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Electrophysiological phenotype in Angelman syndrome differs
between genotypes

Joel Frohlich1:2* Meghan Millerl, Lynne M. Bird3, Pilar Garces?, Hannah Purtell4, Marius C.
Hoenerl, Benjamin D. Philpot®, Michael S. Sidorov®, Wen-Hann Tan®, Maria-Clemencia
Hernandezl, Alexander Rotenberg?, Shafali S. Jeste?, Michelle Krishnanl, Omar Khwajal,
and Joerg F. Hippl*

1Roche Pharma Research and Early Development, Neuroscience, Ophthalmology and Rare
Diseases, Roche Innovation Center Basel, Switzerland 2Center for Autism Research and
Treatment University of California, Los Angeles Semel Institute for Neuroscience, USA
SDepartment of Pediatrics, University of California, San Diego; Genetics / Dysmorphology, Rady
Children's Hospital San Diego, California, USA “Department of Neurology, Boston Children's
Hospital; Harvard Medical School, Boston, Massachusetts, USA ®Neuroscience Center, Carolina
Institute for Developmental Disabilities, and Department of Cell Biology & Physiology, University
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Abstract

Background: Angelman syndrome is a severe neurodevelopmental disorder caused by either
disruptions of the gene UBE3A or deletion of chromosome 15 at 15q11-g13, which encompasses
UBEZ3A and several other genes, including GABRB3, GABRAS5, GABRG3encoding GABA type-
A receptor (GABAAR) subunits (B3, a5, y3). Individuals with deletions are generally more
impaired than those with other genotypes, but the underlying pathophysiology remains largely
unknown. Here we used electroencephalography (EEG) to test the hypothesis that genes other than
UBEZ3A located on 15g11-q13 cause differences in pathophysiology between AS genotypes.

Methods: We compared spectral power of clinical EEG recordings from children (age: 1 — 18
years) with a deletion genotype (7= 37), a non-deletion genotype (n7=21), and typically
developing children without Angelman syndrome (7= 48).
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Results: We found elevated theta power (peak frequency: 5.3 Hz) and diminished beta power
(peak frequency: 23 Hz) in the deletion genotype compared to the non-deletion genotype, as well
as excess broadband EEG power (1-32 Hz) peaking in the delta frequency range (peak frequency:
2.8 Hz) shared by both genotypes but stronger for the deletion genotype at younger ages.

Conclusions: Our results provide strong evidence for the contribution of non-UBE3A neuronal
pathophysiology in deletion AS and suggest that hemizygosity of the GABRB3-GABRA5-
GABRG3 gene cluster causes abnormal theta and beta EEG oscillations that may underlie the
more severe clinical phenotype. Our work improves the understanding of AS pathophysiology and
has direct implications for the development of AS treatments and biomarkers.

Keywords

Angelman syndrome; EEG; GABA; UBE3A, biomarkers; GABRB3-GABRA5-GABRG3 gene

cluster

Introduction

Angelman syndrome (AS) is a rare genetic neurodevelopmental disorder with a prevalence
of 1 in 10,000-24,000 births (1, 2). Clinical traits of AS include global developmental delay,
intellectual disability, microcephaly, epilepsy, sleep difficulties, and some phenotypic
overlap with autism (3-6). The lack of functional UBE3A in neurons underlies core features
of AS as evidenced by the phenotype of individuals with point mutations solely affecting
this gene (7-9). UBE3A is a ubiquitin-protein ligase which is encoded by the eponymous
gene UBE3A on chromosome 15 and is generally expressed only from the maternal allele in
neurons but biallelically expressed in other cell types (8, 10, 11). The downstream
consequences of UBE3A dysfunction are not understood in detail, but pre-clinical mouse
models of AS show altered dendritic spine morphology (12, 13) and impaired synaptic
function (14-17) that may underlie global electrophysiological abnormalities of the
electroencephalography (EEG) (15, 18, 19). These pre-clinical findings are in line with
neuropathological case studies in individuals with AS that point to cellular abnormalities in
cortical pyramidal neurons including irregular distribution, decreased dendritic arborization,
a reduced number of dendritic spines (20, 21), and a strongly abnormal EEG in AS (18, 22—
24). Despite these anomalies, the gross anatomy is not particularly abnormal (25).

