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Abstract

Aims/hypothesis Exposure of pancreatic beta cells to cyto-
kines released by islet-infiltrating immune cells induces alter-
ations in gene expression, leading to impaired insulin secre-
tion and apoptosis in the initial phases of type 1 diabetes. Long
non-coding RNAs (IncRNAs) are a new class of transcripts
participating in the development of many diseases. As little is
known about their role in insulin-secreting cells, this study
aimed to evaluate their contribution to beta cell dysfunction.
Methods The expression of IncRNAs was determined by mi-
croarray in the MING6 beta cell line exposed to proinflamma-
tory cytokines. The changes induced by cytokines were fur-
ther assessed by real-time PCR in islets of control and NOD
mice. The involvement of selected IncRNAs modified by cy-
tokines was assessed after their overexpression in MING6 cells
and primary islet cells.

Results MING cells were found to express a large number of
IncRNAs, many of which were modified by cytokine treat-
ment. The changes in the level of selected IncRNAs were
confirmed in mouse islets and an increase in these IncRNAs
was also seen in prediabetic NOD mice. Overexpression of
these IncRNAs in MIN6 and mouse islet cells, either alone or
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in combination with cytokines, favoured beta cell apoptosis
without affecting insulin production or secretion.
Furthermore, overexpression of IncRNA-1 promoted nuclear
translocation of nuclear factor of k light polypeptide gene
enhancer in B cells 1 (NF-«B).

Conclusions/interpretation Our study shows that IncRNAs
are modulated during the development of type 1 diabetes in
NOD mice, and that their overexpression sensitises beta cells
to apoptosis, probably contributing to their failure during the
initial phases of the disease.
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Abbreviations

ER Endoplasmic reticulum

GFP Green flourescent protein

IncRNA  Long non-coding RNA

miRNA  MicroRNA

NF-kB  Nuclear factor of k light polypeptide gene en-
hancer in B cells 1

Rela NF-«kB subunit p65

SCID Severe combined immunodeficiency

Introduction

Fine-tuning of insulin release from beta cells is essential to main-
tain blood glucose homeostasis. Type 1 diabetes is an autoim-
mune disease characterised by progressive infiltration of pancre-
atic islets by mononuclear cells, an inflammatory process called
insulitis which leads to gradual destruction of beta cells [1].
During the initial phases of the disease, beta cells are chronically
exposed to cytokines and other pro-apoptotic mediators, released
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by the immune cells infiltrating the islets of Langerhans and by
the islet cells themselves [1]. Prolonged exposure to proinflam-
matory cytokines such as IL-1(3, TNF-« and IFN-y has delete-
rious effects on specialised beta cell functions, which leads to a
decreased capacity to produce and release insulin in response to
secretagogues, and ultimately to beta cell loss by apoptosis [1-4].
A deeper understanding of the mechanisms occurring during this
inflammatory process is of paramount importance to identify
new strategies for preventing and treating the disease.

Chronic exposure of beta cells to cytokines is known to mod-
ulate the expression of many genes, resulting in severe impair-
ment of key signalling pathways [5—7]. Previous studies focused
mainly on protein-coding genes, giving minor attention to a new-
ly identified set of regulatory factors, the non-coding RNAs. In
the context of diabetes, the most studied non-coding RNAs are
the microRNAs (miRNAs) [8]. These molecules, which are im-
portant controllers of gene networks, are critical regulators of
specialised beta cell functions [8] and are involved in beta cell
damage during the development of type 1 diabetes [9, 10]. In
addition to miRNAs, recent transcriptome analysis has identified
another class of functional molecules, the long non-coding
RNAs (IncRNAs) [11-13]. Although the role of IncRNAs re-
mains largely unknown, members of this RNA family have been
involved in diverse gene-regulatory mechanisms such as tran-
scription, imprinting, splicing, protein degradation and epigenetic
marks on chromatin [14-19], and their dysregulation has been
implicated in many human diseases [20, 21]. Little is known
about the role of IncRNAs in the maintenance of beta cell activ-
ities and there are no data regarding the possible contribution of
these molecules to the development of type 1 diabetes.

