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ACADEMIC ABSTRACT 

Sjögren’s Syndrome (SS) is an autoimmune disease that specifically 

targets exocrine glands, including salivary glands, and results in an impairment of 

secretory function.  The P2Y2 nucleotide receptor is a 7 transmembrane 

spanning G protein-coupled receptor activated equipotently by extracellular ATP 

and UTP.  P2Y2 receptors are up-regulated in response to stress or injury in a 

variety of tissues including rat aorta after balloon angioplasty (Seye et al., 1997), 

collared rabbit carotid arteries (Seye et al., 2002), in myocardium from the left 

ventricle of rats with congestive heart failure (Hou et al., 1999), in a rat model of 

renal ischemic reperfusion (Kishore et al., 1998), in activated mouse thymocytes 

(Koshiba et al., 1997), and in submandibular glands under stress conditions 

(Turner et al., 1997; Ahn et al., 2000).  Therefore, it was assessed whether P2Y2 

receptor expression was altered in submandibular glands (SMGs) of the 

NOD.B10 mouse model of primary SS as compared to SMGs of normal C57BL/6 

mice.  Results indicated that P2Y2 receptor mRNA and activity are up-regulated 

in SMG of the SS mouse model, but not in SMG of normal mice.  Other uridine 

nucleotide receptors, i.e., P2Y4 and P2Y6 receptors, showed no significant 

differences in expression between SMG cells of C57BL/6 or NOD.B10 mice, 

suggesting that only the P2Y2 nucleotide receptor was up-regulated in NOD.B10 

mice.  Taken together, these results indicate that up-regulation of functional P2Y2 

receptors occurs in SMGs of the NOD.B10 mouse model of SS and warrant 

further studies to elucidate the function of P2Y2 receptors in SS.   
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Recently, P2Y2Rs have been shown to transactivate growth factor 

receptors and their signaling pathways via RAFTK (PYK2) and src (Soltoff, 1998; 

Liu et al., 2004).  Additionally, transactivation of the epidermal growth factor 

receptor (EGFR) by other G protein-coupled receptors has been shown to be 

dependent on the proteolytic release of EGFR ligands such as heparin binding 

epidermal growth factor (HBEGF) (Prenzel et al., 1999; Pierce et al., 2001).  

Utilizing the human submandibular gland (HSG) cell line, we found that activation 

of the P2Y2R by its agonist UTP causes phosphorylation of the EGFR and the 

extracellular-signal regulated kinases, ERK1/2, and downstream transcription 

factors ELK and P90RSK in a time-dependent manner.  The EGFR inhibitor 

AG1478 blocked UTP-stimulated phosphorylation of the EGFR and ERK1/2.  

Moreover, TAPI-2, a matrix metalloprotease (ADAM17) inhibitor, and ADAM10 

and ADAM17 siRNA also inhibited UTP-stimulated phosphorylation of the EGFR 

and ERK1/2.  The src inhibitor PP2 inhibited UTP-stimulated ERK1/2, but not 

EGFR phosphorylation.  Other results indicate that P2Y2R-mediated ERK1/2 

activation occurs by two distinct pathways, a rapid src- and PKC-dependent 

pathway and a slower response requiring ADAM10 and ADAM17 

metalloprotease activity, EGFR transactivation and extracellular calcium.  These 

studies suggest that P2Y2Rs may be a promising target in treatments for 

Sjögren’s syndrome.  
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CHAPTER 1 

INTRODUCTION 

This dissertation examines the role of P2Y2 nucleotide receptor expression 

in salivary glands, particularly in a mouse model of the autoimmune salivary 

gland disease Sjögren’s syndrome (see Chapter 2).  The signal transduction 

pathways downstream of P2Y2 receptor activation in salivary gland cells are also 

considered (see Chapter 3).  Chapter 1 concerns background information about 

the structure and function of salivary glands, the etiology of Sjögren’s syndrome, 

the utility of the NOD.B10 mouse model of Sjögren’s syndrome, the structure and 

function of P2 nucleotide receptors, particularly the P2Y2 subtype, and P2Y2 

receptor signaling in salivary glands in relation to salivary gland function. 

 

Salivary glands 

The salivary glands secrete saliva, a physiologically active product that 

continually bathes the teeth and oral mucosa.  Some functions of saliva include: 

1) aiding in digestion of starchy food particles; 2) lubrication of food to facilitate 

swallowing, and lubrication of the oral cavity to facilitate speech; 3) providing 

anti-microbial action that is both bacteriostatic and bacteriocidal; and 4) 

protection against tooth demineralization [1].  The saliva is composed of water, 

salts, and mucins that coat and protect the lining of the teeth and cavity walls, 

lysozymes, lactoferrins, and peroxidases that retard bacterial growth, and other 

proteins such as amylases that facilitate digestion of carbohydrates.  
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There are three pairs of major salivary glands, the submandibular, parotid, 

and sublingual glands, that together contribute to saliva production to varying 

degrees and supply saliva components (see Figure 1).  There are also minor 

salivary glands located on the tongue, palate, and buccal and labial mucosa that 

contribute small amounts of saliva.  The smallest of the paired glands, the 

sublingual glands, are inferior to the tongue and contribute 5% of total salivary 

secretion.  The parotid glands, situated anteroinferiorly to the ear, are the largest 

of the salivary glands, and contribute 20% of total saliva secretion.  The 

submandibular gland is located inferior to the jaw and contributes 70% of the 

saliva produced [2].  

The three types of salivary glands are comprised primarily of two cell 

types: acinar cells, either mucosal or serosal, and ductal cells, either intercalated, 

striated, or excretory (see Figure 2).  The acinar cells are stimulated by 

neurotransmitters acting on receptors that stimulate secretion by increasing the 

intracellular Ca2+ concentration to activate Ca2+-activated Cl− channels, and by 

generating the ion gradients that facilitate water flow to the luminal side of the 

glandular structure.  These ion gradients promote the transport of secretagogues 

through the ductal structures where the ionic content of saliva portion is modified 

by selective ion reabsorption into the cells.  The final product flows to the mouth 

cavity where it lubricates the oral surfaces and aids in digestion of food particles. 

Each salivary gland contributes to saliva production in different ways due 

to the type of acinar cells that comprise the individual glands.  The sublingual 

gland, mostly composed of mucous acinar cells, produces a mucous or viscous 
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secretion.  The parotid gland, formed mostly of serous acinar cells, generates a 

watery secretion.  Finally, the submandibular gland, composed of both serous 

and mucous acinar cells, secretes a fluid that is a mixture of both mucous and 

serous saliva.  

 3



 

 

 

 

 

 

 

 

Figure 1.  Diagram of human salivary glands.  The three major paired salivary 

glands are the submandibular, parotid, and sublingual glands [3].  The 

submandibular, parotid, and sublingual glands produce 70%, 20%, and 5% of the 

total saliva, respectively.  The minor salivary glands contribute the remaining 5% 

of the saliva.  A cross section of the submandibular gland in the bottom right 

panel shows the two types of acinar cells, mucosal and serosal. 
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Figure 2.  Structure of salivary glands.  The salivary glands are composed of two 

types of acinar cells, serosal and mucosal, and three types of ductal cells, 

intercalated, striated, and excretory [4]. 
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Sjögren’s syndrome 

 Sjögren's syndrome (SS) is an autoimmune disease in which immune cells 

invade the salivary and lacrimal exocrine glands.  The syndrome is named after 

Dr. Henrik Sjögren, a Swedish ophthalmologist who described the symptoms in 

his thesis work in 1933 [5].  Earlier, in 1926, Henri Gougerot, a French 

ophthalmologist published the observation of what is now known as SS (the 

combinatorial presentation of the symptoms of dry eyes, dry mouth, and pain in 

several joints), although the disease is named after Sjögren who reported more 

cases, surpassed in number only by the Mayo Clinic, Rochester, USA [5].  SS is 

characterized by xerostomia (dry mouth) and xerophthalmia (dry eyes) and 

affects more than a million people in the United States, predominantly female 

(90%).  Dryness of the mucosal surfaces serviced by exocrine glands such as 

skin, gastrointestinal tract, lungs, and other tissues has also been observed in 

patients with SS [6].  About 50% of the time, SS occurs alone and is termed 

primary SS, and 50% of the time, it occurs in the presence of another connective 

tissue disease and is termed secondary SS. The four most common diagnoses 

that co-exist with SS are rheumatoid arthritis, systemic lupus, systemic sclerosis 

(scleroderma), and polymyositis/dermatomyositis [7].  

 Pathogenesis of SS occurs in two phases: an asymptomatic phase in 

which epithelial cells of exocrine tissues undergo dedifferentiation accompanied 

by elevated apoptosis, and a secondary phase in which organ autoantigens 

result in the activation of T-and B-cells, and the generation of autoantibodies [8].  

The presence of autoantibodies to the cell surface muscarinic receptor, M3, 
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correlates with the hallmark clinical symptom of secretory dysfunction [9-11].  In 

addition, alterations in glandular innervation of the exocrine tissues in SS patients 

have been detected [11-14]. 

 Histopathological analysis of minor salivary glands from SS patients 

shows primarily CD4+ T-cell lymphocytes [15].  Infiltrates appear as peri-ductal 

and peri-vascular foci within the glandular architecture of the salivary and 

lacrimal glands.  Serological evaluations show the presence of rheumatoid factor, 

hypergammaglobulinaemia, and specific anti-nuclear antibodies to nuclear 

proteins such as SS-A/Ro and SS-B/La [7], as well as antibodies against α-fodrin 

[16], carbonic anhydrase II [17], and the muscarinic M3 receptor [9-11, 18]. 

To investigate the etiology of SS, several mouse models have been 

developed, including MRL/lpr, New Zealand white/New Zealand black 

(NZW/NZB), NFS/sld, and the non-obese diabetic (NOD) mouse.  Despite the 

apparent similarities between SS and the several animal models, only the NOD 

mouse has been shown to demonstrate a corresponding loss of secretory 

function that parallels the temporal progression of lymphocytic infiltrates in these 

tissues [11, 19-21].  For this reason, the NOD mouse has emerged as an 

excellent model for the study of the pathogenesis of SS-like disease. 

 

NOD.B10 mice 

The NOD mouse model most closely matched to primary SS is the 

NOD.B10 mouse model, which displays a similar disease called Autoimmune 

Exocrinopathy (AEC) [18].  NOD.B10 mice, unlike the parental NOD mice, do not 
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display diabetes but retain the impaired ability to secrete saliva and tears.  This 

makes them an excellent model for primary SS [18].  The biochemical and 

immunological similarities between human SS and AEC in the NOD mouse 

include the presence of lymphocytic infiltrates correlated with the impairment of 

secretory function and tear formation, as well as the presence of autoantibodies 

[18], as shown in Table 1.  Since NOD-scid (severe combined immunodeficiency) 

mice lack the ability to generate functional B- and T-lymphocytes due to the 

introduction of a homozygous mutation at the scid locus, scientists are able to 

separate abnormalities that are caused by genetic changes from those caused 

by the immune system.  Interestingly, despite the changes in exocrine tissue 

homeostasis, NOD-scid mice do not lose secretory capacity with increasing age, 

although there is a decline in the acinar to ductal cell ratio due to acinar cell 

death [11, 22, 23].  This suggests that AEC may occur in two phases, the first 

being triggered by genetic abnormalities and the second being triggered by an 

immune response, as shown in Figure 3 [8].  Nod.Igm null mice lacking functional 

B-lymphocytes but not T-lymphocytes, retain the capacity to secrete saliva, even 

though glandular homeostasis is altered in a similar manner to NOD and NOD-

scid mice [11, 24].  This suggests that B-cells and autoantibodies may play a 

primary role in establishing decreased secretory function. 

 10



 

 

 

 

 

 

 

 

 

Table 1.  Comparison between human Sjögren’s syndrome (SS) and murine 

autoimmune exocrinopathy (AEC). 
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Sjögren's syndrome (SS) Autoimmune exocrinopathy (AEC) 

Lacrimal glands 

Decreased tear formation 

Lymphocytic infiltrates 

 

Decreased tear formation (30%) 

Lymphocytic infiltrates 

Salivary glands 

Lymphocytic foci of PAR, SMX 

 

Loss of secretory response in all 

glands 

Salivary gland enlargement 

Fas:FasL expressed on epithelial cells 

Elevated levels of caspase and MMP 

(metalloproteinase) 

 

Lymphocytic foci of SMX and minor 

salivary glands 

Loss of secretory response in all 

glands (90%) 

Same gland size or decrease 

Fas:FasL expressed on epithelial cells 

Elevated levels of caspase and MMP 

(metalloproteinase) 

Saliva 

Temporal decline in amylase activity 

 

Temporal decline in amylase activity 

Serum 

Anti-muscarinic (M3) receptor 

 

Anti-muscarinic (M3) receptor 
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Figure 3.  Time line for the biochemical and physiological changes related to the 

development of loss of secretory function observed in the Sjögren’s syndrome-

like disease of non-obese diabetic (NOD) mice.  These same events may be 

operative in the glandular epithelial cells of human patients [8]. 
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P2 nucleotide receptors 

Biological sources of extracellular nucleotides include the release of ATP 

from contracting skeletal muscle contraction, from stimulated sensory nerves, 

and from a variety of cell types in response to mechanical stress or injury [25].  

