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Insulin-like growth factor-1 activates Akt and Jun N-terminal Kinases

(JNKSs) in promoting the survival of T lymphocytes

PATRICK T. WALSH, LORAINE M. SMITH & ROSEMARY O’CONNOR Department of Biochemistry and

Biosciences Research Institute, National University of Ireland, Cork, Ireland

SUMMARY

Insulin-like growth factor 1 receptor (IGF-1R) expression is augmented on T cells upon ligation of
CD28, and this promotes IGF-1-mediated protection from Fas-induced cell death for up to 6 days.
To determine the mechanism of action of IGF-1R in T-cell expansion, we investigated the signalling
pathways activated by IGF-1 in T cells and in Jurkat cells. We found that IGF-1 transiently induces
Akt, jun N-terminal kinases (JNK), and c-Jun phosphorylation in activated T cells, with JNK and c-
Jun phosphorylation occurring faster than Akt phosphorylation. To mimic IGF-1R expression levels
in CD28-stimulated Jurkat cells these cells were stably transfected to over-express the IGF-1R.
Jurkat/IGF-1R cells exhibited enhanced constitutive Akt phosphorylation compared with mock-
transfected controls, but IGF-1 induced transient phosphorylation of MKK4, JNKs, and c-Jun.
Inhibition of PI-3 kinase activity and Akt phosphorylation with LY294002 totally suppressed IGF-
1-mediated protection from Fas killing in activated T cells, but only partially suppressed IGF-1-
mediated protection in Jurkat/IGF-1R cells. However, either dicumarol in T cells or a dominant
negative JNK1 (APF) in Jurkat/IGF-1R cells greatly suppressed IGF-1-mediated protection from
Fas killing. Together, these data demonstrate that IGF-1-mediated activation of JNKs and PI-3
kinase contributes to normal T-cell survival, whereas the JNK pathway may be more important in

Jurkat leukaemia cells.

INTRODUCTION

Cell death mediated through the Fas death receptor is essential
for the maintenance of homeostasis in the immune system' by
clearing activated T cells as the immune response declines.
Soon after activation, T cells express high levels of the Fas
receptor but are insensitive to death through ligation with Fas
ligand.? It is thought that this relative insensitivity to Fas
ligation is conferred by powerful survival signals due to a
variety of mechanisms that are transiently activated during
the early stages of T-cell activation. These include expression
of the caspase 8 inhibitor, c-Flip;* and genes up-regulated by co-
stimulation through the CD28 receptor, such as interleukin-2
(IL-2)* and the antiapoptotic gene Bcl-xL.> CD28 ligation also
induces increased expression of insulin-like growth factor-1
receptor (IGF-1R) on activated T cells and this promotes IGF-1-
mediated protection from Fas killing.°
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The IGF-1 system has long been suggested to play an
important role in T-lymphocyte development in the thymus
and in the growth of mature T cells.”'! IGF-1 also promotes
growth of myelomas'? and suppresses apoptosis in response to
IL-3 withdrawal in the BaF3'? and in the FL5.12 B-lympho-
blastic-cell lines."* However, while the signalling pathways
activated by the IGF-1R have been well studied in different
cells, its function in T-cell activation is not understood nor is it
known how signals from the IGF-1R interact with signals from
the T-cell receptor or co-stimulatory molecules such as CD28.

Ligation of the IGF-1R by its ligands IGF-1 or IGF-2 pro-
motes the survival, growth and differentiation of a wide variety
of cell types (reviewed in refs 14,15). The IGF-1R can activate
phosphatidylinositol (PI-3 kinase) and protein kinase B/Akt,'®
resulting in phosphorylation of several apoptosis regulatory
proteins including the pro-apoptotic Bcl-2 family member
Bad,'” the Forkhead transcription factor FKHRL1,'® and apop-
tosis signal-regulating kinase I (Ask-1)."° Activated Akt can
protect fibroblasts from Fas-induced death®® and it can mediate
CD28 signals leading to expression of IL-2 and interferon-y
(IFN-vy) in activated T cells.?! Akt has also been associated with
protection from Fas killing by the observation that mice defici-
ent in the phosphatase and Tensin homolog deleted on chromo-
some Ten (PTEN), which negatively regulates the Akt pathway,
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exhibit enhanced resistance to Fas killing and are more suscep-
tible to autoimmunity.>>

IGF-1 can activate a PI-3 kinase-independent pathway
involving c-Jun N-terminal kinases (JNKs), which was recently
found to be associated with IGF-1-mediated survival in FL5.12
cells.”* JNKs belong to a family of stress-activated protein
kinases (SAPKs) that include p38.%* Activation of SAPKs
occurs in response to cellular stress stimuli, but they also have
important roles in normal T-cell activation and function
(reviewed in refs *32%). Interestingly, activation of JNK in
response to T-cell receptor ligation is dependent on CD28
co-stimulation,”” and this leads to increased activity at the
IL-2 gene promoter.”®*?° Studies from JNK knockout mice
indicate that JNKs are not required for T-cell activation, but
are required for subsequent differentiation into the T helper type
1 (Thl) and type 2 (Th2) subsets.>>3! Transient activation of
JNK by cytokines such as tumour necrosis factor (TNF)*? or
transforming growth factor-B,* or by adhesion signals such as
those from fibronectin in ﬁbroblasts,34 have been associated
with promoting cell survival. Transient JNK activity can pro-
long cell survival upon cytokine withdrawal through its ability
to phosphorylate and enhance Bcl-2 anti-apoptotic activity.3 >In
contrast, prolonged JNK activation is associated with apoptosis
and JNKs are required for UV-induced death in fibroblasts.*®
Furthermore JNK3 is required for transcription-dependent
apoptosis in neurons.’”*

