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by the paediatrician Harry Angelman in three unre-

lated children presenting with severe motor and
cognitive delays, microcephaly, absent speech, ataxic gait,
and seizures, in association with distinctive facial features
that include a large open mouth, widely spaced teeth,
midface retrusion, and prognathism.' Subsequent clinical
reports described typical behaviour in individuals with AS,
including a happy sociable disposition, inappropriate laugh-
ter, and flapping of the arms.””> The 15ql11-ql3 region was
implicated in the pathogenesis of AS, when some individuals
were found to have deletions or rearrangements in the
proximal long arm of chromosome 15.*° The same genomic
segment on proximal 15q had previously been implicated in
Prader-Willi syndrome (PWS);” subsequently it was shown
that deletions of the maternal chromosome produce AS and
deletions of the paternal chromosome produce PWS.*” AS
may ensue from four different molecular mechanisms, all of
which result in deficiency of the maternally inherited E6
associated protein ubiquitin protein ligase 3A gene (UBE3A).
These include deletion of the maternal chromosome 15q11-
ql3 region (70%), paternal uniparental disomy for chromo-
some 15 (2%),'" "' mutations of the UBE3A gene (10%),"” "
and mutations or deletions of the imprinting centre (5%).
The genomic organisation of the 15q11-q13 region is complex
and is perhaps one of the most variable regions of the human
genome.' ' This region is known to harbour multiple low
copy repeats that probably mediate these deletions, duplica-
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Background: Angelman syndrome (AS) is a neurodevelopmental disorder characterised by severe mental
retardation, dysmorphic features, ataxia, seizures, and typical behavioural characteristics, including a
happy sociable disposition. AS is caused by maternal deficiency of UBE3A (E6 associated protein ubiquitin
protein ligase 3A gene), located in an imprinted region on chromosome 15¢11-q13. Although there are
four different molecular types of AS, deletions of the 15q11-q13 region account for approximately 70% of
the AS patients. These deletions are usually detected by fluorescence in situ hybridisation studies. The
deletions can also be subclassified based on their size into class | and class II, with the former being larger
and encompassing the latter.

Methods: We studied 22 patients with AS due to microdeletions using a microarray based comparative
genomic hybridisation (array CGH) assay to define the deletions and analysed their phenotypic severity,
especially expression of the autism phenotype, in order to establish clinical correlations.

Results: Overall, children with larger, class | deletions were significantly more likely to meet criteria for
autism, had lower cognitive scores, and lower expressive language scores compared with children with
smaller, class Il deletions. Children with class | deletions also required more medications to control their
seizures than did those in the class Il group.

Conclusions: There are four known genes (NIPA1, NIPA2, CYFIP1, & GCP5) that are affected by class | but
not class Il deletions, thus raising the possibility of a role for these genes in autism as well as the
development of expressive language skills.

There are two types of deletions seen in AS, encompassing
a region of over 6 Mb* (Sahoo et al, 2005; personal
communication). A common distal breakpoint (BP3) and
two proximal breakpoints (BP1 and BP2) define the
frequently occurring types of deletions.'® '* *'** The deletions
that extend from BP1 to BP3 are designated class I deletions,
and those extending from BP2 to BP3 are designated class II
deletions (fig 1A, B). The majority of deletions in AS and
PWS are class 1. Some well known genes, many of them
imprinted, are located in the interval between BP2 and BP3,
including the gene encoding small nuclear ribonucleoprotein
polypeptide-N (SNRPN), UBE3A4, and the imprinting centre.

