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Background: Major depressive disorder (MDD) is a serious and common mood disorder
with unknown etiology. Emerging evidence has demonstrated the critical roles of SIRT1 and
microRNAs (miRNAs) in the progression of MDD. However, the underlying molecular
mechanisms remain to be fully understood.

Methods: In the present study, the expression level of miR-138 and SIRT1 were analyzed by
RT-PCR or Western blotting in a chronic unpredictable mild stress (CUMS) model. The
depressive-like behaviors were analyzed by forced swimming test (FST) and sucrose preference
test (SPT) in mice injected with miR-138 and SIRT1 overexpression lentivirus. The luciferase
reporter assay was used to assess the direct regulation of miR-138 on SIRT1 expression.
Results: The upregulation of miR-138 was found in the hippocampus of the CUMS mice and
correlated with decreased SIRT1 expression. C57BL/6J mice treated with SIRT1- and miR-
138-expressing (miR-138) lentivirus showed increased depressive-like behaviors. In contrast,
SIRT!1 or si-miR-138 lentivirus treated C57BL/6J mice showed decreased depressive-like
behaviors. Moreover, the Sirtl/PGC-1a/FNDCS5/BDNF pathway was downregulated follow-
ing miR-138 overexpression and increased upon miR-138 knockdown in hippocampus in
CUMS mice and cultured primary neuronal cells. Mechanistically, luciferase reporter assay
demonstrated that SIRT1 gene was a downstream transcriptional target of miR-138.
Conclusion: Our data demonstrated the regulation role of miR-138 on SIRT1 gene expression,
miR-138 increased depressive-like behaviors by regulating SIRT1 expression in hippocampus.
Keywords: depression, microRNA, miR-138, SIRT1, chronic unpredictable mild stress,
CUMS

Introduction

Major depressive disorder (MDD), or clinical depression, is a common mental disease
that affects more than 300 million people worldwide according to World Health
Organization’s report in 2018. It is estimated that major depression will rank as the
first cause of burden of disease worldwide by 2030." Patients with depressive dis-
orders often show functional impairments, which lead to social and occupational
impairments that will disrupt their work, school, leisure, family life activities and
responsibilities.”* Although substantial studies in genetic, molecular and neuroima-
ging studies have advanced our knowledge of the development and pathology of
depression, the precise mechanism underlying depression is not clearly understood.
Many different animal models have been established to study MDD, including chronic
social defeat stress (CSDS),* social separation,” maternal separation stress (MSS),°
and chronic unpredictable mild stress (CUMS).” Compared to other models, CUMS

can better mimic the unpredictable intermittent stress exposure and nature of mild
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stress experience in humans. Thus, CUMS model is the most
frequently used and widely accepted animal model for
depressive-like behaviors.’

Non-coding RNAs are emerging as mega epigenetic
mechanism of gene expression regulation and have been
found to have critical function in the development for
many diseases. Small noncoding RNAs can modulate
gene expression through RNA-RNA interaction, RNA
RNA
splicing.®* Among small noncoding RNAs, microRNAs

modification, interference, and alternative
are the most well studied and characterized, they have
been shown to regulate nearly 60% of all human genes
and are involved in almost all biological functions.'
Numerous studies have revealed the crucial roles of
microRNAs in regulating gene expression during the
development of brain, synaptic plasticity as well as neu-
roplasticity and neurogenesis.'""'* Significant research
showed that the dysregulation of miRNAs is involved
in different degenerative diseases including Down syn-
drome, Alzheimer’s disease and Parkinson’s disease.
miRNAs are also extensively involved in depression and
stress-related diseases based on evidence from preclinical
and clinical studies.'”'* Recent studies have compared
the expression of miRNA in rats who developed stress-
induced depression and those who did not. They found
that depressive rats showed a robust adaptive miRNA
when exposed to inescapable shocks, however, those
rats that did not develop depression showed very limited
miRNA expression change.'” Li et al demonstrated that
CUMS could trigger upregulation of miR-182 in the
hippocampus, overexpression of miR-182 increased
depression-like behavior by downregulating the expres-
sion of BDNFE.'® miR-138 expression was found to be
upregulated by chronic restraint stress in male rats,
further study showed miR-138 overexpression reduced
the size of dendritic spines in cultured hippocampal
neurons.'”'® However, the mechanism whereby miR-
138 regulates neuron function and its role in depression
are not clearly understood.

