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Abstract (303 words)  

Purinergic receptors (P2YR) are a family of G-protein coupled receptors (GPCRs) 

which have been shown to regulate MAPK (mitogen activated protein kinase) 

signalling to elicit pro-inflammatory responses in diseases such as atherosclerosis.
1,2

 

Within the MAPK family, JNK (c-Jun NH2-terminal kinase) is strongly activated by 

pro-inflammatory cytokines, including tumour necrosis factor-α (TNF-α) and 

interleukin-1β (IL-1β).
3,4

 Thus, this project examined the potential for purinergic and 

cytokine receptors to interact at the signalling level. In particular, it was hypothesised 

that purinoceptors could inhibit cytokine induced JNK signalling.    

 

In human umbilical vein endothelial cells (HUVECs), activation of P2YR by ATP 

produced a concentration dependent inhibition of TNF-α and IL-1β mediated JNK 

activity, as measured by Western blotting and in vitro kinase assays. This inhibitory 

effect was cytokine specific, as neither sorbitol nor anisomycin dependent JNK 

activity was affected. Furthermore, ATP altered neither cytokine mediated p38 

MAPK nor NF-κB signalling, indicating that the effect was pathway specific. In 

order to identify the P2YR involved, HUVECs were pre-treated with antagonists for 

P2Y11 (NF340) or P2Y1 (MRS2179), but only NF340 reversed the inhibitory effect 

of ATP. The signalling pathways involved were also studied using the Gq/11 inhibitor 

YM254890 and the PKA inhibitor H89, which produced a partial and complete 

reversal of ATP mediated inhibition respectively. ATP mediated JNK inhibition was 

also translated into a physiological outcome via a reduction in IL-1β dependent 

cyclo-oxygenase 2 expression.   

 

In MDA-MB-231 breast cancer cells, ATP and adenosine also inhibited cytokine 

dependent JNK signaling. Surprisingly, ATP inhibited the UVC-mediated JNK 

signalling, which was completely reversed by the Gq/11 inhibitor YM254890. The 

JNK dependent apoptotic effect of UVC was also examined, but neither the JNK 

inhibitor SP600125, nor ATP had a significant effect on apoptosis.  

 

In conclusion, this study supported an emerging signalling paradigm that GPCR 

activation can negatively modulate JNK signalling in endothelial and cancer cells.   
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1.0 General Introduction 

Statistics from the World Health Organisation have revealed that cardiovascular 

diseases and cancer are the main causes of non-communicable disease deaths in 

people under the age of 70, contributing 39 % and 27 % mortality rate respectively in 

2008 (Alwan, 2011). In order to cure these diseases, pharmaceutical companies are in 

a continuous search for new drugs with better therapeutic effectiveness and minimal 

side effects. Numerous studies over the years have proven that the dysregulation of 

intracellular signalling pathways mediate the pathogenesis of several inflammatory-

related diseases. One such pathway is the mitogen-activated protein kinase (MAPK). 

Hence, inhibition of one of these kinases, namely the pro-inflammatory c-Jun NH2-

terminal-kinase (JNK), could be an effective site of therapeutic intervention. In this 

study, the inhibition of inflammatory mediators driven JNK signalling via the 

activation of purinoceptors, a class of G-protein coupled receptor (GPCR), was 

examined in endothelial and cancer cells. The subsequent section first provides a 

brief overview of the characteristics of MAPK signalling, followed by the 

pathogenesis of atherosclerosis and cancer and the role of MAPK in these diseases.  

 

1.1 MAPK signalling: An overview 

In general, signalling through the classical MAPK cascade is composed of three 

sequentially activated serine-threonine specific protein kinases, which confer a vital 

role in cell function, proliferation and survival. There are four main pathways in the 

MAPK cascade that undergo a common phosphorylation sequence of MAPK kinase 

kinase (MAPKKK/MEKK) → MAPK kinase (MAPKK/MEK) → MAPK; namely 

extracellular regulated kinase 1/2 (ERK 1/2), ERK5, p38 MAPK and c-Jun NH2-

terminal kinase (JNK). These MAPKs undergo dual phosphorylation on threonine 

and tyrosine residues for their activation (Derijard et al., 1995). The activity of 

MAPK is modulated via interactions with scaffold proteins, docking site motifs, 

phosphatases and negative feedback interactions by other signalling pathways (Rose 
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et al., 2010). A summary of the signalling components involved in the four main 

pathways is shown in Figure 1.1.  

 

ERK1/2

MAPKK

MAPKKK

MAPK

Examples of 

downstream 

substrate/ 

transcription 

factors

ERK5

cPLA2, MNK1/2, MK2/3, 

HuR, Bax, Tau, 

ATF1/2/6, MEF2, Elk-1, 

GADD153, Ets1, p53, 

MSK1/2

JNK

MEK1, MEK2 MEK5

MEKK2/3

MEF2C, Sap1a, c-Myc, 

SGK, Cx43, Bad

Raf1/A/B, Tpl2, c-Mos

MKK3, MKK6

p38 MAPK

MEKK1-3, MLK2/3, 

ASK1, TAO1/2, TAK1, 

Tpl2

MKK4,  MKK7

MEKK1-4, MLK1-3, Tpl2, 

DLK, TAO1/2, TAK1, 

ASK1/2

DAPK, TSC2, RSK, 

MNK, NFAT, Elk-1, 

MEF2, c-Fos, c-Myc, 

STAT3, CD120a, Syk, 

calnexin

c-Jun, p53, ATF-2, NF-

ATc1, Elk-1, HSF-1, 

STAT3, c-Myc, JunB

 

 

Figure 1.1: Summary of MAPK signalling cascade 

Upstream signalling components and downstream activators involved in the MAPK 

signalling cascade of ERK1/2, ERK5, p38 MAPK and JNK are summarised above 

(Cargnello and Roux, 2011). MAPK: Mitogen-activated protein kinase; MAPKK/MEK: 

MAPK kinase; MAPKKK/MEKK: MAPK kinase kinase; ERK: Extracellular regulated 

kinase; JNK: c-Jun NH2-terminal kinase; Tpl2: Tumour progression locus 2; DAPK: Death-

associated protein kinase; TSC2: Tuberous sclerosis protein 2; RSK: p90 ribosomal protein 

S6; MNK: MAPK-interacting protein; NFAT: Nuclear factor of activated T cells; Elk-1: E 

twenty-six like transcription factor 1; STAT3: Signal transducer and activator of 

transcription 3; Syk: Spleen tyrosine kinase; MEF2C: Myocyte-specific enhancer factor 2C; 

Sap1a: Serum response factor accessory protein-1a; SGK: Serum- and glucocorticoid-

inducible kinase; Cx43: Connexin 43; BAD: Bcl-2-associated death promoter; MLK: Mixed-

lineage kinase; ASK1: Apoptosis signal regulating kinase-1; TAO: Thousand-and-one amino 

acid; TAK1: Transforming growth factor β-activated kinase 1; cPLA2: Cytosolic 

phospholipase A2; MK: MAPK-activated protein kinase; Bax: Bcl-2 associated X protein; 

ATF: Activating transcription factor; GADD: Growth arrest and DNA damage; Ets: E26 

transformation specific sequence; MSK1/2: Mitogen- and stress-activated protein kinase 1/2; 

DLK: Dual leucine zipper-bearing kinase; NF-ATc1: Nuclear factor of activated T-cells, 

cytoplasmic 1; HSF-1: Heat shock factor protein 1. 



3 
 

1.1.1 Extracellular regulated kinase 1/2 (ERK 1/2)  

The first discovered MAPK, ERK1/2 (Boulton et al., 1991a, Boulton et al., 1991b) 

plays a vital role in cell proliferation, differentiation and development. ERK1 and 

ERK2 are ubiquitously expressed and share 83% sequence homology. These 

isoforms may have a slightly different physiological role, as reflected in the fact that 

ERK1
-/-

 mice are phenotypically normal, but ERK2
 
deletion results in embryonic 

lethality (Hatano et al., 2003, Selcher et al., 2001). Various growth factors (nerve 

growth factor, platelet derived growth factor and epidermal growth factor), insulin, 

GPCRs and cytokines can phosphorylate ERK1/2 (Cargnello and Roux, 2011). The 

majority of these extracellular stimuli induce the small G protein Ras to recruit Raf 

to the plasma membrane, allowing subsequent MEK1/2 and ERK1/2 phosphorylation 

(Tamada et al., 1997). Approximately 200 downstream effectors are linked to 

activation of ERK1/2, including phospholipase A2, E twenty-six-like transcription 

factor 1 (Elk1), c-Fos and c-Jun (Wortzel and Seger, 2011).  

 

Importantly, the physiological outcome of ERK1/2 signalling (referred as ERK for 

the rest of the thesis) is determined by the duration, magnitude and 

nuclear/cytoplasmic localisation of phosphorylated ERK (Ebisuya et al., 2005). For 

instance, although both transient and sustained ERK signalling could induce the 

transcription of early immediate genes, such as Fos, Jun, Myc and Egr1, only 

sustained ERK activity allows the stabilisation of encoded mRNA and protein level 

(Ebisuya et al., 2005). Sustained ERK activation increases cyclin D1 promoter 

activity and maintains its protein expression throughout the G1 phase to enable the S 

phase transition in the cell cycle for cell proliferation (Lavoie et al., 1996, Yamamoto 

et al., 2006). Conversely, phosphorylated ERK can be retained in the cytoplasm via 

binding to Sef, phosphoproteins enriched in astrocytes 15 (PEA-15) and through 

phosphorylation of death associated protein kinase (DAPK) which prevents the 

transcription of pro-survival genes in the nucleus (Chen et al., 2005, Formstecher et 

al., 2001, Torii et al., 2004).  

 



4 
 

1.1.2 p38 MAPK 

Examination of kinase cascades activated by hyperosmolarity and endotoxins 

including lipopolysaccharide and the cytokine interleukin-1 led to the identification 

of another MAPK cascade, p38α MAPK (Han et al., 1994). Later, additional p38 

MAPK isoforms were cloned, namely p38β (Jiang et al., 1996), p38γ (Li et al., 1996) 

and p38δ (Jiang et al., 1997). However their tissue expression pattern is different: 

p38α and β isoforms are expressed ubiquitously; p38γ is only found in skeletal 

muscle; and p38δ is prevalent in lung and kidney cells (Jiang et al., 1997). p38 

MAPK is activated by both MKK3 (Derijard et al., 1995) and MKK6 (Han et al., 

1996) to induce nuclear translocation of p38 MAPK for activation of transcription 

factors, such as ATF2, MNK1, p53 and Elk-1 (Raingeaud et al., 1995, Roux and 

Blenis, 2004).  

 

1.1.3 c-Jun NH2-terminal kinase (JNK) 

An additional MAPK family, designated as JNK, has also been identified as a 

pathway activated in response to stress, cytokines, growth factors and GPCRs. These 

include ultraviolet (UV) irradiation (Hibi et al., 1993), hyperosmolarity (Bogoyevitch 

et al., 1995), anisomycin (Bogoyevitch et al., 1995), heat shock (Adler et al., 1995b), 

tumour necrosis factor-α (TNF-α) (Westwick et al., 1994), interleukin-1 (Gupta et al., 

1996), interleukin-3 (Kendrick et al., 2004), colony-stimulating factor (Kendrick et 

al., 2004), epidermal growth factor (Westwick et al., 1994) and platelet derived 

growth factor (Assefa et al., 1999). Three JNK genes have been cloned, given rise to 

three isoforms; JNK1 (Derijard et al., 1994) and JNK2 (Kallunki et al., 1994) which 

are ubiquitously expressed, while JNK3 is mainly expressed in the brain, heart and 

testis (Gupta et al., 1996). From these isoforms, ten splice variances of JNK are 

expressed as 46, 48, 55 or 57 kDa proteins in different tissues (Gupta et al., 1996).  

 

Depending on the stimuli, JNK could be activated by MKK4 (Derijard et al., 1995) 

and/or MKK7 (Moriguchi et al., 1997). TNF-α utilises MKK7 only for JNK 

activation but other JNK inducers, such as sorbitol and anisomycin, activate MKK4 
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and MKK7 for JNK activation (Moriguchi et al., 1997). Activation of JNK then leads 

to downstream phosphorylation of c-Jun that increases c-Jun-DNA binding and 

stabalises c-Jun for AP-1 activation (Musti et al., 1997, Papavassiliou et al., 1995).  

In contrast to AP-1 transcription factor activation, prolonged JNK signalling leads to 

apoptosis. In various cell lines, including Jurkat and fibroblast cells, sustained JNK 

signalling produces cell death as measured by DNA fragmentation (Chen et al., 

1996b, Ventura et al., 2006). Other mechanisms regarding cytokine-induced 

apoptosis are discussed in section 1.4.  

 

Growing evidence using specific JNK isoform knockout mouse models or siRNA 

suggest a differential role for JNK1 and JNK2 in the pathogenesis of diseases, 

including obesity, insulin resistance, diabetes, T cell differentiation, atherosclerosis 

and tumour development (Jaeschke et al., 2005, Yang et al., 1998, Sabapathy et al., 

2004, Tuncman et al., 2006). For instance, JNK1
-/-

 mice, but not JNK2
-/-

, exhibit 

reduced adipose tissue and increased insulin sensitivity (Hirosumi et al., 2002). 

However cross-talk between these two JNK isoforms has been suggested as both 

JNK1
-/-

JNK2
+/+

 and JNK1
+/+

JNK2
-/-

 mice demonstrated similar reduction in serum 

insulin and glucose levels compared to wild type (Tuncman et al., 2006). 

Nevertheless, these studies suggest that selective inhibition of JNK isoforms in 

disease could be desirable.    
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1.2 The role of MAPK in disease: Atherosclerosis 

1.2.1 An overview for the role of endothelial cells in atherosclerosis 

Atherosclerosis is characterised by the formation of fatty lesions at the blood vessel 

inner lumen which ultimately detach from the wall to obscure the blood supply to the 

heart, leading to heart ischemia and infarct (Ross, 1999). Various cell components 

such as vascular smooth muscle cells (VSMC), endothelial cells and circulating 

immune cells work cooperatively in the progression of the disease (Ross, 1999, 

Hansson and Hermansson, 2011). In particular, endothelial dysfunction is implicated 

as an initiator of the disease (Endemann and Schiffrin, 2004, Esper et al., 2006). 

Early understanding of endothelial dysfunction is characterised by a defect in 

vasodilation in blood vessels in response to acetylcholine (Ludmer et al., 1986), 

whilst later studies have shown its wider definition of ‘the partial or complete loss of 

balance between vasoconstrictors and vasodilators, growth promoting and inhibiting 

factors, pro- and anti-antherogenesis factors’ (Quyyumi, 1998). Various risk factors, 

including hyperlipidemia, hypertension, diabetes, obesity, aging and smoking, could 

lead to an increase in reactive oxidative species followed by a decrease in nitric 

oxide production and an increase in pro-inflammatory mediator expression (Higashi 

et al., 2009).  

 

Vascular injury initiated by inflammatory cytokines or chemokines, reactive oxygen 

species and oxidised lipoproteins stimulate the activation of signalling pathways in 

endothelial and smooth muscle cells to increase the expression of inflammatory 

mediators (Libby et al., 2002, Patel et al., 2000, Hansson and Hermansson, 2011). 

These inflammatory mediators play an important role in the early phase of 

atherosclerosis lesion formation via the tethering, rolling, adherence and 

transmigration of monocytes and leukocytes into the subendothelial space 

(Blankenberg et al., 2003, Libby, 2006). Vascular cell adhesion molecule-1 (VCAM-

1) along with P- and E- selectin are involved in the first step of tethering and rolling, 

followed by intercellular adhesion molecule-1 (ICAM-1) to induce firm adhesion and 

platelet endothelial cell adhesion molecule-1 (PECAM-1) to stimulate immune cell 

migration. Besides these adhesion molecules, other mediators also aid the formation 
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of foam cells, including monocyte chemoattractant protein-1 (MCP-1) which 

enhances recruitment of more monocytes into the lesion and macrophage colony-

stimulating factor (M-CSF) which promotes the transformation and proliferation of 

macrophages. The maturation of monocytes into macrophages form a positive 

feedback loop in the recruitment of immune cells through the release of pro-

inflammatory cytokines, such as TNF-α and interleukin-1β (IL-1β). 

Metalloproteinases (MMPs) then degrade the collagen in the extracellular matrix of 

the atherosclerotic lesion, rupturing the plaque to form a thrombus (Ross, 1999).  

Details of the inflammatory mediators that promote atherosclerosis progression are 

summarised in Figure 1.2 below. 

 

Although inflammation is the main feature of atherosclerosis, cell apoptosis is also 

prominent in atherosclerotic lesions. One study has shown an increase in TUNEL 

staining in the atherosclerotic plaque, mainly in macrophages and T cells (Bjorkerud 

and Bjorkerud, 1996). Apoptosis, mediated by the activation of the caspase cascade, 

determines the stability of the atherosclerotic plaque (Kockx and Herman, 2000, 

Rossig et al., 2001). During apoptosis, endothelial cells exhibit pro-coagulation 

characteristics with increased factor Xa and tissue factor activity that increase 

platelet binding, causing thrombus formation (Bombeli et al., 1997, Bombeli et al., 

1999, Greeno et al., 1996). Collectively, endothelial cells have a major role in the 

initiation and modulation of atherosclerosis through inflammation and apoptosis.  
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Figure 1.2: Various stages in atherosclerosis and the mediators involved 

Progression of the atherosclerotic plaque involves initial endothelial dysfunction due 

to a combination of factors including elevated plasma levels of LDL, homocysteine 

and free radicals. These factors trigger the secretion of inflammatory mediators 

which in turn drive the formation of fatty streak, lesions and thrombus (Ross, 1999, 

Esper et al., 2006).  
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1.2.2 The role of MAPK in atherosclerosis 

ERK signalling: Numerous studies have shown that each MAPK plays a different role 

in the pathogenesis of atherosclerosis. An increase in ERK phosphorylation has been 

observed in atherosclerotic lesions in arteries derived from human patients, 

cholesterol-fed rabbits and pigs post-balloon angioplasty (Anger et al., 2008, Hu et 

al., 2000, Liu et al., 2002) and is associated with an increase in neointima formation 

in atherosclerosis and after vascular injury (Gennaro et al., 2003). Application of an 

ERK inhibitor delivered orally to rats with balloon injury successfully reduced cell 

proliferation and vessel intima/media ratio via cell cycle G1 arrest but not increase in 

apoptosis (Gennaro et al., 2004). Cellular studies support the results obtained in vivo, 

pro-atherosclerotic oxidised low-density lipoprotein (oLDL) and platelet-derived 

growth factor (PDGF) have been found to be potent activators of ERK to induce 

VSMC proliferation (Yang et al., 2000, Yang et al., 2001a, Gennaro et al., 2003, 

Zhan et al., 2003). Detailed studies have also shown that oLDL stimulates ERK 

activity in a PKC and Ca
2+

 dependent mechanism (Yang et al., 2000, Yang et al., 

2001a). ERK signalling also mediates the PDGF driven gene expression in VSMC as 

dominant-negative ERK reduced PDGF mediated plasminogen activator inhibitor 

type-1, MCP-1 and transforming growth factor-β1 expression (Zhan et al., 2003). 

These studies collectively suggested that ERK inhibitors could be of therapeutic use 

in the treatment of atherosclerosis or post cardiac procedures.   

 

p38 MAPK signalling: In general, p38 MAPK is strongly linked to inflammation in a 

number of tissues and is implicated in the development of atherosclerosis. Various in 

vitro studies have demonstrated that p38 MAPK mediates the expression of 

inflammatory mediators that are known to promote neutrophil migration into the 

atherosclerotic lesion (Pietersma et al., 1997, Wang and Doerschuk, 2001). A 

decrease in TNF-α induced VCAM-1 expression at the endothelial cell surface was 

observed following p38 MAPK inhibition, in the absence of any effect in mRNA 

levels (Pietersma et al., 1997), suggesting that p38 MAPK modulates VCAM-1 

expression via a post-translation mechanism. Furthermore p38 MAPK inhibition 

prevented cross-linking of ICAM-1 by inhibiting the phosphorylation of heat shock 
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protein 27, an actin-binding protein in endothelial cells (Wang and Doerschuk, 2001). 

A recent study then reported another role for p38 MAPK in foam cell formation, as 

p38 MAPK inhibitor, SB203580, and siRNA both reduced autophagy-dependent 

LDL cholesterol ester accumulation in the macrophages, possibly through inhibiting 

the autophagy gene, unc-51-kinase 1 (Ulk1) (Mei et al., 2012).   

 

These results obtained in vitro correlated with the findings observed in vivo using 

p38α
-/-

 and apolipoprotein E
-/-

 (ApoE
-/-

) mouse models. Following oLDL stimulation, 

less VCAM-1, MCP-1, IP-10 and C-X-C motif chemokine 1 (CXCL1) were 

produced in endothelial cells derived from double p38α
-/-

 ApoE
-/-

 compared to ApoE
-

/-
 alone (Kardakaris et al., 2011). The pro-atherosclerotic role of p38 MAPK is also 

demonstrated in another in vivo model whereby ApoE
-/-

 mice with selective 

macrophage deletion of p38α exhibited lesion instability with increased apoptosis, 

fibrous cap thinning and collagen depletion. This study demonstrated that p38α 

inhibition induced endoplasmic reticulum stress in the macrophage via suppression 

of Akt phosphorylation (Seimon et al., 2009). Even though the necrosis, collagen and 

foam cell content in the atherosclerotic lesions in p38α
-/-

 ApoE
-/-

 was not 

significantly different compared to ApoE
-/-

 alone (Kardakaris et al., 2011), 

pharmacological inhibition of p38 MAPK could still be therapeutically beneficial as 

treatment of ApoE
-/-

 mice with the p38 MAPK inhibitor, SB203580, for 4 months 

reduced the atherosclerotic lesion size by approximately half (Seeger et al., 2010).  

 

JNK signalling: Various studies have shown the activation of JNK signalling in the 

vascular wall (endothelial cells and VSMC) during injury, including atherosclerosis, 

abdominal aortic aneurysm (AAA) and arterial restenosis post balloon angioplasty 

(Izumi et al., 2001, Hahn et al., 2009, Metzler et al., 2000, Yoshimura et al., 2005). 

In the atherosclerosis samples from animal models of ApoE
-/-

 and cholesterol fed 

rabbits, elevated JNK phosphorylation at the atherosusceptible site is colocalised 

with the expression of pro-inflammatory proteins (ICAM-1 and VCAM-1) and pro-

apoptotic molecules (p53, pro-apoptotic Bax and Bcl-X) respectively (Metzler et al., 
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2000, Orr et al., 2005, Wang et al., 2011). Inhibition of JNK in ApoE
-/-

 mice also 

reduces substantially the presence of atherosclerotic lesions (Wang et al., 2011). 

Interestingly, several studies have suggested a role for JNK as a positive regulator of 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signalling as 

a JNK inhibitor reduced phosphorylation and expression of p65 NF-κB (Wang et al., 

2011, Cuhlmann et al., 2011). In mouse models of AAA and restenosis, abrogation 

of JNK activity via pharmacological inhibition and dominant-negative JNK 

expression successfully prevented the development of these respective phenotypes 

(Izumi et al., 2001, Yoshimura et al., 2005).  

 

Further studies have also illustrated the important role of JNK signalling in 

mediating the pro-atherosclerotic effect of TNF-α. Results from microarray, 

quantitative reverse-transcription polymerase chain reaction (qRT-PCR) and Western 

blotting on human umbilical vein endothelial cells (HUVECs) have shown that TNF-

α stimulated higher expression of VCAM-1, E-selectin, interleukin-8, caspase 3 and 

protein phosphatase A (PP2A),  toll-like receptor 4 (TLR4) and receptor interacting 

protein-1 (RIP1) which is reversed by the JNK inhibitor CT536706 (Chaudhury et al., 

2010). TNF-α also promotes lesion destabilisation by decreasing the mRNA 

expression of pro-collagen enzyme subunit prolyl-4-hydroxylase αI (P4Hα(I)) which 

is abolished in the presence of a JNK inhibitor (Zhang et al., 2007). In addition, the 

reduction of TNF-α mediated nitric oxide (NO) release and vasodilatation in 

response to adenosine observed in pig coronary arterioles is reversed through pre-

incubation with a JNK inhibitor (Zhang et al., 2006).  

 

Another enzyme of the arachidonic acid pathway, namely cyclooxygenase-2 (COX-

2), that produces downstream prostanoids such as prostaglandin E2 (PGE2) and 

prostacyclin, is also found to be upregulated in atherosclerotic lesions in a JNK 

dependent manner (Belton et al., 2000, Cipollone et al., 2005a). Recent studies have 

demonstrated a pro-atherogenic role of COX-2 through the activation of EP4 

receptor by PGE2, in order to increase the expression of IL-6, metalloproteinases 
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(MMP) 2 and 9 (Cipollone et al., 2005b, Yokoyama et al., 2012). However 

application of a COX-2 inhibitor (MF-tricyclic and nimesulide) to ApoE
-/-

 and LDL 

receptor 
-/-

 mice for 3 weeks and 18 weeks produced increased and decreased 

atherosclerotic lesion size respectively (Pratico et al., 2001, Rott et al., 2003). These 

findings suggested that prolonged COX-2 inhibition mediated by JNK inhibition 

could be therapeutically beneficial. 

 

Other studies have also demonstrated that JNK activity could positively modulate the 

expression levels of cytokine signalling components, such as receptor-interacting 

protein 1 (RIP1) and pro-caspase 3, hence creating a positive loop of inflammation 

(Chaudhury et al., 2010). Oxidised LDL could activate TLR4 for increased NF-κB 

signalling (Yang et al., 2005) leading to increase in IL-1β promoter activity (Hiscott 

et al., 1993), inflammasome NOD-like receptor family and pyrin domain containing 

1 (NLRP-1) expression in endothelial cells (Yin et al., 2009). Elevated secretion and 

processing of IL-1β leads to more inflammatory activity via greater IL-1 receptor I 

(IL-1RI) stimulation.  

 

Furthermore, there are a few studies utilising knockout mice models which have 

suggested an isoform selective role for JNK in atherosclerosis. Compared to mice 

deficient in ApoE alone (ApoE
-/-

), JNK2
-/-

 ApoE
-/-

, but not JNK1
-/-

 ApoE
-/-

 develop 

lesser lesions (Ricci et al., 2004). This study also demonstrated that JNK2
-/-

 

macrophage have reduced foam cell formation via a decrease in modified lipoprotein 

(acetylated and oxidised LDL) uptake, with increase in expression and reduced 

phosphorylation of macrophage scavenger receptor A (SR-A) (Ricci et al., 2004). 

JNK2
-/- 

mice fed on a high cholesterol diet are also protected from endothelial 

dysfunction as hypercholesterolemia mediated reduction in NO, anti-oxidant 

superoxide dismutase (EC-SOD) and manganese superoxide dismutase (Mn-SOD) 

activity, compared to wild type (Osto et al., 2008). Thus, selective inhibition of 

JNK2 could be useful in atherosclerotic therapy.  
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1.3 The role of MAPK in disease: Cancer 

1.3.1 An overview of inflammation in cancer development 

Cancer, described as an aberrant, uncontrolled growth of cells, arises as a result of 

genetic alteration. Cancer leads to the development of a tumour, consisting of 

multiple cell types, such as cancer cells, immune cells, fibroblasts and endothelial 

cells, that collectively create a microenvironment conducive for tumour growth 

(Hanahan and Weinberg, 2000, Hanahan and Weinberg, 2011, Pietras and Ostman, 

2010).  The characteristics of cancer are summarised as evading apoptosis, self-

sufficiency in growth signals, tissue invasion and metastasis, insensitivity to anti-

growth signals, sustained angiogenesis and limitless replicative potential (Hanahan 

and Weinberg, 2000). Latterly, inflammation has been added on as one of the 

hallmarks of cancer (Colotta et al., 2009, Hanahan and Weinberg, 2000), indicating 

that pro-inflammatory cytokines, chemokines and leukocyte infiltration also play an 

important role in cancer cell survival and invasion (Dinarello, 2006).  

 

Despite the majority of studies focusing on the cellular proliferation in cancer, early 

studies examining various cancers, including lung, anal, oesophagus and breast, 

noted that chronic inflammation is commonly observed (Esipova, 1951, Gabriel, 

1941, Kilgore and Fleming, 1952, Moreno, 1950). The inflammation phenotype of 

cancer cells induces the recruitment of diverse leukocytes into the tumour 

environment, which then create a positive feedback loop of chemokine and cytokine 

secretion within the tumour microenvironment (Coussens and Werb, 2002). For 

instance, tumour-associated macrophages secrete an array of pro-cancerous factors, 

such as vascular endothelial growth factor (VEGF), MMP, CXCL8, TNF-α, IL-6 and 

IL-10, to support cancer cell growth, tumour migration and angiogenesis (Allavena et 

al., 2008, Schoppmann et al., 2002, Mantovani et al., 2009). Evidence also suggests 

that cancer cells could modulate the activity of immune cells as macrophages secrete 

more TNF-α upon exposure to the supernatant of breast cancer cells, which in turn 

increases E-selectin expression to support metastasis (Eichbaum et al., 2011). 

Cytokines can also modulate the activity of other growth factors as IL-1β induces G1 

cell arrest in breast cancer cells through inhibition of insulin-like growth factor-I 
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(IGF-I) signalling, including insulin receptor substrate-1 phosphorylation, cyclin-

dependent kinase 2 (Cdk2) activation and enhanced cyclin A expression (Shen et al., 

2004).   

 

An in vivo model has also shown that certain cytokines and chemokines are pro-

cancerous. Injection of B16 melanoma cells into IL-1β
-/-

 mice have impaired 

angiogenesis, leading to less cancer development and improved survival rates 

(Voronov et al., 2003). Furthermore, implantation of Lewis lung carcinoma cells 

transfected with IL-1β has resulted in greater tumour volume and vascularisation due 

to elevated VEGF and MIP-2 (mouse homolog for IL-8) (Saijo et al., 2002). The pro-

cancerous role of CXCR7 is suggested in a similar xenograft study whereby 

implantation of MDA-MB-435 overexpressing CXCR7 demonstrated greater tumour 

volume compared to wild type (Miao et al., 2007).  

 

These laboratory studies correlate well with the clinical data as results derived from 

microarray and SAGE (serial analysis of gene expression) revealed that cancer 

tissues from patients exhibit different cytokine expression profiles compared to 

normal tissues (Allinen et al., 2004, Carlsson et al., 2011). Immunohistochemical 

analysis of patient breast cancer cells also showed an elevation in MCP-1, CXCL5, 

CXCL12, CXCL14, TNF-α and IL-1β (Soria et al., 2011, Allinen et al., 2004). An 

increase in cytokine levels was not confined to the tumour microenvironment, but  

also occurred in the plasma and indeed may be useful biomarkers for cancer. For 

example, elevated plasma acute phase protein (APP) and interleukin-6 (IL-6) were 

found to be associated with disease recurrence and poorer prognosis in breast cancer 

(Cole, 2009, Salgado et al., 2003, Zhang and Adachi, 1999). Thus, inhibition of 

cytokine and chemokines could be a promising therapeutic target in cancer as 

evaluated in clinical trials (Lazennec and Richmond, 2010). 
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Figure 1.3: Hallmarks of cancer and the relationship between inflammation and 

cancer 

Tumours consist of various cell types including cancer cells, immune cells, fibroblasts and 

endothelial cells that form a tumour microenvironment to support its growth. The seven 

characteristics of cancer are also highlighted in green in (A) whereas the inflammatory 

proteins that interact with cancer environment are stated in (B) (Hanahan and Weinberg, 

2011, Dinarello, 2006). PGE2: Prostaglandin E2; ROS: Reactive oxygen species; IFNγ: 

Interferon-gamma; IL: Interleukin, VEGF: Vascular endothelial growth factor. 

http://en.wikipedia.org/wiki/Prostaglandin
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1.3.2 The role of MAPK in cancer 

MAPK signalling in inflammation is associated with cancer: As discussed above, a 

reduction in inflammation within cancer could be achieved by decreasing the 

expression or activity of cytokines and chemokines. However, most studies in cancer 

have focused on cytokine and chemokine receptor inhibitors, thus inhibition of 

MAPK in inflammation linked to cancer is largely extrapolated from other 

inflammatory diseases. For instance, pharmacological inhibition of p38 MAPK in 

bone marrow stromal cells reduced TNF-α induced IL-6 secretion (Hideshima et al., 

2003), whereby IL-6 is generally found to promote cancer cell growth and metastasis 

(Hideshima et al., 2003, Schafer and Brugge, 2007, Tawara et al., 2011). 

 

The limited studies in cancer cells have also supported the pro-cancerous role of 

MAPK signalling in relation to the secretion of inflammatory mediators. Activation 

of ERK is well known to increase the expression of IL-8 in various cancer cells to 

promote vascularisation and endothelial cell recruitment (Sparmann and Bar-Sagi, 

2004). In colon cancer cells, inhibition of ERK, p38 MAPK and JNK signalling 

using pharmacological inhibitors have been shown to reduce IL-1β induced COX-2 

expression, which could decrease the proliferative capacity of COX-2 in cancer cells 

(Oshima et al., 1996, Liu et al., 2003). Inhibition of JNK using siRNA also reduced 

pancreatic cancer cell migration stimulated by IL-1β as shown by a wound healing 

assay (Verma et al., 2012). In prostate cancer cells, IL-4 induced a proliferative 

effect in a JNK-dependent manner, whereas p38 MAPK negatively regulated TNF-α 

induced apoptosis (Roca et al., 2012, Ricote et al., 2006). Inhibition of p38 MAPK 

also decreased the secretion of G-CSF, IL-6, IL-10, MCP-5, CCL5, TNF-α and 

VEGF in dendritic cells treated with tumour culture conditioning medium (Wang et 

al., 2006).   

 

MAPK signalling could also be implicated in the side-effects of chemotherapeutic 

agents. Inhibition of p38 MAPK can reduce the cytokine-induced fatigue during 

chemotherapy as the increase in IL-1β, TNF-α and/or IL-6 expression, but not the 
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cytotoxic effects of etoposide, 5-fluorouracil and doxorubicin is reversed in the 

presence of a p38 MAPK inhibitor, ML3404 (Elsea et al., 2008). In addition to 

inflammation, MAPK signalling also contributes to the pathogenesis of cancer via 

direct modulation of cell growth, apoptosis and migration (as discussed below), 

however the studies highlighted above do suggest that the inflammatory driven 

responses mediated by MAPK can play a role in cancer.  

 

ERK signalling: Since the initial discovery of the Ras proto-oncogene being a key 

regulator of ERK signalling, a large body of evidence has accumulated, implicating 

the MAPK pathway in the pathogenesis of cancer. Hyperactivation of the ERK 

pathway, either by mutation of its upstream intermediates Raf or Ras, causes 

uncontrolled cell proliferation and chemotherapeutic resistance in various cancers, 

such as melanoma, breast and thyroid cancer (McCubrey et al., 2007, Sheridan et al., 

2008, Karasarides et al., 2004). Mutation of Ras is found in up to 30% of all cancers, 

but is more prevalent in pancreatic, colon, thyroid, lung and melanoma cancers (Bos 

et al., 1987, Davies et al., 2002). Activation of ERK promotes cancer cell survival by 

phosphorylation of B-cell lymphoma 2 (Bcl2) protein family, including Bcl-2-like 

protein 1-extra long (BimEL), Bcl-2-associated death promoter (Bad) and myeloid 

cell leukemia sequence 1 (MCL-1), to reduce pro-apoptotic signals (Domina et al., 

2004, Fueller et al., 2008, Ley et al., 2003). Activation of ERK is also implicated in 

cancer cell motility and invasion through stabilisation of Fos-related antigen-1 (Fra-1) 

transcription factor expression to suppress β1-integrin signalling to Rho in colon 

cancer cells (Vial et al., 2003, Vial and Marshall, 2003). However some evidence 

also suggests a pro-apoptotic role for ERK signalling as DNA damaging stimuli such 

as etoposide, UV and ionising irradiation can also activate ERK. Inhibition of ERK 

signalling reduces the apoptotic effect of these stimuli, but via a mechanism 

independent of p53 activity (Tang et al., 2002). In summary, ERK activation could 

lead to diverse effects on cell growth depending on the stimuli and cell type studied.  

 

p38 MAPK signalling: In contrast to ERK, p38 MAPK activation is largely 

associated with a negative effect upon cell proliferation and survival (Bradham and 
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McClay, 2006, Xia et al., 1995, Olson and Hallahan, 2004). Deletion of both 

upstream kinases, MKK3 and MKK6, induces uncontrolled proliferation and tumour 

formation in mice (Brancho et al., 2003). These results are consistent with the ability 

of p38 MAPK to decrease cyclin D expression and the phosphorylation of p53 at 

Ser33 and Ser46, cdc25B at Ser 309 and Ser 361 and cdc25C at Ser 216 (Bulavin et 

al., 2001, Bulavin et al., 1999, Lavoie et al., 1996). On the other hand, p38 MAPK 

signalling can also produce a pro-apoptotic outcome as its activation by high 

concentrations of TNF-α and UVC mediates the internalisation of EGFR to induce 

apoptosis (Zwang and Yarden, 2006). Activated p38 MAPK also phosphorylates p53 

at Ser33 and Ser46 to mediate the apoptotic effect of p53 (Bulavin et al., 1999). One 

study suggests that the pro-apoptotic effect of p38 MAPK is linked to cellular ERK 

expression, high ERK activity relative to p38 MAPK is found in proliferating cells 

whereas a low ERK to p38 MAPK activity ratio is detected in dormant cells 

(Aguirre-Ghiso et al., 2004). Pharmacological inhibition of p38 MAPK could be 

applied concurrently with chemotherapy for higher therapeutic efficacy as it 

sensitises quiescent cells to fluorouracil and cytarabine induced apoptosis as 

observed in a leukemic cell model (Vaidya et al., 2008).  

 

JNK signalling: Similar to other MAPKs, JNK has been found to be highly 

phosphorylated in various cancer tissues, including breast, glioblastoma and 

melanoma (Cui et al., 2006, Davidson et al., 2006, Gee et al., 2000, Lopez-Bergami 

et al., 2007, Wang et al., 2010b, Yeh et al., 2006). Although JNK activation was 

linked to a lower patient survival rate, the exact pro- or anti-apoptotic role of JNK in 

cancer has remained controversial, and could be cell type or JNK isoform dependent 

(Kennedy and Davis, 2003, Weston and Davis, 2007). Microarray analysis has 

demonstrated different patterns of gene expression in embryonic cells derived from 

JNK1
-/-

 and JNK2
-/-

 mice (Chen et al., 2002) whilst in mouse skin studies increased 

tumour formation has been found in JNK1
-/-

 mice (She et al., 2002), but is reduced in 

JNK2
-/-

 mice (Chen et al., 2001). However increased tumour proliferation following 

JNK2
 
deletion has been shown in other cell types, such as hepatocytes, fibroblasts 

and erythroblasts (Sabapathy and Wagner, 2004). These differences may be 
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clinically relevant as in breast cancer cells, high JNK2 expression was observed to 

negatively correlate with patient survival (Mitra et al., 2011). High JNK1 expression 

was also found in breast cancer tissues with overexpressed human epidermal growth 

factor 2 (Her2) and JNK1 inhibition induced apoptosis in cells derived from these 

tissues (Han and Crowe, 2010).  

 

The studies outlined above conducted in vivo have been supported by a number of 

experiments performed in different cancer cell models. Work has largely focused on 

the regulation of apoptosis mediated principally by JNK1 or has not sort to 

distinguish the roles of the different JNK isoforms. Indeed, JNK has been linked to 

apoptosis, as characterised by DNA fragmentation, chromatin condensation, caspase 

3 activation and membrane blebbing, via either the intrinsic pathway through nuclear 

translocation or the extrinsic pathway through activation of mitochondrial dependent 

caspases (Dhanasekaran and Reddy, 2008, Lei et al., 2002). Activation of JNK 

within the nucleus elevated the expression of pro-apoptotic proteins, such as TNF-α, 

TNF receptor superfamily, member 6 (Fas) and Bcl-2 homologous antagonist/killer 

(Bak) (Dhanasekaran and Reddy, 2008). Further detailed studies in Jurkat T cells has 

shown that JNK activation led to the binding of the transcription factors, ATF2 and 

c-Jun, to the Fas promoter region at position 338 and 316, to increase apoptosis 

(Faris et al., 1998, Faris et al., 1998(a)). JNK has also been shown to phosphorylate 

the transcription factor p53 at Thr81 to induce proliferation arrest through 

p21
Cip1/Waf1 

and 14-3-3 activity and also apoptosis through Bax, Fas, Insulin-like 

growth factor-binding protein 3 (IGF-BP3) and p53 up-regulated modulator of 

apoptosis (PUMA) (Buschmann et al., 2001, Fuchs et al., 1998). Another member of 

the p53 family, p73, has also been found to be phosphorylated by JNK to stimulate 

apoptosis (Jones et al., 2007). 

 

In addition to transcription factor induced apoptosis, JNK signalling can also 

modulate apoptosis via the mitochondria. In fibroblasts derived from JNK
-/- 

mice, the 

apoptotic effect of UVC, DNA-alkylating agent methyl methanesulfate and 
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anisomycin is prevented due to a lack of mitochondrial depolarisation and 

cytochrome c release (Lei et al., 2002, Tournier et al., 2000). The mitochondrial 

pathway is regulated by several Bcl2 family proteins, including Bcl-2, Bcl-XL and 

Mcl-1 which are anti-apoptotic, and Bax, Bad, Bak, BH3 interacting-domain death 

agonist (Bid) and Bim which are pro-apoptotic (Lucken-Ardjomande and Martinou, 

2005, Scorrano and Korsmeyer, 2003). Activated mitochondrial JNK can 

phosphorylate Bcl-2 at Ser70, Ser87 and Thr69; and Bcl-XL at Thr47 and Thr115 to 

inhibit their anti-apoptotic effect (Brichese et al., 2004, Kharbanda et al., 2000, Lei et 

al., 2002, Yamamoto et al., 1999). In addition, activated JNK can also phosphorylate 

BimL and Bmf to allow their dissociation from their binding partners myosin V 

motor complex and dynein motor complex respectively (Lei and Davis, 2003). Bim 

then activates Bax for the initiation of mitochondrial apoptotic pathway (Harris and 

Johnson, 2001, Marani et al., 2002). Activated JNK also phosphorylates 14-3-3ζ at 

Ser184 and 14-3-3σ at Ser186 to allow the dissociation of Bax from 14-3-3 binding, 

allowing the freed Bax to translocate into the mitochondria for cytochrome c release 

and apoptosis (Tsuruta et al., 2004). It should be noted that JNK signalling mediates 

the cell survival effects of interleukin-3 via phosphorylation of Bad at Thr201 to 

inhibit the association of Bad with BCL-XL (Yu et al., 2004), suggesting that not all 

effects of JNK within the mitochondria are pro-apoptotic.  

 

More recent studies have focused on a role for JNK2 in regulating proliferation and 

apoptosis. It has been demonstrated that in cancer cells, upregulation of JNK2 

suppressed the pro-apoptotic pathway mediated by JNK1, thus siRNA for JNK2 

induced apoptosis in various cancer cells lines via accumulation of c-Jun and down-

regulation of the oncoprotein Bcl-3 (Ahmed and Milner, 2009). The expression of 

JNK2 also caused enhanced cell proliferation and migration through an increase in 

EGFR activation via the formation of adaptor proteins epidermal growth factor 

substrate 8 (EPS8)-Abl interaction-1 (Abi-1)-Son of sevenless-1 (Sos-1) (Mitra et al., 

2011). In addition, JNK2 was observed to co-localise with DNA ligase in the nucleus 

following UVC dependent single stranded DNA damage, to allow cell cycle 
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progression (Chen et al., 2010). Thus, selective inhibition of JNK2 could be 

favourable in cancer therapy. 

 

1.4 Activators of JNK in atherosclerosis and cancer 

Given the importance of JNK in atherosclerosis and cancer, it is useful to describe 

the mechanisms through which endogenous activators regulate this pathway. Key 

inflammatory cytokines, include TNF-α and IL-1β whilst in the context of cancer, 

UVC is a noted activator, relevant primarily in skin cancer.  

 

1.4.1 Cytokines as JNK activators 

Inflammatory cells, such as macrophages and mononuclear cells, are the main 

contributors of cytokine production in both atherosclerosis and cancer conditions 

(Kishikawa et al., 1993, Tipping and Hancock, 1993, Lewis and Hughes, 2007, 

Tipping et al., 1993). In addition, endothelial cells and cancer cells themselves could 

also produce TNF-α and IL-1β in response to pro-inflammatory stimuli. For instance, 

lipopolysaccharide, advanced glycation end products (AGE) and specific forms of 

oLDL stimulate the secretion of TNF-α and IL-1β by endothelial cells (Lemaire et al., 

1998, Miossec et al., 1986, Ranta et al., 1999, Rashid et al., 2004). The following 

sections will discuss the general characteristics of TNF-α and IL-1β, and the 

upstream signalling intermediates involved in JNK activation.   

 

1.4.1.1 TNF-α  

The pro-inflammatory cytokine TNF-α potently mediates both acute (Song et al., 

2001b) and chronic inflammation, such as rheumatoid arthritis (Feldmann and Maini, 

2001), postmenopausal osteoporosis (Roggia et al., 2001) and diabetes (Sethi et al., 

2000). TNF-α cloned  in 1984 is found to exist in both soluble (Pennica et al., 1984) 

and membrane-integrated forms (Kriegler et al., 1988). Further studies have 

identified other TNF superfamily members, amounting to a total of 19 TNF ligands 

and 30 corresponding receptors (Ware, 2008).  TNF-α activates the ubiquitously 
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expressed TNF receptor 1 (TNFR1) and TNFR2 (Brockhaus et al., 1990), by 

inducing receptor trimerisation at the pre-ligand-binding assembly domain (PLAD) 

(Chan et al., 2000). However only the TNFR1 contains an intracellular death domain 

(DD) (Tartaglia et al., 1993) which allows recruitment of the adapter protein, named 

TNFR1 associated death domain (TRADD) (Hsu et al., 1995) upon receptor 

activation. Without a DD, TNFR2 forms a heterodimer with TNF-receptor-associated 

factor 2 (TRAF2) for signal transduction (Rothe et al., 1994).  

 

1.4.1.1.1 Activation of JNK pathway by TNF-α 

Since TNF-α is overexpressed in inflammatory conditions, its activation of stress 

activated protein kinases (SAPK) has been studied extensively, in particular JNK 

signalling. The initial step of TNFR1 activation involves receptor trimerisation, 

followed by the recruitment of TRADD, TRAF2 and receptor interacting protein 

(RIP) to the receptor complex (Chan et al., 2000, Hsu et al., 1996). 

Immunoprecipitation studies show that geminal center kinase (GCK) and GCK-like 

kinase (GLK) acts as signal intermediates to link TRAF2 to downstream MEKK1 

(Diener et al., 1997, Yuasa et al., 1998). MEKK1 then phosphorylates MKK7 to 

activate JNK and AP-1 (Foltz et al., 1998, Moriguchi et al., 1997). In addition, one 

study in adipocytes reveals that TNF-α and TRAF2 can activate Gq/11 through β-

arrestin-1, leading to cdc42/PI3K, MEKK1 and JNK activation (Kawamata et al., 

2007), however this interaction has not been demonstrated in other cell types and is 

unlikely to be a bonafide pathway.  

 

Even though TNF-α normally activates JNK only transiently, inhibition of cellular 

FADD-like IL-1β-converting enzyme inhibitory protein (c-FLIP) and NF-κB allows 

a prolonged activation of JNK by TNF-α (Nakajima et al., 2008, Wicovsky et al., 

2007). Under these circumstances, JNK activity is found to be caspase and reactive 

oxygen species (ROS) dependent. Activation of JNK still requires the activity of 

upstream MEKK1 but the exact caspase isoform(s) involved remain unclear. Fas-

associated death domain protein (FADD) binds to TNFR1, followed by downstream 
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caspase 8 and caspase 3 activation (Schneider-Brachert et al., 2004), these caspases 

may produce a persistent JNK signal. Furthermore ROS oxidises and dissociates the 

thioredoxin (Trx)-apoptosis signal-regulating kinase 1 (ASK1) complex, together 

with TRAF2, enables the free ASK1 to form homo-oligomerisation for JNK 

activation (Gotoh and Cooper, 1998, Liu et al., 2000, Saitoh et al., 1998). The role of 

ASK1 in TNF-α mediated persistent JNK signalling is also confirmed, as mouse 

embryonic fibroblasts derived from ASK1
-/- 

mice demonstrate a rapid decline of JNK 

activity to near baseline by an hour, compared to continuous JNK activation even at 

2 hours for ASK
+/+

 (Tobiume et al., 2001). In conclusion, TNF-α activates JNK 

signalling via different mechanisms, for different cell types and conditions, as 

summarised in Figure 1.4.  
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Figure 1.4: Activation of JNK signalling by TNF-α 

The signalling components involved in the activation of JNK signalling by TNF-α are 

summarised in the diagram above (Kawamata et al., 2007, Wajant et al., 2003). TNF-α: 

Tumour necrosis factor-α; TNFR1: TNF receptor 1; TRADD: TNFR1-associated death 

domain protein; TRAF2: TNFR1 associated factor-2; FADD: Fas-associated death domain 

protein; ROS: Reactive oxygen species; Trx: Thioredoxin; ASK1: Apoptosis signal-

regulating kinase 1; S: Sulphur; GCK: Geminal center kinase; GLK: GCK-like kinase; cdc42: 

Cell division control protein 42 homolog; PI3K: Phosphatidylinositol 3-kinase; MEKK1: 

Mitogen-activated protein kinase kinase kinase 1; MKK7: Mitogen-activated protein kinase 

kinase 7; JNK: c-Jun NH2-terminal kinase; Bcl-2: B-cell lymphoma 2; AP-1: Activator 

protein 1.  
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1.4.1.1.2 Activation of other signalling pathways by TNF-α 

In addition to JNK, TNF-α can also activate the other two members of the MAPK 

family, namely ERK and p38 MAPK. For ERK, direct interaction of TNFR1 

cytoplasmic death domain with MAPK kinase activating-death domain (MADD) 

promotes the RIP2 recruitment to TNFR1, leading to phosphorylation of ERK2 and 

the AP-1 transcription factor, leading to cell proliferation (Navas et al., 1999, 

Schievella et al., 1997).  Alternatively, TNFR1 is found to bind to tyrosine kinase 

receptor adaptor protein, Grb2, allowing the interaction between TNFR1 and son of 

sevenless (SOS) (Hildt and Oess, 1999). SOS subsequently activates Ras, c-Raf-1 

and ERK signalling in HEK 293 cells (Hildt and Oess, 1999). Nevertheless 

concurrent activation of neutral sphingomyelinase (N-SMase) via the interaction of 

TNFR1 and adaptor protein FAN (factor associated with neutral sphingomyelinase) 

is required for the complete magnitude of ERK activation by TNF-α (Hildt and Oess, 

1999). On the other hand, the exact downstream signalling components that mediate 

TNFR activation of p38 MAPK is less well understood. Studies on TNFR1 activation 

of p38 MAPK, demonstrated common upstream signalling components, as seen with 

activation of JNK, namely binding to TRAF2 (Yuasa et al., 1998). Therefore, 

TRAF2 has been shown to bind to RIP, rather than GCK, to initiate downstream 

activation of p38 MAPK (Yuasa et al., 1998).  MKK3 knock-out studies in murine 

embryonic fibroblasts (MEFs) has then revealed that MKK3 mediates TNF-α 

activation of p38 MAPK for cytokine production (IL-1α, IL-1β and IL-6) (Wysk et 

al., 1999). 

                                    

Furthermore, TNF-α also activates the NF-κB pathway through the recruitment of 

TRADD, TRAF2 and RIP to the receptor (Hsu et al., 1996). TRAF2 alone is 

sufficient to recruit the IκB kinase (IKK) complex, but RIP is vital for the IKK 

activation as shown in knockout fibroblasts (Devin et al., 2000). MEKK3 then aids 

RIP phosphorylation of IKK for NF-κB activation (Yang et al., 2001b). PKC ζ also 

participates in TNF-α mediated NF-κB activation by phosphorylating IKKβ at 

Ser177 and Ser181 (Lallena et al., 1999). In turn, the IKK complex phosphorylates 

inhibitory κB -α (IκB-α) for its degradation by E3 ubiquitin ligase Skp1/Cullin-Fbox 
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(Hatakeyama et al., 1999). The free p50-p65 NF-κB subunit from the IκB-α complex 

then enters the nucleus for targeted gene transcription.  

 

In contrast to TNF-α mediated pro-survival via NF-κB signalling, TNF-α can also 

trigger a series of caspase related apoptotic events. Upon TNF-α binding, TNFR1 

internalises as a death-inducing signalling complex (DISC) consisting of TNFR1, 

TRADD, FADD and caspase 8 to cause necrosis via sphingomyelinase and cathepsin 

D activation or apoptosis via caspase 3 activation (Schneider-Brachert et al., 2004). 

Alternatively, caspase 8 cleaves Bid to allow its C terminal truncated form (tBid) to 

translocate to the mitochondria, leading to cytochrome c release (Luo et al., 1998). 

Reactive oxygen intermediates also contribute to the cytotoxic effect of TNF-α 

(Goossens et al., 1995). Overall, the TNF-α mediated apoptotic effect is negatively 

regulated by the NF-κB pathway through increased gene transcription of cellular 

inhibitor of apoptosis 1/2 (cIAP1/2) to inhibit caspase 8 activation (Wang et al., 

1998a).  

 

1.4.1.2 IL-1β 

Another pro-inflammatory cytokine, IL-1, also potently activates MAPK, particularly 

JNK and p38 MAPK, and also NF-κB signalling, as demonstrated in T helper cells 

(Orencole and Dinarello, 1989). The IL-1 family of receptors consists of various 

members, including IL-1α, IL-1β, IL-1 receptor antagonist (IL-Ra) and IL-18, which 

bind to IL-1 receptors (Apte et al., 2006, Bird et al., 2002, Martin and Wesche, 2002). 

IL-1α and IL-1β can bind to IL-1 receptor type I and type II (IL-1RI and IL-1RII 

respectively), both the transmembrane and soluble forms, but only binding to 

transmembrane IL-1RI leads to downstream signalling activation. IL-1α and IL-1β 

produce similar biological effects but IL-1β is only secreted during inflammation, 

with different tissue expression to IL-1α (Hacham et al., 2000). Both IL-1α and IL-

1β are secreted as 31kDa precursors, which are cleaved into their active 17kDa form, 

by calpain and IL-1β-converting enzyme respectively (Howard et al., 1991, Kavita 

and Mizel, 1995).  
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1.4.1.2.1 Activation of JNK pathway by IL-1β 

Similar to TNF-α, binding of IL-1β to the IL-1RI induces the recruitment of 

numerous adaptor proteins for the formation of intermediate signalling complexes. 

Binding of IL-1β to the extracellular region of IL-1RI promotes the 

heterodimerisation with the IL-1 receptor accessory protein (IL-1RAcP) (Huang et 

al., 1997, Li et al., 2005). The signalling components for IL-1β share a greater 

similarity with the Toll-like receptor (TLR) family, that also utilises myeloid 

differentiation factor 88 (MyD88), IL-1 receptor associated kinase-4 (IRAK-4), 

IRAK-1, TGFβ-activating kinase 1 (TAK1), TAK binding protein 1/2 (TAB1/2) and 

TRAF6 for JNK and NF-κB signalling (Takeda and Akira, 2004). The recruitment of 

MyD88-Toll-interacting protein (Tollip) complex (Burns et al., 2000, Radons et al., 

2002, Wesche et al., 1997) and IRAK-4 (Fraczek et al., 2008, Li et al., 2002) to the 

receptor forms a stable complex of IL-1β, IL-1RI, IL-1RAcP, MyD88 and IRAK-4 

as shown by mass spectrometry (Brikos et al., 2007). The serine-threonine kinase 

IRAK-1, is also recruited to the receptor complex (Li et al., 2001), that then 

undergoes phosphorylation by IRAK-4 at Thr387 and autophosphorylates the ProST 

region (Kollewe et al., 2004).  

 

Next, the hyperphosphorylated IRAK-1 leaves the receptor complex to bind to 

TRAF6 (Cao et al., 1996b), TAB2 (Takaesu et al., 2000) and the pre-associated 

TAK1-TAB1 complex (Shibuya et al., 1996) to form an intermediate signalling 

complex (Takaesu et al., 2001, Walsh et al., 2008). TAB2/3 promotes the assembly 

and ubiquitination-dependent activation of TRAF6 at the CUE domain (Kishida et al., 

2005, Ishitani et al., 2003). Activated TRAF6, works together with ubiquitin proteins 

Ubc13 and Uev1A (Deng et al., 2000), to mediate the polyubiquitination of TAK1 at 

Lys63 (Fan et al., 2010). Finally, TAK-1 also undergoes autophosphorylation at 

Thr178, Thr184, Thr187 and Ser192 (Kishimoto et al., 2000, Singhirunnusorn et al., 

2005, Yu et al., 2008) to activate MKK4/7 and MKK3/6 to stimulate JNK and p38 

MAPK respectively (Guan et al., 1998, Yao et al., 1997). The current model for IL-

1β mediated signalling is summarised in Figure 1.5. 
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Figure 1.5: The IL-1β signalling pathway 

Binding of IL-1β to its receptor IL-1RI induces the recruitment of various adaptor molecules 

as illustrated above (Martin and Wesche, 2002). The green P circle indicates the 

hyperphosphorylation whereas the blue Ub circle indicates the ubiquitination process. IL-1β: 

Interleukin-1β; IL-1RI: Interleukin-1 receptor type I; IL-1RAcP: Interleukin-1 receptor 

accessory protein; MyD88: Myeloid differentiation primary response gene 88; TAK1: TGFβ 

–activating kinase 1; TAB: TAK binding protein; IRAK: Interleukin-1 receptor-associated 

kinase; Tollip: Toll interacting protein; TRAF6: TNF receptor associated factor 6; Ubc13: 

ubiquitin-conjugating enzyme (E2); Uev1A: ubiquitin-like protein; NF-κB: Nuclear factor 

kappa-light-chain-enhancer of activated B cells; MKK: Mitogen-activated protein kinase 

kinase; JNK: c-Jun N-terminal kinase. 
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1.4.2 UVC 

Several other stress-related mediators can could also induce potent activation of JNK 

activity, such as UVC and certain chemotherapeutic agents (Chen et al., 1996a, 

Sanchez-Perez et al., 1998, Wu et al., 2002). Based on the wavelength, UV 

irradiation is divided into UVA (315 – 400 nM), UVB (280 – 315 nM) and UVC 

(100 – 280 nM) (Tyrrell, 1996).  UVC irradiation has been proposed as an adjunct 

therapy, in combination with chemotherapy or surgery, to increase treatment efficacy. 

