions
can be quite variable, even contradictory, depending of the cell
lineage, tissue (Table 1), or even age. This raises a complex
body of physiological control, which could also differ in health
or disease. GDF11 displays a versatile response that must be
fully characterized, due to it representing an interesting point
of intervention in many diseases or physiological conditions,
particularly in cancer. It is remarkable that one of the main
characteristics in GDF11 target cells, in normal or pathological
conditions, is the stemness capacity. The effects exerted by the
growth factor in cancer have begun to be characterized with
greater scientific rigor and mechanistic approaches.

Perhaps it is time that GDF11, due to its diverse functionality,
constitutes its own subfamily as an atypical and versatile member
of the TGF-β family.

We must be cautious to oversimplify its functions. The
controversies found clearly indicate that GDF11 displays
particular activities depending of cell type, grade of
differentiation, and pathological or normal conditions. This
remarkable atypical member of the TGF-β family must be
carefully studied in clear and well-controlled biological systems.

The knowledge, regarding GDF11, will surely be increased in the
next few years. Themechanism of action in each particular cancer
or cell type must be elucidated to clarify these controversies, and
perhaps they will stop being such, thanks to the mechanistic
enlightenments obtained in the incoming research in the field.
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Abstract

French intervention in Mexico (1861-1867) is particularly full of episodes of patriotic heroism in terms of military, politic and, 
even, religious affairs, however this history is also rich in episodes related to diseases and the evolution of Mexican scientific 
medicine practice, epidemics such as typhus (nowadays knows as rickettsiosis), yellow fever, or cholera. Principally, this con-
text outlined the Mexican history and influenced the course of the nation. The epidemics served as fertile land for the devel-
opment of medicine science leading by prominent physicians, particularly by doctor Miguel Francisco Jiménez.
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Introduction

“Immense, extremely painful, perhaps irreparable, is 
the loss just suffered by the Republic”, expressed 
Francisco Zarco that Saturday at the San Fernando 
Cemetery, before Ignacio Zaragoza’s grave. Five days 
before, the morning of September 8, 1862, the hero of 
the 5th of May battle had died as a consequence of 
typhus. After his victory over the French troops in 
Puebla, he contracted the disease when he passed by 
the Acultzingo Peaks, where he had paid visit to 
wounded and sick soldiers. General Zaragoza was 
assisted by Doctor Juan N. Navarro, who had been 
expressly sent by President Benito Juárez, and expired 
in the presence of his mother and one of his sisters1,

Four months prior, on May 5, Zaragoza had informed 
about the victory of the Mexican army over the invad-
ing forces in Puebla. On the military briefing, he high-
lighted “the behavior of my brave comrades”, since 
“the glorious event that just has taken place shows 

their spirit and, by itself, recommends them” as patri-
ots. When referring to the French army, he recognized 
that it “has fought with great bravery”, in spite that “its 
general in chief has behaved awkwardly in the attack” 
to the city of Puebla. “National arms […] have covered 
themselves with glory”, concluded Zaragoza2.

The period encompassed by the French interven-
tion, since the landing of the European troops (1861) 
until Maximilian of Habsburg execution (1867), is with 
no doubt one of the most fascinating in the country’s 
history. Beyond the warlike and political part, the pres-
ence of several diseases, such as typhus and yellow 
fever, shaped our nation; ironically, it is also a period 
where Mexican medicine arises with scientific bases 
thanks to French medicine.

Typhus

The year before the French intervention, Benito 
Juárez García, as president of the Republic, had is-
sued the Foreign Debt Suspension Decree (July 17, 
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1861), by means of which he cancelled “for a term of 
two years all payments, including those assigned to 
the debt contracted in London and to foreign conven-
tions”3. The rejection to this provision by the English 
and French governments was immediate, with the 
Spanish government joining in. As a consequence, on 
October 31, the Tripartite Convention was signed in 
London, which implied the shipment of “combined sea 
and land forces” to the Mexican territory in order to 
force it to pay its debts3.

Typhus is a disease that caused many problems in 
Mexico throughout its history. It is caused by a very 
particular type of bacteria of the rickettsia family, 
which was precisely discovered in Mexico by Doctor 
Howard Taylor Ricketts during the 1909 epidemic 
(Fig. 1), and that was to cause his death by the dis-
ease he was studying in May 19104. The bacterium is 
transmitted by infected lice that excrete the microor-
ganism in the feces, which is introduced in the wound 
left by the insect when the person scratches him/
herself as a consequence of the bite.

The word “typhus” derives from Greek typhus, 
which means “stupor”. It is an infectious disease 
caused by bacteria such as Rickettsia typhi or Rick-
ettsia prowazekii that often is mistaken with typhoid 
fever, which is caused by other bacterium, Salmonella 
typhi. In those times, there was much confusion and 
patients were often misdiagnosed, until Dr. Jiménez 
made it clear, as will be later explained.

It’s not hard to imagine the scenario in the country 
for these epidemics to occur: overcrowding, poverty 
and lack of hydric and hygienic resources made for 
the disease to considerably spread. As previously 
mentioned, these were, to a large extent, the conditions 
prevailing in the country even before the Frenchmen 
arrival, and which worsened during the interventionist 
period.

The advance of epidemics may have worsened per-
haps by the natural chaos caused, administratively, by 
the Reform Laws; for example, in February 1861, 
President Juárez decreed the secularization of hospi-
tals and welfare establishments, which had been man-
aged by the Catholic Church until then, and at the 
same time, to put order in these services, already in 
hands of the State, the Directorate General of Public 
Welfare Funds was created as a branch of the Ministry 
of the Interior. The institutions that were left under the 
control of this directorate included the Divino Salvador 
Hospital and La Cuna foundling house, and many 
other hospital institutions that one way or another 
were administered by the Church with experience5.

The relationship between lack of economic resourc-
es and the development of the disease can have, 
perhaps, as the greatest example, General Ignacio 
Zaragoza’s own contagion and death.

Both in Mexico City and in Puebla, cases of typhus 
occurred in 1848 and continued in 1849. The disease 
spread from 1857, the year the Liberal Constitution 
was published, with Ignacio Comonfort being presi-
dent of the Republic, to 1859. The same happened in 
1861, 1862 (year of the 5th of May Battle) and 1867 
(year of the 2nd of April Battle), as a consequence of 
“movements of military and civilian groups in condi-
tions of insufficient hygienic means”, which affected 
the Mexican troops that had been victorious in Puebla. 
Not only General Zaragoza, but also “many of his 
soldiers”6 and officers died as typhus victims.

After the victory of the Eastern Army over the French 
troops, communication between General Zaragoza 
and President Juárez was constant; there was no 
telegram in which General Zaragoza didn’t ask for 
economic resources for the support of the army, not 
only in terms of food supplies, but also for the care of 
endemic diseases that, together with the invading 
army, attacked the national troops.

The inhabitants of the city of Puebla, far from coop-
erating, represented a certain obstacle. Such was the 
case that General Zaragoza himself reported on 
May 9: “this execrable city that I have not set on fire 
because there are innocent creatures in it… As for 
money, there is nothing to be done here, because 
these people are mean in general, and especially very 
indolent and selfish… Burning Puebla would be a good 
thing. It is in mourning due to the event of the 5th. It’s 
sad to say this, but it is a shameful truth”7. Terrible the 

Figure 1. Picture of Doctor Howard Taylor Ricketts with one of his 
experimental animals (The National Library of Medicine, NIH).

N
o 

pa
rt

 o
f 

th
is

 p
ub

lic
at

io
n 

m
ay

 b
e 

re
pr

od
uc

ed
 o

r 
ph

ot
oc

op
yi

ng
 w

it
ho

ut
 t

he
 p

ri
or

 w
ri

tt
en

 p
er

m
is

si
on

  o
f 

th
e 

pu
bl

is
he

r. 
 

©
 P

er
m

an
ye

r 
20

18



Gaceta Médica de México. 2018;154

90

report given by the General about heroic Puebla in-
habitants’ attitude.

On September 1, 1862, General Zaragoza started 
experiencing symptoms of the infection, particularly 
high fever, and he was therefore sent to his station in 
Puebla. A few months before, he had received his 
daughter’s visit, and his wife had died early that same 
year, to whom he could only provide with 100 pesos 
for her support, enough for 3 days, which can show 
the economic situation of the general, and therefore, 
of the entire Eastern Army. Ignacio Zaragoza died on 
September 8, 1862, at the age of 33 years, as a con-
sequence of rickettsiosis or typhus7, which interrupted 
the General’s brilliant career, which with no doubt 
could have given even much more to the nation.

“The [federal] government considers General Zara-
goza’s unexpected death to be a public misfortune”, 
wrote Enrique de Wagner, minister of Prussia in Mex-
ico. “After some days of illness, Zaragoza died of ty-
phus in Puebla, where this epidemic wreaks great 
havoc, as well as in the entire zone comprised be-
tween this city and Orizaba.” The Prussian diplomat 
warned that the French army would be exposed “to 
great dangers in case of taking the route of all these 
infested villages and cities”, and recommended for 
“the majority of the forces to be mobilized through 
Jalapa and Perote, Huamantla, Otumba or San 
Martín”, with the city of Puebla remaining under the 
protection of “a few thousand men”8.

Interestingly, rickettsioses are constant in warlike 
processes. In the 1480-1490 Spanish civil war, Chris-
tian and Moor troops are known to have been deci-
mated by disease, while similar effects were caused 
in Napoleon troops in 1812, whereas in World War I, 
around 100,000 cases occurred in 1914 and 15,000 in 
19169. Disease was also key in the plans for Jews 
elimination in the countries controlled by Nazi Germa-
ny, an aspect that is masterfully addressed in Dr. Nao-
mi Baumslag’s work4.

Yellow fever

Yellow fever is a disease caused by a virus of the 
arbovirus family, of the Flavivirus genus, and is trans-
mitted by infected mosquitoes, such as Aedes aegypti 
(Fig. 2). The disease is characterized by high fever and 
severe liver damage, which generates jaundice in pa-
tients, and hence the term “yellow fever”. Once again, 
a lack of sanitation in contaminated water containers 
is essential for the reproduction of the mosquito. The 
disease is currently relatively controlled thanks to 

vaccines and effective treatments, but in times of the 
French invasion this wasn’t even imagined of.

Yellow fever, or yellow plague, was something that 
considerably worried invading armies. One of the first 
reports of this disease, also known as yellow jack, is 
referred by Jena-Jaques Ampère10, when stating that 
in Mexico there are two completely unbearable things: 
“la fièvre jaune et les brigands”. Ampère’s report is 
overwhelming: “one of the worst inconveniences (is 
yellow fever)”11.

Spaniards who had first arrived to the Gulf of Mexico 
coasts were the first victims of this disease, endemic 
of that region. General Juan Prim, the Spanish com-
mander, a few weeks after having landed, sent around 
800 soldiers to hospitals in Cuba for their care. Per-
haps President Juárez took advantage of that “natural 
defense” and played with negotiation time, hoping for 
the disease to be a natural ally.

The negotiation resulted in the invaders being al-
lowed to advance towards Orizaba, located at 2800 
meters above sea level, where the mosquito hardly 
subsisted. When Spaniards and Englishmen noticed 
French intentions, they retired and sailed back to their 
countries, but as previously mentioned, French troops 
did not.

In 1963, Gloria Grajales published, in the Historia 
Mexicana journal, quotes from documents of the ar-
chive referring the intervention in Mexico by England, 
France and Spain, which are preserved in the Public 
Record Office in London. She particularly quotes 
those related to the French intervention (classification 
F.O. 97/278, Vol. I, and 97/279, Vol. II, with the title 
French Expedition)12. In said report, at least three en-
tries can be read making reference to the yellow fever 

Figure 2. Classic representation of an Aedes (Stegomya) aegypti 
mosquito (The National Library of Medicine, NIH).
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and to the difficulties the French had to deal with this 
problem. The first reference, with no date, but report-
ed around August 1862 says: “No date – Arrival of 300 
sailors in the Iphigenia frigate; yellow fever contagion 
in Veracruz” (F.O. 97/278, I, p. 97). Later it refers: 
“December 4, 1862 – Johnson to Count Russell 
(No. 1347): About mortality among French troops 
caused by yellow fever; recruiting of thousand Egyp-
tian blacks to serve in expeditionary forces in Mexico 
(F.O. 97/278, I, p. 187). And then: Paris, January 6, 
1863 – Johnson to Count Russel (No. 20, confiden-
tial): About possible reasons to send reinforcements 
to Mexico, to cover losses caused by disease and 
death (1500 soldiers and 62 officers dead). Confiden-
tial information obtained through captain Hore. Mea-
sures taken by the French government to defray the 
costs of the expedition, etc.” (F.O. 97/278, I, pp. 213-
214). “Memorandum annexed to the previous docu-
ment: Data obtained through Mister Xavier Raymond 
about the state of the French army in Mexico. Strong 
losses caused by yellow fever and other diseases. 
Roads in bad shape, need for transportation for the 
Tampico expedition. Monthly expenses for land trans-
portation in Mexico are insufficient. Raymond thinks 
that the feeling against the expedition is unanimous, 
etc.” (F.O. 97/278, I, pp. 216-218).

The French army was clearly decimated by losses 
and deaths caused by yellow fever, but information 
was kept confidential, perhaps in an attempt not to 
increase the victorious feelings in Mexican troops. 
Although yellow fever affected the invaders, it did not 
cause for them to ultimately miss their objective, at 
least temporarily.

Veracruz, Maximillian and yellow fever

“Veracruz is a filthy and narrow city, famous for its 
terrible weather and extreme heat”, stated Count Carl 
Khevenhüller-Metsch, a member of the Austrian vol-
unteer corps that arrived to Mexico to accompany 
Maximillian of Habsburg. After 3 weeks of journey on 
the Floride ship, more than 800 men arrived to the 
Veracruz port on December 7, 1864, where they had 
to endure 44 ºC at night. Khevenhüller met “German 
and Austrian doctors who have to be paid the highest 
homage for their abnegation in times of the yellow 
fever, this terrible disease that snatches life in a few 
hours”13. On next day, they continued their journey to 
the capital of the country, afraid of contagion, given 
the insalubrious conditions of the port.

On Saturday May 8, 1863, the Novara ship, where 
Maximillian of Habsburg and his Wife Charlotte of 
Belgium and their court arrived, dropped anchor in the 
port of Veracruz. At 4 h in the morning of Sunday 29, 
everything was ready “to immediately continue the 
journey towards the capital, since a prolonged stay in 
Veracruz was not recommendable, owing to the yellow 
fever prevailing on that city, which is said to be espe-
cially dangerous for those recently arrived”14, stated 
Wilhelm Knechtel, official botanist of the emperor. 
However, 2 years later the emperor was to fall ill, with 
the care of a Mexican specialist being required to treat 
him.

Maximillian was “affected from the liver and in 
addition he had been suffering intermittent fevers con-
tracted in one of the trips to warm lands”15. Friedrich 
Semmeleder, personal doctor of the Austrian, not 
knowing “too well the special treatment for [these] in-
termittent fevers”, proposed the emperor to “consult 
with any of the local Mexican physicians who perfectly 
knew the treatment” against them. He was attended to 
by the physician Rafael Lucio, “who in those days was 
already an eminence”. Initially, Lucio had resisted to 
that because “he was a staunch liberal and completely 
opposed to the imperial regime”. Prior to leaving to 
Cuernavaca, Maximillian wanted to “settle his account 
with his Mexican doctor, […] but the wise doctor com-
pletely refused receiving a single peso, claiming that 
having earned the Sovereign’s gratitude sufficed him”14.

During the 19th century, yellow fever, typhus, cholera, 
measles, plague and smallpox epidemic outbreaks 
added up to more than 70 in the State of Veracruz. 
Diseases attacked both cities and small villages, with 
not few of them being decimated. Although yellow fe-
ver epidemics were among the most common, “deaths 
were quantitatively fewer than with smallpox”. After 
1826 and 1855, 3 yellow fever epidemics occurred in 
a 5-year period: 1842, 1843 and 1847, the latter in the 
year of the North American intervention. Between 1850 
and 1852 there was another outbreak of the disease, 
as well as during the French intervention in 1863 and 
1867. “Public health in the Veracruz territory [as in 
other regions in the country] walked hand in hand with 
the weather and with internal and international fights 
in defense of sovereignty”16.

State of medicine during the French 
intervention

Ironically, the existence of multiple epidemics 
(in 1864, life expectancy of Mexicans was estimated 
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to be 30 years)5 was accompanied by fundamental 
events in the history of medicine during the period the 
country was occupied by France (1862 to 1867).

On April 18, 1864, the Scientific, Literary and Ar-
tistic Commission was founded, and on the 30th of 
that month, the first meeting of the Medical Sciences 
Section (later National Academy of Medicine) was 
carried out. The section was divided in 5 sub-sec-
tions: pathology, hygiene, legal medicine and medi-
cal statistics, veterinary medicine, medical matters 
and pharmacology, and physiology and anthropolo-
gy. The chair was in hands of Doctor Carlos Alberto 
Ehrmann, and vice-chair was in charge of Doctor 
Miguel Francisco Jiménez, who was professor at the 
National School of Medicine. Among other illustrious 
physicians of those days who were members of the 
section, Dr. Rafael Lucio and Dr. José María Vértiz 
can be mentioned17. As already mentioned, this time 
period is with no doubt one of the greatest as regards 
exemplary physicians and scientists; in addition to 
the above list, Doctors Lauro Jiménez and Leopoldo 
Río de la Loza, who made important contributions to 
pharmacology, should be mentioned, among 
others.

One of the main accomplishments of the medical 
section was the publication of Gaceta Médica de 
México, journal of the scientific commission medical 
section, which later would be simply Gaceta Médica 
de México, as until currently is known. The first issue 
appeared on Thursday September 15, 1864, with its 
first chairman being Dr. Miguel Francisco Jiménez.

In the first issue, differences between typhus and 
typhoid fever are precisely discussed in an article 
written by Dr. Jiménez himself, mentioning that it is an 
endemic disease in the country and clearly establish-
ing its importance.

Dr. Miguel Francisco Jiménez, amebic 
hepatic abscess and Mexican scientific 
medicine

Dr. Miguel Francisco Jiménez (Fig. 3) is a clear ex-
ample of growing medical science in the Mexico of the 
Empire. He was an intelligent and educated man who 
strongly supported rational and scientific medicine, 
taking observation, rather than guessing as a basis; 
he was a strong follower of Auenbrugger and Laennec 
contributions; he was with no doubt a physician ahead 
of his time, who applied a scientific view to clinical 
training and to the entire practice of medicine.

He was born in Amozoc, Puebla in 1813. He grad-
uated as a physician in 1838 at the Establishment of 
Medical Sciences, and almost immediately he occu-
pied a post as a professor of pathology, and subse-
quently anatomy, teachings he offered until his death18.

In addition to the studies he carried out to distin-
guish between typhus and typhoid fever, he did re-
search on other diseases that considerably afflicted 
the country’s population, amebic hepatic abscess, 
which was very common in Mexico, even since the 
16th century.

Amebic hepatic abscess is an accumulation of pus 
in the liver as a response to the presence of Entam-
oeba histolytica. The disease is acquired by ingesting 
water or food contaminated with fecal matter. Once 
again, the high incidence of this disease speaks of 
overcrowding, poverty and of the unhealthy conditions 
of those days. Patients with the disease died regularly, 
even due to unfortunate medical interventions where 
a sickle-shaped blade knife was used without anes-
thesia or asepsis for the treatment not only of hepatic 
abscess, but for any type of abscess. If the patient 
didn’t die from the disease, he/she died due to infec-
tion. This was common until the advance proposed by 
Dr. Jiménez, consisting in directly surgically interven-
ing by means of a puncture to drain the abscess, 
which prevented its rupture and dissemination to other 
organs. It is not hard to imagine that this procedure 
saved lives and made for patients with the disease to 
have a better prognosis19.

Dr. Jiménez high professional and scientific level 
deserved the recognition of Maximillian of Habsburg, 
who invited him to join as one of his personal doctors, 
together with doctors Federico Semeleder, Samuel 
Basch and Rafael Lucio Nájera.

Figure 3. Doctor Miguel Francisco Jiménez.
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Dr. Jiménez really thought that the arrival of the 
Empire was something good for the country, not in the 
plane of conservative exacerbation or apology of the 
monarchy, but he thought that a new national order 
could be established that would make the country 
move towards a better quality of life. In a letter he sent 
to José María Iglesias he mentions: “I am faithful that 
a new order could be founded which, being really ac-
cepted by everyone, would end once and forever the 
eternal anarchy that consumes us”. Dr. Jiménez died 
in Mexico City in 1876.

Conclusion

The period of the French intervention has been one 
of the most convulsive epochs for the nation, since 
beyond the armed conflict and occupation, an eco-
nomic, political and social disaster was experienced, 
which made for many of the public health problems to 
be exacerbated, thus affecting all and sundry, as we 
have seen. However, this is also period of time that 
marks the beginning of a revolution in medical science 
in our country by notorious physicians, and although 
not all of them have been mentioned, we have taken 
Dr. Francisco Jiménez example as a faithful represen-
tative of that generation of medical physicians who, 
interestingly, were trained in the French school of 
medicine. Finally, it was also on that period (Thursday 
September 15, 1864) that Gaceta Médica de Medicina 
started being published.
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Resumen  

El factor de crecimiento y diferenciación 11 (GDF11) ha sido caracterizado como uno 

de los principales reguladores de los procesos de diferenciación en células con 

características troncales a pesar de algunas controversias sobre estudios relacionados 

con la edad. El GDF11 ha sido pobremente estudiado en patologías como el cáncer, 

particularmente por las características troncales que presentan las células, 

principalmente en el carcinoma hepatocelular (HCC), uno de los cánceres más 

agresivos a nivel mundial. En este trabajo nos propusimos investigar los efectos del 

GDF11 en las células de cáncer de hígado.  

El GDF11 induce la activación de la ruta de las Smad (Smad2/3) sin activar a las Smad 

asociadas a la familia de las BMP (Smad1/5) en la línea celular Huh7, pero observamos 

en la línea celular Hep3B la activación de las proteínas Smad de ambas familias.  

El tratamiento con el GDF11 no afecta la viabilidad de las células, pero reduce de 

manera significativa la proliferación, la formación de esferoides y la formación de 

colonias en las líneas de HCC. 

Se observó también la desregulación de CDK6, Ciclina D1 y Ciclina A y la 

sobreregulación de p27 después del tratamiento con GDF11. Interesantemente, el 

tratamiento induce disfunción mitocondrial mediante la disminución de la fosforilación 

oxidativa (OCR) y la disminución en la capacidad glucolítica (ECAR). 

Estos efectos fueron potencialmente inducidos por la expresión de E- Cadherina y 

Ocludina así como la represión de Snail y N- Cadherina de manera dependiente.  



 VIII 

Además, el tratamiento con el GDF11 por 72 h provoco en las células la disminución 

en la formación de colonias y de esferoides, estos efectos fueron observados una vez 

que el tratamiento fue removido dejando las células sin este estímulo hasta por 10 

días, indicando que el efecto del GDF11 no es transitorio. 

Finalmente, en el ensayo de invasión observamos la disminución de manera 

significativa en la migración de las células tratadas con GDF11 asociado a la 

disminución en la proliferación mediante la tinción con Ki67.  

Finalmente, nosotros proponemos la activación de ERK1/2 como unos de los 

principales blancos de la señalización de GDF11 en la disminución en la proliferación.  

Los datos mostraron que el GDF11 exógeno muestra propiedades supresoras de 

tumores en las células de HCC. 
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Abstract 

Growth differentiation factor 11 (GDF11) has been characterized as a key regulator of 

differentiation in cells that retain stemness features, despite some controversies in age-

related studies. GDF11 has been poorly investigated in cancer, particularly in those 

with stemness capacity, such as hepatocellular carcinoma (HCC), one of the most 

aggressive cancers worldwide. Here, we focused on investigating the effects of GDF11 

in liver cancer cells. 

