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I. INTRODUCCIÓN. 

I.1. PROTEÍNAS QUINASAS C: Estructura y 
clasificación. 

Las Proteínas Quinasas C (PKC) constituyen un grupo de enzimas con 
actividad fosfotransferasa que fosforilan específicamente residuos de Ser y Thr 
de sus proteínas sustrato. Están involucradas en diversas vías de 
transducción de señales en las células, participando en multitud de funciones 
fisiológicas, así como procesos patológicos come el cáncer y determinadas 
cardiopatías entre otros (Nishizuka, 1995; Newton, 2001; Ohno y Nisizuka, 
2002; Corbalán-García y Gómez-Fernández, 2006). Su ubicuidad y diversidad 
funcional, las hacen una familia muy importante de proteínas, cuyo objeto de 
estudio es de gran relevancia. 

Esta familia de enzimas se compone de 10 isoenzimas, que están 
codificados por 9 genes en mamíferos. Cada isoenzima se expresa en una 
amplia variedad de células y además cada célula expresa un gran número de 
estas proteínas, siendo así una familia muy ubicua, además del gran número 
de funciones celulares que desempeña.  

Las isoenzimas de la PKC se han clasificado en tres subfamilias en base 
a su estructura primaria y dependencia de distintos cofactores para obtener 
un incremento de su actividad enzimática (Figura I.1): 

a) PKC clásicas o convencionales: incluye las isoenzimas PKCα, βI, βII 
y γ (Inoue y col., 1977; Coussens y col., 1986). Presentan un dominio 
pseudosubstrato, el dominio C1 capaz de interaccionar con DAG y ésteres de 
forbol, y un dominio C2 capaz de unir Ca2+ y fosfolípidos aniónicos.  

b) PKC nuevas: en esta subfamilia se agrupan las isoenzimas ε, δ (Ono 
y col., 1987a), η (Osada y col., 1990) y θ (Osada y col., 1992). Este grupo posee 
los mismos dominios reguladores que las PKC clásicas, pero el dominio C2 es 
insensible a Ca2+, por eso este grupo de enzimas solo necesita de fosfolípidos 
aniónicos y DAG o ésteres de forbol para activarse totalmente. 

c) PKC atípicas: es una subfamilia compuesta por dos miembros, la 
PKCζ y la PKC ι/λ [PKCι (isoforma en humanos) (Selbie y col., 1993)/ PKCλ 
(isoforma en ratón) (Akimoto y col., 1994)]. Este grupo solo posee el dominio 
pseudosubstrato, un dominio C1 incapaz de interaccionar con DAG o ésteres 
de forbol y otro llamado PB1 encargado de interaccionar con otras proteínas. 
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Figura I.1. Representación esquemática de la estructura primaria de los isoenzimas de la 
PKC. Se muestran los distintos dominios que lo forman, así como los requerimientos de 
cofactores para su regulación. En el extremo amino terminal se encuentra la región reguladora, 
con el dominio pseudosustrato, y los dominios C1 y C2, que unen diferentes cofactores según el 
tipo de isoenzima. El extremo carboxilo terminal, contiene la región catalítica del enzima con el 
dominio quinasa de unión al ATP y al sustrato. Las regiones variables se muestran nombradas 
como V1, V2, V3, V4 y V5. La región en azul presente en el dominio PB1 de las atípicas. 
(Tomado de Corbalán García y Gómez Fernández, 2006). 

 

El dominio C1 suele presentarse en tandem formando 2 subdominios, 
cada uno de los que posee una secuencia consenso del tipo 
HX12CX2CX13/14CX2CX4H X2CX2CX7C siendo imprescindible para la 
coordinación de dos iones de zinc. Presentan una estructura globular, donde 
los aminoácidos se agrupan en una distribución polarizada; en la parte 
superior, por donde se unen al DAG o ésteres de forbol, se encuentran 
residuos aromáticos, mientras que en la parte media se encuentras 
aminoácidos catiónicos. 

El otro dominio de la región reguladora es el dominio C2, cuya 
estructura es un β-sandwich compuesto por ocho cadenas β dispuestas de 
forma antiparalela y que están conectadas por medio de lazos de estructura 
flexible tanto en la parte alta como baja del dominio (Figura I.2) (Cho y 
Stahelin, 2006). En las PKCs clásicas el principal papel de este dominio es 
actuar como motivo de anclaje a la membrana activado por Ca2+ (Corbalán-
García y Gómez-Fernández, 2006; Cho y Stahelin, 2006). 

El dominio presenta dos regiones funcionales importantes; la primera 
es la región de unión a calcio localizada en la parte superior y encargada de 
unir dos o tres iones Ca2+ dependiendo de la isoenzima, además de PtdSer 
(Conesa-Zamora y col., 2000; Ochoa y col., 2002). La otra región importante es 
la región polibásica o rica en lisinas, la cuál ha sido sugerida como la que une 
específicamente PtdIns(4,5)P2 (Sánchez-Bautista y col., 2006). 
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Figura I.2. Representación del dominio C2. (A) Se observa la unión a la PtdSer por la región 
de unión de Ca2+ en la parte superior del esquema, y a una molécula de PtdIns(4,5)P2 (o PIP2) 
por la región polibásica en el centro del esquema. (B) Se representa amplificado un detalle de la 
región polibásica del dominio C2, concretamente los residuos de las cadenas β3 y β4 encargados 
de la interacción con el PtdIns(4,5)P2 (Tomado de Guerrero-Valero y col., 2009). 

 

Para la activación de la PKC, antes debe localizarse en membranas 
biológicas donde se encuentren sus cofactores. En el caso de las PKCs 
clásicas, la translocación es mediada por los dominios C1 y C2 siendo 
primeramente la interacción del dominio C2 con la PtdSer de la membrana a 
través de Ca2+, lo que favorece que el dominio C1 interaccione con DAG, 
permitiendo un mejor anclaje de la PKC a la membrana (Corbalán-García y 
Gómez Fernández, 2006). La PtdSer y el DAG son los cofactores clásicos, pero 
hoy en día se ha visto que otros lípidos también son capaces de activar 
diferentes isoenzimas de PKC (López-Andreo y col., 2005). 

 

I.2. Proteínas Quinasas C y cáncer. 
La familia de PKC, además de participar en multitud de funciones 

biológicas, fue involucrada en el cáncer inicialmente por ser el receptor celular 
de los ésteres de forbol. Más tarde se vio su relación con otros oncogenes, 
confirmando el papel de la PKC en el cáncer. 

A diferencia de otras proteínas, su influencia en el desarrollo de cáncer 
no es por mutación, sino por una desregulación de sus niveles en células 
tumorales, pudiendo estar más o menos sobre- o sub-expresada en función de 
la isoenzima y tipo de cáncer. En el caso concreto del cáncer de mama, se ha 
visto una sobre-expresión de la PKCα siendo la causante de la generación de 
resistencia frente a diversos agentes terapéuticos (Gill y col., 2001). 
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Por todo ello las diferentes isoenzimas de PKC han sido elegidas como 
posibles dianas en el tratamiento de varios tipos de cáncer. Hoy en día se han 
rechazado muchos de los compuestos propuestos, principalmente por la falta 
de especificidad contra un determinada isoenzima de PKC. Dado que el cáncer 
es una afección multifactorial donde están implicadas un gran número de 
proteínas, la estrategia seguida en la actualidad se basa en el tratamiento con 
varios compuestos simultáneamente con el fin de inhibir al máximo número 
de rutas posibles (entre ellas las conducidas por PKC), mejorando así la 
eficacia del tratamiento. 

 

I.3. OBJETIVOS. 
Los objetivos concretos de esta Tesis Doctoral son los siguientes: 

 Caracterización del mecanismo molecular por el cuál el ácido 
araquidónico induce la localización y posterior activación de PKCα. 

 Determinación de la función de los dominios reguladores C1 y C2 de la 
PKCα en la localización celular y activación provocada por el ácido 
araquidónico, oleico, eicosapentaenoico y docosahexaenoico. 

 Determinación de los efectos que tienen el ácido oleico y algunos ácidos 
grasos omega-3 como el EPA y DHA en cultivos celulares provenientes de 
cáncer de mama. 

 Caracterización de las funciones desempeñadas por la PKCα en células 
MCF-7 y MDA-MB-231 estimuladas con ácido oleico, eicosapentaenoico y 
docosahexaenoico. 

 Caracterización de los efectos que tienen las DAG-lactonas con carga 
positiva en la localización de diferentes isoformas de PKC en células 
MCF-7. 

 Determinación del grado de anclaje de diferentes isoformas de PKC en la 
membrana plasmática de células MCF-7 en presencia de DAG-lactonas 
con carga positiva. 

 Determinación de las funciones de PKCα en líneas celulares invasivas 
(MDA-MB-231) y no invasivas (MCF-7). 

 Caracterización de los efectos de la salinomicina en líneas celulares de 
cáncer de mama y la función que PKCα desempeña en este proceso. 

 

 

 

 



Resumen en castellano 7

II. Materiales y Métodos. 

II.1. Construcciones de ADN plasmídico. 

Los ADN correspondientes a diferentes isoenzimas de PKC fueron 
cedidos por los Drs. Y Nishizuka y S Ono. Éstos fueron amplificados mediante 
PCR y expresados en Escherichia coli siguiendo el protocolo propuesto por 
Cohen y col., 1973, con el fin de producir grandes cantidades de plásmidos. 
Las construcciones que se generaron fueron las siguientes: 

 

 

 

CONSTRUCCIONES OLIGONUCLEOTIDOS USADOS ENZIMAS 
RESTRICCION 

PKCα-WT-EGFP (PKCα-EGFP) 
5´ATTCTCGAGCTATGGCTGACGT 
3´CCGCCTACCTACGCACTTTGCAAGAT 
 

KpnI/XhoI 

PKCαD246N/D248N-EGFP 
5´ATTCTCGAGCTATGGCTGACGT 
3´CCGCCTACCTACGCACTTTGCAAGAT 
 

KpnI/XhoI 

PKCαK197A/199A-EGFP 
5´ATTCTCGAGCTATGGCTGACGT 
3´CCGCCTACCTACGCACTTTGCAAGAT 
 

KpnI/XhoI 

PKCαK209A/K211A-EGFP 
5´ATTCTCGAGCTATGGCTGACGT 
3´CCGCCTACCTACGCACTTTGCAAGAT 
 

KpnI/XhoI 

PKCαW58G-EGFP 
5´ATTCTCGAGCTATGGCTGACGT 
3´CCGCCTACCTACGCACTTTGCAAGAT 
 

KpnI/XhoI 

PKCαF60G-EGFP 
5´ATTCTCGAGCTATGGCTGACGT 
3´CCGCCTACCTACGCACTTTGCAAGAT 
 

KpnI/XhoI 

PKCαY123G-EGFP 
5´ATTCTCGAGCTATGGCTGACGT 
3´CCGCCTACCTACGCACTTTGCAAGAT 
 

KpnI/XhoI 

PKCαL125G-EGFP 
5´ATTCTCGAGCTATGGCTGACGT 
3´CCGCCTACCTACGCACTTTGCAAGAT 
 

KpnI/XhoI 

PKCδ-WT-ECFP (PKCδ-ECFP) 
5´AAGGTACCGGGCGGCGCACCGTTCCTGCGCATC 
3´CGGGATCCTCACTATTCCAGGAATTGCTCATA   
 

BamHI/KpnI 

PKCα-WT-HA (PKCα-HA) 
5´ATTCTCGAGCTATGGCTGACGT 
3´CCGCCTACCTACGCACTTTGCAAGAT 
 

XbaI/KpnI 

PKCαD246N/D248N-HA 
5´ATTCTCGAGCTATGGCTGACGT 
3´CCGCCTACCTACGCACTTTGCAAGAT 
 

XbaI/KpnI 

PKCαK197A/199A-HA 
5´ATTCTCGAGCTATGGCTGACGT 
3´CCGCCTACCTACGCACTTTGCAAGAT 
 

XbaI/KpnI 

PKCαK209A/K211A-HA 
5´ATTCTCGAGCTATGGCTGACGT 
3´CCGCCTACCTACGCACTTTGCAAGAT 
 

XbaI/KpnI 

PKCαW58G-HA 
5´ATTCTCGAGCTATGGCTGACGT 
3´CCGCCTACCTACGCACTTTGCAAGAT 
 

XbaI/KpnI 
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II.2. Cultivos celulares y transfecciones. 

Para esta Tesis Doctoral se usaron tres líneas celulares provenientes de 
cáncer de mama, concretamente  BT-474, MCF-7 y MDA-MB-231. Todas se 
crecieron en medio de cultivo DMEM 4,5 g/l glucosa suplementado con 10% 
suero bovino fetal, antibiótico, glutamina y piruvato; además de ello la línea 
MDA-MB-231 también se suplementó con aminoácidos no esenciales. 

Las transfecciones con ADN plasmídico se realizaron de forma distinta 
según la línea celular, para MCF-7 se utilizó Lipofectamina 2000 siguiendo las 
recomendaciones del fabricante, mientras que para BT-474 se usó la 
electroporación con los siguientes parámetros: 

Protocolo Square wave: 2 pulsos de 200 V de 8 ms cada uno, con descanso de 
5 s entre ambos. 

Para la inhibición de la expresión de PKCα se utilizaron diferentes oligos 
de ARN de interferencia según la línea celular y se electroporó siguiendo las 
condiciones siguientes para las tres líneas celulares: 

Protocolo Square wave: 2 pulsos de 800 V de 0,2 ms cada uno, con descanso 
de 5 s entre ambos. 

 

II.3. Microscopía confocal. 

Se usó el microscopio confocal Laica TCS SP2 AOBS (Leica, Heidelberg, 
Germany) con el objetivo Nikon PLAN APO-CS 63x 1.4 NA (aceite de inmersión) 
para visualizar las células que expresan las construcciones fluorescentes y 
que han incorporado el indicador de Ca2+ Fluor-3. 

Las células cargadas con Fluo-3 o transfectadas con construcciones de 
EGFP, fueron excitadas con el láser Ar/ArKr a 488 nm y la emisión se recogió 
entre 500-520 nm. En el caso de construcciones ECFP se utilizó el láser diodo 
azul a 405 nm para la excitación y 470-490 nm para la detección. 

Se recogieron series de imágenes respecto al tiempo y los datos de 
localización y flujos de Ca2+ se analizaron con el programa Imagen NIH 
(http://rsb.info.nih.gov/ij/ 1997-2010). 
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II.4. Purificación y medidas de actividad quinasa. 

Para la obtención de proteínas parcialmente purificadas (concretamente 
los dos mutantes de la PKCα de la región polibásica y un mutante del dominio 
C1A) se transfectaron células HEK-293 mediante la técnica de fosfato de 
calcio. Después de expresar la proteína de interés, se lisaron las células y se 
introducía el sobrenadante en una columna de DEAE-Sephacel. Para la 
elución de la proteína de interés se utilizó el sistema EconoSystem por medio 
de un gradiente salino. 

Con estas enzimas parcialmente purificadas se llevaron a cabo 
experimentos de actividad enzimática utilizando el isótopo radiactivo 32P. El 
proceso consiste en simular las condiciones óptimas para la activación de la 
enzima, es decir, presencia de vesículas lipídicas, Ca2+, ATP (una parte 
marcado con radiactividad) y como sustrato se utilizó la histona III-S. Tras 10 
minutos de actuación de la PKC, se para la reacción con BSA y tricloroacético 
para finalmente medir, mediante un contador de centelleo, el grado de marcaje 
de la histona con el isótopo radiactivo. 

 

II.5. Microarrays. 

Después de crecer las células en las condiciones adecuadas, se les 
extrae el ARN total utilizando el RNeasy Plus kit para posteriormente marcarlo 
con biotina. Este proceso de marcaje conlleva una serie de pasos como la 
transcripción reversa, purificación del cADN obtenido para después llevar a 
cabo la transcripción in vitro donde el nuevo ARN sintetizado es marcado con 
biotina. Para todo esto se utilizó el MessageAmp™ II-Biotin Enhanced Kit 
siguiendo las condiciones del fabricante. 

A continuación ese ARN marcado se fragmenta para hibridarlo con el 
GeneChip® Probe Array (Affymetrix) durante 16 horas a 45ºC. Por último se 
introduce el chip en las “Fluidics Stations” antes de escanearlo en el 
Affymetrix® GeneChip® Scanner 3000. 

Los resultados obtenidos tras el escaneo, se analizan usando el 
programa R con el fin de extraer una lista con los genes expresados con 
diferencias significativas entre las células control y aquellas donde se ha 
inhibido la expresión de PKCα. 

Por último esa lista de genes se introduce en la base de datos 
“GENECODIS” para hacer una clasificación según Gene Ontology y KEGG 
pathways. 
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II.6. Análisis estadístico. 

Los análisis estadísticos se realizaron por medio de los test de la chi-
cuadrado, Kruskal-Wallis, Man-Whitney y de la varianza según cada caso. Se 
utilizó el paquete estadístico SPSS y se consideró un diferencia significativa 
cuando p<0.05. 
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III. Localización de PKCα dependiente de 
ácido araquidónico. 

El ácido araquidónico es un ácido graso del tipo omega-6 muy frecuente 
en la grasa animal, así como en las membranas biológicas. Hay evidencias que 
sugieren que estos tipos de lípidos poseen capacidad tumoral y de metástasis 
(Rose y Connolly, 2000), de ahí el interés de estudiar el efecto de este ácido 
graso en células de cáncer de mama a través de la localización y posterior 
activación de la PKCα. 

Los resultados nos confirman la capacidad del ácido araquidónico de 
localizar la PKCα, llevándolo a cabo de una forma dependiente de Ca2+. 
Además se observó que aunque el propio ácido graso no producía el aumento 
de calcio citosólico, cooperaba con la ionomicina (un ionóforo para el Ca2+) a la 
hora de incrementar la concentración de dicho ión en el citoplasma. 

Estudios posteriores han determinado que el dominio C2, 
principalmente la región de unión a calcio, de la PKCα es muy importante en el 
proceso de localización. En relación al dominio C1 se observó que el realmente 
importante es el subdominio C1A, mientras que el C1B no juega un papel tan 
importante en el proceso de localización de la PKCα mediado por ácido 
araquidónico. 

De los resultados obtenidos se pudo concluir el mecanismo molecular 
por el que el ácido araquidónico induce la localización y posterior activación de 
la PKCα. Básicamente consiste en que tras una elevación en los niveles de 
Ca2+ en el citoplasma la PKCα interacciona inicialmente con el ácido 
araquidónico a través de la región de unión a Ca2+ del dominio C2 utilizando 
dicho ión como puente. Esta inicial interacción favorece que el subdominio 
C1A se una al ácido araquidónico disponible en la membrana plasmática, 
anclando así más firmemente la PKCα y permitiendo su posterior activación. 
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IV. Efecto del ácido oleico en células modelo 
de cáncer de mama a través de PKCα. 

Desde la antigüedad hasta nuestros días se le ha asignado un efecto 
protector del aceite de oliva frente al cáncer (y concretamente al de mama) y 
otras enfermedades cardiovasculares. Básicamente ese efecto es debido al 
ácido oleico y otras sustancias minoritarias como los compuestos fenólicos. 

El ácido oleico, al igual que el araquidónico, es capaz de localizar la 
PKCα de una manera dependiente de Ca2+, interaccionando a través del la 
región de unión a Ca2+ del dominio C2, jugando está un papel esencial en la 
localización y posterior activación de PKCα. En dichos procesos, tanto la 
región rica en lisinas como el dominio C1 no muestran un papel muy relevante 
aunque también son necesarios para una localización total y estable en la 
membrana plasmática para una posterior activación enzimática. 

En relación a las funciones celulares estudiadas en los distintos 
modelos de cáncer de mama, se observó que el ácido oleico es capaz de inhibir 
levemente la capacidad proliferativa, migrativa e invasiva de las células 
estudiadas, así como activar la apoptosis también de una forma leve. Los 
mayores efectos en estos aspectos se encontraron cuando la expresión de la 
PKCα fue inhibida. 

El mayor efecto mostrado por el ácido oleico en las células de cáncer de 
mama fue la desorganización del citoesqueleto provocando que las células se 
agranden y no lleguen a dividirse (de ahí la inhibición de la proliferación 
celular). Este efecto se vio potenciado con la inhibición de la expresión de 
PKCα en dichas células mediante el uso de ARN de interferencia. 
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V. Efecto de los ácidos grasos omega-3 y la 
inhibición de la expresión de PKCα en 
células modelo de cáncer de mama. 

A lo largo de la historia se ha considerado una relación entre la mayor 
ingesta de grasa en la dieta y una mayor incidencia en cáncer, pero estudios 
recientes revelan que es más importante el tipo de grasas ingeridas y no tanto 
la cantidad. De estos estudios se deduce que los ácidos grasos poli-
insaturados, entre los que se incluyen los omega-3, ejercen un efecto protector 
y también mejoran el tratamiento con otros compuestos quimioterápicos. 

En este estudio se valoró el efecto de dos omega-3 (EPA y DHA), así 
como la inhibición de la expresión de PKCα, en distintos aspectos del 
metabolismo en diversas líneas celulares provenientes de cáncer de mama. 

Ambos ácidos grasos fueron capaces de localizar la PKCα en la 
membrana plasmática de las células estudiadas aunque solo el DHA fue capaz 
de conseguir la activación de la enzima estudiada. En este proceso se observó 
el papel esencial de la región de unión de Ca2+ y la región rica en lisinas, ambas 
presentes en el dominio C2 de la proteína, mientras que el dominio C1 no era 
tan importante. 

Después de estudiar la capacidad migratoria e invasiva de las células de 
cáncer de mama, observamos que ambos lípidos las inhiben, siendo más 
efectivo el DHA. Además, en función de la línea estudiada, se aprecia o no una 
gran sinergia en estos efectos cuando además se inhibe la expresión de la 
PKCα, llegando incluso a abolir la migración en células MCF-7. 

Respecto a la apoptosis, ambos ácidos grasos aumentan la muerte 
celular programada, siendo mayor el efecto del DHA. Además, se ha 
diferenciado entre apoptosis temprana y tardía, poniéndose de manifiesto que 
estos ácidos grasos poli-insaturados actúan de una forma moderadamente 
rápida, ya que en tan solo 4 días de tratamiento, ya existe apoptosis 
temprana. En este aspecto, también existe una sinergia entre el tratamiento 
con estos omega-3 y la inhibición de la expresión de PKCα, pero esta vez en las 
células MDA-MB-231, induciéndoles un 70% de apoptosis cuando inhibimos 
la PKCα y tratamos con DHA al mismo tiempo.  
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VI. Caracterización biológica de DAG-
lactonas a través de PKCs. 

Las DAG-lactonas son compuestos sintetizados químicamente y 
formadas por un anillo de cinco miembros al que se le unen diferentes 
cadenas pudiendo tener cientos de compuestos. Estas sustancias surgieron en 
un pasado reciente con el fin de modular específicamente la actividad de 
distintas enzimas que posean dominios C1 (entre ellas, la familia de PKC) ya 
que es dicho dominio la diana de estos compuestos. 

De todas  las DAG-lactonas probadas en este estudio, solo dos (153C-
022 y 153B-143) mostraron efecto sobre alguna isoforma de PKC. Además 
también se demostró que ambos compuestos producían una más rápida 
localización que el éster de forbol en todos los casos. 

El compuesto 153C-022 consiguió localizar tanto a isoenzimas clásicas 
(PKCα) como nuevas (PKCε y PKCδ) a la membrana plasmática de células 
MCF-7, mientras que la otra DAG-lactona solo consiguió dicho efecto en las 
isoenzimas nuevas, sugiriendo que la estructura ramificada de 153B-143 
muestra especificidad por los dominios C1 de esas PKCs. 

También se estudió el grado de anclaje que ejercían las DAG-lactonas 
en las diferentes isoenzimas de PKC en la membrana plasmática tras su 
localización. Se observó que la DAG-lactona 153C-022 ancla de una manera 
más ligera la PKCα a la membrana que la PKCε, permitiendo una mayor 
movilidad lateral por la membrana plasmática a la PKC clásica que a la nueva. 
Además se comprobó que esta mayor movilidad de la PKCα unida a la DAG-
lactona también es significativamente mayor que la producida por dicha 
isoenzima unida a ésteres de forbol, lo que explicaría el efecto beneficioso del  
tratamiento con 153C-022 ya que la PKCα activaría una gran cantidad de 
rutas de señalización (tanto de proliferación como apoptosis), mientras que 
con ésteres de forbol se activaría pocas rutas (principalmente de crecimiento y 
proliferación) provocando el efecto tumorogénico típico de este compuesto. 
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VII. Perfil de expresión génica en células 
modelo de cáncer de mama en ausencia de 
PKCα. 

Una vez comprobados los efectos en la disminución de la capacidad 
proliferativa, migrativa e invasiva, así como la inducción de la apoptosis en 
diferentes modelos de cáncer de mama después de eliminar la PKCα en dichas 
líneas celulares, decidimos estudiar los genes que se veían afectados en estos 
eventos. Para ello, se inhibió la expresión de PKCα en una línea celular 
invasiva (MDA-MB-231) y otra no invasiva, se les extrajo el ARNm y se 
realizaron unos microarrays de expresión diferencial de genes de la plataforma 
Affymetrix. 

Después de obtener la lista de genes con diferente expresión 
significativa, se clasificaron según el criterio de KEGG pathways presente en la 
base de datos GeneCodis disponible en la web. En ambas líneas celulares los 
grupos generados sugerían la hipótesis de que tras inhibir una enzima 
implicada en el desarrollo de cáncer (como es la PKCα), muchos otros genes de 
supervivencia y multiplicación celular también se verían con una expresión 
reducida, mientras que aquellos genes implicados en apoptosis y parada del 
ciclo celular estarían sobre-expresados. Esto nos sugiere que la PKCα controla 
diversas rutas para la estimulación del crecimiento y la inhibición de 
apoptosis. 

Los genes significativamente sobre- y sub-expresados en ambas líneas 
celulares son diferentes, aunque globalmente las rutas de señalización 
afectadas son similares y proponen efectos fenotípicos parecidos. 

Los resultados nos sugerían la hipótesis de que tras inhibir la expresión 
de PKCα, las células tumorales tratan de suplir esa ausencia sobre-
expresando otros genes, por eso decidimos hacer tratamientos conjuntos con 
la inhibición de la expresión de PKCα a la vez que inhibíamos específicamente 
las proteínas cuyos genes tenían una mayor expresión. 

En el caso de MCF-7, las proteínas inhibidas fueron PLC, PKA, HER y 
PDGF, obteniendo resultados satisfactorios en la inhibición de la migración, 
llegando en algunos casos a la eliminación de la capacidad migratoria celular, 
así como en la estimulación de la apoptosis. Sin embargo en el caso de las 
MDA-MB-231, apenas se observó efecto en la migración, invasión y apoptosis 
tras inhibir específicamente las proteínas GGTaseI, FTase y MMP a la vez que 
se inhibía la expresión de PKCα.  
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VIII. El tratamiento de las células modelo de 
cáncer de mama con salinomicina potencia 
el efecto de la inhibición de PKCα. 

La salinomicina es un antibiótico que fue muy utilizado en el pasado 
para el tratamiento de coccidiosis en aves de corral, así como para un mayor 
engorde del ganado. Sin embargo hoy en día se ha visto el efecto beneficioso 
en el tratamiento del cáncer ya que es capaz de neutralizar las múltiples 
resistencias que generan las células cancerosas frente a numerosos 
compuestos, así como inducirles apoptosis. 

En nuestro trabajo se planteó el estudio del mecanismo, a través de 
PKCα, por el cuál este antibiótico ejerce su acción en dos líneas celulares de 
cáncer de mama. 

En MCF-7 observamos una gran inhibición de la migración, incluso fue 
eliminada cuando tratamos conjuntamente las células con este antibiótico e 
inhibimos la expresión de PKCα. También se obtuvieron resultados 
satisfactorios en apoptosis, ya que cuadruplicaba el porcentaje de células 
apoptóticas respecto a las células sin tratar. Estos resultados nos sugerían 
que la inhibición de la migración ejercida por la salinomicina la hacía 
implicando a la PKCα, mientras que la inducción de la apoptosis es 
independiente de esta enzima. 

En el caso de MDA-MB-231, se obtuvieron resultados similares 
resultados en cuanto a la inhibición de la migración e invasión, a la vez que 
estimulaba la apoptosis. Sin embargo en esta línea celular las rutas 
implicadas en estos aspectos celulares fueron distintas ya que la PKCα no 
intervenía en la inhibición de la migración inducida por la salinomicina, 
mientras que sí juega un papel importante en la inhibición de la invasión y la 
estimulación de la apoptosis en dicha línea celular. 
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IX. CONCLUSIONES. 

Las conclusiones más importantes de esta Tesis Doctoral son: 

1) La localización de PKCα en la membrana plasmática de células MCF-7 
inducida por ácido araquidónico es un proceso dependiente de Ca2+. Este 
proceso empieza con la interacción del dominio C2 con el ácido 
araquidónico para finalizar con el anclaje estable a través del dominio 
C1A. 

2) En la localización y activación de la PKCα por ácido oleico la región de 
unión a calcio juega un papel esencial, mientras que la región rica en 
lisinas y el dominio C1 tienen un papel menos relevante. 

3) Los ácidos grasos omega-3 eicosapentaenoico y docosahexaenoico 
reducen la migración e invasión de células MDA-MB-231 de forma 
independiente a PKCα, mientras que en células MCF-7 solo el 
docosahexaenoico muestra efecto en la inhibición de la migración, 
aunque lo hace de una forma dependiente de PKCα. En la apoptosis, 
ambos omega-3 aumentan la muerte celular programada en ambas líneas 
celulares. Lo hacen de una forma dependiente de PKCα en el caso de 
MDA-MB-231, e independientemente en MCF-7. 

4) La DAG-lactona 153B-143 interacciona específicamente con las 
isoenzimas de PKC nuevas. 

5) Las diferentes isoenzimas de PKC muestran más afinidad por las DAG-
lactonas que por el PMA, localizándose más rápido las nuevas que las 
clásicas. 

6) La inhibición de la PKCα usando ARN de interferencia reduce la 
agresividad de las líneas celulares de cáncer de mama, frenándoles la 
tasa de crecimiento, migración e invasión, así como aumentando el nivel 
de apoptosis. 

7) Tanto las células MCF-7 como MDA-MB-231 muestran un perfil de 
expresión génica tras inhibirles la expresión de PKCα, donde la mayoría 
de genes se expresan menos que en las células control. Esto indica el 
papel que tiene la PKCα en dichas líneas celulares. 

8) La salinomicina inhibe la migración en MCF-7 de un modo dependiente 
de PKCα, mientras que la inducción de apoptosis lo hace 
independientemente de dicha enzima. En el caso de las células MDA-MB-
231, la salinomicina inhibe la invasión y estimula la apoptosis 
involucrando la PKCα, mientras que la inhibición de la migración en 
dicha línea celular lo hace independientemente de la mencionada 
isoenzima.



 

 
 

 



 

COMMON ABBREVIATIONS USED 
 
AA   Arachidonic acid 
ADP    Adenosine diphosphate 
ALA   Alpha linolenic acid 
AOBS    Acousto optical beam splitter 
AOTF    Acousto optical tunable filter 
ATP    Adenosine-5’-triphosphate 
BME   Basement membrane extract 
BSA    Bovine serum albumin 
CDK   Cyclin-dependent kinase 
CBR    Calcium Binding Region 
CFP    Cyan fluorescent protein 
CMV   Cytomegalovirus promoter 
CSC   Cancer stem cells 
DAG    Diacylglycerol 
DAPS    1,2-diacetyl-sn-phosphatidyl-L-serine 
DGK    Diacylglycerol kinase 
DHA   Docosahexaenoic acid 
DMBA   7,12-dimethylbenz(a)anthracene 
DMEM   Dulbecco´s modified Eagle´s medium 
PH domain  Pleckstrin homology domain 
dsDNA  Double strand DNA 
DTT    Dithiothreitol 
ECFP    Enhanced cyan fluorescent protein 
EDTA    Ethylenediaminetetraacetic acid 
EGFP    Enhanced green fluorescent protein 
EGFR   Epidermal growth factor receptor 
EGTA  Ethylene glycol tetraacetic acid 
EPA Eicosapentaenoic acid 
ER   Estrogen receptor 
ERK    Extracellular signal-regulated kinase 
FCS   Fetal calf serum 
FRAP    Fluorescence recovery after photobleaching 
FRET    Fluorescence resonance energy transfer 
FTase Farnesyltransferase 
GAP43   Growth associated protein 43 
GGTase I  Geranylgeranyltransferase I 
GLA   Gamma linolenic acid 
GTPasa   Guanosine triphosphate hydrolase 
HA-tag  Hemagglutinin-tag 
HBS    Hepes buffer salinum 
HSP90  Heat shock protein-90 
IGFBPs  Like-insulin growth factor binding proteins 
Ins(1,4,5)P3   Inositol-1,4,5-trisphosfate 
IVT   In vitro transcription 
JNK    c-Jun N-terminal kinase 
Kanr     Kanamycin resistance 



 

LA   Linoleic acid 
LB   Lysogeny broth or Luria Bertani 
MAPK   Mitogen-activated protein kinase 
MARCKS  Myristoylated alanine-rich C-kinase substrate 
MCS Multiple cloning site 
MDR Multidrug resistance 
MMP Matrix metalloproteinase 
MUFA   Monounsaturated fatty acid 
NSCLC  Non-small cell lung cancer 
OA Oleic acid 
PC-PLC  Phosphatidylcholine-dependent phospholipase C 
PCR    Polymerase chain reaction 
PDK-1   Phosphinositide-dependent protein kinase- 
PI   Propidium iodure 
PIP kinases   Phosphatidylinositol phosphate kinases 
PI3K   Phosphoinositide 3-kinase 
PKA    Protein kinase A 
PKB    Protein kinase B 
PKC    Protein Kinase C 
PKD    Protein Kinase D 
PLC    Phospholipase C 
PLC-PI   Phosphoinositide phospholipase C 
PLD    Phospholipase D 
PMA    phorbol 12-myristate 13-acetate 
PSA    Ammonium persulfate 
PtdCho   Phosphatidylcholine 
PtdIns(4,5)P2  Phosphatidylinositol-4,5-bisphosphate  
PtdSer   Phosphatidylserine 
PUFA   Polyunsaturated fatty acid 
rasGRP  Ras guanyl-releasing protein 
RACK    Receptor for activated C-kinase 
RB   Retinoblastoma protein 
RNA   Ribonucleic acid 
ROS   Reactive oxygen species 
RT   Room temperature 
RTK   Receptor tyrosine kinase 
SDS-PAGE  Sodium dodecil sulphate-polyacrylamide gel 

electrophoresis 
SFA   Saturated fatty acid 
siRNA   Small interference RNA 
siRNAα  Small interference RNA to inhibited PKCα expression 
STAT    Signal transducer and activator of transcription 
STICKs   Substrate that interact with C-kinases 
TCA   Trichloroacetic 
TEMED   Tetramethylethylenediamine 
TGFαR  Transforming growth factor α receptor 
TNF-α   Tumour necrosis factor α 
VEGF   Vascular endothelial growth factor 
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1. Introduction to PROTEIN KINASE C. Structure 
and classification. 

There are many signalling enzymes in living cells which function by 
transmitting information from the plasma membrane to the nucleus. Protein 
kinases C (PKCs) are included in a group of enzymes with phosphotransferase 
activity. They specifically phosphorylate Ser/Thr in their target protein and 
they have a crucial role in signalling transmission since they are involved in 
several pathways, taking part in an enormous variety of physiological 
functions, including mitogenesis and cell proliferation, metabolism regulation, 
apoptosis, platelet activation, reorganization of actin cytoeskeleton, ion 
channel modulation, secretion and neural differentiation, and also in many 
illnesses like cancer, lung and heart diseases (Nishizuka, 1986; Nishizuka, 
1992; Coleman and Wooten, 1994; Mangoura et al., 1995; Dekker and Parker, 
1997; Mellor and Parker, 1998; Ron and Kazanietz, 1999; Dempsey et al., 2000; 
Griner and Kazanietz, 2007). 

There are several isoenzymes, which are expressed in a large variety of 
tissues, and every cell expresses a large number of these proteins which are 
activated in response to different metabolites. Bearing all this in mind, PKC is 
seen to be an ubiquitous enzyme and to possess wide functional diversity, 
which underlines the enormous importance of their study (Bell et al., 1986; 
Nishizuka, 1992; Newton, 1995; Mellor and Parker, 1998). 

Classification of the ten PKC isoenzymes that exist is based on their 
primary structure and their dependence on different cofactors to attain the 
maximum enzymatic activity. These ten isoenzymes can be distributed in three 
groups: 

 Classical or conventional PKCs (cPKC): these include PKCα, βI, βII and γ. 
Two isoforms of PKCβ result from differential RNA processing. The 
difference lies in their carboxyl-terminal region, more specifically the V5 
region, varying the localization in the active or inactive state (Ono et al., 
1986; Ono et al., 1987a; Disatnik et al., 1994; Luria et al., 2000). 
Isoenzymes included in this family need DAG or phorbol ester, anionic 
phospholipid and Ca2+ ions to reach their maximum activity. 

 Novel PKCs (nPKC): this sub-family brings together isoenzymes ε, δ (Ono 
et al, 1987a), η (Osada et al, 1990) and θ (Osada et al, 1992). These 
isoforms require anionic phospholipids and DAG or phorbol esters to 
attain the highest activity, and they are Ca2+-independent. 

 Atypical PKCs (aPKC): this sub-family is composed by only two members, 
PKCζ and PKC ι/λ [PKCι for human (Selbie et al, 1993)/ PKC λ for mouse 
(Akimoto et al, 1994)].  Enzymes in this group only require acidic 
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phospholipids to be activated, although they can be regulated by 
ceramides and protein-protein interactions. 

 

 

 

 

 
 
 
 
 
 
 
 
Figure I.1. Scheme of primary structures of the members of Protein Kinase C family 
showing domain composition. The regulatory domain is located in the amino terminal region 
containing different domains, depending on the isoenzyme. Pseudosubstrate (yellow); the C1 
domain (green); the C2 domain (purple). The PB1 domain (violet), present in atypical PKC, is 
represented by a blue box [OPCA (Octicosapeptide repeat domain) is the motif where aPKC 
interact] (Taken from Corbalán García and Gómez Fernández, 2006). 

 

As regards the primary structure of these mammalian kinases, it is 
possible to differentiate between a regulatory domain in the amino-terminal 
and a catalytic domain in the carboxyl-terminal region (Coussens et al., 1986). 
Of the five variable regions, the most important is V3, which separates both 
domains. The main differences between sub-families concern the regulatory 
region, while the catalytic domain is well preserved (Fig I.1). 

Three domains can be distinguished in the regulatory region of cPKCs: a 
pseudosubstrate sequence, and the C1 and C2 domains. The pseudosubstrate 
sequence is able to block the catalytic centre and so inhibit enzymatic activity 
(House and Kemp, 1987). The C1 domain has a cysteine-rich region, appears 
in tandem (C1A and C1B) and it is responsible for binding diacylglycerol (DAG) 
and phorbol esters (Bell and Burns, 1991). The C1 domain is followed by the 
C2 domain, which is of type I and has binding sites for acidic phospholipids, 
Ca2+ and also for PtdIns(4,5)P2 (Medkova and Cho, 1998; Corbalán-García et 
al., 1999; Verdaguer et al., 1999; Conesa-Zamora et al., 2000; Sánchez-Bautista 
et al., 2006; Marín-Vicente el al., 2007). 

Structurally, the nPKC group is very similar to cPKC, since novel 
isoforms have two C1 domains in tandem, but the C2 domain is type II and is 
nearer the amino-terminal region than the C1 domain (Nalesfki and Falke, 
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1996); it does not present a Ca2+ binding site and interacts with anionic 
phospholipids (García-García et al., 2001; Ochoa et al., 2001). 

The regulatory region in the aPKC group is totally different from the 
others because they do not have a C2 domain, but only contain one C1 
domain and a specific domain called PB1, which is located in amino-terminal 
region. 

The catalytic domain, which is conserved in all subfamilies, contains 
the ATP binding site and the place where target proteins susceptible to be 
phosphorylated by PKC, are bound (Hanks et al., 1988; Kemp and Pearson, 
1990). 

 

2. Conserved regions in PKC. 

2.1 Pseudosubstrate domain. 

Every PKC isoform has an auto-inhibitory pseudosubstrate domain, 
which is a small polybasic sequence formed by 20 amino acids and which 
maintains PKC in an inactive state by sterically blocking the active site of the 
kinase (House and Kemp, 1987; Makowske and Rosen, 1989; Soderling, 1990; 
Orr et al., 1992). 

The sequence of this domain is highly conserved in all isoforms, the 
only difference being the location along the PKC primary structure. It is also 
very similar to target sequences in proteins that are susceptible to 
phosphorylation by PKC. In this case, the difference is the substitution of one 
amino acid: while the target proteins contain a Ser/Thr residue, the 
pseudosubstrate contains an alanine (House and Kemp, 1987; Nishikawa et 
al., 1997). 

Several hypotheses have been proposed to explain the mechanism of 
PKC activation, and in all of them the pseudosubstrate domain must be 
released from the active site. 

2.2. C1 domain. Structure, function and regulation. 

The C1 domain is in the regulatory region of each PKC isoform and is a 
member of a superfamily of Cys-rich domains that it is composed by 
approximately 50 amino acids. 

In general, these domains are classified in two groups, depending on 
their capacity to bind DAG or phorbol esters. 
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 Typical C1 domains can bind effectors and are present in cPKC and nPKC 
(Fig I.2) (Ono et al., 1989a; Burns and Bell, 1991; Quest et al., 1994; 
Kazanietz et al., 1994; Wender et al., 1995; Bittova et al., 2001). The C1 
domain is also found in other proteins like Protein Kinase D (PKD), 
Diacylglycerol Kinase (DGK) (isoforms β and γ), Chimerins, RasGRP and 
Munc 13, among others (Yang and Kazanietz, 2003). 

 Atypical C1 domains can not bind DAG or phorbol esters. They are 
present in aPKC (Mellor and Parker, 1998; Newton and Johnson, 1998). 
Proteins other than PKC also possess this kind of C1 domain, for example 
DGK (isoforms α, δ, η, κ, ε, ζ, ι and θ), Raf proteins, Vav proteins, Ras 
suppressor kinase and Rho kinase (Van Blitterswijk and Houssa, 2000; 
Kanoh et al., 2002; Zhou et al., 2002). 

In cPKC and nPKC, the C1 domain is composed of a tandem of two 
subdomains, called C1A and C1B according to their position in amino-
terminal end (Hurley et al., 1997). Each of these subdomains shows a 
conserved sequence (HX12CX2CX13/14CX2CX4H X2CX2CX7C, where “H” is His, 
“X” is any amino acid and “C” is Cys) which is essential to coordinate two Zn2+ 
ions (Ahmed et al., 1991; Burns and Bell, 1991; Quest et al., 1992). Both of 
these subdomains can bind DAG or phorbol esters, although some studies 
have demonstrated that each subdomain does so with a different affinity 
(Ananthamarayanan et al., 2003), while the presence of only one is sufficient 
to ensure the smooth running of this part of the protein (Burns and Bell, 1991; 
Quest et al., 1994; Kazanietz et al., 1994; Wender et al., 1995; Bittova et al., 
2001). 

 

 
 
 

Figure I.2. Overall structure of the C1B domains of PKCγ and PKCδ. (A) Overall structure of 
the C1B domain of PKCγ. The zinc atoms are represented by big purple balls and the residues 
involved in coordinating these two zinc ions are represented by stick models with carbon in 
grey, nitrogen in blue and sulphur in yellow. (B) Overall structure of the C1B domain of PKCδ in 
complex with phorbol 13-acetate. The phorbol ester is represented as a stick model with carbon 
in yellow and oxygen in red (Taken from Corbalán-García and Gómez-Fernández, 2006). 
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Both C1 subdomains of this cPKC present a polarized distribution of 
hydrophobic and ionic amino acids. The top part of the molecule, where 
effectors like DAG/phorbol esters are bound, contains aromatic and aliphatic 
residues, whereas the middle part contains cationic residues (Fig I.3). 

The results of many studies in which the role of most important C1 
domain amino acids has been resolved, suggest that typical C1 domains 
present a polarized amino acid distribution, being hydrophobic at the top and 
bottom, and containing mainly cationic residues in the middle. The 
hydrophilic groove in the top is the site where ligands like DAG/phorbol esters 
bind and lead the penetration of this part of the domain into the membrane 
because of the hydrophobic amino acids in this part and the cationic residues 
in the middle part (Zhang et al., 1995; Xu et al., 1997; Pak et al., 2001; Hurley 
and Meyer, 2001). 

 

 
 
Figure I.3. Molecular surface drawing of the C1B domain of PKCδ in the absence (A) or 
presence (B) of phorbol ester. Positively and negatively charged regions are shown in blue and 
red, respectively, while the hydrophobic surface is depicted in grey. Note how the surface of the 
top third of the molecule is highly hydrophobic when the phorbol ester fits into the hydrophilic 
groove, facilitating membrane insertion of the domain under these conditions. The area 
occupied by the phorbol ester has been marked with a dotted line to facilitate interpretation of 
the figure (Taken from Corbalán García and Gómez Fernández, 2006). 

 

The C1 domain plays a role in PKC binding to different membranes 
along the cell. As mentioned above, this domain is found in a large number of 
proteins which have several functions, and it is regulated by DAG/phorbol 
ester interactions (Yang and Kazanietz, 2003). 

A common characteristic of classical and novel PKC is that both 
subfamilies have two C1 domains in tandem. Several studies have 
demonstrated that C1 subdomains, whether inside the same or in different 
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isoenzymes, are not equivalent and have different affinities for DAG and 
phorbol esters. 

Based on our knowledge to date, it can be concluded that C1A and C1B 
subdomains of PKC respond in different ways to DAG and phorbol esters, so 
that the physiological results obtained using phorbol esters are not 
extrapolatable to those using DAG. Likewise, different isoenzymes show 
different responses, so that the results for one isoenzyme will not necessarily 
be the same for another even if they are from the same family (Corbalán-García 
and Gómez-Fernández, 2006). Biologically, these differences reflect the huge 
variety of situations in which different PKC isoenzymes may participate. 

Besides DAG and phorbol esters, C1 domains can bind other lipids, 
such as phospholipids, ceramides and fatty acids. This part of the protein 
shows different affinities for these compounds, since during the interaction 
between them, PKC is translocated to different subcellular compartments for 
subsequent activation (Kashiwagi et al., 2002; Becker and Hannun, 2003; Yagi 
et al., 2004; Sánchez-Bautista et al., 2009). 

One example is the case of C1B, but not C1A domain, of PKCε which 
binds ceramides and arachidonic acid, although every ligand leads to a 
different location pattern due to the different binding mechanisms involved 
(Kashiwagi et al., 2002). 

2.3. C2 domain. Structure, function and regulation. 

The whole structure of several C2 domains from several proteins, 
including Synaptotagmins and PKC, has been elucidated. In PKCs, the C2 
domains were initially discovered as a Ca2+ binding site of cPKC (Coussens et 
al., 1986; Knopf et al., 1986; Ono et al., 1986). 

C2 domain is present in numerous proteins involved in cellular 
signalling, small GTPase regulation or vessel transport (Nalefski and Falke, 
1996; Rizo and Südhof, 1998), for example phospholipase C (PLC) (Rebecchi 
and Pentyala, 2000) or phosphoinositide 3-kinases (PI3Ks) (Walker et al., 
1999). It contains approximately 130 amino acids and it, together with C1 
domain, takes charge of binding PKC to membrane in a correct position. 

The structure of all C2-domains has a common overall fold: a single 
compact Greek-key motif organized as an eight-stranded anti-parallel β-
sandwich consisting of a pair of four-stranded β-sheets (Shao et al., 1996; Rizo 
and Südhof, 1998; Sutton and Sprang, 1998). 

Unlike C1 domain, C2 domains have a high degree of variability among 
themselves (Nalefski and Falke, 1996; Rizo and Südhof, 1998). The sequence of 
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amino acids is much conserved in β-strands and in some residues that have 
an essential role in this domain, like the amino acids involved in the 
coordination of Ca2+ ions (in cPKCs), in particular five aspartates (Fig I.4). 
There is great variability in the binding regions between β-strands, where 
residues like Pro and His are very common in these zones, which confer 
flexibility to them. As a result, a structural role is attributed to β-strands, 
while the binding regions refect the specific function of the domain (Nalefski 
and Falke, 1996; Rizo and Südhof, 1998). 

 

 
 

Figure I.4. Sequence alignment of the seven C2 domains of conventional and novel PKCs. 
Dashes indicate gaps. The coloured residues represent those exhibiting more than 50% 
homology. Aromatic residues are labelled in green, hydrophobic residues are labelled in yellow, 
positively charged residues are labelled in dark blue, negatively charged residues are labelled in 
red and charged residues in light blue. Black stars indicate the critical Asp residues involved in 
Ca2+ coordination and green stars indicate the Lys residues located in the Lys-rich cluster in 
cPKCs. Purple stars indicate the residues involved in the pTyr binding domain of PKCδ. C2 
domains with topology I are grouped in the top part of the alignment (PKCα, β and γ) and C2 
domains with topology II are grouped in the bottom part. Note that alignment of C2 domains 
with topology II contains two subgroups that have been denoted due to the important structural 
differences observed between PKCε and PKCδ (Taken from Corbalán García and Gómez 
Fernández, 2006). 

 

C2 domains can be classified in two groups (Pappa et al., 1998; Sutton 
and Sprang, 1998; Verdaguer et al., 1999; Ochoa et al., 2001): 

 The synaptotagmin-like variants, also referred to as the S-family or  type I 
topology, which include the C2 domains of conventional PKCs. 
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 The PLC-like variants, also known as the P-family or type II topology, 
which include the C2 domains of novel PKCs. 

The main difference between both topologies is that the first strand in 
the C2 domain with topology I occupies the structural position of the eighth β-
strand in the C2-domain with topology II (Fig I.5). As a result, domains with 
topology II represent a circular permutation of those with topology I, and both 
are inter-convertible, since topology I becomes II when its amino- and 
carboxyl-terminal are linked and new termini are generated, cutting the 
conection between β1 and β2-strands (Nalefski and Falke, 1996; Rizo and 
Südhof, 1998). 

 

 
 
Figure I.5. Ribbon diagrams of the C2 domain structures of PKCα (A) and PKCε (B) as 
representative members of topology I and II, respectively. The two different topologies result 
from a circular permutation of the β-strands that leaves the N- and C-termini either at the top 
or at the bottom of the β-sandwich, respectively. It is important to note that the membrane 
interaction area (CBR1 to 3 in topology I, and loops 1 to 3 in topology II) is located at the top of 
each domain independent of the topology exhibited (Taken from Corbalán García and Gómez 
Fernández, 2006). 

