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ABSTRACT 
 
Objective: Imatinib mesylate (Gleevec®) was observed to reverse type 2 diabetes in patients 
suffering from both chronic myeloid leukemia and type 2 diabetes. Meanwhile, other studies 
support its anti-diabetic effects in animal models. However, the mechanisms by which 
imatinib counteract type 2 diabetes are unknown. Two phosphoinositide phosphatases SHIP2 
and PTEN are negative regulators of phosphatidylinositol 3'-kinase pathway and they are 
considered as putative targets for imatinib. The aim of this study was to determine whether 
imatinib affects PTEN and SHIP2 phosphorylation and to study whether such an effect is 
correlated to improved beta cell survival.  
 
Research design and methods: PTEN and SHIP2 were immunoprecipitated from murine 
insulin producing βTC-6 cells and human embryonic kidney 293T cells, respectively; and the 
impacts of imatinib and sunitinib on PTEN and SHIP2 tyrosine phosphorylation, PTEN serine 
phosphorylation, as well as c-Abl co-immunoprecipitation with SHIP2, were studied by 
immunoblot analysis. Furthermore, the effects of PTEN inhibitor bpV(Hopic) on PTEN 
tyrosine and serine phosphorylation were analyzed with the same method.  Beta cell viability 
was measured using vital staining and Kodak 4000 MM image station.   
 
Results: A significant decrease in SHIP2 tyrosine phosphorylation in response to imatinib 
treatment for 20 minutes was observed. On the contrary, a significant increase in SHIP2 
phosphotyrosine levels induced by sunitinib treatment for both 60 minutes and 180 minutes 
was shown. c-Abl co-immunoprecipated with SHIP2 and its binding to SHIP2 was largely 
reduced by imatinib treatment for 20 minutes. However, no obvious effect of sunitinib on c-
Abl co-immunoprecipated with SHIP2 was discovered.  
A significant increase in phosphotyrosine levels of PTEN was observed with both imatinib 
and sunitinib treatment for 20 minutes. PTEN serine phosphorylation was reduced by the 
PTEN inhibitor. 
Imatinib increased βTC-6 viability in vitro in the presence of cytokines (IL-1β+IFN-γ), 
DETA/NO, and hydrogen peroxide; whereas sunitinib and PTEN inhibitor had negative 
effects on cell viability.  
 
Conclusions: c-Abl rather than PDGFR is likely to activate SHIP2 and PTEN via tyrosine 
phosphorylation of their catalytic domain. A compensatory activation of PTEN by other 
kinase would occur when tyrosine phosphorylation of SHIP2 was significantly decreased. 
Imatinib protected beta cell viability against pro-inflammatory cytokines, DETA/NO and 
hydrogen peroxide primarily via inhibiting SHIP2 activity. 
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ABBREVIATIONS 
 
AKT  Protein kinase B 
Arg  Abl-related gene 
ATP  Adenosine triphosphate 
Bcr-Abl Breakpoint cluster region-Abl  
BSA  Bovine serum albumin 
c-Abl   Cellular Abelson tyrosine kinase 
CML   Chronic myeloid leukemia 
dsRNA   Double-stranded RNA 
ERK   Extracellular signal regulated kinase 
FAK   Focal adhesion kinase  
FOXO   Forkhead transcription factors 
FRK      fyn-related-kinase  
GIST   Gastrointestinal stromal tumor 
GSK3   Glycogen synthase kinase 3 
HFD   High fat diet 
HRP   Horseradish peroxidase 
IFN-γ   γ-interferon  
IL-1β   Interleukin-1-β 
IRF   Interferon regulatory factor 
IRS   Insulin receptor substrates 
JAK   Janus kinase 
JNK   c-Jun NH2-terminal kinase 
KIT   stem-cell factor receptor 
MAPKs  Mitogen-activated protein kinases 
NES   Nuclear export signal 
NF-B   Nuclear factor kappa B 
NLS   Nuclear localization signals,  
PAGE   Polyacrylamide gel electrophoresis 
PDGFR  Platelet-derived growth factor receptor 
PDK   Phosphoinositide-dependent kinase  
PI3K   Phosphatidylinositol-3-kinase 
PIP3   Phosphatidylinositol triphosphate 
PTEN   phosphatase and tensin homolog 
PVDF   Polyvinylidene difluoride 
RCC   Renal cell carcinoma 
ROS   Reactive oxygen species 
RTK   Receptor tyrosine kinase 
SAM   Sterile alpha-motif 
SAPK   Stress-activated protein kinase 
SDS   Sodium dodecyl sulfate 
SHIP2   Src homology 2-containing inositol 5'-phosphatase 2  

