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Abstract We report eight females with small deletions Qfaterials and methods
the short arm of the X chromosome, three of whom showed
features of autism. Our results suggest that there may bg,a,
critical region for autism in females with Xp deletions be-
tween the pseudoautosomal boundary BXX57103 We  The study population comprised eight patients, all with deletions or
hypothesise that this effect might be due either to the los$0¥) translocations involving Xp22 and distal to or overlapping the

function of a specific gene within the deleted region or pytative microphthalmia with linear skin defects syndrome (MLS) lo-
us (Wapenaar et al. 1993; Cox et al. 1998). The clinical phenotypes of

functional nullisomy resulting from X inactivation of thelp':ases 2,3,4,6, 7, and 8 have been described in an earlier study (James
normal X chromosome. et al. 1998) in which they were, respectively, Cases 1, 2, 3, 4, 5 and 6.
Case 8 was one of the earliest patients described with MLS, and is Case
2 in Al-Gazali et al. (1990). The present report includes all the females
Introducti studied by us with a deletion of Xp distal@XS1224 Case 4 was as-
ntroduction certained because she is the mother of Case 3; the other six patients
were all unrelated and ascertained for a variety of reasons (Table 1).

nts

The distal region of Xp shows a high frequency of chromo-
somal rearrangements, which have led to the identificati@yfogenetic analysis

and mapping of several disease genes (Ballabio and Andria _ _ _ _ _
anslocation and deletion breakpoints were determined by analysis

3992)' fo (tz-orrflatl.rt]k? t_f:ﬁ CI:jnl(I:atI_ pheno:ypesl an? genOH- G-banded metaphase chromosomes harvested from peripheral

ype_s Oor patents wi . el _e_r ele 'On_s or rf“_ns oca '_Ons Blaod lymphocytes. An additional culture was established for some

volving Xp, we have identified a possible critical region fqyatients to determine the replication timing of the sex chromosomes

autism, proximal to the pseudoautosomal boundary and @'%spulse”-labelling)with 5-br0m0-2-deo>|<yurédine (Brdéle (mri]nimUImh

tal to the markebXS7103 of 30 cells scored). Karyotypes were also determined for the mother
of Case 1 and both parents of Cases 2, 3, 5, 6, 7, and 8.

Fluorescence in situ hybridization (FISH) analysis

The FISH studies were carried out using the standard method de-
scribed by Pinkel et al. (1986). Hybridization signals from biotin or
digoxigenin (DIG)-labelled probes were detected using either single
layers of avidin-fluorescein isothiocyanate for biotin or anti-DIG-
tetramethylrhodamine isothiocyanate and analysed using a conven-
tional Zeiss epi-fluorescent Axiophot microscope. Images were cap-
tured by a cooled CCD camera (Photometrics), and enhanced and
N. S. Thomas[(]) - A. J. Sharp - C. E. Browne analysed using Digital Scientific (Vysis) Smart Capture software.
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Table 1 Details of the eight female patientdIl(S microphthalmia with linear skin defects syndrome)

Case number  Patient ID Karyotype Ascertainment Origin of the deleted X chromosome
1 97-05436 46,X,del(X)(p22.32) Short stature Paternal ? De novo

2 83-04399 46,X,1(X;Y)(p22.31;911.21) Short stature Paternal De novo

3 95-02697 46,X,t(X;Y)(p22.33;912) Turner syndrome Maternal Familial

4 95-D1130 46,X,1(X;Y)(p22.33;912) Mother of Case 3 Paternal ? De novo

5 97-05314 46,X,del(X)(p22.13—p22.32) Autism Paternal De novo

6 96-01693 46,X,del(X)(p22.31 or p22.32) Developmental delay Paternal De novo

7 95-02669 46,X,del(X)(p22.31) Turner syndrome Paternal De novo

8 86-01593 46,X,der(X)t(X;Y)(p22.3;q11.2) MLS Paternal De novo

amplification using a panel of markers spanning distal Xp to define @®@mmunication, and stereotyped interests and patterns of
gions of hemizygosity. The relative order of the panel of markers Wsshaviour.

derived from the breakpoint mapping by integrating maps from GDB
and Genethon (Dib et al. 1996). For Cases 3 and 4, markers on proximaﬁ:ase 6, as noted by James et al. (1998), had short stature,

Xp and proximal Xq were also used to investigate possible recombiticreased ipner canthal distanqe (3.4 cm), Upwardj5|anting
tion between the normal and deleted maternal X chromosomes.  palpebral fissures, an alternating convergent squint, pro-

Standard PCR conditions were used throughout and all primerj@z;ting ears with bilateral prehelical pits, and middle ear ef-

quences are available on GDB. A fluorescent or radioactive label W@éions requiring grommets. She walked at 19 months and
incorporated into one primer from each pair, so that PCR products ’

could be visualized by autoradiography following electrophoretfé@S thought to have severe learning disabilities and proba-
separation on a denaturing 6% polyacrylamide gel, or analysed ok autism. An ADI carried out at 2.5 years of age con-
ABI 377 automated DNA sequencer (Perkin Elmer). firmed the diagnosis of autism, showing qualitative impair-
ments in reciprocal social interaction, verbal and
non-verbal communication, and repetitive and stereotyped
patterns of behaviour.

