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SKY FISH analysis showed that the marker chromosome was
derived from chromosome 14. Suspecting a relationship between
the presence of marker chromosome 14 and upd(14)mat, we
performed a DNA methylation test at MEG3 in 14q32.2 [Hosoki
etal., 2009}, resulting in the abnormal hypomethylation of this gene
(Fig. 1B). To confirm the origin of chromosome 14, microsatellite
analysis using polymorphic markers on chromosome 14 was per-
formed using ABI PRISM Linkage Mapping Set v2.5 (Applied
Biosystems, Foster City, CA). Microsatellite polymorphism analysis
indicated that both alleles of chromosome 14 were derived from the
patient’s mother and marker chromosome 14 was from her father
(Fig. 1C). Fragment analysis at D145275 showed a small peak of
paternal inheritance, indicating the mosaic status of the marker of
paternal origin (Fig. 1D). To further define the region of marker
chromosome 14, microarray-based comparative genomic hybrid-
ization (aCGH) analysis performed using a 105K microarray kit
(Agilent Technologies, Santa Clara, CA). The gain of genomic
copy numbers was detected at 14q11.2-q12 indicating the molec-
ular karyotype as arrl4ql1.2q12(19,761,035-30,941,609) x 1-1.5
(Fig. 2A,B). FOXGI was located in this region. Both parents had
normal karyotypes.

DISCUSSION

The present patient showed intrauterine growth retardation, feed-
ing difficulty during the neonatal period, mild hypotonia, and
postnatal growth retardation. These findings fit well with those of
upd(14)mat. Chromosomal analysis revealed mosaicism of
47,XX, + mar(14)/46,XX. From the association of the clinical
findings of this patient and the presence of small SMC 14, we
suspected that her clinical symptoms were related to upd(14)mat
and performed a DNA methylation test at MEG3 in 14¢32.2 and
microsatellite polymorphism analysis. We successfully confirmed
that her condition was upd(14)mat. Upd(14)mat is manifested in
clinical features overlapping the Prader-Willi phenotype, partic-
ularly during infancy. Therefore, this syndrome is considered to be
underestimated. Hosoki et al. [2009] recommended performing the
MEG3methylation test for all undiagnosed infants with hypotonia.

Infantile spasms or seizures are uncommon complications of
upd(14)mat. We postulated that an increased dosage of some genes
in extra SMC could be responsible for West syndrome. To identify
the affecting gene, we performed aCGH analysis. The analysis
showed an increased dosage of 14q11.2-q12. These regions contain
124 RefSeq genes including FOXGI. Recently, FOXGI on 14q12 was
reported to be a dose-sensitive gene, and duplication of this gene
could cause severe epilepsy and developmental retardation [Yeung
et al.,, 2009; Brunetti-Pierri et al., 2011]. Several patients with
FOXGI haploinsufficiency have been associated with a Rett-like
syndrome and epilepsy [Shoichet et al., 2005; Jacob et al., 2009].
Deletion of this gene could cause seizures, but not infantile spasms.
On the other hand, duplication of this gene is reported to cause
infantile spasms or seizures during infancy. Yeung et al. [2009]
first reported a patient with 4.45Mb microduplication in 14q12.
This patient showed infantile spasms at 6 months. In addition,
Brunetti-Pierri et al. [2011] studied six patients with duplication of
the 14q12 region. In their series, the size of the duplication varied
between ~3 and 14.5Mb with the patient carrying the largest

duplication showing a 14.5Mb duplication in 14q11.2-q13.1.
The shortest region of overlap for the duplicated regions in the
six patients contained only three genes, including FOXGI. Three of
the six patients showed infantile spasms. The authors concluded
that FOXGI represented the most interesting candidate for explain-
ing the abnormal neurodevelopment phenotypes [Brunetti-Pierri
et al,, 2011]. The present patient also showed infantile spasms.
However, her seizures are not refractory and are well controlled by
anti-epileptic drugs and ACTH therapy. Her developmental delay is
also not so severe. The 14q11.2-q12 region involved in our patient
was almost equal in size to the largest duplication in Brunetti-
Pierri’s series. FOXGI is a dose-sensitive gene, and the results of our
patient strongly suggested that an increased dosage of a small
amount of this gene might lead to a milder West syndrome and
milder intellectual disability.