STAT-1  Signal transducer and activator of transcription 
SOCS   Suppressors of cytokine signalling 

TAK   TGF-beta activated kinase  
TNF-α  Tumor necrosis factor-α 
TRAF   TNF receptor-associated factor  
VEGFR  vascular endothelial growth factor receptor 
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BACKGROUND 
 

Diabetes mellitus 
 
Diabetes mellitus consists of a variety of metabolic disorders characterized by high glucose 
levels and is broadly classified into type 1 and 2 diabetes. Type 1 diabetes is an autoimmune 
disease leading to the death of insulin secreting beta cells and subsequent insulin deficiency. 
Treatment for type 1 diabetes requires insulin injections or in severe cases transplantation of 
pancreas or islets.  
 
Type 2 diabetes, also known as non-insulin dependent, is the most common form of diabetes. 
It comprises 90-95% of all cases, the onset of which is primarily due to insulin resistance in 
insulin-target tissues. The hormone insulin regulates glucose homeostasis by facilitating the 
uptake of blood glucose and the transfer of glucose to glycogen for storage, as well as 
inhibiting the release of glucagon, a hormone raises blood glucose levels. Because of insulin 
resistance, blood glucose is not taken up properly in fat and muscle cells. Meanwhile, 
decreased glycogen synthesis and storage in liver occurs. Therefore, more insulin needs to be 
secreted to maintain glucose levels within the normal range. As the disease progresses, beta 
cells become dysfunctional and are damaged in response to hyperglycemia, hyperlipidemia 
and pro-inflammatory cytokines (Cnop et al, 2005). 
 
Type 2 diabetes is a chronic disease with symptoms including increased thirst and hunger, 
weight loss, frequent urination, fatigue and blurred vision. Treatment for type 2 diabetes relies 
on exercise, diet and weight control in the early stage.  
 
Imatinib mesylate (Gleevec®, STI571) 
 
Imatinib is a 2-phenylaminopyrimidine-based ATP-competitive inhibitor of the Abl tyrosine 
kinase, targeting the ATP-binding site of this kinase.  It binds to and stabilizes the inactive 
form of Bcr-Abl, eliminating effects of this oncoprotein via inhibiting its autophosphorylation 
and substrate phosphorylation (Maekawa et al, 2007).  
 
In addition to Abl, imatinib specifically inhibits the platelet-derived growth factor receptor 
(PDGFR), and the transmembrane receptor tyrosine kinase (c-Kit). It is currently used to treat 
chronic myeloid leukemia (CML), a disease mainly caused by Bcr-Abl oncogene, and 
gastrointestinal stromal tumors (GIST) that result from c-Kit mutations (David et al, 2001).  
 
Meanwhile, the protective effects of imatinib against genotoxic agents, death receptor 
activation and oxidative stress were observed (Raina 2002, Dan 1999, Kumar 2003), which 
can be explained by the inhibition of c-Abl activity. Most interestingly, the patients that 
suffered from both CML and type 2diabetes were cured from not only CML, but also diabetes, 
when given imatinib (Veneri 2005, Brecia 2004, Couzin 2005). Imatinib was also found to 
reverse high-fat diet induced insulin resistance and hyperglycemia in rats and to induce 
remission of diabetes in db/db mouse (Hägerkvist 2008, Han 2009). 
 
Sunitinib (Sutent®, SU11248) 

Sunitinib is a multi-targeted receptor tyrosine kinase (RTK) inhibitor, which inhibits PDGFRs 
(PDGFRα, PDGFRβ), vascular endothelial growth factor receptors (VEGFR-1, -2, and -3), 
KIT (stem-cell factor receptor) and other RTKs (Motzer et al, 2006). It was approved in both 
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metastatic and advanced renal cell carcinoma (RCC), as well as imatinib-resistant GIST 
treatment (Goodman et al, 2007). 
 
