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The reverse reaction of protein dephosphorylation is carried out by a class of enzymes 

known as protein phosphatases, which catalyse the removal of the phosphate group by 

hydrolysis (Fig. 1.1). These can be broadly classified into two main families, the protein 

tyrosine phosphatases (PTPs) and the serine/threonine protein phosphatases (Barford, 

1996; Mustelin, 2007). The latter group is comprised of three structurally distinct families 

i) The Mg+-dependent protein phosphatases (PPM) group of exemplified by PP2C ii) The 

Mg+-dependent FCP (F-cell production) phosphatases, which act on the C-terminal 

domain of RNA polymerase 2. iii) PPP (protein phosphatase P) family phosphatases which 

comprise the largest group of ser/thr phosphatases and include PP1, PP2A, PP2B 

(calcineurin), PP5 and many others (Cohen, 2004; Mustelin, 2007).  

Like the ser/thr phosphatases, PTPs, which are defined as phosphatases with some 

degree of structural homology to known enzymes with bona fide PTP activity, can also be 

broken down into four evolutionarily distinct groups (Table 1.1) (Tonks, 2006). The class 1 

cysteine-dependent protein tyrosine phosphatases comprise the largest of these and 

includes the transmembrane (receptor type) PTPs such as PTPalpha and CD45, the non-

receptor type PTPs exemplified by PTP1B, T-cell PTP and Shp1, but also a very large and 

diverse group of dual-specificity protein phosphatases or DUSPs (Alonso et al., 2004; 

Mustelin, 2007). The latter includes the thr/tyr dual-specificity MAP kinase phosphatases 

(MKPs), but also atypical DUSPs (VHR, PIR, Laforin), slingshot phosphatases (SSH1-3), 

phosphatases of regenerating liver (PRLs), CDC14 phosphatases, the PTENs (PTEN, TPIP, 

Tensin) and myotubularins. The latter two groups are not protein phosphatases, but 

instead act on inositol phospholipids (Patterson et al., 2009). The class 2 PTPs comprise a 

small family of CDC25 cell cycle regulatory phosphatases while class 3 PTPs, although 

widely distributed in nature, contain only one mammalian member in the low molecular 

weight PTP (LMWPTP). The final class of PTPs are the eyes-absent (EyA) PTPs, which use 

an aspartate residue as a nucleophile, require a divalent metal ion in the active site to 

catalyze phosphate hydrolysis and have some structural similarity to haloacid 

dehalogenases (HAD) (Mustelin, 2007; Tonks, 2006). The subjects of this thesis are the 

members of the MKP subfamily of DUSPs and as such the cellular consequences of their 

phosphatase activity are determined by the functions of their target kinase(s), in this case 

the MAPKs.  
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Table 1.1 Classification and substrate specificity of protein tyrosine phosphatases (PTPs). 
The PTPs are divided into four groups: the Class I, II and III Cys-based PTPs and the Asp-based 
PTPs. These groups are further divided into additional sub-groups and families, of which the 
number of phosphatases and their substrate specificities are outlined. The subject of this thesis is 
the Dual-specificity MAP kinase phosphatases (MKPs), which are highlighted in red. PRL 
(phosphatases of regenerating liver), PTEN (Phosphatase and tensin homolog), LMWPTP (low 
molecular weight PTP), EyA (eyes-absent). Compiled from: Alonso et al., 2004; Patterson et al., 
2009; Tonks, 2006. 
  





24 
 

 

Figure 1.2 The major MAPK signalling pathways and their functions. Schematic outlining the 
components of the major MAPK modules in mammalian cells, some of the biological endpoints 
associated with pathway activity and a description of their characterised roles in cancer. For detail 
see text.  
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exchange factor (GEF) Son of Sevenless (SOS). SOS sequesters GDP from Ras GTPases 

(KRas, NRas, and HRas) enabling GTP binding, causing a conformational change and 

activating Ras (Cargnello and Roux, 2011; English et al., 1999; Greene and Kaplan, 1995). 

Active Ras functions as an adaptor protein which is able to bind and activate multiple 

downstream effectors initiating signalling systems including the ERK, PI3K, Ral and 

phospholipase C pathways (Rajalingam et al., 2007). With regard to the ERK pathway 

active Ras is able to bind and activate multiple MAPKKKs, including A-Raf, B-Raf, and Raf-1 

(cRaf) through the induction of dimer formation (Moodie et al., 1994; Morrison et al., 

1988; Reuter et al., 1995). Activated Raf is then able to promote the activation of the 

MAPKK isoforms MEK1 and MEK2 by phosphorylation of dual serine residues (Zheng and 

Guan, 1994), this is followed by the sequential activation of ERK by phosphorylation of its 

T-E-Y motif (the dually phosphorylated and activated (p-T-E-p-Y) form of ERK will be 

subsequently referred to as p-ERK) (Ray and Sturgill, 1988).  