These actions are underpinned by a range of effects on different cancer cells, 

depending on the strength of the UVC. In tumour necrosis factor-related apoptosis-

inducing ligand (TRAIL) resistant colon carcinoma, co-treatment of TRAIL and 

UVC produced increased apoptosis via elevated release of cytochrome c and caspase 

activity (Kim et al., 2008). UVC irradiation also downregulates EGFR via p38 

MAPK signalling (Yamauchi et al., 2011) and decreases the translation and 

accumulation of hypoxia inducible factor 1-α (HIF-1α) to reduce angiogenesis 

(Rapisarda and Melillo, 2007). Recent in vivo transplantation of fluorescence 

labelled lung carcinoma cells into mice has tested the implementation of UVC in 

cancer treatment (Kimura et al., 2010). In this study, cancer cells undergo apoptosis 

post UVC exposure, with a reduction in minimal residual cancer and no apparent 

side effects observed. The apoptotic effect of UVC has been shown to link to JNK 

signalling (Dunkern et al., 2001, Wu et al., 2002), thus the intermediates linking 

UVC to JNK signalling are described below. 

 

1.4.2.1 Activation of the JNK pathway by UVC 

Exposure to UVC consistently induces prolonged JNK activity in various cell lines 

(Chen et al., 1996b, Hamdi et al., 2005, Liu et al., 1995). Although the exact 

signalling mechanisms involved are not clearly elucidated, the studies collectively 

propose both the receptor and DNA damage dependent modal of JNK activation. The 

short term signalling is mediated by multiple membrane receptors via assemble and 

internalisation of TNFR1, CD95/Fas receptor and EGFR (Rosette and Karin, 1996). 

Downstream ligand-independent TNFR1 activation by UVC results in the 

recruitment of FADD to TNFR1, followed by activation of caspase 8 and 10 to 
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induce apoptosis (Sheikh et al., 1998). UVC also stimulates ligand-independent 

Fas/CD95 receptor activation, leading to binding of death-associated protein 6 (Daxx) 

for downstream JNK signalling and apoptosis (Wu et al., 2002). Lastly, UVC 

phosphorylates EGFR at Tyr1068 (Sachsenmaier et al., 1994, Cao et al., 2008), to 

stimulate ERK, p38 MAPK, JNK, NF-κB, and PI3K signalling (Cao et al., 2008, El-

Abaseri et al., 2005).  

 

In contrast, long term JNK signalling in response to UVC is dependent on the 

formation of DNA lesions, consisting of cyclobutane pyrimidine dimer (CPD) and 6-

4 photoproduct (6-4 PP) (Dunkern et al., 2001, El-Mahdy et al., 2000, Ford and 

Hanawalt, 1997). Following enucleation, the removal of damaged DNA, JNK 

activity is reduced (Adler et al., 1995a), whereas deficiency in transcription-coupled 

repair significantly increases UVC mediated JNK signalling and apoptosis (Hamdi et 

al., 2005). Dunkern et al also reported that activation of Bcl-2, caspase 8, 9, 3 and 

PARP are involved in the UVC mediated apoptotic effect (Dunkern et al., 2001). The 

signalling mechanisms mentioned in the text are illustrated in Figure 1.6. 
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Figure 1.6: The JNK signalling pathway induced by UVC 

As mentioned in the text, UVC induces JNK signalling via ligand-independent activation of 

surface membrane receptors and DNA damage in the nucleus to induce cell apoptosis. UVC: 

Ultraviolet subtype C; TNFR1: Tumour-necrosis factor receptor-1 ; FADD: Fas-associated 

protein with death domain; Daxx; Death-associated protein 6 ; EGFR: Epidermal growth 

factor receptor; Grb-2: Growth factor receptor-bound protein 2; MEKK-1: Mitogen-activated 

protein kinase kinase kinase 1; SEK-1: Mitogen-activated protein kinase kinase 4  (also 

known as MKK4); JNK: c-Jun N-terminal kinase; Bcl-2: B-cell lymphoma 2.    
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1.5 G-protein coupled receptors (GPCRs)  

A key group of receptors, which have a diverse number of molecular functions in 

cells, are G-protein coupled receptors (GPCRs). These receptors have the potential to 

interact with and modify cytokine mediated signalling to regulate inflammation. 

Therefore, the characteristics and activation of GPCRs are examined below.  

  

1.5.1 General characteristics of GPCRs 

Since the cloning of bovine rhodopsin, GPCRs have been studied extensively as 

attractive therapeutic targets in the treatment of cancers and inflammation-related 

diseases (Nathans and Hogness, 1983, Osmond et al., 2010). Over 200 families and 

subfamilies of GPCRs have been identified through genetic studies, some remain 

defined as orphan receptors as their function and signalling characteristics are still 

unknown (Alexander et al., 2008). GPCRs are divided into several families based on 

the agonist binding sites on the receptor: class A rhodopsin-like, class B secretin-like, 

class C metabotropic glutamate/pheromone, vomeronasal and taste receptors 

(Vroling et al., 2011). The recent resolution of the crystal structures of GPCRs, such 

as A2A adenosine receptor, H1 histamine receptor, S1P1 sphingosine 1-phosphate 

receptor 1 and the β1 and β2 adrenoceptors, has allowed further understanding of the 

binding sites for both agonists and antagonists and other effector molecules 

(Rasmussen et al., 2011, Hanson et al., 2012, Warne et al., 2008, Hino et al., 2012, 

Shimamura et al., 2011). In general, GPCRs comprise of an extracellular N-terminus, 

seven α-helices, transmembrane domain and an intracellular C-terminal. Binding of 

an agonist at the N-terminus and/or the transmembrane domain induces 

conformational changes in the receptor structure to allow the receptor to interact with 

the coupling G proteins and effector molecules, initiating downstream signal 

transduction. Details on the activating mechanisms of G proteins will be discussed in 

the following subsections.     
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1.5.2 Downstream signalling pathways of heteromeric G-proteins 

In general, the activation model for GPCRs involves a complex interaction among 

receptor, G proteins, effector molecules, regulators of G protein signalling (RGS 

proteins) and other accessory proteins (Offermanns, 2003). Receptor activation leads 

to the recruitment of trimeric Gα/Gβ/Gγ complex (Blank et al., 1991) at the C-

terminal. Increase in guanosine diphosphate (GDP) – guanosine triphosphate (GTP) 

exchange on the Gα subunit stimulates the dissociation of Gβ/Gγ from the complex 

to allow Gα and Gβ/Gγ to interact with their respective effector molecules (Hepler 

and Gilman, 1992). The activation of G proteins is terminated by the activity of 

GTPase that converts GTP of Gα back to GDP, reforming the trimeric G protein 

complex. The cycle of GPCR activation is illustrated in Figure 1.7. RGS proteins can 

modulate the receptor signalling by increasing the GTPase rate of Gα (Hollinger and 

Hepler, 2002).  

 

Signalling specificity of GPCRs is to an extent determined by the subgroup(s) of G 

proteins activated, namely Gαs, Gαi/o, Gαq/11 and Gα12/13 (Conklin and Bourne, 1993, 

Clapham and Neer, 1993). Early screening with bacteria toxins Vibrio cholera and 

Bordetella pertussis have led to the categorization of Gα proteins based on their 

sensitivity towards the toxins (Gill and Meren, 1978, Katada and Ui, 1982). Cholera 

toxin catalyses ADP-ribosylation at the arginine residue of Gαs to inhibit GTPase, 

leading to persistent Gαs activation. With the same mechanism, pertussis toxin 

induces ADP-ribosylation at the cysteine residue of Gαi/o to prevent the coupling of 

Gαi/o to GPCRs, hence inhibiting the signal transduction of Gαi/o (Mangmool and 

Kurose, 2011). Gαq/11 and Gα12/13 are insensitive to both the toxins. The downstream 

pathways that are linked to these G proteins are discussed in the following 

subsections.  
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Figure 1.7: Heteromeric G protein activation by GPCRs 

Activation of G proteins involves the recycling of GDP-GTP that mediates the 

dissociation and association of trimeric Gα/Gβ/Gγ complex. Only free Gα and Gβ/Gγ 

subunits can interact with the effectors for downstream signalling activation 

(Offermanns, 2003). GDP: guanosine diphosphate; GTP: guanosine triphosphate. 

 

1.5.2.1 Gα dependent signalling pathways 

Activation of Gαs is measured by an increased activity of membrane glycoprotein 

adenylyl cyclase (AC) (Pfeuffer et al., 1991, Gill and Meren, 1978) through direct 

binding of Gαs to the cytosolic domain of AC as demonstrated in crystallisation and 

binding assays (Sunahara et al., 1997, Tesmer et al., 1997). This leads to raised 

intracellular cyclic adenosine monophosphate (cAMP) formation, which then 

promotes the activation of protein kinase A (PKA) (Uhler et al., 1986a, Uhler et al., 

1986b) and PKA independent exchange protein directly activated by cAMP (EPAC) 

(de Rooij et al., 1998, Kawasaki et al., 1998).  

 

PKA can bind to its downstream signalling targets, including cAMP responsive 

element binding protein (CREB) (Montminy and Bilezikjian, 1987, Montminy et al., 

1986, Yamamoto et al., 1988). On the other hand, EPAC can activate GTPase Rap1, 

Rap2 and ryanodine receptors to stimulate MAPK activation and increase 
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intracellular Ca
2+

 concentrations (de Rooij et al., 1998, Kawasaki et al., 1998, Holz et 

al., 2006). PKA and EPAC signalling can either work synergistically or 

independently in different cell systems, reflecting the diverse biological outcomes 

mediated by Gs activation which are yet to be understood completely. For instance, 

both PKA and EPAC synergises to increase phophodiesterase activity (Dodge-Kafka 

et al., 2005) and neurotensin secretion via increased Rap1 activity (Li et al., 2007), 

but exert opposing regulation on the PKB/Akt pathway (Mei et al., 2002). Signalling 

pathways downstream of Gαs are illustrated in Figure 1.8.   

 

 In contrast to Gαs, the binding of Gαi/o to AC (Dessauer et al., 1998) reduces the 

activity of AC. Thus, Gαi/o acts as a negative regulator of Gαs, to limit the increase in 

intracellular cAMP. Activation of Gαi/o allows the release of free Gβ/γ to activate 

both PI3K and MAPK (Galve-Roperh et al., 2002, Rueda et al., 2000). Another 

recent study reveals that Gαi/o can modulate cAMP and ERK activity via binding to 

the regulatory subunit for PKA, which plays a pivotal role in Gαs-coupled signalling 

(Stefan et al., 2011). For instance, the Gαi/o-coupled cannabinoid receptor (CB1) 

activates ERK via PI3K (Galve-Roperh et al., 2002).  

 

Following these initial discoveries, PCR revealed the presence of a third Gα protein, 

Gαq/11, sensitive to neither pertussis nor cholera toxin (Strathmann and Simon, 1990). 

Activation of Gαq/11 leads to initiation of inositol phosphate signalling via 

phosphoinositide-specific phospholipase C (PLCβ) activation (Blank et al., 1991). In 

the plasma membrane, PLCβ hydrolyses phosphatidylinositol 4,5-bisphosphate (PIP2) 

to generate second messengers inositol 1,4,5-trisphosphate (IP3) and 1,2-

diacylglycerol (DAG) (Berridge et al., 1983, Berridge, 1987). IP3 then stimulates IP3 

receptors to release intracellular Ca
2+

 mainly from the endoplasmic reticulum 

(Burgess et al., 1984, Nahorski and Potter, 1989) whereas DAG activates the protein 

kinase C (PKC) family of enzymes (Ganong et al., 1986). Recent crystallisation and 

yeast two hybrid screening techniques have led to the identification of new signalling 

effectors of Gαq, namely Ras-homology protein (RhoA) and Ric-8 respectively (Lutz 
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et al., 2007, Nishimura et al., 2006). For instance, knockdown of guanine exchange 

factor Ric-8A reduces Gαq dependent ERK activation and intracellular Ca
2+

 

mobilisation, suggesting that Ric-8A is required for the potentiation of Gαq signalling 

activation (Nishimura et al., 2006). Scaffolding proteins caveolin and flotilins also 

aid in the signal transduction of Gαq by forming lipid rafts to segregate the signalling 

components (Bhatnagar et al., 2004, Sugawara et al., 2007). The downstream 

signalling of Gαq/11 is illustrated in Figure 1.8.   

 

A fourth class of Gα proteins, Gα12/13, was later cloned by Strathmann and Simon 

(Strathmann and Simon, 1991). Unlike the other Gα proteins discussed above, 

Gα12/13 does not couple to the conventional cAMP, Ca
2+

 or IP3 signalling cascades as 

these levels remain unchanged upon selective Gα12/13 activation. Expressed 

ubiquitously, Gα12/13 plays an important role in cell proliferation through its 

interaction with Rho (Siehler, 2009). Furthermore, Gα12/13 mediates the angiotensin II 

dependent ROS production to stimulate JNK and p38 MAPK signalling in rat cardiac 

myocytes (Nishida et al., 2005).  

 

1.5.2.2 Gβγ dependent signalling pathways 

In relation to Gβγ subunits, an initial model of GPCR activation implicated a singular 

role for Gβγ as a regulator of Gα at the membrane, increasing the affinity of Gα 

towards GDP to stabilise the inactive form by 100-fold (Higashijima et al., 1987). 

This hypothesis has been disputed by the discovery of Gβγ mediated activation of 

cardiac potassium channels stimulated via the muscarinic receptor (Logothetis et al., 

1987). Various isoforms of Gβ1-5 and Gγ1-14, rod, cone proteins have since been cloned 

(Offermanns, 2003, Smrcka, 2008) which reveals a wider role for Gβγ subunits in 

GPCR signalling. For example, purified PLCβ2 binds directly to Gβγ at amino acid 

residues 574-576 to mediate PLCβ activation (Lehmann et al., 2007).  

 

 



37 
 

             A 

Gαs

GPCR

+

cREB

EPACPKA

Rap1

Gene 

transcription 

(nucleus)

Rap2

IP3DAGPIP2

PLC-ε

+

+ Ryanodine

receptors

CaMKII

MEK

B-Raf

PKC

ERK

Ras

cAMPATP

IP3 receptors

Intracellular Ca2+ release

AC

Gαs

GPCR

+

cREB

EPACPKA

Rap1

Gene 

transcription 

(nucleus)

Rap2

IP3DAGPIP2

PLC-ε

+

+ Ryanodine

receptors

CaMKII

MEK

B-Raf

PKC

ERK

Ras

cAMPATP

IP3 receptors

Intracellular Ca2+ release

AC

 

             B 

Gαq/11

GPCR

IP3DAGPIP2

PLC-β

+

PKC IP3 receptors

Intracellular Ca2+ releaseMAPK

Gαq/11

GPCR

IP3DAGPIP2

PLC-β

+

PKC IP3 receptors

Intracellular Ca2+ releaseMAPK  

 

Figure 1.8: Gαs and Gαq/11 dependent signalling  

Activation of Gαs leads to downstream activation of AC, PKA and EPAC to increase 

intracellular ERK and Ca
2+ 

concentration in (A). Activation of Gαq/11 leads to formation of 

DAG and IP3 which in turn activates a cascade of downstream signalling activation including 

MAPK and intracellular Ca
2+

 release in (B). Other non-Rap dependent signalling by EPAC 

or RhoA and Ric-8 for Gαq is not illustrated in the diagram. ATP: Adenosine-5'-triphosphate; 

cAMP: Cyclic adenosine monophosphate; PKA: Protein kinase A; EPAC: Exchange protein 

directly activated by cAMP; cREB: cAMP response element-binding; MEK: Mitogen-

activated protein kinase kinase; ERK: Extracellular signal regulated kinases ; PLC: 

Phospholipase C ; PIP2: Phosphatidylinositol 4,5-bisphosphate; DAG: Diacylglycerol; PKC: 

Protein kinase C; IP3: Inositol trisphosphate; CaMKII: Ca
2+

/calmodulin-dependent protein 

kinases II; Ca
2+

: Calcium ion; MAPK: Mitogen-activated protein kinase. 

http://en.wikipedia.org/wiki/Mitogen-activated_protein_kinase_kinase
http://en.wikipedia.org/wiki/Mitogen-activated_protein_kinase_kinase
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1.5.3 Downstream signalling pathways of monomeric G-proteins 

Small GTP binding proteins, or monomeric G-protein, have been implicated in 

mediating the effects of GPCRs. Small molecular weight G proteins are divided into 

at least five subfamilies: Ras, Rho/Rac/cdc42, Rab, Sar1/Arf and Ran (Takai et al., 

2001). The widely studied Ras, is originally discovered as an oncogene for sarcoma 

virus (Chien et al., 1979), that localises Raf-1 to the plasma membrane (Leevers et al., 

1994, Vojtek et al., 1993) for downstream MEK and ERK signalling pathway 

activation (Minden et al., 1994a). Studies have also demonstrated that Ras and RhoA 

bind to distinct sites on PLCε to stimulate downstream PIP2 hydrolysis and IP3 

formation (Seifert et al., 2008, Song et al., 2001a). MAPK activation is also linked to 

the Rho/Rac/cdc42 subfamily as overexpression of constitutively active Rac and 

cdc42 results in increased JNK and p38 MAPK activity (Coso et al., 1995b, Minden 

et al., 1995). Rab, Sar1/Arf and Ran are involved in the intracellular trafficking 

mechanisms (Takai et al., 2001), for example, Rab11a mediates proteinase activated 

receptor 2 (PAR2) trafficking to the cell surface, that requires prior receptor 

palmitoylation in the Golgi apparatus (Adams et al., 2011). Ran is also found to 

increase secreted modular calcium-binding protein-2 (SMOC-2) expression to 

stimulate fibroblast growth through ERK and JNK signalling (Milano et al., 2012).  

 

More recently, it has been shown that monomeric G proteins can also modulate the 

activity of GPCRs. For instance, p63RhoGEF, acts as a signalling intermediate, and 

together with RhoA, binds to Gαq to increase downstream RhoA dependent outcomes, 

such as actin stress fibre formation, cell rounding and serum response factor 

dependent gene expression (Lutz et al., 2007). Studies have also found that Arf1 

directly binds to muscarinic M3 and 5-hydroxytryptamine 2A (5-HT2A) receptor to 

activate the downstream phospholipase D (PLD) pathway (Johnson et al., 2006, 

Mitchell et al., 2003).  Thus, Arf1 could work co-operatively with PKC to activate 

PLD signalling, as shown for cholecystokinin octapeptide (CCK) receptor activation 

in intestinal smooth muscle cells  (Murthy et al., 2001). In conclusion, GPCRs, 

depending on the receptor subtype and the expression of G proteins (both 
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heteromeric and monomeric) in specific cell types, can produce downstream signal 

transduction via multiple mechanisms.  

 

1.5.4 Non-G protein dependent signalling of GPCRs  

In addition to G-proteins, GPCRs can also interact with other signalling molecules 

for downstream signalling and receptor trafficking. Amongst the signalling 

molecules, the interaction between GPCRs, β-arrestins and clathrin is most well 

understood as a scaffolding platform to co-localise GPCR and other signalling 

components (Defea, 2008). Several GPCRs, including PAR2 and the β2-adrenoceptor, 

can couple to β-arrestin to mediate receptor endocytosis, subsequently induce the 

formation of a complex with Raf-1 and activated ERK, to prolong ERK signalling 

(DeFea et al., 2000, Shenoy et al., 2006). GPCRs can also activate the ERK pathway 

through transactivation of tyrosine kinase receptors, most notably the EGFR, via 

metalloproteinase mediated release of heparin-bound EGF (Liebmann, 2011, Prenzel 

et al., 1999). Recent studies have revealed a wide range of molecules and receptors 

that interact with GPCRs. For example, immunoprecipitation experiments have 

demonstrated that P2Y12 interacts with Na
+
/H

+
 exchanger regulatory factor 

(NHERF1) to potentiate receptor internalisation (Nisar et al., 2012). A complex 

between β2 aderenoceptor and hyperpolarization-activated and cyclic nucleotide-

gated channel 4 (HCN4) has also been identified that underpins the regulation of 

cardiac ion channels following β-adrenoceptor activation (Greene et al., 2012).  

 

1.5.5 GPCR mediated regulation of JNK signalling  

Various studies have demonstrated that different GPCRs that couple to Gαq, Gαs and 

Gαi/o can activate JNK signalling in different cell systems, such as the angiotensin II 

type1 receptor (AT1) in VSMCs, the dopamine (D1) receptor in epithelial cells, the 

muscarinic receptor 1 (M1) in fibroblasts and the endothelin-1 (ET-1) receptor in 

neural progenitor cells  (Eguchi et al., 2001, Mizuno et al., 2005, Chan and Wong, 

2005, Coso et al., 1995a). Signalling intermediates including Src family tyrosine 

kinases, Rho, Rac1, cdc42 and cAMP are involved in downstream JNK activation by 
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the various G proteins  (Yamauchi et al., 2001b, Yamauchi et al., 2001a, Teramoto et 

al., 1996). However, it should be noted that the magnitude of JNK activity is 

generally low (1 – 2 fold stimulation) and transient (reduced to baseline within 30 – 

60  minutes), and is detected following over-expression of receptors in transfected 

cell systems or using high concentrations of agonists (Chan and Wong, 2004, Chan 

and Wong, 2005, Mizuno et al., 2005). Thus, the physiological role of JNK 

activation by GPCRs remains largely unknown.  

 

1.5.6 A potential negative regulator of JNK signalling by GPCRs 

Various studies have demonstrated that activation of GPCRs and/or their 

downstream signalling molecules can interact with the signalling activity of 

cytokines. Studies from the lab have clearly shown that activation of PAR2 and P2Y2 

receptors inhibit TNF-α stimulated JNK signalling (McIntosh et al., 2010, Paul et al., 

2000). Other laboratories have also confirmed this regulatory effect of GPCR 

activation in cytokine mediated signalling, as the histamine receptor-1 (H1) and 

cannabinoid receptor-2 (CB2) can also reduce TNF-α induced MAPK activity 

(Rajesh et al., 2008, Steffel et al., 2006). These results reveal an interesting 

hypothesis that irrespective of the subtypes of G-protein linked to the GPCR, GPCRs 

have the ability to inhibit cytokine induce downstream signalling, particularly JNK. 

Furthermore, selective inhibition of G-protein activity in these studies reversed the 

inhibitory effect of GPCRs. For instance, inhibition of Gαq/11 with the 

pharmacological inhibitor YM254890 prevented PAR2 mediated inhibition of TNF-α 

induced JNK activity (McIntosh et al., 2010).  

 

In addition, activation of downstream GPCR signalling components also inhibited 

cytokine induced signalling in a similar manner as observed with activation of 

GPCRs. Direct activation of PKC, with phorbol 12-myristate 13-acetate (PMA), 

prevented the formation of TRADD, RIP, TRAF2 and TNF-R1 receptor complex 

that in turn inhibited TNF-α mediated JNK, NF-κB signalling and ROS production 

(Byun et al., 2006). Furthermore, stimulation of Gαs downstream signalling with 
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forskolin and cicaprost to increase intracellular cAMP, inhibits the surface 

expression of ICAM-1 and VCAM-1 induced by TNF-α, IL-1α and IL-1β in 

HUVECs, human vascular and airway smooth muscle cells (Ghersa et al., 1994, 

Panettieri et al., 1995). In monocytes, an increase in cAMP via P2Y11 receptor 

activation also inhibits the pro-inflammatory secretion of TNF-α and MCP-1 by 

TLR2, TLR4 or TLR2/6 (Kaufmann et al., 2005). Taken together these studies 

suggest that GPCR mediated inhibition of inflammatory MAPK signalling may be a 

bonafide effect. Therefore it is important to understand the pharmacological 

characteristics and coupling of these receptors to intracellular signalling pathways. 

This is discussed below.  

 

1.5.7 Purinoceptors 

The physiological roles of purines and pyrimidines have been studied for over five 

decades. An early study injecting the bullock heart muscle extract into guinea pigs 

demonstrated that adenine was present in the heart and could induce changes in 

electroradiographic recordings (Drury and Szent-Gyorgyi, 1929). Then the 

importance of purine adenosine-5’-triphosphate (ATP) as an intracellular energy 

source in driving glucose oxidation was revealed by measuring the contraction of 

insect flight muscle (Sacktor, 1955). However it was not until Burnstock and 

colleagues revealed the ability of ATP to function as a neurotransmitter in gut and 

urinary bladder (Burnstock 1972), that the concept of purinoceptor activation was 

considered (Burnstock, 1972, Ralevic and Burnstock, 1998, Abbracchio et al., 2006). 

 

Based on agonist potency orders, purinoceptors are divided into adenosine receptors 

(P1) that are activated by adenosine; and purinergic receptors (P2) that are activated 

by ATP, UTP, ADP, UDP and UDP-glucose (Ralevic and Burnstock, 1998). P1 

receptors are further classified into adenosine A1, A2A, A2B and A3 receptors. On the 

other hand, P2 receptors are divided into P2X and P2Y receptor subfamilies based on 

their structural homology and pharmacological properties (Fredholm et al., 1994). To 

date, seven ionotropic ligand-gated ion channels of P2X receptors (P2X1-7) (Le et al., 
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1997, Valera et al., 1994, Urano et al., 1997, Garcia-Guzman et al., 1997(b), Lynch 

et al., 1999, Rassendren et al., 1997) and eight metabotropic P2Y isoforms (P2Y1, 2, 4, 

6, 11, 12, 13 and 14) have been cloned in humans (Ayyanathan et al., 1996, Chambers et al., 

2000, Communi et al., 1995, Communi et al., 1997, Communi et al., 1996, Communi 

et al., 2001, Hollopeter et al., 2001, Nguyen et al., 1995).  

 

Under physiological and disease conditions, these class A rhodopsin-like 

purinoceptors are activated due to high extracellular ATP concentrations as detected 

in hypoxia (Bodin and Burnstock, 1995) and inflammatory conditions (Bodin and 

Burnstock, 1998). In the presence of various ectonucleotidases, ATP has a short half-

life and is prone to undergo degradation to ADP, AMP and adenosine (summarised 

in Figure 1.9) (Goding et al., 2003). Endothelial and cancer cells express abundant 

ecto-nucleoside triphosphate diphosphohydrolase 1 (NTPDase1) and ecto-5’-

nucleotidase compared to other cell types (Dzhandzhugazyan et al., 1998, 

Mandapathil et al., 2009, Wood et al., 2002). Shear stress also induces the release of 

soluble ecto-ATPase along with ATP secretion (Yegutkin et al., 2000), and in 

sympathetic nerve terminals, ATP can be released from the same vesicle as the 

equivalent ecto-ATPase (Todorov et al., 1997). The activity of ectonucleotidases 

contributes to the increase in the local concentration of ATP and their metabolites on 

the endothelial cell surface and the accumulation of adenosine in the hypoxic tumour 

core (Ohta et al., 2006, Wood et al., 2002). The general characteristics and 

downstream signalling of purinoceptors are described as follows. 
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Figure 1.9: The metabolism of ATP by various ectonucleotidases 

ATP undergoes a stepwise enzymatic degradation to ultimately form inosine/hypoxanthine. 

Amongst these ectonucleotidases, NTPDase 1 and ecto-5’-nucleotidase are highly expressed 

in endothelial and cancer cells (Dzhandzhugazyan et al., 1998, Mandapathil et al., 2009, 

Wood et al., 2002, Knowles and Li, 2006). ATP: Adenosine-5'-triphosphate; ADP: 

Adenosine diphosphate; AMP: Adenosine monophosphate; NPP: Nucleotide 

pyrophosphatase/phosphodiesterase; NTPDase: Ecto-nucleoside triphosphate 

diphosphohydrolases.  

 

1.5.7.1 Purinergic P2Y receptors 

In human, eight P2Y isoforms are expressed, namely P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, 

P2Y12, P2Y13 and P2Y14 that confer different binding affinities towards ATP, ADP, 

UTP and UDP (summarised in Table 1.1) (Ayyanathan et al., 1996, Chambers et al., 

2000, Communi et al., 1995, Communi et al., 1997, Communi et al., 1996, Communi 

et al., 2001, Hollopeter et al., 2001, Nguyen et al., 1995). In both endothelial and 

cancer cells, P2Y1, P2Y2 and P2Y11 receptors are most abundantly expressed and 

play a functional role in these systems (Wang et al., 2002, Ding et al., 2011a, White 

and Burnstock, 2006). Collectively, these receptor subtypes mainly couple to Gq/11 to 

initiate downstream signalling effects, as revealed by early studies that demonstrated 

ATP stimulated increases in IP3 formation and intracellular Ca
2+

 concentration in 

endothelial cells (Forsberg et al., 1987, Pirotton et al., 1987). The following 

discussion will focus on the downstream signalling of P2Y1, P2Y2 and P2Y11 

receptors and their roles in atherosclerosis and cancer. 
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Table 1.1: Summary of purinergic receptors subtypes expressed in humans 

(Alexander et al., 2011) Only the endogenously available agonists for human are 

stated in the table below. 

 

Purinergic 

receptors subtype 

G-protein coupling & signalling 

transduction mechanism 

Potency ranking for agonists 

P2Y1 Gq/11 ADP > ATP 

P2Y2 Gq/11 UTP ≈ ATP 

P2Y4 Gq/11 UTP > ATP 

P2Y6 Gq/11 UDP >> UTP > ATP 

P2Y11 Gq/11 and Gs ATP > UTP 

P2Y12 Gi/o ADP >> ATP 

P2Y13 Gi/o ADP >> ATP 

P2Y14 Gq/11 UDP-glucose 

 

1.5.7.1.1 Signalling activation of P2Y1, P2Y2 and P2Y11 receptors 

P2Y1: The first P2Y receptor cloned, P2Y1 receptor, is activated by both ADP and 

ATP. These nucleotides have full and partial agonist activity as shown by [γ
32

P]GTP 

hydrolysis (Filtz et al., 1994, Waldo and Harden, 2004). Coupling of P2Y1 receptor 

with Gq/11 links to downstream phospholipase C and a rapid increase in Ca
2+

 

signalling (Filtz et al., 1994, Palmer et al., 1998), that leads to downstream effects 

such as exocytosis, contraction and proliferation (Berridge, 2012).  In the context of 

the endothelium, this results in an increase in nitric oxide release, to mediate 

vasodilation (see section 1.5.7.1.2). Activation of P2Y1 receptor also initiates PI3K 

signalling and transactivation of tyrosine kinase receptors, both of which function to 

dampen P2Y1 receptor mediated ERK activation (Sellers et al., 2001, Shen and 

DiCorleto, 2008). Furthermore, in HUVECs, ADP stimulation of P2Y1 receptor also 

results in the phosphorylation of p38 MAPK and JNK which in turn leads to the 

activation of p90rsk, c-jun and transcription factor-2 (Shen and DiCorleto, 2008).  
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P2Y2: Amongst P2Y subfamily members, the signalling mechanisms mediated 

through P2Y2 receptor (formerly known as P2U) has been studied most extensively. 

P2Y2 receptor couples classically to Gq/11 to initiate downstream activation of IP3, 

DAG, PKC and intracellular Ca
2+

 release (Enomoto et al., 1996). However activation 

of P2Y2 receptor has also been shown to couple to Gi/o proteins (Bagchi et al., 2005), 

and to activate integrins (Bagchi et al., 2005), PI3K (Wilden et al., 1998) and MAPK 

(Tu et al., 2000, Wilden et al., 1998, Thevananther et al., 2004) signalling. MAPK 

signalling mediated by P2Y2 receptor is also linked to the mechanisms of receptor 

desensitisation as siRNA of G-protein coupled receptor kinase 2 (GRK2) and β-

arrestin 2 that prevent P2Y2 receptor desensitisation results in persistent ERK and 

p38 MAPK activity in rat aortic smooth muscle cells (Morris et al., 2012). 

 

Although MAPK pathway activation has been implicated in the physiological and the 

pathophysiological effects of P2Y2 receptor, direct evidence regarding its signalling 

mechanisms are limited. Studies have mainly focused on the multiple models of ERK 

activation through P2Y2 receptor stimulation by ATP or UTP, as observed in various 

cell lines, such as osteoblasts, colon and breast cancer cells (Katz et al., 2006, Buzzi 

et al., 2009, Bilbao et al., 2010). Based on the finding that ATP and UTP activation 

of ERK is ablated in the presence of pertussis toxin, it is implied that P2Y2 receptor 

couples to Gi/o for ERK signal transduction (Soltoff et al., 1998). Downregulation of 

PKC also did not abolish the ERK signal completely, suggesting that both PKC 

dependent and independent pathways are important in P2Y2-ERK signalling (Soltoff 

et al., 1998). The PKC-independent pathway involves phosphorylation of related 

adhesion focal tyrosine kinase (RAFTK) which subsequently transactivates EGFR 

for ERK activation (Soltoff, 1998). In contrast, a recent study in keratinocytes has 

shown that UTP activates P2Y2 receptor to inhibit EGF stimulation of Raf and ERK 

activity (Faure et al., 2012), suggesting that there could be a cell dependent 

signalling mechanism for P2Y2 receptor. Other studies also show that P2Y2 receptor 

stimulation leads to p38 MAPK activation in rat renal mesengial, osteoblasts, breast 

and colon cancer cells (Bilbao et al., 2010, Buzzi et al., 2009, Huwiler et al., 2000, 

Katz et al., 2006), whereas phosphorylation of JNK, c-Jun and c-Fos are observed in 
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hepatocytes (Thevananther et al., 2004). Nevertheless the exact upstream signalling 

components involved in p38 MAPK and JNK signalling are not directly shown or 

suggested in these studies.  

 

P2Y11: The most abundantly expressed P2Y receptor in HUVECs, P2Y11, cloned 

from a human cDNA placenta library, has 33% similarity in amino acid sequence as 

P2Y1 receptor (Communi et al., 1997). Activation of P2Y11 receptor leads to IP3 and 

cAMP accumulation demonstrating the unique bi-G protein coupling of P2Y11 

receptor to both Gq/11 and Gs (Communi et al., 1997, Communi et al., 1999). In 

addition to these models of G-protein coupling, recent studies have suggested the 

coupling of P2Y11 receptor to G-protein independent signalling. Confocal imaging 

results have shown that ATP mediated activation of P2Y11 receptor induces receptor 

internalisation concurrently with β-arrestin-2 translocation only in the presence of 

GPCR kinase, GRK2 (Hoffmann et al., 2008). Furthermore, in human embryonic 

kidney 293 (HEK293) and astrocytoma cells, internalisation of P2Y11 receptor 

requires co-expression and co-internalisation with P2Y1 receptor (Ecke et al., 2008), 

thus it is tempting to suggest that the overall pattern of P2Y11 receptor signalling, 

such as ERK, is determined by the co-operative activity of P2Y1 receptor.  

 

1.5.7.1.2 The role of purinergic receptors in atherosclerosis 

The cellular studies outlined above implicated that purinergic receptors could 

mediate the development of cardiovascular diseases. Early experiments examining 

ATP stimulation in the blood vessels proposed a protective effect of purinergic 

receptors in the cardiovascular system due to a rapid increase in L-arginine uptake 

and nitric oxide release in endothelial cells (Bogle et al., 1991). A more current study 

demonstrated phosphorylation of nitric oxide synthase (eNOS) at S617, S635 and 

S1179 by ATP in another endothelial cell line (Cale and Bird, 2006). Although the 

Akt/PKB pathway has been implicated in the shear stress-dependent phosphorylation 

of eNOS, this pathway is not involved in the purinergic receptor induced eNOS 

phosphorylation (Dimmeler et al., 1999). Instead, in HUVECs, purinergic receptors 
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(P2Y1, P2Y2, and possibly P2Y4 receptor) phosphorylate eNOS in a Ca
2+

 and PKCδ 

dependent manner (da Silva et al., 2009). This cellular observation also correlates 

with a tissue vessel study of ATP-eNOS dependent vasodilatation through activation 

of both P2X and P2Y receptors (Liu et al., 2004a). Moreover, another study in 

coronary artery smooth muscle has found that ATP stimulates ERK activation 

through MEK to stimulate cell proliferation (Wilden et al., 1998). However due to 

limitations in cloning techniques (King et al., 1998), early studies on the role of ATP 

in the cardiovascular system could only speculate as to the P2Y subtype involved 

based on the potency ranking of the agonists employed. Recent advances in 

molecular techniques and the availability of specific receptor agonists and 

antagonists has allowed this to be better clarified. In the cardiovascular system, P2Y1, 

P2Y2 and P2Y11 receptors are the main signal transducers for ATP. The roles of these 

receptors are discussed as below. 

  

Early studies on P2Y1 receptor concentrated on the effect of ADP in stabilising the 

platelet aggregation induced by thrombin via aiding fibrinogen binding to the 

activated platelet (Cattaneo et al., 1990, Plow and Marguerie, 1980). Later cloning 

has proven that P2Y1 receptor is responsible for the effect of ADP in causing platelet 

shape change via Ca
2+

 mobilisation in the platelet (Hechler et al., 1998, Jin et al., 

1998). Later mouse knockout studies demonstrate a role for P2Y1 receptor in 

vascular inflammation. Double P2Y1
-/-

 and ApoE
-/-

 knockout mice have smaller 

atherosclerotic lesions, lower macrophage infiltration and VCAM-1 expression in 

comparison with ApoE
-/-

 equivalents (Hechler et al., 2008). Following this study, the 

same group observed a reduction in P-selectin, VCAM-1 and ICAM-1 expression in 

P2Y1 receptor deficient endothelial cells compared to wild type (Zerr et al., 2011). 

This reduction in adhesion molecule expression is attributed to reduced transcription 

factor (ATF2) activation via inhibition of P2Y1 receptor induced p38 MAPK 

activation (Zerr et al., 2011).  
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P2Y2 receptor has been studied extensively as a potential therapeutic target in 

inflammation as IL-1β, interferon-γ and TNF-α upregulate P2Y2 receptor expression 

in VSMCs via a PKC, cyclooxygenase and MAPKK dependent manner (Hou et al., 

2000, Hou et al., 1999). Studies in VSMCs (Wilden et al., 1998) and carotid artery 

endothelial cells (Seye et al., 2002) also support a role for P2Y2 receptor in 

promoting mitogenesis, hence inducing the atherosclerotic lesion formation. 

However, P2Y2 receptor knockout mice have been shown to have salt-resistant 

arterial hypertension with reduced neutrophil infiltration and serum lactate 

dehydrogenase at 24 hours post myocardial infarction compared to wild type (Cohen 

et al., 2011, Rieg et al., 2007). Although a direct link with atherosclerosis has not 

been shown, rat models of aortic injury demonstrated high expression levels of P2Y2 

receptor in VSMCs of atherosclerotic lesions (Seye et al., 1997). 

 

Due to the absence of P2Y11 receptor in the rat and mouse genome (von Kugelgen, 

2006), there is lack of in vivo evidence about the role of P2Y11 receptor in cardiac 

disease. Genetic analysis of patients with acute myocardial infarction (AMI) reveals 

that Ala-87-Thr polymorphism is associated with a higher risk of AMI and plasma C 

reactive protein (Amisten et al., 2007). In endothelial cells, stimulation of P2Y11 

receptor with ATP inhibits cell proliferation by inducing cell cycle arrest in the S 

phase (Xiao et al., 2011). Collectively, these studies suggest that P2Y receptors are 

attractive therapeutic target in cardiovascular diseases.  

 

1.5.7.1.3 The role of purinergic receptors in cancer 

The anti-tumour effect of ATP was first tested in vivo via systemic or intraperitoneal 

infusion of ATP into mice, which resulted in inhibition of tumour growth and host 

weight lost (Rapaport and Fontaine, 1989, Rapaport, 1988). Other in vitro studies in 

breast, colon and pancreatic carcinoma cell lines have also supported the anti-cancer 

effect of ATP (Spungin and Friedberg, 1993, Rapaport, 1983). The reduction in cell 

proliferation, due to cell cycle arrest in the S phase, was observed only after 2-4 days 

with daily addition of ATP. The effects of ATP appear to be concentration related as 
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low (10 µM) and high doses (1 – 5 mM) produced an increase and decrease in the 

proliferation of the squamous cell carcinoma cell line A431 (Greig et al., 2003), 

suggesting that different signalling pathways or receptor subtypes could be 

stimulated by different levels of ATP.  

 

The roles of P2Y1 and P2Y2 receptors in cancer are well studied as these receptors 

are most commonly expressed in patient tissue samples and established cancer cells 

as shown in RT-PCR (Sellers et al., 2001, Hopfner et al., 2001, Maaser et al., 2002, 

Hopfner et al., 1998, Buzzi et al., 2009, Wei et al., 2011). For activation of P2Y1 

receptor, application of a selective agonist decreases proliferation of A375 melanoma 

cells (White et al., 2005) and induces apoptosis in astrocytoma and prostate cancer 

cells as measured by caspase 3 and annexin-V activity (Sellers et al., 2001, Wei et al., 

2011). In contrast, in cervical cancer Hela cells, incubation with various P2Y1 

agonists, including ADP and 2-MeSADP, stimulate cell proliferation as detected via 

[
3
H] thymidine incorporation (Buvinic et al., 2007). This study also shows that P2Y1 

receptor stimulates cell growth through transactivation of EGFR with increased 

EGFR biosynthesis and P2Y1 receptor expression.   

 

Furthermore, activation of P2Y2 receptor also produces cell dependent proliferative 

or anti-proliferative effects. For instance, an accumulation in S phase of the cell cycle, 

anti-proliferative and apoptotic effects are observed in colon and oesophageal cancer 

cells (Hopfner et al., 1998, Hopfner et al., 2001, Maaser et al., 2002). The anti-cancer 

effects relates to intracellular Ca
2+

 signalling as the calcium chelator BAPTA 

abolishes this effect in colon cancer cells (Hopfner et al., 2001). Conversely, the 

proliferative effect of P2Y2 receptor is found in lung cancer, melanoma and non-

melanoma skin cancer (Schafer et al., 2003, White et al., 2005, Greig et al., 2003), 

which is mediated through PLC, Ca
2+

/calmodulin-dependent protein kinase II and 

NF-κB signalling pathways. Interestingly, stimulation of P2Y2 receptor also 

modulates the efficacy of chemotherapeutic drugs, synergising with 5-fluorouracil 
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and cisplatin, but antagonising the effect of paclitaxel and etoposide (Hopfner et al., 

2001, Schafer et al., 2003).  

 

Compared to P2Y1 and P2Y2 receptors, there is only limited evidence regarding the 

role of P2Y11 receptor in cancer. In hormone-refractory prostate cancer, P2Y11 

receptor is indicated in growth inhibition and apoptosis via a calcium independent 

mechanism (Shabbir et al., 2008). Activation of P2Y11 receptor also sensitises 

prostate cancer and endothelial cells to mitoxantrone and cisplatin respectively, due 

to a decrease in Bcl-2 expression (Shabbir et al., 2008, Xiao et al., 2011). Thus, P2Y 

receptors could be used as a target in adjunct therapy to improve the efficacy of 

current chemotherapeutic agents.  

 

1.5.7.2 Adenosine receptors 

In addition to P2Y receptors, another subgroup of purinoceptor, namely adenosine 

receptors are also expressed in the endothelial cell environment (Feoktistov et al. 

2002). Adenosine receptors are divided into four subtypes, namely A1 and A3 

subtypes that couple to Gi/o whereas A2A and A2B subtypes couple to Gs (Fredholm et 

al., 2011). Using RT-PCR to study the expression profile of adenosine receptors in 

endothelial cells, A2A and A2B receptor subtypes are shown to be the most abundantly 

expressed (Feoktistov et al., 2002, Iwamoto et al., 1994, Olanrewaju et al., 2000). 

Thus the following sections will focused on the discussion of the signalling pathways 

activated by these two receptor subtypes.  

 

1.5.7.2.1 The role of adenosine receptors in atherosclerosis 

Since ATP can be readily degraded in vivo to activate adenosine receptors, it is 

worthwhile considering the role of these receptors in the development of both 

cardiovascular disease and cancer. Early studies performed in vivo established a vital 

role for adenosine in the cardiovascular system as a potent vasodilator with increased 

cardiac adenosine concentrations (from 43 to 3700pmol/min in guinea pig heart) 



51 
 

detected under hypoxia conditions (Berne, 1963, Schrader et al., 1977, Deussen et al., 

1989). Adenosine is released through the myocardial cell membrane (as detected 

through adenosine-8-C
14

) (Jacob and Berne, 1960) or generated extracellularly from 

ATP via ecto-nucleotidase activity. Various studies have shown that adenosine acts 

on A2A and A2B receptors to play an important role in vasodilatation (Frobert et al., 

2006, Hodgson et al., 2007, Talukder et al., 2003). For example, A2A receptor 

activation induces coronary relaxation via p38 MAPK activation (Teng et al., 2005) 

and nitric oxide release (Teng et al., 2008), but the exact A2B receptor mechanism 

underpinning this effect remains uncertain. 

 

The use of knockout models for adenosine receptor subtypes confirms their role in 

atherosclerosis. Compared to wild type, A2A
-/-

 mice display higher levels of 

aggressiveness, a slower response to heat stimuli and increased platelet aggregation, 

blood pressure and heart rate (Ledent et al., 1997). Isolated aortic tissues from the 

A2A knockout mice also show a reduction in relaxation in response to acetylcholine 

(Ponnoth et al., 2009). These results correlate with the effect of an A2A agonist in 

reducing the secretion of thrombospondin 1 in endothelial cells to increase 

angiogenesis and wound healing (Desai et al., 2005, Montesinos et al., 2004). On the 

other hand, a knockout mouse model for A2B shows increased aortic lesion formation 

and leukocyte adhesion, with characteristics of low grade inflammation exemplified 

by higher levels of TNF-α, IL-6, ICAM-1, chemokine receptor type 4 (CXCR4), E- 

and P-selectin (Yang et al., 2008, Yang et al., 2006). Collectively, both A2A and A2B 

receptor subtypes play an important role in vascular disease and inflammation. 

 

1.5.7.2.2 The role of adenosine receptors in cancer 

All subtypes of adenosine receptor are found in cancers cells, as demonstrated using 

RT-PCR (Panjehpour and Karami-Tehrani, 2007). Amongst the adenosine receptor 

subtypes, only the role of A2A and A3 receptors in cancer are well studied (Gessi et 

al., 2011). The use of A2A antagonism as a cancer immunotherapy has been proposed 

based on the finding that adenosine inhibits the anti-tumour effect of T cells (Ohta 
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and Sitkovsky, 2009, Sitkovsky et al., 2008). Deletion of A2A completely blocks 

melanoma tumour growth to promote host mice survival, possibly via upregulation 

of interferon-γ production by anti-tumour T cells (Ohta et al., 2006). On the other 

hand, increased protein expression and mRNA levels of A3 receptor in cancer tissues 

has been found to correlate with cancer severity in colon, breast, thyroid, melanoma 

and pancreatic cancer (Fishman P, 2009). However, application of an A3 agonist 

produces both induction and inhibition in cancer cell proliferation, depending on the 

cell type. For instance, growth inhibition has been reported in breast cancer and 

melanoma (Merighi et al., 2005, Panjehpour and Karami-Tehrani, 2007), but 

proliferation is observed in colon cancer (Gessi et al., 2007). Thus, future studies are 

still required to clarify the role of adenosine receptors in normal and cancer cells for 

the application of receptor modulators to be used clinically.  

 

 

 

 

 

 

 

 

 

 

 

 



53 
 

1.6 Aims and hypothesis of study 

As discussed in section 1.5, various GPCRs have a regulatory role in reducing TNF-

α mediated pro-inflammatory JNK signalling. This study attempts to elucidate the 

inhibitory potential of the ubiquitously expressed purinoceptors in both the 

cardiovascular endothelial cells (chapter 3) and breast cancer cells (chapter 4). It is 

hypothesised that activation of purinergic receptors could reduce cytokine and UVC 

mediated JNK activity. The downstream G-protein signalling components of 

purinergic receptors could mediate the inhibitory effects observed, to reduce 

inflammatory conditions.  

 

This study aims to 

(A) characterise the purinoceptor mediated inhibition of cytokine induced JNK 

signalling in endothelial cells; and examine both the cytokine and UVC mediated 

activation of JNK in cancer cells and the effect of purinoceptors have on this 

(B) identify the signalling components involved in the inhibitory effect mediated by 

purinoceptors 

(C) determine whether purinergic receptor mediated inhibition of JNK signalling 

could modify cellular outcomes relevant to disease pathology.  
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2.0 Materials and Methods 

2.1 Materials 

2.1.1 General reagents 

All materials used in this study were of the highest commercial quality available and 

supplied from Sigma-Aldrich Co Ltd. (Poole, Dorset, UK) unless mentioned 

otherwise. 

 

BD Biosciences (Oxfordshire, UK): PE Annexin V apoptosis detection kit I (BD 

Pharmingen) 

 

Biorad Laboratories (Hertfordshire, UK): Pre-stained molecular weight markers 

for SDS-PAGE 

 

GE Healthcare UK Ltd (Buckinghamshire, UK): Cellophane sheets, ECL 

detection reagents, glutathione sepharose 4B, nitrocellulose membrane (Hybond ECL) 

 

Insight Biotechnology Ltd (Wembley, UK): Recombinant human TNF-α, 

recombinant human IL-1β 

 

Roche Diagnostics Ltd (West Sussex , UK): Bovine serum albumin fraction V, 1.4-

dithiothreitol (DTT) 
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2.1.2 Reagents for cell culture 

Corning BV (Netherlands): All cell culture plasticware 

 

Gibco BRL (Paisley, UK): Trypsin, antibiotics (penicillin streptomycin), foetal calf 

serum (FCS), L-glutamine, Dulbecco’s modified eagles medium (DMEM) 

 

Lonza Verviers SprL (Belgium): Endothelial basal medium (EBM-2) and single 

quote kit for EBM-2 

 

2.1.3 Radiochemicals 

PerkinElmer Life Science (Cambridge, UK): γ [
32

P] ATP (3000 Ci/mmol) 

 

2.1.4 Plasmids 

Plasmid containing cDNA which encodes GST-tagged truncated c-jun N-terminus 

(GST-c-jun5-89) was kindly provided by J.R. Woodgett from Ontario Cancer Instituite, 

Princess Margaret Hospital, Toronto, Canada. 

 

2.1.5 Antibodies 

Invitrogen Corporation (Camarillo, CA): Anti-phospho-p38 MAPK (rabbit 

polyclonal, 44-684G) 

 

New England Biolab for Cell Signalling Technology, Inc (England, UK): 

Anti-phospho-p65 (rabbit polyclonal, Ser-536, #3031), anti-phospho-SAPK/JNK 

(rabbit polyclonal, Thr-183/Tyr-185, #9251) 
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Santa Cruz Biotechnology Inc (CA, USA): Anti-p38 MAPK (rabbit polyclonal, N-

20), anti-phospho-ERK1/2 (mouse monoclonal, E-4), anti-ERK1/2 (rabbit 

monoclonal, C-14), anti-IKB-α (rabbit polyclonal, C-21), anti-p65 (rabbit polyclonal, 

C-20) 

 

2.2 Cell culture 

All cell culture work was conducted under sterile conditions in a class II cell culture 

hood. 

 

2.2.1 Human umbilical vein endothelial cells (HUVECs) 

Primary HUVECs (approximately 500,000 cells per cryovial) were purchased from 

Cascade Biologics and maintained in endothelial basal medium (EBM-2) 

supplemented with single aliquots (10ml fetal bovine serum, 0.2ml hydrocortisone, 

2ml recombinant human fibroblast growth factor (hFGF-B), 0.5ml recombinant 

human vascular endothelial growth factor (VEGF), 0.5ml recombinant human 

epidermal growth factor (rhEGF), 0.5ml recombinant long R insulin-like growth 

factor-1 (R3-IGF-1), 0.5ml gentamicin sulphate-amphotericin A (GA-1000), 0.5ml 

ascorbic acid and 0.5ml heparin). Medium was replaced every other day until the 

cells were utilised. Cells were subcultured after treating with trypsin solution. 

 

2.2.2 Breast cancer cells MDA-MB-231 

MDA-MB-231 cells were a kind gift from Dr Marie Boyd (Reader, University of 

Strathclyde, Glasgow). Cells were maintained in DMEM supplemented with 

penicillin (250 units/ml), streptomycin (25 mg/ml), L-glutamine (27 mg/ml) and FCS 

at 10%. Medium was replaced every other day until the cells were utilised. Cells 

were subcultured after treating with 0.2% EDTA/PBS solution (versene). When 

plated cells reached a confluency of approximately 80%, cells were rendered 

quiescent overnight with non-FCS DMEM media prior to experimental stimulations. 
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2.3 Methods 

2.3.1 JNK solid phase kinase activity assay 

Detection of JNK activation in solid phase assay was based on the affinity of JNK to 

bind and form a stable complex with the transcription factor, c-Jun. The truncated N-

terminus glutathione-S-transferase (GST)-c-jun5-89 was used as a substrate for JNK 

that was immobilised on glutathione sepharose beads (GSH) (Smith and Johnson, 

1988). This substrate bound specifically to JNK protein in the cell lysates, (Minden 

et al., 1994b, Dai et al., 1995), thus the phosphorylated c-jun detected from the ATP-

32
P reaction was a direct measure of JNK activity. 

 

2.3.1.2 Production and purification of GST-c-jun5-89  

Recombinant GST-c-jun bacterial constructs were streaked on agar plates containing 

ampicilin and left to culture overnight at 37 °C. A single bacteria colony was picked 

and transferred to a 5 ml culture of 2XYT broth (16 g/l tryptone, 10 g/l yeast extract, 

5 g/l NaCl and 100 μg/ml ampicillin). This was incubated at 37°C, shaking orbitally 

overnight. The bacteria amplification process was continued by transferring the 5ml 

bacteria broth into another 500ml 2XYT broth. After undergoing overnight orbital 

shaking at 37°C, sufficient bacteria growth was determined as 1ml of broth read A600 

between 0.6 – 0.8. Then, GST-c-jun protein synthesis was induced by adding 100 

μM isopropyl thio-β-D-galactopyranosidase (IPTG) with 30°C incubation for 4 hours. 

The bacteria were harvested in pellet form through centrifugation of broth at 10,000 

g for 15 mins at 4°C, which was then stored overnight at -20°C. 

 

In order to purify the GST-c-jun protein from the bacterial pellet, 12.5 ml of lysis 

buffer (50 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, 1 mM benzamadine, 1 mM 

β-mercaptoethanol, 2 μg/ml leupeptin, 2 μg/ml aprotinin, 2 μg/ml pepstatin, 200 μM 

PMSF, pH 8) was used to resuspend the pellet. All subsequent steps were performed 

at 4°C to prevent protein degradation.  Further lysing of the bacteria involved freeze-

thawing and probe sonication steps. The lysis suspension was frozen in a dry ice-
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methanol bath and left to thaw at room temperature. This was followed by probe 

sonication at 2 x 20 seconds for 50% intensity and 2 x 20 seconds at 80% intensity. 

 

Sample aliquots were collected during the purification steps as summarised in figure 

2.1(B) to confirm the purity of the GST-c-jun beads. Triton X-100 was then added 

into the suspension to form a final concentration of 1% w/v and the mixture was 

rotated on the wheel for 45 minutes at 4 °C. During this incubation step, 1ml 

glutathione sepharose beads (GSH) was conditioned by two washes with 10ml lysis 

buffer, with 10,000 g centrifugation for 2 minutes between the washes. The 

solubilised mixture was centrifuged at 10,000 g for 15 minutes and its supernatant 

added to the GSH beads, followed by 1 hour of wheel rotation at 4°C. GSH beads 

were washed twice with 10ml lysis buffer to remove any unbound GST-c-jun before 

storing at 4°C, in lysis buffer. 

 

2.3.1.3 Qualitative and quantitative analysis of GST-c-jun bound to the carrier 

beads 

The next phase of the process involved the elution of GST-c-jun protein from the 

GSH carrier beads for Bradford assay quantification. Sample aliquots were 

continually collected during the protein purification steps for electrophoresis analysis 

later. Beads (40 μl) were removed from the bead volume and centrifuged at 13,000 x 

g for 2 minutes in an Eppendorf tube. After the supernatant was aspirated, 200 μl of 

elution buffer (50 mM Tris-HCl, 100 mM NaCl, 0.1% Triton X-100, 10 mM reduced 

glutathione, 10 μg/ml leupeptin, 10 μg/ml aprotinin, 10 μg/ml pepstatin, pH 8) was 

added. After the mixture was rotated on the wheel for 1 hour at 4°C, the beads were 

centrifuged at 13,000 g for 2 minutes and the supernatant was kept as E1. This 

elution buffer step was repeated again with the second supernatant kept as E2. 

 

A Bradford assay was then performed to measure the amount of GST-c-jun bound to 

GSH as reflected in the protein amount in E1 and E2. Increasing BSA concentrations, 
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ranging from 5 – 20 μg/ml (containing appropriate volume of elution buffer), was 

measured on the spectrophotometer at 595 nm, to generate a standard curve, in which 

to measure/calculate the c-jun protein.  E1 and E2 solutions (0.5 to 5 µl) were diluted 

with 800 µl distilled water and 200 μl Bradford reagent and mixed thoroughly. The 

resulting absorbance values were read at 595 nm and the protein concentration (GST-

c-jun) calculated against the standard curve of BSA. 