Cellular Abelson tyrosine kinase  
 
Cellular Abelson tyrosine kinase (c-Abl) is a ubiquitously expressed non-receptor tyrosine 
kinase. Abl1 (encoded by c-Abl gene) and Abl2 (Arg, Abl related gene) are two vertebrate 
paralogs (Colicelli, 2010). Abl2 primarily localizes to the cytoplasm, whereas the subcellular 
distribution of Abl1 is regulated by three nuclear localization signals (NLSs), and one leucine-
rich nuclear export signal (NES) in C-terminal region (Hantschel et al, 2005) (Figure 1). The 
Abl protein contains an SH3-SH2-TK (Src homology 3–Src homology 2–tyrosine kinase) 
domain; which interacts with cytoskeletal proteins and DNA, enabling c-Abl to be involved in 
cell migration, cell cycle progression, cell adhesion and DNA damage responses. Under 
normal conditions, c-Abl is activated by tyrosine phosphorylation and is inhibited via an 
autoinhibitory mechanism and by the binding of other inhibitors like Rb, Pag and F-actin 
(Pluk 2002, Wang 2004). 
 
 
 
 
 
 
Figure  1. Structure of ABL1 in humans. Tyr means tyrosine, BD means binding domain. One blue triangle 
stands for NES, three magenta triangles stand for NLS, and green triangles stand for proline-rich motifs with 
capacities to interact with SH3 domain. (Colicelli J. Sci. Signal.3 (139): re6, 2010) 
 
Moreover, c-Abl was found to play negative roles in insulin signaling. It enhances mitogenic 
effects of insulin receptor signaling and suppresses its metabolic roles via modifying focal 
adhesion kinase (FAK) responses, probably facilitating the development of insulin resistance 
(Genua et al, 2009).  
 
Phosphatase and tensin homolog (PTEN) 
 
The gene PTEN on chromosome 10q23 is a tumor suppressor gene and its mutation or 
deletion was found in a variety of human cancers.  It encodes a catalytic domain in the N-
terminal part, which functions as both a protein and lipid 3'-phosphatase (Figure 2).  PTEN 
has a sequence similarity to cytoskeletal protein tesin and its overexpression inhibited cell 
migration, cell spreading and focal adhesion (Tamura et al, 1998). 
 
There are many putative phosphorylation sites in PTEN, and its phosphorylation status 
regulates the stability and activity of PTEN. The stability of PTEN is also controlled by its 
interaction with other binding partners. It has been shown that the phosphorylation of Ser 380, 
Thr 382, Thr 383 of PTEN leads to a less active and more stable PTEN via inhibiting its 
interaction with PDZ binding proteins (Vazquez et al, 2001). However, phosphorylation of 
PTEN at tyrosine 336 by fyn-related-kinase (FRK

 

) was found to protect it from proteosomal 
degradation (Yim et al, 2009).  

 
 
 
 
 

 

Figure  2. PTEN structure. The catalytic 
domain of PTEN confers both protein and 
lipid 3'-phosphatase activity. C2 is a lipid-
binding domain interacts with membranes. 
PDZ binding motif in C-terminal tail provides 
docking sites for PDZ sequence containing 
binding proteins. (Lazar and  Saltiel, 2006) 
 



7 
 

Src homology 2-containing inositol 5'-phosphatase 2 (SHIP2 or INPPL1) 
 
SHIP2 is a 142-KD SH2 domain containing 5'-phosphatase expressed in many tissues like 
human heart, skeletal muscle and placenta (Pesesse et al, 1997). However, the expression of 
its closely related member SHIP1 is restricted to hematopoietic cells. They both contain a 
SH2 domain in N-terminal part, a catalytic 5'-phosphatase domain, and a proline-rich domain 
containing phospho-tyrosine binding consensus sequences (NPXY) (Figure 3). SHIP2 
interacts with a variety of binding partners via those domains, enabling it to participate in cell 
adhesion and spreading, cytoskeleton modulation (Suwa et al, 2010). 
 
SHIP2 typically localizes to the cytosol in quiescent cells. Upon tyrosine phosphorylation of 
NPXY, it relocalizes to plasma membrane via its association with Shc; which is required for 
its inhibitory effects on insulin signaling (Ishihara et al, 2002).  
 
 
 
 
 
 
 
 
 
 
PTEN and SHIP2 in insulin signaling 
 
Insulin binds to the insulin receptor and promotes its autophosphorylation and further 
phosphorylation of insulin receptor substrates (IRS). Then IRS activates phosphatidylinositol 
3-kinase (PI3K) via its p85 subunit and thus synthesis of phosphatidylinositol 3,4,5-
triphosphate (PIP3). PIP3

 

 recruits and activates phosphoinositide-dependent kinase 1(PDK1), 
Akt/PKB, contributing to increased glucose uptake and GLUT4 translocation in fat and 
skeletal muscle. 