CD28 stimulation in T cells leads to augmented IGF-1R
expression and activation of both Akt and JNK. Furthermore,
inhibition of IGF-1R signalling induces apoptosis in T-cell
cultures. These observations raise the possibility that CD28-
induced IGF-1R expression serves to enhance T-cell survival
through IGF-1 stimulation of the Akt or JNK pathways. To
investigate this, we examined IGF-1 signalling in both primary
activated T cells and in Jurkat cells. Here we show that IGF-1
induced Akt and JNK phosphorylation in activated T cells, and
JNK activation occurred more rapidly than Akt phosphoryla-
tion. Inhibition of PI-3 kinase activity abrogated IGF-1-
mediated protection from Fas killing in T cells, but only
partially abrogated protection in Jurkat cells. However, domi-
nant negative JNK1 (APF) blocked IGF-1 survival activity in
Jurkat cells. Taken together these data demonstrate that
enhanced IGF-1R expression in T cells facilitates IGF-1-
mediated activation of Akt and JNK that are active in promoting
T-cell survival and that transient activation of JNKs by IGF-1
plays a role in the survival of transformed T lymphocytes.

MATERIALS AND METHODS

Antibodies

The anti-IGF-1R antibody Ab-1 (IR-3) (Calbiochem, Notting-
ham, UK) and the anti-CD3 antibody T3RW24B6 (kindly
provided by Immunogen Inc., Cambridge, MA) were used for
immunofluoresence experiments. The anti-Fas immunoglobulin
M (IgM) monoclonal antibody (mAb) 7C11°° was provided by
Dr J. Ritz (Dana Farber Cancer Institute, Boston, MA) and the
fluorescein isothiocyanate (FITC)-conjugated anti-IgG second-
ary antibodies were obtained from Sigma-Aldrich (Dorset, UK).
For analysis of intracellular signalling pathways anti-phospho-
Akt, anti-Akt, anti-phospho-c-Jun (Ser73), anti-JNK, anti-phos-

pho-p38 and anti-p38 antibodies were all purchased from New
England Biolabs Inc. The non-radioactive assay kit for JNK
activity was also obtained from New England Biolabs (UK)
LTD (Herts, UK). Anti-Bcl-xL antibody was purchased from
Transduction Laboratories (Lexington, KY) and anti-Flag and
anti-Actin antibodies were obtained from Sigma.

Cell culture

Peripheral blood mononuclear cells were isolated from whole
blood using Ficoll-Hypaque (Pharmacia, Uppsala, Sweden).
Monocytes were removed by adherence and B cells were
removed with anti-CD19-coated magnetic beads (Dynal UK,
Wirral, UK). The remaining enriched T-cell population, which
was routinely 95% CD?3 positive as detected by immunofluore-
sence, was cultured in complete medium, which consisted of
RPMI-1640 supplemented with 10% fetal bovine serum (FBS),
2mM penicillin—streptomycin and 100 U/ml L-glutamine (all
from Gibco/BRL, Paisley, UK). T cells were activated by the
addition of 5pg/ml concanavalin A (ConA; Sigma) in the
presence of recombinant IL-2 (rIL-2; PeproTech Inc, Rocky
Hill, NJ) at 30 ng/ml. Jurkat cells were maintained in RPMI-
1640 supplemented with 10% FBS, 2mM penicillin—strepto-
mycin and 100 U/ml L-glutamine.

Transfection of Jurkat cells

Jurkat cells were transfected with pcDNA3 encoding full-length
IGF-1R, or with pcDNA3 vector alone by electroporation. To do
this cells (107 per transfection) were washed once in RPMI-
1640 (no additions) and resuspended in 0-4 ml RPMI-1640 (no
additions), then transferred to electroporation cuvettes (Biorad,
Herts, UK), and 20 pig of the relevant plasmid DNA was added.
Cells were allowed to rest at room temperature for 10 min after
which they were electroporated in a Gene Pulse electroporator
(Biorad) at 0-26 V and a capacitance of 960 uF with no resis-
tance. Immediately afterwards the cuvettes were placed on ice
for 10 min. The cells were then allowed to recover for 24 hr at
37° before addition of 1-5 mg/ml G418. After 14 days culture in
the presence of G418 growing cells were assayed for over-
expression of the IGF-1R by immunofluoresence and flow
cytometry, and then subcloned by limiting dilution in 96-well
plates to isolate clones stably expressing the IGF-1R.

Jurkat cells were transiently transfected by electroporation
with identical conditions to those outlined above, with the
exception that 1.5 x 107 cell were transfected in 600l of
medium per sample. The pcDNA3 JNK1 (APF), kindly pro-
vided by R. J. Davis, University of Massachusetts (Worcester,
MA), and pcDNA3 Bcl-xL were transfected into Jurkat cells
which were examined for over-expression of transfected pro-
teins after recovery in culture for 20 hr at 37°.

