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Abstract The dopamine transporter (DAT) is involved in
the regulation of extracellular dopamine levels. A 40-bp
variable-number tandem repeat (VNTR) polymorphism in
the 3’-untranslated region (3’'UTR) of the DAT has been
reported to be associated with various phenotypes that are
involved in the aberrant regulation of dopaminergic neu-
rotransmission. In the present study, we found that miR-
137 and miR-491 caused a marked reduction of DAT
expression, thereby influencing neuronal dopamine trans-
port. Moreover, the regulation of miR-137 and miR-491 on
this transport disappeared after the DAT was silenced. The
miR-491 seed region that is located on the VNTR sequence
in the 3'UTR of the DAT and the regulatory effect of miR-
491 on the DAT depended on the VNTR copy-number.
These data indicate that miR-137 and miR-491 regulate
DAT expression and dopamine transport at the post-
transcriptional level, suggesting that microRNA may be
targeted for the treatment of diseases associated with DAT
dysfunction.
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Introduction

Dopamine (DA) is one of the principal neurotransmitters in
the central nervous system, participating in motion control,
emotion, cognition, drug addiction, neuroendocrine regu-
lation, and other vital activities through the activation of
DA receptors [1-7]. Reuptake is a normal mechanism by
which neurotransmitters pass through the presynaptic
membrane and then are removed from the synaptic cleft
[1, 2, 6, 8]. Psychoactive substances block DA reuptake to
increase its concentration in the synaptic cleft [2, 8]. With
reuptake blocked, the normal effects of neurotransmitters
are magnified. Reuptake through the cell membrane that is
mediated by the DA transporter (DAT) diminishes DA
signaling in a sodium-dependent manner, and this plays a
crucial role in maintaining DA homeostasis in neurons
[2, 9, 10]. The gene encoding the DAT, solute carrier
family 6 member 3 (SLC6A3), belongs to the SLC6 family
of transporters [11, 12]. The 3’ untranslated region (UTR)
of SLC6A3 mRNA contains a 40-bp tandem repeat, refer-
red to as a variable-number tandem repeat (VNTR) poly-
morphism (rs28363170) [13], which can be present in 3—11
copies [11, 14]. The 9- and 10-repeat alleles are the most
frequently found in the human population [12, 14, 15].
Changes in the number of copies of this region are closely
associated with idiopathic epilepsy, attention-deficit/hy-
peractivity disorder (ADHD), alcohol and cocaine depen-
dence, susceptibility to Parkinson’s disease, and resistance
to nicotine dependence [6, 11, 14, 16, 17].
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MicroRNAs (miRNAs) are small non-coding RNAs
~21 nt long. They regulate ~30% of the DNA in the
genome [18] and can regulate gene expression at many
levels, including the transcriptional, post-transcriptional,
translational, and epigenetic levels, thus participating in the
evolution of a species, embryonic development, metabo-
lism, and the occurrence of disease [18, 19]. The roles of
miRNAs in the nervous system have been studied exten-
sively, from physiology to pathology [20, 21]. Most seed
regions of miRNAs are located in the 3'UTR of the gene’s
mRNA, and miRNAs may regulate the post-transcriptional
level of DATs through the 3’'UTR of SLC6A3 mRNA.
However, still unknown are the miRNAs that target the
VNTR seed region of SLC6A3 and the relationship between
the VNTR copy-number and this type of regulatory effect
on the DAT. The primary objectives of the present study
were to investigate the post-transcriptional regulatory
effect that underlies the actions of miRNAs on DAT levels
and activity.

Using bioinformatics software prediction (TargetScan
and miRanda) [22, 23] as well as the analysis of luciferase
expression activity, mRNA and protein levels, and activity
levels, we found that hsa-miR-137 (miR-137,
MIMATO0000429) and hsa-miR-491-5p  (miR-491,
MIMATO0002807) targeted the SLC6A3 3'UTR (1945 bp,
taxonomic ID: 9606, NM_001044:1990..3934) and regu-
lated DAT expression at the post-transcriptional level, and
that miR-491 targeted the VNTR seed region of the 3’'UTR
of SLC6A3. Moreover, both miRNAs were found to regu-
late DA transport. To our knowledge, this is the first report
of the direct regulation of DAT by miR-137 and miR-491.