However, PI (3,4,5) P3 and PI (3,4)P2 are two well-known substrates of PTEN, which  
removes 3'-phosphate from those lipids and generates PI(4,5)P2
As a 5'-phosphatase, SHIP2 dephosphorylates PI (3, 4, 5) P3 into PI (3, 4) P2. They both 
induce negative effects on the PI3K pathway, which probably inhibits insulin signaling and 
promotes the development of type 2 diabetes. 

 and PI(4)P. 

 
Some research showed that SHIP2+/- 

 

mice displayed higher insulin sensitivity and glucose 
tolerance than wild type ones, which was due to increased glucose uptake and glycogen 
synthesis in skeletal muscles (Clément et al, 2001). Furthermore, increased PTEN expression 
was found in islets of high fat diet (HFD) fed and db/db mice and deletion of PTEN in 
pancreatic beta cells was beneficial for maintaining beta cell mass, function and PI3K 
pathway, suggesting PTEN and SHIP2 as a putative therapeutic target for type 2diabetes 
(Wang et al, 2010).  

Mechanisms of pancreatic beta cell death 
 
The loss of beta cell mass and increased beta cell apoptosis are common features of type 2 
diabetes, and are probably caused by increased expression of pro-inflammatory cytokines, 

Figure  3. Protein 
structures of SHIP1 and 
SHIP2.  They both contain 
SH2-domain, catalytic 
phosphatase domain, and 
proline rich domain. 
Sterile alpha-motif (SAM) 
is unique to SHIP2. (Suwa 
et al, 2010) 
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such as interleukin-1β (IL-1β), tumor necrosis factor (TNF-α) or γ-interferon (IFN-γ) 
(Mandrup-Poulsen et al, 2003). IL-1β binds to IL-1R1 and leads to recruitment of adaptor 
proteins and activation of TGF-beta activated kinase 1 (TAK1), which is capable of 
stimulating NF-κB and mitogen-activated protein/stress-activated protein kinase (MAP/SAPK) 
pathways, leading to gene transcription. MAP/SAPKs consist of ERK, p38, and c-jun N-
terminal kinase (JNK). The transcription of iNOS leads to production of NO, a toxic chemical 
to beta cells.  IL-1β also activates protein kinase Cδ and its mechanism for β-cell apoptosis is 
not clear, possibly through iNOS expression.  Furthermore, enhanced Fas expression on beta 
cells makes them more sensitive to FasL, resulting in accelerated apoptosis (Donath et al, 
2003). A recent study suggests that IL-1β increased murine beta TC6 cells apoptosis partly 
via inhibiting the IRS-2/Akt signaling pathway. In response to hyperglycemia, IL-1β induced 
the expression of suppressors of cytokine signalling (SOCS-1

 

) in cells and the activation of 
FOXO transcription factors, which were associated with enhanced caspase-3 activity 
(Panagiotis et al, 2010). 

IFN-γ leads to beta cell apoptosis in combination with IL-1β, TNF-α or dsRNA (double-
stranded RNA). When it binds to corresponding receptor and forms a complex, it recruits and 
activats JAK1/2, which further activates STAT1. Activated STAT1 translocates to the nucleus 
and binds to DNA. One the other hand, it activates also interferon regulatory factor-1 (IRF-1), 
which plays critical roles in downstream pathway. It was found that deletion of STAT1 rather 
than IRF-1 confers resistance against beta-cell death both in vivo and in vitro, indicating a 
dual role of IFN-γ in beta-cell destruction (Gysemans et al, 2008). 
 
There are two receptors, p60 and p80, for TNF-α signaling. P60 is expressed on all cell types, 
as compared to restricted expression in immune and endothelial cells of p80. TNF-α binds to 
the receptor and leads to recruitment and activation of TNF receptor-associated factor 2 
(TRAF-2), and further contributes to stimulating NF-κB-iNOS-NO and JNK and p38 
MAP/SAPK pathways. The ERK/p38 pathway is required but not sufficient for iNOS 
expression.  JNK causes beta cell death in a NO-independent pathway, probably via 
suppressing the anti-apoptotic function of Bcl-2 related proteins; activating FOXO 
transcription factors (Weston & Davis, 2002). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Some research shows that reactive oxygen and nitrogen species generate oxidative stress and 
lead to beta cell death via opening KATP channels, which disrupts mitochondrial membrane 
potential in beta cells; resulting  in depletion of ATP and a release of cytochrome c and pro-
apoptotic proteins. This redox imbalance also leads to lipid peroxidation, oxidation of proteins, 
and DNA damage (Gier et al, 2009).  

