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SUMMARY

Chromosome 15q11-q13 duplication syndrome (Dup15q) is a neurodevelopmental disorder caused by maternal duplications of this re-
gion. Autism and epilepsy are key features of Dup15q. UBE3A, which encodes an E3 ubiquitin ligase, is likely a major driver of Dup15q
because UBE3A is the only imprinted gene expressed solely from the maternal allele. Nevertheless, the exact role of UBE3A has not been
determined. To establish whether UBE3A overexpression is required for Dup15q neuronal deficits, we generated an isogenic control line
for a Dup15q patient-derived induced pluripotent stem cell line. Dup15q neurons exhibited hyperexcitability compared with control
neurons, and this phenotype was generally prevented by normalizing UBE3A levels using antisense oligonucleotides. Overexpression
of UBE3A resulted in a profile similar to that of Dup15q neurons except for synaptic phenotypes. These results indicate that UBE3A over-

expression is necessary for most Dup15q cellular phenotypes but also suggest a role for other genes in the duplicated region.

INTRODUCTION

Chromosome 15q11-q13 duplication syndrome (Dup15q)
is aneurodevelopmental disorder caused by duplications of
the 11.2-13.1 region within the long arm of chromosome
15. There are two major genetic subtypes of Dupl5q:
idic(15), which is caused by an isodicentric supernumerary
chromosome that carries two extra copies of the 15q11.2-
q13.1 region, and int(15), which arises from a maternal
interstitial duplication of the same region. In addition to
these two major subtypes, some individuals have a
maternal interstitial triplication of 15q11.2-13.1. Autism
and seizures are two of the most common behavioral phe-
notypes of the syndrome (DiStefano et al., 2016). Individ-
uals with Dup135q also present with intellectual disability
and substantial fine and gross motor deficits. Clinical
studies report that 77%-100% of Dupl5q patients are
affected by autism (Urraca et al., 2013; Al Ageeli et al.,
2014), and 63% of individuals with idic(15) experience sei-
zures, which often present with multiple types and require
aggressive treatment with broad-spectrum antiepileptic
drugs (Conant et al., 2014). Moreover, epileptic children
with Dup15q have an increased risk for sudden unexpected
death in epilepsy (SUDEP) (Friedman et al., 2016), there-
fore, understanding the cellular and molecular mecha-
nisms that lead to seizure generation is of great importance.

In general, two extra maternal copies of 15q11-q13, car-
ried either on an isodicentric extra chromosome or as part
of an interstitial triplication, are associated with more se-
vere behavioral, cognitive, and seizure phenotypes
compared with maternal interstitial duplications, which
have one extra copy of the genetic region (DiStefano
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etal., 2020). The extra genetic material in Dup15q includes
approximately 20 genes (Germain et al., 2014), and active
research is devoted toward understanding and identifying
the genes that contribute to phenotypes associated with
the disorder. Candidate genes include UBE3A, which en-
codes an ubiquitin ligase, GABRAS, GABRB3, and GABRG3,
which encode subunits of the GABA, receptor, ATP10,
which encodes a mitochondrial inner membrane protein,
and HERC2, a ubiquitin ligase known to interact with
and potentiate UBE3A activity (Germain et al., 2014).
Overexpression of UBE3A is likely amajor driver of Dup15q
phenotypes. UBE3A encodes an E3 ubiquitin ligase that tar-
gets proteins for degradation by the proteasome (Huang
et al., 1999). Moreover, it has been reported to act as a tran-
scriptional coactivator for steroid receptors (Nawaz et al.,
1999), and it has been implicated in the regulation of multi-
ple genes associated with nervous system development (Low
and Chen 2010). UBE3A is the only gene in the region ex-
pressed solely from the maternal allele, as UBE3A is paternally
imprinted and silenced in mature neurons; hence, a maternal
duplication would increase its gene dosage, whereas a
paternal duplication would not (Chamberlain and Lalande
2010). Duplsq is fully penetrant in individuals with
maternal duplications, whereas individuals with paternal du-
plications are usually unaffected or mildly affected (Cook
et al., 1997; Urraca et al., 2013), supporting a key role for
UBE3A. Nevertheless, the contribution of other duplicated
genes in the region to Dup15q phenotypes is unknown.
The generation of animal models for Dup15q has been
difficult. Creation of an interstitial duplication of the syn-
tenic region in mice resulted in a mouse model with excel-
lent construct validity (Nakatani et al., 2009). However,
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this model has poor face validity as there were no behav-
ioral phenotypes with maternal duplication, whereas
paternal duplication resulted in subtle autism-like pheno-
types (Nakatani et al., 2009). Another study used bacterial
artificial chromosome (BAC) transgene to increase the ge-
netic copy number of Ube3a from one to three, which re-
sulted in mice with mild autistic behaviors (Smith et al.,
2011). Nevertheless, the construct validity of this model
came into question, as the C terminal of Ube3a was tagged
with a FLAG tag that affected the catalytic function of the
protein. Subsequently, the same group created a Ube3a
overexpression mouse model with untagged Ube3a
(Krishnan et al., 2017). These mice had decreased sociabil-
ity, but only in relation to chemically induced seizures. No
spontaneous seizures, altered seizure threshold, or other
autism spectrum disorder (ASD)-like phenotypes were
observed. A separate group generated a mouse that overex-
pressed Ube3a in excitatory neurons (Copping et al., 2017).
This model showed learning disabilities, anxiety-like
behavior, and a reduction in seizure threshold. Interest-
ingly, another recent study using a BAC transgene to in-
crease copy number found that Ube3a-overexpressing
mice were indistinguishable from wild-type controls on a
number of molecular and behavioral measures (Punt
et al., 2022). Although these models might be valid for
studying the cellular and behavioral effects of Ube3a over-
expression, they fail to encompass the full range of severe
Dupl5q phenotypes and replicate the complex genetics
of the disease. Hence, the use of induced pluripotent
stem cell (iPSC)-derived neurons from DuplSq patients
represents an excellent first step to study the cellular mech-
anisms of the disease and identify the relevant genes that
contribute to the disease phenotypes.

