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Figure 1.1. The prototypic protein kinase active site. Key catalytic residues Lys72, 
Asp184 and Asp166 (numbering based on the amino acid sequence of Protein Kinase 
C) are critical for ATP binding and phosphotransfer. The optimal configuration of the 
catalytic residues is co-ordinated by tertiary interactions with elements in the C-helix, 
catalytic loop and activation loop. 
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Figure 1.2. RAS activation by receptor tyrosine kinases. Adaptor protein GRB2 is 
able to bind phosphorylated tyrosine on an activated RTK via its SH2 domain. 
Recruitment and association with SOS is enabled through two SH3 domains. Once in 
proximity with membrane bound RAS, SOS activates RAS through the catalytic 
exchange of GDP for GTP. This figure was adapted from Alberts et al. (2011) with 
permission from Garland Science.  

The autophosphorylation of RTKs and the subsequent activation of G proteins induced 

by extracellular ligand binding are important but short-lived events in signalling 

dynamics and can be quickly reversed by the action of phosphatases (enzymes that 

dephosphorylate their substrates) and GAPs. In order to propagate and enhance 

signals that occur at the cell membrane, cells utilise the dynamic and far-reaching 

signal relaying power of protein kinase cascades such as the MAPK signalling 

pathways. 
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1.1.3.  Commonalities and specificities of conventional MAPK 
pathways  

Three conventional MAPK pathways have been well characterized in mammals; the 

extracellular signal-regulated kinase (ERK) 1 and 2, the c-jun amino-terminal kinases 

(JNKs 1-3) and the p38 MAPK isoforms (English et al., 1999). While several other 

MAPKs have been discovered (ERK7/8, ERK3/4 and ERK5), they have not yet been 

as extensively studied. MAPK pathways are initiated by varied stimulants and direct 

multiple, different cell fate outcomes, however they share a common architecture. 

Ser/Thr MAPKKKs (MAPKK kinases) form the first tier of the cascade and are 

activated by phosphorylation or interactions with small GTPases such as Ras. 

MAPKKKs go on to phosphorylate dual-specificity MAPKKs (MAPK kinase), which in 

turn, phosphorylate conserved threonine and tyrosine residues in their MAPK targets 

(Krishna and Narang, 2008).  

MAPKKs are highly substrate-specific and are only able to phosphorylate a few MAPK 

targets each. In contrast, a single MAPKKK can regulate several different MAPK 

cascades (Pearson et al., 2001). Interestingly, while MAPKKKs tend to be more 

diverse in type, they are not abundant, and are most commonly present in much lower 

numbers than their downstream MAPKK targets. This disparity in the relative 

concentrations of MAPKKK and MAPKK proteins may constitute a mechanism of 

signal amplification, where each successive kinase in the cascade is more abundant 

than its activator (Pearson et al., 2001).  

The specific interactions that occur between MAPKKs and MAPKs as well as between 

MAPKs and their target substrates are regulated by biochemically distinct docking 

domains. These domains are generally separate from the protein catalytic sites and 

facilitate efficient, high-fidelity signalling (Bardwell, 2006; Tanoue et al., 2000). A 

docking domain that has been identified in a number of MAPK-targeted transcription 

factors is the D domain, comprised of a few positively charged residues encompassed 

by hydrophobic residues. D domains are recognised and bound by conserved 

common docking (CD) motifs found in the C terminals of many MAPKs. CD motifs are 

able to form electrostatic and hydrophobic interactions with D domains through their 

acidic and hydrophobic residues (Tanoue et al., 2000). 
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1.2.  RAF/MEK/ERK signalling pathway  

1.2.1.  Sequential activation of ERK 

The RAF/MEK/ERK pathway is activated by an array of extracellular signalling 

molecules such as, serums, growth factors and cytokines and their cognate signalling 

receptors, which include receptor tyrosine kinases (RTKs), G-protein-coupled 

receptors and cytokine receptors (Yoon and Seger, 2006). The highly conserved and 

widespread core cascade is frequently initiated by the small RAS GTPase and is 

comprised of the RAF family of MAPKKKs, the MAPKK enzymes MEK1 and MEK2 

and finally, two canonical ERK proteins, ERK1 and ERK2. 

ERK1 and ERK2 are 43 and 41 kDa proteins that are ubiquitously expressed in all 

tissues (Boulton et al., 1991). These isoforms share high protein sequence homology 

and various reports have suggested that they are functionally redundant (Pearson et 

al., 2001). Mouse knockout studies have demonstrated different phenotypic outcomes 

of ERK1 and ERK2 disruption (ERK2 ablation leads to early embryonic death but mice 

lacking ERK1 protein developing normally) however, further research has suggested 

that these results are likely due to differences in their relative expression levels, with 

the ERK2 isoform being expressed more abundantly (Buscà et al., 2016; Lefloch et 

al., 2008). 

The activation of the ERK pathway through binding of growth factors like EGF and 

FGF to their respective RTKs, the EGF receptor (EGFR) and the FGF receptor (FGFR) 

has been thoroughly characterised and is typically referred to in describing the 

prototypic activation of RAF/MEK/ERK signalling (Figure 1.3). FGF-bound FGFRs 

induce the activation of RAS GTPases at the cytoplasmic face of the plasma 

membrane through the recruitment of adapter proteins (GRB2) and RAS-GEFs (SOS) 

(Figure 1.1). This prototypic activation of RTKs and the subsequent activation of RAS 

has been described in detail previously. GTP-bound RAS can then go on to facilitate 

the formation of RAF hetero- and homodimers which can phosphorylate and activate 

MEK1 and MEK2. MEK1 and MEK2 are dual specificity MAPK kinases that are solely 

responsible for the activation of ERK MAP kinases through the phosphorylation of their 

conserved threonine and tyrosine activation loop residues (Pearson et al. 2001; Yoon 

and Seger, 2006).  
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In this simplistic summary, the RAS/RAF/MEK/ERK signalling procession seems fairly 

straightforward, however, in reality, each step is relatively complex and involves the 

delicately orchestrated function of numerous proteins. This is especially true at the 

level of RAF activation where activation and dimerization of A-, B- and CRAF isoforms 

is not singularly undertaken by RAS, but by the coordinated efforts of heat shock 

protein 90 (HSP90), 14-3-3, kinase suppressor of RAS (KSR) proteins and various 

kinases (Lavoie and Therrien, 2015).  

In its inactive form, the RAF protein exists in a conformation that facilitates 

autoinhibition of its catalytic domain, through the repressive interaction of the N-

terminal region (Lavoie and Therrien, 2015). This inhibitory state is enforced by 

phosphorylation of serine residues by protein kinase A (PKA) and AKT (Cook and 

McCormick, 1993; Zimmermann and Moelling, 1999) and the association of 14-3-3, a 

regulatory protein (Freed et al., 1994). Recruitment of RAF to the plasma membrane 

is a critical step in RAF activation, and is initiated by active RAS which interacts with 

the conserved Cys-rich domain (CRD) and RAS-binding domain of RAF. This 

interaction relieves RAF auto-inhibition, releases 14-3-3 and allows anchoring of RAF 

proteins to the inner cell membrane. Upon recruitment to the membrane RAF 

activation is implemented through SRC family kinase (SFKs) and casein kinase 2 

(CK2) phosphorylation of RAF as well as dimerization of RAF monomers. Hetero- and 

homodimerization of RAF and association with the KSR scaffold protein induces RAF 

catalytic activity and enables the sequestration of RAF substrates MEK1 and MEK2 

(Lavoie and Therrien, 2015). 

RAF proteins are serine/threonine MAPKKKs that phosphorylate MEK1 and MEK2 on 

conserved serine residues in their activation loop. Similar to MAPKs, phosphorylation 

of MEK induces conformational changes in the catalytic domain that results in its 

activation. And like RAF, MEK1 and MEK2 are also able to form heterodimers which 

increase their catalytic activity (Zheng and Guan, 1994). The MEK isoforms are dual-

specificity kinases which phosphorylate their ERK target on the conserved T-E-Y (Thr-

Glu-Tyr) motif. An important regulatory feature of the MEK proteins is their ability to 

bind their ERK targets through their conserved D  domain. The association of ERK 

and MEK is mediated by the ERK CD and MAPK insert or kinase insert domain (KID) 

and is important for ERK activation and localisation (Chuderland and Seger, 2005; 
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a reduction in RAS inactivation. This can serve to promote ERK signalling activated 

by RAS (Mendoza et al., 2011).  

Conversely, EGF-induced ERK activation can lead to phosphorylation of GAB by ERK, 

which disrupts its ability to recruit PI3K to the EGF receptor (Lehr et al., 2004). RAF 

constitutes another convergence point in the ERK and AKT pathways. AKT negatively 

regulates RAF by phosphorylating inhibitory sites in the Raf N-terminus (Zimmermann 

and Moelling, 1999). 14-3-3 dimers recognize this inhibitory mark and sequester RAF 

in the cytoplasm, away from RAS and MEK (Dumaz and Marais, 2003).  

In addition to crosstalk upstream of ERK and AKT activation, ERK and AKT often 

target the same substrates and can act in concert to regulate proliferation and cell 

survival through interactions with cell fate effectors like FOXO, c-myc and BAD 

(Zimmermann and Moelling, 1999). The significance and ERK-mediated regulation of 

these proteins will be discussed in more detail later.  

ERK compartmentalisation 

While the detection of active and inactive ERK in both the nucleus and the cytoplasm 

in numerous reports suggests that ERK is able to shuttle between these subcellular 

locations, the mechanisms through which this is rendered possible is still a matter of 

debate. In quiescent cells, the subcellular location of ERK appears to be predominantly 

cytoplasmic (Caunt et al., 2008b; Murphy and Blenis, 2006). This has been attributed 

to the association of ERK with various cytoplasmic anchoring proteins including MEK 

(Fukuda et al., 1997) and Sef (Torii et al., 2004) and some cytoskeletal elements 

(Perlson et al., 2006; Reszka et al., 1997). In many instances, stimulus-induced 

phosphorylation of ERK by MEK releases ERK from its cytoplasmic anchors and pre-

empts ERKs translocation to the nucleus.  

More than one mechanism appears to facilitate the nuclear entry of phosphorylated 

and unphosphorylated ERK. Several studies have shown that ERK monomers can 

passively diffuse through the nuclear membrane, while ERK dimers have been shown 

to translocate to the nucleus through both carrier and energy-dependent and 

independent mechanisms (Adachi et al., 2000; Matsubayashi et al., 2001; Whitehurst 

et al., 2002). Independent studies by Matsubayashi et al. (2001) and Whitehurst et al. 

(2002) provided evidence of a nuclear pore complex-mediated mechanism whereby 
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ERK dimers interacted directly with nuclear pore proteins (nucleoporins or NUPs) in 

order to diffuse across the nuclear envelope. Further work by Ranganathan et al. 

(2006) showed that in addition to this proportion of ERK, a significant component of 

phosphorylated ERK entered the nucleus through active transport and required both 

the presence of carriers and energy. ERK does not contain a prototypic nuclear export 

signal (NES) or a nuclear localisation signal (NLS) and cannot bind carrier proteins 

such as importins or exportins directly. It has been posited therefore, that active 

translocation of ERK could be mediated by ERK binding partners such as MEK. In 

most cases, once inside the nucleus, ERK is rapidly dephosphorylated. Inactive ERK 

can remain tethered in the nucleus by nuclear anchors (for varying durations) or is 

exported from the nucleus once dephosphorylated. Again, nuclear export of ERK has 

been attributed to several mechanisms, one of which involves reassociation with MEK 

(Adachi et al., 2000; Fukuda et al., 1996) and the exportin CRM1 (Ranganathan et al., 

2006). Additionally, similar to nuclear import of ERK, ERK can exit the nucleus through 

carrier and energy-independent interactions with the nuclear pore complex 

(Ranganathan et al., 2006). 

Feedback loops 

In addition to the activities of various upstream interactions, the ERK pathway is 

subject to critical regulation by homeostatic feedback controls (Figure 1.4). The 

activation of ERK signalling can be described as self-limiting as once ERK is activated 

it goes on to phosphorylate and inhibit many of its upstream inducers, including RAF, 

MEK and SOS (Ramos, 2008).  

The phosphorylation of MEK by ERK can decrease subsequent ERK activation by 

preventing phosphorylation of MEK by PAK1 (p21CIP1-activated kinase), a Ser/Thr 

kinase that enhances MEK activity (Eblen et al., 2004) or by disrupting a MEK1-MEK2 

heterodimer that appears to stabilise MEK and ERK phosphorylation (Catalanotti et 

al., 2009). Similarly, phosphorylation of BRAF by ERK promotes the disassembly of 

BRAF and CRAF heterodimers which have highly increased catalytic activity 

compared to RAF homodimers or monomers (Rushworth et al., 2006). ERK 

phosphorylation of CRAF is able to inhibit its interaction with RAS, providing another 

mechanism through which ERK can downregulate RAF activity (Dougherty et al., 

2005). Finally, phosphorylation of SOS, the RAS guanine exchange factor, inhibits its 
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interaction with GRB2 and prevents its recruitment to the plasma membrane. This 

leads to reduced RAS activation and downstream phosphorylation of ERK.  

 

Figure 1.4. Regulation of ERK by negative feedback controls. Multiple negative 
feedback loops are responsible for fine-tuning ERK pathway output. ERK can 
phosphorylate and inhibit MEK1, RAF, KSR1, SOS and some RTKs to diminish further 
ERK activation. Induction of the negative regulator Sprouty (SPRY) acts to inhibit RAS 
activity while DUSP (MKP).  expression leads to direct dephosphorylation of ERK.   
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Not only can active ERK exert direct control of its upstream activators, but it also 

induces the expression of various downstream regulators of ERK signalling. These 

include the Sprouty (SPRY) family members, whose transcription has been shown to 

be mediated by MEK activity (Lake et al., 2016; McKay and Morrison, 2007). Upon 

activation, Sprouty proteins are able to translocate to the cell membrane and 

sequester the GRB/SOS complex thus preventing RAS activation (Hanafusa et al., 

2002). Sprouty proteins have also been implicated in preventing RAF phosphorylation 

through their interaction with the RAF catalytic domain (Sasaki et al., 2003).  

Dephosphorylation and inactivation 

The feedback mechanisms described above serve to attenuate signalling upstream of 

ERK, thereby reducing further ERK phosphorylation and activation. However, another 

more direct form of negative regulation is exerted quite simply through 

dephosphorylation and deactivation of ERK. As ERK requires phosphorylation of both 

threonine and tyrosine in its conserved T-E-Y motif, dephosphorylation of either 

residues by Ser/Thr phosphatases, protein tyrosine phosphatases or dual-specificity 

protein phosphatases (DUSPs), is sufficient to inactivate the kinase. Two well-known 

Ser/Thr phosphatases that have been shown to inactivate ERK are PP2A and PP2C 

(Alessi et al., 1995), while tyrosine phosphatases STEP and PTP-SL have both been 

shown to bind and dephosphorylate ERK in vitro (Pulido et al., 1998). 

