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The 3' UTR of insulin has been identified as a critical region that confers mRNA stability, which is crucial for promoting
transcription in response to glucose challenge. miRNAs are endogenously encoded non-coding RNAs that function as
regulators of gene expression. This regulatory function is generally mediated by complementary binding to the 3'UTR of
its mRNA targets that affects subsequent translational process. Genes involved in the regulation of glucose homeostasis,
particularly in insulin production, have been found as targets of several miRNAs. Yet, no direct miRNA-based regulators
of insulin biosynthesis have been identified. In this study, identification of possible miRNA-based regulators of insulin
production is explored. Members of a miRNA family, miR-25 and miR-92a, are found as direct modulators of insulin
expression. Overexpression of miR-25 or miR-92a reduced insulin expression while inhibition of miR-25 and miR-92a
expression using corresponding antagomiRs promoted insulin expression and ultimately enhanced glucose-induced
insulin secretion. Furthermore, suppression of insulin secretion by pre miR-9 could be attenuated by treatment with
anti-miR-25 or miR-92a. Interestingly, we found the binding site of miR-25 and miR-92a to overlap with that of PTBP1, an
important RNA binding molecule that stabilizes insulin mRNA for translation. Despite the increase in PTBP1 protein in the
pancreas of diabetic rats, we observed insulin expression to be reduced alongside upregulation of miR-25 and miR-92a,

suggesting an intricate regulation of insulin (bio)synthesis at its mRNA level.

Introduction

Glucose level in the system serves as the main regulator of pan-
creatic 3 cells’ function, which also coordinately governs insulin
production.”? Besides controlling insulin production, glucose
also induces insulin biosynthesis by promoting insulin transcrip-
tion as well as insulin transcript stability.>> Nevertheless, pro-
longed exposure of islets to high glucose led to islet dysfunction
and reduced insulin mRNA levels.® The molecular mechanism
of insulin biosynthesis is highly complex and tightly regulated
by a network of transcriptional activators and repressors.? Since
the characterization of the insulin gene in 1980s, intensive stud-
ies have been performed to identify the regulatory elements
involved in its biosynthesis, including transcript stability.”!!
Synergistic efforts are required for regulation of the five main
stages namely, insulin gene transcription, transcript stability,
translation, post-translational processing, and insulin secretion.
Although it was originally debated that the insulin mRNA con-
tents are not affected by short-term glucose stimulation due to
its high copy number, subsequent studies have challenged this
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view by reporting increased insulin mRNA levels in short-term
glucose challenge."" In fact, in vitro studies showed that insulin
gene transcription is indeed enhanced by glucose within min-
utes of exposure but becomes suppressed by 48 h of high glu-
cose treatment.'" In addition to glucose-induced regulation of
insulin transcription, it has also been reported that glucose level
affects the insulin transcript stability.”” On the same note, the
3" untranslated (UTR) region of the insulin mRNA has been
identified as the critical region for glucose-mediated regulation
of insulin mRNA stability.” It was later discovered that the
polypyrimidine tract binding protein 1 (PTBPI) binds to the
pyrimidine rich segments of the insulin 3'UTR to stabilize the
transcript thereby accounting for the glucose-induced increase in
insulin mRNA.!¢

It has long been known that microRNAs (miRNAs) partici-
pate in the regulation of gene expression by controlling mRNA
stability as well as translation.'™” This regulatory function of
miRNAs is generally executed via complementary binding to the
3'UTR of its corresponding mRNA targets. miRNA action usu-
ally results in suppression of the target expression either through
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Table 1. miRNAs predicted to target the 3'UTR rat insulin |
miRNAs predicted to target 3'UTR of rat insulin |
miR-122, miR-140, miR-25, miR-298, miR-32, miR-342-5p,
miR-363, miR-363* miR-664, miR-871, miR-92a, miR-92b
A total of 12 miRNAs were predicted to target the 3'UTR rat insulin | gene
(by miRWalk or miRanda or both). Among these miR-25/32/363/92a/92b,

shown in bold italics, belong to the same family and thus were selected
for further evaluation.

degradation (perfect complementarity) or translational repression
(imperfect complementarity). A handful of miRNAs has been
identified as important indirect regulators of insulin produc-
tion machinery.*** Among them, miR-30d has previously been
reported to regulate insulin gene transcription in MING cells but
its underlying mechanism remained unexplored.”® It was only
recently that Zhao et al.?? reported MAP4K4 as a direct target
of miR-30d. Overexpression of miR-30d was found to suppress
MAP4K4 expression which, in turn, induces activation of MafA,
a B cell-specific transcription factor. This ultimately promotes
insulin gene transcription. Another recent study has also dem-
onstrated that inhibiting miR-24, -26, -148, and -182 reduces
insulin expression in primary cultured mouse islets and that inac-
tivation of these miRNAs in B cells of adult mice results in dia-
betic phenotype.?! Nevertheless, these studies mainly discussed
about the indirect implication of miRNA in regulating insulin
expression. To date, there are no reports available on the direct
regulatory effects of miRNAs on the insulin (bio)synthesis. In
this study, we aim to identify potential miRNA(s) that bind to
the 3'UTR of insulin mRNA and understand how insulin bio-
synthesis can be regulated by these miRNA:s.

