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Abstract

Angelman Syndrome (AS) is a severe neurodevelopmental disorder due to impaired expression of UBE3A in neurons. There
are several genetic mechanisms that impair UBE3A expression, but they differ in how neighboring genes on chromosome 15
at 15q11—q13 are affected. There is evidence that different genetic subtypes present with different clinical severity, but a
systematic quantitative investigation is lacking. Here we analyze natural history data on a large sample of individuals with
AS (n =250, 848 assessments), including clinical scales that quantify development of motor, cognitive, and language skills
(Bayley Scales of Infant Development, Third Edition; Preschool Language Scale, Fourth Edition), adaptive behavior
(Vineland Adaptive Behavioral Scales, Second Edition), and AS-specific symptoms (AS Clinical Severity Scale). We found
that clinical severity, as captured by these scales, differs between genetic subtypes: individuals with UBE3A pathogenic
variants and imprinting defects (IPD) are less affected than individuals with uniparental paternal disomy (UPD); of those
with UBE3A pathogenic variants, individuals with truncating mutations are more impaired than those with missense
mutations. Individuals with a deletion that encompasses UBE3A and other genes are most impaired, but in contrast to
previous work, we found little evidence for an influence of deletion length (class I vs. II) on severity of manifestations. The
results of this systematic analysis highlight the relevance of genomic regions beyond UBE3A as contributing factors in the
AS phenotype, and provide important information for the development of new therapies for AS. More generally, this work
exemplifies how increasing genetic irregularities are reflected in clinical severity.

Introduction births [1, 2]. Clinical characteristics of AS include global
developmental delay, intellectual disability, epilepsy, and

Angelman syndrome (AS) is a rare genetic neurodevelop-  sleep difficulties [3-6].

mental disorder with a prevalence of 1 in 10,000-24,000 AS is due to the lack of expression of the maternal copy

of UBE3A in the chromosome 15q11-13 region [6, 7]. In
healthy individuals, the paternal copy of UBE3A is silenced
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Fig. 1 Schematic representation of different AS genotypes in
chromosome 15q11-13. @ Maternal, 3 Paternal. TD typically
developing, mono-allelic expression of some genes is controlled by
genomic imprinting. These genes are “endogenously not expressed”.
Mut: UBE3A pathogenic variants, can be truncating or missense
mutations. IPD imprinting center defects. Maternal UBE3A is not
expressed due to impairments in the imprinting process, some of which
have a deletion of the imprinting center (AS-IC). IPD goes in hand
with overexpression of  paternally expressed genes
(MKRN3-SNRPN). Some individuals have mosaicism, i.e., the IPD
affects only a subset of cells. UPD paternal uniparental disomy.
Paternal gene expression from both copies leads to the lack of
expression of UBE3A and overexpression of paternally expressed
genes (MKRN3-SNRPN). IPD and UPD should be identical in their
consequences. Dell/Del2 deletion class 1 and 2 with characteristic
breakpoints; DelAT atypical deletion. Can be shorter or longer than
Dell and Del2. An asterisk indicates additional deleted genes of
varying length (could also be less than for Dell/Del2).

the maternal copy of UBE3A or through one of several
other mechanisms: pathogenic variants of the maternal
copy of UBE3A (Mut), imprinting defects (IPD), and
paternal uniparental disomy (UPD) of chromosome 15 [9].
Deletions account for ~70% of all AS diagnoses, UBE3A
pathogenic variants, IPD, and UPD for ~10% each [6].
Some patients with AS-like symptomatology have no or
unclear genetic abnormalities [6, 7, 9, 10] and are not
investigated here.

AS subtypes with different genetic
mechanisms (Fig. 1)

Among individuals with a deletion, the length of the chro-
mosomal deletion varies. Deletions of 15q11-q13 com-
monly occur at recurring breakpoints, resulting in two
typical deletion sizes: class 1 (Dell, ~6 Mb, ~16 genes, and
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various noncoding regions deleted, ~40% of deletions) and
class 2 (Del2, ~5Mb, ~12 genes, and various noncoding
regions deleted, ~55% of deletions). Atypical deletions
(DelAT, ~5%) can span chromosomal segments longer than
Dell or shorter than Del2 [11, 12].

Individuals with UPD have two paternal copies of the
chromosome 15q11-ql3 segment and therefore two
silenced copies of UBE3A, resulting in a near-complete lack
of expression in neurons. Furthermore, genes and noncod-
ing sequences in this region that are imprinted and pater-
nally expressed are likely overexpressed as there are two
active copies in UPD patients [13].

Imprinting center defects (IPDs) can result from epige-
netic events (~85%) or deletions within the AS imprinting
center (~15%) and effectively cause the maternal chromo-
some 15q11ql3 region to “behave” like the paternal copy.
Therefore, IPD can be expected to be effectively like UPD
[14-16]. However, a substantial fraction (~30%) of indivi-
duals with IPD exhibit mosaicism (i.e., genetic defect only
in a subset of cells) [17].

