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Abstract

Multiple genes are involved in the pathogenesis of autism. To study the causative gene, the relationship between autism endo-
phenotypes and their closely related genes has been analyzed. There is a subgroup of autism spectrum disorder (ASD) in which
the ratio of second digit length to fourth digit length (2D/4D) is low (short digit group, SDG). We studied the relationship between
ASD and HOXD genes, which are located in the candidate locus for ASD and are associated with digit morphogenesis, with a par-
ticular focus on SDG. We analyzed 25 SNPs of HOXD11, HOXDI2, and HOXDI3 in the subject of 98 ASD, 89 healthy controls,
and 16 non-autistic patients (non-ASD). There was no significant difference in the genotype frequencies between the ASD and the
healthy controls. However, the G-112T heterozygote in the promoter region of HOXDI! was observed in only four patients with
ASD and in none of the healthy controls or non-ASD subjects. Moreover, this HOXD11 G-112T was observed in three of 11 SDG
with ASD but in none of the 15 non-SDG patients with ASD. There were eight SDG patients among the non-ASD ones, but this
polymorphism was observed in none of them. Considering the above results, it is expected that candidate genes will be further iden-
tified, using HOXD11 G-112T polymorphism as a marker, by analyzing genes located near 2q in a larger number of ASD subjects
with clinical signs of SDG.
© 2009 Elsevier B.V. All righis reserved.
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range of activities and interests. As the diagnosis of aut-
ism is made on the basis of patients’ behavioral charac-
teristics, the disorder is not caused by only one factor. It
is considered that various genetic and environmental
factors are involved in the occurrence of autism, and
their interactions are complex. In 1998, the International
Molecular Genetic Study of Autism Consortium
(IMGSC) reported their genome-wide linkage analysis
of families in which there was more than one member
with idiopathic autism [1]. On the basis of the results
of a subsequent large-scale genome-wide scan, candidate

Brain Dev (2009), doi:10.1016/j.braindev.2009.05.005
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gene loci, including 7q21.2-q36.2, 16pl12.1-pl3.3,
6q14.3-q23.2, 2q24.1-q33.1, 17q11.1-q21.2, 1q21-q44,
and 3q21.3-q29, were identified [2]. In an attempt to
increase the linkage, a nearly homogeneous group was
selected among patients with autism of heterogeneous
causes. Autism patients were classified into subgroups
or subsets in accordance with the phenotype of autism
[3], such as through a quantitative trait locus (QTL)
analysis of the constituent elements of endophenotypes
in autism [4], and an ordered-subset analysis [5] was car-
ried out. The ratio of second digit (2D) length to fourth
digit (4D) length (2D/4D) is very low in some autism
patients [6,7). The homeo box D (HOXD) gene family
is involved in skeletal morphogenesis, and correlations
between digit length and the expression levels of
HOXDI!, HOXDI2, and HOXDI3 have been observed
[8,9] In addition, HOXD genes form a cluster at 2q24.1-
q33.1, which has been found to be a candidate locus by a
genome-wide scan [3]. Therefore, we considered that
digit length is one of the small physical signs of autism.
Hence, we investigated the relationships between autism
and polymorphism of HOXDI!I, HOXDI2, and
HOXDI3. Moreover, we classified autism patients into
two categories: patients with a low 2D/4D formed the
short digit group (SDG), while the remaining patients
formed the non-short-digit group (non-SDG). We also
examined the genetic polymorphism of these three genes
between SDG and non-SDG with autism and also
between SDG with and without autism. No analysis of
autism focusing on these relationships has been reported
to date.

2. Subjects and methods

Seven patients with autism in the SDG were screened
for the presence or absence of gene mutations in the
exon and intron of HOXDI1I, HOXDI2, and HOXDI3,
and for gene polymorphisms. The genotypic frequencies
of the detected polymorphisms and the polymorphisms
already listed in the GenBank were compared between
the autism patients and the controls. Finally, the geno-
types of the above polymorphisms of the autism patients
in SDG were investigated.

