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Introduction

Diabetes mellitus develops as the functional β-cell mass fails 
to meet the demand for insulin. In Type 1 diabetes mellitus 
(T1D), loss of β-cell mass is caused by an autoimmune inflam-
matory destruction leading to absolute insulin deficiency. Type 
2 diabetes mellitus (T2D) arises when the functional β-cell 
mass cannot compensate for insulin resistance. There is increas-
ing agreement that both T1D and T2D are diseases in which 
inflammatory β-cell destruction is essential.1,2 Proinflammatory 
cytokines are produced by infiltrating immune cells1 and induce 
β-cell apoptosis2 through activation of the transcription factor 

nuclear factor kappa-light-chain-enhancer of activated B cells 
(NFκB).3,4 Cytokine antagonists are under study as novel anti-
diabetic treatments.5,6

MicroRNAs (miRNAs) are small noncoding ~22 nucleotide 
transcripts regulating protein expression by binding to comple-
mentary mRNA binding regions thereby targeting them for 
either degradation or translational inhibition.7 Since their dis-
covery in 2001, miRNAs have received great attention, owing 
to predictions indicating that up to 50% of all genes are regu-
lated through the miRNA pathway.8 Screening approaches have 
revealed that β cells express numerous miRNAs,9 and several 
functional roles of these miRNAs have been described: β-cell 
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Aim: An insufficient functional β-cell mass is a prerequisite to develop diabetes. Thus, means to protect or restore 
β-cell mass are important goals in diabetes research. Inflammation and proinflammatory cytokines play important roles 
in β-cell dysfunction and death, and recent data show that 2 miRNAs, miR-21 and miR-34a, may be involved in mediating 
cytokine-induced β-cell dysfunction. Therefore, manipulation of miR-21 and miR-34a levels may potentially be beneficial 
to β cells. To study the effect of long-term alterations of miR-21 or miR-34a levels upon net β-cell number, we stably over-
expressed miR-21 and knocked down miR-34a, and investigated essential cellular processes.

Materials and Methods: miRNA expression was manipulated using Lentiviral transduction of the β-cell line INS-1. 
Stable cell lines were generated, and cell death, NO synthesis, proliferation, and total cell number were monitored in the 
absence or presence of cytokines.

Results: Overexpression of miR-21 decreased net β-cell number in the absence of cytokines, and increased apoptosis 
and NO synthesis in the absence and presence of cytokines. Proliferation was increased upon miR-21 overexpression. 
Knockdown of miR-34a increased net β-cell number in the absence of cytokines, and reduced apoptosis and NO synthe-
sis in the absence and presence of cytokines. Proliferation was decreased upon miR-34a knockdown.

Conclusion: As overexpression of miR-21 increased proliferation, but also apoptosis and NO synthesis, the potential of 
miR-21 as a therapeutic agent to increase β-cell survival is doubtful. Knockdown of miR-34a slightly decreased prolifera-
tion, but as apoptosis and NO synthesis were highly reduced, miR-34a may be further investigated as a therapeutic target 
to reduce β-cell death and dysfunction.
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differentiation,9,10 regulation of expression of essential β-cellular 
transcription factors as well as insulin,9 and regulation of insulin 
secretion.10,11 Recently, miRNAs were shown to regulate β-cell 
apoptosis following exposure to fatty acids and cytokines.12,13 
Our understanding of the functional effects of miRNAs in the β 
cell is however incomplete.