UBE3A pathogenic variants lead to a selective impair-
ment of expression of functional UBE3A protein, leaving
expression of other genes presumably intact [18]. Many of
these variants occur de novo, but a substantial portion are
inherited from a mother who carries the mutation on her
paternally inherited gene [9]. UBE3A pathogenic variants
can be further grouped into missense mutations (MutM)
and truncating mutations (MutT). Whereas truncating
mutations highly likely lead to a complete lack of UBE3A
expression, missense mutations may lead to production
of a modified UBE3A protein that retains residual func-
tionality [19, 20].

Differences in clinical features and disease
severity between AS genotypes

To our knowledge, nine previous studies have characterized
the developmental and clinical differences between AS
genotypes (summarized in Supplementary Table 1). Taken
together, these studies consistently show a more severe
clinical phenotype for AS individuals with a deletion
compared with those without a deletion, and some suggest
that larger deletions lead to more severe impairment than
smaller deletions. Possible differences between non-
deletion subtypes (MutM, MutT, IPD, UPD) are incon-
sistent or have not been investigated. Previous studies
had limited sample sizes, compared only a subset of the
different genotypes, or focused on a limited set of symp-
toms; therefore, a comprehensive analysis of the relation-
ships between genotype and clinical features in AS across a
broad spectrum of clinical and performance measures is
needed.
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Using a statistical modeling approach and the largest sam-
ple of individuals with AS studied so far, we systematically
investigated differences between AS genotypes for several
cognitive and developmental domains, with a focus on stan-
dardized psychometric developmental tests and questionnaires.

Patients and methods

See the Supplementary Patients and Methods for an
extended description.

The reported data were obtained as part of the AS Nat-
ural History Study (ASNHS) (ClinicalTrials.gov Identifier:
NCT00296764), a longitudinal multicenter study of AS. A
subset of these data have been analyzed previously [21].
Consent was obtained according to the Declaration of
Helsinki and was approved by the institutional review
boards of the participating sites.

Participants

Per study protocol, participants were seen approximately
annually over 8 years (mean number visits: 2.9). Data
reported here are from 250 participants (848 datasets; 127
females) that fall into one of six genetic subgroups (MutM,
MutT, IPD, UPD, Dell, Del2; see Supplementary Table 2)
in the age range 1-18 years. Mean age at clinic visits was
82.4 £45.3 months (Supplementary Fig. 1).

Clinical scales

We analyzed data from the Bayley Scales of Infant
Development, Third edition (BSID-III) [22], the Vineland
Adaptive Behavior Scales, Second edition (VABS-2)
[23, 24], the Preschool Language Scale, Fourth edition
(PSL-4) [25] (all distributed by Pearson Education Inc.,
London, www.pearsonclinical.com), and the Clinical
Severity Scale (CSS), a scale developed for the ASNHS.
Trained personnel (physicians and licensed psychologists)
carried out all assessments (for number of datapoints for
each scales see Supplementary Table 3). The CSS has not
been published previously. A detailed description of the
CSS can be found in the Supplementary Table 4. In brief,
the CSS encompasses 11 items across five domains: sei-
zures, growth, motor abilities, scoliosis, language, and
global development. The study protocol and tests performed
were identical across all sites.

Data analysis

Data were analyzed using linear mixed-effects models
(LMM). We fit a LMM to the raw scores of each subscale

and the CSS sum score. We modeled random intercepts per
participant (to account for repeated measurements) and per
study site (random intercept for each of the six centers of the
study, to capture possible experimenter-induced covariance
between participants seen at the same site). As fixed effects,
we specified a third-order mean-centered orthogonal poly-
logarithmic function of age. We chose this parameterization
to capture nonlinear developmental trajectories apparent
from visual inspection of the data (see Fig. 2, Supplemen-
tary Figs. 2 and 3).

First, we tested for differences between participants with
(Dell, Del2) and without (MutT, MutM, IPD, UPD) dele-
tions. For each scale, we compared a model using only age
but no genotype information to a model with additional
information about the presence or absence of a deletion
and the interaction of the presence or absence of a deletion
with age. We then separated the dataset into deletion and
non-deletion participants and further compared subgroups
within them. We tested whether introducing diagnostic
information concerning the class of deletion (Dell, Del2)
and subtype of non-deletion (MutM, MutT, IPD, UPD)
would significantly improve the models using likelihood-
ratio tests (LRT).

When the best model contained the full diagnostic
information for the non-deletion group, we performed pair-
wise post-hoc comparisons between genotypes. We adjus-
ted the p values obtained in these post-hoc comparisons
using the Benjamini—-Hochberg method [26].