The goal of this study was to determine the role of UBE3A
overexpression in Dup15q neuronal phenotypes. We used
an innovative approach to generate an isogenic control
line for an idic(15) patient-derived iPSC line. Using these
lines, we normalized UBE3A levels with antisense oligonu-
cleotides (ASOs) in Dup15q neurons to determine whether
UBE3A overexpression is necessary for establishing cellular
phenotypes. To explore whether UBE3A overexpression was
sufficient to cause Dup15q cellular phenotypes, we differen-
tiated neurons from an iPSC line derived from an individual
with a paternal interstitial duplication. We then used ASOs
to knockdown the antisense transcript responsible for
silencing UBE3A, thereby increasing UBE3A expression.

RESULTS

Elimination of the isodicentric chromosome 15
We previously showed that patient-derived iPSCs carry the
exact genetic makeup of individuals affected by Dup15q

and maintain their methylation imprint following the re-
programming process (Germain et al., 2014). In a subse-
quent study (comparing multiple patient-derived Dup15q
and control iPSC lines), we uncovered several hyper-
excitability phenotypes in Dupl5q neurons, including
increased excitatory synaptic event frequency and ampli-
tude and increased action potential (AP) firing (Fink et al.,
2021). Although comparisons that involve unrelated con-
trol and disease lines provide important and relevant infor-
mation, inherent functional differences between cell lines
(which are likely driven by different genetic backgrounds)
can obscure important cellular phenotypes. The use of
isogenic cell lines provides a better approach to investigate
cellular deficits in disease models, and the development of
the CRISPR-Cas9 gene-editing technology has greatly
enabled this process, especially for monogenic diseases
(Wang et al., 2013; Xiao et al., 2013; Gupta et al., 2018).

We sought to generate an isogenic control for a Dup15q
idic(15) patient-derived iPSC line to more confidently
ascribe Dup15q cellular phenotypes to the extra genetic
material on the idic(15) chromosome. We used a strategy
previously used to eliminate chromosome 21 in a trisomy
21 cellular model and the Y chromosome in typical male
iPSCs (Adikusuma et al., 2017; Zuo et al., 2017). This strat-
egy entailed the use of CRISPRs to cut multiple times
within chromosome 15g-specific repeats. We nucleofected
Dupl5q iPSCs with a cocktail of three different CRISPRs
targeting GOLGAS8, SNORD116, and SNORDI115 (Table
S1). The guide RNAs designed to target these loci are each
predicted to cut multiple times within chromosome
15q11.2-q13.3 region but are not found outside of the
chromosome. Our rationale was that these CRISPRs would
make multiple double-stranded breaks on the two chromo-
somes 15 as well as the supernumerary idic(15) in the iPSC
line. As the idic(15) has two copies of 15q11.2-q13.3 and
very little additional sequence, we reasoned that the entire
chromosome might be lost upon becoming “shredded” by
the CRISPR cocktail. Following transient selection for the
CRISPRs, clones were screened using quantitative copy
number assays for UBE3A and PML. Idic(15) iPSCs have
four copies of UBE3A, but only two copies of PML, which
is located near the distal end of chromosome 15. A total
of 58 clones were screened. Representative colonies with
a copy number decrease in UBE3A and no decrease in
PML copy number are shown in Figure S1.

Four clones with reduced UBE3A dosage were expanded
and subjected to quantitative DNA methylation analysis
at the SNRPN locus. Clones that had lost the idic(15) chro-
mosome would have 50% methylation at SNRPN because
of the presence of one maternal and one paternal chromo-
some 15. Deletions that included the imprinted domain of
maternal chromosome 15 or paternal chromosome 15
would have 66% and 100% methylation at SNRPN,
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respectively. Following this screening paradigm, one single
clone from a starting pool of 58 was identified with the
appropriate copy number and DNA methylation para-
meters (Figure 1A). CytoSNP and karyotype analysis
confirmed the loss of the idic(15) chromosome without
any other detectable copy number changes or structural re-
arrangements (Figure 1B; Table S2). The presence of non-
chromosome 15 copy number changes in the edited iPSCs
that were also present in the idic-1 iPSC line confirmed that
the cytoSNP profiles and karyotypes of these two cell lines
were identical to each other, except for the 15q copy num-
ber changes and supernumerary chromosome (Table S2).
Finally, qRT-PCR demonstrated that gene expression of im-
printed and non-imprinted genes in the 15q region was
reduced in the corrected control line compared with
idic-1 and very similar to expression levels in unaffected
control iPSCs (Figure 1C).

Hyperexcitability of Dup15q neurons during in vitro
development

To characterize the electrophysiological properties of
Dup15q neurons, the idic-1 cell line and its CRISPR-cor-
rected isogenic counterpart were differentiated into neu-
rons using a modified dual-SMAD inhibition protocol
(Figure S2A). Differentiation via this protocol yielded
neuronal cultures that consisted of neurons expressing
the glutamatergic marker TBR1 (70%-80% of MAP2-posi-
tive cells) and GABAergic neurons expressing GAD6S, as
well as astrocytes expressing S100B (Germain et al., 2014;
Fink et al., 2021). Immunostaining was carried at 19 weeks
in vitro to evaluate the differentiation capacity of the iPSC
lines. The proportion of MAP2-positive cells was similar
for Dup15q and control cultures (Figure S2B).