The aim of this project was to identify the IncRNAs that are
differentially expressed under pathophysiological conditions
favouring the development of type 1 diabetes, and to study their
possible involvement in cytokine-mediated beta cell damage.
We found that proinflammatory cytokines induce considerable
changes in the transcriptional landscape of IncRNAs, some of
which were also confirmed in islets of prediabetic NOD mice, a
well-known model of type 1 diabetes [22]. Studies on the beta
cell line MING6 and in dissociated islet cells showed that over-
expression of a selected subset of IncRNAs, either alone or in
combination with cytokines, promotes beta cell apoptosis. In
this study, we show for the first time that IncRNAs are modu-
lated by proinflammatory cytokines and contribute to beta cell
demise during the initial phases of murine type 1 diabetes.

Methods

Chemicals Recombinant mouse IL-1[3, hexadimethrine bro-
mide, collagenase and Histopaque 1119 and 1077 were pur-
chased from Sigma-Aldrich (St Louis, MO, USA).
Recombinant mouse TNF-« was purchased from Enzo Life
Sciences (Farmingdale, NY, USA), and recombinant mouse
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IFN-y from R&D Systems (Minneapolis, MN, USA).
Hoechst dye 33342 was from Invitrogen (Basel, Switzerland).

Isolation, culture and dissociation of primary islet
cells Mouse pancreatic islets were isolated from female
NOD mice (Jackson Laboratory, Bar Harbor, ME, USA), male
NOD severe combined immunodeficiency (SCID) mice
(Janvier Labs, Le Genest-Saint-Isle, France) and C57BL/6
mice (13-14 weeks old; Charles River Laboratories,
L’ Arbresle, France). All animal procedures were performed
in accordance with the National Institutes of Health guidelines
and protocols were approved by the Swiss research council
and veterinary offices. Mice islets were isolated by collage-
nase digestion [23] of the pancreas followed by Histopaque
density gradient separation. Details about islet handling are
provided in electronic supplementary material (ESM)
Methods.

MING6BI1 cell culture The murine insulin-secreting cell line
MING6BI1 [24] was cultured in DMEM-Glutamax medium
(Invitrogen), supplemented with 15% (vol./vol.) FCS,
50 pg/ml streptomycin, 50 U/ml penicillin (Invitrogen) and
70 umol/l 3-mercaptoethanol (Sigma). Cells were seeded at a
density of 10°/cm? for insulin secretion and RNA isolation,
and at 5x 10%/cm? for cell death measurements.

Microarray profiling Total RNA was isolated with the
RNeasy kit (Qiagen, Basel, Switzerland) from MING6 cells
treated with 0.1 ng/ml IL-1f3, 10 ng/ml TNF-« and 30 ng/ml
IFN-y for 24 h. Global mRNA and IncRNA expression pro-
filing using the Mouse LncRNA Array v2.0 and data analysis
were carried out by Arraystar (Rockville, MD, USA).
Differentially expressed IncRNAs and mRNAs were
identified through Volcano Plot filtering (fold change
>1.5, p <0.05).

Measurement of IncRNA expression Total RNA was isolat-
ed using the RNeasy kit followed by DNase treatment on
column (Qiagen). RNA, 1 pg, was reverse transcribed using
Moloney murine leukaemia virus (M-MLV) reverse transcrip-
tase, RNAse H minus (Promega, Madison, WI, USA). Real-
timex PCR was performed using iQ SYBR Green mix and
samples were amplified using the CFX Connect Real-Time
PCR System (Biorad, Hercules, CA, USA). The full primer
list is presented in ESM Table 1.

Transfection and lentiviral infection MIN6B1 cells were
transfected with a control pcDNA3 plasmid or with the same
plasmid containing the sequences to translate the IncRNAs
(pcDNA3 IncRNA-1; pcDNA3 IncRNA-2,
pcDNA3 IncRNA-3, pcDNA3 IncRNA-4), using
Lipofectamine 2000 (Invitrogen). Plasmids containing the se-
quence of the IncRNA of interest or a gfp mRNA were used to
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produce lentiviral vectors, as described [25]. Details of
lentiviral manipulation are provided in ESM Methods.

Insulin secretion Insulin secretion from MIN6B1 cells
transfected with the relevant plasmids for 48 h was carried
out as previously described [10].

