
ORIGINAL ARTICLE

The anti-apoptotic and growth stimulatory actions of leptin
in human colon cancer cells involves activation of JNK
mitogen activated protein kinase, JAK2 and PI3 kinase/Akt

Olorunseun O. Ogunwobi & Ian L. P. Beales

Accepted: 8 June 2006 / Published online: 16 August 2006
# Springer-Verlag 2006

Abstract
Background and aims Obesity is a major risk factor for
the development of colon cancer. Secretion of the
hormone leptin from adipocytes is increased in obesity,
and serum levels are proportional to body fat mass.
Serum leptin levels are an independent risk factor for
colon cancer. Leptin receptors are expressed in normal,
premalignant and malignant colonic epithelia. We have
investigated the effects of leptin on proliferation and
apoptosis of colonic cancer cells and the early signalling
events involved.
Methods Proliferation of HT-29 colon cancer cells in
response to leptin was assessed by 3-[4, 5-dimethylthiazol-
2-y-l]-2, 5-diphenyltetrazolium bromide (MTT) assay, and
apoptosis was quantified by enzyme-linked immunosorbent
assay (ELISA) for intracellular nucleosomes. Signalling
pathways involved were determined by using specific
inhibitors, quantification of phosphorylated active intermedi-
ates and ELISA of active nuclear-translocated transcription
factors.
Results Leptin stimulated HT-29 cell proliferation and
inhibited both serum-starvation and celecoxib-induced apo-
ptosis. The proliferative and anti-apoptotic effects of leptin
were abolished by inhibition of JAK2 with AG490,
phosphatidylinositol 3′-kinase (PI3 kinase) with LY294002

and c-Jun NH2-terminal kinase (JNK) with SP600125.
Stimulation of HT-29 cells with leptin increased phosphor-
ylation of JAK2, Akt and JNK. Activation of JAK2 was
upstream of PI3 kinase/Akt but not of JNK. Activation of
JAK2 was followed by activation and nuclear translocation
of STAT3 and JNK activation led to increased activator
protein 1 (AP-1) transcriptional activity.
Conclusions Leptin stimulates proliferation and inhibits
apoptosis in human colon cancer cells and may be an
important factor in the increased incidence of colon
cancer in obesity. This effect involves JAK2, PI3 kinase
and JNK and activation of the oncogenic transcription
factors signal transducer and activator of transcription
(STAT)3 and AP-1.
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Abbreviations
AP-1 activator protein 1
COX cyclo-oxygenase
DMEM Dulbecco’s modified Eagle medium
DMSO dimethyl sulphoxide
ELISA enzyme-linked immunosorbent assay
FBS foetal bovine serum
JAK Janus tyrosine kinase
JNK c-Jun NH2-terminal kinase
MAP mitogen-activated protein kinase
MTT 3-[4, 5-dimethylthiazol-2-y-l]-2,

5-diphenyltetrazolium bromide
PBS phosphate-buffered saline (pH 7.4)
PI3
kinase

phosphatidylinositol 3′-kinase

STAT signal transducer and activator of transcription
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Introduction

Colorectal cancer is a major cause of mortality and
morbidity worldwide, with an annual incidence of about a
million and an annual mortality of about half a million [1].
There is a strong association between colon cancer and
obesity [2, 3]. Many factors, including those related to
lifestyle, may underlie this association, but factors produced
by the increased fat mass may be involved. The adipokine
leptin is elevated in the serum of obese people in direct
correlation to fat mass [4] and may be an important
biological link between obesity and colon cancer. Recent
evidence suggests that leptin levels are an independent risk
factor for colonic cancer [5].

