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Abstract

Aims/hypothesis The role of beta cell microRNA (miR)-21 in
the pathophysiology of type 1 diabetes has been controversial.
Here, we sought to define the context of beta cell miR-21
upregulation in type 1 diabetes and the phenotype of beta cell
miR-21 overexpression through target identification.
Methods Islets were isolated from NOD mice and mice treat-
ed with multiple low doses of streptozotocin, as a mouse
model of diabetes. INS-1 832/13 beta cells and human islets
were treated with IL-1(3, IFN-y and TNF-« to mimic the
milieu of early type 1 diabetes. Cells and islets were
transfected with miR-21 mimics or inhibitors. Luciferase
assays and polyribosomal profiling (PRP) were performed to
define miR-2 1—target interactions.
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Results Beta cell miR-21 was increased in in vivo models of
type 1 diabetes and cytokine-treated cells/islets. miR-21 over-
expression decreased cell count and viability, and increased
cleaved caspase 3 levels, suggesting increased cell death. In
silico prediction tools identified the antiapoptotic mRNA
BCL?2 as a conserved miR-21 target. Consistent with this,
miR-21 overexpression decreased BCL?2 transcript and B cell
lymphoma 2 (BCL2) protein production, while miR-21 inhi-
bition increased BCL2 protein levels and reduced cleaved
caspase 3 levels after cytokine treatment. miR-21-mediated
cell death was abrogated in 828/33 cells, which constitutively
overexpress Bcl2. Luciferase assays suggested a direct inter-
action between miR-21 and the BCL2 3’ untranslated region.
With miR-21 overexpression, PRP revealed a shift of the Bcl2
message towards monosome-associated fractions, indicating
inhibition of Bcl2 translation. Finally, overexpression in dis-
persed human islets confirmed a reduction in BCL?2 transcripts
and increased cleaved caspase 3 production.
Conclusions/interpretation In contrast to the pro-survival role
reported in other systems, our results demonstrate that miR-21
increases beta cell death via BCL?2 transcript degradation and
inhibition of BCL?2 translation.

Keywords Animal —mouse - Basic science - Beta cell signal
transduction - Celllines - Isletdegeneration and damage - Islets

Abbreviations

AOPI Acridium orange/propidium iodide
Atf4 Activating transcription factor 4
BCL2 B cell lymphoma 2

BiP Binding immunoglobulin protein
Chop C/EBP homologous protein

ER Endoplasmic reticulum

GSIS Glucose-stimulated insulin secretion
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LNA Locked nucleic acid
miR-21 miRNA 21

miRNA microRNA

MLD-STZ Multiple low-dose streptozotocin
PDCD4 Programmed cell death 4
PRP Polyribosomal profiling
qPCR Quantitative real-time PCR
ROS Reactive oxygen species
STZ Streptozotocin

UTR Untranslated region
Introduction

microRNAs (miRNAs) are short, non-coding RNAs that clas-
sically inhibit gene expression by increasing mRNA degrada-
tion or directly inhibiting mRNA translation [1]. Many studies
have identified miRNAs as key regulators of beta cell devel-
opment, glucose-stimulated insulin secretion (GSIS) and beta
cell dysfunction [2-10]. Global expression profiling per-
formed in human and rodent islets subjected to proinflamma-
tory cytokine stress and viral infection as models of type 1
diabetes has demonstrated marked changes in miRNA expres-
sion patterns [6, 7, 11]. These findings suggest that beta cell
miRNAs may also contribute to the activation of intrinsic beta
cell stress pathways that act to augment or even initiate beta
cell dysfunction and death during the development of type 1
diabetes [12]. miRNA 21 (miR-21) is an NFkB-dependent
miRNA that has been shown to be induced during the evolu-
tion of type 1 diabetes [13—15]. This miRNA has been well
characterised in other cell types, and has classically been
labelled an ‘oncomiR’ in cancer cells, due to the inhibition of
tumour suppressor genes, which produces pro-survival effects
[16-18]. However, the role of miR-21 in beta cells has been
less clear, with conflicting data regarding pro-survival vs
proapoptotic effects [13, 14, 19]. Using human islets and cell
line models of type 1 diabetes, we sought here to define the
context of beta cell miR-21 upregulation and the phenotype of
beta cell miR-21 overexpression by novel target identification.
Our findings demonstrate an interaction between beta cell miR-
21 and the antiapoptotic nRNA BCL2, resulting in dual effects
on BCL?2 transcript abundance as well as Bcl2 translation.

