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Expression of the dopamine transporter (DAT) gene affects dopaminergic neuro-
transmission. A variable number tandem repeat (VNTR) polymorphism in the 3′ non-
coding region of the human DAT (DAT1) gene has been reported to affect gene expres-
sion as a cis-element, and is associated with some neuropsychiatric disorders. In this
study, we identified the basic helix-loop-helix (bHLH) transcriptional factor Hesr1
(the Hairy/enhancer of split related transcriptional factor 1 with a YRPW motif, also
named Hey1/HERP2/HRT1/CHF2) as a trans-acting factor in a yeast one-hybrid sys-
tem, and showed that Hesr1 down-regulates reporter gene expression with the 3′ non-
coding region of DAT1 gene in mammalian cell lines. The negative regulations depend
on bHLH and the Orange domain of the molecule, but not the YRPW motif. The nega-
tive regulations affect the VNTR-dependent differences in gene expression. In addi-
tion, we identified a splice variant, Hesr1-12nt, with a lower activity. We also show
that SNP of Hesr1, C386A, causes a lack of activity. These results suggest that Hesr1
and its polymorphism(s) might be involved in dopamine-related polygenic disorders
and behavioral traits.
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Abbreviations: 3-AT, 3-amino-1,2,4-trizole; 5-HTT, serotonin transporter; ADHD, attention deficit hyperactivity
disorder; bHLH, basic helix-loop-helix; BMP, bone morphogenetic proteins; CP, core-promoter; CPRG, chlorophe-
nol red-β-D-galactopyranoside; DAT, dopamine transporter; DR, dopamine receptor; HES, hairy/enhancer of split;
Hesr1, hairy/enhancer of split related transcriptional factor 1 with YRPW motif; NICD, Notch intracellular cyto-
plasmic domain; PTSD, posttraumatic stress disorder; SNP, single nucleotide polymorphism; TGF-β1, transform-
ing growth factor-β1; TH, tyrosine hydroxylase; Tukey-Kramer’s HSD test, Tukey-Kramer’s honestly significant
difference test; VEGFR2, vascular endothelial growth factor receptor 2; VNTR, variable number of tandem repeat.

Dopamine is utilized as a neurotransmitter in the central
nervous system. Dopaminergic brain systems play impor-
tant roles in regulating locomotion, cognition, reward,
affect, and hormone release (1, 2). Dopamine transporter
(DAT) is a member of the sodium- and chloride-depend-
ent family of plasma membrane transport proteins. DAT
terminates synaptic transmission by the rapid and spe-
cific reuptake of dopamine into presynaptic nerve termi-
nals (3–6). DAT is the target of such psychoactive drugs
as cocaine, amphetamine, and methylphenidate. These
powerful dopaminergic stimulants are known to bind
DAT and inhibit dopamine reuptake (2, 6–8).

The levels of the DAT protein are reduced in Parkin-
son’s disease, whereas they are elevated in attention def-
icit hyperactivity disorder (ADHD), Tourette’s syndrome,
and major depression (9–12). In DAT knockout mice,
dopamine clearance is prolonged and the mice show
spontaneous hyperactivity (2, 8, 13). A deficit of DAT
results in adaptive changes such as a low content of

sion of genes related to dopaminergic brain systems,
dopamine receptors (DR), tyrosine hydroxylase (TH) and
so on (13–15). Furthermore, various phenotypes have
been observed in DAT knockout mice (8). These suggest
that the level of DAT gene expression is important for
dopaminergic neurotransmission systems in vivo.

A 40-bp variable number of tandem repeat (VNTR) pol-
ymorphism occurs in exon 15 of the human dopamine
transporter gene (16), which includes the stop codon, 3′
untranslated region (3′-UTR), and polyadenylation sig-
nal (Fig. 1a). Several studies have investigated the asso-
ciation between the VNTR polymorphism and some neu-
ropsychiatric disorders, ADHD, Parkinson’s disease,
bipolar disorder, schizophrenia, Tourette’s syndrome,
drug abuse, drug-induced paranoia, alcohol withdrawal,
and posttraumatic stress disorder (PTSD), which are
thought to be related to dopaminergic systems (1, 2, 17–
20). However, the association between the polymorphism
and these disorders remains unclear because diverse
results have been reported so far (1, 2, 20). In addition,
the 10-repeat allele has been regarded as a high-risk
allele in ADHD (17). However, the 10-repeat allele is the
allele with the highest frequency among the world popu-
lation (21). The differences in these reports may be
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attributed to the differences in subject groups, previous
drug exposure, or influence of other risk factors. This
suggests that VNTR polymorphism of the DAT1 gene
may be a modest risk factor in many dopamine-related
polygenic disorders and behavioral traits, although poly-
morphism has biological molecular functions.

Since the VNTR lies in the 3′ non-coding region, the
polymorphism should not affect protein structure or func-
tion; VNTR polymorphisms might serve as transcrip-
tional or translational regulatory cis-acting elements
(22). For example, the serotonin transporter (5-HTT)
gene has a VNTR polymorphism in intron 2 that may
function as a transcriptional regulatory region (23). Asso-
ciations between the allelic differences of VNTR polymor-
phism in intron 2 of the 5-HTT gene and some neuropsy-
chiatric disorders have been investigated (20). Based on
the results of a reporter gene expression assay, the poly-

morphic region is thought to have an enhancer activity
that depends on allelic differences (24, 25). Recent
reports further suggest that the VNTR polymorphism in
the DAT1 gene has effects on gene expression itself in
vivo (26–28) and on reporter gene expression in mamma-
lian cell lines (29–31). Furthermore, a part of the 3’ non-
coding region containing the VNTR functions as a tran-
scriptional regulatory region, and some proteins bind to
the VNTR region in the DAT1 gene (32). These reports
suggest that the VNTR polymorphism of the DAT1 gene
has a function as a transcriptional cis-acting element.

