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Abstract

Dopamine receptor D, (DRD2) has two splicing isoforms, a
long form (D2L) and short form (D2S), which have distinct
functions in the dopaminergic system. However, the regula-
tory mechanism of the alternative splicing of DRDZ2 is un-
known. In this study, we examined which splicing factors
regulate the expression of D2L and D2S by over-expressing
several RNA-binding proteins in HEK293 cells. In a cellular
splicing assay, the over-expression of polypyrimidine tract-
binding protein 1 (PTBP1) reduced the expression of D2S,
whereas the knockdown of PTBP1 increased the expression

Dopamine is the predominant neurotransmitter in the CNS,
where it plays a leading role in the regulation of such
physiological functions as locomotor activity, cognition,
positive reinforcement, and hormone secretion. The effects of
dopamine are mediated by its binding to five G-protein-
coupled receptors, which are divided into two subclasses: D;-
like (D) and Ds) and Dy-like (D,, Ds, and D). Dopamine
receptor D, (DRD2) is the main autoreceptor of the
dopaminergic system (Centonze et al. 2002); however, it is
also critical for post-synaptic transmission (Usiello et al.
2000).

Alternative gene splicing generates two distinct isoforms
of DRD2, a long form (D2L) and short form (D2S), which
differ in the presence of a 29-amino-acid insert in the third
cytoplasmic loop. D2L is expressed mainly in post-synaptic
regions, whereas D2S is expressed mainly in pre-synaptic
regions (Khan eral. 1998; Usiello ef al. 2000). These
isoforms differentially contribute to the pre-synaptic inhibi-
tion of glutamate and GABA transmission (Centonze et al.
2004); moreover, they exhibit specific G; protein preferences
(Senogles 1994; Guiramand et al. 1995; Senogles et al.
2004) and have distinct roles in the regulation of protein
phosphorylation (Lindgren ef al. 2003). Furthermore, behav-
ioral studies of D2L-deficient mice have shown that D2L and
D2S contribute differentially to the regulation of certain

© 2010 The Authors

of D2S. We also identified the regions of DRD2 that are
responsive to PTBP1 using heterologous minigenes and
deletion mutants. Our results indicate that PTBP1 regulates
the alternative splicing of DRDZ. Considering that DRD2
inhibits cAMP-dependent protein kinase A, which modulates
the intracellular localization of PTBP1, PTBP1 may contribute
to the autoregulation of DRD2 by regulating the expression of
its isoforms.

Keywords: alternative splicing, dopamine, dopamine recep-
tor Do, PTBP1.

J. Neurochem. (2011) 116, 76-81.

motor functions (Usiello et al. 2000; Wang ef al. 2000) and
emotional responses (Hranilovic ef al. 2008). Similarly,
human genetic studies have shown that the intronic single
nucleotide polymorphism rs1076560, which has a significant
effect on the expression ratio of the DRD2 isoforms, is
associated with cognitive processing (Zhang et al. 2007) and
emotional processing (Blasi ez al. 2009). These results
suggest that the expression ratio of the DRD2 isoforms is
important for their functions.

However, little is known about the regulatory mechanism
that mediates the alternative splicing of DRD2. Although it
has been reported that haloperidol, sex steroid hormones, and
ethanol affect the expression of splice variants (Arnauld
et al. 1991; Guivarc’h eral. 1995, 1998; Oomizu er al.
2003), the molecular basis for these differences is unclear. In
general, changes in splicing patterns are directed by regula-
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tory proteins that bind the pre-mRNA sequence and enhance
or silence particular splicing choices (Li e al. 2007). Thus,
in this study, we searched for proteins that regulate the
alternative splicing of DRD2 using a cellular splicing assay
and identified the involvement of the splicing factor poly-
pyrimidine tract-binding protein 1 (PTBP1).

Materials and methods

Plasmid construction

The region from exon 5 to exon 7 of DRD2 was amplified from
human genomic DNA and cloned into the Xhol-HindIll site of
pEYFP-C1 (Clontech, Mountain View, CA, USA) (Fig. la). The
open reading frames that encode SF2/ASF, PTBPI, nPTB, NOVAI,
HuB, FOX2, hnRNP A1, and Tra2b were amplified by PCR from a
human fetal brain ¢cDNA library (Clontech) and cloned into
peDNA3.1/V5-His (Invitrogen, Carlsbad, CA, USA) using conven-
tional biological techniques. Primer sequences are listed in
Table S1. Plasmid constructions of NAPOR and FOX1 are gifts
from Dr. Yoshihiro Kino, RIKEN Brain Science Institute, and
hnRNP H from Dr. Kinji Ohno, Nagoya University. Heterologous
minigenes were generated by inserting DRD2 fragments containing

(ﬂ) Xho | Hind 1}
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328 bp

959 bp
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Fig. 1 The over-expression of PTBP1 reduced the alternative splicing
of D2S. (a) Structure of the DRD2 minigene. (b) Representative result
from RT-PCR assays in which the DRD2 minigene and plasmids for
expressing RNA-binding proteins were transfected into HEK293 cells.
The upper bands correspond to the splice product containing exon 6
(D2L), while the lower bands correspond to the splice product lacking
exon 6 (D2S). (c) Bar chart showing the quantified percentage of D2S
(Mean + SEM, n=3). The statistical significance was analyzed by
Dunnett's multiple-comparison test (*p < 0.05).

