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Abstract Brain-derived neurotrophic factor (BDNF) is a
secreted protein of the neurotrophin family that regulates
brain development, synaptogenesis, memory and learning,
as well as development of peripheral organs, such as angio-
genesis in the heart and postnatal growth and repair of skel-
etal muscle. However, while precise regulation of BDNF
levels is an important determinant in defining the biologi-
cal outcome, the role of microRNAs (miRs) in modulat-
ing BDNF expression has not been extensively analyzed.
Using in silico approaches, reporter systems, and analysis
of endogenous BDNF, we show that miR-1, miR-10b, miR-
155, and miR-191 directly repress BDNF through binding
to their predicted sites in BDNF 3’UTR. We find that the
overexpression of miR-1 and miR-10b suppresses endog-
enous BDNF protein levels and that silencing endogenous
miR-10b increases BDNF mRNA and protein levels. Fur-
thermore, we show that miR-1/206 binding sites within
BDNF 3'UTR are used in differentiated myotubes but not
in undifferentiated myoblasts. Finally, our data from two
cell lines suggest that endogenous miR-1/206 and miR-
10 family miRs act cooperatively in suppressing BDNF
through their predicted sites in BDNF 3’UTR. In conclu-
sion, our results highlight miR-1, miR-10b, miR-155,
and miR-191 as novel regulators of BDNF long and short
3’'UTR isoforms, supporting future research in different
physiological and pathological contexts.
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Introduction

Brain-derived neurotrophic factor (BDNF) is a member
of the neurotrophin family and has important functions in
brain development, synaptogenesis, and memory and learn-
ing [19, 32, 37, 44, 50]. Disrupted BDNF function has been
associated with several nervous system disorders, such as
Huntington’s disease [23, 69], depression [8, 11], and anxi-
ety [55], in both humans and rodent models. In addition,
BDNF is involved in several physiological processes out-
side the brain, such as angiogenesis in the heart and skeletal
muscles [16], myogenic differentiation [49], and skeletal
muscle regeneration [13]. As evident from studies with mice
heterozygous for the BDNF gene, 50 % reduction in BDNF
protein levels is sufficient to cause notable phenotypic
changes [1, 2, 15, 45]. Thus, precise regulation of BDNF
levels is important in several developmental and pathologi-
cal processes, highlighting the importance of understanding
the mechanisms that control BDNF expression.

The 3’ untranslated regions (3’'UTRs) of mammalian
genes contain highly conserved sequences [60] important
in the regulation of translational efficiency, polyadenyla-
tion, and stability of the mRNA. These functions are medi-
ated by binding to RNA-interacting factors, such as micro-
RNAs (miRs) [6, 48]. miRs are short, non-coding RNA
molecules predicted to interact with the transcripts of about
60 % of all mammalian protein-coding genes [7]. miRs
bind their target mRNAs through a fully complementary
seed sequence of 7-8 nucleotides in their 5’ end and less
complementary area in the 3’ end, inducing translational
repression and/or mRNA degradation [7, 24].
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One way to modulate miR-mediated regulation of
gene expression is through the generation of alternative
mRNA transcripts that differ in the length of the 3’'UTR
[58]. Brain-derived neurotrophic factor transcripts con-
tain either short (BDNF-SH, 350 nt) or long 3’UTR
(BDNF-L, 2891 nt [27]). In addition to length, second-
ary structure of the 3’UTR is also known to influence
mRNA stability, at least in part by modifying accessi-
bility to miR target sites in the mRNA [29, 67, 68]. In
general, miR sites near the ends of the 3’UTR are more
effective than sites in the center of the 3’UTR, partly
because regions in the middle of the 3’UTR are more
likely to be incorporated into hairpin structures, hinder-
ing access to miRs [29]. BDNF-L contains a stem-loop
structure necessary for the regulation of transcript stabil-
ity [26], raising the possibility that a secondary structure
could determine access to factors like miRs that influ-
ence mRNA stability.

Despite the presence of more than ten in silico pre-
dicted highly conserved binding sites for different miRs
in BDNF 3’UTR (www.targetscan.org, see below) and
the physiological and pathological relevance of BDNF
levels, to date only a few miRs have been studied in rela-
tion to BDNF. Although BDNF regulation by miR-206
has been well established in several studies [42, 47, 54],
it has remained controversial which of the three miR-
206 sites is functional [42, 47]. The potential effect of
another miR-1/206 family member, miR-1, which dif-
fers from miR-206 by four nucleotides outside the seed
region and has a distinct expression pattern from miR-
206, has not been investigated to date. Other studies
suggesting miR-BDNF 3’UTR interaction lack evidence
that the effect of the putative BDNF-regulating miR on
BDNF 3'UTR is direct [25, 46]. Most importantly, the
effects of endogenous miRs on putative miR binding
sites within BDNF 3’UTR have remained unaddressed
altogether. Since 3’'UTR length and secondary structure
are likely to play an important role in miR-mediated tar-
get suppression [29, 58], the fact that all previous stud-
ies have exclusively analyzed BDNF 3’UTR fragments
[25, 42, 46, 47] further stresses a need for analysis of
BDNF 3’UTR-miR interaction in the context of native,
full-length 3'UTR.

The objective of the current study was to analyze the
regulation of both BDNF-L and BDNF-SH full-length
3'UTR isoforms by ten miRs selected based on evolution-
ary conservation of their seed sequences within BDNF and
their expression within tissues or cell lines with known
BDNF function [21, 40, 49, 51, 61, 63]. We assessed the
effects of miR-1, miR-10b, miR-15a, miR-16, miR-30a,
miR-30b, miR-155, miR-182, miR-191 and miR-195 on
full-length BDNF-L and BDNF-SH isoforms and identified
miR-1, miR-10b, miR-155, and miR-191 as novel direct
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regulators of BDNF 3’UTR. In addition, we provide data
suggesting direct interaction between BDNF long 3'UTR
and endogenous miR-1/206 family miRs in a model system
of muscle differentiation, where the regulation of BDNF
levels is known to be critical. Finally, our results indicate
that the binding sites for miR-1 and miR-10 in BDNF
3’UTR are used synergistically by endogenous miRs in sev-
eral cell lines.

