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Insulin signaling is coordinated by insulin receptor substrates
(IRSs). Many insulin responses, espedially for blood glucose
metabolism, are mediated primarily through /#s-7 and /s5-2.
Irs-7 knockout mice show growth retardation and insulin
signaling defects, which can be compensated by other IRSs /7
vivo, however, the underlying mechanism is not clear. Here,
we presented an #s-7 truncated mutated mouse (/s-77)

with growth retardation and subcutaneous adipocyte atrophy.

Irs-17" mice exhibited mild insulin resistance, as demonstrat-
ed by the insulin tolerance test. Phosphatidylinositol 3-kinase
(P13K) activity and phosphorylated Protein Kinase B (PKB/AKT)
expression were elevated in liver, skeletal muscle, and subcu-
taneous adipocytes in /5-7 deficiency. In addition, the expres-
sion of IRS-2 and its phosphorylated version were dearly ele-
vated in liver and skeletal muscle. With miRNA microarray
analysis, we found miR-33 was down-regulated in bone mar-
row stromal cells (BMSCs) of /s-77" mice, while its target
gene /rs-2 was up-regulated /i vitro studies. In addition, miR-
33 was down-regulated in the presence of /s-7 and which
was up-regulated in fasting status. What's more, miR-33 re-
stored its expression in re-feeding status. Meanwhile, miR-33
levels decreased and /rs-2 levels increased in liver, skeletal
muscle, and subcutaneous adipocytes of /#s-77" mice. In
primary cultured liver cells transfected with an miR-33 inhibi-
tor, the expression of IRS-2, PI3K, and phosphorylated-AKT

(p-AKT) increased while the opposite results were observed in
the presence of an miR-33 mimic. Therefore, decreased miR-
33 levels can up-regulate IRS-2 expression, which appears to
compensate for the defects of the insulin signaling pathway
in /rs-7 deficient mice.
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INTRODUCTION

The insulin signaling pathway is a complex network that
regulates a series of metabolic processes in a tissue-specific
manner (Zhang and Liu, 2014). Insulin suppresses glucose
production and increases glycogen synthesis in liver (Rui,
2014); promotes glucose and fatty acid uptake in skeletal
muscle (Blaak, 2005); inhibits lipolysis and stimulates lipid
biosynthesis in adipose tissues (Newsholme and Dimitriadis,
2001); and positively regulates insulin secretion and B-cell
function (Kubota et al., 2004, Leibiger et al., 2008). It has
been reported that any defects in the insulin signaling path-
way will lead to hyperglycemia and insulin resistance (Ka-
dowaki, 2000), which are important pathophysiological
features of a pre-diabetic state (Benito, 2011).

Insulin signaling is coordinated by counter-regulatory sig-
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naling through tyrosine phosphorylation of insulin receptor
substrates (IRSs) (White, 2003). Although the role of each of
these substrates merits attention, researches had revealed
that many insulin responses, especially for blood glucose
metabolism and bone metabolism, are mediated largely
through /s-7 and /rs-2 (Bu et al., 2010; Kido et al., 2000).
Gene knockout (KO) mice models have been used to eluci-
date the role of /s-7 and /rs-2 in controlling growth and
nutrient homeostasis (Guo, 2013). For example, the B-cell
mass in /rs-2 KO mice was reduced compared with wild type
mice (Withers et al., 1998). /Irs-2 KO mice also displayed
metabolic defects in liver, muscle, and adipose tissues, and
later developed diabetes secondary to pancreatic B-cell fail-
ure (Withers et al., 1998). Moreover, deletion of /rs-7 result-
ed in severe growth retardation and mild peripheral insulin
resistance, which mainly occurred in skeletal muscle (Withers
et al., 1998). However, the B-cell mass in /s-7 KO mice was
almost double that of the wild type mice (Withers et al.,
1998). Therefore, it appears that /-7 null mice can avoid
developing diabetes because of the /5-2 dependent pancre-
atic B-cell growth and compensatory insulin secretion (Araki
et al., 1994), however, the underlying mechanism is not
clear.

MicroRNAs (miRNAs) are a class of small non-coding
RNAs consisting of 20-23 nucleotides that regulate gene
expression (Cheng et al., 2015; Giudice et al., 2016). They
cause translational repression or transcriptional degrada-
tion by binding to complementary sites in their 3’ untrans-
lated region (3" UTR) of target mRNAs (Berindan-Neagoe
et al., 2014; Rebustini et al., 2016). miRNAs play key roles
in regulating several metabolic processes in pancreatic B-
cells, such as insulin biosynthesis, insulin secretion, and B-
cell survival (Guay and Regazzi, 2015; Mao et al., 2013). In
addition, miRNAs lead dominant roles in cellular differenti-
ation, proliferation, apoptosis, cholesterol biosynthesis, and
cancer development (Fernandez-Hernando et al., 2013). It
has been reported that miR-33a/b contributes to the regu-
lation of fatty acid metabolism and insulin signaling (Dava-
los et al, 2011), and miR-503 inhibits adipogenesis
through classical insulin signal of PI3K/AKT by targeting
bone morphogenetic protein receptor 1a (Man et al.,
2016).