 

Figure  4. Mechanisms 
of beta cell apoptosis 
caused by cytokines. 
Details are described in 
the text (Donath et al. 
2003). 
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MATERIALS AND METHODS 
 

Cell culture 
 
Murine βTC-6 cells were cultured in RPMI 1640 medium (Sigma Chemicals) supplemented 
with 10% (vol/vol) fetal bovine serum (FBS- Sigma- Aldrich, US), 2 mM L-glutamine, 
benzylpenicillin (100 U/mL), and streptomycin (0.1 mg/mL). Lenti-X™ 293T cells were 
grown in DMEM medium (Gibco,Grand Island, NY) with 10% (vol/vol)  FBS (Sigma- 
Aldrich, US), 2 mM L-glutamine, benzylpenicillin (100 U/mL) and streptomycin (0.1 
mg/mL). All cells were kept at 37°C in a humidified air incubator with 5 % CO2.  
 
Immunoprecipitation and Western blot 
 
After treatment with drugs, cells were put on ice and were washed with cold phosphate 
buffered saline (PBS) for 3 times, then cell pellets were collected and were lysed in RIPA-
SDS sample buffer (50mM Tris⋅Cl, PH 7.4, 150mM NaCl, 0.1% SDS, 0.5% sodium 
deoxycholate, 1% Igepal CA-630) supplemented with 1mM PMSF and Halt TMprotease 
and phosphatase inhibitor cocktail for half an hour. After centrifugation, supernatant was 
separated into two parts, one was positive control for western blot, and the other was 
supplemented with PTEN (A2B1) or SHIP2 (C76A7) antibodies and was kept on ice for one 
hour. Recombinant proteins were then precipitated by Protein G sepharose and were washed 3 
times with RIPA-SDS buffer and once with pure water. Those samples were boiled for 5 mins 
in water bath and were separated by SDS-PAGE. Proteins were then electrophoretically 
transferred onto a polyvinylidene difluoride (PVDF) membrane (GE Healthcare, UK). 
Membranes were blocked in 0.1%TBST (Tris-Buffered Saline Tween-20) containing 2 % 
bovine serum albumin (BSA)(Sigma- Aldrich, US) and followed by incubation with primary 
antibodies: Anti-phosphotyrosine antibody (Millipore, MA, USA), PTEN, c-Abl antibodies 
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-phospho PTEN, SHIP2 antibodies 
(Cell Signaling Technology, Danvers, MA, USA). After that, those membranes were briefly 
washed and the antibody-antigen complexes were identified using anti-rabbit/mouse IgG-
HRP (immunoglobulin G-horseradish peroxidase) secondary antibody (Sigma- Aldrich). 
Immunoreactivity was detected with Amersham ECLTM immunoblotting detection system 
(GE healthcare, UK) or ImmobilonTM

 

 Western chemiluminescent HRP substrate (Millipore, 
MA, USA). The intensity of bands was quantified by densitometry using Kodak image 
analysis software version 3.6. In order to remove bound antibodies and reprobe with new 
antibodies, a harsh stripping was conducted by incubating those filters in stripping solution 
(2% SDS, 50mM Tris⋅Cl, PH 6.8, 0.8% β-mercaptoenthanol) at 50°C for 30 mins; whereas a 
gentle stripping for only 15-20 mins. 

Evaluation of cell viability 
 
Murine βTC-6 cells were cultured in 96-well plates and were treated with imatinib (10 µM), 
sunitinib (10 µM), PTEN inhibitor (100 nM) for 6 hours, and then were incubated with the 
cell death agents IL-1β (50 U/mL), IFN-γ (1000 U/mL), DETA/NO (1 mM), hydrogen 
peroxide (0.1 mM) for about 24 hours. Cell viability was measured by staining cells with 
propidium iodide (20 µg/mL) and bisbenzimide (5 µg/mL) for 10 mins at 37°C. Then the 
medium was replaced with PBS and the red and blue fluorescence detection was done using 
Kodak 4000 MM image station. Red signals represent dead cells, whereas blue signals stand 
for all cells. Therefore, the ratio of red to blue was taken as a relative measure of cell viability 
by using Kodak Digital Science ID software (Eastman Kodak, Rochester, NY). 
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RESULTS 
 

The effects of Gleevec and sunitinib on tyrosine and serine phosphorylation of PTEN in 
murine βTC-6 cells.  
 
