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The norepinephrine transporter critically regulates both neuro-
transmission and homeostasis of norepinephrine in the nervous
system. In this study, we report a previously uncharacterized and
common A/T polymorphism at —3081 upstream of the transcription
initiation site of the human norepinephrine transporter gene
[solute carrier family 6, member 2 (SLC6A2)]. Using both homolo-
gous and heterologous promoter-reporter constructs, we found
that the —3081(T) allele significantly decreases promoter function
compared with the A allele. Interestingly, this T allele creates a new
palindromic E2-box motif that interacts with Slug and Scratch,
neural-expressed transcriptional repressors binding to the E2-box
motif. We also found that both Slug and Scratch repress the SLC6A2
promoter activity only when it contains the T allele. Finally, we
observed a significant association between the —3081(A/T) poly-
morphism and attention-deficit hyperactivity disorder (ADHD),
suggesting that anomalous transcription factor-based repression
of SLC6A2 may increase risk for the development of attention-
deficit hyperactivity disorder and other neuropsychiatric diseases.

Snail family | E2-box | Slug | Scratch

N orepinephrine (NE) is a key neurotransmitter in both the
central and peripheral nervous systems and regulates many
essential functions, including attention, memory, emotion, and
autonomic function. The NE transporter (NET) is primarily
responsible for reuptake of NE into presynaptic nerve terminals
and is a regulator of NE homeostasis (1, 2). Indeed, NET
knockout mice exhibited elevated extracellular levels of NE,
resulting in altered brain and autonomic function (2, 3). The
NET belongs to the SLC6 family of Na*/Cl -dependent trans-
porters (4). The human NET gene [solute carrier family 6,
member 2 (SLC6A2)], spanning ~45 kb, is located on chromo-
some 16q12.2 (5). Genomic clones and cDNA encoding SLC6A42
have been isolated and characterized, thus making molecular
investigation of regulatory mechanisms of SLC6A2 expression
possible (6).

Given the global role of NE in the nervous system, its
abnormal regulation/expression may predictably result in various
pathological conditions such as neurodegenerative, psychiatric,
and cardiovascular disorders (7, 8). In particular, SLC6A42 has
been posited as a candidate gene for diverse psychiatric and
autonomic disorders. For example, patients suffering from major
depression have demonstrated reduced levels of NET, as mea-
sured by brain imaging and binding techniques in postmortem
brain samples (9). The NET is a primary target of well known
tricyclic antidepressant drugs (10). Based on its important role
in the maintenance of attention and vigilance, it has been
hypothesized that abnormal regulation of NE neurotransmission
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contributes to attention-deficit hyperactivity disorder (ADHD)
(8). Consistent with this hypothesis, an effective medication for
ADHD, atomoxetine, selectively targets NET (11). Thus, it is of
great interest to test whether functional variants in SLC6A42 may
be associated with ADHD.

Several polymorphisms have been identified in the coding and
noncoding regions of SLC6A42. A rare missense mutation
(Ala457Pro) recently was found in the highly conserved trans-
membrane domain 9 of SLC6A42 from a patient suffering from
orthostatic intolerance and tachycardia (12). Further, a poly-
morphism in the noncoding region was reported to be associated
with anorexia nervosa (13). Nonetheless, there is no direct
evidence that these SLC6A2 variants are related to psychiatric
disorders. Several recent studies have examined the association
between SLC6A2 single-nucleotide polymorphisms (SNPs) and
ADHD and have yielded mixed results (14-17). Considering that
subtle changes in related gene activities may underlie psychiatric
disorders, it is tempting to speculate that sequence variations in
the noncoding region that lead to altered regulatory function
may contribute to certain brain disorders. Indeed, genetic vari-
ations in regulatory regions are beginning to be recognized as
risk factors for complex inherited disorders. For example, 10
different alleles containing from 3 to 13 copies of a 40-bp tandem
repeat have been found in the 3' UTR of the dopamine
transporter gene. Among them, an allele with 10 copies has been
found to be associated with ADHD (18, 19).