© 2010 The Authors
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exon 6, exon 7 and flanking regions into pEGFP-Tpm2-ex1-2 (a gift
from Dr. Kino, RIKEN Brain Science Institute). DRD2 deletion
mutants were generated by inverse PCR from the wild-type plasmid
using primers flanking the deleted regions. The nucleotide
sequences of the DNA inserts were confirmed by sequencing.

Cell culture and transfection

HEK293 and SH-SY5Y cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% (v/v) fetal bovine serum
and incubated at 37°C with 5% CO,. For the minigene assays,
HEK293 cells were transfected with plasmids for the expression of
minigene and V5-tagged proteins using Fugene 6 (Roche Diagnos-
tics, Basel. Switzerland). In our RNAI experiments, HEK293 cells
were transfected with the minigene plasmids and an siRNA for
PTBPI (Invitrogen, Stealth™ Select RNAi HSS143520, and
Negative Control Hi GC) and nPTB (Invitrogen, Stealth™ Select
RNAI HSS126818, and Negative Control Lo GC) using Lipofec-
tamine 2000 (Invitrogen), and SH-SY3Y cells were transfected with
the siRNA using Lipofectamine RNAIMAX (Invitrogen) and the
Reverse Transfection protocol. The efficacy of the RNAi-mediated
knockdown of endogenous PTBP1, nPTB, and actin expressions
was determined by western blot analysis using anti-PTBP]
(Invitrogen. catalog No. 32-4800). anti-nPTB (Abnova, Taipei City,
Taiwan, catalog No. H00058155-A01), and anti-actin (Sigma-
Aldrich, St. Louis, MO, USA, catalog No. A2066) antibodies.

Identification of DRD2 splice variants

Forty-eight hours after transfection, total RNA was isolated from the
cells using a GenElute Mammalian Total RNA Miniprep Kit
(Sigma-Aldrich). ¢cDNA synthesis was performed using a Prime-
Script First Strand ¢cDNA Synthesis Kit (TAKARA BIO, Shiga,
Japan) using oligo dT primer. The DRD2 minigene fragments were
amplified by PCR (20 cycles) using a forward primer specific for the
3" region of EYFP (AAGTCCGGACTCAGATCTCG) and a DRD2-
specific reverse primer (DRD2-Ex7-Rv) that annealed to the 5
region of exon 7 (CATCTCCATCTCCAGCTCCT). To detect
endogenous DRD?2 fragments, a forward primer specific for exons
4 and 5 (CAATAACGCAGACCAGAACG) and DRD2-Ex7-Rv
were used (40 cycles). For tropomyosin 2 (Tpm2)-based minigenes,
primers  green fluorescence protein (GFP)-Fw (CATGGTCCT-
GCTGGAGTTCGTG) and Tpm2-ex2-splicing-Rv2 (GGAGGG-
CCTGCTGCTCTTC) were used (Kino er al. 2009). The amplified
products were resolved by 6% polyacrylamide gel electrophoresis
and visualized using ethidium bromide. The intensities of the bands
corresponding to the long and short forms were quantified by LAS-
3000 and MultiGage software (Fuji Film, Tokyo. Japan). The
quantified values were divided by the number of base pairs.

Results

PTBP1 regulates the alternative splicing of DRD2

To identify trans-acting factors that regulate the alternative
splicing of DRD2. we used RT-PCR to detect splice variants.
We constructed a gene fragment encompassing exons 5
through 7 of human DRD2 in the vector pEYFP (Fig. 1a).
This minigene was then transfected into HEK293 cells, and
the expression ratios of D2L and D2S were analyzed by
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RT-PCR. When the DRD2 minigene was transfected with
empty pcDNA3.1. the percentage of D2S was about 15%
(Fig. 1b and c). Next, we expressed V5-tagged versions of
several proteins known to regulate pre-mRNA splicing in the
nervous system (SF2/ASF, PTBP1, nPTB, NOVAI, HuB,
NAPOR, FOXI1, FOX2, hnRNP H, hnRNP Al, and Tra2b);
notably, SF2/ASF was previously proposed to regulate the
alternative splicing of DRD2 (Oomizu et al. 2003). Among
the proteins tested, only when PTBP1 was transfected with
the DRD2 minigene was the percentage of D2S significantly
reduced (to about 10%; Fig. 1b and ¢). We have confirmed the
expressions of each RNA-binding proteins by western blot
analysis and noted that the abundance of nPTB, NAPOR, and
FOX1 are low (Figure S1). In addition, we showed the effects
of PTBP1 were concentration dependent (Figure S2).

