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Abstract

Recent studies report the Src-Family kinases(SFK’s) are important in a number of physiological 

and pathophysiological responses of pancreatic acinar cells(pancreatitis, growth, apoptosis), 

however, the role of SFKs in various signaling cascades important in mediating these cell 

functions is either not investigated or unclear. To address this we investigated the action of SFKs 

in these signaling cascades in rat pancreatic acini by modulating SFK activity using three 

methods:Adenovirus-induced expression of an inactive dominant-negative CSK(Dn-CSK-

Advirus) or Wild-Type CSK(Wt-CSK-Advirus), which activate or inhibit SFK, respectively or 

using the chemical inhibitor, PP2, with its inactive control, PP3. CCK(0.3,100 nM) and TPA(1 

µM) activated SFK and altered the activation of FAK proteins(PYK2, p125 FAK), adaptor 

proteins(p130CAS, paxillin), MAPK (p42/44, JNK, p38), Shc, PKC(PKD, MARCKS), Akt but not 

GSK3-β. Changes in SFK activity by using the three methods of altering SFK activity affected 

CCK/TPAs activation of SFK, PYK2, p125 FAK, p130CAS, Shc, paxillin, Akt but not p42/44, 

JNK, p38, PKC(PKD, MARCKS) or GSK3-β. With chemical inhibition the active SFK inhibitor, 

PP2, but not the inactive control analogue, PP3, showed these effects. For all stimulated changes 

pre-incubation with both adenoviruses showed similar effects to chemical inhibition of SFK 

activity. In conclusion, using three different approaches to altering Src activity allowed us to 

define fully for the first time the roles of SFKs in acinar cell signaling. Our results show that in 

pancreatic acinar cells, SFKs play a much wider role than previously reported in activating a 

number of important cellular signaling cascades shown to be important in mediating both acinar 

cell physiological and pathophysiological responses.
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1. Introduction

The Src Family of Kinases (SFKs) plays a central signaling role in cells for growth factors, 

cytokines and G protein-coupled receptors (Aleshin and Finn, 2010). They are important in 

the signaling of many cellular processes such as cell secretion, endocytosis, growth, 
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cytoskeletal integrity and apoptosis (Aleshin and Finn, 2010) which are mediated by these 

stimuli. Increasing evidence demonstrates that SFKs are important in pancreatic acinar cells, 

mediating normal cellular processes induced by growth factors and gastrointestinal 

hormones/neurotransmitters such as enzyme secretion, membrane recycling, endocytosis, 

protein synthesis, control of cellular calcium levels or regulation of PKCs (Liddle, 1994; 

Tsunoda et al, 1996; Tapia et al, 2003). Moreover, the SFKs are also involved in several 

pancreatic pathophysiological processes like inflammation, tumorigenesis and cell death 

regulation (Nagaraj et al, 2010; Ramnath et al, 2009). As a consequence of their 

participation in pancreatic acinar cells pathophysiological processes the SFK role in the 

development of acute pancreatitis and its role in the progression of pancreatic cancer have 

been extensively studied (Mishra et al, 2013). Because of the prominent role SFKs play in 

these inflammatory and neoplastic processes it has been proposed inhibition of SFK activity 

might be a useful therapeutic approach (George, Jr. et al, 2014).

A number of cellular signaling cascades have been identified which are important in 

mediating CCK’s physiological and pathophysiological effects. However, in most cases 

either the role of SFKs in these signaling cascades has not been studied or conflicting 

information exists whether Src-activation is important in their mediation. This has occurred, 

in part, because most of these studies used SFK inhibitors without the proper control 

compounds or used non-specific Src inhibitors, which in some cases could interact with 

other signaling kinases different than SFK (Bain et al, 2007; Blake et al, 2000). These latter 

points are important because detailed studies of SFK inhibitors have demonstrated that even 

the best are not absolutely specific; simultaneous assessment with the inactive analogue, PP3 

in the case of the pyrazolo-pyrimidine inhibitors (PP1, PP2) allows increased specificity but 

it is frequently not used; and that even the recommendation of using more than one SFK 

inhibitor does not allow complete specificity (Bain et al, 2007). Specifically, herbimycin A, 

a commonly used SFK inhibitor, also used in some studies of pancreatic acinar cell function 

(Tsunoda et al, 1996), inhibits several tyrosine kinases, apart from Src (Murakami et al, 

1998). The pyrazolo-pyrimidine compounds (PP1 and PP2), which have been widely used in 

a number of studies to evaluate the role of SFKs in cellular function (Bain et al, 2007), have 

been demonstrated to be able to inhibit other protein kinases (Bain et al, 2007) and thus an 

inactive control such as PP3 is essential to establish specificity. Even the indolinone analog 

SU6656, which was originally reported to be a more selective, potent inhibitor of SFKs 

(Blake et al, 2000), has subsequently been reported to interact with a number of other 

protein kinases (Bain et al, 2007). Almost all the information about the role of SFK in 

pancreatic acinar cells comes from studies using one of the SFK inhibitors alone, often 

without a control inactive variant and this may contribute to the conflicting results obtained 

in some cases (Ramnath et al, 2009; Nagaraj et al, 2010; Bain et al, 2007; Blake et al, 2000). 

Because of these possible limitations, it remains an open question as to which cellular 

signaling cascades the SFKs interact with in pancreatic acinar cells.

In the present study, we attempted to address this question by using three different 

approaches to alter SFK activity in pancreatic acinar cells. First, we inhibited SFK activity 

by inducing the expression of Wild-Type CSK (Wt-CSK-Advirus), which specifically 

inhibits SFK (Okada, 2012). Second, we performed the reverse experiment to activate SFKs 

by inducing the expression of an inactive dominant-negative version of CSK through an 
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adenovirus infection (Dn-CSK-Advirus) (Adam et al, 2010), which results in SFK 

activation. Lastly, we inhibited SFK activity by a different mechanism using the general 

SFK antagonist PP2, with the inactive chemically related analogue PP3 as a control under 

identical conditions. Using these three methods of modulation of SFK activity we studied 

the activation of several cellular signaling cascades reported to be important in mediating the 

physiological and pathophysiological processes cell growth, differentiation, adhesion, 

secretion, in mediating pancreatitis and cell death regulation activated by CCK in the 

pancreatic acini (Piiper et al, 2003; Ferris et al, 1999; Tapia et al, 1999; Pace et al, 2003; 

Berna et al, 2007; Pace et al, 2006; Garcia et al, 1997; Sancho et al, 2012).