At present, there has been no report of functional polymor-
phisms in the promoter region of SLC6A42. Based on our
previous study of the regulatory region (20), we sought to
identify potentially functional polymorphisms in the promoter of
the SLC6A2. Herein, we report a common polymorphism at
—3081 that affects SLC6A2 promoter function. Moreover, we
provide a mechanistic basis for loss of SLC6A42 promoter
function via ectopic interaction with neural-expressed transcrip-

Author contributions: C.-H.K., Y.J., B.M.C,, R.D.B., and K.-S.K. designed research; C.-H.K.,
M.K.H., and A.H.S. performed research; C.-H.K.,, S.L.A.,, I.G., M.H.T., D.R., .LD.W., and R.D.B.
contributed new reagents/analytic tools; C.-H.K., S.L.A.,, M.S.M.-R., I.D.W., R.D.B., and
K.-S.K. analyzed data; and C.-H.K., I.D.W., and K.-S.K. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS direct submission.

Abbreviations: NE, norepinephrine; NET, norepinephrine transporter; ADHD, attention-
deficit hyperactivity disorder; TK, thymidine kinase; DSM-IV, Diagnostic and Statistical
Manual of Mental Disorders, 4th Ed.; OR, odds ratio; Cl, confidence interval.

*To whom correspondence should be addressed. E-mail: kskim@mclean.harvard.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0510836103/DC1.

© 2006 by The National Academy of Sciences of the USA

www.pnas.org/cgi/doi/10.1073/pnas.0510836103


http://www.pnas.org/cgi/content/full/0510836103/DC1
http://www.pnas.org/cgi/content/full/0510836103/DC1

Il HelLa

[Tk] CAT | (] SK-N-BE(2)C

-4000 -3018

-3018__-4000

2 4 6 8 10 12 14

Lo L

4 B
-4000 -3018

| fintron CAT ]

-3018  -4000
[ }{ intron| CAT | -

5§ 10 15 20 25
Relative CAT activity

intron| CAT

=

Fig. 1. The sequence between —4000 and —3018 of SLC6A2 promoter
contains the noradrenergic cell-specific transcriptional element. The frag-
ment between —4000 and —3018 was subcloned in either sense or antisense
orientation 5’ of the pBLCAT2 or 5’ of the pNET133(i)CAT (20). The reporter
constructs were transfected into the NET-positive SK-N-BE (2)C cells and
NET-negative Hela cells, and the normalized CAT activity of each construct
was expressed relative to the vector pBLCAT2 (A) and pNET133(i)CAT (B),
respectively.

tion factors Slug and Scratch. Finally, we demonstrate an asso-
ciation of —3081(T) with ADHD in children and adolescents.

Results

The Upstream Promoter Region for the Noradrenergic Cell-Specific
Expression of SLC6A2. Previously, we have demonstrated that the
4.0-kb SLC6A2 upstream sequences can drive reporter gene
expression in a noradrenergic cell-specific manner (20), indicat-
ing that these upstream promoter sequences may contain im-
portant genetic information about cell-type-specific transcrip-
tion. In particular, the upstream domain between base pairs
—4000 and —3000 may function as a cell-type-specific enhancer
because it demonstrates robust activity at a relatively distant
position. To further address this finding, we subcloned this
region 5’ to the heterologous thymidine kinase (TK) promoter
or to the homologous SLC6A42 proximal promoter previously
described in ref. 20 [pNET133(i)CAT], either in the sense or
antisense orientation. As shown in Fig. 1, this domain promi-
nently increased TK promoter activity in both sense and anti-
sense orientations in NET-expressing SK-N-BE (2)C cells. In
addition, this domain was able to increase homologous SLC6A2
proximal promoter activity in both orientations. In contrast, no
such effect was observed in NET-negative HeLa cells, thus
supporting the notion that this domain has characteristics of a
noradrenergic cell-specific enhancer.