Materials and Methods
Cell Culture

Human dopaminergic SK-N-SH neuroblastoma cells
(ATCC HTB-11) were grown in minimum essential med-
ium (MEM) supplemented with 10% fetal bovine serum
(FBS) and 0.1 g/ sodium pyruvate at 37 °C under 5%
CO,. Human dopaminergic SK-N-BE(2) neuroblastoma
cells (ATCC CRL-2271) were grown in MEM:F12 (1:1)
supplemented with FBS to a final concentration of 10%,
and 0.1 g/L sodium pyruvate at 37 °C under 5% CO, (all
media chemicals were from Invitrogen, Carlsbad, CA).
Retinoic acid (10 pmol/L; all-trans-retinoic acid, ATRA;
Sigma, St. Louis, MO) was used to induce neural cell
differentiation. The expression levels of miR-137 and DAT
were significantly increased, while miR-491 was not sig-
nificantly changed after treatment with retinoic acid.
Human hepatoma HepG2 cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% FBS.

Cells were grown at 37 °C in a humid atmosphere with 5%
CO,. This study was performed using both SK-N-SH cells
and SK-N-BE(2) cells. The data for SK-N-BE(2) cells are
similar to SK-N-SH cells, which are not shown.

Plasmid Construction and Transfection

We used SK-N-SH cellular genomic DNA as a template
and obtained the target gene SLC6A3 3'UTR through PCR
amplification. The target gene inserted into the upstream
multiple cloning site of a synthetic Renilla luciferase
reporter gene (hRluc) in the psiCHECK?2 vector (Promega,
Madison, WI) at the Xho I and Not 1 sites, resulted in a
psiCHECK2-SLC6A3 3'UTR plasmid. Mutations of the
predicted seed regions of miR-137 and miR-212 within the
human SLC6A3 3'UTR were generated by overlap exten-
sion PCR and then cloned into the psiCHECK2 vector. All
of the constructs were confirmed by sequencing (Invitro-
gen). We used the Lipofectamine 2000 plasmid transfec-
tion reagent (Invitrogen) according to the manufacturer’s
instructions.

The real-time PCR primers, miRNA seed region muta-
tion primers, and VNTR gene sequences used to construct
the plasmids are listed in Table 1.

Transfection with Small RNAs

Transfection with miRNA mimics, anti-miRNAs, and
small interfering RNAs (siRNAs) was performed using
Lipofectamine RNAIMAX reagent (Invitrogen) according
to the manufacturer’s instructions. The miRNA mimics
(double-stranded RNA oligonucleotides), anti-miRNAs (2'-
O-methyl antisense oligonucleotides against the target
miRNAs), negative control duplexes, pre-designed siRNAs
of the human DAT, and the scrambled negative control
siRNA were from Ribobio (Guangzhou, China) and
applied at a final concentration of 100 or 150 nmol/L. After
incubation of the small RNAs for 24—72 h, the cells were
harvested for further analyses [24, 25].

Analysis of Luciferase Reporter Gene Expression

After each purified reporter plasmid (0.2 pg) was trans-
fected into SK-N-SH or SK-N-BE(2) cells using Lipofec-
tamine 2000 for 4 h, miRNA mimics, anti-miRNAs, or
negative control duplexes were incubated for another
24-72 h [24, 25].

Luciferase reporter gene expression was analyzed using
a Dual-luciferase Reporter Assay System (Promega,
E1910) according to the manufacturer’s instructions.
Renilla luciferase activity was normalized to the corre-
sponding firefly luciferase activity.
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Table 1 PCR primers and VNTR sequences (h, human).

Name

Sequence

Description

hSLC6A3 forward
hSLCG6A3 reverse

hSLC6A3 3'UTR forward
hSLC6A3 3'UTR reverse
hSLC6A3 137TMUT forward
hSLC6A3 137TMUT reverse

hGAPDH forward
hGAPDH reverse
hSLC6A3 forward
hSLC6A3 reverse
Human mutation VNTR

Human wild-type VNTR

5'-ATGAGTAAGAGCAAATGCTCCG-3'
5'-GCAGTTTTTCCATTGTGGATGTC-3’

5'-AGAGCGGCCGCGCAGTTTTTCCA
TTGTGGATGTC-3

5'-CCGCTCGAGAGGGAGCAGAGAC
GAAGAC-3'

5'-AGTTTTTGTTTACAAGAATAATTA
CGATATCTGAGTGAAG-3'

5'-CTTCACTCAGATATCGTAATTA
TTCTTGTAAACAAAAACT-3'