Immunofluoresence assays

Cells (5% 10° per sample) were removed from culture and
resuspended in 100 pl RPMI-1640 or Iscove’ modified Dulbec-
co’s medium containing 25 mM HEPES, 10% horse serum and
0-01% azide (FACS buffer) containing the indicated primary
antibodies at a concentration of 2 pg/ml. Following 1 hr incuba-
tion at room temperature, cells were washed and incubated for
30min at 4° in darkness with FITC-labelled secondary anti-
bodies specific for mouse IgG. Cells were again washed with
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FACS buffer, and the cell-associated fluorescence was quanti-
fied with a FACScan flow cytometer (Becton Dickinson,
Oxford, UK).

Western blotting

Primary T cells and Jurkat cells, which had been stimulated as
indicated, were harvested from culture and washed with sterile
phosphate-buffered saline. Cells were then lysed in one of two
separate lysis buffers depending on the proteins being analysed.
For the analysis of cell surface and cytoplasmic proteins, cell
lysis buffer contained 150 mM NaCl, 5 mM ethylenediaminete-
traacetic acid, 50 mM Tris—HCI pH 7-4, 1 mM phenylmethylsul-
phonyl fluoride, 1 mM NaVO,, 1% Triton X-100 and 0-1%
aprotinin. For the analysis of cellular proteins which are also
found in the nucleus, the cell lysis buffer used was identical to
that outlined above, with the exception that Triton X-100 was
replaced with 1% nonidet P-40 and 0-1% sodium dodecyl
sulphate (SDS). Irrespective of buffer used, lysis was carried
out at 4° for 20 min. To examine levels of protein expression and
activation of intracellular signalling pathways, equal amounts of
protein per sample (50 pg/well) as determined by Bradford
assay, were resolved by SDS—polyacrylamide gel electrophor-
esis (SDS-PAGE) on either 12% polyacrylamide gels or 4-20%
polyacrylamide gradient gels. Proteins were then electrophor-
etically transferred to nitrocellulose membranes (Schleicher-
Schiill, Dassel, Germany). Membranes were incubated in the
primary antibodies indicated either overnight at 4° or for 1-5hr
at room temperature. Phospho-antibodies were used at a dilu-
tion of 1 in 700 in Tris-buffeled saline (TBS)-Tween (TBS-T)
with 7% goat serum. All other primary antibodies were used at a
1 in 1000 dilution in TBS-T 5% milk with the exception of the
anti-Flag antibody, which was used at a dilution of 1 in 300 in
TBS-T 7% goat serum, and the anti-f-actin antibody, which was
used at a dilution of 1 in 4000 in TBS-T 5% milk. Horseradish
peroxidase-conjugated anti-rabbit or anti-mouse IgG (Dako,
Hamburg, Germany) were used for detection with the Enhanced
ECL™ system (Amersham International, Little Chalfont, UK).

JNK kinase assay

JNK kinase assays were carried out using a specific JNK assay
kit (New England Biolabs Inc.). Freshly isolated T cells were
activated for 4 days with ConA before being washed three times
in serum-free medium, resuspended in RPMI-1640 2% fetal calf
serum and re-stimulated with IGF-1 (100 ng/ml). Cells were
harvested at 0, 10, 20, 40 and 60-min intervals and lysed by
sonication in the buffer provided before addition of 2 ug of c-
Jun fusion protein beads to each sample and gentle agitation
overnight at 4°. Samples were centrifuged, allowing beads and
associated proteins to be washed in lysis and kinase buffers
provided. Samples were then suspended in kinase buffer sup-
plemented with 100 uM ATP and incubated at 30° for 45 min to
allow kinase reactions to occur. The reaction was terminated by
the addition of SDS protein sample buffer. This reaction allowed
activated JNK to phosphorylate the c-Jun substrate specifically
on serine 63. Phosphorylated c-Jun (Ser 63) was subsequently
detected by Western blotting with the specific anti-Phospho-Jun
Ser 63 antibody provided. To determine equal protein loading
between samples the membrane was stripped of bound antibody
and re-probed for expression of the JNK protein.
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Fas killing and IGF-1 survival assays

To examine protection of primary activated T cells and Jurkat/
IGF-1R cells from Fas-mediated apoptosis by stimulation with
IGF-1, freshly isolated T cells were activated with ConA for
96 hr. Activated T cells and Jurkat/IGF-1R cells were washed in
serum-free medium to reduce background levels of IGF-1 and
IGF-2. Cells were re-suspended in medium supplemented with
2% FCS (low serum medium) and treated with the anti-Fas
7C11 mAb at a dilution of 1 in 300 in the presence or absence
of IGF-1. To inhibit various intracellular signalling path-
ways, LY294002 (20 um) or SB203580 (15 um) (Calbiochem,
Nottingham, UK), were added to cells 20 min prior to IGF-1
stimulation. Dicumarol (75 uM) (Sigma) was added 5 min and
PD89059 (50 um) (Calbiochem) was added 30 min prior to IGF-
1. Dicumarol was dissolved at 200 mg in 8 ml pyridine, to give a
stock concentration of 74-34 mM. After a 5-hr incubation cell
viability was determined by the trypan blue method or by
propidium iodide incorporation. To measure propidium iodide
incorporation cells were suspended in 0-5ml HEPES buffer
(10mM HEPES-NaOH pH 7-4, 150 mM NaCl, 5 mm KCI, 1 mm
MgCl,, 1-8 mM CaCl,) and propidium iodide (10 pg/ml). Cell-
associated fluorescence was immediately analysed by flow
cytometry. All experiments were carried out in triplicate using
T cells extracted from at least five different donors.

