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e dependent changes in AP2 immunoreactivity. Pancreas at [A) 11 years and

(D) 32 years; seminiferous tubules in the testis at (B] 11 years and (E] 32 years; cortex of the adrenal gland af (C} 11 years and (F} 32 years.
Arrows indicate AP2 positive cells. F, zona fascieulata; R, zona reticularis. Scale bar, | pm.

Figure 4 Immunoblot of cytosol extracts probed with the
anti-WRNp antibady, showing age dependent changes in Werner's
protein [WRINp) immunoreaciivity. Lanes 1-3, fissues from the contrel
subLecr at 27 gestational weeks: frontal lobe {lane 1), pancreas {lane

-2}, kidney {lane 3}; lanes 4-6, tissues from the 11 year old conirol
subject; frontal lobe (lane 4), pancreas (lane 5}, kidney [lane &);
lanes 7-9, fissues frem the 64 year old control subject: frantal lobe
{lane 7), pancreas {lane 8}, kiJ:\ey (lane 9}. Antiserum demonstrated
the presence of the 170 kDa WRNp in the pancreas from the 64
year old control subject. An dliquot of 50 pg of extracted protein
was applied to each lane. The lower figure shows immunoblot
analysis of actin as a control for loading.

We demonstrated that the SP1 and AP2 transcription
factors, which regulate WRN gene expression, also appeared
in an-age dependent manner in the regions where WRNp was
expressed, In the controls after puberty, SP1 was expressed in
the seminiferous epithelial cells and Leydig cells of the testis,
and in the zona fasciculata and zona reticularis of the adrenal
cortex, whereas AP2 was expressed in the glandular acini of
the pancreas. These findings suggest that the copy number of

these transcription factors is also increased after puberty,
resulting in the upregulation of WRIN gene expression.

It is noticeable that those organs that express high amounts
of WRNp are also respomsible for the secretion of sex
hormones (androgen and testosterone). The sex hormonal
disturbances seent in aging occur together with a decrease in
the secretion of androgen and cestrogen in the testicles. An
important decrease in adrenal androgen secretion has been
noted in both sexes. These hormonal disturbances are thought
to promote aging, especially in bone, muscle, skin, and
mucous membranes,'* Testosterone, which is not only respon-
sible for the development of male secondary sexual character-
Istics at puberty, but is also essential for the continued
function of the seminiferous epithelium, is the principal hor-
mone secreted by Leydig cells. The zona fasciculata and the
zona reticularis are thought to be responsible for the secretion
of androgens. In the patient with WS, the lack of WRN gene
expression in the Leydig cells, zona fasciculata, and zona
reticularis may cause an accelerated cellular senescence as a
result of a reduction in androgen and testosteroné secrétion.
In fact, in the patient with WS, microscopic examination
revealed atrophy of the zona fasciculata and zona reticularis,
which was more pronounced than that seen in the older con-
trol patients, :

B determine whether there was a disturbance of sex
hormonal secretions in the patient with WS, we analysed the
concentration of dehydroepiandrosterone (DHEA) in blood
from this patient when she was admitted to our hospital.

i
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Expression of Werner's syndrome protein

Take home messages

DHEA, which is a precursor of androgen and acts as androgen
itself, is produced principally in the zona fasciculata and the
zona reticularis of the adrenal cortex, and after sulphate con-
jugation (to produce DHEA-S), is secreted into blood. The
concentration of DHEA-S (230 ng/ml) in our patient with WS
was lower than that seen in age matched female controls
{normal range, 400-3500 ng/ml).

Endocrine and metabolic abnormalities have been reported
in patients with WS when compared with normal, aged
subjects.” The serum testosterone concentrations of patients
with WS were lower than those of age matched controls, and
testicular biopsy revealed more pronounced atrophy than that
seen in aged subjects.”

In conclusion, the WRIN gene was expressed in selected tis-
sues after puberty, and the transcription factors were
coexpressed. The lack of WRNp functions in selected organs
closely correlate with the W$ phenotype.
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Abstract

A T-to-G transition at nucleotide 9176 (T9176G) in the mitochondrial adenosine triphosphate 6 gene (MTATP6) was detected in two
siblings with Leigh syndrome. Heteroplasmy was observed in the mother’s leukocytes. The T9176G mutation changes a highly conserved
leucine residue to an arginine in subunit 6 of ATPase and is maternally inherited like mutations in the other mitochondrial genes. Another
mutation in the same codon (T9176C) has been previously reported in Leigh syndrome. This gives strong support to the relevance of
MTATP6 dysfunction in Leigh syndrome and the importance of leucine at that position. © 2002 Elsevier Science B.V. All rights reserved,

Keywords: Mitochondrial DNA; 9176 mutation; Leigh syndrome

1. Introduction

Leigh syndrome (subacute necrotizing encephalopathy)
is a progressive neurodegenerative disorder in early infancy
or childhood leading to death within months or years {1].
The disease is characterized with degeneration of the bilat-
eral basal ganglia and brain-stem and consists of a group of
heterogeneous metabolic disorders. In cases of Leigh or
Leigh-like syndrome, the reported frequency of a mitochon-
drial DNA (mtDNA) defect is 18%, and most mtDNA
defects have been associated with mutations at nucleotide
(nt) 8993 or 9176 of the mtATPase 6 gene [1-7]. We
surveyed reported mtDNA mutations [7] in fibroblasts,
muscles and peripheral blood leukocytes of eight patients
clinically diagnosed with Leigh syndrome and found a new
T9176G mutation in the MTATP6 in a familial case of
Leigh syndrome.