To test the hypothesis that there was other IRSs compen-
sating for the defects of insulin signaling pathway because
of /rs-7 deficiency, we conducted a series of /n vivo and /in
vitro experiments and identified that miR-33 was notably
down-regulated and /-2 was significantly up-regulated in
Irs-17" mice, and found that miR-33 bound to and regulat-
ed /rs-2 expression, which compensated for the defects of
the insulin signaling pathway in /s-7 deficient mice.

MATERIALS AND METHODS

Animals and metabolic analysis

Protocols for mouse experiments were approved by the An-
imal Ethics Committee of Central South University. Three-
month-old /s-7 spontaneous truncated mutation heterozy-
gous mice (Jackson Laboratory, stock number: 007240)
were mated to produce homozygous mice. All mice were
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maintained on a 12:12-h light-dark cycle and housed at the
Animal Experiment Center at the Second Xiangya Hospital of
Central South University.

Body weights of the wild type (/5-7%%), heterozygous (/rs-
7”7, and homozygous (/rs-77") mice were measured from
1 to 12 weeks of age. Fasting blood glucose (FBG) levels of
the three mouse genotypes were determined using tail
blood samples and a glucometer (Roche, Germany). Blood
was obtained from the tail vein in the fasting state (starved
for 8 hours) for the insulin tolerance test (ITT). After weigh-
ing the body mass of the mice, insulin (0.08 U/ml) at a final
amount of 0.016-0.02 U was intraperitoneal injected to
each mouse by 1 ml syringe, the blood glucose was detected
after 0 min, 5 min, 10 min, 15 min, 30 min, and 60 min of
injection. In order to know serum Insulin-like Growth Factor
1 (IGF-1) levels in /rs-77~ mice, we use mouse IGF-1 Elisa kit
(Cusabio, China) to detect the IGF-1 levels according to the
manufacturer's instruction.

Fasting and Re-feeding for mouse

In order to clearly get know of the relationship between miR-
33 and insulin signaling pathway, we constructed fasting
and re-feeding wild-type mouse models. In fasting mice
group, mice (n = 3) were fasted and then re-fed, after 24 h
of fasting, we re-fed these mice for another 24 h (n = 3). All
the mice were sacrificed and the subcutaneous fat were
isolated for RT-PCR analysis.

Immunohistochemistry

Liver, skeletal muscle, and subcutaneous adipose tissue of
Irs-1"* =1, and /rs-77" mice (n = 3 mice per genotype)
at 4 weeks of age were fixed overnight in 10% formalin,
prior to paraffin embedding and sectioning. After deparaffi-
nating, the tissue on the slides were stained for IRS-2 and p-
IRS-2 (Santa Cruz Biotechnology, USA) overnight at 4°C. The
next day, all procedures were performed by using the
GTVisionTM Il Detection System/Mo&Rb (Gene Tech, China),
according to manufacturer's instruction. The microscope
images were assessed using Image-Pro Plus 6.0 software,
and the mean integrated optical density (I0D) of each pho-
tograph was collected. Mean I0OD was referred to the aver-
age level of positive tissues.

PI3-kinase activity

PI3K activity was determined using a commercially available
kit (Echelon Biosciences, USA). The liver, skeletal muscle, and
subcutaneous adipose tissue of #s-77* irs-7"", and Irs-17"
mice (aged 1 month) were washed in ice-cold PBS and lysed
in 500 ul ice-cold lysis buffer [137 mmol I"NaCl, 20 mmol I"
Tris-HCI (pH 7.4), 1 mmol I" CaCl,, 1 mmol I MgCl,, 0.1
mmol I sodium orthovanadate, 1% NP-40, and 1 mmol I
phenylmethylsulfonyl fluoride] before immunoprecipitation.
As to direct assessment of PI3K activity, PI3K was separated
by immunoprecipitation with an anti-PI3K antibody (Cell
Signaling) to the p85 adapter subunit, and the ability of the
co-precipitated catalytic p110 catalytic subunit to convert a
standard PIP2 to PIP3 in a kinase reaction was estimated by
measuring the creating PIP3 through the ELISA kit. Each
result was repeated for three times.



