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Genotype-phenotype correlation over time
in Angelman syndrome: Researching 134 patients
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Summary

Angelman syndrome (AS) is a severe neurodevelopmental disorder caused by the loss of function of maternal UBE3A. The major cause of
AS is a maternal deletion in 15q11.2-q13, and the minor causes are a UBE3A mutation, uniparental disomy (UPD), and imprinting defect
(ID). Previous reports suggest that all patients with AS exhibit developmental delay, movement or balance disorders, behavioral charac-
teristics, and speech impairment. In contrast, a substantial number of AS patients with a UBE3A mutation, UPD, or ID were reported not
to show these consistent features and to show age-dependent changes in their features. In this study, we investigated 134 patients with
AS, including 57 patients with a UBE3A mutation and 48 patients with UPD or ID. Although developmental delay was present in all
patients, 20% of patients with AS caused by UPD or ID did not exhibit movement or balance disorders. Differences were also seen in
hypopigmentation and seizures, depending on the causes. Moreover, patients with a UBE3A mutation, UPD, or ID tended to show fewer
of the specific phenotypes depending on their age. In particular, in patients with UPD or ID, easily provoked laughter and hyperactivity
tended to become more pronounced as they aged. Therefore, the clinical features of AS based on cause and age should be understood,

and genetic testing should not be limited to patients with the typical clinical features of AS.

Introduction

Angelman syndrome (AS; MIM: 105830) is a severe neu-
rodevelopmental disorder caused by the loss of function
of maternal ubiquitin protein ligase E3A (UBE3A; MIM:
601623)." The UBE3A gene is located on the 15q11.2 re-
gion. This region is subject to genomic imprinting; there-
fore, gene expression is dependent on the parent of
origin. Deletion of maternal 15q11.2-q13, a UBE3A muta-
tion in the maternal allele, or paternal uniparental dis-
omy (UPD)/maternal imprinting defect (ID) accounts
for 70%, 5% and 5% of cases, respectively.” The loss of
function of the UBE3A gene affects the clinical features
of AS, and leads to developmental delay and motor disor-
ders in patients with AS.">° Furthermore, in the case of
deletion, the other genes located in the deletion region
also contribute to the clinical features.””® Clinical features
of patients with AS are known to exhibit developmental
delay, movement or balance disorders, seizures, speech
impairment, microcephaly, behavioral characteristics,
and sleep disorder.’” Developmental delay becomes
apparent by the age of 6 months. Language expression
is limited, and even with increasing age, it often remains
just a few words.'"” Abnormal electroencephalogram
(EEG) is seen in almost all patients with AS.'' Seizures
are observed in over 80% of patients, and the risk in-
creases after age 5 years.'” Patients with AS also have
behavioral characteristics, such as impulsivity, inatten-

tion, hyperactivity and easily provoked laughter,'* and
a high prevalence of sleep problems in the form of distur-
bances in initiating and maintaining sleep.'* Further-
more, some clinical features are often observed by
around age 3 years."> Patients with AS are characterized
by various distinctive features, which tend to become
more apparent with age. Therefore, Williams et al.'® sug-
gested that the clinical diagnosis in patients with AS be-
comes a more frequent diagnostic consideration between
1 and 4 years. Their report also suggested that all patients
with AS exhibit developmental delay, movement or bal-
ance disorders, behavioral characteristics, and speech
impairment. Additionally, over 80% of patients with AS
display seizures, abnormal EEG, and microcephaly. Sleep
disorders and hypopigmentation are observed in 20%-
80% of patients with AS. Subsequent reports also sug-
gested that movement disorders, developmental delay,
and speech impairment were observed in almost all pa-
tients with AS, leading to similar results.'”'® Despite
these reports, some previous reports of AS identified ge-
notype-phenotype correlation.'”*> These reports sug-
gested that patients with UBE3A mutations or UPD/ID
were associated with higher rates of obesity and less
frequently with seizures, hypopigmentation and micro-
cephaly, milder symptoms with movement, or balance
disorders. There are also differences in the age of symp-
tom onset. Previous reports indicated that first onset of
walking in AS with deletion occurred at an average age
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Table 1.