Identification of a Previously Uncharacterized Polymorphism in the
Upstream Enhancer Domain of SLC6A2. Based on our preliminary
study characterizing potentially important enhancer domains
(Fig. 1 and ref. 20), we focused on the upstream enhancer region
for the identification of previously uncharacterized polymor-
phisms instead of random screening of broad genomic regions of
SLC6A2. Toward this goal, we amplified the region encompass-
ing from base pair —4000 to —3018 with genomic DNA samples
from 88 healthy individuals used for our previous study (21) and
analyzed them by DNA sequencing. This analysis revealed one
common polymorphism at —3081(A/T) [see supporting infor-
mation (SI) Fig. 6].
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Effect of the —3081(A/T) Polymorphism on Promoter Activity. To
assess the functional effect of this polymorphism on SLC6A2
promoter activity, we subcloned the enhancer domain from
—4000 to —3018 with A or T alleles at nucleotide position —3081
in front of SLC6A2 proximal promoter [designated as
pNETB(A)133(i)CAT and pNETB(T)133(i)CAT, respectively]
and examined their transcriptional activities in SK-N-BE (2)C
and SK-N-BE (2)M17. We found that reporter gene expression
driven by the —3081(T) allele construct was reduced by 50%
compared with the wild-type construct (P < 0.005) (Fig. 24). In
addition, a 4-kb upstream sequence containing the —3081(A) or
—3081(T) alleles was cloned into a luciferase reporter plasmid,
and the activity was measured. Using pNET4000T(i)LUC(T)
with nucleotide T at —3081, we observed 25% and 28% de-
creased promoter activity in SK-N-BE (2)C and SK-N-BE
(2)M17, respectively, compared with pNET4000A(i)LUC(A)
with nucleotide A at —3081 (P < 0.0005) (Fig. 2B). To address
more directly the role of the A/T polymorphism at —3081 in
transcriptional regulation, we synthesized reporter constructs in
which six copies of an oligonucleotide containing base pairs
—3092 to —3072 of SLC6A2 promoter with either nucleotide A
or T at —3081 were placed in front of the TK promoter.
Transient transfection assay demonstrated that the reporter
construct with nucleotide A at —3081 slightly stimulated TK
promoter activity, whereas the reporter construct with nucleo-
tide T at —3081 decreased TK promoter activity by 85% to 70%
in SK-N-BE (2)C and SK-N-BE (2)M17 cells, respectively (P <
0.0005) (Fig. 2C).

Specific DNA-Protein Interaction at a Perfect Palindromic Sequence
Motif Containing —3081(T). Next, we addressed whether DNA-
binding protein(s) interact with promoter sequences encom-
passing this polymorphism and/or whether the binding activ-
ities are altered. When an oligonucleotide probe surrounding
the —3081 position was incubated with nuclear extracts from
HeLa or SK-N-BE (2)C cells, a single major DNA-protein
complex was detected with the —3081(T) allele probe but not
with the —3081(A) allele probe, suggesting that the —3081(T)
polymorphism creates a new binding site (indicated by an
arrow in Fig. 34). As shown in Fig. 3B, competition assay
showed that formation of this DNA-protein complex was
diminished by unlabeled —3081(T) oligonucleotide but not by
—3081(A) or the unrelated CRE and Spl oligonucleotides.
Thus, this DNA-protein complex seems to be sequence-
specific. To determine whether —3081(T) created a cis-acting
element(s), we used the TRANSFAC database to search for
known transcription factor-binding motifs (22). Interestingly,
the —3081(T) allele, but not the —3081(A) allele, contains a
potential E2-box motif (CACCTG) (Fig. 3C), which is known
to be a binding site for the basic helix-loop-helix class of
transcription factors.

