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where ¢(r, t) is the diffuse photon fluence rate at position » and
time ¢, D is the photon diffusion coefficient and expressed in D =
1/3us’, v is the velocity of light within the media and S(r, 7) is the
light source.

Solutions using this equation are found under different
boundary conditions. We used the solution of a semi-infinite
homogeneous model (Patterson et al., 1989) for TRS data analysis.
In this solution, R(d, f) is expressed by a function of the optode
spacing, the reduced scattering coefficient (us’) and absorption
coefficient (i), as shown in Eq. (2).

2)

; 142
R(dt) = (47rDv)_5201'%exp(—;tavt)exp(— s °>

4Dvt

where 4 is the optode spacing and zp = 1/us’.

Using the non-linear least squares method, we fit Eq. (2) into
the observed temporal profiles obtained from TRS and determined
s’ and u, at each wavelength (Suzuki et al., 1994). The
conversion chi-square (x7) value was adopted to evaluate fitting
accuracy. We confirmed that our observed profiles fitted well with
the theoretical curves using this index (0.8 < ¥2 < 1.2; Grinvald and
Steinberg, 1974).

Appendix B. Calculation of hemoglobin concentration and
oxygen saturation by absorption coefficients

The u, of the 3 wavelengths (761, 791, 836 nm) that were
measured is expressed as shown in simultaneous Eq. (3).

Ha761nm = oxyHb761nm Coxytb + EdcoxyHb761nm CaeoxyHb

+ &1,07610mCH,0 T Habkg7610m

Ha7910m = 80xth79 Inm CoxyHb -+ 8dcoxyHb79 1nm CdcoxyHb

+ e14,07911mCH,0 + Hapke791am

Ha836nm = EoxyHb836nm CoxyHb + EdeoxyHb836nm CdeoxyHb
+ £1,08560mCH,0 + Habkeg36nm 3)

where u, is the absorption coefficient at the wavelength 4, €,,; is
the molar extinction coefficient of the substance m at the
wavelength 4, C,, is the concentration of the substance m and
bkg is the chromophores contributing to u, in tissue for other than
oxygenated hemoglobin (oxyHb), deoxygenated hemoglobin
(deoxyHb) and water.

Based on the assumption that light absorption in the living body
in this wavelength region occurs from oxyHb, deoxyHb and water,
and also that there is no other background absorption in the living
body (Tromberg et al., 1997), we determined TRS values for
oxygenated hemoglobin (TRS HbO,) and deoxygenated hemoglo-
bin (TRS Hb) as tissue water concentration is 70%.

TRS total hemoglobin (TRS tHb) and SO, were obtained from
Eq. (4) as follows.

TRS tHb[uM] = TRS HbO; + TRS Hb,

TRS HbO
SO, (%] = —TE'S“E{—EZ‘ x 100 (4)

Appendix C. Conversion TRS tHb into TRS CBV

We converted the TRS tHb into the CBV by TRS (TRS CBV)
using Eq. (5) (Wyatt et al., 1990) for comparison with the CBV by
PET (PET CBV).

TRS tHb x MW
Hb x 1 x p x 100000

TRS CBV]cc/100 g] = (5)

where MWy, is hemoglobin molecular weight; 64,500, Hb is
arterial hemoglobin concentration (g/dl) of subject, # is the
cerebral-to-large-vessel hematocrit ratio; 0.85 (Phelps et al,
1979) and p is density of cerebral tissue (g/ml); 1.04 (Picozzi
et al., 1985).
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Abstract Histidinemia (MIM235800) is characterized by
elevated histidine in body fluids and decreased urocanic
acid in blood and skin and results from histidase (his-
tidine ammonia lyase, EC 4.3.1.3) deficiency. It is the
most frequent inborn metabolic error in Japan. Al-
though the original description included mental retar-
dation and speech impairment, neonatal screening
programs have identified the majority of histidinemic
patients with normal intelligence. Molecular character-
istics of histidase in histidinemia have not been
determined, and cytogenetically visible deletions of
12q22-24.1 in which histidase gene resides have not been
identified in histidinemic patients. In order to investigate
whether individuals with this disorder have small
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deletions, additions, or point mutations in the histidase
gene, we screened genomic DNA isolated from 50 his-
tidinemic individuals who were discovered by the neo-
natal screeming program. The methods employed
included polymerase chain reaction (PCR) amplification
of exons 1-21 of the histidase gene, followed by muta-
tion detection enhancement gel electrophoresis and
sequencing of the PCR products displaying heterodu-
plex bands. Four missense mutations (R322P, P259L,
R206T, and R208L), two exonic polymorphisms (T141T
c.423A — T and P259P c.777A — @), and two intronic
polymorphisms (IVS6—5T — C and IVS9+25A — G)
were identified. The frequencies of each polymorphism
estimated either by dot blot allele-specific oligonucieo-
tide hybridization, restriction enzyme digestion, or direct
sequencing of the PCR products amplified from 50
unrelated normal individuals were 0.28, 0.30, 0.40, and
fess than 0.01, respectively. Mutation analysis of one
family demonstrated that the patient inherited R322P
from the mother and P259L from the father. This report
describes the first mutations occurring in the coding
region of the histidase structural gene in patients with
histidinemia.