Materials and methods
Plasmids and constructs

Full-length and short BDNF 3'UTR sequences were
obtained from BAC clone RP24-149F11 (RPCI-24: Mouse
(C57BL/6 J Male) (Mus musculus) BAC library; BACPAC
Resources, Oakland, CA, USA) using primers in Online
resource 1 and inserted downstream of Renilla luciferase
gene in pGL4.73[hRIuc/SV40] vector (E6911, Promega,
Madison, WI, USA) using restriction with Xbal. Lucif-
erase constructs containing BDNF 3’UTR with mutations
in miR binding sites were generated with inverse PCR from
the pGL4.73-BDNF3’UTR using primer pairs indicated in
Online resource 1 (mutated nucleotides shown in bold).
All constructs were verified by sequencing. Cotransfection
with pGL4.13[luc2/SV40], encoding for firefly luciferase
(E668A, Promega, Madison, WI, USA), was used for nor-
malization in the dual luciferase assay.

Cell culture

Human embryonic kidney 293 (HEK-293) cells were
cultured at 37 °C with 5 % CO, in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10 % fetal
bovine serum (FBS; SV30160, Thermo Fisher Scientific,
Waltham, MA, USA) and 1x Normocin (ant-nr-2, Invivo-
Gen, San Diego, CA, USA).

Human retinal pigment epithelium 19 (ARPE-19, [17])
cells were cultured at 37 °C with 5 % CO, in DMEM/F-12
(1:1) medium containing L-glutamine and 15 mM HEPES
(31330, Invitrogen/Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10 % FBS and 1 x Normocin.

Human primary glioblastoma U-87 MG cells were cul-
tured at 37 °C with 5 % CO, in DMEM supplemented with
10 % FBS and 1x Normocin. In all experiments, HEK-
293, ARPE-19 and U-87 MG cells were split 1:2 on two
consecutive days prior to seeding.

C2C12 mouse skeletal myoblast cells [65] were main-
tained at subconfluent densities at 37 °C with 5 % CO, in
DMEM supplemented with 10 % FBS and 1x Normocin
(growth medium, GM). Cells were kept at low density
to prevent differentiation. Myogenic differentiation was
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induced by replacing the growth medium with DMEM sup-
plemented with 2 % horse serum (HS; B15-021, PAA/GE
Healthcare Life Sciences, Helsinki, Finland) and 1x Nor-
mocin (differentiation medium, DM).

Luciferase assay

For the luciferase assay, cells were seeded to a 96-well
plate at a density of 15,000-20,000 cells/well in a final vol-
ume of 100 ul. After 24 h of incubation, 80-90 % conflu-
ent cells were transfected with 50 .l Opti-MEM I Reduced
Serum Medium, GlutaMAX (51985, Gibco/Thermo
Fisher Scientific, Waltham, MA, USA) containing 0.3 pl
Lipofectamine 2000 Transfection Reagent (11668,
Invitrogen/Thermo Fisher Scientific, Waltham, MA, USA),
100 ng pGL4.73[hRIuc/SV40] encoding for Renilla lucif-
erase with BDNF 3’UTR (BDNF-L), BDNF short 3'UTR
(BDNF-SH) or mutated BDNF 3'UTR cloned downstream
of the luciferase coding sequence, 10 ng pGL4.13 encod-
ing for firefly luciferase and 10 nM pre-miRs (where
indicated, Applied Biosystems/Thermo Fisher Scientific,
Waltham, MA, USA) per well. In experiments where miR
binding site mutants were compared to each other, equi-
molar plasmid quantities were used. Cells were incubated
for 3 h and transfection medium was replaced with 100 1
of fresh growth medium. Luciferase activity was measured
after 24 h with Dual-Luciferase Reporter Assay System
(Promega, Madison, WI, USA) as recommended by the
manufacturer. Briefly, cells were lysed with 35 pl of Pas-
sive Lysis Buffer per well. Culture plate was incubated
for 15 min with shaking at 400 rpm at room temperature.
To record luminescence, 100 pl of Luciferase Assay Rea-
gent II was added to 30 1 of lysate for first measurement
(firefly luciferase) and 100 1 of Stop & Glo Reagent was
added for the second measurement (Renilla luciferase).
Renilla/firefly luciferase ratio was used for statistical analy-
sis. Three to four replicate wells were used in each experi-
ment and experiments were repeated 3—5 times.

To assess the utilization of miR binding sites in the
BDNF 3'UTR during myogenic differentiation, C2C12
cells were seeded to a 96-well plate at a density of 10,000—
15,000 cells/well in a final volume of 100 pl. After 24 h of
incubation, 40-50 % confluent cells were transfected with
50 pl OptiMEM containing 0.3 wl Lipofectamine, 100 ng
pGLA.73[hRIuc/SVA0] encoding for Renilla luciferase with
BDNF 3’UTR or mutated BDNF 3’UTR cloned after the
luciferase coding sequence and 10 ng pGL4.13 encoding
for firefly luciferase per well. Cells were incubated for 3 h
and transfection medium was replaced with 100 pl of fresh
medium, either GM (to keep cells growing as undifferentiated
myoblasts) or DM (to induce differentiation to myotubes).
Luciferase activity in myoblasts was measured after 8 h. DM
was replaced every day and luciferase activity in myotubes

was measured after 4 days, as described above. Renilla/firefly
luciferase ratio was used for statistical analysis. Three to four
replicate wells were used in each experiment.

Transfection with pre-miRs

To quantify endogenous BDNF protein levels after treat-
ment with pre-miRs, ARPE-19 cells and U-87 MG cells
were seeded to 6- or 12-well plates and incubated for 24 h
to reach 90-100 % confluency. The medium was changed
to GM and cells were transfected using OptiMEM con-
taining 5 nl (2.5 pl for 12-well plate) Lipofectamine
and 100 nM pre-miRs per well in a final volume of 1 ml
(500 wl) for 4 h, then replaced with GM and cultured for
48 h. All experiments were performed with at least two bio-
logical repeats.

Silencing endogenous miRs with anti-miRs

To assess endogenous BDNF expression after silencing
endogenous miRs, ARPE-19 and U-87 MG cells were seeded
to 12-well plates at 90-100 % confluency. Medium was
changed to 250 pl OptiMEM containing 6 uM Endoporter
transfection agent, (GeneTools, LLC, Philomath, OR, USA)
and 10 nM anti-miRs (Exicon, Vedbaek, Denmark) and cul-
tured for 24 h before substituting with 500 ul GM. Cells were
cultured for 48 h before mRNA and protein isolation. All
experiments were performed with two biological repeats.