Zinc Finger Transcriptional Repressors Slug and Scratch Interact with
the E2-box Element Created by the —3081(T) Polymorphism. Because
the —3081(T) polymorphism specifically repressed promoter
activities, we searched for a transcriptional repressor(s) that can
bind the consensus E2-box element. Transcription regulators
called 8EF1/ZEB and Snail superfamily (Snail, Slug, and
Scratch) have been reported to bind to a consensus E2-box
(CACCTG) and function as potential transcriptional repressors
(23, 24). These zinc finger transcription factors are implicated in
neural crest development and/or promoting neuronal differen-
tiation. To investigate whether these transcriptional repressors
may be involved in DNA-protein interaction with the oligonu-
cleotide probe containing the T allele, we performed EMSA by
using in vitro-translated proteins. Incubation of recombinant
S6EF1/ZEB and Snail produced no complexes with the oligonu-
cleotide probe containing either the A or T allele. In contrast,
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Fig.2. Basal promoter activities of reporter constructs containing nucleotide A or T at position —3081. (A) The fragment between —4000 and —3018 containing
either A or T at base pair —3081 was subcloned in antisense orientation 5’ of the pNET133(i)CAT. The normalized CAT activities driven by an A allele containing
construct in each cell line was set to 100 to compare the relative strength of a T allele-containing construct. Significant differences between A and T alleles were
evaluated by unpaired t test with two-tailed P values: *, P < 0.05; **, P < 0.005; ***, P < 0.0005. (B) A 4-kb upstream sequence and the first intron of SLC6A2
were inserted upstream of the luciferase coding sequence in the pGL3 basic (Promega) vector. These constructs were designed to contain the A or T allele at
position —3081 and transiently transfected into cell lines. (C) Six copies of the oligonucleotide containing A or T alleles were coupled to a heterologous TK
promoter and a luciferase reporter gene. To compare luciferase activities between two constructs, luciferase activity driven by TK promoter was set to 100.

recombinant Slug and Scratch generated a single complex with
the oligonucleotide probe containing the T allele but not the A
allele (see SI Fig. 7). Next, we carried out supershift EMSA by
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Fig. 3. Allele-specific binding of protein to oligonucleotide surrounding
polymorphic site. (A) EMSA were conducted by using nuclear extracts from
SK-N-BE (2)C and Hela cells with labeled probes for the allele A (lanes 1 and
3) and for the allele T (lanes 2 and 4). An allele-specific complex was indicated
by the arrow at right. A nonspecific complex was shown by the asterisk. (B)
EMSA were performed by using nuclear extracts from SK-N-BE (2)C cells with
32p-|abeled oligonucleotide containing allele T. This DNA-protein complex
was competed by unlabeled —3081(T) oligonucleotide but not by either
—3081(A) or unrelated CRE and sp1 oligonucleotides. (C) Schematic represen-
tation of E2-box DNA sequence created by polymorphism at —3081.
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using antibodies against Snail, Slug, and Scratch. Incubation of
nucleic extracts with anti-Slug and anti-Scratch, but not anti-
Snail, retarded the migration of the major DNA-protein com-
plex or diminished formation of complex (Fig. 4), strongly
suggesting that Slug and Scratch are components of the major
DNA-protein complex formed with the E2-box created by the
—3081(T) allele. To investigate whether Slug and Scratch are
coexpressed with NET, we performed RT-PCR by using NET-
expressing or -nonexpressing cell lines. Slug and Scratch were
expressed not only in NET-expressing but also in some NET-
nonexpressing cell lines (see SI Fig. 8).
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Fig. 4. Slug and Scratch, but not Snail, bind to the E2-box generated by
polymorphism at —3081 of SLC6A2. The —3081(T) oligonucleotide radiola-
beled probe was incubated with SK-N-BE (2)C nuclear extract in the absence
(lane 1) or presence of antibodies (lanes 2-8). Coincubation of nuclear pro-
teins with increasing amounts of Slug- and Scratch-specific antibodies [0.2 ng
(lanes 3 and 6), 0.5 ng (lanes 4 and 7), and 1 ug (lanes 5 and 8)] resulted in the
generation of a supershifted band in a dose-responsive manner. In addition,
formation of DNA-protein complex was significantly diminished. In contrast,
coincubation with Snail-specific antibody (1 ng) neither generated the super-
shifted band nor diminished formation of DNA-protein complex (lane 2).
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Fig. 5. Slug and Scratch transrepress the SLC6A2 promoter in an allele-specific
manner. (A) SK-N-BE (2)C cells were transiently cotransfected with reporter
constructs and Slug or Scratch expression vectors. To compare the transrepression
directly, basal luciferase activity driven by each reporter construct was set to
100%. (B) Diagram of the overall structure of Snail family protein and dominant-
negative construct. The activating forms of Slug and Scratch were constructed by
replacing the N-terminal repressor domain with the activation domain of VP16
(Upper). The —3081(T) allele of the 4.0-kb SLC6A2 promoter-luciferase reporter
constructs were cotransfected with the either Slug or Scratch expression vector
and dominant-negative expression plasmids. Here, basal promoter activity driven
by the 4.0-kb SLC6A2 promoter-luciferase reporter constructs containing the T
allele at —3081 was set to 100%.

