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HRAS, HRC1, and RNH were positive in DNA from 412M16
and 49619. The cosmid end sequence 4217SP6 [26] that is
located more distal to these genes was present only on 49619,
and a more proximal marker, WI-9763, was negative for all
three BAC clones. Southern analysis of large fragments gen-
erated by digestion with Mlul, Notl, and Sall and fraction-
ated by pulsed-field gel electrophoresis provided a more
precise map (Fig. 2A). SCT was positioned between DRD4
and HRC1 (Fig. 2B) based on interpretation of restriction
fragments shared among BACs. Draft sequence for BAC
clone 49619 has been developed by the Baylor College of
Medicine Genome Sequencing Center under the accession
number AC021663. While this sequence is incomplete, it
supports the sequence and positional data developed in this
study.

Additional sequence is available in the region (AC093486),
but it is also incomplete. The BAC clone used to generate this
sequence carries RNH, HRAS, and SCT, but not DRD4, which
would support our order. Both NCBI (http://www.
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FIG. 2. Precise position of SCT and nearby genes. (A) Pulsed-field gel Southern
blot analysis of genes from 11p15.5 in BAC clones. Probes for each of the five
genes known to be present in the secretin-positive BACs were applied to
Southern blots of BAC DNAs digested with three rare-cutting restriction
enzymes (Miul, Notl, and Sall). Bands shared in common allow estimation of
the distances between genes. (B} Gene and marker order of genes near secretin,
Three BACs carrying secretin were assessed by PCR for the presence of nearby
genes, The order provided is derived from these experiments and Southern
blots in (A).

nebinlm nih.gov/cgi-bin/Entrez/ maps.cgi?org=humé&rchr=
11) and Ensembl (http://www.ensembl.org/Homo sapi-
ens/mapview?chr=11) have attempted to assemble the
sequence in this region and to reconcile it with radiation
hybrid maps to provide an order. However, considering the
incomplete nature of the sequences used for assembly, it is
more likely that our order based on clone ends is correct.
Moreover, our order agrees with one developed from large-
scale restriction mapping by Higgins et al. [27], who found the
order centromere-DRD4-HRAS-RNH-telomere. In any case,
SCT is very close to DRDY, a finding supported by sequence
data.

Methylation Analysis of SCT Promoter Region

Portions of the 11p15.5 region surrounding SCT have been
shown to be subject to imprinting [28]. We investigated
potential imprinting of SCT by analysis of methylation of its
highly GC-rich promoter. RT-PCR revealed expression of
SCT in lymphoblastoid cell lines (Fig. 3), and these were
therefore used as a soutce of DNA for methylation studies.
Southern analysis of genomic DNA from human blood cells
and lymphoblastoid cell lines digested with Hindlll and Eagl
or HindIll and Narl digestion revealed no evidence of par-
tial methylation, because a single, completely digested frag-
ment was observed in each sample (Fig. 44).

SCT Mutation Analysis in Autism Patients

We screened a collection of patients diagnosed with autism
or pervasive developmental disorders for sequence variation
in SCT using several methods. Two groups of patients were
studied. The first was a panel of 50 patients collected by the
Autism Genetic Resource Exchange founded by the Cure
Autism Now Foundation (http://www.agre.org/). This
panel consists of individuals from multiplex autism families.
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FIG. 3. RT-PCR analysis of secretin gene expression. Lymphoblasts {lane 1) and
neuroblastorna cells (NT2, Iane 3) express secretin mRINA, but fibroblasts (lane
2) express it only faintly.

A second group was 25 patients diagnosed with autism at
Jichi Medical School in Japan. For both groups, a diagnosis of
autism followed criteria of The Tenth Revision of the
International Statistical Classification of Diseases and Related
Health Problems (ICD10), The Diagnostic Statistical Manual
(DSM) IR and IV.

We investigated gross-scale changes using PCR and
Southern blot analyses. The VNTR was studied by PCR
amplification. Table 1 provides allele frequency data for the
VNTR in autistic and normal individuals. No significant dif-
ference in allele frequency existed between cases and
controls. Southern analysis of restriction digests using
HindII and Eagl revealed the expected 1.5-and 3.6-kb
fragments in each of the 75 autism samples (Fig, 4).
Thus, no evidence for gross-scale changes in the gene
or its associated VINTR could be found. Additionally,
no alterations in methylation pattern were found (as
measured by Eagl digestion).

‘We investigated small-scale changes in SCT using
conformation-sensitive gel electrophoresis (CSGE), a
method based on heteroduplex detection [29,30]. We
identified five products with shifted bands using five
PCR products representing the four SCT exons and pro-
moter region. The sequences of the mismatched prod-
ucts showed the following nucleotide changes (Fig. 5).

4 G residue at position 00 (Fig. 1) wasa T in one
Caucasian autism patient (HI0587) and a C in one
Japanese patient (MRX125; Fig. 5A). This G is the last
base of a predicted E-box transcription factor-binding
sequence (CAGCTG) and disrupts a Poull site.
Screening by PCR and Prull digestion in control sam-
ples revealed absence of the Poull site in 0/100
Caucasian control chromosomes, and in 2 of 112 chro-
mosomes of Japanese origin (Fig. 5B).

A second alteration in the promoter sequence was
a G-»A change at position 962 (Fig. 1) in a predicted
GC-box in a single autism patient of Caucasian origin
(HI0304) (Fig. 5A). This base change destroys a Narl
site. Screening by PCR and digestion with Narl
demonstrated absence of the Narl site in 1 of 100
Caucasian control chromosomes, and in none of the
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FIG. 4. Southern blot hybridization of SCT to detect possible gene alteration and methy-
lation. (A) Southern blot hybridization of SCT to human genomic DNAs from blood, lym-
phoblastoid cell lines, and NT-2 cells. DNA was digested with HindIIl and Eagl, and
hybridized with a probe derived from the secretin coding sequence. No evidence for
methylation of the Eagl site is observed. (B) Southern blot hybridization of secretin to
human genomic DNAs from autistic patients. DNA was digested as in (A} and hybridized
with a probe derived from SCT, including upstream sequences. No evidence of gross alter-
ation is observed in these and an additional 70 samples from autistic patients.

