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Role of MKP-2 in crosstalk between MAPK pathways

Mikaela Åhlin

Populärvetenskaplig sammanfattning

Cancer karakteriseras av åtta stycken dokumenterade egenskaper. Dessa innefattar obegränsad 

replikativ potential, okänslighet mot hämmande tillväxtsignaler, onormal metabolism och 

generering av egna tillväxtsignaler. Cancerceller kan även undgå programmerad celldöd och 

immunförsvaret, stimulera tillväxten av blodkärl för att förse cellen med näring samt invadera 

lokal vävnad och även sprida sig till avlägsen vävnad. 

Celler kan kommunicera med varandra genom att sända signalmolekyler som fäster på 

receptorer på cellytan eller inuti mottagarcellen. Responsen hos mottagarcellen är att starta 

diverse signalvägar inuti cellen som exempelvis de så kallade MAPK-signalvägarna, som 

ansvarar för många essentiella cellulära processer, såsom prolifiering, differentiering, motilitet 

och stressrespons. MAPK-signalvägarna inkluderar många proteiner som kommunicerar med 

varandra genom en fosforyleringskaskad där det ena proteinet sätter dit en fosfatgrupp på nästa 

protein i kedjan. Proteinet som får fosfatgruppen aktiveras. Forforylering fungerar som en av- och

påknapp för signalproteinerna i MAPK-kedjan. Avvikelser i dessa signalvägar kan leda till 

okontrollerad och/eller obalanserad signalering, vilket kan ha förödande konsekvenser som kan 

leda till utveckling av cancer.

MAPK-signalvägarna regleras negativt av så kallade MKPs, som defosforylerar proteinerna, det 

vill säga avlägsnar fosfatgrupper, vilket leder till inaktivering av signalvägen. I denna studie har 

jag undersökt en medlem i MKP-familjen, närmare bestämt MKP-2. 

I denna studie föreslår jag att MKP-2 är en central komponent i växelverkan mellan två olika 

MAPK-signalvägar, Erk1/2 och Erk5. Vi har observerat att proteinnivån av MKP-2 minskar då 

Erk1/2 MAPK-signalvägen inhibieras, vilket antyder att MAPK Erk1/2 behövs för uttryck av MKP-

2. Vidare fann vi att MKP-2 inte påverkade aktiviteten av Erk1/2, men däremot hade en negativ 

effekt på Erk5-signalering. Vi har alltså identifierat en växelverkan mellan två olika MAPK-

signalvägar där MKP-2 är av betydelse. 

Examensarbete 30 hp

Civilingenjörsprogrammet i Molekylär Bioteknik

Uppsala universitet, September 2015
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Abbreviations
CSF-1 Colony stimulating factor1 

DUSPs Dual specificity phosphatases 

EGF Epidermal growth factor

Erk1/2 Extracellular signal-regulated kinase 1 and 2

Erks Extracellular-signal-regulated kinases 

Grb2 Growth Factor Receptor Bound Protein-2

JNKs c-Jun N-terminal kinases

MAPK Mitogen-activated protein kinase 

MEKs Mitogen-activated protein kinase kinases 

MKPs MAP Kinase phosphatases

RTKs Recptor Tyrosine Kinases

SCF Stem cell factor

SH2 Src Hommology 2

SOS Son of Sevenless protein 

TEY Thr-Glu-Tyr

TM Transmembrane

TxY Threonine-x-Tyrosine

VEGF Vascular endothelial growth factor

PDGF Platelet-derived growth factor
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Introduction
Cancer is a complex disease that develops in multiple steps. Researchers suggest 

that all cancers share eight common traits (“hallmarks”) i.e. eight different properties 

that the cell acquires in order to perform tumorigenic transformation (Hananhan et 

al. 2011). These traits promote the cancer cells own development and survival and 

encompass the ability to stimulate their own growth, evade apoptosis and the 

immune system, stimulate growth of blood vessels to supply nutrients to tumors, 

tissue invasion and metastasis, limitless replicative potential, insensitivity to anti-

growth signals from surrounding cells and they have abnormal metabolism. Hence, 

normal cell-signalling and communication is modified.

In non-cancerous conditions, our cells constantly communicate with each other and 

their environment in order for cell growth, proliferation, division and many other 

functions to be accomplished in a controlled manner. This is important in order to 

maintain homeostasis and tumour suppressor features. During cancerous 

conditions, the cells may interpret the signals in its own favour, in order to acquire 

the favourable traits of a cancer cell. At the Ludwig Institute for Cancer Research, 

we try to elucidate the molecular mechanisms employed in signal pathways and how

their deregulation may lead to cancer.

Cell communication within multicellular organisms occurs via direct cell-cell or cell-

matrix interactions, or by the release of signaling molecules which bind to receptors 

on the recipient cell. Activation molecules such as growth factors and cytokines, 

bind to transmembrane receptors, some which possess kinase activity, like 

Receptor Tyrosine Kinases (RTKs), which are characterised by an intrinsic kinase 

(Heldin et al. in press 2016). A kinase is an enzyme that modify and target proteins 

by phosphorylation, i.e. the transfer of a phosphate group from a ATP to another 

protein. This often lead to activation of the target protein. Most kinases are activated

by phosphorlyation of specific residues in the so called activation loop (Hubbard et 

al. 2000). Tyrosine kinases specifically phosphorylate tyrosine residues and possess

one or two tyrosines in their activation loop. An enzyme that performs the opposite 

reaction, the removal of a phosphate group from target molecules, is known as a 

phosphatase (Hubbard et al. 2000).