In this study, to identify other risk factors for many
dopamine-related polygenic disorders and behavioral
traits, we investigated the role of the trans-acting factor
in the regulation of gene expression through VNTR poly-
morphism in the 3′ non-coding region of the DAT1 gene in
mammalian cells.

Fig. 1. The 3′ non-coding region of the DAT1 gene. (a) The
genomic structure of the DAT1 gene and allelic variants of VNTR
polymorphism in exon15 are shown. The coding region (closed box),
non-coding region (open box), VNTR (shaded box), and constant
repeat units (gray box) are shown. Exon15 of the DAT1 gene contains
a stop codon (arrowhead) and polyadenylation signal (open arrow-
head). Upstream of the VNTR are six nucleotides, AATAAA, that
resemble a polyadenylation signal. The allelic variants of VNTR pol-
ymorphism indicate repeat units type (A)–(I) in each allele. (b) Nega-
tive regulation of gene expression through the 3′ non-coding region of
the DAT1 gene in various cell lines. Relative luciferase activities
after transient transfection in SH-SY5Y, HEK293, COS-7, and
Neuro2a cell lines are shown. The pGL3-promoter vector containing
the SV40 promoter was independently transfected as a control for
standardizing each measurement. The relative activities were deter-
mined by normalizing the standardized values to the mean CP-luc in
each cell line. The CP-Luc/exon15 vector (white columns) shows

lower luciferase activity than the CP-Luc vector (black columns) in
SH-SY5Y, COS-7, and Neuro2a cells (*P < 0.001, N = 4). This was not
observed in HEK293 cells (P > 0.16, N = 4). Data represent the
means ± SD of four independent transfection experiments. (c) The
effect of VNTR polymorphism on gene expression. The luciferase
activities of HEK293 (black columns) and SH-SY5Y (white columns)
cells transfected with CP-luc/exon 15 containing different alleles
with 6, 7, 9, 10, and 11 repeats are shown. The CP-luc vector was
independently transfected as a control for standardizing each
mesurement. Relative activities were determined by normalizing
standardized values to the mean of the CP-luc/10-repeat in each cell
line. HEK293 cells transfected with CP-Luc/6- and 11-repeat vectors
showed significantly lower luciferase activities (black columns, **P <
0.01, N = 4). SH-SY5Y cells transfected with the CP-Luc/6-, 7-, and 9-
repeat vectors had higher levels of luciferase activity than those
transfected with the CP-Luc/10- or 11-repeat vectors (white columns,
*P < 0.05, N = 4).
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MATERIALS AND METHODS

Genotyping and Sequencing of VNTR Polymorphisms
in DAT1—Genomic DNAs were extracted from whole
blood or hair of 181 Japanese individuals. Amplification
was performed by the method described previously (29).
The amplified fragments were visualized by ethidium
bromide staining under UV light after electrophoresis in
2% Seaplaque GTG agarose gels (CAMBREX). A maxi-
mum of three fragments of each allele were cut out from
the gels and purified. The fragments were sequenced
directly by the dideoxy chain termination method with
CEQ DTCS and CEQ8000 (Beckman Coulter).

Construction of Luciferase Reporter Vectors—Exon15
of DAT1, including the stop codon, the VNTR region, and
the poly A signal, were amplified from human genomic
DNA by PCR using the oligonucleotide primers 5′-CACT-
GGCTCAAGGTCTAGAGG-3′ and 5′-CCATATGTGGAT-
GTCTTTTATTGTGCTTAG-3′, which were designed to
contain restriction enzyme sites (underlined), and
annealed at 52°C. The amplified fragments containing 6-,
7-, 9-, 10- or 11-repeat alleles were cloned into pBlue-
script and sequenced. The fragments were digested with
XbaI and NdeI and cloned into the modified pGL3-Pro-
moter vector (PROMEGA) containing the SV40 promoter,
XbaI, containing a stop codon and NdeI site in the 3′-UTR
of the firefly luciferase reporter gene upstream of the
SV40 poly(A) signal. From the DAT1-8317 plasmid (33), a
gift from Dr. Micheal J. Bannon (Wayne State University
School of Medicine, Detroit, MI, USA), the AatII–HindIII
fragment containing the human DAT core promoter (2,
33, 34) segment (bp –240 to +2) was blunted at only the
AatII site and cloned into the SmaI–HindIII site of the
modified pGL3-Promoter vector to replace the SV40 pro-
moter to construct the CP-Luc reporter vector. Each of
the CP-Luc/exon15 vectors was constructed by the same
method as the CP-Luc vector. Orientation, junction and
cloning fragment sequences were verified by sequencing.

Cloning of the Hesr1 Gene and Construction of GAL4-
AD/Hesr1 Expression Vectors for Yeast, and YFP/Hesr1
or Myc/Hesr1 Expression Vectors for Mammalian Cell
Lines—The human Hesr1 and Hesr1-12nt genes were
amplified from a human fetal brain cDNA library (BD
Marathon-Ready cDNA, Clontech) by PCR with oligonu-
cleotide primers 5′-CCCCAGGGAGCCAGCGAATGAAG-
CGAGCTC-3′ and 5′-CATCAGTTCTTAAAAAGCTCCG-
ATCTCC-3′. The amplified fragment was cloned into
pBluescript and sequenced. After cloning, PCRs for each
clone were performed using primers containing restric-
tion enzyme sites suitable for the expression of Hesr1,
and the products were cloned and sequenced. The
fragments were digested and subcloned into each of the
expression vectors pACT2 (Clontech), pEYFP-C1 (Clon-
tech), and modified pcDNA3.1 (Invitrogen) containing c-
Myc epitope tags. Deletion mutants of human Hesr1
(∆bHLH, ∆Orange, bHLH, ∆C) were generated from
Hesr1 clones by PCR. Each expression vector was
sequenced, and its expression was confirmed by Western
blotting.