A C—T transition was detected at position 1448 in exon 3
in one Japanese autism patient (MRX118; Fig. 5A). This alter-
ation would predict a change in amino acid (Pro—Leu) at
position 78 of the secretin precursor polypeptide. We
designed a mismatch primer to create a Hpall site to facilitate
screening for this variant. Control chromosomes from 50
Caucasians and 56 Japanese were analyzed, and none was
found to carry this alteration (Fig. 5B). DNA was available
from this patient’s unaffected mother and sister. Analysis of
these samples demonstrated that each was heterozygous for
the mutation (Fig. 5C).

A G—C substitution was detected in exon 4 at position
1743 in one Caucasian autism patient (F110725; Fig. 5A). This
alteration would predict an Arg—Thr change in the secretin
precursor polypeptide at position 121. None of the 100
Caucasian and 112 Japanese control chromosomes carried this
change as assayed by allele-specific oligonucleotide
hybridization (Fig. 5B).

Finally, we detected a polymeorphic insertion of a G
residue at position 1139 (Fig. 1) in intron I in 10 of 50
Caucasian autistics and in 14 of 50 Caucasian controls (Fig. 5B).

Direct sequencing of PCR products from each of the 50
autism patients of Caucasian origin revealed one additional
change that was missed by CSGE. This G—A transition at
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112 Japanese control chromosomes (Fig. 5B).
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FIG. 5. Nucleotide variants in the SCT gene. (A)
Sequence data from secretin variants. Traces
from sequence reactions are provided for normal
and variant samples for each of the six
nucleotide alterations described in SCT (B). (B)
Nucleotide variants in secretin. Each of the six
variant positions is listed along with its position
in the gene, potential coding sequence change,
and frequencies in patient and control popula-
tions. (C) Exon 3 alteration in autistic patient and

control

B autism
base change | position | aachange | Caucasian Japanese
1)1 900Gte T E-box 1/50 0/25
(1)»2{ 900G C E-box 0 1
(va} 962Gto A | GCbox 1 0
(3) |1139Ginsertion | intren 1 10 -
(@) | 1258GtoA | exon2 |GInd7Gln 1 0
(&) 1448C1oT | exon3 |Pro78Leu 0 1
6) 1743Gto C | exon4 | Argl21Thr 1 0
c 149 bp
1 126 bp [23 h})

' N
original sequence GOCCGTCAGG. ..
missmatch primer iCG’I’CC. ‘e

CCGG
CTGG

HpeIl site
base change

position 1258 in exon 2 of patient HI0413 does not alter an
amino acid.

We detected six base changes while screening SCT in the
autism panels. Of these, two were promoter changes, one was
a silent alteration of a codon, one was a common infronic
insertion, and two were coding sequence changes that altered
amino acid residues in the secretin precursor peptide. Both
promoter mutations appear to be rare variants based on iden-
tification of these alterations in control samples. The amino
acid-substituting altetations, however, were not found in con-

his normal relatives, PCR-based assay of this

0/50 0/56 variant in the family of an autism patient from
0 2 Japan. A PCR primer that allowed the creation
1 - of an Hpall site in the presence of the normal

14 . nucleotide was designed and used to assess the
genotypes of members of the indicated pedigree
in lanes 1-4. Mother, normal sister, and the
patient are each heterozygous for this variant,
Lanes 5 and 6 show results from control samples
before and after the digestion, respectively.

S o
oo

trol samples. We did not assess the conservative exon 2
change in control samples because it was not expected to alter
gene function. Neither homozygous nor compound het-
erozyous individuals were found for any of the base changes.

DiscuUssION

Autism is a heterogeneous disease, and it is likely to result
from etiologies that are both genetic and environmental. From
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currently available data, it is unlikely that any single genetic
locus will account for the majority of autism cases, a conclu-
sion that is underscored by the several reports of genetic link-
age to numerous genomic regions. Linkage has been reported
for 1p, 2q, 44, 5p, 6q, 7q (7q31-g33), 10q, 13q, 15q11-q15, 16p,
18q, 19p, 22p, and X [5-9].

Considerable interest was focused on secretin after anec-
dotal reports of improved behavior in autistic patients after
secretin injection [1]. Recently, more carefully controlled stud-
ies have not dermonstrated an effect of secretin injection 2],
and it appears unlikely that the majority of autism patients
will benefit from this treatment. Nonetheless, we sought to
determine whether mutations in SCT might be present in
some autism patients. It is possible, for example, that the sub-
set of patients who respond to secretin may harbor genetic
variation in SCT.

To test this hypothesis, we isolated the human secretin
gene and determined its chromosomal position and structure.
The position of the gene at 11p15.5 between HRASI and
DRD4 was intriguing because of prior reports of linkage
and/ or association to markers in this region in both autism
and ADHD patients. In a genome-wide scan for autism, a
weak association was found between autism and markers on
11p15 [8], and a positive association between autism and
polymorphic markers in HRAS has also been reported {19,20].
ADHD has been associated with alleles at the DRD4
dopamine receptor by several studies [21,31], and ADHD is
found in a fraction of autistic patients.

The human secretin gene is located at 11p15.5, a region
characterized by chromosomal imprinting. The imprinted
segment includes IGF2, HI9, HASH?, and CDKNIC. These
genes are relevant to Beckwith-Wiedemann syndrome and to
Wilms tumeor [32]. Imprinting of a gene involved in autism
would complicate standard linkage and association studies,
possibly explaining the absence of significant linkage in this
region. However, no evidence for imprinting of SCT could be
found in the small variety of tissues tested. While it is formally
possible that SCT undergoes imprinting in a restricted set of
tissues (as with LIBE3A in the Prader-Willi/ Angelman region
of chromosome 15 [33]), the refined location of SCT between
HRASI and DRD4, both of which do not appear to be
imprinted, supports the likelihood that it is not subject to
imprinting.

