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The role of ERK5 in HeLa and endothelial cells 

Extracellular regulated signal protein kinase 1/2 and 5 (ERK1/2 and ERK5) are 

members of the MAPK family which are involved in cellular proliferation, 

differentiation, migration. ERK5, the most recently discover MAPK, differs in that 

contains a large carboxyl-terminal tail. Various growth factors and cellular stresses 

are able to activate ERK5 and its physiological importance was displayed following 

erk5 gene ablation in mice, where resulted in embryonic lethality around E9.5-11.5. 

ERK1/2 was the first MAPK to be discovered and it is also activated by a host of 

stimuli. Aberrant signalling involving either ERK1/2 or ERK5 has been reported in 

various cancers including breast, cervical, hepatocellular and melanoma. This study 

investigated the differences in ERK5 activation and its influence on ERK1/2 in both 

EGF stimulated HeLa cells (an immortalised epithelial cervical cancer cell line) and 

VEGF stimulated primary human dermal microvascular endothelial cells 

(HDMECs). It was revealed that VEGF has the ability to induce the dual 

phosphorylation of the kinase domain of ERK5, without any effect on the 

phosphorylation of the C-terminal residues. Results obtained using a Phos-tag™ 

reagent in SDS-PAGE suggested that phosphorylation of Thr218/Tyr220 in the 

kinase domain and C-terminal phosphorylation are not mutually inclusive events 

and that ERK5 can be activated in the absence of C-terminal phosphorylation. On 

the other hand, EGF stimulated HeLa cells led to phosphorylation of ERK5 on 

Thr218/Tyr220 as well causing the nuclear translocation of ERK5. The analysis of 

intracellular signalling pathways after treatment with trametinib and selumetinib 

which inhibit ERK1/2 caused the activation of ERK5 in HeLa cells, suggesting that 

pharmacological inhibition of ERK1/2 can result in activation of ERK5. This 

project also investigated the role of ERK5 in drug resistance using a HeLa resistant 

cell line with acquired resistance to trametinib. It was shown that inhibition of 

MEK5/ERK5 signalling pathway by BIX02189 increased the sensitivity of HeLa 

cells to trametininb. These trametinib resistant HeLa cells also show reactivation of 
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ERK1/2 and a small activation of ERK5 but did not appear to upregulate 

MEKK2/MEKK3, MEK5, ERK5 expression. In summary, this project has proposed 

that the ERK5 signalling pathway is a feasible therapeutic target for drug resistance 

in cancer 
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qRT-PCR Quantitative real-time PCR 

RAF  Rapidly accelerated fibrosarcoma kinase  

RAS  Rat sarcoma protein 

RCC  Renal cell carcinoma 

RIPA  Radio-immunoprecipitation assay 

ROS  Reactive oxygen species 

RNA  Ribonucleic acid 

Rpm  Revolutions per minute 

RT  Room temperature 

RTK  Receptor tyrosine kinase 

SAPK  Stress-activated protein kinase 

Sap1a  Serum response factor accessory protein 1a 

Sck  Shc-like protein 

SDS-PAGE Sodium dodecyl sulphate polyacrylamide gel 

Ser  Serine (S) 

SGK  Serum- and glucocorticoid-inducible kinase 

SH2  Src homology 2 

SH3  Src homology 3 

Shb  Src homology 2 protein B 

siRNA  Small-interfering RNA 

STAT  Signal transducer and activator of transcription 

SUMO  Small ubiquitin-related modifier 



Abbreviation 

xxii 

 

TBS  Tris-buffered saline 

TBS-T  Tris-Buffered Saline and Tween 

TGF-α  Transforming growth factor-alpha 

TGF- β  Transforming growth factor-beta 

Thr  Threonine (T) 

TK  Tyrosine kinase domain 

TM  Transmembrane domain 

TNF-α  Tumour necrosis factor-alpha 

TKD  Tyrosine kinase domain 

TSAd  T-cell specific adapter 

TSP-1  Thrombospondin-1 

Tyr  Tyrosine (Y) 

VCAM  Vascular cell adhesion molecule 

VEGF-A Vascular endothelial growth factor A 

VEGF-B  Vascular endothelial growth factor B 

VEGF-C  Vascular endothelial growth factor C  

VEGFR-1 Vascular endothelial growth factor receptor 1/Flt-1 

VEGFR-2 Vascular endothelial growth factor receptor 2/Flk-1/KDR 

VEGFR-3 Vascular endothelial growth factor receptor 3/Flt-4       

VRAP  VEGF receptor-associated protein 

 WB  Western blot 

 Wt.  Wild-type.
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1.1. Angiogenesis 

Angiogenesis is defined as the process of developing new blood vessels from pre-

existing blood vessels (Seghezzi et al., 1998). This process is key in embryonic 

development the female reproductive cycle, during pregnancy and in wound healing 

(Kraus et al., 2008). The mechanisms of angiogenesis that exist are termed 

intussusception and sprouting. Through intussusceptive angiogenesis, interstitial 

cellular columns are introduced into the lumen of pre-existing vessels; the growth 

and stabilisation of these columns brings about a partitioning of the vessel and 

consequent modification of the local vascular network (Risau, 1997). In sprouting 

angiogenesis, new blood vessels are formed from pre-existing vessels (Risau, 1997). 

The body stringently controls angiogenesis by supplying an exact balance of pro-

angiogenic factors including vascular endothelial growth factor (VEGF) and anti-

angiogenic factors for example angiostatin, endostatin and thrombospondin in the 

microenvironment encompassing the endothelial cells  (Folkman and Shing, 1992, 

Kamakura et al., 1999). Disruption of this balance gives rise to abnormal growth of 

blood vessels by either excessive or insufficient angiogenesis (Figure 1.1). These 

abnormalities are associated in diseases such as cancer, diabetic retinopathy, 

cardiovascular disease and stroke (Carmeliet, 2005) (Figure 1.1) The binding of the 

mentioned angiogenic growth factors to their respective receptors which are usually 

located on endothelial cells of pre-existing vessels, produces an enhancement in 

vascular permeability, a loss of pericyte coverage and the secretion of proteases to 

degrade the basement membrane and the surrounding interstitial matrix (Bergers 

and Song, 2005, van Hinsbergh et al., 2006). In order for these progressions to occur 

it’s required a number of steps. The cells must be exposed to certain growth factors 

and vascular endothelial growth factor (VEGF) is one of the most significant growth 

factor in angiogenesis, migration and cell proliferation, also (FGF) fibroblast 

growth factor. In addition, other growth factor that also play a significant role in 

angiogenesis and migration are include (EGF) epithelial growth factor, (HGF) 
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hepatocyte growth factor, Transforming growth factor-beta (TGF- β) transforming 

growth factor, (TNF-α) tumour necrosis factor, platelet-derived growth factor, 

(PDGF )(Lamalice et al., 2007).  

 

Figure 1.1 The pathologic and physiologic angiogenic balance. The pathologies illustrious by 
extreme and deficient angiogenesis which are connected with up-regulation of pro-angiogenic 
factors and/or down regulation of anti-angiogenic factors (Nyberg et al., 2005). 

 

 Tumour angiogenesis  

Cancer represents the progression from normal cellular homeostasis to a neoplastic 

condition, as defined by the hallmarks described by Hanahan and Weinberg, 2011. 

These malignant cells require an adequate blood supply containing oxygen and 

nutrients to support their proliferation. Cancer cells are capable of penetrating the 

cardiovascular system and metastasis to distant locations e.g. lungs, liver, breast and 

brain (Folkman, 1971). This process is relies upon angiogenesis as newly formed 

vasculature is needed to supply oxygen and nutrients (Folkman, 1971). Without this 

tumours will stop proliferating and become apoptotic, displaying the fundamental 
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role of angiogenesis (Parangi et al., 1996).  It was shown that a tumour without 

blood supply grows to 1-2 mm³ and then stops, whilst with blood supply it grows 

beyond 2 mm³(Muthukkaruppan et al., 1982).Under hypoxic conditions, there are 

an insufficient number of new blood vessels to induce the expression of various pro-

angiogenic growth factors such as bFGF and VEGF in tumour cells, which 

subsequently bind to their respective receptors situated on the surface of endothelial 

cells of neighbouring vessels (Bottaro and Liotta, 2003). Pro-angiogenic growth 

factors stimulate endothelial cells invoking angiogenic responses which result in 

tumour angiogenesis mechanisms. The new vessels formed are irregular, 

disorganised and leaky(Bergers and Benjamin, 2003) Hence, tumour vessels lose 

their functionality and induce more angiogenesis within the tumour 

microenvironment. Angiogenesis is dependent on the type and location of tumour, 

as each organ differs in respect to stromal cells which release different pro- and anti-

angiogenic factors (Figure 1.2) (Carmeliet and Jain, 2000).  
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Figure 1.2 Tumor angiogenesis mechanisms. Tumor angiogenesis mechanisms. Soluble angiogenic 
factors (e.g., VEGF, PDGF, and FGF) are secreted from the tumor and surrounding cells to induce 
and regulate key steps in angiogenesis. Reproduced with permission from Abbreviations: bFGF, 
basic fibroblast growth factor; bFGFR, basic fibroblast growth factor receptor; MMP, matrix 
metalloproteinase; PDGF, platelet-derived growth factor; PDGFR, platelet-derived growth factor 
receptor; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor 
receptor  (Zhao and Adjei, 2015).  

  

1.2. The role of growth factors in angiogenesis. 

Growth factors are polypeptides that induce cellular proliferation and affect cell 

growth and differentiation either positively and/or negatively (Steed, 1997). These 

growth factors are able bind to specific cell surface receptors to control cellular 

processes, including angiogenesis (Steed, 1997). Among the most commonly 

described angiogenic growth factors and cytokines include vascular endothelial 
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growth factor (VEGF), tumour necrosis factor-alpha (TNF-α), transforming growth 

factor-beta (TGF-β) and fibroblast growth factor (FGF). These growth factors are 

found in endothelial cells, inflammatory cells, cancer cells, smooth muscle cells, 

platelets and fibroblasts.  These growth factors play a significant role in wound 

healing in vivo and are released by several cells types and from platelets in clotting 

(Goustin et al., 1986). The amount of specific growth factors present in the 

extracellular milieu may be affected by physiologic or pathologic responses 

including those seen during cancer, injury response and chronic inflammatory states 

(Ucuzian et al., 2010). Recently, scientists illustrate various cancer molecular 

targets that are protein kinases. Protein kinases can regulate protein activity inside 

the cell as intracellular stimulators or in the nucleus by regulating transcription 

(Yasui and Imai, 2008). Therefore, protein kinases are considered as a crucial target 

for cancer therapy. As a consequence of this, a number of growth factor receptors 

for example epidermal growth factor receptor (EGFR) and VEGFRs have been 

considered as potential drug targets (Bennasroune et al., 2004).  

1.3. Endothelial cells 

Endothelial cells are derived from the embryonic mesoderm and line the luminal 

portion of the vasculature. They form tubular structures from a single layer of cells 

and have the capability of regulating the movement of, free fatty acids, oxygen and 

ions from the circulation to surrounding cells in the tissue. Endothelial cells are 

heterogenic in size and their morphology varies depending on the anatomical 

location. They express an array of proteins for instance: CD31 (cluster of 

differentiation 31) and RECA-1 (rat endothelial cell antigen-1) (Ulger et al., 2002). 

CD31 is the currently the most widely used endothelial cell marker and like RECA1 

they are both transmembrane proteins involved in endothelial cell adhesion (Ulger 

et al., 2002, Duijvestijn et al., 1992).   
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Usually, endothelial cells are flat in structure, but in high endothelial venules they 

display a cuboidal/plump shape (Girard and Springer, 1995, Miyasaka and Tanaka, 

2004). Furthermore, endothelial cells from different organs demonstrate diversity 

in respect to their functionality. For instance, the basal and inducible permeability 

of endothelium are differentially regulated (Aase et al., 2007). Similarly, the 

molecular and biochemical features of endothelial cells vary greatly throughout the 

vascular tree (Garlanda and Dejana, 1997, Jackson and Nguyen, 1997, Conway and 

Carmeliet, 2004, Hewett, 2009) Also as blood vessels are located throughout the 

body, they lead to subsequent exposure of endothelial cells to a wide range of tissue 

microenvironments (Aird, 2012). Therefore, due to the human vasculature (over 

95%) consisting of microvessel endothelium, the utilisation of these cells is more 

physiologically relevant for in vitro models of endothelial cell function and 

angiogenesis  (Hewett, 2009). One of the most comnmonly used endothelial cell 

types for angiogenesis studies is human dermal microvascular endothelial 

cells (HDMEC).  

 Vascular Endothelial Growth Factor (VEGFs)  

Vascular endothelial growth factor (VEGF), initially known as vascular 

permeability factor (VPF), is  term used to describe a family of homodimeric 

glycoproteins (Senger et al., 1983). VEGF is an endothelial cell-specific mitogen 

and play an important role in angiogenesis, lymphangiogenesis and vasculogenesis 

in vivo(Ferrara, 1997).  The VEGF family consists of five different types: VEGF-

A, VEGF-B, VEGF-C, VEGF-D and VEGF-E placenta growth factor (PlGF) 

(Harhaj et al., 2006, Lamalice et al., 2007, Maglione et al., 1991). 

VEGF-A is mostly accountable for endothelial physiological responses through its 

activation of VEGFR-2. There are many different splice variants of VEGF-A, each 

with a differing number of amino acids, 121, 145, 165, 183, 189 and 206(Tischer et 

al., 1991, Poltorak et al., 1997, Jingjing et al., 1999, Robinson and Stringer, 2001). 
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The most abundant and biologically active isoform in human and in rats is VEGF-

A165 (Lamalice et al., 2007). This is made by cells including endothelial, vascular 

smooth muscle and cancer cells and carries out it mechanism of cation on 

endothelial cells in either a paracrine or autocrine manner (Chiusa et al., 2012).  

 Vascular Endothelial Growth Factor Receptors (VEGFRs)  

VEGF signalling occurs through three cell surface receptor tyrosine kinases, termed 

VEGF receptor (VEGFR) -1, -2 and -3, as well as two transmembrane non-tyrosine 

kinase co-receptors called neuropilin (NRP) -1 and -2. VEGFRs have been shown 

to have seven Ig-like domains on their extracellular domain. VEGFRs are 

differentially expressed in a particular way. VEGFR-1 is expressed on 

haematopoietic stem cells, endothelial cells, macrophages, pericytes and 

monocytes. VEGFR-2 is expressed on vascular endothelial cells and they are also 

present pancreatic ductal cells. VEGFR-3 are found lining the lymphatic system, as 

they are expressed on lymphatic endothelial cells (Holmes et al., 2007, Koch and 

Claesson-Welsh, 2012). The earlier mentioned VEGF isoforms bind only to certain 

receptors. VEGF-A interacts with both VEGFR-1 and -2, whilst VEGF-B only bind 

to VEGFR-1. The propeptide forms of both VEGF-C and VEGF-D interact with 

VEGFR-3, also when in their mature forms they are able to bind to VEGFR-2. 

VEGF-E selectively binds to only VEGFR-2 (Figure 1.3) (Whitaker et al., 2001, 

Holmes et al., 2007, Soker et al., 2002). 
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Figure 1.3 Diagram of VEGF family and VEGFRs.  Each VEGF ligand binds to specific VEGFRs. PLGF 
and VEGF-B bind to VEGFR-1 while VEGF-A binds to both VEGFR-1 and VEGFR-2. VEGF-C and –D 
bind to VEGFR-3 and VEGFR-2 whereas VEGF-E only binds to VEGFR-2. VEGFR-1 is expressed on 
haematopoietic stem cells and vascular endothelium. VEGFR-2 is expressed on both vascular and 
lymphatic endothelium whereas VEGFR-3 is only expressed on lymphatic endothelium. The 
downstream effects of VEGFR-2 activation involve cell proliferation, migration and survival 
resulting in vasculogenesis and angiogenesis. Diagram reproduced from (Holmes et al., 2007). 

 

1.3.2.1. VEGFR-1 

VEGFR-1, also termed Fms-like tyrosine kinase 1 (Flt1), is expressed on vascular 

endothelial cells, monocytes and  haematopoietic stem cells  and is able to bind 

VEGF-A, VEGF-B and PLGF. A splice variant of VEGFR-1 entitled soluble 

VEGFR-1 (sVEGFR-1), was shown to lack the transmembrane and internal 

signalling domains of VEGFR-1. sVEGFR-1 negatively regulates VEGFR-2 
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signalling by luring VEGF and sequestering it (Kendall and Thomas, 1993, Roberts 

et al., 2004). To understand the role of VEGFR-1 researchers knocked out the vegfr-

1 gene in mice and it was observed that death at E8.5- E9.0 was as a consequence 

of the overproduction of haemangioblasts resulting in disorganised vasculature 

(Fong et al., 1995). Moreover in endothelial cells both the extracellular and 

transmembrane domain were responsible for normal development, whereas 

downstream signalling of the VEGFR-1 via its c-terminal domain was dispensable 

(Figure 1.3) (Hiratsuka et al., 2005).  

1.3.2.2. VEGFR-2  

VEGFR-2 is deemed the main VEGF receptor expressed on vascular endothelial 

cells and its presence has been reported on both HUVECs and HDMECs (Chen et 

al., 2001, Imoukhuede and Popel, 2011). VEGFR-2 is important in stimulating the 

intracellular signalling cascade to bring about physiological and pathological 

angiogenesis (Waltenberger et al., 1994). Its key role in vascular development was 

reported when mice with the vegfr-2 gene knocked died at E8.5-9.5 displaying 

abnormalities in development associated with of endothelial cells and lack of blood 

vessels (Shalaby et al., 1995). The homology of VEGFR-2 differs slightly (85% 

sequence homology) in humans and mice, with it being 2 amino acids shorter in 

mice than humans (Holmes et al., 2007). The expression of VEGFR-2 in juvenile 

embryogenesis is high, whilst in in quiescent ECs in adults the expression is low 

(Figure 1.3) 

1.3.2.3. VEGFR-3 

All endothelial cells during development express VEGFR-3, but in adult lymphatic 

endothelial cells its expression is limited (Olsson et al., 2006, Lohela et al., 2009). 

Knockout of this receptor in mice caused death at E9.5 and features such as fluid 

accumulation in pericardial cavity and cardiovascular failure were noticed (Dumont 

et al., 1998).  Furthermore ablation of vegfc gene resulted in the complete absence 
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of lymph vessels in mouse embryos signifying a critical role of vegfc in 

lymphangiogenesis (Figure 1.3) (Karkkainen et al., 2002, Karkkainen et al., 2004).   

1.3.2.4. The role of VEGFs/VEGFRs in tumour angiogenesis 

VEGF holds a key part in tumour angiogenesis within cancers such as, ovarian 

cancer, lung cancer, prostate cancer and breast cancer. This has subsequently lead 

to researchers utilising tumour angiogenesis as a therapeutic target (Yoshiji et al., 

1996, Santin et al., 1999, Grivas et al., 2016, Herbst et al., 2005). Bevacizumab 

which is a VEGF neutralizing monoclonal antibody was the first anti-angiogenic 

drug licenced for treating colorectal cancer (Willett et al., 2004).   

VEGF-A is activated in both normal and malignant cells in response to hypoxia, 

which is a key mediator for hypoxic responses (Semenza, 2003). Overexpression of 

VEGF-B has been correlated with the development of oral squamous cancer (Zhang 

et al., 2005, Hanahan et al., 2003). Since the lymphatic vasculature is an important 

feature of tumour metastasis, VEGF-C, VEGF-D and their receptor VEGFR-3 are 

related with tumour lymphangiogenesis and metastatic cancers (Stacker et al., 

2002). Moreover, VEGFR-2 has been shown to assist tumour angiogenesis 

following binding of VEGF-C and VEGF-D (Zachary and Gliki, 2001).  

1.4. HeLa cells  

HeLa cell is a human cervical cancer cell line that grows rapidly in cell culture 

(Rahbari et al., 2009), this characteristic makes them extensively used by 

researchers around the world. Epidermal growth factor receptor (EGFR) proteins 

are highly expressed in many cancer cells, including HeLa cells. They play crucial 

roles in cell growth and differentiation, consequently it may be a suitable candidate 

for cancer therapy (Knudsen et al., 2014). This cells line has been used to study 

MAPK signalling pathways and more specifically to analyse activation of ERK5 in 

response to EGFR-1 activation with EGF.  This has revealed that ERK5 regulates 



Chapter 1 - Introduction 

12 

 

proliferation in response to EGF (Kato et al., 1995).  Further analysis has revealed 

that in HeLa cells, ERK5 BMK1 interacted with promyelocytic leukemia protein 

(PML), and inhibited its tumor-suppressor function through phosphorylation 

allowing upregulation of p21 and progression through the cell cycle (Yang et al., 

2010). 

 

 Epidermal Growth Factors (EGFs)  

Researchers in 1951 identified a soluble factor that was secreted from mouse 

tumours grafted onto chick embryos. It was termed nerve growth factor (NGF) as it 

displayed the ability to stimulate nerve cell growth (Levi-Montalcini and 

Hamburger, 1951). Purification of this crude NGF extract showed another growth 

factor which stimulated proliferation of epidermal cells, and it was subsequently 

called epidermal growth factor (EGF) (Cohen and Levi-Montalcini, 1957, Cohen 

and Elliott, 1963). Structurally, the EGF family comprises of around 10 peptide 

growth factors that activate epidermal growth factor receptors, which intern lead to 

the activation of EGF receptors. Amongst the EGF ligand family are the following: 

EGF, amphiregulin (AR), betacellulin (BTC), epiregulin (ER),heparin-binding EGF 

(HP-EGF), neuregulin 1,2,3,4 (NRG-1, 2, 3, 4) and transforming growth factor 

(TGF-α) (Harris et al., 2003). These ligands bind to a relevant group of receptors 

due to the changing of the binding affinity of EGFRs.  

 Epidermal growth factor receptors (EGFRs)   

The family of EGF receptors (EGFRs), are similar to VEGFRs in that they are 

transmembrane RTKs. Four structurally similar members of the EGFR family have 

been classified in humans. They are known as original RTK ErbB1 (also known as 

Her1, referred to as EGFR-1 herein), ErbB2 (Her2 in humans/Neu in rodents), 

ErbB3 (Her3) and ErbB4 (Her4) (Yarden and Sliwkowski, 2001). EGF and the 
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EGF-like molecules can bind to mentioned receptors to produce homo/hetero-

oligomers with different downstream signalling characteristics (Figure 1.4). 

1.4.2.1. EGFR-1 structure and signalling 

EGFR-1, a glycoprotein of 170 kDa, is made up of three domains. These consist of 

an extracellular receptor domain (622 amino acid), a single membrane-spanning 

region and an intracellular tyrosine kinase domain (TKD) (542 amino acid) as seen 

in (Figure 1.5.) The extracellular region consists of four subdomains referred to as, 

ligand binding domains 1 and 2 (L1 and L2) and cysteine rich domains, CR1 and 

CR2. EGFR1 is present in a tethered conformation as interaction between CR1 and 

CR2 prevent activation (Ferguson et al., 2003).  Following EGF binding to EGFR-

1 the mentioned interaction is disrupted leading to a conformational change to the 

extracellular region. At a low affinity state, ligand are able to bind L1, whereas high 

affinity binding is as a result of  ligand binding to L2 (Pralhad et al., 2003). The TM 

domain of EGFR supposedly plays a role in regulating its activity through impeding 

receptor auto phosphorylation and downstream signalling after exposing cells to 

TM domain peptides (Arjaans et al., 2013). The intracellular domain is composed 

of three subdomains; a juxtamembrane domain (JM), a tyrosine kinase domain (TK) 

and a carboxyl terminal domain (CT) (Figure 1.5). This CT domain has a plethora 

of tyrosine residues that regulate EGFR mediated signalling after phosphorylation 

(Chen and Bonaldo, 2013). Recruitment and consequent activation of various 

adaptor proteins in turn activate a multitude of downstream substrates, thus forming 

a multifaceted, interconnected signalling network. Also the JM domain is important 

in regulating downstream proteins and the internalisation of ligands (Ohta et al., 

2009).   
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Figure 1.4 ErbB receptors. The ErbB receptor tyrosine kinases consist of four related members; 
ErbB1, ErbB2, ErbB3 and ErbB4. The ErbB receptor tyrosine kinases are activated by the EGF family 
of ligands.  The EGF family of ligands share most of the identity in their EGF-like domain, however 
the binding affinity of ErbB receptors is highly variable (Hedlund et al., 2009). EGF and TGF-α bind 
specifically to ErbB1 (EGFR) while BTC and HB-EGF bind to ErbB1 and ErbB4. The neuregulin (NRG) 
consist of two subclasses; NRG1 and NRG2 which bind to ErbB3 and ErbB4 and the second subclass 
is NRG3 and NRG4 which bind to ErbB4. The inactive ligand binding domains of ErbB2 and inactive 
kinase domain of ErbB3 are marked with an X. L1 and L2, ligand binding domains; CR1 and CR2, 
cysteine rich domains; TM , transmembrane domain; KD, kinase domain. Diagram reproduced from 
(Shepard et al., 2008).   
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Figure 1.5 Structure of ErbB receptors and activation. Each of the EGF receptors consists of three 
subdomains; Extracellular domain (EC), Transmembrane domain (TM) and Intracellular domain 
(IC). The extracellular domain is divided into four sections; ligand binding domains L1 and L2 and 
cysteine rich domains CR1 and CR2. The transmembrane domain is followed by the intracellular 
domain which consists of the juxtramembrane (JM) domain, tyrosine kinase (TK) domain and 
carboxyl terminal domain. The EC present in two conformations; low-affinity or closed 
conformation, (left) and high-affinity or opened conformation (right). In closed conformation, the 
CR1 contacts CR2 while in opened conformation CR1 locates to expose a dimerization arm. In the 
absence of ligands such as EGF, TGF-α, ErbB receptors present in an inactive state, closed 
conformation. EGFR is activated by binding of ligands (e.g. EGF) in an opened conformation 
between L1 and L2 which exposes the dimerization arm leading to formation of homo- or hetero-
dimer via interacting with another ErbB receptor. The TM domain is followed by the IC domain 
which has JM, TK and CT domains responsible for regulation and phosphorylation of proteins in 
signalling pathways that are stimulated by ErbB receptors. Diagram reproduced from (Burgess et 
al., 2003). 
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1.4.2.2. Epidermal growth factor receptor and cancer 

Normal functioning of EGFR-1 activation is typically involved in cellular growth, 

migration and angiogenesis. However abnormal signalling plays an essential role in 

the onset and progression of various cancer types (Salomon et al., 1995, Normanno 

et al., 2001). Various reports have suggested that overexpression of EGFR-1 and its 

ligands, can result in cellular neoplastic transformation (Rosenthal et al., 1986, 

Watanabe et al., 1987, Dimarco et al., 1989, Shankar et al., 1989, Ciardiello et al., 

1990). During carcinogenesis EGFR-1 is capable of forming heterodimers with 

other EGF receptors, ErbB-2, -3 and -4 (Yarden and Sliwkowski, 2001). 

Consequently this leads to a amplification and diversification of the signalling 

cascade. Hence, the numerous functions underlying tumour development are 

regulated by EGFRs, including angiogenesis, differentiation, growth and survival 

(Salomon et al., 1995, Normanno et al., 2006).  

 Other Growth Factors 

Other growth factors involved in angiogenesis that signal through receptor tyrosine 

kinases are, Platelet derived growth factors (PDGF), Insulin-like Growth Factor 

(IGF) and Hepatocyte Growth factor (HGF). 

 FGF  

Fibroblast growth factors (FGF), is another pro-angiogenic growth factor, which is 

both stored in the vascular basement membrane to serve as a reservoir supply, and 

is upregulated during active angiogenesis. Additionally FGFs are key players in 

endothelial survival in the processes such as proliferation and migration (Speliotes 

et al., 1996). The two most commonly studied forms are FGF-2 and FGF-1 which 

bind most commonly to the receptor tyrosine kinases FGFR-1 or FGFR-2. FGF 

binding of FGFR-1 increases endothelial cell migration and activates signalling 

pathways mediated in part by protein kinase-C (PKC) and phospholipase A2. The 
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observation that FGF-2 enhances endogenous VEGF production, and that VEGF is 

required for the FGF-2-induced expression of placental growth factor demonstrates 

the existence of cross talk and synergism between FGF and other growth factor 

pathways(Ucuzian et al., 2010).  

 HGF 

Hepatocyte growth factor (HGF) is also one of the is powerful stimulator of 

angiogenesis growth factor, which acts on cells by binding to the c-met receptor 

(Ding et al., 2003). It is secreted by mesenchymal cells and targets and acts 

primarily upon epithelial cells and endothelial cells, but also acts on haemopoietic 

progenitor cells and T cells. Also it has been shown to have a major role in 

embryonic organ development, specifically in myogenesis, in adult organ 

regeneration, and in wound healing  

1.5. Mitogen-Activated Protein Kinases – MAPKs 

Mitogen activated protein kinases (MAPKs) are a highly conserved family of 

signalling that expressed in all eukaryotic cells and mediate a multitude of 

intracellular processes such as proliferation, differentiation, gene transcription, 

apoptosis and migration. MAPKs combine with a numbers of stimuli including 

growth factors, environmental stress, hormones and cytokines (Kyriakis and 

Avruch, 2012a). Furthermore, MAPKs are the last terminal member of a three tiered 

hierarchical kinase cascade and they are activated by this canonical kinase cascade. 

Extracellular stimuli activate MAPK kinase kinase (MAPKKK) (also known as 

MAP3K, ERK kinase kinase/MEKK) which in turn phosphorylates its downstream 

object, MAPK kinase (MAPKK) (also recognised as MAP2K, ERK kinase/MEK) 

on specific serine and threonine residues. Thus, MAPKK induces the activation of 

MAPK by phosphorylating the threonine and tyrosine residues in a conserved T-X-

Y motif which is located on the activation loop of MAPK (Zhang and Dong, 2007). 

Downstream effector proteins of MAPK generate a specific intracellular response 

https://en.wikipedia.org/wiki/Mesenchymal_cell
https://en.wikipedia.org/wiki/Epithelial_cell
https://en.wikipedia.org/wiki/Endothelial_cell
https://en.wikipedia.org/wiki/Haematopoiesis
https://en.wikipedia.org/wiki/Haematopoiesis
https://en.wikipedia.org/wiki/T_cell
https://en.wikipedia.org/wiki/Myogenesis
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in response to activation and phosphorylation of MAPK by a sequential cascade. 

These specific intracellular proteins involve other protein kinases, transcription 

factors, cytoplasmic enzymes and phospholipases (Yoon and Seger, 2006). 

MAPKK can be phosphorylated by more than one MAPKKK and that describes the 

difficulty and variety of MAPK (Chang and Karin, 2001).  

 

 

Figure 1.6 Mitogen activated protein kinase (MAPK) signalling pathways in mammalian cells. 
There are four distinct MAPK cascades for mammalian cells termed; ERK1/2, p38 MAPK (p38α, β, 
γ and δ), JNK 1/2/3 and ERK5. These cascades are arranged into a hierarchal three tier system. 
Mitogens such as growth factors, cytokines and environmental stress and extracellular stimuli, 
stimulate the activation of MAPK cascade by acting on specific receptors. Distinct extracellular 
stimuli phosphorylate one or more MAPKKK which sequentially activates MAPKK. The activated 
MAPKK phosphorylates MAPKs on T-X-Y motif in the activation loop of MAPKs. X corresponds to a 
glutamic acid in ERK1/2, a glycine in p38 MAPKs, a proline in JNKs and a glutamic acid as well in 
ERK5. Phosphorylated MAPKs activate multiple downstream cytosolic or nuclear substrates 
including P90RSK and SGK which are protein kinases and MEF2 and Sap1a which are transcription 
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factors. Activated substrates lead to specific cellular responses such as cell survival, differentiation, 
proliferation and apoptosis. Diagram reproduced from (Nithianandarajah-Jones et al., 2012b).  

 

 Overview of the MAPK Pathway and MAPKs 

The MAPK signal transduction pathway, EGFR-RAS-RAF-MEK-ERK or ERK1/2 

pathway, plays an important role in regulating various processes including cell 

proliferation, migration, differentiation, cell survival and apoptosis (Roskoski, 

2012). Mitogen-activated protein kinases (MAPKs), additionally termed 

extracellular signal-regulated kinases (ERKs), are a conserved family of 

serine/threonine protein kinases related with many fundamental cellular processes. 

From the recognised MAPKs these are grouped into seven different classes. 

extracellular  signal-regulated  kinases  (ERK)  1/2, P38 α/β/ρ/δ, c-Jun N-terminal 

kinases (JNK) 1/2/3, and ERK5 are classed as conventional MAPKs and the 

remaining three MAPKs, ERK3/4, ERK7 and Nemo-like kinase (NLK), are 

categorised to atypical MAPKs (Payne et al., 1991, Cuenda and Rousseau, 2007, 

Johnson and Nakamura, 2007, Zhou et al., 1995). 

The above mentioned MAPKs are regulated by their upstream kinases that are 

activated by multiple extracellular signals including growth factors, environmental 

stress, hormones and cytokines (Kyriakis and Avruch, 2012b). Following initiation 

of the signalling pathway, MAPK kinase kinase (MAPKKK) found on the first tier 

are activated, which subsequently stimulates MAPKKs to phosphorylate MAPKs. 