BDNF enzyme-linked immunosorbent assay (ELISA)

Culture medium from cells treated with pre- or anti-miRs
was centrifuged at 1,000 rpm to remove debris and used
immediately for ELISA or stored at —80 °C. Cells were
lysed with lysis buffer containing 137 mM NaCl, 20 mM
Tris—HCI (pH 8.0), 1 % NP40, 10 % glycerol, 1 mM PMSF,
10 wg/ml aprotinin, 1 pg/ml leupeptin and 0.5 mM sodium
vanadate. Lysate was centrifuged for 20 min at 13,000 rpm
at 4 °C and supernatant was used immediately or stored at
—80 °C.

To assess BDNF expression in C2C12 myoblasts and
myotubes during differentiation, C2C12 cells were seeded
to a six-well plate in a density of 500,000 cells/well in
1 ml of GM. After 24 h, culture medium was isolated from
undifferentiated myoblasts and replaced with DM to induce
differentiation. DM was changed daily and culture medium
from myotubes was isolated on day four. Culture medium
was centrifuged at 1,000 rpm and used immediately for
BDNF ELISA.

Brain-derived neurotrophic factor ELISA was performed
using BDNF E,_ ., ImmunoAssay System (Promega, Madi-
son, WI, USA) as recommended by the manufacturer. Two
replicates from each biological repeat were included in
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ELISA. Brain-derived neurotrophic factor levels were nor-
malized to total protein concentration using DC Protein
Assay (500-0116, Bio-Rad, Helsinki, Finland), as recom-
mended by the manufacturer.

RNA isolation

ARPE-19 and U-87 MG cells and hippocampi of C57BL/6 J
mice were homogenized with TRI Reagent (TR 118, Molec-
ular Research Center, Inc., Cincinnati, OH, USA) and RNA
was isolated as recommended by the manufacturer. Briefly,
after incubation of the homogenate at room temperature
for 5 min, I-bromo-3-chloropropane (BP151, Molecular
Research Center, Inc., Cincinnati, OH, USA) was added
and the tubes were shaken vigorously for 15 s. The mix was
incubated at room temperature for 5 min and centrifuged
at 12,000 x g for 15 min at 4 °C. The aqueous phase was
transferred to a fresh tube containing isopropanol (59300,
Sigma-Aldrich, St. Louis, MO, USA), mixed by vortexing
and incubated at room temperature for 10 min. Samples
were centrifuged at 12,000 x g for 8 min at 4 °C and RNA
pellet was washed with 70 % ethanol (Altia Oyi, Helsinki,
Finland), followed by centrifugation at 7,500 x g for 5 min.
Ethanol was then removed and the RNA pellet was allowed
to briefly air dry and then dissolved in 30-50 pl H,O.
The RNA samples were frozen immediately and stored at
—80 °C until further processing. RNA quantity was meas-
ured with NanoDrop (Thermo Scientific, Waltham, MA,
USA). The A260/A280 ratio was 1.78-2.01 and RNA yield
was 3.5-9.5 pg (18-40 g for hippocampus RNA).

Reverse transcription

RNA samples were treated with Turbo DNA-free DNase
treatment and removal reagents, as recommended by
the manufacturer (AM1907, Invitrogen/Thermo Fisher
Scientific, Waltham, MA, USA), to prevent contamina-
tion with genomic DNA. cDNA was synthesized from
150-500 ng of RNA (equal amount of RNA was used
within a single experiment) with random hexamer primers
in a final volume of 20 wl using Transcriptor First Strand
cDNA synthesis kit as recommended by the manufacturer
(04896866001, Roche, Basel, Switzerland). Briefly, 2 pl of
random hexamer primers was mixed with 11 pl of RNA
sample diluted with nuclease-free water, and incubated at
65 °C for 10 min. Then 7 pl of mix containing 4 pl of 5x
RT buffer, 2 il of 100 mM dNTP, 0.5 1 of RNase inhibitor
and 0.5 pl of Transcriptor reverse transcriptase was added,
mixed gently, and incubated at 25 °C for 10 min, 55 °C for
30 min, and 85 °C for 5 min. No reverse transcriptase con-
trol was included in each experiment. cDNA was cooled on
ice, diluted 1:10, and stored at —20 °C or used immediately
for qPCR.
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Quantitative real-time PCR

Quantitative PCR reaction was performed with the Light-
Cycler 480 real-time PCR system (Roche Diagnostics,
Basel, Switzerland) using LightCycler 480 SYBR Green
I Master, complemented with 2.5 pmol of primers in the
final volume of 10 pl on white 384-well plates sealed with
adhesive plate sealer (04729749001, Roche, Basel, Swit-
zerland). An amount of 2.5 ul of the diluted cDNA product
was used in each reaction. Oligonucleotide primers (Oli-
gomer Oy, Helsinki, Finland) used for the qPCR reactions
are indicated in Online resource 1. No-reverse transcrip-
tion control and no-template control were included for each
experiment. Two or three replicates of each reaction were
included in the gPCR runs. The following qPCR program
was used: [1] pre-incubation 10 min at 95 °C, [2] amplifica-
tion 10 s at 95 °C, 15 s at 60 °C, 15 s at 72 °C for 45 cycles,
[3] melting curve 5 s at 95 °C, 30 s at 55 °C, continuous
acquisition mode at 95 °C with two acquisitions per degree
Celsius, and [4] cooling 10 s at 40 °C. The results were
analyzed with LightCycler 480 Software Release 1.5.0 SP1
using the Absolute Quantification/2nd Derivative Max cal-
culation. The quantification cycle (C,) for the no-template
control was 40 (or 0) in all experiments. Beta-actin was
used as a reference gene. Results for a biological repeat
were discarded when the C value for one or more of the
replicates was 40 (or 0) or when the C, difference between
replicates was >1. For each primer pair, primer efficiencies
(the ratio of amplified products if average C, difference is
one; the ideal efficiency would be two) were determined
(Online resource 1). Fold difference to the reference gene
was calculated according to the following formulation:
FD = (E(aqu)l(GOI) + E(C—}g%%GOI))/(E—Cq]((rreefl;) + E—CqZ((rr:tgb’
where E; and E,; are the primer efficiencies of the gene
of interest (GOI) and reference gene (ref), respectively, and
Cy and C, are the C values of individual replicates.