GDF11 induced Smad signaling activation (Smad2/3), without activated the BMP 

associated Smad signaling (Smad 1/5) in Huh7 cell line, but we observe in Hep3B cell 

line both Smad signaling activated. 

GDF11 treatment did not affect the viability but significantly reduced proliferation, 

colony and spheroid formation in HCC cell lines. 

Consistently, down-regulation of CDK6, cyclin D1, cyclin A, and concomitant 

upregulation of p27 was observed after 24 h of treatment. Interestingly, GDF11 

treatment induce mitochondrial dysfunction by oxidative phosphorylation decrease 

(OCR) and glycolytic capacity decrease (ECAR).    

These effects were potentially induced by the expression of E-cadherin and occludin, 

as well as Snail and N-cadherin repression, in a time-dependent manner. Furthermore, 

GDF11 treatment for 72 h induced that cells were incapable of sustaining colony and 

sphere capacity in the absent of GDF11, up to 10 days, indicating that the effect of 

GDF11 on self-renewal capacity is not transient.  



 X 

In vivo invasion studies revealed a significant decrease in cell migration of 

hepatocellular carcinoma cells treated with GDF11 associated to a decreased 

proliferation judged by Ki67 staining.  

Finally, we propose ERK1/2 activation like a principal target for GDF11 signaling in the 

decrease in the proliferation. Data show that exogenous GDF11 displays tumor 

suppressor properties in HCC cells. 
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 1 

1.    Introducción  

1.1 Generalidades del hígado  

El hígado es uno de los órganos internos más grande de nuestro cuerpo, tiene un peso 

promedio de 1.5 kg en el adulto, en él fluye aproximadamente litro y medio de sangre 

cada minuto, de ahí su color característico. El hígado realiza más de 500 funciones 

entre las que están la transformación de los alimentos en energía, la síntesis de 

factores de coagulación, la eliminación de sustancias tóxicas, produce la bilis que se 

secreta en el intestino para ayudar a absorber nutrientes que no son hidrosolubles, 

almacena algunas vitaminas y al glucógeno (un reservorio importante de energía).  

Aun cuando está especializado para llevar a cabo dichos procesos, es muy susceptible 

a la agresión que suele comprometer su funcionamiento adecuado.  

 

1.2 Principales agentes tóxicos y estadios de daño hepático  

Entre los principales agentes que lo afectan se encuentran algunas sustancias toxicas 

como lo son: el alcohol, fármacos, drogas, exceso de grasas y las infecciones por virus 

como la hepatitis B y hepatitis C. 

Cuando la agresión se vuelve crónica, el órgano puede sufrir una esteatosis, si las 

agresiones continúan, puede progresar a un proceso de inflamación denominada 

esteatohepatitis, siguiendo al proceso de fibrosis, cirrosis y culminar finalmente en un 

hepatocarcinoma celular (HCC, por sus siglas en inglés) (Gutiérrez Ruiz et al., 2014). 

El cambio en el estilo de vida de muchas personas está tendiendo a incrementar la 

prevalencia en las enfermedades hepáticas, como la asociada al consumo de alcohol, 

la esteatohepatitis no alcohólica y el cáncer hepático. 
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1.3 Estadísticas del cáncer de hígado  

El hepatocarcinoma celular (HCC, por sus siglas en inglés) es uno de los tumores con 

mayor prevalencia y uno de los más agresivos en todo el mundo, se posiciona como 

una de las principales causas de muerte por cáncer a nivel mundial (Ferlay et al., 2015; 

Kaposi-Novak et al., 2006; Liu et al., 2017).  

En 2018, el Instituto Nacional del Cáncer en Estados Unidos hizo público en su Reporte 

Anual de la Nación (Cronin et al., 2018) la incidencia y mortalidad de diversos tipos de 

cáncer.  Sorprendentemente, los datos mostraron que la gran mayoría de los tipos de 

cáncer han disminuido tanto en la incidencia como en la mortalidad en hombres y 

mujeres, encontrando que de los 18 tipos de cáncer más comunes en hombres 11 han 

disminuido y de los 20 tipos más comunes en mujeres 14 han disminuido, 

lamentablemente, no todos los tipos de canceres siguen la misma tendencia a 

disminuir, ya que el cáncer de páncreas, encéfalo, algunos relacionados con el sistema 

nervioso y el cáncer de hígado lejos de disminuir van en aumento.  

El Instituto Nacional de Estadística y Geografía INEGI en México (www.inegi.org.mx) 

reportó en 2015 las cifras de las principales causas de muerte en hombres y mujeres, 

de las cuales 35,718 muertes registradas fueron causadas por enfermedades 

relacionadas con el hígado, de las cuales 6,333 muertes fueron por causa de tumores 

malignos, por lo que, lo posiciona como el tercer tipo de cáncer con mayor índice de 

mortalidad registrada en dicho año.  

Este índice de mortalidad relacionada con enfermedades hepáticas aumenta con la 

edad, ya que se posiciona como el segundo lugar en hombres con edades entre 30 a 

44 años, manteniendo el mismo lugar entre las edades de 45 y 59 años. En hombres 
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de 60 años y más, las muertes relacionadas con las enfermedades hepáticas se 

posicionan como la quinta causa.  

Estas cifras se mantienen en mujeres, ya que en edades entre 45 y 59 años esta causa 

de muerte se posiciona en el tercer lugar y en mujeres mayores a los 60 años las 

muertes por este padecimiento se posicionan en el sexto lugar (www.inegi.org.mx). 

Este incremento en la incidencia y la mortalidad es debido principalmente a la 

detección en etapas avanzadas de la enfermedad, y son estas etapas donde las 

terapias no suelen funcionar de manera óptima, por esta razón, en la actualidad uno 

de los principales objetivos para la ciencia es la búsqueda de nuevas terapias, que 

sean específicas y eficaces o bien mejoras para la detección temprana del HCC.  

 

1.4 Características del cáncer hepático 

El HCC se caracteriza por la proliferación descontrolada de los hepatocitos y la 

acumulación de mutaciones lo que conlleva a desórdenes en diversas rutas de 

señalización encargadas de modular procesos que confieren a las células cancerosas 

sobrevivencia, alteración en el metabolismo energético, resistencia a fármacos  y 

capacidad para migrar (Hanahan et al., 2011). 

 

1.5 El papel de la ruta de las MAPK en el cáncer de hígado  

Una de las rutas que se encuentra afectada en HCC y que se ha reportado que juega 

un papel esencial es la de la familia de las MAPK (mitogen- activated protein kinase) 

(Mandal et al., 2016). Esta familia está conformada por aproximadamente 518 

miembros y se encuentra ampliamente conservada en los seres vivos (Lu et al., 2006).  
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La familia de las MAPK se encuentra orquestando procesos esenciales para las células 

ya que está implicada en el crecimiento y la diferenciación celular, procesos de mitosis, 

motilidad celular, metabolismo energético, proliferación, apoptosis, sobrevivencia, 

procesos de embriogénesis y en la regulación de la expresión de genes (Chen et al., 

2001).  

Esta ruta actúa mediante una cascada de señalización que implica la activación de 

intermediarios comenzando por la activación de MAPK3, esta cinasa es la encargada 

de fosforilar y activar al siguiente intermediario MAPK2 y esta finalmente culmina con 

la activación de MAPK, quien es la responsable de unirse al núcleo permitiendo la 

expresión de genes relacionados con los procesos anteriormente mencionados 

(Chang et al., 2001; Leppa et al., 1999). 

Esta familia está conformada por diversos miembros, entre ellos se encuentra ERK 

(extracellular signal- regulated kinases), JNK y P38 (Lu et al., 2006). 

ERK a su vez es una de las principales rutas de señalización debido a que también 

juega un papel importante en procesos como proliferación celular, diferenciación, 

progresión del ciclo celular, migración, motilidad, invasión, metástasis e interacción 

con la matriz celular (Cargnello et al., 2011; Mandal et al., 2016; Mandal et al., 2014; 

Roberts et al., 2007).  

Principalmente la activación de esta ruta se ha relacionado con procesos de agresión 

como en el caso de la ingesta alta de colesterol (Gomez-Quiroz et al., 2016). 

La activación de esta ruta también se lleva a cabo mediante un estímulo derivado de 

factores de crecimiento como el factor de crecimiento epidermal (EGF), el factor de 

crecimiento derivado de plaquetas (PDGF), receptores acoplados a proteínas G, 
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factores mitogénicos, citocinas y proteínas G. Una vez que llega el estímulo se activará 

RAS, la cual se va a encargar de la activación de RAF, que a su vez activará a MEK 

que finalmente activa a ERK (Geest et al., 2009; Mandal et al., 2016; Mandal et al., 

2014).  

Se ha observado que alteraciones en esta ruta de señalización se encuentra 

estrechamente ligada con el 30% de neoplasias (Gollob et al., 2006; Mandal et al., 

2016).  Hay reportes que indican que el oncogen RAS presenta varias mutaciones, por 

lo que se está trabajando en el diseño de inhibidores como posible terapia para 

diversos tipos de cáncer (Gollob et al., 2006). 

 

1.6 El papel del TGF- b en el cáncer de hígado  

Otra de las vías que juega un papel importante en la progresión del cáncer es la de la 

superfamilia del factor de crecimiento transformante beta (TGF- b) la cual podría 

considerarse como un posible blanco terapéutico.  Sin embargo, dado el papel dual 

que juega es difícil ya que en etapas tempranas de la enfermedad sus efectos suelen 

ser citotóxicos, mientras que en etapas avanzadas los principales efectos que suele 

ejercer sobre el tumor son el crecimiento, procesos de invasión y metástasis, la evasión 

del sistema inmune entre otros (Moon et al., 2017; Zhang, J. et al., 2016; Zhang et al., 

2017).  

 

1.7 Generalidades del GDF11  

Uno de los miembros de la superfamilia del TGF- b es el factor de crecimiento y 
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diferenciación 11 (GDF11), quien también se encuentra en la familia de las proteínas 

morfogenéticas de hueso (BMP), donde es conocido como BMP11 el cual se ha 

asociado con efectos diferenciales en los distintos linajes celulares, mientras que en 

unos puede inducir citotoxicidad, en otros, puede iniciar señales de sobrevivencia 

(Sinha et al., 2014; Zhang et al., 2015; Zhang, Y. H. et al., 2016).  

 

1.8 Ruta de señalización mediada por el GDF11   

Esta proteína induce su señalización mediante un complejo tetramérico de receptores 

con actividad de serina treonina cinasa, este complejo de receptores está conformado 

por dos receptores tipo I a los que pertenecen los receptores ALK y dos receptores 

tipo II, entre los que se encuentran ACTRII. 

Si bien, el GDF11 se encuentra entre dos familias, ambas inducen activación de 

proteínas Smad de manera distinta y esto se debe al tipo de receptor que se esté 

activando por el GDF11.  

Cuando la activación es mediada por la ruta canónica del TGF- b, el GDF11 se une a 

los receptores tipo I como ALK4, ALK5 o ALK7 y a receptores tipo II como ACTRIIA o 

ACTRIIB (Walker et al., 2017; Williams et al., 2013). 

Cuando la ruta de señalización es mediada por la familia de las BMP la activación de 

los receptores es distinta, ya que para esta la ruta va mediada por los receptores ALK1, 

ALK2, ALK3 y ALK6 (Ning et al., 2019; Zhang, Y. H. et al., 2016). 

Una vez que el GDF11 se une a los receptores tipo I, estos se encargan de activar a 

las proteínas Smad, las cuales también son conocidas como R-Smad, nuevamente, 
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según el tipo de receptores que se activen serán las encargadas de activar la ruta de 

las proteínas Smad, en el caso del TGF- b, la ruta activada de manera canónica esta 

mediada por Smad2/3 (Williams et al., 2013), para el caso de las BMP, la ruta canónica 

de las Smad es vía Smad 1/5 (Zhang, Y. H. et al., 2016) (Fig. 1). 

Una vez activadas las proteínas R-Smad una Smad en común (Smad 4), también 

conocida como Co-Smad, se les une formando así un complejo que se transloca al 

núcleo para la expresión de diversos genes que se encargan de regular procesos 

relacionados con el desarrollo, diferenciación, migración y proliferación celular 

(Finkenzeller et al., 2015; Gaunt et al., 2013; Massague, 2012; Williams et al., 2013). 

 

Fig. 1 Ruta de señalización mediada por el GDF11. 

Si bien, esta familia se caracteriza por la amplia diversidad de receptores y ligandos, 

los mencionados para GDF11 tienen respuestas fisiológicas distintas comparadas con 
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las respuestas producidas por la unión de otros ligandos con sus receptores 

correspondientes, sin embargo de las principales respuestas emitidas por GDF11 son 

las relacionadas con la inhibición de la neurogénesis controlando la expresión de p27, 

un regulador negativo del ciclo celular que interactúa con las cinasas dependientes de 

ciclinas, además de  regular la expresión de otros genes relacionados con dicho 

proceso e inhibiendo la proliferación celular, también, suprime la expresión de genes 

implicados en la migración celular incluyendo FASCIN, LIM y LASP1, ejerce efectos 

sobre la activación de Hoxd11, un factor de transcripción que juega un papel 

importante en la morfogénesis de organismos multicelulares (Gaunt et al., 2013; 

Williams et al., 2013). 

 

1.9 Funciones del GDF11  

Entre las funciones fisiológicas del GDF11 se encuentran procesos de desarrollo, 

embriogénesis, diferenciación y organogénesis, regeneración del músculo esquelético, 

el músculo cardiaco y el sistema neural a partir de células progenitoras; y esto se lleva 

a cabo mediante el incremento de la proliferación y la diferenciación de las células 

troncales, las cuales dan origen a más células que, después de su maduración serán 

las encargadas de sustituir a las células dañadas cuya función se encuentra 

comprometida devolviendo así a los músculos sus funciones fisiológicas adecuadas 

(Esquela et al., 2003; McPherron et al., 1999; Nakashima et al., 1999; Sinha et al., 

2014). Estos descubrimientos se determinaron mediante el uso del GDF11 

recombinante en ratones viejos, donde determinaron que el uso de este factor de 
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crecimiento provocó el aumento de la frecuencia de células satélites, lo cual se vio 

reflejado en el incremento en el mejoramiento muscular (Sinha et al., 2014). 

Otro de los efectos que se han demostrado que induce esta molécula son sobre los 

procesos de invasión y metástasis (Finkenzeller et al., 2015; Ge et al., 2005; Gokoffski 

et al., 2011; Williams et al., 2013). 

 

2.    Antecedentes 

En 2007, el grupo del Dr.  Mori reportó por primera vez la relación existente entre el 

GDF11 y el cáncer colorectal, donde encontraron un incremento del ARNm del factor 

de crecimiento en muestras de pacientes con mal pronóstico. Interesantemente, este 

aumento se hizo más notorio en muestras de pacientes considerados con pobre 

pronóstico debido a la baja sobrevivencia después de la intervención quirúrgica,  por 

esta razón se relacionó al factor como un posible marcador de agresividad (Yokoe et 

al., 2007). 

En 2017, el grupo del Dr. Bajikar (Bajikar et al., 2017), reportó el efecto 

antitumorigénico de GDF11 en cáncer de mama humano triple negativo y reportaron 

que la presencia de dicho factor confería a las células la pérdida de la capacidad 

migratoria, considerada como una característica de agresividad, debido al aumento de 

E-cadherina, proteína que se encarga de mantener a las células epiteliales ancladas 

al sustrato, además, de una disminución en la proliferación celular. Efectos similares 

se reportaron en ratones a los cuales se le implantaron células MDA- MB- 231, dicho 

modelo demostró que esta línea celular presenta un aumento en la susceptibilidad a 

la apoptosis. Al estudiar el mecanismo por el cual se producían estos efectos 
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encontraron que se debió principalmente al impedimento de la maduración de GDF11 

ya que la convertasa Pcsk5, la cual es la encargada de llevar a cabo este proceso no 

funcionaba adecuadamente, debido a la presencia de mutaciones principalmente en 

sus sitios activos. Esto provocó que la célula presentara una acumulación del GDF11 

inmaduro en su interior (Bajikar et al., 2017; Essalmani et al., 2008) . 

Los resultados anteriores se vieron reforzados por los encontrados en el grupo del Dr. 

Behr, quien determinó la relación del GDF11 con el cáncer de mama, reportando que 

las células después del tratamiento con el factor de crecimiento perdieron la capacidad 

de migrar. Además, encontraron en pacientes con cáncer de mama, con un índice  de 

recaída menor, que los niveles de expresión de GDF11 eran altos (Wallner et al., 

2018). 

 

3.    Justificación  

El HCC es una de las principales causas de muerte por cáncer a nivel mundial, 

mientras que, en México, las defunciones por enfermedades del hígado se posicionan 

en el tercer lugar, razón por la cual se ha convertido en un serio problema de salud 

pública.  Una de las dificultades para tratar esta patología es debido a su detección 

tardía ya que esta suele presentarse como un padecimiento asintomático en sus 

etapas iniciales permitiendo el avance rápido, por lo que cuando se diagnostica, en la 

mayoría de los casos, las terapias comunes ya no suelen ser efectivas, siendo la 

principal opción el trasplante del órgano. Sin embargo, esta opción suele ser poco 

alentadora debido al bajo índice de donación de órganos y al riesgo que presenta.  
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Por esta razón, es importante buscar nuevas terapias que sean efectivas, con menor 

riesgo y menos invasivas para los pacientes. 

El GDF11 puede ser una buena opción terapéutica debido a los efectos antitumorales 

observados in vitro por lo que es importante conocer el mecanismo de acción por el 

cual actúa dicho factor para inducir tales efectos. 

 

4.    Pregunta de investigación   

¿Cuál es el mecanismo desplegado por el GDF11 en la inducción de sus efectos 

antitumorigénicos en células de cáncer hepático humano? 

 

5.    Hipótesis  

Por su fenotipo troncal, las células Huh7 y Hep3B responderán al GDF11 induciendo 

un efecto antitumorigénico medido por la regulación del metabolismo y la transición 

mesénquima epitelial. 

 

6.    Objetivos 

6.1 Objetivo general  

Caracterizar el mecanismo por el cual el GDF11 induce efectos antitumorales en 

células Huh7 y Hep3B derivadas de carcinomas hepatocelular humano. 
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6.2 Objetivos particulares  

• Caracterizar los efectos antitumorigénicos ejercidos por el GDF11 en células 

Huh7 y Hep3B derivadas de carcinomas hepatocelular humano. 

• Determinar la transducción de señales en respuesta al GDF11 en células Huh7 

y Hep3B.  

• Caracterizar los efectos del GDF11 en la transición mesénquima epitelial.  

• Evaluar las propiedades de invasión del GDF11en un modelo de membrana 

corioalantoidea de embriones de pollo. 

• Determinar los efectos transcriptómicos globales que ejerce el GDF11 en 

células Huh7 por medio de RNA-seq y su relación con el fenotipo celular.  

 

7.    Material y Métodos  

7.1 Diseño experimental  

Se usó el factor de crecimiento y diferenciación 11 (GDF11) recombinante humano 

(Peprotech) a una concentración de 50 ng/ml siguiendo los protocolos (Fig. 2).  
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                             Fig. 2 Diseño experimental del proyecto desarrollado 

 

7.2 Cultivo celular  

Se usaron las líneas celulares Huh7, Hep3B, HepG2, SNU182 y Hepa1-6 las cuales 

son derivadas de carcinomas hepatocelulares, MDA-MB-231 derivadas de un 

carcinoma de mama y CAPAN1 derivada de un cáncer de páncreas. Todas las líneas 

celulares fueron obtenidas de la ATCC (Manassas, VA, USA). Se cultivaron usando 

medio Williams (Sigma- Aldrich, USA), con suero fetal bovino (SFB) (Hyclone, USA) al 

10% y antibiótico y antimicótico (Thermo Fisher, USA) al 1%, las células se 

mantuvieron al 5% de CO2, 90% de humedad y 37 °C. Se sembraron en botellas para 

cultivo de plástico (Costar Inc, USA). Todos los experimentos se realizaron en un 

intervalo de pasaje 20- 35. Se usó el factor de crecimiento y diferenciación 11 

recombinante humano GDF11, (Peprotech Inc, USA) a una concentración de 50 ng/ml 

por diferentes intervalos de tiempo. 
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7.3 Cuantificación de proteína  

Se realizó la extracción de proteína usando un buffer de lisis con inhibidores de 

proteasas (PhosSTOP, Rocher, Complete, Rocher). Se realizó la cuantificación de la 

proteína mediante el estuche comercial de ácido bicinconínico (BCA, Pierce, Thermo 

Fisher Scientific) siguiendo el protocolo del fabricante. 

 

7.4 Western blot  

El western blot se realizó siguiendo el protocolo previamente reportado (Enriquez-

Cortina et al., 2013). Se usó membrana de PVDF (Bio-Rad, USA) con los anticuerpos 

descritos en la tabla 1. Las membranas fueron expuestas usando Super Signal West 

Pico Quimioluminiscente (Pierce Biotechnology, USA). Las membranas fueron 

reveladas usando un Gel Logic 2500 (Kodak, Rochester, NY, USA) 

 
Tabla. 1 Lista de anticuerpos  
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7.5 Ensayo de inmunofluorescencia 

Se realizó siguiendo el protocolo descrito (Marquardt et al., 2012). Las células fueron 

tratadas por diferentes intervalos de tiempo con GDF11 (50ng/ml), posteriormente 

fueron fijadas con paraformaldehido al 4% en PBS (phosphate buffered saline). Las 

muestras fueron permeabilizadas con 0.01% con triton- X 100 por 30 min. y 

bloqueadas con BSA al 3% por 30 min e incubados con los anticuerpos anti-occludin 

(Santa Cruz Biotechnology 81812, dilución 1:100), anti-snail (Santa Cruz 

Biotechnology 28199, dilución 1:100), anti-E-cadherin (Santa Cruz Biotechnology 

21791, dilución 1:100) and anti-N-cadherin (Santa Cruz Biotechnology 59987, dilución 

1:100). El núcleo fue teñido con DAPI. Las imágenes fueron obtenidas con un 

microscopio confocal (Carl Zeiss LSM- 780 NLO, Oberkochen, Alemania). 

 

7.6 Funcionalidad mitocondrial por MTT 

La funcionalidad mitocondrial fue medida usando bromuro de 3-(4,5-dimetiltiazol-2-il)-

2,5-dimetiltetrazolio mediante un ensayo de funcionalidad mitocondrial comercial 

(Vybrant MTT cell proliferation assay kit, Thermo Fisher Scientific) siguiendo el 

protocolo del fabricante.  

 

7.7 Determinación en tiempo real del metabolismo mediante Seahorse  

La taza del consumo de oxígeno en tiempo real de manera in vivo (OCR) y la taza de 

acidificación extracelular (ECAR) fue monitoreada mediante el uso del equipo 

Seahorse XFe24 (Seahorse Bioscience) siguiendo el protocolo estándar. La línea 

celular Huh7 fue tratada con GDF11 a la concentración reportada anteriormente por 
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48 h con medio sin SFB. Después de las 48 h del tratamiento, se obtuvieron 40,000 

células fueron sembradas nuevamente en las placas específicas del equipo usando 

medio con SFB, una vez adheridas las células, se realizó el último tratamiento con 

GDF11 para completar las 72 h de tratamiento. Para realizar la medición en tiempo 

real tanto de ECAR como de OCR, las células fueron incubadas con medio de ensayo 

(XF Base Media) el cual fue suplementado con 2mM de L-glutamina seguido de una 

inyección de 10mM de glucosa, 2mM de oligomicina y 50mM de 2-deoxy-glucosa (2-

DG) (Glycolysis Stress test). El ECAR y el OCR fueron normalizados con el total de 

proteína.  