Clinical parameters across deletion, UBE3A mutation, and UPD/ID groups

Deletion UBE3A mutation UPD/ID p value
Number of patients 29 57 48
Males, n (%) 14 (48) 30 (53) 33 (69) 0.14
Age, y (median, IQR1-IQR3) 8 (3-11) 6 (3-14) 6 (4-11) 0.96
Gestational age, weeks (median, IQR1-IQR3) 39 (37.25-40) 38 (37-39) 38 (37-39.25) 0.44
Birth weight, g (median, IQR1-IQR3) 2,924 (2,570-3,304.25) 2,800 (2,600-2,917.25) 2,850 (2,664-3,178) 0.19
Clinically diagnosed age, y (median, IQR1-IQR3) 1(1-2) 3 (2-5) 4 (3-6) <0.0001

IQR, interquartile range.

of 5.2 years, compared to 2.5 years in AS with non-dele-
tion cases. Additionally, the age of first seizure in AS with
deletion occurs before age 3 years, while in non-deletion
cases, it is around 5.4 years.”! Therefore, we might
encounter patients with AS who did not match these
consistent features and miss the opportunity to undergo
appropriate genetic testing, particularly in patients with
a UBE3A mutation or UPD/ID. Since only a limited num-
ber of patients with a UBE3A mutation and UPD/ID have
been reported, the clinical features and onset times of
these features in patients with a UBE3A mutation and
UPD/ID remain unclear.?® In cases of AS with deletion,
the mean age at diagnosis was 5 years 8 months, whereas
for AS with UPD, the mean age at diagnosis was 9 years.”’
Here, we report on the clinical features of a large number
of patients with AS. Furthermore, this study, involving a
substantially large number of patients with a UBE3A mu-
tation and UPD/ID, elucidated the clinical features of AS
with these minor causes and clarified the differences in
clinical features by their age.

Subjects and methods

We investigated the clinical features and genetic causes of patients
with AS who received a genetic diagnosis in our laboratory in
Japan by analyzing surveys and reviewing medical records. Our
laboratory performed comprehensive genetic analysis of AS for pa-
tients who were suspected to have AS by their attending physi-
cians. This patient information was provided by physicians treat-
ing these patients who requested genetic testing for AS. The survey
inquired about the following clinical features: developmental
delay, movement or balance disorders, easily provoked laughter,
hand tremor, hyperactivity, absence of meaningful words, seizure,
abnormal EEG, hypopigmentation, sleep disorder, microcephaly
(2 SD smaller than average), age at onset of walking, and age at first
seizure. Movement or balance disorders included ataxic gait and
the inability to walk. This study was approved by the institutional
review board of the Nagoya City University Graduate School of
Medical Sciences.

We categorized the causes of AS into three groups: deletion,
UBE3A mutation, or UPD/ID. Deletions were detected using fluo-
rescence in situ hybridization tests. UBE3A mutations were identi-
fied through Sanger sequencing or next-generation sequencing.
UPD/ID was identified when fluorescence in situ hybridization
tests were negative and the methylation test in the 15q11.2 region

was positive. One of these patients was previously reported on in a
case report.””

In this study, we addressed missing data by using pairwise dele-
tion. An analysis of the sex and frequency of various symptoms
was conducted across the three patient groups as a qualitative
parameter. To determine whether there were significant differ-
ences between the groups, the Fisher’s exact test was employed,
and the Holm-Bonferroni correction was utilized for pairwise com-
parisons between groups. A p value of less than 0.05 was consid-
ered significant. To compare quantitative parameters (age and
weight) among multiple groups, the Kruskal-Wallis test was used
with the same p value threshold. Kaplan-Meier analyses were
used to describe both the age at onset of walking and first seizure
up to the age of 10 years. The log rank test was employed with the
same p value threshold. All ages were rounded down to the whole
number. All statistical analyses were performed with GraphPad
Prism (version 10.2.0 for Windows, GraphPad Software, La Jolla,
CA, www.graphpad.com), and EZR (version 1.64, Saitama Medical
Center, Jichi Medical University, Saitama, Japan), which is a graph-
ical user interface for R (version 4.3.1, R Foundation for Statistical
Computing, Vienna, Austria).?®