We identified a VNTR proximal to the presumed pro-
moter region of SCT. Many VNTRs have been characterized
in the 11p15.5 region, some of which play a role in gene
expression and genetic susceptibility to disease. HRASI car-
ries a 28-bp VNTR that ranges in length from 1000 to 2500 bp.
This repeat is located ~ 1 kb distal to the polyadenylation sig-
nal for the HRAS? transcript [34-37]. This minisatellite binds
members of the rel/NE-kB transcriptional activator family,
and the presence of this sequence can activate reporter gene
constructs in some cell lines [35]. When enlarged, the HRAS1
minisatellite appears to increase susceptibility to a variety of
canicers, including breast, lung, ovary, colon, and bladder
tumors as well as leukemia [34-37]. DRD4 carries a 48-bp

VNTR in exon 3 that exhibits length variation. The seven-
repeat allele has been implicated in ADHD [21,31], while -
other alleles appear to be more commeon in individuals with
risk-taking personalities [38,39]. Finally, the insulin gene’s 14-
bp VNTR, present in the gene’s promoter region, has been
shown to bind the transcription factor Pur-1 [40], and differ-
ent lengths affect levels of transcription of both INS and
neighboring IGF2 [41]. Short lengths of this VNTR can be cor-
related with increased risk of juvenile-onset diabetes [40,42],
while longer variants confer risk of polycystic ovary disease
[43]. VINTRs are not unique to 11p15.5, but there is an unusual
density found in this region. A VNTR in the cystatin B gene
can expand to considerable lengths and cause progressive
myoclonus epilepsy [44], and VNTRs have been described in
a number of genes with suspected roles in neuropsychiatric
disease, such as monoamine oxidase A [45], the serotonin
transporter [46], and the doparmine transporter [47].

We observed only four alleles for SCT VNTR, and found
no significant difference in their frequencies between autistic
and control individuals. Sequencing of several copies of the
14- and 13-repeat alleles demonstrated each to be identical in
sequence as well as in length. The 11- and 13-repeat VINTRs
were found to lack the same repeat unit, and to demonstrate
identical nucleotide substitutions, suggesting a common ori-
gin. While the frequencies of alleles differed between the
North American and Japanese samples, these results were
consistent with the reduced heterozygosity commonly found
in the Japanese population. A 15-repeat allele was identified
in the Japanese sample; this length was not found in the North
American sample.

Both Southern and PCR-based analyses were carried out
in the autism patients to define any alterations in the VNTR,
but no abnormalities could be detected, The VINIR alleles in
the autistic population were not significantly different from
controls. It is therefore unlikely that deletion, duplication, or
abnormal methylation of SCT and the immediately adjacent
region plays a role in autism. The possibility of large het-
erozygous deletions including the entire gene and probe
regions cannot be excluded.

By heteroduplex analysis and sequencing of 5CT in nor-
mal and autistic individuals, we identified six separate base
changes. Of the six nucleotide variants, only one was found
to be a common polymorphism, and this was located in the
first intron. Of the other changes, four have the potential to
alter the function of SCT, while the fifth is a conservative cod-
ing substitution distant from splice junctions, unlikely to
result in a functional change. We identified two promoter
variants: a G residue of an E-box sequence is altered in two
different patients, and a G in a GC-box is changed in one
autistic individual. Each of these changes was observed at
low frequencies in control samples, and the differences in fre-
quency between cases and controls are not sighificant. The E-
box change has been reported to alter activity of the rat
secretin promoter [48]. Two nonconservative coding sequence
changes were found in autistic individuals; neither could be
demonstrated in the control populations. The exon 3 alter-
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ation would predict a drastic amino acid change (Pro—Leu),
and the exon 4 substitution would likewise alter the peptide
considerably (Arg—Thr). Neither of these changes would be
predicted to alter the processed hormone region of secretin,
which is encoded in exon 2. However, it is conceivable that
these alterations in the protein would alter processing of pros-
ecretin to the mature polypeptide. Itis also important to note
that the exon 3 change was found in the unaffected mother
and sister of an autistic male proband. Given the higher inei-
dence of autism among males, it is possible that some genetic
lesions have a higher penetrance in males than in females,
and that this change does not confer a phenotype on females.
However, the Jack of phenotype in the proband’s mother and
sister suggests that this mutation is not solely responsible for
the patient’s autism. No convincing evidence of secretin
mutation could be found in autistic patients, but the fre-
quency of amino acid substitution and promoter variants
appears somewhat high, especially considering the gene’s
small size.

Mutations in the methyl-CpG-binding protein-2 gene
(MECP2) have recently been shown to result in Rett syn-
drome, and it has been suggested that control of gene expres-
sion through methylation and other chromatin changes is of
particular importance in the CNS [49]. We could find no evi-
dence for methylation of 5CT in blood cells; however, the pos-
sibility that secretin undergoes brain-specific methylation that
can be disturbed by sequence alterations cannot be ruled out.
SCT lies in a region with genes that are subject to parental
imprinting, and has a particularly CpG-rich promoter region.
This scenaric would be similar to the case of UBE3A in
Angelman syndrome [50]. In support of this notion,
Whitmore ef al. [18] reported expression in most CNS tissues,
with highest levels found in the medulla. Finally, it is possi-
ble that some of the base changes we have described might
act to decrease secretin levels in the CINS or alter the pattern
of gene methylation. These changes might be compounded by
other genetic or environmental factors such as gender, sec-
ondary gene impairment, or exposure to pathogens that
would increase the likelihood of autism. It is likely that fur-
ther analysis of SCT will help to answer these questions. In
particular, more patients should be analyzed for sequence
variation, and study of gene mutations in the mouse may
prove instructve.

MATERIALS AND METHODS

Isolation of human secretin genomic DNA. A PCR primer pair, SECRETIN
PIGI (sense in exon 2) and SECRETIN PIG2 (antisense in exon 4) was synthe-
sized according to the pig sectetin sequence in a region that was highly homol-
ogous among the earlier described pig, mouse, and rat sequences, and used to
amplify human genomic DNA. Amplified DNA was ligated into pCR-ScriptTM
SK(+) plasmid vector using the pCR-ScriptTM SK(+) cloning kit {Stratagene)
and transformed into XL1-blue competent cells. The insert sequence was deter-
mined using an automated DNA sequencer (ABI 373), and purified to use as
a probe. The human male BAC library (RPCI 11) was screened by hybridiza-
tion using the cloned PCR product as a probe. Fositive BAC clones were
digested with EcoRI, BamHI, and Hind!ll, and shotgun-subcloned into the

pBlueskript SK+ plasmid vector. Subclones were screened for SCT sequences
by colony hybridization using the cloned PCR product. A positive HindIl sub-
clore was further digested with Eagl and recloned. HindIll, BamHI, and
HindllI-Eagl subclones were subjected to sequence analysis using M13 for-
ward and reverse primers and synthesized primers based on acquired
sequences.

