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Long-term weight-restored patients with anorexia ner-
vosa (AN) have lower norepinephrine levels than con-
trols.1,2 Since this may reflect altered reuptake by the
norepinephrine transporter (NET), we hypothesised that
the NET gene was involved in the genetic component3

of AN. PCR-amplification of an AAGG repeat island
(AAGG1) in the NET gene promoter region revealed a
novel 343-bp sequence with five additional AAGG repeat
islands (AAGG2–AAGG6). We named the sequence from
AAGG1 to AAGG6 inclusive, the NET gene promoter
polymorphic region (NETpPR). A 4-bp deletion (S4) or
insertion (L4) in AAGG4 resulted in the net loss or gain,
respectively, of a putative Elk-1 transcription factor site.
The transmission disequilibrium test4 (TDT) with 87 Aus-
tralian trios (patient plus parents) demonstrated sig-
nificant preferential transmission of L4 (McNemar’s �2 =
7.806, df = 1, P = 0.0052, odds ratio: 2.1) from parent to
child with restricting AN (AN-R), suggesting that L4 or
a DNA variant in linkage disequilibrium with it, doubles
the risk for developing AN-R.
Molecular Psychiatry (2002) 7, 652–657. doi:10.1038/
sj.mp.4001080

The noradrenergic system is involved in regulating
each of the neuroendocrine systems that become dis-
rupted in AN.5–7 AN patients at normal weight for 6–
72 months have significantly lower blood and CSF lev-
els of norepinephrine1,2 and 3-methoxy-4-hydroxy-
phenylglycol1 than normal controls, suggesting that
reduced noradrenergic activity is associated with long-
term weight restoration. It is not clear, however,
whether alterations in metabolism, secretion, or NET
reuptake of norepinephrine are responsible for this
reduced activity. The NET gene has been cloned and
sequenced8 and polymorphisms have been identified
in the coding and intronic regions9–11 but not in the
promoter. We hypothesised that DNA variation in the
NET gene promoter was involved in the genetic sus-
ceptibility to develop AN.

We observed tandem AAGG repeats from positions
−4297 to −4282 (AAGG1 in Figure 1a) in the only pub-
lished sequence of the far 5� end of the NET gene pro-
moter reported earlier by Kim et al.12 To investigate
this repeat region, an expected 517-bp fragment was
PCR-amplified from genomic DNA. However, gel sizing
revealed a �800-bp band (data not shown) which was
confirmed to be 860 bp after bidirectional DNA sequen-
cing of the PCR product. Only the 860-bp fragment was
observed in 50 anonymous (48 Caucasian: two East
Asian) genomic DNA samples (data not shown). The
860 bp consisted of 517 bp from the Kim et al12

sequence together with a novel 343-bp GA-rich
sequence. Blast searches of GenBank with the novel
sequence produced no matches with any known gene
and only a single gene encoding the human NET is
known to exist.13 After we submitted our novel
sequence to GenBank (accession number AF330628),
The Human Genome Project working draft confirmed
the existence of the novel sequence.

To study the 343-bp novel sequence, primers were
designed to amplify a 525-bp region including the
novel sequence (Figure 1a). Bidirectional sequencing
of the PCR product revealed six discrete islands of con-
sensus AAGG tetranucleotide repeats which we desig-