Most RTKs are single subunit receptors, although the Insulin receptor family is an 

important exception, as it exists as multimeric complexes. (Lodish et al. 2003). Each

monomer has a single hydrophobic transmembrane (TM)-spanning domain
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 comprising 25 to 38 amino acids, an extracellular N-terminal region, and an 

intracellular C-terminal region (Hubbard et al. 1999). The dimeric conformation of 

the receptor is essential for the signal transduction to occur. The TM domain has an 

important role in cell signalling, as it contributes to the full-length receptor stability 

and to signalling-competent dimeric receptor conformation (Li et al. 2010). The TM 

domain also keeps the receptor localized in the plasma membrane, accommodating 

the ligand binding region exposed to the surrounding and the enzymatic kinase 

domain exposed to the interior of the cell. The extracellular N-terminal is composed 

of different combinations of conserved domains (Heldin et al. in press 2016). These 

conserved elements contain primarily a ligand-binding site, which binds extracellular

ligands, e.g. growth factors or cytokines (Zwick et al. 2001). These conserved 

elements are for example immunoglobulin (Ig)-like or epidermal growth factor 

(EGF)-like domains, fibronectin type III repeats, or cysteine-rich regions.The 

intracellular C-terminal exhibit the highest level of conservation. This region contains

the kinase domains that provide the catalytic activity of these receptors, which 

catalyses receptor autophosphorylation and tyrosine phosphorylation of RTK 

substrates (Sadick et al. 1999). The C terminal also contains the juxtamembrane 

and C-terminal sequences (Heldin et al. in press 2016).

The essential dimeric conformation that achieves the activation of RTKs, is provided

by ligand-induced dimerization, which brings two receptor monomers close together 

in a dimer, an event that can occur by different mechanisms (Heldin et al. in press 

2016). This leads to activation of the cytoplasmic kinase domains of the receptor. 

The activated receptor then becomes autophosphorylated on multiple intracellular 

tyrosine residues (Hubbard et al. 2000). The autophosphorylation has two key 

implications. First it promotes kinase activation, and then the phosphorylated 

tyrosine residues provide docking sites for transduction molecules that contain Src 

Homology 2 (SH2) domains. The SH2 domain is a structurally conserved domain 

that is imoprtant in signal transduction since it can only bind to tyrosine residues 

when they are phosphorylated. This means that tyrosine phophorylation can act as 

an on-switch for binding of signaling proteins to the activated RTK, or other tyrosine 

phosphorylated proteins (Heldin et al. in press 2016). 

In the human genome, there are 58 known RTKs encoded that can be divided into 

20 subfamilies. Some of these are Epidermal growth factor (EGF) receptors, 

Vascular endothelial growth factor (VEGF) receptors, Insulin receptors and Platelet-

derived growth factor (PDGF) receptors. This characterization is dependent on the 

structure of the ligand binding domain (Heldin et al. in press 2016), (Zwick et al. 

2001). One of these subfamilies is the PDGF receptor (PDGFR) family. This family 
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consists of PDGFα- and β-receptors, stem cell factor (SCF) receptor (Kit), colony 

stimulating factor1 (CSF-1) receptor (Fms) and the Flt3 receptor (Heldin et al. in 

press 2016).

The two receptor isoforms of the PDGFRs, α and β, dimerize upon binding of a 

ligand from the Platelet-derived growth factor (PDGF) family. There are four different

forms of PDGF, i.e PDGF-A, -B, -C and -D. The biologically active form of PDGF is 

a homo- or heteromer of these chains. The following PDGF dimers have been 

described, PDGF-AA, -AB, -BB, -CC and -DD. The PDGFR-α and PDGFR-β have 

different ligand-binding differences, i.e PDGFR-β bind PDGF-B, -C and -D chains, 

whereas PDGFR-α can bind all except PDGF-D (Figure 1). This allows formation of 

PDGFR homo-(αα or ββ) hetero (αβ)-dimers to form depending on which PDGF 

dimer they encounter. The PDGFR homo- and heterodimers have largely 

overlapping functions, altough not completely (Cao et al. 2008; Yu et al. 2003). 

Upon binding of the PDGF dimer, the two receptor isoforms dimerize, and tyrosine 

phosphorylation of the dimerized receptor molecules occurs, called 

autophosphorylation. This activates the receptor and leads to conformational 

changes of the receptor molecules, which allow a basal kinase activity to 

phosphorylate a critical tyrosine residue, thereby ‘unlocking’ the kinase, leading to 

full enzymatic activity directed toward other tyrosine residues in the receptor 

molecules as well as other substrates for the kinase. The other important implication

of the autophosphorylation event is the provision of SH2 domain binding sites. 
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Figure 1: Ligand binding for the PDGFR isoforms. 