2.1. Subjects

The subjects examined by genetic analysis in this
study were 98 patients who visited the Department of
Pediatrics, Hamamatsu University School of Medicine
and Hamamatsu City Medical Center for Developmen-
tal Medicine, and who were diagnosed as having autism,
PDD-NOS, and Asperger syndrome on the basis of the
criteria in the Diagnostic and Statistical Manual of
Mental Disorders (DSM-IV [10]). Patients with clear
underlying diseases such as chromosomal abnormalities,
tuberous sclerosis, and Fragile X syndrome were

Y. Sugie et al. { Brain & Development xxx {2009) xxx-xxx

excluded from the study. The patients were of 82 males
and 16 females with ages ranging from S years and
2 months to 31 years and 10 months (mean age: 12 years
and 7 months). In terms of ethnicity, 95 patients had
Japanese parents, 2 had Japanese fathers and Filipino
mothers, and 1 had Bangladeshi parents. Eighty-nine
subjects without any neurological abnormality served
as healthy controls for gene analysis; all of them were
Japanese and their sex and age were not determined.
Thirty patients were also examined as disease controls,
including 16 non-autistic patients, 14 mentally retarded
patients, and 2 AD/HD patients, all of whom were
Japanese.

2.2. Measurement of second and fourth digit lengths

A digital camera providing three-megapixel images
was used for the measurement of the 2D and 4D lengths.
Each subject’s right hand was placed palm-up on a flat
desk, and was photographed with the camera 20 cm
above the hand. Three pediatric neurologists separately
measured the 2D and 4D lengths from the line of the
base to the tip of the digits three times using the image
analyzing software Scion Image (NIH). The mean ratio
of 2D length to 4D length (2D/4D) was calculated. In
this study, patients with lower than the mean 2D/4D
of the autism patients reported by Osawa et al., that
is, a 2D/4D of 0.94 or lower, were classified as SDG [7].

2.3. Gene analysis

Seven patients with autism (6 males and 1 female) in
the SDG were screened for the presence or absence of
gene mutations and gene polymorphisms by the direct
sequencing method. HOXDI11, HOXDI2, and HOXDI3
— each consisting of two exons and one intron — were
searched for in a region from approximately 500 bp
upsiream, including a promoter, to approximately
500 bp downstream of the gene. Genomic DNA
extracted from lymphocytes using a DNA extraction
kit (Takara Co., Shiga, Japan) was used. DNA was
amplified by PCR using a Tag PCR Core kit (QIAGEN
Co., CA, USA), and the base sequence was obtained by
the direct sequencing method. Genotypes were deter-
mined for single nucleotide polymorphism (SNP) in five
loci that were newly found by this method in this study
and for SNP in 20 loci that are listed in the online data-
base GenBank (NCBL dbSNP). Genotypes in some loci
were also determined by real-time PCR analysis using a
TagMan allelic  discrimination assay (Applied
Biosystems).

2.4. Statistical analysis

Genotypic frequency and allelic frequency of the aut-
ism patients were compared to those of the healthy con-

Brain Dev (2009), doi:10.1016/j.braindev.2009.05.005
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trol group using a y° test or Fisher’s exact test with SPSS
12.0) for a Windows-based System. A statistical signifi-
cance level of p < 0.05 was set.

3. Results

2D/4D was determined in 28 patients (24 males and 4
females) out of the 98 autism patients. Eleven patients (9
males and 2 females) of these 28 patients were classified
as SDG. The clinical features of these patients, including
sex, age, and the severity of mental retardation, are
shown in Table 1. A high percentage of patients with
severe mental retardation were observed in SDG with
autism, whereas no patients with severe mental retarda-
tion were observed in non-SDG with autism. We also
measured 2D/4D in 16 non-autistic patients in the dis-
ease control group, and 8 patients were classified as
SDG and 8 patients as non-SDG. The results of the
2D/4D values of the 28 ASD and 30 non-ASD patients
are shown in Fig, 1.