Whole-cell patch-clamp recordings were conducted at 8
and 19 weeks of in vitro development. Dup15q neurons
showed a significantly greater inward sodium current den-
sity compared with the corrected line at both time points,
whereas the transient outward potassium current density
was significantly increased at 19 weeks (Figure 2A).
Dupl5q neurons also showed a significant decrease in
input resistance at both time points (Figure 2A). Consis-
tent with the increased inward and outward currents,
Dupl5q neurons had an increased AP amplitude and
decreased AP width (Figure 2B). Increased frequency of
induced AP firing and a hyperpolarized AP threshold
were also observed in Dupl5q neurons at both time
points (Figure 2C). Dupl5q neurons showed normal
maturation of the resting membrane potential (RMP)
compared with their corrected counterparts and no differ-
ence in cell capacitance (Figures S2C and S2D). Electro-
physiological phenotypes in Dupl15q neurons were not
due to failure of maturation in the corrected line, as the
corrected neurons were functionally comparable with
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neurons derived from an independent healthy control
iPSC line (Figure S3).

Altered synaptic transmission and spontaneous firing
in Dup15q neurons

Voltage-clamp recordings of Dupl15q neurons and cor-
rected isogenic controls revealed a significant increase in
the frequency and amplitude of spontaneous excitatory
postsynaptic currents (SEPSCs) at 19 weeks (Figure 3A),
similar to our previous study comparing Dupl5q lines
with unaffected controls (Fink et al., 2021). There was
also a decrease in the frequency, but not amplitude, of
spontaneous inhibitory postsynaptic currents (sIPSCs; Fig-
ure 3B). Spontaneous postsynaptic currents consisted of
both miniature postsynaptic currents (mPSCs) and AP-
dependent currents. To isolate AP-independent miniature
synaptic events, a separate series of recordings were carried
out in the presence of 1 uM tetrodotoxin (TTX). Dup15q
neurons showed an increase in miniature excitatory
postsynaptic current (mEPSC) frequency and amplitude
(Figure 3C). There were no significant differences in minia-
ture inhibitory postsynaptic currents (mIPSCs) (Figure 3D).
The increase in mEPSC frequency may reflect increased
synapse number and/or increased presynaptic release prob-
ability. Immunostaining for the postsynaptic marker
PSD9S, however, failed to detect an increase in the density
of PSD95 puncta in Dupl15q neurons (Figure 3E). The
increased sEPSC amplitude may also reflect an increase in
spontaneous neuronal firing, as AP-dependent events are
associated with higher amplitudes compared with mini-
ature synaptic events. Supporting this, there was a signifi-
cant increase in the number of AP-dependent calcium
transients in Dup15q neurons (Figure 3F).

The contribution of UBE3A overexpression to Dup15q
cellular phenotypes

UBE3A is exclusively expressed from the maternal allele in
mature neurons, thus overexpression of this gene is
thought to be a critical factor in the development of the
maternally inherited syndrome. To examine the contri-
bution of UBE3A to Dupl5q cellular phenotypes, we
normalized expression in idic(15) Dup15q neurons using
ASOs targeting UBE3A. ASOs bind to RNA in a sequence-
specific manner and recruit RNAse H to cleave the RNA
bound to the DNA-like core of the ASO (DeVos and Miller
2013; Meng et al., 2015). This, in turn, recruits exonucle-
ases leading to the knockdown of the target RNA. Intrigu-
ingly, ASOs are freely taken up by neurons without the
use of transfection reagents, allowing the knockdown of
the intended genes in every neuron within the culture
(Meng et al., 2015). Furthermore, ASO effects are con-
centration dependent and highly stable, with a single
treatment leading to enduring knockdown in post-mitotic



% methylation

100+

80+

60+

40+

20+

Relative mRNA

Figure 1. Generation of Dup15q isogenic corrected iPSC line
(A) Methylation status of clones compared with idic-1 Dup15q parent line and H9 control line. HM, hypermethylated; UM, unmethylated.
(B) Karyotyping of idic-1 iPSC line (top) and corrected clone 5 of idic-1 (bottom). Note the loss of the idic(15) chromosome.

(C) gRT-PCR analysis of maternally expressed genes (UBE3A), non-imprinted genes (CYFIP1, GABRB3, GABRA5, HERC2, and CHRNA7), and
paternally expressed genes (SNRPN, SNORD116, NDN, and MAGELZ2) in the 15q locus in idic-1 iPSCs and the corrected idic-1 line (n = 4
biological replicates). RNA levels are presented relative to an unaffected control iPSC line. Statistical analysis compared idic-1 corrected
with Dup15q idic-1. *p < 0.05 (Student's t test).

Dup15q idic-1
| G | I | S T S 1
A ST I S T S R Y
hml e“s has 5 aZs' iE b
33 ix 1k
idic-1 Corrected
(S SR ) S | S TR
7 B L SR § SN T S T § N ]

aé 24 LY 8%

L

L XK “n e ‘6
o 20 £ 2 x

B Unaffected control
B Dup15qidic-1
1 idic-1 corrected

Stem Cell Reports | Vol. 18 | 884-898 | April I1,2023 887



;0‘
(&

A
D Corr. Control Inward Current Outward Current Input Resistance
* *
. Dup15q -1507 — i 30- s . 6+
— — * *
| — | —
. -1001 ]
4‘\[\ = ug__ 20. o 4
2 : :
-50- Q 2
1000 pA 104
20 ms 0- 0-
8 weeks 19 weeks 8weeks 19 weeks 8weeks 19 weeks
B AP Amplitude AP Width
Corr. Control
|:| orr. Contro 100- * * 4- ns *
E pup1sq 1T
80+ 34
> T »
€ S
60 . 2 +
o oL . LB ol B
20ms 8 weeks 19 weeks 8 weeks 19 weeks
c AP Firing AP Threshold
|:| Corr. Control 40- * * 40- * *
. Dup15q 30, 35
T 20 T -30
1ol . 2 W
oL . 205, .
50 mvV
| 8 weeks 19 weeks 8 weeks 19 weeks

200 ms

Figure 2. Cellular phenotypes of idic(15) Dup15q neurons compared with isogenic corrected control

(A) Left: example traces of inward and outward currents elicited with a voltage step from —70 to +40 mV at 19 weeks of in vitro devel-
opment. Middle: maximum inward and outward current density. Right: input resistance.

