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Abstract Aims/hypothesis: The beta cell destruction and
insulin deficiency that characterises type 1 diabetes mel-
litus is partially mediated by cytokines, such as IL-1β, and
by nitric oxide (NO)-dependent and -independent effector
mechanisms. IL-1β activates mitogen-activated protein
kinases (MAPKs), including extracellular signal-regulated
kinase (ERK), p38 and c-Jun NH2-terminal kinase (JNK),
and the nuclear factor kappa B (NFκB) pathway. Both
pathways are required for expression of the gene encoding
inducible nitric oxide synthase (iNOS) and for IL-1β-
mediated beta cell death. The molecular mechanisms by
which these two pathways regulate beta cell Nos2 ex-
pression are currently unknown. Therefore, the aim of
this study was to clarify the putative crosstalk between
MAPK and NFκB activation in beta cells. Materials and
methods: The MAPKs ERK, p38 and JNK were inhibited
by SB203580, PD98059 or Tat-JNK binding domain or by
cells overexpressing the JNK binding domain. The effects
of MAPK inhibition on IL-1β-induced iNOS production
and kappa B inhibitor protein (IκB) degradation were
examined by western blotting. NFκB DNA binding was
investigated by electrophoretic mobility shift assay, while

NFκB-induced gene transcription was evaluated by gene
reporter assays. Results: Inhibition of the MAPKs did not
affect IκB degradation or NFκB DNA binding. However,
inhibition of ERK reduced NFκB-mediated Nos2 expres-
sion; serine 276 phosphorylation of the p65 unit of the
NFκB complex seemed critical, as evaluated by amino
acid mutation analysis. Conclusions/interpretation: ERK
activity is required for NFκB-mediated transcription of
Nos2 in insulin-producing INS-1E cells, indicating that
ERK regulates Nos2 expression by increasing the trans-
activating capacity of NFκB. This may involve phosphor-
ylation of Ser276 on p65 by an as yet unidentified kinase.

Keywords Pancreatic beta cells . IL-1β . Mitogen-
activated protein kinases . Nuclear factor kappa B . Type 1
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Abbreviations CBP: CREB-binding protein . EMSA:
electrophoretic mobility shift assay . ERK: extracellular
signal-regulated kinase . IκBα: inhibitor protein kappa B
alpha . iNOS: inducible nitric oxide synthase . JBD: JNK-
binding domain . JNK: c-Jun NH2-terminal kinase .
MAPK: mitogen activated protein kinase . MSK1:
mitogen- and stress-activated kinase 1 . NFκB: nuclear
factor kappa B . NO: nitric oxide . PKA: protein kinase A .
RSK1/2: 90 kDa ribosomal S6 kinase 1/2

Introduction

IL-1β is cytotoxic to rodent beta cells, causing inhibition of
glucose-stimulated insulin secretion [1–3] and expression
of the gene (Nos2) encoding inducible nitric oxide synthase
(iNOS), which leads to nitric oxide (NO) formation [1, 4]
and cell death by necrosis and apoptosis [5–9]. In human
islets a combination of the proinflammatory cytokines IL-
1β and IFNγ or TNFα is required to induce beta cell death,
which occurs mainly by apoptosis [7].

The key signalling pathways activated by IL-1β in beta
cells are the mitogen-activated protein kinase (MAPK) and
the nuclear factor kappa B (NFκB) pathways [10, 11].
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The MAPKs comprise extracellular signal-regulated
kinase (ERK), p38 and c-Jun NH2-terminal kinase (JNK).
MAPK activation is augmented in beta cells compared with
non-beta cells, and this is correlated with increased sus-
ceptibility to IL-1β toxicity [1, 6, 12, 13]. We have pre-
viously demonstrated that ERK and p38 are necessary,
albeit not sufficient, to cause NO formation [1], and in-
hibition of ERK or p38 reduces cytokine-induced beta cell
death [12, 14]. The JNK-dependency of IL-1β-induced
beta cell death has been substantiated, as overexpression of
the natural cellular inhibitor and scaffold protein of JNK,
islet-brain 1 (IB1), or of the JNK-binding domain (JBD) of
IB1 prevents IL-1β-induced beta cell apoptosis [5, 6,
8, 15].

