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1. Introducción 

La ruta de señalización mediada por las MAP quinasas ERK1 y 2 

desempeña un papel esencial en el control de la proliferación, diferenciación y 

supervivencia celular, en condiciones fisiológicas. Esta ruta es activada en 

respuesta a una gran variedad de estímulos mitogénicos, como por ejemplo el 

factor de crecimiento EGF. La unión de EGF al receptor de membrana RTK, 

con actividad tirosina quinasa, conlleva la activación de RAS. Las proteínas 

RAS unen nucleótidos de guanina y actúan como interruptores moleculares. 

Una vez activada, RAS media la activación de RAF (MAPKKK), la cual 

desencadena el mecanismo de activación secuencial, por fosforilación, de 

MEK1/2 (MAPKK) y finalmente de ERK1/2 (MAPK), que se fosforila en treonina 

185 y tirosina 187. 

Las proteínas ERK1/2, una vez activadas en el citoplasma, dimerizan y regulan 

la activación de un gran número de sustratos, citoplasmáticos y nucleares (más 

de 400). Las señales de ERK están reguladas por varios tipos de proteínas 

reguladoras, como por ejemplo las proteínas "scaffold". Dichas proteínas 

ensamblan a los distintos componentes de la cascada en un complejo multi-

enzimático, mediante el cual regulan y afinan la intensidad, amplitud y duración 

de las señales. Además, estas proteínas tienen un papel importante en la 

regulación espacio-temporal de la señalización de ERK. Estudios previos en 

nuestro laboratorio han demostrado que las proteínas scaffold regulan de 

manera sitio-especifica la activación de la cascada de señalización MAP 

Kinasa, uniéndose a dímeros de ERK. De esta forma la dimerización de ERK 

sería un punto crítico para la activación de los substratos citoplasmáticos y su 

retención en el citoplasma. Por otro lado, se ha descrito el mecanismo de 

translocación de ERK al núcleo. Según este modelo, ERK una vez fosforilada 

en dos serinas (motivo SPS) entra al núcleo a través de los poros nucleares 

unido a la Importina 7. 

Un gran número de estudios demuestran incuestionablemente la implicación de 

la ruta de señalización RAS-ERK en la aparición y progresión de muchos 

tumores. Aproximadamente el 40% de los tumores humanos portan mutaciones 

activadoras en algún miembro de la cascada de señalización RAS-ERK, en 
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particular RAS G12V y B-RAF V600E. En melanoma, esta cifra es aún más 

alta, con un 15-20% de melanomas que presentan mutaciones N-RAS, 

mientras que el oncogén B-RAF aparece mutado en el 50-60% de los casos. 

Consecuentemente, en los últimos años, tanto la investigación básica como la 

industria farmacéutica, han dedicado un enorme esfuerzo en la búsqueda y 

desarrollo de fármacos destinados a bloquear las señales oncogénicas que 

fluyen a través de la ruta RAS-ERK. Los inhibidores de las quinasas B-RAF y 

MEK se destacan como agentes terapéuticos muy prometedores para el 

tratamiento del melanoma. Los inhibidores de RAF, como el Vemurafenib 

(PLX4032), han mostrado una espectacular eficacia clínica en melanomas con 

mutaciones en BRAF V600E. Además, se han testado, con mucho éxito clínico, 

los inhibidores alostéricos de MEK1/2, como el trametinib (GSK 1120212) y se 

ha visto que son más efectivos en pacientes con mutaciones B-RAF. En ambos 

casos, la eficacia terapéutica es proporcional al grado de supresión de 

actividad de ERK. Si bien estos fármacos logran importantes remisiones en 

pacientes con melanoma (B-RAF V600E), la respuesta es muy variable y las 

remisiones completas son raras. De hecho, la mejoría es breve y los pacientes 

tratados con dichos inhibidores desarrollan resistencia, con lo que la 

enfermedad acaba progresando fatalmente. En melanoma, los mecanismos de 

resistencia por sí solos conllevan una reactivación aberrante de la señalización 

de ERK. Por lo tanto, números estudios se están centrando en la inhibición de 

la activación de ERK o en la combinación de diferentes inhibidores que puedan 

actuar a distintos niveles de la cascada de señalización. En este sentido, se 

está revelando de especial importancia la inhibición de la interacción proteína-

proteína. De esta forma, se inhibe la proteína de interés sin afectar 

completamente a su actividad kinasa, y además de manera compartimental. Es 

decir, inhibiendo ERK de manera que active solo substratos nucleares o 

citoplásmicos, se evitan los fenómenos de resistencia asociados al efecto 

rebote que surgiría inhibiendo completamente su actividad kinasa. Es el caso 

del péptido EPE, que bloqueando la unión de ERK y la IMP7 inhibe la entrada 

de ERK al núcleo y por lo tanto la activación de substratos nucleares, causando 

apoptosis en células de melanoma con mutación B-RAF. Siguiendo la misma 

línea, en nuestro laboratorio, se ha demostrado la eficacia de DEL22379, un 

potente inhibidor, capaz de inhibir la dimerización de ERK2, sin afectar su 
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fosforilación. DEL22379 induce apoptosis en líneas celulares de melanoma y 

de cáncer de colon que presentan mutaciones activadoras en BRAF y en RAS. 

Además, se ha visto que DEL22379 no está afectado por los mecanismos de 

resistencia que se han descrito en otros inhibidores.  

En nuestro estudio hicimos la sorprendente observación de que DEL22379 no 

afectaba la dimerización de ERK en el modelo de embriones de pollos usado 

para estudiar el melanoma. A raíz de este hallazgo, nuestros análisis 

posteriores desvelaron que la dimerización de ERK es especifica de 

mamíferos, lo que sugiere una diferencia evolutiva en cuanto a la dimerización 

de ERK se refiere. Además, se demostró como esta capacidad de dimerizar no 

depende del contexto celular si no que de la característica de las proteínas de 

ERK en las distintas especies. Sabiendo que la dimerización de ERK es 

esencial para la activación de substratos citoplásmicos era muy interesantes 

estudiar cuales fuesen las diferencias de ERK en las distintas especies e 

intentar elucidar un poco más a fondo los mecanismos que regulan su 

distribución celular.  

2.  Objetivos: 

1. Estudiar el papel de la fosforilación de la Ser284 en la dimerización de 

ERK y su localización célular. 

2. Elucidar los procesos bioquímicos y los efectos biológicos derivados de 

la fosforilación de ERK2 en Ser284.  

3. Determinar la relevancia de la fosforilación de ERK2 en Ser284 en 

procesos de carcinogénesis y establecer su uso como un diagnostico de 

prognosis en melanoma. 

3.  Materiales y Métodos 

Para estudiar el papel de la Ser284 en la dimerización de ERK2 se generaron 

mutantes de ERK2 en dichos residuos, sustituyendo la serina por una prolina 

(S>P), un aspártico (S>D) o un glutámico (S>E). Se analizó la dimerización de 

estos mutantes tanto por geles nativos como por “Philipova & Witaker” PAGE. 
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Se generó un anticuerpo fosfoespecífico frente al residuo Ser284 de ERK2 para 

analizar su fosforilación. 

Para la identificación de la kinasa responsable de la fosforilación en dicho 

residuo se hizo un silenciamiento de todas las Ser/Thr kinasas conocidas 

usando RNA de interferencia y se corroboró su efectiva actividad por ensayo 

kinasa in vitro.  

Para estudiar la localización de dicho residuo se efectuaron tantos ensayos de 

fraccionamientos núcleo/citoplasma como de análisis de inmunofluorescencias.  

Para analizar el papel de las kinasas y cómo influyen la interación de ERK con 

los scaffolds se realizaron ensayos de co-inmunoprecipitación, tras 

silenciamiento con RNAi o usando inhibidores especifico frente a la kinasa 

involucrada. 

Para estudiar las funciones bioquímicas de la Serina284 se hicieron estudios 

de la cinética de fosforilación de ERK en los residuos canónicos y se analizó su 

actividad kinasa por western blot, tras inmunoprecipitar los distinctos 

constructos. Para analizar la implicación biológica de la Ser284 se generaron 

líneas estables de MEF ERK1-/-; ERK2 flox/flox y se analizó su actividad 

proliferativa por método colorimétrico. Además, mediante el uso de la 

tecnología de CRISPR/Cas9, se generaron ratones donde se substituyó la 

Ser284 por una prolina, generando un modelo animal donde ERK2 no dimeriza. 

Símilmente se está intentando generar un modelo de pez cebra donde ERK2 

dimeriza, substituyendo la prolina por la Ser284.  

Para establecer la relación entre fosforilación en Ser284 y susceptibilidad a 

Vemurafenib en melanoma se analizó el patrón de p-Ser284 en distintas líneas 

de melanoma con mutaciones activadoras en B-RAF y N-RAS, así como se 

compararon los niveles de p-Ser284 en líneas de melanoma B-RAF sensibles o 

resistentes al tratamiento con Vemurafenib. Finalmente se analizaron los 

niveles de p-Ser284 en muestras de pacientes de melanoma por 

inmunohistoquímica. 
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4. Resultados y Discusión 

En este estudio hemos encontrado que la diferencia entre mamíferos y otras 

especies, en términos de secuencia aminoacídica, reside en el cambio de tan 

solo un aminoácido: habiendo una serina en aquellas especies donde ERK2 

dimeriza (Ser284 en humano) y una prolina en las especies dónde ERK2 no 

dimeriza. Por tanto, la Ser284 en ERK2 podría tener un papel importante en su 

dimerización. Para dilucidar este asunto, hemos generado mutantes de ERK2 

cambiando dicha serina por una prolina (S>P) y dos mutantes fosfomiméticos 

(S>E/D). Analizado la dimerización de dichos mutantes, observamos que el 

mutante S>P pierde su capacidad de dimerización mientras que los 

fosfomiméticos dimerizan, pero solamente tras estimulación por EGF, lo cual 

indica que la fosforilación de este residuo es necesaria pero no suficiente.  

Siendo un residuo fosforilable de ERK hemos generado un anticuerpo fosfo-

específico y hemos encontrado que ERK2, únicamente en su estado dimérico, 

está fosforilado en dicho residuo y que además tanto p-Ser284, como los 

dimeros de ERK2, tienen localización exclusivamente citoplasmática. Por tanto, 

la fosforilación en Ser284 constituye un marcador inequívoco de los niveles de 

ERK activado en citoplasma. Además, hemos descubierto que para la 

dimerización se necesita que los dos monómeros de ERK estén fosforilados en 

Ser284.  

Para identificar las kinasas implicadas en la fosforilación de las Ser284 hemos 

hecho un screening de silenciamiento por RNAi de todas las Ser/Thr kinasa del 

genoma humano. Hemos identificado que tanto MEK1 como AKT1 fosforilan 

este residuo y que se trata de una fosforilación directa, como indican los 

resultados de ensayo kinasa in vitro. Este hallazgo abre el abanico de sustratos 

fosforilados por MEK y por AKT1, rompiendo de alguna manera la especificidad 

dual de MEK1, siendo una Thr/Tyr kinasa. Símilmente, aunque Ser284 por su 

secuencia consenso y ERK misma, no es un substrato de AKT1, nuestros 

resultados demuestran que AKT fosforila la Ser284, añadiendo así un nuevo 

sito de fosforilación mediado por AKT. 

Hemos demostrado que el residuo Ser284 es importante para la localización 

citoplásmica de ERK en condiciones de reposo. Además, hemos comprobado 
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que la fosforilación de la Ser284 aumenta la afinidad con proteínas scaffold, 

como por ejemplo KSR1. Por tanto, este residuo es un importante regulador de 

la distribución subcelular de ERK. El trasportador que regula los niveles 

basales de ERK en el núcleo podría ser la Importina7, aunque no se descartan 

que existan otros tipos de transportadores que regulan la entrada de ERK al 

núcleo bajo estímulatión. De hecho, como se evidencia en el análisis de 

microscopía (time lapse) en células viva, la fosforilación de este residuo no está 

implicada en la cinética de entrada de ERK al núcleo. 

Hemos analizado como este residuo puede afectar la fosforilación de ERK en 

los residuos canónicos y actividad kinasa. Para ello hemos comparado la 

fosforilación en el motivo TEY de los distintos mutantes de ERK obteniendo que 

no existe una diferencia significativa entre los distintos mutantes. De la misma 

manera, se ha analizado la actividad kinasa de ERK analizando su capacidad 

de fosforilación de MBP y como esa dependa de la presencia de la Ser284. 

Observamos una ligera diferencia significativa, entre el mutante que no 

dimeriza (S>P) y el WT, siendo más intensa la actividad del ERK WT. Además, 

se ha estudiado la secuencia de eventos que llevan a la dimerización de ERK y 

su fosforilación en TEY y en Ser284, observando que dichas fosforilaciones 

ocurren de forma simultánea, indicando que tanto la dimerización como la 

fosforilación en Ser284 ocurren al mismo tiempo. 

Se ha estudiado la dependencia de la fosforilación en Ser284 en términos de 

viabilidad celular. Los resultados muestran una reducción de la viabilidad de las 

células MEF ERK S>P, aunque esta reducción podría ser atribuible al hecho 

que dicho mutante tiene un nivel de expresión más bajo, comparado con los 

demás. Similarmente, hemos generado unos ratones modificado 

genéticamente, donde ERK2 no dimeriza, habiendo substituido la Serina284 

por una Prolina. Actualmente no parece que dicha substitución esté afectando 

la viabilidad ni el normal desarrollo de estos ratones. Cabiendo la posibilidad de 

que ERK1 esté enmascarando el fenotipo derivante por la substitución S>P, 

nuestro próximo objetivo será cruzar estos ratones con ratones ERK1-/-, de 

manera que la única isoforma de ERK presente sea la de ERK2 S>P. Para 

intentar dilucidar las ventajas, si así se tratara, derivantes de la dimerización de 



                                                                                                             RESUMEN 

 

ERK, estamos intentando generar unos peces cebra donde ERK dimeriza. 

Estos modelos nos darán respuestas de que ventaja tiene la dimerización de 

ERK, además de servir como modelo para dilucidar el papel de la dimerización 

en procesos de carcinogénesis, como por ejemplo el melanoma. 

Finalmente, sabiendo que la susceptibilidad al tratamiento con Vemurafenib de 

pacientes con melanoma portadores de la mutación B-RAF V600E se 

correlaciona con los niveles de ERK activada en citoplasma, mejor que con los 

niveles totales de ERK fosforilada y considerando que la fosforilación del 

residuo Ser284 es un marcador univoco de ERK fosforilada en el citoplasma, 

nuestro propósito ha sido dilucidar si los niveles de Ser284 fosforilada podrían 

establecerse como un marcador de susceptibilidad y de respuesta a 

Vemurafenib, más fiable que los niveles de ERK fosforilada en los residuos 

canónicos. Para ellos hemos comparado distintas líneas celulares de 

melanoma, con mutaciones activadoras en B-RAF y N-RAS, así como clones 

celulares B-RAF tanto resistentes como sensibles al tratamiento con 

Vemurafenib. Hemos comprobado que la fosforilación de ERK en Ser284 es 

más alta en aquellas células que resultan ser más sensibles al tratamiento con 

el inhibidor de B-RAF, pudiendo ser un marcador de sensibilidad a este tipo de 

tratamiento. Con respecto a esto, hemos analizado los niveles de fosforilación 

de Ser284 en muestras de pacientes. Los resultados, si bien preliminares, 

indican que existe dicha correlación y por lo tanto este análisis de fosforilación 

en Ser284 podría incluirse como marcador de sensibilidad al tratamiento con 

Vemurafenib en aquellos pacientes de Melanoma con mutación B-RAF. De ser 

así, se podría hacer una estratificación precoz para identificar aquellos 

pacientes que sí responderán al tratamiento, frente a aquellos que serán 

resistentes, ahorrando inútiles efectos indeseados, tiempo y dinero. Además, 

este tipo de diagnóstico podría extenderse no solo a la detección de pacientes 

con melanoma sensibles al tratamiento, sino que también a pacientes que 

padecen otros tipos de tumores portadores de la mutación B-RAF.  
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5. Conclusiones 

1. La fosforilación en Ser284 es necesaria pero no suficiente para la 

dimerización de ERK2.  

2. Ambos monómeros de ERK2 tienen que estar fosforilados en Ser284 

para que ERK2 dimerice. 

3. AKT1 and MEK1 son las principales kinasas responsables de fosforilar el 

residuo Ser284 en ERK2. 

4. La fosforilación de la Ser284 de ERK2 tiene localización exclusivamente 

citoplásmica.  

5. La fosforilación Ser284 aumenta la afinidad de ERK2 por la proteína 

scaffold KSR1. Por lo contrario, disminuye la afinidad para 

transportadores nucleares como la importina 7.  

6. La sensibilidad al tratamiento con Vemurafenib de las células de 

melanoma portadoras de la mutación BRAF se correlacionan con unos 

niveles más altos de fosfo-Ser284.  Por lo tanto, los niveles de p-Ser284 

podrían ser utilizados como un biomarcador de susceptibilidad al 

tratamiento con Vemurafenib en pacientes con melanoma portadores de 

BRAF mutado. 
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Abbreviation  
  
AKT Protein Kinase B 
APE End of Activation Segment 
Arg, R Arginine 
Asp, D Aspartate 
ATP Adenosine triphosphate 
BBS Borate Buffered Saline 
BSA Bovine Serum Albumin 
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Pro, P Proline 
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RAS GEF Ras Guanine Nucleotide Exchange Factor 
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RTK Tyrosine Kinase Receptor  
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1.1 MAP KINASES: a general overview 

 

Protein kinases are a class of enzymes capable to phosphorylating 

specific substrates, thereby regulating their activity. To regulate their substrates, 

the enzyme catalyses the transfer of a phosphoryl group (PO3-) from a donor 

molecule, such as ATP, to a protein. Depending on the aminoacid acting as the 

phospho-acceptor, these kinases are classified as protein-serine/threonine 

kinases or protein-tyrosine kinases. It has been estimated that about 2% of the 

human genome encodes for protein kinases, 518 human protein kinases genes 

having been identified (Roskoski, 2012a). 

Within the protein kinases, the MAPK (Mitogen-Activated Protein Kinase) 

family is one of the best studied. This family is evolutionary conserved, being 

present in all eukaryotes, and under the control of different extracellular stimuli, 

it can regulate fundamental cellular processes such as proliferation, 

differentiation, survival and apoptosis. (Cargnello and Roux, 2011). 

The MAPK family has been divided into four subfamilies: the extracellular 

signal-regulated kinases; c-Jun amino (N)-terminal kinases, stress-activated 

protein kinases; p38; and ERK5. These subfamilies share the common 

characteristic of being activated by a three-tier kinase core formed by: 

MAPKKKs, which are Ser/Thr kinases; these activate MAPKKs, which are dual-

specificity kinases, that once activated phosphorylate MAPKs on Thr and Tyr 

(TXY motif). Once activated, MAPKs exert their functions by phosphorylating 

multiple cytoplasmatic and nuclear substrates (Fig.1.1). These MAPK modules 

are activated at their origin by small GTPase of the RAS family (Cargnello and 

Roux, 2011; Plotnikov et al., 2011; Roskoski, 2012a; Turjanski et al., 2007). 
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- ERKs (Extracellular signal regulated kinases) ERK1/2, also known as 

p44 and p42 respectively, due to their molecular weight. They were the 

first MAPKs to be identified and cloned (Boulton et al., 1991). Members 

of this family are mainly activated by growth factors. The two isoforms 

are ubiquitously expressed, with high levels in brain, muscle, thymus and 

heart. Two ERK1 alternative splicing isoforms have been described: 

ERK1b and ERK1c. There is also an ERK2 splicing isoform, named 

ERK2b (Cargnello and Roux, 2011). All of the above mentioned ERKs 

share a common phosphorylation motif, TEY, in the activation loop. 

- JNKs (c-Jun (N)-terminal Kinases) are also known as Stress Activated 

Protein kinases (SAPKs) since were originally identified as mediators of 

intra- and extra-cellular stress (Davis, 1994). Three JNK isoforms (JNK 1, 

2 and 3) have been identified encoded by three different genes, which 

express up to 10 different splicing isoforms. The JNK isoforms become 

active when phosphorylated in their TPY motif in response to various 

form of cellular stress (Cargnello and Roux, 2011). 

Figure 1.1. General scheme of the four classical MAPK signalling pathways. Each 
cascade is represented as a three-tiered kinase which include a MAP kinase kinase kinase 
(MAPKKK), a MAP kinase kinase (MAPKK) and the MAPK. Depending on the pathway, 
activated MAPK regulates different biological outcomes. 
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- p38 MAPKs. p38, also known as CSBP, mHOG1, RK and SAPK2, it was 

described for the first time by three groups (Han and Ulevitch, 1994; Lee 

et al., 1994; Rouse et al., 1994). Structurally, they share 50% of 

aminoacidic identity with ERK2. Four p38 isoforms have been identified: 

p38 α and p38 β, which are ubiquitously distributed and p38 γ and p38 δ, 

which, by contrast, have a more restricted expression pattern. In 

mammals, p38 kinases are activated in response to stress signals and 

inflammatory cytokines, by phosphorylation on their TGY motif (Cargnello 

and Roux, 2011).  

Besides the classical p38 isoforms, there have been described other 

isoforms of p38, encoded by alternative splicing. This is the case of Mxi2 

(Zervos et al., 1995), a p38 isoform where the last 80 C-terminal 

aminoacids are replaced by 17 amino acids not found in the classic 

isoforms, which gives it unique characteristics and different functions 

(Sanz-Moreno et al., 2003).  

 

- ERK5/BMK1 is also known as big MAP kinase 1, due to its size. In fact, 

ERK5 is twice bigger (110 kDa) than other MAPKs. In spite of being 

structurally similar to ERK2, sharing approximately 50% of its sequence, 

ERK5 shows a long C-terminal domain, with no similarity with other 

MAPKs. Actually, the C-terminal domain contains a nuclear localization 

signal (NLS) and a proline-rich domain (Lee JD, Ulevitch RJ, 1995). 

ERK5 is mainly activated by growth factors, oxidative stress and 

hyperosmolarity (Wang et al., 2006). The phosphorylation motif is TEY, 

like ERK MAPKs. 
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1.2 The RAS-ERK signalling pathway 

The RAS-ERK pathway is certainly one of the best-characterized 

signalling cascades. This is likely due to its relevant role in essential functions 

within cells. In fact, in response to multiple stimuli, this signalling pathway 

regulates pivotal functions, such as proliferation, differentiation, apoptosis, 

among others (Roskoski, 2012a). The interest for investigating this pathway not 

only arises from its implications in the regulation of physiological processes. 

This pathway appears dysregulated in a large variety of diseases, where cancer 

holds the main position. 

 

RAS activation is triggered by the interaction of growth factors (such as EGF, 

PDGF, among others) with cell-surface receptors. The binding of these agonists 

Figure 1.2. RAS-ERK signalling pathway. Upon stimulation mediated by growth factors, 
receptor tyrosine kinase auto-phosphorylates on its tyrosine residues and dimerize. This allows 
the recruitment of Grb2, which in turn bind to the guanine nucleotide exchange factor (GEF) 
SOS. SOS operates on RAS, inducing the interchange of GDP (inactive form) for GTP (active 
form). GTP-RAS recruits RAF to the membrane where it is activated. RAF phosphorylates 
MEK1/2 which, in turn, phosphorylates ERK1/2. Activated ERK, may dimerize and phosphorylate 
a large variety of cytoplasmic substrates or it can translocate into the nucleus as a monomer 
where it activates transcription factors. P stands for phosphoryl group. 



   INTRODUCTION 

39 

to their cognate receptors, mainly tyrosine kinase receptor (RTKs), induces their 

dimerization and, subsequently, their autophosphorylation on tyrosine residues.  

Phosphorylated receptors recruit SHC (SH2-containg protein) and Gbr2 (growth 

factor receptor-bound protein 2) adapter proteins to the plasma membrane. 

Gbr2 is constitutively bound to the RAS guanine nucleotide exchange factor, 

SOS (son of sevenless), which is designed to interchange GDP for GTP. The 

Grb2/SOS complex promotes RAS activation at the plasma membrane. RAS is 

a small GTPase that by interchanging GDP for GTP becomes active. Active 

RAS has several downstream effector pathways, including the ERK1/2 pathway 

(Wortzel and Seger, 2011). RAS-GTP go through a conformational change 

which make it able to bind RAF (MAPKKK) at the plasma membrane 

contributing to its activation (Liu et al., 2018).  

Phosphorylated RAF propagates the activation signal to its downstream 

substrate, by phosphorylating MEK1/2 (MAPKK), which in turn phosphorylates 

and activates ERK1/2 (MAPK).  

Activated ERKs can dimerize and regulate the activity of an huge number of 

cytoplasmic substrates. Alternatively, activated ERK monomers can enter the 

nucleus where they carry out regulatory functions on nuclear substrates (Casar 

et al., 2009; Ünal et al., 2017). 

1.2.1 RAF 

RAF family proteins are the first kinases involved in the propagation of signals 

through the RAS-ERK pathway.  

The v-raf (rat fibrosarcoma) oncogene was identified in the oncogenic mouse 

sarcoma virus. V-raf, together with the homologue avian virus oncogene, v-mil, 

were described as proteins showing Ser/Thr kinase activity (Moelling et al., 

1984). The first human RAF proto-oncogene identified was C-RAF or RAF1 

(Vdzina et al., 1984). Subsequentially, two other mammalian isoforms were 

described, named A-RAF (Huebner et al., 1986)  and B-RAF (Ikawa et al., 

1988). 
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The three RAF isoforms are structurally similar, sharing three conserved 

regions (CR1-3) (Fig.1.3). The first region (CR1), located at the N-terminus, has 

two domains: the cysteine-rich domain (CRD), a regulatory region, and the 

RAS-binding domain (RBD), essential for its interaction with RAS. The second 

one (CR2) is composed of a long sequence rich in Ser and Thr residues, 

involved in the inhibition of RAF activation and its binding to RAS. The third 

conserved region (CR3) corresponds with the kinase domain, whose 

phosphorylation is essential for its kinase activity (Migliaccio et al., 2013).  

 

 

In resting cells, RAF is in an auto-inhibited state, where the N-terminal 

regulatory region is folded over the catalytic region, repressing its activity. This 

process involves the phosphorylation of C-RAF at Ser 259 (or its equivalent 

site, Ser 365, in B-RAF) and it is mediated by Protein kinase A (PKA) (Dhillon et 

al., 2002) and AKT (Moelling, 1999). RAF is also negatively regulated by 14-3-3 

proteins, which bind to RAF upon Ser259/Ser621 phosphorylation, and whose 

interaction stabilizes C-RAF in its inactive form (Michaud et al., 1995; Procaccia 

et al., 2017).   

RAF activation is a multi-step process. The recruitment of RAF to the 

plasma membrane is the first step and it is mediated by RAS-GTP. RAF 

Figure 1.3 Representation of the three RAF isoforms. (%/%) refer to the total protein and 
kinase domain sequence identity. RBD stands for RAS binding domain, indicating the first 
conserved region of RAF, together with the CRB (cysteine-rich domain). Phosphorylatable 
residues are represented by P coloured circle. Red circles indicate negative regulator residues 
whereas green circles show activator residues. Adapted from (Ryan et al., 2015). 



   INTRODUCTION 

41 

interacts with RAS through its RBD domain. In addition, the CRD (cysteine rich-

domain) domain also seems to be crucial for C-RAF anchoring to the plasma 

membrane (Bondeva et al., 2002). RAS binding also promotes the 

dephosphorylation of the inhibitory 14-3-3 binding sites, a process that involves 

two protein phosphatases (PP2A and PP1) (Jaumot and Hancock, 2001). This 

dephosphorylation promotes the release of 14-3-3 from RAF N-terminus, 

allowing its recruitment to the plasma membrane. 