To perform these studies we assessed the effects of SFK modulation on both basal SFK 

activity, as well as the effect on stimulated SFK activity by the hormone/neurotransmitter, 

cholecystokinin (CCK). CCK is a physiological regulator of pancreatic acinar cell function 

(Tapia et al, 1999; Sancho et al, 2012) and is reported to activate SFKs in pancreatic acinar 

cells (Piiper et al, 2003; Ferris et al, 1999; Tapia et al, 1999; Pace et al, 2003; Berna et al, 

2007; Pace et al, 2006; Garcia et al, 1997; Sancho et al, 2012). Because CCK is reported to 

have both physiological effects (Tapia et al, 1999; Pace et al, 2003), as well as 

pathophysiological effects, at supramaximal concentrations (causing pancreatitis-like 

changes) (Yuan et al, 2012), in our studies we used a physiological equivalent in vitro (0.3 

nM) concentration of CCK and also a pathophysiological (100 nM) CCK concentration. The 

100 nM high dose CCK was used because previous studies reported it induces maximal 

activation of the SFK members Yes and Lyn in pancreas (Sancho et al, 2012; Pace et al, 

2006), it activates both high- and low-affinity CCK receptors (Pace et al, 2003; Sancho et al, 

2012; Pace et al, 2006) and causes pathophysiological changes. The 0.3 nM CCK dose was 

used because it results in only high affinity receptor activation as seen in physiological 

activation and is the minimal CCK dose that can reproducibly stimulate many of the cellular 

cascades measured. We also used the phorbol ester, TPA, which directly activates PKCs and 

therefore mimics one of the main cellular signaling cascades of a number of physiological 

stimulants of acinar cells (CCK, acetylcholine, gastrin-releasing peptide, substance P) 

(Sancho et al, 2012; Pace et al, 2006).

2. Materials and Methods

2.1. Materials

Male Sprague-Dawley rats (150–250 g) were obtained from the Small Animals Section, 

Veterinary Resources Branch, National Institutes of Health (NIH), Bethesda, MD. Rabbit 

anti-phospho-Src family (Tyr416), rabbit anti-Src family, rabbit anti-phospho-PYK2 (Tyr 

402), rabbit anti PYK2, rabbit anti-phospho- p125FAK (Tyr397), rabbit anti p125FAK, rabbit 

anti-phospho-p130Cas (Tyr 410), rabbit anti-phospho-paxillin (Tyr 118), rabbit anti-paxillin, 

rabbit anti-phospho-Shc (Tyr 239/240), rabbit anti-Shc, rabbit anti-phospho-p42/44 

mitogen-activated-protein-kinase (MAPK) (Tyr 202/204), rabbit anti-p42/44 mitogen-

activated-protein-kinase (MAPK), rabbit anti-phospho-p38 (Tyr 180/182), rabbit anti-p38, 

rabbit anti-phospho-Jnk (Thr 183/ Tyr 185), rabbit anti-Jnk, rabbit anti-phospho-GSK-3-β 

(Ser 9), rabbit anti-GSK-3-β, rabbit anti-phospho-PKD (Ser744/748), rabbit anti-PKD, 

rabbit anti-phospho-Marcks (Ser 152/156), rabbit anti-Csk, rabbit anti-α/β tubulin antibodies 
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and nonfat dry milk were purchased from Cell Signaling Technology, Inc (Beverly, MA). 

Rabbit anti-p130CAS and anti-rabbit-HRP-conjugate antibody was from Santa Cruz 

Biotechnology, Inc. (Santa Cruz, CA). Tris/HCl pH 8.0 and 7.5 were from Mediatech, Inc. 

(Herndon, VA). 2-mercaptoethanol, protein assay solution, sodium lauryl sulfate (SDS) and 

Tris/Glycine/SDS (10X) were from Bio-Rad Laboratories (Hercules, CA). MgCl2, CaCl2, 

Tris/HCl 1M pH 7.5 and Tris/Glycine buffer (10x) were from Quality Biological, Inc. 

(Gaithersburg, MD). Minimal essential media (MEM) vitamin solution, amino acids 100x, 

Dulbecco’s phosphate buffered saline (DPBS), glutamine (200 mM), Tris-Glycine gels, L-

glutamine, Waymouth´s MB 752/1 medium, fetal bovine serum (FBS) were from Invitrogen 

(Carlsbad, CA). COOH-terminal octapeptide of cholecystokinin (CCK) was from Bachem 

Bioscience Inc. (King of Prussia, PA). PP2 and PP3 were from Calbiochem (La Jolla, CA). 

Carbachol, insulin, dimethyl sulfoxide (DMSO), 12-O-tetradecanoylphobol-13-acetate 

(TPA), L-glutamic acid, glucose, fumaric acid, pyruvic acid, trypsin inhibitor, HEPES, 

TWEEN® 20, Triton X-100, phenylmethanesulfonylfluoride (PMSF), 

ethylenediaminetetraacetic acid (EDTA), ethylene glycol tetraacetic acid (EGTA), sucrose, 

sodium-orthovanadate and sodium azide were from Sigma-Aldrich, Inc. (St. Louis, MO). 

Albumin standard and Super Signal West (Pico, Dura) chemiluminescent substrate were 

from Pierce (Rockford, IL). Protease inhibitor tablets were from Roche (Basel, Switzerland). 

Purified collagenase (type CLSPA) was from Worthington Biochemicals (Freehold, NJ). 

Nitrocellulose membranes were from Schleicher and Schuell Bioscience, Inc. (Keene, NH). 

Biocoat collagen I Cellware 60 mm dishes were from Becton Dickinsen Labware (Bedford, 

MA). Albumin bovine fraction V was from MP Biomedical (Solon, OH). NaCl, KCl and 

NaH2PO4 were from Mallinckrodt (Paris, KY). Ad-CMV-Null adenovirus was from Q-

Biogene (Carlsbad, CA). Dominant negative CSK Recombinant Adenovirus, Wild type CSK 

Recombinant Adenovirus, QuickTiter™ Adenovirus Quantitation Kit and ViraBind™ 

Adenovirus Purification Kit were from Cell Biolabs, Inc. (San Diego, CA).

2.2. Methods

2.2.1. Tissue Preparation—Animals were housed, cared for and treated according to an 

approved protocol following the guidelines of the NIH Animal Use Committee. Pancreatic 

acini were obtained by collagenase digestion as previously described (Tapia et al, 1999; 

Sancho et al, 2012). Standard incubation solution contained 25.5 mM HEPES (pH 7.45), 98 

mM NaCl, 6 mM KCl, 2.5 mM NaH2PO4, 5 mM sodium pyruvate, 5 mM sodium glutamate, 

5 mM sodium fumarate, 11.5 mM glucose, 0.5 mM CaCl2, 1 mM MgCl2, 1 mM glutamine, 

1% (w/v) albumin, 0.01% (w/v) trypsin inhibitor, 1% (v/v) vitamin mixture and 1% (v/v) 

amino acid mixture.

