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Vof16-miR-205-Gnb3 axis regulates hippocampal neuron functions
in cognitively impaired diabetic rats
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Background: Diabetes is a chronic metabolic disease and an independent risk factor for cognitive damage.
Non-protein coding RNAs, including long non-coding RNAs (IncRINAs) and microRINAs (miRINAs), are
involved in various pathophysiological conditions.

Methods: In this study, cognitive impairment was induced in diabetics rats by streptozotocin (STZ)
injection, and the differential IncRNAs and mRNAs in rat hippocampal tissue between control and STZ-
treated groups were analyzed with microarray.

Results: In the hippocampus of STZ-treated diabetic rats, IncRNA Vof-16, and Gnb3 mRNA were
significantly upregulated and silicon analysis showed that Vof-16 and miR-205 share the same miRNA
response element (MRE). In addition, the overexpression of Vof-16 in primary hippocampal neurons
inhibited the expression of miR-205, and vice versa. Dual luciferase assay verified the binding between Vof-
16 and miR-205, and Vof-16 was seen to promote the proliferation of primary hippocampal neurons via
sponging miR-205. Silicon analysis predicted that miR-205 could bind with Gnb3, which was verified with
dual luciferase assay, and the overexpression of miR-205 could inhibit the protein level of Gnb3, which could
be rescued by co-expression with Vof-16. In conclusion, IncRNA Vof-16 regulated Gnb3 expression by
competitively binding to miR-205.

Conclusions: These results provided a novel regulation axis for the pathogenesis of STZ-induced diabetes.
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Introduction

Diabetes mellitus (DM) is a chronic metabolic disease
induced by a deficiency of insulin secretion and/or
malfunction. In recent years, the incidence of diabetes has
increased and there are 425 million patients suffering from
the disease in China. Long-term high blood glucose and
blood glucose excursion will damage the kidney, retina and
cerebrovascular, cardiovascular, and nervous systems (1).
The association between hyperglycemia and adverse
brain outcomes is well established, especially in childhood-
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onset type 1 diabetes which increases the risk of cognitive
impairment with ageing (2). Long-term type 1 diabetes
is also associated with impaired immediate and delayed
memory. The hippocampus critically contributes to
cognition and emotion, and as learning and memory
functions are processed within hippocampal circuits and
regulated by synaptic plasticity, conditions deleterious to
neuroplasticity such as diabetes would impair cognition
ability (3-5). Diabetes-induced cognitive decline is related
to insulin resistance, which reduces the activation of Akt and
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increase subsequent GSK3p activity (6,7). The activation of
GSK3pB phosphorylates tau, whose hyperphosphorylation
induces neurofibrillary tangles (8). Insulin resistance-related
hyperinsulinemia also impairs the clearance of f-amyloid
protein. According to MRI studies, older diabetic patients
have a smaller hippocampus, which is probably due to the
impairment of neuroprogenitor proliferation.

As a result of the Encyclopedia of DNA Elements
project (ECODE), it has been proved that Non-coding
RNA (ncRNA) is involved in many biological processes
regulation of physical function. ncRNAs, which comprise
98.5% of the human transcriptome, have been proven to
be involved in numerous biological and pathophysiological
processes (9). MicroRNAs, a class of ~22 nt long non-
coding RNAs, are post-transcriptional regulators through
transcripts degradation and/or translation inhibition. Long
non-coding RNA (IncRNA) is a class of non-protein coding
RNA over 200 nucleotide long. Currently, 30,369 IncRNA
transcripts have been reported (10) and have been seen to
participate in the regulation of adjacent protein-coding (11).
A mechanism recently proposed suggests IncRNA could
regulate miRNAs negatively when IncRNA share the
same miRNA response elements (MREs) with miRNAs.
Therefore, IncRNAs act as competing endogenous
RNAs (ceRNAs) by competitively binding miRNAs,
and derepressing miRNAs subsequently targets gene
expression (12). Since both IncRNA and miRNA contribute
to RNA metabolism, the aberrant expressions of IncRNAs
and/or miRNAs have been proposed as essential players
in several human diseases including cancers and metabolic
conditions, and this hypothesis is supported by several
findings. FAL1-miR-1236 promotes cell proliferation and
migration in hepatocellular carcinoma cells (13), LncRNA
CDKN2BAS promotes metastasis via the miR-153-5p-
ARHGAP18 axis in hepatocellular carcinoma (14), and the
HCP5-miR-29b-3p-MMP9/I'TGBL1 axis was linked to the
prognosis of pancreatic cancer (15). However, few studies
have addressed IncRNA-miRNA-mRNA regulation in the
etiology and development of diabetes encephalopathy.

