
Abstract

Aims/hypothesis. The proinflammatory cytokine IL-1β
induces apoptosis in pancreatic beta cells via path-
ways dependent on nuclear factor-κB (NF-κB), mito-
gen-activated protein kinase, and protein kinase C. We
recently showed suppressor of cytokine signalling
(SOCS)-3 to be a natural negative feedback regulator
of IL-1β- and IFN-γ-mediated signalling in rat islets
and beta cell lines, preventing their deleterious effects.
However, the mechanisms underlying SOCS-3 inhibi-
tion of IL-1β signalling and prevention against apop-
tosis remain unknown.
Methods. The effect of SOCS-3 expression on the
global gene-expression profile following IL-1β expo-
sure was microarray-analysed using a rat beta cell line
(INS-1) with inducible SOCS-3 expression. Subse-
quently, functional analyses were performed.
Results. Eighty-two known genes and several ex-
pressed sequence tags (ESTs) changed expression lev-
el 2.5-fold or more in response to IL-1β alone. Fol-
lowing 6 h of IL-1β exposure, 23 transcripts were up-
regulated. Of these, several, including all eight tran-

scripts relating to immune/inflammatory response
pathways, were suppressed by SOCS-3. Following
24 h of IL-1β exposure, secondary response genes
were detected, affecting metabolism, energy genera-
tion, protein synthesis and degradation, growth arrest,
and apoptosis. The majority of these changes were
prevented by SOCS-3 expression. Multiple IL-1β-in-
duced NF-κB-dependent proapoptotic early response
genes were inhibited by SOCS-3 expression, suggest-
ing that SOCS-3 inhibits NF-κB-mediated signalling.
These observations were experimentally confirmed in
functional analyses.
Conclusions/interpretation. This study suggests that
there is an unexpected cross-talk between the SOCS/
IFN and the IL-1β pathways of signalling in pancreat-
ic beta cells, which could lead to a novel perspective
of blocking two important proapoptotic pathways in
pancreatic beta cells by influencing a single signalling
molecule, namely SOCS-3.

Keywords Autoimmunity · Beta cells · Cell sig-
nalling · Cytokines · IL-1β · Nitric oxide synthase.
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Introduction

The proinflammatory cytokines IL-1β, IFN-γ and
TNF-α are released during insulitis, an early event in
the pathogenesis of type 1 diabetes. The consequent

Abbreviations: EMSA, electrophoretic mobility shift assay ·
EST, expressed sequence tag · iNOS, inducible nitric oxide
synthase · JAK, Janus kinase · JNK, c-Jun NH2-terminal 
kinase · MnSOD, manganese superoxide dismutase · 
NF-κB, nuclear factor-κB · NO, nitric oxide · 
SOCS, suppressor of cytokine signalling · 
STAT, signal transducers and activators of transcription



triggering of beta cell apoptosis is the result of a com-
plex interaction between protective and destructive
mechanisms depending on de novo gene and protein
expression [1]. The combination of genome, transcrip-
tome and proteome analyses reveals molecular mecha-
nisms that are responsible for the destructive path-
ways and that are thus potential new targets for inter-
vention in disease progression or recurrence in grafted
beta cells [2].

IL-1β contributes to beta cell destruction and po-
tentially to type 1 diabetes via induction of proapop-
totic proteins and pathways that are dependent on NF-
κB, mitogen-activated protein kinase and protein ki-
nase C. This induction is, in part, mediated through in-
duced production of nitric oxide (NO) and different
reactive oxygen species [1, 3, 4, 5]. In parallel, several
protective mechanisms are activated, e.g. the free radi-
cal scavengers manganese superoxide dismutase (Mn-
SOD), glutathione peroxidase and catalase [6, 7], and
elements with anti-apoptotic properties, e.g. thiore-
doxin, calbindin, bcl-2 and A20 [8, 9, 10, 11]. In gen-
eral, however, the ability of the beta cell to activate a
sufficient protective response is impaired, which
could, in part, explain their sensitivity to the toxic ef-
fect of cytokines [12].

Tight regulation of the signal transduction path-
ways activated by proapoptotic cytokines is required
to prevent potentially devastating effects of inflamma-
tion on host cells. Members of the SOCS family were
originally reported as immediate–early response
genes, preventing IL-6 and IFN signalling through the
inhibition of the phosphorylation of the signal trans-
ducers and activators of transcription (STAT) family
of transcription factors mediated by the Janus kinases
(JAKs) [13]. Regulated themselves by the JAK–STAT
pathway, SOCS-1 and SOCS-3 therefore define nega-
tive feedback loops controlling duration and magni-
tude of the cellular responses to IFN [14].

Using rat islets and beta cell lines we recently
showed SOCS-3 to be a particularly effective defence
mechanism against cytokine-mediated beta cell de-
struction [15]. Surprisingly, we found that SOCS-3, in
addition to regulation of IFN signalling, also consti-
tutes a negative feedback regulator of IL-1β-mediated
signalling, capable of inhibiting the toxic effect of IL-
1β. This effect, not previously described in other tis-
sue, was associated with, but probably not exclusively
caused by, inhibition of IL-1β-induced iNOS (induc-
ible nitric oxide synthase) transcription and NO pro-
duction [15].

The aim of the present study was to further eluci-
date the mechanisms behind the inhibitory effects of
SOCS-3 on IL-1β-mediated signalling, gene transcrip-
tion and beta cell destruction. For these analyses we
used insulin-producing cells with doxycycline-induc-
ible SOCS-3 expression (INS-1r3#2), allowing char-
acterisation of the global expression profile of IL-1β-
affected early (6-h) and late (24-h) response genes in

the presence or absence of induced SOCS-3 expres-
sion.

This approach revealed several transcripts known
to be regulated in expression by NF-κB (including
iNOS) to be inhibited by induced SOCS-3 expression.
In beta cells, IL-1β-induced NF-κB signalling is
known to be associated with several proapoptotic
pathways, and NF-κB has been shown to be essential
for iNOS transcription [16]. Inhibition of NF-κB acti-
vation, by overexpression of a non-degradable I-κB
super-repressor, significantly reduces apoptosis in-
duced by IL-1β and IFN [17, 18]. By different func-
tional analyses we demonstrate in this study that
SOCS-3 expression indeed inhibits NF-κB-dependent
transcription and inhibits IL-1β-induced beta cell tox-
icity in a dose-dependent fashion through inhibited
transcription of several proapoptotic genes.

Materials and methods

Cell culture and cytokines. The INS-r3#2 cells with tetracy-
cline/doxycycline-inducible SOCS-3 expression were generat-
ed and cultured as previously described [15]. To analyse the ef-
fects of SOCS-3 overexpression, doxycycline (Sigma Aldrich,
Saint Louis, Mo., USA) was added and the cells cultured for 1
day to allow for SOCS-3 expression. For analysis of the IL-1β
effects, the cells were cultured for an additional 6 h, 24 h or 3
days in the presence or absence of IL-1β.

The concentrations of doxycycline and IL-1β were chosen
based on titrations performed previously [15] and in the pres-
ent study. Recombinant mouse IL-1β (5–15×105 U/µg) was
purchased from BD Pharmingen (San Diego, Calif., USA). In
the previous study [15] we used recombinant human IL-1β
(4×105 U/µg) from Novo Nordisk, Bagsværd, Denmark [19].
Mass titration of IL-1β from the two different sources revealed
identical toxicity profiles in the beta cell lines used (data not
shown).