 

C2 domains in classical and novel PKCs play an essential role in the 
activation of their proteins, since, together with C1 domain, they anchor the 
enzyme to the membrane due to their interaction with phospholipids. Besides 
anchoring PKC to the membrane, this domain has other functions, including 
protein-protein interactions. 

The classical ligands to C2 domains are Ca2+ and anionic phospholipids 
like PtdSer (Newton and Johnson, 1998; Verdaguer et al., 1999). Besides 
PtdSer, other anionic phospholipids can activate PKC in the presence of Ca2+, 
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such as phosphatidylglycerol, phosphatidic acid and phosphatidylinositol-4,5-
bisphosphate (PtdIns(4,5)P2) (Lee and Bell, 1991; Newton, 1993; Marín-Vicente, 
et al., 2008). Others lipids also intervene in the regulation of PKC: for instance, 
ceramides (Kashiwagi et al., 2002; Yakushiji et al., 2003), unsaturated fatty 
acids like arachidonic acid (O’Flaherty et al., 2001; López-Nicolás et al., 2006) 
and retinoid compounds (Randominska-Pandya et al., 2000; Boskovic et al., 
2002; López-Andreo et al., 2005). 

In PKCα, a classical PKC isoform, the exact binding site for different 
lipids has been identified; for  example, PtdSer interacts in the so-called Ca2+ 
binding site and PtdIns(4,5)P2 binds in the so-called lysine rich cluster (García-
García et al., 2001; Ochoa et al., 2002; Corbalán-García et al., 2003; Guerrero-
Valero et al., 2009). 

The C2 domain is responsible for binding Ca2+, and three different 
binding sites have been characterized (Ca1, Ca2 and Ca3) within the Ca2+ 
Binding Region. All of them are located at the top of the β-sandwich where Ca2+ 
ions coordination occurs, specifically in the connection loops between β-
strands (Verdaguer et al., 1999; Ochoa et al., 2001). For this reason, the loops 
located in this part of the C2 domain are called CBR1 (Calcium binding region 
1), CBR2 and CBR3, in order of the amino-terminal of the protein (Fig I.5). 

CBRs provide all the necessary residues involved in Ca2+ coordination: 
five aspartates (Asp187, 193, 246, 248 and 254), which are highly conserved 
among all classical PKCs (Fig I.4). Asp187 and Asp193 are located in the CBR1 
(loop between β2- and β3-strands), where one of the calcium ions (Ca1) is 
lodged, whereas CBR3 (loop between β6- and β7-strands) includes Asp246, 
Asp248 and Asp254, and it is the site where Ca2 is lodged (Sutton and Sprang, 
1998; Verdaguer et al., 1999) (Fig I.6). 

Further mutagenesis studies at the Ca2+-binding site have demonstrated 
that individual Ca2+ ions and their ligands play different roles in membrane 
binding and PKCα activation. The model suggested that Ca1 is involved in 
initial membrane anchoring, whereas Ca2 and Ca3 are involved in 
conformational changes (Edwards and Newton, 1997; Medkova and Cho, 1998; 
Corbalán-García et al., 1999; García-García et al., 1999; Conesa-Zamora et al., 
2000; Bolsover et al., 2003). 

The results of all biochemical and cellular studies carry out to date 
suggest a sequential model for classical PKCs membrane binding and 
activation. In the first step, an increase in intracellular Ca2+ would result in 
binding of Ca1 and Ca2 when the protein is still in the cytosol, leading to 
membrane targeting of the enzyme through the C2 domain. There, PKC 
penetrates the membrane for a longer period of time, allowing the C1 domain 
to find the diacylglycerol generated upon receptor stimulation, finally leading 
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to complete activation of the enzyme (Feng et al., 2000; Conesa-Zamora et al., 
2001; Nalefski and Newton, 2001; Bolsover et al., 2003). 

 

 

Figure I.6. Ca2+ and phosphatidylserine-binding region of the PKCα–C2 domain. (A) 
Coordination scheme of the calcium ions in the structure determined for PKCα in complex with 
Ca2+ and DCPS. Dotted lines represent the coordination established between the different 
carboxylate and oxygen groups, and Ca1, Ca2 and Ca3. (B) Lateral view of the surface model of 
the Ca2+ binding-region, the Asp residues involved in Ca2+ coordination have been represented 
as thin-stick models with carbon in grey and oxygen in red. Calcium ions are represented as 
yellow balls. The residues of the C2 domain directly involved in phosphatidylserine binding are 
shown as thick-stick models with carbon in grey, nitrogen in blue and oxygen in red. 
Additionally, DCPS is represented as a stick model and carbons have been colored in yellow. 
Note how the residues coordinating Ca2+ occupy the bottom of the crevice formed by CBR1, 2 
and 3. The DCPS molecule is located on top of this area contributing to coordinate Ca1 through 
its phosphate moiety and acts as a cap held by residues of the C2 domain that directly interact 
with it (N189, R216, R249 and T251) (Taken from Corbalán García and Gómez Fernández, 
2006). 

 

Further crystallization of the C2 domain of PKCα in complex with Ca2+ 
and 1,2-diacetyl-sn-phosphatidyl-L-serine (DAPS) demonstrated the presence 
of an additional binding site for anionic phospholipids in the vicinity of the 
conserved lysine-rich cluster in cPKCs (Ochoa et al., 2002). 

More specifically, it was found that Lys197 and Lys199, located in β3 
strand, and Lys209 and Lys211, in β4 strand, establish a series of 
electrostatic interactions with a second DAPS molecule, suggesting that this 
site participates in the interaction of the C2 domain with the membrane (Fig 
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I.7). Other studies demonstrated that this area could bind other negatively 
charged molecules such as phosphate (Verdaguer et al., 1999), phosphatidic 
acid (Ochoa et al., 2002), all-trans-retinoic acid (Ochoa et al., 2003; López-
Andreo et al., 2005) or phosphoinositides like PtdIns(4,5)P2 (Marín-Vicente et 
al., 2008). 

A more extensive biochemical study using different acidic phospholipids 
demonstrated that the C2 domain of PKCα bind PtdIns(4,5)P2, preferentially 
through the β4 strand of the lysine-rich cluster (Lys209/Lys211) (Fig I.7) 
(Corbalán-García et al., 2003), leading to PKCα activation by means of a 
mechanism other than the classical one. 

Recent studies have demonstrated that the C2 domains of three 
classical PKCs exhibit different affinity for the PtdIns(4,5)P2, which is bound 
through the lysine-rich cluster (Sánchez-Bautista et al., 2006; Guerrero-Valero 
et al., 2007). PKCγ-C2 domain shows the lowest affinity for this lipid, while 
PKCα-C2 domain needs a lower amount of this lipid to localize in membranes 
(Guerrero-Valero et al., 2007). Furthermore, two aromatic amino acids (Tyr195 
and Trp245) have been implicated in the specific interaction between PKCα-C2 
domain and the phosphate of the inositol ring from PtdIns(4,5)P2. These 
residues, similar to other cationic amino acids, like Lys197, Lys209, Lys 211 
and Asn253, are highly conserved among all C2 domains with topology I, while 
the C2 domains of topology II do not preserve most of the residues responsible 
for the PtdIns(4,5)P2 interaction (Guerrero-Valero et al., 2009). 

 

 
 
Figure I.7. Localization of the Lysine-rich cluster in the C2 domain of PKCα. Overall 
structure of the C2 domain of PKCα represented as a cartoon scheme over its molecular surface. 
The lysine residues involved in the cluster, which are located in β3 and β4 strands, are 
represented as stick models with carbon in grey and nitrogen in blue. Acidic surfaces are 
represented in red and basic in blue. Note how the Ca2+-binding region is an area rich in 
negatively charged amino acids, while the lysine-rich cluster forms a basic surface. The inset 
shows an amplification of β3 and β4 strands of PKCα with the Lys residues forming the cluster 
represented by stick models (Taken from Corbalán García and Gómez Fernández, 2006). 
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Besides anchoring PKC in membranes, C2 domain seems to be involved 
in protein-protein interactions, mainly through the lysine-rich cluster (Mochly-
Rosen et al., 1992; Ron et al., 1995).  

It can be concluded that both PtdSer and PtdIns(4,5)P2 are very 
important for regulating the localization and activation of classical PKCs 
through C2 domain interaction, specifically through the Ca2+-binding site and 
the lysine-rich cluster (Bolsover et al., 2003; Landgraf et al., 2008; Marin-
Vicente et al., 2008). 

In novel PKCs, the C2 domain shows some differences from classical 
isoforms; for example, it is the first conserved domain of amino-terminal; it 
presents a type II topology and it anchors to membranes in a Ca2+-
independent manner (García-García et al., 2001; Corbalán-García et al., 2003). 

This subfamily also contains an important region at the top of β-
sandwich, although now, the connection chains between β-strands are called 
loops and no Calcium Binding Regions since these isoforms do not bind Ca2+ 
ions. Loop 1 and loop 3 are located in this region and are formed by β-1 and β-
2, and β-5 and β-6 connections, respectively. Unlike the Calcium Binding 
Region (in cPKC), this region exhibits significant differences among novel 
isoforms (Fig I.4). 

The binding mechanisms of nPKCs differ from those of cPKCs, not only 
due to the absence of appropriate residues to form the Ca2+ Binding Region, 
but also due to the structure of the lipid docking motif formed by loops 1 and 
3 (Corbalán-García et al, 2003) (Fig I.8). 

 

Figure I.8. Residues involved in lipid binding of PKCε–C2 domain. The cartoon shows the 
3D structure of PKCε. The critical residues involved in phospholipid binding have been 
represented as stick models with carbon in grey, nitrogen in blue and oxygen in red (Trp23, 
Arg26 and Arg32 in loop1 and Ile89 in loop 3). Additional residues not involved in lipid binding 
are also shown: side chains of Asp86 and Asp92 are represented as stick models; observe how 
these chains point to the surface of the molecule, in the opposite direction to the side chains of 
the residues involved in phospholipid binding (Taken from Corbalán García and Gómez 
Fernández, 2006). 
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2.4. Catalytic domain. Structure and regulation. 

The members of the ABC kinases family, PKA, PKB/Akt and PKC, show 
40% sequence homology in their catalytic domain. Among PKC this percentage 
increases to 60% (Fig I.9) (Newton, 2003; Corbalán-García and Gómez-
Fernández, 2006). 

 

 
 
Figure I.9. Alignment of the activation loop, turn motif and hydrophobic motif 
phosphorylation sequences for the PKC isoenzymes, PKBα/Akt1, p70S6 kinase, PRK2 and 
PKAα. Sequences shown are for human PKC isoenzymes α, ε, ζ, η/L  θ and ι/λ and rat PKC γ 
and δ, rat PKC βI and βII, murine PKB α/Akt1, rat p70S6 kinase and murine PKA α. Amino acid 
residue numbers are indicated to the left of the sequences (Taken from Newton, 2003). 

 

To date, the 3D structures of catalytic domain of some PKC have been 
solved: novel PKCθ (Xu et al., 2004), atypical PKCι (Messercschmidt et al., 
2005; Takimura et al., 2010), classical PKCβII (Grodsky et al., 2006) and PKCα 
(Wagner et al., 2009). 

The catalytic domain of PKCs contains both the ATP binding and the 
consensus phosphorylation sites; it interacts with substrates and is 
responsible for phosphotransfer activity.  

The kinase domains of PKC isoenzymes are closely related, as 
illustrated in the dendrogram (Fig I.10). Protein kinase fold is separated into 
two subdomains or lobes. The smaller N-terminal lobe, or N lobe, is composed 
of a five-stranded β sheet and one prominent α helix, called helix αC. The 
larger lobe is called the C lobe and is predominantly helical (Fig I.10) (Taylor 
and Radzio-Andzelm, 1994; Johnson and Lewis, 2001). Between them, there is 
a cleft where the ATP- and substrate-binding sites are located. 

N lobe has a preserved region in all kinases, called the glycine-rich loop, 
whose consensus sequence is XGXGX2GX16KX, where X is any amino acid and 
G is glycine. This region is located between β1 and β2 strands and it is 
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included in the ATP binding site. Its function consists of orienting the ATP γ-
phosphate correctly for transferring to the target protein. 

The C lobe includes Activation loop, Turn motif and Hydrophobic motif, 
and is responsible for target peptide union and the beginning of phosphate 
transfer. The Activation loop is located near the active site entrance and 
includes the region where the target proteins are phosphorylated. This zone, 
together with C1 domain, the ATP binding region and variable region 5 (V5), is 
involved in the specific recognition of substrates (Pears et al., 1991). 

In the zone where substrate phosphorylation occurs, two highly 
preserved regions can be differentiated in the kinase domain. One of them is 
the TDP region (Thr-Pro-Asp) and the other the DFG region (Asp-Phe-Gly/Tyr), 
which is also called the central element of phosphate transfer and which is 
preserved among every human PKC isoenzyme and other kinases (Kemp and 
Pearson, 1990; Taylor et al., 1990). Only PKCι and ζ present a slight difference 
since Phe is replaced by Tyr in the consensus sequence (Ono et al., 1989b). 
Only one amino acid, an Asp residue which is present in all isoforms, is 
responsible for phosphate transfer in DFG (Fig I.9). 

The Turn motif possesses a Pro rich sequence which includes the 
phosphorylable residue (Thr for cPKCs and nPKCs; Ser for aPKCs). Structural 
models suggest this sequence correspond to a turn in the molecule, which is 
why it is called the turn motif (Figs I.9 and I.10) (Cenni et al., 2002). 

The Hydrophobic motif is so-named because the Ser/Thr phosphorylable 
residues are surrounded by hydrophobic amino acids (Cenni et al., 2002). This 
region is less preserved than the other two. Its consensus sequence is 
FXXFS/T/E, where X is any amino acid, and the end represents, depending 
on isoenzyme, a residue of Ser, Thr or Glu. Classical and novel PKCs possess a 
preserved residue of Ser or Thr which is phosphorylable, whereas atypical 
isoforms possess a Glu that mimics, although not perfectly, the 
phosphorylation site (Messerschmidt et al., 2005) (Fig I.9). 

PKC isoenzymes are subject to precise structural and spatial regulation: 
their phosphorylate state, conformation and subcellular localization must be 
defined in a very precise way to preserve their correct physiological function. 
These kinases must be phosphorylated, the pseudosubstrate released from the 
active site and the enzyme must be in the correct intracellular compartment in 
order to carry on their catalytic role. If any of these requirements is not 
fulfilled, the cell signalling pathways through this enzyme will be interrupted 
(Newton, 2001), presenting diseases, like cancer. 

PKC phosphorylation is the first step towards correct catalytic activity 
and towards correct intracellular localization. This phenomenon occurs in 
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three sequential steps, more specifically in three preserved Ser/Thr residues 
located in the catalytic domain (Ron and Kazanietz, 1999; Cenni et al., 2002). 
The first phosphorylation step takes place in the activation loop, and this is 
followed by two auto-phosphorylations happen, one in the turn motif and the 
other in the hydrophobic motif (Fig I.10). These phosphorylations are very well 
preserved among PKC isoenzymes, with the exception of atypical PKCs, where 
the third phosphorylation step does not occur. 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure I.10. (A) Dendrogram of the protein kinase C family. (B) Overall structure of the 
catalytic domain of PKCι in complex with the inhibitor bis(indolyl)maleimide. The N-lobe 
is purple and the C-lobe is blue. PhosphoThr403 is represented as sticks, and the catalytic, 
activation and glycine rich loops are shown with arrows. PhosphoThr555 in the turn motif and 
the phosphorylation mimic Glu574 in the hydrophobic motif are also represented by sticks 
(Taken from Corbalán García and Gómez Fernández, 2006).  

 

Phosphorylation of the activation loop occurs in a Thr whose position 
depends on the enzyme. Correct alignment of the catalytic site and subsequent 
steps in the activation process are essential (Keranen et al., 1995; Tsutakawa 
et al., 1995) (Fig I.9). This phosphorylation is carried out by phosphoinositide-
dependent kinase-1 (PDK-1) and represents an important regulatory 
mechanism in PKC and other members of the ABC family (Johnson and Lewis, 
2001). It seems that after Thr residue is phosphorylated, it interacts with two 

A
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amino acids (Arg and Lys) located in the activation loop very near the Asp 
residue, which has been proposed as the amino acid responsible for 
transferring phosphate to target proteins (Orr and Newton, 1994b). These ionic 
interactions provide the correct alignment of the activation loop to permit 
substrate binding (Xu et al., 2004; Messerschmidt et al., 2005). 

The first phosphorylation in the activation loop is followed by auto-
phosphorylation in the turn motif, specifically in a preserved Ser/Thr (the 
position changes with the enzyme) (Fig I.9) surrounded by a proline-rich 
sequence. This phosphorylation step produces a catalytically competent, 
thermo-stable and phosphatase-resistant enzyme (Bormancin and Parker, 
1996; Edwards et al., 1999). When PKC has reaches its mature state, the 
phosphate on the turn motif is the only one necessary to confer activity to the 
enzyme. Other studies have suggested that this motif, besides playing a role in 
PKC maturity and stability, could be an important place for protein-protein 
interactions (Yaffe et al., 1997; Newton, 2001). 

After the turn motif is phosphorylated, the hydrophobic motif suffers 
another auto-phosphorylation, which is the only phosphorylation that is not 
essential to kinase activity (Newton, 2001). This motif is the least conserved 
among the three important regions of the catalytic domain, and even atypical 
PKCs show a Glu residue, which simulates the phosphate, where a Ser/Thr 
should appear (Fig I.9). Besides the phosphorylation of conserved residues, 
there are some amino acids (for example Ser, Thr or Tyr) that can be 
phosphorylated, influencing the function of mature PKC (Konishi et al., 1997; 
Nakhost et al., 1999). It is known that these amino acids near the carboxyl-
terminal vary with individual isoforms and participate in substrate specificity 
of every PKC. 

 

3. Variable regions. 

In PKC isoforms several variable regions exist along the amino acids 
chain; a particular isoenzyme may contain up to five of such regions. They are 
called V1, V2, V3, V4 and V5 from amino to carboxyl-terminal and the 
function of which is very important for regulating PKC functions and 
interactions with other proteins. 

V1 is located at the N-terminal end and is present in all PKC isoforms, 
although it differs slightly in each one, which has been related to substrate 
specificity of the isoenzymes (Schaap et al., 1990; Pears et al., 1991; Zidovetzki 
and Lester, 1992). 
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V2 is only present in classical and novel PKCs, where connects C1 and 
C2 domains, while V3, also called a hinge region, is very flexible (Flint et al., 
1990) and appears in every PKC, connecting the regulatory and catalytic 
regions. This motif is essential for proper protein functioning, since it 
possesses a sequence sensitive to some proteases like trypsin and calpain, 
which may release the regulatory from the catalytic domain, generating a 
constitutive active enzyme (Newton, 2001). 

The V4 region is located at the centre of the catalytic domain, while at 
the C-terminal we find the V5 region which consists of a 50 amino acid 
sequence. V5 has a regulatory function due to its proximity to the catalytic 
centre (Bornancin and Parker, 1997; Edwards and Newton, 1997b) and its 
inclusion of two auto-phosphorylation sites involved in PKC 
phosphoregulation (Parekh et al., 2000). 

 

4. PKC activation mechanism. 

A variety of stimuli may reach the plasma membrane, where they 
activate PKC along several pathways. Phospholipase C (PLC) is involved in the 
main pathway for classical and novel PKCs. This enzyme hydrolyzes 
PtdIns(4,5)P2 to generate DAG and Ins(1,4,5)P3, (Parker, 1999; Swannie and 
Kaye, 2002) which activate PKC binding though the C1 domain and increase 
the level of  cytoplasmic [Ca2+], respectively. 

There are other secondary activation pathways in which DAG is 
produced constantly and where phosphatidylcholine (PtdCho) plays an 
important role, since it may act as a precursor of DAG in three different 
pathways (Fig I.11): the first following PLD (phospholipase D) activation, the 
second one due to ceramide cholinephosphotransferase activation, which 
synthesizes ceramides, and the third one catalyzed by PC-dependent 
phospholipase C (PC-PLC), although this pathway is unusual in mammals. 

Besides classical cofactors like DAG and PtdSer, other compounds 
generated by these enzymatic activities may activate PKC, for example 
arachidonic acid (López-Nicolás et al., 2006), ceramides (Kashiwagi et al., 
2002) and PtdIns(4,5)P2 (Guerrero-Valero et al., 2009) among others (Fig I.11). 
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Figure I.11. Schematic draw of PKC activation pahtways. Main pathway of PKC activation is 
mediated by PLC, marked with rose arrows. In the diagram is also represented enzymatic 
reaction that synthesizes PKC activators. All PKC activators represented in this diagram are 
joined with indicative box through blue arrows. 

 

4.1 Activation model of classical and novel PKCs. 

PKC isoenzymes are matured by a series of ordered, tightly coupled, 
and constitutive phosphorylations that are essential for the stability and 
catalytic competence of the enzyme (Parker and Parkinson, 2001; Newton, 
2003; Rodríguez-Alfaro et al., 2004) (Fig I.12). 

As Newton exposes in her last review (Newton, 2010), recent studies 
have identified two new players in the novel and classical PKCs maturation 
process: heat shock protein-90 (HSP90), whose interaction with a specific 
motif on PKC is essential to allow phosphorylation to occur (Gould et al., 
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2008), and the mammalian target of rapamycin (mTOR) complex 2 (mTORC2), 
a structure comprised of the kinase mTOR, Sin1, Rictor, and mLST8, whose 
integrity is required to allow the priming phosphorylations (Guertin et al., 
2006; Ikenoue et al., 2008). 

Regulation by HSP90: The first step in the maturation process is the 
binding of the chaperone HSP90 and the co-chaperone Cdc37 to a molecular 
clamp in the kinase domain composed by a conserved PXXP motif, which is 
essential for the HSP90 binding. Mutation in this protein or in the conserved 
motif of PKC, prevent the correct maturation of the kinase, which is degraded 
(Newton, 2010). 

Regulation by priming phosphorylations: Three constitutively 
phosphorylated sites have been identified in the catalytic domain of PKC, 
which are conserved not only among all the PKC isoenzymes but among most 
of the AGC kinases, including PKB (Keranen et al., 1995). These 
phosphorylations occur on 1) the activation loop at the entrance to the active 
site and 2) the turn and hydrophobic motifs that are located at the carboxyl-
terminal region (Newton, 2001). It is important to mention that atypical PKCs 
posses a phospho-mimetic, Glu, occupying the phosphoacceptor position of 
the hydrophobic motif (Newton, 2010). The phosphorylations occur as follow: 

PDK-1 phosphorylates the activation loop of all PKC isoenzymes, an 
event that is essential for generating a catalytically competent enzyme (Dutil et 
al., 1998; Le Good et al., 1998). Phosphorylation is controlled by the 
conformation of PKC: newly synthesized PKC is in an open conformation (the 
pseudosubstrate is removed from the catalytic active centre) along the cytosol, 
thus unmasking the activation loop to allow phosphorylation by PDK-1 (Dutil 
and Newton, 2000) (Fig I.12). 

After activation loop phosphorylation, two more phosphorylations take 
place, specifically in the turn motif (Hauge et al., 2007) and in the hydrophobic 
motif (Behn-Krappa and Newton, 1999), the structure of mature PKC 
stabilizing. 

It has recently been shown that phosphorylation of the turn motif 
depends on the mTORC2 complex (Facchinetti et al., 2008; Ikenoue et al., 
2008). However, an auto-phosphorylation through an intramolecular reaction 
at the hydrophobic motif occurs (Behn-Krappa and Newton, 1999), which is 
also controlled by the interaction of HSP90 with the PXXP clamp described 
above. 
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In that moment PKC is in a catalytically competent but inactive. 
Classical PKCs become in active enzymes when some extracellular stimuli 
arrive to cellular surface and they induce generation of DAG and increasing 
level of [Ca2+] cytoplasmic. After that cPKC localizes in membranes, starting 
with interaction between calcium ions and Ca2+ binding region of C2 domain, 
what make possible the interaction with PtdSer through this region. The 
lysine-rich cluster interacts with PtdIns(4,5)P2, which produces a correct 
orientation of cPKC in membrane, favouring C1 domain interaction with DAG 
and anchoring enzyme into membrane, what releases pseudosubstrate domain 
from active centre, generating a PKC catalytically competent and active 
(Corbalán García et al, 2003;Rodríguez Alfaro et al, 2004 ). 

This activation model demonstrates that PKC is meticulously regulated, 
and that both phosphorylations and cofactor are needed for the catalytic 
function. However, other proteins and membrane properties intervene in PKC 
regulation. It is also important to mention that every mutation or mistake in 
any PKC maturation step entails kinase degradation (Guertin et al., 2006; 
Ikenoue et al., 2008). 
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5. Pathways where PKC is involved. 

When activated, PKC is involved in a huge variety of intracellular 
pathways depending on which protein is phosphorylated, for instance 
transcriptional regulation, immune response and permeability modifications 
(Yang and Kazanietz, 2003). 

As already mentioned, PKC can be activated by many compounds (Fig 
I.11) and this is reflected in its numerous and varied biological functions, 
which include mitogenesis and cell differentiation among others (Fig I.13). PKC 
is involved in contrasting biological functions like cell survival and apoptosis, 
which is due to the existence of different isoforms because, although all of 
them possess a well preserved catalytic region, every subfamily and isoform 
shows its own substrate preference, so that not all substrates can be 
phosphorylated by the same PKC. 

Some studies have demonstrated that C1 domain and variable region 
V5 are involved in this specific substrate recognition (Pears et al., 1991), while 
the interaction between PKC and other proteins involved in the correct 
presentation of the enzyme to phosphorylate specific substrates also seems 
important (Jacken and Parker, 2000). 

 

 

 

Figure I.12. Activation model of classical PKCs. In this cartoon is shown the sequential 
activation of cPKCs. In resting conditions, PKC is inactive in cytoplasm next to membranes (top-
left-species), where it suffers three phosphorilation. First, PDK-1 phosphorylates the activation 
loop (black circle), what allows to mTORC2 phosphorylates the turn motif (dark blue circle) and 
after that the third phosphorylation takes place in the hydrophobic motif (red circle). In that 
moment the pseudosubstrate domain (green rectangle) occupies the active centre of the catalytic 
domain, PKC keeping catalytically competent but inactive (bottom-left species). Some 
extracellular stimuli activate PLC, causing an increase in [Ca2+] cytoplasmic and DAG in plasma 
membrane. Ca2+ ions allow the binding between C2 domain and PtdSer (PS) through the calcium 
binding region, thanks this ions act like a bridge. Besides C2 domain interacts with 
PtdIns(4,5)P2 through its lysine-rich cluster. After this interaction, pseudosubstrate domain is 
released from active centre, favouring interaction of C1 domain with DAG generated in plasma 
membrane (top-right species). Now, PKC obtains an active conformation ready to phosphorylate 
its substrates, triggering downstream signalling (Corbalán García et al, 2003; Rodríguez-Alfaro et 
al, 2004). Note that this open conformation is sensitive to phosphatase PHLPP (PH domain 
leucine-rich repeat protein phosphatase) action, PKC being degraded (bottom-right species). In 
this point chaperone HSP70 can interact with the dephosphorylated turn motif, which promotes 
the PKC re-phosphorylation and re-entry into the pool of catalytically competent, but inactive 
kinases (Taken from Newton, 2010). 
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As shown in Figure I.13, PKC is involved in many biological functions, 
one of its most important roles being the regulation of gene expression. The 
two best known pathways in which PKC is involved are the activation of MAP 
kinases (MAPK) and NF-kB (Schonwasser et al., 1998). While the first one 
enhances the transcription of genes involved in cell the cycle, the second one 
transcribes more specific genes and, together with AP-1, is essential in the 
regulation of the inflammatory response, cell survival and tumorigenesis 
processes. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure I.13. Schematic representation of different cellular functions where PKC is 
involved. Different stimuli entail generation of PKC activators what produces a correct 
localization and activation of the enzyme, acquiring a perfect disposition to phosphorylate its 
substrates and participate in several signalling pathways, affecting biological function like 
mitogenesis, apoptosis or vessel traffic among others (Taken from Yang and Kazanietz, 2003). 
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6. Other bioactive lipids able to activate PKC. 
As mentioned above, PKC isoforms can be activated by a variety of 

compounds, but only some fatty acids and DAG-lactones are briefly explained 
here, since they are studied in this Doctoral Thesis, for their relation with 
some diseases like cancer. 

6.1. Fatty acids. 

Cancer is the main cause of mortality worldwide, but the geographical 
differences in its incidence suggest an important role for environmental factors 
in the etiology of this disease, as well as genetic factors. Among environmental 
factors, nutrition is the most relevant; and among the large number of dietary 
compounds that have been related with cancer, dietary lipids are significant 
(Bartsch et al., 1999; Kushi and Giovannucci, 2002). 

Lipid intake is a major determinant of the overall lipid composition of 
storage lipids and of membrane lipids, as assessed during dietary intervention 
studies carried out in animals and human (Brown et al., 1991; Senkal et al., 
2005; Kobayashi et al., 2006). Due to the close relationship between the fatty 
acid composition of cell membrane phospholipids and cellular functions 
(Hulbert et al., 2005), interest in identifying the health-related effects of dietary 
changes in fatty acid intake is growing. 

International variations in the incidence of breast and colon cancer are 
positively related with total fat intake (Zusman et al., 1997; Bartsch et al., 
1999; Kushi and Giovannucci, 2002). However, total fat consists of different 
fatty acid families; for example, saturated fatty acids (SFAs), monounsaturated 
fatty acids (MUFAs), and ω-3 and ω-6 polyunsaturated fatty acids (PUFAs) (Fig 
I.14). Among MUFAs, oleic acid (OA, 18:1n-9) is the major fatty acid in olive 
oil. The ω-6 series are widely consumed in Northern Europe and these include 
a precursor, linoleic acid (LA, 18:2n-6), which is abundant in food of animal 
origin, in vegetables and in oils such as sunflower, soy bean and grape seed. 
The ω-6 series also contains the arachidonic acid (AA, 20:4n-6), which is a 
substrate of specific lipid oxygenases that form bioactive inflammatory 
mediators, and the gamma-linolenic acid (GLA, 18:3n-6) found in several 
vegetable sources. The ω-3 series includes an essential fatty acid, alpha-
linolenic acid (ALA, 18:3n-3) found in green vegetables and in several oils 
(rape, soybean); and highly unsaturated derivatives such as eicosapentaenoic 
acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3), which are 
ubiquitous in mammals and abundant in oily fish, fish oils, seafood and 
marine products. 
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Figure I.14. Chemical structures of major saturated, monounsaturated, and 
polyunsaturated fatty acids. The number before the colon indicates the number of carbon 
atoms in the fatty acid chain, and the number after the colon indicates the number of double 
bonds. The conformation of the double bond is cis in configuration, and the first double bond 
located at 3rd, 6th, or 9th carbon from the terminal methyl group of a fatty acid is called n-3, n-
6 and n-9 series fatty acids, respectively (Taken from Tsubura et al., 2009). 

 

N-6 PUFAs, especially LA, have been shown to have a stimulating effect 
on breast, colorectal and prostate cancers in animal models (Rose, 1997). On 
the other hand, high levels of n-3 PUFA, especially EPA and DHA, inhibit 
breast and colon tumour growth and metastasis (Ip, 1997). As n-3 and n-6 
PUFAs show opposite effects against breast and colon carcinogenesis, the 
balance between n-3 and n-6 intake may be more important than the overall 
intake of n-3 or n-6 PUFAs (Bougnoux et al., 2005). In general, the n-3/n-6 
ratio is inversely related to breast cancer risk (Zhu et al., 1995; Maillard et al., 
2002). 

Olive oil and oleic acid intake have been related with an apparent 
protective effect against cardiovascular diseases and cancer. Although there is 
a degree of inconsistency between studies (Takeshita et al., 1997; Solanas et 
al., 2002), it can be conclude that this fatty acid possesses a potential 
protective effect against breast cancer. It is worth noting that olive oil is 
composed of oleic acid and other minor compounds whose relative content 
differs between types and varieties of olive oil, which may explain the 
inconsistency of the results obtained in studies (Ip, 1997). Along with oleic 
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acid, these minor compounds are responsible for beneficial effects on human 
health. 

Considerable progress has been made in understanding the specific 
mechanisms by which dietary fat in general and olive oil in particular may 
exert their modulatory effects on cancer. The most noteworthy mechanism are: 
the influence exerted on the stages of the carcinogenesis process (Owen et al., 
2005; Gill et al., 2005), alteration of the hormonal status (Larsson et al., 2004), 
modification of the structure and function of cell membranes (Hulbert et al., 
2005; Yang et al., 2005), modulation of cell signalling transduction pathways 
(Bartoli et al., 2000; Yamaki et al., 2002), the regulation of gene expression 
(Moral et al., 2003; Menendez et al., 2005) and influence on the immune 
system (Miles et al., 2005). 

Besides having their own effects, some fatty acids show synergy with 
other substances. Long chain n-3 PUFA, such as DHA or EPA, improve the 
cytotoxic effects of several anti-cancer drugs belonging to different classes, for 
example anthracyclines (Pardini, 2006; Calviello et al., 2009). Several putative 
mechanisms accounting for DHA-induced tumour chemosensitization have 
been explored to explain the role of DHA in breast cancer cell lines. DHA-
induced changes in drug uptake and the oxidative status of tumour cells are 
among the main mechanisms involved. 

To summarize, many studies into fatty acids and health have been 
carried out and, although it is difficult to establish firm conclusions on the 
effect of each particular fatty acid in human epidemiological studies. 
Experimental studies in animals and cultured cells suggest that n-6 PUFAs 
(LA and AA) have a tumour-promoting effect (Rose, 1997), while n-3 PUFAs 
(EPA, DHA and ALA) exert an inhibitory effect on tumour growth (Ip, 1997). 
SFAs such as palmitic acid and stearic acid show a similar effect to n-6 PUFAs 
(Carrol, 1991; Kushi and Giovannucci, 2002; Gonzalez, 2006), while results 
concerning the action of oleic acid, a MUFA, are inconclusive (Escrich et al., 
2007). 

6.2. DAG-lactones. 

Since PKC was seen to be involved in cancer (these kinases are 
receptors for phorbol esters) (Nishizuka, 1986), there has been a search for 
substances able to inhibit it. A first approach targeted the catalytic domain, 
but as this domain is similar in all kinases this possibility was rejected. 
Nowadays, modulators specifically targeted against the C1 domain are being 
explored, since the number of C1 domains containing proteins is much lower 
than the number of kinases and also, there are potent natural products that 
can be directed against this domain like DAG and phorbol esters. 
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The most successful approach involved DAG-lactone, a conformationally 
constrained DAG analogue, whose synthesis is conceptually simple (Nacro et 
al., 2000), involving the joining of the sn-2-O-acyl moiety of DAG to the glycerol 
backbone with an additional carbon atom to complete a five-member ring (Fig 
I.15) (Marquez and Blumberg, 2003). 

 

 

Figure I.15. Structural comparison among phorbol ester, DAG and DAG-lactones. These 
molecules share three bioequivalent groups (yellow) since they intervene in the interaction 
between C1 domain and membrane. Carbon positions are marked in blue, and in red (DAG and 
DAG-lactone) are marked carbonyl or OH groups which arise from carbon 1, 2 or 3. R1 and R2 
are variable chains (Taken from Tamamura et al., 2004). 

 

This lactone nucleus decreases the flexibility of the ligand conformation, 
favouring a stable union with the receptor due to a decrease in entropy in that 
interaction (Marquez et al., 1999). Moreover, the presence of variable acyl 
chains imparts substrate specificity to DAG-lactones and an increased affinity 
for PKC in a nanomolar range (Marquez et al., 1999; Marquez and Blumberg, 
2003). These acyl chains favour specific interactions (with C1 domains) and 
unspecific ones (with phospholipids in membranes), which stabilize the union 
(Colon-Gonzalez and Kazanietz, 2006). 

This basic DAG-lactone structure can be enhanced by a 
pharmacophore-guided approach. In this way, it has been demonstrated that 
specific hydrophobic substitutions generate DAG-lactones able to induce a 
PKC isoform-selectivity translocation to different subcellular compartments 
(Pu et al., 2005). 
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7. Introduction to PKC and cancer. 
As Griner and Kazanietz discuss in a recent review (Griner and 

Kazanietz, 2007), protein kinase C (PKC) burst into the cancer research field 
in the early 1980s with its identification as a phorbol ester receptor. Phorbol 
esters, which are natural substances with tumour-promoting activity, had 
long been of interest in the cancer research field, since the prolonged topical 
application of these substances to mice promoted the formation of skin 
tumours (Blumberg, 1988). Seminal investigations established that PKC was 
one of the intracellular receptors, being that the first solid evidence for the 
involvement of a protein kinase in carcinogenesis (Kikkawa et al., 1983). Along 
these years a wide variety of proteins containing C1 domains have been 
demonstrated to be also phorbol esters receptors, making a more complex 
picture (Colón-González and Kazanietz, 2006). 

Since then until now, many kinases, mainly receptor tyrosine kinases 
(RTK), have been associated with tumour development and progression. The 
activation of RTK causes autophosphorylation of the tyrosine kinase within its 
intracellular domain, which triggers a cascade of intracellular signals that 
ultimately promote malignant transformation and tumour progression 
(Marmor et al., 2004). Signalling cascades of particular interest include the 
PI3K pathway that leads to the activation of PDK-1 (3-phosphinositide-
dependent protein kinase-1) and AKT (also known as protein kinase B); and 
Ras/MAPK pathway that leads to the activation of Raf-1, MEK and MAPK. The 
JAK/STAT pathway is another important component of signal transduction 
following RTK activation, and PKC also plays important roles. Cancer-related 
processes, such as cell proliferation, enhanced survival/decreased apoptosis 
and metastasis (cell migration, adhesion and invasion), are promoted through 
these cascades (Fig I.16). 
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Figure I.16. Schematic diagram of a comprehensive overview of PKC signalling. The 
cartoon depicts the activation of PKCα, PKCδ, PLC-DAG and the subsequent downstream events 
include activation of the MEK-ERK and PI3K-Akt pathways (Taken from Ashhar S. Ali et al., 
2009). 

 

Initial research on mouse skin carcinogenesis related PKC and cancer, 
but later studies in normal and tumour cells confirmed the involvement of 
PKC isoenzymes in mitogenesis, survival and malignant transformation (Griner 
and Kazanietz, 2007). Phorbol esters also cooperate with the Ras oncogenes in 
transformation, and it has been observed that in Ras-transformed cells exists 
a deregulated production of DAG, indicating that Ras and PKC might 
cooperate during transformation (Lacal et al., 1987; Hsiao et al., 1989). 
Functional links between PKC and several oncogenes, such as fos and myc, 
were identified later (Barr et al., 1991; Han et al., 1995), indicating that PKC 
might has an important role in many of the cancer signalling pathways. 

PHORBOL ESTERS 
PMA OR TPA 
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The role of PKC in cancers is apparently not due to mutations in PKC 
genes unlike in the majority of genes involved in carcinogenesis, such as 
oncogenes and tumour suppressors. Mutations in genes encoding PKCs are 
found very rarely in human diseases; the reason in the case of PKCs is usually 
that some isoforms possess altered expression in different types of cancer 
(Roffey et al., 2009). Of particular interest is the fact that PKCε has been 
shown to be up-regulated in various types of cancer (Varga et al., 2004; Pan et 
al., 2005; Grossoni et al., 2009), whereas PKCδ are down-regulated (Mandil et 
al., 2001; D’Costa et al., 2006). In some cancers there is a striking correlation 
between changes in expression and progression of the disease, suggesting 
their potential use as prognostic markers (Varga et al., 2004). 

The role of PKCs in cancer seems to result from their action as 
receptors for tumour promoting agents or from their action as downstream 
targets of growth factor receptors (Reyland, 2009). Furthermore, mutations in 
other cancer-related genes may change the original isoenzyme profile of a 
tissue and lead to carcinogenesis through the activation of specific isoenzymes 
(Sivaprasad et al., 2006). 

Although PKC isoenzymes have a clear role in tumorigenesis, it has 
been practically impossible to establish the relative contribution of every 
isoenzyme in this process, owing to the large different roles that PKC 
isoenzymes have and the fact that they vary according to the tissues and the 
cell type (Yang and Kazanietz, 2003). 

The activation of different PKC isoenzymes has been shown to result in 
distinct cellular responses. Moreover, there is extensive cross-talk with 
different isoenzymes, and the overall response seems to depend on the 
presence or activity of the other isoenzymes in a particular cell type (Koivunen 
et al., 2006). 

The complexity of the different PKC isoforms on the level of differential 
expression under physiological conditions as well as on the level of 
physiological substrates complicates a clear assignment of a particular role to 
a given isoform or substrate. Thus, it is not surprising that in cancer a 
complex pattern of PKC over-expression and down-regulation has also been 
described, making it difficult to assign particular roles to PKC isoforms in 
cancer formation and progression (Reyland, 2009). However, many different 
tools have been developed to define isoform-specific functions of PKC: 
dominant inhibitory kinases, mouse models in which specific PKC isoforms 
are disrupted, and specific PKC isoform antisense/siRNA. Thanks to these 
tools, it has been provided evidence that PKC isoforms regulate a variety of 
essential biological processes, such as cell migration, contraction, immunity, 
neural plasticity, proliferation, differentiation, apoptosis and metabolism 
(Dempsey et al., 2000). Importantly, the function of a specific PKC isoform can 
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vary between different cell types, implying that the specific responses may rely 
on the interaction of PKC isoforms with others proteins involved in regulatory 
pathways in the cell. 

Alterations in PKC isoenzymes during cancer progression vary and 
depend on the cancer cell type, and no general conclusions can be made of the 
expression pattern with respect to carcinogenesis in general. However, the 
PKC isoforms most commonly associated with increased proliferation and/or 
survival, PKCα and PKCε, are those most commonly over-expressed in human 
cancer, and represent potential oncogenes (O’Brian et al., 2006). The atypical 
isoforms PKCι and PKCζ should be added to this group, as their increased 
expression has recently been shown to correlate with tumour stages in non-
small cell lung cancer, and their depletion was shown to reverse the 
transformed phenotype of these cells (Hizli et al., 2006). Most of the effects of 
these atypical PKC isoforms can be attributed to activation of the pro-survival 
NF-κB signalling pathway and the suppression of apoptosis (Moscat et al., 
2006). 

The vast majority of studies have demonstrated that increased PKCα 
activity is associated with the increased motility, invasion and metastasis of 
cancer cells, while inhibition of the enzyme effectively reverses the phenotype 
(Masur et al., 2001; Tan et al., 2006). These studies reveal the role of PKCα as 
inducer of proliferation and suppressor of apoptosis. 

PKCε also promotes cell survival in many cell types through increased 
activation of the Akt pathway and the up-regulation of pro-survival factors. 
This novel PKC isoform has been shown to be a transforming oncogene both in 
epithelial cells and fibroblasts, since its over-expression provides a 
proliferative advantage in various cell lines (Cacae et al., 1996). Moreover, 
there is growing evidence to support a role for PKCε in promoting an invasive 
metastatic tumour-cell phenotype (Pan et al, 2006). PKCε also protects against 
apoptosis and has been implicated in the resistance of tumour cells to anti-
cancer drugs (Ding et al., 2002). 
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Figure I.17. Opposing roles of PKCδ and PKCε. According to PKC, the phenotype of tumour or 
normal cells depends on the ratio of pro-apoptotical and negative proliferation regulators 
isoenzymes (PKCδ) and pro-mitogenic and pro-survival isoenzymes (PKCε). In this figure is 
represented the opposing roles of these two PKC isoforms in apoptosis, survival and 
proliferation (Taken from Griner and Kazanietz, 2007). 

 

In contrast to PKCα and PKCε, it has been suggested that PKCδ is a 
tumour suppressor, since the loss of this novel PKC isoform is associated with 
cell transformation in some cases (Heit et al., 2001). In addition, most studies 
with PKCδ suggest a pro-apoptotic and anti-proliferative role for this 
isoenzyme, which suppresses cell cycle progression (Lu et al., 1997; Jackson 
and Foster, 2004; Santiago-Walker et al., 2005). The mechanism by which 
PKCδ induces apoptosis seems to be well defined (Reyland 2009) (Fig I.18): it 
is known that this novel PKC is activated by numerous apoptotic stimuli and 
is required for apoptosis induced by genotoxins (Matassa et al., 2001), 
oxidative stress (Majumder et al., 2001) and death receptors. Treatment with 
the PKCδ selective inhibitor (rottlerin), expression of inactive kinase (PKCδ KD) 
(Matassa et al., 2001) or the introduction of a PKCδ-specific RACK inhibitory 
peptide (Schechtman and Mochly-Rosen, 2002) have all been shown to inhibit 
apoptosis. All these studies point to an essential role for this isoform as a 
regulator of early events in the apoptotic pathway (Reyland, 2007). 
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Figure I.18. Regulation of the proapoptotic function of PKCδ. In resting condition, PKCδ 
regulatory domain is responsible for the kinase inhibition, but when apoptotic signals arrive to 
the plasma membrane, some tyrosine kinases are activated, which phosphorylate PKCδ 
regulatory domain, allowing nuclear accumulation of active PKCδ. In that state, it may regulate 
proteins involved in the cell damage response and apoptosis induction (Taken from Reyland 
2009). 

 

Besides these alterations in PKC activity levels, some abnormal 
expression of other isoenzymes may also take place in different steps of cancer 
development, for instance, angiogenesis. 

Griner and Kazanietz exhibited in their review in 2007 that PKC is 
involved in mediating vascular endothelial growth factor (VEGF)-induced 
angiogenesis. Most of the evidence points to PKCβ as being highly relevant in 
angiogenesis, not only in cell culture models but also in an in vivo setting. This 
isoenzyme, among others, is activated in response to VEGF receptor 
activation, and is an important mediator of VEGF-induced proliferation of 
endothelial cells (Xia et al., 1996) through ERK activation and retinoblastoma 
protein (RB) hyperphosphorylation (Suzuma et al., 2002). 

 

8. PKC isoforms in Breast Cancer. 
In 2000, over 1 million cases of breast cancer were diagnosed worldwide 

killing over 370,000 women (Ferlay et al., 2001). It is not surprising, therefore, 
that many projects are directed at understanding the specific role of several 
proteins involved in cancer, PKC family among them, and are looking for 
successful treatments against them. 
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As in other types of cancers, the role of PKC in breast cancer is not 
entirely known, but in general it is thought that PKC activity is increased in 
malignant breast tissue and in most aggressive breast cancer cell lines, 
suggesting that PKC plays a role in breast carcinogenesis and tumour 
progression. PKC activity has been reported to be high in surgical specimens 
of human breast tumours, compared with the expression of PKC activity in 
normal breast tissue obtained from the same patients (Blobe et al., 1994; 
Gordge et al., 1996). PKC expression has therefore been proposed as a 
potential marker for human breast cancer. 

Although most studies on PKC and breast cancer have focused on 
classical isoform PKCα, it has been shown that other isoenzymes like PKCδ, ε 
and β also affect the invasive and chemotactic potential of human breast 
cancer (Koivunene et al., 2006). 

PKCδ is thought to play a major role in anti-estrogen resistance in 
breast cancer cells and has been linked with acquired resistance to tamoxifen 
(Tam) in breast cancer patients (Nabha et al., 2005). This novel isoform seems 
to play a fundamental role in the regulation of growth in two estrogen receptor 
(ER) positive breast cancer cell lines (Shanmugam et al., 2001). ER-positive 
breast cancer cell lines express a considerable amount of PKCδ, whereas ER-
negative cell lines express very little PKCδ (Assender et al., 2007). Also, the 
downregulation of PKCδ in MCF-7 (ER+) breast cancer cells increased cell 
motility, accompanied by a corresponding increase in MMP9 secretion 
(Jackson et al., 2005). 

PKCε and the antiproliferative effect of tamoxifen have been related due 
to the interaction observed between them in MCF-7 cells (Lavie et al., 1998). 
PKCβ may be a promoter of cell growth because the treatment of some breast 
cancer cell lines with specific inhibitors of this isoform reduced tumour growth 
and tumour-induced angiogenesis (Sliva et al., 2002). 

Another aspect that suggests that PKC is involved in this type of cancer 
is multi-drug resistance (MDR) (Lahn et al., 2004). This phenomenon involves 
broad spectrum resistance to chemotherapeutic agents and a pronounced 
defect in the intracellular accumulation of the drugs, associated with over-
expression of the drug efflux pump P-glycoprotein. Several studies pointed to a 
role for PKC, especially PKCα over-expression, in the regulation of the MDR 
phenotype, because several PKC inhibitors are able to partially reverse this 
problem. 

The molecular mechanism seems to involve the phosphorylation of the 
linker region of P-glycoprotein by PKC, which leads to alterations in the P-
glycoprotein ATPase and drug-binding functions (Gupta et al., 1996; Gill et al., 
2001). 
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As regards PKCα, it has been observed that, in general, it is over-
expressed in breast cancer and may predict resistance to tamoxifen (Tonetti et 
al., 2002). This classical isoform has been associated with malignant 
transformation, tumour cell proliferation, MDR, alteration of ER status and 
apoptosis in breast cancer. Many of these findings are based on studies with 
breast cancer cell lines, such as MCF-7 (ER+) and MDA-MB-231 (ER-). 

PKCα has been associated with malignant phenotype in breast cancer, 
among other reasons because MCF-7 breast cancer cells transfected with this 
isoenzyme showed a shortened doubling time, and these cells also exhibited a 
highly malignant and metastatic growth when they were implanted in athymic 
mice, compared to their parental control (Lahn et al., 2004). Another factor in 
tumour progression is the activation of the telomerase (a RNA directed DNA 
polymerase that is normally repressed in somatic tissue) (Li et al., 1998). 
Recent studies suggest that PKCα activation leads to the phosphorylation of 
human telomerase associated protein 1 (hTEP1) and the telomerase catalytic 
subunit, human telomerase reverse transcriptase (hTERT) (Lahn et al., 2004). 
The phosphorylation of these proteins seems to be a prerequisite for the 
increased activation of the telomerase complex resulting in tumour cell growth 
(Li et al., 1998). 