To examine IGF-1-mediated activation of intracellular sig-
nalling pathways, Jurkat/IGF-1R cells and T cells activated for
96 hr were stimulated with IGF-1 in low serum medium. At 0,
10, 20, 40 and 60 min following stimulation 5 x 10° cells were
removed from culture and lysed as described above. To block
intracellular signalling pathways, inhibitors were used as indi-
cated above.

Jurkat/IGF-1R cells, transiently transfected to express either
DN-JNKI1 (APF) or Bcl-xL, were washed three times in serum-
free medium 20 hr after transfection and re-suspended at a
density of 1 x 10%ml in RPMI-1640/2% fetal calf serum. Cells
were then incubated with the anti-Fas mAb in the presence or
absence of IGF-1 (100 ng/ml) in a 24-well plate. After a 5-hr
incubation at 37° and 7% CO,, live and apoptotic cell numbers
were determined by trypan blue exclusion and propidium iodide
incorporation.

RESULTS

IGF-1 protects activated T cells from Fas-mediated
apoptosis

We have previously reported that expression of the IGF-1R is
transiently increased in response to CD28 stimulation alone, on
T cells and Jurkat cells, or in response to activation of T cells
with lectins. IGF-1R inhibitory antibodies abrogated the survi-
val of activated T cells and enhanced their susceptibility to Fas-
induced death.® To determine how IGF-1 protects T cells from
Fas killing we now investigated IGF-1 signalling in activated T
cells that have augmented IGF-1R expression and in Jurkat cells
that over-express the IGF-1R.

Freshly isolated T cells were activated with ConA for 96 hr
and IGF-1R expression levels were measured by immunofluor-
escence. As shown in Fig. 1(a), and in agreement with previous
studies, expression levels of the IGF-1R were enhanced at 96 hr
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Figure 1. IGF-1R expression is enhanced on activated T cells and IGF-
1 protects these cells from Fas-induced cell death. A T-cell-enriched
population was activated by culture in the presence of ConA (5 pg/ml)
and rIL-2 (30 ng/ml) for 96 hr. CD3 expression and IGF-1R expression
were measured 0 and 96 hr after activation by immunofluorescence. The
thin line represents staining with the secondary antibody alone and the
bold line represents staining with the anti-CD3 or anti-IGF-1R antibody.
To measure IGF-1-mediated protection from Fas killing, cells were
washed extensively in serum-free medium and incubated either with or
without the anti-Fas IgM 7C11 antibody in the presence or absence of
IGF-1 (100 ng/ml) for 6 hr. Cell viability was assessed by trypan blue
exclusion and morphological analysis and the data are presented as the
mean and standard deviation of the apoptotic/dead cell number from
triplicate cultures. To ensure that the IGF-1 mediated protection from
Fas killing was not the result of Fas repression by IGF-1, CD95
expression was determined on activated cells which were stimulated
with IGF-1 or which were left unstimulated.

compared with naive T cells (Day 0). The increase in IGF-1R
protein expression in these cells was accompanied by an
increase in IGF-1R mRNA (not shown). To investigate IGF-1
protection from Fas killing, cells were cultured in medium
containing reduced serum and incubated for 6 hr with a Fas
cross-linking antibody in the presence or absence of IGF-1.
Under these conditions Fas ligation resulted in a 1-5-fold
decrease in viable cell number and this could be suppressed
by IGF-1 to levels similar to those in the absence of Fas ligation
(Fig. 1b). This decrease in viable cell number was not due to
IGF-1 repressing Fas, which was expressed at levels similar to
those found in the absence of IGF-1 (Fig. 1c).

Jurkat cells express low levels of IGF-1R and this is
enhanced upon stimulation with CD28. To facilitate investiga-
tion of IGF-1R function in Jurkat cells we generated a Jurkat
cell line that stably over-expresses the IGF-1R. Several clones
with similar levels of IGF-1R expression and function were
isolated and one of these was chosen for further studies. IGF-1R
expression levels on these Jurkat/IGF-1R cells compared with
vector-transfected control cells are shown in Fig. 2(a). Ligation
of Fas resulted in a similar level of cell killing in Jurkat/IGF-1R
and vector cells as shown by a reduction in the number of viable
cells in the cultures (Fig. 2b). However, the Jurkat/IGF-1R cells
could be substantially rescued from Fas-mediated apoptosis by
IGF-1, whereas the vector cells, which express lower endogen-
ous levels of the IGF-1R, were not rescued by IGF-1 from Fas-
mediated apoptosis (Fig.2b). IGF-1-mediated protection was
also measured by flow cytometric analysis of propidium iodide
incorporation into dead cells (Fig.2c). Anti-Fas treatment
increased the percentage of cells that had propidium iodide
incorporation from 16 to 60%, and the numbers of cells taking
up propidium iodide was reduced back to 14% by addition of
IGF-1. Altogether these data demonstrate that IGF-1 can protect
both activated T cells and Jurkat/IGF1-R cells from Fas killing.
Expression levels of the Fas receptor and c-Flip (not shown) did
not change in T cells or Jurkat cells in response to IGF-1
stimulation. This suggests that IGF-1 protects T cells from
Fas by activation of intracellular survival signalling pathways.

