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Abstract
Aims/hypothesis Pro-inflammatory cytokines induce death
of pancreatic beta cells, leading to the development of type
1 diabetes. We sought to identify novel players and the
underlying mechanisms involved in this process.
Methods A high-throughput screen of 3,850 mouse small
interfering RNAs (siRNAs) was performed in cytokinetreated MIN6 beta cells. Cells were transfected with the
different siRNAs and then treated with a combination of
TNFα, IL-1β and IFNγ. Cellular apoptosis (caspase-3/7
activity), and changes in cellular reducing power and cell
morphology were monitored. The resulting data were
analysed and the corresponding z scores calculated.
Results Several gene families were identified as promoting
cytokine-induced beta cell apoptosis, the most prominent
being those encoding ubiquitin ligases and serine/threonine
kinases. Conversely, deubiquitinating enzymes appeared to
reduce apoptosis, while protein phosphatases were mainly
associated with lowering cellular reducing power. The
screen suggested with high confidence the involvement of
several novel genes in cytokine-induced beta cell death,
including Camkk2, Epn3, Foxp3 and Tm7sf3, which
encodes an orphan seven transmembrane receptor. siRNAs
to Tm7sf3 promoted cytokine-induced death of MIN6 cells
and human pancreatic islets, and abrogated insulin secretion
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in these cells. These findings implicate transmembrane 7
superfamily member 3 as a potential new player in the
inhibition of cytokine-induced death and in the promotion
of insulin secretion from pancreatic beta cells.
Conclusions/interpretation The signalling pathways and
novel genes that we identified in this screen and that mediate
beta cell death offer new possible targets for therapeutic
intervention in diabetes and its adverse complications.
Keywords Pancreatic beta cells . Pro-inflammatory
cytokines . siRNA screens . TM7SF3
Abbreviations
cIAP
Cellular inhibitor of apoptosis protein
CTB
CellTiter Blue
3D
Three-dimensional
DISC
Death-inducing signalling complex
FADD
Fas (TNFRSF6)-associated via death domain
GSIS
Glucose-stimulated insulin secretion
HTS
High-throughput screen
IKK
IκB kinase
JNK
JUN N-terminal kinase
NF-κB
Nuclear factor κB
siRNA
Small interfering RNA
TM7SF3 Transmembrane 7 superfamily member 3

Introduction
Islet transplantation is the only current treatment for type 1
diabetes that brings about insulin independence [1]. Over
time, however, these islet allografts deteriorate, usually
within 2 to 5 years following transplantation, with patients
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returning to insulin dependence [1]. Treatment failure is
primarily attributed to inflammatory reactions triggered by
cytokines and free radicals capable of inflicting severe beta
cell damage [2]. Pro-inflammatory cytokines such as IL-1ß,
TNFα and IFNγ induce beta cell death through production
of the transcription factors nuclear factor κB (NF-κB) and
signal transducer and activator of transcription 1 [3]. The
latter acts through the activation of JUN N-terminal kinase
(JNK) [3], whereas NF-κΒ activation promotes production
of nitric oxide and a variety of inflammatory chemokines,
as well as depletion of calcium from the endoplasmic
reticulum, thus inducing beta cell death by apoptotic and
non-apoptotic processes [3].
Microarray experiments have revealed that ∼1,500 genes
are up- or downregulated in beta cells after exposure to
different combinations of cytokines, illustrating the large
number of potential players in the process leading to beta
cell death [4–6]. However, microarray studies have not
been able to discriminate between genes that induce beta
cell death and those that are up- or downregulated as a
consequence of the death process. The complexity of the
system is further illustrated by the fact that exposure of beta
cells to IL-1β alone is insufficient to induce cell death and
that only when IL-1β is combined with IFNγ does
significant cell death occur [7]. Inflammatory responses
lead to the activation of cytokine receptors, recruitment of
adapter molecules and formation of the death-inducing
signalling complex (DISC), which, in turn, triggers apoptosis [8]. Nevertheless, despite the well documented
involvement of apoptosis in beta cell death [3, 9],
alternative death mechanisms such as necrosis [10] have
also been implicated in this process [11].
In the present study we conducted a high-throughput
screen (HTS) for the effects of specific small interfering RNAs
(siRNAs) [12] with a view to identifying novel players
involved in the induction of cytokine-induced death of
pancreatic beta cells and exploring the underlying mechanisms involved. Screening of siRNA libraries has become an
increasingly effective approach in functional genomics [13],
leading to the identification of novel genes involved in diverse
cellular processes such as tumour suppression, cell proliferation, apoptosis, proteasome and p53 functions, adhesion
formation and NF-κB activation [14]. These rather promising
studies provided the incentive for the current study, in which
MIN6, an established glucose-responsive and insulinsecreting mouse beta cell line [15], was used to search for
novel genes involved in cytokine-induced beta cell death.
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Israel), 3 nmol/l IFN-γ and 1.5 nmol/l IL-1β (MD
Biosciences, Ness Ziona, Israel). Their biological activities
were 10 units/ng (TNFα, IFN-γ) and 200 units/ng (IL-1 β).
Isolation of murine islets Digested pancreases were filtered
through 1,000 and 500 μm sieves, and islets >75 and
<250 μm were handpicked under a stereoscope. Islets were
cultured in RPMI 1640 medium containing 5 mmol/l glucose,
10% (vol./vol.) FCS, 2 mmol/l L-glutamine, 100 units/ml
penicillin, 100 μg/ml streptomycin and 40 μg/ml gentamycin,
and were used within 48 h of isolation.
Culture of human islets Isolated human islets (>90% purity)
were provided by the European Consortium for Islets
Transplantation (ECIT; Islet for Basic Research programme;
http://ecit.dri-sanraffaele.org/en/islet-transplatntation/index.
html) through a Juvenile Diabetes Research Foundation
award 31-2008-413. Islets were cultured at 37°C in a 5%
CO2 humidified atmosphere in CMRL 1066 medium
containing 10% (vol./vol.) FBS, 2 mmol/l L-glutamine, 100
units/ml penicillin, 100 μg/ml streptomycin, 0.25 μg/ml
amphotericin and 40 μg/ml gentamycin. The medium was
changed every other day. Human islets were dispersed by
4 min incubation at 37°C with trypsin/EDTA. Trypsinised
islets were washed with cold CMRL 1066 medium containing 10% (vol./vol.) FBS, gently pipetted and re-suspended in
CMRL 1066 containing 10% (vol./vol.) FBS. Human islets
studies received Ethics Committee approval.
Mice Male C57BL/6 J mice (Harlan Laboratories, Rehovot,
Israel) (aged 8–10 weeks) were housed under standard
light/dark conditions with free access to food and water.
Experiments were approved by the Animal Care and Use
Committee of the Weizmann Institute of Science.