These MAPK cascades have their own primary kinases in different tiers, but they 

additionally share some minor kinases (Figure 1.6). It has been shown that all 

MAPKs, barring ERK3/4 and NLK, contain a conserved Thr-Xxx-Tyr motif in their 

kinase domain. The phosphorylation of this motif is a crucial stage in their activation 

(Cargnello and Roux, 2011). Downstream effector proteins of MAPK produce a 

particular intracellular response following activation and phosphorylation of MAPK 

via a serial cascade. These specific intracellular proteins include other transcription 
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factors, cytoplasmic enzymes, protein kinases, and phospholipases (Yoon and 

Seger, 2006). More than one MAPKKK can activate MAPKK, therby illustrating 

the intricacy and multiplicity of MAPK (Chang and Karin, 2001). The scaffold 

proteins and specific docking interactions located between individual components 

of the MAPK cascade, uphold the specificity of signal transfer to MAPK, leading 

to efficient cellular responses (Tanoue and Nishida, 2003, Raman et al., 2007). Dual 

specificity protein phosphatases (DUSPs), also called MAP kinase phosphatases 

(MKPs), sustain the phosphorylation of MAPK by invoking de-phosphorylation of 

threonine and tyrosine in the activation loop of MAPKs (Keyse, 2008). Even though 

mammalian cells broadly express MAPKs, because of the differential expression in 

transcription factors in distinct cell types, the function for each MAPK can differ 

between organisms and also vary between cell types within the same organism 

(Donovan et al., 2001).  

 Extracellular-signal-regulated kinase 1/2 (ERK1/2) 

The first mammalian protein kinase of MAPKs to be discovered was ERK1/2 and 

since then it has been comprehensively investigated (Sturgill and Ray, 1986, 

Rubinfeld and Seger, 2005). It is one of the main moderators in the downstream 

portion of the MAPK pathway as wells as the being best characterised MAPK. 

ERK1 and 2, are individual kinases, share roughly 84% sequence identity and have 

similar signalling activity  (Boulton et al., 1991). Other than EGFR, the ERK1/2 

pathway can additionally be activated by a number of stimuli that comprise of EGF, 

VEGF-A, PDGF, environmental stress, hormones and cytokines (Raman et al., 

2007, Kyriakis and Avruch, 1990). The activation of ERK1/2 is initiated by receptor 

tyrosine kinases (RTKs). Receptor-linked tyrosine kinases such as the epidermal 

growth factor receptor (EGFR) are activated by extracellular ligands, such as 

epidermal growth factor (EGF). Binding of EGF to the EGFR activates the tyrosine 

kinase activity of the cytoplasmic domain of the receptor. The EGFR becomes 

phosphorylated on tyrosine residues. Docking proteins such as GRB2 contain an 

https://en.wikipedia.org/wiki/Tyrosine_kinase
https://en.wikipedia.org/wiki/Epidermal_growth_factor_receptor
https://en.wikipedia.org/wiki/Epidermal_growth_factor_receptor
https://en.wikipedia.org/wiki/Ligand_(biochemistry)
https://en.wikipedia.org/wiki/Epidermal_growth_factor
https://en.wikipedia.org/wiki/Phosphorylation
https://en.wikipedia.org/wiki/GRB2
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SH2 domain that binds to the phosphotyrosine residues of the activated receptor. 

GRB2 binds to the guanine nucleotide exchange factor SOS by way of the two SH3 

domains of GRB2. When the GRB2-SOS complex docks to phosphorylated EGFR, 

SOS becomes activated. Activated SOS then promotes the exchange of GDP for 

GTP of the Ras subfamily leading to activation of Ras.  Activated Ras activates the 

protein kinase activity of RAF kinase, which phosphorylates and activates MEK 

(MEK1 and MEK2). MEK phosphorylates and activates a mitogen-activated 

protein kinase (MAPK) also known as ERK1/2. Phosphorylation of ERK1/2 takes 

place within T-E-Y motif in the activation loop which permits ERK1/2 to 

phosphorylate its downstream substrates (Cargnello and Roux, 2011).  

Substrates of ERK1/2 

Activated ERK1/2 can regulate cell function by phosphorylating more than 160 

substrates from cytoplasm, nucleus to cell membrane. For instance one substrate is 

the transcriptional factors of the activator protein (AP)-1 family; c-Fos, c-Jun, c-

Myc and Elk1 all of which positively regulate cell proliferation (Pulverer et al., 

1991, Cruzalegui et al., 1999, Sears et al., 2000, Murphy et al., 2002). Cytoplasmic 

substrates for example, paxillin, offer a molecular linkage between cellular 

migration/motility and ERK1/2 signalling (Ku and Meier, 2000). Additional 

substrates of ERK1/2 are part of the MAPK protein kinase family. They consist of 

MSK1/2, MNK1/2 and p90 ribosomal S6 protein kinase (RSK). The mentioned 

targets play key roles in cellular growth, migration, survival and proliferation 

(Cargnello and Roux, 2011). Thereby activated ERK1/2 phosphorylates several 

nuclear and cytoplasmic targets varying from kinases, transcription factors and 

phosphatases to cytoskeletal proteins. 

1.5.2.1. ERK1/2 in disease  

Mutational activation of the components in the ERK1/2 cascade has been stated in 

a multitude of cancers, such as melanoma, lung cancer, cervical cancer and 

https://en.wikipedia.org/wiki/SH2_domain
https://en.wikipedia.org/wiki/Guanine_nucleotide_exchange_factor
https://en.wikipedia.org/wiki/Son_of_Sevenless
https://en.wikipedia.org/wiki/SH3_domain
https://en.wikipedia.org/wiki/SH3_domain
https://en.wikipedia.org/wiki/Ras_subfamily
https://en.wikipedia.org/wiki/C-Raf
https://en.wikipedia.org/wiki/Mitogen-activated_protein_kinase_kinase
https://en.wikipedia.org/wiki/Mitogen-activated_protein_kinase_kinase
https://en.wikipedia.org/wiki/Mitogen-activated_protein_kinase
https://en.wikipedia.org/wiki/Mitogen-activated_protein_kinase


Chapter 1 - Introduction 

22 

 

pancreatic cancer (Rose et al., 2010). Even though ERK1/2 are similar (84%) in 

amino acid sequence, they are markedly different in expression pattern and 

biological functions. In a study when erk2 was knocked out, mice only survived up 

until between E10.5 and E11.5. Alternatively knocking out erk1, meant mice 

developed atypically, implying that ERK1 is not able to compensate for lack of 

ERK2 activity (Pages et al., 1999, Yao et al., 2003). Besides, omission of both 

ERK1 and ERK2 in developing mice in endothelial cells prompted embryonic death 

at E10.5 as the angiogenesis became defective (Srinivasan et al., 2009).  

1.5.2.2. ERK1/2 in Cancer  

The importance of the ERK1/2 signalling pathway in cancer was initially 

distinguished when Ras proteins were observed as the transforming element of 

oncogenic viruses involving K-Ras and H-Ras, whilst N-Ras was recognised to be 

involved in neuroblastoma (Friday and Adjei, 2005, Schreck and Rapp, 2006). 

Mutations in either Ras or Raf produce constant activation of ERK1/2 and cause 

increased tumour cell proliferation. Approximately 30% of all cancers have some 

sort of Ras involvement. They are predominantly present in pancreatic (90%), 

thyroid (50%), colon (50%), lung (30%), and melanoma (25%) cancers (Malumbres 

and Barbacid, 2003, Bos et al., 1987). More specifically somatic B-Raf missense 

mutations have been reported in 60% of malignant melanomas (Davies et al., 2002). 

Studies using genetic or pharmacologic approaches have shown that MEK and ERK 

are required for the mentioned transforming activities of Ras and various other 

oncogenes. This has led to the development of a number of inhibitors targeting 

specific parts of the ERK signalling cascade as potential anticancer agents (Kohno 

and Pouyssegur, 2003).  

The significance of ERK1/2 as a therapeutic target in cancer is reinforced by several 

experimental studies. For instance, in a Kras-driven mouse model of lung 

tumorigenesis, knockout of either erk1 or erk2 increased survival by 20% and 16%, 
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respectively, and knockout of both genes enhanced survival by 40%(Blasco et al., 

2011).  Also the small number of tumours that did appear in the Erk1 null 

background were "escapers" that persisted in expressing Erk2 (Blasco et al., 2011). 

However, total genetic ablation of both Erk1 and Erk2 was lethal for normal adult 

tissue homeostasis  (Blasco et al., 2011). Up until recently, it was presumed that 

RAF and/or MEK inhibitors would be enough to inhibit ERK1/2 activity and 

directly blocking ERK would produce no additional benefit (Figure 1.7). Therefore, 

development of ERK inhibitors trailed behind RAF and MEK drugs. In spite of this, 

since the most of the resistance mechanisms present following usage of RAF and 

MEK drugs results in reactivation of ERK1/2, it may be that specifically inhibiting 

ERK1/2 can overcome the current limitations of RAF or MEK inhibitors and 

provide a better therapeutic option to treat cancer.  In addition, previous data has 

shown that Ras (RasD) which is constitutively active in colorectal cancer, 

preferentially activates the Raf–MEK1/2–ERK1/2 pathway (de Jong et al., 2016). 

Nuclear and transcriptional targets of ERK1/2 are essential for cellular proliferation 

under both normal and oncogenic conditions. Similarly in untreated proliferating 

cells displayed that active ERK1/2 is able to relay negative feedback signals 

upstream of Raf kinases (Dompe et al., 2018). Hence Following ERK1/2s activation 

a negative feedback is seen leading to silencing of the ERK5 signalling pathway. 

From a recent study it was observed that the levels of ERK5 were increased 

following the use of a MEK1/2 inhibitor (de Jong et al., 2016). ERK1/2 signalling 

in a mouse intestinal epithelium caused abnormal differentiation of enterocytes, 

wasting disease and eventually lethality (de Jong et al., 2016). This implied that an 

antagonistic relationship exists between MEK1/2 and ERK5 and that both ERK1/2 

and ERK5 are transducers of extracellular mitogenic signals. Also genetically 

knocking out MEK1/2 or ERK1/2, lead to the upregulation of the ERK5 pathway 

which maintained tumour cell proliferation in colorectal cancer (de Jong et al., 

2016). These factors may be important when considering therapeutic options for 

colorectal cancer (de Jong et al., 2016). 
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Figure 1.7 Mechanisms of ERK1/2-mediated oncogenesis (MEBRATU and TESFAIGZI, 2009).  
ERK1/2 activation promotes metaplasia and tumor development by phosphorylating Bim and Bid 
and causing the proteosomal degradation of Bim and the sequestration of Bad to the 
phosphoserine-binding proteins and, thereby, inhibiting apoptosis. In a separate pathway, ERK1/2 
activation phosphorylates FOXO3a at Ser 294, Ser 344, and Ser 425 and facilitates FOXO3a-MDM2 
interaction. This interaction enhances FOXO3a degradation through a MDM2-dependent ubiquitin-
proteosome pathway, leading to tumor development. Diagram reproduced from (MEBRATU and 
TESFAIGZI, 2009). 

 p38 mitogen activated protein kinase  

There are four p38 kinases: p38α (SAPK2a), p38β (stress activated protein kinase 

2b, SAPK2b), p38γ (SAPK3) and p38δ (SAPK4), all of which have a Thr-Xxx-Tyr 

motif. The p38 MAPK pathway is stimulated by various stress factors and  cytokines 

including oxidative stress, hypoxia, UV radiation, chemical shock, interleukin 1 
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(IL-1) and tumour necrosis factor alpha (TNF-α) (Cuadrado and Nebreda, 2010). 

The p38 MAPK is key in regulating many biological processes including cell 

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

The p38 family is present in the cytosol and nucleus and can be activated through 

MKK3 and MKK6 as they are capable of phosphorylating the threonine and tyrosine 

motif (Cuenda et al., 1995). Once in its activated state, p38 can phosphorylate 

several substrates. The cytoplasmic substrates include MAPK interacting 

serine/threonine kinase 1 (MNK 1/2), MK2, MK3, MK5, cytosolic phospholipase 

A2 (c-PLA2), Bcl-2 and Bax. The nuclear phosphorylation sites of p38s cover 

activation transcription factor-1 -2 -3 (ATF-1/2/3), ETS domain containing protein 

like transcription factor (Elk-1), MEF-2, GADD153, p53 and MSK1/2 (Cargnello 

and Roux, 2011, Martin et al., 2012). Additionally through various proteomic 

analyses, new phosphorylation sites of p38 were uncovered, they are: Ser2, Thr16, 

Thr175 and Thr263 of p38α (86-88), Ser243 of p38β (Brill et al., 2009) and, Thr265 

and Ser250 of p38δ (Shiromizu et al., 2013). Further work is required to completely 

discern the specific function of these sites.  

 C-Jun-N-terminal kinases (JNK) 

Three different isoform of c-Jun-N-terminal kinase (JNKs) have been classified: 

NK1 (SAPKβ), JNK2 (SAPKα) and JNK3 (SAPKγ), also named MAPK8, MAPK9 

and MAPK10 respectively (Cargnello and Roux, 2011, Kyriakis and Avruch, 

2012b). These isoforms of JNK show similarity of 85% in sequence and are encoded 

by three different genes which brings about more than 10 spliced variants (Gupta et 

al., 1996). The JNK kinases are involved in many biological processes such as 

apoptosis, differentiation, cell survival and proliferation (Nakamura and Johnson, 

2007). Some common factors including heat shock, oxidants, ionizing and UV 

radiation, plus to a lesser extent growth factors have been implicated in activating 

JNKs (Kyriakis and Avruch, 2012b, Bode and Dong, 2007). Like other MAPKs, 
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JNKs have their own conserved Thr-Xxx-Tyr motif, Thr-Pro-Tyr (TPY) motif. JNK 

activation occurs following, phosphorylation of the threonine and tyrosine within 

this motif. Also, JNKs are transported from the cytoplasm to the nucleus where they 

interact with a host of transcriptional factors including p53, c-Jun, Elk-1, ATF-2 

and activator protein-1 (AP-1) (Rose et al., 2010).   

1.6. Extracellular regulated signal protein kinase 5 and identification of 

(ERK5) 

Extracellular regulated signal protein kinase 5 (ERK5) was the most recent member 

of MAP kinase family was discovered in 1995 by two independent teams (Zhou et 

al., 1995, Lee et al., 1995). It is the largest member of the MAPK family and twice 

the size (816 amino acids) as other members. MEK5 was initially identified using a 

yeast two-hybrid assay and subsequently this led to the discovery of its  unique 

binding partner, named ERK5 (Lee et al., 1995). Other researcher used Reanalysis 

of human placental cDNA to identify a unique MAPK gene; terming this big MAPK 

(BMK-1) due to the size compared to ERK1/2, (Lee et al., 1995) both research 

groups specified that ERK5 and BMK1 were derived from the same gene, which 

eventually meant that both were the same protein (Lee et al., 1995). Furthermore, 

ERK5 has been proven to be expressed in a variety of tissue such as heart, skeletal 

muscle placenta, and kidneys (Lee et al., 1995, Zhou et al., 1995).  

Furthermore, still the specific role of ERK5 is not clear, In spite of the investigations 

showing that ERK5-deficient mice die at around E10.5 because of cardiovascular 

shortage and angiogenesis failure in both embryonic and extra-embryonic tissue 

(Hayashi and Lee, 2004).  
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 Structure of ERK5 

The human ERK5 gene (also known MAPK7) is composed of 816 amino acids, has 

a length of 5,824 bases, and an open reading frame of 2451 base pairs with a 

predicted molecular mass around 98 KDa (Figure 1.8) (Yan et al., 2001).  

 

Figure 1.8 Structure of ERK5. ERK5 protein divided in to N-terminal domain and large C-terminal 
domain. The N-terminal kinase domain contains cytoplasmic region and MEK5 binding region in 
the kinase domain and oligomerisation site. ERK5 is phosphorylated via MEK5 on residues Thr218 
and Tyr220 which are located in the kinase domain. The C-terminal contains two proline-rich 
domains (PR1 and PR2), a nuclear localization signal and a transcriptional activation domain. 
Diagram reproduced from (Nithianandarajah-Jones et al., 2012b). 

ERK5 has an N-terminal domain that comprises of two regions beginning with a 

region entailed in cytoplasmic targeting (amino acids 1-77) followed by the kinase 

domain (amino acids 78-406). The N-terminal kinase domain displays the highest 

homology to ERK1 and ERK2, which shares approximately 66% of the sequence 

identity (Zhou et al., 1995) (Figure 1.8). The kinase domain is essential for upstream 

interactions with the kinase MEK5 (a.a. 78-139) and for oligomerisation (a.a. 140-
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406) as well as includes the T-E-Y motif at which MEK5 carries out dual 

phosphorylation (T218 and Y220) (Yan et al., 2001). From (Figure 1.8), the kinase 

domain is followed by a common docking (CD) domain that is comprised of a very 

short sequence of negatively-charged amino acid residues (amino acids. 350-358). 

One of its roles is to facilitate the  interaction of ERK5 with its substrates (Tanoue 

and Nishida, 2003). Moreover, ERK5 has a lengthy C-terminal domain in contrast 

with other regular MAPKs family (400 amino acids) resulting in a large molecular 

weight of around (102kDa), which is twice that of regular MAPKs (Buschbeck and 

Ullrich, 2005). The C-terminal domain can be divided into two domains, the first 

nuclear localisation signals (NLS) domain (a.a. 505-539) is vital for nuclear import; 

and the second is a nuclear export signal (NES) domain which is important in the 

cytoplasmic retention of ERK5 (Kondoh et al., 2006). Moreover, dual proline-rich 

(PR) domains labelled PR1 (amino acids 434-465) and PR2 (amino acids 578-701) 

play a strategic role as binding positions for Src-homology 3 (SH3)-domain -

containing proteins and myocyte enhancer factor 2 (MEF2)-interacting domain 

(Zhou et al., 1995, Yan et al., 2001) (Figure 1.8). Additionally the C-terminal region 

also contains a transcriptional activation domain (Kasler et al., 2000).  Moreover, 

the C-terminal domain of ERK5 leads to an enhancement in the kinase activity of 

ERK5, implying that the C-terminal half of ERK5 has an auto-inhibitory capacity 

(Buschbeck and Ullrich, 2005). According to research in the literature, the amino 

acid region 664-789 (Figure 1.8) was recognised as a transcriptional activation 

domain (Kasler et al., 2000). This domain undergoes autophosphorylation, therefore 

allowing it to directly regulate gene transcription; thus giving ERK5 a distinctive 

feature compared to other MAPKs (Morimoto et al., 2007). ERK5 is present in a 

folded conformation i.e. in its inactive state. The N-terminal tail of ERK5 binds to 

the C-terminal half, consequently ERK5 is retained in its closed conformation 

within the cytoplasm leading to the generation of NES. Following the dual 

phosphorylation of Thr218 and Tyr220 by MEK5 in the N-terminal domain, ERK5 

is imported into the nucleus in its open conformation. This phosphorylation causes 
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an interruption in the binding earlier mentioned leading to the exposure of NLS in 

the C terminal domain of ERK5 (Kondoh et al., 2006). 

 Activation of ERK5 

ERK5 is activated by a multitude of factors such as serum and a series of growth 

factors such as VEGF, EGF, FGF-1 and PDGF (Kato et al., 1998, Hayashi and Lee, 

2004, Kesavan et al., 2004). Furthermore, ERK5 is activated by nerve growth factor 

(NGF) (Watson et al., 2001, Finegan et al., 2009) and trophic factors in 

Furthermore, specific inflammatory cytokines, for instance interleukin 6 (IL-6), also 

play a role in its activation(Carvajal-Vergara et al., 2005). Additionally, laminar 

shear stress, oxidative stresses, hypoxia and ischaemia known as physiological and 

pathological conditions, have the capability to phosphorylate ERK5(Takeishi et al., 

1999, Yan et al., 1999, Sohn et al., 2002). 
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Figure 1.9 Structure of ERK5 activation.  ERK5 protein divided in to N-terminal domain and large 
C-terminal domain. The N-terminal kinase domain contains cytoplasmic region and MEK5 binding 
region in the kinase domain and oligomerisation site. ERK5 is phosphorylated via MEK5 on residues 
Thr218 and Tyr220 which are located in the kinase domain. C-terminal contains two prolin-rich 
domains (PR1 and PR2), nuclear localization signal andtranscriptional activation domain. Diagram 
reproduced from (Nithianandarajah-Jones et al., 2012b). 

 

 

 Kinases activating ERK5  

1.6.3.1. MEKK2 and MEKK3 

MEKK2 and MEKK3, the two most investigated MAPKKKs in the literature, are 

upstream of ERK5 and activated by the mentioned extracellular stimuli. They are 

capable of specifically activating the MEK5/ERK5 signalling cascade by 

phosphorylating both Ser313 and The317 of MEK5 (Chao et al., 1999, Sun et al., 

2001).  In a study by Blank et al., (1996) it was identified that the sequence of 

MEKK2 and MEKK3 were similar to a degree of 94%. More specifically, both Phox 

(PX) and Bem1p (PB1) domains were seen in the N-terminal domain. Additionally, 

MEK5 is also seen to contain a PB1 domain. Subsequent heterodimerisation of this 

PB1 domain in MEK5, MEKK2/MEKK3 facilitates signal transduction between 

MEKK2/MEKK3 and MEK5 (Nakamura and Johnson, 2003). However, MEKK2 

and MEKK3 differ slightly in their N-terminals. As a result this enables differential 

regulation of the ERK5 signalling pathway (Lamark et al., 2003). It has been 

revealed that MEKK2 binds to the Src homology 2-domain containing scaffold 

protein, termed Lck-associated adaptor (Lad). Consequently, Lad forms complexes 

with MEK5 to augment ERK5 activation (Sun et al., 2001).   

This MEKK2-Lad complex plays an important role in EGF-simulation via Src-

dependent activation of ERK5 (Sun et al., 2003). MEKK2 when compared to 

MEKK3, stimulates ERK5 to a higher scale as it has a superior affinity to MEK5, 

which is the solitary upstream MAPKK capable of directly activating ERK5 (Sun 
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et al., 2001). The site of this phosphorylation occurs within the Thr218 and Tyr220 

residues of the T-E-Y motif. This is present on the the activation loop of the ERK5 

kinase domain (Mody et al., 2003a). Complete activation of ERK5 is only seen 

following dual-phosphorylation of both the Thr218/Tyr220 residues (Mody et al., 

2003a). ERK5 is now able to phosphorylate MEK5 and undergo auto-

phosphorylation.  

 Other kinases involved in ERK5 signaling pathway 

The protein kinase WNK1 (with no lysine (K)-1) following its interaction with 

MEKK2/MEKK3 is important in EGF-stimulated ERK5 activation (Xu et al., 

2004). An enhanced expression of the serine/threonine protein kinase COT (cancer 

Osaka thyroid), alternatively referred to as MAPKKK8 or TPL2 (tumour 

progression locus 2) is also able to activate ERK5 (Chiariello et al., 2000). The 

mixed-lineage kinase (MLK)-like mitogen-activated protein triple kinase (MLTK) 

also plays a role in activating MEK5, like MAPKKK (Gotoh et al., 2001).  

 Other Activators of the ERK5 signaling pathway 

1.6.5.1. Protein kinase C (PKC)  

The PKC activator phorbol 12-myristate 13-acetate (PMA) has been identified in 

ERK5 activation within in numerous cell types (Kamakura et al., 1999, Keshamouni 

et al., 2002, Villa-Moruzzi, 2007). Growth factor-stimulated MEK5 activation in 

HeLa and HEK 293 cells was found to be mediated due to the formation of a tertiary 

complex. This formed due to a PB1 domain-mediated between the aPKC isoforms 

PKCζ or PKCι and MEK5 (Leitges et al., 2001). cPKCs have also been suggested 

to be  upstream regulators of ERK5 activation in bone marrow-derived mast cells 

as described by (Li et al., 2005a). The over-expression of PKCα or PKCβI/βII in 

these cells activated ERK5 and stimulated cytokine production. Also PKCε, and 

PKC mediates ERK5 activation in cardiomyocytes following stimulation by 
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angiotensin II (Ang II) (Zhao et al., 2010). Hence it can be seen that ERK5 activity 

is regulated by a number of diverse PKC isoforms. However, selected research 

papers have revealed ERK5 activation does not occur through PKC (Kato et al., 

1998, Yan et al., 1999, Abe et al., 1996). 

1.6.5.2. Ras/Raf-1 

Likewise a number of other kinases are able to phosphorylate several residues 

located on the C-terminal of ERK5, in so doing leading to an increased 

transcriptional activity of ERK5 (Morimoto et al., 2007). The MEK5 

phosphorylation motif S311XXXT315 exhibits high similarity, approximately 

50%, to the phosphorylation motif of MEK1 (S218XXXS222). Therefore it was 

proposed that similarly to the Ras > Raf-1> MEK1/2> ERK1/2 signalling cascade, 

Ras/Raf-1 could possibly activate MEK5 (English et al., 1998). Also no interaction 

or activation of proteins was found in the MEK1/ERK1 and MEK5/ERK5 signalling 

pathway (Zhou et al., 1995, English et al., 1998) Ras, a small molecular weight 

GTPase protein, has been shown to regulate ERK5 by EGF. This was demonstrated 

by the capability of a dominant negative (DN) version of Ras to impede EGF 

induced ERK5 activation (Kamakura et al., 1999). Conversely, the dominant active 

(DA) form of Ras stimulates the phosphorylation of ERK5 in human embryonic 

kidney 293 (HEK293) cells (English et al., 1998). The phosphorylation of ERK5 in 

HeLa cells in response to EGF is not reliant upon Ras, proposing that cell  type is a 

key factor in Ras mediated activation of ERK5 (Kato et al., 1998, Kamakura et al., 

1999) (Figure 1.9). 

 Inactivation of ERK5 activity  

MAPKs are typically inactivated by dephosphorylation of the T-X-Y motif by a 

MAP kinase phosphatase (MKP) subfamily of dual-specificity phosphatases 

(DUSPs) (Dickinson and Keyse, 2006). On the other hand, a dual specificity 

phosphatases (DUSP) that dephosphorylates both Thr218/Tyr220 of ERK5 has not 
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been identified. Conversely, the phosphotyrosine-specific phosphatase PTP-SL 

(protein tyrosine phosphatase STEP-like) is proposed to dephosphorylate ERK5 at 

the Tyr220 residue, resulting in the interruption of its translocation to the nucleus 

(Buschbeck and Ullrich, 2005).  Likewise, ERK5 can phosphorylate PTP-SL but 

this interaction is considered negligible compared to the extensively increased 

phosphatase activity of PTP-SL binding to ERK5 (Buschbeck and Ullrich, 2005). 

Moreover, post-translational modifications have been revealed to regulate ERK5 

activity. A small ubiquitin-like modifier 3 (SUMO3) protein covalently associates 

to ERK5 on Ly22 and Lys6, after exposure to advanced glycation end-stage 

products H2O2 or (AGE) in HUVEC (Woo et al., 2008). Thus, the actions of 

SUMO3 on ERK5 leads to an  inhibition of the transcriptional activity stimulated 

through shear stress without influencing ERK5 phosphorylation in HUVEC (Woo 

et al., 2008) (Figure 1.9).  
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Figure 1.10 ERK5 intracellular localization. Under the basal condition (un-phosphorylated state) 
the N and C-terminal of ERK5 interact with each other leading to masked NLS and release of NES 
to export ERK5 from the nucleus. Upon phosphorylation of ERK5 by MEK5 in T-E-Y motif in the 
activation loop, the conformation is changed which results in the disruption of NES and unmasking 
NLS to trigger the translocation of ERK5 into the nucleus. Diagram reproduced from (Nishimoto 
and Nishida, 2006). 



Chapter 1 - Introduction 

35 

 

 Substrates of ERK5  

One of the principal roles of ERK5 is to regulate a number of downstream 

transcription factors. Comparatively few substrates of ERK5 have been 

characterised; myocyte enhancer factor (MEF) group, MEF2A, MEF2C, and 

MEF2D are (Kato et al., 1997). Following activation, ERK5 phosphorylates 

MEF2C on serine 387, which then augments the transcriptional activity of MEF2C, 

and accordingly enhancing c-Jun gene expression (Kato et al., 1997). Various 

studies state that MEF2D is a substrate specifically to ERK5, on the other hand, the 

p38 MAPK and ERK5 regulate the activities of MEF2A and MEF2C (Han et al., 

1997, Ornatsky et al., 1999). Furthermore, it has been stated that ERK5 is composed 

of a MEF2 interacting region and a transcriptional activation domain found within 

its C-terminal region, and together they execute a key role in the regulation of MEF2 

activity (Kasler et al., 2000).  Truncation of the C-terminal tail of mutated ERK5 

has great impact on its ability to stimulate MEF2 activity (Yan et al., 2001). A panel 

of further substrates which ERK5 is able to target and increase transcription of 

include; c-Myc, serum response factor accessory protein 1a (Sap1a) and a pro-

apoptotic protein Bcl2 antagonist of cell death (Bad) (English et al., 1998, 

Kamakura et al., 1999, Pi et al., 2004). In a similar manner to MEF2 substrates, 

ERK5 is able to activate Sap1a and therefore leads to an increase in transcriptional 

activity (Kamakura et al., 1999). Additionally ERK5, stabilises c-Myc by 

phosphorylating it at serine 62 and as such it discriminates itself from MEF2 and 

Sap1a (Sears et al., 2000). In response to ERK5 activation, the c-Fos promotor on 

serine 387 and alternative sites in its C-terminal tail are also phosphorylated 

(Terasawa et al., 2003)(Figure 1.11).  A common feature found amongst the MAPKs 

family as well as ERK5 is their ability to phosphorylate substrates on Ser/Thr 

residues that precede a proline residue (Mody et al., 2003a). Contrary to the above, 

residues Thr28 in the N-terminal tail of ERK5 and residues Ser421, Ser433, Ser496, 

Ser731 and Thr733 in the C-terminal region of ERK5 undergo auto-phosphorylation 
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of ERK5 but are not followed by proline residues. This implies that the substrate 

specificity of ERK5 may vary from other members of the MAPK family 

(Figure 1.11) (Mody et al., 2003a). 

 

Figure 1.11 Schematic representation of ERK5 signalling pathway. Cytokines, growth factors and 
environmental stresses are the main stimuli that activate the signalling cascade; MEKK2/MEKK3 
phosphorylates MEK5 which in turn activates ERK5. The activated ERK5 phosphorylates several 
downstream targets to regulate cell survival and proliferation. Diagram reproduced from (Wang 
and Tournier, 2006). 
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 Cellular physiology of ERK5 

ERK5 is commonly expressed in many different cell types. However, the specific 

role and function has been shown to vary amongst different cell types (Regan et al., 

2002, Hayashi and Lee, 2004). ERK5 plays a vital part in regulating cellular 

functions including cell survival, adhesion and proliferation (Kato et al., 1998). 

Besides, ERK5 has been associated in the development of diseases such as cancers, 

cardiomyopathy, multiple sclerosis and ischaemia (Montero et al., 2009).   

1.6.8.1. ERK5 and cell proliferation:  

ERK5 is involved in the regulation of cell proliferation but only in specific cell 

types. According to research performed by Kato and colleagues, it was determined 

that EGF- stimulated proliferation of MCF10A cells was mediated by ERK5 (Kato 

et al., 1998). The mechanism underlying cell-cycle progress facilitated by ERK5 in 

MCF10A cells was dependent on, the activation of serine/threonine kinase SGK on 

Ser78 following ERK5 phosphorylation thereby promoting entry into S-phase, and 

consequent cell proliferation after EGF stimulation (Hayashi et al., 2001). It has 

since been recognised that ERK5 can regulate cyclin D1 expression to permit 

progress from G1-phase to S-phase in a host of different cells (Mulloy et al., 2003). 

Oppositely, in CCI39 fibroblasts treated with a specific MEK1/2 inhibitor 

PD184252, cell cycle progression was hindered following EGF stimulation (Squires 

et al., 2002). Also, aldosterone-induced cell proliferation of vascular smooth muscle 

cells functioned in a manner independent of the ERK5 pathway (Ishizawa et al., 

2005). In addition Garaude et al. revealed that knockdown of ERK5 with shRNA in 

leukaemia T-cells, did not influence cell-cycle progression or proliferation of the 

cells (Garaude et al., 2006).  
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1.6.8.2. ERK5 and cell survival 

ERK5 has been shown to regulate the activity of the pro-apoptotic BCL2 homology 

3 (BH3)-only protein Bim (BCL2 interacting mediator) of cell death (Girio et al., 

2007).  Following the activation of ERK5, Bim is subsequently phosphorylated 

leading to its inactivation and sequestering it to the mitochondria.  De-

phosphorylation of Bim allows it to associate with Bax (Bcl-2 associated X protein) 

thereby inducing the mitochondrial apoptotic pathway through, subsequently 

triggering caspase-3 activation and cell death (Girio et al., 2007). However, recent 

reports have exhibited that EGF-stimulated activation of ERK5 is necessary for 

phosphorylation and de-phosphorylation of Bim thereby causing cell survival in 

mitotic cells (Girio et al., 2007). Hence it can be inferred, that ERK5 may be able 

to regulate further members of the Bcl-2 family in terms of promoting cell survival. 

Several papers have suggested that ERK5 plays a fundamental role in neuronal cell 

survival in response to a variety of neurotrophic pro-survival stimuli (Wang and 

Tournier, 2006). According to Watson et al., ERK5 in rat dorsal root ganglia (DRG) 

facilitates the activation of the transcriptional factor, cAMP responsive element 

binding protein (CREB) following stimulation by the neurotrophins BDNF and 

NGF.  This thereby mediates neuronal cell survival (Watson et al., 2001). 

