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INTRODUCTION
Hyperproliferation of  the colonic mucosa is associated 
with an increased risk of  tumour development, and cor-
responds to an early stage in the adenoma-carcinoma 
sequence. It is now well established that glycine-extended 
gastrin (G-gly), the precursor of  the mature amidated gas-
trin, plays an important role in colonic mucosa hyperpro-
liferation. Proliferative effects of  G-gly were first described 
in a pancreatic tumour cell line, AR4-2J[1]. Afterwards, 
numerous studies have confirmed its mitogenic effects, es-
pecially on colonic mucosa, and in vitro studies have shown 
that G-gly is a growth factor for non transformed cell lines 
from colon origin or human colon cancer cells[2-5]. Trophic 
effects of  G-gly have also been confirmed in vivo and 
MTI/G-gly transgenic mice overexpressing G-gly, as well 
as gastrin-deficient mice perfused with this peptide, dis-
play hyperproliferation of  the colonic mucosa[6]. Further-
more, perfusion of  G-gly into rats results in proliferation 
of  colonic mucosal cells forming aberrant crypt foci and 
increases the sensitivity to azoxymethane, a colon carcino-
gen[7]. 

The p85/p110 PI3K is a lipid kinase composed of  
two constitutively associated subunits: p85, the regulatory 
subunit; and p110, the catalytic subunit. Upon stimula-
tion, PI3K phosphorylates the D3 position of  phosphoi-
nositides leading to second messengers, namely phosphati-
dylinositol 3, 4 biphosphate and phosphatidylinositol 3, 
4, 5 triphosphate[8]. The PI3K pathway is involved in the 
regulation of  many cellular processes including prolifera-
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Abstract
AIM: To investigate whether Src, JAK2 and phosphati-
dylinositol 3-kinase (PI3K) pathways are involved in the 
proliferation of human colonic tumour cells induced by 
glycine-extended gastrin (G-gly), the precursor of the 
mature amidated gastrin and to elucidate the molecular 
interaction between these three kinases in response to 
this peptide.

METHODS: Using the human colonic tumour cell line 
HCT116 as a model, we first measured the activation of 
PI3K, p60-Src and JAK2 in response to G-gly by in vitro 
kinase assays. Then we investigated the involvement of 
these kinases in G-gly-induced cell proliferation by MTT 
test.

RESULTS: G-gly stimulation induced p60-Src, JAK2 and 
PI3K activation in HCT116. The different pathways were 
involved in proliferation of human colon cancer cells 
induced by G-gly. Furthermore, we found that both Src 
and JAK2 were necessary to PI3K regulation by this pep-
tide. However, we did not find any cross-talk between 
the two tyrosine kinases.

CONCLUSION: Our results suggest that the p60-Src/
PI3K and JAK2/PI3K pathways act independently to me-
diate G-gly proliferative effect on human colonic tumour 
cells.
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tion and survival. During the last years, many studies have 
shown the implication of  the PI3K in colon carcinogen-
esis. In particular, the PI3K has been found to play an 
important role in colon cancer development and progres-
sion by promoting cell growth and allowing cells to escape 
apoptosis[9]. Activation of  this pathway is also involved in 
the progression of  human colon adenocarcinoma[10]. 

Different groups including ours, have demonstrated the 
involvement of  the phosphatidylinositol 3-kinase in G-gly 
functions. We have reported the activation of  lipid kinase 
in response to this peptide in a pancreatic tumoral cell line, 
AR4-2J[11]. Afterwards, Hollande et al[12] have described 
the involvement of  the phosphatidylinositol 3-kinase in 
adhesion and migration of  gastric epithelial cells regulated 
by G-gly. More recently, we described the overexpression 
of  the regulatory subunit p85 as well as an overactivation 
of  the downstream effector Akt, in the hyperprolifera-
tive colonic mucosal epithelium of  MTI/G-Gly mice[13]. 
Moreover, in the same study, we have demonstrated the 
involvement of  the PI3K pathway as well as Src and JAK2 
pathways in the proliferation of  isolated normal murine 
colonic epithelial cells in response to G-gly. 