 

7.8 Estudio de invasión usando el modelo de membrana corioalantoidea (CAM) 

Se realizó el experimento siguiendo el protocolo reportado previamente (Quigley et al., 

1998; Ribatti, 2017; Sinning et al., 2012). Se usaron huevos fértiles (Granja ALPES 

SA, Puebla, México), los cuales fueron separados en dos grupos de forma aleatoria. 

Los huevos fueron incubados a 37.8°C y 60% de humedad, se realizó una ventana 

sobre el cascaron de 1cm2. La membrana vitelina fue diseccionada, un millón de 

células, tratadas y no tratadas con GDF11 por 72 h, fueron trazadas con el colorante 

comercial vibrant CFDA SE cell tracer kit (Thermo Fisher Scientific) e introducidas en 

la CAM, entre dos vasos sanguíneos usando 30 µl de matrigel (Sigma- Aldrich) como 

sustrato. La ventana fue cubierta con cinta adhesiva esteril y los huevos fueron 

incubados por 2 y 4 días. La CAM fue removida e inmediatamente fue fijada con 

paraformaldehido (4%) en PBS. Las secciones en parafina fueron usadas para realizar 
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las tinciones de inmunofluorescencia. El núcleo fue teñido con DAPI. 

Las imágenes fueron obtenidas con un microscopio confocal (Carl Zeiss LSM- 780 

NLO, Oberkochen, Alemania). 

 

7.9 Reacción en cadena de la polimerasa acoplada a retrotranscripción 

cuantitativa 

1 µg de ARN se transcribió de forma reversa usando 20µl de reacción SuperScript 

(Invitrogen Corp.) siguiendo el protocolo descrito por el fabricante. Los primers fueron 

diseñados usando Primer3 v.0.4.0 (http://frodo.wi.mit.edu/primer3/) como se reportó 

en (Czauderna et al., 2018). El análisis de qRT-PCR fue realizado con un CFX96 Touch 

(Bio-Rad) termo ciclador de reacción de placas de 96 pozos. 10 µl de reacción fueron 

mezcladas con 5 µl 2X SYBR Green PCR Master Mix (Bio-Rad), 200nM de cada primer 

y 1 µl de cDNA. La reacción fue incubada por 10 min a 95°C seguido de 40 ciclos de 

30s a 95°C y 60s a la temperatura específica del primer. El nivel de expresión de la 

proteína ribosomal S18 (rs18) se usó como referencia. Los niveles de expresión 

relativos de los genes fueron calculados usando la formula 2(-DDCt). 

 

7.10 Ensayo de inmunoprecipitación  

Se realizó siguiendo el protocolo reportado (Clavijo-Cornejo et al., 2013). Se usó la 

línea celular Huh7 y el GDF11 (50 ng/ml) por diferentes periodos de tiempo. Se usó el 

anticuerpo pSer/Thr (Abcam 17464), ACVIIA (Abcam 96793) para detectar el receptor 

en su forma activa. 
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7.11 Ensayo de proliferación celular 

Se realizó siguiendo el protocolo reportado (Perez-Aguilar et al., 2015). Se sembraron 

las líneas celulares en placas de 96 pozos estériles. Se usó el GDF11 (50 ng/ml) y se 

incubo por diferentes tiempos en presencia o no de SFB. La proliferación celular se 

midió mediante el reactivo cck-8 (Dojindo Lab, Kumamoto, Japón) siguiendo las 

recomendaciones del fabricante.  

 

7.12 Ensayo de viabilidad 

Se realizó siguiendo el protocolo reportado por (Nakagawa, 1996). Se sembraron las 

líneas celulares en placas de 96 pozos estériles. Se usó el GDF11 (50 ng/ml) a 

diferentes tiempos en presencia o no de SFB. La viabilidad celular se midió por medio 

de la absorbancia obtenida del cristal violeta una vez extraído con SDS.  

 

7.13 Ensayo de herida- cicatriz  

Se realizó el ensayo siguiendo lo reportado por (Jimenez-Salazar et al., 2014). Se 

sembraron las líneas células a una confluencia de 90% aproximadamente en platos de 

cultivo de 3 cm. Se realizaron dos heridas usando una punta de pipetas de 1-200 µL 

estéril. Se realizaron lavados de forma delicada con PBS con la finalidad de remover 

las células no adheridas después de la realización de la herida. Las heridas realizadas 

fueron monitoreadas cada 24 h.  Se usó el GDF11 (50 ng/ml) por 72 h en presencia o 

no de SFB. Finalmente, una vez terminado el experimento se tomaron fotografías. 
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7.14 Ensayo de formación de esferoides  

Este ensayo se realizó siguiendo el protocolo reportado por (Perez-Aguilar et al., 

2015). Se sembraron las líneas celulares en placas de baja adherencia. Se usó el 

GDF11 (50 ng/ml) por cinco días. Una vez terminado el tratamiento se contaron los 

esferoides y se tomaron fotos. 

 

7.15 Ensayo de clonogenicidad  

Se sembraron las líneas celulares en platos de cultivo de 6 cm. Se usó el GDF11 (50 

ng/ml) por 72 h en presencia o no de SFB. Transcurrido el tiempo, las células fueron 

despegadas usando tripsina y se sembraron 1000 células en placas de 6 pozos usando 

medio Williams con suero, pero sin la presencia del factor de crecimiento por 10 días. 

Al finalizar el experimento las colonias fueron teñidas con cristal violeta y se realizó el 

conteo de estas. 

 

7.16 Secuenciación masiva de ARN 

La extracción del ARN se realizó utilizando el reactivo Trizol (Thermo Fisher Scientific) 

siguiendo las instrucciones del fabricante. 

La cantidad de ARN y la pureza se estimó utilizando un espectrofotómetro Nanodrop 

ND-2000c (NanoDrop Technologies, Wilmington, DE) y la integridad fue evaluada por 

Agilent 2100 Bioanalyzer (Agilent, Palo Alto, CA). La secuenciación del ARN se realizó 

utilizando la plataforma de Illumina HiSeq4000, los resultados fueron guardados en la 

base de datos de Bioproject. 
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Las lecturas sin procesar se filtraron mediante la eliminación de secuencias 

adaptadoras, contaminación y calidad de lectura. Las lecturas se mapearon usando la 

secuencia de referencia del genoma humano (GRCh37.82) usando HISAT2 (hisat2-

2.0.2-beta) seguido de un resumen de lectura con featureCounts (subread-1.5.0-p1). 

Los parámetros para el análisis de expresión diferencial fueron la tasa de 

descubrimiento falso (FDR) igual a 0.5, valor p<0.001 y cambio de registro de pliegue 

de -1.5 a 1.5. Todos los análisis de datos se realizaron utilizando el lenguaje de 

programación R y paquetes relacionados. La matriz de salida de featureCounts se 

ingresó en el paquete Bioconductor DESeq2 para análisis de expresión diferencial. 

 

7.17 Análisis estadístico 

Cada experimento se llevó a cabo por triplicado en al menos tres experimentos 

independientes. El análisis estadístico de los resultados obtenidos se realizó mediante 

el análisis de varianza (ANOVA) seguido por la prueba no paramétrica Tukey para el 

análisis de viabilidad, funcionalidad mitocondrial mediante MTT, número de esferoides 

y número de colonias. La prueba t-student fue realizada para el análisis del número de 

esferoides.  

 

8.    Resultados  

8.1 El GDF11 no afecta la viabilidad de las células de cáncer de hígado 

Debido a que el GDF11 es un miembro de la familia del TGF-b y a dicha familia se le 

han atribuido efectos citotóxicos sobre las células transformadas, esto principalmente 



 21 

en etapas avanzadas del cáncer, se evaluó el impacto del GDF11 sobre la viabilidad 

celular, las células Huh7 y Hep3B fueron tratadas con GDF11 (50 ng/ml) por diferentes 

intervalos de tiempo.  

Como se observa en los resultados, ambas líneas celulares no se vieron afectadas 

después del tratamiento, sin encontrar cambios significativos incluso 72 h en presencia 

del tratamiento (Fig. 3A y 3B) 

 

A)              
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B)               

 

Fig. 3A y 3B El GDF11 no afecta la viabilidad de las células de cáncer de hígado. Ensayo de 
viabilidad celular determinado mediante cristal violeta. Se usó CdCl2 (5 µM por 6h) como 
control positivo (PC). Cada columna representa el promedio ± SEM de al menos cuatro 
experimentos independientes por triplicado.    
 

8.2 La línea celular Huh7 presenta los receptores requeridos por el GDF11  

Como se pudo observar, el GDF11 no está afectando la viabilidad celular, por lo que 

se determinó evaluar cuales eran los receptores implicados en la señalización mediada 

por el factor de crecimiento. Mediante Western blot se observaron dos de los 

principales receptores reportados para el GDF11, ALK5, como uno de los receptores 

tipo I y ACTRIIA como uno de los receptores tipo II. 

El resultado muestra que la línea celular Huh7 cuenta con ambos receptores del 

GDF11 (Fig. 4A) 
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A) 

 

Fig. 4A La línea celular Huh7 presenta los receptores requeridos por el GDF11. Ensayo de 
Western blot muestra la presencia de los principales receptores usados por el GDF11. Se usó 
actina como control de carga.  
 

Con la finalidad de estudiar el comportamiento de los receptores en la línea celular 

Huh7, se realizó un ensayo de inmunoprecipitación, el resultado muestra que el 

tratamiento con el GDF11 permite la activación del receptor (Fig. 4B).   

B)                                     

 

Fig. 4B La línea celular Huh7 presenta los receptores requeridos por el GDF11. Ensayo de 
Inmunoprecipitación, muestra activación del receptor ACTRIIA. Imagen representativa de al 
menos tres experimentos independientes. 
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8.3 Las líneas de HCC responden al tratamiento del GDF11 mediante la activación 

de las proteínas Smad 

Debido a que el GDF11 es un miembro de la superfamilia del TGF-b y de la familia de 

las BMP, a continuación, se evaluó cuál de las vías canónicas de ambas familias se 

encontraban implicadas en los procesos observados por el GDF11 mediante su 

activación. 

Se realizó un ensayo de Western blot para determinar las proteínas Smad activadas 

en la línea celular Huh7. Los resultados muestran la activación de las proteínas Smad2 

y Smad3 a partir de los 5 minutos del tratamiento, esta ruta es activada de manera 

canónica por el TGF-b. Sin embargo, las proteínas río abajo de la familia de las BMP 

(Smad1 y Smad5) no participan en la señalización del GDF11 en la línea celular Huh7 

ya que estas no muestran cambios después de la administración del factor de 

crecimiento, encontrando, además, la activación de ambas proteínas en el grupo 

control (Fig. 5A). En la línea celular Hep3B la activación de las proteínas Smad2 y 

Smad3 es a partir de los 15 minutos después de la administración del GDF11, sin 

embargo, también se observa la activación de las proteínas Smad1 y Smad5 a los 

mismos tiempos que las proteínas canónicas de la familia del TGF- b, este resultado 

sugiere que la línea celular Hep3B induce efectos utilizando las dos rutas canónicas 

del GDF11 sin mostrar alguna preferencia por la señalización de ambas familias (Fig. 

5B).  
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A)                                                     

 
Fig. 5 Las líneas de HCC responden al tratamiento del GDF11 mediante la activación de las 
proteínas Smad. A) Ensayo de Western blot muestra la activación de las proteínas Smad2/3 
sin encontrar cambios en la activación de las proteínas Smad1/5 en la línea celular Huh7. 
Imágenes representativas de al menos tres experimentos independientes. 
 

 B) 

 
Fig. 5 Las líneas de HCC responden al tratamiento del GDF11 mediante la activación de las 
proteínas Smad. B) Ensayo de Western blot muestra la activación de las proteínas Smad2/3 
además de la activación de las proteínas Smad1/5 en la línea celular Hep3B. Imágenes 
representativas de al menos tres experimentos independientes. 
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8.4 El GDF11 induce efectos antiproliferativos en las líneas celulares de HCC  

Posteriormente se evaluó el efecto del GDF11 sobre la proliferación, si bien, resultados 

anteriores mostraron que no había efectos sobre la viabilidad se evaluó sí el 

tratamiento afectaba la proliferación de las líneas provenientes de un cáncer de hígado 

humano. 

Los resultados muestran que el GDF11 disminuye la proliferación en ambas líneas 

celulares, encontrando que en las células Huh7 disminuye la proliferación de manera 

significativa hasta las 72 h de tratamiento, estos experimentos se realizaron en 

presencia o no de SFB, el cual fue utilizado como un agente mitogénico, permitiendo 

así la progresión acelerada de la proliferación celular (Fig. 6A y 6B). 

A) 
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B) 

 

Fig. 6 El GDF11 induce efectos antiproliferativos en las líneas celulares de HCC. A) Ensayo 
de proliferación celular muestra que el GDF11 induce la disminución de la proliferación sin la 
presencia de SFB. B) Ensayo de proliferación en presencia de SFB en la línea celular Huh7. 
Cada punto representa el promedio ± SEM de al menos cuatro experimentos independientes 
por triplicado. * p< 0.05 vs NT 
 

Efectos similares fueron observados en las células Hep3B, donde la disminución en la 

proliferación se vio reflejada después de 72 h con el tratamiento, nuevamente, estos 

resultados se realizaron en presencia o no de SFB (Fig. 6C y 6D). Si bien, en ambos 

grupos (-/SFB, +/SFB) se observó disminución en la proliferación, los resultados fueron 

significativos cuando el experimento se realizó en presencia de SFB.  
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C)                                                                     

 

D) 

 

Fig. 6 El GDF11 induce efectos antiproliferativos en las líneas celulares de HCC. C) Ensayo 
de proliferación celular muestra que el GDF11 induce la disminución de la proliferación sin la 
presencia de SFB. D) Ensayo de proliferación en presencia de SFB en la línea celular Huh7. 
Cada punto representa el promedio ± SEM de al menos cuatro experimentos independientes 
por triplicado. ** p< 0.05 vs NT 
 

A continuación, se realizó además un ensayo de herida cicatriz con la finalidad de 

observar de manera indirecta los efectos sobre la proliferación celular, ya que dicho 

ensayo nos sugiere además afectos sobre la migración. Como se puede observar en 

las imágenes, ambas líneas celulares que estuvieron en presencia del GDF11 

disminuyeron de manera notoria el cierre de la herida realizada comparada con las 
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células control, las cuales, como se puede observar, después de 72 h la herida 

realizada estaba cerrada en su gran mayoría, observando efectos similares a la herida 

realizada en el tiempo cero (Fig. 6E y 6F). 

E) 

 

Fig. 6 El GDF11 induce efectos antiproliferativos en las líneas celulares de HCC. E) Ensayo 
de herida cicatriz muestras que el tratamiento con el GDF11 retrasa el cierre de la herida en 
la línea celular Huh7. Imágenes representativas de al menos tres experimentos 
independientes. 
 
F)  

 

Fig. 6 El GDF11 induce efectos antiproliferativos en las líneas celulares de HCC. F) Ensayo 
de herida cicatriz muestras que el tratamiento con el GDF11 retrasa el cierre de la herida en 
la línea celular Hep3B. Imágenes representativas de al menos tres experimentos 
independientes. 
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Para corroborar el efecto de la disminución en la proliferación celular y el cierre del 

ensayo de herida cicatriz, se decidió observar mediante un ensayo de Western blot 

algunas proteínas implicadas en la regulación del ciclo celular. Como se puede 

observar, algunas de las principales proteínas que se encargan de regular de manera 

positiva, permitiendo la progresión del ciclo celular, como ciclina A, ciclina D1 y la 

cinasa dependiente de ciclina (cdk6) se encuentran disminuidas después del 

tratamiento con el GDF11 en el transcurso del tiempo, observándose un mayor efecto 

después de 72 h con el tratamiento, mientras que la proteína p27, uno de los 

reguladores negativos del ciclo celular se encuentra aumentado con el tiempo. 

Este resultado nos sugiere porque la proliferación se encontró disminuida (Fig. 6G y 

6H). 

G)                                                              
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H) 

 

Fig. 6 El GDF11 induce efectos antiproliferativos en las líneas celulares de HCC. G) Ensayo 
de Western blot muestra la disminución de las principales proteínas regulatorias del ciclo 
celular y la sobreactivación de p27, regulador negativo del ciclo celular, en la línea celular 
Huh7. H) Densitometría de las imágenes del ensayo de Western blot. Imagen representativa 
de al menos tres experimentos independientes.  
 

8.5 El GDF11 afecta la funcionalidad mitocondrial de las células de HCC  

Si bien, el GDF11 no estaba afectando la viabilidad celular, pero si estaba afectando 

la proliferación, se decidió evaluar la funcionalidad mitocondrial por MTT de las células 

derivadas de HCC. 

Como se puede observar, el tratamiento con el GDF11 provoco la disminución de la 

funcionalidad mitocondrial de la línea celular Huh7, observándose la diferencia de 

manera significativa a partir de las 24 h en presencia del tratamiento y observándose 
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el punto con mayor efecto después de las 72 h en presencia del tratamiento en 

comparación con las células que no recibieron el tratamiento (Fig. 7A).  

 

 A) 

 

Fig. 7 El GDF11 afecta la funcionalidad mitocondrial de las células de HCC. A) Ensayo de 
funcionalidad mitocondrial por MTT en la línea celular Huh7 muestra la disminución después 
del tratamiento con GDF11, viéndose efecto desde las 24 h, encontrando mayor efecto hasta 
las 72 h. Cada columna representa el promedio ± SEM de al menos cuatro experimentos 
independientes por triplicado. * p< 0.05 vs NT 
 

Efectos similares fueron encontrados en la línea celular Hep3B, donde al igual que en 

la otra línea celular, se observa la disminución de la funcionalidad, encontrando la 

disminución de manera significativa a partir de las 48 h de tratamiento (Fig. 7B). 
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B) 

 

Fig. 7 El GDF11 afecta la funcionalidad mitocondrial de las células de HCC. B) Ensayo de 
funcionalidad mitocondrial por MTT en la línea celular Hep3B muestra la disminución después 
del tratamiento con GDF11, viéndose mayor efecto hasta las 72 h. Cada columna representa 
el promedio ± SEM de al menos cuatro experimentos independientes por triplicado. * p< 0.05 
vs NT 
 

Nuevamente, los efectos fueron más notorios en la línea celular Huh7, estos efectos 

pueden deberse al grado de diferenciación que tienen las células, sugiriéndonos que 

la línea celular Hep3B es de un fenotipo más agresivo en comparación con la línea 

celular Huh7.  

El ensayo de funcionalidad mitocondrial mediante MTT nos sugiere fuertemente que 

dicho proceso se encuentra comprometido, pero para ganar más certeza sobre los 

efectos que induce el GDF11 sobre la funcionalidad mitocondrial, específicamente 

sobre el metabolismo energético, se analizaron parámetros como ECAR, mediante la 

medición de la producción de lactato, indicándonos los efectos sobre la glucolisis y 

OCR, el parámetro relacionado con la fosforilación oxidativa, estos parámetros fueron 

medidos usando el equipo Seahorse Agilent.  
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Las células que habían recibido el tratamiento con el GDF11 por 72 h, como se puede 

observar en la gráfica, se muestra la disminución del parámetro ECAR, observando 

además una disminución en la respuesta de las células en presencia de glucosa, 

resultado que además muestra que las células presentan la disminución en el 

glucolisis, aunado a la disminución en la capacidad glucolítica. Mientras que las células 

del grupo control muestran una actividad glucolítica mejor, lo cual se relaciona con la 

capacidad proliferativa alta, una de las principales características de las células 

cancerosas (Fig. 7C y 7D).  

C) 

 
Fig. 7 El GDF11 afecta la funcionalidad mitocondrial de las células de HCC. C) ECAR, 
determina la producción de lactato y glucolisis en la línea celular Huh7.   
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D) 

 
Fig. 7 El GDF11 afecta la funcionalidad mitocondrial de las células de HCC. D) ECAR, 
determina la producción de lactato y glucolisis en la línea celular Hep3B.   
 

Las mediciones obtenidas del OCR, de las células que fueron tratadas con el GDF11 

presentaron una disminución en dicho parámetro comparado con las células que no 

recibieron el tratamiento. La respiración mitocondrial basal fue normalizada restando 

el OCR no mitocondrial esto en presencia del inhibidor oligomicina A, el cual se 

observa disminuido de manera significativa en las células tratadas con el GDF11 (Fig.  

7E). 

E) 

 
Fig. 7 El GDF11 afecta la funcionalidad mitocondrial de las células de HCC. E) OCR, medición 
de la fosforilación oxidativa en las células Huh7.   
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F) 

 
Fig. 7 El GDF11 afecta la funcionalidad mitocondrial de las células de HCC. F) OCR, medición 
de la fosforilación oxidativa en las células Hep3B.   
 

Estos resultados nos mostraron que el GDF11 está jugando un papel importante en la 

regulación del metabolismo energético, estos resultados se relacionan con la 

disminución en la proliferación, debido a que el principal organelo encargado del 

suministro de energía se encuentra comprometido, si bien, las mitocondrias en cáncer 

suelen mostrar una menor capacidad energética, el GDF11 está aumentando los 

efectos de la disfunción mitocondrial.  

 

8.6 El GDF11 induce cambios transcriptómicos en la línea celular Huh7 

Se realizó un análisis de secuenciación masiva de ARN con la finalidad de obtener un 

panorama global de los genes regulados de manera diferencial en las células Huh7 

después del tratamiento con el GDF11 por 3 días. 

Los resultados mostraron que el tratamiento provocó la desregulación de 32 genes, 

mientras que 101 genes fueron sobreregulados (Fig. 8A y Anexo I). 
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Por medio de un análisis no supervisado, mediante un mapa de calor se pudo observar 

la separación eficiente de ambos grupos (Control contra GDF11) (Fig. 8B). 

Finalmente, un análisis de enriquecimiento mediante una ontología genética (GO) 

evaluada mediante el uso del programa IPA (Ingenuity Pathway Analysis) nos mostró 

que dentro de las principales rutas alteradas con el tratamiento del GDF11 se 

encontraban aquellas relacionadas con el metabolismo del colesterol y su regulación, 

estrés del retículo endoplasmático entre otros procesos (Fig. 8C). 

A) 

 

                                           

                                               

 

 

 

 

 

 



 38 

B) 

 

C) 

 

Fig. 8 El GDF11 induce cambios transcriptómicos en la línea celular Huh7. A) Gráfica de 
volcán. B) Análisis no supervisado (haet map), expresión diferencial entre las células control 
contra las células tratadas con GDF11 por 72 h. Un total de 133 genes expresados 
diferencialmente, 32 genes desregulados (en verde) y 101 genes sobreregulados (en rojo). C) 
Análisis de enriquecimiento. Principales rutas de señalización afectadas por el tratamiento del 
GDF11 determinado mediante el software IPA. 
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8.7 El GDF11 disminuye la capacidad de formación de esferoides de las células 

de HCC  

Debido a que los resultados anteriormente presentados sugieren que el GDF11 induce 

efectos antitumorigénicos, se realizó un ensayo de formación de esferoides. Ambas 

líneas celulares fueron tratadas con GDF11 cada 24 h por cinco días. 

Los resultados muestran que ambas líneas pierden la capacidad de formar esferoides, 

ya que las células que estuvieron en presencia del factor de crecimiento formaron una 

menor cantidad de esferoides (39% en las células Huh7 comparados con las células 

controles) (Fig. 9A). 

A)  

 

Fig. 9 El GDF11 disminuye la capacidad de formación de esferoides de las células de HCC. 
A) Ensayo de formación de esferoides muestra que el GDF11 disminuye la formación de 
esferoides de las células Huh7. Cada punto representa un experimento independiente, se 
reportó la media ± SEM de al menos cuatro experimentos independientes por triplicado. & p< 
0.05 vs NT 
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Mientras que en las células Hep3B los resultados obtenidos fueron similares ya que 

esta línea celular en presencia del GDF11 formo una menor cantidad de esferoides 

(34% comparados con las células controles) (Fig. 9B). 