The West syndrome has a heterogeneous etiology. Recent molec-
ular biological approaches have identified several causative genes.
To date, ARX, CDKL5, STXBPI,and SPTAN1 have been reported as
being associated with West syndrome [Kato et al., 2006; Otsuka
et al., 2010; Saitsu et al., 2010]. These previous reports state that
haploinsufficiency or small mutations of these genes are related to
their phenotypes. In addition, duplication of FOXGI was recently
reported to cause severe epilepsy and developmental delay, includ-
ing infantile spasms. Epilepsies associated with increasing gene
dosage are rare [Ramocki et al., 2010; Brunetti-Pierri et al,, 2011].
The results of the study of our patient will provide further evidence
that not only duplication butalso a small increasing dose of FOXGI
could cause infantile spasms or seizure during early infancy. Of
course, in our patient, the contribution of other genes in 14q11.2-
q12 could not be excluded.

The first patient with upd(14)mat had a Robertsonian trans-
location (13;14) [Temple et al., 1991]. This syndrome was also
reported in carriers of Robertsonian translocation involving chro-
mosome 14 and in patients with normal karyotypes [Mitter et al.,
2006]. Other chromosomal rearrangements frequently associated
with upd are small SMCs [Starke et al., 2003; Liehr et al., 2004].
Mitter et al. [2006] reported 10 patients with upd(14)mat, two of
whom had SMC 14. In our patient, we were also able to determine
that the marker chromosome was derived from chromosome 14 by
SKY FISH, microsatellite polymorphism analysis, and aCGH
analysis. The coexisting of small marker chromosome 14 and
upd(14)mat is likely to be originated in functional trisomic rescue
or gamete complementation in the formation of the chromosome
aberration in our patient [Kotzot, 2002].
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Abstract

A connection between LEOPARD syndrome (a rare autosomal dominant disorder) and autism spectrum disorders (ASDs) may
exist. Of four related individuals (father and three sons) with LEOPARD syndrome, all patients exhibited clinical symptoms con-
sistent with ASDs. Findings included aggressive behavior and impairment of social interaction, communication, and range of inter-
ests. The coexistence of LEOPARD syndrome and ASDs in the related individuals may be an incidental familial event or indicative
that ASDs is associated with LEOPARD syndrome. There have been no other independent reports of the association of LEOPARD

syndrome and ASDs. Molecular and biochemical mechanisms that may suggest a connection between LEOPARD syndrome and

ASDs are discussed.

© 2010 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

LEOPARD syndrome (OMIM#151100) is a rare
autosomal dominant disorder characterized by
Lentigines, Electrocardiogram abnormalities, Ocular
hypertelorism, Pulmonic valvular stenosis, Abnormali-
ties of genitalia, Retardation of growth, and Deafness.
This syndrome is caused by germline missense mutations
in the PTPNII gene that encodes Src homology 2
domain-containing tyrosine phosphatase 2 (Shp2): non-
receptor protein-tyrosine phosphatase comprising two
N-terminal SH2 domains, a catalytic domain, and a C

* Corresponding author. Tel.: +81 942 35 3311x3656; fax: +81 942
38 1792.
E-mail address: vorkermed hurume-uacjp (Y. Watanabe).
" The author contributed equally to this work.

terminus with tyrosylphosphorylation sites and a pro-
line-rich stretch. The mutations induce catalytically
impaired Shp2 by a “dominant negative effect” {1-21.

In the more common Noonan syndrome, approxi-
mately 50% of patients have PTPNI] mutations scat-
tered over the entire Shp2, including the catalytic
domain. The mutations resulting in the Noonan pheno-
type are the “gain-of-function” mutations, and they exhi-
bit substantially increased catalytic ability. Although
LEOPARD syndrome and Noonan syndrome are
caused by PTPNII/ mutations resulting in opposite
effects, they share many common clinical features,
including physical dysmorphic findings and intellectual
disability [1].