The etiology of AS can be divided into two broad groups (Fig. 1). The first group, “non-
deletion AS”, mainly affects the function of UBE3A. Non-deletion AS, comprising 25-30%
of all AS cases, includes UBE3A mutations, imprinting defects, and paternal uniparental
disomy (UPD) (7, 26). The second group, “deletion AS”, is defined by deletions of
chromosome 15 at 15q11-g13. Deletions vary in length (7) but all encompass UBE3A, as
well as about 11-15 other protein-coding genes, numerous small nucleolar RNA (snoRNA)
genes, and non-coding regions of potential functional significance. Deletion AS accounts for
the majority (about 70%) of AS cases (7). Herein, we use “genotype” to refer to the two
etiological groups defined above.

Individuals with deletion AS have a more severe clinical presentation than those with non-
deletion AS (27-30), suggesting that deletion of genes other than UBE3A add to disease
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severity. However, differences in the pathophysiology between AS genotypes remain largely
unknown. Deletions of 15g11-q13 include the GABRB3-GABRA5-GABRG?3 gene cluster,
which encodes the B3, a5, and y3 GABAA receptor subunits. Given the important role of
the GABAergic system in brain development and function, the deleted GABAAR subunit
genes may cause important differences in AS genotypes. Indeed, several lines of evidence
support this notion: (A) Mice with disruptions of Gabrb3recapitulate AS-like phenotypes
(including seizures and EEG abnormalities) (31). (B) Deletion AS shows both altered
cortical expression of the three GABAAR subunit genes (32) and reduced cortical GABAAR
density (33) while also exhibiting grossly abnormal somatosensory evoked responses that
may relate to GABAergic dysfunction (34). (C) Dup15q syndrome (a neurodevelopmental
disorder characterized by intellectual disability, autism and epilepsy) is caused by
duplications of 15q11.2-g13.1 (i.e., the “genetic converse” of deletion AS) and has a strong
EEG phenotype characterized by excessive beta oscillations (35). These oscillations closely
resemble the EEG signature of GABAAR enhancing drugs (e.g., benzodiazepines) (36),
thereby implicating the GABRB3-GABRA5-GABRG3 gene cluster in the Dup15q
syndrome pathology and phenotype.

Given that the GABA system is critically involved in shaping neuronal dynamics, including
oscillatory processes (37—-39), EEG should provide a suitable tool to capture GABAAR-
related abnormalities in deletion AS.

AS is characterized by a strongly abnormal EEG (18, 22—24). Vendrame and colleagues (23)
described EEG abnormalities in a large sample of 115 individuals with AS (here we analyze
a subset of these individuals, see Methods) and found intermittent rhythmic delta oscillations
(83.5%), interictal epileptiform discharges (74.2%), intermittent rhythmic theta oscillations
(43.5%), and posterior rhythm slowing (43.5%). More recently, Sidorov and colleagues used
quantitative analyses of AS EEGs and demonstrated excess power in the delta frequency
band (18). However, these AS EEG abnormalities have been reported for both deletion and
non-deletion AS genotypes. Comparing EEG differences between deletion and non-deletion
AS may provide valuable insights into the respective contributions of UBE3A and non-
UBEZ3A neuronal pathophysiology, but have not yet been quantitatively investigated.

Here we compared EEG power spectra between deletion and non-deletion AS. Considering
the foregoing evidence, we tested two specific hypotheses concerning deletion AS compared
to non-deletion AS: (A) stronger power in the delta frequency band and (B) weaker power in
the beta frequency band, i.e., the opposite of the EEG phenotype observed in both Dup15q
syndrome (35) and healthy individuals challenged with positive GABAAR modulators (36).
We then explored a broad range of EEG frequencies in a data-driven manner.

Methods and Materials

See Supplemental Methods and Materials for an extended description of the methods.