(Modified from Jiuhong et al. 2003)



The PDGFR activates many signal pathways, including the mitogen-activated 

protein kinase (MAPK) signalling pathway, also known as the Ras-Raf-MEK-ERK 

pathway (Figure 2). MAPKs is a highly conserved serine/threonine protein kinase 

family, acting as a kinase module linking extracellular signals to essential cellular 

processes such as proliferation, differentiation, inflammation, survival, apoptosis, 

motility and stress response (Cargnello et al. 2011). A broad range of extracellular 

stimuli including mitogens, cytokines, growth factors, and cellular stressors, such as 

heat shock and UV irradiation stimulate the MAPK pathways (Cargnello et al. 2011).

Abnormalities in MAPK signalling may affect the cells essential processes and 

influence the cell in acquiring traits to favour tumorigenic transformation and the 

progression of cancer.  

Upon RTK activation, the MAPK signalling pathways take place in a three-tiered 

kinase cascade manner, MAPKKK → MAPKK → MAPK (Figure 2). When the 

receptor is activated in response to extracellular stimuli, docking proteins such as 

Grb2 containing an SH2 domain, binds to the phosphotyrosine residues of the 

activated receptor. Grb2 binds to the guanine nucleotide exchange factor SOS. 

Docking of the Grb2-SOS complex to the phosphorylated PDGFR activates SOS. 

Activated SOS then promotes the removal of GDP from Ras, which thereby can bind

GTP and become active (RasGTP). RasGTP activates the kinase activity of the 

MAPKKK RAF (Cargnello et al. 2011), (Avruch et al. 2001). RAF kinase binds to 

RasGTP and translocates to the plasmamembrane, where RAF kinase 

phosphorylates and activates the tyrosine/threonine kinase MAPKKs (MEK1/2). 

Here, the Threonine-x-Tyrosine (TxY) motif, in the activation loop of the mitogen-

activated protein kinase MAPK (Erk1/2), gets phosphorylated by MAPKKs 

(Haagenson et al. 2010). This phosphorylation event locks the kinase domain in a 

catalytically competent conformation (Theodosiou et al. 2002). Active Erk1/2 is able 

to translocate to the nucleus and phosphorylate transcription factors, leading to 

increased cell division (Haagenson et al. 2010). MAPKKK, and MAPK are both 

serine/threonine-selective protein kinases (Avruch et al. 2001). Some of the most 

well-known MAPKs are the extracellular signal-regulated kinase 1 and 2 (Erk1/2 or 

p44/42), the c-Jun N-terminal kinases 1-3 (JNK1-3), the p38 isoforms (p38α, β, γ, 

and δ), and Erk5 (Cargnello et al. 2011). 

Not as much is known about the MEK5/Erk5 MAPK pathway as for the other MAPK 

pathways, although Erk5 is known to have similarities to Erk1/2. They both have an 

Thr–Glu–Tyr (TEY) activation motif, both are activated by growth factors and have 

an important role in the regulation of cell proliferation and cell differentiation (Satoko 

et al. 2006).
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MAP Kinase phosphatases (MKPs) are dual specificity phosphatases (DUSPs) that 

are endogenous negative regulators of MAPKs, acting by dephosphorylation of 

MAPKs (Haagenson et al. 2010). This dephosphorylation makes it impossible for the

MAPK to uphold its enzymatically active conformation, thus leading to its 

inactivation. Most MKPs target the TxY motif and hydrolyze the phosphate from both

phosphotyrosine and phosphothreonine residues. Other MKPs regulate MAPK 

activity indirectly, acting through upstream MAPK components (Keyse et al. 2008). 

The activity of MKPs is essential for the MAPK pathways to act in a controlled 

manner. Deregulation of the MAPK pathways and uncontrolled crosstalk occurring in

cancers, may be caused by deregulation of MKPs activity. MKP-2 has been 

described to dephosphorylate the MAPKs Erk1/2, p38 and JNK (Keyse et al. 2008). 

In this study, I was to elucidate key events leading to MKP-2 expression and the role

of MKP-2 in regulating and balancing MAPK signaling. 

Another aim of the project was to analyse the possible involvement of p53 in the 

deregulation of the MAPK pathways and its correlation with MKP-2 expression. p53 

is a tumour suppressor protein encoded by homologous genes in various organisms

(Surget et al. 2013). p53 acts by participating in cellular checkpoint and apoptosis 

functions (May et al. 1999). In previous studies in our laboratory, p53 has been 
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Figure 2: The MAPK Signalling Pathways.

(Modified from Cell Signaling Technology; Prof. Blenis.)



shown to be involved in deregulation of Erk5 phosphorylation and MKP-2 expression

(personal communication with Johan Lennartsson).