ER status is an important prognostic marker in breast cancer, an ER-
negative status being associated with poor outcome (Li et al., 2003). Thus, 
factors contributing to ER-negative status, including the role of PKCα, have 
been investigated. ER-positive breast cancer cell lines (e.g., MCF-7 and 
ZR75.1) have low PKCα levels, while ER-negative breast cancer cell lines (e.g., 
MDA-MB-231 and MDA-MB-435) have high PKCα levels. MCF-7 cells and 
others ER+ breast cancer cell lines transfected with PKCα developed an ER-
negative phenotype and showed a decrease in ER-dependent gene expression 
(Ways et al., 1995; Tonetti et al., 2000). These observations suggest that PKCα 
plays an important role in the development of the ER-negative status and in 
the resistance to selective estrogen receptor mediators (SERMs). 

The relation between PKCα and apoptosis is through heregulins (HRG), 
a group of growth factors involved in the signalling network of human 
epidermal growth factor receptor (EGF-R). In the HER-2/neu expressing breast 
cancer cell line, SKBr3, HRG induces apoptosis via caspase 7 and 9. When 
these cells were induced to express PKCα, the apoptotic signal of HRG is 
dramatically attenuated, suggesting that PKCα may inhibit the HRG-mediated 
apoptosis of breast cancer cells (Le et al., 2001). 

All these studies suggest that members of the PKC family, especially 
PKCα, have a potential interest as targets in the treatment of breast cancer. 
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9. PKC isoforms as targets in cancer therapy. 
The PKC family is undoubtedly an attractive target for therapeutic 

intervention given its role in tumorigenesis and the potential for enhancing the 
cytotoxicity of existing drugs (Mackay and Twelves, 2003). The existence of 
different isoenzymes provides an opportunity to develop pharmacological 
agents that target specific PKC functions. This presents some advantages and 
disadvantages; on the one hand, the lack of mutations in genes encoding PKCs 
makes the enzyme a suitable target for cancer therapies, with no expected 
failure of the therapy due to gene mutations, and on the other hand, few of the 
currently available pharmacological agents exhibit a high degree of selectivity 
for a specific PKC isoform, and the majority also act on other protein kinases. 

In the past, some compounds, such as staurosporine and several 
analogues (midostaurin (PKC412), UCN01, Go6976, enzastaurin (or 
LY317615) and ruboxistaurin (also known as LY333531)), were used to inhibit 
PKC and improve cancer treatments, but most of them were unsuccessful due 
to their low selectivity (interacting with the ATP-binding site conserved in 
kinases). Enzastaurin and ruboxistaurin specifically inhibit PKCβ and they are 
currently being tested in clinical trials. 

Bryostatins, which act via the effector-binding C1A/B binding domains, 
have also been tested, but results in phase II studies were disappointing 
(Zonder et al., 2001). Aprinocarsen or ISIS3521 is a PKCα antisense 
oligodeoxynucleotide but this, too, was rejected for cancer treatment after 
phase II/III studies. 

All these compounds have anti-neoplastic effects as estimated by 
decreased invasion, the inhibition of angiogenesis, or reduced growth of cancer 
cells both in vitro and in vivo (Table I.1). 
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Table I.1. Main Protein Kinase C inhibitors (Modified from Mackay and Twelves, 2007). 
 

DRUG CLASS SPECIFICITY/SELECTIVITY 
PMA (TPA) Phorbol ester Non-specific 

Staurosporine Indolocarbazole 
Poor specificity, also inhibits 
other Ser/Thr kinases and 
tyrosines kinases 

PKC412 (midostaurin) Indolocarbazole PKCs α, β, γ, δ, ε, η; also 
inhibits tyrosine kinases 

UCN01 Indolocarbazole cPKCs > nPKCs 
Go6976 Indolocarbazole cPKCs > nPKCs 

Bryostatin 1 Macrocyclic lactone 
Activator of cPKCs and nPKCs, 
in presence of activating 
ligands acts as an antagonist 

Tamoxifen Nonsteroidal anti-
oestrogen PKCs α, β, γ, non-selective 

Bisindolymaleimide 
(LY333531) Indolocarbazole PKC β 

Enzastaurin 
(LY317615) Indolocarbazole PKC β 

Aprinocarsen 
(ISIS3521) 

Antisense oligo-
nucleotide; 19-mer PKC α 

ISIS9606 Antisense oligo-
nucleotide; 19-mer PKC α 

 

In general, none of these compounds has significant positive effects 
when they are used singly in human tumours, but clinical trials are under 
way to use them in combination with classical chemo-therapeutic agents or 
ionic radiation (Table I.2). In this respect, the combination of midostaurin with 
imatinib mesylate (Reichardt et al., 2005), enzastaurin with gemcitabine and 
cisplatin (Rademaker-Lakhai et al., 2004) and aprinocarsen with gemcitabine 
and carboplatin (Ritch et al., 2006) are of note for the promising results 
obtained. 

We now know that cancer cells contain many proteins with deregulated 
expression, so it is easy to understand why current treatments of cancer are 
based in combinations of different compounds to inhibit the different proteins 
involved in cancer development (PKC isoform included) in an attempt to 
improve the results of treatment. 
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Table I.2. Main combinations studies with standard cancer therapeutics and Protein 
Kinase C inhibitors. (Modified from Mackay and Twelves, 2007). 
 

COMBINATIONS PHASE 
Gemcitabine and cisplatin +/- aprinocarsem Phase III (NSCLC) 
Paclitaxel and carboplatin +/- aprinocarsen Phase III (NSCLC) 
Gemcitabin, carboplatin and aprinocarsen Phase II (NSCLC) 
Gemcitabine, enzastaurin and cisplatin Phase I 
Enzastaurin and capecitabine Phase I 
Enzastaurin and premetexed Phase I 
Safingol and cisplatin Phase I 
UCN01 and topotecan Phase I and II (ovarian) 
UCN-01 and 5FU Phase I 
Paclitaxel and bryostatin 1 (pancreatic caner) Phase II (pancreatic and 

prostate cancer) 
Bryostatin 1 and interleukin 2 Phase II (RCC) 
Bryostatin 1 and gemcitabine Phase I 
CCI779 and bryostatin 1 Phase I 
Midastaurin and imatinib Phase I and II (gastro-

intestinal stromal tumour) 
 

5FU, 5-fluorouracil; NSCLC, Non-small-cell lung cancer; RCC, renal cell carcinoma. 
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10. OBJECTIVES. 
Previous studies carried out in our laboratory revealed the localization 

and activation mechanisms of different PKC isoforms through their regulatory 
domains induced by classical cofactors like DAG and PtdSer (Verdaguer et al., 
1999; Bolsover et al., 2003) and also others as PtdIns(4,5)P2 (Corbalán-García 
et al., 2003; Marin-Vicente et al., 2008; Guerrero-Valero et al., 2009). 

However, the localization and activation models of different PKC 
isoforms by other physiologically important lipids, like fatty acids, or synthetic 
compounds such as DAG-lactones remain unknown. In addition, we shall 
attempt to shed light on the role that some PKC isoforms play in breast cancer 
cell lines. 

Therefore, the specific objectives established at the beginning of this 
Doctoral Thesis were: 

 Characterization of the molecular mechanism by which arachidonic acid 
promotes the localization and activation of PKCα. 

 Determination of the role of the C1 and C2 regulatory domains of PKCα in 
cellular localization and activation induced by arachidonic acid, oleic 
acid, eicosapentaenoic acid or docosahexaenoic acid. 

 Determination of the role of oleic acid and omega-3 fatty acids in breast 
cancer cells. 

 Characterization of the role that PKCα plays in breast cancer cells 
stimulated with oleic acid, eicosapentaenoic acid or docosahexaenoic 
acid. 

 Characterization of the effect of positive charged DAG-lactones on 
different PKC isoform localization in the plasma membrane of MCF-7 
cells. 

 Determination of the tightness of the plasma membrane anchorage of 
different PKC isoforms in MCF-7 breast cancer cells stimulated with PMA 
or positive charged DAG-lactones. 

 Determination of the role of PKCα in the invasive and non-invasive breast 
cancer cell lines, MCF-7 and MDA-MB-231, by means of the siRNA 
technique. 

 Characterization of the effects of salinomycin and the role of PKCα on 
breast cancer cell lines. 
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1. Construction of expression plasmids. 

Rat PKCα cDNA was a gift from Drs Y. Nishizuka and S. Ono (Kobe 
University, Kobe, Japan). 

Full-length PKCα mutants were generated using the Quikchange XL 
site-directed mutagenesis Kit (Stratagene, La Jolla, CA, USA) (see section 1.4). 

The DNAs of PKC isoforms were amplified by PCR using specific 
primers. The cDNA obtained was digested with same restriction enzymes than 
the vector in order to ligate them, using the T4 ligase, obtaining a recombinant 
vector. Later DH10B Escherichia coli strain was transformed with the ligation 
vector by heat shock (Cohen et al, 1973). Then it was plated on LB plates 
containing the appropriate antibiotic to select the antibiotic-resistant clones. 
Finally, these clones were amplified and purified to confirm the positive clones 
by sequencing them (Fig II.1). 

 

 

Figure II.1. Schematic representation of expression vector construction.  
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1.1. Constructions in plasmid pEGFP-N3. 

The N-terminal fusions of rat PKCα and different mutants to EGFP were 
generated by inserting cDNAs into the multiple cloning site of the pEGFP-N3 
(Clontech Laboratories, Inc. Palo Alto, CA, USA) mammalian expression vector 
which contains, besides EGFP sequence, a cytomegalovirus transcription 
promoter (PCMV), two replications origins (f1 and SV40), a kanamycin resistant 
gene and a multiple cloning site (MCS) (Fig II.2). 

The mutants performed were as follow: PKCαD246N/D248N, 
PKCαK209A/K211A, PKCαK197A/K199A, PKCαW58G, PKCαF60G, 
PKCαY123G and PKCαL125G. 

The cDNAs were amplified by PCR using as a template the wild-type 
cDNA and the corresponding mutants with the following primers: 

5’ ATTCTCGAGCTATGGCTGACGTT 
3’ CCGGGTACCTACTGCACTTTGCAAGAT 

XhoI/Kpn-digested PKCα and mutated fragments were ligated with the 
XhoI/KpnI digested vector generating the different fusion constructs. 

All constructs were confirmed by DNA sequencing, which was carried 
out in the Research and Development Support Center (CAID), University of 
Murcia (Spain). 

Stability and viability of PKCα mutants were checked by measuring 
their specific kinase activity, that reached maximum values at oversaturating 
concentrations of the cofactors (Conesa Zamora et al, 2000; Conesa Zamora et 
al, 2001; Rodríguez Alfaro et al, 2004). 

It has been also demonstrated that carboxi termini addition of the EGFP 
does not affect kinase activity or cofactor dependence of PKCα (Almholt et al, 
1999; Maasch et al, 2000; Vallentin et al, 2000). 
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Figure II.2. pEGFP-N3 mammalian expression vector and its multiple cloning site. It is 
shown restriction sites along plasmid sequence and multiple cloning site. This plasmid also 
possesses a cytomegalovirus promoter (PCMV), two replication origins (f1 and SV40) and two 
genes of antibiotic resistance, kanamycin (Kanr) and neomycin (Neor).  

 

1.2 Constructions in plasmid pECFP-N3. 

This vector is similar to pEGFP, the difference is that pECFP possesses 
a gene which codifies for Enhanced Cyan Fluorescent Protein (ECFP); instead 
of Enhanced Green Fluorescent Protein (EGFP). 

This plasmid only was used for subcloning PKCδ isoenzyme. Steps were 
similar to pEGFP, but template and primers were different. 

The cDNAs were amplified by PCR using as a template the wild-type 
cDNA and following primers: 

5’ AAGGTACCGGGCGGCGCACCGTTCCTGCGCATC 
3’ CGGGATCCTCACTATTCCAGGAATTGCTCATA 

BamHI/KpnI-digested PKCδ was ligated with the BamHI/KpnI digested 
vector generating the fusion construct. 

Similar than before, the construct was confirmed by DNA sequencing, 
which was carried out in the Research and Development Support Center 
(CAID), University of Murcia (Spain). 
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1.3. Constructions in plasmid pCGN. 

PKCα and some mutants were subcloned into the mammalian 
expression vector pCGN which contains the cytomegalovirus promoter and a 
multiple cloning site that allows expression of the genes fused 3’ to the HA 
epitope, which is very useful for purification and inmunoprecipitation assays 
(Tanaka and Herr, 1990; Rodríguez-Alfaro et al, 2004). The mutants performed 
were as follow: PKCαD246N/D248N, PKCαK209A/K211A, PKCαK197A/K199A 
and PKCαW58G. 

In this case, template and primers were the same that were used in 
pEGFP PKCα constructs but now, restriction enzymes were XbaI/KpnI to 
digest PKCα wild type and mutated proteins, as well as vector. 

Table II.1. Plasmid constructions used along this Doctoral Thesis. 

CONSTRUCTION USED OLIGONUCLEOTIDES USED RESTRICTION 
ENZIMES 

PKCα-WT-EGFP (PKCα-EGFP) 
5´ATTCTCGAGCTATGGCTGACGT 
3´CCGCCTACCTACGCACTTTGCAAGAT 
 

KpnI/XhoI 

PKCαD246N/D248N-EGFP 
5´ATTCTCGAGCTATGGCTGACGT 
3´CCGCCTACCTACGCACTTTGCAAGAT 
 

KpnI/XhoI 

PKCαK197A/199A-EGFP 
5´ATTCTCGAGCTATGGCTGACGT 
3´CCGCCTACCTACGCACTTTGCAAGAT 
 

KpnI/XhoI 

PKCαK209A/K211A-EGFP 
5´ATTCTCGAGCTATGGCTGACGT 
3´CCGCCTACCTACGCACTTTGCAAGAT 
 

KpnI/XhoI 

PKCαW58G-EGFP 
5´ATTCTCGAGCTATGGCTGACGT 
3´CCGCCTACCTACGCACTTTGCAAGAT 
 

KpnI/XhoI 

PKCαF60G-EGFP 
5´ATTCTCGAGCTATGGCTGACGT 
3´CCGCCTACCTACGCACTTTGCAAGAT 
 

KpnI/XhoI 

PKCαY123G-EGFP 
5´ATTCTCGAGCTATGGCTGACGT 
3´CCGCCTACCTACGCACTTTGCAAGAT 
 

KpnI/XhoI 

PKCαL125G-EGFP 
5´ATTCTCGAGCTATGGCTGACGT 
3´CCGCCTACCTACGCACTTTGCAAGAT 
 

KpnI/XhoI 

PKCδ-WT-ECFP (PKCδ-ECFP) 
5´AAGGTACCGGGCGGCGCACCGTTCCTGCGCATC 
3´CGGGATCCTCACTATTCCAGGAATTGCTCATA   
 

BamHI/KpnI 

PKCα-WT-HA (PKCα-HA) 
5´ATTCTCGAGCTATGGCTGACGT 
3´CCGCCTACCTACGCACTTTGCAAGAT 
 

XbaI/KpnI 

PKCαD246N/D248N-HA 
5´ATTCTCGAGCTATGGCTGACGT 
3´CCGCCTACCTACGCACTTTGCAAGAT 
 

XbaI/KpnI 

PKCαK197A/199A-HA 
5´ATTCTCGAGCTATGGCTGACGT 
3´CCGCCTACCTACGCACTTTGCAAGAT 
 

XbaI/KpnI 

PKCαK209A/K211A-HA 
5´ATTCTCGAGCTATGGCTGACGT 
3´CCGCCTACCTACGCACTTTGCAAGAT 
 

XbaI/KpnI 

PKCαW58G-HA 
5´ATTCTCGAGCTATGGCTGACGT 
3´CCGCCTACCTACGCACTTTGCAAGAT 
 

XbaI/KpnI 
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1.4. Site-directed Mutagenesis. 

Site-directed mutagenesis was performed by using the Quikchange XL 
site-directed mutagenesis Kit (Stratagene, La Jolla, CA, USA). The basic 
procedure utilizes a supercoiled double-stranded DNA (dsDNA) vector with an 
insert of interest and two synthetic oligonucleotide primers, both containing 
the desired mutation (Fig II.3). The oligonucleotide primers, each 
complementary to opposite strands of the vector, are extended during 
temperature cycling by Pfu Ultra HF DNA polymerase, without primer 
displacement. Extension of the oligonucleotide primers generates a mutated 
plasmid containing staggered nicks. Following temperature cycling, the 
product is treated with Dpn I endonuclease (target sequence: 5´-GmATC-3´) 
which is specific for methylated and hemimethylated DNA and is used to 
digest the parental DNA template and to select for mutation containing 
synthesized DNA. DNA isolated from almost all E. coli strains is dam 
methylated and therefore susceptible to Dpn I digestion. The nicked vector 
DNA incorporating the desired mutations is then transformed into XL10-
Gold® ultracompetent cells. 

 

 
Figure II.3. Schematic representation of clones construction with Stratagen mutagenesis 
system. Beginning DNA (wild type) is draw in pink, while new synthesize chains are green. 
Violet circles indicate the exact place where mutations are going to be included. Blue arrows 
represent synthetic oligonucleotides with mutations (yellow stars). (a) Double strand DNA which 
contains the target gene to be mutated. (b) Oligos with mutations are used in PCR reaction. (c) 
Template DNA is digested with DpnI (a restriction enzyme). (e) Transforming ultracompetent 
cells with new synthesized DNA allow to obtain mutated DNA without nicks. 

a

d

b

c

e
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The specific protocol used was as follow: 

1.4.1. PCR reaction. 

Prepare the sample reaction mixing buffer, plasmid dsDNA template, 
oligonucleotide primers, dNTP mix and QuikSolution; then add Pfu Ultra HF 
DNA polymerase. The cycling parameters were: 

Segment Cycles Temperature Time 
1 1 95ºC 3 minutes 

95ºC 1 minute 
60ºC 1 minute 

 
2 

 
30 

68ºC 5 minutes 
3 1 68ºC 7 minutes 

Following temperature cycling, the reaction tubes were placed on ice for 
2 minutes to cool them to ≤37°C. 

1.4.2. Dpn I Digestion of the Amplification Products. 

DpnI restriction enzyme was added directly into each amplification 
reaction and then incubated at 37ºC for 1 hour in order to digest the parental 
plasmid dsDNA. 

1.4.3. Transformation of XL10-Gold® Ultracompetent Cells. 

2 µl of DpnI-treated DNA were transferred to 45 µl of pre-thawed XL10-
Gold ultracompetent cells and after mixing gently, they were incubated on ice 
for 30 minutes. Following, tubes were put in a 42ºC bath for 30 seconds to get 
a heat-pulse (this temperature and time is critical for obtaining highest 
transforming efficiencies). After that, samples were incubated again on ice for 
2 minutes. Next, 0.5 ml of NZY+ broth were added to each tube and incubated 
at 37ºC for 1 hour with shaking. 

Finally the transforming results were plated on agar plates containing 
the appropriate antibiotic depending on the plasmid construction (ampicillin 
or kanamycin). After incubating them at 37ºC for approximately 16 hours, 5 
bacteria colonies were selected to amplificate, purify and check the mutated 
DNA (see next section). 

1.5. Amplification and purification plasmid DNA. 

Firstly, E. coli DH10B was transformed with ligation results following 
heat-shock protocol described by Cohen et al, 1973 (similar to XL10-Gold® 
ultracompetent cells mentioned before) in order to obtain colonies which 
possess the appropriate construction. Bacteria were plated on LB agar plates 
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with appropriate antibiotic to select only colonies with the right plasmid DNA 
inside. After approximately 16 hours at 37ºC, ten bacteria colonies were 
selected and growth in 3 ml of LB media (again with the antibiotic) with orbital 
agitation for anoothers 16 h to further extract and check the plasmid DNA. For 
this purification a commercial kit, called NucleoSpin® Plasmid QuickPure 
(Machery-Nagel, Düren, Germany), was used. This kit is based on a new 
specially treated silica membrane which allows speeding up the procedure by 
a combined washing and drying step. 

With the NucleoSpin® Plasmid method, the pelleted bacteria were 
resuspended (Buffer A1) and plasmid DNA is liberated from the E. coli host 
cells by SDS/alkaline lysis (Buffer A2). Buffer A3 neutralizes the resulting 
lysate and creates appropriate conditions for binding of plasmid DNA to the 
silica membrane of the column. Precipitated protein, genomic DNA, and cell 
debris are then centrifuged. The supernatant was loaded onto a NucleoSpin® 
Plasmid QuickPure Column. 

With the NucleoSpin® Plasmid QuickPure kit contaminations like salts, 
metabolites, nucleases, and soluble macromolecular cellular components are 
removed by only a single washing step with Buffer AQ. Pure plasmid DNA is 
finally eluted under low ionic strength conditions with slightly alkaline Buffer 
AE (5 mM Tris/HCl, pH 8.5). 

The specific protocol is shown in the Figure II.4. 
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Figure II.4. Plasmid DNA purification protocol at a glance using NucleoSpin® Plasmid 
QuickPure. 

 

To ensure the plasmid DNA was the correct one, without any mutation, 
all constructs were confirmed by DNA sequencing, which was carried out in 
the Research and Development Support Center (CAID), University of Murcia 
(Spain). 

Once appropriate plasmid DNAs were obtained, we amplified them in a 
large-scale in order to get bigger amounts of it to transfect breast cancer cells. 
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Firstly, we transformed E. coli DH10B, in the same way than previous 
case. Next day, some of these resulting bacteria were inoculated in 500 ml of 
LB culture medium (plus appropriate antibiotic) and were incubated over-
night at 37ºC and orbital agitation. After this incubation, bacteria were 
centrifuged (7000 rpm for 15 minutes). Once the pellet is formed, we started 
the purification protocol using a commercial kit called NucleoBond® PC 2000 
(Machery-Nagel, Düren, Germany). This kit is a patented silica-based anion-
exchange resin for routine separation of different classes of nucleic acids. 

NucleoBond® PC kit employ a modified alkaline/SDS lysis procedure to 
prepare the bacterial cell pellet for plasmid purification. Both chromosomal 
and plasmid DNA are denatured under these alkaline conditions. Potassium 
acetate is then added to the denatured lysate, which causes the formation of a 
precipitate containing chromosomal DNA and other cellular compounds. The 
potassium acetate buffer also neutralizes the lysate. Plasmid DNA can revert 
to its native supercoiled structure and remains in solution. After equilibrating 
the appropriate NucleoBond® Column with equilibration buffer, plasmid DNA 
is bound to the anion-exchange resin and finally eluted after efficient washing 
of the column. After precipitation of the eluted DNA it can easily be dissolved 
in TE buffer for further use. 

The specific protocol is shown in the Figure II.5. 

DNA yield and quality of purify plasmid DNA, both small- and large-
scale, can be measured using a UV spectroscopy: 

 Quantity: 1 OD at 260 nm (1 cm path length) is equivalent to 50 µg 
plasmid DNA/ml. 

 Quality: Absorbance ratio 260 nm/280 nm was used. A value of 1.8-1.9 
is an indication for pure plasmid DNA. 

Depending on further use of the purified plasmid, more sophisticated 
analytical methods may have to be applied for quantification or see the 
quality, for example nanodrop and bioanalyzer respectively. 
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High copy / low-copy

 
 

Figure II.5. Plasmid DNA purification protocol at a glance using NucleoBond® PC 2000. 
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2. Cells culture. 

2.1. MCF-7 cells. 

MCF-7 has been one of the cell lines used along this work. This cell line 
comes from an adenocarcinoma (from pleural effusion) and it is a model cell 
line to study breast cancer. 

These non-invasive epithelial stable cells keep some important 
characteristics of differentiated breast epithelium, like ability to group and 
also the ability to process estradiol through cytoplasmatic estrogen receptors 
(ER). MCF-7 cells present high amount of this receptor, what make them very 
useful to study the action mechanism of these hormones. 

Other important characteristics of this cell line is that its growth can be 
inhibit by treatment them with Tumour Necrosis Factor α (TNFα); and they 
can secret like-insulin growth factor binding proteins (IGFBP’s), whose process 
can be modulated with anti-estrogen treatment. 

 

 

 

 

 

 

 

 

 
Figure II.6. MCF-7 cells. Left picture shows cells after a subculture (low density), whereas in 
the right one we can observe cells at high density.   

 

2.1.1. MCF-7 culture conditions. 

MCF-7 cells were thawed in a 37ºC water-bath from one vial kept in 
liquid nitrogen available in Experimental Sciences Support Service (SACE), at 
the University of Murcia (Spain), previously bought to ATCC (American Type 
Culture Collection). One vial, approximately 3 millions of cells, was grown in a 
75 cm2 ventilated flask with 10 ml of the appropriate growth medium. 



Chapter II 
 

74

The growth medium was DMEM (Dulbecco’s modified Eagle’s medium) 
without phenol red and with 4500 mg/L glucose. It was supplemented with 
10% (v/v) fetal calf serum (FCS), antibiotic (penicillin 50 units/ml and 
streptomycin 50 µg/ml), sodium piruvate 110 mg/ml and glutamine 2 mM. 
This culture was kept at 37ºC humidity heater with 7.5% CO2. 

The medium was changed every two days for other 10 ml of fresh one 
until cells reached 80-85% confluency, approximately in 5 days. In this 
moment the culture was diluted in ratio 1:2 or 1:3. 

To harvest the cells a 0.25% trypsin-0.25% EDTA solution was used 
during 3 minutes at 37ºC. After that, trypsin was neutralized with growth 
medium and centrifuged at 250 g for 3 minutes. Finally, the supernatant was 
removed and the cells were resuspended in fresh growth medium in order to 
spread them in new ventilated flasks. 

2.1.2. MCF-7 transfection. 

Before transfecting, cells were plated on glass coverslips inside 6 cm 
diameter plates, in a ratio of approximately 1 million of cells/plate. In this 
way, cells were 60-70% confluent after 16-24 hours. 

Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) was used to 
transfect cells. this is a lipidic solution, mainly consisting of cationic 
liposomes, which allows DNA entrance inside cells. The protocol used was as 
follow (for one 6 cm diameter plate): 

Solution A: 0.1 ml DMEM without antibiotic nor FCS plus 2 µg DNA to 
transfect. 

Solution B: 0.1 ml DMEM without antibiotic nor FCS plus 3 µl of 
lipofectamine 2000. 

Both solutions were incubated separately for 5 minutes at room 
temperature and after that we mixed them and kept at 25ºC during 20-30 
minutes. Meanwhile, cells were washed twice with DMEM without antibiotic 
neither FCS and finally 0.2 ml of A+B mix was added to cells. 

MCF-7 cells were incubated in a 37ºC humidity heater with 7.5% CO2 
during 6-7 hours when this medium was changed for fresh growth medium. 
After 16-24 hours cells were examined in a confocal microscope. 
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2.2. BT-474 cells. 

BT-474 has also been one of the cell lines used along this Doctoral 
Thesis. This cell line was isolated from a solid, invasive ductal carcinoma of 
the breast and it is worthy of note that do not metastasize to the bone 
(Lasfargues et al, 1978). 

This epithelial cell line is reportedly tumorigenic in athymic nude mice 
and will form nodules in Amsterdam/IMR rats with regression in 10 days. BT-
474 cells were found to be susceptible to mouse mammary tumour virus (RIII-
MuMTV) and can support its replication (Lasfargues et al, 1979). 

These epithelial stable cells keep some important characteristics of 
differentiated breast epithelium, like ability to group (desmosomes, tight and 
gap junctions were observed in transmission electron microscopy 
preparations). BT-474 cells express high amounts of EGF receptor, what make 
them very useful to study the action mechanism of this growth factor. 

 

 
Figure II.7. BT-474 cells. 

 

2.2.1. BT-474 culture conditions. 

They were bought to ATCC and were cultured in the same conditions 
than MCF-7 cells, although in this case, BT-474 cells were harvested every 6-7 
days in a ratio 1:3 or 1:5. 

2.2.2. BT-474 transfection. 

Cells were transfected at the same time that they were diluted, since 
electroporation technique was used. 

After adding trypsin and neutralizing it, cells are counted in a Neubauer 
chamber and 10 millions of cells were separated to electroporate them. 



Chapter II 
 

76

After centrifuging, cells are resuspended in 400 µl of electroporation 
buffer (composed by 20 mM Hepes pH 7.2, 120 mM NaCl, 5.5 mM KCl, 2.8mM 
MgCl2 and 25 mM glucose). 30 µg of plasmidic DNA, was added and the mix 
was incubated for 5 minutes in the electroporation cuvette (0.4 cm gap). After 
this time, electroporation shock in a BioRad electroporator (BioRad 
Laboratories, CA, USA) is carried out as explained below: 

Square wave protocol was chosen and two 200 Volts electro-shocks 
were applied during 8 msec each, with 5 seconds between them. Quickly, cells 
were resuspended in fresh growth medium and aliquoted in 6 cm Ø plates 
with a sterile coverslip (2.5 * 106 cells / plate). 

After 24-48 hours, cells were examined in a confocal microscope. 

2.3. MDA-MB-231. 

MDA-MB-231 is also a model breast cancer cell line which has been 
used along this work. This cell line comes from an adenocarcinoma (from 
pleural effusion) and it is a highly metastatic. 

Their mainly characteristics are the epithelial morphology and 
monolayer growth, like both cell lines commented before. We have chosen this 
cell line due to its invasive capacity and the expression of some receptor like 
epidermal growth factor receptor (EGFR) and transforming growth factor alpha 
receptor (TGF alpha R). 

This epithelial cell line is reportedly tumorigenic in nude mice and also 
in ALS treated BALB/c mice; forms poorly differentiated adenocarcinoma 
(grade III). 

 
Figure II.8. MDA-MB-231 cells. Left picture shows cells after a subculture (low density), 
whereas in the right one we can observe cells in a high density.   
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2.3.1. MDA-MB-231 culture conditions. 

They were cultured in a similar way than MCF-7 and BT-474 cells, 
although existing several differences: 

The growth medium was also supplemented with non essential 
aminoacids (besides 10% FCS, antibiotic, glutamine and pyruvate) and it is 
not changed directly every two days, since some life cells are floating in 
medium. 

Cells were seeded in 75 cm2 flask with 10 ml of growth medium, after 2-
3 days, 5 ml of freshly medium were added without removing the existing one. 
2 days later (4-5 days from subcultured time), cells had grown up to 85-90% 
confluency and another dilution was performed. 

To harvest MDA-MB-231, similar to both cells lines explained before, 
trypsin is needed. In this occasion, medium is recollected from the flask (there 
are life cells in it) and cells are washed with PBS before adding 0.25% trypsin-
0.53 mM EDTA for 3 minutes in a 37ºC atmosphere. After that, we used the 
recollected medium to neutralize trypsin and next they were centrifuged at 200 
g during 5 minutes. 

Finally, the supernatant was removed and the pellet cells were 
resuspended in fresh growth medium in order to plant cells in new ventilated 
flasks, in a ratio 1:4 or 1:6. 

2.4. Inhibition of PKCα expression using small 
interference RNA (siRNA). 

To inhibit PKCα on three cell lines used along this Doctoral Thesis, 
specific siRNA oligos were transfected by means of electroporation technique. 

Both, electroporation buffer and siRNA oligos were commercial, 
specifically siPORT electroporation buffer (Ambion, Inc., Cambridge, USA) and 
stealth siRNA (Invitrogen, Oregon, USA) respectively. The oligos sequence was 
different among cells: 

In MDA-MB-231, PKCα was inhibited using the following sequence: 
5’- CCAUCGGAUUGUUCUUUCUUCAUAA -3’ 

In MCF-7 and BT-474, PKCα were inhibited using the sequence: 
5’- GCCUCCAUUUGAUGGUGAAGAUGAA -3’ 

Cells were harvested and once they were counted in Neubauer chamber, 
an aliquot of 3 millions of cells was taken and centrifuged separately. The 
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pellet was resuspended in 300 µl of siPORT electroporation buffer and, 
together 1 µM siRNA oligos, were put into an electroporation cuvette (0.4 cm) 
to carried out an electro-shock in a BioRad electroporator (BioRad 
Laboratories, CA, USA) as follows: 

Square wave protocol was chosen and two 800 Volts electro-shocks 
were carried out during 0.2 msec each with 5 seconds between them. Quickly, 
cells were resuspended in fresh growth medium and aliquoted in appropriate 
number to run different assays (proliferation, migration, etc).   

PKCα inhibition along time was analyzed by western blot, exactly after 
24, 48, 72 and 96 hours after transfection. Cells were resuspended in 200 µl 
of lysis buffer containing 50 mM Tris HCl pH 7.5, 150 mM NaCl, 1% Nonidet 
P-40 (Roche Diagnostic, GmbH, Germany), 10% glycerol, 5 µl/ml protease 
inhibitor cocktail (Calbiochem, USA) and 2 µl/ml both phosphatase inhibitor I 
and II (Sigma-Aldrich Chemistry, S.A., Madrid, Spain). After that, samples 
were passed through an insulin syringe on ice for 10 times, next they were 
centrifuged to 14000 rpm during 15 minutes at 4ºC, and finally the 
supernatants were mixed with 5X sample buffer (200 mM Tris HCl pH 6.8m 
250 mM DTT, 5% SDS, 37.5% glycerol and 0.015% bromophenol blue) and 
were loaded into a polyacrylamide gel (SDS-PAGE). 

2.5. Migration assays. 

MCF-7 and MDA-MB-231 migration capacity under influence of fatty 
acids or some drugs were measured by using the wound healing method. It 
was also used to study different migration ability in cells mentioned before 
with and without PKCα (∆PKCα). 

To run these experiments 24-well plates were used. MCF-7 and MDA-
MB-231 cells were plate in appropriate number in order to coincide high cell 
confluence (90-95%) and maximum inhibition of PKCα (72 hours in MCF-7 
and 96 hours in the case of MDA-MB-231). 

After electroporating cells (and starting inhibition of PKCα expression), 
as it has mentioned in previous section, cells were plated in 24-well plates 
(300000 MCF-7 cells/well; 240.000 MDA-MB-231 cells/well). During some 
days (2 in MCF-7 and 3 days in MDA-MB-231) they were growing with growth 
medium and after that, cells were serum starved (growth medium with only 
0.5% FCS) for 16-24 hours. 

After this incubation, a scratch wound was created in the monolayer 
using a sterile 10 µl plastic pipette tip. Next, cells were washed twice with PBS 
and finally added the appropriate medium. 
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Photographs were taken immediately (0 hours) and several times later 
depending on cell line. For MCF-7 pictures were taken at 8, 24, 48 and 72 
hours until the scratch was sealed; while MDA-MB-231 were at 4, 8, 12, 24 
and 48 hours till monolayer is formed again. 

2.6. Invasion assays. 

Invasion is a fundamental function of cellular processes such as 
angiogenesis, embryonic development, immune response and metastasis of 
cancer cell. Due to that, along this work we decided to run some invasion 
assays to test some compounds like fatty acids and some specific inhibitors, 
as well as the PKCα inhibition. To carry out these experiments, we used MDA-
MB-231 cells, since other cell lines are not able to invade, with BME Cell 
Invasion Assay kits (CULTREX, Trevigen Inc) following the protocol indicated 
by the manufacturer. 

The protocol was as follow: 

MDA-MB-231 cells were electroporated with siRNA, to inhibit PKCα 
expression, and plated with growth medium for approximately 24 hours, and 
after that, they were serum starved (medium with only 0.5% FCS) for another 
16-24 hours. At this moment (16 hours prior beginning assay), top chamber of 
cell invasion device were coated with 50 µl of 0.5X BME and incubated at 37ºC 
in a CO2 incubator. 

After this time, cells were harvested and counted in order to suspend 
them in a ratio of 20.000 cells/50 µl. Before planting cells, top chamber of cell 
invasion device were aspirated but not completely. Next 50 µl of cells, with 
growth medium and appropriate compounds, were added to the top chamber 
and 150 µl of growth medium to the bottom chamber. Finally, the chamber 
was assembled and incubated at 37ºC and 7.5% CO2 for 48 hours. In parallel, 
a plate of MDA-MB-231 cells were cultured to elaborate a standard curve. 

To quantify the assay, we prepared the standard curve with known 
number of cells, specifically 20.000, 15.000, 10.000, 5.000, 2.000, 1.000 and 
0, and added calcein-AM, for 1 hour at 37ºC. Fluorescence was read in a 
fluorimeter (Fluostar Galaxy) with 485 nm excitation and 520 nm emission 
filters. 

To measure the level of cell invasion in the different experiments, we 
aspirated the medium of the top chamber and every well was washed with 100 
µl of 1X wash buffer; next, bottom chambers were aspirated and washed with 
200 µl of 1X wash buffer each. Again, we aspirated the wash buffer and added 
calcein-AM to bottom chambers. We incubated them in a 37ºC and 7.5% CO2 
heater for one hour and read the plate in the same condition as standard 
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curve (time and gain). Finally, we compared obtained data to standard curve, 
to calculate the number of cells that have invaded, as well as percentage of cell 
invasion in each condition. Every condition was repeated in three wells and 
three independent assays. 

2.7. Proliferation assays. 

Proliferation experiments were also run in order to solve the effect of 
some fatty acids and the PKCα inhibition on this aspect, in three breast cancer 
cell lines. 

To carry out that, we used the kit CyQUANT® NF Cell Proliferation 
Assay (Invitrogen, Oregon, USA). It is based on measurement of cellular DNA 
content via fluorescent dye binding, since cellular DNA content is highly 
regulated; it is closely proportional to cell number. 

The assay does not require the use of radioisotopes, enzymes, or 
antibodies and is not dependent on physiological activities that may exhibit 
cell number–independent variability. The CyQUANT® NF protocol requires only 
aspiration of growth medium (for adherent cells), replacement with dye 
binding solution, incubation for 30–60 minutes, and then measurement of 
fluorescence in a microplate reader. 

The experimental protocol was as follow: 

Three cell lines were harvested and electroporated with siRNA (control 
or PKCα inhibition), as it has mentioned before. Cells were plated in nine 96-
well microplates (one for each day) in a ratio of 9000 cells/well in the case of 
BT-474 cells, and 4500 cells/well for MCF-7 and MDA-MB-231 with growth 
medium. They were incubated at a 37ºC and CO2 atmosphere for 24 hours for 
cell adhesion. 

After this incubation time, growth medium was removed from cells by 
gentle aspiration and 75 µl of dye binding solution (a mixture of CyQUANT® 
NF reagent and dye delivery reagent) was added. A standard curve was 
elaborated to quantify the amount of DNA. The microplate was covered and 
incubated at 37ºC during 30 minutes for equilibration of dye-DNA binding, 
resulting in a stable fluorescence endpoint. Finally, the fluorescence intensity 
of each sample (and standard curve) was measured in a fluorimeter (Fluostar 
Galaxy) with excitation at 480 nm and emission detection at 520 nm. 

Every condition was tested in three wells and at least three independent 
assays. 
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2.8. Apoptosis assays. 

Apoptosis is a carefully regulated process of cell death that occurs as a 
normal part of development. Inappropriately regulated apoptosis is implicated 
in disease states, such as Alzheimer’s disease and cancer. Apoptosis is 
distinguished from necrosis, or accidental cell death, by characteristic 
morphological and biochemical changes, including compaction and 
fragmentation of the nuclear chromatin, shrinkage of the cytoplasm, and loss 
of membrane asymmetry (Lincz, 1998). In normal live cells, phosphatidyl-
serine (PS) is located on the cytoplasmic surface of the cell membrane. 
However, in apoptotic cells, PS is translocated from the inner to the outer 
leaflet of the plasma membrane, thus exposing PS to the external cellular 
environment (Engeland et al, 1998). The human anticoagulant, annexin V, is a 
35–36 kDa Ca2+-dependent phospholipid-binding protein that has a high 
affinity for PS. Annexin V labeled with a fluorophore or biotin can identify 
apoptotic cells by binding to PS exposed on the outer leaflet (Engeland et al, 
1998). 

To carry out these experiments, we used the Vibrant® Apoptosis Assay 
kit (Invitrogen, Oregon, USA) with Alexa Fluor® 488 annexin V and PI for flow 
cytometry, since it allowed us to distinguish among live cells (no fluorescence), 
death cells (red fluorescence), apoptotic but not death cells (green 
fluorescence) and apoptotic-death cells (both, green and red fluorescence). 

We followed the protocol indicated by the manufacturer, briefly: 

Cell lines were harvested and electroporated with siRNA (control or 
PKCα inhibition), as it has mentioned before. Cells were plated, in a ratio of 
3*105 cells/35 mm Ø plate with growth medium. They were incubated at a 
37ºC and 7.5% of CO2 for 24 hours for cell adhesion. 

After this incubation time, medium was changed and the stimuli were 
added in the fresh medium. Besides stimulated cells with appropriate 
compounds, negative and positive controls were done (without any stimulant 
and 2 µM of staurosporine for 24 hours, respectively). 

Stimulated cells were growth for 4 days, in the case of MCF-7, or 5 days 
for MDA-MB-231. Following this time, the dying protocol started. Firstly, cells 
were harvested and counted to take an aliquot of 2*105 cells, and then they 
were washed twice with PBS. In the last wash the supernatant was discarded 
and 100 µl of 1X annexin-buffer were added to live cells; next 5 µL Alexa 
Fluor® 488 annexin V and 1 µL 100 µg/mL PI were added to every sample. All 
together were incubated at room temperature for 15 minutes and immediately 
after that, other 400 µl of 1X annexin-buffer were added to every sample, to 
finally analyze them by flow cytometry measuring the fluorescence emission at 
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525 nm (FL1) and 575 nm (FL3). 

2.8.1. Short introduction to flow cytometry. 

As its Latin name mean (cyto=cell; metry= measurement) it is a 
technique which measure properties of cells in a flowing system. 

Principle of flow cytometry: a beam of light (usually laser light) of a 
single wavelength is directed onto a hydrodynamically-focused stream of fluid. 
A number of detectors are aimed at the point where the stream passes through 
the light beam: one in line with the light beam (Forward Scatter or FS) and 
several perpendicular to it (Side Scatter or SS and one or more fluorescent 
detectors). 

Each suspended particle from 0.2 to 150 micrometers passing through 
the beam scatters in single-file; the light in some way and fluorescent chemical 
found in the particle or attached to it, may be excited into emitting light at a 
longer wavelength than the light source. This combination of scattered and 
fluorescent light is picked up by the detectors, and, by analyzing fluctuations 
in brightness at each detector (one for each fluorescent emission peak), it is 
then possible to derive various types of information about the physical and 
chemical structure of each individual particle, for example size and complexity 
or granularity. 

This technique has numerous applications like measuring enzymatic 
activity, calcium fluxes, cytotoxicity of some drugs or antimicrobials 
substances, as well as cell cycle. 

Some equipment, called cell sorter, also allows to separate cells with 
specific qualities (for instance, fluorescence intensity) in different 
subpopulations from a complex population. 

The flow cytometer used to analyze apoptosis assays was the model 
Epics XL from Coulter (Fig II.9). It possesses a 15 mW at 488 nm line of an 
argon-ion laser for excitation and detectors for emission wavelength of 525, 
575, 620 and 675 nm. 
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Figure II.9. Epics XL-MCL (Multi-tube Carousel Loader) flow cytometer. 

 

3. Confocal Microscopy. 

3.1. Introduction to confocal imaging. 

Conceptualized in 1953, the Confocal Laser Scanning Microscopy has 
only in the past 15 years become a practical technique (Boyde et al, 1983; 
Petran et al, 1986). Today it is the technique of choice for biological research, 
chemical analysis, and materials testing (Arribas et al, 2007). An instrument of 
this kind represents a “fusion product” of contributions from many fields: 
microscopy, laser technology and optics for coherent light, video technology, 
electronics and computer technology. 

Confocal microscopy detects structures by collecting light from a single 
focal plane of the sample, excluding light that is out of focus. 

In a point scanning confocal system, the microscope lenses focus the 
laser light on one point in the specimen at a time (the focal point). The laser 
moves rapidly from point to point to produce the scanned image. Both 
fluorescent and reflected light from the sample pass back through the 
objective. 

The microscope and the optics of the scanner module focus the light 
emitted from the focal point to a second point, called the confocal point. The 
pinhole aperture, located at the confocal point, allows light from the focal point 
to pass through the detector. Light emitted from outside the focal point is 
rejected by the aperture. 

The confocal principle is illustrated schematically for the epi-
illumination imaging mode (Fig II.10). 

As in conventional epi-fluorescent microscopes, one lens is used as both 
condenser and objective. The advantage is eliminating the need for exact 
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matching and co-orientation of two lenses. A collimated, polarized laser beam 
from an aperture is reflected by a beam splitter (dichroic mirror or AOBS 
system) into the rear of the objective lens and is focused on the specimen. The 
reflected light returning from the specimen passes back through the same 
lens. The light beam is focused into a small pinhole (i.e., the confocal aperture) 
to eliminate all the out-of-focus light, i.e., all light coming from regions of the 
specimen above or below the plane of focus. The achieved optical section 
thickness depends on several parameters such as the variable pinhole 
diameter and the wavelength. The in-focus information of each specimen point 
is recorded by a light-sensitive detector (i.e., a photo-diode) positioned behind 
the confocal aperture, and the analogue output signal is digitized and fed into 
a computer. 

The detector is a point detector and only receives light from one point in 
the specimen. Thus, the microscope sees only one point of the specimen at a 
time as opposed to the conventional microscope where an extended field of the 
specimen is visible at one moment. 

The advantage of having a stack of serial optical sections through the 
specimen in digital form is that either a composite projection image can be 
computed, or a volume-rendered 3-D representation of the specimen can be 
generated on a graphics computer. 

 

 

 



Materials and methods 
 

85

Detector

Pinhole
Luz de fuera

del plano 
de foco Espejo dicroico

Láser de excitación
Luz del plano

de foco

Objetivo Luz de excitaci ón

Pinhole

Planos de foco

Muestra  
Figure II.10. Representation of a confocal microscope. It is shown the basic component of 
microscope. It is worthy of note that a dichroic mirror microscope is represented and not AOBS 
or AOTF systems which are present in the used confocal microscope along this Doctoral Thesis. 
Light from laser passes through a pinhole and excite the specimen after crossing dichroic 
mirrors (green arrows). The emitted light from specimen (red arrows), before arriving to detector, 
passes back through dichroic mirrors and a new pinhole in order to single focal plane 
information arrives to detector (Taken from www.leica-microsystems.com). 

 

3.2. Microscope used. 

Transfected cells with fluorescent constructs were examined under a 
confocal microscope type Leica TCS SP2 AOBS (Leica, Heidelberg, Germany) 
(Fig II.11), which has several lasers: ArKr (emits at 488 and 568 nm), GrHe 
(excites at 543 nm), HeNe (excites at 633 nm) and blue diode which excites at 
405 nm. The objectives used were Nikon PLAN APO-CS 63X 1.2 NA (water) or 
1.4 NA (immersion oil). 

The LEICA TCS SP 2 system makes it possible to image a single, in-
focus plane – horizontal or vertical – as well as a series of planes. A single 
vertical section, or xz-scan, allows you to see your sample as though from the 
side. 

Besides, this confocal model was designed as an integrated system. 
Optical and mechanical elements work seamlessly with computer hardware 
and software. The integrated Leica Confocal Software package supports the 
complete imaging process, from optical sectioning, through image processing 
and analysis (which is the main application), to hard copy output. 
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In presence of EGFP, cells were excited with Ar/Arkr laser at 488 nm, 
while emission waves were captured to 500-525 nm. Cells transfected with 
ECFP constructs, excitation happened with diode blue laser at 405 nm, and 
emission waves between 470-490 nm. 

In every assay, image series of 60-120 images were recorded in intervals 
of 5, 10 or 20 seconds depending on the experiment. This series were 
subsequently analyzed using ImageJ-NIH software (http://rsb.info.nih.gov/ij/ 
1997_2010).  

In inmunofluorescences the excitation of DAPI, Alexa Fluor 546 and 
Alexa Fluor 633 were carried out sequentially in order to not overlap emission 
spectra since Alexa 546 emits at 560-600nm, Alexa 633 at 620-680 nm and 
DAPI emits at 420-550. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure II.11. SP2 AOBS Leica Confocal Microscope. Representation of optical circuit of 
confocal microscope used along this Doctoral Thesis. Note that it is represented a vertical 
microscope, while an inverted one has been used in this thesis, although light circuit is the 
same in both cases: the light from the excitant laser is polarized after passing through mirrors 
and later, when it go through a pinhole, is unified to excite the specimen. The emitted light go to 
detector and only the desired wavelength, selected by AOBS system, get it. In the detail picture 
is shown the AOBS system (Acousto Optical Beam Splitter). In this case, wavelength of excited 
or emitted light from specimen is controlled by this system independently of fluorophore used 
(Taken from www.leica-microsystems.com). 
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3.3. Fluorescent substances used. 

 Fluo-3 was used to measure cytoplasmic Ca2+, since it increases its 
fluorescence intensity when it binds calcium. Particularly, acetoxy-metyl ester 
Fluo-3 (AM-ester Fluo-3) was used because this form is hydrophobic and can 
pass through plasma membrane easier. Once it is inside the cells, cellular 
esterases release hydrophilic Fluo-3 which can link Ca2+ (Novak and 
Rabinovitch, 1994; Tsien and col., 1995). Fluo-3 was excited at 488 nm while 
emission wavelength was detected at 510-580 nm (Table II.2). 

In inmunofluorescences several compound were used; DAPI to stain 
cells nucleus, Alexa Fluor 546 to mark cytoplasmic PKCα and Phaloidin-Alexa 
Fluor 633 to dye actin fibres (Table II.2.). 

For subcellular localization of PKC isoforms (wild type and mutants), 
some GFP variants were used, like EGFP and ECFP (Table II.2). 

 

Table II.2. Fluorescent substances used. 

 

 

GFP, originally obtained from jellyfish called Aequorea Victoria, is known 
like Green Fluorescent Protein whose chromophore, called aequorin, is formed 
by 3 aminoacids (Ser-Tyr-Gly) located between residues 65-67 and it is able to 
absorb blue light and emit green one (Fig II.12.). GFP is incorporated in 
different plasmid in order to create, thanks to subclonation techniques, 
proteins fused to it. 

Several GFP variants have been generated modifying initial 
chromophore. In this way, in EGFP (enhance-green fluorescent protein) Phe64 
and Ser65 have been substituted by Leu and Thr respectively (Cormack et al, 
1996) (Fig II.13). This variant emits 35 folds fluorescent intensity than no 
mutated GFP when it is excited to 488 nm. 

Fluorescent 
substances 

λ excitation 
máx. (nm) 

λ emission 
máx. (nm) 

Emission range 
(nm) 

EGFP 488 520 500-540 
ECFP 405 475 475-550 
Fluo-3 488 525 510-580 
DAPI 370 460 420-550 
Alexa Fluor 546 535 575 560-600 
Alexa Fluor 633 633 640 620-680 
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GFPGFP

 

 

 

 

 

 

 

 
Figure II.12. GFP terciary structure. The β-barrel of green fluorescent protein is shown, 
whose internal side possesses an α-helix. The sequence of three aminoacids (Ser-Tyr-Gly) is 
essential to molecule fluorescence and it has been changed by means of site directed 
mutagenesis in order to enhance and obtain more excitation and emission ranges, what 
provides different applications in microscopy.  