2.2.2. Acini Stimulation—After collagenase digestion, dispersed acini were pre-

incubated in standard incubation solution for 2 hrs at 37 °C with or without inhibitors as 

described previously (Tapia et al, 1999; Pace et al, 2003). After pre-incubation 1 ml aliquots 

of dispersed acini were incubated at 37 °C with or without stimulants. Cells were lysed in 

lysis buffer (50 mM Tris/HCl pH 7.5, 150 mM NaCl, 1% Triton X-100, 1% deoxycholate, 

0.1% sodium azide, 1 mM EGTA, 0.4 mM EDTA, 0.2 mM sodium orthovanadate, 1 mM 

PMSF, and one protease inhibitor tablet per 10 ml). After sonication, lysates were 
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centrifuged at 10,000x g for 15 min at 4 °C and protein concentration was measured using 

the Bio-Rad protein assay reagent.

2.2.3. Virus infection in cultured acini—Pancreatic acini were isolated as described 

above, infected with either Ad-CMV-Null (empty adenovirus, as infection control), 

dominant negative CSK adenovirus or Wild Type CSK adenovirus at 1 × 109 VP/ml 

concentration, as described previously (Berna et al, 2007). After 6 h, stimulants were added 

and cells lysed as described above.

2.2.4. Western Blotting—Western blotting was performed as described previously 

(Garcia et al, 1997). Briefly, equal amounts of protein from whole cell lysates were loaded 

on to SDS-PAGE using 4–20% Tris-Glycine gels (Invitrogen, Carlsbad, Ca). After 

electrophoresis, proteins were transferred to nitrocellulose membranes for 2 hours for 

detection of signaling cascades levels. After the transfer membranes were washed twice in 

washing buffer (TBS plus 0.1% Tween®20), at room temperature for 1 h, and then 

incubated with primary antibody at 1:1000 dilution in washing buffer + 5% BSA overnight 

at 4°C, under constant agitation. After primary antibody incubation, membranes were 

washed twice in blocking buffer (TBS, 0.1% Tween® 20, 5% non-fat dry milk) for 4 min 

and then incubated with HRP-conjugated secondary antibody (α-rabbit) for 1 h at room 

temperature under constant agitation. Membranes were washed again twice in blocking 

buffer for 4 min, and then twice in washing buffer for 4 min. Then, the membranes were 

incubated with chemiluminescence detection reagents for 4 min and finally were exposed to 

Kodak Biomax film (MR, MS). Tubulin and total Src-antibodies were used to assess equal 

loading on these experiments. When re-probing was necessary membranes were incubated 

in Stripping buffer (Pierce, Rockford, IL) for 30 minutes at room temperature, washed twice 

for 10 min in washing buffer, blocked for 1 hour in blocking buffer at room temperature and 

re-probed.

2.2.5. Statistical Analysis—All experiments were performed at least 3 times. Data are 

presented as mean ± SEM and were analyzed using the one-way ANOVA analysis with 

Dunnett´s or Bonferroni multiple test as post hoc tests using the GraphPad 5.0 software. P 

values <0.05 were considered significant.

3. Results

3.1. CCK and TPA induce activation of several kinases in pancreatic acinar cells

To explore the possible importance of SFK activation by CCK in pancreatic acini, we first 

examined CCKs ability to activate various cell signaling cascades reported to be important 

for mediating its various cellular responses such as secretion, proliferation and cytokine 

release. To accomplish this, we assessed the effect of CCK at physiological (0.3 nM) and 

supraphysiological (100 nM) concentrations, as well as the effect of the PKC activator, 

TPA, to activate SFKs. We also analyzed the activation of a number of cellular signalling 

cascades reported to be important in mediating CCK’s physiological or pathophysiological 

effects in the above acinar responses. The supra-physiological 100 nM concentration of 

CCK (Fig. 1–2; Table 1) induced activation of Src (420±107% Δ of basal, p<0.01) (Fig. 1A) 
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and several other kinases including PYK2 (425±96%Δ of basal, p<0.05) (Fig. 1B), p125FAK 

(539±85%Δ of basal, p<0.05) (Fig. 1C), paxillin (678 ±130%Δ of basal, p<0.001) (Fig. 1D), 

PKD (519±56%Δ of basal, p<0.001) (Fig. 1E), MARCKS (285±21%Δ of basal, p<0.01) 

(Fig. 1F), p130Cas (878±46%Δ of basal, p<0.001) (Fig. 2A), Shc (184±18%Δ of basal, 

p<0.05) (Fig. 2B) and, to a lesser extent, the MAPKS p42/44 (165±34%Δ of basal, p<0.05) 

(Fig. 2C) and JNK (145±9%Δ of basal, p<0.05) (Fig. 2E). P38 was activated, but just in the 

cells preincubated during 6 hours for the virus infection (134±9%Δ of basal, p<0.05) (Fig. 

2D and Fig. 7D). GSK3-β (Fig. 2F) was not significantly increased by 100 nM CCK.

At a physiological CCK concentration (0.3 nM), in addition to stimulating SFK activation, 

PYK2, P125 FAK, paxillin, p130Cas, PKD and p42/44 also were activated (Fig. 3–4, Table 

1). The magnitude of the activation of Src (401±59% Δ of basal, p<0.01) (Fig. 3A), PYK2 

(457±140% Δ of basal, p<0.01) (Fig. 3B) and p42/44 (188±36% Δ of basal, p<0.01) (Fig. 

4B) with 0.3 nM CCK was similar to that seen with the 100 nM CCK concentration. In 

contrast, the magnitude of the activation of p125FAK (211±25% Δ of basal, p<0.05) (Fig. 

3C), paxillin (280±38% Δ of basal, p<0.05) (Fig. 3D), p130Cas (172±25 Δ of basal, p<0.05) 

(Fig. 4A), PKD (242±30% Δ of basal, p<0.05) (Fig. 3E) were significantly lower (p<0.05) 

than seen with the 100 nM CCK concentration. Similarly to the 100 nM CCK concentration, 

p38 (Fig. 4C) and GSK3-β (Fig. 4E) were not responsive to CCK at this physiological 

concentration. Furthermore, we did not detect any signal of activation of Shc, JNK or 

MARCKS at this concentration of 0.3 nM CCK; whereas each was activated at the 100 nM 

CCK concentration (Fig. 1–2; Fig. 4D, Table 1).

The PKC activating agent, TPA (Fig. 1–4; Table 1) stimulated phosphorylation of all the 

kinases with the exception of p38 (Fig. 2D, 4C; Table 1) and GSK3-β (Fig. 2F, 4E). 

Specifically, after 5 minutes of incubation with 1 µM TPA, Src (337±41% Δ of basal, 

p<0.01) (Fig. 1A, 3A), PYK2 (288±48%Δ of basal, p<0.01) (Fig. 1B, 3B), p125FAK 

(317±59%Δ of basal, p<0.01) (Fig. 1C, 3C), paxillin (262±43%Δ of basal, p<0.001) (Fig. 

1D, 3D), PKD (512±56%Δ of basal, p<0.001) (Fig. 1E, 3E), MARCKS (350±73%Δ of 

basal, p<0.01) (Fig. 1F), p130Cas (377±88%Δ of basal, p<0.001) (Fig. 2A, 4A), Shc 

(262±45%Δ of basal, p<0.05) (Fig. 2B), p42/44 (210±37%Δ of basal, p<0.05) (Fig. 2C, 4B) 

and, to a lower extent, JNK (144±11%Δ of basal, p<0.05) were all activated by TPA (Fig. 