Methods

Animals, islets and cell culture Eight-week-old male
C57BL6/J mice (Jackson Laboratories, Bar Harbor, ME,
USA) were treated with normal saline (154 mmol/l NaCl) or
streptozotocin (STZ) administered intraperitoneally at a dose
of 35 mg/kg per day for 5 days to model type 1 diabetes.
Blood glucose levels were measured via tail vein nick using
an Alphatrak glucometer (Abbott Laboratories, Abbott Park,
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IL, USA). Pancreatic islets were isolated by collagenase
digestion 1 week after initiation of STZ, as previously described
[20]. Eight-week-old female NOD mice (Jackson Laboratories),
also used as an animal model of type 1 diabetes, were followed
weekly for the onset of diabetes (blood glucose >11.1 mmol/l),
at which point islets were isolated for analysis. Non-diabetic
NOD mice were followed until 20 weeks of age to rule out
the development of diabetes and then euthanised for islet isola-
tion. Islets were also isolated from age-matched CD1 mice
(Jackson Laboratories). Animals were maintained within the
Indiana University Laboratory Animal Resource Center under
pathogen-free conditions and protocols approved by the institu-
tional animal care and use committee, in accordance with the
Guide for the care and use of laboratory animals [21].

INS-1 832/13 and 828/33 cells were obtained from C.
Newgard, Duke University, NC, USA and are commonly used
by many investigators in the field [22, 23]. To ensure repro-
ducibility, we adhere to standard culture techniques between
all laboratory members and experiments. Cells were only used
between passages 8 and 30 and the authenticity of the cell line
was verified through maintenance of glucose-stimulated insulin
secretion. INS-1 mycoplasma testing was performed to ensure
negative status. INS-1 832/13 and 828/33 cells or cadaveric
human islets from non-diabetic donors (obtained from the
Integrated Islet Distribution Program, exempt from
Institutional Review Board approval) were cultured as
described [23, 24] and treated with a cytokine mix consisting
of 5 ng/ml IL-13, 100 ng/ml IFN-y and 10 ng/ml TNF-« for 6,
24 or 48 h. Cells were also treated with high glucose (25 mmol/l)
or tunicamycin (300 nmol/l) for 24 h.

Transfection INS-1 832/13 and 828/33 cells were seeded into
a 12-well plate at a density of 4 x 10° cells/well and treated for
48 h with miR-21 5p (accession no. MI0000569) mimic used
at a concentration of 45 pmol (Qiagen, Diisseldorf, Germany),
or 100 pmol locked nucleic acid (LNA) inhibitor (Exiqon,
Vedbaek, Denmark), or negative controls (Qiagen, Exiqon)
that had been complexed with 3 pl Lipofectamine 3000 and
100 pl Opti-MEM (both from Thermo Fisher, Grand Island,
NY, USA). Relative miR-21 expression after transfection is
shown in the electronic supplementary material [ESM] Fig. 1.

For human islet dispersion and transfection, after 4 h of
routine incubation at 37°C, islets were suspended in 4 ml of
Accutase solution (Millipore, Billerica, MA, USA) with
100 units of DNase I (Millipore) in a thermal mixer at 37°C,
1000 rev/min for 10 min, followed by the addition of 10 ml of
culture medium. Dispersed cells were collected by centrifuga-
tion at 200 g for 3 min, and then resuspended in culture me-
dium and seeded into 12-well tissue culture plates (Falcon,
Tewksbury, MA, USA). Dispersed cells from 200 islets were
transfected with 23 pmol of either negative control miRNA or
miR-21 mimic using Lipofectamine 3000 reagent as described
above. Cleaved caspase 3 ELISA (ThermoFisher) was
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performed on transfected human islets as per the manufac-
turer’s protocol.