Slug and Scratch Decrease the SLC6A2 Promoter Activity in an
Allele-Specific Manner. To investigate whether Slug and Scratch
directly affect the SLC6A2 promoter activity, SK-N-BE (2)C was
cotransfected with Slug or Scratch expression vector along with
pNET4000(i))LUC(A) or pNET4000(i)LUC(T) reporter con-
structs. Interestingly, both Slug and Scratch repressed the pro-
moter activity of pNET4000(i)LUC(T), but not that of
pNET4000(i))LUC(A), indicating that Slug and Scratch can
repress the reporter gene activity in an allele-specific manner
(Fig. 54). To investigate whether Slug and Scratch are respon-
sible for repression observed in the pNET4000(i)LUC(T) con-
structs, we replaced the region N-terminal to the DNA-binding
domain of Slug and Scratch with the transactivation domain from
herpes simplex virus VP16, respectively. When cotransfected
with the pNET4000(i)LUC(T) construct, Slug or Scratch ex-
pression vectors further decreased the reporter gene activity
(Fig. 5B). Interestingly, decreases of promoter activity by T
allele-derived sequence could be recovered by cotransfection
with VP16/Slug expression vector, suggesting the direct involve-
ment of the Slug and Scratch proteins in repression by T
allele-derived sequences. Taking these results together, we con-
clude that Slug and Scratch proteins can bind to the E2-box
element created by the —3081(T) polymorphism and result in
decreased transcriptional activity.
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The —3081(T) Polymorphism Is Associated with ADHD. We tested
whether the SLC642 —3081(A/T) polymorphism was associated
with childhood ADHD by genotyping this SNP using PCR-
restriction fragment length polymorphism (RFLP) analysis (see SI
Fig. 6) in 94 patients who met Diagnostic and Statistical Manual of
Mental Disorders, 4th Ed. (DSM-1V) (25) criteria for ADHD and in
60 unaffected controls. We evaluated statistical significance by
using nominal P values but also examined significance by using
permutation tests given our sample size. The permutation-based
significance levels were only slightly higher than standard P values
(i.e., =5-10%) and thus did not materially alter any of our
conclusions regarding the associations between ADHD and the
—3081(A/T) SNP. We first established that this SNP was in
Hardy—Weinberg equilibrium by using a simulation-based method
(26) in the full sample (x> = 0.59, P = 0.566), as well as separately
in cases (x> = 0.35, P = 0.711) and controls (x> = 0.001, P = 1.000).
The frequency of the —3081(T) allele in ADHD cases was 0.37
compared with 0.22 in controls, a statistically significant difference
[x* = 7.07, P = 0.008, odds ratio (OR) = 2.00, 95% confidence
interval (CI) = 1.19 — 3.37]. Differences in the genotypes of
ADHD cases and controls also were significant (logistic regression
results for the linear trend contrasting the number of T alleles: x>
= 6.49, P = 0.011, R? = 0.06). Similar to the allele-wise results, the
AT and TT genotypes were overrepresented in ADHD cases,
whereas the AA genotype was overrepresented in controls (ADHD
cases: AA = 042, AT = 0.44, TT = 0.15; controls: AA = 0.60,
AT = 0.35, TT = 0.05).