Intreduction

Histidinemia (MIM 235800) is an autosomal recessive
disorder resulting from histidase deficiency. Histidase
(histidine ammonia lyase, EC 4.3.1.3) catalyses the non-
oxidative deamination of histidine to urocanic acid, the
first step in the major catabolic pathway of histidine
(Taylor et al. 1991b). The metabolic blockade of histi-
dase activity is associated with elevated histidine in body
fluids and with decreased urocanic acid in blood and
skin (Levy et al. 1995).

Most histidinemic children manifested with clinical
abnormalities before the introduction of newborn
screening programs in the 1970s. Screening programs
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have altered this view substantially by identifying an
asymptomatic majority population (Tada et al. 1984).
. Subsequent analyses, undertaken to evaluate relation-
ships among histidinemia, mental retardation, and
speech disturbances, suggest that histidinemia is a gen-
erally benign disorder (Scriver and Levy 1983; Tada
et al. 1982). This view led to the decision to discontinue
newborn screening for this disorder in 1992 in Japan.
Few new cases have been diagnosed since the cessation
of the screening, although histidinemia is the most fre-
quent (1:8400) of inborn metabolic error in the Japanese
population. We have been following 50 patients with
abnormal serum histidine levels detected by the neonatal
screening program since the initiation of the program in
1977. Our observations, including thorough develop-
mental and pediatric psychiatric analyses, favor the view
that histidinemia is a risk factor for the development of
behavioral disorders, including learning disabilities, in
individuals under specific circumstances such as abnor-
mal perinatal events (Ishikawa 1987).

A molecular approach to this disorder may provide
insights into the explanation for the diverse phenotypes
of this disease, ranging from the minority of symptom-
atic patients to the majority who present few or no
distinguishing clinical features. The human histidase
gene (HAL) has been assigned to chromosome 12922-
12q24.1 (Taylor et al. 1991a). Attempts to identify

- Cytogenetic abnormalities within this region among pa-
tients with histidinemia have been unsuccessful, and to
this date, no cases with visible deletions of part of the
region 12q22-24.1 have been documented with a deletion
of the histidase gene locus. In a preliminary study of 17
histidinemia patients described in a review by Levy et al.
(2001), a partial deletion or rearrangement of the histi-
dase gene in a patient with normal intelligence was
identified using a human histidase cDNA probe. How-
ever, there were no gross rearrangements in any other
subjects.

In our laboratory, we have isolated and cloned
cDNA and genomic DNA encoding human histidase
(Suchi et al. 1993, 1995). In order to evaluate whether
decreased histidase activity is caused by smaller histidase
gene abnormalities, we screened 50 histidinemic patients
for the presence of small deletions, additions, splice site
mutations, or point mutations by mutation detection
enhancement (MDE) gel analysis. We report here the
identification of four missense mutations and two exonic
and two intronic polymorphisms. These are the first
mutations in the coding regions of the histidase gene
described in patients with histidinemia.

Materials and methods
Subjects
Fifty patients detected as having high histidine levels by

the neonatal screening program from 1977 to 1991 have
been followed periodically at Nagoya City University

341

Hospital. Serum histidine levels varied among the pa-
tients. One patient’s highest recorded serum histidine
level was 4.9 mg/dl at 1 month of age, although the
Guthrie screening value was greater than 6 mg/dl. The
highest serum histidine values during the follow-up of
the remaining 49 patients were from 6.9 to 17.3 mg/dl
(mean 12.1+2.5 mg/dl). Twenty patients were given low
histidine formula for variable lengths of time. None are
currently receiving low histidine formula or on a
restriction diet. Normal control subjects were unrelated
and did not have any family history of inborn errors of
metabolism.

Mutation detection and sequence analysis

Peripheral leukocyte genomic DNA was isolated as de-
scribed (Baas et al. 1984) from 50 patients, selected
family members of patients nos. 3 and 45, and 50
unrelated healthy Japanese individuals following in-
formed consent.

Exons 1-21 and the flanking sequences of the histi-
dase gene were amplified by polymerase chain reaction
(PCR; Saiki et al. 1988). The DNA sequence of the
histidase gene was obtained from a nucleotides site
(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi/nucleo—
tide; accession nos. AB042205-AB042217). Oligonu-
cleotide sequences and thermocycling conditions used in
these amplifications are provided in Table 1. The goal
was to include all cis-acting elements that participate in
pre-mRNA splicing. To this end, the 3-ends of all
primers were designed to be located at least 42 base pairs
(bp) away from the splice junctions. For the amplifica-
tion and screening of exon 9, primers were selected not
to include the 4-bp repetitive element in intron 8, 65 bp
upstream from the intron-exon junction (Maffei et al.
1997).

MDE gels (AT Biochem, Malvern, Pa., USA) were
used to analyze PCR products for the presence of small
mutations in the histidase gene. Aliquots of 15 ul PCR
product were combined with 3 pl loading dye (50% [w/
v] sucrose, 0.6% [w/v] bromophenol blue, and 0.6% [w/
V] xylene cyanol). The samples were heated at 95°C for
3 min, slowly cooled to 37°C, and run on 0.5xMDE gels
containing  0.6xTris-borate-EDTA (TBE) buffer
(IXTBE=0.089 M TRIS-borate, 0.002 M EDTA,
pH 8.3). Gels were run overnight in 0.6xTBE at 20 v/
cm for 12-18 h, depending on the size of the PCR
product. MDE gels were stained for 15 min at room
temperature in 1 pg/ml ethidium bromide in 0.6xTBE.
Bands were visualized on a UV-trans-illuminator and
photodocumented. In order to detect homozygous
mutations, a second MDE gel analysis was performed
on the PCRs mixed at a 10:1 ratio with the PCR product
of the same region amplified from cloned histidase gene
plasmids (Suchi et al. 1995).