The biological actions of leptin are best documented in
relation to energy homeostasis, feeding and body weight,
and this is dramatically demonstrated in the naturally
occurring massively obese ob/ob mice that lack leptin or
the db/db mice and fa/fa rats that lack functional leptin
receptors. However, recent work has demonstrated that
leptin has a wider spectrum of activity, including growth-
promoting actions in various tissues. The presence of a
leptin receptor (Ob-R) has been demonstrated on normal,
precancerous and malignant human colonic epithelium as
well as colon cancer cell lines [6, 7]. The leptin receptor is a
member of the class I cytokine receptor family. The long
receptor variant (Ob-Rb) is the main signal-transducing
variant; it contains the amino acid residues crucial for
receptor signalling [8]. Initial studies have shown that leptin
induces proliferation and invasiveness of colon cancer cells
both in vivo and in vitro [6, 7], although the cellular
mechanisms responsible for these actions remain to be
determined. Anti-apoptotic actions of leptin have been
described [9], although pro-apoptotic effects were reported
for leptin in human bone marrow stromal cells [10].

The intracellular signalling mechanisms which mediate
cell proliferation, cell survival and apoptosis have attracted
investigation because these mechanisms are crucial in the
potential carcinogenic effects of leptin and important in any
potential screening and therapeutic interventions. Activation
of the leptin receptor has been reported to activate multiple
signalling pathways in different systems, but the mechanisms
and sequelae of those involved in the regulation of colonic
epithelial function remain to be determined. Inhibition of
apoptosis is an important promoter of epithelial carcinogen-
esis. We have hypothesized that leptin provides a link
between obesity and colon cancer by promoting excessive
proliferation and inhibiting apoptosis. In this study, we have
explored the mechanisms involved in these effects.

Whilst a variety of transduction systems may promote
proliferation and cell survival, in this study, we have
investigated the involvement of the phosphatidylinositol-3′
kinase (PI3 kinase) /Akt, the c-Jun NH2-terminal kinase

(JNK) and the JAK2/STAT3 pathways. Akt (protein
kinase B), a serine/threonine protein kinase, is an important
mediator of cell survival [11]. It is known to prevent
apoptosis in various cells [12]. It is translocated to the cell
membrane and subsequently activated by a process initiated
by phosphorylation of membrane phospholipids by PI3
kinase present adjacent to the mammalian cell membrane
[13]. The lipid kinase activity of PI3 kinase is activated by
various cytokines, hormones and growth factors activating
their respective receptors. The anti-apoptotic effect of leptin
on hepatic stellate cells was mediated by phosphorylation
of Akt [9], and in prostate cancer cells, leptin activated
Akt [13].

The mitogen-activated protein (MAP) kinase system also
transduces proliferation and cell survival signals. The
principal action of JNK is the regulation of activator protein
1 (AP-1) activity, and both pro- and anti-apoptotic actions of
JNK have been reported. Activation of JNK is important in
the proliferative actions of some growth factors in colon
cancer [14], and we have recently shown that JNK mediates
the anti-apoptotic effects of glycine-extended gastrin in
HT-29 colon cancer cells [15]. Leptin has recently been
shown to induce prostate cancer cell proliferation via
activation of JNK [16].

When leptin binds to its signal-transducing long-chain
receptor isoform (Ob-Rb), oligomerization of the receptor
chains leads to activation of Janus tyrosine kinases (JAKs),
which are closely associated with cytokine-type receptors.
Activated JAKs, in turn, phosphorylate signal transducers
and activators of transcription (STATs). One member of the
JAK family, JAK2, has been shown to mediate anti-
apoptosis in haematopoietic cells [17] and seems to be the
JAK enzyme most involved in signalling via Ob-Rb [18].
The STAT proteins in turn control the transcription of a
variety of genes; STAT3 is regarded as an oncogene,
promoting proliferation and inhibiting apoptosis. Activation
of STAT3 by leptin in the hypothalamus and in gastric
cancer cells has been reported [19, 20]. Limited data
suggest that STAT3 is upregulated in colonic neoplasia
and preneoplasia [21].