Hundreds of proteins with diverse biological functions have been characterised as ERK 

substrates or binding partners, these include direct targets such as transcription factors, 

and also other protein kinases (Ramos, 2008; Yoon and Seger, 2006). Cytoplasmic targets 

of ERK include: members of the apoptotic regulatory B-cell lymphoma 2 (BCL-2) family 

that regulate cell survival (Balmanno and Cook, 2009), myosin light chain kinase (MLCK), 

which regulates migration (Klemke et al., 1997) and paxillin/focal adhesion kinase (FAK), 

that regulates microtubule formation (Ishibe et al., 2004). Nuclear targets are primarily 

transcription factors, including ELK-1, c-Fos, NF-AT, c-Myc and STAT3, which alter gene 

expression to induce diverse biological outcomes, including the promotion of 

proliferation (Pearson et al., 2001; Ramos, 2008). The kinase targets of ERK include the 

p90 ribosomal S6 kinases (RSKs), mitogen- and stress-activated kinases (MSKs), and 

MAPK-interacting kinases (MNKs) (Cargnello and Roux, 2011). These downstream kinases 

constitute an additional amplification step within the ERK cascade, enabling them to 

influence a wider range of biological processes. Furthermore, ERK has also been shown to 

have the ability to regulate some target proteins through non-catalytic mechanisms, for 

example it is able to activate topoisomerase-2a in a phosphorylation-independent 

process to cause DNA unwinding (Rauch et al., 2011; Shapiro et al., 1999). 
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Given such a diverse spectrum of functions it is not surprising that aberrations in ERK 

signalling have been revealed in a broad range of pathologies including multiple cancers, 

diabetes, inflammation, and cardiovascular disease (Ramos, 2008). This thesis is 

concerned with the influence of altered feedback regulation within the MAPK cascades on 

cancer development. 
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Figure 1.3 The Ras-ERK MAPK cascade and the major mechanisms of oncogenic activation 
of this signalling pathway. Schematic showing the architecture of the core components of the 
Ras- extracellular signal regulated kinase (ERK) pathway from the receptor tyrosine kinase (RTK) 
at the plasma membrane, through the adaptor protein GRB (growth receptor bound protein), the 
guanine nucleotide exchange factor SOS (son of sevenless) to the small GTPase Ras. Once GTP 
bound and activated, Ras activates the Raf MAPK kinase kinase (MAPKKK), the initial component 
of the MAPK module. Raf activity induces the sequential phosphorylation and activation of the 
remaining MAPK module consisting of, MEK (MAPKK) and ERK itself. Once activated in the 
cytoplasm, ERK can phosphorylate regulate a large number of cytoplasmic proteins. Additionally, 
activated ERK is also able to translocate to the cell nucleus where it can phosphorylate and 
activate transcription factors (TF) and induce the expression of ERK target genes. These encode 
many proteins involved in the regulation of cell proliferation and/or differentiation, as well as many 
other cellular processes. Oncogenic activation of the Ras-ERK pathway can occur by 
overexpression or mutation of a number of components. Commonly occurring mutations are 
indicated with asterisks, along with the identification of the major cancer types in which these 
mutations are found to occur at a high frequency. 
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reactivation of MEK-ERK following MEKi treatment. ERK signalling is also required to 

inhibit many RTKs; therefore MEKi induces the rapid activation of an array of RTKs, which 

would usually be suppressed. This adaptive kinome reprogramming initiates additional 

oncogenic signalling to compensate for the inhibition of the ERK pathway and minimise 

the efficacy of MEKi. Finally, tumour cells can evolve acquired resistance to MEKi through 

a range of mechanisms including the amplification of upstream driving-oncogenes such as 

Ras or Raf or the accumulation of additional gain of function mutations for example in 

MEK (Caunt et al., 2015; Little et al., 2011; Poulikakos and Rosen, 2011). 

Oncogenic mutations in the ERK pathway lead to sustained ERK activation, which is able 

to promote cell proliferation, survival, motility and other tumour phenotypes. However, 

the magnitude of ERK activation is also important in determining its tumourigenic effects. 