(B) Left: example action potential (AP) traces elicited by +80 pA current step. Middle: peak AP amplitude. Right: AP width at half-maximal
amplitude.

(C) Left: AP traces during a 500 ms current step elicited by +80 pA. Middle: maximum AP firing rate. Right: AP threshold. n =22-25 cells per
group from 2 independent differentiations. *p < 0.05 (Student’s t test).

neurons (Meng et al., 2015). We have previously designed
and characterized ASOs that selectively reduce the exp-

initiated at two time points: at 6 weeks in vitro, to identify
a role of UBE3A in the establishment of cellular

ression of UBE3A with high efficiency, resulting in imme-
diate, and long-lasting, knockdown of both mRNA and
protein levels (Fink et al.,, 2017). To normalize UBE3A
levels in Dup15q neurons, ASO treatment (10 pM) was
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phenotypes, and at 16 weeks, to determine if established
phenotypes can be reversed. Patch-clamp recordings
were performed at week 19 (Figure 4A). Neurons were
collected 2-3 weeks post-treatment and the level of
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UBE3A mRNA was confirmed via qRT-PCR (Figure 4B). A
scrambled sequence ASO was used to control for non-spe-
cific effects.

Normalizing UBE3A expression at 6 weeks prevented the
increased inward and outward currents (Figures 4C and
4D), the increased AP amplitude (Figure 4E), the decreased
AP width (Figure 4F), the increased AP firing rate (Fig-
ure 4G), and the hyperpolarized AP threshold (Figure 4H)
when recordings were carried out at 19 weeks. Interest-
ingly, UBE3A normalization failed to reverse changes in
input resistance (Figure 4I). UBE3A normalization at
16 weeks failed to reverse these phenotypes at 19 weeks
(Figures 4C—4H). To determine if normalizing UBE3A at
6 weeks prevented the expression of these phenotypes
within 2 weeks of treatment, we performed patch-clamp re-
cordings in 8-week-old neurons after treatment with
UBE3A ASO at 6 weeks. The increase in inward current
was completely normalized at 8 weeks (Figure S4A). A
similar trend was seen in outward current, AP firing rate,
amplitude, and threshold, although not statistically signif-
icant (Figures S4B-S4D). To determine if ASO treatment
had non-specific effects on electrophysiological parame-
ters, we compared scramble ASO-treated cells to untreated
cells and found no differences between the two groups (Fig-
ure S5). To confirm the role of UBE3A in the aforemen-
tioned phenotypes, we normalized UBE3A levels in a
different Dup15q line with the same genetic aneuploidy
(idic-2). Normalization of UBE3A levels at 6 weeks
decreased inward current, outward current, AP amplitude,
and AP firing rate (Figure S6). In summary, UBE3A nor-
malization at 6 weeks prevented the development of
neuronal hyperexcitability, indicating that UBE3A overex-

pression is necessary for the development of these cellular
phenotypes.

To investigate the contribution of UBE3A to the synaptic
phenotypes in Dupl5q neurons, we used ASOs to
normalize UBE3A levels starting at either 6 or 16 weeks of
in vitro development and recorded synaptic activity at
19 weeks. UBE3A normalization at 6 weeks prevented the
increased sEPSC frequency and amplitude in Dup15q neu-
rons, whereas treatment at 16 weeks failed to do so (Fig-
ure 5A). Interestingly, normalization of UBE3A levels at
both time points normalized the decrease in sIPSC fre-
quency (Figure 5B). UBE3A ASO treatments at both 6 and
16 weeks were only partially effective in normalizing the
increase in mEPSC frequency (Figure 5C; differences are
not statistically significant), although mEPSC amplitude
was corrected by ASO treatment at 6 weeks (Figure 5C).
Moreover, normalizing UBE3A levels did not have a signif-
icant effect on mIPSC frequency or amplitude (Figure 5D).
To test if the UBE3A effect on spontaneous excitatory
events is partially caused by changes in spontaneous AP
firing, we performed population calcium imaging experi-
ments. Normalizing UBE3A at either 6 or 16 weeks reduced
the spontaneous frequency of calcium transients in
Dup15q neurons (Figure 5E). These findings suggest that
UBE3A is necessary for the development of the increased
spontaneous excitatory transmission and spontaneous
neuronal firing in Dup15q cells. Although normalization
of UBE3A level at 16 weeks was less effective in reversing
some phenotypes compared with treatment at 6 weeks, it
successfully normalized the deficit in spontaneous inhibi-
tory transmission (Figure 5B) and the increase in sponta-
neous neuronal firing (Figure SE).

Figure 3. Synaptic transmission and spontaneous firing in Dup15q neurons

(A) Left: example sweeps of spontaneous excitatory postsynaptic currents (SEPSCs) at 19 weeks. Cells were voltage clamped at —70 mV.
Middle: sEPSC frequency at 19 weeks. Right: SEPSC amplitude at 19 weeks. Box-and-whisker plots represent the first quartile, median, and
third quartile; bars represent 2.5th to 97.5th percentile outliers (n = 22-25 cells per group from 2 independent differentiations). *p <0.05
(Mann-Whitney U test).

(B) Left: example sweeps of spontaneous inhibitory postsynaptic currents (sIPSCs) at 19 weeks. Cells were held at 0 mV. Middle: sIPSC
frequency at 19 weeks. Right: sIPSC amplitude at 19 weeks. Box-and-whisker plots as above (n = 22-25 cells per group from 2 independent
differentiations).