In this study, we have investigated the effect of leptin on
proliferation and apoptosis in the HT-29 colon cancer cell
line because this has been shown to express the fully
functional long leptin receptor [7]. We have used celecoxib
to induce apoptosis because of the direct relation to clinical
practice. The cyclo-oxygenase 2 (COX-2) inhibitor cele-
coxib reduces the incidence of adenomatous polyps in high-
risk patients [22] and animal models [23], and has been
approved by the Food and Drug Administration in the USA
for chemoprevention in familial adenomatous polyposis.
Celecoxib induces apoptosis in cancer cell lines that do not
express COX-2, consistent with data showing that non-
steroidal anti-inflammatory drugs (NSAIDs) and COX-2
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inhibitors have beneficial actions in chemoprevention by
targeting multiple pathways [24].

Methods

Cell culture

HT-29 human colon cancer cells were grown in Dulbecco’s
modified Eagle medium (DMEM) containing 4,500 mg/l
glucose, 100 mg/l penicillin, 100 mg/l streptomycin and
2 mM L-glutamine, and supplemented with 10% foetal
bovine serum (FBS) in 5% CO2/95% air at 37°C. Cells were
subcultured following enzymatic digestion using trypsin/
EDTA solution.

Assessment of cell proliferation and apoptosis

In 48-well plates, 5×104 cells per well were cultured in 10%
FBS containing medium for 24 h and then serum-starved for
24 h. The medium was subsequently changed to fresh
serum-free medium, inhibitors were added as appropriate
and cells were treated with leptin and/or celecoxib. After a
further 24 h in culture, cell proliferation was assessed using
the MTT [3-(4, 5-dimethylthiazol-2-y-l)-2, 5-diphenyltetra-
zolium bromide] colorimetric assay as previously described
[25, 26], and apoptosis was quantified by measuring
intracellular nucleosome concentration in cell lysates
[27, 28] using the cell-death enzyme-linked immunosorbent
assay (ELISA) kit (Roche, Germany) according to the
manufacturer’s instructions.

Nuclear extraction and transcription factor assays

Confluent HT-29 cells in 6-well plates were serum-starved
for 24 h. After changing to fresh serum-free medium and
treatment with kinase inhibitors for 1 h, cells were treated
with leptin. After 30 min incubation, nuclear extraction was
performed using a nuclear extraction kit (Active Motif,
Belgium). Protein concentration was quantified using a
Bio-Rad protein assay (Bio-Rad, UK) with bovine serum
albumin as a standard. Yield was 0.15±0.005 mg/well.
Nuclear translocation of active STAT3 was assessed using
the STAT3 TransAM ELISA, and nuclear levels of active
AP-1 were quantified using the AP-1 c-Jun TransAm
ELISA (both from Active Motif) according to the manu-
facturer’s instructions. For the AP-1 assay, 8 μg of nuclear
extract protein per well was used, and 12 μg was used for
the STAT3 assay. These assays utilise oligonucleotides
containing appropriate consensus binding sites immobilised
on the wells of a 96-well plate to capture active AP-1 or
STAT3 contained in the nuclear extracts. After binding of a
primary antibody directed against the transcription factor,

quantitation was performed using a horseradish-peroxidase-
conjugated secondary antibody and substrate solution.

Detection of activated Akt and JNK

In 96-well plates, 104 cells per well were subcultured for
72 h in serum-containing medium and then in serum-free
medium for a further 24 h. Cells were then treated with
inhibitors for 1 h followed by leptin. After 15 min
incubation, cells were fixed with 4% formaldehyde. Non-
phosphorylated and active phosphorylated Akt and JNK
were quantified using specific FACE ELISA kits (Active
Motif) according to the manufacturer’s instructions.