Extracellular nucleotides are important signaling molecules that mediate a variety 

of physiological effects by acting on cell surface nucleotide receptors.  These 

nucleotide receptors, known as P2 receptors, are activated by the extracellular 

nucleotides ATP, ADP, UTP, or UDP and can mediate a variety of effects 

including smooth muscle contraction, neurotransmission, exocrine and endocrine 

secretion, immunoreactivity, inflammation, platelet aggregation, cell proliferation, 

and modulation of cardiac function [25-29].  P2 receptor subtypes are classified 

according to their molecular structures, effector systems, and pharmacological 

profiles.  Based on these criteria, P2 nucleotide receptors can be divided into two 

families: ligand-gated ion channels (P2X receptors) and G protein-coupled P2Y 

receptors (see Figure 4, [30]).  

Members of the P2X receptor family are ATP-gated ion channels that 

mediate rapid increases (within 10 ms) in the plasma membrane permeability of 

Na+, K+, and Ca2+ cations [31-33].  Functional P2X receptors are comprised of 

hetero- or homo-multimers [25].  Each subunit has 379 to 472 amino acids and 

consists of 2 transmembrane-spanning α helices with a large extracellular 

domain containing a number of disulfide bonds [25, 34]. 

In contrast to P2X receptors, P2Y receptors respond to ATP and other 

adenine and uridine nucleotides and have slower response times (less than 100 
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ms) due to coupling to heterotrimeric GTP-binding proteins (G proteins) proteins 

and their second messenger systems [25, 35].  Members of the P2Y receptor 

family have 308 to 377 amino acids (masses of 41 to 53 kDa after glycosylation), 

and are comprised of 7 transmembrane-spanning domains.   

The families of P2 receptors (P2X and P2Y) can be further subdivided into 

subtypes based upon distinct rank order of agonist potencies for each receptor.  

Currently, seven P2X receptor subtypes (P2X1-7) and eight P2Y receptor 

subtypes (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, P2Y14) have been 

cloned.  The rank order of agonist potencies for the above receptors are listed in 

Table 2.  Of the P2Y receptors, P2Y1, P2Y2, P2Y4, P2Y6, and P2Y11 receptors 

are coupled to the phospholipase C (PLC) signaling pathway leading to inositol 

1,4,5-trisphosphate (IP3)-dependent increases in [Ca2+]i and diacylglycerol-

dependent activation of protein kinase C (PKC).  The P2Y11 receptor is also 

positively coupled to adenylyl cyclase.  P2Y12, P2Y13, and P2Y14 receptors 

couple to the Gi protein signaling pathway that inhibits adenylyl cyclase [36]. 
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Figure 4.  P2 receptors.  P2 receptors are classified into two families:  P2X 

receptors are ligand-gated ion channels, and P2Y receptors are G protein-

coupled receptors. 
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P2Y2 receptors in salivary glands 

In salivary glands, four subtypes of P2 receptors have been identified: 

P2X4, P2X7, P2Y1 (in developing glands), and P2Y2 (up-regulated in response to 

stress).  The rank order of agonist potencies for the four above-mentioned 

receptors are listed in bold in Table 2 [37, 38].  Through changes in [Ca2+]i and 

other mechanisms, P2 receptors appear to regulate salivary cell volume, ion and 

protein secretion, and the permeability of small molecules possibly related to 

cytotoxicity [38, 39].  The roles of P2 receptors in regulating saliva secretion have 

not been reported, however, the ability of nucleotides to increase second 

messenger levels, ion fluxes, and protein secretion in salivary gland cells 

suggests that P2 receptors modulate the production and composition of saliva 

[38]. 

 Recombinant and endogenous P2Y2 receptors couple to PLCβ via Gq11 

protein to mediate phosphoinositol 4,5-bisphosphate hydrolysis leading to IP3-

dependent Ca2+ mobilization, and diacylglycerol-dependent activation of PKC, 

and P2Y2 receptors also can couple to Gi/o proteins by an integrin-dependent 

mechanism [32, 40].  P2Y2 receptor-mediated activation of Gq11 protein and PLCβ 

also stimulates PLA2, Ca2+-dependent K+ channels, and generation of 

endothelium-derived relaxing factor (EDRF) [25, 32, 40].  The specific 

downstream response to activation by P2Y2 receptors of a given signaling 

pathway is partially dependent on the cell type in which the P2Y2 receptor is 

expressed.  In NCB-20 cells, and renal mesangial cells, P2Y2 receptors stimulate 

the inhibition of cAMP formation accompanied by elevations in [Ca2+]i [41, 42].  In 
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airway epithelial cells, P2Y2 receptor activation mediates the gating of Ca2+-

dependent Cl- channels that in turn promote fluid secretion [43, 44].  In rat 

hypothalamus, P2Y2 receptors mediate depolarization of supraoptic 

neurosecretory cells by opening a nonselective cation channel [45].  P2Y2 

receptor also couple to activation of PLD and stimulation of phosphatidylcholine 

breakdown [46, 47], by a mechanism that is Ca2+-independent [48].  In addition, 

protein tyrosine phosphorylation and MAPK activation can occur in response to 

P2Y2 receptor-mediated activation of PKC, independent of IP3, [Ca2+]i [49], or 

without activation of PKC due to stimulation of stress-activated protein kinases 

[50]. 

 The ERK pathway plays an important role in the regulation of gene 

expression that controls many cellular processes including growth and 

differentiation.  In cultured aortic smooth muscle cells and in activated 

thymocytes, P2Y2 receptors mediate an increase in the expression of immediate-

early and delayed-early cell cycle-dependent genes [51].  Since ERK is activated 

in response to a wide range of cellular stresses and since P2Y2 receptors are up-

regulated in response to injury or stress [52-58], it is logical to assume that P2Y2 

receptors can activate the ERK pathway.  Indeed, the ability of P2Y2 receptors to 

activate ERK has been reported [59-61].  Activation of ERK by the P2Y2 receptor 

can occur via EGFR transactivation [60], in part through binding of Src to SH3 

binding domains in the C-terminal tail of the P2Y2 receptor, ([62]; see Figure 5).  

P2Y2 receptor-mediated EGFR transactivation in human salivary gland (HSG) 

cells has been investigated (see Chapter 3). 
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 To analyze the function of the P2Y2 receptor, a P2Y2 receptor knockout 

mouse has been developed by Homolya et al. (1999) that displays reduced 

chloride secretion in airway epithelial cells, confirming the importance of the P2Y2 

receptor in regulating epithelial chloride secretion [63, 64].  In the ocular mucosa, 

P2Y2 receptor activation increases salt, water, and mucous secretion [65].  The 

P2Y2 receptor also regulates fluid and electrolyte (chloride) secretion in the colon 

and gallbladder, pancreatic and bile ducts [37], and airway epithelium where fluid 

secretion is accompanied by mucin glycoprotein release from epithelial goblet 

cells [66].  P2Y2 receptor activation also promotes inflammation in vascular 

human coronary artery endothelial cells (HCAEC) that occurs through the SH3 

binding domain-dependent transactivation of vascular epidermal growth factor 

receptor type 2 (VEGFR-2) [67], leading to increases in the expression of 

vascular cell adhesion molecule (VCAM-1) and recruitment of monocytes [53, 

67].  In addition to intracellular C-terminal SH3 binding domains, the P2Y2 

receptor also contains an Arg-Gly-Asp (RGD)-sequence in the first extracellular 

loop that has been shown to interact with αvβ3/β5 integrins [40] to regulate 

nucleotide-induced cell chemokinesis and chemotaxis [68, 69], responses 

associated with inflammation [70].   
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Table 2.  P2X and P2Y receptors are classified according to their rank order of 

agonist potencies.  Table 2 shows the rank order of agonist potencies of the 

cloned P2 receptor subtypes [37].  
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Receptor Subunit Rank Order of Agonist Potency 

P2X1 2-MeSATP>ATP>α,β-meATP 

P2X2 2-MeSATP>ATP (α,β-meATP inactive) 

P2X3 2-MeSATP>ATP>α,β-meATP 

P2X4 ATP>2-MeSATP>α,β-meATP 

P2X5 ATP>2-MeSATP>ADP 

P2X6 ATP>2-MeSATP>ADP 

P2X7 BzATP, ATP>2-MeSATP>ADP 

Receptor Subtype  

P2Y1 2-MeSADP>ATP>ADP (UTP inactive) 

P2Y2 UTP=ATP>>2-MeSATP 

P2Y4 UTP>ATP=ADP 

P2Y6 UDP>UTP>ADP 

P2Y11 ATP>2-MeSATP>ADP 

P2Y12 

P2Y13 

P2Y14 

2MeSATP=2MeSADP>ADP 

2MeSATP=2MeSADP>ADP>ATP 

UDP-glucose>UDP-galactose 
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Figure 5.  The structure of the human P2Y2 receptor.  The P2Y2 receptor is a 

seven transmembrane spanning receptor containing SH3 binding domains 

(yellow) in the C-terminal tail, and an integrin (αvβ3/β5) binding domain (red) in the 

first extracellular loop [40, 62].  We have incorporated a hemagglutinin epitope 

tag at the N-terminus of the recombinant P2Y2 receptor (green) and amino acids 

required for receptor activation are shown in orange [71]. 
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Experimental approach: 

The research described in this dissertation includes the analysis of P2Y2 receptor 

up-regulation in salivary gland cells of the NOD.B10 mouse model of the 

autoimmune disease Sjögren's syndrome (SS) (Chapter 2), and the investigation 

of novel signaling pathways and related responses that are coupled to activation 

by the up-regulated P2Y2 receptors in salivary gland cells (Chapter 3).  Chapter 4 

of the dissertation contains concluding remarks and describes preliminary data 

indicating that the botanical anti-oxidant resveratrol can block stress-induced 

P2Y2 receptor up-regulation in salivary gland. 
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CHAPTER 2 

 

 

 

 

 

P2Y2 nucleotide receptor up-regulation in submandibular gland 

cells from the NOD.B10 mouse model of Sjögren’s syndrome 
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ABSTRACT 

Sjögren’s syndrome (SS) is an autoimmune disease that specifically targets 

exocrine glands, including salivary glands, and results in an impairment of 

secretory function.   P2Y2 nucleotide receptors for extracellular ATP and UTP are 

up-regulated in response to stress or injury in a variety of tissues including 

submandibular glands (SMGs) [38, 52, 53, 55-58].  Objective:  To assess 

whether P2Y2 receptor expression is up-regulated in SMGs of the NOD.B10 

mouse model of primary SS as compared to SMGs of normal C57BL/6 mice.  

Design:   SMG cells were isolated from normal C57BL/6 and diseased NOD.B10 

mice.  P2Y2 receptor mRNA expression was determined by reverse transcription-

polymerase chain reaction (RT-PCR) and in situ hybridization, whereas 

functional P2Y2 receptor activity was analyzed by measuring UTP-induced 

increases in [Ca2+]i.  Results:  In contrast to SMG cells from C57BL/6 mice, SMG 

cells from 4-19 week-old NOD.B10 mice exhibited increased P2Y2 receptor 

mRNA localized to both ductal and acinar cell types.  The levels of mRNA for 

other uridine nucleotide receptors, i.e., P2Y4 and P2Y6 receptors, showed no 

significant differences between SMG cells of C57BL/6 and NOD.B10 mice, 

suggesting that only the P2Y2 receptor was up-regulated in NOD.B10 mice.  

Moreover, P2Y2 receptor activity in SMG cells from NOD.B10 mice increased 

with age (i.e., disease progression).  Conclusion:  P2Y2 receptor up-regulation 

in SMGs is associated with the SS phenotype in NOD.B10 mice, which 

encourages further attempts to determine the role of this pathway in the 

development of SS.  
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INTRODUCTION 

Extracellular nucleotides mediate a variety of biological effects by acting 

on cell surface P2 nucleotide receptors.  P2 receptors, when activated by ligands 

including ATP, ADP, UTP, and UDP, can stimulate smooth muscle contraction, 

neurotransmission, exocrine and endocrine secretion, immune responses, 

inflammation, platelet aggregation, and cardiac function [25].  Biological sources 

of extracellular nucleotides include release from contracting skeletal muscle and 

activated sensory nerves, aggregating platelets and a variety of cell types in 

response to mechanical stress or injury [25, 72, 73].  P2 receptors have been 

classified into two families: P2X ligand-gated ion channels and P2Y G-protein-

coupled receptors.  In mammalian salivary glands, four subtypes of P2 receptors 

have been identified: P2X4, P2X7, P2Y1, and P2Y2 [38].   