(C) Miniature excitatory postsynaptic currents (mEPSCs) recorded at —70 mV in the presence of 1 uM TTX. Left: cumulative probability
histogram of the interevent interval of all mEPSC events. Inset: frequency of mEPSC per cell, represented as mean + SEM. Right: cumulative
probability histogram of the amplitude of all mEPSC events. Inset: amplitude of mEPSC per cell, represented as mean + SEM (n > 20 cells per
group). *p < 0.05 (unpaired t tests).

(D) Miniature inhibitory postsynaptic currents (mIPSCs) recorded at —70 mV in the presence of 1 uM TTX. Left: interevent interval of all
mEPSC events recorded across all cells. Inset: frequency of mIPSCs per cell. Right: cumulative probability histogram of the amplitude of all
mIPSC events recorded across all cells. Inset: amplitude of mIPSC per cell (n = 15 cells in each group from 2 independent differentiations).
*p < 0.05 (Student’s t test).

(E) Representative images of PSD95 immunostaining and density of PSD95 puncta in 19-week-old neurons (n = 10 coverslips per group
from 2 separate differentiations, unpaired t test). Scale bar: 10 pum.

(F) Calcium imaging. Left: representative images of Dup15q and corrected neurons after incubation with X-Rhod-1 fluorescent dye. Scale
bar: 50 um. Middle: example traces of spontaneous calcium transients. Scale bar: 100 s. Right: number of spontaneous calcium transients
per coverslip over 15 min (n =5 coverslips per group from 2 independent differentiations). *p < 0.05 (unpaired t test).
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Figure 4. Normalization of UBE3A expression prevents intrinsic phenotypes in Dup15q neurons

(A) Experimental design of UBE3A ASO treatments and recording times.

(B) Relative expression of UBE3A mRNA in corrected control neurons and Dup15q neurons treated with either scramble (Scr) ASO or UBE3A
ASO. For gene expression at 8 weeks, neurons were treated with ASOs at 6 weeks. For gene expression at 19 weeks, neurons were treated
with ASOs either at 6 weeks or at 16 weeks (n = 2 biological replicates).

(C) Maximum inward current density.

(D) Maximum outward current density.

(E) Action potential (AP) amplitude.

(F) AP width.

(G) Left: representative traces of AP firing at 19 weeks during a 500 ms current step from —10 to +80 pA. Right: AP firing rate.

(H) AP threshold.

(I) Input resistance (n = 22-30 cells per group from 2 independent differentiations).
comparisons tests).

*p < 0.05 (one-way ANOVA and Dunnett’s multiple-

UBE3A overexpression recapitulates key cellular
phenotypes in Dup15q neurons

confirm that the observed intrinsic excitability and synaptic
phenotypes are modulated by UBE3A, we increased UBE3A

‘

To study the consequences of UBE3A overexpression in the
context of other duplicated genes in the region, and to

dosage in an iPSC line with a paternal duplication
(PatDup) in BP2-BP3 of the 11.2-13.1 region of chromosome
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Figure 5. Normalization of UBE3A affects synaptic transmission and spontaneous firing phenotypes in Dup15q neurons

(A) Frequency (left) and amplitude (right) of spontaneous excitatory postsynaptic currents (SEPSCs) in corrected neurons, Dup15q neurons
treated with 10 uM scramble ASO, Dup15q neurons treated with 10 uM UBE3A ASO at 6 weeks, and Dup15q neurons treated with 10 uM
UBE3A ASO at 16 weeks (n = 22-32 cells per group from 2 independent differentiations).

(B) Frequency of spontaneous inhibitory postsynaptic currents (sIPSCs) in corrected neurons, Dup15q neurons treated with 10 pM
scramble ASO, Dup15q neurons treated with UBE3A ASO at 6 weeks, and Dup15q neurons treated with UBE3A ASO at 16 weeks (n = 22-32

(legend continued on next page)
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15. This line, which contains two silenced copies of UBE3A,
was previously characterized and does not display Dup15q
cellular phenotypes (Fink et al., 2021). UBE3A overexpres-
sion was achieved by using ASOs targeting UBE3A-ATS, a
non-coding RNA that silences the paternal copy of UBE3A.
These ATS-ASOs would theoretically increase UBE3A gene
dosage from one active copy to three active copies,
mimicking the expression level in idic(15) Dup15q syn-
drome. These cells also have one extra copy of the non-im-
printed genes in the 15q11.2-q13 region. We previously
confirmed the ability of this specific ASO to reduce
UBE3A-ATS, leading to a long-lasting increase (for a mini-
mum of seven weeks) in UBE3A mRNA and protein levels
(Germain et al., 2021).

To determine if early overexpression of UBE3A causes the
same electrophysiological phenotypes that were observed
in Dupl5q neurons, ATS ASOs and scramble ASOs
(10 uM) were applied to PatDup cells at 6 weeks of in vitro
development (experimental design; Figure 6A). UBE3A
mRNA was quantified via qRT-PCR and found to be app-
roximately twice the level of UBE3A found in scramble
ASO-treated PatDup neurons (Figure 6B). Patch-clamp re-
cordings performed at 19 weeks revealed that UBE3A over-
expression resulted in a hyperexcitability profile similar to
that of Dup15q neurons. Specifically, a significant increase
in inward current, an increase in AP amplitude, an increase
in AP firing frequency, and a hyperpolarized AP threshold
were observed (Figures 6D-6G). Nevertheless, not all phe-
notypes were recapitulated by UBE3A overexpression.
Except for an increase in sIPSC amplitude, neither excit-
atory nor inhibitory synaptic activity was altered upon
UBE3A overexpression in PatDup neurons (Figures 6H
and 6I), nor was input resistance (Figure 6C).