 

Qualitative analysis of the GST-c-jun purification process was performed by running 

the sample aliquots through SDS-PAGE as described in section 2.3.2.2. First, the 

samples collected were added with the indicated volume of 1 x or 2 x Laemmli 

sodium dodecyl sulphate sample buffer as indicated in Figure 2.1(A). Samples were 

loaded into a 10% gel and run at 130 V for approximately 90 minutes. Instead of 

transblotting the gel as described in the Western blotting section, the gel was stained 

with Coomassie blue solution (80% w/v methanol, 20% w/v acetic acid, 0.1% w/v 

Coomassie blue) for an hour. For clearer visualisation of proteins, non-specific 

background staining was removed by washing the gel with destain solution (80% w/v 

methanol, 20% glacial acetic acid) every 20 minutes for 2 hours. The gel was finally 

sandwiched between two cellophane sheets for drying down in a gel drier (Hoefer 

Scientific Instruments, USA). 
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             A 

  Sample 
Volume of sample 

buffer (SB) added (μl) 

Lane Sample volume (μl) 2 x SB 1 x SB 

1 Molecular weight marker - - - 

2 Homogenate 2 - 38 

3 Pellet (post detergent sample) 2 - 38 

4 Supernatant (post detergent sample) 10 10 - 

5 Post-binding supernatant 10 10 - 

6 Wash 1 10 10 - 

7 Wash 2 10 10 - 

8 Elution 1 20 20 - 

9 Elution 2 20 20 - 

10 Beads 10 10 - 

 

             B 

Lane:      1    2        3        4        5         6        7 8         9      10Lane:      1    2        3        4        5         6        7 8         9      10  

 

Figure 2.1: Gel electrophoresis of protein samples from various steps of the 

GST-c-jun purification process 

Samples from various stages of the bead preparation process were collected as 

indicated in (A). They were loaded and run through gel electrophoresis as described 

in section 2.3.1.2 and shown in (B). 
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2.3.1.4 In vitro kinase assay 

Confluent cells were stimulated for the respective experiments and the reaction was 

terminated by two washes of ice cold PBS. Then cells of each well were solubilised 

with 300 μl solubilisation buffer (20 mM HEPES, 50 mM NaCl, 0.1 mM EDTA, 1% 

v/v Triton X-100, 0.5 mg/ml leupeptin, 0.5 mg/ml aprotinin, 0.5 mg/ml pepstatin, 0.1 

mM sodium orthovanadate, pH 7.7), scraped and transferred into labelled Eppendorf 

tubes. The samples were vortexed briefly before leaving on ice for at least 30 

minutes. At the same time, the mixture of tagged and untagged GST-c-jun GSH 

beads were prepared in a separate set of Eppendorf tubes, consisting of 13 μl of 

GSH-sepharose matrix (untagged carrier beads) and 20 μg of GST-c-jun tagged GSH 

beads.  The bead mixture was then washed with 300 μl of solubilisation buffer, 

centrifuged and washed again. The earlier solubilised cell samples were centrifuged 

at 10,000 g for 5 minutes and the supernatants added to the beads for overnight 

mixing on the wheel at 4°C. 

 

On the next day, the samples were centrifuged at 13,000 g for 5 minutes, followed by 

300 μl solubilisation buffer and 300 μl kinase buffer (25 mM HEPES, 20 mM MgCl2, 

5 mM β-glycerophosphate, 2 mM DTT, 0.1 mM sodium orthovanadate, pH 7.5) 

washes. The beads were resuspended in 25 μl of kinase buffer and 5 μl of ATP 

mixture containing γ-
32

P (150 μM ATP and 0.5 μCi [γ-
32

P] ATP) was added. The 

radioactive-ATP sample mixture was agitated at 30 °C for 30 minutes and the kinase 

reaction was terminated by the addition of 10 μl 4 x Laemmli sample buffer. Later, 

the samples were boiled for 5 minutes and centrifuged at 10,000 g for a minute. 

Samples were loaded onto a 10% SDS-PAGE gel and were run at 130 V for 

approximately 90 minutes. 

 

The resulting gel was fixed in a solution containing 20% v/v methanol and 10% 

acetic acid for a minimum of 30 minutes, followed by sandwiching the gel in 

between two cellophane sheets in a drying frame for drying. The drying process was 

carried out at low heat (~70°C) for 90 minutes in a gel drier (Hoefer Scientific 
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Instruments, USA). Placing the gel in a metal cassette, the radio-labelled proteins 

were detected via exposing an autoradiography film for approximately 3 hours in -

80°C. The film was developed with KODAK M-35M X-OMAT processor and the 

blots were semi-quantified through densitometry analysis as described in section 

2.3.5. 

 

2.3.2 Western blotting 

Western blotting allowed the detection of proteins in a sample after its denaturation 

and separation according to molecular weight via the sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE) system. The proteins were then 

transferred onto a membrane, followed by protein detection via the interaction of 

specific primary antibody, secondary enzyme-labelled antibody and 

chemiluminescence substrate. 

 

2.3.2.1 Sample preparation for SDS-PAGE and immunoblotting 

Confluent cells were stimulated for the respective experiments and the reaction was 

terminated by two washes with ice cold PBS. Then cells were lysed through the 

addition of hot (~85 °C) Laemmli SDS sample buffer (63 mM Tris/HCl, 2 mM 

Na2P2O7, 5 mM EDTA, 50 mM DTT, 10% v/v glycerol, 2% w/v SDS and 0.007% 

bromophenol blue, pH 6.8). Cell scraping was performed on ice and cell lysates were 

drawn repeatedly through a syringe to shear chromosomal DNA prior to transfer to 

Eppendorf tubes. Samples were boiled at 95°C for 5 minutes to denature proteins 

before being stored at -20°C until required for analysis. 

 

2.3.2.2 SDS-PAGE gel electrophoresis 

The SDS-PAGE was prepared in a MiniPROTEAN
TM

 electrophoresis system. 

Initially, resolving gel containing 10% w/v acrylamide:bis-acrylamide (37.5:1) in 

0.375 M Tris at pH 8.8, 0.1% w/v SDS, 0.5% ammonium persulphate (APS) and 

0.05% v/v N, N, N’, N’-tetramethylethylenediamine (TEMED) was prepared and 



63 
 

allowed to polymerise. A thin layer of 0.1% SDS was added above the resolving gel 

to prevent drying and disperse bubbles. 

 

Once set, the SDS was washed away prior to addition of stacking gel with the 

appropriate comb slotted in to form 10 or 15 wells. The constituent of the stacking 

gel closely resembled the resolving gel, but with a different concentration of Tris at 

125 mM, pH 6.8. When the stacking gel was completely polymerised, the comb was 

removed and its wells washed with distilled water. Gels were then transferred into a 

Western blot tank and running buffer (25 mM Tris, 192 mM glycine and 0.1% w/v 

SDS) was added. Loading of molecular weight markers and samples into the wells 

was performed using a Hamilton micro-syringe, followed by gel electrophoresis at 

120 V for approximately 115 minutes. 

 

Applying the transverse electrophoresis principle to transfer separated proteins onto a 

nitrocellulose membrane (Towbin et al., 1979), a sponge-filter paper-membrane-gel-

filter paper-sponge sandwich was made in a cassette. The cassettes were placed in a 

Biorad mini trans-blot electrophoresis tank filled with an ice pack and transfer buffer 

(25 mM Tris, 192 mM glycine in 20% v/v methanol).  After transblotting the gel at 

280 mA for 2 hours, the membrane was blocked with 2% BSA in NaTT (20 mM Tris 

base, 150 mM NaCl and 0.2% Tween 20, pH 7.4) for 2 hours at room temperature. 

Next, the BSA was washed off before an overnight incubation of the appropriate 

primary antibody at an appropriate concentration in 0.2 % BSA/NaTT. 

 

On the next day, membrane washing with NaTT was performed every 15 minutes for 

90 minutes, followed by incubation of an appropriate horse-radish peroxidase 

conjugated secondary antibody in 15 ml of 0.2% BSA/NaTT for 90 minutes at room 

temperature, shaking. The membrane washing step was then repeated for 90 minutes. 

Finally, the membrane was treated with electrogenerated chemiluminescence (ECL) 

solutions for 2 minutes. In the darkroom, film was exposed to the membrane and 
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processed through an X-OMAT machine (Kodak M35-M X-OMAT). The processed 

membrane could then be stored in cold NaTT until stripping was performed as 

described below. 

 

2.3.2.4 Stripping and reprobing of nitrocellulose membrane 

Within a week of gel electrophoresis, stripping of antibody from the membrane could 

be carried out by incubating the membrane in stripping buffer (62 mM Tris HCl, 70 

mM SDS, 0.1 M β-mercaptoethanol, pH 6.7) for 1 hour at 60 °C on a rotating shaker. 

The membrane was then washed every 10 minutes with NaTT for four times before 

overnight incubation with primary antibody in 2 % BSA/NaTT. Then the processing 

of membrane, including the 6 x NaTT washes, secondary antibody incubation, 6 x 

NaTT washes and enhanced chemiluminescence (ECL) processing, as described in 

section 2.3.2.2. 

 

2.3.3 Scanning and densitometry 

The blots were scanned with an Epson perfection GT-20000 scanner using Epson 

Scan Professional Mode software, while quantification of band intensity and 

normalisation of images against the background noise was performed using Scion 

Image (Scion Corp., Maryland, USA). 

 

2.3.4 Flow cytometry analysis of apoptotic cells 

Cells were analysed in accordance to the manufacturer’s protocol for phycoerythrin 

(PE) Annexin V apoptosis detection kit I (BD Pharmingen). Cells were stained with 

PE annexin V and 7-amino-actinomycin (7-AAD) that binds to the 

phosphatidylserine at the exposed plasma membrane phospholipid and double-

stranded nucleic acid of the porous cells respectively (Moser et al., 2001).  Unstained 

and single stained cells treated with hydrogen peroxide were used to set the 

appropriate gates for the apoptotic and necrotic regions in the flow cytometer for 

10,000 events. 
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After stimulation, cells were harvested with versene treatment and collected into 15 

ml tubes. Cells were then centrifuged at 800 g for 5 minutes to form a cell pellet. The 

cell pellet was washed twice with PBS, and then resuspended into 100 µl of 1× 

annexin binding buffer (10 mM Hepes/NaOH, pH 7.4, 140 mM NaCl, and 2.5 

mM CaCl2). PE annexin V and 7-AAD were each added into the samples at 5 µl, 

prior to 15 minutes incubation in the dark. Another 400 µl of binding buffer was 

added into the samples and the samples were processed through the FACScan flow 

cytometer using the FACS Diva software (FACScan, BD Biosciences). The data 

were analyzed using the FACS Diva (BD Biosciences) software. 

 

2.3.5 Statistical analysis 

All data were expressed in mean ± standard error mean (SEM), with graphs drawn in 

Prism 4. One-way ANOVA with Dunnett’s post test was used for statistical analysis 

using densitometry data, when appropriate. Data with p < 0.05 was defined as being 

statistically significant. The EC50 and IC50 values were calculated using Biograph, 

with the IC50 = Rmin + (Rmax – Rmin) / (1 + x / EC50)
p
.   
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3.0 The inhibitory effect of P2Y receptor in cytokine 

mediated JNK activity in endothelial cells 

 

3.1 Introduction 

Since the cloning and classification of purinergic receptors into seven ionotropic 

ligand gated ion channels (P2X1-7) and eight metabotropic G protein coupled P2Y 

receptors, numerous studies have been carried out over the years to understand the 

role of ATP in different cell systems. In this chapter, the role of P2Y receptors, in the 

regulation of cytokine signalling, was investigated in endothelial cells. The rationale 

for this approach is related to the development of cardiovascular diseases, including 

atherosclerosis. In this condition, a chronic inflammation of the endothelium 

underpins the development of a lesion at the blood vessel inner wall which ultimately 

detaches from the wall to obscure the blood supply to the heart, leading to heart 

ischemia and infarct (Ross, 1999). By understanding how inflammatory signalling by 

cytokines in endothelial cells can be inhibited by the activation of certain GPCRs, 

this may pave the way for the development of new and improved therapies.  

 

Endothelial cells that line the inner lumen of blood vessels are exposed to changes in 

plasma contents, which vary according to the degree of inflammation and the 

exposure of cells in different locations to shear stress. Thus the endothelial cell layer 

is most vulnerable to the action of pro-inflammatory cytokines, reactive oxygen 

species, oxidised lipoproteins and extracellular ATP that are in the plasma or 

secreted locally either by macrophages or endothelial cells themselves. Endothelial 

dysfunction as part of the response-to-injury hypothesis (French, 1966, Virchow, 

1856), involves pro-inflammatory mediator induced activation of signalling 

pathways such as MAPK, NF-κB and JAK-STAT (Hansson and Hermansson, 2011, 

Libby et al., 2002, Patel et al., 2000).  
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Several studies have shown that activation of a member of the MAPK cascade, JNK, 

in endothelial cells contributes to both inflammation and apoptosis during the 

development of atherosclerosis. Staining of the aortic arch from ApoE
-/-

 mice 

detected increases in JNK phosphorylation in endothelial cells at the 

atherosusceptible site (ie greater curvature of aortic arch) compared to the 

atheroprotected site (Hahn et al., 2009). This higher JNK activity in the 

atherosusceptible site correlated with increased staining of vascular cell adhesion 

molecule-1 (VCAM-1) and intercellular cell adhesion molecule-1 (ICAM-1) in 

ApoE
-/-

 mice compared to wild type (Orr et al., 2005). In addition, pre-incubation of 

HUVECs with the JNK inhibitor CT536706 reversed TNF-α mediated expression of 

vascular cell adhesion molecule-1 (VCAM-1), E-selectin, interleukin-8, caspase 3, 

protein phosphatase A (PP2A),  TLR4 and RIP1 as measured by microarray, 

quantitative RT-PCR and Western blotting (Chaudhury et al., 2010).  

 

Based on the multi-component nature of the progression of atherosclerosis, it is 

useful to examine the possible signalling interactions between these components. As 

shown in an early study in a hybrid endothelial cell model, EAhy926, pre-incubation 

of ATP inhibited TNF-α mediated JNK signalling (Paul et al., 2000). Thus, in this 

chapter, it is hypothesised that a similar inhibitory phenomenon could be observed in 

human primary endothelial cells. The specificity of the inhibitory effects of ATP in 

regulating JNK signalling by other cytokines, such as IL-1β, was also studied in 

depth. Furthermore, the signalling molecules involved in the inhibitory actions of 

ATP were investigated using pharmacological inhibitors and siRNA.  
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3.2 Characterisation of ATP mediated MAPK signalling in HUVECs 

Incubation of ATP at a micromolar concentration range has been shown to cause 

subsequent MAPK signalling as reported in various studies on endothelial cells 

(Montiel et al., 2006, Patel et al., 1996, Short et al., 2000, Xiao et al., 2011). The 

initial part of this study focused on the understanding of kinetics and concentrations 

of ATP required for activation of the MAPK signalling pathway, namely JNK, p38 

MAPK and ERK. The activation of JNK was measured by both in vitro kinase assay 

and Western blotting using phospho-JNK antibodies; whereas p38 MAPK and ERK 

phosphorylation was examined using phospho-p38 or phospho-ERK antibodies.   

 

3.2.1 JNK signalling 

Incubation of HUVECs with ATP (100 µM) produced a transient JNK signal that 

peaked at 15 minutes (6.98 ± 0.52 fold stimulation compared to unstimulated control, 

p < 0.001). By 30 minutes, the stimulation fell nearly to baseline (1.54 ± 0.31 fold 

stimulation) as shown in Figure 3.1. Using the time point that demonstrated a 

maximal JNK signal in response to ATP (15 minutes), the concentration dependent 

activation of JNK was measured in Figure 3.2. Results from both in vitro kinase 

assay and phospho-JNK immunoblotting demonstrated a concentration dependent 

increase in JNK activation by ATP over the concentration range of 1 to 100 µM, with 

a maximum response of approximately 4 fold of stimulation at 100 µM (kinase 

activity: 4.19 ± 0.63 fold stimulation, p < 0.001).  

 

3.2.2 p38 MAPK signalling 

A similar transient activation of p38 MAPK was observed following ATP 

stimulation of HUVECs (Figure 3.3). In contrast to JNK, p38 MAPK 

phosphorylation peaked earlier at 5 minutes (8.18 ± 1.94 fold stimulation compared 

to unstimulated control, p < 0.01) which then fell to less than half of the stimulation 

by 30 minutes (3.24 ± 0.51 fold stimulation). By 60 minutes, the p38 MAPK signal 

returned to lower than the baseline (0.52 ± 0.13 fold stimulation).  
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3.2.3 ERK signalling  

In contrast to the transient JNK and p38 MAPK phosphorylation, ATP stimulation of 

HUVECs produced a more sustained activation pattern in ERK signalling as shown 

in Figure 3.4. ATP produced rapid ERK activation which was maximal by 5 minutes 

(5.09 ± 1.58 fold stimulation compared to unstimulated control, p < 0.05), which 

then declined gradually to approximately half by 45 minutes (2.71 ± 0.35 fold 

stimulation). By 60 minutes, ERK phosphorylation had returned to near baseline 

(1.23 ± 0.15 fold stimulation).  
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Figure 3.1: Time dependent JNK activation by ATP in HUVECs 

Confluent cells were incubated with ATP (100 µM) for the times indicated above. 

JNK activity was assessed by in vitro kinase assay as described in section 2.5. (A) 

showed a representative blot and (B) showed the densitometric data for several 

independent experiments, expressed as mean ± SEM, n = 3. Statistical analysis was 

performed using one way ANOVA with Dunnett’s post test. *** p < 0.001 compared 

to unstimulated control.  
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Figure 3.2: Concentration dependent JNK activation by ATP in HUVECs 

Confluent cells were incubated with increasing ATP concentrations (1 - 100 µM) for 

15 minutes. JNK activity was assessed by in vitro kinase assay and Western blotting 

as described in sections 2.5 and 2.6 respectively. (A) showed a representative blot 

and (B) showed the densitometric data for several independent experiments, 

expressed as mean ± SEM, n = 4. Statistical analysis was performed using one way 

ANOVA with Dunnett’s post test. *** p < 0.001 compared to unstimulated control.  
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Figure 3.3: Time dependent p38 MAPK activation by ATP in HUVECs 

Confluent cells were incubated with ATP (100 µM) for the times indicated above. 

Phosphorylation of p38 MAPK was assessed by Western blotting as described in 

section 2.6. (A) showed a representative blot and (B) showed the densitometric data 

for several independent experiments, expressed as mean ± SEM, n = 4. Statistical 

analysis was performed using one way ANOVA with Dunnett’s post test. *** p < 

0.001 compared to unstimulated control.  
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Figure 3.4: Time dependent ERK activation by ATP in HUVECs 

Confluent cells were incubated with ATP (100 µM) for the times indicated above. 

Phosphorylation of ERK MAPK activity was assessed by Western blotting as 

described in section 2.6. (A) showed a representative blot and (B) showed the 

densitometric data for several independent experiments, expressed as mean ± SEM, n 

= 4.  Statistical analysis was performed using one way ANOVA with Dunnett’s post 

test. * p < 0.05 compared to unstimulated control.  
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3.3 Characterisation of TNF-α mediated MAPK signalling in 

HUVECs 

Activation of the stress-activated protein kinase members, JNK and p38 MAPK, by 

cytokines such as TNF-α, has been well documented in endothelial cells (Karmann et 

al., 1996, Mong et al., 2008, Read et al., 1997, Wadgaonkar et al., 2004). Initially the 

kinetics and concentration dependency for TNF-α activation of JNK and p38 MAPK 

were established.  

 

Stimulation of HUVECs with TNF-α (20 ng/ml) resulted in a rapid and significant 

increase in JNK activation, which peaked at 15 minutes (6.82 ± 0.80 fold stimulation 

compared to unstimulated control, p < 0.001). However the response was biphasic, 

decreasing between 30 and 60 minutes before increasing again at 90 minutes as 

shown in Figure 3.5.  

 

In addition, activation of JNK by TNF-α was studied at the 30 minute time point as 

shown in Figure 3.6. In general, HUVECs were found to be highly sensitive to TNF-

α, giving a substantial response as low as 1 ng/ml. Between 1 - 10 ng/ml, responses 

were comparable and only at 20 ng/ml was there a further significant increase in 

activity (5.63 ± 0.60 fold stimulation, p < 0.01). Thus TNF-α at 10 ng/ml for 30 

minutes of incubation was chosen for the combined ATP stimulation studies, unless 

stated otherwise. 

 

Similarly, TNF-α stimulated a strong increase in p38 MAPK phosphorylation in 

HUVECs as shown in Figure 3.7. A maximum response was observed at 15 minutes 

(6.40 ± 1.21 fold stimulation, p < 0.01), which reduced slightly by 60 minutes (3.92 

± 0.37 fold stimulation, p > 0.05). 
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Figure 3.5: Time dependent JNK activation by TNF-α in HUVECs 

Confluent cells were incubated with TNF-α (20 ng/ml) for the times indicated above. 

JNK activity was assessed by in vitro kinase assay as described in section 2.5. (A) 

showed a representative blot and (B) showed the densitometric data for several 

independent experiments, expressed as mean ± SEM, n = 3. Statistical analysis was 

performed using one way ANOVA with Dunnett’s post test. *** p < 0.001, ** p < 

0.01, * p < 0.05 compared to unstimulated control.  
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Figure 3.6: Concentration dependent JNK activation by TNF-α in HUVECs 

Confluent cells were incubated with increasing TNF-α concentrations (1 – 20 ng/ml) 

for 30 minutes. JNK activity was assessed by in vitro kinase assay as described in 

section 2.5. (A) showed a representative blot and (B) showed the densitometric data 

for several independent experiments, expressed as mean ± SEM, n = 4. Statistical 

analysis was performed using one way ANOVA with Dunnett’s post test. ** p < 0.01, 

* p < 0.05 compared to unstimulated control.  
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Figure 3.7: Time dependent p38 MAPK activation by TNF-α in HUVECs 

Confluent cells were incubated with TNF-α (20 ng/ml) for the times indicated above. 

Phosphorylation of p38 MAPK was assessed by Western blotting as described in 

section 2.6. (A) showed a representative blot and (B) showed the densitometric data 

for several independent experiments, expressed as mean ± SEM, n = 3. Statistical 

analysis was performed using one way ANOVA with Dunnett’s post test. ** p < 0.01 

compared to unstimulated control.  
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3.4 ATP mediated inhibition of TNF-α induced MAPK signalling in 

HUVECs 

 

3.4.1 The kinetics and concentration dependency of ATP mediated inhibition of 

TNF-α stimulated JNK signalling 

In order to characterise the effect of ATP in JNK signalling, time courses and 

concentration response experiments were conducted.  Confluent HUVECs were 

exposed to ATP (100 µM) for 5 to 60 minutes, followed by TNF-α (20 ng/ml) 

incubation for another 30 minutes. ATP caused a time dependent decrease in TNF-α 

mediated JNK signalling as shown in Figure 3.8. Maximum inhibition of 

approximately 80% was observed following pre-incubation of ATP for 30 minutes 

(% TNF-α stimulation: ATP + TNF-α = 22.37 ± 2.13 %, p < 0.05), although some 

inhibition was observed as early as 15 minutes (Figure 3.8 panel A and C). Inhibition 

was maintained for up to 60 minutes of ATP pre-treatment, the maximum time point 

recorded. Furthermore, ATP alone was without effect on JNK signalling at any of the 

time points studied (Figure 3.8 panel B). 

 

A concentration response relationship for ATP mediated inhibition of TNF-α induced 

JNK phosphorylation and activity was established for the 30 minute pre-incubation 

time point (Figure 3.9). ATP caused a concentration dependent inhibition of both 

JNK activity and phosphorylation which was maximal between 30 and 100 µM at 

approximately 40% of the initial TNF-α stimulation (% TNF-α stimulation at 100 

µM ATP = 36.13 ± 4.97 % and 41.6 ± 5.17 %, p < 0.05). An IC50 value of 

approximately 8.6 µM was obtained over several kinase assay experiments.  
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Figure 3.8: The kinetics dependency of the pre-incubation of ATP in TNF-α 

mediated JNK signalling in HUVECs 

Confluent cells were incubated with ATP (100 µM) at the indicated durations (5 – 60 

minutes), followed by TNF-α stimulation (20 ng/ml) for another 30 minutes as 

shown in (A). The JNK activity produced by ATP alone for the total duration of the 

combined stimulation was shown in (B). JNK activity was assessed by in vitro kinase 

assay as described in section 2.5. (A) and (B) showed representative blots and (C) 

showed the densitometric data for several independent experiments, expressed as 

mean ± SEM, n = 4. Statistical analysis was performed using one way ANOVA with 

Dunnett’s post test. * p < 0.05 compared to TNF-α only stimulation.  



80 
 

             A 

ATP concentration (μM)

- +          - +           +          +           +          +

- - 100       100 30        10          3           1 

GST-c-Jun

TNF-α

p-JNK

Total JNK

ATP concentration (μM)

- +          - +           +          +           +          +

- - 100       100 30        10          3           1 

GST-c-Jun

TNF-α

p-JNK

Total JNK

 

             B 

0

20

40

60

80

100

120

*

- 100      30       10        3         1 

ATP concentration (μM)

%
 s

ti
m

u
la

ti
o

n
 o

f 
T

N
F

-α
c

o
n

tr
o

l GST-c-Jun
p-JNK

+         +         +         +         +         + TNF-α

0

20

40

60

80

100

120

*

- 100      30       10        3         1 

ATP concentration (μM)

%
 s

ti
m

u
la

ti
o

n
 o

f 
T

N
F

-α
c

o
n

tr
o

l GST-c-Jun
p-JNK

+         +         +         +         +         + TNF-α

 

Figure 3.9: Concentration dependent ATP inhibition of TNF-α mediated JNK 

signalling in HUVECs 

Confluent cells were incubated with increasing concentrations of ATP (1 – 100 µM) 

for 30 minutes, followed by TNF-α stimulation (10 ng/ml) for another 30 minutes. 

JNK activity was assessed by in vitro kinase assay and Western blotting as described 

in sections 2.5 and 2.6 respectively. (A) showed a representative blot and (B) showed 

the densitometric data for several independent experiments, expressed as mean ± 

SEM, n = 4. Statistical analysis was performed using one way ANOVA with 

Dunnett’s post test. * p < 0.05 compared to TNF-α only stimulation (GST-c-Jun and 

JNK phosphorylation).  
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3.4.2 The effect of ATP and TNF-α co-stimulation on JNK signalling 

To further explore the conditions whereby ATP could also inhibit TNF-α mediated 

JNK signalling, the effect of co-incubation with ATP (30 µM) and TNF-α (5 ng/ml) 

was examined over 2 hours. At 15 minutes, ATP alone produced a 3.54 ± 0.67 fold 

increase in JNK activity, whereas for TNF-α, the stimulation was higher at 

approximately 8 fold (8.15 ± 1.24 fold). Together there was a non-significant 

increase in JNK activity (9.31 ± 2.12 fold). In contrast, at later times, the declining 

TNF-α signal was reduced slightly but the difference was not statistically significant. 

This inhibition trend suggested that ATP was more effective when incubated with 

HUVECs prior to TNF-α stimulation.   

 

3.4.3 The kinetics and concentration dependency of ATP mediated inhibition of 

TNF-α stimulated p38 MAPK signalling 

As with section 3.4.1, similar experiments were performed to determine if pre-

incubation of ATP could inhibit TNF-α mediated p38 MAPK. Addition of ATP (100 

µM) for 5 to 60 minutes produced a minor and non-significant inhibition of TNF-α 

mediated p38 MAPK phosphorylation as shown in Figure 3.11 Panel A. At the pre-

incubation time point of 30 minutes when maximum inhibition of JNK was observed, 

ATP did not alter the TNF-α mediated p38 MAPK phosphorylation (Figure 3.11 

Panel C). These results suggested that the effect of ATP is largely selective for JNK 

inhibition.  
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Figure 3.10: The effect of ATP and TNF-α co-stimulation on JNK signalling in 

HUVECs 

Confluent cells were incubated with both ATP (30 µM) and TNF-α (5 ng/ml) for the 

indicated times (15 – 120 minutes). JNK activity was assessed by in vitro kinase 

assay as described in section 2.5. (A) and (B) showed representative blots and (C) 

showed the densitometric data for several independent experiments, expressed as 

mean ± SEM, n = 3. Statistical analysis was performed using one way ANOVA with 

Dunnett’s post test. No difference was found between TNF-α and ATP + TNF-α for 

the same time points, and the statistical differences between unstimulated control and 

ATP or TNF-α only stimulations were not indicated in the graph. 
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Figure 3.11: Kinetics and concentration study of the pre-incubation of ATP in 

TNF-α mediated p38 MAPK signalling in HUVECs 

Confluent cells were incubated with ATP (100 µM) for the indicated times (5 – 60 

minutes) in (A) or at increasing concentrations (0.1 – 100 µM) for 30 minutes in (B), 

followed by TNF-α stimulation (10 ng/ml) for another 30 minutes. Phosphorylation 

of p38 MAPK was assessed by Western blotting as described in section 2.6. (A) and 

(C) showed representative blots and (B) showed the densitometric data for several 

independent experiments, expressed as mean ± SEM, n = 3. 
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3.5 ATP did not affect TNF-α mediated NF-κB signalling in 

HUVECs 

Since JNK and NF-κB signalling can be regulated by common upstream 

intermediates, this part of the study sought to determine if ATP pre-incubation could 

also inhibit TNF-α mediated NF-κB signalling. Thus p65 NF-κB phosphorylation 

and IκB-α degradation were measured as the parameters for NF-κB activation. The 

effect of ATP and TNF-α alone or in combination was examined and results shown 

in Figure 3.12. 

 

Stimulation of cells with ATP (100 µM) for up to 60 minutes did not result in any 

activation of NF-κB signalling as neither enhanced IκB-α degradation nor 

phosphorylation of p65 NF-κB was observed (Figure 3.12 Panel A). In contrast, 

incubation with TNF-α (20 ng/ml) activated NF-κB signalling with complete IκB-α 

degradation observed at 30 minutes and maximum phosphorylation of p65 NF-κB  

achieved at 15 minutes (approximately 5.5 fold) as shown in Panel B. The activation 

of NF-κB by TNF-α then declined gradually, both IκB-α and p65 NF-κB levels 

returned to baseline by 90 minutes. Thus a 15 minute TNF-α incubation was chosen 

to study the combined effect of ATP and TNF-α. 

 

HUVECs were pre-incubated with ATP (100 µM) for up to 2 hours prior to 

stimulation with TNF-α for a further 15 minutes (Figure 3.12 Panel C). Alone, TNF-

α as expected caused a substantial increase in p65 NF-κB phosphorylation, however 

this response was not affected by pre-incubation of ATP. These results strengthen the 

hypothesis that the inhibitory effect of ATP is pathway specific and does not involve 

NF-κB signalling.  
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Figure 3.12: The effect of pre-incubation of ATP on TNF-α mediated p65 NF-κB 

activation in HUVECs 

Confluent cells were incubated with ATP (100 µM) in (A) and TNF-α (20 ng/ml) in 

(B) for the times indicated above. ATP (100 µM) was pre-incubated for the indicated 

time points (15 – 120 minutes), followed by TNF-α stimulation (20 ng/ml) for 

another 30 minutes in (C). Degradation of IκB-α and phosphorylation of p65 NF-κB 

were assessed by Western blotting as described in section 2.6, n = 2.  
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3.6 ATP mediated inhibition of IL-1β induced MAPK signalling in 

HUVECs 

The marked inhibitory effect of ATP on TNF-α mediated JNK signalling in 

HUVECs prompted further investigation of the specificity of ATP for other pro-

inflammatory cytokines that are also involved in the pathogenesis of atherosclerosis 

and also utilises MAPK signalling pathways. Another cytokine, interleukin-1 beta 

(IL-1β), which utilises different adaptor proteins for pathway activation, was tested 

in place of TNF-α. Thus the MAPK activation by IL-1β alone was measured in order 

to choose the appropriate concentration and time point for the combined ATP and IL-

1β experiments. 

 

3.6.1 Characterisation of IL-1β mediated MAPK signalling  

Similar to TNF-α stimulation, treatment of HUVECs with IL-1β (20 ng/ml) produced 

a transient and strong activation of JNK as shown in Figure 3.13. JNK signalling 

measured by both in vitro kinase assay and phospho-JNK immunoblotting reached 

peak activity at 15 minutes (kinase activity, fold stimulation: 7.01 ± 2.03, p < 0.05), 

that decreased slightly to approximately 5 fold at 30 minutes (5.54 ± 1.82 fold, p > 

0.05). The JNK activity then fell rapidly to baseline by 90 minutes. Using the 30 

minutes time point, a concentration curve for IL-1β stimulation (1 to 20 ng/ml) was 

generated as shown in Figure 3.14. A maximum increase in JNK kinase activity was 

observed between 5 and 10 ng/ml IL-1β with an EC50 value of 3.43 ± 1.74 ng/ml. 

Thus based on these results, IL-1β was used at 10 ng/ml over a 30 minute stimulation 

period for the following ATP pre-incubation studies.  
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Figure 3.13: Time dependent JNK activation by IL-1β in HUVECs 

Confluent cells were incubated with IL-1β (20 ng/ml) for the times indicated above. 

JNK activity was assessed by in vitro kinase assay and Western blotting as described 

in sections 2.5 and 2.6 respectively. (A) showed a representative blot and (B) showed 

the densitometric data (GST-c-Jun phosphorylation) for several independent 

experiments, expressed as mean ± SEM, n = 3. Statistical analysis was performed 

using one way ANOVA with Dunnett’s post test. * p < 0.05 compared to 

unstimulated control.  



88 
 

             A 

C              1              3             5             10             20  

IL-1β concentration (ng/ml)

GST-c-Jun

p-JNK

Total JNK

C              1              3             5             10             20  

IL-1β concentration (ng/ml)

GST-c-Jun

p-JNK

Total JNK

 

             B 

0

2

4

6

8

10

12

14

16

IL-1β concentration (ng/ml)

C         1         3         5        10       20  

F
o

ld
 a

c
ti

v
a

ti
o

n

***
**

***

0

2

4

6

8

10

12

14

16

IL-1β concentration (ng/ml)

C         1         3         5        10       20  

F
o

ld
 a

c
ti

v
a

ti
o

n

***
**

***

 

 

Figure 3.14: Concentration dependent JNK activation by IL-1β in HUVECs 

Confluent cells were incubated with increasing concentrations of IL-1β (1 – 20 ng/ml) 

for 30 minutes. JNK activity was assessed by in vitro kinase assay and Western 

blotting as described in sections 2.5 and 2.6 respectively. (A) showed a 

representative blot and (B) showed the densitometric data (GST-c-Jun 

phosphorylation) for several independent experiments, expressed as mean ± SEM, n 

= 5. Statistical analysis was performed using one way ANOVA with Dunnett’s post 

test. *** p < 0.001, ** p < 0.01 compared to unstimulated control.  
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3.6.2 Pre-incubation of ATP inhibited IL-1β mediated JNK signalling 

In order to determine if ATP could inhibit IL-1β mediated signalling, the kinetics and 

concentration dependency of ATP in IL-1β induced JNK activity were examined. 

Alone, IL-1β stimulated a substantial increase in JNK activity in HUVECs as 

assessed by Western blotting of JNK phosphorylation. ATP caused a time dependent 

inhibition of IL-1β mediated JNK signalling, with maximum inhibition at 30 minutes 

(% IL-1β stimulation: ATP + IL-1β = 44.03 ± 7.70 %, p < 0.01) (Figure 3.15). The 

inhibitory effect of ATP was JNK specific, no effect upon IL-1β mediated p38 

MAPK phosphorylation was observed at any time point tested (results not shown).  

 

As shown in Figure 3.16, pre-incubation with ATP for 30 minutes produced a 

concentration dependent inhibition in IL-1β mediated JNK signalling as measured by 

both in vitro kinase assay and phospho-JNK immunoblotting. A maximum 

concentration of ATP (100 µM) produced approximately 70% inhibition of the IL-1β 

signal (% IL-1β stimulation: kinase activity: 31.11 ± 12.73 %, phospho-JNK: 32.53 ± 

5.99 %, both at p < 0.05), with an IC50 of approximately 1 µM for the kinase assay 

results. Since ATP could inhibit JNK signalling mediated by both TNF-α and IL-1β, 

this suggests that the site of inhibition could be common for both cytokines.  

 

3.6.3 The inhibitory effect of ATP at increasing concentrations of IL-1β 

Next, the effect of a maximum concentration of ATP (100 µM) on increasing 

concentrations of IL-1β (1 – 20 ng/ml) was examined and the results shown in Figure 

3.17. Despite the differences in the magnitude of JNK signalling by different IL-1β 

concentrations, ATP produced a largely consistent level of inhibition of over 60 %, 

although the IL-1β response was never totally abrogated. For example at 5 or 20 

ng/ml of IL-1β, the inhibition was 57 % and 58 % (Fold stimulation: 5 ng/ml IL-1β = 

9.44 ± 1.42, ATP + IL-1β = 4.02 ± 1.03, p < 0.05; 20 ng/ml IL-1β = 11.04 ± 0.24, 

ATP + IL-1β = 4.63 ± 0.91, p < 0.01). This indicates that ATP can only partially 

inhibit JNK signalling in response to IL-1β.   
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Figure 3.15: The kinetics of pre-incubation of ATP in IL-1β mediated MAPK 

signalling in HUVECs 

Confluent cells were incubated with ATP (100 µM) at the indicated durations (5 – 

120 minutes), followed by IL-1β stimulation (10 ng/ml) for another 30 minutes as 

shown in (A). Phosphorylation of JNK and p38 MAPK were assessed by Western 

blotting as described in section 2.6. (A) showed a representative blot and (B) showed 

the densitometric data (JNK phosphorylation) for several independent experiments, 

expressed as mean ± SEM, n = 4.  Statistical analysis was performed using one way 

ANOVA with Dunnett’s post test. ** p < 0.01, * p < 0.05 compared to IL-1β only 

stimulation.  
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Figure 3.16: Concentration dependent ATP inhibition of IL-1β mediated JNK 

signalling in HUVECs 

Confluent cells were incubated with increasing concentrations of ATP (1 – 100 µM) 

for 30 minutes, followed by IL-1β stimulation (10 ng/ml) for another 30 minutes. 

JNK activity was assessed by in vitro kinase assay and Western blotting as described 

in sections 2.5 and 2.6 respectively. (A) showed a representative blot and (B) showed 

the densitometric data for several independent experiments, expressed as mean ± 

SEM, n = 4. Statistical analysis was performed using one way ANOVA with 

Dunnett’s post test. *** p < 0.001, * p < 0.05 compared to IL-1β only stimulation 

(GST-c-Jun and JNK phosphorylation).  
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Figure 3.17: The inhibitory effect of ATP in JNK signalling mediated by 

increasing concentration of IL-1β in HUVECs 

Confluent cells were incubated with ATP (100 µM) for 30 minutes, followed by 

increasing IL-1β stimulation (1 - 20 ng/ml) for another 30 minutes. JNK activity was 

assessed by in vitro kinase assay as described in section 2.5. (A) showed a 

representative blot and (B) showed the densitometric data for several independent 

experiments, expressed as mean ± SEM, n = 3. Statistical analysis was performed 

using one way ANOVA with Dunnett’s post test. ** p < 0.01, * p < 0.05 compared 

to the respective IL-1β concentration control. The statistical differences between 

unstimulated control and IL-1β only or ATP + IL-1β stimulations were not indicated 

in the graph. 
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3.6.4 The effect of ATP and IL-1β co-stimulation on JNK signalling 

In addition to pre-incubation studies, JNK activity following co-stimulation of ATP 

(30 µM) with IL-1β (5 ng/ml) was measured as outlined in Figure 3.18. Combined 

ATP and IL-1β stimulation produced higher JNK activity at 15 minutes, compared to 

IL-1β alone (Fold stimulation: ATP = 2.43 ± 0.49, IL-1β = 6.73 ± 1.78, ATP + IL-1β 

= 10.84 ± 1.73, p < 0.05). However at 30 minutes, combined ATP and IL-1β 

treatment reduced the JNK activity in contrast to IL-1β alone (Fold stimulation: ATP 

= 1.06 ± 0.32, IL-1β = 10.75 ± 0.61, ATP + IL-1β = 6.68 ± 0.86, p < 0.01). Longer 

incubation times up to 2 hours revealed a minor and insignificant increase in JNK 

activity for ATP and IL-1β in combination. These results demonstrate that inhibition 

of IL-1β mediated JNK signalling can occur irrespective of whether ATP was pre-

incubated prior to IL-1β addition or post-30 minutes of simultaneous application.  

 

3.7 ATP did not inhibit IL-1β mediated NF-κB signalling in 

HUVECs 

Experiments in section 3.5 demonstrated that ATP only specifically inhibited JNK 

signalling, with no effect on NF-κB signalling. Thus a similar approach was applied 

to IL-1β stimulation and the results shown in Figure 3.19. As with TNF-α, IL-1β 

stimulated a marked increase in the degradation of IκB-α and enhanced the 

phosphorylation of p65 NF-κB.  Pre-incubation of HUVECs with ATP for up to 120 

minutes had no significant effect on either parameter stimulated in response to IL-1β 

at the 15 minute time point. Thus the inhibitory effect of ATP is specific for JNK 

signalling irrespective of the cytokine employed.  
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Figure 3.18: The effect of ATP and IL-1β co-stimulation on JNK signalling in 

HUVECs 

Confluent cells were incubated with both ATP (30 µM) and IL-1β (5 ng/ml) for the 

indicated times (15 – 120 minutes). JNK activity was assessed by in vitro kinase 

assay as described in section 2.5. (A) and (B) showed a representative blot and (C) 

showed the densitometric data for several independent experiments, expressed as 

mean ± SEM, n = 3. Statistical analysis was performed using one way ANOVA with 

Dunnett’s post test. ** p < 0.01, * p < 0.05 compared to IL-1β only stimulation for 

the corresponding time points. The statistical differences between unstimulated 

control and ATP, IL-1β or ATP + IL-1β stimulations were not indicated in the graph. 
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Figure 3.19: The effect of ATP pre-incubation on IL-1β mediated NF-κB 

activation in HUVECs 

Confluent cells were incubated with ATP (100 µM) for the times indicated (15 – 120 

minutes), followed by IL-1β stimulation (20 ng/ml) for a further 15 minutes. 

Phosphorylation of p65 NF-κB and degradation of IκB-α were assessed by Western 

blotting as described in section 2.6, n = 3.  
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3.8 The effect of ATP on JNK signalling in response to cellular stress 

Since ATP inhibits the JNK signalling mediated by two different cytokines, the 

possibility that ATP could inhibit the JNK signalling in response to other agents 

known to induce JNK activation was then investigated. Previous studies have 

demonstrated that both anisomycin and hyperosmolarity induced by sorbitol are 

potent JNK activators (Bogoyevitch et al., 1995, Moriguchi et al., 1997, Raingeaud 

et al., 1995). Therefore HUVECs were pre-treated with ATP prior to the addition of 

anisomycin and sorbitol.  

 

Preliminary studies demonstrated that incubation of HUVECs with sorbitol (0.5M) or 

anisomycin (0.5 µM) over a 90 minute period resulted in a substantial increase in 

JNK activity, equivalent to that observed in IL-1β (results not shown). Pre-

incubation with ATP did not affect JNK phosphorylation or activity in response to 

either activator as shown in Figure 3.20. In contrast, ATP mediated a reproducible 

inhibition of IL-1β mediated JNK signalling. These results demonstrated that the 

mechanism of ATP mediated inhibition involves the upstream signalling components 

of cytokine stimulated pathways, and is not a general effect on components of the 

JNK pathway itself.   
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Figure 3.20: Specificity of ATP inhibition towards cytokine mediated JNK 

activation in HUVECs  

Confluent cells were incubated with ATP (30 and 100 µM) for 30 minutes, followed 

by IL-1β (10 ng/ml), sorbitol (0.5 M) or anisomycin (0.5 µM) stimulation for another 

30 minutes. JNK activity was assessed by in vitro kinase assay and Western blotting 

as described in sections 2.5 and 2.6 respectively. (A) showed a representative blot 

and (B) showed the densitometric data for several independent experiments, 

expressed as mean ± SEM, n = 4. Statistical analysis was performed using one way 

ANOVA with Dunnett’s post test. ** p < 0.01, * p < 0.05 compared to IL-1β only 

stimulation. The statistical differences between unstimulated control and IL-1β, 

sorbitol, anisomycin or combined stimulations of ATP with these agents were not 

indicated in the graph. 
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3.9 Characterisation of the purinergic receptors involved in the 

inhibitory effects of ATP on JNK signalling on HUVECs 

As outlined in the introduction, ATP mediates its cellular effects via a subgroup of 

GPCRs named P2Y purinergic receptors. A previous study in HUVECs utilising RT-

PCR has shown that the most abundant P2Y is P2Y11, followed by P2Y1 and P2Y2 

receptors (Wang et al., 2002).Therefore receptor antagonists were employed to 

determine if either of these P2Y receptors mediated the inhibitory effect of ATP. The 

possible contribution of the degradatory products of ATP, such as ADP, AMP and 

adenosine, to its inhibitory effects was also evaluated by pre-incubation with an ecto-

nucleotidase inhibitor.  

 

3.9.1 The effect of P2Y11 receptor antagonism in the ATP inhibition of IL-1β 

mediated JNK signalling 

HUVECs were pre-incubated with the P2Y11 receptor inhibitor, NF340 (Meis et al., 

2010), prior to ATP pre-treatment and the resultant effect on IL-1β mediated JNK 

signalling was examined as shown in Figure 3.21. ATP at 10 µM mediated a 50% 

inhibition of IL-1β stimulated JNK activity, and this inhibition was partially reversed 

in the presence of NF340 at 10 µM (% IL-1β stimulation: ATP + IL-1β = 47.78 ± 

8.00 %, NF340 10 µM + ATP + IL-1β = 88.71 ± 7.35 %, p < 0.01). The effect was 

concentration dependent as 3 and 1 µM of NF340 produced no significant reversal of 

inhibition. These data indicate that the inhibitory effect of ATP is likely to be 

mediated by P2Y11 receptor in HUVECs.  
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Figure 3.21: The role of P2Y11 receptor in the inhibitory action of ATP for IL-

1β mediated JNK activation in HUVECs 

Confluent cells were incubated with increasing concentrations of NF340 (1 - 10µM) 

for 30 minutes, followed by ATP (10 µM) for 30 minutes, and IL-1β (10 ng/ml) for a 

further 30 minutes. JNK activity was assessed by in vitro kinase assay as described in 

section 2.5. (A) showed a representative blot and (B) showed the densitometric data 

for several independent experiments, expressed as mean ± SEM, n = 5. Statistical 

analysis was performed using one way ANOVA with Dunnett’s post test. ** p < 0.01 

compared to the combined ATP and IL-1β stimulation. The statistical difference 

between IL-1β and ATP + IL-1β was not indicated in the graph. 
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3.9.2 The effect of P2Y1 and combined P2Y1 with P2Y11 receptors antagonism in 

the ATP inhibition of IL-1β mediated JNK signalling 

Since HUVECs also express high P2Y1 receptor levels and P2Y1 receptor is required 

for the internalisation of P2Y11 receptor (Ecke et al., 2008), the role of P2Y1 receptor 

alone and in combination with P2Y11 receptor was tested using the P2Y1 inhibitor, 

MRS2179 (Moro et al., 1998), as shown in Figure 3.24. Pre-incubation with ATP (30 

µM) produced approximately 60% inhibition of IL-1β mediated JNK signalling, 

which was reversed slightly with prior treatment of the P2Y11 antagonist, NF340 at 

10 µM (% IL-1β stimulation: ATP + IL-1β = 40.19 ± 6.82 %, NF340 10 µM + ATP 

+ IL-1β = 58.39 ± 8.87 %). Inhibition of P2Y1 receptor alone by MRS2179 at 10 µM 

did not reverse the ATP mediated reduction of the IL-1β response (% IL-1β 

stimulation: ATP + IL-1β = 40.19 ± 6.82 %, 10 µM MRS2179 + ATP + IL-1β = 

47.03 ± 8.13 %). Furthermore, combined P2Y1 and P2Y11 antagonism did not 

enhance the degree of reversal compared to P2Y11 inhibition alone (% IL-1β 

stimulation: NF340 + ATP + IL-1β = 58.39 ± 8.87 %, NF340 + MRS2179 + ATP + 

IL-1β = 66.82 ± 8.15 %). These results demonstrated that the inhibitory effect of 

ATP is unlikely to be mediated by the P2Y1 receptor.  

 

3.9.3 Pre-incubation of UTP in IL-1β mediated JNK signalling: The role of the 

P2Y2 receptor 

A previous study in EAhy926 cells has demonstrated that P2Y2 receptor mediated 

the inhibitory effect of ATP in TNF-α mediated JNK signalling (Paul et al., 2000). 

Since P2Y2 receptor is also expressed in HUVECs and both ATP and UTP can 

equipotently activate the P2Y2 receptor, the ability of UTP to inhibit IL-1β mediated 

JNK signalling was assessed (Figure 3.23). Pre-incubation of HUVECs with 

increasing concentrations of UTP (1 to 100 µM) affected neither JNK nor p38 

MAPK signalling induced by IL-1β, suggesting that P2Y2 receptor activation did not 

mediate the inhibitory effects of ATP in HUVECs.  
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Figure 3.22: The role of P2Y11 and P2Y1 receptors in the inhibitory action of 

ATP for IL-1β mediated JNK activation in HUVECs 

Confluent cells were incubated with NF340 (10µM) and/or MRS2179 (10 µM) for 

30 minutes, followed by ATP (30 µM) for 30 minutes, and IL-1β (10 ng/ml) for a 

further 30 minutes. JNK activity was assessed by in vitro kinase assay as described in 

section 2.5. (A) showed a representative blot and (B) showed the densitometric data 

for several independent experiments, expressed as mean ± SEM, n = 5. Statistical 

analysis was performed using one way ANOVA with Dunnett’s post test, but no 

difference was found between ATP + IL-1β and other combined stimulations. The 

statistical difference between IL-1β only and combined treatments were not indicated 

in the graph. 



102 
 

 

 

 

 

 

UTP (μM)

IL-1β

p-JNK

Total p38 

MAPK

- - 100       100 30         10          3           1

p-p38 

MAPK

- +          - +          +           +           +        +

UTP (μM)

IL-1β

p-JNK

Total p38 

MAPK

- - 100       100 30         10          3           1

p-p38 

MAPK

- +          - +          +           +           +        +
 

 

Figure 3.23: The role of P2Y2 receptor in the inhibitory action of ATP on IL-1β 

mediated JNK activation in HUVECs  

Confluent cells were incubated with increasing concentrations of UTP (1 – 100 µM) 

for 30 minutes, followed by IL-1β stimulation (10 ng/ml) for another 30 minutes. 

Phosphorylation of JNK and p38 MAPK were assessed by Western blotting as 

described in section 2.6, n = 2.  
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3.9.4 ATP degradation products did not contribute to the inhibitory effect of 

ATP in IL-1β mediated JNK signalling  

The presence of ecto-nucleotidase on the cell surface allows rapid degradation of 

ATP into ADP and adenosine within minutes of ATP incubation (Wood et al., 2002). 

Therefore, there is a possibility that these degradatory products could also contribute 

to the inhibitory effects of ATP. As expected, pre-incubation of HUVECs with ATP 

(30 µM) inhibited IL-1β mediated JNK signalling by approximately 70 %, however 

pre-treatment with the ecto-nucleotidase inhibitor, ARL67156 (1 to 10 µM) (Chen 

and Lin, 1997) did not alter the inhibitory effect of ATP (% IL-1β stimulation: ATP 

+ IL-1β = 35.31 ± 7.40 %, ARL67156 10 µM + ATP + IL-1β = 28.54 ± 8.14 %, p > 

0.05) (Figure 3.24). In addition, ARL67156 alone affected neither basal kinase 

activity nor the response to IL-1β. This data suggests that ATP inhibition is unlikely 

to be dependent on its degradation products.  
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Figure 3.24: The role of ecto-nucleotidase in ATP mediated inhibition of IL-1β 

stimulated JNK activation in HUVECs 

Confluent cells were incubated with ARL67156 (1 - 10µM) for 30 minutes, followed 

by ATP (30 µM) for 30 minutes, and IL-1β (10 ng/ml) for a further 30 minutes. JNK 

activity was assessed by in vitro kinase assay as described in section 2.5. (A) showed 

a representative blot and (B) showed the densitometric data for several independent 

experiments, expressed as mean ± SEM, n = 4. Statistical analysis was performed 

using one way ANOVA with Dunnett’s post test, but no difference was found 

between ATP + IL-1β and different concentrations of ARL67156 + ATP + IL-1β. 

The statistical difference between IL-1β only and combined treatment were not 

indicated in the graph. 
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3.10 Characterisation of signalling events involved in the inhibitory 

effect of ATP on JNK activity in HUVECs 

As mentioned in the introduction (section 1.5.7.1), P2Y receptors are GPCRs which 

therefore couple to G proteins for their downstream signal transduction. Since the 

previous section has revealed that ATP mediated its inhibitory effects in JNK 

signalling via P2Y11 receptor, the following sections then investigated the importance 

of different G proteins in mediating the inhibitory effect of ATP.  

 

3.10.1 The role of Gq/11 in the inhibitory effect of ATP in cytokine mediated JNK 

signalling  

In the following experiments, inhibition of Gq/11 activity was achieved by pre-

incubation with the inhibitor YM254890. This compound has been shown to prevent 

GDP/GTP exchange on the Gαq subunit at nanomolar concentration range and has 

been widely used in various other studies (Takasaki et al., 2004). Thus the role of 

Gq/11 in the inhibitory effect of ATP in TNF-α and IL-1β mediated JNK signalling 

was tested as shown in Figure 3.25 and 3.26. In Figure 3.25, pre-incubation of ATP 

markedly reduced TNF-α mediated JNK phosphorylation and activity. Surprisingly, 

YM254890 at concentrations up to 100 nM had no significant effect on ATP (100 

µM) mediated inhibition with the number of experiments performed (% maximal 

TNF-α stimulation: kinase activity:  ATP + TNF-α = 26.64 ± 1.91 %, YM254890 + 

ATP + TNF-α = 53.58 ± 7.29 %).  

 

In contrast, YM254890 mediated a reversal on the inhibitory effect of ATP (100 µM) 

on IL-1β induced JNK signalling, which was maximal between 30 and 100 nM of the 

compound (Figure 3.26). However at these concentrations the effect was still 

incomplete, reversal was approximately 50 % (% maximal IL-1β stimulation: kinase 

activity:  ATP + IL-1β = 13.46 ± 3.15 %, YM254890 30 nM + ATP + IL-1β = 41.59 

± 11.80 %). Therefore, the inhibitory effect of ATP in cytokine mediated JNK 

signalling is not dependent on Gq/11 activity alone. 
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Figure 3.25: The role of Gq/11 in the inhibitory effect of ATP on TNF-α mediated 

JNK signalling in HUVECs 

Confluent cells were incubated with increasing concentration of YM254890 (1 – 100 

nM) for 15 minutes, followed by ATP (100 µM) for 30 minutes and TNF-α (20 

ng/ml) for a further 30 minutes. JNK activity was assessed by in vitro kinase assay 

and Western blotting as described in sections 2.5 and 2.6 respectively. (A) showed a 

representative blot and (B) showed the densitometric data for several independent 

experiments, expressed as mean ± SEM, n = 4. Statistical analysis was performed 

using one way ANOVA with Dunnett’s post test, but no difference was found 

between ATP + TNF-α and different concentrations of YM254890 + ATP + TNF-α. 

The statistical difference between TNF-α only and other treatments were not 

indicated in the graph. 
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Figure 3.26: The role of Gq/11 in the inhibitory effect of ATP on IL-1β mediated 

JNK signalling in HUVECs 

Confluent cells were incubated with increasing concentration of YM254890 (1 – 100 

nM) for 15 minutes, followed by ATP (100 µM) for 30 minutes and IL-1β (10 ng/ml) 

for a further 30 minutes. JNK activity was assessed by in vitro kinase assay and 

Western blotting as described in sections 2.5 and 2.6 respectively. (A) showed a 

representative blot and (B) showed the densitometric data for several independent 

experiments, expressed as mean ± SEM, n = 4. Statistical analysis was performed 

using one way ANOVA with Dunnett’s post test. ** p < 0.01, * p < 0.05 compared 

to combined ATP and IL-1β stimulation (GST-c-Jun and JNK phosphorylation). The 

statistical difference between IL-1β only and other treatments were not indicated in 

the graph. 
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3.10.2 The role of PKC in the inhibitory effect of ATP in IL-1β mediated JNK 

signalling  

It is well established that PKC activation functions downstream of Gq/11 signalling. 

Several PKC isoforms are present in HUVECs as demonstrated by RT-PCR and 

immuno-staining, including α, β, ζ δ and ε (Dang et al., 2004, Ross and Joyner, 1997, 

Shizukuda et al., 1999). The role of PKC in the inhibitory effect of ATP was 

investigated by pre-incubation with broad spectrum PKC inhibitors, GF109203X and 

Go6976, as shown in Figure 3.27. As predicted, pre-incubation of ATP inhibited IL-

1β mediated JNK signalling, however over the concentration range tested, neither 

PKC inhibitor altered the inhibitory effect of ATP (% maximal IL-1β stimulation: 

ATP + IL-1β = 30.13 ± 8.84 %, GF109203X 5 µM + ATP + IL-1β = 25.28 ±5.65 %; 

ATP + IL-1β = 41.33 ± 7.55 %, Go6976 10 µM + ATP + IL-1β = 39.91 ± 15.47 %; 

both p > 0.05). As these inhibitors have a higher selectivity towards the conventional 

PKCs (α and β), these results suggested that neither of these isoforms play a role in 

the regulatory effect of ATP.  
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Figure 3.27: The general role of protein kinase C in the inhibitory action of ATP 

in IL-1β mediated JNK activation in HUVECs 

Confluent cells were incubated with increasing concentration of GF109203X (0.5 – 5 

µM) in (A) or Go6976 (1 – 10 µM) in (B) for 30 minutes, followed by ATP (100 µM) 

for 30 minutes, and IL-1β (10 ng/ml) for a further 30 minutes. Phosphorylation of 

JNK was assessed by Western blotting as described in section 2.6, n = 3.  
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3.10.3 The role of the Gs dependent pathway in the inhibitory effect of ATP in 

IL-1β mediated JNK signalling  

As shown previously, inhibition of Gq/11 was found to be insufficient to reverse the 

inhibitory effect of ATP in IL-1β mediated JNK signalling, it is possible that other G 

protein dependent mechanisms could play a role. Previous studies have demonstrated 

that P2Y11 receptor couples to both Gq/11 and Gs proteins (Communi et al., 1997). The 

roles of the Gs dependent intermediates, namely PKA and EPAC, were assessed. 