The results of the polymorphism analysis are shown
in Table 2. No significant difference in polymorphism
was observed between the autism patients and the
healthy control group. However, with regarding to

Table |
Clinical features of patients.
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Fig. 1. 2D/4D values for the ASD28 cases and the non-ASD30 cases.
Mean =+ SD was presented. The M-ASD line is the average for the
ASD cases; at or below this line is the SDG. As a reference, we showed
the mean + SD for normally healthy children as calculated by Osawa
et al. {7]. The arrow indicates cases with HOXDII heterogeneity.

SNP in the promoter region of HOXDII G-112T, heter-
ozygosity was observed in 4 autism patients, but not in
the healthy or disease control group. The SNP in the
promoter region of HOXDI2 ~C226A and the SNP in

All the autistic disorder patients Patients with 2D/4D determined
Total SDG NSDG
Number of patients 98 28 i1 17
Sex
Males:females 82:16 (5.1:1) 24:4 (5.5:1) 9:2 (4.5:1) 15:2 (1.5:1)
Age 5vy2m-31y 10m Sy4m-3ly i0m 8y Im-31y 10m 5y4m-16yTm
Median flyém 12y 06m 14ydm 9y2m
Mean 12y7m 12y 1lm 16y 6m 10y4m
Family history: (3 generations)
With* 22 (22.4%) 10 (35.7%) 3 (30.0%) 7 (41.2%)
Those with autism 7 €7.3%) 5 (17.9%) 2 (20.0%) 3(17.4%)
Without 69 (70.4%) 16 (57.1%) 7 (70.6%) 7 (41.2%)
Mental retardation
Without 10 (10.3%) 7 (25.0%) 2 (18.2%) 5 (29.4%)
Minor 21 (21.6%) 6 {21.4%) 2 (18.2%) 4 (23.5%)
Moderate 44 (45.4%) 10 (35.7%) 2 (18.2%) 8 (47.1%)
Severe 22 (22.7%) 5(17.9%) 5 (45.5%) 0
Age at walk alone 9-48 m (91 cases) 948 m (26) 1148 m (10) 9-18 m (16)
Median 1B3m 12m 12m 12m
Mean 139m 143m i18m 129m
Age at first word 10 m-6y 10 m (80 cases) 11 m-6y 10m (25) 11m-6y 10 m (10) ly3m-3y Sm(i5)
Median ly6ém lyém ly6m,lyilm ly i0m
Mean ly9m 2ylm 2y4m lyilm
No. of patients 2y or over 28 10 4 6
Age at first phrase Iy 6m-5y Om (31 cases) ly7m-5y0m(13) 2y 6m-Sy0m(S) ly7m4y0m(8)
Median 2y llm 2yllm 3y0m 2y
Mean 2y I0m 2y9m 3y2m 2yS5m
No. of patients 3 y or over 16 5 3 2