We used the coefficients of the “best model” for each
scale (i.e., the level of genotype detail as found in the
analyses reported in Supplementary Tables 5 and 6, and
Table 1) to predict values at the sample mean + standard
deviation (std) of log age (3.2, 5.8, 10.7 years) to generate a
summarizing visualization of genotype differences (reported
in Fig. 3, Supplementary Fig. 4). Furthermore, to investigate
possible structure in the inter-individual variability across
scales, we performed a factor analysis.

Results

We analyzed 848 datasets from 250 individuals with AS
(127 females, i.e., 50.8%). Visual inspection of the BSID-III
scales (Fig. 2, Supplementary Fig. 2), and similarly VABS-
2, PLS-4, and CSS scales (Supplementary Fig. 3) suggest a
nonlinear developmental trajectory with a steady increase
and then plateau at about age 6 years. We accounted for this
developmental trajectory using 3rd order polynomials of log
age in subsequent analyses (see Patients and Methods).
Overall, test results were relatively stable within individuals
across time (ICC: 0.62 =0.090, min 0.42, max 0.79; see
Supplementary Table 7).
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Fig. 2 Raw data from the five BSID-III scales as a function of age.
Gray bands indicate median scores and inter-quartile ranges from a
typically developing sample (data from the scale manuals, available for
up to 3.5 years of age). Values from the same participant are connected
by thin lines. Thick lines are the LOESS smoothing curves for deletion

Differences in clinical features between deletion and
non-deletion AS

First, we compared the scores on the BSID-III scales
between deletion and non-deletion AS. A model differ-
entiating the deletion and non-deletion genotypes fit the
data significantly better (compared with a simple model
without differentiation), with higher scores for individuals
with non-deletion AS for all five domains (LRT, )(2 > 100,
p<0.001 for all scales, see Supplementary Table 5; see
Fig. 3 and Supplementary Fig. 4).

These results may have been biased by participants for
whom the study physician or psychologist decided to skip
the BSID-III assessment due to expected or observed ceiling
effects. Indeed, the proportion of individuals without BSID-
IIT assessments significantly differed between groups with
25.5% for individuals with non-deletion AS and only 0.6%
for individuals with deletion AS (Chi-square test comparing
difference in frequencies, p = 5.6 x 10~'!; Supplementary
Table 8; Supplementary Fig. 5).

In line with the BSID-III, all domain scores from all
other scales investigated (VABS-2, PLS-4, CSS) showed
significantly higher scores for non-deletion compared with
deletion AS (LRT, ,1/2>82, p<0.001 for all scales; see
Supplementary Table 5). Notably, several domains of the
VABS-2 showed flooring effects, while the PLS-4 and the
CSS were psychometrically as “well-behaved” as the BSID-
III (no major flooring effects, coverage of a substantial

SPRINGER NATURE

Age (years)

(blue) and non-deletion (red) participants. Dotted horizontal lines are
the overall group means. Note that these curves are cross-sectional
data summaries, i.e., they do not account for within-subject long-
itudinal effects and are used for qualitative inspection of the devel-
opmental trajectory.

fraction of possible values across age and genotype; see
Supplementary Fig. 3). In sum, our results confirmed prior
evidence that individuals with deletion AS generally have a
more severe neurodevelopmental phenotype than indivi-
duals with non-deletion AS.

Next, we investigated differences in clinical presentation
within deletion and non-deletion subgroups, respectively.

Dependence of clinical features on deletion size

A model differentiating deletion classes 1 and 2 fit the data
significantly better compared with a simple model without
differentiation for only 1 out of 19 scales tested, the CSS
(p<0.05; FDR corrected; LRT; Supplementary Table 6).
However, numerically, for all scales, individuals with
Dell scored lower than those with Del2 (Fig. 3). In sum,
our results suggest only minor differences in clinical
severity as measured by CCS between the common deletion
genotypes.