In this study we analyzed the profiles of IncRNA and
mRNA in the hippocampi of STZ-induced diabetic rats.
Among the differential expressed IncRNAs and mRNAs, we
found that Vof-16, an upregulated IncRNA in STZ-induced
diabetic hippocampi, could regulate Gnb3 through sponging
miR-205. Furthermore, cell counting assay revealed
that Vof-16 regulated hippocampal neuron proliferation
partially via miR-205. Altogether, the proposed Vof-16-
miR-205-Gnb3 axis might be helpful for the understanding
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of molecular mechanisms underlying the pathogenesis of
STZ-induced diabetic encephalopathy. We present the
following article in accordance with the ARRIVE reporting
checklist (available at http://dx.doi.org/10.21037/atm-21-
2016).

Methods
Animals and induction of type 1 diabetes

Sixty male SD rats (190-240 g, 6 months old) used in this
study were purchased from the Department of Laboratory
Animal Science of Fudan University, Shanghai. Experiments
were performed under a project license (No.: 2018-37)
granted by institutional ethics board of Shanghai Tongren
Hospital, in compliance with the National Institutes of
Health Guide for Care and Use of Laboratory Animals.
After 2 weeks of adaptive feeding, the random list randomly
divided the selected SD rats into blank control group (CTR
group) with 30 rats, and only fed normal diet (containing
14.42% fat, 41.47% carbohydrate and 21.06% protein);
30 rats in the experimental group (STZ group). During the
experiment, four rats died in the STZ group and one in the
CTR group.

Preparation of diabetic rat model: rats in STZ group
were given STZ citrate buffer (55mg/kg) intraperitoneally
after 12 hours of fasting and water deprivation. Rats in CTR
group were given equal volume of sodium citrate buffer
intraperitoneally. Three days later, the tail vein blood of rats
was taken to detect the random blood glucose, the blood
glucose was more than 16.7 mmol/L, and the fasting blood
glucose remained above 16.7 mmol/L for three consecutive
weeks. Blood glucose was monitored regularly, and the rats
with blood glucose <16.7 mmol/L were excluded according
to the blood glucose detection. After the blood glucose
was measured, erythromycin ointment was applied to the
wound.

HE staining

Hippocampal morphology was detected with HE staining.
The prepared paraffin slices were dewaxed and rehydrated
using graded ethanol at room temperature and following
immersion in drilled water for 7 min, the sections were
stained by hematoxylin solution and eosin solution
successively according to the standard procedure. The
sections were then sealed by neutral balsam, then observed
under a microscope.

Ann Transl Med 2021;9(12):965 | http://dx.doi.org/10.21037/atm-21-2016


http://dx.doi.org/10.21037/atm-21-2016
http://dx.doi.org/10.21037/atm-21-2016

Annals of Translational Medicine, Vol 9, No 12 June 2021

Y maze

To assess spatial and working memory, the Y-maze test was
performed. The maze is a Y shaped apparatus consisting of
three isometric arms 30 cm in length, 7 cm in width, and
15 cm in height. Each rat was initially placed at the end
of one arm, and after a 5-8-min adaption, the rats were
allowed to freely explore the maze. Consecutive entry into
three arms in an alternative order was defined as a successive
entry and the total reaction time (TRT) and errors number
(EN) were recorded.

Morris water maze

"To test spatial learning and memory, the Morris water maze
was used. This maze was made of a plastic circular tank
15 cm in height and 10 cm in diameter, which was divided
into four equal quadrants clockwise.