Results

Bioinformatics predictions of miRNAs targeting rat insulin I.
Initial screening for putative miRNAs targeting the 3'UTR of rat
insulin I was performed using the web-based miRNA prediction
database miRWalk (http://www.ma.uni-heidelberg.de/apps/
zmf/mir walk/), which encompasses other programs including
miRanda, miRDB, RNA22, and Targetscan. Of the five pro-
grams, only miRWalk and miRanda have predicted miRNAs
targeting rat insulin I. Either miRanda or miRWalk or both pre-
dicted 12 miRNAs to target the 3'UTR of rat insulin I (Table 1).
Interestingly among these, miR-25/32/363/92a/92b were iden-
tified as a miRNA family that shares the same seed sequence
(highlighted in gray in Fig. 1A) and target a common region on
the 3'UTR of insulin I. As miRNAs belonging to the same fam-
ily are postulated to share similar biological functions, the rel-
evance of this miRNA family in insulin I regulation was further
explored. miRNA profiling of rat pancreatic tissue and islets®
showed highest expression for miR-25 and miR-92a in both cases
(Table 2). Since miR-92a and miR-92b differed only by three
nucleotides at the 3" end of the sequence, miR-92a, which was
detected at much higher intensity in the islets, was selected along
with miR-25 for subsequent interaction studies. The binding of
miR-25 and miR-92a was also predicted to be conserved in rat
insulin II, mouse insulin I, and II (Fig. 1B).
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miR-25 and miR-92a directly targets rat insulin I. Prior to
establishing interaction between the selected miRNAs and the
3'UTR of insulin I in an in-vitro setting, co-expression studies
were performed using INS-1, an insulin-secreting pancreatic cell
line. Expression values of insulin I (preproinsulin) and miR-25 and
miR-92a in this cell line were determined via gPCR (Table S1).
The 3'UTR of the rat insulin I gene (Fig. 1A) was amplified
using specific primers and subcloned into luciferase reporter vec-
tors. The reporter construct containing the wild-type 3'UTR of
insulin T was then co-transfected together with their respective
anti- or pre-miR-25 or miR-92a into INS-1 cells independently.
Changes in the luciferase reporter activity were observed at sig-
nificant levels (Fig. 2A). When the wild-type insulin I 3'UTR
construct was co-transfected with anti-miR-25, an approximate
48 + 6.2% increase in relative luminescence was noticed. In con-
trast, the introduction of pre miR-25 resulted in a significant sup-
pression of the reporter gene expression. A stronger regulatory
effect was seen when miR-92a expression was modulated. In the
presence of anti-miR-92a, the relative luminescence was greatly
enhanced by about 77 + 5.9%, while transfection of pre miR-92a
suppressed the reporter gene activity by approximately 40% + 2.4
(Fig. 2A). Site-directed mutagenesis of the miR-25 and miR-92a
recognition site abolished interactions between the miRNAs and
their target. These results indicate that miR-25 and miR-92a are
direct regulators of insulin I expression and also suggested miR-
92a as a stronger modulator in comparison to miR-25. While
direct negative interaction has been shown, further investigations
are needed to determine the regulatory potential of these miR-
NAs in a biological setting.

Co-regulation of insulin I mRNA synthesis using glucose
as well as miR-25 and miR-92. Thus far, the study has demon-
strated the potential of miR-25, miR-92a to negatively regulate
insulin I expression via 3'UTR binding. Nevertheless, glucose
itself is a known regulator of insulin biosynthesis, which can
stimulate insulin gene transcription within minutes of high glu-
cose exposure.'"? In fact, exposure of INS-1 cells to high glu-
cose for minutes to hours resulted in increased rate of insulin
gene transcription, which was then inhibited by 48 h." Thus, an
attempt was made to understand the co-regulatory potential of
miR-25, miR-92a, and glucose in a biological setting. Two dif-
ferent set ups were done for this study, rat primary pancreatic
islets as well as INS-1 cells. Glucose-stimulated insulin secretion
(GSIS) was performed at four different glucose concentrations
5, 10, 15, and 20 mM for a period of 2 h. Increasing concentra-
tion of glucose stimulated insulin I synthesis in a dose-dependent
manner in both cell lines (Fig. 2B). Correspondingly, expression
levels of miR-25 and miR-92a displayed a decreasing pattern with
increasing glucose concentration (Fig. 2B). In fact, both miR-
25 and miR-92a levels were decreased by more than 2-fold as
insulin mRNA increased up to 8-fold and 5-fold in islets and
INS-1 cells, respectively, at 20 mM glucose. This in vitro study
highlights that increasing insulin I expression in response to glu-
cose stimulation occurs alongside downregulation of miR-25 and
miR-92a. These results were consistent with our earlier findings
where miR-25 and miR-92a were identified as negative regulators
of insulin I expression.
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A Rattus norvegicus insulin 1 (Ins1), mRNA, 463 bp
NCBI Reference Sequence: NM_019129.3
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Figure 1. Sequence of rat insulin | mRNA. (A) The complete sequence of rat insulin | mRNA (463 nucleotides long) was obtained from NCBI
(NM_019129.3). The 3'UTR region is located between 391-463 nucleotides (underlined). The seed region of the miR-25/32/363/92a/92b family is
highlighted in gray. Sequence of specific primers used to amplify the 3'UTR region is shown in bold italics. Core binding region of PTBP1 is shown in a
box. (B) miR-25 and miR-92a consensus binding sequence in rat and mouse. Binding of miR-25 and miR-92a at the 3'UTR of rat and mouse insulin are
predicted by either miRWalk or miRanda or both. Although the programs did not include prediction for rat insulin II, the seed region of miR-25 and
miR-92a is conserved in rat and mouse for both insulin I and II. The PTBP1 binding site is underlined. The sequences corresponding to human insulin
and the partially overlapping seed region and PTBP1 binding site are also shown.

To understand whether miR-25 and miR-92a regulation can
override GSIS, the INS-1 cells were transfected with anti- or
pre-miR-25 and miR-92a at both basal (5 mM) and high glu-
cose environment (20 mM) independently. To ensure successful
modulation of miRNAs, the expression levels of both miR-25
and miR-92a were measured following transfection of their cor-
responding anti- and pre-miRNAs. Our results showed that
miR-25 and miR-92a levels were reduced and enhanced by their
corresponding anti- and pre-miRNA treatment, respectively
(Table 3). At basal condition (5 mM glucose), modulation of
miR-25 or miR-92a expression was found to modestly affect the
preproinsulin level (anti-miR-25: 1.27 + 0.13, pre-miR-25: 0.86
+ 0.23, anti-miR-92a: 1.53 = 0.17, pre-miR-92a: 0.77 + 0.14).
Our results are somewhat comparable to that observed by Tang
et al.,”* where modulation of miR-30d at 1 mM glucose did not
affect insulin mRNA level. This is expected since at basal glucose
level there will be minimal requirement for insulin production.
As for the high glucose condition (20 mM), cells transfected with
scrambled miRNAs (anti or pre) followed by the same high glu-
cose (20 mM) treatment were used as corresponding controls. By
using these cells as controls, we can now study the effects of the
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Table 2. Expression of selected miRNAs in the rat pancreatic tissue
and islets

Average log, normalized signal intensities
in miRNA array (+ SEM)

miRNA Rat pancreatic tissue Rat islets
miR-25 9.50 +0.12 7.82 £0.09
miR-32 Not detected 0.05 +0.02
miR-363 6.66 + 0.21 2.12+£0.92
miR-92a 9.28 + 0.05 7.28 £0.07
miR-92b 8.40£0.17 0.05 £ 0.02

