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Abstract

Background

Increasing evidence suggests that miR-126 participates in the glucose homeostasis

through its target molecules. Although bioinformatics analysis predicts that miR-126 can

bind with the insulin receptor substrate-2(IRS-2) mRNA at the “seed sequence”, but there

are still no definitely reports to support it. In this study, we provided evidences that IRS-2

was one of the target genes of miR-126. And miR-126 has a proliferation inhibiting effects in

INS-1 β cells, mainly through the suppression of IRS-2.

Methods

The 3’-UTR of IRS-2 regulated by miR-126 was analyzed by the luciferase assay and west-

ern blot. Furthermore, proliferation of INS-1 β cells stimulated by glucose was tested, and

the association between IRS-2 and miR-126 were analyzed.

Results

We found that mutation of only three of the 6 “seed sequences” can eliminate the inhibition

effect of miR-126. In INS-1 β cells, administration of miR-126 suppresses the proliferation,

together with the unbalanced down-regulation of IRS-2 and IRS-1. Over-expression of IRS-

2 can reverse the proliferation effect of miR-126, while not of IRS-1. These results sug-

gested that miR-126 inhibited the β-cell proliferation via the inhibition of IRS-2 instead of

IRS-1.Additionally, we also found that high glucose and insulin could stimulate the rapid pro-

duction of endogenous miR-126 within 6 hours, together with the short term suppression of

IRS-1 and IRS-2 expression, and intensify the unbalanced expression of IRS-1 and IRS-2.

Conclusions

IRS-2 was one of the targets of miR-126. MiR-126 inhibited the β-cell proliferation through

IRS-2 instead of IRS-1. MiR-126 may take part in the glucose homeostasis both through its
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target IRS-2 and IRS-1. The unbalance between IRS-1 and IRS-2 caused by miR-126 may

play an important role in type 2 diabetes.

Introduction
Several recent reports have correlated miR-126 with the insulin resistance and diabetes [1].
Studies in patients with type 2 diabetes find that their plasma miR-126 level is significantly
lower in comparison with normal individuals, and the decreased miR-126 level is inversely
associated with the development of diabetes [2]. One of the most important target genes of
miR-126 is the insulin receptor substrate-1 (IRS-1) [3]. Some changes were linked to the
down-regulation of IRS-1 by ectopic miR-126, such as the affected mitochondrial energy
metabolism, reduced mitochondrial respiration, and promoted glycolysis, reducing Akt signal-
ing, inhibiting cytosolic sequestration of FoxO1, promoted expression of genes involved in glu-
coneogenesis and oxidative stress defense in H28 cells [4].

Insulin receptor substrates 1 and 2 (IRS-1 and IRS-2) are the major insulin-signaling com-
ponents regulating β-cell metabolism and survival. IRS-1 and IRS-2 depend on the same down-
stream IRS/PI3-kinase/Akt signaling cascade that is required for insulin regulation of glucose
homeostasis [5]. These two receptors are functionally related closely together, and have very
refined differences in the regulation of glucose homeostasis. It is suggested that IRS-1 plays a
predominant role in somatic growth, while IRS-2 in glucose homeostasis, especially in liver [6].
Loss of IRS-2 causes diabetes in mice due to β-cell insufficiency and peripheral insulin resis-
tance [7]. But loss of IRS-1 displays profound growth retardation without developing diabetes,
perhaps because of the insulin secretion compensation for the presence of mild insulin resis-
tance [8].

Interestingly, bioinformatics analysis also predicts that miR-126 can match with the “seed
sequences” of IRS-2 mRNA. But there are still no reports to confirm it. Another hint correlat-
ing the IRS-2 and miR-126 is the proliferation inhibiting effects of miR-126 on β-cells. Over-
expression of IRS-2 in isolated pancreatic islets causes proliferation and protects human β-cells
from hyperglycemia-induced apoptosis [9]. This implies that miR-126 executes its β-cell prolif-
eration inhibiting effects via IRS-2.Therefore; we design the experiments to test this hypothesis
using the rat insulinoma (INS-1) β-cell line. We also try to explore the different physiological
significance of the endogenous miR-126 in the glucose homeostasis through targeting the two
insulin receptors, IRS-1 and IRS-2.