Cell Culture and Transient Transfection Assays—The
cell lines SH-SY5Y, HEK293, COS-7, and Neuro2a were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% FBS at 37°C in an atmosphere of

5% CO2. SH-SY5Y cells were plated at 80% confluency
into 24-well plates 24 h prior to transfection. Cells were
transfected with 1 µg of each reporter vector using Lipo-
fectAmine 2000 reagent (Invitrogen). When the luci-
ferase reporter gene and Hesr1 were co-expressed in
cells, 0.5 µg of each vector was co-transfected. In the case
of co-transfection with small interfering RNA (siRNA),
0.5 µg of each reporter vector and 40 pmol of each siRNA
were co-transfected into SH-SY5Y cells. The plasmid
pRL-TK (PROMEGA) containing the HSV-TK promoter
and the sea pansy luciferase gene was co-transfected (20
ng) as an internal control for normalization of transfec-
tion efficiency in all experiments. After 24 h, luciferase
activities were assayed using a Dual-Luciferase Reporter
Assay System (PROMEGA). Luciferase activity was
measured using a Centro LB 960 (BERTHOLD) for 10 s
after a 2 s delay. Experiments were carried out in tripli-
cate, and at least three independent transfections were
performed. HEK293, COS-7, and Neuro2a cells were
transfected with one-fifth the amount of each vector used
for SH-SY5Y cells using FuGENE6 (Roche).

Yeast One-Hybrid Screening—Experiments were per-
formed using a MATCHMAKER One-Hybrid System
(Clontech). The human DAT VNTR polymorphism seg-
ment containing a 10-repeat allele was amplified from
human genomic DNA by PCR using the oligonucleotide
primers 5′-TCCCCCGGGCTACTGCCACTCAG-3′, and
5′-GCTCTAGAGGGGTCCCTTCCTG-3′ or 5′-ATAAAAC-
TCGAGTGGGGTCCCTTCCTG-3′, which were designed
to contain restriction enzyme sites (underlined). The
amplified fragments were cloned into pBluescript II SK
and sequenced, digested with SmaI–XbaI or SmaI–XhoI,
and inserted into pHISi upstream of the HIS3 reporter
gene, and also into the pLacZi target-reporter vector
upstream of the lacZ reporter gene. The yeast strain
YM4271 was transformed with the 10-repeat/lacZ target-
reporter vector (1 µg) digested with NcoI, and selected on
SD/–U plates. Integration of the 10-repeat/lacZ vector
into the yeast genome was verified by PCR. The 10-
repeat/HIS3 vector (1 µg) was digested with XboI and
integrated into the YM4271 (10-repeat/lacZ) genome. The
target-reporter strain was selected on SD/–HU plates
and the integration of the vector was verified by PCR.

Yeast cells (5 × 1010) of the target-reporter strain were
transformed with 100 µg of a human fetal brain cDNA
GAL4-AD fusion library (BD Matchmaker cDNA Library,
Clontech) and plated on SD/–HUL + 1 mM 3-amino-1,2,4-
trizole (3-AT), optimal [3-AT] for inhibiting leaky HIS3
expression, and incubated at 30°C for 6 days. Surviving
clones were restreaked on SD/–HUL + 1 mM 3-AT plates,
and screened using a β-galactosidase colony-lift assay.
Clones that remained positive were grown in liquid SD/
–L medium, and yeast miniprep DNA containing the
cDNAs was prepared by the glass beads method. The
human fetal brain cDNA fragments were amplified from
yeast miniprep DNA by PCR using 5′ LD Amplimer and
3′ LD Amplimer (LD-Insert Screening Amplimer Sets,
Clontech), electrophoresed in 1% agarose gels, cut out,
and purified. The cDNA inserts were sequenced directly.

HIS3 and lacZ Reporter Gene Assays in Yeast—Yeast
cells (5 × 109) of the target-reporter strain were trans-
formed with 10 µg of each GAL-4 AD deletion mutant,
and plated on SD/–L plates. The surviving colonies were
Vol. 137, No. 2, 2005
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picked up and restreaked on SD/–L or SD/–HUL plus 0,
1, 5, 10, 20, 50, 100 and 200 mM 3-AT. The selection
plates were incubated at 30°C for 4 days, and the 3-AT
concentrations optimal for inhibiting HIS3 reporter gene
expression were determined. The colonies of transformed
GAL-4 AD deletion mutants were incubated in liquid SD/
–L medium at 30°C until the OD600 of 1 ml reached 0.5–
0.8. Liquid culture β-galactosidase assays using CPRG as
a substrate were performed following the Yeast Protocols
Handbook (Clontech). After 24 h incubation, measure-
ments were carried out in triplicate; experiments were
performed 3 times.

Transfection of siRNA and Semi-Quantitative RT-PCR
Analysis—SH-SY5Y cells were plated at 80% confluency
into 6 cm dishes 24 h prior to transfection. Cells were
transfected with 400 pmol of each siRNA using 20 µl of
LipofectAmine 2000 reagent (Invitrogen). The siRNA
sequence of the sense strand Hesr1 siRNA was 5′-GCUA-
GAAAAAGCCGAGAUC-dTdT-3′. The sense strand of the
control siRNA was 5′-AGAAGGAGCAGAUACCUCA-
dTdT-3′. These siRNAs were purified by HPLC (Greiner
bio-one). cDNA was synthesized using the ThermoScript
RT-PCR System (Invitrogen), starting from 0.5 µg of total
RNA after 48 h incubation, according to the manufac-
turer’s protocol. Semi-quantitative RT-PCR analysis was
performed. After normalizing for GAPDH and the β-actin
gene, endogenous Hesr1 gene expression was compared
by PCR using the oligonucleotides primers 5′-GGAGAG-
GCGCCGCTGTAGTTA-3′, and 5′-CAAGGGCGTGCGC-
GTCAAAGTA-3′.