Additionally ERK5 is responsible for the protective effect of BDNF in newly-

generated cerebellar granule neurones. As a result the MEF2 dependent 

transcription of the survival factor neurotrophin-3 (NT3) enables neuronal cell 

survival.  This advocates that the MEF2 family, which have a multitude of roles, is 

also a common effector of ERK5-mediated survival within neuronal cells (Shalizi 

et al., 2003). Further research has indicated that BDNF survival of cortical neurons 

in developing rat embryos is also be reliant on ERK5-MEF2C activity (Liu et al., 

2002). On the other hand, ERK5 was not essential for BDNF- stimulated neuronal 

survival in postnatal rats (Liu et al., 2002), indicating that the role of ERK5 in cell 

survival is subject to the stage of development within rat embryos. Moreover, it was 
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stated that Trk-dependent stimulation of ERK5 in DRG sensory neurones was 

involved in MEF2D transcription. This led to the sequential up-regulation of Bcl-w 

(BCL-2L2), an anti-apoptotic constituent of the BCL2 family (Pazyra-Murphy et 

al., 2009).  

1.6.8.3. ERK5 and cell migration and adhesion 

For endothelial cells to construct a new vascular structure, they need to migrate in 

response to the relevant stimulant, such as the earlier mentioned growth factors 

(Gerhardt and Betsholtz, 2003). Several reports have implicated ERK5, following 

growth factor stimulation, in mediating cell migration of renal epithelial cells and 

rat aortic smooth muscle cells (Karihaloo et al., 2001, Izawa et al., 2007). 

Conversely in hepatic stellate cells ERK5 causes the phosphorylation of FAK 

leading to an increase in focal adhesion, and accordingly reducing cell migration 

(Rovida et al., 2008). Despite this, the functional relationship between FAK and 

ERK5 appears to differ amongst cell types, with ERK5 seeming to act upstream of 

FAK in certain cells and downstream in others (Villa-Moruzzi, 2007, Rovida et al., 

2008, Sawhney et al., 2009). 

Additionally in prostate and breast cancer cells, ERK5 establishes a complex 

between αvβ3 integrins and FAK to regulate migration and adhesion, which 

increases the possibility that ERK5 may have a comparable role in non-cancerous 

cells (Sawhney et al., 2009). Elevated expression of constitutively active MEK5 

brought about enhanced phosphorylation of FAK (Sawhney et al., 2009). These 

findings put forward that ERK5 may have an important role in regulating cell 

migration and adhesion. 

 Inhibition of ERK5 signalling axis – gene knockout studies 

To understand the physiological function of the ERK5 signalling pathway in vivo 

extensive reasearch was carried out  utilising gene ablation of specific genes in mice 
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(Hayashi et al., 2004) (Table 1.1). Mice lacking ERK5 displayed cardiovascular 

deficiencies and maturation of angiogenesis and vasculature was defective in 

embryonic tissues resulting in lethality at around E10.5 (Regan et al., 2002, Sohn et 

al., 2002, Hayashi et al., 2004, Kesavan et al., 2004). Moreover, elevated expression 

of VEGF in these mice preceded in typical development up to E12.5, followed by 

cardiovascular irregularities which then caused in death at E12.5-E14.5 (Miquerol 

et al., 2000). Reports have stated that deregulation of hypoxia inducible factor-1 α 

(HIF-1α) may well have a key role in elevated VEGF expression and impeding its 

ubiquitination and proteolysis thus causes abnormal angiogenesis (Pi et al., 2005). 

Phenotypically defects of erk5 gene deletion in mice comprise of disorganised 

immature vasculature and rounded endothelial cells. This leads to enhanced leaky 

vasculature and decreased integrity, which subsequently produces embryonic death 

by haemorrhage (Regan et al., 2002, Sohn et al., 2002, Yan et al., 2003). mek5, 

mekk3 and mef2 knockout mice displayed similar phenotypic defects, proposing that 

the ERK5 signalling pathway is important in angiogenesis (Table 1.1) (Wang et al., 

2005).  

1.6.9.1. Inhibition of endothelial apoptosis 

In order to understand the effect of gene ablation of ERK5, endothelial-specific 

erk5-knockout mice were generated and they established that the primary defect 

upon erk5 ablation occurs within the endothelium (Hayashi et al., 2004). 

Subsequently these mice showed cardiovascular abnormalities and died around 

E10.0, similar to the global erk5- knockout mice. On the other hand, hepatocyte, 

cardiomyocytes and neuronal specific erk5 knockout mice did not affect 

cardiovascular development (Hayashi and Lee, 2004, Li et al., 2013) (Table 1.1 

Phenotypic outcomes in mice following global ablation of components of the ERK5 

signalling axis.The knockout of erk5 in adult mice leads to a decline in vascular 

integrity, ensued by death between 2 to 3 weeks, due to leaky blood vessels cause 
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by endothelial cell apoptosis (Hayashi and Lee, 2004). Therefore, these findings 

propose that erk5 is important for endothelial cell function. 

Table 1.1 Phenotypic outcomes in mice following global ablation of components of the ERK5 
signalling axis. 

Genotype Phenotype Reference 

Mekk2-/- 

Mice are fertile, viable and develop normally. 

Mice display altered cytokine expression in 

thymocytes despite this they develop normally and 

are viable. 

Mice develop normally and are viable, however they 

show decreased cytokine expression in embryonic 

stem cell-derived mast cells. 

(Kesavan et 

al., 2004). 

(Guo et al., 

2002). 

(Garrington et 

al., 2000). 

Mekk3-/- Embryonic lethality at E11.0 owing to severe 

abnormalities in early angiogenesis. Vasculogenesis 

was not affected.  

(Yang et al., 

2000). 

Mek5-/- Abnormalities in cardiac development, declined 

proliferation and increased apoptosis in head, dorsal 

and heart resulting in embryonic death at E10.5 

(Wang et al., 

2005). 

Erk5-/- Embryonic lethality at E10.5-E11, causing in 

abnormal angiogenesis in the placenta and embryo. 

Defective angiogenesis, vascular maturation, 

normal heart looping and development, and 

embryonic death at E9.5-E10.5.  

Embryonic lethality at E10.5-11.5 with stunted 

growth specifically of the head; impaired 

angiogenesis of the placenta and embryo.  

Embryonic lethality at E9.5-E10.5, underdeveloped 

yolk sac vasculature and growth retardation. 

 

 

 

(Yan et al., 

2003). 

(Regan et al., 

2002). 

(Sohn et al., 

2002). 

 

(Hayashi et al., 

2004) 

 

 

 

 

Erk5-/- 

Hepatocyte 

Mice are viable and normal. (Hayashi and 

Lee, 2004) 

Erk5-/- 

Cardiomyocytes 

Mice are viable and normal. (Hayashi et al., 

2004) 
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erk5-/- mice and mef2c -/- mice have a similar phenotype that instigates cardiac and 

vascular malformations, with the end result being embryonic lethality (Hayashi and 

Lee, 2004, Roberts et al., 2009). Furthermore, the capability of ERK5 to protect 

endothelial cells from apoptosis depends on ERK5 phosphorylation of MEF2C 

(Hayashi et al., 2004). Similarly, it was noted that erk5-/- embryos infected with an 

adenovirus encoding a constitutively active Mef2c were only moderately protected 

from endothelial cell apoptosis (Hayashi and Lee, 2004). This signified the presence 

of more downstream effectors of ERK5 that regulate apoptosis (Olson, 2004). In 

recent years, researchers have exposed that ERK5 is vital for VEGF induced 

phosphorylation of AKT in HDMECs to inhibit apoptosis and facilitate cell survival 

during tubular morphogenesis via VEGFR-2 (Roberts et al., 2010).  Additionally, 

ERK5 has been involved in PDGF-induced activation of AKT in porcine aortic 

endothelial cells (PAEs) and FLT3-facilitated activation of AKT in the Ba/F3 pro-

B-cell line (Lennartsson et al., 2010, Razumovskaya et al., 2011). Together these 

results propose that ERK5 may possibly play a crucial role in the conjugation of 

growth factor receptors to induce AKT, and thereby regulate cell survival (Datta et 

al., 1997).  

Erk5-/- 

Endothelial 

Cardiovascular defects cause embryonic lethality at 

E9.5-10.5. 

 

(Hayashi and 

Lee, 2004) 

 

Mef2c-/- 

Embryonic lethality at E9.5 due to right ventricle 

malformation, as a result of failed right loop 

morphogenesis of the heart tube; disorganisation of 

endothelial cells causing failure and formation of a 

vascular plexus. 

Vascular malformations and cardiac cause 

embryonic death at E9.5. 

(Lin et al., 

1997) 

(Lin et al., 

1998) 

(Bi et al., 

1999) 
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1.6.9.2. Shear-stress  

Injury or insult to endothelial cells can be initiated by different factors such as 

smoking, diabetes, high cholesterol and hypertension (Hayashi and Lee, 2004). This 

can cause endothelial dysfunction, lessened laminar shear stress, endothelial 

apoptosis and ultimately atherosclerosis (Traub and Berk, 1998). Moreover the 

integrity of endothelial cells is crucial in maintaining blood vessels. Fluid shear 

stress is vital in controlling both the function and structure of blood vessels and 

likewise it is critical in modulating hemodynamic forces (Yan et al., 1999). 

Endothelial cells are subjected to the shear stress resulting from blood flow and are 

able to convert mechanical stimuli into intracellular signals that affect cellular 

functions, e.g. apoptosis, proliferation, migration, permeability as well as gene 

expression (Li et al., 2005b).  ERK5 activation in endothelial cells is also induced 

by laminar shear stress (Yan et al., 1999). In addition, ERK5 activation via fluid 

shear stress is capable of conferring an atheroprotective effect by negatively 

regulating activation of inflammatory cytokines such as tumour necrosis factor-α 

(TNF-α). This leads to subsequent activation of nuclear factor κB (NF-κB), E-

selectin and adhesion molecule expression including vascular cellular adhesion 

molecule-1 (VCAM-1) in endothelial cells (Akaike et al., 2004). This is supported 

by a recent study utilising a novel MEK5 inhibitor, BIX 02188. Li et al., revealed 

that the MEK5>ERK5 signalling cascade facilitates flow-dependent inhibition of 

TNF-α signalling in bovine lung microvascular endothelial cells (BLMECs)(Li et 

al., 2008).  

1.6.9.3. Hypoxic responses  

Hypoxic conditions refers to a reduced capacity of oxygen to circulate through the 

tumour mass (Dor et al., 2001). Subsequent to this the transcription factor hypoxia-

inducible factor-1 alpha (HIF-1α) is upregulated (Semenza, 2007). The dimerization 

of HIF-1α with HIF-1β regulates the expression of several hypoxia responsive 
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genes, such as VEGFR-1 and VEGF-A (Carmeliet, 2005, Ferrara, 2009). ERK5 has 

the ability regulate levels of HIF-1α, through fostering HIF-1α ubiquitination and 

proteolysis in BLMECs, causing a reduction in hypoxia-induced Vegf mRNA levels 

(Pi et al., 2005). ERK5’s activation under hypoxic conditions has been stated to 

negatively-regulate Vegf expression in mouse fibroblasts  (Sohn et al., 2002). Also, 

enhanced Vegf expression was seen in Erk5-/- embryos when compared with wild-

type and Erk5+/- mice (Sohn et al., 2002). Through analysing the genetic profile in 

absence of ERK5, multiple hypoxic responsive genes were activated.  It was implied 

that the absence of ERK5 has a repressor role, increasing the hypoxic inducible 

responsiveness of certain genes and enhancing expression of genes that are usually 

unresponsive to hypoxia (Sohn et al., 2005).  

1.7. ERK5 and cancer 

Cancer is a common disease that occurs due to an accumulation of genetic defects 

and is characterised by uncontrolled cell proliferation. The MAPK signalling 

pathways are some of the most frequently deregulated in cancer. As a result the 

irregular activities of the MAPK proteins would lead to the cellular acquisition of 

the defined hallmarks of cancer; sustained proliferative signalling, evading 

suppressors, resisting apoptosis, enhanced replicative potential, sustained 

angiogenesis, ability to invade and metastasise, evading immune destruction and 

reprogramming energy metabolism (Hanahan and Weinberg, 2011). One example 

highlighting this is RNA interference techniques, which have proved the role of 

ERK5 in cell proliferation of LNCaP, C4-2 cells and T24 bladder cells (Lochhead 

et al., 2012). Over the last decade much research has focussed on of MAPKs, 

especially ERK1/2, in cancer progression (Dhillon et al., 2007). However more 

attention is now being given to the prospective role of the MEK5/ERK5 pathway in 

the development of cancer and subsequent disease progression, specifically through 

its importance in blood vessel homeostasis and angiogenesis (Lochhead et al., 

2012). For instance activation of ERK5 is involved in the cellular proliferation of 
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the cervical cancer cell line, HeLa, and non-tumourigenic breast epithelial cell line, 

MCF10A, following EGF stimulation (Kato et al., 1998). Moreover, in 

neuroblastoma ERK5 is phosphorylated by a molecular target in neuroblastoma, 

anaplastic lymphoma kinase (ALK), which stimulates the transcription factor 

MYCN and induces cell proliferation, implying that ERK5 together with ALK are 

key targets in neuroblastoma (Umapathy et al., 2014).  Alongside EGF, a variety of 

other oncogenes have the capability of phosphorylating ERK5, therefore indicating 

that ERK5 is a significant downstream effector in such signalling pathways 

(Lochhead et al., 2012). Additional evaluation of the MEK5/ERK5 cascade has 

shown it to be upregulated in a number of different cancers; breast cancer, colon 

cancer, hepatocellular carcinoma, lymphoma, melanoma and ovarian cancer (Mehta 

et al., 2003, Song et al., 2004, Ostrander et al., 2007, Sticht et al., 2008, Montero et 

al., 2009). Also as ERK5 is able to stimulate cell survival and proliferation allows 

it to play a key role in cancer oncogenesis. This results in it aiding metastasis 

through the promotion of cell migration and invasion. The above has been revealed, 

as enhanced expression of MEK5 in prostate cancer causes transcriptional 

upregulation of matrix metalloproteinase-9 (MMP-9) and matrix metalloproteinase-

2 (MMP-2) (Ramsay et al., 2011, Mehta et al., 2003). Due to the fact that such 

MMPs degrade extracellular matrix proteins (ECM), thus they play a vital role in 

metastasis (Foda and Zucker, 2001).   

The RAS oncogene is mutated in around 20-30% of cancers (Prior et al., 2012). Ras 

has been shown to activate ERK5 in C2C12 and PC12 cell lines, and the 

downstream effector Raf-1, has also been shown to enhance ERK5 activity 

(Kamakura et al., 1999). Furthermore it has been established that oncogenic forms 

of SRC activate the ERK5 pathway in fibroblasts, causing a deficiency in actin 

stress fibres and defective development of invasive adhesions termed podosomes 

(English et al., 1998, Kato et al., 1998, Kamakura et al., 1999, Schramp et al., 2008, 

Barros and Marshall, 2005). As well as RAS, various other oncogenes have been 
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identified as potential activators of ERK5. For example Cancer Osaka Thyroid (Cot) 

stimulates neoplastic transformation through the induction of the c-Jun promoter 

(Chiariello et al., 2000). Similarly, Src mediates ERK5 activation in response to 

H2O2, whilst activated Src tyrosine kinase stimulates the ERK5 pathway, 

contributing to neoplastic transformation via Src; (Abe et al., 1997, Barros and 

Marshall, 2005).  

 ERK5 and Tumour angiogenesis 

ERK5 is involved in the process of tumour-associated angiogenesis and this was 

established following the observation that Erk5-deficient mice had irregular and 

defective vasculature (Hayashi et al., 2004). Additionally deletion of ERK5 in a 

human tumour xenograft model (Erk5-/-) displayed that vascular development was 

impaired and tumour growth was decreased (Hayashi et al., 2005). Previous 

research in HUVECs has shown the capability of pro-angiogenic factors including 

EGF, FGF and VEGF to stimulate ERK5 activation (Hayashi et al., 2004). Similarly 

in HDMEC it was displayed that ERK5 was needed to facilitate VEGF stimulated 

tubular angiogenesis, but it was not implicated in cellular proliferation (Roberts et 

al., 2010). Therefore this data shows the physiological importance and potential of 

ERK5 as an anti-angiogenic therapeutic target.   

 ERK5 in cancer development 

1.7.2.1. Breast and prostate cancer 

Breast cancer most commonly diagnosed noncutaneous cancer in women. 

Dysregulation of the MEK5/ERK5 pathway in breast cancer was initially related 

with reduced survival in patients with HER2+ breast cancer (Montero et al., 2009). 

Research in breast carcinomas have found that there is an upregulatuion of MEK5 

due to the constitutive activation of the signal transducer and activator of 

transcription (STAT3) (Song et al., 2004). However STAT3 is not detected in breast 
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epithelial cells but found generally in breast cancer cell lines. This has been linked 

to the ErbB family of RTKs following the binding to the EGF family of ligands 

(Wang and Tournier, 2006). Subsequently ErbB/HER regulate STAT3, implying 

that the upregaulation of STAT3 leads to the induction of ERK5 (Song et al., 2004). 

Also, in an immortalised breast epithelial cell line, EGF-induced proliferation 

mediates the growth of breast cancer cells (Esparis-Ogando et al., 2002). Likewise 

Neuregulin (NRG) induces the ERK5 pathway following its binding to 

ErbB3/HER3 and ErbB4/HER4, leading to cellular proliferation (Esparis-Ogando 

et al., 2002). The presence of a dominant-negative form of ERK5 supresses the 

proliferation of breast cancer cells via a clear reduction in NRG-induced 

proliferation. Approximately 20% of primary breast cancer tumours have been 

shown to demonstrate an overexpression of ERK5 correlated with poor relapse-free 

survival (Ortiz-Ruiz et al., 2014, Al-Ejeh et al., 2014, Montero et al., 2009). 

However, various studies demonstrated that ERK5 activation in a host of breast 

cancer cell lines promoted resistance to therapy, migration, and invasion (Antoon et 

al., 2013, Zhou et al., 2008, Weldon et al., 2002a, Madak-Erdogan et al., 2014) , 

thereby reinforcing the potential of, and the MEK5/ERK5 signalling pathway as a 

drug target in breast cancers (Simoes et al., 2016). 

Prostate cancer is the second-leading diagnosed cancer in men [23]. ERK5 

expression in prostate cancer is comparable to that seen in breast cancer, where it is 

associated with poor prognosis and metastases. Research has shown the abnormal 

activation of the MEK5/ERK5 pathway is implicated in prostate cancer. The 

MEK5/ERK5 signallaing pathway stimulates the transcription of c-Jun via MEF2 

increasing levels of the activator protein (AP)-1, therby upregulating matrix 

metallopeptidase (MMP)-9 which increases the metastaioc potentionl of the 

malignant cells whilst also degrading the extracellular matrix (Mehta et al., 2003). 

Moreover, PC3 cells with enhanced ERK5 activity had elevated proliferation, 

invasion and motility, as well as being significantly more effective in establishing 
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tumours, hence highlighting the association concerning ERK5 and the acquisition 

of aggressive tumour phenotype in prostate cancer (McCracken et al., 2008a).   

1.7.2.2. Cervical cancer 

Cervical cancer is the fourth most common cancer found in females worldwide. 

Human papilloma virus (HPV) is the main cause of cervical cancer with 

approximately 99.7 % of cervical cancer correlating to HPV infection. The ERK 

signalling pathways is over-expressed in several cervical cancer cell lines (Gillison 

et al., 2014, Branca et al., 2004). Specifically it was established by Kato and 

colleagues that EGF-induced proliferation of the cervical cancer cell line, HeLa, 

was reliant on upon ERK5 activity (Kato et al., 1998). Additionally both high and 

low risk HPV types are able to activate this pathway, causing cellular proliferation 

and tumorigenesis (Kim et al., 2006). Also studies demonstarting HPVE5-mediated 

overexpression of VEGF involve the phosphorylation of EGFR. This lead to 

activation of ERK1/2 and PI3K–Akt signalling pathways (Kim et al., 2006).  

1.7.2.3. Other cancer 

Colon cancer ranks as the second most common cancer within the UK (Cancer 

Research UK, 2018, July 27). Approximately, 20–25% of patients present with 

metastasis at diagnosis, and up to 30–40% of patients will develop metastasis during 

the course of their disease. MEK5/ERK5 signalling deregulation was initially 

demonstrated in colon cancer when miRNA-143, which targets ERK5 mRNA, was 

usually downregulated in colon cancer patients (Golas et al., 2005), displaying the 

possibly increased expression of ERK5. Likewise, it was shown that both MEK5 

and ERK5 are overexpressed in colorectal cancers, and that ERK5 overexpression 

associates with the attainment of an aggressive and metastatic tumour phenotype 

(Zellweger et al., 2005). The overexpression of focal adhesion kinase (FAK) is 

present in various types of tumours and its overexpression is related to invasion and 

metastases (Parsons et al., 2008). ERK5 is a downstream target for both FAK and 
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the HER2 which is a receptor tyrosine kinase (Esparis-Ogando et al., 2002, 

Sawhney et al., 2009). Villa-Moruzzi investigated the function of the ERK5 target 

FAK in the HER2-dependent pathway.  It was shown that HER2-driven motility is 

mediated by ERK5 in an ovarian cancer cell line (Villa-Moruzzi, 2011). Although 

scarce, other lines of evidence suggest the involvement of ERK5 signalling in 

several other tumour types; lung cancer, pancreatic cancer, osteosarcoma, skin 

cancer, leukaemia and bladder cancer (Villa-Moruzzi, 2011). 

 Pharmacological inhibitors of the ERK5 signalling axis  

Recent progression in determining the role of MEK5-ERK5 signalling in cancer 

have highlighted its importance as a target in novel cancer therapeutics (Hoang et 

al., 2017). Numerous MEK inhibitors have been recognised as potential therapeutic 

candidates for the treatment of cancers, several of which are being investigated in a 

preclinical and clinical setting (McCubrey et al., 2010, Zhao and Adjei, 2014), 

whilst others have demonstrated survival benefits in patients (Flaherty et al., 2012). 

1.7.3.1. BIX02189 

BIX02188 and BIX02189 are two currently available selective inhibitors of MEK5 

that were developed by Boehringer Ingelheim (Tatake et al., 2008). Both were able 

to prevent sorbitol-induced ERK5 phosphorylation and enhanced MEF2C 

transcriptional activity in cells co-transfected with MEK5 dominant active and 

ERK5, without affecting MEK1/2 (Li et al., 2008). ERK5 and MEF2C activation 

induced via osmotic stressin HeLa and HEK293 cells was inhibited by the use of 

the compounds (Li et al., 2008). Recent reports specify that CDK1 is the kinase 

responsible for phosphorylating ERK5 during mitosis. This suggests that the BIX 

inhibitors, which inhibit MEK5, will not be sufficient to inhibit ERK5 activation in 

mitotic tumour cells (Figure 1.12 Structure of BIX02189 (Inesta-Vaquera et al., 

2010).  
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Figure 1.12 Structure of BIX02189 

 

1.7.3.2. XMD8-92 

XMD8-92 was the first pharmacological inhibitor of ERK5 developed (Yang et al., 

2010). In vitro studies showed this ATP-competitive inhibitor to selectively inhibit 

ERK5 activity and enhance MEF2C activity following EGF stimulation in HeLa 

cells. Also, the inhibition of ERK5 with XMD8-92 lowered proliferation, in a range 

of cancer cell lines (Yang et al., 2010). Yang et al. used XMD8-92 in mice bearing 

cervical and lung xenograft tumours and this illustrated a noticeable reduction in 

ERK5 phosphorylation, together with reduced tumour formation due to decreased 

(95%) cellular proliferation. Significantly, following this treatment mice were still 

healthy up to four weeks after treatment. These findings differs with the lethality 

seen 3-4 weeks following the deletion of erk5 in adult mice (Hayashi et al., 2004). 

Consequently, inhibiting activation of ERK5 rather than its deletion seems to be 

better tolerated by the animals (Yang et al., 2010). Additional analysis of organs 
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acquired from the mice lacked ERK5 expression, confirming the important role of 

ERK5 in promoting cell survival and maintaining vascular integrity (Hayashi et al., 

2004). Also mice treated with XMD8-92 showed reduced tumour associated 

angiogenesis indicating that ERK5 is required for the formation of new blood 

vessels in tumours (Yang et al., 2010). As MEK5/ERK5 over-expression correlates 

with decreased disease-free survival in cancer patients (Montero et al., 2009), it 

provides evidence that ERK5 could be a potential target for treating cancer 

(Figure 1.13 Structure of XMD8-92 

 

Figure 1.13 Structure of XMD8-92 

 

1.7.3.3. AX15836 

A number of derivatives of the first-generation ERK5 kinase inhibitor, XMD8-92, 

were synthesised. The most selective ERK5 inhibitor out of these was found to be 

AX15836. It was shown to substantially block the formation of phosphorylated 
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ERK5 following EGF stimulation in HeLa cells. Additionally it potently inhibited 

ERK5 with an IC50 value of 4-9nM across a panel of other cell lines. Likewise in 

HUVEC and HeLa cell types, cells treated with AX15836 showed only a small 

proportion of genes to be differentially expressed (Figure 1.14 Structure of 

AX15836 (Lin et al., 2016). 

 

Figure 1.14 Structure of AX15836 

 

 Inhibitors of the ERK 1/2 Pathway 

1.7.4.1. Trametinib 

Trametenib (GSK1120212/JTP-74057) is a highly potent, selective, ATP-non-

competitive inhibitor of MEK1/2 activity. This small-molecule oral inhibitor was 

discovered by Japan Tobacco and licensed by GlaxoSmithKline in 2006. Through 

inhibition of MEK activity it promotes dissociation of MEK1/2 from C-Raf, hence 

extending its effect on ERK1/2 inhibition (Gilmartin et al., 2011). Thus, trametinib 

inhibits both MEK1/2 activity and MEK1/2 activation by Raf. 
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In 2013 Trametenib was granted approval for the treatment of unresectable or 

metastastic B-RAF mutant melanoma (Infante et al., 2012).  The clinical trial 

(METRIC) displayed considerable survival benefit for patients treated with 

trametenib alone (Flaherty et al., 2012). Trametinib has also been studied in 

combination with alternative anticancer agents, including everolimus (Tolcher et 

al., 2015), gemcitabine and the AKT inhibitor afuresertib. Of note, when combined 

with dabrafenib, trametinib improved survival of B-RafV600E/K melanomas 

patients when compared with dabrafenib monotherapy (Flaherty et al., 2012). This 

indicated that concurrent inhibition of B-RafV600E/K and MEK1/2 has a 

therapeutic benefit. This is down to the capability of trametinib to inhibit the 

rebound of MEK/ERK activity in BRAF mutant tumors and this has been seen to 

be the main mechanism of acquired resistance to B-Raf inhibitors generated through 

upstream activators including N-Ras, C-Raf, and Cot/Tpl-2 (Alcala and Flaherty, 

2012). 

 

Figure 1.15 Structure of Trametinib 
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1.7.4.2. Selumetinib 

Selumetinib (AZD6244/ARRY-142886) is a potent, ATP-noncompetitive MEK1/2 

inhibitor that is currently being reviewed in several human cancers Phase-II 

trials(Yeh et al., 2007). Molecular modelling implies that selumetinib binds to a 

unique allosteric site in MEK1/2, which gives it high selectivity. Selumetinib 

strongly inhibited (IC50 < 40 nM) ERK1/2 phosphorylation in RAS and BRAF 

mutant cell lines, and its dose-dependent antitumor activity was detected in a panel 

of different cancer xenografts (Yeh et al., 2007, Haass et al., 2008). Similarly in 

cancer types which have an elevated basal MEK/ERK activity seulumetinib has 

displayed significant efficacy (Farley et al., 2013). 

 

Figure 1.16 Structure of Selumetinib 
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1.7.4.3. SB202190 

SB202190 a pyridinyl imidazole, is a highly selective, potent and cell-permeable 

inhibitor of p38 MAP kinase. It inhibits p38 MAP kinase activity through directly 

binding to p38 MAP kinases in the ATP binding pocket, and has been shown to 

induce apoptosis through activation of cysteine protease (CPP32)-like caspases. 

Previous studies have shown that pre-treatment of cells with SB202190 inhibits 

phosphorylation of p38 MAPK (Young et al., 1997, Nemoto et al., 1998, Manthey 

et al., 1998, Ma et al., 2004, Geiger et al., 2005). 

 

Figure 1.17 Structure of SB202190 
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1.8. Projects aims 

The objective of this thesis was to investigate the role of ERK5 in tumour 

angiogenesis and drug-induced resistance in cancer cells. 

In order to achieve this, the thesis aimed to: 

1. Characterise the activation and phosphorylation of ERK5 in endothelial cells 

and tumour cells (HeLa) in response to pro-angiogenic factors and small 

molecule inhibitors of the ERK5 signalling pathway AX15836, XMD8-92 and 

BIX02189.  

 

2. Assessment of the effect of trametinib in HDMEC and HeLa cells and its 

subsequent effect on the ERK1/2 and MEK5/ERK5 signalling pathways.   

 

 

3. Investigate the ERK5 activation status in HeLa and HeLa trametinib-resistant 

cells and the effect of inhibitors of the ERK1/2 and MEK5/ERK5 signalling 

pathways, in potentially restoring chemo sensitivity in the resistant cells. 

.
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2.1. Materials 

 General Reagents and materials 

Ammonium chloride, ammonium peroxodisulphate (APS), ampicillin solution, 

bicinchoninic acid solution, copper (II) sulphate solution, dimethyl sulphoxide 

(DMSO), sterile DNase- and RNase-free dH2O, ethidium bromide (EtBr), 

ethylenediaminetetraacetic acid (EDTA), gelatin from porcine skin, kanamycin 

solution, Luria Bertani (LB) broth powder, manganese (II)  chloride tetrahydrate, 

sodium orthovanadate (Na3VO4), N,N,N’,N’-tetramethylethylenediamine 

(TEMED), Tris-EDTA (TE) buffer solution (pH 8.0) and Triton X-100 were 

purchased from Sigma-Aldrich (Poole, UK). Aprotinin, leupeptin, pepstatin, 

phenylmethylsulphonyl fluoride (PMSF), agar, agarose (electrophoresis grade), 

glycerol, 3-(N-morpholino)-propanesulphonic acid (MOPS), 

polyoxyethylenesorbitan monolaurate (Tween-20) and sodium dodecyl sulphate 

(SDS) 20% (w/v) solution, were purchased from Melford (Ipswich, UK). Prestained 

protein marker (broad range 10-230 kDa) was purchased from New England 

Biolabs (UK) Ltd, (Hitchin, UK). Enhanced chemiluminescence (ECL from Pierce) 

western blotting detection reagents, sodium chloride (NaCl), glycine, Tris-Base 

were bought from Thermo Fisher Scientific™ (Loughborough, UK). Full-range (12-

225 kDa) rainbow molecular weight markers and Hybond ECL nitrocellulose 

membrane were purchased from GE Healthcare (Amersham, UK). Bovine serum 

albumin (BSA) was purchased from Boehringer. NuPAGE® 4-12% Bis-Tris gels, 

LDS sample buffer [4X] were purchased from Novex®, Life Technologies™ 

(Paisley, UK). Ultrapure ProtoGel® solution was bought from Geneflow Ltd. 

(National Diagnostics, Staffordshire, UK). RNeasy mini RNA extraction kit, 

RNase-Free DNase set and QIAprep Spin Miniprep/Maxiprep kits and QIAshredder 

kit were purchased from Qiagen (Crawley, UK). Moloney murine leukemia virus 

(M-MLV) reverse transcriptase, 0.1 M dithiothreitol (DTT), 5 x first strand buffer, 

10 mM PCR grade dNTP mix, RNaseOUT™ recombinant ribonuclease inhibitor. 
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Oligonucleotide primers and 2x Power SYBR ® Green mastermix were purchased 

from Life Technologies™ (Paisley, UK). GoTaq® Flexi DNA polymerase, MgCl 2 

(25 mM), 5X colourless GoTaq® Flexi Buffer; ultra-pure deoxynucleotide 

triphosphates (dNTPs) (100 mM of each dNTP in ddH2O) and CellTiter-Glo™ 

luminescent cell viability assay were from Promega. Optical-grade sealing film for 

96-well qRT-PCR plates was purchased from Bioline (London, U.K.). Triton X-

100, SIGMA FAST TM BCIP/NBT (5-bromo-4-chloro-3-indolyl phosphate/nitro 

blue tetrazolium) tablets, paraformaldehyde and 2-mercaptoethanol for 

electrophoresis were bought from Sigma-Aldrich (Poole, U.K.). 