Data Collection

EEG recordings were obtained from patients with AS through the AS Natural History Study
(ClinicalTrials.gov identifier: NCT00296764; a subset of the data has been analyzed
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previously (18, 23), see Supplemental Methods for more information). EEG recordings from
a control group of children with typical development (TD) who had tested negative for
neurological or developmental concerns were obtained through BCH. Consent was obtained
according to the Declaration of Helsinki and was approved by the institutional review boards
of the participating sites. EEG data were acquired in a clinical setting using an international
10-20 system. Data presented here are from children and adolescents, i.e., participants with
ages between 12 — 216 months (1 — 18 years) recorded in the awake state. The awake state
was not further controlled with respect to eye condition (e.g., eyes open or eyes closed) as
the ages and developmental abilities of many participants precluded complying with such
instructions. A total of 144 datasets entered preprocessing.

Preprocessing

EEG data were bandpass filtered 0.5 — 45 Hz (FIR filter), then portions of the data
containing gross artifacts, as well as bad channels, were identified by visual inspection and
excluded from analysis. Ten datasets were excluded for overall insufficient data quality.
Independent component analysis (ICA) was applied to remove remaining artifacts (FastiCA
algorithm (40, 41)). Finally, rejected channels were interpolated and data were re-referenced
to average. The final dataset analyzed included 127 recordings from 106 participants. The
average individual dataset length was 15.9 + 8.36 minutes (mean + std). See Supplemental
Table 1 for a summary of retained data by genotype and testing site.

Frequency Transform

Power spectral estimates were derived for logarithmically scaled frequencies ranging from 1
to 32 Hz (f/los = 8.7) using Morlet Wavelets (42). Absolute power values were then scaled
and log-transformed to have units 10*log;o(uV2/logo(Hz)). Consequently, differences
between signals have the unit decibel (dB). For analyses of relative power, data were
expressed in units of 1/logy(Hz).

Peak frequencies

Peak frequencies were determined within pre-defined frequency ranges (delta: 1.5-4 Hz;
theta 4-8 Hz). Additionally, we reported the “center of mass”, derived as the weighted
average value of the frequency within the two frequency ranges.

Statistical analyses

For statistical analysis, we used the following linear mixed model (LMM) (43) and variants
with less fixed factors:

P~1 + GENOTYPE + AGE + GENOTYPE: AGE + (1 | PARTICIPANT)

where P is log-transformed power in a given frequency band, AGE is the log,-transformed
and mean-centered age, and GENOTYPE contains categorical variables [AS, TD], [deletion,
non-deletion], or [deletion class I, deletion class I1].

To derive 95% confidence intervals for illustration, and to test specific hypotheses, we used
t-tests within LMMs. To test for relevance of factors (e.g. GENOTYPE or AGE), we used
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log-likelihood ratio tests between nested models. To correct for multiple comparisons when
performing analyses across all frequencies, we additionally applied a random permutation
approach (44). Finally, to evaluate stability of the delta-band EEG power we used the
intraclass correlation coefficient (ICC) derived from the first two visits of participants with
more than one visit (45).

We obtained clinical EEG data in the awake state from children and adolescents (1 to 18
years of age) with AS and TD controls. After preprocessing and quality control, we retained
49 datasets from 37 individuals (10 females) with deletion AS, 30 datasets from 21
individuals (6 females) with non-deletion AS, and single-visit datasets from 48 TD controls
(22 females, Fig. 1). There is an over-representation of males in the AS sample that is close
to significance compared to TD controls (p = 0.054, Chi-Square test). This is likely due to
chance given that AS is an autosomal disorder with no known difference in prevalence
between genders. Importantly, the gender ratio did not differ between AS genotypes (p =
0.90, Chi-Square test). In line with previous reports, participants with AS presented with
global developmental delay, lack of speech, and epilepsy (See Supplemental Fig. 1). Mean
age (deletion AS: 4.6 + 3.0, non-deletion AS, 7.3 £ 3.3, TD controls: 8.8 £ 5.0; mean = std
in years, age averaged across multiple visits) differed significantly between AS genotypes (p
=1.66 x 1074) and between AS and TD cohorts (p = 2.50 x 1073). Age was accounted for in
the subsequent analyses.