5'-TGCACCACCAACTGCTTAGC-3
5'-GGCATGGACTGTGGTCATGAG-3'
5'-TGTGCTGGAAGCTGGTCA-3’
5'-GGGTCTGAAGGTCACAATGC-3’

5'-AGCGTGTACTACCCCAG
GACGCATGCAGGGCCGCGAGA-3'

5'-AGCGTGTACTACCCCAGGA
CGCATGCAGGGCCCCCACA-3'

Primers for human SLC6A3 mRNA CDS-3'UTR (coding
sequence and 3’UTR); template: cDNA synthesis from SK-
N-SH cell total RNA; insertion vector of amplification
products: pcDNA3.1/NT-GFP-TOPO

Primers for human DAT mRNA 3'UTR,; restriction sites: Xho
I, Not I; insertion vector of amplification products:
psiCHECK?2

Overlap extension PCR primers for miR-137 seed region
mutation

Real-time PCR primers for human GAPDH mRNA

Real-time PCR primers for human SLC6A3 mRNA

miR-491 seed region mutation of DAT mRNA VNTR

Basic unit of DAT mRNA VNTR

Analysis of Dopamine Transport

Cells were plated in 24-well culture dishes (20,000 cells/
well) and transfected with siRNA or miRNA mimics and
their control miRNAs for 48 or 72 h. After the cells were
incubated with 5 pg/mL DA hydrochloride (Sigma) for
5 h, the cells were washed three times with ice-cold
phosphate-buffered saline (PBS) and lysed in RIPA buffer.
Finally, intracellular DA concentrations were assayed
using a DA ELISA (enzyme-linked immunosorbent assay)
kit (Elabscience, Wuhan, China, catalog no. E-EL-0046c;
or Rocky Mountain Diagnostics, Colorado Springs, CO,
catalog no. BA-E-5300).

Analysis of mRNA Expression Levels

RNA extraction and cDNA synthesis were performed using
an SV Total RNA Isolation System (Promega) and a
GoScript Reverse Transcription System (Promega)
according to the manufacturer’s instructions. After the
resultant cDNA was diluted tenfold, real-time quantitative
PCR was performed using the CFX96 Real-time System
(Bio-Rad, Hercules, CA) and a SYBR Premix Ex Taq Kit
(Takara, Dalian, China). GAPDH was used as the nor-
malization control to analyze target gene mRNA expres-
sion levels. Relative quantification was performed using
the comparative cycle threshold (C;) method after deter-
mining the C; values for the reference (GAPDH) and target
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genes (SLC6A3) in each sample, according to the 224G
method [24, 25].

Analysis of Protein Expression Levels

After reacting for 24 h, the cell sample was prepared with
RIPA cell lysis buffer (25 mmol/L Tris—HCI, 150 mmol/L
NaCl, 1% NP-40, 1% sodium deoxycholate, and 0.1% sodium
dodecyl sulfate, pH 7.6) for 12% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis. The cells were then
transferred to a polyvinylidene difluoride (PVDF) membrane
(Millipore, Bedford, MA) and blocked. The membrane was
washed and incubated with primary anti-DAT antibody
(1:1000-1:2000, Abcam, Cambridge, UK; catalog nos
ab5990a and b111468) and secondary antibodies (1:1000;
Cell Signaling Technology, Beverly, MA). Equal parts of
luminol and peroxide reagents (Millipore) were mixed for
chemiluminescence (Thermo Fisher Scientific). The lumi-
nescent liquid was then dropped onto a PVDF membrane and
colored using the ChemiDoc MP Imaging System (Bio-Rad,
Hercules, CA) for Western blot analysis. The bands under-
went grayscale scanning and processing analysis using Image
Lab 4.0 imaging software (Bio-Rad) [24, 25].

Fluorescence Microscopy

pcDNA3.1-GFP-DAT-CDS-3'UTR fusion plasmid (0.2 pg)
was transfected into HepG2 cells at 70% confluence using
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Lipofectamine 2000 (Invitrogen) for 4 h before introduction
of miRNA mimics, anti-miRNAs, or negative control
duplexes for another 72 h [27, 28]. DAT-overexpressing
HepG2 cells were next incubated at 37 °C with 10 pg/mL
Hoechst 33342 (Sigma) for 15 min, and then visualized and
photographed using a fluorescence microscope (Olympus,
Tokyo, Japan) with a 20x objective.