Detection of activated JAK2

Tyrosine-phosphorylated JAK2 was quantified using a cell-
based ELISA. Cells were treated, prepared and fixed as for
the Akt and JNK assays. After three washes (5 min each
time with agitation at 100 rpm on a plate shaker) with wash
buffer [phosphate-buffered saline (PBS) containing 0.1%
Triton X-100], endogenous peroxidase was then quenched
by incubating for 30 min in wash buffer containing 1%
hydrogen peroxide and 0.1% sodium azide. After two
further washes with wash buffer, fixed cells were incubated
for 1 h with 3% non-fat dried milk to block non-specific
binding. After two further washes in wash buffer, primary
antibodies diluted 1:250 in PBS/0.05% Tween 20 were
added and incubated overnight at 4°C. The antibodies used
were rabbit polyclonal antibodies; anti-phospho-JAK2 (Tyr
1007/Tyr 1008) (Santa Cruz Biotechnology, sc-16566-R)
and anti-JAK2 (Santa Cruz, sc-278). The specific blocking
peptides (Santa Cruz) were added at 10 μg/ml final
concentration to confirm specificity. After removal, the
primary antibody cells were washed three times for 5 min
each with wash buffer and then incubated for 1 h with
horseradish-peroxidase-conjugated goat anti-rabbit immu-
noglobulin (Ig)G (Sigma) diluted 1:1,000 in PBS/0.05%
Tween 20. Wells were then washed three times with wash
buffer and twice with PBS, each for 5 min. Substrate
solution (o-phenylenediamine dihydrochloride, Sigma
FAST OPD) was used for quantification using an optical
density of 450 nm (OD450 nm) with a reference wavelength
of 650 nm. Subsequently, ELISA readings were corrected
for the actual cell numbers in each well by performing
crystal violet staining. Wells were washed twice with wash
buffer and twice with PBS and air-dried for 5 min. After
staining with crystal violet for 30 min, the excess stain was
removed by washing in PBS. Incubation in 1% sodium
dodecyl sulphate for 60 min was performed to extract the
stain, and the OD595 nm was determined. Corrected JAK/
phospho-JAK2 levels were determined by dividing the
OD450 by OD595.
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Chemicals and reagents

Recombinant human leptin SP600125 and AG490 were
purchased from Merck (Nottingham, UK). LY294002 and
celecoxib were from Alexis Biochemicals (Nottingham,
UK). MTTwas purchased from Sigma (Poole, UK). All cell
culture media and supplements were from Invitrogen (UK).
When appropriate, stock solutions of inhibitors were
dissolved in dimethyl sulphoxide (DMSO). The final
concentration of DMSO in experiments was always less
than 0.1%, and control wells contained an equivalent
concentration. Inhibitors were added 1 h prior to the
addition of leptin in all experiments.

Statistical tests

Proliferation and cell toxicity experiments were performed
in triplicate wells. Nuclear extracts and transcription factor
analyses in duplicate and phosphorylated kinase assays in
quadruplicate wells. Each experiment was repeated three to
six times. Results are expressed as mean±SEM. One-way
analysis of variance was used for dose–response curves,
and the paired t tests were used to analyse the effect of
inhibitors. A P value less than 0.05 was regarded as
significant.

Results

Leptin stimulates proliferation of HT-29 cells

Leptin stimulated an increase in HT-29 cell numbers after
24 h incubation. A dose-dependent increase in proliferation
was seen over the concentration range 0.1–10 nM (Fig. 1).
The maximal effect was 39±8% above basal with 10 nM
leptin, and this concentration of leptin was used for further
investigation of the signalling pathways.

Leptin inhibits apoptosis in HT-29 cells

Leptin significantly reduced apoptosis produced either by
serum starvation or celecoxib treatment. Preliminary experi-
ments confirmed a potent pro-apoptotic effect of celecoxib.
A fourfold increase in apoptosis was produced by a
concentration of 25 μM, and this was used for further
characterisation. Lower concentrations of celecoxib
(<10 μM) did not produce appreciable apoptosis despite
being as effective as higher doses in suppressing COX-2-
derived PGE2 production [28]. Leptin (10 nM) reduced
serum-starvation-induced apoptosis by 48% and celecoxib-
induced apoptosis by 65% (Fig. 2). Leptin alone was as
effective as culture medium containing 10% FBS in
reducing celecoxib-induced apoptosis (data not shown).