Spectral power differs between AS and TD controls

We first investigated differences in EEG spectral power between AS (combined deletion and
non-deletion genotypes) and TD controls. For each visit of each participant, we derived
spectral power estimates (1 to 32 Hz), averaged across electrodes, and fitted LMMs for each
frequency separately (see methods). To test for differences between participants with AS and
TD controls, we compared the model to a nested model lacking diagnosis (AS, TD)
information. Importantly, the models accounted for age and repeated visits of the same
individuals. We found that spectral power differed between AS and TD controls for all
frequencies (i.e., AS vs TD labels significantly contributed to the model fit; p < 0.05,
random permutation test, corrected for all frequencies).

To understand the directionality of the difference in spectral power, we set the age in the
model to the mean log age (5.4 years) and investigated group differences. We found higher
power for AS compared to TD controls across all frequencies (Fig. 2A, Supplemental Fig.
2A). The largest difference manifested in a prominent peak in the delta frequency range
(peak frequency = 2.8 Hz, Cohen’s d = 1.22, power difference AS vs TD: 11.1 dB or
1182%). Excess power in the delta frequency was a global phenomenon visible at all
electrodes, demonstrating the largest effect size at temporal electrodes (Fig. 2B,C,
Supplemental Fig. 2B). A total of 16 AS participants had at least two separate EEG
assessments (12.9 + 3.11 months apart) allowing us to investigate stability. The delta-band
EEG power had moderate stability (ICC: 0.68; see Supplemental Figure 2C). While excess
power was most prominent in the delta frequency range, power was broadly elevated.
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Testing total power (i.e., integrating power over all frequencies) yielded a similar effect size
between AS and TD (Supplemental Table 2 for full details, Supplemental Fig. 2D).

It is well established in typical development that absolute EEG power at all frequencies
decreases, while the relative power at higher frequencies (> 8 Hz) increases, with age (46,
47). We next investigated the developmental trajectory of AS delta power in terms of both
power and peak frequency, i.e., the two key quantities characterizing oscillatory processes.
Power at the AS group-level delta peak frequency exhibited a significant decline with age in
both groups (Fig. 2D, TD: —3.17 dB/oct, p = 0.385 x 10~7; AS: —4.20 dB/oct, p = 4.21 x
10712, LMM parameters in Supplemental Table 3 for full details). Slopes did not differ
significantly between AS and TD controls (Difference: —1.03 dB/oct, p = 0.202). Clear delta
peaks could be identified in 70 EEG recordings from 54 out of 58 participants with AS
(Supplemental Fig. 5A). The delta peak frequency was not associated with age (LMM, log-
likelihood ratio test of model with and without age, p = 0.492). Center of mass, an
alternative metric for quantifying the dominant frequency, also showed no relationship with
age (frequency range: 1.5 — 4 Hz, p = 0.832). Thus, the excess EEG delta power in AS
decreases during development at a similar rate as TD controls and consequently remains at a
higher baseline throughout development.

Excess power in the delta frequency range is in line with previous reports of excess relative
delta power in AS compared to TD controls (18). Our results show that power is increased
across all frequencies analyzed (1-32 Hz) and exhibits the strongest difference in the delta
frequency range. Consequently, the effect size is larger for absolute power compared to
relative power (absolute power: Cohen’s d = 1.22, relative power: Cohen’s d = 0.67, at delta
peak frequency, 2.8 Hz; see Supplemental Fig. 3 for the analysis of relative power).