Material & Methods

Reagents
Recombinant human PDGF-BB was generously provided by Amgen (Thousand 

Oaks, USA). Trypsin-EDTA was purchased from Statens Veterinärmedicinska 

Anstalt (Uppsala, Sweden). The inhibitors BIX 02189 (MEK-5 Inhibitor) and CI-1040 

(Non-competitive inhbitor of MEK1/2) were purchased from Selleck Chemicals 

(Huston, TX, USA). SB 203580 (p38 inhibitor) and SP 600 125 (Jnk Inhibitor II) were

purchased from Calbiochem - Merck Chemicals and Life Science AB (Solna, 

Stockholm, Sweden). Nutlin was purchased from Sigma-Aldrich (Stockholm, 

Sweden). SignalSilence p53 siRNA #6231 and SignalSilence Control siRNA #6568, 

were both purchased from Cell Signaling Technology (Beverly, MA, USA). 

siLentFect™ Lipid Reagent for RNAi was purchased from Biorad (Solna, Stockholm,

Sweden). The antibodies against phosphorylated tyrosine residue 857 of the 

PDGFR-β, Erk5 protein, the phospho-p44/42 (Erk1/2), the phospho-p38 

(Thr180/Tyr182), MKP2 and p38 were purchased from Cell Signaling Technology 

(Beverly, MA, USA). The p53 DO-I antibody was purchased from Santa Cruze 

Biotechnology (Dallas, T, USA). An antibody was raised against a GST-fusion 

protein of the C-terminal tail of the PDGFR-β. The secondary anti-rabbit and anti-

mouse antibodies were purchased from Invitrogen (Frederick, MD, USA). The 

enhanced chemiluminiscence (ECL) assay kit used was the SuperSignal West Dura 

Extended Duration Substrate kit purchased from Thermo Scientific (Rockford, IL, 

USA). NuPAGE Tris-Acetate Mini Gels and NuPAGE Tris-Acetate SDS Running 

Buffer were purchased from Life Technologies (Netherland branch, Stockholm, 

Sweden).

Experimental Procedure

Cell culture
Primary human fibroblast cells (AG1523), were obtained from NIA Aging Cell 

Culture Repository (Coriell Institute for Medical Research, Camden, NJ, USA) and 

cultured in Essential Minimum Eagle Medium (DMEM) from Sigma-Aldrich 

(Stockholm, Sweden) supplemented with 10% Fetal Bovine Serum (FBS) from 
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Biowest (Kansas City, MO, USA) and 1% L-Glutamin from Sigma-Aldrich 

(Stockholm, Sweden), in a 5% CO2 incubator at 37°C. For serum starvation, cells 

were washed once and incubated in DMEM containing 0.1% bovine serum.

In order to maintain the proliferate phenotype of the cells and enable further 

propagation, the cells are passaged, also referred to as splitted, before becoming 

fully confluent, i.e. the removal of the old medium and transfer of cells from a 

previous culture into fresh growth medium. The splitting was carried out by the use 

of the serine protease trypsine which assist in the cells release from the plastic 

containers. During this study, the cells were splitted on the first day of the 

experiment and 100’000 cells/well were seeded on 6-well plates. 

One day before PDGF-BB stimulation, the cells are starved, during which the cells 

stop in G1 and enter a resting state with low tonic activation of singaling pathways. 

This reduces the basal cellular activity and makes the cell population more 

homogeneous.

During this study, two types of experiments were performed, either examining the 

effect of various inhibitors on the MAPK pathways, or the effect of the MAPK 

pathways when p53 was silenced. When analysing the effects of MAPK inhibitors, 

splitting was performed one day before starvation and for the knock down, splitting 

was performed 24 h before transfection. The various inhibitors where added 1 h 

prior to PDGF-BB stimulation. Transfection of p53 siRNA was conducted one day 

before starvation.

Inhibition
In the first part of the project, the detection of possible crosstalk in the MAPK 

pathways was accomplished by elucidating the response of AG1523 and the use of 

low molecular weight inhibitors, targeting MAPKKs that phosphorylate MAPKs.  

BIX02189 is a selective inhibitor of MEK5. CI-1040 is an ATP non-competitive 

MEK1/2 inhibitor. SB203580 is a highly specific, potent, cell-permeable, selective, 

reversible, and ATP-competitive inhibitor of p38 MAP kinase and SP600125 is a 

potent, cell-permeable, selective, and reversible inhibitor of c-Jun N-terminal kinase 

(JNK). The inhibition is competitive with respect to ATP.
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The inhibitors were given to the cells 1 h prior to PDGF-BB stimulation in the 

following concentrations: 2 μM BIX-02189 inhibitor, 3 μM CI-1040 inhibitor, 10 μM 

SB20380 and 10 μM JNK Inhibitor II. 

Up- & downregulation of p53
The involvement of p53 was analysed by both upregulation of p53, as well as 

siRNA-mediated knock down of p53. Upregulation was obtained by addition of the 

cis-imadizole analoge Nutlin, which inhibits the interaction between the E3 ubiquitin 

ligase Mdm2 and p53, thus saving p53 from proteasomal degradation. This leads to 

a dramatic increase in p53 protein levels. 

Downregulation of p53 was performed by using 40 nM SignalSilence p53 siRNA  

and SignalSilence Control siRNA. Transfection of siRNA was done for 24 h with 

siLentFect™ Lipid Reagent for RNAi. The transfection was stopped by starving the 

cells for 24 h.

Immunoblot analysis
Subconfluent cells, either transfected as indicated or treated with inhibitor, were 

starved for 24 h and thereafter stimulated with 20 ng/ml PDGF-BB for the indicated 

periods of time. The stimulation was stopped by displacing the starvation medium, 

washing the cells with ice-cold phospate-buffered saline (PBS) and lysed in 1% 

Nonident, 0.5% sodium deoxycholate, 0.1% SDS, 20 mM Tris, 150 mM NaCl, 1 mM  

irreversible serine protease inhibitor Pefabloc and 1 mM of the phosphatase inhibitor 

sodium orthovanadate for 15 minutes on ice. 