Mutations were characterized by nucleotide
sequencing whenever a heteroduplex band was detected.
PCR-amplified products were subcloned into pCRII
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Table 1 Histidase gene (HAL) primers and conditions for PCR amplification

Exons Primer sequences Forward (5'-3")Reverse (5-3) Position Annealing
temperature
4

1 TCTCTGGCCTTTGCAGTCTTITATGCAGAAGTG- —223* to ¢.—50 (exon 2) 54
GCTACC

2 AAGTGGACAGGAGGCT- c.—157 (exon 1) to IVS2+71 57
CACGGGTTCAATGCTGCAAAGAC

3,4 GA- 1IVS2--52 to IVS4+ 106 55
ACATGGCTGTACAATGTGCCCTGTTCTCCTTGA-
CAGTG

56 TCAAGCTGTTCAGACTCACTTTATGATGCTATC- IVS4-42 to ¢.472 (exon 6) 53
TATGACC

6,7 CCGTGGAAGTCTTTAACGTGAAGCCT- IVS5-46 to IVS7+114 55
CATCCTCTGATCTG

7,8 AAATCCCTGCATTITAATTGCGGATAACTCA- IVS6—42 to IVS8+75 54
CACTGTGCTG

9 GGAGTTTGCTTTTCITGGAATT- IVS8-43 to IVS9+ 126 51
TCCCACTCATTTCAATT

10 ACTCACTGGCAAAGCAAGGATAC- IVS9-70 to IVS10+73 54
GAAGCATGCAAGCACAG

11 GTTCCTGTAGGTCTCATTTCAAGGAATGATTG- IVS10-131 to IVS11+90 53
AGGCTGAGA

12 CGGGTATGTAGGTTCGTTACGTCTAAAGATCT- IVS11-59 to IVS12+76 55
CAGCCACC

13, 14 AAGGTAGGAGGATCGCT- IVS12-124 to IVS14+74 55
AGATTTCATCCTGAACCTGGGGA

15 TATTGGTACTCTTCAGGTAATCGAG- IVS14-58 to IVS15+103 54
CAATGGAACTGAGAAGC

16, 17 TCTCTTGCAGGAAGACTTGTCTGATTGCAGCA- IVS15-144 to ¢.1400 (exonl7) 56
AGTTCATG

17 AACTGCTCTTGACCCAGAAGGAAAGACCCTTA- IVS16~63 to IVS17+54 55
GATGGACG

18 TCTGGAGAGTGTATCC- IVS17-106 to IVS19+103 56
CATGGTTTCCAGGTGATGCTGATG

19,20 CAT- IVS18-105 to c.1814 (exon 20) 58
CTGTTAGTTGGGTGGTGCTGTGGGCTGCCTC-
GATGT

20 ATCGCTTCATGGCCCCG- ¢.1778 (exon 20) to IVS20+ 181 51
GACGGTGCACTTAGTGTITATTA

21 ACA- IVS20-119 to ¢.2125 (exon 21) 55

GCAGCTGTGTCTGGTCATGCCATCAGCCTAAC-

CAACG

vector (TA cloning kit, Invitrogen, Carlsbad, Calif.,
USA). Nucleotide sequence information was determined
by means of a Thermo sequence fluorescent labeled
primer cycle sequencing kit (Amersham, Piscataway,
N.J, USA) and an automatic A.L.F. red sequencing
apparatus (Pharmacia, Peapack, N.J,, USA). Base
changes detected by sequencing were confirmed by either
allele-specific oligonucleotide hybridization or restric-
tion enzyme digestion. At least three clones from at least
two separate PCRs were sequenced to verify newly
identified base changes.

Allele frequencies

The frequency of two putative missense mutations
(R322P and P259L) and a base change associated with a
possible polymorphism, P259P (c.777A — G), was as-
sessed by dot blot allele-specific oligonucleotide

hybridization. Regions spanning exons 10 and 12 were
amplified from genomic DNA samples of 50 normal
unrelated individuals. PCR products (10 ul) were mixed
with an equal volume of 4xSSC (IXSSC=150 mM
NaCl, 15 mM sodium citrate, pH 7.0) and heat-dena-
tured at 95°C for 5 min. The denatured samples were
blotted to Hybond-N+ nucleic acid transfer membrane
(Amersham) via a Bio-Dot apparatus (BioRad, Hercu-
les, Calif., USA). Filters were hybridized with allele-
specific oligonucleotides labeled with [y-32P)-ATP
(>5,000 Ci/ml; Amersham) and T4 polynucleotide
kinase (Takara Shuzo, Otsu, Shiga, Japan). The allele-
specific oligonucleotides were 5" TTGCCCCACTCT-
CTCAT?, STTGCCCTGCTCTCTCAT?, and
STTGCCCCGCTCTCTCAT3’ for 259P, 259L, and
259P (c.777A — G), respectively, and 5TGTA-
GAGCGAGCCAGTGY and S5TGTAGAGCCAG-
CCAGTG3 for 322R and 322P, respectively.
Hybridizations and washes were according to the
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standard procedure, and the hybridization results were
visualized by autoradiographic exposure to New RX
Medical X-ray film (Fuji, Tokyo, Japan).