Assessment of cell death The percentage of apoptotic cells
was determined by scoring the fraction of cells displaying
pycnotic nuclei under fluorescence microscopy (AxioCam
MRc5, Zeiss, Feldbach, Switzerland) after incubation with
1 pg/ml Hoechst dye. At least 500 cells were inspected for
each condition.

NF-«kB nuclear translocation MIN6B1 cells were
transfected with a plasmid expressing a green fluorescent pro-
tein (GFP)-tagged form of the human nuclear factor of k light
polypeptide gene enhancer in B cells 1 (NF-kB) subunit p65
(Rela) and/or the plasmid expressing the IncRNA of choice.
At 24 h after transfection, the cells were treated with the indi-
cated cytokines for 3 h, fixed and mounted on a cover slip for
microscopic examination. The fraction of cells displaying nu-
clear localisation of p65 was calculated after analysing around
1,500 cells for each condition.

Statistical analysis Data are presented as mean=SEM.
Statistical differences were assessed by two-tailed paired
Student’s ¢ test when only two sets of data were present
(Figs 2 and 6a—d) or by one-way ANOVA followed by
Tukey’s post hoc test, with a discriminating p value of 0.05
(GraphPad Prism 5, San Diego, California, USA).

Results

To investigate the possible contribution of IncRNAs to beta
cell dysfunction, MING6 cells were incubated for 24 h with a
mix of cytokines. The expression profile of protein-coding
genes and of previously annotated IncRNAs was determined
by microarray analysis. In agreement with previous reports in
INSIE cells [5, 26], rat beta cells [6], mice islets [27] and
human islets [7], cytokines modified the expression of numer-
ous protein-coding genes involved in inflammatory responses
(i.e. Ccl2, Cxcll, Cxcl2, Icaml, IL15), IFN-y signalling (i.e.
Irfl, Irf7, Igtp, Statl, Stat2, Stat3, Stat4 and Jak3), NF-kB
regulation (i.e. Nfkbia, Nfkb2, Nfkbiz), endoplasmic reticulum
(ER) stress and apoptosis (4¢3, Atf6, Atf2, Bid, Bikl, Caspl,
Casp4, Chop [also known as Ddit3]) and others (ESM
Table 2). Hierarchical clustering showed a distinguishable
IncRNA expression profile in the two groups of samples ob-
tained from MING6 cells (Fig. 1a). Control MIN6 cells
expressed 18,066 of the 31,000 transcripts included in the
array. On treatment with cytokines, 467 transcripts were

upregulated and 219 were downregulated (Fig. 1b and ESM
Table 3). Under control conditions, the average raw expres-
sion level of IncRNAs was about three times lower than that of
protein-coding genes and six times lower than that observed
after exposure to cytokines (data not shown). Four upregulat-
ed IncRNAs, which for simplicity will be hereafter referred as
IncRNA-1, -2, -3 and -4, were selected for further analysis.
LncRNA-1, -2 and -3 were chosen because they displayed the
most significant expression changes. LncRNA-4 was selected
because it is intergenic and the full sequence was available.
The fold changes of these IncRNAs in response to cytokine
treatment, and their genomic location are displayed in Fig. 1c.

The increase in the four IncRNAs upregulated by cytokines
was confirmed by quantitative real-time PCR (Fig. 2a—d).
These IncRNAs were almost undetectable in control MIN6
cells, and after incubation with cytokines for 24 h the expres-
sion of IncRNA-1, -2, -3 and -4 increased by 1,072-, 148-,
209- and 3.8-fold, respectively (Fig. 2a—d). Similar results
were observed in islets isolated from C57BL/6N mice incu-
bated with the same cytokines for 24 h, with IncRNA-1, -2, -3
and -4 being upregulated 520-, 26-, 36- and 3.6-fold, respec-
tively (Fig. 2e-h). Similar data were obtained when the data
were normalised using 18S ribosomal RNA instead of Gapdh
(ESM Fig. 1). These changes appeared to be specifically in-
duced by cytokines, as they were not observed when MIN6
cells were incubated with palmitate or with the glucagon-like
peptide-1 (GLP1) analogue exendin-4 (ESM Fig. 2). The ex-
pression of these IncRNAs increased rapidly after treatment
with cytokines; the induction of IncRNA-1 and -2 was signif-
icant after 6 h treatment, whereas that of IncRNA-3 and -4 was
already significant after 2 h treatment (Fig. 3). Incubation of
MING cells with different combinations of proinflammatory
cytokines showed that IFN-y alone was sufficient to induce
the expression of IncRNA-1, IncRNA-3 and IncRNA-4
(Fig. 4). The changes seen for IncRNA-2 reached statistical
significance only in the presence of a mix of cytokines
(Fig. 4).