P2X4 and P2X7 receptors are non-selective cation channels activated by 

ATP with high and low affinities, respectively.  Activation of these receptors leads 

to an elevation in the intracellular Ca2+ concentration, [Ca2+]i, due to calcium 

influx, a response that is inhibited by extracellular Mg2+ [74, 75].   

P2Y1 and P2Y2 receptors are coupled primarily to the Gq family of G 

proteins that activate phospholipase C-dependent increases in [Ca2+]i [32, 76].  

P2Y1 receptors have a distinctive rank order of agonist potencies: 2-MeSATP>2-

MeSADP>ADP>ATP, as do P2Y2 receptors:  UTP=ATP>UDP.  P2Y1 receptors 

are expressed in rat SMGs and have been suggested to play a role in salivary 

gland development [77].  We have found that P2Y1 receptors were most active in 

SMG cells isolated from immature animals, but as the gland developed the Ca2+ 
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response to P2Y1 receptor agonists diminished [77].  In 4 week-old rats, SMGs 

exhibited only a moderate response to P2Y1 receptor activation, as compared to 

the strong response in SMGs from newborn rats.  P2Y2 nucleotide receptor 

expression was barely detectable in normal salivary glands, but was up-regulated 

upon disruption of tissue homeostasis by various methods [52, 54, 78].  

Previously, we have shown that enzymatic dispersal and culture of cells from rat 

submandibular, parotid, or sublingual glands, up-regulated P2Y2 receptor mRNA 

expression and activity as a function of time in culture [54].  P2Y2 receptor up-

regulation also occurred in rat salivary glands in vivo 3 days after SMG ductal 

ligation [52].  Upon removal of the ligature, P2Y2 receptors were down-regulated 

to basal levels.  P2Y2 receptors also are up-regulated in rat vascular neointima 

after balloon angioplasty [58], in collared rabbit carotid arteries [53], in 

myocardium from the left ventricle of rats with congestive heart failure [55], in a 

rat model of renal ischemic reperfusion [56], and in activated mouse thymocytes 

[57], suggesting that P2Y2 receptor up-regulation occurs in response to tissue 

damage and disease.   

Sjögren’s syndrome (SS) is an autoimmune disease in which the salivary 

and lacrimal glands are targeted by the immune system for destruction, leading 

to an impairment of saliva and tear secretion, respectively [7].  SS is 

characterized by xerostomia (dry mouth) and xerophthalmia (dry eyes) and 

affects more than a million people in the United States, predominantly (90%) 

females.  The NOD.B10 mouse, which develops an autoimmune exocrinopathy 

(AEC) similar to SS around 8 weeks of age, is an accepted experimental model 
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for primary SS [11, 19-21, 79].  NOD.B10 mice, as compared to normal C57BL/6 

mice, exhibit a parallel decrease in fluid secretion and an increase in lymphocytic 

infiltration in exocrine glands [11, 19-21, 79].  We postulated that P2Y2 receptor 

up-regulation may play a role in development of the SS phenotype, and therefore 

we analyzed P2Y2 receptor expression in NOD.B10 mice.  

 31



METHODS 

Materials  

Chromatographically purified collagenase was purchased from 

Worthington Biochemical (Freehold, NJ).  Fura 2-AM was purchased from 

Molecular Probes (Eugene, OR).  Alkaline phosphatase-conjugated sheep anti-

digoxigenin antibody, NBT/BCIP Substrate, Dig Wash and Block Buffer Set were 

obtained from Roche Applied Science (Mannheim, Germany).  The cDNA 

synthesis kit was obtained from BD Biosciences (Palo Alto, CA).  Oligonucleotide 

primers were purchased from Integrated DNA Technologies, Inc. (Coralville, IA).  

RNase-free DNase and Lig'nScribe kit were purchased from Ambion (Austin, 

TX).  RNeasy kit was purchased from Qiagen (Chatsworth, CA).  Taq DNA 

polymerase was obtained from Gibco BRL/Invitrogen (Carlsbad, CA).  All other 

reagents were purchased from Sigma Chemical Co. (St. Louis, MO) unless 

otherwise stated.  

 

Animals  

NOD.B10 and C57BL/6 mice were purchased from Jackson Laboratories, 

Bar Harbor, ME.  Animals that were sex and age matched were used at 4 and 14 

weeks post-partum for RT-PCR and intracellular free Ca2+ concentration 

measurements.  Animals at 19 weeks post-partum were used for in situ 

hybridization experiments.  Protocols conformed to Animal Care and Use 

guidelines of the University of Missouri-Columbia. 
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Preparation of dispersed cell aggregates from mouse SMG 

Cell aggregates were prepared from glands isolated from mice, as 

described earlier for rats with a few minor variations [80].  Briefly, sex and age 

matched animals were anesthetized with Nembutal pentobarbital sodium 

injection (125 mg/kg body weight), bled, and salivary glands were excised.  

Glands were minced and placed in dispersion medium containing collagenase 

and hyaluronidase at 37˚C [80] for 35 min.  Minced samples were dispersed by 

passage through a 10 ml pipette after 15, 25, and 35 min in dispersion buffer.  

The dispersed cell aggregates were washed with assay buffer [120 mM NaCl, 4 

mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 1 mM CaCl2, 10 mM glucose, and 15 

mM N-2-hydroxyethylpiperazine-N’-2-ethane-sulfonic acid (HEPES), pH 7.4] 

containing 1% (w/v) bovine serum albumin (BSA) and filtered through a nylon 

mesh.  The cell preparation was washed twice and resuspended in assay buffer 

containing 0.1% (w/v) BSA and used for measurements of [Ca2+]i.  For RNA 

isolation, cells were pelleted and suspended in RNA lysis buffer (Buffer RLT from 

Qiagen RNeasy Mini kit with 140 µM β-mercaptoethanol). 

 

Intracellular free Ca2+ concentration measurements 

The [Ca2+]i was quantified in single cells within acinar and ductal clusters 

with the Ca2+-sensitive fluorescent dye fura 2, using an InCyt Dual-Wavelength 

Fluorescence Imaging System (Intracellular Imaging, Cincinnati, OH).  Dispersed 

cell aggregates in assay buffer were incubated with 2.0 µM fura 2-acetoxymethyl 

ester (fura 2-AM) for 30 min at 37˚C, washed, transferred to coverslips treated 
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with Cell-Tak (Becton Dickinson Labware, Bedford, MA) according to the 

manufacturer’s instructions, and incubated for 20 min at 37˚C.  Coverslips with 

adherent cells, acinar and ductal, were positioned on the stage of a fluorescence 

microscope and stimulated with agonists at 37˚C, as described in the figure 

legends.  Cells were exposed to 340/380 nm light and fluorescence emission at 

505 nm was converted to [Ca2+]i using a standard curve created with solutions 

containing known concentrations of Ca2+.  Increases in [Ca2+]i were measured by 

subtracting basal [Ca2+]i from the peak [Ca2+]i measurement.  The percentage of 

cells that responded to UTP was also determined.  Viable cells were identified by 

responsiveness to carbachol and non-responding cells were eliminated. 

 

RT-PCR 

Total RNA was extracted from cells using a RNeasy kit, followed by 

treatment with ribonuclease-free deoxyribonuclease (DNase).  The quantity and 

quality of the RNA was assessed by spectrophotometry and agarose gel 

electrophoresis after DNase treatment.  cDNA synthesis was performed using a 

first-strand cDNA synthesis kit with 1 µg of total RNA and oligo dT primer.  Ten 

percent of the cDNA was used as template in the PCR.  For amplification of P2Y2 

receptor cDNA, the upstream primer, 5’-

CTTCAACGAGGACTTCAAGTACGTGC-3’, and the downstream primer, 5’-

CATGTTGATGGCGTTGAGGGTGTGG-3’, were used to amplify a 778-bp 

fragment.  For amplification of P2Y4 receptor cDNA, the upstream primer, 5'-

CCACCTACATGTTCCACCTGGCA-3', and the downstream primer, 5'-
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GAAGCAGACAGCAAAGACAGTCA-3', were used to amplify a 555-bp fragment. 

For amplification of P2Y6 receptor cDNA, the upstream primer, 5'-

TGCCACCCACCACCTGTGTCTACCG-3', and the downstream primer, 5'-

AGTAGAAGAGGATGGGGTCCAGCAC-3', were used to amplify an 871-bp 

fragment.  For amplification of G3PDH cDNA, the upstream primer, 5’-

TGAAGGTCGGTGTCAACGGATTTGGC-3’, and the downstream primer, 5’-

CATGTAGGCCATGAGGTCCACCAC-3’, were used to amplify a 983-bp 

fragment.  The PCR reaction contained 2.5 units of Taq polymerase, 2 mM 

MgCl2, and 20 pmol of each primer in a 50 µl reaction volume.  The PCR 

conditions were as follows: 1 min at 94˚C, then 30 cycles (for P2Y2, G3PDH) or 

35 cycles (for P2Y4, P2Y6) of denaturation for 1 min at 94˚C, annealing for 1 min 

at 60˚C, and extension for 1 min at 72˚C, followed by a 7 min extension at 72˚C.  

The resulting products were resolved on a 2% (w/v) agarose ethidium bromide 

gel.  cDNA derived from total RNA isolated from human 1321N1 astrocytoma 

cells transfected with either P2Y2, P2Y4, or P2Y6 receptor cDNA [71, 81] was 

used as a positive control.  The amplified bands were visualized with ultraviolet 

light, and the relative densities were quantified using the Gel Doc 2000 gel 

documentation system (Bio-Rad, Hercules, CA). 

 

In situ hybridization 

A 250 bp fragment of mouse P2Y2 receptor cDNA was generated by PCR 

using a plasmid containing mouse P2Y2 receptor cDNA as template.  A T7 

promoter was ligated to the PCR fragment (25 ng) using the Lig’nScribe kit, 
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according to the manufacturer’s instructions, to yield both antisense and sense 

PCR templates that were used (1 µg) to generate P2Y2 riboprobes using a 

Digoxigenin RNA labeling kit (Roche Applied Science).   

Preparation of the mouse SMG tissue slides and the in situ hybridization 

techniques were performed according to a protocol described previously [52] 

with a few variations.  Briefly, tissue sections on slides were fixed, washed, and 

prehybridized with hybridization solution [4X SSC, 0.5X Denhardt’s, 1 mM EDTA, 

10 mM phosphate buffer, pH 7.0, 0.1 mg/ml salmon sperm DNA, 0.1 mg/ml yeast 

tRNA, 100 mg/ml dextran sulfate, and 50% (v/v) deionized formamide] for at least 

3 h at 50°C in a humidified chamber.  Riboprobes (400 ng/ml antisense or sense) 

in hybridization buffer were heated for 5 min at 65°C, quenched on ice, and 

added to the tissue sections after removal of the buffer used in the 

prehybridization step.  Tissue sections were covered with HybriSlip (RPI, Mount 

Prospect, IL) and hybridized overnight at 50°C in a humidified chamber.  The 

following day, tissue sections were washed and incubated for 1 h at room 

temperature with alkaline phosphatase-conjugated anti-digoxigenin antibody 

diluted 1:5000 in blocking buffer (supplied in the DIG Wash and Block Buffer 

Set).  Then, sections were washed and incubated with nitro blue tetrazolium 

chloride/5-bromo-4-chloro-3-indolyl phosphate toluidine salt (NBT/BCIP) in 

detection buffer (DIG Wash and Block Buffer Set) for 17 h in the dark at room 

temperature according to the manufacturer's instructions.  The reaction was 

stopped, and the sections were counterstained with nuclear fast red (Zymed, San 
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Francisco, CA) and mounted with Histomount mounting solution (Zymed) 

following the manufacturer's instructions. 
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RESULTS 

Age-dependent increases in P2Y2 receptor mRNA expression in SMG from 

NOD.B10, but not C57BL/6 mice. 

 Results indicated that P2Y2 receptor mRNA expression increased relative 

to G3PDH mRNA in freshly dispersed SMG cells from NOD.B10 mice between 4 

and 14 weeks of age (Figure 6).  In contrast, there was relatively little P2Y2 

receptor mRNA expression detected in SMG cells from C57BL/6 mice, and the 

level of expression relative to G3PDH mRNA did not change with age (Figure 6).  

When normalized to G3PDH mRNA, there was a relative two-fold increase in 

P2Y2 receptor mRNA in SMG cells from 14 week-old NOD.B10 mice, as 

compared to C57BL/6 mice of the same age (Figure 6, bottom panel).   

Tissue localization of P2Y2 receptor mRNA was determined by in situ 

hybridization with a P2Y2-specific antisense riboprobe and SMG slices from 

NOD.B10 mice.  Results showed that P2Y2 receptor mRNA was localized to both 

ductal and acinar cell types (Figure 7A).  Furthermore, SMG slices isolated from 

C57BL/6 mice again showed relatively little P2Y2 receptor mRNA expression 

(Figure 7B), as compared to SMG from NOD.B10 mice.  