Average log, normalized signal intensities of the selected miRNAs were
obtained from the profiling of rat pancreatic tissue and islets. Expression
of miRNAs of interest in the rat islets was obtained from Jacovetti et al.”?

miRNAs independent of glucose. As indicated in Table 3, inhi-
bition of either miR-25 or miR-92a resulted in increased expres-
sion of the preproinsulin mRNA by high glucose (anti-miR-25:
1.63 £ 0.14, anti-miR-92a: 2.71 + 0.14 as compared with cells
subjected to 20 mM glucose alone). Consistent with this finding,
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Figure 2. (A-B) Direct inhibitory effect of miR-25 and miR-92a on InsT. (A) Dual-Luciferase” reporter assay quantitation of the effects of anti- or pre-
miR-25 or miR-92a interaction with the wild-type and mutated 3' UTR of Ins1. For the mutated construct, the target sequence 5-TGCAAT-3' for the miR-
NA seed region was mutated to 5'-GCGCCG-3". The plasmid constructs together with anti or pre miR-25 or miR-92a were co-transfected independently
into INS-1 cells. Relative luminescence for luciferase gene activity in treated samples were obtained 48 h post-transfection by normalizing the values
against control plasmids transfected with corresponding anti- or pre-scrambled miRNAs. The luminescence for luciferase activity of the controls is
considered to be 100%. All transfections of miRNAs were done at 30 nM concentration. Data are presented as mean + SEM (n = 3) against control. Sta-
tistically significant differences are tested using t-test at *P < 0.05 significance. (B) Fold change in the expression of preproinsulin, miR-25 and miR-92a
in pancreatic islets and INS-1 cells subjected to increasing glucose concentration (G10, 15, and 20 mM). Data presented as mean + SEM (n = 3) against
control at 5 mM glucose concentration. Statistically significant differences are tested using t-test at P < 0.05 significance. *P < 0.05, **P < 0.01.

introduction of pre miR-25 or pre miR-92a abolished glucose-
induced expression of preproinsulin mRNA levels at 0.75 + 0.15
and 0.56 + 0.13, respectively (Table 3). Collectively, these data
demonstrated the regulatory roles of miR-25 and miR-92a in
insulin response upon glucose stimulation.

miR-25 and miR-92 modulate insulin I protein. Having
established that miR-25 and miR-92a could directly regulate
insulin biosynthesis as well as insulin response by controlling
insulin I mRNA (preproinsulin) expression (Table 3), the next
attempt was to investigate whether such regulation was reflected
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Table 3. Changes in expression of miR-25, miR-92a, and InsT mRNA

Basal glucose (5 mM)

Relative expression

High glucose (20 mM)

Treatment miRNA Preproinsulin mRNA miRNA Preproinsulin mRNA
Anti-miR-25 0.03 = 0.05 1.27 £0.13 0.03 = 0.05 1.63 £0.14

Pre-miR-25 68.01 +0.23 0.86 +0.23 79.03 £0.12 0.75 +0.15
Anti-miR-92a 0.03 +£0.03 1.53 £0.17 0.02 +£0.03 2.71£0.14
Pre-miR-92a 81.51 £ 0.02 0.77 £0.14 102.29 = 0.02 0.56 £ 0.13

Independent transfections using either inhibitor or mimics of corresponding miRNAs were performed in INS-1 cells for 48 h at basal (5 mM) and with
high glucose stimulation (20 mM glucose). For basal setting, cells transfected with scrambled miRNAs (anti or pre) were used as controls. For the high
glucose setting, cells transfected with scrambled miRNAs (anti or pre) followed by the same high glucose (20 mM) treatment were used as correspond-

ing controls.

in the downstream protein levels. Both intracellular and extracel-
lular insulin protein content in INS-1 cells subjected to GSIS
were monitored using ELISA to give a more accurate indicator of
insulin synthesis. Intracellular insulin protein content increased
in a dose-dependent manner with increasing glucose concentra-
tion (Fig. 2C, left panel). The increase in the intracellular insulin
protein also resulted in increased secretion into the extracellular
environment. These results are in agreement with the observa-
tions made earlier at mRNA level (Fig. 2B). Next, we were inter-
ested to know whether miRNA-based modulation of insulin I
expression will ultimately affect the amount of translated insulin
protein. To address this, we modulated the expression of miR-25
and miR-92a independently by using their corresponding precur-
sors and anti-miRs. Following that, cells were subjected to high
glucose (20 mM) and the resultant effects at protein level were
determined by ELISA (Fig. 2C, right panel). Cells transfected
with scrambled miRNAs (anti or pre) followed by the same high
glucose (20 mM) treatment were used as corresponding controls.
INS-1 transfected with either anti-miR-25 or miR-92a exhib-
ited significant increase in both intracellular insulin content and
secreted insulin (Fig. 2C, right panel). On the contrary, the pres-
ence of either pre miR-25 or miR-92a resulted in a marked reduc-
tion of insulin within and outside the cells (Fig. 2C, right panel).
The observed reduction in secreted insulin level despite glucose
stimulation in INS-1 cells transfected with precursors of miR-25,
miR-92a, could be attributed to the reduced insulin content in
the cells. Regulation of insulin I by miR-25 and miR-92a was
further verified by immunocytochemistry. The insulin I protein
expression correlated with that of ELISA assays. Anti-miR-25 or
miR-92a transfected INS-1 cells displayed enhanced fluorescence
intensity for insulin I protein (Fig. 2D), while the opposite was
observed in pre miR-25 or miR-92a transfected cells (Fig. 2D).
Effect of miR-25 and miR-92 regulation on insulin secretion.
The ability of miR-25 and miR-92a to regulate insulin I even in
the presence of glucose stimulation highlights its potential as a
superior regulator. Thus, the study was extended to explore the
capability of miR-25 and miR-92a-induced insulin I expression
to override the insulin secretion process. miR-9 has been identi-
fied to inhibit insulin secretion by targeting Onecut-2.>* Hence,
miR-9 was used to test whether the regulatory function of miR-
25 and miR-92a on insulin biosynthesis can supersede insulin
secretion. In agreement with the published report, introduction
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of anti-miR-9 in INS-1 cells showed enhanced insulin secretion,
while treatment with pre miR-9 suppressed insulin secretion sig-
nificantly (Table S2). Following that, co-transfections using anti
or pre of miR-25 or miR-92a were performed on these INS-1
cells. Subsequently, cells were subjected to high glucose and both
intracellular insulin content as well as secreted insulin were deter-
mined using ELISA. Corresponding anti- and pre-miR-9-trans-
fected cells were used as controls. In INS-1 cells co-transfected
with anti-miR-9 and either anti-miR-25 or anti-miR-92a, high
glucose stimulation significantly increased both the intracellular
as well as secreted insulin content (Fig. 3, left panel). Conversely,
cells that received subsequent treatment with precursors (pre) of
miR-25 or miR-92a showed reduced insulin production. These
findings implied that despite the presence of anti-miR-9, which
supposedly increases insulin secretion, insulin production (intra-
cellular and secreted) could be reduced by pre miR-25 or miR-
92a. These observations were supported further in the next set
of experiments in which INS-1 cells co-transfected with pre
miR-9 (supposedly reducing insulin secretion) and either with
anti-miR-25 or miR-92a showed a significant increase in intra-
cellular insulin content (Fig. 3, right panel). Although collected
media from the anti-miR-25-treated cells showed only minimal
increase in secreted insulin, cells co-transfected with anti-miR-
92a exhibited a marked increase in insulin secretion. Altogether,
our results suggest that enhanced insulin synthesis in the pres-
ence of anti-miR-25 or miR-92a could attenuate suppression on
insulin secretion by miR-9. On the other hand, cells transfected
with pre-miR-25 or miR-92a exhibited reduced insulin content
as well as secreted insulin (Fig. 3, right panel). In fact, a strik-
ing impairment in insulin secretion was observed in cells co-
transfected with pre miR-9 and miR-92a. This could reflect the
synergistic inhibition on both insulin biosynthesis and insulin
secretion by miR-92a.