microRNA expression

MicroRNA expression was assessed using TaqMan
MicroRNA Assay reactions (Applied Biosystems/Thermo
Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s recommendations with minor modifica-
tions. Brieflyy, RNA was isolated as described above.
cDNA from 0.3-1 pg RNA was synthesized with
TagMan MicroRNA Reverse Transcription Kit (Applied
Biosystems/Thermo Fisher Scientific, Waltham, MA,
USA) using Megaplex RT Primers, Rodent Pool A or B
(Applied Biosystems/Thermo Fisher Scientific, Waltham,
MA, USA) without preamplification in a final volume of
7.5 nl. With the exception of miR-155 and miR-182, all
the primers in the MegaPlex Rodent Pool were suitable
for the amplification of human microRNAs. For miR-155
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and miR-182, 5x RT primers provided by the TagMan
MicroRNA Assay were used for reverse transcription
reaction. The cDNA product was diluted 1:30 and 2.5 pl
of the diluted cDNA was used for each real-time PCR
reaction in a final volume of 10 pnl in 384-well plates.
Each sample was run in duplicate. microRNA expression
from mouse-derived cells was normalized to sno202 and
microRNA expression from human-derived cells was nor-
malized to miR-191 [52].

Statistical analysis

All values are presented as mean + SEM. Statistical sig-
nificance level was set at p < 0.05. Quantitative PCR data
was calculated based on primer efficiencies and analyzed
using fold difference compared to reference gene. Statisti-
cal analysis was performed using paired or unpaired Stu-
dent’s t test, Mann—Whitney U test, or one-way ANOVA
followed by Tukey’s HSD (honestly significant difference)
or Games—Howell post hoc analysis.

Results

Both BDNF 3’UTR isoforms are predicted to contain
conserved binding sites for multiple miRs

We performed in silico analysis of BDNF 3’UTR-miR
interactions using publicly available bioinformatics tool
TargetScan (www.targetscan.org) and found that the 3'UTR
of BDNF contains evolutionarily conserved seed sequences

for multiple miRs (Fig. 1). In addition to miR sites, the
overall nucleotide sequence of BDNF 3’UTR is highly
conserved across species, especially near both ends of
the 3'UTR (Fig. 1), suggesting important biological func-
tion of these regions. Most of the predicted miR binding
sites fall into the 5’ end of the 3’'UTR and the nucleotide
sequences near miR sites are highly conserved across ver-
tebrates (Online resource 2). Brain-derived neurotrophic
factor transcripts have either a long (BDNF-L, 2891 nt) or
short (BDNF-SH, 350 nt) 3'UTR ([27], Fig. 1). Although in
silico analysis with different target prediction tools, includ-
ing TargetScan ([43], http://www.targetscan.org), PITA
([34], http://genie.weizmann.ac.il/pubs/mirQ7/index.html),
miRanda ([33], http://www.microrna.org), PicTar ([38],
http://pictar.mdc-berlin.de/) implies that BDNF 3’UTR can
be regulated by a multitude of miRs (Online resource 3), to
date only a few BDNF 3’'UTR-miR interactions have been
investigated, and in these, relatively short BDNF 3'UTR
fragments have been used [25, 42, 46, 47]. Since there is
potential for several miRs to bind BDNF 3'UTR, we set
out to systematically investigate the role of ten miRs with
conserved putative binding sites in BDNF 3’UTR isoforms
in the regulation of BDNF expression. miRs of interest
were selected based on the conservation of their binding
site within BDNF 3’UTR, co-expression with BDNF in
cells and tissues where BDNF is known to have important
roles, and/or their overall expression level (Online resource
2, microRNA.org, [20, 22, 31, 40]). We used full-length
BDNF-L and BDNF-SH sequences to better preserve the
potential effects that secondary structure and nucleotide
context may have on miR binding.

Mus musculus BDNF 3'UTR
450 bp 590 bp 1030 bp 850 bp
[ 90% identity | 81% identity | low identity | 84% identity | H. sapiens BDNF-L

[ 95% identity | 90% identity

| R. norvegicus BDNF-L

2 kb

! Y M. musculus BDNF-L

Conserved sites for miRNA families broadly conserved among vertebrates

I miR-10abc/1 Oa-5p| miR-30abcdef/30abe-5p/384-5p 1 miR-1ab/206/613
I miR-190/190ab
ImiR210 I miR-1ab/206/613
I mir-1821 miR-191
I miR-1ab/206/613
I miR-15abc/16/16abc/195/322/424/497/1907

I miR-103a/107/107ab

H. sapiens BDNF-SH
_ R. norvegicus BDNF-SH

I——* M. musculus BDNF-SH

Fig.1 Scheme of long (BDNF-L) and short (BDNF-SH) BDNF
3'UTR isoforms with evolutionarily conserved miR sites predicted
by TargetScan. Sites within BDNF-SH are shown in light blue. Con-

I miR-155
1 miR-33a-3p/365/365-3p

servation between mouse, rat, and human BDNF 3’UTR is shown in
purple bars. Arrows denote polyadenylation sites
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a miR sites in BDNF-L and BDNF-SH C Number of miR sites
BDNF-L | } v ¥ microRNA| BDNF-L | BDNF-SH
I miR-10b I miR-30ab I miR-1 ImiR-155 miR-9 0 0
ImiR-1  ImiR-1 -
I miR-182] miR-191 miR-1 3 1
I miR-15a/16/195 miR-10b 1 1
miR-15a 1 1
BDNF-SH | lé miR-16 1 1
ImiR-10b] miR-182 miR-30a 1 0
ImiR-1 -
I miR-15a/16/195 miR-30b 1 0
miR-155 1 0
miR-182 1 1
miR-191 1 0
miR-195 1 1
b BDNF-L and BDNF-SH luciferase reporter assay with pre-miRs
[ BDNF-L
@ [] BDNF-sH *% o
© 1.5 7 * -
Q
g 1.25 N
> 101 iy
g2 -y ’ "
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S 0.5 1
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o IS ORI IS N - N N SR SN SR