Spectral power differs between AS genotypes

To investigate phenotypic differences in EEG spectral power between AS subtypes, we split
the AS group into deletion AS (/7= 34, participants with class | or class Il deletion) and non-
deletion AS (n=21) subgroups. First, we tested the two specific hypotheses as outlined in
the introduction. A comparison of delta power between AS deletion genotypes (hypothesis
1) at the AS group level peak frequency (2.8 Hz) revealed 2.97 dB higher power compared
to the AS non-deletion genotype at mean log age of 4.7 years (corresponding to 198.3%
power relative to non-deletion AS; Fig. 3A; p=0.0498, two-tailed t-test, LMM parameters
in Supplemental Table 4 for full details). The power differences decline with age and were
greatest over temporal scalp regions (Fig. 3B,C). A comparison of beta power in AS deletion
genotypes at the Dup15q syndrome peak frequency (hypothesis 2; 23 Hz (35)) revealed
-1.69 dB lower power compared to non-deletion AS at mean log age of 4.7 years
(corresponding to 67.7% relative to non-deletion AS; Fig. 4A; p = 0.0168, two-tailed t-test,
LMM parameter in Supplemental Table 5 for full details). Power differences at 23 Hz were
greatest over central scalp regions (Fig 4B,C). Thus, the AS deletion genotype exhibits
stronger delta power but weaker beta power than the non-deletion AS genotype. The latter
observation in the AS deletion genotype resembles an inversion of the Dup15qg syndrome
EEG phenotype (35).
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Next, we switched to an exploratory analysis and tested for AS genotype differences in an
unbiased and data-driven manner across the full frequency range. This analysis revealed
highly significant excess theta-band power of 5.20 dB centered at 5.3 Hz for deletion AS
compared to non-deletion AS (corresponding to 331% of the non-deletion AS value; Fig.
5A,B, Supplemental Fig. 4A-C; p < 0.01, LMM-based random permutation test corrected for
multiple comparisons across frequencies and accounting for age, LMM parameter for 5.3 Hz
in Supplemental Table 6). A local maximum existed in theta-band only for deletion AS but
not for non-deletion AS. Power differences in 5.3 Hz power were greatest over centro-
temporal regions (Fig. 5E-G). In sum, these results suggest that the EEG phenotype of
deletion AS is characterized by an oscillation in the theta frequency range that is absent in
non-deletion AS.

We then investigated the developmental trajectory of the theta-band deletion AS phenotype
in terms of both power and peak frequency (Fig. 5C). We found a significant decrease in
theta power (5.3 Hz) with age for deletion AS (slope —2.26 dB/oct, p = 3.45 x 10~%) but not
for non-deletion AS (slope: —1.27 dB/oct, p = 0.185). This suggests a developmental decline
of the deletion AS theta-band oscillation. However, slopes did not significantly differ
between AS subgroups (difference in slope: —0.99 dB/oct, p = 0.381; see Supplemental Fig.
4E for topography).

Clear theta peaks could be identified in 37 EEG recordings from 28 of 34 participants with
class I or class Il deletion AS (participants with atypical deletions were excluded,;
Supplemental Fig. 5B). For participants with theta peaks, we found a significant increase of
0.31 dB/oct in peak frequency with age (LMM, log-likelihood ratio test of model with and
without age, p = 0.011; Fig. 5D). This finding was confirmed using an alternative approach
that quantifies the dominant frequency, i.e., center of mass, which can be derived for all
deletion AS participants (p = 8.70 x 107>, slope: 0.15 Hz/oct, see Supplemental Fig. 4D).
Thus, the deletion AS theta oscillations increase in frequency over the course of
development.

The deletion group can be further broken down into subgroups with different deletion size
(class I: ~6Mb; class 11: ~5 Mb; we excluded rare atypical deletions from analysis (7, 48)).
However, we did not find an improved model fit when adding deletion subclass information,
even when ignoring the correction for multiple testing across frequencies (p > 0.05, log-
likelihood ratio tests). Notably, both deletion subgroups encompass the GABRB3-
GABRA5-GABRGS3 gene cluster. This suggests that the genes responsible for driving the
differences between deletion AS and non-deletion AS reside in the region shared by deletion
classes 1 and 2.

To examine potential confounders introduced by medication, we categorized all medications
taken by participants that either (A) act principally on the CNS or (B) have incidental CNS
side effects. Medications were classified by a physician, and further subcategories were
established for CNS medications: antiepileptics, antipsychotics, alpha agonists, and
stimulants. For each category and subcategory, we calculated the proportion of participants
in each AS genotype taking a medication during at least one EEG recording used in our
analysis (Table 1 and Supplemental Fig. 6). Chi-squared tests did not reveal differences
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between AS genotypes, suggesting that differences in EEG reflect differences in
pathophysiology rather than medication.