Functional analyses. To measure the viability of the cells the
mitochondrial activity was determined using the CellTiter 96
Non-Radioactive Cell Proliferations Assay (Promega, Madi-
son, Wis., USA), also termed the MTT (dimethylthiazol-
diphenyltetrazolium bromide) assay as described [20]. The
MTT activity, measured at an optical density of A578 nm, is
based on the ability of living cells to convert the tetrazolium
salt into formazan via the mitochondrial enzyme succinate de-
hydrogenase. We previously demonstrated this to be directly
proportional to the number of viable cells in the beta cells ex-
posed to IL-1β [20].

We measured NO production as accumulated nitrite by the
Griess reagent [21] in a fraction of the culture medium used
for the MTT assay. Absorbance was measured at 540 nm and
nitrite concentration was calculated from an NaNO2 standard
curve.

GeneChip analysis. In order to analyse the global gene expres-
sion following IL-1β exposure in the presence or absence of
SOCS-3 expression, the INS-r3#2 cells were seeded at a densi-
ty of 106 cells per well in 6-well culture plates (Nalge Nunc In-
ternational, Rochester, N.Y., USA). RNA extraction was car-
ried out, following 6 or 24 h of IL-1β exposure, by the RNA-
zol method according to the manufacturer’s instructions (Cinna
Biotecx, Houston, Tex., USA), and was dissolved in H2O. To
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iNOS and NF-κB promoter activity. In order to investigate the
inhibitory effect of SOCS-3 at the transcriptional level of IL-
1β signalling, the INS-r3#2 cells were seeded in duplicate in
24-well dishes and exposed to doxycycline (0.5 µg/ml) for 1
day, prior to transfection, at approximately 75% confluence.
Transient transfection was performed overnight with a total of
2 µg of plasmid DNA (0.2 µg of an internal control [pRL-TK],
0.4 µg of iNOS or NF-κB promoter construct [pGL3-Basic]
and 1.4 µg of empty vector [pcDNA3; Invitrogen, Carlsbad,
Calif., USA]) using SuperFect (Qiagen, Valencia, Calif., USA)
according to the manufacturer’s manual. The cells were cul-
tured for an additional 6 h (NF-κB promoter analysis) or 24 h
(iNOS promoter analysis) in the presence or absence of
150 pg/ml IL-1β and doxycycline. All of the iNOS promoter
constructs contained the proximal 1002 bp of the rat wild-type
(wt) iNOS promoter fused to a luciferase reporter gene in the
pGL3-Basic vector [24]. With the exception of the wt-iNOS-
1002luc construct, several promoter binding sites were individ-
ually mutated: a distal NF-κB site (iNOS-1002-dNFmut), a
proximal NF-κB site (iNOS-1002-pNFmut), a γ-IFN-activated
site (GAS; iNOS-1002-GASmut) and an IFN-stimulated re-
sponse element (ISRE; iNOS-1002-ISRE-mut) as previously
described [24].

For analysis of NF-κB-dependent gene transcription, the
PathDetect NF-κB cis-Reporting System (Stratagene, La Jolla,
Calif., USA) was used, with the luciferase reporter gene selec-
tively regulated by 5× synthetic NF-κB promoter enhancer ele-
ments. The luciferase activities were assayed using the Dual-
Luciferase Reporter Assay System (Promega) according to the
manufacturer’s instructions and measured using a luminometer
(Berthold Technologies, Bad Wildbad, Germany).

Nuclear extract and electrophoretic mobility shift assays of
NF-κB DNA binding. To investigate whether SOCS-3 inhibits
NF-κB DNA binding, the INS-r3#2 cells were precultured in
100-mm dishes for 2 days in medium containing 10% FCS.
Culture was continued with 0.5% FCS with or without 1 µg/ml
doxycycline, and after 20 h the cells were incubated with or
without 75 pg/ml of IL-1β for 15 min. Nuclear extracts were
isolated and electrophoretic mobility shift assay (EMSA) was
performed as described [25]. A double-stranded oligonucle-
otide (5′-agctAGCTTCAGAGGGGACTTTCCGAGAGG-3′;
DNA Technology, Aarhus, Denmark) was used to detect NF-
κB DNA binding. In supershift analysis, nuclear extracts were
preincubated for 30 min at 4 °C with NF-κB or STAT-1 anti-
bodies (Santa Cruz Biotechnology, Santa Cruz, Calif., USA).

Statistical analysis. Results are given as means ± SD. Compar-
isons versus the respective control groups were carried out us-
ing the Student’s paired t test. A p value of less than 0.05 was
considered significant.

Results

IL-1β dose–response characterisation of the INS-r3#2
cells. Dose–response experiments were performed to
establish the protective window of SOCS-3 on IL-1β-
induced beta cell toxicity and to find the optimal con-
centration of IL-1β to be used in the GeneChip analy-
sis. Consistent with our previous analyses using IL-1β
from a different supplier [15], a 50% reduced viabili-
ty, as determined by the MTT assay, was obtained us-
ing approximately 150 pg/ml of recombinant mouse
IL-1β and this effect was fully prevented by induced
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minimise experimental and biological variation in the analysis,
six independent experiments for each condition were per-
formed. An equal amount of total RNA from experiments one
to three and four to six was then pooled (pool 1 and pool 2 re-
spectively). Micro-array analysis was performed on each pool
as described previously [22] by hybridising 20 µg of biotinyla-
ted cRNA prepared from 10 µg of total RNA from each condi-
tion to Affymetrix GeneChip RG U34A Arrays (Affymetrix,
Santa Clara, Calif., USA). Each array contains gene probe sets
for approximately 7000 known genes and 1000 expressed se-
quence tags (ESTs). The differential expression was deter-
mined by comparison of the two arrays from each condition.
For both control arrays the GeneChip Suite software MAS4.0
(Affymetrix) was used. Only differentially expressed genes
that were changed in the same direction in all four compar-
isons and that had a mean change of 2.5-fold or more were
scored as significant.

The effects of SOCS-3 on the expression level of the IL-1β-
affected genes were calculated and given as percentages.

Semi-quantitative RT-PCR analysis. To verify the regulation of
a selected number of genes found by the GeneChip analysis,
cDNA synthesis was performed using the TaqMan Gold RT-
PCR Kit (Perkin-Elmer, Boston, Mass., USA) according to the
manufacturer’s instructions, and the samples were subjected to
a semi-quantitative PCR analysis. Amplification with specific
primers was performed for an optimised (22–27) number of
PCR cycles. Each PCR sample contained template cDNA, 1×
Taq DNA polymerase buffer, 50 mmol/l dNTP, 1.5 mmol/l
MgCl2, 10 µmol/l of each primer pair, 2.5 U Taq DNA poly-
merase (Promega), and 0.1 MBq α33dCTP (Amersham
Pharmacia, San Francisco, Calif., USA). The primers and their
respective amplicon length were as follows: IRF-1 forward 5′-
CCAGCTCTGTCACCGTGCGTCG-3′, reverse 5′-CCTTGC-
CATCCACGTGCGTCG-3′ (223 bp); NF-κB p105 forward 5′-
GATGAGGGAGTAGTGCCAGGCACC-3′, reverse 5′-CCCA-
GACCTAACTTCTGCGCCAG-3′ (230 bp); I-κBα forward 5′-
CCTCTGGCTGCCGAGCCCTG-3′, reverse 5′-CTACACTG-
GCCAGGCAGCCCTG-3′ (304 bp); iNOS forward 5′-CA-
GCAATGGGCAGACTCT-3′, reverse 5′-CACAGGCTGCCC-
GGAAGGTTTG-3′ (247 bp); iCAM forward 5′-CCTGGAGG-
TGGGCACCCAGC-3′, reverse 5′-TTCTGAGACCTCCG-
GCTGGCTC-3′ (295 bp); MnSOD forward 5′-GGCTGG-
CTTGGCTTCAATAAG-3′, reverse 5′-ACACATCAATCC-
CCAGCAGTG-3′ (112 bp); GADD153 forward 5′-GCAT-
GAAGGAGAAGGAGCAG-3′, reverse 5′-CAGCATGTGC-
ACTGGAGATT-3′ (242 bp); c-myc forward 5′-AAATTCGA-
GCTGCTGCCCACC-3′, reverse 5′-CCAGTTTGGCAGCGG-
CCGAG-3′ (283 bp); SOCS-3 forward 5′-ATCCAGGAACTC-
CCGAATG-3′, reverse 5′-GGACCCCCTCCTTTTCTTTGC-3′
(261 bp). Following separation on a 6% polyacrylamide gel,
the amplified products were identified and quantified by Im-
ageQuant hardware and software (Amersham Pharmacia).