Leptin promotes cell survival in celecoxib-treated HT-29
cells

The inhibition of apoptosis in celecoxib-treated cells by
leptin was translated into an increase in overall viable cell
numbers in celecoxib-treated cells. Celecoxib produced a
dose-dependent reduction in cell numbers, consistent with
the increased induction of apoptosis. Celecoxib (25 μM)
reduced viable cell numbers by 55±7%, and leptin amelio-
rated this reduction in cell numbers by 50% (Fig. 3). Leptin
did not reverse the reduction in viable cell numbers produced
by the highest concentrations of celecoxib.

The growth-promoting and cell survival effects of leptin
are mediated by Akt, JNK and JAK2

Inhibition of either the PI3 kinase/Akt pathway with the PI3
kinase inhibitor LY294002 or JNK with SP600125 abolished
both the proliferative and cell survival effects of leptin
(Fig. 4). Neither of the inhibitors alone had a significant
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Fig. 1 Effect of leptin on HT-29 cell proliferation. Serum-starved HT-
29 cells were treated for 24 h with increasing concentrations of leptin.
Cell proliferation after 24 h was quantified by MTT assay. Results
expressed as percentage above untreated control cells, mean±SEM,
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Fig. 2 Effect of leptin on HT-29 cell apoptosis. Serum-starved HT-29
cells were incubated with leptin (10 nM) and/or celecoxib (25 μM) for
24 h. Intracellular nucleosomes were quantified by ELISA as an
assessment of apoptosis. A405 nm–A490 nm is proportional to
nucleosome concentration. Values were corrected for cell numbers
quantified using parallel MTT assays. Mean±SEM, N=3–4, *P<0.05
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effect on either basal or celecoxib-treated cell numbers.
However, in the presence of LY294002 or SP600125, leptin
failed to increase cell numbers in either control or celecoxib-

treated cells. The specific JAK2 inhibitor AG490 also
abolished the proliferative and cell survival effects of leptin
(Fig. 4).

Inhibition of apoptosis by leptin requires signalling via Akt,
JNK and JAK2

To confirm that the effects of the kinase inhibitors on
increased cell survival were due to preventing the anti-
apoptotic effect of leptin, the effect of pharmacological
inhibition of JNK, Akt and JAK2 on apoptosis, as measured
by intracellular nucleosome release, was assessed. Inhibition
of JAK2 with AG490 produced a significant increase
(400%) in apoptosis, LY294002 produced a smaller,
although significant increase in apoptosis (190%), but
SP600125 had no effect on basal apoptosis. No anti-
apoptotic effect of leptin was seen in the presence of
inhibition of either JNK with SP600125, Akt with
LY294002 or JAK2 with AG490 (Fig. 5).

Leptin increases phosphorylation of JNK, Akt and JAK2

To confirm the results with the pharmacological inhibitors,
we examined whether leptin increased phosphorylation of
the implicated signalling intermediates. Leptin increased Akt
phosphorylation by 213% and JNK phosphorylation by
228% after 15 min stimulation (Fig. 6). SP600125 abolished
JNK phosphorylation, and LY294002 abolished Akt phos-
phorylation, but SP600125 did not affect Akt activation, and
LY294002 failed to reduce JNK phosphorylation. Celecoxib
reduced leptin-stimulated JNK phosphorylation by 51% and
Akt phosphorylation by 55%, but in both cases, the degree
of inhibition was markedly less than that seen with the
specific kinase inhibitors LY294002 and SP600125 (Fig. 6).
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Inhibition of JAK2 with AG490 had no effect on leptin-
stimulated JNK phosphorylation but abolished Akt phos-
phorylation induced by leptin (Fig. 6).

Leptin increased JAK2 tyrosine phosphorylation by
1.93-fold compared with basal but had no significant effect
on total JAK2 as determined with the ELISA. The
specificity of the assays was demonstrated by the effective
competition by the specific blocking peptides without any
reciprocal inhibition (Fig. 7). Leptin stimulation of JAK2
phosphorylation was abolished by AG490 (Fig. 7).