NFκB comprises a collection of dimers composed of
various combinations of members of the Rel family. Five
mammalian Rel proteins have been identified: p50, p52, c-
Rel, p65 (RelA) and RelB. Prior to cytokine exposure,
NFκB is sequestered in the cytoplasm by binding to
inhibitor protein kappa Bα (IκBα). Following cytokine
exposure, IκBα is phosphorylated, ubiquitinated and
degraded by the proteasomal complex, liberating NFκB
to translocate to the nuclear compartment and bind κB
consensus sequences in promoter regions of numerous
proinflammatory genes [16]. IL-1β activates the transcrip-
tion factor NFκB in rodent [17] and human [18] islet cells,
and blocking NFκB activation prevents cytokine-induced
apoptosis in these cells [10].

p65, the most transcriptionally active NFκB subunit, can
be phosphorylated on several serine residues, including
Ser529, 536 and 276, by various kinases depending on the
inducing stimulus [19–26]. These phosphorylations can
regulate NFκB activity at various levels, including p65 and
IκBα interactions, kinetics of p65 nuclear import, DNA-
binding, cofactor association and transactivation [27–32].

MAPK activation augments NFκB activity in many cell
types [22, 33, 34] but the interactions between these two key
signalling pathways remain to be clarified in pancreatic beta
cells. Therefore, we investigated whether MAPKs potenti-
ate IL-1β-induced NFκB activity in beta cells, and the
mechanisms involved in this effect. This information is of
relevance to understanding the particular susceptibility of
pancreatic beta cells to cytokine-induced apoptosis [7, 35].

Materials and methods

Reagents

All reagents were from Sigma (Sigma Aldrich, San Diego,
CA, USA) unless otherwise specified. Recombinant mouse
IL-1β (specific activity: [0.5–1.5]×107 U/mg) was from
BD Pharmingen (Erembodegen, Belgium). The concentra-
tions of IL-1β used were based on our own dose–response
studies.

The MAPK inhibitors SB203580, PD98059 and H89
were all from Calbiochem (EMD Biosciences, La Jolla,
CA, USA). The efficiencies of the SB203580 and
PD98059 concentrations used were verified in kinase

assays and by western blotting (data not shown). The
concentrations chosen were based on information pre-
viously obtained in rat islets showing complete inhibition
of ERK and p38, respectively, without affecting the
functionality of the islets [1]. Tat-JBD and the correspond-
ing control, Tat, have been thoroughly characterised
previously [6, 8].

Cell culture

INS-1E and bTC3 cells were grown as previously
described [36]. INS-1E cells were a kind gift from C.
Wollheim, Geneva [37]. These cells were used between
passages 56 and 75. Of note, INS-1E cells have a well-
preserved response to cytokines between passages 56 and
84, as evaluated by cytokine-induced Nos2 and Ccl2
(formerly known as MCP-1) mRNA expression and
apoptosis (F. Ortis and D. L. Eizirik, unpublished data).