Altered expression of miR-25, miR-92a and insulin I in the
pancreas of diabetic rats. Reduced insulin expression has been
shown to contribute to impaired insulin secretion in rat diabetic
models.??¢ In order to verify the implication of miR-25 and miR-
92a in diabetic condition, a diabetic rat model using a low dose
streptozotocin (STZ) and high fat diet was created, according to
Reed et al.,?” with some modifications as described in Karolina et
al.?® Effects of the treatment on the body weight, glucose, insu-
lin, cholesterol, and triglycerides levels as well as confirmation
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Figure 2. (C-D) (C) Changes in insulin protein in INS-1 cells. INS-1 cells were subjected to increasing glucose concentration (G10, 15, and 20 mM) to
study relative changes in insulin protein (left panel). Data presented as mean + SEM (n = 3) against control at 5 mM glucose concentration. Intracellular
insulin content (in white bar) and secreted insulin (in black bar) are normalized to total protein content. Further, the effects of miR-25 and miR-92a on
insulin protein were determined by modulating the expression of miRNAs independently (right panel). Following transfections, cells were subjected to
high glucose (20 mM). Cells transfected with scrambled miRNAs (anti or pre) followed by the same high glucose (20 mM) treatment were used as cor-
responding controls. All transfections of miRNAs were done at 30 nM concentration. Data presented as mean + SEM (n = 3) against control at 20 mM
glucose concentration. Intracellular insulin content (in white bar) and secreted insulin (in black bar) are normalized to total protein content. Statisti-
cally significant differences are tested using t-test at p < 0.05 significance. *p < 0.05, **p < 0.01. (D) Insulin | immunoreactives in INS-1 cells transfected
with either anti or pre miR-25 or miR-92a. The cells were fixed and immunolabeled with insulin | antibody (green) and nuclear stain Hoechst 33342
(blue). The data presented here is a representative of three independent experiments. Fluorescence signal quantitation was performed according to
Su et al.%® using Varioskan® Flash (Thermo Scientific), whereby FITC fluorescence is measured at excitation 490 nm and emission 525 nm. Each signal is
normalized to the number of cells by Hoechst 33342 fluorescence measured at excitation 346 nm and emission 460 nm. Relative fluorescence were
obtained 48 h post-transfection by normalizing the values against cells transfected with corresponding anti- or pre-scrambled miRNAs. The fluores-
cence of the controls is considered to be 100%. All transfections of miRNAs were done at 30 nM concentration. Data are presented as mean + SEM (n =
3) against control. Statistically significant differences are tested using t-test at *p < 0.05 significance.
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Figure 3. Regulatory effects of miR-25 and miR-92a on insulin synthesis overrides that of miR-9 in the downstream insulin secretion. Changes in

insulin protein in INS-1 cells with the corresponding transfection as shown above followed by high glucose treatment (20 mM). In the left panel, cells
were first transfected with anti-miR-9 followed by independent transfection of anti or pre miR-25 or miR-92a. Cells transfected with anti-miR-9 and
corresponding scrambled miRNAs (anti or pre) followed by the same high glucose (20 mM) treatment were used as controls). In the right panel, cells
were first transfected with pre miR-9 followed by independent transfection of anti or pre miR-25 or miR-92a. Cells transfected with pre miR-9 and cor-
responding scrambled miRNAs (anti or pre) followed by the same high glucose (20 mM) treatment were used as controls. All transfections of miRNAs
were done at 30 nM concentration. Positive sign (+) indicates presence of corresponding anti- or pre-miRNAs while negative sign (-) indicates absence.
Data presented as mean + SEM (n = 3) against corresponding controls. Intracellular insulin content (in white bar) and secreted insulin (in black bar) are
normalized to total protein content. Statistically significant differences are tested using t-test at *P < 0.05 significance.

of diabetic condition by oral glucose tolerance test (OGTT) are
summarized in Table S3. Total RNA from the pancreas of a dia-
betic rat model was isolated to examine the correlation between
insulin I (preproinsulin) and miR-25, miR-92a expression. In
comparison with the normal rat, significant upregulation of miR-
25 and miR-92a was observed in the pancreas of diabetic rats
(Fig. 4). These changes correlated with a corresponding decrease
in the insulin I (preproinsulin) mRNA level. Here, we observed
that overexpression of miR-25 and miR-92a in diabetic rat model
is likely to play a role in the insulin deficiency, which may eventu-
ally contribute to impaired insulin secretion.