To study the effects of Gleevec and sunitinib on tyrosine and serine phosphorylation of PTEN, 
βTC-6 cells were either left untreated or treated with Gleevec or sunitinib for 20 min, 60 min 
and 180 min.  PTEN phosphorylation was analyzed by immunoprecipitation and 
immunoblotting. A significant increase in PTEN tyrosine phosphorylation was observed after 
treatment with Gleevec and sunitinib for 20 min, but not for serine phosphorylation (Figure 5) 
A. 
 
 
 
 

 
 
 
 

 
B.  
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
Figure  5. The effects of Gleevec and sunitinib on tyrosine and serine phosphorylation of PTEN in murine 
βTC-6 cells. A:βTC-6 cells were either left untreated or treated with Gleevec (10 µM) or sunitinib (10 µM) for 
20 min, 60 min and 180 min. Cells were lysed and proteins were immunoprecipitated with PTEN antibody, 
separated by SDS-PAGE and transferred onto a PVDF membrane. PTEN phosphorylation was analyzed by 
immunoblotting with phosphotyrosine, phospho-PTEN and PTEN antibodies. A representative blot is shown. B: 
Results from immunoblots were quantified using densitometry. Values of phospho-protein bands were related to 
that of PTEN bands. Data are presented as means ±SEM for 3-4 experiments. *denotes p < 0.05 using Student’s 
paired t-test. 
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Effects of Gleevec and sunitinib on SHIP2 tyrosine phosphorylation in human 
embryonic kidney 293T cells.  
 
To study the effects of Gleevec and sunitinib on SHIP2 tyrosine phosphorylation, human 
embryonic kidney 293T cells were either left untreated or treated with Gleevec or sunitinib for 
20 min, 60 min and 180 min. Because SHIP2 antibody is only available for human cells and 
the supply of human islets is very limited, human embryonic kidney 293 T cells were chose as 
an alternative. Tyrosine phosphorylation of SHIP2 was analyzed by immunoprecipitation and 
immunoblotting. A significant decrease with about 60% in SHIP2 tyrosine phosphorylation 
was observed after treatment with Gleevec for 20 min. On the contrary, about 50% and 85% 
significant increases in tyrosine phosphorylation of SHIP2 was observed after treatment with 
sunitinib for 60 min and 180 min respectively (Figure 6). 
A. 
 
 
 
 
 
 
 
 
B.  
 

 
     
 
 
 
 
 
 
 
 

 
 
Figure  6. The effects of Gleevec and sunitinib on tyrosine phosphorylation of SHIP2 in human embryonic 
kidney 293T cells. A: Human embryonic kidney 293T  cells were either left untreated or treated with Gleevec 
(10 µM) or sunitinib (10 µM) for 20 min, 60 min and 180 min. Cells were lysed and proteins were 
immunoprecipitated with SHIP2 antibody, separated by SDS-PAGE and transferred onto a PVDF membrane. 
SHIP2 tyrosine phosphorylation was analyzed by immunoblotting with anti-phosphotyrosine and SHIP2 
antibodies.  B: Results from immunoblots were quantified using densitometry. Values of phosphor-protein bands 
were related to that of SHIP2 bands. Data are presented as means ±SEM for 3-4 experiments. *denotes p < 0.05 
using Student’s paired t-test. 
 
Effects of Gleevec and sunitinib on c-Abl co-immunoprecipitation with SHIP2.  
 
To study whether c-Abl co-immunoprecipated with SHIP2 and whether that was affected by 
Gleevec or sunitinib, human embryonic kidney 293T cells were either left untreated or treated 
with Gleevec or sunitinib for 20 min, 60 min and 180 min. c-Abl co-immunoprecipitation 
with SHIP2 was analyzed by immunoprecipitation and immunoblotting. The results showed 
that c-Abl co-immunoprecipated with SHIP2 and its binding to SHIP2 was largely reduced by 
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imatinib treatment for 20 min. However, no obvious effect of sunitinib on c-Abl binding to 
SHIP2 was discovered (Figure 7). 