Figure 1 Organisation of the NETpPR, and NETpPR poly-
morphic variants. (a) 525-bp genomic DNA sequence from
current study deposited in GenBank accession AF330628;
numbering relates to the start site (+1) in GenBank sequence
AF061198;12 NETpPR located from −4297 to −3935; imperfect
repeat sequences (RepeatA and RepeatB) are underlined; 343-
bp novel sequence is in uppercase (−4277 to −3935); AAGG1–
AAGG6 are boxed; identified polymorphisms are labelled L1,
S1, L4, and S4; Elk-1 transcription factor sites lost in S1 and
S4 are shown with core sequence in bold; primer sequences
are shaded. (b), (c), and (d) Demonstrate detection of polymor-
phisms through heteroduplex (heterodup.) analysis: (b) and
(c) electrophoresed using mini-PROTEAN II/III systems; (d)
electrophoresed using Hoefer SE600.
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nated AAGG1, AAGG2, AAGG3, AAGG4, AAGG5 and
AAGG6 (Figure 1a). Two imperfect repeats (RepeatA
and RepeatB in Figure 1a) extended through the AAGG
islands. RepeatA contains (in the 5� to 3� direction)
AAGG1, AAGG2 and AAGG3. RepeatB contains
AAGG4, AAGG5 and AAGG6. These repeat elements
point to instability of the region probably resulting in
the loss of the 343-bp novel sequence in the Kim et
al12 sequence during cloning. Amplification of the 50
anonymous DNA samples above revealed a common
heteroduplex after polyacrylamide gel electrophoresis
(PAGE) which suggested a heterozygous genotype
(Figure 1b). Bidirectional sequencing of the PCR pro-
ducts confirmed that one of three AAGG repeats in
AAGG4 was deleted which destroyed a putative Elk-1
transcription factor site (Figure 1a). Long AAGG4
(three AAGG repeats) and short AAGG4 (two AAGG
repeats) were referred to as L4 and S4, respectively.
The anonymous DNA samples revealed frequencies of
0.74 and 0.26 for L4 and S4, respectively. Genotype
frequencies were in Hardy–Weinberg equilibrium (�2 =
0.008, df = 1, P = 0.9274). Genotyping the AN families
revealed another variant present on only five of 404
unrelated parental chromosomes. Bidirectional
sequencing of the PCR products confirmed this to be a
deletion of one of four AAGG repeats in AAGG1
(Figure 1a), which destroyed another canonical Elk-1
transcription factor site. We called this variant S1. A
L1/S1 heterozygote generated a characteristic hetero-
duplex on PAGE gels (Figure 1d). We never observed
S1 and S4 on the same chromosome. S1 and S4 were
in negative linkage disequilibrium (delta = −0.0018).
L4/S4 in combination with L1/S1 was seen in one par-
ent and produced three heteroduplexes probably due
to multiple annealing possibilities and/or different
conformations of the various ssDNA fragments14

(Figure 1c). Due to its polymorphic nature, we named
the DNA sequence from AAGG1 to AAGG6 inclusive,
the NETpPR. Transcription factor binding sites were
identified in the vicinity of the two polymorphic
AAGG islands with MatInspector Public Domain15

at http://genomatix.gsf.de/cgi-bin/matinspector/ mat-
inspector.pl. This detected potential barbie boxes and
putative MZF1, Elk-1, GKLF, Ik-2, NFAT, and Evi-1
sites (Table 1). These may play a role in NET gene
expression.

We recruited 101 trios into our association study of
the novel AAGG4 alleles: 87 patients with DSM-IV AN-
R and 14 with DSM-IV binge/purging anorexia nervosa
(AN-BP), plus both biological parents. AN-R and AN-
BP were analysed separately due to the reported differ-
ences between these patients16 that has led to them
being sub-classified in DSM-IV. Genotype frequencies
of patients and parents were in Hardy–Weinberg equi-
librium (data not shown) (all P-values � 0.69). Haplo-
type relative risk (HRR)17 and haplotype-based haplo-
type relative risk (HHRR)18 analyses (Table 2) were
performed for genotypes and alleles, respectively. For
HRR analysis, L4/S4 heterozygotes + S4/S4 homozy-
gotes were collapsed into one group and compared
with L4/L4 homozygotes. For AN-R there were signifi-

cantly more L4 homozygotes among the patients than
in the non-transmitted parental genotypes (66% vs
46%, �2 = 5.964, df = 1, P = 0.0146, odds ratio: 2.23,
95% CI 1.21–4.11). L4 alleles were also significantly
more common in AN-R patients than in their parents
(82% vs 69%, �2 = 6.811, df = 1, P = 0.0091, odds ratio:
2.00, 95% CI 1.21–3.29) in the HHRR analysis. The
TDT (Table 3) supported these results. L4/S4 hetero-
zygous parents transmitted 42 L4 alleles and 20 S4
alleles to their AN-R children (McNemar’s �2 = 7.806,
df = 1, P = 0.0052, odds ratio: 2.10, 95% CI 1.21–3.78).
In contrast, HRR and HHRR analysis demonstrated that
both L4 homozygotes and L4 alleles, respectively, were
less common in AN-BP patients than in their parents
(43% vs 71%, and 68% vs 86%, respectively) although
neither comparison reached statistical significance
(Fisher’s P = 0.2519, and P = 0.2047 respectively). The
TDT (Table 3) showed preferential transmission of the
S4 allele from L4/S4 heterozygous parents to AN-BP
children but was also not significant (McNemar’s �2 =
2.273, df = 1, P = 0.1317). We had 81% power to detect
a significant association of AN-R with L4 (assuming L4
frequency: 0.74, genotypic relative risk: 2.2, 2 allele
locus) but only 27% power to detect a significant
association of AN-BP with S4 (assuming S4 frequency:
0.26, genotypic relative risk: 2.2, 2 allele locus) using
published equations.19 We then tested for a difference
between AN-R and AN-BP by comparing the trans-
mission of alleles from L4/S4 heterozygous parents of
AN-R and AN-BP patients (Table 3). This was signifi-
cant (Fisher’s P = 0.0173).