In our present study, we have shown evidence to
demonstrate that miR-138 expression level was upregu-
lated in the hippocampus of a CUMS model. Further
luciferase reporter study confirmed that SIRT1 gene had
miR-138 binding sites and was a downstream gene of
miR-138 in hippocampus. Our findings are consistent
with a previous study on miR-138, indicating critical
roles of miR-138/SIRT1 axis in the development and
pathology of depressive disorders.

Materials and Methods

Animals

All protocols were reviewed and approved by the Institute for
Experimental Animals of School of Stomatology, Air Force
Medical University. All the animal experiments followed the
guidelines from IACUC (Institutional Animal Care and Use
Committee). C57BL/6J mice were obtained from the Beijing
Vital River Laboratory, China. All mice were housed in
standard cages with a regular 12 h light and 12 h dark cycle
at 22 & 2°C and relative humidity at 55 + 5%. The mice had
unlimited access to chow diet and drinking water throughout
the whole period of the experiment. All the mice were kept
under the housing conditions for 7 days before behavior
experiments.

Chronic Unpredictable Mild Stress
(CUMS) Procedure

CUMS procedure was carried out as previously described.'”
Briefly, the whole procedure lasted for 5 weeks including
multiple different randomly assigned stressors as follows: a)
the mice were forced to swim at 4°C for 5 min followed by
10 min dry-heat stress at 45°C; b) 30 min cage vibration and
then constraint for 2 h; c¢) cage was inclined at 45° for 12
h and damp bedding for 16 h; d) 24 h continuous illumina-
tion; e) 24 h deprivation of drinking water and chow-diet.
All animals were kept separately for CUMS stimulation,
each animal received one kind of stressor per day and the
single stressor was not conducted for two consecutive days.

Lentivirus Vectors

SIRT1 lentiviral vector (LV-SIRT1) construction and sub-
sequent lentivirus packaging were completed by Gene
Pharma Company (Shanghai, China). Lentivirus of miR-
138 (107 TU/mL) and si-miR-138 (107 TU/mL) were also
constructed and packaged in the Gene Pharma Company
(Shanghai, China).

Stereotaxic Surgery for Injection of
Control, SIRT| and miR-138

Overexpression or Si-miR-138 Lentivirus
All mice subjected to surgery were anesthetized using
K-X (100 and 10 mg/kg) by intraperitoneal injection and
mounted onto a stereotaxic instrument. Bilateral cranio-
tomies were conducted using a 0.5 mm diameter drill bit at
—2.2 mm anteroposterior (2.0 mm ML, +1.5 mm AP,
—2.0 mm DV from bregma). The needle was positioned
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at target site for 2 min before injection. Then a total
of 1 puL of Control, SIRT1 and miR-138 overexpression
or si-miR-138 lentivirus was slowly injected into hippo-
campus using a glass micropipette attached to stereotaxic
instrument, the needle was kept at the injection site for
another 4 minutes after all of the virus was delivered. The
mice were removed from stereotaxic instrument and
placed into a warm cage for recovery. All the behavioral
experiments were preformed one week after stereotaxic

surgery.

Sucrose Preference Test (SPT)

The mice were single housed and kept in proper cages with
two bottles of 1% (w/v) sucrose solution for 24 hours before
the test. After that, mice underwent water and food deprivation
for 24 hours. Then the mice were housed individually in cages
with 1 bottle of water and 1 bottle of 1% (w/v) sucrose solution
with free access. The volumes of remaining sucrose and water
were determined 24 hours later, sucrose preference index (%)
was measured using the following method:

sucrose preference index (%) = sucrose consumption/
(water consumption + sucrose consumption) X 100.