RT-PCR of secretin cDNA expression in cultured cells, Total RNA was extracted.
from cultured lymphoblasts, fibroblasts, and neuroblastoma cells (NT2) using
Trizol Reagent (Gibco BRL), and cDNA was synthesized. Each cDNA was ampli-
fied by nested PCR using exo(-) Pfu polymerase. PCR primer pairs were
SECRETIN 3 and SECRETIN FIG2 in a first PCR, and SECRETIN PIG1 and SEC
EX4R in a second PCR. PCR products were extracted from the gel after elec-
trophoresis, and were ligated into PCR SeriptTM SK{+} vector and transformed.
Cloned ¢cDNA were sequenced using M13 forward and reverse primers,

Mapping by fluorescence in situ hybridization. BAC clones were labeled with
digoxigenin-11-dUTP (Boehringer, Mannheim) by nick translation, precipitated
with sonicated salmon sperm DNA, and then resuspended in hybridization
solution (65% formamide, 2X sodium saline citrate (S5C), 10% dextran sulfate)
together with unlabeled Cot-1 DNA (Gibco) as a competitor, The DNA mix-
ture wag denatured at 70°C for 10 minutes, and then put onto the slides coated
with denatured chromosomes. After overnight hybridization at 37°C, the slides
were washed in 50% formarnide-2X 8SC at 43°C for 15 minutes, then washed
again in 2X SSC at 43°C for 5 minutes followed by two washes by 4 §5C con-
taining 0.1% Tween 20 at room temperature for 1 minute each. The slides were
incubated with anti-digoxigenin-rhodamine, Fab fragments at 43°C for 30 rnin-
utes, then rinsed in 4X SSC containing 0.1% Tween 20 twice. The slides were
counterstained with 500 ng/ml 4',6-diamidino-2'-phenylindole dihydrochlo-
ride (DAPT; Boehringer Mannheim) and coverslipped. Photomicroscopy was
conducted under a fluorescence microscope.

Radiation hybrid panel mapping. DNAs from the G3 Radiation Hybrid Panel
(Research Genetics) were amplified by PCR (exon 1 primers) to detect the pres-
ence of the human * secretin gene. Results
{Vector:0000000000C0001000000000000000001100100000010000002000010000001
01100000000000010000) were sent to the RH server (hitp://www-shge.stan-
ford.edu/RH/index html), which returned the three markers that mapped
most closely.

Fine-mapping of SCT. Several genes and markers from 11p15.5 were exam-
ined in the BAC clones positive for secretin by PCR with appropriate primers.
BAC clone DNAs were digested with MiuT, Nofl, and Szll, separated by pulsed-
field gel electrophoresis, and transferred to nylon membrane. Pulsed-field gel
electrophoresis was carried out in a CHEF mapper (BioRad} using the autoal-
gorithm for the molecular weight range of 7-70 kb. Nylon membranes were
hybridized with probes for DRD4, HRASI, HRC1, RNH, and SCT, respectively.
Probes for DRD4, HRASI, HRC], and RNH were generated by PCR.

Methylation analysis of SCT promoter region. Genomic DNA was extracted
from cultured human lymphoblasts and from blood lymphocytes, Genomic
DNAs were digested with Hindlll overnight. After ethanol precipitation, DNA
was digested with Eagl overnight. DNAs were electrophoresed on 0.8% agarose
gels, and transferred to nylon membranes. Nylon membranes were prehy-
bridized and hybridized with a *?P-labeled human secretin genomic DNA frag-
ment consisting of exons 2-4. After overnight hybridization in a buffer con-
taining 1.5% sodium chloride, sodium phosphate, EDTA buffer (SSPE) (1x
SSPE, 0.15 M NaCl, 0.01 M NaH,PO, 1 mM EDTA, pH 7.4}, 1% sodium dode-
cyl sulfate (SDS), 0.5% fat-free milk, and 0.2 mg/ml sermon sperm at 65°C, the
membranes were washed twice with 2X 8SC, (.1% SDS for 30 minutes at 65°C,
followed by two washes with 0.5 S5C, 0.1% SDS for 30 minutes each at 65°C.
The membranes were air-dried and autoradiographed at ~80°C for 2 days.

Heteroduplex analysis of autism patients. We analyzed 50 Caucasian and 25
Japanese autism patients to identify base variation in SCT with heteroduplex
analysis. Each exon and the promoter region was amplified by PCR. PCR reac-
tions were done in 100 ng human genomic DNA, 1X exo{~) Pfu DNA poly-
merase reaction buffer, 1 M each primer, 250 pM dNTPs, 8% dimethy] sul-
foxide (DMSQ), 20% betain, 1.25 U of exo(-) Pfu polymerase (Stratagene) in a
25-u) reaction. PCR conditions were an initial denaturation of 5 minutes at
98°C, then 30 cycles of 1 minute at 98°C, 1 minute at each annealing tempera-
ture, and 2 minutes at 75°C, followed by a final extension of 7 minutes at 75°C.
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Primer pairs and annealing temiperatures. We used the following primer pairs
and annealing temperatures: promoter, SEC PRO F3, 5-GCAGGTCCGAG-
GCITCGCGGTG-3, SEC PRO R, 5-AGCAGCTGAGCGCTGCGGCCACY
(65°C); exon 1, 2448b F, 5'-AGCTGGGGGGGCGGCCCTGACCTT-3', 5958B R,
5'-GTCGGGGTCAGGGCGCACTGGG-3 (65°C); exon 2, SEC INT1 F2, 5'-
CCACCCGCCCCCAGTGCGCCCTGAC-3", SEC INT2 R2, 5-CGTTGCT-
GCTGGGGCACCACGCC3' (57°C); exon 3, SEC INT2 F2, 5'-TGGTGCC-
CCAGCAGCAACGCGCGA-2', SEC INT3 R2, 5'-
GGGTCTGGGGTGGGGTCTGGAGT-3" (63°C); exon 4, SEC INT3 F2, 5'-
TGCAGGCCCAATTCCAGCAGCGGG-3', SEC INT4 R1, 5-ACTC-
CCAGCGTCTGGGTCTGAT-3' (57°C).