Next, we knocked down endogenous PTBP1 expression
using an siRNA to confirm the effect of PTBP1 on DRD2
splicing. We first confirmed the efficacy of the siRNA in
modulating the expression of the target protein by western
blot analysis (Fig. 2b). The presence of two PTBPI bands
rather than one is most likely because of phosphorylation.
(Grossman et al. 1998). When the DRD2 minigene was

transfected with an siRNA for PTBPI, the percentage of
D2S was significantly increased compared to transfection
with a control siRNA (Fig. 2a). We also examined the effect
of the knockdown of nPTB, a homologue of PTBPI,
because it was reported that appearance of some exons are
affected by both PTBP1 and nPTB (Boutz ef al. 2007). The
knockdown of PTBP1 increased the expression of nPTB
(Fig. 2b), consistent with the previous reports (Boutz et al.
2007; Makeyev et al. 2007). While endogenous nPTB level
was remarkably low and the knockdown of nPTB by siRNA
was not observed, the increase in nPTB expression by the
knockdown of PTBP1 was clearly inhibited by a siRNA for
nPTB (Fig. 2b). Even when the increase in nPTB was
inhibited, the knockdown of PTBPI still increased the
production of D2S splice variant (Fig. 2a), suggesting that
the increase in nPTB has little or no effect on the alternative
splicing of DRD2. Furthermore, we examined whether
PTBP1 regulates the alternative splicing of endogenous
DRD2 in human neuroblastoma SH-SY3Y cells. When the
siRNA for PTBP] was transfected into SH-SY5Y cells, the
percentage of endogenous D2S fragments was also increased
(Fig. 2¢ and d).

@  Heko93 ) ®) western bolt
siRNA
PTBP1 - + - 4 SIRNA
nPTB R + + PTBP1 - + - +
PR nPTB - - + 4+
D2LMER S 6] 7 | = == e o
D2S Anti-PTBP1 = .
N Anti-nPTB —
Hr
o
¥ 10 Anti-actin e e sm )
g Fig. 2 The knockdown of PTBP1 increased
8% the production of D2S splice variant. (a)
2 J_I_I_l_l Representative result from our cellular
Qa splicing assay using the DRD2 minigene
©  gy.sysy (d) and siRNA for PTBP1 and nPTBin HEK293
SiRNA Western bolt ; cells. Bar charts show the quantified
___S_'R_NA__ percentages of D2S (Mean + SEM, n = 3).
- + PTBP1 - + The statistical significances were analyzed
D2L :»:».; 7 using Tukey's multiple comparison test
b, g i R o (**p < 0.01). (b) Representative result of
D2s deoditlol. western blot analysis of PTBP1 and nPTB
* Anti-actin o M in HEK293 cells. (c) Representative result

B

D2S/(D2S + D2L) (%)
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of endogenous DRDZ2 splicing using a
siRNA for PTBP1 in SH-SY5Y cells. Bar
charts show the quantified percentages of
D2S (Mean + SEM, n = 3). The statistical
significance was analyzed using ttests
(*p < 0.05). (d) Representative result of
western blot analysis of PTBP1 in SH-SY5Y
cells.
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intronic regions flanking exon 6 are required for the
PTBP1-mediated regulation of DRD2 splicing

To define the regions of DRD2 that are required for its
regulation by PTBP1, we utilized several previously gener-
ated heterologous minigenes (Kino ez al. 2009). In these
minigenes, the regions of interest were inserted in the context
of constitutive exons of mouse 7pm2, which is distinct from
DRD?2. A reference fragment containing exon 9 of Tpm2 and
its flanking intronic regions or a DRD?2 fragment containing
exon 6 or exon 7 and their flanking regions were inserted into
a Tpm2 fragment covering exons 1 and 2 (Fig. 3a). First, we

(a)
Tpm2 - 175 bp 265 bp -
D’;g; — 200 e———ETlocort

200 by
760 — 6 ﬂs bp
760 — 5 200 bp -pr

S 200 bp -4bp

860 - 5 P
917 -5 Bl
S 4 g

958 — 5 &
1290 — 6  emem— 7 ]°
1434 - 6 i A
—_— 2 b6bp
1473 — 6 17bp 6 bp
1488 — 6 A
(b) WQQ

Fig. 3 Identification of DRD2 intronic regions which are necessary for
the splicing of exon 6 and exon 7. (a) Structure of the Tpm2-based
heterologous minigenes. The positions of the inserted nucleotides in
introns 5, 6 and 7, as well as the numbers of base pairs in the frag-
ments, are indicated. (b, ¢) Representative results from identification
of splice variants using TpmZ2-based heterologous minigenes in
HEK293 cells. The white box 7* shows a shorter exon 7 lacking the
first 140 nucleotides.
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predicted branch sites by a web-based program called
ESEfinder 3.0 (Table S2, http://rulai.cshl.edu/cgi-bin/tools/
ESE3/esefinder.cgi). Then, using our 7pm2-based heterolo-
gous minigenes, we found that 14 bp upstream and 5 bp
downstream of exon 6 are necessary for proper splicing
(Fig. 3b). When exon 7 of DRD2 was inserted into Tpm2
cassette, a shorter exon 7 lacking the first 140 nucleotides
was the main product. It was shown that 17 bp upstream of
exon 7 is necessary for the splicing of full-length exon 7
(Fig. 3c). Because the primary elements regulating alterna-
tive splicing are thought to be located up to 200-300
nucleotides upstream and/or downstream of the regulated
exon (Cooper 2005), a DRD2 fragment stretching from
200 bp upstream of exon 6 (760 bp downstream of exon 5)
to 200 bp downstream of exon 6 was used to examine the
binding sequence of PTBP1 (Fig. 4a). PTBP1 had no effect
on the inclusion of 7pm2 exon 9 in HEK293 cells (Fig. 4b,
left). In contrast, PTBP1 repressed DRD2 exon 6 inclusion of
the heterologous minigene, demonstrating that the inserted
fragment of DRD2 was sufficient for the response to PTBPI
(Fig. 4b, right). Next, to examine which region is necessary
for the gene’s responsiveness to PTBPI, we constructed
DRD?2 deletion mutants lacking 200 bp upstream of exon 6
(Aint5_760--945), downstream of exon 6 (Aint6_6-200) or
upstream of exon 7 (Aint6_1290-1487) (Fig. 4c). These
deletion mutants were designed to include the regions that
are necessary for splicing of exon 6 and exon 7. As shown in
Fig. 4(d), Aint5_760-945 and Aint6_6-200 mutations altered
the basal splicing pattern. Both deletion mutants exhibited
markedly increased exclusion of exon 6 (from 15% to about
60% with vector transfection), suggesting the presence of
elements in the deleted regions that enhance the inclusion of
exon 6. Further, the over-expression of PTBP1 had no effect
on either deletion mutant, indicating that both mutants had
impaired responsiveness to PTBP1 (Fig. 4d). On the other
hand, the over-expression of PTBPI reduced D2S in the
Aint6_1290-1487 mutant as well as a wild-type minigene.
suggesting that PTBP1 affects the alternative splicing of
DRD?2 in regions other than the 3" end of intron 6.