Immunoblotting

Cells were seeded in 12-well or 100-mm dishes. At 80–
85% confluency, cells were preincubated for 30 min with
various inhibitors followed by incubation with or without
IL-1β for 20 min, 1h or 6h. Cells were lysed in 20 mmol/l
Tris (pH 7.5), 0.27mol/l sucrose, 1 mmol/l EDTA, 1mmol/l
EGTA, 1% Triton X-100, 5 mmol/l sodium pyrophosphate,
10 mmol/l sodium glycerolphosphate, 1 mmol/l benzami-
dine, 4 μg/ml leupeptin, 1 μmol/l dithiothreitol and
1 μmol/l sodium orthovanadate. The protein concentration
was measured with the Bradford assay (Bio-Rad, Hercules,
CA, USA); 15 μg of protein was separated by gel elec-
trophoresis according to manufacturer’s protocol using
10% BisTris gels (Invitrogen, Carlsbad, CA, USA). Nitro-
cellulose membranes (Invitrogen) were handled as de-
scribed elsewhere [36] and incubated with the following
antibodies overnight: anti-IκBα (#40903; Active Motif,
Rixensart, Belgium), anti-β-tubulin (sc-5274) and anti-p65
(sc-372) (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), anti-phospho-MSK1 (#9595; Cell Signaling, Bev-
erly, MA, USA) and anti-iNOS (#610332; BD Biosciences,
San Jose, CA, USA). Horseradish peroxidase-linked anti-
rabbit (#7074) or anti-mouse IgG (#7076) (Cell Signaling)
were used as secondary antibody for 1 h at room tem-
perature and the peroxidase activity was detected by en-
hanced chemiluminescence using either LumiGlo Reagent
(Cell Signaling) or SuperSignal (Pierce, Rockford, IL,
USA) and photosensitive films (Amersham Biosciences,
Uppsala, Sweden).

Electrophoretic mobility shift assay

INS-1E cells or βTC3 cells were grown to 80–85%
confluency in 100-mm dishes. Medium was changed and
cells were preincubated with inhibitors for 30 min prior to
cytokine exposure for 1 h. Nuclear extracts were prepared,
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and an electrophoretic mobility shift assay (EMSA) was
carried out as described [36]. NFκB DNA binding was
detected using a double-stranded oligonucleotide (NFκB: 5′-
agtcAGCTTCAGAGGGGACTTTCCGAGAGG-3′). Anti-
p65 antibody (sc-372) (Santa Cruz Biotechnology) was used
for supershift analysis.

Gene reporter assay

INS-1E cells (250,000 cells per well) were seeded in
duplicate in 24-well dishes and preincubated for 2 days in
complete media (∼80–85% confluency). On the day of
transfection, medium was discarded and transient trans-
fection was performed overnight according to the manu-
facturer’s instructions, using Superfect (Qiagen, Hilden,
Germany) and a total of 1 μg plasmid DNA. NFκB-
dependent gene transcription was analysed by use of 0.4 μg
of the PathDetect NFκB cis-Reporting System (Strategene,
San Diego, CA, USA), with the luciferase reporter gene
selectively regulated by 5× synthetic NFκB promoter
enhancer elements or 0.4 μg of the Nos2 construct encom-
passing the proximal 1,002 bp of the rat Nos2 promoter
fused to a luciferase reporter gene, as previously described
[38]. pMSK1-E and pMSK1(D565A)-E were kindly pro-
vided by L. Vermeulen, Ghent University, Ghent, Belgium
[22], and were tested in various concentrations. pMT2
(empty vector), pMT2-HA-RSK1, pMT2-HA-RSK2, pMT-
HA-f-CA RSK2 and pMT2 HA-RSK2-DN were gifts from
M. Frodin, BRIC, Copenhagen, Denmark [39], and were
tested in various concentrations. Overexpression of these
plasmids was verified in HEK293 cells, as was the kinase
activity of RSK1/2. pGal4-p65 (LBMP 3438), pGal4-
p65S276C (LBMP 4644), pGal4-p65S536A (LBMP 4645)
and pGal4-p65S529A (LBMP 4646) were purchased from
Belgian Co-ordinated Collections of Micro-organisms
and Laboratory of Molecular Biology-Plasmid-collection
(BCCM/LMBP), Ghent, Belgium http://www.belspo.be/
bccm/lmbp.htm), and all the constructs were described
by Vermeulen and colleagues [22]. In all gene reporter
assays, cells were cotransfected with 0.2 μg of an internal
control Renilla plasmid (pRL-TK; Promega, Madison, WI,
USA), and empty vector (pcDNA3; Invitrogen) was added
to equal the amount of plasmid DNA used in the different
experiments.