RNA isolation and quantitative real-time polymerase
chain reaction

Total RNA was isolated with Trizol reagent (Invitrogen)
and purified with a QTAGEN RNeasy® Kit according to the
manufacture’s instruction. The cDNA was synthesized with
miScript I RT Kit (QIAGEN) and real time PCR reactions
were performed using a miScript SYBR Green PCR Kit
(QIAGEN) and conducted on a ViiA™ 7 Real-Time PCR
System (ABI). The primers used in this study were as follows
(5'-3"): GAPDH: F: CCTGCACCACCAACTGCTTA,
R: CATCACGCCACAGCTTTCCA; Voflé6:
F: ATGGCAGACATTCGGTGCTT, R:
AGCATTTGTATGGCGTTGCC, Gnb3:
F: CACGTCCGTAGCCTTCTCAC, R:
AAGAACGCCTACACGCTCAC.

The cycling program was as follows: the initial
denaturation phase, 95 °C for 15 min, followed by the
40 cycles of amplification phase, 94 °C for 15 s, 60 °C for
30 s, and 70 °C for 30 s. The 27**“" method was used to
normalize the fold change in gene expressions and GAPDH
was used as control.

Microarray

To detect the differential expressed IncRNA in hippocampi
between diabetic rats and control groups, cRNA was
synthesized and amplified from total RNA using the
Agilent Low Input Quick Amp Labeling Kit according to
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manufacturer’s instruction. The Cy3-labeled cRNA was
purified with a QIAGEN RNeasy® Kit and the products
were hybridized to Agilent Rat IncRNA V3 (8*60K),
followed by washing. The microarrays were then scanned
using an Agilent DNA microarray scanner. The differential
expressed IncRINAs were analyzed as described previously.

Primary rat bippocampal neuron culture and
immunofluorescent staining

Before the isolation of hippocampi from brains, the
neonatal rats (<24 h) were soaked with 75% ethanol for
1-2 min. The hippocampus was then washed and minced in
pre-cold D-hanks, and the tissues were digested with 0.25%
trypsin supplied with 0.03% EDTA in a 50-mL tube at
37 °C for 20 min. After a 15-min-incubation, the digestion
was stopped with the addition of 5% fetal bovine serum (FBS)
(Gibco, USA) and the neurons were then centrifuged and
suspended in Neurobasal (Gibco) supplied with 10% FBS
and filtered with a 74-pM mesh to remove the debris. The
suspensions were centrifuged using lymphocyte separation
liquid at 2,000 rpm for 20 min. The supernatant was then
discarded, and the cells were resuspended with D-hanks.
The neuronal suspensions were plated on coverslips coated
with 0.01% poly-L-lysine (Sigma, USA) and cultured in
Neurobasal containing 10% FBS in a 5% CO, incubator at
37 °C. The medium was half replaced every 3—4.5 days.

To identify the isolated primary rat hippocampal
neurons, the cells were cultured for 3 days and then fixed
with 4% paraformaldehyde for 20 min at room temperature.
After being washed three times, the cells were penetrated
with 0.1% TritonX-100 (in PBS) for 10 min, followed
by blocking with 5% goat serum for 20 min at room
temperature. The cells were then incubated with primary
antibody mouse anti-Nestin (1:1,000) at 4 °C overnight,
followed by 1 h incubation of Cy3-conjugated secondary
mouse anti rat NeuN monoclonal antibody (1:500) was
incubated at 37 °C for 2 hours and then incubated at 4 °C
overnight; biotin labeled Sheep anti mouse IgG (1:200) and
avidin anti biotin horseradish peroxidase complex (1:200)
were incubated at 37 °C for 2 hours respectively, and each
step was 0.01 mmol /L PBS was rinsed for 3 times, and
the color was developed by TMB-ST method: distilled
water was washed for 3 times; the staining solution was pre
incubated at room temperature in dark for 15-20 min; 0.3%
H,0, (3.5 pL/mL) was added for 3 times, with an interval
of 10 min each time, and the color was controlled under
microscope until the positive cells showed clear green;

Ann Transl Med 2021;9(12):965 | http://dx.doi.org/10.21037/atm-21-2016



Page 4 of 14

0.05 m PBS was added into the sections wash for 5 min x
3 times; mount, dry and seal with neutral gum. The images
were obtained with Laser scanning confocal microscope
(Olympus Fluo View FV1000).

Cell transfection

For the transfection of 293T cells, cells were seeded in a 24-
well plate at a density of 1x10° cells/well. Transfection was
performed using Turbofect reagent in accordance with the
manufacturer’s instructions.

