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Abstract 

Chromosome 15q11-q13 duplication syndrome (Dup15q) is a neurodevelopmental disorder 

caused by maternal duplications of this region. Autism and epilepsy are key features of Dup15q, 

but affected individuals also exhibit intellectual disability and developmental delay. UBE3A, the 

gene encoding the ubiquitin protein ligase E3A, is likely a major driver of Dup15q because 

individuals with maternal, but not paternal 15q duplications have the disorder, and UBE3A is 

the only imprinted gene expressed solely from the maternal allele in mature neurons. 

Nevertheless, the exact role of UBE3A is yet to be determined. To establish whether UBE3A 

overexpression is required for Dup15q neuronal deficits, UBE3A expression was manipulated in 

patient-derived induced pluripotent stem cell (iPSC) lines using antisense oligonucleotides. 

Dup15q neurons exhibited hyperexcitability features compared to genome-edited isogenic 

control neurons, and this phenotype was generally prevented by normalizing UBE3A levels 

throughout in vitro development. Overexpression of UBE3A in an iPSC line with a paternal 

duplication resulted in a profile similar to that of Dup15q neurons except for synaptic 

phenotypes. These results indicate that UBE3A overexpression is necessary for most Dup15q 

cellular phenotypes. However, the inability of UBE3A overexpression to recapitulate synaptic 

phenotypes suggests an important role for non-imprinted genes in the disorder.   
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Introduction 

Chromosome 15q11-q13 duplication syndrome (Dup15q) is a neurodevelopmental 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 Dup15q: 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 phenotypes of the 

syndrome (1).  Individuals with Dup15q also present with intellectual disability and substantial 

fine and gross motor deficits. Clinical studies report that 77 - 100% of Dup15q patients are 

affected by autism (2, 3), and 63% of individuals with idic(15) experience seizures, which often 

present with multiple types and require aggressive treatment with broad-spectrum 

antiepileptic drugs (4). Moreover, epileptic children with Dup15q have an increased risk of 

Sudden Unexpected Death in Epilepsy (SUDEP) (5), therefore, understanding the cellular and 

molecular mechanisms that lead to seizure generation is of great importance. 

In general, two extra maternal copies of 15q11-q13, carried either on an isodicentric extra 

chromosome or as part of an interstitial triplication, are associated with more severe 

behavioral, cognitive, and seizures phenotypes compared to maternal interstitial duplications, 

which have one extra copy of the genetic region (6). The extra genetic material in Dup15q 

includes approximately 20 genes (7), and active research is devoted toward understanding and 

identifying the genes that contribute to phenotypes associated with the disorder. Candidate 

genes include UBE3A, which encodes an ubiquitin ligase, GABRA5, GABRB3, and GABRG3, which 

encode subunits of the GABAA receptor, ATP10, which encodes a mitochondrial inner 

membrane protein, HERC2, a ubiquitin ligase known to interact with and potentiate UBE3A 

activity, and others (7). 

Overexpression of UBE3A is likely a major driver of Dup15q phenotypes. UBE3A encodes an E3 

ubiquitin ligase that targets proteins for degradation by the proteasome (8). Moreover, it has 

been reported to act as a transcriptional coactivator for steroid receptors (9), and it has been 
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implicated in the regulation of multiple genes associated with nervous system development 

(10). UBE3A is the only gene in the region expressed solely from the maternal allele, as UBE3A 

is paternally imprinted and silenced in mature neurons; hence, a maternal duplication would 

increase its gene dosage while a paternal duplication would not (11). Dup15q is fully penetrant 

in individuals with maternal duplications, while individuals with paternal duplications are 

usually unaffected or mildly affected (3, 12), 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 syntenic region in mice resulted in a mouse model with excellent construct 

validity (13). However, this model has poor face validity as there were no behavioral or 

physiological phenotypes with maternal duplication, whereas paternal duplication resulted in 

subtle autism-like phenotypes (13).  Overexpression of UBE3A alone resulted in mice with 

either mild autistic-like behaviors (14, 15) or minor changes in seizure susceptibility (16). 