Due to the rarity of S1 we could not perform an
association study with the AAGG1 alleles. However,
only one out of five L1/S1 parents transmitted S1 to
their AN child.

We make three conclusions from our findings.
Firstly, AN-R is associated with L4 due to this variant
being involved in the disease process or being in link-
age disequilibrium with a disease locus nearby. Sec-
ondly, when compared with each other there is a sig-
nificant difference in allelic transmissions to AN-R and
AN-BP patients due to preferential transmission of L4
to AN-R patients, and S4 to AN-BP patients, although
the sample size of AN-BP decreases the power of this
observation. Thirdly, preferential transmission of dif-
ferent alleles to AN-R and AN-BP patients suggests that
our association of AN-R with L4 is not due to segre-
gation distortion (a rare phenomenon20 resulting in
preferential transmission of an allele regardless of dis-
ease status). Segregation distortion would require pref-
erential transmission of the same allele to both AN-R
and AN-BP patients.

Premorbidly, AN patients often have anxiety dis-
orders.21 Accumulated evidence suggests that norad-
renergic brain systems are involved in the pathophysi-
ology of human anxiety.22 In addition, expression of
the NET is regulated by norepinephrine.23 Due to the
critical role played by the NET in noradrenergic trans-
mission and therefore in anxiety it is reasonable to
hypothesise that the NET contributes to the aetiology
of AN.
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Table 1 Putative transcription factor binding sites in the vicinity of the NETpPR polymorphisms

Locusa Strandb Transcription Sequencec Locusa Strandb Transcription Sequencec

factor factor

−4335 − MZF1 TcaGGGGa −4127 + NFAT aaaaaGAAAaga
−4309 + Barbie AtgaAAAGgaagaag −4123 + Evi-1 agaaAAGAaaa
−4308 + Elk-1 TgaaaaGGAAgaag −4118 + Evi-1 agaaAAGAaag
−4301 + Elk-1 gaagaaGGAAggaa −4115 + Barbie aaagAAAGaaggaag
−4297 + Elk-1d aaggaaGGAAggaa −4111 + Elk-1e aaagaaGGAAggaa
−4294 + GKLF gaaggaaggaAGGG −4108 + GKLF gaaggaaggaAGGG
−4293 + Elk-1 aaggaaGGAAggga −4107 + Elk-1 aaggaaGGAAggga
−4290 + GKLF gaaggaagggAGGG −4104 + GKLF gaaggaagggAGGG
−4287 + IK-2 ggaaGGGAggga −4101 + IK-2 ggaaGGGAggga

aSet for 100% core sequence similarity and greater than or equal to 85% matrix similarity; numbering relates to Kim et al12

sequence; sense strand numbering used but all sequences are shown in the 5�–3� direction.
bSense strand +; anti-sense strand −.
cCore sequence in uppercase.
dSite lost in S1 allele.
eSite lost in S4 allele.

Table 2 Distribution of transmitted and non-transmitted NETpPR AAGG4 alleles and genotypes in AN family trios

No. Allele Genotype
trios

L4 (%) S4 (%) n L4/L4 (%) L4/S4 (%) S4/S4 (%) n

AN-R 87 Transmitted 142 (82) 32 (18) 174 57 (66) 28 (32) 2 (2) 87
Non-transmitted 120 (69) 54 (31) 174 40 (46) 40 (46) 7 (8) 87

AN-BP 14 Transmitted 19 (68) 9 (32) 28 6 (43) 7 (50) 1 (7) 14
Non-transmitted 24 (86) 4 (14) 28 10 (71) 4 (29) 0 (0) 14

Table 3 TDT of NETpPR AAGG4 alleles in AN family trios

No. Not transmitted
trios

L4 S4

AN-Ra 87 Transmitted L4 100 42
S4 20 12

AN-BPb 14 Transmitted L4 16 3
S4 8 1

aMcNemar’s �2 = 7.806, df = 1, P = 0.0052, odds ratio: 2.10,
95% CI 1.21–3.78.
bMcNemar’s �2 = 2.273, df = 1, P = 0.1317 (not significant).