 

ECFP presents 6 changed aminoacids regards EGFP, mainly the 
substitution of Tyr66 by Trp is responsible to change the excitation and 
emission wavelength. Maximum light absorption of ECFP is 434 nm, and 
maximum emission is between 475-501 nm (Fig II.13). 

 

 
 
Figure II.13. Emission spectra of derived fluorescent proteins from GFP. It is shown 
excitation (doted line) and emission (continue line) spectra of fluorescent proteins ECFP and 
EGFP. 
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3.4. Media used in stimulation of living cells in confocal 
microscope. 

To observe cells in confocal microscope, the coverslips were mounted in 
an special holder and washed with 3 ml Hepes Buffer Salinum (HBS) 
consisting of 120 mM NaCl, 2.5 mM glucose, 5.5 mM KCl, 3 mM CaCl2, 1 mM 
MgCl2 and 20 mM HEPES pH 7.2. 

All added substances were dissolved or diluted in 2 ml of HBS. Mostly 
compounds, like arachidonic acid, ionomycin, DAG-lactones, etc, were 
resuspended in DMSO and diluted to the final concentration with extracellular 
buffer, shortly before the experiment. During the experiment, the cells were 
not exposed to DMSO concentrations higher than 1%. Other substances, like 
fatty acids, were dissolved in ethanol or BSA/PBS and we worked in a similar 
way that explained before. 

All the experiments were carried out at room temperature and, unless 
otherwise stated, on at least four different occasions. In each experiment, 
recordings were obtained for 2-6 cells. 

Excitation and emission wavelengths were the same as they have been 
explained before. 

In every assay, image series of 60-120 images were recorded in intervals 
of 5, 10 or 20 seconds depending on the experiment. 

3.5. Image processing and analysis. 

In the first confocal microscopes, the detector was connected to an 
oscilloscope with long-persistence phosphor which would display an image as 
it was being scanned. In the instruments of today, the signal is digitized and 
recorded in a computer, what makes it possible to improve the image in a 
multitude of ways like contrast enhancement by thresholds, gamma correction 
(curvature of the image intensity value versus source intensity graph) or noise 
suppression among others. 

Along this Doctoral Thesis, images were analyzed with two different 
softwares: ImageJ-NIH (http://rsb.info.nih.gov/ij/ , 1997-2010, Rasband, 
1997) and Leica software (Leica Confocal Software Lite). Both programs allow 
select interest area from every cell under study, and determined the average 
pixels intensity of it in every recorded time. 
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3.5.1. Analysis of intracellular Ca2+ concentration. 

The fluorescent Ca2+ indicator (AM-ester Fluo-3) used is not ratiometric, 
so some mathematics formulae have been used in order to calculate variation 
in cytoplasmic calcium level. 

Stock solutions (2 mM) of AM-ester form of the fluorescent Ca2+ 
indicator were made using a solution of 2.5% (w/v) Pluronic F-127 in absolute 
DMSO. This stock was diluted 1000-fold in growth medium (without FCS) and 
applied to cells, previously washed with DMEM without FCS, for 30 minutes at 
25ºC in a 7.5% CO2 atmosphere. 

Variations of intracellular calcium ([Ca2+]i) were calculated by using the 
following expression: 

∆F/Fo = (Ft-Fo)/Fo        (1) 
 

where Ft is the fluorescence measured at each recorded time and Fo is the 
initial fluorescence. Both Ft and Fo were calculated as follow: 

Using the Leica software, we drawed small circles in cytoplasm of 
different cells in such a way that the software gives us the average intensity of 
fluorescence in every cell along the experimental time (Fig II.14). These raw 
data can be used to calculate variation in [Ca2+]i using the formula described 
above (1). 
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Figure II.14. Representation of [Ca2+] analysis in cells recorded in confocal microscope. At 
the top of the picture it is shown cells loaded with Fluo-3. With the software we circle some cells 
cytoplasm (blue ones have saturated [Ca2+]i so not interest us) and we obtain raw data. At the 
bottom we can observe a final plot representing fold change in [Ca2+]i after adding ionomycin 
(calcium ionophore). 
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3.5.2. Analysis of PKC localization in the plasma membrane. 

The time-series were analyzed using ImageJ-NIH software. An individual 
analysis of protein translocation for each cell was performed by tracing a line 
intensity profile across the cell (Meyer and Oancea, 2000). The relative 
increase in plasma membrane localization of the enzyme for each time-point 
was calculated by using the ratio: 

             
             (2)  
 

where R is the percentage of PKC in plasma membrane, Imb is the fluorescence 
intensity at the plasma membrane and Icyt is the average cytosolic fluorescence 
intensity (Fig II.15). 

 
 

 

 

 

 

 

 

 

 
Figure II.15. Representation of protein translocation analysis in cells recorded in the 
confocal microscope. At the top of the picture it is shown transfected cells with PKCα-EGFP, at 
the beginning and final of a localization serie. With the software we traced a line across the cell 
and we obtained the fluorescence intensity of every pixel along the line (it is shown at the 
bottom). After applying the formula R= (Imb - Icyt)/ Imb, we obtain R=0 (on the left) and R=1 (on 
the right). 

 

After analyzing every frame of time-series cell by cell, R values and 
standard deviations were represented versus time showing the localization 
profiles of different isoenzymes and mutants. Directly from the chart we can 
calculate the localization half-time (t ½) which means the necessary time to get 
50% of maximum localization (Rmax). 

Imb
Icyt Imb

Imb
IcytIcyt ImbImb
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3.5.3. Analysis of FRAP (Fluorescence Recovery After 
Photobleaching). 

3.5.3.1. FRAP introduction. 

It is a technique that uses photobleaching of fluorescence compounds 
in living cells in order to measure some parameters related to molecules 
mobility. 

FRAP consists in photobleaching a small region with a maximum laser 
intensity and records immediately the fluorescence recovery in that part with a 
lower laser intensity (Fig II.16). Ideally, recovery kinetics only depends on 
mobility (effective diffusion coefficient and kinetics union to macromolecules 
structures) of the molecule under study. The time of fluorescence recovery in 
photobleached region depends on the number of mobile fluorescents particles 
that spread allover the bleached region. It is worthy to mention that 100% of 
fluorescence will never recover because we have removed some fluorescents 
molecules. 

Besides, when recovery kinetics is measured, some properties of 
fluorescence molecule can be characterized; for instance: mobile/immobile 
ratio, lateral diffusion coefficient and time that protein is linked to 
macromolecular structures. 

In the present work, photobleaching experiments were done by 
scanning a bleach region of 10 µm width x 3.8 µm height at maximum laser 
intensity with a high numerical aperture objective (Nikon HCX-PL-APO 
63x/1.4-0.6 NA oil immersion). The pinhole was set at airy 2. During the 
recovery period, images from a single focal plane were recorded at lower laser 
intensity with time intervals of 2 s for 1 min, 5 s for 3.3 min and 10s for 3.3 
min. 

 

 

 

Figure II.16. Fluorescence recovery after photobleaching. a) A cell that expresses 
fluorescence molecules is recorded with low laser intensity before and after photobleaching (red 
square). Fluorescence recovery of bleached region is monitored along time. Analyses usually 
include compensation about fluorescence reduction in the whole cell. b) Fluorescence recovery 
can be analyzed in a FRAP curve. These graphics show recovery for one of the species 
(exponential curve with yellowish circles) or two equitative populations in two different ranges 
(double exponential curve shows in orange circles). c) Fluorescence recovery level in photo-
bleached region reveals mobile and immobile fraction. d) A simple test to calculate 
photoinducible immobile fraction is to carry out a second FRAP in the region. In this example, 
mobile fraction of first FRAP is 70%. The recovery level can be determined normalizing the 
fluorescence signal in the region and repeating FRAP experiment. In absence of photo-damage, 
the recovery should be complete. (Taken from book Nature Cell Biology, 5th edition, 2003). 
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3.5.3.2. FRAP kinetics. 

In a FRAP assay we can represent fluorescence intensity versus time, 
what allows us to calculate several parameters like mobile/immobile fractions, 
recovery half-time or basal fluorescence intensity (background) (Fig II.17). 

 

 
 

Figure II.17. Graph obtained after FRAP experiment. The main variables are shown: mobile/ 
and immobile fractions and recovery half-time. (Taken from EAMNE FRAP on-line teaching 
module, EMBL). 

 

In pre-bleach period, the fluorescence intensity is maximum (II). During 
bleaching, the fluorescence decreases up to a lightly bigger than basal 
intensity (background) because molecules are constantly moving. During post-
bleach the fluorescence of the bleach zone is recovered in variable speed 
depending on mobile fraction. The maximum fluorescence in this zone reaches 
a maximum value (IE), which is smaller than II due to immobile fraction. 
Besides, the number of bleached molecules decreases the amount of 
fluorescent molecules in the cell, so maximum intensity. The time in which is 
recovered the half-maximum fluorescence is called t1/2 and it is an important 
and characteristic parameter. 

3.5.3.3. Data processing. 

Data obtained directly from the graph (thanks to Leica confocal 
software) are raw data and they need three corrections: background 
subtraction, laser photobleaching and dilution of the probe after the 
photobleaching pulse (normalization) (Fig II.18). 
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Figure II.18. Representation of FRAP experiment raw data. Left image: Raw data (doted 
line), photobleaching correction (blue continue line) and data after background subtraction (red 
discontinue line). Right image: It is shown the final graph after data normalization regard 100% 
fluorescence (Taken from http://www.dkfz.de/ibios/index.jsp . Constantin Kappel et al.). 

 

 Background subtraction. 

We consider background as basal fluorescence of preparation 
(coverslips, medium, cells, etc) and we need subtract it in order to not fiddle 
results. 

                       (3) 

Fi means fluorescence after background subtraction. 
F(t) means raw fluorescence (at every time). 
F(bk) is background fluorescence. 

 Laser photobleaching correction. 

We can differentiate two kinds of photobleaching: one hand, laser 
photobleaching during bleach pulse, and the other hand, photobleaching 
during fluorescence recovery. To check this, we have to apply the following 
formula (after background subtraction): 

            
                       (4) 

Fii means corrected photobleaching fluorescence. 
Fprecell is the average fluorescence during pre-bleach period in a cell that 
has not suffered FRAP, while Fpostcell is during post-bleach time in the 
cell mentioned before. 
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 Normalization. 

Normalization means remake a scale so that images represent 100% 
fluorescence and we can compare different FRAP experiments: 

                                                     (5) 

 
Fiii is normalized fluorescence. 
XprebleachFii means average fluorescence of images during pre-bleach 
period (they are the highest fluorescence values). 

3.5.3.4. Estimation of different FRAP parameters. 

Three parameters can be obtained for the FRAP experiments: 

 Mobile fraction (Mf). 

In in vivo experiments, mobile fraction is the percentage of molecules 
that shows diffusion around the cells. The interactions among molecules 
under study and others biomolecules (or proteins) can be fixed by preventing 
them from diffuse around the cell, so it is called immobile fraction. 

        (6) 

 
Fprecell/Fpostcell is a correction for fluorophore dilution around cell that 
suffers FRAP. 
F0 means the fluorescence intensity in the bleach region immediately 
after of photobleaching. 
Fiiixpostbleach(equil) is the average normalized fluorescence intensity in post-
bleach equilibrium plateau. 
Fiiixprebleach is the average normalized fluorescence intensity before 
photobleach. 

 Half-time fluorescence recovery (t1/2). 

T1/2 is the time in which 50% fluorescence, regards to maximum 
intensity, is recovered. 

This parameter strongly depends on geometry of bleach region, so to 
compare different experiments it is essential that they have been recorded 
under the same size, geometry and relative position in the cells of bleach 
region. 
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                           (7) 

 where τ is the recovery time constant. 

 Lateral diffusion coefficient (D). 

This parameter can be fitted to a single exponential function: 

 

            (8) 

This simplified formula is very useful if the bleach region is a circle or 
rectangle and diffusion only happens in two dimensions (like happens in 
membranes), as we have supposed that occurs in our assays. 

 From the equation before (8), τ can be calculated, so t1/2 can also be 
calculated and substituted in the next formula (Axelrod et al., 1976) to obtain 
the D value: 

      (9) 

  

where w is the radius of  the bleach area 

 

3.6. Immunofluorescence. 

After preparing cells in appropriate conditions (suitable number of cells 
in coverslips) and incubate them during necessary time, immunofluorescence 
protocol starts fixing cells during 10 minutes with 2% formaldehyde-methanol 
free in phosphate-buffered saline (PBS, composed by 0.008 M sodium 
phosphate, 0.002 M potassium phosphate, 0.14 M NaCl, pH 7.4) followed by 
an incubation with 50 mM ammonium chloride for 5 min to neutralize fixation 
solution. 

After that, cells were washed with PBS and permeablilized during 10 
minutes with: 

- 0.1% Triton-X100 in PBS for MCF-7 
- 0.5% Triton-X100 in PBS for BT-474 and MDA-MB-231 
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Next cells were washed again and blocked with the product Image-iT-FX 
signal enhancer (Invitrogen, Oregon, USA) for 30 min at room temperature in 
dark humid chamber to avoid evaporation and drying of samples. 

Afterwards, cells were incubated with the corresponding primary 
antibodies for 3 h at room temperature in the humidity chamber. PKCα was 
detected by using a primary polyclonal rabbit antibody (Abcam, Cambridge 
Science Park) with dilution 1:50 in 1% BSA/0.15% saponin/PBS. 

After washing them, cells were blocked with 1% BSA in PBS for 20 
minutes and immunoreactivity was detected with the suitable fluorophore-
conjugated secondary antibody (Alexa fluor 546 goat α-rabbit, Invitrogen, 
Oregon, USA), dilution 1:1000, during 1 hour in the dark and humidity 
chamber. 

Again samples were washed with PBS and blocked with 1% BSA in PBS 
for 20 minutes to proceed to stain them with Phaloidin-Alexa Fluor 633 
(Invitrogen, Oregon, USA) during 20 minutes at room temperature and dark 
and humidity chamber. 

Finally, preparations were washed with PBS and mounted in slides with 
the product DAPI-Prolong Gold antifade reagent (Invitrogen, Oregon, USA). 

 

4. Electrophoresis techniques. 
Two electrophoretic methods have been used in this Doctoral Thesis; 

one for separating fragments of nucleic acids (DNA and RNA) and another for 
proteins. In both cases the separation depends on the size of macromolecules. 

4.1. Agarose gel preparation. 

The suitable amount of agarose is dissolved in TAE buffer, which 
contains 24.2% trizma base, 5.7% acetic glacial acid (v/v) and 50 mM EDTA 
pH 8.0. 

Before agarose polymerizes, etidium bromide was added (2 µg/ml) in 
order to visualize DNA fragments in the later steps. DNA is loaded in the gel 
with the help of loading buffer (0.25% brome-phenol blue (w/v), 30% glycerol 
(v/v) and Tris 0.5 mM pH 8.0). 

After a suitable running time, the gel was exposed to ultraviolet (UV) 
light to visualize the DNA fragments. 
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4.2. Acrylamide gel preparation. 

Polyacrylamide gels were elaborated under denaturalization conditions 
with SDS (SDS-PAGE), following Laemmli (1979) method. Mini-PROTEAN Tetra 
Cell (BioRad Laboratories, CA, USA) was used to run this kind of gels. 

The running gel was composed by 10% acrylamide-bisacrylamide (w/v) 
dissolved in 0.375 M Tris-HCl buffer pH 8.8 and 0.1 % SDS (w/v). It was 
added 0.064% ammonic persulfate (PSA) (w/v) and 0.064% TEMED (w/v) to 
the mix in order to polymerize it. 

Stacking gel was made above running gel. In this case, the mix contains 
5% acrylamide-bisacrylamide (w/v) dissolved in 0.13 M Tris-HCl pH 6.8 and 
0.1 % SDS (w/v). As before, PSA and TEMED were added to polymerize the 
mix, although in this occasion 0.1% (w/v). The function of this gel is to 
concentrate proteins in order for then to penetrate at the same time in 
running gel. 

Samples were dissolved in Sample buffer (40 mM Tris-HCl pH6.8, 50 
mM DTT (w/v), 1% SDS (w/v), 7.5% glycerol (w/v) and 0.003% bromophenol 
blue (w/v)) before loading them in stacking gel. 

The running buffer used contained 25 mM Tris-HCl pH 8.3, 192 mM 
glycine and 0.1 % SDS (w/v). 

The gel was stained with Coomassie Blue (0.1% Coomassie blue R-250 
(w/v) dissolves in 40% methanol (v/v) and 10% acetic acid (v/v)) for 20 
minutes and follow on destaining step with 40% methanol (v/v) and 10% 
acetic acid (v/v). 

 

5. Western Blot. 
After running a polyacrylamide gel with appropriate samples, proteins 

are transferred to 0.2 µm pore nitrocellulose membrane. To do that, a semi-
dry system from BioRad (BioRad Laboratories, CA, USA) was used with a 
continue potential of 20 V during one hour, and transfer buffer composed by 
1X of NuPAGE commercial transfer buffer (v/v) and 10% methanol (v/v). 

Non-specific interaction sites of the antibody were blocked with a 
solution of 2% BSA (w/v) in TBST (20 mM Tris-HCl pH 7.5, 150mM NaCl and 
0.1% Tween-20 (v/v)) during one hour with gently agitation. 
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After that, membrane was incubated overnight with primary antibody in 
the appropriate dilution in blocking buffer (2% BSA in TBST) at 4ºC. PKCα was 
detected by using a polyclonal rabbit antibody (dilution 1:500) (Abcam, 
Cambridge Science Park), while to detect GAPDH (dilution 1:1000) a 
monoclonal rabbit antibody was used (Abcam, Cambridge Science Park). 

Next morning, membrane was rinsed for three times with TBST in 
agitation before a secondary blocking incubation (2% BSA in TBST) for 30 
minutes. 

Afterwards, the secondary antibody, which is marked with horse-radish 
peroxidase, (goat anti-rabbit) (Abcam, Cambridge Science Park) was applied to 
membrane in a dilution of 1:25000 (in blocking buffer). Next, the membrane 
was again washed for three times. 

Finally, immunoblotting was detected with a fluorescence scanner 
(Thyphoon, Amersham Bioscience) after adding ECL plus substrate solution 
(Amersham biosciences) to the membrane for 5 minutes. To reveal the 
membrane, it was excited at 430 nm and detected at 503 nm. Captured 
images were analyzed in several ways thanks to software incorporated by 
Amersham. 

 

6. Fluorescence Resonance of Energy Transfer 
(FRET). 

FRET is a very useful technique to detect interactions between bio-
molecules. Basically it consists in fluorescence energy transfer from a donor to 
an acceptor, so we excite a fluorescence donor and detect the emission 
fluorescence from the acceptor molecules whenever donor and acceptor are 
closer than 100 Ǻ (Lakowicz, 1983).  

The efficiency of energy transfer depends on spectra overlap of 
fluorescence emission donor and excitation acceptor (Fig II.19), relative 
orientation and distance between both molecules (0-100 Å). 
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Figure II.19. Overlap of emission and excitation spectra. Emission spectra of the donor, Trp 
in this case, (blue doted line) and excitation and emission spectra of the acceptor, dansyl 
derivated compound, (red continue line) are shown. 

 

This efficiency of fluorescence energy transfer (E) can be measured with 
next equation: 

    
                                           (10)    (10) 

 
where F and FD are the donor fluorescence emission in the presence and in the 
absence of acceptor. 

The efficiency energy transfer allows us to calculate the distance 
between donor and acceptor (r) as follows (Förster, 1996): 

 
    (11) 
 

being R0 a known parameter like critical distance of Förster, where the energy 
transfer is 50%. 

Knowing the dependence of the distance between donor and acceptor to 
transfer energy, this technique has been widely used to measure lengths as 
well as to detect interactions between molecules (Corbalán-García et al., 1994; 
Cubbit et al., 1995; Hovius et al., 2000; Singleton and Xiao, 2002). In this way, 
we can measure the union between a specific protein and model membranes 
in a huge variety of conditions, for instance the presence of different ligands in 
several concentrations. In these cases, Trp is used like donor and a 
fluorescent compound in membranes like an acceptor (normally, a dansyl 
derivated substance is used) (Fig II.20).  
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Figure II.20. Molecular structure of dansyl-DHPE or d-PE (N-(5-dimethylamino-naphtalene-
1-sulfonyl)-1,2-dihexadecanoyl-sn-glycero-3-phophoethanolamine). 

 

To carry out FRET experiment in this Doctoral Thesis, PKCα-C2 domain 
was used as a donor and labelled liposomes as acceptor. 

The lipids used for the reaction were dried under a stream of N2 and the 
last traces of organic solvent were removed by keeping the samples under 
vacuum for 1 h. Lipids were suspended in 20 mM Hepes (pH 7.4), 0.05 mM 
EGTA and vortex mixed vigorously to form multilamellar vesicles. They were 
sonicated for 30 s for three times to form small unilamellar vesicles. 

Equilibrium fluorescence experiments were carried out on a Fluoromax-
3 fluorescence spectrometer at 25ºC in a standard assay buffer composed of 
20 mM Hepes (pH 7.4) and 100 mM NaCl. The excitation and emission slits 
widths were both 2 nm for all equilibrium fluorescence experiments. 

The phospholipid dependence of PKCα-C2 domain (0.5 mM) docking on 
AA-containing vesicles was determined by using a mixture with 40 mol% AA, 
55 mol% POPC and 5 mol% dDHPE. Sonicated lipids were titrated in, and the 
protein to-membrane FRET was monitored from, the intrinsic tryptophan (Trp) 
fluorescence emission at 340 nm and using an excitation of 284 nm. 

Basically, experiments started with a mix composed by buffer, protein 
and EGTA (only in some control assays), where small unilamellar vesicles were 
added periodically. Control experiments to discard non-specific binding were 
performed using a mixture of vesicles containing 95 mol% POPC and 5 mol% 
dDHPE, and no FRET was detected. 

All total lipid concentrations were divided by 2 to take into account the 
inaccessibility of one leaflet of the lipid vesicles to protein, due to the sealed 
nature of the bilamellar sonicated vesicles. FRET was analyzed by using the 
equations mentioned before (10 and 11). 
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7. PKCα purification. 

PKCα wild type and some mutants (K209A/K211A, K197A/K199A and 
W58G) were partially purified from HEK-293 cells in order to run the kinase 
activity experiments (see next section). 

HEK-293 cells were grown following ATCC recommendation (DMEM 
supplemented with 10% FCS, 2 mM L-glutamine and a mix of antibiotics, 
particularly 50 U/ml penicillin and 50 µl/ml streptomycin). When cells 
reached 80% confluency, they were transfected with DNA constructs in pCGN 
plasmid following described protocol by Wigler et al, 1977. For each 9 cm Ø 
the mixtures were: 

 Solution A: 0.54 ml Hepes 50 mM and 11 µl of Na2HPO4 2 H2O 1,5 mM. 
 Solution B: 0.48 ml TE buffer pH 8.0, 10 µg of DNA and 66 µl of CaCl2 

2M. 

Solution B was added to solution A, making a calcium phosphate 
precipitate. This mix was kept to RT for 10 minutes and then was added to 
cells. Plates were grown during 14 hours in a 5% CO2 atmosphere, afterwards 
the medium was refreshed and cells were grown for another 48 hours in a 
7.5% CO2 atmosphere in order for them to express the maximum amount of 
protein as possible. 

After this time, cells were washed twice with PBS and collected to start 
the purification protocol described by Conesa-Zamora et al, 2001. Cell pellets 
were resuspended in lysis buffer (composed by 20 mM Tris HCl pH 7.5, 10 mM 
EGTA, 2 mM EDTA, 0.25 mM sacarose, 1 mM PMSF, 10 µg/ml leupeptin, 
100µM Na3VO4 and 50 mM NaF) with a ratio: 5 ml lysis buffer / g of cells. 
They were sonicated for 6 seconds 16 times controlling that pH keeps constant 
at 7.5. 

The resultant lysate was centrifuged to 13000 rpm for 30 minutes and 
4ºC. The supernatant was collected and the pellet was resuspended again in 
the same volume of lysis buffer to sonicate and centrifuged it in the same way. 

Both supernatant were mixed and it was ultra-centrifuged to 35000 xg 
during 30 minutes and 4ºC. The sediment was discarded and the supernatant 
was added to a DEAE-Sephacel column (Sigma-Aldrich Chemistry, S.A., 
Madrid, Spain), previously equilibrated with Buffer E (20 mM Tris HCl pH 7.5, 
0.5 mM EGTA, 0.5 mM EDTA and 10 µM β-mercaptoethanol). 

To elute proteins from the column, an EconoSystem (Bio-Rad 
Laboratories, Hercules, CA, USA was used. Particularly, proteins were eluted 
from the column using a saline gradient from 0 to 1 M of NaCl dissolved in 
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buffer E; and they were collected in the fraction collector with a flux of 0.5 ml 
per minute. 

Whole elution process was monitored with ultraviolet detector and later 
every fraction with PKCα wild type or mutants was checked using Wester Blot. 
The fractions, which contained higher amount of proteins, were put together 
and were concentrated in a concentrator filter 30K (Ultrafree Millipore) and 
finally, they were aliquoted and frozen to -80ºC in the presence of 10% (v/v) 
glycerol and 0.05% (v/v) Triton X-100. 

 

8. Kinase activity assays. 

These assays were carried out using a partially purified PKCα wild type 
and several mutants (see previous section), specifically PKCαD246N/248N, 
PKCαK209A/K211A, PKCαK197A/K199A and PKCαW58G. It was used a 
technique described previously (López-Nicolás et al, 2006) in which it was 
measured the incorporation of radioactive phosphate [γ-32P] to kinase 
substrate (histone III-S) in order to detect enzymatic activity. 

The lipids used for the reaction were previously dried under a stream of 
N2 and the last traces of organic solvent were removed by keeping the samples 
under vacuum for one hour. Lipids were prepared in different percentages of 
fatty acids (FA) to solve the capacity of these compounds to activate PKCα. The 
POPC:FA ratios were: 

100:0/ 98:2/94:6/92:8/90:10/88:12/84:20/80:20/75:25/70:30. 

These lipids were resuspended immediately before using them in a 
buffer composed by 20 mM Tris–HCl (pH 7.5), 0.005 mM EGTA and vortex 
vigorously to form multilamellar vesicles. They were added to the reaction 
mixture, which contained 20 mM Tris–HCl (pH 7.5), 0.2 mg/ml of histone III-
S, 20 µM ATP, [γ-32P] (300,000 cpm/nmol), 5 mM MgCl2 and 200 µM CaCl2. 
The final concentration of lipids in the reaction mixture was 500 µM. 

The reaction was started by addition of 5 µl of the PKCα (0.004 µg/ml) 
purified from transfected HEK293 cells. After 10 min, the reaction was 
stopped with 1 ml of ice-cold 25% (w/v) trichloroacetic acid (TCA) and 1 ml of 
ice-cold 0.05% (w/v) bovine serum albumin (BSA). 

After precipitation on ice for 30 min, the protein precipitate was 
collected on a 2.5 cm glass filter (Sartorius, Göttingen, Germany) and washed 
with 10 ml of ice-cold 10% trichloroacetic acid. The amount of 32Pi 
incorporated into histone was measured by liquid scintillation counting. 
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The linearity of the assay was confirmed from the time-course of histone 
phosphorylation during 30 min. Additional control experiments were 
performed with mock cell lysates to estimate the endogenous PKCα and non-
specific activities, which represented less than 1% of the total enzyme activity 
measured. 

Another control experiment was run without calcium in reaction mix 
was performed to measure basal kinase activity. Instead of Ca2+, 0.5 mM EGTA 
was added and the reaction time was 30 minutes. 

Kinase activity assays were repeated at least for three times. 

 

9. Microarrays. 

9.1. Introduction to microarrays. 

Microarrays have revolutionized basic scientific research and are 
constantly challenging our view of the genome and its complexity. They are 
finding their way from the research laboratory to the clinic, where they 
promise the same kind of revolution in patient care (Apidianakis et al, 2005; 
Boerma et al, 2005). Microarrays used in clinical research and clinical 
applications promise to help scientists develop more accurate diagnostics and 
create novel therapeutics. By standardizing microarray data and integrating it 
with a patient’s existing medical records, physicians can offer more tailored 
and more successful therapies. The combination of a patient’s genetic and 
clinical data will allow for personalized medicine, which is where GeneChip 
technology holds the greatest promise to improve health (Schadt et al, 2004). 

GeneChip arrays are the result of the combination of a number of 
technologies, design criteria, and quality control processes. In addition to the 
arrays, the technology relies on standardized assays and reagents, 
instrumentation (fluidics system, hybridization oven and scanner), and data 
analysis tools that have been developed as a single platform (Irizarry et al, 
2003). 

Affymetrix platform, and gene expression array, was the chosen ones for 
run some microarrays experiment in this Doctoral Thesis, although there are 
more platforms and array models in the market. The affymetrix key assay 
steps are outlined in figure II.21.  
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Figure II.21. Flow-chart of a GeneChip System microarray experiment. Once the nucleic 
acid sample has been obtained, target amplification and labelling result in a labelled sample. 
The labelled sample is then injected into the probe array and allowed to hybridize overnight in 
the hybridization oven. Probe array washing and staining occur on the fluidics station, which 
can handle four probe arrays simultaneously. The probe array is then ready to be scanned in 
the Affymetrix GeneChip scanner, where the fluorescence intensity of each feature is read. Data 
output includes an intensity measurement for each transcript or the detailed sequence or 
genotyping (SNP) information. 

 

9.2. Overview of preparation for gene expression array. 

9.2.1. Target Preparation. 

Most target preparation protocols start with a purified nucleic acid 
sample that is usually amplified and then labelled and fragmented (Fig. II.22). 
RNA targets are prepared by in vitro transcription (IVT), which provides 
amplification of the target. Biotinylated nucleotides or analogues are 
incorporated into the target during the IVT process. The labeled RNA is then 
purified and fragmented by hydrolysis. 

For gene expression assays, the most widely used sample preparation 
utilizes the IVT reaction as originally described by Eberwine and colleagues 
(Van Gelder et al, 1990). In this assay cDNA synthesis is initiated from an 
oligo(dT) primer that is also coupled to a T7 RNA polymerase primer. In this 
case cDNA synthesis starts adjacent to the poly(A) tail of the mRNA. After 
second strand synthesis, a double-stranded cDNA copy of each mRNA is 
created attached to the T7 RNA polymerase primer. An IVT reaction is then 
carried out to create a biotinylated RNA target (Fig II.22). A variation of this 
technique utilizes two rounds of IVT amplification and is used to create a 
target from very small amounts (100 ng or less) of starting material. 



Materials and methods 
 

107

 
 
Figure II.22. One-cycle sample preparation for gene expression profiling. The flowchart 
depicts the steps by which eukaryotic samples are prepared for gene expression profiling. 
Briefly, total RNA or poly(A)–RNA is isolated. A primer that includes a poly(T) tail and a T7 
polymerase binding site [T7–oligo (dT) primer] is used for reverse transcription, resulting in 
synthesis of the first strand complementary DNA (cDNA). The second cDNA strand is completed, 
resulting in a double-stranded cDNA. In the one-cycle method, the double-stranded cDNA is 
used as a template for in vitro transcription with biotinylated ribonucleotides, resulting in a 
biotin-labeled RNA sample. After cRNA fragmentation, the sample is ready to be hybridized to 
the array, washed and stained and finally scanned. 
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9.2.2. GeneChip Instrument Components and Associated Assay 
Steps. 

The GeneChip instrument components include a hybridization oven, the 
fluidics station, an optional autoloader, and a scanner (Fig. II.23). All of these 
instruments are designed to work together and, with the exception of the 
hybridization oven, are directed by the GeneChip operating software (GCOS). 
The hybridization oven can hold up to 64 probe arrays and provides 
continuous rotation and consistent temperatures over the 16 h that are 
typically required for hybridization. The temperature is tuneable to cover the 
different array applications and is usually selected between 40 and 50º. 

After hybridization the arrays are transferred to the fluidics station. The 
fluidics station performs washing and staining operations for GeneChip 
microarrays, a crucial step in the assay that impacts data consistency and 
reproducibility. It washes and stains up to four probe arrays simultaneously. 
Unbound nucleic acid is washed away through a combination of low and high 
stringency washes. The stringency of the wash is determined by the salt 
concentration of the buffer and the temperature and duration of the wash, 
with the temperature and duration controlled by the fluidics station. The 
fluidics station contains inlets for two different buffers and heats buffers up to 
50º, permitting temperature-controlled washes. 

In the next step, bound target molecules are ‘‘stained’’ with a 
fluorescent streptavidin–phycoerythrin conjugate (SAPE), which binds to the 
biotins incorporated during target amplification. In the latest fluidics station, 
the 450 Model (the one which it was used in this Doctoral Thesis), wash and 
stain steps proceed in an automated fashion, ending with an array that is 
ready for scanning. The fluidics station is controlled by a computer 
workstation running GCOS. 

The AutoLoader is a front-loading sample carousel that can be added to 
the latest generation scanners as an option. The AutoLoader increases 
throughput by permitting unattended scanning for up to 48 arrays. Arrays are 
maintained at 15ºC prior to and after scanning. The instrument also includes 
a bar code reader that identifies the arrays, permits sample tracking, and aids 
in high-throughput analysis. 

The current scanner is a wide-field, epifluorescent, confocal microscope 
that uses a solid-state laser to excite fluorophores bound to hybridized nucleic 
acids. The scanning mechanism incorporates a ‘‘flying objective,’’ which 
employs a large numerical aperture objective that eliminates the need for 
multiple array scans. The most recent version of the scanner has a pixel 
resolution of 0.7 µm and is able to scan features with 5 µm spacing. The 
scanner can resolve more than 65,000 different fluorescence intensities. 
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During the scan process a photomultiplier tube collects and converts 
fluorescence values into an electronic signal, which is then converted into the 
corresponding numerical values. These numerical values represent the 
fluorescence intensities, which are stored as pixel values that comprise the 
image data file (.dat file). 

Hybridization oven

fluidics station

Scanner

 
 

Figure II.23. GeneChip instrument component from Affymetrix. It is shown the 
hybridization oven, the fluidics station model 450 and the chip scanner with the AutoLoader. 

 

9.2.3. Image and Data Analysis. 

The next step in analysis is the assignment of pixels that make up the 
image (.dat) file to the appropriate feature. Previous methods have used a 
global gridding method in which the four corners of the array, defined by 
checkerboard patterns, serve as anchors for the grid. Features are then 
created by evenly dividing the area defined by the anchored corners into the 
known number of features for a given array. As the number of pixels per 
feature continued to decrease, an additional step called Feature Extraction 
was implemented to assign pixels to features in a more robust manner. In 
Feature Extraction the original pixels assigned to a feature are shifted as a 
block, a pixel at a time, and the coefficient of variation (CV) of pixel intensities 
for the shifted feature is computed. After allowing the feature pixels to shift up 
to a predetermined distance, the feature is defined where the pixel intensity 
CV is a minimum. Following Feature Extraction the intensity of each feature is 
calculated and stored in a .CEL file. 
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Regardless of application, the feature intensities found in .CEL files are 
used by analysis software to detect sequence variation or to differentiate gene 
expression levels of transcripts. During analysis, the use of multiple probes 
per genotype or gene is combined with standard statistical methods to provide 
a transparent and robust conversion of probe intensities to biological 
information. 

For gene expression, a variety of algorithms exist to summarize multiple 
probe intensities (including perfect match (PM) or mismatch (MM) probes in a 
probe set) into an aggregate signal estimate that is correlated to the relative 
abundance of the transcript in the experimental sample. Detection calls are 
made by Affymetrix software through an arithmetic vote of probe pairs within 
a set designed to detect a specific transcript (GeneChip MAS5 and GCOS 
software). More widely used is an estimation of relative transcript abundance 
by a probe set signal and the trend has shifted away from median probe 
intensity based algorithms such asMAS5 to probe modelling algorithms such 
as dCHIP (Schadt et al, 2004), RMA (Irizarry et al., 2003), and PLIER 
Estimation (Affymetrix Technical Note, 2005). The probe modeling analysis 
software considers intrinsic probe behavior to account for systematic non-
systematic biases, error, and allows for true replicate analysis. 

It is still common for algorithms to use both PM and MM probes; 
however, PM-only algorithms are popular. Subtraction of MM probe intensity 
from the PM intensity or subtraction of modelled background estimates in PM-
only analyses serves the same purpose, which is to estimate the true probe 
intensity by subtraction of background from the raw PM probe intensity. Raw 
probe intensity (PM or MM) is the sum of a true hybridization signal, specific 
cross-hybridization signal, non specific binding signal, and small amounts of 
signal generated by system noise. Background consists of everything but the 
true signal, and most would agree that, for an unbiased or true measurement 
of probe intensity, background must be subtracted from the raw perfect match 
probe intensity. For most Affymetrix expression measurements, subtraction of 
MM probe intensity is an accurate method to remove background. However, 
background can also be estimated in the absence of MM probes, for example, 
RMA. Continued discussion around this topic is indicative of the maturing 
thought in this area. Despite differences in precision, accuracy, and bias, most 
signal estimate-algorithms (PM, MM, or PM only) result in similar biological 
interpretations from the same data sets. 

9.3. Sample preparation. 

MDA-MB-231 and MCF-7 cells lines were used to study gene expression 
profile after inhibition of classical isoform PKCα, so we can understand the 
role of this enzyme in these two models of breast cancer, invasive and non-
invasive, respectively. 
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Cells were grown and electroporated with siRNA control and 
siRNAalpha, as it is mentioned before, to get cell with and without PKCα 
expression. After several days growing, specifically 5 for MCF-7 and 6 days for 
MDA-MB-231 cells, they were harvested, counted and washed with PBS to 
finally centrifuged them (approximately 5 millions of cells), aspirate 
supernatant and freeze the pellet with liquid nitrogen. The frozen cell pellets 
were kept in a -80ºC freezer until further steps were done. 

From now on, the work was carried out in the laboratory of the Center 
for Biological Sequence Analysis (CBS) at Technical University of Denmark 
(DTU) under the supervision of Professor Zoltan Szallasi. 

The first step was the total RNA extraction, for what RNeasy® Plus kit 
(QIAGEN, GmbH, Germany) was used, following the manufactured protocol. 
Basically, the protocol is as follow: biological samples are first lysed and 
homogenized in a highly denaturing guanidine-isothiocyanate–containing 
buffer, which immediately inactivates RNases to ensure isolation of intact 
RNA. The lysate is then passed through a gDNA Eliminator spin column. This 
column, in combination with the optimized high-salt buffer, allows efficient 
removal of genomic DNA. 

Ethanol is added to the flow-through to provide appropriate binding 
conditions for RNA, and the sample is then applied to an RNeasy spin column, 
where total RNA binds to the membrane and contaminants are efficiently 
washed away. High-quality RNA is then eluted in 30 µl of water. 

Next, total RNA is amplificated and labelled with biotin (Fig II.22). To 
run that, we used the MessageAmp™ II-Biotin Enhanced Kit (Ambion, Inc., 
Cambridge, USA) following the manufacturer protocol. The steps included in 
this kit are (Fig II.24): 

 Reverse Transcription to Synthesize First Strand cDNA is primed with 
the T7 Oligo(dT) Primer to synthesize cDNA containing a T7 promoter 
sequence. 

 Second Strand cDNA Synthesis converts the single-stranded cDNA into 
a double-stranded DNA (dsDNA) template for transcription. The reaction 
employs DNA Polymerase and RNase H to simultaneously degrade the 
RNA and synthesize second-strand cDNA. 

 cDNA Purification removes RNA, primers, enzymes, and salts that would 
inhibit in vitro transcription. 

 In Vitro Transcription to Synthesize aRNA with Biotin-NTP-Mix 
generates multiple copies of biotin-modified aRNA from the double-
stranded cDNA templates; this is the amplification step. 

 aRNA Purification removes unincorporated NTPs, salts, enzymes, and 
inorganic phosphate to improve the stability of the biotin-modified aRNA. 
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Figure II.24. MessageAmp II-Biotin Enhanced aRNA Amplification Kit Procedure. 

 

Next step is the aRNA fragmentation to improve the hybridization 
kinetics and signal produced on oligonucleotide microarrays. Again, we used 
the MessageAmp™ II-Biotin Enhanced Kit (Ambion, Inc., Cambridge, USA) and 
follow the manufacturer protocol. 
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At this point, as well as after extracting total RNA, the quality and 
quantity of RNA were measured using Agilent 2100 bioanalyzer and nanodrop 
respectively. 

After checking the purity and size distribution of aRNA, the 
hybridization was carried out. The appropriate cocktail (for a 100 Format 
(midi) array) was prepared, including the fragmented target, and probe array 
controls. After several centrifugations and incubations (see Affymetrix 
expression analysis technical manual for more details) the hybridization 
cocktail is injected in the GeneChip® Probe Array and it was incubated in the 
pre-heated hybridization oven at 45ºC and 60 rpm agitation for 16 hours. 

After this incubation, fluidics stations were set up to run the 
appropriate washing and staining steps before scanning the Probe Array in the 
pre-warmed Affymetrix® GeneChip® Scanner 3000. 

Finally the obtained data were analysed with the program R to get a list 
of genes with significative expression level when control and mutant (without 
PKCα expression) are compared. 

Once we had the gene list, it was introduced in the web database 
“GENECODIS” with level 4 of Gene Ontology (GO) to classify them depending 
on Biological Process (BP) and Molecular Function (MF) to get a better 
understanding of which signal transduction pathways are affected in cells 
when PKCα expression is suppressed. 

Three control chips and three mutant samples of every cell line were 
run. 

 

10. Statistical analysis. 

Statistical significance was evaluated by chi-square, Kruskal-Wallis, 
Mann-Whitney tests and by analysis of the variance as applicable; p<0.05 was 
considered statistically significant. The statistical software program used was 
SPSS (Statistical Package for the Social Sciences, SPSS Inc., Chicago, 2008). 
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1. Introduction. 
Arachidonic acid (AA) and its precursor, linolenic acid, are common 

dietary ω-6 cis-polyunsaturated fatty acids that are sometimes found in the 
extracellular microenvironment (Larsson et al., 2004). Although there is 
controversy concerning the effect of fat in the human diet on the development 
of breast cancer, there is substantial evidence supporting an effect of cis-
polyunsaturated fatty acids in animal and cell models of mammary 
tumorigenesis and metastasis (Rose and Conolly, 1999; Cave, 1996). AA in an 
esterified form is present also in cell membrane phospholipids and is liberated 
by the action of several isoforms of phospholipase A2 (mainly the cytosolic 
PLA2) (Luo et al., 2003) and from diacylglycerol by the action of diacylglycerol 
lipase (Chakraborti et al., 2004). Besides the tumorigenic effect, AA is 
generated in a wide variety of cell types and participates, either directly or 
indirectly, in many cellular processes, including the inflammatory response, 
the contraction of cardiac myocytes, the regulation of ionic channels, cytokine 
synthesis, cell growth, eicosanoid metabolism, apoptosis, secretion and the 
regulation of gene expression (Liu et al., 2001; Priante et al, 2002; Bordin et al., 
2003; Patiño et al., 2003; Moghaddami et al., 2003). 

A large variety of connections exits between PKC and AA in many 
different signalling pathways but, despite many studies, no clear picture has 
emerged concerning the molecular mechanisms involved in these processes. 
Despite of this ignorance, it is known that the action of AA on PKC is fine-
tuning regulated; as an evidence of it, PKC regulates the AA synthesis and this 
fatty acid only affects some PKC isoforms depending on cell type (Mackay and 
Mochly-Rosen, 2001; Bordin et al., 2003). Thus, it has been reported that PKC 
participates, either directly or through the phosphorylation of MAP Kinases, in 
the activation of phospholipase A2, which is one of the pathways leading to the 
production of arachidonic acid (Akiba et al., 2002; Xu et al., 2002). 

In addition, it was long ago found that PKC could be activated by cis-
unsaturated fatty acids (McPhail et al., 1984), among them AA, which is 
released from the sn-2-position of phospholipids. Pioneering studies 
demonstrated that AA greatly enhanced the diacylglycerol (DAG) and phorbol 
ester-dependent activation of PKC in in vitro assays (Murakami and 
Routtenberg, 1985), suggesting that AA interacts with the C1 domain of PKC 
(Kashiwagi et al., 2002). Since then, other authors have demonstrated either a 
competitive or a synergistic effect between the diacylglycerol and AA in 
influencing the membrane localization of PKCγ when they were added directly 
to cell cultures (Shirai et al., 1998). Furthermore, several in vivo studies have 
shown that PLA2 products, such as arachidonic acid and lyso-
phosphatidylcholine, may activate the PKC signalling pathway, mainly by 
causing long-term responses. 
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Another important issue, and one that has caused great controversy, is 
the Ca2+-dependence of the AA-dependent activation of PKC. Several studies 
point to a Ca2+-independent mechanism (O’flaherty et al., 2001), while other 
authors have suggested that PKC activation by AA is a Ca2+-dependent process 
(Yagi et al., 2004). 

To shed light on all these questions, we have investigated the 
mechanism of activation of PKCα by AA in MCF-7 cells. We determined the 
functional domains involved in the localization of the enzyme in the plasma 
membrane and its subsequent activation. For this, we generated a wild-type 
PKCα fused to enhanced-green fluorescent protein (EGFP) and mutants of the 
Ca2+-binding region, the lysine-rich cluster, and the C1A and C1B subdomains. 
The results show PKCα localization into plasma membrane, where AA and 
ionomycin need to be added together. It was demonstrated also in this study 
that the Ca2+-binding region of the C2 domain is responsible for binding Ca2+ 
and for interacting with the AA incorporated into the membrane. Besides the 
C2 domain, it was demonstrated that only the C1A domain was important for 
the docking at the membrane of PKCα, with Trp58 being more important in 
the anchorage process. 

 

2. Results. 

2.1 Arachidonic acid induces the PKCα translocation to 
the plasma membrane in a Ca2+-dependent manner. 

 To investigate whether AA induces the localization of PKCα in the 
plasma membrane, MCF-7 cells were transfected with a fluorescent construct 
consisting of PKCα fused to EGFP (PKCα-EGFP). In steady-state conditions, 
the protein was distributed homogeneously through the cytosol. When the 
cells were stimulated with 50 µM AA, no effect was observed on enzyme 
localization and the protein remained in the cytosol. However, the addition of 
50 µM AA and 5 µM ionomycin resulted in maximal plasma membrane 
localization of PKCα 60 s after such stimulation, where it remained for at least 
200 s. It is important to mention that the protein translocated to the plasma 
membrane and was localized in patches throughout the cytosol in a pattern 
that is consistent with binding to the endoplasmic reticulum (Fig III.1). 
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Figure III.1. Arachidonic acid induces the PKCα translocation to the plasma membrane of 
MCF-7 cells in a Ca2+-dependent manner. Confocal images of MCF-7 cells expressing PKCα-
EGFP, incubated with 50 µM AA for 10 min and with 50 µM AA + 5 µM ionomycin. The frames 
shown correspond to (a) time zero and (b) 500 s after AA stimulation, and (c) 100 s after the 
second addition of AA + ionomycin. (d) PKCα-EGFP fluorescence intensity was measured in the 
cytosol and in the plasma membrane in every frame of the time-series (one frame every 10 s). 
Protein localization was measured by a line profile (pixel density) traced in each frame as 
indicated in Materials and Methods and analyzed with the program ImageJ NIH. The resulting 
net change in PKCα localization is expressed as the (Imb- Icyt)/Imb ratio (R) and is represented 
versus time. 

 

 

These results suggest that a combination of AA and intracytosolic Ca2+ 
is needed to induce PKCα anchorage in membranes. To discard the possibility 
that only the increased level of Ca2+ in the cytosol was responsible for this 
localization effect independently of AA, a control experiment was performed. In 
that, the MCF-7 cells transfected with PKCα-EGFP were stimulated with only 
5µM ionomycin; no membrane localization was observed in this case, 
indicating that increases in both AA and intracytosolic Ca2+ are essential for 
the localization mechanism of PKCα under these conditions. 
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Due to these unexpected results, we studied the intracellular 
concentrations of Ca2+ occurring in these cells when they were stimulated 
under the conditions indicated above. For this, MCF-7 cells were loaded with 
the Ca2+ indicator Fluo-3 AM and no [Ca2+]i elevation was observed in the 
cytosol when the cells were stimulated only with AA for 10 min. However, one- 
to three-fold increases in the basal [Ca2+]i were observed when the cells were 
stimulated with AA and ionomycin together. The [Ca2+]i was measured also 
when the cells were stimulated with 5 µM ionomycin and only increments of 
1.5-fold or below were observed under these conditions (Fig III.2), suggesting 
that this increase in [Ca2+]i was not sufficient to translocate PKCα to the 
plasma membrane. Importantly, these data show that AA cooperates with 
ionomycin to increase the extent of the Ca2+ influx into the cytosol. Besides, 
the [Ca2+]i increase overlapped with the membrane localization profile of PKCα 
(compare Figs III.1d and III.2a), suggesting that the increase in Ca2+ is the 
mechanism that triggers the targeting of the enzyme to the plasma membrane. 
However, whether AA participates directly or indirectly in this process is not 
clear. 