However, these models are not ideal for recapitulating UBE3A genetic overdose because the 

transgenes encoded only one of three potential protein isoforms and were epitope-tagged, 

potentially disrupting the ubiquitin ligase function of UBE3A. The failure to encompass the full 

range of Dup15q phenotypes in animal models and replicate the complex genetics of the 

disease makes the use of induced pluripotent stem cell (iPSC)-derived neurons from Dup15q 

patients an excellent choice to study the syndrome. 

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 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 used ASOs to increase UBE3A expression in neurons derived from an 

individual with a paternal interstitial duplication.   

Results 

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

affected by Dup15q and maintain their methylation imprint following the reprogramming 

process (7). In a subsequent study (comparing multiple patient-derived Dup15q and control 

iPSC lines), we uncovered several hyperexcitability phenotypes in Dup15q neurons, including 

increased excitatory synaptic event frequency and amplitude and increased action potential 

(AP) firing (17).  Although comparisons that involve unrelated control and disease lines provide 

important and relevant information, 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 (18-20).  

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 employed a strategy previously used to eliminate chromosome 21 in 

a trisomy 21 cellular model and the Y chromosome in typical male iPSCs (21, 22). This strategy 

entailed the use of CRISPRs to cut multiple times within chromosome 15q-specific repeats. We 

nucleofected Dup15q iPSCs with a cocktail of three different CRISPRs targeting GOLGA8, 

SNORD116, and SNORD115 (Supplemental Table 1). 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 chromosomes 15 as well as the supernumerary 

idic(15) in the iPSC line. Since 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. Four out of 58 clones showed a copy number decrease in UBE3A with no 

decrease in PML copy number.  
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The 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) chromosome would 

have 50% methylation at SNRPN due to the presence of one maternal and one paternal 

chromosome 15. Deletions that included the imprinted domain of maternal chromosome 15 or 

paternal chromosome 15 would have 66% and 100% methylation at SNRPN, respectively. 

Following this screening paradigm, one single clone from a starting pool of 58 was identified 

with the appropriate copy number and DNA methylation parameters (Fig. 1A). CytoSNP and 

karyotype analysis confirmed the loss of the idic(15) chromosome without any other detectable 

copy number changes or structural rearrangements (Fig. 1B, Supplemental Table 2). 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 number changes and 

supernumerary chromosome (Supplemental Table 2).  Finally, RT-qPCR in normal, idic-1, and 

isogenic corrected control iPSCs demonstrated that gene expression of both imprinted and non-

imprinted genes in the 15q region was reduced in the corrected control line compared to idic-1 

and very similar to expression levels in unaffected control iPSCs (Fig. 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-corrected isogenic counterpart were differentiated into neurons using a modified 

dual-SMAD inhibition protocol (Supplemental Fig. 1A).  Differentiation via this protocol yielded 

neuronal cultures that consisted of MAP2-positive neurons expressing the glutamatergic 

marker TBR1 (70 - 80%) and GABAergic neurons expressing GAD65, as well as astrocytes 

expressing S100β (7, 17).  

Whole-cell patch clamp recordings were conducted at 8 weeks and 19 weeks of in vitro 

development. Dup15q neurons showed a significantly greater inward sodium current density 

compared to the corrected line at both time points, whereas the transient outward potassium 

current density was significantly increased at 19 weeks (Fig. 2A). Consistent with the increased 

inward and outward currents, Dup15q neurons had an increased AP amplitude and decreased 
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AP width (Fig. 2B). Increased frequency of induced AP firing and a hyperpolarized AP threshold 

were also observed in Dup15q neurons at both time points (Fig. 2C). Dup15q neurons showed 

normal maturation of the resting membrane potential (RMP) compared to their corrected 

counterparts and no difference in cell capacitance (Supplemental Fig. 1B, C). Input resistance 

was decreased in Dup15q neurons at both time points (Supplemental Fig. 1D).  