A recent study suggests that atypical AN responds to
venlafaxine,24 a serotonin and norepinephrine reup-
take inhibitor. Antidepressant treatment with serotonin
and norepinephrine reuptake inhibitors results in
upregulation of brain-derived neurotrophic factor gene
expression25 resulting in activation of the mitogen-acti-
vated protein kinase/extracellular signal-regulated kin-
ase cascade.26 This results in Elk-1 phosphorylation,
increasing its ability to directly bind to its transcription
factor site in the promoters of target genes where it has
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an activating role in gene transcription.27 Elk-1 is
expressed throughout the human brain and is localised
exclusively to neurons.28 Insertion/deletion of poten-
tial Elk-1 sites as we have observed in the NETpPR may
have important implications for NET gene expression
and consequently AN.

In the current study we report the discovery of the
NETpPR, a previously undescribed polymorphic
region in the 5� promoter region of the NET gene.
Knowledge of the full structure of the promoter is
essential for meaningful expression studies. Addition-
ally, within the NETpPR we identified a polymorphism
which produced a positive association with AN-R.
Replication studies with other groups of AN-R and
larger samples of AN-BP are required, as are functional
studies to investigate the effect of the NETpPR on NET
gene expression. Since the NET gene has pharmaco-
logical importance for major depressive disorder it is
imperative that association studies be carried out with
this condition and with other disorders thought to be
influenced by the norepinephrine system.

Materials and methods
Subjects
There were 101 unrelated trios (DSM-IV AN patient +
both biological parents) of mainly Caucasian ethnicity
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(97 Caucasian: four East Asian) recruited from a total
of six sites in Sydney and Melbourne, Australia. Ethics
approval had been gained from the appropriate ethics
committees and all participants gave written informed
consent (parents signed for those under 14 years).
Patients were consecutive consenting inpatients (n =
93) or outpatients (n = 8) admitted for treatment of AN.
All patients currently fulfilled or had previously ful-
filled, the criteria for DSM-IV AN except that the
amenorrhoea criteria was waived for the two males and
for the prepubertal females. Patients were excluded if
one or both parents were not available for testing. Diag-
nostic information was/had been collected over a
longitudinal period (ie assessment was ongoing) which
allowed accurate classification of patients into the AN
subtypes (AN-R and AN-BP). The diagnosis was made
(blind to genotype) by clinicians who specialised in
eating disorders. In addition, another researcher
searched the case notes of each patient to ensure that
each of the DSM-IV criteria was present at the time of
admission or during treatment, and to check the accu-
racy of subtype classification. The diagnosis was con-
firmed by one of three psychiatrists: the principal clini-
cal investigator (KN) or by one of two others (JR, PB)
using all previously accumulated data, and by person-
ally interviewing the patient to confirm the presence
or absence of DSM-IV criteria for AN and to check that
subtyping into AN-R and AN-BP was accurate. The
consensus rate between the original and the confirma-
tory diagnosis was 95%. Where any diagnostic ambi-
guity existed, KN personally reviewed the case notes
to confirm or disconfirm fulfilment of all DSM-IV AN
and AN subtype criteria. Ages and BMI were recorded
during treatment. BMI was determined from weight
and height measurements made by hospital staff, the
weight criterion for DSM-IV AN being based on the
minimum BMI recorded. All AN patients aged 11–15
years weighed less than or equal to their age and sex-
specific 5th percentile BMI cutoff as determined in an
Australian population study.29 Above age 15 years a
BMI of 17.5 was used as the cutoff.30 There were 87 (all
female) DSM-IV AN-R, and 14 (12 females: two males)
DSM-IV AN-BP. Of the 87 AN-R, 28 were under 15
years of age (mean age 13.63 ± 1.24 years) at their mini-
mum BMI (mean minimum BMI 14.29 ± 1.66) reached
at a mean of 0.94 ± 0.58 years after onset of AN, and
59 were aged 15 years and over (mean age 17.92 ± 3.25
years) at minimum BMI (mean minimum BMI 14.69 ±
1.69) reached at a mean of 2.14 ± 2.06 years after onset
of AN. All AN-BP females were at least 15 years of age
(mean age 18.15 ± 2.22 years) at minimum BMI (mean
minimum BMI 14.16 ± 1.39) reached at a mean of 2.58
± 1.62 years after onset of AN. The two male AN-BP
were aged 19.1 and 22.4 years at minimum BMI of 12.5
and 15.4 respectively, reached 2.00 and 2.40 years after
onset of AN, respectively.