Western blot analysis

Transfected primary liver cells of wild type mice, as well as
liver and skeletal muscle tissues of #s-77 Jrs-77", and Irs-17
mice were homogenized in homogenization buffer. Western
blot analysis of insulin signaling proteins was performed as
normally described by using 40 ug of each sample. Then
each sample was separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and trans-
ferred to polyvinylidene fluoride (PVDF) membranes (EMD
Millipore Corporation, USA). The membranes were incubat-
ed with specific antibodies to IRS-1 (Cell Signaling Technolo-
gy, USA), IRS-2, phosphorylated tyrosine (pTyr)-IRS-1, p-IRS-
2 (USA), PI3K p85 antibody, AKT, p-AKT (Thr308) (Cell Sig-
naling), B-actin (Abcam), or GAPDH (Santa Cruz), and then
incubated with appropriate HRP-conjugated secondary anti-
bodies. Blots were developed using an ECL Kit (Santa Cruz),
and exposed to X-ray films. The intensity of the chemilumi-
nescence for the corresponding bands was analyzed using
Image J software.

Cell culture

Bone marrow stromal cells (BMSCs) from 2-month-old mice
were maintained with DMEM (Hyclone, Logan, USA) and
primary liver cells from 1-month-old wild type mice were
cultured with DMEM/F12 medium (Invitrogen Life Technol-
ogies, USA), containing 10% fetal bovine serum (Invitrogen),
penicillin (100 U/ml) and streptomycin (100 mg/ml), cul-
tured in humidified 5% CO, atmosphere at 37°C. The medi-
um was refreshed every 2-3 days and cells were spread after
reaching to 90% confluence. After an overnight culture
without serum, cells were stimulated with 100 nM insulin
(Sigma, USA) for 10 min. In addition, in order to get know
of the relative expression of miR-33 in the presence of insu-
lin or absence of insulin, 100 nM insulin were added into the
liver cells after reaching to 80-90% confluence in six-well
plates for 2 h in experimental group, and the control group
was with equal amount of 0.9% NaCl.

MiRNA microarray assay

At the very beginning of this research, we found the size of
Irs-17" mice was smaller than wild type mice, and we first
wondered if there were great changes in the bone. There-
fore, we used the BMSCs of three genotypes mice for miR-
NA microarray analysis. Total RNAs were isolated from 2-
month-old /-7, irs-77~, and /rs-77" mice BMSCs with
TRIzol® Reagent (Invitrogen), and then each sample was 3'-
end-labeled with Hy3™ fluorescent reagent. The fragmenta-
tion mixtures were hybridized on the miRCURYTM LNA Ar-
ray (v.16.0) (Exigon) according to the array manual. Scanned
images were then imported into GenePix Pro 6.0 software
(Axon) for grid alignment and data extraction. Replicated
miRNAs were averaged and miRNAs with intensities > 50 in
all samples were chosen for calculating the normalization
factor. Expressed data were normalized using the Median
normalization. After normalization, differentially expressed
miRNAs were identified through Fold Change filtering.

Bioinformatic analysis
The online software program TargetScan was used to predict
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the target genes of miR-33 with reference to the mouse
gene sequence. The target genes predicted with the soft-
ware program were intersected for further analysis. The
software program website for target gene prediction is: Tar-
getScanMouse http://www targetscan.org/.

3’ UTR luciferase reporter assay

Mimic and inhibitor oligonucleotides of mmu-miR-33 and
the negative control were synthesized by Yingrun Technolo-
gy Corporation (China). The /RS-2 3’ untranslated region (3’
UTR) containing the predicted mmu-miR-33 binding site was
PCR amplified and inserted downstream of the Renilla and
Firefly luciferase gene, which were together constructed into
the pYr-MirTarget-/RS-2-3U plasmid. 3T3-L1 cells were co-
transfected with the pYr-MirTarget-/RS-2-3U plasmid and
the miR-33 mimic (50 nmol ), inhibitor (100 nmol I, and
negative control (50 nmol ). After 48 h, the Renilla and
Firefly luciferase activities were measured using the Dual-
Luciferase Reporter Assay kit (Promega, USA) according to
the instructions. The luciferase-based target /n vitro assay
was applied to test whether miR-33 could bind to the 3’
UTR of the predicted target in /RS-2.

miR-33 and anti-miR-33 transfection

Primary cultured liver cells of 1-month-old wild type mice
were isolated and cultured in 6-well plates to 70% conflu-
ence, then the miR-33 mimic (50 nmol I'") and inhibitor (100
nmol I") were transfected into the cells with Lipofectamine
2000 (Invitrogen) with the help of Opti-MEM | (Invitrogen).
All experimental control samples were treated with an equal
concentration of a mimic negative control sequence or an
inhibitor negative control sequence (NC) to control for
nonsequence-specific effects in the miRNA experiments.
After 4-6 h, the cells were refreshed with normal growth
medium. The cells were cultured for another 2 days at 37°C,
and then subjected to the further analyses.