Extracts were clarified by centrifugation, and equal amounts of lysates were boiled 

with sodium dodecyl sulfate (SDS) sample buffer containing dithiothreitol. Proteins 

were separated by SDS-polyacrylamide gel electrophoresis (PAGE) and then 

electrotransferred to polyvinylidene difluoride membranes (Immobilion P) using a 

wet electroblotting method. In order to prevent unspecific antibody binding, the blots 

were blocked for 1 h with 5% bovine serum albumin (BSA) in Tris-buffered saline 

(TBS) containing 0.1% Tween 20. 

The target proteins were thereafter probed with primary antibodies overnight at 4°C. 

The antibodies were diluted according to the manufacturer’s intructions. The blots 

were washed several times with TBS with 0.1% Tween 20% and then incubated at 

room temperature for 45 minutes with appropriate horseradish peroxidase-
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conjugated anti-rabbit or anti-mouse secondary lgG antibodies. After washing, 

immunocomplexes were detected using the enhanced chemiluminiscence (ECL) 

assay kit and visualized by chemiluminiscence with the Intelligent Dark Box II 

Camera from Fujifilm (Stockholm, Sweden).
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Results

Effect of inhibition of the major MAPK pathways on MAPK 
expression

Many MKPs have been found to be induced by growth factor treatment often 

resulting in negative feedback since their expression depends on the MAPKs they 

dephosphorylate. Based on this, we treated cells with inhibitors against the major 

MAPK pathways and analyzed the impact of MKP-2 expression. We found that 

MKP-2 expression was abolished in the presence of the MEK1/2 inhibitor CI-1040 

(Figure 3). This can be observed in the first blot representing MKP-2 expression. In 

the control (DMSO), MKP-2 is available upon stimulation (+). When the MEK1/2 

inhibitor CI-1040 is used, the MKP-2 activity is removed. This suggests that Erk1/2 

phosphorylation is required for MKP-2 expression. Further findings are that when 

the MEK1/2 was inhibited, the phosphorylation of the Erk5 pathway was increased  

(Figure 3). Activation of Erk5 is represented by the so called 'shift', which probably 

reflect an increase in phosphorylation. This observation suggests that MKP-2 

dephosphorylates Erk5. Notably, MKP-2 expression was not inhibited by the MEK5 

inhibitor BIX02189, suggesting MKP-2 to be a link connecting Erk1/2 and Erk5 

signaling.
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Figure 3: Inhibition of the Erk1/2 pathway abolishes MKP-2 expression 

and enhances Erk5 activity. The cells were either unstimulated (-), or 

stimulated (+) for 1 h with 20 ng/ml PDGF-BB. The first blot shows how MKP-

2 expression decreases upon MEK1/2 inhibition by the use of the MEK1/2 

inhibitor CI-1040. Also, this figure shows that MKP-2 expression is not 

affected by the Erk5 pathway inhibition by BIX02189. The second blot shows 

the change in activity of Erk5, illustrated by the shift, upon Erk1/2 pathway 

inhibition. The third blot is a control, showing the activation of the PDGFR-β 

using an antibody against phosphorylated tyrosine (P857). The last blot shows

the efficiency of the MEK1/2 inhibitor CI-1040, inhibiting phosphorylation of 

Erk1/2. Ib, immunoblotting. 



To further investigate the involvement of Erk1/2- and Erk5 on MKP-2 expression, we

increased the number of time points of PDGF-BB stimulation. Also, in this 

experiment we found that our previous findings and dependencies were confirmed 

(Figure 4). The depletion of MKP-2 upon MEK1/2 inhibition was observed more 

clear, suggesting Erk1/2 phosphorylation is required for MKP-2 expression. Also, 

Erk5 activity increases upon MEK1/2 inhibition, suggesting MKP-2 to 

dephosphorylate Erk5. This dependence can be observed by the increased Erk5 

activity, represented by the increased phosphorylation between the control (DMSO) 

and when MEK1/2 is inhibited by CI-1040.

The MKP-2 expression was not inhibited by the MEK5 inhibitor BIX02189 and MKP-

2 seems to be a link connecting Erk1/2 and Erk5 signaling. Furthermore, MEK1/2 

inhibition prolongs Erk5 activation, presumably by suppressing MKP-2 expression. 
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Figure 4: Kinetic analysis of MKP-2 expression and Erk5 activation in the 

presence of MEK1/2 inhibitor. The cells were either unstimulated or stimulated 

for the indicated periods of time with 20 ng/ml PDGF-BB. The first blot shows 

how MKP-2 expression decreases upon MEK1/2 inhibition by the use of MEK1/2 

inhibitor CI-1040. Also, this blot shows that MKP-2 expression is not affected by 

the Erk5 pathway inhibition. The second blot shows that the change in activity of 

Erk5, illustrated by the shift, upon Erk1/2 pathway inhibition. The third blot is a 

control, showing the activation of the PDGFR-β using an antibody against 

phosphorylated tyrosine (P857). The fourth blot shows the level of the PDGFR-β,

demonstrating that the inhibition of MEK1/2 and MEK5 only inhibits those 

downstream MAPKKs and not the actual receptor. The last blot shows the 

efficiency of the MEK1/2 inhibitor CI-1040, inhibiting phosphorylation of Erk1/2. 

