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miR-6835-3p regulates the function of pancreatic islet
cells by modulating the expression of AdipoR1
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Abstract. Effective drugs and strategies for treating type 2
diabetes mellitus (2-DM) are urgently required. The aim of
the present study was to elucidate the mechanism underlying
microRNA (miR)-6835-3p regulation of adiponectin receptor 1
(AdipoR1) expression and the miR-6835-3p/AdipoR1 signaling
pathway in pancreatic islet cells. In addition, the potential
anti-diabetes effect of miR-6835-3p on insulin secretion was
investigated. Luciferase activity analysis was performed to
evaluate how miR-6835-3p targets the 3'-untranslated region of
AdipoR1. The SU.86.86 and MIN-6 cell lines were co-cultured
with or without miR-6835-3p inhibitors or mimics, and the
insulin secretory functions of these cell lines were then deter-
mined. Luciferase reporter analysis revealed that AdipoR1
was a direct target of miR-6835-3p. In addition, miR-6835-3p
overexpression suppressed the mRNA and protein expres-
sion levels of AdipoR1 in the SU.86.86 and MIN-6 cell lines.
Furthermore, miR-6835-3p exerted negative effects on insulin
secretion in SU.86.86 and MIN-6 cells, which were mediated
by regulating AdipoR1 expression. AdipoR1 was a direct target
of miR-6835-3p; therefore, inhibition of AdiopR1 expression
may reduce insulin secretion and may be considered a key
regulator of insulin secretion. The results of the present study
suggested that targeting AdipoR1 with miR-6835-3p inhibitors
may be a potential strategy for promoting glucose-stimulated
insulin secretion, and thereby, may be an effective treatment
for type 2-DM.

Introduction
Diabetes mellitus (DM) is caused by dysfunction of the

endocrine system; this metabolic dysfunction is characterized
by impaired metabolism of proteins, carbohydrates or fats,
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and hyperglycemia (1). Type 2-DM is a major public health
concern, which is increasing in frequency worldwide. In addi-
tion, it is commonly associated with various complications
and is a major chronic disease (2). It has been predicted that
the prevalence of type 2-DM will continue to rise, with >7.5%
of the global population thought to be affected by 2030 (2).
Therefore, more effective methods and therapeutic agents
for treating type 2-DM and its associated complications are
urgently required (3).

A growing body of evidence has indicated that microRNAs
(miRNAs/miRs) serve important roles in the post-transcrip-
tional regulation of gene expression (4). Transfection of cells
with appropriate miRNAs is one way to induce the generation
of pancreatic B-cells (5). The regulatory effects of miRNAs
on cell proliferation, differentiation and fate indicate that
miRNAs serve key roles in animal development (6-8).
Embryonic stem cells could be differentiated into fully
functional islet cells, which would be able to secrete insulin
and thus, could be an alternative method to replace damaged
pancreatic islet p-cells. In recent years, it has been indicated
that the regeneration and differentiation of islet $-cells may be
induced by regulating miRNA expression (9). Similarly, the
development of islet 3-cells has been revealed to be regulated
by the miR-200 family and miR-30, which control the transi-
tion from epithelial to mesenchymal cells (9). The dynamic
expression patterns of miR-375 and miR-7 in the stem cell
differentiation process are similar to those of miR-146a
and miR-34a expression in the developing pancreas of the
human fetus (10). Furthermore, V-Maf avian musculoaponeu-
rotic fibrosarcoma oncogene homolog B and Forkhead box
(Fox0O)-A2 are targeted by miR-342, which is also associated
with the maturation and differentiation of islet -cells (9).
During the development and differentiation of B-cells, the
key transcription factors associated with these processes are
specifically targeted by miRNAs (9,10). Therefore, miRNAs
may be an efficient, alternative strategy for the regeneration
of islet cells.