Forced Swim Test (FST)

The FST was conducted 24 h post-SPT. Mice were placed
into a plastic tank filled with tap water at 23-27°C for
a period of 6 min (360 s), their behavior during the test was
digitally recorded. Mobility time was judged when mice
were making movements not only for keeping its head
above water. The immobility time and mobility time were
recorded throughout the 6 min observation time.

Elevated Plus-Maze (EPM)

The EPM was conducted 24 h post-FST. Mice were placed
in the central area of an elevated plus-maze with a pair of
open arms and closed arms, with their heads facing the
open arms, after which each mouse was placed in the same
position. At the same time, the camera monitor was
opened to record the time spent in the open and closed
arms and the total distance moved in open arm of the
experimental animals within 5 min. During the experi-
ment, the experimenter needs to be 1 m away from the
maze. After the recording was finished, the experimental
animals were returned to the breeding cage. The maze was
cleaned and wiped with 5% acetic acid solution or 75%
alcohol to eliminate the effect of animal odor on subse-
quent experimental animals.

Primary Cortical Neuron Culture

Cerebra cortices were isolated from mouse embryo brain
and then dissociated with trypsin (Gibco) digestion to get
single cell suspension. The single cells were spun down
and re-suspended in a neurobasal medium (Gibco) sup-
plemented with 2 mM GlutaMAX at the concentration of
1x10° cells/L. 300 cells were seeded in 35 mm cell
culture dish and incubated in 5% CO,, 37°C incubator
for 2 hrs. The medium was replaced with 3 mL of
neurobasal/B27 medium and culturing was continued in
5% CO, and 21% O, conditions for 2 weeks. Then the
cells were infected with miR-138 overexpression or
knockdown lentivirus, the protein level of PGC-la,
FNDCS5, BDNF, and SIRT1 were analyzed 48h later by
immunoblotting.

Quantitative RT-PCR (qRT-PCR)

The total RNA was extracted in isolated hippocampus using
TRIzol follow manufacturer’s instructions. Quantitative real-
time PCR (qRT-PCR) assay was used to determine the mRNA
expression level of target genes using the SYBR Premix Ex
TaqTM 1I (Takara Co., Ltd., Dalian, China). The relative
mRNA levels of each gene were calculated using the
2-AACT method. Primers for each gene were as follows:
miR-138 forward: 5- GACCCAGATTCCACCATAT -3/,
reverse: 5- CAGTGCAGGGTCCGAGGT -3'. SIRT1 for-
ward: 5'- TGATTGGCACCGATCCTCG —3'; reverse: 5'- CC
ACAGCGTCATATCATCCAG -3'. U6 forward: 5'- CGCT
TCGGCAGCACATATAC —3'; reverse: 5'- AAATATGGAA
CGCTTCACGA —3'. GAPDH forward: 5'- CATCACTGC
CACCCAGAAGACTG -3, reverse: 5'- ATGCCAGTGAG
CTTCCCGTTCAG —3". U6 snRNA and GAPDH were used
here as internal control for miRNAs and genes, respectively.

Western Blotting

30 pg of total protein extracted from mouse brains or
cell lysate was subjected to SDS-PAGE, separated pro-
teins were transferred to nitrocellulose membrane and
blocked in 5% BSA in TBS/0.1% Tween 20 (TBST) and
then incubated with indicated primary antibodies: Sirtl
(Cell Signaling Technology, 1:1000), BDNF (Abcam,
1:1000), GAPDH (Abcam, 1:10000), PGC-la (Cell
Signaling Technology, 1:1000) and FNDCS5 (Abcam,
1:1000) at 4 degrees overnight. The expression of indi-
cated proteins was detected by incubating the blots with

HPR-conjugated secondary antibodies.
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Luciferase Reporter Assay

The potential binding sites of miR-138 within the SIRT1
3’-untranslated region (3'-UTR) (WT-SIRT1) or mutants
(Mut-SIRT1) were inserted into the pmirGLO Dual-
Luciferase miRNA target expression vector (Promega,
Madison, WI). The luciferase reporter constructs were
transfected into primary neuron cells, luciferase assays
were performed using the Dual-Luciferase Reporter 1000
Assay System (Promega) according to manufacturer’s
instructions. Data were normalized based on control

Renilla luciferase signal.