Leptin increases activation of the transcription factors
AP-1 and STAT3

To further determine the significance of the signalling
pathways implicated in the anti-apoptotic effects of leptin,
we examined activation of the transcription factors AP-1

and STAT3. Leptin increased AP-1 activation 1.9-fold
above basal, and this was abolished by the JNK inhibitor
SP600125 but not inhibited by either the PI3 kinase

0

0.5

1

1.5

2

2.5

3

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

R
a
ti

o
 p

h
o

s
p

h
o

-J
N

K
/ 
to

ta
l 
J
N

K
R

a
ti

o
 p

h
o

s
p

h
o

-A
k
t

/ 
to

ta
l 
A

k
t

basal SP celeAG490

Leptin

SP celeAG490

‡ ‡

LY LY

‡

** ** **

b

a

basal SP celeAG490

Leptin

SP celeAG490LY LY

‡

****

‡ ‡

‡ ‡

Fig. 6 Effect of leptin on phosphorylation of Akt (a; top) and JNK (b;
bottom). Serum-starved HT-29 cells were pretreated with inhibitors of
JAK2 (AG490; 25 μM), PI3 kinase [LY294002; 10 μM (LY)], JNK
[SP600125; 10 μM (SP)] or celecoxib [25 μM (cele)] for 60 min
before stimulation with leptin (10 nM) for 15 min. Phosphorylated and
total Akt and JNK were assessed by ELISA. Results expressed as
phosphorylated/total enzyme corrected for cell number as assessed by
subsequent crystal violet staining. Mean±SEM, N=3, **P<0.01 vs
control, ‡P<0.05 vs leptin, ‡‡P<0.05 vs leptin

0

0.1

0.2

0.3

0

0.02

0.04

0.06

0

2

4

6

basal leptin

basal leptin

basal leptin

no inhibitor

AG490

P
ho

sp
ho

-J
A

K
2 

/ J
A

K

control

+ phospho JAK2 blocking peptide

+ JAK2 blocking peptide

control

+ phospho JAK2 blocking peptide

+ JAK2 blocking peptide

ph
os

ph
o-

JA
K

2
/ (

O
D

45
0 

nm
/ c

el
l n

um
be

r)
JA

K
2 

 
/ (

O
D

 4
50

 n
m

/ c
el

l n
um

be
r)

b

a

c

*

‡ ‡

Fig. 7 Effect of leptin on JAK2 phosphorylation. Serum-starved HT-
29 cells were pretreated with AG490 (25 μM) for 60 min before
stimulation with leptin (10 nM) for 10 min. Phosphorylated and total
JAK2 were assessed by cell-based ELISA in formalin-fixed cells. a
Effect of leptin on total JAK2 levels and effect of JAK2 and phospho-
JAK2 blocking peptides on detection of JAK2. b Effect of leptin on
phospho-JAK2 levels and effect of JAK2 and phospho-JAK2 blocking
peptides on detection of phospho-JAK2. c Effect of leptin on
phospho-JAK2/JAK2 ratio. Mean±SEM, N= 3, *P<0.05 vs basal,
‡‡P< 0.01 vs leptin

406 Int J Colorectal Dis (2007) 22:401–409



inhibitor LY294002 or the JAK2 inhibitor AG490. Cele-
coxib reduced AP-1 activation by 48% (Fig. 8). Leptin was
also a potent stimulus to nuclear translocation of active
STAT3 (Fig. 8): 30 min after leptin stimulation, nuclear
translocation of STAT3 had increased 2.2-fold. This
stimulation was blocked by AG49 but was unaffected by
inhibition of JNK with SP600125, Akt with LY294004 or
celecoxib (Fig. 8).