PCR products were mixed with triple dye loading buffer, denatured 5

minutes at 98°C, and annealed 60 minutes at 68°C. Conformation-sensitive gel
(10% acrylamide, 0.1% bis-acrolylpiperazine, 10% ethylene glycol, 15% deion-
ized formamide, and 0.5X TTE buffer) electropheresis (CSGE) with 0.25X
TTE buffer as upper buffer and 1.0% TTE buffer as lower buffey, for 18 hours
at 450 V. TTE buffer (1.2x) is 0.21 M Tris-HCI, pH 9.0, 0.07 M taurine, and
0.0012 M EDTA. After running the gel, bands were detected with ethidium
bromide staining. PCR products that showed band shifts were sequenced
directly.
Base change screening. For G900T/C in promoter region, the promoter
region of 5CT was amplified using the same primers and conditions as
described earlier. PCR products were digested with Poull and elec-
trophoresed on 1.5% agarose gel.

For Ci448T in exon 3, a mismatch primer for the reverse sequence in
exon 3 (E3Mut) was synthesized, This primer ends at the base adjacent to the
mutated base and the second base from the 3 end was changed from A to C
to generate a Hpall site {CCGG) in the normal sequence. Patient MRX118,
members of his family, and normal DNA were amplified with this E3Mut
primer and SEC INT2 F2 primer. PCR products were digested with Hpall
and electrophoresed on 2% agarose gel.

Allele-specific oligonucleotide hybridization, An aliquot of each PCR prod-
uct was dotted onto a nylon membrane, The membrane was denatured by 0.4
M NaOH for 10 minutes and neutralized by 0.5 M Tris-HCI (pH 7 4}, 2% S5C
for 10 minutes. The membranes were prehybridized with 0.5 M Na,HPO,
(pH7.2), 1 mM EDTA, 7% SDS at 65°C. Oligonucleotides with either the nor-
mal allele or the variant allele with eight bases on either side of the variant
base were synthesized as probes. Each oligonucleotide was labeled with
P?PY]ATP with polynucleotide kinase. Labeled primer (15 pl) was mixed
with 12 p] of salmon sperm DNA (10 mg/ml) and 4 ) of unlabeled alterna-
tive primer, heat-denatured, and mixed with the prehybridized membrane.
The membrane was incubated at 65°C for 30 minutes, followed by cooling to
34°C. After an overnight incubation at 34°C, the membrane was washed with
5x 88C for 5 minutes twice at room ternperature, followed by 2% SSC for 30
minutes at 34°C, and exposed to the X-ray film.
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Abstract Two boys from separate families presented with
hereditary multiple exostoses (EXT) and autism associated
with mental retardation. Their fathers both expressed a
clinical phenotype of hereditary muitiple exostoses milder
than those of the patients and without the associated mental
disorder. The EXTI and EXT2 genes from lymphocytes of
the affected individuals were analyzed by using denaturing
high-performance liquid chromatography and direct
sequencing. A novel deletion mutation, 1742delTGT-G in
exon 9 of EXTI, causing a frameshift was detected in one
boy and his father. Another novel deletion mutation,
2093delTT in exon 11 of EXTI, causing transcription termi-
nation was detected in the other affected boy and his father,
" EXTI is expressed in the brain, and both EXT1 and EXT2
proteins are associated with glycosyltransferase activities
required for the biosynthesis of heparan sulfate, which also
has activity in the brain. The coincidental association of
mental disorders in the boys was not completely excluded.
However, these results suggest the involvement of EXT1
in the development of mental disorders, including mental
retardation and autism.

Key words Hereditary multiple exostoses - Mental retarda-
tion « Autista - EXTI - EXT2 '

Introduction

Hereditary multiple exostoses (EXT; MIM 133700) is an
autosomal dominant inherited bone disorder that is charac-
terized by the formation of cartilage-capped exostoses,
short stature, and skeletal deformities. Various mutations in
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EXTI on 8q24.1 and EXT2 on 11p11-12 have been re-
ported in EXT families (Phillippe et al. 1997; Wells et al.
1997, Wuyts et al. 1998; Dobson-Stone et al. 2000;
Francannet et al. 2001; Seki et al. 2001). EXTZ and EXT2
are thought to be responsible for EXT in more than 70% of
EXT patients.

Although the association of developmental disorders
with EXT has not been reported to date, tricho-rhino-
phalangeal syndrome (TRPS) type IT (MIM 150230) is asso-
ciated with exostoses and mental disorder. TRPS that is
characterized by a dysmorphic appearance involving the
face, scalp, hair, and skeletal system is assigned to the
TRPS1 gene (Liidecke et al. 2001), which resides on
8q24.12. Unlike TRPSI and TRPSIII, TRPSII presents with
mental retardation (MR) in most cases and a deletion muta-
tion including 8q24.11-q24.13 involving TRPSI and EXT1?
has been detected in TRPSIIL. These findings suggest that
some gene other than TRPSI in the deletion area is the
likely cause of MR, and EXT1 is one candidate. Ishikawa-
Brush et al. (1997) reported a patient who presented with
autism, MR, and EXT with a balanced translocation
46,X,t(X;8)(p22.13;q22.1). Two genes at the breaking point
were identified, and neither were responsible for the EXT
or autism. No information was presented concerning EXT1
in this patient, but the association of exostoses and develop-
mental disorders in this patient suggested that EXT-related
genes can play an important role in the developing brain.
Here, we describe two Japanese families with a deletion
mutation of EX7I, wherein the probands showed develop-
mental disorders.

Subjects and methods

Patient 1. Patient 1 was a 5-year-old boy. He began to
develop multiple bony tumors in early infancy and was
diagnosed as having EXT. He was also diagnosed as hav-
ing autism, according to DSM-IV criteria (American
Psychiatric Association 1994), assocjated with moderate
MR. No dysmorphic phenotype of TRPS was observed. His
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developmental quotient was approximately 40. His father
had developed multiple exostoses in his teens, but the
father’s condition was much milder than that of his son. The
father’s intelligence was within the normal range. The
patient’s mother and his brother were unaffected. The pa-
ternal prandfather and two brothers had EXT, but detailed
clinical information was not available. None of the relatives
showed mental disorder.