Ib, immunoblotting. 



To further understand the role of MKP-2 in modulation of MAPK signaling, we 

extended our kinetic analysis up to 3 h of PDGF stimulation. As can be seen in 

Figure 5, the level of MKP-2 steadily increase throughout the time curve in a 

MEK1/2-dependent manner. This suggest that MKP-2 may function to limit the 

duration of MAPK signaling downstream the activated PDGFR. 

Role of p53 in PDGF-induced MKP-2 expression

Previous results in the laboratory had indicated that p53 was involved in PDGF 

induced MKP-2 expression. To investigate this, we used the compound Nutlin that 

will stabilize p53, and analyzed the ability of PDGF to induce MKP-2. We found that 

p53 upregulation activates MKP2 (Figure 6). This suggests MKP-2 expression is at 

least in part controlled by p53. Notably, PDGF-BB stimulation is also needed for 

MKP-2 expression, suggesting that p53 upregulation only sensitizes the cells for 

MKP-2 upregulation. 
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Figure 5: Kinetic analysis of MKP-2 expression in the presence of MEK1/2 

inhibitor. The cells were either unstimulated, or stimulated for the indicated 

periods of time with 20 ng/ml PDGF-BB. The first blot shows how MKP-2 

expression decreases upon MEK1/2 inhibition by the use of MEK1/2 inhibitor 

CI-1040. The second blot shows efficiency of the MEK1/2 inhibitor CI-1040, 

inhibiting phosphorylation of Erk1/2. Tubulin was used as a loading control, 

showed in the last blot. Ib, immunoblotting. 



Next we performed the reverse experiment in which we used siRNA to deplete cells 

of p53. Altough the p53 knock-down was only partial, we could confirm the p53-

dependent activation of MKP-2 (Figure 7). We could also observe a dependence 

between depletion of p53 and increased activity of Erk5. Notably, the activation of 

Erk1/2 was not affected by p53 siRNA although MKP-2 expression was decreased. 

This suggest that Erk1/2 is not a substrate for MKP-2, at least not in our system. 
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Figure 6: Nutlin treatment sensitize the cells to PDGF-induced MKP-2 

expression. The cells were either unstimulated or stimulated for the indicated 

periods of time with 20 ng/ml PDGF-BB. The first blot shows how upon p53 

upregulation, the MKP-2 protein level is increased, suggesting MKP-2 

expression is activated upon p53-dependent activation. The second blot shows

the efficiency of Nutlin for the upregulation of p53. Ib, immunoblotting.
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Figure 7: p53 expression is important for PDGF-BB-induced MKP-2 

expression. The cells were either unstimulated or stimulated for the indicated 

periods of time with 20 ng/ml PDGF-BB. In the first blot, we are able to observe 

how the MKP-2 level is affect by p53. Upon p53 depletion, the MKP-2 level 

decreases, suggesting MKP-2 activation is p53-dependent. The second blot shows 

a change of activity of Erk5 upon p53 downregulation, and possibly also upon 

MKP-2 depletion, suggesting MKP-2 dephosphorylates Erk5 when available. The 

third blot shows the activation of the PDGFR-β upon autophosphorylation at 

tyrosine P857. The fourth blot displays the level of the PDGFR-β. The fifth blot 

displays the effect of the knockdown, showing that the knockdown was not 

completely efficient. The last blot shows that the phosphorylation of Erk1/2 is not 

affected by the p53 downregulation, suggesting p53 acts downstream of MEK1/2. 

Ib, immunoblotting. 



Discussion
There are conflicting data weather MKP-2 acts as a tumor promoter or tumor 

suppressor. MKP-2 has been found with upregulated expression in tumors, 

meanwhile MKP-2 also has been found to act in a tumor suppressing manner. There

have been various studies made, demonstrating the dual role of MKP-2. MKP-2 

expression has been found to be upregulated in for example pancreatic cell lines 

(Yip-Schneider et al. 2001), breast cancer (Wang et al. 2003), rectal 

adenocarcinomas (Gaedcke et al. 2010) and well as in human melanoma cell lines 

(Keyse et al. 2008). Meanwhile, the MKP-2 promoter has been found to be 

hypermethylated in other cancer types, which correlated with reduced MKP-2 

protein and mRNA levels. Another interesting study (Shen et al. 2006), suggests 

that MKP-2 acts as a tumor suppressor and this in conjunction with p53, which 

thereby activates MKP-2 transcription. This finding is consistent with observations in

this report. In the study of Shen et al. (2006), they suggest that via different binding 

mechanisms, p53 regulates distinct genes and that MKP-2 is an essential target of 

p53 in signalling apoptosis. 

The activation of MKP-2 by p53, and also other MAPK targeted transcription factors 

such as EGR1 and E2F1, suggests that MKP-2 acts as part of a feedback loop 

against MAP-kinase activation (Brondello et al. 1997), (Nunes-Xavier et al. 2011). 

These findings are in contrast with our study, in which we found no evidence that 

MKP-2 affect Erk1/2 phosphorylation. 