The relative mRNA levels of the other uridine nucleotide receptors, P2Y4 

and P2Y6, were measured in freshly dispersed SMG cells from 14 week-old 

NOD.B10 and C57BL/6 mice.  P2Y6 receptor mRNA was expressed at similar 

levels in SMG cells from NOD.B10 and C57BL/6 mice, and P2Y4 receptor mRNA 

was not detectable (Figure 8).   
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Figure 6.  Detection of P2Y2 receptor mRNA in SMG cells from NOD.B10 and 

C57BL/6 mice.  mRNA was isolated from SMG cells of 4 or 14 week-old 

NOD.B10 (B10) and C57BL/6 (B6) mice and cDNA was synthesized and 

amplified by RT-PCR using primers specific for P2Y2 or G3PDH cDNA (see 

Methods). PCR products were gel electrophoresed and the amplified P2Y2 

receptor cDNA was expressed relative to G3PDH cDNA after densitometric 

scanning (bottom panel).  mRNA isolated from human 1321N1 cells expressing 

the recombinant P2Y2 nucleotide receptor served as a positive control; PCR of 

RNA samples incubated in the absence of reverse transcriptase (-RT) served as 

a negative control.  Data shown in the top panel are representative of 4 

experiments.  The bottom panel represents the relative densities of P2Y2 specific 

PCR products amplified from 14 wk B10 RNA, normalized to the relative 

densities of PCR products amplified from 14 wk B6 RNA.  The data are 

expressed as the means +/- SE of results from 4 experiments.
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Figure 7.  Detection of P2Y2 receptor mRNA in SMG slices from NOD.B10 or 

C57BL/6 mice by in situ hybridization.  Tissue slices and in situ hybridization 

were performed as described in Methods using SMG isolated from 19 week-old 

(A) NOD.B10 or (B) C57BL/6 mice.  Hybridization of SMG P2Y2 receptor mRNA 

with a P2Y2-specific antisense riboprobe was indicated by dark blue/purple 

staining (A, B), whereas hybridization with a P2Y2 sense riboprobe served as a 

control for non-specific binding to NOD.B10 SMG (C).  SMG slices from 

NOD.B10 mice treated without riboprobe indicated background staining (D).  

Data are representative of 3 experiments.  Arrows indicate ductal cells.  Original 

magnification X 400.   

 

 41



 

 

 

 

 

                 

 

 42



 

 

 

 

 

 

Figure 8.  Detection of P2Y4 and P2Y6 receptor mRNA in mouse SMG cells from 

NOD.B10 and C57BL/6 mice.  mRNA was isolated from SMG cells of 14 week-

old NOD.B10 (B10) and C57BL/6 (B6) mice and cDNA was synthesized and 

amplified by RT-PCR using primers specific for P2Y4, P2Y6, or G3PDH cDNA 

(see Methods).  mRNA isolated from human 1321N1 cells expressing 

recombinant P2Y4 or P2Y6 receptors served as positive controls; PCR of RNA 

samples incubated in the absence of reverse transcriptase (-RT) served as a 

negative control.  Data shown are representative of 3 experiments. 
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Age-dependent increases in P2Y2 receptor activity in SMG cells from NOD.B10 

but not C57BL/6 mice.  

 Both acinar and ductal SMG cells freshly isolated from NOD.B10 mice 

exhibited increases in [Ca2+]i  in the presence of the P2Y2 receptor-selective 

agonist uridine 5'-triphospate (UTP) in contrast to SMG cells from C57BL/6 mice 

which did not respond to UTP (Figure 9A).  UTP-induced increases in [Ca2+]i 

were similar in acinar and ductal cells (data not shown), and therefore the data 

obtained from these two cell types were combined.  UTP-induced increases in 

[Ca2+]i were greater in SMG cells isolated from 14 week-old as compared to 4 

week-old NOD.B10 mice, with an increase in [Ca2+]i of 73±7 nM compared to 

28±8 nM, respectively (Figure 9A).  Furthermore, the number of UTP-responsive 

SMG cells from NOD.B10 mice increased between 4 and 14 weeks from 16% to 

60%, respectively (Figure 10).  Responses to the muscarinic cholinergic receptor 

agonist carbachol at a concentration used previously (1) were similar in SMG 

cells from both mouse lines at 4 and 14 weeks of age (Figure 9B).  Consistent 

with the expression of P2Y6 receptor mRNA (Figure 8), SMG cells from both 

C57BL/6 and NOD.B10 mice were equally responsive to the P2Y6 receptor 

agonist UDP (Figure 11).  The enhanced expression of P2Y2 receptor mRNA 

(Figure 6) and calcium responses to UTP (Figure 9) in NOD.B10 mice as 

compared to C57BL/6 mice, along with the absence of P2Y4 receptor mRNA and 

the presence of relatively equivalent levels of P2Y6 receptor mRNA in both 

C57BL/6 and NOD.B10 SMG cells (Figure 8), strongly suggest that P2Y2 
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receptors mediate the time-dependent increases in [Ca2+]i in response to UTP in 

NOD.B10 SMG cells.  
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Figure 9.  P2Y2 receptor activity in SMG cells from NOD.B10 and C57BL/6 mice.  

SMG from age and sex matched NOD.B10 (B10) or C57BL/6 (B6) mice were 

isolated and dispersed into single cells.  Then, changes in [Ca2+]i in response to 

(A) UTP (100 µM) or (B) carbachol (100 µM) were measured in SMG cells from 4  

and 14 week-old animals (see Methods).  Agonist-induced changes in the [Ca2+]i 

in responding cells are shown. Increases in [Ca2+]i were expressed by subtracting 

basal [Ca2+]i (prior to UTP addition) from the peak [Ca2+]i responses to UTP. 

Basal levels of [Ca2+]i in all cells were approximately 100 nM.  Values are means 

± SE of results from 6-37 responding cells from 4 animals per group. 
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Figure 10.  Percentage of UTP-responsive SMG cells from NOD.B10 or C57BL/6 

mice. SMG cells were isolated (see Methods) and P2Y2 receptor activity was 

measured as described in Figure 9.  The percentage of SMG cells isolated from 

NOD.B10 (B10) or C57BL/6 (B6) mice of the indicated age that responded with 

changes in [Ca2+]i was determined after stimulation with 100 µM UTP (see 

Methods). 
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Figure 11.  P2Y6 receptor activity in SMG cells from NOD.B10 and C57BL/6 

mice.  SMG from 14 week-old sex matched NOD.B10 (B10) or C57BL/6 (B6) 

mice were isolated and dispersed into single cells.  Then, changes in [Ca2+]i in 

response to UDP (10 µM and 100 µM) were measured in SMG cells.  Agonist-

induced changes in the [Ca2+]i in responding cells are shown.  Increases in 

[Ca2+]i were expressed by subtracting basal [Ca2+]i (prior to UDP addition) from 

the peak [Ca2+]i in response to UDP.  Basal [Ca2+]i in all cells was approximately 

100 nM.   
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DISCUSSION 

The results obtained in this study suggest that P2Y2 nucleotide receptor 

expression is up-regulated in submandibular gland (SMG) of the NOD.B10 

mouse model of the autoimmune disease Sjögren’s syndrome (SS), consistent 

with our previous findings that the P2Y2 receptor is up-regulated in salivary gland 

by cell dispersal and culture or by ligation of the main excretory duct [52, 54].  

The P2Y2 receptor also is up-regulated in activated thymocytes [57], in arteries 

after angioplasty [58], ischemic reperfusion injury [56], or collar-induced intimal 

hyperplasia [53] and in congestive heart failure [55].  In contrast to NOD.B10 

SMG cells, functional P2Y2 receptors are not expressed in SMG cells from 

normal C57BL/6 mice that do not display autoimmune exocrinopathy (AEC).   

 
The NOD.B10 mouse is derived from the parental NOD mouse strain (that 

exhibits diabetes and AEC) and a major histocompatability complex (MHC) from 

the C57BL/10 mouse strain (that does not display diabetes or AEC), resulting in 

the NOD.B10 mouse that retains AEC without the complication of diabetes and 

thus serves as an excellent model for primary SS [18].  Similarities between 

human SS and murine AEC include the presence of auto-antibodies to M3 

muscarinic receptors and the presence of lymphocytic infiltrates in exocrine 

tissue [18, 82].  A major symptom of AEC is impaired saliva secretion that begins 

at 8 weeks of age in the NOD.B10 mouse and is accompanied by infiltration of 

lymphocytes in salivary glands [18].  Other symptoms include the aberrant 

expression and processing of the major saliva protein, PSP, and increased 

expression of apoptotic cysteine proteases at 8 to 20 weeks of age [18].  Our 
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results indicate that P2Y2 receptor expression occurs at the early stages of AEC 

in NOD.B10 mice, since there seems to be a relative increase in P2Y2 receptor 

mRNA and activity between 4 to 14 weeks of age.  It is interesting that the age-

dependent progression of AEC did not correlate with a change in muscarinic 

receptor-induced intracellular calcium mobilization (using 100 µM carbachol) 

(Figure 9) since pilocarpine-stimulated saliva secretion is known to be impaired in 

AEC [82, 83].  However, the impaired saliva secretion in NOD.B10 mice is 

thought to be a result of the generation of M3 receptor antibodies, and the 

carbachol-induced increase in [Ca2+]i in NOD.B10 SMG cells (Figure 9) may be 

due to expression of a subset of the muscarinic receptor subtypes identified in 

salivary gland, including the M1, M3, and/or M5 receptors [83, 84].  Alternatively, 

it is possible that AEC causes impairment of muscarinic receptor signaling 

downstream of [Ca2+]i mobilization in the NOD.B10 mice, or that the reported 

decrease in muscarinic receptor signaling in AEC is a late event.   

A possible consequence of P2Y2 receptor up-regulation in salivary glands 

of the NOD.B10 mouse may be to provide a pathway for fluid secretion.  A P2Y2 

receptor knockout mouse has been developed that displays reduced Ca2+ 

signaling and chloride secretion in airway epithelial cells [63, 64].  This is 

consistent with the previously established role for the P2Y2 receptor in mediating 

calcium-dependent anion transport and fluid secretion in a variety of epithelial 

tissues, including colon, gallbladder, bile ducts, and pancreas [37] and in airway 

epithelium where it is accompanied by mucin glycoprotein release from epithelial 

goblet cells [44, 66].  In the ocular mucosa, P2Y2 receptor activation increases 
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salt, water, and mucus secretion [65], and in rabbit conjunctival epithelium, P2Y2 

receptors also stimulate Cl- and fluid transport [85].   
The up-regulation of the P2Y2 receptor also may contribute to the 

progression of AEC in NOD.B10 mice, but this remains to be determined.  P2Y2 

receptors are known to regulate a wide variety of intracellular signaling pathways 

including alterations in the cytoplasmic free calcium concentration, modulation of 

growth factor and integrin-associated pathways, and the expression of cell-

surface antigens and chemotactic proteins that bind leukocytes [40, 53, 54, 86].  

Therefore, up-regulation of P2Y2 receptors and its signaling pathways may well 

contribute to autoimmune exocrinopathy in SS, especially since P2Y2 receptor 

agonists would likely be released from the cytoplasm of apoptotic SMG cells.  In 

addition, P2Y2 receptor up-regulation may promote SMG cell apoptosis, since 

previous studies indicate that P2Y2 receptors mediate growth inhibition and 

apoptosis in human colorectal carcinoma cells [87] and human esophageal 

cancer cells [88].   

Alternatively, P2Y2 receptor up-regulation may play a role in tissue repair 

by stimulating mitogenesis [38].  In support of this latter hypothesis, the P2Y2 

receptor has been shown to activate the mitogen-activated protein kinases, 

ERK1/2, in salivary gland tissue [59], PC12 pheochromocytoma cells [60], C6 

glioma cells [61], EAhy 926 endothelial cells [89], human monocytic U937 cells 

[90], and human 1321N1 astrocytoma cells expressing heterologous P2Y2 

receptors [40].  Future studies should delineate the functional consequences of 

P2Y2 receptor up-regulation in the NOD.B10 mouse and determine whether 
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these pathways are related to the pathophysiology of Sjögrens syndrome in 

humans.  
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ABSTRACT 

P2Y2 nucleotide receptors (P2Y2Rs) have been shown to be up-regulated 

in rat salivary gland in response to stress induced by ligation of the main 

excretory duct of the submandibular gland [52], or dispersion and culture of 

submandibular gland cells [54].  In addition, P2Y2 receptors are up-regulated in 

submandibular glands from the NOD.B10 Sjögren’s syndrome mouse model [91].  