* Family history with psychiatric disorders including major depression, autism etc.
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Table 2
Results of analysis of gene polymorphisms.
Gene Location in gene dtSNP ID Allele Frequency Genotype Frequency
Autism Control Autism Control
HOXD1! Promoter G 0979 1 GG 0.959 ]
T 0.021 0 GT 0.042 0
T 0 0
Intron rs84746 A 0.711 0.721 AA 0.571 0.561
C 0.289 0.288 AC 0.230 0.371
' cC 0.133 0.067
Exon 2 15863678 G 0.541 0.567 GG 0.316 0.292
T 0.459 0.443 GT 0.449 0.551
T 0.235 0.157
Exon2 rs6745764 A 0.214 0.18 AA 0.031 0.011
G 0.786 0.82 AG 0.367 0.337
GG 0.602 0.652
HOXDI2 Promoter A 0.041 0.028 AA 0 0
C 0.959 0972 AC 0.082 0.056
CcC 0.918 0.944
Promoter G 0.929 0.955 GG 0.929 0.955
T 0.071 0.045 GT 0.071 0.045
uy 0 0
Exon 1 rs847151 A 0.041 0.028 AA 0 0
G 0.959 0.972 AG 0.082 0.056
GG 0918 0.944
HOXD13 Promoter rs847196 C 0.893 0.938 CC 0.786 0.876
G 0.107 0.061 cG 0.214 0.124
GG 0 0
Promoter A 0.082 0.107 AA 0 0
T 0918 . 0.893 AT 0.163 0.213
TT 0.837 0.787
Exon 1 C 0.985 0.989 CC 0.96% 0.978
T 0.015 0.011 CT 0.031 0.022
TT 0 0
Exon 1 rs2518053 A 0.408 0455 AA 0.173 0.235
G 0.592 0.545 AG 0.469 0.438
GG 0.357 0.326
Intron rs847194 A 0.684 0.657 AA 0.459 0.404
C 0.316 0.343 AC 0.449 0.506
cC 0.092 0.09
SNP with no polymorphism detected in the present cases analyzed among the SNPs listed at the GenBank
HOXDI1 Promoter rs2736846 HOXDI3 Exon 1 rs847195
{ntron rs2736847 Exon 1 rs13392701
Exon 2 rs12995279 Intron rs847193
Exon2 rs12695280 intron rs847192
HOXDI2 Exon | 52551807 Exon 2 28928892
Excon2 rs2553776 Exon 2 rs28933082
Exon 2 rs28928891
exon 1 of HOXDI2 (rs847151, G364A) showed a nearly loci HOXDI11I G-112T, HOXDI2 -C226A, and

complete linkage disequilibrium. Heterozygosity for
both HOXDI2 -C226A and HOXDI2 G364A was
observed in five healthy controls and eight autism
patients. Furthermore, all of the five controls heterozy-
gous for HOXDI2 -C226A and HOXD12 G364A were
homozygous for HOXD1! -G112G. On the other hand,
of the eight autism patients heterozygous for both
HOXDI12 -C226A and HOXDI2 G364A, four were
homozygous and four were heterozygous for HOXDI1!
G-112T. Taken together, heterozygosity in all the three

HOXDI2 G364A was found in four autism patients
but not in the healthy controls. Table 3 shows the rela-
tionships between the polymorphisms in these three loci
for two cases: SDG and non-SDG with autism and SDG
and non-SDG without autism. Of the four patients het-
erozygous for HOXDI1 G-112T, three in whom digit
length was measured were classified into SDG with aut-
ism and the rest was unknown. The clinical type of ASD
of the patients with having HOXDI! heterogeneity was
classified as autistic disorder in all cases. No patients

Brain Dev (2009), doi: 10.1016/j.braindev.2009.05.005
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Table 3
Frequency of HOXD gene polymorphisms between SDG and NSDG patients with or without autism.
Gene dbSNP ID Genotype Autistic patients Normal Non-autistic
Total SbG NSDG Control S$DG NSDG

HOXDII GG 94 8 17 89 8 8

GT 4 3 0 0 0 0
HOXDI2 (& 90 8 17 84 8 8

AC 8 3 0 5 0 0
HOXDI2 rs847151 GG 90 8 17 84 8 8

AG 8 3 0 5 0 0

heterozygous for HOXDII G-112T were observed
among the 16 non-autistic disease controls including
the eight patients with SDG.

4. Discussion

In genetic research for autism, some studies have
been conducted that focused mainly on language devel-
opment skills (e.g., age at first word, age at first phrase,
onset of first phrase >36 months, and nonverbal com-
munication) skill. Other studies have focused on the
establishment of motor language development, bladder
and bowel control milestones, developmental regression,
repetitive/stereotyped behavior, restricted behavior,
interest, and activity [2-4,11-13].