Statistics—The results of quantitative experiments
were analyzed by one-way ANOVA after Bartlett’s test.
Tukey-Kramer’s HSD test was used to determine signifi-
cant differences between each vector. In the case of the
comparison in pairs, Student’s t-test was adopted. Statis-
tical relationships between two independent factors were
determined by two-way ANOVA.

RESULTS

Comparison of Allele and Genotype Frequencies—By
PCR genotyping of VNTR polymorphism in exon 15 of
DAT1 genes from 181 healthy Japanese individuals, five
alleles, 6- (0.003), 7- (0.014), 9- (0.039), 10- (0.906), and
11-repeat (0.039), were recognized and their relative fre-
quencies were calculated. In addition, seven genotypes, 6/
10 (0.006), 7/10 (0.028), 9/9 (0.011), 9/10 (0.055), 10/10
(0.834), 10/11 (0.055), 11/11 (0.011), were observed. Most
individuals are homozygous or heterozygous for the 10-
repeat allele. The allele frequency obtained agrees with
those of the previous study (21). We clarified differences
in the nucleotide sequences between alleles by direct
sequencing. The two type (A)s, the first type (D), type (F),
and type (H) seem be constant repeat units, because
every allele has them (29). The other units seem to be
variable repeat units (Fig. 1a). A 6-repeat allele was
cloned for first time from a Japanese population. In addi-
tion, an 11-repeat allele showed a novel sequence.

Down-Regulation of Reporter Gene Expression through
the 3′ Non-Coding Region of the DAT1 Gene—To inves-
tigate the effect of the 3′ non-coding region of the DAT1
gene, we compared the expression of reporter genes in
the human embryonic kidney cell line HEK293, the

human neuroblastoma cell line SH-SY5Y, the African
green monkey kidney cell line COS-7, and the mouse
neuroblastoma cell line Neuro2a (Fig. 1b). In SH-SY5Y,
COS-7, and Neuro2a cells, the CP-Luc/exon15 (10-repeat)
vector produced significantly lower luciferase activities
than in cells transfected with the CP-Luc vector (Stu-
dent’s t-test, P < 0.001, N = 4). However, this down-regu-
lation was not observed in HEK293 cells (Student’s t-test,
P > 0.16, N = 4). These results suggest that the 3′ non-
coding region of the DAT1 gene functions as a transcrip-
tional or translational regulatory cis-element in gene
expression.

The VNTR-Dependent Differences in Gene Expression
Are Affected by Down-Regulation through the 3′ Non-Cod-
ing Region of the DAT1 Gene—In previous reports, VNTR-
dependent differences in reporter gene expression have
been examined using virus promoters in various cell lines
(29–31). These findings prompted us to investigate the
interaction between the native DAT1 promoter and the 3′
non-coding region, and compare it among cell lines. To
investigate differences in cell lines, we compared the
expression of reporter genes with 6-, 7-, 9-, 10-, or 11-
repeat alleles in several cell lines (Fig. 1c).

SH-SY5Y cells transfected with CP-Luc/6-, 7-, or 9-
repeat vectors showed significantly higher levels of luci-
ferase activity than cells transfected with CP-Luc/10- or
11-repeat vectors (one-way ANOVA followed by Tukey-
Kramer’s HSD test, P < 0.05, N = 4). In HEK293 cells,
cells transfected with CP-Luc/6- and 11-repeat reporter
vectors showed significantly lower luciferase activity
than cells transfected with the CP-Luc/10-repeat vector
(one-way ANOVA followed by Tukey-Kramer’s HSD test,
P < 0.01, N = 4). There were no significant differences
between cells transfected with CP-Luc/7-, 9-, and 10-
repeat vectors (P > 0.1). In COS-7 and Neuro2a cells, cells
transfected with the CP-Luc/6-, 7-, 9- or 10-repeat vectors
produced significantly higher activity than cells trans-
fected with the CP-Luc/11-repeat vector (data not
shown). In addition, the statistical relationship between
alleles and the down-regulation of gene expression with
the 3′ non-coding region of the DAT1 gene was significant
(two-way ANOVA, P < 0.001). These results indicate that
the activity of the 3′ non-coding region of the DAT1 gene
as a cis-element is dependent on both the VNTR polymor-
phic alleles and the cell type.

Yeast One-Hybrid Screening—To identify the trans-
acting factors involved in the down-regulation mediated
by the 3′ non-coding region of DAT1, we carried out yeast
one-hybrid screening with a target element containing a
VNTR region of the 10-repeat allele in part of exon 15.
Out of approximately 1 × 107 independent transformants
with a GAL4-AD fusion cDNA library of human fetal
brain, 141 yeast colonies grew on SD/–HUL plus 1mM 3-
AT plates. These colonies were tested for β-galactosidase
activity by β-gal colony-lift assay. Of the 17 β-galactosi-
dase–positive clones, which turned blue within 30 min,
two independent clones, Nos. 56 and 80, represented the
basic helix-loop-helix (bHLH) transcriptional factor
Hesr1 gene (the Hairy/enhancer of split related tran-
scriptional factor 1 with a YRPW motif, also named
Hey1/HERP2/HRT1/CHF2) (35–38). The clone of No. 56
showed a deletion of 5 amino acids in the N-terminal
region. On the other hand, the clone No. 80 had 96 extra
J. Biochem.
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nucleotides of the 5′-UTR. Both clones encoded bHLH,
Orange domains, and a YPRW motif.