Data Analysis

The data are expressed as mean £ SD. Student’s #-test was
used for statistical analysis. Values of P < 0.05 were
considered statistically significant.

Results

TargetScan [22] (www.targetscan.org) and miRanda
(www.microrna.org) [23] were used for miRNA target
prediction. Using the bioinformatics prediction, we
screened and verified two of the most useful miRNAs:
miR-137 and miR-491. Our results confirmed that their
effective binding sites were located in the 3'UTR of
SLC6A3 mRNA, and the miR-491 seed region was located
on the VNTR sequence.

miR-137 Regulates DAT Expression at the Post-
transcriptional Level

Bioinformatics analysis indicated that the seed region for
miR-137 was located in the 3’ UTR of SLC6A3 mRNA.
This sequence is highly conserved in primates but not in
rodents (Fig. 1A). After constructing the expression vector
for luciferase reporter genes, we transferred reporter plas-
mids and miRNAs into SK-N-SH cells, and tests were
performed after 24 h of culture. Our results confirmed that
miR-137 reduced the luciferase expression activity of these
cells by 58%, and the miR-137 inhibitor increased luci-
ferase expression activity by 25% (Fig. 1B). miR-137
decreased luciferase activity in these cells in a dose-
dependent manner and reached a ceiling effect at
150-200 nmol/L. (Fig. 1E).

We then investigated the effects of miR-137 on the
mRNA (Fig. 1C) and protein (Fig. 1D) expression levels of
the DAT in SK-N-SH cells. The results showed that the
mRNA levels of their DAT genes underwent the same
changes in luciferase expression activity. miR-137 reduced
the mRNA levels of the DAT genes by 55%, and the miR-
137 inhibitor increased them by 38% (Fig. 1C). These
results showed that miR-137 influenced the expression of
DATSs in SK-N-SH cells.

Next, we tested whether the effect of miR-137 on
SLC6A3 expression in SK-N-SH cells occurs via the

predicted active site. We generated a point mutation in the
predicted miR-137 seed region using overlap extension
PCR [26], inserted the mutated SLC6A3 mRNA 3'UTR
downstream of the psiCHECK2 reporter gene, and trans-
fected the mutated plasmid and miRNA into SK-N-SH
cells. The results showed that the regulatory effects of
miR-137 on the reporter genes disappeared after mutation
of its seed region (Fig. 1A, F). We inserted the DAT gene
protein coding sequence (CDS) and 3'UTR downstream of
the green fluorescent protein (GFP) gene in pcDNA3.1 and
constructed a fusion expression plasmid: pcDNA3.1-GFP-
DAT-CDS-3'UTR. We then transfected HepG2 cells with
the plasmid and miRNA together and detected GFP
expression under a fluorescence inverted microscope
(Olympus, Tokyo, Japan) after 48 h of incubation. The
reason for choosing HepG2 cells was that their DAT
expression was relatively low. The results showed that
miR-137 significantly reduced the fusion protein expres-
sion of GFP and the DAT in HepG?2 cells (Fig. 4). These
results demonstrated that the predicted site was indeed the
site of action of miR-137.

miR-491 Regulates DAT Transcription by Targeting
the VNTR Seed Region

The VNTR sequence is an important functional site of the
SLC6A3 3'UTR, and its copy-number usually ranges from
3to 11 [11]. Previous studies have shown that a change in
copy-number is closely linked with many diseases, such as
idiopathic epilepsy, ADHD, alcohol and cocaine depen-
dence, susceptibility to Parkinson’s disease, and resistance
to nicotine dependence [6, 11, 14, 16, 17]. The seed region
of miR-491 in VNTR is highly conserved between humans
and rhesus monkeys (Fig. 2A, B).