miR-21, a miRNA generally considered to be anti-apoptotic, 
has mostly been investigated as a target for knockdown in the 
treatment of cancers, since it inhibits the proinflammatory tumor 
suppressor programmed cell death protein 4 (PDCD4) transla-
tion.14 In non-obese diabetic (NOD) mice, deficiency of PDCD4 
was found to protect β cells from streptozotocin-induced cell 
death, and conferred resistance to spontaneous autoimmune dia-
betes.15 β-cell miR-21 overexpression might therefore exert a pro-
tective effect through reducing levels of PDCD4. Interestingly, 
the important mediator of proinflammatory cytokine signaling, 
NFκB, induces expression of miR-21.15,16 In several cell types, miR-
21 is an inhibitor of NFκB activity through its target PDCD4, 
as reviewed in,17 and thus provide negative feedback on NFκB 
activity. Proinflammatory cytokines increase miR-21 expression 
in human islets and the mouse insulinoma (MIN6) cell line,13 
possibly as a protective response, and correspondingly, transient 
knockdown of miR-21 in MIN6 cells increased apoptosis.

miR-34a is a pro-apoptotic miRNA by activating the p53 
apoptosis pathway, and increased expression of miR-34a leads to 
increased cell death.18 In the β-cell line MIN6, transient knock-
down of miR-34a reduced apoptosis.13 These results suggest that 
miR-21 and miR-34a are potential targets to manipulate β-cell 
apoptotic pathways.

Islet transplantation is a promising experimental therapy for 
T1D, but the procedure is hampered by immediate and late 
graft failure resulting in recurrence of T1D over the course of a 
few years. As there are insufficient β cells available for the cur-
rent transplantation demand, any increase of β-cell survival in 
the transplants would be of great benefit. The transplantation 
procedure is an obvious opportunity to improve β-cell survival 
through gene therapy as unwanted side effects of altering gene 

expression in non-islet cells are reduced. However, as β cells 
are slow-dividing cells, episomal plasmid-based gene therapy 
is difficult, since it necessitates plasmid entry into the nucleus 
during cell division. Lentiviral vectors are therefore required to 
manipulate gene expression in non-dividing cells, and further-
more to achieve long-term alterations. Published data designat-
ing miR-34a and miR-21 as promising targets for manipulation 
are produced using transient transfection methods, and differ-
ences in response to short-term vs. long-term miRNA alterations 
have been observed.19 Therefore, it is crucial to address potential 
long-term effects of stable miRNA alterations in regard of gene 
therapy application.

We have created rat insulinoma (INS-1) cell lines stably over-
expressing miR-21 or with stable knockdown of miR-34a with 
the aim of comprehensively analyzing the effects of these miRNA 
manipulations on net β-cell number in the absence of cytokines, 
and on β-cell apoptosis, NO synthesis and cellular proliferation 
in the absence or presence of cytokines.

Results

Overexpression of miR-21 and knockdown of miR-34a in 
INS-1 cells

Verification of altered expression of the 2 miRNAs was per-
formed by quantitative PCR (qPCR). Expression was investi-
gated compared with 2 different types of control cells: wild-type 
cells (“wild type”), and cells transduced with an empty vector 
(“miR-neg”). Altered expression was verified for miR-21 and 
miR-34a. In the stably transduced INS-1 cells, miR-21 expres-
sion was increased over 9-fold, while miR-34a expression was 
reduced to under half of the control (Fig. S1).

Total cell number is reduced by miR-21 overexpression, but 
increased by miR-34a knockdown

The transduced cell lines revealed different total cell num-
bers upon passaging the cells under standard culture condi-
tions. To investigate this further, we seeded 50000 cells and 

Figure 1. Overexpression of miR-21 reduces cell number, while knockdown of miR-34a increases cell number in the absence of cytokines. (A) Cells 
(50 000 cells) were cultured for 72 h prior to trypsinization and manual counting in a counting chamber. Results of 5 independent experiments are shown 
as means + SEM. Statistical significance was determined using a 2-way paired t test. * P < 0.05 vs. miR-neg. (B) Twenty thousand cells were seeded pr well 
in the xCELLigence E-plate and cell index measured in real-time for 24 h. The graph depicts the average cell index ± SEM determined from triplicates 
from each time point from a single experiment.
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counted the total cell number after 3 d of culture. There were 
no significant differences between wild-type and miR-neg cells. 
In the absence of cytokines overexpression of miR-21 resulted in 
33% fewer cells compared with miR-neg cells, while knockdown 
of miR-34a lead to 57% more cells compared with miR-neg 
cells (Fig. 1A). We further investigated this difference in total 
cell number using the xCELLigence system (Roche Diagnostics) 
to measure cell-to-plate surface contact (cell index) real-time 
for 24 h (Fig.  1B). Data obtained with the xCELLigence sys-
tem confirmed results obtained through manual counting, with 
increased number of miR-34a-deficient cells compared with 
miR-neg, while the number of miR-21-overexpressing cells was 
decreased in the absence of cytokines.