Fig. 2 Several of the predicted miRs regulate BDNF 3’UTR. a
Scheme of miR sites within BDNF-L and BDNF-SH. Only miRs
included in the current study are shown. Arrows denote polyade-
nylation sites. b Luciferase activity of reporter constructs contain-
ing either BDNF-L or BDNF-SH, co-transfected with pre-miRs.
Dark grey bars show inhibition of BDNF-L by miRs and light grey
bars show inhibition of BDNF-SH by miRs. # indicates differ-

Analysis of BDNF 3’UTR isoforms for miR regulation

We asked whether the in silico predicted miRs (Fig. 1)
regulate protein synthesis from a transcript containing full-
length BDNF-L. For that, we transfected human embryonic
kidney 293 (HEK-293) cells with precursors for ten miRs
predicted by four different target prediction tools (Online
resource 3) to bind BDNF-L (miR-1, miR-10b, miR-15a,
miR-16, miR-30a, miR-30b, miR-155, miR-182, miR-191,
and miR-195, Fig. 2a). Scrambled pre-miR (scr. miR) and
precursor for miR-9 that do not have a strongly conserved
predicted binding site in BDNF-L were used as negative
controls. We found that miR-1, which has three binding
sites in BDNF-L (Fig. 2a), reduces luciferase signal most
efficiently (Fig. 2b). Of the other miRs, miR-10b, miR-
155, and miR-191 significantly inhibited luciferase signal
compared to the scrambled miR control. Unlike in previous
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ence from treatment with negative control and * indicates differ-
ences between the extent of miR inhibition between BDNF-L and
BDNEF-SH. n = 3-8, #p < 0.05, ###p < 0.001, *p < 0.05, **p < 0.01,
*#%p < 0.001. ¢ Number of miR sites in BDNF-L and BDNF-SH pre-
dicted by TargetScan. miRs that have a different number of predicted
binding sites within BDNF-L and BDNF-SH are shown in bold

studies, which utilized fragments of BDNF 3’UTR in the
same reporter assay, we found no significant effect for
miR-30a or miR-195 (Fig. 2b).

In parallel, we tested the ability of the same miRs to
inhibit protein synthesis from transcript containing BDNF-
SH, which contains binding sites for six miRs out of the
ten assessed in BDNF-L (Fig. 2a, c). We found that miR-1
and miR-10b significantly reduced luciferase activity. Of
the three miR-1 sites present in BDNF-L, only the first is
located within BDNF-SH (Fig. 2a, c). If miR-1 sites act
additively to regulate BDNF levels, miR-1 is expected
to have a milder effect on a reporter construct carrying
BDNF-SH compared to BDNF-L. Matching the prediction,
we found a statistically significant difference in the extent
of luciferase signal reduction by miR-1 on BDNF-SH com-
pared to BDNF-L (Fig. 2b). Similarly, unlike BDNF-L,
BDNF-SH lacks binding sites for miR-155 and miR-191.
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As expected, miR-155 and miR-191 had no effect on
BDNF-SH, while they had a significant effect on BDNF-
L (Fig. 2b). Thus, we found a statistically significant dif-
ference in the extent of luciferase signal reduction between
BDNF-L and BDNF-SH by miR-1, miR-155 and miR-191
that have a different number of predicted binding sites in
the long and short BDNF 3’UTR isoforms. In contrast,
there was no difference in luciferase activity after treatment
with miR-10b that has a single binding site predicted to
regulate both BDNF-L and BDNF-SH (Fig. 2a—c). These
data suggest that miR-1, miR-10b, miR-155, and miR-191
are novel regulators of BDNF 3’UTR and that a subset of
them are able to differentially regulate expression from
transcripts containing either short or long 3'UTR isoform.

Regulation of endogenous BDNF levels by miRs

Next, we asked if the miRs that regulate BDNF 3'UTR
in a reporter assay can also regulate endogenous BDNF.
Towards that end, we made use of human retinal pigment
epithelial (ARPE-19) cells and human glioblastoma cell-
line U-87 MG that secrete a detectable amount of endog-
enous BDNF. Relative expression of BDNF and BDNF-
regulated miRs in different cell lines used in this study is
shown in Online resource 4a and 5. We found that approxi-
mately 80 % of BDNF mRNA transcripts in ARPE-19
cells and 95 % of BDNF transcripts in U-87 MG cells are
expressed as short 3’'UTR isoforms (Fig. 3a), suggesting
that miR-155 and miR-191, which only have a binding site
within BDNF-L, should be unable to regulate the majority
of BDNF transcripts in these cells (Fig. 2a). We transfected
ARPE-19 cells with precursors for miR-1, miR-10b, miR-
155, and miR-191, and measured BDNF mRNA levels with
primers recognizing total BDNF and BDNF transcript car-
rying the long 3'UTR (BDNF-L). miR-10b significantly
decreased both total BDNF and BDNF-L levels, while
miR-155 and miR-191 only reduced BDNF-L expression,
as expected (Fig. 3b—c). We then determined BDNF pro-
tein levels in the cell lysate and culture medium by ELISA.
We found that miR-1 and miR-10b effectively suppressed
endogenous BDNF synthesis, while miR-155 and miR-
191 did not significantly reduce BDNF levels (Fig. 3d—e).
Brain-derived neurotrophic factor levels in the culture
medium were decreased more compared to the whole cell
lysate, indicating that in addition to BDNF, miR-1 and
miR-10b could regulate the expression of proteins involved
in BDNF secretion. Surprisingly, although BDNF mRNA
levels were increased by transfection with miR-1, pro-
tein levels were decreased (Fig. 3b—e), suggesting that the
mechanism by which miR-1 suppresses BDNF may be dif-
ferent from that of other miRs and may involve other fac-
tors that regulate BDNF expression. Taken together, these
data suggest that miR-1 and miR-10b inhibit endogenous

BDNEF levels but do not exclude the ability of miR-155 and
miR-191 to do the same in cells expressing BDNF tran-
script with the long 3'UTR isoform.