Recently, P2Y2Rs have been shown to transactivate growth factor receptors and 

their signaling pathways via RAFTK (PYK2) and src-dependent binding to SH3 

binding sites in the C-terminal domain of P2Y2Rs [60, 62].  Additionally, 

transactivation of the epidermal growth factor receptor (EGFR) by other G 

protein-coupled receptors has been shown to be dependent on proteolytic 

cleavage of membrane ligands such as heparin binding epidermal growth factor 

(HBEGF) [92, 93].  However, the mechanisms whereby P2Y2Rs transactivate the 

EGFR in salivary gland remain unclear, and downstream signaling pathways 

have not been elucidated.  Utilizing the human submandibular gland (HSG) cell 

line, we found that activation of the P2Y2R by its agonist UTP caused 

phosphorylation of the EGFR, the extracellular-signal regulated kinases ERK1/2, 

p90RSK, and the transcription factor ELK in a time-dependent manner.  The 

EGFR inhibitor AG1478 blocked UTP-stimulated phosphorylation of the EGFR 

and ERK1/2.  Moreover, TAPI-2, a matrix metalloprotease (ADAM17) inhibitor, 

and ADAM10 and ADAM17 siRNA also inhibited UTP-stimulated EGFR and 

ERK1/2 phosphorylation.  The src inhibitor PP2 inhibited UTP-stimulated 

ERK1/2, but not EGFR, phosphorylation.  UTP-stimulated ERK1/2 
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phosphorylation at 1 min was sensitive to PP2, and ERK1/2 phosphorylation at 

10 min was insensitive to PP2, but sensitive to AG1478 and TAPI-2.  Thus, 

P2Y2Rs in HSG cells activate ERK1/2 by at least two separate pathways, a rapid 

src-dependent response and a slower src-independent response that is 

dependent upon metalloprotease activity and EGFR transactivation.   
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INTRODUCTION 

The P2Y2 nucleotide receptor (P2Y2R) is a Gq protein-coupled receptor 

that is activated equipotently by extracellular ATP and UTP, leading to the 

activation of phospholipase C (PLC), and inositol 1,4,5-trisphosphate (IP3)-

dependent increases in [Ca2+]i and the diacylglycerol (DAG)-dependent activation 

of PKC [32, 76].  The P2Y2 nucleotide receptor is up-regulated in a variety of 

tissues in response to injury or stress.  For example, the P2Y2R is up-regulated in 

response to salivary gland dispersion and culture [54], and ligation of the main rat 

submandibular gland excretory duct [52], and the P2Y2R is expressed in human 

submandibular gland (HSG) cells derived from a salivary gland tumor [94].  

P2Y2Rs also are up-regulated in submandibular glands of a NOD.B10 mouse 

model of autoimmune exocrinopathy displaying disease symptoms similar to 

human Sjögren’s syndrome, an autoimmune disorder characterized by 

lymphocytic infiltration and dysfunction of the salivary and lacrimal glands [91].  

The physiological consequences of P2Y2R expression in salivary gland are 

unknown.  However, P2Y2R up-regulation also occurs in blood vessels after 

balloon angioplasty and in collared carotid arteries, where it induces intimal 

hyperplasia and inflammation by increasing smooth muscle cell proliferation and 

leukocyte infiltration [53, 58, 86].  Up-regulation of the P2Y2R in salivary gland 

may serve to mediate similar processes.  

The P2Y2R contains two SH3 binding sites (PXXP motifs) in its 

intracellular C-terminal domain that mediate the binding of src and the src-

mediated transactivation of growth factor receptors [62, 67].   In human coronary 
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artery endothelial cells (HCAEC), the P2Y2R also mediates the src-dependent 

transactivation of vascular endothelial growth factor receptor type 2 (VEGFR-2) 

[67], and the subsequent up-regulation of vascular cell adhesion molecule 

(VCAM-1), a protein that mediates the binding of monocytes to the endothelium 

[67, 86].  In addition to the SH3 binding domains, the P2Y2R also contains an 

Arg-Gly-Asp (RGD)-sequence in its first extracellular loop that has been shown to 

interact with αvβ3/β5 integrins [40] that regulate ATP- and UTP-induced cell 

chemokinesis and chemotaxis [68, 69], responses associated with inflammation 

[70].   

The mechanisms whereby GPCRs activate MAPK cascades vary 

according to the type of receptor and the tissue in which the receptor is 

expressed.  GPCRs for lysophosphatidic acid (LPA), endothelin (ET-1), thrombin, 

bombesin, muscarinic (M1R), and alpha (α2) adrenergic receptors activate the 

EGFR through the release or shedding of the EGFR ligand, HB-EGF, leading to 

stimulation of MAPKs [92, 93, 95, 96].   Shedding of an EGF-like ligand requires 

metalloprotease (i.e., sheddase) activation [97], but the specific metalloproteases 

involved have not been identified.  
Members of the adamalysin family of proteases (ADAMs), are membrane-

anchored glycoproteins with diverse functions, including the shedding of 

membrane-bound proteins from cells (for a review see [98]).  ADAM10 and 

ADAM17 have been implicated in GPCR-mediated tumor cell migration [99].  

ADAM10 and ADAM17 have been shown to mediate the shedding of six EGFR 

ligands:  EGF, HB-EGF, TGFα, amphiregulin, epiregulin, and betacellulin [100].  
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Recently, we found that the human P2Y2R expressed in a P2YR-null cell line 

(human 1321N1 astrocytoma cells) mediates the proprotein convertase furin-

dependent activation of ADAM10 and ADAM17 leading to the proteolytic 

cleavage of the transmembrane amyloid precursor protein (APP) and the release 

of the fragment sAPPα [101].  

Other mechanisms involved in GPCR-mediated ERK1/2 activation can 

occur independently of the release of a soluble ligand.  For example, β2 

adrenergic receptors activate ERK via a pertussis toxin sensitive G protein [102], 

and the adapter protein β-arrestin that recruits and activates c-src [103].  In other 

studies, Gβγ subunits [104]  increases in [Ca2+]i [105, 106], and activation of c-src 

[104, 107-110], and PYK2 [107, 110] have been linked to EGFR transactivation 

and MAPK activation.  The P2Y2R expressed in 1321N1 cells can activate 

ERK1/2 via transactivation of growth factor receptors or αvβ3/β5 integrins [40, 62].  

The present study indicates that P2Y2Rs in salivary gland cells derived from a 

human submandibular gland (HSG) tumor, can activate ERK1/2 by two distinct 

mechanisms, a rapid src-dependent, EGFR-independent response and a slower 

src-independent response due to activation of ADAM10, ADAM17 and the 

EGFR. 
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METHODS 

 

Materials  

All chemicals and reagents were purchased from Sigma Chemical Co. (St. 

Louis, MO) unless otherwise stated.  Dulbecco’s-modified Eagle’s medium 

(DMEM), fetal bovine serum (FBS), and Taq DNA polymerase were obtained 

from Gibco BRL/Invitrogen (Carlsbad, CA).  AG1478 and PP2 were purchased 

from Calbiochem (San Diego, CA).  Tumor necrosis factor-α protease inhibitor 

(TAPI-2) was purchased from Peptides International (Louisville, KY).  Antibodies 

that recognize human HBEGF, TGFα, amphiregulin (AR), and EGF and 

recombinant human HBEGF, TGFα, and AR were purchased from R&D systems 

(Minneapolis, MN).  The RNeasy kit was purchased from Qiagen (Chatsworth, 

CA).  RNase-free DNase was purchased from Ambion (Austin, TX).  The cDNA 

synthesis kit was obtained from BD Biosciences (Palo Alto, CA).  Oligonucleotide 

primers were purchased from Integrated DNA Technologies, Inc. (Coralville, IA).   

 

Cell Culture 

Human submandibular gland (HSG) cells were cultured in DMEM 

supplemented with 5% (v/v) FBS, 100 units/ml penicillin and 100 µg/ml 

streptomycin, and maintained at 37°C in a humidified atmosphere of 5% CO2 and 

95% air.  
 

Measurement of EGFR, ERK1/2, p90RSK, and ELK phosphorylation 
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Cells were seeded on 12-well culture dishes and grown until ~ 80-90% 

confluence.  Then, cells were incubated overnight in DMEM without serum.  

When indicated, cells were pretreated for 30 min with or without inhibitors or 

antibodies before stimulation with ligands for the indicated times.  Then, the 

medium was removed, 2X Laemmli Lysis Buffer (200 µl) was added, samples 

were sonicated, boiled for 4 min, and subjected to SDS-PAGE on 7.5% (w/v) 

polyacrylamide gels.  Proteins resolved on the gel were transferred to 

nitrocellulose membranes and blocked for 1 h with 5% (w/v) non-fat dry milk in 

Tris-buffered saline containing 0.1% (v/v) Tween-20 (TBST).  Blots were 

incubated overnight at 4°C in TBST containing 3% (w/v) BSA, 0.02% (w/v) 

sodium azide, and the following rabbit antibodies (Cell Signaling Technology, 

Beverly, MA unless otherwise stated) at 1:1000 dilutions:  anti-phospho-EGFR 

(Tyr 1068, an autophosphorylation site), anti-phospho-ERK1/2 (Thr202/Tyr204), 

anti-phospho-p90RSK (Ser 380), anti-phospho-ELK (Ser 383), anti-phospho-c-

Myc (Thr58/Ser62), and anti-ERK (Santa Cruz Biotechnology, Santa Cruz, CA).  

Membranes were washed 3 times with TBST and incubated with horseradish 

peroxidase-linked goat anti-rabbit IgG antibody (1:1000 dilution; Santa Cruz 

Biotechnology, Santa Cruz, CA) at room temperature for 1 h.  The membranes 

were washed 3 times with TBST, incubated with enhanced chemiluminescence 

reagent and the protein bands detected on X-ray film were quantified using a 

computer-driven scanner and Quantity One software (Bio-Rad, Hercules, CA).  

The intensities of phosphorylated protein bands in cells treated with ligands or 

other agents were normalized to total ERK (detected with anti-ERK antibody) and 
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expressed as a percentage of normalized data from untreated controls.  

Unpaired Student’s t test was used to determine statistical significance (p < 

0.05). 

 

RT-PCR 

Total RNA was extracted from cells using a RNeasy kit, followed by 

treatment with ribonuclease-free deoxyribonuclease (DNase).  The quantity and 

quality of the RNA was assessed by spectrophotometry and agarose gel 

electrophoresis after DNase treatment.  cDNA synthesis was performed using a 

first-strand cDNA synthesis kit with 1 µg of total RNA and oligo dT primer.  Ten 

percent of the cDNA was used as template in the PCR.  For amplification of P2Y2 

receptor cDNA, the upstream primer, 5’-

CTTCAACGAGGACTTCAAGTACGTGC-3’, and the downstream primer, 5’-

CATGTTGATGGCGTTGAGGGTGTGG-3’, were used to amplify a 778-bp 

fragment.  For amplification of P2Y4 receptor cDNA, the upstream primer, 5'-

CCACCTACATGTTCCACCTGGCA-3', and the downstream primer, 5'-

GAAGCAGACAGCAAAGACAGTCA-3', were used to amplify a 555-bp fragment. 

For amplification of P2Y6 receptor cDNA, the upstream primer, 5'-

TGCCACCCACCACCTGTGTCTACCG-3', and the downstream primer, 5'-

AGTAGAAGAGGATGGGGTCCAGCAC-3', were used to amplify an 871-bp 

fragment.  For amplification of G3PDH cDNA, the upstream primer, 5’-

TGAAGGTCGGTGTCAACGGATTTGGC-3’, and the downstream primer, 5’-

CATGTAGGCCATGAGGTCCACCAC-3’, were used to amplify a 983-bp 
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fragment.  The PCR reaction contained 2.5 units of Taq polymerase, 2 mM 

MgCl2, and 20 pmol of each primer in a 50 µl reaction volume.  The PCR 

conditions were as follows: 1 min at 94˚C, then 30 cycles (for P2Y2, G3PDH) or 

35 cycles (for P2Y4, P2Y6) of denaturation for 1 min at 94˚C, annealing for 1 min 

at 60˚C, and extension for 1 min at 72˚C, followed by a 7 min extension at 72˚C.  

The resulting products were resolved on a 2% (w/v) agarose ethidium bromide 

gel.  cDNA derived from total RNA isolated from human 1321N1 astrocytoma 

cells transfected with either P2Y2, P2Y4, or P2Y6 receptor cDNA [71, 81] was 

used as a positive control.  The amplified bands were visualized with ultraviolet 

light, and the relative densities were quantified using the Gel Doc 2000 gel 

documentation system (Bio-Rad, Hercules, CA). 

 

 

siRNA targeting of ADAM10 and ADAM17/TACE mRNA 

Transfection of cells with siRNA duplexes (Integrated DNA Technologies, 

Coralville, IA) to inhibit endogenous ADAM10 or ADAM17/TACE expression was 

performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA), according to the 

manufacturer’s instructions.  Briefly, 0.7 µg each of 3 ADAM10 or ADAM17/TACE 

siRNA duplexes was incubated with cells in serum-free DMEM for 6 h, and the 

medium was replaced with DMEM supplemented with 5% (v/v) FBS, 100 units/ml 

penicillin and 100 µg/ml streptomycin.  Sequences of the siRNA duplexes were: 

ADAM10: AUUCGUAGGUUGAAAUGUCdTdT, 

UUCCAUUUCCACAAAUAGGdTdT, and AGCCAUUACAUAUUCCUUCdTdT;  
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ADAM17/TACE: AGUUUGCUUGGCACACCUUdTdT, 

AGUAAGGCCCAGGAGUGUdTdT, and CAUAGAGCCACUUUGGAGAdTdT.  