Following transfection, medium was changed and cells
were cultured for 6 h in the presence of IL-1β, washed
twice in PBS and incubated with Passive Lysis Buffer
(Promega) for 30 min. The promoter activity was analysed
using the Dual-Luciferase Reporter Assay System (Pro-
mega) according to the manufacturer’s instructions.

Statistical analysis

All data are presented as mean±SEM of n independent
experiments. Statistical analysis was done using a paired
Student’s t test and a p value of less than 0.05 was
considered significant.

Results

ERK is essential for IL-1β-induced NFκB-mediated
gene expression

First, we confirmed that inhibition of ERK or p38
individually had a minor effect on iNOS protein produc-
tion, whereas combined inhibition markedly decreased IL-
1β-induced iNOS production (Fig. 1a).

We then asked if inhibition of MAPK reduced NFκB
signalling. As shown in Fig. 1b, we found no effect of
inhibition of ERK or p38 on IL-1β-induced degradation of
IκBα. The degradation of IκBα was maximal within the
first 15 min of stimulation but subsequent NFκB-mediated
resynthesis of IκBα led to the reappearance of IκBα (data
not shown). We chose here to study 1 h of IL-1β stim-
ulation, as IκBα degradation is still evident at this time
point, which also allowed us to examine NFκB DNA
binding. This was done by EMSA using the nuclear
fraction of the cell extracts (Fig. 1c). IL-1β clearly induced
NFκB nuclear translocation and DNA binding but pre-
culture with SB203580 or PD98059 did not affect IL-1β-
induced NFκB DNA binding activity, indicating that
NFκB activation was not influenced at this level by ERK
and p38 activity. The EMSA supershift analysis revealed
that at least one of the components in the IL-1β-activated
NFκB DNA-binding complexes in clonal beta cells is the
transcriptionally active p65 subunit.

The specificity and efficacy of the pharmacological in-
hibitors used was verified in kinase assays and by western
blotting (data not shown). PD98059 and SB203580
inhibited their established targets with no effects on any
of the other highly conserved members of the MAPK
family (data not shown).

Transient transfection of cells with a Nos2 promoter
construct and exposed to SB203580 or increasing con-
centrations of PD98059 revealed that inhibition of ERK,
but not of p38, inhibited basal transcription and dose-
dependently reduced IL-1β-stimulated Nos2 expression
(Fig. 1d). Being critical for cytokine-induced Nos2
expression [7], NFκB was an obvious candidate respon-
sible for the observed effect. Therefore, a reporter assay
was performed using an NFκB minimal promoter, and
similar results were obtained. However, in contrast to the
native Nos2 reporter construct, SB203580 had a small
effect on its own and the PD98059-mediated decrease in
luciferase activity was exceeded by a combination of the
two MAPK inhibitors (Fig. 1e). These results indicate that
p38 and particularly ERK are essential for IL-1β-induced
NFκB-mediated gene expression in beta cells by augment-
ing NFκB activity downstream of nuclear translocation and
DNA binding.

In the human NOSA promoter the presence of an intact
activator protein 1 (AP-1) site is important for cytokine-
stimulated NOS2A expression [40]. However, the various
AP-1 binding sites identified in the rat Nos2 promoter [41]
differ in sequence compared with traditional AP-1 response
elements, and mutating an assumed AP-1 site did not
reduce but rather increased the IL-1β-induced rat Nos2
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promoter activity from five- to 10-fold compared with the
unstimulated wild-type Nos2 promoter construct (data not
shown). Furthermore, the assumed AP-1 site competed
very poorly with a traditional AP-1 site for AP-1 DNA
binding in an EMSA (data not shown). These observations
suggest that AP-1 does not participate in the regulation of
rodent Nos2 expression by binding to AP-1 like response-
elements in the rat Nos2 promoter.