RNA isolation and quantitative real-time RT-PCR

Total RNA from tissues or cultured cells was isolated using
the TRIzol reagent (Invitrogen), and reverse transcription was
performed using 1 pg of total RNA and SuperScript Il (Invi-
trogen). Amplification reactions were set up in 25 ul reaction
volumes containing SYBR Green PCR Master Mix (PE Ap-
plied Biosystems, USA) and amplification primers. A 1 pl
volume of cDNA was used in each amplification reaction and
eventually we performed gRT-PCR using a Roche Molecular
Light Cycler. Primer sequences were as follows: /RS-2,
CATCGACTTCCTGTCCCATCA (forward) and CCCATCCTC-
AAGGTCAAAGG (reverse); p-actin, CAACGAGCGGTTCC-
GATG (forward) and GCCACAGGATTCCATACCCA (reverse).
The comparative Ct method was used to measure relative
RNA expression levels.

Statistical analysis

One-way analysis of variance (ANOVA) with a post-hoc Bon-
ferroni test between the three or more groups while Stu-
dent's ¢test with two groups was performed with SPSS (ver-
sion 17.0), quantitative datas are expressed as the mean *
standard errors of the means (SEM). Statistical significance
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Fig. 1. Phenotypic changes in wild type (/5-7"7%), heterozygous
(Irs-1"7), and homozygous (/5-77") mice. (A) The mice showed
obvious differences in size and shape. (B) Weight changes in the
mice from the first to the twelve weeks. Homozygous mice
weighed only ~40 - 60% of the wild type and heterozygous
mice. (C) Measurement of the fasting blood glucose (FBG) level
from the tail vein indicated that homozygous mice showed sta-
tistically lower FBG than the wild type and heterozygous mice.
(D) Insulin tolerance test results for the wild type, heterozygous,
and homozygous mice. Blood glucose levels decreased the least
(and eventually remained the highest) in the homozygous mice.
(E) With mouse IGF-1 Elisa kit detecting the serum IGF-1 levels
of the three genotypes mice, the results demonstrated that in /s-
77" mice, the serum IGF-1 level was the highest while the low-
est in /rs-77" mice. Values are means = SEM; n = 3 mice per gen-
otype. *P<0.05, **P<0.01, *** P<0.001.

was defined as £< 0.05.

RESULTS

IRS-1 deficient mice show phenotypic changes and insulin
resistance

The /rs-77" mouse was obviously smaller than the wild type
and heterozygous mice (Fig. 1A). By detecting the weight
change of each mouse from the first week to the twelve
weeks, we found that the /s-7 7 mouse was the lightest,
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only reaching ~40-60% of the weight of the wild type and
heterozygous mice (Fig. 1B). However, no significant differ-
ences were found between the weight of the wild type and
heterozygous mice. Irs-17" mice also showed a slightly de-
cline in fasting blood glucose (FBG) levels compared with
wild type and heterozygous mice (P < 0.05; Fig. 1C). How-
ever, /rs-77" mice exhibited mild insulin resistance, as de-
termined by the insulin tolerance test (ITT) (Fig. 1D), and
IGF-1 level was significantly higher in /s-77" mice than in
wild type mice through the detection of mouse IGF-1 Elisa
Kit (Fig. 1E).

IRS-2 shows differential expression in various tissues of
IRS-1 deficient mice

To investigate the mechanisms behind the decline in FBG in
the /rs-77 mice, we detected the expression and distribu-
tion of IRS-2 protein by immunohistochemistry in the main
target tissues of insulin (i.e., the liver, skeletal muscle, and
subcutaneous adipocytes). The results indicated that IRS-2
protein expression, and its tyrosine phosphorylated product
(p-IRS-2), were seemed higher in all three insulin target tis-
sues in frs-17" mice, especially in liver and skeletal muscle
(Figs. 2A-20C), while the results were opposite in spleen (Fig.
2D). Through Image Pro-Plus 6.0 analyses, in the liver and
skeletal muscle, the mean 10D of IRS-2 in /-7~ mice were
2.6 and 3.6 folds higher respectively than in wild type mice
(Fig. 2E). In addition, there were 18.4 and 11.0 folds much
higher respectively in /7s-77" mice than in wild type mice as
the mean IOD of p-IRS-2 in the liver and skeletal muscle
were taken into consideration (Fig. 2F). The mean 10D of
IRS-2 or p-IRS-2 were no statistical significance in subcuta-
neous adipocytes in /rs-77 and wild type mice (Figs. 2E and
2F). However, the mean 10D of IRS-2 or p-IRS-2 were 5.8
and 11.5 folds higher respectively in non-insulin target tissue
the spleen in wild type mice than in Irs-17" mice (Figs. 2F
and 2F).