Apoptosis is potentiated by miR-21 overexpression, but 
decreased by miR-34a knockdown in absence or presence of 
cytokines

To gain insight into the mechanisms leading to altered cell 
numbers, we investigated cell death at different stages. Early 
apoptosis was measured by detecting nucleosomal fragments 
in adherent cell lysates in the absence or presence of cytokines 
(Fig. 2). Overexpression of miR-21 significantly increased apop-
tosis compared with miR-neg cells in the absence (P < 0.05) or 
presence (P < 0.001) of cytokines, whereas miR-34a knockdown 
significantly reduced apoptosis compared with miR-neg cells 
in the absence (P < 0.05) or presence (P < 0.001) of cytokines. 
To measure late apoptosis/necrosis we investigated nucleosomal 
fragments in lysates of non-adherent cells and in supernatants 
(Fig. S2). Overexpression of miR-21 significantly increased late 
apoptosis in the absence (P < 0.01) and presence of cytokines  
(P < 0.05), whereas knockdown of miR-34a reduced late apop-
tosis in both the absence (P < 0.05) and presence (P < 0.05) of 
cytokines.

Figure 2. Early β-cell apoptosis is potentiated by overexpression of miR-21, but reduced by knockdown of miR-34a both in the absence and the pres-
ence of cytokines. Cells (50 000 cells) were left untreated (A) or were exposed to IL-1β and IFN-γ for 24 h (B). Nucleosomal fragments in adherent cell 
lysates were detected by ELISA (Cell Death Detection ELISA). Results of 10 independent experiments are shown as means + SEM. Statistical significance 
was determined using a 2-way paired t test. *** P < 0.001 vs. miR-neg.

Figure 3. Synthesis of NO is potentiated by overexpression of miR-21, and reduced by knockdown of miR-34a in the presence of cytokines. Cells (50 000 
cells) were left untreated (A) or were exposed to IL-1β and IFN-γ for 24 h (B). Culture medium was retrieved and accumulated nitric oxide was determined 
using the Griess reaction. Results of 9 independent experiments are shown as means + SEM. Statistical significance was determined using a 2-way paired 
t test. ** P < 0.01 vs. miR-neg, *** P < 0.001 vs. miR-neg.
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Cytokine-induced NO formation is potentiated by miR-21 
overexpression and decreased by miR-34a knockdown

When exposed to cytokines, the production of NO, an 
indicator of cytokine-induced β-cell stress, was significantly 
increased in both cell lines as expected (Fig.  3). In the pres-
ence of cytokines, overexpression of miR-21 significantly 
increased cytokine-induced NO synthesis (P < 0.01), while 
miR-34a knockdown significantly reduced cytokine-induced  
NO synthesis (P > 0.001) (Fig.  3). No statistically  
significant changes were detected in the absence of  
cytokines.

Proliferation is affected by alteration of miR-21 and miR-
34a levels

Finally, we investigated whether manipulation of miR-21 
and miR-34a levels altered cell proliferation, determined by 
incorporation of EdU (5-ethynyl-2’-deoxyuridine) into DNA 
during active DNA synthesis and HCS Blue staining of all 
cell nuclei. Overexpression of miR-21 increased proliferation,  
while knockdown of miR-34a reduced proliferation 
in the absence of cytokines (Fig.  4A) (absolute num-
bers of proliferating and total cells are shown in Fig.  S3).  
Upon exposure to proinflammatory cytokines no significant 