Cells were assayed for UTP-stimulated ERK1/2 phosphorylation 48 h after siRNA 

transfection.  Silencing of targeted protein expression was confirmed by Western 

analysis of cell lysates using goat anti-human ADAM10 antibody (1:1000 dilution; 

Sigma-Aldrich, St. Louis, MO) or goat anti-human ADAM17 antibody (1:1000 

dilution; Santa Cruz Biotechnology, Santa Cruz, CA).  Blots were stripped and 

reprobed with anti-total-ERK antibody to verify the equivalence of protein loading 

per lane. 
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RESULTS 

P2Y2Rs mediate the phosphorylation of EGFR, ERK1/2, p90RSK, and the 

transcription factor ELK in HSG cells.   

In HSG cells, UTP induced the dose-dependent phosphorylation of the 

EGFR (Figure 12) that reached a maximal level within ~10 min and returned to a 

basal level within 30 min (Figure 13).  In contrast to EGFR phosphorylation, 

ERK1/2 phosphorylation was induced at low UTP concentrations (e.g., 1 µM; 

Figure 12) and reached a maximal level within 2 min and returned to a basal 

level within 60 min (Figure 13).  Downstream targets of ERK, such p90RSK and 

the transcription factor ELK, were phosphorylated at similar UTP concentrations 

and with similar time courses as ERK1/2 phosphorylation (Figures 12 and 13).  

Phosphorylation of the transcription factor c-myc was not affected by UTP 

stimulation (Figure 13).   
RT-PCR for mRNA to P2Y receptor subtypes activated by uridine 

nucleotides indicated that HSG cells express mRNA for the P2Y2R and P2Y6R, 

but not the P2Y4R (Figure 14A).  In addition, the P2Y6R agonist UDP did not 

cause an increase in [Ca2+]i (Figure 14B), suggesting that there are no functional 

P2Y6Rs in HSG cells.  Thus, UTP-induced activation of EGFR and ERK1/2 in 

HSG cells is mediated by the P2Y2R subtype. 
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Figure 12: Concentration-dependence of UTP-induced phosphorylation of EGFR, 

ERK1/2, and downstream targets of ERK1/2, p90RSK and ELK in HSG cells.  

HSG cells were incubated with the indicated concentration of UTP for 5 min, cell 

lysates were prepared and phosphorylation of EGFR, ERK1/2, ELK, and p90RSK 

was determined by Western analysis using specific antibodies (see Methods).  

Total ERK1/2 was used as a control for protein loading.  Data shown are 

representative of results from three experiments.  
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Figure 13:  Time-dependence of UTP-induced phosphorylation of EGFR, 

ERK1/2, and the downstream targets of ERK, p90RSK and ELK in HSG cells.  

HSG cells were incubated with 100 µM UTP for the indicated times, cell lysates 

were prepared and phosphorylation of EGFR, ERK1/2, p90RSK, and ELK was 

determined by Western analysis using specific antibodies (see Methods).  Total 

ERK1/2 was used as a control for protein loading.  Data shown are 

representative of results from three experiments.  
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Figure 14.  Detection of mRNA for the P2Y2R and P2Y6R, but not P2Y4 in HSG 

cells; detection or P2Y2R but not P2Y6R activity.  (A) mRNA isolated from HSG 

cells was used to synthesize cDNA, followed by RT-PCR using primers specific 

for P2Y2R, P2Y4R, P2Y6R, or G3PDH cDNA.  Also, mRNA isolated from human 

1321N1 cells expressing recombinant P2Y2, P2Y4, or P2Y6 receptors served as 

positive controls; PCR of RNA samples incubated in the absence of reverse 

transcriptase (-RT) served as a negative control.  (B) P2Y2 and P2Y6 receptor 

activity was measured in HSG cells by monitoring changes in [Ca2+]i in response 

to UTP and ATP (P2Y2R agonists) or UDP (P2Y6R agonist).  Increases in [Ca2+]i 

indicate peak responses to nucleotides minus the basal [Ca2+]i (prior to agonist 

addition), and represent the means +/- S.E.M. of results from three experiments.   
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P2Y2Rs employ at least two distinct mechanisms to activate ERK1/2.  

To determine whether P2Y2R-mediated EGFR phosphorylation mediates 

ERK1/2 activation, we analyzed the effect of pretreatment of HSG cells with the 

EGFR autophosphorylation inhibitor, AG1478.  As shown in Figure 15, AG1478 

completely inhibited UTP-induced EGFR phosphorylation.  In addition, AG1478 

prevented ERK1/2 phosphorylation induced by a 10 min treatment with UTP, but 

had no effect on ERK1/2 phosphorylation induced by a 1 min UTP treatment.  

These data suggest that rapid P2Y2R-mediated ERK1/2 activation was EGFR-

independent, whereas a slower phase of ERK1/2 activation was dependent on 

EGFR phosphorylation.  ERK1/2 phosphorylation induced by 1 or 10 min 

treatment of HSG cells with HBEGF and EGF can be inhibited by AG1478, 

providing further evidence that rapid UTP-induced ERK1/2 phosphorylation is 

independent of EGFR phosphorylation.  Thus, UTP-induced ERK1/2 

phosphorylation occurs by both a rapid EGFR-independent pathway and a 

slower EGFR-dependent pathway. 

The P2Y2R contains two SH3 binding domains in the C-terminal tail that 

mediate the src-dependent phosphorylation of EGFR in UTP-treated human 

1321N1 astrocytoma cells expressing the recombinant P2Y2R [62].  P2Y2R-

mediated activation of src also regulates the phosphorylation of the PDGF and 

VEGF receptors [62, 67].  In HSG cells preincubated with the src inhibitor PP2, 

ERK1/2 phosphorylation induced by a 1 min UTP treatment was significantly 

inhibited whereas UTP-induced ERK1/2 phosphorylation at 10 min was relatively 

unaffected by PP2 (Figure 16).  This result suggests that src is required only for 
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the rapid phase of P2Y2R-mediated ERK1/2 phosphorylation.  Thus, P2Y2Rs 

mediate rapid phosphorylation of ERK1/2 by a src-dependent and EGFR-

independent pathway, and a slower phase of ERK1/2 phosphorylation that is src-

independent but dependent upon activation of the EGFR. 
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Figure 15:  The EGFR autophosphorylation inhibitor AG1478 affects only the 

slow phase of UTP-induced ERK1/2 phosphorylation in HSG cells.  HSG cells 

were pretreated with 3 µM AG1478 for 30 min and UTP (100 µM) was added for 

1 or 10 min, whereas stimulation with the EGFR ligands EGF (100 ng/ml) or 

HBEGF (20 ng/ml) was used as positive controls.  Cell lysates were prepared 

and phosphorylation of EGFR or ERK1/2 was determined by Western analysis 

using specific antibodies (see Methods).  (A) Representative blots and (B) the 

means +/- S.E.M. of results from three experiments were normalized to total ERK 

where * indicates p < 0.05 (see Methods).    
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Figure 16:  The src inhibitor PP2 affects only the rapid phase of UTP-induced 

ERK1/2 phosphorylation in HSG cells.  HSG cells were pretreated with 10 µM 

PP2 for 30 min and UTP (100 µM) was added for 1 or 10 min, whereas 

stimulation with the EGFR ligands EGF (100 ng/ml) or HBEGF (20 ng/ml) was 

used as positive controls.  Cell lysates were prepared and phosphorylation of 

EGFR or ERK1/2 was determined by Western analysis using specific antibodies 

(see Methods).  (A) Representative blots and (B) the means +/- S.E.M. of results 

from three experiments were normalized to total ERK where * indicates p < 0.05 

(see Methods).    
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P2Y2R-mediated ERK1/2 phosphorylation due to EGFR transactivation requires 

metalloprotease activity.   

Many GPCRs have been shown to transactivate the EGFR through 

activation of metalloproteases that generate EGFR ligands, including HBEGF 

[92, 93, 95].  There is evidence that specific subtypes of the ADAM family of 

metalloproteases are involved in the shedding of EGFR ligands [100].  Therefore, 

the involvement of metalloprotease activity in P2Y2R-mediated EGFR and 

ERK1/2 phosphorylation was evaluated.  TAPI-2, a selective competitive inhibitor 

of the metalloprotease ADAM17, partially inhibited EGFR and ERK1/2 

phosphorylation induced by a 10 min treatment of HSG cells with UTP, whereas 

UTP-induced ERK1/2 phosphorylation at the 1 min time point was unaffected 

(Figure 17).  Metalloproteases including ADAM10 and ADAM17 require 

proteolytic processing to become active [98, 111, 112] and the proprotein 

convertase furin has been linked to the proteolysis of adamalysins [113, 114].  

Therefore, we examined the effect of the furin inhibitor, decanoyl-Arg-Val-Lys-

Arg-chloromethylketone (CMK), on UTP-induced EGFR and ERK1/2 

phosphorylation.  Pretreatment of HSG cells with 50 µM CMK inhibited EGFR 

and ERK1/2 phosphorylation induced by a 10 min UTP treatment, confirming the 

role of a furin-like protease in P2Y2R- and metalloprotease-mediated 

transactivation of the EGFR (Figure 18).   
To determine the involvement of ADAM10 and ADAM17 in P2Y2R-

mediated EGFR transactivation leading to ERK1/2 phosphorylation, HSG cells 

were transfected with small interference RNA molecules targeting either 
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ADAM10 or ADAM17 mRNA.  Transfection of HSG cells with ADAM10 or 

ADAM17 siRNA partially suppressed ERK1/2 phosphorylation induced by a 10 

min UTP treatment, whereas co-transfection with both ADAM10 and ADAM17 

siRNA almost completely prevented UTP-induced ERK1/2 phosphorylation 

(Figure 19A), demonstrating that ADAM10 and ADAM17 are involved in P2Y2R-

mediated EGFR transactivation and downstream ERK1/2 phosphorylation.  The 

suppression by siRNA of ADAM10 and ADAM17 protein expression in HSG cells 

was confirmed by Western analysis with ADAM10- and ADAM17-specific 

antibodies (Figure 19B).  
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Figure 17:  TAPI-2, a selective inhibitor of ADAM17, inhibits the EGFR-

dependent phase of UTP-induced ERK1/2 phosphorylation in HSG cells.  HSG 

cells pretreated for 30 min with 10 µM TAPI-2, a selective ADAM17/TACE 

inhibitor, were stimulated with UTP (100 µM) for 1 or 10 min, whereas stimulation 

with the EGFR ligands EGF (100 ng/ml) or HBEGF (20 ng/ml) was used as 

positive controls.  Cell lysates were prepared and phosphorylation of EGFR or 

ERK1/2 was determined by Western analysis using specific antibodies (see 

Methods).  (A) Representative blots and (B) the means +/- S.E.M. of results from 

three experiments were normalized to total ERK where * indicates p < 0.05 (see 

Methods).  
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Figure 18.  CMK, a furin inhibitor, inhibits the EGFR-dependent phase of UTP-

induced ERK1/2 phosphorylation in HSG cells.  HSG cells pretreated for 30 min 

with 50 µM CMK, were stimulated with UTP (100 µM) for 1 or 10 min, whereas 

stimulation with the EGFR ligands EGF (100 ng/ml) or HBEGF (20 ng/ml) was 

used as positive controls.  Cell lysates were prepared and phosphorylation of 

EGFR or ERK1/2 was determined by Western analysis using specific antibodies 

(see Methods).  Representative blots from three experiments are shown.   
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Figure 19:  ADAM10 and ADAM17 siRNAs inhibit UTP-induced ERK1/2 

phosphorylation in HSG cells.  HSG cells were transfected with ADAM10 and/or 

ADAM17 siRNA (see Methods). UTP (100 µM) was added for 10 min, and 

stimulation with the EGFR ligand EGF (100 ng/ml) was used as a positive 

control.  Cell lysates were prepared and (A) phosphorylation of ERK1/2 and (B) 

ADAM10 and ADAM17 expression were detected by Western analysis using 

specific antibodies (see Methods).  Data shown are representative of results from 

four experiments.   
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 Antibodies against HBEGF, TGFα, AR, and EGF do not inhibit P2Y2R-mediated 

EGFR transactivation.   

EGFR ligands are synthesized as membrane anchored precursor proteins.  

Recently, six EGFR ligands have been shown to be cleaved from their precursor 

proteins by the metalloproteases ADAM10 and ADAM17 [100].  HBEGF has 

been implicated in GPCR-mediated transactivation of the EGFR [92, 93, 115].  