Type 2-DM has been consistently associated with hypoa-
diponectinemia, which is associated with adiponectin and its
receptors. Therefore, the present study used the online software
TargetScan (targetscan.org/) to predict the miRNAs that may
regulate the expression of adiponectin receptor 1 (AdipoR1) in
B-cells. It was subsequently identified that AdipoR1 may be a
potential target gene of miR-6835-3p.
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The present study used the MIN-6 pancreatic [3-cell line
(Mus musculus; transgenic for SV40 large T antigen), which
was derived from insulinoma, and the SU.86.86 cell line
(CRL-1837™), which has pancreatic tissue origin (Homo
sapiens) and was derived from metastatic ductal carcinoma
of the liver. The aim of the present study was to evaluate the
effects of miRNA on pancreatic cell function. The two pancre-
atic cell lines, SU.86.86 and MIN-6, were used to establish an
appropriate model for in vitro functional experiments.

Previous research (7) performed by our group assessed the
effects of miR-6835-3p on SU.86.86 and MIN-6 cell lines, and
revealed that AdipoR1 mRNA contained one miR-6835-3p
target sequence. The present results confirmed that AdipoR1
mRNA may be a target of miR-6835-3p in islet -cells. In
addition, AdipoR1 may affect the biological functions of the
SU.86.86 and MIN-6 cell lines. Therefore, the present study
aimed to investigate the in vitro effects of miR-6835-3p on the
insulin secretory function of -cells.

Materials and methods

Cell lines. The human pancreatic ductal carcinoma cell line
SU.86.86 (CRL-1837) and the mouse pancreatic islet cell
line MIN-6 were purchased from American Type Culture
Collection (Manassas, VA, USA). Cells were cultured in
Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) supplemented with 15%
heat-inactivated fetal bovine serum (Gibco; Thermo Fisher
Scientific, Inc.), 25 mM glucose and 5.5 mM 2-mercapto-
ethanol. Cells were grown at 37°C in an incubator containing
5% CO,. Lipofectamine® 3000 (Invitrogen; Thermo Fisher
Scientific, Inc.) was used for transfection experiments,
according to the manufacturer's protocol (11).

Extraction of total RNA and miRNA. TRIzol® (Invitrogen;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) was used
to extract total RNA from cells. The mirVana RNA isolation
kit (Invitrogen; Thermo Fisher Scientific, Inc.) was used to
remove RNA <200 nt from isolated total RNAs. Subsequently,
cDNA was generated using the SMART-cDNA synthesis kit
(Clontech Laboratories, Inc., Mountainview, CA, USA), which
was conducted according to the manufacturer's protocol. In
addition, the 3'-untranslated region (UTR) of AdipoR1 was
cloned into the pmirGLO vector using the DynaExpress
miRNA Cloning kit (BioDynamics Laboratory, Inc., Tokyo,
Japan) (12).

Analysis of the reporter gene. The whole cDNA sequence
that targets the 3'-UTR of AdipoR1 mRNA was predicted and
obtained from the total RNA of the two cell lines. The reverse
orientation of AdipoR1 3'-UTR was used as a control (13).
Notably, GUGCUUUU was identified as the seed region of
miR-6835-3p, which bound to the 3'-UTR region of AdipoR1
in position 38-44. After transfection with miR-6835-3p, the
3'-UTRs of AdipoR1, FoxO-1 and SIRT-1 were transfected into
the two cell lines. Cells were transfected with miR-6835-3p
mimics (Invitrogen; Thermo Fisher Scientific, Inc.)
(3 ug/ml) using Lipofectamine® 3000 (Invitrogen; Thermo
Fisher Scientific, Inc.) for 48 h at 37°C, and were then trans-
fected with the 3'-UTRs of AdipoR1 (4 pg/ml), FoxO-1 and
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SIRT-1 based on the aforementioned method. The Dual-Glo®
Luciferase Assay system (Promega Corporation, Madison, W1,
USA) was used to determine luciferase reporter gene activity,
according to the manufacturer's protocol. The Site-Mutation
kit (Promega Corporation) was used to construct the mutant
(mut) 3'-UTR of AdipoR1. Furthermore, FoxO-1 and SIRT-1
mRNA 3'UTRs were also obtained from the two cell lines, and
luciferase reporter assays were conducted.