2E, 4D).

3.2. Basal activation of several kinases is reduced by the specific Src inhibitor PP2 but not 
by PP3 in pancreatic acinar cells

Basal Src kinase activity (Fig. 1–4; Table 1) was significantly reduced after 1 hour pre-

incubation with 10 µM PP2 (−80±4%Δ of basal, p<0.001) (Fig. 1A, 3A), whereas, it was 

unaffected by 10 µM PP3. Basal phosphorylation of PYK2 (−84±4%Δ of basal, p<0.05) 

(Fig. 1B, 3B), paxillin (−69±8%Δ of basal, p<0.001) (Fig. 1D, 3D), p130Cas (−82±3%Δ of 

basal, p<0.05) (Fig. 2A, 4A), Shc (−72±10%Δ of basal, p<0.005) (Fig. 2B), p42/44 

(−33±7%Δ of basal, p<0.05) (Fig. 2C, 4B), GSK3-β (−34±6%Δ of basal, p<0.05) (Fig. 2F, 

4E) and AKT (−64±14%Δ of basal, p<0.05) (data not shown) were decreased in the PP2-

treated cells compared to controls. Pre-incubation with 10 µM PP3 did not have any effect in 

reducing the basal phosphorylation of any of these kinases.
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3.3. CCK-and TPA-induced activation of several kinases is inhibited by PP2, but not PP3, 
in pancreatic acinar cells

We first established whether the concentrations of PP2 used resulted in >90% inhibition of 

CCK- (0.3 nM; 100 nM) and TPA-stimulated SFK activation under the experimental 

conditions used. Whereas, the control analogue, PP3 was inactive, PP2 (10 µM) inhibited by 

>90% CCK (0.3 nM; 100 nM) stimulation of SFK as well as that by TPA (Fig. 1–4; Table 

1). In the PP2-treated cells, the supra-physiological (Fig. 1–2; Table 1) 100 nM CCK 

induced phosphorylation of a number of proteins was significantly reduced after 1 h pre-

incubation with 10 µM PP2, however PP3 had no effect. This includes the stimulation of 

phosphorylation of PYK2 (21±9% of CCK alone, p<0.05) (Fig. 1B), p125FAK (48±8% of 

CCK alone, p<0.05) (Fig. 1C), paxillin (30±8% of CCK alone, p<0.05) (Fig. 1D), p130Cas 

(30±5% of CCK alone, p<0.001) (Fig. 2A) and Shc (25±4% of CCK alone, p<0.01) (Fig. 

2B). In contrast, pre-incubation with PP2 (10 µM) did not affect the CCK (100 nM) 

stimulation of the phosphorylation of p42/44 (Fig. 2C), PKD (Fig. 2E) or MARCKS (Fig. 

2F). There was a trend towards a decrease (20%) by PP2 in CCK-stimulated JNK (Fig. 2E), 

however it did not reach statistical significance.

On the other hand (Fig. 3–4; Table 1), stimulation by the physiological 0.3 nM CCK was 

significantly reduced by 10 µM PP2 for PYK2 (12±5% of CCK alone, p<0.05) (Fig. 3B), 

paxillin (27±7% of CCK alone, p<0.05) (Fig. 3D), p125FAK (41±4% of CCK alone, p<0.05) 

(Fig. 3C) and p130Cas (38±8% of CCK alone, p<0.05) (Fig. 4A), and in each case PP3 was 

without effect. Moreover, pre-incubation with PP2 (10 µM) reduced the TPA 1 µM 

stimulation of Src (34±4% of TPA alone, p<0.001) (Fig. 1A, 3A), PYK2 (19±6% of TPA 

alone, p<0.001) (Fig. 1B, 3B), p125FAK (69±9% of TPA alone, p<0.05) (Fig. 1C, 3C), 

paxillin (22±6% of CCK alone, p<0.01) (Fig. 1D, 3D), p130Cas (28±7% of TPA alone, 

p<0.01) (Fig. 2A, 4A) and Shc (22±8% of TPA alone, p<0.01) (Fig. 2B). In each case, TPA 

stimulation was not affected by the control analogue PP3. As reported previously (Berna et 

al, 2009) CCK and TPA reduced Akt, and the addition of PP2 had no effect on this (data not 

shown).

3.4. Effects of Src activity modulation, by pre-incubation with a Dn-CSK-Advirus or a WT-
CSK-Advirus, upon the phosphorylation of several kinases

In order to corroborate the results obtained with chemical inhibition with PP2 pre-

incubation, we used two other approaches to assess the importance of SFK in the cellular 

signaling cascades by modulating Src activity using two different adenoviruses (Dn-CSK-

Advirus and Wt-CSK-Advirus). Dn-CSK-Advirus, modulates Src activity by inducing 

expression of a dominant-negative version of CSK (Dn-CSK-Advirus), which results in Src 

activation (Adam et al, 2010). On the other hand, the expression of the wild-Type CSK, by 

infection with the Wt-CSK-Ad-virus, inhibits Src activity (Okada, 2012). The incubation 

with both WT-and DN-CSK adenovirus resulted in the over-expression of the active and 

inactive version of CSK (Fig. 5). Once the effectiveness of the virus infection was 

confirmed new cells were infected with the viruses followed by stimulation with CCK (0.3 

or 100 nM) or TPA 1 µM as performed in the PP2/PP3 experiments described above.

Nuche-Berenguer et al. Page 7

J Cell Biochem. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



In the control cells, (Fig. 6–7; Table 1) after pre-incubation for six hours with the inactive 

control null-Ad-virus, CCK 0.3 nM did not activate significantly any of the kinases, with the 

exception of Shc (386±59%Δ of control, p<0.01) (Fig. 7B), and JNK (194 ±9%Δ of control, 

p<0.05) (Fig. 7E). However, with the 100 nM CCK concentration a clear activation was 

seen with Src (585±164%Δ of control, p<0.05) (Fig. 6A), PYK2 (415±78%Δ of control, 

p<0.01) (Fig. 6B), p125FAK (372±94%Δ of control, p<0.05) (Fig. 6C), paxillin (642±95%Δ 

of control, p<0.01) (Fig. 6D), p130Cas (442±75%Δ of control, p<0.01) (Fig. 7A), Shc 

(391±20%Δ of control, p<0.05) (Fig. 7B), p42/44 (310±19%Δ of control, p<0.05) (Fig. 7C) 

and, to a lesser extent, p38 (134±9%Δ of control, p<0.05) (Fig. 7D). Similarly, TPA 1 µM 

also stimulated Src (568±180%Δ of control, p<0.05) (Fig. 6A), PYK2 (421±19%Δ of 

control, p<0.01) (Fig. 6B), p125FAK (317±92%Δ of control, p<0.05) (Fig. 6C), paxillin 

(641±103%Δ of control, p<0.01) (Fig. 6D), p130Cas (390±97%Δ of control, p<0.01) (Fig. 