Subsequently, we studied whether changes in the level of
islet IncRNAs precede the development of type 1 diabetes in
NOD mice. Although a minor infiltration of lymphocytes has
been reported as early as at 4 weeks of age, in these mice peri-
insulitis (a leucocytic lesion on the pole of the islet) becomes
evident between 6 and 8 weeks and by week 12 is present in
the majority of islets [22, 28]. In this study, we used predia-
betic female NOD mice displaying normal blood glucose
levels and we isolated the islets at 4, 8 and 13 weeks of age.
We found that the levels of IncRNA-1 and IncRNA-2 were
significantly higher in the islets of 8 and 13 week old mice
than in those of 4 week old mice. LncRNA-3 expression was
also higher in the islets of 8 week old mice compared with
4 week old mice, while IncRNA-4 did not reach statistical
significance (Fig. 5). The expression of these IncRNAs was
not modified in NOD SCID mice that do not develop type 1
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Fig. 1 (a) Hierarchical clustering
of the samples analysed by
microarray. The dendrogram
shows the relationship between
the expression of control samples
(3 replicates) and samples
exposed for 24 h to 0.1 ng/ml
IL-183, 10 ng/ml TNF-« and

30 ng/ml IFN-y (3 replicates).
Red, high expression; blue, low
expression. (b) Volcano plot
summarising the results obtained
by microarray, in which control
and cytokine-exposed MING cells
are compared. Significantly up- or
downregulated transcripts are in
red. (¢) Studied IncRNAs with
fold changes, p values and
genomic locations. Cyt Mix,
cytokine mix; Ctrl, control
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Fig. 2 The four IncRNAs are induced by proinflammatory cytokines.
MING cells (a—d) and mouse islets (e-h) were incubated in the absence
(0) or presence of 0.1 ng/ml IL-1f3, 10 ng/ml TNF-« and 30 ng/ml IFN-y
(24 h incubation). The expression levels were measured by real-time PCR
and normalised to those of Gapdh. The results are means+=SEM of three to
six independent experiments. "p<0.05, p<0.01 and ***p<0.001 vs control
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diabetes (ESM Fig. 3), demonstrating that their upregulation is
linked to the autoimmune reaction.

We then tested whether the changes in the expression of
these IncRNAs affect specific beta cell functions.
Overexpression of the four IncRNAs in MING6 cells (ESM
Fig. 4) did not modify the insulin mRNA level (ESM
Fig. 5), the insulin content (Fig. 6a—d) or insulin release
(Fig. 6e-h). Prolonged exposure of beta cells to cytokines
sensitises them to apoptosis [1, 3]. The expression of the four
IncRNAs is controlled by cytokines and rises concomitantly
with the increase in insulitis (Fig. 5), suggesting that they may
be involved in the events causing beta cell failure. Therefore,
we investigated whether the modulation of these IncRNAs
affects beta cell survival. We found that overexpression of
IncRNA-3 and IncRNA-4 in MING6 cells is sufficient to in-
crease the number of apoptotic cells, and that this effect is
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Fig. 3 Time course of the induction of the IncRNAs. MING6 cells were
incubated for the indicated periods with 0.1 ng/ml IL-1(3, 10 ng/ml TNF-«
and 30 ng/ml IFN~y (a—d). The expression was measured by real-time PCR
and normalised to that of Gapdh. The results are means+SEM of three
independent experiments. “p<0.05 and ~**p<0.001 vs the control at 0 h
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Fig. 4 IFN-y is sufficient to a