  

B) 

 

Fig. 9 El GDF11 disminuye la capacidad de formación de esferoides de las células de HCC. 
B) Ensayo de formación de esferoides muestra que el GDF11 disminuye la formación de 
esferoides de las células Hep3B. Cada punto representa un experimento independiente, se 
reportó la media ± SEM de al menos cuatro experimentos independientes por triplicado. & p< 
0.05 vs NT 
 

También se pudo observar que los esferoides formados de las células que recibieron 

el tratamiento con el GDF11 eran más pequeños comparados con los esferoides que 

no recibieron ningún tipo de tratamiento 25% para las células Huh7 (Fig. 9C) y 40% 

para las células Hep3B (Fig. 9D). 
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C)                                                                    

 

D) 

 

Fig. 9 El GDF11 disminuye la capacidad de formación de esferoides de las células de HCC. 
C) Imágenes representativas de los esferoides de la línea Huh7 formados después de cinco 
días. D) Imágenes representativas de los esferoides de la línea Hep3B formados después de 
cinco días.  
 

8.8 El GDF11 disminuye la expresión de algunos genes relacionados con 

agresividad en las células de HCC  

Si bien, con el ensayo de formación de esferoides el resultado nos muestra el efecto 

antitumorigénico ejercido por el GDF11, se midieron algunos de los principales genes 

relacionados con agresividad mediante qRT-PCR. Como se puede observar, el 

tratamiento provoco la disminución de la cantidad de ARN mensajero de CD133, 

CD24, CK19 y EpCAM, particularmente este último fue disminuido de manera 
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significativa solo en la línea celular Hep3B (Fig. 10B) en comparación de la línea celular 

Huh7, donde no se encontraron cambios de manera significativa (Fig. 10A).    

A) 

 

B) 

 

Fig. 10 El GDF11 disminuye la expresión de algunos genes relacionados con agresividad en 
las células de HCC. A) línea celular Huh7, niveles de ARN mensajero de genes relacionados 
con agresividad B) línea celular Hep3B, niveles de ARN mensajero de genes relacionados con 
agresividad, la expresión de las células no tratadas es reportado como el promedio ± SEM. *, 
p≤0.05 vs NT 
 

8.9 El GDF11 induce transición mesénquima epitelial 

Uno de los principales puntos a estudiar en cáncer es la capacidad que presentan las 

células para migrar y hacer metástasis, estos procesos mediados por la transición 

epitelial a mesenquimal (TEM), donde las células sufren procesos de perdida de 

marcadores epiteliales, quienes son los encargados de mantener adheridas las células 
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a sus sustratos, y con ello la ganancia de marcadores mesenquimales, los cuales se 

encargan de permitir que las células migren. De acuerdo con el resultado de herida 

cicatriz, que sugieren también el proceso de migración, se decidió realizar una 

inminofluorescencia de algunos marcadores del proceso de TEM. Como se puede 

observar, el marcador Snail, un marcador mesenquimal, se encuentra disminuido con 

la progresión del tiempo en presencia del GDF11, mientras que, al mismo tiempo, E-

Cadherina, un marcador epitelial se observa aumentado (Fig. 11A).   

 

Para ganar más certeza con el resultado, se usaron otros marcadores, nuevamente, 

el marcador mesenquimal, N- Cadherina, se encuentra disminuido y Ocludina, otro de 

los marcadores epiteliales se observa aumentado (Fig. 11B).   Observando, además, 

que el cambio en las células del proceso mesenquimal a epitelial se da a las 12 h. Por 

lo que es importante realizar más estudios enfocados en este tiempo.  
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A) 

 

Fig. 11 El GDF11 induce transición mesénquima epitelial. Inmunofluorescencia determinada 
por microscopia confocal de A) Snail y E- Cadherina. Imagen representativa de al menos tres 
experimentos independientes. Aumento original 360X. 
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B) 

 

Fig. 11 El GDF11 induce transición mesénquima epitelial. Inmunofluorescencia determinada 
por microscopia confocal de B) N- Cadherina y Ocludina. Imagen representativa de al menos 
tres experimentos independientes. Aumento original 360X. 
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Para corroborar los efectos sobre el proceso de TEM, se realizaron ensayos de  

Western blot de los marcadores usados anteriormente (Fig. 11C). Como se puede 

observar, se encontraron efectos similares, encontrando nuevamente que los 

marcadores epiteliales se aumentan con el transcurso del tiempo y los marcadores 

mesenquimales se ven disminuidos después de 72 h de tratamiento con el GDF11. 

C) 

 

Fig. 11 El GDF11 induce transición mesénquima epitelial. C)Ensayo de Western blot muestra 
las proteínas implicadas en el proceso de TEM. Imagen representativa de al menos tres 
experimentos independientes.  
 

Estos resultados nos indican que el tratamiento con el GDF11 está induciendo 

transición mesénquima epitelial, evitando así el proceso de migración por el cual pasan 

las células para llevar a cabo una metástasis. 

 

8.10 El GDF11 reprime la capacidad de auto renovación de las células de HCC  

Para determinar si los efectos inducidos por el GDF11 se mantenían en las células, se 

realizó un ensayo de formación de colonias mediante un nuevo diseño experimental, 

para ello, las líneas celulares se trataron con GDF11 (50ng/ml) cada 24 h por 72 h en 

presencia o no de SFB, una vez terminado el tratamiento, las células fueron 
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despegadas y sembradas nuevamente para la realización de experimentos extras, 

dichos experimentos se realizaron sin la presencia del GDF11, estos fueron llevados 

hasta 10 días con la finalidad de observar los efectos que había inducido el factor de 

crecimiento y determinar si estos permanecen en las células una vez retirado el 

tratamiento.  

Los resultados obtenidos mostraron que las células Huh7 con el tratamiento previo de 

GDF11 no lograron recuperar su capacidad para proliferar observando un menor 

número de colonias formadas comparado con las células que no recibieron el 

tratamiento, sin encontrar diferencias significativas en aquellas células que recibieron 

el tratamiento en presencia o no del SFB (Fig. 12A y 12B).   

A)                                                                            B) 

 

Fig.12 El GDF11 reprime la capacidad de autorenovación de las células de HCC. A) El 
resultado muestras que las células Huh7 que recibieron el tratamiento con el GDF11 por 72 h 
no recuperan su capacidad de formar colonias. B) Imagen representativa de las colonias. Cada 
columna representa el promedio ± SEM de al menos cuatro experimentos independientes por 
triplicado. * p< 0.05 vs NT (+/SFB), & p< 0.05 vs NT (-/SFB). 
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En el caso de las células Hep3B, el resultado obtenido fue similar, ya que las células 

que recibieron el tratamiento perdieron su capacidad de formar colonias, sin embargo, 

los efectos fueron más notorios cuando las células recibieron el tratamiento en 

presencia de SFB (Fig. 12C y 12D). 

C)                                                                              D)               

 

Fig. 12 El GDF11 reprime la capacidad de autorenovación de las células de HCC. C) El 
resultado muestras que las células Hep3B que recibieron el tratamiento con el GDF11 por 72h 
no recuperan su capacidad de formar colonias. D) Imagen representativa de las colonias. Cada 
columna representa el promedio ± SEM de al menos cuatro experimentos independientes por 
triplicado. * p< 0.05 vs NT (+/SFB) 
 

Para corroborar los efectos observados en el ensayo de formación de colonias se 

realizó nuevamente un ensayo de formación de esferoides con las células que habían 

recibido el tratamiento del GDF11 por 3 días, el experimento se realizó por 10 días sin 

que las células continuaran en presencia del estímulo del factor de crecimiento.  

Como se puede observar, ambas líneas celulares que fueron tratadas previamente 

perdieron su capacidad para formar esferoides, indicando nuevamente que los efectos 
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que induce el GDF11 son antitumorigénicos además de preservarse en las células 

después de 10 días de ausencia del GDF11, indicando que el efecto que induce este 

factor de crecimiento no es transiente (Fig. 12E – 12H).     

E)                                                  F) 

    
 
G)                                                 H) 

 

Fig. 12 El GDF11 reprime la capacidad de autorenovación de las células de HCC. E) y G) 
Ensayo de formación de formación de esferoides muestra que el GDF11 disminuye la 
formación de esferoides de las células que habían recibido el tratamiento por 72 h. F) y H) 
Imágenes representativas de los esferoides de las células que habían recibido el tratamiento 
por 72 h. Cada punto representa un experimento independiente, se reportó la media ± SEM 
de al menos cuatro experimentos independientes por triplicado. & p< 0.05 vs NT. Imágenes 
representativas de los esferoides de la línea Hep3B formados después de cinco días. 
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8.11 El GDF11 disminuye la migración de las células de HCC  

Para corroborar el efecto del GDF11 sobre el proceso de migración y ganar más 

certeza, se realizó un ensaño de migración usando el modelo de membrana 

corioalantoidea (CAM) de embriones de pollo. Para ellos se utilizaron huevos fértiles, 

a los cuales se le transplantaron 1x106 de células Huh7 tratadas previamente o no con 

GDF11 por 72 h y se colocaron sobre la CAM de los embriones. La figura 13A muestra 

la morfología normal de la CAM, sin la presencia de células, como un control. El circulo 

amarillo muestra la posición donde fueron colocadas las células. Los huevos con las 

células fueron incubados a 37°C, después de dos y cuatro días de haber colocado las 

células sobre la CAM, esta fue removida y embebida en parafina para la realización de 

los cortes y proseguir con los ensayos de inmunofluorescencia microscopia confocal. 
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A) 

 

Fig. 13 El GDF11 disminuye la migración de las células de HCC. A) Morfología normal de la 
CAM. Imagen representativa de al menos tres experimentos independientes.  
 

 

 

 

 

 

 

 

 

 



 52 

B) 

 

Fig. 13 El GDF11 disminuye la migración de las células de HCC. B) Membrana con las células 
sin tratamiento, muestra la migración de las células. Imagen representativa de al menos tres 
experimentos independientes.  
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C) 

 

Fig. 13 El GDF11 disminuye la migración de las células de HCC. C) Membrana con células 
tratadas con GDF11, se observan las células retenidas. Imagen representativa de al menos 
tres experimentos independientes.  
 
Con la finalidad de analizar el proceso de invasión, se prosiguió a analizar las muestras 

de dos días de incubación. Los análisis microscópicos de las muestras de la CAM 

revelaron que la mayoría de las células sin el tratamiento habían desaparecido (Fig. 

13B), en comparación con las células que habían recibido el GDF11, las cuales, como 

se puede observar en la figura 13C aún se mantienen contenidas.  
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Después de haber transcurridos los dos días de incubación con las células, se pudo 

observar que los embriones habían muerto, este resultado solo pudo observarse en 

los embriones que contenían las células que no habían recibido el tratamiento con el 

GDF11, ya que los embriones con las células que recibieron el tratamiento 

permanecieron vivos hasta que el experimento termino (Fig. 13D) 

D) 

 

Fig. 13 El GDF11 disminuye la migración de las células de HCC. D) Gráfica de sobrevivencia 
de los embriones, muestra que las células sin el tratamiento provoco la muerte de los 
embriones en comparación con los embriones que recibieron las células tratadas, los cuales 
se mantiene vivos hasta el final del experimento. 
 
Las zonas de la CAM cercanas a las células se puede observar una mayor expresión 

de beta catenina (Fig. 13C) (flechas amarillas), posiblemente este efecto se deba a 

una respuesta desplegada de las células por el tratamiento con el GDF11, el cual 

siguiere ser un efecto de reprogramación celular, este efecto no pudo ser localizado 

en las muestras de las CAM con las células sin el tratamiento, este resultado sugiere 

un proceso de degradación de la membrana, lo cual da inicio al proceso de migración, 

este resultado se relaciona con las imágenes de las muestras de los cuatro días, donde 
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la mayoría de las células habían migrado. Además, de mostrarnos el inicio del proceso 

de migración de las células in vivo. 

Con la finalidad de observar el proceso completo de migración, se realizaron cortes de 

muestras después de cuatro días de incubación, como se puede observar en la figura 

13E, se muestran algunas células disgregadas, lo cual nos indica que las células han 

migrado, mientras que en la figura 13F se pueden observar las células que recibieron 

el GDF11 compactadas, lo que nos indica que las células no han migrado.  

E)                                                                       F) 

             
Fig. 13 El GDF11 disminuye la migración de las células de HCC. E) Muestras de 4 días de 
incubación, se observan pocos vestigios de células debido al proceso de migración. F) 
Muestras de 4 días de incubación, se observan células retenidas en la membrana. Imágenes 
representativas de al menos tres experimentos independientes.  
 
Con la finalidad de corroborar que las células habían migrado, se realizaron cortes de 

las zonas distales de la membrana. En la figura 13G se pueden observar algunas 

células, demostrando que estas habían llevado a cabo el proceso de migración. 
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Mientras que en la figura 13H no se logran observar células en esta zona, nuevamente, 

indicando que el tratamiento con el GDF11 induce la disminución de los procesos de 

migración celular.   

G)                                                                       H) 

 

Fig. 13 El GDF11 disminuye la migración de las células de HCC. G) Zona distal de la 
membrana, se observa la presencia de las células no tratadas migrando. H) Zona distal de la 
membrana, no se observa la presencia de las células que fueron tratadas previamente con el 
GDF11. Imágenes representativas de al menos tres experimentos independientes.  
 
Con la finalidad de determinar el estado en el que se encontraban las células una vez 

colocadas en el embrión, se realizó una tinción con el marcador Ki67, como se muestra 

en la figura 13I, las células controles son positivas para la tinción, lo cual nos indica 

que las células una vez colocadas en el embrión son capaces de proliferar, mientras 

que las células que habían recibido el tratamiento con el GDF11 siguen arrestadas, 

impidiendo el proceso de proliferación, corroborando los resultados anteriores (Fig. 

13J). La figura 13K muestra la densitometría de las imágenes teñidas con Ki67. 
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I)                                                                                K) 

                 

                        

  
 
 
 

 

           
J) 
 

 
 
 

 
 
 
 
 
 
Fig. 13 El GDF11 disminuye la proliferación de las células de HCC. I) Tinción de Ki67, muestra 
la proliferación de las células control en la CAM de los embriones de pollo. J) Tinción de Ki67, 
muestra la proliferación de las células que recibieron el GDF11 en las cuales la proliferación 
esta disminuida en la CAM de los embriones de pollo. K) Densitometría de la tinción de KI67. 
Imágenes representativas de al menos tres experimentos independientes.  
 

8.12 El GDF11 disminuye la formación de esferoides en otras líneas de cáncer  

Con la finalidad de analizar los efectos antitumorigénicos ejercidos por el GDF11 en 

las líneas de HCC y determinar que este efecto no era solo en las líneas usadas, se 

realizó el ensayo de formación de esferoides usando otras líneas de cáncer HepG2 

(Fig. 14A), una línea de hepatoblastoma humano, Hepa1-6 (Fig. 14B), una línea de 

cáncer de hígado de ratón, SNU-182 (Fig. 14C), otra línea de cáncer de hígado 

humano, una línea de cáncer de mama, MDA-MB-231 (Fig. 14D) y finalmente una línea 

de cáncer de páncreas, CAPAN1 (Fig. 14E).  
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A)                                                                           B) 

           

 

                      

                        

 

 

 

 

 

C)                                                                                 D) 
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E)  

 

 

          

                                                    

                           

 

 
 
 
 
 
 
 
Fig. 14 El GDF11 disminuye la formación de esferoides en otras líneas de cáncer.  
A) -  E) Ensayo de formación de esferoides muestra que el GDF11 disminuye la formación de 
esferoides en otras líneas derivadas de cáncer. Cada punto representa un experimento 
independiente, se reportó la media ± SEM de al menos cuatro experimentos independientes 
por triplicado. & p< 0.05 vs NT. Imágenes representativas de los esferoides de otras líneas de 
cáncer. 
 

Las líneas celulares fueron tratadas con GDF11(50 ng/ml) cada 24 h por cinco días. 

Como se puede observar, en todas las líneas celulares se observaron efectos similares 

a los encontrados en las líneas Huh7 y Hep3B, donde el tratamiento provoco un menor 

número de esferoides formados. 

Este resultado nos sugiere nuevamente que el efecto que induce el GDF11 es 

principalmente sobre las células que presentan un fenotipo troncal, en el caso de las 

células de cáncer, este proceso ocurre aunado al grado de agresividad que presentan 

las células.  
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8.13 El GDF11 activa la señalización de ERK1/2  

Finalmente, para estudiar cual es el mecanismo que despliega el GDF11 y por el cual 

las células derivadas de HCC están disminuyendo su proliferación celular, se analizó 

mediante Western blot el estado de la proteína ERK, un miembro de la familia de las 

MAPK, quien se ha reportado que juega un papel importante durante la progresión del 

cáncer.  

Si bien, en la línea celular Huh7 no se logró detectar algún cambio (Fig. 15A), en la 

línea celular Hep3B se logró apreciar la activación de ERK1/2 a partir de los 5 minutos 

y su inactivación a partir de los 15 minutos (Fig. 15B).  

Este resultado nos sugiere que el GDF11 está afectando la señalización mediada por 

ERK, provocando así la disminución en la proliferación celular. 

A)                                                                        B) 

         

Fig. 15 El GDF11 activa la señalización de ERK1/2. Ensayo de Western blot muestra la 
activación de ERK1/2. Imágenes representativas de al menos tres experimentos 
independientes.  
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9.    Discusión  

El cáncer de hígado es una de las principales causas de muerte por cáncer a nivel 

mundial, según lo reportado por el NIH en su “Anual Report to the Nation of the Status 

of Cancer, Part I: National Cancer Statistic” en 2018, la tasa de incidencia y de 

mortalidad por esta patología ha ido en aumento en los últimos años.  

Una de las principales causas a este aumento en las cifras es debido a que la detección 

de dicha patología suele ser en etapas avanzadas y esto es debido a la falta de 

marcadores específicos. 

Una de las alternativas para el tratamiento del cáncer de hígado es mediante la 

intervención quirúrgica para realizar un trasplante de dicho órgano, sin embrago, esta 

alternativa terapéutica difícilmente suele ser una opción viable, y esto es debido a la 

falta de donadores. 

El uso de tratamientos convencionales como la quimioterapia y radioterapia tienen 

efectos prometedores como tratamiento contra el cáncer, sin embargo, estos efectos 

solo son presentados en las etapas tempranas de dicha patología, además de ser 

tratamientos altamente invasivos en los pacientes, por tal motivo, la calidad de vida a 

la que se enfrentan suele ser mala. 

La búsqueda de nuevas alternativas terapéuticas o marcadores específicos para la 

detección temprana de dicha enfermedad es uno de los principales objetivos en los 

que nos encontramos trabajando, con la finalidad de proporcionar tratamientos que no 

sean invasivos y sean efectivos.  
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La familia del TGF- b es uno de los principales factores de crecimiento que se han 

estudiado en cáncer, debido a los efectos que se han reportado que induce dicho factor 

de crecimiento. Entre los efectos reportados en cáncer, se ha demostrados que el 

TGF- b provoca efectos citotóxicos sobre las células transformadas, además de inducir 

efectos citoestáticos. 

El GDF11 es un miembro de la familia del TGF- b, el cual se ha vinculado con procesos 

de regeneración muscular, esto mediante la modulación de procesos relacionados con 

la proliferación y la diferenciación celular. Estos efectos inducidos por el GDF11 

principalmente se llevan a cabo en células troncales y estas son las características que 

presentan las células que conforman los tumores en etapas avanzadas.  

Los resultados demostraron que el GDF11 estaba afectando a las dos líneas celulares 

provenientes de un cáncer de hígado humano, esto mediante la activación de las 

principales proteínas implicadas en las rutas de señalización canónica de las familias 

a las que pertenece el GDF11.  

Como se pudo observar, en la línea celular Huh7 hay activación de las proteínas  

Smad2 y Smad3 mientras que las proteínas Smad 1/5 no muestra cambios, lo que 

sugiere que los efectos encontrados en la línea celular Huh7 es mediada por la ruta 

canónica del TGF- b, además de sugerir que dicha línea celular solo cuenta con los 

receptores encargados de activar las proteínas Smad antes mencionadas. 

En el caso de la línea celular Hep3B, se pudo observar resultados similares a los 

encontrados en la línea Huh7, la activación de las proteínas Smad2 y Smad3, pero 

sorprendentemente, también se observó activación de las proteínas Smad1/5, esto 
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nos sugiere que los resultados encontrados en esta línea celular no tienen preferencia 

por alguna ruta de la familia a la que pertenece el GDF11. Este resultado también 

sugiere la posibilidad de la presencia de los receptores canónicos para el TGF- b y la 

BMP en la línea Hep3B. 

Otro de los efectos que se encontró con el tratamiento del GDF11 fue la disminución 

de la proliferación de las dos líneas celulares, sin embargo, estos efectos fueron más 

contundentes en la línea Huh7, donde en presencia o no de SFB la proliferación 

disminuyó de manera significativa hasta las 72 h con el tratamiento.  

Mientras que en la línea celular Hep3B, el efecto más contundente se vio en el grupo 

que recibió el tratamiento con el SFB. Estos efectos fueron corroborados mediante las 

proteínas que se encargan de regular el ciclo celular, observando que el GDF11 

provoca la desregulación de los principales reguladores positivos de dicho proceso y 

a su vez, la sobreregulación de uno de los reguladores negativos el ciclo como es p27. 

Una de las posibles razones por lo cual la proliferación se está afectando, es debido a 

que el GDF11 está afectando la señalización de una de las principales rutas de 

señalización que participan en la progresión del cáncer, mediante el aumento en la 

proliferación celular. Como se pudo observar, el GDF11 está impactando sobre la 

activación de ERK, quien después de 15 minutos está disminuyendo su activación sin 

encontrar su activación nuevamente incluso 60 minutos después del tratamiento con 

el factor de crecimiento.  

Si bien, el GDF11 no estaba induciendo efectos citotóxicos sobre las células, ya que 

la viabilidad se encontraba sin cambios, si se encontraba afectado de alguna manera 
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a las células, lo cual se observó mediante la disminución de la proliferación, por tal 

motivo se decidió estudiar el metabolismo de las células con el tratamiento, esto 

mediante el ensayo de MTT y el uso del Seahorse, los resultados mostraron que las 

células en presencia del factor de crecimiento presentan una alteración sobre el 

metabolismo de lípidos, específicamente sobre el metabolismo del colesterol, lo cual 

se observó después de la realización de la secuenciación de ARN, estos resultados 

pueden explicar porque las células disminuyen su proliferación, ya que una de las 

principales rutas de señalización que se encargan de proveer a las células de energía 

se encuentran alteradas. Además, se observó que la presencia del GDF11 provoca la 

alteración de 133 genes, de los cuales 101 se sobreexpresaron y 32 fueron reprimidos. 

Como se observó en los resultados de los esferoides, el GDF11 está induciendo la 

disminución tanto en número como en tamaño de los esferoides, esto nos indica que 

el tratamiento está induciendo efectos antitumorigénicos en ambas líneas celulares de 

cáncer de hígado, además de encontrar que el GDF11 provoca la disminución de los 

principales genes relacionados con agresividad, específicamente con procesos de 

diferenciación, lo cual corrobora que el GDF11, en condiciones normales participa en 

los procesos de diferenciación celular como se ha reportado anteriormente (Egerman 

et al., 2015; Sinha et al., 2014), encontrando específicamente en cáncer la disminución 

de los genes usados como marcadores de agresividad. 