Insulin signaling proteins exhibit disparate levels in diverse
tissues of IRS-1 deficient mice

In order to further confirm the changes in expression of
downstream insulin signaling proteins in Irs-17" mice, we
compared PI3K level alterations among the mice. We found
that PI3K expression was significantly elevated in the insulin
target tissues (liver, skeletal muscle, and subcutaneous fat)
of irs-77" mice (P< 0.05; Fig. 3A). This indicates that IRS-1
is replaced by an alternate substrate protein and maintains
insulin signaling in /-7 deficient mice.

To verify the hypothesis that the alternate substrate pro-
tein was IRS-2, we extracted proteins from liver and skeletal
muscle tissues of the three different genotypes mice. We
found that IRS-2 protein levels, as well as the levels of the
downstream insulin signaling proteins (i.e., PI3K regulatory
subunit p85, p-AKT), were increased in Irs-17" mice (Fig.
3B). Through Image J bands analyses, in liver, the expres-
sion of IRS-1 and p-IRS-1 in /rs-7~7~ mice were declined 4.6
and 21.7 folds respectively in comparison with wild type
mice, while the expression of IRS-2, p-IRS-2 and p-AKT
were elevated 2.6, 1.5 and 9.5 folds respectively (Fig. 3C).
In the skeletal muscle, the expression of IRS-1 and p-IRS-1
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in /-7~ mice were declined 19.3 and 1.8 folds respectively
in comparison with wild type mice, however, the expression
of IRS-2, p-IRS-2 and p-AKT were elevated 3.4, 3.5 and 1.6
folds respectively (Fig. 3D).

MIiR-33 targets IRS-2 and is regulated by the insulin
signaling pathway
To discover the underlying mechanisms of the increased IRS-

pression in various tissues of the wild
type (Is-7"), heterozygous (Irs-77°),
and homozygous (#s-77"") mice. (A-
D) In the liver and in the spleen, the
figure above was 40 maganification
and figure below was 100 maganifi-
cation. In the skeletal muscle and
subcutaneous fat, the figure above
was 100 maganification and figure
below was 400 maganification. (E-F)
With Image Pro-Plus 6.0 software
quantitative analyses, in the expres-
sion of IRS-2 or p-IRS-2, at least three
high definition vision of every group
were photoed as the final datas.
Thus, in liver and skeletal muscle, the
expression of IRS-2 and p-IRS-2 were
all statistically elevated in /s-77"
mice than in /s-77" mice. In addi-
tion, there were no statistical differ-
ences in the expression of subcuta-
neous fat among the three geno-
types mice. Howerer, in the spleen,
this expression pattern was com-
pletely opposite compared with that
observed in liver and skeletal muscle.

E=3 Rs-17" *P<0.05,%%P<0.01, ***P<0.001.

&= [RS-17"
= IRS-17

=3 IRS-1"*
&1 [RS-17
B3 rs-17-

2 expression in diverse tissues of the /-7 deficient mice, we
isolated BMSCs from the mice and performed a microarray
assay for miRNAs. We found that 34 miRNAs were up-
regulated and 46 miRNAs were down-regulated in /s-77~
mice compared with wild type mice (Supplementary Table S1).
We also showed that miR-33 was clearly down-regulated in
Irs-17" mice compared with wild type mice (Supplementary
Table S1).
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Fig. 3. Levels of the insulin signaling proteins in liver, skeletal mus-
de, and subcutaneous adipose tissues from wild type (/s-77%,
heterozygous (#5-777), and homozygous (#5-77") mice. (A) In
liver, skeletal muscle, and subcutaneous adipose tissues, PI3K
expression (as determined by ELISA) was highest in the homozy-
gous mice, followed by the heterozygous and wild type mice. (B)
Insulin signaling proteins expression in liver and skeletal muscle
of three genotypes mice by WB. (C) Through Image J bands
quantitative analyses, whether in liver or in skeletal muscle, IRS-1
and p-IRS-1 expression were lowest in the homozygous mice.
IRS-2, p-IRS-2, p85, and p-AKT expression were much higher in
homozygous or heterozygous mice compared with wild type
mice. *P<0.01, **P<0.01, »**P<0.001.

With TargetScan software and a dual-luciferase reporter
gene assay, we confirmed that /s-2is one target gene that is
regulated by miR-33 (Figs. 4A-4C). The relative expression of
miR-33 was significantly down-regulated in the presence of
insulin compared with the absence of insulin in primary liver
cells (Fig. 4D). In addition, the expression of miR-33 was
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obviously up-regulated in the fasting status in the subcuta-
neous fat compared with in normal (control) or re-feeding
status (Fig. 4E). After the primary cultured liver cells were
transfected with the miR-33 mimic, miR-33 levels increased
while IRS-2 and the downstream insulin signaling proteins
levels (p85 and p-AKT) were decreased (Figs. 4F and 4G).
Through band analyses, the IRS-2, p85 and p-AKT were
statistically declined 6.0, 1.3 and 1.4 folds compared with
the miR-33 mimic NC (Fig. 4G). On the other hand, miR-33
levels decreased in the presence of the miR-33 inhibitor,
while IRS-2 levels and levels of the downstream insulin sig-
naling proteins (p85 and p-AKT) were elevated (Figs. 4H and
41). Additionally, the IRS-2, p85 and p-AKT were statistically
promoted 3.0, 1.4 and 1.6 folds compared with the miR-33
inhibitor NC (Fig. 41). However, there were no statistical dif-
ferences in the expression of IRS-2 mRNA whatever trans-
fected with miR-33 mimic or inhibitor (Figs. 4F and 4H).