Some recent studies aimed at identifying phenotypic
differences in PWS and AS patients with different deletion
sizes have revealed interesting genotype-phenotype relation-
ships. Adults with PWS harbouring class I deletions had a
greater incidence of obsessive-compulsive behaviour, and
more deficits in adaptive skills as compared with individuals
with smaller class II deletions.* Similar studies in AS

Abbreviations: ADI-R, Autism Diagnostic Interview, revised; ADOS-G,
Autism Diagnostic Observation Schedule, Generic; AED, antiepileptic
drug; AS, Angelman Syndrome; BAC, bacterial artificial chromosome;
BSID-II, Bayley Scale ot Infant Development, second edition; CGH,
comparative genomic hybridization; FISH, fluorescent in situ
hybridisation; FMRP, fragile X mental retardation protein; FOC, fronto-
occipital circumference; PLS-Ill, Preschool Language Scale, third edition;
PWS, Prader-Willi Syndrome; SNRPN, small nuc?ear ribonucleoprotein
polypeptide-N; UBE3A, E6 associated protein ubiquitin protein ligase
3A gene; VABS, Vineland Adaptive Behavior Scale
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demonstrated that all individuals with class I deletions differences between participants. It was hypothesised that
showed a complete lack of vocalisation, while those with accurate characterisation of the underlying molecular defect
class II deletions were able to produce at least some syllabic could help predict clinical outcomes, and therefore aid with

sounds.” Neither of these studies examined symptoms of early, appropriate interventions.

autism. Because (a) previous studies demonstrate significant

overlap between AS and autism,*** and symptoms of autism METHODS

persist over time in AS; (b) the obsessive-compulsive Clinical samples

behaviours, deficits in adaptive behaviour, and deficits in  Research samples were collected in accordance with institu-
language skills found in previous studies comparing deletion  tjonal review board approved protocols at Baylor College of
types in AS and PWS are part of the broad autism phenotype, ~ Medicine and University of California, San Diego. In total, 22
and (c) the AS/PWS critical region has been implicated in  patients with AS bearing deletions (13 boys and 9 girls; age

autism,””* we thought it important to examine the relation- range 17 months to 11 years) previously diagnosed by FISH
ship between autism and deletion class in AS. As seizures  were characterised using array CGH. The following clinical
occur in nearly 80% of children with AS,” we also examined parameters were selected to assess genotype-phenotype
the relationship between the degree of seizure severity, EEG correlations: (a) developmental assessments using standar-
findings, and the number of medications required to achieve dised testing for cognitive skills, language, and adaptive
good seizure control across deletion classes. behaviour; (b) formal evaluation for autism; (c) seizure

Currently, the characterisation of deletion classes in the quality, frequency, and number of drugs required for seizure
15q11-q13 region is performed by fluorescence in situ control; (d) routine 16 channel EEG recorded awake and
hybridisation studies (FISH) or microsatellite marker analy- asleep; and (e) head circumference.

sis. The advent of molecular tools such as array comparative

genomic hybridisation (array CGH) allows us to define these Molecular studies

rearrangements in a more detailed and comprehensive  For CGH, a total of 106 genomic bacterial artificial chromo-
manner. A recent report has highlighted the usefulness of some (BAC) clones across the length of the long arm of
CGH arrays to characterise the AS/PWS region." For the  chromosome 15 were used for the microarray. The highest
current study, we analysed a group of 22 deletion bearing AS density of clones is across the ~10 Mb 15ql1-ql4 interval
patients using a chromosome 15 specific array CGH to further encompassing the PWS/AS critical region, including the

characterise their deletion, and to examine genotype-pheno- common deletion/duplication breakpoints. This particular
type correlations. microarray achieves a resolution greater than one clone per