Results

We investigated 134 patients with AS. Their ages ranged
from 1 to 45 years of age, and the median was 6 years
old, with 77 males and 57 females. A total of 29 cases
were caused by a maternal deletion in the 15q11.2-q13 re-
gion, 57 cases by a UBE3A mutation, and 48 cases by UPD/
ID (Table 1). There were no significant differences in sex,
age, gestational week at birth, or birth weight among the
groups. The median age of clinical diagnosis was 1 year
in the deletion group, 3 years in the UBE3A mutation
group, and 4 years in the UPD/ID group, showing signifi-
cant differences (Table 1). Developmental delay, as de-
tected by surveys or medical records, was present in all
the patients (Table 2). Movement or balance disorders
were observed in 92% of patients. Notably, in the UPD/
ID group, some patients did not exhibit movement or bal-
ance disorders. Although the characteristic AS symptom of
easily provoked laughter was observed in 94% of patients
across all groups, interestingly, there were patients who
did not have this symptom in all groups. Hand tremor
was observed in 51% of patients and hyperactivity was
observed in 72% of patients, with no significant difference
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Table 2. Clinical features of patients with AS by genetic cause

Deletion UBE3A mutation UPD/ID Fisher’s exact test

Clinical feature Number % Number % Number % p value
Developmental delay 15/15 100 46/46 100 41/41 100

Movement or balance disorders 20/20 100 50/50 100 36/45 80" 0.0004
Hand tremor 5/7 71 23/41 56 14/35 40 0.21
Easily provoked laughter 18/19 95 49/51 96 41/45 91 0.77
Hyperactivity 5/6 83 26/31 84 18/31 58 0.06
Absence of meaningful words 19/25 76 45/57 79 34/42 81 0.92
Seizure 28/29 97 37/54 69" 26/43 60" 0.0009
Abnormal EEG 15/15 100 46/50 92 32/37 86 0.35
Hypopigmentation 15/18 83 26/51 51" 11/31 35" 0.0049
Sleep disorder 16/16 100 18/22 82 14/15 93 0.17
Microcephaly (2 SD smaller) 8/21 38 18/46 39 6/26 23 0.38

2Significantly less frequent with UPD/ID than with UBE3A mutation (p < 0.05).

bSignificantly (p < 0.05) less frequent with UBE3A mutation and UPD/ID than with deletion (p < 0.05).

among groups, although a lesser tendency was noted in
the UPD/ID group. For language abilities, the absence of
meaningful words was present in 79% of patients, with
no significant differences among groups. Nearly all pa-
tients in the deletion group had a history of seizures, while
patients in the UBE3A mutation and UPD/ID groups had
significantly lower frequencies of seizures, 60%-70%.
The nature of the seizures varied, including myoclonic,
absence, and atonic seizures. Valproic acid was commonly
used as an antiseizure medication. Differences in EEG ab-
normalities were not significant among groups and were
observed in many patients with AS. These abnormalities
often involved high-amplitude slow waves, predominantly
in the frontal or occipital regions. Hypopigmentation was
significantly more common in the deletion group,
compared with the other groups. The prevalence of sleep
disorders and microcephaly showed little variation across
the groups. In the Kaplan-Meier analyses for the age at
onset of walking, a significant difference was exhibited
(p = 0.0012) among the groups. The onset of walking in
AS with a UBE3A mutation (median 3 years) and UPD/ID
(median 3 years) was earlier than AS with deletion (median
5 years) (Figure 1). In contrast, the age of first seizure in
AS with deletion (median 2 years) was earlier than AS
with a UBE3A mutation (median 3 years) and UPD/ID
(median 5 years), with the difference being significant
(p < 0.0001). To further investigate the differences in clin-
ical features based on age, we separated the patients with
AS into two age groups: those younger than 4 years and
those 4 years or older (Figure 2). This division was based
on the tendency for the diagnosis to be more frequent be-
tween children ages 1 to 4 years. Our analysis revealed that
differences in movement or balance disorders tended to be
fewer in patients with UPD/ID younger than 4 years of age.
In the absence of meaningful words, similar results that

tended to be fewer in patients younger than 4 years of
age were observed across deletion, UBE3A mutation, and
UPD/ID groups. In contrast, the clinical features in easily
provoked laughter, hand tremor, hyperactivity, and
abnormal EEG tended to become more prominent in pa-
tients with AS who were 4 years or older. In particular,
the patients with UPD/ID showed a tendency in easily pro-
voked laughter and hyperactivity to increase with age.