It has been known for a long time that excessive hyperactivation of the ERK pathway in 

vitro elicits cell cycle arrest and senescence by inducing the accumulation of cyclin-

dependent kinase inhibitors including CDKN2A and p21 (Meloche and Pouysségur, 2007; 

Serrano et al., 1997). The can be demonstrated by the fact that although Ras and BRaf 

mutations are amongst the most frequently mutated oncogenes in human cancers 

(present in around 30% and 7% of cancers respectively), and both overlap as driver-

mutations for colon and lung cancer they are almost never identified in the same tumour 

(Borràs et al., 2011; Goydos et al., 2005; Karnoub and Weinberg, 2008; Kinno et al., 2014; 

Pylayeva-Gupta et al., 2011; Sensi et al., 2006). This mutual exclusivity has been 

experimentally demonstrated by that fact that the co-activation of BRrafV600E and KRasG12D 

markedly reduced tumour initiation in a mouse model of lung cancer due to elevated 

oncogene-induced senescence (OIS) (Cisowski et al., 2015). Therefore, for optimal tumour 

promotion a sustained elevated level, but not excessive hyperactivation, of ERK signalling 

is required. This conclusion can be further validated by the observation that epidermal 

growth factor receptor (EGFR) and KRas mutations are mutually exclusive in human lung 

adenocarcinoma and that their forced co-activation human lung cancer cell lines results in 

synthetic lethality. Subsequent co-activation of EGFR and KRas mutations in a mouse 

model of lung cancer results in tumours with only a single mutation, reinforcing the 

conclusion that their co-expression is deleterious to tumour development (Unni et al., 

2015). 
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inhibitory proteins including the p53, p21, p16Ink4a and retinoblastoma (Rb) (Meloche 

and Pouysségur, 2007; Serrano et al., 1997). 

The opposing action of upstream pathway activators and negative regulatory mechanisms 

can modulate the duration and magnitude of MAPK activation (Caunt and Keyse, 2013) 

(Fig. 1.4 outlines many of the key negative feedback systems within the ERK pathway). 

Negative regulatory mechanisms can be induced as classical negative feedback systems or 

as crosstalk from alterative signalling pathways and can act at multiple levels within the 

MAPK pathway (Fey et al., 2012; Shin et al., 2009). Negative feedback systems within the 

ERK pathway can be controlled through post-translational modifications of pathway 

components or regulators or through transcriptional activation of negative regulators. 

ERK-mediated feedback phosphorylation of the upstream pathway components MEK 

(Catalanotti et al., 2009; Eblen et al., 2004), Raf (Dougherty et al., 2005), the Ras-

activating GEF SOS (Douville and Downward, 1997) or some RTKs (Ramos, 2008) can 

inhibit their activity generating rapid negative feedback loops to dampen and constrain 

ERK pathway activation. ERK signalling can also induce transcriptional negative feedback 

through the de novo expression of immediate early genes such as sprouty proteins and 

phosphatases which target ERK, primarily MKPs. Sprouty proteins are also regulated 

through phosphorylation in response to ERK activation and inhibit ERK signalling at the 

level of RTKs, SOS and Raf (Hanafusa et al., 2002; Mason et al., 2006; McKay and 

Morrison, 2007). The interplay of fast and delayed feedback loops allows complex 

signalling responses to be generated in response to a constant stimulus. Computational 

modelling has demonstrated the ability of tuneable combinations of these feedback 

systems to generate a variety of temporal responses in ERK signalling following a constant 

stimulus, including sustained, bistable switch-like or oscillating responses, allowing ERK to 

signal for distinct biological outcomes (Kholodenko et al., 2010; von Kriegsheim et al., 

2009). 

Dephosphorylation and inactivation of MAPKs themselves constitutes a major negative 

feedback system within MAPK cascades. This can be performed by 3 classes of protein 

phosphatases: serine/threonine-specific phosphatases, tyrosine-specific phosphatases or 

dual-specificity phosphatases (DUSPs) (Fig. 1.5) (Keyse, 2000). The focus of this thesis are 
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the MKPs, a sub-family of cysteine-dependent phosphatases within the DUSPs, which 