Stimulation of activated T cells with IGF-1 leads
to transient activation of Akt and JNK
signalling pathways

We next investigated the signalling pathways induced by the
IGF-1R in activated T cells and Jurkat/IGF-1R cells. We were
particularly interested to determine if JNK was activated by
IGF-1 stimulation of T cells because JNK activation by engage-
ment of the T-cell receptor requires co-stimulation through
CD28.%° Our previous observations that CD28 regulates IGF-
IR expression, and that IGF-1-induced JNK activity is asso-
ciated with cell survival in FL5.12 cells* also suggest that IGF-
1 may be one of the mediators of JNK activation in response to
CD28 co-stimulation of T cells.

To investigate this, T cells were activated for 96 hr, washed,
then re-suspended in reduced serum medium, and stimulated
with IGF-1 for the indicated times (Fig.3a). IGF-1 induced
phosphorylation of Akt by 40 min and this was further increased
at 60 min. However there was no Akt phosphorylation evident
at 10 or 20min as generally occurs in response to IGF-1

© 2002 Blackwell Science Ltd, Immunology, 107, 461-471
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Figure 2. Jurkat/IGF-1R cells have enhanced IGF-1-mediated protection from Fas killing. Jurkat cells were transfected with a
pcDNA3 vector encoding the full-length IGF-1R or with the empty vector. (a) Expression levels of the IGF-1R on vector-expressing
cells and on a Jurkat/IGF-1R clone were measured by immunofluorescence with the anti-IGF-1R antibody. The thin line represents
staining with the FITC-labelled secondary antibody alone and the bold line represents staining with anti-IGF-1R mAb. (b) IGF-1-
mediated protection from Fas killing was measured in vector- or IGF-1R-expressing Jurkat cells by washing the cells in serum-free
medium and incubation =+ the anti-Fas cross-linking antibody 7C11, for 6 hr, = IGF-1. Cell viability was monitored by trypan blue
exclusion and the data are presented as the mean viable cell number from triplicate cultures. Standard deviations are represented by
error bars. (c) In a separate experiment carried out as described in (b) above, IGF-1-mediated protection from Fas killing was assessed
by measurement of propidium iodide incorporation by flow cytometry.

stimulation in different cell lines.*'"** This slow kinetics of Akt
phosphorylation may be due to a difference in culture condi-
tions. In our experiments in order to preserve cell viability the
primary T cells were not subjected to a period of serum/growth
factor starvation that is routinely used with cell lines, and this
may result in a slower activation of the PI-3 kinase pathway by
exogenously added IGF-1.

In the same cells using a JNK activity assay kit we found that
there was a transient phosphorylation of c-Jun on serine 63,
which peaked within 20-40 min after addition of IGF-1, and
receded to basal levels by 60min after stimulation (Fig.2).
Interestingly, phosphorylation of c-Jun in response to IGF-1

© 2002 Blackwell Science Ltd, Immunology, 107, 461-471

occurred faster than phosphorylation of Akt in T cells. This
suggests that JNK activation precedes Akt activation in response
to IGF-1 stimulation in T cells. IGF-1 did not induce activation
of p38 MAP kinase above basal levels in activated T cells, but
almost completely abolished basal levels of p38 phosphoryla-
tion at 60min stimulation. This effect on p38 activity in
response to IGF-1 stimulation has also been observed in the
FL5.12 cells line (data not shown).

Akt and JNK phosphorylation by IGF-1 was also inves-
tigated in Jurkat/IGF-1R cells. As demonstrated in Fig.3(b),
IGF-1 stimulation did not significantly enhance Akt phosphor-
ylation in Jurkat/IGF-1R cells. However, basal levels of Akt
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Figure 3. IGF-1 stimulates phosphorylation of Akt, JNK, and c-Jun in
T cells and in Jurkat/IGF-1R cells. (a) T cells were activated with ConA
(5 pg/ml) for 96 hr and washed extensively in serum-free medium to
reduce background levels of IGF-1 and IGF-11. Cells were then cultured
in medium containing 2% FCS and stimulated with IGF-1 (100 ng/ml)
for the indicated times before lysis and preparation for Western blotting.
An anti-phospho-Akt antibody was used to examine activation of Akt in
response to IGF-1 stimulation and the blot was re-probed with anti-Akt
antibody to demonstrate equal loading. JNK activity in T cells was
measured using a JNK assay kit that uses a c-Jun fusion protein pull
down to detect specific phosphorylation of the JNK substrate, c-Jun, on
serine 63. This was subsequently detected by Western blotting with an
anti-phospho-Jun (ser 63) antibody. Levels of JNK protein in the same
lysates were detected by probing with an anti-JNK antibody. An anti-
phospho-p38 antibody was used to measure p38 activation in response to
IGF-1, and the blot was re-probed with an anti-p38 antibody to control
for equal loading. (b) Jurkat IGF-1R cells were stimulated with IGF-1
for the indicated times and Akt phosphorylation and Akt levels were
determined as above. Levels of basal Akt and phospho-Akt in vector-
transfected cells without stimulation are also shown. Phosphorylation of
JNK and MKK 4 were detected in the same cell lysates using anti-
phospho JNK and anti-phospho MKK4 antibodies. The blot was
reprobed with anti-JNK and anti-MKK4 antibodies to control for
loading.

activity were higher in Jurkat/IGF-1R cells compared with
empty vector cells, which also had a substantial degree of basal
phosphorylated Akt. This indicates that increased levels of IGF-
IR resulted in a higher level of basal Akt phosphorylation,
probably due to IGFs present in FBS, which is sustained due to
lack of PTEN activity.** In contrast, IGF-1 stimulation led to
transient activation of the JNK in Jurkat/IGF-1R cells (Fig. 3b),
and this was accompanied by a transient phosphorylation of the
upstream JNK activator kinase MKK4, which peaked at 20 min
after addition of IGF-1 and returned to basal levels by 60 min
stimulation. Overall, the data demonstrate that IGF-1 activates
both Akt and the JNK in activated T cells and in Jurkat cells, and
that the activation of JNK apparently occurs before activation of
Akt in T cells. This suggests that the IGF-1R could act as a
mediator or enhancer of PI-3 kinase and facilitate JNK activa-
tion in response to CD28 co-stimulation of T cells.