El GDF11 participa en los procesos de migración celular, esto se debe principalmente 

a que dicho factor de crecimiento provoca la disminución de marcadores 

mesenquimales, quienes se encargan de permitir que las células puedan migrar, a su 

vez, aumentan los marcadores epiteliales, quienes se encargan de mantener 
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adheridas las células, por lo que este resultado contradice lo reportado anteriormente 

(Pons et al., 2018; Williams et al., 2013) quienes indican que el GDF11 induce la 

progresión de la migración celular, encontrando además que el factor de crecimiento 

provoca la disminución del marcador E-Cadherina. 

Estos resultados fueron corroborados mediante el ensayo de migración usando el 

modelo de la CAM, donde observamos que las células en presencia del GDF11 

pierden sus capacidades para migrar, corroboran el ensayo de herida cicatriz, que 

fuertemente nos sugirió una alteración en el proceso de migración.  

Se pudo observar también, que las células una vez colocadas dentro de los embriones, 

donde por el proceso de desarrollo en el que se encuentran los embriones existe una 

producción elevada de factores de crecimiento, aun así, las células que habían recibido 

el tratamiento con el GDF11 no lograron recuperar sus capacidades proliferativas, 

comparadas con las células controles. 

Los efectos inducidos por el GDF11 no son transientes, ya que las células que 

recibieron el tratamiento por 72 h no recuperaron su capacidad de proliferación, este 

resultado se observó en el ensayo de clonogenicidad y de formación de esferoides, 

donde después de 10 días sin la presencia del GDF11 continúan de alguna manera 

arrestadas.  

Si bien, los resultados muestran el efecto antitumorigénico ejercido por el GDF11, 

mediante un análisis de secuenciación de ARN se pudo observar la expresión 

diferencial de algunos genes, entre ellos se observaron alteraciones en genes 

relacionados con el metabolismo del colesterol, lo cual explica los efectos observados, 
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debido a que el colesterol es una de las principales moléculas encargadas de proveer 

energía a las células además de un incremento en la resistencia a la muerte celular. 

Finalmente, los efectos que fueron encontrados en las líneas celulares de HCC se 

observaron también en otras líneas derivadas de diferentes tipos de cáncer, 

encontrando que el tratamiento con el GDF11 provoco la disminución en la formación 

de esferoides. Estos resultados nos corroboran una vez más que el principal blanco 

del GDF11 son las células troncales, en el caso específico de las células cancerosas, 

éstas durante su proceso de progresión, adquieren características similares a las 

células troncales, este proceso está estrechamente relacionado con el grado de 

agresividad que presentan las células cancerosas. 

En conclusión, el GDF11 induce efectos antitumorigénicos en las células derivadas de 

cáncer de hígado, mediante la desregulación de proteínas encargadas de regular la 

progresión del ciclo celular, reflejándose en la disminución de la proliferación de las 

células. Además, el tratamiento con el GDF11 provoca la disminución de las 

principales características de agresividad que presentan las células, como son la 

disminución en la migración celular, la disminución de genes relacionados con 

agresividad y por último alteraciones en el metabolismo energético.   
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11.    Anexos 

11.1 Anexo I 

Genes diferencialmente expresados por RNA-seq de células Huh7 no tratadas vs 

células tratadas con GDF11 por 72h. 

Gene Symbol log2FoldChange pvalue 
LGALS14 3.921469019 3.53E-261 
LEFTY2 3.687024639 1.06E-26 
LGI4 3.490888727 8.56E-35 
COMP 2.747552515 9.82E-25 
NPNT 2.713387978 5.13E-232 
ADAMTS16 2.647553308 1.30E-45 
PREX2 2.569974521 1.75E-20 
TNNI2 2.488468809 2.20E-17 
CYP27C1 2.470734906 5.01E-21 
LAMP3 2.466356076 4.10E-18 
INHBE 2.452467137 6.39E-48 
LOXL4 2.428604852 2.17E-198 
SLC2A3 2.376173926 8.30E-22 
UACA 2.37336341 1.85E-216 
HOXD10 2.341004559 1.93E-34 
ANGPTL2 2.339207786 4.82E-36 
PNCK 2.338519511 1.09E-22 
DPYSL3 2.324217136 7.81E-39 
TMPRSS6 2.284219761 5.99E-35 
FXYD3 2.246128235 3.23E-14 
ROCK1P1 2.236023786 1.63E-57 
FBN1 2.187855546 5.76E-33 
ABCA5 2.180522535 4.23E-87 
NCF2 2.165376117 1.69E-42 
MUC4 2.154113058 3.96E-10 
BRINP2 2.145535665 4.69E-35 
IGF2 2.145324365 3.52E-14 
ELN 2.135058095 7.67E-10 
MUC6 2.124994446 2.19E-11 
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CCDC114 2.117616995 7.32E-10 
FCRLA 2.068443888 8.20E-10 
TBX15 2.035915515 1.00E-30 
AKR1D1 2.022713664 3.31E-32 
HERPUD1 2.01607821 4.49E-47 
H2AFY2 2.009538684 5.22E-42 
HSPA5 1.949514938 3.02E-18 
MAP4K4 1.920309378 4.85E-145 
CPA6 1.90940687 3.76E-41 
KSR2 1.902561407 1.45E-08 
NFASC 1.894703438 2.23E-09 
DNAH17 1.891291946 1.63E-15 
MUC12 1.88025976 1.38E-13 
NEBL 1.877571261 4.53E-23 
PALMD 1.873603078 1.82E-43 
BIRC7 1.861189535 5.29E-08 
ADAM18 1.845354175 9.14E-08 
THSD7B 1.836839641 7.64E-09 
CACNA1I 1.807888686 4.57E-09 
MUC16 1.788859558 3.84E-09 
HOXD11 1.770701533 8.34E-10 
HAO2 1.769695508 3.80E-11 
HR 1.768831463 3.54E-08 
SCARA5 1.756851385 6.87E-08 
TNR 1.755585331 3.91E-09 
VLDLR 1.745466075 5.29E-44 
LGR5 1.743793568 6.26E-36 
FAT2 1.730028538 9.07E-14 
TMIE 1.715156511 8.26E-11 
COL3A1 1.707350978 4.57E-18 
CRMP1 1.707206198 1.03E-08 
LINC00626 1.702047953 3.77E-07 
COL6A3 1.684020112 1.04E-07 
NRP2 1.658978033 9.19E-18 
VAT1L 1.658095383 8.47E-28 
SLC38A4 1.657462088 7.81E-61 
TFCP2L1 1.657241066 1.69E-08 
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RYR1 1.65532021 3.85E-07 
CTCFL 1.651149779 3.91E-09 
SLC17A2 1.647355437 5.96E-07 
DDIT3 1.642562624 2.27E-22 
ERICH2 1.641813038 1.25E-12 
MUC17 1.633344068 2.94E-08 
INHBC 1.628561448 2.00E-11 
RASGRF1 1.621020225 2.83E-06 
TSPAN2 1.620255918 2.39E-11 
GRAMD1B 1.619594262 4.80E-07 
USH2A 1.610606432 1.09E-24 
LOC100505570 1.607861636 7.57E-07 
EGFLAM 1.604269324 1.00E-06 
SYT12 1.60131133 3.69E-16 
ADGRG1 1.595839165 1.01E-09 
SDAD1P1 1.595801649 2.96E-08 
PLOD2 1.588643143 1.21E-46 
AKAP9 1.586904882 8.35E-35 
CD244 1.584133714 3.22E-06 
GRIN2B 1.583927447 4.44E-09 
NODAL 1.579142937 6.48E-07 
SPOCK3 1.575663235 1.33E-21 
ARG1 1.570875587 9.63E-12 
MUC5B 1.568495098 1.13E-06 
SSUH2 1.567813132 2.40E-11 
SLC17A1 1.56688722 6.87E-12 
DDIT4 1.550565301 1.10E-12 
DCDC1 1.535536328 8.26E-13 
LINC00607 1.535457271 9.33E-08 
ESRP1 1.52514354 9.88E-15 
COL4A4 1.524387072 4.95E-07 
HPX 1.516843773 1.96E-13 
SUSD4 1.514676264 9.53E-08 
LOC101927476 1.504933399 4.12E-06 
TGM2 1.503268181 3.89E-24 
GDA -1.528488074 3.00E-41 
NQO1 -1.532507828 2.55E-38 
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CEBPD -1.559862342 8.04E-25 
RNU1-4 -1.569737269 0.003581296 
HMGCS1 -1.572736881 4.05E-28 
DHCR7 -1.604743325 1.02E-15 
ID3 -1.635236286 2.89E-14 
FASN -1.640033605 1.47E-16 
LDLR -1.660673068 4.87E-32 
UCA1 -1.683039475 1.35E-15 
GPX2 -1.72467583 1.97E-40 
AGR2 -1.726754148 5.96E-35 
RELN -1.732237464 2.98E-46 
C4BPA -1.736620543 2.49E-22 
SLPI -1.819627376 8.63E-10 
PCSK9 -1.837419153 7.00E-14 
DUSP5 -1.891144348 3.21E-52 
REG1A -1.985463268 7.09E-23 
INSIG1 -1.993474499 2.30E-32 
SERPINC1 -2.037707054 9.74E-10 
PIGR -2.144615136 4.15E-11 
SAA1 -2.159203684 1.72E-09 
RAMP1 -2.184992954 3.79E-18 
CEACAM7 -2.246612681 5.49E-18 
CEACAM6 -2.328163629 4.73E-11 
LYZ -2.332004714 1.23E-13 
MAGEA11 -2.335203017 4.74E-11 
FJX1 -2.431089774 1.53E-16 
PCDH20 -2.554797019 4.66E-45 
NTS -2.668937049 4.98E-75 
PI3 -2.716861907 1.79E-28 
CXCL5 -2.954990498 2.30E-132 
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A R T I C L E I N F O
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A B S T R A C T

Growth differentiation factor 11 (GDF11) has been characterized as a key regulator of differentiation in cells that
retain stemness features, despite some controversies in age-related studies. GDF11 has been poorly investigated
in cancer, particularly in those with stemness capacity, such as hepatocellular carcinoma (HCC), one of the most
aggressive cancers worldwide. Here, we focused on investigating the effects of GDF11 in liver cancer cells.
GDF11 treatment significantly reduced proliferation, colony and spheroid formation in HCC cell lines.
Consistently, down-regulation of CDK6, cyclin D1, cyclin A, and concomitant upregulation of p27 was observed
after 24 h of treatment. Interestingly, cell viability was unchanged, but cell functionality was compromised.
These effects were potentially induced by the expression of E-cadherin and occludin, as well as Snail and N-
cadherin repression, in a time-dependent manner. Furthermore, GDF11 treatment for 72 h induced that cells
were incapable of sustaining colony and sphere capacity in the absent of GDF11, up to 5 days, indicating that the
effect of GDF11 on self-renewal capacity is not transient. Finally, in vivo invasion studies revealed a significant
decrease in cell migration of hepatocellular carcinoma cells treated with GDF11 associated to a decreased
proliferation judged by Ki67 staining. Data show that exogenous GDF11 displays tumor suppressor properties in
HCC cells.

1. Introduction

Liver diseases represent one of the main challenges in public health.
Changes in human habits tend to increase the prevalence of severe liver
diseases, such as steatohepatitis, cirrhosis, viral hepatitis and liver
cancer [1]. Hepatocellular carcinoma (HCC) is one of the most pre-
valent and aggressive tumor worldwide with high rate of postsurgical
recurrence [2–4], and despite the outstanding progress made in the last
decade in identifying new therapeutic approaches to target canonical

proliferation and survival pathways, the potential use of non-canonical
molecules and the molecular basis of their anti-proliferating activity are
currently being studied directed to provide new therapeutic targets [5].

Growth differentiation factor 11 (GDF11) is a member of the sub-
family of the bone morphogenic proteins, and of the superfamily of the
transforming growth factor beta (TGF-β). GDF11 is critical for orga-
nogenesis and development, particularly for skeletal system. Knock-out
for mouse Gdf11, or for the furin-like convertase (Pcsk5), which acti-
vates GDF11 to a mature form, results in skeletal development defects
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and lethality in uterus [6,7].
Recently, some controversies have emerged about the effects of

GDF11 in rejuvenation process [8]. While some groups report that
GDF11 expression reduces with age, and its restoration induces pro-
liferation and differentiation of progenitor cells (satellite cells) in the
skeletal [9] and cardiac muscle [10], reversing the age-related hyper-
trophy, others state that GDF11 significantly inhibits muscle re-
generation and decreases satellite cell expansion in mice [11,12]. This
debating question is also associated with the great similarity of GDF11
with myostatin (or GDF8) and the poor specificity of some commercial
antibodies [13]. Aside of these controversial functions of GDF11 in age-
related disorders, both outlooks have in common that cells, with some
stemness properties, are targeted by the GDF11, notably in develop-
ment process [14–16].

Given that cancer cells, with stemness features, are recognized as
key therapeutic target, due to their capacity of sustained proliferation
and migration, possibly driving tumor progression and resistance to
treatment, we aimed at figure out the effects of GDF11 in HCC-derived
cell lines. Although some studies revealed that GDF11 expression cor-
relates with poor prognosis in colorectal [17] and breast cancer [18], it
has been poorly studied in this kind of disease. Recently, Bajikar and
collaborators [19] reported that GDF11 exerts tumor suppressive
functions in triple-negative breast cancer cells. Loss of function of
GDF11 in breast cancer has been notably related to deficient maturation
due to the convertase PCSK5, which activates bioactive GDF11 from its
immature form. The present study is the first one related to liver cancer
and provides evidence that GDF11 could be a good candidate for new
therapeutic options.

2. Materials and methods

2.1. Cell culture

Huh7, Hep3B, Hepa1–6, HepG2, SNU-182 and MDA-MB-231 cell
lines were obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). Cells were cultured in William's medium supple-
mented with 10% fetal bovine serum (FBS, Hy-Clone, Logan, UT, USA),
100 U/ml ampicillin and 100 μg/ml streptomycin (Thermo Fisher
Scientific, Waltham, MA, USA). Cells were maintained at 37 °C in a 5%
CO2 and 90% humidity atmosphere. Cells were plated in plastic culture
bottles (Sigma-Aldrich, Saint Louis, MO, USA). All cell lines were my-
coplasma free.

2.2. Main experimental design

Cells were exposed to 50 ng/ml GDF11 [20] for different times.
GDF11 was added to culture media every 24 h and cells were recovered
after 72 h for experiments, as depicted in Supplementary Fig. 1A.

In order to determine whether GDF11 effects are not transient, and
remain after growth factor withdrawal, we performed additional ex-
periments, in which cells were treated every 24 h up to 72 h, then
harvested and re-plated without GDF11. Spheroid and colony formation
were evaluated up to 5 days in the absent of GDF11 (Supplementary
Fig. 1B).

2.3. Western blotting

Western blot was conducted as we previously reported [21]. PVDF
membranes were probed with specific antibodies as described in the
Supplementary Table 1. Horseradish peroxidase-conjugated antibodies
were used according to the primary antibodies. Blots were exposed
using Super Signal West Pico Chemiluminescent substrate (Pierce Bio-
technology, USA). Signal was detected using Gel Logic 2500 (Kodak,
Rochester, NY, USA).

2.4. Immunofluorescence assays

Immunofluorescence was conducted as previously reported [22],
briefly, cells were treated for different times with GDF11, and then
fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS).
Samples were permeabilized with 0.01% (v/v) Triton-X 100 for 30min
and blocked with 3% (w/v) bovine serum albumin (BSA) in PBS for
30min and subsequently incubated with primary antibodies anti-oc-
cludin (Santa Cruz Biotechnology 81812, dilution 1:100), anti-snail
(Santa Cruz Biotechnology 28199, dilution 1:100), anti-E-cadherin
(Santa Cruz Biotechnology 21791, dilution 1:100) and anti-N-cadherin
(Santa Cruz Biotechnology 59987, dilution 1:100). Nuclei were coun-
terstained with 1 μg/ml 4′,6-diamidino-2-phenylindole (DAPI) (Sigma-
Aldrich). Images were obtained using a multi-photon confocal micro-
scope (Carl Zeiss LSM-780 NLO, Oberkochen, Germany).

2.5. Cell proliferation

Cell proliferation was addressed by CCK-8 kit (Dojindo Lab,
Kumamoto, Japan), following manufacturer's instructions.

2.6. Spheroid formation

Cells were seeded in six-well low attachment plates (Millipore-
Sigma, Saint Louis MO, USA). The cultures were supplemented every
24 h with 50 ng/ml of GDF11 for five days. The spheroids were counted
and photographed using an inverted microscope Carl Zeiss VERT.A1.

2.7. Wound-healing assay

Cells were seeded in six-well plates to approximately 90% of con-
fluency. In each well a couple of wounds were created with a 20 μl
pipette tip. Plates were washed three times with PBS to remove de-
tached cells. Subsequently, media were added supplemented or not
with FBS in presence or absent of GDF11.

The healing response was monitored every 24 h up to 72 h when
photography register was performed.

2.8. Cell functionality by MTT assay

Cell functionality was addressed by the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) test, using the Vybrant
MTT Cell Proliferation Assay Kit (Thermo Fisher Scientific), following
manufacturer's instructions.

2.9. Clonogenic assay

After 72 h under GDF11 treatment, 1× 103 cells were seeded into 6-
well plates in triplicate and maintained in GDF11-free media, in pre-
sence or absent of FBS. After 10 days, colonies were stained with crystal
violet, photographed and counted.

2.10. Invasion study using a chick embryo chorioallantoic membrane
(CAM) assay

Chick embryo CAM model was used to study invasion properties,
following previous method reported by our group and others [23–25].
Briefly, ten fertile chick (Gallus domesticus) eggs (ALPES SA Farms,
Puebla, Mexico) were randomly separated in two groups. Eggs were
incubated at 37.8 °C and 60% humidity up to 22 HH of embryo stage
development. Then, shells were wiped with 70% ethanol, and 1 cm2

window was done. The vitelline membrane was dissected and 1× 106
cells, treated or not with GDF11 for 72 h and labeled with vibrant CFDA
SE cell tracer kit (Thermo Fisher Scientific), were introduced onto the
CAM, in the convergence of two blood vessels, using 30 μl of Matrigel
(Sigma-Aldrich) as substrate. The window in the shells was covered
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with sterile adhesive tape and eggs were incubated as above for 2 and
4 days. CAM were recovered and immediately fixed with 4% paraf-
ormaldehyde in PBS. Paraffin sections (5 μm) were obtained for im-
munofluorescence using anti-beta-catenin antibody (Cell Signaling
#9562). Proliferation was addressed by immunofluorescence using
anti-Ki67 antibody (abcam 15580; dilution 1:100). Nuclei were coun-
terstained with 1 μg/ml DAPI. Images were acquired using a multi-
photon confocal microscope (Carl Zeiss LSM-780 NLO).

2.11. Real-time quantitative reverse transcriptase-polymerase chain
reaction (qRT-PCR)

One μg total RNA was reverse transcribed in 20 μl reaction volume
with a SuperScript (Invitrogen Corp.) first-strand synthesis kit ac-
cording to the manufacturer's instructions. Oligonucleotide primers
were designed using Primer3 v.0.4.0 (http://frodo.wi.mit.edu/

primer3/) as describe [26]. The qRT-PCR analysis was performed
with a CFX96 Touch (Bio-Rad) thermal cycler in a 96-well reaction
plate. The 10 μl PCR reaction mix contained 5 μl 2× SYBR Green PCR
Master Mix (Bio-Rad), 200 nM of each primer, and 1 μl cDNA template.
Reactions were incubated for 10min at 95 °C followed by 40 cycles of
30 s at 95 °C and 60 s at specific primer temperature. The expression
level of ribosomal protein S18 (rs18) was used as reference. Relative
gene expression levels were calculated using the formula 2(−ΔΔCt).
Primer sequences are listed in Supplementary Table 2.

2.12. Protein quantification

The protein content was determined by using the bicinchoninic acid
method (BCA, Pierce, Thermo Fisher Scientific), following the manu-
facturer's instructions.

Fig. 1. HCC cells respond to GDF11 treatment activating Smad3 with no effects on cell viability. Huh7 and Hep3B cells were treated for different times with GDF11
(50 ng/ml). A) Western blot analysis of the Smad3 phosphorylation. Actin was used as loading control. B) Time-course analysis of cell viability determined by crystal
violet staining, cadmium chloride (CdCl2, 5 μM for 6 h) was used as positive control (PC). Each column represents the mean ± SEM of at least four independent
experiments carried out by triplicate. C) Cell morphology under GDF11 treatment at 72 h, cells were treated every 24 h with GDF11 up to 72 h. Representative images
of at least four independent experiments. Original magnification 200×.
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2.13. Statistical analysis

The results are presented as the average of at least three in-
dependent experiments. A One-way ANOVA followed by Tukey post-

test was performed for the analysis of cell viability, mitochondrial
functionality by MTT, number of spheroids and number of colonies in
cell sensitization experiments whit GDF11. t-Student test was per-
formed for the analysis of the numbers of spheroids.

Fig. 2. GDF11 impairs proliferation, migration and cellular function. A) Huh7 cell proliferation addressed by CCK-8 in the absent or the presence of fetal bovine
serum (FBS). B) Wound-healing assay, Huh7 cells were treated every 24 h with GDF11 up to 72 h. Representative images of at least four independent experiments. C)
Western blot of the main cell cycle proteins and densitometric analysis. D) Hep3B cell proliferation addressed by CCK-8 in the absent or the presence of FBS. Each
point represents the mean ± SEM of at least four independent experiments carried out by triplicate, F) wound-healing assay, Hep3B cells were treated every 24 h
with GDF11 up to 72 h. Representative images of at least four independent experiments. G) Mitochondrial functionality by MTT assay in HCC cell lines, each column
represents the mean ± SEM of at least three independent experiments carried out by triplicate. Images are representative of at least three independent experiments.
*, p≤ 0.05 vs NT cells at 72 h.
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3. Results

3.1. HCC cells respond to GDF11 treatment by activating Smad3

To figure out whether HCC-derived cells respond to GDF11, Huh7
and Hep3B cells were treated with 50 ng/ml GDF11 up to 60min.
Activation of the canonical signaling pathway was addressed by im-
munoblot of Smad3. Fig. 1A shows that Smad3 is rapidly activated by
phosphorylation 5min, in Huh7 cell line, and 30min in Hep3B cell line,
after GDF11 treatment. Activation remains up to 60min. To explore
impact in cell viability, Huh7 and Hep3B cells were treated at different
times with GDF11. Time-course analysis up to 72 h of treatment de-
monstrates that GDF11 has no significant impact on cell viability
(Fig. 1B), while CdCl2 (5 μM, 6 h), used as a positive control, reduces
cell viability. In addition, morphology inspection of cell culture at 72 h
revealed small changes in cells, including a flat-like phenotype and a
decrease in cell density in both cell lines (Fig. 1C).

3.2. GDF11 impairs cell proliferation and cycle progression

Next, we decided to address cell proliferation; although no sig-
nificant effect was observed on cell viability, GDF11 was shown to
decrease Huh7 cell proliferation starting after 48 h GDF11 treatment
and being statistically significantly at 72 h in the absence or presence of
FBS (Fig. 2A), which was used as a competitor. In addition, a wound-
healing assay revealed an impaired repair process at 72 h under GDF11
treatment compared with untreated cells (Fig. 2B). The analysis of the
content of key cell cycle proteins shows that positive regulators such as
Cyclin A, Cyclin D1 and CDK6 decreases in a time dependent manner,
while CDK inhibitor p27 increases (Fig. 2C). Consistent with results
observed in Huh7 cells, Hep3B cells under GDF11 treatment showed
similar effects in cell proliferation (Fig. 2D) and wound-healing assay
(Fig. 2F). Although viability was not affected in both HCC-derived cell
lines, cell functionality, evaluated by MTT assay was significantly de-
creased starting after 24 h of treatment, in Huh7 cells, and 48 h in

Fig. 2. (continued)
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Fig. 3. GDF11 decreases spheroid formation capacity and the expression of genes related to aggressiveness. A) Spheroid counting at 72 h, Huh7 and Hep3B cells were
treated every 24 h with GDF11 (50 ng/ml) up to 72 h, each point represents an independent experiment, we reported the median ± SEM of at least ten independent
experiments. Images are representative of at least ten independent experiments, original magnification 100×. &, p≤ 0.05 vs NT cells at 72 h. B) Messenger RNA
levels of key genes related to cancer aggressiveness, relative expression to not treated (NT) cells is demonstrated as means ± SEM. *, p≤ 0.05 vs NT cells.
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Hep3B cells, explaining the effects observed in proliferation and
wound-healing (Fig. 2G).