By far the most predominant and well-established enzymes capable of 

dephosphorylating MAP kinases such as ERK, are the extensive family of dual-

specificity MAPK phosphatases (MKPs) that are solely dedicated to the regulation of 

their target MAP kinases. MKPs that are able to target ERK are commonly induced by 

ERK pathway signalling. This forms an auto-regulatory negative feedback loop that 

acts to restrain ERK responses in a manner that is temporally distinct from more 

immediate forms of ERK inactivation (Caunt and Keyse, 2013). Additionally, MKPs 

can act as nuclear or cytoplasmic tethers, thereby controlling the spatial distribution of 

ERK within the cell (Karlsson et al., 2006). Through these and other mechanisms, 

MKPs are able to co-ordinate the magnitude, duration and localisation of active ERK 

and constitute a unique and dynamic form of ERK regulation (Owens and Keyse, 

2007). 
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Figure 1.5. Classification, localization and domain structure of the MKPs. The 
three major groups of MKPs can be grouped according to their localisation, substrate 
specificity and sequence homology. This figure was adapted from Caunt  and Keyse 
(2013) with permission from FEBS Journal.  

All MKPs share a structurally and functionally similar catalytic domain, which contains 

the consensus cysteine-dependent tyrosine phosphatase active site sequence, 

I/VHCXAGXXR (Camps et al., 2000). The catalytic site is comprised of an active site 

loop which encompasses the catalytic cysteine and arginine residues and a general 

acid loop within which a highly conserved aspartate residue lies (Farooq and Zhou, 

2004). The thiolate anion of the catalytic cysteine residue initiates dephosphorylation 

of either tyrosine or threonine on the substrate MAPK through a nucleophilic attack of 

the phosphorus atom and the formation of a MKP cysteinyl-phosphate intermediate 

(Figure 1.6). This is promoted by the conserved arginine residue which co-ordinates 

the phosphate molecule through electrostatic interactions and the general acid loop 

aspartate residue which donates a proton to the phosphate oxygen atom (Figure 1.6) 

(Farooq and Zhou, 2004). Thus, transient binding of phosphate to the MKP cysteine 

residue allows the release of the dephosphorylated MAPK. After catalysis, the 

conserved aspartate residue accepts a proton from a water molecule and forms a 

hydroxyl anion. This anion subsequently attacks the phosphorus atom in the cysteinyl-

phosphate bond and facilitates the release of inorganic phosphate and the reformation 

of cysteines thiolate anion (Figure 1.6) (Farooq and Zhou, 2004).  
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Figure 1.6. The catalytic dephosphorylation of a MAPK substrate by an MKP. 
Conserved arginine (Arg), cysteine (Cys) and aspartic acid (Asp) residues direct the 
formation of a transient phospho-MKP intermediate and the release of 
dephosphorylated MAPK. This figure was adapted from Farooq and Zhou (2004) with 
permission from Cellular Signalling, Elsevier.  

While the C-terminal catalytic domain is conserved across all MKPs, both distinct and 

subtle variations in the modular N-terminal domains have been shown to direct 

differing MKP subcellular locations and substrate interactions (Owens and Keyse, 

2007). The discovery of a canonical leucine-rich nuclear export signal (NES) in the N-

terminal domain of DUSP6 and related MKPs DUSP7 and DUSP9, and experiments 

that showed that nuclear export mediated by the exportin-1 protein was required for 

the cytoplasmic retention of DUSP6, revealed a likely mechanism that controls the 

spatial distribution of these cytoplasmic MKPs (Caunt and Keyse, 2013; Karlsson et 

al., 2004). In contrast, the nuclear MKPs DUSP1 and DUSP5 both contain 

noncanonical nuclear localisations signals (NLS) in their N-terminal regions, and these 

sequences have been shown to be responsible for their nuclear targeting (Mandl et 

al., 2005; Wu et al., 2005). The N-terminal region is also home to the cdc25/rhodonese 
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homology domains. While these are highly conserved across MKPs, their regulatory 

function is yet to be formally demonstrated, however it is believed they may contribute 

to substrate binding (Theodosiou and Ashworth, 2002).  

Imperative for MAPK binding is the MKP KIM domain. Similar to D domains in other 

MAPK target proteins, the KIM is comprised of a cluster of positively charged arginine 

residues, which have been proposed to interact with cognate negatively charged 

aspartic acid residues within the CD domain of the MAPK (Nichols et al., 2000; Tanoue 

et al., 2000). Further investigation of the MKP KIM domain revealed a second motif of 

positively charged amino acids flanked by hydrophobic residues, which has also been 

shown to interact with MAPK CD residues upon binding (Tanoue et al., 2002, 2001). 

Together these motifs comprise modular binding domains and variations in the 

number, relative position and type of residues within them have been posited to 

underpin the specificity of MAPK targeting (Owens and Keyse, 2007). 

The detailed biochemical characterisation of ERK2 and DUSP6 binding led to the 

discovery that DUSP6 is catalytically activated upon its association with ERK2 (Camps 

et al., 1998). This followed experiments that showed a 40-fold increase in DUSP6 

catalytic activity in the presence of ERK2, which was independent of kinase activity 

(Camps et al., 1998). Structural studies later showed that ERK2-DUSP6 binding 

caused a conformational change in the active site of DUSP6, such that the general 

acid loop containing the catalytic aspartate residue was flipped towards the catalytic 

arginine and cysteine residues, where it had previously faced the other way (Zhou and 

Zhang, 1999). Catalytic activation upon MAPK binding was also found to occur in 

DUSP1, DUSP4 and DUSP2 and has been proposed to enhance substrate selectivity, 

however, it does not occur in all MKPs (Owens and Keyse, 2007). As monomers, 

DUSP5 and DUSP10 have optimally orientated general acid loop arginine residues in 

their catalytic domains, and their catalytic activity is not increased through substrate 

binding (Jeong et al., 2006; Tanoue et al., 1999). These studies demonstrate the 

biological significance of structural and functional variations within the MKP family. 

The existence of this heterogeneity and its impact on distinct spatial and substrate 

targeting suggests non-redundant functions for individual MKPs.  

Indeed, several MKPs have been implicated in diverse physiological processes and 

show wide tissue distribution (Camps et al., 2000). The nuclear MKPs DUSP1, 
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DUSP2, DUSP4 and DUSP5 are typically induced by growth factors or stress 

signalling and have been shown to play key roles in innate and adaptive immunity as 

well as metabolic homeostasis, cardiovascular development and neuronal 

differentiation (Seternes et al., 2019). DUSP6, the most extensively studied 

cytoplasmic MKP, has also been implicated immunity and inflammatory responses 

(Bertin et al., 2015; Hsu et al., 2018) as well as metabolic homeostasis (Feng et al., 

2014; Wu et al., 2010) and embryo development (Eblaghie et al., 2003; Li et al., 2007). 

The physiological functions of the remaining MKPs are not as well established 

however DUSP9 has been shown to play a role in metabolic function (Fukuda et al., 

2012; Ye et al., 2019), while the JNK and p38 MAPK-specific MKPs DUSP8, DUSP10 

and DUSP16 appear to participate in immune function (Muda et al., 1996; Zhang et 

al., 2015, 2004). 

1.3.2. Regulation of DUSP/MKPs 

In general, MKPs are induced by MAPK signalling and outside of this, their basal levels 

remain low (Caunt and Keyse, 2013). While most MKPs appear to be regulated 

transcriptionally, the mechanisms of this control have only been characterised in the 

context of specific signalling responses. Multiple studies have shown the 

transcriptional upregulation of several MKPs to be regulated by ERK signalling and 

well-established downstream transcription factors such as ETS-1 and ETS-2, Elk1, 

c-jun and CREB (Buffet et al., 2015; Huang and Tan, 2012; Nunes-Xavier et al., 2010; 

Zhang et al., 2010). In addition to this, the expression of several MKP genes have 

been shown to be regulated by epigenetic modifications (Tebbutt et al., 2018; Waha 

et al., 2010).  
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Initially, DUSP6 appeared to target multiple MAPK substrates, however it is now 

apparent that DUSP6 shows little catalytic activity towards p38 MAPK, JNK or ERK5 

(Arkell et al., 2008; Groom et al., 1996). This could in part be due to the disorientation 

of the DUSP6 catalytic site prior to ERK binding (Camps et al., 1998). While DUSP6 

function has been shown to be constitutive in some contexts, its expression has 

predominantly been associated with growth factor-induced ERK. ERK is able to 

promote DUSP6 transcription through its targets ETS-1 and ETS-2, which bind to 

conserved DUSP6 promoter regions (Ekerot et al., 2008; Li et al., 2007; Nunes-Xavier 

et al., 2010; Zhang et al., 2010). As mentioned, the nuclear export of DUSP6 is 

mediated by its NES region and the exportin-1-dependent nuclear export pathway. 

While DUSP6 is capable of shuttling between the nucleus and the cytoplasm, its NES 

directs its cytoplasmic location, where it is able to retain bound ERK (Karlsson et al., 

2004).  

Multiple studies have demonstrated that the expression of DUSP5 leads to the 

inactivation and nuclear accumulation of ERK, a phenomenon that is coincident with 

prolonged exposure to growth factor simulation (Volmat et al., 2001; Mandl, Slack and 

Keyse, 2005; Kucharska et al., 2009; Buffet et al., 2015). The upregulation of DUSP5 

appears to be mediated by ERK-targeted transcription factors such as Elk-1, that bind 

to distinct sequences in the promoter region of the DUSP5 gene (Buffet et al., 2015). 

Once expressed, the accumulation of DUSP5 protein is regulated by rapid 

proteasomal degradation. This degradation may be influenced by stable association 

of DUSP5 with ERK, which was shown to enhance the half-life of DUSP5. 

Interestingly, phosphorylation of DUSP5 by ERK does not affect its stability (unlike 

several other MKPs) and the biological relevance of this post-translation modification 

is unclear (Kucharska et al., 2009). 

In response to serum and growth factors, the nuclear accumulation of 

dephosphorylated ERK has also been associated with nuclear DUSP2 and DUSP4 

proteins in addition to DUSP5 (Caunt et al., 2008a; Caunt et al., 2008b), however the 

limited tissue distribution of DUSP2 may indicate that it is not critical for the nuclear 

regulation of ERK in many biological contexts. It is currently unclear how DUSP4 and 

DUSP5 may co-operate or indeed alternate in their roles as modulators of nuclear 

ERK activity, however recent studies in MEF cells derived from DUSP5 knockout mice 
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indicate that DUSP5 may have a non-redundant function in the control of ERK 

signalling duration and localisation (Kidger et al., 2017). Using vectors containing an 

ERK-responsive EGR1 immediate early gene promoter to drive DUSP5-Myc 

expression, the authors showed that the inactivation and anchoring of ERK in the 

nucleus could cause a paradoxical increase in cytoplasmic ERK activity, which may 

result from reduced negative feedback from active ERK to RAF (Kidger et al., 2017). 

It is unclear how other MKPs like DUSP4 and DUSP6 may influence this response, 

but this and other mechanisms are likely to form part of a complex and context-

dependent system of ERK regulation.  

The discovery and characterisation of multiple tiers of negative ERK regulation has 

led to the understanding that RAF/MEK/ERK signalling output is largely dependent on 

the balance of opposing positive and negative regulatory mechanisms. This implies 

that robust signalling is critical for the faithful delivery of numerous and often conflicting 

cellular signals.  This fine balance of upstream and downstream ERK pathway activity 

is especially critical for navigating biological decisions in cells that are close to cell fate 

boundaries. The next section details multiple examples of ERKs pivotal role in 

determining cell fate.  
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1.4.  ERK in the determination of cell fate   

1.4.1. ERK substrates 

Like its protein kinase relatives, the fundamental structure of the ERK protein is 

optimised for specific and efficient substrate binding and catalysis. In addition to the 

core catalytic domains described previously (Figure 1.1) the ERK protein structure 

consists of multiple regulatory and binding motifs. The docking groove, which binds a 

D domain or kinase interacting motif (KIM) in many MAPK substrates is comprised of 

the common docking (CD) domain and Glu-Asp (ED) pockets (Tanoue et al., 2001, 

2000). Variations in the number of positively charged residues and hydrophobic 

regions in the D domains of MAPK targets contribute to the specificity of substrate 

binding between different MAPKs and the resulting docking interactions increase the 

efficiency of catalytic protein interactions (Jacobs et al., 1999; Tanoue et al., 2000). In 

a number of ERK targets a second docking site has been identified and is referred to 

as the DEF domain. These domains are generally comprised of a Phe-Xaa-Phe-Pro 

sequence near the phosphoacceptor site of the substrate and bind specifically to a 

DEF-binding pocket adjacent to the catalytic site of ERK (Jacobs et al., 1999). 

A proteomics screen performed by von Kriegsheim et al. (2009) revealed at least 270 

ERK-interacting proteins. Far fewer ERK-substrate interactions have been well 

characterised, however they still comprise a diverse and extensive list (Table 1.1). In 

general ERK has been shown to phosphorylate and or associate with multiple 

transcription factors, protein kinases, signalling receptors, cytoskeletal proteins, 

phosphatases and numerous other proteins in both the nucleus and cytoplasm (Yoon 

and Seger, 2006).  It is through the activation or repression of these varied targets that 

ERK is able to exert its regulatory influence on multiple cell fate decisions. Of these, 

ERK is best known for its central role in cell cycle progression. 
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Table 1.1. Substrates of ERK. This table was adapted from Lu and Xu, 2006, with 
permission from Life. 
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In addition to the promotion of positive cell cycle regulators, continuous ERK 

expression has been shown to downregulate anti-proliferative genes throughout G1-

phase, such as Tob1, which encodes a transcriptional repressor of Cyclin D1, and the 

pro-apoptotic transcription factor gene Ddit3 (Yamamoto et al., 2006). ERK expression 

has also been linked indirectly to multiple other cellular processes required for cell 

proliferation, including the synthesis of pyrimidine nucleotides (Graves et al., 2000), 

chromatin remodelling (Soloaga et al., 2003), transcription of ribosomal RNA genes 

(Stefanovsky et al., 2006) and protein translation (Waskiewicz et al., 1999).  

1.4.3. ERK in cell survival and apoptosis 

Another major cell fate decision influenced by ERK regulation is whether to continue 

surviving or alternatively, commit to programmed cell death or apoptosis. Apoptosis 

can occur through either the extrinsic or intrinsic cell death pathway, the latter of which 

is induced by internal stress signals and is largely governed by the BCL2 protein family 

(Sale and Cook, 2013). The BCL2 proteins control the integrity of the outer 

mitochondrial membrane (OMM), a central determinant of cell survival (Jin and El-

Deiry, 2005). During the initiation of apoptotic program, pro-apoptotic cellular signals 

promote permeabilization of the OMM (referred to as MOMP) which releases various 

intermembrane proteins into the cytosol. Cytochrome c release from the 

intermembrane space is a critical step in apoptosis initiation as this small hemeprotein 

is able to bind and promote the oligomerisation of APAF1, a key component of the 

apoptosome. The apoptosome is then able to activate caspase-9 a cysteine protease, 

which goes on to activate other caspase family members caspase-3 and caspase-7. 

These executioner caspases are responsible for the cleavage of various cellular 

substrates which ultimately leads to cell death (Pop and Salvesen, 2009).  