Methods

High-throughput screening High-throughput screens were
carried out, as detailed in the electronic supplementary
material (ESM), using selected siRNA SMARTpool libraries purchased from Dharmacon (Lafayette, CO, USA).
Altogether, these libraries targeted 3,850 non-redundant
mouse genes (ESM Table 1). Each SMARTpool contained
four different siRNA duplexes targeting a particular mRNA.
Using a robot (BIOMEK FX; Beckman-Coulter, Brea, CA,
USA), four aliquots of each siRNA SMARTpool were
transferred into four 384-well plates to reach a final siRNA
concentration of 25 nmol/l per well. To avoid potential bias
caused by a given well position, each aliquot was placed in
a different location in the four plates. Thus each siRNA was
screened as four independent ‘biological replicates’, augmenting the reliability of the screen.

Cytokines The cytokine mixture (Cytomix) consisted of
3 nmol/l TNFα (Prospec-Tany Technogene, Rehovot,

Other methods Further details on materials, cells, assays of
glucose-stimulated insulin secretion (GSIS) and caspase-3/7
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activity, cellular reducing power, quantitative RT-PCR,
immunofluorescence and live cell imaging are available in
the ESM.

Results
Effects of pro-inflammatory cytokines on beta cell
viability Isolated pancreatic islets are the physiological
system of choice to screen for siRNAs of genes associated
with cytokine-induced beta cell death; however, their
heterogeneity makes them less than optimal for large-scale
HTS of siRNAs. As an alternative, we carried out a screen
using the MIN6 insulin-secreting beta cell line. As shown
in ESM Fig. 1, insulin secretion from MIN6 cells treated
with 20 mmol/l glucose was sixfold higher than basal
secretion at 0.3 mmol/l glucose. We thus confirmed
previous findings [15] and concluded that our line of
MIN6 cells was indeed glucose-responsive and appropriate
for further experimentation.
Cytokines induce beta cell death by means of apoptotic
and non-apoptotic mechanisms [16]. To characterise the
apoptotic effects of cytokines, MIN6 cells were incubated
with a combination of 3 nmol/l TNFα, 3 nmol/l IFN-γ and
1.5 nmol/l IL-1β (Cytomix) for varying periods of time.
The optimum time-window for siRNA expression (48–72 h
after transfection) was taken into account; thus, the
maximal feasible time for Cytomix stimulation (beginning
24 h after transfection) could not have been longer than
48 h. As shown in ESM Fig. 2, high levels of MIN6 cell
death were achieved when cells were treated with Cytomix
for 48 h. This was evident from the increased caspase-3/7
activity (ESM Fig. 2a), lower reducing power (CellTiter
Blue [CTB] assay; ESM Fig. 2b) and changes in cell
morphology (ESM Fig. 2c).
Cellular reducing power largely correlates with cellular
ATP levels; the higher the reducing power, the higher the
rate of ATP production [17]. Non-apoptotic beta cell death
is linked to a decrease in cellular reducing power, which
results in a decline in cellular ATP levels [18]. To assess the
relative contribution of apoptotic vs non-apoptotic aspects
of cytokine-induced death, MIN6 cells were treated with
cytokines in the presence of the caspase inhibitor (zVADfmk) or an inhibitor (necrostatin-1) of receptor-interacting
protein 1, a key enzyme in the necrotic process [10].
Inclusion of zVAD-fmk effectively inhibited (∼80%)
cytokine-induced activation of casapse-3/7 in MIN6 cells
(ESM Fig. 3) and resulted in partial protection (45–60%) of
MIN6 cells (ESM Fig. 4a) and primary murine islets (ESM
Fig. 4b) from a decrease in their reducing power induced by
cytokines. Necrostatin-1 was at least as effective as zVADfmk in conferring protection from cytokine-induced death
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of MIN6 cells (∼50%) or mouse islets (∼100%; ESM
Fig. 4). These findings suggest that cytokines induce
apoptotic and necrotic forms of death, with different
contributions in MIN6 cells and primary murine islets.
High-throughput screening for modulators of cytokineinduced beta cell death High-throughput screens for regulators of cytokine-induced beta cell death were carried out
using selected siRNA libraries (Dharmacon). The libraries
(ESM Table 1) were chosen on the basis of a possible
involvement of their target genes in the modulation of
cytokine-induced beta cell death. They included siRNAs
that target protein kinases, phosphatases, ubiquitin ligases,
deubiquitinating enzymes, receptors, ion channels, transcription factors, etc. Altogether, these libraries targeted
3,850 non-redundant mouse genes. The libraries were
screened for their effects on caspase-3/7 activity, cellular
reducing power determined by CTB fluorometric assay