Figure 4. miR-21 overexpression and miR-34a knockdown affect β-cell proliferation. (A and B) Cells (25 000 cells) were left untreated (A) or were exposed 
to IL-1β and IFN-γ for 24 h (B). Nuclei were stained using EdU and HCS Blue, and fixed with mounting reagent. Nuclei were counted by 2 blinded observ-
ers as total number of cells (blue nuclei) and proliferating cells (green nuclei). The ratio of proliferating cells was calculated. Results of 4 independent 
experiments are shown as means + SEM. Statistical significance was determined using a 2-way paired t test. * P < 0.05 vs. miR-neg, ** P < 0.01 vs. miR-neg. 
(C) Representative photomicrographs of β-cell proliferation. Panel I shows proliferating cells identified by EdU staining, panel II shows a merge of total 
number of cells (blue nuclei) and proliferating cells (green nuclei), and panel III shows a merge between panel I and II and an image taken using digital 
interference contrast microscopy (DIC). Panel IV shows a close-up of panel III (arrows indicate proliferating cells).
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differences were found (Fig.  4B). Representative photomicro-
graphs are shown (Fig. 4C).

Discussion

Here we show that miRNAs miR-21 and miR-34a are 
involved in key cellular processes regulating β-cell number. 
Although slightly increasing proliferation, we found that over-
expression of miR-21 potentiated cell death of the β-cell line 
INS-1 both under control conditions as well as when exposed 
to proinflammatory cytokines, ultimately leading to a reduced 
net β-cell number. We further show that knockdown of miR-
34a protected β cells from cytokine-induced cell death and 
decreased cell death under control conditions, thereby increas-
ing the net number of β cells.

miR-21 is considered as a pro-proliferative miRNA,15,20-30 and 
we therefore anticipated that overexpression of miR-21 increased 
β-cell proliferation. Under control conditions, increased lev-
els of miR-21 did indeed promote β-cell proliferation as deter-
mined by EdU staining. However, β-cell death was augmented 
to such a degree that the net effect of miR-21 overexpression 
was a decreased net number of β cells, possibly due to forcing 
the cells through cell-cycle checkpoints and thereby triggering 
checkpoint-induced apoptosis pathways. In support of this, over-
expression of miR-21 tended to alter the expression of 2 cell-cycle 
genes involved in the G1 phase preceding the first apoptosis-
checkpoint (Fig. S4). Despite targeting various tumor suppres-
sors and the classification as an anti-apoptotic miRNA, the effect 
of miR-21 overexpression is ambiguous. Several studies demon-
strate harmful effects of miR-21, casting doubt on the categoriza-
tion of miR-21 as an anti-apoptotic miRNA.13,31 In human islets 
and MIN6 cells, proinflammatory cytokines induce expression 
of miR-21 through activation of NFκB,13,16 and NFκB leads to 
expression of iNOS and NO production.3 One possible mecha-
nism whereby miR-21 overexpression harms the cells is thereby 
through an increased cytokine-induced NO synthesis, ultimately 
leading to increased apoptosis. Depending on cell type, miR-21 
can either activate or inhibit NFκB,32,33 and although miR-21 
may inhibit NFκB activity through reduced PDCD4 levels, long-
term overexpression of miR-21 in our experiments appears to be 
detrimental. Although reduced levels of PDCD4 in NOD mice 
protected β cells from cytokine-induced apoptosis and delays dia-
betes development, the level of diabetes incidence reached that of 
wild-type mice after 25 wk.15 An explanation for the lack of long-
term protection of PDCD4 knockdown may be due to elevated 
apoptosis through decreased translational repression of procas-
pase 3 mRNA as suggested in.34 We were not able to detect a 
reduction in PDCD4 mRNA levels (Fig. S5), presumably due to 
miR-21 targeting PDCD4 mRNA with only partial complemen-
tarity which does not degrade the mRNA, but prevents it from 
being translated into protein. However, tight control of PDCD4 
levels is required for maintaining a functional β-cell mass, and 
long-term alterations of miR-21 expression may perturb this 
balance. Other anti-apoptotic miRNAs such as the miR-17–92 
cluster control proteins with a similar tight regulation, e.g., the 

eukaryote transcription factor E2F1 where both too high and too 
low levels result in depletion of testicular cells.35