Adenosine receptor stimulation is known to strongly activate Gs via A2A and/or A2B 

receptors, which are expressed in HUVECs (Fang and Olah, 2007, Feoktistov et al., 

2002, Montesinos et al., 1997). Thus, the effect of pre-incubation of adenosine was 

assessed to indirectly verify the ability of Gs to inhibit IL-1β mediated JNK 

signalling.   

 

3.10.3.1 Characterisation of adenosine mediated inhibition of IL-1β induced 

JNK signalling 

Preliminary studies demonstrated that incubation of HUVECs with adenosine (100 

µM) alone over an hour did not produce any increase in JNK signalling (data not 

shown). The effect of pre-incubation with adenosine on IL-1β mediated JNK activity 

was studied as shown in Figure 3.28. Adenosine produced a concentration dependent 

inhibition of IL-1β mediated JNK signalling, measured by both in vitro kinase assay 

and Western blotting for JNK activity (% IL-1β stimulation: kinase activity: 32.13 ± 

12.21 % and 35.42 ± 6.54 % at 100 and 30 µM adenosine, p < 0.01 for both). The 

calculated IC50 value for adenosine through kinase activity results was 5.55 ± 1.28 

µM. These results demonstrated that Gs-coupled receptor activation could inhibit IL-

1β mediated JNK signalling.  
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Figure 3.28: Concentration dependent inhibitory effect of adenosine in IL-1β 

mediated JNK signalling in HUVECs 

Confluent cells were incubated with increasing concentrations of adenosine (1 – 100 

µM) for 30 minutes, followed by IL-1β stimulation (10 ng/ml) for another 30 

minutes. JNK activity was assessed by in vitro kinase assay and Western blotting as 

described in sections 2.5 and 2.6 respectively. (A) showed a representative blot and 

(B) showed the densitometric data for several independent experiments, expressed as 

mean ± SEM, n = 4. Statistical analysis was performed using one way ANOVA with 

Dunnett’s post test. ** p < 0.01 compared to IL-1β only stimulation (GST-c-Jun 

phosphorylation).  
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3.10.3.2 Characterisation of adenosine receptor(s) involved in the inhibitory 

effect of adenosine on IL-1β mediated JNK signalling 

Subsequently, A2A antagonist, ZM241385, was applied to study the role of A2A 

receptor in the inhibitory effect of adenosine as shown in Figure 3.29. As observed in 

the previous subsection, pre-incubation of HUVECs with adenosine (10 µM) 

inhibited IL-1β mediated JNK activity (% IL-1β stimulation: adenosine + IL-1β = 

58.79 ± 12.06 %), but this inhibitory effect was abolished in the presence of 

ZM241385 at 10 µM (% IL-1β stimulation: ZM241385 + adenosine + IL-1β = 

105.60 ± 3.22 %, p < 0.01). This result reveals that raising cAMP via adenosine 

receptor A2A is sufficient to inhibit IL-1β dependent JNK activity in HUVECs.  

 

3.10.3.3 The role of PKA in the inhibitory effect of ATP on IL-1β mediated JNK 

signalling 

Indirect inhibition of Gs dependent signalling can be achieved by utilising the 

pharmacological inhibitor of PKA, namely H89. Figure 3.30 showed that using both 

in vitro kinase assay and Western blotting show that pre-incubation of HUVECs with 

ATP (30 µM) reduced IL-1β mediated JNK signalling by approximately 50 %, which 

was reversed to 20 % in the presence of H89 (10 µM) (kinase assay: % IL-1β 

stimulation: ATP + IL-1β = 44.42 ± 5.32 %, H89 + ATP + IL-1β = 80.24 ± 5.14 %, p 

< 0.001) (Figure 3.30). The effect of H89 was concentration dependent, reversal was 

diminished at 3 and 1 µM of the compound. Nevertheless, H89 alone slightly 

inhibited the IL-1β dependent JNK activity (% IL-1β stimulation: 73.95 ± 7.73 %, p 

< 0.05), revealing the non-specific nature of the compound at high concentration.  
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Figure 3.29: The role of A2A receptor in the inhibitory action of adenosine on 

IL-1β mediated JNK activation in HUVECs 

Confluent cells were incubated with increasing concentrations of ZM241385 (1 - 

10µM) for 30 minutes, followed by adenosine (10 µM) for 30 minutes, and IL-1β (10 

ng/ml) for a further 30 minutes. JNK activity was assessed by in vitro kinase assay as 

described in sections 2.5. (A) showed a representative blot and (B) showed the 

densitometric data for several independent experiments, expressed as mean ± SEM, n 

= 5. Statistical analysis was performed using one way ANOVA with Dunnett’s post 

test. ** p < 0.01, * p < 0.05 compared to combined adenosine and IL-1β stimulation.  

The statistical difference between IL-1β only and adenosine + IL-1β was not 

indicated in the graph. 



114 
 

             A 

GST-c-Jun

H89 (μM)

ATP (30 μM)

IL-1β

- 10           - 10          - - 10         3          1

- - - - +        +          +         +          +

- - +         +           - +          +         +          +

p-JNK

Total JNK

GST-c-Jun

H89 (μM)

ATP (30 μM)

IL-1β

- 10           - 10          - - 10         3          1

- - - - +        +          +         +          +

- - +         +           - +          +         +          +

p-JNK

Total JNK

 

             B 

0

20

40

60

80

100

%
 s

ti
m

u
la

ti
o

n
 o

f 
IL

-1
β

c
o

n
tr

o
l

- 10         - 10         3          1 H89 (μM)

**

ATP (30 μM)

IL-1β

- - +         +          +          +

+          +          +         +          +          +

GST-c-Jun

p-JNK

*
*

0

20

40

60

80

100

%
 s

ti
m

u
la

ti
o

n
 o

f 
IL

-1
β

c
o

n
tr

o
l

- 10         - 10         3          1 H89 (μM)

**

ATP (30 μM)

IL-1β

- - +         +          +          +

+          +          +         +          +          +

GST-c-Jun

p-JNK

*
*

 

Figure 3.30: The role of protein kinase A in the inhibitory action of ATP in IL-

1β mediated JNK activation in HUVECs 

Confluent cells were incubated with increasing concentration of H89 (1 - 10µM) for 

30 minutes, followed by ATP (30 µM) for 30 minutes, and IL-1β (10 ng/ml) for a 

further 30 minutes. JNK activity was assessed by in vitro kinase assay and Western 

blotting as described in sections 2.5 and 2.6 respectively. (A) showed a 

representative blot and (B) showed the densitometric data for several independent 

experiments, expressed as mean ± SEM, n = 5 for kinase assay, n = 3 for Western 

blotting. Statistical analysis was performed using one way ANOVA with Dunnett’s 

post test. ** p < 0.01, * p < 0.05 compared to the respective controls (GST-c-Jun 

phosphorylation) as indicated in the graph.  
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3.10.3.4 The role of EPAC in the inhibitory effect of ATP on IL-1β mediated 

JNK signalling 

Increase in intracellular cAMP level is also linked to another signalling molecule, 

named exchange protein directly activated by cAMP (EPAC). However a specific 

pharmacological inhibitor for EPAC is unavailable to date. Thus, an EPAC activator, 

8CPT-2Me-cAMP (Enserink et al., 2002) was applied as a pre-treatment for 30 

minutes, followed by 30 minutes of IL-1β (Figure 3.31). This EPAC agonist only 

inhibited IL-1β induced JNK activity at high concentrations (30 µM = 25.3 ± 8.47 % 

inhibition), but this inhibitory effect was statistically insignificant. Thus, it could be 

concluded that ATP did not inhibit JNK signalling via EPAC. 

  

3.10.4 The effect of combined Gq/11 and Gs blockade on ATP mediated inhibition 

of IL-1β mediated JNK signalling  

As ATP mediated inhibition via both Gq/11 and Gs dependent pathways, the potential 

of synergism between G proteins in regulating IL-1β mediated JNK signalling was 

examined. As shown in Figure 3.32, pre-incubation of ATP (100 µM) inhibited IL-

1β mediated JNK signalling by approximately 90 %. Pre-treatment with a maximum 

concentration of YM254890 only slightly reversed the inhibitory effect of ATP. 

Similarly a submaximal concentration of H89 promoted a small reversal of the 

effects of ATP.  (% IL-1β stimulation: ATP + IL-1β = 6.86 ± 1.34 %, YM254890 + 

ATP + IL-1β = 22.05 ± 4.24 %, H89 + ATP + IL-1β = 17.35 ± 2.80 %, p > 0.05). 

However both agents in combination resulted in more than additive reversal of the 

inhibitory effects of ATP (% IL-1β stimulation: YM254890 + H89 + ATP + IL-1β = 

66.99 ± 5.59 %, p < 0.001). These data suggested that stimulation of P2Y11 can lead 

to both Gq/11 and Gs activation that functions co-operatively to inhibit IL-1β mediated 

JNK signalling. 
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Figure 3.31: The role of EPAC in IL-1β mediated JNK activation in HUVECs  

Confluent cells were incubated with increasing concentrations of 8CPT-2Me-cAMP 

(1 - 30 µM) for 30 minutes, followed by IL-1β (10 ng/ml) for another 30 minutes. 

JNK activity was assessed by in vitro kinase assay as described in section 2.5. (A) 

showed a representative blot and (B) showed the densitometric data for several 

independent experiments, expressed as mean ± SEM, n = 4. Statistical analysis was 

performed using one way ANOVA with Dunnett’s post test, but no statistical 

difference was found between IL-1β only and 8CPT-2Me-cAMP + IL-1β.  
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Figure 3.32: The role of combined Gq/11 and protein kinase A inhibition on ATP 

mediated inhibition of IL-1β driven JNK activation in HUVECs 

Confluent cells were incubated with YM254890 (100 nM) and/or H89 (3 µM) for 30 

minutes, followed by ATP (100 µM) for 30 minutes, and IL-1β (10 ng/ml) for a 

further 30 minutes. JNK activity was assessed by in vitro kinase assay as described in 

sections 2.5. (A) showed a representative blot and (B) showed the densitometric data 

for several independent experiments, expressed as mean ± SEM, n = 5. Statistical 

analysis was performed using one way ANOVA with Dunnett’s post test. *** p < 

0.001 for YM254890 + H89 + ATP + IL-1β compared to either YM254890 + ATP + 

IL-1β or H89 + ATP + IL-1β stimulation. The statistical difference between IL-1β 

only and other treatments were not indicated in the graph. 
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3.11 The effect of ATP on the pro-inflammatory proteins stimulated 

by IL-1β in HUVECs 

A number of studies have shown that JNK activity is linked to the production of 

inflammatory proteins such as cyclo-oxygenase 2 (COX-2) and E-selectin (Min and 

Pober, 1997, Wu et al., 2006). The following section clarifies the significance of 

ATP mediated inhibition of JNK in reducing the expression of the pro-inflammatory 

protein, COX-2.   

 

3.11.1 Characterisation of IL-1β mediated COX-2 production in HUVECs 

The ability of ATP and IL-1β to induce COX-2 expression was monitored over an 

incubation period of 24 hours as shown in Figure 3.33. Stimulation of HUVECs with 

ATP (100 µM) alone showed no increase in COX-2 expression over 24 hours (data 

not shown). In contrast, IL-1β induced a strong, time-dependent increase in COX-2 

expression which was manifest as early as 4 hours and maximal between 8 and 12 

hours incubation (approximately 8.1 fold stimulation compared to unstimulated 

control at 8 hours). Subsequently, the concentration response curve for IL-1β 

mediated COX-2 expression was measured at the 12 hour time point as shown in 

Figure 3.35. Stimulation with IL-1β potently induced COX-2 expression in the low 

nM concentration range, reaching a peak between 3 – 5 ng/ml, with an EC50 value of 

approximately 0.6 ng/ml. Thus 5 ng/ml of IL-1β over with an incubation period of 12 

hours was utilised for the following experiments.  
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Figure 3.33: The kinetics and concentration dependent IL-1β production of 

COX-2 in HUVECs 

Confluent cells were incubated with IL-1β (20 ng/ml) for the times indicated in (A) 

and at increasing concentrations (0.1 - 10 ng/ml) for 12 hours in (B). Expression of 

COX-2 was assessed by Western blotting as described in section 2.6. (A) and (B) 

showed representative blots and (C) showed the densitometric data for several 

independent experiments in (B), expressed as mean ± SEM, n = 3. Statistical analysis 

was performed using one way ANOVA with Dunnett’s post test. ** p < 0.01, * p < 

0.05 compared to unstimulated control.  
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3.11.2 Pre-incubation of ATP inhibited IL-1β mediated COX-2 production 

Next, the effect of ATP pre-treatment on IL-1β stimulated inflammatory protein 

production was assessed. HUVECs were pre-incubated with ATP for 30 minutes, 

followed by stimulation with IL-1β for 12 hours (Figure 3.34). ATP exerted a 

concentration dependent inhibition of COX-2 expression, with approximately 50 % 

reduction achieved in response to 100 µM ATP (% IL-1β stimulation: 45.05 ± 

4.39 %, p < 0.001). Combining the results from several experiments, an IC50 value of 

19.44 ± 1.35 µM was obtained. In contrast, ATP did not reduce the expression of 

another inflammatory protein ICAM-1. Additional control experiments utilising the 

JNK inhibitor SP600125 (10 µM) and the IκB kinase inhibitor BMS-345541 (10 µM) 

confirmed that COX-2 expression was dependent on both JNK and NF-κB signalling 

whilst ICAM-1 and VCAM-1 expression were only dependent on the latter pathway. 

These data suggested that the inhibitory effect of ATP on COX-2 expression may be 

partly mediated through an inhibition of JNK signalling.  

 

3.11.3 The effect of G protein inhibition in the inhibitory effect of ATP on IL-1β 

mediated COX-2 expression 

Since the inhibition of Gq/11 and Gs dependent activity reversed the inhibitory effect 

of ATP on JNK activity, this section utilised both YM254890 and the H89 to 

elucidate the role of these mechanisms in the inhibitory effect of ATP in COX-2 

expression mediated by IL-1β. Similar to the previous section, pre-incubation of 

HUVECs with ATP inhibited IL-1β induced COX-2 expression, but this effect was 

reversed by the pre-treatment with YM254890 (% IL-1β stimulation: ATP + IL-1β = 

65.78 ± 3.99 %, YM254890 100 nM + ATP + IL-1β = 89.08 ± 4.28 %, p < 0.01) 

(Figure 3.35). Unfortunately, H89 alone abolished COX-2 and ICAM-1 expression, 

suggesting an unspecific effect of H89 in NF-κB. Collectively these results 

demonstrated that ATP mediated inhibition of JNK can be translated directly into the 

measurable physiological outcome in the form of JNK dependent COX-2 expression.  
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Figure 3.34: Concentration dependent ATP inhibition of IL-1β mediated COX-2 

expression in HUVECs 

Confluent cells were incubated with increasing concentrations of ATP (1 – 100 µM), 

JNK inhibitor SP600125 (SP) (10 µM) or NF-κB inhibitor BMS-345541 (BMS) (10 

µM) for 30 minutes, followed by IL-1β stimulation (5 ng/ml) for 12 hours. 

Expression of COX-2 was assessed by Western blotting as described in section 2.6. 

(A) showed a representative blot and (B) showed the densitometric data for several 

independent experiments (COX-2), expressed as mean ± SEM, n = 4. Statistical 

analysis was performed using one way ANOVA with Dunnett’s post test. *** p < 

0.001 compared to IL-1β only stimulation.  
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Figure 3.35: The role of Gq/11 in the inhibitory effect of ATP in IL-1β mediated 

COX-2 expression in HUVECs 

Confluent cells were incubated with increasing concentrations of YM254890 (10 – 

100 nM) for 15 minutes or H89 (10 µM) for 30 minutes, followed by ATP (100 µM) 

for 30 minutes and IL-1β (5 ng/ml) for a further 12 hours. Expression of COX-2 was 

assessed by Western blotting as described in section 2.6. (A) showed a representative 

blot and (B) showed the densitometric data for several independent experiments 

(COX-2), expressed as mean ± SEM, n = 3. Statistical analysis was performed using 

one way ANOVA with Dunnett’s post test. ** p < 0.01, * p < 0.05 compared to 

combined ATP and IL-1β stimulation. The statistical difference between IL-1β only 

and ATP + IL-1β was not indicated in the graph. 
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3.11.4 The effect of adenosine on IL-1β mediated COX-2 expression 

As adenosine also inhibited IL-1β mediated JNK signalling, the effect of pre-

incubation of adenosine on IL-1β mediated COX-2 production was measured as 

shown in Figure 3.36. The inhibition was concentration dependent with a maximum 

reduction of approximately 25 % at 100 µM (% IL-1β stimulation: 75.36 ± 10.12 %). 

However even at this high concentration, inhibition did not reach statistical 

significance (p > 0.05).  
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Figure 3.36: Concentration dependent adenosine inhibition of IL-1β mediated 

COX-2 expression in HUVECs 

Confluent cells were incubated with increasing concentrations of adenosine (1 – 100 

µM) or SP600125 (SP10) (10 µM) for 30 minutes, followed by IL-1β stimulation (5 

ng/ml) for 12 hours. Expression of COX-2 was assessed by Western blotting as 

described in section 2.6. (A) showed a representative blot and (B) showed the 

densitometric data for several independent experiments, expressed as mean ± SEM, n 

= 3. Statistical analysis was performed using one way ANOVA with Dunnett’s post 

test, but no difference was found between IL-1β and adenosine + IL-1β.  
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3.12 Discussion 

In this chapter, it was hypothesised that pre-activation of GPCRs could protect 

HUVECs from the damaging effects of pro-inflammatory mediators induced by 

cytokines, such as TNF-α and IL-1β. Pre-incubation of HUVECs with ATP was 

observed to activate the P2Y11 receptor which then inhibited cytokine-induced JNK 

signalling. Pre-treatment with the Gq/11 inhibitor, YM254890, revealed that Gq/11 

plays a significant, but not an absolute role in the inhibitory effect of purinergic 

receptor activation. Incubation of HUVECs with adenosine that increases 

intracellular cAMP concentration also produced a concentration dependent inhibition 

in IL-1β mediated JNK activity, suggesting that signalling components downstream 

of Gs can participate in this inhibitory pathway. The role of Gs was also confirmed as 

PKA inhibitor H89 also reversed the inhibitory effect of ATP. The inhibitory effect 

of ATP upon JNK signalling also translated into a reduction in the expression of the 

pro-inflammatory protein, COX-2. As a summary, these reveal a novel anti-

inflammatory mechanism of GPCRs, for P2Y11 and A2A receptors, thereby switching 

off a key SAPK signalling involved in inflammation in a cardiovascular setting.  

 

Although these experiments were performed in vitro, these results may be related to 

a physiological setting. For example, a number of studies have demonstrated that 

shear stress induces the release of ATP from the endothelial cells and erythrocytes 

(Milner, Ralevic et al. 1989; Milner, Bodin et al. 1990; Sprung, Sprague et al. 2002; 

Moehlenbrock, Price et al. 2006). Platelets also possess  vesicles which contain ATP 

(approximately 40 nM of ATP and ADP per mg of protein) which could be released 

upon degranulation to increase the local ATP concentration (Gordon, 1986). A 

higher ATP concentration is also detected in hypoxia (Bodin and Burnstock, 1995) 

and inflammatory conditions (Bodin and Burnstock, 1998). Furthermore, although 

clinical human plasma samples reported an average ATP concentration of 1 μM 

(Gorman et al., 2007), the local ATP concentration at the endothelial cell surface 

could be higher during injury with a maximal of 14 μM detected in the blood by a 

luciferin-luciferase method (Born and Kratzer, 1984). These results are supported by 

another in vitro study where 12 μM of ATP was detected in blood after platelet 
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activation (Gordon, 1986). These concentrations are in keeping with those required 

to inhibit JNK signalling, which are similar to the concentration used to stimulate 

intracellular Ca
2+

 release, inositol phosphate accumulation and phosphorylation of 

ERK (Montiel et al., 2006, Patel et al., 1996, Short et al., 2000, Xiao et al., 2011).  

 

A similar issue was also involved in the concentration of cytokines used in this study 

in order to generate a measurable JNK signal. This was in the 1- 20 ng/ml range and 

whilst this is consistent with the concentrations used in a number of studies both 

within the laboratory and elsewhere (Karmann et al., 1996, Mong et al., 2008, Read 

et al., 1997, Wadgaonkar et al., 2004, McIntosh et al., 2010, Paul et al., 2000), these 

concentrations are much higher than those observed in vivo. Numerous studies have 

shown that the serum concentration of cytokines are within the pg/ml range, at 

approximately 25 pg/ml and < 1 pg/ml for TNF-α and IL-1β respectively for healthy 

individuals (Di Iorio et al., 2003, Saito et al., 1999b). Even in disease states, such as 

diabetes and coronary heart disease, only slight elevation in serum cytokine levels 

are detected, for instance, congestive heart failure and angina patients measure an 

average of 1.39 pg/ml and 18.8 pg/ml in IL-1β levels (Di Iorio et al., 2003, Doganay 

et al., 2002, Hasdai et al., 1996). The pro-inflammatory cytokines, TNF-α and IL-1β, 

are secreted mainly by macrophages and mononuclear cells that accumulate in the 

fatty streaks of the atherosclerosis lesion (Kishikawa et al., 1993, Tipping and 

Hancock, 1993). Endothelial cells could also produce these cytokines in response to 

pro-inflammatory stimuli (as discussed in the introduction chapter). Thus both ATP 

and cytokines are present within close vicinity, suggesting that the inhibitory effect 

of ATP observed in this study could be observed under physiological conditions. In 

retrospect, the cytokine-ATP ratio could have been more appropriately set, however 

in some experiments in this study (section 3.6.3) lower concentrations of IL-1β were 

used which demonstrated a similar level of inhibition.   

 

Given the limitations of using an in vitro cell model and using relatively high 

concentrations of ATP and cytokines, it was essential to establish the validity of the 
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inhibitory effect of ATP. Initial studies whilst demonstrating that ATP could inhibit 

the JNK signalling mediated by both TNF-α and IL-1β, also showed that incubation 

of HUVECs with ATP alone generated a submaximal JNK signal, particularly at 

high concentrations. This concentration-dependent effect raised the possibility that 

the inhibition mediated by ATP was merely due to a depletion of the cellular JNK 

pool by prior GPCR activation, limiting the amount of JNK available for subsequent 

activation by cytokines. A similar phenomena was also observed in P2Y2 stimulated 

EAhy926 cells and following activation of PAR2 in NCTC2544 cells (Kanke et al., 

2001, McIntosh et al., 2010, Paul et al., 2000). In another study histamine was found 

to initially stimulate p38 MAPK and JNK activity via the H1 receptor in HUVECs, 

and then reduce the subsequent activation of these pathways by either TNF-α or 

thrombin (Steffel et al., 2006). Since both p38 MAPK and JNK signalling were 

inhibited by histamine, this suggests inhibition at a point upstream in the pathway, 

rather than a depletion of JNK pools. In addition, other GPCRs were also found to 

inhibit cytokine mediated JNK activity without prior activation of MAPK, as 

observed for CB2 inhibition of TNF-α induced MAPK signalling in human coronary 

artery smooth muscle cells (Rajesh et al., 2008). In this chapter, the inhibitory effect 

of adenosine also occurred without prior activation of JNK. Overall, these data 

demonstrated that prior activation of JNK signalling is not a prerequisite for 

subsequent inhibition.   

 

The inhibitory effect of ATP shown in this study also extends to two different 

cytokines, TNF-α and IL-1β, which utilise different adaptor proteins for downstream 

signalling. In addition, activation of the H1 receptor was found to inhibit JNK 

signalling mediated by both the cytokine receptor, TNF-R1 and the GPCR, PAR1 

(Steffel et al., 2006). These results further imply that GPCR activation may result in 

the inhibition of common signalling intermediates of JNK, possibly MKK7 or further 

upstream. In order to clarify the specificity of JNK inhibition by ATP, sorbitol and 

anisomycin were used. These classical activators of SAPK have been previously 

demonstrated to activate JNK signalling in Hela, U937 monocytes and rat ventricular 

myocytes (Bogoyevitch et al., 1995, Moriguchi et al., 1997, Raingeaud et al., 1995). 
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Both these JNK activators were minimally affected by ATP pre-incubation (Section 

3.8), again suggesting that the effect of P2Y receptor is specific to cytokine mediated 

JNK signalling only. However there is a caveat in that JNK signalling stimulated in 

response to cytokines may differ from activation by sorbitol and anisomycin. 

Although the cytokine TNF-α mainly requires upstream MKK7 for JNK signalling 

(Moriguchi et al., 1997), in contrast, sorbitol and anisomycin were found to utilise 

both MKK7 and MKK4 for JNK activation (Moriguchi et al., 1997). It is possible 

that the effect of ATP lies upstream of MKK7 and that activation of MKK4 by 

anisomycin or sorbitol could compensate for the inhibition of MKK7. However, 

there is no evidence currently available to support this hypothesis.  

 

A further criteria in establishing the specific nature of the inhibitory effect of ATP on 

JNK signalling, are the effects on other signalling pathways. ATP had little effect on 

p38 MAPK and NF-κB activation in response to TNF-α and IL-1β. This again 

supports the idea that ATP is acting specifically on a level upstream in the JNK 

signalling pathway, at a point of bifurcation. However these results contradicted with 

the inhibitory effect of P2Y2, PAR2 and H1 receptors on TNF-α mediated p38 MAPK 

and/or NF-κB signalling (McIntosh et al., 2010, Paul et al., 2000, Steffel et al., 2006). 

This could be due to differences in the site of inhibition within the cytokine pathway; 

whilst PAR2 receptor prevented the recruitment of TRADD and RIP1 to TNF-R1, H1 

receptor induced the shedding of TNF-R1 from the cell surface and mobilised TNF-

R1 from the Golgi apparatus (McIntosh et al., 2010, Wang et al., 2003). Thus, the 

inhibition mechanism of P2Y11 receptor may differ from PAR2 and H1 receptors.  

    

A number of approaches were used to better define the receptors involved in the 

effect of ATP inhibition. HUVECs abundantly express P2Y11, P2Y1 and P2Y2 

receptors as demonstrated using RT-PCR (Wang et al., 2002, Xiao et al., 2011). Use 

of receptor antagonists confirmed that P2Y11 receptor transduced the downstream 

inhibitory effect of ATP in HUVECs. The results in this chapter also exclude a role 

for P2Y1 receptor, this is important as a previous study has shown that P2Y11 
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receptor internalisation requires the hetero-oligomerisation with P2Y1 receptor (Ecke 

et al., 2008). This suggests that P2Y11 receptor internalisation is not a prerequisite for 

inhibition of JNK signalling, ruling out a role for a β-arrestin dependent mechanism 

(Hoffmann et al., 2008).  Even though the functional role of internalisation in the 

actions of P2Y11 receptor has not been studied, other GPCRs such as PAR2, β2-

adrenoceptor and angiotensin II receptors have been found to couple to β-arrestin to 

prolong ERK signalling (Defea, 2008, DeFea et al., 2000). Thus rapid signalling 

events, such as transient ERK activation and inositol phosphate (IP3) formation, that 

are G-protein dependent, are still intact and could mediate the inhibitory effects of 

ATP observed in this study.  

 

Furthermore, studies using UTP has shown that it did not affect IL-1β driven JNK 

activity, thus excluded a role for P2Y2 receptor in mediating the inhibitory effect of 

ATP. This observation was different from an earlier study whereby P2Y2 receptor 

was shown to reduce TNF-α mediated JNK signalling in EAhy926 and NCTC2544 

cells (Paul et al., 2000). In the same study, it was found that although 1321N1 human 

astrocytoma also expressed P2Y2 or P2Y4 receptor, in this instance UTP activation 

did not produce the same inhibitory effect as observed in the other two cell lines. 

Thus, different receptor expression level of GPCRs in different cell lines may play a 

key role in influencing cytokine mediated signalling, suggesting that the P2Y2 

receptor expression level may be too low to transduce the inhibitory signal of UTP in 

HUVECs as observed in this study.  

 

In the physiological environment, ATP is prone to undergo degradation by various 

ecto-nucleotidases. Endothelial cells express abundant NTPDase1 and ecto-5’-

nucleotidase compared to other cell types, producing high concentrations of 

metabolites such as ADP, AMP and adenosine (Wood et al., 2002). Shear stress also 

induces the release of soluble ecto-ATPase along with ATP secretion (Yegutkin et al., 

2000), increasing the local concentrations of ATP and their metabolites on the 

endothelial cell surface. A lower degree of P2Y1 receptor activation by ADP could 
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also occur as extracellular ecto-nucleotide kinases could convert ATP to ADP 

(approximately 25 % of ADP formed from ATP) within the stimulation time frame 

of 30 minutes (Yegutkin et al., 2001). Pre-treatment with the ecto-nucleotidase 

inhibitor ARL67156 did not increase the reversal of inhibitory effect of ATP, 

excluding this possibility and confirming that ATP itself inhibited IL-1β mediated 

JNK signalling via P2Y11 receptor.  

 

It should be noted however, that whilst adenosine was not responsible for the 

inhibitory action of ATP, it was nevertheless shown to potently inhibit JNK 

signalling over the micromolar concentration range. This may again be related to 

physiological or pathophysiological conditions. The exact plasma concentration of 

adenosine is not easily determined as adenosine has a short plasma half-life (1.5 

seconds) due to rapid uptake and metabolism (Moser et al., 1989). Thus depending 

on the design of study, huge discrepancies in plasma adenosine concentrations have 

been recorded. For example, approximately 51 nM was detected in volunteers 

exposed to moderate hypoxia (Saito et al., 1999a), but in another study, 180 nM of 

plasma concentration was measured in non-pregnant women (Yoneyama et al., 2000). 

Nevertheless the local adenosine concentration on the endothelial cell surface could 

be within the micromolar range due to the extracellular conversion from ATP. In this 

study, inhibition was mediated via the A2A receptor, as pre-treatment with 

ZM241385 completely reversed the inhibitory effect of adenosine.  Several studies 

using RT-PCR have shown strong expression of both A2A and/or A2B receptor in 

HUVECs (Fang and Olah, 2007, Feoktistov et al., 2002, Montesinos et al., 1997). 

Other studies investigating the effect of adenosine incubation in HUVECs have 

revealed that 10 µM could stimulate nitric oxide and tissue factor expression via 

intracellular cAMP and cGMP signalling (Deguchi et al., 1998, Gabazza et al., 2002). 

Thus, the concentration range of adenosine applied in this study is justified in 

accordance with the activation of adenosine receptors in numerous studies performed 

in vitro and could suggest a dual inhibitory mechanism involving both purines and 

pyrimidines.   
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In the second part of the chapter, the role of G protein linked signalling pathways in 

the inhibitory effect of ATP on cytokine mediated JNK signalling was studied. The 

P2Y11 receptor has been demonstrated to couple to both Gq/11 and/or Gs (Communi et 

al., 1999) therefore both pathways could be involved. In order to investigate the role 

of Gq/11 in the inhibitory effect of ATP, a specific Gq/11 inhibitor, YM254890, was 

employed. This compound has been shown to exhibit a high potency for Gq/11, 

inhibiting [
32

S]GTP binding and [
3
H]GDP dissociation from Gq/11 with an IC50 

between 10
-7

 to 10
-8

 M (Nishimura et al., 2010, Takasaki et al., 2004). YM254890 

has been previously characterised in various in vitro cell lines and ex vivo mouse 

platelets (Uemura et al., 2006b), however the concentration range used varied greatly 

depending on agonist concentration, cell type and endpoints measured. Lower 

nanomolar concentrations (up to 100 nM) were shown to inhibit Gq/11 mediated Ca
2+

 

signalling in rat gliomas (Takasaki et al., 2004), fibroblasts (Orth et al., 2005) and 

platelets (Kim and Kunapuli, 2011, Uemura et al., 2006a), whilst other studies have 

used 1 - 10 μM to inhibit thrombin mediated JNK signalling in endothelial cells 

(Miho et al., 2005) and actin depolymerisation by ATP in keratinocytes (Taboubi et 

al., 2007). In this current study, the ability of YM254890 to partially reverse the 

inhibitory effect of ATP at 100 nM, however the concentration of YM254890 

required to inhibit the P2Y11 mediated IP3 accumulation in HUVECs was not 

established. Only one study in rat cardiac fibroblasts has shown that pre-treatment of 

YM254890 at 1 µM completely reversed IP3 accumulation and cAMP increase for 

the incubation of 100 µM of UTP and UDP (Talasila et al., 2009). Results from 

numerous Gq/11-protein coupled receptors (H1 and PAR2) have also supported the 

role of Gq/11 in inhibiting cytokine mediated signalling (McIntosh et al., 2010, Paul et 

al., 2000, Wang et al., 2003).  

 

Next, the role of PKC activation in the regulation of cytokine mediated JNK 

signalling downstream of Gq/11 was studied. The expression of multiple PKC 

isoforms in HUVECs, including α, β, ζ δ and ε, has been demonstrated previously 

(Dang et al., 2004, Ross and Joyner, 1997, Shizukuda et al., 1999), several of which 

have also been shown to be activated through GPCRs (Montiel et al., 2006, Short et 
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al., 2000). It was expected that PMA in keeping with previous results (Byun et al., 

2006, Paul et al., 2000) would cause an inhibitory effect. However in preliminary 

experiments, it was found that PMA at 100 nM stimulated a strong and persistent 

JNK signal over 90 minutes and the activity was potentiated when in combination 

with TNF-α or IL-1β (results not shown). These results made it difficult to interpret 

and prevented any long term downregulation studies. Furthermore, pre-treatment 

with the broad spectrum PKC inhibitors GF109203X and Go6976 failed to reverse 

the inhibitory effect of ATP. As these compounds have been shown to inhibit 

primarily the conventional PKC isoforms (α and β) (Martiny-Baron et al., 1993, 

Toullec et al., 1991), these data suggested that neither of these isoforms played a role 

in the regulatory effect of ATP, even though PKCα is one of the most abundantly 

expressed PKC isoforms in HUVECs (Ross and Joyner, 1997, Shizukuda et al., 

1999). Novel and atypical PKCs ε, δ and ζ are also inhibited by high GF109203X 

concentrations (Toullec et al., 1991), suggesting that these PKC isoforms are also not 

involved. Given that YM254890 caused only a partial reversal of the cytokine 

mediated JNK signalling, it is possible that the effect of ATP involves a calcium-

dependent, but PKC-independent action.  

 

It should be noted that these results contrast with other studies which demonstrated a 

role for PKC isoforms in the regulation of cytokine mediated JNK signalling. PKC ζ 

was found to mediate the inhibitory effect of laminar flow in TNF-α induced JNK 

signalling in HUVECs (Garin et al., 2007). On the other hand, in prostate cancer 

cells, PKC ε siRNA augmented the JNK and p38 MAPK phosphorylation in 

response to TNF-α (Meshki et al., 2010). Thus siRNA for PKC isoforms including 

PKC ζ and ε could be applied in future studies to examine its role in mediating the 

inhibitory effect of ATP via P2Y11 receptor.  

 

Incomplete reversal of the inhibitory effect of ATP by YM254890 suggested that 

other signalling pathways may also contribute. In this chapter, the ability of Gs to 

modulate JNK signalling was demonstrated indirectly via adenosine mediated 
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inhibition of IL-1β signalling. The downstream signalling of Gs is closely linked to 

an increase in intracellular cAMP level, followed by either PKA or EPAC activation. 

Numerous studies have revealed that cAMP alone could either inhibit or activate 

JNK signalling, depending on the cell type studied. An increase in intracellular 

cAMP level in T lymphocytes (Hsueh and Lai, 1995), gingival and lung fibroblasts 

(Black et al., 2007), lymphoblastic leukaemia cells (Miller et al., 2007) and cardiac 

muscle cells (Chae et al., 2004) was shown to inhibit JNK activity but the reverse 

was observed in hamster smooth muscle cells (Harada et al., 1999, Yamauchi et al., 

2001a, Zhang et al., 2004) and hepatocytes (Zhang et al. 2004). Collectively these 

studies suggest that JNK can be regulated by cellular cAMP levels.  

 

Extending the observations in these studies, a role for PKA in the inhibitory effect of 

ATP was examined and confirmed by the pre-treatment of H89. However, this 

widely used PKA inhibitor has several non-specific effects, such as inhibition of 

MSK1, S6K1 and ROCK-II kinase, achieved with similar or greater potency to PKA 

itself (Davies et al., 2000). In the context of this study, the non-specific effects of 

H89 could account for the slight reduction in JNK activity seen for combined H89 

and IL-1β stimulation. Further studies using PKA siRNA could then confirm the 

results of H89. Furthermore, partial inhibition of both Gq/11 and Gs produced an 

additive reversal effect in ATP mediated JNK signalling, suggesting that these G 

proteins dependent pathways have the potential to work in concert. 

  

The role of EPAC which lies downstream of cAMP was also investigated. There are 

two isoforms of EPAC, but only EPAC1 is present in HUVECs as shown by RT-

PCR (Fang and Olah, 2007). Due to the current lack of a potent pharmacological 

inhibitor of EPAC, the EPAC activator, 8CPT-2Me-cAMP was used instead. This 

cAMP analogue is highly specific for EPAC, with 10-fold higher affinity against 

PKA (Enserink et al., 2002). However, in this chapter this compound was found to 

have no inhibitory effect on cytokine mediated JNK activity at 30 µM. In contrast, 

the majority of the EPAC studies in HUVECs have used higher micromolar 
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concentrations (50 - 200 µM) to activate ERK signalling, increase cell adhesion to 

monocytes and inhibit thrombin mediated cell permeability (Aslam et al., 2010, Chen 

et al., 2011, Fang and Olah, 2007). Thus experiments using increasing concentration 

of the EPAC activator could have been used. However in another study using human 

airway smooth muscle cells, 8CPT-2Me-cAMP inhibited epidermal growth factor 

induced proliferation at a lower concentration (IC50 = 1.6 µM) (Kassel et al., 2008) 

whilst 20 µM was also shown to be sufficient to phosphorylate ERK, Akt, eNOS and 

CREB in HUVECs (Namkoong et al., 2009).  

 

In the last part of this chapter, the relevance of ATP mediated inhibition of JNK 

signalling was assessed by examining JNK-dependent COX-2 expression in 

HUVECs. COX-2 generates the production of pro-inflammatory prostaglandins, such 

as PGE2, prostacyclin, thromboxane and isoprostanes which are elevated in 

atherosclerosis (Belton et al., 2000). Basal levels of COX-2 in endothelial cells are 

normally low, but is highly inducible by cytokines (lipopolysaccharides, TNF-α and 

IL-1β) and epidermal growth factor (Akarasereenont et al., 1995, Maier et al., 1990). 

Higher mRNA levels and expression staining was observed in atherosclerotic areas, 

relative to non-disease segments (Belton et al., 2000, Cipollone et al., 2005a), 

supporting the role of COX-2 in the pathogenesis of atherosclerosis. Increased COX-

2 led to PGE2 production that could activate the over-expressed EP4 receptors in the 

plaque (Cipollone et al., 2005b), which then caused an increase in metalloproteinases 

(MMP) 2 and 9 production, to stimulate plaque instability. Furthermore, JNK 

signalling has been implicated in COX-2 production in various cells, such as 

macrophages, endothelial cells and chondrocytes (Nieminen et al., 2006, Nieminen et 

al., 2005, Wu et al., 2006).  

 

Pre-incubation of ATP produced a concentration dependent reduction in COX-2 

expression, as did the JNK inhibitor, SP600125. This suggested that ATP may 

mediate its effect on COX-2 expression by inhibiting JNK signalling. Studies 

examining the COX-2 gene promoter reveal the presence of AP-2, SP-1, NF-IL6, 
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NF-κB, CRE, C/EBP and Ets-1 transcription factor binding sites (Appleby et al., 

1994, Tazawa et al., 1994). JNK mediated activation of c-Jun is reported to bind to 

the CRE/E-box sequence of the COX-2 promoter in HUVECs to increase COX-2 

expression (Schroer et al., 2002). COX-2 expression is also sensitive to inhibition by 

the IKK inhibitor BMS-345541, confirming a role for NF-κB in the regulation of this 

enzyme. ATP did not affect IL-1 beta induced NF-κB signalling and its inhibitory 

effect is therefore not mediated by this mechanism, however ATP could act 

synergistically with IKK inhibition. In order to confirm the anti-inflammatory role of 

ATP, other JNK dependent genes with an AP-1 binding site at the promoter region 

such as E-selectin and MMP9 expression could be measured via gelatin zymograph 

and ELISA.   

 

In addition to reversing the inhibitory effect of ATP on IL-1β mediated JNK 

signalling, YM254890 also partially reversed the inhibition of COX-2 expression. 

This again suggests that ATP mediated inhibition of JNK has a functional outcome. 

However the results of H89 could not be interpreted appropriately as H89 alone 

effectively reduced IL-1β mediated COX-2 expression. As mentioned earlier, H89 

can also inhibit MSK1, which phosphorylates p65 NF-κB (Reber et al., 2009), thus 

decreasing NF-κB activity at the COX-2 transcription site. In the future, other 

approaches including siRNA could clarify the role of Gs in COX-2 production 

induced by IL-1β. On the other hand, the reduction in COX-2 expression by 

adenosine is minimal, suggesting that increasing intracellular cAMP and activating 

PKA alone is not sufficient to inhibit COX-2 expression. Further experiments are 

required to determine any possible difference in the kinetics of inhibition that could 

cause these differences in results.  

 

Finally, the inhibitory effect of ATP and adenosine on cytokine mediated JNK 

signalling could be related to the physiological, anti-inflammation traits of laminar 

shear stress. Several studies have indicated that laminar shear stress could inhibit 

TNF-α mediated JNK signalling via several mechanisms. Laminar flow activates 
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MEK5 and ERK5, which in turn inhibits TNF-α mediated JNK signalling to reduce 

VCAM-1 expression in endothelial cells (Surapisitchat et al., 2001, Li et al., 2008). 

Further studies show that this effect could be mediated by KLF2 (Boon et al., 2010), 

since a dominant negative ERK5 kinase, MEK5, reduces kruppel-like factor 2 (KLF2) 

induction by flow (Parmar et al., 2006). Another ex vivo study in rabbit aorta 

demonstrated a similar reduction in TNF-α induced VCAM-1 expression following 

pre-exposure to normal shear stress, which correlates with inhibition of TNF-α 

mediated MAPK signalling through disruption of the TNFR1-TRAF2 complex 

formation (Yamawaki et al., 2003). It is possible that ATP might mimic some of the 

effects of laminar shear stress although the effect of ATP is far more rapid in onset. 

Nevertheless future studies could investigate the role of some of the intermediates 

discussed above.  

 

In summary, the activation of the P2Y receptors by ATP confers an anti-

inflammatory role in endothelial cells through the inhibition of cytokine mediated 

JNK signalling. Although ATP alone generated a small and transient JNK signal, the 

results suggest it could reduce the detrimental JNK activity induced by pro-

inflammatory cytokines. This study also revealed for the first time that both Gq/11 and 

Gs protein dependent events can activate different signalling pathways to produce 

similar inhibitory effects on IL-1β mediated JNK signalling. The findings in this 

chapter are summarised in Figure 3.37. 
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Figure 3.37: Current working model of GPCR signalling inhibition 

A simplified figure on the signalling components involved in the inhibition 

properties of P2Y11 receptor towards IL-1β mediated JNK signalling. However, the 

exact components that are inhibited in the JNK signalling cascade are yet to be 

identified. The dash-dot lines indicated the possible inhibitory point for ATP.  
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4.0 The inhibitory effect of P2Y receptor in cytokine- and 

UVC-mediated JNK activity in cancer cells 

4.1 Introduction 

Having established the potential of purinoceptor mediated inhibition of cytokine 

stimulated JNK signalling in endothelial cells, this chapter then investigated this 

inhibitory effect in other cell types. Thus, the inhibitory effect of ATP and adenosine 

was studied in both breast cancer cells and chondrosarcoma cells. Due to the high 

abundance of ATP in the cancer cell environment, activation of purinoceptors could 

play an important role in cancer progression either via its downstream signal 

activation or its interaction with other signalling pathways.  Elevated concentrations 

of ATP in cancer was first demonstrated clearly in an in vivo mouse model using a 

luciferase reporter system following injection with melanoma MZ2-MEL cells 

(Pellegatti et al., 2008). Bioluminescence measurements demonstrated up to 100 µM 

ATP at the tumour site, but no ATP was observed in normal tissues. Furthermore, 

comparison of ATP secretion into the medium of different breast cancer cells in vitro, 

showed that phenotypically aggressive cancer cells (MDA-MB-231) produced 

approximately 10-fold higher ATP concentration in contrast to the less aggressive 

cancer cells (MCF7) (Kawai et al., 2008).  

 

Whilst JNK activity is stimulated by cytokines, several other agents have been shown 

to activate JNK signalling in cancer cells, including UVC, DNA damaging agents 

and microtubule-interfering agents (Osborn and Chambers, 1996, Saleem et al., 1995, 

Sanchez-Perez et al., 1998, Wang et al., 1998b, Chen et al., 1996b). Furthermore, the 

role of JNK in the apoptotic effect of UVC has been directly demonstrated in various 

cell lines, including human fibroblasts, Jurkat T cells and human embryonic kidney 

cells (Wu et al., 2002, Hamdi et al., 2005, Chen et al., 1996b), but this phenomenon 

has not been shown in cancer cells. Activation of JNK signalling also plays an 

important role in cell cycle progression via phosphorylation of mitosis checkpoint 

proteins cdc25C and Cdh1 (Gutierrez et al., 2010, Gutierrez et al., 2010(a)), 

suggesting variability in the role of JNK in cellular survival. Specifically for breast 
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cancer, deficiency in JNK1/2 has been found to increase tumour formation (Cellurale 

et al., 2012). Thus, breast cancer cells may be a good model to understand the role of 

JNK in apoptosis in cancer.   

 

In this chapter, the ability of ATP and adenosine to inhibit cytokine mediated JNK 

signalling was examined in the breast cancer cell line, MDA-MB-231, and the 

chondrosarcoma, SW1353. The inhibitory effect of ATP upon UVC dependent JNK 

signalling was also studied. Surprisingly, although the kinetics and magnitude of 

JNK activation induced by UVC differs greatly from cytokines, ATP also inhibited 

JNK signalling induced by UVC. The role of JNK inhibition in MDA-MB-231 was 

then investigated in relation to apoptosis. 

 

4.2 Characterisation of the inhibitory effect of ATP and adenosine in 

cytokine mediated JNK signalling in MDA-MB-231 

4.2.1 ATP and adenosine mediated inhibition of TNF-α induced JNK signalling 

in MDA-MB-231 

Initial studies in MDA-MB-231 focused on determining the expression of P2Y and 

TNF-R1 on the cell surface by measuring the MAPK activity in the presence of ATP 

(100 µM) and TNF-α (10 ng/ml). As demonstrated in Figure 4.1A, ATP alone 

activated neither JNK nor ERK signalling as measured by in vitro kinase assay and 

Western blotting over 60 minutes. Therefore, the presence of purinergic receptors in 

MDA-MB-231 could not be confirmed via monitoring of MAPK activity. 

Nevertheless, the presence of TNF-R1 in MDA-MB-231 was confirmed as 

incubation of cells with TNF-α resulted in a small and transient increase in JNK 

activity of approximately 4 fold at 15 minutes (4.02 ± 0.89 fold stimulation, p < 0.01) 

(Figure 4.1B). This JNK activation then returned almost to baseline at 60 minutes 

(1.53 ± 0.37 fold stimulation). In Figure 4.1C, TNF-α stimulated a concentration 

dependent activation of JNK signalling as measured at 30 minutes, with 

approximately 3.6 fold stimulation at 5 ng/ml. The expression of TNFR1 on the cell 
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surface of MDA-MB-231 has been previously confirmed by other studies 

(Hamaguchi et al., 2011). The subsequent experiments used TNF-α at 5 ng/ml for an 

incubation time of 30 minutes. 

 

The inhibitory effect of ATP on TNF-α stimulated JNK activity was then tested 

using a pre-incubation time of 30 minutes. In Figure 4.2, TNF-α alone induced a 

small increase in JNK activity (3.26 ± 0.68 fold stimulation). Pre-incubation with 

ATP inhibited TNF-α mediated JNK signalling in a concentration-dependent manner, 

essentially abolishing the TNF-α response. An IC50 of approximately 0.7 µM was 

obtained over a number of experiments. This value was approximately 10 fold lower 

than that obtained in HUVECs as outlined in Chapter 3. 

 

Similarly, pre-treatment of MDA-MB-231 with adenosine also inhibited TNF-α 

induced JNK activity in a concentration-dependent manner. Adenosine at 3 µM 

reduced the TNF-α induced JNK signalling by approximately half (% TNF-α 

stimulation = 50.23 ± 11.80 %, p < 0.05) (Figure 4.3). Based on several experiments, 

an IC50 of 2.85 ± 0.78 µM was obtained.  

 

 

 

 

 

 

 

 

             A 
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Figure 4.1: Time and concentration dependent MAPK signalling by ATP and 

TNF-α in MDA-MB-231 cells 

Cells, rendered quiescent for 24 hours, were incubated with ATP (100 µM) or TNF-α 

(10 ng/ml) for the times indicated above for (A) and (B) or at increasing 

concentrations of TNF-α (0.1 – 10 ng/ml) for 30 minutes for (C). JNK activity and 

ERK phosphorylation were assessed by in vitro kinase assay and Western blotting as 

described in section 2.5 and 2.6 respectively. n = 3 for A and B; n = 2 for C.  
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Figure 4.2: Concentration-dependent ATP mediated inhibition of TNF-α 

induced JNK signalling in MDA-MB-231 cells 

Cells, rendered quiescent for 24 hours, were incubated with increasing 

concentrations of ATP (0.1 – 30 µM) for 30 minutes, followed by TNF-α stimulation 

(5 ng/ml) for a further 30 minutes. JNK activity was assessed by in vitro kinase assay 

as described in section 2.5. (A) showed a representative blot and (B) showed the 

densitometric data for several independent experiments, expressed as mean ± SEM, n 

= 4.  Statistical analysis was performed using one way ANOVA with Dunnett’s post 

test. *** p < 0.001 compared to TNF-α stimulation only.  

             A 
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Figure 4.3: Concentration-dependent adenosine mediated inhibition of TNF-α 

stimulated JNK signalling in MDA-MB-231 cells 

Cells, rendered quiescent for 24 hours, were incubated with increasing 

concentrations of adenosine (0.1 – 30 µM) for 30 minutes, followed by TNF-α 

stimulation (5 ng/ml) for a further 30 minutes. JNK activity was assessed by in vitro 

kinase assay as described in section 2.5. (A) showed a representative blot and (B) 

showed the densitometric data for several independent experiments, expressed as 

mean ± SEM, n = 4. Statistical analysis was performed using one way ANOVA with 

Dunnett’s post test. *** p < 0.001, * p < 0.05 compared to TNF-α stimulation only.  
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4.2.2 ATP and adenosine mediated inhibition of IL-1β induced JNK signalling 

in MDA-MB-231 

Due to the relatively low JNK signal stimulated by TNF-α, the effect of IL-1β was 

also examined in MDA-MB-231. The expression of the IL-1R1 was confirmed as 

incubation of MDA-MB-231 with IL-1β (10 ng/ml) stimulated a time and 

concentration dependent increase in JNK activity as shown in Figure 4.4. Maximum 

JNK activity was detected as early as 15 minutes (6.37 ± 0.38 fold stimulation, p < 

0.001), which then returned towards basal level by 60 minutes (1.35 ± 0.57 fold 

stimulation). IL-1β also increased JNK signalling in a concentration-dependent 

manner. IL-1β at 5 ng/ml was sufficient to induce a JNK signal of approximately 6.2 

fold stimulation. Thus IL-1β at 5 ng/ml for 30 minutes was used for the following 

experiments, in combination with ATP or adenosine. This concentration correlated 

with another study that also used 5 ng/ml of IL-1β to induce strong p38 MAPK 

phosphorylation in MDA-MB-231 (Park and Kwon, 2011).   

 

 Next, MDA-MB-231 cells were pre-incubated with increasing concentrations of 

ATP (0.1 to 30 µM) for 30 minutes, followed by IL-1β for a further 30 minutes as 

shown in Figure 4.5  Similar to the effect on TNF-α, ATP significantly inhibited IL-

1β dependent JNK signalling over the low micromolar concentration range. ATP at 

30 µM inhibited IL-1β mediated JNK activity to approximately 20% (% IL-1β 

stimulation: ATP + IL-1β = 13.28 ± 3.61 %, p < 0.001), with an IC50 value of 1.33 ± 

0.26 µM was obtained over several experiments. This value compared well to that 

measured in HUVECs (2.34 ± 3.87 µM). In Figure 4.5, adenosine was also found to 

reduce IL-1β induced JNK signalling with similar efficacy and potency to that 

observed for ATP (% IL-1β stimulation: Adenosine 30 µM + IL-1β = 10.91 ± 3.49 %, 

p < 0.001), with an IC50 of approximately 1.8 µM. This value was however, 

approximately 10 fold lower than that observed in HUVECs. 
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Figure 4.4: Time and concentration dependent JNK signalling by IL-1β in 

MDA-MB-231 cells 

Cells, rendered quiescent for 24 hours, were incubated with IL-1β (10 ng/ml) for the 

times indicated above for (A) or at increasing concentration of IL-1β (0.1 – 10 ng/ml) 

for 30 minutes for (B). JNK activity was assessed by in vitro kinase assay as 

described in section 2.5. n = 3 for A; n = 2 for B.  
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Figure 4.5: Concentration-dependent ATP inhibition of IL-1β mediated JNK 

signalling in MDA-MB-231 cells 

Cells, rendered quiescent for 24 hours, were incubated with increasing 

concentrations of ATP (0.1 – 30 µM) for 30 minutes, followed by IL-1β stimulation 

(5 ng/ml) for another 30 minutes. JNK activity was assessed by in vitro kinase assay 

as described in section 2.5. (A) showed a representative blot and (B) showed the 

densitometric data for several independent experiments, expressed as mean ± SEM, n 

= 4. Statistical analysis was performed using one way ANOVA with Dunnett’s post 

test. *** p < 0.001 compared to IL-1β stimulation only.  
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Figure 4.6: Concentration-dependent adenosine inhibition of IL-1β mediated 

JNK signalling in MDA-MB-231 cells 

Cells, rendered quiescent for 24 hours, were incubated with increasing 

concentrations of adenosine (0.1 – 30 µM) for 30 minutes, followed by IL-1β 

stimulation (5 ng/ml) for another 30 minutes. JNK activity was assessed by in vitro 

kinase assay as described in section 2.5. (A) showed a representative blot and (B) 

showed the densitometric data for several independent experiments, expressed as 

mean ± SEM, n = 4. Statistical analysis was performed using one way ANOVA with 

Dunnett’s post test. *** p < 0.001, ** p < 0.01, * p < 0.05 compared to IL-1β 

stimulation only.  
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4.3 ATP mediated inhibition of UVC induced JNK signalling in 

MDA-MB-231 

4.3.1 UVC activation of JNK signalling in MDA-MB-231 

In order to investigate the specificity of the inhibitory effect of ATP and to relate 

inhibition to cellular outcomes relevant to cancer, UVC irradiation was used. Firstly, 

the kinetics of UVC induced JNK signalling at 30 J/m
2
 was measured over 24 hours 

using in vitro kinase assay (Figure 4.7). As found in other studies (Chen et al., 1996b, 

Hamdi et al., 2005, Liu et al., 1995), sustained JNK activation was observed over the 

24 hour duration, with an early maximum signal obtained 30 minutes following 

exposure to UVC (14.87 ± 2.43 fold stimulation, p < 0.001). Surprisingly, JNK 

activation was biphasic, levels decreased to near basal from 1 - 2 hours (2 hours: 0.82 

± 0.12 fold stimulation). At 4 hours, JNK activity gradually increased reaching a 

second peak of approximately 17 fold stimulation at 8 hours (17.29 ± 1.55 fold 

stimulation, p < 0.001). A high level of JNK activity was even detected at 24 hours 

following UVC exposure (12.07 ± 2.34 fold stimulation).  

 

The concentration dependent activation of JNK signalling by UVC was then 

measured at 30 minutes (Figure 4.8). Even at 10 J/m
2
, UVC stimulated a strong JNK 

signal (9.33 ± 2.73 fold stimulation), which increased further at both 30 and 60 J/m
2
. 