Another regulatory mechanism in RAF activation involves the 

dimerization of active B-RAF and C-RAF, also mediated by RAS (Rushworth et 

al., 2006). B-RAF and C-RAF homodimers have also been described, even 

though they are less stable than heterodimers. The dimerization and activation 

of RAF proteins is mediated by KSR (kinase suppressor of RAS) interaction. 

Crystallographic structural analysis highlight that the interaction between human 

B-RAF kinase domain and KSR1 is “side-to-side”, being B-RAF Arg509 residue 

at the heart of this interface, establishing a network of hydrogen bonds between 

the two proteins. In this regard, point mutations in Arg509 have highlighted the 

relevance of this residue, since Arg509His disrupts RAF dimerization reducing 

its kinase activity (Rajakulendran et al., 2009). 

RAF, to be fully active, requires the phosphorylation on three main areas: 

the negatively charged N-terminus; the activation segment; and the C-terminal 

domain for 14-3-3 binding. The N-terminal primary sequence is different among 

the three RAF family members, giving them particular regulatory properties. In 

the specific cases of A-RAF and C-RAF, the phosphorylation domain is 

composed of a SSYY motif (residues 338-341 in C-RAF and 299-302 in A-

RAF). All of these residues need to be phosphorylated for complete activation. 

This process seems to be undertaken by CK2 and PAK kinases. By contrast, 

the phosphorylation domain of B-RAF only contains two serine residues (SSDD 

motif), here phosphomimetic aspartic aminoacids contribute to enhance its 

basal activity (Lavoie and Therrien, 2015). 

The phosphorylation of the activation segment also seems to be 

important for RAF activation. Here, two conserved residues have been 

described to be functionally relevant for catalysis in the different RAF isoforms:  
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Thr452 and Thr455 in A-RAF (Baljuls et al., 2008), Thr599 and Ser602 in B-

RAF (Zhang, 2000) and Thr491 and Ser494 in C-RAF (Chong et al., 2001). 

Finally, the phosphorylation on Ser621 at C-RAF C-terminus is required 

for preventing 14-3-3 protein binding. This would stabilize RAF dimers and 

increase the affinity for ATP (Dhillon et al., 2009). 

The activating phosphorylation events described above, induce a 

conformational change in the kinase domain of RAF, switching the αC helix 

domain from the inactive state to the active state, enabling the phosphorylation 

and activation of its main substrate, the MEK kinase (Yaeger and Corcoran, 

2019).  

1.2.2 MEK 

Mitogen-Activated Protein Kinase Kinase 1 and 2, also known as MEK1 

and 2, are two isoforms encoded by map2k1 and map2k2 genes, which display 

an 80% aminoacidic identity (Fig. 1.4) (Lefloch et al., 2009). These proteins are 

located downstream of the RAF proteins, which activate MEK by 

phosphorylation in their activation loop sequence. MEK1/2 can also be 

phosphorylated by other MAPKKKs, such as Tlp2 (Banerjee et al., 2006), Mos 

(Haccard and Jessus, 2006), MLKs (Marusiak et al., 2014) and PAKs (Frost et 

al., 1997).   

 

MEK1/2 are dual specificity kinases. To be activated, they require the 

phosphorylation of two contiguous serine residues localized in their activation 

Figure 1.4. Representation of the two MEK isoforms. (%/%) refer to the total protein and 
kinase domain sequence identity. The D in yellow indicates the D-domain of MEK whereby it 
interacts with its substrates. NES stands for Nuclear export signals. Green P circles indicate 
activating phosphorylation residues. Red P circles are negative regulatory residues. 
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loop, within the typical MAPKKs motif Ser-Xaa-Ala-Xaa-Ser/Thr. In the case of 

Human MEK1, these residues are Ser218 and Ser222 (Alessi et al., 1994). 

Phosphorylation on both residues is required to fully activate the enzyme 

(Zheng and Guan, 1994). Once activated, MEK interacts through its basic N-

terminal D-domain, with the CD (common docking) site of ERK1/2, 

phosphorylating them in their TEY residues (Bardwell et al., 2003; Crews et al., 

1992; Roskoski, 2012b). 

Another important domain is the Domain of Variable docking (DVD). This 

domain, conserved among all MAPKKs, is composed by a stretch of 20 

aminoacids positioned just downstream of MEK activation segment. This 

domain is essential for the interaction between MEK and its upstream activator 

RAF (Takekawa et al., 2005). Intriguingly, MEK would also mediate in B-RAF 

activation, independently of its catalytic activation. In this mechanism is involved 

the KSR scaffold, whose ability to stimulate the catalytic activity of B-RAF is 

mediated by MEK. In this regard, Therrien and Collaborators, using the MEK 

F311S mutant, unable to bind KSR, demonstrate that the priming of MEK-KSR 

binding is essential for B-RAF-KSR heterodimerization, and this complex would 

promote B-RAF activation, and the final phosphorylation of free MEK molecules 

(Lavoie et al., 2018).  

MEK activation is also dependent on the phosphorylation of Ser298, which is 

mediated by p21-activated kinase 1 (PAK1), a downstream kinase of the PI3K 

pathway (Frost et al., 1997). This residue is in another important regulatory 

region: the proline-rich domain (PRD) (Dang et al., 1998). This domain has 

been described to be crucial for MP1 (MEK partner 1) interaction (Schaeffer, 

1998). The phosphorylation of Ser298 enhances MEK kinase activity toward 

ERK and, at the same time, stimulates a negative feedback loop mediated by 

active ERK. In other words, MEK activity is counteracted by a retro-

phosphorylation on Thr292, in the PRD, undertaken by ERK (Eblen et al., 

2004).  

The MEK PRD domain is also implicated in the regulation of the PI3K-AKT 

pathway. In particular, MEK Thr292 phosphorylation, but not MEK1 kinase 

activity, is responsible of recruiting PTEN to the plasma membrane, decreasing 
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in such way PI3PK activation (Zmajkovicova et al., 2013). This crosstalk 

between the two pathways, highlights that the ERK and PI3K pathways are 

continuously regulating each other.  

Another evidence of the crosstalk among the two pathways comes from Seger’s 

lab: AKT activation is mediated by the PRD of MEK1/2 and depends on the 

reciprocal AKT-mediated phosphorylation of Ser298 in MEK1 or Ser306 in 

MEK2 (Procaccia et al., 2017). 

Like other members of the RAS-ERK pathway, MEK1/2 are also able to 

dimerize. This dimerization plays an important role not only in MEK activation 

mediated by RAF, but also in its regulatory activity. As mentioned before, the 

ERK-induced phosphorylation of Thr292 mediates MEK inactivation. This 

residue, located in the unique proline-rich domain, is absent in MEK2. Thus, 

MEK1/2 heterodimerization is essential to achieve the negative-regulatory loop, 

induced by ERK (Catalanotti et al., 2009). 

Another MEK function is to anchor ERK in the cytoplasm. In fact, the N-terminal 

domain of MEK1 contains three lysine residues neighboured by hydrophobic 

residues, named NES (nuclear export signal), which serves as a platform for 

holding ERK1/2 in the cytoplasm, under resting conditions (Fukuda et al., 

1997b). Upon stimulation, MEK1 translocates to the nucleus, but it is 

immediately exported to the cytoplasm. In this mechanism is involved the CRM1 

nuclear export protein, which recognizes the MEK-NES motif. In this way, 

CRM1 shuttles MEK back to the cytoplasm, carrying with it ERK back to the 

cytoplasm. (Fukuda et al., 1997a). ERK nuclear export is inhibited by 

leptomycin B, an inhibitor of CRM1 (Adachi et al., 2000). 

1.2.3 ERK1/2 

ERK1 and ERK2 are two proteins of 44 and 42 kDa, respectively. The acronym 

ERK stands for extracellular signal-regulated protein kinase. It was coined by 

Boulton et al. when they cloned, for the first time, ERK1 cDNA sequence 

(Boulton et al., 1990) and subsequently the cDNA ERK2 sequence from rat 

(Boulton et al., 1991). This designation replaced the previous name MAP2 

(microtubule-associated protein 2 kinase) described firstly as an insulin-
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stimulated protein (Ray and Sturgill, 1987), as these proteins were activated by 

a wide range of extracellular signals. 

For a long time, it has been though that ERK1 and ERK2 could have specific 

functions. In agreement with this concept, several works demonstrated that 

ERK1 knock-out animals were perfectly viable while ERK2 knock-out animals 

were not viable (Blasco et al., 2011; Hatano et al., 2003; Krens et al., 2008; 

Pagès et al., 1999; Saba-El-Leil et al., 2003). However, these studies didn’t 

consider global ERK1/2 expression. In fact, since ERK1/2 are differentially 

expressed in cell lines and tissues, and being the ERK2 isoform the higher 

expressed isoform (Buscà et al., 2015; Frémin et al., 2015), it was conceivable 

that the deleterious effects were a consequence of the depletion of the most 

expressed isoform (Lefloch et al., 2009; Saba-El-Leil et al., 2016; Voisin et al., 

2010). In this regard, it has been recently shown that overexpression of ERK1 

can compensate for ERK2 deficiency during development, indicating that both 

proteins share similar functions and that a minimum ERK threshold is required 

for their physiological activity (Frémin et al., 2015). 

Structurally, ERK1/2 display a high similarity with other MAPKs. They are 

composed by a small N-terminal lobe and a large C-terminal lobe, connected by 

a linker. The small lobe is composed by five antiparallel β sheet-strands. In this 

region is contained a conserved αC helix whose orientation, in or out, 

contributes to the activation of the protein (Roskoski, 2012a). 

Figure 1.5. Organization of Human ERK1 and ERK2. (%/%) refer to the total protein and 
kinase domain sequence identity. The N-terminal GxGxxG sequence represents the glycine-
rich domain. K is Lysine54, important for coordinating ATP phosphate groups. HDR sequence 
corresponds to ERK catalytic domain. DFG sequence marks the beginning of the activation 
segment, comprising the activation lip including by threonine and tyrosine residues. The C-
terminal docking domain (CD) is an essential site for the interaction with MEK, substrates and 
phosphatases. Adapted from (Ryan et al., 2015). 
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Besides its high conservation, ERK2 shows unique characteristics, such as: an 

insertion at the N-terminus; and a C- terminal extension that lies on the surface 

of the molecule. ERK2 displays a four-amino acid insertion in the N-terminal 

lobe, between β4 and β5 strands; and a 31-residue insertion between G- and H-

helix that contacts with the phosphorylation lip containing the Thr185 and 

Tyr187 phosphorylation sites. The C-terminal extension (315-358) forms part of 

the kinase domain interface and the αL16 helix which makes contact with the N-

terminal lobe. (Roskoski, 2012a; Zhang et al., 1994). 

The N-terminal lobe contains a glycine-rich loop (GxGxxG), which is the most 

flexible part (Fig.1.5) (Zhang et al., 1994). This loop allocates the β- and γ- 

phosphates groups of the ATP in the right orientation for catalysis; while a 

conserved valine (V56/V39 in human ERK1/2) (h will indicate human hereafter), 

next to the glycine loop, is in charge of making a hydrophobic contact with the 

adenine of ATP. The β3-strand contains an important lysine (K71/54 hERK1/2) 

which connects the α and β phosphate of ATP to a conserved glutamate 

(E88/71) of the αC-helix. This interaction is essential for catalysis. Mutation of 

K54 to arginine abolishes ERK catalytic activity, obtaining the dead-kinase 

mutant (K54R) (Canagarajah et al., 1997). The formation of a salt-bridge among 

the β3-lysine and the αC-glutamate is a pre-requisite for the formation of the 

activated state, corresponding with the “αC-in” conformation (Roskoski, 2012a).  

The large C-terminal lobe contains six conserved α helixes (αD-αI) and four 

short β-strands (β6-β9). Most of the catalytic residues in charge of transferring 

ATP to the substrates occupy these strands. The HDR sequence marks the 

beginning of the ERK catalytic loop in the β6 strand (Fig. 1.5). The aspartate 

(D169/149 in hERK1/2) residue of the HDR motif extracts the proton from the -

OH group of the protein substrate, enhancing its nucleophilicity, thereby 

facilitating the nucleophilic attack of the oxygen on the γ-Phosphorous atom of 

Mg-ATP (Fig. 1.6).  

The main ERK regulatory region is the activation segment. This sequence is 

comprised between the DFG and the APE motifs. The aspartate D186/167 

(ERK1/2) in the DFG motif binds Mg2+ ions, which in turn coordinate the three 

phosphate groups of ATP. The activation loop, also known as the activation lip, 
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is located within the activation segment. This lip contains two phosphorylatable 

residues, a threonine and a tyrosine, spaced out by a glutamate (TEY motif). 

The lip is located close to the magnesium-binding loop, the HDR catalytic loop 

and the N-terminal αC-helix. This large lobe typically binds the peptide/protein 

substrates, where the negative charges of the phosphates generate an optimal 

grove for positioning in the right orientation the proline P+1 present in all ERK 

substrates. Thus, ERK being a proline-directed kinase (Canagarajah et al., 

1997; Zhang et al., 1994).  

ERK catalytic site is in the cleft between the small and the large lobes. In the 

catalytic-inactive state, also termed as open conformation, the two lobes are 

slightly angled away from each other. As a result, the catalytic residues are 

misaligned. In addition, the P+1 substrate-binding region is blocked, preventing 

substrate entrance (Canagarajah et al., 1997). By contrast, in the closed, 

catalytically active conformation, the two lobes rotate 5.4º closer. After the Mg2+-

ATP and substrate binding, an additional movement of the lobes allows ATP to 

transfer the phosphoryl-group on the substrate. Two already mentioned 

structures contribute to the final activation of the protein. The αC-helix in the N-

small lobe, whose rotation in the position “in”, induces the formation of a salt-

bridge among the glutamate (E71 of hERK2) of the αC-helix and K54 in the β3-

strand. The second, but not less important event, involves the aspartate (E164) 

movement of the DFG motif. In this regard, the D-residue of the DFG motif, 

move in facing the ATP-binding pocket, thereby coordinating with Mg2+, while 

the bulky phenylalanine residue moves out. (Roskoski, 2012a).  
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1.2.3.1 ERK activation and regulation 

The conversion from inactive to active ERK, requires the phosphorylation of two 

residues located within the activation lip, namely the TEY motif. The 

phosphorylation of these two residues is mediated by MEK; even though a 

basal amount of phosphorylated ERK on Tyr187 has been detected when it is 

overexpressed in bacteria. This finding suggests ERK ability to auto-

phosphorylate (Robbins et al., 1993; Rossomando et al., 1992). 

Phosphorylation on the TEY residues is essential for the right molecular 

organization, which end up in ERK activation. Replacement of the Thr185 by 

alanine, or Tyr187 by phenylalanine, in the case of ERK2 AEF mutant, 

eliminates completely its kinase activity. Moreover, attempting to generate a 

phospho-mimetic active mutant, namely the EEY, where a glutamate substitutes 

the threonine, results in a 10% of activity, compared to the wild-type form. This 

is because, upon phosphorylation, p-Thr185 makes essential ionic contacts with 

Figure 1.6. Representation of molecular interactions between the human ERK2 kinase 
catalytic core residues, ATP, and the protein substrates. Catalytically residues that interact 
with ATP and the protein substrate are in the light khaki background on the left. Secondary 
structures and residues that participate in the regulation of catalytic activity occur within the gray 
background on the right. Hydrophobic interactions between the HRD motif (the first D of K/D/D), 
the DFG motif (the second D of K/D/D), and the αC-helix are indicated by double arrows while 

polar contacts are depicted as dashed lines. Pho, represented by a red circle, is the phosphate 
attached to Thr185. Adapted from (Roskoski, 2012a). 
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the N-terminal domain, contributing to the enzyme closure, which otherwise 

would be lost (Canagarajah et al., 1997).  

Specific residues in the C-terminal L16 segment of ERK display a key role in the 

docking of ERK with substrates, phosphatases, and also with MEKs. This 

region has been named CD (common docking). Mutational analysis reveals 

three residues, namely Asp316, Asp319 and Glu320 in rat ERK2, which are 

essential for the interaction with MEK D-domain (Robinson et al., 2002). 

However, since the TEY motif is buried in the inactive ERKs, additional 

interactions between ERK N-terminus and MEK seem to cooperate in order to 

expose the phosphorylatable ERK residues to MEK. Since these sites are 

located in different position of the molecule, it is likely that more than one MEK 

molecule are involved is this process (Adachi et al., 2000; Chuderland and 

Seger, 2005; Robinson et al., 2002). The phosphorylation on TEY by MEK 

increases ERK kinase activity by 1000-fold (Eblen, 2018; Robbins et al., 1993).  

Upon phosphorylation, the biggest conformational changes occur at the 

activation lip and L16 helix (Pegram et al., 2019). In such a way, p-Thr185 

interacts directly with three arginine residues, Arg70 in the αC-helix, Arg148 in 

the catalytic loop, Arg172 in the lip and, indirectly, with the Arg67 in the αC-helix 

(Canagarajah et al., 1997). The interaction among the p-Thr185 and Arg67/70 

in the αC helix, may stabilize the active form (Xiao and Al., 2014) (Fig. 1.7). 
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Other interactions occur at the C-terminal extension L16 (from Pro311 to Arg 

360), where the loop is further folded forming a 3/10 helix. Phosphorylated 

Thr185 forms two additional hydrogen bonds with L16 residue. In this way, 

Thr185 contacting with both N- and C-terminus, directly influences the 

orientation of the two domains and promotes a tighter interaction among the two 

domains, resulting in the final closed conformation of activated ERK 

(Canagarajah et al., 1997).  

On the other hand, the phosphorylation of Tyr187 promotes a conformational 

change in the P+1 site, enhancing ERK substrate specificity. In addition, p-

Tyr187 interactions with Arg191 and Arg194 contributes to place the proline 

substrate in the right position (Canagarajah et al., 1997) (Fig. 1.7).  

The process of ERK activation mediated by MEK has been controversial. Two 

models of ERK activation have been proposed so far. Initially, the mechanism of 

ERK activation was thought to follow a switch-like manner (Fig.1.8 A). In fact, 

Ferrel and co-worker have established that, in Xenopus oocytes, upon 

increasing concentration of a stimulus, ERK activation followed a kinetics of “all 

Figure 1.7. ERK2 crystal structure. Upon Thr183 and Tyr185 (mouse numeration) the 
biggest conformation changes occurs at the activation loop and L16 loop. A) It is shown the 
two disconnected regions in unphosphorylated ERK2 (0P). B) In phosphorylated ERK2 
(2P), the p-Thr183 and p-Tyr185 establish several interactions with multiple Arginine 
residues, while the L16 loop is further folded into a 3/10 helix. Adapted from (Pegram et al., 
2019). 

A B 
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or none”, which corresponds to a “distributive activation” mode. In their in vitro 

model, a MEK molecule would first phosphorylate ERK at Tyr187. Soon after, 

MEK will dissociate from p-TyrERK and only after its re-binding, ERK will be  

fully activated after Thr185 phosphorylation (Ferrell and Bhatt, 1997). 

Nevertheless, this model cannot be applied to all biological system. In fact, this 

model cannot explain the “graded response” observed in the mammalian HeLa 

cells upon EGF stimulation (Fig. 1.8 A) (Aoki et al., 2011).  

 

 

It was hypothesized that these differences could be attributed to scaffold 

proteins, whose interaction with ERK would change the activation response 

from a switch-like mode to a processive manner. In this other model, MEK binds 

to ERK and only after having phosphorylated both residues in the TEY, it 

dissociates away. However, MEK-ERK does not form such as stable complex in 

order to completely satisfy this model (Burack and Sturgill, 1997). For these 

reasons, Matzuda and collaborators proposed the “quasi-processive” model 

Figure 1.8. Representation of the input-output response of ERK MAP kinase. A) 
Comparison between distributive phosphorylation model, which occur in vitro, leading to a 
switch-like response, and graded response, observed in mammals. B) Quasi-processive model 
of ERK activation. Under molecular crowding condition, MEK phosphorylates firstly ERK at 
Tyr187 (pY-ERK), dissociates from ERK and re-binds with high probability to p-TyrERK in order 
to activate completely ERK (pT-pY-ERK). Adapted from  (Aoki et al., 2011). 
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(Fig.1.8 B). In this model, MEK first phosphorylates ERK at the tyrosine residue 

(p-TyrERK) and then dissociates from the product. The discrepant results 

between the in vitro model and HeLa cells was attributed to a molecular 

crowding effect, which restricts the molecules movements. Thus, due to 

molecular crowding, the two molecules do not have enough space for moving 

away from each other, thereby MEK re-binds ERK and re-phosphorylates p-

TyrERK with high probability. Apparently, none of the scaffold proteins 

contribute to changing the phosphorylation process from distributive to quasi-

processive. However, these findings cannot exclude the possibility that scaffold 

proteins could play the role of increasing molecular crowding withing the cells, 

rather than scaffolding per se (Aoki et al., 2011).  

1.2.3.1.1 ERK dephosphorylation 

In order to maintain cell physiological homeostasis, activated ERK1/2 undergo a 

dephosphorylation process which regulates the magnitude and duration of its 

activation. To do so, protein phosphatases, removing one or both phosphates 

from its activation lip, play the relevant task of switching off the signal conveyed 

through the Ras-ERK pathway (Anderson et al., 1990).  

Three groups of protein phosphatases have been identified: the protein Ser/Thr 

phosphatases (S/T PPs); protein Tyr phosphatases (PTPs); and dual specificity 

phosphatases (DUSPs) (Chuderland and Seger, 2005).  

The dual-specificity mitogen-activated protein kinase phosphatases (DUSPs), 

also known as MAP Kinase Phosphatases (MKPs), are able to remove 

phosphates both from tyrosine and threonine residues in their substrates (Fig. 

1.9). Depending on their substrate specificity and on their localization, these 

enzymes can be further subdivided into three classes. i) The dual phosphatases 

class I enzymes, namely: DUSP 1, 2, 4 and 5, whose expression is induced by 

ERK. Phosphatases belonging to this class, have a nuclear localization signal 

(NLS) in their amino terminal which retains them at the nucleus. DUSP 5 

specifically dephosphorylates and anchors ERK in the nucleus (Kidger et al., 

2017). ii) By contrast, the DUSP 6, 7 and 9 belonging to the class II, contain a 

leucine-rich NES sequence (nuclear export signal) thereby, their activity is 
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restricted to the cytoplasm. i) The class III enzymes (DUSP 8, 10 and 16), are 

located in both cellular compartment and are more promiscuous than the 

previous two classes, also inactivating other MAPKs, such as p38 and JNK 

(Roskoski, 2012a). 

All the members of this group contain a conserved N-terminal domain, the 

kinase interaction motif (KIM), which is essential for the interaction with its 

substrates, and a C-terminal domain with phosphatase activity. The interaction 

among MKPs and ERK occurs through the positive and hydrophobic MAPK 

binding domain (KIM) and the MAP kinase D-recruitment domain (CD). DUSP6 

(also known as MKP3) is an ERK2 specific phosphatase. Disruption of DUSP 

catalytic motif, by using the DUSP Cys293Ser mutant, impairs ERK inactivation 

(Farooq et al., 2001). Mutations on ERK2 common docking site, such as the 

substitutions E322K or D321N, have been found in many pathological 

conditions, including cancer. These mutations reduce DUSP inhibitory activity, 

by preventing its binding to ERK. Altering ERK regulation, leading to its 

overactivation  (Taylor et al., 2019).  

Figure 1.9. Representation of ERK inactivation mediated by phosphatases. Active ERK 
(yellow) induces the activation of MKP (MAP Kinase Phosphatase), which in turn bind to ERK, 
through its Kinase Insert Motif (KIM). The latter event is the dephosphorylation of ERK and its 
subsequent inactivation. 
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In addition, upregulated levels of DUSP6 have been found in many types of 

cancers. These effects highlight the intricate role of phosphatases in the ERK 

regulation in cancer (Ahmad et al., 2018). There are evidences hinting the role 

of DUSP6 in ERK localization. In fact, in resting condition DUSP6 acts as 

anchor, retaining ERK at the cytoplasm (Karlsson et al., 2004).  

The mechanism for removing phosphate groups from ERK activation lip is quite 

conserved among protein phosphatases (Fig. 1.9). The active site of DUSP 

phosphatases shows an enlarged cleft which can fit either a phosphotyrosine or 

a phosphothreonine residue, removing phosphate groups leads to ERK 

inactivation (Farooq and Zhou, 2004).  

Another group of phosphatases involved in ERK inactivation are the protein-

tyrosine phosphatases (PTP). This group of phosphatases specifically remove 

phosphate groups from tyrosine residues. Members of this group are the PTP-

SL (STEP like) and PTP-STEP, where STEP stands for Striatal-Enriched 

Tyrosine Phosphatases. These phosphatases, to be catalytically active, are 

phosphorylated by activated ERK on threonine 360 (rat) and then 

dephosphorylate ERK Tyr187 (Pulido et al., 1998). These phosphatases 

interact with ERK D-site, via their kinase interacting motif (KIM), which 

determines their substrate specificity. Since they revert ERK action, members of 

this group may act as tumour-suppressors. It is the case of PTPrK, a receptor-

type tyrosine-phosphate, whose action on C-RAF reduces ERK signalling, 

acting as tumour-suppressor in melanoma (Casar et al., 2018).  

The Ser/Thr phosphatases (PPs) are proteins with the ability of removing 

phosphate group from serine and threonine residues (Alessi et al., 1995). Since 

most members of the RAS-ERK pathway contain several phospho- Ser and Thr 

residues, the protein PP2A, belonging to this group, has the ability to regulate 

ERK inactivation, or activation, at different step of the pathway. For instance, 

dephosphorylation of RAF-1 S259, mediated by PP1 and PP2A, releases the 

14-3-3 inhibitor subunit from RAF, allowing its activation (Jaumot and Hancock, 

2001). Dysregulation of PP1 has been found in cancer leading to an 

overactivation of RAF and subsequently of ERK (Chen et al., 2018).  
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1.2.3.1.2 Negative feedback loops 

Another regulatory mechanism acting on the RAS-ERK pathway is represented 

by ERKs ability to directly phosphorylate nearly all of the components of its 

pathway, acting as a negative-regulator of the signalling through its own 

pathway (Fig. 1.10). MEK1 activation is negatively regulated by ERK-mediated 

phosphorylation on Ser292. This phosphorylation reduces MEK1/2 

heterodimerization attenuating ERK activity (Catalanotti et al., 2009).  

Moreover, the negative charge added by the phosphate group on Ser292 

prevents the priming phosphorylation on Ser298 mediated by PAK1, which 

anticipates MEK phosphorylation on Ser218 and 222 (Eblen et al., 2004). To 

inhibit RAF activation, ERK phosphorylates RAF on several serine and 

Figure 1.10. Regulation of Ras-ERK pathway by ERK mediated-negative feedback. 
Active ERK inhibits nearly all the component of the pathway. This is mediated by 
phosphorylation as well as by the activation of other modulators, by inducing their expression 
(DUSP and SPROUTY) or modulating its activation (RSK2). The red lines indicate the 
proteins targeted by the ERK inhibitory activity. Adapted from (Lake et al., 2016). 
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threonine residues. Phosphorylation on Ser151 prevents RAS-RAF association, 

whereas Thr401, Ser750 and Thr753 phosphorylation reduces B-RAF and C-

RAF heterodimerization (Ritt et al., 2010). Another regulatory step affects RAS 

activation at the plasma-membrane. Active ERK phosphorylates epidermal 

growth factor receptor (EGFR) at Thr699 and, as a consequence of this 

negative feedback, prevents EGFR dimerization, attenuating its activation 

(Kluba et al., 2015). In addition to this, ERK can diminish RAS signals by 

phosphorylating the Ras guanine exchange factors, SOS1. ERK2-mediated 

phosphorylation of SOS1 on its proline-rich domain, blocks Grb2-SOS1 

complex formation and EGFR-SOS1 association (Eblen, 2018). SOS1 is also 

inhibited by the ERK effector Ribosomal S6 Kinase 2 (RSK2) (Douville and 

Downward, 1997).  Moreover, ERK can stimulate the activity of the regulatory 

protein SPROUTY. SPROUTY phosphorylation, having a docking site for Grb2, 

adds another negative regulatory event at the Ras core, blocking Grb2 function 

(Saei and Eichhorn, 2019). Activated ERK can also influence scaffold proteins 

activity. This is the case of KSR1, whose main function is to assemble members 

of the Ras-ERK pathway, in order to regulate ERK activation in a localization-

specific fashion. ERK can phosphorylates KSR1 on Ser443, thereby reducing 

its ability to potentiate ERK activation (McKay et al., 2009). 