 Growth factors and inhibitors  

Growth factors Recombinant human vascular endothelial growth factor (VEGF-

A165), and basic fibroblast growth  factor  (FGF-2)  were  purchased  from  R&D  

Systems  Inc. (Minneapolis, MN,  USA). Recombinant human hepatocyte growth 

factor (HGF), dimeric platelet-derived growth factor (PDGF)-BB, epidermal 

growth factor (EGF), and transforming growth factor (TGF)-α were bought from 

Peprotech EC (Rocky Hill, NJ, USA). XMD 8-92 and AX 15836 were bought from 

Tocris Bioscience (Bristol, UK). BIX 02189, SB202190, Trametenib 

(GSK1120212/JTP-74057) and Selumetinib (AZD6244/ARRY-142886) were 

purchased from Selleck Chemicals (Stratech Scientific Ltd., Suffolk, UK). 
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Table 2.1 - Equipment 

Cell culture hoods (1) ESCO Class II, BSC 

Cell culture hoods (2) TriMAT2 Class I, BS5726, CAS, Manchester,UK 

Heating mixer Thermomixer comfort, Eppendorf 

Cells culture incubators SANYO MCO-18 AIC, Loughborough, U.K 

Heating block PCH-1, Grant, Bio, Scientific Laboratory Supplier 

Cold Centrifuge Sigma, 3k30C, Philip Harris 

Water bath Clifton, Nickel-Electro, LTD 

Centrifuge Spectrafuge 24D, JENCONS-PLS 

q-RT-PCR ABI Prism®, 700 Sequence Detection System 

PCR machine GeneAmp® PCR system 9700, Applied Biosystems 

Gel system Invitrogen 

Vortex Stuart, BioCote 

Gel power pack Invitrogen 

Centrifuge rotors MSE, Mistral 2000 

Imaging unit Nikon, Digital Sight 

Cell Microscope Nikon, Eclipse-TS100 

Fluorescence microscope Axio Observer Zesis microscope 

Autoclave Priorclave EV150 

Liquid Nitrogen State Bourne, Biorack 3000 

Aspirator VASCUSAFE Comfort, IBS Integra, Biosciences 

-80˚ Freezer SANYO, VIP Series 

Nano Drop NanoDrop®, Spectrophotometer ND-1000 
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 Solutions 

The solutions utilized are shown in Table 2.2. Water was ultra-deionized 18.2 

megohm dH2O as the standard solution applied unless otherwise specified. 

 

Table 2.2 - Solutions 

MOPS buffer Running 

buffer (WB) 

(209.2g MOPS, 121.2g Tris, 800ml ddH2O), 6g 

EDTA, 20ml (20%SDS) ≈ 100 dH2O 

SDS-Page Tank Running 

Buffer 

for(WB) 

30g/l Tris, 144 g/l Glycine, 50 ml SDS 

Transfer buffer for (WB) 18.2 g Tris, 90 g Glycine, 100ml Methanol and 

dH2O 380ml 

X10 Tris Buffer Saline 

(TBS) 

24.2g/l Tris, 80g/l NaCl, 950ml dH2O,pH7.6 

TBST 1L 1X TBS+ 10ml (10%Tween) 

5% BSA Blocking buffer 

for (WB) 

25g BSA+ 500ml 1X TBST 

2% BSA Blocking buffer 

for (WB) 

10g BSA+ 500ml 1X TBST 
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 Antibodies  

Table 2.3 Primary antibodies used in this  

Antibody 

Name  

Source Catalog 

Number 

Dilution 

Factor 

Host 

Species 

Application 

Actin (I-19) Santa Cruz 

Biotechnology (CA, 

USA) 

sc-1616-R 1:2000 Rabbit WB 

AKT Cell Signalling 

Technologies 

(Hitchin, UK) 

#9272 1:1000 Rabbit WB  

EGFR 

Receptor -1 

Cell Signalling 

Technologies 

(Hitchin, UK) 

#2232 1:1000 Rabbit WB 

VEGF 

Receptor- 2 

(55B11) 

Cell Signalling 

Technologies 

(Hitchin, UK) 

#2479 1:1000 Rabbit WB 

ERK5 Cell Signalling 

Technologies 

(Hitchin, UK) 

#3372 

#12950 

1:1000 

1:100 

Rabbit WB 

IF 

p44/42 

MAPK 

(ERK1/2) 

Cell Signalling 

Technologies 

(Hitchin, UK) 

#9102 1:2000 Rabbit WB 

Cyclin D1 

(92G2)  

Cell Signalling 

Technologies 

(Hitchin, UK) 

#2978 1:1000 Rabbit WB 

Cleaved 

Caspase-3 

(Asp175) 

Cell Signalling 

Technologies 

(Hitchin, UK) 

#9661 1:1000 Rabbit WB 

GAPDH 

XP 

Cell Signalling 

Technologies 

(Hitchin, UK) 

#5174 1:1000 Rabbit WB 

WB – western blotting; IF – immunofluorescence. 

 

 

 



Chapter 2 – Materials & Methods 

63 

 

Table 2.4 Primary antibodies used in this project (Phosph- Antibodies) 

Antibody Name  Source Catalog 

Number 

Dilution 

Factor 

Host 

Species 

Applicatio

n 

Phospho- 

EGFR1 

(tyr1068) (D7A5) 

XP  mAb 

Cell Signalling 

Technologies 

(Hitchin, UK) 

#2234 1:1000 Rabbit WB 

Phospho-VEGF 

Receptor-2 

(Tyr1175) 

(D5B11) XP  

mAb 

Cell Signalling 

Technologies 

(Hitchin, UK) 

#3770 1:1000 Rabbit WB 

Phospho- ERK5 

(T218/Y220) 

New England 

Biolabs (Hitchin, 

UK) 

#3371 1:1000 Rabbit WB 

Phospho- AKT 

(S473) XP 

Cell Signalling 

Technologies 

(Hitchin, UK) 

#4060 1:2000 Rabbit WB 

Phospho-p44/42 

(ERK1/2) 

(Thr202/Tyr204) 

(D13.14.4E) 

XP  mAb 

Cell Signalling 

Technologies 

(Hitchin, UK) 

#4370 1:2000 Rabbit WB 

Phospho –

MEK1/2 

(Ser217/221) 

(41G9)  

New England 

Biolabs (Hitchin, 

UK) 

#9154 1:1000 Rabbit WB 

Phospho –c-Raf 

(Ser338)(56A6)  

New England 

Biolabs (Hitchin, 

UK) 

#9247 1:1000 Rabbit WB 

WB – western blotting; IF – immunofluorescence. 
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Table 2.5 Secondary antibodies used in this project 

Antibody Source Cat. No. Dilution Application 

Alexa Fluor® 488 

Donkey Anti-

Rabbit IgG (H+L) 

Molecular Probes® (Life 

Technologies™; Paisley, 

UK) 

#A21206 1:10000 IF 

Alexa Fluor® 568 

Donkey Anti-

Rabbit IgG (H+L) 

Molecular Probes® (Life 

Technologies™; Paisley, 

UK) 

#A10042 1:10000 IF 

Hoechst 33342 Molecular Probes® (Life 

Technologies™; Paisley, 

UK) 

#H1399 1:5000 IF 

HRP-conjugated 

AffiniPure Donkey 

Anti-Goat IgG 

(H+L) 

Jackson ImmunoResearch 

Laboratories, Inc. (PA, 

USA) 

#705-035-

147 

1:10000 WB 

HRP-conjugated 

AffiniPure Goat 

Anti-Mouse IgG 

(H+L) 

Jackson ImmunoResearch 

Laboratories, Inc. (PA, 

USA) 

#115-035- 

166 

1:5000 WB 

HRP-conjugated 

AffiniPure Goat 

Anti-Rabbit IgG 

(H+L) 

Jackson ImmunoResearch 

Laboratories, Inc. (PA, 

USA) 

#111-035-

144 

1:5000 WB 

WB – western blotting; IF – immunofluorescence. 
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 Cell lines 

Table 2.6 Cell lines used in this project 

Abbr. 

Name 

Cell type and details Source Catalogue and 

Lot Numbers 

HeLa Human epithelial cervical cancer 

cell line Isolated from adult, 

African-American female 

European Collection of 

Cell Cultures supplied 

by Sigma- Aldrich 

(Poole, UK) 

12B006 

HeLa-TR Human epithelial cervical cancer 

cell line Isolated from adult, 

African-American female resistant 

to (0.01 and 0.1uM) of Trametinib 

European Collection of 

Cell Cultures supplied 

by Sigma- Aldrich 

(Poole, UK) 

12B006 

HDMEC 

Juvenile 

Human Dermal Microvascular 

Endothelial cells, Isolated from 

foreskin, Male, Age 3, Caucasian. 

 PromoCell 

(Heidelberg, Germany) 

C-12210 

6060707.1 
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 Cell culture media 

Table 2.7 Cell culture media used in this project  

Media  Composition Source 
Endothelial Cell 

Basal Medium MV2  

C-22221 (C-22226 

phenol red free) 

(Full growth media) 

Fetal calf serum (FCS) supplemented with 5% (v/v), 

Epidermal growth factor (EGF) (recombinant 

human) 5 ng/ml, Basic fibroblast growth factor 

(recombinant human) 10 ng/ml, Insulin-like growth 

factor (long R3 IGF) 20 ng/ml, Vascular endothelial 

growth factor 165 (VEGF-A165) (recombinant 

human) 0.5 ng/ml, Ascorbic acid 1 µg/ml, 

Hydrocortisone 0.2 µg/ml. 

PromoCell 

(Heidelberg, 

Germany) 

Endothelial Cell 

Basal Medium MV2  

C-22221 (1% (v/v) 

FCS, low serum 

media) 

EBM MV2 basal medium supplemented with 1% 

(v/v) fetal calf serum (FCS), (Cat. No. C-22221). PromoCell 

(Heidelberg, 

Germany) 

EBM MV2 Growth 

Medium 

EBM MV2 basal medium supplemented with 5% 

(v/v) fetal calf serum (FCS), EGF (5.0 ng/ml), 

hydrocortisone (0.2 μg/ml), VEGF (0.5 ng/ml), 

FGF-2 (10.0 ng/ml), insulin-like growth factor-1 

(20.0 ng/ml) and ascorbic acid (1.0 μg/ml), (Cat. 

No. C-22121). 

PromoCell 

(Heidelberg, 

Germany). 

Dulbecco’s 

Modified Eagle’s 

Medium – High 

Glucose (DMEM) 

D6429 (Full growth 

media) 

Dulbecco’s Modified Eagle Medium (DMEM) (Cat. 

No. D6429) containing 4500 mg/L glucose, L-

glutamine, sodium pyruvate and sodium bicarbonate 

Supplemented with 10% (v/v), Fetal calf serum 0.1 

ml/ml. 

Gibco® (Life 

Technologies™; 

Paisley, UK) 

Dulbecco’s 

Modified Eagle’s 

Medium – High 

Glucose (DMEM) 

D6429 (Low serum 

media) 

Dulbecco’s Modified Eagle Medium (DMEM) (Cat. 

No. D6429) containing Glucose, L-glytamine, 

Sodium pyruvate, Sodium bicarbonate 4500 mg/L, 

0.1% (v/v),   Fetal calf serum 0.01 ml/ml. 

Gibco® (Life 

Technologies™; 

Paisley, UK) 

Serum-free medium EBM MV2 basal medium with no added growth 

factors or serum, (Cat. No. C-22221). 

PromoCell 

(Heidelberg, 

Germany) 

0.5% (w/v) Gelatin 

solution 

0.1% (w/v) gelatin from porcine skin, (type A, cell  

culture tested) in ddH2O and 

autoclaved. 

Inamed 

Biomaterials 

(Leimuiden, The 

Netherlands) 

Opti-MEM | 

Reduced Serum 

Medium (1X), liquid 

- with GlutaMAX™ 

 

Containing GlutaMAX™ I, 2400 mg/l sodium bicarbonate, HEPES, sodium 
pyruvate, hypoxanthine, thymidine, trace elements, growth factors, 1.1 mg/l 

phenol red, m(Cat. No.: 51985-026). 

 

Invitrogen (Paisley, 
U.K) 
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 Oligonucleotide primers  

The oligonucleotide primer pairs utilised in this research are listed in Table 2.8. 

Primers were designed via Invitrogen OligoPerfect™ designer facility using the 

following parameters: Primer melting temperature (T m (°C)): min 57, opt 60, max 

63. Primer size (bases): min 18, opt 20, max 27.  Primer GC content (%GC): min 

40, opt 50, max 60.  Salt concentration 50 mM Primer concentration 50 nM. Product 

size (bp): min 100, max 150.  Primers were bought from Invitrogen (Paisley, U.K.). 

Oligonucleotide primers were reconstituted to 100 µM using Tris-EDTA (TE) 

buffer solution (pH 8.0). The primers were reconstituted to 100 µM by adding 55 

µl of TE buffer solution. Primers were incubated at room temperature (r.t.) for two 

minutes to re-hydration followed by vortexing for 25s and stored at -80°C. Aliquots 

of the reconstituted primers were diluted 40-fold in sterile, RNase-free ddH2O 

(Sigma-Aldrich), to a concentration of 2.5 µM before use in qRT-PCR reactions. 

Table 2.8 Oligonucleotide primers  

Primer 

name 

Forward Sequence (5’ – 3’) Reverse Sequence (5’ – 3’) 

VEGFR-2 CAAACGCTGACATGTACGGTCT CCAACTGCCAATACCAGTGGA 

EGFR-1 TATGTTCCCTCCAGGTCAGC GCACCTGTAAAATGCCCTGT 

MEK2 AGTCCTGAGACCAGCAAGGA GGATCCCTCAACAGCCATA 

MEK3 GGAGTTCATCCCAGAGACCA CTGTCTGCTGACCTGTCCAA 

MEK5 ACGTGAAGCCCTCCAATATG GGCGCCATATAAGCATTTGT 

ERK5 TGTTCTCAGGCACACCAAAG GAGGCTGAGAGAGAGGCTGA 

Actin GATGAGATTGGCATGGCTTT CACCTTCACCGTTCCAGTTT 
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 Materials for cell culture  

The 10 centimetre diameter polystyrene tissue-culture dishes, 6, 12, 24 and 96-

well cell-culture plates, 96-well polypropylene PCR microplates, white-walled 96-

well cell culture plates, cell scrapers, centrifuge tubes, cryovials, microfuge tubes, 

Glass coverslips (16 mm diameter) were bought from Agar Scientific (Stansted, 

U.K.). Filter pipette tips and serological pipettes were bought from Greiner Bio-

One (Stonehouse, U.K.)  
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2.2. Method 

 Cell Culture 

2.2.1.1. Cell Culture technique or (protocol)  

Cells were regularly cultured, in a TriMAT2 class II microbiological safety cabinet 

under sterile conditions which were maintained by wearing a Howie coat and nitrile 

gloves.  All (cell culture materials) (equipment) used was sterile and media was 

warmed in a water bath to 37C prior to use.  All experiments surfaces were wiped 

(cleaned) with 70% (v/v) ethanol prior and after cell culture work.   

2.2.1.2. Gelatin coating of cell culture dishes and plates 

HDMEC were seeded and cultured on sterile 10 cm diameter polystyrene cell 

culture dishes, plates and cover slips coated with 0.5% (w/v) gelatin for 

approximately 15 minutes and incubated at 37 °C in a humidified, 5% (v/v) CO2, 

atmosphere. HeLa were grown on uncoated T75 flasks.  Prior to plating out Pericyte, 

NHDF, HCMEC and HDMEC, gelatin was removed from the plates or/and dishes. 

2.2.1.3. Thawing of cryopreserved cell stocks 

All cells were cryopreserved at -196C in liquid nitrogen. Cryopreserved cells were 

thawed at 37C in a water bath for 2-3 minutes, and the cryovials were sterilised 

with 70% (v/v) isopropanol followed by transferring the cells to a 15 ml tube and 

resuspension in 9ml warmed (FGM) culture medium. Cells were centrifuged at 

1000 RPM for 5 minutes, and then the supernatant was aspirated off and the cell 

pellet was re-suspended in fresh FGM prior to plating out onto a T75 cm2 flask. 

However, Pericyte, NHDF and/or HDMEC were transported into 10 cm dish, 

gelatin coated whereas the cancer cell types (HeLa and HeLa-TR) were transferred 

to a non-gelatinized T75 cm
2 flask. 
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     Routine cell culture or Passaging of cells 

Cells were grown at 37 °C for around 2-3 days until the confluence of cells reached 

80-90%, thereafter, the cells were then split to the next passage. Medium was 

removed and cells were washed with (10 ml) Versene (DPBS without calcium and 

magnesium plus 0.5 mM EDTA) before adding 1 ml of 0.05% Trypsin-EDTA. 

Following on, cells were incubated at 37 °C in a CO2 atmosphere and humidified 

5% (v/v) for 3-5 minutes, after which, dishes/flasks were tapped gently to aid cell 

detachment. Most of the cell were detached, 90-100% of cells will have detached, 

which can be observed under an inverted light microscope. Cells were re-suspended 

with the appropriate volume of cell culture medium and seeded in the splitting ratio 

stated in Table 2.9.  

Table 2.9 Routine Cell Culture and Passaging  

Cell Type Media Ratio Passage  

HeLa DMEM containing 10% FCS 1:8 every 3 days p4-p30 

HeLa-TR DMEM containing 10% FCS 1:4 every 3 days p4-p30 

HDMEC 

Juvenile 

EBM MV2 plus growth factors 1:3 every 3 days p4-p12 
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Table 2.10 Cell density for protein analysis experiments 

Cell Type 
24-well plate 

(cells/well) in 1 

mL of media 

12-well plate 

(cells/well) in 1 mL 

of media 

6-well plate 

(cells/well) in 2 

mL of media 

10 cm dish 

(cells/dish) in 

8 mL of 

media 

HeLa 1.3 x 105 6.5 x 104 1.3 x 105 5.2 x 105 

HDMEC 

Juvenile 
5.0 x 105 

5.0 x 104 1.0 x 105 4.0 x 105 

 

 Cell culture materials 

The 10 centimetre diameter polystyrene tissue-culture dishes, 6-, 12-, 24- and 

96-well cell-culture plates, centrifuge tubes, cryovials, cell scrapers, white-walled 

96-well cell culture plates, 96-well polypropylene PCR microplates, filter pipette 

tips, serological pipettes and microfuge tubes were purchased from Greiner Bio-

One (Stonehouse, U.K.). Glass coverslips (16 mm diameter) were purchased from 

Agar Scientific (Stansted, U.K.).  

 Generation of HeLa-trametinib resistant (HeLa-TR) Cancer Cells  

HeLa cells were plated in a T-75 cm flask containing 12 mL of full growth media 

(2.1 x 106 cells per flask). After 24 h, when cells are at about 70-80% confluence, 

Trametinib at a concentration of 0.001uM was added to the cells and incubated for 

1 week Error! Reference source not found.. During this period the cells were 

assaged into two flask, twice. Thereafter in an incremental manner each week the 

concertation of Trametininb incubated with the cells was doubled so that by week 

9 the final concentration was 0.1 uM. The concentrations of trametinib used were; 

0.001, 0.002, 0.004, 0.008, 0.01, 0.02, 0.04, 0.08 and 0.1 uM. The cells were 

generated either till week 5 (0.01 uM) or week 9 (0.1 uM) and were used to study 

HeLa-TR. 
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Figure 2.1 Generation of HeLa-trametinib resistant (HeLa-TR) Cancer Cells  

 

 Wound-Healing Migration Assay  

HeLa cells and Human dermal microvascular endothelial cells (HDMECs) were 

seeded in a 12 well plate in 1ml of full-growth media containing 10% of fetal calf 

serum (FCS) for 24 hours. Following this, cells were serum-starved overnight with 

1% or 0.1% of FCS media for HDMEC and HeLa respectively, until they had 

reached confluency. Using a sterile 200μl pipette tip and pre-disinfected ruler, a 

vertical scratch wound was introduced onto the cells by drawing a straight line 

across the well, from top to bottom. Detached cell debris was removed by washing 

with PBS, then fresh 1% FCS media was added into each well. Thereafter, cells 

were pre-treated for 30 minutes with drugs reconstituted in culture medium under 

serum-starved conditions followed by the addition of 50 ng/ml of growth factors 

(VEGF-A or EGF in serum starved media). Images of scratch wound were taken 

using a light microscope to signify time = 0h. Thereafter, cells were returned to the 

incubator (at 37⁰C and 5 % CO2) for approximately 18h in order to allow for the 

scratches introduced to close. Following that, medium was aspirated off the cells 
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and they were washed two times with PBS at room temperature and fixed with 2% 

PFA for 10 minutes. Cells in each well were stained with Crystal Violet (Sigma 

#HT90132) and placed on a rocker for 30 minutes or till they were completely dry. 

Cells were then washed with water in a sink to remove all excess Crystal Violet and 

kept in PBS at 4°C and stored until ready for imaging with a light microscope. To 

determine wound healing or cell migration, three images were taken of each scratch 

and migration from the stained cells (t=18 hours). The scratch width was quantified 

and compared with that for the same cells at the earlier time point (t= 0 hour). 

(Figure 2.2).   

 

Figure 2.2 Wound healing analysis. This figure displays how wound healing was measured. Two 
times images were taken first at time zero and second were after the cells were fixed (around 
18hours), three more images were taken. A line was drawn between empty area and cells 
stimulation to calculate cell migration and an average of that represented as a bar chart in the 
consequences section. 

 

Empty area 



Chapter 2 – Materials & Methods 

74 

 

 Cell viability assay  

Cells were seeded at a density of 5000 cells per well in a 96-well plate in appropriate 

cell culture medium and were incubated at 37 ºC for 24 hours. Cells were then 

washed in sterile PBS and kept in medium containing 1% FCS overnight or 18 

hours. Thereafter, cells were treated with inhibitors, growth factors and/or anti-

cancer drugs in an appropriate cell culture medium and incubated for 72 hours at 37 

⁰C. Cells were washed twice with ice-cold PBS and 100 µl of PBS was added to 

each well then 25 µl of Cell-Titer Glo mix (Promega) was added and incubated for 

20 minutes at room temperature on the shaker. After that, 100 µl of lysates was 

transferred to a white-bottomed 96-well plate (Greiner bio-one, UK) and 

luminescence was measured using a Varioskan plate reader (Thermo Scientific, 

USA). Finally Graph Pad Prism 5 software (Graph Pad Prism software, Inc. San 

Diego, CA) was used to determine and analyze an IC50 for each cell type and 

condition.  

 Immunofluorescence 

2.2.7.1. Cell staining 

Cells were seeded onto 24 well plates containing coverslips at a density of 7 × 104 

cells/wells. Initially, cells were plated in full growth media for 24 hours. On day 

two media was changed to serum starved in 1%FCS media, and cells were 

transfected with ERK5-GFP viruses for 6 hours. Cells were washed in sterile DPBS 

containing calcium and magnesium, after which media was changed to full growth 

media overnight. On day three media was changed to low serum 0.1% FCS for 24 

hours. On day four cells were stimulated with EGF 50 ng/ml for 30 minutes. Next, 

a washing step was performed with DPBS containing calcium and magnesium, and 

cells were fixed and permeabilised with ice-cold methanol for 10 minutes at -20 Co. 

After that, cells were washed in sterile DPBS containing calcium and magnesium. 

Following this the cells were incubated with blocking buffer (containing 0.1% 
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Tween-20 and 1% BSA and 5% (v/v) bovine serum (from animal source of 2° 

antibody) on a rocker with gentle rotation for 1 hour at room temperature. Next, 

cells were washed three times with 1X TBST (unless otherwise stated in the text, 

all subsequent washes were with Tris-buffered saline (TBS; 20mM Tris, 0.137M 

NaCl) containing 0.1% (v/v) Tween-20 (TBS-T), then incubated with desired 

primary antibody (1:100 dilution of ERK5 Rabbit anti-human antibody in 1% BSA 

in TBST) on a rocker with gentle rotation for 1 hour at room temperature. After that, 

cells were washed with 1X TBST then incubated with secondary antibodies (Alexa  

Fluor®   488  conjugate, 568 and 680  were  prepared  in antibody  dilution  (1:1000) 

buffer  1%  BSA  in  TBST.) 100 microliters of the antibody dilution was added to 

each well, and plates were incubated at room temperature for 50 minutes then, 20 

microliters of the Hoechst was added to each well in dilution (1:5000) in 1% BSA 

in TBST and incubated for 10 minutes at room temperature, in the dark. Finally, 

each well was washed twice in TBST.  

2.2.7.2. Image acquisition and analysis  

The glass coverslips were then carefully removed from the wells using forceps and 

mounted onto glass slides, using ProLong® Gold antifade reagent and sealed with 

clear nail varnish. Samples were stored in the dark at 4ºC until observation. 

Fluorescence images were acquired using x20 and x63 oil-immersion objectives on 

a confocal laser-scanning microscope (Zeiss Axio observer microscope and the 

associated Zen software).    

 Cell Counting 

Cells were counted to ensure a consistent cell number for each experiment. To do 

this, cells were dislodged from the surface of the plate, dish or flask using 1 ml 

trypsin for about 3 minutes in the incubator to cause detachment. Cells were then 

re-suspended in the required volume of appropriate cell culture medium. Around 

100 µL of suspended cells were pipetted onto a Neubauer Improved 
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haemocytometer (Hecht-Assistant, Sondheim/Rhon, Germany) and were counted 

under a light microscope. 

 Cell treatment 

2.2.9.1. Growth factor stimulation of cells 

Before cells (HDMEC, HeLa, and HeLa-TR) were stimulated, they were serum-

starved in appropriate low serum culture medium overnight at 37 °C.   Vascular 

endothelial growth factor (VEGF-A) and epidermal growth factor (EGF) were the 

main growth factors utilised in this project to stimulate HDMEC, and HeLa cells 

respectively. Sterile PBS containing 0.1% (w/v) BSA was used to dilute the growth 

factors in order to make a stock concentration of 100 mg/ml which were stored in 

aliquots at -80 °C. For experimental use, growth factors were diluted with low serum 

medium to final concentrations of 50 ng/ml and incubated for different periods of 

time. 

2.2.9.2. Intracellular kinase inhibition using small-molecule inhibitors 

and anticancer drugs. 

The small molecule kinase inhibitors used in the experiments, BIX 02189, XMD8-

92, Trametinib, AX15836, Selumetinib and SB202190, were diluted in sterile 

dimethyl sulphoxide (DMSO) to stock solutions of 50 mM to 10 mM and stored in 

aliquots at -80 °C. The inhibitors were diluted in appropriate low-serum media to 

give 0.1% (v/v) final concentration of DMSO in each condition. In control 

experiments, 0.1% (v/v) DMSO in appropriate low serum was added as a vehicle 

control. Prior to stimulation of cells with growth factors (section 2.2.2.1) and cell 

lysis (section 2.2.2.4), cells were incubated with inhibitors at 37 °C for 30 minutes.  
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 Cell lysis 

Cell lysates were prepared by placing cell culture plates on ice and then washing 

cells with ice-cold PBS (Table 2.4). After that, modified radio immunoprecipitation 

assay (RIPA) buffer, (20 mM Tris-HCl; pH 7.5, 150 mM NaCl, 2.5 mM EDTA, 

10% (v/v) glycerol, 1% Triton-X-100, 1 mM Na3VO4, 10 µg/mL Aprotinin, 10 

µg/mL leupeptin, 10 µg/mL pepstatin, 1 mM PMSF, 0.1% (w/v) SDS and 0.5% 

(w/v) sodium deoxycholate), was added to generate the lysates for Western 

immunoblotting and then the lysed cells were scraped and transferred into 

centrifuge tubes and the cell debris cleared by centrifugation at 14000 rpm for 20 

minutes at 4°C. The supernatant was transferred to fresh centrifuge tubes and mixed 

with 1/3 volume of 4x LDS. Protein samples were then boiled at 90°C for 5 minutes 

and vortexed and finally frozen at -20 °C prior to use in Western immunoblotting. 

 RNA Interference of Mammalian Cells (siRNA) 

To selectively knockdown the expression of a particular protein, small interfering 

RNAs (siRNA) were transfected into cells. Pre-designed siRNAs were used. On day 

one cells were seeded in a 12-well plate in growth media for approximately 24 hours 

before transfection. On the day of transfection, two tubes were prepared containing 

250μl of OPTIMEM (+GlutaMAX I) media. To one tube 2.5μl of Lipofectamine™ 

RNAi MAX was added, to the second tube the required amount of siRNA duplex 

was added to give a final concentration of 20nM in a 2.5 ml final volume and left 

for 5 minutes at room temperature. The lipofectamine mixture was added slowly to 

the siRNA mix and incubated for a further 20-30 minutes at room temperature. Once 

again, media was aspirated from cells and replaced with 2ml OPTIMEM. The 

transfection mix was added dropwise to each well giving a final volume of 2.5ml. 

The plates were returned to the incubator for 6 hours. After 6 hours the transfection 

mix was removed, and cells were washed with PBS containing (Mg+2/Ca+2). Next 

washing, 2ml of growth media was added, and the cells returned to the incubator 
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for 24 hours. On day three, the cells were serum starved (0.1% FCS) overnight prior 

to stimulation.  

 RNA extraction 

Extraction of RNA extraction was performed on a clean bench using RNase-free 

filter tips and RNase-free water. To reduce RNA degradation, samples from which 

RNA was extracted were kept on ice at all times followed by RNA extraction from 

the cells using RNeasy mini kit (Qiagen. UK).  

The cells were washed with PBS (without Ca2+/Mg2+) followed by the addition of 

600 µl of RLT buffer to which 1% (v/v) of 2-mercaptoethanol had been added. 

Lysed cells were collected after scraping and were transferred to a QIAshredder 

spin column and centrifuged for 2 minutes at 15000 rpm. Samples were transferred 

into a RNeasy mini column and centrifuged at 15000 rpm for 30 seconds and 

following which the flow-through was discarded. The RNeasy mini columns were 

washed with 350 µl of RW1 buffer and then centrifuged for 30 seconds at 15000 

rpm, the flow-through was discarded. To remove genomic DNA contamination, 

DNase digestion was carried out by adding 80 µl of DNase 1 solution to the column 

membrane of each RNeasy mini column and incubated for 15 minutes at room 

temperature to allow for complete digestion of genomic DNA. Each membrane was 

washed by adding 350 µl of RW1, spun at 15000 rpm for 30 sec and flow through 

was discarded. Each RNeasy mini column was then washed with 500 µl of RPE and 

centrifuged for 2 minutes at 15000 rpm. RNeasy columns were transferred to new 

centrifuge tubes and 30 µl of RNase-free water was added to each column 

membrane to elute total RNA. The RNA was quantified using a Nano drop ND-

1000 spectrophotometer (Laptech international, Lewes, UK). A 260/280 ratio > 2.0 

was used to confirm RNA purity. 
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 Reverse transcription of mRNA (cDNA synthesis) 

The reverse transcription reaction procedure was performed in sterile, RNase and 

DNase free PCR tubes. In each tube, 1 µl of total RNA was mixed with 1 µl oligo 

d (T)18 (Invitrogen Custom primer, 500 µg/ml), 1 µl dNTP mix (10mM, Invitrogen) 

and nuclease free water to give a final reaction volume of 12 µl. Following gentle 

mixing, tubes were heated to 65 ºC for five minutes using a PCH-1 heating unit and 

cooled on ice. A master mix containing 4 µl of 5x first strand buffer, 2 µl 0.1 M 

DTT, 1 µl RNaseOUT and 1 µl M-MLV Reverse Transcriptase (Invitrogen) was 

prepared and 8 µl of this master mix was added to each tube and incubated at 25 ºC 

for 5 minutes followed by a further 60 minutes at 37ºC and lastly for 15 minutes at 

70 ºC to allow the reaction to inactivate. At the end, samples were diluted with 130 

µl of ddH2O to give a cDNA concentration of 6.7ng/µl. 

 Real Time PCR 

RT-PCR reaction mixtures contained 1.5 µl (10 ng) cDNA template, 6.7ng/μl sterile 

nuclease free ddH2O, 10 µl 2x Power SYBR Green Mastermix (Applied 

Biosystem), a highly specific dye SYBR Green that fluoresces when bound to 

dsDNA, and 2 µl of each of the forward and reverse primers at a final concentration 

of 250 nM in a final volume of 20 µl for each reaction. All the RT-PCR reactions 

vortexed and loaded onto 96-well PCR plates, which was sealed with optically clear 

sealing film. Subsequently, the plate was run on an ABI 7000 PCR system (Applied 

Biosystem, CA, USA) with the following parameters; 50˚C for two minutes and 

95˚C for 10 minutes, followed by 40 cycles of 95˚C for 15 seconds and 60˚C for 

one minute. 
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 Interpreting RT-PCR results 

The relative expression of the gene of interest was established by using the 

comparative cycle threshold (Ct) method. The mean and the standard deviation (SD) 

of three replicate samples were calculated for the first stage.  

Secondly, the Ct value of the target gene was subtracted from the Ct value of the 

reference gene, a housekeeping gene such as GAPDH or β-Actin, to determine the 

∆Ct for each sample as displayed in the equation below: 

∆Ct= Ct target gene – Ct reference gene 

Thirdly, the standard deviation of ∆Ct value was calculated from the standard 

deviation for the target and reference gene Ct values, as displayed below: 

(s=standard deviation) 

s1= standard deviation of reference gene Ct values s2= standard deviation of 

target target gene Ct values s(∆Ct)=(s12+s22)1/2 

In the fourth stage, the ∆∆Ct value was calculated by subtracting ∆Ct of the 

stimulated samples from the ∆Ct of the basal samples as displayed below: 

∆∆Ct=∆Ct stimulated samples - ∆Ct basal samples.  