The objectives of this study were threefold: (a) to Mb for the entire chromosome 15. Additionally, over 50
characterise by array CGH a cohort of AS patients with clones (BACs and P1 derived artificial chromosomes) specific
deletions, (b) to examine the expression of autism spectrum for the subtelomeric regions of all other chromosomes were
disorder in this cohort, and (c) to analyse genotype-phenotype included. The validation of genomic clones, and production
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Figure 1 Plot of the hybridisation results for representative case with class | deletion. (A) Raw, normalised (Norm) and combined (Comb) log, ratio
plots of array hybridisation are shown. The combined ratio plot provides a final estimate of gain, loss, and no change distribution for each clone. The
dashed lines on the scale for the logarithmic plot (x axis) indicate the position of —1.0 and +0.5, which are the theoretical values for single copy loss or
gain respectively. The plot is in clone by clone order starting (y axis: top to bottom) from 15 centromere to 15q telomere followed by chromosomes 1 to
Y. The deletion in this case encompasses the segment between BP1 to BP3 typical of class | deletions. Fluorescent in situ hybridisation (FISH) using clones
within and flanking the BP1-BP3 interval confirmed the size and boundaries of the delefion. (B) On the right is a map of human chromosome 15
highlighting the 15911-q13 segment encompassing the PWS/AS imprinted domain. The common deletion Ereakpoints are indicated as BP1, BP2, and
BP3. BP4 refers to ('r11e distal breakpoint commonly involved in isodicentric 15q.
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and analysis of array CGH experiments were carried out as
described previously (fig 1).* *” The breakpoints defining the
deletion class predicted by array CGH were confirmed by
FISH analysis using clones within and flanking the deletion.

Instrumentation for clinical evaluations

Psychologists were blinded to a child’s deletion class when
conducting clinical evaluations. All participants were given
the Autism Diagnostic Observation Schedule (ADOS-G),
generic, module 1 and the Autism Diagnostic Interview,
revised (ADI-R). The rationale for this procedure is described
in detail in a previous publication.”” The Bayley Scale of
Infant Development, second edition (BSID-II) was used to
assess cognitive and motor skills. Parents were interviewed
using the standardised administration of the Vineland
Adaptive Behavior Scale (VABS), interview edition. The
Preschool Language Scale, third edition (PLS-III) was used
to assess communication skills.*®

Statistical analysis

Differences among deletion classes (class I versus class IT) on
categorical variables (sex, autism) were analysed using a ¥’
analysis. The scores from dependent measures (mental
scores, adaptive behaviour scores, language scores) were
normally distributed. Analyses of variance were conducted to
compare differences between the deletion classes for all
dependent variables. Chronological age was used as a
covariate in all analyses. Means and standard deviation
scores for these measures are expressed as age equivalents.
All reported p values are two sided; p values <0.05 were
considered to indicate statistical significance, and p values
<0.10 were considered to indicate a statistical trend.

RESULTS

Table 1 shows the sex of patients in each deletion class. There
were comparable numbers of boys and girls within each
deletion subgroup. A representative CGH profile for a child
with a typical class I deletion is shown (fig 1A), showing loss
(log, ratio <0.18-0.2) of clones located within the BP1-BP3
interval. One male patient had an extended class II deletion
with a breakpoint extending from the proximal BP2 to an
unusual distal breakpoint (BP3A) that encompassed an
additional ~1 Mb genomic loss.

Developmental evaluation

Table 2 shows the age equivalent means and standard
deviations for cognitive, language, and adaptive behaviour
measures, broken down by deletion subtype. For the purpose
of this analysis, the child with the unique extended class II
deletion was excluded.

Broadly, on all measures of development, children with
class II deletions scored higher than children with class I
deletions. Statistically significant differences were noted
between deletion class groups for Bayley mental scores
(F(1,20) = 3.50; p=0.05; adjusted R?=0.042). Trends toward
significance were noted for expressive communication
(p=0.09) and for total language scores (p =0.066) on the
PLS. It is important to note that these differences are
independent of chronological age. There were no significant
differences between children with class I and class II

Table 1 Deletion class by sex
Deletion Male Female
Class | 6 4
Class Il 6 5
Atypical class Il 1 0
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Table 2 Developmental scores by deletion class
Deletion
Scales class Mean SD
Bayley mental, age equivalent | 8.42 0.67
1 10.35 0.63
Bayley motor, age equivalent | 9.5 0.80
1 10.7 0.84
PLS auditory comprehension, | 6.39 0.67
age equivalent Il 7.83 0.64
PLS expressive communication, | 3.73 0.76
age equivalent Il 574 0.72
PLS composite, age equivalent | 5.05 0.76
1 7.23 0.72
VABS communication, age | 9.94 0.82
equivalent Il 11.6 0.77
VABS daily living, age | 12.24 1.44
equivalent Il 13.87 1.37
VABS socialization, age | 10.96 0.70
equivalent Il 12.49 0.66
Age equivalent scores are reported in months.

deletions for Bayley Motor scale scores, auditory comprehen-
sion scores (receptive language), or for any of the parent
report measures on the VABS.