To throw light on this question, we examined whether the pre-
incubation with AA used in previous experiments (Fig III.1) was indispensable 
for inducing the membrane localization of PKCα. Thus, transfected MCF-7 
cells were stimulated directly with 50 µM AA and 5µM ionomycin. Figure III.3 
shows that PKCα-EGFP translocated to the plasma membrane and vesicles to 
the same extent as that seen after pre-incubation with AA. However, when the 
plasma membrane localization profile was examined versus time (Fig III.3b), it 
was observed that maximal localization was more slowly attained and obtained 
at 150 s after stimulation. Importantly, when the intracytosolic concentration 
of Ca2+ was measured, increases of only 1.5-fold or less were detected (Fig 
III.3c). It is important to note that this concentration of Ca2+ itself was not 
compatible with protein localization in the plasma membrane (see Fig III.2b), 
indicating that the direct intervention of AA was necessary to anchor PKCα in 
the plasma membrane and that AA and Ca2+ cooperate in this process. 
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Figure III.2. [Ca2+]i fluctuations during the different AA stimulations. (a) Time-course of 
[Ca2+]i fluctuations were monitored with Fluo-3. The Figure shows different profiles 
representative of the wide range of the [Ca2+]i observed under the experimental conditions: pre-
incubation with 50 µM AA for 10 min and a second stimulation with 50 µM AA + 5 µM 
ionomycin. (b) The time-course of [Ca2+]i fluctuations when the cells were loaded with Fluo-3 
and stimulated with only 5 µM ionomycin. [Ca2+]i variations were expressed as ∆F/F=(Ft-F0)/F0, 
where Ft is the fluorescence measured at each recorded time t and F0 is the initial fluorescence. 
The profiles are representative of the variation observed in different cells and correspond to 
three independent experiments. 
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Figure III.3. PKCα localizes in the plasma membrane of MCF-7 cells with direct 
stimulation by AA and ionomycin. (a) Confocal images corresponding to MCF-7 cells treated 
with 50 µM AA + 5 µM ionomycin at time zero and 200 s after stimulation. (b) Time-course of 
the plasma membrane localization of PKCα-EGFP in MCF-7 cells (R). The profile shown is the 
average of the cells analyzed. Note that the translocation to the membrane profile is slower than 
in the case shown in Figure III.1, where the cells were pre-incubated with AA for 10 min. (c) 
Time-course of [Ca2+]i fluctuations when the cells were loaded with Fluo-3 and stimulated with 
only 50 µM AA + 5 µM ionomycin. [Ca2+]i variations are expressed as ∆F/F. The profiles are 
representative of the variation observed in different cells and correspond to three independent 
experiments. 
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These results suggest that the pre-incubation with AA favoured both the 
effect of ionomycin on the Ca2+ influx and the access of AA to its proper site in 
the inner leaflet of the plasma membrane. To confirm that, a control 
experiment was performed by stimulating the cells first with ionomycin for 160 
seconds, followed by an addition of 50µM AA. Both the rate of plasma 
membrane localization and the [Ca2+]i were measured (Fig III.4). It was 
observed that the addition of AA after stimulation by ionomycin did not 
increase the [Ca2+]i beyond an increase about 1.5-fold, very similar to that 
observed when ionomycin and AA were added together, thus confirming that 
the pre-incubation with AA is preconditioning the cells to respond better to 
additions of ionomycin. When the protein localization in the plasma membrane 
was measured, it was observed that the translocation rate reached a 
maximum of only 50% after 440 s of stimulation with AA. It is important to 
note that under these conditions, AA was inducing a slower translocation rate 
than when AA and ionomycin were added together, suggesting that this 
treatment is less favourable to induce the protein localization in the 
membrane (compare Figs III.3b and III.4a). A more relevant finding is the 
confirmation that at low [Ca2+]i, AA is necessary to induce the anchoring of 
PKCα in the membrane, supporting the hypothesis that Ca2+ and AA cooperate 
in this process. 
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Figure III.4. The addition of AA after ionomycin stimulation does not induce an increase 
in the Ca2+-influx and slowly induces the AA dependent localization of PKCα. (a) Time-
course of the plasma membrane localization of PKCα-EGFP in MCF-7 cells (R). The cells were 
stimulated with 5 µM ionomycin and after 160 s the cells were stimulated with 50 µM AA. The 
profile shown is the average of the cells analyzed. Note that the profile of membrane 
translocation is slower than in the case shown in Figure III.3. In that case, the cells were 
stimulated simultaneously with 50 µM AA and 5 µM ionomycin. (b) Time-course of [Ca2+]i 
fluctuations when the cells were loaded with Fluo-3 and stimulated as stated above. [Ca2+]i 
variations are expressed as ∆F/F. The profiles are representative of the variation observed in 
different cells and correspond to three independent experiments. 
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2.2 The C2 domain of PKCα plays an important role in 
the AA-dependent membrane localization of the enzyme. 

The complex activation mechanism of PKCα implies a conformational 
change induced by Ca2+ that facilitates the accessibility of the C1 domain to its 
ligands (Bolsover et al., 2003). In addition, there is previous evidence 
suggesting that AA cooperates with DAG in this process (Murakami and 
Routtenberg, 1985; Shinomura et al., 1991), thus making it impossible to state 
categorically that the Ca2+-dependent membrane localization and activation of 
PKCα was due to a direct interaction between the C2 domain and AA. 

To shed light on this possibility, we used two distinct mutants of the C2 
domain: one inhibiting the Ca2+-binding region (PKCαD246N/D248N-EGFP) 
and the other inhibiting the lysine-rich cluster (PKCαK209A/K211A-EGFP). 
The mutants were expressed transiently in MCF-7 cells, which were 
stimulated under the same conditions as those expressing the wild-type PKCα 
(Fig III.5). It was observed that stimulation with AA alone did not induce 
membrane localization of the mutant proteins. When AA and ionomycin were 
added together, the mutant corresponding to the Ca2+-binding region did not 
localize in membranes. However, the mutant corresponding to the lysine-rich 
cluster localized both in the plasma membrane and vesicles 40 s after 
stimulation, suggesting that the substitution of these Lys residues by Ala does 
not affect the ability of the mutant to interact with membranes. On the 
contrary, it slightly increased the translocation rate into the plasma 
membrane. 

Taken together, these results confirm the hypothesis that the C2 
domain of PKCα plays an important role in the AA-dependent membrane 
localization and that the Ca2+-binding region is essential for this translocation 
to plasma membrane, while the lysine-rich cluster does not play a critical role 
in this process.  
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Figure III.5. The Ca2+-binding region in the C2 domain is a key motif for the AA-
dependent localization of PKCα. (a) Confocal images of MCF-7 cells expressing 
PKCαD246N/248N-EGFP and incubated with 50 µM AA for 10 min and with 50 µM AA + 5 µM 
ionomycin afterwards. The frames shown correspond to time zero and 200 s after the second 
stimulation with AA + ionomycin. (b) Confocal images of MCF-7 cells expressing 
PKCαK209A/K211A-EGFP and treated under the conditions used for (a). (c) 
PKCαK209A/K211AEGFP fluorescence intensity was measured in the cytosol and in the plasma 
membrane in every frame of the time series (one frame every 10 s). The protein localization was 
measured by a line profile (pixel density) traced in each frame as indicated in Material and 
Methods. The resulting net change in the mutant PKCα localization is expressed as the (Imb-
Icyt)/Imb ratio (R) and is represented versus time. 
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To further confirm the direct interaction of AA and the C2 domain, we 
employed the isolated C2 domain of PKCα, expressed in Escherichia coli and 
highly purified (García-García et al., 1999), to monitor the protein-to-
membrane fluorescence resonance of energy transfer (FRET) signal using lipid 
vesicles containing 40 mol% AA, 55 mol% POPC and 5 mol% N-(5-
dimethylaminonaphthalene-1-sulfonyl)-1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine (dansyl-DHPE). The binding ability of the C2 domain 
was tested by titrating increasing concentrations of the AA/POPC/DHPE 
mixture. As shown in Figure III.6, the FRET increased with the amount of lipid 
mixture added to the C2 domain in the presence of 200 µM CaCl2, reaching a 
maximum of 0.5 with a KD calculated at 6.52 µM, and a Hill index of 1.66, 
suggesting a cooperative effect between Ca2+ and the AA molecule. It is 
important to observe that when 0.5 mM EGTA was included in the assay, no 
FRET was observed between the C2 domain and the lipid vesicles, indicating 
that no interaction with the membranes occurs under these conditions. 

 

 

 

 
Figure III.6. AA binds specifically to the PKCα-C2 domain. A lipid mixture containing 
POPC/AA/DHPE (55:40:5 mol%) was titrated into a solution containing 0.5 µM PKCα-C2 
domain, 20 mM Hepes (pH 7.4), 100 mM NaCl, 0.1 mM CaCl2 (●) or 0.5 mM EGTA (○). As a 
control, a lipid mixture containing POPC/DHPE (95:5 mol%) was titrated into a solution 
containing 0.5 µM PKCα-C2 domain, 20 mM Hepes (pH 7.4), 100 mM NaCl, 0.1 mM CaCl2 (□). 
Protein docking was assessed by protein-to-membrane FRET, using donor fluorescence to 
quantify the FRET. The continuous lines represent the best fit of the resulting FRET signal to 
the Hill equation. 
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2.3. Role of the C1 domain of PKCα in the AA-dependent 
membrane localization. 

To determine the role of individual C1 domains in the AA-dependent 
membrane localization of PKCα, we mutated prominent hydrophobic residues 
located along the rim of the diacylglycerol/phorbol ester-binding pocket that 
are exposed to the surface and oriented toward the membrane (Zhang et al., 
1995) and have been demonstrated to be important for the membrane 
penetration and subsequent activation of PKCα (Medkova and Cho, 1999). 
Thus, we generated two mutants of the C1A domain, where the Trp58 and 
Phe60 were substituted by Gly (PKCαW58G-EGFP and PKCαF60G-EGFP) and 
two mutants of the C1B domain, in which Tyr123 and Leu125 were 
substituted by Gly (PKCαY123G-EGFP and PKCαL125G-EGFP). 

To understand how the C1 domain participates in the AA-dependent 
localization of PKCα, we monitored the membrane localization of the different 
C1 domain mutants fused to EGFP. Membrane translocation was induced by 
treating transiently transfected MCF-7 cells with 50 µM AA and 10 min later 
with 50 µM AA and 5 µM ionomycin. Figure III.7 shows the plasma membrane 
localization profile obtained for each mutant. The PKCαW58G-EGFP mutant 
demonstrated the most damaging effect on membrane localization, since only 
about 70% of the protein was localized in the plasma membrane and, most 
importantly, the mutant protein became almost dissociated from the plasma 
membrane 200 s after stimulation, as shown in the time-lapse images (Fig 
III.7a). A smaller effect was observed in the case of the PKCαF60G-EGFP 
mutant, although this protein also exhibited a tendency to dissociate from 
membranes at a higher rate than the wild-type protein (Fig III.7b). 
Importantly, no effect was observed in the case of the PKCαL125G-EGFP 
mutant, where the protein was maximally localized in the plasma membrane 
40 s after stimulation by 50 µM AA and 5 µM ionomycin (Fig III.7c). Similar 
results were observed for the PKCαY123G-EGFP mutant (data not shown). 

Taken together, these data suggest that the residues found on the edge 
of the ligand-binding pocket in the C1A domain, mainly Trp58, are important 
for the AA-induced membrane localization of PKCα, while the C1B domain 
does not seem to play a critical role in this localization mechanism. 
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Figure III.7. Role of the C1 subdomains in the AA-dependent localization of PKCα. The 
mutants used in this assay were (a) PKCαW58G-EGFP, (b) PKCαF60G-EGFP and (c) 
PKCαL125G-EGFP. The activation was performed by pre-incubation of the cells with 50 µM AA 
for 10 min followed by a second activation with 50 µM AA + 5 µM ionomycin. Protein 
localization was measured by a line profile (pixel density) traced in each frame as indicated in 
Material and Methods. The resulting net change in the mutant PKCα localization is expressed as 
the (Imb-Icyt)/Imb ratio (R) and is represented versus time. 
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1. Introduction. 

It has long been thought that there migth exist a positive relation 
between high fat diets and the high incidence of some types of cancer. 
However, it is now known that what is really important is the type of fat and 
not so much the quantity, which would explain the low incidence of breast, 
colon and skin cancer in Mediterranean countries where much olive oil is 
consumed. A similarly protective effect of olive oil is supposed in the case of 
cardiovascular diseases which also have a relatively low incidence in these 
countries. This effect is supposedly largely due to the fact that olive oil 
contains high quantities of oleic acid (OA), a monounsaturated fatty acid (18:1 
n-9) (Trichopoulou et al., 2000). 

This ‘dietary fat hypothesis’ has been supported by a number of 
epidemiological and experimental data, which, taken together, providing 
evidence that dietary or exogenously derived fatty acids may play an important 
role in carcinogenesis and the evolution and/or progression of breast cancer 
(Pariza, 1987; Wynder et al., 1997). However, more recent studies in laboratory 
animals and prospective epidemiological studies have generated results that 
do not support this strong association (Holmes et al., 1999; Lee and Lin, 2000). 

The results of studies with olive oil are of particular interest. On the one 
hand, the strongest evidence that monounsaturated fatty acids such as OA 
may influence the risk of developing breast cancer comes from studies in 
southern European populations, in whom intake of OA sources, particularly 
olive oil, might appear to be protective (Assman et al., 1997; Lipworth et al., 
1997). On the other hand, research in cell lines and animal models have 
yielded inconsistent results ranging from non-promoting or low-promoting 
effects to be protective in the case of breast cancer (Zusman et al., 1997; 
Bartsch et al., 1999). 

These conflicting results may be explained in part by the fact that olive 
oil was supplied to the animals or subjects rather than oleic acid alone. It is 
known that olive oil is composed of oleic acid and variable amounts of 
secondary compounds like squalene and phenolic constituents, which are 
present in different quantities in different types and varieties of the olives used 
to manufactured the oil, and contribute to antioxidant effect of olive oil (Hardy 
et al., 1997; Martin-Moreno, 2000). 

Moreover, our understanding of the specific molecular mechanisms by 
which fatty acids such as OA may exert an effect on breast cancer is relatively 
poor. At present, one hypothesis is that OA may protect against oxidative 
stress by being incorporated into the phospholipid membrane of breast tissue 
cells, resulting in a reduction in lipid peroxidation (Gill et al., 2005). Besides 
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this preventive role, some reports have demonstrated that oleic acid 
cooperates with some standard drugs used in cancer treatment, promoting 
their anti-proliferative and/or pro-apoptotic effects (Menendez et al., 2005). 

Neoplastic development is believed to be a multi-step process involving 
the expression of several oncogenes, like fos and myc, and the differential 
regulation of oncoproteins like Ras. PKC was initially seen to be involved in 
cancer when, in 1983, Kikkawa and co-workers and Leach and co-workers 
discovered that this kinase was a high-affinity intracellular receptor for the 
phorbol-ester tumour promoter. In later research, PKC was also related with 
onco-proteins (Hsiao et al., 1989; Han et al., 1995) placing this enzyme at the 
core of cancer signalling pathways. Nowadays, we know that the expression of 
PKC isoenzymes is deregulated in cancer, being over- or under-expressed, 
depending on isoform and type of cancer. 

It has been observed that, in general, PKCα is over-expressed in breast 
cancer (Tonetti et al., 2002), in which it has been associated with malignant 
transformation, tumour cell proliferation, multi-drug resistance, the alteration 
of ER status and apoptosis. 

In the recent past, olive oil intake was seen to act as a negative 
modulator of breast cancer in a 7,12-dimethylbenz(a)anthracene (DMBA)-
induced mammary tumorigenesis model in rats, conferring a more benign 
clinical behaviour and a lower histopathological malignancy in the tumour 
(Solanas et al., 2002). Moreover, this effect was accompanied by a decrease in 
the mRNA coding for the oncogene erbB-2 (Moral et al., 2003). 

To shed light on the role of oleic acid in breast cancer, we investigated 
the effect of this monounsaturated fatty acid on several breast cancer cell lines 
in relation to PKCα. First, we ran some kinase activity assays and other assays 
on the plasma membrane localization of PKC induced by OA, using wild type 
and some mutants of functional domains. Moreover, we measured the 
proliferation, migration, invasion and apoptosis rate of culture cells incubated 
with this fatty acid. We also used cells in which PKCα expression was 
inhibited by siRNA and the effect on these cellular events was also measured. 
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2. Results. 

2.1. Oleic acid induces PKCα plasma membrane 
translocation and co-localization with actin filaments in 
breast cancer cells. 

To investigate the effect of OA on PKCα-plasma membrane interaction, 
we studied the subcellular localization of the endogenous protein in MCF-7, 
BT-474 and MDA-MB-231 cells by immunofluorescence (PKCα-green-
AlexaFluor 488) and F-actin polymerization by AlexaFluor 633-phalloidin 
labelling. Cells were treated for 48 h in growth medium in the presence and in 
the absence of 50 µM OA (Fig IV.1). 

In resting conditions, the three cell lines tested showed PKCα 
distributed homogeneously throughout the cytosol with a very low percentage 
(approximately 9%) of cells exhibiting protein localized at the plasma 
membrane. After 48 hours in the presence of OA-BSA, the percentage of PKCα 
localized in the plasma membrane of the cells significantly increased to an 
extent that depended on the individual cell line. In MCF-7, approximately 3/4 
of cells showed PKCα in the plasma membrane; in BT-474 half of the cells 
exhibited PKCα in the plasma membrane and in MDA-MB-231 hardly any cells 
were thus localized (Table IV.1). This suggests that OA may induce the 
translocation of PKCα from the cytosol to the plasma membrane and enhances 
its permanence in this compartment of breast cancer cells. 

 

Table IV.1. PKCα localization percentages upon OA stimulation 

CELL LINE 
PKCα LOCALIZATION 

PERCENTAGE IN 
RESTING CONDITIONS 

PKCα LOCALIZATION 
PERCENTAGE AFTER 

OA STIMULATION 
MCF-7 13.9 ± 6.9 73.0 ± 10.2 

BT-474 5.0 ± 1.4 58.5 ± 6.7 
MDA-MB-231 7.9 ± 4.8 28.4 ± 3.5 
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Since actin dynamics is correlated with cancer cell migration and 
invasion, we also studied the degree of actin polymerization after OA 
treatment. It was observed that OA induced the formation of F-actin rich 
structures at the edges of the cells that were co-localized with PKCα in the 
plasma membrane in MCF-7 and BT-474 cells (Fig IV.1). 

Unlike in these two previous cell lines, stimulation with OA led to the 
almost total disappearance of actin fibres in MDA-MB-231 and the remaining 
cytoskeleton protein was spread homogeneously through the cytoplasm (Fig 
IV.1). 

Moreover, we studied the role of PKCα in these cell lines by inhibiting 
its expression through specific siRNAα. In MCF-7 cells, the down-regulation of 
PKCα produced a slight increase in cell size and a lower degree of actin 
polymerization close to the plasma membrane, whereas the nuclei were not 
affected (Fig IV.2). These effects were even more evident when OA was added to 
MCF-7 cells without PKCα, when the cells increased in size and were more 
spread out (Fig IV.2). 

In the case of BT-474 cells, the morphology and size hardly changed 
when PKCα was down-regulated, although it was observed that F-actin 
polymerization was disorganized, and only small zones in the plasma 
membrane showed real actin fibres. When we added OA to these mutant cells, 
the actin rich structures at the edge of the cells disappeared and the 
cytoplasm exhibited numerous large granules (Fig IV.2). 

With regard to MDA-MB-231 cells, the typical fibroblast-like 
morphology of control cells was lost when PKCα expression was inhibited. The 
mutant cells were bigger, more rounded and more spread than control cells. In 
addition, the nuclei were fragmented, suggesting an apoptotic process (Fig 
IV.2). It was also found that the effect of OA on these cells without PKCα was 
somewhat similar to the effect seen in MCF-7 cells, that is, the effects on cell 
size and shape and cortical actin disorganization were even more pronounced 
(Fig IV.2). 

 

 

Figure IV.1. PKCα and F-actin co-localized in the plasma membrane of MCF-7, MDA-MB-
231 and BT-474 breast cancer cell lines. Cells were fed with growth medium (upper panels of 
each cell line) or 50 µM OA-BSA during 48 hours (bottom panels), fixed with formaldehyde and 
processed for immunolabeling by using polyclonal Ab to PKCα (detected by using secondary Ab 
coupled to AlexaFluor 546), F-actin was determined by AlexaFluor633 labelled-phalloidin and 
DAPI staining was used to detect nuclei. RGB merged images including Alexa Fluor 546, Alexa 
Fluor 633 and DAPI are shown in the right panel (merge). 
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2.2. Characterization of the activation mechanism of 
PKCα by oleic acid. 

To study whether OA was involved directly in the activation of the 
enzyme, we measured the effect of increasing concentrations of this fatty acid 
on the catalytic activity of purified HA-PKCα. No activation of PKCα was 
detected in the presence of EGTA, and so the enzymatic activity was 
determined in the presence of saturating concentrations of Ca2+ (0.2 mM). The 
results showed that the catalytic activity of the enzyme increased in parallel 
with the concentration of OA in the lipid vesicles, reaching maximal activity at 
30 mol% OA, suggesting that this monounsaturated fatty acid itself is a 
potential activator of PKCα (Fig IV.3). 

 

 

Figure IV.3. Oleic acid-dependence of PKCα activities. Proteins used in this study include 
wild-type PKCα, a mutant of Calcium Binding Region (PKCαD246N/D248N), two mutants of 
Lysine Rich Cluster (PKCαK197A/K199A and PKCαK209A/K211A) and a C1A subdomain 
mutant (PKCαW58G). 

 

 
Figure IV.2. Effect of down-regulating PKCα on morphology and subcellular localization of 
actin in MCF-7, MDA-MB-231 and BT-474 cells. PKCα expression was inhibited with siRNA 
(see section II. Material and Methods). Cells were treated, fixed and fed as describe in figure 
IV.1. 
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Once it was demonstrated that OA can activate PKCα in a Ca2+-
dependent manner, we studied the activation of several mutants in functional 
domains in order to identify the role of every domain in the activation 
mechanism of PKCα by oleic acid. 

Three mutants of C2 domain were used, one of the Calcium Binding 
Region (PKCαD246N/D248N) and two of the Lysine rich cluster 
(PKCαK197A/K199A and PKCαK209A/K211A), and one mutant of the C1A 
subdomain. The kinase activity of each mutant was measured using 
increasing concentrations of OA in the lipid vesicles and the results were 
compared with those obtained for the wild type protein (Fig IV.3). 

It was demonstrated that the ability of the HA-PKCαD246N/D248N 
mutant to be activated by OA was completely abolished, even at 30 mol% OA 
and saturating concentrations of Ca2+. As regards the lysine rich cluster 
mutants, differences in their kinase activity were found: while HA- 
PKCαK197A/K199A exhibited a similar degree of activation to the wild type, 
HA-PKCαK209A/K211A showed 40% inhibition at high concentration of OA. 

The C1A subdomain mutant, HA-PKCαW58G, exhibited a slight 
inhibition of enzymatic activity at a low concentration of OA, but when the 
amount of fatty acid increased, the activation degree recovered and was 
similar to wild type protein.  

Taken together, these results confirm the hypothesis that the C2 
domain of PKCα plays an important role in the OA-dependent activation of the 
enzyme, and that the Ca2+-Binding Region is essential for the activation 
mechanism. On the other hand, the lysine-rich cluster does not play such a 
critical role in the activation of the enzyme, lysines 209 and 211 being the 
most important ones in this process. Moreover, it is suggested that the C1A 
subdomain might also participate in the OA-dependent activation of PKCα. 

2.3. Oleic acid induces the PKCα translocation to plasma 
membrane in a Ca2+-dependent manner. 

To investigate whether OA induces the localization of PKCα in the 
plasma membrane, BT-474 cells were transfected with a fluorescent construct 
consisting of PKCα fused to EGFP (PKCα-EGFP). In steady-state conditions, 
the protein was distributed homogeneously through the cytosol. When the 
cells were stimulated with 50 µM OA, no effect was observed on enzyme 
localization (Fig IV.2) and the protein remained in the cytosol. However, the 
addition of 5 µM ionomycin resulted in maximal plasma membrane 
localization of PKCα, where it remained for at least 200 s (Fig IV.4). 
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These results suggest that a combination of OA and intracytosolic Ca2+ 
is needed to induce PKCα anchorage in the plasma membrane. To discard the 
possibility that only the increased level of Ca2+ in the cytosol was responsible 
for this localization effect independently of OA, a control experiment was 
performed, in which the BT-474 cells transfected with PKCα-EGFP were 
stimulated with only 5 µM ionomycin. In this case no membrane localization 
was observed, indicating that increases in both OA and intracytosolic Ca2+ are 
essential for the localization mechanism of PKCα under these conditions. 
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Figure IV.4. Oleic acid induces the PKCα translocation to the plasma membrane of BT-474 
cells in a Ca2+-dependent manner. A) Confocal micrographs of BT-474 cells expressing PKCα-
EGFP in resting conditions and 200 seconds after stimulation with 5 µM ionomycin (500 sec 
after initial stimulation with 50 µM OA). B) PKCα-EGFP fluorescence intensity was measured in 
the cytosol and in the plasma membrane in every frame of the time-series (one frame every 10 
s). Protein localization was measured by a line profile (pixel density) traced in each frame as 
indicated in Materials and Methods. The resulting net change in PKCα localization is expressed 
as the Imb-Icyt/Imb ratio (R) and is represented versus time. 
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Following these results, we studied the intracellular concentrations of 
Ca2+ occurring in these cells when they were stimulated under the conditions 
indicated above. For this, two breast cancer cell lines (BT-474 and MCF-7) and 
another cell line derived from non-tumorigenic breast tissue (MCF-10A) were 
loaded with the Ca2+ indicator Fluo-3 AM. Surprisingly, a transient 
approximately two-fold increase in the basal [Ca2+]i was observed in the cytosol 
when the tumorigenic cells were stimulated with 50 µM OA (Fig IV.5), whereas 
no [Ca2+]i fluctuation was found in MCF-10A cells. However, the [Ca2+]i increase 
in BT-474 and MCF-7 was not sufficient to translocate PKCα to the plasma 
membrane, as happens when 5 µM ionomycin is added to cells. 

These results suggest that the initial [Ca2+]i increase produced after OA 
stimulation is not sufficient to translocate PKCα to the plasma membrane, 
perhaps because the fatty acid has not reached the inner leaflet of the plasma 
membrane. 
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Figure IV.5. [Ca2+]i fluctuations during the different stimulations in BT-474 (A), MCF-7 (B) 
and MCF-10A (C). Time-course of [Ca2+]i fluctuations were monitored with Fluo-3. The Figure 
shows different profiles representative of the wide range of the [Ca2+]i observed under the 
experimental conditions: stimulation with 50 µM OA and a second stimulation with 5 µM 
ionomycin. [Ca2+]i variations were expressed as ∆F/ F=(Ft-F0)/F0, where Ft is the fluorescence 
measured at each recorded time t and F0 is the initial fluorescence. The profiles are 
representative of the variation observed in different cells and correspond to three independent 
experiments. 
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Next, we studied the role of each domain in the translocation of PKCα to 
the plasma membrane using appropriate mutants fused to EGFP, more 
specifically PKCαD246N/D248N-EGFP, PKCαK209A/K211A-EGFP and 
PKCαW58G-EGFP. These mutants were expressed transiently in BT-474 cells, 
and stimulated under the same conditions as those expressing wild type PKCα 
(Fig IV.6). 

 

 

Figure IV.6. Translocation profiles of PKCα mutants to plasma membrane. 
PKCαD246N/D248N-EGFP (○), PKCαK209A/K211A-EGFP (◊) and PKCαW58G-EGFP (□) 
fluorescence intensities were measured in the cytosol and in the plasma membrane in every 
frame of the time-series (one frame every 10 s). Protein localization was measured by a line 
profile (pixel density) traced in each frame as indicated in Materials and Methods. The resulting 
net change in PKCα localization is expressed as the Imb-Icyt/Imb ratio (R) and is represented 
versus time. 

 

As expected, mutant proteins did not localize in the plasma membrane 
after OA stimulation, and only when ionomycin was added to cells, some 
mutants translocate. The Calcium Binding Region mutant did not localize in 
the plasma membrane, while the two other mutants interacted with the 
membrane but to different degrees. The lysine rich cluster mutant showed a 
slight decrease in the translocation rate compared with the wild type protein 
and returned slowly to cytosol. However, only 50% of the C1A subdomain 
mutant was localized in the plasma membrane and its tendency to dissociate 
from membranes was higher than that of the lysine rich cluster mutant. 
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These results coincide with those obtained in the kinase activity assays, 
suggesting that the Ca2+ binding region is essential for the translocation and 
activation of PKCα induced by oleic acid, while other regions play a secondary 
role in this process, the C1A subdomain being more important than lysine rich 
cluster, especially Lys 209 and 211.  

2.4. Inhibition of PKCα expression reduces the 
proliferation rate in breast cancer cell lines and 
synergizes with oleic acid. 

After demonstrating that OA can localize PKCα in the plasma 
membrane and activate it, we decided to study the effect of this fatty acid on 
the proliferation rate of several cell lines, specifically MCF-7, BT-474 and 
MDA-MB-231, in the presence and in the absence of PKCα. 

Firstly we checked the expression level of PKCα by western blot during 
the nine days of the proliferation assays (Fig IV.7). Surprisingly, PKCα 
expression did not recover and reached maximum inhibition 3-4 days after 
siRNAα transfection, around 25-35% in MCF-7, 15-20% in BT-474 and 10-
15% in MDA-MB-231 cells. 

After checking the inhibition of PKCα, the proliferation assays were 
performed by measuring the DNA content of cell lines cultured in different 
conditions: cells transfected with siRNAcontrol or siRNAα in the presence or 
absence of oleic acid in the growth medium. To carry out this assay the 
commercial kit “CyQUANT® NF Cell Proliferation Assay Kit” (Invitrogen, 
Oregon, USA) was used, as described in Material and Methods section 
(Chapter II). The results were expressed as inhibition percentage of 
proliferation compared with the proliferation rate of control cells (cells 
transfected with siRNAcontrol and no OA in the medium). 
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Figure IV.7. PKCα expression inhibition by siRNAα in MCF-7, BT-474 and MDA-MB-231 
cells. The level of PKCα was checked by western blot and it was measured as a ratio 
PKCα/GAPDH, considering the basal level (100%) the ratio of day zero. 

 

As can be observed in Figure IV.8, the addition of 50 µM OA-BSA had a 
slight inhibiting effect on proliferation, which increased with time in MCF-7 
and BT-474 cells, whereas in MDA-MB-231 the inhibition remained constant. 

When we studied the effect of the inhibition of PKCα expression on the 
proliferation rate, a significant decrease in the cell growth of all the cell lines 
tested was observed. Maximum proliferation inhibition was reached on day 
five or six (depending on the cell line), after which the growth rate recovered to 
control levels, despite PKCα being down-regulated. 

Moreover, when OA was added to these mutant cells, the inhibition of 
proliferation was slightly higher and the recovery was slower than in cells 
without PKCα growing in the absence of OA, suggesting that this fatty acid 
enhances the inhibiting effect of PKCα expression. 
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Figure IV.8. Proliferation rates of MCF-7, BT-474 and MDA-MB-231 cells in presence or 
absence of oleic acid after inhibition of PKCα expression. The inhibition of proliferation 
percentage was calculated comparing the DNA amount of every condition with control cells, 
every day. The profiles correspond to three independent experiments. 
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2.5. Effect of oleic acid addition and inhibition of PKCα 
expression on the migration and invasion capacities of 
MCF-7 and MDA-MB-231 cell lines. 

After proliferation, the effect of oleic acid and the inhibition of PKCα 
expression on the migration of tumour cells was studied. 

For these assays, the wound healing technique was used as was 
described in Material and Methods. As expected, the two cell lines showed 
large differences in migration capacity: while MCF-7 control cells needed 
approximately 72 hours to seal the scratch wound, MDA-MB-231 control cells 
formed a monolayer in 24 hours (Fig IV.9). 

MCF-7 cells growing in the presence of fetal calf serum (FCS) migrated 
faster than cells growing in serum-starved medium (0.5% FCS), although in 
this condition, cells also sealed the scratch wound, approximately one day 
later. The effect of OA was so subtle that it was decided to run wound healing 
assays in serum-starved medium to avoid masking the effect of the fatty acid 
on migration capacity with FCS. The presence of oleic acid did not result in 
any significant differences, although the inhibition of PKCα expression 
decreased the migration capacity of these cells by more than 60% in the 
absence or in the presence of OA (Fig IV.9). These results suggest that PKCα, 
but not OA, is involved in the migration of MCF-7 cells.  

When MDA-MB-231 cells were studied, no differences were found with 
respect to OA treatment or to the inhibition of PKCα expression. These 
metastatic cells showed similar migration rates in the presence of growth 
medium (10% FCS) or serum starved medium (o.5% FCS), the presence or 
absence of OA and with or without PKCα (Fig IV.8C), suggesting that PKCα or 
OA are not involved in the migration process in these cells. 
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Figure IV.9. Migration assays of MCF-7 and MDA-MB-231 cells stimulated with oleic acid. 
A) Shows micrographs of MCF-7 cells immediately after making the scratch and 24 and 72 
hours later. Two top rows represent cells transfected with siRNAcontrol and stimulated or not 
with oleic acid, while two bottom rows are the same but transfected with siRNAα. At the bottom 
the migration profiles of MCF-7 (B) and MDA-MB-231 (C) cells after different stimulations are 
shown. The migration profiles consist of measuring the width of scratch wound at every time, 
and the migration percentage was calculated regards to initial size of scratch. Results are 
representative of three independent experiments. 
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MDA-MB-231 cells also possess invasion capacity in BME (basement 
membrane extract) (Fig IV.10A). Control cells were transfected with 
siRNAcontrol and grown in the absence of oleic acid, exhibiting an invasion 
capacity of around 21% (Fig IV.10). When these cells were incubated with oleic 
acid for 48 hours, their invasiveness decreased slightly to 18%. 

The most important effect as regards invasion capacity was found when 
siRNAα was transfected into cells; in this case, the results demonstrated that 
in the absence of PKCα, the invasion capacity decreased approximately 40%, 
with only 13.6% of cells being able to invade. 

Besides, cells stimulated with oleic acid for 48 hours enhanced the 
effect of PKCα inhibition, decreasing the invasion ability of these cells to 12%. 
This combination was the best treatment for reducing the invasion capacity of 
MDA-MB-231. 

 

 

Figure IV.10. Invasion capacity of MDA-MB-231 cells. A) Shows the invasion percentage in 
0.5X BME of three breast cancer cell lines tested. B) Represents the percentage of MDA-MB-231 
cells transfected with siRNAcontrol or siRNAα in presence or not of oleic acid. Results are 
representative of three independent experiments. 
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2.6. Oleic acid and inhibition of PKCα induce apoptosis in 
breast cancer cell lines. 

Another aspect studied in breast cancer cell lines upon stimulation with 
OA and after PKCα depletion was programmed cell death. Apoptosis 
percentages were measured using annexin V-Alexa Fluor® 488, allowing early 
and late apoptosis to be distinguished. The percentages of apoptosis in MCF-7 
and MDA-MB-231 cells in several conditions are shown in Table IV.2. 

MCF-7 cells transfected with siRNAcontrol and incubated with oleic acid 
for 4 days increased the apoptosis rate from 7 (control cells) to 10.7%. This 
value was even greater (almost twice the basal level) when cells possessing a 
low PKCα expression were used, in which case apoptosis reached almost 14%. 
However, when these cells were incubated with the monounsaturated fatty 
acid, no increase in apoptosis was found. 

In the case of MDA-MB-231, the basal level of apoptosis was 
approximately 2.5%, which almost double when siRNAα was transfected into 
cells (4.5%). A slight increase was found when PKCα knockout cells were 
incubated with 50 µM of oleic acid for 5 days (5.3%). 

 

Table IV.2. Apoptosis percentage of MCF-7 and MDA-MB-231 cells stimulated with oleic 
acid and transfected with siRNAcontrol and siRNAα. 
 

CELL LINE CONDITIONS % APOPTOSIS 

 siRNAcontrol 7.0 ± 1.8 

MCF-7 siRNAcontrol + OA-BSA 10.7 ± 2.6  

 siRNA 13.7 ± 2.8 

 siRNA + OA-BSA 12.8 ± 5.0 
    siRNAcontrol 2.5 ± 0.7 

MDA-MB-231 siRNAcontrol + OA-BSA 3.7 ± 0.6 

 siRNA 4.5 ± 1.7 
 siRNA + OA-BSA 5.3 ± 0.9 

 

Data show the mean ± standard deviation of 5-8 independent experiments. 
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1. Introduction. 

Breast cancer remains a major public health problem with more than 
one million cases a year reported in the world, nearly half in North America 
and Europe (Parkin et al., 2001). The prognosis of this disease relies on the 
characteristics of the tumour and on the quality of any treatment. Cancer 
treatment differs depending on the type of cancer but, in general, they consist 
of both loco-regional and systemic approaches, based on chemotherapy and 
then on hormonal manipulation, to prevent or delay the occurrence of 
metastases (Visvader and Lindeman, 2008; Polyak and Winberg, 2009). 

Despite improved treatments and falling death rates, the rate of 
recurrence is still high and breast cancer remains the second cause of cancer-
related death in women, with a yearly toll of more than 40,000 deaths in the 
United States, 11,000 in France and 9,000 in Spain, the EU country with 
lowest incidence of death caused by this type of cancer. This dramatically 
illustrates dramatically the failure of current treatments to prevent tumour re-
growth from residual tumour cells, either locally or at distant sites. However, 
progress in systemic treatment has led to a reduced rate of metastases, 
principally in those breast cancers showing specific molecular alterations 
amenable to targeted therapies (Bougnoux et al., 2010). In addition, 
Massagué’s laboratory has developed new strategies for studying metastasis 
markers in mice, which should facilitate the development of new anti-
metastatic agents (Bos et al., 2010).  

Beside approaches focused on tumour cells, many recent studies have 
stressed that the environment of the tumour (the microenvironment), as well 
as the environment of the host (the patient), are major determinants of tumour 
fate (Joyce and Pollard, 2009). A major goal for future breast cancer treatments 
remains the improvement of treatment efficacy, meaning increasing the 
toxicity to tumour tissue without any additional toxicity to healthy tissues. 
Therefore, further efforts should aim at identifying agents and/or developing 
original approaches with enhanced specificity toward tumour tissues 
(Bougnoux et al., 2010). 

Animal models addressing this issue rely on the evaluation of the effects 
of lipid components in the diet on either the inhibition of mammary tumour 
growth or the prevention of tumour appearance. The experimental models 
used include mice or rats treated with a diet containing polyunsaturated fatty 
acids (PUFAs) and either receiving transplanted tumours or subjected to 
chemical carcinogenesis. The lipids were generally provided as a mixture of 
several different fatty acids. Despite the controversial results obtained, it is 
generally admitted that omega-6 PUFAs tend to have a mammary tumour 
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enhancing effect and several animal studies have reported an antineoplastic 
role of omega-3 PUFAs (Bougnoux et al., 1994; Bougnoux et al., 1999). 

In a seminal article, it was examined whether there is a relation 
between breast cancer evolution following treatment (with the occurrence of 
metastases as the endpoint) and dietary fatty acid intake (Kohlmeier and 
Hohlmeier, 1995). A protective effect of long chain omega-3 PUFAs, which 
include DHA and EPA, was observed. Thus, for the first time, a component of 
the host, the fatty acid profile of the adipose tissue, could be related to the 
prognosis of the disease. 

These data relating the fatty acid profile of storage lipids to breast 
cancer survivorship indicate that diet, and not only the genomic alterations of 
the tumour, could influence the metastatic risk by preventing tumour re-
growth (Amaral et al., 2010). Since tumour re-growth also depends on the 
efficacy of cancer treatments, a working hypothesis has been that identified 
dietary factors, such as PUFAs, may influence the efficacy of radio- or 
chemotherapy (Calviello et al., 2009). 

The literature indicates that DHA sensitizes breast malignant tumours, 
but not healthy tissues, to chemotherapy and to radiotherapy through a 
variety of mechanisms, which are not well-known. Some of these proposed 
mechanisms are explained below. 

A possible action mechanism resulting in increased apoptosis due to 
oxidative stress has been suggested (Fite et al., 2007). Studies carried out with 
the breast cancer cell line MDA-MB-231 showed that DHA enrichment of the 
culture medium increased the cytotoxic response to doxorubicin (a 
chemotherapeutic drug). This treatment effect was observed with most PUFAs, 
but its extent was proportional to their unsaturation degree. It has been 
hypothesized that DHA could weaken tumour cells while integrating into their 
membrane phospholipids because of its peroxidation following the oxidative 
stress induced by some type of chemical drugs like anthracyclines (Vibet et al., 
2008). Normal cells and tissues are protected from the toxic effects of high 
concentrations of reactive oxygen species by antioxidant enzymes. Indeed, no 
increased toxicity of chemotherapy or radiation on normal tissues was found 
in rats fed with DHA (Kato et al., 2002; Germain et al., 2003; Xue et al., 2007; 
Sun et al., 2009). On the contrary, a reduction in antioxidant defences has 
been reported in cancer cells (Oberley, 2002). 

Another mechanism proposed is that the incorporation of PUFAs, like 
DHA and EPA, into cell membrane phospholipids can modify the membrane’s 
structure and permeability. In turn, this might alter the pharmacokinetic 
parameters of hydrophobic anti-cancer drugs diffusing across the membrane. 
In mammary tumour cell lines and in these experimental conditions, DHA-
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induced chemosensitization altered intracellular drug concentration, 
depending on the anti-cancer agent tested (Abulrob et al., 2000; Maheo et al., 
2005). 

The third mechanism proposed hypothesizes that lipid rafts, and 
associated signal transduction, would be modified by the incorporation of DHA 
in the membranes. Lipid rafts are membrane microdomains rich in saturated 
fatty acids, sphingolipids, cholesterol and several signalling proteins, including 
the epidermal growth factor receptors (EGFR). Schley and co-workers have 
shown that EPA and DHA in cell cultures were incorporated into whole the 
membranes and lipid rafts of breast cancer cells (Schley et al., 2007). This was 
associated with reduced EGFR levels in the rafts and increased whole cell 
levels of phosphorylated EGFR (Schley et al., 2007). Although preliminary, 
such data on the ultrastructural alteration of lipid membrane microdomains 
by PUFAs suggests that such alterations might regulate several signalling 
pathways including EGFR, Akt, p38 MAPK or H-ras (Biondo et al., 2008; 
Calviello et al., 2009) and, in turn, potentially impact tumour cell response to 
chemotherapy. 

In this chapter we shed light on the role of PKCα in the signalling 
pathways induced by omega-3 fatty acids, especially DHA and EPA, using 
several breast cancer cell lines as models. 

 

2. Results. 

2.1. Omega-3 fatty acids induce PKCα plasma membrane 
translocation and co-localization with actin filaments in 
breast cancer cells. 

To study the effect of DHA and EPA on PKCα-plasma membrane 
interaction, we studied the subcellular localization of the endogenous protein 
in MCF-7 and MDA-MB-231 cells by immunofluorescence (PKCα-green-
AlexaFluor 488) and F-actin polymerization by AlexaFluor 633-phalloidin 
labelling. Cells were treated for 48 h with growth medium in the presence and 
absence of 50 µM EPA or DHA (Figs V.1 and V.2). 

In the absence of omega-3 fatty acids, PKCα was distributed 
homogeneously throughout the cytosol with a very low percentage of cells 
exhibiting protein localized at the plasma membrane (14% and 8% in MCF-7 
and MDA-MB-231, respectively). In the presence of DHA the percentage of 
PKCα localized in the plasma membrane of the cells increased to 42% and 
53%, respectively. EPA only was tested in MCF-7 cells and the percentage of 
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cells with PKCα localized in the plasma membrane in this case was 64%. 
These results suggest that both polyunsaturated fatty acids induce the 
translocation of PKCα from the cytosol to the plasma membrane in the two cell 
lines tested, although to different degrees (Figs V.1 and V.2). 

 

PKCα Phalloidin Merge

siRNAcontrol

siRNAcontrol + 50 M DHAµ

siRNAcontrol + 50 M EPAµ

A

B

C

 
 
Figure V.1. PKCα and F-actin co-localized in the plasma membrane of MCF-7 cells. Cells 
were fed with growth medium (A), 50 µM DHA-BSA (B) or 50 µM EPA-BSA (C) during 48 hours, 
fixed with formaldehyde and processed for immunolabeling by using polyclonal Ab to PKCα 
(detected by using secondary Ab coupled to AlexaFluor 546), F-actin was determined by 
AlexaFluor633 labelled-phalloidin and DAPI staining was used to detect nuclei. RGB merged 
images including Alexa Fluor 546, Alexa Fluor 633 and DAPI are shown in the right panel 
(merge). 

 

In addition, we studied the degree of actin polymerization after fatty 
acid treatments, since actin dynamics is correlated with the migration and 
invasion of cancer cells. In MCF-7 cells, it was observed that EPA and DHA 
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induced the formation of F-actin rich structures at the edges of the cells that 
were co-localizing with PKCα at the plasma membrane (Fig V.1). When we 
stimulated MDA-MB-231 cells with 50 µM of DHA, it was observed that these 
cells showed a smaller and more granulose cytoplasm, and that actin 
polymerization was completely disorganized (no stress fibres were observed) 
(Fig V.2). 

 
PKCα Phalloidin Merge

siRNAcontrol

A

B

siRNAcontrol + 50 M DHAµ  
 
Figure V.2. PKCα and F-actin co-localized in the plasma membrane of MDA-MB-231 cells. 
Cells were fed with growth medium (A) or 50 µM DHA-BSA (B) during 48 hours, fixed with 
formaldehyde and processed for immunolabeling by using polyclonal Ab to PKCα (detected by 
using secondary Ab coupled to AlexaFluor 546), F-actin was determined by AlexaFluor633 
labelled-phalloidin and DAPI staining was used to detect nuclei. RGB merged images including 
Alexa Fluor 546, Alexa Fluor 633 and DAPI are shown in the right panel (merge).   

 

We studied the role of PKCα in those cell lines inhibiting its expression 
by means of specific siRNA. In MCF-7 cells, the down-regulation of PKCα 
produced a slight increase in the cell size and a decrease in actin 
polymerization close to the plasma membrane, while the nuclei were not 
affected (Fig V.3). 

In MCF-7 cells, the effect of both treatments together (suppression of 
PKCα and incubation with 50 µM omega-3 fatty acids during 48 hours) was 
studied and the cells were observed to be larger. Besides, they were rounded 
and tended to spread; they also exhibited a high degree of disorganization of 
the cortical actin polymerization (Fig V.3). 
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Figure V.3. Down-regulated PKCα MCF-7 cells upon different treatments. PKCα was down-
regulated in MCF-7 cells by using electroporation and siRNAα and submitted to growth medium 
72 hours (A), incubated during 48 hours with 50 µM DHA-BSA (B) or 50 µM EPA-BSA (C). Cells 
were fixed with formaldehyde and processed for immunolabeling by using polyclonal Ab to PKCα 
(detected by using secondary Ab coupled to AlexaFluor 546), F-actin was determined by 
AlexaFluor633 labelled-phalloidin and DAPI staining was used to detect nuclei (showing the 
integrity of the cells). RGB merged images including Alexa Fluor 546, Alexa Fluor 633 and DAPI 
are shown in the right panel (merge). 

 

In the case of MDA-MB-231, cells expressing PKCα have a fibroblast-
like morphology (Fig V.2), while those with down-regulated PKCα are larger, 
rounded and more spread. In these cells, the nuclei are fragmented, 
suggesting an apoptotic process (Fig V.4). 

When the effect of DHA on cells with PKCα depletion was studied, we 
found a very low number of cells and with a striking morphology. Besides, the 
residual PKCα had penetrated the nucleus (Fig V.4). 
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Figure V.4. Down-regulated PKCα MDA-MB-231 cells upon different treatments. PKCα was 
down-regulated in MDA-MB-231 cells by using electroporation and siRNAα and submitted to 
growth medium 72 hours (A), incubated during 48 hours with 50 µM DHA-BSA (B) or 50 µM 
EPA-BSA (C). Cells were fixed with formaldehyde and processed for immunolabeling by using 
polyclonal Ab to PKCα (detected by using secondary Ab coupled to AlexaFluor 546), F-actin was 
determined by AlexaFluor633 labelled-phalloidin and DAPI staining was used to detect nuclei 
(showing the integrity of the cells). RGB merged images including Alexa Fluor 546, Alexa Fluor 
633 and DAPI are shown in the right panel (merge). 

 

2.2. Characterization of the activation mechanism of 
PKCα by DHA and EPA. 

After demonstrating that omega-3 fatty acids, more specifically DHA 
and EPA, localize PKCα in the plasma membrane (Figs V.1 and V.2), kinase 
activity assays were run to check whether these lipids were able to activate 
PKCα directly. 

The experiments were carried out using model lipid vesicles with 
increasing concentrations of omega-3 fatty acids and purified HA-PKCα. In the 
case of EPA, no PKCα activity was found, even at high concentrations of this 
polyunsaturated fatty acid (80% of total lipids included in vesicles) (Fig V.5). 
To corroborate that the system works correctly, a further other experiment 
used a different fatty acid as a positive control, in this case oleic acid, which 
has been demonstrated to be able to activate PKCα (Chapter IV of this 
Doctoral Thesis) (Fig V.5). 
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Figure V.5. Eicosapentaenoic acid-dependence of PKCα activities. It is shown the result of 
wild-type PKCα activity in the presence of calcium ion and lipid vesicles with increasing 
concentrations of EPA.  In dotted line is represented the activation of wild-type PKCα by oleic 
acid as a positive control (vesicles containing 30% OA activate PKCα completely). Error bars 
indicate the S.D. for triplicate measurements. 

 

However, DHA can activate PKCα in the presence of Ca2+, since in the 
presence of EGTA in the buffer, the isoform does not show any activity. The 
results demonstrate that the catalytic activity of the enzyme increased in 
parallel with the concentration of DHA in lipid vesicles, reaching a maximal 
activity at 30% DHA, which suggests that this polyunsaturated fatty acid is 
itself a potential activator of PKCα (Fig V.6). 

Once it was demonstrated that DHA can activate PKCα in a Ca2+-
dependent manner, we studied the activation of several mutants containing 
modifications of their aminoacidic residues located in the regulatory domains 
in order to ascertain the role of C1 and C2 domains in the activation of PKCα 
induced by this polyunsaturated fatty acid. 

Three mutants of the C2 domain, one of the Calcium Binding Region 
(PKCαD246N/D248N) and two of the Lysine rich cluster (PKCαK197A/K199A 
and PKCαK209A/K211A), and one mutant of the C1A subdomain 
(PKCαW58G) were used. The kinase activity of each mutant was measured in 
the same conditions as the wild-type enzyme in order to compare them (Fig 
V.6). 

The three C2 domain mutants showed residual catalytic activity, and 
only at high concentrations of DHA they recovered a little activity. At 30% DHA 
the activity of the three mutant proteins was similar but much lower than that 
of the wild-type, the inhibition reaching approximately 60%. 
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The C1A subdomain mutant, HA-PKCαW58G, showed inhibited of 
enzymatic activity at low concentration of DHA, but when the amount of fatty 
acid in the lipid vesicles reached 12%, the activation degree was recovered and 
was almost similar to that of wild type protein (only 20% inhibition). 
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Figure V.6. Docosahexaenoic acid-dependence of PKCα activities. Proteins used in this 
study include wild-type PKCα, a mutant of the Calcium Binding Region (PKCαD246N/D248N), 
two mutants of the Lysine Rich Cluster (PKCαK197A/K199A and PKCαK209A/K211A) and a 
C1A subdomain mutant (PKCαW58G). 