Finally the range in fold increase was calculated as follows using this. Primer efficiencies 

were not determined but were assumed to be >95% 
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 Western Blotting  

2.2.16.1. Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

(SDS-PAGE) 

Two main kinds of SDS-PAGE gels have been utilized throughout this project, the 

first method was pre-cast 15-well NuPAGE® Novex® 4-12% Bis-Tris 

polyacrylamide gels in the XCell SureLock™ Mini-cell electrophoresis system 

(Invitrogen), with 800 ml 1x MOPS running buffer (0.05 M MOPS, 0.05 M Tris, 1 

mM EDTA, 0.1% (v/v) SDS).  Before that prepared lysates were loaded into the 

wells and resolved at 50 mA, 15 W, 200 V for 2 – 3 hours based on molecular 

weights of proteins of interest. The resolving gel was separated from the stacker and 

‘foot’ of the gel before equilibrating in 1 X Tris-glycine transfer buffer (12 mM 

Tris, 96 mM glycine, 20% (v/v) methanol). The second type was self-cast gels, 

made in XCell SureLock™ Mini-Cell, XCell II™ Blot Module, 1.5 mm (Invitrogen, 

SKU#NC2015, UK). The desired acrylamide gel percentage was poured as 

displayed in (Table 2.11). 
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Table 2.11 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

Gels were composed with 800 ml 1x SDS running buffer (25 mM Tris base, 0.192 

M glycine, 0.1% (w/v) SDS, pH 8.3) was prepared as a 10X stock solution and 

diluted 1:10 in ddH2O prior to use. TEMED and APS were added last to catalyze 

the polymerization to ensure remove air bubbles, 1 ml of isopropanol was overlaid 

on top of the gel and allowed to polymerise for 45 minutes at room temperature. 

After 30 to 45 minutes, the isopropanol was poured off and the stacking gel was 

added to a 15-well plate. A 1.5 mm comb was placed into the top cassette and the 

stacking gel allowed polymerising for 45 minutes. Gels were run in 1X SDS-

PAGAE Tris Glycine at 125V and 35mA for the the appropriate period of time 

depending on the percentage of the gel.  Dependent on the run, one or two gels (pre-

cast or self-cast) were loaded in the Mini-Cell running unit and placed into the tank 

and secured by locking the tension wedge. The combs were removed and rinsed 

with running buffer or dH2O to eliminate any un-polymerised acrylamide. Between 

10µl - 25µl of protein lysates in LDS was loaded into each well with 2 µl of a full 

range rainbow marker that was added to 23 µl 1X LDS sample buffer and loaded 

into the first well of each SDS-PAGE gel. Next, the running buffer was poured into 

Mini Gel 
Unit

s 

Stacke

r 

Running Gel 

5% 6% 7% 8% 
10

% 

12

% 

15

% 

30% acrylamide/0.8%Bis ml 0.7 1.7 2 2.3 2.7 3.3 4 5 

2.0M Tris/HCl pH8.8 ml - 2 2 2 2 2 2 2 

0.5M Tris/HCl pH6.8 ml 0.7               

87% Glycerol ml - 0.7 0.7 0.7 0.7 0.7 0.7 0.7 

dH2O ml 3.6 5.6 5.3 5 4.6 4 3.3 2.3 

Total Volume ml 5 10 10 10 10 10 10 10 

10%APS µl 2.5 
22.

9 

22.

9 

22.

9 

22.

9 
22.9 22.9 22.9 

TEMED µl 5 5 5 5 5 5 5 5 
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the tank and the lid was placed on to the running unit. Lastly, the apparatus was 

associated to power supply to run the gels at constant current of 50 mA, 15 W, 250 

V for MOPS and 35 mA, 125 V, 15 W for Tris-Glycine for up to 2 hours. The gels 

were transferred to 0.2 µm nitrocellulose membrane Hybond-ECL Nitrocellulose 

membrane (Amersham Bioscience, RPN3032D) in transfer buffer at 250 V 140 mA, 

for 2 hours. For the detection of total ERK5 the Bio-Rad Protean system was used 

and it can can run up to four gels at once and uses 7.5% gels from Bio-Rad. The 

running buffer is the same as previously mentioned (SDS) but the gels were run 

using the following conditions; constant current of 25 mA, 15 W, 250 V for 2hours. 

Once the gel has run it was transferred with the BioRad turbo blotter, run on high 

molecular weight for full kit size (2.5A for 10 minutes).  

Membranes were washed in TBS with 0.1% (v/v) Tween-20 to eliminate the 

methanol that is present in the transfer buffer, thereafter the membrane was placed 

directly in blocking solution buffer consisting of 5% (w/v) BSA in TBS + 0.02% 

(w/v) azide (Sigma # S-6508) with 0.1% (v/v) Tween-20 for 1 hour at room 

temperature and then incubated in primary antibodies in 2% BSA in TBS with 0.1% 

(v/v) Tween-20 + 0.02% (w/v) azide, which were then incubated overnight at 4°C 

under continuous shaking. The blots were then washed six times in TBS with 0.1% 

(v/v) Tween-20 for 10 minutes each time with gentle rocking before addition of the 

appropriate secondary antibodies made up in 2% BSA in TBS with 0.1% (v/v) 

Tween-20 at 4°C for 1.5 to 2 hours and washed in TBS with 0.1% (v/v) Tween-20 

six times before the final TBS wash. 
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2.2.16.2. Western Blot Development  

The membranes were soaked in for 2 to 5 minutes in ECL reagent (Amersham, 

RPN2106) viewing solution, after that, the membrane was then arranged and sealed 

in a plastic wallet within a Fuji Medical X-ray film cassette. In a western blotting 

processing dark room the membrane was exposed on to Fuji Medical X-ray film for 

the desired amount of times. Films were soaked in developing and fixing solution 

for 1 minute before drying. 
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2.2.16.3. Phos-Tag Mn2+  

Prepare 10mM MnCl2 solution fresh. Weigh out 0.1g MnCl2 (H2O)4 MW=198 

powder into a 50ml tube. Dissolve in 50ml dH2O.Table 2.12 Resolving and Stacking 

Buffer prepare 500ml. 

 

 Table 2.12 Resolving and Stacking Buffer prepare 500ml 

Reagent 
Resolving gel 8%.  

total volume= 8ml 

Stacking gel total       

volume = 8ml 

30% (w/v) acrylamide solution 2.1ml 1.2ml 

1.5M Tris/HCl pH 8.8, 0.4% SDS 2.0ml -------- 

Phos-Tag reagent (5mM) 80 μl -------- 

MnCl2 Solution (10mM) 80 μl   

0.5M Tris/HCl pH 6.8, 0.4% SDS -------- 2.0ml 

dH2O 3.7ml 4.8ml 

Temed 8 μl 8 μl 

APS 10% (w/v) 40 μl 40 μl 

 

Table 2.13 Running Buffer prepare Mn2+ 

Reagent volume 

10X  SDS-page Buffer  

(250mM Tris/1.92M Glycine/1%SDS, pH 8.3) 50ml 

dH2O 
450ml 

Run a single gel for 8mA (constant current), 250-300V for 17hrs. For 2 gels run at 

16mM. Electrophoresis to BioRad Turbo blotter transfer. 
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2.2.16.4. Phos-Tag Zn2+  

Prepare 10mM ZnCl2 solution fresh. Weigh out 0.07g ZnCl2 (H2O)4 MW=136 

powder into a 50ml tube. Dissolve in 50ml dH2O. 

 

Table 2.14 Resolving and Stacking Buffer prepare 500ml 

Reagent 
Resolving gel 8%.  

total volume= 8ml 

Stacking gel total   

volume = 8ml 

30% (w/v) acrylamide 

solution 
2.1ml 1.2ml 

1.4M Bis-Tris/HCl pH 6.8. 2.0ml -------- 

Phos-Tag reagent (5mM) 80l -------- 

ZnCl2 Solution (10mM) 80l   

1.4M Bis-Tris/HCl pH 6.8. -------- 2.0ml 

dH2O 3.7ml 4.8ml 

Temed 8l 8l 

APS 10% (w/v) 40l 40l 

 

Table 2.15 Running Buffer prepare 500ml 

Reagent volume 

5X  Running Buffer  SDS-page Buffer  

(0.5M Tris/0.5M MOPS/0.5%SDS, pH 7.8) 

100ml 

0.5M Sodium Bisulfite Solution (40C) 5ml 

dH2O 395ml 

Run a single gel for 8mA (constant current), 250-300V for 5hrs. For 2 gels run at 

16mM. Electrophoresis to BioRad Turbo blotter transfer. 

 

 



Chapter 2 – Materials & Methods 

87 

 

2.2.16.5. Densitometric Quantification of Protein Expression 

The immune reactive bands formed on X-ray film were measured and quantified to 

identify the relative amount of specific proteins. The X-ray film was scanned using 

an Epson® 4490 photo scanner and the densitometric analysis was performed using 

ImageJ software (National Institute of Health (NIH), Version 1.47n). Actin or 

GAPDH were used as a loading control 

 Statistical analysis 

Data are presented as means ± SEM. IC50s from cell viability assays that had been 

repeated 3 times or more were subjected to statistical analysis. Data analysis for 

IC50s was performed using GraphPad Prism (GraphPad software Inc. San Diego, 

CA) Two-tailed unpaired Student’s t-test was used to compare the means of two 

independent groups. In all cases, differences with p values less than 0.05 were 

considered as significantly different. ImageJ software was utilised to analyse for 

densitometry to quantify the level of signal from western blotting images. A 

repeated measures one way ANOVA was performed in GraphPad Prism on 

densitometric values to determine the overall significant difference in the means of 

the experimental conditions. A post hoc test using the Tukey-test allowed for pair-

wise comparison of each experimental condition to the basal control condition, in 

order to determine which specific means significantly differed. The means are 

presented as bar charts with standard deviation bars.  The significance levels p<0.05, 

p<0.01 or p<0.001 were applied accordingly to each experiment and any significant 

differences were indicated with asterisks.
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3.1. Introduction 

Both MEK5 and ERK5 proteins are expressed in various cell lines and tissues (Zhou 

et al., 1995, Buschbeck and Ullrich, 2005). ERK5 plays a key cellular role involving 

proliferation, adhesion, differentiation, migration and survival (Kato et al., 1998, 

Wang and Tournier, 2006, Sawhney et al., 2009). As mentioned earlier ERK5 is 

associated with the progression diseases encompassing cancer, cardiac hypertrophy 

and ischemia (Wang and Tournier, 2006, Takeishi et al., 2002, Montero et al., 

2009). Targeted deletion of erk5, mek5, or mekk3 in mice resulted in death around 

E9.5-11.5. This was as a result of severe defects in cardiac vasculature suggesting 

that ERK5 is critical to vascular endothelial cell function (Regan et al., 2002, Yan 

et al., 2003). Additionally ERK5’s role in in endothelial cell function was confirmed 

following the presence of developmental defects in endothelial-specific deleted erk5 

in mice, but not in other cell types such as cardiomyocytes and hepatocytes (Hayashi 

et al., 2004, Hayashi and Lee, 2004, Roberts et al., 2009).  

Previous research within the group has revealed that ERK5 has a significant role in 

HDMEC through regulating VEGF-mediated AKT phosphorylation and inhibiting 

apoptosis to enable tubular morphogenesis in endothelial cells (Roberts et al., 2010). 

Regarding tumour development, ERK5 has been linked to tumour angiogenesis and 

integrity of vascularisation (Hayashi et al., 2005). Overexpression of ERK5 is 

involved in tumourigenesis in many cancers and for example enhanced activation 

of ERK5 in oral squamous cell carcinoma is connected with a more aggressive 

tumour phenotype (Sticht et al., 2008). Furthermore elevated levels of ERK5 is 

involved in the development and progression of hepatocellular carcinoma (HCC) 

and correlate with decreased disease-free survival in breast cancer (Zen et al., 2009). 

Also over-expression of MEK5 in prostate cancer is associated poor survival and 

can lead to the development of bone metastases, (Montero et al., 2009, Mehta et al., 

2003). This chapter includes experiments carried out to characterise ERK5 

activation in the HeLa cervical cancer cell line and in HDMEC microvascular 
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endothelial cells to determine if ERK5 plays a different physiological role in these 

cells. 

Small molecule inhibitors of the MEK5/ERK5 signalling pathway (BIX02189, 

XMD8-92, and AX15836). Moreover, a potent and cell-permeable molecule 

inhibitors of the p38 MAP kinase (SB202190). Lastly, inhibitors of MEK1/2 

(Selumetinib and Trametinib) were used to define and understand potential 

regulators and effectors of ERK5. Additionally to investigate the phosphorylation 

of ERK5 a technique called Phos-tag™ SDSPAGE was used in this chapter, along 

with small interfering RNA (siRNA) to identify the differences in the role and 

regulation of VEGF- and EGF induced phosphorylation of ERK5 in HDMEC and 

HeLa. The utility of RNA interference (RNAi) technology has been established to 

be an efficient process of post-transcriptional gene silencing (Sharp, 2001). This 

method introduces foreign small double-stranded RNA (dsRNA), complementary 

to the sequence of the gene of interest, which is identified by an RNA III nuclease 

(termed Dicer) and cleaved into short RNA duplexes measuring 21-28 nucleotides 

(consequently the name small interfering RNA). The siRNAs are integrated into a 

silencing complex termed RISC (RNA-induced silencing complex), permitting the 

complex to be guided to the target mRNA sequence, causing the degradation of the 

mRNA sequence and consequently stopping the translation of the mRNA 

(Hammond et al., 2000).    
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3.2. Characterisation of ERK5 activation 

 ERK5 protein expression in HDMEC and HeLa cells  

Following the discovery of ERK5 in 1995, SDS-PAGE (7.5% acrylamide gel) and 

western blotting utilising an anti-BMK1/ERK5 antibody is commonly applied to 

detect ERK5 activation. From SDS-PAGE, phosphorylated ERK5 shows decreased 

electrophoretic mobility, as result of this it migrates slightly slower compared to 

non-phosphorylated form of ERK5. This causes a bandshift with the presence of a 

separated band above the main ERK5 protein band (Abe et al., 1997, Duff et al., 

1995, Abe et al., 1996). This has been used to validate ERK5 activation. EGF has 

been shown to activate ERK5 in HeLa cells and VEGF is reported to stimulate 

ERK5 in HDMECs. Both EGF and VEGF have been used to clarify the activation 

of ERK5 in HeLa and HDMEC cells (Hayashi et al., 2004, Kato et al., 1998, 

Esparis-Ogando et al., 2002). Also as EGF is able to activate ERK1/2 

phosphorylation in HeLa cells and in a similar manner VEGF in various endothelial 

cells, ERK1/2 phosphorylation was evaluated to see whether these growth factors 

were biologically active (Dangelo et al., 1995, Mody et al., 2001). EGF at 

concentration of 50 ng/ml was used to simulate HeLa for 10 minutes and HDMECs 

were stimulated with 50 ng/ml of VEGF for 10 minutes. Under basal conditions no 

stimulant was used. Following the cells were lysed with RIPA lysis buffer and 

separated on 4-12% Bis-Tris polyacrylamide gels. Western blot analysis of EGF-

stimulated HeLa cells with anti-ERK5, displayed a slower migrating band above 

the main band at approximately 130 kDa signifying that ERK5 is stimulated in HeLa 

cells by EGF (Figure 3. 1). On the other hand, VEGF activation of HDMECs did 

not show a mobility bandshift of ERK5 phosphorylation. To look into this more, 

phosphorylation of Thr218/Tyr220 residues of the T-E-Y motif situated on the 

activation loop of ERK5 was investigated with phospho-ERK5 antibody to detect 

ERK5 activation. ERK5 phosphorylation in HDMECs was identified using a p-

ERK5 antibody and VEGF evidently induced stimulation (Figure 3. 1). Also, the 
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use of p-ERK5 antibody on HeLa lysates verified the ERK5 activation results seen 

from the mobility bandshift assay. EGF and VEGF stimulation caused ERK1/2 

activation in HeLa and HDMECs cells respectively implying that these growth 

factors are biologically active in these cells (Figure 3. 1). Densitometry was used in 

the quantification of the stimulated upper p-ERK5 mobility bands which were 

compared to a value of 1.0 set for p-ERK5 bands in the basal condition. Western 

blotting assays displayed that ERK5 is activated in HeLa and HDMECs cells 

following stimulation by EGF and VEGF respectively. To assess this further the 

mRNA expression of, EGFR-1, VEGFR-2, MEK5 and ERK5 in both HeLa and 

HDMECs was analysed using quantitative real time-PCR. The VEGFR2 mRNA 

was extremely expressed in HDMECs by around 8000-fold increase compared to 

HeLa cells while in contrast; EGFR-1 expression was extremely increased in HeLa, 

more than 40-fold. On the other hand, the expression of MEK5 and ERK5 genes in 

cancer cells, represented here by HeLa cells was greater in comparison with 

HDMECs (Figure 3. 2). 
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Figure 3. 1 Characterisation of ERK5 activation in HDMECs and HeLa cells. HDMEC juvenile cells 
were seeded on 12-well plates coated with 0.5% (w/v) gelatin and HeLa cells were seeded on 
standard 12-well plates for 24 hours, prior to overnight (18 hours) serum starvation.  Cells were 
stimulated with 50ng/mL of VEGF-A165 and EGF for 10 minutes, followed by lysis with RIPA buffer. 
Protein lysates from HDMECs and HeLa cells were resolved on 7.5% acrylamide gel and 4-12% Nu-
PAGE gels for 2 hours, transferred to nitrocellulose membranes and blocked in 5% (w/v) BSA for 1 
hour before addition of antibodies. Western blotting (WB) was performed with antibodies against 
p-VEGFR, p-EGFR, total ERK5, p-ERK5, p-AKT, p-ERK1/2 and Actin as a loading control. 
Densitometric analysis of protein phosphorylation or protein expression relative to basal is 
displayed beneath each blot, and was performed using ImageJ software, with the basal control set 
arbitrarily as 1.0. This result is representative of three independent experiments. (n = 3; mean ± 
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SD; *p<0.05; **p<0.01, ***p<0.001; unpaired Student’s t test). Analysis was performed using 
GraphPad Prism software. 
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Figure 3. 2 Analysis of gene expressions by qRT-PCR. The bar charts display RT-PCR analysis for 
VEGFR-2, EGFR-1, MEK5 and ERK5 mRNA level in both HDMECs and HeLa cells. RNA of these cells 
was extracted and cDNA prepared. Data were analysed by the ∆∆Ct value method and the 
expression was normalized to β-actin expression and demonstrated as fold change. This result is 
representative of three independent experiments. (n = 3; mean ± SD; *p<0.05; **p<0.01; unpaired 
Student’s t test). Analysis was performed using GraphPad Prism software.  

 

 Detection of ERK5 activation in HDMEC by Phos-tag 

In comparison to HeLa cells, stimulation of HDMEC by VEGF-A followed by 

separation of proteins by SDS-PAGE and Western blotting, did not lead to a 

mobility bandshift of ERK5 activation (Figure 3. 1). It was considered that ERK5 

may be differentially phosphorylated in HeLa cells and HDMEC, specifically 

considering the several serine and threonine residues in the C-terminal tail of ERK5. 

Therefore, Thr218/Tyr220 phosphorylation alone is not adequate in reducing the 

electrophoretic mobility of p-ERK5 in comparison to non-phosphorylated ERK5; 

as earlier reported in HEK293 cells (Mody et al., 2003b). Thus, in order determine 
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any differences in phosphorylation and ascertain any band shift discrepancies 

between HDMEC and HeLa, specifically in HDMEC as no clear bandshift is visible 

under standard SDS-PAGE conditions (Figure 3. 1), a Phos-tag™ reagent was used 

in an 8% (w/v) acrylamide gel. 

3.2.2.1. Phos-tag acrylamide 

Researchers have stated that phosphorylated proteins can be visualised through the 

use of an alkoxide-bridged dinuclear metal complex as a novel phosphate binding 

tag molecule (Phos-tag™) (Kinoshita et al., 2006). This Phos-tag™ reagent is able 

to capture phosphomonoester di-anions bound to Ser, Thr and Tyr residues. Thus, 

phosphorylated proteins bound to Phos-tag™ migrate slower through a 

polyacrylamide gel than their corresponding non-phosphorylated forms, leading to 

the imagining of multiple bands following WB (Figure 3. 3) (Kinoshita et al., 2006). 

The type of divalent metal ion that binds to the Phos-tag™ molecule can be either 

Manganese (Mn2+) or Zinc (Zn2+). These two compositions have specific usages 

depending on the context. Mn2+-Phos-tag™ SDS-PAGE is similar to the Laemmli 

method and even in the presence of high Phos-tag concentrations, semidry transfer 

is possible. However as some proteins are not separable and its need for immediate 

use; Zn2+-Phos-tag™ SDS-PAGE is often utilised due to its high resolving capability 

and its capacity to separate a wide range of proteins even when they are in their 

phosphorylated forms.  
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Figure 3. 3 Mode of action of Phos-tag acrylamide Mode of action of Phos-tag acrylamide. Image 
from: http://www.wako-chem.co.jp/english/labchem/product/life/Phos-tag/Acrylamide.htm 

EGF-stimulated HeLa and VEGF-stimulated HDMEC protein lysates were 

separated for 17 h at 8 mA on an 8% (w/v) acrylamide, 50 μM Phos-tag™, 100 μM 

MnCl2 gel either using the Mini-PROTEAN electrophoresis system. Gels were 

transferred for 10 minutes using Trans-Blot® Turbo™ system, prior to Western 

blotting with an antibody against ERK5 (Figure 3. 4).  

 

 

A 

WB: ERK5 

(kDa) 
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P-ERK5 

http://www.wako-chem.co.jp/english/labchem/product/life/Phos-tag/Acrylamide.htm
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Figure 3. 4 Phos-tag™ gel SDS-PAGE to detect ERK5 activation. Phos-tag™ gel SDS-PAGE to detect 
ERK5 activation. HeLa cells and HDMEC were seeded on 12well plates for 24 h, prior to overnight 
serum starvation. HeLa were stimulated with EGF (50 ng/mL) and HDMEC with VEGF (50 ng/mL), 
for 10 minutes, followed by RIPA lysis. Lysates were separated for 17 h at 8 mA on an 8% (w/v) 
acrylamide, 50 μM Phos-tag™, using either (A) Mn2+ or (B) Zn2+ .Gels were transferred for 10 
minutes using Trans-Blot® Turbo™ system, prior to Western blotting with an antibody against ERK5. 
Densitometric analysis of protein phosphorylation or protein expression relative to the basal 
control condition of each cell type, is displayed beneath each blot. The basal control condition for 
each cell type and each migrated form of ERK5 was set arbitrarily as 1.0. 

From (Figure 3. 4), in both HDMEC and HeLa cells types and under stimulating 

conditions, a higher migrating band (see arrow) that did not fully resolve from the 

ERK5 band was present and termed “p-ERK5” in (Figure 3. 4). The bandshift seen 

was greater and a clearer discrepancy can be seen in HeLa when compared to the 

fainter bandshift in HDMEC. From figure B, in both HDMEC and HeLa cells types 

and under stimulating conditions, the p-ERK5 band was presnet. However from 

(Figure 3. 4), it can be seen that even though Zn2+-phostag has a better reolving 

capability and is more sensitive than Mn2+, it is unable to discriminate between the 

consequences of EGF and VEGF-A stimulation in HeLa and HDMEC. The results 

from the Zn2+ phostag imply that EGF and VEGF-A produce similar types of 

phosphorylation events. It may be that it is too sensitive and it allows any 

phosphorylation to bring about a bandshift. The Mn2+ phostag blot discriminates 

further that the EGF appears to give a bigger bandshift when compared tp VEGF-

A. This therby implies that EGF displays a different type of phosphorylation event. 

Therfore diplaying that ERK5 is activated differently in HeLa and HDMEC. The 

choice of the divalent cation used may need consideration when looking for mobilty 

bandshift.                                                                                                                   

B 

WB: ERK5 

(kDa) 
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3.3. Investigating the effect of Small interfering RNA mediated MEKK2, 

MEKK3, MEK5, ERK5 silencing following EGF and VEGF-A stimulation 

in HeLa and HDMEC. 

MEKK3 and MEKK2 are able to phosphorylate MEK5 which in turn activate the 

ERK5 signalling cascade. In order to confirm the previous statement, siRNA 

mediated gene silencing was performed utilising duplexes targeting human 

MEKK2, MEKK5, MEK5 and ERK5 in HeLa and HDMECs. Non-silence was used 

in parallel as control for siRNA. siRNA silencing was performed to determine 

which proteins affect ERK5 phosphorylation. The differences between the specific 

siRNA and non-silence can be seen in figures below. Briefly, the analysis revealed 

MEKK2 and MEK5 are required for ERK5 phosphorylation in HeLa cells. In 

HDMECs both MEKK3 and MEK5 are needed for ERK5 phosphorylation.  

In HeLa cells, a noticeable decrease in p-ERK5 was detected, following siRNA 

knockdown of MEKK2, compared to that of the untransfected/non-targeting siRNA 

EGF-stimulated control as well as the untreated cells (Figure 3. 5 [A]). In HDMEC, 

the expression p- ERK5 was not affected by siRNA knockdown of MEKK2 (Figure 

3. 6 [B]). Similar levels were seen in untreated and untransfected/non-targeting 

controls. Therefore a clear difference can be seen between HDMEC and HeLa cells. 

On the other hand siRNA knockdown of MEKK3 in HeLa cause only a slight 

decrease in p-ERK5 levels. However under the same conditions in HDMECs a 

notable decrease in p-ERK5 compared to the VEGF-A stimulated and 

untransfected/non-targeting control conditions was observed. In both cell lines 

knockdown of MEK5 caused a decrease of differing levels of p-ERK5 in 

comparison to their controls. A similar result was detected in both cell lines 

following siRNA knockdown of ERK5.   
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 Figure 3. 5 Gene silencing of ERK5 following EGF stimulation in HeLa cells. (A) HeLa were plated 
on 12-well plates for 24 h, prior to a 6-8 hour siRNA transfection with the appropriate control and 
target duplexes. The media was refreshed and cells were then serum starved (0.1% FCS) overnight 
(18 hours). Following this cells were stimulated with 50 ng/mL EGF 10 minutes, followed by lysis 
with RIPA buffer. Lysates were separated on a 4-12% NuPAGE® gel, as well as a 7.5% (w/v) 
acrylamide, followed by Western blotting (WB) with antibodies against p-EGFR-1, total ERK5, p-
ERK5, MEKK2, MEKK3, MEK5, p-AKT, total AKT, total ERK1/2, p-ERK1/2, and Actin as a loading 
control. This result is representative of three independent experiments. (n=3, mean ± SEM; 
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*p<0.05; **p<0.01, ***p<0.001; one way ANOVA with Tukey's HSD test). Analysis was performed 
using GraphPad Prism software. 

 

 

 

 

 

 

 

 

 

 

Figure 3. 6 Gene silencing of ERK5 following VEGF-A stimulation in HDMEC cells. (B) HDMEC were 
plated on 12-well plates for 24 h, prior to a 6-8 hour siRNA transfection with the appropriate 
control and target duplexes. The media was refreshed and cells were then serum starved (1% FCS) 
overnight (18 hours). Following this cells were stimulated with 50 ng/mL VEGF-A 10 minutes, 
followed by lysis with RIPA buffer. Lysates were separated on a 4-12% NuPAGE® gel, as well as a 
7.5% (w/v) acrylamide, followed by Western blotting (WB) with antibodies p-VEGFR-2, total ERK5, 
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p-ERK5, MEKK2, MEKK3, MEK5, p-AKT, total AKT, total ERK1/2, p-ERK1/2, and Actin as a loading 
control. This result is representative of three independent experiments. (n=3, mean ± SEM; 
*p<0.05; **p<0.01, ***p<0.001; one way ANOVA with Tukey's HSD test). Analysis was performed 
using GraphPad Prism software. 

3.4. Small-molecule kinase inhibitors  

BIX02189 (Tatake et al., 2008), XMD8-92 (Yang et al., 2010) and AX 15836 (Lin 

et al., 2016, Gilbert et al., 2017); are potent and selective small-molecule kinase 

inhibitors and are used for blocking the activation of MEK5 or ERK5. BIX02189 

selectively inhibits MEK5 over MEK1/2 whereas XMD8-92 inhibits EGF 

stimulated ERK5 activation (Tatake et al., 2008, Yang et al., 2010). Additionally 

AX 15836 is a more specific inhibitor of ERK5 activity. Lastly, Trametenib 

(GSK1120212/JTP-74057) is a highly potent, selective, ATP-non-competitive 

inhibitor of MEK1/2 activity. These inhibitors were used in HeLa and HDMEC cells 

to assess their effect on the MEK5/ERK5 or the ERK1/2 signalling axis. All drugs 

were used at a concentration of 1µM, except Trametinib which was used at 0.01µM. 

 Inhibiting ERK5 activation in HeLa and HDMECs using BIX02189 

In HeLa cells, following stimulation a 3-fold increase in ERK5 phosphorylation 

compared to the unstimulated control was seen (Figure 3. 7). In a dose response 

manner (0.001 - 10 µM) increasing the concentration of BIX02189 reduced the 

phosphorylation of ERK5 to the unstimulated basal level (Figure 3. 7, see p-ERK5). 

On the other hand, BIX02189 displayed no noticeable changes in the 

phosphorylation of EGFR and ERK1/2, whilst activation of AKT seemed to be 

increased at 10 μM (Figure 3. 7).  

In HDMECs, VEGF-stimulation generated an increase in ERK5 activation in 

comparison to unstimulated basal control (Figure 3. 8). Following addition of 

BIX02189, the phosphorylation of ERK5 was reduced compared to VEGF-A 

stimulated basal or 0.1% DMSO controls, as revealed by a Thr218/Tyr220 specific p-

ERK5 antibody (Figure 3. 8). Using BIX02189 concentrations up to 1 μM had no 
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effect on p-ERK1/2 activation, however activation of p-ERK1/2 was slightly 

inhibited at 10 μM.  This could relate to the possible non-specific and toxic effect 

of this inhibitor at higher concentrations. BIX02189 did not appear to have an effect 

on the activation of p-AKT up to 1 μM. However at the higher concentration 10 

μM, the phosphorylation of AKT decreased the phosphorylation of AKT to 1.5 fold 

in comparison with stimulated control and that could indicate that VEGF-mediated 

ERK5 activation is essential for the activation of both ERK1/2 and AKT (Figure 3. 

8). In summary these data proposed that 1 μM BIX02189 is sufficient to inhibit the 

MEK5/ERK5 signalling pathway without affecting the parallel ERK1/2 pathway in 

HeLa and HDMEC cells.  
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Figure 3. 7 BIX02189 dose responses in HeLa cells. HeLa cells were seeded on 12-well plates for 
24 hours, prior to overnight (18 hours) serum starvation 1% FCS.  Cells were then pre-incubated 
with 0.001 µM, 0.01 µM, 0.1 µM, 1 µM and 10 µM BIX02189 or 0.1% DMSO for 30 minutes, cells 
were stimulated with 50ng/mL of EGF for 10 minutes, followed by lysis with RIPA buffer. Protein 
lysates from HeLa cells were resolved on 7.5% acrylamide gel and 4-12% Nu-PAGE gels for 2 hours, 
transferred to nitrocellulose membranes and blocked in 5% (w/v) BSA for 1 hour before addition 
of antibodies. Western blotting (WB) was performed with antibodies against p-EGFR-1, total ERK5, 
p-ERK5, p-AKT, p-ERK1/2, and Actin as a loading control. This result is representative of three 
independent experiments. (n=3, mean ± SEM; *p<0.05; **p<0.01, ***p<0.001; one way ANOVA 
with Tukey's HSD test). Analysis was performed using GraphPad Prism software.  
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Figure 3. 8 BIX02189 dose responses in HDMECs. HDMECs were plated on 12-well plates for 48 h 
prior to overnight serum starvation. Cells were then pre-incubated with 0.1 µM, 0.3 µM, 1 µM, 3 
µM, 10 µM and 30 µM BIX02189 or 0.1% DMSO for 1 h, prior to VEGF-A stimulation (50ng/mL) for 
10 minutes and RIPA lysis. Proteins were separated on an 8% acrylamide gel followed by incubating 
with antibodies against p-VEGFR-2, total ERK5, p-ERK5, p-AKT, p-ERK1/2 and Actin for western 
blotting (WB). This result is representative of three independent experiments. (n=3, mean ± SEM; 
*p<0.05; **p<0.01, ***p<0.001; one way ANOVA with Tukey's HSD test). Analysis was performed 
using GraphPad Prism software. 
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 Inhibiting ERK5 activation in HeLa and HDMECs using XMD8-92 

In HeLa cells, EGF-stimulation produced an elevated ERK5 activation compared to 

the unstimulated basal control (Figure 3. 9). Adding 0.001 μM XMD8-92 and 

subsequent dose appeared to gradually decrease in a dose manner the 

phosphorylation of ERK5 in comparison with basal and 0.1% DMSO control. 

Moreover at 10 μM the activation of ERK5 was similar to the level of the 

unstimulated basal control (Figure 3. 9). Also at this concentration of drug a 

decrease in the molecular weight of p-ERK5 can be seen. The phosphorylation of 

AKT and ERK1/2 was unaffected by any concentration of XMD8-92. Also, EGF-

mediated ERK5 phosphorylation was only inhibited by XMD8-92 at the higher 

concentration of 10 μM.  