Discussion

In this study, we observed that clinical features of AS varied
depending on age and underlying cause. The age of diag-
nosis became earlier compared to the previous literature.
This may be affected by increasing awareness and easier ac-
cess to genetic testing for AS in Japan. Moreover, it was
demonstrated that some typical features of AS, which
were previously thought to always be present, might not
be observed at certain ages. Developmental delay was
observed in all patients with AS and should be considered
a key feature of AS. Nevertheless, even in the absence of
symptoms such as seizure, hypopigmentation, or move-
ment or balance disorders, AS due to UBE3A mutation or
UPD/ID should be considered. The incidence of seizures
was significantly lower in the UBE3A mutation and UPD/
ID groups compared with the deletion group. This may
be attributed to the deletion including the GABA, receptor
subunit genes.”” The abnormal EEG patterns and treat-
ment with an antiseizure medication were similar to past
reports.’’ Hypopigmentation was more common in the
deletion group and less common for the other groups.
This is related to the fact that in deletion, not only
UBE3A but also the neighboring OCA2 gene (MIM:
611409) is deleted.”’*? It is noteworthy that there were
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Graph curves are shown up to age 10 years.

some patients with UPD/ID who did not exhibit move-
ment or balance disorders. Despite this being one of the
most characteristic symptoms of AS, it was surprising
that 20% of patients with UPD/ID did not exhibit this
symptom. Although some previous reports studied the dif-
ference in ataxic gait among deletion, UBE3A, and UPD/ID,
the small number of patients with UBE3A mutation and
UPD/ID made it difficult to clearly understand their symp-
toms.””?? In this report, these differences became more
clearly defined. Furthermore, while there was no difference
among the three groups, easily provoked laughter was not
observed in 5%-9% of patients with AS.

The clinical features of AS tend to become more consis-
tent after the first year of life and increase the rate of clin-
ical diagnosis.'® In this study, the acquisition of walking
ability is earlier in UBE3A mutation and UPD/ID. Seizures
were observed in less than half of the cases with a UBE3A
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mutation or UPD/ID even by 2 years of age, potentially
leading to misdiagnosis. Within these age groups, it was
suggested that the features of movement or balance disor-
ders might disappear in older patients with UPD/ID. In
contrast, it was found that the behavioral characteristics
of AS with a UBE3A mutation and UPD/ID tend to be
masked until the patients are older. This behavioral charac-
teristic is a distinctive symptom in AS.** Therefore, clinical
features should be assessed considering the age of the pa-
tient. Given the recent development of novel therapeutics
and suggestions for the effectiveness of earlier treatment
initiation for AS,**° understanding the age of symptom
onset can become even more important. In addition, pa-
tients with AS due to ID respond well to early behavioral
interventions, and it is recommended that active interven-
tion take place at an early age.?” It was also reported that
patients with AS due to UPD/ID tended to become
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overweight within 44 months of age.*® Therefore, early
diagnosis is crucial for the appropriate management of pa-
tients with AS. Additionally, the introduction of long-read
sequencing for simultaneous testing of deletion, UBE3A
mutation, and methylation analysis will enable earlier
diagnosis.*’

This study had several limitations. The first limitation is
that our data contained missing information due to our
data sources being based on surveys and medical records.
The second limitation is the variability of evaluators.
This variability might have influenced the stability of the
evaluations conducted. The third limitation is the distribu-
tion of causes, which differs from the general population
in AS. This is because this study was based on requests
for genetic analysis of AS.

In conclusion, our study evaluated the clinical features
of 134 patients with AS. Typical clinical features may not
be present in some patients with AS, especially in patients
with a UBE3A mutation or UPD/ID. Moreover, clinical fea-
tures change depending on age in patients with AS. There-
fore, the clinical features of AS based on cause and age
should be taken into account, and genetic testing should
not be limited to patients with the typical clinical features
of AS.

Data and code availability

All data relevant to the study are included in the report. Please con-
tact the corresponding author, S.S., for further information.
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