Clinical features of non-deletion AS depend on
specific genotype

A model differentiating the four non-deletion subtypes
(UPD, IPD, MutM, MutT) fit the data significantly better
compared with a simple model without differentiation for
15 out of 19 scales tested (log-LRT; p <0.05; FDR cor-
rected; Table 1, Supplementary Table 9).
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T"".:’[:? 1thM°d°1 ;01"?"‘“50“3 Scale 2 p MutT MutM UPD Fyan Domain
within the non-defetion fixed eff  fixed eff  fixed eff
subgroup.
BSID-III cognitive 24.57  0.03 1.65 2.67 —3.99 3.82  Cognitive
BSID-III 2345 0.04 —0.438 0.73 -2.7 2.06 Communication
receptive comm.
BSID-1IT 1596 0.2 0.58 1.1 0.39 0.33  Communication
expressive comm.
BSID-III fine motor 1897 0.11 -13 1.24 —4.32 3.67 Motor
BSID-III gross motor ~ 34.07 <0.001 —3.09 3.35 —2.43 4.16  Motor
VABS receptive comm. 24.3 0.03 0.66 2.35 —1.58 2.67 Communication
VABS 2242  0.04 -3.03 —1.68 —3.92 2.83  Communication
expressive comm.
VABS written comm.  34.62 <0.001 —1.26 —-0.09 —241 6.02 Communication
VABS daily personal ~ 21.85 0.05 —5.91 —3.41 —6.14 2.35 Daily living
VABS daily domestic  53.82 <0.001 —2.95 —2.25 —4.44 5.81 Daily living
VABS daily 31.64 0.01 —1.47 —1.33 —2.94 3.15 Daily living
community
VABS social 2544 0.02 —0.85 —1.26 —2.11 1.67  Social
interpersonal
VABS social play 2943  0.01 -1.96 —0.83 —6.47 4.97  Social
leisure
VABS social coping 9.85 0.63 —2.27 —1.11 —2.15 1.51  Social
VABS gross motor 2896 0.01 —9.53 0.34 —8.38 7.01 Motor
VABS fine motor 30.29  0.01 -—-3.33 —-0.37 —4.6 3.53  Motor
PSL auditory 3541 <0.001 —0.57 —0.05 —-2.73 2.70  Communication
PSL expressive 40.84 <0.001 —0.44 0.84 0.16 0.42  Communication
CSS 2724 0.02 328 —3.04 —3.76 4.10  Clinical

Fig. 3 Comparisons of scores
for different genotypes for
mean log age. Z-standardized
data from all participants and
visits with the; data projected to
mean of log, age (5.8 years),
derived from the respective
“winning model” (see Patients
and Methods). See
Supplementary Fig. 4 for mean
+ 1 SD around the mean log age
(i.e., 3.2 and 10.7 years,
respectively). This Fig. (and
Supplementary Fig. 4) serves
illustrative purposes and
indicates the directionality of
effects, statistical analyses are
provided in Tables 1, 2, and
Supplementary Tables 5, 6, 10.
CSS values have been inverted,
such that higher values reflect
higher performance.

F values for main effect of deletion length. P values have been obtained in likelihood-ratio tests (df = 11)
and corrected for multiple comparisons using FDR (significant p-values, i.e. p <0.05, are shown in bold
font).. Unadjusted p values can be found in the Supplementary Table 9. The ‘Mut fixed effect’ column
indexes the fixed main effect of Mut, the ‘UPD fixed effect’ indexes the fixed main effect of UPD, both as
estimated by the LMM models, compared with IPD, and in units of raw points.
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Table 2 Pair-wise post-hoc comparisons for non-deletion genotypes.

IPD vs. UPD MutT vs. UPD MutM vs. UPD MutM vs. MutT IPD vs. MutT IPD vs. MutM Domain

Scale

BSID-III cognitive 0.046 0.043 0.085
BSID-III receptive comm.  0.028 0.074 0.02
BSID-III gross motor 0.171 0.065 0.006
VABS receptive comm. 0.031 0.085 0.075
VABS expressive comm. 0.052 0.718 0.416
VABS written comm. 0.012 0.096 <0.001
VABS daily domestic <0.001 0.035 <0.001
VABS daily community 0.001 0.067 0.209
VABS social interpersonal ~ 0.047 0.214 0.143
VABS social play leisure 0.007 0.052 0.031
VABS gross motor 0.046 0.265 0.028
VABS fine motor 0.035 0.003 0.011
PSL auditory 0.023 <0.001 0.052
PSL expressive 0.052 <0.001 0.301
CSS 0.005 0.218 0.271

0.769 0.13 0.301 Cognitive

0.416 0.906 0.955 Communication

0.005 0.396 0.016 Motor

0.182 0.619 0.218 Communication

0.011 0.462 0.075 Communication

0.034 0.651 0.292 Communication

0.007 0.421 0.028 Daily living

0.72 0.265 0.612 Daily living

0.784 0918 0.202 Social

0.784 0.976 0.583 Social

0.052 0.101 0.16 Motor

0.26 0.265 0.973 Motor

0.16 0.26 0.927 Communication
<0.001 0.214 0.065 Communication

0.976 0.069 0.155 Clinical

P values have been obtained through model-comparing likelihood-ratio tests and are corrected for multiple comparisons using FDR. Unadjusted
p values can be found in the Supplementary Table 9. The directionality of the effects can be inferred from Table 1 (fixed effects) and Fig. 3.

Bold values indicate significant p-values, i.e. p <0.05.

To illustrate differences in clinical features across non-
deletion genotypes, we projected all data to the mean age
(given the model splitting the non-deletion genotypes,
Fig. 3). Numerically, individuals with UPD scored on
average lower than all other non-deletion genotypes and
MutM scored higher than all other non-deletion geno-
types, while MutT and IPD scored in between on most
scales. Age projections for younger (3.2 years) and older
(10.7) ages (mean log age + 1 SD; Supplementary Fig. 4)
suggest that genotype differences tend to increase
with age.