(Promega, Madison, WI, USA) and morphological changes
in MIN6 cells treated with cytokines (Fig. 1). siRNA ‘hits’
with z scores Q2.0 in these screens are listed in ESM
Table 2. The screens identified a number of siRNAs that
target genes previously unknown to be involved in
cytokine-induced beta cell death, along with genes known
as mediators of this process. The latter included caspase-3
3,850 genes

siRNA transfection
Gene knockdown
Cytomix addition

Check viability

CellTiter Blue

14 hits

Caspase-3/7 activity

zVAD-fmk
755 genes

30 hits

Automated microscope

5 hits

16 highly validated hits

Fig. 1 Schematic representation of the HTSs. Individual siRNAs
(n=3,850) were transfected into MIN6 cells, which were further
treated with cytokines. The effects of the siRNAs were analysed using
three different HTS techniques: (1) a CTB screen, which measures
cellular reducing power; (2) caspase-3/7 activity screen, as a measure
of apoptosis; and (3) an automated microscopy screen to identify
changes in cell morphology. A total of 755 selected siRNAs were
transfected into cells treated with cytokines and zVAD-fmk, and
subjected to HTS using CTB. The different screens yielded the
indicated number of potential ‘hits’, determined as described above
(Methods). In the caspase-3/7 screen 30 ‘hits’ had z scores >2 (see
ESM Table 2) and were subjected to validation. Of those, 16 (listed in
Table 1) were found to be highly validated
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itself, as well as siRNAs to Tia1 (which encodes an
apoptosis-promoting factor) [19], Pou4f2 (which enhances
the pro-apoptotic effects of p53) [20] and Lmx1b [21],
which regulates the expression of NF-κB target genes, a
key element in the induction of beta cell apoptosis [22].
Similarly, Atg4b [23] scored high in the CTB screen.
Distribution of apoptosis-inducing genes in individual
libraries To evaluate the distribution of apoptosisinducing genes in the different libraries, each library was
divided into ten bins, each representing a range of z scores.
The width of each bin represented the fraction of siRNAs
that had z scores within an indicated range (e.g. z scores
1.0–1.5 in the sixth bin; Fig. 2). As expected, the library of
siRNAs related to cytokine receptors included the largest
fraction of pro-apoptotic genes (with siRNAs having high
negative z scores; the ‘Dark red’ library). The library of
ubiquitin ligases was also highly enriched in pro-apoptotic
genes. Conversely, the library of deubiquitinating enzymes
included the largest fraction of anti-apoptotic genes (siRNAs with high positive z scores; the ‘Orange’ library).
Comparison of libraries promoting apoptotic vs nonapoptotic beta cell death Apoptotic cell death requires
high cellular ATP levels, while non-apoptotic (e.g. necrotic)
cell death is characterised by a reduction in cellular ATP
content [24]. To identify gene families associated with these
processes, we compared the results of the screens in which
cellular reducing power and caspase-3/7 activity were
analysed. The list of 3,850 z scores from each screen was
limited to a threshold that included only z scores in the
upper 25% top or bottom fraction of the entire population.
Based on this criterion, siRNAs were divided into four
categories (Fig. 2): (1) low caspase/high CTB z scores,
representing siRNAs to pro-apoptotic and pro-necrotic
genes; (2) high caspase/high CTB z scores, i.e. siRNAs to
anti-apoptotic and pro-necrotic genes; (3) low caspase-3/
low CTB z scores, i.e. siRNAs to pro-apoptotic and antinecrotic genes; and (4) high caspase-3/low CTB z scores,
representing siRNAs to anti-apoptotic and anti-necrotic
genes.
Next, the distribution of siRNAs that corresponded to the
above criteria within individual libraries was determined.
As shown in Fig. 2, the library of deubiquitinating enzymes
was enriched in siRNAs to anti-apoptotic and anti-necrotic
genes, whereas the libraries of cytokine receptors and
ubiquitin ligases were enriched in siRNAs to pro-apoptotic
genes. Similarly, the library of protein phosphatases was
enriched in pro-necrotic genes, while the family of protein
kinases was enriched in pro-apoptotic genes. These results
suggest that the ubiquitin system and kinases/phosphatases
are highly involved in regulating cytokine-induced beta cell
death.
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Cytokine receptors
Intracellular trafficking
Ubiqutin ligases
G-protein coupled receptors
Phosphatases
Transcription factors
Cell cycle regulation
Apoptosis
Proteases
Glycobiology
Tyrosine kinases
Insulin signalling
Membrane trafficking
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MAPK
Beta cell death
Deubiquitinating enzymes