The PI-3 kinase inhibitor L.Y294002 blocks
IGF-1-induced protection from Fas-mediated cell death
in T cells, but not in Jurkat/IGF-1R cells

As shown above, both Akt and JNK are activated in response to
IGF-1 stimulation of T cells. In order to determine whether the
PI-3 kinase pathway is required for IGF-1-mediated protection
from Fas-induced cell death, we used LY294002, a PI-3 kinase
inhibitor that blocks Akt phosphorylation and activation in
different cell types.***> As can be seen in Fig. 4(a) the protec-
tive effect of IGF-1 from Fas killing in activated T cells was
blocked completely by LY294002 (20 uM), and this was accom-
panied by inhibition of IGF-1-induced phosphorylation of Akt
(shown in right panel). This suggests that PI-3 kinase is essential
for IGF-1-mediated survival signalling in T cells. The p38 specific
inhibitor SB203580 (15 uM) had no affect on the viability of
activated T cells or on IGF-1 protection, even though it suppressed
basal levels of p38 phosphorylation (not shown). This suggests that
p38 activity does not contribute to the survival of these cells and
that IGF-1-induced dephosphorylation [visible in Fig. 3(a)] is not
associated with protection from Fas killing.

InJurkat/IGF-1R cells,LY294002 only partially inhibited IGF-
1-mediated protection from Fas killing although it completely
suppressed Akt phosphorylation in these cells (Fig.4b). This
suggests that another IGF-1-activated signalling pathway in addi-
tion to the PI-3 kinase pathway is required to promote the survival
of these cells. The Erk inhibitor PD89059 had no affect on cell
viability or IGF-1 function (not shown). This ruled out the MAP
kinase pathway, which has been found to be involved in IGF-1-
mediated protection from TNFkilling in epithelial tumour cells.*®

Interestingly, LY294002 had no affect on IGF-1-induced
JNK activation, as demonstrated by phosphorylation of its
substrate c-Jun on Serine 73 (Fig.4b). This is in agreement
with our previous observations in FL5.12 cells where IGF-1-
induced JNK activity occurs in a PI-3-kinase-independent
manner and suggests that the JNK pathway may be involved
in the survival of Jurkat cells.

Overall the data suggest that IGF-1-induced activation of PI-
3 kinase and Akt phosphorylation are essential for IGF-1-
mediated protection from Fas-induced cell death in activated
T cells but are only partially required for IGF-1-mediated
function in Jurkat cells.

© 2002 Blackwell Science Ltd, Immunology, 107, 461-471
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Figure 4. IGF-1-induced Akt phosphorylation protects T cells from Fas killing and inhibits Fas killing in Jurkat/IGF-1R cells. (a) T
cells were activated for 4 days with ConA (5 pg/ml) before being washed extensively and cultured in reduced serum conditions. Cells
were then either preincubated with LY294002 (20 um) or not for 20 min before addition of IGF-1 and anti-Fas antibody. Viability was
assessed by trypan blue exclusion after 6 hr. Data are presented as mean viable cell numbers from several independent experiments and
vertical bars represent standard deviations from the mean. Akt and phospho-Akt were analysed 0 and 60 min following IGF-1
stimulation by Western blot analysis. (b) Jurkat/IGF-1R cells were washed and cultured in reduced serum medium, and the assay was
carried out as with T cells in (a); the data are presented in an identical manner. Western blotting with anti-phospho-Akt and anti-Akt
antibodies were used to assess Akt activation and loading, respectively. Anti-phospho-Jun and anti-JNK antibodies were used to detect

JNK activity and loading.

Dicumarol inhibits IGF-1-mediated protection from Fas
killing in T cells

Although inhibition of PI-3 kinase activity by LY294002 was
sufficient to block IGF-1-mediated protection from Fas killing
in activated T cells, since IGF-1-mediated JNK phosphorylaion
precedes Akt phosphorylation we were interested to determine
if the JNK pathway also contributes to IGF-1R signalling in
these cells. To address this we used the quinone reductase
inhibitor dicumarol, which we had previously shown to inhibit
JNK activation and IGF-1-mediated anti-apoptotic activity in
FL5.12 cells.?' Cells were activated and incubated with the anti-
Fas antibody under the same conditions as used for the PI-3
kinase inhibitor, but dicumarol (75 uM) was added to untreated
cells and to anti-Fas-treated cells in the presence of IGF-1. The
results, shown in Fig.5, demonstrate that dicumarol by itself

© 2002 Blackwell Science Ltd, Immunology, 107, 461-471

was very slightly toxic to T cells, but it reversed the protective
effect of IGF-1. This suggests that the JNK pathway contributes
to IGF-1-mediated protection from Fas killing in T cells. Thus
both the PI-3 kinase and JNK pathways are active in mediating
IGF-1R signalling in these cells, and inhibition of either path-
way is sufficient to block IGF-1R activity.