Apart from the importance of miR-21 expression levels, the 
temporal expression pattern seems decisive for cellular outcomes. 
The net action of a miRNA overexpression can shift from anti-
apoptotic to pro-apoptotic, depending on whether a miRNA 
alteration is transient or stable, respectively.19 Since most stud-
ies finding anti-apoptotic/pro-proliferative effects of miR-21 are 
based upon transient alterations of miR-21 expression, this offers 
further explanation of the detrimental long-term effect seen in 
our study of stable cell lines.

We observed that knockdown of miR-34a slightly but signifi-
cantly decreased proliferation of INS-1 cells under control con-
ditions. However, as cells were protected from cell death both 
under control conditions and when exposed to proinflammatory 
cytokines, the net effect of miR-34a knockdown was an increase 
of β-cell mass. Our findings are in agreement with other studies 
showing that miR-34a is a pro-apoptotic miRNA which exerts 
its effects through promoting p53 mediated apoptosis.13,18,36-41 
Among the known targets of miR-34a is the protein silent infor-
mation regulator (SIRT1), and downregulation of SIRT1 leads 
to apoptosis through an increase in p53.41 SIRT1 is additionally 
involved in glucose homeostasis42 and in β-cells SIRT1 increases 
glucose-stimulated insulin secretion.43 Recently, a monogenic 
form of T1D has been identified, which is caused by a mutation 
in the SIRT1 gene.44 Knockdown of miR-34a might therefore 
not only reduce apoptosis in β-cells, but also improve insulin 
secretion through regulating SIRT1 levels. We show that knock-
down of miR-34a tended to increase the expression of SIRT1 (P 
= 0.10), which therefore might substantiate the beneficial effects 
of knocking down miR-34a (Fig. S5).

A limitation of this study was the INS-1 cell line model to 
investigate the effects of stable alteration of 2 miRNAs in β cells. 
Although immortalized cell lines are generally not the most 
biologically relevant model systems for the primary β cell, they 
are well described, thereby facilitating interpretation of data. 
Additionally, when investigating altered proliferation and growth 
rates INS-1 cells provide an advantage, as detecting such altera-
tions in primary β cells can be difficult due to their very low 
basal proliferation.45,46 The current data however warrants the 
design of future experiments investigating the roles of miR-21 
and miR-34a in primary β cells and animal models.

In conclusion, we have found that through stable miRNA 
alterations in the β-cell line INS-1, miR-21 overexpression 
potentiated, and miR-34a knockdown attenuated apoptosis both 
in the absence or presence of proinflammatory cytokines. The 
observed effect on apoptosis in the absence of cytokines suggests 
that miR-21 and miR-34a not only regulate translation of pro-
teins involved in cytokine-induced apoptosis, but also proteins 
implicated in general mechanisms regulating apoptosis under 
unstimulated conditions. While the pro-apoptotic effects of 
miR-21 overexpression in β cells require further investigations, 
we conclude that stable knockdown of miR-34a exerts protective 
effects both in the absence or presence of cytokines, suggesting 
Lentiviral knockdown of miR-34a as a therapeutic method to 
prevent β-cell death in islets transplantation.
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Materials and methods

Cytokines
Recombinant mouse interleukin (IL)-1β was from BD 

PharMingen (554577) and was used at a concentration of 150 pg/
ml. Recombinant rat interferon (IFN)-γ was from R&D Systems 
(585–1F) and was used at a concentration of 5 ng/ml.