Materials and Methods

INS-1 β cells culture
The rat insulinoma (INS-1) β-cell line (AiYan Biotechnology Corporation, Ltd, Shanghai,
China) was maintained in RPMI1640 medium (Gibco Corporation), supplemented with 10%
fetal bovine serum, 50μm β-mercaptoethanol, 1mM sodium pyruvate (Gibco Corporation),
2mM L-Glutamine(Amresco), 5.6mM Glucose and 100 U/mL penicillin and streptomycin
(Chinese Academy of Medical Sciences, Beijing, China) in 5% CO2 incubator at 37°C.

MiRNA transfection
MiRNAs were transfected using Lipofectamine 2000 (Transgene, China) as directed. The
following miRNAs were used: (1) miR-126 mimic(126M), a duplex RNA, with a sense
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(5’-UCGUACCGUGAGUA AUAAUGCG-3’), and an antisense sequence (5’-CAUUAUUA
CUCAC GGUACGAUU-3’); (2) miR-126 inhibitor(126I), with a sequence of 5’- CGCAUUA
UUACUCACGGUACGA-3’; and (3) non-targeting negative control (NC), with a sense:(5’-
UUCUCCGAACGUGUCACGUTT-3’), and antisense:(5’-ACGUGACACGUUCGGAGAAT-3’).

Luciferase reporter plasmid construction and luciferase activity assay
The dual luciferase psiCheck2 reporter plasmid was used to generate the reporter containing
the cloned IRS-2 3’-UTR fragment, which was amplified from human genomic DNA by PCR
with the following primers: 5’-tccgcTCGAGAGCTGGAAGGTCAATTTCAGTG-3’ (sense)
and 5’-atttgcGGCCGCACTCTACGGATAGAGGGCGAGT-3’ (antisense). The cloned frag-
ment was inserted into psiCheck2 reporter plasmid via XhoI and NotI sites. The mutant
reporter plasmid was screened by using the DpnI mediated site-directed mutagenesis method
with the following primers: 5’-TGTAACTCCCCCCAGGCGTGATAGGGACTGAAT-3’ (sense)
and 5’-ATTCAGTCCCTATCACGCCTGGGGGGAGTTACA-3’ (antisense).All plasmids were
verified by direct sequencing.

For the luciferase assay, the INS-1 β cells were seeded into 24-well plates at 5×105 densities.
MiRNAs (40nM/well) and the psi-check2-IRS-2 reporter plasmids (40nM/well) were co-trans-
fected. After 24 hours, cells were harvested and the luciferase activity was detected using the
Dual Luciferase Reporter Assay System (Transgene, Beijing, China) as directed.

RNA extraction and Real-time PCR
Total RNA was isolated with TRIzol reagent and reverse transcripted using Transcriptor First
Strand cDNA Synthesis Kit. Real-time PCR was performed with SYBR Green PCR reagent
(Transgene, Beijing, China) on a fluromax-4 Spectrofluorometer (Bio-Red). The fold changes
in target mRNA expression were calculated by using the 2-ΔΔCt method, normalized to
GAPDH. The Q-PCR of miR-126 was normalized to the U6.

Primers were as follows: miR-126: 5’-GCTAGCTCGTACCGTTAA TAA-3’(sense) and
5’-ATTCTAGAGGCCGAGGCGGCCGACATGT-3’ (antisense); U6: 5’-CTCGCTTCGGCAG
CACA-3’(sense) and 5’-AACG CTTCACGAATTTGCGT-3’(antisense);IRS-1:5’-AAATC
CTCTTCTAACTCATGGGTACC-3’ (sense) and 5’-CAGTTTCAGCAGCAGATGAA ATGTA-
3’ (antisense); IRS-2: 5’-TCGAGAGCTGGAAGGTCAATTTC AGTG-3’(sense) and 5’-
GGCCGCACTCTACGGATAGAGGGCGAGT- 3’ (antisense); GAPDH:5’-GCACCGTCAAG
GCTGAGAAC-3’(sense) and 5’-TGGTGAAGACGCCAGTGGA-3’ (antisense). All primers
were custom-synthesized by Sangon Biotech (Shanghai) Co. Ltd, China.