IL-1β-induced degradation of IκBα occurs
independently of JNK activity

We next investigated if JNK was involved in the activation
of NFκB. As seen in Fig. 2, inhibition of JNK activity by
cell-permeable Tat-JBD fusion protein [8] or by over-

expression of JBD [6] did not prevent IL-1β-induced
degradation of IκBα (Fig. 2a) or NFκB nuclear transloca-
tion and DNA binding (Fig. 2b). Similarly, preculture with
Tat-JBD did not affect IL-1β-induced, NFκB-mediated
gene expression (Fig. 2c). A role for JNK in IL-1β-
mediated activation of NFκB can thus be excluded.
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Fig. 1 (continued)

3Fig. 1 Effect of ERK and p38 inhibition on NFκB activation. a
INS-1E cells were precultured with SB203580 (SB; 10 μmol/l),
PD98059 (PD; 100 μmol/l) or vehicle (DMSO) for 30 min followed
by exposure to IL-1β (80 pg/ml) for an additional 6 h. Lysates were
subjected to immunoblotting using antibodies against iNOS. A
representative immunoblot is shown. b INS-1E cells were exposed
to IL-1β (80 pg/ml) for 1 h and western blotting was performed
using the cytosolic fraction of the cell lysates and anti-IκBα
antibody for immunoblotting. A representative immunoblot is
presented above a graph showing mean protein expression±SEM
compared with control and correlated to tubulin expression (n=4). c
An EMSA was performed on the nuclear fraction of cells using an
NFκB-binding oligonucleotide as a probe. Supershifting was done
with p65 antibody (lane 6) and specificity was examined by
competition with a 100-fold (lane 7) or 1,000-fold (lane 8) excess of
unlabelled specific probe. d–e INS-1E cells were transiently
transfected with a Nos2/luciferase construct (d) or an NFκB/
luciferase construct (e) in addition to a control Renilla plasmid. Cells
were precultured with SB203580 (10 μmol/l), PD98059 (20, 50 or
100 μmol/l) or a combination of both for 30 min and subsequently
exposed to IL-1β (150 pg/ml) for 6 h. Data are presented as mean
±SEM compared with IL-1β-stimulated control (n=4–5). *p<0.05,
** p<0.01, ***p<0.001 vs IL-1β stimulated (black bars); #p<0.05,
##p<0.01, ###p<0.001 vs unstimulated (white bars); †p<0.05 for
PD980059 alone vs SB203580 and PD98059 in combination (t test)
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ERK affects NFκB transactivation independently
of MSK1 and RSK1/2

Since ERK was the key MAPK responsible for increasing
the NFκB transactivating capacity (see above) we next
attempted to identify the ERK-regulated kinase responsible
for this phenomenon. The 90 kDa ribosomal S6 kinase,

RSK, was one of the first substrates of ERK to be
discovered and has since proven to be a ubiquitous and
versatile mediator of ERK signalling [42]. To investigate if
this was also the case in insulin-producing cell lines, cells
were transiently transfected with plasmids encoding wild-
type forms of RSK1 and 2 as well as constitutive active
forms, and the corresponding dominant negative form of
RSK2. IL-1β-induced Nos2 promoter activity and NFκB-
mediated gene expression were not affected by any of these
expression plasmids in a gene reporter assay (Fig. 3a and b,
respectively).

Next, the RSK homologous kinase, mitogen and stress
activated kinase 1 (MSK1), a substrate for both ERK and
p38 [42], was investigated. Exposure of INS-1E cells to IL-
1β led to phosphorylation of MSK1 (Fig. 4a). This effect
was primarily dependent upon p38 activity, as SB203580
but not PD98059 completely blocked MSK1 phosphory-
lation. Moreover, H89, a pharmacological inhibitor of
MSK1, failed to suppress IL-1β-induced NFκB-mediated
gene expression in a gene reporter assay (Fig. 4b), in line
with the finding that H89 had no effect on IL-1β-induced
iNOS protein production (Fig. 4c). H89 was originally
developed as a specific inhibitor of protein kinase A (PKA)
but has since been shown to inhibit the protein kinase