Statistical Analysis
All statistical analyses were done by using GraphPad Prism 7
(GraphPad Software, Inc., La Jolla, CA). Quantitative results
are shown as mean + SD, the difference was calculated using
Student's #-tests and one-way analysis of variance (ANOVA),
the level of significance was set at 0.05.

Sequence and time interval of each experiment and the
position of the needles in hippocampus are shown in

Figure S1.

Results
CUMS Induced the Expression of miR-138

and Decreased SIRT | Expression

Rodent chronic unpredictable mild stress (CUMS) models,
which replicate the specific neuroendocrinological and
cytokine expression abnormalities of depression patients,
are widely used to mimic depressive-like behaviors in
humans. Here we examined the expression of miR-138
and SIRT1 in hippocampus by RT-PCR in C57BL/6]
mice exposed to CUMS. Compared to control mice,
miR-138 was significantly upregulated in mice subjected
to CUMS (Figure 1A), conversely, the mRNA level of
SIRT1 gene was decreased in CUMS mice (Figure 1B).
Correlation analysis results showed miR-138 mRNA
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reversely correlates with SIRT1 expression (Figure 1C),
indicating that miR-138 might regulate SIRT1
expression in the hippocampus of CUMS mice.

gene

miR-138 Overexpression Induced

Depressive-Like Behaviors

To demonstrate the potential function of miR-138 in
CUMS exposed animals, C57BL/6J mice were introduced
with LV-scramble, LV-miR-138 and LV-si-miR-138 lenti-
virus by stereotaxic injection, the depression-like beha-
viors were measured by sucrose preference test (SPT)
and forced swimming test (FST). As shown in Figure 2,
animals injected with miR-138 displayed a significant
reduction in sucrose preference and increment of immobi-
lity time in FST test. In contrast, knockdown of miR-138
by LV-si-miR-138 lentivirus injection increased sucrose
and mobility in FST test in animals exposed to CUMS.
Moreover, in EPM experiment, the time LV-miR-138
group spent in open arm was significantly less than LV-
scramble group, and the total distance moved in open arm
did not show significant difference (Figure S2). Taken
together, the behavior tests' results suggested that miR-
138 induced depressive-like behaviors.

miR-138 Down-Regulates the Expression
of Sirt!/PGC-1a/FNDC5/BDNF

Next, we sought to determine the underlying mechanism by
which miR-138 increased depressive-like behaviors. The
hippocampus of mice treated with LV-scramble, LV-miR
-138 and LV-si-miR-138 lentivirus were isolated, the
expression of genes of interest was measured by RT-PCR
and Western blotting. The expression of miR-138 was sig-
nificantly increased in LV-miR-138 injected mice while
decreased in LV-si-miR-138 injected mice, confirming the
efficiency of stereotaxic injection (Figure 3A). The mRNA
level of Sirtl, PGC-lo, FNDC5 and BDNF were
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Figure | CUMS induced the expression of miR-138 and decreased SIRT| expression. The expression of miR-138 (A) and SIRT| (B) in hippocampus of mice induced by
CUMS were determined by RT-PCR. (C) The correlation of miR-138 mRNA level and SIRT| expression. ** p < 0.001.
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Figure 2 miR-138 increased depression-like behavior in CUMS models measured by SPT and FST. (A) Sucrose preference was calculated by the following formula: sucrose
preference index (%) = sucrose consumption/(water consumption + sucrose consumption) X 100. (B) Immobility time in FST, ** p < 0.01 compared with LV-scramble group.

accordingly decreased in LV-miR-138 injected mice and
increased in LV-si-miR-138 injected ones (Figure 3B-E).
The protein expression level of Sirtl, PGC-1a, FNDCS5 and
BDNF were further confirmed by Western blotting using
specific antibodies with GAPDH as an internal control
(Figure 3F). These data demonstrated that miR-138
regulates depression-like behaviors through modulating
Sirt1/PGC-10/FNDCS5/BDNF pathway.