Western blot, Cell proliferation, Statistical analysis
INS-1 β cells were harvested and lysed to perform western blot routinely. 80μg of total protein
were electrophoresed on a 10% (w/v) SDS-PAGE and transferred into PVDF membranes (0.45
mm, Millipore, Darmstadt, Germany). Antibodies used were as follows: rabbit anti-IRS-1, anti-
IRS-2 (both from ImmunoWay; both diluted 1:200); rabbit anti-GAPDH (ZhongShan, Beijing,
China, 1:1000); HRP-conjugated secondary antibody (diluted 1:5000).

Cell proliferation was tested by the Cell Counting Kit-8 (CCK-8, Transgene, Beijing, China)
according to the manufacturer’s instructions. Cells were first transfected with the miRNAs or
plasmids 24 hours in 6-well plates and then reseeded into 96-well plates for testing. 3×103 cells
per well were seeded and the cell proliferation was detected 48 hours after transfection.

Statistical analyses were performed with GraphPad Prism 5.0 software. Two-tailed P< 0.05
was considered to be statistically significant.
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Results

IRS-2 is a target gene of miR-126 in INS-1 β cells
Bioinformation from the mirBase web showed that IRS-2 was the potential target of miR-126-
3p. The predicted seed sequences contained 6 consecutive nucleotides CCAUGC at the 3’-UTR
region of IRS-2 mRNA (Fig 1A). In order to test if it was true, a series of experiments was
designed as follows.

First, we cloned a 199bp fragment from the 3’-UTR of IRS-2 mRNA by PCR. Then we
inserted this fragment into the psicheck-2 reporter plasmid for luciferase assay. As predicted,
the 126M could inhibit the reporter activity significantly(about 50%), which indicated that the
126M bound to the 3’-UTR of IRS-2 and blocked the transcription of the IRS-2 promoted
reporter transcription(Fig 1B). Second, to further proof the specific binding of miR-126 at the
predicted seed sequences, a mutant reporter plasmid with 3 nucleotides was constructed at the
center of the 6 seed sequences (Fig 1C). As expected, the mutant reporter had no response to
the 126M transfection, as shown in Fig 1B. This result demonstrated that the three nucleotides
UAC was crucial for the binding of miR-126 with the IRS-2.

Third, the protein levels of IRS-2 expression were determined by western blot. As shown in
Fig 1D and 1E, 126M transfection decreased markedly the expression of the IRS-2 strongly.
This inhibition effect of 126M could be reversed almost entirely by the 126I. IRS-2 proteins res-
cued the control level after transfected with the 126I.

In general, the above results indicated that IRS-2 was one of the target genes of miR-126.

MiR-126 affects the proliferation of INS-1 β cells through the inhibition of
IRS-2
It is reported that the major function of IRS-2 in β cells is to regulate the proliferation. Loss of
IRS-2 causes β-cell dysfunction characterized by a 50% reduction in β-cell mass, with diabetic
phenotypes [4]. Therefore, the possible function of miR-126 binding with the IRS-2 is the regu-
lation of β-cell proliferation. To test this, the proliferation of INS-1 β cells was investigated by
CCK-8 methods. As shown in Fig 2A and 2B, the transfection of 126M has a strong inhibitive
effect on the cell proliferation. On the other hand, the transfection of IRS-2 expressive vector
stimulates the cell proliferation as expected.

To determine if the proliferation inhibition effect of miR-126 was through the specifically
binding to the IRS-2, we further investigated the combination of miR-126 and the IRS-2 co-
transfection effect. The cell proliferation was still inhibited by the miR-126 plus the IRS-2 co-
transfection, compared both with the NC plus IRS-2 control and naive control. These results
suggested that miR-126 suppressed the proliferation mainly through the inhibition of IRS-2.