 

Taken together, these results confirm the hypothesis that the C2 
domain of PKCα plays an important role in the DHA-dependent activation of 
the enzyme, both regions the Ca2+-Binding Region and the lysine rich cluster 
being essential for activation. Moreover, the results also suggest that the C1A 
subdomain plays a role in the activation although it is less crucial than that 
played by the C2 domain. 

Taking into account all results obtained in the immunofluorescences 
and kinase activity assays, we can conclude that omega-3 fatty acids behave 
differently over PKCα. While EPA localizes the enzyme in the plasma 
membrane but is unable to activate it, DHA translocates the PKCα to the 
plasma membrane and also activates it in a Ca2+-dependent manner. 
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2.3. Effect of omega-3 fatty acids and inhibition of PKCα 
expression on the migration and invasion capacities of 
MCF-7 and MDA-MB-231 cell lines. 

Another aspect that we decided to study was the effect of EPA and DHA 
on the migration of both breast cancer cell lines in the presence and absence 
of PKCα. 

To explore this, we used the wound healing assay as described in 
Materials and Methods (Chapter II). As expected, the two cell lines showed 
large differences in their migration capacity; while MCF-7 control cells needed 
approximately 72 hours to seal the scratch wound, MDA-MB-231 control cells 
form the monolayer in 24 hours (Figs V.7 and V.8). 

50 µM fatty acids cross-linked with bovine serum albumin (BSA) were 
added to cells growing in serum starved-medium (0.5% FCS) to detect any 
differences between treatments and to avoid the masking effect of fetal calf 
serum. 

As mentioned in Chapter IV of this Doctoral Thesis, MCF-7 cells grow in 
the presence of 10% FCS and migrate faster than cells grown in serum-starved 
medium (0.5% FCS). Moreover, PKCα knockout MCF-7 cells inhibit their 
migration capacity by approximately 50% when compared with control cells. 

MCF-7 cells growing in the presence of 50 µM of DHA-BSA exhibited a 
44% of migration capacity after 72 hours of treatment, compared with the 72% 
of control cells (serum starved+BSA). This inhibition was even greater when 
PKCα was down-regulated in the cells, when the migration capacity decreased 
to 15% when PKCα knockout MCF-7 cells were incubated with 50 µM of DHA-
BSA for 72 hours (Fig V.7B). 

The micrographs of Figure V.7A depict the effect of DHA and PKCα 
depletion on migration, the disorganization of the cellular monolayer when we 
used both treatments were used together being evident. 

These results suggest that PKCα and DHA are involved in the migration 
of MCF-7 cells, affecting the same signalling pathway, since they show 
synergism in this process. 

When MCF-7 cells were incubated with 50 µM of EPA-BSA, no effect 
was found in the migration capacity of MCF-7 cells (Fig V.7C). 
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Figure V.7. Migration assays of MCF-7 cells stimulate with omega-3 fatty acids. A) 
Micrographs of MCF-7 cells immediately after making the scratch and 24 and 72 hours later. 
Two top rows represent cells transfected with siRNAcontrol and stimulated or not with DHA-
BSA, while two bottom rows are the same but transfected with siRNAα. At the bottom, the 
migration profiles of MCF-7 cells treated with DHA-BSA (B) and EPA-BSA (C) are shown. The 
migration percentage was calculated with respect to initial width of the scratch. Results are 
representative of three independent experiments. 
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In the case of MDA-MB-231 cells, the migration rate was similar when 
they were grown in the presence or absence of fetal calf serum. Figures V.8B 
and V.8C only show the profiles measured in serum-starved medium. Both 
omega-3 fatty acids inhibited the migration of this cell line independently of 
PKCα, the effect of DHA being much higher than that of EPA. MDA-MB-231 
cells reduced their migration capacity by approximately 65% when they were 
incubated with 50 µM of DHA for 24 hours; while the addition of EPA to the 
medium inhibited migration by only 30% after 24 hours. 

It is important to mention that DHA affected the morphology of MDA-
MB-231 cells. After 24 hours of incubation, there were many spaces between 
the cells, which exhibited a granulose cytoplasm. 

These results suggest that DHA and EPA, but not PKCα, are involved in 
the migration of MDA-MB-231 cells when they are incubated for at least 24 
hours, since, after 12 hours in the presence of these fatty acids, cell migration 
was similar to that observed in control cells (ss+BSA). 
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Figure V.8. Migration assays of MDA-MB-231 cells stimulated with omega-3 fatty acids. A) 
Shows micrographs of MDA-MB-231 cells immediately after making the scratch and 12 and 24 
hours later. Two top rows represent cells transfected with siRNAcontrol and stimulated or not 
with DHA-BSA, while two bottom rows are the same but transfected with siRNAα. At the bottom 
it is shown the migration profiles of MDA-MB-231 cells treated with DHA-BSA (B) and EPA-BSA 
(C). The migration profiles consist of measuring the width of the scratch wound at every time, 
and the migration percentage was calculated with regards to the initial size of the scratch. 
Results are representative of three independent experiments. 
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Invasion assays were carried out in MDA-MB-231 cells, since they were 
the only cell line of the three tested that invaded BME (basement membrane 
extract) (Fig V.9A). 

Both control and PKCα knockout cells showed a slightly lower invasion 
capacity when they were incubated with 50 µM EPA-BSA for 48 hours (from 
21.4% and 13.6% to 17.3% and 10.5%, respectively). When cells were 
incubated with DHA-BSA, inhibition was significantly stronger; in control cells 
invasion was reduced by approximately 50% (from 21.4% to 10.2%), while in 
mutant cells, invasion was inhibited by around 60% with respect to mutant 
cells growing without any fatty acids (from 13.6% to 5.3%). 

Note that, as mentioned in the previous chapter of this work, the 
invasion capacity decreased by approximately 40% when the expression of 
PKCα in MDA-MB-231 cells was deleted (Fig V.9). 

The best treatment to reduce the invasiveness of this cell line was to 
add 50 µM DHA-BSA to PKCα knockout cells for 48 hours, in which case the 
invasion capacity fell to 5.3%, that is, the inhibition reached approximately 
75% (Fig V.9). 

These results illustrated the synergism that takes place between PKCα 
knockdown and DHA treatment in inhibiting such an important malignant 
characteristic of MDA-MB-231, that is invasiveness. 
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Figure V.9. Invasion capacity of MDA-MB-231. A) Shows the invasion percentage in 0.5X 
BME of the three breast cancer cell lines tested. B) Represents the percentage of invasion of 
MDA-MB-231 cells transfected with siRNAcontrol or siRNAα and stimulated with EPA, DHA or 
none of them. Results are representative of three independent experiments. 

 

These results of migration and invasion assays are compatible with 
those obtained by Germain and co-workers, who proposed that the effects of 
omega-3 fatty acids on cell viability and hydroperoxide generation are 
proportional to the number of double bonds, the effects induced by DHA (6 
double bonds) being more pronounced than those produced by EPA (5 double 
bonds) (Germain et al., 1998). 

2.4. Omega-3 fatty acids and inhibition of PKCα induce 
apoptosis in breast cancer cell lines. 

Bearing in mind the above mentioned results, we decided to run some 
apoptosis assays to investigate the role of different omega-3 fatty acids in this 
aspect of breast cancer cell lines. 

Table V.1 are represents all the apoptotic MCF-7 and MDA-MB-231 
cells, including those which undergo early and late apoptosis in several 
conditions. 
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In MCF-7 cells, it was observed that both omega-3 fatty acids 
significantly increased (more than two fold) the percentage of apoptosis. In the 
case of cells without PKCα expression, the programmed cell death percentage 
rose to 13.7%, whereas in mutant cells incubated with 50 µM DHA-BSA or 
EPA-BSA for 4 days the percentage of cells driven to apoptosis was similar to 
that of control cells, suggesting that there is no synergy between PKCα 
depletion and omega-3 fatty acid stimulation (Table V.1). 

When MDA-MB-231 cells were tested, the percentage of apoptosis 
increased when 50 µM of EPA-BSA or DHA-BSA were added to the growth 
medium. The first tripled programmed cell death, while the second one 
increased it more than 13 times with respect to control cells. When PKCα 
expression was inhibited in these cells and they were incubated with the fatty 
acids tested for 5 days, the increases were even bigger, reaching 18.6% and 
70.3% of apoptosis in presence of EPA-BSA and DHA-BSA respectively. 

These findings illustrate the enormous synergy between omega-3 fatty 
acids, mainly DHA, and PKCα depletion in MDA-MB-231 cells, since most of 
the cells undergo apoptosis. 

 

CELL LINE CONDITIONS % APOPTOSIS 
 siRNAcontrol 7.0 ± 1.8 
 siRNAcontrol + DHA-BSA 16.1 ± 3.5  

MCF-7 siRNAcontrol + EPA-BSA 15.5 ± 3.5 
 siRNA 13.7 ± 2.8 
 siRNA + DHA-BSA 17.3 ± 4.2 
 siRNA + EPA-BSA 15.3 ± 2.7 

    siRNAcontrol 2.5 ± 0.7 
 siRNAcontrol + DHA-BSA 32.8 ± 9.3 

MDA-MB-231 siRNAcontrol + EPA-BSA 8.6 ± 6.8 
 siRNA 4.5 ± 1.7 
 siRNA + DHA-BSA 70.3 ± 5.2 
 siRNA + EPA-BSA 18.6 ± 3.2 

 

Table V.1. Apoptosis percentage of MCF-7 and MDA-MB-231 cells stimulated with omega-3 
fatty acids and transfected with siRNAcontrol and siRNAα. Data show the mean ± standard 
deviation of 5-8 independent experiments. 

 

The use of annexin V-Alexa Fluor® 488 to measure apoptotic cells 
allows us to distinguish between early and late apoptosis (Fig V.10). The 
apoptosis steps in MDA-MB-231 cells were analyzed and Figure V.10 shows 
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the corresponding Dot Blot graphs, in which cells were grouped into four 
populations, depending on their physiological state: 

 Top left quadrant: cells stained with propidium iodure (PI), indicating dead 
cells. 

 Bottom left quadrant: double negative cells, that is, cells not stained by PI 
or annexin V-Alexa Fluor® 488. 

 Bottom right quadrant: cells only stained with annexin V-Alexa Fluor® 
488, that is, cells in early apoptosis and not yet dead. 

 Top right quadrant: double positive cells, that is, cells stained with annexin 
V-Alexa Fluor® 488 and PI, which indicates late apoptosis (apoptotic cells 
which have already died). 

 

 
 
Figure V.10. Apoptosis of MDA-MB-231 cells induced by docosahexaenoic acid. Cells were 
stained with annexin V-Alexa Fluor 488 and PI, and detected by flow cytometry. The lower right 
quadrant (annexin-V+ PI-) represents early apoptosis, whereas upper right quadrant (annexin-V+ 
PI+) represents late apoptosis. All results are representative of five-eight independent 
experiment. 
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MDA-MB-231 cells showed an insignificant proportion of apoptosis in 
control conditions (0.9% and 1.6% in late and early apoptosis respectively), 
while cells incubated with 50 µM of DHA-BSA for 5 days increased the 
apoptotic percentage to 32.8%, mainly early apoptosis (from 1.6% to 26.4%) 
(Fig V.10). 

When we suppressed PKCα expression in MDA-MB-231 cells, apoptosis 
increased slightly, especially early apoptosis (3.6%), compared with control 
cells (1.6%). The biggest increase was seen when PKCα was suppressed and 
DHA-BSA was added to the growth medium, reaching 57.4% in early apoptosis 
and approximately 12.9% in apoptotic death cells (Fig V.10). 

In general, the cell populations were not well-distinguished, although 
the cluster dots moved to the right, indicating an increase in the number of 
apoptotic cells. 
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1. Introduction. 

PKC is a target for treating some diseases, for example breast cancer. 
Several compounds have been used, whose target is the catalytic domain, 
what implies low selectivity among kinases (Takahashi et al, 1987; Meyer et al, 
1989). Nowadays, researches are looking for some drugs that modulate the 
regulatory domains of these kinases; one approach is the C1 domain of PKCs 
as a drug target. This provides some advantages like specificity among 
kinases, since few kinases possess this kind of domain, but however, is still an 
inconvenient to discern among the different PKC isoforms (Marquez and 
Blumberg, 2003). 

As a second messenger, DAG mediates the action of numerous growth 
factors, hormones and cytokines by activating members of the protein kinase 
C (PKC) family, as well as several other families of signalling proteins, for 
instance RasGRPs and Chimaerins, that share with PKC the C1 domain as a 
DAG recognition motif. Many of these signalling pathways feature prominently 
in the development and properties of cancer cells (Griner and Kazanitz, 2007) 
and, in consequence, PKC isoenzymes are being actively pursued as 
therapeutic targets for cancer (Mackay and Twelves, 2007). The majority of C1 
binding ligands that are utilized are structurally rigid and complex natural 
products, such as the prototypical phorbol esters and the bryostatins (Choi et 
al, 2006). These compounds bind to their C1 receptors with nanomolar 
affinities and are greater than 3 orders of magnitude more potent than the 
very flexible, natural DAG agonists. 

During the past several years a family of conformationally constrained 
DAG analogues has been developed, known as DAG-lactones, which were 
designed to overcome this spread in potency between the natural product 
ligands and DAG (Marquez and Blumberg, 2003). The generation of the 
prototypical DAG-lactone template is conceptually simple (Nacro et al, 2000) 
and involves the joining of the sn-2-O-acyl moiety of DAG to the glycerol 
backbone with an additional carbon atom to complete a five-member ring (Fig 
VI.1). From this basic structure hundreds of combinations were chemically 
synthesized changing variable chains R1 and R2 (Fig VI.2), in order to increase 
affinity and specificity to PKC isoforms (Pu et al, 2005), for finally testing them 
biologically (Duan et al, 2004; Duan et al, 2008). 
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Figure VI.1. Structural comparison among phorbol ester, DAG and DAG-lactones. These 
molecules share three bioequivalent groups (yellow) since they intervene in the interaction 
between C1 domain and membrane. Carbon positions are marked in blue, and in red (DAG and 
DAG-lactone) are marked carbonyl or OH groups which arise from carbon 1, 2 or 3. R1 and R2 
are variable chains (Taken from Tamamura and col, 2004). 

 

Because electrostatic interactions are important for the initial 
membrane-binding process of PKC, particularly at the lipid bilayer interface, 
we decided to exploit the role of electrostatic attraction by adding a pyridine 
ring in R2 position. We reasoned that the pyridine ring could bear several alkyl 
groups of various sizes to generate a series of N-alkylpyridinium chains that 
could bind to negatively charged phospholipids or engage interactions with 
aromatic rings of certain amino acids in the C1 domain, such as Trp. 

Besides electrostatic interactions, hydrophobic ones possess a huge 
importance in the biological response. In previous studies it was demonstrated 
the role of hydrophobicity of lateral chains in the kinetic and PKCδ localization 
patterns in the cells (Wang et al, 2000). 

It is also worthy of note that PKC localization is also controlled by 
interactions with other proteins, forming multi-proteins complex what favours 
the signal transduction and confers PKC isoform-selectivity subcellular 
localization allowing the modulation of biological function in the cells 
(Anikumar et al, 2003; Colon-Gonzalez and Kazanietz, 2006). Other important 
factor in PKC localization is lipid-protein interactions, since membrane 
phospholipids can organize the signalling multi-proteins complex (Duan et al, 
2008). In fact, it is demonstrated that lipid perturbations in plasma membrane 
modulate the PKC activity (Goldberg and Zidovetzki, 1997). 
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Figure VI.2. Example of combinatory libraries of DAG-lactones. 
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This work was carried out with specific charged compounds which were 
designed (153B-095, 153B-097, 153B-140 and 153B-143) (Table VI.1). They 
have different α−(4−N−alklypyridinium) alkylidene side chains which are 
derived from the parent, neutral DAG-lactone called 153C-022, by simple 
alkylation. In all the DAG-lactones, the most efficient branched acyl chain R1 
known to enhance membrane penetration was chosen (Marquez and Blumberg, 
2003) and, at the other end of the molecule, the α−(4−N−alkylpyridinium) 
alkylidene side chains (position R2) were expected to interact near the surface 
of the C1 domain adjacent to the lipid interface. 

Here, we investigate the translocation properties and PKC binding of 5 
DAG-lactones: 153C-022, 153B-095, 153B-097, 153B-140 and 153B-143 
(Table VI.1). These ligands are shown to induce different patterns and kinetic 
profiles for translocation of PKC isoforms to membranes and the lateral 
movement of this complex (protein-DAG lactone) along them, comparing with 
phorbol ester. This study aims to examine whether the pattern of membrane 
association might account for the biological differences. 

Data point to a relationship between bilayer surface localization and 
disruption by the alkyl residues and binding/translocation of the PKC 
isoforms. Overall, the results expand our understanding on the molecular 
parameters affecting PKC translocation to membranes and the anchorage on 
them by synthetic DAG-lactones. 
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Table VI.1. DAG-lactones used and its location effect in different PKC isoforms. 
 

DAG-lactones DAG-lactone structure 
 
 
 

153C-022 
 

Localized in plasma membrane: 
PKCα, PKCδ and PKCε 

 
 

 
 
 
 

153B-095 
 

No effect 
 
 
 
  
 
 
 

153B-097 
 

No effect 
 
 
 
  
 
 
 
 

153B-140 
 

No effect 
 
 
 
 
  
 
 

153B-143 
 

Localized in plasma membrane: 
PKCδ and PKCε 
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2. Results. 

2.1. Translocation of EGFP-tagged PKC isoenzymes in 
response to DAG-lactone derivatives. 

To investigate whether the DAG-lactones used in this study induced the 
localization of individual PKC isoenzymes in the plasma membrane and/or 
other membrane compartments, MCF-7 cells were transiently transfected with 
the fluorescent constructs PKCα-EGFP (representative of classical 
isoenzymes), PKCε-EGFP or PKCδ-ECFP (representatives of novel PKCs). 

After checking the effect of every DAG-lactone in different PKC isoforms 
localization, compounds that allowed translocation of some isoenzymes to 
plasma membrane were chosen in order to deeply study their effects on 
localization velocity (t1/2) and protein percentage anchor to membranes (Rmax) 
(Table VI.2). 

 

Table VI.2. Plasma membrane translocation parameters calculated for the different PKC 
isoenzymes in MCF-7 cells stimulated with DAG-lactones and PMA. 
 

DAG-lactone isoenzyme Rmaxa (%) t1/2b (s) 

153C-022 PKCα 0.62±0.04 62±13 
 PKCε 0.6±0.16 3.5±1.7 
 PKCδ 0.56±0.12 15±4.3 
153B-095 PKCα No effect No effect 
 PKCε No effect No effect 
 PKCδ No effect No effect 
153B-097 PKCα No effect No effect 
 PKCε No effect No effect 
 PKCδ No effect No effect 
153B-140 PKCα No effect No effect 
 PKCε No effect No effect 
 PKCδ No effect No effect 
153B-143 PKCα No effect No effect 
 PKCε 0.77±0.1 21±5 
 PKCδ 0.65±0.07 24±9 
PMA PKCα 0.64±0.08 547±192 
 PKCε 0.68±0.08 31±18 
 PKCδ 0.72±0.06 47±22 

 

aMaximal percentage of protein localized in the plasma membrane. 
bHalf-time of plasma membrane localization. 
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2.1.1. Effect of PMA and 153C-022 on PKC localization. 

The derivative 153C-022 (which presents only a pyridinium ring in R2 
position what make it a neutral compound, that is, there is not charge) 
induced the plasma membrane localization of the three isoenzymes tested 
(Table VI.2 and Figs VI.3, VI.4 and VI.5). The percentage of protein localized in 
the plasma membrane (Rmax) was similar for the three isoenzymes, although 
the membrane distribution was heterogeneous and the three proteins 
concentrated in concrete areas of the plasma membrane. In addition, it was 
observed that this DAG-lactone induced the localization of PKCδ-ECFP in 
vesicles distributed through the cytosol (Fig VI.4), suggesting that the protein 
and/or lipid composition of these vesicles enhances the targeting effect of the 
DAG-lactone in the case of this novel isoenzyme. 

The phorbol ester also causes the translocation to plasma membrane in 
three PKC isoforms used in this study in a similar way than DAG-lactone 
153C-022 (heterogeneous distribution), although in PKCδ-ECFP does not 
localize in vesicles along cytoplasm. The percentage of protein translocated in 
the plasma membrane (Rmax) was similar for the three isoforms, although 
there is a big difference in half-time localization (t1/2) between novel and 
classical PKCs (Table VI.2). 
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Figure VI.3. Effect of DAG-lactone 153C-022 on the plasma membrane localization of 
PKCα. (A) Confocal images of MCF-7 cells expressing PKCα-EGFP and stimulated with 40 µM 
DAG-lactone 153C-022 (upper panels) or 40 µM PMA (lower panels).  Time in seconds after 
stimulation is indicated in each micrograph. (B) The protein localization was measured by a line 
profile (pixel density) traced in each frame as indicated in the materials and methods section.  
The resulting net change in PKCα plasma membrane localization upon DAG-lactone (●) and 
PMA (□) stimulations is expressed as the Imb-Icyt/Imb ratio (%) and is represented versus time. 
The red arrow indicates the stimulation time; Rmax and t1/2 parameters were calculated 
graphically (Guerrero-Valero et al, 2009). The profiles are representative of the results obtained 
in the cells analyzed (n=16 for both DAG-lactone and PMA). The scale bars indicated in the 
micrographs correspond to 12 µm. 
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Figure VI.4. Effect of DAG-lactone 153C-022 on the plasma membrane localization of 
PKCδ. (A) Confocal images of MCF-7 cells expressing PKCδ-ECFP and stimulated with 40 µM 
DAG-lactone 153C-022 (upper panels) or 40 µM PMA (lower panels).  Time in seconds after 
stimulation is indicated in each micrograph. (B) The protein localization was measured by a line 
profile (pixel density) traced in each frame as indicated in the materials and methods section. It 
is shown the PKCδ-ECFP localization profiles obtained after DAG-lactone (●) and PMA (□) 
stimulations expressed as the Imb-Icyt/Imb ratio (%) and is represented versus time. The red arrow 
indicates the stimulation time; Rmax and t1/2 parameters were calculated graphically (Guerrero-
Valero et al, 2009). The profiles are representative of the results obtained in the cells analyzed 
(n=13 and 12 for DAG-lactone and PMA, respectively). The scale bars indicated in the 
micrographs correspond to 12 µm. 
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Figure VI.5. Effect of DAG-lactone 153C-022 on the plasma membrane localization of 
PKCε. (A) Confocal images of MCF-7 cells expressing PKCε-EGFP and stimulated with 40 µM 
DAG-lactone 153C-022 (upper panels) or 40 µM PMA (lower panels).  Time in seconds after 
stimulation is indicated in each micrograph. (B) The protein localization was measured by a line 
profile (pixel density) traced in each frame as indicated in the materials and methods section.  
The PKCε-EGFP localization profiles obtained after DAG-lactone (●) and PMA (□) stimulations is 
expressed as the Imb-Icyt/Imb ratio (%) and is represented versus time. The red arrow indicates 
the stimulation time; Rmax and t1/2 parameters were calculated graphically (Guerrero-Valero et 
al, 2009). The profiles are representative of the results obtained in the cells analyzed (n=12 and 
10 for DAG-lactone and PMA, respectively). The scale bars indicated in the micrographs 
correspond to 12 µm. 

 

Comparison of the half-times of plasma membrane localization (t1/2) 
induced by DAG-lactone 153C-022 in transfected MCF-7 cells,  indicated that  
PKCε-EGFP translocates to the plasma membrane at significantly fewer 
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seconds than PKCδ-ECFP followed by PKCα-EGFP (Table VI.2 and Fig VI.6A), 
suggesting that PKCε-EGFP has a higher affinity for this derivative than PKCδ-
ECFP and PKCα-EGFP. 

When the effect of PMA on protein localization was examined, 
significant differences in the localization velocity among isoforms were 
observed. The half-time of translocation of PKCα-EGFP was very high 
compared to those exhibited by PKCδ-ECFP and PKCε-EGFP, while inside the 
novel subfamily there was no difference (Fig VI.6B and Table VI.2). This 
confirms the higher affinity of novel over classical PKCs to bind this phorbol 
ester (Kazanietz et al, 1993; Pu et al, 2009). 
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Figure VI.6. Comparison of the effect of DAG-lactones 153C-022 and PMA on the plasma 
membrane translocation parameters of the different PKC isoenzymes. The box for each 
condition represents the interquartile range (25-75th percentile), the black line within each box 
is the median value. Bottom and top bars of the whisker indicate the 10th and 90th percentiles, 
respectively. Outlier values are indicated (closed circles).   A Mann-Whitney test was performed 
to determine whether a difference existed between the parameters analyzed. Comparison of the 
t1/2 parameters obtained upon stimulation of the different isoenzymes with the 153C-022 
derivative (A) and PMA (B). The values obtained were considered significantly different if P<0.05. 

 

The additions of simple n-alkyl chains of different lengths in the R2 
substituents of DAG-lactone 153C-022 rendered some derivatives. Among 
them, 153B-095, 153B-097 and 153B-140 were not able to induce membrane 
localization when they were added to MCF-7 cells transfected with the different 
isoenzymes tested in this study (Table VI.2). However, the DAG-lactone 153B-
143 containing a highly branched alkyl chain in the R2, instead of a simple n-
alkyl chain, could induce the translocation of the novel PKCs tested in this 
study (PKCε-EGFP and PKCδ-ECFP) in transfected MCF-7 cells (Table VI.2). 
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2.1.2. Effect of 153B-143 on PKC localization. 

The highly branched alkyl chain in the R2 position of 153B-143 
endowed the DAG-lactone with the capacity to induce the translocation, 
specifically, of novel PKCs (PKCε-EGFP and PKCδ-ECFP) from the cytosol to 
the plasma membrane at very similar rate, although the percentage of PKCε-
EGFP localized at the plasma membrane was slightly higher than that of 
PKCδ-ECFP (Table VI.2 and Fig VI.7). 

This DAG-lactone derivative, like the parental one (153C-022), also 
induced the localization of PKCδ-ECFP in vesicles distributed through the 
cytosol (Fig VI.7B). This effect was not observed when the cells were stimulated 
with PMA, suggesting that the localization of the enzyme in vesicles is 
dependent on DAG-lactones stimulation. 
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Figure VI.7. Effect of DAG-lactone 153B-143 on the plasma membrane localization of PKC 
isoenzymes. Confocal images of MCF-7 cells expressing PKCε-EGFP (A) or PKCδ-ECFP (B) 
stimulated with 40 µM DAG-lactone 153B-143. Time in seconds after stimulation is indicated in 
each micrograph. The scale bars indicated correspond to 12 µm. (C, D) The percentage of 
protein localization was measured by a line profile (pixel density) traced in each frame as 
indicated in the materials and methods section.  The resulting net change in PKCε or PKCδ 
plasma membrane localization upon DAG-lactone (●) stimulation is expressed as the Imb-Icyt/Imb 
ratio (%) and is represented versus time. The red arrow indicates the stimulation time; Rmax 
and t1/2 parameters were calculated graphically. The profiles are representative of the results 
obtained in the cells analyzed (n=12 and 10 for PKCε or PKCδ, respectively).   
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When the translocation parameters (Rmax and T1/2) of PKCε-EGFP and 
PKCδ-ECFP were compared in MCF-7 cells stimulated with different 
compounds (PMA and several DAG-lactones), it was observed that there were 
slightly differences between them (Table VI.2). This confirms the similar 
affinity of both novel isoforms to bind several phorbol ester and DAG-lactones, 
with the exception of 153C-022, where significant differences were observed 
(Fig VI.6). 

However, important differences appeared when paying attention to the 
half-times of plasma membrane localization (t1/2) produced by the different 
compounds in one isoenzyme separately (Fig VI.8 and Table VI.2). In that way, 
it was observed that PMA induced a slower localization of PKCδ-ECFP than 
DAG-lactone 153B-143, followed by 153C-022 (Fig VI.8A and Table VI.2). This 
suggests that this novel PKC has a higher affinity for DAG-lactones, especially 
for 153C-022, than PMA. 

In the case of PKCε-EGFP, something similar happened, although the 
different affinity between DAG-lactones is even higher than in PKCδ-ECFP, but 
it is still higher than phorbol ester (Fig VI.8B and Table VI.2). 

Moreover, when t1/2 obtained for any of three tested isoenzymes upon 
PMA or DAG-lactones were compared, it was observed that the synthetic 
compounds induced a faster translocation to plasma membrane than PMA in 
all cases (Table VI.2 and Figs VI.6 and VI.8), suggesting that these isoenzymes 
show a bigger affinity for this derivates than PMA. 
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Figure VI.8. Comparison of the effect of DAG-lactones derivatives on the plasma 
membrane translocation parameters of the novel PKC isoenzymes. The box for each 
condition represents the interquartile range (25-75th percentile), the black line within each box 
is the median value. Bottom and top bars of the whisker indicate the 10th and 90th percentiles, 
respectively. Outlier values are indicated (closed circles).   A Mann-Whitney test was performed 
to determine whether a difference existed between the parameters analyzed. Comparison of the 
t1/2 parameters obtained for PKCδ-ECFP (A) and PKCε-EGFP (B) when they were stimulated with 
PMA, 153C-022 and 153B-143 derivatives. The values obtained were considered significantly 
different if P<0.05. 
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2.2. Tightness of the plasma membrane binding 
interactions measured by FRAP. 

We also studied the tightness of the protein-membrane interaction by 
FRAP (Fluorescence Recovery After Photobleaching) measurements. 

When PKC isoforms reached a stable localization after stimulate 
transfected MCF-7 cells with PMA or different DAG-lactones, FRAP 
measurements were carried out as indicate in the materials and methods 
section (Chapter II). The analysis of this assays allowed us to calculate the 
lateral diffusion coefficient (D) and mobile fraction (Mf) in the plasma 
membrane of every isoform (Table VI.3). 

 

Table VI.3. FRAP parameters calculated for the different PKC isoenzymes in MCF-7 cells 
stimulated with DAG-lactones and PMA. 
 

DAG-lactone isoenzyme D (µm2/s)a Mfb (%) 

153C-022 PKCα 1.6±0.48 79±15 
 PKCε 0.76±0.2 73±10 
 PKCδ N.D.c N.D. 
153B-143 PKCε 0.68±0.27 81±15 
 PKCδ N.D. N.D. 
PMA PKCα 0.74±0.25 53±16 
 PKCε 0.76±0.3 71±13 
 PKCδ 0.46±0.2 52±11 

 

aLateral diffusion coefficient in the plasma membrane. 
bMobile fraction in the plasma membrane. 
cN.D. Not determined, PKCδ dissociates from the plasma membrane in a short 
time and this was incompatible with the FRAP measurements. 

 

2.2.1. Effect of PMA and 153C-022 on fluorescence recovery after 
photobleach PKCα. 

When the cells were stimulated with the DAG-lactone 153C-022 the 
diffusion coefficient of membrane-associated PKCα-EGFP was significantly 
higher (P<0.001) than when they were stimulated with PMA (Fig VI.9A and 
Table VI.3), suggesting that the interactions established between PKCα-EGFP 
and this DAG-lactone derivative allow the protein to diffuse more rapidly in the 
membrane than in the case of PMA. 
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Figure VI.9. Comparison of the effect of PMA and 153C-022 on the lateral diffusion 
coefficient and mobile fraction of PKCα. The box for each condition represents the 
interquartile range (25-75th percentile), the black line within each box is the median value. 
Bottom and top bars of the whisker indicate the 10th and 90th percentiles, respectively. Outlier 
values are indicated (closed circles).   A Mann-Whitney test was performed to determine whether 
a difference existed between the parameters analyzed. Comparison of the diffusion coefficient (A) 
and mobile fraction (B) parameters obtained for PKCα-EGFP) when they were stimulated with 
PMA and 153C-022 derivative. The values obtained were considered significantly different if 
P<0.05. 

 

In addition, stimulation with PMA rendered a 47% of PKCα-EGFP 
immobile fraction while the 153C-022 derivative produced only a 21% (Table 
VI.3 and Fig VI.9B), indicating again that the interactions that PKCα-EGFP 
establishes with the DAG-lactone are less tight than those established with 
PMA. 

2.2.2. Effect of PMA, 153C-022 and 153B-143 on fluorescence 
recovery after photobleach PKCε. 

In the case of PKCε-EGFP, no significant differences in both diffusion 
coefficient and mobile fraction were observed when comparing stimulations 
with PMA or the DAG-lactone derivatives (153C-022 and 153B-143). However, 
the diffusion coefficient of PKCε-EGFP in the cells stimulated with the 153C-
022 derivative was significantly lower (P<0.001) than that of PKCα-EGFP (Fig 
VI.10 and Table VI.3), indicating that PKCε -EGFP diffuses slower than PKCα-
EGFP upon 153C-022 stimulation. 
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Figure VI.10. Comparison of the effect of DAG-lactones 153C-022 on the diffusion 
coefficient parameter of PKCα and PKCε. The box for each condition represents the 
interquartile range (25-75th percentile), the black line within each box is the median value. 
Bottom and top bars of the whisker indicate the 10th and 90th percentiles, respectively. Outlier 
values are indicated (closed circles).   A Mann-Whitney test was performed to determine whether 
a difference existed between the parameter analyzed upon stimulation of the different 
isoenzymes with the 153C-022 derivative. The values obtained were considered significantly 
different if P<0.05. 

 

2.2.3. Effect of PMA, 153C-022 and 153B-143 on fluorescence 
recovery after photobleach PKCδ. 

PKCδ-ECFP has transient plasma membrane localization upon DAG-
lactones stimulations and this was incompatible with the FRAP 
measurements. 

It was only possible to calculate lateral diffusion coefficient and mobile 
fraction when transfected MCF-7 cells were stimulated with PMA, since PKCδ-
ECFP had stable plasma membrane localization (Table VI.3). These results 
show that the interactions established between this novel isoform and phorbol 
ester allow the protein to diffuse more slowly along the membrane than other 
PKC isoforms, being this diffusion rate the smallest one found in this work (Fig 
VI.11A). 

Regarding mobile fraction, the results rendered a 48% PKCδ-ECFP 
immobile fraction, similar to PKCα-EGFP, while PKCε-EGFP showed only a 
29% (Table VI.3 and Fig VI.11B), suggesting that the interactions of PKCα and 
PKCδ established with PMA are  tighter than those established by PKCε with 
the phorbol ester. 
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Figure VI.11. Comparison of the effect of PMA on the diffusion coefficient and mobile 
fraction parameters of the different PKC isoenzymes. The box for each condition represents 
the interquartile range (25-75th percentile), the black line within each box is the median value. 
Bottom and top bars of the whisker indicate the 10th and 90th percentiles, respectively. Outlier 
values are indicated (closed circles).   A Mann-Whitney test was performed to determine whether 
a difference existed between the parameters analyzed. Comparison of the diffusion coefficient (A) 
and mobile fraction (B) upon stimulation of the different isoenzymes with PMA. The values 
obtained were considered significantly different if P<0.05. 
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1. Introduction. 

Starting in the 1990s, a genomic revolution, propelled by major 
technological advances, has enabled scientists to obtain the full sequences of 
a variety of organisms, including viruses, bacteria and invertebrates, 
culminating in the full draft sequence of the human genome (Lander et al., 
2001). In the wake of this flood of sequence information, scientists are 
currently faced with the daunting task of translating genomic sequence 
information into functional biological mechanisms that will allow a better 
understanding of life and its disease states and hopefully offer better 
diagnostics and novel therapeutic interventions. High-density microarrays are 
uniquely qualified to tackle this daunting task and have therefore become an 
essential tool in life sciences research (Sherlock, 2000; Schulze and Downward, 
2001). 

In the last decade, there has been an immense growth in the use of 
high-throughput microarray technology for three major genetic explorations: 
the genome-wide analysis of gene expression, SNP genotyping, and rese-
quencing (Harrington et al., 2000; van Hal et al., 2000). New applications are 
rapidly emerging, such as the discovery of novel transcripts (from coding and 
non-coding regions), the identification of novel regulatory sequences, and the 
characterization of functional domains in the RNA transcript. Integrating all of 
the information emanating from whole-genome studies will undoubtedly allow 
a more global understanding of the genome and the regulatory circuits that 
govern its activity. 

The comparison of genome-wide expression patterns provides 
researchers with an objective and hypothesis-free method to better understand 
the dynamic relationship between mRNA content and biological function. This 
method has enabled scientists to discover, for example, the genetic pathways 
that are changed and disrupted in a wide range of diseases like cancer 
(Armstrong et al., 2002; Yeoh et al., 2002; Huang et al., 2004). Across multiple 
disciplines, whole-genome expression analysis is helping scientists to stratify 
disease states, predict patient outcome, and make better therapeutic choices. 

In general, the classical PKC isoform, PKCα, is over-expressed in breast 
cancer cells and it has been associated with malignant transformation, 
increasing the motility and invasiveness of cancer cells (Masur et al., 2001), 
tumour cell proliferation, multi-drug resistance (MDR) (Tonetti et al., 2002), 
alteration of ER status (Li et al., 2003) and apoptosis (Le et al., 2001), among 
others. Many of these findings are based on studies with breast cancer cell 
lines like MCF-7 (ER+) and MDA-MB-231 (ER-). 
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In our laboratory it has also been demonstrated that the inhibition of 
PKCα expression in breast cancer cell lines reduces the proliferation, 
migration and invasion percentage, as well as, increases apoptosis (see 
chapter IV). 

Taking into account all these studies directly relating PKCα and tumour 
progression, and the appearance of novel technologies, the next step in our 
investigation was to compare the gene expression profiles of control breast 
cancer cell lines and those where PKCα expression had been down-regulated.  

2. Results. 

2.1. Inhibition of PKCα expression in MCF-7 cells. 

To shed light on the function of this classical PKC isoform in breast 
cancer cell lines, its expression was down-regulated in two cell lines: MCF-7 
and MDA-MB-231 by using siRNA interference. 

After scanning the chips (three control and three mutant (∆PKCα)), the 
raw data were processed with the statistical programming language R version 
2.7.1, and Bioconductor packages. Firstly, gene expression was normalized 
with the robust multi-array (RMA) method, as implemented in the 
Bioconductor package “affy”. Genes showing significantly differential 
expression between PRKCA knockout and control were identified using the 
empirical Bayes (eBayes) moderated t-test, as implemented in the 
Bioconductor package “limma”. Finally, we obtained a list of these genes, 
which were classified into two groups: down- and up-regulated. Note that gene 
expressions were considered statistically significant when the p-value was 
smaller than 0.01. 

These lists of genes, which were expressed in a significantly different 
manner between control and mutant (∆PKCα) cells, were independently 
introduced in the GeneCodis database, (Carmona-Saez et al., 2007; Nogales-
Cadenas et al., 2009), where they were classified following the three different 
categories of Gene Ontology (Gene Ontology Consortium, 
http://www.geneontology.org) (Biological Process, Cellular Component and 
Molecular Function) at level four of specificity and KEGG pathways 
(http://www.genome.jp/kegg/), which was the most interesting classification 
since it informs us about pathways where these proteins are involved. 

GeneCodis (http://genecodis.dacya.ucm.es/) is a web-based tool that 
integrates different sources of biological information to search for biological 
features (annotations) that frequently co-occur in a set of genes and rank them 
by statistical significance. It can be used to determine biological annotations 
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or combinations of annotations that are significantly associated to a list of 
genes under study with respect to a reference list. 

We used this tool because, to date, most of the currently available tools 
are designed to evaluate single annotations and they provide a list of 
annotations with their corresponding p-values without taking into account the 
potential relationships among them. Finding relationships among annotations 
based on co-occurrence patterns, which is implemented in GeneCodis, will 
extend our understanding of the biological events associated to a given 
experimental system. 

Basically, the GeneCodis program determines annotations that are over-
represented in a group of genes with respect to a reference set of genes. Two 
different statistical tests can be used separately, hypergeometric distribution 
or chi-square test, or both. In addition, a method is used to correct p-values 
for multiple hypothesis testing: the FDR correction or simulation correction. In 
this work, chi-square test and FDR correction were used.  

It is important to note that only results with p-values lower than 0.05 
will be shown, since GeneCodis considers that other results are not significant 
enough to be taken into account. 

2.1.1. Genes down-regulated after PKCα inhibition. 

From the whole list of genes differently expressed between control and 
mutant cells (306 genes), approximately 60% (177 genes) were down-
regulated, while only 129 genes were up-regulated. 

After classifying down-regulated genes according to KEGG pathways, 
the largest group of genes was related with pathways in cancer. Other 
important groups identified were MAPK, ErbB and p53 signalling pathways 
(Fig VII.1). Another striking result is that four down-regulated genes were 
classified in the Calcium signalling pathway, suggesting that inhibition of 
PKCα synthesis also affects the transcription of other calcium-binding 
proteins. 
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Figure VII.1. MCF-7 down-regulated genes, after inhibition of PKCα expression, classified 
upon KEGG pathway. The pie graph shows the number of genes per singular annotations 
found by GeneCodis. 

 

Table VII.1 shows the number of genes classified into each group, the 
short name of these genes and the statistical value that indicates the 
significant level for this classification. Most groups showed a high significance 
level, since the corrected chi-square p-value was practically zero. 

The presence of PKCα gene (PRKCA) in the list of down-regulated ones 
demonstrates that the use of specific siRNA to inhibit its expression worked 
correctly. In addition, the fold change in the expression of this gene is one of 
the most important (see annex I). 

Note that some genes are included in several groups, which highlights 
the importance of PKCα in MCF-7 cells. When PKCα is down-regulated, other 
important genes, whose expression produces central proteins in some 
signalling pathways, are also down-regulated (for example EGFR among 
others). 
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Table VII.1. MCF-7 down-regulated genes classified in KEGG pathways. 
 

PATHWAYS Nº 
GENES GENES CHIa 

Pathways in cancer 9 
EPAS1, ITGA2, RUNX1, STAT1, 
PPARG, EVI1, PRKCA, CASP3, 
EGFR 

1.92 E-08 

MAPK signalling 
pathway 6 COL4A6, EVI1, PRKCA, CASP3, 

EGFR, DUSP6 9.61 E-05 

Focal adhesion 6 ITGA2, CAV1, COL5A1, PRKCA, 
EGFR, ITGB6 7.71 E-07 

Calcium signalling 
pathway 4 PRKCA, EGFR, ATP2B1, IL8 0.00217 

ECM-receptor 
interaction 4 ITGA2, CD36, COL5A1, ITGB6 9.17 E-08 

Regulation of actin 
cytoskeleton 4 ITGA2, EGFR, ITGB6, IL8 0.00673 

ErbB signalling 
pathway 4 EREG, PRKCA, EGFR, BTC 1.57 E-07 

p53 signalling 
pathway 3 SERPINB5, CASP3, IGFBP3 1.70 E-05 

a Corrected chi square p-Value 

 

2.1.2. Genes up-regulated after PKCα inhibition. 

Only 40% of genes (129 genes from a total of 306) were up-regulated 
after inhibiting PKCα expression. 

These genes were classified according KEGG pathways and some 
important groups were highlighted, for example inositol phosphate metabolism 
and phosphatidylinositol signalling system. It has been demonstrated in our 
laboratory that phosphoinositols, mainly PtdIns(4,5)P2, can activate PKCα with 
a higher affinity than classical cofactors (Guerrero-Valero et al., 2007; Marín-
Vicente et al., 2008). 

This fact reinforces our hypothesis and suggests that in the absence of 
PKCα, other signalling proteins (like Phospholipase C beta 4), which interact 
with phosphoinositols, acquire an important role in the cellular signalling 
driven by these compounds. 
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Figure VII.2. MCF-7 up-regulated genes, after inhibition of PKCα expression, classified 
upon KEGG pathway. The pie graph shows the number of genes per singular annotations 
found by GeneCodis. 

 

The number of genes classified in each group can be observed in Table 
VII.2, where the short name of these genes and the statistical value that show 
a significant level for this classification are given. The majority of groups show 
a high level of significance, since the corrected chi-square p-value is 
practically zero. 

 

Table VII.2. MCF-7 up-regulated genes classified in KEGG pathways. 
 

PATHWAYS Nº 
GENES GENES CHIa 

Insulin signalling 
pathway 4 PPP1R3C, PRKAR2B, 

PRKAB2, SOCS2 7.36 E-07 

Melanogenesis 4 PLCB4, ADCY1, TCF7L2, 
TYRP1 1.77 E-09 

Calcium signalling 
pathway 4 PLCB4, ERBB4, ADCY1, 

GNA14 3.64 E-05 

Inositol phosphate 
metabolism 3 PLCB4, SYNJ2, ALDH6A1 1.86E-10 

 

Gap junction 3 PLCB4, ADCY1, PDGFA 7.28E-06 
 

Neuroactive ligand-
receptor interaction 3 NPY5R, NPY1R, PTGER4 0.0296819 

 

Tyrosine metabolism 2 AOX1, TYRP1 1.14E-05 
 

Phosphatidylinositol 
signalling system 2 PLCB4, SYNJ2 0.00124674 

 
a Corrected chi square p-Value 
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2.1.3. Validation of arrays data. 

After observing the results obtained, our hypothesis was that over-
expression of certain genes when PKCα expression is suppressed, 
compensates the absence of this enzyme in order to continue growing, 
migrating, etc. For this reason, we designed migration and apoptosis assays in 
which some of these over-expressed proteins were inhibited with specific drugs 
in order to investigate the effect of both specific inhibitors and PKCα 
suppression on migration capacity and apoptosis in MCF-7 cells. 

Specific commercially available inhibitors were screened for some of the 
proteins whose genetic expression was up-regulated after PKCα inhibition. We 
decided to inhibit four proteins which act at the beginning of different 
signalling cascades, using the following compounds: 

 U73122 to specifically inhibit Phospholipase C (PLC). 
 KT 5720 to specifically inhibit Protein Kinase A (PKA). 
 BMS-599626 to specifically inhibit Human epidermal growth factor 

receptor (HER or Erb B). 
 Imatinib to specifically inhibit Platelet-derived growth factor receptor 

(PDGF). 

The compounds were added separately to the growth medium in order 
to study the effect of each compound on migration capacity and apoptosis in 
the presence and in the absence of PKCα. 

Every compound was tested at two different concentrations and, in 
general, at least one of them produced a significant decrease in the migration 
capacity of MCF-7 cells. In cells without PKCα, the effect of the inhibitors on 
the migration capacity was even higher, migration falling to the basal level. 

In a deeper study of each compound, we observed that the specific 
inhibitor of PLC (U73122) significantly decreased the migration capacity of 
MCF-7 cells when they were treated with 10 µM of the mentioned compound, 
while 1 µM produced a slight effect. When MCF-7 cells expressed a residual 
level of PKCα, the effect of U73122 in migration was enhanced, the migration 
percentage remaining at 10% when cells were treated with 10 µM of the drug 
(Fig VII.3B). 

From the micrographs, it can be observed that when 10 µM U73122 
was added to the growth medium of MCF-7 cells without PKCα, they were 
unable to migrate (Fig VII.3A). In addition, 72 hours after treating with 10 µM, 
these mutant cells showed small zones without cells in the monolayer and also 
some round and black cells floating in the medium. 
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Figure VII.3. Migration of MCF-7 cells stimulated with U73122. A) Shows micrographs of 
cells with and without PKCα expression and treated, or not, with U73122 10 µM at three 
different times (when the scratch is done, 24 and 72 hours later). In B) is represented the 
analysis of wound healing assays for each of the conditions tested along 72 hours. It is 
represented the mean and standard deviation of three independent experiments. 
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In the case of PKA specific inhibitor (KT5720), the results showed that 
the effect on migration capacity is dose-dependent in MCF-7 control cells. 
They lost approximately 40% of their migration capacity when they were 
treated with 0.1 µM of KT5720, while, surprisingly, 1 µM of the compound had 
no effect on migration (Fig VII.4). 

In cells where the level of PKCα is reduced, KT5720 almost completely 
abolished cell migration in a dose-independent manner. When treated with 0.1 
or 1µM of the drug, these mutant cells only migrated 10% compared with 
control cells after 72 hours (Fig VII.4). 
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Figure VII.4. Migration of MCF-7 cells stimulated with KT5720. It is represented the 
migration profiles of MCF-7 cells upon different stimulations along 72 hours. The migration 
profiles consist of measuring the width of scratch wound at every time, and the migration 
percentage was calculated regards to initial size of scratch. Results are representative of three 
independent experiments. 

 

The results obtained with these two compounds (U73122 and KT5720) 
showed synergy with PKCα inhibition, since when both treatments (siRNAα 
and specific drug) were applied, the migration capacity of MCF-7 cells almost 
disappeared (Fig VII.3B and Fig VII.4). 

Another specific inhibitor tested was BMS-599626, which specifically 
inhibits HER or ErbB. This compound inhibits migration by approximately 
35% at both concentrations tested in control MCF-7 cells, while in PKCα 
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knockout cells the inhibition reached 80%, also independently of the 
concentration tested (Fig VII.5B). 

In micrographs (Fig VII.5A) it can be observed that this compound 
inhibits the migration capacity of both control and mutant MCF-7 cells, even 
at the lowest concentration tested (0.1 µM). As in the case of U73122, when 
the expression of PKCα was suppressed in MCF-7 cells and 0.1 µM of BMS-
599626 was added to the growth medium, cells did not migrate and some 
clear zones appeared inside the cell monolayer (Fig VII.5A). 

This substance also shows synergy with the inhibition of PKCα 
expression, although not to the same extent as the two previous compounds. 
In this case, mutant cells treated with BMS-599626 can migrate 20% after 72 
hours. 
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Figure VII.5. Migration of MCF-7 cells stimulated with BMS-599626. A) Shows micrographs 
of cells with and without expressing PKCα and treated, or not, with BMS-599626 0.1 µM at 
three different moments (when the scratch is done, 24 and 72 hours later). In B) is represented 
the analysis of wound healing assays of every condition tested along 72 hours. It is represented 
the mean and standard deviation of three independent experiments. 
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The last compound tested was imatinib, a specific inhibitor of PDGF. 
The results demonstrate that this drug does not affect MCF-7 migration 
capacity, although the highest concentration tested seemed to inhibit this 
characteristic slightly in control and mutant cells after 72 hours of treatment 
(Fig VII.6). 
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Figure VII.6. Migration of MCF-7 cells stimulated with Imatinib. It is represented the 
migration profiles of MCF-7 cells upon different stimulations along 72 hours. The migration 
profiles consist of measuring the width of scratch wound at every time, and the migration 
percentage was calculated regards to initial size of scratch. Results are representative of three 
independent experiments. 