Cells
INS-1 cells were a gift from C Wollheim, Department of Cell 

Physiology and Metabolism, University Medical Center, Geneva, 
Switzerland. Cells were cultured at 37 °C in a humidified atmo-
sphere containing 5% CO

2
 in RPMI 1640 medium with glutamax 

(GIBCO, 153732), supplemented with 10% (heat-inactivated) 
fetal calf serum (GIBCO, 26140), 100 U/ml penicillin, 100 µg/ml 
streptomycin (GIBCO, 15140), and 50 µmol/l β-mercaptoethanol 
(Sigma, M7522) (complete medium). Cells were passaged weekly, 
and precultured for 2 d prior to cytokine exposure.

Lentivirus production and transduction
Lentiviral expression vectors and viral particles were generated 

using the BLOCK-iT™ Lentiviral Pol II miR RNAi Expression 
System (Invitrogen/Gibco, K4938–00), following the manufac-
turer’s protocols. Sequences for miR-21 and miR-34a were found 
at http://www.mirbase.org, and primers for expression of miR-21 
and a siRNA targeting a unique loop sequence of the pre-miR-
34a transcript, thereby selectively knocking down miR-34a, were 
ordered from TAG Copenhagen A/S. Sequences cloned into the 
vectors were:

5′-TGCTGTAGCT TATCAGACTG ATGTTGAGTT TTGG
CCACTG ACTGACTCAA CATCTCTGAT AAGCTA-3′ for 

miR-21 overexpression, and 5′-TGCTGTTAGC TAATACTCAC 
  A A C A A C G T T T   T G G C C A C T G A 
C T G A C G T T G T   T G T G T A T T A G  
CTAA-3′ for knockdown of miR-34a. As a negative control, we 
transfected cells with a virus containing an artificial sequence 
not expressed in the rat genome (miR-neg). Virus was generated 
by cotransfection of HEK293FT cells with plasmids from the 
ViraPower packaging mix (Invitrogen) using Lipofectamine™ 
2000 (Invitrogen, 11668). After 72 h, virus was harvested by 
ultracentrifugation of the supernatant fraction at 20 000 g for 2 
h, and the pellet was resuspended in medium. Titers were deter-
mined in HT1080 cells. Stable INS-1 cells were generated by 
seeding 1 million cells in 2 ml medium. After 2 d, medium was 
removed and virus-containing medium added, at a multiplicity 
of infection (MOI) of 10. Medium was replaced with 2 ml com-
plete medium 6h after transduction, and transduced cells were 
selected for using 6 µg/ml blasticidin for 2–3 wk, during which 
approximately half the INS-1 cells died.

qPCR
Overexpression of miR-21 or knockdown of miR-34a was 

verified using qPCR. INS-1 cells (1.0 × 106 in 5 ml per con-
dition) were seeded in 6-well plates 48 h prior to experi-
ments. Total RNA was harvested and extracted using TRIzol 
(Invitrogen). Quantity of the extracted RNA was assessed using a 
NanoDrop 1000 (Thermo Scientific, ND-1000). qPCR was per-
formed using Applied Biosystems 7900HT PCR System using 
TaqMan® Universal PCR Master Mix (Applied Biosystems), 

according to the manufacturer’s guidelines. TaqMan miRNA 
detection kits were: miR-21 (000397), miR-34a (000426), 
U6 (001973). To investigate the expression of CDK4, cyclin 
D2, SIRT1, and PDCD4, we used SYBR® green PCR Master 
Mix (Applied Biosystems), according to the manufacturer’s 
guidelines. Primers were provided by TAG Copenhagen as 
the following sequences: CDK4 forward (5′-ACCTACGGA
C ATACCTGGAC A-3′); CDK4 reverse (5′-TTGCATGAAG 
GAAATCTAGG C-3′); SIRT1 forward (5′-TCCTGT
GGGA TACCTGACTT C-3′); SIRT1 reverse (5′-CA
AGGCGAGC ATAAATACCA T-3′); PDCD4 forward 
(5′-ATGATGTGGA GGAGGTGGAT GTG-3′); PDCD4 
reverse (5′- CCAATGCTAA GGATACTGCC AAC-3′); 
HPRT forward (5′-GCAGACTTTG CTTTCCTTGG-3′); 
HPRT reverse (5′-GCCTGTATCC AACACTTCGA G-3′).  
Probes were provided by Applied Biosystems: cyclin D2  
(Rn0142401_m1), HPRT (cat. no. Rn01428093_m1). Data was 
analyzed using SDS 2.3 (Applied Biosystems), and was quanti-
fied using the 2-ΔΔct method47 with the house-keeping genes U6 
or HPRT as endogenous controls and mRNA from the control 
INS-1 cells as calibrator.