induce the expression of the 300
IncRNAs. MING cells were
incubated in the presence or
absence of different cytokines at
the concentrations given in the
previous figures (a—d). The
expression was measured by real-
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not increased in the presence of cytokines (Fig. 7c, d). In
contrast, overexpression of either IncRNA-1 or IncRNA-2
alone did not modify the proportion of apoptotic cells.
However, the overexpression of these IncRNAs increased ap-
optosis when the cells were concomitantly incubated with low
doses of IL-13 or TNF-«, which alone did not affect cell
survival (Fig. 7a, b), suggesting that the combination of both
signals is necessary to trigger apoptosis. Similar results were
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Fig. 5 The expression of IncRNA-1, -2 and -3 increases with insulitis in
islets of NOD mice. Islets were isolated from female mice aged 4, 8 and
13 weeks. The level of the four IncRNAs was measured by real-time PCR
and normalised to that of Gapdh (a—d). " p<0.01 vs the levels measured
in 4-week-old animals. Wks, weeks

obtained in mice islets (Fig. 7e, f), transduced with lentiviral
vectors (ESM Fig. 6). We then investigated whether the over-
expression of these IncRNAs, either alone or in combination
with IL-1{3, modifies the level of some members of the Bcl-2
family (Bik! and Bid) or of the downstream ER-stress-related
genes Chop and A#f3. No significant effect was observed on
any of these genes (ESM Fig. 7).

Although basal NF-kB activity is required for normal insu-
lin release [29], induction of the NF-kB pathway plays a cen-
tral role in cytokine-induced apoptosis [30]. Translocation of
NF-kB to the nucleus is one of the initial events occurring
shortly after exposure to IL-13 [31]. In view of the potential
crosstalk with the NF-«kB pathway, we transfected MING6 cells
with a GFP-tagged form of p65, one of the NF-kB subunits in
the predominant dimers (p65/p65 and p65/p50) found in IL-
13-exposed beta cells [32], and we monitored its translocation
to the nucleus on overexpression of each of the four IncRNAs.
We found that incubation of cells in the presence of low doses
of IL-1$3 (0.1 ng/ml) or IFN-y (30 ng/ml) does not affect the
intracellular distribution of NF-kB (Fig. 8, ESM Fig. 8). In
contrast, incubation with higher doses of IL-13 (10 ng/ml) or
IFN-y (300 ng/ml) led to an increase in the fraction of cells in
which NF-«B is localised in the nucleus. Of the four IncRNAs
studied, only overexpression of IncRNA-1 mimicked the ef-
fect of high doses of IL-1f3 or IFN-y, and increased the frac-
tion of cells in which p65 is localised to the nucleus (Fig. 8).
This effect was not further potentiated by exposing the cells to
IL-1p (Fig. 8).
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Fig. 6 Overexpression of the IncRNAs does not affect insulin content or
secretion. MING cells were transfected for 48 h with an empty plasmid
(vector) or a plasmid enabling the transcription of an individual IncRNA.
The cellular insulin content was measured by ELISA (a—d). To test their
secretory properties, the cells were incubated with 2 or 20 mmol/l glucose
for 45 min. Basal and glucose-induced insulin release were assessed by
ELISA (e-h). The results represent means=SEM of three to six indepen-
dent experiments