Proapoptotic

Anti-apoptotic

b
Caspase-3
CTB

c

Low
High

Low
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High
High
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Low

Cytokine receptors
Ubiqutin ligases
Protein kinases
G-protein coupled receptors
Intracellular trafficking
Transcription factors
Proteases
Tyrosine kinases
Phosphatases
Glycobiology
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Cell cycle regulation
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Membrane trafficking
Beta cell death
MAPK
Deubiquitinating enzymes

Fig. 2 Distribution of z scores in individual libraries. a The sorted
z scores of 3,850 siRNAs that were screened for caspase activity were
divided into ten bins, each representing a range of z scores from
lowest to highest, using MATLAB R2007a (http://www.mathworks.
com/help/toolbox/compiler/rn/bq249ht.html). The distribution of
z scores in individual libraries were then calculated. The width of
each bin represents the fraction of siRNAs with z scores of the
indicated range. Dark red, lowest z scores; yellow, highest z scores.
b The threshold of the sorted z scores of the 3,850 siRNAs that had
been screened for caspase activity (apoptosis) or cellular reducing
power (CTB) was set to include only z scores falling within the upper
25% top or bottom fraction of the population. Based on these criteria,
the siRNAs were divided into four categories as indicated. c The
fraction of siRNAs with z scores within individual libraries was
determined. The libraries were then sorted according to their apoptotic
or non-apoptotic (e.g. necrotic) features. The colours correspond to the
criteria indicated in b

Validation of novel ‘hits’ Several unknown genes (ESM
Table 2) were identified as potential ‘hits’. To validate these
‘hits’, 14 ‘pro-apoptotic’ and 16 ‘anti-apoptotic’ high-score
hits (determined by caspase-3/7 activity) were re-screened
using four individual siRNAs for each gene. Hits in which
at least two of the four siRNAs yielded an effect similar to
that of the SmartPool were considered high-confidence hits,
and 16 ‘hits’ scored positive by this criterion, while seven
‘hits’ even scored positive in three (of four) individual
siRNAs (Table 1). Many of these hits, such as Tm7sf3
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Table 1 List of highly validated
hits with z score >2.0, where at
least two of the four single
siRNAs yielded a similar effect
to that of the SmartPool

a

Also known as Fbxo27; balso
known as Rab6b; calso known
as Tsks
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Symbol

Scores (of 4)

Accession

E130008b10rika
Gyk
Psma2
Ndfip1
Lmx1b
Alx3
Tcfeb
Dgkq
Pou4f2
Foxp3
Epn3
D9bwg0185eb
Stk22s1c
Jak2

2
2
2
3
2
3
3
3
2
2
2
2
2
2

E130008B10RIK**NM_207238
GYK**NM_008194
PSMA2**NM_008944
NDFIP1**XM_128893
LMX1B**NM_010725
ALX3**NM_007441
TCFEB**NM_011549
DGKQ**NM_199011
POU4F2**NM_138944
FOXP3**NM_054039
EPN3**NM_027984
D9BWG0185E**NM_173781
STK22S1**NM_011651
JAK2**NM_008413