3.3. GDF11 decreases spheroid formation capacity and the expression of
genes related to aggressiveness

Previous results strongly suggest that GDF11 exerts tumor sup-
pressive effects. To gain more evidence, we performed studies of

spheroid formation under GDF11 treatment every 24 h for 5 days. Cells
treated with GDF11 exhibited fewer spheroids at day 5 (39%, in Huh7
cells; and 34% in Hep3B), as compared with untreated cells at the same
time (Fig. 3A). Even more, spheroids observed under the GDF11
treatment were smaller (25% in Huh7 cells; and 40% in Hep3B) than
those formed in the absent of treatment.

The analysis of the expression of some of the key well-characterized
markers of cancer cell aggressiveness, revealed an increment of

Fig. 4. GDF11 promotes mesenchymal to epithelial transition. A) Time-course analysis by Western blot of representative epithelial (E-cadherin and occludin) and
mesenchymal (Snail and N-cadherin) markers in Huh7 cells treated with GDF11 (50 ng/ml) and, B) corresponding densitometric analysis. Each column represents the
mean ± SEM of at least three independent experiments carried out by triplicate. Images are representative of at least three independent experiments. *, p≤ 0.05 vs
NT cells. Immunofluorescence determined by confocal microscopy of C) Snail and E-cadherin content and, D) N-cadherin and occludin content. Images are re-
presentative of at least three independent experiments. Original magnification 360×.
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messenger RNA of CD133, CD24, CK19 and EpCAM particularly, the
last one was significantly diminished only in Hep3B with no changes in
Huh7 cells (Fig. 3B).

3.4. GDF11 promotes mesenchymal epithelial transition

Next, we decided to address the expression of some mesenchymal
and epithelial key markers in cells under GDF11 treatment. The im-
munoblot revealed a decrement of mesenchymal markers, such as Snail
and N-cadherin, and the increment of epithelial markers, such as oc-
cludin and E-cadherin, in a time-dependent manner (Fig. 4A and B),
interestingly mesenchymal markers remain below levels of not treated
cells, while epithelial markers decrement peaked at 24 h and then de-
creased to control values. To gain more confidence of these data, we
analyzed the content of these proteins by immunofluorescence, Fig. 4C
and D show the colocalization of Snail and E-cadherin; and N-cadherin
and occludin, respectively, in both cases the expression of the me-
senchymal proteins (Snail or N-cadherin) was considerably diminished,
and the epithelial ones was increased, confirming the immunoblot ex-
periments. Similar results were obtained in Hep3B exhibiting an in-
crement in the expression of E-cadherin and occludin, and decrement in
N-cadherin, in a time-dependent manner (Supplementary Fig. 2).

3.5. The effects elicited by GDF11 for 72 h of treatment remain in the
absence of the factor

To figure out whether the effects displayed by GDF11 induce a long-
lasting or a transient cellular reprograming, cells were treated with
GDF11 every 24 h for three days then, cells were harvested and pro-
cessed to explore the capacity of colony and spheroid formation for five
days, in presence or absence of serum as competitor. Fig. 5A shown that
Huh7 cells treated with GDF11 remarkably decreased the ability to
form colonies, in the presence or absence of FBS. Similarly, spheroid
formation was significantly diminished in both cell lines (Fig. 5B and
C), interestingly a better effect was observed in Huh7 cell line practi-
cally abrogating the spheroid formation capacity. Serum supple-
mentation in the media did not rescue cells from the static phenotype
(Supplementary Fig. 3), but the number of spheroids were different in
the presence or absent of FBS in NT cells. Reprogramming experiments
showed that cells exposed to GDF11 were unable of sustaining their
colony and sphere forming capacity, indicating that the effect of GDF11
on self-renewal capacity is not transient.

3.6. GDF11 impairs invasion capacity

To address one of the key hallmarks of malignancy, we assayed

Fig. 4. (continued)
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invasion property in cells treated or not with GDF11. 1× 106 cells were
grafted in the CAM of the chick embryo (Fig. 6A). Fig. 6C shows the
complete control CAM with no cells, in order to observe normal mor-
phology of the CAM. Cells were grafted in the area labeled with the
yellow circle; the eggshell was covered with sterile tape. After two or
four days of incubation at 37 °C, the CAM was recovered fixed and
paraffin embedded for immunofluorescence and confocal microscopy.
We started exploring the effect at day four; at this time we observed
embryo lethality only with not treated cells (Fig. 6B). Microscopy in-
spection revealed few disaggregated not treated cells remaining in the
grafted zone (Supplementary Fig. 4A, white arrows), and some cells
were observed in the distal zone of the CAM (green cells), indicating an
ongoing invasion process (Supplementary Fig. 4C). The same experi-
mental setting with GDF11 treated cells revealed some significant
compacted aggregates of cells (Supplementary Fig. 4B, yellow arrow
heads), and some of them in transit (Supplementary Fig. 4B, white ar-
rows). No cell was detected in the distal CAM (Supplementary Fig. 4D).
Remarkably, chick embryos in the eggs inoculated with GDF11 treated
cells were still alive (Fig. 6B).

In order to analyze the invasion process at an early time point, we
decided to incubate the eggs only for two days. Microscopic analysis of
the complete CAM revealed that most of the untreated cells were gone
(Fig. 6D). In fact, some of chick embryo dies also at this time, however,

cells treated for three days with GDF11 remained covered by the CAM
and cell localization suggests an attempt of migration, but most of the
cells still there (Fig. 6E). The CAM zones near to the cell cumulous
strongly express beta catenin (yellow arrow, and figure inset), probably
as a response to Huh7 cells reprograming induced by GDF11; in com-
parison, beta catenin expression in CAM with non-treated cells, was
weak, suggesting degradation. In order to address the cell proliferation
status in the invasion experiment, we proceeded to detect Ki67 protein
content by immunofluorescence; Fig. 6F shows more proliferating cells
in CAM grafted with not treated Huh7 cells comparing with those under
GDF11 treatment; remarkably, Ki67 positive cells were more abundant
in the lower zone of the CAM, indicating more proliferative capacity
(yellow arrow; Fig. 6F).

To corroborate the GDF11-induced invasion restriction, we per-
formed the CAM experiment using Hep3B cells. The results depicted in
Supplementary Fig. 3E show disaggregated not treated cells in the en-
graftment zone, cells seems to be disabled to form cell to cell interac-
tions, in comparison with GDF11 treated cells that exhibited a well
compacted cell cumulous with well defined cell interactions, the vas-
cular zone exhibited not treated cells in blood vessels, effect that was
absent in GDF11-treated cells, interestingly, the tumor was well de-
limited (white arrows, Supplementary Fig. 4), suggesting that treated
cells were able to degrade the basal membrane, as observed in an in situ

Fig. 4. (continued)
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tumor. The distal zone in the experiment with not treated cells shows
many disaggregated cells in the CAM, in comparison of the GDF11
experiment with few cells; remarkably, the size of this zone was thicker
than that with not treated cells. Thus, these data strongly suggest that
GDF11 significantly reduces invasive property.

3.7. GDF11 decreases spheroid formation in other cancer cell lines

Finally, to corroborate that the tumor suppressive effects displayed
by GDF11 are not restricted to Huh7 and Hep3B cell line, we treated for
three days the human hepatoma cell line HepG2 (Fig. 7A), the mouse
HCC cell line Hepa1–6 (Fig. 7B), the human breast cancer cell line
MDA-231 (Fig. 7C), and the human HCC cell line SNU-182. In all cases,
GDF11 significantly decreases spheroid-forming capacity, suggesting a

conserved effect among cancer cells with some stemness phenotype.

4. Discussion

HCC accounts for 90% of primary liver cancer, with increasing new
cases every year, raising a warning worldwide [4,27]. Although, some
therapeutic options are currently well established, such as sorafenib
administration for advanced tumors, local ablation or resection, these
options only provide some limited benefits in terms of patient survival.
Besides, liver transplantation remains a great challenge due to the
limited number of donors.

Investigation of signaling pathways involved in the control of pro-
liferation, survival or the metabolism of cancer cells is crucial to define
novel alternative therapeutic approaches.

Fig. 5. The effects elicited by GDF11 remains in the absent of the growth factor. Cells were treated every 24 h with GDF11 (50 ng/ml) up to 72 h, after that, cells were
harvested and we proceeded to analyze: A) colony formation and, B) spheroid formation with deprivation of GDF11. Experiments were conducted in the presence or
absence of fetal bovine serum (FBS). For the number of colonies each column represents the mean ± SEM of at least three independent experiments carried out by
triplicate. Representative images of the six-well plates. For spheroid formation, each point represents an independent experiment; we reported the median ± SEM of
at least nine independent experiments. *, p≤ 0.05 vs NT cells in presence of FBS (+FBS); &, p≤ 0.05 vs NT cells in the absence of FBS (−FBS).
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GDF11, a relatively new member of the TGF-β superfamily, has been
showed to display biological effects in a wide range of cell types. It is
particularly interesting that most of the cells that respond to GDF11
exhibit some degree of stemness phenotype [9,20]. Along this char-
acteristic, we hypothesized that this growth factor could exert some
effects in HCC-derived cell lines, particularly in those retaining stem-
ness features. It was reported that Huh7 cell line expresses some of the
key stemness markers, such as Nanog, Oct4 or Sox2. It has been also
reported that increased expression of these genes in Huh7 cells is re-
lated to the increment of stemness [28,29], particularly when cells are
forming spheroids [30]. The first evidence that Huh7 and Hep3B cells
respond to GDF11 was the activation of one of the canonical signal
transducers, specifically the phosphorylation of Smad3 [11,20], which
was strongly detected after 5min of GDF11 treatment in the case of
Huh7 and, at 30min in Hep3B cells, and remained activated along
60min (Fig. 1A). It is well-characterized that some members of the
TGF-β display effects in epithelial cells that modulate survival or pro-
liferation [31]. Interestingly, we found that viability is unaffected up to
72 h under GDF11 treatment (Fig. 1B), with no outward changes in cell
phenotype. However, cell proliferation is clearly diminished at 72 h, in
presence or not, of the proliferative action of FBS (Fig. 2A and D),
suggesting cytostatic effects similar to those observed with other
members of the TGF-β family. Indeed, it is reported that TGF-β by itself,
displays cytostatic and apoptotic functions that restrain cell growth,
avoiding the hyperproliferative disorders, even in Huh7 and Hep3B
cells [32,33]. This novel effect, elicited by GDF11 in liver cancer cells,
confirms the well-conserved cytostatic effect in the TGF-β family, as
exemplified by the analysis of the content of the main cell cycle reg-
ulating proteins; cyclins A and D1, and cdk6 were downregulated, and
p27 was overexpressed, these effects being particularly evident at 72 h
(Fig. 2C). Similarly, GDF11 significantly attenuated the proliferation of
the neural stem cell line Cor-1, downregulating key positive cell cycle
proteins [20]. In addition, this work by Williams and collaborators
showed that cell migration is impaired by GDF11 as we also observed
(Fig. 2B and F).

Based in the fact that stemness feature is increasing in spheroid or
3D culture, particularly in cells used in this study [29,30], we observed
that the number and the size of spheroids decreased in the presence of
GDF11 at 72 h of repeated treatment (50 ng/ml, every 24 h) in both
HCC cell lines. We found similar effects in HepG2 (Fig. 7A), a human
hepatoma cell line capable to form spheroids as well [30], and in SNU-
182, another human HCC cell line from a high aggressive tumor. In-
terestingly, when comparing the human liver cancer cell lines, GDF11
displayed greater effects in Huh7 and Hep3B than in HepG2, although,
in the last one, decrement in sphere formation was statistically sig-
nificant, confirming the preference of GDF11 on cells with stemness
feature. Similar results were reported by Bajikar and collaborators in
triple negative breast cancer cell lines [19], even more, Hepa1–6, MDA-
MB-231 and SNU-182 cell lines presented similar effects with some
differences in the number of spheroids, but in all cases with significant
changes (Fig. 7).

To gain more evidence, we performed the analysis of the messenger
RNA levels of key molecular markers for aggressive cancers and stem-
ness (Fig. 3B), cytokeratin 19 (ck19) has been closely related to poor
prognosis and high recurrence in HCC [34], the effect on ck19 ex-
pression, induced by GDF11, was the most relevant, in terms of absolute
values comparing with NT cells, prom1 (CD133) and epcam (EpCAM)

also are well characterized stemness markers, being CD133 most sig-
nificant in stages I, while the prognostic role of EpCAM is more effective
in advanced stages [35], interestingly, the effect of GDF11 in epcam
expression was different in the HCC cell lines studied here, Huh7 cells
did not respond to the GDF11 treatment exhibiting no changes in the
expression, however, Hep3B, which a more aggressive cell line, di-
minished the expression since 6 h of treatment, supporting the findings
by Chang and coworkers [35]. These results strongly suggest that
GDF11 antitumorigenic properties are more relevant in advanced tu-
mors. Finally, cd24 is another well-known marker for stemness and
aggressive HCC [36], our data clearly show a decrement since 6 h in
Huh7 and at 12 h in Hep3B, once again the difference in stemness ca-
pacity is evident in both cell lines, but in both cases GDF11 displays
antitumorigenic effects.

The analysis of mesenchymal and epithelial markers revealed a
clear GDF11-induced mesenchymal to epithelial transition phenotype.
A time-dependent decrement in the expression of mesenchymal-related
proteins such as Snail and N-cadherin, and increased of epithelial
markers, such as E-cadherin and occludin (Fig. 4) [37], was confirmed
by Western blot and immunofluorescence. The gain of an epithelial
phenotype was simultaneously associated to a significant decrease in
colony and spheroid formation capacity (Fig. 5), and to a decreased
capacity in invasion (Fig. 6), as addressed by the CAM assay. Interest-
ingly, in the CAM assay we observed a degradation of the basal mem-
brane, a key condition for invasion in the experiment using not treated
cells, and in the case of the experiment with GDF11 treated cells the
membrane was preserved suggesting a distinctive phenotype of an in
situ tumor, in addition treated cells were presented forming cumulous,
probably because the increment of E-cadherin expression (Fig. 4 and
Supplementary Fig. 2).

All these data clearly show that GDF11 induces an anti-tumor re-
sponse in HCC cells, directed to decreases aggressiveness by attempting
reverse the mesenchymal to epithelial phenotype.

The decrement of the invasive phenotype was also found in triple
negative breast cancer cell lines [19]. The effect was associated to an
increase in the expression of E-cadherin, supporting our findings in
HCC-derived cells. Importantly, we reported that GDF11 effects were
not transient, and may evoke a cellular reprograming in HCC cells.
Indeed, treatment for 72 h with GDF11 sustained the effects even five
days in culture in the absent of GDF11.

Although, a low frequency of mutations in GDF11 and a significant
enrichment in the convertase PCSK5 locus have been reported in breast
cancer [19], we did not find significant presence of mutations in those
genes in HCC according to The Cancer Genome Atlas (TCGA, data not
shown). However, in human HCC the expression level of GDF11 ob-
served no changes, but in cholangiocellular carcinoma (CCC), sig-
nificant differences were found increasing 1.55-fold change in tumors
versus normal tissue (Supplementary Fig. 5), (36 patients for CCC and
371 for HCC; https://portal.gdc.cancer.gov and http://firebrowse.org),
in the case of PCSK5 gene expression the TCGA reports significant
changes in both HCC and CCC (1.56-fold and 2.31-fold change versus
normal tissue.

These data suggest that changes in basal expression in GDF11 and
PCSK5 genes, are rare events in HCC and probably not responsible to
the loss of function of GDF11, maybe some epigenetic silencing me-
chanism could be related to loss of function of GDF11. Nevertheless, we
clearly demonstrated that recombinant human GDF11 induces an

Fig. 6. GDF11 impairs invasive capacity. The chick embryo chorioallantoic membrane (CAM) model was used to address the invasion capacity as specified in
Material and Methods. 1× 106 cells treated or not with GDF11 for 72 h, were engrafted in the top of the CAM in 30 μl of Matrigel. A) Schematic representation of the
model used in the study. B) Survival plot of the chicken embryo, n=6 in each treatment. C) Representative confocal image composition of the control complete
CAM, the yellow circle indicates the place were cells were placed. D) Confocal microscopic inspection of the entire CAM that received not treated Huh7 cells. E)
Confocal microscopic inspection of the entire CAM that received GDF11 treated Huh7 cells for 72 h. CAM is identified by immunofluorescence of beta catenin
(membrane in green, yellow arrows), DAPI was used for nuclei identification, Huh7 cells were traced with Vybrant CFDA SE cell tracer kit (white arrows). F) Ki67
immunofluorescence, positive cells in green (Alexa flour 488), nuclei in red (propidium iodide). V, blood vessel. Images are representative of at least 6 eggs per
condition.
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Fig. 6. (continued)
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Fig. 7. GDF11 decreases spheroid formation property in other cancer cell lines. Cells were treated every 24 h with GDF11 (50 ng/ml) up to 72 h and we proceeded to
spheroid counting in A) HepG2, hepatoblastoma cell line B) Hepa1–6, mouse hepatocellular carcinoma cell line, C) MDA-MB-231, triple negative breast cancer cell
line, D) SNU-182, grade III/IV human hepatocellular carcinoma cell line. Each point represents an independent experiment; we reported the median ± SEM of at
least six independent experiments. *, p≤ 0.05 vs NT cells at 72 h.
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antitumorigenic effect with no relevance in cell death, but lessening
aggressiveness by promoting a cytostatic phenotype and repressing
invasion.

In conclusion, we are reporting tumor suppressive properties of
GDF11 in HCC-derived cells restricting self-renewal capacity, setting
GDF11 as a good candidate for therapy and biomarker in liver cancer.
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Growth Differentiation Factor 11 (GDF11), a member of the super family of the

Transforming Growth Factor β, has gained more attention in the last few years due

to numerous reports regarding its functions in other systems, which are different to

those related to differentiation and embryonic development, such as age-related muscle

dysfunction, skin biology, metabolism, and cancer. GDF11 is expressed in many tissues,

including skeletal muscle, pancreas, kidney, nervous system, and retina, among others.

GDF11 circulating levels and protein content in tissues are quite variable and are affected

by pathological conditions or age. Although, GDF11 biology had a lot of controversies,

must of them are only misunderstandings regarding the variability of its responses, which

are independent of the tissue, grade of cellular differentiation or pathologies. A blunt fact

regarding GDF11 biology is that its target cells have stemness feature, a property that

could be found in certain adult cells in health and in disease, such as cancer cells. This

review is focused to present and analyze the recent findings in the emerging research

field of GDF11 function in cancer and metabolism, and discusses the controversies

surrounding the biology of this atypical growth factor.

Keywords: GDF11, PCSK5, cancer, liver, HCC, metabolism

INTRODUCTION

On May 2013 the research groups, led by doctors Amy J. Wagers and Richard T. Lee, published
outstanding work suggesting that the growth differentiation factor 11 (GDF11) could be a good
candidate for the age-related heart hypertrophy reversion observed in the model of heterochronic
parabiosis (1). One year later, onMay 2014, Science journal published a couple of works by the same
research team at Harvard University, unveiling that systemic injection of the GDF11 reverses age-
related dysfunction in skeletal muscle (2) and vascular and neurogenic function in the brain (3).
Both reports were astonishing, particularly because myostatin, also known as GDF8, shares high
structural homology with GDF11, but GDF8 induces exactly the contrary effect, muscle growth
inhibition (4). At that moment, GDF11 was called “the rejuvenation factor,” a term taken by a
commentary note published by Jocelyn Kaiser in the same number of the Science journal (5), and
Karoline E. Brun published another similar commentary in Cell journal entitle “GDF11 and the
Mythical Fountain of Youth” (6).
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The findings, beyond this unfortunate motto, revealed that
GDF11 could exert functions in adult systems, in addition of
those characterized in embryonic and fetal tissues. The works by
the groups of doctors Wagers and Lee provided evidence that the
main target cells are those with certain stemness phenotype, such
as the satellite cells in the muscle, which are the progenitor ones
for new functional muscle cells.

If GDF11 targets cells with stemness capacity, then many
cancer cells should be targeted by this growth factor.

Many cancer cells gain stemness capacity and this correlates
with aggressiveness and poor prognosis. The findings raised by
the group of doctors, Wagers and Lee, position cancer cells
as a target of GDF11 since they proved that stemness is a
key condition for GDF11 effect. However, the results could be
opposite depending of the cancer cell origin, metabolic status,
or the stage of the cancer. We must wait for incoming works
in the next few years, perhaps months, revealing a more precise
mechanism regarding these apparent controversies in cancer
and metabolism.

This work is focused to review the general knowledge of
GDF11, and its functions in cancer biology and metabolism,
taking into consideration recent findings in the specialized
literature and in the public databases and scientific on-
line resources.

GDF11 AN ATYPICAL TGF-β FAMILY
MEMBER

GDF11 (also known as Bone Morphogenetic Protein, BMP11),
is a member of the super family of the Transforming Growth
Factor beta (TGF-β) and a subfamily of the BMP which is widely
secreted in many species, including mouse, rat and human, and
it is accepted as a key factor in embryo development, particularly
in the anterior/posterior patterning (7–9).

GDF11 was identified byMcPherron et al. in 1999, who cloned
the human and mouse GDF11 and characterized its function in
pattering the axial skeleton (9). Two years prior, the same group
also discovered and characterized the GDF8 (10).

In humans, GDF11 gene is located in chromosome
12 (12q13.2, forward strand, Ensembl accession number:
ENSG00000135414). Two splice variants products have been
identified, according to Ensembl (Figure 1), the first one, GDF11-
201 is a 8657 bp RNA, formed by three coding exons, generating
a 407 amino acids protein, and the second one, GDF11-202, is
a 1,258 bp, formed by three exons generating a 380 amino acids
protein (11). Jeanplong (12) reported another RNA splice variant
determined as GDF-11!Ex11, characterized by the absence of
exon 1, and composed for exon 2 and 3 with transcriptional
initiation in intron 1 (4,701 bp). It is predicted this variant could
be regulated by transcription factors, such as some myogenic
factors (MRF, Myf5, MyoD, Myogenin, and MRF4), Pax3, NF1,
AP1, among others (12), suggesting that it could be involved in
muscle development and/or repair as reported in other work (2).
Interestingly, the promoter of GDF11 could also be activated by
trichostatin A (13), an inhibitor of histone deacetylases (HDAC),
suggesting a clear epigenetic regulation of the GDF11 gene

expression; HDAC3 regulates zebrafish liver development by
modulating GDF11. The overexpression of HDAC3 increases
liver size, while the increase of GDF11 expression induces a
small size liver; interestingly, the knockdown of GDF11 did
not induce any relevant change in liver morphology. The role
of HDAC3 in GDF11 function in liver development is likely
a direct control over the hepatocyte precursor (hepatoblast)
proliferation, as observed in HCC-derived cells (14), but this
must be deeply addressed.