Interestingly, the integrity of negative feedback loops plays a relevant function in 

determining ERK1/2 signalling outputs. In fact, disruption of the regulatory 

negative feedback loops reverts ERK activation from graded or “quasi-

processive” to “switch-like” manner (Lake et al., 2016; Sturm et al., 2010). 
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1.2.3.2 ERK dimerization 

The first evidence of ERK dimerization comes from the Cobb laboratory, when 

they solved the active ERK2 structure for the first time (Fig.1.11 A) 

(Canagarajah et al., 1997). Upon phosphorylation, ERKs dimerize.  ERK1/2 

homodimers show a higher stability, even though ERK1-ERK2 could hetero-

dimerize. It has also been demonstrated that activated ERK can dimerize with 

non-phosphorylated ERK. However, the Kd of phosphorylated ERK2 dimers has 

been estimated to be 3000 times lower than the non-phosphorylated dimer. 

These findings hint that upon phosphorylation, the majority of activated ERKs 

homodimerize (Khokhlatchev et al., 1998).  Canagarajah and collaborators have 

elucidated the molecular basis of ERK dimerization in vitro (Canagarajah et al., 

1997). Upon phosphorylation of the lip, ERK molecules show the most dramatic 

conformational changes in the activation lip and in the C-terminal extension, 

known as L16 (from Pro309 to Arg358). In this regard, a shift of 25 Å in the 

activation loop provokes the exposure of three leucine residues (Leu333, Leu 

336, Leu344) in the L16 C-terminus. As a result, this leucin-rich region is more 

exposed to the solvent, making hydrophobic interactions with another molecule 

Figure 1.11. Structure of ERK2 dimers. A) Representation of a symmetric ERK2 dimer, 
having both activation lip and MAP kinase insertion domain completely accessible. The N-β 
strands are shown in green, the α helices in blue and the L16 and the MAP kinase insert in 
magenta. Phosphorylated Thr183 and Tyr185 are shown as pT and pY in yellow (mouse 
numeration). B) Representation of the hydrophobic zip composed by the Leucine residues 333, 
336, and 344 in L16, contacting each other in the dimer. Moreover, an ionic bound is 
represented in red, bridging the H176 of the activation lip with E343 of the L16 of another 
molecule. Adapted from (Khokhlatchev et al., 1998). 

 



INTRODUCTION_________________________________________________ 

58 

of ERK. Additionally, His176 in the activation lip makes ionic contacts with 

Glu343 in the L16 helix of another ERK partner, further stabilizing the 

interaction of the dimers (Fig.1.11 B). Thus, the two phosphorylated ERK2 

oligomers bind through a hydrophobic zipper strengthened by two ion pairs, one 

on each side of the zipper (Canagarajah et al., 1997; Philipova and Whitaker, 

2005).  

Further evidence supporting the hypothesis that dimer formation requires both 

ionic and hydrophobic interactions, comes from Wilsbacher work, where 

chelating agents, such as EDTA, sequestering divalent cations, reduces ERK 

dimerization. Moreover, the ratio of dimers to monomers decreases 

proportionally as the salt concentration increases, in line with the evidence that 

a strong hydrophobic contribution is required for dimer formation (Wilsbacher et 

al., 2006). Mutational analysis confirms that five residues of the dimerization 

domain are essential for ERK dimerization. In fact, to obtain an ERK 

dimerization-impaired mutant, it is necessary to change simultaneously 

histidine176 to glutamate and four leucine (333,336, 341 and 344) to alanine, 

giving the ERK2 H176E L4A mutant (Khokhlatchev et al., 1998). Functionally, 

ERK dimerization has been associated with a higher catalytic activity, 

endogenous ERK1 dimers being much more active than its monomers 

(Philipova and Whitaker, 2005). 

It has been shown that ERK dimerization is a specific characteristic of mammals 

(Herrero et al., 2015). Regarding the dimerization domain, this region is 

conserved among all tetrapods. The only difference resides in the region around 

His176 residue, being PDHD in ERK2 and PEHD in ERK1, where the aspartic 

residue is replaced by a glutamic residue. Even though this bulky substitution 

could affect substrate interaction, this change does to not affect ERK 

dimerization indicating that further differences are required in order to explain 

ERK inability to dimerize in non-mammalians (Buscà et al., 2016).  

Initially, ERK dimerization was proposed as a mechanism for ERK nuclear 

translocation, being the dimerization-deficient mutant (ERK2 H176E L4A) 

impaired to translocate to the nucleus (Adachi et al., 1999; Khokhlatchev et al., 

1998). Others, proposed that nuclear translocation occurred independently of 
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ERK dimerization, but dependent on the phosphorylation rate (Lidke et al., 

2010). Conversely, in our laboratory we demonstrated that ERK2 dimerization 

occurs at the cytoplasm with the participation of scaffold proteins, and being 

essential for the activation of certain cytoplasmic substrates, such as the 

cytosolic phospholipase A2 (cPLA2) (Casar et al., 2008). These evidences 

suggested that phosphorylated ERKs dimerize using scaffold proteins as 

dimerization platforms. Contrarily, ERKs enter the nucleus as monomers. 

Moreover, blocking ERK dimerization, but not its phosphorylation, blocks 

tumour progression in animal models of tumour cells harbouring RAS and RAF 

mutations, opening the door to a new perspective of MAPK inhibitors (Casar et 

al., 2008; Herrero et al., 2015). This is the case of DEL22379, that functions 

blocking ERK dimerization. Predictive docking analysis revealed that DEL22379 

docked on the cleft delimited by residues Pro174, Asp175, His176, Asp 177, 

Phe181 and Phe329. The interacting residues from the other monomer are: Pro 

337, Lys338, Glu339, Lys340 and Glu343. Thus, binding to ERK2 at a groove in 

the dimerization interface, this compound prevents ERK2 dimerization. In such 

a way, DEL22379 reduces cytoplasmic but not nuclear ERK substrates 

activation (Herrero et al., 2015).   

1.2.3.3 ERK nuclear translocation 

ERK localization depends on its activation state. In resting cells, ERK is mainly 

localized at the cytoplasm, where specific cytoplasmic proteins act as ERK 

anchors (Chuderland and Seger, 2005). Altering ERKs physiological 

concentration, for instance by overexpression, enhances its entrance to the 

nucleus, leading to ERK mislocalization within the cell. By contrast, 

overexpressing ERK anchors, retains ERK at the cytoplasm, highlighting the 

importance of certain anchors for the correct ERK spatiotemporal dynamics 

(Costa et al., 2006).   

MEK is one of ERK cytoplasmic anchors, it retains ERK at the cytoplasm in 

resting cells (Fukuda et al., 1997b). Considering that MEK concentration is 

much lower than ERK, it is conceivable to thing that other cytoplasmic anchors 

must also contribute to this retention (Yao and Seger, 2009). Other anchors, 

such as the scaffolds KSR1/2, MP1 and IQGAP or phosphatases (DUSP6 or 
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PTP-SL) (Caunt and Keyse, 2013) or even components of the cytoskeleton, 

serve as ERK retaining platforms in the cytoplasm in resting cells (Roskoski, 

2012a). 

 

Upon stimulation, phosphorylated ERK dissociates from MEK and translocates 

immediately to the nucleus, acting on nuclear transcription factors (Adachi et al., 

1999). ERK nuclear translocation influences several biological outcomes, 

depending on the transcriptional factors activated and on the durability of the 

activator stimulus. Activated ERK may translocate to the nucleus promoting cell 

proliferation and differentiation, among others. These different outcomes are 

orchestrated by differences in the duration and strength of the signal. The best 

example is PC12 cells, where EGF induces a transient ERK activation at the 

cytoplasm, which is essential for proliferation. By contrast, NGF stimulation 

Figure 1.12. Schematic representation of all the possible mechanisms involved in ERK 
nuclear translocation. In resting cell, ERK is localized at the cytoplasm, anchored by 
cytoplasmic proteins, such as MEK. Upon phosphorylation, ERK detaches from its anchors and 
may translocate to the nucleus by passive diffusion, interacting with the FXFG regions of NUPs. 
This process can also be mediated by Importins α and β in an energy-dependent manner 
where RanGTP in implicated. Mxi2, a p38 isoform, may translocate escorting ERK to the 
nucleus, protecting it from phosphatases action. Imp7 can also translocate ERK to nucleus, 
after phosphorylation on ERK-SPS motif mediated by CKII. In this process Tm5NM1 actin 
filaments seem to contribute. Finally, dephosphorylated and inactive ERK is returned to the 
cytoplasm, shuttled by proteins, like MEK, harbouring nuclear export sequence (NES).   
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promotes ERK autophosphorylation, generating a sustained ERK activation, 

which implicates its nuclear translocation, resulting in neural differentiation 

(Cowley et al., 1994; Robinson et al., 1998; Traverse et al., 1992; Wu et al., 

2015). 

The process of nuclear translocation involves the crossing of the nuclear 

envelope, which functions as a barrier delimiting the cytoplasm from the nucleus 

(Fig.1.12). This membrane contains specific proteins that form pores, known as 

nucleoporines (NUPs), which allow the selective passage of proteins to and 

from the nucleus. Small proteins, with approximately less than 40 kDa 

molecular weight, ERK included, can pass through these pores by passive 

diffusion. The exact mechanism of ERK nuclear translocation is not completely 

clear, hinting that it can happen by diverse mechanisms. Active nuclear import 

typically involves a carrier, which recognizes a nuclear localization signal (NLS) 

on the cargo. The NLS consists of a cluster of basic aminoacid (Arg and Lys) of 

variable length, which bind to the polar and negatively charged aminoacids of 

importin α. Importin α and β families, also known as karyopherins, are two 

classes of shuttle proteins. The importin α family serves as an adaptor for the 

cargo proteins harbouring the NLS sequence, whereas importin β is the actual 

shuttle. The importin β in this ternary complex interacts with the FXFG 

sequences of NUPs, allowing the nuclear translocation of the complex. Once at 

the nucleus, the complex is disassembled in a process mediated by the 

hydrolysis of Ran-GTP, which is converted to Ran-GDP. Ran-GDP, together 

with importin α, moves back to the cytoplasm, where Ran GEFs re-activate it in 

order to repeat the process (Miyamoto et al., 2016; Roskoski, 2012a).  

Adachi et al. demonstrated that a dominant negative Ran mutant (Ran Q69L) 

fails to block the nuclear translocation of wild type ERK, but inhibits the β-

galactosidase-ERK2 entrance, too big for being uptaken by a simple passive 

mechanism. These evidences endorse the hypothesis that ERK can be 

translocated by both passive and active mechanisms (Adachi et al., 1999).  

There are evidences supporting the idea that ERK could translocate 

independently of Ran active transport and even in a carrier-independent 

manner. In such a way, ERK, interacting directly with the FXFG sequence of 
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NUPs, forms a complex with the nuclear pore and translocates to the nucleus. 

This energy-independent process involves the nucleoporins 153 and 214, and 

can be inhibited by wheat germ agglutinin (WGA), a nuclear-pore blocker  

(Matsubayashi et al., 2001; Whitehurst et al., 2002).  

Another protein involved in ERK translocation is Mxi2. Mxi2 is a splicing isoform 

of p38α, which is able to bind ERK, and increases ERK affinity for Nup153, 

promoting ERK nuclear translocation. This process requires both energy and 

Ran. Moreover, Mxi2 sequesters ERK at the nucleus, protecting it from nuclear 

phosphatases, without affecting its association with nuclear substrates (Casar 

et al., 2007). 

It is important to mention that neither ERK nor MEK contain a NLS sequence, 

which, as mentioned before, is essential for importin α binding and the 

subsequent ternary complex formation. In this regard, Seger and collaborators 

have described a novel NLS-independent mechanism of nuclear translocation 

for ERK (Chuderland et al., 2008; Zehorai et al., 2010). These investigators 

identified a SPS (Ser244-Pro245-Ser246) sequence, within the ERK kinase 

insert domain, defined as a nuclear translocation signal (NTS). The 

phosphorylation of these residues allows the binding of ERK to importin β-like 

subtype 7 (IMP7, hereafter) and subsequently the nuclear translocation of the 

complex ERK-IMP7 (Flores and Seger, 2013). Going more deeply into the 

molecular events which lead to the phosphorylation of this novel motif, in resting 

cells ERK-SPS residues are hidden by MEK, thus impossible to be 

phosphorylated. Upon ERK phosphorylation on its canonical TEY residues, 

ERK is released from its anchors and exposes the SPS residues. The kinase 

responsible for phosphorylating the SPS motif is casein kinase II (CKII). This 

phosphorylation creates a negatively charged patch which is essential for IMP7 

binding. CKII is a constitutively active Ser/Thr kinase whose minimal consensus 

phosphorylation site is Ser-Xaa-Xaa-Glu/Asp. The initial CKII-mediated 

phosphorylation of Ser246 is sufficient for ERK nuclear translocation, but 

phosphorylation of Ser244 accelerates the process. Moreover, since Ser244 is 

not a classical phosphorylation site for CKII, it cannot be excluded that ERK 
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autophosphorylates in this residue (Plotnikov et al., 2019; Zehorai et al., 2010). 

Once in the nucleus, the complex ERK-IMP7 is dissociated by Ran-GTP.  

Interestingly, it has been reported that the tropomyosin Tm5NM1 improves 

IMP7-ERK interaction. The Tropomyosin isoform 5 non-muscle 1 (Tm5NM1), 

which is associated with actin filaments, might intervene to facilitate ERK-IMP7 

interaction, therefore functioning as a scaffold, and also as a myosin motor 

moving the complex closer to the nucleus (Eblen, 2018; Schevzov et al., 2015).    

Since the role of nuclear ERK is essential for cell proliferation, the inhibition of 

this process could be exploited as an anti-cancer therapy, especially when this 

pathway is upregulated. This is the case of the NTS-derived peptide which 

competing with IMP7 blocks ERK nuclear translocation without affecting ERK 

cytoplasmic function, having dramatic effects on melanoma cells harbouring B-

RAF mutation. Therefore, these findings reveal a new antitumoral target in 

melanoma treatment (Plotnikov et al., 2015). 

1.2.3.4 ERK substrates  

Once ERK is phosphorylated on its activation lip, it becomes a powerful Ser/Thr 

kinase. Thus, it can phosphorylate a wide variety of substrates. Up to date, 

ERKs can interact with more than 400 substrates localized in the cytoplasm, 

nucleus and other cellular organelles (Hannen et al., 2017; Ünal et al., 2017; 

Von Kriegsheim et al., 2009; Yang et al., 2019; Yoon and Seger, 2006).  

All ERK substrates possess a consensus phosphorylation sequence of 

Px(S/T)P, with a proline in the position +1/-1, though a minimal (S/T)P 

consensus sequence can also be phosphorylated. The presence of the proline 

in the substrate, at position +1 is an essential prerequisite given by the nature of 

the ERK binding site (P+1 pocket) (Canagarajah et al., 1997). In fact, upon 

activation, this region is remodelled in order to allocate the substrate in the right 

orientation for catalysis. Moreover, other docking regions exist, located outside 

of the ERK catalytic region, which are involved in the process of substrate 

recognition and binding, giving further substrate specificity. These regions are 

the D-recruitment site (DRS) and the F-recruitment site (FRS) (Fig. 1.13). 
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The ERK1/2 DRS is composed by negatively charged residues (Φchg), shown 

in blue, and hydrophobic aminoacids (Φhyd), shown in cyan (Fig 1.13). These 

regions, located on the side of the protein, comprise the residues T159, T160, 

D318, L115, L121, L157, H125 and Y128. The ERK DRS specifically interacts 

with the D-site in substrates. The D-site domain of ERK substrates is also 

known as DEJL (docking site for ERK and JNK, LXL) or KIM (kinase interaction 

motif) (Mace et al., 2013). The substrate hydrophobic domain (Φhyd) and the 

positively charged basic residues (Φchg) have the following consensus: (R/K)2-

3-X2-6- ΦhydA-X- ΦhydB. The substrate D-site positively charged residues 

interact with those negatively charged in ERKs, specifically D318-D321. This 

region was firstly defined as “common docking” (CD), and it is also important for 

MEK and phosphatases interaction (Robinson et al., 2002; Taylor et al., 2019). 

The hydrophobic regions in substrates (ΦA-X- ΦB) connect with the ERKs DRS 

hydrophobic stretch Φhyd. Such docking motifs are present on several 

transcription factors, such as Elk1, TFII  and, as previously mentioned, on ERK 

interacting molecules like MEK1, MKP3, STEP, MSK1, MNK1 and RSKs 

(Roskoski, 2012a; Zeke et al., 2015). 

The other ERK recruitment site is the FRS (Fig 1.13). This motif, located nearby 

the activation segment, binds to the consensus sequence FXFP in substrates, 

known as the F-site or DEF motif. The FRS is in the opposite side of the DRS, 

below the activation lip. Interestingly, the FRS is fully formed only after ERK 

activation, which adds another level of specificity in terms of ERK fidelity toward 

its substrates (Piserchio et al., 2015).   

Proteins containing the FXFP are Elk1, c-Fos, Sap1, Ksr1, C-RAF and the dual 

specificity phosphatases DUSP1 and 4 (Roskoski, 2012a). Thus, some ERK 

substrates, such as Elk1, contain both interacting domains. Contrarily, other 

ERK substrates, such as the transcription factor Ets-1 and the modulator protein 

PEA15, do not contain any canonical D- or F-site, nevertheless they interact 

with ERK through an hydrophobic region contacting with the DRS (Piserchio et 

al., 2011).  
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The combination of all these recruitment sites, together with the 

compartmentalization of ERK substrates, fine-tune substrate regulation to 

generate specific outcomes. 

1.2.3.4.1 Nuclear substrates 

To control the activation and the regulation of certain genes, active ERKs 

monomers translocate to the nucleus where they phosphorylate, directly or 

through the activation of other kinases (such as RSKs and MNKs), specific 

transcription factors. ERK phosphorylates transcription factors such as the 

TCFs type (ternary complex factors) like Ets1/2 and Elk1; the AP-1 family 

(activation protein-1) such as c-Fos and c-Jun (Murphy et al., 2002); and c-Myc 

and p53 (Hannen et al., 2017; Yoon and Seger, 2006). Another ERK target is 

FoxO3a, whose phosphorylation inactivates its inhibitory function, promoting 

cell survival (Yang et al., 2008). All these substrates are involved in the 

Figure 1.13. Visual representation of ERK2 structure.  The activation loop, placing the 
catalytic Thr183 and Tyr185 (mouse numeration), is shown in stick representation. The F-
recruitment site (FRS) is colored red. At the opposite side, the D-recruitment site (DRS) is shown 
in two colors; the Φchg subsite is blue, and the Φhyd subsite is cyan. Adapted from (Piserchio et 
al., 2011). 
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regulation of proliferation and oncogenic transformation. Moreover, at the 

nucleus ERK phosphorylates pro-apoptotic proteins such as Bad (Bcl-2 

associated death promoter), Bim or Caspase (Hannen et al., 2017)  

1.2.3.4.2 Cytoplasmic substrates 

Active ERK dimers can directly phosphorylate more than 70 cytoplasmic 

substrates. In addition to this, ERK phosphorylates and activates some 

MAPKAPKs proteins, that in turn increase significantly this number (Casar et 

al., 2009). The best known MAPKAPK proteins are the 90 kDa ribosomal S6 

Kinase (RSKs) family. Activated RSK catalyses the phosphorylation of 35 

nuclear and cytoplasmic proteins. Notably, ERK phosphorylates the RSK C-

terminal domain, which leads to RSK-autophosphorylation. Nevertheless, to be 

fully activated, RSK requires an additional phosphorylation on its N-terminal 

domain by PDK1-mediated (Alexa et al., 2015). Active RSKs can independently 

translocate to the nucleus, regulating the expression of other genes. In fact, 

RSK can mediate cell survival, inactivating the pro-apoptotic protein Bad, or 

promote cell cycle progression, by inhibiting the cyclin-dependent kinase 

inhibitor p27 KIP (Roskoski, 2012a). In addition, ERK, as well as p38 α and β, 

activate other two MAPKAPKs, the MSKs (mitogen- and stress- activated 

kinase) and MNKs (MAP kinase-interacting kinases) (Yao and Seger, 2009). 

Another well-established ERK substrate is the cytosolic phospholipase A2 

(cPLA2). Upon EGF stimulation, phosphorylated ERK dimers, in association 

with the scaffold KSR1, phosphorylate cPLA2 on Ser505 (Casar et al., 2008; Lin 

et al., 1993).  

Additionally, ERK can phosphorylate cytoskeletal proteins such as paxillin, 

which regulate focal adhesion kinase or actin-binding proteins like Palladin, 

regulating morphological and migratory cell behaviour (Roskoski, 2012a). 

Moreover, as described in the previous section, ERK is able to phosphorylate 

most of the components of its pathway, like EGF, SOS, C-RAF or MEK, thereby 

modulating the intensity and the durability of the signalling conveyed through 

Ras-ERK pathway (Lake et al., 2016).   
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1.2.4 Scaffold proteins  

A large number of studies have questioned the initial concept of RAS-ERK 

pathway linearity. In fact, the complexity of the biological outcomes raised by 

ERK activation cannot be explained by simple sequential phosphorylation 

events through a linear signalling route. Thus , additional levels of regulation 

might provide variability to ERK signals (Kolch, 2005). In this direction, many 

publications have highlighted the involvement of regulatory proteins known as 

scaffold proteins (Chol et al., 1994; Morrison, 2001; Therrien et al., 1996). 

According with the scaffold definition, these proteins simultaneously connect at 

least two components of the pathway (Fig 1.14 A), and in so doing they regulate 

amplitude and intensity, in addition to conferring spatial selectivity to ERKs 

signals (Dhanasekaran et al., 2007; McKay and Morrison, 2007).  

 

Figure1.14. Schematic representation of Scaffold functions. A) According to Scaffolds 
definition, their main function is serving as assembly platform, thereby connecting different 
components of the pathway. B) Scaffolds function as allosteric regulatory proteins, enhancing or 
inhibiting the activation of their interacting proteins; C) Moreover, they protect MAP kinases from 
phosphatases action, facilitating flux signal. D) Scaffolds serve as spatial regulators of ERK 
signals, as well as, E) ERK dimerization platform, which give them specific localization and 
striking specificity toward substrate activation. 
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Saccharomyces cerevisiae Ste5 was the first scaffold to be described. It 

functions as an assembly platform, forming, in response to mating pheromones, 

a macro-complex with the yeast three orthologs of the MAPK pathway: Fus3 

(MAPK), Ste7 (MAPKK) and Ste11 (MAPKKK) (Chol et al., 1994). Soon after, 

the first mammalian scaffold was identified: KSR1 (Kinase Suppressor of Ras) 

(Therrien et al., 1996). KSR1 was described as a modulator of RAF, MEK and 

ERK proteins, enhancing their kinase activity. Now, it is known that scaffolds 

function not only as a simple hub assembling different kinases along the 

pathway, but also cooperate in order to fine-tune signals amplitude and duration 

(Casar and Crespo, 2016; Garbett and Bretscher, 2014). From the structural 

point of view, scaffold proteins increase the local concentration of the interacting 

molecules, as well as, placing them in the right orientation, thereby facilitating 

the phospho-transfer reactions (Levchenko et al., 2000). Moreover, Scaffolds 

can allosterically stimulate, or inhibit, their partners activity, therefore 

enhancing, or blocking, signal flux through the pathway (Fig 1.14 B). A clear 

example of these functions is given by KSR1. It is known that in resting cells, 

KSR1 is constitutively bound to MEK at the cytoplasm. In this state, KSR1 

activity is blocked by the E3 ubiquitin ligase IMP. Upon stimulation, Ras-GTP 

induces IMP degradation, thereby releasing KSR and allowing its translocation 

to the plasma membrane, where it interacts with RAF (Shaul and Seger, 2007). 

There, RAF interaction with KSR in cis induce a conformational change on MEK 

which exposes its activation loop in order to be phosphorylated in trans by RAF 

(Rajakulendran et al., 2009). 

Additionally, scaffold proteins serve as a molecular protection, shielding MAPKs 

from dephosphorylation (Fig 1.14 C). Therefore, scaffolds would protect kinases 

from cytoplasmic phosphatases action, increasing MAPKs signalling 

(Levchenko et al., 2000; Locasale et al., 2007).  

Another essential scaffolds feature, which adds to the aforementioned 

functions, is their ability to serve as spatial regulators of ERK signals, acting in a 

sublocalization-specific fashion (Fig 1.14 D) (Casar and Crespo, 2016). All of 

the ERK scaffolds are extranuclear proteins, and it has been unveiled that 

scaffolds has a specific localization within the cytoplasm (Plotnikov et al., 2011).  



   INTRODUCTION 

69 

Moreover, it has been established that depending from which cell compartment 

the Ras signal emanates, a specific scaffold determines ERK substrate 

specificity (Casar et al., 2009). Accordingly, KSR1 controls ERK signals 

generated in lipid raft domains (Matheny et al., 2004),  MP1 specifically 

supports MEK1 and ERK1 signals at late endosome (Teis et al., 2002), Paxillin 

at focal adhesion (Ishibe et al., 2004) and Sef is the scaffold functioning at the 

Golgi complex (Torii et al., 2004). Additionally, scaffold proteins have the ability 

of serving as dimerization platform (Fig 1.14 E) (Casar et al., 2008). In this 

process, ERK dimers serve as connectors between scaffolds and ERK 

substrates. This feature would further increase ERK selectivity toward its 

substrates. In support of this idea, results from our lab have shown that ERKs 

cytoplasmic substrates like cPLA2, EGFR, RSK1 and PDE4, specifically bind to 

ERK in dimeric form. Precisely, KSR1 is the scaffold involved in cPLA2 

activation, whereas IQGAP1 is the scaffold which mediates on EGFR 

phosphorylation. Intriguingly, when ERK is retained by a scaffold at the 

cytoplasm, ERK nuclear events are decreased in parallel. This evidence 

supports the notion that ERK nuclear activity is mainly carried out in monomeric 

form (Casar et al., 2009, 2008; Herrero et al., 2015). 

Up to now, 15 mammalian scaffolds have been identified. The following list 

includes some scaffolds which stand up for their role in ERK regulation 

(Fig.1.15). 

o KSR 1/2 (Kinase Suppressor of Ras), due to its structural homology with 

RAF, it has ignited an unsolved debate about its role as a kinase (Hu et 

al., 2011; Nguyen et al., 2002). In resting cells, KSR is constitutively 

bound to MEK. Upon Ras activation it translocates to the plasma 

membrane, where it coordinates Ras/MEK/ERK association (Lavoie and 

Therrien, 2015; Therrien et al., 1996). KSR1 specifically mediates cPLA2 

activation when ERK is activated from lipid raft (Casar et al., 2009; Casar 

and Crespo, 2016). 

o IQGAP (Ras GTPase-activating-like protein) family are composed by 

three isoforms, being IQGAP1 the best characterized (White et al., 

2009). It is localized at the cytoplasm where it binds B-RAF, MEK and 
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ERK, promoting ERK activation by EGF (Roy et al., 2005). IQGAP1 

mediates EGFR phosphorylation upon EGF stimulation (Casar et al., 

2009). IQGAP also interacts with Cdc42 and Rac1 promoting cell 

proliferation, cell motility and invasion (White et al., 2009). IQGAP1 can 

also function as a PI3K pathway scaffold, interacting with AKT and 

PDK1. This interaction is mutually exclusive, thus the binding of ERKs 

excludes the binding of PI3K pathway members (Choi et al., 2016). This 

interaction could indicate an additional node of regulation existing among 

the two pathways, which is usually altered in multiple cancers (Pan et al., 

2017).  