Since BDNF has multiple functions in the central nerv-
ous system, we also tested pre-miRs in U-87 MG glioblas-
toma cells that originate from the CNS. However, only 5 %
of BDNF transcripts in these cells carry the long 3'UTR
isoform (Fig. 3a). We found that while total BDNF lev-
els were not reduced after treatment with any of the pre-
miRs, the expression of BDNF transcripts carrying the
long 3'UTR was significantly decreased by about 20 % by
all the pre-miRs tested (Fig. 3f—g). Interestingly, although
miR-1 and miR-10b have a binding site within BDNF-SH
and should therefore be able to regulate the expression of
all BDNF transcripts, they seem to be effective only in sup-
pressing BDNF-L in U-87 MG cells (Fig. 3f—g). Consistent
with our finding that miRs only regulate a marginal sub-
population of BDNF transcripts, resulting in about 20 %
decrease in BDNF-L levels, BDNF protein levels in U-87
MG cells were not suppressed by transfection with pre-
miRs (Fig. 3h-i).

Finally, we transfected ARPE-19 cells with anti-miR-10
and found that silencing endogenous miR-10b significantly
increased BDNF mRNA and protein levels (Fig. 3j—m).
We were unable to address the effect of miR-1 in ARPE-
19 cells, since it is not expressed in this cell line (Online
resource 5). In summary, our results suggest that miR-
1, miR-10b, miR-155, and miR-191 are able to regulate
BDNF expression, although the effect may vary depending
on the cell line.

miR-1, miR-10b, miR-155, and miR-191 regulate BDNF
3'UTR directly through their predicted sites

Quantifying endogenous BDNF expression after treatment
with pre- or anti-miRs does not allow to distinguish whether
miRs regulate BDNF levels directly or indirectly. To inves-
tigate the interaction between the miRs identified to sup-
press BDNF-L (Fig. 2b) and their concomitant binding sites
within the BDNF 3’UTR, we created constructs harboring
mutations in one or several miR binding sites in BDNF-L
(Fig. 4a-b). Since miR-1 has three predicted sites, we gen-
erated mutant constructs for each of the sites individually
(miR1-1m, miR1-2/191m, miR1-3m) and a triple mutant
with all three binding sites mutated (miR1m). It should be
noted that the second binding site of miR-1 (miR-1-2) partly
overlaps with miR-191 binding site and therefore both
sites were mutated in miR-1-2 mutant (Fig. 4a—b). We co-
transfected mutant constructs with the corresponding pre-
miRs into HEK-293 cells as above and assessed the relative
extent of inhibition. In accordance with analysis of BDNF-
L vs. BDNF-SH (Fig. 2b), mutating the first site (miR1-
1m), which is also present within BDNF-SH, reduced
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suppression by miR-1 most effectively compared to mutat-  miR-1-2 and miR-1-3 sites. Furthermore, mutating the third

ing the other miR-1 sites (Fig. 4c), suggesting that miR- ~ miR-1 site (miR1-3m) did not change 3’UTR inhibition by
1-1 site is more important in regulating BDNF 3’UTR than  exogenous miR-1 (Fig. 4c), suggesting that this site may not
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«Fig. 3 Regulation of endogenous BDNF levels by pre- and anti-
miRs. a Expression of BDNF-L and BDNF-SH mRNA isoforms in
ARPE-19 and U-87 MG cells. Endogenous BDNF levels in ARPE-
19 (b—e) and U-87 MG (f-i) cells transfected with pre-miRs, relative
to scrambled control. j-m Endogenous BDNF levels in ARPE-19
cells transfected with anti-miRs, relative to scrambled control. b, f, j
Total BDNF mRNA levels, normalized to B-actin. ¢, g, k mRNA lev-
els of BDNF transcripts containing the long 3’'UTR (BDNF-L), nor-
malized to B-actin. d, h, 1 BDNF protein levels in whole cell lysate,
normalized to total protein content. e, i, m BDNF protein levels in
culture medium, normalized to total protein content. n = 3. Aster-
isks show difference from negative control, *p < 0.05, **p < 0.01,
**%p < 0.001. Error bars denote mean + SEM

be used by miR-1 for suppression of BDNF 3'UTR. Mutat-
ing miR-10b (miR10m), miR-155 (miR155m), and miR-
191 (miR1-2/191m) sites effectively abolished the inhibi-
tory effect of the corresponding exogenous miRs (Fig. 4d),
suggesting that these miRs also directly inhibit protein syn-
thesis by binding to the predicted site in the BDNF 3'UTR.

miR-1/206 sites in BDNF 3'UTR are used by endogenous
miRs in differentiated but not in undifferentiated muscle
cells

Regulation of BDNF expression has been shown to be
required for postnatal growth and repair of skeletal muscle
in vivo [13]. To gain further insight into the physiological
relevance of miR sites identified to regulate BDNF 3'UTR,
we extended our analysis to a model of muscle differentia-
tion, the mouse myoblast C2C12 cells, where reduction in
BDNEF levels is believed to be required to allow myotube
generation from undifferentiated myoblasts [47]. miR-206,
a miR-1/206 microRNA family member that has identi-
cal seed sequence to miR-1 but differs from miR-1 by four
nucleotides (Online resource 4b), is believed to be involved
in BDNF downregulation in C2C12 cells [47]. However, it
is unknown whether the predicted miR-1/206 sites are the
sites used by endogenous miR-1 and/or miR-206 during
muscle differentiation. Furthermore, it has remained unclear
if BDNF suppression by miR-1/206 is used in myoblasts to
induce differentiation, in myotubes to maintain differentia-
tion, or both. To gain further insight into these questions, we
first confirmed earlier findings that BDNF is downregulated
with concurrent upregulation of miR-1 and miR-206 upon
myogenic differentiation of muscle cells (Online resource
4c—e; [12, 35, 47, 49]). Then we analyzed the effect of
miR-1/206 site mutations on reporter construct expression
in myoblasts and myotubes. We found that BDNF-L was
repressed in differentiated myotubes by about 50 %, while
miRIm mutant construct was not (Fig. 5a). Furthermore,
although both miR-1 and miR-206 are expressed in myo-
blasts (Online resource 4e, 5), there was no difference in the
expression of BDNF-L and miR1m containing reporters in
those cells (Fig. 5a). This suggests that interaction between

BDNF 3'UTR and miR-1/206 family miRs is utilized in
C2C12 myotubes to maintain differentiation by BDNF
repression but not to induce myogenic differentiation.