Discussion and conclusions

Abnormal apoptosis and cell proliferation characterize the
aetiology and progression of cancer. Leptin, an adipocyte-
secreted hormone elevated in the blood of obese people, is
a direct risk factor for colon cancer [5]. Consistent with
these conclusions from epidemiological studies, we have
confirmed a pro-proliferative effect of leptin on colon
cancer cells. This finding is in agreement with previous
reports in the literature [6, 7]. The anti-apoptotic effect of
leptin demonstrated here suggests strongly that the overall

increase in colonic epithelial cell number as a result of
leptin treatment is due to a combination of stimulation of
cell proliferation and inhibition of apoptosis by leptin. The
concentrations of leptin used in the study correspond to
those found circulating in normal and obese subjects,
suggesting that these effects of leptin are physiologically
relevant [29, 30].

The main aim of this study was to further elucidate the
mechanisms of leptin actions on colonic epithelial cells.
Consistent with this, we examined the involvement of PI3
kinase/Akt, JNK and JAK2 in colonic epithelial leptin
signalling. Pharmacological inhibition and direct detection
of phosphorylated intermediates showed that these kinases
are activated by leptin upon binding to its receptor, and they
consequently mediate the proliferative and anti-apoptotic
effects. The effects of the pharmacological inhibitors
showed that activation of Akt is independent of activation
of JNK. As expected, the specific pharmacological inhibitor
of PI3 kinase LY294002 inhibited Akt phosphorylation.
This confirms that PI3 kinase is upstream of, and activates,
Akt [31]. Interestingly, inhibition of JAK2 abolished Akt
phosphorylation but not JNK phosphorylation, showing
that JAK2 is upstream of Akt in colonic epithelial leptin
signalling, and that the JNK pathway is apparently
activated separately. Our finding of a separate and PI3-
kinase-independent activation of JNK by leptin in colonic
epithelial cells contrasts with the report of PI3-kinase-
induced activation of JNK in human T cells [32]. The
human Ob-Rb contains a JAK-binding/activation site and
five potential tyrosine phosphorylation sites in the intracel-
lular portion [33]; whether activation of PI3 kinase and
signalling in colon cancer occurs via docking on one
specific receptor phosphotyrosine site or via a downstream-
associated docking protein such as IRS-1 remains to be
identified [33]. Leptin stimulated JNK phosphorylation, and
inhibition of JNK with SP600125 abolished the prolifera-
tive and anti-apoptotic effects of leptin. Further studies will
be required to determine the processes linking the leptin
receptor to JNK activation. Other JAK proteins, particularly
JAK1, have been shown to be able to mediate Ob-R
signalling [33], and further studies are underway to elucidate
the role of other kinases and guanosine triphosphate (GTP)-
binding proteins in mediating coupling to JNK.

We also demonstrated that celecoxib inhibited leptin-
induced activation of JNK and Akt. Concentrations of
celecoxib that significantly blocked proliferation and
induced apoptosis reduced Akt and JNK activation by
approximately 50%. We and others [24, 28] have shown
that celecoxib induces apoptosis and reduces cell numbers
in a COX-2-independent manner. Previous studies have
suggested that celecoxib can inhibit activation of the PI3
kinase/Akt pathway by inhibiting PDK1, which is the
enzyme most commonly responsible for phosphorylating
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AG490 (25 μM), LY294002 (10 μM), SP600125 (10 μM) or
celecoxib (25 μM) for 60 min before incubation with leptin (10 nM)
for 30 min. a Active AP-1 and b STAT3 in nuclear extracts were
quantified by ELISA. OD450 nm is proportional to transcription factor
concentration. Mean±SEM, N=4, **P< 0.01 vs basal, ‡P<0.05 vs
leptin, ‡‡P<0.01 vs leptin
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the membrane-directed Akt [34], and our data would be
consistent with this finding. However, the inhibition of JNK
phosphorylation by celecoxib is a novel finding which adds
further complexity to the multiple sites of chemopreventa-
tive actions of celecoxib. Further studies will be required to
determine the specific site in the signalling pathway at
which celecoxib inhibits JNK activation. It is noteworthy
that despite the potent pro-apoptotic effect of celecoxib,
leptin still produced a major inhibition of apoptosis;
perhaps, the multiplicity of anti-apoptotic signals generated
by leptin overcame the multiple actions of celecoxib.