The term “autism spectrum disorders (ASDs)” was
first used by Lorna Wing {3} and then widely used as a
category comprised of autistic disorder, Asperger’s

0387-7604/S - see {ront matter ® 2010 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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disorder, and other related conditions {47, These condi-
tions are very common neurobehavioral disorders that
are characterized by impairments in three behavioral
domains, including social interaction, language/commu-
nication/imaginative play, and a range of interests and

At least ten genes have been reported to be associated
with ASDs [67. Except for Rett syndrome, the other per-
vasive developmental disorder (PDD) subtypes includ-
ing autistic disorder, Asperger’s disorder, disintegrative
disorder, and PDD Not Otherwise Specified (PDDNOS)
are not tightly linked to any particular gene mutations.
Several common genetic syndromes are known to be
associated with ASDs. Autism is frequent in patients
with tuberous sclerosis (TSC) [7], with neuroﬁbx omato-
sis type 1 [8.9] and with Fragile X syndrome [10]. Studies
of psychologcal profiles of adults with Noonan syn-
drome did not suggest a specific behavioral phenotype,
but difficulties with social competence and emotional
perceptions were noted [111. A case of Noonan syn-
drome who was also diagnosed with autism was
reported [12]. The present study of neuropsychiatric
evaluation in a familial case of LEOPARD syndrome
indicates all patients satisfied the criteria of ASDs. An
association of LEOPARD syndrome and ASDs has
not been reported previously. The familial case pre-
sented in this report may suggest such an association.

2. Patients and methods

After obtaining written informed consent, fifteen cod-
ing exons in PTPNII were sequenced in each patIent
following the methods described somewhere else (131

Diagnostic and Statistical Manual of Mental stox—
ders, Fourth Edition (DSM-IV-TR) [5] and The high-
functioning Autism Spectrum Screening Questionnaire
(ASSQ) {147 were used in neuropsychiatric evaluation
of the subjects.

Patient | is a 20-year-old male who was born as the
second child to a non-consanguineous Japanese couple.
His early developmental milestones were reportedly
unremarkable. He was clinically diagnosed with LEOP-
ARD syndrome at age 7 years based on findings that
included lentigines, multiple café-au-lait spots, electro-
cardiogram (ECG) abnormalities, ventricular septal
defect, ocular hypertelorism, short stature, and unilateral
renal hypoplasia. PTPNII mutation analysis revealed a
heterozygous mutation of 1403C>T (T468 M). The
patient was diagnosed as having Asperger’s disorder
based on ASSQ and DSM-IV-TR, at age 12 years. His
intelligence quotient (IQ) by the Wechsler Intelligence
Scale for Children-third edition (WISC-III) was 85 (ver-
bal: 77, performance 98). His ASSQ score by mother’s
rating was 41. He met the DSM-1V-TR diagnostic crite-
ria of Asperger’s disorder with all subcategories in the
category of Qualitative impairment in social interaction

(Category 1), three subcategories (1,2, and 4) in the cat-
egory of Restricted repetitive and stereotyped patterns of
behavior, interests and activities (Category 2), and the
rest of the four categories (Tabie 1).

Patient 2 is a I5-year-old younger brother of Patient
1. His early infantile developmental milestones were
unremarkable. He was diagnosed with growth retarda-
tion at age 2% years. At age 12 years his clinical findings
of a few café-au-lait spots, ocular hypertelorism, and
undescended testes led us to obtain PTPN]] mutation
analysis, which showed the same heterozygous mutation
of 1403C > T. At age 9 years, a diagnosis of Asperger’s
disorder was made based on ASSQ and DSM-IV-TR.
His full-scale 1Q by WISC-III at age 9 years was 99 (ver-
bal 104, performance 92). His ASSQ score by parental
rating was 32 at age 15 years. He also met the Asperger’s
disorder diagnostic criteria with all subcategories of
Category 1, three of Category 2 (1, 2, and 4), and the
rest of the categories (Table 1).