Cell proliferation detection

Cell proliferation was assessed by a Cell Counting Kit-
8 (Dojindo, Japan) according to the manufacturer’s
instructions. In brief, the primary cultured hippocampal
neurons were seeded into a 96-well plate at a density of
5,000 cells/well. The optical density was then determined
with a microplate reader at a wavelength of 450 nm.

Western blotting

Total cell proteins were isolated with RIPA lysis buffer.
Proteins were separated by 10% SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and then transferred to PVDF
membrane. Membranes were blocked in 5% skim milk in
TBST for 1 h at room temperature followed by incubation
with primary antibody at 4 °C overnight with Gnb3 antibody
or B-actin. The membrane was then washed for 10 minutes
three times with TBST followed by incubation with
appropriate secondary antibodies for 1 h at room temperature.
The blots were visualized with ECL solution and exposed to
X-ray film (Kodak) with B-actin used as the control.

Plasmid construction

For IncRNA Vof-16 overexpression, the cDNA of Vof-16
was amplified with PCR and cloned into the psiCHECK
vector (Promega) and for miR-205 overexpression,
premiR-205 was amplified with PCR and cloned into the
PLV. X-PURO vector. For the luciferase reporter assay,
wild type or mutant 3'-UTR of Gnb3 containing miR-205
binding site were amplified and cloned into pGL3-Basic.

Dual luciferase assay

HEK-293T cells were seeded in 24-well plates at a density
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of 1x10° cells/well. After 24 h, the cells were transiently
transfected with a mixture of 1.2 pg of DNA and after
48 h, luciferase activity was measured using the dual-
luciferase reporter assay system (Promega) according to the
manufacture’s instruction.

Statistical analysis

The data were analyzed with SPSS 20.0 (IBM Corp.) and
presented as mean + SD. Comparisons between two groups
were made using 7 test, while comparisons between multiple
groups were carried with one-way ANOVA. If the quality
characteristic value was not in the Gauss distribution,
Kruskal-Wallis analysis was carried out. P<0.05 was
indicative of statistically significant difference.

Results
Induction of a diabetic rat model by STZ injection

Diabetes was induced by injection of streptozotocin (STZ).
The body weight of the STZ-treated group (N=26) was
similar to that in the control group (N=29) at 1 week
after treatment (220.1x12.0 vs. 221.0=13.1, P=0.808).
However, the body weights were significantly higher in the
STZ-treated group than in the control group at 9 weeks
(311.5+7.8 vs. 412.3+9.4, P<0.01), and 12 weeks (288.1+12.1
vs. 506.128.9, P<0.001) after injection (Figure 14). The level
of blood glucose in the STZ-treated group was as high as
that in the control group (5.310.78 vs. 5.21+0.68, P=0.612)
at 1 week after treatment. However, this was significantly
higher in the STZ-treated group than in the control
group at 4 weeks (21.69x4.43 vs. 5.28+0.53, P<0.001),
9 weeks (24.50+3.43 wvs. 5.10+0.86, P<0.001), and
12 weeks (26.35£4.30 vs. 5.17+0.89, P<0.001) after injection
(Figure 1B).

After the model was established, cognitive ability was
assessed by Y-maze 4 weeks and 12 weeks after STZ
treatment. At 4 weeks after treatment, the number of error
times of rats from the STZ-treated group was comparable
to that in the control group (6.21+1.52 vs. 6.19+1.47,
P=0.971). However, at 12 weeks after treatment, the
number of errors was significantly higher in the STZ-
treated group than in the control group (20.52+5.81 vs.
6.27+1.43, P<0.001) (Figure 1C). The total reaction time
of the Y maze of rats in the STZ-treated group was as high
as that in the control group (13.28+2.68 vs. 13.04x2.52,
P=0.738) 4 weeks after treatment. However, at 12 weeks
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Figure 1 STZ-induced diabetic rats with impaired cognition abilities. (A) The body weight of rats in both control and STZ-treated groups

at 1 week, 4 weeks, 9 weeks and 12 weeks after model established. (B) The blood glucose in both control and STZ-treated groups of rats at

1 week, 4 weeks, 9 weeks and 12 weeks after model established. (C) Results of EN of Y-maze test of rats in both control and STZ-treated

groups at 4 and 12 weeks after model established. (D) Results of TRT of Y-maze test of rats in both control and STZ-treated groups at

4 weeks and 12 weeks after model established. (E) The escape latency during the 5 days of the training phase in control and STZ-treated

groups. (F) In the probe trial phase, the number of passes across the escape platform during the MWM test. (G) Percentages of time spent in

the target quadrant in control and STZ-treated groups. *P<0.05, **P<0.01, ***P<0.001, Student’s # test was used. The data are presented as

the means + SEMs.

after treatment, the total reaction time of the Y maze of rats
in the STZ-treated group was more than that in the control
group (32.76+9.03 vs. 13.46+2.62, P<0.01) (Figure 1D).
These results indicate rats treated with STZ had impaired
cognitive ability compared with the control group.