Discussion

Our findings demonstrate a robust electrophysiological phenotype in children with AS and
reveal several frequency-specific differences between deletion and non-deletion AS
genotypes. In the following, we summarize phenotypic differences, link them to GABAergic
signaling, and discuss practical implications for the use of EEG as a biomarker.

Excess delta-band oscillations are a robust UBE3A-related AS phenotype

We found excess delta oscillations to be the most prominent AS EEG phenotype. This result
agrees with clinical observations of qualitatively abnormal EEG activity in AS (22, 49, 50)
and a recent publication by Sidorov and colleagues that demonstrated a robust increase in
relative power in the same frequency range (18). Our results extend previous work in several
directions: (A) We showed that EEG power is elevated across a broad range of frequencies
(i.e. all frequencies analyzed, 1 — 32 Hz) and, consequently, absolute delta power better
separates AS and TD controls as compared to relative delta power. The origin of this
frequency-unspecific increase of EEG signal power is unknown, and it is unclear if it relates
to neurophysiological or, alternatively, anatomical abnormalities (e.g., altered tissue
conductivities; though somatic and head growth are relatively normal in AS, see
Supplemental Figure 1). (B) We characterized the developmental trajectory across a broad
age range (1 — 18 years) and showed that delta power increase (relative to TD controls) is
stable across development. (C) We found that the delta-band AS phenotype is more
pronounced for deletion as compared to non-deletion AS at young ages, though future
studies with better age-matched data at younger ages are needed to elaborate on this finding.
(D) Finally, we showed the delta-band power increase in AS is wide-spread but strongest at
temporal electrodes. The pathophysiological mechanisms underlying the delta-band EEG
phenotype are unknown; nonetheless, our results provide some insights. The observation that
the delta EEG phenotype is present in both deletion and non-deletion AS suggests that it is
driven by down-stream effects of UBE3A disruption. For instance, tonic GABAergic
inhibition impaired through disruption of UBE3A-dependent GAT1 degradation (51) might
underlie the delta EEG phenotype. However, it is well established both preclinically (12-17)
and clinically (20, 21) that the lack of UBE3A leads to cellular abnormalities and impaired
synaptic function, which in turn may manifest in the observed abnormal delta activity.

Theta and beta-band oscillations index non-UBE3A pathophysiology in deletion AS
implicating the GABRB3-GABRA5-GABRG3 gene cluster

First, we confirmed the hypothesis, put forward in the introduction, that beta-band power is
decreased in deletion AS compared to non-deletion AS. This builds on recent work in
Dup15q syndrome (35, 52) suggesting that EEG beta-band activity reflects a gene-dose
effect of the three GABAAR subunit genes (GABRAS, GABRBS3, and GABRG?3)
manifesting in altered GABAAR density and, consequently, in altered network dynamics.
These changes in the beta frequency band likely reflect abnormalities in recurrent excitatory-
inhibitory feedback loops in cortical tissue (53, 54) and are well in line with
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pharmacological effects of GABAAR modulators (36). Notably, the spatial topography of the
beta-band modulation in Dup15q syndrome and AS is very different (Fig. 4B,C, ¢.f Fig. 2 in
Frohlich and colleagues (35)). This may be expected if certain brain areas start from a state
where beta oscillations can be upregulated, but not downregulated, while other brain areas
start from a state where beta oscillations can be down-regulated, but not further upregulated.
Although the cortical networks underlying our finding remain unknown, the observation of
lower beta power in the deletion AS genotype nonetheless adds to the rationale for targeting
GABAARRs in the group of neurodevelopmental disorders affecting the GABRB3-GABRAS-
GABRGS3gene cluster (e.g., AS, Prader-Will syndrome (PWS) and Dup15q syndrome).