Reporter assays Luciferase assays were performed using a
Gaussia luciferase/secreted alkaline phosphatase dual reporter
system (GeneCopoeia, Rockville, MD, USA). Plasmids con-
taining the cloned wild-type human BCL2 3’ untranslated
region (UTR) or a mutated 3" UTR (positions 710-716 or
720-726) downstream of a secreted Gaussia luciferase reporter,
driven by an SV40 promoter, and a secreted alkaline phospha-
tase reporter driven by a CMV promoter were generated by
GeneCopoeia. INS-1 cells were seeded in a 12-well plate and
then treated with 1 pg of plasmid DNA complexed with 3 pl of
Lipofectamine 3000 (in 100 pl Opti-MEM) for 24 h. Cells were
then trypsinised and reseeded, followed by transfection with a
miR-21 mimic or negative control, as above, for 24 h. A dual
reporter luciferase assay kit (GeneCopoeia) was used according
to the manufacturer’s instructions to quantify luciferase activity
in 10 pl of medium. Results were normalised to secreted alka-
line phosphatase activity measured using a SpectraMax M5
multiwell plate reader (Molecular Devices, Sunnyvale, CA,
USA).

Cell counting and immunofluorescence Cell counting was
performed using 20 pl of trypsinised and resuspended INS-1
cells on a Cellometer (Nexcelom Bioscience, Lawrence, MA,
USA). Live/dead staining was performed with acridium
orange/propidium iodide dye (AOPI; Nexcelom Bioscience)
mixed 1:1 with suspended cells after trypsinisation.
Fluorescence detection of the generation of reactive oxygen
species (ROS) in INS-1 cells was performed using CellROX
Deep Red Reagent (ThermoFisher) as per the manufacturer’s
instructions. Cells were imaged on a LSM 700 fluorescent
confocal laser scanning microscope (Zeiss, Gottingen
Germany), and fluorescence intensity was assessed as mean
signal per well using ZEN 2011 image processing software
(Zeiss).

Quantitative real-time PCR RNA isolation and reverse tran-
scription was performed using miRNeasy and miScript II RT
kits according to the manufacturer’s instructions (Qiagen).
Quantitative real-time PCR (qPCR) was performed using the
miScript SYBR Green PCR Kit (Qiagen) and a Mastercycler
ep realplex instrument (Eppendorf, Hauppage, NY, USA).
Relative RNA levels were established against the invariant
small nuclear RNA RNU6-1 for miRNAs and {3-actin for
mRNA species, using the comparative C, method [25]. RNA
primer sequences are listed in ESM Table 1.

Immunoblotting Immunoblot analysis was performed as pre-
viously described [26]. Bound primary antibodies were de-
tected with donkey anti-mouse or donkey anti-rabbit antibod-
ies. Antibody characteristics are detailed in ESM Table 2.

Immunoreactivity was visualised using fluorometric scanning
on an Odyssey imaging system and quantified by LI-COR
software (both from LI-COR Biotech, Lincoln, NE, USA).

Functional and translation assays GSIS was assayed as pre-
viously described [27]. Supernatants were collected and
assayed using a radioimmunometric assay for insulin
(Millipore). Values were normalised to the total insulin con-
tent of the islet fraction. Polyribosomal profiling (PRP) exper-
iments were performed on INS-1 cell lysates as previously
described [28]. Total RNA was reverse transcribed and
qPCR was performed using SYBR Green methodology as
above.

Statistical analysis Statistical analyses were performed using
GraphPad Prism Version 6.00 (GraphPad Software, La Jolla,
CA, USA). Student’s ¢ tests were used for comparison be-
tween the treatment and control groups. One-way ANOVA
with Tukey’s post test for multiple comparisons was used
when comparing more than two groups. For all analyses, a p
value of <0.05 was considered significant.

Results

In order to determine whether inflammation present during the
development of type 1 diabetes was responsible for induction
of beta cell miR-21, several models of type 1 diabetes were
utilised. Islets were isolated from two in vivo mouse models of
type 1 diabetes: mice treated with multiple low-dose STZ
(MLD-STZ) (obtained 1 week after treatment initiation) and
NOD mice (at the time of onset of diabetes). Mice treated with
MLD-STZ had increased islet miR-21 expression relative to
saline-injected controls (Fig. 1a), while islets from diabetic
NOD mice demonstrated an even more pronounced increase
in miR-21 expression compared with CD1 controls (Fig. 1b).
Interestingly, islets from non-diabetic NOD mice also exhib-
ited increased miR-21 expression. Next, INS-1 832/13 cells
were treated with a cytokine mix for 6, 24 and 48 h, and
significantly increased miR-21 expression was observed at
all time points (Fig. lc—e). To define whether this effect on
miR-21 could be related to other components of the diabetic
milieu, INS-1 cells were treated with 25 mM glucose, to in-
duce glucotoxicity and oxidative stress, or 300 nm
tunicamycin for 24 h, to induce endoplasmic reticulum (ER)
stress (Fig. 1f, g). Verification of treatment effects are shown
in ESM Fig. 2. Neither condition increased miR-21 expres-
sion, suggesting that miR-21 was upregulated specifically in
response to proinflammatory signalling and not in response to
hyperglycaemia or ER stress.