specifically target the MAPKs. 
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Figure 1.4 Spatiotemporal regulation of the Ras-ERK MAPK pathway. Schematic showing the 
architecture of the core components of the Ras- extracellular signal regulated kinase (ERK) 
pathway (Blue), as well as major negative feedback systems (Red) and scaffold proteins (green) 
which can regulate ERK pathway activity and localisation. The Ras-ERK pathway is classical 
activated through ligand-induced receptor tyrosine kinase (RTK) activation at the plasma 
membrane, inducing binding of the adaptor protein GRB (growth receptor bound protein) and the 
guanine nucleotide exchange factor SOS (son of sevenless). SOS promotes GTP binding to the 
small GTPase Ras. Active, GTP-bound Ras induces the sequential activation of the MAPK module 
consisting of, Raf, MEK and ERK itself. Once activated in the cytoplasm, ERK can phosphorylate 
and regulate a plethora of cytoplasmic proteins, including inhibitory phosphorylation of upstream 
Ras-ERK pathway components such as RTKs, SOS or Raf, thus exerting negative feedback 
control over pathway activation. Additionally, activated ERK is also able to translocate to the cell 
nucleus where it phosphorylates and activates transcription factors (TF) and induces the 
expression of ERK target genes. These encode many proteins involved in the regulation of cell 
proliferation and/or differentiation, as well as many other cellular processes. One major class of 
ERK target genes are negative feedback regulators of the ERK pathway itself, including the 
Sprouty proteins and MAPK phosphatases (MKPs). The scaffold protein KSR1 is able to localise all 
components of the ERK MAPK module together, facilitating efficient sequential activation, thereby 
increasing the magnitude of ERK signalling. Other scaffold proteins sequester active or inactive 
ERK to particular subcellular compartments to either promote ERK activation of specific targets, or 
to sequester ERK prior to subsequent activation. 
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Figure 1.5 Regulation of MAPK phosphorylation and activity. Phosphorylation of the threonine 
and tyrosine residues in the T-X-Y motif of the MAPK activation loop are critical for kinase 
activation.  Dual phosphorylation of these residues by upstream MAPKKs such as MEK or MKK 
facilitates MAPK activation. Three groups of phosphatase can mediate the dephosphorylation of 
the T-X-Y motif resulting in MAPK inactivation. Ser/Thr protein phosphatases such as PP2A can 
act upon the Thr residue, whilst tyrosine phosphatases such as PTPase family target the Tyr 
residue.  DUSPs/MKPs have the ability to inactivate MAP kinases through dephosphorylation of 
both of these phosphorylated residues. 
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Table 1.2 MAP kinase phosphatase (MKP) structure, function and classification. The 10 
mammalian dual-specificity MKPs divided into three groups based on their similarity, subcellular 
localisation and substrate specificity. The schematics in the final column demonstrate the domain 
structures of the MKPs, highlighting the localisation of the kinase interaction motif (KIM) within the 
N-terminal non-catalytic domain and the catalytic site within the C-terminal domain. N/D, not 
determined. 
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presence of a leucine-rich NES within the N-terminal non-catalytic domain, which 

mediates the nuclear export of DUSP6/MKP-3 via the canonical chromosome region 

maintenance-1 (CRM1)-dependent nuclear export pathway. Nuclear export is an active 

process, and its inhibition with leptomycin B results in nuclear accumulation of 

DUSP6/MKP-3, suggesting that it can shuttle between the nucleus and cytoplasm. 

Furthermore the NES, along with DUSP6/MKP-3s KIM motif, can facilitate the anchorage 

of dephosphorylated ERK within the cytoplasm (Karlsson et al., 2004). As mentioned 

previously, DUSP6/MKP-3 undergoes catalytic activation following its binding to ERK, 

undergoing a conformational change to bring critical residues within the active site of the 

enzyme site into the optimal position for catalysis (Camps et al., 1998; Nichols et al., 

2000; Stewart et al., 1999). 

The mechanisms of transcriptional control of DUSP6/MKP-3 expression were first 

revealed during studies investigating the role of fibroblast growth factor (FGF) signalling 

in embryogenesis. Initial studies identified DUSP6/MKP-3 expression to occur at sites of 

FGF signalling in mouse embryos (Dickinson et al., 2002). This DUSP6/MKP-3 expression 

was subsequently shown to be induced by FGF signalling, although there was initially 

debate over whether this occurred in a PI3K (Kawakami et al., 2003) or MEK-dependent 

manner (Eblaghie et al., 2003) during chick embryogenesis. Further studies revealed the 

transcriptional induction of DUSP6/MKP-3 to be dependent on ERK activity. This was 

demonstrated through the observation that DUSP6/MKP-3 expression co-localised with 

ERK activity, and was sensitive to ERK inhibition through the use of a MEK inhibitor or by 

ectopic expression of DUSP6/MKP-3 itself during chick embryogenesis (Smith et al., 2006). 