In line with these qualitative observations, post-hoc sta-
tistical comparisons (for the 15 scores found significant
above) revealed that for many scales, UPD indeed scored
significantly lower compared with all other non-deletion
genotypes (UPD compared with MutM: 7/15, MutT: 4/15,
IPD: 12/15; p <0.05; FDR corrected) and MutM tended to
score significantly higher (IPD: 1/15 contrasts significant,
UPD: 7/15, MutT: 5/15), see Table 2.

Our results revealed that individuals with UPD are more
severely impaired than other non-deletion types and, in
particular, more impaired than MutT, the genetic group that
highly likely leads to a specific and complete impairment of
UBE3A expression. This raises the question of whether
UPD would be phenotypically closer to deletion AS com-
pared with other non-deletion AS genotypes. We therefore
compared UPD with DEL2, the shorter deletion genotype.
UPD has indeed higher scores compared with DEL2 (the
shorter and less impaired deletion) for 17/19 scales (p <
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0.05; Benjamini—-Hochberg corrected, FDR =0.05, Sup-
plementary Table 10).

In sum, our results suggest an ordered phenotypic
impairment of MutT <UPD < Del2, where UPD is in
between MutT and Del2 in terms of clinical severity as
assessed by the 19 scales.

Functional domains

The differences between deletion and non-deletion geno-
types as well as between different non-deletion genotypes
spanned all functional domains captured by the scales
including cognitive, social, communication, daily living
skills, and motor domains (see Supplementary Table 10 and
Table 2). Thus, the identified genotype differences reflect a
“global factor”, rather than domain-specific, developmental,
and clinical differences.

Motivated by these results, we asked if the clinical scales
used here are able to differentiate functional domains in AS.
To this end, we investigated the correlation structure
between all 19 scales and performed a factor analysis (see
Supplementary Fig. 6, Supplementary Table 11). Most
scales showed moderate to high correlations between
similar domains across different scales, and the factor ana-
lysis revealed a plausible factor structure, where measures
from the same domain (e.g., scales capturing motor symp-
toms or communication, respectively) load on the same
factors. This indicates that the scales can meaningfully and
consistently capture different functional domains.
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Discussion

Using the largest clinical dataset to date, we confirm pre-
vious evidence and clinical intuition that individuals with
deletion AS are more impaired than non-deletion AS. We
then revealed differences in clinical features within non-
deletion AS genotypes.

Deletion AS

We corroborated previous findings that individuals with
deletion AS are on average clinically and developmentally
more severely impaired than individuals with non-deletion
AS. This is genetically plausible because deletions include
additional genes that likely have an impact on development
and brain function. Genes that may drive the difference
include three GABA, receptor subunit genes (GABRB3,
GABRG3, GABRA)) that are single-copy (haploid) for the
deletion genotypes and intact (diploid) for all non-deletion
genotypes. Indeed, loss of function variants in these
GABA, subunit genes have been linked to epilepsy and
developmental delay [27]. In line with these results, recent
electrophysiological evidence suggests that differences in
brain rhythms between deletion and non-deletion AS may
relate to altered GABAergic signaling [28].

There was prior evidence that individuals with class 1
(larger) deletions might be more impaired than individuals
with class 2 deletions in the domains of language, cognition
and motor [11, 29]. Furthermore, individuals with deletions
of only the genes that are additionally deleted in class 1
compared with class 2 AS often present with developmental
delay and psychiatric syndrome (15q11.2 BP1-BP2 Micro-
deletion Syndrome [30],) suggesting an role of these genes
in neurodevelopment. We could confirm significant differ-
ences between deletion subtypes only for the CSS, but not
for the other scales. Numerically, all 19 scales tested of the
VABS-2, BSID-III, and PLS-4 were lower for individuals
with class 1 deletions suggesting that, with an increasing
sample size, other domains may reach statistical sig-
nificance. This suggests that, from a practical perspective,
differences between deletion classes are small. However,
relevant differences between these deletion AS subgroups
may not be captured with the clinical scales analyzed herein.

Non-deletion AS

Non-deletion AS genotypes have a low prevalence (~10%
of 1 in 10,000-24,000 for IPD, UPD, and Mut, respec-
tively) such that even specialized clinicians see only a few
patients from each non-deletion subtype in their profes-
sional lives. The order of clinical severity within the non-
deletion AS population had previously not been system-
atically examined. The current study addressed this question

by using a large dataset, collected across six expert centers
over ~8 years allowing investigation of differences in
clinical features across non-deletion AS subgroups.