The BCL2 family members can be divided into two classes; those that promote 

apoptosis such as BAX and BAK and the BH3-only proteins BIM, BID, NOXA, BMF 

and PUMA, and those that promote cell survival, such as BCL2, BCL-XL and MCL1 

(Chipuk et al., 2010). The balance between this pro-apoptotic and anti-apoptotic or 

pro-survival BCL2 family members determines the fate of the cell. In healthy cells, 

there is an excess of pro-survival proteins which associate with the OMM and inhibit 

pro-apoptotic effector proteins such as BAX and BAK (Chipuk et al., 2010). When 
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1.5.  ERK signalling in cancer 

1.5.1.  RAS and RAF oncogenes 

Cancer is a disease that is characterized by a set of defining features that lead to 

uncontrolled cell division and the formation of tumours. Most prominent of these 

features are their ability to sustain proliferative signalling, evade growth suppression 

and resist apoptosis (Hanahan and Weinberg, 2011). The ERK signalling pathway 

regulates many of these events and as such, has long been implicated in 

tumorigenesis (Dhillon et al., 2007; Deschênes-Simard et al., 2014; Torii et al., 2006).  

Abnormalities in ERK signalling pathways have been detected in a variety of human 

cancers with oncogenic mutations in RAS and RAF being especially frequent (Davies 

et al., 2002; Deschênes-Simard et al., 2014; Dhillon et al., 2007). RAS has an overall 

mutation incidence of up to 30% in all human tumours making it among the most 

common human oncogenes (Deschênes-Simard et al., 2014). Oncogenic mutations 

in RAF, although somewhat less frequent overall (8% of all human tumours) are found 

in a staggering 66% of malignant melanomas (Davies et al., 2002). In general, these 

mutations lead to constitutive activation of the respective proteins, resulting in 

increased signalling output through downstream ERK kinases (Dhillon et al., 2007).  

Mutant forms of the KRAS, NRAS and HRAS family members in various cancers have 

been frequently discovered over the last 30 years. Of the RAS isoforms, KRAS is the 

most commonly mutated (more than 20% of all human cancers), followed by NRAS 

(8.0%) and HRAS (3.3%) (Samatar and Poulikakos, 2014). Single base mutations that 

lead to oncogenic RAS isoforms are invariably found at codons 12, 13 or 61 and affect 

GTP hydrolysis, such that RAS remains in a GTP-bound, constitutively active state 

(Karnoub and Weinberg, 2008; Samatar and Poulikakos, 2014). The high frequency 

of RAF mutations in cancers such as melanoma was more recently discovered (Davies 

et al., 2002) and typically involves the BRAF isoform. In more than 90% of BRAF-

mutant tumours, a single nucleotide substitution of valine to glutamic acid (V600E ) in 

the BRAF activation loop accounts for its oncogenic properties i.e. persistent activation 

of BRAF catalytic activity (Wan et al., 2004). While CRAF and ARAF mutations have 

been identified in human cancers, it is with low incidence, which may be due to the 

lower basal activity of these RAF isoforms relative to BRAF, as well as the increased 
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complexity of their activation (Samatar and Poulikakos, 2014). Oncogenic forms of 

other signalling components of the ERK pathway such as MEK1 and MEK2 have been 

detected in various cancers, albeit at a much lower frequency (Caunt et al., 2015). The 

high incidence of oncogenic RAS and RAF mutants in numerous cancers suggests 

that the RAS-RAF axis can determine the overall activation profile of ERK, a concept 

that has been confirmed by mathematical modelling (Orton et al., 2005).  

The precise mechanisms through which amplified ERK signalling contributes to the 

development of tumourigenesis are complex, varied and highly context-dependent, 

however generally rely on ERKs central role in cell cycle entry, cell survival and 

evasion of apoptosis (Balmanno and Cook, 2009; Torii et al., 2006). Several common 

mechanisms of oncogenic ERK signalling have been identified in various colorectal 

cancers (CRCs) and melanomas, where tumourigenesis is often driven by either 

mutant KRAS or BRAF.  

1.5.2.  ERK signalling in colorectal cancer and melanoma  

Colorectal cancer 

Cancer of the colon and/or rectum is the third most common type of cancer worldwide 

and is the fourth leading cause of cancer-related deaths (Arnold et al., 2017). 

Colorectal carcinogenesis occurs through multiple steps and involves the prevailing 

survival and proliferation of abnormal intestinal epithelial cells (Fang and Richardson, 

2005). In healthy cells, the ERK signalling pathway is important in the promotion of 

growth and differentiation of intestinal epithelium, however has been found to be 

frequently perturbed in colorectal cancer where tumourigenic intestinal cells are able 

to invade surrounding tissues (Fang and Richardson, 2005).  

Increased signalling through the RAF/MEK/ERK pathway has been linked to colorectal 

cancer for some time and evidence of its tumourigenic relevance lies in the high 

incidence of RAS and RAF mutants in colorectal cancer patient samples (36% for RAS 

and 9-11% for RAF) (Andreyev et al., 1998; Davies et al., 2002). Importantly, mutation 

of RAS or RAF appears to be associated with early stages of carcinogenesis, and is 

coincident with increased ERK activation, implicating these oncogenes in ERK-

mediated tumour initiation (Bos, 1989; Davies et al., 2002; Fang and Richardson, 
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2005). Studies with ERK pathway inhibitors have illustrated a strong dependency of 

various CRC lines on high ERK activity for sustained proliferation and survival 

(Balmanno et al., 2009) and have revealed mechanisms through which ERK could 

promote colorectal tumourigenesis through the regulation of proliferation (Tetsu and 

McCormick, 2003) and apoptosis (Wickenden et al., 2008). 

Work by Tetsu and McCormick (2003) demonstrated that various colon cancer cell 

lines enter G1-arrest following treatment with selective MEK inhibitors. This cell cycle 

arrest was coincident with striking reductions in cyclin D1 and D3, CDK4 and p21CIP1 

after 12 hours of MEK inhibition and reductions in cyclin A and E and CDK1 after 48 

hours of MEK inhibition. The reduction in CDK4 protein was paralleled by inhibition of 

CDK4 kinase activity, and subsequent inhibition of CDK4 phosphorylation sites on RB. 

The authors concluded that growth arrest in colon cancer cells exposed to ERK 

pathway inhibition was mediated by downregulation of critical effectors of cell cycle 

progression such as CDK4 (Tetsu and McCormick, 2003). Other work in CRC cell lines 

investigated the mechanism through which BRAFV600E-driven cells were able to evade 

cell death associated with growth factor withdrawal (Wickenden et al., 2008). In this 

study, treatment of CRC cell lines with MEK inhibitors led to increased levels of 

dephosphorylated pro-apoptotic BCL2 protein BIM and subsequent cell death, an 

event that was reversed by disruption of BIM expression. This provided evidence that 

the repressive phosphorylation of BIM by active ERK in BRAFV600E-driven CRC cells 

was sufficient to ensure growth factor-independent survival (Wickenden et al., 2008).  

Melanoma 

The discovery of BRAF mutants in up to 66% of malignant melanomas exposed RAF 

as a crucial regulator of oncogenic ERK signalling and emphasised the predominant 

role the ERK pathway plays in this aggressive, potentially lethal form of skin cancer 

(Davies et al., 2002). The tumourigenic potential of the most common BRAF mutant, 

BRAFV600E, has been validated in a number of in vitro and in vivo melanoma models 

(Cartlidge et al., 2008; Dankort et al., 2009; Dhomen et al., 2009). One such model 

provided insights into a potential mechanism through which BRAFV600E-driven ERK 

signalling could underpin resistance to apoptosis in melanoma cells.  
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RAF-MEK-ERK signalling (Davies et al., 2002; Holderfield et al., 2014; Joseph et al., 

2010). However, in BRAFWT cells as well as cancer cells driven by RAS mutations, 

BRAF inhibition has been limited by a phenomenon whereby BRAFi causes the 

paradoxical reactivation of the ERK pathway, which can lead to increased proliferation 

and tumourigenesis (Heidorn et al., 2010; Poulikakos et al., 2010; Hatzivassiliou et al., 

2010; Holderfield et al., 2013). Several different mechanisms have been proposed to 

account for this phenomenon but generally implicate wildtype BRAF and CRAF dimers 

in the reactivation of ERK. This homo- and hetero-dimerisation may be promoted by 

BRAFi-induced relief of the BRAF auto-inhibitory mechanism (Holderfield et al., 2013) 

and/or mediated by a RAS-dependent mechanism (Hatzivassiliou et al., 2010; Heidorn 

et al., 2010).  

Feedback mechanisms have also been implicated in the inferior effectiveness of ERK 

pathway inhibitors vemurafenib and dabrafenib in colorectal cancers (CRC) 

harbouring BRAFV600E/K mutations (Corcoran et al., 2012). While these drugs have 

been associated with improved progression-free and overall survival compared with 

conventional chemotherapy in BRAFV600E/K melanoma, CRC patients with the same 

mutation appear to be markedly less sensitive to BRAF inhibition in early clinical trials 

(Chapman et al., 2011; Corcoran et al., 2015; Flaherty et al., 2010; Hauschild et al., 

2012). A study by Corcoran and colleagues (2012) demonstrated that reactivation of 

ERK appeared to be mediated by EGFR, which was able to activate RAS and induce 

downstream ERK signalling, despite marked BRAF inhibition. Additionally, BRAF-

mutant CRC cell lines appeared to maintain greater levels of EGFR than BRAF-mutant 

melanoma cell lines, possibly explaining why colorectal cancers are better able to 

resist ERK pathway inhibition (Corcoran et al., 2012).  

Unlike prototypic BRAFis, most MEKis are allosteric inhibitors and bind to a unique 

pocket near the MEK ATP binding site. As MEK kinases are the sole activators of  

ERK, they constitute a theoretically ideal target for effecting downstream ERK 

suppression in both RAS- and BRAF-driven tumours. Unfortunately, like BRAF-

inhibitors vemurafenib and dabrafenib, aside from clinical success in BRAF-mutant 

cancers, the scope of MEKi clinical efficacy has been limited by small therapeutic 

windows in RAS-mutant cells (where preliminary studies showed the ability of MEKis 

to successfully inhibit ERK) and the emergence of ERK pathway reactivation in BRAF 
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wildtype cancer cells and BRAF-mutant colorectal cancers, where the disruption of 

negative ERK feedback or the action of other feedback regulators such as EGFR 

drives upstream ERK signalling (Kidger et al., 2018).  

Interestingly, combination therapies with MEK inhibitors, BRAF inhibitors and/or EGFR 

inhibitors have proved very successful and have become the standard of care in 

patients with BRAFV600E-mutated advanced melanoma (Holderfield et al., 2014; Kidger 

et al., 2018). This is due in part, to their synergistic function in promoting robust 

inhibition of ERK activation and the ability of MEKis to curtail BRAFi-induced MEK 

activity (Kidger et al., 2018). Despite the clinical success of these regimes, the 

development of resistance to both combination and monotherapies appears at present 

to be unavoidable and invariably leads to disease relapse. The revelation that targeted 

ERK pathway inhibition frequently leads to the emergence of drug resistance has led 

to detailed investigations of the mechanisms that underpin this phenomenon. These 

can include both intrinsic and extrinsic processes and appear to be largely dependent 

on the specific context of oncogenic signalling.  

1.5.4. Drug resistance 

Intrinsic and extrinsic mechanisms of drug resistance 

Studies have revealed that negative feedback regulators of ERK constitute an 

important class of signalling proteins that can mediate intrinsic resistance to ERK 

inhibition (Holderfield et al., 2014; Sale and Cook, 2014; Caunt et al., 2015). In general, 

the principle of inhibitor-induced ERK pathway reactivation is simple and relies on 

ERKs powerful and extensive control of signalling attenuation. As discussed 

previously, the RAF/MEK/ERK pathway is subject to multiple tiers of negative 

regulation which co-ordinate to restrain ERK activation within biologically relevant 

thresholds. Many of these negative feedback loops are initiated by active ERK itself, 

and include downregulation of upstream SOS and RAF, as well as upregulation of 

Sprouty family members and multiple MKPs. When ERK is successfully inhibited, the 

activity of various ERK substrates is restored and can inevitably lead to pathway 

reactivation. This mechanism of ERK reactivation has been observed with the use of 

a number of MEKis, including AZD6244 (selumetinib) and cobimetinib (Friday et al., 

2008; Hatzivassiliou et al., 2013). Interestingly, some MEKis are able to reduce this 
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Figure 1.7. The emergence of drug resistance through amplification of the 
driving oncogene. A) When BRAF-mutant cancer cells are exposed to drug, ERK 
activation is inhibited and proliferation is reduced. B) Cancer cells reactivate ERK by 
amplifying the upstream driving oncogene, BRAF, leading to increased proliferation. 
C) Removing drug from resistant BRAF-driven cells leads to ERK hyperactivation and 
reduced proliferation. 

Combination therapies and drug holidays 

A similar mechanism of drug resistance to the RAFi vemurafenib was characterised in 

primary human melanoma xenograft models (Das Thakur et al., 2013). In this model 

resistant tumours were shown to rely on constitutive ERK signalling driven by elevated 

BRAFV600E expression. Importantly, this study showed that when the administration of 

vemurafenib was suspended, drug-resistant tumours began to regress. Coincident 

with tumour regression was an elevation in phosphorylated- (p-)ERK levels and a 

decrease in proliferation (Figure 1.7 C). These results concur with multiple studies that 

have shown a correlation between high ERK activity and anti-proliferative effects 
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Like DUSP6, DUSP5 has been found to be downregulated in a number of MAPK-

driven tumours and cancer cell lines, suggesting that it may confer tumour suppressive 

effects (Cai et al., 2015; Haigis et al., 2008; Packer et al., 2009; Shin et al., 2013; 

Vartanian et al., 2013). A bona fide tumour suppressor function for DUSP5 was 

recently demonstrated in a DUSP5 mouse knockout model, where the HRASQ61L 

mutation drove skin carcinogenesis (Rushworth et al., 2014). In this study, loss of 

DUSP5 lead to increased sensitivity to HRAS-driven papilloma formation, which was 

shown to be mediated by an ERK-dependent increase in SerpinB2 expression. In 

contrast to its anti-tumourigenic role in this model, the retention or overexpression of 

DUSP5 has been detected in BRAFV600E-driven colorectal cancer, melanoma and 

thyroid cancer suggesting that DUSP5 can have both oncogenic and tumour-

suppressive properties (Montero-Conde et al., 2013; Pratilas et al., 2009; Yun et al., 

2009). 

In addition to its various roles in tumourigenesis, DUSP6 has been shown to influence 

the sensitivity of different cancers to chemotherapeutic drugs. Downregulation of the 

ERK-specific DUSP6 has been associated with drug resistant mechanisms in non-

small cell lung cancer (NSCLC). Mutations in the epidermal growth factor receptor 

(EGFR) or expression of a fusion protein, ELM4-ALK, drive tumour development 

through downstream ERK activation in a large proportion of cases (Lampaki et al., 

2015; Soda et al., 2007; Russo et al., 2015). The success of specific inhibitors 

designed to target EGFR and ALK has been limited by the development of drug 

resistance, where cells are able to reactivate ERK signalling in the presence of drug. 

Biochemical analysis of these cells revealed that in both cases, loss of DUSP6 played 

a major role in this process (Phuchareon et al., 2015; Hrustanovic et al., 2015). 

Similarly, loss of DUSP6 has been linked to cisplatin resistance in ovarian cancer 

(Chan et al., 2008) and is observed in gastric cancer cell lines in response to prolonged 

use of an RTK inhibitor (Lai et al., 2014). 