 

These results concerning migration capacity of MCF-7 cells corroborate 
those obtained in the microarray, since the effect of specific inhibitors is 
enhanced when PKCα expression is inhibited. MCF-7 cells over-express some 
genes to compensate for the absence of PKCα, and if some of these proteins 
are inhibited too, these breast cancer cells are unable to migrate. 

The result obtained show that in some treatments, cells were unable to 
migrate, and clear zones appeared next to the cell clumps (Figs VII.3A and 
VII.5A). In light of this, we decided to run some experiments to measure the 
apoptosis of MCF-7 cells treated with the same specific inhibitors in the 
presence or absence of PKCα. 
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Apoptosis was also measured in order to validate the results obtained in 
the microarrays and, as in the migration assays, two concentrations of each 
compound were tested. 

In general, in programmed cell death there is no synergy between 
specific inhibitors and the absence of PKCα, since the increase in apoptosis of 
MCF-7 is the same in the presence and in the absence of this enzyme, that is, 
these compounds induce a slight or moderate increase in the percentage of 
apoptosis independently of PKCα in MCF-7 cells. 

Table VII.3 shows the great variety of results obtained. Both in control 
and mutant cells, KT5720 did not induce apoptosis while BMS-599626 hardly 
increased it. Two others compounds, imatinib and U73122, had a greater 
effect on programmed cell death, especially the highest concentration tested, 
duplicating or trebling the values, respectively, when the PKCα level was 
residual or normal. 

In the case of U73122, the apoptosis results corroborated those 
obtained for migration, and some floating and black cells appeared after 
inhibiting PKCα expression and treating MCF-7 with 10 µM of the drug for 72 
hours (Fig VII.3A). 

 

Table VII.3. Apoptosis of MCF-7 under different treatments. 
 

MCF-7 CONDITIONS % APOPTOSIS 
siRNAcontrol 7.0 ± 1.8 

siRNAcontrol + BMS-599626  0.1µM 10.3 ± 1.3 
siRNAcontrol + BMS-599626  1µM 12.1 ± 1.5 

siRNAcontrol + Imatinib 1µM 18.5 ± 5.9 
siRNAcontrol + Imatinib 10µM 28.9 ± 5.7 

siRNAcontrol + KT 5720  0.1µM 7.8 ± 1.6 
siRNAcontrol + KT 5720  1µM 7.5 ± 1.9 
siRNAcontrol + U 73122  1µM 12.4 ± 5.3 
siRNAcontrol + U 73122  10µM  26.1 ± 4.5 

siRNA 13.7 ± 2.8 
siRNA + BMS-599626  0.1µM 13.1 ± 0.3 
siRNA + BMS-599626  1µM 14.4 ± 0.7 

siRNA + Imatinib 1µM 18.3 ± 3.0 
siRNA + Imatinib 10µM 24.1 ± 2.3 

siRNA + KT 5720  0.1µM 10.0 ± 2.2 
siRNA + KT 5720  1µM 8.6 ± 1.6 
siRNA + U 73122  1µM 13.2 ± 4.0 
siRNA + U 73122  10µM 22.5 ± 6.4 
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The effect obtained for migration and apoptosis support the results 
obtained in the microarrays. All of the drugs tested decreased migration, 
induced apoptosis or both when PKCα expression was suppressed.  

Imatinib hardly affected the migration capacity but increased the 
apoptosis of control and PKCα knockout MCF-7 cells. In contrast, KT 5720 
and BMS-599626 had no effect on apoptosis but almost abolished the 
migration of MCF-7 cells without PKCα. The specific PLC inhibitor, U-73122, 
significantly increased the percentage of apoptosis and decreased the 
migration capacity of control and PKCα knockout MCF-7 cells. 

 

2.2. Inhibition of PKCα expression in MDA-MB-231 cells. 

To shed light on the role of PKCα in MDA-MB-231 cells, protein 
expression was inhibited in the same way as explained above for MCF-7 cells 
and their mRNAs were extracted and submitted to differential expression by 
microarray analysis. 

Despite the high level of PKCα in MDA-MB-231 cells, when its 
expression was down-regulated by means of specific siRNA, the expression 
profiles of a small number of genes (130) appeared significantly modified. 

2.2.1. Genes down-regulated after PKCα inhibition. 

In MDA-MB-231, most of the genes differently expressed between 
control and mutant cells were down-regulated (90 genes), while only 30% were 
up-regulated. These results highlight the very important role of PKCα in MDA-
MB-231, since its downregulation involves the down-regulation of many other 
genes. 

In this cell line, after using siRNAα, the PRKCA expression was the 
lowest in down-regulated genes, reaching a value of -2.94, which is much 
lower than next gene (COL1A2) whose fold change was -1.31 (see annex II). 
This also demonstrates that transfection and interfering RNA oligonucleotides 
worked correctly. 

After KEGG pathways classification, pathways in cancer was the group 
which included the largest number of genes (Fig VII.7). Other important 
annotations are small cell lung cancer and cytokine-cytokine receptor 
interactions, among others. 
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At this point it is important to mention that some of these groups are 
similar to those found downregulated in MCF-7 cells, for example focal 
adhesion and ECM-receptor interactions. This indicates that, although the 
genes involved in each group differ between both cell lines, some of the 
cascades or functions affected after inhibiting PKCα are similar. 
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Figure VII.7. MDA-MB-231 down-regulated genes, after inhibition of PKCα expression, 
classified upon KEGG pathway. The pie graph shows the number of genes per singular 
annotations found by GeneCodis. 

 

Table VII.4 shows the number of genes classified into each group, the 
short name of these genes and the statistical value that shows the significance 
level for this classification. All annotations show a statistical value of 
approximately zero, which indicates the very high significance level of this 
classification. 

In general, all of these genes present in Table VII.4 coincide with the 
next hypothesis: when prkca expression is inhibited, the expression of other 
genes involved in proliferation, apoptosis arrest and cell cycle stimulation is  
also inhibited, for example skp2 (Meng et al., 2010) and birc3 (Frasor et al., 
2009), respectively. 
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Table VII.4. MDA-MB-231 down-regulated genes classified in KEGG pathways. 

PATHWAYS Nº 
GENES GENES CHIa 

Focal adhesion 6 TNC, LAMC2, BIRC3, PRKCA, 
COL1A2, COL6A3 1.32 E-16 

Complement and 
coagulation 
cascades 

6 SERPINA5, CFI, SERPINA1, 
C1S, C3, IL8 <1.22 E-19 

Pathways in cancer 6 LAMC2, CCNE2, BIRC3, 
PRKCA, FZD1, SKP2 3.42 E-09 

Cytokine-cytokine 
receptor interaction 5 TNFRSF9, CXCL3, CXCL1, 

CXCL2, IL6ST 2.36 E-08 

Small cell lung 
cancer 4 LAMC2, CCNE2, BIRC3, SKP2 1.24 E-16 

ECM-receptor 
interaction 4 TNC, LAMC2, COL1A2, 

COL6A3 1.54 E-16 

Cell adhesion 
molecules (CAMs) 4 VCAM1, HLA-DRB5, CD58, 

HLA-DPB1 1.28 E-10 

Ubiquitin mediated 
proteolysis 4 BRCA1, BIRC3, SKP2, MID1 9.63 E-11 

a Corrected chi square p-Value 

 

Similarly as in the case of MCF-7, some genes in MDA-MB-231 cells are 
included in several annotations, since proteins which are codified by these 
down-regulated genes are involved in several important cellular functions. 

2.2.2. Genes up-regulated after PKCα inhibition. 

As mentioned above, in PRKCA knockout cells than in control cells only 
40 genes showed significantly higher expression levels. 

When we analyzed the up-regulated genes in PKCα knockout cells, 
other oncogenes were over-expressed and most of the groups classified by 
KEGG pathways involved many cancer signalling cascades, emphasizing 
pathways in cancer (Fig VII.8). 
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Figure VII.8. MDA-MB-231 up-regulated genes, after inhibition of PKCα expression, 
classified upon KEGG pathway. The pie graph shows the number of genes per singular 
annotations found by GeneCodis. 

 

Table VII.5 shows the genes included in every group, and the statistical 
value that shows the significance level for this classification. As expected, 
there were just a few genes in each group, although all annotations showed a 
statistical value of approximately zero, which, once again, indicates the very 
high significance level of this classification. 

The genes which appear in this table possess a malignant function, 
mainly Ras-related GTPase, for example ralA (Balasubramanian et al., 2010) 
and rrad (Suzuki et al., 2007) among others. On the contrary, there are also 
other up-regulated genes whose proteins are involved in cell cycle arrest and 
decreasing proliferation, for example bmp2 (Dumont and Arteaga, 2003) and 
cdkn1a (Privat et al., 2010), respectively. 
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Table VII.5. MDA-MB-231 up-regulated genes classified in KEGG pathways. 

PATHWAYS Nº 
GENES GENES CHIa 

Pathways in cancer 5 MMP1, RALA, CDKN1A, 
BMP2, RRAD 9.02 E-15 

Jak-STAT signalling 
pathway 3 IL11, SOCS2, IL24 5.39 E-12 

Bladder cancer 3 MMP1, CDKN1A, THBS1 <1.22 E-19 

Cytokine-cytokine 
receptor interaction 3 IL11, BMP2, IL24 1.97 E-07 

p53 signalling 
pathway 2 CDKN1A, THBS1 4.90 E-12 

Cell cycle 2 CDKN1A, RRAD 5.00 E-08 

Erb B signalling 
pathway 2 CDKN1A, RRAD 7.02 E-10 

TGF-beta signalling 
pathway 2 BMP2, THBS1 4.58 E-10 

a Corrected chi square p-Value 

 

2.2.3. Validation of arrays data. 

Previous results obtained in our laboratory for PKCα knockout MDA-
MB-231 cells indicated that after deleting this enzyme, cells adopt a less 
aggressive phenotype, since they show slower proliferation and a lower 
invasion capacity (Chapter IV of this Doctoral Thesis). This fact reinforces the 
results obtained in the microarray, where genes involved in tumour promoting 
are down-regulated, while genes which arrest cell cycle or induce apoptosis are 
up-regulated. 

Apart from this validation, we designed some migration, invasion and 
apoptosis experiments in which we tested two concentrations of specific 
protein inhibitors whose genes were up-regulated in the MDA-MB-231 arrays. 
Specifically, we used the following compounds: 

 GGTI-2133 to specifically inhibit geranylgeranyltransferase I (GGTase I) 
with a 140-fold selectivity over FTase. 

 FTI-277 to specifically inhibit farnesyltransferase (FTase), since, even at 10 
µM, it does not inhibit GGTase. 

 GM 1489 to specifically inhibit metalloproteases (MMP). 

They were added separately to the growth medium in order to study the 
effect of each compound on migration, invasion and apoptosis in cells 
expressing or not PKCα. 



Gene expression profile in absence of PKCα 
 

213

As regards the migration assays, it is important to mention that in 
general, the concentrations tested did not have a clear effect on this cellular 
aspect, although some of them inhibited it slightly. 

More specifically, control MDA-MB-231 cells showed a slight inhibition 
of their migration capacity (approximately 20%) when they were incubated 
with the specific inhibitor GGTI-2133 for 24 hours, independently of the 
concentration tested (Fig VII.9B). In the case of PKCα knockout cells, the effect 
of this compound was greater, reaching 30% inhibition, but only at 500 nM. 
This demonstrates the synergy between the inhibition of PKCα expression 
using siRNA and the inhibition of GGTase by means of GGTI-2133. 

In the micrographs (Fig VII.9A), the fibroblast-like morphology and high 
number of round live cells can be observed, which is typical of MDA-MB-231. 
These two populations of cells were similar in both control and mutant cells, 
as well as in cells treated with GGTI-2133 500 nM for 24 hours. 
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Figure VII.9. Migration of MDA-MB-231 cells stimulated with GGTI-2133. A) shows 
micrographs of cells with and without expressing PKCα and treated, or not, with GGTI-2133 500 
nM at three different moments (0, 12 and 24 hours later). In B) is represented the analysis of 
wound healing assays of every condition tested along 24 hours. It is represented the mean and 
standard deviation of three independent experiment. 
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When we used compounds FTI-277 and GM 1489, no clear results were 
obtained in the migration assays (Fig VII.10). In the case of FTase inhibitor, no 
effect was observed (Fig VII.10A), but in cells treated with MMP inhibitor a 
striking result was obtained; only control cells incubated with 0.1 µM of GM 
1489 for 24 hours showed a lower migration percentage (approximately 70%) 
than the control. A higher concentration in control cells or PKCα knockout 
cells treated with this compound, had no effect on the migration capacity (Fig 
VII.10B). 
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Figure VII.10. Migration of MDA-MB-231 cells stimulated with FTI-277 (A) and GM 1489 
(B). It is represented the migration profiles of MDA-MB-231 cells upon different stimulations 
along 24 hours. The migration profiles consist of measuring the width of a scratch wound at the 
times indicated, and the migration percentage was calculated regards to initial size of the 
scratch. Results are representative of three independent experiments. 

 

In general, the compounds and concentration tested had no clear effect 
on the migration capacity of MDA-MB-231, and higher concentrations of the 
different compounds should be tested. 

When we measured the effect of these drugs on apoptosis no effect was 
found for any of them. The only increase in programmed cell death occurred 
when PKCα expression was inhibited. 
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Table VII.6. Apoptosis of MDA-MB-231 under different treatments. 

MDA-MB-231 CONDITIONS % APOPTOSIS 
siRNAcontrol 2.5 ± 0.7 

siRNAcontrol + GGTI-2133  50nM 2.1 ± 0.5 
siRNAcontrol + GGTI-2133  500nM 2.8 ± 0.4 

siRNAcontrol + FTI-277  50nM 2.3 ± 0.7 
siRNAcontrol + FTI-277  500nM 2.5 ± 0.4 
siRNAcontrol + GM 1489  0.1µM 2.7 ± 0.6 
siRNAcontrol + GM 1489  1µM 2.5 ± 0.6 

siRNA 4.5 ± 1.7 
siRNA + GGTI-2133  50nM 3.5 ± 0.4 
siRNA + GGTI-2133  500nM 4.4 ± 0.7 

siRNA + FTI-277  50nM 4.0 ± 0.9 
siRNA + FTI-277  500nM 3.4 ± 0.6 
siRNA + GM 1489  0.1µM 4.3 ± 0.9 
siRNA + GM 1489  1µM 3.7 ± 1.2 

 

We also measured the effect of these specific inhibitors on extracellular 
matrix invasion. As we can observe in figure VII.11, none of the compounds 
affected the invasion process. The only significant difference was obtained 
when we compared the invasion of control and mutant cells grown without 
any compounds. 
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Figure VII.11. Invasion of MDA-MB-231 cells. It is represented the invasion percentages of 
MDA-MB-231 cells upon different treatments after 48 hours. 
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It might be thought that MMP-1 inhibitor (GM 1489) would inhibit the 
invasion of MDA-MB-231 cells, but no effect was observed after treating cells 
with two different concentrations. This may seem contradictory, but the 
current literature demonstrates that the balance of MMP-1/MMP-9 is 
extremely important as regards invasion, rather than the level of one 
particular metalloprotease (Baker et al., 2006; Duerr et al., 2008). 

In general, we can conclude that the drug concentrations tested in this 
study do not affect the migration, invasion and apoptosis of MDA-MB-231 
breast cancer cells, and so no specific conclusions can be proposed. However, 
experiments carried out in our laboratory demonstrate that MDA-MB-231 cells 
possess a less aggressive phenotype when they are transfected with siRNAα 
and it is to be expected that when the function of onco-proteins (like Ras-
related GTPase) whose genes are up-regulated in these conditions, is inhibited 
this decrease in aggressiveness should be enhanced. Besides, it seems that 
higher concentrations of the specific inhibitor GGTI-2133 might inhibit 
migration, since 500 nM had a slight effect. 
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1. Introduction. 

Salinomycin is a monocarboxylic polyether antibiotic isolated from 
Streptomyces albus that exhibits a unique tricyclic spiroketal ring system and 
an unsaturated six-member ring in the molecule (Miyazaki et al., 1974) (Fig 
VIII.1). This antibiotic exhibits antimicrobial activity against gram-positive 
bacteria, including mycobacteria, some filamentous fungi, Plasmodium 
falciparum and Eimeria spp., the parasite responsible for the poultry disease 
called coccidiosis (Danforth et al., 1997). Therefore, salinomycin has been used 
as an anticoccidial drug in poultry and is also fed to ruminants to improve 
nutrient absorption and feed efficiency (Callaway et al., 2003). 

 

 
 

Figure VIII.1. Chemical structure of salinomycin. 

 

Salinomycin acts in different biological membranes, including 
cytoplasmic and mitochondrial membranes, as an ionophore with strict 
selectivity for alkali ions and a great preference for potassium (Mitani et al., 
1975). 

This compound has been identified by high-throughput screening as a 
selective inhibitor of cancer stem cells (CSCs) (Grupta et al., 2009). These cells 
comprise a unique subpopulation of tumour cells that possess tumour 
initiation and self-renewal capacity and the ability to give rise to the 
heterogeneous lineages of cancer cells that make up the bulk of the tumour 
(Ward and Dirks, 2007). CSCs have been identified in a variety of human 
neoplasias, including cancers of the blood, breast, ovary, prostate and liver 
among others (Ailles and Weissman, 2007). 
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The problem with this type of cell is that they display numerous 
mechanisms of resistance to chemotherapeutic drugs and irradiation therapy, 
allowing them to survive current cancer treatments and to initiate relapse, 
long-term tumour recurrence and metastasis (Dean et al., 2005). 

One of the most important mechanisms of drug resistance in CSCs is 
the expression of ATP-binding cassette (ABC) transporters which belong to a 
highly conserved superfamily of transmembrane proteins capable of exporting 
a wide variety of molecules and structurally unrelated chemotherapeutic drugs 
from the cytosol (such as paclitaxel, doxorubicin and vinblastine), thereby 
conferring multi-drug resistance to the cells (Dean, 2009; Eckford and Sharom, 
2009). 

In recent studies salinomycin has been used as a potent inhibitor of one 
of these drug transporters, specifically the P-glycoprotein (Chen et al., 1997; 
Riccioni et al., 2010). In these studies MDR cell lines were treated with 
salinomycin, which restored normal drug sensitivity to these cells. 

It has also been demonstrated recently that salinomycin induces 
apoptosis in human cancer cells of different origin which display multiple 
mechanisms of drug and apoptosis resistance (Fuchs et al., 2009). 

Despite the well-known activity of salinomycin against bacteria and 
parasites, the mechanisms by which this antibiotic act in human cancer cells 
to impair their viability, decrease proliferation and induce apoptosis are still 
unknown. 

Salinomycin activates a distinct apoptotic pathway in cancer cells that 
is not accompanied by cell cycle arrest and which is independent of p53, 
caspase activation, the CD95/CD95L system and the 26S proteasome 
(Nencioni et al., 2005; Fuchs et al., 2008). In this study we try to shed light on 
the effect of salinomycin through PKCα signalling pathways, since previous 
research in our laboratory demonstrated that in the absence of this kinase, 
several breast cancer cell lines were driven to apoptosis (Chapter IV of this 
Doctoral Thesis). 
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2. Results. 

2.1. Effect of salinomycin on the migration and invasion 
capacities of breast cancer cell lines with down-regulated 
PKCα. 

We have studied the effect of salinomycin treatment on both migration 
and invasion capacities of two characteristics of malignant cancer cells. The 
cell lines chosen were MCF-7 and MDA-MB-231. 

Migration assays were performed using the wound healing assay (see 
Material and Methods). As was demonstrated in a previous chapter of this 
Doctoral Thesis, these two cell lines showed big differences in migration 
capacity; while MCF-7 control cells needed approximately 72 hours to seal the 
scratch wound, MDA-MB-231 control cells formed the monolayer in 24 hours 
(Figs VIII.2 and VIII.3). 

In the micrographs of MCF-7 shown in Figure VIII.2, we can observe 
that the migration capacity of the cells transfected with siRNAcontrol and 
incubated with 1 µM salinomycin was reduced. After 72 hours of treatment, 
some gaps inside cell monolayer appeared, as well as round black cells floating 
in the medium. These effects were more evident when cells were transfected 
with siRNAα. 

MCF-7 control cells had migrated approximately 95% after 72 hours, 
while in the presence of 1 µM or 10 µM salinomycin this capacity was 
decreased to 41% or 21%, respectively. This inhibition was more obvious when 
salinomycin was added to MCF-7 with down-regulated PKCα, in which case it 
completely abolish the migration capacity of the cell line, regardless of its 
concentration (Fig VIII.2B). These results suggest that PKCα and salinomycin 
might be involved in the migration of MCF-7 cells through the same signalling 
pathways, since they show synergism in the inhibition of this process. 
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Figure VIII.2. Migration assays of MCF-7 cells stimulate with salinomycin. A) Shows 
micrographs of MCF-7 cells at time 0, 24 and 72 hours of migration. Two top rows represent 
cells transfected with siRNAcontrol and stimulated or not with 1 µM salinomycin, while two 
bottom rows are the same but transfected with siRNAα. At the bottom it is shown the migration 
profiles of MCF-7 cells treated with different concentrations of salinomycin (B). The migration 
profiles consist of measuring the width of the scratch wound at every time, and the migration 
percentage was calculated regards to the initial size of the scratch. Results are representative of 
three independent experiments. 
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Salinomycin also inhibited migration in MDA-MB-231 cells (Figure 
VIII.3A). After 24 hours of treatment with 10 µM salinomycin some gaps in the 
cell monolayer appeared, as well as round and black floating cells, particualry 
in the PKCα depleted cells. 

This decrease in migration percentage was mainly dependent on the 
salinomycin concentration, so that migration percentages of 50 and 25% were 
obtained with 1 µM and 10 µM salinomycin, respectively (Fig VIII.3B). 

These results suggest that salinomycin, but not PKCα, is involved in the 
migration of MDA-MB-231 cells, and that it works rapidilly, since after 8 hours 
of treatment, cells showed significantly lower migration capacity compared 
with control cells. 

As was mentioned in the Material and Methods section, MDA-MB-231 
cells are the only cell line tested that possess invasion capacity in BME 
(basement membrane extract) (Fig VIII.4A). When control cells were 
transfected with siRNAcontrol and incubated in growth medium for 48 hours, 
they exhibited an invasion capacity of 21.4% ± 1.9 (Fig VIII.4). When these 
cells were incubated in the presence of salinomycin, their invasiveness 
decreased depending on the concentration: decreasing slightly to 18% at 1 µM; 
while at 10 µM the invasion capacity decreased significantly to 7.8%. 

When we studied the effect of this compound during 48 hours in MDA-
MB-231 cells in the absence of PKCα, a similar pattern of invasion was found 
to that observed in control cells, that is, a slight decrease of invasiveness when 
1 µM salinomycin was tested, and a significant reduction at 10 µM, only 6% of 
cells still being able to invade at this concentration (Fig VIII.4). 

It should also be noted that after the simple event of depleting PKCα 
expression in cells, the invasion percentage falls to 13.6%; and the 
combination of PKCα inhibition and 1 µM salinomycin treatment significantly 
reduces the invasion capacity of cells, the invasion percentage falling to 11%, 
so that no higher concentrations of this antibiotic are needed to obtain 
successful results in invasion of MDA-MB-231 cells (Fig VIII.4). 

 



Chapter VIII 
 

226

FCS

0 horas 12 horas 24 horas

FCS+Salinomycin 10 Mµ

siRNAcontrol

siRNAcontrol

FCS+Salinomycin 10 MµsiRNAα

FCSsiRNAα

A

B

M
ig

ra
tio

n 
(%

)

Hours after siRNA transfection

0 5 10 15 20 25
0

20

40

60

80

100

120
siRNAcontr FCS 
siRNA  FCS α
siRNAcontr Sal 1 M µ
siRNAcontr Sal 10 M µ
siRNA Sal 1 M α µ
siRNA Sal 10 M α µ

 
 
Figure VIII.3. Migration assays of MDA-MB-231 cells stimulate with salinomycin. A) Shows 
micrographs of MDA-MB-231 cells at time 0, 12 and 24 hours of migration. Two top rows 
represent cells transfected with siRNAcontrol and stimulated or not with 10 µM salinomycin, 
while two bottom rows are the same but transfected with siRNAα. At the bottom it is shown the 
migration profiles of cells treated with different concentrations of salinomycin (B). The migration 
profiles consist of measuring the width of the scratch wound at every time, and the migration 
percentage was calculated regards to the initial size of the scratch. Results are representative of 
three independent experiments. 
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Figure VIII.4. Invasion capacity of MDA-MB-231. A) Shows the invasion percentage in 0.5X 
BME of three breast cancer cell lines tested. B) Represents the percentage of invasion of MDA-
MB-231 cells transfected with siRNAcontrol or siRNAα and stimulated with two different 
concentrations of salinomycin. Results are representative of three independent experiments. 

 

2.2. Salinomycin induces apoptosis in breast cancer cell 
lines with down-regulated PKCα. 

Another aspect studied in MCF-7 and MDA-MB-231 cells stimulated 
with different concentrations of salinomycin was programmed cell death. For 
this, we used annexin V-Alexa Fluor® 488, since it allows early and late 
apoptosis to be distinguished. The percentages of apoptosis in MCF-7 and 
MDA-MB-231 cells in several conditions are shown in Table VIII.1. 

MCF-7 cells transfected with siRNAcontrol showed a basal apoptosis of 
7%, which increased 3.5- or 5-fold when they were incubated for four days in 
the presence of 1 µM or 10 µM salinomycin, respectively. When PKCα 
expression was inhibited in this cell line, the apoptosis percentage was almost 
doubled, reaching a value of 13.7%. Moreover, if salinomycin was added (both 
concentrations tested) to these mutant cells, the apoptosis increased up to 26-
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27% approximately, which suggests that PKCα and the antibiotic are involved 
in apoptosis through different signalling pathways and that they do not show 
synergy in programmed cell death in MCF-7 cells. 

In the case of MDA-MB-231 cells, the basal level of apoptosis was even 
lower than in MCF-7, reaching only 2.5%. After incubating MDA-MB-231 cells 
with salinomycin (both concentrations tested), the apoptosis percentages 
reached were similar to those obtained in MCF-7, meaning that the increase in 
this cell line is approximately 10-fold higher. In MDA-MB-231 cells with down-
regulated PKCα, treatment with 1 µM or 10 µM salinomycin increased the 
percentage of apoptotic cells to 40% and 59%, respectively. These results 
highlight the cooperation between the absence of PKCα and salinomycin, since 
the effect of this compound in apoptosis is increased when PKCα is also 
depleted. 

 

CELL LINE CONDITIONS % APOPTOSIS 
 siRNAcontrol 7.0 ± 1.8 
 siRNAcontrol + Salinomycin 1µM 25.3 ± 0.6  

MCF-7 siRNAcontrol + Salinomycin 10µM 35.8 ± 6.8 
 siRNA 13.7 ± 2.8 
 siRNA + Salinomycin 1µM 27.9 ± 8.1 
 siRNA + Salinomycin 10µM 26.1 ± 3.7 

    siRNAcontrol 2.5 ± 0.7 
 siRNAcontrol + Salinomycin 1µM 26.1 ± 6.0 

MDA-MB-231 siRNAcontrol + Salinomycin 10µM 30.8 ± 5.8 
 siRNA 4.5 ± 1.7 
 siRNA + Salinomycin 1µM 39.9 ± 6.4 
 siRNA + Salinomycin 10µM 59.5 ± 7.0 

 

Table VIII.1. Apoptosis percentage of MCF-7 and MDA-MB-231 cells stimulated with 
salinomycin and transfected with siRNAcontrol and siRNAα. Data show the mean ± 
standard deviation of 3-8 independent experiments. 

 

The use of annexin V-Alexa Fluor® 488 to measure apoptotic cells 
allows us to distinguish between early and late apoptosis (Figs VIII.5 and 
VIII.6). In the following figures, Dot Blot graphs which group cells into four 
populations, depending on their physiological state, can be observed: 

 Upper-left quadrant: cells stained with propidium iodure (PI), indicating 
dead cells. 
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 Lower-left quadrant: double negative cells, that is, cells not stained by PI or 
annexin V-Alexa Fluor® 488. 

 Lower-right quadrant: cells only stained with annexin V-Alexa Fluor® 488, 
that is, cells in early apoptosis and not yet dead. 

 Upper-right quadrant: double positive cells, that is, cells stained with 
annexin V-Alexa Fluor® 488 and PI, which indicates late apoptosis 
(apoptotic cells which have already died). 

As shown in Figure VIII.5, incubation of MCF-7 cells with salinomycin 
for 4 days induced an increase in the apoptotic level, basically late apoptosis, 
indicating that this compound acts in a short period of time after it is added to 
a cell culture. It is also worth noting that this antibiotic induced cell death 
without apoptosis, increasing the percentage from 1.6% (in control cells) to 
38.3% or 19.4% when 1 µM or 10 µM salinomycin was added to cells, 
respectively. 

 

 

Figure VIII.5. Apoptosis of MCF-7 cells induced by salinomycin. Cells were stained with 
annexin V-Alexa Fluor 488 and PI, and detected by flow cytometry. The lower right quadrant 
(annexin-V+ PI-) represents early apoptosis, whereas upper right quadrant (annexin-V+ PI+) 
represents late apoptosis. All results are representative of three-eight independent experiment. 

 



Chapter VIII 
 

230

MDA-MB-231 cells possessed a very low apoptotic level in resting 
condition, but when salinomycin was added to the growth medium, cells were 
rapidly driven to apoptosis, since after 5 days of stimulation, apoptosis, 
particularly late apoptosis, reached 18.2% or 22.7% at 1 µM or 10 µM 
salinomycin, respectively (Fig VIII.6). 

When PKCα was down-regulated in this cell line, the early apoptosis 
level increased slightly (from 1.6% to 3.6%). The most important effects were 
induced by salinomycin stimulation, which increased apoptotic levels, mainly 
late apoptosis. The percentages rising from 0.9% to 35.6% or 54.1% when cells 
were incubated with 1 µM or 10 µM salinomycin, respectively, which indicates 
that the effect of this antibiotic was concentration-dependent in these mutant 
cells (Fig VIII.6). 

In MDA-MB-231 cells, the populations are better differentiated than in 
MCF-7 cells, especially the cells in late apoptosis. 

 

 

Figure VIII.6. Apoptosis of MDA-MB-231 cells induced by salinomycin. Cells were stained 
with annexin V-Alexa Fluor 488 and PI, and detected by flow cytometry. The lower right 
quadrant (annexin-V+ PI-) represents early apoptosis, whereas upper right quadrant (annexin-V+ 
PI+) represents late apoptosis. All results are representative of three-eight independent 
experiment. 
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1. DISCUSSION. 

It is known that practically all PKC isoforms are expressed in a large 
variety of tissues and cells. In cancer they are deregulated, being over- or 
under-expressed, depending on the isoenzyme and type of cancer (Koivunen et 
al., 2006). Although every cancer must be studied independently, in general 
PKCε and PKCα are commonly over-expressed in human cancer (Cacae et al., 
1996; Yuen et al., 1999; Masur et al., 2001; Pan et al., 2006), while PKCδ is 
down-expressed (Lu et al., 1997; Jackson and Foster, 2004). 

Taking the complexity of the PKC family into account, several strategies 
have been developed to better understand the role of each single isoform in 
different types of cancer so that they can be used as targets in specific 
treatments. 

In this Doctoral Thesis the role of PKCα in breast cancer has been 
studied, using several cell lines as a model (MCF-7, BT-474 and MDA-MB-
231). We have tried to shed light on the localization and activation 
mechanisms of this classical isoenzyme when breast cancer cell lines are 
stimulated with some possible substances used to treat this type of tumour. 
We have tested natural compounds such as fatty acids (arachidonic acid, oleic 
acid and omega-3 fatty acids) and synthetic substances as DAG-lactones, 
among others. 

1.1. Role of the C2 domain in the arachidonic acid-
dependent localization and activation of PKCα. 

The results obtained in this study reveal clearly that the interaction of 
AA with PKCα is a process mediated by Ca2+, mainly through the Calcium 
binding region, located in the top of the C2 domain. The Ca2+-dependence of 
this event has been suggested for the fatty acid-induced translocation to the 
plasma membrane of PKCγ in several studies, although the precise role of the 
C2 domain was not studied in any case (Shirai et al., 1998; Yagi et al., 2004). 

Pioneer studies pointed to a synergistic effect exerted by AA and DAG in 
the localization and activation of classical and novel PKCs (Murakami and 
Routtenber, 1985; Shinomura et al., 1991). This function was attributed 
originally to the ability of the C1 domain to interact with AA, but these results 
could be re-interpreted with our new knowledge concerning the function of the 
C2 domain in the full activation of classical PKCs (Bolsover et al., 2003; 
Guerrero-Valero et al., 2007). This model implies that the protein initially binds 
to the membrane surface via the Ca2+-dependent phosphatidylserine binding 
of the C2 domain and, once bound, the protein undergoes conformational 
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changes that include the insertion of the C1 domain into the membrane and 
the release of the pseudosubstrate region from the active site (Cho and 
Stahelin, 2005). Due to the double nature of this sequential membrane 
anchorage mechanism involving the C2 and C1 domains, a synergistic effect 
between AA and diacylglycerol seems probable if AA also binds to the C2 
domain, as has been demonstrated in our work. 

The results shown here in Figures III.1, III.3 and III.5 suggest that PKCα 
interacts with AA at the plasma membrane through its C2 domain in a Ca2+-
dependent manner. The need of a direct interaction between the C2 domain 
and AA was further confirmed, since the addition of AA after the cells were 
stimulated with ionomycin induced a very slow AA-dependent translocation of 
the enzyme at [Ca2+]i that was not able to induce the protein localization in the 
membrane by itself (compare Figs III.2b and III.4b). 

In addition, the data exhibited in Figure III.6 demonstrate directly that 
the C2 domain of PKCα interacts with lipid vesicles containing AA in a 
concentration-dependent manner and, furthermore confirm the Ca2+-
dependence of the process. The 3D structure of the C2 domain complex with 
Ca2+ and AA has not been resolved, although the molecular structure of the 
PKCα-C2 domain bound to Ca2+ and all-trans-retinoic acid has been 
demonstrated recently, and it has been shown to activate PKCα by binding 
through the C2 domain (Ochoa et al., 2003; López-Andreo et al., 2005). 
Although AA and all-trans-retinoic acid have different molecular structures, 
both of them contain a carboxylate group at one end of the molecule. In the 
case of all-trans-retinoic acid, this acid group seems to complete the 
coordination sphere of Ca1, the electrostatic interactions being the 
predominant character of this binding process, in a way that is very similar to 
that described for other anionic phospholipids (Verdaguer et al., 1999; Ochoa 
et al., 2002). Thus, it is extremely possible that the carboxylate group of the 
AA molecule fits in the Ca2+-binding pocket of the C2 domain, thus completing 
the coordination of Ca1. 

Another important observation made in this work is the evidence that 
AA cooperates with ionomycin to increase the [Ca2+]i. This facilitates the 
plasma membrane localization of PKCα in two ways: the first by increasing the 
Ca2+ influx, which increases the translocation rate, and the other through 
direct interaction with the calcium binding region of the C2 domain. Several 
studies have shown that AA itself influences the activities of most ion 
channels, including those specific for Ca2+ (Mignen and Shuttleworth, 2000; 
Soldati et al., 2002), and it is possible that pre-incubation with AA, although 
not sufficient to open these channels directly, might influence them to respond 
quickly after the initial Ca2+ influx is generated by ionomycin. Another 
possibility is that AA itself induces ion transport by affecting the biophysical 
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properties of the lipid membrane. Further work needs to be carried out to 
clarify these hypotheses. 

1.2. Role of the C1 domain in the arachidonic acid-
dependent localization and activation of PKCα. 

To determine whether the C1 domain is also responsible for the AA-
dependent localization and activation of PKCα, we studied the differences in 
membrane association and activation between PKCα wild-type and C1A and 
C1B subdomain mutants. As it can be observed in Figure III.7, direct evidence 
was obtained that the C1A domain mediates the role of AA in membrane 
targeting and activation of the enzyme. There is growing evidence indicating 
that the two C1 subdomains of classical and novel PKCs exhibit different 
ligand affinities and distinct functional roles. In the case of PKCα, this has 
been demonstrated to contain two distinct binding sites with low and high 
affinity for phorbol esters, while diacylglycerol and phorbol esters bind to the 
two discrete sites with opposite affinities. Thus, the C1A domain has a higher 
affinity for DAG and the C1B domain has a higher affinity for phorbol ester 
(Slater et al., 1998; Ananthanarayanan et al., 2003). Furthermore, other 
studies have shown that the hydrophobic residues at the top of the C1A 
domain are essential for the membrane penetration and activation of PKCα, 
whereas those in the C1B domain are not involved directly in these processes 
(Medkova and Cho, 1999). The present study revealed that the membrane 
retention time of the C1A mutants of PKCα decreased significantly. However, 
no effect was observed in the case of the C1B mutants, indicating that the C1A 
domain, in addition to the C2 domain, plays an important role in membrane 
anchorage and further activation of PKCα by means of AA, whereas the C1B 
domain does not seem to be involved in this process. 

It is important to note that the inhibition effect observed in the 
localization of the C1A domain mutants of PKCα was obtained in experiments 
performed in the absence of DAG, suggesting that AA can also mediate the 
membrane anchorage of the enzyme by itself, and that Trp58 and Phe60 play 
an important role in this process. These results imply that diacylglycerol and 
acidic lipids are needed for the membrane binding of the C1 domain, and that 
hydrophobic amino acid residues located in the rim of the binding cleft are 
involved in the localization process. Several reports in the literature support 
this notion; for example, mutations of Trp58 and Phe60 to Gly decreased the 
membrane penetration and activation of PKCα even in the case of lipid vesicles 
containing high concentration of PtdSer, indicating that non-specific 
electrostatic interactions are essential for the C1 domain membrane binding 
(Medkova and Cho, 1999). Moreover, it has been demonstrated that mutations 
in homologous residues of the C1 domain of PKCδ also affect the phorbol 
ester/ PtdSer-dependent binding of this enzyme (Wang et al., 2001). 
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It is worthy of note that the maximum inhibitory effect obtained in the 
translocation capacity of the C1A domain mutant proteins was 50%. This 
suggests that the function of the C2 domain is essential for initiating the 
localization and activation process and, afterwards, the C1A stabilizes the 
anchoring and permits full activation of the enzyme. Furthermore, we cannot 
discard the possibility that other residues in the C1A domain might interact 
with AA. In fact, it has been shown that cationic residues located in the C1A 
domain (mainly Arg77), near the binding cleft, provide non-specific 
electrostatic interaction sites for anionic phospholipids that are important for 
the membrane binding, penetration and activation of PKCα (Bittova et al., 
2001). 

In this work it has been demonstrated that, inside C1A domain, the 
substitution of Trp58 by Gly induced a more drastic effect on the plasma 
membrane localization of the enzyme than Phe60, suggesting that this residue 
is involved mainly in the anchorage of the C1A domain at the plasma 
membrane through AA. However, in other experiment where catalytic activity 
was measured for both mutants, the protein containing the substitution of 
Phe60 by Gly exhibited a higher degree of inhibition than the one containing 
the Trp58Gly (López-Nicolás et al., 2006). These results indicate the possibility 
of a very fine-tuning in the mechanisms of localization and activation of PKCα 
through its C1A domain in an AA-dependent manner. 

 

 

 

 

 

 

 
 
Figure IX.1. Schematic representation of localization and further activation of PKCα 
induced by arachidonic acid. The overall structure of the C2 domain of PKCα is represented as 
a cartoon model in purple. The four Lys residues located in the polybasic cluster are represented 
by a stick model. In the translocation model, Ca2+ (represented by yellow balls) is the driving 
force inducing localization of the C2 domain in the membrane by binding to the Ca2+-binding 
region. There, Ca2+ acts as a bridge between C2 domain and AA. After this first approach to 
membrane, C1A subdomain (represented as pink sphere) could establish a more stable 
anchorage of PKCα in the plasma membrane by interacting with the AA molecules available, 
allowing its activation and further triggering of different signalling pathways. 

 

 



Discussion and Conclusions 
 

237

1.3. Role of C1 and C2 domains in the localization and 
activation of PKCα induced by oleic acid. 

Previous studies revealed that OA is able to localize and activate 
different PKC isoforms in some specific cell lines (Chen et al., 2002; Park et al., 
2003), but the precise role of each regulatory domain was not studied. In this 
study, we tested the ability of OA to induce the localization of PKCα in the 
plasma membrane in three breast cancer cell lines. 

According to the immunofluorescence results, OA induced the 
translocation of PKCα from the cytosol to the plasma membrane in different 
proportions, depending on the cell line. More specifically, 73, 58 and 28% of 
MCF-7, BT-474 and MDA-MB-231 cells, respectively, showed PKCα located in 
the plasma membrane. This difference could be due to the membrane 
properties of each cell line, which could prevent or promote the delivery of OA 
to the inner membrane leaflet, favouring the interaction between PKCα and the 
fatty acid. This effect reveals the importance of studying each breast cancer 
type independently in order to predict the best treatment for each type. 

Another aspect studied in immunofluorescence was actin 
polymerization, for which differences between the cell lines tested were also 
found. While MCF-7 and BT-474 were not affected by OA, MDA-MB-231 cells 
reduced their actin fibre production. This reinforces the idea that every 
treatment acts in a different way in each type of breast cancer cell and 
therefore every tumour should be studied independently to find out the best 
possible treatment for it. 

Once the ability of OA to localize PKCα in the plasma membrane in 
breast cancer cells had been checked, we looked at the role that each 
regulatory domain plays in the plasma membrane localization mechanism. For 
this, BT-474 cells were transfected with different PKCα mutants affected in 
their C1 or C2 regulatory domains. 

The results obtained clearly revealed that the interaction of OA with 
PKCα is mediated by Ca2+, mainly through the Calcium binding region located 
in the top of the C2 domain. The Ca2+-dependence of this event has also been 
suggested for other fatty acids; for example AA-induced translocation of PKCγ 
or PKCα to the plasma membrane, suggesting that the C2 domain plays an 
important role in the membrane localization of the enzyme (Yagi et al., 2004; 
López-Nicolás et al., 2006). 

After demonstrating that the localization process was Ca2+-dependent, 
we decided to study the calcium influx into the cytoplasm after stimulation 
with OA and ionomycin. Previous studies revealed the modulation of some 
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calcium channels by OA (Fujiwara et al., 2005; Tian et al., 2008), favouring an 
increase in [Ca2+]i, which reinforces the results obtained in this study where 
stimulation with OA increased [Ca2+]i  in BT-474 cells. Another important 
observation made in this work is that OA only increased the level of cytosolic 
calcium in tumour breast cancer cells, such as BT-474 and MCF-7, while in 
non-transformed cells, like MCF-10A, no effect was shown. 

Although OA stimulation produces an increase in [Ca2+]i similar to that 
obtained with ionomycin, PKCα does not translocate from the cytosol to the 
plasma membrane; suggesting that this initial [Ca2+]i increase is not sufficient 
to translocate PKCα to the plasma membrane, perhaps because the fatty acid 
has not reached the inner leaflet of the plasma membrane and needs a longer 
incubation time. 

To determine whether the C1 domain was partly responsible for the OA-
dependent localization and activation of PKCα, we studied the differences in 
membrane association and activation between PKCα wild-type and a C1A 
subdomain mutant. Pioneer studies pointed to a synergistic effect exerted by 
some fatty acids, OA among them, and DAG in the localization and activation 
of PKC (Goldberg and Zidovetzki, 1998). This synergistic effect is easily 
understandable since OA binds to C2 domain, as has been demonstrated in 
this work. 

We have focused on the C1A subdomain, since there are several reports 
that highlight the presence of some hydrophobic residues at the top of the C1A 
subdomain as being essential for the membrane penetration and activation of 
PKCα, while those in the C1B subdomain do not seem to be involved in these 
processes (Medkova and Cho, 1999). Furthermore, it has been described that 
in the translocation and further activation of PKCα by other fatty acids like 
AA, the C1A is the really important subdomain, and not the C1B (López-
Nicolás et al., 2006). 

The present study revealed that the membrane retention time and 
activation of the C1A mutant of PKCα decreased significantly compared with 
the wild type. It should be noted that the inhibition effect observed in the 
localization and activation of the mutant of C1A domain of PKCα was obtained 
in experiments performed in the absence of DAG, suggesting that OA can also 
mediate the membrane anchorage and activation of the enzyme by itself, and 
that Trp58 plays an important role in this process. These results imply that 
DAG and acidic lipids are needed for the membrane binding of C1 domain, 
and that hydrophobic amino acid residues located in the rim of the binding 
cleft are involved in the location and activation processes. Several reports in 
the literature support this notion; for example, mutations of Trp58 and Phe60 
to Gly decreased the membrane penetration and activation of PKCα even when 
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lipid vesicles contained a high concentration of phosphatidylserine, indicating 
that non-specific electrostatic interactions are essential for C1 domain 
membrane binding (Medkova and Cho, 1999). 

It is important to note that the maximum inhibitory effect obtained in 
the binding and activation capacities of the C1A domain mutant protein was 
30% in both processes. This suggests that the function of the C2 domain is 
essential for initiating the localization and activation processes subsequently, 
the C1A could stabilize the anchoring and permit full activation of the enzyme. 
Furthermore, there are other residues in the C1A domain that might interact 
with OA. In fact, it has been shown that cationic residues located in the C1A 
domain (mainly Arg77), near the binding cleft, provide non-specific 
electrostatic interaction sites for anionic phospholipids that are important for 
the membrane binding, penetration and activation of PKCα (Bittova et al., 
2001). 

Similar results were obtained in the kinase activity assays, suggesting 
that the C2 domain, basically the Ca2+ binding region, is essential in these 
processes, whereas the lysine rich cluster and C1 domain do not play such 
important roles in the localization and activation of PKCα induced by OA. 

In general, from the results obtained in this work, a localization 
mechanism of PKCα to the plasma membrane induced by OA can be proposed. 
The first, and essential, interaction between kinase and the plasma membrane 
occurs through the C2 domain, mainly the calcium binding region. Once 
bound, the protein undergoes conformational changes that include the 
insertion of the C1 domain into the membrane, which stabilizes the anchoring 
and leads to the release of the pseudosubstrate region from the active site, 
triggering a full activation of the enzyme (Cho and Stahelin, 2005; López-
Nicolás et al., 2006). 

1.4. Effect of PKCα depletion and oleic acid on breast 
cancer cell lines. 

Olive oil (composed of OA and some other minority components) has 
been considered as a leading promoter of health, especially as regards 
prevention rather than treatment (Assman et al., 1997; Lipworth et al., 1997). 
Some recent reports have demonstrated that oleic acid cooperates with some 
standard drugs used in cancer treatment, promoting their anti-proliferative 
and/or pro-apoptotic effects (Menendez et al., 2005). 

In view of this application of OA in treatment, we decided to test the 
effects of this fatty acid alone or in combination with PKCα depletion on the 
proliferation, migration, invasion and apoptosis of breast cancer cell lines. 
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As regards proliferation, OA produced slight inhibition in the three cell 
lines tested, especially at long times, although this results can not be 
considered conclusive. This coincides with reports published in the past, in 
which the beneficial effects of OA in the prevention and treatment of some 
cardiovascular diseases and some types of cancer were claimed (Zusman et al., 
1997; Bartsch et al., 1999). However, it has also been demonstrated in the 
recent past, that OA induces proliferation in breast cancer (Hardy et al., 2005; 
Soto-Guzman et al., 2008). These different conclusions indicate the need to 
clarify the effects and the action mechanism by which OA acts on breast 
cancer. 

The most important effect of OA on inhibiting proliferation in breast 
cancer cells was found when PKCα expression was inhibited, which reinforces 
the notion that this isoenzyme is involved in cancer development and 
progression (Tan et al., 2006). Curiously, the level of PKCα did not recover with 
time, while the inhibition of proliferation decreased, mainly because control 
cells use up all the nutrients and space, while mutant cells keep growing, 
reaching a similar number of cells after nine days. Moreover, when OA was 
added to cells without PKCα, there was a degree of synergy between both 
treatments, which inhibited cell proliferation. 

Striking results were obtained in migration and invasion assays, in 
agreement with the observation that the actin polymerization and these two 
typical aspects of aggressive breast cancer cells have been related (Wang et al., 
2008; Taiyab and Rao, 2010). In MCF-7 cells, OA had no effect on actin 
polymerization and, as was expected, the fatty acid had no effect on the 
migration of these cells either. However, in MDA-MB-231 cells, the OA inhibits 
the production of actin fibres, but the migration and invasion capacities of 
these cells were not affected. In addition, it has been demonstrated that OA 
induces MMP-9 secretion in MDA-MB-231 cells (Soto-Guzman et al., 2010), 
although the really important fact in invasion is the balance of MMP-1/MMP-
9, rather than the level of one single metalloprotease (Baker et al., 2006; Duerr 
et al., 2008). 

In general, it might be expected that invasiveness will increase following 
OA stimulation (Soto-Guzman et al., 2010), since this monounsaturated fatty 
acid increases [Ca2+]i, thus triggering several signalling pathways by activating 
PKCα. However, we observed that OA did not induce invasion, mainly because 
PKCα requires other cofactors to be completely activated. In addition, PKCα is 
involved in a huge number of signalling pathways of opposing physiological 
functions, ranging from the induction of apoptosis to cellular proliferation 
stimulation. Once again, the complexity of the PKC family is highlighted, as is 
the fine-tuning of the activation mechanism of enzymes. 
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Traditionally, it has been reported that olive oil has beneficial effects on 
health (Zusman et al., 1997; Bartsch et al., 1999). However, nowadays it is 
known that OA even stimulates the migration and invasion of some breast 
cancer cell lines (Byon et al., 2009; Soto-Guzman et al., 2010; Navarro-Tito et 
al., 2010). These conflicting results may be explained in part by the fact that 
in the past, individual OA was not administered, but formed part of olive oil. It 
is known that this vegetable oil is composed of OA and some variable amounts 
of secondary compounds like squalene and phenolic constituents, which 
contribute to its antioxidant effects, but they differ among the types and 
varieties of olives used to manufacture the oil (Hardy et al., 1997; Martin-
Moreno, 2000). 