7A), Shc (290±70%Δ of control, p<0.05) (Fig. 7B) and p42/44 (431±96%Δ of control, 

p<0.05) (Fig. 7C).

In the pancreatic acinar cells after pre-incubation during 6 hours with the SFK activating 

dominant-negative CSK adenovirus (Dn-CSK-Advirus), there was an increment in the basal 

phosphorylation of Src (560±125%Δ of control, p<0.05) (Fig. 6A), PYK2 (256 ±39%Δ of 

control, p<0.05) (Fig. 6B), p125FAK (288±49%Δ of control, p<0.05) (Fig. 6C), paxillin 

(538±116%Δ of control, p<0.05) (Fig. 6D), p130Cas (242±40%Δ of control, p<0.05) (Fig. 

7A), and Shc (301±54%Δ of control, p<0.05) (Fig. 7B).

Despite the higher basal levels of activation in the Dn-CSK-Advirus incubated cells, the 

supra-physiological concentration of CCK (100 nM) stimulated additional activation of 

PYK2 (289±98%Δ of DN-control, p<0.05) (Fig. 6B), p125FAK (227±50%Δ of DN-control, 

p<0.05) (Fig. 6C) and p130Cas (214±12%Δ of DN-control, p<0.05) (Fig. 7A). CCK 0.3 nM 

did not further increase the phosphorylation of kinases in Dn-CSK-Advirus incubated cells. 

TPA 1 µM increased p130Cas (163±10%Δ of DN-control, p<0.01) (Fig. 7A) and Shc 

(193±38%Δ of DN-control, p<0.05) (Fig. 7B). However, due to the high basal level of 

activation of these kinases we could not determine the proportion of increment in activation 

observed in the CCK-treated-DN-CSK-Ad virus infected cells which was due to CCK itself 

or for the constitutively activation of SFK.

The inhibition of Src by Wt-CSK-Advirus pre-incubation had a generally similar effect to 

that of the PP2 inhibition (Fig. 8, Table 1). Specifically, it resulted in basal inhibition of 

p130CAS, and Shc. The Wt-CSK-Advirus inhibited the stimulation by 0.3 nM CCK of the 

phosphorylation of PYK2, 125FAK, p130Cas, paxillin, and Shc (Fig. 8, Table 1). Moreover, 

the 100 nM CCK stimulation of PYK2, p125FAK, p130CAS, paxillin, Shc and Src were all 

inhibited after pre-incubation with the Wt-CSK-Advirus. Also, the TPA stimulation of 

p125FAK, p130CAS, paxillin and Src were inhibited when cells were infected with Wt-CSK-

Advirus (Fig. 8, Table 1).

4. Discussion

The aim of the present study was to fully characterize the role of SFK in affecting signal 

cascades known to be important in mediating physiological or pathophysiological responses 
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in pancreatic acinar cells. In contrast to previous studies that have explored SFK activation 

in pancreatic acinar cells, in this study we altered SFK activity by a number of different 

approaches, which allowed us to firmly establish which cellular signaling cascades SFK was 

involved in but avoid non-specific effects. Our study was performed by preincubation with 

two different adenoviruses expressing an active or a dominant negative form of CSK, a well-

known down-regulator of SFK, resulting in either over-activation or inactivation of SFKs, 

respectively and also by using the chemical inhibitor PP2, with its inactive control 

PP3(Tsunoda et al, 1996; Tapia et al, 2003; Pace et al, 2006; Nagaraj et al, 2010; Bhatia, 

2004). Overall, the results obtained by the three methods of modulation of SFK activity gave 

similar results. However, we observed some differences with the physiological 

concentration of CCK (CCK 0.3 nM) to activate some signaling kinases in the control-

nulled adenovirus as compared to PP2-treated cells. This was most likely due to the fact that 

the virus treated cells required a 6 hour preincubation with the virus and were in general 

slightly less responsive to stimulation. However, we were able to confirm all our results with 

the chemical inhibition by performing the reverse study to over-activate SFKs using 

preincubated with the DN-CSK-Ad-virus, since the effect of the CCK 0.3 nM upon the 

activation of many of these kinases was enhanced with this approach. Our results can best be 

seen by discussing them in light of SFKs effect on four important signaling cascades in 

pancreatic acinar cells which have been shown to be important in mediating many of the 

acinar cell responses to stimuli. These include the activation of the focal adhesion kinase 

pathway, the mitogen-activated kinases (MAPKs) pathway, the PI3K/Akt/ GSK-3β pathway 

and the PKC pathway.

The focal adhesion kinases (FAKs), p125FAK and PYK2 have a Src-interacting domain and 

in a number of cell systems, SFK’s interaction with FAK can result in the activation of 

either FAK or Src (Antonieta Cote-Velez et al, 2001). Previous studies demonstrate CCK 

can activate both p125FAK and PYK2 in pancreatic acinar cells (Garcia et al, 1997; Tapia et 

al, 1999). Our results demonstrate that SFK activation induced by CCK, at both 

physiological and supra-physiological concentrations, or by the direct PKC activator, TPA, 

precedes and is required for the phosphorylation and activation of the focal adhesion 

kinases, p125FAK and PYK2. In addition, our results provide additional new insights into the 

role of CCK activation of SFK in stimulating the FAKs activation. In the case of p125FAK 

the Y397 residue (or PYK-2 at Y402), an auto-phosphorylation site, has a strong binding 

site for SFKs, which in some cases requires SFK binding for its activation, whereas in other 

cases does not require SFK for the initial activation, but requires it for full activation 

(Schlaepfer and Hunter, 1996). Our results establish that CCK stimulated phosphorylation of 

p125FAK at the Y397 and PYK2 at Y402 is SFK-dependent. Our results differ from a 

number of other studies in various tissues showing that the phosphorylation of FAK at Y397 

is a SFK-independent phenomenon, such as seen with the GPCR ligand, lysophosphatidic 

acid (LPA) or bombesin (Salazar and Rozengurt, 2001). Our results with CCK are similar to 

observations with some other G-protein-coupled-receptors (GPCRs) ligands such as with the 

cannabinoid receptor agonist WIN55212-2, whose Y397 FAK phosphorylation action is 

inhibited by PP2 (Dalton et al, 2013). However, in one study (Hakuno et al, 2005) in 

embryonic stem cells the degree of p125FAK inhibition induced by SFK inhibitors depended 

on the nature of the SFK inhibitor used. In that study (Hakuno et al, 2005) the SFK inhibitor 
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SU6656 was not effective in inhibiting p125FAK activation, while PP2 was. Similar varying 

results with different SFK inhibitors have been reported in a number of studies (Sanchez-

Bailon et al, 2012). These results demonstrate the possible difficulties that may occur in 

relying on a single SFK inhibitor to elucidate the effect of SFK activation in the systems 

studied (Sanchez-Bailon et al, 2012). Our studies are not limited by this problem, because 

we provide evidence from three different approaches to support the importance of SFKs in 

the activation of p125FAK and PYK2.