TGFα and AR also have been shown to activate the EGFR [97, 115, 116].  EGF 

is abundantly expressed and secreted from salivary glands [116], making it a 

potential ligand for EGFR transactivation generated by P2Y2R-mediated 

metalloprotease activation. To identify EGF-like ligands involved in P2Y2R-

mediated EGFR transactivation, we preincubated HSG cells with antibodies 

against HBEGF, TGFα, AR, or EGF for 30 min prior to UTP stimulation.  

Preincubation with these ligand-specific antibodies did not inhibit UTP-stimulated 

transactivation of the EGFR (Figure 20).  However, these antibodies did inhibit 

EGFR phosphorylation induced by the corresponding antigens, indicating the 

ability of the antibodies to neutralize the effects of specific EGFR ligands (Figure 

20).  These results suggest that HBEGF, TGFα, AR, and EGF are not generated 

by activation of the P2Y2R.   
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Figure 20:  Anti-growth factor antibodies do not inhibit UTP-induced 

phosphorylation of the EGFR in HSG cells.  HSG cells were preincubated for 60 

min with (A) anti-HBEGF (40 µg/ml), (B) anti-TGFα (20 µg/ml), (C) anti-AR (40 

µg/ml), or (D) anti-EGF (50 µg/ml) antibody (Ab) and then stimulated for 10 min 

with 100 µM UTP, HBEGF (20 ng/ml), TGFα (3 ng/ml), AR (50 ng/ml), or EGF 

(100 ng/ml).  Cell lysates were prepared and phosphorylation of EGFR was 

detected by Western analysis using a specific antibody (see Methods).  Data 

shown are representative of results from three experiments.  
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P2Y2R-stimulated ERK1/2 phosphorylation is dependent on extracellular calcium 

and PKC.   

The P2Y2R is known to couple to Gq protein leading to the activation of 

phospholipase C (PLC) and the induction of diacylglycerol (DAG)-dependent 

protein kinase C (PKC) activity, and inositol 1,4,5-trisphosphate (IP3)-dependent 

increases in [Ca2+]i due to calcium release from intracellular stores and calcium 

influx through plasma membrane calcium channels [25, 117].  Therefore, we 

determined the role of calcium mobilization and PKC activation in P2Y2R-

mediated EGFR transactivation and ERK1/2 phosphorylation.  Results indicated 

that pretreatment of HSG cells with BAPTA-AM, that generates the intracellular 

calcium chelator BAPTA, did not affect UTP-induced ERK1/2 phosphorylation, 

although BAPTA significantly increased basal levels of EGFR phosphorylation 

(Figure 21).  In contrast, EGFR and ERK1/2 phosphorylation induced by a 10 min 

UTP treatment was inhibited by preincubation of HSG cells in calcium-free media 

containing 200 µM EGTA (Figure 22).  Chelation of extracellular calcium had no 

significant effect on ERK1/2 phosphorylation induced by a 1 min UTP treatment 

(Figure 22).  These data suggest that extracellular Ca2+ is required for P2Y2R-

mediated EGFR transactivation and ERK1/2 phosphorylation, responses that 

were not modulated by the release of calcium from intracellular stores.  The PKC 

inhibitor, GF109203, inhibited ERK1/2 phosphorylation induced by a 1 min UTP 

stimulation, but had no effect on UTP-induced ERK1/2 phosphorylation at the 10 

min time point (Figure 23), suggesting that PKC regulates the rapid src-

dependent and EGFR-independent activation of ERK1/2 via the P2Y2R.  Figure 
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24 depicts the P2Y2R signaling pathways that mediate EGFR transactivation and 

ERK1/2 phosphorylation in HSG cells. 

 93



 

 

 

 

 

 

 

Figure 21.  UTP-induced ERK1/2 phosphorylation is not dependent on 

intracellular calcium.  HSG cells were preincubated with BAPTA/AM (25 µM) for 

30 min to generate the intracellular calcium chelator BAPTA, and then stimulated 

with 100 µM UTP for 1 or 10 min.  Stimulation with EGF (100 ng/ml) was used as 

a positive control.  Cell lysates were prepared and phosphorylation of EGFR or 

ERK1/2 was determined by Western analysis using specific antibodies (see 

Methods).  Data shown are representative of results from three experiments.  
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Figure 22:  UTP-induced ERK1/2 phosphorylation due to EGFR transactivation is 

dependent on extracellular calcium.  HSG cells were incubated in either calcium-

containing Krebs-HEPES buffer (15 mM HEPES, pH 7.4, 120 mM NaCl, 4 mM 

KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 1 mM CaCl2, and 10 mM D-glucose) or 

calcium-free Krebs-HEPES buffer containing 0.2 mM EGTA.  Then, cells were 

stimulated with UTP (100 µM) or EGF (100 ng/ml) for 1 or 10 min. Cell lysates 

were prepared and phosphorylation of EGFR or ERK1/2 was determined by 

Western analysis using specific antibodies (see Methods).  (A) Representative 

blots and (B) the means +/- S.E.M. of results from three experiments were 

normalized to total ERK where * indicates p < 0.05 (see Methods). 
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Figure 23:  Rapid UTP-induced ERK1/2 phosphorylation is dependent on PKC.  

HSG cells were pretreated with the PKC inhibitor GF109203 for 30 min and then 

stimulated with 100 µM UTP for 1 or 10 min.  PMA (10 ng/ml) was used as a 

positive control.  Cell lysates were prepared and phosphorylation of EGFR or 

ERK1/2 was determined by Western analysis using specific antibodies (see 

Methods).  (A) Representative blots and (B) the means +/- S.E.M. of results from 

three experiments were normalized to total ERK where * indicates p < 0.05 (see 

Methods).  
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Figure 24: Model for P2Y2R-mediated EGFR transactivation and ERK1/2 

phosphorylation.  Activation of the P2Y2R by ATP or UTP causes the rapid PKC- 

and src-dependent phosphorylation of ERK1/2, whereas ERK1/2 phosphorylation 

induced by longer UTP treatments is dependent upon metalloprotease (ADAM10 

and ADAM17) activation and EGFR transactivation, responses modulated by 

extracellular calcium.    
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DISCUSSION 

  

It is becoming recognized that GPCRs activate mitogen activated protein 

kinases (MAPKs) not only through direct coupling to heterotrimeric G proteins, 

but also by transactivation of signal transduction pathways associated with 

integrins and growth factor receptors [40, 60, 62, 67, 92, 103-105, 107, 118-120].  

GPCRs have been shown to activate MAPKs such as ERK1/2 via a pertussis 

toxin sensitive G protein [102], the adapter protein β-arrestin and the recruitment 

of c-src [103], Gβγ subunits [104], increases in [Ca2+]ι [105, 106], activation of c-

src [104, 107-110] and PYK2 [107, 110] and EGFR transactivation.  Recent 

studies indicate that G protein-coupled P2Y2 receptors for ATP and UTP can 

activate ERK1/2 via Gq proteins or by coupling to integrin and growth factor 

receptors and their signaling complexes [49, 59-62].  In this report, we 

demonstrate that activation of the endogenous P2Y2 receptor in human 

submandibular gland (HSG) cells stimulates ERK1/2 phosphorylation by both a 

rapid src- and PKC-dependent pathway, and a slower pathway that is dependent 

on activation of the metalloproteases ADAM10 and ADAM17, EGFR 

transactivation, and extracellular calcium.   

In HSG cells, rapid src- and PKC-dependent ERK1/2 phosphorylation 

occurs within 1 min of UTP addition (see Figure 16 and Figure 23).  The P2Y2R 

has been shown to bind src via two SH3 binding domains in its C-terminal tail, 

but this mechanism has been associated with the transactivation of growth factor 

receptors [62, 67], a slow response in HSG cells that appears to be src-

 102



independent (see Figure 16).  Nonetheless, src plays a role in the activation of 

ERK by other GPCRs [95, 121].  Our observation that P2Y2R-mediated EGFR 

phosphorylation is not src-dependent in HSG cells depends upon an anti-EFGR 

antibody that is specific for an autophosphorylation site (tyrosine 1068) on the 

EGFR that serves as the binding site for Grb2/SH2, and results in Ras activation 

through a Grb2/Sos signaling mechanism [122].  In a previous study 

demonstrating src-dependent EGFR transactivation by the P2Y2R, [62], the anti-

EGFR antibody used recognized a src-dependent phosphorylation site (tyrosine 

992) on the EGFR, which is a direct binding site for PLCγ and results in activation 

of PLCγ signaling pathways [123].  Therefore, it appears that both src-dependent 

and src-independent mechanisms of P2Y2R-mediated EGFR transactivation 

exist, although in HSG cells autophosphorylation of the EGFR via P2Y2R 

activation is src-independent.  Since PKC is also involved in the rapid phase of 

UTP-induced ERK1/2 activation (see Figure 23), it is likely that PKC activity is 

regulated by the P2Y2R via Gq-mediated activation of PLC and the generation of 

diacylglycerol [32, 40].  Further study is needed to determine whether src activity 

is modulated by PKC in HSG cells, or whether src activation is due to P2Y2R-

mediated transactivation of integrin signaling pathways, as has been previously 

described [40].   

Although src-independent, the P2Y2R in HSG cells mediates slow ERK1/2 

phosphorylation via transactivation of the EGFR (see Figure 15).  Transactivation 

of growth factor receptors is a common mechanism by which GPCRs signal to 

ERK1/2 [92, 93, 95].  EGFR transactivation by a GPCR can occur through 
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shedding of an EGF-like ligand (for a review see [124]), whereas other studies 

demonstrate that GPCRs can activate EGFR in a ligand-independent manner 

[102-110].  Our results with HSG cells show that TAPI-2 (see Figure 17), a 

selective ADAM17/TACE inhibitor, and ADAM10 and ADAM17 siRNAs (see 

Figure 19) inhibit UTP-induced EGFR and ERK1/2 phosphorylation, indicating for 

the first time that these metalloproteases are involved in the delayed phase of 

EGFR-dependent ERK1/2 activation mediated by the P2Y2R.  Although P2Y2R 

activation rapidly increases [Ca2+]i through Gq-dependent stimulation of PLC [25, 

117], our results show that chelation of intracellular calcium by BAPTA had no 

effect on UTP-induced ERK1/2 activation (see Figure 21) whereas depletion of 

extracellular calcium partially inhibited UTP-induced EGFR transactivation and 

ERK1/2 phosphorylation at the 10 min time point (see Figure 22). Thus, 

extracellular calcium may be required for activation of metalloproteases or other 

proteins involved in P2Y2R-mediated EGFR transactivation and ERK1/2 

phosphorylation.   

 UTP-induced activation of the metalloproteases ADAM10 and ADAM17 

could generate EGF-like ligands that stimulate EGFR transactivation.  EGF is 

highly expressed in salivary gland tissues [125], however to our knowledge, the 

presence of other EGF-like ligands in HSG cells has not been documented.  RT-

PCR analyses confirmed the presence of HB-EGF, TGFα, and AR mRNA 

expression in HSG cells (data not shown).  In addition, HB-EGF and EGF 

induced EGFR activation and ERK1/2 phosphorylation in HSG cells (Figures 15-

18 and 20). However, antibodies directed against EGF, HB-EGF, TGFα, and AR 
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had no effect on UTP-induced EGFR phosphorylation, although they prevented 

EGFR phosphorylation induced by their corresponding antigen (Figure 20).  

ADAM10 and ADAM17, members of the adamalysin family of proteases 

(ADAMs), have been implicated in GPCR- and growth factor-mediated tumor cell 

migration [99].  Additionally, ADAM10 and ADAM17 have been shown to induce 

the release of EGF, HB-EGF, TGFα, amphiregulin, epiregulin, and betacellulin 

[100].  Thus, it remains plausible that UTP-induced activation of ADAM10 and 

ADAM17 in HSG cells could generate an as yet unidentified EGFR ligand that 

induces ERK1/2 phosphorylation through transactivation of the EGFR.  We 

recently found that ADAM10 and ADAM17 activation by the P2Y2R expressed in 

1321N1 astrocytoma cells leads to cleavage of the amyloid precursor protein 

(APP) thereby generating sAPPα [101], a peptide that is not known to activate 

the EGFR.  

 P2Y2R-mediated EGFR transactivation and ERK1/2 phosphorylation may 

play a role in stress- and disease-related responses in salivary gland cells, where 

the P2Y2R is up-regulated.  Furthermore, it is possible that P2Y2R-induced 

transactivation of the EGFR may amplify signals induced by EGF or EGF-like 

ligands in chronic disease states.  It has been shown that P2Y2R-induced 

ERK1/2 activation leads to cell proliferation [35, 126-128], which may play a role 

in the repair of damaged tissue, although this remains to be determined.  The 

P2Y2R has also been shown to promote inflammatory responses in a variety of 

cell and tissue types [53, 129-131].  P2Y2R up-regulation in endothelial cells 

promotes vascular inflammation due to increased expression of vascular cell 
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adhesion molecule-1 (VCAM-1) that promotes the binding of monocytes to 

endothelium through a mechanism involving P2Y2R-mediated transactivation of 

vascular endothelial growth factor receptor-2 (VEGFR-2).  In the NOD.B10 

mouse model of Sjögren’s syndrome, an autoimmune disease involving 

lymphocytic cell infiltration leading to salivary gland degeneration [18], P2Y2R 

expression is up-regulated in comparison to normal C57BL/6 mice [91].  It is 

intriguing to postulate that P2Y2R up-regulation in salivary gland regulates the 

expression of cell adhesion molecules that promote the binding of lymphocytes.  