Western blotting. For analysis of expressed iNOS and SOCS-3
protein the INS-r3#2 cells were cultured as described for the
GeneChip analysis and western blotting was performed as de-
scribed [23] with the following antibodies: rabbit polyclonal
anti-human/murine iNOS IgG (BD Pharmingen), and murine
monoclonal anti-Flag (Sigma Aldrich) for SOCS-3 (Flag-
tagged). The secondary antibodies were rat anti-rabbit IgG and
rabbit anti-murine IgG (Cell Signalling Technologies, Cam-
bridge, Mass., USA), both conjugated with horseradish peroxi-
dase. Binding was visualised using X-ray films (Amersham)
and the LumiGlo enhanced chemiluminescence detection kit
(Cell Signalling Technologies).



levels for 64 genes (35 up-regulated and 29 down-reg-
ulated). The large number of down-regulated genes af-
ter 24 h suggests activation of several secondary re-
sponse pathways. Of the 48 differentially expressed
ESTs (Table 2), 29 showed more than 97% homology
to known transcripts in GeneBank. Several of these
were also influenced by IL-1β in a SOCS-3-dependent
fashion. However, since the ESTs are not yet fully an-
notated, they are not discussed further.

The majority of early (6-h) changes falls within a
group of immune/inflammatory response genes (group
8) including several encoding membrane proteins
known to activate and amplify the cellular immune re-
sponse. In contrast, after 24 h of IL-1β exposure,
mainly secondary response genes were up-regulated,
encoding proteins with effects on metabolism and en-
ergy generation (group 5), protein synthesis/degrada-
tion (group 4), and growth and apoptosis (group 6).

The influence of SOCS-3 expression on gene ex-
pression in the absence of IL-1β was addressed in
control experiments. In 6-h experiments (doxycycline
present in the 24-h preculture period + 6 h in the ab-
sence of IL-1β) the only significant change when
compared with control cells cultured in the absence of
doxycycline was a nine-fold up-regulation of SOCS-3
gene expression. This suggests that SOCS-3 and dox-
ycycline had little or no influence on gene expression
under these conditions. In the 24-h experiments (24-h
preculture + 24 h in the absence of IL-1β) only five
genes were significantly altered in expression level
(lactogen receptor −3.1-fold [down-regulated]; islet
amyloid polypeptide [IAPP] 2.7-fold [up-regulated];
cell cycle protein p55 [CDC] 3.6-fold; distal-less 3
[Dlx-3] homeobox −3.7-fold; cell adhesion regulator
[CAR1] −2.7-fold). No effect of SOCS-3 expression
was observed on the expression level of transcripts en-
coding proteins known to influence the level of IL-1β
signalling, e.g. the IL-1β receptor and the IL-1β re-
ceptor antagonist, both present on the array.

In contrast, striking regulatory effects of SOCS-3
were seen on multiple genes influenced by IL-1β (Ta-
ble 1). A clear pattern was observed following 6 h of
IL-1β exposure, reflecting a direct interaction of
SOCS-3 with IL-1β-activated gene transcription.
Thus, SOCS-3 inhibited the transcription by 23 to
62% in 16 of the 23 known transcripts significantly
up-regulated after 6 h of IL-1β exposure (Table 1).
Several of these early response genes are known to
encode proteins involved in activation or amplifica-
tion of an immune/inflammatory response (group 8),
e.g. ICAM, proteasome and complement components,
chemokines, mob-1 and MIP-2. Furthermore, nine of
the genes have previously been shown to be depen-
dent on NF-κB signalling (see Discussion for details).
One of these, the IL-1β-induced iNOS gene expres-
sion, was clearly inhibited (49%), in line with the
functional data in Figure 1. In contrast, SOCS-3 over-
expression had only minor effects on the few IL-1β-
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SOCS-3 expression (Fig. 1a). Analysis of NO produc-
tion demonstrated that the protective effect of SOCS-3
was accompanied by a dose-dependent reduction in
IL-1β-induced NO production (Fig. 1b).

Influence of SOCS on the IL-1β-activated gene ex-
pression profile. Using 150 pg/ml mouse IL-1β, based
on the titration in Figure 1, GeneChip analyses were
performed to characterise the early (6-h) and late (24-
h) gene expression profiles associated with the protec-
tive effect of SOCS-3 expression on IL-1β-mediated
beta cell destruction.

Based on the criteria described in the Materials and
methods, a total of 97 transcripts of fully annotated
genes revealed differential expression patterns under
the experimental conditions, i.e. a change of 2.5-fold
or more in expression levels relative to the control
condition. They were sorted into eight groups accord-
ing to function (Table 1). Following 6 h of exposure to
IL-1β, 25 of the genes were altered in expression level
(23 up-regulated and two down-regulated), whereas
24 h of IL-1β exposure resulted in altered expression

Fig. 1. Effect of SOCS-3 on IL-1β-induced toxicity and NO
production. The INS-1r3#2 cells were cultured in the absence
(filled symbols) or presence (open symbols) of induced SOCS-
3 expression (induced by 0.5 µg/ml doxycycline) and exposed
to increasing IL-1β concentrations for 3 days followed by (a)
measurement of viability at an optical density (OD) of 578 nm,
and (b) measurement of accumulated NO at 540 nm. n=3
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Table 1. IL-1β-regulated gene transcripts in response to 6 or 24 h of IL-1β exposure in the absence or presence of SOCS-3 expres-
sion

GeneBank Acc. Gene name 150 pg/ml IL-1β

6 h 24 h

−DOX +DOX % −DOX +DOX %

Receptors/ligands
L08595 Nuclear receptor (RNR-1) −2.5 −8.1 −3.6 −4.9 −38
L48060 Lactogen receptor* −1.8 −5.5 −4.4 −3.4 22
M74152 Prolactin receptor −2.6 −4.2 −65 −3.1 −3.2
M58587 IL-6 receptor binding chain −2.1 −2.5 −2.2 −1.9
K02817 Asialoglycoprotein receptor (hepatic lectin) RHL1 1.7 2.2 2.7 2.2 17
L35767 VLDL receptor −1.4 −0.2 2.6 1.2 54
AF007554 Mucin receptor (Muc1) 3.6 3.1 13 2.5 2.6 −4
M16409 Muscarinic acetylcholine receptor −1.5 −1.6 −1.6 −2.8
M73553 Intestinal lactose-binding lectin (L-36) 0.3 2.2 4.1 7.7
X52820 Islet amyloid polypeptide (IAPP) 0.2 2.0 −14.6 1.3 100
M64033 Secretin 0.0 −1.2 −2.5 −2.8
X01032 Cholecystokinin (CCK) precursor −1.1 −1.2 −17.4 −6.4 63