Camkk2
Tm7sf3

2
3

CAMKK2**NM_145358
TM7SF3**XM_132970

(which encodes a seven transmembrane superfamily receptor 3) [25] or Epn3, were not previously associated with
cytokine-induced beta cell death.
Tm7sf3-specific siRNA effectively reduces endogenous
levels of Tm7sf3 mRNA The potency of the siRNAs
targeting Tm7sf3 to reduce its endogenous mRNA levels
was evaluated next. We found that three of four individual
siRNAs that constituted the siRNA SmartPool of Tm7sf3
effectively reduced its endogenous mRNA levels in MIN6
cells by ∼80% (ESM Fig. 5). These effects were specific
because non-targeting siRNAs, which served as control, did
not have any effect. Hence, the SmartPool siRNA of
Tm7sf3 could be considered an efficient tool for reducing
Tm7sf3 mRNA levels.
Effects of suppression of TM7SF3 on the morphology and
cytoskeletal organisation of cytokine-treated MIN6
cells The siRNA screen implicated transmembrane 7
superfamily member 3 (TM7SF3) as an inhibitor of
cytokine-induced death of MIN6 cells. To gain further
insights into its mode of action, we examined the effects of
Tm7sf3 siRNAs on cellular morphology and dynamics, as
well as the cytoskeletal and nuclear organisation of
cytokine-treated MIN6 cells. Cells were transfected with
Tm7sf3 siRNAs, treated with Cytomix, and examined by
time-lapse and 3-dimensional (3D) fluorescence microscopy.
The analysis showed that after ∼5 h of Cytomix
treatment, the flat epithelial MIN6 (control) islands tended
to undergo apparent clustering and rounding-up into 3D
aggregates, although the individual cells within these
colonies showed only mild effects on their nuclei or

Caspase-3/7 (mean±SD)
−3.0±1.0
−2.6±0.7
−2.3±0.9
−2.2±0.8
−2.1±1.1
−1.9±0.8
−1.9±0.7
−1.9±0.2
−1.8±1.1
1.8±0.5
2.1±1.0
2.2±1.1
2.3±0.8
2.4±1.1
2.5±1.1
2.7±1.1

cytoskeletal systems; these effects were characterised by
somewhat disorganised microtubules (not shown), possibly
attributable to cell contraction following treatment [26].
Longer incubation (e.g. 8 h) in the presence of cytokines
(Fig. 3a) was characterised by progressive cell death and
detachment from the substrate, while addition of zVAD-fmk
largely arrested this clustering process. Knockdown of
Tm7sf3 resulted in apparent cell rounding and clustering,
which occurred independently of the addition of cytokines,
with cytokine treatment having only limited effect on these
cells. Interestingly, zVAD-fmk induced spreading of these
cells, resulting in the formation of flat cellular islands,
similar to cells transfected with non-targeting (control)
siRNAs.
To further characterise the effects TM7SF3, MIN6 cells
were transfected with 25 nmol/l of non-targeting or Tm7sf3specific siRNAs. At 48 h post-transfection, cells were
treated for 1 h with 20 μmol/l zVAD-fmk, prior to addition
of cytokines for 24 h. Cells were then fixed and subjected
to triple-labelling for actin, microtubules and DNA. The
labelled cells were subjected to 3D deconvolution fluorescence microscopy. Examination of cytokine-treated cells
(ESM Fig. 6) confirmed that this treatment induced cell
aggregation into 3D colonies, characterised by a marked
thickening of the cell layer. Addition of zVAD-fmk
somewhat blocked this process. In contrast, knockdown of
the anti-apoptotic gene Tm7sf3 induced aggregation into 3D
colonies even in the absence of cytokines. The microtubule
system in Tm7sf3 knocked-out cells was disorganised, this
disorganisation being characterised by the tendency of
microtubules to aggregate. Normal microtubule organisation was partially restored by zVAD-fmk treatment (not
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Fig. 3 Effects of siRNA to Tm7sf3 on MIN6 cells. MIN6 cells were
transfected with the indicated siRNAs for 48 h and treated as detailed.
a Cells were treated with Cytomix with or without zVAD-fmk for 8 h,
and then fixed and labelled with fluoresceinated antibodies against
tubulin (red), FITC-phalloidin (green) and DAPI (blue) for DNA
labelling. Images are of representative cells from two independent
experiments. NT, not treated. b Cells were left untreated (white bars)
or were treated with Cytomix (black bars) for 6 h, and then assayed
for caspase activity. NonT, non-targeting. c Cells were left untreated or
were treated with Cytomix for 72 h. Cellular reducing power was
assayed using a CTB kit. d–f Cells were left untreated or were treated
with Cytomix for 24 h, then stained with propidium iodide (PI) and
annexin V, followed by FACS analysis. Outputs were gated for live
cells (R1), annexin V-positive cells (R2) and PI-positive cells (R3),
and quantified. Results (b–f) are mean±SEM of three independent
experiments; *p<0.05, **p<0.01 and ***p<0.001 vs non-targeting
siRNA assayed under the same conditions