Patient 3 is the 22-year-old eldest brother of Patients
I and 2. His developmental milestones were normal,
although his ritualistic behavior and difficulties in relat-
ing to peers were noted in his childhood. He had a sur-
gical repair of bilateral undescended testes and inguinal
hernia. He was diagnosed with Wolff-Parkinson-White
syndrome at age nine years. He has ocular hypertelorism
and short stature. The same PTPNII heterozygous
mutation found in the two younger siblings was identi-
fied in this patient. He attends college, and was diag-
nosed as having PDDNOS, because he also had
impaired development of reciprocal social interaction
associated with communication skills, repetitive routine,
and ritualistic behavior. His ASSQ score was 7 at age
22 years (Table 1). ,

Patient 4 is a 55-year-old male who is the father of the
siblings. He has prominent lentigines, bilateral mild
hearing loss, cardiac anomalies, ECG abnormalities,
short stature, and apparent ocular hypertelorism. His
early developmental milestones are not well known.
He has been noted to have obsession with a specific
topic, repetitive routine and rituals, and clumsy move-
ments. At age 50 years, his social skills and aggressive
behavior were noted to be deteriorating, and conse-
quently he was suspected of having Asperger’s disorder
based on DSM-IV-TR. He met the diagnostic criteria of
Asperger’s disorder with Category 1 (1 and 3), Category
2 (1 and 2), and the rest of the four categories. His
ASSQ score was 20 at age 55 vears by his wife’s evalua-
tion. He has the same heterozygous PTPNII mutation
(Table 1),

3. Discussion
The presented familial case of LEOPARD syndrome

included individuals (patients 1, 2, and 4) diagnosed
with or suspected of having Asperger’s disorder, and
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Table 1
Summary of clinical findings and PTPN!/ mutation.

Pt. 1 Male Pt. 2 Male Pt. 3 Male Pt. 4Male
Age 20y 15y 22y 55y
Physical findings
Skin: café-au-lait spots multiple a few a few a few
Lentigines +-+ +++ - -+
Cardiac defects VSD No No No
EKG abnormalities + No WPW No
Ocular hypertelorism + + + +
Pulmonary stenosis No No No No
Abnormal genitalia No Und. Testes” Und. Testes” No
Renal anomalies R-hypoplasia No No No
Retardation of growth Yes + + No
Deafness No No No Yes
Miscellaneous:
Rocker bottom feet Yes Yes Yes No
Macrocephaly Yes Yes Yes No
PTPNI11 mutation T468 M T468 M T468 M T468 M
Neuropsychological
Diagnosis AD™ AD”’ PDDNOS™" AD™
ASSQ score'! (age) 41 (12y) 32(15y) 7(22y) 20 (50 y)
WISC-111"™ (age) §5 (12 y) 99 (9 y) n/a n/a
-Verbal/performance 77/98 104/92 n/a n/a

" Und. Testes, undescended testes.
" AD, Asperger’s disorder.

™" PDDNOS, Pervasive developmental disorder not otherwise specified.
) ASSQ score, Autism Spectrum Screening Questionnaire Score. The cutoff score of 3 predicts 91% of the true positive rate of Autistic spectrum

disorders.
@ WISC-111, Wechsler Intelligence Scale for Children-third edition.

patient 3 was diagnosed as having PDDNOS, which
may lead to the diagnosis of ASD. ASDs were first
introduced by Lorna Wing, who suggested that Asper-
ger’s disorder is a type of ASD and described in detail
its various manifestations in speech, nonverbal commu-
nication, social interaction, motor coordination, motor
clumsiness, and idiosyncratic interests [3]. Patient 3 did
not have enough clinical symptoms to meet the diagnos-
tic criteria for Asperger’s disorder; however, he had
some symptoms suggestive of ASD in his childhood that
led to a diagnosis of PDDNOS.