Patient 2. Patient 2 was a 5-year-old boy. Within a month
after birth, he was found to have bony tumors which led to
a diagnosis of EXT. He was also diagnosed as having autism
associated with mild MR according to the DSM-IV criteria.
No dysmorphic phenotype of TRPS was observed. His de-
velopmental quotient was 65. His father developed multiple
exostoses in his second decade and had normal intelligence.
His mother and a sister were unaffected. His father’s sister
developed EXT in her teens. There was no information
about his paternal grandparents. No relatives showed men-
tal disorder.

Denaturing  high-performance liquid chromatography
(DHPLC) screening. Lymphocytes were obtained from the
patients and their parents with the informed consent of
the parents, and genomic DINA. was extracted. Each exon of
the EXT] and EXT2 genes was amplified by polymerase
chain reaction (PCR) by using primer sets described by
Wells et al. (1997) and Philippe et al. (1997), respectively.
Heteroduplex formation was induced by heat denaturation
of PCR products at 94°C for Smin, followed by gradual
reannealing from 94° to 25°C over 45min. DHPLC analysis
was performed with the WAVE DNA-fragment analysis
system (Transgenomic, Omaha, NB, USA). PCR products
were eluted at a flow rate of 0.9 ml/min with a linear aceto-
nitrile gradient. Heterozygous profiles were detected as
distinet elution peaks from homozygous wild-type peaks.
PCR products shown to be heteroduplexes were subjected
to direct sequencing analysis.

263

- Results

We screened all exons of EXTI and EXT2 of two patients
by DHPLC. In Patient 1, exon 3 and exon 9 of EXTI and
the 3’-untranslated region (UTR)} of EXT2 showed hetero-
duplexes. Direct sequencing showed 1742delTGT-G in
exon 9 of EXTI (Figure 1B), which caused a frameshift
from 581 valine and resulted in a stop codon after five
amino acids. A similar DHPLC pattern in exon 9 was de-
tected in the boy’s father but not in his mother (Figure 14),
and the 1742delTGT-G deletion was also detected in his
father. Direct sequencing of the boy’s sample also detected
a base substitution, C1065T, in exon 3 of EXTI, which has
already been reported as a polymorphism, and another,
G2210A, in the 3'-UTR of EXT2. Both base substitutions
were inherited from his mother. We screened for G2210A
in the 3'-UTR of EXT2 in 23 normal controls and detected
it in six subjects (data not shown). Patient 2 showed a het-
eroduplex in exon 11 of EXTI, and direct sequencing
detected a two-base deletion, 2093delTT (Figure 2B). This
deletion caused a frameshift from 698 phenylalanine result-
ing in a stop codon after 31 amino acids, A similar DHPLC
pattern in exon 11 was detected in his father but not in his
mother or in a normal control (Figure 2A), and this same
2093delTT deletion was detected in his father, but not in his
mother or sister.

Discussion

A novel two-base deletion, 1742delTGT-G in exon 9 of
EXTI, detected in Patient 1, and another novel two-base
deletion, 2093delTT in exon 11 of EXTI, detected in
Patient 2, were associated with the expression of exostoses
in each family. Both two-base deletions induced a frame-
shift predicted to result in premature termination of the
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Fig, 1. A The denaturing high-performance liquid chromatography
(DHPLC) elution profiles of exon 9 of EXTY. Profiles of Patient 1, his
parents, and a normal control are shown. B The results of direct se-
quencing of exon 9 of EXTI at the deleted site detected in Patient 1.
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The deleted bases are enclosed in boxes. The reverse sequence is
shown because the deleted site was too close to the primer-setting
region to read in a forward direction. The reverse sequence shows
1742del ACA-C. The lower sequence is that of the mutated allele
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Fig. 2. A The DHPLC elution A
profiles of exon 11 of Patient 2, his

B

parents, and a normal control. B
The direct-sequencing data of
Patient 2 showed a 2093delTT
deletion causing a frameshift
mutation (forward sequences are
shown). The box indicates the de-
leted bases. The lower sequence is
that of the mutated ailele
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translation of EXTI. Both exon 9 and exon 11 are in the C-
terminal region of EXTI. The majority of mutations in
EXTI have been reported in exon 1, which harbors a
membrane-binding region and catalytic domain of the EXT
protein, and fewer mutations have been reported in exons
in the C-terminal region. In exon 9, five mutations have
been reported to date. Despite the fact that the majority of
missense mutations have been reported in the N-terminal
side of the central region, the H627del mutation in exon 9
has been shown to abolish heparan sulfate synthesis
(Cheung et al. 2001). Cheung et al. (2001) suggested that
another important functional domain may reside within
this region. 1742delTGT-G was at the 581st amino acid,
which results in termination before this possibly active
site is reached. In exon 11, only one nonsense mutation,
C2101T(R701X), has been reported in a Japanese patient
(Seki et al. 2001). The 2093delTT deletion was eight bases
upstream from this nonsense mutation. The existence of
patients with EXT having a mutation in this region suggests
that this C-terminal region has important functions, such as
in protein-protein interactions (Cheung et al. 2001).

The coincidental association of these mutations with a
developmental disorder and EXT cannot be excluded in
light of the general susceptibility of males to developmental
disorders. The general prevalence of autism is approxi-
mately 5/10,000 people, while that of EXT is 1-2/100,000
(Ishikawa-Brush et al. 1997). Thus, the likelihood of a coin-
cidenta! association of EXT and autism in these two
patients is quite low.

EXTI is expressed ubiquitously in adult tissues, includ-
ing the brain (data not shown). Despite this ubiguitous
nature, functional activity of EXT1 has not been detected
except in the actively growing bone. EXTI is a putative
tumor suppressor gene. The exostoses can be explained by
the dysfunction of this tumor suppressor function, which is
likely caused by the loss of function of one allele. Both the
EXT1 and EXT2 proteins are associated with glycosyltran-
sferase activities required for the biosynthesis of heparan
suifate (McCormick et al. 2000). Heparan sulfate is an
important side chain of the proteoglycans, which receives
signaling molecules, and modulates a2 wide spectrum of
regulation processes not only in the bony tissues but also in
the developing brain (Bandtlow and Zimmermann 2000).