Fig. 2 Effect of JNK inhibition on NFκB activation. a βTC3
control cells, βTC3 cells precultured for 30 min with Tat-JBD, and
JBD-overexpressing cells (ΔJBD) were exposed to IL-1β (320 pg/
ml) for 1 h (black bars) and lysed. The cytosolic fraction of the
lysates was subjected to western blotting using anti-IκBα antibody.
A representative immunoblot is presented above a graph showing
the mean±SEM of stimulated (black bars) (n=4) compared with
unstimulated cells (white bars) and correlated to tubulin expression.
*p<0.05, ***p<0.001 (t test). b An EMSAwas performed using the
nuclear fraction of the cell lysates and an NFκB-binding oligonu-
cleotide as a probe. Supershifting was done with anti-p65 antibody
(lane 7) and specificity was examined by competition with 100-fold
excess of unlabelled specific (lane 8), unspecific (lane 9) or free
probe (lane 10). c INS-1E cells were transiently cotransfected with
an NFκB/luciferase construct and a control Renilla plasmid. Fol-
lowing preculture with Tat-JBD (1 or 5 μmol/l), cells were exposed
to IL-1β (320 pg/ml) for 6 h (black bars). Data are presented as
mean and SEM compared with IL-1β-stimulated control (n=4)
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Fig. 3 Effect of overexpression of RSK or RSK-DN on NFκB-
mediated gene transcription. INS-1E cells were transiently cotrans-
fected with plasmids encoding RSK1, RSK2, a constitutive active
form of RSK2 (Ca.RSK2), or a dominant-negative form of RSK2
(RSK2-DN) and a control Renilla plasmid in combination with (a) a
Nos2/luciferase construct or (b) an NFκB/luciferase construct. Cells
were subsequently exposed to IL-1β (160 pg/ml) for 6 h (black
bars). Graphs are presented as mean ± SEM compared with IL-1β-
stimulated control (n=4)
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MSK1 with a potency even greater than that for PKA [43].
Since PKA has not been implicated in IL-1 signalling in
beta cells, it is reasonable to assume that H89 inhibited
MSK1. In addition, transient transfection with plasmids
leading to overexpression of MSK1 or with a kinase-dead

mutant form of MSK1 did not interfere with IL-1β-
stimulated Nos2 promoter activity (Fig. 4d) or NFκB-
mediated gene transcription (Fig. 4e).

Taken together, these results show that the observed
effect of ERK on NFκB activity is mediated neither by
RSK1/2 nor by MSK1.

Ser276 on p65 is important for IL-1β-induced,
NFκB-mediated gene expression

p65 can be phosphorylated on Ser529, Ser536 and Ser276
after exposure to various stimuli. To examine the
importance of these residues for NFκB activity in beta
cells we took advantage of the Gal4-one-hybrid approach.
Cells transfected with wild-type p65, and plasmids
expressing p65 mutated in Ser536 (p65S536A) or Ser529
(p65S529A), responded equally well to IL-1β exposure.