Comparison of the Activities of Hesr1 and Its Deletion
Mutants in the Yeast One-Hybrid System—To determine
which domain is necessary for the interaction of Hesr1
with the target element, a series of Hesr1 deletion
mutants in a GAL4-AD fusion protein were expressed in
the target-reporter strain of yeast, and the production of
the reporter proteins was analyzed (Fig. 2). We tested two
reporter genes, HIS3 and LacZ. The activity of HIS3 was
evaluated by –H viability assay with various concentra-
tions of 3-AT, a competitive inhibitor of the HIS3 (Fig.
2a). Both the full-length gene and the mutant with the
deletion of the Orange domain, a known repression
domain (39), showed high reporter gene expression. Dele-
tion of the bHLH domain resulted in a lack of activity.
However, the bHLH domain alone showed low activity.
We confirmed that these activities are independent of the
reporter gene locus using a β-galactosidase colony-lift
assay. The expression of these HIS3 reporter genes was
not found in control strains without a target element
(data not shown).

Next, we performed a liquid culture β-galactosidase
assay using chlorophenol red-β-D-galactopyranoside
(CPRG) to compare the activities quantitatively (Fig. 2b).
In this experiment, reporter gene expression showed a
similar tendency to that seen in the –H assay (Fig. 2a).
Yeast cells transformed with full-length or ∆Orange
Hesr1 showed significantly higher reporter gene expres-
sion than cells transformed with any other vector (one-
way ANOVA followed by Tukey-Kramer’s HSD test, P <
0.001, N = 3). Deletion of the bHLH domain resulted in a
lack of activity. Therefore, we conclude that Hesr1-
dependent reporter gene expressions are dependent on

their target element, and the bHLH domain is necessary
for the activity.

In SH-SY5Y Cells, the Endogenous Hesr1 Functions as
a Negative Regulator of the DAT1 Gene through the 3′
Non-Coding Region.—We tested the effect of endogenous
Hesr1 down-regulation on reporter gene expression with
or without the 3′ non-coding region of the DAT1 gene.
The down-regulation of endogenous Hesr1 was observed
after transient transfection with a siRNA specific for
Hesr1, but not with control siRNA (Fig. 3a). Cells trans-
fected with a siRNA specific for Hesr1 showed signifi-
cantly higher luciferase activity than mock-treated cells
or cells transfected with control siRNA (one-way ANOVA
followed by Tukey-Kramer’s HSD test, P < 0.01, N = 3).
There was no significant difference between mock-
treated cells and cells transfected with control siRNA (P
> 0.1). In addition, the diminution of endogenous negative
regulation on reporter gene expression was not observed
without the 3′ non-coding region of the DAT1 gene (Fig.
3b). These findings suggest that Hesr1 is involved in the
negative regulation of the DAT1 gene through its 3′ non-
coding region in SH-SY5Y cells (Fig. 1b).

Hesr1 Mediates the Down-Regulation of DAT1 Gene
Expression in Various Mammalian Cell Lines—We next
investigated whether Hesr1-dependent regulation also
occurs in other mammalian cell lines (Fig. 4). The CP-
Luc/exon15 (10-repeat) reporter vector was transiently
co-transfected with expression vectors encoding Hesr1
into various cultured mammalian cell lines (Fig. 4a).
Cells co-transfected with the Hesr1 expression vector
showed significantly lower luciferase activity than cells
co-transfected with the expression vector encoding the
epitope tag alone (one-way ANOVA followed by Tukey-
Kramer’s HSD test, P < 0.001, N = 3).

Fig. 2. Comparison of Hesr1
activity in a yeast one-hybrid
system. A yeast strain containing
integrated target-reporter vectors
was transformed with expression
vectors encoding the GAL4-AD
fusion proteins, Hesr1, ∆bHLH, ∆Or-
ange, and bHLH. The pACT2 vector
was transformed as a negative con-
trol. (a) Comparison of reporter
activities using the –H assay. Yeast
cells transformed with each expres-
sion vector were restreaked on SD/
–L or SD/–HUL plus 3-AT. The
growth of each transformant after 4
days of incubation is shown in the
panel. Cells transformed with Hesr1
and ∆Orange showed high reporter
gene expression. No growth was
detected with ∆bHLH. All trans-
formants grew on SD/–L transforma-
tion selection plates (left panel). In
the β-gal colony-lift assay, the
∆bHLH transformant did not turn
blue after 30 min incubation (right
panel). (b) Quantitative comparison
of reporter gene activities in liquid

culture β-gal assays with CPRG. Relative β-gal activities were determined by normalizing to the mean unit of the Hesr1 transformant. Cells
with Hesr1 and ∆Orange showed significantly higher β-gal activities than other transformants (*P < 0.001, N = 3). After 24hr incubation,
∆bHLH and pACT2 showed little interaction (less than 0.1 unit of β-gal activity). The data represent the means ± SD of three independent
transformation experiments.
Vol. 137, No. 2, 2005
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Having confirmed that these activities depend on the
function of Hesr1 as a transcription factor, we compared
reporter gene activities in cells transiently co-transfected
with CP-Luc/exon15 (10-repeat) and expression vectors
encoding a series of Hesr1 deletion mutants (Fig. 4b). In
HEK293 cells, expression vectors with deletions of bHLH
and Orange produced significantly lower activities than
the full-length expression vector (one-way ANOVA fol-
lowed by Tukey-Kramer’s HSD test, P < 0.001, N = 3).
However, cells co-transfected with vectors having a C-ter-
minal region deletion had the high activity same as those
co-transfected with the full-length vector. In COS-7 cells,
the Hesr1 activity was not lost completely when the
Orange domain was deleted (one-way ANOVA followed
by Tukey-Kramer’s HSD test, P < 0.001, N = 3); the dele-
tion of the Orange domain would cause a lack of activity.

Hesr1 Affects VNTR-Dependent Differences in Reporter
Gene Expression in HEK293 Cells—We compared differ-

ences in luciferase activities under the expression of
Hesr1 to know whether the differences in luciferase
activity among alleles are affected by Hesr1-dependent
negative regulation. CP-Luc/exon15 reporter vectors con-
taining each of the alleles were transiently co-transfected
with expression vectors encoding Hesr1 or epitope tag
only into HEK293 cells (Fig. 4c), which show no endog-
enous down-regulation of the DAT1 gene through the 3′
non-coding region (Fig. 1b).