The results revealed that individuals with UPD have
lower scores on the investigated clinical scales compared
with individuals with other non-deletion genotypes (MutM,
MutT, IPD). In particular, individuals with UPD exhibit
lower scores compared with individuals with truncating
variants (MutT), the genetic subgroup that highly likely
leads to a specific and complete UBE3A disruption in neu-
rons. Mouse models of AS suggest no relevant quantity of
Ube3a postnatally [31]. However, it has previously been
hypothesized that imprinting of UBE3A is ‘leaky’, i.e., not
leading to a 100% silencing, such that UBE3A in UPD could
have additional residual expression from two incompletely
silenced copies compared with the residual expression from
one incompletely silenced copy in MutT, which may be of
functional relevance (Arthur Beaudet, personal commu-
nication). If the ‘leaking hypothesis’ were true, UPD should
be less affected than MutT (complete disruption of maternal
UBE3A expression and ‘leaky’ expression from only one
copy), but we found the opposite. Our results suggest that, if
existent, a residual expression of silenced UBE3A (i.e.,
‘leaking’) has less relevance for the overall severity of the
phenotype than overexpression of maternally silenced genes
in UPD or other genetic factors in the paternally duplicated
region. These findings suggest investigating UPD-specific
pathophysiology in future studies.

In theory, IPD should present phenotypically like UPD
(see Introduction and Fig. 1). Our finding that as a group,
individuals with IPD have higher scores on various scales,
i.e., presents clinically less severe, compared with UPD, and
may therefore seem puzzling. This difference likely reflects
frequent mosaicsm (~30%; genetic defect only in a subset of
cells) in IPD [17]. This study did not systematically collect
information on mosaicism. Future studies should investigate
the impact of mosaicism on the phenotype of this genotype.
As a working hypothesis, we may consider that IPD is
composed of two subgroups (1) individuals with IPD without
mosaicism (expected to present like UPD) and (2) individuals
with IPD and mosaicism with a less severe phenotype.

We found that individuals with missense variants
(MutM) have generally higher scores than individuals with
truncating variants (MutT). In line with in vitro work [19],
this suggests that a notable fraction of MutM have expres-
sion of UBE3A with residual functionality that leads to a
less severe phenotype compared with truncating variants
that have no expression of UBE3A from the maternal copy.
Recently emerging data suggest that the variant type influ-
ence the localization of UBE3A within the neurons (cyto-
plasmic vs. nuclear), which is presumably critical for
resulting phenotype [32, 33]. Given the low number
and broad age range of individuals with MutM in our cohort
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(n = 14), a further investigation of these relevant question is
beyond the scope of this publication.

In summary, the analysis of non-deletion AS revealed a
complex picture suggesting different degrees of clinical
severity that can be plausibly related to differences in the
genetic irregularities.

Psychometric properties of clinical scales for AS

We found that the BSID-III and PLS-4 scales had overall
good psychometric properties across the AS population—
the individual datapoints populated a wide dynamic range
of each scale, and showed no apparent flooring effects
(Fig. 2 and Supplementary Fig. 3). However, for individuals
with non-deletion AS the BSID-III had expected or
observed ceiling effects in 25.3% of individuals (Supple-
mentary Table 8), which renders the use in older individuals
with non-deletion AS problematic. For the VABS-2 scales,
the picture is mixed—some scales are well-behaved,
whereas some scales capturing higher abilities, e.g., the
written communication scale, show clear flooring effects
(Supplementary Fig. 3). This finding is not surprising given
that individuals with AS are generally not capable of writ-
ing and the instruments are insensitive to other forms of
communication. Overall, we found several signs of con-
struct validity of these scales: scales separated deletion and
non-deletion AS in the expected order, increased with age
and had an overall plausible factor structure (Supplementary
Table 11).

Clinical severity scale

The CSS, albeit not a validated instrument, has good overall
genotype discrimination; in particular, it is the only scale
that captured differences between Dell and Del2. Thus, the
scale seems to capture variance in the AS population well
and further development is recommended. There is room to
improve the scale in several aspects. Currently there is one
global CSS score derived as the sum of all items; however,
some items have four levels of severity, while others have
up to six levels, and consequently, items are weighted dif-
ferently. The information content of different items may be
investigated using e.g., item response theory to refine the
list of items. Furthermore, it may be useful to group items
into treatment-sensitive (current seizures, current abilities)
and immutable (e.g., age of seizure onset, age of walking)
groups for potential use as a response measure for
treatments.

Implications for future clinical trials and care

Our findings highlight the importance of taking genotype
information into account in the clinical care and in clinical
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studies in patients with AS. Furthermore, we find that
BSID-IIT (cognitive, communication, and motor domains),
PLS-4 (communication domains) and some domains of the
VABS-2 (communication, daily living skills, socialization,
and motor domains) that capture clinical features reasonably
well, show differentiation between genetic subgroups with
different levels of impairment, and therefore may be useful
as endpoints in this population (Supplementary Table 10).