Discussion

Previous studies have shown that the functions of two splice
variants of DRD2, D2L and D28, differ in their biochemical
properties and physiological functions (Senogles 1994;
Guiramand ef al. 1995, Khan ef al. 1998; Usicllo ef al.
2000; Wang ef al. 2000; Centonze ef al. 2002, 2004;
Lindgren et al. 2003; Senogles er al. 2004; Hranilovic ef al.
2008); however, it is unclear what regulates the expression
ratio of these isoforms. In this study, we identified PTBP1 as
a splicing regulatory protein that reduces the expression of
the D2S isoform.

Among the eleven proteins that we over-expressed
with the DRD2 minigene in HEK293 cells, only PTBPI
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Fig. 4 Splicing regulation by PTBP1 in heterologous minigenes and
DRD2 deletion mutants. (a) Structure of the Tpm2-based heterologous
minigene. Intronic fragments derived from DARDZ2 are indicated by thick
lines, whereas those derived from Tpm2 are indicated by thin lines. (b)
Splicing assay results using Tpm2-based heterologous minigenes and
PTBP1 in HEK293 cells. Bar charts show the quantified percentages

produced an altered splicing pattern (Fig. 1b and c). The
reduction in the percentage of D2S suggests that PTBP1
enhances the inclusion of the alternative exon 6. Although
the effect of PTBP1 was relatively small, this effect was
shown to be concentration dependent (Figure S2). We also
demonstrated that endogenous PTBPI1 regulates DRD2
splicing by knockdown experiments in HEK293 cells with
the DRD2 minigene and in SH-SYS5Y cells with the
endogenous DRD2 gene (Fig. 2a and c). Even though the
effect of PTBP1 was statistically significant, it was quan-
titatively small in our splicing assay. Therefore, some other
splicing factors may be involved in the splicing regulation
of DRD2. In addition, the double knockdown of PTBPI and
nPTB suggested that nPTB, a homolog of PTBPI, has little
or no effect on the alternative splicing of DRD2 (Fig. 2a).
However, because the expression levels of exogenous and
endogenous nPTB were remarkably lower than PTBP1 in
HEK?293 cells, it is still unclear whether nPTB regulates the
splicing of DRD2.

Next, we identified the regions responsive to PTBPI,
using Tpm2-based heterologous minigenes and DRD2 dele-
tion mutants. Using our heterologous minigenes. the splicing
of a DRD2 fragment containing exon 6 as well as 200 bp-
upstream and -downstream intronic regions was altered by
PTBPI (Fig. 4b), similar to the results obtained using the
DRD?2 minigene (Fig. Ib and c). In the DRD2 deletion

© 2010 The Authors

of exon exclusion (Mean + SEM, n = 3). (¢) Structure of the DRDZ2
deletion mutants. The positions of the inserted nucleotides in introns 5
and 6 are indicated. (d) Splicing assay results using the DRD2 deletion
mutants and PTBP1 in HEK293 cells. Bar charts show the quantified
percentages of D2S (Mean + SEM, n = 3). The statistical significance
was analyzed using ttests (**p < 0.01, ***p < 0.001).

mutants, PTBP1 had no effect on the splicing of deletion
mutants lacking exon 6-flanking regions in intron 5 or 6,
whereas PTBPI still affected the splicing of a deletion
mutant lacking the 3" end of intron 6 (Fig. 4d). These results
indicate that exon 6-flanking regions are sufficient for the
response to PTBP1, and that both regions in introns 5 and 6
are necessary.

Although PTBPI1 is known to bind cytosine and uracil
(CU)-rich intronic elements flanking an exon and repress
splicing (Wagner and Garcia-Blanco 2001; Sharma ef al.
2008), in this study PTBP1 appeared to enhance the inclusion
of DRD2 exon 6 rather than repressing the splicing from exon
5 to exon 7. It is noted that intron 5 contains UCUCU (849
853) and intron 6 contains UCUUUCU (32-38) sequences,
but we have no evidence that PTBP1 directly binds the pre-
mRNA of DRD2. Therefore it is possible that PTBP1 may
indirectly affect the alternative splicing of DRD2.