Altered synaptic transmission and spontaneous firing in Dup15q neurons 

Voltage-clamp recordings of Dup15q neurons and corrected isogenic controls revealed a 

significant increase in the frequency and amplitude of spontaneous excitatory postsynaptic 

currents at 19 weeks (sEPSCs; Fig. 3A), similar to our previous study comparing Dup15q lines to 

unaffected controls (17). There was also a decrease in the frequency, but not amplitude, of 

spontaneous inhibitory postsynaptic currents (sIPSCs; Fig. 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 μM tetrodotoxin (TTX). Dup15q neurons showed an 

increase in mEPSC frequency and amplitude (Fig. 3C). There were no significant differences in 

mIPSCs (Fig. 3D). The increase in mEPSC frequency may reflect increased synapse number 

and/or increased presynaptic release probability. Immunostaining for the postsynaptic marker 

PSD95, however, failed to detect a statistically significant increase in PSD95 puncta in Dup15q 

neurons (Fig. 3E). The increased sEPSC amplitude may also reflect an increase in spontaneous 

neuronal firing since AP-dependent events are associated with higher amplitudes compared to 

miniature synaptic events. Supporting this, there was a significant increase in the number of 

AP-dependent calcium transients in Dup15q neurons (Fig. 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 contribution of UBE3A to Dup15q 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 
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to the DNA-like core of the ASO (23, 24). This, in turn, recruits exonucleases leading to the 

knockdown of the target RNA. Intriguingly, ASOs are freely taken up by neurons without the use 

of transfection reagents, allowing for the knockdown of the intended genes in every neuron 

within the culture (24). Furthermore, ASO effects are concentration-dependent and highly 

stable, with a single treatment leading to enduring knockdown in post-mitotic neurons (24). We 

have previously designed and characterized ASOs that selectively reduce the expression of 

UBE3A with high efficiency, resulting in immediate, and long-lasting, knockdown of both mRNA 

and protein levels (25). To normalize UBE3A levels in Dup15q neurons, ASO treatment (10 µM) 

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

establishment of cellular phenotypes, and at 16 weeks, to determine if established phenotypes 

can be reversed. Patch clamp recordings were performed at week 19 (Fig. 4A). Neurons were 

collected 2-3 weeks post-treatment and the level of UBE3A mRNA was confirmed via qPCR (Fig. 

4B). A scrambled sequence ASO was used to control for non-specific effects. 

Normalizing UBE3A expression at 6 weeks prevented the increased inward and outward 

currents (Fig. 4C, D), the increased AP amplitude (Fig. 4E), the decreased AP width (Fig. 4F), the 

increased AP firing rate (Fig. 4G), and the hyperpolarized AP threshold (Fig. 4H) when 

recordings were carried out at 19 weeks. Interestingly, UBE3A normalization at 16 weeks failed 

to reverse these phenotypes at 19 weeks (Fig. 4C - H). To determine if normalizing UBE3A at 6 

weeks prevented the expression of these phenotypes within 2 weeks of treatment, we 

performed patch clamp recordings in 8 week-old neurons after treatment with UBE3A ASO at 6 

weeks. The increase in inward current was completely normalized at 8 weeks (Supplemental 

Fig. 2A). A similar trend was seen in outward current, AP firing rate, amplitude, and threshold, 

although not statistically significant (Supplemental Fig. 2B - D). To determine if ASO treatment 

had non-specific effects on electrophysiological parameters, we compared scramble ASO-

treated cells to untreated cells and found no differences between the two groups 

(Supplemental Fig. 3). To confirm the role of UBE3A in the aforementioned 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 (Supplemental Fig. 4). In summary, UBE3A normalization at 6 
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weeks prevented the development of neuronal hyperexcitability, indicating that UBE3A 

overexpression is necessary for the development of these cellular phenotypes. 