 

 

 

  

Figure 1.15. Representation of some Scaffolds proteins involved in the spatial 
regulation of Ras-ERK pathway. Depending from where cellular compartment Ras 
signals are emanated, different scaffolds determine ERK localization and specific 
substrate activation. Adapted from (Casar and Crespo, 2016). 
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o Paxillin is localized at focal adhesion where it orchestrates ERK 

signalling through other kinases such as Focal Adhesion Kinase (FAK) 

(Ishibe et al., 2004). Upon HGF (hepatocyte growth factor) stimulation, 

Paxillin-MEK-ERK complex regulates FAK and Rac activation, through 

which it promotes cellular spreading, plasticity, and metastasis (Deakin et 

al., 2012). 

o Sef (similar expression to fgf genes) was originally described in 

zebrafish as an inhibitor of FGF-induced Ras-ERK pathway (Fürthauer et 

al., 2002). hSef is localized at the Golgi apparatus where it binds active 

MEK, it inhibits MEK-ERK complex dissociation, preventing ERK nuclear 

translocation (Torii et al., 2004). In PC12 cells, Sef-ERK cytoplasmic 

retention inhibits differentiation induced by NGF (Xiong et al., 2003).  

o MP1 (MEK Partner 1) specifically binds to MEK1 and ERK1, but 

not MEK2 or ERK2 (Schaeffer, 1998). MP1 interacts with p14, an adaptor 

protein associated with late endosomes (Teis et al., 2006, 2002), 

otherwise it is localized at the cytoplasm, where it is rapidly degraded (De 

Araújo et al., 2013). At late endosomes, MP1-p14 complex enhance ERK 

signalling (Teis et al., 2006). The MP1-p14 scaffold is also involved in 

MEK1 activation, mediated by PAK1. In such a way, this complex 

regulates cell adhesion and cell spreading on fibronectin. Moreover, MP1 

is needed for the transient suppression of Rho and ROCK (Rho-

associated protein kinase), which is a further requirement for cell 

adhesion and spreading (Pullikuth et al., 2005).        

o MORG1 is a cytoplasmic scaffold whose association with C-RAF, 

MEK and ERK facilitates ERK activation upon LPA (lysophosphatidic 

acid) or serum but not EGF stimulation. MORG1 also interacts with MP1 

forming a macro-complex (Vomastek et al., 2004). This association 

among different scaffolds would confer an additional degree of 

complexity to the already extremely intricate regulation of signal flux 

through the RAS-ERK pathway. 

o RKIP (RAF Kinase Inhibitor Protein) is bound to RAF in resting 

cells, forestalling MEK1 activation. Although RKIP features are quite 

different from a classic scaffold, its ability to regulate Ras-ERK pathway 

is well established, thus it can be included within the scaffold group 
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(Kolch, 2005). Upon mitogenic stimulation, RKIP releases RAF, allowing 

MEK and ERK activation. RKIP functions as tumour suppressor and its 

down-regulation is often associated with resistance of cancer cells to 

anti-neoplastic treatments (Casar and Crespo, 2016). 

o PEA15 (Phosphoprotein-Enriched in Astrocytes 15) binds to active 

cytoplasmic ERK1/2, blocking their cytoplasmic activity and nuclear 

translocation. In addition to this, PEA15-ERK binding also reduces ERK 

dephosphorylation, by that means providing a store of active ERK ready 

to act independently on its upstream activator (Mace et al., 2013; 

Zaballos et al., 2019). PEA15-ERK dissociation is mediated by the 

phosphorylation of two Serines: Ser106 by PKC and Ser104 by AKT 

(Mace et al., 2013). Interestingly, NGF-stimulated PC12 cells show a 

sustained AKT activation and a stronger dissociation of the complex 

PEA15-ERK, when compared to EGF stimulation. In such a way, PEA15 

would mediate the crosstalk between AKT-ERK and ERK-PKC (Von 

Kriegsheim et al., 2009). Alterations in PEA15 expression have been 

associated with resistance in tumour cells (Zaballos et al., 2019).  

  



   INTRODUCTION 

73 

1.3 RAS-ERK signalling in Cancer 

The Ras-ERK pathway regulates a broad variety of physiological processes, 

thus is logical that alterations in this route trigger dramatic responses. Indeed, 

alterations in this pathway are closely linked to cancer, representing an arduous 

challenge for researcher all over the world.  

1.3.1 RAS mutations 

Ras oncogenes appear mutated in approximately one-third of all cancers. This 

percentage is still more dramatic when its prevalence is examined in specific 

types of cancers; being 90% in pancreas, 50% in colon and in thyroid, 30% in 

lung and 25% in melanoma. Among the three RAS isoforms, H-RAS, N-RAS 

and K-RAS, K-RAS is the most commonly mutated (Ryan and Corcoran, 2018). 

Ras proteins normally switch between two states: inactive, where RAS is GDP 

bound, and active, where RAS is GTP bound. The oncogenic mutations make 

RAS insensitive to the GTPase activity of GAP proteins and, as a consequence, 

result in its constitutively activation. This leads to an aberrant activation of its 

downstream effectors, which promote cellular transformation and tumour 

progression. 

Despite the fact of having been described more than 40 years ago and having 

been largely investigated, no effective RAS inhibitor has been developed so far, 

which has moved the researcher’s attention to downstream targets, such as 

RAF or MEK. 

1.3.2 RAF mutations 

RAF genes are the most frequently mutated among constituents of the ERK 

pathway. Particularly, B-RAF is mutated in around 7-10 % of human cancers. 

As in the case of RAS, this percentage is dramatically higher in certain types of 

cancer, such as in melanoma,  where it reaches 55% (García-Gómez et al., 

2018; Yaeger and Corcoran, 2019). C-RAF was the first to be identified as a 

potential oncogene. However, due to its low mutational incidence in cancer, the 

attention shifted towards B-RAF (Samatar and Poulikakos, 2014). The most 

common B-RAF mutations found in cancer are point mutations, that enhance its 
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kinase activity, like the V600E substitution, but also fusions and in-frame 

deletions have been identified. 

Depending on the reliance on Ras activity, B-RAF mutations have been 

classified into three classes:  

I) Class I B-RAF mutants: that signal as monomers, RAS-independently. The B-

RAF V600E mutation is found in around 50% of melanomas (Yaeger and 

Corcoran, 2019). Due to its particular composition of the phosphorylation 

domain, WT B-RAF contains two phosphomimetic aspartic aminoacids (SSDD 

motif), which confer a higher basal activity compared with the other two isoform 

(Lavoie and Therrien, 2015). In fact, A-RAF or C-RAF mutations are very rare in 

cancer. Therefore, when it acquires the mutation V600E, B-RAF activity is 

further enhanced, also being capable of signalling as a monomer. Thus, B-RAF 

V600 mutant strongly activates its downstream effectors, MEK and ERK, 

independently of Ras (Yaeger and Corcoran, 2019).  

  II) Class II B-RAF mutants: they signal as dimers, such as mutants K601E, 

L597Q and G469A. These mutants do not require RAS activity to dimerize, 

thereby they are constitutively active as dimers. These mutations generally 

appear as a result of acquired resistance to inhibitors (Yaeger and Corcoran, 

2019). In-frame deletions and B-RAF fusions can be included in this class. 

Particularly, deletions normally affect the β3-αC region, close to the P-loop, 

rendering this region shorter, blocking the αC helix in the “in” position, thus 

constitutively active, thereby enhancing B-RAF kinase activity.  

III) Class III B-RAF mutants, contrarily to the previous groups, this comprises 

impaired (D594G/N) or reduced activity (G466V/E) (Yao et al., 2017). Despite 

their null or low activity, these mutants increase ERK signalling, enhancing C-

RAF activation through heterodimerization between mutant B-RAF and WT C-

RAF. Moreover, this activity is RAS dependent. In fact, class III B-RAF mutants 

bind tightly to RAS. As a consequence, these mutations are normally 

associated with RAS activating mutations, RTK overactivation or NF1 

downregulation (Heidorn et al., 2010; Yaeger and Corcoran, 2019; Yao et al., 

2017).  
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1.3.2.1 RAF inhibitors 

Hitherto, many compounds have been developed to counteract RAF 

overactivation (Fig.1.16). However, despite initial positive effects most of them 

wane their effectiveness, causing relapse withing a year. This is the case of the 

ATP-competitive inhibitor Vemurafenib (PLX4032), the first B-RAF V600E 

selective-inhibitor to be approved for clinical use by FDA (Bollag et al., 2010; 

Flaherty et al., 2010). Interestingly, Vemurafenib therapeutic efficacy 

corresponds with a reduction in ERK cytoplasmic but not nuclear 

phosphorylation (Bollag et al., 2010; García-Gómez et al., 2018). Dabrafenib 

(GSK2118436) is also effective for the treatment of metastatic melanoma 

harbouring B-RAF mutations. Unfortunately, these compounds are only 

effective in those tumours where B-RAF V600 signals as a monomer. 

Contrarily, not only they are unable to block RAF dimers signals, but binding to 

one protomer provokes the hyperactivation of the other protomer. This 

phenomenon has been defined as the “paradoxical activation of RAF” and leads 

to the re-activation of the pathway, causing ERKs overactivation. This provokes 

relapse and tumour progression. To overcome this issue, new compounds, 

named RAF dimer inhibitors, such as LXH225 or LY3009120, have been 

developed. Mechanistically, these inhibitors should inhibit tumours with mutant 

RAF dimers. Moreover, they should be effective also in those tumours 

harbouring other B-RAF mutations or RAS mutations (Yaeger and Corcoran, 

2019). In addition, other compounds, named “paradox breakers” (PLX8394), are 

currently in phase I studies (Zhang et al., 2015). These compounds specifically 

disrupt B-RAF-containing dimers, such as B-RAF homo- or heterodimers. 

However, since they also inhibit signalling in normal cells, its therapeutic 

window is limited. In addition, PLX8394 is not able to inhibit C-RAF, which could 

eventually lead to its paradoxical activation. Thus, B-RAF-mutant tumours 

belonging to class II or III should be treated with downstream inhibitors, such as 

those for MEK or ERK (Liu et al., 2018; Yaeger and Corcoran, 2019).  
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1.3.3 MEK mutations 

MEK mutations are uncommon in human cancer. They usually appear as an 

adaptive acquired resistance, provoked by sustained treatment with RAF or 

MEK inhibitors.  As in RAF, MEK mutations have been classified into three 

classes. i) A class of RAF-independent MEK alterations have been identified in 

certain cancers, even though its frequency is quite low. These alterations affect 

MEK negative regulatory region (in-frame deletions comprising Δ98-104), which 

lead to its overactivation in a RAF-independent fashion (Gao et al., 2018; Yuan 

et al., 2018). Thus, these mutants act independently of its phosphorylation and 

are considered as strong ERK “activators” (Yaeger and Corcoran, 2019). ii) 

RAF-dependent mutants are another class of MEK alterations. This type of 

mutations normally coexists with RAS, RAF or NF1 alterations in tumours. 

Particularly, this class of MEK1 mutants coexist with B-RAF V600E in untreated 

melanomas (Gao et al., 2018). Iii) Finally, RAF-regulated MEK alterations 

display some basal level of activity which is further increased by RAF. Mutations 

like K57N or F53L have been identified in patients with B-RAF V600E colorectal 

cancer with acquired resistance to upstream inhibitors (Gao et al., 2018; Yaeger 

and Corcoran, 2019).  

 

1.3.3.1 MEK inhibitors 

U0126 was the first MEK inhibitor developed. However, despite its high 

specificity towards MEK, U0126 showed poor pharmacological properties and 

its use has been limited to the laboratory scope (Frémin and Meloche, 2010). 

To date, most MEK inhibitors having therapeutic application, like trametinib, 

cobimetinib and binimetinib (FDA-approved), are allosteric kinase inhibitors 

(Fig.1.16) (Yaeger and Corcoran, 2019). 
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The advantage of these compounds is that they are extremely specific. They 

bind to an allosteric pocket in MEK producing a conformational change, forcing 

MEK to acquire an inactive state. Moreover, trametinib also reduces the 

interaction between RAF and MEK, preventing MEK activation. However, these 

drugs present a big limitation, especially when upstream mutations increase 

MEK activation; as these compounds show more affinity toward inactive MEK, 

they do not distinguish between tumour and normal cells, thus, resulting in 

toxicity and limitation of its efficacy. To overcome these issues, new inhibitors 

have recently emerged. The ATP-competitive MAP855, binding to the catalytic 

site of MEK, is effective against all MEK alterations. Particularly, it has turned 

out to be especially effective in the  case of RAF-independent MEK alterations, 

which are insensitive to previous MEK inhibitors (Gao et al., 2018). 

Figure 1.16. Representation of some RAS-ERK pathway inhibitors currently used to 
modulate aberrant pathway activation. The ATP-competitive Vemurafenib and Dabrafenib 
selectively inhibit BRAF V600 oncogene. The newer PLX8394 shows similar mechanism of 
action and prevents paradoxical activation. LXH225 and LY3009120 are RAF dimers 
breakers. Trametinib, cobimetinib and binimetinid are allosteric MEK inhibitors. The ATP-
competitive MAP855 blocks MEK activation. Ulixertinib, SCH772984, MK-8353 and VTX-11e 
are ERK1/2 ATP-competitive inhibitors. The small molecule BI78D3 targets ERK DRS site. 
DEL22379 prevents ERK dimerization, while EPE peptide blocks ERK nuclear translocation 
inhibiting ERK-Importin7 binding. Stars positioned over B-RAF and MEK indicate activating 
mutations. 
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1.3.4 ERK mutations  

ERKs mutations are very uncommon in cancer. Noticeably, the mutation rate 

decreases progressively moving downstream along the Ras-ERK pathway. 

Moreover, attempting to generate constitutive active ERK has failed, hinting that 

it is not as simple as introducing a phosphomimetic aminoacid in the activation 

lip, probably due to its tight regulation (Canagarajah et al., 1997). Very recently, 

from a bioinformatic-based evolutionary study has emerged that ancestor ERKs 

were active independently of its upstream activators. Thus, to obtain a 

constitutive active ERK it would be necessary the insertion of two residues, one 

in the region connecting the αC-helix and the β3 strand (ERK1 position 74), and 

the other in the gatekeeper residue (ERK1 Gln122) (Atias et al., 2020; Sang et 

al., 2019).   

Furthermore, genetic screens in D. Melanogaster and S. cerevisiae  revealed 

several ERK orthologs mutations having gain-of-function (GOF) in these 

species, which are evolutionary conserved and would render ERK constitutively 

active (Askari et al., 2006; Brunner et al., 1994). These studies, have led to the 

generation of an active ERK2 (Emrick et al., 2001). This required the 

incorporation of three point-mutations, namely the L75P+S153D+D321N. 

Although this mutant shows a MEK-independent activity in vitro, its activity is 

not much higher than MEK-phosphorylated ERK. The combination of the above 

cited mutations was also tested in Zebrafish, where injected fishes showed an 

increased phosphorylation of CDK1 and hyperphosphorylated RSK and CREB 

(Rian et al., 2013). Specifically, L75P mutation was found as a determinant 

mutation in a screening aiming to unveil mutations that could confer resistance 

to VRT-11e ERK inhibitor (Atias et al., 2020; Brenan et al., 2016).  D321N 

mutation was first described as a ROLLED GOF mutation in D. Melanogaster. 

Due to its ability to activate the sev pathway was named “sevenmarker”. 

Moreover, this residue also appeared in the list of inhibitor‐resistant ERK2 

mutants (Brenan et al., 2016), and in cancer patients (Atias et al., 2020). Next to 

the sevenmarker, E322K appeared in a few patients affected by cervical and 

head and neck carcinoma. These mutations, neighbouring ERK CD domain, 

increase ERK activity, by decreasing its dephosphorylation, as a consequence 

of reduced affinity to DUSP (Taylor et al., 2019).  
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On the other hand, R84S (ERK1) is the only single mutation capable of 

generating an intrinsically active ERK (Smorodinsky-Atias et al., 2016). ERK1 

R84S shows a prompt ability to transform NIH3T3 cells, thus acting as an 

oncoprotein. The mutant R84S, the serine being smaller than arginine, shows 

enhanced activation lip flexibility due to the loss of interaction between R84 and 

the DGF motif. This lack of interaction seems to be the determinant for its 

autophosphorylation propensity (Atias et al., 2020).  

Noticeably, R84S and R67S (ERK2) were found in only 2 cancer patients, and 

also in a screening for mutants resistant to trametinib and dabrafenib, 

highlighting again that activating ERK mutation are rarely found in cancer (Atias 

et al., 2020; Goetz et al., 2014). 

Indeed, the majority of ERK mutations have been discovered in laboratory 

screenings. Although ERK mutations are distributed along the protein, from 

these analyses emerge that ERK2 mutations mostly occurs close to the 

ATP/drug binding pocket, thus might interfere with inhibitors. Contrarily, ERK1 

mutations are clustered in domains important for catalysis that could provide 

autoactivation property. Generally, mutation at the CD site alter protein-protein 

interaction and seem to be more prominent in ERK2. By contrast, mutation in 

the gatekeeper, in the proximity of the αC-helix, increase ERK1 intrinsic kinase 

activity. This could indicate that there are specific isoform mutations which may 

affect differently ERK1/2 activity (Atias et al., 2020; Brenan et al., 2016; Goetz 

et al., 2014; Jaiswal et al., 2018).  

1.3.4.1 ERK inhibitors 

Knowing that mutations occurring along the RAS-ERK pathway ultimately drive 

ERKs overactivation and considering all the difficulties faced by RAF and MEK 

inhibitors, ERK becomes an attractive target as an effective anti-cancer 

approach. 

ERK inhibitors are classified into five categories. Type I and II are inhibitors 

which bind the ATP-binding pocket in the active or inactive conformation, 

respectively (Lechtenberg et al., 2017). Two compounds of these categories are 

currently in clinical trial, namely the BVD-523, also known as Ulixertinib 



INTRODUCTION_________________________________________________ 

80 

(Germann et al., 2017) and SCH772984 (Morris et al., 2013) (Fig. 1.16). Both 

are potent ATP-competitive inhibitors showing antiproliferative effects in cell 

lines harbouring B-RAF or K-RAS mutation. BVD-523 efficacy was also tested 

in patient-derived xenografts resistant to vemurafenib. Moreover, it is currently 

in phase I/II of clinical trials for solid tumours and melanoma resistant to RAF-

MEK inhibitors. In the case of SCH-772984, it prevents ERK kinase activity as 

well as MEK-mediated ERK phosphorylation (Liu et al., 2018). MK-8353 is an 

orally bioavailable successor of SCH-772984, showing improved 

pharmacokinetic properties. It entered phase I trial in patients with advanced 

solid tumours (Moschos et al., 2018). 

Another compound with a similar mechanism of action is VTX-11e. X-ray co-

crystallography studies of VTX-11e-ERK interaction reveals the ability of this 

compound to shift the activation loop towards a released position, more 

susceptible to phosphatases action (Pegram et al., 2019). However, despite this 

promising result, it has not passed into clinical trial yet (García-Gómez et al., 

2018).  

Type III and IV are allosteric inhibitors which bind close or far from the ATP 

binding pocket, respectively. However, none of these inhibitors have found 

application out of the laboratories.  

A newer approach to block ERK activity is targeting protein-protein interactions 

using small molecules. The interest towards these compounds arise from recent 

evidence of ERK mutations (e.g. G186D ERK1) induced by long-term exposure 

to SCH-772984 (Jha et al., 2016), therefore newer inhibitors are essential to 

overcome incoming resistance issues. This type of inhibitors target two ERK 

regions, normally the ATP-binding pocket and the DRS, the D-site substrate 

recruitment of ERK. Structure-guided analysis lead to the development of 

SBP3, which is a combination of the FR180204 ATP-competitive inhibitor and a 

DRS-targeting peptide, derived from RSK1 structure, both chemically linked. 

However, despite encouraging initial results, efficacy and selectivity of this 

compound require further adjustment. (Lechtenberg et al., 2017). In the same 

line goes another compound which targets the ERK-DRS. BI78D3, which is able 

to form a covalent bound with a conserved cysteine (C159) residue, located in 
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the core of the DRS, preventing ERK signalling in vivo. Although it is still in an 

early stage, this compound blocked cell cycle progression, inducing apoptosis 

both in B-RAF naïve and B-RAF resistant cell lines (Kaoud et al., 2019). 

Another strategy proposed by Seger lab is the inhibition of ERK nuclear 

translocation. Since most of resistance phenomena are associated with 

inhibition of ERK-mediated negative feedback loops, which are mainly 

cytoplasmic signals, inhibiting ERK entrance to the nucleus would prevent cell 

proliferation without affecting cytoplasmic ERK activity. As already mentioned, 

ERK-SPS phosphorylation is essential for the binding with Importin7, which 

allows ERK translocation to the nucleus. Thus, these researchers have 

synthesized a peptide, that mimics the ERK-NTS sequence and competes with 

importin7 binding. Thereby, blocking ERK nuclear shuttling. This peptide 

induces apoptosis in B-RAF melanoma cells resistant to MEK or B-RAF 

inhibitors (Flores et al., 2019; García-Gómez et al., 2018; Plotnikov et al., 2015). 

Contrarily, in our lab we have described the efficacy of another small molecule, 

DEL22379, which prevents cytoplasmic signals by blocking ERK dimerization. 

Thereby, DEL22379 reduces tumour progression both in cells and in xenograft 

harbouring B-RAF mutations. Interestingly, DEL22379 shows mild adverse 

effects and it is not affected by resistance mechanism. Thus, the advent of 

these compounds might represent a novel opportunity to treat tumours, evading 

resistance mechanisms mutation-associated (Herrero et al., 2015), and also 

being a valid alternative in circumstances where other inhibitors fails (Brenan et 

al., 2016; Goetz et al., 2014) 
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Signals conveyed through ERK1/2 Mitogen-Activated Protein Kinases are well-

known to play a critical role in cancer initiation, progression and therapy 

resistance. It has been demonstrated that the balance between ERK monomer 

and dimers and cytoplasmic and nuclear sub-signals are critical for the 

biological outcomes resulting from ERK activation subcellular distribution. 

During the course of our experiments leading to the discovery of DEL-22379, a 

new compound that blocks ERK dimerization, we made the startling observation 

that ERK dimers were absent in fish, birds or amphibians, ERK dimerization 

being restricted to mammalians. A comparison of the ERK2 sequence through 

the evolutionary scale unveiled that Serine284 (H.sapiens) was conserved in 

those species in which ERK2 dimerized.  

In light of the previous literature and of the aforementioned preliminary data, the 

aims of this thesis are: 

 

1. To unravel the mechanistic details of the role played by serine 284 

phosphorylation on ERK dimerization and subcellular distribution. 

2. To elucidate the functional consequences of S284 phosphorylation on 

the biochemical nature of ERK2 signals and on the biological outputs 

governed by them. 

3. To establish the relevance of ERK2 S284 phosphorylation for 

carcinogenic processes and its potential use as a prognostic marker in 

melanoma. 
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3.1 DNA MANIPULATION AND ANALYSIS 

3.1.1 Plasmidic DNA purification  

Plasmid DNA purification was carried out from bacterial cultures derived 

from bacterial competent cells DH5α (Invitrogen), an Escherichia coli strain 

modified to maximize transformation efficiency. Transformed bacteria were 

inoculated in 250 mL (maxiprep) or 5 mL (miniprep) of Luria-Bertani Broth (LB) 

culture medium with their specific resistance antibiotic provided by the plasmid, 

usually ampicillin or kanamycin at the concentration of 50 μg/mL. After being 

incubated overnight (O/N), bacterial were centrifuged at 6000 rpm for 15 min 

(maxiprep) or at 4000 rpm for 10 min (miniprep). For maxiprep, the Qiagen 

Plasmid Maxi Kit was used. Pellet was resuspended in 10 mL of resuspension 

buffer (50mM Tris/HCl pH 8, 10Mm EDTA, 10 μg/mL RNaseA). Cells were lysed 

with 10 mL of lysis buffer (200mM NaOH, 1% SDS), mixed by inverting 6 times 

and incubated for 5 min at room temperature. A neutralization solution (3M 

CH3COOH pH 5,5) was added and incubated for 5 min. Then, the mix was 

centrifuged at 12000 rpm for 5 min to eliminate the precipitated material 

containing genomic DNA, proteins and cellular debris. The supernatant, 

containing the plasmid DNA, was filtrated in a properly equilibrated anion-

exchange Qiagen column by gravity flow. After two washes, the DNA was 

eluted with 5 mL of elution buffer and 10 mL of cold isopropanol were added to 

precipitate the DNA. After 5 min, this mix was centrifuged at 10000 rpm 30 min 

at 4ºC, and then washed with 1 mL of ethanol 70%. Once dried, DNA was 

resuspended in 300 μL of distilled deionized water (ddw).  

In the case of bacterial cultures of lower scale (5 mL of volume), the bacterial 

culture was processed by GeneJET Plasmid Miniprep Kit (Thermo Fisher) 

according to the manufacturer’s instructions. The purified DNA was eluted in 40 

μL of Elution Buffer (10 mM Tris, 1 mM EDTA).  

The plasmid DNA was quantified using Nanodrop (Thermo scientific). 1 μL of 

DNA was used for the quantification. To further analyze the quality and any 

RNA contamination, 2 μL of DNA was loaded in a 0,8% agarose gel 

electrophoresis, run at 80 V in TAE buffer (0.09 M Tris-acetate, 2 mM EDTA) 
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and stained with SYBER safe (Invitrogen). A loading buffer with bromophenol 

blue to monitor the progress of the electrophoresis was added to the DNA 

sample. 

3.1.2 Plasmid description 

All the plasmid used in this thesis are listed in the following table. 