shown). These findings suggest that TM7SF3 might
promote cell death even in a cytokine-independent manner.
Tm7sf3 inhibits cytokine-mediated induction of caspase
activity in MIN6 cells To study the mechanism underlying
the above findings, MIN6 cells were transfected with
control non-targeting siRNAs or with Tm7sf3 siRNAs,
prior to stimulation with Cytomix. Treatment with Cytomix
for 6 h significantly increased caspase activity in nontransfected cells and cells expressing non-targeting siRNAs
(Fig. 3b). A larger increase, mainly in cytokine-treated
cells, was observed in cells transfected with Tm7sf3
siRNAs, suggesting that TM7SF3 inhibits cytokineinduced activation of caspase-3/7. As expected, transfection
of siRNAs to caspase-3/7 abrogated the increase in caspase
activity (not shown).
TM7SF3 helps maintain cellular reducing power in MIN6
cells To further analyse the molecular processes associated
with the protective effects of TM7SF3, MIN6 cells were
incubated with non-targeting siRNAs or with Tm7sf3
siRNAs prior to stimulation for 72 h with Cytomix. Tm7sf3
siRNAs induced a 40% lowering in the reducing power of
non-treated cells, when compared with cells expressing
non-targeting siRNAs (Fig. 3c). These findings suggest that
transfection as such lowers the reducing power of MIN6
cells even in the absence of cytokines, and that TM7SF3
plays a role in preventing this process. Indeed, the reducing
power of cells expressing non-targeting siRNAs was ∼25%
lower than that of naive non-treated cells. Treatment with
cytokines lowered by ∼45% the reducing power of cells
expressing non-targeting siRNAs, while a larger reduction
in cell viability was observed in cells expressing Tm7sf3
siRNAs (Fig. 3c). These findings (Fig. 3b, c) support the
hypothesis that TM7SF3 promotes cell survival in the
presence or in the absence of cytokines, and has a larger
impact in cytokine-treated cells. Conversely, its siRNAs
promote apoptotic as well as non-apoptotic cell death. This

conclusion was substantiated by FACS analysis (Fig. 3d–f),
where we demonstrated that Tm7sf3 siRNAs significantly
reduced the fraction of viable cells treated with cytokines
(Fig. 3d). The fraction of apoptotic (annexin V-positive)
cells treated with Tm7sf3 siRNAs was somewhat increased
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(not significantly; Fig. 3e), while the fraction of necrotic
(propidium iodide-positive) cells that were treated with
cytokines was significantly increased in the presence of
Tm7sf3 siRNAs (Fig. 3f). Tm7sf3 siRNAs had no effect on
cells treated in the absence of cytokines (Fig. 3d–f).
Interestingly, treatment with cytokines mainly increased
the population of annexin V-positive cells (Fig. 3e) with
little effects on the population of propidium iodide-positive
cells treated with control siRNAs (Fig. 3f).
Effects of TN7SF3 on insulin secretion Insulin secretion is
tightly regulated by and is induced upon an increase in
cellular ATP [27]. Therefore, the effects of TM7SF3 on
insulin secretion were studied. Human pancreatic islets
were used, being the most physiological model system.
First, the potency of siRNAs targeting TM7SF3 to reduce
its endogenous mRNA levels in human islets was evaluated. As shown in Fig. 4a, TM7SF3 siRNAs effectively
reduced the endogenous mRNA levels of TM7SF3 in
human islets by ∼75%. Next, the effects of TM7SF3
siRNAs on insulin secretion were studied. As shown in
Fig. 4b, GSIS in dispersed human islets was inhibited by
∼30% in islets treated with TM7SF3 siRNAs, when
compared with islets treated with non-targeting siRNAs.
Furthermore, while inclusion of cytokines inhibited GSIS
by 30% in islets treated with non-targeting siRNAs,
cytokines inhibited the already reduced GSIS in islets
treated with TM7SF3 siRNAs by 50%. These findings
suggest that TM7SF3 helps maintain insulin secretion in
human islets as part of its action as an anti-apoptotic protein
that keeps maintaining high cellular reducing power and
ATP levels. This conclusion was supported by the finding
that cytokine-induced apoptosis in human islets (Fig. 4c)
was significantly increased in cells expressing TM7SF3

Fig. 4 Effects of TM7SF3 siRNA on caspase activity and insulin
secretion in intact human islets treated with cytokines. Intact human
islets were transfected for 48 h with 25 nmol/l of the indicated
siRNAs. a RNA was extracted and quantified by quantitative RTPCR. Non, untreated; NonT, non-targeting. b Islets were left
untreated (grey and white bars) or were treated with Cytomix (black
bars) for 16 h. Islets were then incubated in KRBH buffer containing
3.3 mmol/l glucose (grey bars) or 16.7 mmol/l glucose (white bars,