To investigate the contribution of UBE3A to the synaptic phenotypes in Dup15q 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 neurons, while treatment at 16 weeks 

failed to do so (Fig. 5A). Interestingly, normalization of UBE3A levels at both time points 

normalized the decrease in sIPSC frequency (Fig. 5B). UBE3A ASO treatments at both 6 and 16 

weeks were only partially effective in normalizing the increase in mEPSC frequency (Fig. 5C; 

differences are not statistically significant), although mEPSC amplitude was corrected by ASO 

treatment at 6 weeks (Fig. 5C). Moreover, normalizing UBE3A levels did not have a significant 

effect on mIPSC frequency or amplitude (Fig. 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 experiments. Normalizing UBE3A at either 6 or 16 weeks reduced 

the spontaneous frequency of calcium transients in Dup15q neurons (Fig. 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 to 

treatment at 6 weeks, it successfully normalized the deficit in spontaneous inhibitory 

transmission (Fig. 5B) and the increase in spontaneous neuronal firing (Fig. 5E). 

UBE3A overexpression recapitulates key cellular phenotypes in Dup15q neurons 

To study the consequences of UBE3A overexpression in the context of other duplicated genes in 

the region, and to confirm that the observed intrinsic excitability and synaptic phenotypes are 

modulated by UBE3A, we increased UBE3A dosage in an iPSC line with a paternal duplication in 

BP2-BP3 of the 11.2 to 13.1 region of chromosome 15 (PatDup). This line, which contains two 

silenced copies of UBE3A, was previously characterized and does not display Dup15q cellular 

phenotypes (17).  UBE3A overexpression was achieved by using ASOs targeting UBE3A-ATS, a 

non-coding RNA that silences the paternal copy of UBE3A. These ATS-ASOs would theoretically 
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increase UBE3A gene dosage from one active copy to three active copies, mimicking the 

expression level in idic(15) Dup15q syndrome. These cells also have one extra copy of the non-

imprinted genes in the 15q11.2-q13 region. We previously confirmed the ability of this specific 

ASO to reduce UBE3A-ATS, leading to an immediate, and long-lasting, increase in UBE3A mRNA 

and protein levels (26).  

To determine if early overexpression of UBE3A causes the same electrophysiological 

phenotypes that were observed in Dup15q neurons, ATS ASOs and scramble ASOs (10 µM) 

were applied to PatDup cells at 6 weeks of in vitro development (Experimental design; Fig. 6A). 

UBE3A mRNA was quantified via RT-qPCR and found to be approximately twice the level of 

UBE3A found in scramble ASO-treated PatDup neurons (Fig. 6B). Patch clamp recordings 

performed at 19 weeks revealed that UBE3A overexpression 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 (Figs. 6D - 6G). Nevertheless, not all phenotypes were recapitulated 

by UBE3A overexpression. Except for an increase in sIPSC amplitude, neither excitatory nor 

inhibitory synaptic activity was altered upon UBE3A overexpression in PatDup neurons (Fig. 6H, 

6I).  

Discussion   

Maternal duplications in the 11.2-13.1 region of chromosome 15 cause Dup15q syndrome, a 

disorder characterized by autism, epileptic seizures, and a wide range of intellectual and motor 

disabilities (1, 27). The parent of origin is important for Dup15q because maternal duplications 

cause the syndrome, while paternal duplications do not (12, 28, 29).  It is thought that UBE3A, 

the gene encoding the ubiquitin protein ligase E3A, plays a critical role in Dup15q phenotypes 

because it is the only imprinted 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 phenotypes (14, 16).  Maternal 

duplication of the syntenic mouse region also failed to replicate behavioral and physiological 
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phenotypes (13), thus, fundamental knowledge regarding the cellular mechanisms of Dup15q 

and the role of UBE3A in the development of the syndrome is lacking.  

Here, we employed an innovative CRISPR strategy to successfully 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 functional differences between Dup15q and corrected 

neurons and investigate the role of UBE3A in Dup15q cellular phenotypes. Dup15q neurons 

exhibited multiple hyperexcitability phenotypes including an increase in voltage-gated inward 

current (and the associated increase in AP amplitude), decreased AP width, increased firing, 

and synaptic changes compared to isogenic corrected control neurons, consistent with previous 

findings (17).   