A potential confound in case-control studies of association is
population stratification biases, which most commonly are at-
tributable to the sampling of individuals from different ethnic
backgrounds that vary in both allele frequencies at the tested
marker and in rates of the disorder being studied (27). A search
of the HapMap database (28) revealed substantial allele fre-
quency differences between the European-American and Afri-
can-American samples for many of the SNPs in SLC6A42, sug-
gesting the need to control for ethnic background in testing for
association between SNPs in this gene and ADHD. Thus, we first
examined ethnic differences in allele frequencies at the
—3081(A/T) SNP (see SI Table 1). Our analyses showed con-
siderable differences in allele frequency between individuals of
African-American background and those of European-
American, Hispanic, or Asian ethnicity (x> = 15.50, P < 0.001,
OR = 4.85,95% CI = 2.08 — 11.36), such that the frequency of
the T allele was 0.65 in individuals of African-American back-
ground as compared with 0.28 in individuals of European-
American, Hispanic, or Asian ethnicity. Similar differences were
observed for the comparison of genotype frequencies between
individuals of African-American and the other ethnic back-
grounds (x*> = 19.11, P < 0.001, ¢ = 0.35). In contrast, no such
differences were observed among the individuals of European-
American, Hispanic, or Asian ethnicity (x> = 2.21, P = 0.696,
¢ = 0.12), suggesting that these groups could be combined in the
subsequent case-control analyses in which ethnicity was con-
trolled (also see SI Table 1).

Because our clinic samples were collected at two independent
sites, it also was important to control for any possible hetero-
geneity across site (see SI Table 2). After removing individuals
of African-American ethnic background from the sample, we
thus tested for and found genotype differences between the cases
sampled from Vanderbilt University Medical Center and
McLean Hospital (x* = 9.88, P = 0.007, ¢ = 0.35). (Similar
analyses using logistic regression in which ethnicity was con-
trolled yielded virtually identical results).

Given the heterogeneity we observed because of both ethnic
background and clinic site, we next reanalyzed the association
presented above between ADHD and the —3081(A/T) SNP after
removal of the 13 individuals of African-American ethnic back-
ground and controlling for clinic site. (We also statistically
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controlled for African-American versus European-American,
Hispanic, or Asian ethnicity and obtained virtually identical
results.) Differences in the genotypes of ADHD cases and
controls remained significant after removal of the individuals of
African-American ethnic background and when clinical site was
controlled via its inclusion as a covariate in the analyses (logistic
regression results for the linear trend contrasting the number of
T alleles: x> = 4.79, P = 0.029, OR = 3.38,95% CI = 1.14 —
10.10, R? = 0.06). Similar to the results above, the AT and TT
genotypes were still overrepresented in ADHD cases, whereas
the AA genotype was overrepresented in controls.

Discussion

The NET critically regulates NE neurotransmission and ho-
meostasis (2) and is a prime target for the treatment of psychi-
atric disorders such as depression and ADHD. Accordingly,
genetic variations of SLC6A42 are considered to be promising
candidates for NE-related disorders. For instance, several poly-
morphisms have been identified in the coding regions of SLC6A42
(12, 29) including a functional missense mutation (Ala457Pro)
that is linked to orthostatic intolerance. In contrast, similar
analyses of SLC6A42 variants with various psychiatric disorders,
including major depression, Tourette syndrome, bipolar disor-
der, schizophrenia, and alcoholism have failed to reveal signif-
icant association (29). Studies of the association between
SLC6A2 SNPs and ADHD have yielded mixed results, with
several studies finding no evidence for association (14, 15) and
more recent studies providing some evidence for association (16,
17). 1t is likely that future association studies will show greater
yield if they focus on polymorphisms known to be functional,
such as the promoter SNP that we have reported on herein.
We focused on the identification of functional polymorphisms
in the SLC6A2 promoter sequence because a more common,
regulatory variant may be more likely to support vulnerability to
the development of common psychiatric disorders than the
known rare variants found within the transporter’s coding region
(30). In the present study, we have screened and identified a
common polymorphism at the base pair —3081 promoter of
SLC6A2 (20). Several lines of evidence suggest that this
—3081(A/T) variant is a functional promoter polymorphism.
First, the T allele significantly down-regulated the proximal
promoter function of SLC6A42 by ~50% in NET-expressing cell
lines (P < 0.005) (Fig. 2A4). Second, the T allele again down-
regulated the intact SLC6A42 promoter construct containing the
4-kb upstream sequence as well as the first untranslated intron
region, by 25% to 28% (P < 0.0005) (Fig. 2B). Third, a synthetic
promoter containing the —3081(T) allele exhibited dramatically
decreased promoter function compared with the wild-type allele
(P < 0.0005) (Fig. 2C). Together, our results strongly suggest that
this A to T variation represents a functional polymorphism that
significantly down-regulates the SLC6A2 promoter activity.
Another salient feature of this study is that the T allele at
—3081 creates a new E2-box consensus motif (5'-CACCTG-3")
and that this new sequence motif, but not the wild-type sequence,
interacts with proteins in a sequence-specific manner (Fig. 3).
Because the T allele decreases SLC6A42promoter activity, we
speculated that the interacting protein might be a transcriptional
repressor binding to the E2-box motif. Indeed, our EMSA and
antibody supershift assays demonstrated that Slug and Scratch,
which belong to Snail superfamily, bind to the E2-box motif
created by the —3081(T) polymorphism (Fig. 4). Forced expres-
sion of Slug or Scratch differentially down-regulated the T
allele-containing SLC6A2 promoter function but not the A
allele-containing promoter (Fig. 54). Finally, conversion of the
transcriptional repression domain of Slug and Scratch to the
VP16 activation domain not only recovered the decreased
promoter activity of the T allele but also up-regulated its
function (Fig. 5B). Taking these results together, we conclude
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that the —3081(A/T) polymorphism creates a new E2-box motif,
that it interacts with transcriptional repressors Slug and Scratch,
and that it results in down-regulated promoter function of
SLC6A2. Slug is involved in the formation of mesoderm and
neural crest development (24), whereas Scratch is implicated in
promoting neuronal differentiation and is expressed in almost all
brain regions (31) (also see the Allen Brain Atlas, www.brain-
atlas.org). Further studies are necessary to delineate functional
roles of Slug and/or Scratch on temporal and spatial regulation
of SLC6A2 expression and their association with ADHD.