2. Patients and methods
2.1, Patient 1

The proband was delivered by cesarean section because
of a breech presentation at 38 weeks of gestational age. Her

* Cormresponding author. Tel.: +81-6-6879-3932; fax: +81-6-6879-3939.
E-mail address: koji@ped.med.osaka-v.ac.jp (K. Inui).

birth weight was 2150 g and she developed normally until 6
months of age. Her development thereafter was gradually
delayed: she crawled at 9 months, sat up at 14 months, and
walked with support at 15 months of age. At 19 months of
age, she had an episode of generalized convulsions, and the
administration of phenobarbital was initiated. At 22 months
of age, acetazolamide was added to control her convulsions.
After 2 days, she showed tachycardia, tachypnea, a general-
ized convulsion, confusion, and became markedly spastic.
Her brain computed tomographic (CT) scan showed
symmetric hypodensities in the basal ganglia. The arterial

" plasma lactate and pyruvate levels were normal, but her

cerebrospinal fluid (CSF) lactate and pyruvate levels were
elevated to 55.0 and 2.65 mg/di, respectively. She was diag-
nosed with Leigh syndrome and was unable to walk at 24
months of age, She had repeated episodes of pneumonia and
died at 6 years and 1 month of age.

2.2. Patient 2

Her younger brother was delivered by cesarean section at
34 weeks of gestational age. His birth weight was 2190 g.
Acute renal failure due to right renal dysplasia was found at
birth. His developmental delay was first noticed at 5 months
of age. He was suspected of having Leigh syndrome, but
magnetic resonance imaging of his brain showed normal
findings. At 2 years and 1 month of age, he could not

0960-8966/02/8 - see front matter ©@ 2002 Elsevier Science B.V. All rights reserved,
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walk by himself and his brain CT scan showed symmetric
hypodensities in the basal ganglia and brain-stem. He was
diagnosed with Leigh syndrome. At 2 years and 3 months of
age, a muscle biopsy was performed and showed mild
myopathic changes, but without ragged-red fibers. A
biochemical analysis of his muscles showed normal enzy-
matic activities of NADH cytochrome c reductase, succinate
¢ reductase, and cytochrome ¢ oxidase. His neurclogical
deterioration rapidly progressed, and he was intubated at 4
years and 2 months of age because of respiratory failure
with periodic apnea. He died at 10 years and 7 months of
age. Their mother was clinically normal.

a)

2.3. Mutation analysis

DNA was isolated from fibroblasts of patient 1, biopsied
muscle of patient 2, and peripheral blood leukocytes of their
mother by the standard method. The MTATP6 was ampli-
fied from isolated DNA by polymerase chain reaction (PCR)
methods using the following primer sets: (A), nt 8817-8836
(sense} 5'-ACT ATC TAT AAA CCT AGCCA-3'; (B), nt
9971-9990 (antisense) 5'-AAG ACC CTC ATC AAT
AGATG-3'; and (C), nt 9207-9226 (sense) 5'-ATG ACC
CAC CAA TCA CAT GC-3'. We amplified a 1174 bp frag-
ment by PCR using primer sets of A and B under the follow-

II
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II-1 11-2 {

CT TCTAG TAAG
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C'X‘ TCGAQTAAG CTTCGAG TAAG

T 200 Tt’) [

b)

-1 I-2

Fig. 1. (a) Direct sequence analysis of MTATPG. The patients have the homoplasmic T9176G mutation, whereas the mother has the 9176G and T sequence, (b}
Restriction enzyme analysis encompassing the nt 9176 site. In a normal sequence, the amplified 160 bp PCR product containing one site of Mae [ was digested
to 117 and 43 bp products with Mae I, and only the 117 bp was visible in 1.5% NuSieve agarose gel electrophoresis (lower band). When there is a T-to-G
transition at nt 9176, one site of Mae I is lost, resulting in 160 bp produced after Mae I digestion (upper band). In the patients, only 160 bp products were
detected, which showed the homoplasmic state at the point (II-1,-2). While the mother showed a heteroplasmic pattern (1-2) and the mutant amount was
estimated to be about 50% by densitometry, the controls showed only a [ower band (¢). These results are in agreement with direct sequence analysis.
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ing conditions; 30 cycles of denaturation for 45 s at 94°C,
annealing for 75 s at 53°C, and extension for 90 s at 72°C.
The amplified products were purified and directly
sequenced with primer sets of A and C by dye terminator
cycle sequencing ready reaction (ABI 310 Genetic Analy-
zer, Perkin-Elmer, Foster City, CA). To confirm the muta-
tion identified in the patient, the 160 bp PCR products
encompassing the mutation site using the primer sets: (D),
nt 9132-9151 (sense) 5'-AGA AAT CGC TGT CGC CTT
AA-3"; and (E), nt 9273-9292 (antisense) 5'-GAG GTC
ATT AGG AGG GCT GA-3', were digested with 10 U of
Mae I (Mae 1site is lost due to T1976G transition) for 2h at
45°C in a final volume of 20 pl and subjected to 1.5%
NuSieve (FMC Bio Products, Rockland, ME) agarose and
1.5% Agarose S (Wako) gel electrophoresis.