Endogenous miRs regulate BDNF 3’UTR in different cell
lines through the predicted sites

Next we turned to cell lines where interaction between
BDNF 3’UTR and endogenous miRs has not been addressed
before. We determined the endogenous miR expression
levels in human embryonic kidney cell line HEK-293 and
human retinal pigment epithelial cell line ARPE-19. We
found that miR-1 was not expressed in ARPE-19 cells and
miR-155 was not expressed in HEK-293 cells, while the
other miRs were expressed but their relative levels were
different between HEK-293 and ARPE-19 cells (Online
resource 5). To assess the interaction between BDNF 3’UTR
and endogenous miRs, we transfected HEK-293 and ARPE-
19 cells with luciferase assay reporter containing native
BDNF-L or constructs harboring various miR site mutants:
mutations for each individual miR-1 site (miR1-1m, miR1-
2/191m, miR1-3m), all three miR-1 binding sites (miR1m),
miR-10b site (miR10m), miR-155 site (miR155m) and a
quadruple mutant for three miR-1 sites and miR-10b site
(miR1,10m). As indicated above, miR-191 site was mutated
in miR1-2/191m mutant construct (Fig. 4b). We found that
mutating miR-10b site significantly derepressed luciferase
construct in both cell lines (Fig. 5Sb—c). Consistent with our
findings with miR-1 transfection (Fig. 4c), we found that
mutating the miR-1-1 site, but not the other miR-1 sites
increased luciferase signal in HEK-293 cells (Fig. 5c). In
ARPE-19 cells, luciferase signal obtained with the quadru-
ple mutant miR1,10m was increased by approximately two-
fold compared to wild-type BDNF-L. However, in HEK-
293 cells, mutating all three sites for miR-1 and the single
miR-10b site (miR1,10m) derepressed luciferase activity to
the level comparable to the empty luciferase vector carrying
SV40 late 3’'UTR (Fig. 5¢), which is in essence devoid of
binding sites for strongly conserved miRs (Online resource
6). These results indicate that miR-1 and miR-10 sites within
BDNF 3’UTR are used synergistically by endogenous miR-
1/206 and miR-10 family miRs to repress BDNF 3'UTR, and
at least in HEK-293 cells miR-1/206 and miR-10 sites are
responsible for the majority of BDNF 3’UTR repression.

Discussion

Here we present the first systematic functional analysis
of nine evolutionarily conserved miR recognition sites in
BDNF 3/UTR. Unlike previous studies, we have analyzed
full-length sequences of both BDNF 3'UTR isoforms,
BDNF-L (2891 nt) and BDNF-SH (350 nt). We identify
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Fig. 4 Regulation of luciferase signal by miRs is specific to the pre-
dicted miR binding sites. a Schemes of miR site mutations in BDNF-
L. Mutated sites are shown for each BDNF-L mutant. Arrows denote
polyadenylation sites. b miR binding site mutations in BDNF-L.
BDNF 3'UTR sequences complementary to miR seed sites are indi-
cated with brackets. Mutated nucleotides are shown in bold. ¢ Mutat-
ing miR-1 predicted binding sites in BDNF-L prevents repression
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by miR-1 in a luciferase reporter assay in HEK-293 cells. n = 3. d
Mutating miR-10b, miR-155, and miR-191 predicted binding sites
prevents repression by the respective miRs in a luciferase reporter
assay in HEK-293 cells. n = 3. ¢, d Reporter expression is shown
relative to scrambled pre-miR. Error bars denote mean + SEM.
Asterisks show difference from BDNF-L; *p < 0.05, **p < 0.01,
**¥p <0.001
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Fig. 5 Mutating miR-1 and miR-10 sites abolishes suppression of
BDNF-L by endogenous miRs in a reporter assay. a Reporter activ-
ity in C2C12 cells before and after differentiation with constructs
containing either wild-type BDNF-L or BDNF-L miR site mutants.
n = 7. b, ¢ Luciferase activity of reporter constructs containing wild-

miR-1, miR-10b, miR-155, and miR-191 as novel regulators
of BDNF 3’UTR and show that BDNF-L and BDNF-SH
can be differentially regulated by a subset of miRs. Using
mutated constructs we show that the interaction between the
identified miRs and BDNF 3’UTR is direct. Our results sug-
gest that miR-1/206 sites within BDNF 3’UTR are used in
C2C12 myotubes to maintain differentiation rather than in
myoblasts to induce differentiation. Finally, we show that
the predicted binding sites for miR-1/206 and miR-10 fam-
ily miRs are used in a synergistic manner to repress BDNF
3’UTR in ARPE-19 and HEK-293 cells.

The potential physiological importance of BDNF regu-
lation by miRs has been suggested by a study where Dicer,
an enzyme required for miR maturation, was conditionally
deleted from the forebrain. Prior to the onset of neurode-
generation, BDNF levels in such animals were increased
with concomitant functional changes in the CNS [36].
Recently, the conclusion was confirmed by Lee et al., who
demonstrated BDNF regulation by miR-206 in the brain
[42]. In addition, other studies have addressed the poten-
tial interaction between BDNF 3'UTR and specific miRs.
Interestingly, miR-30a and miR-195 did not have an effect
in our study (Fig. 2b) while previous results have suggested
that these miRs regulate BDNF 3’UTR in a reporter assay
[46]. These different results can at least partly be explained
by the use of 3’UTR fragments in the reporter assay of the
previous study, which may affect the accessibility of miRs
to their binding site in the target mRNA. It has been shown
that miR sites residing near the two ends of long 3’'UTRs
are generally more effective than those near the center
[29]. Thus, a site normally unavailable in the native 3'UTR

type BDNF-L or BDNF-L miR site mutants. Asterisks show differ-
ence from BDNF-L. n = 3-4. b Luciferase activity in ARPE-19 cells.
¢ Luciferase activity in HEK-293 cells. n = 3-5. Error bars denote
mean £ SEM. *p < 0.05, **p < 0.01, ***p < 0.001

may become more accessible if only a small region of the
3’UTR is analyzed in reporter assay and in some cases,
the situation may be the other way around. miR-191 has
been shown not to inhibit BDNF 3’UTR [46], whereas
our results clearly show that miR-191 does in fact directly
inhibit BDNF 3’UTR via the predicted site (Fig. 2b, 4d).