Given the physiological and clinical importance of NET and NET
antagonists, our working hypothesis is that the —3081(T) SNP
could be associated with a variety of NE-related human disorders.
To initiate such analyses, we performed an association study to
contrast allele and genotype frequencies for the —3081(A/T)
polymorphism in ADHD cases versus unaffected controls. Inter-
estingly, the frequency of the —3081(T) allele in ADHD patients
was significantly higher than in controls (0.32 versus 0.22, respec-
tively, in individuals who were not of African-American back-
ground). It is particularly noteworthy that this association remained
after controlling for heterogeneity because of both ethnic back-
ground and clinic site. Thus, our tests of association suggest that the
—3081(T) allele in SLC6A2 may be a “risk-inducing” allele for
ADHD and may play a significant role in its etiology. Given that the
sample size used herein is relatively small, however, a more
extensive investigation is warranted to test conclusively whether the
—3081(A/T) SNP is associated with ADHD and its constituent
diagnostic subtypes and symptom dimensions. In follow-up studies,
we plan to test for differential association between this polymor-
phism and the three ADHD diagnostic subtypes (Inattentive,
Hyperactive-Impulsive, and Combined) as well as with treatment
response. We also intend to characterize the pattern and magnitude
of linkage disequilibrium between this functional promoter poly-
morphism and tagging SNPs across the gene and to test whether it
accounts for any association observed between these other SNPs
and ADHD. Furthermore, our demonstration that transcription
factors Slug and Scratch interact with the polymorphism suggests
the possibility that certain transcription factors/repressors and their
own variations may contribute to the predisposition to certain
psychiatric and cognitive disorders.

Materials and Methods

Further details of cell culture and mRNA isolation, RT-PCR,
transient transfection assays, and preparation of nuclear extracts
can be found in SI Text.

Genomic DNA Analysis. For analysis of genomic DNA samples, a
1,360-bp region containing nucleotides —4000 to —3018 of
SLC6A2 was amplified by PCR with primers NET24S (5'-
GAATTCAGGGCAGGTCAGCTG-3') and NET38A (5'-
GAGACAGCAAAGGGAAGGAAACCA-3"). PCR was car-
ried out under the condition used in our previous study (21). The
resulting PCR products then were purified by 7% polyacryl-
amide gel electrophoresis and directly sequenced. To detect
polymorphisms in SLC6A42, 88 samples from healthy subjects
used for our previous study (21) were initially sequenced. One
common SNP was detected (SI Fig. 6), for which we developed
PCR-restriction fragment length polymorphism (RFLP) strate-
gies for rapid genotyping. A 148-bp region containing nucleo-
tides —3165 to —3018 of SLC6A42 was amplified by PCR with
primers NET137S (5'-CTGTAGTTTTCTTGCCCCTCAAG-
3") and NET38A. The PCR fragment then was digested with 5
units of BsrI at 65°C for 2 h for —3081(A/T). Digestion products
were run on 7% polyacrylamide gels.