Results from multiple studies summarised above demonstrate that the tumour 

suppressive or oncogenic nature of DUSP5 and DUSP6 is highly dependent on the 

context of upstream oncogenic signalling. These effects could also depend on tissue-

specific thresholds of ERK activity that correlate to either proliferative or anti-

proliferative cell fate decisions. Despite this, experimental evidence has demonstrated 
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a key role of the ERK-specific phosphatase DUSP6 in influencing the efficacy of 

chemotherapeutic strategies targeting oncogenic ERK signalling pathways. To date, 

the potential influence of the nuclear ERK-specific MKP DUSP5 on ERK pathway 

inhibition in cancer has not been reported. However, the direct and highly specific 

nature of the negative feedback loop that exists between DUSP5 and ERK, together 

with the discovery of abnormal DUSP5 regulation in several oncogenic settings 

suggests that changes in DUSP5 expression may contribute to the signalling 

reprogramming events that occur in the development of ERK pathway-inhibitor 

resistance.  

Further investigation into MKP function in ERK-related oncogenesis and drug 

resistance may contribute to improved chemotherapeutic strategies and may even 

generate novel drug targets. In this study we will address this task by assessing the 

influence of MKPs DUSP5, DUSP6 and others on the efficacy and potency of the MEKi 

AZD6244, in parental and drug-resistant colorectal cancer cell lines, COLO205, HT29 

and HCT116.   
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1.7. Aim and objectives  

Using parental CRC cell lines (COLO205, HT29 and HCT116) and their AZD6244-

resistant derivatives as a model, the primary aim of this thesis was to establish whether 

MKP function influenced the regulation of oncogenic KRAS and BRAF cell signalling 

and acquired drug resistance to ERK pathway inhibition. We first sought to 

characterise the spatiotemporal responses of ERK to AZD6244 administration and 

establish whether correlative patterns in active and inactive ERK subcellular 

compartmentalisation existed using high content imaging and analysis. Then, by 

quantifying the mRNA and protein levels of prominent MKPs we aimed to evaluate 

MKP expression patterns in parental and drug resistant CRC cell lines in varying 

AZD6244 conditions. We hoped that these experiments would elucidate which, if any 

MKPs were potentially important in each cell line and condition. Our focus began with 

the ERK-specific MKPs DUSP5 and DUSP6. Not only have these MKPs been 

implicated in mechanisms of tumour development and chemotherapeutic resistance, 

but their exquisite specificity for ERK suggests an important role for these MKPs in 

specifically regulating oncogenic ERK signalling.  

Following preliminary assessments that indicated that DUSP5 may be upregulated in 

AZD6244-resistant CRC cells, we hoped to further characterise the influence of 

DUSP5 in CRC models by assessing the effects of DUSP5 loss in parental HCT116 

and HT29 cells and their AZD6244-resistant derivatives. Our approach involved the 

development of a flexible viral-based siRNA delivery system that could be used across 

both cell lines. Once an effective DUSP5 knockdown strategy was established, we 

aimed to assess signalling and cell fate events that occurred in response to AZD6244 

administration or cessation with DUSP5 loss through conventional biochemical 

approaches such as RT-PCR and western blotting as well as high-throughput 

immunofluorescent-based microscopy. Finally, we hoped to determine whether 

DUSP5-targeting could be harnessed to maximise the anti-proliferative effects of 

withdrawal of MEK inhibition in AZD6244-resistant CRC cells.   
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Replication-incompetent recombinant adenoviral particles are able to infect 

mammalian cells, allowing for the entry of viral DNA and subsequent expression of 

genes encoded by this genetic material. However, due to the absence of genetic 

elements that encode the E1 and E3 proteins, these adenoviruses are only able to 

replicate and package new viral particles in an E1-expressing packaging cell line such 

as HEK293, allowing for tight regulation of adenovirus propagation.  

Stocks of each adenovirus were established through the large-scale infection of 

HEK293 cells and subsequent viral purification. For each virus, a T75 flask of semi-

confluent (~75%) HEK293 cells  was inoculated with 2 µL purified virus and incubated 

at 37 °C, 5% CO2. After 24 hours, the culture medium was removed from each flask, 

aliquoted into 5 mL bijou tubes and snap frozen in liquid nitrogen. Once this viral 

suspension was generated, 10 T175 flasks of HEK293 cells were each infected with 

400 µL thawed viral suspension, for each adenovirus to be amplified. Cells were 

incubated at 37 °C, 5% CO2 for between 1 and 3 days, until the appearance of viral 

plaques. At this stage, cells were easily dislodged from the flasks and collected in 

several 50 mL falcon tubes. Cell suspensions were centrifuged at 1000g for 10 

minutes after which the supernatant was decanted, and the cell pellet was 

resuspended in 3 mL of 100 mM Tris.Cl, ph7.5 and snap frozen in liquid nitrogen.  

After thawing on ice, cells were lysed through three consecutive freeze thaw cycles. 

The samples were centrifuged (3000 rpm for 10 minutes at 4 °C) to pellet cell debris 

and the viral supernatant was transferred to an ultracentrifuge tube (Beckman 

Coulter). 0.6 volumes of CsCl-saturated 100mM Tris-HCl was added to each tube, 

followed by a solution of 1 volume 100mM Tris : 0.6 volumes CsCl-saturated 100mM 

Tris (until full). Tubes were balanced to within 0.03 g of each other and heat sealed, in 

preparation for ultracentrifugation at 65000 rpm in a Beckman Coulter VTi65 rotor for 

6 hours.  

After ultracentrifugation, adenovirus was visible as a white band, which was carefully 

removed with a syringe and 21G needle. The viral suspension was placed in a new 

ultracentrifuge tube and was topped up with the solution of 1 volume 100mM Tris : 0.6 

volumes CsCl-saturated 100mM Tris, before weighing and sealing. Samples were 

subjected to ultracentrifugation as before, but for 12 hours. After ultracentrifugation, 

the white viral band was removed from each tube and inserted into a 10kDa cut-off 
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Sigma-Aldrich). Concentrations of puromycin appropriate for selection were pre-

determined for each cell line with dose-tolerance experiments. After approximately 2 

weeks in selection media stocks of each cell line were trypsinised, frozen down and 

stored at -80 °C.  
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Table 2.4 Secondary antibodies used in immunofluorescent  microscopy 
experiments. 

 
Secondary 
Antibody 

Supplier Catalogue # Dilution Buffer 

Alexa Fluor® 488-
Conjugate, Goat  
anti-mouse IgG 

Invitrogen A-11001 1:300 2% BSA/ 
2.5% NGS 

Alexa Fluor® 568- 
Conjugate, Goat  
anti-rabbit IgG 

Invitrogen A-11011 1:300 2% BSA/ 
2.5% NGS 

Alexa Fluor® 680- 
Conjugate, Goat  
anti-rabbit IgG 

Invitrogen A-21244 1:300 2% BSA/ 
2.5% NGS 
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signalling adaptions is supported by findings that an entire spectrum of CRC subtypes 

previously defined in patients was represented in a large CRC line compendium, which 

reiterates the prevailing value in, and relevance of the use of cancer cell line models 

for this purpose (Picco et al., 2015). 

In line with this work, a 2011 study by Little et al. modelled the development of 

resistance to the anti-proliferative effects of AZD6244 in BRAFV600E-driven COLO205 

and HT29 cell lines as well as the KRASG13D-driven HCT116 cell line. Results from 

this investigation revealed intrachromosomal amplification of the driving oncogenes 

BRAFV600E and KRASG13D and subsequent ERK reactivation as the driving forces 

behind this resistance. While amplified mutant BRAF or KRAS is selected for its effects 

in reinstating active ERK levels in these cell models, these levels remain within a tight 

optimal range. Microarray data revealed that concomitant with the development of 

resistance, is a myriad of ERK pathway-related signalling changes, including the 

upregulation of several downstream negative ERK regulators.  

Previous studies have shown that the influence of negative ERK feedback regulation 

in tumourigenesis, drug efficacy and the development of drug-resistance is profound 

(Holohan et al., 2013; Kidger and Keyse, 2016). A prominent tier of this feedback is 

regulated by the MAP kinase phosphatases (MKPs) which are solely dedicated to the 

spatiotemporal regulation of their MAPK targets. Since the discovery of their unique 

regulatory role, MKPs have been investigated in the context of a number of ERK 

pathway-driven cancers, and several MKPs have been implicated in tumour 

suppression and oncogenesis as well as drug resistance, including the ERK-specific 

MKPs DUSP5 and DUSP6 (Kidger and Keyse, 2016).  

Using the parental and AZD6244-resistant CRC cell lines developed by Little et al. 

(2011) we aimed to investigate the potential role of MKPs in the evolution of drug-

resistance in these CRC models. To begin with, we set out to establish whether any 

differences in expression of relevant MKPs were visible between parental and 

AZD6244-resistant CRC cells and whether patterns of MKP expression were 

coincident with AZD6244 administration.  
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Analysis of whole cell extracts revealed a marked increase in BRAF protein levels as 

well as genomic copy number in C6244-R cells compared to their parental 

counterparts, while a similar amplification in KRAS was seen in H6244-R cells relative 

to parental HCT116 cells. In situ hybridisation of these cells revealed 

intrachromosomal amplifications of the oncogenic BRAFV600E allele in C6244-R cells 

and the oncogenic KRASG13D allele in the H6244-R cell line as the underlying cause 

of increased BRAF/KRAS abundance.  Further analysis of downstream signalling 

targets of BRAF and KRAS demonstrated that the increased levels of oncogenic 

protein in each instance were functionally relevant and successfully increased the 

activation of downstream targets (Little et al., 2011).  

3.2.2. C6244-R and H6244-R cells exhibit increased ERK pathway 
signalling and are refractory to AZD6244-induced cell cycle 
arrest and cell death 

Little et al. (2011) went on to further substantiate and characterise the observed ability 

of C6244-R and H6244-R cell lines to survive and proliferate in AZD6244 conditions 

previously shown to inhibit corresponding parental CRC lines. [3H] thymidine-

incorporation assays revealed the IC50 for inhibition of proliferation in C6244-R and 

H6244-R cells to be at least 20 times higher than that of corresponding parental lines 

(COLO205 and HCT116, respectively) (Figure 3.1, a and b). This was coincident with 

the ability of AZD6244-resistant cells to form colonies in AZD6244 conditions (1 µM 

AZD6244 for C6244-R/COLO205 cells and 10 µM AZD6244 for H6244-R/HCT116 

cells) that inhibited colony formation of parental lines by ~85% (Figure 3.1, d and e). 

In [3H] thymidine-incorporation assays performed with HT29 and HT6244-R cell lines, 

HT6244-R cells thrived in concentrations of AZD6244 up to 1 µM, without any 

reduction in proliferation (Figure 3.1, c). In flow cytometry experiments performed to 

assess cell cycle distribution, C6244-R and H6244-R cells showed little to no cell death 

in AZD6244 concentrations between 1 and 10 µM, the same conditions that were able 

to induce sub-G1 cell populations in parental COLO205 and HCT116 lines (Figure 

3.2). These experiments clearly demonstrate that C6244-R, HT6244-R and H6244-R 

cells are resistant to the anti-proliferative and death-inducing effects of the maximum 

tolerable in vivo dose of AZD6244. 
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Figure 3.1. H6244-R1 and C6244-R1 cells are resistant to the anti-proliferative 
effects of AZD6244. (A) HCT116 and H6244-R1 cells, (B) COLO205 and C6244-R1 
or (C) HT29 and HT6244-R1 cells were treated with increasing concentrations of 
AZD6244 for 24 hours, and DNA synthesis was assayed by [3H]thymidine 
incorporation. Data points represent means ± CV (coefficient of variation) of biological 
triplicates. (D) HCT116 and H6244-R1 cells or (E) COLO205 and C6244-R1 cells were 
treated with AZD6244, as indicated, and their ability to grow in colony-forming assays 
was assessed after 2 weeks in culture. The mean number of colonies formed ±SD 
(right panel) and photographic images (left panel) from a representative experiment of 
three are shown. Adapted from Little et al. 2011. Copyright 2008 by the American 
Association for the Advancement of Science. 
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Figure 3.2. H6244-R1 and C6244-R1 are resistant to AZD6244-mediated cell cycle 
arrest and cell death. After treatment for 48 hours with the indicated concentrations 
of AZD6244, subconfluent cultures of (A) HCT116 and H6244-R1 cells or (B) 
COLO205 and C6244-R1 cells were harvested and stained with propidium iodide, and 
their cell cycle distribution was assessed by flow cytometry. All data are taken from a 
single experiment representative of three giving similar results. Adapted from Little et 
al. (2011). Copyright 2008 by the American Association for the Advancement of 
Science. 
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Figure 3.3. H6244-R1 and C6244-R1 exhibit increased basal MEK-ERK activation 
and ERK pathway output. (A and B) CyclinD1 (CycD1), p27KIP1, p(S795)-RB, p-MEK, 
total MEK, p-ERK, total ERK1, FRA-1, FRA-2 and c-jun levels were determined by 
Western blot analysis of whole-cell extracts from HCT116, H6244-R1, COLO205 and 
C6244-R1 cells treated with vehicle control [dimethyl sulfoxide (DMSO)] or AZD6244 
for 24 hours. All data are taken from a single experiment representative of three giving 
similar results. Adapted from Little et al. 2011. Copyright 2008 by the American 
Association for the Advancement of Science. 
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Later work performed by Andrew Kidger (Cook laboratory, Babraham Institute, 

Cambridge, UK) assessed levels of DUSP5 and DUSP6 protein in several drug-naïve 

KRAS- and BRAF-driven cell lines including COLO205, HT29 and HCT116 as well as 

HEK293 and HeLa cell lines (Figure 3.4). These western blots revealed that DUSP6 

was relatively highly expressed in COLO205, HT29 and HCT116 cells grown in routine 

culture conditions. Additionally, the expression of another MKP, DUSP5, was quite 

prominent in HCT116 cells, but not others. This work illustrated substantial variation 

in different MKP levels, which correlated to some extent, with the amount of p-ERK 

present.  

 

 

Figure 3.4 Relative expression levels of DUSP5 and DUSP6 in HEK293, Hela and 
mutant KRAS- and BRAF-driven cancer cell lines. Cells were maintained in routine 
culture conditions prior to lysis and western blotting. Protein concentration was 
normalised across samples. Western blot analysis was carried out by Andrew Kidger 
(Cook laboratory, Babraham Institute, Cambridge, UK). 
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Based on these findings, and previous work demonstrating the influence of MKPs in 

tumourigenesis and drug-resistance, we aimed to investigate whether MKP 

expression levels differed between parental and AZD6244-resistant CRC cell lines in 

different AZD6244 conditions. As MKPs function as important ERK-induced negative 

feedback regulators in the ERK signalling pathway we reasoned that this may be likely, 

and that trends in MKP expression in response to AZD6244 could reflect the nature of 

their regulatory influence in these cell models.   
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Table 3.1. Driving mutations and maintenance culture conditions of CRC cell 
model 
 
Cell line Driving mutation  Maintenance culture 

conditions 
COLO205 BRAFV600E 

Complete medium 

C6244-R 
AZD6244-resistant 
COLO205 derivative 

BRAFV600E Complete medium with 1 
µM AZD6244 

HT29 BRAFV600E 
Complete medium 

HT6244-R 
AZD6244-resistant HT29 
derivative 

BRAFV600E Complete medium with 1 
µM AZD6244 

HCT116 KRASG13D 

Complete medium 

H6244-R 
AZD6244-resistant 
HCT116 derivative 

KRASG13D Complete medium with 2 
µM AZD6244 

 

 

In our experiments, parental and drug-resistant cells incubated with increasing 

concentrations of AZD6244 were subjected to pulse EdU labelling for S-phase 

detection, prior to cell fixation. This was followed by immunofluorescent protein 

staining and image acquisition on a high content microscope. Signal intensity data was 

collected on a per-cell per-compartment basis which allowed for single cell data as 

well as population data analysis. 