Molecular genetic methods
A 10 ml EDTA venous blood sample was collected
from patients and parents. Genomic DNA was
extracted from the blood using standard methods.31

Primers were designed to PCR-amplify a 525-bp DNA
fragment containing the NETpPR: forward primer
NETp1Fins 5�GCAGTGTAATATATGCCTATTGTCC
(positions −4357 to −4333) and reverse primer NET-
p1Rins 5�CGCTATCAGAACCTACACCTC (positions
−3833 to −3853). Base numbering related to the start
site of a published sequence.12 PCR reactions were car-
ried out in 10-�l volumes containing 10 mM Tris-HCl
pH 8.3, 50 mM KCl, 1.5 mM MgCl2, 0.5 �M of each
primer, 200 �M of each dNTP, 0.25 U Ampli-Taq Gold
(Applied Biosystems, Foster City, CA, USA), and 50 ng
DNA template. The GeneAmp PCR System 9700
(Applied Biosystems) was used for thermal cycling:
95°C for 10 min; 30 cycles of 95°C for 30 s, 67–52.5°C
for 30 s (annealing temperature decreased by
0.5°C/cycle over the 30 cycles from 67°C to 52.5°C),
72°C for 40 s; 10 cycles of 95°C for 30 s, 52°C for 30 s,
72°C for 40 s; and finally 72°C for 10 min. To allow
heteroduplex formation this was followed by 95°C for
3 min, then 60 cycles of 94.5–65°C for 30 s
(temperature decreased by 0.5°C/cycle over 60 cycles
from 94.5°C to 65°C). PCR products (2-�l) were separ-
ated on 8% polyacrylamide (Acryl:Bis 29:1) gels. L4
and S4 alleles were identified by both size and visual-
isation of the characteristic L4/S4 heteroduplex by
electrophoresing at 500 V for 2 h 15 min at room tem-
perature with the Hoefer Model SE600 (Amersham
Pharmacia Biotech, Piscataway, NJ, USA) with 0.75-
mm spacers, followed by staining with ethidium bro-
mide and visualisation of the DNA bands under UV
light. Heteroduplexes could also be detected with the
Mini-PROTEAN II & III electrophoresis systems
(Biorad, Hercules, CA, USA). Detection of L4 and S4
homozygotes was confirmed by separately mixing with
a known S4 homozygote and L4 homozygote followed
by repeating the ‘heteroduplex formation’ part of the
thermal cycling protocol. This strategy detected the
L4/S4 heteroduplex in one of the mixed samples after
subsequent electrophoresis, and differentiated the S4
and L4 homozygotes.

The ABI Prism Big Dye Terminator Ready Reaction
Kit with Ampli-Taq DNA polymerase, FS (Applied
Biosystems) and ABI Prism 310 Genetic Analyser
(Applied Biosystems) were used for sequencing the
PCR products.

Statistical analysis
The TDT, HRR, and HHRR tests were used to detect
associations. The TDT uses only data derived from par-
ents who are heterozygous and detects preferential
transmission of one allele to affected children. The
HRR test analyses the distribution of genotypes
(composed of one allele from each parent) that are
transmitted and not transmitted from parent to child.
The HHRR test analyses the distribution of alleles that
are transmitted and not transmitted from parent to
child. In these three tests, the non-transmitted parental
alleles (or genotype in the case of the HRR test) act as
the control group. This prevents spurious associations
resulting from ethnic differences between cases and
controls.
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As we could not predict which allele or genotype

would be preferentially transmitted, two-sided P-
values were used for all statistical tests. Since there
were only two known alleles for AAGG4 the required
significance level was set at 0.05. A �2 goodness-of-fit
test was used for determining Hardy–Weinberg equilib-
rium and for the HRR and HHRR tests with Yate’s cor-
rection being applied when appropriate. Fisher’s Exact
test was used when the expected cell size was less than
5, and when sample sizes were small. The TDT was
performed using McNemar’s �2. The linkage disequilib-
rium delta value32 was used to determine whether the
S1 and S4 alleles were in linkage disequilibrium.

GenBank/EMBL accession numbers
The DNA sequence of a 525-bp genomic DNA fragment
including the 343-bp novel sequence has been
deposited in GenBank, accession number AF330628.
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