Our bioinformatics analysis showed that the miR-491
seed region exists on the VNTR sequence of the 3’'UTR of
SLC6A3 mRNA. miR-491 reduced the luciferase activity of
SK-N-SH cells by 48%, and the inhibitor increased luci-
ferase activity by 11% (Fig. 3A), acting in a dose-depen-
dent manner (Fig. 3E). We inserted synthetic DNA
fragments (Invitrogen) with different VNTR copy-numbers
downstream of luciferase reporter genes, constructed
numerous reporter plasmids with various VNTR copy-
numbers, and then transferred the reporter plasmids and
miRNA into SK-N-SH cells by transient transfection
(Fig. 2A). The cells were tested after 24 h of culture [24].
Our results showed that miR-491 decreased the luciferase
expression in SK-N-SH cells with plasmid transfection
copy numbers of 1, 3, 7, and 11 by 25%, 36%, 48%, and
55%, respectively. The miR-491 inhibitor increased the
luciferase expression activity in these cells with plasmid
transfection copy numbers of 1, 3, 7, and 11 by 15%, 16%,
11%, and 14%, respectively (Fig. 3F). We investigated the
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Fig. 1 miR-137 regulates the expression of DAT in SK-N-SH cells.
A The binding site of miR-137 in the 3'UTR of SLC6A3 mRNA. The
mutated bases of the miR-137 binding site are shown in red. The
sequence alignments of the seed regions of the binding sites for miR-
137 are shown for the indicated species. The conserved sequences are
shown in gray. B Effects of miR-137/anti-miR-137 on the activity of
the luciferase reporter construct with the SLC6A3 3'UTR in SK-N-SH
cells, which were transfected with different constructs for 5 h,
followed by transient transfection with miR-137/anti-miR-137
(100 nmol/L) for 48 h. DAT mRNA levels were assessed by
quantitative PCR (C), and protein levels were analyzed by Western

effects of miR-491 on mRNA (Fig. 3B) and protein
(Fig. 3C) expression levels in SK-N-SH cells. The results
showed that miR-491 significantly decreased the SLC6A3
mRNA level by 67%, and the inhibitor significantly
increased the mRNA level by 78% (Fig. 3B). These results
showed that miR-491 may influence the DAT expression in
SK-N-SH cells similarly to miR-137.

We then tested whether miR-491, like miR-137, induces
the expression of SK-N-SH cell DAT genes through the
predicted active site. We synthesized a DNA fragment with
a point mutation in the predicted miR-491 seed region,
inserted 7 VNTRs of the miR-491 seed region mutation
downstream of the psiCHECK2 reporter gene, and
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WT miR-137 sites miR-137 site mutation

blot (D) in SK-N-SH cells transfected with miR-137, anti-miR-137, or
ctl-miR (100 nmol/L) for 72 h (representative result from three
independent experiments). E Effects of different concentrations of
miR-137 or anti-miRNA on the luciferase activity in SK-N-SH cells.
Different concentrations of miR-137 or anti-miRNA were transfected
for 48 h. F SK-N-SH cells were transfected with wild-type or mutated
constructs for 5 h, followed by transient transfection with miR-137/
anti-miR-137 (100 nmol/L) for 48 h. *P < 0.05; **P < 0.01;
*#**P < 0.001, NS, not significant; WT, wild-type; Hsa, Homo
sapiens; Ptr, Pan troglodytes; Mml, Macaca mulatta; Cpo, Cavia
porcellus.

transfected the mutated plasmid and miRNA into SK-N-SH
cells. The results showed that the regulatory effects of
miR-491 on reporter genes disappeared after the mutation
of its seed region (Fig. 3D). Similar to the miR-137
experiment, we transfected HepG2 cells with the fusion
plasmid pcDNA3.1-GFP-DAT-CDS-3'UTR and miRNA
together. We then observed GFP expression under a fluo-
rescence inverted microscope after 48 h of incubation. The
results showed that miR-491 significantly reduced the
expression of the GFP-DAT fusion protein in HepG2 cells
(Fig. 4). Using the predicted active site and overexpression
fusion protein, we demonstrated that the predicted site is
indeed the binding site of miR-491.
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Fig. 2 Schematic diagram of A VNTR

VNTRs and miR-491 seed
region in SLC6A3 mRNA.
A Human SLC6A3 mRNA
harbors 3—11 VNTRs within its

|

DAT 3'UTR (1940 bp)
11 copies

7 copies

, . .. S
3'UTR. The relative positions of
-

3 copies

the VNTRs are indicated in blue.
Position 1 is the first nucleotide

1 copy

following the termination

codon. B Sequence alignment of

the seed region in the SLC6A3

3'UTR for miR-491. B

hsa-miR-491-5p 3’ GGAGUACCUUCCCAAGGGGUGA

no copies

7mer-1A

Position 784-790 of DAT 3’ UTR
Position 824-830 of DAT 3’ UTR
Position 864-870 of DAT 3’ UTR
Position 904-910 of DAT 3’ UTR
Position 984-990 of DAT 3’ UTR

5’ ...GGACGCAUGCAGGGCCCCCACAG...
5’ ...GGACGCAUGCAGGGCCCCCACAG...
5’ ..GGACGCAUGCAGGGCCCCCACAG...
5’ ..GGACGCAUGCAGGGCCCCCACAG...
5’ ..GGACGCAUGCAGGGCCCCCACAG...