In cells co-transfected with the expression vector
encoding the epitope tag alone, the difference in the lev-
els of luciferase activity was the same as in cells trans-
fected with the CP-Luc/exon15 reporter vector only (see
Figs. 1c and 4c). In cells co-transfected with the expres-
sion vector encoding Hesr1, no significant difference
between luciferase activities in cells transfected with CP-
Luc/10-repeat and CP-Luc/6-repeat vectors was detected.
Interestingly, the CP-Luc/7-repeat vector produced sig-
nificantly higher levels of luciferase activity than the CP-
Luc/10-repeat vector (one-way ANOVA followed by
Tukey-Kramer’s HSD, P < 0.05, N = 3). A significant sta-
tistical relationship between repeat alleles and the
expression vector was observed (two-way ANOVA, P <
0.05). However, in SH-SY5Y, COS-7, and Neuro2a cells,
this relationship was not observed (data not shown,
two-way ANOVA, P > 0.1). The down-regulation of gene
expression by the forced expression of Hesr1 changed the
VNTR-dependence of reporter gene expression only in
HEK293 cells.

Hesr1 Has a Splice Variant, Hesr1-12nt—We found an
alternative splice variant of Hesr1 by PCR cloning of a
human fetal brain cDNA library. We named the variant
Hesr1-12nt. The variant has an insertion of 12 nucle-
otides (4 amino acids) into the bHLH domain (Fig. 5a).
The insertion is found at the 3′ end of exon 2, and has a
specific splice donor site (Fig. 5b). The same cDNA clone
has been deposited in the NEDO human cDNA-sequenc-
ing project (AK092437), implying that our clone is not an
artifact.

To investigate the localization of the Hesr1-12nt pro-
tein, a YFP/Hesr1-12nt fusion protein was transiently
expressed in HEK293 cells and its localization was com-
pared with that of Hesr1. The YFP/Hesr1-12nt fusion
protein localizes in nuclei, which is the same as YFP/
Hesr1 (Fig. 5c). Next, we compared the activity in the
down-regulation of the expression of the reporter gene
containing the 3′ non-coding region of the DAT1 gene
(Fig. 5d). Hesr1-12nt showed a significantly lower activ-
ity than Hesr1 as a trans-acting factor.

C386A Candidate SNP of Human Hesr1—According
to the NCBI database, there are many SNPs in the cod-
ing and non-coding regions of the Hesr1 locus. Among the
polymorphisms, we are interested in C386A (No.
rs11553421) (40). This SNP causes the amino acid substi-
tution L94M, and the leucine residue, which is conserved
among other members of bHLH families, including the
hairy/enhancer of the split family, seems to be important
for the structure of the bHLH domain (Fig. 6a).

We investigated whether this substitution affects the
activity of Hesr1 or Hesr1-12nt in the expression of the
reporter gene with the 3′ non-coding region of the DAT1
gene. The CP-Luc/exon15 (10-repeat) reporter vector was
transiently co-transfected with expression vectors encod-

Fig. 3. Down-regulation of endogenous Hesr1 by siRNA. (a)
The down-regulation of endogenous Hesr1 was observed after tran-
sient transfection of a siRNA specific for Hesr1 (upper panel). Semi-
quantitative RT-PCR analysis was performed using GAPDH (lower
panel) and β-actin (middle panel) genes as internal controls for nor-
malizing. (b) Removal of the repressor activity of Hesr1 by siRNA.
Cells were co-transfected with siRNAs and relative luciferase activ-
ities were determined as described in “MATERIALS AND METHODS.”
Relative luciferase activities with Hesr1 siRNA (white columns)
and control siRNA (gray columns) as well as mock-treated cells
(black columns) are shown. These data represent the means ± SD of
three independent transfection experiments.
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ing a series of Hesr1 C386A mutants into HEK293 cells
(Fig. 6b). C386A mutants were localized in the nuclei
(data not shown). Hesr1 and Hesr1-12nt with C386A
showed no activity (one-way ANOVA followed by Tukey-
Kramer’s HSD test, P < 0.001, N = 3). Moreover, C386A
mutants did not inhibit down-regulation by wild-type
Hesr1.

DISCUSSION

Down-Regulation of Gene Expression through the 3′
Non-Coding Region of the DAT1 Gene Is Influenced by
trans-Acting Factor(s)—According to our experiments,
the down-regulation of gene expression through the 3′
non-coding region of the DAT1 gene depends on the cell

line (Fig. 1b). This suggests that down-regulation is due
to the characteristics of the cells, such as cell-specific sig-
nals and components. Some unknown trans-acting fac-
tors possibly work on the regulation of gene expression
through the 3′ non-coding region of the DAT1 gene. In our
luciferase assay, it is unclear whether the effect is tran-
scriptional or translational. However, the function of part
of exon 15 containing the VNTR as a transcriptional reg-
ulatory region has been reported previously (32). The
trans-acting factor(s) may affect the function of VNTR
polymorphism of the DAT1 gene and play an important
role in dopamine-related polygenic disorders and behav-
ioral traits.