To define the phenotypic effects of increased miR-21 ex-
pression, INS-1 832/13 beta cells were transfected with an
miR-21 mimic. After 48 h, INS-1 cells with miR-21
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Fig.1 Beta cell miR-21 production is induced in models of inflammation
and type 1 diabetes. miR-21 expression was analysed in: islets from (a)
mice treated with MLD-STZ or controls treated with saline (n = 5) or (b)
diabetic and non-diabetic NOD mice (n =7, n = 3, respectively) compared
with CD1 controls (n = 5), (c—e) INS-1 cells treated with cytokine mix for
6, 24 or 48 h (n = 5-9), and (f) INS-1 cells treated with high glucose
(25 mmol/l) or (g) tunicamycin (300 nmol/1) for 24 h (n = 5-6). *p <0.05,
*p <0.01, **¥¥p < 0.001

overexpression were significantly less confluent than cells
transfected with a negative control (Fig. 2a, b), prompting
live/dead staining with AOPI (Fig. 2a, c). AOPI staining re-
vealed a significant increase in the percentage of dead INS-1
cells in response to miR-21 overexpression. To ascertain
whether activation of intrinsic death pathways was involved,
immunoblotting for cleaved caspase 3 was performed
(Fig. 2d). A significant increase in cleaved caspase 3 protein
levels confirmed a role for apoptosis in this phenotype. To
explore activation of other intrinsic stress pathways, we quan-
tified the expression of ER-stress-associated mRNAs in
transfected cells. Interestingly, reduced expression of
mRNAs encoding C/EBP homologous protein (Chop), the
binding immunoglobulin protein (BiP)/glucose regulated pro-
tein 78, and activating transcription factor 4 (Atf4) (Fig. 2e)
was observed. To assay for the presence of oxidative stress,
we performed staining for ROS generation and were unable to
detect any differences in transfected cells (Fig. 2f), suggesting
that miRNA-21 decreased cell survival independently of ER
and oxidative stress. To understand the effect of miR-21 up-
regulation on beta cell function, GSIS was performed in INS-1
cells transfected with a miR-21 mimic. In contrast to cells
transfected with the negative control miRNA, INS-1 cells
overexpressing miR-21 showed a blunted insulin secretory
response to stimulation with high glucose concentrations

(Fig. 2g).
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Because the proapoptotic mRNA of the gene encoding
programmed cell death 4 (PDCD4) has previously been con-
firmed as a target of beta cell miR-21, immunoblotting for
PDCD4 was performed. Our results confirmed reduced
PDCD4 protein levels, consistent with effective miR-21
overexpression (Fig. 3a) [19]. However, our observation that
miR-21 overexpression increased beta cell death was at odds
with a predicted pro-survival effect of reduced PDCD4. Based
on this, we turned to in silico prediction tools to identify other
potential miR-21 targets to explain the proapoptotic pheno-
type of beta cell miR-21 overexpression [29, 30]. We found
that the 3" UTR of the mRNA encoding the antiapoptotic
protein B cell lymphoma 2 (BCL2) was a predicted target
for miR-21, with a predicted binding site that was well con-
served among vertebrate species [30, 31]. Figure 3b depicts
predicted sites of interaction between the human BCL2 3’
UTR and miR-21. Identical consequential pairing regions
are predicted at position 704—710 of the mouse Bcl2 3' UTR
and 699-705 of the rat Bc/2 3' UTR [31].