Position 1029-1035 of DAT 3’ UTR 5’ ..
Position 1069-1075 of DAT 3’ UTR 5’ ...
Position 1109-1115 of DAT 3’ UTR 5’ ..

VNTR mutation 5’ ...

Altogether, our results revealed that miR-491 can reg-
ulate DAT expression post-transcriptionally by targeting
the VNTR sequence. Moreover, the regulatory effects of
miR-491 on DAT expression were closely linked with the
VNTR copy number in the SLC6A3 3'UTR.

Effects of miR-137 and miR-491 on Dopamine
Transport

The function of the DAT is to transport DA in the synaptic
cleft back into the synaptic interior so that the neuro-
transmitter is prevented from continuously inducing its
effects. To determine whether miR-137 and miR-491
influence the transport of extracellular DA in neurons by
regulating DAT expression, after miRNA transfection, we
placed neurons in 5 pg/mL DA solution that was prepared
with MEM, followed by incubation for 5 h. After washing
with PBS, the cells were lysed and intracellular DA levels
were assessed using a DA ELISA kit. Our results con-
firmed that miR-137 and miR-491 significantly reduced
neuronal DA uptake by 36% and 53%, respectively
(Fig. 5A, B).

To further verify that the effects of miRNA on neuronal
DA transport are mediated by the DAT, we conducted gene
silencing and overexpression experiments. There was a
significant positive correlation between the DA transport
and the expression of DATs in SK-N-SH cells (Fig. 5C-F).
After the neurons were transfected with siRNA using
RNAiIMAX for 36 h and the SLC6A3 gene was silenced,
the neurons were transfected with miRNA and incubated
with 5 pg/mL. DA. The test results of intracellular DA
levels confirmed that after SLC6A3 gene silencing, the
regulatory effects of miR-137, miR-491, and their

.GGACGCAUGCAGGGCCCC CACAG...
GGACGCAUGCAGGGCCCCCACAG...
.GGACGCAUGCAGGGCCCCCACAG...

GGACGCAUGCAGGGCCGCGAGAG...

inhibitors on neuronal DA transport were lost (Fig. SF).
Conversely, DAT overexpression significantly increased
the DA uptake of SK-N-SH cells (Fig. 5C). These results
showed that miR-137 and miR-491 affected DA uptake in
cells by regulating DAT expression.

Discussion

DAT, a member of the Na'/Cl -dependent transporter
gene family, is a membrane protein located at the terminals
of dopaminergic neurons [1, 2]. Most mesotelencephalic
DA neurons in the human brain express high levels of the
DAT throughout their entire somatodendritic and axonal
domains, whereas a smaller subpopulation of mesen-
cephalic DA cells and all hypothalamic DA cell groups
express little or no DAT [6, 27]. The DAT transports DA in
the synaptic cleft through the presynaptic membrane for
reuse after its physiological effects have taken place [8, 9].
The DAT can stop the transfer of information between
cells, plays a crucial role in controlling DA balance, and its
regulatory mechanism has been the focus of much research
on drug development for the treatment of addiction and
depression [6, 810, 28, 29]. Studies of DAT-knockout
mice have reported that DA synthesis increases two-fold,
but total DA levels are reduced by 95%, thus causing a
significant change in the neurochemical process [30]. This
shows that the DAT plays a crucial role in both terminating
DA signaling and refilling DA vesicles [29, 30]. The DAT
plays a critical role in addiction to psychoactive drugs,
including opiates, amphetamines, and cocaine, and the
pathogenesis of Parkinson’s disease and other nervous
system diseases [1, 5, 31]. Research has shown that the
fine-tuning of DA balance can be achieved by carefully
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Fig. 3 miR-491 modulates DAT expression at the post-transcrip-
tional level through 3'UTR VNTRs. A Effects of miR-491/anti-miR-
491 on the activity of the luciferase reporter construct with the
SLC6A3 3'UTR in SK-N-SH cells. miR-491 or anti-miRNA
(150 nmol/L) was transfected for 48 h. DAT mRNA levels were
assessed by quantitative PCR (B), and protein levels were analyzed by
Western blot (C) in HepG2 cells transfected with miRNA, anti-
miRNA, or ctl-miR (150 nmol/L) for 72 h (representative result from
three independent experiments). D The SLC6A3 3'UTR (7 VNTRs)