3. Results

DNA sequence analysis revealed that the patients had a
T-to-G transition at mtDNA nt 9176, resulting in an amino
acid change of from Leu to Arg of ATPase 6. Their mother
was found to be heteroplasmic (T and G) for the 9176 muta-
tion (PFig. la). To confirm this evidence, restriction site
analysis of mtDNA from blood samples was performed.
The T9176G mutation obliterated a Mae I site, and frag-
ments of 117 and 43 bp obtained with the digestion. In the
patients, only a 160 bp fragment was detected. On the other
hand, 160 and 117 bp fragments were cobtained from the
mother and the 160 bp fragment was estimated to be
about 50% by densitometry, and only a 117 bp fragment
was found in 30 normal controls (Fig. 1b). These data
show that their mother has a heteroplasmic condition for
the T9176G mutation. The T8993G and T8993C mutations
were not detected (data not shown). The reported poly-
morphisms of G9055A {8] were found in patients and the
mother {data not shown).

4, Discussion

We have described familial cases of Leigh syndrome with
slow progressive symptoms and identified a new point
mutation of T9176G in the MTATP with a G90S5A poly-
morphism. Using DNA sequence analysis of amplified PCR
products of MTATP6 and subsequent restriction enzyme
analysis, homoplasmy for the T9176G mutation was
detected in the patients. mtDNA analysis of their mother
at that position showed that she was heteroplasmic for the
mutation. Concerning the mutation, Carrozzo et al. recently
demonstrated inactive ATP synthetase in Escherichia coli
{9]. From this evidence, the mutation is expected to be
pathological and important part of the amino acid of leucine
at the position of ATPase 6. Along with an mtDNA muta-
tion at nt 8993 having a T-t0-G or T-to-C mutation, it

provides strong evidence for the relevance of ATP synthe-
tase dysfunction in maternally inherited Leigh syndrome,

A number of mutations causing Leigh syndrome have
been identified in mtDNA [1-7]. The clinical presentations
of our cases are similar to the reported cases of T9176C
mutation [10], and the sister and brother had comparable
clinical courses. However, there is a report of fulminant
Leigh syndrome with a T9176C mutation [11]. Analysis
of mtDNA mutations illustrates the complex genotype—
phenotype correlation in mtDNA disorders, probably
because there is variation in the mutant loads among tissues,
and because the mutant load in a given tissue may change
over time.

Note: After submission of this paper, Camrozzo et al
reported the same mtDNA T9176G point mutation in a
child with Leigh syndrome [12].
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Abstract We report a male patient with Leber’s hereditary
optic neuropathy (LHON) and hypertrophic cardiomyopa-
thy. Besides a G11778A mutation in the ND4 gene of the
mitochondrial DNA (mtDNA), one of the most common
mutations in LHON patients, sequencing of total mtDNA
revealed a G12192A mutation in the tRNA (His) gene that
was recently noted to be a risk factor for cardiomyopathy.
Because no case of LHON presenting with cardiomyopathy
has been reported, the present finding suggests that the
(12192 A mutation caused cardiomyopathy as an additional
symptom. In the present case, the double pathogenic
mtDNA mutations may be associated either synergistically
or concomitantly with two different clinical manifestations.

Key words Leber’s hereditary optic neuropathy (LHON) -
Cardiomyopathy + Mitochondria - DNA. - Mutation

Introduction

Leber’s hereditary optic neuropathy (LHON) is a mater-
nally inherited disease characterized by acute or subacute
visual impairment in both eyes. The association between
LHON and mitochondrial DNA (mtDNA) was first identi-
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fied in 1988 when a G11778 A mutation in the ND4 gene of
mtDNA was found in nine unrelated families (Wallace et al.
1988). Since then, it has come to be understood that this
is one of the most common mutations causing LHON
(Riordan-Eva et al, 1995). It is also recognized that some
idiopathic cardiomyopathy is associated with mtDNA mu-
tations (Chan and Allen 1595}, and a G12192A mutation in
tRNA (His) was recently reported to be a risk factor for
cardiomyopathy (Shin et al. 2000).

Here, we report 2 unique patient with LHON presenting
with hypertrophic cardiomyopathy, who carried both the
G11778A and G12192A mutations.

Patient and methods

A 5l-year-old Japanese man was admitted to hospital be-
cause of subacnte body weight loss and general malaise. His
past history was unremarkable except for mild diabetes
mellitus of 5 years’ duration. He smoked 2040 cigarettes
and drank 1600ml of beer and a third of a bottle of whisky
almost every day. On admission, he was suffering from
chronic renal failure accompanied by hypertension. A son
of his sister’s daughter had suffered visual loss since the age
of 12 years, but there was no other family history related to
the patient’s condition.