3Fig. 4 Effect of MSK1 on NFκB activation. a INS-1E cells were
precultured with vehicle (DMSO) or the inhibitor SB203580 (SB;
10 μmol/l) or PD98059 (PD; 100 μmol/l) alone or in combination
for 30 min and subsequently exposed to IL-1β (320 pg/ml) for a
further 20 min. Lysates were subjected to immunoblotting using
antibodies against phospho-MSK1 (P-MSK1). A representative
immunoblot is shown. b Following transient transfection of INS-1E
cells with the NFκB/luciferase construct and a control Renilla
plasmid, cells were precultured with increasing concentrations of
H89 (1, 5 or 10 μmol/l) for 30 min followed by exposure to IL-1β
(320 pg/ml) for an additional 6 h (black bars). c Following
prestimulation and subsequent cytokine stimulation, as previously,
cells were lysed and subjected to immunoblotting using antibodies
against iNOS. Representative immunoblots of four independent
experiments are shown. d–e INS-1E cells were cotransfected with
plasmids encoding the gene for either MSK1 (MSK) or a kinase-
dead form of MSK1 (MSK-KD) and a Renilla control plasmid in
addition to (d) a Nos2/luciferase-construct or (e) an NFκB/luciferase
construct. Cells were subsequently exposed to IL-1β (320 pg/ml) for
6 h (black bars). Graphs are presented as mean ± SEM compared
with IL1-β-stimulated control (n=3–4)
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Fig. 5 Importance of different serine residues for IL-1β-induced
NFκB-mediated gene transcription. INS-1E cells were transiently
transfected with a Gal4/luciferase construct, a control Renilla
plasmid and expression plasmids encoding the Gal4 DNA-binding
domain fused to the transactivating domain of p65, the latter in wild-
type form (WT p65) or with serines mutated at position 276, 536 or
529. Cells were subsequently exposed to IL-1β (320 pg/ml) for 6 h
(black bars). Data are presented as mean ± SEM (n=3). *p<0.05 vs
IL-1β-stimulated wild-type transfected cells (t test)
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However, mutating Ser276 on p65 completely abrogated
the effect of IL-1β on gene expression. This residue is
therefore essential for IL-1β-induced NFκB-mediated gene
expression (Fig. 5).

Discussion

Among the numerous binding sites for various transcrip-
tion factors found in the Nos2 promoter, the proximal
NFκB binding site seems decisive for Nos2 mRNA
transcription in beta cells [38]. The MAPKs ERK and
p38 are also critical for IL-1β-induced Nos2 expression [1]
but the interaction between these two signalling pathways
has not previously been investigated in beta cells. By using
a systematic approach in which each individual MAPKwas
blocked and IL-1β-induced NFκB and Nos2 activation was
determined, we show here that ERK is the primary MAPK
involved in the potentiation of NFκB-mediated gene
transcription in insulin-producing cells. Our present data
strongly suggest that ERK-mediated iNOS regulation is
caused by increasing NFκB transactivation, suggesting the
novel concept that MAPK regulates NFκB activation in
beta cells.

The use of pharmacological inhibitors is a powerful tool
for dissecting the role of protein kinases in cellular
signalling. However, such compounds are often known to
be selective rather than specific to their established targets,
affecting the activity of few or several other protein
kinases, although often with much lower potency.
SB203580 and PD98059 are well-characterised protein
kinase inhibitors. Davies et al. [43] tested the specificity of
some of the commonly used protein kinase inhibitors
against a large panel of protein kinases, and concluded that,
among the battery of commercially available compounds
tested, PD98059 and SB203580 were among those with the
most impressive selective profile. We have shown
previously and in this study that PD98059 and SB203580
inhibit their established targets without inhibiting any of
the other highly conserved members of the MAPK family
when analysed by kinase assays using insulin-secreting cell
lines and primary rat islets [1, 6 and data not shown].

Rapidly dividing cell lines may have a requirement for
basal MAPK activity to grow and proliferate, and MAPK
inhibition may have cytostatic and cytotoxic effects on
such cell lines. However, the INS-1E cell line divides
slowly and we did not observe toxic effects with the
relatively short-term exposure periods used, as assessed by
morphology or the proliferation of the cell cultures (data
not shown). Besides being a glucose-sensitive clonal beta
cell line, INS-1E cells also resemble primary beta cells in
that they have low basal ERK activity that can be induced
to increase by even moderate IL-1β concentrations com-
pared with other beta cell lines. We previously reported that
MAPK inhibition prevented IL-1β-induced reduction in
insulin release, NO production and Nos2 expression in
intact rat islets [1], and we therefore believe that our present
findings are representative of the situation in primary cells.