It was reported that a DRD2 antagonist, haloperidol.
increased the expression of D2S (Amauld et al. 1991). The
activation of DRD2 is coupled to the inhibition of adenylyl
cyclase and cAMP-dependent protein kinase A, and cAMP-
dependent protein kinase A has been shown to modulate the
nucleocytoplasmic translocation of PTBP1 (Xie ef al. 2003,
Knoch et al. 2006). Together with these reports, our results
suggest that DRD2 regulates the expression of its isoforms
by modulating the localization of PTBP1.
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The 3'-untranslated region (UTR) of the human dop-
amine transporter (DAT7) gene contains a variable
number of tandem repeats (VNTR) domain, which is
thought to be associated with dopamine-related psy-
chiatric disorders, personality, and behavior. However,
the molecular and neuronal functions of polymorphisms
within the VNTR domain are unknown. We previously
identified the transcription factor HESR1 (HEY1) as a
VNTR-binding protein. Hesr? knockout mice exhibit
DAT up-regulation in the brain and low levels of spon-
taneous activity. Other members of the HESR (HEY)
family, including HESR2 (HEY2) and 3 (HEYL), have
similar DNA-binding domains. In this study, we
analyzed the effects of HESR1, -2, and -3 on DAT1
expression in human neuroblastoma SH-SY5Y cells
using luciferase reporter assays. We found that the
VNTR domain played an inhibitory role in DATT reporter
gene expression and that HESR1 and -2 inhibited
expression via both the core promoter and the VNTR.
The inhibitory effects of HESR family members on DAT
reporter gene expression differed depending on the
number of repeats in the VNTR domain. We also found
that each Hesr was expressed in the dopaminergic
neurons in the mouse midbrain. These results suggest
that the HESR family is involved in DAT expression via
the VNTR domain. © 2011 Wiley-Liss, Inc.

Key words: dopamine; genetic polymorphism; VNTR;
luciferase reporter assay

The dopaminergic nervous system plays important
regulatory roles in locomotion, cognition, reward, affec-
tion, and hormone release (Bannon et al., 2001; Jackson
and Westlinddanielsson, 1994; Missale et al., 1998; Uhl,
2003). Thus, dopamine and its related genes are thought
to be involved in neuropsychiatric disorders and behav-
ioral traits. The human dopamine transporter (DAT1)

~gene Is involved in many dopamine-related disorders.
DAT levels are reduced in Parkinson’s disease (PD) and
elevated in attention deficit hyperactivity disorder
(ADHD), Tourette’s syndrome, and major depression
(Madras et al., 1998; Muller-Vahl et al., 2000; Brunswick

© 2011 Wiley-Liss, Inc.

et al, 2003; Krause et al, 2003). In addition, several
psychoactive drugs, including cocaine, amphetamine,
and methylphenidate, are known to inhibit dopamine
reuptake by DAT (Giros et al., 1991, 1992; Kilty et al,,
1991; Shimada et al., 1991; Giros and Caron, 1993).

A functional genetic polymorphism has been
described in the 3'-untranslated region (UTR) of exon
15 in DAT1 (Michelhaugh et al., 2001). This 3'-UTR
contains a 40-bp-long variable number of tandem repeats
(VNTR) domain (Fig. 1; Vandenbergh et al,, 1992;
Michelhaugh et al., 2001). The polymorphism within
this region is known to be associated with such neuro-
psychiatric disorders as ADHD, PD, alcoholism, and
drug abuse (Cook et al, 1995; Ueno et al., 1999;
Vandenbergh et al., 2000; Ueno, 2003; D’souza and
Craig, 2008) and with modified gene expression depen-
ding on the genotype in vivo (Heinz et al., 2000;
Jacobsen et al., 2000; Mill et al., 2002; D’souza and Craig,
2008) and in mammalian cell lines (Fuke et al., 2001,
2005; Inoue-Murayama et al., 2002; Miller and Madras,
2002; Greenwood and Kelsoe, 2003; Mill et al., 2005;
VanNess et al., 2005; D’souza and Craig, 2()08) It 1s
expected that this region contains binding sites for inter-
acting proteins, but, because these factors have not been
described, the molecular and neuronal functions of the
polymorphism are unknown (Michelhaugh et al., 2001).

We previously identified and characterized HESR 1
(HEY1) as a trans-acting repressor of gene expression
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that acts through the 3'-UTR of DAT1 via a yeast one-
hybrid system (Fuke et al., 2005). In addition, we also
showed that HESR 1 binds directly to the region by
electrophoretic mobility shift assay (EMSA) and represses
the expression of the endogenous DAT! gene in the
HEK293 cell line by RT-PCR assay (Fuke et al., 2006).
In Hers1 knockout (KO) mice, DAT1 expression was
enhanced, and the mice exhibited a reduction in sponta-
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D) AGGAGCGTGTACTACCCCAGGACGCATGCAGGGCCCCCAC
(E)  TGGAGCGTGTACTACCCCAGGACGCATGCAGGGCCCCCAT
(F)  AGGAGCGTGTCCTATCCCCGGA
CCGGACGCATGCAGGGCCCCCAC
(G)  AGGAGCCTGTACTACCCCAGGATGCATGCAGGGCCCCCAC
(H)  AGGAGCGTGTACTACCCCAGGACGCATGCAGGGCCCCCAT
(1) TGGAGCGTGTACTACCCCAGGATGCATGCAGGGCCCCCAC
Fig. 1. Genomic structure of DATI! and allelic variants of the

VNTR domain in exon 15. A: The coding region (black box). non-
coding region (open box), VNTR domain, and constant parts of the
repeat units (gray box) are shown. Exon 15 of DATY contains a stop
codon (solid arrowhead) and polyadenylation signal (open arrow-
head). Upsweam of the VNTR domain are six nucleotides
(AATAAA) that resemble a polyadenylation signal. The allelic
variants of the VINTR indicate the repeat unit type (A-I) for cach
allele. B: Nucleotide sequence of each unit of the VNTR poly-
morphism in the 3'-UTR of DATI.