The VNTR-Dependent Difference in Gene Expression Is
Affected by Hesr1-Dependent Regulation—Several studies

Fig. 4. Comparison of reporter activity in various mammalian
cell lines. The CP-luc vector was independently transfected as a
control for standardizing measurements, and each expression vector
was co-transfected. Data represent the means ± SD of three inde-
pendent transfection experiments. (a) Hesr1 down-regulates
reporter gene expression through the 3′ non-coding region of the
DAT1 gene in various cell lines. Relative luciferase activities after
transient transfection in cell lines HEK293, SH-SY5Y, COS-7, and
Neuro2a are shown. Relative luciferase activities were determined
by normalizing the standardized values to the mean of co-transfec-
tion with an expression vector encoding only the epitope tag in each
cell line (black columns). Relative luciferase activity with Hesr1 is
shown as white columns. (b) Cells were co-transfected with expres-
sion vectors encoding Hesr1, ∆bHLH, ∆Orange, and ∆C. The relative
activities were determined by normalizing the standardized values
to the mean of co-transfection with an expression vector encoding

Hesr1. In HEK293 cells, the deletions of bHLH and Orange cause a
lack of activity (*P < 0.001, N = 3). The deletion of the C-terminal
region containing the YRPW motif had no repressive effect. In other
cell lines (COS-7 cells shown as an example), the Hesr1 activity was
not lost completely with the deletion of the Orange domain. (c) Hesr1
affects the difference in reporter gene expression between VNTR pol-
ymorphism alleles in HEK293 cells. The CP-luc vector was inde-
pendently transfected as a control for standardizing each measure-
ment and expression vectors were co-transfected. The relative
activities were determined by normalizing these standardized values
to the mean of the CP-luc/10-repeat co-transfected with each expres-
sion vector. The results of co-transfection with the expression vector
encoding the epitope tag (black column, P < 0.05, N = 3) or Hesr1
(white column, P < 0.05, N = 3) are shown. The statistical signifi-
cance in the relationships between repeat alleles and the co-trans-
fected expression vector was detected by two-way ANOVA (P < 0.05).
Vol. 137, No. 2, 2005
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suggest that DAT1 VNTR polymorphism regulates gene
expression in vivo (26–28) and in vitro (29–31). However,
there is no agreement as to the difference in gene expres-
sion between alleles. In this study, we confirmed signifi-
cant differences among alleles in reporter gene analysis
of mammalian cell lines (Fig. 1c). Moreover, the down-
regulation of gene expression with the 3′ non-coding
region of the DAT1 gene affects VNTR-dependent differ-
ences in reporter gene expression. We show that the
Hesr1-dependent regulation affects the differences in
reporter gene expression between alleles (Fig. 4c). These
results suggest that VNTR polymorphism functions as a
regulatory region, although the magnitude of the differ-
ences is small. Moreover, the accumulation of slight dif-
ferences that may be secondary to the regulation of DAT1
gene expression becomes significant in vivo. This sup-
ports the notion that VNTR polymorphism is a modest
risk factor that is influenced by other risk factors in
many dopamine-related polygenic disorders and behavio-
ral traits. This provides a good explanation for the vari-
ous results concerning the association between VNTR
polymorphism and some polygenic neuropsychiatric dis-
orders.

The Hesr1 Is a trans-Acting Factor—We identified Hesr1
as a trans-acting factor on the element containing the
VNTR region using a yeast one-hybrid system. The Hesr1
gene has been identified and characterized as a member
of the subfamily hairy/enhancer of split (35–38). And the
Hesr family genes, Hesr1, 2, and 3, encode the bHLH
domain and Orange domain. Since the hairy/enhancer of
split family genes act as transcriptional repressors and
Notch effectors by negative regulation, Hesr may have
similar functions (38). It has been reported that Hesr is
up-regulated by the Notch intracellular cytoplasmic
domain (NICD) similar to HES (41, 42). Moreover, Hesr
has a repressor activity and promotes cell differentiation
(42–44).

Recently, an interaction between VNTR in intron 2 of
the 5-HTT gene and the transcription factor Y box bind-
ing protein 1 (YB-1) has been reported by using a yeast
one-hybrid system (45). There is an advantage in screen-
ing trans-acting factors using a yeast one-hybrid system
with two reporter genes with target elements integrated
into the same yeast genome at different loci, because
chromatin forming or remodeling of target elements play
an important role in vivo. Our experiments using a yeast
one-hybrid system suggest that the bHLH domain, which
is indispensable for the DNA-binding activity of Hesr1, is
necessary for specific trans-acting effects on part of DAT1
exon 15 (Fig. 2). We believe that the regulation arises
from direct binding. In the electrophoretic mobility shift
assay (EMSA), recombinant GST-Hesr1 purified from
Escherichia coli or the whole cell extract of COS-7 cells
transfected with the Hesr1 expression vector was incu-
bated with the radiolabeled repeat unit, types (D), (E),
and (I). We could not detect specific shifted bands,
although it has been suggested that ES cell proteins bind
to repeat unit type (D) (32). The target element region
used in the yeast one-hybrid system has no E-box or N-
box known to be a bHLH binding consensus site. It is pos-
sible that functions of Hesr1 other than DNA-binding
activity affect this down-regulation (46).

Hesr1 Functions as a Negative Regulator in Gene
Expression through the 3′ Non-Coding Region of the
DAT1 Gene in Mammalian Cell Lines—In mammalian cell
lines, Hesr1 regulates the expression of reporter genes
containing the 3′ non-coding region of the DAT1 gene
(Fig. 4a). Moreover, Hesr1 shows its highest activity in
HEK293 cells, which show no endogenous down-regula-
tion of the DAT1 gene through the 3′ non-coding region
(Fig. 1b). Moreover, that the negative regulation is
dependent on bHLH and the Orange domain suggests
that regulation through the 3′ non-coding region of the
DAT1 gene is caused by Hesr1 functioning as a transcrip-
tional repressor (Fig. 4b). In addition, the knockdown of
endogenous Hesr1 gene expression by RNAi caused the
diminution of down-regulation on reporter gene expres-
sion depending on the presence of the 3′ non-coding
region in SH-SY5Y cells (Fig. 3), but not on the expres-
sion of the endogenous DAT1 gene (data not shown).
These results suggest that regulation through the 3′ non-
coding region of the DAT1 gene does not depend simply
on the expression of Hesr1, but depends on interactions
with other factor(s) in mammalian cells. For example,
Hesr family members are also known to undergo het-
erodimerization with other transcriptional factors,
HES1, dHAND, eHAND, and Arnt (43, 47, 48). In addi-
tion, another bHLH protein, dHAND, regulates
dopamine-β-hydroxylase in a manner dependent on the
presence of another transcriptional factor Arix/Phox2a
(49, 50). The regulation of the expression of the DAT1
gene with the 3′ non-coding region may be controlled by a
complicated mechanism.