Results from these experiments showed that in all parental cell lines, the mean whole-

cell intensity of immunofluorescent staining for p-ERK decreased in an AZD6244 dose-

responsive manner. This paralleled a dose-responsive decrease in proliferation, 

interpreted as the percentage of cells entering S-phase in a 1h pulse label window 

(Figure 3.5). These results corroborated findings from previous work characterising 

cellular responses to AZD6244 in these cell lines (Balmanno et al., 2009; Davies et 

al., 2007; Yeh et al., 2007). In comparison, drug-resistant CRC lines demonstrated the 
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ability to maintain relatively high levels of p-ERK in the presence of AZD6244 (Figure 

3.5). This sustained ERK phosphorylation correlated with the ability of AZD6244-

resistant lines to continue proliferating in conditions of up to 1 µM (C6244-R and 

HT6244-R) or 2 µM (H6244-R) AZD6244 (Figure 3.5), supporting previous results 

found by western blot analysis and [3H]thymidine incorporation assays (Little et al., 

2011). 
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Figure 3.5. Drug-resistant CRCs maintain proliferation through sustained ERK 
activation. Quantitative HCM summary data of p-ERK levels (shown as a percentage 
of the maximum) and percentage of S-phase cells in the total cell population counted 
in (A) COLO205 and C6244-R (B) HT29 and HT6244-R and (C) HCT116 and H6244-
R samples. Cells were maintained in indicated concentrations of AZD6244 for 48 
hours prior to fixation and immunostaining. n=3-6 biological replicates, ± SEM. 
Statistically significant differences between parental and AZD6244-resistant cell lines 
in the same AZD6244 concentration were determined using the Holm-Sidak method, 
where (*) denotes a p-value less than 0.05, (**) denotes a p-value less than 0.01 and 
(***) denotes a p-value less than 0.001. All assays; 3 fields/well, 2-4 wells (~2000 
individual cells) per condition per experiment. 
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Figure 3.5 continued.  
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Figure 3.5 continued. Representative images of (A) COLO205 and C6244-R (B) 
HT29 and HT6244-R and (C) HCT116 and H6244-R cells in the absence or presence 
of 1 or 2 µM AZD6244.  
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When comparing the proliferation responses seen in Figure 3.5 to the results of similar 

experiments from Little et al. (2011) shown in Figure 3.1, some discrepancies could 

be seen in the response of C6244-R to the withdrawal of AZD6244 (i.e. in conditions 

where the AZD6244 concentration is lower than 1 µM used in routine culture 

conditions). Figure 3.5a illustrates that the proportion of C6244-R cells undergoing 

proliferation in all AZD6244 concentrations below routine culture conditions (1 µM 

AZD6244) was lower than that in routine AZD6244 conditions and indeed less than 

the subset of proliferating cells in parental cells in routine culture conditions (no 

AZD6244). This was most apparent in C6244-R cultured in the absence of AZD6244, 

suggesting that withdrawal of drug from these cells may evoke an anti-proliferative 

effect.  

While it is not possible to directly compare proliferation values between COLO205 and 

C6244-R cells in Figure 3.1b from Little et al. (2011), C6244-R cells demonstrated a 

dose-responsive decrease in proliferation in the presence of AZD6244, with peak 

proliferation conditions at 0 µM AZD6244, similar to parental COLO205 cells. This was 

consistent with cell cycle distribution data obtained by Little et al (2011), shown in 

Figure 3.2b, where the proportion of cells in G2/M and S-phase in C6244-R cells 

incubated in the absence of AZD6244 for 24 hrs was similar to or possibly higher than 

the proportion of these cells in C6244-R populations incubated with AZD6244 

concentrations up to 1 µM. In more recent data published by Sale et al. (2019) and 

illustrated in Appendix Figure A6a and d, the proliferation profile and cell cycle 

distribution of C6244-R cells is more comparable to data shown in Figure 3.5a, 

displaying a similar anti-proliferative effect of AZD6244 withdrawal. Much like our 

assays, proliferation assays performed by Sale et al. (2019) made use of EdU-labelling 

and high content microscopy. 

Cell cycle distribution data for HT6244-R cells exposed to increasing concentrations 

of AZD6244 published in Little et al. (2011) are shown in Figure 3.1c. These cells 

appeared to proliferate optimally in routine culture conditions of 1 µM AZD6244 and 

decreased in proliferative capacity upon drug removal. This trend was not replicated 

in our data (Figure 3.5b), instead the proportion of proliferating HT6244-R cells 

appeared to remain relatively constant across AZD6244 concentrations between 0 and 

1 µM AZD6244, compared to a dose-responsive decrease in proliferation seen in 











92 
 

increases in endogenous p-ERK levels such as this are not commonly reported, 

presumably due to the robust and self-limiting nature of the ERK signalling pathway. 

These conditions could therefore serve as a unique and valuable model to investigate 

the mechanisms through which endogenous ERK hyperactivation can occur, and the 

cellular consequences that may follow.  

In order to assess the population variation of cells exposed to the addition or removal 

of AZD6244 and to replicate the trends described in Figure 3.5 on a single cell level, 

we plotted the percentage of single cells in each concentration of AZD6244 (as a 

proportion of all cells in each condition) that fell within a 10 grey-scale p-ERK intensity 

bin against the minimum value of each bin. These frequency distributions were 

generated using GraphPad Prism. Figure 3.7 illustrates that in general, each cell 

population was normally distributed within a single peak, indicating that the majority of 

p-ERK values measured in each condition fell within a small distance of the mean 

value. The absence of multiple peaks suggests that the mean p-ERK value for each 

condition did in fact reflect the average response of all cells and not an average of two 

or more sub-populations.  
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Figure 3.7. Drug-resistant CRCs shift to higher p-ERK levels following drug-
removal. Single cell data showing p-ERK frequency distributions of cells in (A) 
COLO205 and C6244-R (B) HT29 and HT6244-R and (C) HCT116 and H6244-R 
samples at each drug concentration in parental (left) and AZD6244-resistant cells 
(right). Cells were maintained in indicated concentrations of AZD6244 for 48 hours 
prior to fixation and immunostaining. Data obtained from 3 fields/well, 2-4 wells (~2000 
individual cells) per condition. 
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If the figures for parental cell lines COLO205, HT29 and HCT116 (Figure 3.7a, b and 

c) are viewed from right to left, the distributions of cells at each drug concentration 

showed a strong shift to lower p-ERK levels following AZD6244 addition. The trends 

seen in the AZD6244-resistant cell lines are markedly different, where the distribution 

of cells only shifted in AZD6244 conditions of 0.1 µM AZD6244 and higher. This clearly 

demonstrates the ability of AZD6244-resistant CRC cells to maintain higher levels of 

p-ERK in the presence of AZD6244, compared to their parental counterparts.  

If the figures for AZD6244-resistant cell lines C6244-R, HT6244-R and H6244-R are 

viewed from left to right, each cell distribution showed a strong shift to higher p-ERK 

levels following AZD6244 removal (Figure 3.7a, b and c). The maximum p-ERK levels 

reached were substantially higher than those measured for each parental counterpart 

and represented conditions of ERK hyperactivation. The distribution of AZD6244-

resistant cells under routine culture conditions (1 µM AZD6244) were comparable to 

each parental counterpart under normal culture conditions (no AZD6244). This 

paralleled results observed in the average population data (Figure 3.5) and those in 

Little et al. (2011). In both parental and AZD6244-resistant cells, the width of the 

peaks, and therefore spread of the data, tended to increase with decreasing AZD6244 

concentration and increasing p-ERK values, indicating that variability in response 

increased in these conditions. This was most pronounced in drug-resistant CRCs in 

conditions of AZD6244 below routine culture concentrations, where p-ERK levels were 

greatly enhanced.  

The analysis of the high content microscopy data obtained from AZD6244 dose-

response experiments was performed in such a way that the relative 

immunofluorescent staining intensity for p-ERK and ERK in the cytoplasm and nucleus 

were quantified as separate measures. This made it possible to assess p-ERK and 

ERK compartmentalisation in response to AZD6244 in our parental and AZD6244-

resistant cell models. Localisation of ERK is a key aspect of ERK pathway regulation 

that is not yet fully understood, specifically in the context of ERK pathway addiction 

and inhibition. Many studies have demonstrated that mitogenic activation of the ERK 

signalling pathway and subsequent nuclear accumulation of p-ERK is a prerequisite 

for cell-cycle entry in various cell lines. However, these studies tend to focus on short-



95 
 

term activation of the ERK pathway and not on tumourigenic cell lines that rely on 

consistent ERK activation.   

Using data derived from HCM imaging and analysis experiments we compared the 

ratio of nuclear to cytoplasmic ERK across increasing AZD6244 conditions in all 6 

CRC cell lines. Figure 3.8 demonstrates that removing drug from drug-resistant CRC 

cells caused an increase in the ratio of nuclear to cytoplasmic ERK, while this ratio 

remained relatively constant in parental cell lines. In this data set a ratio of 1 would 

indicate an equal amount of ERK signal in the nucleus and cytoplasm. A number 

greater than 1 indicates a higher proportion of ERK in the nucleus, while a number 

less than 1 indicates a higher proportion of ERK in the cytoplasm. In AZD6244-free 

conditions, the nuclear to cytoplasmic ratio of all 3 parental lines approached 1, 

indicating that ERK levels were relatively consistent across the cell. A similar trend 

was seen in AZD6244-resistant cells in routine culture conditions (1-2 µM AZD6244). 

However, when AZD6244 concentration was decreased in AZD6244-resistant cells, 

total ERK appeared to shift predominantly to the nucleus in a dose-responsive 

manner.  

In HT6244-R cells, the N:C ratio was significantly higher in cells cultured without 

AZD6244 than in cells cultured with 1 µM AZD6244. While the apparent increase in 

nuclear ERK in AZD6244-withdrawal conditions in C6244-R and H6244-R cells was 

not statistically significant, a trend is visible and an apparent increase in nuclear ERK 

in C6244-R, HT6244-R and H6244-R cells cultured in the absence of AZD6244 can 

be seen in representative cell images in Figure 3.5 (d-f). Interestingly, these images 

appeared to indicate that the proportion of ERK that moved into the nucleus was in 

the unphosphorylated state, as high intensity p-ERK signal appeared predominantly 

in the cytoplasm (Figure 3.5 d-f). 
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Figure 3.8. AZD6244 withdrawal from resistant lines causes nuclear 
accumulation of ERK. Quantitative HCM summary data. (A) COLO205 and C6244-
R (B) HT29 and HT6244-R and (C) HCT116 and H6244-R cells were maintained in 
indicated concentrations of AZD6244 for 48 hours prior to fixation and immunostaining. 
n=3-4 biological replicates, ± SEM. A statistically significant difference in N:C ratio 
between HT6244-R cells cultured without AZD6244 and those cultured with 1 µM 
AZD6244 was determined using an unpaired t test, where (*) denotes a p value less 
than 0.05. All assays; 3 fields/well, 2-4 wells (~2000 individual cells) per condition per 
experiment.  
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The nuclear to cytoplasmic ratios shown for p-ERK in Figure 3.8 should be interpreted 

with caution, as the signal intensity for p-ERK drops towards background levels in 

concentrations above 1 µM in parental and AZD6244-resistant CRC cells as shown in 

Figure 3.5. In addition, non-specific or low-level background signal tends to stain 

brighter in the nucleus. Under such conditions, the nuclear to cytoplasmic ratio may 

appear higher, however these values are not biologically meaningful.   

With the limitations of this data noted, it is still possible to assess the nuclear to 

cytoplasmic ratios in conditions where p-ERK signal is reliably detectable (between 0 

and 1 µM AZD6244). Interestingly, in general, all three parental cell lines appeared to 

retain more p-ERK in the nucleus than their AZD6244-resistant derivatives in routine 

1 or 2 µM AZD6244 conditions as well as in drug withdrawal conditions (Figure 3.8). 

The most consistent trend seen in AZD6244-resistant CRC cells was that relative to 

the distribution of p-ERK in maintenance conditions (either more or less equally 

present in the nucleus or cytoplasm or slightly more present in the nucleus than 

cytoplasm) p-ERK appeared to reside more predominantly in the cytoplasm than the 

nucleus when AZD6244 is removed from these cells (Figure 3.8) As mentioned, this 

was apparent in representative images illustrated in Figure 3.5 (d-f).  

The results obtained thus far together with work performed by other groups have 

shown marked changes in the phosphorylation and location of ERK in response to the 

administration or withdrawal of AZD6244 in parental and drug-resistant CRC cells 

(Smith et al., 2007; Yeh et al., 2007; Balmanno and Cook, 2009; Little et al., 2011). 

Most importantly, these experiments suggested that AZD6244 withdrawal and ERK 

hyperactivation in resistant CRC cells was consistent with the nuclear accumulation of 

ERK, which appeared to be largely unphosphorylated.  As MKP proteins are key 

regulators of ERK activation and localisation, we went on to assess the relative 

abundance of these phosphatases in parental and drug-resistant CRC cell lines 

exposed to similar AZD6244 regimes.  
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3.3.4. DUSP4, DUSP5 and DUSP6 expression increases in a dose-
responsive manner following MEKi removal from MEKi-resistant 
CRC lines 

Dual-specificity MAPK phosphatases (MKPs) are a family of inducible signalling 

proteins that are solely dedicated to the regulation of their target MAP kinases. While 

ten catalytically active DUSPs have been identified in mammalian cells, we chose to 

focus on 3 nuclear  MKP proteins, DUSP2, DUSP4 and DUSP5 as well as DUSP6, 

which is located in the cytoplasm. A predominant role of the nuclear MKP proteins, 

specifically DUSP5 which solely targets ERK, is to dephosphorylate and anchor ERK 

in the nucleus. We therefore reasoned that nuclear MKPs may play a role in the 

accumulation of dephosphorylated ERK that was coincident with AZD6244 removal in 

CRC cells (Figure 3.8). We also assessed DUSP6, which like DUSP5, specifically 

targets ERK. By comparing the expression of DUSP5 and DUSP6 we hoped to provide 

some insight into differing roles of nuclear and cytoplasmic MKPs in these cell models.   

To begin investigating the role of transcriptionally-induced MKPs in the signalling 

responses of parental and drug-resistant CRC lines, relative DUSP2, DUSP4, DUSP5 

and DUSP6 mRNA levels were assessed using quantitative RT-PCR in the absence 

or presence of AZD6244. The most prominent result visible in this data was a relative 

increase in DUSP5 mRNA in all three drug-resistant cell lines cultured in the absence 

of AZD6244, compared to the DUSP5 levels detected in samples from drug-resistant 

and parental cell lines cultured in maintenance conditions (Figure 3.9, a, b and c). A 

similar trend was seen for DUSP4 in AZD6244-resistant HT6244-R and H6244-R, 

where levels of DUSP4 mRNA increased upon AZD6244 removal (Figure 3.9b and c). 

While this difference in DUSP4 mRNA levels was not statistically significant in HCT116 

and H6244-R cells (Figure 3.9c), a similar trend was apparent. 
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hour incubation with different AZD6244 concentrations were performed (Figure 3.10). 

These immunoblots revealed similar trends in MKP protein abundance to those seen 

for MKP mRNA levels, with some exceptions. 