Over a number of experiments, the EC50 calculated for UVC was approximately 15.7 

J/m
2
. Thus, for subsequent studies, a dose of 30 J/m

2
 was used.   
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Figure 4.7: Time dependent JNK activation by UVC in MDA-MB-231 cells 

Cells, rendered quiescent for 24 hours, were exposed to UVC (30 J/m
2
) for the times 

indicated above. JNK activity was assessed by in vitro kinase assay as described in 

section 2.5. (A) showed a representative blot and (B) showed the densitometric data 

for several independent experiments, expressed as mean ± SEM, n = 5. Statistical 

analysis was performed using one way ANOVA with Dunnett’s post test. *** p < 

0.001, ** p < 0.01, * p < 0.05 compared to unstimulated control.  
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Figure 4.8: Concentration-dependent JNK activation by UVC in MDA-MB-231 

cells 

Cells, rendered quiescent for 24 hours, were exposed to increasing doses of UVC (1 - 

60 J/m
2
) for 30 minutes. JNK activity was assessed by in vitro kinase assay as 

described in section 2.5. (A) showed a representative blot and (B) showed the 

densitometric data for several independent experiments, expressed as mean ± SEM, n 

= 3. Statistical analysis was performed using one way ANOVA with Dunnett’s post 

test. ** p < 0.01, * p < 0.05 compared to unstimulated control.  
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4.3.2 Pre-incubation of ATP inhibited the early phase of UVC-mediated JNK 

signalling 

The following experiments then attempted to characterise the inhibitory effect of 

ATP on UVC induced JNK activity. Cells were pre-incubated with ATP (30 µM) for 

30 minutes, followed by exposure to UVC for different time periods (15 minutes – 2 

hours) as shown in Figure 4.9. Over this time course, ATP alone did not stimulate an 

increase in the JNK signal. In contrast, ATP effectively inhibited UVC mediated 

JNK signalling at 15, 30 and 60 minutes by approximately 80 %. (Fold stimulation: 

30 minutes: UVC = 13.89 ± 3.68; ATP + UVC = 2.93 ± 0.68, p < 0.001).  

 

Therefore, based on pre-incubation with ATP at 30 minutes followed by UVC for 

another 30 minutes, the concentration dependent inhibition of JNK was studied as 

shown in Figure 4.10. Pre-incubation using ATP also reduced UVC dependent JNK 

signalling in a concentration dependent manner, with inhibition of approximately 

70 % using 10 and 30 µM (% UVC stimulation: ATP 10 µM + UVC = 33.29 ± 

8.46 %; ATP 30 µM ± UVC = 27.63 ±7.02; both p < 0.001). The IC50 for this ATP 

inhibitory effect was 6.87 ± 1.59 µM, which was slightly higher than those values 

obtained for TNF-α and IL-1β. 
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Figure 4.9: Pre-incubation with ATP inhibited the early phase of UVC mediated 

JNK signalling in MDA-MB-231 cells 

Cells, rendered quiescent for 24 hours, were incubated with ATP (30 µM) for 30 

minutes, followed by UVC stimulation (30 J/m
2
) for the times indicated above. JNK 

activity was assessed by in vitro kinase assay as described in section 2.5. (A) showed 

a representative blot and (B) showed the densitometric data for several independent 

experiments, expressed as mean ± SEM, n = 3. Statistical analysis was performed 

using one way ANOVA with Dunnett’s post test. *** p < 0.001, * p < 0.05 compared 

to UV only stimulation for the corresponding time points. The statistical difference 

between unstimulated control and UVC were not indicated in the graph. 
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Figure 4.10: Concentration dependent ATP inhibition of UVC mediated JNK 

signalling in MDA-MB-231 cells 

Cells, rendered quiescent for 24 hours, were incubated with increasing 

concentrations of ATP (0.1 – 30 µM) for 30 minutes, followed by UVC stimulation 

(30 J/m
2
) for another 30 minutes. JNK activity was assessed by in vitro kinase assay 

as described in section 2.5. (A) showed a representative blot and (B) showed the 

densitometric data for several independent experiments, expressed as mean ± SEM, n 

= 5. Statistical analysis was performed using one way ANOVA with Dunnett’s post 

test. *** p < 0.001 compared to UVC only stimulation.  
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4.3.3 Pre-incubation with ATP to examine the late phase of UVC mediated JNK 

signalling 

In this section, the ability of ATP to inhibit the late phase of JNK signalling, at post 2 

hours of exposure to UVC, was examined. Again, the pre-incubation of ATP for 30 

minutes was applied, followed by UVC irradiation and incubation of cells for 4 to 24 

hours. In figure 4.11, ATP was shown to reduce the UVC dependent JNK activity 

slightly at 6 hours onwards, but the inhibitory effect did not reach statistical 

significance. For instance, at the second peak of JNK signalling (8 hours), ATP 

produced an approximately 20 % inhibition (Fold stimulation: UVC = 15.55 ± 0.45; 

ATP + UVC = 12.14 ± 0.57).  

 

In order to confirm the inhibitory effect of ATP in the late phase of JNK activation, 

ATP at increasing concentration of 3, 10 and 30 µM were tested at 30 minutes, 8 

hours and 24 hours following exposure to UVC (Figure 4.12). As observed in figure 

4.8, ATP at these concentrations significantly inhibited the JNK signal at 30 minutes. 

For example, ATP at 30 µM reduced the JNK signalling to baseline (Fold stimulation: 

UVC = 9.06 ± 2.26; ATP + UVC = 1.16 ± 0.35; p < 0.001). Pre-incubation of ATP at 

30 µM slightly reduced the JNK activity at 8 hours as observed in the earlier figure, 

however at 24 hours, ATP significantly inhibited UVC induced JNK activation by 

approximately 65 % (Fold stimulation at 24 hours: UVC = 9.08 ± 2.06; ATP + UVC 

= 3.26 ± 0.81, p < 0.05). Overall, these data implied that ATP could also alter the late 

JNK signal induced by UVC, however the effect was time dependent.  
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Figure 4.11: Pre-incubation of ATP slightly inhibited the late phase of UVC 

mediated JNK signalling in MDA-MB-231 cells 

Cells, rendered quiescent for 24 hours, were incubated with ATP (30 µM) for 30 

minutes, followed by UVC stimulation (30 J/m
2
) for the times indicated above. JNK 

activity was assessed by in vitro kinase assay as described in section 2.5. (A) showed 

a representative blot and (B) showed the densitometric data for several independent 

experiments, expressed as mean ± SEM, n = 3. Statistical analysis was performed 

using one way ANOVA with Dunnett’s post test. * p < 0.05 compared to UVC only 

at the same time point. The statistical differences between unstimulated control and 

UVC or ATP + UVC were not indicated in the graph. 
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Figure 4.12: Pre-incubation with ATP inhibited UVC mediated JNK signalling 

in MDA-MB-231 cells 

Cells, rendered quiescent for 24 hours, were incubated with increasing 

concentrations of ATP (3 – 30 µM) for 30 minutes, followed by UVC stimulation 

(30 J/m
2
) for the indicated times (30 minutes, 8 hours and 24 hours). JNK activity 

was assessed by in vitro kinase assay as described in section 2.5. (A) showed a 

representative blot and (B) showed the densitometric data for several independent 

experiments, expressed as mean ± SEM, n = 4. Statistical analysis was performed 

using one way ANOVA with Dunnett’s post test. ** p < 0.01 compared to UV only 

stimulation for the corresponding time points. The statistical differences between 

unstimulated control and UVC or ATP + UVC were not indicated in the graph. 
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4.3.4 Post-incubation with ATP did not inhibit the UVC mediated JNK 

signalling 

Since pre-incubation with ATP minimally affected the late phase of UVC dependent 

JNK activity, ATP was applied prior to the second increment of JNK activity. Thus 

at 6 hours post UVC irradiation, 30 µM of ATP was added into the supernatant and 

samples were assayed at the time points as indicated in Figure 4.13. At all time 

points measured, ATP did not alter the JNK signalling mediated by UVC. For 

instance, at 12 hours post UVC irradiation, UVC alone induced an approximate 10 

fold (10.09 ± 1.46 fold stimulation) increase in JNK activity whilst combined ATP 

and UVC treatment produced approximately 9.6 fold (9.55 ± 1.88 fold stimulation). 

Therefore, the marginal inhibitory effect of ATP in the late phase of JNK signalling 

may be a delayed inhibition manifested from the early phase.   
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Figure 4.13: Post 6 hours addition of ATP did not affect UVC mediated JNK 

signalling (throughout 24 hours) in MDA-MB-231 cells 

Cells, rendered quiescent for 24 hours, were exposed to UVC (30 J/m
2
) for the 

indicated time points, with or without the addition of ATP (30 µM) at 6 hours post-

UVC exposure. P indicated pre-incubation of ATP for 30 minutes, followed by UVC 

irradiation. JNK activity was assessed by in vitro kinase assay as described in section 

2.5. (A) and (B) showed a representative blot and (C) showed the densitometric data 

for several independent experiments, expressed as mean ± SEM, n = 4. Statistical 

analysis was performed using one way ANOVA with Dunnett’s post test, but no 

differences were found between UVC and ATP + UVC at the same corresponding 

time points. The statistical differences between unstimulated control and UVC or 

ATP + UVC were not indicated in the graph. 
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4.4 Characterisation of the purinergic receptors involved in the 

inhibitory effects of ATP on JNK signalling in MDA-MB-231: The 

role of P2Y2 receptor 

Next, the P2Y receptor responsible for the inhibitory effect in MDA-MB-231 cells 

was investigated as shown in Figure 4.14. A recent study has indicated that P2Y2 is 

expressed on the cell surface of MDA-MB-231 (Li et al., 2011). Due to the lack of 

potent and selective P2Y2 antagonists to investigate the role of P2Y2 receptor 

(Jacobson, 2010), UTP, that activates P2Y2 receptor equipotently as ATP, was used. 

In figure 4.12, pre-incubation with UTP did not inhibit UVC mediated 

phosphorylation of either JNK or p38 MAPK, demonstrating that P2Y2 receptor is 

not responsible for the inhibitory effect of ATP in MDA-MB-231 cells.  

 

4.5 The role of Gq/11 in the inhibitory effect of ATP in UVC mediated 

JNK signalling in MDA-MB-231 

As described in the previous results chapter, pharmacological inhibition of Gq/11 by 

YM254890 partially reversed the inhibitory effect of ATP in IL-1β mediated JNK 

signalling in HUVECs. Thus the role of Gq/11 was then clarified by pre-treatment of 

cells with YM254890 (Figure 4.15). Consistent with the previous results, ATP at 30 

µM inhibited UVC induced JNK activity by approximately 75 % (% UVC 

stimulation = 26.13 ± 5.56 %). Pre-treatment with YM254890 at 100 nM was 

sufficient to completely reverse the inhibitory effect of ATP (% IL-1β stimulation: 

97.30 ± 2.28 %). Thus, a Gq/11 coupled P2Y receptor is responsible for the inhibitory 

effect of ATP in MDA-MB-231.  
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Figure 4.14: Incubation of UTP did not alter the UVC mediated JNK and p38 

MAPK signalling in MDA-MB-231 cells 

Cells, rendered quiescent for 24 hours, were incubated with increasing 

concentrations of UTP (0.1 – 30 µM) or ATP 30 µM (A30) for 30 minutes, followed 

by UVC stimulation (30 J/m
2
) for another 30 minutes. JNK activity and 

phosphorylation of p38 MAPK were assessed by in vitro kinase assay and Western 

blotting as described in sections 2.5 and 2.6 respectively, n = 2.  
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Figure 4.15: Gq/11 mediated the inhibitory effect of ATP in UVC mediated JNK 

signalling in MDA-MB-231 cells 

Cells, rendered quiescent for 24 hours, were incubated with increasing concentration 

of YM254890 (1 – 100 nM) for 15 minutes, followed by ATP (30 µM) for 30 

minutes and UVC (30 J/m
2
) for a further 30 minutes. JNK activity was assessed by in 

vitro kinase assay as described in section 2.5. (A) showed a representative blot and 

(B) showed the densitometric data for several independent experiments, expressed as 

mean ± SEM, n = 5. Statistical analysis was performed using one way ANOVA with 

Dunnett’s post test. *** p < 0.001 compared to combined ATP and UV stimulation. 

The statistical difference between UVC only and ATP + UVC was not indicated in 

the graph. 
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4.6 ATP mediated inhibition of UVC induced JNK signalling in 

SW1353 

To test the cell specificity of the inhibitory effect of ATP, another cancer cell line, 

namely the chondrosarcoma line SW1353 was also used. Preliminary experiment 

demonstrated a small increase in ERK phosphorylation at 5 minutes with ATP 

incubation, but ATP did not induce any changes in JNK activity over 60 minutes 

(results not shown). Therefore, P2Y receptors are indeed present on the cell surface 

membrane of SW1353.  

 

4.6.1 ATP inhibited the UVC mediated JNK signalling in SW1353 

The ability of ATP to inhibit the early phase of UVC induced JNK signalling, was 

then examined by pre-treating the cells with ATP at 0.1 to 30 µM for 30 minutes, 

followed by 30 minutes of UVC irradiation (Figure 4.16).  A maximal inhibition of 

approximately 40 % was detected using ATP at a concentration of 30 µM (% UVC 

stimulation: ATP 30 µM + UVC = 58.46 ± 7.90 %, p < 0.05), with an IC50 of 

approximately 37 µM. Thus, the inhibitory effect of ATP in UVC induced JNK 

signalling was not a cell type specific phenomenon, but relied on the expression of 

the P2Y receptor on the cancer cell surface. 
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Figure 4.16: Concentration dependent ATP inhibition of UVC mediated JNK 

signalling in SW1353 cells 

Cells, rendered quiescent for 24 hours, were incubated with increasing 

concentrations of ATP (0.1 – 30 µM) for 30 minutes, followed by UVC stimulation 

(30 J/m
2
) for another 30 minutes. JNK activity was assessed by in vitro kinase assay 

as described in section 2.5. (A) showed a representative blot and (B) showed the 

densitometric data for several independent experiments, expressed as mean ± SEM, n 

= 4. Statistical analysis was performed using one way ANOVA with Dunnett’s post 

test. * p < 0.05 compared to UVC only stimulation.  
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4.7 The effect of ATP and JNK inhibitor in UVC mediated apoptosis 

in MDA-MB-231  

Since sustained JNK signalling and UVC were shown to cause apoptosis in various 

cell lines (Chen et al., 1996a, Dunkern et al., 2001, Hamdi et al., 2005, Liu et al., 

1995, Wu et al., 2002), the apoptotic effect of UV, in combination with ATP, was 

then measured. Cells were stained with a phospholipid phosphatidylserine dye, 

phycoerythrin (PE) annexin V, and nucleic acid dye, 7-amino-actinomycin (7-AAD), 

to reveal the cell population that are healthy, early apoptosis, late apoptosis and 

necrotic in FACS analysis.  The % apoptotic cells mentioned in the following 

sections were a combination of cell population of early apoptosis, late apoptosis and 

necrotic.  

 

4.7.1 The role of JNK in the UVC mediated apoptosis in MDA-MB-231 

In order to understand the role of JNK in the apoptosis effect of UVC in this breast 

cancer cell line, the pharmacological JNK inhibitor, SP600125, was applied for 30 

minutes prior to exposure to UVC irradiation. The cell population was then analysed 

after 24 hours as shown in Figure 4.17. In the untreated sample, the majority of the 

cells were healthy (% healthy cells = 90.53 ± 0.91 %). However, the application of 

the JNK inhibitor slightly increased the % of apoptotic cells, but the results were not 

statistically significant. For example, SP600125 at 10 µM produced approximately 

31 % (31.03 ± 7.74 %) of apoptotic cells, suggesting that JNK plays a negative role 

in the basal apoptotic rate of MDA-MB-231. At 24 hours, exposure to UVC 

produced significant cell death (% apoptotic cells = 38.03 ± 3.75 %, p < 0.05 

compared to unstimulated control). However, inhibition of JNK did not produce a 

statistical significant increase in the apoptotic effect of UVC (SP600125 10 µM + 

UVC = 45.95 ± 7.77 % apoptotic cells). Thus JNK did not play an important role in 

mediating the apoptotic effect of UVC in this cell line. 
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Figure 4.17: The effect of JNK inhibition on UVC mediated apoptosis in MDA-

MB-231 cells 

Cells, rendered quiescent for 24 hours, were incubated with SP600125 (3 and 10 µM) 

for 30 minutes, followed by UVC stimulation (30 J/m
2
) for another 24 hours. The 

cell population was collected, stained and assessed by flow cytometry as described in 

section 2.6. (A) showed a representative data and (B) showed the % of apoptotic 

cells for several independent experiments, expressed as mean ± SEM, n = 3. 

Statistical analysis was performed using one way ANOVA with Dunnett’s post test, 

but no differences were found between UVC only and SP600125 + UVC. The 

statistical differences between unstimulated control and SP600125, UVC or 

SP600125 + UVC were not indicated in the graph. 
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4.7.2 The role of ATP in UVC mediated apoptosis in MDA-MB-231  

Next, the role of ATP was then studied by pre-incubation of ATP, followed by UVC 

irradiation as shown in Figure 4.18. Similar to the effect of the JNK inhibitor, ATP 

alone slightly increased the amount of apoptotic cells compared to untreated cells (% 

apoptotic cells: untreated = 17.04 ± 1.95 %; ATP 100µM = 27.93 ± 3.92 %). UVC 

irradiation consistently produced significant cell death (47.34 ± 6.35 % apoptotic 

cells, p < 0.01 compared to untreated control). Combining ATP and UVC, the 

apoptotic effect was unaltered (ATP 100 µM + UVC = 53.75 ± 7.70 %), confirming 

the results from the previous section that JNK minimally affected the apoptotic 

pathway mediated by UVC in MDA-MB-231 cells, and that ATP plays no role in 

this process.  
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Figure 4.18: The effect of ATP in UVC mediated apoptosis in MDA-MB-231 

cells 

Cells, rendered quiescent for 24 hours, were incubated with ATP (10, 30 and 100 µM) 

for 30 minutes, followed by UVC stimulation (30 J/m
2
) for another 24 hours. The 

cell population was collected, stained and assessed by flow cytometry as described in 

section 2.6. (A) showed a representative data and (B) showed the % of apoptotic 

cells for several independent experiments, expressed as mean ± SEM, n = 4. 

Statistical analysis was performed using one way ANOVA with Dunnett’s post test, 

but no differences were found between UVC only and different concentrations of 

ATP + UVC. The statistical differences between unstimulated control and ATP, 

UVC or ATP + UVC were not indicated in the graph. 
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4.8 Discussion 

In this chapter, the inhibitory effect of P2Y receptors upon cytokine-mediated JNK 

signalling was determined using the breast cancer cell line MDA-MB-231 and the 

chrondrosarcoma line SW1353. These results confirmed the hypothesis that the 

inhibitory effect of GPCR activation on JNK signalling may be a widespread 

phenomenon. Furthermore, this can be extended to other activating agents, for 

example UVC (see below).  

 

Similar to HUVECs, pre-incubation with ATP and adenosine in these cancer cell 

lines inhibited JNK activity induced by both TNF-α and IL-1β in a concentration 

dependent manner. It was found that the IC50 of ATP and adenosine observed in 

MDA-MB-231 were lower than those observed in HUVECs, suggesting that this 

effect may be more relevant to the pathophysiology associated with cancer cell lines, 

rather than with primary cultured cells. The lower IC50 value could be due to an 

increase in basal ATP release already present in the serum-starved media which 

would allow a threshold level of inhibition to be obtained with lower concentrations 

of exogeneous ATP. Metastatic breast cancer cells can leak or release large quantities 

of ATP into its surroundings (approximately 100 nM after serum-starvation 

overnight) (Kawai et al., 2008), possibly resulting in a higher basal concentration of 

ATP compared to unstimulated HUVECs (approximately 50 nM or 40 pM 

concentration depending on the design of study) (Arakaki et al., 2003, Moser et al., 

2001).  

 

A second possibility is the overexpression of purinoceptors in cancer cells, as 

suggested for P2Y and A2B receptors (Bianco et al., 2005). This has not been 

extensively studied nor have levels been quantified in cancer cell lines. However, an 

increase in P2Y2 and P2Y4 in colon cancer compared to neighbouring tumour-free 

tissues is reported (Nylund, 2004), whilst P2X7 expression is linked to metabolic 

cancerous changes in breast lobules (Slater et al., 2004). Based on a combination of 
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these effects, cancer cells conferred a higher sensitivity towards the inhibitory effect 

of ATP and adenosine.  

 

The finding that ATP inhibited UVC mediated JNK activity was unpredicted, as ATP 

did not affect the sorbitol and anisomycin induced JNK signalling in HUVECs as 

found in Chapter 3. In contrast to the short term JNK activity induced by cytokines, 

UVC produced a biphasic JNK signal that could be observed until 24 hours. Similar 

prolonged JNK activity by UVC exposure was also observed in other cell lines, such 

as Hela, human fibroblasts, HEK293T and Jurkat T cells (Chen et al., 1996b, Hamdi 

et al., 2005, Liu et al., 1995). However the biphasic nature of JNK signalling has 

been only shown in one study using Hela cells exposed to 40 J/m
2
 of UVC, with a 

similar JNK activity reduction at the 2 hour time point (Liu et al., 1995). Due to the 

differences in the time points measured, the biphasic nature of the UVC was not 

shown in other studies.  

 

Further characterisation of the inhibitory properties of ATP in UVC treated cells 

revealed that pre-incubation of ATP inhibited both the short and long term JNK 

signalling induced by UVC. However the inhibitory effect on long term JNK 

signalling (6 – 24 hours) was not significant despite the addition of ATP at 6 hours 

post-UV irradiation. Several studies have suggested that the different durations of 

JNK activation by UVC are initiated by different mechanisms. UVC activates early 

phase JNK signalling via assemble and internalisation of surface membrane receptors, 

including TNFR1, CD95/Fas receptor and EGFR (Rosette and Karin, 1996). UVC 

was also shown to stimulate ligand-independent TNFR1 activation and recruitment 

of FADD to TNFR1, with subsequent activation of caspase 8 and 10 (Sheikh et al., 

1998), although this study did not link TNFR1-FADD signalling to JNK. Another 

study has shown that FADD only marginally activates JNK signalling (Liu et al., 

1996). As P2Y activation can inhibit TNF-α mediated JNK activity, ATP might also 

inhibit UVC induced JNK signalling by preventing the recruitment of signal adaptor 

proteins to TNFR1.  
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Another member of TNF family, namely Fas/CD95 receptor was also found to 

mediate UVC dependent JNK signalling and apoptosis via Daxx binding protein (Wu 

et al., 2002). Dominant negative Daxx inhibited UVC mediated JNK activation in 

HEK293, but dominant negative FADD did not (Wu et al., 2002), suggesting that 

only specific downstream signalling of Fas/CD95 is linked to JNK activation. 

However evidence to date has shown that PKC activation in Jurkat T cells inhibited 

the downstream signalling of Fas/CD95 by preventing the recruitment of FADD and 

pro-caspase 8 to the death-inducing signalling complex (DISC) formation (Gomez-

Angelats and Cidlowski, 2001). This implies that GPCRs coupled to Gq/11 and PKC 

could negatively regulate Daxx recruitment to Fas/CD95 to inhibit JNK signalling.  

 

Another non-cytokine related membrane receptor, EGFR, also mediates downstream 

signalling in response to UVC exposure through phosphorylation of EGFR at 

Tyr1068 (Sachsenmaier et al., 1994, Cao et al., 2008). The tyrosine kinase inhibitor 

tyrphostin was found to inhibit UVC activated c-Jun in Hela cells (Devary et al., 

1992) whereas the EGFR inhibitors PD153035 and AG1478 mediated UVC induced 

ERK, p38 MAPK, JNK, NF-κB, and PI3K signalling in mouse dendritic and skin 

cells (Cao et al., 2008, El-Abaseri et al., 2005). Therefore, P2Y receptors could 

inhibit UVC mediated transactivation by an unknown mechanism. However, in 

contrast, P2Y1 and P2Y2 activation in various cell lines has been shown to induce Src 

binding to the receptor, which then transactivates EGFR to mediate ERK signalling 

and cell proliferation (Buvinic et al., 2007, Liu et al., 2004b, Luke and Hexum, 2008, 

Milenkovic et al., 2003). Hence, transactivation of EGFR by P2Y in MDA-MB-231 

is more likely to increase the UVC mediated JNK activation, rather than reduce JNK 

activity as observed in this chapter. In addition, JNK signalling induced by EGFR is 

significantly lower than UVC (Bost et al., 1997), indicating that this pathway alone is 

not sufficient to explain the strong activation of JNK by UVC.  

 

Correspondingly, the lack of effect of ATP on the second phase of JNK could also 

have a molecular basis. In addition to the activation of cell surface receptors, UVC 
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also initiates DNA damage to promote long term JNK activation as observed in 

melanoma cells and fibroblasts (Adler et al., 1995a). Deficiency in both 

transcription-coupled and nuclear excision repair also induces greater JNK signalling 

and apoptosis respectively in response to UVC (Dunkern et al., 2001, Hamdi et al., 

2005), supporting a non-redundant role of DNA damage in JNK activation and 

apoptosis for UVC. The results in this chapter demonstrate that ATP minimally 

affects the long term JNK activity initiated by UVC, suggesting that ATP is 

ineffective against DNA damage as it functions to inhibit receptor driven JNK 

activity. This minimal late inhibition may be due to a ‘spill-over’ inhibitory effect 

from the early phase of JNK signalling.  Nevertheless, it cannot be excluded that 

ATP might inhibit sustained JNK signalling via induction of MKP-1, as increased 

expression of MKP-1 is reported to inhibit long term JNK signalling by UVC 

(Hamdi et al., 2005, Liu et al., 1995). Collectively, these studies indicate that 

multiple pathways are involved in the activation of JNK activity by UVC, but only 

the receptor dependent-early phase is susceptible to ATP inhibition. The possible site 

of inhibition for ATP in UVC mediated JNK signalling is summarised in Figure 4.19. 

 

Additional studies were carried out to characterise the P2Y receptor(s) involved in 

the inhibitory effect of ATP in UVC induced JNK signalling. Time constraints did 

not allow this to be completed fully, nevertheless results in this chapter exclude a 

role for P2Y2. Pre-incubation with UTP did not inhibit UVC-mediated JNK 

signalling, suggesting that P2Y2 expression in MDA-MB-231 may not be sufficiently 

high to mediate the inhibitory effect of ATP. This finding is surprising as the limited 

studies on P2Y expression in MDA-MB-231 conducted to date indicate the presence 

of P2Y2 (Li et al., 2011). Hence, further RT-PCR experiment revealing the complete 

P2Y subtype profile could be performed in order to understand the pharmacological 

basis of the inhibitory effect of ATP in MDA-MB-231 cells. Of the remaining 

candidates P2Y1, that couples only to Gq/11 (Alexander et al., 2011), is most likely 

since the application of the Gq/11 inhibitor YM254890 completely reverses the 

inhibitory effect of ATP in the early phase of UVC mediated JNK signalling. 



172 
 

However, this receptor subtype is more responsive to ADP (Alexander et al., 2011), 

thus pre-treatment of cells with ADP or P2Y1 agonist could clarify this possibility.  

 

Irradiation of cells with UVC has commonly produced apoptotic outcomes in a 

variety of cell lines, as observed in this study (Berglund et al., 2004, Dunkern et al., 

2001, Godar et al., 1994, Wu et al., 2002). The initial assumption made was that 

persistent JNK signalling would mediate the apoptotic effect of UVC in MDA-MB-

231 cells. However, this assumption was not bourne out in this study. Firstly, it was 

found that the JNK inhibitor SP600125 used as a positive control enhanced apoptosis, 

suggesting that basal JNK activity was involved in mediating cell survival. This 

observation was supported using other approaches, incubation with SP600125 in 

MDA-MB-231 caused G2/M arrest with a slight increase in the sub-G1 peak 

indicative of cell apoptosis (Mingo-Sion et al., 2004). Knockdown of the kinase 

upstream of JNK, MKK4, in MDA-MB-231 also showed increased apoptosis related 

to an increase in caspase 3 activity and PARP cleavage (Wang et al., 2004).  

 

Furthermore, it was found that SP600125 had no effect on UVC mediated apoptosis 

in MDA-MB-231. The lack of effect of SP600125 was not attributed to its possible 

degradation over the 24 hour duration as SP600125 produced sustained inhibition of 

phosphorylation of c-Jun mediated by PMA over 48 hours (Mingo-Sion et al., 2004). 

A seminal study which examined the role of JNK in apoptosis demonstrated that 

MEFs derived from JNK knockout mice (JNK1
-/-

 and JNK2
-/-

) were protected from 

UVC induced apoptosis due to inhibition of cytochrome c release (Tournier et al., 

2000). Another study demonstrated that dominant negative JNK and SP600125 

treatment inhibited UVC mediated cytochrome c release, caspase 9 and caspase 3 

activation in lung carcinoma (Lo et al., 2004). However other approaches showed 

that the inhibitory effect of SP600125 in UVC mediated apoptosis was only observed 

during the pre-incubation of 48 hours, but not for 30 minutes (Berglund et al., 2004, 

Lo et al., 2004). It was thus suggested that JNK signalling can lead to the apoptotic 

mitochondrial caspase pathway, but prolonged pre-treatment of SP600125 was 
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required to condition the cells for pronounced JNK inhibition. The experiments in 

this chapter used a pre-incubation time of 30 minutes, however longer pre-incubation 

times could have been utilised. In addition, sustained JNK inhibition could have been 

achieved by overexpression of the MAPK phosphatases, such as MKP-1 and MKP-2 

(Al-Mutairi et al., 2010).  

 

Thus, a similar hypothesis that sufficient inhibition of sustained JNK is required to 

inhibit UVC mediated apoptosis could be applied to explain the ineffectiveness of 

ATP in influencing the UVC dependent apoptosis. Results from this chapter could 

not elucidate the functional effect of JNK inhibition by ATP. One additional area of 

study is the effect of JNK in regulating cell cycle progression, proliferation and 

migration. Recent studies have indicated that different isoforms of JNK can 

participate differentially in regulating proliferation, as JNK1
-/-

 demonstrated slower 

proliferation rates whereas JNK2
-/-

 exhibited increased proliferation (She et al., 2002). 

However, inhibition of JNK2 with antisense nucleotides produced greater growth 

inhibition in xenografts of PC3 prostate cancer cells compared to JNK1 (Yang et al., 

2003), suggesting a cell type specific nature for the function of JNK isoforms. 

Furthermore, overexpression of constitutively active JNK resulted in cell migration 

and invasion of the breast cancer cell (MDA-MB-468), due to stimulation of ERK1/2 

dependent c-Fos activity by the sustained JNK in cancer cells (Wang et al., 2010a).  

Recent studies revealed that the levels of JNK fluctuate during cell cycle progression, 

and JNK plays a role in G2/M phase transition via phosphorylation of cdc25C 

(Gutierrez et al., 2010, Gutierrez et al., 2010(a)). Preliminary studies were conducted 

to determine if JNK played any role in UVC mediated cell cycle regulation in MDA-

MB-231 cells, but results were inconclusive. The effect of ATP could have been 

examined in this context. This could be due to the proliferation of MDA-MB-231 

being relatively independent of serum-inducible JNK activity (Yang et al., 2003). 

Synchronising the cells in G1 or S phase could probably provide a clearer insight on 

the role of JNK and its inhibition by ATP in this cell type.   
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In summary, these results elucidated the inhibitory effect of ATP in TNF-α, IL-1β 

and UVC mediated JNK signalling in cancer cells. However the physiological effect 

of this inhibitory phenomenon in MDA-MB-231 cells is still unclear as ATP did not 

significantly alter UVC induced apoptosis. The inhibitory effect on IL-1β and TNF-α 

could still be important as expression of inflammatory molecules, for example COX-

2 and E-selectin, which are regulated by JNK, are important in the maintenance of an 

inflammatory environment. Inflammation is now recognised to play a key role in 

cancer progression (Porta et al., 2009, Gonda et al., 2009). Nevertheless, the 

experiments in this chapter expanded the model established in HUVECs, suggesting 

that the inhibitory effect of ATP on JNK signalling is widespread.   
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Figure 4.19: Proposed model of ATP inhibition in UVC induced JNK signalling 

As discussed in section 4.7, UVC stimulated JNK activity via various mechanisms 

downstream of membrane receptors and DNA damage (Dunkern et al., 2001, Hamdi 

et al., 2005, Sheikh et al., 1998, Song and Lee, 2007, Wu et al., 2002). The probable 

inhibition mechanisms of P2Y receptor via Gq/11 were indicated as dash-dot lines 

whereas the dash lines represented that signalling intermediates might lie in between 

the pathway.  
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5.0 General Discussion 

Physiologically, inflammation is a natural defence mechanism to protect the cells 

against microorganisms, foreign bodies and malignantly transformed cancer cells. 

However, this reaction is normally transient and localised. Failure of its resolution 

results in chronic inflammation which has been shown in the pathogenesis of various 

diseases, such as atherosclerosis, cancer, asthma, psoriasis and rheumatoid arthritis 

(Krishnamoorthy and Honn, 2006). Thus therapeutic agents that could interfere with 

the signalling activity induced by cytokines could be used in the treatment of 

inflammation-related diseases. One of the signalling pathways involved is the stress-

activated protein kinase, JNK. Activation of JNK is not only linked to the pro-

inflammatory effects of cytokines but it is also implicated in the pro-apoptotic effects 

of chemotherapeutic drugs (Cui et al., 2007, Sabapathy, 2012). In this study, 

endogenous GPCR ligands (ATP and adenosine) that activate purinoceptors, were 

found to inhibit JNK signalling induced by different pro-inflammatory mediators in 

various disease phenotype, such as atherosclerosis and cancer. This revealed an 

exciting new protective mechanism of GPCRs via Gq/11 and/or Gs downstream 

signalling reduced cytokine and UVC induced JNK activity.  

 

Overall, this study strongly supports the hypothesis that activation of Gq/11–coupled 

GPCRs to inhibit cytokine driven JNK activity is a widespread, and possibly 

physiologically relevant phenomenon. Activation of purinoceptors inhibited TNF-α, 

IL-1β or UVC mediated JNK signalling in HUVECs, MDA-MB-231 and SW1353 

cell lines. Previous studies have demonstrated that PAR2 and H1 receptor activation 

can also decrease TNF-α induced JNK signalling in different cell types (McIntosh et 

al., 2010, Wang et al., 2003). Thus, the protective effect of GPCRs could be a 

general one, rather than cell type or receptor specific. These receptors have been 

shown to mildly or transiently activate JNK signalling itself, especially in receptor 

over-expression systems (Notcovich et al., 2010, Shen and DiCorleto, 2008, 

Thevananther et al., 2004), therefore perhaps JNK phosphorylation is not a general 

feature of GPCR activation in normal cells, but is only manifest in disease 

phenotypes where receptor is upregulated. For example, only one breast cancer study 
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has clearly shown that JNK activity was required in PAR2 induced chemokinesis (Su 

et al., 2009). Some primary cultured cells do produce a JNK signal but this is often 

only in response to high concentrations of activating agonist (Schmitz et al., 1998, 

Thevananther et al., 2004). Thus, GPCR induced JNK signalling in the endogenous 

receptor population may not produce physiologically significant effects, but its 

sufficient to inhibit the detrimental JNK signalling by other agents.  

 

Based on the consistent findings that atherosclerotic lesions express higher phospho-

JNK staining, in both animal models and patient samples (Chaudhury et al., 2010, 

Meijer et al., 2012, Wang et al., 2011), especially in the endothelial cells and cardiac 

myocytes of progressive and vulnerable lesions, JNK activity is termed pro-

inflammatory and pro-atherosclerotic. Cardiovascular studies using primary 

endothelial cells (HUVECs) in chapter 3 has demonstrated that ATP and adenosine 

stimulated the activation of P2Y11 and A2A receptors to produce an inhibitory effect 

in TNF-α and IL-1β mediated JNK signalling. This effect could be mediated by both 

Gq/11 and Gs downstream signalling events as the inhibitory effect was partially 

reversed by the presence of Gq/11 inhibitor YM254890 and the PKA inhibitor, H89. 

However the exact inhibitory mechanism of these GPCRs is still unclear, although 

several probable pathways are suggested. For instance, Gq/11 could indirectly couple 

to PKC ζ and ε or ERK5 signalling to inhibit JNK signalling, induce the expression 

of MKP-1 or inhibit the recruitment of adaptor proteins to the cytokine receptors, as 

reported in various studies outlined in chapter 3. These studies also suggest a 

physiologically relevant mechanism for P2Y activation and shear stress as both 

produce anti-atherosclerotic effects via inhibition of JNK signalling. Yet, these 

studies focused on the inhibitory effects in TNF-α mediated JNK signalling, and no 

data has yet suggested that similar inhibitory mechanisms are exhibited for IL-1β 

which couples to different signal adaptor proteins. Thus, future studies using 

pharmacological inhibitors, siRNA and dominant negative adenovirus targeting the 

above signalling components could clarify their role in relation to IL-1β mediated 

JNK signalling.  
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The inhibitory effect of ATP in IL-1β induced JNK signalling is also reflected in the 

reduction of COX-2 expression. COX-2 mediates the production of both pro- and 

anti-inflammatory prostaglandins as it preferentially couples to membrane-bound 

PGE2 synthase, perinuclear PGI2 synthase and thromboxane synthase (Ueno et al., 

2001). PGI2 is a potent vasodilator with anti-platelet effects that prevents thrombus 

formation (Kadowitz et al., 1978, Weiss and Turitto, 1979). The protective role of 

PGI2 in atherosclerosis is also indicated in an in vivo model of combined ApoE
-/-

 and 

PGI receptor (IP) knockout mice (Kobayashi et al., 2004). Deletion of ApoE and IP 

produced larger atherosclerotic lesions in a shorter time, and higher ICAM-1 

expression compared to ApoE
-/-

 alone. Thus, COX-2 expression alone is not a 

sufficient marker for the potential anti-inflammatory effect of ATP in this study. 

Other JNK dependent pro-inflammatory proteins, such as E-selectin and interleukin-

8, and the apoptotic proteins caspase 3 and protein phosphatase 2A could be 

measured, as the expression of these proteins are reduced in the presence of a JNK 

inhibitor (Chaudhury et al., 2010). 

 

Nevertheless, as the inhibitory effect of ATP required the pre-activation of its 

cognate receptors, P2Y receptor agonists could be explored as therapeutic agents in 

atherosclerosis to limit the pro-inflammatory effect of cytokines. This hypothesis 

could be tested using in vivo models of combined P2Y
-/-

 ApoE
-/- 

mice infused with 

low dose TNF-α. However, endothelial cells from different regions of the vasculature 

express P2Y receptor at different levels. In this study, HUVECs highly expressed 

P2Y11 receptor that mediated the inhibitory effect of ATP whilst the P2Y2 expression 

was too low to mediate the ATP effect. However in human coronary artery 

endothelial cells, P2Y2 receptor is mainly expressed, with lower P2Y11 receptor 

levels (Ding et al., 2011b, Moore et al., 2001). Thus, a compound with a generalised, 

rather than a subtype selective P2Y agonist property could potentially be more 

valuable therapeutically.  

 



179 
 

The results from this study also support the usage of pathway selective agonists 

(Baker and Hill, 2007) that could antagonise the pro-inflammatory effect of GPCR, 

but still retain the inhibitory effect on cytokine mediated JNK activity. For instance, 

for P2Y1 receptor, a double P2Y1
-/-

 and ApoE
-/-

 knockout model has shown reduction 

in atherosclerosis compared to ApoE
-/-

 alone (Hechler et al., 2008) and a decrease in 

P-selectin, VCAM-1 and ICAM-1 in P2Y1
-/-

 knockout compared to wild type (Zerr et 

al., 2011). Based on these studies that support the pro-atherosclerotic role of P2Y1 

receptor, a P2Y1 antagonist could be developed as an atherosclerosis treatment. 

However, the results from this study suggest that activation of P2Y receptor for its 

downstream signalling mechanism is essential for the inhibitory effect of JNK 

activity. Hence, pathway selective agonist of P2Y1 receptor could also be applied as 

a treatment for atherosclerosis.  

 

The inhibitory properties of ATP and adenosine mediated JNK inhibition was also 

studied in breast cancer and chondrosarcoma cell lines. A concentration dependent 

inhibition by ATP and adenosine of both TNF-α and IL-1β mediated JNK activity 

was observed in MDA-MB-231 cells, with IC50 values lower than observed in 

HUVECs, whereas ATP inhibited the early phase of UVC induced JNK signalling in 

MDA-MB-231 and SW1353 cells. Hence these results suggest that as long as 

purinoceptors are expressed on the cell surface, the inhibitory effect of ATP and 

adenosine could be exhibited. qRT-PCR studies could then confirm the expression 

and their abundance of P2Y and P2X subtypes on these cancer cell lines. Adenosine, 

that is present in high concentrations in the tumour core (Ohta et al., 2006), could 

also produce similar inhibitory effects in UVC mediated JNK signalling, and this 

effect will be determined in future studies. Inhibition of UVC mediated JNK 

signalling by a JNK inhibitor or ATP did not significantly alter the apoptotic effect 

of UVC in MDA-MB-231 after 24 hours suggesting that the duration of study may 

not be long enough to reveal the changes in the apoptotic outcome. Clonogenic assay 

which measures the proliferative ability of cells after several days could provide a 

better reflection of the overall apoptotic and anti-proliferative effects of radiation, 

including the early apoptotic and necrotic events and also late accelerated senescence 
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and mitotic catastrophe (Chang et al., 1999, Erenpreisa and Cragg, 2001, Mirzayans 

et al., 2005, Roninson et al., 2001). The effect of irradiation with UVC upon cancer 

cells fixed in S phase, with or without the presence of a JNK inhibitor or ATP, could 

also be performed to examine if JNK inhibition affects cell cycle progression after 

UVC treatment.   

 

Furthermore, γ-radiation which is widely used in combination with surgery and 

chemotherapy to treat cancer (Nias, 1976, Schulz-Ertner et al., 2006, Veldeman et al., 

2008), has also been shown to activate JNK signalling to induce apoptosis in various 

cell lines, including Jurkat T cells, blood lymphocytes, epidermoid carcinoma A431, 

myeloid leukimia U937 and MDA-MB-231 (Chen et al., 1996a, Dent et al., 1999, 

Kharbanda et al., 1995, Reardon et al., 1999). This JNK activity is dependent on 

EGFR, TNF-R1 and TGF-α signalling (Dent et al., 1999, Reardon et al., 1999). 

Based on the similarities in the signalling mechanisms of γ-radiation and UVC 

induced JNK signalling, it is hypothesised that P2Y activation could also inhibit γ-

radiation mediated JNK activity. Moreover, application of the ERK inhibitor, 

PD98059 augmented the γ-radiation induced JNK signalling within 30 minutes 

(Reardon et al., 1999), suggesting that ATP activation of ERK signalling could 

produce a reduction in JNK activity. In addition to apoptosis, γ-radiation also induces 

G2/M cell cycle arrest in breast cancer cells (MCF-7) and this was reduced via pre-

treatment with the JNK inhibitor, SP600125 (Mingo-Sion et al., 2004). 

 

Recent studies also revealed another phenomenon mediated by radiation therapy, 

named the bystander effect, whereby irradiated cells induce DNA double-strand 

breaks in neighbouring non-irradiated cells (Baskar, 2010, Prise et al., 2003, Sokolov 

et al., 2005), leading to peripheral cell damage such as inflammation of endothelial 

cells that results in higher risk of cardiovascular-related diseases (Little et al., 2010, 

Boerma and Hauer-Jensen, 2010). It has been suggested that these DNA damaging 

signals are transmitted via gap junctions and/or release of soluble factors (Baskar, 

2010, Prise et al., 2003). Transforming growth factor-α is released by irradiated cells 
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to increase JNK signalling and reactive oxygen species in the neighbouring cells to 

induce apoptosis (Dent et al., 1999). ATP is also implicated as γ-radiation induces 

release of ATP to stimulate intracellular Ca
2+

 increase and ERK signalling in 

neighbouring cells (Tsukimoto et al., 2010). Incubation of apyrase that degrades 

extracellular ATP reverses the bystander apoptotic effect in UVW glioma cells 

(personal communication with Dr Marie Boyd). Based on the results from this study, 

it is hypothesised that application of a P2Y agonist is desired to systemically protect 

the cells from the detrimental effect of γ radiation, and targeted delivery of a P2Y 

antagonist to the tumour site could enhance the apoptotic effect of radiation therapy. 

Nevertheless, experiments using a P2Y antagonist combined with radiation treatment 

for in vitro cancer cell lines and in vivo mice cancer models needs to be undertaken 

to support this idea.  

 

In addition to radiotherapy, the localised high concentration of ATP and adenosine in 

the cancer cell environment could also activate P2Y receptor to interfere with 

chemotherapeutic efficacy. Chemotherapeutic drugs of different pharmacological 

actions are known to induce persistent JNK signalling for their apoptotic effect. This 

includes DNA damaging agents (cisplatin, mitomycin C, cytarabine, etoposide and 

adriamycin) and microtubule-interfering agents (MIA) (paclitaxel, docetaxel, 

vinblastine and vincristine) (Osborn and Chambers, 1996, Saleem et al., 1995, 

Sanchez-Perez et al., 1998, Wang et al., 1998b). JNK activity is required for their 

apoptotic action as persistent JNK signalling is neither observed in drug-resistant cell 

lines nor by the inactive structural derivatives of drugs (Sanchez-Perez et al., 1998, 

Wang et al., 1998b). The exact JNK signalling pathway for these drugs are unclear, 

but MIA is reported to stimulate Ras and ASK1 to induce JNK activity (Wang et al., 

1998b). Thus, further experiments could study the combined effect of ATP and 

adenosine with these chemotherapy drugs. 

 

In conclusion, results from this study revealed great potential in manipulating the 

activation of P2Y in order to regulate the overall pro-inflammatory JNK signalling in 
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inflammatory-related diseases such as atherosclerosis and cancer. Activation of P2Y 

could induce mild and transient JNK activity, which then reduced the detrimental 

high magnitude and prolonged JNK signalling mediated by cytokines and UVC.   

Using a full P2Y agonist would allow maximal activation of both pro- and anti-

inflammatory pathways, in contrast a pathway selective agonist of P2Y receptor 

could minimise the pro-inflammatory signalling, but still maintain the anti-

inflammatory property of inhibiting cytokine and UVC induced JNK signalling. In 

addition, a P2Y antagonist could be used in conjunction with radiation and possibly 

chemotherapy to prevent the endogenous ATP in the tumour cells inhibiting the 

therapeutic benefit of the JNK signalling. Thus, the targeted delivery of these P2Y 

pathway selective agonists and antagonists to the therapeutic site is highly desirable. 

Further in vitro and in vivo studies are required to validate these new conceptual 

therapies.  

 

 

 

 

 

 

 

 

 

 

 

 

 



183 
 

6.0 References 

ABBRACCHIO, M. P., BURNSTOCK, G., BOEYNAEMS, J. M., BARNARD, E. A., 

BOYER, J. L., KENNEDY, C., KNIGHT, G. E., FUMAGALLI, M., GACHET, C., 

JACOBSON, K. A. & WEISMAN, G. A. 2006. International Union of Pharmacology LVIII: 

update on the P2Y G protein-coupled nucleotide receptors: from molecular mechanisms and 

pathophysiology to therapy. Pharmacol Rev, 58, 281-341. 

ADAMS, M. N., CHRISTENSEN, M. E., HE, Y., WATERHOUSE, N. J. & HOOPER, J. D. 

2011. The role of palmitoylation in signalling, cellular trafficking and plasma membrane 

localization of protease-activated receptor-2. PLoS One, 6, e28018. 

ADLER, V., FUCHS, S. Y., KIM, J., KRAFT, A., KING, M. P., PELLING, J. & RONAI, Z. 

1995a. jun-NH2-terminal kinase activation mediated by UV-induced DNA lesions in 

melanoma and fibroblast cells. Cell Growth Differ, 6, 1437-46. 

ADLER, V., SCHAFFER, A., KIM, J., DOLAN, L. & RONAI, Z. 1995b. UV irradiation 

and heat shock mediate JNK activation via alternate pathways. J Biol Chem, 270, 26071-7. 

AGUIRRE-GHISO, J. A., OSSOWSKI, L. & ROSENBAUM, S. K. 2004. Green fluorescent 

protein tagging of extracellular signal-regulated kinase and p38 pathways reveals novel 

dynamics of pathway activation during primary and metastatic growth. Cancer Res, 64, 

7336-45. 

AHMED, S. U. & MILNER, J. 2009. Basal cancer cell survival involves JNK2 suppression 

of a novel JNK1/c-Jun/Bcl-3 apoptotic network. PLoS One, 4, e7305. 

AKARASEREENONT, P., BAKHLE, Y. S., THIEMERMANN, C. & VANE, J. R. 1995. 

Cytokine-mediated induction of cyclo-oxygenase-2 by activation of tyrosine kinase in 

bovine endothelial cells stimulated by bacterial lipopolysaccharide. Br J Pharmacol, 115, 

401-8. 

AL-MUTAIRI, M., AL-HARTHI, S., CADALBERT, L. & PLEVIN, R. 2010. Over-

expression of mitogen-activated protein kinase phosphatase-2 enhances adhesion molecule 

expression and protects against apoptosis in human endothelial cells. Br J Pharmacol, 161, 

782-98. 

ALEXANDER, S. P., MATHIE, A. & PETERS, J. A. 2008. Guide to Receptors and 

Channels (GRAC), 3rd edition. Br J Pharmacol, 153 Suppl 2, S1-209. 



184 
 

ALEXANDER, S. P., MATHIE, A. & PETERS, J. A. 2011. Guide to Receptors and 

Channels (GRAC), 5th edition. Br J Pharmacol, 164 Suppl 1, S1-324. 

ALLAVENA, P., SICA, A., SOLINAS, G., PORTA, C. & MANTOVANI, A. 2008. The 

inflammatory micro-environment in tumor progression: the role of tumor-associated 

macrophages. Crit Rev Oncol Hematol, 66, 1-9. 

ALLINEN, M., BEROUKHIM, R., CAI, L., BRENNAN, C., LAHTI-DOMENICI, J., 

HUANG, H., PORTER, D., HU, M., CHIN, L., RICHARDSON, A., SCHNITT, S., 

SELLERS, W. R. & POLYAK, K. 2004. Molecular characterization of the tumor 

microenvironment in breast cancer. Cancer Cell, 6, 17-32. 

ALWAN, A. 2011. Global status report on noncommunicable disease 2010. Italy: World 

Health Organization. 

AMISTEN, S., MELANDER, O., WIHLBORG, A. K., BERGLUND, G. & ERLINGE, D. 

2007. Increased risk of acute myocardial infarction and elevated levels of C-reactive protein 

in carriers of the Thr-87 variant of the ATP receptor P2Y11. Eur Heart J, 28, 13-8. 

ANGER, T., GREBE, N., OSINSKI, D., STELZER, N., CARSON, W., DANIEL, W. G., 

HOEHER, M. & GARLICHS, C. D. 2008. Role of endogenous RGS proteins on endothelial 

ERK 1/2 activation. Exp Mol Pathol, 85, 165-73. 

APPLEBY, S. B., RISTIMAKI, A., NEILSON, K., NARKO, K. & HLA, T. 1994. Structure 

of the human cyclo-oxygenase-2 gene. Biochem J, 302 ( Pt 3), 723-7. 

APTE, R. N., DOTAN, S., ELKABETS, M., WHITE, M. R., REICH, E., CARMI, Y., 

SONG, X., DVOZKIN, T., KRELIN, Y. & VORONOV, E. 2006. The involvement of IL-1 

in tumorigenesis, tumor invasiveness, metastasis and tumor-host interactions. Cancer 

Metastasis Rev, 25, 387-408. 

ARAKAKI, N., NAGAO, T., NIKI, R., TOYOFUKU, A., TANAKA, H., KURAMOTO, Y., 

EMOTO, Y., SHIBATA, H., MAGOTA, K. & HIGUTI, T. 2003. Possible role of cell 

surface H+-ATP synthase in the extracellular ATP synthesis and proliferation of human 

umbilical vein endothelial cells. Mol Cancer Res, 1, 931-9. 

ASLAM, M., HARTEL, F. V., ARSHAD, M., GUNDUZ, D., ABDALLAH, Y., SAUER, H., 

PIPER, H. M. & NOLL, T. 2010. cAMP/PKA antagonizes thrombin-induced inactivation of 

endothelial myosin light chain phosphatase: role of CPI-17. Cardiovasc Res, 87, 375-84. 



185 
 

ASSEFA, Z., VALIUS, M., VANTUS, T., AGOSTINIS, P., MERLEVEDE, W. & 

VANDENHEEDE, J. R. 1999. JNK/SAPK activation by platelet-derived growth factor in 

A431 cells requires both the phospholipase C-gamma and the phosphatidylinositol 3-kinase 

signaling pathways of the receptor. Biochem Biophys Res Commun, 261, 641-5. 

AYYANATHAN, K., WEBBS, T. E., SANDHU, A. K., ATHWAL, R. S., BARNARD, E. 

A. & KUNAPULI, S. P. 1996. Cloning and chromosomal localization of the human P2Y1 

purinoceptor. Biochem Biophys Res Commun, 218, 783-8. 

BAGCHI, S., LIAO, Z., GONZALEZ, F. A., CHORNA, N. E., SEYE, C. I., WEISMAN, G. 

A. & ERB, L. 2005. The P2Y2 nucleotide receptor interacts with alphav integrins to activate 

Go and induce cell migration. J Biol Chem, 280, 39050-7. 

BAKER, J. G. & HILL, S. J. 2007. Multiple GPCR conformations and signalling pathways: 

implications for antagonist affinity estimates. Trends Pharmacol Sci, 28, 374-81. 

BASKAR, R. 2010. Emerging role of radiation induced bystander effects: Cell 

communications and carcinogenesis. Genome Integr, 1, 13. 

BELTON, O., BYRNE, D., KEARNEY, D., LEAHY, A. & FITZGERALD, D. J. 2000. 

Cyclooxygenase-1 and -2-dependent prostacyclin formation in patients with atherosclerosis. 

Circulation, 102, 840-5. 

BERGLUND, C. M., RADESATER, A. C., PERSSON, M. A. & BUDD HAEBERLEIN, S. 

L. 2004. UV-induced apoptosis in SH-SY5Y cells: contribution to apoptosis by JNK 

signaling and cytochrome c. J Neurosci Res, 78, 580-9. 

BERNE, R. M. 1963. Cardiac nucleotides in hypoxia: possible role in regulation of coronary 

blood flow. Am J Physiol, 204, 317-22. 

BERRIDGE, M. J. 1987. Inositol trisphosphate and diacylglycerol: two interacting second 

messengers. Annu Rev Biochem, 56, 159-93. 

BERRIDGE, M. J. 2012.  [Accessed]. 

BERRIDGE, M. J., DAWSON, R. M., DOWNES, C. P., HESLOP, J. P. & IRVINE, R. F. 

1983. Changes in the levels of inositol phosphates after agonist-dependent hydrolysis of 

membrane phosphoinositides. Biochem J, 212, 473-82. 



186 
 

BHATNAGAR, A., SHEFFLER, D. J., KROEZE, W. K., COMPTON-TOTH, B. & ROTH, 

B. L. 2004. Caveolin-1 interacts with 5-HT2A serotonin receptors and profoundly modulates 

the signaling of selected Galphaq-coupled protein receptors. J Biol Chem, 279, 34614-23. 

BIANCO, F., PRAVETTONI, E., COLOMBO, A., SCHENK, U., MOLLER, T., 

MATTEOLI, M. & VERDERIO, C. 2005. Astrocyte-derived ATP induces vesicle shedding 

and IL-1 beta release from microglia. J Immunol, 174, 7268-77. 

BILBAO, P. S., SANTILLAN, G. & BOLAND, R. 2010. ATP stimulates the proliferation of 

MCF-7 cells through the PI3K/Akt signaling pathway. Arch Biochem Biophys, 499, 40-8. 

BIRD, S., ZOU, J., WANG, T., MUNDAY, B., CUNNINGHAM, C. & SECOMBES, C. J. 

2002. Evolution of interleukin-1beta. Cytokine Growth Factor Rev, 13, 483-502. 

BJORKERUD, S. & BJORKERUD, B. 1996. Apoptosis is abundant in human 

atherosclerotic lesions, especially in inflammatory cells (macrophages and T cells), and may 

contribute to the accumulation of gruel and plaque instability. Am J Pathol, 149, 367-80. 

BLACK, S. A., JR., PALAMAKUMBURA, A. H., STAN, M. & TRACKMAN, P. C. 2007. 

Tissue-specific mechanisms for CCN2/CTGF persistence in fibrotic gingiva: interactions 

between cAMP and MAPK signaling pathways, and prostaglandin E2-EP3 receptor 

mediated activation of the c-JUN N-terminal kinase. J Biol Chem, 282, 15416-29. 

BLANK, J. L., ROSS, A. H. & EXTON, J. H. 1991. Purification and characterization of two 

G-proteins that activate the beta 1 isozyme of phosphoinositide-specific phospholipase C. 

Identification as members of the Gq class. J Biol Chem, 266, 18206-16. 

BLANKENBERG, S., BARBAUX, S. & TIRET, L. 2003. Adhesion molecules and 

atherosclerosis. Atherosclerosis, 170, 191-203. 

BODIN, P. & BURNSTOCK, G. 1995. Synergistic effect of acute hypoxia on flow-induced 

release of ATP from cultured endothelial cells. Experientia, 51, 256-9. 

BODIN, P. & BURNSTOCK, G. 1998. Increased release of ATP from endothelial cells 

during acute inflammation. Inflamm Res, 47, 351-4. 

BOERMA, M. & HAUER-JENSEN, M. 2010. Potential targets for intervention in radiation-

induced heart disease. Curr Drug Targets, 11, 1405-12. 



187 
 

BOGLE, R. G., COADE, S. B., MONCADA, S., PEARSON, J. D. & MANN, G. E. 1991. 

Bradykinin and ATP stimulate L-arginine uptake and nitric oxide release in vascular 

endothelial cells. Biochem Biophys Res Commun, 180, 926-32. 

BOGOYEVITCH, M. A., KETTERMAN, A. J. & SUGDEN, P. H. 1995. Cellular stresses 

differentially activate c-Jun N-terminal protein kinases and extracellular signal-regulated 

protein kinases in cultured ventricular myocytes. J Biol Chem, 270, 29710-7. 

BOMBELI, T., KARSAN, A., TAIT, J. F. & HARLAN, J. M. 1997. Apoptotic vascular 

endothelial cells become procoagulant. Blood, 89, 2429-42. 

BOMBELI, T., SCHWARTZ, B. R. & HARLAN, J. M. 1999. Endothelial cells undergoing 

apoptosis become proadhesive for nonactivated platelets. Blood, 93, 3831-8. 