Limitations

Despite the overall large sample size, the number of indi-
viduals in non-deletion AS subgroups was limited. The
scales investigated cover a limited scope of symptoms that
may not address the specific aspects of each AS sub-
population. For example, specific symptom domains such as
food seeking which may be relevant for UPD have not been
assessed. Furthermore, a detailed consideration of epilepsy
is beyond the scope of this publication and will be presented
elsewhere.

Acknowledgements We thank Carlos A. Bacino, Sarika U. Peters,
Lisa M. Noll, Steven A. Skinner, Luci T. Horowitz, Rachel J. Hund-
ley, Rene Barbieri-Welge, Ayala Ben-Tal, and Logan Wink for their
contributions with data collection. This work was supported by
National Institutes of Health (NIH) Grant Nos. U54RR019478 (LMB,
WHT: principal investigator, Arthur Beaudet) and U54HD061222
(LMB, WHT; principal investigator, Alan Percy). MK, MTM, MLK,
and JFH thank the Roche internship for scientific exchange (RiSE)
program for supporting their research. All authors would like to thank
the families who have participated in this longitudinal study and
contributed to these data. Our work would not be possible without
their involvement. ClinicalTrials.gov: Characterization of Angelman
Syndrome; NCT00296764.

Compliance with ethical standards

Conflict of interest MLK and MTM are former, and JFH and MLK are
current full-time employees of F. Hoffmann-La Roche Ltd. WHT
received a one-time honorarium from Roche F. Hoffmann-La Roche
Ltd. LMB has received funding from F. Hoffmann-La Roche Ltd.
MLK is a full-time employee and shareholder of AveXis Inc. RLT,
AS, and SC have no conflicts of interest to declare.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Angelman syndrome genotypes manifest varying degrees of clinical severity and developmental impairment

3633

References

10.

12.

13.

14.

15.

16.

17.

. Mertz LGB, Christensen R, Vogel I, Hertz JM, Nielsen KB,

Grgnskov K, et al. Angelman syndrome in Denmark. Birth inci-
dence, genetic findings, and age at diagnosis. Am J Med Genet A
2013;161:2197-203.

. Petersen MB, Brgndum-Nielsen K, Hansen LK, Wulff K. Clinical,

cytogenetic, and molecular diagnosis of Angelman syndrome:
estimated prevalence rate in a Danish county. Am J Med Genet.
1995;60:261-2.

. Williams CA. Angelman syndrome: consensus for diagnostic

criteria. Am J Med Genet. 1995;56:237-8.

. Trillingsgaard A, @stergaard JR. Autism in Angelman syndrome:

an exploration of comorbidity. Autism 2004;8:163-74.

. Thibert RL, Larson AM, Hsieh DT, Raby AR, Thiele EA. Neu-

rologic manifestations of Angelman syndrome. Pediatr Neurol
2013;48:271-9.

. Bird LM. Angelman syndrome: review of clinical and molecular

aspects. Appl Clin Genet. 2014;7:93.

. Buiting K, Williams C, Horsthemke B. Angelman syndrome—

insights into a rare neurogenetic disorder. Nat Rev Neurol.
2016;12:584.

. Horsthemke B, Wagstaff J. Mechanisms of imprinting of the

Prader—Willi/Angelman region. Am J Med Genet A 2008;146:
2041-52.

. Clayton-Smith J, Laan L. Angelman syndrome: a review of the

clinical and genetic aspects. ] Med Genet. 2003;40:87-95.

Tan W-H, Bird LM, Thibert RL, Williams CA. If not Angelman,
what is it? a review of Angelman-like syndromes. Am J Med
Genet A. 2014;164:975-92.

. Varela MC, Kok F, Otto PA, Koiffmann CP. Phenotypic varia-

bility in Angelman syndrome: comparison among different dele-
tion classes and between deletion and UPD subjects. Eur J Hum
Genet. 2004;12:987.

Sahoo T, Bacino CA, German JR, Shaw CA, Bird LM, Kimonis
V, et al. Identification of novel deletions of 15q11q13 in Angel-
man syndrome by array-CGH: molecular characterization and
genotype—phenotype correlations. Eur J Hum Genet. 2007;15:943.
Buiting K. Prader-Willi syndrome and Angelman syndrome. Am.
J. Med. Genet. C Semin. Med. Genet. 2010;154:365-76.
Nicholls RD, Knepper JL. Genome organization, function, and
imprinting in Prader—Willi and Angelman syndromes. Annu Rev
Genomics Hum Genet. 2001;2:153-75.

Albrecht U, Sutcliffe JS, Cattanach BM, Beechey CV, Armstrong
D, Eichele G, et al. Imprinted expression of the murine Angelman
syndrome gene, Ube3a, in hippocampal and Purkinje neurons. Nat
Genet 1997;17:75.