In HT6244-R and H6244-R cells, DUSP4 and DUSP5 protein levels increased in a 

dose-responsive manner to the withdrawal of AZD6244 (Figure 3.10b). In C6244-R 

cells, DUSP4 levels also appeared to increase with decreasing AZD6244 

concentration, while DUSP5 protein was barely detectable in either COLO205 or 

C6244-R cells (Figure 3.10a). This may at first appear contrary to the mRNA results 

seen in COLO205 and C6244-R cells, however as mentioned, these results indicated 

that DUSP5 transcript levels were higher in C6244-R cells cultured in the absence of 

AZD6244 than those in C6244-R and COLO205 cells cultured in their respective 

maintenance conditions and not that they were generally abundant in these samples. 

These results were consistent with western blots performed by Andrew Kidger, 

showing an absence of DUSP5 protein expression in parental COLO205 cells (Figure 

3.4). 
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Figure 3.10. Removal of AZD6244 from AZD6244-resistant CRC cells causes an 

increase in DUSP4, 5 and 6 protein expression. (A) COLO205 and C6244-R (B) 

HT29 and HT6244-R and (C) HCT116 and H6244-R cells were maintained with or 

without AZD6244 for 48 hours prior to cell lysis. Cell lysates were subject to SDS-

PAGE and immunoblot. Images are representative of results from 3 independent 

experimental repeats.  

Similar to mRNA results, DUSP4 and DUSP5 proteins were most highly expressed in 

AZD6244-resistent cells in the absence of drug and lower levels of DUSP4 and 

DUSP5 were seen in parental cells in 0 µM AZD6244 and their AZD6244-resistant 

derivatives in either 1 or 2 µM AZD6244 (with the exception of DUSP5 in COLO205 

and C6244-R cells). This was coincident with a similar expression pattern seen for 

p-ERK in these conditions (Figure 3.10), suggesting a positive correlation between the 

expression of p-ERK and DUSP4 and 5 in response to AZD6244.  

mRNA analysis did not reveal significant differences between DUSP6 expression in 

AZD6244-resistant cell lines cultured in AZD6244 compared to those cultured without 

AZD6244, however western blot images in Figure 3.10, b and c indicated that DUSP6 

levels were increased in drug withdrawal conditions in HT6244-R and H6244-R cells 

relative to maintenance conditions. Interestingly, like in mRNA results, DUSP6 levels 

in untreated HCT116 cells appeared to be higher than in any other condition and 

DUSP6 levels in H6244-R cells cultured in maintenance conditions were reduced 

compared to their parental counterparts. Upon AZD6244 removal, these levels 

increased and were more similar to those seen in untreated HCT116 cells (Figure 

3.10c). Similarly, high levels of basal DUSP6 expression were also evident in 

COLO205 cells in maintenance conditions compared to all other COLO205 and 

C6244-R samples. Unlike results seen in HT6244-R and H6244-R samples, it was 

unclear whether DUSP6 levels were increased in response to AZD6244 removal in 

C6244-R cells in these experiments (Figure 3.10a). 
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This data has clearly demonstrated that in AZD6244-resistant CRC cell lines, MKP 

levels become changed in response to AZD6244 removal, such that DUSP4, DUSP5 

and DUSP6 are strongly induced by ERK hyperactivation. These findings are 

significant in establishing a correlation between strong ERK activation and increased 

expression of ERK-induced negative feedback regulators in the context of 

oncogenesis. It also indicates that MKPs may play an important role in restraining 

hyperactive ERK in the development of drug-resistance in these cell lines.  

3.3.5. The induction of different MKPs upon MEKi removal is 
temporally distinct and cell-line dependent  

After assessing whether there was any correlation between MKP and p-ERK levels 

and AZD6244 administration after a 48-hour incubation period, we went on to 

investigate shorter term signalling changes that may occur in AZD6244-resistant CRC 

cells directly after drug withdrawal. In these western blot experiments, AZD6244-

resistant CRC cells routinely cultured in 1 µM AZD6244 (C6244-R and HT6244-R) or 

2 µM AZD6244 (H6244-R) were incubated in the absence of AZD6244 according to a 

48-hour time course protocol. These results revealed that phosphorylation of ERK was 

strongly induced within 30 minutes of AZD6244 withdrawal, a response that was 

consistent across all three AZD6244-resistant cell lines (Figure 3.11). 
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Figure 3.11. The induction of DUSP4, 5 and 6 protein expression in response to 
AZD6244 removal follows temporal and cell-specific patterns. (A) COLO205 and 
C6244-R (B) HT29 and HT6244-R and (C) HCT116 and H6244-R cells were 
maintained with or without AZD6244 for 48 hours prior to cell lysis. Cell lysates were 
subject to SDS-PAGE and immunoblot. Images are representative of results from 3 
independent experimental repeats.  

Within 30 minutes to an hour of drug withdrawal, DUSP4, DUSP5 and DUSP6 proteins 

appeared to undergo a shift to a higher molecular weight form (Figure 3.11b). In 

C6244-R cells this shift was followed by an increase in DUSP4 and DUSP6 protein 

abundance, which for DUSP4, was then sustained up to 48 hours (Figure 3.11a). 

Before DUSP4 expression peaked between 2 and 16 hours after AZD6244 removal in 

C6244-R cells, DUSP4 protein appeared to return to a lower molecular weight form. 

As mentioned before, DUSP6 protein was present in relatively high abundance in 

parental COLO205 cells as well as C6244-R cells in 1 µM AZD6244 (Figure 3.10 and 

Figure 3.11). These protein levels appeared to decrease within 1 hour of AZD6244 

removal (coincident with a molecular weight shift) and then peaked at 2 hours post-

AZD6244 removal. This was followed by a period within which DUSP6 abundance 

appeared to fluctuate (Figure 3.11a). While there was some indication that DUSP5 

was induced in C6244-R cells, its expression was substantially lower than in HT6244-

R and H6244-R cells, where equal amounts of total protein were loaded (Figure 3.11).  

The molecular weight shifts in DUSP4, DUSP5 and DUSP6 proteins shifts are likely 

to reflect post-translational modifications of the MKP proteins, such as 

phosphorylation. The phosphorylation of DUSP6 by ERK has been shown to promote 

its ubiquitination and degradation (Marchetti et al., 2005). This is consistent with our 

findings that generally showed a decrease in DUSP6 expression at higher molecular 

weight forms. In light of strong ERK activation in these conditions, these molecular 

weight shifts and fluctuations in DUSP6 protein levels may be indicative of ERK-

mediated DUSP6 turnover. In contrast, phosphorylation of DUSP4 by ERK has been 

shown to increase its stability, while phosphorylation of DUSP5 does not appear to 

affect its half-life (Brondello et al., 1999; Cagnol and Rivard, 2013; Kucharska et al., 

2009b). Interestingly, our results showed that like DUSP6, DUSP4 and DUSP5 were 

most highly expressed in their lower molecular weight form. 



107 
 

Patterns of DUSP4, DUSP5 and DUSP6 expression in HT6244-R cells in response to 

AZD6244 removal (Figure 3.11b) were similar to those seen in C6244-R cells (Figure 

3.11a), with the exceptions that DUSP5 induction was more prominent and DUSP6 

expression seemed to be steady between 16 and 48 hours after treatment. DUSP4 

and 6 protein expression in H6244-R cells followed similar response profiles to those 

seen in C6244-R and HT6244-R cells (Figure 3.11). Notably, the expression of DUSP5 

in these cells was particularly robust, which suggests that DUSP5 may play an 

important role in the response of H6244-R cells to ERK pathway inhibition and release. 

While p-ERK levels were increased within 30 minutes of drug withdrawal in all 

AZD6244-resistant cell lines, the time of maximal induction of DUSP4, DUSP5 and 

DUSP6 differed between different MKPs and across the different cell lines. Once 

maximally induced, the expression of DUSP4 and DUSP5 was sustained and 

remained high at 48 hours post-AZD6244 withdrawal in all drug-resistant lines. In 

contrast, the levels of DUSP6 appeared to fluctuate over this time period. 

Taken together, mRNA and protein analyses assessing changes in MKP expression 

in parental and AZD6244-resistant CRC lines have shown that the removal of 

AZD6244 from drug-resistant CRC cells induced the expression of DUSP4, DUSP5 

and DUSP6, with the exception of DUSP5 in C6244-R cells. The expression of DUSP4 

and DUSP5 in both parental COLO205, HT29, HCT116 cells and their AZD6244-

resistant derivatives followed a similar expression pattern to p-ERK, suggesting a 

positive correlation between ERK activation and DUSP4 and DUSP5 induction. While 

DUSP6 expression was also increased in drug-resistant CRC cells in the absence of 

AZD6244 compared to its expression in C6244-R, HT6244-R and H6244-R cells 

cultured in maintenance conditions, these relatively higher levels were similar to those 

seen in untreated parental CRC cells, unlike coincident p-ERK levels.  
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parental and AZD6244-resistant CRC cells and revealed that just 1-5% of total ERK 

was active in all cell lines, and was sufficient for continued cell division. These results 

were unexpected; not only did all CRC cell lines evaluated show very similar 

stoichiometry for active ERK, but this analysis revealed a substantial spare capacity 

for ERK activation.  

Interestingly, while amplified KRAS or BRAF was likely established to counteract MEK 

inhibition in AZD6244-resistant C6244-R and H6244-R cells, microarray data from cell 

samples revealed coincident increases in downstream negative regulators of ERK 

signalling such as SPRY2 and DUSP4 and DUSP6 phosphatases relative to parental 

COLO205 and HCT116 cells (Sale et al., 2019). This suggests that despite 

considerable MEK inhibition, signalling downstream of amplified BRAF/KRAS needs 

to be further restrained by negative feedback regulation to elicit ERK levels coincident 

with cell cycle entry. The importance of negative feedback in this context is further 

emphasised by the discovery of the substantial spare capacity of ERK which is likely 

maintained by negative ERK regulators such as the DUSP/MKPs. With this 

understanding, it follows that large increases in active ERK, such as those seen in 

AZD6244-resistant CRC cells incubated without AZD6244 may induce concomitant 

increases in MKP expression.  

Results from mRNA and protein quantification analyses were consistent with this 

hypothesis and demonstrated the expression of DUSP4 and DUSP6 in parental 

COLO205 and HT29 cells and their AZD6244-resistant derivatives and DUSP4, 

DUSP5 and DUSP6 in both HCT116 and H6244-R cells in maintenance conditions. 

When AZD6244 was removed from AZD6244-resistant cells, ERK hyperactivation was 

coincident with markedly increased levels of DUSP4 and DUSP5 in HT6244-R and 

H6244-R cells and DUSP4 in C6244-R cells. While DUSP6 was robustly expressed in 

AZD6244-withdrawal conditions across all resistant cells, these levels were not 

necessarily higher than those in parental conditions, and therefore were not directly 

correlated to the expression patterns of p-ERK in these conditions. In contrast, levels 

of DUSP4 and DUSP5 appeared to mirror those of p-ERK in the same conditions.  
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signal within this initial response period could provide interesting insights into the 

precise subcellular mechanisms of ERK hyperactivation. 

Finally, mRNA and protein expression analyses were able to show the robust induction 

of DUSP4, DUSP5 and DUSP6 in response to ERK hyperactivation, which provided 

important preliminary insights into the influence these proteins may have on oncogenic 

ERK signalling. However, through these analyses, we were not able to compare the 

levels of different MKPs to one another, or ascertain the relative abundance of these 

transcripts or proteins in each sample. In future, a more global and informative 

assessment of feedback at play in these cell models could be attained through the 

assessment of mRNA copy number variations in a high throughput RNA screen. Not 

only could this validate our current data, but it could provide further insights into kinome 

and phosphatome reprogramming that occurs in drug-resistant CRC cells cultured with 

and without MEK inhibition.  
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In C6244-R cells, removal of AZD6244 leads to hyperactivation of ERK and 

senescence (Sale et al., 2019). A similar phenotype was demonstrated in a breast 

cancer cell line model, where exposure to the phorbol 12-myristate 13-acetate (PMA) 

led to increased active ERK levels and growth arrest (Nunes-Xavier et al., 2010). This 

work went on to show that coincident with this phenotype, was a substantial 

upregulation of DUSP5 and DUSP6 expression and silencing of either MKP led to the 

acceleration of growth arrest. Interestingly, when DUSP5 or DUSP6 was ectopically 

expressed in PMA-treated breast cancer lines, ERK levels were reduced and the 

proliferative capacity of these cells appeared to be reinstated (Nunes-Xavier et al., 

2010). Additionally, these cells appeared to adopt a migratory phenotype. While the 

ectopic expression of MKPs has demonstrated similar results in other oncogenic 

models, it is important to note that the endogenous link between active ERK and MKP 

expression is seldom recapitulated in these studies which reduces the biological 

relevance of their use. Despite this caveat, these results suggested that similar to 

DUSP4 in oncogene-transformed IEC cells, DUSP5 and DUSP6 may be vital negative 

regulators of sustained ERK activity in breast cancer models.  

Like breast cancer cell lines in the Nunes-Xavier et al. (2010) PMA model, changes in 

p-ERK levels in AZD6244-resistant H6244-R cells leads to increased cell mobility 

(Sale et al., 2019). While this was induced by a reduction of p-ERK in breast cancer 

lines, it was coincident with increased ERK activation in H6244-R cells in AZD6244-

withdrawal conditions and correlated with an epithelial-to-mesenchymal transition 

(EMT). As mentioned before, ERK hyperactivation in these conditions was coincident 

with an accumulation of dephosphorylated ERK in the nucleus and marked increases 

in DUSP4, DUSP5 and DUSP6 expression. Interestingly, basal levels of DUSP5 were 

relatively high in HCT116 as well as H6244-R cells compared to CRC cell lines.  

Following these results and findings from previous studies, we aimed to evaluate the 

effects of DUSP5 loss in HCT116 and H6244-R cells and whether DUSP5 ablation 

was able to influence the signalling and phenotypic outcomes of AZD6244 

administration.  
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4.2. Work preceding this thesis 

4.2.1. AZD6244 withdrawal from resistant cells with KRASG13D 
amplification induces long-term hyperactivation of ERK  

Following work published by the Cook laboratory in 2011 detailing the resistance 

mechanisms of four colorectal cancer cell lines to the MEK inhibitor AZD6244, Sale et 

al. (2019) went on to further explore the effects seen in AZD6244-resistant cells when 

AZD6244 was removed. This work revealed that hyperactivation of ERK induced by 

drug withdrawal demonstrated in Little et al. (2011) as well as this thesis (Figure 3.5), 

is maintained for 30 weeks in H6244-R cell lines and single cell clones, with 30 weeks 

being the maximum length of study performed (Figure 4.1a). This is coincident with 

sustained KRAS amplification as well as hyperactivation of PKB, the downstream 

effector of the PI3K signalling pathway. When exposed to AZD6244 after 30 weeks, 

H6244-R cells were not resensitised to the anti-proliferative effects of AZD6244 and 

showed similar proliferation profiles to that of H6244-R cells maintained in AZD6244 

in dose response experiments (Figure 4.1b). This is contrary to the effects of 

prolonged drug withdrawal seen in BRAFV600E-driven C6244-R andHT6244-R cells, 

where resistance to AZD6244 is reversed and a reduction in amplified BRAF leads to 

reduced levels of p-ERK (Sale et al., 2019).  