As a contrast, the effect of IRS-1 was tested simultaneously. IRS-1 was mainly responsible
for the growth and had a little effect on the proliferation of INS-1 β cells [4]. In our experi-
ments, transfection of IRS-1 expressive vector not only did not stimulate the proliferation,
but also even inhibited cell proliferation, in contrast to the increasing effect of IRS-2. The com-
bination of miR-126 and the IRS-1 co-transfection did not show any significant changes on
the cell proliferation, compared with the two control groups, the IRS-1 and the NC plus IRS-1
(Fig 2C).

Considering that the physiological responses through IRS-2 were often combined with the
stimulation of glucose and insulin, so we further tested the proliferation effects under the stim-
ulation of high glucose and insulin. Under the continuous stimulation of high glucose (22mM),
miR-126 behaved as an inhibitor on the cell proliferation, while IRS-2 behaved as the prolifera-
tion stimulator, as the contrast. The combination of miR-126 and the IRS-2 co-transfection
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displayed the similar inhibition effect on cell proliferation (Fig 2D and 2E). IRS-1 still showed
an inhibitive effect on cell proliferation (Fig 2F). The combination of miR-126 and the IRS-1
co-transfection did not show any significant changes on the cell proliferation, when compared
with the two control groups, the IRS-1 and the NC+IRS-1 (Fig 2F).

As for the continuous stimulation of insulin, miR-126 had a stronger inhibition effect on
the cell proliferation, while IRS-2 increased the cell proliferation strongly. The miR-126 and
the IRS-2 co-transfection still inhibited cell proliferation significantly (Fig 2G and 2H). On the
other hand, the tendency of IRS-1 still behaved the same, too. IRS-1 inhibited the cell prolifera-
tion dramatically, still with the similar proliferation rate in the miR-126+IRS-1 group (Fig 2I).

High glucose stimulates the endogenous miR-126 production and
affects both the IRS-2 and IRS-1 expression
High glucose and insulin are the two major feedback stimuli in the β-cell behavior. In hepatic
cells, the PI3K activity associated with IRS-2 began to increase during fasting, reached its peak
immediately after re-feeding, and decreased rapidly thereafter [6]. This suggests that IRS-2
responds to the high glucose stimulus in a rapid mode. Whether the IRS-2 expression responds
to the high glucose in the β-cell, or whether the endogenous miR-126 could be produced during
the high glucose stimulus, is still unknown. We explored these problems by detecting the miR-
126 expression using Q-PCR. For the expectation that miR-126 and IRS-2 may respond to the
high glucose very rapidly, we designed to harvest cells during the early 2 hours, 4 hours, and 6
hours respectively. The expression of the endogenous miR-126 showed a very rapid response
to the high glucose stimulus, reached its peak at about 4 hours, and then came down to the nor-
mal level. This response can be counteracted by the specific 126I (Fig 3A and 3B). But miR-126

Fig 1. IRS-2 is a potential target of miR-126 in INS-1 β cells. (A)Bioinformatics analysis indicated that there was a 6 consecutive nucleotide seed
sequences as the potential miR-126 binding site in the 3’ -UTR region of IRS-2 mRNA, as indicated with short vertical lines. (B) A 199bp fragment of IRS-2 3’-
UTR region was cloned into psicheck-2 reporter plasmid. Then the luciferase reporter assay was performed by co-transfection of the luciferase reporter
vector and the miR-126 mimic (126M), with the nonspecific sequence (NC) as the negative control. A complementary miR-126 inhibitor (126I) was designed
to specifically block the miR-126, both endogenously and exogenously. Then the luciferase reporter assay was re-performed with the mutant reporter vector,
co-transfected with the nonspecific sequence (NC), miR-126 mimic (126M), miR-126 inhibitor (126I) respectively. Luciferase activity was tested 24 h after
transfection. (C) The IRS-2 -psicheck-2 reporter plasmid was mutated at the center of the miR-126 seed sequences. (D, E) The expression of the IRS-2
protein was detected by western blot. The relative levels were normalized with the GAPDH and represented as a column chart.

doi:10.1371/journal.pone.0149954.g001
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and IRS-2 reached their peak at about 2 hours when they were stimulated by high glucose and
insulin at the same time (Fig 3C).