The most prominent difference between AS genotypes, however, was not anticipated by our
hypotheses: oscillatory activity in the theta frequency range, which is present only for the
deletion AS genotype. Rhythmic theta in AS has been qualitatively described in previous
publications (23, 24, 55, 56), but to the best of our knowledge, our work is the first to
quantify excess theta oscillations and to link them to the deletion AS genotype. Given that
GABAARRs are critically involved in shaping neuronal dynamics reflected in EEG
oscillations (37-39), deletion of the GABRB3-GABRA5-GABRG3 gene cluster is the most
likely cause of the AS genotype differences observed in our study. However, we cannot rule
out contributions from genes common to both deletions classes beyond the GABRB3-
GABRA5-GABRGS3 gene cluster, though EEG effects related to these other genes are
unknown. Other important 15q11-q13 genes that are not shared by the two major deletion
classes (class | and class 1), e.g., CYF/PI, can be effectively ruled out as explanations for
the EEG effect within the limits of the statistical power of our study.

GABAAR hypothesis provides testable predictions

As outlined above, our results suggest that deletion of the GABRB3-GABRA5-GABRG3
gene cluster underlies the electrophysiological differences between AS deletion and non-
deletion genotypes. This GABAAR hypothesis provides specific, falsifiable predictions. For
instance, our work makes testable predictions concerning EEG abnormalities that should be
observable in Prader-Willi syndrome (PWS), a neurogenetic disorder caused by either a
paternal 15q11-g13 deletion or maternal UPD of chromosome 15 (57), and suggests pre-
clinical experiments in knock-out animals that investigate the effect of Ube3aand GABA-
subunit gene loss in isolation and in combination (see Supplemental Discussion for more
details).

EEG as a biomarker of AS

Understanding the AS EEG phenotype also has important practical implications for the
development of treatments. For successful clinical development of a potential treatment,
biomarkers that quantify the disease pathophysiology and provide an objective indicator of
treatment response are of critical importance (58). EEG has been suggested as a promising
quantitative, robust, and translatable biomarker for AS (18). Highly targeted AS treatments
(e.g., antisense oligonucleotides) acting specifically on UBE3A expression (59-61) require
biomarkers to demonstrate target engagement and treatment effects. Our findings provide
evidence that the delta-band EEG abnormality indexes UBE3A-related pathophysiology,
while the theta-band and beta-band EEG abnormalities index contributions from other genes,
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most likely the GABRB3-GABRA5-GABRG3 gene cluster. Thus, if re-expression of
UBEZ3A is the main target of the treatment, EEG delta-band power should be explored as a
biomarker, whereas if the GABAARS are the target, theta and beta power should be
considered as a biomarkers.

Our results suggest that hemizygosity of genes encoding GABAAR subunits modulates the
UBEZ3A-related electrophysiological phenotype and causes widespread changes in cortical
dynamics, manifesting as spectrally specific abnormalities in oscillatory neuronal activity.
These electrophysiological abnormalities may underlie the more severe behavioral
phenotype of deletion AS. Our work has direct implications for the use of EEG as a
biomarker in the development of treatments for AS.
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Figure 1. Schematic of 15q11-q13.
The maternally expressed (i.e., paternally imprinted in neurons) gene UBE3A is shown in

red, paternally expressed (i.e., maternally imprinted in neurons) genes are shown in blue.
Genes shown in black are non-imprinted (i.e., biallelically expressed); “n* indicates the
number of participants for different genotypes. UBE3A mutations (n = 10), paternal UPD (n
= 4), imprinting defects (n = 5; could either be deletion within the imprinting center or an
abnormal epigenetic imprint), and abnormal DNA methylation that are not deletions (could
be either UPD or imprinting defects, n = 2) primarily affect UBE3A. These etiologies
comprise the non-deletion genotype (n = 21) in our study. Note that UPD features
additionally biallelic expression of paternally imprinted genes (blue). Deletions of 15q11-
g13 are typically between canonical break point (BPs) as indicated in the figure. Class | is a
~6 Mb deletion from BP 1 to BP3 (n = 10) that includes four additional genes near the
centromere as compared with class 11 (~5 Mb) deletions, which span BP2 to BP3 (n = 24).
Together with atypical (n = 2) and unknown (n = 1) deletion classes, class | and class 1l
deletions comprise the deletion genotype (n = 37) examined in our study. Both deletion
classes encompass the GABAAR B3-a5-y3 subunit gene cluster (i.e., GABRB3, GABRAS,
and GABRG3), which is central to the interpretation of our results.
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Figure 2. Spectral power differences between AS and TD controls.
(A) Grand average power spectral density derived from the LMM, with age set to the mean