Transient expression of dominant negative JNK
inhibits IGF-1-mediated protection from Fas Kkilling in
Jurkat/IGF-1R cells

We were next interested to determine whether transient activa-
tion of JNK by IGF-1 contributes to protection from Fas-
induced cell death in Jurkat/IGF-1R cells. The results with the
PI-3 kinase inhibitor suggest that JNK activity is present in these
cells when the PI-3 kinase pathway is inactive. Preliminary
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Figure 5. T cells were activated for 4 days with ConA (5 pg/ml) before being washed extensively and cultured in reduced serum
conditions. Cells were then either preincubated with dicumarol (75 um) or not for 20 min before addition of IGF-1 and anti-Fas
antibody. Viability was assessed by trypan blue exclusion after 6 hr. Data are presented as mean viable cell numbers from several
independent experiments and vertical bars represent standard deviations from the mean. Western blotting with anti-phospho-c-Jun and
anti-JNK antibodies were used to assess c-Jun phosphorylation and loading, respectively.

experiments with dicumarol suggested that it could abrogate
IGF-1-mediated survival in these cells as it does in activated T
cells and FL5.12 cells (not shown). However, we were also
interested to test a specific inhibitor of JNK activation, therefore
a dominant negative (DN) JNKI1 protein, which could inhibit
IGF-1-mediated protection from Fas killing, was investigated.

Jurkat/IGF-1R cells were transiently transfected with a DN
JNK1 (APF) encoding plasmid or control plasmid, and follow-
ing 24 hr in culture IGF-1-mediated protection from Fas killing
was measured. A representative of several experiments with
similar results is shown in Fig. 6. Cultures transfected with DN
JNKT1 or pcDNA3 contained similar numbers of viable cells in
the absence of anti-Fas antibody or added IGF-1, which demon-
strates that DN JNKI1 is not toxic to Jurkat/IGF-1R cells. This
was also evident in cultures that were maintained for more than
48 hr after transfection (not shown). In the presence of the anti-
Fas cross-linking antibody the vector-transfected and DN
JNKI1-transfected cells displayed a similar decline of approxi-
mately 50% in viable cell numbers. However, upon addition of
IGF-1 a substantial increase in cell viability was observed in the
vector-transfected cells that was not observed in the DN-JNK1-
transfected cells. As a control, cells were also transfected with
Bcl-xL, which can protect T cells from Fas-mediated apopto-
sis,” and as shown in Fig. 6(a) expression of Bcl-xL increased
the numbers of viable cells in both the presence or absence of
the anti-Fas antibody.

The effects of DN JNK1 on IGF-1-mediated protection from
Fas were also measured by flow cytometric analysis of propi-
dium iodide incorporation into the cells (Fig.6b). IGF-1
decreased the number of cells that take up propidium iodide
in the presence of a Fas cross-linking antibody from 45 to 22%
in vector-transfected cells and in the DN JNK1-transfected cells
IGF-1 decreased the number of cells taking up propidium iodide
from 43 to 38%. This indicates that expression of DN-JNK1
suppresses IGF-1-mediated protection from Fas killing. The
expression levels of transfected DN JNK1 in Jurkat/IGF-1R cell

are shown by Western blotting with anti-JNK and anti-Flag
antibodies, and transfected Bcl-xL protein, detected as a slightly
higher molecular weight than endogenous Bcl-xL, is shown in
Fig. 6(c). Altogether the data demonstrate that DN JNK1 blocks
IGF-1-mediated protection from Fas-induced cell death and
suggest that IGF-1-stimulated JNK activity is required for IGF-
1 anti-apoptotic activity in Jurkat/IGF-1R cells.

DISCUSSION

In this report we have shown that IGF-1 can protect T cells and
Jurkat cells from Fas-induced death and this requires both the
PI-3 kinase and JNK signalling pathways. Our data suggest that
there is a difference between primary T cells and Jurkat cells in
the relative contribution of the IGF-1-activated PI-3 kinase and
JNK pathways to promote cell survival. Inhibition of the PI-3
kinase is sufficient to block survival in T cells, but not in Jurkat
cells. Thus the JNK/c-Jun pathway may play an important role
in the survival of transformed T cells and primary T cells.
Activated Akt has recently been shown to be sufficient to
replace CD28 in activation of the IL-2 promoter.>’ However,
although Akt can mediate the same signalling responses that
occur in response to CD28 co-stimulation it is still not clear how
much direct recruitment of PI-3 kinase to CD28 contributes to
Akt activation. It has even been suggested that PI-3 kinase
recruitment to CD28 could be a negative regulator of IL-2
production.*” We have previously reported that up-regulation of
IGF-1R on activated T cells is dependent on ligation of the
CD28 co-stimulatory receptor.® It has also been established that
CD28 co-stimulation is a prerequisite for JNK activity as a
result of T-cell activation, and interestingly, this activity is only
demonstrable approximately 30 hr subsequent to T-cell activa-
tion.* IGF-1R levels are significantly increased 24 hr after T-
cell activation.® Our data here suggest that CD28 could stimu-
late the activation of the PI-3 kinase and also the JNK pathways
indirectly by increasing the levels of IGF-1R on T cells and thus
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Figure 6. Transient expression of dominant negative JNK (APF) blocks IGF-1 protection from Fas killing in Jurkat/IGF-1R cells.
Jurkat/GF-1R cells were transiently transfected with DN JNK (APF), Bcl-xL or empty vector as described in the Materials and
Methods. Cells were allowed to recover for 20 hr and were washed in serum-free medium, and then incubated with or without the anti-
Fas cross-linking antibody =+ IGF-1 for 6 hr. Cell viability was then examined (a) by trypan blue exclusion or (b) by propidium iodide
incorporation. 20 hr following transfection cell lysates were prepared and analysed for expression of transfected proteins by Western
blotting. Anti-JNK and anti-Flag antibodies were used to detect Flag-tagged JNK (APF). Anti-Bcl-xL antibody was used to detect
transfected Bcl-xL, which migrates as a slightly higher molecular weight isoform than endogenous Bcl-xL. The experiment shown is a
representative of four independent transfections that gave similar results.