Avutism

The results of evaluations for autism revealed that eight of 10
children with larger class I deletions met criteria for autism,
compared with two of 11 children with class II deletions,
which was statistically significant (%* = 6.60; p = 0.01). There
were no differences in autism diagnosis according to
chronological age. The patient with the unique extended
class II deletion also met criteria for comorbid autism. Nine of
the 11 children diagnosed with autism were male. The
preponderance of males with autism is similar to that seen in
the general population. In contrast to their peers with AS
alone, the children with comorbid diagnoses of autism and
AS rarely directed vocalisations to others, were not responsive
to their names being called, and, although many of them
exhibited the excessive laughter commonly associated with
AS, they did not exhibit shared enjoyment in interactions
with others. They were typically more focused on objects (and
the repetitive use of objects), as opposed to interactions with
other people, and made very few social overtures. Although
all children with AS exhibited severe language delays, and
deficits in their play skills, children without comorbid autism
had developed the use of nonverbal gestures and nearly all of
their vocalisations were socially directed.

Although it would be desirable to examine any interactions
between deletion subtype and autism for all of the develop-
mental outcomes, the fact that only two children with class 1T
deletions met criteria for autism, and only two children with
class I deletions did not meet criteria for autism prevented
these analyses from being conducted. Nevertheless, as
concluded from the scores described in table 2, differences
between the two classes of patients with respect to cognitive
impairments and developmental delay is significant and most
likely determines whether they do or do not express the
autism phenotype.

Head circumference

Fronto-occipital circumference (FOC) measurements were
obtained at clinic visits. For those subjects who were seen on
more than one occasion, the last measurement was the one
selected for this analysis. All measurements were compared
with standard growth curves according to sex and age. Any
FOC measurement below 2.5 SD was considered microce-
phalic. Of the 22 children studied, 14 were microcephalic.
Seven of 10 patients with class I deletions were microcephalic;
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six of the 11 patients with class II deletions were microcephalic
(non-significant, p = 0.6).

Seizures and medications

Of the 22 children, 20 (91%) had experienced or were
experiencing seizures. Some children had more than one type
of seizure. Of the 10 children with class I deletions, eight
(80%) had generalised seizures including tonic and atypical
absence seizures; three (30%) had partial (complex) seizures.
Eight (80%) of these children were receiving antiepileptic
drug(s) (AEDs) at the time of the index visit; none of these
children had uncontrolled seizures. Of the 11 children with
class 1II deletions, six (55%) had generalised seizures
including tonic, myoclonic, and atypical absence seizures;
four (36%) had partial (complex) seizures. Five (45%) of
these children were receiving AEDs; none had uncontrolled
seizures. Two children from the class I group and one child
from the class II group had febrile seizures. The child with
atypical class II deletion has severe generalised tonic-clonic
seizures and was initially diagnosed with infantile spasms.
The number of seizure medications required to achieve good
control in class I was significantly increased (%*: F=4.571;
p =0.046) compared with class II patients. Patients with
class I deletions (n = 10) required a mean of 1.60 drugs in
comparison to 0.73 drugs in the class II group (n=11), with
a mean of 0.73.