In this study, we found that during MEK1/2 inhibition, and thereby inhibition of Erk1/2

phosphorylation, a decrease of the endogenous MKP-2 protein level was observed, 

suggesting that Erk1/2 is required for MKP-2 expression, but not the other MAPK 

pathways. Manipulation of MKP-2 does not affect Erk1/2 phosphorylation. Hence, 

MKP-2 does not perform a negative feedback loop for Erk1/2 MAPK activity.

Upon Nutlin-upregulation of p53 expression, we found a clear elevated level of 

endogenous MKP-2 protein, suggesting that MKP-2 expression is p53-dependent. 

This correlates with the findings by Shen et al. (2006). Upon p53 depletion, MKP-2 

expression decreased, further confirming the observation for p53-dependent 

expression of MKP-2. We also noticed that Erk1/2 phosphorylation was not affected 

by p53 depletion, suggesting that p53 acts downstream or in parallel with Erk1/2.

p53 stabilization did not promote MKP-2 expression, but instead sensitized the cells 

to PDGF-BB induced MKP-2 expression. This indicates that p53 alone is not 
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sufficient to promote MKP-2 expression and that also other Erk1/2-dependent 

signals are involved.  

Another interesting observation was increased activity of Erk5 upon p53 

downregulation, and thus MKP-2 depletion, according to our finding of the p53-

dependent expression of MKP-2. This finding suggests MKP-2 to dephosphorylate 

Erk5, which has not previously been described. Increased Erk5 activity was also 

observed when inhibiting MEK1/2, thereby also Erk1/2 phosphorylation. Based on 

the findings in this report, we suggest that the increased Erk5 activation is due to 

reduced MKP-2 expression when the Erk1/2 pathway is blocked. Hence, a crosstalk 

event between MKP-2 and Erk5 has been discovered. During a time course of 

PDGF-BB stimulation, we could observe that MKP-2 expression continues to 

increase, suggesting MKP-2 has a role in limiting the duration of signaling though 

the Erk5 pathway. 

Dependent on the observation of Erk1/2-dependent expression of MKP-2 upon p53-

dependent activation, it is possible that PDGFR affect p53 through Erk1/2 

phosphorylation. 

Our findings suggest that the MAPK pathways not necessarily are unambiguous 

pathways, separated in the proposed manner (Figure 2). According to our findings, 

these pathways are rather a group of pathways communicating with each other in a 

complex manner. i.e we have observed that activation of Erk1/2 limit the activity of 

Erk5.

Conflicting data from various studies indicates that further studies are needed to be 

able to determine the role of MKP-2. In this report we provide evidence for a model 

where the Erk1/2 pathway in conjugation with p53 promote MKP-2 expression in 

response to PDGF-BB. Since we could not demonstrate any effect of MKP-2 

expression level on Erk1/2, this argues against a classical feed-back mechanism. 

Instead we found that abolishing MKP-2 expression either by inhibiting the Erk1/2 

pathway or depleting cells of p53, lead to an increase in Erk5 activation. Hence, we 

have discovered a mechanism for crosstalk between two different MAPK pathways, 

i.e between Erk1/2 and Erk5. For a schematic illustration of our findings, see Figure 

8. 
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Figure 8: Hypothesis for the dependencies in the MAPK pathways. We have discovered
a Erk1/2-dependent expression of MKP-2 upon p53-dependent activation. MKP-2 
dephosphorylates Erk5 and does this by acting as a negative feedback regulator. 



Acknowledgements
I would gratefully like to thank everyone supporting me during my master thesis 

project conducted at the Ludwig Institute for Cancer Research, Uppsala Branch. It 

has been a very instructive time in my professional and personal development.

I specially would like to thank Carl-Henrik Heldin and Johan Lennartsson for 

accepting me to join the institute and Johan Lennatsson’s research group, and for 

supervising me before and during my master thesis on many prospects. 

  

I would also like to thank my co-supervisor Charlotte Rorsman for instructing me in 

the laboratory and for making me feel like one in the team. 

And of course, I would like to thank the ST-group and all Ludwigo’s for friendly 

reception and caring.

Last but not least, I would like to thank my master thesis supervisor Lars-Göran 

Josefsson for supervising and supporting me during this project but also during my 

whole education.

I am very happy and grateful for my trainee position at the Ludwig Institute for 

Cancer research. It has been a great experience in all aspects.

24



References
Figure 1: Modified from Jiuhong Y, Carolyn U, Hyeong-Reh C-K. 2003. Platelet-derived

Growth Factor Signaling and Human Cancer. Journal of Biochemistry and Molecular 

Biology, 36(1): 49-594.

Figure 2: Modified from Cell Signaling Technology; Prof. John Blenis, Harvard 

Medical School, Boston, MA, 

http://www.cellsignal.com/common/content/content.jsp?id=pathways-mapk-

sapk#sthash.uy1SPvO9.dpuf 

Avruch J, Khokhlatchev A, Kyriakis JM et al. 2001. Ras activation of the Raf kinase: 

tyrosine kinase recruitment of the MAP kinase cascade.  Recent Progress in 

Hormone Research 56 (1): 127–55. 