Table 3.1 Description of the plasmids used in this Thesis 

PLASMID DESCRIPTION 

pCEFL Mammal expression vector. EF-1 Promoter/ 
bGH poly-A. Empty vector used as a control to 
normalize the amount of DNA to transfect. 

pCEFL HA ERK 2 WT Mammal expression vector. EF-1 Promoter/ 
bGH poly-A. Encodes the isoform ERK2 fused to 
HA epitope.              Source: Dr. D. Engelberg 

pCEFL FLAG ERK2 WT Encodes the isoform ERK2 fused to FLAG 
epitope. Source: GeneArt Gene Synthesis, 
Thermo Fisher Scientific 

pCEFL FLAG ERK2 S284P Encodes the ERK2 mutant unable to dimerize 
fused to FLAG epitope.                                                                                                               
Source: GeneArt Gene Synthesis, Thermo Fisher 
Scientific 

pCEFL FLAG ERK2 S284E Encodes the ERK2 phospho-mimetic mutant 
fused to FLAG epitope  
Source: GeneArt Gene Synthesis, Thermo Fisher 
Scientific 

pCEFL FLAG ERK2 Dr WT Encodes the zebrafish (Danio Rerio) ERK2 
isoform wild type FLAG-tagged. 
Source: Dr. L. Agudo 

pCEFL FLAG ERK2 Dr 
P292S 

Encodes the zebrafish (Danio Rerio) ERK2 
isoform mutant P292S fused to FLAG epitope. 
Source: Dr. L. Agudo 

pECE myr-HA AKT Δ4-129 Constitutively activated AKT isoform. N-terminal 
myristoylation sequence. HA tagged at C-
terminus. Pleckstrin homology domain deleted 
(Δ4-129 PH). SV40 promoter/SV40 poly-A. 
Source: Dr. I. Arozarena 

pCMV FLAG AKT1  Encodes the AKT1 FLAG-tagged. Source: Dr. A. 
Cuadrado 

pCAGGS FLAG ERK2 WT Mammal high levels of gene expression vector. 
CAG promoter/β-globin poly-A. Encodes the 
mouse ERK2 isoform fused to FLAG epitope at 
C-terminus. Source: Dr. K. Aoki  

pCAGGS FLAG ERK2 
S282P 

Encodes the mouse ERK2 mutant unable to 
dimerize fused to FLAG epitope (C-terminus).  
Source: Dr. K. Aoki 
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pCAGGS FLAG ERK2 
S282E 

Encodes the mouse ERK2 phospho-mimetic 
mutant. FLAG epitope at C-terminus.          
Source: Dr. K. Aoki 

pCAGGS FLAG ERK2 WT 
mCFP 

Encodes CFP at N-terminus and mouse ERK2 
isoform FLAG-tagged. Source: Dr. K. Aoki 

pCAGGS FLAG ERK2 
S282P mCFP 

Encodes CFP at N-terminus and mouse ERK2 
isoform S282P mutant FLAG-tagged.          
Source: Dr. K. Aoki 

pCAGGS FLAG ERK2 
S282E mCFP 

Encodes CFP at N-terminus and mouse ERK2 
phospho-mimetic mutant FLAG-tagged.     
Source: Dr. K. Aoki 

pBabe puro Mammalian and retroviral expression vector used 
to generate virus particles carrying the gene of 
interest. Puromycin resistance for mammalian 
selection. SV40 promoter. 

pBabe puro FLAG ERK2 
WT 

Encodes the ERK2 WT, FLAG-tagged and 
puromycin resistance to establish stable cell 
expression. Source: Generated for this thesis 

pBabe FLAG ERK2 S284P Encodes the ERK2 S284P mutant FLAG-tagged. 
Source: Generated for this thesis 

pBabe FLAG ERK2 S284E Encodes the ERK2 S284E mutant FLAG-tagged. 
Source: Generated for this thesis 

pCMV HA MEK1 Mammal expression vector. Cytomegalovirus 
(CMV) promoter/ SV40 polyA. Encodes MEK1 
isoform HA-tagged. Source: Dr. M. Weber 

pCEFL GST MEK1 Encodes MEK1 isoform GST-tagged. Source Dr. 
V.Sanz 

pET HIS ERK2 WT  E. Coli expression vector. T7 promoter. Encodes 
HIS-tagged ERK2 isoform at N-terminus. Source 
Dr. M. Cobb 

pET HIS ERK2 H176L4A Encodes HIS-tagged ERK2 HL mutant. Source 
Dr. M. Cobb 

pET HIS ERK2 S284P  Encodes HIS-tagged ERK2 S284P mutant. 
Source: Generated for this thesis 

pET HIS ERK2 DK Encodes HIS-tagged ERK2 Dead kinase mutant. 
Source: Generated for this thesis  

pGEX GST MEK1EE  E. Coli expression vector. T7 promoter. Encodes 
MEK1EE mutant, GST-tagged. Source: Dr. C. 
Marshall 

pCMV HA IMP7 Encodes IMP7 N-terminal HA-tagged.  

3.1.3 Plasmid cloning 

For subcloning protocol, the gene of interest was cut with specific 

restriction enzyme endonuclease and inserted in a new vector by ligation. 

Alternatively, the restriction sequences were introduced amplifying the gene of 

interest by PCR using primers targeting the 5’ and 3’ of the gene.  
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Digestion of plasmids was carried out following the manufacturer’s 

instruction provided (ThermoFisher). DNA fragments were separated by 

agarose gel electrophoresis at 0.8% w/v. Agarose gels were prepared by 

dissolving agarose (% w/v) in 1X Tris-acetate-EDTA (TAE) buffer. SYBR safe 

(Invitrogen) was added to allow visualization of DNA under UV lights. DNA 

samples were mixed with DNA loading buffer (0.005% (w/v) bromophenol blue 

(Sigma) and 30% of glycerol (Sigma) and run at 80-100 V.  1Kb DNA ladder 

was used as molecular weight marker. DNA band, corresponding to the desired 

fragment, was excised and purified from agarose gel using JETquick column, 

according to the manufacturer’s instructions. Once vector and DNA fragment 

were purified, ligation mediated by T4 DNA ligase (Promega) was performed. 

Ligation reaction was carried out O/N at 21 ºC, in a final volume of 20 μL using 

ligation buffer (300 mM Tris-HCl, pH 7.8, 100 mM MgCl2, 10 mM ATP, 100 mM 

DTT).  Finally, 4-6 µL of ligation mix were transformed into DH5α Escherichia 

coli competent and incubated during 1 hour at 37ºC in SOC medium antibiotic-

free, to allow the expression of the resistance antibiotic gene. Transformed 

bacterial were then seeded in LB-agar plates made dissolving 1.5% of agar and 

50 μg/mL of ampicillin or kanamycin for selection. 

For PCR amplification of DNA fragments Phusion High-Fidelity DNA 

Polymerase (2 U/µL, ThermoFisher) was used. The primers used for the PCR 

were: 

BAmHI ERK2 5´ATTCATAGTGGATCCTATGGCGGCGGCGGCGGCGGC3’   

NotI ERK2 5'ATTACTAGCGGCCGCTCAGCTTCTGTAGCCGGGCTGGAAT3’. 

PCR conditions are reported in the table 3.2. PCR product was finally cut, 

purified and ligated to the new vector following the same protocol previously 

described.    
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Table 3.2. PCR condition for gene amplification 

Step Cycles Temperature Time 

Denaturing 1 X 95ºC 1 min 

Denaturing 35 X 95 ºC 30 seconds 

Primers 

Annealing  

56 ºC 20 seconds 

Extending 72 ºC 30 seconds 

Elongation 1 X 72 ºC 10 min 

Hold 1 X 4ºC  

3.2 TISSUE CULTURE 

3.2.1 Cell lines 

Cells were grown in DMEM (ThermoFisher) supplemented with FBS (Gibco) 

and 1% of Penicillin-Streptomycin antibiotics mix (10000U/mL) (Thermo Fisher). 

Unless specified otherwise in this thesis, all cells were grown at a 37ºC and 5% 

CO2.  

Table 3.3 Provides a list of cell lines used in this study 

CELL LINE CULTURE 
MEDIA 

DESCRIPTION 

8505C DMEM + 10% 
FBS 

Thyroid gland undifferentiated carcinoma 
cells. B-RAF mutant 

A375P DMEM + 10% 
FBS 

Epithelial human metastatic melanoma cells. 

B-RAF mutant. 

HEK 293T  DMEM + 10% 
FBS 

Epithelial cells derived from Human Embryo 

Kidney. Immortalized with SV40 T-antigen 

HEK 293T 
phoenix 

DMEM + 10% 
FBS 

Modified Human Embryonic kidney cell. 
Second-generation retrovirus producer lines 
for the generation of helper free ecotropic and 
amphotropic retroviruses. Transformed with 
adenovirus E1a and carrying a temperature 
sensitive T antigen co-selected with 
neomycin. 

HeLa  DMEM + 10% 
FBS 

Epithelial cells derived from human cervical 

carcinoma. 

M249 DMEM + 10% 
FBS 

Epithelial human metastatic melanoma cells. 
B-RAF mutant. 

MEFs  DMEM + 10% 
FBS 

Mice Embryonic fibroblasts cells.   

MEFs 
ERKless 
(ERK1 -/-, 

DMEM + 10% 
FBS 

Mice Embryonic fibroblasts cells. ERK1 null 
(ERK1-/-) and ERK2 floxed (ERK2fl/fl).    
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ERK2 lox/lox)  

MEFs KSR1 -

/- 

DMEM + 10% 
FBS 

Mice Embryonic fibroblasts. KSR1 knock 

down.  

MELJUSO DMEM + 10% 
FBS 

Epithelial human melanoma cells. N-RAF 
mutant. 

PAC 2 L-15 Medium 
(Leibovitz) 
+15% FBS 
28ºC, CO2 free. 

Fish embryonic fibroblasts cells. 

 

SKMEL2 DMEM + 10% 
FBS 

Epithelial human metastatic melanoma cells. 
N-RAF mutant. 

SKMEL28 DMEM + 10% 
FBS 

Epithelial human melanoma cells. B-RAF 
mutant 

WM35 DMEM + 10% 
FBS 

Epithelial human melanoma cells. B-RAF 
mutant 

Basal medium: DMEM culture media without Fetal Bovine Serum.  

Throughout this thesis EGF (Epidermal Growth Factor, SIGMA) has been used 

to stimulate cells at 50 ng/mL final concentration for 5 min or indicated time.  

DEL-22379 (Vichem Chemie), an ERK2 dimerization inhibitor described 

previously by our laboratory (Herrero et al., 2015), was used at 10 µM for 30 

min. 

U0126, a MEK inhibitor (ROCHE Diagnostics) was used at 10 µM for 30 min. 

MK2206, an AKT1 inhibitor (Selleckchem) was used at 5 µM for 2h. 

The B-RAF inhibitor Vemurafenib (PLX4032, Selleck Chemicals) was used in 

melanoma cells at 10 μM for 2 hours. 

 

3.2.2 Cell transfection 

Polyethylenimine (PEI) 

HEK293T cells were transfected using Polyethylenimine (PEI). PEI 

condenses DNA into positively charged particles that bind to anionic cell 

surfaces. In this way, the DNA-PEI complex is endocytosed by the cells and the 

DNA released into the cytoplasm (Longo et al., 2013). 
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HEK293T were split into p60 plates in order to reach a final confluency of 

around 60-70% at the time of the transfection. In this way, all of cell surface is 

completely exposed and it makes DNA entrance easier into the cell and 

subsequently into the nucleus. PEI (1 mg/mL) (Polysciences, Inc.) was used in 

a ratio of 1:3 w/w (DNA:PEI). 3 μL of PEI were diluted in 200 μL of Opti-MEM 

medium (Gibco) and 1 μg of DNA was diluted in another tube. After 5 min of 

incubation, the two tubes were mixed, vortexed and incubated again for a 

further 20 min at room temperature. Finally, the mix was added to the cells, 

reaching a final volume of 2.5 mL in the plate. For optimal expression, the cells 

were harvested at least 48 h post-transfection. 

Lipofectamine LTX 

Lipofectamine contains lipids that can form liposomes in an aqueous 

environment which catches the DNA plasmids. The cationic liposomes form a 

complex with negatively charged DNA to overcome the electrostatic repulsion of 

the cell membrane.  

HeLa and HEK293T cells were transfected using Lipofectamine LTX 

(Invitrogen, Thermo Fisher). Cells were split 24 h before transfection to reach 

60-70% of confluence at transfection. 8 μL of LTX was diluted in 250 μL Opti-

MEM medium (Gibco, Thermo Fisher). 1 μg of DNA was diluted in another 

Eppendorf tube containing 250 μL Opti-MEM medium and 4 μL of PLUS 

Reagent. After 5 min of incubation at room temperature, the content of the DNA 

tube was added to the Lipofectamine LTX Reagent tube. After 10 min of 

incubation at room temperature, the mix DNA-lipid complex was added to the 

cells.  

Lipofectamine 3000 

Pac-2 cells were transfected with Lipofectamine 3000 (Invitrogen, Thermo 

Fisher).  1 μg of DNA plus 14 μL of P3000 reagent were diluted in 250 μL of 

Opti-MEM medium and 7 μL of Lipofectamine 3000 reagent were added to 

another tube with 250 μL of Opti-MEM medium. They were incubated 

separately for 5 min at room temperature and then, the content of the DNA tube 
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was added to the one with Lipofectamine. They were incubated for 10 min and 

finally added to the cells. 

Lipofectamine RNAiMAX 

The small interfering RNA (siRNA) against the serine/threonine kinases of 

human kinome were transfected in HEK293T cells using Lipofectamine 

RNAiMAX (Invitrogen, Thermo Fisher). Following the manufacturer protocol, 2 

μL of 5 µM siRNA were diluted in 50 μL of Opti-MEM medium. In another tube 

1,5 μL of Lipofectamine RNAiMAX were diluted in 50 μL of Opti-MEM medium. 

After 5 min at room temperature, the 2 tubes were mixed, vortexed and 

incubated for 10 min. After this incubation, the mix was added to the cells laid in 

96-well plates. 

For an optimal knocking down, cells were harvested 72 h post-transfection. 

Retrovirus infection  

To analyze the dependence of mammalian cellular viability on S284 

phosphorylation, MEFs ERK-less cells were infected with retroviral particles, 

carrying the different ERK2 constructs.  

To generate retroviral particles, HEK293T phoenix cells were transfected with 

PEI. 50 µg of DNA of interest was diluted in 500 µL of DMEM FBS-free medium. 

In another tube, 125 µL of PEI was diluted in 375 µL of DMEM FBS-free 

(PEI:DNA ratio 2.5:1). The two tubes were mixed, vortexed and incubated for 10 

min at room temperature. Finally, the mix was added to a P150 plate where 

cells were in a 70-80 % of confluency.12 h post-transfection, medium was 

refreshed, and retroviral particles were collected in two rounds (48- and 72-h 

post-transfection). After clarifying supernatant by centrifugation (1500 rpm for 

10 min) and by filtration (0.45 µm filters), retrovirus particles are concentrated 

using PEG8000 (15% final concentration). Mixture was homogenized by 

inversion and stored at 4 ºC for at least 6 h. Finally, mixture was centrifuged at 

1500xg for 30 min at 4 ºC. Viral particles were resuspended in 500 µL of DMEM 

FBS-free and stored at -80ºC ready to use for MEFs infection. 
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For the infection, cells were previously rinsed with PBS 1X buffer, trypsinazed 

and resuspended in 500 µL of DMEM FBS-free.  To increase the infection 

efficiency, the same volume of mix, containing virus particles, was mixed with 

resuspended cells and centrifugated at 1500g for 1 hour. Cells were finally 

seeded and incubated at 37ºC O/N in a small volume of medium. Next morning, 

plate was filled with fresh medium 10 mL/P100. After 2 days of incubation, 

medium was re-freshed and antibiotic was added in order to select those cells 

carrying a stable expression of the gene. 

3.2.3 Cell proliferation assay 

This assay was used to determine the effect of a non-dimerizing ERK2 

on mammalian cells proliferation. To this aim, we generated stable expression 

cells of the different ERK2 mutant in Ser284, and repressed endogenous ERK2 

by treatment with 4-hydroxytamoxifen (600nM) for 5 days. Cells were counted 

by Neubauer chamber or Nucleocounter (method based on propidium iodide 

staining). 2000 cells were plated per well in 96-well plates, one for each time 

point (24, 48 and 72 h) and three replicates per condition. At the estimated time, 

10 μL of PrestoBlueTM (Invitrogene) was added and incubated in the dark at 

37ºC and the absorbance was read every 30 min.  

 (PrestoBlueTM Cell Viability Reagent Invitrogen), used to perform 

proliferation assays, has as active component a non-toxic, cell-permeable non-

fluorescent blue compound called Resazurin. This compound can be reduced 

by aerobic respiration of metabolically active cells to a red highly fluorescent 

compound named Resorufin. The change of color can be measured, using 

absorbance-based place readers at 600 nm as a reference wavelength and 

monitoring reagent absorbance at 570 nm. This indicates cells viability, 

metabolic activity and, indirectly, number of cells. 
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3.2.4 Determination of IC50 values 

 Tumor cells were plated in 96 well plates at 3000 cells per well and incubated 

overnight at 37°C at 5% CO2. Drugs were added at different concentrations and 

plates incubated for 24 hours at 37°C at 5% CO2. IC50 cell viability was 

estimated using a colorimetric (PrestoBlueTM Cell Viability Reagent Invitrogen) 

assay. Briefly, on the day of the assay the medium was changed to medium 

containing 10% Prestoblue stock solution. Plates were incubated at 37°C for 2-4 

hours, depending on the cells, and absorbance was measured at 480 and 

620 nm using a microplate reader (Tecan infinite M200 Pro). The half‐maximal 

inhibitory concentration (IC50 value) was calculated using GraphPad Prism 

software (USA). 

 

3.3 PROTEIN ANALYSIS 

3.3.1 Immunoblotting analysis  

This technique was used to analyse protein expression, protein-protein 

interaction and state of the protein. For protein extraction cell plates were laid 

on ice, rinsed with cold PBS 1x and harvested using 250 or 500 µL of lysing 

buffer depending on the plates size.  

SDS-PAGE gel electrophoresis 

To analyse protein expression or protein-protein interaction cells were 

harvested using a specific lysis buffer depending on the assay. After clarifying 

the lysate at 13000 rpm for 15 min at 4ºC, supernatant was collected, and 

protein concentration was determined using Bradford method reading the 

absorbance at 620nm wavelength (Protein assay reagent – Bio-Rad). Laemmli 

loading buffer 5X was added to around 30 μg of protein and the mix was boiled 

at 95ºC for 5 min. Proteins were resolved for separation by size in sodium 

dodecyl sulfate (SDS)- polyacrylamide gel electrophoresis (PAGE). SDS-GEL 

was composed of a stacking part and a resolving part ranging from 8 to12 % of 

polyacrylamide. The vertical electrophoresis separation was performed in Mini-

protean Bio-Rad device with running buffer during approximately 2h at 120V or 
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until the dye front run off the bottom of the gel. Then, proteins were transferred 

to nitrocellulose membranes (Thermo Fisher) at 400 mA constant amperage (1 

minute for each kDa of the protein) at 4ºC in transfer solution. Membranes were 

blocked in Tris Buffered Saline-Tween (TBS-T) containing 4% BSA (blocking 

solution) for 1 hour shaking at room temperature. Blots were incubated from 1 

hour at room temperature to ON at 4ºC (depending on the antibody affinity) with 

the different antibodies (table 3.4) prepared in blocking solution. The blots were 

washed 3 times for 5 min with TBS-T and incubated for 1 hour shaking at room 

temperature with anti-rabbit Immunoglobulin (Ig) (Bio-Rad) or anti-mouse Ig 

(Bio-Rad) secondary antibodies conjugated with peroxidase (1:10000) in 2% 

milk (GE Healthcare) in TBS-T. Then, membranes were washed (3 x 5’) with 

TBS-T and the proteins were detected by chemiluminescence with an enhanced 

chemiluminescent system (ECL) and an autoradiography with Konica films was 

performed to develop the blots. 

Buffer lysis: 20 mM HEPES pH 7.5, 10 mM EGTA, 40 mM β-

Glycerophosphate, 1% NP40, 2.5 mM MgCl2, 1 mM NaVO4, 1 mM DTT and 

protease inhibitors added just before lysing: 10 μg/mL of aprotinin and 10 μg/mL 

of leupeptin. 

5X Laemmli loading buffer: 100 mM Tris pH 6.8, 4% SDS, 20% glycerol, 20 

mM DTT and 0.005% bromophenol blue. 

 

Poliacrylamide gels: 

-Stacking gel: 4% acrylamide, 125 mM Tris-HCl pH 6.8, 0.4% SDS, 

0.1% Ammonium Persulfate (APS) and 0.1% 

Tetramethylethylenediamine (TEMED) in H20. 

-Resolving gel: acrylamide (the percentage range from 8% to 12%, 

depending on the molecular weight of the protein), 375 mM Tris-HCl pH 

8.8, 0.4% SDS, 0.1% APS and 0.1% TEMED in H20. 

 

Running buffer: 25 mM Trizma base, 192 mM Glycine, 0,1% SDS. 

Transfer buffer: 25 mM Trizma base and 192 mM Glycine. 

Tris Buffered Saline-Tween (TBS-T): 20 mM Tris, pH 7.4, 137 mM NaCl and 

0.05% tween. 

Enhanced chemiluminescent system (ECL)  

Solution 1: 1M Tris HCl pH 8.5, 90 mM Coumaric Acid, 250 mM Luminol. 

Solution 2: 1M Tris HCl pH 8.5, 30% Hydrogen Peroxide. 
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Table 3.4 Primary and secondary antibodies used in this work 

Name Source Dilution Supplier 

Primary antibodies 

-Tubulin Mouse 
monoclonal 

1:5000  T5168, Sigma  

ERK2  Mouse 
monoclonal 

1:1000  sc-1647, Santa Cruz  

FLAG Mouse 
monoclonal 

WB: 
1:4000 

IP: 0.8 μg 

F1804, Sigma 

HA Mouse 
monoclonal 

WB: 
1:1000 

IP: 1 μg 

probe F-7, sc-7392, Santa Cruz 

HIS Mouse 
monoclonal 

WB: 
1:2000 

 

Sc-8036, Santa Cruz 

KSR1 Rabbit polyclonal 1:1000  (EPR2421Y) ab68483, Abcam 

MEK Rabbit polyclonal 1:500  8727S, Cell Signaling 

p-ERK1/2 (Tyr 204) Mouse 
monoclonal 

1:1000  sc-7383, Santa Cruz  

p-MEK  Mouse 
monoclonal 

1:500  sc-136542, Santa Cruz 

p-RSK1 Rabbit polyclonal WB: 
1:1000  

9344S, Cell Signaling 

RSK-1 Rabbit polyclonal WB: 
1:1000  

sc-231, Santa Cruz 

p-Ser284 Rabbit polyclonal WB: 1:800 

IF: 1:100     

Genscript 

p-AKT1 (Thr308) Rabbit polyclonal WB: 
1:1000 

9275S, Cell Signaling 

AKT Rabbit polyclonal WB: 1.500 Sc-8312, Santa Cruz 

Rho GDI Mouse 
monoclonal 

WB: 
1:1000 

sc-365190, Santa Cruz 

LaminA Rabbit 
monoclonal 

WB: 
1:1000 

sc-10680, Santa Cruz 

Sin3b Mouse 
monoclonal 

WB: 
1:1000 

Sc-13145, Santa Cruz 
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HRP-conjugated secondary antibody 

Anti-Mouse-HRP (Mouse 
IgG) 

Goat 1:10000 170-5047, Bio-Rad  

Anti-Rabbit-HRP  

(Rabbit IgG) 

Goat 1:10000 170-5046, Bio-Rad  

FITC (mouse IgG) Goat 1:300  31569 Invitrogen, Thermo 
Fisher 

Alexa 594 (Rabbit IgG) Goat 1:800 A32740 Invitrogen, Thermo 
Fisher 
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3.3.2 ERK MONOMER/DIMER SEPARATION 

To separate ERK monomers from its dimeric form two methods were 

used: the first one, described by Philipova (Philipova and Whitaker, 2005), 

separation occurs in a semi-denaturation condition, whereas the second one, 

described in our lab (Casar et al., 2008), is based on a native gel 

electrophoresis.  

PHILIPOVA AND WHITAKER METHOD  

For this method, we used a specific lysis buffer P.W to harvest the cells. 

Once lysate was clarified, 50 g of protein extract was mixed with the loading 

buffer P.W. Samples were incubated for 20 min at room temperature with 

loading buffer and boiled for 30 seconds at 95ºC. Next, the samples were 

loaded in a 10% SDS- acrylamide gel and run for 2 h at 100 V constant voltage 

using SDS- free running buffer. The following steps were similar to the SDS-

PAGE protocol described above. Dimers and monomers were separated by 

size in such a way that the monomer runs at 42-44 kDa and the dimer around 

80 kDa.  

Lysing buffer P.W.: 50 mM Tris-HCl pH 7.5, 1% triton X-100, 10 mM EDTA pH 

8, 0.5 M NaCl, 10% glycerol, 10 μg/mL Aprotinin and Leupeptin). 

Loading buffer P.W.: 100 mM Tris pH 6.8, 2% SDS, 20% glycerol, 0.05% -

mercaptoethanol and 0.005% bromophenol blue). 

 

NATIVE GEL ELECTROPHORESIS 

In this method, cells were harvested using the kinase assay lysis buffer. 

30 g of protein was mixed in a 1:1 volume ratio with the 2x loading buffer. 

Samples were run in an 8% acrylamide gel without SDS at 80 V constant 

voltage during 2 h with SDS- free running buffer. The following steps are those 

of the SDS-PAGE protocol described above. In this case, proteins must be 

transferred into a Nitrocellulose membrane at 400mA constant amperage for 80 

min. ERK dimers will run faster than the monomer because the separation 

depends on the protein charge and this, in turn, depends on the conformation. 
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2X loading buffer: (0.126 M Tris HCl pH 6.8, 20% Glycerol, 0.1% (w/v) 

Bromophenol blue). 

3.3.3 COOMASSIE BLUE STAINING 

Coomassie Blue was used to stain protein, extracted from BL21-DE3 

strain of E. Coli, in polyacrylamide gels. After running the protein in a SDS-

PAGE gel, coomassie blue solution was added to the thin polyacrylamide gel 

and incubated for 30 min at room temperature. Next, gel was de-staining until 

the protein bands were well-defined. A Bovine Serum Albumin (BSA) was used 

to calibrate unknown concentrations.  

 

Comassie blue solution: 0.1g brilliant blue, 10 mL acetic acid, 50 mL 

methanol, water up to 100 mL. 

 

De-staining solution: 30% Methanol, 10% Acetic Acid, 60% water 

 

3.3.4 CO-IMMUNOPRECIPITATION ASSAY 

To detect protein-protein interaction, co-immunoprecipitation assay was 

performed. The purpose of this method is immunoprecipitated the protein of 

interest using a specific antibody anti-epitope and pulls down its interacting 

partners.  

After clarifying the lysate, 30 μg of protein from the total lysate were separated 

and loaded with Laemmli 5x buffer. The rest of lysate was incubated rocking at 

4ºC for 3 h with 1 μg of the specific antibody for immunoprecipitation. After this 

time, 5 μL of magnetic beads protein G (Dynabeads™ Protein G 

Immunoprecipitation Kit – Invitrogen) was added. The protein G bind the 

immunoglobulins of the primary antibody which allows to precipitate the 

immunocomplexes (protein-antibody) using a magnetic retainer. The next step 

was washing the beads three times with lysis buffer. Finally, the beads were 

resuspended in 20 μL of loading buffer Laemmli 2.5 X and boiled 5 min at 95ºC. 

Protein-protein interaction was analysed by SDS-PAGE as previously 

described. 
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3.3.5 IMMUNOFLUORESCENCE 

For this analysis HeLa cells were used. Transfected HeLa were grown to 

sub-confluence in a glass of 10 mm of diameter. Cells were washed with 1X 

PBS and were fixed with 4% paraformaldehyde (PFA) during 10 min at room 

temperature. Cells were subsequently washed twice with 1X PBS for 5 min, 

followed by one wash with 0.1 M glycine and two with 1X PBS. Subsequently, 

cells were permeabilized during 10 min with a permeabilization solution and 

washed again with 1X PBS for 5 min. Then, cells were blocked during 15 min by 

incubation with blocking solution. The primary antibody was prepared in 

blocking solution in a dilution ranging from 1:75 to 1:200 depending on the 

antibody specificity. Diluted primary antibody was added as a drop over the 

glass and incubated for 1 hour in a humidity chamber to prevent drying. After 

the primary antibody incubation, cells were washed twice for 5 min with PBS 

1X. Subsequently, glasses were washed with 0.05% TweenTM20 (Thermofisher) 

PBS 1X solution in order to reduce surface tension. A secondary antibody 

(conjugated with a fluorophore), specific for the primary antibody, was added for 

1 hour in the humidity chamber and then removed washing twice with 1X PBS. 

Finally, the glasses were set over a slide in mounting media with DAPI and 

sealed with clear nail polish. The cells were examined by fluorescence 

microscopy (photomicroscope Axiophot, Carl Zeiss). The images were 

processed using Image J software. 