As regards the effects of OA in programmed cell death, it is important to 
mention the controversy existing concerning the results obtained. In this work 
it has been shown that there was a slight increase in apoptosis in breast 
cancer cells induced by OA, whereas other studies revealed the role of this 
fatty acid as an enhancer of cell survival and an inhibitor of apoptosis (Hardy 
et al., 2000). As for PKCα and apoptosis, there is unanimity in its role, since 
all results indicate that PKCα is involved in cellular proliferation and survival 
(Persson et al., 2007; Cameron et al., 2008; Tian et al., 2009), and, when it was 
inhibited or depleted, apoptosis increased, as has also been demonstrated in 
this work. 

In general, there are discrepancies in the results obtained over the years 
and further work must be carried out to clarify the effects of OA on breast 
cancer. 

1.5. Localization and activation mechanism of PKCα 
induced by omega-3 fatty acids. 

Pioneering studies revealed the ability of polyunsaturated fatty acids 
(PUFAs) to localize some classical and novel PKC isoforms (Huang et al., 1997), 
so we decided to test PKCα localization in two breast cancer cell lines, 
specially MCF-7 and MDA-MB-231, after stimulation with DHA or EPA. 

In MCF-7 cells both omega-3 fatty acids induced PKCα localization in 
the plasma membrane: 42% of cells in the presence of DHA and in 64% of cells 
after EPA stimulation. In addition, PKCα co-localized with F-actin filaments at 
the edge of the cells, without varying the natural cell morphology. In the case 
of MDA-MB-231 cells, only DHA was tested and it was seem to induce the 
localization of PKCα in the plasma membrane in 53% of cells. Unlike in MCF-7 
cells, DHA provoked a change in morphology, leading to the total 
disorganization of F-actin polymerization. 



Chapter IX  
 

242

Furthermore, we also studied the role of PKCα in these cell lines by 
inhibiting its expression using siRNA. In MCF-7 cells without this kinase, the 
morphology and size were modified (these mutant cells became bigger and 
more spread out). The phosphorylation of some cytoskeleton proteins by PKCα 
has been recently reported; for example, phosphorylation of α6-tubulin 
(Abeyweera et al., 2009) or fascin (Anilkumar et al., 2003) among others. It was 
therefore expected that in the absence of PKCα, these cytoskeleton proteins 
would be disorganized and the cell morphology changed. 

In MDA-MB-231 cells with inhibited PKCα expression, a much more 
dramatic effect on morphology was observed. These mutant cells were round 
flattened and larger in size; besides, the nuclei were fragmented, suggesting an 
apoptotic process. The activation of PKCα is related to apoptosis inhibition 
(Tian et al., 2009), which was corroborated in this work. Moreover, when DHA 
was added to these mutant cells, the residual PKCα reached the nuclei, where 
it might stimulate the apoptosis pathways in which this kinase is involved. 

Previous studies showed that some PKC isoforms can localize in 
membranes after PUFA stimulation (Huang et al., 1997), but no downstream 
pathways were studied. Therefore, after demonstrating the localization of 
PKCα in breast cancer cells induced by EPA and DHA, the second step 
consisted of running kinase assays to clarify the activation mechanism of 
PKCα upon EPA and DHA stimulation. 

Surprisingly, the results obtained were not along the same line as the 
localization results, since DHA activated PKCα and also induced localization of 
this classical isoform in the plasma membrane in 42% of MCF-7 and 53% of 
MDA-MB-231 cells. In the activation mechanism of PKCα induced by DHA, 
both important regions of the C2 domain (calcium binding region and lysine 
rich cluster) are the essential ones, while the C1 domain plays a less crucial 
role than the C2 domain. This contrasts with studies carried with other fatty 
acids like arachidonic acid, where the C2 domain (mainly the calcium binding 
region) was also the one mainly involved in the localization and activation 
mechanism of PKCα, although the C1 domain also played an important 
function (López-Nicolás et al., 2006).  

However, EPA translocated PKCα from the cytoplasm to the plasma 
membrane in 64% of MCF-7 cells but it was not able to activate it. Further 
studies are needed to clarify the reasons why EPA is not able to activate PKCα, 
and to clarify whether this is due to an insufficient interaction between EPA 
and PKCα to release the pseudosubstrate domain from the catalytic centre of 
the enzyme. 
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1.6. Omega-3 fatty acids reduce the malignancy of breast 
cancer cell lines through PKCα. 

Some typical physiological aspects of tumour cells, such as migration, 
invasion and apoptosis, were studied and promising results were obtained 
after stimulating breast cancer cell lines with omega-3 fatty acids and when 
PKCα was depleted in these cells. 

Striking results for the migration capacity of MCF-7 were found when 
both omega-3 fatty acids were used. On the one hand, DHA inhibited the 
motility of these cells, as did PKCα depletion, and the effect was additive when 
both treatments were applied together. On the other hand, EPA did not alter 
the migration of MCF-7 cells. PKCα has been related to motility in breast 
cancer cells (Ng et al., 2001) and the synergy observed between its depletion 
and DHA reveals that this fatty acid acts in the same signalling pathway as 
PKCα as regards cell migration. 

In the case of MDA-MB-231 cell migration, it was inhibited by both 
omega-3 fatty acids in a PKCα-independent way, having DHA a greater effect 
than EPA, which coincides with the results obtained by Germain and co-
workers (1998), who described the positive relation between the number of 
unsaturated bonds of fatty acids and beneficial effects. This more pronounced 
effect of DHA on the inhibition of migration can be explained by the fact that 
this fatty acid alters factors that are important for migration, such as actin 
fibre polymerization (Abeyweera et al., 2009) and the voltage-gate Na+ channel 
(Isbilen et al., 2006). 

PKCα has been positively related with invasion (Tan et al., 2006; Syed et 
al., 2008), that is, higher PKCα activity should mean greater cell invasion. This 
agrees with the results obtained in this work, where the inhibition of PKCα 
expression reduced the invasiveness of MDA-MB-231. This effect was more 
pronounced when EPA and specifically, DHA were added to cells without 
PKCα. The synergy between DHA and PKCα depletion can be easily explained 
if we take into account that this fatty acid decreases MMP9 expression (Harris 
et al., 2001) and that the absence of PKCα decreases cellular invasiveness (Tan 
et al., 2006; Syed et al., 2008). 

Another important factor studied in breast cancer cell lines after DHA 
and EPA stimulation was apoptosis. Both fatty acids increased programmed 
cell death in both breast cancer cell lines tested, DHA being more effective 
than EPA. This difference could be due to the capacity of these fatty acids to 
induce reactive oxygen species (ROS) production, followed by caspase-3 
activation (Aires et al., 2007). It has been shown that the cytotoxic effect for 
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tumour cells is increased in a positive relation with the unsaturation degree of 
fatty acids (Germain et al., 1998). 

The effect of omega-3 fatty acids on apoptosis involves different 
signalling pathways, depending on the cell line: in MCF-7 apoptosis is PKCα-
independent, while in MDA-MB-231 cells it is PKCα-dependent, since the 
addition of DHA to these last cells, when PKCα has been depleted, 
dramatically increased the percentage of apoptotic cells. 

Several hypotheses have been proposed to explain the action 
mechanism of this polyunsaturated fatty acids: one hypothesis is that they 
produce an oxidative stress (tumour cells possess reduced antioxidant 
defenses (Oberley et al., 2002; Fite el al., 2007)); another hypothesis argues 
that the incorporation of these fatty acids to cell membranes modifies its 
structure and permeability, altering lipid rafts and associated signal 
transductions (Schley et al., 2007); and another that ion channels and calcium 
homeostasis are deregulated (Judé et al., 2006). Others hypothesis exist, but 
more studies should be carried out to clarify these possibilities. 

Taking everything into account, it is clear that it is necessary to study 
each type of breast cancer independently, since every cell type shows different 
characteristics and different responses to the addition of these fatty acids. 

In general, omega-3 fatty acids are used as a complement to classical 
treatments to improve them. The results obtained in this work corroborate 
that these fatty acids may be used in this way, either as a single treatment or 
together with PKCα depletion. Nevertheless more studies are necessary to 
improve these treatments. 

1.7. Synthetic charged DAG-lactones induce localization 
of several PKC isoform to the plasma membrane. 

The biophysical properties of some DAG-lactones have been recently 
demonstrated (Philosof-Mazor et al., 2008; Raifman et al., 2010a). In this work 
we try to shed light on the relationships between membrane anchoring of 
synthetic DAG-lactones and the cellular activities of these ligands. 

The data presented in a part of this Doctoral Thesis indicate that the 
biological properties of DAG-lactones tested (153C-022, 153B-095, 153B-097, 
153B-140 and 153B-143) are indeed closely dependent on their modes of 
membrane anchoring, particularly the extent of their binding and localization 
at the lipid bilayer. 
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The parent DAG-lactone (153C-022), which does not carry a positive 
charge, induce translocation of three PKC isoforms tested (α, δ and ε) to the 
plasma membrane (Table VI.2). That happens, most likely due to the insertion 
of this DAG-lactone into the hydrophobic core of the lipid bilayer rather than 
to its accumulation at the membrane surface (Raifman et al., 2010b). 

Three other DAG-lactones derivatives, specifically 153B-095, 153B-097 
and 153B-140, were not able to localize any PKC isoenzyme to membranes 
(Table VI.2), mainly because these compounds have extended n-alkyl side-
residues, which do not shield the positive amine, thereby retaining their 
electrostatic attraction to the phosphate moieties of the phospholipid 
headgroups, accumulating in the lipid bilayer surface (Raifman et al., 2010b). 
These results fit with the determination of ligand binding affinities for PKC. 
Since the role of ligand binding to the C1 domain of PKC is to facilitate the 
insertion of this domain into the lipid bilayer, driving translocation, those 
ligands which themselves do not insert into and disrupt the bilayer structure 
would be less effective at promoting this insertion, although other factors will 
also play a role. 

The branched alkyl chain DAG-lactone (153B-143) was shown to induce 
translocation of PKCδ and PKCε, but not of PKCα (Table VI.2). This 
observation might be related to the intermediate status of lipid bilayer 
interactions of this ligand compared with the parental and other DAG-lactones 
derivates, since its branched chain could mask the positive charge, thus 
facilitating the biological functionality of the ligand. 

A possible explanation for the differential effect on plasma membrane 
translocation among the different PKC isoenzymes could be the small 
variations in the surface charges exhibited by the C1 domains at the rim of the 
DAG-lactone binding cleft. Figure IX.2 depicts an example in which solvent-
accessible surfaces have been modelled into the three-dimensional structures 
of the C1B domains of PKCα and PKCδ, respectively. It is apparent in the 
model shown in Figure IX.2 that the surface of the top region of the PKCα 
molecule, which includes the DAG-lactone interacting site, is more 
hydrophobic than PKCδ. In addition, the C1B domain of PKCδ exhibits a 
positive charge corresponding to Lys256 which is conserved in PKCε (Arg267) 
but not in the C1B domain of PKCα (His128). Taking into account that these 
positively-charged residues promote the interaction of the C1 domain with 
negatively charged phospholipids within the plasma membrane, it is highly 
probable that the absence of this residue in the C1B domain of PKCα impedes 
the accessibility of the protein to the DAG-lactone 153B-143 that is located in 
a deeper area of the membrane interface. 
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Figure IX.2. Solvent accessible surface of the C1B domain of PKCα (A) and PKCδ (B) in the 
absence of ligands. They were calculated by using DSVisualizer 2.0 using a probe radius of 1.4 
Å. Positively and negatively charged regions are shown in blue and red respectively, while the 
hydrophobic surface is represented in grey. Amino acidic residues of reference have been labeled 
to help orientate the molecules. The molecules on the left correspond to a front view with critical 
Trp or Tyr residues labeled. The molecules on the centre correspond to the back view and those 
in the right correspond to a top view showing the DAG-lactone binding cleft (Taken from 
Raifman et al 2010). 

 

The divergent behaviour of the five DAG-lactones studies in our work is 
particularly intriguing. Combinatorial libraries of DAG-lactones indicated that 
marked differences in biological response could be generated from modest 
structural variations in the hydrophobic domains of the DAG-lactones (Kang et 
al., 2006). The probable interpretation of those observations was that the 
differential effects reflected changes in the pattern of association of the various 
PKC isoforms and other C1 domains containing effector proteins with 
membrane micro-domains. The present findings indicate that the combination 
of positive charge, which should be selective for negatively charged membrane 
regions, together with appropriate variation in the hydrophobic moieties 
incorporated into the structure, can likewise have profound effects on the 
pattern of interaction with membranes. It thus should provide a fruitful future 
strategy for generation of diversity. 

 



Discussion and Conclusions 
 

247

1.8. DAG-lactones anchor PKC isoforms to the plasma 
membrane in a more subtle manner than phorbol ester. 

FRAP studies allow us to measure the tightness of the interaction 
between PKC and ligands in membranes, calculating mobile fraction and 
lateral diffusion coefficient of the enzyme in membranes (Chen et al., 2006; 
Wang et al., 2008). 

Data obtained along this work show that DAG-lactone 153C-022 
increased mobile fraction of PKCα in the plasma membrane. This suggests 
that the compound is able to mobilize a higher concentration of this classical 
isoform in the plasma membrane than PMA In the case of novel PKCs, 
specifically PKCδ and PKCε, no DAG-lactone tested modify significantly their 
mobile fraction when it is compared with data obtained using PMA. The effect 
of the variation of the mobile fraction on signalling pathways could be 
explained after two alternative possibilities. On the one hand, the movement of 
a protein along the plasma membrane could help the contact between PKCs 
and many molecular targets, what could involve a transient activation of 
several pathways. On the other hand, the protein immobilization in a specific 
zone of the plasma membrane entails interaction with few targets, but for a 
longer time, triggering this specific signalling pathway more efficiently 

Regarding lateral diffusion coefficient, the results obtained vary 
depending on the DAG-lactone and the PKC isoform studied. In the case of 
PKCα, the ligand 153C-022, approximately duplicates the diffusion coefficient 
when it is compared to PMA, indicating a faster movement of PKCα linked to 
this DAG-lactone along the plasma membrane. When PKCε was studied, we 
observed no effect of parental DAG-lactone on lateral diffusion coefficient, 
although the other ligand tested (153B-143) reduced slightly this parameter 
compared to PMA. Again in this case, it is unknown if a faster lateral diffusion 
velocity is better than a slower one or viceversa for cellular responses. 

Summarizing, DAG-lactone 153C-022 allows to PKCα moving faster and 
in higher proportions along the plasma membrane than PMA. In the case of 
PKCε, this ligand affects neither lateral diffusion coefficient nor mobile 
fraction; whereas compound 153B-143 reduces the velocity of movements and 
increases slightly the mobile fraction of this novel PKC isoenzyme with respect 
to PMA. The effect of these variations on cellular biology is still unknown and 
more studies about them must be carried out. 
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1.9. Studies on gene expression arrays reveal that PKCα 
depletion decreases the malignancy of MCF-7 and MDA-
MB-231 breast cancer cells. 

In MCF-7 cells, most of the genes with a significant expression were 
down-regulated, which suggests that PKCα plays an important role in these 
breast cancer cells by regulating the expression of many other genes. When 
these down-regulated genes were classified according to the KEGG pathways, 
we found general annotations like pathways in cancer and other more specific 
annotations like MAPK, ErbB and p53 signalling pathways, all of them involved 
in proliferation and cell cycle stimulation (Cubas et al., 2010; Caiazza et al., 
2010). These results agree with those obtained in our laboratory, where 
cellular proliferation was reduced after inhibiting PKCα expression, perhaps 
because further inhibition of ERK/MAPK phosphorylation produced inhibition 
of Rb phosphorylation, leading to G(1) arrest (Fujii et al., 2008). 

MCF-7 cells with residual level of PKCα also over-expressed some genes 
which were classified into several groups according to the KEGG pathways. 
Some annotation like calcium signalling pathways, inositol phosphate 
metabolism and phosphatidylinositol signalling system were interesting, since 
PKCα is a Ca2+-dependent kinase and it is able to interact with PtdIns(4,5)P2, 
among other phosphatidylinositols (Corbalán-García et al., 2007). This 
demonstrates that in the absence of an important signalling enzyme which 
uses calcium and phosphatidylinositols, other genes which codify proteins 
that also use these cofactors are over-expressed in order to compensate the 
lack of PKCα. Another possible explanation could be that, without PKCα, the 
concentration of these cofactors in the cell is increased, so genes involved in 
regulating their levels are over expressed. More studies should be carried out 
to clarify the role of these over-expressed genes in MCF-7 cells expressing a 
low level of PKCα. 

Our hypothesis was as follows: when PKCα, a protein related directly 
with cancer development (Frankel et al., 2007; Cameron et al., 2008) is 
depleted from some cells, other oncogenes (regulated by this classical PKC 
isoform) will also be down-regulated. In addition, these mutant cells over-
express other genes in order to maintain growth. 

This hypothesis was tested by jointly using siRNAα treatment and some 
specific inhibitors of proteins whose genes are over-expressed, specifically 
inhibitors of PLC, PKA, HER and PDGF. The results obtained in migration and 
apoptosis assays confirmed the hypothesis, since PKCα depletion and specific 
inhibitors had a synergistic effect on decreasing migration, or increasing 
apoptosis, or both. 
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In the case of MDA-MB-231 cells, the role of PKCα seems to be more 
important than in MCF-7 cells, since this isoenzyme is more abundant in 
them (Lonne et al., 2010) and when it is down-regulated by siRNAα, 
approximately 70% of genes significant differently expressed are down-
regulated (10% more than MCF-7). If we compare the KEGG pathways-based 
classification of down-regulated genes in MCF-7 and MDA-MB-231 cells, we 
observe similar annotations, for instance focal adhesion, ECM-receptor 
interactions and pathways in cancer. This indicates that the cellular functions 
that are affected in both cell lines after PKCα inhibition are similar, although 
the genes involved are different in both cases. 

Striking results were obtained in the case of up-regulated genes, since 
genes with a malignant function appeared in the list, mainly Ras-related 
GTPases, for example ralA (Balasubramanian et al., 2010) and rrad (Suzuki et 
al., 2007), among others. In contrast, the list also included up-regulated genes 
whose proteins are involved in cell cycle arrest and decreasing proliferation, 
for example bmp2 (Dumont and Arteaga, 2003) and cdkn1a (Privat et al., 2010), 
respectively. 

In MDA-MB-231 cells, the hypothesis was similar to that postulated for 
MCF-7, since the vast majority of down-regulated genes are involved in 
proliferation, apoptosis arrest and cell cycle stimulation, for example skp2 
(Meng et al., 2010) and birc3 (Frasor et al., 2009). Among over-expressed genes 
in MDA-MB-231, we found some oncogenes which we tried to inhibit by means 
of specific compounds, although no clear conclusion could be reached, since 
the concentrations tested was insufficient to have any effect on the cellular 
functions studied (migration, invasion and apoptosis). 

1.10. The effects of salinomycin on breast cancer cells 
are enhanced by PKCα depletion. 

Salinomycin has recently emerged as a possible cancer treatment, but 
knowledge of its action mechanism is still scant. 

We observed that salinomycin affects some important processes, such 
as migration, invasion and apoptosis, in two breast cancer cell lines. Moreover, 
these effects seem to be related with PKCα in some of these processes. 

In MCF-7 cells, salinomycin decreased migration significantly, and 
when added to cells which do not express PKCα, the migration capacity was 
completely abolished. This observation suggests that salinomycin inhibits 
migration of MCF-7 cells through a signalling pathway where PKCα is also 
involved. In the case of the other breast cancer cell line studied, MDA-MB-231, 
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salinomycin also inhibited migration, although independently of PKCα, which 
indicates that different mechanisms are used in different cell lines. 

MDA-MB-231 cells were also used to study invasion, which was found 
to be reduced after salinomycin stimulation, although the greatest inhibition 
was obtained when MDA-MB-231 cells with down-regulated PKCα were 
incubated with salinomycin, suggesting that the combination of treatments 
would be the best therapy. 

To date, no explanation of these effects exists, although a genetic action 
of salinomycin has been proposed as a possible basis for its biological effects. 
Cancer stem cells over-express some genes related with the aggressiveness of 
some tumours, and salinomycin can decrease the activity of these genes 
(Grupta et al., 2009; Lander et al., 2009). 

We also found that salinomycin rapidly induces apoptosis in both cell 
lines studied, since in MCF-7 and MDA-MB-231 cells the most important 
increase was in late apoptosis, that is, when most apoptotic cells were dead. 
The apoptosis signalling pathways activated by salinomycin are not the same 
in both cell lines, since the programmed cell death is PKCα-independent in 
MCF-7, whereas in MDA-MB-231 the effect of salinomycin is enhanced when 
PKCα expression is inhibited. 

Because of the novelty of salinomycin, the exact mechanism of the 
antibiotic-induced apoptosis is still unclear and needs further investigations, 
although a distinct apoptotic pathway in cancer cells, which is not 
accompanied by cell cycle arrest and independent of p53, caspase activation, 
the CD95/CD95L system and the 26S proteasome, has been propesed (Fuchs 
et al., 2009). 

In this study, we suggest that PKCα is related with the effect of 
salinomycin on decreasing migration in MCF-7 and inducing apoptosis in 
MDA-MB-231 cells, although the underlying mechanism of action or the target 
within the cells  have not been revealed. For this reason, additional research is 
needed to determine exactly how salinomycin acts to kill cancer stem cells and 
to assess wheter it can produce the same tumour-reducing power in humans 
as it does in mice and cell cultures. 
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2. CONCLUSIONS. 

The study performed with several fatty acids and other bioactive 
compounds (DAG-lactones and salinomycin) contributes to our knowledge of 
the molecular mechanism that controls the localization and activation of PKCα 
induced by these molecules in breast cancer cell lines. Furthermore, the use of 
siRNAα to inhibit the expression of PKCα revealed the role of this enzyme in 
several aspects of breast cancer cells, including proliferation, migration, 
invasion and apoptosis. Therefore, we can conclude the following: 

1) The localization of PKCα in the plasma membrane of MCF-7 cells 
stimulated with arachidonic acid is a Ca2+-dependent process. 

2) The initial interaction between PKCα and arachidonic acid embedded in 
the plasma membrane is through the C2 domain, more specifically the 
calcium binding region, using Ca2+ as a bridge. After that, the C1A 
subdomain plays an important role, establishing a more stable anchorage 
of the enzyme in the membrane by interacting with available arachidonic 
acid molecules. The lysine rich cluster motif of the C2 domain and the 
C1B subdomain do not play important roles in the localization 
mechanism induced by arachidonic acid in MCF-7 cells. 

3) Oleic acid is responsible for increasing intracytosolic calcium in 
transformed breast cancer cells like MCF-7 and BT-474, but not in non-
transformed cells like MCF-10A. Furthermore, this increase is due to 
extracellular Ca2+ influx and not so to release from intracellular 
reservoirs. 

4) In the localization and activation mechanism of PKCα induced by oleic 
acid, the calcium binding region plays an essential role, while the lysine 
rich cluster motif and the C1 domain play less relevant roles in these 
processes. 

5) PKCα depletion by means of siRNA reduces the malignant phenotype of 
breast cancer cell lines, decreasing their proliferation rates, migration 
and invasion capacities and increasing apoptosis. 

6) Oleic acid does not affect the migration capacity of breast cancer cells, 
but it slightly reduces the proliferation rate of MCF-7 and BT-474 cells 
and the invasion of MDA-MB-231, while it increases the apoptosis 
percentage of MCF-7 and MDA-MB-231 cells, and shows slight synergy 
with PKCα depletion in both cell lines. 

7) Eicosapentaenoic and docosahexaenoic acids can localize PKCα in the 
plasma membrane in breast cancer cells, but only the latter acid is able 
to activate this enzyme. In this process, C2 domain is essential through 
the intervention of the calcium binding region and lysine rich cluster, while 
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C1 domain plays a less relevant role in this activation mechanism of 
PKCα. 

8) Both omega-3 fatty acids inhibit the migration of MDA-MB-231 cells 
independently of PKCα (the effect of docosahexaenoic acid being more 
pronounced); while in MCF-7 cells only docosahexaenoic acid reduces the 
migration in a PKCα-dependent manner. Furthermore, the invasion of 
MDA-MB-231 cells is reduced by both polyunsaturated fatty acids, which 
show slight synergy with PKCα depletion. 

9) Both omega-3 fatty acids also induce apoptosis in MCF-7 cells to a 
similar degree and independently of PKCα depletion, while in MDA-MB-
231 cells the increase of apoptosis is synergistic with PKCα depletion and 
docosahexaenoic acid is more effective than eicosapentaenoic acid. 

10) The extent of bilayer insertion of the non-branched, N-(n-alkylpyridinium) 
chains of the positively-charged DAG-lactones significantly affects the 
translocation capabilities of the different PKC isoforms, especially PKCα, 
PKCε and PKCδ. 

11) PKC recognizes essentially biomimetic DAG-lactone ligands deeply 
inserted in the plasma membrane. In contrast, anchoring of the DAG-
lactones displaying positively charged N-(n-alkylpyridinium) linear chains 
on the membrane surface interferes with the accessibility and recognition 
by PKC enzymes, suppressing translocation. 

12) DAG-lactone 153B-143 interacts specifically with novel PKC isoforms and 
not with PKCα, suggesting that this ligand possesses specificity for this 
group of isoenzymes; therefore this compound could be used to regulate 
the functions of these isoenzymes in future treatments. 

13) PMA induces the slower localization of PKCδ-ECFP than DAG-lactone 
153B-143 and 153C-022. This suggests that this novel PKC has a higher 
affinity for DAG-lactones than for PMA, especially for 153C-022. In the 
case of PKCε-EGFP, something similar occurs, although the different 
affinity for both DAG-lactones is even higher than when PKCδ-ECFP is 
considered. The three isoenzymes tested show a higher affinity to some 
DAG-lactones than PMA. 

14) PMA induced translocation of PKC isoforms from cytoplasm to the plasma 
membrane follow the order PKCε > PKCδ > PKCα, suggesting that novel 
PKC isoforms possess a higher affinity for phorbol ester than classical 
ones, especially PKCε. Besides, this higher affinity of novel PKC isoforms 
than of classical ones was also observed in the case of the DAG-lactones 
tested. 

15) PKCα shows faster lateral diffusion along the plasma membrane in the 
presence of DAG-lactone 153C-022 than in the presence of PMA. 
Moreover, the mobile fraction of this isoenzyme in the plasma membrane 
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upon stimulation with this DAG-lactone is also larger than that provoked 
by phorbol ester. 

16) PKCε does not show significant differences in lateral diffusion nor mobile 
fraction comparing stimulations with PMA and DAG-lactones. However, 
the diffusion coefficient of this novel isoform is significantly smaller than 
that of PKCα after 153C-022 DAG-lactone stimulation, indicating that 
PKCε is anchored to the plasma membrane more tightly than PKCα in the 
presence of this DAG-lactone. 

17) Among all PKC isoforms studied, PKCδ possesses the smallest diffusion 
coefficient after PMA stimulation, while the mobile fraction upon phorbol 
ester stimulation is similar to that observed for PKCα and significantly 
smaller than observed in the other novel PKC isoform studied (PKCε). 

18) MCF-7 and MDA-MB-231 breast cancer cell lines, in which PKCα has 
been down-regulated by means of siRNAα, show a deregulated gene 
expression profile, most of the genes affected being down-regulated. In 
addition, these genes are involved in pro-tumour signalling pathways like 
MAPK, ErbB or p53. In contrast, up-regulated genes are involved in cell 
cycle arrest and decreasing proliferation, which indicates that by 
inhibiting PKCα expression in breast cancer cells, cellular malignancy is 
reduced. 

19) The depletion of PKCα and the inhibition of some proteins whose genes 
are up-regulated (specifically, Phospholipase C, Protein kinase A and Erb 
B) in MCF-7 cells, abolished the migration of these breast cancer cells. 
Apoptosis also increased significantly when MCF-7 cells, in the absence 
of PKCα, were treated with a specific PDGF inhibitor. 

20) Salinomycin inhibited migration in MCF-7 cells and abolished it when the 
cells did not express PKCα. In addition, this antibiotic was able to induce 
apoptosis in a PKCα-independent way. 

21) In MDA-MB-231 breast cancer cells, salinomycin affected migration and 
invasion, which was reduced independently of PKCα, whereas the 
increase in apoptosis induced by this compound was enhanced when 
PKCα expression was inhibited. 
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Gene Fold change chrom adj.P.Val 

    
KRT20 -3.64651439 17 2.29E-05 
S100A8 -2.65879406 1 0.00021707 
COL4A6 -2.65024516 23 2.13E-05 
CYP24A1 -2.47994933 20 2.13E-05 
AKR1B10 -2.31857403 7 0.00028844 
CD36 -2.23301461 7 2.13E-05 
COL4A5 -2.02849296 23 3.53E-05 
S100A9 -1.94340611 1 9.74E-05 
ITGB6 -1.92314009 2 0.00041231 
SPRR1A -1.90945948 1 0.00014427 
PRKCA -1.81362921 17 9.22E-05 
SPRR1B -1.79747134 1 0.00014131 
TMEM45A -1.76911017 3 2.13E-05 
KRT23 -1.75188952 17 0.00037956 
IFI44L -1.74681723 1 0.00123718 
IFIT3 -1.71541697 10 0.00014131 
MALL -1.60147076 2 2.13E-05 
GPX2 -1.55178661 14 0.00014131 
EIF4B -1.54690645 12 0.00021707 
SLC7A11 -1.51470856 4 0.00049341 
GBP1 -1.46517108 1 7.87E-05 
PSMB9 -1.40179169 6 0.00095834 
DIO2 -1.39255157 14 0.00224248 
ALDH1A3 -1.38208253 15 0.00246247 
SULF1 -1.37420862 8 0.00073722 
S100A2 -1.34168634 1 2.18E-05 
SCGB1A1 -1.32880286 11 0.00018279 
EPAS1 -1.32605548 2 0.00030992 
PSMB8 -1.3079589 6 0.0003679 
ELK3 -1.29413548 12 0.00118571 
OAS2 -1.28896349 12 0.00879934 
MX2 -1.2688498 21 0.00039071 
SERPINB5 -1.26249866 18 0.00031311 
KRT4 -1.24137715 12 0.00013334 
RNF128 -1.23422153 23 0.00014131 
TRIM2 -1.22255969 4 0.00228676 
LAMP3 -1.21747918 3 0.00021094 
TP63 -1.21702223 3 4.86E-05 
UGT1A6 -1.19429707 2 0.00090602 
DUSP6 -1.18951198 12 0.00395966 
LIMCH1 -1.17662913 4 0.00014131 
UGT1A3 -1.16447841 2 0.00021707 
KLF5 -1.1519894 13 0.00331744 
IL8 -1.14158152 4 0.00123735 
S100A7 -1.12894456 1 0.00302593 
TNS3 -1.12821522 7 0.00257854 
TRIB2 -1.12168829 2 0.00074635 
LYPD1 -1.11560484 2 0.0019012 



 

ABLIM1 -1.10128266 10 0.00039278 
EGFR -1.09914123 7 0.00661713 
AQP3 -1.09631645 9 0.00118571 
WISP2 -1.09260965 20 0.00128422 
TNFSF10 -1.09239329 3 0.00091977 
RSAD2 -1.08112772 2 0.00115249 
HERC5 -1.06007573 4 0.00294119 
C10orf116 -1.03608958 10 0.00340953 
XAF1 -1.01601272 17 0.0044067 
CAV1 -1.00598728 7 0.00103891 
FLJ11286 -0.97872601 19 0.00434613 
EMP1 -0.95987951 12 0.0009322 
SNAI2 -0.95675997 8 0.00065227 
UGT1A9 -0.9531239 2 0.00031311 
BTC -0.95115187 4 0.00016693 
OAS1 -0.94441384 12 0.00089183 
COL5A1 -0.94181237 9 0.00585505 
PSPH -0.94080215 7 0.00331744 
BCL6 -0.93967702 3 0.00038054 
UGT1A1 -0.9378705 2 0.00075804 
LGALS7 -0.93332396 19 0.00652306 
DHRS3 -0.93206234 1 0.0025095 
PARP12 -0.92871881 7 0.00138847 
BTN3A3 -0.92141657 6 0.00664637 
GABBR2 -0.89425559 9 0.00019264 
DNM3 -0.88981987 1 0.00115249 
UPK3B -0.88077709 7 0.0013 
IFI35 -0.87760941 17 0.00433141 
ZFP36L1 -0.87693046 14 0.0027211 
SLPI -0.87608732 20 0.0025095 
TMPRSS4 -0.87303664 11 0.0008162 
ERLIN2 -0.87185062 8 0.00100198 
PITX1 -0.86105218 5 0.00030992 
ANXA8L2 -0.8599917 10 0.00151953 
SGCE -0.85576918 7 0.00078968 
CADPS2 -0.8496243 7 0.00236171 
HCP5 -0.84516339 6 0.001209 
SLC7A5 -0.8385282 16 0.00097239 
LOXL1 -0.83526576 15 0.0020135 
ABCC3 -0.83334413 17 0.00643126 
HLA-B -0.81597107 6 0.00057177 
IGFBP3 -0.81316009 7 0.00119536 
SGCG -0.81192839 13 0.00434613 
GRB10 -0.80245802 7 0.00556911 
ZFP36L2 -0.79727507 2 0.00349273 
EVI1 -0.7970973 3 0.00606439 
SIX2 -0.79439463 2 0.00322266 
GABRP -0.79266415 5 0.00373718 
USP18 -0.78907134 22 0.00056032 
NMI -0.78411746 2 0.00371609 
MX1 -0.78328144 21 0.00879934 
MDK -0.78322286 11 0.00106869 



 

IFITM1 -0.77679956 11 0.00536165 
SMARCA1 -0.76644663 23 0.00719241 
LGALS3BP -0.75830236 17 0.00066407 
OASL -0.75416037 12 0.00123735 
ACP6 -0.74607583 1 0.00233271 
HIST1H2BJ -0.74594072 6 0.00224248 
EREG -0.74308485 4 0.00135896 
TOX3 -0.74105209 16 0.00603103 
STCH -0.73607603 21 0.00244995 
SEMA3E -0.7262731 7 0.00163699 
PPARG -0.72305642 3 0.00228676 
RARRES3 -0.71697424 11 0.00556911 
THADA -0.7080647 2 0.00089975 
CENPF -0.7072182 1 0.00664637 
TMEPAI -0.7029672 20 0.00217913 
TGM2 -0.69717741 20 0.00119463 
TGOLN2 -0.69685445 2 0.00708172 
TRIM5 -0.69579013 11 0.00316556 
ITGA2 -0.69553906 5 0.00184415 
PPFIA1 -0.6824947 11 0.00541174 
HOMER3 -0.67083196 19 0.00798735 
ZEB1 -0.66631584 10 0.00243166 
SLC5A3 -0.66553306 21 0.0084647 
STAT1 -0.66007148 2 0.00217913 
SORL1 -0.65433008 11 0.00399583 
LOC644450 -0.64508237 NA 0.00565619 
RIPK4 -0.63967637 21 0.00081328 
DOCK4 -0.63871437 7 0.00660322 
PTGES -0.63670112 9 0.00162425 
SEMA5A -0.62017338 5 0.00761775 
GAL -0.6152471 11 0.00660322 
TAP1 -0.60491507 6 0.0086376 
TNFAIP8 -0.59042984 5 0.00434613 
PPP2R1B -0.58847263 11 0.00458458 
HLA-A -0.58227999 6 0.00191768 
PPAP2A -0.57044717 5 0.00270881 
MTSS1 -0.56894155 8 0.00974769 
HLA-F -0.56502175 6 0.00217913 
PDE4D -0.55933512 5 0.00353578 
PALLD -0.55771977 4 0.00702752 
UPF1 -0.55496601 19 0.00702752 
MT1H -0.55150491 16 0.00968195 
NFIL3 -0.54549945 9 0.00229168 
CLIP2 -0.54006327 7 0.00968195 
UPF3B -0.53975686 23 0.00475943 
FRMD4B -0.53969248 3 0.00617473 
DONSON -0.53519832 21 0.00563743 
PCTP -0.52865636 17 0.0025095 
HLA-C -0.52578547 6 0.00434613 
FLJ13236 -0.52070568 12 0.00660322 
HLA-G -0.50993374 6 0.00337393 
ZC3HAV1 -0.50329991 7 0.00891792 



 

MATN2 -0.50179671 8 0.00630818 
PDXK -0.49415877 21 0.00533242 
IFITM2 -0.49279564 11 0.00861937 
APOL3 -0.4914781 22 0.00729035 
WHSC1 -0.4908037 4 0.00817466 
ATG2A -0.48945602 11 0.00509357 
HIRA -0.48460028 22 0.00630818 
IFITM3 -0.48277198 11 0.00946756 
DPYD -0.48033232 1 0.00617473 
FERMT1 -0.47961283 20 0.00708172 
ZNF302 -0.47727834 19 0.00906611 
ZNF813 -0.47136132 19 0.00976637 
IRF1 -0.46686515 5 0.00968195 
CASP3 -0.46661377 4 0.00661713 
PLEKHA4 -0.46019245 19 0.00861223 
MAGED4B -0.45533194 23 0.00624152 
RUNX1 -0.44581379 21 0.00868928 
LRRC6 -0.44323358 8 0.00915064 
PRSS23 -0.44132783 11 0.00584686 
GALNT6 -0.44115178 12 0.00592919 
ARHGEF18 -0.43669355 19 0.00879934 
SLC25A12 -0.43102134 2 0.00867402 
LOC26010 -0.41801473 2 0.00857207 
ATP2B1 -0.41751611 12 0.00746612 
TLE4 -0.39980315 9 0.00816647 
FAM152A 0.41400775 1 0.00868928 
CCDC121 0.41965758 2 0.00989468 
RWDD2A 0.42542438 6 0.00708172 
TCEAL1 0.43489398 23 0.00968195 
C10orf97 0.44166429 10 0.00847671 
TERF1 0.44968719 8 0.00630818 
NDUFS2 0.45167478 1 0.00567529 
ARL1 0.45891387 12 0.00934835 
PGM3 0.4600804 6 0.00582655 
PDCD4 0.46301582 10 0.00533242 
NAP1L2 0.46805268 23 0.00984454 
C1orf34 0.47379553 1 0.00591191 
DKFZp667G2110 0.47646834 3 0.00434613 
FDFT1 0.47915442 8 0.00737839 
CCNI 0.48026149 4 0.00458083 
PEX11A 0.48134618 15 0.00661713 
ACO1 0.48243425 9 0.00741578 
RNF13 0.48432651 3 0.00791136 
TMEM106B 0.4855609 7 0.00560269 
PPP2R2A 0.4880044 8 0.00455747 
C5orf4 0.49276639 5 0.00664637 
TCF25 0.49398981 16 0.00989468 
PRCP 0.49978251 11 0.00433141 
PTK6 0.50549231 20 0.00524437 
SELENBP1 0.5082262 1 0.00617473 
MANEA 0.50898327 6 0.00763893 
ABHD2 0.51027307 15 0.00434613 



 

LASS2 0.51118188 1 0.00372958 
SYNJ2 0.5157682 6 0.00738157 
PLEKHB2 0.51631052 2 0.00798735 
KIAA1467 0.52451974 12 0.00664637 
SGMS1 0.52801057 10 0.0084751 
ABI1 0.52874643 10 0.00433141 
TCF7L2 0.52938563 10 0.00738157 
SNX10 0.53437809 7 0.0047343 
SNX7 0.53736423 1 0.00894234 
DBNDD1 0.5435121 16 0.00455747 
DNAJB9 0.552971 7 0.00737839 
SDCBP 0.55809117 8 0.00331744 
PRKAB2 0.5708068 1 0.00434613 
TPK1 0.57112481 7 0.00785792 
ACADSB 0.57420818 10 0.00598291 
ZNF415 0.5763626 19 0.00340953 
SLC16A4 0.58040021 1 0.00259571 
CLU 0.58243775 8 0.00983955 
STK3 0.58341355 8 0.00652306 
TXNIP 0.5842432 1 0.00565619 
ALDH6A1 0.58836175 14 0.00322266 
PNRC1 0.59231628 6 0.00137547 
HEY2 0.59455282 6 0.00805971 
NPY1R 0.59976359 4 0.00488784 
UBXD6 0.60251496 8 0.00224248 
STBD1 0.60325557 4 0.00395966 
MICB 0.6060121 6 0.00968195 
FAM134B 0.62061628 5 0.00270939 
DEPDC6 0.62269809 8 0.00302593 
CD55 0.62297081 1 0.00664637 
GDPD3 0.62677692 16 0.00448705 
SPDEF 0.62825124 6 0.00263443 
WWP1 0.6298649 8 0.00556911 
PPP1R3C 0.63206563 10 0.00302593 
ENPP4 0.64350772 6 0.00934448 
GLUD2 0.64817687 23 0.00123718 
TYRP1 0.66165354 9 0.00137547 
GFRA1 0.66719866 10 0.00810964 
PPP1R3D 0.66746642 20 0.00763893 
ADCY1 0.66773499 7 0.00162023 
MUC1 0.66818439 1 0.00713851 
SGK1 0.66983715 6 0.00524437 
STC1 0.67285662 8 0.00488784 
PRKAR2B 0.67309342 7 0.00302593 
PGM1 0.67614902 1 0.00246247 
TSPAN12 0.67721777 7 0.00805971 
SLC7A2 0.67801139 8 0.00828594 
ERBB4 0.68597965 2 0.00664637 
RFTN1 0.68997327 3 0.00226771 
RUNX1T1 0.69105161 8 0.00244995 
KIAA1324 0.69422647 1 0.00741578 
PVRL3 0.70019391 3 0.00696701 



 

APOD 0.70154863 3 0.00333276 
LCP1 0.70380749 13 0.0027211 
LGR4 0.70866684 11 0.00433141 
RAB31 0.71000162 18 0.00191768 
FILIP1L 0.71205448 3 0.00062378 
KIF5C 0.72255128 2 0.00455966 
NPY5R 0.74498004 4 0.00434613 
GPR37 0.7456384 7 0.00115249 
KCNJ3 0.75256864 2 0.00434613 
PCDH7 0.75394973 4 0.00861223 
MGAT4A 0.76514769 2 0.00674824 
LYPLA1 0.78961098 8 0.00524437 
PDGFA 0.80583136 7 0.0017646 
GOLSYN 0.80988026 8 0.00106869 
GLUL 0.81271405 1 0.0054678 
SIGLEC15 0.83997712 18 0.00065347 
GNA14 0.84559915 9 0.00066407 
HS3ST3A1 0.85138537 17 0.00664637 
AGR2 0.85229737 7 0.00089183 
CYP26B1 0.8568481 2 0.00081328 
SCUBE2 0.90014047 11 0.00039071 
DIRAS2 0.93637465 9 0.00463009 
RHOB 0.93935853 2 0.00014131 
B3GALNT1 0.94579592 3 0.00077756 
CPE 0.94848354 4 0.00013334 
GPNMB 0.9532871 7 0.00226771 
PLCB4 0.95670017 20 0.00100198 
MPPED2 0.95686634 11 0.00783218 
KCNJ8 0.98437709 12 0.00891792 
IGFBP5 0.99676329 2 9.84E-05 
MLSTD1 0.99841048 12 0.00457731 
SOCS2 1.02203823 12 0.00311366 
NUCB2 1.08446728 11 0.0009251 
DIO1 1.14173345 1 0.00142014 
SEPP1 1.14471912 5 0.00434613 
MAGEA11 1.15254093 23 0.0003679 
UGT2B15 1.19981873 4 0.00816647 
UGCG 1.23351589 9 0.00556911 
CRISP3 1.24779516 6 0.00095834 
COL21A1 1.26813005 6 0.0008162 
FHL1 1.28211293 23 9.22E-05 
SERPINA1 1.30259376 14 0.00021707 
AOX1 1.30447647 2 4.49E-05 
ID4 1.3220837 6 3.53E-05 
ALCAM 1.33639975 3 0.00454852 
ATRNL1 1.34272223 10 0.00013055 
CA2 1.35230031 8 0.00014131 
PTGER4 1.36111158 5 3.62E-05 
CSTA 1.74271852 3 0.00039071 
MSMB 2.24704815 10 9.22E-05 
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Gene Fold change chrom adj.P.Val 

    
PRKCA -2.93804901 17 1.66E-05 
COL1A2 -1.30579456 7 0.00042855 
CFB -1.257127 6 0.00203207 
CCNE2 -1.14583648 8 0.00031127 
SLC6A14 -1.13845879 23 0.00612802 
IL8 -1.13705489 4 0.00166525 
TSPAN8 -1.11217306 12 0.0004395 
RARRES1 -1.1061298 3 0.0004395 
HLA-DRA -1.09843327 6 0.00038118 
CHI3L2 -1.08706865 1 0.00137555 
CXCL1 -1.0754295 4 0.00112859 
ANGPT1 -1.05573588 8 0.00144155 
CXCL2 -1.04588123 4 0.0006181 
SERPINA3 -1.035851 14 0.00144155 
ZNF91 -0.97951979 19 0.00351278 
C3 -0.97297068 19 0.00427036 
MCM10 -0.93745355 10 0.0007442 
KLRC3 -0.8998315 12 0.00038118 
HLA-DRB1 -0.88883129 6 0.00166525 
IL6ST -0.8808793 5 0.00427036 
CFI -0.87341872 4 0.00255576 
SEPT4 -0.858056 17 0.00554946 
PDZK1IP1 -0.85275894 1 0.00166525 
HLA-DPA1 -0.80736826 6 0.00266805 
SLC38A4 -0.78440696 12 0.0032009 
SERPINA5 -0.78428579 14 0.00390426 
HS2ST1 -0.7797171 1 0.00144155 
SERPINA1 -0.76933811 14 0.00495942 
AQP1 -0.75394225 7 0.00381157 
VCAM1 -0.74973556 1 0.00468453 
ADAM28 -0.74942658 8 0.00759164 
KLRC2 -0.74884107 12 0.0090277 
TNC -0.74792876 9 0.00381157 
TNFRSF9 -0.73406931 1 0.00530105 
MDM1 -0.73034316 12 0.00915281 
COL6A3 -0.72746001 2 0.0039779 
FZD1 -0.72134273 7 0.00261294 
LIPG -0.71501297 18 0.00427036 
MKI67 -0.70895197 10 0.00203207 
NOX5 -0.70874384 15 0.00166525 
HLA-DPB1 -0.70716143 6 0.00396165 
ICK -0.70632654 6 0.00666409 
C1S -0.70495765 12 0.0075095 
METTL7A -0.70467551 12 0.00254224 
RABGAP1L -0.69657526 1 0.00188357 
HLA-DRB4 -0.69035494 NA 0.00381157 
HPGD -0.68633676 4 0.00358446 
SOX4 -0.68207545 6 0.00787054 



 

CXCL3 -0.67458492 4 0.00427036 
HLA-DRB5 -0.67337707 6 0.00345293 
CD24 -0.66500833 24 0.00468453 
ATP2B2 -0.66481182 3 0.00858621 
EFEMP1 -0.66256082 2 0.00447166 
OPTN -0.65544184 10 0.00261294 
MID1 -0.65111038 NA 0.00754329 
CD58 -0.64317863 1 0.00265103 
EZH2 -0.64086491 7 0.00396165 
MDFIC -0.64062846 7 0.0039779 
LOC100133484 -0.63920045 6 0.00358446 
HNRNPA3 -0.63585231 2 0.00759164 
NT5E -0.6327477 6 0.00501414 
E2F8 -0.62584674 11 0.00759164 
NSBP1 -0.61690929 23 0.00759164 
ZNF43 -0.61200614 19 0.00447166 
RANBP6 -0.61115432 9 0.00759164 
FRK -0.60788684 6 0.00759164 
SLC2A6 -0.60769684 9 0.00811268 
KAL1 -0.60764523 23 0.00722266 
BIRC3 -0.60463231 11 0.00530138 
ZNF268 -0.60445843 12 0.00427036 
SKP2 -0.60421158 5 0.00758066 
MKL2 -0.59975383 16 0.00787054 
EIF3J -0.59122971 15 0.0039779 
USP48 -0.58851032 1 0.00554946 
ZNF573 -0.58099205 19 0.00759164 
ZC3H12A -0.57502811 1 0.00351278 
BRCA1 -0.5606799 17 0.00844916 
TRIM22 -0.54708446 11 0.00542257 
IVNS1ABP -0.54371848 1 0.00908548 
SORL1 -0.54203548 11 0.00468453 
LAMC2 -0.53798943 1 0.00714886 
WHSC1 -0.52511099 4 0.00977543 
CYP26B1 -0.52391296 2 0.00811268 
MCM4 -0.51810763 8 0.00666409 
PRRG4 -0.51695381 11 0.00666409 
FLJ21075 -0.5144409 7 0.00671932 
BAZ1B -0.50835955 7 0.00915281 
ZNF37B -0.48942636 NA 0.00758066 
PER2 -0.4817248 2 0.00666409 
RNF144A -0.48005349 2 0.00969884 
IDS 0.44083826 23 0.00993449 
CDKN1A 0.51481379 6 0.00468453 
RALA 0.51801951 7 0.00936657 
CITED2 0.51826118 6 0.00542257 
BMP2 0.52652646 20 0.00491807 
ADFP 0.53130939 9 0.00759164 
DUSP13 0.5478814 10 0.00671932 
NPC1 0.5560661 18 0.00775227 
FA2H 0.58061733 16 0.00468453 
ZEB1 0.60106546 10 0.00797726 



 

SOCS2 0.61341657 12 0.00722266 
NMT2 0.61350844 10 0.00977543 
SYNGR3 0.61808914 16 0.00468453 
ADM 0.62571423 11 0.00468453 
ARMC9 0.6259654 2 0.00427036 
SQSTM1 0.64162977 5 0.00358446 
FKBP1A 0.64296699 20 0.0043683 
C17orf39 0.67687231 17 0.00650947 
SCD 0.67835559 10 0.00381157 
PSG2 0.6819959 19 0.00326782 
G0S2 0.68540339 1 0.00351278 
DUSP1 0.69700704 5 0.00722266 
CPA4 0.69880513 7 0.00468453 
GAD1 0.76080862 2 0.00468453 
RRAD 0.77630671 16 0.00326782 
PSG4 0.79312102 19 0.00390426 
THBS1 0.8144769 15 0.00266805 
MMP1 0.85172437 11 0.00427036 
IL11 0.85482295 19 0.00491807 
ABCG2 0.85490975 4 0.0032009 
GDF15 0.91836729 19 0.00137555 
PSG9 0.9278479 19 0.00229586 
MBL2 1.00391924 10 0.00427036 
PSG6 1.00757022 19 0.00137555 
PSG7 1.06503358 19 0.0006181 
PSG3 1.08920126 19 0.00554946 
PSG1 1.10915781 19 0.00020516 
PSG5 1.20141468 19 0.00166525 
SCG5 1.26577532 15 0.00242602 
IL24 1.5548423 1 0.00533577 
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