Signal transduction
X63594 RL/IF-1 (I-kBα)* 8.2 7.7 6 3.0 3.8 −25
AB019145 Regulator of G-protein signaling 9 (RGS9) 10.1 10.4 −3 8.7 12.6
AF097887 Cdc42 G-protein homologue (Chp) 1.8 4.3 0.4 1.2
L01624 Serum and glucocorticoid-regulated kinase (sgk) 3.8 2.8 28 1.8 2.8
L14782 Lyn A protein tyrosine kinase 4.8 7.0 −47 2.3 3.2
Y08355 PKC-zeta-interacting protein 1.1 1.5 2.8 1.7 39
L10326 Alt. spliced GTP-binding protein alpha subunit −1.1 −1.7 −3.4 −3.9 −16
U48245 Protein kinase C-binding protein NEL −1.4 −1.4 −4.3 −2.0 53
AF075383 SOCS-3 −1.1 9.7 −4.6 4.9

Gene transcription
M34253 Interferon regulatory factor 1(IRF-1)* 10.9 8.0 27 0.1 1.9
L26267 NF-κB p105 subunit 3.5 2.6 26 2.0 2.3
D12769 BTE binding protein −1.6 −4.6 −1.5 −2.0
U25746 RNA helicase with arginine–serine rich domain −2.1 −3.2 −1.2 −1.7
M18416 Nerve growth factor-induced (NGFI-A) gene −1.2 −0.1 −2.3 −2.6
U44948 Smooth muscle cell LIM protein (smLIM) −0.1 −1.7 −4.0 −2.6 36
AF036335 NonO/p54nrb homologue 0.1 −2.1 −2.7 −2.1 23
D84418 Chromosomal protein HMG2 −1.5 −3.0 −2.0 −2.2
S67435 Somatostatin transactivating factor-1 −0.1 −1.1 −3.2 −1.3 61

Protein synthesis/degradation
U38253 Initiation factor eIF-2B gamma subunit −1.1 −1.3 2.8 1.5 45
X14181 Ribsomal protein L18a −0.2 0.1 2.5 1.6 38
X15013 Ribsomal protein L7a −1.2 0.1 2.6 1.6 39
X15096 Acid ribsomal phosphoprotein P0 −1.4 0.1 3.6 2.1 42
X57529 Ribsomal protein S18 −0.1 0.1 2.7 1.7 39
X59051 Ribsomal protein S29 −0.1 0.0 2.7 1.6 40
X62671 Ribsomal protein (ubiquitin-like protein) −0.1 0.2 2.6 1.6 37
D10729 Proteasome subunit RC1 2.0 1.3 3.7 2.7 27
D16554 Polyubiquitin (four repeats, tandem) −0.1 0.2 3.1 1.7 44

Metabolism and energy generation
J04792 Ornithine decarboxylase (ODC)* 2.5 2.5 2 4.5 3.2 29
M91652 Glutamine synthetase (glnA) 2.9 1.6 46 −1.9 −1.5
X59737 Mitochondrial creatine kinase* 3.4 2.9 15 3.3 4.2 −26
L48209 Cytochrome c oxidase subunit VIII (COX-VIII) 0.1 −0.1 2.9 1.7 43
S63233 Phosphoglycerate mutase type B subunit −1.1 0.2 2.7 1.7 38
M36410 Sepiapterin reductase −3.8 −0.2 −22.2 −3.1 86
M86240 Fructose-1.6-biphosphatase 1.1 −0.2 −3.2 −2.0 38
M23601 Monoamine oxidase B −1.4 −1.3 −3.1 −2.1 33
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Table 1 (continued)

GeneBank Acc. Gene name 150 pg/ml IL-1β

6 h 24 h

−DOX +DOX % −DOX +DOX %

AB002558 Glycerol 3-phosphate dehydrogenase −2.8 0.1 −13.0 1.1 100

M94548 Hepatic tumour cytochrome P450 (CYP4F1) −1.1 1.5 −5.1 1.1 100
M95591 Hepatic squalene synthetase −0.3 1.3 −15.8 −2.1 87
M97380 Chromaffin granule amine transporter (CGAT) −1.4 1.3 −9.9 −2.0 80
X05684 L-type pyruvate kinase −1.6 −1.5 −2.8 −1.8 36
X08056 Guanidinoacetate methyltransferase −1.1 1.1 −3.5 −1.7 51

Growth arrest and apoptosis
L32591 GADD45 1.3 1.3 3.9 3.6 8
U30186 GADD153 1.9 1.8 4.7 2.4 50
Y00396 c-myc −1.3 −2.3 4.1 −1.2 100
AB000216 Confluent 3Y1 cell-associated No. 3 (cca3) 7.4 5.5 26 1.1 1.4
AF020618 Progression elevated gene 3 protein (PEG-3) 1.8 1.8 4.0 2.5 37
C07012 Cyclophilin c 2.4 2.0 3.2 2.5 21
M13100 Long interspersed repetitive DNA sequences (LINE3)* 0.7 0.4 10.0 1.0 91
M13101 Long interspersed repetitive DNA sequences (LINE4) 0.7 0.2 6.7 1.1 83
X05472 2.4-kb long interspersed repeat DNA 0.4 0.2 10.8 2.1 81
X61295 L1 retroposon ORF2* 1.3 0.2 6.4 0.6 91

Redox regulation and chaperone
J02722 Heme oxygenase 0.1 −0.1 4.8 2.2 55
Y00497 MnSOD 2.3 2.4 2.5 1.7 34
S75280 Mitochondrial HSP70 −2.0 −3.1 4.4 0.8 83

Immune/inflammatory response
U03699 iNOS* 19.7 10.0 49 4.6 4.2
D00913 Intercellular adhesion molecule-1 (RATICAM)* 6.3 4.8 23 1.9 1.9
X52477 Pre-pro complement C3 5.6 −6.3 8.3 9.2 −12
M29866 Complement component C3 6.0 3.8 37 13.2 13.3 −1
M31038 MHC class I non-RT1.A alpha-1-chain 2.4 2.7 −10 2.4 2.6 −8
U16025 Class Ib RT1* 3.4 2.6 25 3.2 2.4 25
AF03035 8 Chemokine CX3C 16.6 6.4 62 1.4 1.3
AF053312 CC chemokine ST38 9.3 6.4 32 2.0 1.3
U17035 Mob-1 27.6 12.2 56 2.4 2.1
U45965 Macrophage inflammatory protein-2 (MIP-2) 6.9 3.1 55 1.2 −2.0