Supporting this prediction, BCL2 protein levels were re-
duced in parallel with increased miR-21 levels after 48 h of
cytokine treatment (Fig. 3c). To verify this relationship, gPCR
was performed to assess relative Bcl2 transcript quantity on
INS-1 832/13 cells transfected with a miR-21 mimic (Fig. 3d).
This analysis revealed decreased transcript levels, consistent
with mRNA degradation. In contrast, no significant change in
the abundance of transcripts of other BCL2 family members
that would be expected to impact apoptosis were detected
(Fig. 3e). To determine whether a direct interaction occurred
between miR-21 and the BCL2 3' UTR, INS-1 cells were
transfected with plasmids containing a luciferase reporter driv-
en by the wild-type human BCL2 3' UTR, or BCL2 3" UTRs
that had been mutated at two different sites included in the
predicted miR-21 binding region, positions 710-716 or posi-
tions 720726 (Fig. 31). Cells were then transfected with ei-
ther the miR-21 mimic or a negative control. Consistent with a
direct interaction of miR-21 and the BCL2 3’ UTR, miR-21
overexpression reduced the luciferase activity of INS-1 cells
expressing the wild-type BCL2 3" UTR plasmid. However, no
effect of miR-21 overexpression was present in INS-1 cells
transfected with mutated 3’ UTR plasmids.

To confirm a miR-21-mediated effect on protein levels,
immunoblots for BCL2 protein were performed on INS-1
cells after miR-21 mimic transfection. This analysis demon-
strated reduced levels of BCL2 protein with miR-21 overex-
pression (Fig. 3g). To understand whether the miR-21-
mediated reductions in BCL2 protein occurred exclusively
through mRNA degradation as shown in Fig. 3d vs direct
inhibition of translation, PRP experiments were performed
to ascertain the translation status of Bc/2 mRNA. Although
no global changes in mRNA translation were seen (Fig. 3h),
INS-1 cells overexpressing miR-21 revealed a shift of Bcl2
transcripts towards monosome-associated fractions, and away
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Fig. 2 miR-21 overexpression increases INS-1 beta cell apoptosis and
decreases GSIS. INS-1 cells were transfected with a miR-21 mimic for
48 h to increase miR-21 activity. (a) Viability staining with AOPI, with
green staining (AO) representing all cells, and red staining (PI)
representing compromised membranes. Scale bar, 400 um. (b) Total cells
and (c) percentage of dead cells were analysed. (d) Immunoblot for
cleaved caspase-3. (e) Relative expression of ER stress transcripts was

from the polysome-associated fractions, indicating a reduction
in active Bcl2 translation (Fig. 31). These results suggest that
both mRNA degradation and translational inhibition contrib-
ute to miR-21-mediated reductions in BCL2 protein levels.

To validate the relevancy of our findings in a human model,
human islets were treated with a mix of proinflammatory cy-
tokines for 24 and 48 h. Similar to the results obtained in
rodent beta cell lines and islets, we observed a significant
increase in miR-21 expression at the 48 h time point
(Fig. 4b). To confirm a direct role of miR-21 on BCL2 and
apoptosis in human islets, we transfected miR-21 mimics into
dispersed islets. Consistent with our findings above, we ob-
served that miR-21 overexpression led to an increase in
cleaved caspase 3 (measured using ELISA) and a reduction
in BCL2 expression (Fig. 4c, d).

Finally, to define effects of miR-21 inhibition, INS-1 cells
were transfected with a miR-21 inhibitor for 48 h (Fig. 5a, b).
At baseline, a trend towards increased BCL2 levels was pres-
ent (Fig. 5a), while PDCD4 levels were unchanged (Fig. 5b).
To determine whether miR-21 inhibition had a protective ef-
fect against proinflammatory cytokines, INS-1 cells were
treated for 16 h with a proinflammatory cytokine mix.
Interestingly, in combination with cytokine treatment, miR-
21 inhibition reduced cleaved caspase 3 levels compared with

quantified with qPCR: black bars, control cells; white bars, mimic. (f)
ROS generation was quantified using CellROX Deep Red Fluorescent
Reagent. (g) After miR-21 mimic transfection, GSIS was assayed in re-
sponse to low (2.5 mmol/l) and high (15 mmol/l) glucose concentrations,
and normalised to the total insulin content of the cell lysate. Neg, nega-
tive. S/T Xbpl, spliced/total Xbpl. n = 4-9. *p < 0.05; **p < 0.01,
#kp < 0.001

negative controls (Fig. 5c). Here, there was a trend towards
increased BCL2 levels in cells pretreated with the miR-21
inhibitor (Fig. 5d). Again, no differences were present in
PDCD4 levels (Fig. 5e).