DISCUSSION

Maternal duplications in the 11.2-13.1 region of chromo-
some 15 cause Dup15q syndrome, a disorder characterized
by autism, epileptic seizures, and a wide range of intellec-

tual and motor disabilities (Kalsner and Chamberlain
2015; DiStefano et al., 2016). The parent of origin is impor-
tant for Dup15q because maternal duplications cause the
syndrome, while individuals with a paternal duplication
typically display a normal phenotype (Cook et al., 1997;
Hogart et al., 2010; Aypar et al., 2014), although develop-
mental abnormalities have also been associated with
paternal duplications (Mohandas et al., 1999; Mao et al.,
2000; Marini et al., 2013). It is thought that UBE3A, the
gene encoding the ubiquitin protein ligase E3A, plays a crit-
ical role in Dup15q phenotypes because it is the only im-
printed gene that is expressed solely from the maternal
allele in neurons. Animal models of UBE3A overexpression
have been used to study the syndrome, but with limited
success in recapitulating the full range of Dup15q pheno-
types (Smith et al., 2011; Copping et al., 2017). Maternal
duplication of the syntenic mouse region also failed to
replicate behavioral and physiological phenotypes (Naka-
tani et al., 2009), thus, fundamental knowledge regarding
the cellular mechanisms of Dupl5q and the role of
UBE3A in the development of the syndrome is lacking.
Here, we used an innovative CRISPR strategy to success-
fully eliminate the extra chromosome in an idic(15)
Dup15q human iPSC line, thereby creating an isogenic
control line. We used these lines to determine the func-
tional differences between Dup15q and corrected neurons
and investigate the role of UBE3A in Dupl5q cellular
phenotypes. Dup15q neurons exhibited multiple hyperex-
citability phenotypes compared with isogenic corrected
control neurons, which include increased AP firing,
increased frequency of excitatory synaptic currents, and
decreased frequency of inhibitory current, changes con-
sistent with our previous findings (Fink et al.,, 2021).
Moreover, the isogenic comparison in this study uncovered
differences in inward current, AP amplitude, and input
resistance that were not observed in our previous study
comparing patient lines to unaffected control lines. The
differentiation protocol used in this study generates multi-
ple cell types, but the majority are glutamatergic excitatory
neurons. It is worth noting that, in Angelman syndrome

cells per group from 2 independent differentiations). Box-and-whisker plots represent the first quartile, median, and third quartile; bars
represent 2.5th to 97.5th percentile outliers. *p < 0.05 (non-parametric Mann-Whitney U test).

(C) Left: cumulative probability histogram of the interevent interval of all mEPSC events across all cells. Inset: frequency of mEPSC per cell,
represented as mean + SEM. Right: cumulative probability histogram of the amplitude of all mEPSC events across all cells. Inset: amplitude
of mEPSC per cell, represented as mean + SEM (n = 20-29 cells per group from 2 independent differentiations). One-way ANOVA and
Dunnett’s multiple-comparisons tests.

(D) Left: cumulative probability histogram of the interevent interval of all mIPSC events across all cells. Inset: frequency of mIPSC per cell,
represented as mean + SEM. Right: cumulative probability histogram of the amplitude of all mIPSC events across all cells. Inset: amplitude of
mIPSCs percell (n =15 or 16 cells per group from 2 independent differentiations). One-way ANOVA and Dunnett’s multiple-comparisons tests.
(E) Calcium imaging. Left: example traces of spontaneous calcium transients in two different cells per group. Right: number of sponta-
neous calcium transient per coverslip over 15 min (n = 5 coverslips per group from 2 independent differentiations). Scale bar: 100 s.
*p < 0.05 (one-way ANOVA and Dunnett’s multiple-comparisons tests).
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model mice, the loss of UBE3A in GABAergic neurons has
been shown to be a principal cause of circuit hyperexcit-
ability (Judson et al., 2016), thus it will be important in
future studies to explore the specific contribution of
UBE3A overexpression in inhibitory neurons to changes
in network activity in Dup15q.

One critical question for Dupl5q is whether a single
gene drives the cellular and patient phenotypes. Our
data demonstrated that most Dupl15q neuronal phe-
notypes were prevented by normalizing UBE3A levels,
indicating that excess UBE3A is necessary for their devel-
opment. The majority of idic(15) Dup15q cellular pheno-
types were also recapitulated by overexpressing UBE3A in
PatDup neurons, further supporting a role for excess
UBE3A in their establishment. Both of these conditions
evaluated excess UBE3A in the context of duplicated
non-imprinted genes. That is, excess UBE3A plus excess
GABRB3, GABRAS, GABRG3, HERC2, and other genes. It
is still unknown whether UBE3A overexpression alone is
sufficient to cause these phenotypes. For instance, deficits
in excitatory and inhibitory transmission and input resis-
tance in Dup15q neurons were not replicated by UBE3A
overexpression in PatDup neurons, nor fully corrected
by normalizing UBE3A level in Dup15q neurons. These re-
sults support a role for other non-imprinted duplicated
genes in the development of these deficits, and suggest
that one extra copy of the non-imprinted genes in the
PatDup neurons may be insufficient to replicate the syn-
aptic and input resistance phenotypes seen in idic
Dup15q neurons that have 2 extra copies of the non-im-
printed genes. Nonetheless, even if duplication of the
non-imprinted genes contributes to the cellular pheno-
types, our data suggest that normalization of UBE3A alone
may ameliorate the majority of neuronal phenotypes in
our human in vitro model system. This suggests that ther-
apeutics that target UBE3A might influence neuronal

excitability and potentially alter the disease course of indi-
viduals with Dup15q.