Increased binding of miR-25 or miR-92a may be implicated
in polypyrimidine tract-binding protein 1 (PTPBI1) binding.
Tillmar et al.'® has highlighted the importance of PTBP1 protein
binding in regulating insulin mRNA levels. In fact, the group
has discovered that inhibition of PTBP1 protein binding to the
pyrimidine rich sequence by mutation of the core binding site
resulted in destabilization of insulin I mRNA. Of interest, we
noticed that the binding site of miR-25 and miR-92a overlaps
with that of PTBP1 (Fig. 1A). This suggests the possibility that
the binding of miR-25 or miR-92a not only suppresses insulin I
mRNA expression but may also affect PTBP1 interaction, hence
exacerbating the reduced stability of the insulin I mRNA.

www.landesbioscience.com

Hence, we compared the effects of anti- or pre-miR-25 or
miR-92a in two different constructs of reporter gene vectors
(Table S4A). The first construct consisted of the wild-type
3'UTR of insulin I, while in the second construct we intro-
duced single base mutation of one of the pyrimidines (C) to a
purine (A) in the PTBPI-core binding site. This mutation has
been shown to reduce insulin mRNA stability by Tillmar et al.'®
Since the mutation is not within the recognition site of miR-25
and miR-92a seed sequence, this will only affect PTBP1 binding
while conserving miR-25 and miR-92a interaction. In addition
to miR-25 and miR-92a, we also explored the effects of anti- or
pre-miR-133a, a regulator of Pthpl expression reported by Fred
et al.,”® which was also confirmed independently in this study
(Table S4B). All experiments were performed using INS-1cells,
which express both insulin I and PTBP1.

As observed previously, introduction of anti-miR-25 or anti-
miR-92a resulted in a marked increase in the reporter gene activ-
ity containing the wild construct. It is noteworthy that inhibition
of either miR-25 or miR-92a (by their respective antimiRs) was
found to induce higher signal intensity as compared with treat-
ment with anti-miR-133a. In fact, introduction of anti-miR-133a
(to increase Ptbpl) showed only marginal increase in the reporter
activity. In contrast, the presence of precursor forms of any of
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Figure 4. Altered expression of miR-25, miR-92a, and preproinsulin in diabetic rat pancreas. Total RNA was isolated from pancreatic tissue of diabetic
rat model. Expression of miR-25, miR-92a, and insulin | was measured by qPCR relative to healthy control rats. Data are presented as mean + SEM with
n = 6. Statistically significant differences are tested using t-test at *P < 0.05 significance.

the three miRNAs (miR-25 or miR-92a or miR-133a) led to a
decreased reporter gene activity (Fig. 5A, left panel). Interestingly,
we observed treatment with anti- or pre-miR-25 or miR-92a to be
equally effective even in the construct with one base mutation in
the core PTBP1 binding site. This could be due to the intact seed
site for miRNA binding and therefore, the miRNA action is not
affected. Conversely, introduction of either anti- or pre-miR-133a
showed reduced activity implying inhibition of PTBP1 binding
due to the mutation. These observations imply that effective reg-
ulatory action of miR-25 and miR-92a may occur independent
of PTBP1 binding. We have also observed an increase in PTBP1
expression in the pancreas of diabetic rats at both mRNA and
protein level (Fig. 5B). Despite the significant increase in PTBP1
protein (1.68 + 0.27), insulin expression was reduced in the dia-
betic rats (Fig. 4). Although these results may seem to suggest
potential competition between the miRNAs (miR25 and miR-
92a) and PTBPI, our data thus far is insufficient to make this
claim and, hence, a more precise experiment is necessary to fully
support this speculation. Nevertheless, based on the observations
made thus far, we have provided evidence for miR-25 and miR-
92a as direct negative regulators of insulin expression and that
their overexpression upon diabetic condition is implicated in the
impairment of insulin synthesis.

Discussion

A dynamic insulin biosynthesis is necessary for proper regula-
tion of glucose homeostasis. In order to meet the demands for
increased insulin production upon glucose challenge, insulin
mRNA stores need to fluctuate accordingly. As sustained glu-
cose stimulation progressively depletes the insulin stores, insulin
biosynthesis must be activated almost immediately to replenish
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them. Since insulin biosynthesis boost is a prerequisite for pro-
longed insulin secretion, its deficit also contributes to insulin
insufficiency. Reduced insulin (bio)synthesis in the pancreatic
B-cells is closely associated with the onset and progression of dia-
betes. Moreover, insulin mRNA levels were found to be reduced
in diabetic rat models which, in turn, result in inadequate insulin
#2629 Hence, it is important to look for ways to induce
insulin production effectively.

Despite the intense efforts over the past few decades, the
establishment of commercially available human pancreatic 8 cell
lines has not been entirely successful. Several insulin-secreting
cell-based studies for future therapeutic intervention in diabe-
tes has mainly focused on rodent insulinoma cell lines.’** In
particular, miRNA studies related to insulin production have
been performed mostly using rodent insulinoma cell lines as
well.2"*%% Due to limited access to functional human islets or
derived B-cell lines,** our study has been restricted to the more
widely accepted rat 3 cell line, INS-1, to search for potential
direct endogenous regulators of insulin biosynthesis.

In this study, we identified two miRNAs belonging to the
same family, miR-25 and miR-92a, as direct negative regula-
tors of insulin I expression. The seed site of these two miRNAs
at the 3'UTR of the insulin gene was found to be conserved in
rats and mice for both insulin I and II (Fig. 1B) and somewhat
partially (4 out of 6 nucleotides) conserved between rodents and
human insulin mRNA. The resultant effects of negative (inverse)
miRNA:mRNA interaction were observed at protein level as well,
where introduction of pre miR-25 or miR-92a not only reduced
insulin I mRNA but also the total insulin protein (intracellu-
lar and extracellular) in INS-1 cells. Conversely, we were able
to increase insulin synthesis (nRNA and protein) by inhibiting
miR-25 and miR-92a expression. The important implication of

secretion.
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Figure 5. Regulatory effects of miR-25 and miR-92a occur independent of PTBP1 binding. (A) Wild-type and mutated PTBP1 core binding site in 3'UTR
of rat insulin | were constructed into luciferase vector (Table S4). Dual luciferase assay (48 h post- transfection) was performed to study the effects of
anti or pre miR-25 or miR-92a or miR-133a interaction with the 3' UTR of Ins1. The plasmid constructs together with anti or pre miR-25 or miR-92a or
miR-133a were co-transfected independently into INS-1 cells. Relative luminescence was obtained by normalizing the values against control plasmids
transfected with corresponding anti or pre scrambled miRNAs. pMIR-REPORT™ without any 3'UTR insert. The luminescence for luciferase activity

of the controls is considered to be 100%. All transfections of miRNAs were done at 30 nM concentration Data presented as mean + SEM with n = 3.
Statistically significant differences are tested using t-test at *P < 0.05 significance. (B) Relative expression of PTBP1 in the pancreas of diabetic rats. Ex-
pression of PtbpT mRNA was measured in the pancreas of diabetic rats relative to normal rats. Western blot analysis of PTBP1 protein in the pancreatic

tissue of normal and diabetic rats is also shown (see insert). The data presented here is a representative of six independent experiments (n = 12, six
normal rats and six diabetic rats). Statistically significant differences are tested using t-test at *P < 0.05 significance.