Our results demonstrate that in pancreatic acini, both CCK and TPA, activate two p125FAK 

substrates, p130 CAS and paxillin, in a dose-dependent manner as reported previously (Ferris 

et al, 1999; Sancho et al, 2012), however they extend these results by demonstrating that this 

activation is Src-dependent for both adapter proteins. Our result in pancreatic acini is similar 

to that reported in cardiomyocytes where p130CAS is tyrosine phosphorylated by ET1 in a 

SFK-dependent manner (Kodama et al, 2003). Our results, however, differ from studies in 

the pancreatic cancer cell line PANC1 where SFK inhibition did not decrease paxillin 

activation (Nagaraj et al, 2010). These results demonstrate that the role of SFK’s in 

activating paxillin and p130CAS differs depending on the cell type.

A number of our results establish the novel finding that SFKs are not playing a role either in 

determining basal activity or in CCK- or TPA- mediated activation of the different mitogen-

activated protein kinases (MAPKs), p42/44, p38 and JNK. Even though we observed a basal 

reduction of p42/44 activation after chemical inhibition of SFK, this observation was not 

corroborated by any of the CSK Ad-virus pre-incubations, demonstrating again the 

importance of using multiple approaches to altering SFK activity to clearly define its roles. 

As reported previously, we found that CCK could activate ERK (p42/44) (Dabrowski et al, 

1997) and JNK (Dabrowski et al, 1996) and p38 (Schafer et al, 1998) in pancreatic acini. 

However, there were no studies on the role of SFKs in mediating this effect. We found that 

SFK’s were not important in CCK or TPA activation of MAPKs in pancreatic acini. These 

results are in contrast with the effects of substance P in pancreatic acinar cells (Ramnath et 

al, 2009), bradykinin in trabecular meshwork cells (Webb et al, 2011), urocortin in mouse 

myocytes (Yuan et al, 2010) or angiotensin II in vascular smooth cells (Yogi et al, 2007), 

which all stimulate Src-dependent p42/44 activation. However, they are similar to results in 

vascular smooth cells stimulated by ET-1, which activated ERKs in a Src-independent way 

(Yogi et al, 2007). Our findings also establish that CCK/TPA induced activation of p38 is 

not depend on Src activation. These results differ from that seen with sphingosine-1-

phosphate stimulation in smooth muscle cells (Duru et al, 2012) or angiotensin II 

stimulation of p38 in vascular smooth cells (Duru et al, 2012), which caused Src-dependent 

activation of p38. However, they are similar to the lack of effect of SFK activity on ET-1 

stimulation in vascular smooth muscle cells (Yogi et al, 2007). Lastly, we also found that 

alteration of SFK activity did not affect CCK or TPA activation of JNK, which differs from 

JNK activation induced by sphingosine-1-phosphate in smooth muscle cells or by ET-1 

stimulation in vascular smooth, which is dependent on Src (Yogi et al, 2007; Duru et al, 

2012). However, our result in pancreatic acinar cells is similar to the lack of effect of Src 

inhibition on angiotensin II stimulation of JNK in vascular smooth muscle cells (Duru et al, 

2012). These results demonstrate that the lack of importance of SFK in mediating activation 
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of different MAPKs in pancreatic acinar cells generally differs from its importance in this 

cascade with various stimuli in other cell types.

In previous studies in pancreatic acini, CCK is reported to stimulate Shc (Piiper et al, 2003), 

alter the activation of Akt (Berna et al, 2009) and also stimulate phosphorylation of GSK-3β 

(Sans et al, 2002), resulting in alterations in their activity. Our results reveal that, in 

pancreatic acinar cells, Shc activation induced by CCK or TPA and also Shc’s basal activity 

were SFK-dependent. These results are consistent with observations from previous studies 

in pancreatic acinar cells, in which CCK stimulated the association of Shc with the SFK 

members, Yes and Lyn (Sancho et al, 2012; Pace et al, 2006), however in these studies no 

evidence was provided that this interaction resulted in activation of Shc. These results are 

similar to activation of growth factor receptors on NIH-3T3 and in human epidermoid 

carcinoma cells, which results in both an interaction of Shc with activated SFKs and an 

activation of Shc (Sato et al, 2005; Sato et al, 2002). In a previous study (Daulhac et al, 

1999) in CHO cells incubated with the CCKB receptor agonist, gastrin, p42/44 activation 

occurred via Shc activation mediated by SFK. This result differs from our study in 

pancreatic acini because, while Shc activation mediated by CCK is Src-dependent, p42/44 

activation is not, demonstrating a Shc-independent p42/44 activation induced by CCK in 

pancreatic acini. In our study, stimulation by CCK and TPA altered Akt activation and with 

changes in SFK activation, the effect of CCK or TPA on Akt activation was not altered, 

which is consistent with findings in a previous study, using only a SFK inhibitor (Berna et 

al, 2009). However, in our study alteration of SFK activity resulted in a decrease in basal 

Akt activity. Our results of Src inhibition on basal Akt activation are consistent with 

previous results in pancreatic cancer and CHO cells (Nagaraj et al, 2010; Olianas et al, 

2011). In our study we did not observe an effect of CCK or TPA upon GSK-3-β activity or 

an effect of altering SFK activity on CCK or TPA lack of effect on GSK-3-β activity. We 

did, however, observe a slight reduction of GSK-3-β basal levels with SFK chemical 

inhibition, although this observation was not confirmed by any of the CSK-Ad virus 

preincubations. This result raises the question, if the previous reports on the inhibition of 

basal GSK-3-β activity by PP2 in other cell systems (Takadera et al, 2012; Olianas et al, 

2011) were due to a direct SFK inhibition or to PP2 interacting with other signaling 

pathways. Our results are similar to studies in HEK-293, SH-SY5Y and CHO cells, where 

Src-inhibition did not reduced the basal phosphorylation of GSK-3β (Cole et al, 2004).