The Morris water maze test was then used to assess
the learning ability of rats in both groups. As the training
progressed, the rats of both groups showed a reduced
escape latency. More importantly, on each day of the
training test, STZ-treated rats exhibited much longer
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escape latency (24.21£4.19 vs. 42.04£9.44, P<0.05) than
the control rats, suggesting an impaired learning ability of
the STZ-treated rats (Figure 1E). In the spatial probe test,
the STZ-treated rats had a significantly decreased number
of target platform crossings compared with the control
rats (2.62£1.52 vs. 6.31£1.79, P<0.001) (Figure 1F). On the
other hand, the STZ-treated rats had a shorter duration
time in the acquisition quadrant compared with the control
rats (22.62+1.52 vs. 32.14+3.66, P<0.05) (Figure 1G). In this
context, the STZ-treated rats exhibited impaired learning
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Figure 2 HE staining of the hippocampus. (A,B) Representative images of HE staining of DG in control group and STZ-treated group (C,D).

The data showed obvious decreased trend in neuron counts in STZ-treated rats compared with the controls. Scale bar: 100 pm.

ability.

The HE staining of the hippocampi examined under light
microscope revealed that hippocampal neurons in control
rats were uniformly aligned, with clear nuclei staining and a
transparent cytoplasm (Figure 24,B). However, in the STZ-
treated rats, some hippocampal neurons exhibited apoptotic
morphology of crescent or serrated shapes (Figure 2C,D).
These results indicated that STZ-treated induced loss or
degeneration of hippocampal neurons.

Confocal micrographs in the DG stained for NeuN of
hippocampal slices between the controls (Figure 34) and
STZ-treated rats (Figure 3B). A higher magnification for
NeuN staining in the controls (Figure 3C) and STZ rats
(Figure 3D). By comparing the quantity of NeuN + cells
(Figure 3E) and the immunoreactivity of NeuN (Figure 3F)
in DG between the two groups, we found that TZ-treated
induced loss or degeneration of hippocampal neurons.

STZ-induced diabetes upregulates the expression of

LncRNA vofl6 in the bippocampus

To explore the potential mechanism of reduced learning

© Annals of Translational Medicine. All rights reserved.

ability in STZ-induced rats, Agilent Rat IncRNA V3 was
used to screen the differentiation expression of IncRNA
between STZ-treated and the control rats, with a fold-
change >2 identified as a differential expressed IncRINA. This
showed 60 IncRNAs were upregulated in the hippocampus
of STZ-treated rats, while 35 were downregulated
(Figure 44). The result also showed that five IncRNAs,
LOC102547042, Vof-16, LOC102550168, Cb707485,
and LOC102551705, were over 10-fold upregulated
in the hippocampus of STZ-treated rats (Figure 4B).
For further validation, the expression of the five differential
IncRNAs was assessed with quantitative real-time PCR
(qQRT-PCR). This showed that the expression of Vof-16 was
significantly higher in the STZ-treated group than in the
control group (Figure 4C). As an ischemia related factor,
vof-16 (Vof-16) has been reported to be upregulated upon
hypoxic-ischemic encephalopathy injury. Additionally,
Go enrichment for molecular function according to the
altered IncRNA showed that the majority of differential
LncRNA target genes were associated with the nucleotide
diphosphatase activity, nucleotidyltransferase activity, as
well as the neuron growth factor binding (Figure 4D).
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Figure 3 STZ-treatment induces neuronal injury in the hippocampus of rats. (A,B) Confocal micrographs in the DG stained for NeuN
of hippocampal slices between the controls (A) and STZ-treated rats (B). (C,D) A higher magnification for NeulN staining in the controls
(C) and STZ rats (D). (E,F) Quantification of NeuN+ cells (E) and immunoreactivity for NeuN (F) in the DG between the two groups.
**P<0.01, Student’s 7 test was used. Scale bars: 100 pm in A and B; 50 pm in C and D. The data are presented as the means + SEMs.
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Figure 4 The IncRNA expression profile in the hippocampus of STZ-induced diabetic rats. (A) Heatmap of the differentially expressed
IncRNAs in control and STZ-treated rats (fold change >2 and q value <0.05) (B) The Volcano plot of differentially expressed IncRNAs, 60
IncRNAs were upregulated and 35 IncRNAs were downregulated in STZ-treated rats. (C) Real-time fluorescence quantitative PCR (qRT-

