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Abstract

Brain-derived neurotrophic factor (BDNF) regulates multiple biological processes ranging from central nervous
development and function to neuroinflammation and myogenic differentiation and repair. While coordination of
levels is central in determining the biological outcome, mechanisms involved in controlling BDNF levels are not
understood. Here we find that both short (BDNF-S) and long (BDNF-L) BDNF 3’UTR isoforms contain conserved
adenylate- and uridylate rich elements (AREs) that may serve as binding sites for RNA-binding proteins (ARE-B
demonstrate that ARE-BPs tristetraprolin (TTP) and its family members butyrate response factor 1 (BRF1) and
negatively regulate expression from both BDNF-S and BDNF-L containing transcripts in several cell-lines and t
interaction between TTP and AU-rich region in proximal 5’ end of BDNF 3’UTR is direct. In line with the above,
endogenous BDNF mRNA co-immunoprecipitates with endogenous TTP in differentiated mouse myoblast C2C
cells and TTP overexpression destabilizes BDNF-S containing transcript. Finally, RNAi-mediated knock-down o
increases the levels of endogenous BDNF protein in C2C12 cells. Our findings uncover TTP as a novel regulat
BDNF assisting future studies in different physiological and pathological contexts.
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Introduction
BDNF is involved in a wide range of development
functional and pathological processes in the centr
nervous system (CNS) (Nagahara and Tuszynski 20
Kirschenbaum and Goldman 1995; Cohen-Cory et al. 2010
Bamji et al. 2006; Nieto et al. 2013; Mu et al. 199
Outside the CNS, processes regulated by BDNF inclu
inflammation (Uchida et al. 2013; Lin et al. 201
Gomes et al. 2013; Amoureux et al. 2008; Luhder et
2013), development of neuromuscular junctions (Je et
2012), muscle regeneration after injury (Clow an
Jasmin 2010) and myogenic differentiation (Mousavi a
Jasmin 2006).

Precise regulation of BDNF levels is critical in determinin
the biological outcome. Reduction of BDNF levels by 50%
BDNF knock-out heterozygous mice is associated with
range of phenotypes in the CNS (Lyons et al. 199
Dluzen et al. 2002; Abidin et al. 2006; Abidin et al. 200
On the other hand, a 2-fold elevation in endogenou
BDNF by the suppression of miR-206, a direct negat
regulator of BDNF levels, alleviates disease phenot
in a mouse model of Alzheimer’s disease (Lee et al. 2012
In muscle tissue, about 50% reduction in BDN
t
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levels is believed to be required to allow myogen
differentiation (Mousavi and Jasmin 2006). Howev
despite the biological and potential clinical relevanc
mechanisms controlling BDNF levels are not ful
understood.

As a result of alternative polyadenylation, BDN
transcripts have either a long (BDNF-L, 2891 nt) o
short (BDNF-S, 350 nt) 3’UTR (Timmusk et al. 1993)
The ratio between transcripts containing BDNF-L an
BDNF-S varies with BDNF-L levels ranging betwe
20-50% in different tissues and cells-lines (Timmusk et
1994; Miura et al. 2012). Alternative 3’UTR isoforms allow
cells to differentially regulate expression from transcrip
containing long or short 3’UTR.

Elements within the 3’UTR that control mRNA stability
enable to adjust the expression of important regulato
proteins, including neurotrophic factors. Adenylate
and uridylate (AU)-rich elements (AREs) are typical
50–150 bp areas in the 3’UTR that serve as binding
sites for trans-acting ARE binding proteins (ARE-BPs
which either stabilize or destabilize transcripts (Xu et a
1997; Barreau et al. 2005). Although the exact consen
sequence of AREs is not in depth understood, AREs
often highlighted by high AU content and concomitan
presence of AUUUA pentamers (Chen and Shyu 19
is is an Open Access article distributed under the terms of the Creative Commons
s.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
is properly credited.
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Barreau et al. 2005). According to current estimations, a
proximately 8% of the human transcriptome contain
AREs. However, relatively few AREs are experiment
verified as functional targets of ARE-BPs (Barreau et
2005; Bakheet et al. 2006; Barrett et al. 2012; Apponi e
2011; Gruber et al. 2011; Pascale and Govoni 201
ARE-BPs tristetraprolin (TTP), butyrate response factor
(BRF1) and 2 (BRF2) form the TIS11/TTP family
ARE-BPs that target mRNAs for rapid degradation b
binding to AREs (Hudson et al. 2004; Brooks an
Blackshear 2013; Sanduja et al. 2011). TIS11/T
family proteins are central regulators of the expre
sion of inflammatory cytokines and several oncogen
(Hudson et al. 2004; Brooks and Blackshear 20
Sanduja et al. 2011). Whether TIS11/TTP family cou
control the expression levels of neurotrophic factors, su
as BDNF, has remained unknown.