Decreasing NFκB-mediated gene expression by block-
ing the activity of ERK is apparently not sufficient to block
iNOS protein production (present data) and NO formation.
Further post-transcriptional mechanisms of regulation,
such as mRNA stabilisation, may fine-tune the amount of
cellular iNOS, as has been reported for p38 in other cell
types [44, 45].

As is the case for the activity of many other transcription
factors, that of NFκB is regulated by transcriptional co-
regulators [31, 46]. Co-regulators function by both bridging
the sequence-specific activators to the basal transcriptional
machinery and by remodelling chromatin structure. p65 is
able to interact with the co-activators CREB-binding protein
(CBP), its structural homologue p300 and PCAF (p300/
CBP-associated factor), an interaction leading to acetylation
of p65 and generally associated with potentiation of NFκB-
dependent transcriptional activity [31, 46]. This NFκB/co-
activator interaction is dependent upon the stimulus-induced
phosphorylation of p65 [20, 31].

IκB kinase (IKK), Akt (also known as protein kinase B)
and NFκB-activating kinase have all been shown to
phosphorylate Ser536 on p65 [23, 25, 27, 29]. Casein
kinase II phosphorylates Ser529, whereas the specific
residue for GSK-3β is unknown [32, 47]. In the present
work we tested three serine-mutated forms of p65, but only
the Ser276-mutant abrogated IL-1β-induced gene expres-
sion in INS-1E cells. MSK1 has recently been identified as
the TNFα-induced p38- and ERK-activated nuclear kinase
for p65, capable of associating with and phosphorylating
p65 at Ser276 [22]. Phosphorylation and the subsequent
conformational changes of p65 are required for functional
synergy between p65 and co-factors, since access to CBP/
p300 interaction regions in unphosphorylated p65 are
blocked by intramolecular masking of the N-terminal
region of p65 by the C-terminal region [31]. We excluded
both MSK1 and its homologous kinase RSK as kinases
responsible for IL-1β-induced, ERK-mediated activation
of NFκB. Accordingly, Okazaki and colleagues found that
IKK, GSK-3β, NFκB-activating kinase and Akt were
incapable of phosphorylating Ser276 in an in vitro kinase
assay in murine embryonic fibroblasts [48]. PKAc is
another Ser276-specific kinase that enhances NFκB DNA
binding and association with CBP, causing increased
NFκB-dependent transcription [19, 31]. However, Okazaki
et al. found that recombinant PKAc phosphorylated GST-
p65(1-305) very poorly, and failed to do so when
transiently expressed in HEK293 cells [48]. As PKA is
not involved in cytokine signalling in beta cells, it can also
be ruled out as the responsible kinase in our system. These
observations imply the presence of both cell-specific and
stimulus-dependent mechanisms of NFκB activation.
Additional mechanisms, e.g. a novel unidentified Ser276
kinase or other post-translational modifications of p65,
such as acetylation, may contribute to the effect of ERK on
NFκB transactivity in beta cells.

The fact that ERK augmented NFκB-mediated gene
transcription without influencing IκBα degradation or
NFκB DNA binding adds to the accumulating evidence
suggesting that signalling pathways independent of IκB
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degradation, nuclear translocation or DNA binding of
NFκB are required for the full transcriptional activity of
NFκB [21, 23, 49]. This is similar to the regulation of other
transcription factors, which are often regulated through the
phosphorylation of the transcription factor itself [50].

Based on the present results, we propose a model in
which IL-1β-induced ERK activation leads to post-trans-
lational modifications of Ser276 of p65 by a yet
unidentified kinase. This leads to the recruitment of co-
factors such as CBP/p300 that alter gene expression by an
acetylation-dependent effect on the transactivating poten-
tial of NFκB and/or the chromatin structure of NFκB-
responsive genes. Ultimately, this complex crosstalk will
shift the balance of gene expression in a direction favouring
beta cell dysfunction and death. Understanding the role of
the different components of the NFκB/MAPK pathways,
and the means by which they interact with each other, will
hopefully allow us to modulate this network and thus
prevent beta cell apoptosis.
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