MiR-33 is down-regulated and IRS-2 is up-regulated in
insulin target tissues of IRS-1 deficient mice

To validate the relationship between miR-33 and /-2 in vivo
in insulin target tissues of /s-7 deficient mice, we extracted
the total RNA from liver, skeletal muscle, and subcutaneous
adipocytes of mice with the three different genotypes, and
reverse transcribed it. We found that miR-33 was down-
regulated, while /s-2 was up-regulated in /s-7 deficient
mice compared with wild type mice (Figs. 5A and 5B). To-
gether, our results indicate that miR-33 negatively regulates
Irs-2.

DISCUSSION

It is known that /rs-7 deficiency dysregulates the classical
insulin signaling pathway, which is of critical importance in
insulin resistance and blood glucose homeostasis (Lu et al.,
2012). While /rs-7 deficiency was previously shown to re-
duce glucokinase expression in fetal brown adipocytes re-
sulting in hyperglycemia (Guo, 2014; Valverde et al., 1998),
in this study, we found that /s-7 mice showed slight insu-
lin resistance and lower FBG levels than in wild type mice. In
addition, the expression of downstream insulin signaling
proteins was increased in /s-77 mice compared with wild
type mice. Therefore, the deficiency of /rs-7 didn’t result in
hyperglycemia, which indicated that there existed the com-
pensation of insulin pathway, so we detected the expression
of IRS-2, another member in IRSs family in these mice. Our
results showed that IRS-2 expression was increased signifi-
cantly in liver and skeletal muscle, which support those
found in a previous study, in which IRS-2 was shown to be
the alternate substrate of the insulin receptor in liver and
skeletal muscle in /rs-7 deficient mice (Patti et al., 1995).
Similarly, Simmons et al. found that the expression of /s-2
was up-regulated in/s-7 null myofibroblasts. (Simmons et al.,
2007). In addition, if endogenous /rs-2 were down-
regulated, /rs-7 was up-regulated in PTP1B” neonatal
hepatocytes and livers of PTP1B”" neonates (Gonzalez-
Rodriguez et al., 2007), all the previous researches indicated
that IRS-2 possesses the potential to connect insulin signal-
ing to both PI3K and Ras activation in a manner similar to
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IRS-1. In this study, we showed that /s5-2 could compensate
for the defects of insulin signaling in /s-7 deficient mice in
insulin target tissues (i.e., liver and skeletal muscle), where
the IRS-2 protein distribution and expression was found to be
much higher than in wild type mice. Besides the compensa-
tion of IRS-2, the increased serum IGF-1 levels also makes up
for the defects of insulin signaling pathway in regulating the
FBG level, which might lead to the low blood glucose level.

As further evidence, /s-7 and /rs-2 share many structural

Predicted consequential pairing of target region (top)

and miRNA (bottom)

The target protein/B-actin

ed miR-33 binding site (yellow) in
the 3' UTR of mouse /-2 using
Targetscan software. (B) Conse-
quential pairing of the /s-2 3" UTR
region and miR-33. (C) Luciferase
reporter gene assay showing activity
after transfection with the miR-33
mimic, inhibitor, and negative con-
trol (NC). Luciferase activity was
significantly reduced in the pres-
ence of the miR-33 mimic. (D) The
relative expression of miR-33 was
significantly down-regulated in the
presence of insulin in comparison
with absence of insulin. (E) The
relative expression of miR-33 was
obviously up-regulated in the fast-
ing status in the subcutaneous fat

Site
type

Tmer-
m3

miR-33
* *

IRS-2 "

; compared with in normal (control)
2 or re-feeding status. (F) The expres-
gw sion of miR-33 was significantly
E promoted, but the mRNA levels of
< /rs-2in primary liver cells transfected
£ 05 with the miR-33 mimic and its NC
E showed that /s-2 was no statistical
;3 " difference in the presence of the
‘ miR-33 mimic. (G) Western blot

S analysis showed that the insulin
&&7’”’ signaling proteins (IRS-2, p85 and

p-AKT) were down-regulated in the
presence of the miR-33 mimic. (H)
The expression of miR-33 was sig-
nificantly declined, but the mRNA
levels of /rs-2 in primary liver cells
transfected with the miR-33 inhibi-
tor and its NC showed that /s-2
was also no statistical difference in
the presence of the miR-33 inhibi-
tor. () Western blot showed the
insulin  signaling proteins (IRS-2,
p85 and p-AKT) were increased
transfected with the miR-33 inhibi-
tor. *P<0.05, *** £<0.001.