In the current study, we used publicly availablein
silico tools to search for conserved AREs in BDNF-L an
BDNF-S, and look for ARE-BPs co-expressed with BD
in sites with known BDNF function. We find that ARE-BP
TTP, BRF1 and BRF2, but not ELAVL1 or ELAVL2, inhib
expression from luciferase reporters containing BDNF-L
and BDNF-S, and that AUF1 has a mild inhibitory effect
the same assay. Using electrophoretic mobility sh
assay (EMSA), we demonstrate a direct interacti
between the 5’ region of BDNF-S and recombinan
TTP protein and find that endogenous BDNF mRNA
co-immunoprecipitates with TTP. In line with the
above, over-expression of TTP destabilizes transcr
containing BDNF-S. Finally, we show that siRNA-mediat
down-regulation of TTP during myogenic differentiation
of mouse myoblast C2C12 cells leads to increased BD
protein expression. Altogether, our findings sugge
that TTP is a new post-transcriptional regulator of BDN
expression.

Materials and methods
Cell culture
Human Embryonic Kidney 293 (HEK-293), Chinese Hams
Ovary (CHO), HeLa and C2C12 cells were cultured at 5
CO2 and 37°C in growth medium (GM) containing
Dulbecco’s Modified Eagle Medium (DMEM, Invitrogen/
Gibco) supplemented with 10% fetal bovine seru
(FBS; SV30160, Thermo Fisher Scientific) and 100� g/ml
Normocin (InvivoGen). Cells were kept at sub-conflue
density and split one day before plating for an experime
C2C12 wells were seeded to 6-well plates pre-coa
with 0.1% gelatin. Myogenic differentiation of C2C1
mouse skeletal myoblast cells was induced by replac
growth medium with differentiation medium (DM)
containing DMEM supplemented with 2% horse seru
(HS; B15-021, PAA) (Miura et al. 2012) and 100� g/ml
Normocin.
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Constructs and cloning
Gateway® pcDNA™-DEST40 vectors encoding fo
ARE-binding proteins for expression in mammalia
cells were obtained from Genome Biology Unit (Institut
of Biotechnology, University of Helsinki, Finland). Lon
and short BDNF 3’UTR-s (BDNF-L and BDNF-S) wer
amplified from BAC clone RP24-149 F11 (RPCI-2
Mus musculus (C57BL/6 J male) BAC library; BACPAC
Resources) using primers withXbaI sites (Additional file 1:
Table S1), and cloned intoXbaI site in pGL4.13 vector
downstream Firefly luciferase gene (E6681,Promega) an
XbaI site in pGL4.73 vector downstream Renilla lucifera
gene (E6911,Promega). Similarly, U1 and U2 fragme
were amplified with primers containing XbaI sites
(Additional file 1: Table S1) from BDNF long 3’ UTR se-
quence and cloned into pGL4.73 vector (E6911,Prome
and Bluescript KS + (Stratagene). All constructs we
verified by sequencing. In addition, ARE-BP prote
expression from various ARE-BP encoding Gatew
pcDNA™-DEST40 vectors in HEK-293 cells was verifie
using Western blotting (Additional file 1: Figure S1a). W
also assessed whether the C-terminal tag (V5 or H
encoded by pcDNA™-DEST40 vectors has an impact o
RBP activity in luciferase assay and found no differen
between the tested tagged and non-tagged ARE-BP act
(Additional file 1: Figure S1b and see below).

Luciferase reporter assay
For luciferase reporter assay, cells were seeded to 96-
plates (pre-coated with 0.1% gelatin for HEK-293 cel
plating density per well was 15,000 (HEK-293 and CH
cells) and 10,000 (HeLa cells) in a volume of 100� l one
day before transfection. Reporter plasmids in 10:1 ra
(100 ng Luc-BDNF-L, Luc-BDNF-S, Luc-U1 and Luc-U
if not indicated otherwise) and 10 ng either pGL4.7
[hRluc/SV40] or pGL4.13 [luc2/SV40]) as internal contro
were co-transfected per well on 96 well plate to normali
the luciferase signal in dual luciferase assay. BDNF
BDNF-S transcript ratio in HEK-293 cells transfecte
with BDNF-L is 60/40, as assessed by QPCR analy
Transfections were done according to standard protoc
recommended for Lipofectamine 2000 (11668–019,
Invitrogen). Growth medium was replaced with fres
cell culture medium after 3–4 hours after transfection
Luciferase assay was performed with Dual-Lucifera
Reporter Assay System (E1960, Promega) as recomme
by the manufacturer. Briefly, cells were lysed 24 hours a
the transfection with Passive Lysis Buffer (E1960, Prome
Plates were either stored at� 80°C or analyzed immediatel
with Dual-Luciferase Reporter Assay reagents. Results fro
each experiment were normalized to controls from th
same experiment. Data for each figure panel was collec
from a set of several experiments where construc
indicated on the figure were present in each experime


