Six months after he presented at the hospital, he began
to experience rapid progressive visual loss. On examination
using the Landolt ring visual chart, his visual acuity in the
right eye was found to have decreased from 1.2 to 0.01 in
only 3 months, and successively it decreased rapidly in the
left eye. Finally, he became blind about 6 months later.
Examination of the ocular fundus showed peripapillary
telangiectasia without findings of diabetic retinopathy. His
renal failure was also becoming worse simultanecusly with
the decrease of visual acuity, and hemodialysis became
necessary 2 years after his hospital stay. A renal biopsy
revealed pathological findings mimicking those of the end

“stage of arteriosclerotic kidney without the characteristic

findings of diabetic nephropathy. The diabetes mellitus was
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Table 1. MtDNA sequence variants in the patient

Gene product Nucleotide number Base change Amino acid change MitoMap database
D-loop 514 . Cto deletion Reported polymorphism
D-loop 515 A to deletion Regorted golﬂorghism
128 rRNA 709 GtoA Reported polymorphism
125 rRNA 750 AtcG Reported polymorphism
128 IRNA 1558 GtoA Reported polymorphism
165 rRNA 2706 AtoG Reported polymorphism
NADH dehydrogenase 2 4769 AtG Synonymous Reported polymorphism
Cytochrome c oxydase 1 7028 CtoT Synonymous Reported polymorphism
ATP synthase 6 8784 Gto A Synonymous Reported polymorphism
ATP synthase 6 8829 CtoT Synonymous Unreported

ATP synthase 6 8860 AtoG Tto A Reporied polymorphism
Cytochrome ¢ oxydase 3 9350 Tto C Synonymous Reported polymorphism
NADH dehydrogenase 4 11719 GtoA Synonymous Reported polymorphism
NADH dehydrogenase 4 11778 GtoA RioH

NADH dehydrogenase 4 11914 GtoA Synonymous Reported polymorphism
tRNA histidine 12192 Gilo A

NADH dehydrogenase 5 12361 AtoG Tto A Reported polymorphism
NADH dehydrogenase 6 14470 TtoC Synonymous Reported polymorphism
Cytochroms b 14766 CtoT Ttol Reported polymorphism
Cytochrome b 15326 AtoG Tto A Reported polymorphism
Cytochrome b 15508 CtoT Synonymous Unreported
Cytochrome b 15662 AtoG Synonymous Unreported
Cytochrome b 15851 AtoG ItoV Reported polymorphism
tRNA threonine 15927 Gto A Reported polymorphism
tRNA threonine 15951 AtoG Reported polymorphism
D-loop 16243 TtoC Reported polymorphism
D-loop 16318 AtoT Reported polymorphism
D-loop 16319 GtoA Reported polymorphism
D-loop 16519 TtoC Reported polymorphism

Total mtDNA sequencing identified 29 base changes. Twenty-four changes were previously reported polymorphisms and three were unreported
but synonymous polymerphisms. The other two changes are G11778A and G12192A

well controlled without serious complications. Echocar-
diography showed hypertrophic cardiemyopathy with se-
vere loss of compliance and marked thickening of the entire
wall of the left ventricle, which continued even after the
start of hemodyalysis.

Because of the acute visual loss, LHON was suspected
and diagnosed on detection of a G11778A mutation in his
mtDNA based on an analysis of restriction fragment length
polymorphism. However, because the causes of his clinical
manifestations other than visual loss remained unclear, we
investigated further.

Genomic DNA was isolated from peripheral leukocytes
of the patient using conventional methods. As in a previous
study (Akanuma et al. 2001), to avoid nuclear pseudogene
amplification, we applied the long polymerase chain reac-
tion (PCR)-based sequencing method. With 96 primer sets
designed for sequencing, we sequenced the PCR products
using a BigDye Terminator Cycle Sequencing Ready Reac-
tion kit (PE Applied Biosystems, Foster City, CA, USA).
The reaction product was then analyzed with an ABI 3700
automated sequencer according to the manufacturer's pro-
tocol. The sequence data was compared with MITOMAP
(http:/fwww.mitomap.org/mitomap/mitoseq.html).

To identify the G11778A mutation, we amplified the
261-bp PCR fragment and performed an endonuclease
SfaNI digestion. In the absence of the mutation, cleaved
fragments of 133 and 128bp were detected, To detect the
G12192A mutation, the 174-bp fragment with the mis-

matched and reverse primers was digested by BpI4071. If
the fragment had the Gi2192A mutation, cleaved frag-
ments of 147 and 27bp could be obtained. Each fragment
was detected in a 4% agarose gel (Nusieve 3:1 agarose; Bio
Whittaker Molecular Applications, Rockland, ME, USA)
stained with ethidium bromide.

Results

Total mtDNA sequencing of the patient revealed 29 base
changes (Table 1). Twenty-four changes were previously
reported polymorphisms and three were unreported but
synonymous polymorphisms. The other two changes are
thought to be associated with the patient’s diseases. One
was a G11778A mutation, which is associated with LHON
(Fig. 1A), and the other was a G12192A mutation (Fig. 1B).
Both mutations were confirmed by restriction fragment
length polymorphism, and revealed to be homoplasmic
(Fig. 1C, D).