miR-25 and miR-92a on insulin biosynthesis was further high-
lighted in our rat diabetic model, which showed a marked upreg-
ulation of miR-25 and miR-92a in the diabetic pancreatic tissue
alongside reduced insulin expression. In support of our findings, a
miRNA profiling study by Rosero et al.*” has identified a miRNA
signature, which also included both miR-25 and miR-92 to be
implicated in pancreatic development. The degree of expression
of miR-25 and miR-92a was found to change throughout the
development. miR-92a and miR-25 were identified under the
same group of miRNAs, which showed a decreasing expression
profile in correlation to the increasing expression of their poten-
tial targets. Among them, NEURODI, a key insulin transactiva-
tor, was highlighted as a target of miR-92a. Increased expression
of NEURODI, along with a corresponding downregulation of

www.landesbioscience.com

miR-92a is critical for the development of the endocrine pan-
creas. Moreover, islets lacking NEURODI have been found to
show poor response to a high glucose environment and exhibit a
glucose metabolic profile similar to that of immature B cells.*#!
Besides being a key regulator of pancreatic islet morphogenesis,
NEURODI expression is also necessary for the insulin gene tran-
scription and synthesis.”>** In our study, we observed miR-92a to
be a stronger suppressor of insulin expression as compared with
miR-25. This could be attributed to its synergistic-suppressive
effects on the transcription factor, NEURODI as well as insulin
I. On another note, miR-92a has emerged as a principal regula-
tor of angiogenesis,” an event that is impaired during diabetes
and consequently contributes to the clinical manifestation of
diabetes.®“ This is in conjunction with our diabetic rat model,
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which showed an upregulation of miR-92a. On the other hand,
miR-25 has been implicated to be involved in the regulation of
apoptosis, which suggests its possible implication in diabetes
pathogenesis.””*® A key finding in our work is that independent
overexpression of miR-25 or miR-92a was able to abolish glucose-
induced insulin I production. This is evident in the experiment
whereby the presence of anti-miR-25 or miR-92a increased total
insulin protein (intracellular and secreted insulin) that is even
higher than that induced by high glucose alone. Previous studies
have indicated a few miRNAs, including miR-9, as regulators of

insulin secretion.?*%

miR-9 reduced insulin secretion by target-
ing Onecut-2.%* Onecut-2 is a transcription factor which controls
the level of Granuphillin/Slp4, a Rab GTPase effector associated
with {3 cell secretory granules. Interestingly, we observed that the
positive effect of anti-miR-25 or anti-miR-92a on insulin synthe-
sis could supersede the suppression on insulin secretion by miR-9.
This was indicated by the increased insulin secretion in INS-1
cells that were co-transfected with pre-miR-9+anti-miR-25 or
pre-miR-9+anti-miR-92a. Although significant increase in insu-
lin secretion was only observed in cells transfected with anti-
miR-92a, the presence of anti-miR-25 could perhaps partially
restore insulin secretion to an observable level. In contrast, INS-1
cells co-transfected with anti-miR-9 (thus promoting insulin
secretion) and either pre-miR-25 or miR-92a showed significant
reduction in both intracellular insulin content as well as insulin
secretion. This is rather expected since less insulin storage in cells
(due to inhibitory effects of pre-miR-25 or miR-92a) would con-
sequently reduce the amount of insulin available for secretion.

Another interesting finding in our study is the identification
of overlapping binding site between miR-25 and miR-92a and
PTBPI protein on the 3'UTR of insulin I. We have also dem-
onstrated that regulatory function of miR-25 and miR-92a is
equally effective whether or not PTBP1 binding site is mutated.
Moreover, the increase in PTBP1 protein in the pancreatic tissue
of our diabetic model did not induce a corresponding increase
in insulin, which could be attributable to the overexpression of
miR-25 and miR-92a. Reduced PTBP1 binding in spite of the
increase in its protein level has also been discussed by Ehehalt et
al.’® The study compared the amount of PTBP1 in the nuclear
extracts from the islets of healthy and diabetic individuals.*® It
was demonstrated that diabetic patients displayed an increased
nuclear retention of PTBP1 protein relative to non-diabetic islets.
It was then postulated that the impaired redistribution of PTBP1
causes deficiency in total insulin levels upon glucose stimulation.
Although there may be a potential competition between the two
entities (miR-25, miR-92a, and PTBP1 protein on the 3'UTR of
insulin), our present experimental data does not give a direct evi-
dence for this claim. Hence, a more in-depth study is necessary
to elucidate the postulated competition between miRNAs and
protein for binding site at the targeted mRNA.

Thus far, the data collated in our study suggest a miRNA-
based regulatory mechanism for insulin production (Fig. 6).
Under normal conditions, increase in glucose level is accompa-
nied by downregulation of miR-25 and miR-92a. At the same
time, glucose-induced PTBP1 protein level will also remain high

to promote insulin production.’® On the other hand, in a diabetic
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condition, overexpression of miR-25 and miR-92a increases
miRNA:mRNA interaction at the 3'UTR of insulin mRNA.
This concerted regulation at the 3'UTR consequently impairs
insulin synthesis resulting in deficiency in insulin production as
observed in diabetic condition.

Interestingly, studies have also reported the implications of
INS gene mutations in the rare diabetic conditions, particularly
permanent neonatal diabetes and mutant INS-gene induced dia-
betes of the youth.”™? Mutations are commonly found in the
critical regions of the preproinsulin molecule, which will have
implications for the maintenance of normal folding, processing,
and bioactivity of mature insulin. In such cases, although insu-
lin mRNA transcription may be increased in response to glucose
challenge, it does not necessarily translate to increase in insulin
production. It would be of interest to investigate the possibility
of miRNA binding to these critical sites, which may contribute
to the pathogenesis of these forms of diabetes. Nevertheless, we
postulate that miRNA:mRNA binding at any part of the CDS
region (i.e., signal peptide, a chain, § chain, or C-peptide) may
effectively inhibit translation.>

It is known that glucose level serves as a regulator of insulin
transcription and secretion in the body. In this study, we dis-
cussed the significance of miRNAs as an additional important
regulator of the insulin (bio)synthesis process, which act at the
post-transcriptional level and independently of the upstream
transcriptional process. We have identified miR-25 and miR-
92a as direct regulators of insulin I expression. Hence, increased
insulin transcription in the presence of glucose stimulation may
not necessarily translate to proportional increase in the insulin
I mRNA. This is because the availability of the net insulin I
mRNA for translation also depends on the presence of the miR-
25 and miR-92a, which target the insulin I mRNA. In other
words, the regulatory action of miR-25 and miR-92a serves as an
additional fine tuning step that will determine the final insulin I
mRNA level proceeding to translation.