In HDMECs, stimulation with VEGF elevated ERK5 activation compared with 

unstimulated basal control (Figure 3. 10). The addition of XMD8-92 showed no 

noticeable changes to the level of ERK5 phosphorylation in comparison to basal or 

0.1% DMSO controls (Figure 3.12). The activation of AKT was slightly increased 

from the untreated condition to XMD8-92-treated condition at a concentration of 

0.01 μM and then decreased with high concentrations (0.1 – 1 μM) back to 

unstimulated basal control levels. The addition of XMD8-92 to HDMECs did not 

affect the phosphorylation of ERK1/2 or VEGF-mediated ERK5 phosphorylation 

when compared to the controls (Figure 3. 10).   
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Figure 3. 9 XMD0-92 dose responses in HeLa cells. HeLa cells were seeded on 12-well plates for 24 
hours, prior to overnight (18 hours) serum starvation 1% FCS.  Cells were then pre-incubated with 
0.001 µM, 0.01 µM, 0.1 µM, 1 µM and 10 µM XMD8-92 or 0.1% DMSO for 30 minutes, cells were 
stimulated with 50ng/mL of EGF for 10 minutes, followed by lysis with RIPA buffer. Protein lysates 
from HeLa cells were resolved on 7.5% acrylamide gel and 4-12% Nu-PAGE gels for 2 hours, 
transferred to nitrocellulose membranes and blocked in 5% (w/v) BSA for 1 hour before addition 
of antibodies. Western blotting (WB) was performed with antibodies against p-EGFR-1, total ERK5, 
p-ERK5, p-AKT, p-ERK1/2, and Actin as a loading control. This result is representative of three 
independent experiments. (n=3, mean ± SEM; *p<0.05; **p<0.01, ***p<0.001; one way ANOVA 
with Tukey's HSD test). Analysis was performed using GraphPad Prism software.  
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Figure 3. 10 XMD0-92 dose responses in HDMEC cells. HDMEC cells were seeded on 12-well plates 
for 24 hours, prior to overnight (18 hours) serum starvation 1% FCS.  Cells were then pre-incubated 
with 0.001 µM, 0.01 µM, 0.1 µM, 1 µM and 10 µM XMD8-92 or 0.1% DMSO for 30 minutes, cells 
were stimulated with 50ng/mL of VEGF-A for 10 minutes, followed by lysis with RIPA buffer. Protein 
lysates from HeLa cells were resolved on 7.5% acrylamide gel and 4-12% Nu-PAGE gels for 2 hours, 
transferred to nitrocellulose membranes and blocked in 5% (w/v) BSA for 1 hour before addition 
of antibodies. Western blotting (WB) was performed with antibodies against p-VEGFR-2, total 
ERK5, p-ERK5, p-AKT, p-ERK1/2 and Actin for western blotting (WB). This result is representative of 
three independent experiments. (n=3, mean ± SEM; *p<0.05; **p<0.01, ***p<0.001; one way 
ANOVA with Tukey's HSD test). Analysis was performed using GraphPad Prism software.  
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 Inhibiting ERK5 activation in HeLa and HDMECs using AX 15836 

In HeLa cells, EGF-stimulation resulted in increased ERK5 activation compared to 

the unstimulated basal control (Figure 3. 11). AX 15836 was seen to decrease 

phosphorylation of ERK5 comparison with basal or 0.1% DMSO control, and 

displayed enhanced potency when compared with XMD8-92 from which it is 

derived. This can clearly be seen from concentrations 0.01 μM upwards. However, 

the phosphorylation of AKT and ERK1/2 appeared unaffected by any concentration 

of AX 15836 (Figure 3. 11).   

In HDMECs, VEGF-stimulation produced an increase in ERK5 activation 

compared to unstimulated basal control (Figure 3. 12). The addition of AX 15836 

caused a slight reduction in the level of ERK5 phosphorylation in basal or 0.1% 

DMSO untreated controls (Figure 3.14). However, the phosphorylation of AKT was 

slightly decreased, whilst ERK1/2 appeared unaffected by any concentration of AX 

15836 (Figure 3. 12).  
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Figure 3. 11 AX15836 dose responses in HeLa cells. HeLa cells were seeded on 12-well plates for 
24 hours, prior to overnight (18 hours) serum starvation 1% FCS.  Cells were then pre-incubated 
with 0.001 µM, 0.01 µM, 0.1 µM, 1 µM and 10 µM AX15836 or 0.1% DMSO for 30 minutes, cells 
were stimulated with 50ng/mL of EGF for 10 minutes, followed by lysis with RIPA buffer. Protein 
lysates from HeLa cells were resolved on 7.5% acrylamide gel and 4-12% Nu-PAGE gels for 2 hours, 
transferred to nitrocellulose membranes and blocked in 5% (w/v) BSA for 1 hour before addition 
of antibodies. Western blotting (WB) was performed with against p-EGFR-1, total ERK5, p-ERK5, p-
AKT, p-ERK1/2, and Actin as a loading control. This result is representative of three independent 
experiments. (n=3, mean ± SEM; *p<0.05; **p<0.01, ***p<0.001; one way ANOVA with Tukey's 
HSD test). Analysis was performed using GraphPad Prism software. 
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Figure 3. 12 AX15836 dose responses in HDMEC cells. HDMEC cells were seeded on 12-well plates 
for 24 hours, prior to overnight (18 hours) serum starvation 1% FCS.  Cells were then pre-incubated 
with 0.001 µM, 0.01 µM, 0.1 µM, 1 µM and 10 µM AX15836 or 0.1% DMSO for 30 minutes, cells 
were stimulated with 50ng/mL of VEGF-A for 10 minutes, followed by lysis with RIPA buffer. Protein 
lysates from HeLa cells were resolved on 7.5% acrylamide gel and 4-12% Nu-PAGE gels for 2 hours, 
transferred to nitrocellulose membranes and blocked in 5% (w/v) BSA for 1 hour before addition 
of antibodies. Western blotting (WB) was performed with antibodies against p-VEGFR-2, total 
ERK5, p-ERK5, p-AKT, p-ERK1/2 and Actin for western blotting (WB). This result is representative of 
three independent experiments. (n=3, mean ± SEM; *p<0.05; **p<0.01, ***p<0.001; one way 
ANOVA with Tukey's HSD test). Analysis was performed using GraphPad Prism software.  
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 Inhibition of ERK5 in EGF stimulated signalling in HeLa Cells 

In HeLa cells, EGF-stimulation resulted in increased ERK5 activation compared to 

non-stimulated cells (Figure 3. 13). Addition of BIX02189 appeared to inhibit 

ERK5 phosphorylation in comparison with untreated or 0.1% DMSO controls. 

Phosphorylation of ERK1/2 and AKT did not appear to be affected following the 

addition BIX02189. In addition XMD8-92 was not able to inhibit ERK5 

phosphorylation (Figure 3. 13). The phosphorylation of AKT and ERK1/2 appeared 

unaffected by any concentration of XMD8-92.AX 15836 was seen to decrease 

phosphorylation of ERK5 comparison with basal or 0.1% DMSO control, and 

displayed enhanced potency when compared with XMD8-92 from which it is 

derived. However, the phosphorylation of AKT and ERK1/2 appeared unaffected 

by any concentration of AX 15836.  Both BIX02189 and AX 15836  lead to an 

enhancement in EGF stimulated AKT, suggesting that in HeLa cells ERK5 

activation may to some extent suppress AKT phosphorylation. 
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Figure 3. 13 Inhibition of ERK5 in EGF stimulated signalling of HeLa Cells. HeLa cells were seeded 
on 12-well plates for 24 hours, prior to overnight (18 hours) serum starvation 1% FCS.  Cells were 
then pre-incubated with 1 µM BIX02189, 1 µM AX15836, 1 µM XMD8-92, 0.1 µM Trametinib or 
0.1% DMSO for 30 minutes, cells were stimulated with 50ng/mL of EGF for 10 minutes, followed 
by lysis with RIPA buffer. Protein lysates from HeLa cells were resolved on 7.5% acrylamide gel and 
4-12% Nu-PAGE gels for 2 hours, transferred to nitrocellulose membranes and blocked in 5% (w/v) 
BSA for 1 hour before addition of antibodies. Western blotting (WB) was performed with 
antibodies against p-EGFR-1, total ERK5, p-ERK5, p-AKT, total AKT, total ERK1/2, p-ERK1/2, and 
Actin as a loading control. This result is representative of three independent experiments. (n=3, 
mean ± SEM; *p<0.05; **p<0.01, ***p<0.001; one way ANOVA with Tukey's HSD test). Analysis 
was performed using GraphPad Prism software. 
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 Inhibition of ERK5 in VEGF-A stimulated signalling in HDMEC Cells. 

In HDMECs, VEGF-stimulation produced an increase in ERK5 activation 

compared to unstimulated cells (Figure 3. 14). This was seen by the presence of a 

single phophrylation band at 115kDa. Treatment with BIX02189 did not inhibit the 

phosphorylation of ERK5 in comparison with untreated or 0.1% DMSO controls 

detected by Thr218/Tyr220 specific p-ERK5 antibody (Figure 3. 14). ERK1/2 

activation was not affected by BIX02189, however it decreased the phosphorylation 

of AKT by around 50% in comparison with stimulated control and that could 

suggest that VEGF-A mediated ERK5 activation is required for activation of AKT 

and ERK1/2.  

The addition of XMD8-92 displayed no clear inhibition of ERK5 phosphorylation 

in basal or 0.1% DMSO untreated controls (Figure 3. 14). The activation of AKT 

was unaffected following XMD8-92- treatment. This indicates that ERK5 kinase 

activity was not required for activating AKT. The addition of XMD8-92 to 

HDMECs did not affect the phosphorylation of ERK1/2. The addition of AX 15836 

caused minor reduction in the level of ERK5 phosphorylation in basal or 0.1% 

DMSO untreated controls (Figure 3. 14). However, the phosphorylation of AKT 

and ERK1/2 appeared unaffected by any concentration of AX 15836.  
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Figure 3. 14 Inhibition of ERK5 in VEGF-A stimulated signalling of HDMEC Cells. HDMEC cells were 
seeded on 12-well plates for 24 hours, prior to overnight (18 hours) serum starvation 1% FCS.  
Cells were then pre-incubated with 1 µM BIX02189, 1 µM AX15836, 1 µM XMD8-92, 0.1 µM 
Trametinib or 0.1% DMSO for 30 minutes, cells were stimulated with 50ng/mL of VEGF-A for 10 
minutes, followed by lysis with RIPA buffer. Protein lysates from HDMEC cells were resolved on 
7.5% acrylamide gel and 4-12% Nu-PAGE gels for 2 hours, transferred to nitrocellulose 
membranes and blocked in 5% (w/v) BSA for 1 hour before addition of antibodies. Western 
blotting (WB) was performed with antibodies against p-VEGFR-2, total ERK5, p-ERK5, p-AKT, total 
AKT, total ERK1/2, p-ERK1/2, and Actin as a loading control. This result is representative of three 
independent experiments. (n=3, mean ± SEM; *p<0.05; **p<0.01, ***p<0.001; one way ANOVA 
with Tukey's HSD test). Analysis was performed using GraphPad Prism software. 
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 Assessment of migration properties in HeLa and HDMECs 

Cell migration is a key process for multicellular organisms. It plays an important 

role in wound healing, embryonic development, angiogenesis, immunity and tissue 

engineering. Understanding the mechanisms behind cell migration may lead to the 

development of new therapeutic targets for aberrant cell migration during 

pathologies such as tumour metastasis. Cells respond to extracellular stimuli 

including chemical or physical signalling, to migrate (Takahashi and Shibuya, 2005, 

Girard and Springer, 1995, Lamalice et al., 2007). Both HeLa and HDMEC cells 

possess the potential to migrate following formation of a wound. In order to 

investigate the role of ERK5 on this process we investigated it by using an in vitro 

scratch wound assay.  This technique was used to mimic cell migration in vivo and 

has been shown to allow for easy quantification of migration and further image 

analysis. Migration experiments in this study measured the relative degree of cell 

migration induced by a range of growth factors in the presence of various inhibitors. 

(Figure 3. 15 and Figure 3. 16) shows the effect that growth factor stimulation EGF 

and VEGF-A are able to increase cell migration significantly when compared with 

basal conditions. In both cell lines the use of specific inhibitors reduced the amount 

of migration to different degrees. Highly significant reduction in cell migration were 

seen in the presence of BIX02189, XMD8-92 and AX15836. Both SB202190, and 

Trametinib were also seen to reduce cell migration to differing degrees depending 

on the cell type and HeLa cells seemed to be more sensitive to the pharmacological 

agents. This data was also assessed by looking at cellular proliferation and is shown 

below. 
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Figure 3. 15 Analysis of migration following stimulation in HeLa cells. HeLa cells were plated at 5 
x 104 cells per well on a 24 well plate and grown to confluency prior to the addition of low serum 
media (0.1% FCS) for 18 hours before stimulation. Cells were scratched with a 200µl pipette tip to 
form a vertical wound, washed with PBS before addition of EGF 50ng/ml in low serum media for 
18 hours or in combination with 1uM of BIX02189, XMD8-92, SB202190, AX15836 and 0.01uM 
Trametinib. Cells were imaged immediately after scratch for a time 0 image. Cells were fixed in 2% 
(w/v) PFA prior to crystal violet staining and imaging. Top image represents time 0 and bottom 
time 18 hours.  Wound areas were measured using the scratch wound plugin of the Image-J 
software. This result is representative of six independent experiments. (n=6, three independent 
wells with both sides of wound measured; mean ± SEM; *p<0.05; **p<0.01, ***p<0.001; one way 
ANOVA with Tukey's HSD test). Analysis was performed using GraphPad Prism software. 
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Figure 3. 16 Analysis of migration following stimulation in HDMECs. HDMECs were plated at 3 x 
104 cells per well on a 0.5% (w/v) gelatin coated 24 well plate and grown to confluency prior to the 
addition of low serum media (1% FCS) for 18 hours before stimulation. Cells were scratched with a 
200µl pipette tip to form a vertical wound, washed with PBS before addition of VEGF-A 50ng/ml in 
low serum media for 18 hours, in combination with 1uM of BIX02189, XMD8-92, SB202190, 
AX15836 and 0.01uM Trametinib cells were imaged immediately after scratch for a time 0 image. 
Cells were fixed in 2% (w/v) PFA prior to crystal violet staining and imaging.Top image represents 
time 0 and bottom time 18 hours.  Wound areas were measured using the scratch wound plugin 
of the Image-J software. . This result is representative of six independent experiments. (n=6, three 
independent wells with both sides of wound measured; mean ± SEM; *p<0.05; **p<0.01, 
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***p<0.001; one way ANOVA with Tukey's HSD test). Analysis was performed using GraphPad 
Prism software. 

 

 Assessment of ATP Cell Viability in HeLa and HDMECs 

In order to analyse the effect of the small-molecule kinase inhibitors of the 

MEK5/ERK5, MEK1/2 and p38 axis in both HDMEC and HeLa cells. This was 

conducted by using an in vitro CellTiter-Glo® Luminescent Cell Viability Assay, 

which indirectly determines the number of viable cells by quantifying the amount 

of ATP present in a metabolically active cell, after 72 hours of treatment. Both EGF 

and VEGF-A enhanced cellular proliferation 2-fold in HeLa and HDMEC 

respectively (Figure 3. 17[A and B]). In HeLa cells BIX02189, XMD8-92 and 

AX15836 all enhanced cellular proliferation compared to basal conditions, but not 

to the degree seen with EGF stimulation alone. In HDMEC cells BIX02189, 

XMD8-92 and AX15836 caused a partial enhancement in cellular proliferation 

compared to basal conditions, but not to the degree seen with VEGF stimulation 

alone. However in both cell lines trametinib decreased significantly the number of 

cells proliferating as seen by the number of viable cells present. SB202190 had no 

effect in HeLa cells whilst it reduced proliferation slightly in HDMECs. 
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Figure 3. 17 Cell proliferation assay at ATP level. 3000 cells per well of HeLa (A) and HDMEC (B)  
cells were seeded in a 48-well plate for 48 hours prior to overnight serum starvation. Inhibitors 
including, 1uM of BIX02189, XMD8-92, SB202190, AX15836 and (0.01uM) trametinib and were 
incubated with cells for 30 minutes, then adding EGF and VEGF-A respectively, stimulation (50 
ng/mL) overnight. ATP viability assay was conducted by Lab Skanit programme. This result is 
representative of three independent experiments. (n=3, mean ± SEM; *p<0.05; **p<0.01, 
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***p<0.001; one way ANOVA with Tukey's HSD test). Analysis was performed using GraphPad 
Prism software. 
 

3.5. Discussion 

 ERK5 is differentially activated in HeLa and HDMEC cells 

ERK5 is clearly activated following EGF stimulation in HeLa cells (Figure 3. 1), 

which is consistent with data from previous studies on ERK5 in this cell type (Kato 

et al., 1998, Kondoh et al., 2006, Yang et al., 2010). From this figure it was also 

evident that the ERK5 protein underwent a mobility bandshift with conventional 

SDS-PAGE and this was as a result of phosphorylation. More specifically, ERK5 is 

recognised to undergo phosphorylation on the Thr218 / Tyr220 residues in the 

activation loop of the kinase domain thereby facilitating C-terminal phosphorylation 

(Figure 3. 1). Contrastingly, it was difficult to identify VEGF-mediated ERK5 

activation in HDMECs by means of mobility bandshift using conventional SDS-

PAGE (Figure 3. 1). However, utilising the p-Thr218 / Tyr220 antibody enabled the 

detection of ERK5 phosphorylation in HDMECs following VEGF stimulation 

(Figure 3. 4).  In HDMECs a lack of c-terminal phosphorylation and subsequently 

ERK5 phosphorylation was seen. It appears that VEGFR-2 mediated activation of 

ERK5 does not result in C-terminal phosphorylation of ERK5 but does activate 

Thr218/Tyr220 activation. This suggests that phosphorylation of Thr218/Tyr220 and C-

terminal phosphorylation are not mutually inclusive events and can occur 

independent of each other. It is possible that following activation of VEGFR-2, the 

ERK5 protein in endothelial cells is maintained in an orientation that prevents C-

terminal phosphorylation. Also it is possible that VEGFR-2 activates a phosphatase 

that is simultaneously able to dephosphorylate the ERK5 C-terminal domain.  

Through the use of a Mn2+ Phos-tag reagent it was observed that following EGF 

stimulation in ERK5, two phosphorylation events were present, whilst in VEGF-A 

stimulated HDMEC only one phosphorylation event of ERK5 was seen. It may be 

possible that C-terminal phosphorylation of ERK5 is present in HeLa but lacking in 
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HDMEC (Figure 3. 1). Phosphopeptide mapping of ERK5 following stimulation in 

HDMECs and HeLa cells will be required to identify the precise amino acids 

phosphorylated in ERK5 under different conditions of stimulation. 

To confirm ERK5 was activated by the canonical pathway in both HeLa and 

HDMECs, siRNA mediated gene silencing was used. This showed that MEKK2 

and MEK5 are required for ERK5 phosphorylation in HeLa cells (Figure 3. 5), but 

in HDMECs both MEKK3 and MEK5 are needed for ERK5 phosphorylation 

(Figure 3. 6). Therefore, it could be seen that EGFR-1 appears to use MEKK2 and 

VEGFR-2 appears to use MEKK3 to activate MEK5 and then ERK5.  

MEKK2/MEKK3 and MEK interact via the PB1 domains present in the N-termini 

of the proteins (Nakamura and Johnson, 2003) MEKK2 and MEKK3 share 94% 

sequence identity (Blank et al., 1996).  However it is possible that they are 

sufficiently divergent in their N-termini to allow differential interaction with EGFR-

1 and VEGFR-2. 

 VEGF-mediated AKT phosphorylation requires 

MEKK3/MEK5/ERK5 axis. 

Previous data generated in the group, utilising siRNA mediated gene silencing of 

ERK5 in HDMECs  has shown that VEGF-mediated AKT phosphorylation requires 

ERK5 activation (Roberts et al., 2010).  This data was confirmed by a similar 

approach using siRNA to ERK5, MEK5 and MEKK2/3 which extended the 

previous study, to show that the ERK5 signalling axis was required for maximal 

VEGF-mediated activation of AKT in HDMECs (Figure 3. 6).  The ability of 

BIX02189 to reduce VEGF-mediated AKT phosphorylation provided further 

confirmation of the role of ERK5 for efficient AKT activation in HDMECs (Figure 

3. 14).  Both AX15836 and XMD8-92 showed a reduced effect on inhibition of 

VEGF-stimulated AKT activity compared to BIX02189 (Figure 3. 14), suggesting 

that c-terminal phosphorylation of ERK5 was not required for the regulation of AKT 
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activity.   This also provides further evidence that VEGF-mediated activation of 

ERK5 does not efficiently stimulate ERK5 c-terminal phosphorylation. 

  ERK5 activity is required for VEGF and EGF-mediated migration of 

cells but not proliferation. 

It also evident from looking at cellular proliferation studies that ERK5 appears to 

play a role in cellular proliferation in both HeLa and HDMEC cell types (Figure 3. 

17 [A] and [B]).  However, only a partial inhibition of cell proliferation is evident 

with the ERK5 pathway inhibitors BIX02189 and XMD8-92 compared with the 

ERK1/2 inhibitor trametinib suggesting that ERK5 only playes a minor role in cell 

proliferation in HeLa and HDMECs. The role of ERK5 in cell proliferation remains 

unclear. EGF-mediated ERK5 activation induces proliferation of RWPE-2 and PC3 

cells by promoting entry into the S phase through upregulation of cyclins A and E 

(Xiong et al., 2016). Previous work from the group using siRNA to ERK5 has 

shown that in endothelial cells, VEGF-mediated ERK5 activation is not required for 

proliferation of HDMECs (Roberts et al., 2010).  It is possible that a role for ERK5 

in cell proliferation is cell type specific.  

Migration of Hela cells in response to EGF appeared to be dependent on the 

activation of both the ERK5 and ERK1/2 pathways as evidenced by the effect of 

the small molecule inhibitors of ERK5 and ERK1/2 on migration (Figure 3. 15). In 

HDMECs, both the ERK5 pathway and ERK1/2 pathway appeared to be required 

for efficient migration in response to VEGF (Figure 3. 16). Interestingly, the 

XMD8-92 and AX15836 drugs did not inhibit migration to the same degree as 

BIX02189. This is in agreement with the lack of c-terminal phosphorylation of 

ERK5 in HDMECs in response to VEGF. Previous data has shown that ERK5 is 

required for neuronal cell migration (Li et al., 2013), and hepatocellular migration 

(Rovida et al., 2015).The mechanism by which ERK5 drives migration remains 
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obscure although ERK5 has been implicated in the regulation of focal adhesion 

kinase (FAK) activation and integrin-mediated cell adhesion (Sawhney et al., 2009). 
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4.1. Introduction 

This chapter describes the experiments performed in an effort to characterise the 

activation of ERK1/2 and ERK5 in HeLa and HDMECs. In addition, by utilising 

the pharmacologic inhibitor trametenib (GSK1120212/JTP-74057) which is a 

highly potent, selective, ATP-non-competitive inhibitor of MEK1/2 activity was 

employed. This inhibitor was used in HeLa and HDMEC cells and dose response 

experiments were performed to assess its effect on the on intracellular signalling 

pathways, in particular ERK1/2 and ERK5. Furthermore, to measure the functional 

role of an erk1/2 in vitro they were sileneced by using RNA interference (RNAi) 

technology. SiRNA-mediated silencing of gene expression in endothelial cells has 

been effectively applied in numerous recent studies to investigate functional role of 

specific proteins in various different cell types, including cancer cells (Holmqvist 

et al., 2004, Mellberg et al., 2009, Dimberg et al., 2008) . Lastly to understand the 

localisation of ERK5, immunofluorescence studies were perfumed to investigate 

this. 

4.2. Characterisation of ERK1/2 activation in HeLa and HDMECc cells 

 ERK1/2 activation was inhibited in response to Trametinib treatment 

In HeLa cells, EGF-stimulation increased ERK5 activation compared to non-

stimulated cells (Figure 4. 1). From 0.01 to 10 μM concentrations of trametinib were 

able to inhibit the activation of ERK1/2, whilst levels of p-MEK1/2 were 

significantly increased when compared with basal or 0.1% DMSO control. The 

addition of trametinib from 0.0001 to 10μM appeared to have no significant effect 

on the phosphorylation or activation of ERK5 in comparison with basal or 0.1% 

DMSO control. In a dose dependent manner higher concentrations of tramentinib 

increased the expression of p-AKT. 
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In HDMECs, stimulation with VEGF increased p-ERK5 activation in comparison 

with unstimulated cells (Figure 4. 2). The addition of 10 μM trametinib increased 

the phosphorylation of ERK5 in comparison with basal or 0.1% DMSO control. 

However to confirm this effect a phos-tag would need to be run, this was outlined 

in the previous phos-tag experiments in HDMECS (see Figure 3. 4 chapter 3). No 

noticeable changes were observed to the expression of p-AKT, except with VEGF-

A stimulation which increased p-AKT. Contrastingly, concentrations of trametinib 

0.01 to 10 μM were able to completely inhibit the activation of ERK1/2, whilst 

levels of p-MEK1/2 were increased in a dose dependent manner when compared 

with basal or 0.1% DMSO control 
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Figure 4. 1 Trametinib dose responses in HeLa cells. HeLa cells were seeded on 12-well plates for 
24 hours, prior to overnight (18 hours) serum starvation 1% FCS.  Cells were then pre-incubated 
with 0.0001 µM, 0.001 µM, 0.01 µM, 0.1 µM, 1 µM and 10 µM trametinib or 0.1% DMSO for 30 
minutes, cells were stimulated with 50ng/mL of EGF for 10 minutes, followed by lysis with RIPA 
buffer. Protein lysates from HeLa cells were resolved on 7.5% acrylamide gel and 4-12% Nu-PAGE 
gels for 2 hours, transferred to nitrocellulose membranes and blocked in 5% (w/v) BSA for 1 hour 
before addition of antibodies. Western blotting (WB) was performed with antibodies against total 
EGFR-1, p- EGFR-1, total ERK5, p-ERK5, p- AKT, p- ERK1/2, p- MEK1/2 and Actin as a loading control. 
This result is representative of three independent experiments. (n=3, mean ± SEM; *p<0.05; 
**p<0.01, ***p<0.001; one way ANOVA with Tukey's HSD test). Analysis was performed using 
GraphPad Prism software. 
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Figure 4. 2 Trametinib dose responses in HDMEC cells. HDMEC cells were seeded on 12-well plates 
for 24 hours, prior to overnight (18 hours) serum starvation 1% FCS.  Cells were then pre-incubated 
with 0.0001 µM, 0.001 µM, 0.01 µM, 0.1 µM, 1 µM and 10 µM trametinib or 0.1% DMSO for 30 
minutes, cells were stimulated with 50ng/mL of VEGF-A for 10 minutes, followed by lysis with RIPA 
buffer. Protein lysates from HeLa cells were resolved on 7.5% acrylamide gel and 4-12% Nu-PAGE 
gels for 2 hours, transferred to nitrocellulose membranes and blocked in 5% (w/v) BSA for 1 hour 
before addition of antibodies. Western blotting (WB) was performed with antibodies against total 
VEGFR-2, p-VEGFR-2, total ERK5, p-ERK5, p-AKT, p-ERK1/2, p-MEK1/2 and Actin as a loading 
control. This result is representative of three independent experiments. (n=3, mean ± SEM; 
*p<0.05; **p<0.01, ***p<0.001; one way ANOVA with Tukey's HSD test). Analysis was performed 
using GraphPad Prism software. 



Chapter Four: Investigating the effect of Trametinib in HDMEC and HeLa cells 

129 

 

4.3. Trametinib time course study 

Following on from this, trametenib treatments for 30 minutes which was kept 

constant was used in HeLa and HDMEC cells and a time course study based on 

EGF stimulation (50 ng/mL) and VEGF-A stimulation (50 ng/mL) was performed 

to assess the effects of trametenib on the intracellular signalling pathways, in 

particular ERK1/2. Growth factor stimulation was carried for 10 minutes, 1hour, 6 

hours and 24 hours.   

 Assessing the effect of EGF stimulation in combination with trametinib 

treatment in HeLa   

In HeLa cells, EGF-stimulation increased p-ERK5 activation compared to non-

stimulated cells in all time-points apart from 24 hours (Figure 4. 3). When 

combining EGF-stimulation with trametinib treatment (0.01 μM) it produced a clear 

band shift in all time-points apart from 24 hours. From the 24 hours western blot 

the band shift for ERK5 was seen to be decreased to less than basal levels. 

Trametinib treatment for 30 minutes enhances EGF stimulation at 1 hour but at 6 

hours causes activation of ERK5 without EGF being present (Figure 4. 3[B and C]). 

Contrastingly, irrespective of the length of EGF stimulation, trametininb was found 

to completely inhibit p-ERK1/2 activation. In regards to p-MEK1/2 it activation was 

increased in the presence of trametinib with or without EGF stimulation across all 

time points. The levels of p-c-Raf were found to be increased in a similar manner. 

Lastly when investigating p-AKT, it was seen that in the 10 minutes and 1 hour time 

points in the presence of  trametininb + stimulation the levels of p-AKT significantly 

increased compared to basal conditions. Differences were observed in the 

expression of p-AKT under EGF stimulation as seen by the fainter band in the 6 

hour and 24 hour time points. Nevertheless in both of these time points, the addition 

of trametininb significantly increased the expression of p-AKT (Figure 4. 3).  
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 Assessing the effect VEGF-A stimulation in combination with 

trametinib treatment in HDMEC 

In HDMEC cells, VEGF-A stimulation increased p-ERK5 activation compared to 

non-stimulated cells in all time-points (Figure 4. 4). When combining EGF-

stimulation with trametinib treatment (0.01 μM) it elevated the activation of p-

ERK5 in all time points. However no band shift was observed in ERK5 due to the 

condition of the experiment being used. Contrastingly irrespective of the length of 

VEGF-A stimulation, trametininb was found to significantly inhibit p-ERK1/2 

activation (Figure 4. 4). Added to the inhibition was seen to be the strangest 

following 10 minutes of VEGF-A stimulation. When looking at p-MEK1/2 and p-

c-Raf at 10 minutes, 1 hour and 6 hours the activation of both proteins was increased 

in in the presence of trametinib with or without stimulation. However this was the 

case for MEK1/2 at 24 hours but p-c-Raf activation was seen to be similar to basal 

conditions. When combining trametinib with VEGF-A stimulation the levels of p-

AKT significantly increased compared to basal conditions across all time points. 

However in the presence of trametininb alone only at 6 hours and 24 hours was a 

pronounced increase in p-AKT seen (Figure 4. 4). 
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Figure 4. 3 Trametinib 0.01uM does response in HeLa 10minutes, 1 hour, 6 hours and 24 hours. 
(A), (B), (C) and (D) HeLa cells were seeded on 12-well plates for 24 h, prior to overnight serum 
starvation. Cells were then pre-incubated with 0.01 μM trametinib for 30 minutes, prior to EGF 
stimulation (50 ng/mL) for 10minuts (A), 1hour (B), 6hours (C) and 24hours (D) and RIPA lysis. 
Proteins were separated on a pre-cast 15-well NuPAGE 4-12% Bis-Tris gel, followed by incubating 
with antibodies against total EGFR-1, p-EGFR-1, total ERK5, p-ERK5, p-c-Raf, p-AKT, p-ERK1/2 p-
MEK1/2 and Actin. Analysis of densitometry of protein phosphorylation or protein expression was 
relative to basal control condition of each cell type which was (set arbitrarily as 1.0). This result is 
representative of three independent experiments. (n=3, mean ± SEM; *p<0.05; **p<0.01, 
***p<0.001; one way ANOVA with Tukey's HSD test). Analysis was performed using GraphPad 
Prism software. 
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Figure 4. 4 Trametinib 0.01uM does response in HEDMEC 10 minutes, 1 hour, 6 hours and 24 
hours. (A), (B), (C) and (D) HDMEC cells were seeded on 12-well plates for 24 h, prior to overnight 
serum starvation. Cells were then pre-incubated with 0.01 μM trametinib for 30 minutes, prior to 
VEGF-A stimulation (50 ng/mL) for 10minuts (A), 1hour (B), 6hours (C) and 24hours (D) and RIPA 
lysis. Proteins were separated on a pre-cast 15-well NuPAGE 4-12% Bis-Tris gel, followed by 
incubating  with antibodies against total VEGFR-2, p-VEGFR-2, total ERK5, p-ERK5, p-c-Raf, pAKT, 
p-ERK1/2 p-MEK1/2 and Actin. Analysis of densitometry of protein phosphorylation or protein 
expression was relative to basal control condition of each cell type which was (set arbitrarily as 
1.0). This result is representative of three independent experiments. (n=3, mean ± SEM; *p<0.05; 

D 

C 



Chapter Four: Investigating the effect of Trametinib in HDMEC and HeLa cells 

135 

 

**p<0.01, ***p<0.001; one way ANOVA with Tukey's HSD test). Analysis was performed using 
GraphPad Prism software. 

4.4. Investigating the effect of MEK inhibitors in HeLa cells 

To assess the biochemical effect of trametininb as well as selumetinib and compare 

signaling changes in the ERK pathway to inhibition of proliferation, Western blots 

were performed in particluar to assess ERK1/2, total ERK5 and phosphorylated 

ERK5. This was evaluated in just the HeLa cell line and doses varied from 0.0001 

– 1 μM. 

  Western blot of trametinib in HeLa cells 

Using 1μM  of trametinib it led to completed inhibition of p-ERK1/2 with and 

without EGF stimulation (Figure 4. 5). Across all other concentrations a descrease 

in p-ERK1/2 expression in a dose dependent manner was observed without 

stimulation. Initially with stimulation at the lower concentraion no inhibition was 

seen when compared to untreated controls (Figure 4. 5). For both p-MEK1/2 and p-

c-Raf protein expressions, increasing the the concentration of trametininb brought 

about an increase in expresion (Figure 4. 5). There was no clear relationship 

between p-AKT expression and response to growth inhibition with trametinib. 

Lastly it was distinguished that ERK5 phosphorylation in both stimulated and non-

stimulated conditions, was increased in response to 1 - 0.01 μM  μM of trametinib 

when compared to other concentrations (Figure 4. 5). 