Discussion

Type 1 diabetes is characterised by progressive islet infiltra-
tion by immune cells releasing cytokines and other pro-
apoptotic mediators that contribute to beta cell death during
the initial phases of the disease [1]. In diabetes-prone NOD
mice beta cell apoptosis precedes substantial lymphocytic in-
filtration [33, 34], supporting the notion that inflammatory
mediators released by infiltrating cells play a major role in
beta cell death. Accordingly, chronic exposure to proinflam-
matory cytokines has detrimental effects on specialised beta
cell functions [1-4] and affects the expression of protein-
coding genes and of small non-coding RNAs [5—7]. We pre-
viously showed that changes in the level of miRNAs can
affect the secretory capacities of beta cells and their sensitivity
to apoptosis [9, 10]. Here, we not only demonstrate that incu-
bation of MING cells with a mix of T helper 1 cytokines results
in considerable changes in the expression of protein-coding
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Fig. 7 Overexpression of the IncRNAs triggers apoptosis. (a—d) MIN6
cells were transfected with a control plasmid (vector; grey) or with plas-
mids overexpressing IncRNA-1 (a); IncRNA-2 (b); IncRNA-3 (¢) or
IncRNA-4 (d) (black). After 24 h, the cells were incubated for another
24 h with or without single cytokines or a mix of the three at a concen-
tration of 0.1 ng/ml IL-1f3, 10 ng/ml TNF-o and 30 ng/ml IFN-y. Dis-
persed mouse islet cells were transduced with a control lentiviral vector
expressing GFP or a vector expressing the IncRNA of interest (e, GFP in
white, IncRNA-1 in grey and IncRNA-2 in black; f, as indicated). Incu-
bation with cytokines was performed as described above. The proportion
of cells showing pycnotic nuclei was scored. Fold changes were calculat-
ed by dividing the values by the percentage of pycnotic nuclei observed in
controls (a—d). The results are the means+SEM of four to six independent
experiments. “p<0.05 and ~p<0.01 vs control. Ctrl, control; Cyt Mix,
cytokine mix

genes involved in inflammatory responses, [FN-y signalling,
NF-kB regulation, ER stress and apoptosis similar to those
shown in previous reports [5-7, 26, 27] but we also reveal
for the first time that it causes major modifications in
IncRNA expression. Despite extensive research, the role of
the majority of these transcripts is still unknown and no infor-
mation is available regarding their contribution to the mainte-
nance of beta cell function and the development of type 1
diabetes. We found that MING6 cells express many previously
annotated IncRNAs, and that a considerable fraction of these
transcripts are modulated in the presence of proinflammatory
cytokines. In agreement with previous studies [35, 36], we
found that the average levels of IncRNA expression in
MING cells were lower than those of protein-coding genes.
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Fig. 8 Overexpression of IncRNA-1 induces the nuclear translocation of
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number of cells displaying nuclear NF-«kB localisation were scored. Data
were normalised to the values of control p65 with no cytokine exposure.
The results shown represent means+SEM of six independent experi-
ments. "p<0.05 vs the control value (p65, no cytokine exposure). Ctrl,
control

We focused on four IncRNAs and demonstrated that the
proinflammatory cytokines modulate their expression in
mouse islets. IFN-y was sufficient to induce the expression
of these IncRNAs. Interestingly, in NOD mice during the ini-
tial phases of the disease, the islet genes displaying the higher
expression changes are all induced by IFNs [28]. The expres-
sion of the four tested IncRNAs is rapidly increased by cyto-
kines, suggesting that these IncRNAs act early in the cascade
of events activated by the inflammatory mediators, and culmi-
nating in cell death. This is not surprising as the expression of
many protein-coding genes involved in beta cell apoptosis is
already modified after 2 h exposure to cytokine [5, 26].

Subsequently, we investigated whether changes in the level
of these IncRNAs precede the development of diabetes and we
measured their expression in islets of normoglycaemic NOD
mice of increasing age. We found that the levels of IncRNA-1,
IncRNA-2 and IncRNA-3 increase with age, paralleling the de-
velopment of insulitis in the early phases of the disease [22, 28].
This was not observed in NOD SCID mice, which are immu-
nodeficient and do not develop diabetes, suggesting that the
induction of these IncRNAs is a consequence of the autoim-
mune reaction. In NOD mice autoimmune destruction of beta

cells is preceded by defective insulin secretion [37]. However,
none of the IncRNAs investigated had an impact on insulin
biosynthesis and release. As in NOD mice beta cell apoptosis
precedes substantial lymphocytic infiltration [33, 34] and
prolonged exposure to cytokines sensitises beta cells to apopto-
sis [1-4], we assessed whether the modulation of IncRNAs af-
fects the survival of insulin-secreting cells. Indeed, overexpres-
sion of IncRNA-3 and IncRNA-4 was sufficient to increase
apoptosis of MIN6 and mouse islet cells. In contrast, IncRNA-
1 and IncRNA-2 induced apoptosis only in cells concomitantly
exposed to low doses of IL-13 or TNF-«. This suggests that
IncRNA-1 and -2 trigger apoptosis only when the beta cells
receive a combination of signals generated by the activation of
different inflammatory pathways. This is reminiscent of the
events occurring in the initial phases of type 1 diabetes when
beta cell death is believed to be elicited by prolonged exposure
to a combination of inflammatory mediators, rather than to low
doses of a single cytokine [38]. Cytokines modify the level of
many genes belonging to the Bcl2 family [6, 39] and activate the
ER stress response [40]. Overexpression of the four IncRNAs,
alone or in combination with IL1-[3, neither altered the expres-
sion of the pro-apoptotic Bc/2 family members Bik! and Bid, nor
affected the levels of the downstream ER stress-related genes
Chop and Atf3, suggesting that they may not operate through
activation of these genes.