DuBose AJ, Johnstone KA, Smith EY, Hallett RAE, Resnick
JLAtpl0a. a gene adjacent to the PWS/AS gene cluster, is not
imprinted in mouse and is insensitive to the PWS-IC. Neuroge-
netics. 2010;11:145-51.

Nazlican H, Zeschnigk M, Claussen U, Michel S, Boehringer S,
Gillessen-Kaesbach G, et al. Somatic mosaicism in patients with

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Angelman syndrome and an imprinting defect. Hum Mol Genet.
2004;13:2547-55.

Kishino T, Lalande M, Wagstaff J. UBE3A/E6-AP mutations
cause Angelman syndrome. Nat Genet. 1997;15:70.

Yi JJ, Berrios J, Newbern JM, Snider WD, Philpot BD, Hahn KM,
et al. An autism-linked mutation disables phosphorylation control
of UBE3A. Cell. 2015;162:795-807.

Fang P, Lev-Lehman E, Tsai T-F, Matsuura T, Benton CS, Sut-
cliffe JS, et al. The spectrum of mutations in UBE3A causing
Angelman syndrome. Hum Mol Genet. 1999;8:129-35.

Gentile JK, Tan W-H, Horowitz LT, Bacino CA, Skinner SA,
Barbieri-Welge R, et al. A neurodevelopmental survey of
Angelman syndrome with genotype-phenotype correlations. J Dev
Behav Pediatr JDBP. 2010;31:592.

Bayley N. Bayley scales of infant and toddler development. San
Antonio, TX: The Psychological Corporation. Harcourt Assess-
ment; 2006.

Sparrow SS, Cicchetti DV. The Vineland Adaptive Behavior
Scales. In C. S. Newmark (Eds Allyn & Bacon), Major psycho-
logical assessment instruments, Vol. 2 (p. 199-231) 1989.
Sparrow SS, Cicchetti DV, Balla DA. Vineland Adaptive Beha-
vior Scales Vineland-II: Survey Forms Manual. Minneapolis, MN:
Pearson. 2005.

Zimmerman IL, Castilleja NF. The role of a language scale for
infant and preschool assessment. Ment Retard Dev Disabil Res
Rev. 2005;11:238-46.

Ferreira JA, Zwinderman AH. On the Benjamini-Hochberg
method. Ann Stat. 2006;34:1827-49.

Hernandez CC, Macdonald RL. A structural look at GABAA
receptor mutations linked to epilepsy syndromes. Brain Res
2019;1714:234-47.

Frohlich J, Miller M, Bird LM, Garces P, Purtell H, Hoener MC,
et al. Electrophysiological phenotype in Angelman syndrome
differs between genotypes. Biol Psychiatry. 2019. https://doi.org/
10.1016/j.biopsych.2019.01.008.

Sahoo T, Peters SU, Madduri NS, Glaze DG, German JR, Bird
LM, et al. Microarray based comparative genomic hybridization
testing in deletion bearing patients with Angelman syndrome:
genotype-phenotype correlations. J Med Genet. 2006;43:512—6.
Cox DM, Butler MG. The 15q11.2 BP1-BP2 microdeletion
syndrome: a review. Int J Mol Sci. 2015;16:4068-82.

Judson MC, Sosa-Pagan JO, Cid WAD, Han JE, Philpot BD.
Allelic specificity of Ube3a expression in the mouse brain during
postnatal development. J Comp Neurol. 2014;522:1874-96.
Trezza RA, Sonzogni M, Bossuyt SNV, Zampeta FI, Punt AM,
Berg Mvanden, et al. Loss of nuclear UBE3A causes electro-
physiological and behavioral deficits in mice and is associated
with Angelman syndrome. Nat Neurosci. 2019;22:1235.

Kiihnle S, Martinez-Noél G, Leclere F, Hayes SD, Harper JW,
Howley PM. Angelman syndrome-associated point mutations in
the Zn2+-binding N-terminal (AZUL) domain of UBE3A ubi-
quitin ligase inhibit binding to the proteasome. J Biol Chem.
2018;293:18387-99.

SPRINGER NATURE


https://doi.org/10.1016/j.biopsych.2019.01.008
https://doi.org/10.1016/j.biopsych.2019.01.008

	Angelman syndrome genotypes manifest varying degrees of clinical severity and developmental impairment
	Abstract
	Introduction
	AS subtypes with different genetic mechanisms (Fig. 1)
	Differences in clinical features and disease severity between AS genotypes
	Patients and methods
	Participants
	Clinical scales
	Data analysis

	Results
	Differences in clinical features between deletion and non-deletion AS
	Dependence of clinical features on deletion size
	Clinical features of non-deletion AS depend on specific genotype
	Functional domains

	Discussion
	Deletion AS
	Non-deletion AS
	Psychometric properties of clinical scales for AS
	Clinical severity scale
	Implications for future clinical trials and care
	Limitations
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