In C6244-R and HT6244-R cells, AZD6244 withdrawal leads to cell-cycle arrest or cell 

death, demonstrating the anti-proliferative effects of ERK hyperactivation in these cells 

(Sale et al., 2019). In contrast, the hyperactivation of ERK and PKB upon AZD6244 

withdrawal in H6244-R cells does not appear to have an effect on proliferation or cell 

survival (Figure 4.1c) when compared to parental HCT116 cells or H6244-R cells in 

the presence of drug. H6244-R cultured in the absence of AZD6244 for 9 to 12 days 

show similar cell numbers (Figure 4.1c) and cell cycle profiles (Figure 4.1d) to those 

cultured in AZD6244. Interestingly, similar results were observed in the KRASG13D-

driven cell line LOVO. While the genetic mechanisms of amplified ERK signalling in 

AZD6244-resistant LOVO cells differs to that of H6244-R cells, similar increases in 

p-ERK are seen upon drug withdrawal, along with no quantifiable deficit in 

proliferation. While some AZD6244-resistant LOVO clones had partial reversion to 

AZD6244 sensitivity after prolonged withdrawal, others remained refractory to the anti-

proliferative effects of AZD6244 (Sale et al., 2019).  
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4.2.2. AZD6244 withdrawal from H6244-R cells promotes an ERK-
dependent epithelial-to-mesenchymal transition 

Proliferation assays investigating the phenotypic effects of AZD6244 removal from 

H6244-R cells did not reveal any anti-proliferative effects, however, upon visual 

inspection of H6244-R cells in AZD6244-free conditions, striking changes to the 

morphology of these cells were observed (Sale et al., 2019). HCT116 cells and H6244-

R cells cultured in routine conditions grow in discrete patches with well-defined cell to 

cell contacts (Figure 4.2a). Confocal microscopy and immunofluorescent protein 

staining show distinct patterns of E-cadherin expression along the periphery of these 

cells, an epithelial-associated cell-cell adhesion molecule (Figure 4.2b). In contrast, 

H6244-R cells grown in the absence of AZD6244 showed a spindle-shaped 

morphology and reduced cell-cell contacts (Figure 4.2a). These cells also showed 

limited E-cadherin staining and the appearance of Vimentin protein inclusions (Figure 

4.2b), both indications of an epithelial-to-mesenchymal (EMT) transition.    







121 
 

RT-PCR and western blotting revealed the upregulation of other mesenchymal 

markers in AZD6244-deprived H6244-R cells, including SNAI2 and ZEB1 (Figure 

4.2c). siRNA- knockdown of ZEB1 in these cells reversed E-cadherin loss, indicating 

that the EMT observed upon drug withdrawal may be ZEB1-dependent. ERK has been 

shown to induce transcription of ZEB1 mRNA through its upregulation and stabilisation 

of FRA1 (Shin et al., 2010). It has also been shown to repress E-cadherin expression 

by promoting the interaction of ZEB1 and the CtBP co-repressor complex (Ichikawa et 

al., 2015). Together these provide a possible mechanism through which hyperactive 

ERK may promote EMT in H6244-R cells. Indeed, further experiments by Sale et al. 

(2019) demonstrated that administration of the ERK inhibitor SCH772984 and 

successful p-ERK reduction was able to reverse the upregulation of ZEB1 and SNAI2 

and the loss of E-cadherin expression. Like KRAS-driven H6244-R cells, E-cadherin 

loss, upregulation of mesenchymal markers and a ZEB1-dependent EMT were found 

in AZD6244-resistant LOVO cells undergoing drug withdrawal. Similarly, ERK 

inhibition by SCH772984 was able to reverse this phenotype. 

These results give an indication of the consequences of drug-cessation in BRAF- and 

KRAS-driven colorectal cells and illustrate the heterogenic response of genetically 

distinct cancer lines to changes and adaptations in ERK signalling. This work also 

emphasises the potential influence regulators of ERK may have on signalling 

adaptions that occur in response to chemotherapeutic inhibitors. Indeed, this study as 

well as others preceding it demonstrate that the tumour suppressive or oncogenic 

potential of negative regulators of ERK, such as the MKP proteins, may depend largely 

on the genetic landscape within which tumourigenesis has developed. (Rushworth et 

al., 2014; Kidger et al., 2017; Sale et al., 2019). The AZD6244-resistant CRC models 

provide a unique opportunity to investigate the role of the MKPs in these differing 

oncogenic contexts, where the inhibition or indeed hyperactivation of ERK leads to 

distinct cell fates.  

 
  



122 
 

4.3. Results 

4.3.1. Optimising DUSP5 knockdown in HCT116 and H6244-R cells 

Analysis of DUSP mRNA and protein levels in AZD6244-resistant CRC lines identified 

DUSP4, DUSP5 and DUSP6 as being prominently expressed in response to AZD6244 

withdrawal in HT6244 and H6244-R cell lines, indicating that these MAPK 

phosphatases may contribute to the signalling reprogramming that occurs during drug 

administration and cessation. Work performed by Sale et al. (2019) illustrated severe 

and irreversible effects of ERK hyperactivation induced by AZD6244 withdrawal in 

these cells, which emphasises the potential importance of negative regulators of ERK, 

such as the DUSPs, in this context. To further explore the role of DUSP proteins in 

MEKi-resistant CRC cells we sought to develop a versatile and efficient strategy for 

DUSP knockdown that could be used in all three cell lines - COLO205, HT29 and 

HCT116. As COLO205 and HT29 cells were not amenable to lipid-based transfection, 

it would be necessary to explore other options.  

Recombinant adenovirus vectors are able to target a wide range of host cells (both 

replicative and non-replicative) and provide a method of highly efficient and 

reproducible gene delivery. Once established, adenovirus vectors can be amplified 

and reused at low cost, without the need for expensive consumable reagents. They 

also offer a flexible gene expression system where similar constructs could be used 

for both gene silencing and re-expression. For these reasons we aimed to develop 

shRNA adenovirus vectors that could be used to knockdown DUSP proteins in all three 

target cell lines. We began by targeting DUSP5, the MAPK phosphatase that showed 

the most pronounced protein induction upon AZD6244 withdrawal in HT6244-R and 

H6244-R cells. For optimisation of DUSP5 knockdown, we began work in HCT116 

cells. These cells showed high basal levels of DUSP5 which would aid the 

interpretation of initial DUSP5 knockdown assessment. Additionally, they are 

amenable to lipid-transfection, which would allow for transfection and assessment of 

DUSP5-targeting shRNA constructs prior to the establishment of adenoviral vectors. 

Most importantly, AZD6244-resistant H6244-R cells showed robust DUSP5 induction 

in response to AZD6244 withdrawal (Figure 3.9, Figure 3.10 and Figure 3.11, Chapter 

3), suggesting that this nuclear, ERK-specific MKP may play a unique and important 

role in this cell model. 
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Figure 4.3. DUSP5-targeting pGSH1-GFP-shRNA constructs versus siRNA in 
HCT116 cells. A) Relative DUSP5 mRNA expression levels in HCT116 cells 
transfected with DUSP5- or luciferase-targeting pGSH1-GFP-shRNA vectors show no 
observable knockdown in DUSP5. n=3 biological replicates ± SEM. B) Samples 
transfected with siGENOME DUSP5-targeting siRNA (Dharmacon) show a relative 
knockdown of DUSP5 mRNA expression compared to non-targeting control siRNA 
and an untreated sample. n=3 biological replicates ± SEM. 
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Figure 4.4. siRNA DUSP5 knockdown in HCT116 cells. Samples transfected with 
siGENOME DUSP5-targeting siRNA (Dharmacon) show a relative knockdown of 
DUSP5 protein expression compared to non-targeting control siRNA and an untreated 
sample. A) western blot image. B) Relative protein quantification. n=1 biological 
replicate.  
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4.3.2. DUSP5 reduction in the absence of MEKi enhances ERK 
hyperactivation and restricts nuclear accumulation of ERK  

Similar to experiments completed previously (Figure 3.5) we aimed to assess 
the effects of AZD6244 administration and withdrawal in HCT116 and H6244-R 

cells but in conditions where DUSP5 expression was compromised. This 
strategy was implemented in HCT116 and H6244-R cell lines treated with 

increasing concentrations of AZD6244. HCM data revealed that knocking down 
DUSP5 appeared to enhance ERK hyperactivation seen in H6244-R cells 

cultured in the absence of drug ( 
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Figure 4.5). Cell count measures for each condition were normalised by choosing the 

minimum and maximum cell count values from each experimental data set to 

represent 0% and 100% and converting all other values to a proportion within this 

range. This is a crude assessment of potential cell death that would need to be 

validated by further experiments.  
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Figure 4.5. DUSP5 knockdown enhances ERK hyperactivation and decreases 
proliferation and cell count in H6244-R1 cells. A) Quantitative HCM summary data 
of p-ERK levels (normalised to a percentage of the maximum value in untreated 
HCT116 cells), percentage of S-phase cells and cell count (converted to percentage 
within minimum and maximum value range) in HCT116 and H6244-R samples. For 
siRNA treated samples, cells were  transfected with DUSP-targeting siRNA 1, 3 or 
non-targeting siRNA 24 hours prior to AZD6244 treatment. Cells were maintained in 
indicated concentrations of AZD6244 for 24 hours prior to fixation and immunostaining. 
n=3-4 biological replicates, ± SEM. Symbols A to L highlight AZD6244 conditions  
where a statistically significant difference between siRNA-treated or untreated 
samples was determined using the Holm-Sidak method. Refer to Table A2 for 
statistical analysis. All assays; 3 fields/well, 2-4 wells (~2000 individual cells) per 
condition per experiment. 
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Figure 4.5. continued. B) Representative images of HCT116 and H6244-R cells with or without 2 µM AZD6244. DAPI 
staining indicates all nuclei present while EdU-label is apparent in cells in S-phase only.  

B 
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Interestingly, in the presence of 1 µM AZD6244, DUSP5 knockdown appeared to 

increase the anti-proliferative effects of MEK inhibition compared to untreated cells or 

cells treated with a non-targeting siRNA, despite any major difference in p-ERK levels 

under these conditions (Figure 4.5). This might indicate that other measures of ERK 

regulation exerted by DUSP5 including directing ERK localisation, may account for the 

effects seen on proliferation. Thus, in conditions of DUSP5 knockdown, even when 

p-ERK levels were much reduced by increasing AZD6244 concentration, normal 

proliferation rates were not restored. Alternatively, effects on proliferation could be a 

result of an off-target event, which may explain why the reduction of ERK 

hyperactivation by AZD6244 seen in DUSP5 knockdown conditions did not reverse 

the effects seen on proliferation.  

While the consistency between the results for two different siRNAs versus a non-

targeting siRNA control makes this possibility appear unlikely in HCT116 cells, the 

effect on proliferation and cell numbers DUSP5 knockdown seems to confer in 

H6244-R cells was evident in only one of two siRNAs. While this may be a result of 

the superior knockdown efficiency of siRNA 3, it is not wise to exclude the possibility 

that an off-target effect on cell survival and proliferation exists in these conditions.  

Major cell fate decisions such as proliferation or cell death are affected by various 
complex factors and are regulated by multiple signalling pathways, making it difficult 
to exclude the possibility that unexpected off-target effects contribute to or are 

responsible for the changes in the measures illustrated in  
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Figure 4.5. However, the effects seen on p-ERK and ERK were consistent between 

two different DUSP5-targeting siRNA sequences when compared to a non-targeting 

siRNA sequence and an untreated control. In addition to ERK phosphorylation status, 

other factors important to the regulation of ERK activity are the timing and duration of 

its induction time and its cellular location. As MKP expression is likely to influence 

these factors, we went on to assess the impact of DUSP5 loss on the spatiotemporal 

activation of p-ERK in H6244-R cells cultured without AZD6244 for varying time 

periods.  

Results in 
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Figure 4.6 show that the increases in whole-cell p-ERK levels in response to AZD6244 

withdrawal were induced as early as 10 minutes post-withdrawal both in DUSP5 

knockdown and control samples. p-ERK induction appeared to peak between 10 and 

120 minutes after AZD6244 removal, then decreased slightly and remained at 

relatively high levels thereafter. Like previous HCM data illustrated in  
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Figure 4.5, these results demonstrated that DUSP5 knockdown increased levels of p-

ERK in HCT116 and H6244-R cells relative to control samples. Upon AZD6244 

withdrawal in H6244-R cells, a further increase in the magnitude of ERK 

hyperactivation was seen in DUSP5 knockdown conditions compared to control 

samples (

 

Figure 4.6). These results were consistent for both siRNAs, with the effects on p-ERK 

being more pronounced and statistically significant in cells treated with DUSP5 siRNA 

3 (refer to table A3 in the Appendix for statistical analyses). Interestingly, in H6244-R 

cells, DUSP5 knockdown in cells cultured in maintenance conditions (2 µM AZD6244) 
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was able to induce levels of p-ERK similar to or higher than those seen in DUSP5-

expressing H6244-R cells in AZD6244-free conditions.  
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Figure 4.6. ERK hyperactivation in response to AZD6244 withdrawal and 
enhanced ERK hyperactivation coincident with DUSP5 knockdown is induced 
within 10 minutes of AZD6244 removal. Quantitative HCM summary data of p-ERK 
and ERK whole cell (nuclear and cytoplasmic) levels in HCT116 and H6244-R 
samples. For siRNA treated samples, cells were  transfected with DUSP-targeting 
siRNA 1, 3 or non-targeting siRNA 24 hours prior to AZD6244 treatment. Cells were 
maintained in indicated concentrations of AZD6244 for varying time periods prior to 
fixation and immunostaining. n=3-4 biological replicates, ± SEM. Refer to A3 in 
appendix for statistical analyses.  
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Figure 4.6 and Appendix Table A3). These results were also unexpected, as whole-

cell ERK levels tend to remain relatively constant within the cell, with changes in ERK 

activity being regulated primarily through phosphorylation and dephosphorylation and 

movement between the cytoplasm and nucleus (Joe W Ramos, 2008). An increase in 

total ERK such as this would suggest a de novo increase in ERK protein transcription 

and translation or alternatively, a decrease in ERK protein degradation, both 

mechanisms that have not been thoroughly investigated due to the consensus that 

ERK levels remain stable. Another possible explanation for this observation is that the 

association of DUSP5 with ERK decreases antibody binding and in the absence of 

DUSP5, this inhibitory effect is relieved and ERK detection is increased.  
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Figure 4.7. DUSP5 knockdown increases the nuclear accumulation of p-ERK in 
HCT116 cells and decreases the nuclear accumulation of total ERK in H6244-R 
cells in AZD6244-free conditions. Quantitative HCM summary data of nuclear to 
cytoplasmic (N:C) ratios of p-ERK and total ERK signal levels in HCT116 and H6244-
R samples. For siRNA treated samples, cells were  transfected with DUSP-targeting 
siRNA 1, 3 or non-targeting siRNA 24 hours prior to AZD6244 treatment. Cells were 
maintained in indicated concentrations of AZD6244 for varying time periods prior to 
fixation and immunostaining. n=3-4 biological replicates, ± SEM. Refer to A4 in 
appendix for statistical analyses.  
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R cells cultured in AZD6244, is further reduced in H6244-R cells cultured in AZD6244-

free media and becomes progressively more reduced with prolonged AZD6244 

withdrawal. The substantial and consistent effect of DUSP5 disruption on E-cadherin 

expression suggests that through its regulatory influence on p-ERK, DUSP5 is able to 

modulate the cellular consequences of AZD6244 withdrawal in drug-resistant H6244-

R cells. This is a significant finding that clearly demonstrates an important role for 

DUSP5 in the regulation of oncogenic ERK signalling in a MEK-inhibitor resistant cell 

model.  
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4.3.4. Establishing DUSP5 knockout HCT116 and H6244-R single cell 
clones 

While investigating and optimising different knockdown strategies it became clear that 
variability in the extent of DUSP5 knockdown achieved may present challenges in 
reproducing our preliminary data. Additionally, variability in the results observed for 

two different DUSP5-targeting siRNA sequences ( 
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Figure 4.5) led us to question whether off-target effects were taking place. Using a 

CRISPR/Cas9 genome editing technique we could eliminate any ambiguity about 

residual DUSP5 function by selecting complete DUSP5 knockout clones for 

downstream functional studies. Naturally, plasmid transfection and single cell 

outgrowth can induce off-target cellular stress, but we hoped to avoid this by analysing 

stable DUSP5 knockout (KO) and control cell lines that had been given several 

passages to recover.  