GDF11 mRNA is translated in a precursor protein (Figure 2),
which is processed by specific proteases generating the mature
GDF11 (C-terminal, 12.5 kDa) and the pro-domain (N-
terminal, 30.1 kDa). GDF11 shares 89% amino acid sequence
homology with GDF8, however GDF8 expression in human
tissues is restricted to cardiac and skeletal muscle (1),
while GDF11 is practically expressed in all tissues (15).
Although there is high homology between mature GDF8
and GDF11, the pro-domains of both proteins share only
54% homology. The pro-domain is fundamental for proper
protein folding, disulfide bond formation and exportation
of the homodimers (16), suggesting differences in post-
translational process.

The protein convertase subtilisin/kexin 5 (PCSK5) is one of
themain acting proteins onGDF11, activating themature GDF11
by proteolytic process at basic sites of the pro-domain (17). The
elimination of PCSK5 in the mouse embryo was associated with
abnormal expression of Hlxb9 and Hox genes, two well-known
GDF11 target genes, generating defects in the anteroposterior
patterning and strongly proposing a relationship with GDF11
functions (7, 8).

In humans, GDF11 is expressed in practically all tissues, but is
particularly relevant in the brain (hippocampus), the kidneys, the
endometrium, and the heart muscle; while the liver is the organ
with the lowest expression (1, 15, 18).

THE SIGNAL TRANSDUCTION

As a member of the BMP family, GDF11 uses the canonical
receptors and the SMAD proteins for signaling. The GDF11
dimer (a disulfide-linked homodimer of carboxy-terminal
fragments) binds the activin receptors type II A or B (ActRIIA,
ActRIIB), proteins with serine/threonine kinase activity; leading
to the recruitment and transphosphorylation of two type
I serine/threonine kinase receptors, also known as activin-
like kinase receptors (ALK), particularly the 4, 5, or 7 (19,
20). The activated ALK receptor phosphorylates and activates
the receptor-regulated SMAD (R-SAMD). GDF11 particularly
transduces by using SMAD2 and 3 (14, 21), and some reports
also propose the participation of SMAD1, 5 and 8 (22). The R-
SMAD dimer recruits the co-SMAD, SMAD4, to form a trimeric
complex, which eventually translocates to the nucleus for gene
expression regulation (23). Although the signal transduction
of the TGF-β family might seem simple, it is highly regulated
by extracellular and intracellular mechanisms. Inside the cell,
the regulation can occur at the membrane or in the cytosol,
during nuclear translocation and DNA biding, at this level, is a
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FIGURE 1 | Schematic representation of GDF11 gene and mRNA. (A) Gdf11 gene and (B) Gdf11 transcripts and table with the two transcripts specifications

according to Ensembl (www.ensembl.org, ENSG00000135414.9) and Jeanplog 2014.

FIGURE 2 | Maturation process of GDF11.

tetrameric complex because the interaction with a fourth protein
component or partner (24) (Figure 3).

GDF11 can also transduce by non-canonical pathways.
Mitogen activated protein kinase (MAPK) is perhaps the main
non-SMAD pathway controlled by the growth factor, activating
routes such as p38, AKT, and JNK (25, 26), however, in some
cases, inhibiting the activation of JNK or NF-κB (27) depending

of the cell lineage. Further, it has been described that the
family can also transduce by MAPKKK7 [also known as TGF-
β activated kinase 1 (TAK1)] via MEK6 (28–30). TAK1 is part
of a signaling complex formed by TAK1 binding protein 1
(TAB1) and with either TAB2 or TAB3 (31). TAK1 complex
follows an intricate mechanism of activation involving the tumor
necrosis factor receptor-associated factor (TRAF) 2 or 6, adaptor
proteins with non-conventional activity of E3 ubiquitin ligase.
TRAF proteins exert regulation over TAB2 or 3. Finally, the
autophosphorylation of TAK1 leads to the activation of its
downstream targets, particularly members of the MAPK and
NF-κB signaling pathways (32).

Negative regulation of the GDF11-mediated signaling can also
occur at different levels. Extracellularly, GDF11 can be negatively
regulated by the interaction withmany proteins such as follistatin
(33, 34), GDF-associated serum protein-1 (GASP-1), GASP-2
(35), decorin and follistatin-like 3, among others (4). Follistatin,
a secreted glycoprotein, binds GDF11 and inhibits its interaction
with ActRIIB. Follistatin is the main extracellular inhibitor of
GDF11, and is transcriptionally regulated by the same GDF11
signaling, indicating that the signal transduction is restricted by a
negative feedback mechanism (36).

The BMP and activin membrane-bound inhibitor (BAMBI), a
co-receptor that is not functional due to it lacks cytosolic domain,
has been suggested to be another negative regulator in plasma
membrane, but that still remains to be confirmed (19).

In the cytosol, GDF11 follows the canonical negative
regulation of the family. It has been reported that GDF11 is
regulated by SMAD7 (37) and SMAD6 (19). The SMAD specific
E3 ubiquitin protein ligase 2 (SMURF2) also displays negative
regulation of the signaling pathway (28). Negative-regulation
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FIGURE 3 | The signal transduction of GDF11. The figure displays the canonical signal transduction mediated by R-SMAD (SMAD 2/3, SMAD 1,5,8), assisted by the

Co-SMAD (SMAD4). The signal could inhibited by inhibitory SMAD (I-SMAD) 6 or 7 or by the SMAD specific E3 ubiquitin protein ligase (SMURF). Extracellularly,

GDF11 could be inhibited by the BMP and activin membrane-bound inhibitor (BAMBI), or the action of proteins such as Follistatin, Decorin, and GDF-associated

serum protein-1 (GASP-1) and GASP-2. The non-canonical pathway is driven particularly by the Mitogen Activated Proteins Kinases (MAPK), signaling continues to

the tumor necrosis factor receptor-associated factor (TRAF) 2 or 6; and TGF-β activated kinase 1 (TAK1), which in addition uses the TAK1 binding protein (TAB) 1 and

one of both 2 or 3. Non-canonical regulation could influence the nuclear factor kappa B (NF-kB) among others, and the inhibition of this pathway could be blocked by

protein phosphatases (PP).

FIGURE 4 | Kaplan-Meier survival curve of 176 patients with pancreatic cancer. Patients were classified as low GDF11 expression and high GDF11 expression, p <

0.001, according to the human protein atlas (www.proteinatlas.org/ENSG00000135414-GDF11/pathology).
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of the non-canonical pathway is driven by specific protein
phosphatases (PP), such as PPC1, among others.

DEVELOPMENT AND AGED-RELATED
FUNCTION

Although GDF11 was identified in 1999 (9), as previously
mentioned, in 2014 the growth factor was transiently located
in the “Sancta sanctorum” of the “miraculous” molecule,
when the laboratory of Amy Wagers (2) reported that
GDF11 was responsible for the skeletal muscle regeneration in
mice heterochronic parabiosis. A profound controversy arose
regarding the rejuvenating property of GDF11; some groups
stated that this property is displayed by the growth factor (1–
3, 38), while others reported the opposite effect (39–42), as
previously mentioned. To have a good point of view regarding
this debate, we suggest a deep view of cited works and
commentaries regarding the controversy (3, 5, 6, 19, 42, 43).

Regardless of this disagreement, there is no doubt about the
GDF11 function in differentiation and embryonic development,
particularly in anterior/posterior axial skeleton (9) and brain
function (44), which are nicely reviewed elsewhere (19, 45, 46).

GDF11 VS. GDF8 AND THE RACE FOR THE
DISCOVERY OF THE REJUVENATION
PROPERTIES

GDF11 and GDF8 are close related members of the activins
subclass in the TGF-β superfamily. Sharing 90% of their
amino acid sequence (38, 47), these two proteins have been a
technical challenge for antibody manufacturers and, therefore,
protagonists of one of the most controversial studies in recent
years (29, 39, 48–50), regarding to the issue of GDF11 being the
protein responsible for “rejuvenation” of aged organisms (1, 2),
as previously mentioned.

The race from the discovery of the rejuvenation properties of
GDF11 to the following debate of the antibody specificity led to
a deeper structural analysis of these proteins and the interaction
with their receptor. Due to the similarities of ∼90% of sequence
identity of the C-terminal signaling domain between GDF11 and
GDF8, their mature form is nearly identical, which causes these
proteins to share the same activin type II receptor (38).

Although they are indeed similar in their monomeric form, in
fact these proteins are thought to have opposite functions, where
GDF11 works as a muscle generator in embryogenesis (9) but
GDF8 acts as a muscle mass inhibitor (10, 51), which may be
the result of the final homodimer structure. Thus, it is important
to understand that the GDF11 and GDF8 homodimer formation
leads to a different conformation that allows them to interact with
the same receptor in a unique and specific way. It is reported
that both homodimers are linked by a single disulfide bond in
an antiparallel conformation, but the flexibility in the relative
orientations generated by the differences in their structure are
determinant for the quaternary structure variations that lead to
a distinctive biological response (47, 52).

It has also been reported that GDF11 has a stronger affinity
for the receptor than GDF8 (38) and that it is more dependent on
direct receptor contacts (53), but there is also an issue with crystal
structures of both proteins. Humanmyostatin alone has not been
reported and the available structures are bound to extracellular
antagonists (follistatin and follistatin-like 3) (54, 55), which have
been compared to a small-angle X-ray scattering (SAXS) analysis
to determine the mechanism of activation (52). On the other
hand, human GDF11 structure has been resolved in recent years
(47), thus, it is possible to discover the real impact of the structure
of both proteins in future, at which point we can begin to uncover
exactly what makes the responses so different.

GDF11 EFFECTS IN CANCER BIOLOGY

An emerging field of research is the impact of GDF11 in cancer
biology. Most of the cancer cells, particularly those with high
aggressiveness, retain or recover stemness capacity, placing them
as a potential target of GDF11 (14, 23).

There exist some controversies in cancer biology as well; in
some cases GDF11 induces clear tumor suppressive properties
(14, 23), and in others it is the opposite (56, 57). Once again,
the versatility displayed by this growth factor depends of cell
progeny, grade of differentiation or transformation.

LIVER CANCER

We recently published work describing how GDF11 induces
tumor suppressive properties in human hepatocellular
carcinoma-derived cells, Huh7 and Hep3B cell lines, restricting
spheroid formation and clonogenic capacity, an effect that is also
observed in other liver cancer cell lines (SNU-182, Hepa1-6, and
HepG2), decreasing proliferation, motogenesis, and invasion.
These characteristics were associated with transcriptional
repression of cyclin D1 and A, and the overexpression of
p27 (14). GDF11 effects, on hepatic cell proliferation, have
been found in liver development, where GDF11 targets the
hepatoblast, the hepatocyte precursor (13, 58).

Remarkably, the invasion experiments using the chick embryo
chorioallantoic membrane (CAM) model (14, 59) revealed a
static phenotype in Huh7 cells treated for 72 h with GDF11
(50 ng/ml), an outcome well-correlated with a decrease in cell
migration and proliferation. Furthermore, GDF11 treated cells
were incapable of sustaining colony and sphere capacity in the
absence of GDF11, up to 5 days, indicating that the effect of
GDF11 on self-renewal capacity is not transient, suggesting a
reprogramming effect.

Similar results were obtained in the hepatoblastoma cell lines,
HepG2 and SMMC-7721: the treatment with GDF11 up to 72 h
reduced cell viability. Although SMMC-7721 cells are probably a
HELA-derivative cell line, the effect was also present (60). This
report also provides preliminary evidence that the expression of
GDF11 was significantly lower in cancerous tissue rather than in
normal liver.

Outstandingly, GDF11 was capable of decreasing
aggressiveness-associated markers in Huh7 and Hep3B cells,
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producing a deregulation in the expression of Epcam, promo1
(CD133), cd24, and ck19, that was associated with the repression
of Snail and N-cadherin, and the overexpression of occluding
and E-cadherin, strongly indicating a mesenchymal to epithelial
transition (14).

It is interesting that, under normal conditions, liver cells,
which are the poorest in GDF11 production, are highly
responsive to GDF11 in the context of cancer could be relevant
in terms of a possible use of GDF11 for treatment. The work
by Gerardo-Ramírez clearly showed that all HCC cells used
in the study responded to the exogenous GDF11 treatment,
decreasing all aggressiveness-associated markers. Interestingly,
the effects in HCC cells were differentiated, and it was dependent
of the stemness capacity, being more responsive to Hep3B
cells, which express fewer stemness markers compared to Huh7
cells. Supporting this statement, in liver development GDF11
has been related to inhibition of liver growth, mainly targeting
proliferation of hepatoblast, the cell precursor or mature
hepatocytes by a mechanism involving HDAC3, which inhibits
the expression of GDF11 as proven by Farooq and collaborators
(58). This work clearly demonstrates that GDF11 targets hepatic
cells with stemness features, not necessarily those observed in
cancer, but in the normal liver, particularly in development.

BREAST CANCER

Similarly, Bajikar et al. (23) identified a tumor-suppressive role
of GDF11 in a triple-negative breast cancer (TNBC). These cells,
under 3D culture, heterogeneously express GDF11 and very low
levels of GDF8, as well as the main canonical receptors, such as
ALK4, and ALK5, among other protein machinery required for
a proper signal transduction. This clearly indicates that breast
epithelial cells express the required components to recognize
GDF11 as an autocrine or paracrine stimulus (23). GDF11 also
induced a decrease in number and size of the spheroids and
generated more-compacted structures by the increment in E-
cadherin, as observed in liver cancer cell lines, and GDF11
treatment induces a cell-cell adhesion preventing metastasis
phenomena (14, 23).

Authors also found a defective GDF11 maturation and
secretion in seven of nine studied TNBC cell lines. The linker
was the convertase PCSK5, in which a deficiency was found in
the TNBC cells, inducing the extracellular accumulation of the
immature proGDF11 and, for instance, loss in the bioactivity
of GDF11. This mechanism was also observed in mice; the lack
of Pcsk5 in Apcmin/+ animals (61) increases adenocarcinoma
formation in the small intestine, decreasing the survival (23, 62),
which demonstrates a clear function in tandem of GDF11 and
PCSK5 to induce the tumor suppressive properties. In fact, the
restoration of the PCSK5 activity in the TNBC cells suppresses
lung metastasis (23).

Another work by Wallner et al. (63) revealed that super-
physiological levels of GDF11 (2µg/ml) could provide
advantages in chemotherapy in breast adenocarcinoma,
inducing a decrement in the migrative capacity of MCF-7 cells in
a scratch assay. Similar findings were observed in the presence of

follistatin (2µg/ml), while GDF8 (2µg/ml) induced cell death at
the same time. This study also showed that GDF11 is expressed
in low grade adenocarcinoma tissue (G1), but lower levels in G3
tissue were found, and it was correlated with high expression
of follistatin in G1, suggesting an inhibitory effect of GDF11 at
higher levels of differentiation, which is consistent with the idea
that high aggressiveness in cancer associates with less GDF11
function, confirming the tumor suppressive capacity of GDF11.

PANCREATIC CANCER

Pancreatic cancer (PC) represents one of the most lethal cancers
worldwide (64). It has been reported that GDF11 is down-
regulated in PC tissue, compared with surrounding tissue, and
pancreatic cell lines exhibit a low expression of the growth
factor (65). This group also reported that, in a cohort of 63 PC
patients, those with high GDF11 expression had significantly
better survival rates in comparison with those with low GDF11
expression. These effects were related to decreased proliferation,
migration and invasion, and these observations are in agreement
with those reported in HCC and TNBC. GDF11 is also capable of
inducing apoptosis in PC cell lines (65).

Similarly, the human protein atlas (https://www.proteinatlas.
org) provides evidence from 176 patients: those with high GDF11
expression (n = 61) exhibited better survival rates, compared
with those with low expression (n = 115, p < 0.001) (Figure 4).
These observations strongly suggest that GDF11 could also exert
tumor suppressive properties that should be deeply addressed
to gain confidence, particularly the effect of exogenous active
GDF11 (18).

Interestingly, another member of the family GDF15 is directly
correlated with poor survival in PC patients, and it is proposed
as a better marker than CA-125 (66), again raising the atypical
functions of this growth factor.

As observed in HCC, in PC, the targets of GDF11 are poorly
differentiated cells. In the mouse embryo, GDF11 is expressed in
the pancreatic epithelium, at embryonic day E12-E14 (67), as it
happens in the liver, but in GDF11−/− animals the pancreas size
are 2-fold smaller than wild type.

In the context of the educated guess that cells with some
stemness phenotype respond to GDF11, even in cancer, it has
been proven that GDF11 negatively regulates NGN3+ progenitor
cells and GDF11 induces β-cell differentiation (68), supporting
the role of GDF11 in metabolism. Under this context, GDF11
exerts its functions in pancreatic cells with stemness phenotype.

COLORECTAL CANCER

In 130 patients with colorectal cancer (CRC), the expression of
GDF11 was significantly higher compared with normal tissue
(56). The classification of the patient cohort in low and high
GDF11 expression revealed that those patients with high levels
of GDF11 showed a higher frequency of lymph node metastasis,
more deaths and lower survival. The study suggests that GDF11
could be a prognostic biomarker in patients with this disease.
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FIGURE 5 | Genomic alterations in Gdf11 gene. Alteration frequency by type of cancer according to cBioportal for cancer genomics (https://www.cbioportal.org).

FIGURE 6 | Number of mutations in Gdf11 gene. According to cBioportal for cancer genomics (https://www.cbioportal.org). RefSeq: NM_005811. Ensembl

ENST00000257868. CCDS: CCDS8891. UniProt:GDF11_HUMAN. Somatic Mutations Frequency: 0.4%. Forty missense mutations. Two truncating, 0 inframe, 2

other.

It is known that lymphangiogenesis is a fundamental
phenomenon for colorectal cancer dissemination (69). Recently,
Ungaro and collaborators reported that the microenvironment in
the lymphatic vessels provides support to the tumor-derived cells
by manipulating the production of extracellular matrix proteins
and soluble factors, such as cytokines and growth factors (70).
Whole transcriptomic analysis addressed by RNA-seq of isolated
human intestinal lymphatic endothelial cells (HILEC) from
surgically resected CRC and healthy corresponding controls,
revealed that among those genes differentially expressed, GDF11
was observed as a significant increment with high statistical
confidence. CACO-2 cells demonstrated high proliferation in co-
culture with CRC-HILEC, but the GDF11 silencing by siRNA
abrogated this effect indicating a tumor promotion role of
GDF11 in CRC. Interestingly, GDF11 was expressed not only
in lymphatic vessels in CRC, but also in normal tissue (69).
The study also provides evidence of a direct correlation of
GDF11 expression and tumor stage, confirming in this particular
cancer that GDF11 expression could be a marker of tumor

progression (70), and also raises mechanistic evidence that
microenvironment in the lymphatic vessel could play a pivotal
role in metastasis by local production of GDF11.

OTHER TYPES OF CANCER

Some reports have pointed to the pro-tumorigenic properties
of GDF11, with major or minor confidence of rigorous
scientific approach.

In oral squamous cell carcinoma, Qin and coauthors (57)
showed that in a small patient cohort GDF11 expression
is positively correlated with aggressiveness, finding a higher
expression in metastatic oral cancer (n = 19) in comparison
with non-metastatic oral cancer (n = 15). Authors also sustain
that GDF11 induced epithelial to mesenchymal transition by
downregulating epithelial markers such as E-cadherin, and the
overexpression of vimentin or metalloproteinase 9.

In uveal melanoma, GDF11 expression was significantly
upregulated compared with surrounding tissue, the expression
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FIGURE 7 | Genomic alterations in Pcsk5 gene. Alteration frequency by type of cancer according to cBioportal for cancer genomics (https://www.cbioportal.org).

FIGURE 8 | Number of mutations in Pcsk5 gene. According to cBioportal for cancer genomics (https://www.cbioportal.org). RefSeq: NM_001190482. Ensembl

ENST00000545128. CCDS: CCDS55320. UniProt: PCSK5_HUMAN. Somatic Mutations Frequency: 2.8%. Three hundred thirty-two missense mutations, 61

truncating, 0 inframe, 5 others.

was higher in stage IV and substantially greater in the deceased
cases regarding living cases (71). The multivariate analysis
confirmed that GDF11 is an independent prognostic indicator of
unfavorable overall survival.

GDF11 AND PCSK MUTATIONS

The study by Liu et al. (71) also showed that no relevant
mutations were observed in the GDF11 gene in fact. The
cBioportal for cancer genomics web site (https://www.cbioportal.
org) indicates that GDF11 is altered in 1% of database patients.
Figure 4 shows the alteration frequency in Gdf11 gene in some
cancers, and Figure 5 depicts the number of somatic mutations,
most of which are missense (72). It seems that mutations in the
Gdf11 gene are not the main consequence in those cancers where

GDF11 is a prognostic factor, which increases research interest in
transcriptional and post-translational regulation.

It is particularly relevant to consider the convertase PCSK5,
a key regulator of GDF11 activity. Pcsk5 gene presents a
high frequency of genomic alterations in 3% of the patients,
according to cBioportal, being particularly relevant in melanoma,
endometrial carcinoma, and stomach adenocarcinoma, among
others (Figure 6). Missense mutations are particularly observed
in the peptidase transcript (Figure 7) (72). As proven remarkably
by the team of doctor Kevin A. Janes (23), maturation of bioactive
GDF11 is defective in TNBC due to insufficient PCSK5 activity
but, as shown, the frequency of mutations appear not to be
related with the flaw (Figure 8). Once again, transcriptional
and post-translational regulation should be considered in
future research.
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TABLE 1 | Overview of cancer cell lines or tissue from patients with differential

effect of GDF11, as tumor suppressive or tumor promotion protein.

Cancer Cell/Tissue Tumor

suppressive

Tumor

promotion

References

Liver Huh7

Hep3B

SNU-182

Hepa1-6 HepG2
X

(14)

Liver HepG2

SMMC-7721

and

tissue

X

(60)

Breast MDA-MB-231

MDA-MB-468

and

tissue

X (23)

Breast MCF-7 X (63)

Pancreas PANC-1

CFPAC-1

Tissue

X (65)

Colorectal Tissue X (56)

Colorectal Tissue X (70)

Colorectal CACO-2 X (69)

Oral squamous

cell carcinoma

Tissue X (57)

Uveal

melanoma

Tissue X (71)

EFFECTS OF GDF11 AS METABOLISM
REGULATOR

The impact of GDF11 in the development of pancreas implies
that the growth factor could exert some metabolic regulation on
this organ in the adult, particularly in the endocrine pancreas
(67). Dichmann and coauthors found that in the gdf11−/−

mouse, the maturation and number of β- and α-cells are
normal, however, another group led by Harmon reported that
the gdf11−/− mouse exhibited impairment maturation of β-cells
and an increment in α-cells, which could produce glucagon in
comparison with the wild type mouse (68). This controversy,
which is not unusual, must be addressed, but makes it clear that
GDF11 could be inducing effects in the metabolism mediated by
the pancreas.

Recently, a work by Anon-Hidalgo et al. (73) reported a
convincing study associating the circulating levels of GDF11
with thyroid-stimulating hormone (TSH) in humans. The study
showed subjects with high or normal levels of TSH present
high level contents of GDF11, compared with patients with low
levels of TSH. This finding could be due to the fact that other
members of the family, such as GDF8 and GDF15, are regulators
of the energy homeostasis (74, 75). Anon-Hidalgo team states
that it could be related to a regulation of TSH by GDF11, or
GDF11 could be positively regulated by TSH or any other thyroid
hormones (73).

Luo et al. published that GDF11 decreased lipid content in
human mesenchymal stem cells and the mouse 3T3-L1 cell line.