PCR) confirmed the expression of 5 IncRNAs with the most significant differences between the control and STZ-treated rats. (D) Go

enrichment for molecular function according to the altered IncRNA. *P<0.05, **P<0.01, ***P<0.001, Student’s # test was used. The data are

presented as the means + SEMs.
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Figure 5 LncRNA Vof-16 binds with miR-205 and functions as a ceRNA. (A) Putative LncRNA Vof-16 binding sites in miR-205 within
its 3'-UTR. (B) Overexpression of Vof-16 induced a decrease of miR-205. (C) Relative luciferase activity of wild type (WT) and 3'-UTR
mutant constructs of Vof-16 co-transfected with pLVX-miR-205 and miRNA negative control (NC). (D) The primary hippocampal neurons
were transfected with Vof-16 or miR-205 or both of them and the cell activities were assessed 4, 24, 48 and 72 h after transfection. **P<0.01,

Student’s # test was used. The data are presented as the means + SEMs.

LncRNA Vof-16 binds with miR-205 and functions as a
ceRNA

Given that LncRNA work as ceRNA could competitively
bind with miRNAs and thereby lead to the depression of
miRNAs targets, we sought to identify the potential targets
of LncRNA Vof-16. In brief, miR-205 was found to share
the same microRINA response element with Vof-16 in silico
analysis carried by both miR and an miRBase (Figure 5A).
To evaluate the relationship between Vof-16 and miR-205
in vitro, Vof-16 was overexpressed in primary cultured rat
hippocampal neurons and the expression of miR-205 was
assessed by qRT-PCR. This showed that compared with the
control group, overexpression of Vof-16 induced a decrease
of miR-205, suggesting that Vof-16 may interact with miR-
205 through MRE (Figure 5B).

Additionally, a luciferase reporter assay was conducted
in 293T cells to validate the direct binding between Vof-
16 and miR-205. Firstly, the wild type (WT) and mutant
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(mut) Vof-16 sequence containing the predictive recognition
site of miR-205 were cloned into the psiCHECK-2 vector,
while miR-205 was cloned into the pLVX-Puro vector. The
luciferase assay showed that transfection of pLVX-miR-205
could significantly reduce luciferase activity of Vof-16-W'T,
as compared with that of pLVX. However, the effect on Vof-
16-mut luciferase activity of pLVX-miR-205 transfection was
comparable with that of pLVX, suggesting miR-205 could
efficiently bind with LncRNA Vof-16 (Figure 5C).

LncRNA Vof-16 regulates bippocampal neuron
proliferation via miR-205

As diabetic-induced hippocampus neuronal degeneration
is probably due to a neuron proliferation defect, we
sought to assess the effects of Vof-16 and/or miR-205 on
primary hippocampal neuron proliferation. The primary
cultured hippocampus neurons were transfected with
Vof-16, and the cell proliferation was assessed 4, 24,
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48, and 72 h after transfection. CCK-8 assays revealed
that the elevated expression of miR-205 significantly
promoted the proliferation of hippocampus neurons at
24, 48, and 72 h after transfection, as compared with the
control group. On the other hand, the overexpression
of Vof-16 inhibited cell proliferation at 24, 48, and 72 h
after transfection. Furthermore, the proliferation defect
induced by Vof-16 elevation could be partially relieved by
miR-205 co-expression at 24 and 72 h post-transfection
(Figure 5D). These results indicated that Vof-16 regulates
the proliferation of hippocampus neuron cells through
antagonism with miR-205.