Normalizing UBE3A expression at 16 weeks failed to fully
reverse many phenotypes in our experimental paradigm. It
is possible that a longer treatment time may be required to
reverse these phenotypes in mature neurons, or that
optimal connectivity achieved by co-culture with as-
trocytes or growth as organoids may better support
phenotypic rescue. However, there may also be specific
therapeutic windows for particular phenotypes. Our iPSC
model system is not ideal for teasing out these differences.
Interestingly, UBE3A normalization at both 6 and 16 weeks
rescued the decrease in spontaneous inhibitory synaptic
events and also rescued the increase in spontaneous
neuronal firing.

Dup15q is a complicated genetic disorder caused by copy
number variation affecting many genes. To begin to dissect
the roles of the individual genes, we eliminated the extra
chromosome in idic(15) iPSCs to generate the first isogenic
human iPSC cell pair. This isogenic pair enabled us to inves-
tigate the role of UBE3A, a gene thought to play a major role
in the disorder, in the development of Dupl5q cellular
phenotypes. We found that UBE3A overexpression is neces-
sary for most of the cellular phenotypes we interrogated.
However, some phenotypes, most notably synaptic pheno-
types and input resistance, were not completely dependent
on UBE3A overexpression, suggesting an important role for
other genes in the duplicated region. This could include
non-imprinted genes as well as paternally expressed genes,
as some patients with paternal duplications present with
ASD (Al Ageeli et al., 2014), and normalized copy number
of NDN rescued ASD-like phenotypes, dendritic spine dy-
namics, and cortical excitatory-inhibitory balance in
paternal 15q duplication mice (Tamada et al., 2021). Future
studies to identify these additional gene(s) and investigate
how excess UBE3A and/or other genes cause the neuronal

Figure 6. UBE3A overexpression recapitulates intrinsic excitability phenotypes but not synaptic deficits of Dup15q neurons
(A) Experimental design. Neurons differentiated from an iPSC line with a paternal duplication in Chr15 encompassing the UBE3A region

were treated with 10 puM scramble or UBE3A-ATS ASOs at 6 weeks.

(B) gRT-PCR showing relative UBE3A mRNA expression in PatDup treated with either scramble (Scr) ASO or UBE3A-ATS ASO. ASO treatment
was carried out at 6 weeks, and gene expression was analyzed at 8 weeks and 19 weeks in vitro (n = 2 biological replicates).

(C) Input resistance obtained using a 10 mV hyperpolarizing step. Unpaired t test.

(D) Left: example inward and outward currents at 19 weeks elicited with a voltage step from —70 to +40 mV. Middle: maximum inward
current density. Right: maximum outward current density. Student’s t test.

(E) Left: example action potential (AP) traces at 19 weeks elicited by +80 pA current step. Middle: peak AP amplitude. Right: AP width at

half of the maximum amplitude. Unpaired t tests.

(F) Left: example AP traces showing the firing rate of 19-week-old cells during a 500 ms current step elicited by +80 pA. Right: maximum AP

firing rate. Unpaired t test.
(G) AP firing threshold. Unpaired t test.

(H) Frequency (left) and amplitude (right) of spontaneous excitatory postsynaptic currents (sEPSCs).
(I) Frequency (left) and amplitude (right) of spontaneous inhibitory postsynaptic currents (sIPSCs). Box-and-whisker plots represent the
first quartile, median, and third quartile; bars represent 2.5th to 97.5th percentile outliers. *p < 0.05 (Mann-Whitney U test). n = 10 cells

per group from two independent differentiations.
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pathophysiology may open the door for the discovery of
new therapeutic approaches and guide research efforts to-
ward creating a more comprehensive animal model that
will better encompass Dup15q behavioral and physiolog-
ical phenotypes.

EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author

Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact,
Eric S. Levine (eslevine@uchc.edu).

Materials availability

All non-commercially available materials used in this work will be
available upon request to the authors.

Data and code availability

This paper reports no original code. No standardized datasets are
presented. Original data will be shared by the corresponding
author upon request.

iPSC lines and CRISPR-Cas9-mediated genome editing
Studies were carried out using iPSC lines generated from two
idic(15) Dup15q patients (idic-1 and idic-2) and one individual
with a paternal 15q11-q13 interstitial duplication. The H9 human
embryonic stem cell line and an iPSC line from an unaffected indi-
vidual were used as controls. These lines were previously character-
ized (Germain et al., 2014; Fink et al., 2021) and are available from
the UConn Cell and Genome Engineering Core. To create an
isogenic corrected line, we began with an idic-1 clone that had
also been transduced with a fluorescent reporter. Next, sgRNAs tar-
geting GOLGAS8, SNORD116, and SNORD115 were designed using
MIT’s CRISPR Design Tool (http://crispr.mit.edu; Table S2) and
cloned into pX459v2.0 (Addgene 62988) vector. Briefly, idic-1
iPSCs were pre-treated with ROCK inhibitor before being dissoci-
ated into single cells and nucleofected with CRISPRs. iPSCs were
then plated onto puromycin-resistant (DR4) irradiated mouse em-
bryonic fibroblasts (irrMEFs) and selected for 48 h with puromycin
(0.5-1 pg/mL).

Genomic DNA was isolated from colonies that survived puromycin
selection and were screened using qPCR-based TagMan Copy
Number Assays for UBE3A and PML to identify clones that had
lost a 15q11-q13 allele and/or a full chromosome 15 (UBE3A
Hs03908756_cn; PML HS00039647_cn; Life Technologies, Grand
Island, NY). The RNase P Copy Number Reference Assay was
used in a duplex reaction as an endogenous reference gene to allow
quantification of copy number for UBE3A and PML. PML was quan-
tified to exclude clones that had lost an entire chromosome 15, and
to increase confidence that the copy number calls for UBE3A were
not due to PCR artifact. Data analysis was carried out using the
CopyCaller version 2.0 software from Applied Biosystems (Life
Technologies, Grand Island NY).