Our aim here was to investigate whether these three 
kinases are involved in G-gly-induced proliferation of  hu-
man colonic tumour cells and to elucidate the molecular 
interaction between Src, JAK2 and PI3K in response to 
the peptide. In HCT116, a human colon tumour cell line, 
we first measured the activation of  these kinases by G-gly 
as well as their involvement in G-gly-induced cells prolifer-
ation. The results indicate that both p60-Src and JAK2 are 
necessary to PI3K regulation by the peptide. However, we 
did not observe any cross-talk between the two tyrosine ki-
nases, suggesting that the p60-Src/PI3K and JAK2/PI3K 
pathways act independently. 

MATERIALS AND METHODS
Materials
Polyclonal anti-JAK2 antibody was purchased from Up-
state Biotechnology Inc. Monoclonal anti-p60-Src anti-
body was obtained from Oncogene Science. Rabbit poly-
clonal antibody specific to p85, the regulatory subunit of  
the phosphatidylinositol 3-kinase, was kindly provided by 
Drs. Y. Le Marchand-Brustel and J. F. Tanti (Nice, France). 
DFO, LY 294002, PP2 and AG490 were from Calbiochem. 
[γ-32P] ATP (7000 Ci/mmol) was from ICN. Phosphati-
dylinositol was purchased from Sigma.

Cell culture
HCT116, human colonic tumour cells, were grown in 
DMEM containing 4.5g/L glucose-glutamax, supplement-
ed with 10% fetal calf  serum at 37 ℃ in a 50mL/L CO2 
atmosphere.

Proliferation assay
Approximately 75 000 cells/well were plated into 96-well 
plates. Forty-eight hours after plating, cells were treated for 
48 h with G-gly (10 pmol/L) with or without inhibitors 
(10µmol/L). MTT colorimetric assay (MTT, Sigma) was 
used to measure proliferation as previously described[13]. 

Immunoprecipitation and Western-blot analysis
HCT116 cells were serum-starved for 18 h before peptide 
addition. After stimulation, the cells were lysed, and the 
soluble fractions containing identical levels of  proteins 
were immunoprecipitated and analyzed by Western-blot 
with the indicated antibodies as described previously[14]. 
Band intensity was analyzed using the image analyzer Bio-
com (France).

Src kinase assay
Src kinase activities were determined on anti-p60-Src-im-
munoprecipitates as previously described[15]. Briefly, kinase 
assay was carried out at 37 ℃ for 10 min in kinase buffer 
(12.5 mmol/L MnCl2, 1.25 mmol/L DTT, 25 mmol/L 
Hepes, pH 7.4) containing 3.75 µmol/L ATP, 10 µCi/point 
ATP[γ-32P]. Proteins were separated by SDS–PAGE and 
the gel was autoradiographied. The gels were then treated 
with 1N KOH at 50 ℃ for 1h and autoradiographied. 
Band intensity was analyzed using the image analyzer Bio-
com (France).

JAK2 kinase assay
JAK2 kinase activities were determined on anti-JAK2-im-
munoprecipitates as previously described[14]. Briefly, kinase 
assay was carried out at 37 ℃ for 10 min in kinase buffer (10 
mmol/L MnCl2, 5 mmol/L MgCl2, 0.1 mmol/L Vn2+, 
10 mmol/L Tris, pH 7.4) containing 3.75 µmol/L ATP, 10 
µCi/point ATP[γ-32P]. Proteins were separated by SDS–
PAGE and the gel was autoradiographed. Band intensity 
was analyzed using the image analyzer Biocom (France).