Cell counting
Cells were plated in 48-well dishes (50 000 cells/well), cultured 

for 72 h, and trypsinized using 200 µl Trypsin-EDTA (Invitrogen, 
15090–046). Cells were counted manually in a counting cham-
ber. The means from 5 independent experiments were subse-
quently used to correct for varying growth rates of the cell lines.

Cell death detection assay
As a measure of cell death, histone/DNA complexes released 

from the nucleus to the cytosol were measured according to the 
manufacturer’s instructions (Cell Death Detection ELISAPLUS, 
Roche). Cells were plated in 48-well dishes (50 000 cells/well), 
exposed to cytokines after 48 h, and evaluated after 72 h using 
the ELISA kit. Early β-cell apoptosis was determined through 
analysis of lysates of the adherent cells, while late apoptosis/
necrosis was determined through analysis of detached cells float-
ing in the media and harvested by centrifugation of the culture 
supernatants at 1200 x rpm for 5 min.

NO measurement
NO, an indicator of β-cell stress, was determined in cell super-

natants from the above experiments. NO was measured as accu-
mulated nitrite in the medium by mixing equal volumes of cell 
culture medium and Griess reagent (0.1% [wt/vol.] naphthyleth-
ene diamine hydrochloride; Sigma) in H

2
O

2
, and 1% (wt/vol.) sul-

phanilamide (Bie and Berntsen) in 5% (vol./vol.) H
3
PO

4
 (Merck # 

1005631000). Absorbance was measured at 550 nm and accumu-
lated nitrite calculated from a NaNO

2
 standard curve.

Proliferation assay
Cells were grown according to protocol given by the Click-iT® 

EdU Cell Proliferation Assay (Invitrogen, C10351) and fixed for 
differential interference contrast (DIC) and fluorescence micros-
copy analysis (FM) as described.48 Nuclei were stained with blue-
fluorescent HCS NuclearMask™ Blue Stain (Invitrogen), and 
EdU (5-ethynyl-2’-deoxyuridine) (Invitrogen) was applied for 
staining cycling cells having entered the S-phase. Proliferating 
cells were found as the ratio between the total number of cells 
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(with blue nuclei) and cells during S-phase (with green nuclei). 
Nuclei were counted by 2 blinded observers and calculated as 
means. Images were obtained with an Olympus DP72 digital 
camera on an Olympus BX63 motorized reflected epifluores-
cence microscope using Olympus cellSense Dimension imaging 
software. Images were digitally processed with Adobe Photoshop 
CS4 for overlays.

Cell viability
Cell viability was assessed using the xCELLigence platform 

(RTCA SP, Roche Diagnostics), which through a cell index 
reflects real-time attachment, morphology, and proliferation. 
E-plates (96-wells) were precoated with poly-d-lysine (Sigma, 
CAS no. 27964–99). Twenty-thousand INS-1 cells were added 
per well in 20 µl medium followed by 30 min incubation at room 
temperature. The E-plate was inserted into the xCELLigence 
platform and placed at 37 °C with 5% CO

2
. Cell index was mon-

itored over a time period of 24 h.
Statistical analysis
Results are presented as means + SEM. Statistical significance 

(P < 0.05) between single conditions was determined using a 
2-way paired or unpaired t test with the Tukey correction using 
SAS® 9.1.3 for normally distributed data. For Fig. S5, a 1-way 
unpaired t test was used.
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