A

HESRs Affect Gene Expression Via the DAT 3-UTR 563

neous locomotor activity and exploration to novelty
(Fuke et al, 2006). These findings suggest that the
human HESR1 gene and the polymorphisms could be
related to many psychiatric disorders and behavioral
traits. However, it is possible that other factors affect
DATT expression via the VNTR domain, insofar as
more than one interacting factor is expected to bind this
region (Michelhaugh et al., 2001). Conflicting results
have been reported from studies using different cell lines,
which may express different transcription factors (Fuke
et al., 2001, 2005; Inoue-Murayama et al., 2002; Miller
and Madras, 2002; Greenwood and Kelsoe, 2003: Mill
et al., 2005; VanNess et al., 2005; D’souza and Craig,
2008). These results suggest that DATT expression can
be altered by cell-specific factors depending on the
VNTR alleles present.

The Hesr family genes Hesrl, -2, and -3 (Heyl,
Hey2, and HeyL) were identified as the hairy/enhancer
split-type basic helix-loop-helix (bHLH) genes. They
have been shown to be direct transcriptional targets of
the Notch signaling pathway, which is essential for neu-
ral development (Kokubo et al., 1999; Leimeister et al.,
1999; Nakagawa et al., 1999; Henderson et al., 2001;
[so et al., 2001, 2003; Wang et al., 2002; Sakamoto
et al., 2003). HESR family genes carry a bHLH domain
essential for DNA binding as well as an Orange domain
and YRPW motif, which mediate interaction with pro-
teins and affect dimerization or recruitment of corepre-
ssors (Fischer and Gessler, 2007; Fig. 2). HESR proteins
repress the expression of target genes by binding to E-
or N-box bHLH-binding consensus sites (Nakagawa
et al., 2000; Iso et al., 2001, 2003). The bHLH domain
is highly conserved among HESR family members
(Steidl et al., 2000), and Hesrl and -2 repress gene
expression via the same sequence (Kokubo et al., 2007).
Thus, HESR1 along with HESR2 and -3 may be candi-
date factors regulating DAT expression via the VNTR.
However, any roles of HESR2 and -3 in DAT gene
expression have not yet been characterized.

Basic Helix

Loo| Helix

HESR1 50-RKRRRGIIEKRR RDRINNSLSELRRLVP SAFEKQGSAKLE KAE |LQMTVDELKML-104
HESR2 49-RKKRRGHEKRR RDRINNSLSELRRLVP TAFEKQGSAKLE KAE |LQMTVDELKML-103
HESR3 44-RKKRRGIHEKRR RDRINSSLSELRRLVP TAFEKQGSSKLE KAEVLQMTVDELKML -98

B

bHLH Orange

YRPW

HESR1

+

1.

Fig. 2. Structure of HESR family members. A: Comparison of the
primary sequences of the bBHLH domain among human HESR. family
members (HESR1, 50—-104 amino acids; HESR 2, 49103 amino acids;
and HESR 3, 44-98 amino acids). Those residues that differ among the
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family members are underscored. The primary sequences of the bHLH
domain in the mouse Hesr family are identical to those in the human
protein. B: Structure of the HESR family with the three major
domains noted: bLHLH domain, Orange domain, and YRPW motif.
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Fig. 3. Luciferase reporter vector and its activity in SY-SH5Y
cells. A: Schematic diagram of the luciferase reporter vectors CP-
Luc and CP-Luc/exon 15. CP-Luc contains only the DAT core
promoter, whereas CP-Luc/exon 15 contains both the core pro-
moter and the 3-UTR with 10r, which is the most common

In this study, we sought to clarify whether HESR2
and -3, as well as HESR 1, also affect DAT'1 expression
in human neuroblastoma cells via the 3'-UTR, including
the VNTR region. Luciferase reporter constructs were
made containing the endogenous DAT1 core promoter
and the VNTR with 6, 7, 9, 10, or 11 repeats, which is
consistent with the sequences reported previously (Fuke
et al.,, 2001). The differential effects on VNTR among
HESR1, -2, and -3 were also characterized. Further-
more, we conducted immunohistochemistry for Hesrs
and tyrosine hydroxylase (TH), a marker of dopaminer-
gic neurons, in mouse midbrains to analyze localization
of Hesr proteins for the investigation of HESR family
function in the brain dopamine systems, because localiza-
tion of HESR proteins in the adult brain has not been
reported, although dopaminergic neurons localize in the
specific brain regions (Bjorklund and Dunnett, 2007).