Moreover, the ADAM10 and ADAM17 metalloproteases activated by P2Y2Rs are 

known to generate the cytokines TNFα and IL-1 [98].  Therefore, it is possible 

that P2Y2R-induced metalloprotease activity may enhance salivary gland 

degeneration by amplifying inflammatory responses to nucleotides.  Thus, the 

studies described in this chapter encourage further attempts to determine the 

function of P2Y2Rs in salivary gland, and suggest that P2Y2Rs may be novel 

targets for the treatment of salivary gland pathologies. 
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CHAPTER 4 

CONCLUDING REMARKS 

 

The extracellular nucleotides, ATP, ADP, UTP, and UDP, elucidate a wide 

range of physiological responses through activation of 15 P2 nucleotide receptor 

subtypes belonging to two families, GPCRs and ligand-gated ion channels.  

Among the G protein-coupled P2Y receptors, the P2Y2 subtype is distinguished 

by its ability to be equipotently activated by ATP and UTP and mediates the 

Gq/11–dependent activation of phospholipase C (PLC) to generate the second 

messengers diacylglycerol and inositol 1,4,5-trisposphate (IP3) that respectively 

stimulate PKC and release of calcium from intracellular organelles [32, 76].  In 

submandibular gland (SMG) cells isolated from rat salivary glands, the P2Y2R is 

the only UTP-responsive receptor expressed [38], and mediates a UTP-induced 

increase in [Ca2+]i, a response that increases with time of SMG cell culture [54].   

P2Y2Rs are also up-regulated in ligated salivary glands [52].    
In chapter two of this dissertation, we show that P2Y2Rs are up-regulated 

in the NOD.B10 mouse model of Sjögren’s syndrome, an autoimmune disease of 

the salivary gland that decreases saliva production due to lymphocytic infiltration 

into the gland [7].  Since no specific P2Y2R antibodies exist, we demonstrated 

P2Y2R mRNA up-regulation by RT-PCR with cDNA derived from NOD.B10 SMG 

cell mRNA, and by in situ hybridization of SMG tissue slices from NOD.B10 mice, 

in comparision to normal C57BL/6 mice, using P2Y2-specific anti-sense 

riboprobes.  P2Y2R mRNA up-regulation in SMG of NOD.B10 mice correlated 
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with UTP-induced increases in [Ca2+]i, a measure of P2Y2R activity.  Other 

results indicate that P2Y2R up-regulation increased with disease progression.  

These findings support previous suggestions that P2Y2R up-regulation may play 

a role in salivary gland tissue responses to stress and injury seen in two other 

models of P2Y2R up-regulation in salivary glands [52, 54].    

The fact that P2Y2Rs are up-regulated under stress conditions in many 

types of tissues [53, 55-58], leads us to postulate that P2Y2Rs may play a role in 

the wound healing process.  In salivary glands, P2Y2Rs could regulate saliva 

secretion through activation of signaling cascades that lead to increases in [Ca2+]i 

and activation of Ca2+-activated Cl- channels.  Thus, expression of P2Y2Rs could 

potentially be beneficial to SS patients by increasing saliva flow, although chronic 

expression and activation of P2Y2Rs may lead to prolonged inflammatory 

responses that promote gland degeneration.   

P2Y2Rs in other cell types can activate ERK1/2 through transactivation of 

EGFR [60], PDGFR [54], and VEGFR [67], and SH3 binding domains in the 

P2Y2R have been shown to mediate the src-dependent transactivation of these 

growth factor receptors [62].  Chapter three of this dissertation describes studies 

demonstrating that EGFR transactivation by the P2Y2R in human salivary gland 

(HSG) cells leads to the time-dependent phosphorylation of ERK1/2 and the 

downstream targets of ERK1/2, p90RSK and the transcription factor ELK, 

suggesting that activated P2Y2Rs may regulate gene expression in salivary gland 

tissue.  Other results demonstrate that P2Y2R-mediated EGFR transactivation is 

dependent on ADAM10 and ADAM17 metalloprotease activities and extracellular 
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calcium, and occurs more slowly than src-dependent, EGFR-independent 

ERK1/2 activation in HSG cells that is modulated by PKC.   This study marks the 

first description of ADAM10 and ADAM17 involvement in P2Y2R-mediated EGFR 

transactivation, and describes the most complete characterization to date of 

P2Y2R functions in salivary gland cells.   

Taken together, the fact that P2Y2Rs are up-regulated in many different 

types of stressed tissues to activate the signal transduction pathways mentioned 

above, may provide clues as to the consequence of P2Y2R up-regulation in 

salivary gland.  In support of a role for the P2Y2R in regulating the expression of 

pro-inflammatory molecules, P2Y2R up-regulation and activation in endothelial 

cells increases the expression of vascular cell adhesion molecule-1 (VCAM-1) 

that facilitates the binding of monocytes to endothelium [86].  Similarly, P2Y2R 

regulation of cell adhesion molecule expression in salivary gland may be related 

to Sjögren’s syndrome, an autoimmune disease where binding and infiltration of 

lymphocytes leads to gland degeneration.   

In addition to studies demonstrating that P2Y2Rs can activate responses 

associated with inflammation [53, 129-131], P2Y2R activation can induce 

proliferation of MCF-7 breast cancer cells [35], A549 lung cancer cells [126] 

HeLa cervical cancer cells [127], and human epidermal keratinocytes [128].  

Conversely, the P2Y2R may be responsible for apoptosis of human endometrial 

HEC-1A and Ishikawa cancer cell lines [132] and colorectal HT-29 and Colo320 

DM carcinoma cell lines [87, 133].  In salivary gland cells, preliminary studies 

suggest that P2Y2R activation does not induce apoptosis, since cleaved 

 109



caspase-3 levels, a marker of apoptosis, do not increase with UTP stimulation 

(Figure 25).  Staurosporine, an inducer of apoptosis [134], increased levels of 

cleaved caspase-3 in salivary gland cells (Figure 25).     
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Figure 25.  P2Y2Rs do not mediate cleavage of pro-caspase-3 in HSG cells.  

HSG cells in serum-free medium were treated with UTP (100 µM or 1 mM) or 

staurosporine (1 µM) for 2 or 8 h.  Cell lysates were prepared and cleaved 

caspase-3 and total caspase-3 levels were determined by Western analysis 

using specific antibodies from Cell Signaling Technology (Beverly, MA).  Data 

shown are representative of results from three experiments.  
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Beyond understanding the function of P2Y2Rs in salivary gland, it is also 

imperative that we define the mechanisms controlling P2Y2R up-regulation.  

Since P2Y2Rs are up-regulated under stress-induced conditions, it is plausible 

that these receptors could be either negatively or positively targeted in therapies.  

If P2Y2Rs play a beneficial role by inducing apoptosis of tumor cells, increased 

saliva flow in Sjögren’s syndrome, or tissue repair, stimulation of P2Y2R up-

regulation could be therapeutic.  Published reports indicate that P2Y2Rs can be 

up-regulated by treatment of vascular smooth muscle cells with cytokines 

including IL-1β in combination with TNFα or IFNγ [135].  Alternatively, if P2Y2Rs 

play a detrimental role by promoting chronic inflammation for example, then 

inhibiting the signaling pathways that control P2Y2R up-regulation may prove 

beneficial.  Previously published data indicate that the MEK inhibitor, PD98059, 

partially blocks P2Y2R up-regulation in isolated rat SMG cells cultured for 24 h, 

suggesting that ERK1/2 may play a role in regulating P2Y2R expression [59].   
Preliminary experiments suggest that resveratrol, an anti-oxidant found in grapes 

and grape products, such as grape juice and red wine, inhibits P2Y2R up-

regulation in 48 h-old rat SMG cell cultures (Figure 26), suggesting that a 

combination of resveratrol and PD98059 may be an effective way to minimize 

P2Y2R expression in salivary gland cells.  Further work is necessary to define the 

mechanisms whereby resveratrol inhibits P2Y2R expression, but it seems likely 

that this anti-oxidant prevents activation of transcriptional events induced by 

oxidative stress or related conditions.   
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Figure 26.  Effect of resveratrol on P2Y2R agonist-induced increases of [Ca2+]i 

and P2Y2R mRNA expression in rat SMG cells after 48 h in culture.  Resveratrol 

(1-100 µM) was added to SMG incubated in Krebs-HEPES medium prior to the 

preparation of dispersed cell aggregates, as previously described [59].  (A) Cells 

were assayed for changes in [Ca2+]i in response to UTP (100 µM) or carbachol 

(100 µM), using approximately equal numbers of cells from each preparation.  

Increases in [Ca2+]i were expressed after subtracting the basal [Ca2+]i from the 

peak increase in [Ca2+]i induced by UTP or carbachol (Carb).  Values are means 

+/- SEM of results from 3 experiments.  (B) P2Y2R mRNA levels were 

determined by RT-PCR of cDNA derived from mRNA of SMG cells cultured with 

or without resveratrol (1-75 µM; Res) for 48 h; PCR of RNA samples incubated in 

the absence of reverse transcriptase (-RT) served as a negative control.  

Samples were electrophoresed on a 2% (w/v) agarose ethidium bromide gel and 

bands were visualized under UV light.  Data shown are representative of results 

from two experiments (see Chapter 2 for methods).   
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Further studies are needed to define the signaling pathway that mediates 

UTP-induced EGFR transactivation in HSG cells, such as the identification of an 

EGF-like ligand generated by metalloproteases coupled to P2Y2R activation.  

Although our experiments have utilized anti-EGF ligand antibodies to suggest 

that these ligands play no role in UTP-induced EGFR transactivation, results 

from studies with dominant negative constructs or siRNA to inhibit ligand 

generation would be more conclusive.  The potential involvement of EGF-like 

ligands such as betacellulin and epigen in UTP-induced EGFR transactivation 

remains to be examined, although these ligands have not been associated with 

GPCR-mediated EGFR transactivation to date.  Potentially, there are other 

growth factor receptors, for example FGFR and PDGFR, that are expressed in 

salivary gland tissues and worthy of investigation as potential targets of activated 

P2Y2Rs.  Moreover, since both P2Y2Rs and ADAM metalloproteases have 

integrin binding domains [40, 98, 111], and since P2Y2Rs are known to activate 

integrin-dependent signaling events [40], the role of integrins in salivary gland 

functions mediated by the P2Y2R should be investigated.   

Further studies are needed to link pro-inflammatory responses to P2Y2R 

activation in salivary gland with the autoimmune disease Sjögren’s syndrome 

(SS).  Preliminary data demonstrate that P2Y2R activation in HSG cells and 

cultured rat SMG cells increases VCAM-1 expression and U937 monocyte and 

Jurkat lymphocyte binding to SMG cells (Olga Baker, unpublished results), and 

lymphocyte infiltration into salivary gland has been associated with SS [7].  
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Experiments to demonstrate lymphocyte adherence to UTP-stimulated SMGs 

from the NOD.B10 mouse model of SS could provide further support for the 

hypothesis that P2Y2Rs play a role in SS.  Moreover, since the ADAM 

metalloproteases activated by P2Y2Rs generate pro-inflammatory cytokines [98], 

it should be investigated whether release of cytokines from HSG cells contributes 

to the effects of UTP. 

To clarify the mechanisms involved in regulation of P2Y2R expression, 

studies are currently being performed to identify the transcription factor binding 

sites in the 5’-flanking region of the P2Y2R gene.  This information should help 

elucidate the signaling pathways that mediate P2Y2R gene expression.  Finally, 

other studies underway will examine whether SMG cell culture-induced P2Y2R 

up-regulation can be inhibited in SMG isolated from resveratrol-fed rats 

compared to rats fed a normal diet.  

In conclusion, studies in this dissertation provide evidence that P2Y2Rs 

are up-regulated in salivary glands of the NOD.B10 mouse model of Sjögren’s 

syndrome, and provide novel insights into the signaling pathways activated by 

P2Y2Rs in salivary gland cells.  More work is needed to elucidate the 

physiological consequences of P2Y2R activation in salivary glands, such as the 

involvement in autoimmune and inflammatory processes.  Moreover, elucidation 

of the mechanisms that control P2Y2R expression may prove to be 

therapeutically useful in the treatment of a variety of diseases linked to P2Y2R 

expression, including SS, atherosclerosis, cystic fibrosis and cancer [35, 43, 44, 

53, 91, 136, 137].  
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