log age of 5.4 years (average across all visits and electrodes). AS: red, TD controls: black.
The colored bands show 95% confidence intervals. (B,C) Scalp topography of power change
in dB and effect size (Cohen’s d) between AS and TD controls derived from the LMM for
2.8 Hz (i.e., AS delta peak frequency) and the mean log age of 5.4 years. (D) Developmental
trajectory of channel averaged delta power (2.8 Hz) derived from the LMM. Longitudinal
visits are connected by solid lines.
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Figure 3. Spectral power in delta frequency band differs between AS genotypes.
(A) Developmental trajectory of electrode averaged delta power (2.8 Hz) derived from the

LMM (average across all electrodes). Deletion AS: green, Non-deletion AS: blue.
Longitudinal visits are connected by solid lines. (B,C) Scalp topography of power change in
dB and p-values for t-tests between deletion AS and non-deletion AS derived from the LMM
for 2.8 Hz and the mean log age of 4.7 years.
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Figure 4. Spectral power in beta frequency band differs between AS genotypes.
(A) Developmental trajectory of electrode averaged beta power (23 Hz according to

hypothesis 2, i.e. peak frequency derived from Dup15q syndrome EEG phenotype, (35))
derived from the LMM (average across all electrodes). Deletion AS: green, Non-deletion
AS: blue. Longitudinal visits are connected by solid lines. (B,C) Scalp topography of power
change in dB and p-values for t-tests between deletion AS and non-deletion AS derived from
the LMM for 23 Hz and the mean log age of 4.7 years
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Figure 5. Spectral power differs between AS genotypes.
(A) Grand average power spectral density derived from the LMM with age set to the mean

log age of 4.7 years (average across all visits and electrodes). Deletion AS: green, non-
deletion AS: blue. The colored bands show 95% confidence intervals. The black bar
indicates frequency ranges with significant group differences (corrected for multiple testing
across frequencies). The gray lines indicate the specific hypotheses tested in the delta and
beta bands (see Figures 3 and 4). (B) Difference in spectral power between deletion AS and
non-deletion AS. The colored bands show 95% confidence intervals. (C) Developmental
trajectory of theta power (5.3 Hz) derived from the LMM (average across all electrodes).
Longitudinal visits are connected by solid lines. (D) Correlation between theta peak
frequency and age. Longitudinal visits are connected by solid lines. (E-G) Scalp topography
of power change in dB, effect size (Cohen’s d) and p-values for t-tests between deletion AS
and non-deletion AS derived from the LMM for 5.3 Hz and the mean log age of 4.7 years.
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Table 1.

Medication overview. This table summarizes the proportion of non-deletion AS and deletion AS participants
on each of 6 different medications types: CNS: Central Nervous System; AED: Antiepileptic Drug; AP:
Antipsychotic; CSE: CNS Side Effects; AA: Alpha Agonist; STM: Stimulant. Proportions are calculated from
the number of unique participants in a group taking the medication at one or more EEG recording sessions
used in the analysis. Number of affected participants and EEG recordings are reported in separate columns.
Test statistics and p-values from chi-squared tests are reported in the last two columns.

Drug type | Non-del Non-del Non-del Deletion Deletion Deletion Chi- P-value
Participants | Participants | Recordings | Participant | Participant | Recording | Square
(%) #) ) (%) #) )
CNS 76.2 16 23 76 28 39 1.939 0.965
AED 52.4 11 17 70 26 36 1.856 0.173
AP 9.5 2 2 3 1 2 1.271 0.260
CSE 238 5 7 19 7 11 0.195 0.659
AA 14.3 3 4 8 3 5 0.551 0.458
ST™M 4.8 1 1 0 0 0 1.793 0.181
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