Phosphatidylinositol 3-kinase assay
Cell lysates were immunoprecipitated with the indicated 
antibodies. PI3K assay was performed on immunoprecipi-
tates as described previously[16]. Briefly, phosphatidylinositol 
used as an exogenous substrate, was prepared in 5 mmol/L 
HEPES and then sonicated for 15 min at 4 ℃. The sam-
ples were incubated for 15 min at room temperature with 
phosphatidylinositol (0.2 mg/mL) and 50 µmol/L ATP[γ-
32P] (10 µCi/point). The reaction was stopped by adding 
HCl 4N and lipids were extracted using agitation in chloro-
forme/methanol (1/1) solution for 45 s. After centrifuga-
tion, the upper phase containing the lipids was analyzed. 
The phospholipids were separated by thin layer chromatog-
raphy and analyzed by autoradiography. Spot intensity was 
analyzed using the image analyzer Biocom (France). When 
indicated, the cells were pretreated for 1h with 1µmol/L 
desferrioxamine (DFO).

Statistical analysis
Statistical analysis was carried out by Student’s t test using 
GraphPad Prism.

RESULTS
Glycine-extended gastrin activated phosphatidylinositol 
3-kinase
We first tested whether the p85/p110 phosphatidylinositol 
3-kinase (PI3K) was activated in HCT116 cells after G-gly 
stimulation. Cells were treated with the peptide for varying 
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lengths of  time. Lipid kinase assay was performed in vitro 
on anti-p85 immunoprecipitates using inositol  phosphate 
as an exogenous substrate. Lipids were then separated by 
thin layer chromatography. Increase in phosphatidylinosi-
tol phosphorylation was detected within 3-5 min after 
treatment with G-gly. This stimulation similar to our pre-
vious observation in pancreatic tumour cells[11], indicated 
that PI3K activation was also an early event of  G-gly 
signalling in colon cancer cells. The ferric ion chelator, 
desferrioxamine (DFO) could inhibit both the binding of  
G-gly to its receptor and biological activity[17]. To test the 
specificity of  the activation by G-gly, we performed PI3K 
assays after pretreatment of  the cells with DF0 for 1h. 
DFO could completely inhibit PI3K activation in response 
to the peptide (Figure 1).

Glycine-extended gastrin activated tyrosine kinases p60-
Src and JAK2
To investigate whether glycine-extended gastrin could reg-
ulate p60-Src activation, serum-starved HCT116 cells were 
treated with G-gly for various times and lysed. Tyrosine 
kinase assays were performed in anti-p60-Src immunopre-
cipitates using enolase as an exogenous substrate. Our re-
sults indicated that p60-src was very rapidly and transiently 

activated in HCT116 cells in response to G-gly. The activa-
tion of  p60-Src was detected 1 min after peptide addition. 
The stimulation was maximal at 3 min and decreased after 
5 min (Figure 2A). 

To test whether JAK2 was activated by G-gly, lysates 
from cells stimulated for various times were immunopre-
cipitated with anti-JAK2 antibodies and in vitro kinase as-
says were performed on immunoprecipitates as described 
in “Methods”. We observed a rapid and transient increase 
in JAK2 autophosphorylation in response to G-gly stimu-
lation. The maximal activation obtained within 5 min after 
peptide addition decreased toward the basal level at 15 min 
(Figure 2B).

Involvement of JAK2, Src and phosphatidylinositol 3-ki-
nase pathways in glycine-extended gastrin-induced prolif-
eration
In order to identify the role of  PI3K, Src and JAK2 path-
ways in the proliferation of  human colonic tumour cells 
induced by G-gly, we measured HCT116 proliferation in 
the presence or absence of  specific inhibitors for each 
pathway, LY290042, PP2 and AG490 respectively. Stimula-
tion of  HCT116 cells for 48h by G-gly induced a signifi-
cant increase of  cell proliferation (mean ± SE; 1.38 ± 0.07; 
P<0.05; n = 5) (Figure 3). Treatment of  the cells with PP2, 
AG 490 or LY 290042 completely inhibited G-gly-induced 
HCT116 proliferation while inhibitors alone did not af-
fect basal cell proliferation (data not shown). The result 
indicated that these three pathways could mediate G-gly 
proliferative effects not only on normal colonic epithelial 
cells but also on human colonic tumoral cells.