Miscellaneous
M64780 Agrin 3.2 2.2 33 1.3 2.0
S61868 Ryudocan, heparan sulfate proteoglycan core protein 4.7 3.0 37 1.5 1.6
X05861 Fibrinogen gamma-chain 3.5 2.2 36 2.3 2.1
X96437 PACAP-responsive gene 1 (PRG1) 5.6 5.6 −1 1.7 2.3
M80367 Isoprenylated 67-Mr protein 2.5 2.7 1.4 −1.2
D31734 Distal-less 3(Dlx-3) homeobox −1.4 −3.3 −2.6 −5.6
U76714 Cell adhesion regulator (CAR1)* −2.9 −2.7 9 −4.0 −3.4 15
AF045564 Development-related protein 0.0 1.2 2.6 2.0 22
S71021 Malignancy-related C140 product −0.1 0.2 2.7 1.6 40
Y13275 D6.1A protein −1.6 1.2 1.8 3.8
M10244 Tyrosine hydroxylase −3.1 −4.3 −7.9 −8.5
D29960 AlphaB crystallin-related protein −1.2 0.1 −2.9 −1.9 35
D83231 pS2 peptide 0.1 1.8 −5.3 −2.7 49
L09119 C kinase substrate calmodulin-binding protein (RC3) −1.0 −1.7 −8.7 −5.5 37
L13619 Insulin-induced growth-response protein (CL-6) −1.3 −1.7 −2.7 −1.5 43
U10071 CART protein 1.2 1.3 −2.6 −1.8 31
U17604 rS-Rex-b 1.4 1.6 −3.1 −1.8 44
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Table 1 (continued)

GeneBank Acc. Gene name 150 pg/ml IL-1β

6 h 24 h

−DOX +DOX % −DOX +DOX %

U61729 Proline rich protein 1.3 1.6 −2.5 −1.3 48
U70211 RNB6 −1.9 1.0 −3.8 −2.1 45
J03524 Alpha-1 inhibitor III −2.2 −4.5 −2.2 −5.2
U73030 Pituitary tumour transforming gene 0.1 −1.3 4.0 −1.9 54

INS-r3#2 beta cells were cultured for 24 h in the absence (−)
or presence (+) of 0.5 µg/ml doxycycline (Dox) to induce ex-
pression of SOCS-3, and were subsequently cultured in the ab-
sence or presence of 150 pg/ml IL-1β for 6 or 24 h before ar-
ray analysis of gene expression. Transcripts differentially ex-
pressed relative to the level of expression in control cells stud-
ied at the same time point are grouped according to function.
Positive numbers indicate up-regulated expression profiles
whereas negative numbers indicate down-regulated expression
profiles. GeneBank accession numbers and gene names are

given for all transcripts. The effect of SOCS-3 expression on
IL-1β-affected gene expression is given as a percentage where
positive values represent an inhibition and negative values an
amplification of the IL-1β-induced effect. Where genes are
marked with *, similar results were obtained for more than one
gene probe. Data are based on two independent gene array ex-
periments and IL-1β- and/or SOCS-3-mediated differences in
transcript expression were considered significant (bold num-
bers) when a change in the same direction was observed in all
four comparisons and the mean change was 2.5-fold or more

influenced genes within signal transduction (group 2)
and gene transcription (group 3) after 6 and 24 h of
IL-1β exposure. Finally, SOCS-3 potentiated IL-1β-
induced down-regulation of some receptors, e.g. the
nuclear receptor (RNR-1), lactogen receptor and pro-
lactin receptr (group 1).

The pattern appearing after 24 h of exposure to IL-
1β in the presence or absence of induced SOCS-3 ex-
pression was more complex, reflecting activation of
several secondary pathways resulting from the IL-1β-
mediated cellular impairment. For 28 of the 35 fully
annotated genes up-regulated following 24 h of IL-1β
exposure, the up-regulation was reduced by 22 to
100%. Furthermore, SOCS-3 expression reduced
down-regulation by 26 to 100% of 25 of the 29 tran-
scripts significantly down-regulated following 24 h of
exposure to IL-1β. This reflects the protective effect
of SOCS-3 against the effects of IL-1β (Fig. 1). For
example, an approximately two-fold up-regulation of
all the genes encoding the ribosomal subunits (group
4) was seen in response to IL-1β alone, whereas the
expression of these transcripts was only marginally af-
fected in the presence of SOCS-3. More strikingly,
genes involved in metabolism and energy generation
(group 5) fluctuated after 24 h of IL-1β exposure. This
was almost fully prevented in the presence of SOCS-
3. Several genes involved in growth arrest and apopto-
sis, e.g. GADD 153 and c-myc (group 6), and in the
defence–repair mechanisms, e.g. heme oxygenase,
MnSOD and HSP 70 (group 7), were up-regulated af-
ter 24 h of IL-1β exposure. This was also prevented
by SOCS-3 expression. Interestingly, SOCS-3 also
fully prevented the IL-1β-induced down-regulation of
islet amyloid polypeptide gene expression (group 1).

To summarise, SOCS-3 overexpression did not lead
to complete inhibition of IL-1β signalling, nor did it

lead to equal inhibition of all affected transcripts.
Nevertheless, overexpression of SOCS-3 “construc-
tively” modulated the expression of multiple IL-1β-
regulated genes, which may favour beta cell survival.

Semi-quantitative RT-PCR analysis of mRNA expres-
sion. To validate the array analysis, a subset of eight
genes with variable regulation by IL-1β and SOCS-3
were selected for semi-quantitative PCR analysis
(Fig. 2). Due to the very low levels of basal expres-
sion of some transcripts, data are displayed as percent-
ages of expression relative to the condition inducing
the highest response to IL-1β exposure, e.g. after 6 h
(iNOS, IRF1, MnSOD, NF-κB-p105, iCAM, and I-
κBα) or 24 h (GADD153 and c-myc). Consistent with
the results of the GeneChip analysis, we observed that
the mRNAs for iNOS, IRF-1 and iCAM were all in-
duced after 6 h of IL-1β exposure. This induction was
significantly inhibited by SOCS-3 overexpression. In
contrast, the mRNAs encoding for NF-κB-p105 and I-
κBα, although equally induced by IL-1β, were not af-
fected significantly by SOCS-3 after 6 h of IL-1β
stimulation. After 24 h, the IL-1β-induced expression
of GADD153, c-myc, IRF-1 and I-κBα was signifi-
cantly inhibited by SOCS-3. In summary, the results
of the quantitative analyses were concordant with the
results obtained in the array analysis, with the excep-
tion of the 24-h inhibitory effect of SOCS-3 on IRF-1
and I-κBα not detected in the array analysis, and on
MnSOD not confirmed in the RT-PCR analysis.

SOCS-3 inhibits IL-1β-induced iNOS gene and protein
expression through NF-κB signalling. The inhibitory
effect of SOCS-3 on IL-1β-induced iNOS protein ex-
pression (Fig. 3) confirmed the transcript (Fig. 2) and
NO analyses (Fig. 1b). Thus, at the maximal level of
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Table 2. IL-1β-regulated ESTs in response to 6 and 24 h of IL-1β exposure in the absence or presence of SOCS-3 expression

GeneBank Gene name 150 pg/ml IL-1β
Acc.