We made use of a customised Type II CRISPR/Cas9 system, described in detail by 

Ran et al. (2013). The pSpCas9(BB)-2A-GFP vector developed by the Zhang group 

contains a chimeric guide RNA (gRNA), an EGFP coding sequence and a human 

codon-optimized Cas9 coding sequence. The plasmid is designed such that a 20-

nucleotide target-specific guide sequence can be easily ligated into a BbsI cloning site, 

just upstream of the sgRNA scaffold. Four guide sequences designed for targeting 

DUSP5 were cloned into the pSpCas9(BB)-2A-GFP vector and subsequently 

transfected into HCT116 and H6244-R cells, alongside a control transfection with 

empty vector (EV) Cas9 DNA as detailed in Chapter 2.  

After single cell-sorting and the expansion of multiple colonies transfected with each 

gRNA and EV Cas9 DNA in both HCT116 cells and H6244-R cells, clones were 

incubated for 2 to 6 weeks. The frequency of colony outgrowth was unexpectedly low, 

specifically in H6244-R cells (for cells transfected with EV as well as gRNA plasmid) 

suggesting that one or more parts of the protocol had led to cell stress and subsequent 

death or senescence. The rate of colony outgrowth was variable among clones, with 

some forming large colonies within 2 weeks, and others forming colonies within 6 or 

more weeks. Another noteworthy observation was pronounced variability in cell 

morphology and size among different clonal populations. The cell morphology of most 

of the clonal populations were comparable to the parental populations (HCT116 and 

H6244-R), growing in tightly packed, epithelial-like colonies. However, some 

populations contained cells that appeared enlarged with pronounced nuclei (results 

not shown). These cells did not grow in compact colonies but tended to be more 

sparsely distributed across the tissue culture vessel. Variability in growth rate and cell 

morphology was seen across cells expressing DUSP5-targeting guides as well as EV 

clones and so were not likely to be a phenotype associated with DUSP5 knockout.  
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and H6244-R cells (

 

Figure 4.6). 
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Figure 4.10 continued. 
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Figure 4.10 continued. D) Licor quantification of western blot results. Average mean 
values were calculated from data from 3 experimental repeats and 3 clonal populations 
for each clonal category; empty vector-treated HCT116 or H6244-R cells, DUSP5-
expressing HCT116 or H6244-R cells and DUSP5 knock out HCT116 or H6244-R 
cells, ± SEM. Statistical analysis was performed using a One-way ANOVA and a post-
hoc Tukey analysis, where (*) denotes a p-value less than 0.05.  

As DUSP5 knockout clonal populations had been through several passages we were 

eager to investigate whether any basic compensatory signalling mechanisms had 

occurred within this time period. We assessed protein levels of the upstream oncogene 

KRAS as well as DUSP4 and DUSP6, MAPK phosphatases that have previously been 

shown to be induced in H6244-R cells when AZD6244 was removed (Figure 3.9, 

Figure 3.10 and Figure 3.11, Chapter 3).  Experiments in Sale et al. (2019) showed 

highly consistent levels of amplified KRAS across 12 separate H6244-R clones after 

24 hours of AZD6244 withdrawal. In longer term experiments, both a heterogenous 

population of H6244-R cells as well as two separate H6244-R clones showed the 

same consistent levels of amplified KRAS after 30 weeks of AZD6244 removal.  

In our H6244-R clones cultured in AZD6244, both the DUSP5-expressing clones and 

the DUSP5 KO clones appear to have reduced levels of KRAS relative to those seen 

in the EV clone (Figure 4.10d). A similar trend is seen in conditions where H6244-R 

clones have been cultured in AZD6244-free media for 4 hours. Interestingly, after 48 

hours of drug withdrawal, KRAS levels in DUSP5 KO clones are significantly reduced 

compared to the levels seen in the EV clone (Figure 4.10d). This observation appeared 

unlikely to reflect an actual decrease in KRAS expression as this is would likely require 

a profound and highly efficient mechanism of KRAS silencing, which at present, is not 

conceivable.  

Analysis of changing DUSP4 levels in response to AZD6244 withdrawal in H6244-R 

cells did not reveal any differences between trends in EV clones, DUSP5-expressing 

clones and DUSP5 KO clones (Figure 4.10d). In contrast, DUSP6 levels appeared 

slightly increased in both HCT116 and H6244-R DUSP5-expressing and DUSP5 KO 

clones compared to levels in HCT116 and H6244-R EV clones across all AZD6244 

conditions. These results suggest that DUSP6 protein may be upregulated in response 

to DUSP5 loss in these cells and could reflect a potential compensatory mechanism.   
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ERK levels precedes the induction of DUSP4, DUSP5 and DUSP6 in H6244-R cells 

(~2 hours after drug withdrawal) and is still evident in DUSP5 knockdown conditions, 

so may be a result of more immediate upstream negative feedback mechanisms. 

Hyperactivation of ERK within 10 minutes of drug removal was coincident with the 

nuclear accumulation of p-ERK. Again, this is consistent with conventional growth 

factor-induced ERK activation that shows increased ERK phosphorylation and nuclear 

entry in response to stimulation (Caunt et al., 2008b; Kidger et al., 2017). The ratio of 

nuclear to cytoplasmic p-ERK appears to once again approach 1 after ~60 minutes, 

indicating that sustained p-ERK is present in similar levels in both the nucleus and 

cytoplasm for the remainder of the response duration assessed. These results differ 

to those seen in AZD6244 dose-response experiments in Chapter 3, that showed 

higher p-ERK N:C ratios in parental HCT116 cells compared with H6244-R cells in 

maintenance conditions and decreased p-ERK N:C ratios in H6244-R cells cultured 

without AZD6244 for 48 hours, compared to H6244-R cells in maintenance conditions. 

The reasons for these discrepancies are unclear, however could indicate that 

comparing ratios of N:C p-ERK between conditions where p-ERK levels differ 

substantially (and reach the minimum threshold of detection) may not be as robust a 

measure as comparing the same ratios of a relatively consistent signal like ERK.  

In H6244-R cells, DUSP5 disruption did not appear to affect the subcellular distribution 

of p-ERK and active ERK accumulated in the nucleus to a similar extent and duration 

that it did in control samples. Unexpectedly, knockdown of DUSP5 did appear to affect 

p-ERK nuclear accumulation in HCT116 cells. It is unclear why DUSP5 disruption 

would have different effects on the subcellular location of p-ERK in parental and 

AZD6244-resistant HCT116 cells, but it may be a result of ERK pathway 

reprogramming events that occur in the evolution of drug-resistance. For example, 

DUSP6, a cytoplasmic anchor of ERK, appears to be downregulated in H6244-R cells 

relative to HCT116 cells. These results imply that the interplay between DUSP5, 

DUSP6 and other ERK regulators that control ERK localisation may become altered 

in drug-resistant H6244-R cells. 
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In response to AZD6244 withdrawal in H6244-R cells, the nuclear accumulation of 

p-ERK appears to be transient, and p-ERK is more or less once again evenly 

distributed in the cell after ~ 60 minutes. In contrast, total ERK shifts predominantly to 

the nucleus within 10 minutes of AZD6244 withdrawal (where its intensity is twice as 

strong as that for total ERK) and this subcellular distribution appears to be maintained 

for the duration of the response evaluated (48 hours). The biological relevance of this 

prolonged nuclear ERK retention is not entirely clear, however, DUSP5 knockdown 

appeared to disrupt the accumulation of total ERK in the nucleus. Again, these effects 

were most apparent after 2 hours of ERK hyperactivation, where robust DUSP5 

expression is induced in control conditions. These findings are  in line with experiments 

performed by Kidger et al. (2017), that showed decreased nuclear accumulation of 

ERK in response to FBS stimulation in DUSP5 knockout MEFs compared to DUSP5 

wildtype MEFs and supports an important role for DUSP5 in anchoring ERK in the 

nucleus.  

Surprisingly, decreased nuclear retention of ERK in DUSP5 knockdown conditions 

coincided with increased whole-cell ERK levels in both HCT116 and H6244-R cells in 

maintenance conditions and H6244-R cells in drug withdrawal conditions. While it is 

not impossible that DUSP5 could affect ERK protein turnover, this is not something 

that has been reported (Ramos, 2008). It is possible that these results are an artefact 

of the immunofluorescent staining protocol, wherein binding of DUSP5 to ERK may 

reduce ERK-specific antibody binding. The detection of total ERK levels in denaturing 

conditions, such as in western blot analyses, would not be affected by DUSP5 binding 

and could therefore explain discrepancies in HCM and western blot results for total 

ERK levels. If this were the case, it is still a striking result and could illustrate the extent 

of DUSP5 and ERK association in these cells. It is important to note that DUSP5 

binding is unlikely to affect the detection of p-ERK as DUSP5 dephosphorylates p-ERK 

upon binding and remains associated with its dephosphorylated form.  
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In siRNA knockdown of DUSP5 the appearance of an anti-proliferative phenotype with 

one of two DUSP5 siRNAs led us to question whether off target effects were at play. 

Additionally, discrepancies in the effects of DUSP5 knockdown on the relative 

expression of p-ERK were seen using two different quantitative techniques. While the 

coincident reduction of E-cadherin and DUSP5 ablation was consistent and appeared 

targeted, future DUSP5 rescue experiments could be performed in order to exclude 

any doubts on the specificity of the effects demonstrated in our experiments. In work 

completed by Kidger et al. (2017), adenoviral constructs containing the DUSP5 coding 

sequence downstream of an Egr1 promoter were used to recapitulate ERK-mediated 

DUSP5 expression in DUSP5 knockout MEFs. A similar strategy could be useful in 

assessing whether enhanced ERK hyperactivation and E-cadherin reduction are 

reversed in the presence of homeostatic levels of DUSP5 expression.  

This work could be coupled with experiments that further characterised the potential 

influence of DUSP5 on the EMT in H6244-R cells. Experiments in Sale et al. (2019) 

revealed that decreases in E-cadherin in response to AZD6244 withdrawal in H6244-R 

cells were coincident with increased expression of the mesenchymal markers SNAI2 

and ZEB1. It is possible that ERK mediates these changes by promoting the 

expression of ZEB1 through its regulation of FRA1 (Shin et al., 2010) and the 

downregulation of E-cadherin through the subsequent repressive effects of ZEB1 on 

E-cadherin expression (Ichikawa et al., 2015). mRNA and protein quantification 

experiments that assessed whether DUSP5 loss lead to an increase in ZEB1 and 

SNAI2 expression could further establish DUSP5 effects on the EMT in these 

conditions.  

In addition to these experiments, it would be interesting to further explore potential 

compensatory mechanisms that may occur when DUSP5 expression is disrupted, both 

transiently (through siRNA knockdown) and permanently (through CRISPR/Cas9-

mediated knockout), in HCT116 and H6244-R cells. Preliminary experiments in 

DUSP5 KO clones revealed possible compensatory upregulation of DUSP6 and 

downregulation of KRAS in response to AZD6244 withdrawal in H6244-R cells. These 

results could be further investigated through the assessment of KRAS and MKP 

expression in DUSP5 knockdown conditions or in more individual DUSP5 KO clones, 

and could include DUSP5 rescue experiments to ensure the specificity of these 
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effects. It is worth noting that the above objectives could be addressed in part, through 

targeted high throughput RNA screens performed on samples derived from H6244-R 

cells with or without DUSP5 loss, in various relevant experimental conditions. This 

would offer a more global overview of the signalling changes that occur in response to 

DUSP5 loss and could provide further insight into the mechanism of the ERK-mediated 

EMT seen in H6244-R cells.  
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Chapter 5. Sustained DUSP5 loss in MEKi-
resistant HT29 cells leads subtle changes in 
cellular responses to AZD6244 withdrawal  

5.1. Introduction 

Experiments that investigated the impact of DUSP5 loss on HCT116 and H6244-R 

cells demonstrated that DUSP5 is able to modulate the effects of sustained ERK 

signalling. In H6244-R cells where ERK hyperactivation is induced upon AZD6244 

removal, disruption of DUSP5 led to an enhancement of hyperactive ERK and of 

reduced E-cadherin levels, both associated with EMT in this cell model. 

Characterisation of the EMT in H6244-R cells showed that these phenotypic changes 

were correlated with increased resistance to both 5-fluorouracil and oxaliplatin, 

standard of care chemotherapies used to treat colorectal cancer (Sale et al., 2019). In 

this instance, the potential enhancement and acceleration of EMT through DUSP5 

targeting could have a detrimental impact on clinical outcome. In light of this, we hoped 

to explore an avenue where the regulatory effects of MKP could be harnessed, such 

as in HT6244-R cells, where AZD6244 deprivation and ERK hyperactivation lead to 

cell death. 

Cell survival and cell death are two opposing cell fate trajectories, the outcome of 

which is determined by the balance of pro-apoptotic and pro-survival regulatory 

mechanisms. These mechanisms are largely comprised of the BCL2 family members 

which control the intrinsic apoptotic pathway. The regulation of various BLC2 family 

members by ERK is ubiquitous and while active ERK commonly acts to promote cell 

survival, it can induce anti-proliferative and apoptotic cell fates (Cagnol and 

Chambard, 2010; Cook et al., 2017). The ability of ERK to mediate these effects has 

frequently been linked to its downstream targets p21CIP1 and p53 and less commonly, 

NOXA and is largely associated with ERK hyperactivation (Cagnol and Chambard, 

2010; Elgendy et al., 2011; Sewing et al., 1997; Woods et al., 1997b). It follows that 

negative regulators of ERK activity such as the MKPs, are likely to have enhanced 

influence in these contexts and may be employed in adaptive strategies to restrain 

hyperactive ERK. Indeed, in a recent study using ERK-regulated DUSP5 expression 

constructs in DUSP5 knock out MEFs, amplified DUSP5 was shown to facilitate 
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BRAFV600E-driven proliferation and transformation in MEF cells, while the absence of 

DUSP5 caused ERK hyperactivation and cellular senescence (Kidger et al., 2017).  

Like results seen in H6244-R cells, robust DUSP5 induction was associated with ERK-

hyperactivation in AZD6244-deprived HT6244-R cells. Using similar experimental 

approaches to those implemented in our previous work, we aimed to assess whether 

DUSP5 loss in HT6244-R cells affected the cell death phenotype observed in 

conditions of AZD6244 withdrawal.   














































































































































































