Permeabilization solution: 0.1 M glycine, 0.5% Triton X-100 in PBS 1X 

Blocking solution:  3% BSA, 0.01% Triton X-100 in 1X PBS 

 

3.3.6 NUCLEAR-CYTOPLASMATIC FRACTIONATION 

To study ERK2 distribution in nucleus and cytoplasm compartments, 

either in basal condition or upon EGF stimulation, nuclear-cytoplasmatic 

fractionation was performed. 

Cells were washed with PBS 1X and after adding 400 μL of Buffer 1 per P100, 

cells were scraped carefully. Lysate were incubated for 1 hour at 4 ºC rocking to 

allow cytosolic membrane break. After centrifugation at 1500rpm for 5 min, 

cytoplasmatic fraction was collected and stored at -80 ºC. Next, to avoid any 
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kind of cytoplasm contamination of the nucleus, the pellet was washed again 

with PBS 1X. Once centrifugated, 100 μL of buffer 2 were added to the pellet, 

pipetting vigorously to facilitate nucleus disintegration. Next step was 

centrifugation for 20 min at maximum speed and store the supernatant at -80ºC. 

Protein localization was analysed by SDS-PAGE as previously described. 

RhoGDI antibody was used as cytoplasm marker whereas Sin3b as nuclear 

marker. 

Buffer 1: 10mM HEPES pH=7, 10mM KCl, 0.25mM EDTA pH= 8, 0.125 mM 

EGTA pH=8, 0.1% IGEPAL, 1mM DTT, proteases and phosphatases inhibitors. 

Buffer 2: 20mM HEPES pH=7, 400mM NaCl, 0.25mM EDTA pH= 8, 1.5 mM 

MgCl2, 0.5 mM DTT, proteases and phosphatases inhibitors. 

 

3.3.7 Label Free Quantification (LFQ) Proteomics 

To identify proteins interacting with ERK2 S>P mutant a mass 

spectrometry analysis was performed.   

HEK293T cells were transiently transfected with FLAG-tagged ERK2 

constructs. After 48 hours post-transfection, they were either starved O/N or 

EGF- stimulated for 5 min. Cells were lysed using lysis buffer and proteins were 

immuno-precipitated using 6 µL of Flag-M2 agarose beads (Sigma-Aldrich) for 2 

hours at 4ºC. The FLAG-ERKs immunoprecipitated were washed 4 times using 

a proteomic washing buffer (20mM HEPES pH7.5, 150mM NaCl) to remove 

detergent contamination.  

Then, immunoprecipitates were digested with trypsin, reduced, and alkylated as 

described by (Turriziani et al., 2014). Tryptic peptides were analysed on a 

Thermo Scientific Q-Exactive Mass Spectrometer connected to an Ultimate 

Ultra3000 chromatography system incorporating an autosampler. Data were 

acquired with the MS operating in automatic data-dependent switching mode, 

selecting the 12 most intense ions prior to tandem MS analysis. MS raw data 

were analysed by the MaxQuant software (Cox and Mann, 2008). Specifically, 

tandem MS spectra were searched against the human Uniprot database with a 

mass accuracy of 4.5 ppm and 20 ppm (for MS and MS/MS). Carbamylation 

was selected as fixed modification. Variable modifications were N-terminal 
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acetylation (protein) and oxidation (M). LFQ and peak matching was selected 

and was limited to within a 30 s elution window with a mass accuracy of 4.5 

ppm. The results are based on 3 independent biological replicates. 

 

3.4 RECOMBINANT PROTEIN PURIFICATION  

To perform in vitro kinase assay, some of the proteins used were 

obtained from bacterial culture of BL21 DE3 strain of E.Coli. For this purpose, 

the gene of interest was subcloned into a pHis parallel vector in order to obtain 

recombinant protein 6x histidine-tagged at their N-terminus. Transformed 

bacterial cells were inoculated in a small volume of LB culture medium, supplied 

with the specific antibiotic, and incubated O/N at 37ºC shaking. The day after, 

bacterial culture was diluted in 500 mL of LB and re-incubated until 0.6-0.8 OD 

(optical density) was reached. Protein expression was induced by the addition 

of 1mM IPTG (isopropyl-β-d-thiogalactopyranoside). IPTG blocks the lac 

repressor activity; thus, when IPTG is added the T7 promoter is released 

allowing the T7 RNA polymerase to transcribe the protein of interest. 

After 4 h of IPTG induction at 37ºC, cells were harvested by centrifugation and 

suspended in 7 mL of buffer A for being lysed mechanically.  After 20 min of 

incubation, 7 mL of buffer B was added. Bacterial cells were pipetted vigorously 

until a gelatinous suspension was obtained. Lysates were collected by 

centrifugation at 40k rpm for 40 min at 4ºC. Supernatant, containing the protein 

of interest histidine-tagged, was divided into Eppendorf tubes of 1.5 mL and 

subsequently incubated with 50 μL of magnetic dynabeads His-Tag isolation 

(Life Technologies), rocking for 15 min at 4 ºC. Protein were pull down thanks to 

a magnetic retainer and washed four times using washing buffer to eliminate 

impurities that might bind unspecifically. Finally, proteins were eluted in 75 μL of 

elution buffer and stored at 4ºC for short period of time. Proteins extraction yield 

was checked running a small amount of the eluted protein in a SDS-PAGE, 

stained with Coomassie blue as described above.  

Buffer A: 50mM Tris-base pH 7.4, 10% sucrose, 50 mg lysozyme, 0.001% 

PMSF, 50 mg A/L and 2,5 mM Benzamidine. 
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Buffer B: 50mM Tris-base pH 7.4, 1M NaCl, 0.6% Triton™ X-100, 0.001% 

PMSF, 50 mg A/L.  

Washing buffer: 50 mM Na2HPO4, 300 mM NaCl, 0.01% Tween20. 

His elution buffer: 300 mM imidazole, 80 mM Na2HPO4, 300 mM, 300 mM 

NaCl, 0.01%Tween20. 

 

3.5 IN VITRO KINASE ASSAY 

3.5.1 MBP PHOSPHORYLATION MEDIATED BY ERK  

To elucidate ERK2 S>P mutant ability to phosphorylate its substrate an 

in vitro kinase assay was performed, using myelin basic protein (MBP) as ERK2 

substrate. 

First, transfected cells with ERK2 WT and S>P constructs, HA and FLAG 

tagged respectively, were stimulated with EGF at the indicated time and the 

exogenous proteins were immunoprecipitated as described previously. ERK2 

proteins were then washed once with LiCl buffer and subsequently with kinase 

reaction buffer.  

LiCl buffer: 0.5 M LiCl, 100 mM Tris pH 7.5. 

kinase reaction buffer: 12.5 mM MOPS pH 7.5, 12.5 -Glycerolphosphate, 7.5 

mM MgCl2, 0.5 mM EGTA, 0.5 mM Sodium fluoride, 0.5 mM Vanadate, 1 mM 

DTT. 

 

To perform kinase assay, each sample was incubated with: 25µL of kinase 

reaction buffer, 1.5 µL of cold ATP (20 µM), 1.5 µL of MBP (stock 10 mg/mL 

Sigma cat. M-1891) and 0.1 µL (1 µCi) of ATP (γ-32P). The mix was then 

incubated at 30ºC for 30 min. The reaction was stopped by adding 5 µL of 

Laemmli loading buffer 5X. Samples were boiled at 95 ºC for 5 min and run in 

12% SDS-PAGE gel. The gel was finally dried, using a gel dryer device for 2 h 

(Bio-Rad), and phosphorylated MBP was detected by autoradiography using 

Konica films. The MBP phosphorylation was then quantified using ImageJ and 

normalized to not stimulated ERK2 WT. The results were plotted using 

GraphPad. 
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3.5.2 ERK2 PHOSPHORYLATION MEDIATED BY MEK and AKT 

To test MEK and AKT ability to phosphorylate ERK2 at Ser284 residue 

an in vitro kinase assay was performed. ERK2 phosphorylation was detected 

either by autography using labelled ATP (γ-32P) or by immunoblotting using anti 

p-Ser284 antibody and non-labelled ATP. ERK2 proteins (WT and its mutants) 

and MEK EE (a constitutively active mutant of MEK) were obtained by 

overexpression in bacterial BL21 strain as described in the protein purification 

section. When specified, MEK and AKT proteins were obtained by IP of 

transfected cells, upon EGF stimulation. 

To carry out the kinase assay, proteins were incubated in a different kinase 

reaction buffer, especially prepared for testing MEK activity. GST-MEK or FLAG 

AKT, (0.2 µg) were resuspended in 25 µL of MEK kinase buffer and incubated 

with 5 µL of ERK2 purified protein (1 µg), 1.5 µL of cold ATP and 0.1 µL ATP (γ-

32P). The subsequent steps were the same as described in the previous 

section.  

MEK kinase buffer: 25 mM -Glycerolphosphate, 10 mM MgCl2, 1.25 mM 

EGTA, 0.05 mM Vanadate, 1.5 mM DTT, 0.8 mg/mL BSA. 

  

3.6 KINOME-WIDE siRNA SCREENING 

To uncover which kinases are phosphorylating ERK2 at Ser284 siRNA 

targeting human kinome (Silencer™ Select Human Kinase siRNA Library, life 

technologies) was used. 

2x104 HeLa cells, seeded in T96-well plates, were transfected with small 

interfering RNA (siRNA) of human kinome using Lipofectamine RNAiMAX 

(Invitrogen. Thermo Fisher). 2 μL of each siRNA (final concentration of 5 pM) 

were diluted in 50 μL of Opti-MEM medium. In another tube, 1,5 μL of 

Lipofectamine RNAiMAX were diluited in 50 μL of Opti-MEM medium. After 5 

min at room temperature, the 2 tubes were mixed, vortexed and incubated for 

10 min at room temperature. After this incubation, the mix was added to the 

cells. After 48h cells were starved using basal medium. 72 h after transfection, 
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cells were EGF-stimulated for 5 min and lysed using 50 μL of lysis buffer. 

Lysates were then stored at -20 ºC for being subsequently analyzed by double-

sandwich immune Elisa assay. 

3.7 ELISA ASSAY 

A Double-Sandwich ELISA was performed to detect which siRNA 

diminish the phosphorylation of ERK2 at Ser 284 residue.  

Anti ERK2 mouse monoclonal antibody was diluted 1:1000 into BBS coating 

buffer and incubated O/N at 4ºC for coating PVC microtiter wells. After 2 

washes using washing buffer (PBS 1X and 0.2% Tween20) to eliminate 

unspecific protein-binding sites, blocking buffer (PBS 1X, 2% Tween20, 5% 

BSA) was added and incubated at 4ºC for 2 h. Then, 25 μL of diluted samples 

were added to each well (triplicates of each condition) and incubated for 2 h at 

37°C. Starved cells lysates, EGF-stimulated cells and cells treated with specific 

inhibitors of RAS/ERK pathway (U0126) were used as standards. To remove 

the unbound proteins, plates were washed twice with washing buffer, and 

secondary antibody (p-Ser284 1:2000) was added and incubated O/N at 4 ºC. 

Finally, plates were washed twice and incubated at room temperature for 1 h 

with goat anti-rabbit alkaline phosphatase conjugate antibody (1:10000). To 

remove the excess of secondary antibody, plates were washed twice and the 

peroxidase enzyme substrate 1-step PNPP (thermo scientific) (p-nitrophenyl 

phosphate disodium salt) was added. After 15-20 min of incubation at room 

temperature, the reaction was stopped adding 50 μL of NaOH 2N and 

absorbance was measured at 405nm. 

BBS coating buffer: Boric acid 6.28 g, Sodium chloride 4.38 g, Borax 9.54, 

Water up to 1L. (pH=8,4). 

Washing buffer: PBS 1X and 0.2% Tween20. 

Blocking buffer: PBS 1X, 2% Tween20, 5% BSA. 
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3.8 Immunohistochemistry of Human melanoma samples 

Once embedded in paraffin, 5μm sections were cut at the microtome and 

placed on Poly-lysine treated microscopes slides. Previous any staining, slides 

were deparaffinize and tissue was rehydrated. Firstly, slides were dried for 1 

hour at 60ºC or O/N at 37ºC. 

Table 3.5 Standard procedure to rehydrate histological sections. 

Solution Time 

Xylene 3 x 5´ 

Tap water 5´ 

100% Ethanol 5´ 

90% Ethanol 5´ 

80% Ethanol 5´ 

70% Ethanol 5´ 

Tap water 5´ 

In order to allow the antibody to enter more easily to each cell, a 

permeabilization step was done, incubating specimens for 10 minutes with 0,1% 

IGEPAL (Sigma) in 1x Tris Buffered Saline (TBS). Then, slides were washed 

twice for 5 minutes with 1x TBS, and non-specific bindings were eliminated 

using a serum free blocking reagent, background punisher (BIOCARE Medical) 

for 8 minutes. After that, a 1% Bovine Serum Albumin (BSA) 0.05% IGEPAL in 

1x TBS solution containing a mouse anti-rabbit p-Ser antibody (1:100) (Gene 

Script) or not (negative control), was incubated O/N at 4ºC in a humid chamber 

(to avoid evaporation). Next day, slides were washed in 1x TBS (3 x 10´) and 

endogenous peroxidase was quenched using 3x Hydrogen Peroxide (H2O2) in 

1x TBS for 20 minutes. Then, specimens were washed in 1x TBS (3 x 10´) and 

incubated with an anti-mouse biotinylated secondary antibody (Vector Labs) 

diluted in 1% BSA 0.05% IGEPAL in 1x TBS (1:400) for 1 hour in a humid 

chamber. After that, slices were washed, as before, and specimens were 

incubated with Horseradish Peroxidase (HRP) Avidin D diluted in 1x TBS 

(1:500) for 30 minutes in a humid chamber. Slices were washed again and 

incubated with the substrate diaminobenzidine (DAB) (Gibco) for 5 minutes or 
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until brownish color started to appear. Chromogenic reaction was stopped with 

H2O. To finish specimens were stained with Hematoxylin (Sigma), dehydrated, 

cleared and mounted with DPX. Images were taken at a Zeiss Axio Scope A1 

microscope using 10x, 20x or 40x objectives. 

3.8 CRISPR-CAS9-MEDIATED KNOCK-IN IN ZEBRAFISH 

To study what biological consequence might have ERK2 dimerization in 

a specie where ERK2 does not dimerize, we edited zebrafish ERK2 gene using 

the Crispr-Cas9 technology.  

3.8.1 sgRNA DESIGN 

CRISPR target site was identified using the program Chopchop 

(https://chopchop.rc.fas.harvard.edu) and sgRNA was designed to target the 

sixth exon of ERK2 zebrafish gene 

(https://www.ensembl.org/Danio_rerio/Gene/Summary?db=core;g=ENSDARG0

0000027552;r=5:13104851-13167120). sgRNA was purchased by Sigma-

Aldrich and was resuspended in RNase-free water to a final concentration of 

1µg/µL, aliquoted and stored at -80 ºC. sgRNA: CTGACCTTTAGGGTCTGCGT. 

3.8.2 REPAIR-TEMPLATE DESIGN 

To replace the proline aminoacid with a serine, 120 base-pair (bp) repair-

template (ssODN) contained symmetrical homology arms, flanking the 

theoretical Cas9 cut site (located 3 base pairs upstream of the PAM), was 

purchased by IDT company and resuspended in DNase-free water to 150ng/μL. 

In order to avoid continuing cutting by Cas 9, the sequence corresponding to 

the PAM (shown in green) was masked by replacing a guanine with another 

nucleotide, encoding for the same aminoacid.  

ssODN:                                                                            
5’AGCGTGTGGAGCTGAACTCTGACCTTTCGAGTCTGCGTTCGGAAACAGG
CGGTTCCAGGGCACTTTGCTGCGGAGAGGAAGGGACAGCAGGTAAT 3’   
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3.9.3 ZEBRAFISH HUSBANDRY 

Zebrafish (Danio rerio) were housed at the Biological Services Unit 

(BSU) of Manchester University and maintained at 28.5°C under a 14 h light/10 

h dark cycle. Embryos were collected and raised in egg water (Instant Ocean 

salt 60 µg/ mL) at 28.5°C up to 5 day post-fertilization (dpf) and then transferred 

to the main aquarium system. Fishes were maintained according to standard 

conditions as described in (Westerfield, M. 2000). Younger fish was fed powder 

food and rotifers, while older fish and adults were fed powder food and brine 

shrimp. All food was supplied by ZM fish food. 

3.9.4 ZEBRAFISH BREEDING AND EMBRYO COLLECTION 

Zebrafish adult males and females (ratio 1:2) were set up in breeding 

boxes (Thoren, Aquatics Inc.), separated by a plastic divider, the afternoon 

before injections. The next morning, soon after the beginning of the light cycle, 

the divider was removed, and the fish were allowed to breed. Embryos were 

collected within 10-15 min of being laid. 

3.9.5 ZEBRAFISH INJECTIONS 

Fertilized eggs were placed into the grooves made by a mold in agarose 2% in 

order to align embryos for the injection.  

A B 

Figure 3.2 A) PLI-90 Pico- Injector microinjection station.  B) One-cell zebrafish embryo 
injection. 
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The injections were performed using a PLI-90 Pico-Injector micro-injection 

station in the yolk-sac margin of zebrafish embryos at the one-cell stage. All 

injection solutions were assembled on ice just before the injection procedure. 

Injection needles were calibrated to deliver a final volume of 1-2 nL of the 

injection solution (Fig 3.2). 

3.9.6 CRISPR INJECTION MIX  

Injection solution (table 3.5) was prepared by mixing the Cas9 protein 

and the sgRNA first. After 5 min of incubation at RT, the rest of the components 

were added, and the mix was stored on ice before the injection.  

Table 3.5 Injection mix component 

Injection MIX 

EnGen® Spy Cas9 NLS 1 µL 

sgRNA 1µg/uL 2 µL 

ssODN 150 ng/µL 1 µL 

Buffer 3.1  0,6 µL 

Phenol red 0.05% (v/v) 0.4 µL 

H2B-mCerulan3 1 µL 

Phenol red was added to allow visualization of the injected drop. Embryos were 

injected at one-cell stage and then incubated at 28.5°C. Embryos were 

screened for fluorescence at 24 h post-fertilization (hpf) to identify positively 

injected fish and some of them were collected to perform genomic DNA 

extraction and PCR screening to test the efficiency of the sgRNA. The 

remaining embryos were maintained in the incubator at 28.5°C up to 5 days and 

then raised to the adulthood for fin clipping and subsequent crossing. 

1X NEBuffer™ 3.1: 100 mM NaCl, 50 mM Tris-HCl,10 mM MgCl2,100 µg/mL 

BSA (pH 7.9 at 25°C). 

3.9.7 HOTSHOT GENOMIC DNA EXTRACTION 

To extract genomic DNA, embryos and fins were collected and placed in 

a 1.5mL tube. 50μL (embryos) or 100μL (fins) of NaOH was added in each tube 

and incubated at 95°C for 20 min. Samples were then neutralized by adding 

40μL (embryos) or 60μL (fins) of Tris-HCl buffer (pH 8.5) and 2μL of each 

sample were used for PCR.   
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3.9.8 PCR AMPLIFICATION OF CRISPR-INJECTED FISH  

To test CRISPR activity, specific primers to amplify the locus around the 

targeted region (173 bp) were designed, following the PCR condition indicated 

in the table 3.6. 

ERK2P_S F: 5’-CCTGAACTGCATCATCAACATT-3’ 

ERK2P_S R: 5’-AAGGTGGCTTGATCTCCAAATA3’ 

To genotype adult fish, two different couple of primers were used, one for 

detecting the wild-type (WT) allele and the other for the mutant (MUT) allele, 

obtaining a 94 bp product. 

WTERK2AMP F: 5’-CTGTTTCCCAACGCAGACC-3’ 

MUTERK2AMP R: 5’-GTTTCCGAACGCAGACTCG-3’ 

 

Table 3.6 PCR condition for injected embryos 

Step Cycles Temperature Time 

Denaturing 1  95ºC 1 min 

Denaturing 32  95 ºC 15 seconds 

Primers 

annealing  

60 ºC 15 seconds 

Extending 72 ºC 30 seconds 

Elongation 1  72 ºC 5 min 

Hold 1  4ºC  

To test primers specificity and to set up the optimal PCR conditions a mutant 

amplicon string was purchase from IDT company and resuspended in DNase-

free water to a final concentration of 25 ng/µL. This amplicon, diluted to a 

concentration of 250 fg/µL, was spiked into the genomic DNA in order to be 

used as positive control. 
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3.9.9 ZEBRAFISH FIN CLIPPING 

Adult fishes were anaesthetized and transferred to a petri dish. Using a 

stainless-steel surgical blade (Swann Morton, Scientific Laboratory Supplies 

Ltd) a small amount of tissue was clipped from the end of the caudal fin. The 

sample was transferred into a microcentrifuge tube and genomic DNA 

extraction was performed. Fishes were transferred to individual on-system 

holding tanks with fresh water and monitored until they recovered. After 48 h, 

fishes were transferred back to main tanks.  

3.9.10 ZEBRAFISH ANAESTHESIA AND EUTHANASIA 

Anaesthesia was induced by placing embryos and adults in a 4% dilution 

of ethyl 3-aminobenzoate methanesulfonate (MS222) stock solution in chorion 

water. When fishes were no longer responsive, they were taken for fin clipping. 

Following completion of the procedure, fishes were recovered in fresh system 

water. Fishes were sacrificed with an overdose of MS222 (800 mg/L). 

3.10 Bioinformatic analyses 

Statistical analysis: Data was processed and analyzed using the GraphPad 

Prism 7 Software (GraphPad Software, Inc., San Diego, CA). 

In bar graphs data is given as Mean ± SD and Two tailed unpaired Student’s t-

test was used to determine differences between data sets and significance 

(*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001). 

The western blot analyses and confocal images/videos processing were carried 

out and analyzed using Fiji-Image-J Software. 

The bibliography was sorted by Mendeley reference management Software. 
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4.1 Ser284 role in ERK dimerization and subcellular distribution 

4.1.1 Ser284, a novel phosphorylation site that regulates ERK 
dimerization 

During the course of our experiments leading to the discovery of DEL-22379, 

we made the startling observation that ERK dimers were absent in fish, birds 

and amphibians, ERK dimerization being restricted to mammalians (Herrero et 

al., 2015). We also observed that ERK ability to dimerize was not dependent on 

the cellular context, since human ERK2 dimerized when transfected in zebrafish 

cells, while zebrafish ERK2 did not dimerize if transfected in human cells 

(Herrero et al., 2015). These results indicated that the capacity for dimerization 

resided on the ERK amino acid sequence. A comparison of the ERK2 sequence 

through the evolutionary scale unveiled that serine 284 (H.Sapiens numeration) 

was conserved in those species in which ERK2 dimerized, mammalians in all 

cases (Fig. 4.1). Interestingly, the corresponding residue in those species in 

which ERK2 did not dimerize was either a proline or an alanine (Fig.4.1). The 

same occurred for ERK1, in which this region is highly conserved. This data 

was suggestive of S284 playing some role in ERK dimerization. 

 

To investigate this point, we made a human ERK2 S284P mutant and also 

introduced a serine substitution in the corresponding residue in zebrafish (Dr) 

Figure 4.1 Alignment of ERK2 sequences from different species retrieved from Uniprot. 
Canonical phosphorylation sites (TEY) are depicted in pink. Serine 284 (H. Sapiens) is depicted 
in yellow. This serine residue is conserved in mammalians, those species in which ERK2 
dimerizes. 
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ERK2, P293S. We performed native gel electrophoresis, in which the faster and 

slower migrating bands corresponded to ERK dimers and monomers, 

respectively (Casar et al., 2008; Herrero et al., 2015). We found that the S>P 

substitution completely prevented Hs ERK2 dimerization upon EGF stimulation, 

whereas the P>S mutation endowed the ability to dimerize to Dr ERK2 (Fig. 4.2 

A). 

 

Similarly, with the intention of generating a constitutively dimerizing ERK2, we 

made ERK2 phosphomimetic mutants, by replacement of Ser284 with a 

glutamic (E) or an aspartic (D) aminoacid, obtaining the S>E and the S>D ERK2 

mutants, respectively. As shown in Fig. 4.2 B, these mutants could dimerize but 

only upon EGF stimulation, indicating that canonical TEY-ERK phosphorylation 

is also required for ERK dimerization, as previously demonstrated (Robinson et 

al., 1998); and that Ser284 phosphorylation is necessary but not sufficient for 

dimerization.  

Figure 4.2. S284 is critical for ERK2 dimerization. A) FLAG-tagged human (Hs) and 
zebrafish (Dr) (wild types and S284P and P293S respectively) were transfected (1µg each) 
in 293T cells and dimerization upon EGF stimulation was analysed by native PAGE. B) 
Comparison dimerization analysis of FLAG-tagged Hs ERK2 phosphomimetic mutants (S>E 
and S>D) with ERK2 WT and non-dimerizing ERK2 S>P mutant by native PAGE. 

A) 

B) 
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4.1.2 Active ERK2 is phosphorylated at Ser284. 

Having established that S284 is critical for ERK dimerization, we searched for 

further information about this residue in the literature. Interestingly, S284 has 

emerged as an ERK2 phosphorylated residue in massive phosphoproteomic 

screenings (Fig.4.3 A) (Oppermann et al., 2009).  

 

Thus, we generated a phospho-specific antibody for this residue and analysed 

the pattern of S284 phosphorylation in ERK2 under basal and stimulated 

conditions. HEK293T cells were transfected with Hs and Dr ERK2 WT and it 

was found that solely Hs ERK2 was phosphorylated in S284 upon EGF 

stimulation (Fig.4.3 B). Nevertheless, both ERK2 were phosphorylated at their 

activation lip (TEY motif). In light of the results obtained in our previous work 

(Herrero et al., 2015) (Fig. 4.3 C), we tested the antibody on cell lysates from 

different species in order to analyse the pattern of Ser284 phosphorylation and 

if it correlated with dimerization in these species. We found that only mammals 

Figure 4.3. Identification and pattern phosphorylation of Ser284 residue. A) Information 
retrieved from phosphositeplus.org indicates that Ser284 is a phosphorylatable ERK2 residue 
B) 293T cells were transfected with Hs and Dr ERK2 WT (1 µg each) to analyse p-Ser284 
antibody specificity SDS-PAGE. C) Comparative analysis of ERK dimerization, by Native-
PAGE. D) Analysis of phospho-Ser284 by SDS-PAGE in the indicated species. 
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exhibited phosphorylated ERK2 Ser284 and this phosphorylation did correlate 

with ERK dimerization. Moreover, it further indicates that the phospho-Ser284 

(p-Ser284) antibody is specific and only recognizes p-Ser284 (Fig. 4.3 D). 

Next, we wanted to ascertain the relationship between ERK dimerization and 

Ser284 phosphorylation. For this purpose, we analysed ERK2 dimerization, 

performing a native gel analysis. Our results indicate that phosphorylation at 

Ser284 occurs exclusively when ERK2 is in dimeric form. Such phosphorylation 

was not detected in ERK2 monomers (Fig.4.4 A). 

Figure 4.4. Only ERK2 dimers are phosphorylated at Ser284. A) ERK2 dimerization 
analysis of HEK293T cells transfected with FLAG Hs ERK2 WT and S>P (1µg each) by 
native PAGE. B) FLAG-tagged human ERK2 wild-type, S284P, S284D and S284E were 
transfected in 293T cells and dimerization upon EGF stimulation was analysed by semi-
denaturing “Philipova” PAGE, in which dimers and monomers run at their real size (upper 
panel). Analysis of canonical phosphorylation residues of transfected FLAG-tagged 
human ERK2, previously immunoprecipitated and run by SDS PAGE (lower panel). 