6 h 24 h

−DOX +DOX % −DOX +DOX %

ESTs (homology ≥97%)
AA799678 Factor-responsive smooth muscle protein. UO6713 4.2 2.8 33 1.6 1.3
AA852004 Glutamine synthetase. NM 017073 3.1 1.9 39 −1.6 −1.5
AA891944 Interferon-γ induced GTPase. NM 019440 4.2 2.8 33 −1.6 −1.1
AA892179 NF-κB-activating protein ACT1 (ACT1). A274303 5.9 4.3 27 1.1 1.6
AA892264 Membrane-associated protein MAP17. NM 100401 2.8 2.1 25 1.5 1.2
AA892390 NRAM protein 2. NM 013173 2.6 2.5 2 1.9 2.1
AA893667 Peripheral nerve injury protein nin283. NM 133206 4.2 3.0 30 1.9 2.3
AA946044 Lyn B tyrosine kinase (LynB). AF000302 3.7 3.6 −1.4 1.9
AA818069 Polyubiquitin. NM138895 −0.1 0.1 2.5 1.6 38
AA818888 Ubiq. ribosomal protein product 1 (Uba52). NM031687 −0.2 0.1 2.5 1.6 36
AA893235 G0/G1 switch gene 2. XMXM_213979213979 1.2 −1.1 3.3 1.9 43
AA946503 Lipocalin 2 (Lcn2). NM130741 3.4 1.9 17.9 9.1 49
AI102505 Cytochrome c oxidase subunit VIII (COX-VIII). L48209 0.0 0.0 4.0 2.1 49
AI178750 EF-2. AF000576 −0.1 0.1 2.8 1.7 39
AI179012 Actin. beta (Actb). NM031144 0.0 0.1 2.5 1.6 38
AI179610 Heme oxygenase. J02722 1.9 −1.2 5.3 2.2 59
AA799861 Interferon regulatory factor 7 (IRF-7). XM215121 2.1 1.7 −3.9 −1.3 68
AA818677 Neurofilament heavy polypeptide (NF-H). XM214082 −0.1 −1.3 −2.6 −2.8 −10
AA866465 Tropomyosin isoform 6. NM173111 −1.5 −1.5 −4.1 −1.8 57
AA892511 Tescalcin. XM213790 1.0 1.7 −4.2 −0.1 99
AA899253 Alanine rich protein kinase C substrate. BC046601 −0.2 −1.3 −6.1 −1.4 77
AA900476 Cbp/p300-interacting transactivator. NM053698 −2.1 −1.6 −7.2 −5.9 17
AA945571 Cytochrome P450 PB1. M13711 −2.3 −3.4 −2.5 −3.1 −24
AA963839 Diaphorase 1 (Dia1). NM138877 −1.3 −0.1 −2.7 −1.9 30
AA965261 H2A histone family. member Y (H2afy). NM017182 −1.3 −1.5 −4.0 −1.3 68
AI102838 Isovaleryl Coenzyme A dehydrogenase. NM012592 −0.2 −1.5 −6.5 −1.9 71
AI169104 Platelet factor 4 (PF4). M15254 −0.2 −1.5 −9.1 1.1 100
AI014091 Cbp/p300-interacting transactivator. NM053698 −1.4 −2.3 −6.0 −4.5 26
H31287 Kinase. NM144755 −0.6 −1.7 10.9 7.0 36

ESTs (homology ≤97%) 
AA799804 5.9 4.3 27 4.0 4.9
AA891578 −1.3 −0.1 3.0 2.1 31
AA799448 −2.9 1.2 −3.7 1.2 100
AA799680 −1.4 −0.1 −2.6 −1.2 54
AA800199 1.1 1.3 −2.6 −1.2 56
AA859690 −1.3 −1.6 −2.9 −1.6 47
AA859926 −1.8 −4.7 −4.4 −3.1 30
AA859948 0.6 1.6 −2.8 −1.7 40
AA859980 −0.1 0.0 −3.2 −1.4 56
AA875444 −1.5 −1.2 −5.1 −1.5 72
AA892154 −1.1 −0.1 −2.8 −1.6 45
AA892287 −4.8 −0.1 −11.5 −1.8 85
AA892861 −0.1 −1.1 −3.5 −1.7 52
AA894297 −3.0 −2.4 −3.2 −1.9 41
AI175935 1.3 0.4 −3.4 −1.2 64
H31363 1.3 −1.0 −2.7 −2.7 0
H33426 −4.3 −3.3 −9.4 −4.6 51
AA800853 −1.6 −1.5 −3.8 −4.0
AA891949 −2.0 −1.8 −4.8 −4.6 4

In addition to several fully annotated transcripts the experi-
mental setup described in Table 1 also identified a number of
ESTs differentially expressed relative to the level of expression
in control cells studied at the same time point. “ESTs (homolo-
gy ≥97%)” refers to an identification of a known gene that
shares ≥97% sequence homology with the EST. On this back-

ground homology (≥97%) ESTs and genes are considered to be
identical. The identified genes are given by name and
GeneBank accession number. “ESTs (homology ≤97%)” refers
to ESTs with homology ≤97% to known genes and are consid-
ered to be of unknown origin
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SOCS-3 expression obtainable in the INSr3#2 clone, a
full inhibition of iNOS protein expression was seen at
6 h of exposure to IL-1β, whereas iNOS expression
was partially suppressed following 24 h of IL-1β ex-
posure. To characterise the mechanisms behind
SOCS-3-inhibited iNOS gene expression, the influ-
ence of SOCS-3 on transcription factors known to be
involved in IL-1β-induced iNOS gene activation was
addressed. This was accomplished by measuring the
ability of SOCS-3 to inhibit IL-1β-induced iNOS pro-
moter activation using constructs with mutations in
the corresponding transcription factor binding sites.

Fig. 2. Semi-quantitative RT-PCR of selected genes shown to
be IL-1β regulated by the gene array analyses. Eight selected
transcripts shown in the gene array analyses to be up-regulated
by IL-1β were analysed. Culture conditions were the same as
described in Table 1, i.e. exposure for 6 or 24 h to the follow-
ing conditions: −Dox (control; open bars), +Dox (0.5 µg/ml;
filled bars), +IL-1β (150 pg/ml) −Dox (dotted bars), and IL-1β
(150 pg/ml) +Dox (0.5 µg/ml; hatched bars). a. Data presented
as percentages of the IL-1β −Dox condition with the highest
induction being either 6 h or 24 h for the respective genes. 
* p>0.05. b. Intensity of the individual PCR products. Data are
presented as means ± SD of three individual experiments

SOCS-3 expression inhibited IL-1β-induced promoter
activity regardless of the mutation in a proximal NF-
κB site (iNOS-1002-pNFmut/pNF-κB), a γ-IFN-acti-
vated site (GAS; iNOS-1002-GASmut), or an IFN-
stimulated response element (ISRE; iNOS-1002-
ISRE-mut), demonstrating that the effect of SOCS-3
was not mediated through any of these sites (Fig. 4).
Mutation in the ISRE element resulted in a signifi-
cantly (p=0.03) increased IL-1β-induced activation of
the iNOS promoter as compared with the wild-type
construct, suggesting a more global suppressive effect
on IL-1β-induced iNOS transcription in general al-
though it was not influenced by SOCS-3 expression
(Fig. 4). Mutation in the distal NF-κB binding site
(iNOS-1002-dNFmut/dNF-κB) fully abolished IL-1β-
induced iNOS promoter activity, making it impossible
to evaluate a potential inhibitory role of SOCS-3 on
NF-κB activation through this site (Fig. 4).

Based on these observations and the large number
of IL-1β-induced NF-κB-dependent early response
genes inhibited by induced SOCS-3 expression identi-
fied through the GeneArray analysis, subsequent anal-
yses were focused on the NF-κB-dependent pathway.
The inhibitory effect of SOCS-3 on NF-κB DNA
binding activity was first investigated by EMSA. The
induction of NF-κB DNA binding upon stimulation
with IL-1β (Fig. 5a, lane 2) was significantly reduced
in the presence of SOCS-3 (lane 4). Specific binding
of the probe was verified by competition with non-la-
belled oligonucleotides (lanes 5 and 6) and not with a
non-specific oligo (lane 7). Furthermore, supershift
was seen with a NF-κB-specific antibody (lane 8),
whereas a non-relevant antibody (directed against
STAT-1) was unable to bind the complex (lane 9).
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The fact that the inhibitory effect of SOCS-3 was,
at least in part, mediated through the inhibition of NF-
κB activity was further demonstrated using a specific
NF-κB-dependent luciferase reporter gene construct.
A two-fold induction of the NF-κB transcription in re-
sponse to IL-1β was observed (Fig. 5a, lane 2). In
contrast, following SOCS-3 induction, no significant
IL-1β-induced NF-κB-dependent transcription was
observed (lane 4).