Further illustrating the potential problems stemming
from analysis of fragments rather than full-length 3'UTRs
are the conflicting results of studies by Miura et al. and Lee
et al. [42, 47], where the first study showed that of three
miR-206 sites within BDNF 3’UTR, the first two and not
the third are functional, while the other study reached the
opposite conclusion. Although both studies analyzed frag-
ments of BDNF 3’UTR, the size of fragments used in [47]
was longer than those studied in [42] and thus resembled
the full-length BDNF 3’UTR better. Our analysis of full-
length BDNF 3’UTR interaction with miR-1, another fam-
ily member of miR-1/206 family, supports the conclusion of
(Fig. 2b, 4c, [47]). Our data on miR-1 also confirms the in
silico prediction that miR-1 and miR-206 share the binding
sites on BDNF 3'UTR (Fig. 1). However, it is important to
keep in mind that miR-1 and miR-206 differ by four nucleo-
tides outside the seed sequence (Online resource 4b). There-
fore, it would be interesting to analyze miR-206 and BDNF
3’UTR interaction in the context of full-length 3'UTR.

We also found that endogenous miR-1/206 and miR-10
family miRs act cooperatively to repress BDNF expres-
sion through its 3’UTR in two cell lines of different origin
(Fig. 5b—c). This is consistent with the notion from previ-
ous reports that multiple miR sites within a 3'UTR can act
in a synergistic manner, especially if the sites are located
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close together [29, 56, 57]. In line with this, recent experi-
mental evidence shows that noncoding pseudogenes can
bind to and compete for the same combination of miRs as
their ancestral gene [53], suggesting that there has been
evolutionary pressure on pseudogenes to preserve the same
miR binding site pattern or “miR code” that is used to reg-
ulate protein synthesis from the ancestral transcript. Even
though the expression levels of pseudogenes are low, they
seem to be sufficient to derepress endogenous parent gene
expression in case their 3’'UTR contains binding sites for
multiple miRs that act in synergy. Our data imply that regu-
lation of BDNF by its 3’UTR is important in tissues where
miR-1/206 and miR-10 family miRs are co-expressed. In
addition, although mutating miR-155 and miR-191 sites
had no effect on reporter activity in HEK-293 and ARPE-
19 cells, it cannot be excluded that BDNF 3’UTR interacts
with miR-155 or miR-191 in other tissues or cell types.
Although some studies have suggested that inhibition
by miRs depends mostly on miR expression levels [18,
28], others suggest that additional factors such as specific
nucleotide composition [53, 57], or the number of target
genes [4] may be more important in defining the repressive
activity of miRs. Our results indicate that endogenous miR
expression levels do not solely determine the inhibition
efficiency. In assays utilizing reporter constructs and pre-
miR transient transfection, miR-1 through its sites 1 and 2,
miR-10b and miR-191 all suppress BDNF 3’UTR (Fig. 2b,
4c—d). However, despite the presence of relatively high
levels of endogenous miR-191 compared to endogenous
miR-1 and miR-10b in both HEK-293 and ARPE-19 cells
(Online resource 5), mutating miR-191 site did not lead to
an increase in luciferase signal, whereas mutating miR-10b
site or miR-1 sites together with miR-10b site had a clear
effect (Fig. 5b—c). Thus, results suggesting direct interac-
tion between miR and 3’UTR in transient transfection
assays do not allow conclusions on the interaction between
endogenous miR and the corresponding site within the
3’UTR, even if the endogenous miR expression levels are
high, underlining the need to test each case separately.
While the role of miR-1/206 family member miR-206 in
the regulation of BDNF levels is well established [42, 47,
54], the interaction between BDNF 3’UTR and miR-1 has
not been investigated. Although miR-1 and miR-206 have
identical seed sequences, the mature miR-1 differs from
miR-206 by four nucleotides (Online resource 4b). miR-1
is encoded by two distinct genomic locations in both mouse
and human genomes and displays partially different expres-
sion pattern from miR-206. For example, both miR-1 and
miR-206 are expressed in high levels in the skeletal mus-
cle [12, 35, 39, 59, 68], but unlike miR-206, miR-1 lev-
els are high in the heart [40]. Since BDNF is known to be
required for heart angiogenesis [16], it would be interest-
ing to assess the role of miR-1 and BDNF interaction in
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heart development. Moreover, appropriate BDNF levels are
important for adjusting the number of dopaminergic neu-
rons in the substantia nigra midbrain [5] and regulation
of BDNF expression in the hippocampus is important in
learning and memory (see [64]). miR-1 is expressed within
the midbrain [40], hippocampus (Online resource 5), and
in several other neuron populations within the central nerv-
ous system [30]. Taken together, there is potential for miR-
1-mediated regulation of BDNF levels during development,
warranting further investigation.

While miR-191 is widely expressed in different tis-
sues and cell types, miR-10b and miR-155 have a more
restricted expression pattern [40]. For example, one of the
few expression sites of miR-10b is the skin [40], whereas
expression of BDNF in the skin is required for its proper
sensory innervation [21]. miR-155, on the other hand, is
robustly upregulated after the activation of immune cells,
including microglia [9], whereas BDNF expression by
microglia has been implicated in the induction of neuro-
pathic pain [14, 66].

Our results also suggest that selected miRs are able to
differentially regulate BDNF transcripts with either long or
short 3'UTR isoform. Indeed, the considerably shorter half-
life of BDNF mRNAs containing the long 3’UTR compared
to the short 3'UTR [10] may at least partly be a consequence
of miR regulation. Furthermore, the relative abundance of
BDNF 3’UTR isoforms varies during developmental pro-
cesses, for example, in muscle differentiation [47], and
in different brain areas, such as the cortex, hippocampus
and cerebellum [3, 62], suggesting that the long and short
3’UTR isoforms have different biological functions. In line
with this, it was recently shown that in response to neuronal
activation, BDNF protein synthesis in hippocampal neu-
rons is rapidly initiated from transcripts containing the long
3'UTR, while expression from transcripts containing the
short 3’'UTR maintains basal BDNF levels [41].

Overall, co-expression of BDNF and miR-1/miR-10b/
miR-155/miR-191 in various cell types and tissues suggests
potential relevance of the interaction between miRs and
BDNF 3’UTR isoforms in different physiological and path-
ological processes, which remain a target of future studies
addressing post-transcriptional BDNF regulation.
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