Manning et al. [6] reported that 2D/4D is low in aut-
ism and Asperger syndrome. In Japan, Osawa et al. [7]
reported a higher incidence of low 2D/4D in autism
patients than in healthy children. From their report,
we assumed that it is possible to consider a low 2D/
4D as a specific feature in some autism patients. Such
patients formed part of a group of subjects (SDG) for
investigation in our study. It was assumed that SDG
in autism may express one of the common features;
hence, 2D/4D may be associated with one of the etiolog-
ical genes of autism. Manning et al. [14] reported the
findings of their 2D/4D measurement as follows: (1)
there is a gender difference in 2D/4D measurements
(2D/4D is lower in males than in females); (2) a low
2D/4D is observed across races and countries; (3) 2D/
4D is closely related to fetal growth, sperm count, family
size, myocardial infarction, and breast cancer; and (4)
2D/4D is related to sexual differentiation, the produc-
tion of sex hormones in the fetal stage, and disease pro-
gramming in the fetal stage. In addition, there is an
inverse correlation between 2D/4D and testosterone
concentration at the fetal stage, and 2D/4D correlates
with the CAG repeat number in the androgen receptor
gene [15].

A study of female twins conducted by Paul et al. [16}]
showed that the concordance rate of 2D/4D is higher in
monozygotic twins than in dizygotic twins, that the her-
itability of 2D/4D is approximately 66%, and that the

genetic contribution to 2D/4D in females may be more
influential than the effects of prenatal environmental
factors. Although it is uncertain whether these findings
differ significantly between males and females in the
absence of any report for males, it seems possible that
2D/4D is affected by both hereditary and secondary
perinatal environmental factors.

One study showed that the mean 2D/4D did not
change with gestational age from the 9th week to the
40th week {17]. In addition, there was a small increase
in 2D/4D with age, which was lowest in the right hand
[18]. This study indicates that 2D/4D is probably estab-
lished in the uterus and that this ratio remains almost
constant until adult life.

Because 2D/4D, an easily measurable physical fea-
ture, is already determined in utero and remains con-
stant until adult life, it can be used regardless of age
differences among subjects and is universal; moreover,
its measurement is noninvasive. Therefore, 2D/4D is
an excellent parameter for evaluating a group of autistic
patients.

In genomic scans of families having more than one
member with autism, the susceptibility loci for autism
were investigated, and identified; these included 2q21-
@33 [3,4] In the candidate genes located here, the
NRP2 gene is reported as one of the genes related to aut-
ism [19]. In addition, specific polymorphism has been
found in distal-less 2 (DLX?2) and cAMP guanine nucle-
otide exchange factor II ((AMP-GEFII) in a few cases
of autism [20]. On the other hand, no significant correla-
tion has been reported between autism and distal-less 1
(DLX1) [20,21] and DLX2 [20]. With regard to HOXD
genes, Bacchlli et al. reported that there is no relation-
ship between HOXD!I and autism [20]. There has been
no report on HOXDI1, HOXDI2 or HOXDI3 to date.

It seems that these genes may be found to be signifi-
cant in the development of autism when cases as a study
subject have been carefully chosen and classified by the
specific characteristics of presenting behavior or pheno-
typic clinical presentations.

The present study has limitations because it is a case-
control study, rather than a family study, with a small
number of subjects enrolled. However, in this study,

Brain Dev (2009), doi:10.1016/;. braindev.2009.05.005
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HOXDI1 SNP -112G/-112T heterozygosity was specifi-
cally observed in autism patients with low 2D/4D. On
the basis of this result, we expect that the relationships
between autism and the HOXD genes or other candidate
genes located in 2q will be clarified by studying a larger
population with low 2D/4D, that is, by studying
patients heterozygous for -112G/-112T in the HOXD!1
promoter.
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