The X-inactivation status of tHdUMAR locus on Xq13 was deter- Case 8 is a patient with MLS syndrome and was report-
mined for all females in the study, using a fluorescent PCR assay&@@d-as Case 2 by Al-Gazali et al. (1990). Her intelligence is
scribed by Allen et al. (1992) and modified by Pegoraro et al. (199Aprmal. She showed a precocious use of language, plus an
The extent of methylation-sensitive enzyme cleavage of each allglg,syal degree of musical ability, from early childhood.

can be quantified and is proportional to the degree of methylation - .
inactivity, at that locus on each X chromosome. Whenever possig)éncems about her behaviour have been expressed in the

the X-inactivation pattern was determined on DNA from both peripiast few years. An ADI was carried out at the age of 12
eral blood and buccal smears. Control male DNA was used to engtgars. Some items were difficult or impossible to evaluate

complete enzymatic cleavage of unmethylated alleles. because of the subject’s blindness. It was concluded that
she could be described as a child with high-functioning au-
tism, fulfilling criteria for autism on qualitative impair-

Determination of X-inactivation pattern

Results ments in social interaction, impaired verbal communica-
tion, and repetitive behaviours and stereotyped patterns of
Clinical data behaviour. She did not score above criteria for autism on

non-verbal communication, where her visual impairment
was felt to account for her lack of abnormal behaviour.
Cases 2, 3, 4, and 7 have variable phenotypes that are de-
scribed in detail in James et al. (1998). All cases except for
Case 5 were of short stature, presumably becauseCgfogenetic analysis
haploinsufficiency for theSHOX gene located in the
pseudoautosomal region (Rao et al. 1997). Case 1 was shioet karyotypes are shown in Table 1 and were apparently
with no other mental, physical or behavioural impairmentson-mosaic for all eight females. Seven patients had termi-
Of the eight patients, Cases 5, 6 and 8 were diagnosedasXp deletions, although in four cases this was caused by
having autism, and are described in more detail belatranslocation between the short arm of the X chromosome
There was no evidence for autism in the other five patierdad the long arm of the Y chromosome. One patient (Case
Case 5 had no external physical abnormalities and Bghad an interstitial deletion. The very small deletions in
height, weight and head circumference were normal. Heasises 1, 2 and 5 were confirmed by FISH and molecular
development gave cause for concern at about 1 year of agelysis. Cases 4 and 3 (mother and daughter) had identical
and a diagnosis of autism was suggested when she wa$gtural rearrangements and this was verified by molecu-
years old. An autism diagnostic interview (ADI) carried ouldr analysis.
at 10 years of age confirmed this diagnosis. She showed
qualitative impairments in reciprocal social interaction and



Fig. 1 Molecular mapping of
Xp22 breakpoints. The extent of
each patient’s deletion is indicat-
ed byblack shadingvhile the
unshadedhrea represents the ex-
tent of heterozygosityGrey
shadingrepresents a non-
informative marker{1] Rao et

al (1997),[2] Ferrero et al .
(1995),[3] Wapenaar et al.
(1993),[4] Cox et al. (1998).
(SSSHOX stature gené&;DPX
X-linked chondroplasia punc-
tata; STSsteroid sulphatase defi-
ciency;KAL X-linked Kallmann
syndromeMLS microphthalmia
with linear skin defects)
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Table 2 X-inactivation results (% cells in which the structurally ab-

normal X is active)

Case Cytogenetic Molecular analysis
number Lymphocytes
Parental DNA was available from both parents for six pa- White cells ~ Mouth brush  Urine
tients and from the mother for Cases 1 and 4. In all cases bi-
. . - 64 - —
parental inheritance of the X chromosome was observgd, 58 69
excluding uniparental disomy. Given that the fathers 0f - -
X ; ; 33 34 13 -
Cases 1 and 4 were described as being phenotypically rjor- 1 p 3 _
mal, the deletion in these families is likely to have arisen de - % B B
novo. One case was familial, with mother-to-daughtgr
T ! 60 78 94 -
transmission of the structurally abnormal X, while all dele- -0 88 92
tions/translocations confirmed or assumed to have ariser] de 0 19 12 10

novo were of paternal origin. This is consistent with the ob-
servation that the great majority of X-chromosome dele-
tions involve the paternal X chromosome and presumably
occur during male gametogenesis (James et al. 1998). all cells investigated by BrdU labelling£150), the abnor-

mal X was always late replicating. While the molecular
analysis is performed on total DNA extracted from all white
cells, the cytogenetic result is derived from only a subset of
white cells, T lymphocytes.