In contrast, mice lacking PDK1, an essential mediator of PI3K signalling still display 

DUSP6/MKP-3 expression (Smith et al., 2006). Additionally, DUSP6-/- mouse embryos 

displayed increased ERK activity, ERK-dependent gene expression and reporter gene 

output from the DUSP6/MKP-3 promoter (Li et al., 2007). Furthermore, the utilisation of 

chemical inhibitors of both the ERK and PI3K pathways supported these results, 

demonstrating a reduction in DUSP6/MKP-3 induction in NIH 3T3 cells or during chick 

embryogenesis following MEK, but not PI3K, inhibition (Ekerot et al., 2008). Finally, 

DUSP6/MKP-3 induction by ERK activity has been shown to be dependent on ERK 

mediated ETS transcription factor activity and direct binding to the DUSP6/MKP-3 

promoter (Ekerot et al., 2008; Zhang et al., 2010).  
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DUSP6/MKP-3 protein levels can be modulated by post-translational modifications, which 

alter protein stability. Phosphorylation of Ser159/197 on DUSP6/MKP-3 promotes its 

ubiquitin-mediated degradation, this can be mediated by ERK (Marchetti et al., 2005), or 

by the phosphorylation of Ser159 alone by the PI3K/mammalian target of rapamycin 

(mTOR) pathway (Bermudez et al., 2008). This ability of the PI3K/mTOR pathway to 

promote DUSP6/MKP-3 degradation constitutes a mechanism of crosstalk by which 

PI3K/mTOR signalling could regulate ERK activity. This could be particularly important in 

Ras-driven cancers, which are able to activate both signalling pathways, or in allowing 

mutations in components of the PI3K/mTOR pathway to promote additional ERK-

dependent tumourigenic functions. 

A significant physiological role for DUSP6/MKP-3 was first suggested when morpholino-

mediated DUSP6/MKP-3 knockdown was shown to disrupt axial polarity during zebrafish 

embryogenesis, due to deregulation of FGF signalling (Tsang et al., 2004). However, this 

phenotype was not recapitulated in DUSP6/MKP-3 knockout mice, where an analysis of 

murine embryogenesis revealed that DUSP6/MKP-3 loss elevated levels of p-ERK and 

promoted a severe variably penetrant phenotype comprising partial postnatal lethality, 

skeletal dwarfism and hearing loss. These phenotypic traits are characteristic of activating 

mutations of FGF receptors, again indicating an essential role for DUSP6/MKP-3 in the 

control of FGF signalling during embryogenesis (Li et al., 2007). However, a second line of 

DUSP6/MKP-3 knockout mice showed no such problems, were viable into adulthood, 

fertile, and otherwise overtly normal, apart from demonstrating an increase in basal ERK 

phosphorylation in the heart, spleen, kidney and brain. The increased ERK activation in 

the heart was associated with increased myocyte proliferation, enlarged organ size and 

protection against heart failure following long term pressure overload in adult mice 

(Maillet et al., 2008). At present it is unclear why these results are so divergent but 

variations in the mouse strain genetic background are a possible cause. 

 More recently, DUSP6/MKP-3 has been shown to be involved in glucose homeostasis, 

diabetes and obesity. DUSP6/MKP-3 expression has been shown to be significantly 

induced in mice following diet-induced obesity or in genetically obese mice (Wu et al., 

2010; Xu et al., 2005a). DUSP6/MKP-3 promotes gluconeogenic gene transcription in 

hepatoma cells and in vivo, following its upregulation in a Forkhead box protein O1 





53 
 

adenocarcinoma and have linked these events to increased ERK activation and tumour 

progression (Chitale et al., 2009; Lin et al., 2011; Okudela et al., 2009). In multiple cases 

both elevated and decreased MKP expression has been observed in the same tumour, but 

at differing stages of tumour progression. Typically in these cases the MKP is initially 

overexpressed in low grade tumours, followed by loss of expression in higher grade 

cancers. This distinctive pattern of MKP expression has been demonstrated for 

DUSP1/MKP-1 in human epithelial tumours, including prostate, colon and bladder, (Loda 

et al., 1996), DUSP4/MKP-2 in ovarian tumours, (Sieben et al., 2005) and  DUSP6/MKP-3 

in pancreatic cancer (Furukawa et al., 2003). For both DUSP4/MKP-2 in ovarian tumours 

and DUSP6/MKP-3 in pancreatic cancer MKP down regulation coincides with tumour 

progression to invasive carcinoma (Furukawa et al., 2003; Sieben et al., 2005). A 

hypothesis to explain this dynamic alteration of MKP expression through tumour 

progression could be that the initial overexpression is a feedback response to increased 