In order to ascertain the contribution of BCL2 inhibition to
the pro-death effects of miR-21, we transfected INS-1 828/33
cells, which constitutively overexpress Bcl2, with a miR-21
mimic [23]. BCL2 levels were decreased by the miR-21 mim-
ic. However, BCL-2 production remained higher than levels
observed in the wild-type INS-1 cells (Fig. 5f). Consistent
with this, the percentage of dead cells (assessed by AOPI
staining, quantified in Fig. 5g) was significantly lower in
BCL2-overproducing INS-1 cells compared with wild-type
INS-1 cells transfected with the mimic.

Discussion

Previous studies have demonstrated increased beta cell miR-
21 expression in response to cytokines and inflammation, spe-
cifically via activation of NFkB signalling [13, 15, 19].
Consistent with other cell types, beta cell miR-21 has been
confirmed to target the tumour suppressor PDCD4 [15, 19].
Knockout of islet PDCD4 protected against beta cell death
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and development of diabetes in NOD mice and after treatment
with high-dose STZ, suggesting that miR-21-mediated inhibi-
tion of PDCD4 could potentially have a pro-survival effect
[19]. However, others have shown that miR-21 overexpres-
sion via transfection demonstrated no improvement in beta
cell survival [13]. More recent work reported increased beta
cell apoptosis after stable lentiviral miR-21 overexpression.
However, the authors did not observe concurrent reductions
in PDCD4 with miR-21 overexpression, or identify a mecha-
nism explaining the potential proapoptotic effects of miR-21
[14], leaving a number of unresolved controversies regarding
the effect of miR-21 on beta cell survival and function.
Consistent with other studies, we found that beta cell miR-
21 was induced by multiple in vitro and in vivo models of
inflammation and type 1 diabetes, including cytokine treatment
of human islets, islets from mice treated with MLD-STZ, and
NOD mouse islets. Moreover, we ruled out contributions from
ER stress or hyperglycaemia associated with development of
diabetes. The elevation of miR-21 in non-diabetic NOD islets is
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Fig. 5 miR-21 inhibition reduces cytokine-induced cleaved caspase 3
production, while BCL2 overexpression reduces miR-21-mediated apo-
ptosis. (a, b) miR-21 LNA inhibitor was transfected into INS-1 832/13
(wild-type) beta cells for 48 h to inhibit miR-21 activity. Immunoblots for
(a) BCL2 and (b) PDCD4 were performed. (c—e) After miR-21 inhibitor
treatment, INS-1 832/13 cells were treated with 16 h of cytokine mix, and

an interesting finding, and is consistent with inflammatory in-
duction of miR-21 expression, as NOD-severe combined im-
munodeficiency mice exhibit islet macrophage and dendritic
cell infiltration, increased TNF-«x signalling and intrinsic islet
dysfunction, despite the absence of hyperglycaemia [32, 33]. Of
note, and consistent with islet miR-21 expression, we were
unable to detect differences in islet Bc/2 mRNA between dia-
betic and non-diabetic NOD mice (data not shown).

We endeavoured first to clarify the effects of miR-21 on beta
cell survival, and second to identify a beta cell miR-21 target to
explain these effects. In INS-1 beta cells, our results revealed that
miR-21 overexpression, induced using a miR-21 mimic, led to a
clear increase in cell death, despite reductions in PDCD4 protein
levels. Correspondingly, inhibition of miR-21 was able to reduce
cleaved caspase 3 production after cytokine treatment.
Differences in our data and previous work may have several
explanations, but are mostly likely due to differences in the meth-
od, dose and effectiveness of miR-21 manipulation in the target
cells. However, we verified that our system resulted in effective
miR-21 overexpression by ensuring significant suppression of
PDCD4, a verified beta cell miR-21 target. Furthermore,

immunoblots were performed for (¢) cleaved caspase 3, (d) BCL2, and (e)
PDCD4. (f, g) INS-1 828/33 cells, which constitutively overexpress
BCL2, were transfected with a miR-21 mimic for 48 h. (f) Immunoblot
for BCL2. (g) Percentage dead cells. Neg, negative. n = 3-5. *p < 0.05,
5 < 0,01, ##%p < 0.001, Tp = 0.052

identification of a target that explains the proapoptotic phenotype
lends credibility to our system and findings.