Leptin increased activation of the transcription factor
AP-1, which regulates various cell processes, including
apoptosis and cell cycle progression, and proliferation by
regulating gene transcription and AP-1 sites have been
found in many genes involved in tumour transformation
[35]. AP-1 activation and subsequent transcriptional activ-
ities are regulated by the MAP kinases [p38 MAP kinase,
JNK and extracellular-signal-related kinase (ERK)] [35,
36]. Consistent with this, we found that leptin-induced
activation of AP-1 was inhibited by specific inhibition of
JNK but not PI3 kinase or JAK2. Consistent with the
important role of JNK in phosphorylating and activating the
component parts of the AP-1 complex, we have shown that
the inhibition of JNK activity celecoxib was associated with
a comparable reduction in AP-1 activation. Consequently,
we conclude that AP-1 is a likely downstream mediator of
JNK-dependent leptin anti-apoptotic and pro-proliferative
effects in colon cancer. This finding is consistent with
previously published reports that AP-1 is induced by
mitogenic signals, and that it mediates tumour promotion
and cell proliferation in intestinal epithelial cells and plays
an important role in colon cancer [37, 38].

Our study also showed that leptin induced nuclear
translocation of activated STAT3, and that phosphorylation
and activation of STAT3 were dependent on JAK2
activation. STAT3 is regarded as an oncogene; increased
activation is associated with cell transformation, increased
proliferation and inhibition of apoptosis. Increased STAT3
activation has been reported in the polyp-cancer sequence
in colon cancer [21], and this enhanced activation seems
driven by increased growth factor stimulation rather than
activating STAT3 mutations [39]. It is possible that leptin
drives in vivo STAT3 activation. This hypothesis requires
further examination. Inhibition of JAK2 blocked the
anti-apoptotic effect of leptin and STAT3 activation, and
it is likely that STAT3 may be an important cell
proliferative mechanism for leptin in the colon; leptin-
induced STAT3 activation was recently reported in
gastric cancer cells [19]. The exact STAT3 target genes
involved require further investigation, but in other systems,
STAT3 activates c-fos and the anti-apoptotic genes survivin
and Bcl-XL [40].

Several studies have illustrated the complexity of signal-
ling events initiated by leptin: in kidney cells, leptin
stimulated invasion via pathways involving Rac1, RhoA,
protein kinase C, Akt, mammalian target of rapamycin
(mTOR) and JAK2, although it is not yet clear either how
these pathways interact with each other or what the
downstream targets are [6]. In gastric cancer cells leptin
stimulated separate activation of the ERK and STAT3
pathways [19]. One recent study has shown that leptin
ameliorates the apoptotic action of butyrate in colon cancer
cells: this effect was associated with activation of ERK and
nuclear translocation of nuclear factor kappa B (NF-κB) [41].

In conclusion, we report anti-apoptotic and pro-prolifer-
ative effects for leptin in colon cancer cells. These actions of
leptin suggest that it plays a role in the aetiology and
progression of colon cancer, and contributes to the increased
risk for colon cancer in obesity. Leptin activates at least three
pathways essential to proliferation and inhibition of apopto-
sis: PI3-kinase-dependent activation of Akt, JNK-dependent
activation of AP-1 and JAK2-dependent activation of
STAT3. Furthermore, JAK2 is upstream of Akt in leptin
signalling in colonic epithelial cells. Leptin ameliorated the
potentially beneficial growth-inhibitory and pro-apoptotic
actions of celecoxib, and the hyperleptinaemia characteristic
of obesity may render such chemopreventative strategies less
effective. Further studies exploring the actions of leptin on
colonic epithelial dynamics in vitro and in vivo are
warranted to define chemopreventative and therapeutic
strategies, but inhibition of signalling from the leptin
receptor may have potential for beneficial actions in treating
and preventing colon cancer.
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