MATERIALS AND METHODS
General Procedure

First, to characterize the role of the 3’-UTR in DAT
expression, a CP-Luc or CP-Luc/exonl5 (10r) reporter vector
and empty vector (control) were expressed in cells. Ten
repeats is the most common allele in the population (Fuke
et al., 2005; D’souza and Craig, 2008). CP-Luc contained
only the DAT core promoter, whereas CP-Luc/exonl5 con-
tained both the core promoter and the 3'-UTR (Fig. 3).
Next, the empty vector or each HESR was cotransfected with
CP-Luc or CP-Luc/exon15 (10r). Finally, to compare the
VNTR alleles and HESRs, each repeat (6, 7, 9, 10, or 11r) of
CP-Luc/exon15 and the HESR or vector were cotransfected.
The relative luciferase activity was standardized to that of the
vector. In the experiment examining the repeat effect, the
relative luciferase activity was standardized to that of 10r in
each group. In addition, the localization of Hesrs in the
mouse midbrain was detected by immunohistochemistry.

B Relative Luciferase Activities
with VECTOR
0 1 2 3 4 s

T Y T T ¥

CP-Luc/exonl5
(10 repeat)

allele. B: Negative regulation of gene expression through the 3'-
UTR of DAT in SY-SH5Y cells. CP-Luc or CP-Luc/exon 15
and empty vector were transtected into the cells. Relative lucife-
rase activity is expressed as the mean * SEM. *P < 0.0001,
Student’s r-test.

Cloning and Construction

Two kinds of luciferase reporter vectors were prepared:
CP-Luc and CP-Luc/exon 15 (see Fig. 3A). CP-Luc con-
tained the human DAT core promoter (=240 to +2; Fig. 1A;
Kouzmenko et al., 1997; Sacchetti et al.,, 1999) cloned from
the DAT1-8317 plasmid (Sacchetti et al., 1999), a gift from
Dr. Michael J. Bannon (Wayne State University, School of
Medicine, Detroit, MI), upstream of the firefly luciferase site
in the modified pGL3 vector (Promega, Madison, WI). CP-
Luc/exon 15 contained the human DAT core promoter and
3-UTR region including the VNTR domain downstream of
the luciferase site in CP-Luc. There are five kinds of VNTR
alleles (6, 7, 9, 10, and 11r), which is consistent with the
sequence (Fig. 1B) reported in our previous study (Fuke
et al,, 2001). These reporter vectors are the same as the
constructs used in our previous study (Fuke et al., 2005);
schematic structures of the reporter vectors are shown in
Figure 3A. Additional information on these constructs is
described in our previous work (Fuke et al., 2005).

All of the HESR family expression vectors were
made by cloning the ¢cDNA into myc-pcDNA modified from
pcDNA 3.1+ (Invitrogen, Carlsbad, CA), an expression
vector for mammalian cell lines. The Myc-tag is located
upstream of the multicloning site. Myc-pcDNA was also used
as a control vector (the vector described in Figs. 3-6). Myc-
pcDNA and Myc-HESR1 (human) are the same as the con-
structs described in our previous study (Fuke et al., 2005).
Myc-Hesr] (mouse) was a gift from Dr. Hiroki Kokubo
(Division of Mammalian Development, National Institute of
Genetics, Mishima, Japan). Human HESR2 and -3 ¢DNAs
were amplified from a fetal brain ¢<DNA library (Clontech,
Palo Alto, CA) by PCR with oligonucleotide primers and
the high-fidelity DNA polymerase PrimeStar (TaKaRa, Shiga,
Japan). Mouse Hesr2 and -3 ¢DNAs were amplified
from cloned ¢DNAs in pBluescript (gifts from Dr. Hiroki
Kokubo) by PCR. with oligonucleotide primers and PrimeStar
(TaKaRa). Each oligonucleotide primer was designed to
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contain a restriction site (italicized). The primer sequences are
as follows: human HESR2, Fw (Xhol) 5-TTACTCGAGAT
GAAGCGCCC-3' and Rv (Apal) 5-TTAGGGCCCT
TAAAAAGCTCCAAC-3": human HESR3, Fw (Xhol) 5'-
TTACTCGAGATGAAGCGACCC-3' and Rv (Xhol) 5'-
TTACTCGAGTCAGAAAGCCCC-3'; mouse Hesr2, Fw
(Xhol) 5-TTACTCGAGATGAAGCGCCCT-3' and Rv
(Apal) 5-ATAGGGCCCTTAAAAGCTGGCTCC-3": and
mouse Hesr3, Fw (Xhol) 5-TTACTCGAGATGAA
GCGGCC-3 and Rv (Apal) 5-TTAGGGCCCTCAGAAA
GCC-3'. These amplified fragments were cloned into T-
Vectors (Promega p-GEM T Easy Kit) and sequenced by the
dideoxy chain termination method with CEQ DTCS and
CEQ8000 (Beckman Coulter, Brea, CA). Finally, the frag-
ments were digested with each restriction enzyme and sub-
cloned into myc-pcDNA.