Direct sequencing of the PCR products was em-
ployed to calculate the allele frequencies of two other
putative missense mutations in exon 9 (R206T and
R208L) and another intronic base change in intron 6
(IVS6—5 T —» C). The PCR primers used were 5’
CCGTGGAAGTCTTTAACGTG3" and 5AAGCCT-
CATCCTCTGATCTG3’ for intron 6, and 5GGG-
CTCAGACAAGTCAGACAG3 and 5CTTCTCAG-
GTGATTCCTCAGC3’ for exon 9 amplification. The
latter pair of primers was also used for the direct
sequencing of the PCR products from the parents of
patient no. 45. The PCRs were purified by the Qiagen
PCR purification kit (Qiagen, Valencia, Calif,, USA)
and sequenced using Big Dye Terminator v3.1 Cycle
Sequencing kit (Applied Biosystems, Foster City,
Calaif., USA).

Two other putative polymorphisms, TI141T
(c.423A — T) and IVS9+25T — C, involve restriction
enzyme sites Pvull and Avall, respectively. T141T
(c423A —» T) abolishes the Pvull site, and
IVS9 +23T — Ccreates a new Avall site. The frequency
of these sequence variations was estimated utilizing these
restriction sites. PCR-amplified DNA fragments from 50
normal unrelated individuals were purified using the
PCR Purification kit, digested by 10 units of Pvull or
Avall (New England Biolabs, Beverly, Mass., USA),
and separated by electrophoresis in 1.2% agarose gels.
The PCR primers were the same sets used to amplify
intron 6 and exon 9 (see above) for T141T (c.423A — T)
and IVS9+ 25T — C, respectively.

Results

MDE gel electrophoresis of PCR products spanning
exons 6, 9, 10, and 12 revealed two to three bands in five,
six, one, and one patient(s), respectively. Sequence
analysis of these PCR products identified four missense
mutations, two exonic base changes without amino acid
changes, and two intronic base changes. These were:
P259L (c.776CA — TG), P259P (c.777A — G), R322P
(c.965G — C) in patient no. 3, R206T (c.617G - C) in
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patient nos. 12, 25, and 45, R208L (¢.623G — T) in
patient no. 44, T141T (c.423A — T) in patients nos. 6, 9,
and 11, IVS6—5T — Cin patient nos. 3, 6, 9,11, and 44,
and IVS9+25A — G in patient nos. 17 and 28. Char-
acteristics of these base changes are summarized in
Table 2.

Patients 6, 9, and 11 harbored a silent base change
T141T (c.423A — T) and an intronic sequence variation
IVS6—5T —» C. From each individual, at least five
independent clones from at least two independent PCRs
had this allele, whereas at least two clones had the same
sequence as the reported histidase sequence. The latter
intronic variation was also found in two other unrelated
histidinemia patients (nos. 3 and 44) and was considered
to be a polymorphism. Direct sequencing of PCR
products from 50 unrelated normal individual demon-
strated the frequency of IVS6—5T — C to be 0.40. As
patients 6 and 9 are sister and brother, and as patient 11
is their cousin, T141T could have been a family-specific
sequence. However, when Pvull restriction enzyme
digestion was applied to the PCR products from 50
normal individuals, it revealed that the frequency of
T141T (c.423A — T) was 0.28 in this population.

In patient 3, three base changes were identified in
exons 10 and 12. At codon 322 in exon 12, five of eight
subclones had the sequence of CCA, which altered the
amino acid arginine to proline (R322P), whereas the
other three were CGA (Fig. 1). At codon 259 in exon 10,
four of seven subclones had CTG, which codes for leu-
cine (P259L), whereas the other three clones were CCG
(P259P (c.777A — G)), which did not change the amino
acid (proline) but was one base different from the re-
ported CCA (Fig. 2). Sequence analysis and dot blot
allele-specific hybridization of PCR products spanning
exons 10 and 12 of the histidase genomic DNA of the
parents revealed that the mother possessed a normal
proline at amino acid 259 (259P/P259P(c.777A — G))
and was heterozygous for R322P, while the father had
the normal 322R and was heterozygous for P259L/
P259P (c.777A — G) (Fig. 3). The frequency of the
polymorphism at codon 259 was estimated to be 0.30 by
dot blot allele-specific oligonucleotide hybridization of
50 normal individuals (data not shown). R322P or
P259L sequences were not detected in any of the 50
normal individuals by dot blot hybridization.

Table 2 Histidase mutations (4SO allele-specific oligonucleotide hybridization, N4 not applicable)

Nucleotide change Amino acid change Position Methods Frequency
c423A -» T T141T Exon 6 Pyull digestion 0.28
IVS6-5T - C - Intron 6 Direct sequencing 0.40
c617G - C R206T Exon 9 Direct sequencing NA
c.623G - T R208L Exon 9 Direct sequencing NA
IVS9+25A - G - Intron 9 Avall digestion <0.01
¢.776CA —» TG P259L Exon 10 ASO NA
c777A - G P259p Exon 10 ASO 0.30
¢.965G — C R322P Exon 12 ASO NA
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Fig. 1 a Mutation detection enhancement (MDE) gel electropho-
resis of histidase exon 12 (arrow beteroduplex bands from patient
no. 3).b Fluorescent dideoxy sequence analysis of exon 12. Top
Normal reported sequence. Botfom A subcloned PCR product
amplified from patient no. 3
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Fig. 2 a MDE gel electrophoresis of histidase exon 10 (arrow
heteroduplex bands from patient no. 3). b Fluorescent dideoxy
sequence analysis of exon 10. Top Normal reported sequence.
Middle One of the subcloned PCR products amplified from patient
no. 3. Bottom Another subclone