2851

siRNAs, when compared with cells expressing control
siRNAs. A small, yet significant increase in apoptosis was
also detected in cells treated in the absence of cytokines.
Effects of TM7SF3 on the extrinsic apoptotic pathway Beta
cell death induced by cytokines (TNFα, IL-1β and IFNγ)
involves several signalling pathways [3]. For example,
binding of TNFα to its receptor involves generation of a
DISC and activation of caspase-8 [28]. To determine whether
TM7SF3 directly affects these signalling pathways, its effects
on Fas (TNFRSF6)-associated via death domain (FADD),
FAS and caspase-8 were analysed. Introduction of Tm7sf3
siRNAs increased the cellular content of FADD in nontreated cells by 30%; this increase was significantly greater
(3.5-fold) in cells treated with TNFα for 5–12 h (Fig. 5a).
The effects of the Tm7sf3 siRNAs diminished by 24 h,
mainly due to the increase in FADD content in cells
transfected with control siRNAs. A transient, modest
increase in FAS (which mostly did not reach statistical
significance) was also observed (Fig. 5a). Tm7sf3 siRNAs
also induced a significant increase in the cellular content of
pro-caspase-8 in cells treated with Cytomix (Fig. 5b). A
small (but not significant) increase was observed in cells
treated only with TNFα (Fig. 5b). These results suggest that,
in accordance with its anti-apoptotic function, TM7SF3
reduces the cellular content of FADD and pro-caspase-8 in
control, and even more so in cytokine-treated cells.

Discussion
A HTS of 3,850 mouse siRNAs was used to identify novel
genes mediating cytokine-induced death of pancreatic beta
cells. The screens revealed the involvement of several novel

black bars). The insulin concentration in the culture medium was
determined and normalised per total insulin content. c Islets were left
untreated (white bars) or were treated with threefold concentrated
Cytomix (black bars) for 24 h, and then assayed for caspase activity.
Data are the mean±SEM of three (b) and two (a, c) independent
experiments, respectively; **p < 0.01 and ***p < 0.001 vs nontargeting siRNAs assayed under the same conditions
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Fig. 5 Effects of TM7SF3 on the extrinsic death pathway. a MIN6
cells were transfected with non-targeting siRNAs or with Tm7sf3
siRNAs for 48 h, before being treated with TNFα for the indicated
times. Total cell extracts were resolved by SDS-PAGE and immunoblotted with FAS and FADD antibodies. Quantification of blots:
triangles, non-targeting siRNAs; squares, Tm7sf3 siRNAs. b MIN6
cells were transfected with non-targeting siRNAs or with Tm7sf3

siRNAs for 48 h, before being treated with TNFα or with Cytomix for
24 h. Total cell extracts were resolved by SDS-PAGE and immunoblotted with the indicated antibodies. Quantification of blots: black
bars, non-targeting siRNAs; white bars, Tm7sf3 siRNAs. Data
represent mean±SEM of three (a) and two (b) independent experiments; *p<0.05 vs control (non-targeting) siRNA assayed under the
same conditions

genes such as Tm7sf3 in regulating this process. The
screens analysed caspase-3/7 activity and cellular reducing
power, and revealed that cytokine-induced death of cultured
MIN6 beta cells is a complex event involving apoptotic and
necrotic elements, with a unique set of non-overlapping
genes regulating each process. Our screens highlighted the
relative importance of ubiquitination in cytokine-induced
death, with ubiquitin ligases playing a major role in death
induction and deubiquitinating enzymes promoting cell
survival. The screens also underscored the involvement of
protein kinases in the apoptotic process and of protein
phosphatases in non-apoptotic (e.g. necrotic) cell death
(Fig. 6a).
Several lines of evidence support the above conclusions.
First, we showed that, in agreement with previous findings
[3], the apoptotic pathway is fundamentally involved in
beta cell death induced by cytokines [29–31]. A number of
genes shown in our screens to be pro-apoptotic are
established players in cytokine-induced death. These
include IRF7 [32], CEBPB and LMX1B, the last two of
which are encoding inducers of NF-κΒ, a mediator of
cytokine-triggered beta cell death [21, 33].
Two molecular systems appear to play a key role in
cytokine-induced beta cell apoptosis, one involving the
ubiquitin system, and the other involving protein
phosphorylation. We found that the family of ubiquitin
ligases is enriched in pro-apoptotic genes, whereas the
family of deubiquitinating enzymes [34] is enriched in
anti-apoptotic genes (Fig. 6a). These observations are in