A) 

B) 
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In fact, upon EGF stimulation ERK2 WT dimerizes and it is phosphorylated at 

Ser284, as the band of the p-Ser284 correspond with the ERK2 dimer band. To 

further elucidate this point, we performed a Philipova PAGE. This technique 

was first used to establish the correlation between active ERK1 and its 

dimerization capability in vivo (Philipova and Whitaker, 2005). Contrarily to 

native PAGE, in this case proteins run according to their molecular weight, in 

the case of ERK2 dimers being detected at around 84 kDa. Thus, we confirm 

that, except for ERK2 S>P, all of the rest of ERK2 proteins dimerize upon EGF 

stimulation (Fig.4.4 B). Notably, although all proteins show phosphorylated TEY 

motif upon EGF stimulation, only ERK2 WT is phosphorylated at Ser284, 

corresponding with its dimeric state. Therefore, these results indicate that S284 

phosphorylation is critically involved in the dimerization process. 
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4.1.3 Identification of the kinases responsible for phosphorylating 
Ser284. 

It was of interest to identify the kinase/s responsible for ERK phosphorylation at 

Ser284. For this purpose, we performed a whole kinome siRNA screen against 

all Ser/Thr kinases to detect the kinase/s whose depletion would prevent S284 

phosphorylation upon EGF stimulation, as detected by our phospho-specific 

antibody by ELISA (Fig 4.5). All the kinases in the EGFr-ERK pathway 

emerged, which validated our assay. Interestingly, AKT1 and some other 

kinases like MLK1 and DAPK, with a lesser effect, also appeared in the screen.  

To validate the kinases responsible for S284 phosphorylation and to ascertain 

which of these kinases directly phosphorylates ERK on S284, we performed an 

in vitro kinase assay. For this, we used bacterially-purified constitutively-active 

MEK1 and purified dead-kinase ERK2 K52R, to rule out autophosphorylation, 

Figure 4.5. Whole kinome siRNA screen to determine possible kinases involved in ERK 
S284 phosphorylation. HEK293T cells were transfected with the corresponding siRNA (5 pM) 
and after 48h cells were starved overnight. Cells were EGF-stimulated for 5’ before being 
harvested. P-Ser284 was analysed by ELISA double sandwich. ERK2 proteins were first 
blocked using anti-ERK2 monoclonal antibody coated plates and p-Ser284 was revealed by 
using p-nitrophenyl phosphate disodium as a colorimetric, soluble substrate of alkaline 
phosphatase. Row Z score data for all the kinases, run for triplicate in each condition (Starved 
and under EGF stimulation), are displayed as colours according to the legend.  
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and ERK2 H176L (HL) dimerization impaired mutant, as substrates (Fig. 4.6 A). 

We checked total ERK phosphorylation using radiolabelled γ32P-ATP and p-

Ser284 by immunoblotting. Interestingly, MEK1 is one of the kinase capable of 

directly phosphorylating ERK at Ser284. Noticeably, we did not find p-Ser284 in 

the mutant unable to dimerize, which could indicate that ERK2 HL mutation 

affects ERK normal folding in a way that prevents its phosphorylation at Ser284. 

A) 

B) 

Figure 4.6. MEK1 and AKT1 phosphorylate Ser284 in vitro. A) In vitro kinase assay of 
Bacterially-purified human His-tagged ERK2 WT, HL and DK incubated with GST-MEK EE (+) 
constitutively active mutant, to activate ERK2. Total ERK phosphorylation was detected by 
autoradiography after 32P-ATP incorporation. Ser284 phosphorylation was detected by 
immunoblotting by SDS-PAGE. B) As in A, but using GST-MEK and FLAG-AKT1 immuno-
precipitated from HEK293T starved cells (-), or upon EGF stimulation (+). His-tagged ERK2 
WT, S>P and DK were purified from bacteria. 
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Furthermore, we also tested AKT1 ability to phosphorylate ERK2 at Ser284. 

Thus, we immunoprecipitated FLAG-tagged AKT1 from EGF-stimulated 

HEK293T cells and it was subsequently incubated with bacterially-purified 

ERK2 mutants, as indicated in fig 4.16 B. We found that AKT1 is capable of 

phosphorylating Ser284 in WT and DK ERK2 but not in the ERK2 S>P mutant 

(Fig. 4.6 B).  

To further substantiate AKT involvement, we silenced AKT1 expression in 

A375p melanoma cells, which harbour B-RAF mutation and, as a consequence, 

has a high basal level of p-SER284.  

Figure 4.7. MEK and AKT downregulation reduce Ser284 phosphorylation. A) A375p 
melanoma cells were transfected with 50 nM of siRNA for AKT1. After 48 hours, cells were 
harvested during 16h and p-Ser284 and p-TEY ERK were analysed by immunoblotting. B) 
Starved HEK293T cells were pre-treated with the AKT allosteric inhibitor (+), MK2206 (5 µM for 
1 hour). Then, cells were stimulated with EGF for 5 min and p-Ser284 and p-TEY ERK2 were 
analysed as in A. C) Effect of MEK and AKT downregulation on phospho- Ser284  levels in 
HEK 293T cells starved (ST) and under EGF stimulation; as a positive control for phopho- 
Ser284 levels, total lysates from A375p melanoma cells were used. 

A) 

C) 

B) 
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Indeed, upon AKT1 knock-down, the amount of p-Ser284 is mildly reduced in 

these cells (Fig. 4.7 A). We also used HEK293T cells, in which p-Ser284 is 

induced by EGF stimulation, and to abrogate AKT1 activity, cells were treated 

with MK2206, an AKT1 inhibitor. In this case, we saw a marked reduction in 

Ser284 phosphorylation (Fig. 4.7 B).  

When MEK and AKT silencing are compared, MEK1 seems to be the principal 

mediator in Ser284 phosphorylation, which is conceivable due its role as the 

main ERK activator (Fig. 4.7 C). Overall, these evidences suggest that MEK is 

the main kinase devoted to phosphorylating Ser284 but AKT1 may also 

contribute to Ser284 total phosphorylation. Noticeably, ERK2-Ser284 

phosphorylation mediated by AKT1, would add another connexion node among 

the two already interconnected pathways (Moelling, 1999; Procaccia et al., 

2017; Zmajkovicova et al., 2013).  

4.1.4 Two phosphorylated Ser284 are necessary for ERK 
dimerization   

Having established that phosphorylation at Ser284 is required for ERK2 

dimerization, we were wondering if ERK dimerization needs both oligomers to 

be Ser284 phosphorylated, or just one would be sufficient.  

Figure 4.8. ERK2 dimerization requires Ser284 phosphorylation in both ERK2 oligomers. 
Co-immunoprecipitation assay of transfected PAC-2 cells (zebrafish fibroblast) with Dr ERK2 
WT and P>S or two Dr ERK2 P>S, differently tagged (1 µg of each). Co-immunoprecipitation 
was analysed by immunoblotting using anti epitope antibody (HA).   
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EGF 

ST 

To ascertain this, we analysed if unphosphorylatable FLAG-tagged Dr ERK2 

WT could co-immunoprecipitate with HA-tagged Dr ERK2 P>S.  Additionally, as 

a positive control, we co-transfected two Dr ERK2 P>S constructs differently 

tagged. We observed Co-IP only when both ERK oligomers can be 

phosphorylated in the Ser284, upon EGF stimulation, indicating that both ERK 

oligomers must be phosphorylated in order to form a dimer (Fig.4.8).  

4.1.5 Phosphorylated ERK2 at Ser284 localizes at the cytoplasm. 

Considering that ERK dimerization and nucleo/cytoplasmic distribution are 

mechanistically linked and knowing that ERK dimers are restricted to the 

cytoplasm (Casar et al., 2008), we wanted to gain an insight into whether 

Ser284 was also involved in the regulation of ERK cellular distribution. To do 

so, we firstly analysed the cellular distribution of S284-phosphorylated ERK. For 

this purpose, we performed a confocal immunofluorescence assay on HeLa 

cells where we observed that p-Ser284 localizes exclusively at the cytoplasm, 

upon EGF stimulation (Fig. 4.9), in agreement with previous findings (Casar et 

al., 2008).  

Figure 4.9. Upon EGF stimulation, p-Ser284 localized at the cytoplasm. Endogenous 
p-Ser284 distribution (green) was compared in starved (Overnight) and EGF (5’) 
stimulated HeLa cells by immuno-fluorescence, using a confocal microscope. Nuclei are 
shown in blue. 
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Additionally, we compared ERK2 phosphorylation at the TEY motif and at 

Ser284 in Hela cells by immunofluorescence. We found that upon EGF 

stimulation ERK phosphorylated at the canonical TEY motif was scattered 

throughout the cell. Contrarily, S284-phosphorylated ERK was exclusively 

localized at the cytoplasm (Fig. 4.10 A), in full agreement with Ser284-

phosphorylated ERK being solely in dimeric form. 

Figure 4.10. p-Ser284 is restricted to the cytoplasm of stimulated cells. A) S284-
phosphorylated ERK2 localizes exclusively at the cytoplasm. HeLa cells starved (ST) or 
stimulated with EGF for 5 min were fixed and immunofluorescence were performed to 
detect endogenous ERK1/2 phosphorylated at Ser284 (red) and at the canonical TEY 
phosphorylation site (p-ERK green). B) Nuclear (N)-cytoplasm (C) fractionation of 
starved and EGF stimulated HEK293T cells. P-Ser284 and p-ERK2 distribution were 
analysed by immunoblotting. RhoGDI and Sin3b were used as cytoplasmic and nuclear 
fraction markers, respectively. 

A) 

EGF 

ST 

B) 
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Additionally, to further demonstrate p-Ser284 localization, we performed a 

nucleo-cytoplasmic fractionation. Again, we observed that whereas 

phosphorylated ERK2 at the TEY motif was distributed in both cell 

compartments, p-Ser284 localization was exclusively cytoplasmic in agreement 

with the immunofluorescence analyses (Fig. 4.10 B).  

To gain further insights into how Ser284 phosphorylation regulated ERK2 

cellular distribution, we transfected HEK293T cells with exogenous FLAG-

tagged ERK2 WT and S>P and analysed their nucleo-cytoplasmic distribution. 

We observed that, as expected, under starvation conditions ERK2 WT was 

exclusively cytoplasmic. Interestingly, introducing the S284P mutation evoked a 

remarkable redistribution, with a large amount of this mutant form accumulating 

in the nucleus, under resting condition (Fig.4.11).  

Overall, these results point to Ser284 as a critical residue for the regulation of 

ERK subcellular distribution. 

  

Figure 4.11. S284 regulates ERK nucleo/cytoplasmic distribution. HEK293T cells were 
transfected with FLAG-tagged human ERK2, wild-type and S284P. Nuclear (N) and 
cytoplasmic (C) fractions from starved and EGF-stimulated cells (5 min) were collected and 
analysed by immunoblotting. RhoGDI and Lamin A serves as a cytoplasmic and markers, 
respectively. 
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4.1.6 P-Ser284 regulates ERK2 affinity for scaffold/anchor proteins. 

We have previously demonstrated that scaffold proteins function as ERK 

dimerization platforms as well as at cytoplasm anchors (Casar et al., 2008). 

Thus, being ERK p-Ser284 purely cytoplasmic, it was conceivable that S284 

phosphorylation could somehow influence ERK-scaffolds affinity, thereby 

impacting both on its own dimerization and localization. To put this under test, 

we analysed by mass spectrometry ERK2 interactome in HEK293T cells 

transfected with ERK2 WT or ERK S>P. We found that preventing Ser284 

phosphorylation inhibited ERK binding to KSR1 (Fig 4.12 A).  

Figure 4.12. S284 phosphorylation regulates ERK binding to KSR1. A) Mass spect data 
indicates that human ERK2WT binds with higher affinity to KSR-1 in stimulated cells. 
Transfected HEK293T cells with FLAG-tagged ERK2 WT or S>P were immunoprecipitated and 
analysed by mass spectrometry analysis. Data represents LQ intensity of triplicated samples. 
B) Co-immunoprecipitation assay to analyse human FLAG-tagged ERK WT, S284P and 
S284E binding to KSR-1 scaffold protein. C) Constitutively activated AKT (myr-AKT) increases 
ERK2 and KSR1 interaction. Left panel: Endogenous ERK2 was immunoprecipitated in 
HEK293T cells and KSR1 interaction was detected by immunoblotting. Isogenic rabbit IgG was 
used for immunoprecipitation negative control (C-). Cells were transfected with myr-AKT (1µg) 
where shown (+). Right panel: western blot analysis of myr-AKT HA-tagged expression using 
anti HA antibody. Data shows Mean ± SD (n=3) using two-tailed unpaired Student T-Test 
(*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001). 

A B 

C 
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To validate the mass spect results, the interaction of the scaffold protein KSR1 

with ERK2 WT, S284P and S284E was analysed by co-immunoprecipitation 

(Fig. 4.12 A). According to the mass spect results, upon EGF stimulation, we 

observed that ERK WT binding to KSR1 increases, as expected from our 

previous publications (Casar et al., 2008). However, this was not the case for 

ERK2 S>P where no significant changes were detected among starved and 

stimulated cells, in line with our previous results using  subcellular fractionation, 

being the KSR1 localization solely cytoplasmic and the S>P mutant localized 

mainly at the nucleus. In the same vein, S>E substitution increased ERK2-

KSR1 affinity, under starvation conditions.  

Similarly, since AKT1 was also capable of phosphorylating Ser284 we 

interrogated if AKT could contribute to enhance ERK-scaffold affinity. To test 

this, HEK293T cells were transfected with a AKT constitutively active form (myr-

AKT), and ERK-KSR1 interaction was analysed by Co-IP. We observed that 

AKT enhanced endogenous ERK affinity for KSR1 (Fig. 4.12B). 

 

In the same line, since the ERK2 mutant S284P accumulates in the nucleus 

under unstimulated conditions, we were wondering if it could be a consequence 

of its enhanced interaction with the shuttles that transport ERK to the nucleus. 

As it is known that importin7 functions as an ERK cytoplasmic-nuclear shuttle 

(Chuderland et al., 2008), we checked for the presence of Importin7 in our mass 

spect analyses and then analysed the interaction between ERK WT and ERK 

S>P with IMP7 by co-immunoprecipitation. We observed that the ERK S>P 

mutant, which is unable to dimerize and is nuclear under starved conditions, 

bound with higher affinity than ERK WT to Importin7, both in starved and in 

EGF stimulated cells (Fig. 4.13). 
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Overall, these data suggest that Ser284 is an important regulator of ERK 

subcellular distribution. Both by regulating ERK dimerization, augmenting 

scaffold binding and as a consequence retaining ERK at the cytoplasm, and 

also by orchestrating ERK interaction with shuttle proteins like Importin7.  

In light of these findings, we hypothesized that the kinetics of ERK2 nuclear 

translocation could be different depending on Ser284 phopshorylation. To 

investigate this, we performed an in vivo time-lapse analysis, using HeLa cell 

transfected with CFP-tagged ERK2 WT and the two mutants (S284P and 

S284E). HA-MEK1 was also transfected to maintain the stoichiometry between 

ERK and its cytoplasmic anchors. 

To follow ERK2 cellular distribution, images were taken at different time 

intervals and the CFP fluorescence of the nuclear/cytoplasm ratio was 

measured. Noticeably, the results (Fig. 4.14) did not show significant 

differences on ERK nuclear translocation rate among the different ERK 

mutants. 

 

Figure 4.13. In the absence of S284 residue, ERK binds tightly to Importin7. A) Mass spec 
analysis indicates that human FLAG tagged ERK2 S>P mutant binds with higher affinity to 
Importin 7. B) Determination of human FLAG tagged ERK2 WT, S>P, S>E, and S>D binding to 
Importin 7 by co-immunoprecipitation assay. Data shows Mean ± SD (n=3) using two-tailed 
unpaired Student T-Test (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001). 
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Thus, we conclude that Ser284 can regulate ERK basal Nuclear/cytoplasmic 

distribution but appears not be involved in the regulation of ERK translocation, 

under acute stimulation. 

  

Figure 4.14. ERK2 cellular distribution by In vivo time lapse analysis. Hela cells were co-
transfected with the three different ERK2 constructs CFP-tagged and stimulated with EGF. 
Photos were taken at the indicated time using confocal Leica microscope. Nuclear and 
cytoplasm fluorescence quantification and nuclear/cytoplasm fluorescence ratio were performed 
using ImageJ software. Values in the graph represent the amount of nuclear ERK at the 
indicated time as a result of the quantification of at least ten cells for each condition.   
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4.2 Biological consequence of Ser284 phosphorylation. 

4.2.1 Ser284 phosphorylation effect on ERK activation kinetics 

 Since our results indicate that Ser 284 phosphorylation regulates ERK 

dimerization we sought to determine if the S284P mutation could affect ERK2 

TEY motif phosphorylation in response to growth factors. We performed a time 

course analysis in HEK293T cells, transfected with the different FLAG-tagged 

Ser284 mutants, upon EGF stimulation. At the same time, ERK2 dimerization 

was analysed by native page, using anti-FLAG immunoblotting to detect only 

the transfected ERK. Our results showed the expected p-TEY phosphorylation 

bell-shaped kinetics, in the case of the WT and the S>E mutant, with a 

sustained phosphorylation between 5 and 30 min of EGF stimulation. Contrarily, 

Figure 4.15 Kinetics of ERK2 phosphorylation depending on Ser284 status. HEK293T 
cells transfected with the different ERK2 constructs FLAG-tagged (1µg WT and 2 µg of S>P 
and S>E each) were stimulated for the indicated times with EGF. ERK dimerization was 
analysed by native page using anti-FLAG antibody. To analyse phosphorylated ERK at the 
canonical residues (TEY), the different constructs were immuno-precipitated using FLAG 
antibody and analysed by SDS-PAGE immunoblotting. 
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the S>P mutant showed a peak of activation after 5 min of EGF stimulation, that 

promptly dropped after this time (Fig. 4.15).  

In the same line, we asked if S284, being close to the MAPK insert, could 

somehow alter ERK activity, as reflected on its ability to phosphorylate its 

substrates. To investigate this aspect, we performed an in vitro kinase assay, 

using HA-tagged ERK2 WT and FLAG-tagged ERK2 S>P and myelin basic 

protein (MBP) as a bona-fide ERK substrate, and analysed its phosphorylation 

by measuring MBP-P32 incorporation (Fig. 4.16).  

 

Both ERK2 constructs were immunoprecipitated from transfected HEK293T 

cells, after EGF stimulation at the indicated times, and then incubated with 

Figure 4.16. Ser284 role in ERK activity. HEK293T cells were transfected with FLAG-tagged 
ERK2 S>P (2 µg) and HA-tagged ERK2 WT (1 µg). After EGF stimulation, ERK constructs 
were immunoprecipitated using the appropriate antibody. C+ represents control transfected 
cells IP without antibody. At each point, immunoprecipitated ERKs were incubated with 15 µg 
of MBP and 1 µCi of labelled ATP (γ-32P). Samples were solved by SDS-PAGE and MBP 
phosphorylation was measured and normalized to the t0 of ERK2 WT. Data shows Mean ± SD 
(n=3) using two-tailed unpaired Student T-Test (*p<0.05, **p<0.01, ***p<0.001 and 
****p<0.0001). 
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MBP, together with radioactive labelled ATP (γ-32P). Proteins were solved by 

SDS-PAGE and MBP phosphorylation was analysed by autoradiography. ERK2 

WT showed a significantly stronger MBP phosphorylation peak after 5 min of 

EGF stimulation, compared to the S>P mutant (Fig. 4.16). However, these 

differences almost disappear after longer periods of EGF stimulation. 

4.2.2 Kinetic of Ser284 phosphorylation. 

In order to understand better the role of S284 phosphorylation in the process of 

ERK dimerization, it was important to know the sequence of events leading to 

dimerization. Therefore, we tested if upon EGF stimulation the phosphorylation 

of the TEY motif preceded S284 phosphorylation or viceversa. To do so, we did 

a short-term time course experiment in HEK293T cells, analysing p-Ser284 and 

p-TEY correlation. Our results did not show major differences in the kinetics of 

ERK phosphorylation in both residues (Fig.4.17). Thus, it would indicate that the 

two phosphorylation events and probably dimerization occur almost 

simultaneously.  

 

Figure 4.17 Ser284 and TEY-ERK2 phosphorylation occur simultaneously. Kinetics of 
Ser284 and TEY phosphorylation were analysed in starved and EGF-stimulated HEK293T 
cells at the indicated time points by immunoblotting.  
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4.2.3 Mammalian cellular viability dependence on Ser284 
phosphorylation. 

To test the extent to which the absence of ERK dimerization by preventing 

Ser284 phosphorylation, could affect cell viability in a contest where ERK 

normally dimerizes, we used ERK-less fibroblast. These cells are constitutively 

devoid of ERK1 and ERK2 can be conditionally ablated by treatment with 

tamoxifen, resulting in cellular proliferation arrest and a senescent-like 

phenotype (Fig. 4.18 A) (Blasco et al., 2011). We generated stable cell lines, 

expressing ectopic FLAG-tagged ERK2 WT, S>P and S>E mutants. 

 Once endogenous ERK2 expression was eliminated, we tested the extent to 

which the presence of physiological levels of ectopic ERK2 S>P mutant forms 

could rescue cell proliferation. After 5 days of tamoxifen treatment proliferation 

appeared significantly reduced in the case of the non-dimerizing S>P mutant 

(Fig 4.18 B). The reduction in cell proliferation was also evident in the 

Figure 4.18. MEF viability dependence on Ser284 phosphorylation. A) Schematic 
representation of conditional LoxP system in mouse embryonic fibroblast. Upon hydroxy-
tamoxifen treatment for at least 5 days, expression of endogenous ERK2 is completely 
abolished. B) Bright-field microscopy images of MEF cells stably expressing the indicated 
constructs. C) Expression analysis of the different FLAG-tagged constructs by immunoblotting. 
FLAG-ERK2 WT is represented in 3 clones. Transfected HEK293T cells were used as a 
positive control (C+). Similarly, untransfected cells were used as negative control (C-). D) 
Proliferation of the different MEF stable cell lines. The graph represents the fold increase of 
Alamar Blue at the indicated time points. Results show Mean ± SD (N=5). 
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proliferation plot analyses (Fig 4.18 D). However, when ERK2 expression was 

analysed, this mutant showed the lower expression levels, compared to the 

other two constructs (Fig. 4.18 C). Thus, in light of the expression results, it is 

conceivable that the lower proliferation rate in MEFs harbouring non-dimerizing 

ERK2 S>P could be attributed to its lower expression. However, its lower 

expression could also be a consequence of its inability to support cell growth as 

effectively as the dimerization competent forms.    

4.2.4 Biological relevance of Ser284 phosphorylation and ERK 

dimerization in animal models. 

4.2.4.1 Mouse loss-of-function model 

In connection with the previous aim, we were also interested in understanding 

the systemic significance of ERK dimerization in animal viability. For this 

purpose, we are trying to generate i) a loss-of-function mouse model in which 

ERK2 does not dimerize and ii) a gain-of-function zebrafish model in which 

ERK2 dimerizes. It has been demonstrated that ERK1 knock-out results in 

viable animals with no overt phenotype. Contrarily, ERK2 disruption is 

embryonic lethal (Buscà et al., 2015; Hatano et al., 2003). Thus, we have 

restricted our analysis to ERK2. Using CRISPR/Cas9 editing we generated a 

dimerization-deficient ERK2 mouse by introducing the S284P mutation (Fig 

4.19).  

Figure 4.19. Representative sequencing of S>P mutant mice.  Mouse screening 
genotyping. Replacement of TCC codon encoding for serine residue, by the CCT codon 
that encoded for proline residue. 
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For this purpose, we have established a collaboration with Prof. Moises Mallo 

(Instituto Gulbekian) who has a broad expertise in the generation of genetically-

modified mice using CRISPR/Cas9 gene editing. We used FVB/N strain to keep 

in line with previous publications on ERK2 gene targeting. The results emerging 

from this editing show that this substitution is not affecting mice viability. In fact, 

upon crossing heterozygote animals, statistical analyses indicate a correct 

mendelian segregation of homozygote animals with normal phenotype and no 

gender segregation (Table 4.1).  

 

Tabla 4.1 Statical analysis of heterozygous mice crosses.  

Crosses 

ERK2P/S   X     
ERK2 P/S 

WT(S/S) Heterozygous(P/S) Homozygous(P/P) Total by 

gender 

Female 23 46 20 89 

Male 22 54 23 99 

Total 45 100 43 188 

Percentage 23,94% 53,19% 22,87% 

However, it is known that ERK1 overexpression could compensate the lack of 

ERK2 (Frémin et al., 2015). To discard the possibility that, somehow, ERK1 is 

overexpressed in these animals and may rescue a ERK2 S284P phenotype, we 

will analyse ERK1 expression in these mice and, subsequently, we will cross 

homozygote ERK2 S284P animals with ERK1 knock-out mice, in order to 

generate ERK1-/-/ ERK2 S284P mice. Upon crosses, homozygote animals, if 

viable, will be monitored for: correct mendelian segregation; gender 

segregation; body size; organ sizes; growth rate; overt phenotypic abnormalities 

and behavioural patterns. Embryo analyses will be undertaken if no 

homozygotes are born. 
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4.2.4.2 Zebrafish gain-of-function model 

In a parallel approach, we are generating an ERK2 dimerization-competent 

zebrafish, by introducing a P293S mutation in ERK2. According to our previous 

results, showing that this mutant acquires the dimerization ability, we will check 

if ERK2 dimerization is compatible with zebrafish normal life. These 

experiments have been carried out in Dr.Adam Hurlstone’s laboratory, in which I 

did a short internship to set up the initial phase of zebrafish ERK2 gene editing. 

As in mice, Dr ERK2 P293S gene editing has been done by knock-in mutation 

using CRISPR/Cas9 technology. During my internship, we identified the region 

of interest in the zebrafish ERK2 gene, against which we have synthesized 

specific single-guide RNA (sgRNA). To improve the homology-directed repair 

(HDR) mechanism a single-strand oligo deoxy-nucleotide (ssODN) was co-

injected into single-cell embryos, together with the sgRNA, mRNA cerulean, to 

Figure 4.20. Set up of CRISP/Cas9 injection in Zebrafish. A) Analysis of primers specificity. 
Zebrafish genomic DNA was amplified by PCR using WT primers, which will be used to 
discriminate heterozygous animals, and MUT primers which specifically detect the point 
mutation. Amplicons string addition are represented as amplicons WT, MUT or not amplicon (-). 
The mutant product is displayed at 94 bp. B) Fluorescent embryos image at 24 hours post 
injection (hpi). Only those fluorescents embryos were selected for the subsequently analysis. 
Bright-field image shows normal phenotype of embryos at this stage. 

A) 

B) 
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track the injection efficiency, and Cas9 protein. To optimize primers recognition 

of the point mutation, first we designed specific primers and next, using a 

specific amplicon mutant string, we confirmed that the primers recognize 

specifically the mutation when mutant amplicon string is present (Fig. 4.20 A). 

After 24 hours post injection, only fluorescent embryos were selected and some 

of them were analysed by PCR for detecting if the mutation had occurred, in 

order to maintain them or not (Fig.4.20 B).  

The PCR were performed using a couple of primers that amplify the region 

flanking the point mutation where, if the sgRNA worked properly, we expected 

to see a smearing band, and a couple of primers that detect de point mutation, 

using as positive control the mutant amplicon string. The samples were then 

Figure 4.21. PCR analyses of CRISPR/Cas9 injected embryos. A) 24 hpi, some embryos 
were sacrified and PCR using primers flanking the point mutation were performed, giving a 
173bp product. Samples were solved by capillary PCR (upper panel) and southern blot (lower 
panel). Numbers and letters serve to identify the embryos. All of numbers/letter, except from 2α 
and 1L, are CRISPR/Cas9 injected embryos. 2α and 1L are Cas9 and sgRNA injected only. WT 
indicates genomic DNA embryo used as template, whereas H2O is the negative control. B) Like 
in A) PCR of some promising animals analysed by southern blot and capillary PCR using 
primers couple which give the 173bp product (C) and 94bp mutant product (M). Mutant string 
amplicon were used as positive control (+). 