CCK has been reported to activate a number of PKCs in pancreatic acini (Sancho et al, 

2012; Pace et al, 2006), primarily by a PKD-dependent mechanism, and this activation is 

important in mediating a number of cellular responses including differentiation, 

proliferation, apoptosis, cell death, secretion, adhesion and cell migration (Gorelick et al, 

2008). In general there are few studies on the role of SFKs in CCK/TPA mediated PKC 

activation in pancreatic acinar cells and moreover, in the studies available, conflicting 

results are reported. Our results help resolve these conflicting conclusions, by showing that 

CCK-stimulation of PKCs in pancreatic acinar cells is not dependent on alterations in SFK 

activation by any of the three methods used. This conclusion is supported by the fact that 

activation of PKD or MARCKS, which is a PKC substrate, by CCK or TPA, was not altered 

by any of the means used to modulate SFK activity. Our results are consistent with studies in 

endothelial and epithelial cells where PKC activation by TNF is not Src-dependent (Tatin et 
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al, 2006; Huang et al, 2003), however, they differ from stimulation of PKC in keratinocytes, 

which is dependent on Src (Joseloff et al, 2002). The results also differ from those in study 

(Sancho et al, 2012) in pancreatic acinar cells which reported CCK stimulated the 

association of the SFK, Yes, with PKD or Lyn with PKC (Sancho et al, 2012), compatible 

with their activation, or with the observation that SFK mediates PKD activation in response 

to stress in 3T3 fibroblasts (Waldron and Rozengurt, 2000). However, our results are 

consistent with another study in pancreatic acinar cells (Berna et al, 2007) in which SFK 

inhibition by a single SFK inhibitor did not inhibit the CCK activation of PKD. An 

alternative explanation that is compatible with our results and these seemly divergent effects 

in pancreatic acini is that the association of SFK with PKD or Lyn with PKC, previously 

reported (Sancho et al, 2012), results not in PKD/PKC activation, but instead in SFK 

activation. This proposal is consistent with the finding that in pancreatic acini the activation 

of the SFK, Yes(Sancho et al, 2012) and well as Lyn (Sancho et al, 2012), is PKC 

dependent. These results demonstrate that the role of SFK in activating PKCs can vary 

markedly in different cells.

In conclusion in this study by using three different approaches to altering Src activity, it 

allowed us to amplify the knowledge about the roles of SFKs in acinar cell signaling. These 

approaches included, inhibition by adenovirus inactivation of SFK activity or by over-

activating SFK using a dominant-negative adenovirus construct and pharmacological 

inhibition accompanied by an inactive control. This has allowed us to investigate the role of 

SFK in modulating cellular cascades that are reported to be important in mediating 

numerous CCK-mediated physiological and pathophysiological effects involved in tumor 

growth, proliferation, angiogenesis, survival, motility, migration and secretion.

Our results demonstrate CCK activation of SFK under physiological conditions plays an 

important role in the activation of the focal adhesion kinases (p125FAK, PYK2) and paxillin, 

but not in the activation of Shc, MAPKs (p38, JNK, p42/44), GSK-3β or protein-kinases C 

or D. However, under pathophysiological conditions induced by supramaximal CCK 

concentrations, used to induce acute pancreatitis in vitro (Yuan et al, 2012), SFKs is also 

important for the activation of p130CAS and Shc.

These results show that in pancreatic acinar cells, SFKs play a much wide role than 

previously reported in activating a number of important cellular signaling cascades shown to 

be important in mediating both acinar cell physiological and pathophysiological responses.
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Abbreviations

CCK COOH-terminal octapeptide of cholecystokinin

TPA 12-O-tetradecanoylphorbol-13-acetate

SFK Src family of kinases

Nuche-Berenguer et al. Page 12

J Cell Biochem. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



PKC protein kinase C

PYK2 proline-rich tyrosine kinase 2

FAK p125 focal adhesion kinase

Shc Src homology 1 domain containing transforming protein

PKD protein kinase D

CAS Crk-associated substrate

HRP horseradish peroxidase

AKT protein kinase B

MAPK/ERK mitogen-activated protein kinase

JNK c-Jun-N-terminal kinase

GSK3-β glycogen synthase kinase 3

MARCKS myristoylated alanine-rich C kinase substrate

PP2 4-Amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine

PP3 4-Amino-7-phenylpyrazol[3,4-d]pyrimidine

CSK c-Src kinase

DN Dominant negative

WT Wild type

CMV cytomegalovirus
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Fig. 1. Effect of PP2 and PP3 on the ability of TPA or a supraphysiological concentration of 
CCK (100 nM) to stimulate various kinases (Src, PYK2, p125FAK, paxillin, PKD and MARCKs)
Rat pancreatic acinar cells were pretreated with no additions or with PP2 (10 µM) or PP3 

(10 µM) for 1 h and then incubated with no additions (control), with 100 nM CCK for 2.5 

min or with 1 µM TPA for 5 min and then lysed. Whole cell lysates were submitted to SDS-

PAGE and transferred to nitrocellulose membranes. Membranes were analyzed using anti-

pY416 Src, pY402 PYK2, pY397 p125FAK, pY118 paxillin, pY744/748 PKD and pSer156 

MARCKS. Antibodies detecting total amount of these kinases were used to verify loading of 

equal amounts of protein. The bands were visualized using chemoluminescence and 
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quantification of phosphorylation was assessed using scanning densitometry. Both a 

representative experiment of 3 others and the means of all the experiments are shown. * P< 

0.05 vs control, # P< 0.05 vs PP2 alone, ∞ P< 0.05 vs PP3 alone and $ P< 0.05 comparing 

stimulants (CCK or TPA) vs stimulants pre-incubated with PP2 or PP3, respectively.
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Fig. 2. Effect of PP2 and PP3 on the ability of TPA or a supraphysiological concentration of 
CCK (100 nM) to stimulate various kinases (p130CAS, Shc, p42/44, p38, JNK and GSK3-β
Rat pancreatic acinar cells and the whole cell lysates were processed as outlined in Figure 1 

legend. Membranes were analyzed using anti-pY410 p130CAS, pY239/240 Shc, pY202/204 

p42/44, pThr180/Y182 p38, pYThr183/Y185 JNK and pSer9 GSK3-β. Both a representative 

experiment of 3 others and the means of all the experiments are shown. * P< 0.05 vs control, 

# P< 0.05 vs PP2 alone, ∞ P< 0.05 vs PP3 alone and $ P< 0.05 comparing stimulants (CCK 

or TPA) vs stimulants pre-incubated with PP2 or PP3, respectively.
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Fig. 3. Effect of PP2 and PP3 on the ability of TPA or a physiological concentration of CCK (0.3 
nM) to stimulate various kinases (Src, PYK2, p125FAK, paxillin and PKD)
Rat pancreatic acinar cells were pretreated with no additions or with PP2 (10 µM) or PP3 

(10 µM) for 1 h and then incubated with 0.3 nM CCK or TPA (1 µM). The whole cell lysates 

were processed as described in the Figure 1 legend. Membranes were analyzed using anti-

pY416 Src, pY402 PYK2, pY397 p125FAK, pY118 paxillin and pY744/748 PKD. Both a 

representative experiment of 3 others and the means of all the experiments are shown. * P< 