line with studies implicating ubiquitination as a regulator of central modules along the NF-κB signalling, a
key pathway of cytokine-induced beta cell death [3].
These modules include degradation of IκB (an NF-κB
inhibitor) [35], processing of NF-κB precursors and
activation of IκB kinase (IKK) [36]. The cellular inhibitor
of apoptosis protein (cIAP)1 and cIAP2 are also subjected
to ubiquitin-induced degradation [37]. Conversely, the
deubiquitinating enzymes, cylindromatosis (turban tumour
syndrome) and A20, deubiquitinate and inactivate mediators of the NF-κB pathway, including receptor-interacting
protein 1, TNF receptor-associated factor 6 and IKKγ
[36]. Hence, the main contribution of the deubiquitinating
enzymes lies in their inactivation of the NF-κB pathway,
thus inhibiting beta cell apoptosis. The second system that
affects beta cell apoptosis is the kinases/phosphatases
network. Indeed, many elements along the cytokineinduced apoptotic pathways are protein kinases such as
IKK, JNK and p38.
Non-apoptotic pathways have also been implicated in
the induction of beta cell death [16]. Cytokines trigger
necrotic activity [38] by inhibiting aconitase (which
reduces cellular ATP content) or by inducing nitric oxide
production, which activates poly(ADP) ribose polymerase
and NAD+ depletion, thus leading to beta cell necrosis [7].
We found that protein phosphatases seem to be mainly
involved in the induction of necrotic beta cell death,
together with novel ‘hits’ such as general transcription
factor IIH, polypeptide 1, ST3 β-galactoside α-2,3-

Diabetologia (2011) 54:2845–2855
Fig. 6 Cellular modalities involved in beta cell death. a
Proposed model for the key
cellular modalities involved in
cytokine-induced beta cell
death. b Model of genes inducing beta cell death according to
the screens. aNovel hits validated by deconvolution; bnovel hits
validated by deconvolution and
quantitative RT-PCR; upward
arrows, pro-apoptotic proteins;
downward arrows, antiapoptotic proteins
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sialyltransferase 1 and anaplastic lymphoma kinase, which
need to be further characterised.
An interesting outcome of the screens was the identification with high confidence of several novel pro-apoptotic
‘hits’, such as Gyk and Lmx1b (Table 1). Their role in
mediating cytokine-induced death of beta cells remains to
be determined. Others, like Foxp3 and Epn3, inhibit
cytokine-induced beta cell death by as yet unknown
mechanisms. Our high-confidence anti-apoptotic ‘hits’ also
included Camkk2 and Jak2. Akt activation by calcium/
calmodulin-dependent protein kinase kinase 2 beta, inhibits
IL-1β-induced NF-κB activation [39]; Camkk2 can thus act
as an anti-apoptotic gene in beta cells. Janus kinase 2,
which phosphorylates signal transducer and activator of
transcription 3, increases suppressor of cytokine signalling
3 production, thereby protecting pancreatic islets from
cytokine-induced apoptosis [40].
One novel anti-apoptotic ‘hit’ revealed by the screen was
Tm7sf3. It encodes a 7-transmembrane ‘orphan’ receptor
[25] and is one of ten genes that were found in the 700 kb
murine type 1 diabetes locus, Idd6.3 [41]. Our findings
suggest that the main action of TM7SF3 is associated with
maintaining cellular reducing power within physiological

Apoptosis
a
b
a

Caspase-3
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a
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a

a Mark1
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a
a

a D9bwgo185e a
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levels. It also acts to reduce the cellular content of proapoptotic proteins such as FAS, FADD and caspase-8;
therefore its siRNAs increase the cellular content of these
proteins. Tm7sf3 could therefore be considered a novel antiapoptotic gene. This is further illustrated by examining the
alterations in cell morphology following treatment with
Tm7sf3 siRNAs. Cells thus treated undergo apoptosis,
characterised by cell swelling, rounding-up into 3D
aggregates and perturbation of microtubules organisation,
a characteristic feature of apoptotic cells. Because TM7SF3
acts to maintain cellular reducing power, it acts to increase
GSIS, a process triggered by an increase in cellular ATP
following glucose uptake. Hence, knockdown of Tm7sf3 is
most likely to result in a reduction of cellular ATP and
inhibition of GSIS, a process that is aggravated in the
presence of cytokines. Consistent with this conclusion,
inhibition of TM7SF3 expression by its siRNA significantly
increased cell death of human islets induced by cytokines.
In summary, the above results enabled us to generate a
signalling network of genes involved in cytokine-induced
beta cell death (Fig. 6b). The network contains known
genes, as well as novel, high-confidence candidates, whose
contribution to beta cell death by apoptotic and non-
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apoptotic means is revealed in this study. These novel
genes, including Tm7sf3, deserve further characterisation
and may offer new targets for therapeutic intervention in
type 1 diabetes and its adverse complications.
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