Discussion

LHON patients have been reported to manifest a variety
of ancillary symptoms such as altered reflexes, ataxia,
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Fig. LA,B Identification of mu-
tations in the mtDNA. Sequences
of polymerase chain reaction-
amplified products from the

A.

GCACTCACRGTCACATCATRRTCCT
392 438 $18

49

B.

AGRGGE FTTACRACCCC TTRTTTAL
L7E 169

mtDNA of the patient, showing
A a G-to-A substitution at nucle-

otide position 11778 (arrow) and &
B a G-to-A substitution at nucle-
otide position 12192 (arrow). C,
D Detection of G11778A and
GI2192A mutations. € For the
G11778A SfalNI digestion, mu-
tant mtDNA. is indicated by a
261-bp band. Wild-type mtDNA
is indicated by the presence of a
133- and 128-bp band. D For the
G12192A  Bpl407l  digestion,
mutant mtDNA is indicated by a
147-bp band. Wild-type mtDNA
is indicated by the presence of
a 174-bp band. M, Molecular
weight marker; Pr, patient; WT,
wild-type control

C.

sensory neuropathy, and skeletal abnormalities. Cardiac
diseases such as preexcitation syndromes including
Wolff-Parkinson-White and Lown-Ganong-Levine
(Nikoskelainen et al. 1985) have also been noted in these
patients, but there is no report of a patient with cardiomy-
opathy, Recently, it was shown that a G— A substitution at
position 12192 in tRNA (His) strongly predisposes carriers
to cardiomyopathy (Shin et al. 2000). The second mutation,
G12192A, may be related to the additional symptom of
hypertrophic cardiomyopathy in the present patient.

This patient also had an A—T substitution at position
16318 in the D-loop, which was also detected in all five
reported patients with cardiomyopathy carrying the
G12192A mutation. The fact that the five patients shared
this rare single-nucleotide polymorphism suggests a close
evolutionary relationship among the mtDNAs of these
patients (Shin et al. 2000}). On the other hand, phylogenetic
analysis of LHON mtDNA has indicated multiple indepen-
dent occurrences of the G11778A mutation in people with
this condition {(Brown et al. 1995). According to these find-
ings, one may consider the possibility that the G11778A
mutation occurred in & member of a family carrying the
G12192A mutation.

Multiple tissue involvement is a key characteristic
of mitochondrial diseases with heteroplasmic mtDNA
mutations. One patient was reported who carried a
heteroplasmic 2532-bp deletion of the type seen in Kearns-

M Pt WT

F\ 0 ]

f
i

Kl
12192

oL

D.

M Pt WT
261bp 174bp
147bp
133bp
128bp

Sayre syndrome, as well as a heteroplasmic A3243G muta-
tion in the tRNA-Leu (UUR) gene of the type seen in cases
of mitochondrial myopathy, encephalopathy, lactic acidosis,
and stroke-like episodes (Ohno et al. 1996). This patient
showed progressive ptosis, ophthalmoparesis, mitochon-
drial myopathy, pigmentary retinopathy, and autoimmune
polyglandular syndrome type II. The two heteroplasmic
mutations can be related to these multisystem disorders, but
their effects on individual clinical symptoms cannot be
separated clearly. Our patient, however, carried two homo-
plasmic mutations, and the G11778A mutation is in a gene
that codes for a protein. To our knowledge, only one male
patient with LHON accompanied by chronic renal failure
has been reported (Souied et al. 1997) and no cases of
LHON accompanied by diabetes mellitus or hypertension
have been reported. Thus, it is likely that the effect of the
G11778A mutation in this patient is confined to visual im-
pairment typical of LHON, apart from the other symptoms,
and it is nearly inconceivable that all of these conditions
could be due to smoking and drinking. The G12192A muta-
tions in the tRNA gene may be related to the additional
multisystem symptoms, including cardiomyopathy and
renal failure accompanied by hypertension and diabetes
mellitus.

In several reports, “secondary point mutations” of
mtDNA were simultaneously found in LHON patients with
“primary mutations,” such as the G11778A mutation
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(Matsumoto et al. 1999), which may alone cause LHON.
The exact pathogenic role of these mutations however
remains unclear and there has been no reported case
that includes additional symptoms with which they may be
associated. Only two patients carrying the two primary
mutations of LHON, G11778A and T14484C, have been
reported (Riordan-Eva et al. 1995; Brown et al. 2001). The
authors of these reports noted that these mutations might
have some influence on the symptoms of LHON, but that
they did not cause additional symptoms other than those of
LHON.

The present patient suggests the possibility of multiple
tissue involvement based on individual polymorphic muta-
tions in mtDNA., To confirm this, further investigations on
the separate or synergistic effects of mtDNA sequence on
cellular function will be required.
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Secretin is a peptide hormone involved in digestion that has been studied as a potential ther-
apeutic agent in patients with autism. We characterized the human secretin locus to deter-
mine whether mutations in this gene might play a role in a fraction of autism patients. While
the secretin gene (SCT) was not found to be mutated in the majority of autistic patients, rare
heterozygous sequence variants were identified in three patients. We also investigated length
variation in a variable number of tandem repeats (VNTR) immediately upstream of SCT and
found no significant differences in length between patients with autism and normal controls.
SCT is located on 11p15.5, adjacent to DRD4 and HRAS. This region has been reported to be
associated with both autism and attention deficit hyperactivity disorder (ADHD). Although
imprinting is a characteristic of some genes in the vicinity, we could find no evidence for
methylation of SCT in lymphoblast cells from patients or control individuals.