0.05 vs control, # P< 0.05 vs PP2 alone, ∞ P< 0.05 vs PP3 alone and $ P< 0.05 comparing 

stimulants (CCK or TPA) vs stimulants pre-incubated with PP2 or PP3, respectively.
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Fig. 4. Effect of PP2 and PP3 on the ability of TPA or a physiological concentration of CCK (0.3 
nM) to stimulate various kinases (p130CAS, Shc, p42/44, p38, JNK and GSK3-β)
Rat pancreatic acinar cells were treated as indicated in the Figure 3 legend. Membranes were 

analyzed using anti-pY410 p130CAS, pY202/204 p42/44, pThr180/Y182 p38, pYThr183/

Y185 JNK and pSer9 GSK3-β. Both a representative experiment of 3 others and the means 

of all the experiments are shown. * P< 0.05 vs control, # P< 0.05 vs PP2 alone, ∞ P< 0.05 

vs PP3 alone and $ P< 0.05 comparing stimulants (CCK or TPA) vs stimulants pre-incubate 

with PP2 or PP3, respectively.
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Fig. 5. Effect of pre-incubation with CSK-AD viruses upon the expression of CSK in pancreatic 
acinar cells
Rat pancreatic acinar cells were pre-incubated for 6 h with 109 VP/ml of a control, nulled 

adenovirus (row A), a WT-CSK-Advirus expressing a wild type version of CSK (row B) 

which results in SFK inhibition or a DN-Csk-Advirus (row C), that express an inactive 

version of CSK resulting in SFK activation. This experiment is representative of 3 others.
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Fig. 6. Effect of pre-incubation with the SFK stimulating CSK dominant negative virus (DN-
CSK-Advirus) on basal, CCK- and TPA-stimulated phosphorylation of kinases (Src, PYK2, 
p125FAK, paxillin)
Rat pancreatic acinar cells were pre-incubated with 109 VP/ml of a control, nulled 

adenovirus or DN-Csk-Advirus for 6 h, which results in SFK activation. Subsequently, cell 

were incubated with no additions (control), with 0.3 nM CCK, 100 nM CCK for 2.5 min or 

with 1 µM TPA for 5 min and then lysed. Whole cell lysates and membranes were processed 

as indicated in Figure 1-legend. Membranes were analyzed using anti-pY416 Src, pY402 

PYK2, pY397 p125FAK, and pY118 paxillin. Both a representative experiment of 3 others 
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and the means of all the experiments are shown.* P< 0.05 vs control, # P< 0.05 vs DN-CSK-

Ad-virus-control.
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Fig. 7. Effect of pre-incubation with the SFK stimulating CSK dominant negative virus (DN-
CSK-Advirus) on basal, CCK- and TPA-stimulated phosphorylation of kinases (p130CAS, Shc, 
p42/44, p38, JNK and GSK3-β)
Effect of stimulation by CCK and TPA stimulation on the phosphorylation of p130CAS, Shc, 

P42/44, P38, JNK and GSK3-β in rat pancreatic acinar cells pre-incubated with 109 VP/ml 

of a nulled-Advirus or DN-CSK-Advirus (10 µM) for 6 h, which results in SFK activation. 

Subsequently, acini were incubated with no additions (control), with 0.3 nM CCK, 100 nM 

CCK for 2.5 min or with 1µM TPA for 5 min and then lysed. Whole cell lysates and 

membranes were processed as indicated in Figure 1-legend. Membranes were analyzed 
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using anti-pY410 p130CAS, pY239/240 Shc, pY202/204 p42/44, pThr180/Y182 p38, 

pYThr183/Y185 JNK and pSer9 GSK3-β. Both a representative experiment of 3 others and 

the means of all the experiments are shown. * P< 0.05 vs control, # P< 0.05 vs DN-CSK-

Ad-virus-control.
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Fig. 8. Effect of pre-incubation with SFK inhibiting CSK wild type virus (WT-CSK-Advirus) on 
basal, CCK- and TPA-stimulated phosphorylation of various kinases
Effect of stimulation by CCK and TPA on the phosphorylation of PYK2, p125FAK, 

p130CAS, Paxillin, Shc, P42/44, P38, JNK, GSK3-β, Src and PKD in rat pancreatic acinar 

cells pre-incubated with 109 VP/ml of a control (Nulled-Advirus) or WT-CSK-Advirus (10 

µM) for 6 h. Subsequently, acini were incubated with no additions (control), with 0.3 nM 

CCK, 100 nM CCK for 2.5 min or with 1 µM TPA for 5 min and then lysed. Whole cell 

lysates and membranes were processed as indicated in Figure 1-legend. Membranes were 

analyzed using, pY402 PYK2, pY397 p125FAK, anti-pY410 p130CAS, pY118 paxillin, 
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pY239/240 Shc, pY202/204 p42/44, pThr180/Y182 p38, pYThr183/Y185 JNK, pSer9 

GSK3-β, anti-pY416 Src and pY744/748 PKD. These results are representative of 3 

experiments.
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Table 1

Effects of CCK or TPA stimulation in rat pancreatic acini, with or without modulation of the activation of 

SFK (a).

Stimulation

Variable Yes No

I. Kinase stimulation

By 100 nM CCK (b) Src, PYK2, p125FAK, Paxillin, PKD,
MARCKS, p130CAS, Shc, p42/44, JNK, p38
and Akt (inhibited).

GSK3-β.

By 0.3 nM CCK (c) Src, PYK2, p125FAK, Paxillin, PKD, p42/44. p130CAS, Shc, p38, JNK, GSK3-β, MARCKS.

By 1 µM TPA (b, c) Src, PYK2, p125FAK, paxillin, PKD,
MARCKS, p130CAS, Shc, p42/44, JNK and
Akt (inhibited).

p38, GSK3-β.

II. Kinase inhibition by 10 µM PP2

Of basal (b, c) Src, PYK2, Paxillin, p130CAS, Shc, p42/44,
GSK3-β, Akt.

p125FAK, PKD, MARCKS, p38, JNK.

Of 100 nM CCK kinases stimulation (b) Src, PYK2, p125FAK, Paxillin, p130CAS, Shc. PKD, MARCKS, p42/44, p38, JNK, GSK3-β,
Akt.

Of 0.3 nM CCK stimulation (c) Src, PYK2, Paxillin. p125FAK, PKD, p130CAS, Shc, p42/44, p38,
JNK, GSK3-β, MARCKS.

Of 1 µM TPA stimulation (b, c) Src, PYK2, p125FAK, Paxillin, p130CAS, Shc. PKD, p42/44, p38, JNK, GSK3-β, MARCKS,
Akt.

III. DN-CSK-Advirus kinase Basal
stimulation (d)

Src, PYK2, p125FAK, Paxillin, p130CAS, Shc. PKD, p42/44, p38, JNK, GSK3-β.

IV. WT-CSK-Advirus kinase Basal
stimulation (d)

Src, PYK2, p125FAK, Paxillin, p130CAS, Shc PKD, p42/44, p38, JNK, GSK3-β.

a
Results are calculated from the data shown in Figs. 1–4, 6–8

b
Results are calculated from the data shown in Figs. 1–2

c
Concentration and incubation times are reported in Figs. 3–4

d
Concentrations and incubation time are reported in Figs. 6–8
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