Cell Culture and Transient Transfection: Luciferase
Reporter Assay

The methods used for culture, transfection, cell harvest-
ing, and luciferase activity measurements followed the standard
methods of the Dual-Luciferase Reporter Assay System
(Promega). SH-SYSY cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Sigma, St. Louis, MO) supple-
mented with 10% FBS at 37°C in an atmosphere of 5% CO..
SH-SYSY cells were plated into 24-well plates and cultured
until they grew to 80% confluence before transfection. The
cells were transfected with 1 pg total plasmid using Lipofect-
amine 2000 reagent (Invitrogen). The firefly luciferase
reporter gene (0.5 pg) and each HESR or vector (0.5 pg)
were coexpressed in the cells. Plasmid pRL (Promega) con-
taining the sea pansy luciferase gene was cotransfected (20 ng)
as an internal control to normalize the transfection efficiency
in all experiments. After 48 hr, the cells were harvested and
stored at —80°C. Luciferase activity was assayed using the
Dual-Luciferase Reporter Assay System (Promega). The firefly
and sea pansy luciferase activity was measured using a Centro
LB 960 (Berthold, Bad Wildbad, Germany) for 10 sec after a
2-sec delay, and then the value of each sample was calculated
as light units of firefly luciferase per that of sea pansy. Each
HESR group and its controls were measured at the same time
on a Centro LB 960.

Animals

Adult (9-week-old) male C57BL6/] mice (CLEA Japan,
Tokyo, Japan) were kept under a controlled temperature (23—
25°C) and photoperiod (LD 14:10, lights off at 22:00 hr).
Food and water were available freely. All experiments were
conducted according to the Regulations for Animal Experi-
mentation at the University of Tokyo (Tokyo, Japan).

Tissue Preparation

The mice were deeply anesthetized using sodium pento-
barbital (50 mg/kg body weight) and then perfused intracar-
dially with 0.05 M phosphate-buffered saline (PBS; pH 7.4)
tollowed by 4% paraformaldehyde in 0.05 M phosphate buffer
(PB). The brains were removed and postfixed with the same
fixative for 2 hr and immersed in 30% sucrose in 0.05 M PB
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for several days at 4°C. Serial coronal brain sections (20 pm)
including the midbrain ventral tegmental area (VTA) and sub-
stantia nigra (SN; —3.04 to —3.49 to the bregma) were made
with a cryostat and collected according to a brain map (Franklin
and Paxinos, 2008). Five animals were used in this experiment.

Immunohistochemistry

Immunoperoxidase staining. Free-floating sections
of the midbrain were incubated with 0.6% H>O, in 10 mM
PBS for 30 min at room temperature (RT) before and after
rinsing with 10 mM PBS. Next, the sections were incubated
with 5% normal goat serum (NGS; Vector Laboratories,
Burlingame, CA), 0.4% Triton X-100, and 10 mM PBS for
1 hr at RT and then with a primary rabbit antibody against
Hesrl (working dilution 1:500; Chemicon, Temecula, CA),
Hesr2 (1:1,000; Chemicon), or Hesrd (1:500; Chemicon)
containing 5% NGS, 0.4% Triton X-100, and 10 mM PBS
for 3 nights at 4°C. After washing with 10 mM PBS, the
sections were reacted with biotinylated goat anti-rabbit IgG
(1:200; Vector Laboratories) in 5% NGS, 0.4% Triton X-100,
and 10 mM PBS overnight at 4°C. The sections were rinsed
with 10 mM PBS three times and then incubated in avidin-
biotin-peroxidase complex (ABC) solution (Vectastain Elite
ABC Kit: Vector Laboratories). Next, the sections were
reacted with 0.05% 3.3'-diaminobenzidine (DAB) in 0.01%
H>05 and 100 mM Tris-HCI to visualize Hesrl-, -2-, or -3-
immunoreactive (-ir) cells.

For single staining of the TH-ir (a marker of dopami-
nergic neurons) cells, similar steps were taken, except for the
steps involving incubation with the primary or secondary anti-
body and visualization. The sections were incubated with a
mouse anti-TH antibody (1:10,000; Chemicon) overnight at
4"'C. The sections were then reacted with biotinylated goat
anti-mouse IgG (1:200, Vector Laboratories) in 5% NGS,
0.4% Triton X-100, and 10 mM PBS overnight at 4°C after
washing with 10 mM PBS three times. The sections were
rinsed with 10 mM PBS three times and then incubated in
ABC solution (Vector Laboratories). Next, the sections were
reacted with 0.02% DAB solution to visualize TH-ir cells.

For double labeling, the same staining steps as for TH
were performed after staining for each Hesr. Instead of DAB,
a Vector SG Kit was used for visualization of TH after the
ABC reaction. Immunostained sections mounted on slides
were dehydrated through a graded ethanol series, cleared with
xylene, and then coverslipped with an embedding agent.

Fluorescence immunohistochemistry for Hesrs
and TH. Free-floating sections were rinsed with 10 mM
PBS. The sections were then incubated with 5% normal don-
key serum (NDS: Jackson Immunoresearch, West Grove, PA),
0.4% Triton X-100, and 10 mM PBS for 1 hr at RT and
then with the primary rabbit antibody against Hesrl (1:500;
Chemicon), Hesr2 (1:1,000; Chemicon), or Hesrt3 (1:500;
Chemicon) and the primary mouse antibody for TH
(1:10,000; Chemicon) in 5% NDS, 0.4% Triton X-100, and
10 mM PBS for 2 nights at 4°C. After washing with 10 mM
PBS, the sections were reacted with donkey anti-rabbit IgG
(1:200; Jackson Immunoresearch; Cy3) and donkey anti-
mouse IgG (1:200; Jackson Immunoresearch; Cy2) in 5%
NDS, 0.4% Triton X-100, and 10 mM PBS overnight at