The results of the deletion mapping for all eight females areln the other seven females tested, the abnormal X was al-
shown in Fig. 1. Several disease-causing genes have lmefound to be active in at least a proportion of cells. In con-
mapped to Xp22 (Ballabio and Andria 1992) and the afpast, females with deletions proximal to Xp22 have com-
proximate locations of five of these are marked on Fig. 1plete skewing in their lymphocytes (Schaefer et al. 1993;
James et al. 1998).

The cytogenetic analysis measures replication timing of
the whole X chromosome, whereas the molecular analysis
measures the extent of methylation only atHh&MAR lo-

The X-inactivation results in Table 2 demonstrate goads. Therefore, in cases of maternal inheritance of a struc-
agreement between the cytogenetic and molecular methiodally abnormal X chromosome, recombination can occur
and between the values determined from whole blood (mbetween the breakpoint of the structural abnormality and
soderm) and from buccal cells (ectoderm). The one discthre HUMAR locus and it is important to determine the ori-
dant result was found for Case 8. At tHEMARIocus the gin of the daughter’s materndlUMAR allele. Recombina-
abnormal X was found to be active in a small proportion tdn occurred in the interval between the markexksS451
cells from all tissues studied. This is consistent with the land DXS8025for Case 4 (data not shown), such that the
pothesis that the phenotype in MLS syndrome is produaedternal X chromosome inherited by her daughter, Case 3,
by a structurally abnormal X remaining active in a suffis of grandpaternal origin (and carrying the structural ab-
cient proportion of cells (Lindsay et al. 1994). However, imormality) distal toDXS451and of grandmaternal origin

Mapping of breakpoints

X inactivation
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proximal toDXS8025 Therefore, while Cases 3 and 4 hav PABX STS KAL GRPR  ZFX

the same inherited structural abnormality, the matéthal Xpter . ¢ /w4 /—— Xcen

MARallele of Case 3 has come from the normal X chrom case 6 ?

some of Case 4. case 5 ]
p22.13 t(X;8) breakpoint (1l

|—'— ————————— | Xp duplication 21
Discussion Xpter p22.3 p22.1
Deletions of the Xp22 region produce a range of differe M: 0 53 LA

clinical phenotypes depending on both the sex of the in S o
vidual and the extent and location of the deleted chronFig. 2 Map of the Xp22 region highlighting structural abnormalities in

; ; ; autistic casedl] Ishikawa-Brush et al. (19972] Rao et al. (1994).
somal material (Ballabio and Andria 1992). Thus phenOpen boxesepresent the deletions of Cases 5, 6, and 8. Approximate