Transfection with miR-6835-3p inhibitors or mimics. For
cells that were transduced with vectors and transfected
with mimics/inhibitors, transduction was performed first.
Lipofectamine® 3000 (Invitrogen; Thermo Fisher Scientific,
Inc.) was used to perform transfection experiments, according
to the manufacturer's protocol. The miR-6835-3p mimics
(MC29537) and inhibitors (MH29537) were purchased from
Thermo Fisher Scientific, Inc., respectively. In addition, the
sequence of the negative control used was as follows: 5'-ACG
UGACACGUUCGGAGAAUU-3'. The effects of miR-6835-3p
inhibitors or mimics on miR-6835-3p expression were evaluated
using reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR). The mimics/inhibitors were labeled with green
fluorescent protein (GFP) to allow for observation, in order to
verify whether cell transfection was successful (Fig. 1). The
images were captured using a fluorescence microscope at x200
magnification (IX71; Olympus Corporation, Tokyo, Japan).

RT-qPCR assay. The mRNA expression levels of AdipoR1
were detected in the two cell lines using RT-qPCR. Briefly,
RT-qPCR was performed with SYBR Green (Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) and the Light-Cycler
Roche 480 system (Roche Diagnostics, Basel, Switzerland),
The thermocycling conditions for qPCR were as follows:
Pre-denaturation at 95°C for 30 sec, followed by 40 cycles of
denaturation at 95°C for 5 sec and extension at 60°C for 30 sec.
The 224 method was used to calculate relative expression and
quantify (12,14). The primer sequences used were as follows:
AdipoR1, forward 5-GCAGGCACATTACACGGT-3, reverse
S"-TCCAGTTTTTTTTTTTTTTTAGAGGTC-3'; GAPDH
forward 5'-CTCATGACCACAGTCCATGCC-3', reverse
5'-GGCATGGACTGTGGTCATGAG-3'; miR-6835-3p,
forward 5'-GACCCTCTGTCTTTTCACGAAAA-3, reverse
S"TTTTCGTGAAAAGACAGAGGGTC-3'; and U6, forward
5'-CTCGCTTCGGCAGCACA-3" and reverse 5'-TGTGCT
GCCGAAGCGAG-3'.

Western blot analysis. Cells were collected and total proteins
were extracted in 40 mM Tris-HCI (pH 7.4) containing
150 mM NaCl and 1% (v/v) Triton X-100 (Sigma-Aldrich;
Merck KGaA), supplemented with protease inhibitors
(Sigma-Aldrich; Merck KGaA). Protein concentration was
determined using the bicinchoninic acid protein assay (Pierce;
Thermo Fisher Scientific, Inc.). Total cell proteins were
extracted and separated by 12% SDS-PAGE; 50 ug protein was
loaded per lane. Proteins were then transferred to a 0.45-ym
polyvinylidene fluoride membrane (Roche Diagnostics),
which was blocked with 1X Tris-buffered saline-Tween-20
(0.05%) containing 5% nonfat dry milk and agitated for 1 h at
room temperature. The membranes were then incubated with
primary antibodies against AdipoR1 (1:2,000; sc-518030),
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Figure 1. Confirmation that cell transfection with mimics/inhibitors of microRNA-6835-3p was successful. The mimics/inhibitors were labeled with green
fluorescent protein to allow for observation and images were captured with a fluorescence microscope at X200 magnification (IX71; Olympus Corporation,
Tokyo, Japan), in order to verify whether cell transfection was successful. shRNA, short hairpin RNA.

Sirtuin 1 (SIRT-1) (1:2,000; sc-135791), FoxO-1 (1:2,000;
sc-9808; Santa Cruz Biotechnology, Inc., Dallas, TX, USA)
and p-actin (1:3,000 dilution; 4970; Cell Signaling Technology,
Inc., Danvers, MA, USA) at 4°C overnight. The membranes
were then incubated with secondary antibodies goat anti-rabbit
immunoglobulin G (IgG)-horseradish peroxidase (HRP)
(sc-2004; 1:5,000 dilution; Santa Cruz Biotechnology, Inc.) or
goat anti-mouse IgG-HRP, (sc-2005; 1:5,000 dilution; Santa
Cruz Biotechnology, Inc.) for 1 h at room temperature. Protein
bands were visualized using enhanced chemiluminescence
(Amersham; GE Healthcare, Chicago, IL, USA).