LncRNA Vof-16 plays a ceRNA role in regulating Gnb3 by
binding with miR-205

To screen the potential target of LncRNA Vof-16, the
chip was used to assess the differential mRNA between
control rats and STZ-treated rats and a fold-change >2 was
identified as a differential expressed mRNA. As a result,
43 mRNAs were upregulated in the hippocampus of STZ-
treated rats, while 52 were downregulated (Figure 6A).
Among these, guanine nucleotide binding protein beta
polypeptide 3 (Gnb3) was upregulated and this upregulation
was confirmed by qRT-PCR (Figure 6B). Additionally,
GO enrichment analyzed with the Kyoto Encyclopedia of
Genes and Genomes (KEGG) showed that the majority
of differential mRINA target genes were associated with
the GABAergic synapse, glutamatergic synapse, as well
as the neuron growth-related NF-kB signaling pathway
(Figure 6C,D). These results revealed that Gnb3 is upregulated
in the hippocampus of rats suffering from diabetes.

The in silico analysis showed that Gnb3 is a potential
target of miR-205 as they share the same MRE (Figure 74),
and the overexpression of Vof-16 in primary rat
hippocampal neurons significantly increased Gnb3 mRNA
expression (Figure 7B). Therefore, a dual luciferase assay
was first carried out to experimentally determine the
relationship between Gnb3 and miR-205. For this purpose,
Gnb3-3'-UTR containing a wild type potential binding
site of miR-205 (Gnb3-3'"UTR-WT) or the mutant variety
(Gnb3-3'"UTR-mut) was subcloned into the psiCHECK-2
vector and luciferase assay revealed that the expression
of pLVX-miR-205, rather than pLVX, could significantly
reduce luciferase activity of psiCHECK-2-Gnb3-3'"UTR-
WT. However, the luciferase activity of psiCHECK-2-
Gnb3-3"UTR-mut was not dramatically changed upon
pLVX-miR-205 overexpression (Figure 7C). These results
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indicate that miR-205 could regulate Gnb3 directly through
3'UTR sequence. To further verify the relationship between
miR-205 and Gnb3, the protein level of Gnb3 was evaluated
with Western Blot upon miR-205 overexpression and as
expected, the overexpression of pLVX-miR-205 could
significantly reduce the protein level of Gnb3 in 293T cell,
as compared with pLVX (Figure 7D,E).

Discussion

Previous studies have implicated a relationship between
protein-coding RNAs and non-coding RNAs and that
long non-coding RNA could work as a natural sponge of
endogenous microRNAs. This makes the IncRNA-miRNA-
mRNA network crucial for the regulation and development
of several diseases.

LncRNA Vof-16 plays vital roles in neuropathy, and its
upregulation is related to learning ability impairment (16).
The present study found the IncRNA Vof-16-miR-205-
Gnb3 axis in STZ-induced diabetic encephalopathy in
rats. Along with the upregulation of Vof-16, G-protein
b3 subunit gene (Gnb3) protein level is also increased in
the hippocampal neurons of STZ-induced diabetic rats.
Gnb3 is one of the subunits of G-proteins which are
involved in intracellular signaling transduction. Human
GNB3 polymorphisms have been studied clinically, and
an induced loss-of-function of GNB3, is related with
hypertension, diabetes, obesity, and atherosclerosis. GNB3
C825T is the most extensively studied polymorphism,
which could result in an activated G protein and thus
enhanced signal transduction and a recent study revealed
that GNB overexpression in mice could induce obesity
and metabolic syndrome. More importantly, several
studies have linked the GNB3 C825T polymorphism with
the risk of diabetic neuropathy (17-19) and although its
mechanism largely unknown and the GNB3 polymorphism
related to diabetes seems to be ethnic specific, it is still
worth noting. GNB3 C825T is also associated with the
pathogenesis of Alzheimer’s disease (AD). A neuronal
cell line-based study revealed that the co-expression of
ADRBI1 C and GNB3 T could increase MAPK activation,
B-adrenergic responsiveness, and amyloidogenesis, thus AD
susceptibility (20). These studies implied that a low GNB3
expression level should be tightly regulated in diabetes and
related encephalopathy.