This was associated with the repression of adipogenic genes,
such as the transcription factors Pparg, Cebpa, and the executer
proteins Plp, Cd36, Plin1, Adipoq, among others, in a mechanism
associated to the canonical signal transduction mediated by
SMAD2/3 (76). The report provides evidence that GDF11 could
exert control over lipid content in unclear fashion. The role of
GDF11 in lipid homeostasis could be directed to lipid uptake
or efflux, intervening in lipogenic or lipolysis pathways, or lipid
removal by autophagy, but data provided by Luo et al. suggest
an intervention in lipogenesis. Interestingly, obese mice fed
with a high lipid diet present significantly decreased circulating
GDF11 levels, compared with mice under low fat diet (77). The
mRNA and protein content of GDF11 in skeletal muscle from
mice under the high fat diet correlated with the serum content
of the growth factor, exhibiting lower expression and protein
content, compared with animals under low fat diet. Furthermore,
palmitate treatment in the mouse-derived myoblast cell line,
C2C12, decreases GDF11 expression. However, the GDF11 did
not ameliorate the palmitate-induced insulin resistance and
GDF11 treatment did not change expression of Glut4 or Irs-1.

The evidence sustains the metabolic intervention by GDF11,
at least in terms of lipid homeostasis, and again in cells
with stemness features. This could be relevant in cancer, since
lipid overload is one of the main characteristics required
for a proper cancer cell proliferation (78, 79). In fact, it
is reported that GDF11 impairs mitochondrial function in
cancer cell lines, particularly in HCC-derived cells (14). The
impact of GDF11 in the central metabolic organelle could
explain the tumor suppressive properties exerted by the growth
factor. Mitochondria provide essential intermediaries required
for cell proliferation: driving redox and calcium homeostasis,
coordinating energy supply and mediating cell survival; all
of which are fundamental for all cells, and particularly for
transformed ones (80). A report by Hernandez-Rizo and
collaborators states that GDF11 restricts cell proliferation in
hepatic tumor cells through glycolysis and lipid metabolism
impairment (81). In agreement with these findings, Garrido-
Moreno et al. (82) recently reported that GDF11 prevents
cardiomyocyte hypertrophy by preserving the communication
between the mitochondria and sarcoplasmic reticulum and
calciummobility, preserving oxidative mitochondria metabolism
by a mechanism mediated by the maintenance of mitochondrial
cytosolic calcium buffering capacity.

Although the evidence of GDF11 regulation of the energetic
and lipid metabolism is limited, it clearly indicates an effect
tending to maintain the cellular energetic homeostasis. More
research is required to characterize the mechanism underlying
metabolic regulation by the growth factor, particularly in
cancer cells.

CONCLUDING REMARKS AND FUTURE
PROSPECTIVE

GDF11 is an intriguing non-conventional growth factor, perhaps
the most fascinating new member of the TGF-β superfamily.
It transduces, as practically all members, by the canonical
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SMAD and non-canonical MAPK pathways, but its functions
can be quite variable, even contradictory, depending of the cell
lineage, tissue (Table 1), or even age. This raises a complex
body of physiological control, which could also differ in health
or disease. GDF11 displays a versatile response that must be
fully characterized, due to it representing an interesting point
of intervention in many diseases or physiological conditions,
particularly in cancer. It is remarkable that one of the main
characteristics in GDF11 target cells, in normal or pathological
conditions, is the stemness capacity. The effects exerted by the
growth factor in cancer have begun to be characterized with
greater scientific rigor and mechanistic approaches.

Perhaps it is time that GDF11, due to its diverse functionality,
constitutes its own subfamily as an atypical and versatile member
of the TGF-β family.

We must be cautious to oversimplify its functions. The
controversies found clearly indicate that GDF11 displays
particular activities depending of cell type, grade of
differentiation, and pathological or normal conditions. This
remarkable atypical member of the TGF-β family must be
carefully studied in clear and well-controlled biological systems.

The knowledge, regarding GDF11, will surely be increased in the
next few years. Themechanism of action in each particular cancer
or cell type must be elucidated to clarify these controversies, and
perhaps they will stop being such, thanks to the mechanistic
enlightenments obtained in the incoming research in the field.
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Abstract

French intervention in Mexico (1861-1867) is particularly full of episodes of patriotic heroism in terms of military, politic and, 
even, religious affairs, however this history is also rich in episodes related to diseases and the evolution of Mexican scientific 
medicine practice, epidemics such as typhus (nowadays knows as rickettsiosis), yellow fever, or cholera. Principally, this con-
text outlined the Mexican history and influenced the course of the nation. The epidemics served as fertile land for the devel-
opment of medicine science leading by prominent physicians, particularly by doctor Miguel Francisco Jiménez.
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Introduction

“Immense, extremely painful, perhaps irreparable, is 
the loss just suffered by the Republic”, expressed 
Francisco Zarco that Saturday at the San Fernando 
Cemetery, before Ignacio Zaragoza’s grave. Five days 
before, the morning of September 8, 1862, the hero of 
the 5th of May battle had died as a consequence of 
typhus. After his victory over the French troops in 
Puebla, he contracted the disease when he passed by 
the Acultzingo Peaks, where he had paid visit to 
wounded and sick soldiers. General Zaragoza was 
assisted by Doctor Juan N. Navarro, who had been 
expressly sent by President Benito Juárez, and expired 
in the presence of his mother and one of his sisters1,

Four months prior, on May 5, Zaragoza had informed 
about the victory of the Mexican army over the invad-
ing forces in Puebla. On the military briefing, he high-
lighted “the behavior of my brave comrades”, since 
“the glorious event that just has taken place shows 

their spirit and, by itself, recommends them” as patri-
ots. When referring to the French army, he recognized 
that it “has fought with great bravery”, in spite that “its 
general in chief has behaved awkwardly in the attack” 
to the city of Puebla. “National arms […] have covered 
themselves with glory”, concluded Zaragoza2.

The period encompassed by the French interven-
tion, since the landing of the European troops (1861) 
until Maximilian of Habsburg execution (1867), is with 
no doubt one of the most fascinating in the country’s 
history. Beyond the warlike and political part, the pres-
ence of several diseases, such as typhus and yellow 
fever, shaped our nation; ironically, it is also a period 
where Mexican medicine arises with scientific bases 
thanks to French medicine.

Typhus

The year before the French intervention, Benito 
Juárez García, as president of the Republic, had is-
sued the Foreign Debt Suspension Decree (July 17, 
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1861), by means of which he cancelled “for a term of 
two years all payments, including those assigned to 
the debt contracted in London and to foreign conven-
tions”3. The rejection to this provision by the English 
and French governments was immediate, with the 
Spanish government joining in. As a consequence, on 
October 31, the Tripartite Convention was signed in 
London, which implied the shipment of “combined sea 
and land forces” to the Mexican territory in order to 
force it to pay its debts3.

Typhus is a disease that caused many problems in 
Mexico throughout its history. It is caused by a very 
particular type of bacteria of the rickettsia family, 
which was precisely discovered in Mexico by Doctor 
Howard Taylor Ricketts during the 1909 epidemic 
(Fig. 1), and that was to cause his death by the dis-
ease he was studying in May 19104. The bacterium is 
transmitted by infected lice that excrete the microor-
ganism in the feces, which is introduced in the wound 
left by the insect when the person scratches him/
herself as a consequence of the bite.

The word “typhus” derives from Greek typhus, 
which means “stupor”. It is an infectious disease 
caused by bacteria such as Rickettsia typhi or Rick-
ettsia prowazekii that often is mistaken with typhoid 
fever, which is caused by other bacterium, Salmonella 
typhi. In those times, there was much confusion and 
patients were often misdiagnosed, until Dr. Jiménez 
made it clear, as will be later explained.

It’s not hard to imagine the scenario in the country 
for these epidemics to occur: overcrowding, poverty 
and lack of hydric and hygienic resources made for 
the disease to considerably spread. As previously 
mentioned, these were, to a large extent, the conditions 
prevailing in the country even before the Frenchmen 
arrival, and which worsened during the interventionist 
period.

The advance of epidemics may have worsened per-
haps by the natural chaos caused, administratively, by 
the Reform Laws; for example, in February 1861, 
President Juárez decreed the secularization of hospi-
tals and welfare establishments, which had been man-
aged by the Catholic Church until then, and at the 
same time, to put order in these services, already in 
hands of the State, the Directorate General of Public 
Welfare Funds was created as a branch of the Ministry 
of the Interior. The institutions that were left under the 
control of this directorate included the Divino Salvador 
Hospital and La Cuna foundling house, and many 
other hospital institutions that one way or another 
were administered by the Church with experience5.

The relationship between lack of economic resourc-
es and the development of the disease can have, 
perhaps, as the greatest example, General Ignacio 
Zaragoza’s own contagion and death.

Both in Mexico City and in Puebla, cases of typhus 
occurred in 1848 and continued in 1849. The disease 
spread from 1857, the year the Liberal Constitution 
was published, with Ignacio Comonfort being presi-
dent of the Republic, to 1859. The same happened in 
1861, 1862 (year of the 5th of May Battle) and 1867 
(year of the 2nd of April Battle), as a consequence of 
“movements of military and civilian groups in condi-
tions of insufficient hygienic means”, which affected 
the Mexican troops that had been victorious in Puebla. 
Not only General Zaragoza, but also “many of his 
soldiers”6 and officers died as typhus victims.

After the victory of the Eastern Army over the French 
troops, communication between General Zaragoza 
and President Juárez was constant; there was no 
telegram in which General Zaragoza didn’t ask for 
economic resources for the support of the army, not 
only in terms of food supplies, but also for the care of 
endemic diseases that, together with the invading 
army, attacked the national troops.

The inhabitants of the city of Puebla, far from coop-
erating, represented a certain obstacle. Such was the 
case that General Zaragoza himself reported on 
May 9: “this execrable city that I have not set on fire 
because there are innocent creatures in it… As for 
money, there is nothing to be done here, because 
these people are mean in general, and especially very 
indolent and selfish… Burning Puebla would be a good 
thing. It is in mourning due to the event of the 5th. It’s 
sad to say this, but it is a shameful truth”7. Terrible the 

Figure 1. Picture of Doctor Howard Taylor Ricketts with one of his 
experimental animals (The National Library of Medicine, NIH).

N
o 

pa
rt

 o
f 

th
is

 p
ub

lic
at

io
n 

m
ay

 b
e 

re
pr

od
uc

ed
 o

r 
ph

ot
oc

op
yi

ng
 w

it
ho

ut
 t

he
 p

ri
or

 w
ri

tt
en

 p
er

m
is

si
on

  o
f 

th
e 

pu
bl

is
he

r. 
 

©
 P

er
m

an
ye

r 
20

18



Gaceta Médica de México. 2018;154

90

report given by the General about heroic Puebla in-
habitants’ attitude.

On September 1, 1862, General Zaragoza started 
experiencing symptoms of the infection, particularly 
high fever, and he was therefore sent to his station in 
Puebla. A few months before, he had received his 
daughter’s visit, and his wife had died early that same 
year, to whom he could only provide with 100 pesos 
for her support, enough for 3 days, which can show 
the economic situation of the general, and therefore, 
of the entire Eastern Army. Ignacio Zaragoza died on 
September 8, 1862, at the age of 33 years, as a con-
sequence of rickettsiosis or typhus7, which interrupted 
the General’s brilliant career, which with no doubt 
could have given even much more to the nation.

“The [federal] government considers General Zara-
goza’s unexpected death to be a public misfortune”, 
wrote Enrique de Wagner, minister of Prussia in Mex-
ico. “After some days of illness, Zaragoza died of ty-
phus in Puebla, where this epidemic wreaks great 
havoc, as well as in the entire zone comprised be-
tween this city and Orizaba.” The Prussian diplomat 
warned that the French army would be exposed “to 
great dangers in case of taking the route of all these 
infested villages and cities”, and recommended for 
“the majority of the forces to be mobilized through 
Jalapa and Perote, Huamantla, Otumba or San 
Martín”, with the city of Puebla remaining under the 
protection of “a few thousand men”8.

Interestingly, rickettsioses are constant in warlike 
processes. In the 1480-1490 Spanish civil war, Chris-
tian and Moor troops are known to have been deci-
mated by disease, while similar effects were caused 
in Napoleon troops in 1812, whereas in World War I, 
around 100,000 cases occurred in 1914 and 15,000 in 
19169. Disease was also key in the plans for Jews 
elimination in the countries controlled by Nazi Germa-
ny, an aspect that is masterfully addressed in Dr. Nao-
mi Baumslag’s work4.

Yellow fever

Yellow fever is a disease caused by a virus of the 
arbovirus family, of the Flavivirus genus, and is trans-
mitted by infected mosquitoes, such as Aedes aegypti 
(Fig. 2). The disease is characterized by high fever and 
severe liver damage, which generates jaundice in pa-
tients, and hence the term “yellow fever”. Once again, 
a lack of sanitation in contaminated water containers 
is essential for the reproduction of the mosquito. The 
disease is currently relatively controlled thanks to 

vaccines and effective treatments, but in times of the 
French invasion this wasn’t even imagined of.

Yellow fever, or yellow plague, was something that 
considerably worried invading armies. One of the first 
reports of this disease, also known as yellow jack, is 
referred by Jena-Jaques Ampère10, when stating that 
in Mexico there are two completely unbearable things: 
“la fièvre jaune et les brigands”. Ampère’s report is 
overwhelming: “one of the worst inconveniences (is 
yellow fever)”11.

Spaniards who had first arrived to the Gulf of Mexico 
coasts were the first victims of this disease, endemic 
of that region. General Juan Prim, the Spanish com-
mander, a few weeks after having landed, sent around 
800 soldiers to hospitals in Cuba for their care. Per-
haps President Juárez took advantage of that “natural 
defense” and played with negotiation time, hoping for 
the disease to be a natural ally.

The negotiation resulted in the invaders being al-
lowed to advance towards Orizaba, located at 2800 
meters above sea level, where the mosquito hardly 
subsisted. When Spaniards and Englishmen noticed 
French intentions, they retired and sailed back to their 
countries, but as previously mentioned, French troops 
did not.

In 1963, Gloria Grajales published, in the Historia 
Mexicana journal, quotes from documents of the ar-
chive referring the intervention in Mexico by England, 
France and Spain, which are preserved in the Public 
Record Office in London. She particularly quotes 
those related to the French intervention (classification 
F.O. 97/278, Vol. I, and 97/279, Vol. II, with the title 
French Expedition)12. In said report, at least three en-
tries can be read making reference to the yellow fever 

Figure 2. Classic representation of an Aedes (Stegomya) aegypti 
mosquito (The National Library of Medicine, NIH).
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and to the difficulties the French had to deal with this 
problem. The first reference, with no date, but report-
ed around August 1862 says: “No date – Arrival of 300 
sailors in the Iphigenia frigate; yellow fever contagion 
in Veracruz” (F.O. 97/278, I, p. 97). Later it refers: 
“December 4, 1862 – Johnson to Count Russell 
(No. 1347): About mortality among French troops 
caused by yellow fever; recruiting of thousand Egyp-
tian blacks to serve in expeditionary forces in Mexico 
(F.O. 97/278, I, p. 187). And then: Paris, January 6, 
1863 – Johnson to Count Russel (No. 20, confiden-
tial): About possible reasons to send reinforcements 
to Mexico, to cover losses caused by disease and 
death (1500 soldiers and 62 officers dead). Confiden-
tial information obtained through captain Hore. Mea-
sures taken by the French government to defray the 
costs of the expedition, etc.” (F.O. 97/278, I, pp. 213-
214). “Memorandum annexed to the previous docu-
ment: Data obtained through Mister Xavier Raymond 
about the state of the French army in Mexico. Strong 
losses caused by yellow fever and other diseases. 
Roads in bad shape, need for transportation for the 
Tampico expedition. Monthly expenses for land trans-
portation in Mexico are insufficient. Raymond thinks 
that the feeling against the expedition is unanimous, 
etc.” (F.O. 97/278, I, pp. 216-218).

The French army was clearly decimated by losses 
and deaths caused by yellow fever, but information 
was kept confidential, perhaps in an attempt not to 
increase the victorious feelings in Mexican troops. 
Although yellow fever affected the invaders, it did not 
cause for them to ultimately miss their objective, at 
least temporarily.

Veracruz, Maximillian and yellow fever

“Veracruz is a filthy and narrow city, famous for its 
terrible weather and extreme heat”, stated Count Carl 
Khevenhüller-Metsch, a member of the Austrian vol-
unteer corps that arrived to Mexico to accompany 
Maximillian of Habsburg. After 3 weeks of journey on 
the Floride ship, more than 800 men arrived to the 
Veracruz port on December 7, 1864, where they had 
to endure 44 ºC at night. Khevenhüller met “German 
and Austrian doctors who have to be paid the highest 
homage for their abnegation in times of the yellow 
fever, this terrible disease that snatches life in a few 
hours”13. On next day, they continued their journey to 
the capital of the country, afraid of contagion, given 
the insalubrious conditions of the port.

On Saturday May 8, 1863, the Novara ship, where 
Maximillian of Habsburg and his Wife Charlotte of 
Belgium and their court arrived, dropped anchor in the 
port of Veracruz. At 4 h in the morning of Sunday 29, 
everything was ready “to immediately continue the 
journey towards the capital, since a prolonged stay in 
Veracruz was not recommendable, owing to the yellow 
fever prevailing on that city, which is said to be espe-
cially dangerous for those recently arrived”14, stated 
Wilhelm Knechtel, official botanist of the emperor. 
However, 2 years later the emperor was to fall ill, with 
the care of a Mexican specialist being required to treat 
him.

Maximillian was “affected from the liver and in 
addition he had been suffering intermittent fevers con-
tracted in one of the trips to warm lands”15. Friedrich 
Semmeleder, personal doctor of the Austrian, not 
knowing “too well the special treatment for [these] in-
termittent fevers”, proposed the emperor to “consult 
with any of the local Mexican physicians who perfectly 
knew the treatment” against them. He was attended to 
by the physician Rafael Lucio, “who in those days was 
already an eminence”. Initially, Lucio had resisted to 
that because “he was a staunch liberal and completely 
opposed to the imperial regime”. Prior to leaving to 
Cuernavaca, Maximillian wanted to “settle his account 
with his Mexican doctor, […] but the wise doctor com-
pletely refused receiving a single peso, claiming that 
having earned the Sovereign’s gratitude sufficed him”14.

During the 19th century, yellow fever, typhus, cholera, 
measles, plague and smallpox epidemic outbreaks 
added up to more than 70 in the State of Veracruz. 
Diseases attacked both cities and small villages, with 
not few of them being decimated. Although yellow fe-
ver epidemics were among the most common, “deaths 
were quantitatively fewer than with smallpox”. After 
1826 and 1855, 3 yellow fever epidemics occurred in 
a 5-year period: 1842, 1843 and 1847, the latter in the 
year of the North American intervention. Between 1850 
and 1852 there was another outbreak of the disease, 
as well as during the French intervention in 1863 and 
1867. “Public health in the Veracruz territory [as in 
other regions in the country] walked hand in hand with 
the weather and with internal and international fights 
in defense of sovereignty”16.

State of medicine during the French 
intervention

Ironically, the existence of multiple epidemics 
(in 1864, life expectancy of Mexicans was estimated 
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to be 30 years)5 was accompanied by fundamental 
events in the history of medicine during the period the 
country was occupied by France (1862 to 1867).

On April 18, 1864, the Scientific, Literary and Ar-
tistic Commission was founded, and on the 30th of 
that month, the first meeting of the Medical Sciences 
Section (later National Academy of Medicine) was 
carried out. The section was divided in 5 sub-sec-
tions: pathology, hygiene, legal medicine and medi-
cal statistics, veterinary medicine, medical matters 
and pharmacology, and physiology and anthropolo-
gy. The chair was in hands of Doctor Carlos Alberto 
Ehrmann, and vice-chair was in charge of Doctor 
Miguel Francisco Jiménez, who was professor at the 
National School of Medicine. Among other illustrious 
physicians of those days who were members of the 
section, Dr. Rafael Lucio and Dr. José María Vértiz 
can be mentioned17. As already mentioned, this time 
period is with no doubt one of the greatest as regards 
exemplary physicians and scientists; in addition to 
the above list, Doctors Lauro Jiménez and Leopoldo 
Río de la Loza, who made important contributions to 
pharmacology, should be mentioned, among 
others.

One of the main accomplishments of the medical 
section was the publication of Gaceta Médica de 
México, journal of the scientific commission medical 
section, which later would be simply Gaceta Médica 
de México, as until currently is known. The first issue 
appeared on Thursday September 15, 1864, with its 
first chairman being Dr. Miguel Francisco Jiménez.

In the first issue, differences between typhus and 
typhoid fever are precisely discussed in an article 
written by Dr. Jiménez himself, mentioning that it is an 
endemic disease in the country and clearly establish-
ing its importance.

Dr. Miguel Francisco Jiménez, amebic 
hepatic abscess and Mexican scientific 
medicine

Dr. Miguel Francisco Jiménez (Fig. 3) is a clear ex-
ample of growing medical science in the Mexico of the 
Empire. He was an intelligent and educated man who 
strongly supported rational and scientific medicine, 
taking observation, rather than guessing as a basis; 
he was a strong follower of Auenbrugger and Laennec 
contributions; he was with no doubt a physician ahead 
of his time, who applied a scientific view to clinical 
training and to the entire practice of medicine.

He was born in Amozoc, Puebla in 1813. He grad-
uated as a physician in 1838 at the Establishment of 
Medical Sciences, and almost immediately he occu-
pied a post as a professor of pathology, and subse-
quently anatomy, teachings he offered until his death18.

In addition to the studies he carried out to distin-
guish between typhus and typhoid fever, he did re-
search on other diseases that considerably afflicted 
the country’s population, amebic hepatic abscess, 
which was very common in Mexico, even since the 
16th century.

Amebic hepatic abscess is an accumulation of pus 
in the liver as a response to the presence of Entam-
oeba histolytica. The disease is acquired by ingesting 
water or food contaminated with fecal matter. Once 
again, the high incidence of this disease speaks of 
overcrowding, poverty and of the unhealthy conditions 
of those days. Patients with the disease died regularly, 
even due to unfortunate medical interventions where 
a sickle-shaped blade knife was used without anes-
thesia or asepsis for the treatment not only of hepatic 
abscess, but for any type of abscess. If the patient 
didn’t die from the disease, he/she died due to infec-
tion. This was common until the advance proposed by 
Dr. Jiménez, consisting in directly surgically interven-
ing by means of a puncture to drain the abscess, 
which prevented its rupture and dissemination to other 
organs. It is not hard to imagine that this procedure 
saved lives and made for patients with the disease to 
have a better prognosis19.

Dr. Jiménez high professional and scientific level 
deserved the recognition of Maximillian of Habsburg, 
who invited him to join as one of his personal doctors, 
together with doctors Federico Semeleder, Samuel 
Basch and Rafael Lucio Nájera.

Figure 3. Doctor Miguel Francisco Jiménez.
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Dr. Jiménez really thought that the arrival of the 
Empire was something good for the country, not in the 
plane of conservative exacerbation or apology of the 
monarchy, but he thought that a new national order 
could be established that would make the country 
move towards a better quality of life. In a letter he sent 
to José María Iglesias he mentions: “I am faithful that 
a new order could be founded which, being really ac-
cepted by everyone, would end once and forever the 
eternal anarchy that consumes us”. Dr. Jiménez died 
in Mexico City in 1876.

Conclusion

The period of the French intervention has been one 
of the most convulsive epochs for the nation, since 
beyond the armed conflict and occupation, an eco-
nomic, political and social disaster was experienced, 
which made for many of the public health problems to 
be exacerbated, thus affecting all and sundry, as we 
have seen. However, this is also period of time that 
marks the beginning of a revolution in medical science 
in our country by notorious physicians, and although 
not all of them have been mentioned, we have taken 
Dr. Francisco Jiménez example as a faithful represen-
tative of that generation of medical physicians who, 
interestingly, were trained in the French school of 
medicine. Finally, it was also on that period (Thursday 
September 15, 1864) that Gaceta Médica de Medicina 
started being published.
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