BOON, R. A., LEYEN, T. A., FONTIJN, R. D., FLEDDERUS, J. O., BAGGEN, J. M., 

VOLGER, O. L., VAN NIEUW AMERONGEN, G. P. & HORREVOETS, A. J. 2010. 

KLF2-induced actin shear fibers control both alignment to flow and JNK signaling in 

vascular endothelium. Blood, 115, 2533-42. 

BORN, G. V. & KRATZER, M. A. 1984. Source and concentration of extracellular 

adenosine triphosphate during haemostasis in rats, rabbits and man. J Physiol, 354, 419-29. 

BOS, J. L., FEARON, E. R., HAMILTON, S. R., VERLAAN-DE VRIES, M., VAN BOOM, 

J. H., VAN DER EB, A. J. & VOGELSTEIN, B. 1987. Prevalence of ras gene mutations in 

human colorectal cancers. Nature, 327, 293-7. 

BOST, F., MCKAY, R., DEAN, N. & MERCOLA, D. 1997. The JUN kinase/stress-

activated protein kinase pathway is required for epidermal growth factor stimulation of 

growth of human A549 lung carcinoma cells. J Biol Chem, 272, 33422-9. 

BOULTON, T. G., GREGORY, J. S. & COBB, M. H. 1991a. Purification and properties of 

extracellular signal-regulated kinase 1, an insulin-stimulated microtubule-associated protein 

2 kinase. Biochemistry, 30, 278-86. 

BOULTON, T. G., NYE, S. H., ROBBINS, D. J., IP, N. Y., RADZIEJEWSKA, E., 

MORGENBESSER, S. D., DEPINHO, R. A., PANAYOTATOS, N., COBB, M. H. & 

YANCOPOULOS, G. D. 1991b. ERKs: a family of protein-serine/threonine kinases that are 

activated and tyrosine phosphorylated in response to insulin and NGF. Cell, 65, 663-75. 



188 
 

BRADHAM, C. & MCCLAY, D. R. 2006. p38 MAPK in development and cancer. Cell 

Cycle, 5, 824-8. 

BRANCHO, D., TANAKA, N., JAESCHKE, A., VENTURA, J. J., KELKAR, N., 

TANAKA, Y., KYUUMA, M., TAKESHITA, T., FLAVELL, R. A. & DAVIS, R. J. 2003. 

Mechanism of p38 MAP kinase activation in vivo. Genes Dev, 17, 1969-78. 

BRICHESE, L., CAZETTES, G. & VALETTE, A. 2004. JNK is associated with Bcl-2 and 

PP1 in mitochondria: paclitaxel induces its activation and its association with the 

phosphorylated form of Bcl-2. Cell Cycle, 3, 1312-9. 

BRIKOS, C., WAIT, R., BEGUM, S., O'NEILL, L. A. & SAKLATVALA, J. 2007. Mass 

spectrometric analysis of the endogenous type I interleukin-1 (IL-1) receptor signaling 

complex formed after IL-1 binding identifies IL-1RAcP, MyD88, and IRAK-4 as the stable 

components. Mol Cell Proteomics, 6, 1551-9. 

BROCKHAUS, M., SCHOENFELD, H. J., SCHLAEGER, E. J., HUNZIKER, W., 

LESSLAUER, W. & LOETSCHER, H. 1990. Identification of two types of tumor necrosis 

factor receptors on human cell lines by monoclonal antibodies. Proc Natl Acad Sci U S A, 87, 

3127-31. 

BULAVIN, D. V., HIGASHIMOTO, Y., POPOFF, I. J., GAARDE, W. A., BASRUR, V., 

POTAPOVA, O., APPELLA, E. & FORNACE, A. J., JR. 2001. Initiation of a G2/M 

checkpoint after ultraviolet radiation requires p38 kinase. Nature, 411, 102-7. 

BULAVIN, D. V., SAITO, S., HOLLANDER, M. C., SAKAGUCHI, K., ANDERSON, C. 

W., APPELLA, E. & FORNACE, A. J., JR. 1999. Phosphorylation of human p53 by p38 

kinase coordinates N-terminal phosphorylation and apoptosis in response to UV radiation. 

EMBO J, 18, 6845-54. 

BURGESS, G. M., IRVINE, R. F., BERRIDGE, M. J., MCKINNEY, J. S. & PUTNEY, J. 

W., JR. 1984. Actions of inositol phosphates on Ca2+ pools in guinea-pig hepatocytes. 

Biochem J, 224, 741-6. 

BURNS, K., CLATWORTHY, J., MARTIN, L., MARTINON, F., PLUMPTON, C., 

MASCHERA, B., LEWIS, A., RAY, K., TSCHOPP, J. & VOLPE, F. 2000. Tollip, a new 

component of the IL-1RI pathway, links IRAK to the IL-1 receptor. Nat Cell Biol, 2, 346-51. 

BURNSTOCK, G. 1972. Purinergic nerves. Pharmacol Rev, 24, 509-81. 



189 
 

BUSCHMANN, T., POTAPOVA, O., BAR-SHIRA, A., IVANOV, V. N., FUCHS, S. Y., 

HENDERSON, S., FRIED, V. A., MINAMOTO, T., ALARCON-VARGAS, D., PINCUS, 

M. R., GAARDE, W. A., HOLBROOK, N. J., SHILOH, Y. & RONAI, Z. 2001. Jun NH2-

terminal kinase phosphorylation of p53 on Thr-81 is important for p53 stabilization and 

transcriptional activities in response to stress. Mol Cell Biol, 21, 2743-54. 

BUVINIC, S., BRAVO-ZEHNDER, M., BOYER, J. L., HUIDOBRO-TORO, J. P. & 

GONZALEZ, A. 2007. Nucleotide P2Y1 receptor regulates EGF receptor mitogenic 

signaling and expression in epithelial cells. J Cell Sci, 120, 4289-301. 

BUZZI, N., BILBAO, P. S., BOLAND, R. & DE BOLAND, A. R. 2009. Extracellular ATP 

activates MAP kinase cascades through a P2Y purinergic receptor in the human intestinal 

Caco-2 cell line. Biochim Biophys Acta, 1790, 1651-9. 

BYUN, H. S., PARK, K. A., WON, M., YANG, K. J., SHIN, S., PIAO, L., KWAK, J. Y., 

LEE, Z. W., PARK, J., SEOK, J. H., LIU, Z. G. & HUR, G. M. 2006. Phorbol 12-myristate 

13-acetate protects against tumor necrosis factor (TNF)-induced necrotic cell death by 

modulating the recruitment of TNF receptor 1-associated death domain and receptor-

interacting protein into the TNF receptor 1 signaling complex: Implication for the regulatory 

role of protein kinase C. Mol Pharmacol, 70, 1099-108. 

CALE, J. M. & BIRD, I. M. 2006. Dissociation of endothelial nitric oxide synthase 

phosphorylation and activity in uterine artery endothelial cells. Am J Physiol Heart Circ 

Physiol, 290, H1433-45. 

CAO, C., LU, S., JIANG, Q., WANG, W. J., SONG, X., KIVLIN, R., WALLIN, B., 

BAGDASARIAN, A., TAMAKLOE, T., CHU, W. M., MARSHALL, J., KOUTTAB, N., 

XU, A. & WAN, Y. 2008. EGFR activation confers protections against UV-induced 

apoptosis in cultured mouse skin dendritic cells. Cell Signal, 20, 1830-8. 

CAO, Z., XIONG, J., TAKEUCHI, M., KURAMA, T. & GOEDDEL, D. V. 1996b. TRAF6 

is a signal transducer for interleukin-1. Nature, 383, 443-6. 

CARGNELLO, M. & ROUX, P. P. 2011. Activation and function of the MAPKs and their 

substrates, the MAPK-activated protein kinases. Microbiol Mol Biol Rev, 75, 50-83. 

CARLSSON, A., WINGREN, C., KRISTENSSON, M., ROSE, C., FERNO, M., OLSSON, 

H., JERNSTROM, H., EK, S., GUSTAVSSON, E., INGVAR, C., OHLSSON, M., 

PETERSON, C. & BORREBAECK, C. A. 2011. Molecular serum portraits in patients with 



190 
 

primary breast cancer predict the development of distant metastases. Proc Natl Acad Sci U S 

A, 108, 14252-7. 

CATTANEO, M., CANCIANI, M. T., LECCHI, A., KINLOUGH-RATHBONE, R. L., 

PACKHAM, M. A., MANNUCCI, P. M. & MUSTARD, J. F. 1990. Released adenosine 

diphosphate stabilizes thrombin-induced human platelet aggregates. Blood, 75, 1081-6. 

CELLURALE, C., GIRNIUS, N., JIANG, F., CAVANAGH-KYROS, J., LU, S., GARLICK, 

D. S., MERCURIO, A. M. & DAVIS, R. J. 2012. Role of JNK in mammary gland 

development and breast cancer. Cancer Res, 72, 472-81. 

CHAE, H. J., CHAE, S. W. & KIM, H. R. 2004. Cyclic adenosine monophosphate inhibits 

nitric oxide-induced apoptosis of cardiac muscle cells in a c-Jun N-terminal kinase-

dependent manner. Immunopharmacol Immunotoxicol, 26, 249-63. 

CHAMBERS, J. K., MACDONALD, L. E., SARAU, H. M., AMES, R. S., FREEMAN, K., 

FOLEY, J. J., ZHU, Y., MCLAUGHLIN, M. M., MURDOCK, P., MCMILLAN, L., TRILL, 

J., SWIFT, A., AIYAR, N., TAYLOR, P., VAWTER, L., NAHEED, S., SZEKERES, P., 

HERVIEU, G., SCOTT, C., WATSON, J. M., MURPHY, A. J., DUZIC, E., KLEIN, C., 

BERGSMA, D. J., WILSON, S. & LIVI, G. P. 2000. A G protein-coupled receptor for UDP-

glucose. J Biol Chem, 275, 10767-71. 

CHAN, A. S. & WONG, Y. H. 2004. Epidermal growth factor differentially augments G(i)-

mediated stimulation of c-Jun N-terminal kinase activity. Br J Pharmacol, 142, 635-46. 

CHAN, A. S. & WONG, Y. H. 2005. Gq-mediated activation of c-Jun N-terminal kinase by 

the gastrin-releasing peptide-preferring bombesin receptor is inhibited upon costimulation of 

the Gs-coupled dopamine D1 receptor in COS-7 cells. Mol Pharmacol, 68, 1354-64. 

CHAN, F. K., CHUN, H. J., ZHENG, L., SIEGEL, R. M., BUI, K. L. & LENARDO, M. J. 

2000. A domain in TNF receptors that mediates ligand-independent receptor assembly and 

signaling. Science, 288, 2351-4. 

CHANG, B. D., BROUDE, E. V., DOKMANOVIC, M., ZHU, H., RUTH, A., XUAN, Y., 

KANDEL, E. S., LAUSCH, E., CHRISTOV, K. & RONINSON, I. B. 1999. A senescence-

like phenotype distinguishes tumor cells that undergo terminal proliferation arrest after 

exposure to anticancer agents. Cancer Res, 59, 3761-7. 



191 
 

CHAUDHURY, H., ZAKKAR, M., BOYLE, J., CUHLMANN, S., VAN DER HEIDEN, K., 

LUONG LE, A., DAVIS, J., PLATT, A., MASON, J. C., KRAMS, R., HASKARD, D. O., 

CLARK, A. R. & EVANS, P. C. 2010. c-Jun N-terminal kinase primes endothelial cells at 

atheroprone sites for apoptosis. Arterioscler Thromb Vasc Biol, 30, 546-53. 

CHEN, A., DONG, L., LEFFLER, N. R., ASCH, A. S., WITTE, O. N. & YANG, L. V. 2011. 

Activation of GPR4 by acidosis increases endothelial cell adhesion through the cAMP/Epac 

pathway. PLoS One, 6, e27586. 

CHEN, B. C. & LIN, W. W. 1997. Inhibition of ecto-ATPase by the P2 purinoceptor 

agonists, ATPgammaS, alpha,beta-methylene-ATP, and AMP-PNP, in endothelial cells. 

Biochem Biophys Res Commun, 233, 442-6. 

CHEN, C. H., WANG, W. J., KUO, J. C., TSAI, H. C., LIN, J. R., CHANG, Z. F. & CHEN, 

R. H. 2005. Bidirectional signals transduced by DAPK-ERK interaction promote the 

apoptotic effect of DAPK. EMBO J, 24, 294-304. 

CHEN, N., NOMURA, M., SHE, Q. B., MA, W. Y., BODE, A. M., WANG, L., FLAVELL, 

R. A. & DONG, Z. 2001. Suppression of skin tumorigenesis in c-Jun NH(2)-terminal kinase-

2-deficient mice. Cancer Res, 61, 3908-12. 

CHEN, N., SHE, Q. B., BODE, A. M. & DONG, Z. 2002. Differential gene expression 

profiles of Jnk1- and Jnk2-deficient murine fibroblast cells. Cancer Res, 62, 1300-4. 

CHEN, P., O'NEAL, J. F., EBELT, N. D., CANTRELL, M. A., MITRA, S., 

NASRAZADANI, A., VANDENBROEK, T. L., HEASLEY, L. E. & VAN DEN BERG, C. 

L. 2010. Jnk2 effects on tumor development, genetic instability and replicative stress in an 

oncogene-driven mouse mammary tumor model. PLoS One, 5, e10443. 

CHEN, Y. R., MEYER, C. F. & TAN, T. H. 1996a. Persistent activation of c-Jun N-terminal 

kinase 1 (JNK1) in gamma radiation-induced apoptosis. J Biol Chem, 271, 631-4. 

CHEN, Y. R., WANG, X., TEMPLETON, D., DAVIS, R. J. & TAN, T. H. 1996b. The role 

of c-Jun N-terminal kinase (JNK) in apoptosis induced by ultraviolet C and gamma radiation. 

Duration of JNK activation may determine cell death and proliferation. J Biol Chem, 271, 

31929-36. 

CHIEN, U. H., LAI, M., SHIH, T. Y., VERMA, I. M., SCOLNICK, E. M., ROY-BURMAN, 

P. & DAVIDSON, N. 1979. Heteroduplex analysis of the sequence relationships between the 



192 
 

genomes of Kirsten and Harvey sarcoma viruses, their respective parental murine leukemia 

viruses, and the rat endogenous 30S RNA. J Virol, 31, 752-60. 

CIPOLLONE, F., FAZIA, M. & MEZZETTI, A. 2005a. Novel determinants of plaque 

instability. J Thromb Haemost, 3, 1962-75. 

CIPOLLONE, F., FAZIA, M. L., IEZZI, A., CUCCURULLO, C., DE CESARE, D., 

UCCHINO, S., SPIGONARDO, F., MARCHETTI, A., BUTTITTA, F., PALOSCIA, L., 

MASCELLANTI, M., CUCCURULLO, F. & MEZZETTI, A. 2005b. Association between 

prostaglandin E receptor subtype EP4 overexpression and unstable phenotype in 

atherosclerotic plaques in human. Arterioscler Thromb Vasc Biol, 25, 1925-31. 

CLAPHAM, D. E. & NEER, E. J. 1993. New roles for G-protein beta gamma-dimers in 

transmembrane signalling. Nature, 365, 403-6. 

COHEN, R., SHAINBERG, A., HOCHHAUSER, E., CHEPORKO, Y., TOBAR, A., BIRK, 

E., PINHAS, L., LEIPZIGER, J., DON, J. & PORAT, E. 2011. UTP reduces infarct size and 

improves mice heart function after myocardial infarct via P2Y2 receptor. Biochem 

Pharmacol, 82, 1126-33. 

COLE, S. W. 2009. Chronic inflammation and breast cancer recurrence. J Clin Oncol, 27, 

3418-9. 

COLOTTA, F., ALLAVENA, P., SICA, A., GARLANDA, C. & MANTOVANI, A. 2009. 

Cancer-related inflammation, the seventh hallmark of cancer: links to genetic instability. 

Carcinogenesis, 30, 1073-81. 

COMMUNI, D., GONZALEZ, N. S., DETHEUX, M., BREZILLON, S., LANNOY, V., 

PARMENTIER, M. & BOEYNAEMS, J. M. 2001. Identification of a novel human ADP 

receptor coupled to G(i). J Biol Chem, 276, 41479-85. 

COMMUNI, D., GOVAERTS, C., PARMENTIER, M. & BOEYNAEMS, J. M. 1997. 

Cloning of a human purinergic P2Y receptor coupled to phospholipase C and adenylyl 

cyclase. J Biol Chem, 272, 31969-73. 

COMMUNI, D., PARMENTIER, M. & BOEYNAEMS, J. M. 1996. Cloning, functional 

expression and tissue distribution of the human P2Y6 receptor. Biochem Biophys Res 

Commun, 222, 303-8. 



193 
 

COMMUNI, D., PIROTTON, S., PARMENTIER, M. & BOEYNAEMS, J. M. 1995. 

Cloning and functional expression of a human uridine nucleotide receptor. J Biol Chem, 270, 

30849-52. 

COMMUNI, D., ROBAYE, B. & BOEYNAEMS, J. M. 1999. Pharmacological 

characterization of the human P2Y11 receptor. Br J Pharmacol, 128, 1199-206. 

CONKLIN, B. R. & BOURNE, H. R. 1993. Structural elements of G alpha subunits that 

interact with G beta gamma, receptors, and effectors. Cell, 73, 631-41. 

COSO, O. A., CHIARIELLO, M., KALINEC, G., KYRIAKIS, J. M., WOODGETT, J. & 

GUTKIND, J. S. 1995a. Transforming G protein-coupled receptors potently activate JNK 

(SAPK). Evidence for a divergence from the tyrosine kinase signaling pathway. J Biol Chem, 

270, 5620-4. 

COSO, O. A., CHIARIELLO, M., YU, J. C., TERAMOTO, H., CRESPO, P., XU, N., MIKI, 

T. & GUTKIND, J. S. 1995b. The small GTP-binding proteins Rac1 and Cdc42 regulate the 

activity of the JNK/SAPK signaling pathway. Cell, 81, 1137-46. 

COUSSENS, L. M. & WERB, Z. 2002. Inflammation and cancer. Nature, 420, 860-7. 

CUHLMANN, S., VAN DER HEIDEN, K., SALIBA, D., TREMOLEDA, J. L., KHALIL, 

M., ZAKKAR, M., CHAUDHURY, H., LUONG LE, A., MASON, J. C., UDALOVA, I., 

GSELL, W., JONES, H., HASKARD, D. O., KRAMS, R. & EVANS, P. C. 2011. Disturbed 

blood flow induces RelA expression via c-Jun N-terminal kinase 1: a novel mode of NF-

kappaB regulation that promotes arterial inflammation. Circ Res, 108, 950-9. 

CUI, J., HAN, S. Y., WANG, C., SU, W., HARSHYNE, L., HOLGADO-MADRUGA, M. 

& WONG, A. J. 2006. c-Jun NH(2)-terminal kinase 2alpha2 promotes the tumorigenicity of 

human glioblastoma cells. Cancer Res, 66, 10024-31. 

CUI, J., ZHANG, M., ZHANG, Y. Q. & XU, Z. H. 2007. JNK pathway: diseases and 

therapeutic potential. Acta Pharmacol Sin, 28, 601-8. 

DA SILVA, C. G., SPECHT, A., WEGIEL, B., FERRAN, C. & KACZMAREK, E. 2009. 

Mechanism of purinergic activation of endothelial nitric oxide synthase in endothelial cells. 

Circulation, 119, 871-9. 

DAI, T., RUBIE, E., FRANKLIN, C. C., KRAFT, A., GILLESPIE, D. A., AVRUCH, J., 

KYRIAKIS, J. M. & WOODGETT, J. R. 1995. Stress-activated protein kinases bind directly 



194 
 

to the delta domain of c-Jun in resting cells: implications for repression of c-Jun function. 

Oncogene, 10, 849-55. 

DANG, L., SEALE, J. P. & QU, X. 2004. Reduction of high glucose and phorbol-myristate-

acetate-induced endothelial cell permeability by protein kinase C inhibitors LY379196 and 

hypocrellin A. Biochem Pharmacol, 67, 855-64. 

DAVIDSON, B., KONSTANTINOVSKY, S., KLEINBERG, L., NGUYEN, M. T., 

BASSAROVA, A., KVALHEIM, G., NESLAND, J. M. & REICH, R. 2006. The mitogen-

activated protein kinases (MAPK) p38 and JNK are markers of tumor progression in breast 

carcinoma. Gynecol Oncol, 102, 453-61. 

DAVIES, H., BIGNELL, G. R., COX, C., STEPHENS, P., EDKINS, S., CLEGG, S., 

TEAGUE, J., WOFFENDIN, H., GARNETT, M. J., BOTTOMLEY, W., DAVIS, N., 

DICKS, E., EWING, R., FLOYD, Y., GRAY, K., HALL, S., HAWES, R., HUGHES, J., 

KOSMIDOU, V., MENZIES, A., MOULD, C., PARKER, A., STEVENS, C., WATT, S., 

HOOPER, S., WILSON, R., JAYATILAKE, H., GUSTERSON, B. A., COOPER, C., 

SHIPLEY, J., HARGRAVE, D., PRITCHARD-JONES, K., MAITLAND, N., CHENEVIX-

TRENCH, G., RIGGINS, G. J., BIGNER, D. D., PALMIERI, G., COSSU, A., FLANAGAN, 

A., NICHOLSON, A., HO, J. W., LEUNG, S. Y., YUEN, S. T., WEBER, B. L., SEIGLER, 

H. F., DARROW, T. L., PATERSON, H., MARAIS, R., MARSHALL, C. J., WOOSTER, 

R., STRATTON, M. R. & FUTREAL, P. A. 2002. Mutations of the BRAF gene in human 

cancer. Nature, 417, 949-54. 

DAVIES, S. P., REDDY, H., CAIVANO, M. & COHEN, P. 2000. Specificity and 

mechanism of action of some commonly used protein kinase inhibitors. Biochem J, 351, 95-

105. 

DE ROOIJ, J., ZWARTKRUIS, F. J., VERHEIJEN, M. H., COOL, R. H., NIJMAN, S. M., 

WITTINGHOFER, A. & BOS, J. L. 1998. Epac is a Rap1 guanine-nucleotide-exchange 

factor directly activated by cyclic AMP. Nature, 396, 474-7. 

DEFEA, K. 2008. Beta-arrestins and heterotrimeric G-proteins: collaborators and 

competitors in signal transduction. Br J Pharmacol, 153 Suppl 1, S298-309. 

DEFEA, K. A., ZALEVSKY, J., THOMA, M. S., DERY, O., MULLINS, R. D. & 

BUNNETT, N. W. 2000. beta-arrestin-dependent endocytosis of proteinase-activated 

receptor 2 is required for intracellular targeting of activated ERK1/2. J Cell Biol, 148, 1267-

81. 



195 
 

DEGUCHI, H., TAKEYA, H., URANO, H., GABAZZA, E. C., ZHOU, H. & SUZUKI, K. 

1998. Adenosine regulates tissue factor expression on endothelial cells. Thromb Res, 91, 57-

64. 

DENG, L., WANG, C., SPENCER, E., YANG, L., BRAUN, A., YOU, J., SLAUGHTER, C., 

PICKART, C. & CHEN, Z. J. 2000. Activation of the IkappaB kinase complex by TRAF6 

requires a dimeric ubiquitin-conjugating enzyme complex and a unique polyubiquitin chain. 

Cell, 103, 351-61. 

DENT, P., REARDON, D. B., PARK, J. S., BOWERS, G., LOGSDON, C., VALERIE, K. 

& SCHMIDT-ULLRICH, R. 1999. Radiation-induced release of transforming growth factor 

alpha activates the epidermal growth factor receptor and mitogen-activated protein kinase 

pathway in carcinoma cells, leading to increased proliferation and protection from radiation-

induced cell death. Mol Biol Cell, 10, 2493-506. 

DERIJARD, B., HIBI, M., WU, I. H., BARRETT, T., SU, B., DENG, T., KARIN, M. & 

DAVIS, R. J. 1994. JNK1: a protein kinase stimulated by UV light and Ha-Ras that binds 

and phosphorylates the c-Jun activation domain. Cell, 76, 1025-37. 

DERIJARD, B., RAINGEAUD, J., BARRETT, T., WU, I. H., HAN, J., ULEVITCH, R. J. & 

DAVIS, R. J. 1995. Independent human MAP-kinase signal transduction pathways defined 

by MEK and MKK isoforms. Science, 267, 682-5. 

DESAI, A., VICTOR-VEGA, C., GADANGI, S., MONTESINOS, M. C., CHU, C. C. & 

CRONSTEIN, B. N. 2005. Adenosine A2A receptor stimulation increases angiogenesis by 

down-regulating production of the antiangiogenic matrix protein thrombospondin 1. Mol 

Pharmacol, 67, 1406-13. 

DESSAUER, C. W., TESMER, J. J., SPRANG, S. R. & GILMAN, A. G. 1998. 

Identification of a Gialpha binding site on type V adenylyl cyclase. J Biol Chem, 273, 

25831-9. 

DEUSSEN, A., LLOYD, H. G. & SCHRADER, J. 1989. Contribution of S-

adenosylhomocysteine to cardiac adenosine formation. J Mol Cell Cardiol, 21, 773-82. 

DEVARY, Y., GOTTLIEB, R. A., SMEAL, T. & KARIN, M. 1992. The mammalian 

ultraviolet response is triggered by activation of Src tyrosine kinases. Cell, 71, 1081-91. 



196 
 

DEVIN, A., COOK, A., LIN, Y., RODRIGUEZ, Y., KELLIHER, M. & LIU, Z. 2000. The 

distinct roles of TRAF2 and RIP in IKK activation by TNF-R1: TRAF2 recruits IKK to 

TNF-R1 while RIP mediates IKK activation. Immunity, 12, 419-29. 

DHANASEKARAN, D. N. & REDDY, E. P. 2008. JNK signaling in apoptosis. Oncogene, 

27, 6245-51. 

DI IORIO, A., FERRUCCI, L., SPARVIERI, E., CHERUBINI, A., VOLPATO, S., CORSI, 

A., BONAFE, M., FRANCESCHI, C., ABATE, G. & PAGANELLI, R. 2003. Serum IL-

1beta levels in health and disease: a population-based study. 'The InCHIANTI study'. 

Cytokine, 22, 198-205. 

DIENER, K., WANG, X. S., CHEN, C., MEYER, C. F., KEESLER, G., ZUKOWSKI, M., 

TAN, T. H. & YAO, Z. 1997. Activation of the c-Jun N-terminal kinase pathway by a novel 

protein kinase related to human germinal center kinase. Proc Natl Acad Sci U S A, 94, 9687-

92. 

DIMMELER, S., FLEMING, I., FISSLTHALER, B., HERMANN, C., BUSSE, R. & 

ZEIHER, A. M. 1999. Activation of nitric oxide synthase in endothelial cells by Akt-

dependent phosphorylation. Nature, 399, 601-5. 

DINARELLO, C. A. 2006. The paradox of pro-inflammatory cytokines in cancer. Cancer 

Metastasis Rev, 25, 307-13. 

DING, L., MA, W., LITTMANN, T., CAMP, R. & SHEN, J. 2011a. The P2Y2 Nucleotide 

Receptor Mediates Tissue Factor Expression in Human Coronary Artery Endothelial Cells. J 

Biol Chem, 286, 27027-38. 

DING, L., MA, W., LITTMANN, T., CAMP, R. & SHEN, J. 2011b. The P2Y(2) nucleotide 

receptor mediates tissue factor expression in human coronary artery endothelial cells. J Biol 

Chem, 286, 27027-38. 

DODGE-KAFKA, K. L., SOUGHAYER, J., PARE, G. C., CARLISLE MICHEL, J. J., 

LANGEBERG, L. K., KAPILOFF, M. S. & SCOTT, J. D. 2005. The protein kinase A 

anchoring protein mAKAP coordinates two integrated cAMP effector pathways. Nature, 437, 

574-8. 



197 
 

DOGANAY, S., EVEREKLIOGLU, C., ER, H., TURKOZ, Y., SEVINC, A., MEHMET, N. 

& SAVLI, H. 2002. Comparison of serum NO, TNF-alpha, IL-1beta, sIL-2R, IL-6 and IL-8 

levels with grades of retinopathy in patients with diabetes mellitus. Eye (Lond), 16, 163-70. 

DOMINA, A. M., VRANA, J. A., GREGORY, M. A., HANN, S. R. & CRAIG, R. W. 2004. 

MCL1 is phosphorylated in the PEST region and stabilized upon ERK activation in viable 

cells, and at additional sites with cytotoxic okadaic acid or taxol. Oncogene, 23, 5301-15. 

DRURY, A. N. & SZENT-GYORGYI, A. 1929. The physiological activity of adenine 

compounds with especial reference to their action upon the mammalian heart. J Physiol, 68, 

213-37. 

DUNKERN, T. R., FRITZ, G. & KAINA, B. 2001. Ultraviolet light-induced DNA damage 

triggers apoptosis in nucleotide excision repair-deficient cells via Bcl-2 decline and caspase-

3/-8 activation. Oncogene, 20, 6026-38. 

DZHANDZHUGAZYAN, K. N., KIRKIN, A. F., THOR STRATEN, P. & ZEUTHEN, J. 

1998. Ecto-ATP diphosphohydrolase/CD39 is overexpressed in differentiated human 

melanomas. FEBS Lett, 430, 227-30. 

EBISUYA, M., KONDOH, K. & NISHIDA, E. 2005. The duration, magnitude and 

compartmentalization of ERK MAP kinase activity: mechanisms for providing signaling 

specificity. J Cell Sci, 118, 2997-3002. 

ECKE, D., HANCK, T., TULAPURKAR, M. E., SCHAFER, R., KASSACK, M., 

STRICKER, R. & REISER, G. 2008. Hetero-oligomerization of the P2Y11 receptor with the 

P2Y1 receptor controls the internalization and ligand selectivity of the P2Y11 receptor. 

Biochem J, 409, 107-16. 

EGUCHI, S., DEMPSEY, P. J., FRANK, G. D., MOTLEY, E. D. & INAGAMI, T. 2001. 

Activation of MAPKs by angiotensin II in vascular smooth muscle cells. Metalloprotease-

dependent EGF receptor activation is required for activation of ERK and p38 MAPK but not 

for JNK. J Biol Chem, 276, 7957-62. 

EICHBAUM, C., MEYER, A. S., WANG, N., BISCHOFS, E., STEINBORN, A., 

BRUCKNER, T., BRODT, P., SOHN, C. & EICHBAUM, M. H. 2011. Breast cancer cell-

derived cytokines, macrophages and cell adhesion: implications for metastasis. Anticancer 

Res, 31, 3219-27. 



198 
 

EL-ABASERI, T. B., FUHRMAN, J., TREMPUS, C., SHENDRIK, I., TENNANT, R. W. & 

HANSEN, L. A. 2005. Chemoprevention of UV light-induced skin tumorigenesis by 

inhibition of the epidermal growth factor receptor. Cancer Res, 65, 3958-65. 

EL-MAHDY, M. A., HAMADA, F. M., WANI, M. A., ZHU, Q. & WANI, A. A. 2000. p53-

degradation by HPV-16 E6 preferentially affects the removal of cyclobutane pyrimidine 

dimers from non-transcribed strand and sensitizes mammary epithelial cells to UV-

irradiation. Mutat Res, 459, 135-45. 

ELSEA, C. R., ROBERTS, D. A., DRUKER, B. J. & WOOD, L. J. 2008. Inhibition of p38 

MAPK suppresses inflammatory cytokine induction by etoposide, 5-fluorouracil, and 

doxorubicin without affecting tumoricidal activity. PLoS One, 3, e2355. 

ENDEMANN, D. H. & SCHIFFRIN, E. L. 2004. Endothelial dysfunction. J Am Soc Nephrol, 

15, 1983-92. 

ENOMOTO, K., FURUYA, K., MOORE, R. C., YAMAGISHI, S., OKA, T. & MAENO, T. 

1996. Expression cloning and signal transduction pathway of P2U receptor in mammary 

tumor cells. Biol Signals, 5, 9-21. 

ENSERINK, J. M., CHRISTENSEN, A. E., DE ROOIJ, J., VAN TRIEST, M., SCHWEDE, 

F., GENIESER, H. G., DOSKELAND, S. O., BLANK, J. L. & BOS, J. L. 2002. A novel 

Epac-specific cAMP analogue demonstrates independent regulation of Rap1 and ERK. Nat 

Cell Biol, 4, 901-6. 

ERENPREISA, J. & CRAGG, M. S. 2001. Mitotic death: a mechanism of survival? A 

review. Cancer Cell Int, 1, 1. 

ESIPOVA, I. K. 1951. [So called lymphomas in chronic inflammation of the lung tissue]. 

Arkh Patol, 13, 63-8. 

ESPER, R. J., NORDABY, R. A., VILARINO, J. O., PARAGANO, A., CACHARRON, J. 

L. & MACHADO, R. A. 2006. Endothelial dysfunction: a comprehensive appraisal. 

Cardiovasc Diabetol, 5, 4. 

FAN, Y., YU, Y., SHI, Y., SUN, W., XIE, M., GE, N., MAO, R., CHANG, A., XU, G., 

SCHNEIDER, M. D., ZHANG, H., FU, S., QIN, J. & YANG, J. 2010. Lysine 63-linked 

polyubiquitination of TAK1 at lysine 158 is required for tumor necrosis factor alpha- and 



199 
 

interleukin-1beta-induced IKK/NF-kappaB and JNK/AP-1 activation. J Biol Chem, 285, 

5347-60. 

FANG, Y. & OLAH, M. E. 2007. Cyclic AMP-dependent, protein kinase A-independent 

activation of extracellular signal-regulated kinase 1/2 following adenosine receptor 

stimulation in human umbilical vein endothelial cells: role of exchange protein activated by 

cAMP 1 (Epac1). J Pharmacol Exp Ther, 322, 1189-200. 

FARIS, M., KOKOT, N., LATINIS, K., KASIBHATLA, S., GREEN, D. R., KORETZKY, 

G. A. & NEL, A. 1998. The c-Jun N-terminal kinase cascade plays a role in stress-induced 

apoptosis in Jurkat cells by up-regulating Fas ligand expression. J Immunol, 160, 134-44. 

FARIS, M., LATINIS, K. M., KEMPIAK, S. J., KORETZKY, G. A. & NEL, A. 1998(a). 

Stress-induced Fas ligand expression in T cells is mediated through a MEK kinase 1-

regulated response element in the Fas ligand promoter. Mol Cell Biol, 18, 5414-24. 

FAURE, E., GARROUSTE, F., PARAT, F., MONFERRAN, S., LELOUP, L., POMMIER, 

G., KOVACIC, H. & LEHMANN, M. 2012. P2Y2 receptor inhibits EGF-induced MAPK 

pathway to stabilise keratinocyte hemidesmosomes. J Cell Sci. 

FELDMANN, M. & MAINI, R. N. 2001. Anti-TNF alpha therapy of rheumatoid arthritis: 

what have we learned? Annu Rev Immunol, 19, 163-96. 

FEOKTISTOV, I., GOLDSTEIN, A. E., RYZHOV, S., ZENG, D., BELARDINELLI, L., 

VOYNO-YASENETSKAYA, T. & BIAGGIONI, I. 2002. Differential expression of 

adenosine receptors in human endothelial cells: role of A2B receptors in angiogenic factor 

regulation. Circ Res, 90, 531-8. 

FILTZ, T. M., LI, Q., BOYER, J. L., NICHOLAS, R. A. & HARDEN, T. K. 1994. 

Expression of a cloned P2Y purinergic receptor that couples to phospholipase C. Mol 

Pharmacol, 46, 8-14. 

FISHMAN P, B.-Y. S., SYNOWITZ M, POWELL JD, KLOTZ KN, GESSI S, BOREA PA 

2009. Adenosine receptors and cancer, Berlin, Springer-Verlag Berlin Heidelberg. 

FOLTZ, I. N., GERL, R. E., WIELER, J. S., LUCKACH, M., SALMON, R. A. & 

SCHRADER, J. W. 1998. Human mitogen-activated protein kinase kinase 7 (MKK7) is a 

highly conserved c-Jun N-terminal kinase/stress-activated protein kinase (JNK/SAPK) 

activated by environmental stresses and physiological stimuli. J Biol Chem, 273, 9344-51. 



200 
 

FORD, J. M. & HANAWALT, P. C. 1997. Expression of wild-type p53 is required for 

efficient global genomic nucleotide excision repair in UV-irradiated human fibroblasts. J 

Biol Chem, 272, 28073-80. 

FORMSTECHER, E., RAMOS, J. W., FAUQUET, M., CALDERWOOD, D. A., HSIEH, J. 

C., CANTON, B., NGUYEN, X. T., BARNIER, J. V., CAMONIS, J., GINSBERG, M. H. & 

CHNEIWEISS, H. 2001. PEA-15 mediates cytoplasmic sequestration of ERK MAP kinase. 

Dev Cell, 1, 239-50. 

FORSBERG, E. J., FEUERSTEIN, G., SHOHAMI, E. & POLLARD, H. B. 1987. 

Adenosine triphosphate stimulates inositol phospholipid metabolism and prostacyclin 

formation in adrenal medullary endothelial cells by means of P2-purinergic receptors. Proc 

Natl Acad Sci U S A, 84, 5630-4. 

FRACZEK, J., KIM, T. W., XIAO, H., YAO, J., WEN, Q., LI, Y., CASANOVA, J. L., 

PRYJMA, J. & LI, X. 2008. The kinase activity of IL-1 receptor-associated kinase 4 is 

required for interleukin-1 receptor/toll-like receptor-induced TAK1-dependent NFkappaB 

activation. J Biol Chem, 283, 31697-705. 

FREDHOLM, B. B., ABBRACCHIO, M. P., BURNSTOCK, G., DALY, J. W., HARDEN, 

T. K., JACOBSON, K. A., LEFF, P. & WILLIAMS, M. 1994. Nomenclature and 

classification of purinoceptors. Pharmacol Rev, 46, 143-56. 

FREDHOLM, B. B., AP, I. J., JACOBSON, K. A., LINDEN, J. & MULLER, C. E. 2011. 

International Union of Basic and Clinical Pharmacology. LXXXI. Nomenclature and 

classification of adenosine receptors--an update. Pharmacol Rev, 63, 1-34. 

FRENCH, J. E. 1966. Atherosclerosis in relation to the structure and function of the arterial 

intima, with special reference to th endothelium. Int Rev Exp Pathol, 5, 253-353. 

FROBERT, O., HAINK, G., SIMONSEN, U., GRAVHOLT, C. H., LEVIN, M. & 

DEUSSEN, A. 2006. Adenosine concentration in the porcine coronary artery wall and A2A 

receptor involvement in hypoxia-induced vasodilatation. J Physiol, 570, 375-84. 

FUCHS, S. Y., ADLER, V., PINCUS, M. R. & RONAI, Z. 1998. MEKK1/JNK signaling 

stabilizes and activates p53. Proc Natl Acad Sci U S A, 95, 10541-6. 



201 
 

FUELLER, J., BECKER, M., SIENERTH, A. R., FISCHER, A., HOTZ, C. & GALMICHE, 

A. 2008. C-RAF activation promotes BAD poly-ubiquitylation and turn-over by the 

proteasome. Biochem Biophys Res Commun, 370, 552-6. 

GABAZZA, E. C., HAYASHI, T., IDO, M., ADACHI, Y. & SUZUKI, K. 2002. Adenosine 

inhibits thrombin-induced expression of tissue factor on endothelial cells by a nitric oxide-

mediated mechanism. Clin Sci (Lond), 102, 167-75. 

GABRIEL, W. B. 1941. Squamous-cell Carcinoma of the Anus and Anal Canal: An 

Analysis of 55 Cases: (Section of Proctology). Proc R Soc Med, 34, 139-60. 

GALVE-ROPERH, I., RUEDA, D., GOMEZ DEL PULGAR, T., VELASCO, G. & 

GUZMAN, M. 2002. Mechanism of extracellular signal-regulated kinase activation by the 

CB(1) cannabinoid receptor. Mol Pharmacol, 62, 1385-92. 

GANONG, B. R., LOOMIS, C. R., HANNUN, Y. A. & BELL, R. M. 1986. Specificity and 

mechanism of protein kinase C activation by sn-1,2-diacylglycerols. Proc Natl Acad Sci U S 

A, 83, 1184-8. 

GARCIA-GUZMAN, M., STUHMER, W. & SOTO, F. 1997(b). Molecular characterization 

and pharmacological properties of the human P2X3 purinoceptor. Brain Res Mol Brain Res, 

47, 59-66. 

GARIN, G., ABE, J., MOHAN, A., LU, W., YAN, C., NEWBY, A. C., RHAMAN, A. & 

BERK, B. C. 2007. Flow antagonizes TNF-alpha signaling in endothelial cells by inhibiting 

caspase-dependent PKC zeta processing. Circ Res, 101, 97-105. 

GEE, J. M., BARROSO, A. F., ELLIS, I. O., ROBERTSON, J. F. & NICHOLSON, R. I. 

2000. Biological and clinical associations of c-jun activation in human breast cancer. Int J 

Cancer, 89, 177-86. 

GENNARO, G., MENARD, C., GIASSON, E., MICHAUD, S. E., PALASIS, M., 

MELOCHE, S. & RIVARD, A. 2003. Role of p44/p42 MAP kinase in the age-dependent 

increase in vascular smooth muscle cell proliferation and neointimal formation. Arterioscler 

Thromb Vasc Biol, 23, 204-10. 

GENNARO, G., MENARD, C., MICHAUD, S. E., DEBLOIS, D. & RIVARD, A. 2004. 

Inhibition of vascular smooth muscle cell proliferation and neointimal formation in injured 



202 
 

arteries by a novel, oral mitogen-activated protein kinase/extracellular signal-regulated 

kinase inhibitor. Circulation, 110, 3367-71. 

GESSI, S., MERIGHI, S., SACCHETTO, V., SIMIONI, C. & BOREA, P. A. 2011. 

Adenosine receptors and cancer. Biochim Biophys Acta, 1808, 1400-12. 

GESSI, S., MERIGHI, S., VARANI, K., CATTABRIGA, E., BENINI, A., MIRANDOLA, 

P., LEUNG, E., MAC LENNAN, S., FEO, C., BARALDI, S. & BOREA, P. A. 2007. 

Adenosine receptors in colon carcinoma tissues and colon tumoral cell lines: focus on the 

A(3) adenosine subtype. J Cell Physiol, 211, 826-36. 

GHERSA, P., HOOFT VAN HUIJSDUIJNEN, R., WHELAN, J., CAMBET, Y., PESCINI, 

R. & DELAMARTER, J. F. 1994. Inhibition of E-selectin gene transcription through a 

cAMP-dependent protein kinase pathway. J Biol Chem, 269, 29129-37. 

GILL, D. M. & MEREN, R. 1978. ADP-ribosylation of membrane proteins catalyzed by 

cholera toxin: basis of the activation of adenylate cyclase. Proc Natl Acad Sci U S A, 75, 

3050-4. 

GODAR, D. E., MILLER, S. A. & THOMAS, D. P. 1994. Immediate and delayed apoptotic 

cell death mechanisms: UVA versus UVB and UVC radiation. Cell Death Differ, 1, 59-66. 

GODING, J. W., GROBBEN, B. & SLEGERS, H. 2003. Physiological and 

pathophysiological functions of the ecto-nucleotide pyrophosphatase/phosphodiesterase 

family. Biochim Biophys Acta, 1638, 1-19. 

GOMEZ-ANGELATS, M. & CIDLOWSKI, J. A. 2001. Protein kinase C regulates FADD 

recruitment and death-inducing signaling complex formation in Fas/CD95-induced apoptosis. 

J Biol Chem, 276, 44944-52. 

GONDA, T. A., TU, S. & WANG, T. C. 2009. Chronic inflammation, the tumor 

microenvironment and carcinogenesis. Cell Cycle, 8, 2005-13. 

GOOSSENS, V., GROOTEN, J., DE VOS, K. & FIERS, W. 1995. Direct evidence for 

tumor necrosis factor-induced mitochondrial reactive oxygen intermediates and their 

involvement in cytotoxicity. Proc Natl Acad Sci U S A, 92, 8115-9. 

GORDON, J. L. 1986. Extracellular ATP: effects, sources and fate. Biochem J, 233, 309-19. 



203 
 

GORMAN, M. W., FEIGL, E. O. & BUFFINGTON, C. W. 2007. Human plasma ATP 

concentration. Clin Chem, 53, 318-25. 

GOTOH, Y. & COOPER, J. A. 1998. Reactive oxygen species- and dimerization-induced 

activation of apoptosis signal-regulating kinase 1 in tumor necrosis factor-alpha signal 

transduction. J Biol Chem, 273, 17477-82. 

GREENE, D., KANG, S., KOSENKO, A. & HOSHI, N. 2012. Adrenergic Regulation of 

HCN4 Channel Requires Protein Association with beta2-Adrenergic Receptor. J Biol Chem, 

287, 23690-7. 

GREENO, E. W., BACH, R. R. & MOLDOW, C. F. 1996. Apoptosis is associated with 

increased cell surface tissue factor procoagulant activity. Lab Invest, 75, 281-9. 

GREIG, A. V., LINGE, C., HEALY, V., LIM, P., CLAYTON, E., RUSTIN, M. H., 

MCGROUTHER, D. A. & BURNSTOCK, G. 2003. Expression of purinergic receptors in 

non-melanoma skin cancers and their functional roles in A431 cells. J Invest Dermatol, 121, 

315-27. 

GUAN, Z., BUCKMAN, S. Y., MILLER, B. W., SPRINGER, L. D. & MORRISON, A. R. 

1998. Interleukin-1beta-induced cyclooxygenase-2 expression requires activation of both c-

Jun NH2-terminal kinase and p38 MAPK signal pathways in rat renal mesangial cells. J Biol 

Chem, 273, 28670-6. 

GUPTA, S., BARRETT, T., WHITMARSH, A. J., CAVANAGH, J., SLUSS, H. K., 

DERIJARD, B. & DAVIS, R. J. 1996. Selective interaction of JNK protein kinase isoforms 

with transcription factors. EMBO J, 15, 2760-70. 

GUTIERREZ, G. J., TSUJI, T., CHEN, M., JIANG, W. & RONAI, Z. A. 2010. Interplay 

between Cdh1 and JNK activity during the cell cycle. Nat Cell Biol, 12, 686-95. 

GUTIERREZ, G. J., TSUJI, T., CROSS, J. V., DAVIS, R. J., TEMPLETON, D. J., JIANG, 

W. & RONAI, Z. A. 2010(a). JNK-mediated phosphorylation of Cdc25C regulates cell cycle 

entry and G(2)/M DNA damage checkpoint. J Biol Chem, 285, 14217-28. 

HACHAM, M., ARGOV, S., WHITE, R. M., SEGAL, S. & APTE, R. N. 2000. Distinct 

patterns of IL-1 alpha and IL-1 beta organ distribution--a possible basis for organ 

mechanisms of innate immunity. Adv Exp Med Biol, 479, 185-202. 



204 
 

HAHN, C., ORR, A. W., SANDERS, J. M., JHAVERI, K. A. & SCHWARTZ, M. A. 2009. 

The subendothelial extracellular matrix modulates JNK activation by flow. Circ Res, 104, 

995-1003. 

HAMAGUCHI, T., WAKABAYASHI, H., MATSUMINE, A., SUDO, A. & UCHIDA, A. 

2011. TNF inhibitor suppresses bone metastasis in a breast cancer cell line. Biochem Biophys 

Res Commun, 407, 525-30. 

HAMDI, M., KOOL, J., CORNELISSEN-STEIJGER, P., CARLOTTI, F., POPEIJUS, H. E., 

VAN DER BURGT, C., JANSSEN, J. M., YASUI, A., HOEBEN, R. C., TERLETH, C., 

MULLENDERS, L. H. & VAN DAM, H. 2005. DNA damage in transcribed genes induces 

apoptosis via the JNK pathway and the JNK-phosphatase MKP-1. Oncogene, 24, 7135-44. 

HAN, J., LEE, J. D., BIBBS, L. & ULEVITCH, R. J. 1994. A MAP kinase targeted by 

endotoxin and hyperosmolarity in mammalian cells. Science, 265, 808-11. 

HAN, J., LEE, J. D., JIANG, Y., LI, Z., FENG, L. & ULEVITCH, R. J. 1996. 

Characterization of the structure and function of a novel MAP kinase kinase (MKK6). J Biol 

Chem, 271, 2886-91. 

HAN, J. S. & CROWE, D. L. 2010. Jun amino-terminal kinase 1 activation promotes cell 

survival in ErbB2-positive breast cancer. Anticancer Res, 30, 3407-12. 

HANAHAN, D. & WEINBERG, R. A. 2000. The hallmarks of cancer. Cell, 100, 57-70. 

HANAHAN, D. & WEINBERG, R. A. 2011. Hallmarks of cancer: the next generation. Cell, 

144, 646-74. 

HANSON, M. A., ROTH, C. B., JO, E., GRIFFITH, M. T., SCOTT, F. L., REINHART, G., 

DESALE, H., CLEMONS, B., CAHALAN, S. M., SCHUERER, S. C., SANNA, M. G., 

HAN, G. W., KUHN, P., ROSEN, H. & STEVENS, R. C. 2012. Crystal structure of a lipid 

G protein-coupled receptor. Science, 335, 851-5. 

HANSSON, G. K. & HERMANSSON, A. 2011. The immune system in atherosclerosis. Nat 

Immunol, 12, 204-12. 

HARADA, Y., MIYATAKE, S., ARAI, K. & WATANABE, S. 1999. Cyclic AMP inhibits 

the activity of c-Jun N-terminal kinase (JNKp46) but not JNKp55 and ERK2 in human 

helper T lymphocytes. Biochem Biophys Res Commun, 266, 129-34. 



205 
 

HARRIS, C. A. & JOHNSON, E. M., JR. 2001. BH3-only Bcl-2 family members are 

coordinately regulated by the JNK pathway and require Bax to induce apoptosis in neurons. 

J Biol Chem, 276, 37754-60. 

HASDAI, D., SCHEINOWITZ, M., LEIBOVITZ, E., SCLAROVSKY, S., ELDAR, M. & 

BARAK, V. 1996. Increased serum concentrations of interleukin-1 beta in patients with 

coronary artery disease. Heart, 76, 24-8. 

HATAKEYAMA, S., KITAGAWA, M., NAKAYAMA, K., SHIRANE, M., 

MATSUMOTO, M., HATTORI, K., HIGASHI, H., NAKANO, H., OKUMURA, K., ONOE, 

K. & GOOD, R. A. 1999. Ubiquitin-dependent degradation of IkappaBalpha is mediated by 

a ubiquitin ligase Skp1/Cul 1/F-box protein FWD1. Proc Natl Acad Sci U S A, 96, 3859-63. 

HATANO, N., MORI, Y., OH-HORA, M., KOSUGI, A., FUJIKAWA, T., NAKAI, N., 

NIWA, H., MIYAZAKI, J., HAMAOKA, T. & OGATA, M. 2003. Essential role for ERK2 

mitogen-activated protein kinase in placental development. Genes Cells, 8, 847-56. 

HECHLER, B., FREUND, M., RAVANAT, C., MAGNENAT, S., CAZENAVE, J. P. & 

GACHET, C. 2008. Reduced atherosclerotic lesions in P2Y1/apolipoprotein E double-

knockout mice: the contribution of non-hematopoietic-derived P2Y1 receptors. Circulation, 

118, 754-63. 

HECHLER, B., LEON, C., VIAL, C., VIGNE, P., FRELIN, C., CAZENAVE, J. P. & 

GACHET, C. 1998. The P2Y1 receptor is necessary for adenosine 5'-diphosphate-induced 

platelet aggregation. Blood, 92, 152-9. 

HEPLER, J. R. & GILMAN, A. G. 1992. G proteins. Trends Biochem Sci, 17, 383-7. 

HIBI, M., LIN, A., SMEAL, T., MINDEN, A. & KARIN, M. 1993. Identification of an 

oncoprotein- and UV-responsive protein kinase that binds and potentiates the c-Jun 

activation domain. Genes Dev, 7, 2135-48. 

HIDESHIMA, T., AKIYAMA, M., HAYASHI, T., RICHARDSON, P., SCHLOSSMAN, R., 

CHAUHAN, D. & ANDERSON, K. C. 2003. Targeting p38 MAPK inhibits multiple 

myeloma cell growth in the bone marrow milieu. Blood, 101, 703-5. 

HIGASHI, Y., NOMA, K., YOSHIZUMI, M. & KIHARA, Y. 2009. Endothelial function 

and oxidative stress in cardiovascular diseases. Circ J, 73, 411-8. 



206 
 

HIGASHIJIMA, T., FERGUSON, K. M., STERNWEIS, P. C., SMIGEL, M. D. & 

GILMAN, A. G. 1987. Effects of Mg2+ and the beta gamma-subunit complex on the 

interactions of guanine nucleotides with G proteins. J Biol Chem, 262, 762-6. 

HILDT, E. & OESS, S. 1999. Identification of Grb2 as a novel binding partner of tumor 

necrosis factor (TNF) receptor I. J Exp Med, 189, 1707-14. 

HINO, T., ARAKAWA, T., IWANARI, H., YURUGI-KOBAYASHI, T., IKEDA-SUNO, 

C., NAKADA-NAKURA, Y., KUSANO-ARAI, O., WEYAND, S., SHIMAMURA, T., 

NOMURA, N., CAMERON, A. D., KOBAYASHI, T., HAMAKUBO, T., IWATA, S. & 

MURATA, T. 2012. G-protein-coupled receptor inactivation by an allosteric inverse-agonist 

antibody. Nature, 482, 237-40. 

HIROSUMI, J., TUNCMAN, G., CHANG, L., GORGUN, C. Z., UYSAL, K. T., MAEDA, 

K., KARIN, M. & HOTAMISLIGIL, G. S. 2002. A central role for JNK in obesity and 

insulin resistance. Nature, 420, 333-6. 

HISCOTT, J., MAROIS, J., GAROUFALIS, J., D'ADDARIO, M., ROULSTON, A., 

KWAN, I., PEPIN, N., LACOSTE, J., NGUYEN, H., BENSI, G. & ET AL. 1993. 

Characterization of a functional NF-kappa B site in the human interleukin 1 beta promoter: 

evidence for a positive autoregulatory loop. Mol Cell Biol, 13, 6231-40. 

HODGSON, J. M., DIB, N., KERN, M. J., BACH, R. G. & BARRETT, R. J. 2007. 

Coronary circulation responses to binodenoson, a selective adenosine A2A receptor agonist. 

Am J Cardiol, 99, 1507-12. 

HOFFMANN, C., ZIEGLER, N., REINER, S., KRASEL, C. & LOHSE, M. J. 2008. 

Agonist-selective, receptor-specific interaction of human P2Y receptors with beta-arrestin-1 

and -2. J Biol Chem, 283, 30933-41. 

HOLLINGER, S. & HEPLER, J. R. 2002. Cellular regulation of RGS proteins: modulators 

and integrators of G protein signaling. Pharmacol Rev, 54, 527-59. 

HOLLOPETER, G., JANTZEN, H. M., VINCENT, D., LI, G., ENGLAND, L., 

RAMAKRISHNAN, V., YANG, R. B., NURDEN, P., NURDEN, A., JULIUS, D. & 

CONLEY, P. B. 2001. Identification of the platelet ADP receptor targeted by antithrombotic 

drugs. Nature, 409, 202-7. 



207 
 

HOLZ, G. G., KANG, G., HARBECK, M., ROE, M. W. & CHEPURNY, O. G. 2006. Cell 

physiology of cAMP sensor Epac. J Physiol, 577, 5-15. 

HOPFNER, M., LEMMER, K., JANSEN, A., HANSKI, C., RIECKEN, E. O., GAVISH, M., 

MANN, B., BUHR, H., GLASSMEIER, G. & SCHERUBL, H. 1998. Expression of 

functional P2-purinergic receptors in primary cultures of human colorectal carcinoma cells. 

Biochem Biophys Res Commun, 251, 811-7. 

HOPFNER, M., MAASER, K., BARTHEL, B., VON LAMPE, B., HANSKI, C., RIECKEN, 

E. O., ZEITZ, M. & SCHERUBL, H. 2001. Growth inhibition and apoptosis induced by 

P2Y2 receptors in human colorectal carcinoma cells: involvement of intracellular calcium 

and cyclic adenosine monophosphate. Int J Colorectal Dis, 16, 154-66. 

HOU, M., MOLLER, S., EDVINSSON, L. & ERLINGE, D. 1999. MAPKK-dependent 

growth factor-induced upregulation of P2Y2 receptors in vascular smooth muscle cells. 

Biochem Biophys Res Commun, 258, 648-52. 

HOU, M., MOLLER, S., EDVINSSON, L. & ERLINGE, D. 2000. Cytokines induce 

upregulation of vascular P2Y(2) receptors and increased mitogenic responses to UTP and 

ATP. Arterioscler Thromb Vasc Biol, 20, 2064-9. 

HOWARD, A. D., KOSTURA, M. J., THORNBERRY, N., DING, G. J., LIMJUCO, G., 

WEIDNER, J., SALLEY, J. P., HOGQUIST, K. A., CHAPLIN, D. D., MUMFORD, R. A. 

& ET AL. 1991. IL-1-converting enzyme requires aspartic acid residues for processing of the 

IL-1 beta precursor at two distinct sites and does not cleave 31-kDa IL-1 alpha. J Immunol, 

147, 2964-9. 

HSU, H., SHU, H. B., PAN, M. G. & GOEDDEL, D. V. 1996. TRADD-TRAF2 and 

TRADD-FADD interactions define two distinct TNF receptor 1 signal transduction 

pathways. Cell, 84, 299-308. 

HSU, H., XIONG, J. & GOEDDEL, D. V. 1995. The TNF receptor 1-associated protein 

TRADD signals cell death and NF-kappa B activation. Cell, 81, 495-504. 

HSUEH, Y. P. & LAI, M. Z. 1995. c-Jun N-terminal kinase but not mitogen-activated 

protein kinase is sensitive to cAMP inhibition in T lymphocytes. J Biol Chem, 270, 18094-8. 