Transduction of AdipoR1 and its short hairpin (sh)RNA. For
transduction of AdipoR1, PCR amplification was performed
for AdipoR1, and its open-reading frame was cloned into
the pAdEasy vector (Stratagene; Agilent Technologies, Inc.,
Santa Clara, CA, USA). To generate and amplify the virus,
293A cells (Thermo Fisher Scientific, Inc.) were employed;
cells (90% confluence) were transfected with vectors
(4 pug/ml) using Lipofectamine® 3000 (Invitrogen; Thermo
Fisher Scientific, Inc.) for 48 h at 37°C. Purification was
subsequently performed using the double cesium chloride
gradient centrifugation method (15). The 293A cells were
harvested, and adenovirus stocks were prepared by repeated
freezing and thawing. The infectious particles were measured
in culture by a plaque-forming unit (PFU) assay using a Cell
Biolabs QuickTiter™ Adenovirus Titer Immunoassay kit
(VPK-109; Cell Biolabs, Inc., San Diego, CA, USA), which
scores the number of viral plaques as a function of dilution.
The adenovirus titer reached ~3.5x10° pfu/ml. Subsequently,
the viral supernatant (1 ml) was used to infect target cells
(2x10° cells) for 10 days. AdipoR1 shRNA (5-GGACAACGA
CUAUCUGCUACATT-3") and the negative control shRNA
(shRNA-control; 5'-CCUACGCCACCAAUUUCGU-3") were
obtained from Shanghai GenePharma Co., Ltd. (Shanghai,
China), and were prepared via ligation of the corresponding
pairs of oligonucleotides to the pLKO.1 vector (Sigma-Aldrich;
Merck KGaA). The pLKO.I vectors containing AdipoR1
shRNA or shRNA-control were introduced into target cells
using Lipofectamine® 3000 (Invitrogen; Thermo Fisher
Scientific, Inc.) for 48 h at 37°C. The AdipoR1 vectors were
labeled with GFP for observation, in order to verify successful
transduction/transfection into cells (Fig. 1).

Insulin secretion assay. The insulin secretion assay was
conducted as previously described (16,17). Briefly, following
a 2 h preincubation period in the modification medium
[Krebs-Ringer (Sigma-Aldrich; Merck KGaA) containing
3 mmol/l glucose], cells were treated with 20 mM glucose for
1 h. Subsequently, the insulin levels in the cultured cell super-
natant fractions were determined using the radioimmunoassay
method using a specific insulin radioimmunoassay kit (cat.
no. RI-13K; Linco Research, Inc., St. Charles, MO, USA).

Statistical analysis. A two-tailed paired Student's t-test
was used to analyze differences between two groups, and
one-way analysis of variance (ANOVA) was performed for
multiple comparisons between >2 groups; when the vari-
ances were equal, the least signidicant difference post hoc
test was used, whereas when the variances were not uniform,
Dunnett's post hoc test was used. All data are presented as
the means + standard deviation. SPSS software (version 18.0;
SPSS, Inc., Chicago, IL, USA) was used to conduct statistical
analyses. P<0.05 was considered to indicate a statistically
significant difference.