Based on in silico prediction tools, we identified the BCL2
3" UTR as a highly conserved miR-21 binding site. BCL2, a
member of the antiapoptotic BCL2-like-protein subgroup of
the BCL2 protein family, is involved in regulating the
permeabilisation of the mitochondrial outer membrane and
apoptosis [34]. When bound to BH3-only ‘activator’ proteins,
BCL2-like proteins are able to render activator proteins latent.
However, when the interaction between BCL2-like proteins
and activator proteins is disrupted, activator proteins are re-
leased into the cytoplasm, where they induce a conformational
change and activation of proapoptotic Bax-like proteins. This
ultimately leads to pore formation in the outer mitochondrial
membrane and release of proapoptotic proteins into the cyto-
sol [34, 35]. Because of BCL2’s pro-survival properties, miR-
21-mediated reductions in the stability of BCL2 mRNA and
suppression of BCL2 translation could explain the
proapoptotic phenotype we observed in beta cells [36, 37].

Although BCL2’s 3' UTR has a predicted miR-21 binding
site, reduced BCL2 levels have not been typically identified as
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an effect of miR-21. On the contrary, in other cell types, miR-
21 overexpression has been associated with increased BCL2
protein levels [38—40]. Treatment of breast cancer cells with
oestrogen receptor agonists was associated with reductions of
miR-21 expression and increased BCL2 mRNA and protein
levels, suggesting a potential inhibitory interaction. However,
these results could also be explained by a direct effect of
oestrogen agonists on BCL2 production [41]. In contrast,
our data support a direct interaction between miR-21 and the
BCL2 3" UTR in beta cells, and provide direct evidence of the
effect of miR-21 on BCL2 mRNA levels as well as translation.
Moreover, we confirmed the link between miR-21 overex-
pression, reductions in BCL2 and increased apoptosis in hu-
man islets. This novel report of miR-21 inhibition of BCL?2
may explain the unusual proapoptotic phenotype of miR-21
seen in the beta cell. Indeed, overproduction of BCL2 was
able to reduce miR-21-mediated death in INS-1 cells.

There are several limitations to our study. BCL2 overpro-
duction has previously been shown to protect against
cytokine-induced apoptosis in beta cell lines and islets
ex vivo. However, in vivo BCL2 overproduction delayed
but was unable to prevent the development of diabetes in
NOD mice [36, 42, 43]. Although these data suggest that beta
cell BCL2 overproduction may be partially protective, diabe-
tes prevention in this model may require combinatorial ap-
proaches with a second intervention, such as immune modu-
lation. Similarly, as previous work has suggested that loss of
BCL2 in isolation may not be sufficient to induce apoptosis,
key methodological differences in time frame and/or method
of BCL2 reduction may explain our observed effects [44, 45].

Finally, BCL2 inhibition has recently been shown to in-
crease beta cell mitochondrial metabolism and GSIS [44].
Because miR-21-induced reductions in BCL2 might be expect-
ed to increase GSIS, our findings of decreased GSIS with miR-
21 overexpression are not likely to be directly due to reduced
BCL2 levels [44]. Our results are probably related to the pro-
gression of apoptosis and cell death present in a high percentage
of cells, with subsequent degranulation and alterations in func-
tion. Alternatively, downregulation of other suggested miR-21
target mRNAs, such as Pclo, which encodes a protein important
for cyclic AMP potentiation of insulin secretion, may lead to
effects on insulin secretion independent of the effects of miR-21
on cell survival [15]. Further investigation of other miR-21
target mRNAs is needed to fully understand the in vivo rele-
vance of changes in beta cell miR-21 expression.

In conclusion, our results suggest a novel role for miR-21
in the beta cell through the induction of apoptosis via BCL2
mRNA degradation and inhibition of BCL2 mRNA transla-
tion. These findings provide an important insight into the role
of inflammation-induced elevations in beta cell miR-21 dur-
ing the development of diabetes. Future work will use in vivo
beta cell-specific models to study the effects of miR-21 over-
and underexpression in order to define whether modulation of
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beta cell miR-21 levels might represent a potential target for
strategies aimed at reducing beta cell death in diabetes.
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