L] 4 [ ]
Time {minutes)

L] ]

The gene homologous to EXTI in Drosophila melanogaster
has been linked to hedgehog signaling (Bellaiche et al.
1998). Therefore, accumulating data suggest that EXT1
is functioning in the developing tissues during embryo-
genesis. Thus, the association of autism and MR in our
two boys with deletion mutations in EXTI suggests that
the EXTI gene is involved in the development of these
conditions.

Anticipation has been observed in some families with
EXT (Francannet et al. 2001), although the underlying
mechanism is not known. Qur two families also showed
anticipation, with earlier onset in patients than in their fa-
thers. The difference that the patients had autism and men-
tal retardation but their fathers did not may result from
some unknown mechanism of EXTI or from a combination
with some other gene’s effect.

To our knowledge, this is the first report of patients who
developed developmental disorders in association with
EXT. There are several possible explanations for this asso-
ciation. First, the association may be coincidental, although
the likelihood is low, as discussed above. Second, in most
cases of exostoses, a mild developmental abnormality might .
be missed due to the lack of follow up by a neurologist or
pediatric neurologist. Third, a mutation in a gene other than
EXTI and EXT2 may have been involved in the develop-
ment of the mental disorders. Autism is considered to be a
polygene disease. Therefore, EXT1 may be one gene relat-
ing to autism pathogenesis. Further studies of the function
of EXT proteins in the developing brain and additional
pediatric patients with EXT and mental disorders may
allow a novel function of EXT proteins to be identified.
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Case Report

Co-existence of nemaline and cytoplasmic bodies in
muscle of an infant with nemaline myopathy

Kiyotaka Suwa,! Masashi Mizuguchi,! Mariko Y. Momoi,! Minako Nakamura,> Kunimasa Arima,?
Hirofumi Komaki,® Tkuya Nonaka® ,
IDepartment of Pediatrics, Jichi Medical School, Minamikawachi, Tochigi, ?Department of Ultrastructure and
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A sporadic case of congenital myopathy had severe muscle
weakness of neonatal onset. Nemaline and cytoplasmic
bodies were detected in muscle biopsies taken at 4 months
of age. These findings were consistent with a diagnosis of
nemaline myopathy (severe neonatal form). The simulta-
neous and abundant presence of these two fypes of sarco-
plasmic inclusion has been found in only a few cases.
However, these cases suggest that the sarcoplasmic
inclusions may be formed, at least partially, by common
mechanisms.

Key words: Congenital myopathy, cytoplasmic body,
nemaline body, Z-line.

INTRODUCTION

A subpopulation of patients with benign congenital myop-
athy has skeletal muscles containing abnormal, rod-like
structures called nemaline bodies.! The definition of nem-
aline myopathy has since been expanded to include more
severe cases, and is presently divided into three classes
(severe neonatal, moderate congenital, and adult-onset
forms), depending upon the age at onset, clinical symp-
toms and disease course? Nemaline myopathy is geneti-
cally heterogenous and is classified into autosomal
dominant (NEM1) and recessive (NEM2) forms. Genetic
studies have recently identified three genes underlying this
disorder: c-tropomyosing,, on chromosome 1q22-q232
nebulin on chromosome 2q22,* and skeletal muscle o-
actin on chromosome 1q42.5 There are also several other
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candidate genes, such as ct-actinin.® A mutation in any of
these genes can result in clinically significant nemaline
myopathy.

Cytoplasmic bodies are sarcoplasmic inclusions of
skeletal myofibers that were first described by Engel in
muscles with myotonic dystrophy and in denervated mus-
cles.” Although a small number of the inclusions may occur
non-specifically in a variety of neuromuscular diseases,
they are found in abundance in a small sub-population
of patients with congenital myopathy termed cytoplasmic
body myopathy®® The genetic basis of this disorder
remains unknown.

Although both nemaline and cytoplasmic bodies derive
from the Z-line materials, there have been only a few cases
in which both bodies could be found in abundance ®!* We
report here an unusual case of congenital myopathy in
which these inclusions were found in the same muscle.

CLINICAL SUMMARY

Qur patient was a Japanese boy born to non-consanguine-
ous, healthy parents who had no family history of neuro-
muscular diseases. After an uneventful pregnancy, he was
delivered at 42 weeks’ gestation by Caesarean section. He
weighed 3230g and appeared healthy immediately after
birth. However, several minutes later, his crying became
feeble and he became generally cyanctic. He was then
transferred to a neonatal intensive care unit. He was dys-
pneic and his activity was poor. He could neither close his
mouth nor excrete in the oropharynx and larynx. He had a
high-arched palate, but no contracture of the joints. His
muscles, including those of his face, were atrophied and
weak. His deep tendon reflexes were reduced. His ocular
movements were full and smooth. Creatine kinase serum
level was normal. Genetic studies were not performed. He
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Fig.1 Light microscopic findings of the biopsied muscle: (a)
muscle fibers show a moderate variation in fiber size. Some
fibers contained nemaline bodies (arxow) and others contain
cytoplasmic bodies (arrowhead). Modified Gomori trichrome
staining; (b) type 1 fibers account for as much as 65% of total
fibers. Many of them are atrophic. Routine ATPase staining.

was intubated, and has been mechanically ventilated ever
since.

During the following 3years, he remained hypotonic,
dependent on a respirator, and immobile showing a frog
leg position. He could not lift his arms and legs against
gravity. Despite his severe motor disability, his mental
development was comparatively normal. He could pursue
objects with his eyes and distinguish people.

PATHOLOGICAL FINDINGS

A biopsy of the patient’s left biceps brachii muscle was
performed when he was 4 months of age with the informed
consent of his parents. Histological examination of the
biopsy revealed a moderate variation in muscle fiber size,
which measured 5-30pm in diameter The number of
centrally placed nuclei was normal. Neither necrotic nor
regenerating fibers were present. Fibrous tissue in the
interstitium was mildly increased. Gomori trichrome stain-
ing revealed nemaline bodies in approximately 2% of the

Fig.2 Electron microscopic findings of biopsied muscle: (a)
typical nemaline bodies appear as rod-like structures with
electron densities almost identical to those of the Z-lines.
Nemaline bodies tend to line up as extension of the Z-line; (b)
typical cytoplasmic body having an electron-dense core and a
surrounding hale. Core consists of granular materials and
halo contains thin filaments. Bars = 0.5 pm.

fibers, and cytoplasmic bodies in approximately 3% of the
fibers (Fig. 1a). There were no ragged-red fibers. Periph-
eral nerve bundles were well myelinated. Intermyofibrillar
networks were well organized. ATPase staining indicated
type 1 predominance and type 2B deficiency. The propor-
tions of type 1, 2A, 2B and 2C fibers were 65%, 30%, 0%
and 5%, respectively (Fig. 1b).