208 
 

HU, Y., DIETRICH, H., METZLER, B., WICK, G. & XU, Q. 2000. Hyperexpression and 

activation of extracellular signal-regulated kinases (ERK1/2) in atherosclerotic lesions of 

cholesterol-fed rabbits. Arterioscler Thromb Vasc Biol, 20, 18-26. 

HUANG, J., GAO, X., LI, S. & CAO, Z. 1997. Recruitment of IRAK to the interleukin 1 

receptor complex requires interleukin 1 receptor accessory protein. Proc Natl Acad Sci U S A, 

94, 12829-32. 

HUWILER, A., WARTMANN, M., VAN DEN BOSCH, H. & PFEILSCHIFTER, J. 2000. 

Extracellular nucleotides activate the p38-stress-activated protein kinase cascade in 

glomerular mesangial cells. Br J Pharmacol, 129, 612-8. 

ISHITANI, T., TAKAESU, G., NINOMIYA-TSUJI, J., SHIBUYA, H., GAYNOR, R. B. & 

MATSUMOTO, K. 2003. Role of the TAB2-related protein TAB3 in IL-1 and TNF 

signaling. EMBO J, 22, 6277-88. 

IWAMOTO, T., UMEMURA, S., TOYA, Y., UCHIBORI, T., KOGI, K., TAKAGI, N. & 

ISHII, M. 1994. Identification of adenosine A2 receptor-cAMP system in human aortic 

endothelial cells. Biochem Biophys Res Commun, 199, 905-10. 

IZUMI, Y., KIM, S., NAMBA, M., YASUMOTO, H., MIYAZAKI, H., HOSHIGA, M., 

KANEDA, Y., MORISHITA, R., ZHAN, Y. & IWAO, H. 2001. Gene transfer of dominant-

negative mutants of extracellular signal-regulated kinase and c-Jun NH2-terminal kinase 

prevents neointimal formation in balloon-injured rat artery. Circ Res, 88, 1120-6. 

JACOB, M. I. & BERNE, R. M. 1960. Metabolism of purine derivatives by the isolated cat 

heart. Am J Physiol, 198, 322-6. 

JACOBSON, K. A. 2010. P2X and P2Y receptors. Tocris Bioscience Scientific Review 

Series, 33, 1-16. 

JAESCHKE, A., RINCON, M., DORAN, B., REILLY, J., NEUBERG, D., GREINER, D. L., 

SHULTZ, L. D., ROSSINI, A. A., FLAVELL, R. A. & DAVIS, R. J. 2005. Disruption of the 

Jnk2 (Mapk9) gene reduces destructive insulitis and diabetes in a mouse model of type I 

diabetes. Proc Natl Acad Sci U S A, 102, 6931-5. 

JIANG, Y., CHEN, C., LI, Z., GUO, W., GEGNER, J. A., LIN, S. & HAN, J. 1996. 

Characterization of the structure and function of a new mitogen-activated protein kinase 

(p38beta). J Biol Chem, 271, 17920-6. 



209 
 

JIANG, Y., GRAM, H., ZHAO, M., NEW, L., GU, J., FENG, L., DI PADOVA, F., 

ULEVITCH, R. J. & HAN, J. 1997. Characterization of the structure and function of the 

fourth member of p38 group mitogen-activated protein kinases, p38delta. J Biol Chem, 272, 

30122-8. 

JIN, J., DANIEL, J. L. & KUNAPULI, S. P. 1998. Molecular basis for ADP-induced platelet 

activation. II. The P2Y1 receptor mediates ADP-induced intracellular calcium mobilization 

and shape change in platelets. J Biol Chem, 273, 2030-4. 

JOHNSON, M. S., ROBERTSON, D. N., HOLLAND, P. J., LUTZ, E. M. & MITCHELL, R. 

2006. Role of the conserved NPxxY motif of the 5-HT2A receptor in determining selective 

interaction with isoforms of ADP-ribosylation factor (ARF). Cell Signal, 18, 1793-800. 

JONES, E. V., DICKMAN, M. J. & WHITMARSH, A. J. 2007. Regulation of p73-mediated 

apoptosis by c-Jun N-terminal kinase. Biochem J, 405, 617-23. 

KADOWITZ, P. J., CHAPNICK, B. M., FEIGEN, L. P., HYMAN, A. L., NELSON, P. K. & 

SPANNHAKE, E. W. 1978. Pulmonary and systemic vasodilator effects of the newly 

discovered prostaglandin, PGI2. J Appl Physiol, 45, 408-13. 

KALLUNKI, T., SU, B., TSIGELNY, I., SLUSS, H. K., DERIJARD, B., MOORE, G., 

DAVIS, R. & KARIN, M. 1994. JNK2 contains a specificity-determining region responsible 

for efficient c-Jun binding and phosphorylation. Genes Dev, 8, 2996-3007. 

KANKE, T., MACFARLANE, S. R., SEATTER, M. J., DAVENPORT, E., PAUL, A., 

MCKENZIE, R. C. & PLEVIN, R. 2001. Proteinase-activated receptor-2-mediated 

activation of stress-activated protein kinases and inhibitory kappa B kinases in NCTC 2544 

keratinocytes. J Biol Chem, 276, 31657-66. 

KARASARIDES, M., CHILOECHES, A., HAYWARD, R., NICULESCU-DUVAZ, D., 

SCANLON, I., FRIEDLOS, F., OGILVIE, L., HEDLEY, D., MARTIN, J., MARSHALL, C. 

J., SPRINGER, C. J. & MARAIS, R. 2004. B-RAF is a therapeutic target in melanoma. 

Oncogene, 23, 6292-8. 

KARDAKARIS, R., GAREUS, R., XANTHOULEA, S. & PASPARAKIS, M. 2011. 

Endothelial and Macrophage-Specific Deficiency of P38alpha MAPK Does Not Affect the 

Pathogenesis of Atherosclerosis in ApoE Mice. PLoS One, 6, e21055. 



210 
 

KARMANN, K., MIN, W., FANSLOW, W. C. & POBER, J. S. 1996. Activation and 

homologous desensitization of human endothelial cells by CD40 ligand, tumor necrosis 

factor, and interleukin 1. J Exp Med, 184, 173-82. 

KASSEL, K. M., WYATT, T. A., PANETTIERI, R. A., JR. & TOEWS, M. L. 2008. 

Inhibition of human airway smooth muscle cell proliferation by beta 2-adrenergic receptors 

and cAMP is PKA independent: evidence for EPAC involvement. Am J Physiol Lung Cell 

Mol Physiol, 294, L131-8. 

KATADA, T. & UI, M. 1982. Direct modification of the membrane adenylate cyclase 

system by islet-activating protein due to ADP-ribosylation of a membrane protein. Proc Natl 

Acad Sci U S A, 79, 3129-33. 

KATZ, S., BOLAND, R. & SANTILLAN, G. 2006. Modulation of ERK 1/2 and p38 MAPK 

signaling pathways by ATP in osteoblasts: involvement of mechanical stress-activated 

calcium influx, PKC and Src activation. Int J Biochem Cell Biol, 38, 2082-91. 

KAUFMANN, A., MUSSET, B., LIMBERG, S. H., RENIGUNTA, V., SUS, R., DALPKE, 

A. H., HEEG, K. M., ROBAYE, B. & HANLEY, P. J. 2005. "Host tissue damage" signal 

ATP promotes non-directional migration and negatively regulates toll-like receptor signaling 

in human monocytes. J Biol Chem, 280, 32459-67. 

KAVITA, U. & MIZEL, S. B. 1995. Differential sensitivity of interleukin-1 alpha and -beta 

precursor proteins to cleavage by calpain, a calcium-dependent protease. J Biol Chem, 270, 

27758-65. 

KAWAI, Y., KAIDOH, M. & OHHASHI, T. 2008. MDA-MB-231 produces ATP-mediated 

ICAM-1-dependent facilitation of the attachment of carcinoma cells to human lymphatic 

endothelial cells. Am J Physiol Cell Physiol, 295, C1123-32. 

KAWAMATA, Y., IMAMURA, T., BABENDURE, J. L., LU, J. C., YOSHIZAKI, T. & 

OLEFSKY, J. M. 2007. Tumor necrosis factor receptor-1 can function through a G alpha 

q/11-beta-arrestin-1 signaling complex. J Biol Chem, 282, 28549-56. 

KAWASAKI, H., SPRINGETT, G. M., MOCHIZUKI, N., TOKI, S., NAKAYA, M., 

MATSUDA, M., HOUSMAN, D. E. & GRAYBIEL, A. M. 1998. A family of cAMP-

binding proteins that directly activate Rap1. Science, 282, 2275-9. 



211 
 

KENDRICK, T. S., LIPSCOMBE, R. J., RAUSCH, O., NICHOLSON, S. E., LAYTON, J. 

E., GOLDIE-CREGAN, L. C. & BOGOYEVITCH, M. A. 2004. Contribution of the 

membrane-distal tyrosine in intracellular signaling by the granulocyte colony-stimulating 

factor receptor. J Biol Chem, 279, 326-40. 

KENNEDY, N. J. & DAVIS, R. J. 2003. Role of JNK in tumor development. Cell Cycle, 2, 

199-201. 

KHARBANDA, S., SALEEM, A., SHAFMAN, T., EMOTO, Y., TANEJA, N., RUBIN, E., 

WEICHSELBAUM, R., WOODGETT, J., AVRUCH, J., KYRIAKIS, J. & ET AL. 1995. 

Ionizing radiation stimulates a Grb2-mediated association of the stress-activated protein 

kinase with phosphatidylinositol 3-kinase. J Biol Chem, 270, 18871-4. 

KHARBANDA, S., SAXENA, S., YOSHIDA, K., PANDEY, P., KANEKI, M., WANG, Q., 

CHENG, K., CHEN, Y. N., CAMPBELL, A., SUDHA, T., YUAN, Z. M., NARULA, J., 

WEICHSELBAUM, R., NALIN, C. & KUFE, D. 2000. Translocation of SAPK/JNK to 

mitochondria and interaction with Bcl-x(L) in response to DNA damage. J Biol Chem, 275, 

322-7. 

KILGORE, A. R. & FLEMING, R. 1952. Abscesses of the breast; recurring lesions in the 

areolar area. Calif Med, 77, 190-1. 

KIM, S. & KUNAPULI, S. P. 2011. Negative regulation of Gq-mediated pathways in 

platelets by G12/13 pathways through FYN kinase. J Biol Chem. 

KIM, S. C., PARK, S. S. & LEE, Y. J. 2008. Effect of UV irradiation on colorectal cancer 

cells with acquired TRAIL resistance. J Cell Biochem, 104, 1172-80. 

KIMURA, H., LEE, C., HAYASHI, K., YAMAUCHI, K., YAMAMOTO, N., TSUCHIYA, 

H., TOMITA, K., BOUVET, M. & HOFFMAN, R. M. 2010. UV light killing efficacy of 

fluorescent protein-expressing cancer cells in vitro and in vivo. J Cell Biochem, 110, 1439-

46. 

KING, B. F., TOWNSEND-NICHOLSON, A. & BURNSTOCK, G. 1998. Metabotropic 

receptors for ATP and UTP: exploring the correspondence between native and recombinant 

nucleotide receptors. Trends Pharmacol Sci, 19, 506-14. 



212 
 

KISHIDA, S., SANJO, H., AKIRA, S., MATSUMOTO, K. & NINOMIYA-TSUJI, J. 2005. 

TAK1-binding protein 2 facilitates ubiquitination of TRAF6 and assembly of TRAF6 with 

IKK in the IL-1 signaling pathway. Genes Cells, 10, 447-54. 

KISHIKAWA, H., SHIMOKAMA, T. & WATANABE, T. 1993. Localization of T 

lymphocytes and macrophages expressing IL-1, IL-2 receptor, IL-6 and TNF in human aortic 

intima. Role of cell-mediated immunity in human atherogenesis. Virchows Arch A Pathol 

Anat Histopathol, 423, 433-42. 

KISHIMOTO, K., MATSUMOTO, K. & NINOMIYA-TSUJI, J. 2000. TAK1 mitogen-

activated protein kinase kinase kinase is activated by autophosphorylation within its 

activation loop. J Biol Chem, 275, 7359-64. 

KNOWLES, A. F. & LI, C. 2006. Molecular cloning and characterization of expressed 

human ecto-nucleoside triphosphate diphosphohydrolase 8 (E-NTPDase 8) and its soluble 

extracellular domain. Biochemistry, 45, 7323-33. 

KOBAYASHI, T., TAHARA, Y., MATSUMOTO, M., IGUCHI, M., SANO, H., 

MURAYAMA, T., ARAI, H., OIDA, H., YURUGI-KOBAYASHI, T., YAMASHITA, J. K., 

KATAGIRI, H., MAJIMA, M., YOKODE, M., KITA, T. & NARUMIYA, S. 2004. Roles of 

thromboxane A(2) and prostacyclin in the development of atherosclerosis in apoE-deficient 

mice. J Clin Invest, 114, 784-94. 

KOCKX, M. M. & HERMAN, A. G. 2000. Apoptosis in atherosclerosis: beneficial or 

detrimental? Cardiovasc Res, 45, 736-46. 

KOLLEWE, C., MACKENSEN, A. C., NEUMANN, D., KNOP, J., CAO, P., LI, S., 

WESCHE, H. & MARTIN, M. U. 2004. Sequential autophosphorylation steps in the 

interleukin-1 receptor-associated kinase-1 regulate its availability as an adapter in 

interleukin-1 signaling. J Biol Chem, 279, 5227-36. 

KRIEGLER, M., PEREZ, C., DEFAY, K., ALBERT, I. & LU, S. D. 1988. A novel form of 

TNF/cachectin is a cell surface cytotoxic transmembrane protein: ramifications for the 

complex physiology of TNF. Cell, 53, 45-53. 

KRISHNAMOORTHY, S. & HONN, K. V. 2006. Inflammation and disease progression. 

Cancer Metastasis Rev, 25, 481-91. 



213 
 

LALLENA, M. J., DIAZ-MECO, M. T., BREN, G., PAYA, C. V. & MOSCAT, J. 1999. 

Activation of IkappaB kinase beta by protein kinase C isoforms. Mol Cell Biol, 19, 2180-8. 

LAVOIE, J. N., L'ALLEMAIN, G., BRUNET, A., MULLER, R. & POUYSSEGUR, J. 1996. 

Cyclin D1 expression is regulated positively by the p42/p44MAPK and negatively by the 

p38/HOGMAPK pathway. J Biol Chem, 271, 20608-16. 

LAZENNEC, G. & RICHMOND, A. 2010. Chemokines and chemokine receptors: new 

insights into cancer-related inflammation. Trends Mol Med, 16, 133-44. 

LE, K. T., PAQUET, M., NOUEL, D., BABINSKI, K. & SEGUELA, P. 1997. Primary 

structure and expression of a naturally truncated human P2X ATP receptor subunit from 

brain and immune system. FEBS Lett, 418, 195-9. 

LEDENT, C., VAUGEOIS, J. M., SCHIFFMANN, S. N., PEDRAZZINI, T., EL YACOUBI, 

M., VANDERHAEGHEN, J. J., COSTENTIN, J., HEATH, J. K., VASSART, G. & 

PARMENTIER, M. 1997. Aggressiveness, hypoalgesia and high blood pressure in mice 

lacking the adenosine A2a receptor. Nature, 388, 674-8. 

LEEVERS, S. J., PATERSON, H. F. & MARSHALL, C. J. 1994. Requirement for Ras in 

Raf activation is overcome by targeting Raf to the plasma membrane. Nature, 369, 411-4. 

LEHMANN, D. M., YUAN, C. & SMRCKA, A. V. 2007. Analysis and pharmacological 

targeting of phospholipase C beta interactions with G proteins. Methods Enzymol, 434, 29-48. 

LEI, K. & DAVIS, R. J. 2003. JNK phosphorylation of Bim-related members of the Bcl2 

family induces Bax-dependent apoptosis. Proc Natl Acad Sci U S A, 100, 2432-7. 

LEI, K., NIMNUAL, A., ZONG, W. X., KENNEDY, N. J., FLAVELL, R. A., THOMPSON, 

C. B., BAR-SAGI, D. & DAVIS, R. J. 2002. The Bax subfamily of Bcl2-related proteins is 

essential for apoptotic signal transduction by c-Jun NH(2)-terminal kinase. Mol Cell Biol, 22, 

4929-42. 

LEMAIRE, S., LIZARD, G., MONIER, S., MIGUET, C., GUELDRY, S., VOLOT, F., 

GAMBERT, P. & NEEL, D. 1998. Different patterns of IL-1beta secretion, adhesion 

molecule expression and apoptosis induction in human endothelial cells treated with 7alpha-, 

7beta-hydroxycholesterol, or 7-ketocholesterol. FEBS Lett, 440, 434-9. 



214 
 

LEWIS, C. E. & HUGHES, R. 2007. Inflammation and breast cancer. Microenvironmental 

factors regulating macrophage function in breast tumours: hypoxia and angiopoietin-2. 

Breast Cancer Res, 9, 209. 

LEY, R., BALMANNO, K., HADFIELD, K., WESTON, C. & COOK, S. J. 2003. 

Activation of the ERK1/2 signaling pathway promotes phosphorylation and proteasome-

dependent degradation of the BH3-only protein, Bim. J Biol Chem, 278, 18811-6. 

LI, C., ZIENKIEWICZ, J. & HAWIGER, J. 2005. Interactive sites in the MyD88 

Toll/interleukin (IL) 1 receptor domain responsible for coupling to the IL1beta signaling 

pathway. J Biol Chem, 280, 26152-9. 

LI, H. J., WANG, L. Y., QU, H. N., YU, L. H., BURNSTOCK, G., NI, X., XU, M. & MA, B. 

2011. P2Y2 receptor-mediated modulation of estrogen-induced proliferation of breast cancer 

cells. Mol Cell Endocrinol, 338, 28-37. 

LI, J., O'CONNOR, K. L., CHENG, X., MEI, F. C., UCHIDA, T., TOWNSEND, C. M., JR. 

& EVERS, B. M. 2007. Cyclic adenosine 5'-monophosphate-stimulated neurotensin 

secretion is mediated through Rap1 downstream of both Epac and protein kinase A signaling 

pathways. Mol Endocrinol, 21, 159-71. 

LI, L., TATAKE, R. J., NATARAJAN, K., TABA, Y., GARIN, G., TAI, C., LEUNG, E., 

SURAPISITCHAT, J., YOSHIZUMI, M., YAN, C., ABE, J. & BERK, B. C. 2008. Fluid 

shear stress inhibits TNF-mediated JNK activation via MEK5-BMK1 in endothelial cells. 

Biochem Biophys Res Commun, 370, 159-63. 

LI, S., STRELOW, A., FONTANA, E. J. & WESCHE, H. 2002. IRAK-4: a novel member 

of the IRAK family with the properties of an IRAK-kinase. Proc Natl Acad Sci U S A, 99, 

5567-72. 

LI, X., COMMANE, M., JIANG, Z. & STARK, G. R. 2001. IL-1-induced NFkappa B and c-

Jun N-terminal kinase (JNK) activation diverge at IL-1 receptor-associated kinase (IRAK). 

Proc Natl Acad Sci U S A, 98, 4461-5. 

LI, Z., JIANG, Y., ULEVITCH, R. J. & HAN, J. 1996. The primary structure of p38 gamma: 

a new member of p38 group of MAP kinases. Biochem Biophys Res Commun, 228, 334-40. 

LIBBY, P. 2006. Inflammation and cardiovascular disease mechanisms. Am J Clin Nutr, 83, 

456S-460S. 



215 
 

LIBBY, P., RIDKER, P. M. & MASERI, A. 2002. Inflammation and atherosclerosis. 

Circulation, 105, 1135-43. 

LIEBMANN, C. 2011. EGF receptor activation by GPCRs: an universal pathway reveals 

different versions. Mol Cell Endocrinol, 331, 222-31. 

LITTLE, M. P., TAWN, E. J., TZOULAKI, I., WAKEFORD, R., HILDEBRANDT, G., 

PARIS, F., TAPIO, S. & ELLIOTT, P. 2010. Review and meta-analysis of epidemiological 

associations between low/moderate doses of ionizing radiation and circulatory disease risks, 

and their possible mechanisms. Radiat Environ Biophys, 49, 139-53. 

LIU, B., FISHER, M. & GROVES, P. 2002. Down-regulation of the ERK1 and ERK2 

mitogen-activated protein kinases using antisense oligonucleotides inhibits intimal 

hyperplasia in a porcine model of coronary balloon angioplasty. Cardiovasc Res, 54, 640-8. 

LIU, C., MATHER, S., HUANG, Y., GARLAND, C. J. & YAO, X. 2004a. Extracellular 

ATP facilitates flow-induced vasodilatation in rat small mesenteric arteries. Am J Physiol 

Heart Circ Physiol, 286, H1688-95. 

LIU, H., NISHITOH, H., ICHIJO, H. & KYRIAKIS, J. M. 2000. Activation of apoptosis 

signal-regulating kinase 1 (ASK1) by tumor necrosis factor receptor-associated factor 2 

requires prior dissociation of the ASK1 inhibitor thioredoxin. Mol Cell Biol, 20, 2198-208. 

LIU, J., LIAO, Z., CAMDEN, J., GRIFFIN, K. D., GARRAD, R. C., SANTIAGO-PEREZ, 

L. I., GONZALEZ, F. A., SEYE, C. I., WEISMAN, G. A. & ERB, L. 2004b. Src homology 

3 binding sites in the P2Y2 nucleotide receptor interact with Src and regulate activities of Src, 

proline-rich tyrosine kinase 2, and growth factor receptors. J Biol Chem, 279, 8212-8. 

LIU, W., REINMUTH, N., STOELTZING, O., PARIKH, A. A., TELLEZ, C., WILLIAMS, 

S., JUNG, Y. D., FAN, F., TAKEDA, A., AKAGI, M., BAR-ELI, M., GALLICK, G. E. & 

ELLIS, L. M. 2003. Cyclooxygenase-2 is up-regulated by interleukin-1 beta in human 

colorectal cancer cells via multiple signaling pathways. Cancer Res, 63, 3632-6. 

LIU, Y., GOROSPE, M., YANG, C. & HOLBROOK, N. J. 1995. Role of mitogen-activated 

protein kinase phosphatase during the cellular response to genotoxic stress. Inhibition of c-

Jun N-terminal kinase activity and AP-1-dependent gene activation. J Biol Chem, 270, 8377-

80. 



216 
 

LIU, Z. G., HSU, H., GOEDDEL, D. V. & KARIN, M. 1996. Dissection of TNF receptor 1 

effector functions: JNK activation is not linked to apoptosis while NF-kappaB activation 

prevents cell death. Cell, 87, 565-76. 

LO, P. K., HUANG, S. Z., CHEN, H. C. & WANG, F. F. 2004. The prosurvival activity of 

p53 protects cells from UV-induced apoptosis by inhibiting c-Jun NH2-terminal kinase 

activity and mitochondrial death signaling. Cancer Res, 64, 8736-45. 

LOGOTHETIS, D. E., KURACHI, Y., GALPER, J., NEER, E. J. & CLAPHAM, D. E. 1987. 

The beta gamma subunits of GTP-binding proteins activate the muscarinic K+ channel in 

heart. Nature, 325, 321-6. 

LOPEZ-BERGAMI, P., HUANG, C., GOYDOS, J. S., YIP, D., BAR-ELI, M., HERLYN, 

M., SMALLEY, K. S., MAHALE, A., EROSHKIN, A., AARONSON, S. & RONAI, Z. 

2007. Rewired ERK-JNK signaling pathways in melanoma. Cancer Cell, 11, 447-60. 

LUCKEN-ARDJOMANDE, S. & MARTINOU, J. C. 2005. Regulation of Bcl-2 proteins 

and of the permeability of the outer mitochondrial membrane. C R Biol, 328, 616-31. 

LUDMER, P. L., SELWYN, A. P., SHOOK, T. L., WAYNE, R. R., MUDGE, G. H., 

ALEXANDER, R. W. & GANZ, P. 1986. Paradoxical vasoconstriction induced by 

acetylcholine in atherosclerotic coronary arteries. N Engl J Med, 315, 1046-51. 

LUKE, T. M. & HEXUM, T. D. 2008. UTP and ATP increase extracellular signal-regulated 

kinase 1/2 phosphorylation in bovine chromaffin cells through epidermal growth factor 

receptor transactivation. Purinergic Signal, 4, 323-30. 

LUO, X., BUDIHARDJO, I., ZOU, H., SLAUGHTER, C. & WANG, X. 1998. Bid, a Bcl2 

interacting protein, mediates cytochrome c release from mitochondria in response to 

activation of cell surface death receptors. Cell, 94, 481-90. 

LUTZ, S., SHANKARANARAYANAN, A., COCO, C., RIDILLA, M., NANCE, M. R., 

VETTEL, C., BALTUS, D., EVELYN, C. R., NEUBIG, R. R., WIELAND, T. & TESMER, 

J. J. 2007. Structure of Galphaq-p63RhoGEF-RhoA complex reveals a pathway for the 

activation of RhoA by GPCRs. Science, 318, 1923-7. 

LYNCH, K. J., TOUMA, E., NIFORATOS, W., KAGE, K. L., BURGARD, E. C., VAN 

BIESEN, T., KOWALUK, E. A. & JARVIS, M. F. 1999. Molecular and functional 

characterization of human P2X(2) receptors. Mol Pharmacol, 56, 1171-81. 



217 
 

MAASER, K., HOPFNER, M., KAP, H., SUTTER, A. P., BARTHEL, B., VON LAMPE, 

B., ZEITZ, M. & SCHERUBL, H. 2002. Extracellular nucleotides inhibit growth of human 

oesophageal cancer cells via P2Y(2)-receptors. Br J Cancer, 86, 636-44. 

MAIER, J. A., HLA, T. & MACIAG, T. 1990. Cyclooxygenase is an immediate-early gene 

induced by interleukin-1 in human endothelial cells. J Biol Chem, 265, 10805-8. 

MANDAPATHIL, M., LANG, S., GORELIK, E. & WHITESIDE, T. L. 2009. Isolation of 

functional human regulatory T cells (Treg) from the peripheral blood based on the CD39 

expression. J Immunol Methods, 346, 55-63. 

MANGMOOL, S. & KUROSE, H. 2011. G(i/o) Protein-Dependent and -Independent 

Actions of Pertussis Toxin (PTX). Toxins (Basel), 3, 884-99. 

MANTOVANI, A., SICA, A., ALLAVENA, P., GARLANDA, C. & LOCATI, M. 2009. 

Tumor-associated macrophages and the related myeloid-derived suppressor cells as a 

paradigm of the diversity of macrophage activation. Hum Immunol, 70, 325-30. 

MARANI, M., TENEV, T., HANCOCK, D., DOWNWARD, J. & LEMOINE, N. R. 2002. 

Identification of novel isoforms of the BH3 domain protein Bim which directly activate Bax 

to trigger apoptosis. Mol Cell Biol, 22, 3577-89. 

MARTIN, M. U. & WESCHE, H. 2002. Summary and comparison of the signaling 

mechanisms of the Toll/interleukin-1 receptor family. Biochim Biophys Acta, 1592, 265-80. 

MARTINY-BARON, G., KAZANIETZ, M. G., MISCHAK, H., BLUMBERG, P. M., 

KOCHS, G., HUG, H., MARME, D. & SCHACHTELE, C. 1993. Selective inhibition of 

protein kinase C isozymes by the indolocarbazole Go 6976. J Biol Chem, 268, 9194-7. 

MCCUBREY, J. A., STEELMAN, L. S., CHAPPELL, W. H., ABRAMS, S. L., WONG, E. 

W., CHANG, F., LEHMANN, B., TERRIAN, D. M., MILELLA, M., TAFURI, A., 

STIVALA, F., LIBRA, M., BASECKE, J., EVANGELISTI, C., MARTELLI, A. M. & 

FRANKLIN, R. A. 2007. Roles of the Raf/MEK/ERK pathway in cell growth, malignant 

transformation and drug resistance. Biochim Biophys Acta, 1773, 1263-84. 

MCINTOSH, K., CUNNINGHAM, M. R., CADALBERT, L., LOCKHART, J., BOYD, G., 

FERRELL, W. R. & PLEVIN, R. 2010. Proteinase-activated receptor-2 mediated inhibition 

of TNFalpha-stimulated JNK activation - A novel paradigm for G(q/11) linked GPCRs. Cell 

Signal, 22, 265-73. 



218 
 

MEI, F. C., QIAO, J., TSYGANKOVA, O. M., MEINKOTH, J. L., QUILLIAM, L. A. & 

CHENG, X. 2002. Differential signaling of cyclic AMP: opposing effects of exchange 

protein directly activated by cyclic AMP and cAMP-dependent protein kinase on protein 

kinase B activation. J Biol Chem, 277, 11497-504. 

MEI, S., GU, H., WARD, A., YANG, X., GUO, H., HE, K., LIU, Z. & CAO, W. 2012. p38 

mitogen-activated protein kinase (MAPK) promotes cholesterol ester accumulation in 

macrophages through inhibition of macroautophagy. J Biol Chem, 287, 11761-8. 

MEIJER, C. A., LE HAEN, P. A., VAN DIJK, R. A., HIRA, M., HAMMING, J. F., VAN 

BOCKEL, J. H. & LINDEMAN, J. H. 2012. Activator protein-1 (AP-1) signalling in human 

atherosclerosis: results of a systematic evaluation and intervention study. Clin Sci (Lond), 

122, 421-8. 

MEIS, S., HAMACHER, A., HONGWISET, D., MARZIAN, C., WIESE, M., ECKSTEIN, 

N., ROYER, H. D., COMMUNI, D., BOEYNAEMS, J. M., HAUSMANN, R., 

SCHMALZING, G. & KASSACK, M. U. 2010. NF546 [4,4'-(carbonylbis(imino-3,1-

phenylene-carbonylimino-3,1-(4-methyl-phenylene)-car bonylimino))-bis(1,3-xylene-

alpha,alpha'-diphosphonic acid) tetrasodium salt] is a non-nucleotide P2Y11 agonist and 

stimulates release of interleukin-8 from human monocyte-derived dendritic cells. J 

Pharmacol Exp Ther, 332, 238-47. 

MERIGHI, S., BENINI, A., MIRANDOLA, P., GESSI, S., VARANI, K., LEUNG, E., 

MACLENNAN, S. & BOREA, P. A. 2005. A3 adenosine receptor activation inhibits cell 

proliferation via phosphatidylinositol 3-kinase/Akt-dependent inhibition of the extracellular 

signal-regulated kinase 1/2 phosphorylation in A375 human melanoma cells. J Biol Chem, 

280, 19516-26. 

MESHKI, J., CAINO, M. C., VON BURSTIN, V. A., GRINER, E. & KAZANIETZ, M. G. 

2010. Regulation of prostate cancer cell survival by protein kinase Cepsilon involves bad 

phosphorylation and modulation of the TNFalpha/JNK pathway. J Biol Chem, 285, 26033-

40. 

METZLER, B., HU, Y., DIETRICH, H. & XU, Q. 2000. Increased expression and activation 

of stress-activated protein kinases/c-Jun NH(2)-terminal protein kinases in atherosclerotic 

lesions coincide with p53. Am J Pathol, 156, 1875-86. 

MIAO, Z., LUKER, K. E., SUMMERS, B. C., BERAHOVICH, R., BHOJANI, M. S., 

REHEMTULLA, A., KLEER, C. G., ESSNER, J. J., NASEVICIUS, A., LUKER, G. D., 



219 
 

HOWARD, M. C. & SCHALL, T. J. 2007. CXCR7 (RDC1) promotes breast and lung tumor 

growth in vivo and is expressed on tumor-associated vasculature. Proc Natl Acad Sci U S A, 

104, 15735-40. 

MIHO, N., ISHIDA, T., KUWABA, N., ISHIDA, M., SHIMOTE-ABE, K., TABUCHI, K., 

OSHIMA, T., YOSHIZUMI, M. & CHAYAMA, K. 2005. Role of the JNK pathway in 

thrombin-induced ICAM-1 expression in endothelial cells. Cardiovasc Res, 68, 289-98. 

MILANO, S. K., KWON, W., PEREIRA, R., ANTONYAK, M. A. & CERIONE, R. A. 

2012. Characterization of a Novel Activated Ran GTPase Mutant and Its Ability to Induce 

Cellular Transformation. J Biol Chem, 287, 24955-66. 

MILENKOVIC, I., WEICK, M., WIEDEMANN, P., REICHENBACH, A. & 

BRINGMANN, A. 2003. P2Y receptor-mediated stimulation of Muller glial cell DNA 

synthesis: dependence on EGF and PDGF receptor transactivation. Invest Ophthalmol Vis 

Sci, 44, 1211-20. 

MILLER, A. L., GARZA, A. S., JOHNSON, B. H. & THOMPSON, E. B. 2007. Pathway 

interactions between MAPKs, mTOR, PKA, and the glucocorticoid receptor in lymphoid 

cells. Cancer Cell Int, 7, 3. 

MIN, W. & POBER, J. S. 1997. TNF initiates E-selectin transcription in human endothelial 

cells through parallel TRAF-NF-kappa B and TRAF-RAC/CDC42-JNK-c-Jun/ATF2 

pathways. J Immunol, 159, 3508-18. 

MINDEN, A., LIN, A., CLARET, F. X., ABO, A. & KARIN, M. 1995. Selective activation 

of the JNK signaling cascade and c-Jun transcriptional activity by the small GTPases Rac 

and Cdc42Hs. Cell, 81, 1147-57. 

MINDEN, A., LIN, A., MCMAHON, M., LANGE-CARTER, C., DERIJARD, B., DAVIS, 

R. J., JOHNSON, G. L. & KARIN, M. 1994a. Differential activation of ERK and JNK 

mitogen-activated protein kinases by Raf-1 and MEKK. Science, 266, 1719-23. 

MINDEN, A., LIN, A., SMEAL, T., DERIJARD, B., COBB, M., DAVIS, R. & KARIN, M. 

1994b. c-Jun N-terminal phosphorylation correlates with activation of the JNK subgroup but 

not the ERK subgroup of mitogen-activated protein kinases. Mol Cell Biol, 14, 6683-8. 

MINGO-SION, A. M., MARIETTA, P. M., KOLLER, E., WOLF, D. M. & VAN DEN 

BERG, C. L. 2004. Inhibition of JNK reduces G2/M transit independent of p53, leading to 



220 
 

endoreduplication, decreased proliferation, and apoptosis in breast cancer cells. Oncogene, 

23, 596-604. 

MIOSSEC, P., CAVENDER, D. & ZIFF, M. 1986. Production of interleukin 1 by human 

endothelial cells. J Immunol, 136, 2486-91. 

MIRZAYANS, R., SCOTT, A., CAMERON, M. & MURRAY, D. 2005. Induction of 

accelerated senescence by gamma radiation in human solid tumor-derived cell lines 

expressing wild-type TP53. Radiat Res, 163, 53-62. 

MITCHELL, R., ROBERTSON, D. N., HOLLAND, P. J., COLLINS, D., LUTZ, E. M. & 

JOHNSON, M. S. 2003. ADP-ribosylation factor-dependent phospholipase D activation by 

the M3 muscarinic receptor. J Biol Chem, 278, 33818-30. 

MITRA, S., LEE, J. S., CANTRELL, M. & VAN DEN BERG, C. L. 2011. c-Jun N-terminal 

kinase 2 (JNK2) enhances cell migration through epidermal growth factor substrate 8 (EPS8). 

J Biol Chem, 286, 15287-97. 

MIZUNO, N., KOKUBU, H., SATO, M., NISHIMURA, A., YAMAUCHI, J., KUROSE, H. 

& ITOH, H. 2005. G protein-coupled receptor signaling through Gq and JNK negatively 

regulates neural progenitor cell migration. Proc Natl Acad Sci U S A, 102, 12365-70. 

MONG, P. Y., PETRULIO, C., KAUFMAN, H. L. & WANG, Q. 2008. Activation of Rho 

kinase by TNF-alpha is required for JNK activation in human pulmonary microvascular 

endothelial cells. J Immunol, 180, 550-8. 

MONTESINOS, M. C., GADANGI, P., LONGAKER, M., SUNG, J., LEVINE, J., NILSEN, 

D., REIBMAN, J., LI, M., JIANG, C. K., HIRSCHHORN, R., RECHT, P. A., OSTAD, E., 

LEVIN, R. I. & CRONSTEIN, B. N. 1997. Wound healing is accelerated by agonists of 

adenosine A2 (G alpha s-linked) receptors. J Exp Med, 186, 1615-20. 

MONTESINOS, M. C., SHAW, J. P., YEE, H., SHAMAMIAN, P. & CRONSTEIN, B. N. 

2004. Adenosine A(2A) receptor activation promotes wound neovascularization by 

stimulating angiogenesis and vasculogenesis. Am J Pathol, 164, 1887-92. 

MONTIEL, M., DE LA BLANCA, E. P. & JIMENEZ, E. 2006. P2Y receptors activate 

MAPK/ERK through a pathway involving PI3K/PDK1/PKC-zeta in human vein endothelial 

cells. Cell Physiol Biochem, 18, 123-34. 



221 
 

MONTMINY, M. R. & BILEZIKJIAN, L. M. 1987. Binding of a nuclear protein to the 

cyclic-AMP response element of the somatostatin gene. Nature, 328, 175-8. 

MONTMINY, M. R., SEVARINO, K. A., WAGNER, J. A., MANDEL, G. & GOODMAN, 

R. H. 1986. Identification of a cyclic-AMP-responsive element within the rat somatostatin 

gene. Proc Natl Acad Sci U S A, 83, 6682-6. 

MOORE, D. J., CHAMBERS, J. K., WAHLIN, J. P., TAN, K. B., MOORE, G. B., 

JENKINS, O., EMSON, P. C. & MURDOCK, P. R. 2001. Expression pattern of human P2Y 

receptor subtypes: a quantitative reverse transcription-polymerase chain reaction study. 

Biochim Biophys Acta, 1521, 107-19. 

MORENO, R. 1950. [Chronic inflammation of the esophagus simulating cancer]. Bol Liga 

Contra Cancer Havana, 25, 267-9. 

MORIGUCHI, T., TOYOSHIMA, F., MASUYAMA, N., HANAFUSA, H., GOTOH, Y. & 

NISHIDA, E. 1997. A novel SAPK/JNK kinase, MKK7, stimulated by TNFalpha and 

cellular stresses. EMBO J, 16, 7045-53. 

MORO, S., GUO, D., CAMAIONI, E., BOYER, J. L., HARDEN, T. K. & JACOBSON, K. 

A. 1998. Human P2Y1 receptor: molecular modeling and site-directed mutagenesis as tools 

to identify agonist and antagonist recognition sites. J Med Chem, 41, 1456-66. 

MORRIS, G. E., NELSON, C. P., BRIGHTON, P. J., STANDEN, N. B., CHALLISS, R. A. 

& WILLETS, J. M. 2012. Arrestins 2 and 3 differentially regulate ETA and P2Y2 receptor-

mediated cell signaling and migration in arterial smooth muscle. Am J Physiol Cell Physiol, 

302, C723-34. 

MOSER, G. H., SCHRADER, J. & DEUSSEN, A. 1989. Turnover of adenosine in plasma of 

human and dog blood. Am J Physiol, 256, C799-806. 

MOSER, T. L., KENAN, D. J., ASHLEY, T. A., ROY, J. A., GOODMAN, M. D., MISRA, 

U. K., CHEEK, D. J. & PIZZO, S. V. 2001. Endothelial cell surface F1-F0 ATP synthase is 

active in ATP synthesis and is inhibiteed by angiostatin. Proc. Natl Acad. Sci. U.S.A., 98, 

6656-61. 

MURTHY, K. S., ZHOU, H., GRIDER, J. R. & MAKHLOUF, G. M. 2001. Sequential 

activation of heterotrimeric and monomeric G proteins mediates PLD activity in smooth 

muscle. Am J Physiol Gastrointest Liver Physiol, 280, G381-8. 



222 
 

MUSTI, A. M., TREIER, M. & BOHMANN, D. 1997. Reduced ubiquitin-dependent 

degradation of c-Jun after phosphorylation by MAP kinases. Science, 275, 400-2. 

NAHORSKI, S. R. & POTTER, B. V. 1989. Molecular recognition of inositol 

polyphosphates by intracellular receptors and metabolic enzymes. Trends Pharmacol Sci, 10, 

139-44. 

NAKAJIMA, A., KOJIMA, Y., NAKAYAMA, M., YAGITA, H., OKUMURA, K. & 

NAKANO, H. 2008. Downregulation of c-FLIP promotes caspase-dependent JNK activation 

and reactive oxygen species accumulation in tumor cells. Oncogene, 27, 76-84. 

NAMKOONG, S., KIM, C. K., CHO, Y. L., KIM, J. H., LEE, H., HA, K. S., CHOE, J., 

KIM, P. H., WON, M. H., KWON, Y. G., SHIM, E. B. & KIM, Y. M. 2009. Forskolin 

increases angiogenesis through the coordinated cross-talk of PKA-dependent VEGF 

expression and Epac-mediated PI3K/Akt/eNOS signaling. Cell Signal, 21, 906-15. 

NATHANS, J. & HOGNESS, D. S. 1983. Isolation, sequence analysis, and intron-exon 

arrangement of the gene encoding bovine rhodopsin. Cell, 34, 807-14. 

NAVAS, T. A., BALDWIN, D. T. & STEWART, T. A. 1999. RIP2 is a Raf1-activated 

mitogen-activated protein kinase kinase. J Biol Chem, 274, 33684-90. 

NGUYEN, T., ERB, L., WEISMAN, G. A., MARCHESE, A., HENG, H. H., GARRAD, R. 

C., GEORGE, S. R., TURNER, J. T. & O'DOWD, B. F. 1995. Cloning, expression, and 

chromosomal localization of the human uridine nucleotide receptor gene. J Biol Chem, 270, 

30845-8. 

NIAS, A. H. 1976. Interactions of ionising radiation and cancer chemotherapy agents. 

Biochem Pharmacol, 25, 2117-24. 

NIEMINEN, R., LAHTI, A., JALONEN, U., KANKAANRANTA, H. & MOILANEN, E. 

2006. JNK inhibitor SP600125 reduces COX-2 expression by attenuating mRNA in 

activated murine J774 macrophages. Int Immunopharmacol, 6, 987-96. 

NIEMINEN, R., LEINONEN, S., LAHTI, A., VUOLTEENAHO, K., JALONEN, U., 

KANKAANRANTA, H., GOLDRING, M. B. & MOILANEN, E. 2005. Inhibitors of 

mitogen-activated protein kinases downregulate COX-2 expression in human chondrocytes. 

Mediators Inflamm, 2005, 249-55. 



223 
 

NISAR, S. P., CUNNINGHAM, M., SAXENA, K., POPE, R. J., KELLY, E. & MUNDELL, 

S. J. 2012. Arrestin Scaffolds NHERF1 to the P2Y12 Receptor to Regulate Receptor 

Internalization. J Biol Chem, 287, 24505-15. 

NISHIDA, M., TANABE, S., MARUYAMA, Y., MANGMOOL, S., URAYAMA, K., 

NAGAMATSU, Y., TAKAGAHARA, S., TURNER, J. H., KOZASA, T., KOBAYASHI, H., 

SATO, Y., KAWANISHI, T., INOUE, R., NAGAO, T. & KUROSE, H. 2005. G alpha 

12/13- and reactive oxygen species-dependent activation of c-Jun NH2-terminal kinase and 

p38 mitogen-activated protein kinase by angiotensin receptor stimulation in rat neonatal 

cardiomyocytes. J Biol Chem, 280, 18434-41. 

NISHIMURA, A., KITANO, K., TAKASAKI, J., TANIGUCHI, M., MIZUNO, N., TAGO, 

K., HAKOSHIMA, T. & ITOH, H. 2010. Structural basis for the specific inhibition of 

heterotrimeric Gq protein by a small molecule. Proc Natl Acad Sci U S A, 107, 13666-71. 

NISHIMURA, A., OKAMOTO, M., SUGAWARA, Y., MIZUNO, N., YAMAUCHI, J. & 

ITOH, H. 2006. Ric-8A potentiates Gq-mediated signal transduction by acting downstream 

of G protein-coupled receptor in intact cells. Genes Cells, 11, 487-98. 

NOTCOVICH, C., DIEZ, F., TUBIO, M. R., BALDI, A., KAZANIETZ, M. G., DAVIO, C. 

& SHAYO, C. 2010. Histamine acting on H1 receptor promotes inhibition of proliferation 

via PLC, RAC, and JNK-dependent pathways. Exp Cell Res, 316, 401-11. 

NYLUND, G. 2004. Cell signalling in cancer. A functional and immunochemical 

investigation of purinergic, adrenergic, nitrergic, and prostaglandin mediated signalling 

mechanisms in experimental and human cancer. University of Gothenburg. 

OFFERMANNS, S. 2003. G-proteins as transducers in transmembrane signalling. Prog 

Biophys Mol Biol, 83, 101-30. 

OHTA, A., GORELIK, E., PRASAD, S. J., RONCHESE, F., LUKASHEV, D., WONG, M. 

K., HUANG, X., CALDWELL, S., LIU, K., SMITH, P., CHEN, J. F., JACKSON, E. K., 

APASOV, S., ABRAMS, S. & SITKOVSKY, M. 2006. A2A adenosine receptor protects 

tumors from antitumor T cells. Proc Natl Acad Sci U S A, 103, 13132-7. 

OHTA, A. & SITKOVSKY, M. 2009. The adenosinergic immunomodulatory drugs. Curr 

Opin Pharmacol, 9, 501-6. 



224 
 

OLANREWAJU, H. A., QIN, W., FEOKTISTOV, I., SCEMAMA, J. L. & MUSTAFA, S. J. 

2000. Adenosine A(2A) and A(2B) receptors in cultured human and porcine coronary artery 

endothelial cells. Am J Physiol Heart Circ Physiol, 279, H650-6. 

OLSON, J. M. & HALLAHAN, A. R. 2004. p38 MAP kinase: a convergence point in cancer 

therapy. Trends Mol Med, 10, 125-9. 

ORENCOLE, S. F. & DINARELLO, C. A. 1989. Characterization of a subclone (D10S) of 

the D10.G4.1 helper T-cell line which proliferates to attomolar concentrations of interleukin-

1 in the absence of mitogens. Cytokine, 1, 14-22. 

ORR, A. W., SANDERS, J. M., BEVARD, M., COLEMAN, E., SAREMBOCK, I. J. & 

SCHWARTZ, M. A. 2005. The subendothelial extracellular matrix modulates NF-kappaB 

activation by flow: a potential role in atherosclerosis. J Cell Biol, 169, 191-202. 

ORTH, J. H., LANG, S., TANIGUCHI, M. & AKTORIES, K. 2005. Pasteurella multocida 

toxin-induced activation of RhoA is mediated via two families of G{alpha} proteins, 

G{alpha}q and G{alpha}12/13. J Biol Chem, 280, 36701-7. 

OSBORN, M. T. & CHAMBERS, T. C. 1996. Role of the stress-activated/c-Jun NH2-

terminal protein kinase pathway in the cellular response to adriamycin and other 

chemotherapeutic drugs. J Biol Chem, 271, 30950-5. 

OSHIMA, M., DINCHUK, J. E., KARGMAN, S. L., OSHIMA, H., HANCOCK, B., 

KWONG, E., TRZASKOS, J. M., EVANS, J. F. & TAKETO, M. M. 1996. Suppression of 

intestinal polyposis in Apc delta716 knockout mice by inhibition of cyclooxygenase 2 

(COX-2). Cell, 87, 803-9. 

OSMOND, R. I., CROUCH, M. F. & DUPRIEZ, V. J. 2010. An emerging role for kinase 

screening in GPCR drug discovery. Curr Opin Mol Ther, 12, 305-15. 

OSTO, E., MATTER, C. M., KOUROEDOV, A., MALINSKI, T., BACHSCHMID, M., 

CAMICI, G. G., KILIC, U., STALLMACH, T., BOREN, J., ILICETO, S., LUSCHER, T. F. 

& COSENTINO, F. 2008. c-Jun N-terminal kinase 2 deficiency protects against 

hypercholesterolemia-induced endothelial dysfunction and oxidative stress. Circulation, 118, 

2073-80. 



225 
 

PALMER, R. K., BOYER, J. L., SCHACHTER, J. B., NICHOLAS, R. A. & HARDEN, T. 

K. 1998. Agonist action of adenosine triphosphates at the human P2Y1 receptor. Mol 

Pharmacol, 54, 1118-23. 

PANETTIERI, R. A., JR., LAZAAR, A. L., PURE, E. & ALBELDA, S. M. 1995. 

Activation of cAMP-dependent pathways in human airway smooth muscle cells inhibits 

TNF-alpha-induced ICAM-1 and VCAM-1 expression and T lymphocyte adhesion. J 

Immunol, 154, 2358-65. 

PANJEHPOUR, M. & KARAMI-TEHRANI, F. 2007. Adenosine modulates cell growth in 

the human breast cancer cells via adenosine receptors. Oncol Res, 16, 575-85. 

PAPAVASSILIOU, A. G., TREIER, M. & BOHMANN, D. 1995. Intramolecular signal 

transduction in c-Jun. EMBO J, 14, 2014-9. 

PARK, E. J. & KWON, T. K. 2011. Rottlerin enhances IL-1beta-induced COX-2 expression 

through sustained p38 MAPK activation in MDA-MB-231 human breast cancer cells. Exp 

Mol Med, 43, 669-75. 

PARMAR, K. M., LARMAN, H. B., DAI, G., ZHANG, Y., WANG, E. T., MOORTHY, S. 

N., KRATZ, J. R., LIN, Z., JAIN, M. K., GIMBRONE, M. A., JR. & GARCIA-CARDENA, 

G. 2006. Integration of flow-dependent endothelial phenotypes by Kruppel-like factor 2. J 

Clin Invest, 116, 49-58. 

PATEL, R. P., MOELLERING, D., MURPHY-ULLRICH, J., JO, H., BECKMAN, J. S. & 

DARLEY-USMAR, V. M. 2000. Cell signaling by reactive nitrogen and oxygen species in 

atherosclerosis. Free Radic Biol Med, 28, 1780-94. 

PATEL, V., BROWN, C., GOODWIN, A., WILKIE, N. & BOARDER, M. R. 1996. 

Phosphorylation and activation of p42 and p44 mitogen-activated protein kinase are required 

for the P2 purinoceptor stimulation of endothelial prostacyclin production. Biochem J, 320 

( Pt 1), 221-6. 

PAUL, A., TORRIE, L. J., MCLAREN, G. J., KENNEDY, C., GOULD, G. W. & PLEVIN, 

R. 2000. P2Y receptor-mediated inhibition of tumor necrosis factor alpha -stimulated stress-

activated protein kinase activity in EAhy926 endothelial cells. J Biol Chem, 275, 13243-9. 



226 
 

PELLEGATTI, P., RAFFAGHELLO, L., BIANCHI, G., PICCARDI, F., PISTOIA, V. & DI 

VIRGILIO, F. 2008. Increased level of extracellular ATP at tumor sites: in vivo imaging 

with plasma membrane luciferase. PLoS One, 3, e2599. 

PENNICA, D., NEDWIN, G. E., HAYFLICK, J. S., SEEBURG, P. H., DERYNCK, R., 

PALLADINO, M. A., KOHR, W. J., AGGARWAL, B. B. & GOEDDEL, D. V. 1984. 

Human tumour necrosis factor: precursor structure, expression and homology to 

lymphotoxin. Nature, 312, 724-9. 

PFEUFFER, E., MOLLNER, S. & PFEUFFER, T. 1991. Purification of adenylyl cyclase 

from heart and brain. Methods Enzymol, 195, 83-91. 

PIETERSMA, A., TILLY, B. C., GAESTEL, M., DE JONG, N., LEE, J. C., KOSTER, J. F. 

& SLUITER, W. 1997. p38 mitogen activated protein kinase regulates endothelial VCAM-1 

expression at the post-transcriptional level. Biochem Biophys Res Commun, 230, 44-8. 

PIETRAS, K. & OSTMAN, A. 2010. Hallmarks of cancer: interactions with the tumor 

stroma. Exp Cell Res, 316, 1324-31. 

PIROTTON, S., RASPE, E., DEMOLLE, D., ERNEUX, C. & BOEYNAEMS, J. M. 1987. 

Involvement of inositol 1,4,5-trisphosphate and calcium in the action of adenine nucleotides 

on aortic endothelial cells. J Biol Chem, 262, 17461-6. 

PLOW, E. F. & MARGUERIE, G. A. 1980. Participation of ADP in the binding of 

fibrinogen to thrombin-stimulated platelets. Blood, 56, 553-5. 

PONNOTH, D. S., SANJANI, M. S., LEDENT, C., ROUSH, K., KRAHN, T. & MUSTAFA, 

S. J. 2009. Absence of adenosine-mediated aortic relaxation in A(2A) adenosine receptor 

knockout mice. Am J Physiol Heart Circ Physiol, 297, H1655-60. 

PORTA, C., LARGHI, P., RIMOLDI, M., TOTARO, M. G., ALLAVENA, P., 

MANTOVANI, A. & SICA, A. 2009. Cellular and molecular pathways linking inflammation 

and cancer. Immunobiology, 214, 761-77. 

PRATICO, D., TILLMANN, C., ZHANG, Z. B., LI, H. & FITZGERALD, G. A. 2001. 

Acceleration of atherogenesis by COX-1-dependent prostanoid formation in low density 

lipoprotein receptor knockout mice. Proc Natl Acad Sci U S A, 98, 3358-63. 



227 
 

PRENZEL, N., ZWICK, E., DAUB, H., LESERER, M., ABRAHAM, R., WALLASCH, C. 

& ULLRICH, A. 1999. EGF receptor transactivation by G-protein-coupled receptors 

requires metalloproteinase cleavage of proHB-EGF. Nature, 402, 884-8. 

PRISE, K. M., FOLKARD, M. & MICHAEL, B. D. 2003. A review of the bystander effect 

and its implications for low-dose exposure. Radiat Prot Dosimetry, 104, 347-55. 

QUYYUMI, A. A. 1998. Endothelial function in health and disease: new insights into the 

genesis of cardiovascular disease. Am J Med, 105, 32S-39S. 

RADONS, J., GABLER, S., WESCHE, H., KORHERR, C., HOFMEISTER, R. & FALK, 

W. 2002. Identification of essential regions in the cytoplasmic tail of interleukin-1 receptor 

accessory protein critical for interleukin-1 signaling. J Biol Chem, 277, 16456-63. 

RAINGEAUD, J., GUPTA, S., ROGERS, J. S., DICKENS, M., HAN, J., ULEVITCH, R. J. 

& DAVIS, R. J. 1995. Pro-inflammatory cytokines and environmental stress cause p38 

mitogen-activated protein kinase activation by dual phosphorylation on tyrosine and 

threonine. J Biol Chem, 270, 7420-6. 

RAJESH, M., MUKHOPADHYAY, P., HASKO, G., HUFFMAN, J. W., MACKIE, K. & 

PACHER, P. 2008. CB2 cannabinoid receptor agonists attenuate TNF-alpha-induced human 

vascular smooth muscle cell proliferation and migration. Br J Pharmacol, 153, 347-57. 

RALEVIC, V. & BURNSTOCK, G. 1998. Receptors for purines and pyrimidines. 

Pharmacol Rev, 50, 413-92. 

RANTA, V., ORPANA, A., CARPEN, O., TURPEINEN, U., YLIKORKALA, O. & 

VIINIKKA, L. 1999. Human vascular endothelial cells produce tumor necrosis factor-alpha 

in response to proinflammatory cytokine stimulation. Crit Care Med, 27, 2184-7. 

RAPAPORT, E. 1983. Treatment of human tumor cells with ADP or ATP yields arrest of 

growth in the S phase of the cell cycle. J Cell Physiol, 114, 279-83. 

RAPAPORT, E. 1988. Experimental cancer therapy in mice by adenine nucleotides. Eur J 

Cancer Clin Oncol, 24, 1491-7. 

RAPAPORT, E. & FONTAINE, J. 1989. Generation of extracellular ATP in blood and its 

mediated inhibition of host weight loss in tumor-bearing mice. Biochem Pharmacol, 38, 

4261-6. 



228 
 

RAPISARDA, A. & MELILLO, G. 2007. UVC inhibits HIF-1alpha protein translation by a 

DNA damage- and topoisomerase I-independent pathway. Oncogene, 26, 6875-84. 

RASHID, G., BENCHETRIT, S., FISHMAN, D. & BERNHEIM, J. 2004. Effect of 

advanced glycation end-products on gene expression and synthesis of TNF-alpha and 

endothelial nitric oxide synthase by endothelial cells. Kidney Int, 66, 1099-106. 

RASMUSSEN, S. G., DEVREE, B. T., ZOU, Y., KRUSE, A. C., CHUNG, K. Y., 

KOBILKA, T. S., THIAN, F. S., CHAE, P. S., PARDON, E., CALINSKI, D., MATHIESEN, 

J. M., SHAH, S. T., LYONS, J. A., CAFFREY, M., GELLMAN, S. H., STEYAERT, J., 

SKINIOTIS, G., WEIS, W. I., SUNAHARA, R. K. & KOBILKA, B. K. 2011. Crystal 

structure of the beta2 adrenergic receptor-Gs protein complex. Nature, 477, 549-55. 

RASSENDREN, F., BUELL, G. N., VIRGINIO, C., COLLO, G., NORTH, R. A. & 

SURPRENANT, A. 1997. The permeabilizing ATP receptor, P2X7. Cloning and expression 

of a human cDNA. J Biol Chem, 272, 5482-6. 

READ, M. A., WHITLEY, M. Z., GUPTA, S., PIERCE, J. W., BEST, J., DAVIS, R. J. & 

COLLINS, T. 1997. Tumor necrosis factor alpha-induced E-selectin expression is activated 

by the nuclear factor-kappaB and c-JUN N-terminal kinase/p38 mitogen-activated protein 

kinase pathways. J Biol Chem, 272, 2753-61. 