BB miR-33 inhibitor
& miR-33 inhibitor NC

0.8

0.4

0.2

IRS-2 p85 p-AKT AKT

and functional characteristics (Sun et al., 1995). While the
overall amino acid sequence similarity between /s-7 and /rs-
2 is only 43%, some domains show up to 65% and 75%
sequence identity (such as the PH and PTB domains, respec-
tively) (Sesti et al., 2001). More importantly, /s-2 contains
22 potential tyrosine phosphorylation sites, of which 14 are
almost identical to those in /s-7, including phosphorylation
sites that can bind the SH2 domains of PI3K, Grb 2, and
SHPTP2 (Sun et al., 1995). Thus, due to their similarities, it is
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B Rrs-1-
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Fig. 5. MiR-33 and IRS-2 expression in the insulin target tissues of wild
type (Is-77), heterozygous (Is-777), and homozygous (#s-77")
mice. (A) MiR-33 expression in liver, skeletal muscle, and subcu-
taneous fat. MiR-33 expression was significantly reduced in all
three tissues of homozygous and heterozygous mice compared
with wild type mice. (B) #5-2 expression in liver, skeletal muscle,
and subcutaneous fat. /5-2 expression was significantly increased
in homozygous mice compared with wild type mice in liver and
subcutaneous fat but not in skeletal muscle. On the other hand,
Irs=2 expression was significantly increased in heterozygous mice
compared with wild type mice in the skeletal muscle and subcuta-
neous fat but notin liver. *£<{0.05, **P<0.01, ***P<0.001.

likely that /s-2 can indeed compensate for the defects of
insulin signaling pathway in the deficiency of /s-7.

Insulin resistance leading to an insufficient compensatory
increase in insulin secretion by B cells is the major etiology of
type 2 diabetes mellitus (Papaetis et al., 2015). IRS-1 is a
docking protein that combines with the insulin receptor, and
plays a central role in stimulating insulin’s actions, including
the binding and activation of PI3K, and the subsequent in-
crease in glucose transport (Li et al., 2014). In subjects with
non-insulin dependent diabetes mellitus, IRS-1 is notably
reduced, and IRS-2 becomes the main docking protein for
PI3K in subcutaneous adipose tissue (Rondinone et al.,
1997). In this research, we found that IRS-2 protein expres-
sion was no statistical differences in subcutaneous fat be-
tween in /s-77" mice and wild type mice, but it was notable
statistical differences in liver and skeletal muscle. In other
words, the compensation for /s-7 deficiency by other IRSs
was tissue-specific to some degree. As this Irs-17" mice still
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retains 56 amino acids on the N-terminal. It is possibly that
this 56 amino acids peptide can still regulate insulin signaling
pathway and blood glucose levels, at the same time, the
overexpression of /s-2 will enhance the insulin signals, the
synergetic effects of them may lower FBG levels in /rs-77~
mice. However, as most of the /s-7 gene sequence was
deleted, /rs-77" mice exhibited slightly insulin resistance. In
fact, our groups have researched many aspects involved in
the bone (Guo et al., 2016), fat (Man et al., 2016), and he-
patic metabolism about this /s-77 mice. About hepatic
metabolism, we found lipogenic gene - Sterol regulatory
element-binding protein (SREBP)-1c was closely associated
with hepatic metabolism (data not shown here).