Key Words: autism, secretin, SCT, gene mutation, VNTR, DRD4, HRAS, 11p15.5, ADHD

INTRODUCTION

Three autistic patients showed improvement of symptoms
upon injection with a preparation of porcine secretin [1], a
peptide hormone produced by the gut. This event has led to
speculation that secretin treatment may serve to medify
behavioral features of autistic patients. Clinical trials are in
progress to test this hypothesis, and initial findings suggest
that secretin administration is unlikely to be effective in the
majority of patients [2]. However, should secretin deficiency
prove to be involved in the generation of autism, even in a
small number of patients, the finding would be important.
These results provided impetus to characterize the human
gene encoding secretin as a potential candidate for mutations
in patients with a diagnosis of autism.

Autism is a relatively common condition (1 or 2 in 1000
childrer)) marked by behavioral features that include impair-
ment of reciprocal social interaction, impairment in verbal
and nonverbal communication, and a markedly restricted
repertoire of activities and interests [3]. The disorder is usu-
ally apparent in children by the age of 3 years. There is a sig-
nificant genetic component to autism, with monozygotic twin
concordances in the range of 36-100%, while dizygotic twins
are concordant at a rate between 0 and 24% [4]. Numerous
sib-pair and other linkage studies have failed to identify a

single genomic region likely to harbor mutations that are
responsible for the disease in the majority of patients. Many
loci are expected to contain alleles that predispose for autism
[5-9].

Secretin is a small (27 amino acids) peptide hormone that
is secreted by the gut in response to food passage. It induces
the pancreas to secrete pancreatic juice, a mixture of products
that includes proteases and bicarbonate. Secretin was first
described in 1902 [10] and was the first hormone to be iso-
lated. Secretin is proteolytically cleaved from a prohormone
that varies in length in the three species in which it has been
described [11-16).

Secretin extracted from pig gut is routinely used in diag-
nostic procedures to determine pancreaticobiliary secretion
on gastrointestinal endoscopy. It was in this context that
Horvath and colleagues administered secretin to autistic
patients complaining of diarrhea. The patients’ behavicrs (eye
contact, alertness, and expression of language} were found to
be markedly improved [1].

The secretin gene and mRNA have been characterized
from several mammalian species [11-15,17], and recently the
human gene was described [18]. We chose to characterize the
human secretin locus to determine whether mutations in this
gene might play a role in a subset of autism patients. We
report here that the secretin gene (SCT) is not mutated in the
majority of autistic patients. However, rare heterozygous
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FIG. 1. Secretin gene sequence. (A} A

Nucleotide sequence of the secretin gene tgcchca;gccctggaagggct9'aAtc:geaqacaga:ggtqglcqngcsﬁ-ﬁggﬂzssﬂggﬂ 5 ue:: L o et 1::

N 1 . . 99ggagy: o a acagageetoa
region. A region of 2400 nucleotides is F9gTIEERIRTITTGR TS
shown, with the four coding exons and 110 120 130} 140 150 160 | 170 180 190 | 100
translated amino acid sequence of the ctgggaggacaggagagtctyagaacggattttgggaggacyggagegtoty ggattttgggaggacgggagegtetgtgaacggatttigggag
secretin mANA and polypeptide in capital 210 20 | 230 240 250 | 260 270 280 | 290 300
letters. The processed hormone amine acid gacyggageg 9 g gagaggacgag gaacgy ggarggacggasgegtctgagantggatttttggaggacgy
sequence is in bold type. A number of fea- e }az0 0 340 [ase e aTo l2s0 age 00
tures are underlined, including intronic qngtr:tgugalcqglttttggqaqg-cggqngcgtetgtglleglttetgyglggnegggag:gtetgtglucglttttggg.ggu:gggngcgt:tgtg
splice junction sequences and promoter ele- {410 420 430 44e i50 460 4]0 480 490 50|0
ments. The Poly(A) addition signa_[ is in gatittggysggacgggagegtaty gattttgggaggacgygagegtetgtgancggatittggraggacgggagegtotgigaacggatt
bold type. In addition, a variable number of 510 20 530 540 550 560 s10 580 550 600
tandem repeats (VINTR) region 5’ to the  ttgggaggaegggnaagtetgagaacggatggtugyqatagaty gaatg gaatcgogoacttcaaagcagataaaat 99
gene isin bold type, and individual repeats 610 620 630 810 650 660 670 &80 650 700
are indicated by vertical lines above the  cccancagtcacgecacgetgaagetggagacgaactoy geaaggtgctecaggag ggaactecggregeageccetteccoggggoces