Involvement of both p60-Src and JAK2 upstream of PI3K 
activation in response to G-gly
In order to determine whether p60-Src was involved in 
PI3K activation by G-gly, we first tested whether PI3K 
activity was detected in association with p60-Src. After 
peptide treatment for various times, PI3K assays were car-
ried out on anti-p60-Src immunoprecipitates. In response 
to G-gly, we observed an increased PI-kinase activity co-
precipitated with maximal p60-Src after 5 min of  peptide 
stimulation (Figure 4A). To test the PI3K specificity, we 
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Figure 1  G-gly- induced 
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activation. HCT116 cells 
were stimulated with G-gly 
(10 pmol/L) for the indicated 
t ime.  PI3K act iv i ty  was 
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complex kinase assay as 
desc r i bed  i n  Me thods . 
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activation was accessed 
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autoradiograms from at least 
three separate experiments 
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Figure 2 G-gly-induced 
p60-Src (A) and JAK2 
(B) activation. HCT116 
cells were stimulated 
with G-gly (10 pmol/L) for 
the indicated time. p60-
Src and JAK2 activities 
we re  de te rm ined  i n 
an immune complex 
k i n a s e  a s s a y  a s 
described in Methods. 
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Figure 3 Role of PI3K, Src or JAK2 pathways in human colonic tumour cell 
proliferation induced by G-gly. Serum-starved HCT116 cells were treated with 
G-gly for 48h in the presence or absence of the indicated inhibitor (10 µmol/L). 
The proliferation was determined as described in Methods.  Each point represents 
data from triplicate and is representative of 5 independent experiments. Data are 
presented as means ± SE.
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added the PI3K inhibitor, LY 294002, in the in vitro li-
pid kinase assay. Under these conditions, G-gly induced-
PI-kinase activity was completely blocked. These results 
demonstrated that glycine-extended gastrin was associated 
with p60-Src and PI3K. In order to confirm that an Src 
family member could act upstream of  the PI3K pathway 
activated by G-gly, we pretreated the cells for 1h with PP2 
before G-gly stimulation. PI3K activation was inhibited 
in PP2 pretreated cells, indicating the role of  Src in PI3K 
activation (Figure 4B).

We then examined the role of  JAK2 in PI3K activation 
by G-gly. After peptide treatment for the time indicated, 
the cells were lysed and PI3K assays were performed on 
anti-JAK2 immunoprecipitates. Increased PI-kinase activity 
was associated with JAK2, detectable at 1 min and maxi-

mal after 5 min of  peptide stimulation (Figure 5A). The 
inhibition of  PI-kinase activity observed when LY 294002 
was added in the in vitro lipid kinase assay indicated that 
glycine-extended gastrin was associated with JAK2 and 
PI3K. To confirm the involvement of  JAK2 upstream of  
the G-gly-induced PI3K pathway, the cells were pretreated 
for 1h with AG 490 prior to G-gly addition. The PI3K 
activation in response to G-gly was inhibited in the pres-
ence of  JAK2 inhibitor, indicating the role of  this tyrosine 
kinase upstream in PI3K activation (Figure 5B).

No cross-talk between p60-Src and JAK2 pathways in 
response to G-gly
To investigate the possible association between p60-Src 
and JAK2, solubilized proteins were immunoprecipitated 
with an anti-JAK2 antibody and the precipitates were 
analyzed by immunoblot using an anti-p60-Src antibody. 
No p60-Src protein associated with JAK2 was detected 
in control cells or in cells stimulated with G-gly, whereas 
comparable amounts of  JAK2 proteins were detected in 
immunoprecipitates (data not shown). 