REARDON, D. B., CONTESSA, J. N., MIKKELSEN, R. B., VALERIE, K., AMIR, C., 

DENT, P. & SCHMIDT-ULLRICH, R. K. 1999. Dominant negative EGFR-CD533 and 

inhibition of MAPK modify JNK1 activation and enhance radiation toxicity of human 

mammary carcinoma cells. Oncogene, 18, 4756-66. 

REBER, L., VERMEULEN, L., HAEGEMAN, G. & FROSSARD, N. 2009. Ser276 

phosphorylation of NF-kB p65 by MSK1 controls SCF expression in inflammation. PLoS 

One, 4, e4393. 

RICCI, R., SUMARA, G., SUMARA, I., ROZENBERG, I., KURRER, M., AKHMEDOV, 

A., HERSBERGER, M., ERIKSSON, U., EBERLI, F. R., BECHER, B., BOREN, J., CHEN, 

M., CYBULSKY, M. I., MOORE, K. J., FREEMAN, M. W., WAGNER, E. F., MATTER, 

C. M. & LUSCHER, T. F. 2004. Requirement of JNK2 for scavenger receptor A-mediated 

foam cell formation in atherogenesis. Science, 306, 1558-61. 



229 
 

RICOTE, M., GARCIA-TUNON, I., FRAILE, B., FERNANDEZ, C., ALLER, P., 

PANIAGUA, R. & ROYUELA, M. 2006. P38 MAPK protects against TNF-alpha-provoked 

apoptosis in LNCaP prostatic cancer cells. Apoptosis, 11, 1969-75. 

RIEG, T., BUNDEY, R. A., CHEN, Y., DESCHENES, G., JUNGER, W., INSEL, P. A. & 

VALLON, V. 2007. Mice lacking P2Y2 receptors have salt-resistant hypertension and 

facilitated renal Na+ and water reabsorption. FASEB J, 21, 3717-26. 

ROCA, H., CRAIG, M. J., YING, C., VARSOS, Z. S., CZARNIESKI, P., ALVA, A. S., 

HERNANDEZ, J., FULLER, D., DAIGNAULT, S., HEALY, P. N. & PIENTA, K. J. 2012. 

IL-4 induces proliferation in prostate cancer PC3 cells under nutrient-depletion stress 

through the activation of the JNK-pathway and survivin up-regulation. J Cell Biochem, 113, 

1569-80. 

ROGGIA, C., GAO, Y., CENCI, S., WEITZMANN, M. N., TORALDO, G., ISAIA, G. & 

PACIFICI, R. 2001. Up-regulation of TNF-producing T cells in the bone marrow: a key 

mechanism by which estrogen deficiency induces bone loss in vivo. Proc Natl Acad Sci U S 

A, 98, 13960-5. 

RONINSON, I. B., BROUDE, E. V. & CHANG, B. D. 2001. If not apoptosis, then what? 

Treatment-induced senescence and mitotic catastrophe in tumor cells. Drug Resist Updat, 4, 

303-13. 

ROSE, B. A., FORCE, T. & WANG, Y. 2010. Mitogen-activated protein kinase signaling in 

the heart: angels versus demons in a heart-breaking tale. Physiol Rev, 90, 1507-46. 

ROSETTE, C. & KARIN, M. 1996. Ultraviolet light and osmotic stress: activation of the 

JNK cascade through multiple growth factor and cytokine receptors. Science, 274, 1194-7. 

ROSS, D. & JOYNER, W. L. 1997. Resting distribution and stimulated translocation of 

protein kinase C isoforms alpha, epsilon and zeta in response to bradykinin and TNF in 

human endothelial cells. Endothelium, 5, 321-32. 

ROSS, R. 1999. Atherosclerosis--an inflammatory disease. N Engl J Med, 340, 115-26. 

ROSSIG, L., DIMMELER, S. & ZEIHER, A. M. 2001. Apoptosis in the vascular wall and 

atherosclerosis. Basic Res Cardiol, 96, 11-22. 



230 
 

ROTHE, M., WONG, S. C., HENZEL, W. J. & GOEDDEL, D. V. 1994. A novel family of 

putative signal transducers associated with the cytoplasmic domain of the 75 kDa tumor 

necrosis factor receptor. Cell, 78, 681-92. 

ROTT, D., ZHU, J., BURNETT, M. S., ZHOU, Y. F., ZALLES-GANLEY, A., 

OGUNMAKINWA, J. & EPSTEIN, S. E. 2003. Effects of MF-tricyclic, a selective 

cyclooxygenase-2 inhibitor, on atherosclerosis progression and susceptibility to 

cytomegalovirus replication in apolipoprotein-E knockout mice. J Am Coll Cardiol, 41, 

1812-9. 

ROUX, P. P. & BLENIS, J. 2004. ERK and p38 MAPK-activated protein kinases: a family 

of protein kinases with diverse biological functions. Microbiol Mol Biol Rev, 68, 320-44. 

RUEDA, D., GALVE-ROPERH, I., HARO, A. & GUZMAN, M. 2000. The CB(1) 

cannabinoid receptor is coupled to the activation of c-Jun N-terminal kinase. Mol Pharmacol, 

58, 814-20. 

SABAPATHY, K. 2012. Role of the JNK pathway in human diseases. Prog Mol Biol Transl 

Sci, 106, 145-69. 

SABAPATHY, K., HOCHEDLINGER, K., NAM, S. Y., BAUER, A., KARIN, M. & 

WAGNER, E. F. 2004. Distinct roles for JNK1 and JNK2 in regulating JNK activity and c-

Jun-dependent cell proliferation. Mol Cell, 15, 713-25. 

SABAPATHY, K. & WAGNER, E. F. 2004. JNK2: a negative regulator of cellular 

proliferation. Cell Cycle, 3, 1520-3. 

SACHSENMAIER, C., RADLER-POHL, A., ZINCK, R., NORDHEIM, A., HERRLICH, P. 

& RAHMSDORF, H. J. 1994. Involvement of growth factor receptors in the mammalian 

UVC response. Cell, 78, 963-72. 

SACKTOR, B. 1955. Cell structure and the metabolism of insect flight muscle. J Biophys 

Biochem Cytol, 1, 29-46. 

SAIJO, Y., TANAKA, M., MIKI, M., USUI, K., SUZUKI, T., MAEMONDO, M., HONG, 

X., TAZAWA, R., KIKUCHI, T., MATSUSHIMA, K. & NUKIWA, T. 2002. 

Proinflammatory cytokine IL-1 beta promotes tumor growth of Lewis lung carcinoma by 

induction of angiogenic factors: in vivo analysis of tumor-stromal interaction. J Immunol, 

169, 469-75. 



231 
 

SAITO, H., NISHIMURA, M., SHINANO, H., MAKITA, H., TSUJINO, I., SHIBUYA, E., 

SATO, F., MIYAMOTO, K. & KAWAKAMI, Y. 1999a. Plasma concentration of adenosine 

during normoxia and moderate hypoxia in humans. Am J Respir Crit Care Med, 159, 1014-8. 

SAITO, K., KOBAYASHI, D., SASAKI, M., ARAAKE, H., KIDA, T., YAGIHASHI, A., 

YAJIMA, T., KAMESHIMA, H. & WATANABE, N. 1999b. Detection of human serum 

tumor necrosis factor-alpha in healthy donors, using a highly sensitive immuno-PCR assay. 

Clin Chem, 45, 665-9. 

SAITOH, M., NISHITOH, H., FUJII, M., TAKEDA, K., TOBIUME, K., SAWADA, Y., 

KAWABATA, M., MIYAZONO, K. & ICHIJO, H. 1998. Mammalian thioredoxin is a 

direct inhibitor of apoptosis signal-regulating kinase (ASK) 1. EMBO J, 17, 2596-606. 

SALEEM, A., DATTA, R., YUAN, Z. M., KHARBANDA, S. & KUFE, D. 1995. 

Involvement of stress-activated protein kinase in the cellular response to 1-beta-D-

arabinofuranosylcytosine and other DNA-damaging agents. Cell Growth Differ, 6, 1651-8. 

SALGADO, R., JUNIUS, S., BENOY, I., VAN DAM, P., VERMEULEN, P., VAN 

MARCK, E., HUGET, P. & DIRIX, L. Y. 2003. Circulating interleukin-6 predicts survival 

in patients with metastatic breast cancer. Int J Cancer, 103, 642-6. 

SANCHEZ-PEREZ, I., MURGUIA, J. R. & PERONA, R. 1998. Cisplatin induces a 

persistent activation of JNK that is related to cell death. Oncogene, 16, 533-40. 

SCHAFER, R., SEDEHIZADE, F., WELTE, T. & REISER, G. 2003. ATP- and UTP-

activated P2Y receptors differently regulate proliferation of human lung epithelial tumor 

cells. Am J Physiol Lung Cell Mol Physiol, 285, L376-85. 

SCHAFER, Z. T. & BRUGGE, J. S. 2007. IL-6 involvement in epithelial cancers. J Clin 

Invest, 117, 3660-3. 

SCHIEVELLA, A. R., CHEN, J. H., GRAHAM, J. R. & LIN, L. L. 1997. MADD, a novel 

death domain protein that interacts with the type 1 tumor necrosis factor receptor and 

activates mitogen-activated protein kinase. J Biol Chem, 272, 12069-75. 

SCHMITZ, U., ISHIDA, T., ISHIDA, M., SURAPISITCHAT, J., HASHAM, M. I., 

PELECH, S. & BERK, B. C. 1998. Angiotensin II stimulates p21-activated kinase in 

vascular smooth muscle cells: role in activation of JNK. Circ Res, 82, 1272-8. 



232 
 

SCHNEIDER-BRACHERT, W., TCHIKOV, V., NEUMEYER, J., JAKOB, M., WINOTO-

MORBACH, S., HELD-FEINDT, J., HEINRICH, M., MERKEL, O., 

EHRENSCHWENDER, M., ADAM, D., MENTLEIN, R., KABELITZ, D. & SCHUTZE, S. 

2004. Compartmentalization of TNF receptor 1 signaling: internalized TNF receptosomes as 

death signaling vesicles. Immunity, 21, 415-28. 

SCHOPPMANN, S. F., BIRNER, P., STOCKL, J., KALT, R., ULLRICH, R., CAUCIG, C., 

KRIEHUBER, E., NAGY, K., ALITALO, K. & KERJASCHKI, D. 2002. Tumor-associated 

macrophages express lymphatic endothelial growth factors and are related to peritumoral 

lymphangiogenesis. Am J Pathol, 161, 947-56. 

SCHRADER, J., HADDY, F. J. & GERLACH, E. 1977. Release of adenosine, inosine and 

hypoxanthine from the isolated guinea pig heart during hypoxia, flow-autoregulation and 

reactive hyperemia. Pflugers Arch, 369, 1-6. 

SCHROER, K., ZHU, Y., SAUNDERS, M. A., DENG, W. G., XU, X. M., MEYER-

KIRCHRATH, J. & WU, K. K. 2002. Obligatory role of cyclic adenosine monophosphate 

response element in cyclooxygenase-2 promoter induction and feedback regulation by 

inflammatory mediators. Circulation, 105, 2760-5. 

SCHULZ-ERTNER, D., JAKEL, O. & SCHLEGEL, W. 2006. Radiation therapy with 

charged particles. Semin Radiat Oncol, 16, 249-59. 

SCORRANO, L. & KORSMEYER, S. J. 2003. Mechanisms of cytochrome c release by 

proapoptotic BCL-2 family members. Biochem Biophys Res Commun, 304, 437-44. 

SEEGER, F. H., SEDDING, D., LANGHEINRICH, A. C., HAENDELER, J., ZEIHER, A. 

M. & DIMMELER, S. 2010. Inhibition of the p38 MAP kinase in vivo improves number and 

functional activity of vasculogenic cells and reduces atherosclerotic disease progression. 

Basic Res Cardiol, 105, 389-97. 

SEIFERT, J. P., ZHOU, Y., HICKS, S. N., SONDEK, J. & HARDEN, T. K. 2008. Dual 

activation of phospholipase C-epsilon by Rho and Ras GTPases. J Biol Chem, 283, 29690-8. 

SEIMON, T. A., WANG, Y., HAN, S., SENOKUCHI, T., SCHRIJVERS, D. M., 

KURIAKOSE, G., TALL, A. R. & TABAS, I. A. 2009. Macrophage deficiency of p38alpha 

MAPK promotes apoptosis and plaque necrosis in advanced atherosclerotic lesions in mice. 

J Clin Invest, 119, 886-98. 



233 
 

SELCHER, J. C., NEKRASOVA, T., PAYLOR, R., LANDRETH, G. E. & SWEATT, J. D. 

2001. Mice lacking the ERK1 isoform of MAP kinase are unimpaired in emotional learning. 

Learn Mem, 8, 11-9. 

SELLERS, L. A., SIMON, J., LUNDAHL, T. S., COUSENS, D. J., HUMPHREY, P. P. & 

BARNARD, E. A. 2001. Adenosine nucleotides acting at the human P2Y1 receptor 

stimulate mitogen-activated protein kinases and induce apoptosis. J Biol Chem, 276, 16379-

90. 

SETHI, J. K., XU, H., UYSAL, K. T., WIESBROCK, S. M., SCHEJA, L. & 

HOTAMISLIGIL, G. S. 2000. Characterisation of receptor-specific TNFalpha functions in 

adipocyte cell lines lacking type 1 and 2 TNF receptors. FEBS Lett, 469, 77-82. 

SEYE, C. I., GADEAU, A. P., DARET, D., DUPUCH, F., ALZIEU, P., CAPRON, L. & 

DESGRANGES, C. 1997. Overexpression of P2Y2 purinoceptor in intimal lesions of the rat 

aorta. Arterioscler Thromb Vasc Biol, 17, 3602-10. 

SEYE, C. I., KONG, Q., ERB, L., GARRAD, R. C., KRUGH, B., WANG, M., TURNER, J. 

T., STUREK, M., GONZALEZ, F. A. & WEISMAN, G. A. 2002. Functional P2Y2 

nucleotide receptors mediate uridine 5'-triphosphate-induced intimal hyperplasia in collared 

rabbit carotid arteries. Circulation, 106, 2720-6. 

SHABBIR, M., RYTEN, M., THOMPSON, C., MIKHAILIDIS, D. & BURNSTOCK, G. 

2008. Characterization of calcium-independent purinergic receptor-mediated apoptosis in 

hormone-refractory prostate cancer. BJU Int, 101, 352-9. 

SHE, Q. B., CHEN, N., BODE, A. M., FLAVELL, R. A. & DONG, Z. 2002. Deficiency of 

c-Jun-NH(2)-terminal kinase-1 in mice enhances skin tumor development by 12-O-

tetradecanoylphorbol-13-acetate. Cancer Res, 62, 1343-8. 

SHEIKH, M. S., ANTINORE, M. J., HUANG, Y. & FORNACE, A. J., JR. 1998. 

Ultraviolet-irradiation-induced apoptosis is mediated via ligand independent activation of 

tumor necrosis factor receptor 1. Oncogene, 17, 2555-63. 

SHEN, J. & DICORLETO, P. E. 2008. ADP stimulates human endothelial cell migration via 

P2Y1 nucleotide receptor-mediated mitogen-activated protein kinase pathways. Circ Res, 

102, 448-56. 



234 
 

SHEN, W. H., JACKSON, S. T., BROUSSARD, S. R., MCCUSKER, R. H., STRLE, K., 

FREUND, G. G., JOHNSON, R. W., DANTZER, R. & KELLEY, K. W. 2004. IL-1beta 

suppresses prolonged Akt activation and expression of E2F-1 and cyclin A in breast cancer 

cells. J Immunol, 172, 7272-81. 

SHENOY, S. K., DRAKE, M. T., NELSON, C. D., HOUTZ, D. A., XIAO, K., 

MADABUSHI, S., REITER, E., PREMONT, R. T., LICHTARGE, O. & LEFKOWITZ, R. J. 

2006. beta-arrestin-dependent, G protein-independent ERK1/2 activation by the beta2 

adrenergic receptor. J Biol Chem, 281, 1261-73. 

SHERIDAN, C., BRUMATTI, G. & MARTIN, S. J. 2008. Oncogenic B-RafV600E inhibits 

apoptosis and promotes ERK-dependent inactivation of Bad and Bim. J Biol Chem, 283, 

22128-35. 

SHIBUYA, H., YAMAGUCHI, K., SHIRAKABE, K., TONEGAWA, A., GOTOH, Y., 

UENO, N., IRIE, K., NISHIDA, E. & MATSUMOTO, K. 1996. TAB1: an activator of the 

TAK1 MAPKKK in TGF-beta signal transduction. Science, 272, 1179-82. 

SHIMAMURA, T., SHIROISHI, M., WEYAND, S., TSUJIMOTO, H., WINTER, G., 

KATRITCH, V., ABAGYAN, R., CHEREZOV, V., LIU, W., HAN, G. W., KOBAYASHI, 

T., STEVENS, R. C. & IWATA, S. 2011. Structure of the human histamine H1 receptor 

complex with doxepin. Nature, 475, 65-70. 

SHIZUKUDA, Y., HELISCH, A., YOKOTA, R. & WARE, J. A. 1999. Downregulation of 

protein kinase cdelta activity enhances endothelial cell adaptation to hypoxia. Circulation, 

100, 1909-16. 

SHORT, S. M., BOYER, J. L. & JULIANO, R. L. 2000. Integrins regulate the linkage 

between upstream and downstream events in G protein-coupled receptor signaling to 

mitogen-activated protein kinase. J Biol Chem, 275, 12970-7. 

SIEHLER, S. 2009. Regulation of RhoGEF proteins by G12/13-coupled receptors. Br J 

Pharmacol, 158, 41-9. 

SINGHIRUNNUSORN, P., SUZUKI, S., KAWASAKI, N., SAIKI, I. & SAKURAI, H. 

2005. Critical roles of threonine 187 phosphorylation in cellular stress-induced rapid and 

transient activation of transforming growth factor-beta-activated kinase 1 (TAK1) in a 

signaling complex containing TAK1-binding protein TAB1 and TAB2. J Biol Chem, 280, 

7359-68. 



235 
 

SITKOVSKY, M., LUKASHEV, D., DEAGLIO, S., DWYER, K., ROBSON, S. C. & 

OHTA, A. 2008. Adenosine A2A receptor antagonists: blockade of adenosinergic effects 

and T regulatory cells. Br J Pharmacol, 153 Suppl 1, S457-64. 

SLATER, M., DANIELETTO, S., POOLEY, M., CHENG TEH, L., GIDLEY-BAIRD, A. & 

BARDEN, J. A. 2004. Differentiation between cancerous and normal hyperplastic lobules in 

breast lesions. Breast Cancer Res Treat, 83, 1-10. 

SMITH, D. B. & JOHNSON, K. S. 1988. Single-step purification of polypeptides expressed 

in Escherichia coli as fusions with glutathione S-transferase. Gene, 67, 31-40. 

SMRCKA, A. V. 2008. G protein betagamma subunits: central mediators of G protein-

coupled receptor signaling. Cell Mol Life Sci, 65, 2191-214. 

SOKOLOV, M. V., SMILENOV, L. B., HALL, E. J., PANYUTIN, I. G., BONNER, W. M. 

& SEDELNIKOVA, O. A. 2005. Ionizing radiation induces DNA double-strand breaks in 

bystander primary human fibroblasts. Oncogene, 24, 7257-65. 

SOLTOFF, S. P. 1998. Related adhesion focal tyrosine kinase and the epidermal growth 

factor receptor mediate the stimulation of mitogen-activated protein kinase by the G-protein-

coupled P2Y2 receptor. Phorbol ester or [Ca2+]i elevation can substitute for receptor 

activation. J Biol Chem, 273, 23110-7. 

SOLTOFF, S. P., AVRAHAM, H., AVRAHAM, S. & CANTLEY, L. C. 1998. Activation of 

P2Y2 receptors by UTP and ATP stimulates mitogen-activated kinase activity through a 

pathway that involves related adhesion focal tyrosine kinase and protein kinase C. J Biol 

Chem, 273, 2653-60. 

SONG, C., HU, C. D., MASAGO, M., KARIYAI, K., YAMAWAKI-KATAOKA, Y., 

SHIBATOHGE, M., WU, D., SATOH, T. & KATAOKA, T. 2001a. Regulation of a novel 

human phospholipase C, PLCepsilon, through membrane targeting by Ras. J Biol Chem, 276, 

2752-7. 

SONG, J. J. & LEE, Y. J. 2007. Differential activation of the JNK signal pathway by UV 

irradiation and glucose deprivation. Cell Signal, 19, 563-72. 

SONG, Y., AO, L., RAEBURN, C. D., CALKINS, C. M., ABRAHAM, E., HARKEN, A. H. 

& MENG, X. 2001b. A low level of TNF-alpha mediates hemorrhage-induced acute lung 

injury via p55 TNF receptor. Am J Physiol Lung Cell Mol Physiol, 281, L677-84. 



236 
 

SORIA, G., OFRI-SHAHAK, M., HAAS, I., YAAL-HAHOSHEN, N., LEIDER-TREJO, L., 

LEIBOVICH-RIVKIN, T., WEITZENFELD, P., MESHEL, T., SHABTAI, E., GUTMAN, 

M. & BEN-BARUCH, A. 2011. Inflammatory mediators in breast cancer: coordinated 

expression of TNFalpha & IL-1beta with CCL2 & CCL5 and effects on epithelial-to-

mesenchymal transition. BMC Cancer, 11, 130. 

SPARMANN, A. & BAR-SAGI, D. 2004. Ras-induced interleukin-8 expression plays a 

critical role in tumor growth and angiogenesis. Cancer Cell, 6, 447-58. 

SPUNGIN, B. & FRIEDBERG, I. 1993. Growth inhibition of breast cancer cells induced by 

exogenous ATP. J Cell Physiol, 157, 502-8. 

STEFAN, E., MALLESHAIAH, M. K., BRETON, B., EAR, P. H., BACHMANN, V., 

BEYERMANN, M., BOUVIER, M. & MICHNICK, S. W. 2011. PKA regulatory subunits 

mediate synergy among conserved G-protein-coupled receptor cascades. Nat Commun, 2, 

598. 

STEFFEL, J., ARNET, C., AKHMEDOV, A., ISELI, S. M., LUSCHER, T. F. & TANNER, 

F. C. 2006. Histamine differentially interacts with tumor necrosis factor-alpha and thrombin 

in endothelial tissue factor induction: the role of c-Jun NH2-terminal kinase. J Thromb 

Haemost, 4, 2452-60. 

STRATHMANN, M. & SIMON, M. I. 1990. G protein diversity: a distinct class of alpha 

subunits is present in vertebrates and invertebrates. Proc Natl Acad Sci U S A, 87, 9113-7. 

STRATHMANN, M. P. & SIMON, M. I. 1991. G alpha 12 and G alpha 13 subunits define a 

fourth class of G protein alpha subunits. Proc Natl Acad Sci U S A, 88, 5582-6. 

SU, S., LI, Y., LUO, Y., SHENG, Y., SU, Y., PADIA, R. N., PAN, Z. K., DONG, Z. & 

HUANG, S. 2009. Proteinase-activated receptor 2 expression in breast cancer and its role in 

breast cancer cell migration. Oncogene, 28, 3047-57. 

SUGAWARA, Y., NISHII, H., TAKAHASHI, T., YAMAUCHI, J., MIZUNO, N., TAGO, 

K. & ITOH, H. 2007. The lipid raft proteins flotillins/reggies interact with Galphaq and are 

involved in Gq-mediated p38 mitogen-activated protein kinase activation through tyrosine 

kinase. Cell Signal, 19, 1301-8. 



237 
 

SUNAHARA, R. K., DESSAUER, C. W., WHISNANT, R. E., KLEUSS, C. & GILMAN, A. 

G. 1997. Interaction of Gsalpha with the cytosolic domains of mammalian adenylyl cyclase. 

J Biol Chem, 272, 22265-71. 

SURAPISITCHAT, J., HOEFEN, R. J., PI, X., YOSHIZUMI, M., YAN, C. & BERK, B. C. 

2001. Fluid shear stress inhibits TNF-alpha activation of JNK but not ERK1/2 or p38 in 

human umbilical vein endothelial cells: Inhibitory crosstalk among MAPK family members. 

Proc Natl Acad Sci U S A, 98, 6476-81. 

TABOUBI, S., MILANINI, J., DELAMARRE, E., PARAT, F., GARROUSTE, F., 

POMMIER, G., TAKASAKI, J., HUBAUD, J. C., KOVACIC, H. & LEHMANN, M. 2007. 

G alpha(q/11)-coupled P2Y2 nucleotide receptor inhibits human keratinocyte spreading and 

migration. FASEB J, 21, 4047-58. 

TAKAESU, G., KISHIDA, S., HIYAMA, A., YAMAGUCHI, K., SHIBUYA, H., IRIE, K., 

NINOMIYA-TSUJI, J. & MATSUMOTO, K. 2000. TAB2, a novel adaptor protein, 

mediates activation of TAK1 MAPKKK by linking TAK1 to TRAF6 in the IL-1 signal 

transduction pathway. Mol Cell, 5, 649-58. 

TAKAESU, G., NINOMIYA-TSUJI, J., KISHIDA, S., LI, X., STARK, G. R. & 

MATSUMOTO, K. 2001. Interleukin-1 (IL-1) receptor-associated kinase leads to activation 

of TAK1 by inducing TAB2 translocation in the IL-1 signaling pathway. Mol Cell Biol, 21, 

2475-84. 

TAKAI, Y., SASAKI, T. & MATOZAKI, T. 2001. Small GTP-binding proteins. Physiol Rev, 

81, 153-208. 

TAKASAKI, J., SAITO, T., TANIGUCHI, M., KAWASAKI, T., MORITANI, Y., 

HAYASHI, K. & KOBORI, M. 2004. A novel Galphaq/11-selective inhibitor. J Biol Chem, 

279, 47438-45. 

TAKEDA, K. & AKIRA, S. 2004. TLR signaling pathways. Semin Immunol, 16, 3-9. 

TALASILA, A., GERMACK, R. & DICKENSON, J. M. 2009. Characterization of P2Y 

receptor subtypes functionally expressed on neonatal rat cardiac myofibroblasts. Br J 

Pharmacol, 158, 339-53. 



238 
 

TALUKDER, M. A., MORRISON, R. R., LEDENT, C. & MUSTAFA, S. J. 2003. 

Endogenous adenosine increases coronary flow by activation of both A2A and A2B 

receptors in mice. J Cardiovasc Pharmacol, 41, 562-70. 

TAMADA, M., HU, C. D., KARIYA, K., OKADA, T. & KATAOKA, T. 1997. Membrane 

recruitment of Raf-1 is not the only function of Ras in Raf-1 activation. Oncogene, 15, 2959-

64. 

TANG, D., WU, D., HIRAO, A., LAHTI, J. M., LIU, L., MAZZA, B., KIDD, V. J., MAK, T. 

W. & INGRAM, A. J. 2002. ERK activation mediates cell cycle arrest and apoptosis after 

DNA damage independently of p53. J Biol Chem, 277, 12710-7. 

TARTAGLIA, L. A., AYRES, T. M., WONG, G. H. & GOEDDEL, D. V. 1993. A novel 

domain within the 55 kd TNF receptor signals cell death. Cell, 74, 845-53. 

TAWARA, K., OXFORD, J. T. & JORCYK, C. L. 2011. Clinical significance of interleukin 

(IL)-6 in cancer metastasis to bone: potential of anti-IL-6 therapies. Cancer Manag Res, 3, 

177-89. 

TAZAWA, R., XU, X. M., WU, K. K. & WANG, L. H. 1994. Characterization of the 

genomic structure, chromosomal location and promoter of human prostaglandin H synthase-

2 gene. Biochem Biophys Res Commun, 203, 190-9. 

TENG, B., LEDENT, C. & MUSTAFA, S. J. 2008. Up-regulation of A 2B adenosine 

receptor in A 2A adenosine receptor knockout mouse coronary artery. J Mol Cell Cardiol, 44, 

905-14. 

TENG, B., QIN, W., ANSARI, H. R. & MUSTAFA, S. J. 2005. Involvement of p38-

mitogen-activated protein kinase in adenosine receptor-mediated relaxation of coronary 

artery. Am J Physiol Heart Circ Physiol, 288, H2574-80. 

TERAMOTO, H., COSO, O. A., MIYATA, H., IGISHI, T., MIKI, T. & GUTKIND, J. S. 

1996. Signaling from the small GTP-binding proteins Rac1 and Cdc42 to the c-Jun N-

terminal kinase/stress-activated protein kinase pathway. A role for mixed lineage kinase 

3/protein-tyrosine kinase 1, a novel member of the mixed lineage kinase family. J Biol Chem, 

271, 27225-8. 



239 
 

TESMER, J. J., SUNAHARA, R. K., GILMAN, A. G. & SPRANG, S. R. 1997. Crystal 

structure of the catalytic domains of adenylyl cyclase in a complex with 

Gsalpha.GTPgammaS. Science, 278, 1907-16. 

THEVANANTHER, S., SUN, H., LI, D., ARJUNAN, V., AWAD, S. S., WYLLIE, S., 

ZIMMERMAN, T. L., GOSS, J. A. & KARPEN, S. J. 2004. Extracellular ATP activates c-

jun N-terminal kinase signaling and cell cycle progression in hepatocytes. Hepatology, 39, 

393-402. 

TIPPING, P. G., DAVENPORT, P., GALLICCHIO, M., FILONZI, E. L., 

APOSTOLOPOULOS, J. & WOJTA, J. 1993. Atheromatous plaque macrophages produce 

plasminogen activator inhibitor type-1 and stimulate its production by endothelial cells and 

vascular smooth muscle cells. Am J Pathol, 143, 875-85. 

TIPPING, P. G. & HANCOCK, W. W. 1993. Production of tumor necrosis factor and 

interleukin-1 by macrophages from human atheromatous plaques. Am J Pathol, 142, 1721-8. 

TOBIUME, K., MATSUZAWA, A., TAKAHASHI, T., NISHITOH, H., MORITA, K., 

TAKEDA, K., MINOWA, O., MIYAZONO, K., NODA, T. & ICHIJO, H. 2001. ASK1 is 

required for sustained activations of JNK/p38 MAP kinases and apoptosis. EMBO Rep, 2, 

222-8. 

TODOROV, L. D., MIHAYLOVA-TODOROVA, S., WESTFALL, T. D., SNEDDON, P., 

KENNEDY, C., BJUR, R. A. & WESTFALL, D. P. 1997. Neuronal release of soluble 

nucleotidases and their role in neurotransmitter inactivation. Nature, 387, 76-9. 

TORII, S., KUSAKABE, M., YAMAMOTO, T., MAEKAWA, M. & NISHIDA, E. 2004. 

Sef is a spatial regulator for Ras/MAP kinase signaling. Dev Cell, 7, 33-44. 

TOULLEC, D., PIANETTI, P., COSTE, H., BELLEVERGUE, P., GRAND-PERRET, T., 

AJAKANE, M., BAUDET, V., BOISSIN, P., BOURSIER, E., LORIOLLE, F. & ET AL. 

1991. The bisindolylmaleimide GF 109203X is a potent and selective inhibitor of protein 

kinase C. J Biol Chem, 266, 15771-81. 

TOURNIER, C., HESS, P., YANG, D. D., XU, J., TURNER, T. K., NIMNUAL, A., BAR-

SAGI, D., JONES, S. N., FLAVELL, R. A. & DAVIS, R. J. 2000. Requirement of JNK for 

stress-induced activation of the cytochrome c-mediated death pathway. Science, 288, 870-4. 



240 
 

TOWBIN, H., STAEHELIN, T. & GORDON, J. 1979. Electrophoretic transfer of proteins 

from polyacrylamide gels to nitrocellulose sheets: procedure and some applications. Proc 

Natl Acad Sci U S A, 76, 4350-4. 

TSUKIMOTO, M., HOMMA, T., OHSHIMA, Y. & KOJIMA, S. 2010. Involvement of 

purinergic signaling in cellular response to gamma radiation. Radiat Res, 173, 298-309. 

TSURUTA, F., SUNAYAMA, J., MORI, Y., HATTORI, S., SHIMIZU, S., TSUJIMOTO, 

Y., YOSHIOKA, K., MASUYAMA, N. & GOTOH, Y. 2004. JNK promotes Bax 

translocation to mitochondria through phosphorylation of 14-3-3 proteins. EMBO J, 23, 

1889-99. 

TU, M. T., LUO, S. F., WANG, C. C., CHIEN, C. S., CHIU, C. T., LIN, C. C. & YANG, C. 

M. 2000. P2Y(2) receptor-mediated proliferation of C(6) glioma cells via activation of 

Ras/Raf/MEK/MAPK pathway. Br J Pharmacol, 129, 1481-9. 

TUNCMAN, G., HIROSUMI, J., SOLINAS, G., CHANG, L., KARIN, M. & 

HOTAMISLIGIL, G. S. 2006. Functional in vivo interactions between JNK1 and JNK2 

isoforms in obesity and insulin resistance. Proc Natl Acad Sci U S A, 103, 10741-6. 

TYRRELL, R. M. 1996. Activation of mammalian gene expression by the UV component of 

sunlight--from models to reality. Bioessays, 18, 139-48. 

UEMURA, T., KAWASAKI, T., TANIGUCHI, M., MORITANI, Y., HAYASHI, K., 

SAITO, T., TAKASAKI, J., UCHIDA, W. & MIYATA, K. 2006a. Biological properties of a 

specific Galpha q/11 inhibitor, YM-254890, on platelet functions and thrombus formation 

under high-shear stress. Br J Pharmacol, 148, 61-9. 

UEMURA, T., TAKAMATSU, H., KAWASAKI, T., TANIGUCHI, M., YAMAMOTO, E., 

TOMURA, Y., UCHIDA, W. & MIYATA, K. 2006b. Effect of YM-254890, a specific 

Galphaq/11 inhibitor, on experimental peripheral arterial disease in rats. Eur J Pharmacol, 

536, 154-61. 

UENO, N., MURAKAMI, M., TANIOKA, T., FUJIMORI, K., TANABE, T., URADE, Y. 

& KUDO, I. 2001. Coupling between cyclooxygenase, terminal prostanoid synthase, and 

phospholipase A2. J Biol Chem, 276, 34918-27. 



241 
 

UHLER, M. D., CARMICHAEL, D. F., LEE, D. C., CHRIVIA, J. C., KREBS, E. G. & 

MCKNIGHT, G. S. 1986a. Isolation of cDNA clones coding for the catalytic subunit of 

mouse cAMP-dependent protein kinase. Proc Natl Acad Sci U S A, 83, 1300-4. 

UHLER, M. D., CHRIVIA, J. C. & MCKNIGHT, G. S. 1986b. Evidence for a second 

isoform of the catalytic subunit of cAMP-dependent protein kinase. J Biol Chem, 261, 

15360-3. 

URANO, T., NISHIMORI, H., HAN, H., FURUHATA, T., KIMURA, Y., NAKAMURA, Y. 

& TOKINO, T. 1997. Cloning of P2XM, a novel human P2X receptor gene regulated by p53. 

Cancer Res, 57, 3281-7. 

VAIDYA, A. A., SHARMA, M. B. & KALE, V. P. 2008. Suppression of p38-stress kinase 

sensitizes quiescent leukemic cells to anti-mitotic drugs by inducing proliferative responses 

in them. Cancer Biol Ther, 7, 1232-40. 

VALERA, S., HUSSY, N., EVANS, R. J., ADAMI, N., NORTH, R. A., SURPRENANT, A. 

& BUELL, G. 1994. A new class of ligand-gated ion channel defined by P2x receptor for 

extracellular ATP. Nature, 371, 516-9. 

VELDEMAN, L., MADANI, I., HULSTAERT, F., DE MEERLEER, G., MAREEL, M. & 

DE NEVE, W. 2008. Evidence behind use of intensity-modulated radiotherapy: a systematic 

review of comparative clinical studies. Lancet Oncol, 9, 367-75. 

VENTURA, J. J., HUBNER, A., ZHANG, C., FLAVELL, R. A., SHOKAT, K. M. & 

DAVIS, R. J. 2006. Chemical genetic analysis of the time course of signal transduction by 

JNK. Mol Cell, 21, 701-10. 

VERMA, G., BHATIA, H. & DATTA, M. 2012. Gene expression profiling and pathway 

analysis identify the integrin signaling pathway to be altered by IL-1beta in human 

pancreatic cancer cells: role of JNK. Cancer Lett, 320, 86-95. 

VIAL, E. & MARSHALL, C. J. 2003. Elevated ERK-MAP kinase activity protects the FOS 

family member FRA-1 against proteasomal degradation in colon carcinoma cells. J Cell Sci, 

116, 4957-63. 

VIAL, E., SAHAI, E. & MARSHALL, C. J. 2003. ERK-MAPK signaling coordinately 

regulates activity of Rac1 and RhoA for tumor cell motility. Cancer Cell, 4, 67-79. 



242 
 

VIRCHOW, R. (ed.) 1856. Phlogose und Thrombose im Gefasssystem, Frankfurt: Meidinger 

Sohn and Co. 

VOJTEK, A. B., HOLLENBERG, S. M. & COOPER, J. A. 1993. Mammalian Ras interacts 

directly with the serine/threonine kinase Raf. Cell, 74, 205-14. 

VON KUGELGEN, I. 2006. Pharmacological profiles of cloned mammalian P2Y-receptor 

subtypes. Pharmacol Ther, 110, 415-32. 

VORONOV, E., SHOUVAL, D. S., KRELIN, Y., CAGNANO, E., BENHARROCH, D., 

IWAKURA, Y., DINARELLO, C. A. & APTE, R. N. 2003. IL-1 is required for tumor 

invasiveness and angiogenesis. Proc Natl Acad Sci U S A, 100, 2645-50. 

VROLING, B., SANDERS, M., BAAKMAN, C., BORRMANN, A., VERHOEVEN, S., 

KLOMP, J., OLIVEIRA, L., DE VLIEG, J. & VRIEND, G. 2011. GPCRDB: information 

system for G protein-coupled receptors. Nucleic Acids Res, 39, D309-19. 

WADGAONKAR, R., PIERCE, J. W., SOMNAY, K., DAMICO, R. L., CROW, M. T., 

COLLINS, T. & GARCIA, J. G. 2004. Regulation of c-Jun N-terminal kinase and p38 

kinase pathways in endothelial cells. Am J Respir Cell Mol Biol, 31, 423-31. 

WAJANT, H., PFIZENMAIER, K. & SCHEURICH, P. 2003. Tumor necrosis factor 

signaling. Cell Death Differ, 10, 45-65. 

WALDO, G. L. & HARDEN, T. K. 2004. Agonist binding and Gq-stimulating activities of 

the purified human P2Y1 receptor. Mol Pharmacol, 65, 426-36. 

WALSH, M. C., KIM, G. K., MAURIZIO, P. L., MOLNAR, E. E. & CHOI, Y. 2008. 

TRAF6 autoubiquitination-independent activation of the NFkappaB and MAPK pathways in 

response to IL-1 and RANKL. PLoS One, 3, e4064. 

WANG, C. Y., MAYO, M. W., KORNELUK, R. G., GOEDDEL, D. V. & BALDWIN, A. 

S., JR. 1998a. NF-kappaB antiapoptosis: induction of TRAF1 and TRAF2 and c-IAP1 and c-

IAP2 to suppress caspase-8 activation. Science, 281, 1680-3. 

WANG, J., AL-LAMKI, R. S., ZHANG, H., KIRKILES-SMITH, N., GAETA, M. L., 

THIRU, S., POBER, J. S. & BRADLEY, J. R. 2003. Histamine antagonizes tumor necrosis 

factor (TNF) signaling by stimulating TNF receptor shedding from the cell surface and Golgi 

storage pool. J Biol Chem, 278, 21751-60. 



243 
 

WANG, J., AN, F. S., ZHANG, W., GONG, L., WEI, S. J., QIN, W. D., WANG, X. P., 

ZHAO, Y. X., ZHANG, Y., ZHANG, C. & ZHANG, M. X. 2011. Inhibition of c-Jun N-

terminal kinase attenuates low shear stress-induced atherogenesis in apolipoprotein E-

deficient mice. Mol Med, 17, 990-9. 

WANG, J., KUIATSE, I., LEE, A. V., PAN, J., GIULIANO, A. & CUI, X. 2010a. Sustained 

c-Jun-NH2-kinase activity promotes epithelial-mesenchymal transition, invasion, and 

survival of breast cancer cells by regulating extracellular signal-regulated kinase activation. 

Mol Cancer Res, 8, 266-77. 

WANG, L., KARLSSON, L., MOSES, S., HULTGARDH-NILSSON, A., ANDERSSON, 

M., BORNA, C., GUDBJARTSSON, T., JERN, S. & ERLINGE, D. 2002. P2 receptor 

expression profiles in human vascular smooth muscle and endothelial cells. J Cardiovasc 

Pharmacol, 40, 841-53. 

WANG, L., PAN, Y. & DAI, J. L. 2004. Evidence of MKK4 pro-oncogenic activity in breast 

and pancreatic tumors. Oncogene, 23, 5978-85. 

WANG, Q. & DOERSCHUK, C. M. 2001. The p38 mitogen-activated protein kinase 

mediates cytoskeletal remodeling in pulmonary microvascular endothelial cells upon 

intracellular adhesion molecule-1 ligation. J Immunol, 166, 6877-84. 

WANG, S., YANG, J., QIAN, J., WEZEMAN, M., KWAK, L. W. & YI, Q. 2006. Tumor 

evasion of the immune system: inhibiting p38 MAPK signaling restores the function of 

dendritic cells in multiple myeloma. Blood, 107, 2432-9. 

WANG, T. H., WANG, H. S., ICHIJO, H., GIANNAKAKOU, P., FOSTER, J. S., FOJO, T. 

& WIMALASENA, J. 1998b. Microtubule-interfering agents activate c-Jun N-terminal 

kinase/stress-activated protein kinase through both Ras and apoptosis signal-regulating 

kinase pathways. J Biol Chem, 273, 4928-36. 

WANG, X., CHAO, L., LI, X., MA, G., CHEN, L., ZANG, Y. & ZHOU, G. 2010b. 

Elevated expression of phosphorylated c-Jun NH2-terminal kinase in basal-like and "triple-

negative" breast cancers. Hum Pathol, 41, 401-6. 

WARE, C. F. 2008. The TNF Superfamily-2008. Cytokine Growth Factor Rev, 19, 183-6. 



244 
 

WARNE, T., SERRANO-VEGA, M. J., BAKER, J. G., MOUKHAMETZIANOV, R., 

EDWARDS, P. C., HENDERSON, R., LESLIE, A. G., TATE, C. G. & SCHERTLER, G. F. 

2008. Structure of a beta1-adrenergic G-protein-coupled receptor. Nature, 454, 486-91. 

WEI, Q., COSTANZI, S., LIU, Q. Z., GAO, Z. G. & JACOBSON, K. A. 2011. Activation of 

the P2Y1 receptor induces apoptosis and inhibits proliferation of prostate cancer cells. 

Biochem Pharmacol, 82, 418-25. 

WEISS, H. J. & TURITTO, V. T. 1979. Prostacyclin (prostaglandin I2, PGI2) inhibits 

platelet adhesion and thrombus formation on subendothelium. Blood, 53, 244-50. 

WESCHE, H., HENZEL, W. J., SHILLINGLAW, W., LI, S. & CAO, Z. 1997. MyD88: an 

adapter that recruits IRAK to the IL-1 receptor complex. Immunity, 7, 837-47. 

WESTON, C. R. & DAVIS, R. J. 2007. The JNK signal transduction pathway. Curr Opin 

Cell Biol, 19, 142-9. 

WESTWICK, J. K., WEITZEL, C., MINDEN, A., KARIN, M. & BRENNER, D. A. 1994. 

Tumor necrosis factor alpha stimulates AP-1 activity through prolonged activation of the c-

Jun kinase. J Biol Chem, 269, 26396-401. 

WHITE, N. & BURNSTOCK, G. 2006. P2 receptors and cancer. Trends Pharmacol Sci, 27, 

211-7. 

WHITE, N., RYTEN, M., CLAYTON, E., BUTLER, P. & BURNSTOCK, G. 2005. P2Y 

purinergic receptors regulate the growth of human melanomas. Cancer Lett, 224, 81-91. 

WICOVSKY, A., MULLER, N., DARYAB, N., MARIENFELD, R., KNEITZ, C., 

KAVURI, S., LEVERKUS, M., BAUMANN, B. & WAJANT, H. 2007. Sustained JNK 

activation in response to tumor necrosis factor is mediated by caspases in a cell type-specific 

manner. J Biol Chem, 282, 2174-83. 

WILDEN, P. A., AGAZIE, Y. M., KAUFMAN, R. & HALENDA, S. P. 1998. ATP-

stimulated smooth muscle cell proliferation requires independent ERK and PI3K signaling 

pathways. Am J Physiol, 275, H1209-15. 

WOOD, E., BROEKMAN, M. J., KIRLEY, T. L., DIANI-MOORE, S., TICKNER, M., 

DROSOPOULOS, J. H., ISLAM, N., PARK, J. I., MARCUS, A. J. & RIFKIND, A. B. 2002. 

Cell-type specificity of ectonucleotidase expression and upregulation by 2,3,7,8-

tetrachlorodibenzo-p-dioxin. Arch Biochem Biophys, 407, 49-62. 



245 
 

WORTZEL, I. & SEGER, R. 2011. The ERK Cascade: Distinct Functions within Various 

Subcellular Organelles. Genes Cancer, 2, 195-209. 

WU, G., LUO, J., RANA, J. S., LAHAM, R., SELLKE, F. W. & LI, J. 2006. Involvement of 

COX-2 in VEGF-induced angiogenesis via P38 and JNK pathways in vascular endothelial 

cells. Cardiovasc Res, 69, 512-9. 

WU, S., LOKE, H. N. & REHEMTULLA, A. 2002. Ultraviolet radiation-induced apoptosis 

is mediated by Daxx. Neoplasia, 4, 486-92. 

WYSK, M., YANG, D. D., LU, H. T., FLAVELL, R. A. & DAVIS, R. J. 1999. Requirement 

of mitogen-activated protein kinase kinase 3 (MKK3) for tumor necrosis factor-induced 

cytokine expression. Proc Natl Acad Sci U S A, 96, 3763-8. 

XIA, Z., DICKENS, M., RAINGEAUD, J., DAVIS, R. J. & GREENBERG, M. E. 1995. 

Opposing effects of ERK and JNK-p38 MAP kinases on apoptosis. Science, 270, 1326-31. 

XIAO, Z., YANG, M., LV, Q., WANG, W., DENG, M., LIU, X., HE, Q., CHEN, X., CHEN, 

M., FANG, L., XIE, X. & HU, J. 2011. P2Y11 impairs cell proliferation by induction of cell 

cycle arrest and sensitizes endothelial cells to cisplatin-induced cell death. J Cell Biochem. 

YAMAMOTO, K., ICHIJO, H. & KORSMEYER, S. J. 1999. BCL-2 is phosphorylated and 

inactivated by an ASK1/Jun N-terminal protein kinase pathway normally activated at 

G(2)/M. Mol Cell Biol, 19, 8469-78. 

YAMAMOTO, K. K., GONZALEZ, G. A., BIGGS, W. H., 3RD & MONTMINY, M. R. 

1988. Phosphorylation-induced binding and transcriptional efficacy of nuclear factor CREB. 

Nature, 334, 494-8. 

YAMAMOTO, T., EBISUYA, M., ASHIDA, F., OKAMOTO, K., YONEHARA, S. & 

NISHIDA, E. 2006. Continuous ERK activation downregulates antiproliferative genes 

throughout G1 phase to allow cell-cycle progression. Curr Biol, 16, 1171-82. 

YAMAUCHI, J., HIRASAWA, A., MIYAMOTO, Y., ITOH, H. & TSUJIMOTO, G. 2001a. 

Beta2-adrenergic receptor/cyclic adenosine monophosphate (cAMP) leads to JNK activation 

through Rho family small GTPases. Biochem Biophys Res Commun, 284, 1199-203. 

YAMAUCHI, J., ITOH, H., SHINOURA, H., MIYAMOTO, Y., TSUMAYA, K., 

HIRASAWA, A., KAZIRO, Y. & TSUJIMOTO, G. 2001b. Galphaq-dependent activation of 



246 
 

mitogen-activated protein kinase kinase 4/c-Jun N-terminal kinase cascade. Biochem 

Biophys Res Commun, 288, 1087-94. 

YAMAUCHI, T., ADACHI, S., YASUDA, I., NAKASHIMA, M., KAWAGUCHI, J., 

NISHII, Y., YOSHIOKA, T., OKANO, Y., HIROSE, Y., KOZAWA, O. & MORIWAKI, H. 

2011. UVC radiation induces downregulation of EGF receptor via phosphorylation at serine 

1046/1047 in human pancreatic cancer cells. Radiat Res, 176, 565-74. 

YAMAWAKI, H., LEHOUX, S. & BERK, B. C. 2003. Chronic physiological shear stress 

inhibits tumor necrosis factor-induced proinflammatory responses in rabbit aorta perfused ex 

vivo. Circulation, 108, 1619-25. 

YANG, C. M., CHIEN, C. S., HSIAO, L. D., PAN, S. L., WANG, C. C., CHIU, C. T. & 

LIN, C. C. 2001a. Mitogenic effect of oxidized low-density lipoprotein on vascular smooth 

muscle cells mediated by activation of Ras/Raf/MEK/MAPK pathway. Br J Pharmacol, 132, 

1531-41. 

YANG, C. M., CHIU, C. T., WANG, C. C., CHIEN, C. S., HSIAO, L. D., LIN, C. C., TU, 

M. T. & PAN, S. L. 2000. Activation of mitogen-activated protein kinase by oxidized low-

density lipoprotein in canine cultured vascular smooth muscle cells. Cell Signal, 12, 205-14. 

YANG, D., KOUPENOVA, M., MCCRANN, D. J., KOPEIKINA, K. J., KAGAN, H. M., 

SCHREIBER, B. M. & RAVID, K. 2008. The A2b adenosine receptor protects against 

vascular injury. Proc Natl Acad Sci U S A, 105, 792-6. 

YANG, D., ZHANG, Y., NGUYEN, H. G., KOUPENOVA, M., CHAUHAN, A. K., 

MAKITALO, M., JONES, M. R., ST HILAIRE, C., SELDIN, D. C., TOSELLI, P., 

LAMPERTI, E., SCHREIBER, B. M., GAVRAS, H., WAGNER, D. D. & RAVID, K. 2006. 

The A2B adenosine receptor protects against inflammation and excessive vascular adhesion. 

J Clin Invest, 116, 1913-23. 

YANG, D. D., CONZE, D., WHITMARSH, A. J., BARRETT, T., DAVIS, R. J., RINCON, 

M. & FLAVELL, R. A. 1998. Differentiation of CD4+ T cells to Th1 cells requires MAP 

kinase JNK2. Immunity, 9, 575-85. 

YANG, J., LIN, Y., GUO, Z., CHENG, J., HUANG, J., DENG, L., LIAO, W., CHEN, Z., 

LIU, Z. & SU, B. 2001b. The essential role of MEKK3 in TNF-induced NF-kappaB 

activation. Nat Immunol, 2, 620-4. 



247 
 

YANG, Q. W., MOU, L., LV, F. L., WANG, J. Z., WANG, L., ZHOU, H. J. & GAO, D. 

2005. Role of Toll-like receptor 4/NF-kappaB pathway in monocyte-endothelial adhesion 

induced by low shear stress and ox-LDL. Biorheology, 42, 225-36. 

YANG, Y. M., BOST, F., CHARBONO, W., DEAN, N., MCKAY, R., RHIM, J. S., 

DEPATIE, C. & MERCOLA, D. 2003. C-Jun NH(2)-terminal kinase mediates proliferation 

and tumor growth of human prostate carcinoma. Clin Cancer Res, 9, 391-401. 

YAO, Z., DIENER, K., WANG, X. S., ZUKOWSKI, M., MATSUMOTO, G., ZHOU, G., 

MO, R., SASAKI, T., NISHINA, H., HUI, C. C., TAN, T. H., WOODGETT, J. P. & 

PENNINGER, J. M. 1997. Activation of stress-activated protein kinases/c-Jun N-terminal 

protein kinases (SAPKs/JNKs) by a novel mitogen-activated protein kinase kinase. J Biol 

Chem, 272, 32378-83. 

YEGUTKIN, G., BODIN, P. & BURNSTOCK, G. 2000. Effect of shear stress on the release 

of soluble ecto-enzymes ATPase and 5'-nucleotidase along with endogenous ATP from 

vascular endothelial cells. Br J Pharmacol, 129, 921-6. 

YEGUTKIN, G. G., HENTTINEN, T. & JALKANEN, S. 2001. Extracellular ATP 

formation on vascular endothelial cells is mediated by ecto-nucleotide kinase activities via 

phosphotransfer reactions. FASEB J, 15, 251-260. 

YEH, Y. T., HOU, M. F., CHUNG, Y. F., CHEN, Y. J., YANG, S. F., CHEN, D. C., SU, J. 

H. & YUAN, S. S. 2006. Decreased expression of phosphorylated JNK in breast infiltrating 

ductal carcinoma is associated with a better overall survival. Int J Cancer, 118, 2678-84. 

YIN, Y., YAN, Y., JIANG, X., MAI, J., CHEN, N. C., WANG, H. & YANG, X. F. 2009. 

Inflammasomes are differentially expressed in cardiovascular and other tissues. Int J 

Immunopathol Pharmacol, 22, 311-22. 

YOKOYAMA, U., ISHIWATA, R., JIN, M. H., KATO, Y., SUZUKI, O., JIN, H., 

ICHIKAWA, Y., KUMAGAYA, S., KATAYAMA, Y., FUJITA, T., OKUMURA, S., 

SATO, M., SUGIMOTO, Y., AOKI, H., SUZUKI, S., MASUDA, M., MINAMISAWA, S. 

& ISHIKAWA, Y. 2012. Inhibition of EP4 signaling attenuates aortic aneurysm formation. 

PLoS One, 7, e36724. 

YONEYAMA, Y., SUZUKI, S., SAWA, R., OTSUBO, Y., POWER, G. G. & ARAKI, T. 

2000. Plasma adenosine levels increase in women with normal pregnancies. Am J Obstet 

Gynecol, 182, 1200-3. 



248 
 

YOSHIMURA, K., AOKI, H., IKEDA, Y., FUJII, K., AKIYAMA, N., FURUTANI, A., 

HOSHII, Y., TANAKA, N., RICCI, R., ISHIHARA, T., ESATO, K., HAMANO, K. & 

MATSUZAKI, M. 2005. Regression of abdominal aortic aneurysm by inhibition of c-Jun N-

terminal kinase. Nat Med, 11, 1330-8. 

YU, C., MINEMOTO, Y., ZHANG, J., LIU, J., TANG, F., BUI, T. N., XIANG, J. & LIN, A. 

2004. JNK suppresses apoptosis via phosphorylation of the proapoptotic Bcl-2 family 

protein BAD. Mol Cell, 13, 329-40. 

YU, Y., GE, N., XIE, M., SUN, W., BURLINGAME, S., PASS, A. K., NUCHTERN, J. G., 

ZHANG, D., FU, S., SCHNEIDER, M. D., FAN, J. & YANG, J. 2008. Phosphorylation of 

Thr-178 and Thr-184 in the TAK1 T-loop is required for interleukin (IL)-1-mediated optimal 

NFkappaB and AP-1 activation as well as IL-6 gene expression. J Biol Chem, 283, 24497-

505. 

YUASA, T., OHNO, S., KEHRL, J. H. & KYRIAKIS, J. M. 1998. Tumor necrosis factor 

signaling to stress-activated protein kinase (SAPK)/Jun NH2-terminal kinase (JNK) and p38. 

Germinal center kinase couples TRAF2 to mitogen-activated protein kinase/ERK kinase 

kinase 1 and SAPK while receptor interacting protein associates with a mitogen-activated 

protein kinase kinase kinase upstream of MKK6 and p38. J Biol Chem, 273, 22681-92. 

ZERR, M., HECHLER, B., FREUND, M., MAGNENAT, S., LANOIS, I., CAZENAVE, J. 

P., LEON, C. & GACHET, C. 2011. Major contribution of the P2Yreceptor in purinergic 

regulation of TNFalpha-induced vascular inflammation. Circulation, 123, 2404-13. 

ZHAN, Y., KIM, S., IZUMI, Y., IZUMIYA, Y., NAKAO, T., MIYAZAKI, H. & IWAO, H. 

2003. Role of JNK, p38, and ERK in platelet-derived growth factor-induced vascular 

proliferation, migration, and gene expression. Arterioscler Thromb Vasc Biol, 23, 795-801. 

ZHANG, B., PERPETUA, M., FULMER, M. & HARBRECHT, B. G. 2004. JNK signaling 

involved in the effects of cyclic AMP on IL-1beta plus IFNgamma-induced inducible nitric 

oxide synthase expression in hepatocytes. Cell Signal, 16, 837-46. 

ZHANG, C., HEIN, T. W., WANG, W., REN, Y., SHIPLEY, R. D. & KUO, L. 2006. 

Activation of JNK and xanthine oxidase by TNF-alpha impairs nitric oxide-mediated dilation 

of coronary arterioles. J Mol Cell Cardiol, 40, 247-57. 

ZHANG, C., ZHANG, M. X., SHEN, Y. H., BURKS, J. K., ZHANG, Y., WANG, J., 

LEMAIRE, S. A., YOSHIMURA, K., AOKI, H., COSELLI, J. S. & WANG, X. L. 2007. 



249 
 

TNF-alpha suppresses prolyl-4-hydroxylase alpha1 expression via the ASK1-JNK-NonO 

pathway. Arterioscler Thromb Vasc Biol, 27, 1760-7. 

ZHANG, G. J. & ADACHI, I. 1999. Serum interleukin-6 levels correlate to tumor 

progression and prognosis in metastatic breast carcinoma. Anticancer Res, 19, 1427-32. 

ZWANG, Y. & YARDEN, Y. 2006. p38 MAP kinase mediates stress-induced 

internalization of EGFR: implications for cancer chemotherapy. EMBO J, 25, 4195-206. 

 

 

 