A) 

B) 
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analysed by southern blot and by capillary PCR, being much more sensitive to 

detect any alteration in the PCR product, such as band size and smear (Fig. 

4.21).  

Adult positive fishes were genotyped (Fig 4.22), and positive fishes (number 5 

and 6) were crossed to establish a founder line, in order to verify if the 

dimerizing-ERK2 fishes are viable or show any phenotypic alteration.  

 

4.3 ERK2 Ser284 phosphorylation as prognostic marker in 
tumours.  

4.3.1 Phosphorylated Ser284 levels correlation with sensitivity to 

Vemurafenib in melanoma cells. 

As mentioned in the introduction, about 40% of human cancers harbour 

activating mutations in proteins involved in the RAS-ERK signalling cascade, in 

particular RAS and B-RAF. In cutaneous melanoma, the occurrence is even 

higher, with 15-20% of melanomas presenting mutant N-RAS, and oncogenic B-

RAF appearing in 50-60% of the cases (Ryan and Corcoran, 2018; Yaeger and 

Corcoran, 2019).  In order to prevent aberrant RAS-ERK signals and, as a 

consequence, tumour progression, several drugs have been approved, both by 

FDA and EMA, for clinical use in advanced melanoma cases. Among these, 

ATP-competitive B-RAF inhibitors, particularly Vemurafenib (PLX4032) and 

dabrafenib (GSK2118436), have shown remarkable, though short-lived, clinical 

Figure 4.22. Genotype analysis of adult fishes. After being raised for 3 months, fishes 
(1-9) were fin clipped and genotyped using Mut primers (94bp) by nested PCR. WT 
genomic DNA was used as a negative control (-), and mutant amplicon string as positive 
control (+). 
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efficacy in melanomas harbouring B-RAFV600E/K mutations (Bollag et al., 

2010; Flaherty et al., 2010; García-Gómez et al., 2018). 

Although about 60% of patients with B-RAF-mutant metastatic melanoma obtain 

clinical benefits from Vemurafenib treatment, the remaining 40% of patients are 

non-respondents to the treatment (McArthur et al., 2014). Therefore, finding 

some predictive criterion whereby B-RAF-mutant melanoma patients could be 

stratified depending on their sensitivity to B-RAF inhibitors would represent an 

invaluable asset that could spare unnecessary burdens to patients, and a 

significant economic saving to health systems. 

Asymmetric ERKs nucleus-cytoplasmic distribution is observed in some types of 

tumours, sometimes associated to distinct tumour features and/or clinical 

parameters. Interestingly, ERK cytoplasmic levels correlate with a better 

prognostic in invasive breast carcinoma (Nakopoulou et al., 2005) and in SCLC 

(Blackhall et al., 2003); and with high sensitivity to B-RAF inhibitors in B-RAF-

mutant melanoma (Bollag et al., 2010). Since, according to our previous data, 

ERK phosphorylation in Ser284 is distinctive and exclusive for cytoplasmic 

ERK, it is quite conceivable that it could serve as a prognostic marker for these 

cases. Moreover, it could be much more reliable than total or TEY-

phosphorylated ERK cytoplasmic levels, as they always have to be quantitated 

relative to the nuclear levels.  

 

To put into test this hypothesis we analysed the phosphorylated Ser284 levels 

in A375p and M249 melanoma cells, harbouring B-RAF mutation (Fig.4.23). 

Specifically, for each of these cell lines we have analysed two clones, one 

sensitive to Vemurafenib treatment (parental) and another resistant (VemR), as 

indicated by the IC50 values. 

According with previous data, in both cell lines, the clone that responds to the 

B-RAF inhibitor treatment showed higher levels of phosphorylated Ser284. By 

contrast, the insensitive clone shoed low p-Ser284 levels, as well as a reduction 

of phosphorylated AKT1. Total phosphorylated ERK2 was unaltered in the case 

of resistant cells 
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4.3.2 Phosphorylated Ser284 levels correlate with sensitivity to 
Vemurafenib in B-RAF mutant cells. 

 

To further proof the connection between p-Ser284 levels and sensitivity to 

Vemurafenib, we extended our study to a broader panel of cells harbouring B-

RAF and N-RAS mutations.  

We observed that p-Ser284 levels were higher in those cell lines harbouring B-

RAF mutations, in which treatment with Vemurafenib caused the greatest 

reduction in TEY-phosphorylated ERK2 and are more sensitive to Vemurafenib 

growth inhibitory effect, as shown in the GI 50 (Fig 4.24 A).  

Figure 4.23. Ser284-phosphorylated ERK2 levels correlate with sensitivity to 
Vemurafenib. A) Growing melanoma cell lines, A375p and M249, parental and Vemurafenib 
resistant (VemR) were harvested and their levels of p-Ser284, p-TY ERK and p-AKT1 were 
analysed by immunoblotting. B) Sensitivity of the melanoma cell lines to Vemurafenib growth 
inhibitory effect represented by half maximal inhibitory concentration (IC50) calculated using 
Graph Prism software. 

A) 

B) 
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Moreover, this stratification may be also used for identifying B-RAF-inhibitor 

sensitivity in other types of tumours, in which B-RAF mutations are also 

common. As displayed in our panel, 8505C thyroid cancer-derived cells, being 

sensitive to B-RAFi, follow the same Ser284 phosphorylation pattern of 

melanoma cells (Fig.4.24 A).  

High phosphorylated Ser284 levels are also present in a set of melanoma cells 

(Fig. 4.24 C), showing high sensitivity to PLX4032 treatment. As such, upon 

Vemurafenib treatment both p-Ser284 and p-TEY ERK2 levels are reduced 

indicating Vemurafenib efficacy, in agreement with the previous analysis.  

Figure 4.24. Vemurafenib response correlates with higher p-Ser284 levels in B-RAF 
mutant cells. A) NRAS mutant cells: MELJUSO and SKMEL2; and B-RAF mutant cells: 
A375p and 8505C were pre-treated (+) with PLX4032 (Vemurafenib) at 10 µM for two hours. 
Levels of p-Ser284 and total ERK (TEY) were analysed by immunoblotting.  B) Graph 
showing Vemurafenib IC50 (µM) of NRAS and BRAF mutant cells.  C) As in A but using a 
panel of melanoma cell lines harbouring BRAF mutation. D) Determination of IC50 values for 
Vemurafenib in the indicated melanoma cells. 

B) A) 

C) D) 
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4.3.3 Melanoma patients, harbouring B-RAF mutation, show high 
level of p-Ser284. 

It was of interest to verify if the correlation existing between Vemurafenib 

response and p-Ser284 levels in cell lines, was  also present in melanoma 

tumour samples. For this purpose, we analysed phosphorylated Ser284 in 

melanoma clinical samples by immunohistochemistry (Fig 4.25). We have a 

collection of over 50 melanoma samples, genotyped for N-RAS and B-RAF 

mutations, connected to fully documentated clinical records. Comparing B-RAF-

mutant with B-RAF WT samples, it emerged that the antibody p-Ser284 is 

specifically detecting phospho-Ser284 only in the case of B-RAF mutant 

samples. Moreover, in agreement with our previous results, Ser284 

phosphorylation is restricted exclusively to the cytoplasm. However, we need to 

increase the number of samples analysed in order to determine if indeed there 

is a correlation between p-Ser levels and tumour sensitivity to Vemurafenib. If 

this is so, our antibody could represent a useful clinical tool for discriminating 

among those melanoma patients that will respond or not to the B-RAF inhibitor 

treatment. 

Clearly, there is a need to develop and integrate predictive biomarkers for 

therapeutic decision making in early stage melanoma. The ability to precisely 

assess and target risk treatment resistant and recurrence are at the core of 

precision medicine and is critical to take full advantage of the evolving tools to 

treat malignant cutaneous melanoma. 
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Melanoma P-16B9164 
BRAF + 
 

Melanoma P-16B9164 
BRAF WT 

Figure 4.25. Phospho-Serine284 analysis in melanoma patients samples by 
Immunohistochemistry. Melanoma tumours were stained with polyclonal anti-rabbit p-
Ser284 antibody (brown staining) and tissues were counterstained with hematoxylin. A)  A 
representative sample of a BRAF mutation positive (+) melanoma showed high Ser284 
phosphorylation levels at the cytoplasm. B)  BRAF wild type melanoma shows low levels of 
phosphorylated Ser284. Control (-): consecutive sections with the omitted primary antibody 
were used as negative control (data not shown). Bar scale represents 1µm. 
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During the course of our experiments leading to the discovery of DEL-

22379, we made the startling observation that ERK dimers were absent in fish, 

birds or amphibians, ERK dimerization being restricted to mammalians. Our 

results indicated that the capacity for dimerization resided on the ERK protein, 

not in the cellular context (Herrero et al., 2015). A comparison of the ERK2 

sequence across the evolutionary scale unveiled that serine 284 (human) was 

conserved in those species in which ERK2 dimerized, mammalians in all cases. 

Interestingly, the corresponding residue in those species in which ERK2 did not 

dimerize – birds, reptiles, amphibians and insects- was either a proline or an 

alanine. This pattern is also evident in the case of ERK1. This unprecedented 

finding suggests that dimerization is a feature that ERK has attained with the 

advent of mammalians and that further down the evolutionary scale ERK is 

impaired for dimerization. Apparently at odds with our findings, Philipova and 

Whitaker have shown that sea urchin ERK can dimerize (Philipova and 

Whitaker, 2005). However, it must be noticed that this species has an ancestral 

form of ERK, that it is quite different from either ERK1 and 2 sequencewise. 

Particularly, the region around position 284 is not completely conserved, as well 

as the other regions involved in ERK dimerization, like the PDHD motif and the 

L16 helix (Buscà et al., 2016; Robinson et al., 1998). Thus, it is possible that 

ancestral ERK could dimerize by some distinct mechanism, and for some 

unknown reason, this dimerization ability was lost at subsequent evolutionary 

stages, to be later re-acquired in evolved species, such as in mammalians.  

At this moment, we do not know the evolutive function associated to ERK 

dimerization. To gain an insight into this point, we have generated a loss-of-

function mouse model, in which the replacement of ERK2 Ser284 by a proline 

prevents its dimerization. In the same direction, we are in the process of 

generating a gain-of-function zebrafish model, where the reciprocal substitution 

renders ERK2 dimerization-competent. In the case of the mouse model, our 

preliminary results show that, in presence of ERK1, the absence of ERK2 

dimerization does not compromise normal development up to adulthood. 

However, a conclusion beyond doubt will only be reached when ERK2 

dimerization-deficiency is tested in ERK1 -/- background. Since, it has been 

recently discovered that ERK1 overexpression can restore the viability of mice 
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deficient for ERK2 (Frémin et al., 2015). Thus, the possibility exists that an 

upregulation on the levels of ERK1 dimers could compensate the absence of 

ERK2 dimers.   

Even though we don’t know exactly which functions derive from the acquisition 

of ERK dimerization, it is logical to speculate that its spread and conservation in 

mammalians must have endowed this clade with some evolutionary advantage. 

In this respect, we are confident that our gain-of-function zebrafish model may 

provide us with valuable clues about this fascinating conundrum. 

As we have previously demonstrated, in mammalian cells scaffold proteins 

serve as ERK dimerization platforms (Casar et al., 2008; Casar and Crespo, 

2016). Since scaffold proteins are present throughout the evolutionary scale 

(Chol et al., 1994; Therrien et al., 1996; Tsang et al., 2002), it is conceivable 

that they originated to serve other of their various roles as regulators of RAS-

ERK pathway signal flux. And that their participation in ERK dimerization is a 

late acquisition. In this respect, we have demonstrated that, in mammalian cells, 

scaffold proteins and ERK dimers are essential for the activation of cytoplasmic 

substrates (Casar et al., 2008; Casar and Crespo, 2016). Since in lower 

organisms ERK also has cytoplasmic substrates, it follows that these must be 

activated by monomeric ERK. In this regard, it would be interesting to 

understand which advantages derive from ERK dimerization in the activation of 

cytoplasmic substrates and its impact on mammalian evolution. Once again, our 

zebrafish model, could give us important clues in this respect.  

Furthermore, these animal model will also represent useful models to carry out 

experiment to address ERK dimerization role in carcinogenesis. Our previous 

results indicate that ERK dimerization inhibitors exert antineoplastic effects with 

mild toxicity (Herrero et al., 2015), the ultimate proof for the safety of this 

strategy will be if ERK “dimerization-deficient” mice display no overt phenotype, 

which hitherto seems to be the case. Moreover, we plan to analyze the extent to 

which the absence of ERK dimerization prevents or attenuates carcinogenesis, 

by testing the response of ERK2 dimerization-deficient mice to chemical 

carcinogenesis protocols, namely: TPA/DMBA-induced skin cancer; urethane-

induced lung cancer; and the azoxymethane/DSS colorectal carcinogenesis 



                                                                                                         DISCUSSION 

 153 

model. In addition, we will also test if the absence of ERK2 dimerization can 

forestall the progression of tumors such as pancreatic ductal adenorcarcinoma, 

unreachable to most drugs due to its high fibrosis. In order to do this, we shall 

cross the ERK2 dimerization-deficient mice with ElasKRASV12 mice, from Dr. 

Barbacid’s lab, in which the KRASV12 oncogene is effectively and selectively 

expressed in pancreatic acinar cells (Navas et al., 2012). 

Similarly, if viable, we will use the ERK2 “dimerization-competent” zebrafish to 

test if ERK dimerization can bolster tumourigenesis. In order to do this, we will 

use the melanoma zebrafish models successfully utilized in our last publication 

(Casar et al., 2018). As such, we will test if ERK dimerization can enhance 

melanoma formation in transgenic “dimerization-competent” fish, expressing low 

penetrance BRAF oncogenic mutants, for example BRAF G466A, specifically 

expressed in melanocytes via the MITF promoter (Michailidou et al., 2009). 

In our study we have identified Ser284 as a residue whose phosphorylation is 

necessary but not sufficient for ERK dimerization. As Cobb’s previous studies 

revealed, phosphorylation at the canonical sites (TEY) is an essential 

requirement for ERK dimerization (Canagarajah et al., 1997; Khokhlatchev et 

al., 1998). In this line, we have found that phosphorylation of the canonical 

residues (TEY), Ser284 phosphorylation and dimerization, occur rapidly and 

almost simultaneously. If any differences exist, they fall beyond our range of 

detection. We also have found that the S284P substitution does not alter ERK 

phosphorylation rate. However, we speculate with the possibility that this 

mutation could affect the kinetics of ERK activation, changing it from a “quasi-

processive” to a distributive process. The kinetics of ERK activation has been a 

topic that has generated a long-time controversy. However, it seems to be now 

well-accepted that in lower species, like in xenopus, ERK activation occurs in a 

distributive, switch-like, manner (Burack and Sturgill, 1997). Contrarily, in 

mammalian, this process follows a graded-response, or “quasi-processive” 

process (Aoki et al., 2011). Thus, considering that xenopus contains a proline at 

the equivalent position of hSer284, it is conceivable that hERK2 S284P 

substitution could revert the process from “quasi-processive” to distributive. In 

support of our hypothesis, it is known that the disruption of the regulatory 
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negative feedback loops reverts  ERK activation from graded to switch-like 

manner (Lake et al., 2016; Sturm et al., 2010). Thus, it is conceivable that the 

S>P substitution could emulate these phenomena. Further studies and 

mathematical analyses and modelling would be essential to clarify this point. 

We have identified the kinases responsible for phosphorylating ERK2 at 

Ser284. In our in vitro validation analyses, we have demonstrated that both 

MEK1 and AKT1 are able to directly phosphorylate ERK2 at Ser284. In addition 

to the aforementioned kinases, and to a lesser extent, other kinases such as 

DAPK1 and MLK1 have also been identified. We have not tested if these 

kinases can phosphorylate ERK at Ser284 in vitro, something that should be 

done as they have been described to be involved in the regulation of ERK 

biological outputs. This is the case of DAPK1, which has been shown to 

phosphorylate  ERK, thereby fostering its retention at the cytoplasm, in full 

agreement with our results, and as a consequence, promoting apoptosis (Chen 

et al., 2005).   

Hitherto, it was known that MEK is a dual-specificity protein kinase that 

phosphorylates tyrosine and then threonine in ERK1/2 canonical TEY site, 

being its only physiological substrate (Aoki et al., 2011; Roskoski, 2012). In our 

study, we have identified Ser284 as a new MEK phosphorylation site. From the 

structural aspect, S284 lays far away from the activation loop, where the TEY 

motif is found. In this respect it will be interesting to study the sequence of 

events that govern ERK full phosphorylation by MEK, since, as previously 

mentioned TEY and S284 phosphorylation occur almost simultaneously. 

Something that could implicate more than one MEK molecule. 

Similarly, AKT is a Ser/Thr kinase that recognizes a minimal consensus motif of 

R-x-R-x-x-S/T-f (where x is any amino acid and f denotes a preference for large 

hydrophobic residues) (Manning and Toker, 2017). In ERK1/2 the sequence 

surrounding Ser284 ERK residue does not correspond with AKT1 canonical 

consensus sequence. Nevertheless, our in vitro kinase assays and cellular 

assays, using constitutively active AKT; down-regulating its expression and 

inhibiting its activity, are quite compelling in showing that, indeed, ERK Ser284 

is an AKT substrate, unveiling a novel “unorthodox” phosphorylation site. 
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Furthermore, we have disclosed that both ERK2 oligomers need to be Ser284 

phosphorylated in order to dimerize. Therefore, in light of the information 

available at the moment, and considering that both AKT1 and MEK1 can 

phosphorylate this site, we posit the following model for ERK dimerization 

following Ser284 phosphorylation: In response to agonist stimulation, MEK 

bound to the scaffold complex would phosphorylate ERK therein, both at the 

canonical TEY site and at Ser284. The other “free” ERK oligomer, bound to 

MEK previous stimulation, would be phosphorylated by MEK in the TEY motif, 

and after its release from MEK, it will be phosphorylated by AKT1 on Ser284, 

forming a dimer with the scaffold-bound phosphorylated ERK oligomer(Fig. 5.1). 

 

Thus, the priming ERK Ser284 intra-scaffold phosphorylation would be MEK-

mediated whereas the latter free ERK Ser284 phosphorylation would be 

mediated by AKT. To corroborate this model, we have generated a 

constitutively-active MEK mutant, defective for binding to the scaffold KSR1 

(MEK1 F311S EE) (Lavoie et al., 2018), that will help us to elucidate the 

sequence of phosphorylation events leading to ERK dimerization.  

With respect to ERK subcellular distribution, our fractionation and 

immunofluorescence assays demonstrate that ERK phosphorylated at Ser284 

is localized exclusively at the cytoplasm. This is in full agreement with our 

findings showing that Ser284 is only phosphorylated when ERK is in its dimeric 

Figure 5.1. Model of ERK2 phosphorylation and dimerization mediated by MEK1 and 
AKT1. ERK2 would be firstly phosphorylated at TEY and Ser284 by MEK, both bound to a 
scaffold. The other “free” ERK2 oligomer would be phosphorylated by AKT1 on Ser284 allowing 
ERK2 dimerization. 
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state and that this phosphorylation enhances ERK affinity for scaffold proteins 

such as KSR. Conversely, when Ser284 phosphorylation is prevented, ERK 

interaction with the nuclear shuttle importin-7 is bolstered. Thus, Ser284 

phosphorylation appears to play an important role as a mediator of ERK 

nucleus/cytoplasmic distribution. In support of this notion, the structure of ERK2 

shows that Ser284 lays in the same plane as the S-P-S motif, whose 

phosphorylation facilitates ERK2 interaction with importin-7 (Chuderland et al., 

2008; Flores et al., 2019). In light of this data, we propose that S-P-S 

phosphorylation would constitute an attractive signal for interacting with 

importin-7. Contrarily, Ser284 phosphorylation would generate a repulsive, and 

prevailing, effect on the interaction with importin7, thereby impeding ERK 

nuclear translocation. And, by increasing ERK concentration at the cytoplasm, 

bolstering the formation of ERK dimers in the scaffolded complexes (Fig. 5.2).  

Noticeably, while the prevention of Ser284 phosphorylation by introducing a 

proline, enhances ERK nuclear levels under basal conditions, the status of 

Ser284 phosphorylation does not appear to affect the rate of ERK nuclear 

import in response to an acute stimulus. This could suggest that IMP7 would be 

Fig. 5.2. Model of ERK2-Importin7 interaction. ERK2 model retrived by protein data bank 
(PDB: 2ERK2), in which is represented the TEY motif in blue; the SPS motif in purple; the 
Ser282 in yellow (rat numeration). The phosphorylation of Ser282 would be a repulsive force 
for Importin7 binding. 
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the shuttle determining basal ERK nuclear levels and that other IMP7-

independent translocation mechanisms would prevail in ERK translocation to 

the nucleus under acute stimulation.  

As mentioned, we didn’t observe any differences in the kinetics of ERK 

entrance to the nucleus for the different mutants analyzed. However, in this 

experiment we didn’t take into consideration the contribution of AKT. Being AKT 

capable of phosphorylating Ser284, there is the possibility that if depending on 

the cellular context, the basal AKT activity level is different, this would impact on 

the basal ERK WT Ser284 phosphorylation levels and therefore on its nuclear 

translocation, in comparison to the S>P and S>E mutants. To address this 

question, it would be necessary to test the nuclear translocation of the different 

ERK mutants in a cellular contest both with high and low AKT activity, in order 

to determine if indeed AKT is playing a determinant role in this process. 

Similarly, blocking AKT activation, using the AKT inhibitor MK2206, will help to 

definitively unravel this open question. 

Regarding the dependence of mammalian cellular viability on Ser284 

phosphorylation, we have analyzed how the elimination of ERK2 dimerization 

affects cellular proliferation. The results obtained so far, indicate that making 

Ser284 unphosphorylatable reduces cell viability in MEFs. However, we have 

found that the expression of the ERK mutant S284P is significantly lower 

compared to the WT ERK. The lower expression could indicate the inability of 

this mutant to support cell growth as a consequence of the loss of its 

dimerization capacity.  

Additionally, in order to fully understand the role played by ERK dimerization on 

ERK signaling and its biological outputs, a mutant capable of being constantly in 

a dimerized state would be an invaluable tool. It is well known that introducing 

phospho-mimetic substitutions in the TEY motif does not result in ERK 

constitutive activity, probably due to an incorrect unfolding of the activation loop 

(Canagarajah et al., 1997). However, “intrinsically active” ERK1 R84S and 

ERK2 R65S mutants that exhibit constitutive kinase activity due to 

autophosphorylation of its TEY motif have been recently described. Particularly, 

ERK1 R84S showed all of the characteristics of a classic oncogene, which 
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would be the first activating mutant discovered in ERK (Atias et al., 2020; 

Smorodinsky-Atias et al., 2016).  Thus, it would be interesting to check if by 

introducing on ERK2 R65S the S284D/E mutation we will obtain a constitutively 

dimerized form. 

Finally, in light of the unquestionable localization of the phosphorylation Ser284 

at the cytoplasm we have elucidate that the phosphorylation of this residue 

could be used as a marker of sensitivity to Vemurafenib treatment in melanoma 

cells. This observation arose from several study pointing that asymmetric ERKs 

nucleo/cytoplasmic distribution is observed in some types of tumors, sometimes 

associated to distinct tumoral features and/or clinical parameters. For instance, 

ERK nuclear but not cytoplasmic activity is associated to proliferation and 

transformation in fibroblasts (Robinson et al., 1998), and renal tumors exhibit 

ERK activity predominantly at the nucleus (Casar et al., 2007). On the other 

hand, ERK cytoplasmic signals are associated with anti-apoptotic signaling in 

myeloid leukemia (Ajenjo et al., 2004). In support of this point, interfering with 

cytoplasmic ERK signaling, like inhibiting ERK dimerization, evokes potent 

antitumoral effects (Herrero et al., 2015). Likewise, blocking ERK nuclear 

entrance also have similar effect (Plotnikov et al., 2015). Most importantly, ERK 

cytoplasmic levels correlate with a better prognostic in invasive breast 

carcinoma (Nakopoulou et al., 2005) and in SCLC (Blackhall et al., 2003); and 

are associated with high sensitivity to BRAF inhibitors in BRAF-mutant 

melanoma (Bollag et al., 2010). Overall, we found that Ser284 phosphorylation 

does correlate with sensitivity to Vemurafenib treatment in melanoma BRAF-

mutant cells. In fact, those cells lines harbouring BRAF mutations, which 

showed higher levels of p-Ser284, were those that better respond to 

Vemurafenib treatment. By contrast, in Vemurafenib resistant melanoma cells 

we have also observed a reduction of AKT phosphorylation, that would explain 

the lower levels of p-Ser284. Although very often AKT activation is associated 

to an adaptive mechanism derived from BRAF inhibition that leads to a 

paradoxical activation of IGF-PI3K pathway (Burotto et al., 2014; Villanueva et 

al., 2010), AKT plays an important role in the regulation of ERK cytoplasmic 

signals. As mentioned in the introduction, RAS-ERK and PI3K-AKT pathways 

are intimately interconnected. in this regard, AKT-mediated PEA15 
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phosphorylation reduces ERK nuclear activity via the retention of ERK at the 

cytoplasm, preventing proliferation (Gervais et al., 2006; Von Kriegsheim et al., 

2009).  Thus, all of these studies are in full agreement with our findings pointing 

to AKT1 as one of the kinase responsible for phosphorylating Ser284, it is 

possible that its contribution to retaining ERK at the cytoplasm occurs through 

different mechanisms. 

In addition, we have also tested our S284 phosphospecific antibody in 

melanoma clinical samples and we have found that, indeed, those samples 

from BRAF positive melanoma patients exhibited a marked staining in the 

cytoplasm. This opens the possibility to use our antibody as a detection tool, in 

order to stratify patients that will respond to Vemurafenib treatment, from those 

that will likely be non-respondents. However, at this point our studies are at a 

preliminary stage. To address this question, we have a collection of more than 

50 clinical samples, fully connected with the clinical history. If successful, ERK 

p-ser284 levels could turn out to be useful tool to spare patients from 

unnecessary secondary effects resulting from useless BRAF inhibitors 

treatment, and also sparing health system from a pointless economic burden. 

Moreover, our antibodies could be also utilized in liquid biopsies in order to 

detect Ser284 phosphorylation in circulant cells.  

Finally, since ERK p-ser284 levels could serve as a prognostic marker of 

sensitivity to Vemurafenib, contrarily the levels of the phosphatase responsible 

of dephosphorylating such residue could turn out to be a marker of resistance to 

BRAF-inhibitors treatments. Thus, it would be interesting to identify the 

phosphatases responsible for inactivating Ser284 in order to check its impacts 

on the response to vemurafenib in melanoma cell lines. 
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1. Ser284 phosphorylation is necessary but not sufficient for ERK2 

dimerization 

2. Phosphorylation at Ser284 in both ERK2 molecules is required for 

dimerization 

3. AKT1 and MEK1 are the main kinases responsible for the 

phosphorylation of ERK2 at Ser284  

4. ERK2 phosphorylated at Ser284 is localized exclusively at the cytoplasm 

5. Ser284 phosphorylation enhances ERK2 affinity for scaffold proteins like 

KSR1. Contrarily, it diminishes ERK2 affinity for nuclear shuttles like 

importin 7. 

6. The sensitivity of BRAF-mutant melanoma cells to vemurafenib treatment 

correlates with higher levels of p-Ser284. Thus, p-Ser284 levels could be 

used as a predictive biomarker for the response to Vemurafenib in BRAF 

positive melanoma patients 
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