Although the seed sequence of miR-25 and miR-92a is not
conserved in the human insulin gene, both miRNAs are con-
served in human and rats. Hence, the two miRNAs are potentially
implicated in diabetes via interaction with other targets. In fact,
van de Bunt et al.”® has identified a variant (rs3802177) within
the 3'UTR of the SLC30A8 gene, the variant with the strongest
5% to map to predicted target site
for islet-expressed miR-92a. Furthermore, miR-92a was found to

association with Type 2 diabetes,

be highly upregulated in stable angina pectoris patients compli-
cated with diabetes as compared with those without diabetes.” In
this study, we propose that the miRNA-based regulatory mecha-
nism of insulin biosynthesis in rats could as well be adopted in
humans via other miRNAs (Table S5). Using the same predic-
tion software, a total of 11 miRNAs was predicted to target the
3'UTR of the human insulin gene. Of which, four miRNAs,
namely miR-1286, miR-1908, miR-650, and miR-886-3p have
their binding sites overlap with that of PTBP1. These miRNAs
could be of importance in the regulation of insulin (bio)synthesis
in human. We could not demonstrate this due to lack of suitable
human cell lines for the study. Hence, the establishment of func-
tional human-derived B-cell lines will be of utmost importance
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Figure 6. A proposed mechanism for the concerted regulatory function of miR-25 and miR-92a in insulin biosynthesis. miR-25 and miR-92a are direct
negative regulators of insulin | expression. In a healthy condition, glucose stimulation promotes downregulation of miR-25 and miR-92a. In a diabetic
condition, upregulation of miR-25 and miR-92a suppresses insulin expression by binding to the 3'UTR. Consequently, this results in reduced insulin

for future translational study of our findings. For now, to our
knowledge, this is the first study to identify two miRNAs (miR-
25 and miR-92a) that could control insulin synthesis directly
by targeting the 3'UTR of insulin gene. Furthermore, we have
shown that increased insulin synthesis mediated by introduction
of anti-miR-25 or miR-92a was able to restore insulin secretion,
which was suppressed by miR-9. These observations were com-
parable Zhao et al.,”* where overexpression of miR-30d could
attenuate suppression of insulin secretion. Hence, suppressing the
expression of miR-25 and miR-92a serves as a possible approach
that warrants further investigation and may turn out to have
potential application in the treatment of diabetes.

Materials and Methods

miRNA array profiling from rat islets and pancreatic tissue.
Expression values for the miRNAs of interest in the rat islets (n =
4) by miRNA profiling was obtained from Jacovetti et al.?® Total
RNA was isolated from the pancreatic tissue of normal rats (n =
6). After which, LNA-modified oligonucleotide (Exiqon) probes
for human, mouse, and rat miRNAs annotated in miRBase ver-
sion 11.0 were used in the microarray. Total RNA (1 pg) was
3'-end-labeled with Hy3 dye using the miRCURY LNA™ Power

www.landesbioscience.com

RNA Biology

Labeling Kit (Exiqon) and hybridized on miRCURY LNA™
Arrays, using MAUTI hybridization system. Data shown were an
average of log, normalized signal intensities + SEM.

Transfection of miRNAs in INS-1 cells. INS-1 cells (kind
gift from Professor Li Guo Dong from the Department of
Clinical Research at Singapore General Hospital) were grown in
5% CO, at 37°C in DMEM containing 11.1 mM glucose supple-
mented with 10% FBS, 100 U penicillin/ml, 100 g streptomy-
cin/ml, 1 mM sodium pyruvate, 10 mM HEPES, and 0.05 mM
2-mercaptoethanol. Transfection of miRNAs was performed
according to Sepramaniam et al.’® Anti- or pre-miR-25, miR-92a,
miR-9, miR-133a and scrambled miRNAs were purchased from
Ambion. Briefly, respective miRNAs were diluted in 50 wl of
Opti-MEM® (Ambion) to a final concentration of 30 nM. The
mix was then complexed with 1 ul of siPORT™ NeoFX™ in
50 pl of Opti-MEM®. The cells were transfected with these com-
plexes and maintained for 48 h prior to subsequent RNA/protein
extraction.

Primary islets isolation. Primary islets were isolated from
adult Wistar rats according to Wu et al.”
was perfused with a solution of 0.5 mg/ml Collagenase Type V
(Sigma) dissolved in Hanks Balanced Salt Solution (HBSS). The
digestion was performed at 37°C for 15-20 min after which the

Briefly, the pancreas
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collagenase was neutralized with HBSS supplemented with 1%
FBS. The collagenase treated pancreas was then sequentially fil-
tered through 1.5 mm and 0.8 mm metal mesh filters. Islets were
subsequently enriched by centrifugation in Histopaque 1077
(Sigma) and picked under direct light microscopic visualization.
The islets were then cultured at 100 islets/well in 24-well plates
supplemented with 500 pl of complete DMEM.

Extraction of total RNA and protein. Total RNA (+miR-
NAs) was extracted from cells by a single-step method using
TRIzol® (Invitrogen Life Technologies) according to the man-
ufacturer’s protocol. The concentration and integrity of RNA
were determined using Nanodrop ND-1000 spectrophotometry
(Nanodrop Tech) and denaturing agarose gel electrophoresis. For
protein extraction, cells were lysed using non-denaturing lysis
buffer that is compatible for subsequent ELISA assay.