Electron microscopy revealed ultrastructural features
typical of nemaline and cytoplasmic bodies. Both inclu-
sions had electron densities similar to those of the Z-lines.
Nemaline bodies (Fig.2a) were rod-like sarcoplasmic
inclusions, approximately 0.35x0.35x 1.6 um in size. They
were abundant in the peripheral regions of the muscle
fibers and often lined up along continuations of the Z-
lines. At higher magnification, they appeared to have a
lattice-like structure. Cytoplasmic bodies (Fig.2b) were
oval structures with diameters ranging 2.3-6.5 um, having
a dense core surrounded by a halo. Images at higher mag-
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nification showed that the core and halo consisted of gran-
ular materials and thin filaments, respectively. The number
and morphology of mitochondria appeared to be normal.

DISCUSSION

The clinical picture of the present case was dominated by
severe, generalized muscle weakness of neonatal onset.
The non-progressive clinical course, as well as the myo-
pathologic features such as type 1 fiber predominance, was
typical of a congenital myopathy. The diagnosis of nema-
line myopathy was made based on the presence of nema-
line bodies.

A small number of nemaline bodies may be found in
other conditions, such as central core disease, mitochon-
drial disorders, and myopathies associated with hemo-
dialysis and with HIV infection. Regardless of etiology,
nemaline bodies show electron densities identical to those
of the Z-lines, and often appear as extensions of these
lines. Furthermore, they are immunoreactive for a-actinin,
a major component of the Z-line.’®

The patient’s muscle had many cytoplasmic bodies, a
pathologic structure that is less disease-specific than nem-
aline bodies. Cytoplasmic bodies may oceur in association
with numerous disorders such as cytoplasmic body myop-
athy, inflammatory myopathies, chronic muscular dystro-
phies, granulomatous myopathy, myotonic dystrophy,
periodic paresis, hypothyroidism and chronic ingestion of
senna and emetine. The immunopathologic properties of
cytoplasmic bodies vary considerably among these disor-
ders, suggesting that they have different developmental
mechanisms.!® Despite such heterogeneity, cytoplasmic
bodies develop in close association with the Z-line. They
contain actin, have a core with electron density similar to
that of the Z-line, and occasionally are structurally contin-
uous with that line.1617

To our knowledge, simultancous coexistence of a sub-
stantial number of nemaline and cytoplasmic bodies
(present in more than 1% of myofibers) has previously
been documented in only seven cases (Table 1).651* Two of
these (Cases6 and 7) had myopathy caused by extrinsic
{infectious, toxic or mechanical) factors. These two cases
also had pathologic changes that primarily involved mito-
chondria (increase in number and paracrystalline inclu-
sion).]31¢ These mitochondrial abnormalities were absent
in the present case. Another case (Case 5) had cytoplasmic
body myopathy of adult onset® The remaining four
patients (Cases1—4) had definite or possible nemaline
myopathy. The clinical presentation of Case 1 is quite sim-
ilar to that of the present case,? but the other three cases
show a later onset and slower progression of disease.611.12
Given such varied clinical pictures, it is unlikely that the
simple coexistence of the two inclusions predicts the
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Tablel Previously reported cases showing coexistence of nemaline and cytoplasmic bodies on muscle biopsy

Reference

Possible etiologic factors

Other important
myopathologic changes

Severity

Course

(years)

Age at
onset/biopsy
0/0

Case/Sex

Itakura et al. (1998)'
Corbett et al. (2001)8

Mori et al. (1996)!!

Genetic («-topomyosiny,, mutation)

Genetic? (sporadic case)
Genetic? (sporadic case)

Marked variation in fiber size

Severe

Non-progressive

?

Childhood

19422
40/60
22128
1743

M
2/?

Gerard et al. (1991)12
Jerusalem et al (1979)*
Pezeshkpour et al. (1991)"

Genetic? (sporadic case)
Genetic? (sporadic case)
HIV infection, zidovudine

Variation in fiber size, central nuclei
Inflammation, increased mitochondria,

Type 1 fiber predominance
Marked variation in fiber size

Mild
Severe
?

Mild

Slowly progressive
Slowly progressive
Slowly progressive
Slowly progressive

M
4fF
5IF
6/M

paracrystalline inclusion
Increased mitochondria,

Matsubara et af (1994)'4

Musele relaxant, corticosteroid

Severe

Acute

63/63

M

paracrystalline inclusion
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course of myopathy. Similarly, previous studies on nema-
line myopathy have shown no correlation between the
number of nemaline bodies and the age at onset or sever-
ity of disease 1812

Recently, a mouse model of nemaline myopathy
(NEM1) was established by introducing a dominant-
negative mutant of the a-tropomyosing,, gene.b Skeletal
muscle of this transgenic mouse shows hypertrophy of
type 2B fibers. The most prominent finding is the presence
of many nemaline and cytoplasmic bodies. This suggests
that dysfunction of a-tropomyosing,,, directly leads to for-
mation of these two derivatives of the Z-line materials.
Myopathology in this mouse is very similar to that of the
present case, although the status of the o-tropomyosingg,
gene in our patient remains unknown. Alternatively,
nemaline and cytoplasmic bodies can be experimentally
produced by chronic administration of emetine to rats.
Interestingly, these pathologic changes are reversible, dis-
appearing gradually after withdrawal of emetine.?® Thus,
these data suggest that the two inclusions may be simulta-
neously formed by common extrinsic factors.

In this paper, we report a sporadic case of nemaline
myopathy in which both nemaline and cytoplasmic bodies
were present in the same muscle. We also carried out a
brief review of the literature about similar pathologic find-
ings in. human patients with nemaline and other myopa-
thies, and in animal models of these disorders. Despite its
rarity, simultaneous existence of the two Z-line derivatives
may be due to common mechanisms of formation of these
inclusion bodies.
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