enhancing IGF-1-mediated activation of these pathways. Such a
role for the IGF-1R is also consistent with the observations from
others and us on the contribution of the IGF system to cell
survival, growth and differentiation in different cells.**>°
The survival function of IGF-1 signalling is largely asso-
ciated with the activation of Akt in a PI-3 kinase-dependent
manner, and the results here indicate that activation of Akt
through PI-3 kinase contributes to the protective effect of the
IGF-1R in T cells. Inhibition of Akt activation with the PI-3
kinase inhibitor, LY294002, completely abolished IGF-1 pro-
tection of primary activated T cells. However in Jurkat/IGF-1R
cells, where Akt activity is constitutively high and is not
significantly increased through IGF-1 stimulation, the JNK
pathway could mediate an alternative PI-3-kinase independent
survival signal. Transient activation of JNK by IGF-1 in these
cells occurred following phosphorylation of MKK4/SEK1, an
upstream activator of JNK that has previously been implicated
in T-cell survival®® and DN JNKI1 (APF) blocked IGF-1-
mediated protection from Fas-induced cell death. This role
for JNK in promoting cell survival in T lymphoblastic cells
is similar to its activity in IGF-1-mediated protection from IL-3
withdrawal in the FL5.12 B lymphoblastic cell line.* Similarly

© 2002 Blackwell Science Ltd, Immunology, 107, 461-471

it has also been shown that stimulation of focal adhesion kinase
(FAK) leads to anchorage-dependent survival of primary fibro-
blasts through the activation of JNK in a MKK4-specific
manner.**

Much of the literature on stress-activated kinases has
focused on the role of JNK signalling in the context of cell
death. A wide range of apoptosis-inducing stimuli, ranging from
ultraviolet radiation to death receptor signalling, all involve
prolonged activation of INK signalling.>® However, in the case
of apoptosis induced by Fas ligation it has been established that
prolonged activation of JNK occurs as a result of caspase
activation, and that Fas-induced apoptosis can proceed in the
absence of INK activation.>® Other reports indicate that neither
JNK nor a putative Fas interacting JNK activating protein
DAXX are required for Fas-induced apoptosis.**>> This indi-
cates that prolonged JNK activation occurs as a result of stress
associated with the onset of apoptosis.

In primary T cells JNK activation by IGF-1 preceded Akt
activation. However, unlike our observations in Jurkat cells,
inhibition of the PI-3 kinase pathway was sufficient to abolish
IGF-1-mediated protection from apoptosis. Dicumarol also
inhibited IGF-1-mediated survival in T cells. This suggests that
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the PI-3 kinase pathway is sufficient to promote T-cell survival,
but activation of the JNK pathway by IGF-1 can also support
survival. This does not rule out a potential additional contribu-
tion of other signalling pathways such as those controlled by
NF-xB, which was observed in activated T cells within 20 min
of IGF-1 stimulation (data not shown). Many cytokines, includ-
ing TNF, IGF-1, and epidermal growth factor (EGF), can
transiently activate JNKs and this is associated with a survival
response rather than a pro-apoptotic response.>® INK and c-Jun
activity is also associated with cellular transformation by EGF’’
and the c-Met oncogene.”® In Jurkat cells IGF-1R expression is
enhanced to levels that promote JNK activation and survival by
CD28 stimulation. This raises the question whether CD28 acts
in T-cell leukaemias/lymphomas to augment IGF-1R expression
and thus promote cell survival and maintain the transformed
phenotype through subsequent activation of JNKs. Indeed
CD28 expression has recently been reported on B-cell myelo-
mas where it augmented IL-8 production.”® IGF-1R function
has also been implicated in the survival of myeloma cells.'?
This, together with our results in Jurkat cells, suggests that there
is a connection between CD28 and IGF-1R expression leading
to JNK activity in the maintenance and progression of lymphoid
tumours.

In conclusion we have shown that IGF-1 activates both the
JNK and PI-3-kinase-mediated signalling pathways in primary
activated T cells and Jurkat cells. Inhibition of JNK in both cell
types is sufficient to block IGF-1-mediated cell survival, but
while inhibition of PI-3 kinase can totally suppress IGF-1-
mediated survival in T cells it only partially suppresses IGF-
IR function in Jurkat cells. This suggests that CD28 mediated
enhancement of IGF-1R on T cells and may play an important
role in the survival of T-cell leukemias, as well as in the survival
of normal T cells.
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