™ e ; o
sequence. Finally, positions of the six bas 710 20 730 740 750 760 770 180 799 800
pair alterations identified in normal and ccag g g4 g geagg Jagy geggtgcggttoactotgegggtcccaggeenge
autistic individuals are indicated in bold 810 820 930 840 850 860 870 880 890 900
type, with altered amino acid sequences  geeecgtecg ggecgggacy geeggecyagaageqecagegeggcygagdaqcaggagIcoaggecgaageacancey
indicated where appropriate. (B) (Opposite 0 o/t
: K 81 920 930 940 950 360 270 980 950 1000

page) Nucleotide sequence ?}:gnment of 39999a2g9ccctgacettccogggatagotggacgcggecgagecy gggcgccgecataaaggggoettysgygyyeccgggaccytyy
the rat and human secretin promoter s

; 5 - 1010 1020 1030 1040 1050 1060 1070 1080 1090 1100
regions. A ClustalW aligrment of the pro geageg geteotgeg ] gECATGECCCCCEGECCCCTCCIGCTGCTGCTGCTGCTCCTC TCCGCCGCECECCOCEe6Tee

moter regions of secretin genes from rat
and human is provided, with boxes indi-

M A PR P LILLILLULULILGTUGGSAAMDRTEPAMMTEP

cating blocks of identity. Arrowhead and  coeneqigag

underlined regions mark the base that was FR
1210 1220 1230

1110 1120 1130 1140 1150 1169 1170 1180 1130 1200
geccgecaggeccgecey 999 g gtgcy q g gaccy ._EGGCCCGGCM
g (insertion) R R 14

1240 1150 1260 1270 1280 1290 1300

mutated in autism patients, and E-box and muccmcmcuwsmmcmsmsmccsmmmcssmcncmccccmmcmuccm_@_gaqqccgg

GC-boxes, respectively. (C) (Opposite 8 pG?TP?TSEELSRLRTEKG GAISRL akRLLQOGLVGK
i uence ali e o/Q
page) Peptide sequence aligrunent of th 1310 1320 1330 1340 1350 1360 1370 1380 1390 1408
secretin prohormone sequences from gtggggtggggagtectygegtggtgccecagoagoaacgogey: g ggactaactctgtittqgygyeygygggea __gccnccmnccic
humar, mouse, rat, and pig. A ClustalW QoA
alignment of the peptide sequences of the 110 1420 1430 1440 1450 1460 1470 1480 1490 1500
secretin prohormone from four EPECiES. The AGRGCARCAGCATGGCCTUGACCAGGCTCAGCECCEETCTGCTCTGCCeR T CAAC CATCCTGCAGGCCTGgtgag: g g
peptide hormene region is underlined, and BN SMHAWTRLSAGLLGC :,,_s @8 HKPILQRAN
the positions of the two human aming acid 1510 1520 1530 1540 1550 1560 1570 1580 1590 1600
variants found in autistic individuals are =~ *9% g g tocttctgtoctggecteccegggtoagegetygyg ggaggccoaattcoageageggggee
indicated with asterisks. 1510 1620 1630 1640 1650 1660 1670 1620 1690 1700
goggtotooay g g teacgtgotgtetotgoagGATOCCCCTGEACEECACCTRETCTCCCTRECTECCCCOTERECCTATESTTT
HPLDGTWSPWILP PGP PHEYV
1110 1720 1730 1740 1750 1760 171710 1720 1790 1800
CAGAACCAGCTGGCGCTGCTGCAGARGGAACCITGCGGCCCAGATEAggaAgg t gocagg ggugegeagetg, 9999
B B P AGAAMNAEGSGTULREPEPGE EHZX
R/T
1810 1820 1830 1840 1850 1860 1870 1880 1830 1904
tggggggcaggatgggggagagygggaggggtggtacttggcaccantannggagyaastocagaccocagacgotgggagttytetgtgtccacteagtgta
1910 1520 1330 1540 1980 1960 1970 1980 1530 2009
] gtgtageggggotgagggatggatggagy: J9agdgy g get gcagg
2010 2020 2030 2040 2050 2060 2070 2080 2080 2100
Y999 tecttatetetgg 999 tectgtacctcgactang gcaggg g tegtoa traggasaca
2110 2120 2120 2140 2150 2160 2170 2180 2190 2200
ttetgggyg g99¢ ggach totoagetoctgeoogggggocccatgtggtcagtgtttoctgtaaggggtagtggggagggtgtgangygge
2210 2226 2230 2240 2250 2260 2270 2280 2290 2300
caggggggeteaggegggcaggaagaggggagggtggaggtot 9999ty 99 tociggogigaggactecgg gtctcgty
2318 2320 2330 2340 2350 2360 2370 2380 2390 2400
ggcctagy gtggetty gagcctgtggagoacggagogtgcagggettgaaggcgaceatgaggg gtgcagggttaggacacty

sequence variants were identified in three patients. The role
of these alterations in the phenotypes of these patients is not
clear. The gene is located on 11p15.5, adjacent to DRD4 and
HRAS. This region has been reported to be associated with
both autism and attention deficit hyperactivity disorder
{ADHD) [19-21]. A VNTR sequence is located immediately
upstream of the secretin coding sequence; however, allele
lengths do not differ significantly between autism patients
and normal control subjects. Although imprinting is a char-
acteristic of some genes in the vicinity, no evidence was found

that SCT is subject to parent-of-origin effects on expression.