Independently of  any association, we studied whether 
Src-family kinases were involved in JAK2 activation by 
G-gly. We tested the effect of  PP2 on JAK2 activity. Cells 
were pretreated for 1h with PP2 5 min before stimulation 
with G-gly. JAK2 kinase assay was performed on JAK2 im-
munoprecipitates. PP2 did not inhibit G-gly-induced JAK2 
activation, indicating that Src kinases were not involved 
in upstream of  JAK2 activation by G-gly (Figure 6A). 
Similarly, using AG490, we tested a possible role of  JAK2 
upstream in p60-Src activation. The presence of  AG490 in 
the incubation medium did not significantly change p60-
Src activation by G-gly (Figure 6B). Indeed, in this human 
colon tumoral cell line, activation of  the two tyrosine-ki-
nases, p60-Src and JAK2, in response to G-gly was entirely 
independent.

DISCUSSION
The p85/p110 phosphatidylinositol 3-kinase (PI3K) is a 

PIP

Time:  0          1          5         15         5
(min)                                                LY
			      294002

IP: Src

PIP

Time:   0           3           5          15         5
(min)                                                   LY
           			        294002

IP: JAK2

PIP

IP: p85

G-gly        -             +            -              +
			   PP2

PIP

G-gly       -             +              -            +
 		               AG490

IP: p85

A

B

A

B

Figure 4 Involvement of p60-Src (A) and PI3K (B) activation in response to G-gly. 
HCT116 cells pretreated with or without 10 µmol/L of LY290042 and anti-p85 
antibody were stimulated (+) or not (-) with glycine-extended gastrin (10 pmol/L) 
for the indicated time. After immunoprecipitation of cell lysates with anti-p60-Src 
and anti-p85 antibody, precipitates were assayed for PIK activity using inositol 
phosphate as an exogenous substrate. Lipids were separated by thin layer 
chromatography and autoradiographied. The result shown is representative from 
five and three separate experiments.

Figure 5 Involvement of PI3K (A) and JAK2 (B) activation in response to G-gly. 
HCT116 cells pretreated with or without 10µmol/L of LY290042 and were 
10µmol/L of AG 40, stimulated (+) or not (-) with glycine-extended gastrin G-gly 
(10 pmol/L) for the indicated time. After immunoprecipitation of cell lysates with 
anti-JAK2 and anti-p85 antibody, precipitates were assayed for PIK activity using 
inositol phosphate as an exogenous substrate. Lipids were separated by thin layer 
chromatography and autoradiographied. The result shown is representative from 
five separate experiments.
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Figure 6 No involvement of p60-Src (A) and JAK2 (B) activation in response 
to G-gly. Cells pretreated with or without PP2 and AG 490 (10 µmol/L), were 
stimulated (+) or not (-) by G-gly (10 pmol/L) for 5 min. JAK2 and p60-Src kinase 
activities were determined by immune complex kinase assay using anti-JAK2 
and anti-p60-Src antibodies as described in Materials and Methods. Proteins 
were separated by SDS-PAGE and JAK2 autophosphorylation was detected by 
autoradiography. A representative autoradiogram from at least three separate 
experiments is shown.
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lipid kinase which plays an important role in human colon 
cancer. Its specific inhibitor, LY 294002, has been shown 
to inhibit cell growth and to induce apoptosis. Treatment 
of  human colon cancer cell lines in vitro with LY 294002 or 
transplanted in vivo abolishes tumour cell growth and leads 
to apoptosis[9]. In addition, Philp et al[18] have identified 
somatic mutations in the gene of  the p85 subunit leading 
to a constitutive active form of  PI3K. These mutations are 
present in primary human colon tumours and cancer cells, 
suggesting that PI3K is involved in human colonic tumori-
genesis

Non-amidated gastrin precursors, including G-gly, are 
produced by colorectal cancers and exert growth factor ef-
fects on these tissues[19, 20]. They are expressed in 80% - 90% 
of  colorectal tumours and polyps in human beings[21-24]. 
Identification of  signalling pathways involved in colonic 
mucosa hyperproliferation is important for the understand-
ing of  tumour processes. In a previous study we have iden-
tified that Src, JAK2 and PI3K pathways are overactivated 
in the colonic epithelium of  mice overexpressing G-gly and 
involved in G-gly-induced proliferation of  normal colonic 
epithelial cells isolated from control mice[13].