Together with the up-regulation wave of the endogenous miR-126, the expression of IRS-2
and IRS-1 mRNA displayed a different mode of changes. The IRS-2 increased to a little peak
while the IRS-1 even decreased. But the protein levels of IRS-2 and IRS-1 both increased (Fig
3A–3C), which suggested that IRS-1 and IRS-2 had other unknown regulators during this
period.

Discussions
Increasing evidence suggests that miR-126 participates in the glucose homeostasis through its
target molecules. Recent studies identified circulating miR-126 as a biomarker for myocardial
injury and vascular damage in diabetes. In a study including 160 patients, serum miR-126 was
significantly lower in IGT/IFG (impaired glucose tolerance/impaired fasting glucose) subjects.
And insulin plus diet control and exercise treatment could re-upregulate the serum miR-126
significantly [2]. In miR-126 knockdown mouse, the levels of peripheral blood glucose
increased significantly with pathological abnormality in pancreas and liver [10, 11].

Several studies reported that miR-126 took the IRS-1 as its target gene and interfering with
the mitochondrial function [3]. MiR-126 was up-regulated by oxidative stress in nonmalignant
mesothelial (Met5A) and MM (H28) cell lines. The IRS-1-modulated ATP-citrate lyase

Fig 2. INS-1 β cells proliferation after transfection. (A,B,C)Cells were cultured in normal glucose medium (11.1mM) and treated as indicated. (D,E,F)Cells
were cultured in high glucose (22.2mM). (G,H,I) Cells were cultured in medium containing insulin. The proliferation rates were detected by CCK-8 method
after transfected for 48 hours.*: vs NC p<0.05

doi:10.1371/journal.pone.0149954.g002
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deregulations were linked to the down-regulation of IRS-1 by ectopic miR-126, reducing Akt
signaling and inhibiting cytosolic sequestration of FoxO1, which promoted the expression of
genes involved in gluconeogenesis and oxidative stress defense [3]. Endothelial miR-126
repressed FoxO3, B-cell lymphoma 2, and IRS-1 mRNAs in the co-cultured SMCs [12]. How-
ever, there was still no evidence to elucidate the expression of miR-126 and its function with

Fig 3. High glucose and insulin stimulates the endogenous expression of miR-126. The endogenous
expression of miR-126, IRS-1 and IRS-2 levels were detected by Q-PCR and western blot. High glucose and
insulin was administrated into the culture medium respectively. Cells were harvested at the indicated time. (A)
High glucose stimulated a fast increasing wave of endogenous miR-126 expression within 6 hours in INS-1 β
cells. Both the transcription and protein expression of IRS-1 and IRS-2 showed an increase together with the
miR-126 wave. (B) INS-1 β cells were transfected with miR-126 inhibitor for 24h. Then these cells were
stimulated by high glucose and were harvested at the indicated time. The expression of the endogenous miR-
126 was inhibited expectedly. The transcription and protein expression of both IRS-1 and IRS-2 kept on a low
level during 6 hours. But the IRS-1 mRNA expression increased dramatically after 6 hours. (C) INS-1 β cells
stimulated by high glucose and insulin behaved similarly with the high glucose alone. The endogenous miR-
126 wave still appeared but the peak of it came earlier, at about 2 hours. Both the transcription and protein
expression of IRS-1 and IRS-2 showed an increase together with the miR-126 wave again.

doi:10.1371/journal.pone.0149954.g003
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IRS-1 in the β cells. In the current study, we have first validated the suppression of IRS-1 by
miR-126 at the mRNA and protein level, especially in the INS-1 β cell line.

Furthermore, we tested if the other similar molecule, IRS-2, could be suppressed by the
miR-126. Although IRS-1 and IRS-2 depend on the same downstream IRS/PI3-kinase/Akt sig-
naling cascades [5, 6], the refined differences between these two molecules have been reported.
Ablation of the IRS-2 gene produced a diabetic phenotype; Mice lacking IRS-2 displayed
peripheral insulin resistance and β-cell dysfunction characterized by a 50% reduction in β-cell
mass. In contrast, the deletion of IRS-1 retarded somatic growth and enhances β-cell mass [6].
These results suggested that IRS-2 predominantly mediated the proliferation of β-cells. In our
experiments, miR-126 not only suppressed the expression of IRS-2, but also inhibited cell pro-
liferation strongly in the INS-1 β cells. Over-expression of IRS-2 rescued the proliferation
inhibitory effect of miR-126. In contrast, over-expression of IRS-2 and miR-126 could not res-
cue the proliferation inhibitory effect of miR-126.