 Western blot in response to selumetinib in HeLa cells 

As can be seen in (Figure 4. 6) without EGF stimulation across all concentrations a 

descreased in p-ERK1/2 expression in a dose dependent manner was seen. Whereas 

with EGF stimulation selumetininb only reduced p-ERK1/2 expression at 0.1 and 

1μM. In regards to p-MEK1/2, increasing the concentration of selumetininb 

enhanced the expression of p-MEK1/2 (Figure 4. 6). The level of protein expression 
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of p-MEK1/2 was considerably higher in stimulated conditions vs non stimulated. 

A similar observation was seen in p-c-Raf protein expression. There was no clear 

relationship between p-AKT expression and response to growth inhibition with 

selumetinib (Figure 4. 6). It was observed that ERK5 phosphorylation was higher 

in response to 1 μM  when compared to other concentrations (Figure 4. 6)  
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Figure 4. 5 Dose response of trametinib in HeLa cells. Hela cells were seeded on 12-well plates for 
24 h, prior to overnight serum starvation 0.1%FCS.cells were then pre-incubated with  certain 
concentration of trametinib  starting with 1 μM, 0.1 μM, 0.01 μM, 0.001 μM and 0.0001 μM 
selumetinib for 30 minutes then EGF stimulation (50 ng/mL) for 6h and RIPA lysis. Proteins were 
separated on a pre-cast 15-well NuPAGE 4-12% Bis-Tris gel, followed by incubating with antibodies 
against total EGFR-1, p-EGFR-1, total ERK5, p-ERK5, Cleaved PARP, p-c-Raf, p-AKT, p-ERK1/2, p-
MEK1/2 and Actin. This result is representative of three independent experiments. (n=3, mean ± 
SEM; *p<0.05; **p<0.01, ***p<0.001; one way ANOVA with Tukey's HSD test). Analysis was 
performed using GraphPad Prism software. 
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Figure 4. 6 Dose response of Selumetinib in HeLa cells. Hela cells were seeded on 12-well plates 
for 24 h, prior to overnight serum starvation 0.1%FCS.cells were then pre-incubated with  certain 
concentration of Selumetinib starting with 1 μM, 0.1 μM, 0.01 μM, 0.001 μM and 0.0001 μM 
Selumetinib for 30 minutes then EGF stimulation (50 ng/mL) for 6h and RIPA lysis. Proteins were 
separated on a pre-cast 15-well NuPAGE 4-12% Bis-Tris gel, followed by incubating  with antibodies 
against total EGFR-1, p-EGFR-1, total ERK5, p-ERK5, Cleaved PARP, p-c-Raf, p-AKT, p-ERK1/2, p-
MEK1/2 and Actin. This result is representative of three independent experiments. (n=3, mean ± 
SEM; *p<0.05; **p<0.01, ***p<0.001; one way ANOVA with Tukey's HSD test). Analysis was 
performed using GraphPad Prism software. 
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4.5. Investigation the effect of MAPK pathway inhibition, trametinib, BIX 

02189 and AX 15836 in HeLa cells for 6h 

Following from the above results (Figure 4. 7), to understand where the activation 

is coming from either the calonical pathway or via the ERK1/2 pathway. Hence 

inhibitors for specific inhibitors for MEK5, ERK5 and MEK1/2  were used to 

invesitagte this further. (Figure 4. 7) shows the alterations of EGFR-1 expression 

and intracellular signalling pathways following 6 hours stimulation. The level of 

total EGFR1 was the highest in basal, displaying that HeLa cells contains a large 

amount of EGFR. The low levels of P-EGFR1 proposed that EGF may have been 

used up over such a period of time. In the presence of only trametinib, inhibition of 

ERK1/2 was seen. The elevated level of P-AKT indicated a possible suppressesion 

of cell death in the presence of trametinib (Zhou et al., 2000). Also by using a 

combined inhibition with trametinib + BIX02189 and trametinib + AX15836 it 

caused a significant decrease in ERK1/2 (Figure 4. 7). However this was not seen 

in the presence of BIX02189 or AX15836 alone. Regarding ERK5, following 

trametinib treatment it caused increased ERK5 phophorylation (Figure 4. 7). Under 

combination treatment no noticeable increase in expression was seen with 

trametinib + BIX02189. But with trametinib + AX15836 a clear increase in ERK5 

expression was present (Figure 4. 7). For cells that were stimulated with EGF for 6 

hours, cleaved PARP and cyclin D1 antibodies were also incubated in western 

blotting. Under the circumatances where activation of ERK5 was seen, inhibition 

of cyclin D1 was also present, whilst PARP was increased. In the same manner with 

MEK1/2 and c-Raf, both were seen to be activated with trametininb alone in both 

combination treatments (Figure 4. 7). 
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Figure 4. 7 Effect of MAPK pathway inhibition, trametinib, BIX 02189 and AX 15836 on 
intracellular signalling in HeLa cells for 6 hours. HeLa were plated on 12-well plates for 48 h prior 
to overnight serum starvation. Cells were then preincubated with (0.01 Μm) of trametinib, (1 μM) 
of BIX 02189 and (1 μM) of AX15836, or 0.1% DMSO for 30 minutes, then adding EGF stimulation 
(50 ng/mL) for 6 hrs. Cell lysates were then separated on a pre-cast 15-well NuPAGE 4-12% Bis-Tris 
gel, followed by incubating with antibodies against total EGFR1, P-EGFR1, total ERK5, P-ERK5, 
cleaved PARP, p-AKT, p-MEK1/2, p-ERK1/2, Cyclin D1 and Actin as a loading control. The basal 
control condition was set arbitrarily as 1.0. This result is representative of three independent 
experiments. 
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4.6. Investigating the nuclear localisation of ERK5 in HeLa cells 

The phosphorylation status intracellular localisation of ERK5 has been proposed to 

alter its conformation thereby affecting the intracellular localisation of ERK5. 

Kondoh and co-workers suggested that when unphosphorylated, ERK5 is secured 

in a folded configuration because of the intramolecular interaction between the N- 

and c-terminals (Kondoh et al., 2006). It is thought that this conformation produces 

a nuclear export signal (NES), or reduces the signal of the nuclear localisation signal 

(NLS) domain, hence isolating ERK5 in the cytoplasm. Following phosphorylation 

(Thr218/Tyr220) by MEK5 it interrupts the intramolecular NES interaction, 

facilitating the translocation of ERK5 to the nucleus (Kondoh et al., 2006). 

 

 Selection of an antibody to detect ERK5 using immunofluorescence 

In order to detect the localisation of ERK5 in HeLa cells, two different antibodies 

were investigated initially (Figure 4. 8). They were 3372S and 12950s both of which 

were obtained from cell signalling technologies. Two conditions were applied; 

HeLa cells were stimulated with EGF for 30 minutes or untreated. 

Immunofluorescence was performed by staining with each of the antibodies and 

Hoechst (Figure 4. 8). 

Both antibodies were able to detect ERK5 in the nucleus and cytoplasm. However 

12950s gave slightly better visualisation, but 3372S was still used later on in the 

study. in HeLa cells, ERK5 translocated almost completely from the cytoplasm to 

the nucleus upon stimulation with EGF at 30 minutes (Figure 4. 8).  
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Figure 4. 8 Selection of an antibody to detect Intracellular localisation ERK5 using 
immunofluorescence in HeLa cells. HeLa were plated on 13 mm coverslips for 24 h, prior to 
overnight serum starvation and stimulation with 50 ng/mL EGF for 30 minutes. Cells were then 
fixed with ice-cold MeOH, blocked in 5% BSA/PBS with donkey serum and stained with an antibody 
against ERK5, prior to staining with a fluorescent secondary antibody and image acquisition with 
an inverted Zeiss Axio Observer microscope and the associated Zen software. 
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 Investigating the localisation of ERK5 in HeLa cells 

The aforementioned data in this project portrays a key difference in EGF mediated 

ERK5 phosphorylation, thus the possible effect on the intracellular localisation of 

ERK5 was investigated with the use of immunofluorescence. The conditions were 

basal, trametinib (0.01uM), Growth factor stimulation (EGF) for 6 hours and a 

combination of trametinib and EGF stimulation. 

In the presence of (0.01uM) trametinib (Figure 4. 9), it is clearly seen that ERK5 is 

predominantly localised within the nucleus as compared to basal conditions. 

Similarly the cytoplasm seen with trametinib treatment shows less staining for 

ERK5. As seen previously, EGF as expected causes ERK5 to localise 

predominantly to the nucleus. When combining both conditions ERK5 was clearly 

seen to translocate from the cytoplasm to the nucleus. 
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Figure 4. 9 Immunofluorescence analysis of HeLa cell Intracellular localisation of ERK5. HeLa cell 
were seeded on 12-well plates at 7 × 104 cells/wells on 16mm glass for 24 hours using full growth 
media, following day Cells were grown to confluence then changed in serum starved in 1%FCS 
media for overnight . Following day media were change to 1%FCS combined preincubation with 
0.01uM of trametinib for 30 minutes. After that, cells were stimulated with EGF (50 ng/ml) for 6 
hours. Cells were then fixed with ice-cold MeOH, blocked in 5% BSA/PBS with donkey serum and 
stained with an antibody against ERK5, prior to staining with a fluorescent secondary antibody and 
image acquisition with an inverted Zeiss Axio Observer microscope and the associated Zen 
software. 
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4.7. The effect of genetically and pharmacologically modifying ERK1 and 

ERK2 

As erk5 has a similar sequence identity with that found erk1 and erk2, it was thereby 

chosen to use siRNA-mediated gene silencing of these MAPKs to understand the 

effects of ERK5 siRNA transfection on HeLa physiology. The knockdown 

efficiency of two siRNAs, directed against human erk1 or two siRNAs directed 

against erk2 and lastly all four siRNAs combined to target both erk1/2, was 

evaluated by Western blotting (Figure 4. 10). Treatment with a total concentration 

of 20 nM erk1 siRNA, was appropriate to knockdown erk1 expression without 

affecting erk2 expression (Figure 4. 10). Likewise, a total concentration of 20 nM 

erk2 siRNA was enough to knockdown the expression of ERK2 without affecting 

ERK1 expression (Figure 4. 10). A combination of both erk1/2 siRNA completely 

knocked down the expression of both ERK1/2. Western blot analysis revealed that 

p-ERK5 expression was unaffected by treatment with erk2 siRNA. However with 

erk1 siRNA a 50% reduction in expression was seen. With erk1/2 siRNAs in 

combination p-ERK5 expression was slightly reduced.  In regards to p-AKT 

expression in response to erk1 siRNA treatment, its expression was completely 

inhibited whilst with erk2 or erk1/2 siRNA treatment no effect was seen (Figure 4. 

10). As an alternative to genetically target ERK1/2 expression, trametinib was used 

as a pharmacological alternative to inhibit ERK1/2 signalling pathway. As can be 

seen (Figure 4. 10) trametinib completely inhibits p-ERK1/2. However something 

which was not seen by genetic interference was that the expression of p-AKT was 

increased following trametinib treatment. In regards to p-MEK1/2 activation, 

knocking out erk1 or erk1/2 increased MEK1/2 levels (Figure 4. 10). Similarly when 

treated with trametininb (with or without EGF) MEK1/2 expression was 

significantly higher. 
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Figure 4. 10 Investigation of small interfering RNA transfection of ERK1 and ERK2 in HeLa cells. 
HeLa were seeded at 6.5 x 104 cells per well 12-well plate for western blotting.  Cells were grown 

to confluence before siRNA transfection with 20 nM siRNA and 0.2% (v/v) Lipofectamine 
RNAiMAX transfection reagent.  Cells were incubated with trametinib (0.01uM) for 30 minutes then 
stimulated with EGF for 10 minutes as indicated, then lysed proteins to separate by SDS-PAGE for 
total ERK5 and on a pre-cast 15-well NuPAGE 4-12% Bis-Tris gel. Followed by incubating with 
antibodies against total EGFR-1, total ERK5, p-ERK5, Cleaved PARP, p-AKT, p-MEK1/2, p-ERK1/2, 
Cyclin D1 and Actin as a loading control. This result is representative of three independent 
experiments. (n=3, mean ± SEM; *p<0.05; **p<0.01, ***p<0.001; one way ANOVA with Tukey's 
HSD test). Analysis was performed using GraphPad Prism software. 



Chapter Four: Investigating the effect of Trametinib in HDMEC and HeLa cells 

147 

 

4.8. Effects of ERK1/2 down-regulation or inhibition on HeLa migration  

EGF has been shown to induce HeLa cell migration in vitro. As the potential role 

of ERK1/2 in regulating EGF stimulated HeLa cell migration had not been 

previously investigated, it was decided to assess this by an in vitro scratch-wound 

assay (Figure 4. 11). This approach of measuring cell migration is representative of 

cell migration in vivo, and concerns the quantification of the migration of cells from 

the leading edge of newly-formed ‘scratch’ in a confluent monolayer of cells into 

the denuded area (Liang et al., 2007). To specifically investigate the role of ERK1/2 

siRNA treatment or trametinib dosing was utilised to assess its effect on HeLa cell 

migration. This was done in the presence and absence of EGF and un-transfected 

controls were also used. 

It was found that un-transfected or N.S. HeLa cells underwent minimal migration 

in the absence of EGF (Figure 4. 11). By comparison, the addition of EGF induced 

migration under both treatment conditions. siRNA-mediated down-regulation of 

ERK1 expression had no significant effect upon cell migration with and without 

EGF stimulation. This was also seen with siRNA-mediated down-regulation of 

ERK2 expression (Figure 4. 11). However when downregulating both ERK1/2 

expression slightly increased HeLa even though this was not significant. From a 

pharmacological perspective trametinib decreased migration through its inhibitory 

properties.  
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Figure 4. 11 Investigation the effects of small interfering RNA transfection of ERK1 and ERK2 in 
HeLa cells upon EGF-induced migration in a scratch-wound healing assay. HeLa cells were seeded 
at 6.5 x 104 cells per well in12-well plate for 24 hours in FGM before being transfected with 10 nM 

siRNA and 0.2% (v/v) Lipofectamine RNAiMAX transfection reagent targeting ERK1 and ERK2, or 
a nonsilencing sequence (N.S) for 48 hours. Cells were serum starved with media supplemented 
with 0.1% FCS of DMEM media for 24 hours prior to introduction of a scratch in each well using a 
sterile 200-μl Gilson pipette tip and cells stimulated with (50 ng/ml) of EGF for 18 hours. Cells were 
washed with PBS, fixed with 2% PFA for 30 minutes and stained with Crystal Violet. Images were 
taken using a Nikon imaging microscope at ×10 objective. The grey colour phase contrast image 
represents the wound at time point zero and the purple colour Crystal Violet stained image 
represents the wound after 18 hours of migration. The migration empty area was calculated. This 
result is representative of three independent experiments. (n=3, mean ± SEM; *p<0.05; **p<0.01, 
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***p<0.001; siRNA versus N.S. Student’s one way ANOVA with Tukey's HSD test). Analysis was 
performed using GraphPad Prism software.  

4.9. Discussion  

The study of the MEK1/MEK2 > ERK1/ERK2 signalling axis is implicated in 

cancer because as abnormal activation of this pathway produces rapid tumour 

growth, increased cell proliferation, cell survival and resistance to apoptosis 

(Germann et al., 2017).The abnormal expression of this pathway and these kinases 

has been demonstrated have been reported for a wide range of diseases including 

many cancers , obesity, diabetes, polycystic kidney diseases and cardiovascular 

diseases (MEBRATU and TESFAIGZI, 2009). Consequently, drugs targeting 

MEK1 and MEK2 are being examined for a range of disease conditions. 

The chapter was conducted to analyse and investigate the role of ERK1 and ERK2 

in order to understand its effect on ERK5 activation. HeLa and HDMECs cells were 

used in the presence and absence of their respective exogenous activators such as 

the growth factors, EGF and VEGF-A. In order to further investigate the functional 

role of ERK5 inhibitors were used to target MEK1 and MEK2 by using selumtinib 

and trametinib. AX15836 and BIX02189 were used to inhibit ERK5 and MEK5 

respectively. 

 Pharmacological inhibition of ERK1/2 activation results in activation 

of ERK5 

Trametinib enhances EGF stimulation of ERK5 at the shorter time periods but after 

6 hours of EGF stimulation, tramentinib alone can activate ERK5. (Figure 4. 3 [B 

and C]). Also from (Figure 4. 3[C]), you see activation of ERK5 in the absence of 

EGF and it’s not via the EGF receptor as p-EGFR-1 was not seen to be enhanced in 

the western blot. Trametinib enhances EGF but a slight discrepancy was seen in 

(Figure 4. 5) as at 0.01 μM without EGF stimulation it did not activate ERK5 alone 

and a slight enhancement in p-EGFR-1 was seen. However this may have been due 
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to error introduced by blotting resulting in a high background. Therefore it can be 

determined that trametinib appears to potentiate acute (10min) agonist-mediated 

activation of ERK5 with EGF in HeLa and VEGF in HDMEC. Longer-term 

trametinib mediated inhibition of ERK1/2 (6hrs) appears to cause a paradoxical 

activation of MEK1/2 and C-Raf.  Activation of EGFR-1 and VEGFR-2 was not 

observed in response to trametinib, suggesting that activation of ERK5 was not a 

consequence of increased EGFR-1 and VEGFR-2 activation.    

The ability of trametinib to activate ERK5 appeard to be due to activation of the 

canonical MEK5/ERK5 pathway as inhibition of MEK5 with BIX02189 was able 

to prevent trametinib mediated activation of ERK5 as evidenced by reduced band 

shift and reduced phosphorylation of Thr219/Tyr220 in ERK5 (Figure 4. 7). The 

ability of AX15836 to reduce the band-shift but preserve Thr219/Tyr220 

phosphorylation suggests that ERK5 kinase activity was required for the C-terminal 

phosphorylation required to generate a band-shift.  Taken together this data suggests 

that trametinib inhibits ERK1/2 causing a reciprocal activation of MEK1/2, which 

results in activation of MEK5 and ultimately ERK5. The role of this apparent 

paradoxical activation of ERK5 needs to be addressed in the future.  Interestingly, 

analysis of cyclin D1, a target of ERK1/2 activation resulting in progression through 

G1 of the cell cycle, revealed that trametinib was still able to reduce cyclin D1 levels 

in HeLa cells suggesting that paradoxical activation of ERK5 was not able to 

substitute for ERK1/2 inhibition in regulating cyclin D1 levels. 

Selumetinib was also able to activate ERK5, although not as potently as trametinib 

(Figure 4. 6), suggesting that the observed activation of ERK5 in response to 

ERK1/2 inhibition was not restricted to trametinib.   This indicated that selumetinib 

targets MEK1 as seen is recent paper by (Kerstjens et al., 2017), whilst trametinib 

seems to act on both MEK1 and MEK2. This could propose based on the results 

that both MEK1/2 need to be targeted, in order to get complete activation of ERK5. 

Selumetinib also causes activation of ERK5 but requires higher concentration. 
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However this possibly may be only transient, as the activation of ERK5 was not 

evident after 24hrs treatment with trametinib. It could be that selumetinib at only 

the higher concentrations inhibits both ERK1 and ERK2 causing the activation of 

ERK5. 

This data is in agreement with previous research conducted by De Jong et al. in 

2015. They found similar results of ERK1/2 mediating negative feedback. They 

presented that when the ERK1/2 pathway was genetically knocked out in mice (lack 

of negative feedback mechanism), the level of ERK5 signalling increased in a 

human colorectal cancer cell line and intestinal epithelial cells. This indicated that 

cancer cells are able to shift to the ERK5 signalling pathway to proliferate and 

showed elimination of the negative feedback mechanism of ERK1/2 signalling 

pathway. (de Jong et al., 2016). Therefore, the ERK5 pathway may play a key role 

when cancer cells build up resistance to ERK1/2 pathway. Additionally, inhibition 

of the ERK1/2 pathway could be an appealing target to therapeutically treat 

malignant tumours that have been shown to display an increased ERK1/2 activity 

(Lake et al., 2016). 

 Pharmacological inhibition of ERK1/2 activation results in increased 

nuclear localisation of ERK5 

To investigate ERK5 further, its intracellular localisation in HeLa cells was 

investigated using immunofluorescence. ERK5 commonly exists in a folded 

conformation in the cytoplasm due to its interaction between the N and C terminal 

domains. Following EGF-mediated phosphorylation of ERK5, it was observed that 

C-terminal phosphorylation of both Thr218/Tyr220 in the activation loop, as well as 

residues present on the C-terminal, facilitates the unfolding and nuclear localisation 

of ERK5. Thus, as EGF was able to phosphorylate all these residues in HeLa cells, 

ERK5 translocated from the cytoplasm into the nucleus after 30 minutes stimulation 

(Figure 4. 8), with translocation more evident at 6 hours EGF stimulation (Figure 4. 
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9). In a similar manner preincubation with trametinib treatment 0.01 μM for 30 

minuteswas also able to activate ERK5 causing it to translocate to the nucleus and 

combination of EGF and ERK5 led to a higher nuclear localisation (Figure 4. 9). 

This is thought to be caused by phosphorylation of ERK5 on the C-terminal domain 

(Kondoh et al., 2006). This suggests that EGF and possibly trametinib activation of 

ERK5 may follow the canonical route. The actual role of nuclear ERK5 is unclear 

but it could be possible that it plays a part in gene expression via MEF2C. Further 

studies need to be performed to identify the role of trametinib activated ERK5.   
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5.1. Introduction  

In females in the UK, Cervical cancer is the 14th common cancer, there are more 

3,000 new cervical cancer cases every year. In 2015with approximately 3,100 cases. 

The largest rates for cervical cancer for women between aged 25 to 29. From the 

early 1990s, cervical cancer incidence percentages have reduced by about (24%) in 

females in the UK. Measured 34,800 women who had early detection and diagnosed 

with cervical cancer were alive in the UK at the end of 2010 (Cancer Research UK, 

2018, July 27). 

Cervical cancer has been previously treated with a range of classical 

chemotherapeutic drugs including Doxorubicin and cisplatin which target 

specifically the highly proliferating cells. The major problem that limits the 

effectiveness of such chemotherapeutic agents to treat cancer is drug resistance. 

Tumour cells can be intrinsically resistant to chemotherapy before receiving the 

treatment. However, drug resistance can be acquired and develop during treatment 

that were initially sensitive to chemotherapy and that can be caused by mutations 

during treatment or increased expression of therapeutic target and activation of 

alternative signalling pathway (Holohan et al., 2013). MAPK plays a key role in 

development and progression of cancer (Kohno and Pouyssegur, 2006, Galabova-

Kovacs et al., 2006, Bradham and McClay, 2006, Bubici and Papa, 2014, Ortiz-

Ruiz et al., 2014). ERK5 has been shown to mediate resistance to cytotoxic 

chemotherapy-induced apoptosis (Weldon et al., 2002b). However in recent years 

the focus has shifted towards the use of more molecular targeted drugs such as 

ERK1 and ERK2 pathway inhibitors.  More recently from a recent study in patients 

with pancreatic cancer, tumours were seen to be more sensitive to MEK inhibitors. 

Hence the use of trametinib in cervical cancer may offer a strategy of highly-

selective tumour targeting and better therapeutic effect (Kawaguchi et al., 2017). 
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As data from the previous chapter had shown that pharmacological inhibition of 

ERK1/2 resulted in activation of the ERK5 pathway. This may represent a 

mechanism for potential development of drug resistance in Hela cells, which was 

investigated in this chapter. 

5.2. Characterisation of ERK5 activation in HeLa and HeLa-TR cancer cell 

lines 

 MAPKs signalling pathways in HeLa and HeLa-TR 

Additionally, with the use of immunofluorescence and subcellular protein 

fractionation, the effect this differential ERK5 activation has on the intracellular 

localisation of ERK5 will be explored. Furthermore, the use of the specific small-

molecule inhibitors of MEK5 and ERK5, BIX 02189 and XMD8-92 will be utilised 

in order to determine the role of VEGF- and EGF mediated AKT activity as a result 

of ERK5 phosphorylation (Kosnopfel et al., 2017). 

 

 Generation and characterisation of HeLa and HeLa-TR cancer cell 

lines 

Mitogen-activated protein kinases (MAKPs) have a key role in cell responses to 

growth factors and stress resulting in, motility, survival, proliferation and 

differentiation of cells (Cargnello and Roux, 2011). MAPKs include ERK5, c-Raf, 

MEK1/2 and ERK1/2. In order to evaluate the profile of MAPK activity in HeLa 

and HeLa-TR in response to trametinib and test whether these kinases in addition 

to AKT interfered with ERK5 activation in the HeLa-TR cell line, protein 

expression using western blot was conducted. HeLa-TR cells were incubated with 

various concentration of trametinib for 1 week at a time and then lysed with RIPA 

lysis buffer prior to resolution on 7.5% SDS-PAGE acrylamide                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

el and western blot analysis (Figure 5. 1). It was seen from week 2 an increased in 

the levels of phosphorylation of p-ERK5 up to week5. Following this a decrease in 
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phosphorylation was seen. However in p-ERK1/2 showed activation from week 2 

up until week 5. Then phosphorylation of p-ERK1/2 were decreased significantly. 

The level of p-MEK1/2 expression were elevated from week 2 till week 8. 
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Figure 5. 1 Characterisation of HeLa and HeLa-TR cancer cell lines. Hela cells were seeded on 12-
well plates for 5 weeks, cells were then pre-incubated with certain concentration of trametinib 
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starting with 0.002 μM, 0.004 μM, 0.008 μM, 0.01 μM and 0.1 μM trametinib for 9 weeks, and RIPA 
lysis. Proteins were separated on a pre-cast 15-well NuPAGE 4-12% Bis-Tris gel and a 7.5% 
acrylamide gel, transferred to nitrocellulose membranes and blocked in 5% (w/v) BSA for 1 hour 
before addition of antibodies followed by incubating with antibodies against EGFR-1, p-EGFR-1, 
total ERK5, p-ERK5, p-c-Raf, p-AKT, p-ERK1/2, p-MEK1/2, Cyclin D1 and Actin. Densitometric 
analysis of protein phosphorylation is relative to the basal control condition. This result is 
representative of three independent experiments. (n=3, mean ± SEM; *p<0.05; **p<0.01, 
***p<0.001; one way ANOVA with Tukey's HSD test). Analysis was performed using GraphPad 
Prism software. 

 

 ERK5 activation is increased in the HeLa resistant cell line (HeLa-TR) 

In order to further characterise and understand the mechanisms of resistance in both 

the HeLa parental and resistant cell lines, the canonical pathways were investigated 

further using western blotting. Conditions included untreated, vehicle control and 

0.01uM trametinib for a period of 24 hours. As see from (Figure 5. 2), the resistant 

HeLa cells even in the presence of trametinib displays resistance to the drug as 

ERK1/2 still appears to be activated even if at a low level. Contrasting in the 

parental HeLa cells, ERK1/2 is completely inhibited as expected. In regards to the 

upstream pathways such as MEK1/2 and c-Raf, both of them were found to be 

activated in both the resistant HeLa cells and parental. This was seen to be slightly 

higher in the resistant HeLa cells. Moreover, ERK5 in HeLa-TR cells a clear band 

shift is seen when treated with trametinib. However the HeLa-Wt cells do not 

display such a band shift. AKT was elevated under treatment conditions in both cell 

types, parental and resistant (Figure 5. 2). 

 

 



Chapter 5 - The role of ERK5 in drug resistance and angiogenesis in HeLa cell 

158 

 

 

M
ea

n 
D

en
si

to
m

et
ric

Untre
ate

d

Vehic
le

 C
ontro

l

(0
.0

1uM
) T

ra
m

etin
ib

Untre
ate

d

Vehic
le

 C
ontro

l

(0
.0

1uM
) T

ra
m

etin
ib

0

1

2

3

4

5
ERK5

p-ERK5

p-ERK1/2

HeLa-Wt HeLa-TR

**
*

**
*

**
*

**
*

 

Figure 5. 2 Expression of ERK5 in HeLa and HeLa-TR cells. HeLa-Wt and HeLa-TR cells were seeded 
on 12-well plates for 24 hours, prior to overnight (18 hours) serum starvation (0.1%FCS). Cells were 
incubated with 0.01uM of trametinib for 24 hours followed by lysis with RIPA buffer. Protein lysates 
from HeLa cells were resolved on 7.5% acrylamide gel and 4-12% Nu-PAGE gels for 2 hours, 
transferred to nitrocellulose membranes and blocked in 5% (w/v) BSA for 1 hour before addition 
of antibodies. Western blotting (WB) was performed with antibodies against, total EGFR, p-EGFR, 
total ERK5, p-ERK5, p-c-Raf, p-AKT, p-MEK1/2, p-ERK1/2, and Actin as a loading control. This result 
is representative of three independent experiments. (n=3, mean ± SEM; *p<0.05; **p<0.01, 
***p<0.001; one way ANOVA with Tukey's HSD test). Analysis was performed using GraphPad 
Prism software. 
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 The effect of EGF stimulation on the expression of ERK5 in HeLa and 

HeLa-TR cells 

Following on from this both the parental and resistance HeLa cell lines were 

stimulated with 50ng/mL EGF for varying lengths of time to see the effect of 

stimulation on the signalling pathways in particularly ERK5 and ERK1/2. As seen 

from (Figure 5. 3), a clear band shift was seen for the parental cell lines and the 

resistant cells for ERK at 30 minutes. However following on from 6 hours of 

stimulation a band shift for ERK5 was only seen in the parental cells. In regards to 

the protein expression of p-ERK5, its levels of activation were similar in both HeLa 

and HeLa-TR cells. The levels of ERK1/2 were also comparable between both cell 

types, which was also seen for p-MEK1/2 and p-c-Raf. 

 

 

 

 

 

 



Chapter 5 - The role of ERK5 in drug resistance and angiogenesis in HeLa cell 

160 

 

 

M
ea

n 
De

ns
ito

m
et

ric

Untre
ated

30min E
GF

6 hours
 E

GF

Untre
ated

30min E
GF

6 hours
 E

GF
0

2

4

6
ERK5

p-ERK5

p-ERK1/2

HeLa-Wt HeLa-TR

**
*

*

**

**
*

**
*

**

**
*

**
*

**
*

**
*

**
*

 

Figure 5. 3. The effect of EGF stimulation on the expression of ERK5 in HeLa and HeLa-TR cells. 
HeLa Wt and HeLa-TR cells were seeded on 12-well plates for 24 hours, prior to overnight (18 
hours) serum starvation (0.1%FCS). Cells were stimulated with 50ng/mL of EGF for 30minutes and 
6 hours respectively followed by lysis with RIPA buffer. Protein lysates from HeLa cells were 
resolved on 7.5% acrylamide gel and 4-12% Nu-PAGE gels for 2 hours, transferred to nitrocellulose 
membranes and blocked in 5% (w/v) BSA for 1 hour before addition of antibodies. Western blotting 
(WB) was performed with antibodies against, total EGFR, p-EGFR, total ERK5, p-ERK5, p-c-Raf, p-
AKT, p-ERK1/2, p-MEK1/2 and Actin as a loading control. This result is representative of three 
independent experiments. (n=3, mean ± SEM; *p<0.05; **p<0.01, ***p<0.001; one way ANOVA 
with Tukey's HSD test). Analysis was performed using GraphPad Prism software. 



Chapter 5 - The role of ERK5 in drug resistance and angiogenesis in HeLa cell 

161 

 

 Intracellular Signalling in HeLa and HeLa-TR cell lines 

The analysis of MEKK2, MEKK3, MEK5 and ERK5 mRNA in trametinib-sensitive 

and resistant cells in HeLa presented that, the MEKK2 gene expression data in 

resistant cell lines was similar to the MEKK2 protein expression data which 

indicated that MEKK2 was activated in resistant cell lines compared with parental 

cells (Figure 5. 4). In regards to MEKK3 its levels of expression were seen to be 

similar and no significant difference was observed between HeLa-Wt and HeLa-TR 

cells. Contrastingly the levels of MEK5 were significantly lower in HeLa-TR cells 

as compared to the parental cells. The levels of ERK5 were seen to be similar in 

both HeLa-Wt and HeLa-TR cells. 
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Figure 5. 4 MEKK2, MEKK3, MEK5 and ERK5 mRNA expression in HeLa and HeLa-TR cells. The bar 
chart shows RT-PCR analysis for MEKK2, MEKK3, MEK5, and ERK5 mRNA level in HeLa and HeLa-
TR. The HeLa and HeLa-TR cells RNA were extracted and cDNA prepared. Data were analysed by 
the ∆∆Ct value method and the expression was normalized to β-actin expression and illustrated as 
fold change. The result shown is representative of three independent experiments (n=3, mean ± 
SEM). and were analysed by paired t-test. No significant differences were observed Analysis was 
performed using GraphPad Prism software. 
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 The effect of inhibiting the ERK5 signalling cascade in HeLa and HeLa-

TR cells 

In order to investigate the effect of the small-molecule kinase inhibitors of the 

MEK5 axis (BIX02189) in combination with trametinib on the HeLa and HeLa-TR  

cells (0.1μM or 0.01μM), validation and determination of the concentration of this 

inhibitor and trametinib in HeLa and HeLa-TR is required to selected the right 

concentration of drug which is not toxic to cells. The investigation of the effect of 

the single-agent trametinib and the small-molecule kinase inhibitors (BIX02189), 

against HeLa and HeLa-TR was curried out by using an in vitro CellTiter-

Glo® Luminescent Cell Viability Assay, which not directly determines the number 

of viable cells by measuring the quantity of ATP current in a metabolically active 

cell, after 72 hours of treatment.  