 
 
 
 
 
 
 

 
 
 
 
 
Figure  7.  Effects of Gleevec and sunitinib on c-Abl co-immunoprecipitation with SHIP2. Human 
embryonic kidney 293T cells were either left untreated or treated with Gleevec (10 µM) or sunitinib (10 µM) for 
20 min, 60 min and 180 min. Cells were lysed and proteins were immunoprecipitated with SHIP2 antibody, 
separated by SDS-PAGE and transferred onto a PVDF membrane. c-Abl co-immunoprecipitation was detected 
with c-Abl antibody. A representative blot is shown. 
 
Effect of PTEN inhibitor on PTEN phosphorylation in murine βTC-6 cells. 
 
To study the effects of PTEN inhibitor on PTEN phosphorylation, βTC-6 cells were either left 
untreated or treated with PTEN inhibitor for 20 min. Tyrosine and serine phosphorylation of 
PTEN was analyzed by immunoprecipitation and immunoblotting. A significant decrease 
with about 40% in PTEN serine phosphorylation was observed after treatment with PTEN 
inhibitor for 20 min (Figure 8). 
A. 
 

 
 
 
 

 
 
B. 
 

 
 
 
 
 
 
 
 

 
 
Figure  8.  Effects of PTEN inhibitor on PTEN phosphorylation in murine βTC-6 cells. A:βTC-6 cells were 
either left untreated or treated with PTEN inhibitor bpv(Hopic) (100 nM) for 20 min. Cells were lysed and 
proteins were immunoprecipitated with PTEN antibody, separated by SDS-PAGE and transferred onto a PVDF 
membrane. PTEN phosphorylation was analyzed by immunoblotting with phosphotyrosine, phospho-PTEN and 
PTEN antibodies. A representative blot is shown. B: Results from immunoblots were quantified using 
densitometry. Values of phosphor-protein bands were related to that of PTEN bands. Data are presented as 
means ±SEM for 3-4 experiments. *denotes p < 0.05 using Student’s paired t-test. 
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Putative tyrosine phosphorylation in PTEN and SHIP2 for c-Abl and PDGFR. 
 
Putative tyrosine phosphorylation sites for c-Abl and PDGFR kinase in PTEN and SHIP2 
were predicted by KinasePhos 2.0 program (Wong et al, 2007) and 3 sites for each kinase 
with high SVM scores were shown (Table 1). The site for c-Abl with highest SVM score in 
SHIP2 is in the catalytic domain, 3 sites for PDGFR are in SH2 and catalytic domain. 
Similarly, the most probable tyrosine phosphorylation site for c-Abl in PTEN locates in 
phosphatase domain; sites for PDGFR are in catalytic and C2 domain.  
 
Table  1. Putative tyrosine phosphorylation sites for c-Abl and PDGFR in SHIP2 and PTEN 
 
Protein Locations (AA) Phosphorylated  

Sites 
SVM score Catalytic Kinases 

SHIP2(Human) 102  LIGLYAQPN 0.54361 Abl 
 610 GDLNYRLDM 0.608056 Abl 
 777 CLEEYKKSF 0.5    Abl 
 697 LWKSYPETH 0.534063 PDGFR 
 102 LIGLYAQPN 0.53314 PDGFR 
 62   LCVLYQKHV 0.534086 PDGFR 
PTEN (Human) 16   NKRRYQEDG 0.533251 Abl 
 76   AERHYDTAK 0.700909 Abl 
 225 KVKIYSSNS 0.527264 Abl 
 180 YYYSYLLKN  0.53314 PDGFR 
 138 MICAYLLHR 0.534584 PDGFR 
 240 DKFMYFEFP 0.534545 PDGFR 
SVM score is a model for KinasePhos 2.0 program (Wong et al, 2007). Higher SVM score represents higher 
possibility of phosphorylation sites for that kinase. 
 
The effects of Gleevec, sunitibib, and PTEN inhibitor on murine βTC-6 cell viability in 
response to hydrogen peroxide, cytokines and DETA/NO in vitro. 
 
In order to study the effects of Gleevec, sunitibib, and PTEN inhibitor on cell viability, 
murine βTC-6 cells were incubated with hydrogen peroxide, cytokines and DETA/NO for 24 
hours after pretreatment with Gleevec, sunitinib and PTEN inhibitor for 6 hours. Imatinib 
protected beta cells against all cell death agents. On the contrary, sunitinib and PTEN 
inhibitor had negative effects on beta cell survival. Clearly, sunitinib killed a lot of beta cells.  