Physiologically, the expression and the function of IRS-1 and IRS-2 should keep fine balance
to maintain the homeostasis of the β cells. IRS-1 is responsible for the growth while IRS-2 is
responsible for the proliferation of β cells. MiR-126 targeted both IRS-1 and IRS-2, but the
strength of suppression on these two molecules was very different. Both Q-RTPCR and western
blot experiments demonstrated that the inhibition effect of miR-126 on IRS-1 was stronger
than that on the IRS-2 (Fig 4A and 4B). It is possible that there are more miR-126 binding sites
on IRS-1 than that on IRS-2 (Fig 4C).

Therefore, administration of miR-126 may disturb the balance between IRS-1 and IRS-2.
One possible result of the lower miR-126 was that the between IRS-1 and IRS-2 unbalanced,
and the expression and function of IRS-1 were more distinguishable. In type 2 diabetes, serum
miR-126 was significantly lower in IGT/IFG subjects [2], which support our prediction.

Fig 4. MiR-126 suppresses IRS-1 stronger than IRS-2. INS-1 β cells were transfected with miRNAs for 24
hours and then were harvested for Q-RTPCR and western blot. (A) Q-RTPCR results. (B) Western blot
results. (C) Compare of the seed sequences binding by miR126 on the IRS-1 and IRS-2 3’-UTR region.
Nonspecific sequence (NC), miR-126 mimic (126M), miR-126 inhibitor (126I).

doi:10.1371/journal.pone.0149954.g004
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In hepatic cells, the PI3K activity associated with IRS-2 began to increase during fasting,
reached its peak immediately after refeeding, and decreased rapidly thereafter. By contrast, the
PI3K activity associated with IRS-1 began to increase a few hours after refeeding and reached
its peak thereafter. The data indicate that IRS-2 mainly functions during fasting and immedi-
ately after refeeding, while IRS-1 functions primarily later after refeeding[13, 14].

Our experiment demonstrated that high-glucose stimulation (mimic the refeeding) caused a
rapid (about 4h) up-regulation of miR-126 in INS-1 β cells. Consistently, the increasing peaks
of IRS-1 and IRS-2 were suppressed during this time. The IRS-1 reached its peak later (6h).
This result was consistent with the later effect of IRS-1 during refeeding. The fast up-regulation
peak of endogenous miR-126 in INS-1 β cells implied the physiological role of miR-126 during
the fasting and feeding. High glucose peak may cause a rapid production of miR-126 and
change the balance between IRS-1 and IRS-2.

In patients with type 2 diabetes mellitus, serum miR-126 was significantly lower in IGT/IFG
subjects. In the study of IRS-1 and IRS-2 knockout mice, the balance between IRS-1 and IRS-2
was demonstrated a crucial role during the insulin-tolerance test (ITT) conducted after fasting
[13]. In the IRS-1 knockout mice, oral glucose-tolerance test (OGTT) conducted after fasting
could not cause the blood glucose and serum insulin levels up regulated [14]. On the other
hand, in the IRS-2-knockout mice the blood glucose levels after glucose loading were signifi-
cantly elevated [10, 11]. Considering these two studies and the results of our study, we propose
that miR-126 may play a crucial role in the regulation of glucose response during fasting and
refeeding via its targeting suppression on the IRS-1 and IRS-2. The lower of serum miR-126 in
type 2 diabetic patients may cause the unbalance of IRS-1 and IRS-2 and therefore promote the
pathological injury of β cells.

Conclusions
IRS-2 was one of the targets of miR-126. MiR-126 inhibited the β-cell proliferation through
IRS-2 instead of IRS-1. MiR-126 may take part in the glucose homeostasis both through its tar-
get IRS-2 and IRS-1. The unbalance between IRS-1 and IRS-2 caused by miR-126 may play an
important role in type 2 diabetes.
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