The results shown in (Figure 5. 5 and Figure 5. 6) show that HeLa-Wt and HeLa-

TR for both concentrations (0.1 and 0.01μM), as expected. In contrast to the parental 

cell lines, the HeLa-TR cell lines (irrespective of their sensitivity to trametininb 

0.1μM or 0.01μM) are significantly resistant to trametinib. The parental cell line 

HeLa was sensitive to trametinib with an IC50 of (0.150), while the resistant cells 

HeLa-TR (0.1 μM) were more resistant to trametinib with an IC50 of (3.34) μM 

which gave a 22.3-fold increase in IC50 (Figure 5. 5 [A] and Table 5.1). 

On the other hand, in regards to the resistant cells HeLa-TR (0.01 μM) the results 

was slightly less resistance in compare to the previous HeLa-TR (0.1 μM). The 

HeLa-Wt cell line was sensitive to trametinib with an IC50 of (0.07), while the 

resistant cells HeLa-TR were more resistant to trametinib with an IC50 of (0.372) 

μM which gave a 5.3-fold increase in IC50 (Figure 5. 6 [A] and Table 5. 4). The 

combination of trametinib with 3μM BIX02189 in the HeLa cells did not show a 

noticeable change in IC50 values (0.03) compared with trametinib alone IC50 

values (0.08), which gave (0.37) a fold change (Figure 5. 6 [B] and Table 5. 5). In 
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HeLa-TR, incubation of 3μM BIX02189 with the presence of trametinib gave 

change in IC50 values (0.116), compared with trametinib alone IC50 values (0.30), 

which gave (0.40) a fold change (Figure 5. 6 [C] and Table 5. 6).  

Increased sensitivity to trametinib was present and a shifted of the dose response 

curves to the left compared to trametinib alone was seen. This result suggests that 

the combination of trametinib with 3μM BIX02189 could potentially reverse the 

resistance of HeLa to trametinib. However, the degree of reversing the resistance 

was seen to be greater in HeLa-TR (0.1 μM) when compared to HeLa-TR (0.01μM). 
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Table 5. 1 The sensitivity of HeLa and HeLa-TR (0.1 µM ) to trametinib (A)  

         Compound  Trametinib IC50 (µM) Fold Resistance 

 HeLa HeLa-TR 

Trametinib 0.150 3.34 22.3 

Table 5. 2 The sensitivity of HeLa to trametinib, and (3uM) BIX02189 (B)  

Cell type Trametinib IC50 (µM) Fold change 

HeLa + Full growth Media 0.086 0.4 

HeLa + 3uM BIX02189 0.0324 

Table 5. 3 The sensitivity of HeLa-TR (0.1 µM ) to trametinib, and (3uM) BIX02189 (C)  

Cell type Trametinib IC50 (µM) Fold change 

HeLa-TR + Full growth Media 6.36 0.20 

HeLa-TR + 3uM BIX02189 1.3 

Figure 5. 5 Dose response curves of trametinib combined with/without MEK5 inhibitor BIX02189 
in HeLa and HeLa-TR (0.1uM) (A) HeLa-Wt and HeLa-TR. (B) HeLa-Wt with Full growth Media and 
combined 3µM BIX02189. (C) HeLa-TR combined 3µM BIX02189. Cells seeded at 5 x 103 cells per 

well in a 96-well plate for 24 hours and then treated with different concentrations of trametinib 
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from (0.003 to 10 uM) with 3µM BIX02189 and incubated for 72 hours. Cells were then analysed 
by using a CellTiter-Glo® Luminescent Cell Viability Assay. This result is representative of three 
independent experiments. 

 

Table 5. 4 The sensitivity of HeLa and HeLa-TR (0.01) to trametinib (A) 

         Compound  Trametinib IC50 (µM) Fold Resistance 

 HeLa HeLa-TR 

Trametinib 0.07 0.372 5.3 

Table 5. 5 The sensitivity of HeLa to trametinib, and (3uM) BIX02189 (B)  

Cell type Trametinib IC50 (µM) Fold Resistance 

HeLa + Full growth Media 0.08 0.37 

HeLa + 3uM BIX02189 0.03 

Table 5. 6 The sensitivity of HeLa-TR (0.01) to trametinib, and (3uM) BIX02189 (C)  

Cell type Trametinib IC50 (µM) Fold Resistance 

HeLa-TR + Full growth Media 0.30 0.4 

HeLa-TR + 3uM BIX02189 0.116 
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Figure 5. 6 Dose response curves of trametinib and small-molecule kinase inhibitors in HeLa and 
HeLa-TR (0.01uM). (A) HeLa-Wt and HeLa-TR. (B) HeLa-Wt with Full growth Media and combined 
3µM BIX02189. (C) HeLa-TR combined 3µM BIX02189. Cells seeded at 5 x 103 cells per well in a 96-
well plate for 24 hours and then treated with different concentrations of trametinib from (0.003 
to 10 uM) with 3µM BIX02189 and incubated for 72 hours. Cells were then analysed by using a 
CellTiter-Glo® Luminescent Cell Viability Assay. This result is representative of three independent 
experiments. 

 GFP-ERK5 is localized in the cytoplasm of HeLa and HeLa-TR cells 

In order to further study the nuclear localisation of ERK5, HeLa cells were 

transfected with the GFP-ERK5 plasmid to evaluate its effect on ERK5 localisation. 

In a similar manner HeLa-TR cells were transfected with the GFP-ERK5 plasmid 

to evaluate its effect on ERK5 localisation and to investigate whether HeLa-TR cells 

show any differences to the Wild type cell line. Experiments were done with and 

without growth factor stimulation (EGF). Both HeLa and HeLa-TR cells were 

stimulated with EGF (50 ng/ml) for 30 minutes (Figure 5. 7 and Figure 5. 8). 

Interestingly, in both HeLa and HeLa-TR cells under untransfected and vehicle 

control conditions with and without EGF stimulation had no effect on the cellular 

distribution of overexpressed ERK5, remaining sequestered in the cytoplasm 

(Figure 5. 7 and Figure 5. 8). In HeLa and HeLa-TR cells, ERK5 translocated from 

the cytoplasm to the nucleus upon stimulation with EGF at 30 minutes almost 

complete translocation of GFP-ERK5 into the nucleus (Figure 5. 7 and Figure 5. 8).  

The translocation of the GFP-ERK5 into the nucleus was correlated with enhanced 

phosphorylation of various residues. Hence, it is likely that the translocation 

present, could be a consequence of numerous different phosphorylations on ERK5, 

some of which have been described by Nimesh and colleagues (Nimesh et al., 2003), 

to take place following stimulation. So from both HeLa and HeLa-TR when 

transfected with GFP-ERK5 acted in a similar manner. 
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Figure 5. 7 Immunofluorescence analysis of HeLa cell Intracellular localisation of ERK5. HeLa cell 
were seeded at 7 × 104 cells/wells on 13mm glass for 24 hours using full growth media, following 
day Cells were grown to confluence then cells were transfected with ERK5-GFP in serum starved in 
1%FCS media for 6hours then media were changed to full growth media. Following day media were 
change to 1%FCS media for 24hours. Following day, Cells were stimulated with EGF 50 ng/ml for 
30 minutes. The cells were fixed with MeOH for 10 minutes in -20C. Cells were blocked with 5% 
BSA/TBST for 1hour on rocker at room temperature, Cells were then stained with an antibody 
against ERK5 (red), GFP (green) and the nucleus with Hoechst (blue) for detection of intracellular 
localisation, prior to staining with a fluorescent secondary antibody and image were taken at 63x 
oil object with an inverted Zeiss Axio observer microscope and the associated Zen software.  
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Figure 5. 8 Immunofluorescence analysis of HeLa-TR cell Intracellular localisation of ERK5. HeLa-
TR cell were seeded at 7 × 104 cells/wells on 13mm glass for 24 hours using full growth media, 
following day Cells were grown to confluence then cells were transfected with ERK5-GFP in serum 
starved in 1%FCS media for 6 hours then media were changed to full growth media. Following day 
media were change to 1%FCS media for 24hours. Following day, Cells were stimulated with EGF 50 
ng/ml for 30 minutes. The cells were fixed with MeOH for 10 minutes in -20C. Cells were blocked 
with 5% BSA/TBST for 1hour on rocker at room temperature, Cells were then stained with an 
antibody against ERK5 (red), GFP (green) and the nucleus with Hoechst (blue) for detection of 
intracellular localisation, prior to staining with a fluorescent secondary antibody and image were 
taken at 63x oil object with an inverted Zeiss Axio observer microscope and the associated Zen 
software.  

 
 
 
 

 Characterization of GFP-ERK5 by Western blot 

HeLa cells and HeLa-TR were utilized in the following experiment and were 

transfected with GFP and ERK5-GFP in order to investigate the role of ERk5 and 

confirming its expression following translocation. The plasmids were transfected to 

HeLa cells using Lipofectamine 2000 with the Amaxa Nucleofector Technology kit 



Chapter 5 - The role of ERK5 in drug resistance and angiogenesis in HeLa cell 

169 

 

(Lonza). HeLa cells were electroporated using Amaxa solution at 7 × 104 cells per 

condition and plated on to 12 well plates. Various protein involved in ERK5 

signalling were assessed by western blotting. When transfected with GFP-ERK5, 

an increase in ERK5 levels were seen under both stimulation and non-stimulation 

conditions with EGF in both cell types. This resulted in an increase in the molecular 

weight and is seen on (Figure 5. 9) by the increased band of p-ERK5, due to the 

starting point of ERK5 being higher. This was not observed with GFP alone. 

Transfection with untreated and vehicle controls did not show any significant 

expression of ERK5. The only difference that was observed between HeLa and 

HeLa-TR, was that in HeLa cells a stronger expression of p-ERK5 was observed in 

GFP-ERK transfected cells under EGF stimulation (Figure 5. 9). 
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Figure 5. 9 Cell signalling of HeLa and HeLa-TR cell Intracellular localisation of ERK5. HeLa (A) and 
HeLa-TR (B) cells were seeded on 12-well plates at 7 × 104 cells/wells for 24 hours using full growth 
media, following day cells were grown to confluence then cells were transfected with ERK5-GFP in 
serum starved in 1%FCS media for 6hours then media were changed to full growth media. 
Following day media were change to 1%FCS media for 24hours. Following day, Cells were 
stimulated with EGF 50 ng/ml for 30 minutes. Followed by lysis with RIPA buffer. Protein lysates 
HeLa cells were resolved on 7.5% acrylamide gel and 4-12% Nu-PAGE gels for 2 hours, transferred 
to nitrocellulose membranes and blocked in 5% (w/v) BSA for 1 hour before addition of antibodies. 
Western blotting (WB) was performed with antibodies against p-EGFR-1, total EGFR-1, total ERK5, 
p-ERK5, p-c-Raf, p-AKT, p-MEK1/2, p-ERK1/2, and Actin as a loading control. This result is 
representative of three independent experiments. (n=3, mean ± SEM; *p<0.05; **p<0.01, 
***p<0.001; one way ANOVA with Tukey's HSD test). Analysis was performed using GraphPad 
Prism software. 

5.3. Discussion 

The study of the ERK1/2 and ERK5 signalling pathways in cancer is central because 

of the role of this pathway in cell survival, angiogenesis and proliferation (Wang 

and Tournier, 2006). The abnormal expression of such pathways have been 

implicated in many human cancers in particularly cervical cancer (Montero et al., 

2009, McCracken et al., 2008a, Sticht et al., 2008). 

The aim of this study was to analyse and investigate the role of ERK1/2 and ERK5 

in cervical cancer cells (HeLa) using EGF growth factor stimulation or the ERK1/2 

inhibitor, trametinib and inhibition of the MEK5/ERK5 signalling pathway through 

using BIX02189. The role of ERK1/2 and the activation of ERK5 were further 

investigated in both HeLa trametinib-sensitive or resistant cells. The extensive 



Chapter 5 - The role of ERK5 in drug resistance and angiogenesis in HeLa cell 

171 

 

phosphorylation of ERK5 in HeLa cells caused a bandshift from ERK5 with 

conventional SDS-PAGE.  

 Trametinib resistant HeLa cells show reactivation of ERK1/2 and 

activation of ERK5. 

In regards to EGF-induced ERK5 activation in HeLa cells (Figure 5. 1), inhibition 

of MEK1/2 and ERK1/2 was utilised to examine the relationship between ERK5 

activation and these kinases after incubation of the cells with trametinib. The initial 

ERK1/2 inhibitors developed (PD98059, PD184352 and U0126) have been stated 

to inhibit endogenous   ERK5 in HeLa cells (Mody et al., 2001).  Hence, it was 

possible that the ERK1/2 inhibitor (trametinib) could inhibit ERK5 activation in 

HeLa-TR cells. As expected, trametinib was seen to be an effective inhibitor of 

ERK1/2 activation in trametinib-sensitive and resistant HeLa cells. The resistance 

to trametininb developed very quickly in HeLa cells, this was seen to develop within 

2 weeks. From (Figure 5. 1), the activation of p-ERK5 was not observed until a few 

weeks of trametinib treatment (3 weeks of treatment were required to see activation 

of ERK5). After 8 weeks cells were maintained in 0.1uM trametinib.  Constitutive 

activation of ERK5 was not observed in the trametinib resistant cells (Fig.5.2).  

However,  the phosphorylation of ERK5 was enhanced by trametinib treatment for 

24 hrs in both trametininb sensitive and resistant cells (Figure 5. 2). Analysis of 

mRNA expression in the HeLa and HeLa-TR cells showed that there was only a 

small upregulation of MEKK2 mRNA in the resistant cells with no significant 

changes in MEK5 and ERK5 mRNA levels. This suggests that the resistant cells do 

not transcriptionally upregulate the ERK5 signalling axis. 

These data suggest that trametinib-mediated inhibition of ERK1/2 activation leads 

to ERK5 activation in cervical cancer cells (HeLa and HeLa-TR). This result is 

comparable to the reported effect of PD184352 upon EGF-induced ERK5 activation 

in HeLa cells (Mody et al., 2001). Consequently, ERK1/2 may have a negative 
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regulatory effect upon the MEK5/ERK5 signalling pathway and provides further 

support of cross-talk between the ERK5 and ERK1/2 signalling pathways as first 

proposed by Mody et al. (2001). Furthermore, it was recently shown that inhibition 

of the ERK1/2 signalling pathway results in phosphorylation of ERK5 as an 

alternative pathway that rescues cellular proliferation in colorectal cancer (de Jong 

et al., 2016).  

 Inhibition of ERK5 pathway increases sensitivity to trametinib in 

wildtype and trametininb drug-resistant HeLa cells. 

Following on from observing a role of ERK5 in trametininb-resistant HeLa cells, 

the second aim was to attempt to investigate the role of MEK5/ERK5 in drug 

resistance in the HeLa-TR cell line by inhibition of the MEK5/ERK5 signalling 

pathway. BIX02189 treatment caused chemosensitivity in HeLa cells treated with 

trametinib and appeared to partially reverse resistance in the trametinib-resistant 

HeLa cells (Figure 5. 5and Figure 5. 6). Previous studies have focused on dual 

inhibition of ERK1/2 and ERK5 to overcome resistance in melanoma.  These 

reports have shown that through the inhibition of ERK5 it is able to restore the 

sensitivity to ERK1/2 inhibitors. For instance as reactivation of the MAPK pathway 

is implicated in acquired resistance in more than 50% of the cases of melanoma, 

and ERK1/2 is involved in the RAS-RAF pathway, the combination of MEK and 

BRAF inhibitors including trametinib and dabrafenib has enhanced the progression 

free-survival and patient response rates in comparison with the use of individual 

inhibitors (Shi et al., 2014, Wagle et al., 2014). In a more recent study two BRAF 

V600E melanoma cell lines were used to show that the ERK1/2 inhibitor 

SCH772984 actions were opposed following stimulation of the ERK5 pathway. 

This led to reactivation of cell proliferation and acquired resistance and the presence 

of a dominant negative MEK5 form further supported this (Benito-Jardon et al., 

2019). 
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 Investigation of the intracellular localisation of ERK5 in HeLa cells 

The intracellular localisation of ERK5 has been proposed to change depending on 

its phosphorylation status, and subsequently its conformation. Researchers 

including Kondoh and colleagues suggested that ERK5 in its unphosphorylated 

state is present in a folded configuration due to ongoing interactions between the N- 

and C-terminals (Kondoh et al., 2006). It is believed that this conformation either 

produces a nuclear export signal (NES), or dampens the signal of the nuclear 

localisation signal (NLS) domain, thereby leading to the movement of ERK5 to the 

cytoplasm. Dual-phosphorylation of the Thr218/Tyr220 residues by MEK5 is thought 

to interrupt the intramolecular NES interaction allowing for the translocation of 

ERK5 into the nucleus (Kondoh et al., 2006). The aforementioned 

immunofluorescence data is inconclusive as it was found that the green fluorescence 

protein (GFP) also shows nuclear translocation (Figure 5. 7and Figure 5. 8).  Hence 

endogenous ERK5 translocation not clear and subcellular fractionation is required 

to help confirm and expand on these results.
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 The role and regulation of the ERK5 signalling pathway in HeLa and 

HDMEC cells  

The ERK5 protein is universally expressed and performs several roles in a host of 

different cell types ((Hayashi et al., 2004, Wang and Tournier, 2006, Spiering et al., 

2009). As well as its function in regulating cellular processes for instance, 

proliferation, survival and differentiation, ERK5 has been implicated in the 

development of a number of diseases including cancer and ischaemia (Kato et al., 

1998, Wang and Tournier, 2006, Takeishi et al., 1999, Montero et al., 2009). 

Various genetic studies in mice have highlighted the important role of ERK5 in 

normal cardiovascular development and maintaining vascular integrity (Hayashi et 

al., 2004). Moreover, certain reports have depicted the role of ERK5 activation in 

regulating gene expression together with intracellular signalling in human 

endothelial cells (Yan et al., 1999, Roberts et al., 2010). Furthermore, numerous 

papers determined the role of ERK5 activation in response to EGF stimulation and 

its effect on cellular proliferation and intracellular localisation (Kato et al., 1998, 

Kamakura et al., 1999, Raviv et al., 2004, Kondoh et al., 2006, Yang et al., 2010). 

Abnormal ERK5 signalling has been illustrated in many cancers including breast 

cancer, prostate cancer, hepatocellular cancer and malignant mesothelioma all of 

which are associated with poor prognosis (Montero et al., 2009, Zen et al., 2009, 

McCracken et al., 2008b, Shukla et al., 2013).  This thesis has addressed the effect 

of the therapeutic inhibition of ERK5 signalling HeLa and HDMEC cells, as well 

as assessing the use of small molecule inhibitors acting on specific parts of the 

MAPK signalling cascade together with the use of drug-resistant cancer cells. 

 Investigation of ERK5 phosphorylation in HeLa and HDMECs 

In order to understand and characterise the activation of ERK5, EGF stimulation of 

HeLa cells and VEGF stimulation of HDMECs were performed based on previous 

findings (Roberts et al., 2010, Mody et al., 2001). From the western blots it was 
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established that EGF and VEGF stimulated ERK5 phosphorylation in HeLa cells 

and HDMECs respectively (Figure 3. 1). In this project, to reveal ERK5 activation 

in HDMECs a phospho-ERK5 (Thr218/Tyr220) antibody for western blotting was 

utilised and an electrophoretic mobility bandshift on Phos-tag™ reagent in SDS-

PAGE was carried out. The activation and phosphorylation of ERK5 by MEK5 

leads to phosphorylation of ERK5’s threonine residue of the T-E-Y motif. This is 

analogous to activation of other MAPK family members ERK1/2, JNK and p38 

MAPK by their upstream MAPKK (Haystead et al., 1992, Fleming et al., 2000). 

However, ERK5 is distinct in comparison with JNK, p38 MAPK and ERK1/2 due 

to the presence of a relatively large C-terminal domain that is able to undergo 

autophosphorylation following phosphorylation of the T-X-Y motif (Mody et al., 

2003a, Buschbeck and Ullrich, 2005). 

The results in regards to ERK5 activation were found to be in line with the current 

literature. EGF stimulated HeLa cells undergo phosphorylation of the Thr218/Tyr220 

residues in the activation loop of the kinase domain, but additionally at residues, 

including Thr732, which is thought to be in the C-terminal tail (Figure 3. 1). VEGF-

stimulation of HDMECs did not induce an ERK5 mobility bandshift using the 

standard conventional SDS-PAGE (Figure 3. 1), on the other hand a single bandshift 

was detected with Phos-tag™ SDS-PAGE (Figure 3. 4), which was then shown to 

correspond to phosphorylation of Thr218/Tyr220. These findings propose that VEGF 

was only able to induce dual phosphorylation of the kinase domain residues (p-

ERK5) with no apparent phosphorylation of C-terminal residues. Taken together, 

these results infer that kinase activity and phosphorylation of C-terminal residues 

are not necessarily mutually inclusive events. Hence, in endothelial cells ERK5 is 

activated in a completely different manner, because it has a completely different 

role. Erk5deficient mice die around embryonic day (E) 10.5 due to cardiovascular 

defects and angiogenic failure in embryonic and extra-embryonic tissues. In these 

mice, the developing vasculature fails to mature, with endothelial cells becoming 

disorganized and rounded leading to a loss of vascular integrity (Nithianandarajah-
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Jones et al., 2014). Taken together, it is possible that in endothelial cells, the 

VEGFR-2 couples to ERK5 via a mechanism that prevents c-terminal 

phosphorylation allowing ERK5 to perform a unique role in endothelial cells such 

as regulating AKT phosphorylation. Recent data has shown that statins can activate 

ERK5 in endothelial cells resulting in a an apparent band-shift on SDS-PAGE 

analysis (Wilkinson et al., 2018). Similar to VEGFR-2, statins utilise the canonical 

MEKK3/MEK5/ERK5 resulting ERK5 activation. This suggests that the VEGFR-

2 interaction with MEKK3/MEK5/ERK5 may somehow prevent c-terminal 

phosphorylation of ERK5. Further work would involve mutational analysis, 

CRISPR knock-in involving mutations (truncated protein) of ERK5 to remove the 

c-terminal domain would help acknowledge whether the C-terminal domain was 

dispensable. Also it would enhance understanding as to what the role of this C-

terminal domain is. 

Dose response experiments using the specific MEK5 inhibitor (BIX 02189) showed 

that VEGF-mediated AKT activity was dependent upon MEK5 kinase activity 

(Figure 3. 8). Prior data from the group has indicated that in HDMECs, siRNA 

mediated silencing of ERK5 decreases VEGF-mediated AKT phosphorylation by 

about 50% when cells are grown on a gelatin matrix (Roberts et al., 2010); this 

would seem to correspond with the data generated with BIX02189. On the other 

hand, EGF-mediated ERK5 phosphorylation in HeLa with BIX02189 did not affect 

AKT activity (Figure 3. 7). These results displayed that phosphorylation of 

Thr218/Tyr220 alone is sufficient in regulating VEGF mediated AKT activity 

(Figure 3. 8). The dose response and western blot data with the ERK5 inhibitor 

XMD8-92, an ATP-competitive inhibitor, on HeLa cells indicated that 

phosphorylation of ERK5 on Thr218/Tyr220 residues was not modified by XMD8-92; 

nevertheless a decrease in bandshift was seen signifying that C-terminal 

phosphorylation was inhibited at the higher concentration (10uM) (Figure 3. 9). 

This is consistent with XMD8-92 affecting ERK5 kinase activity instead of 

phosphorylation of the T-E-Y motif which is accomplished by MEK5. The use of 
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XMD8-92 in HDMECs showed that VEGF-stimulated AKT activity was not 

significantly affected by use of this inhibitor (Figure 3. 10). XMD8-92 inhibits 

ERK5 activity and supresses tumour growth in lung and cervical tumour model 

without inducing vasculature abnormalities (Yang et al., 2010, Yang and Lee, 

2011). One potential concern with the development of ERK5 inhibitors is the 

profound cardiovascular abnormalities seen in the erk5 -/- gene KO studies 

(Nithianandarajah-Jones et al., 2012a). Considering that XMD8-92 appears to 

preserve VEGF-mediated AKT activation in contrast to siRNA mediated gene 

silencing (Roberts et al., 2010) it is interesting to speculate that inhibition of ERK5 

kinase activity in endothelial cells may not have the detrimental effects seen with 

the erk5 -/- gene knockout and that XMD8-92 may be a viable drug for use in 

patients. 

The above results implicate a potential regulation of AKT by ERK5 in HDMEC and 

it may be that following stimulation with VEGF-A ERK5 co-localises and 

complexes with AKT at the plasma membrane. This interaction is not seen in HeLa 

cells, indicating that signalling pathways for ERK5 differs in tumour and 

endothelial cells (Gough, 2007, Raviv et al., 2004).  
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Figure 6. 1 EGF-mediated ERK5 activity in HeLa. EGF stimulation of HeLa results in phosphorylation 
of Thr218/Tyr220 in the kinase domain by MEK5. Inhibition of this phosphorylation can occur using 
the MEK5-selective inhibitor, BIX 02189. Phosphorylation of C-terminal residues of ERK5 may occur 
by ERK5-dependent and –independent pathways. The ERK5-selective inhibitor, XMD8-92 is able to 
inhibit autophosphorylation of ERK5 Cterminal residues, AX15836 is the most selective ERK5 
inhibitor. ERK5-independent phosphorylation of C-terminal residues is thought to occur via EGF-
mediated HRAS activation. Phosphorylation of C-terminal residues enables nuclear shuttling of 
ERK5 wherein phosphorylation of promyelocytic leukemia protein (PML) occurs in the PML-nuclear 
body (PML-NB). Phosphorylated PML is unable to upregulated p21, which is required for G1/S cell 
cycle progression. Additionally, nuclear ERK5 is able to phosphorylate transcription factors such as 
CREB and MEF2, leading to a survival response. 
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Figure 6. 2 VEGF-mediated ERK5 activity in HDMEC. VEGF stimulation of HDMEC results in 
phosphorylation of Thr218/Tyr220 in the kinase domain by MEK5. BIX02189 is able to inhibit this 
phosphorylation. VEGF is unable to induce C-terminal phosphorylation of ERK5. Instead, ERK5 
phosphorylated at Thr218/Tyr220, is thought to complex with VEGFR-2 and MEK5 at the plasma 
membrane whereby it is able to complex with, and mediate AKT activation, possibly via Cx43, or 
via an unknown direct mechanism. Phosphorylated AKT is consequently able to phosphorylate BAD, 
sequestering it to the 14-3-3 protein, inhibiting its interaction with BCL2 and its translocation to 
the mitochondria. FoxO3a phosphorylation by AKT is also sequestered by the 14-3-3 protein in the 
cytoplasm, thereby preventing it from upregulating the Fas ligand (FasL), which subsequently 
results in an apoptotic feedback loop and FasL-mediated caspase activation. 

BIX02189 
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 Pharmacological inhibition of ERK1/2 activation results in activation 

and increased nuclear localisation of ERK5 

Another key finding of this thesis was the apparent paradoxical activation of ERK5 

as a result of inhibition of MEK1/2 with trametinib. Trametinib is a type II allosteric 

inhibitors of MEK1/2 binding adjacent to the ATP-binding site (Roskoski, 2016). 

Following inhibition of ERK1/2 activation with trametinib, paradoxical increased 

phosphorylation of MEK1/2 was apparent.  However, it required 6 hrs for activation 

of ERK5 to become apparent suggesting a feedback loop was operating (Figure 6. 

3), possibly via increased phosphorylation of c-Raf. Interestingly,  MEK5 contains a 

Raf-1 phosphorylation motif - S311XXXT315 - similar to the S218XXXS222 motif found in 

MEK1, it is possible that Ras/Raf-1 may act as upstream activators of MEK5, akin to 

the canonical Ras→Raf-1→MEK1/2→ERK1/2 cascade (English et al., 1998). 
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Figure 6. 3 Summary negative feedback from of MEK1/2 to ERK5 pathway. Extracellular stimuli, 
EGF, stimulate EGFR on cell surface and cause a serials phosphorylation of MAPK cascade. 
Trametinib inhibit MEK1/2 pathway, BIX02189 inhibit MEK5 pathway and AX15836 inhibit ERK5 
pathway. ERK1/2 pathway play a major role in cell proliferation and migration, while ERK5 pathway 
play minor role in cell migration and may play supportive role in cell proliferation. Negative 
feedback was showed when ERK1/2 pathway was inhibited, leading the activation of ERK5 
pathway. 

 

Moreover, ERK inhibitors have displayed the ability to overcome the acquired drug 

resistance which is induced by inhibitors targeting the kinases present upstream. 

Various investigations have shown that the reactivation of the MAPK pathway is a 

important result of acquired resistance of MEK and BRAF inhibitors (Little et al., 
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2013, Ahronian et al., 2015, Corcoran et al., 2012). The incidence of acquired drug 

resistance to MAPK pathway inhibition includes a sequence of complex 

mechanisms, which is thought to involve wild-type BRAF amplification, BRAF-

V600E amplification and MEK1/2 amplification or mutation (Little et al., 2013, 

Carlino et al., 2014). Selective ERK5 inhibitors were described to reverse acquired 

resistance to MEK inhibitors (Hatzivassiliou et al., 2012), in addition to drug 

resistance occurring from BRAF and MEK inhibitors (Merchant et al., 2014, 

Carlino et al., 2014). It is thought that ERK5 inhibitors are not as sensitive to 

resistance mechanisms in comparison to inhibitors of the upstream molecules in 

MAPK pathway. Hence, targeting ERK5 is regarded to be more effective than 

targeting BRAF or MEK in acquired resistance (Corcoran et al., 2012). For instance, 

combinational usage of ERK5 inhibitors and upstream inhibitors has become a 

significant approach to treat acquired resistance and improve therapeutic efficacy. 

The selective dual-mechanism ERK5 inhibitor, SCH772984, was found to re-

sensitize tumour cells after the emergence of resistance to BRAF inhibitors or MEK 

inhibitors, offering the rational for combination of ERK5 inhibitors with inhibitors 

of BRAF or MEK72 (Benito-Jardón et al., 2019). Another study demonstrated that 

dual inhibition of MEK and ERK5 synergistically inhibited the emergence of 

resistance and overcome acquired resistance to MEK inhibitors  (Liu et al., 2018, 

Merchant et al., 2014). Moreover SCH772984 is capable of inducing tumour 

regression in xenograft models in various cancers, is able to inhibit melanoma cell 

growth and impede the onset of acquired resistance (Kidger et al., 2018, Morris et 

al., 2013). 

Various other inhibitors have also been investigated and their mechanisms in 

regards to the paradoxical activation of MEK1/2 in some circumstances have been 

described. The MEK inhibitor cobimetinib (GDC-0973, XL518) was developed by 

Roche and given orphan drug status in 2014 by the FDA for malignant melanoma 

and was then approved for metastatic melanoma in 2015. It was associated with 

sustained ERK5/MAPK inhibition in tumor tissues, due to it being a potent and 
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highly selective MEK inhibitor. By targeting multiple parts of the MEK/ERK 

pathway it offers the potential of improved efficacy as well as a possible recudtion 

in acquired resistance. The orally bioavailable, small molecule inhibitor of ERK 

kinase activity GDC-0994 is highly selective for ERK1 and ERK2. Treatment with 

GDC-0994 resulted in significant single-agent activity in various in vivo cancer 

models, including KRAS-mutant and BRAF-mutant human xenograft tumours in 

mice. However compared to other ERK inhibitors that are available, GDC-0994 

does not alter the levels of P-ERK5, implying that different ERK inhibitors have 

alternative mechanisms of action in terms of their negative feedback 

signalling.  (Cheng and Tian, 2017). Of late the combination of cobimetinib with 

GDC-0994 has been investigated for metastatic solid tumours (ClinicalTrials.gov 

number, NCT02457793). 

 ERK5 activation and drug resistance 

The ability of trametinib to activate ERK5 in HeLa cells suggested that this may 

offer a potential route for cells to evade inhibition of ERK1/2 inhibition.   Recent 

data has shown that inhibition of ERK1/2 with trametinib can activate a 

compensatory ERK5 pathway regulating Myc phosphorylation (Vaseva et al., 

2018). However, sustained activation of ERK5 in trametinib resistant HeLa cells 

was not observed.  Despite this, inhibition of ERK5 activity with BIX02189 

appeared to have a small effect in reversing drug resistance and increasing 

sensitivity to trametinib in the drug-resistant HeLa cells. A role for ERK5 in 

facilitating resistance to the BRaf inhibitor vemurafenib in melanoma cells has 

recently been described (Song et al., 2017, Benito-Jardon et al., 2019). The precise 

mechanism utilised by ERK5 in the vemurafenib-resistant melanoma cells has not 

been identified. Genetic abalation of ERK1/2 in intestinal crypts leads to activation 

of ERK5 (de Jong et al., 2016). Pharmacological inhibition of MEK1/2 with the 

sma.ll molecule inhibitor PD0325901, also activated ERK5 in HCT 1116 colon 

carcinoma cells (de Jong et al., 2016). Taken together, this data suggests that 
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inhibition of the ERK1/2 pathway may result in a compensatory activation of the 

ERK5 pathway allowing cells to overcome a cell cycle block with ERK1/2 

inhibitors.   This could have implications in the long-term use of inhibitors targeting 

the ERK1/2 pathway.  The molecular pathway leading from ERK1/2 inhibition to 

activation of ERK5 needs to be analysed further to determine if inhibition of the 

ERK5 pathway offers a therapeutic way of overcoming resistance to ERK1/2 

inhibitors. 
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