RESULTS

Isolation of the Human Secretin Gene

Comparison of the earlier described pig, mouse, and rat
secretin sequences revealed that the highest levels of conser-
vation were found in exons 2 and 4. We designed PCR
primers in conserved sequences to amplify the region
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human —qCCeAGe cunaso GCGIEHECT s 44 :
Bt cccgcccasc @ T ToRGGE sj%cnc okbesTrG @ sp variable Number of Tandem
Repeats 5' to SCT
hunan Eccsﬂcccsn jccsﬂcnscr GOGGG6GC66 CCCTGACCTT |c A a4 Asnoted by Whitmore et al. [18], a region car-
rat CCGJ———-~ -ACGACAGCT GGGGGGGCGG CCCTGACCTT|C TCG 94 rying a VNTR consisting of repeats of 30 or 31
J — .
bases is located upstream of the promoter
human GCC-

- GCG CCCHBOCEG ccc chs
rat ATGGGRCIGCE GCCHE-CLG GCG L‘.CGG G

human

AT ﬂ GGCET TBC G 164
rat CCTGCGLGTE GGGCH(*:TRT A GOTHE CGC 189

humaon TCA CG I l- CCATG
rat TBC A== TRT F\ RTG

132 yegion, 500 bp from the ATG (Fig. 1A). PCR-
based analysis of this VINTR in 50 Caucasian
subjects showed alleles of 11, 13, and 14
repeats. Of 100 alleles analyzed, 75 carried 14
repeats, 24 alleles were 13 repeats in length,
282 and one allele was 11 repeats. We also tested
a population of 50 Japanese subjects and
found the 14-repeat allele on 93 chromosomes,
with four instances of 13 repeats, and three

GCC6 GAGCCOCCLG 143

between exons 2 and 4. Amplification of human genomic
DNA resulted in a 460-bp fragment. Sequencing this frag-
ment demonstrated significant similarity with the pig
sequence and suggested that a fragment of the human secretin
gene had been isolated.

We screened a gridded bacterial artificial chromosome
(BAC) library (RPCI-11 [22]) with the human fragment and
identified four positive clones (4118, 412M16, 199F23, and
49619). Characterization of the clones by restriction digestion
with EcoRI revealed that two clones were identical (4118 and
199P°23), Southern hybridization with the secretin genomic
amplification product demonstrated fragments of identical
size in each of the three unique clones. These were subcloned
from the BACs and characterized by DNA sequencing,

The human secretin gene is small, composed of four exons
that span 800 bp from the ATG to the poly(A) addition sig-
nal (Fig. 1A). The peptide sequence predicted for the human
hormone was identical to the previously determined human
protein sequence {23]. The hormone-encoding domain is con-
tained in exon 2, and alignment of the predicted human
amino acid sequence with those of the pig, mouse, and rat
demonstrates high similarity in this region (Fig.
1B). The prohormene is 122 amino acids in length

alleles at 15 repeats (Table 1). Both popula-
tions exhibited no significant differences from
expected frequencies of hetero- or homozy-
gotes. Sequence variation within repeat units
allows definition of individual repeats. From
sequencing, it was possible to determine that
each of three alleles with 13 repeats lacked the
10th unit and one allele of 11 repeats was
missing the 10th through 12th units.

Precise Position of SCT

Fluorescent in sifu hybridization was used to determine the
chromosemal origins of BAC clones 4118 and 412M16. Signals
were obtained consistently at the distal end of the short arm
of chromosome 11 (data not shown). Mapping in the G3
Radiation Hybrid Panel suggested that SCT is closely linked
to the markers SHGC-31256 (RCD score 11.30), SHGC-58456
(ROD score 10.27), and SHGC-64262 (ROD score 9.69). Cross-
reference of these markers in the GB4 Radiation Hybrid map
(NCBI; http:/ /www.ncbinlm.nih.gov/ genemap/) indicated
an interval between D115922 and D1151318 at 11p15.5, near
IGF2,

We tested several genes and markers near SHGC-31256,
including IGF2, H19, TH, MUC2, A5CL2, CTSD, L23, CD81,
D115922, and D1151318, on each secretin-carrying BAC clone
by PCR. None of these genes and markers was present in any
of the three BAC clones. We tested genes farther distal (RNFH,
DRD4, HRAS, and HRC1 [24,25]} and found these to be pres-
ent {data not shown), DRD4 is present on 4118 and 49619.

and is not nearly as well conserved with the other
species in which it has been described. There are

TABLE 1: Secretin VNTR alleles in autism
and control samples’

some regions of high conservation, such as the

! L0 . VNTR repeat Caucasian Caucasian Japanese Japanese

WLPP moélf at}FE’Sgg/O)n 99&1013- (Fig. 1B). T(h}tz:g;ne length control autistic control autistic
is very GC-rich (76%), and there are six -box
elements and one E-box found in the promoter 15 0/100 0/300 3/100 0/50
region, Figure 1C illustrates rather high similarity 14 75 68 93 47
between the human and rat promoters. 13 24 A 4 3

11 1 1 0

‘Numbers are alleles cbserved for the indicated number of chromosomes studied,
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