Figure  9.  Effects of Gleevec,  
sunitibib, and PTEN inhibitor 
on murine βTC-6 cells viability. 
A:βTC-6 cells were either left 
untreated or treated with Gleevec 
(10 µM), sunitinib (10 µM), 
PTEN inhibitor (100 nM) for 6 
hours, and then  were not 
incubated or incubated with 
cytokines (IL-1β ,50 U/mL; IFN-
γ,1000 U/mL), DETA/NO (1 
mM), hydrogen peroxide (0.1 mM) 
for about 24 hours. After 
treatment, cells were stained with 
propidium iodide (20µg/mL) and 
bisbenzimide (5 µg/mL) for 10 

min at 37°C. Then the medium was replaced with PBS and the red and blue fluorescence detection was done 
using Kodak image station. Red signals represent dead cells, whereas blue signals stand for all cells. Results 
were quantified using densitometry and the ratio of red to blue was taken as a relative measure of cell viability. 
Graphs are shown as means ±SEM from 5-6 experiements. *denotes p < 0.05 using Student’s paired t-test. 

Control              +      -       -      -    +     -       -      -     +      -       -      -     +      -      -     -      
Gleevec              -      +      -      -     -     +      -      -      -      +      -      -      -      +     -     -
PTEN inhibitor  -       -      +     -     -      -      +     -      -       -      +     -      -      -      +     -
Sunitinib            -       -      -     +     -      -      -      +     -       -      -      +     -      -       -     +
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DISCUSSION 
 

Immunoprecipitation is a technique mainly used to purify a known protein with a specific 
antibody. PTEN and SHIP2 are two negative regulators of PI3K pathway, which play critical 
roles in insulin signaling. In this project, PTEN and SHIP2 were considered as putative targets 
for imatinib and other tyrosine kinase inhibitors. The effects of imatinib and sunitinib on 
tyrosine phosphorylation of PTEN and SHIP2, as well as PTEN serine phosphorylation were 
studied.   
 
Tyrosine phosphorylation of SHIP2 and PTEN contributes to their activation (Ishihara 2000, 
Yim 2009). First of all, a significant decrease with about 60% in SHIP2 tyrosine 
phosphorylation was observed after treatment with Gleevec for 20 mins. Meanwhile, c-Abl 
co-immunoprecipitated with SHIP2 and its binding to SHIP2 was largely reduced after the 
same treatment. On the contrary, sunitinib induced a significant increase in the tyrosine 
phosphorylation of SHIP2 and no obvious effect of it on c-Abl-SHIP2 binding was discovered. 
Moreover, sunitinib could not inhibit c-Abl kinase; indicating c-Abl rather than PDGFR is 
responsible for the activation of SHIP2. c-Abl is likely to activate SHIP2 directly via tyrosine 
phosphorylation of its catalytic domain.  
 
It has been observed that both Gleevec and sunitinib increased PTEN activity in DAOY and 
D556 human medulloblastoma cells (Abouantoun 2009, Abouantoun 2011).  Therefore, 
increased tyrosine phosphorylation of PTEN in beta cells by both Gleevec and sunitinib was 
probably due to the inhibition of PDGFR. 
 
Bpv (Hopic) is a protein phosphotyrosine phosphatase inhibitor and it has been established as 
a PTEN inhibitor (Schmid et al, 2004). It bound to active sites of PTEN, which might drive 
beta cell to activate PTEN by itself, leading to significant decrease in serine and threonine 
phosphorylation of PTEN. 
 
Imatinib conferred protective effects against beta cell death in the presence of pro-
inflammatory cytokines, DETA/NO and hydrogen peroxide. On the contrary, sunitinib had a 
negative effect on beta cell viability in the presence of those cell death agents, suggesting that 
imatinib increased beta cell viability possibly by inhibiting SHIP2 activity rather than by 
increasing PTEN activity. It has been shown that PTEN deletion in pancreatic beta cells is 
beneficial for beta cell proliferation and maintaining beta cell mass (Stiles et al, 2006). 
Sunitinib increased PTEN activity, resulting in more beta cell death.  Decreased beta cell 
viability associated with the PTEN inhibitor was probably because the PTEN inhibitor 
suppressed the activity of other critical phosphatases that are essential for beta cell survival.  
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