Reverse transcription and real-time quantitative PCR.
Reverse transcription followed by real-time quantitative
PCR (qPCR) were performed according Karolina et al.?
Quantitation of rat preproinsulin and Ptbp] mRNA was per-
formed using SYBR green assay. Specific primer sequences for
rat preproinsulin (5-~AGTGACCAGC TACAATCATA G-3'
and 5-GGTGCTCATT CAAAGGCTTT A-3') and rat Prhpl
(5"TTCGGCGTCTACGGTGATG-3'and5-AGTGCGTTCT
CCTTCTTGTT GAA-3') were generated using Primer-Express
(Applied Biosystems). For miRNA detection, reverse transcrip-
tion followed by stem-loop real-time quantitative PCRs were per-
formed according to the manufacturer’s protocols using miR-25
and miR-92a-specific primer probes (Applied Biosystems). qPCR
was performed on an Applied Biosystems 7900 sequence detec-
tion system.

Luciferase assays. Dual-Luciferase® reporter assay allows the
simultaneous expression and measurement of two individual
reporter enzymes within a single system. The Firefly luciferase
expression is used to correlate the effect of miRNA and its tar-
get interaction while the activity of the co-transfected Renilla
luciferase provides an internal control that serves as the baseline
response. Gene-specific primers were used to amplify the 3'UTR
of rat insulin I mRNA (Fig. 1A). For the mutated construct,
the target sequence 5-TGCAAT-3" for the miRNA seed region
was mutated to 5-GCGCCG-3' to abolish any interaction. The
PCR products were cloned into the Firefly luciferase express-
ing vector (pMIR-REPORT™; Ambion, USA) at the Spel and
Hindl1I sites. Plasmid transfection procedure was adapted from
Sepramaniam et al.’®® INS-1 cells were transfected with 30 nM
anti- or pre-miR-25 or miR-92a for 3 h followed by 100 ng/well
pMIR-REPORT™ (+ wild-type 3'UTR of /s or mutated seed
sequence) for another 3 h. The cells were lysed 48 h later for mea-
surement of luciferase activity. Dual-luciferase® assay (Promega)
was performed to quantitate the effects of anti- or pre-miR-25 or
miR-92a interaction with the 3'UTR of rat insulin I. The assay
was performed according to the manufacturer’s protocol. In all
experiments, transfection efficiencies were normalized to those of
cells co-transfected with the Renilla luciferase expressing vector
(pPRLCMYV; Promega, USA) at 10 ng/well.

Immunocytochemistry. Immunocytochemistry was per-
formed on INS-1 cells transfected with either anti- or pre-miR-25
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or miR-92a. The cells were fixed with 4% paraformaldehyde in
PBS and blocked with 5% FBS before incubation with mouse
anti-rat antibody Insl for 1 h at room temperature. Rabbit anti-
mouse FITC labeled antibody was used as secondary antibody.
Cells were mounted and nuclei were counterstained with Hoechst
33342 and viewed under a fluorescence microscope (Carl Zeiss
LSM 510 META). Fluorescence signal quantitation was per-
formed according to Su et al.?* using Varioskan® Flash (Thermo
Scientific) whereby FITC fluorescence is measured at excitation
490 nm and emission 525 nm. Each signal is normalized to the
number of cells by Hoechst 33342 fluorescence measured at exci-
tation 346 nm and emission 460 nm.

Measurement of preproinsulin mRNA, intracellular insulin
protein content, and insulin secretion. INS-1 cells were seeded
at a density of 7 x 10% per well in 24-well plates and incubated
at basal glucose concentration (5 mM) for 24 h prior to glucose
treatment. Cells were washed twice with sterile Krebs Ringer buf-
fer (KRB) followed by pre-incubation with 500 pl of the same
buffer supplemented with 2.8 mM glucose at 37°C for 30 min.
Subsequently, the medium was replaced by 500 pl of sterile KRB
containing varying concentrations of glucose (5-20 mM) for
2 h. At the end of incubation, both cell lysate and supernatants
were collected for measurements of insulin content in the cell
lysate and secreted insulin in the media, respectively. Insulin was
assayed by ELISA (Crystal Chem, Inc.) method according to
the manufacturer’s protocol and normalized to the total protein.
Following that, changes in the amount of insulin protein is cal-
culated relative (as a ratio) to the corresponding control used in
the experiment.

Rat model of diabetes mellitus. Male Wistar rats, 6 wk of
age and weighing approximately 150 g were used for all stud-
ies. The animals were handled according to the guidelines of the
Council for International Organization of Medical Sciences on
Animal Experimentation (World Health Organization) and the
National University of Singapore. The animal protocols were
approved (Protocol number 062/09) by the National University
of Singapore Institutional Animal Care and Use committee
(NUS IACUQC). Induction of Type 2 diabetes (T2D) was done
according to Reed et al.” with some modifications as described
by Karolina et al.?® Briefly, 12 rats were randomly divided into
two groups (n = 6). One group was fed with normal fat diet
(Harlan Teklad, 2018) and the other with high fat diet (Specialty
Feeds, SF10-019). After 2 wk, the animals on high fat diet were
injected intra-peritoneally with low dose of streptozotocin STZ
(40 mg/kg) after an overnight fast. Both groups of animals were
continued on their respective diets for another week. This com-
bination method is preferred to administration of high dose of
STZ, which will completely damage the 8 cells. A low dose of
STZ will damage the islets to a lesser extent in which insulin
production still occurs at moderate level which will give a better
representation of T2D. At the end of the experimental period (on
the 8th day after STZ administration), animals were euthanized
using CO,, and pancreatic tissue was harvested. Effects of treat-
ment on body weight, glucose, insulin, cholesterol, and triglycer-
ides concentrations as well as oral glucose tolerance test to ensure
a successful T2D model are shown in Table S3.2¢
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SDS-PAGE and western blot analysis. Protein was extracted
from pancreatic tissue of both normal and diabetic rats. Protein
samples (40 ug) were resolved using 10% SDS-PAGE. Western
blot was performed as described in Karolina et al.?® The pri-
mary rabbit monoclonal anti-rat antibodies against PTBP1
were added at a 1:5000 dilution in PBST containing 2.5% non-
fat dry milk for 60 min to identify the specific protein. The
membranes were washed in PBST followed by incubation in
secondary goat anti-rabbit antibody (1:5000 dilution) in PBST
containing 2.5% non-fat dry milk for 60 min. 3-actin was used
as loading control. The membranes were washed again with
PBST and visualized with Super-Signal® West-Dura Extended
Duration Substrate (Pierce, Biotechnology) and developed
in Kodak Biomax film. Films of western blots were scanned
(Acer SWZ3300U), and the labeling intensities of the bands
were quantified using Image] software (National Institutes of
Health). Relative expression of protein is the quantity of band

intensity expressed as a ratio to the control samples normalized
to B-actin. All band images were representatives of at least six
independent experiments (n = 6).
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