In the current study, we used the human colon tumour 
cell line, HCT116, to investigate whether these three ki-
nases interact to regulate the growth of  human tumoral 
colon cells. The results indicate that both p60-Src and 
JAK2 are necessary to PI3K regulation by the peptide. 
Theses results are in accordance with previous reports 
showing that JAK2 are involved upstream of  the PI3K 
pathway of  other cellular models. Pretreatment of  human 
neutrophils with the JAK2 inhibitor, AG 490 could abol-
ish the stimulation of  the p85/p110 PI3K in response of  
the granulocyte-macrophage colony-stimulating factor. In 
addition, Attoub et al[25] have shown that leptin can induce 
a transient elevation of  the PI3K lipid products in JAK2 
immunoprecipitates prepared from MDCK cells. Similarly, 
Src family kinases are involved upstream of  the PI3K/
AKT pathway[26, 27]. Previous studies suggest that the IRS 
proteins could serve as scaffolding intermediates between 
tyrosine kinases and PI3K[28]. This mechanism is likely 
involved in PI3K activation by G-gly. In HCT116 cells 
we observed a basal association between JAK2 and IRS1 
and the tyrosine phosphorylation of  IRS-1 in response to 
G-gly (data not shown). In addition, we have previously re-
ported that tyrosine phosphorylation of  IRS-1 in pancre-
atic tumour cells, leading to the rapid recruitment of  the 
regulatory subunit of  PI3K, might represent a common 
mechanism for PI3K activation by different factors includ-
ing insulin and G-gly[11]. Obviously, we cannot exclude 
other hypotheses such as interaction between the SH2 
domain of  p85 and phospho-tyrosine of  p60-Src or JAK2. 
Different studies have previously described the involve-
ment of  Src family kinases upstream of  JAK2 activation. 
For example, cell transformation by the oncogene v-Src[29] 
or the overexpression of  certain members of  the Src 
family-kinases as Lck[30] can lead to a constitutive activation 
of  JAK2. However, we did not find any cross-talk between 
the two tyrosine kinases, suggesting that the p60-Src/PI3K 
and JAK2/PI3K pathways act independently. The involve-
ment of  two different mechanisms upstream of  the lipid 
kinase might be a way to amplify the PI3K signal. Howev-

er, in our study, the level of  PI3K activity associated with 
JAK2 or p60-Src was not different from that observed in 
anti-p85 immunoprecipitates. As for many other signalling 
molecules, it seems that the cellular localization of  PI3K is 
important for the function of  the enzyme. Therefore the 
recruitment of  PI3K to different cell compartments by 
the two independent tyrosine-kinases allows the enzyme to 
play a complementary role. The finding that p60-Src and 
JAK2 do not associate in response to G-gly stimulation, 
demonstrates that the p60-Src/PI3K and JAK2/PI3K 
pathways act independently and indicates that they might 
be involved in different cell compartments. The analysis of  
the cellular localization of  phosphatidylinositol 3-kinase, 
might be crucial to understand the role of  this signalling 
molecule in different biological effects of  G-gly.

Our previous studies indicate that gastrin precursors 
contribute to the initiation phases of  colon carcinogenesis 
by upregulating the signalling pathways involved in cellular 
proliferation and cell survival. The results of  this study 
demonstrate that G-gly is also able to regulate proliferation 
of  tumoral colonic cells and support the idea that gastrin 
precursors are not only involved in the initiation steps of  
the colon tumour process but also involved in the later 
stages of  tumour progression after genetic alterations, by 
conferring a growth advantage to the cells via the constitu-
tive activation of  numerous signalling pathways. 
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