Brondello JM, Brunet A, Pouyssegur J, McKenzie FR. 1997. The dual specificity 

mitogen-activated protein kinase phosphatase-1 and -2 are induced by the

p42/p44MAPK cascade. J Biol Chem 272: 1368–76. 

Cao Y, Cao R, Hedlund EM.  2008. Regulation of tumor angiogenesis and 

metastasis by FGF and PDGF signaling pathways. J Mol Med (Berl) 86 (7): 785–9.

Cargnello M, Roux PP. 2011. Activation and function of the MAPKs and their 

substrates, the MAPK-activated protein kinases. Microbiol. Mol. Biol. Rev. 75(1): 

50–83. 

Gaedcke J, Grade M, Jung K, Camps J, Jo P, Emons G, Gehoff A, Sax U, Schirmer 

M, Becker H, Beissbarth T, Ried T, Ghadimi BM. 2010. Mutated KRAS results in 

overexpression of DUSP4, a MAP-kinase phosphatase, and SMYD3, a histone 

methyltransferase, in rectal carcinomas. Genes, chromosomes & cancer. 49:1024–

34. 

Haagenson KK, Wu GS. 2010. Mitogen activated protein kinase phosphatases and 

cancer. National Institutes of health. 9(5):337-340. 

Hanahan D, Weinberg RA. 2011. Hallmarks of Cancer: The Next Generation. Cell 

144 (5): 646–674.

25

http://www.cellsignal.com/common/content/content.jsp?id=pathways-mapk-sapk#sthash.uy1SPvO9.dpuf
http://www.cellsignal.com/common/content/content.jsp?id=pathways-mapk-sapk#sthash.uy1SPvO9.dpuf


Heldin C-H and Lennartsson J. Expected to be published 2016. Receptor Tyrosine 

Kinases and their ligand. Elevier Inc Celb 30001.

Hubbard SR. 1999. Structural analysis of receptor tyrosine kinases. Prog. Biophys. 

Mol. Biol. 71 (3–4): 343–58. 

Hubbard SR, Till JH. 2000. Protein tyrosine kinase structure and function. Annual 

Review of Biochemistry. 69: 373-398. 

Keyse SM. 2008. Dual-specificity MAP kinase phosphatases (MKPs) & cancer. 

Cancer Metastasis Review. 27:253-261. 

Li E, Hristova K. 2010. Receptor tyrosine kinase transmembrane domains; Function,

dimer structure and dimerization energetics. 4(2): 249–254. 

Lodish H, Berk A, Matsudaira P, Kaiser CA, Krieger M, Scott MP, Zipursky L, 

Darnell J. 2003. Molecular cell biology. 5th ed. 

May P, May E. 1999. Twenty years of p53 research: structural and functional 

aspects of the p53 protein. Oncogene. 18(53): 7621-7636. 

Nunes-Xavier C, Rom a-Mateo C, Rıos P, Tarrega C, Cejudo-Marın R, Tabernero L,

Pulido R. 2011. Dual-specificity MAP kinase phosphatases as targets of cancer 

treatment. Anticancer Agents Med Chem 11:109–32. 

Sadick M-D, Intintoli A, Quarby V, McCoy A, Canova-Davis E, Ling V. 1999. Kinase 

receptor activation (KIRA): a rapid and accurate alternative to end-point bioassays. 

Journal of Pharmacological and Biomedical Analysis 19(6): 883-891. 

Satoko N, Eisuke N. 2006. MAPK Signalling: Erk5 versus Erk1/2. EMBO Reports. 

7(8): 782-786. 

Shen W-H, Wang J, Wu J, Shurkin V-B, Yin Y. 2006. Mitogen-activated protein kinase 

phosphatase 2: a novel transcription target of p53 in apoptosis.Cancer Res. 

66(12):6033-9.

Surget S, Khoury MP, Bourdon JC.  2013. Uncovering the role of p53 splice variants

in human malignancy: a clinical perspective. OncoTargets and Therapy 7: 57–68.

26



Theodosiou A ,Ashworth A. 2002. MAP kinase phosphatases. Genome Biology 3(7).

Wang H, Cheng Z, Malbon CC. 2003. Overexpression of mitogen-activated protein 

kinase phosphatases MKP1, MKP2 in human breast cancer. Cancer Lett 191:229–

37. 

Yip-Schneider MT, Lin A, Marshall MS. 2001. Pancreatic tumor cells with mutant K-

ras suppress ERK activity by MEK-dependent induction of MAP kinase 

phosphatase-2. Biochem Biophys Res Commun 280:992–7. 

Yu J, Ustach C, Kim H-R C. 2003. Platelet-derived Growth Factor Signaling and 

Human Cancer. Journal of Biochemistry and molecular biology. 36(1):49-59.

Zwick E, Bange J, Ullrich A.  2001. Receptor tyrosine kinase signalling as a target 

for cancer intervention strategies. Endocr. Relat. Cancer 8(3): 161–73. 

27


	Abbreviations
	Introduction
	Material & Methods
	Reagents
	Experimental Procedure
	Cell culture
	Inhibition
	Up- & downregulation of p53
	Immunoblot analysis


	Results
	Effect of inhibition of the major MAPK pathways on MAPK expression
	Role of p53 in PDGF-induced MKP-2 expression

	Discussion
	Acknowledgements
	References