SIRT1 Is a Direct Downstream Gene of
miR-138

MicoRNAs regulate gene expression by directly binding
to complementary DNA sequence with promoter
regions. To investigate whether SIRT1 is the direct
target of miR-138 in hippocampus, DNA sequence of
SIRT1 gene was analyzed. Indeed, specific binding sites
for miR-138 were found with 3'UTR of SIRT1 gene
(Figure 4A). Luciferase reporter assays were performed
in primary neuron cells to determine the regulation of
miR-138 on the transcription of SIRT1. MiR-138
decreased the luciferase signal of wild-type (WT)
SIRT1 3'UTR reporter gene but not the mutant (MUT)
one (Figure 4B), indicating that miR-138 directly binds
to the binding sites of 3'UTR of SIRT1 gene to regulate
its transcription. Treatment of miR-138 decreased SIRT1
expression in primary neurons at both mRNA and pro-
tein level, knockdown of miR-138 with si-miR-138
reversely increased the expression of SIRT1 in primary
neurons (Figure 4C and D). These data together sug-
gested SIRT1 is a downstream gene for miR-138.

SIRTI Overexpression Reduces Sucrose

Consumption and Increases Mobility in
CUMS Mice

To further elucidate the function of SIRT in depressive-like
behavior induced by CUMS, SIRT1 was overexpressed in
C57BL/6J mice by lentivirus injection, depressive-like beha-
vior in mice was measured by SPT and FST tests. As shown
in Figure 5, reduction of sucrose consumption and increase of
mobility were observed in SIRT1 overexpressed mice, sug-
gesting SIRT1 attenuates CUMS-induced depression-like
behavior in rodent CUMS models.

Discussion

As a highly expressed neurotrophic factor, brain-derived
neurotrophic factor (BDNF) is involved in many aspects
of the development of the brain.?® BNDF is essential for
hippocampal function and synaptic plasticity. Val66Met
mutation in BDNF gene has been found to cause decrease
of BDNF secretion and increased anxiety and depression,
decreased BDNF level is correlated with the severity and
recurrence of depression.”’*? In this study, we found that
miR-138 upregulation increased depressive-like behavior in
CUMS induced mice, further study showed SIRTI is
a downstream gene of miR-138. miR-138 decreased expres-
sion level of BDNF through SIRT1/PGC-10/FNDCS5/
BDNF pathway in cultured neuron. A previous study also
showed miR-138 expression was increased by chronic
restraint stress. Our data combined with previous study
demonstrate a potential role of miR-138 in the pathology
of depression.
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Figure 3 miR-138 down-regulates the expression of Sirt!|/PGC-1a/FNDC5/BDNF in hippocampus. (A) Relative miR-138 level in hippocampus response to miR-138 or si-
miR-138 lentivirus treatment. (B—E) Effect of lentiviral-mediated miR-138 modulation on Sirt|/PGC-1a/FNDC5/BDNF mRNA expression in hippocampus. (F) Effect of
lentiviral-mediated miR-138 modulation on Sirt|/PGC-10/FNDC5/BDNF expression in hippocampus with representative Western blot images. ** P < 0.01 compared with

LV-scramble group.