Interestingly, the deletion of the YRPW motif of Hesr1
does not affect the luciferase reporter activity (Fig. 4b).
The YRPW tetrapeptide motif seems to be a variant of
the WRPW motif in HES that is known to be active in the
recruitment of TLE/Groucho and repression (51). How-
ever, the YRPW motif is not necessary for the activities of
Hesr1 and Hesr1-12nt in the expression of the DAT1
gene. It is possible that the motif has other functions. It
was reported previously that the YRPW motif does not
contribute to the repressor activity of Hesr2 (43).

Dopaminergic Neurons and Hesr1—Although it is
debatable whether our in vitro assay reflects the in vivo
situation due to several limiting conditions, the results
are sufficient to raise a new question about the interac-
tion between Hesr1 and the dopaminergic nervous sys-
tem. Hesr1 is known to be a Notch effecter, and no evi-
dence for a direct relationship with the dopamine system
has been reported. However, in the relationship between
the dopaminergic nervous system and angiogenesis, a
dopamine stimulant to the presynaptic dopamine autore-
ceptor D2 receptor induces endocytosis of vascular
endothelial growth factor receptor 2 (VEGFR2) (52),
which is down-regulated by Hesr1 (42). In addition,
transforming growth factor-β1 (TGF-β1), the level of
which is elevated in the striatum of patients with Parkin-
son’s disease and has been shown to cause a decrease in
the number of dopaminergic neurons in the mouse ven-
tral mesencephalon (53), controls the activation of Hesr1
in epithelial cells (54). A relationship between TGF-β sig-
naling and the dopamine system in development has
been reported (55).
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Fig. 5. Comparison of Hesr1
and Hesr1-12nt. (a) The bHLH
domains of the Hesr1 and Hesr1-
12nt proteins are aligned. The var-
iant has an insertion of 4 amino
acids in the “Loop” region. Amino
acids Val-Met-Glu-Gln (shaded
box) are inserted between 83Q and
84G in the center of the “Loop”
region. (b) The partial genomic
sequence of the human Hesr1 gene
is shown. Two open squares indi-
cate exon2 and exon3. Hesr1-12nt
has a 12-nucleotide insertion (gray
box). There is a different splice site
(underline). (c) Localization of the
Hesr1 and Hesr1-12nt proteins in
HEK293 cells. The pEYFP-C1 vec-
tor was transfected as a negative
control (a, d, g). EYFP/Hesr1 local-
ized in nuclei (b, e, h), and the
localization of EYFP/Hesr1-12nt
was the same (c, f, i). Nomarski
interference microscopic images
are shown (a-c). Hoechst33342
staining shows nuclei (d–f). Tran-
siently transfected cells express-
ing EYFP were identified by fluo-
rescence microscopy (g–i). (d)
Comparison of repressor activities
between Hesr1 and Hesr1-12nt.
The relative activities calculated
by normalizing the standardized
values to the mean of Hesr1 are
shown (P < 0.01, N = 3).
Vol. 137, No. 2, 2005
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In rat embryos, dopaminergic neurons have been
detected in the midbrain, adjacent to the floor plate
where Hesr1 has been shown to be expressed (36). In
addition, Hesr1 is expressed in the dorsal aorta (36), in
which the walls contain localized bone morphogenetic
proteins (BMP) that have been shown to be essential for
the induction of TH in neural crest–derived cells (55).
Members of the dpp subgroup, including BMP-2, the
stimulation of which induces the expression of Hesr1 and
cooperates in Notch signaling, and BMP-4, which pro-
motes the expression of Hesr1 in neural stem cells iso-
lated from the lateral ventricle of adult mouse brain, are
capable of inducing TH expression in cultured neural
cells from the mouse embryonic striatum (56–58).
Although these references seem to provide circumstan-
tial evidence only, it is enough to make the argument that
there is an interaction between Hesr1 and the dopamin-
ergic nervous system. It is possible that Hesr1 is involved
in the differentiation, survival, or maintenance of
dopaminergic neurons. According to a previous report, a
deficit of both Hesr1 and Hesr2 results in embryonic
death after day E9.5, but Hesr1 knockout mice show no
observed major developmental or functional impairments
(59). However, our findings suggest that the neuropsychi-
atric behavior of Hesr1 KO mice should be examined.

Polymorphism of the Hesr1 Gene—We should not over-
look the fact that there are many SNPs in the coding and
non-coding regions of the Hesr1 locus. Some SNPs may
affect the structure or function of the protein, specific
gene expression, alternative splicing, and translation. It
is possible that these SNPs are more important risk fac-
tors in dopamine-related polygenic disorders and behav-
ioral traits.

In this study, we show that the C386A candidate SNP
of the Hesr1 gene causes a lack of activity itself on the
expression of the reporter gene with the 3′ non-coding
region of the DAT1 gene (Fig. 6b). Therefore, we identi-

fied one of the SNPs with molecular functions that affect
the activity of Hesr1. The data suggest that C386A poly-
morphism of the Hesr1 gene might result in a knockdown
of the function of Hesr1 in vivo. It is possible that C386A
polymorphism of the Hesr1 gene is an important risk fac-
tor in dopamine-related polygenic disorders and behavio-
ral traits. Moreover, Hesr1 regulates the expression of
many genes other than DAT1. Therefore, the polymor-
phism might be positively involved in many other poly-
genic disorders and behavioral traits.
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