Results

miR-6835-3p inhibits AdipoR1 expression in SU.86.86 and
MIN-6 cells. The present study used TargetScan software
(targetscan.org/) to predict the miRNA that may regulate
the expression of AdipoR1 in SU.86.86 cells. Subsequently,
AdipoR1 was identified as a potential target gene of
miR-6835-3p (Fig. 2). Reporter gene assays based on lucif-
erase activity were performed to confirm that the AdipoR1
3'-UTR was able to bind directly to miR-6835-3p. The results
indicated that miR-6835-3p markedly downregulated 3'-UTR
AdipoR1 luciferase activity in SU.86.86 and MIN-6 cells;
however, the luciferase activity of the mut-AdipoR1 group
was not influenced by miR-6835-3p (Fig. 3A and B). In addi-
tion, the results confirmed that miR-6835-3p did not directly
bind to FoxO-1 or SIRT-1 3'-UTRs (Fig. 3C and D). These
findings indicated that AdipoR1 mRNA was the direct target
of miR-6835-3p.

In order to determine whether miR-6835-3p affected the
mRNA and protein expression levels of FoxO-1, SIRT-1 and
AdipoR1 in SU.86.86 and MIN-6 cells, RT-qPCR and western
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Predicted consequential pairing of target region (top) Site | Context++ | Context++ score Weighted Conserved branch Per
and miRNA (bottom) type score percentile context++ score length :
MN/A

Position 38-44 of ADIPOR1 3" UTR 5 _..GGAGGAACUUCCCAAGUGCUUUL... Zmer-
LTI -0.29 99 -0.29 3.018

hsa-miR-6835-3p 3  GACCCUCUGUCUUUUCACGAAAA m8

Figure 2. Predicted results of AdipoR1 regulation by miR-6835-3p using TargetScan. The online software TargetScan was used to predict the miRNA target
of AdipoR1. AdipoR1 was subsequently identified as a potential target gene of miR-6835-3p. AdipoR1, adiponectin receptor 1; miRNA/miR, microRNA.
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Figure 3. Relative luciferase activities of AdipoR1 were suppressed by miR-6835-3p in SU.86.86 and MIN-6 cells. The results revealed that the relative
luciferase activities of AdipoR1 3'-UTR were markedly downregulated in (A) SU.86.86 and (B) MIN-6 cells transfected with miR-6835-3p; no change was
observed in the mut-AdipoR1 group. Conversely, miR-6835-3p did not directly bind to the SIRT-1 or FoxO-1 3'-UTRs in (C) SU.86.86 and (D) MIN-6 cells.
Data are presented as the means + standard deviation from three independent experiments. “P<0.01. AdipoR1, adiponectin receptor 1; FoxO-1, Forkhead
box Ol; miR, microRNA; mut, mutant; UTR, untranslated region; SIRT-1, Sirtuin 1.

blotting were performed (Fig. 4). The results demonstrated  the protein expression levels of FoxO-1 and SIRT-1 were
that miR-6835-3p suppressed the mRNA and protein expres-  decreased. Furthermore, miR-6835-3p inhibitors facilitated the
sion levels of AdipoR1 in SU.86.86 and MIN-6 cells (Fig. 4A  expression of AdipoR1 protein in the SU.86.86 and MIN-6 cell
and B). Conversely, miR-6835-3p did not affect the mRNA lines (Fig. 4B). Moreover, miR-6835-3p inhibitors enhanced
expression levels of FoxO-1 and SIRT-1 (Fig. 4B); however, the expression of AdipoR1 protein in the SU.86.86 and MIN-6
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and MIN-6 cells. AdipoR1, adiponectin receptor 1; miR, microRNA; NC, negative control; SIRT-1, Sirtuin 1; FoxO-1, Forkhead box O1.

cell lines (Fig. 4B). Taken together, these findings indicated
that miR-6835-3p may directly modulate AdipoR1 expression
by binding to the AdipoR1 3'-UTR, and the protein expression
levels of FoxO-1 and SIRT-1 may be altered in response to
miR mimics.

miRNA-6835-3p regulates glucose-stimulated insulin
secretion (GSIS) via the AdipoRI1 signaling pathway.
SU.86.86 and MIN-6 were cultured with glucose (20 mM),
after which RT-qPCR was performed to detect the expression
of miR-6835-3p. The results revealed that the expression levels
of miR-6835-3p were lower in the high glucose-stimulated
(20 mM) SU.86.86 and MIN-6 cell groups compared with
in the control group (Fig. 5SA and B), thus indicating that the
expression of miR-6835-3p changed in response to glucose
stimulation. In addition, the effects of miR-6835-3p mimics
or inhibitors on GSIS were investigated. The results indicated
that miR-6835-3p mimics suppressed GSIS; however, the
inhibitors promoted GSIS in the SU.86.86 and MIN-6 cell
lines (Fig. 5C and D).