Discussion

The ultimate goal of proteome and transcriptome anal-
yses of cytokine-exposed beta cells is the identifica-

Fig. 3. Suppression of IL-1β-induced iNOS protein expression
by SOCS-3 expression. INSr3#2 cells were preincubated for
24 h with or without Dox (0.5 µg/ml) before exposure for ei-
ther 6 or 24 h to IL-1β (150 pg/ml). Cell lysates (10 µg/lane)
were subjected to western blot analyses for iNOS (upper band)
and Flag-tagged SOCS-3 (lower band). The figure represents
four individual experiments

Fig. 4. Inhibition of IL-1β-induced iNOS promoter activity by
SOCS-3. After preincubation for 24 h in the absence (white or
horizontally hatched bars) or presence of Dox (0.5 µg/ml;
black or diagonally hatched bars), the INSr3#2 cells were tran-
siently transfected overnight. This was followed by 24 h of
culture in the absence (white and black bars) or presence
(hatched bars) of 150 pg IL-1β/ml. The figure shows the iNOS
promoter activities measured by a luciferase gene reporter as-
say. Wt, GAS, ISRE, dNF-κB and pNF-κB refer to the wild-
type construct, and the constructs mutated in the binding sites
for STAT-1, IRF-1 and NF-κB (a distal and a proximal) respec-
tively. Data are shown as the ratio of luciferase : renilla and are
presented as means ± SD of four individual experiments. *
p>0.02

tion of novel targets for the preservation of beta cell
mass in prediabetic subjects, or the generation of ge-
netically manipulated beta cells able to resist the im-
mune assault after transplantation [26]. Here we focus
on SOCS-3 to elucidate mechanisms underlying the
unexpected inhibition of IL-1β-induced signalling and
cytotoxicity to beta cells. By systematically evaluating
the effects of SOCS-3 on both global gene expression
and the expression of a key gene (iNOS) at the pro-
tein, mRNA and promoter activity level, we demon-
strate that SOCS-3 acts at a proximal stage, prevent-
ing NF-κB activation and subsequent induction of
several primary and secondary response genes. These
genes encode proteins involved in intracellular beta
cell destructive and defensive responses as well as
proteins relevant for direct or chemokine-mediated in-
teraction with immune cells. Interestingly, we ob-
served low impact of SOCS-3 overexpression on the
steady-state homeostatic gene expression pattern in
cells cultured in the absence of IL-1β.

We have previously shown that SOCS-3 inhibited
IL-1β-induced iNOS gene expression [15], a finding
confirmed and extended here using protein data, pro-
moter studies and gene array analysis. Exposure to IL-
1β in the absence of induced SOCS-3 expression re-
sulted in up-regulation of iNOS and in NO produc-
tion. It is well known that cytokines may be toxic to
beta cells through different mechanisms. Indeed, our
previous analysis of the effect of SOCS-3 on the tox-
icity induced in INS-1 cells exposed to IL-1β or IFN
supported this notion [15]. Here, toxicity in response
to IL-1β was associated with induced NO production,
previously shown to be a key component in IL-1β-in-
duced toxicity, whereas exposure to IFN alone result-
ed in an NO-independent toxicity, suggested to be as-
sociated with induced ICE expression [27]. The fact
that two independent mechanisms may be activated in
a dose- and time-dependent fashion is further support-
ed by the finding that although NO was induced in
INS-1 cells following 24 h of exposure to a combina-
tion of IL-1β (10 U/ml) and IFN (100 U/ml), the toxic
effect was not prevented by inhibition of NO by the
iNOS blocker NG-monomethyl-L-arginine [28]. In
contrast, in other studies exposing INS-1 for a longer
time and/or at a higher concentration to IL-1β alone
revealed a clear NO-dependent toxicity that was pre-
vented by blocking NO production with the same L-
arginine analogue [6, 29, 30]. Similar NO-dependent
impairment of beta cell function and/or induced toxic-
ity has been demonstrated following IL-1β exposure
of isolated rodent or human islets of Langerhans as
well as by the protective effects of NOS inhibitors on
the development of type 1 diabetes in animal models
(reviewed in [4, 31] and [32, 33, 34]).

Experiments addressing the combined effect of IL-
1β and IFN on the gene expression profile using INS-
1 cells revealed an NO-dependent effect on the ex-
pression of approximately 50% of the late response
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genes (8–24 h), affecting protein synthesis/degrada-
tion, metabolism and energy generation, growth arrest,
apoptosis, redox regulation and chaperone functions
[28]. No NO-dependent genes were observed among
the early response genes, reflecting the fact that pro-
duction of NO was first detected after 12 h of cytokine
exposure [28]. Here we demonstrate that in the pres-
ence of SOCS-3, several of these late effects of IL-1β
were prevented. In contrast, SOCS-3 overexpression
had little effect on IL-1β-mediated up-regulation of
the early response genes involved in signal transduc-
tion and gene transcription. Within the group of im-
mune/inflammatory response genes, SOCS-3 expres-
sion clearly prevented transcription of the majority of
the early response genes (ICAM, proteasome and com-
plement components, chemokines, mob-1 and MIP-2)
without any effect on the late response genes.

Focusing on the early response genes, it appeared
that 16 of the 23 IL-1β-up-regulated transcripts were
affected (>23%) by SOCS-3 overexpression. Among

Fig. 5. Inhibition of IL-1β-induced NF-κB binding and tran-
scriptional activity by SOCS-3. a. Nuclear extracts were isolat-
ed from INSr3#2 cells exposed to IL-1β and doxycycline as il-
lustrated in Figure 4. First, the cells were cultured for 20 h in
the absence or presence of 1 µg/ml doxycycline and subse-
quently stimulated for 15 min with IL-1β. EMSA was per-
formed using an NF-κB binding probe. Data are representative
of three independent experiments. b. INSr3#2 cells were co-
transfected overnight with an NF-κB-dependent luciferase re-
porter gene construct in the absence (white and horizontally
hatched bars) or presence (black or diagonally hatched bars) of
Dox (0.5 ug/ml), and then stimulated for 6 h with IL-1β (hori-
zontally and diagonally hatched bars). Cell lysates were sub-
jected to luminometric analysis. Data are shown as the ratio of
luciferase : renilla and presented as means ± SD of four indi-
vidual experiments. * p>0.02

these, nine genes, namely iNOS, ICAM, complement
C3, Mob-1, MIP-1, CX3C, NF-κB-p105, IRF-1 and fi-
brinogen-γ are usually regulated in an NF-κB-depen-
dent manner [3, 18, 35, 36, 37, 38, 39, 40, 41], sug-
gesting that inhibition of IL-1β signalling by SOCS-3
affects the NF-κB pathway. Furthermore, all of these
transcripts were previously shown to be independent
of induced NO production [28]. Sequential mutations
in a proximal NF-κB binding site, a GAS site and an
ISRE site in the iNOS promoter did not influence the
inhibitory effect of SOCS-3 on IL-1β, indicating that
the effect was primarily mediated by interference with
NF-κB binding to the distal NF-κB binding site. In-
deed, NF-κB binding to the distal NF-κB binding site
of the iNOS promoter was shown to be essential for
iNOS gene transcription [3].