ASO probes

259P

259P
(c.777A>G)

259L

322R

322P

Fig. 3 Allele-specific oligonucleotide (4S0) hybridization analysis
of PCR-amplified genomic DNAs from family members of patient
no. 3 (F father, M mother, Pt patient, § sister, n unrelated control,
259P, 322R probes from normal sequences, 259L, 322P probes
containing mutations, 259P (¢.7774 > G) polymorphic sequence)

A missense mutation (R206T) was identified in exon
9 of patients 12, 25, and 45 (Fig. 4). At least three
clones from each individual showed ¢.617G — C, while
there were at least two clones with the normal
sequence. No other mutation was detected in the other
exons by MDE analysis in these patients. No R206T
base change was detected in 50 normal individuals by
direct sequencing of the region. Genomic DNA of the
parents of patient no. 45 was obtained. Direct
sequencing of the exon 9 region demonstrated the
R208T sequence in the father who was heterozygous
for this mutation.

An R208L missense mutation was identified in six
subclones from two independent PCRs from one
patient (no. 44), only six base pairs 3’ to the R206T
mutation (Fig. 4). Two clones from the same PCR
showed the normal sequence. Except for the presence
of the aforementioned IVS6—5T - C, no other
heteroduplex bands were detected in the histidase gene
from this patient. Direct sequencing demonstrated that
this base change was not present in 50 normal
individuals.

Two other unrelated patients (nos. 17 and 28) who
displayed heteroduplex bands in the exon 9 region had
an intronic sequence variation, IVS9+25A — G. One
of 50 normal individuals was revealed to harbor this
base change by PCR amplification and Avall restriction
digestion. This normal individual was also heterozygous
for IVS9+25A — G. Three additional normal individ-
uals were assayed for this base change; no PCR
segments were digested by Avall.
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Fig. 4 a MDE gel electrophores1s of histidase exon 9 (arrows
heteroduplex bands from patient nos. 44 and 45). b Fluorescent
dideoxy sequence analysis of exon 9. Top Normal reported
sequence. Middle A subcloned PCR product amplified from patient
no. 45. Bottom A subcloned PCR product amplified from patient
no. 4

Discussion

Histidinemia is an autosomal recessive amino acid
metabolism disorder in which the patients have de-
creased histidase activity in the liver and epidermal
stratum corneum (Levy 1988). Mammalian histidase has
a molecular mass of about 200 kDa and is described to
consist of three identical subunits of 75 kDa each
(Okamura et al. 1974; Taylor et al. 1990). Several genetic
mechanisms can be considered to cause the deficiency in
an enzyme composed of a homotriplex: (1) a large
deletion of the gene, either cytogenetically visible and
spanning several other genes or detectable by Southern
blot analysis, (2) an aberration in the cis-element se-
quence, such as promoter and enhancer regions, (3) a
coding sequence abnormality or intronic sequence
abnormality that results in qualitatively or quantita-
tively abnormal mRNA, (4) abnormalities in post-
translational modification, and (5) abnormalities in
regulatory proteins. Some cases of histidinemia involv-
ing mental retardation or other abnormalities might
result from a contiguous gene syndrome in which the
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HAL locus and genes adjacent to it are deleted. How-
ever, no cases with a HAL locus deletion have been
demonstrated among patients with histidinemia or those
with translocations of 12q or deletions in 12q (Levy et al.
2001).

In this report, we have focused on the hypothesis that
histidase activity is reduced in patients with histidinemia
because of mRNA abnormality. There are suggestions,
in at least some patients, that mutations have occurred
in the coding region of the histidase structural gene.
Kuroda et al. (1982) have demonstrated an altered sen-
sitivity of skin histidase to denaturation in two patients.
To investigate this possibility by molecular techniques,
we screened histidase genomic DNA for mutations.

Two missense mutations R322P and P259L were
identified in exons 12 and 10, respectively, in one patient,
no. 3. Dot blot allele-specific oligonucleotide hybrid-
ization and sequence analysis of the respective exons
revealed that R322P was inherited from the mother and
P259L from the father. Both codons are conserved
among mouse, rat, and human. R322P changes the basic
amino acid to neutral proline. Taylor et al. (1993) have
reported an R322Q mutation in a histidinemic mice
population. The R322Q mutation in the mouse is ex-
pressed in Cosl1 cells and has been demonstrated to have
decreased histidase activity compared with the enzyme
protein with the wild-type arginine at codon 322. P259L
also involves the amino acid proline and possibly affects
the secondary structure of the polypeptide. The muta-
tion R206T was found in three unrelated histidinemia
patients (nos. 12, 25, and 45). Only one patient (no. 44)
possessed the R208L mutation, which lies 6 bp 3’ to the
R206T mutation. The two arginines, one amino acid
apart, are expected to create a strong negative charge in
this portion of the polypeptide, and a change to a neu-
tral amino acid in one of these arginines could cause a
major conformational alteration in the enzyme protein.
Although the effect of these missense mutations on the
activity of histidase has not been demonstrated in vitro,
all of the base changes lead to nonconservative amino
acid substitutions. In addition, these four changes have
not been identified in 100 alleles of 50 normal individuals
by dot blot hybridization or by direct sequencing, pro-
viding additional support that they are disease-causing
mutations.