manipulating the DA channel. Multiple mechanisms can
affect DAT activity and the distribution of its expression
within cells [1, 4, 28, 29, 32-34]. Rapidly controlled sig-
naling pathways that are associated with DAT expression
include the activation of G-protein-coupled receptors and
intracellular second-messenger systems, thus influencing
protein—protein interactions. Multiple regulatory modes
can lead to changes in DAT function, which is considered

@ Springer

2.0+ el
_ 18] T
2 16
= 1.4
<Zt 4
1.24
o
£ 1.04
o
= 0.84
® 0.6
E *kk
I~ 0.44
0.2 4
0.0 T T T
ctl-miR miR-491 anti-miR-491
Jctl-mir
[CImir-491
D [ anti-miR-491
1.4+ * NS
2
> 1.2 *kk NS
=] —_—
@
< 1.04
Q
©
£ 0.8
&
'S 0.6
=
o J
14 0.4
5
< 0.2
&
0.0 T T
WT miR-491 sites miR-491 site mutation
5, 1.4 [ no copies
- * *
£ 11 copy * .
= 1.2 13 copies T
g 37 copies
o 104 — 11 copies [ |
2] *%k
E 0.8
E‘g . i *kk
=)
E 0.6+ KKk
]
2 0.4
—
1}
o) 0.2
& .
0.0 T T
miR-491 anti-miR-491

(nmol/L)

with mutation of the seed region of miR-491. SK-N-SH cells were
transfected with different constructs for 5 h, followed by transient
transfection with miR-491/anti-miR-491 (150 nmol/L) for 48 h.
E Different concentrations of the miR-491 were transfected for
48 h. The effect of ctl-miR on luciferase activity was defined as 1 for
each concentration. F Effects of miR-491/anti-miR-491 (150 nmol/L)
on the activity of the luciferase reporter constructs with different
VNTRs. *P < 0.05; **P < 0.01; ***P < 0.001 vs ctl-miR, NS not
significant, WT wild-type.

to be an underlying cause of major changes in DA transport
and behaviors that are modulated by DA [29, 35-37].
Cocaine can modulate the expression of the pitx3 gene
and subsequently the expression of DA receptors, DATS,
and tyrosine hydroxylase via miR-133b, suggesting that
miRNAs may play an important role in embryogenesis
and drug addiction [38]. The regulatory effect of miRNA
and the stability of the DAT gene appear to be
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Fig. 4 Fluorescence microscopic imaging of the DAT. After being
treated with miRNAs for 72 h, DAT-overexpressing HepG2 cells
were incubated with 10 pg/mL Hoechst 33342 at 37 °C for 15 min.
HepG2 cells were visualized and photographed using a fluorescence

inextricably linked, and miRNAs play an important role
in regulating DAT expression and function. The multiple
effects of miR-137 have been extensively investigated. It
is a brain-enriched miRNA with a critical role in regu-
lating nervous system development and mediating
synaptic plasticity [39—41]. Furthermore, miR-137 is also
a candidate gene for schizophrenia susceptibility [40, 41],
tumor growth, and the inhibition of invasion [42—45]. Our
results indicated that miR-137 affects the expression of
luciferase through the SLC6A3 3'UTR, thereby signifi-
cantly reducing the expression levels of neuronal DAT
mRNA and proteins and reducing neuronal DA transport.
After SLC6A3 silencing, the effect of miR-137 on DA
transport in neurons disappeared. When the DAT was
overexpressed, however, miR-137 had a stronger effect on
DA transport. Therefore, the DAT appears to be a direct
target of miR-137.