The severity of EEG findings was estimated by evaluating
the presence of expected developmental features (such as
occipital dominant), degree and character of slowing (such as
high voltage delta activity), and presence of epileptiform
abnormalities (such as generalised spike and slow wave
activity) or recording of EEG seizure discharges. Of the
children with class I deletions, 90% had epileptiform
abnormalities compared with 91% of those with class II
deletions. In all cases, the epileptiform abnormalities were
generalised. In addition to the generalised anomalies, 20% of
focal changes were seen in class I versus 36% in class II.
Multifocal findings were also seen in 10% of class I versus
18% in class II. Lastly, 20% of the children in class I had a
hypsarrhythmia pattern not seen in class II. Overall, the
children with class I deletions appeared to have a more severe
degree of EEG abnormalities. Using a scale of 0 (normal EEG)
to 20 (severely abnormal EEG), the mean for the scores in the
class 1 group (n=10) was 11.78, and for class II 10.87
(n=11) (p = 0.540, non-significant).

DISCUSSION

Phenotypic profiling of patients with accurate molecular
genotypes provides an opportunity to make crucial genotype-
phenotype correlations. Our array CGH based analysis of the
deletion type in AS helped accurately define the nature and
size of the deletions in these 22 patients. This study
demonstrates that: children with AS who had larger class I
deletions (a) were significantly more likely to meet criteria
for comorbid autism, (/) have significantly lower cognitive
scores, and (c) were significantly more likely to require more
seizure medications than their class I counterparts. There was
a trend for class I individuals to have lower expressive and
total language abilities.

There are four genes in the interval that differentiates
individuals with class I from those with class II deletions:
NIPA-1, NIPA-2, CYFIPI, and GCP5."” The predicted function
of the NIPA genes and their encoded polypeptides suggests a
transporter or receptor function. NIPA-1 is also strongly
expressed in brain. Mutations in conserved regions of NIPA-1
have been found in selected families with an autosomal
dominant form of spastic paraplegia: SPG6.>>*' This condition
is characterised by progressive spasticity in the lower
extremities. Patients with AS or PWS with deletions of this

gene region do not have progressive spasticity, therefore it
has been hypothesised that NIPA-I mutations may cause
disease by gain of function rather than by haploinsuffi-
ciency.” CYFIPI has been shown to interact with fragile X
mental retardation protein (FMRP).* In addition, the CYFIPI
protein has been shown to interact with the small GTPase
RACI, which is involved the development and maintenance
of neuronal structures.* It has been suggested that RACI and
CYFIPI are part of the pathway regulating certain functions
of FMRP.*” The considerable overlap between fragile X
syndrome and autism (33% of children with fragile X
syndrome were found to meet criteria for autism in a recent
study®’), gives additional support for a role of CYFIPI in
autism. Lastly, GCP5 encodes a human 7y-globulin complex
required for microtubule nucleation at the centrosome. It is
unclear whether these genes may play any role in AS given
that none of them are imprinted. It should be mentioned that
NIPA-1, NIPA-2, and CYFIP1 show asynchronous replication, a
phenomenon often seen for imprinted genes that have
monoallelic expression.'”” Given that the replication asyn-
chrony in this case is independent of the parental origin, a
parental imprinting effect is less likely.

CONCLUSION

Individuals with AS with larger class I deletions appear to
have a more severe phenotype associated with a comorbid
diagnosis of autism, lower developmental scores, and lower
verbal skills, and are more likely to require a larger number of
medications for seizure control. Children with class I
deletions may therefore require more intensive interventions
including: (a) behavioural therapy (such as applied beha-
vioural analysis) to address skills more specific to autism
such as eye gaze, sitting, imitation, and self stimulatory/
repetitive behaviours; (b) more intensive speech therapy,
including the teaching of nonverbal gestures; and (c)
occupational and physical therapy. Given our findings,
children with AS with class I deletions may benefit from
close monitoring of seizures as well as the antiepileptic drugs
they require. This study extends previous work examining
differences in deletion classes in AS and PWS, and provides
further evidence that the four genes located between BP1 to
BP2 (NIPA-1, NIPA-2, CYFIPI, and GCP5) may have a role in
the increased severity and/or a role in communication and
social development. We hypothesise that one or more of
these genes in the class I region, or their downstream
regulators, may have further implications in autism spectrum
disorders.
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