Two intronic sequence variations were also identified
within the histidase gene during this study. Both oc-
curred in more than one patient. One of them, IV-
S9+25A — G, was present in one of 106 alleles from
normal indjviduals. With the incidence of histidinemia
among Japanese being 1:8400, one in 46.3 people is ex-
pected to be a heterozygous carrier. It is stifl possible
that IVS9+25A — G is a disease-causing base change,
however, it is less likely to cause abnormal splicing in the
transcribed RNA, because the base change is more than
20 bp away from the intron—exon junctions. The second
intronic base change, IVS6—5T — C, is at a —5 position
in the respective intron and may affect splicing efficiency.
However this base change is seen in normal individuals
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with a frequency of 0.40 by PCR amplification and
subsequent direct sequencing.

One of the two exonic polymorphisms P259P
(c.777A = G) occurs in the normal population with the
frequency of 0.30. The polymorphic P259P (c.777A —»
G) at codon 259 was identified in five of six alleles in the
family members of patient no. 3 excluding the alleles
with P259L. Although the reported “normal” codon 259
is CCA, the mutated sequence CTG is likely to have
“arisen from CCG with the second C changing to T, ra-
ther than via two base changes from CCA.

MDE analysis yielded no heteroduplex bands in a
pumber of amplified exonic regions. Several reasons for
the low sensitivity of heteroduplex occurrence can be
proposed. One is that a true false-negative might occur
in which the MDE gel does not produce heteroduplex
bands even when there is a mismatch in the strands of
the amplified DNA. False-negative rates are reported to
vary depending on the length of the PCR products.
Another reason is that, if there is a deletion of the gene
or part of the gene in one allele, PCR will only amplify
the remaining normal allele, resulting in one band. In
addition, when a mutation resides at a point at which
PCR primers anneal, the allele containing the mutation
will not be amplified. The strategy that we have adapted
will also miss 5 promoter mutations and large intronic
deletions that may alter transcription efficiency, RNA
stability, or splicing. Moreover, histidinemia, despite a
consistent biochemical phenotype, may include more
than one form of histidase deficiency, namely a more
frequent benign type and a less frequent maladaptive
variant. One form could arise because of an abnormality
in a protein other than histidase protein, such as one of
the regulatory proteins. Lastly, one case in this series
demonstrated serum histidine levels at a high normal
range despite Guthrie’s test results showing a value
greater than 6 mg/dl. Determination of histidase activity
levels will thus be necessary to confirm the diagnosis of
histidinemia.

In summary, four missense mutations have been
identified within the histidase gene among 50 patients
with abnormal histidine levels detected through the
newborn screening program. This is the first report in
which mutations have been documented within the
coding region of this gene.
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Abstract Broad-spectrum autism, referred to as per-
vasive developmental disorder (PDD), may be associ-
ated with genetic factors. We examined 24! siblings in
269 Japanese families with affected children. The sib-
ling incidence of PDD was 10.0% whereas the preva-
lence of PDD in the general population in the same
geographic region was 2.1%. Both of these rates are
higher than those reported previously, probably be-
cause of the expanded clinical criteria applied. The
prevalence in males of the general population was
3.3% and that in females was 0.82%. The sibling
incidences were 7.7 and 20.0% for families in which
the probands were male and female, respectively. Be-
cause the reversed sex ratios correspond to the general
rule for a multifactorial threshold model, we suggest
that most PDD cases result from the cumulative effects
of multiple factors (mostly genetic). The sibling inci-
dences were 0 and 10.9% for families in which the
proband had low and normal birth-weight, respec-
tively, suggesting the risk is lower in families with low-
birth-weight probands.
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introduction

Autism is a behaviorally defined syndrome, character-
ized by pervasive impairment of social interaction and
communication and the presence of stereotypical char-
acteristics. Although these clinical symptoms may arise
from brain dysfunction, clinical severity is modified by
environmental factors. In the past decade, criteria for
diagnosis of autism have been expanded, from a strict
category (Kanner type) to a broad spectrum, owing to
progress in neuropsychological understanding (Wing
1996). The broad spectrum of autism is defined as per-
vasive developmental disorder (PDD) in the DSM-IV
criteria (American Psychiatric Association 1994) and the
number of cases has recently increased rapidly, in line
with the expanding criteria. A recent study described the
prevalence in the Japanese general population to be
more than 1% (Honda et al. 2005).

Previous studies of twins have suggested that aut-
ism is strongly affected by genetic factors. Ritvo et al.
(1985) found that the concordance for autism by pairs
was 96% in 23 monozygotic twins and 24% in 17
dizygotic twins; Steffenburg et al. (i989) reported
respective values of 91 and 0%. Bailey et al. (1993)
reported concordance for classical autism to be 60%
in monozygotic and 0% in dizygotic twins, but for the
broad spectrum disease it was 92% and 10%,
respectively. These resuits show that autism is strongly
affected by genetic factors but is also affected by the
environment. Previous sibling studies have also sug-
gested genetic effect on autism, with August et al.
(1981), Baird et al. (1983), Chakrabarti et al. (2001),
and Icasiano et al. (2004) reporting sibling risks of 2.8,
5.9, 3.9, and 6.3%, respectively. These frequencies are
much higher than that in the general population but



much lower than that in single-gene diseases. As far as
we are aware, all previous studies involving both twins
and siblings were performed on Caucasian populations
only. Several genome-wide investigations have pro-
posed susceptibility loci associated with autism (PDD),
but neither a single candidate gene nor an inheritance
mode for autism have been determined (Shastry 2003).
It has also been suggested that PDD may be caused
by non-genetic factors, for example neonatal factors.