As demonstrated by our EMSA analysis, SOCS-3
inhibited the DNA binding activity of NF-κB follow-
ing 15 min of IL-1β exposure, suggesting that SOCS-
3-mediated inhibition of IL-1β is an early event, pos-
sibly exerted via inhibition of post-translational modi-
fication, e.g. phosphorylations, known to be necessary
for NF-κB-mediated signal transduction [42]. The in-
hibitory effect of SOCS-3 on NF-κB was furthermore
detected by our NF-κB-dependent reporter assay fol-
lowing 6 h of IL-1β exposure, a time point at which
several NF-κB-regulated genes, identified by the ar-
ray, were suppressed by SOCS-3. This demonstrates
that SOCS-3 inhibits IL-1β signalling and gene regu-
lation, at least in part, through inhibition of NF-κB
signalling. To our knowledge, this is the first demon-
stration of NF-κB as a target for SOCS-mediated inhi-
bition of IL-1β-activated signalling.

The ability of both SOCS-1 and SOCS-3 to inhibit
IFN-mediated signalling by inhibiting phosphoryla-
tion and resulting activation of the JAK–STAT path-
way is well documented [14] and both SOCS-1 and



SOCS-3 have been shown to inhibit IFN-mediated
signalling in beta cells [15, 43, 44]. Until now, howev-
er, SOCS-3 is the only member of the SOCS family
that has been shown to also interfere in the IL-1β sig-
nalling associated with beta cell destruction [15].
Thus, further analyses are needed to clarify in detail
the molecular mechanisms involved in this novel ef-
fect of SOCS-3 and to investigate to what extent other
members of the SOCS family possess the same ability.

During the evaluation of the gene expression profile
following 24 h of IL-1β exposure, nearly all transcripts
were partly suppressed (range 30–50%) by SOCS-3, in
line with the partial inhibition of iNOS. This is suffi-
cient to fully suppress apoptosis (Fig. 1) [15]. Interest-
ingly, a few of the IL-1β-induced genes (24 h, group 6)
were completely suppressed by SOCS-3, namely the
proto-oncogene c-myc, the long interspersed repetitive
DNA sequences (LINE)-3 and -4, the 2.4-kb long inter-
spersed repeat DNA, and the L1 retroposon ORF2.
They have all been implicated in the induction of apop-
tosis [45, 46, 47]. Since initiation of apoptosis is a point
of no return, we speculate that the induction of these
transcripts in IL-1β-exposed cells defines a threshold
after which the apoptotic program is initiated.

In primary beta cells, c-myc has been shown to be a
cytokine-up-regulated NF-κB-dependent gene [18]
and overexpression of c-myc in beta cells in transgen-
ic mice increased both beta cell proliferation and ap-
optosis, with eventual predominance of the apoptotic
effect leading to beta cell loss and hyperglycaemia
[45]. The ability of c-myc to mediate cytokine-in-
duced apoptosis appears to be dependent on site-spe-
cific phosphorylation of this proto-oncogene by
MAPK or c-Jun NH2-terminal kinase (JNK) [48, 49].
Interestingly, JNK is highly activated by IL-1β in beta
cells and JNK inhibition has been shown to prevent
IL-1β-mediated beta cell apoptosis [50, 51].

Less well known is the group of genes (termed
LINEs) represented by LINE-3, LINE-4, the 2.4-kb
long interspersed repeat DNA and the L1 retroposon
ORF2. They all represent transposable elements that
replicate via an RNA intermediate (retro-transposons)
similar to that of retroviruses, and they are present in
thousands of copies throughout the genome. Usually,
LINEs are termed silent “fossil DNA” without tran-
scriptional potential and are widely used as markers in
genetic and phylogenetic studies [52]. However, sev-
eral studies have reported functional features of the
LINE elements [46, 47, 53], including a strong associ-
ation with apoptosis. The relevance of these DNA ele-
ments in beta cell destruction is at present unknown,
and it cannot be ruled out that our findings represent a
clone-specific phenomenon.

We did not observe up-regulation of Fas, which is a
known cytokine-induced gene in the beta cell. Howev-
er, consistent with previous findings [22, 28], this
gene has not been shown to be regulated in either pu-
rified primary rat beta cells or INS cells subjected to

mRNA array analysis by arrays similar to ours. Still,
the gene has been found to be regulated by more tradi-
tional mRNA approaches [36, suggesting that the Fas
probes located on the array may display poor affini-
ty/hybridisation to this particular mRNA.

Likewise, we did not observe increased SOCS-3
transcription in the INS-1r3#2 cells in response to the
IL-1β concentration used. In our previous RT-PCR
analysis of rat islets, we observed a small but signifi-
cant induction of SOCS-3 mRNA expression using a
similar IL-1β concentration [15]. However, IL-1β-in-
duced SOCS-3 transcription was dose dependent and
SOCS-3 mRNA expression was much higher at a
higher dose of IL-1β. Indeed, SOCS-3 was also found
to be up-regulated by IL-1β in previous gene array
analyses using a rat insulinoma RIN cell line [54]. In
the present gene array analysis, SOCS-3 was shown to
be down-regulated. However, as evident from the RT-
PCR analysis, this reflects calculations based on a
very low basal expression level. The difference in IL-
1β-induced SOCS-3 expression between the different
systems may reflect differences in kinetics, well
known among different beta cell lines as well as
among native islets of different species.

Proteome analyses of IL-1β-exposed rat islets re-
vealed a complex pattern of altered protein expres-
sion involving both protective and deleterious mech-
anisms, as well as many posttranslational modifica-
tions reflecting activation/deactivation of multiple
pathways [26]. Subsequently, transcriptome-based
analyses have confirmed and expanded these obser-
vations [55]. The combination of experimental ge-
nome, transcriptome and proteome analyses with
bioinformatics may help to elucidate molecular
mechanisms underlying beta cell destruction mediat-
ed by proinflammatory cytokines, and may provide
valuable information about the pathogenesis of type
1 diabetes as well as targets for the development of
preventive or curative strategies [26]. The possibility
of intervening in this process by overexpressing pro-
tective proteins in islets transplanted to diabetic ani-
mals has recently been demonstrated. Overexpres-
sion of A20, a zinc finger protein inhibiting NF-κB
activation and subsequent cytokine- or Fas-mediated
apoptosis, protected transplanted islets and reduced
the number of islets required to obtain normogly-
caemia by 50% in a rat model of type 1 diabetes
[11]. Furthermore, the potential of pharmacological
modulation of protective processes was substantiated
by the finding that a vitamin D analogue inhibited
cytokine-induced beta cell apoptosis through induc-
tion of A20 expression [56]. That members of the
SOCS family may indeed represent interesting tar-
gets in the aim to prevent beta cell destruction is sup-
ported by the recent demonstration that overexpres-
sion of SOCS-1 under the insulin promoter prevented
the development of diabetes in one of two transgenic
NOD lines established [44].
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In conclusion, we have demonstrated that SOCS-3
overexpression not only prevents IL-1β-induced beta
cell destruction but also prevents IL-1β-induced up-
regulation of transcripts encoding several surface
markers and chemokines that could activate or potenti-
ate an immune assault against the beta cells. SOCS-3
represents an attractive target for the development of
novel means to prevent immune-mediated beta cell de-
struction associated with type 1 diabetes through si-
multaneous inhibition of signal transduction at proxi-
mal stages of IFN-induced JAK–STAT-induced and IL-
1β-induced NF-κB-dependent proapoptotic pathways.
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