Stimulation of beta cells with either IL-13 or TNF-« re-
sults in the activation of NF-kB [41], a key regulator of gene
networks controlling cytokine-induced beta cell dysfunction
and death [30]. Indeed, inhibition of NF-kB activation in vitro
by overexpression of inhibitory kB (IkB) protects beta cells
against cytokine-induced apoptosis [42, 43]. Furthermore, be-
ta cell-specific NF-kB blockade in vivo prevents
streptozotocin-induced diabetes development [44]. The trans-
location of NF-kB into the nucleus is one of the initial events
occurring shortly after exposure to IL-13 or TNF-x [31]. In
INSIE cells, IL-1{3 triggers a stronger induction of NF-kB
target genes compared with TNF-«, partly because it elicits
an earlier translocation of NF-kB into the nucleus [31] and a
more stable activation of this signalling pathway [32]. We
found that IncRNA-1 promotes the translocation of p65 into
the nucleus, mimicking the effects observed when the cells are
exposed to high doses of IL-13 and IFN-y. On overexpres-
sion of IncRNA-1, low doses of IL-1[3 are sufficient to induce
apoptosis. Thus, sensitisation of beta cells overexpressing
IncRNA-1 to apoptosis may at least in part be caused by
NF-kB nuclear translocation. Our findings indicate a possible
crosstalk of IFN-y with the NF-«kB pathway in beta cells.
IFN-y exerts its functions mainly through the Janus kinase
(JAK)-signal transducer and activator of transcription (JAK-
STAT) cascade [45], but accumulating evidence indicates that
in some cell types IFN-y can also activate the NF-kB pathway
[46, 47]. The mechanisms through which the NF-«kB pathway
may mediate the actions of I[FN~y remain largely unknown.
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Our data suggest that IncRNAs could provide a link between
the two signalling cascades. Further studies will be needed to
elucidate the precise mechanism through which IncRNA-1
induces the nuclear translocation of NF-kB and, in general,
to understand the role of IncRNA-2, IncRNA-3 and IncRNA-4
in beta cell apoptosis.

Overall, our findings show that proinflammatory cytokines
induce extensive changes in the expression of previously an-
notated IncRNAs. The study of four selected IncRNAs shows
that the expression of these non-coding transcripts increases
with the development of insulitis in NOD mice and that their
modulation increases beta cell apoptosis, suggesting that they
may contribute to cytokine-mediated beta cell dysfunction
occurring during the initial phases of type 1 diabetes. The four
IncRNAs investigated in this study are most probably not the
only long non-coding transcripts contributing to beta cell de-
mise. In fact, our data have highlighted dramatic changes in
the level of many other IncRNAs elicited by cytokines and
these inflammatory mediators may potentially also affect the
expression of some of the recently described beta cell-specific
mouse IncRNAs [48] that were not included in the array.

Future studies will not only need to elucidate the contribu-
tion of all these IncRNAs in the development of type 1 diabetes
in mice but will also need to assess whether the same mecha-
nism operates in humans. This promises to be a difficult task
because, although the function of IncRNAs is likely to be main-
tained, the conservation of the sequence throughout species can
be as little as 21%, with exons being under less evolutionary
constraint than in protein-coding genes [35, 49]. The genomic
loci from which the four IncRNAs are generated produce a
large number of partially overlapping transcripts and it was
not possible to identify with certainty their human orthologues.
New computational approaches based on the analysis of the
secondary structure rather than on sequence conservation will
be necessary to precisely identify the human transcripts corre-
sponding to the IncRNAs investigated in this study.
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