In this study we estimated the prevalence of PDD in
the general population of the western region of Nagoya,
Japan, and examined the overall sibling incidence and
the incidence after families were classified by the sex and
birth-weight of the probands. We suggest a model for
the etiology of PDD based on our results.

Subjects and methods
Screening and diagnosis

This study was conducted using a regional support
system for children. The western region of Nagoya is
a residential area with high gopulation density—half a
million people within 97 km~. Infants with any devel-
opmental problems are detected by a screening system
which is well organized by local government. The first
stage of the system is a routine health check at general
health centers; the average percentage attendance in
2001-2003 was 95.3 and 86.5% for 18-month-old and
3-year-old children. Pediatricians and public health
nurses examine development and all infants with
developmental problems (including mild symptoms)
are referred to the West District Care Center for
Disabled Children (WDC center). The second stage is
based on observation at kindergartens and day nurs-
eries. Psychologists from the WDC center make reg-
ular visits and refer cases to the WDC center when
necessary. Because the number of infants attending
kindergartens or nurseries is 99.7% in this area, most
infants with problems should be noticed. The WDC
center also cooperates with general hospitals in the
area. Because there are no departments of pediatric
psychiatry, children are always referred to the WDC
center. Medical examinations such as chromosome
analyses are performed at hospitals and the results are
sent to the WDC center. On initial examination at the
WDC center, psychologists obtain detailed histories
from parents and also conducted an intelligence quo-
tient test (Tanaka-Binet) on all children. In addition,
pediatric psychiatrists observe children’s behavior
carefully in a play space with the help of public health
nurses. If children have developmental problems, they
start educational programs (group style or individual
therapy) at the center. After repeated observation both
by psychologists and pediatric psychiatrists, children
are finally diagnosed, at the age of four or above,
using the DSM-IV (American Psychiatric Association
1994) criteria.
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In this study we excluded autistic children with cer-
tain disorders (two cases with Duchenne muscular dys-
trophy, two with Down syndrome, one with 18p partial
monosomy, and one with tuberous sclerosis).

Prevalence and siblings

In this study we first estimated the prevalence of PDD in
the general population. At the center we diagnosed 281
infants who were born between 1995 and 1999 as having
PDD. The number of affected children (281) was divided
by the total number of age-matched children residing in
the area (13,568 children, consisting of 6,949 boys and
6,619 girls). The parents were all Japanese.

For the sibling study we excluded families with sib-
lings younger than 4 years. This resulted in a cohort of
269 families whose characteristics are listed in Table 1.
The affected siblings had already been diagnosed in our
regional system before this study started. To avoid

Table 1 Characteristics of the families, probands, and siblings that
formed the cohort of this study

Family factors Number of families

All families 269
Children per family

1 child 85

2 children 136

>3 children 41

Average 1.9
Affected children per family

1 child 247

2 children 22

23 children 1

Average 1.09
Proband factors Number of probands
All probands 269

Male 215

Female 54

Sex ratio 3.98
Birth weight

22,500 240

<2,500 29
Detailed clinical criteria

Autistic 77

PDD-NOS 119

Asperger 73

Sibling factors Number of siblings

All siblings excluding probands 241
Unaffected siblings 217
Male 105
Female 112
Sex ratio 0.94
Affected siblings 24
Male 13
Female 11
Sex ratio 1.18

Autistic, autistic disorder;v PDD-NOS, pervasive developmental
disorder not otherwise specified; Asperger, Asperger’s disorder
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non-detection of autistic siblings, we interviewed parents

‘again about the behavior of their children and made
further examinations at the center if they showed even
minor problems. This procedure did not identify any
new affected siblings. We indicate the firstborn PDD as
the proband in muiltiple incidence families. The sibling
risk (concordance rate) was determined as the number of
PDD siblings divided by the total number of siblings.

Results

In the general population the prevalence of PDD was

2.1% (281/13,558), 3.3% (227/6,949) for boys and '

0.82% (54/6,619) for girls. In the sibling study 23 mul-
tiple-incidence families were found as shown in Fig. 1.
There were only two families (families 1 and 2) with
further births after two affected children, but in family 1
the third child was also affected. Table 2 lists the inci-
dence (concordance rate) among siblings. The incidence
of PDD in all siblings was 10.0%, with values of 7.7 and
20.0% for families in which the probands were male and
female, respectively. The incidences were 0 and 10.9%
for families in which the probands had low and normal
birth-weight, respectively.

Discussion

Pervasive developmental disorder, including classical.

autism, has received much attention in recent decades,
especially because the criteria for clinical diagnosis of
autism have been expanded from strict categorization to
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"Fig. 1 Birth order of PDD probands and their siblings in 23
families with multiple affected children: filled square, male with
PDD; filled circle, female with PDD; open square, normal male;
open circle, normal female

=190 -

a broad spectrum. PDD is manifested by a difficulty in
social communication, but the detailed etiology remains
unclear. Although PDD (autism) seems to be strongly
affected by genetic factors, several genome-wide inves-
tigations have failed to determine a single candidate
gene, suggesting that several genes may be associated
with this disorder.