Clones with decreased UBE3A copy number, but normal PML copy
number were expanded on irrMEFs and then subjected to quanti-
tative DNA methylation analysis at SNRPN to determine the parent
of origin of the remaining 15q11-q13 alleles. One clone showed a
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reduction of UBE3A and 50% methylation at SNRPN, suggesting
that it had lost two maternal copies of chromosome 15q11-q13.
This clone was subsequently characterized using a cytoSNP array,
metaphase karyotyping, confirmatory quantitative DNA methyl-
ation analysis, and gene expression analysis. This characterization
revealed no other genetic structural variation compared with the
parent line. The sequence of TagMan probe qRT-PCR assays used
in the study are provided in Table S4.

Stem cell culture

Mitomycin C-treated mouse embryonic fibroblasts (Millipore, Bur-
lington MA) and human embryonic stem cell (hESC) medium were
used to culture iPSCs. hESC medium contained DMEM-F12 (Life
Technologies, Carlsbad, CA), 0.1 mM non-essential amino acids,
20% knockout serum replacer, 1 mM L-glutamine, 10 ng mL~!
basic fibroblast growth factor , and 0.1 mM 2-mercaptoethanol.
A humidified incubator with 5% CO, was used to maintain the
cells at 37°C. Stem cells were mechanically passaged once per
week using a 28G needle, and hESC medium was replaced daily.

Neuronal differentiation and maintenance

Neuronal differentiation was carried out according to established
monolayer differentiation protocols with minor modifications
(Germain et al., 2014). Briefly, dual-SMAD inhibition using Noggin
and SB431542 was carried out for 10 days, neuronal rosettes were
passaged on day 14, cells were dissociated using Accutase and re-
plated on day 17, and NPCs (neural progenitor cells) were dissoci-
ated and frozen on day 28. NPCs were subsequently thawed and
plated on polyornithine/laminin-coated coverslips to perform ex-
periments. Detailed differentiation and maintenance protocols are
provided in the supplemental experimental procedures.

Antisense oligonucleotides

UBE3A ASOs and UBE3A-ATS ASOs were used to knock down or
overexpress UBE3A, respectively. Control scramble sequence
ASOs were also used. All ASOs were provided by Ionis Pharmaceu-
ticals (Carlsbad, CA) and synthesized as previously described
(Meng et al., 2015). ASOs were 20 bp in length with ten DNA nu-
cleotides in the center, a phosphorothioate backbone, and five
2'-O-methoxyethyl-modified nucleotides at each end. The ASOs
were added directly to the culture media at 10 uM concentration.
After 72 h, the media was completely removed and cells were fed
with fresh media. iPSC-derived neurons exposed to a single treat-
ment with UBE3A ASOs led to sustained mRNA and protein knock-
down (Fink et al., 2017; Germain et al., 2021). The sequences of all
ASOs used in the study are provided in Table S3.

Electrophysiology

Coverslips were transferred to a recording chamber fixed to an
Olympus BX51WI upright microscope stage. Neurons were visual-
ized using a 40x water-immersion lens and identified on the basis
of morphology. A continuous flow of oxygenated artificial cerebro-
spinal fluid (aCSF) containing: 125 mM NaCl, 2.5 mM KC],
15.0 mM dextrose, 1.25 mM NaH,PO,4, 2.0 mM MgCl,-6H,0,
25.0 mM NaHCOs3, and 2.0 mM CaCl, was maintained at a rate
of 1.5 mL/min. All recordings were done at room temperature. Pi-
pettes with a resistance ranging from 5-8 MQ were pulled from


mailto:eslevine@uchc.edu
http://crispr.mit.edu;

borosilicate glass capillaries using Flaming/Brown P-97 micropi-
pette puller and filled with an internal solution containing:
125.0 mM K-gluconate, 4.0 mM KCl, 10.0 mM HEPES, 10.0 mM
phosphocreatine, 4.0 mM Na,-ATP, 0.3 mM Na-GTP, 0.20 mM
CaCl;, and 1.0 mM EGTA. Input resistance was monitored
throughout the recordings by applying a 10 mV hyperpolarizing
step from —70 mV. Neurons were excluded from the analysis if
(1) the series resistance exceeded 50 MQ, (2) the input resistance
changed by >15% during the course of experiments, or (3) the
input resistance fell below 100 MQ. Detailed voltage and current-
clamp protocols are provided in the supplemental experimental
procedures.

Calcium imaging

X-Rhod-1 dye (Thermo Fisher Scientific), reconstituted with DMSO,
was added to the cell culture media for a final concentration of 2 uM.
Coverslips were incubated with this mixture for 1 h at 37°C then
transferred to the recording chamber and perfused with aCSF for
15 min before imaging. Neurons were imaged using a Cairn
OptoLED light source system at 594 nM (Texas Red), SM-CCD67
camera at 100 Hz, and Turbo-SM software. Analysis of the data was
performed as previously described using Fluorescence Single Neuron
and Network Analysis Package (FluoroSNNAP) (Fink et al., 2017).
Spontaneous activity was recorded for 15 min from each coverslip.

Immunocytochemistry
Detailed methods are included in the supplemental experimental
procedures.

qRT-PCR
Detailed methods are included in the supplemental experimental
procedures.

Statistical analysis

Prism software (GraphPad, San Diego CA) was used for all statistical
analyses. For normally distributed data, parametric Student’s t test
or one-way repeated-measures ANOVA and Dunnett’s multiple-
comparisons tests were used as indicated in the respective graphs.
Data are presented as mean + SEM. For data that are not normally
distributed, a non-parametric Mann-Whitney U test was used, and
data were represented in box-and-whisker plots representing the
median, first, and third quartiles, and error bars representing
2.5th to 97.5th percentile outliers. All statistical significance values
of less than 0.05 are represented by an asterisk.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2023.02.002.
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