Subsequently, the effects of AdipoR1 on GSIS in the
SU.86.86 and MIN-6 cell line were determined (Figs. 6 and 7).
It was demonstrated that AdipoR1 overexpression regulated
GSIS in SU.86.86 and MIN-6 cells (Figs. 6A and 7A). To
confirm the effects of AdipoR1 on GSIS, the present study
employed an AdipoR1 shRNA, and its effects on AdipoR1
expression were confirmed in SU.86.86 and MIN-6 cells
(Figs. 6B and 7B). The results demonstrated that knockdown of
AdipoR1 inhibited insulin secretion stimulated by high levels
of glucose in SU.86.86 and MIN-6 cells (Figs. 6C and 7C).
Furthermore, the effects of glucose on the expression of
AdipoR1 were assessed. The relative mRNA expression levels
of AdipoR1 were increased in the high glucose-stimulated
(20 mM) SU.86.86 and MIN-6 cell groups compared with in
the control groups (Figs. 6D and 7D).

To confirm the effects of AdipoR1 on glucose-stimulated
insulin secretion, the present study transduced SU.86.86 and
MIN-6 cells with a shRNA for AdipoR1 and tested its effi-
ciency. AdipoR1 shRNA downregulated the protein expression
levels of AdipoR1, as well as those of SIRT1 and FoxO-1 in its
downstream signaling pathway, in the MIN-6 and SU.86.86
cell lines (Fig. 8). These results confirmed that the AdipoR1
shRNA regulates the protein expression levels of AdipoR1 and
its associated pathway proteins in the MIN-6 and SU.86.86
cell lines.

Since miR-6835-3p and AdipoR1 regulate GSIS, and
AdipoR1 mRNA is a direct target of miR-6835-3p, the present
study further investigated how the effects of miR-6835-3p
on AdipoR1 expression were associated with GSIS (Figs. 9
and 10). As shown in Figs. 9A and 10A, overexpression of
AdipoR1 abolished the effects of miR-6835-3p mimics on
GSIS in the SU.86.86 and MIN-6 cell lines, respectively.
Conversely, treatment with miR-6835-3p mimics and AdipoR1
shRNA synergistically inhibited GSIS (Figs. 9B and 10B).
The effects of the miR-6835-3p/AdipoR1 signaling pathway
on GSIS were further evaluated using miR-6835-3p inhibi-
tors. The results demonstrated that AdipoR1 overexpression
significantly enhanced the effects of miR-6835-3p inhibitors
on GSIS (Figs. 9C and 10C). In addition, GSIS was reduced in
the SU.86.86 and MIN-6 cell lines treated with miR-6835-3p
inhibitors and AdipoR1 shRNA compared with in cells trans-
fected with miR-6835-3p inhibitors alone (Figs. 9D and 10D).
Taken together, these results confirmed that AdipoR1 was a
direct target of miR-6835-3p, and targeting AdipoR1 with
miR-6835-3p inhibitors could promote GSIS.

Discussion

Type 2-DM is associated with blindness, renal failure and
cardiovascular disease (16,18). The increasing incidence of
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AdipoR1 on GSIS, the present study employed an AdipoR1 shRNA and evaluated its efficiency in SU.86.86 cells. (C) AdipoR1 knockdown inhibited insulin
secretion stimulated by high levels of glucose in SU.86.86 cells. (D) Effects of glucose on AdipoR1 expression were also assessed. The relative mRNA
expression levels of AdipoR1 were greater in the high glucose-stimulated SU.86.86 cell group compared with in the control group. Data are presented as
the means + standard deviation from three independent experiments. “'P<0.01. AdipoR1, adiponectin receptor 1; GSIS, glucose-stimulated insulin secretion;
NC, negative control; shRNA, short hairpin RNA.