In this study sibling incidence was 10.0%, in contrast
with 2.1% in the general population. Both values were
higher than in a previous report using DSM-III criteria
(American Psychiatric Association 1980). The differ-
ences presumably reflect our application of the DSM-IV
criteria. We believe our results may be used in genetic
counseling for Japanese families, but further data are
necessary to establish better guidelines.

The sibling incidence may also provide evidence to
judge the mode of inheritance. It is uniikely that PDD
has an autosomal dominant or an autosomal recessive
mode of inheritance, because, theoretically, sibling
incidence would then be 50 and 25%. In multifactorial
inheritance, sibling incidence (Q) is estimated from the
prevalence in general population (p): Q=p (Edwards’
method; Emery 1986). Theoretical sibling incidence
based on the prevalence in the population is 14.4%.
Sibling incidence in our survey (10.0%) is therefore
much closer to that for multifactorial inheritance mode
than that for autosomal inheritance.

We examined the effect of sex on the incidence risk.
The number of male probands was approximately four
times that of female probands (Table 1). Sibling inci-
dence for families with a male proband was less than
half that for families with a female proband, however.
The reversed sex ratios correspond to the general rule for
a multifactorial threshold model (Carter 1969; Harper
2004), i.e. where there is unequal sex incidence, the risk
is higher for relatives of a proband of the sex in which
the condition is less common. A proband of the more
rarely affected sex requires a greater genetic factor to
develop the disorder. Such reversed sex ratios in autistic
families were also observed by Ritvo et al. (1989). Other
phenomena which corresponded to a multifactorial
threshold model were also found in previous studies—a
high sibling risk (35.3%) was noted in families with
multiple affected children (Ritvo et al. 1989), with a wide
discrepancy of risk between monozygotic and dizygotic
twins (Ritvo et al. 1983; Steffenburg et al. 1989; Bailey
et al. 1995).

X-linked recessive inheritance can be excluded using
our data for prevalence in the general population. Be-
cause the prevalence in males was 3.3%, the expected
frequency of affected females (assuming Hardy-Wein-
berg equilibrium) is the square of this number, 0.11%.
The actual observed prevalence in females was 0.82%,
however. If PDD had an X-linked dominant inheritance
mode, the prevalence in femnales should be higher than in
males. An imperfect X-linked dominant cannot, how-
ever, be excluded using the data for prevalence. It is,
moreover, difficult to prove the mode of inheritance if
several inheritance types are mixed or if non-genetic
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Family category (Number of families)

Number of siblings and incidence rate

All siblings

Affected siblings Incidence (%) 95% cl

All families [269] 241 (male 118,

femalel23)
Sex
Families with male probands [219] 196
Families with female probands [50] 45
Birth-weight
Families with NBW probands [240] 220
Families with LBW probands [29] 21

24 (male 13, 10.0 (male 11.0, 6.5-14.5 (6.0-18.1,
female 11) female 8.9) 4.5-15.4)
15 7.7 4.3-12.3
9 20.0 9.6-34.6
24 10.9 7.1-15.8
0 0.0 0.0

cl, confidence limits; NBW, normal birth weight; LBW, low birth weight

factors are mixed. A larger cohort is thus necessary for
statistical examination and for drawing conclusions
about the mode of inheritance.

Non-genetic factors have also come under consider-
ation. A case control study showed that obstetric com-
plications did not increase the risk of autism (Cryan
et al.1996), but Indredavik et al. (2004) demonstrated
that the rate of incidence with the Asperger syndrome
was higher (4/56) than in controls (0/81). In this study
sibling incidences were 0 and 10.9% for families in which
the proband had low or normal birth-weight, respec-
tively. Although there were few low-birth-weight
siblings, this suggests the risk in families with low-birth-
weight probands is lower.

Several models have been proposed for the etiology of
PDD. Gillberg et al. (2000) described PDD (autism) to be
a syndrome resulting from many individual diseases
(factors), but this has been criticized by Jones et al.
(2002), who proposed a risk factor model, supposing
cumulative effects of multiple factors (mostly genes), in
general agreement with a multifactorial threshold model.

Because our results for sibling incidence also provide
support for such a model, we suggest that most PDD
cases result from the cumulative effects of multiple fac-
tors (mostly genetic). Although there remains a possi-
bility that one (or a few) major factor(s) could also cause
PDD, this would not affect the results of our survey if the
proportion were very small. Many factors, including
single gene disorders and infection and neonatal factors,
have been reported to be associated with PDD. For
example, Jamain et al. (2003) suggested that defects in a
single X-linked gene encoding neuroligin (cell-adhesion
molecules at synapses) might cause autism. This needs to
be taken into consideration in further investigations.

Finally we propose a model for the etiology for PDD
encompassing two groups:

1 a large group in which the syndrome results from the
cumulative effects of multiple factors (mostly genetic),
namely a multifactorial disorder; and

2 a small group in which it results from separate indi-
vidual factors.

This is in line with the classical model of Penrose
(1963) who divided mental retardation into two groups:

1 a physiological group which is biased in the normal
distribution for intelligence; and

2 a pathological group resulting from various kinds of
neurological disease.

Further investigations of larger numbers of families,
genes, and non-genetic factors are necessary for clarifi-
cation.
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