MAPK signalling in the tumour. This MKP-mediated negative feedback could have an 

oncogenic function through the tempering of ERK activation to prevent oncogenic 

mutations inducing excessive ERK signalling which is able to induce cell cycle arrest, cell 

senescence or apoptosis (Caunt and Keyse, 2013; Deschênes-Simard et al., 2014; Meloche 

and Pouysségur, 2007; Shojaee et al., 2015) or alternatively through antagonising 

JNK/p38 activity to constrain pro-apoptotic signalling. Subsequently, if the tumour 

evolves and acquires additional mutations, which can override the blocks to cell cycle 

progression or pro-apoptotic signalling then a loss of MKP activity could confer a selective 

advantage, as reduced MAPK signalling would be now primarily constraining the 

proliferative capacity of the tumour. 

The ability of MKPs to respond to multiple stimuli, including oncogenic activation of the 

MAPK pathway themselves, and regulate MAPK signalling to mediate diverse cellular 

processes, means it is no surprise that MKPs have demonstrated altered expression in 

cancer and have been implicated to have roles in tumourigenesis. What is perhaps more 

surprising it that these alterations in MKP expression levels have been implicated in 

modulating both the oncogenic and tumour suppressive properties of the MAPKs. 

However, when viewed in perspective of the diverse biological outcomes that MAPK 

signalling pathways can induce dependent on the cellular context, as well as the diverse 

and often opposing roles MAPKs have shown in human cancers, a tissue-specific and 
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cellular context-dependent role for MKP signalling in cancer appears logical. The ability of 

MKPs to display an oncogenic or tumour suppressive function could be influenced by the 

cancer type, mutational background of the tumour and nature of the driving oncogene(s), 

in particular whether it is likely to rewire MAPK pathways (Caunt and Keyse, 2013). 

Therefore, future studies investigating the role of MKPs in human cancers ideally need to 

perform analysis of MKP expression with regard to tumour grade and the mutational 

background of the tumour. Furthermore, mouse knockout models could be utilised to 

determine whether MKPs have significant functional roles in the initiation and 

progression of cancers, or whether alterations in their activity are simply a consequence 

of signalling pathway deregulation and rewiring in cancers. Together these approaches 

could elucidate under what scenarios MKP expression is being altered, and whether such 

alterations in MKP expression are having functional consequences on the outcome of 

MAPK signalling and tumour progression in particular cancers. 

1.3.5.1 DUSP5 and cancer 

Perhaps due to it being one of the least well studied MKPs, relatively little is known about 

the potential roles in cancer for DUSP5. However, given its function as a nuclear ERK-

specific negative feedback regulator, DUSP5 mRNA and protein levels would be expected 

to be increased and to play some role in cancers driven by activating mutations upstream 

of ERK. This is indeed the case with both DUSP5, and the cytoplasmic ERK-specific 

phosphatase DUSP6/MKP-3, being identified amongst a subset of the most consistently, 

upregulated genes in mutant Ras and BRaf-driven colorectal and endometrial cancer cell 

lines (Kreeger et al., 2009; Vartanian et al., 2013; Yun et al., 2009). A functional role for 

DUSP5 in mutant Ras-driven cell lines was postulated due to high DUSP5 expression 

correlating with decreased ERK activity (Kreeger et al., 2009). Furthermore, oncogenic 

activation of KRasG12V and BRafV600E in normal intestinal epithelial crypt cells (IECs) leads 

to elevated cytoplasmic, but not nuclear, p-ERK levels. This spatial restriction correlated 

with the potent upregulation of the nuclear MKPs DUSP4/MKP-2 and DUSP5 (Cagnol and 

Rivard, 2012). The potential importance of elevated DUSP5 expression can be 

demonstrated by the requirement for DUSP5, and DUSP6/MKP-3, expression to enable 

the proliferation of MCF7 breast cancer cells following phorbol-ester treatment. MCF7 

cells display an ERBB2 gene amplification, therefore increasing ERK pathway activation 

downstream of this RTK. DUSP5 and DUSP6/MKP-3 were shown to be upregulated in an 


















































































































































































































































































































































































































