/rs=2 possesses a unigue region comprising amino acids
591-786 that interacts specifically with the kinase regulatory
loop binding (KRLB) domain of the insulin receptor B subunit
(Sawka-Verhelle et al., 1996). This region may contribute to
the signaling specificity of /s-2, as it is absent in /s-7. More-
over, /rs-2 has been shown to compensate for /rs-7 deficien-
cy more effectively in liver and pancreatic B cells than in skel-
etal muscle and adipocytes (Bruning et al., 1997; Kaburagi et
al., 1997). Studies in mice with combined heterozygous
knockout of /rs-7 and /rs-2 have indicated that /-7 plays a
central role in skeletal muscle while /s-2is important in liver
(Guo, 2013). Coincidentally, our results showed in liver and
skeletal muscle, the distribution of IRS-2 in /s-77" mice
were 2.6 and 3.6 folds higher respectively than in wild type
mice. In addition, there were 18.4 and 11.0 folds much
higher respectively in p-IRS-2 distribution. However, there
were no statistical differences in IRS-2 or p-IRS-2 distribution
in subcutaneous fat. Moreover, in liver, the expression of
IRS-1 and p-IRS-1 were declined 4.6 and 21.7 folds respec-
tively in /#s-77" mice than in wild type mice, while the ex-
pression of IRS-2, p-IRS-2 and p-AKT were elevated 2.6, 1.5
and 9.5 folds respectively. In skeletal muscle, the expression
of IRS-1 and p-IRS-1 were declined 19.3 and 1.8 folds re-
spectively in /-7 mice than in wild type mice, but the
expression of IRS-2, p-IRS-2 and p-AKT were elevated 3.4,
3.5 and 1.6 folds respectively. All these datas demonstrated
that /rs-2 can partially compensate for the /rs-7 deficiency to
restore the insulin signaling pathway and regulate blood
glucose levels. More importantly, /s-2 compensated more
effectively in liver and skeletal muscle than in subcutaneous
adipocytes in /rs-7 deficient mice, which may be due to dif-
ferences in structure and tissue specific expression. In this
research, we found that PIP3 level was increased but IRS-2
protein expression and distribution was no change in subcu-
taneous fat of /s-7” mice. In fact, more than half of insulin
stimulated glucose transporter 4 (GLUT4) translocation and
glucose transport was saved by a signaling pathway involv-
ing /rs-3 rather than /s-2in adipocytes of /rs-7 deficient mice
(Kaburagi et al., 1997). In addition, overexpression of /s-3in
rat adipocytes led to a sharp increase in the number of
GLUT4 molecules translocated to the cell surface, even when
insulin was lacking (Zhou et al., 1999). Hence, /s-3 might be
able to compensate for /rs-7 deficiency more effectively in
subcutaneous adipocytes than /s-2. Nevertheless, this does
not mean that /s-2 cannot compensate for the defects of
insulin signaling in the subcutaneous adipocytes in the defi-



ciency of /rs-7 (Rondinone et al., 1997). In peripheral tissues,
miR-33 was significantly down-regulated in liver, skeletal
muscle and subcutaneous fat of /s-77 mice. Due to the
reason that IRS-3 was mainly expressed in the subcutaneous
fat (Kaburagi et al., 1997; Zhou et al., 1999), thus we did
not detect the expression of IRS-2 in protein level. It demon-
strated that single gene deletion or double gene deletion of
/rs-7 make a difference in different tissues of /s-2 compensa-
tion in mMRNA or protein level. Whatever, the expression of
IRS-2 was up-regulated in /s-7 knockout mice in comparison
with wild-type mice.

BMSCs are a kind of pluripotent stem cell which has the
ability to self-renew and differentiate into functional cells
such as osteoblasts, chondrocytes, adipocytes and so on
(Fang et al., 2014; Li and Song, 2012). Therefore, we used
BMSCs for the miRNA microarray analysis. The result of our
miRNA microarray demonstrated that miR-33 was signifi-
cantly down-regulated in BMSCs from Irs-17"" mice than
those from /#rs-7"* mice. It has been proved that miRNAs are
associated with metabolic disorders, mainly in cardiovascular
diseases and type 2 diabetes mellitus (Kong et al., 2012). In
addition, miRNAs are considered as diagnostic biomarkers
and therapeutic targets in metabolic diseases (Richardson et
al., 2013). In primary liver cells transfected with miR-33 mim-
ic, we found that its target gene /rs-2 and its phosphoryla-
tion were significantly declined and the downstream signal-
ing proteins - PI3K (p85 subunit) and AKT phosphorylation
were also significantly down-regulated. And the results
turned to be opposite after miR-33 inhibitor was transfected
into the liver cells. In addition, the relative expression of miR-
33 was down-regulated in the presence of insulin compared
with absence of insulin treatment in the liver cells. What's
more, the expression of miR-33 was significantly up-
regulated in the fasting status in the subcutaneous fat com-
pared with in normal (control) or re-feeding status. It means
that miR-33 mimic down-regulated insulin signaling path-
way while miR-33 inhibitor up-regulated insulin signaling
pathway led by /s-2, and the insulin pathway could also
regulated the expression of miR-33. Therefore, we can clear-
ly knew that ITT was obviously affected whatever miR-33
mimic or inhibitor transfected into the liver cells. Together,
our results showed that miR-33 could negatively regulate
and be regulated by the insulin signaling pathway through
Irs-2. Furthermore, miR-33 was previously shown to be a
regulator of insulin signaling in liver and circulating blood of
the rats (Bae et al., 2014).

In conclusion, considering the fact that miR-33 is intimate-
ly associated with the insulin signaling pathway led by /s-2,
we may be able to intervene in type 2 diabetes mellitus by
down-regulating miR-33 and up-regulating /s-2 expression.
However, there are some limitations to this goal, and the
role of miR-33 in metabolic disorders of insulin resistance is
an area for further research.

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org).
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