Plasmid DNA Constructs. The luciferase plasmid

pNET4000(i)LUC(A) was obtained by insertion of a Sall and
Xhol fragment of the plasmid pNET4000(i)CAT (20) into
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pGL3-Basic (Promega, Madison, WI). The fragment between
—4000 and —3018 was amplified by PCR, digested with HindIII,
and subcloned into pPBLCAT2 or pNET133(i)CAT (20). Con-
structs containing the T nucleotide at —3081 were generated by
using the Transformer Mutagenesis kit (Clontech, Mountain
View, CA). Double-stranded DNAs containing base pairs —3092
to —3072 were generated by annealing the sense and antisense
oligonucleotides containing either A or T nucleotide at the
—3081 position. Multimers were blunt-ended with the Klenow
fragment and inserted upstream of the phRL-TK (Promega). An
807-bp Slug, a 785-bp Snail, and a 1,047-bp Scratch cDNA were
produced by RT-PCR from SK-N-BE (2)C mRNA. The PCR
fragments were cloned into the pCDNA3.1 zeo(+) (Invitrogen,
Carlsbad, CA) to produce pCMVSlug, pCMVSnail, and pCM-
VSert, respectively. The VP16/Slug and VP16/Scrt hybrids were
constructed by replacing the N-terminal 118 aa of Slug and the
N-terminal 162 aa of Scratch with the transactivation domain of
the VP16 protein, respectively. SEF1 expressing plasmid was
kindly provided by H. Kondoh (Osaka University, Osaka, Ja-
pan). The integrity of all sequences was verified by DNA
sequence analyses.

EMSA. The —3081(A/T) oligonucleotides were synthesized with
either the A or T variant centrally located and annealed to produce
double-stranded DNA (5'-GGCTGAGCACCA/TGTTTCCCCA-
3") and 3?P-labeled by T4 DNA kinase. Competition-binding assays
were performed by adding nonradioactive oligonucleotides in mo-
lar excess before adding 3?P-labeled oligonucleotides. For super-
shift assays, antibodies were coincubated with the nuclear extract
for 30 min at 4°C before adding the radiolabeled probe. Antibodies
against Slug and Snail were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA). Anti-Scratch was purchased from Affin-
ity Bioreagents (Golden, CO).
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Subjects. All procedures involving human subject participation
were reviewed and approved by the Vanderbilt University
Medical Center, Emory University, and McLean Hospital In-
stitutional Review Boards. Buccal cell samples were collected
from 68 subjects between the ages of 6 and 17 years. These data
on the 68 ADHD patients were gathered under the auspices of
the Center for Child Development and Clinical Trials Center at
the Vanderbilt University Medical Center, whereas data on the
60 nondisordered comparison children were sampled in Atlanta,
GA. At the Vanderbilt site, the Kiddie-SADS-Present and
Lifetime Version (32) was used to determine whether DSM-IV
criteria for ADHD were met (33), whereas at the Emory site, a
DSM-IV symptom questionnaire was used to rule out ADHD in
the nondisordered controls. At the McLean site, ADHD subjects
between the ages of 6 and 17 years were diagnosed when they met
DSM-1V criteria.

Statistical Analysis. Crosstabs and logistic regression analyses with
two-tailed P values were conducted by using SPSS for Windows
(SPSS, Chicago, IL) version 14 and were used to compare allele
and genotype frequencies between ADHD cases and nondisor-
dered controls. In cell studies, unpaired ¢ tests with two-tailed P
values were performed to compare transcriptional activities of
the A versus T alleles and were performed by using the Graph-
Pad Prism software (GraphPad Software, San Diego, CA).
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