type/genotype correlations can lead to the identification gistances (cM fronPABX and marker order taken from Ferrero et al.
novel disease genes. (1995). PABX pseudoautosomal region bound@@RPRgastrin pep-
Autism is a neuropsychiatric disorder characterized ltide releasing receptatFX zinc finger gene (X linked)]
early onset with impaired social, language and cogniti
development (Lotspeich and Ciaranello 1993). The inc
dence of autism in the general population is between 2 gmoximal to the deletion of Case 5 (Ishikawa-Brush et al.
5 per 10]000. Between 5 and 14% of autistics have an id€#97). The second was a male infant with a terminal duplica-
tifiable chromosomal abnormality or other genetic condien of Xp22, which is known to include tt&T Slocus and
tion (Rutter et al. 1994; Gillberg and Coleman 1996). Geray extend proximally to theFXlocus (Rao et al. 1994).
netic factors undoubtedly play a major aetiological role in The occurrence of three autistic females all with small
the remaining idiopathic cases (Bailey et al. 1995). Segdeletions of Xp22.3 could be due to chance, although this
gation analysis predicts that autism involves the interactisgems unlikely with such a low incidence of autism in the
of several genes (Jorde et al. 1991; Weeks and Lathgemeral female population (Lotspeich and Ciaranello 1993).
1995) and six potential candidate regions have now béémwever, Cases 3, 4 and 7 are also monosomic for this re-
identified through a whole-genome screen (Internatiorgibn and although they have more complex and variable
Molecular Genetic Study of Autism Consortium 1998phenotypes than Case 5, they are not autistic (James et al.
Genes on the X chromosome do not account for a subs®888). We propose the following three hypotheses to ex-
tial part of the genetic susceptibility to autism (Hallmaygilain why some but not all females monosomic for the re-
et al. 1996; International Molecular Genetic Study of Agion deleted in Case 5 have autism.
tism Consortium 1998). However, the excess of autism inHypothesis 1 proposes that the deletion includes a gene
males compared with females, with a 4:1 sex ratio (Lotsplkat is normally subject to X inactivation in females. Nor-
ich and Ciaranello 1993), and an increased incidence of axal males and females have one functional copy. If the de-
tism reported among females with 45,X Turner syndrortetion is small enough to be compatible with the structural-
(Skuse et al. 1997) suggest that X-linked genes may be iynabnormal X remaining active, functional nullisomy for
portant in a subset of cases. this gene can arise in a proportion of cells. This increases
Of eight females studied with deletions or translocatiotise risk of autism, either by a local effect in the brain or by
involving chromosome Xp22.3, we report three who hawgesystemic effect. X-inactivation status influences the pene-
features of autism. Case 5 has autism but no external plisaace of autism in females carrying a deletion. Loss of the
ical abnormalities and a gene within her small interstitigene would not account for any increased risk of autism in
deletion may be important in the aetiology of autism. THhemales with a 45,X constitution, because of obligatory ac-
distal boundary of this deletion is between the markengation of the normal X chromosome in these females. Fur-
DXYS201andDXYS232Xjust below the pseudoautosomahermore, differences in the normal level of expression
region, and the proximal boundary is between exon 9 of twuld not explain the male excess of autism, as males and
gene for X-linked Kallmann syndrome and the marké&males would be functionally equivalent.
DXS7103 The interval betweeDXYS232XandDXS7103 Hypothesis 2 predicts that the deletion includes a gene
the maximum size of the deletion, is approximately 6 Mbat is not subject to inactivation in females. Normal fe-
(Nagaraja et al. 1997). The deletions in the other autisti@les have two functional copies, while normal males may
subjects, Cases 6 and 8, encompass the same region afdlrat one or two functional copies depending on whether
of Case 5 but are larger terminal deletions with proximidere is a Y homologue. Haploinsufficiency in females in-
breakpoints below that of Case 5. creases the risk of autism, and is independent of X-inactiva-
This is the first report of an association between autision status. Females with large deletions of Xp or a 45,X
and a deletion of Xp, although autism has previously besmstitution would be at an increased risk of autism as a re-
reported in two patients with structural abnormalities isult of deletion of this gene. If normal males had one func-
volving this region (Fig. 2). The first was a female with tional copy of the gene, females in whom the gene was de-
balanced (X;8) translocation, with a breakpoint within tHeted would be functionally equivalent to normal males
gastrin-releasing peptide receptor geB&®PR on Xp22.1, with respect to the development of autism.
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In both hypotheses 1 and 2, autistic males with deletidreve found it to be active in approximately 20% of cells
and mutations of the gene should exist, although autifimm uncultured skin (data not shown), giving some support
could be obscured by other clinical abnormalities, especi@-this hypothesis.
ly in the case of deletions. X-linked pedigrees of autism Our studies suggest that detailed psychological and de-
would be expected; however, such pedigrees have not besdnpmental assessments should be carried out in females
demonstrated. with distal Xp deletions who have been ascertained in in-

Hypothesis 3 proposes that autism can arise as a rfancy or early childhood to determine the true prevalence of
specific effect of mosaicism for a near-lethal cell line in treutism in this group of patients.
brain. Near-lethality could arise as a result of functional
nullisomy for X-linked genes normally expressed in orficknowledgements The authors are grateful to Drs. Frances

dose (i.e. inactivated in females), and mosaicism, seco award, Patrick Bolton, Petrus De Vries, Brian Coppin, and Gillian
S ’ ' aird for the provision of patient samples and clinical details and to

ary to X-inactivation pattern, could result if the deletiopof patricia Jacobs and Dr. Eli Hatchwell for helpful discussions
was not large enough to cause stringent selection agadnghg the preparation of this manuscript. This work was supported by
the structurally abnormal X. This mechanism has been sag+ant from the Wellcome Trust and all experiments comply with the
gested for the MLS syndrome (Lindsay et al. 1994), andFi§rent laws of the UK.

supported by the markedly skewed inactivation patterns in

Cases 5 and 6, with the structurally abnormal X active-n

the majority of cells tested. Autism has not previously beBeferences

reported as a component of MLS, and it would be worth-

while to check for it in other MLS cases. The critical rexl-Gazali LI, Mueller RF, Caine A, Antoniou A, McCartney A,
gions for MLS and autism would not necessarily have to Fitchett M, Dennis NR (1990) Two 46,XX,t(X;Y) females with

; . : ; . linear skin defects and congenital microphthalmia: a new syn-
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