type 2-DM is a worldwide phenomenon, which coincides islet f-cells (21-23). In healthy mammals, when blood glucose
with the lifestyle changes of the last few decades (19,20).  concentration is elevated, insulin is released to promote the
Insulin is a small peptide hormone that is crucial for glucose  absorption of glucose by fat tissues, skeletal muscles or the
homeostasis in mammals and is generated from pancreatic  liver (24,25).
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Figure 7. AdipoR1 regulates GSIS in the MIN-6 cell line. (A) AdipoR1 overexpression regulated GSIS in MIN-6 cells. (B) To confirm the effects of AdipoR1
on GSIS, the present study employed an AdipoR1 shRNA and evaluated its efficiency in MIN-6 cells. (C) AdipoR1 knockdown inhibited insulin secretion
stimulated by high levels of glucose in MIN-6 cells. (D) Effects of glucose on AdipoR1 expression were also assessed. The relative mRNA expression levels
of AdipoR1 were greater in the high glucose-stimulated MIN-6 cell group compared with in the control group. Data are presented as the means + standard
deviation from three independent experiments. “P<0.01. AdipoR1, adiponectin receptor 1; GSIS, glucose-stimulated insulin secretion; NC, negative control,
shRNA, short hairpin RNA.
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Figure 8. AdipoR1 shRNA regulates the protein expression levels of AdipoR1 and its associated pathway proteins in the MIN-6 and SU.86.86 cell lines. To
confirm the effects of AdipoR1 on glucose-stimulated insulin secretion, the present study transduced SU.86.86 and MIN-6 cells with a shRNA for AdipoR1
and tested its efficiency. AdipoR1 shRNA downregulated the protein expression levels of AdipoR1, as well as those of SIRT1 and FoxO-1 in its downstream
signaling pathway, in the MIN-6 and SU.86.86 cell lines. AdipoR1, adiponectin receptor 1; FoxO-1, Forkhead box O1; NC, negative control; shRNA, short

hairpin RNA; SIRT-1, Sirtuin 1.

miRNAs are a class of 19-22 nucleotide-long endogenous
RNAs, which can affect gene expression by binding to the
3'-UTRs of target mRNAs (26,27). It has been indicated
that miRNAs may be involved in pancreatic development
and insulin secretion. In particular, miR-375 specifically
inhibits GSIS and serves a vital role in insulin secretion (25);
miR-9 regulates GSIS of islet $-cells by targeting SIRT-1
in the pancreas (22); miR-124a is highly expressed in the
pancreatic islets of patients with type 2-DM and inhibits
insulin secretion (28); and miR-187 regulates the expres-
sion of homeodomain interacting protein kinase 3, and is
associated with reduced GSIS (21). In addition, miR-34c
reduces GSIS by targeting vesicle-associated membrane
protein 2, which induces vital effects of insulin secretion
on B-cell exocytosis (29). Although numerous studies have

reported that miRNAs target genes associated with GSIS
signaling and have revealed their physiological implications,
the underlying mechanisms associated with the modula-
tion of GSIS have not been fully elucidated. In the present
study, the roles of miR-6835-3p in GSIS and regulation
of the AdipoR1/SIRT-1/FoxO-1 signaling pathway were
investigated.