The ASSQ is a 27-item checklist for completion by
lay informants when assessing characteristic symptoms
of Asperger’s disorder and high-functioning autism in
children and adolescents with normal intelligence or
mild mental retardation. The ASSQ allows for rating
on a 3-point scale (0, 1, or 2; 0 indicating normality, 1
some abnormality, and 2 definite abnormality). The
range of possible scores is 0-54. The mean ASSQ parent
scores in the Asperger’s disorder validation sample were
25.1 (SD, 7.3) [14]. The cutoff score of 13 is 91% of the
true positive rate of ASDs. The ASSQ score was estab-
lished as a screening tool primarily for children between
6 and 17 years of age by parents and/or teachers. The
delayed evaluation of patient 3 may account for the dif-
ference in diagnosis between this patient and his siblings.

ASDs are known to be associated with particular
genetic disorders such as fragile X syndrome [10,13,

16}, tuberous sclerosis (TSC) [7], and neurofibromatosis
type 1 [8.91 Fifty percent of children with TSC have
behavioral problems in the form of ASDs. Gene muta-
tions in either TSC!I or T'SC2 influence neural precur-
sors, resulting in abnormal cell differentiation and
dysregulated control of cell size. These cells migrate to
the cortex to generate an abnormal collection of inap-
propriately positioned neurons, causing widespread cor-
tical disorganization and structural abnormalities [7].
Mutations in PTPNII causing LEOPARD syndrome
induce catalytically impaired Shp2. In situ hybridization
detected Shp2 expression in the neural ectoderm and
nervous system in mouse embryos, suggesting an
involvement of Shp2 in neural development. Shp2 is a
critical signaling molecule in the coordinated regulation
of progenitor cell proliferation and neuronal/astroglial
cell differentiation. The studies with mutant mouse
strains with Shp2 selectively deleted in neural precursor
cells showed a dramatic phenotype of growth retarda-
tion, early postnatal lethality, and multiple defects in
proliferation and cell fate specification in neural stem/
progenitor cells [17]. The product of the TSC2 gene tub-
erin is known to up-regulate the B-RAF/MEK/MAPK
signal transduction pathway. B-RAF is required for
neuronal differentiation, suggesting another possible
link between B-RAF signaling and the clinical manifes-
tations of TSC including ASDs [187. Disturbed neuronal
cell differentiation and development due to mutations in
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the TSC genes and the PTPNII gene are likely to con-
tribute to the development of ASDs in patients with
these syndromes.

NF-I is well known to be associated with ASDs. The
prevalence of autism in patients with NF-I was reported
to be 4% [91. The well-known function of the NF-I
protein is to act as a RAS-GTPase-activating protein
known to be involved in the regulation of the RAS-
mitogen-activated protein kinase (MAPK) pathway.
Mutations in the NF-I gene are thought to result in acti-
vation of the RAS/MAPK signal transduction pathway
{21, Clinical overlap between LEOPARD syndrome and
NF-I is also well known {19].

Approximately 50% of patients with Noonan syn-
drome are due to missense PTPN/I mutations [20].
PTPNI11 encodes SHP2, a protein tyrosine phosphatase,
that is involved in the activation of the RAS/MAPK cas-
cade [2]. Noonan syndrome is caused by “gain of func-
tion” PTPNII mutations [1.2], and the SHP2 mutants
due to the PTPNII! mutations causing Noonan syn-
drome cause prolonged activation of the RAS/MAPK
pathway (2. Schubbert et al. {217 reported that germline
KRAS mutations cause Noonan syndrome through the
hyperactive RAS/MAPK pathway.

Herault et al. [22] reported a positive association of
the HRAS gene and autism. The psychological profiles
of adults and children with Noonan syndrome have
been studied, and deficiencies in social and emotional
recognition and expression have been identified in
adults, while low verbal 1Q, clumsiness, and impairment
of developmental coordination have been reported in
children {23,

To date, there have been no reports to suggest an
association of LEOPARD syndrome and ASDs. Our
observations in this familial case may suggest at least
some degree of association between LEOPARD syn-
drome and ASD phenotypes possibly through the
RAS/MAPK signal transduction pathway. Further
studies with more patients with LEOPARD syndrome
are needed to establish the association and to investigate
the genetic contributing factors causing ASDs, leading
to the prevention and earlier detection of ASDs and bet-
ter management of patients with these disorders.
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