The SLC6A3 gene comprises 15 exons that span 60 kb
on chromosome 5p15.32. The 40-bp VNTR polymorphism
is located in exon 15 of the SLC6A3 gene [1]. The VNTR of

DAT

Merge

microscope with a 20x objective. ‘Blank’ indicates that cells did not
overexpress DAT (representative result from three independent
experiments; scale bar 50 pm).

the SLC6A3 3'-UTR consists of a 40-bp repeat with 3—13
copies, and the 9- and 10-repeat alleles are the most fre-
quently found in the human population. This polymor-
phism has been linked to various disease phenotypes that
involve disturbances in the regulation of dopaminergic
neurotransmission, such as alcoholism, cocaine abuse,
working memory, Alzheimer’s disease, ADHD, and emo-
tional behavior [11, 12, 14, 17, 46-51]. Research has
shown that changes in the number of VNTR copies are
closely related to DAT expression. For example, the
expression level of the 9-repeat allele is lower than the
10-repeat allele [11]. MIR-491 is a tumor-suppressor gene.
Two mature microRNAs, miR-491-3p and miR-491-5p, are
encoded by MIR-491 [52] and both mature forms are
involved in the modulation of crucial cancer hallmarks:
proliferation, invasion, and stem-cell propagation [52-54].
Targeted intervention in the miR-491-related signaling
pathway can enhance the efficacy of chemotherapy against
cancers [52, 53]. In the present study, we found that the
seed region of miR-491 was located on the VNTR sequence
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Fig. 5 miR-137 and miR-491 regulate DAT-dependent DA uptake
into nerve cells. A, B The effects of miR-137 (A) and miR-491 (B) on
DA transport in nerve cells. SK-N-SH cells were incubated with 5 pg/
mL DA for 5h after treatment with miR-137/anti-miR-137
(100 nmol/L) (A) or miR-491/anti-miR-491 (150 nmol/L) (B) for
72 h. C After transfection of the DAT-OE plasmid, DA in SK-N-SH

in the 3'UTR of SLC6A3 mRNA, and the regulatory effect
of miR-491 on DAT expression depended on the VNTR
copy-number in the 3’UTR of the DAT gene mRNA. miR-
491 regulated the expression and function of the DAT
through its active site on the VNTR sequence. Altogether,
we demonstrated that miR-491 can regulate DAT expres-
sion post-transcriptionally by targeting the VNTR sequence,
and miRNA disturbances may be involved in the patho-
physiology of a variety of diseases.

The VNTR of SLC6A3 mRNA is highly conserved in
humans and rhesus monkeys. Since the origin of VNTR, the
regulation of the DA signaling system in primates may
differ from that in other species. With the variation of
VNTR copy number, the number in the miR-491 seed
region in the SLC6A3 mRNA 3'UTR and the ability of
miR-491 to regulate SLC6A3 expression was correspond-
ingly changed. This mechanism may be a unique means of
DAT regulation in humans and rhesus monkeys. Therefore,
clarification of the action of miR-491 in regulating the
expression and function of the DAT by targeting the seed
region of VNTR is important.

The seed region of miR-491 is located in the VNTR
fragment of the DAT mRNA 3'UTR, and the effect of miR-
491 on DAT expression is dependent on the VNTR copy-
number. The seed region of miR-137 is located in the DAT
mRNA 3’UTR fragment outside the VNTR sequence, and

@ Springer

cells increased. After transfection with SLC6A3 siRNA, the levels of
SLC6A3 mRNA (D) and DA (E) significantly decreased. F SLC6A3
silencing prevented the effects of miR-137 and miR-491 on DA
transport. *P < 0.05; **P < 0.01; ***P < 0.001 vs ctl-miR, NS, not
significant; DAT-OE, DAT overexpression,

the effect of miR-137 on DAT expression and function
does not depend on the VNTR copy-number. After trans-
fection of anti-miR-137 and anti-miR-491, the endogenous
miR-137 and miR-491 were inhibited and the negative
regulation of the endogenous miRNAs on its target gene
DAT was released, and therefore the levels of mRNA and
protein were up-regulated.

However, we were unable to find an effective experi-
mental animal model to demonstrate that miR-137 and
miR-491 affect DA function and animal behavior through
post-transcriptional regulation of the DAT because of the
limitation associated with the binding-site homology of the
two miRNAs. We hope to be able to use central neurons or
myocardial cells with comparatively higher levels of DAT
expression and suitable animal models to further study the
effects of miR-137 and miR-491 on the expression and
function of the DAT and the relationship between miRNA
disturbances and DAT-related diseases within the scope of
medical research ethics.

In summary, our results demonstrated that miRNAs
have important regulatory effects on the expression and
function of the DAT, a key element in the DA signaling
pathway. miRNA interventions may be considered a
practical therapeutic strategy for diseases associated with
DAT dysfunction. These findings extend our understanding
of the DAT and the DA signaling system.
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