Sirtuins proteins are nicotinamide adenine dinucleotide
(NAD+) dependent deacylases found in all aerobic organisms,
they are involved in many different biological processes,
including aging, metabolic pathway, cell differentiation,
DNA damage repair, apoptosis and inflammation.*> > Sirt1
protein is composed of 747 amino acids, with a conserved
deacetylase domain and very flexible N- and C- terminals,
providing multiple modulation sites for post-translational
modifications and interactions with other proteins.?® Recent
studies have revealed an essential role of Sirtl in drug addic-
tion, endocrine regulation and synaptic plasticity induced brain
dysfunctions.”’?® Several studies showed that dysregulation
of Sirtl gene and expression level are associated with depres-

sion. A case-control study in Japan showed that SNP

(rs10997875) in the Sirt] gene may be associated with depres-
sion. The level of Sirtl in peripheral blood is decreased in
patients with depression compared to normal individuals.* "
Dysregulation of Sirtl expression was shown to be related to
depressive-like behaviors in animal model of depression, acti-
vation of Sirt1 blocked chronic stress induced depression-like
phenotypes, in contrast, genetic ablation or pharmacological
inhibition of Sirtl in hippocampus increased depression-like
behaviors.*?

Peroxisome proliferator-activated receptor gamma coac-
tivator-1a (PGC-1a) is a transcriptional co-activator that has
important functions in mitochondrial biogenesis and oxida-
tive response pathway.*> Many studies have shown important

roles of PGC-1la in brain function. PGC-1a deficiency is
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sites with seven nucleotide substitutions (bottom). (B) Luciferase activity of the wild-type (WT) or mutant (MUT) SIRT| 3'UTR reporter gene co-transfected with miR-138.
(C and D) SIRT| expression in primary cortical neurons after miR-138 or si-miR-138 lentivirus infection. ** P < 0.0 compared with LV-scramble group.
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Figure 5 SIRT| overexpression reduced CUMS-induced depression-like behavior. (A) Sucrose preference and (B) immobility time in FST of the mice. ** P < 0.0] compared

with LV-scramble group.

associated with neurodegeneration and increased risk of
Parkinson’s disease in the MPTP mouse model.***> PGC-
la is also involved in the formation and maintenance
of neuronal dendritic spines by regulation of BNDF
expression.”® FNDC5 is a PGC-la-dependent myokine
which plays important roles in neuron development; lack of
FNDCS5 impaired the development of neuronal precursors
into mature neurons.’’® A study by Wrann et al showed
that endurance exercise could induce BNDF in hippocampus
through a PGC-1a/FNDC5 pathway.*® The activity of PGC-
la is highly regulated by its acetylation status, mutation of
PGC-1a acetylation sites significantly increases the tran-
scriptional activity of PGC-1a protein. Interestingly, studies

have demonstrated that SIRT1 can directly interact with
PGC-1la and mediate its deacetylation, and induction of
SIRT1 by fasting and dietary restriction upregulates PGC-
la activity.>*** Zhao et al also found that high-fat diet
exacerbated isoflurane-induced postoperative cognitive dys-
function through suppression of the expression of the Sirtl/
PGC-1a/FNDC5/BDNF pathway in the hippocampus.*' Our
study has identified that SIRT1 is a downstream gene of miR-
138, overexpression of miR-138 significantly downregulated
SIRT1 expression level as well as PGC-1o, FNDC5 and
BDNF expression, suggesting miR-138’s role in depression
is through regulation of Sirtl/PGC-10/FNDC5/BDNF
pathway.
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Emerging studies have demonstrated the important roles
of miRNAs in many aspects of neurogenesis, neural plasti-
city and stress response, strong evidence also indicated the
critical roles of miRNAs in depression.*” Besides miR-
138 that has been reported here, miR-155 knockout mice
showed reduced anxiety and depression-like behaviors in
forced swim test.’ Studies also suggest miR-124 could
serve as a putative therapeutic target and biomarker for
major depression.** It has also been found that depression
patients had lower miR-135a in their blood and its level was
increased after antidepressant treatment.*> Research regard-
ing miRNAs and depression will provide more insight into
using miRNA as a biomarker for the pathology and find
potential novel therapeutic strategies for depression. Taken
together, our study provided evidence that miR-138
increased depressive-like behaviors through regulating
SIRT1 expression and BDNF level, further study will be
granted to focus on the level of miR-138 in peripheral
blood in animal models and depression patients to explore
miR-138 as a biomarker or therapeutic target for depression.
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