In the adult mammalian hippocampus, latent neurons
wait activation in the subgranular zone (SGZ) of the dentate
gyrus (DG) (21,22) and hippocampal neuron proliferation
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Figure 6 Differentially expressed genes (DEGs) in control and STZ-treated rats. (A) The heat-map of the differentially expressed mRNAs

in control and STZ-treated rats. (B) qRT-PCR analysis confirmed the expression of 5 mRNAs with the most significant differences between
the control and STZ-treated rats. (C,D) Functions of up-regulated (C) and all changed (D) genes were enriched by KEGG (Kyoto Gene
and Genomic Encyclopedia). *P<0.05, **P<0.01, Student’s # test was used. The data are presented as the means + SEM:s.
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Figure 7 Vof-16 acts as a ceRINA to modulate Gnb3 expression by binding with miR-205. (A) Putative miR-205 binding sites in Gnb3 (Gnb3
gene) for the same microRINA response element. (B) Result of qRT-PCR exhibits that overexpression of Vof-16 increase the expression
level of Gnb3 in HT?22 cells. (C) Result of dual luciferase assay exhibits that miR-205 could bind with Gnb3 via MRE sequence in 3'-UTR
directly. (D) Result of Western Blot exhibits that transduction miR-205(PLV.X-205) significantly decreased Gnb3 protein expression, relative
to that of negative controls (PLV.X-NC) (P<0.05). All the data were presented as mean + SEM of 3 independent experiments. (E) Result of
Western Blot exhibits that transduction miR-205 (PLV.X-205) significantly decreased Gnb3 protein expression, relative to that of negative
controls (PLV.X-NC) (P<0.05). All the data were presented as mean = SEM of 3 independent experiments. *P<0.05, **P<0.01, Student’s #

test was used. The data are presented as the means + SEMs.

has been demonstrated to be altered in adults upon
environmental or pharmacological stimuli. The reduction
of the SGZ upon VPA treatment induced cognitive
deficits in mice (23) and exposure to inescapable shock (IS)
significantly reduced hippocampal neuron proliferation in
rats (24). Chronic metabolic diseases such as type I diabetes
induced by STZ injection also significantly impaired cell
proliferation in the dentate gyrus resulting in cognitive
decline (25). These studies support our results that Vof-16-
miR-205 participates in hippocampal neuron proliferation
in STZ-induced diabetic rats.

In our study, Gnb3 was tightly regulated by miR-
205. Although only one study on dogs has reported the
expression of miR-205 in the hippocampus, miR-205
has been intensively studied as it is either up-modulated
or down-modulated in different epithelium cancers.
The aberrant expression of miR-205 participates in cell

© Annals of Translational Medicine. All rights reserved.

proliferation and migration regulation. Moreover, the
expression of miR-205 is regulated at transcriptional
level and post-transcriptional level. Overexpressed
IncRNAsSLINCO00673 has been found in hepatocellular
carcinoma and LINCO00152 in renal carcinoma are able
to absorb miR-205 (26). In the present study, we found
that IncRNA Vof-16 worked as a ceRNA to reduce miR-
205 in hippocampal neurons, and Vof-16 inhibited cell
proliferation via absorbing miR-205 iz vitro. This reveals
miR-205 promotes cell proliferation in hippocampal
neurons. Previous studies have found that miR-205
promotes cell proliferation via particular targets in several
types of cancer cells. In pancreatic cancer cell lines, miR-205
targeted adenomatous polyposis coli (APC) to promote cell
proliferation (27), and PTEN and SMAD4 were targeted by
miR-205 in ovarian cancer cells (28). Moreover, miR-205
targeted CDK2AP1 in laryngeal squamous cells to promote
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cell proliferation (29). In this study, we identified Gnb3
as a target of miR-205. However, previous studies have
showed that GNB3 C8257T carriers, the gain-of-function
allele of GNB3, are more susceptible to antigen stimulation
including HBV (30) or common recall antigens (31),
which may induce a higher proliferation rate of
lymphocytes. Therefore, it is possible that unidentified
targets of miR-205 are involved in the regulation of cell
proliferation in our study and more investigation of miR-
205 targets in hippocampus neuron proliferation is required.

In conclusion, IncRNA Vof-16 is upregulated in
hippocampal neurons in STZ-induced diabetic rats and
sponging the endogenous miR-205 inhibits the proliferation
of hippocampal neurons. Although GNB3 is associated with
diabetes, the mechanism of Gnb3 in STZ-induced diabetic
neuropathy is still to be elucidated.
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