In insulin-resistant obesity, adiponectin is downregulated,
as are adipokine factors secreted by adipose tissue. Type
2-DM, metabolic syndrome, atherosclerosis and obesity
are consistently associated with hypoadiponectinemia (30).
Adiponectin has been reported to induce anti-atherosclerotic
and anti-diabetic effects by attenuating inflammation and
oxidative stress (31,32). The biological effects induced by
adiponectin have been revealed to be associated with its
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receptors, AdipoR1 and AdipoR2. In addition, AdipoR1 is
able to modulate SIRT1-FoxOl signaling; a previous study
revealed that resveratrol increases the phosphorylation of
5" AMP-activated protein kinase and SIRT-1, and decreases
phosphorylation of downstream effectors FoxO-1 and FoxO-3a
via increasing AdipoR1 and AdipoR2 in the renal cortex (33).
In addition, capsaicin-activated FoxO-1 induces FoxO-1
acetylation, which is associated with CREB binding protein
and SIRT-1 (34). SIRT-1 activation may induce FoxOl activa-
tion, and it affects insulin function through modulation of the
SIRT1-FoxOl signaling axis (34). These findings indicated
that AdipoR1/SIRT-1/FoxO-1 signaling axis may have an
important role in insulin function. However, miRNA-mediated
modulation of AdipoRI1 activity in the anti-diabetes process
remains unclear.

In the present study, the miRNAs that may regulate
AdipoR1 expression in the SU.86.86 and MIN-6 cell lines
were predicted using TargetScan; AdipoR1 was identified as
a potential target gene of miR-6835-3p. The present results
also indicated that miR-6835-3p markedly downregulated
the luciferase activities of the AdipoR1 3'-UTR in SU.86.86
and MIN-6 cells; however, the luciferase activities of the
mut-AdipoR1 group were not affected by miR-6835-3p. In
addition, the results of a luciferase reporter assay confirmed
that miR-6835-3p did not directly bind to the FoxO-1 or SIRT-1
3'-UTRs. Therefore, the present study indicated that AdipoR1
mRNA was the direct target of miR-6835-3p.

Further investigations demonstrated that miR-6835-3p
suppressed the mRNA and protein expression levels of
AdipoR1 in the SU.86.86 and MIN-6 cell lines; however,
miR-6835-3p did not affect the mRNA expression levels of
FoxO-1 and SIRT-1. Conversely, the protein expression levels
of FoxO-1 and SIRT-1 were affected by miR-6835-3p. In addi-
tion, transfection with miR-6835-3p inhibitors facilitated the
protein expression levels of AdipoR1 in SU.86.86 and MIN-6
cells. Taken together, these results indicated that miR-6835-3p
may directly modulate AdipoR1 expression by binding to the
3'-UTR of AdipoR1 and may affect the protein expression
levels of FoxO-1 and SIRT-1 in the AdipoR1 signaling pathway.

The results demonstrated that miR-6835-3p expression in
high glucose-stimulated (20 mM) SU.86.86 and MIN-6 cells
was reduced compared with in the control group, thus indi-
cating that there was a change in miR-6835-3p expression in
response to glucose stimulation. In addition, transfection with
miR-6835-3p mimics suppressed GSIS; however, transfection
with miR-6835-3p inhibitors promoted GSIS in SU.86.86 and
MIN-6 cells. These findings indicated that transient transfec-
tion of cells with miR-6835-3p mimics or inhibitors altered
GSIS. Furthermore, AdipoR1 overexpression regulated GSIS
in SU.86.86 and MIN-6 cells, and AdipoR1 overexpression
significantly enhanced the effects of miR-6835-3p inhibi-
tors on GSIS. In addition, GSIS was reduced in response to
miR-6835-3p inhibitors in the SU.86.86 and MIN-6 cell lines
following AdipoR1 knockdown with a shRNA-AdipoRI.
These results confirmed that AdipoR1 was a direct target
of miR-6835-3p, and targeting AdipoR1 with miR-6835-3p
inhibitors may promote GSIS.

In conclusion, miR-6835-3p exerted effects on insulin
secretion in the SU.86.86 and MIN-6 cell lines, which were
mediated by regulating the expression of AdipoR1 and the
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associated signaling pathway proteins. AdipoR1 was observed
to be a direct target of miR-6835-3p, thus suggesting that
miR-6835-3p may be a crucial regulator of GSIS through
inhibition of the AdipoR1/SIRT-1/FoxO-1 signaling pathway.
The results of the present study suggested that inhibitors of
miR-6835-3p may be a potential therapeutic strategy for
promoting GSIS by targeting AdipoR1, and therefore may be
considered an effective treatment for type 2-DM.
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