One critical question for Dup15q is whether a single gene drives the cellular and patient 

phenotypes. Our data demonstrated that most Dup15q neuronal phenotypes were prevented 

by normalizing UBE3A levels, indicating that excess UBE3A is necessary for their development. 

The majority of idic(15) Dup15q cellular phenotypes 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, GABRA5, 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 in Dup15q neurons were not 

replicated by UBE3A overexpression in PatDup neurons, nor fully corrected by normalizing 

UBE3A level in Dup15q neurons. These results support a role for other non-imprinted 

duplicated genes in the development of synaptic deficits. Nonetheless, even if duplication of 

the non-imprinted genes contributes to the cellular phenotypes, 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 therapeutics that target UBE3A might 

influence neuronal excitability and potentially alter the disease course of individuals with 

Dup15q. 
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Normalizing UBE3A expression at 16 weeks failed to 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 

astrocytes 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 investigate the role of UBE3A, a gene thought to play a major role in the 

disorder, in the development of Dup15q cellular phenotypes. We found that UBE3A 

overexpression is necessary for most of the cellular phenotypes we interrogated. However, 

some phenotypes - most notably synaptic phenotypes - were not completely dependent on 

UBE3A overexpression, suggesting an important role for non-imprinted genes in the disorder.  

Future studies to identify the additional gene(s) that contribute to the synaptic alterations in 

Dup15q neurons may help guide research efforts toward creating a more comprehensive 

animal model that will better encompass Dup15q behavioral and physiological phenotypes. 

Future studies to investigate the mechanism of how excess UBE3A and/or other genes cause 

the neuronal pathophysiology may open the door for the discovery of new therapeutic 

approaches for Dup15q syndrome.   

Materials and methods 

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 (PatDup). The H9 human embryonic stem cell line 

and an iPSC line from an unaffected individual were used as controls. These lines were 

previously characterized (7, 17) and are available from the UConn Cell and Genome Engineering 
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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 targeting GOLGA8, SNORD116, and 

SNORD115 were designed using MIT’s CRISPR Design Tool (http://crispr.mit.edu; Supplemental 

Table 2) and cloned into pX459v2.0 (Addgene 62988) vector. Briefly, idic-1 iPSCs were pre-

treated with ROCK inhibitor before being dissociated into single cells and nucleofected with 

CRISPRs. iPSCs were then plated onto puromycin-resistant (DR4) irrMEFs and selected for 48 

hours with puromycin (0.5 – 1 μg/ ml). Puromycin-resistant colonies were screened using 

quantitative PCR-based Copy Number Assays for UBE3A and PML to identify clones that had lost 

a 15q11-q13 allele and/or a full chromosome 15, respectively. Clones with decreased UBE3A 

copy number, but normal PML copy number were expanded on irrMEFs and then subjected to 

quantitative DNA methylation analysis at SNRPN to determine the parent-of-origin of the 

remaining 15q11-q13 alleles. One clone showed a 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 methylation analysis, and gene expression analysis. This characterization 

revealed no other genetic structural variation compared to the parent line.  

Stem cell culture: Mitomycin C-treated mouse embryonic fibroblasts (Millipore, Burlington MA) 

and human embryonic stem cell medium (hESC) were used to culture iPSCs. hESC media 

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−1 basic fibroblast growth factor, and 

0.1 mM 2-mercaptoethanol. A humidified incubator with 5% CO2 was used to maintain the cells 

at 37 °C. Stem cells were mechanically passaged once per week using a 28-gauge needle, and 

hESC media was replaced daily. 

Neuronal differentiation and maintenance: Neuronal differentiation was carried out according 

to established monolayer differentiation protocols with minor modifications (7). On day 0, iPSC 

colonies were cultured for 10 days in N2/B27 neural induction media containing: neurobasal 

media, 1% N2 supplement, 2% B27 supplement, 2 mM L-glutamine, 1% insulin-transferrin 

selenium (Life Technologies), 500ng/mL μM of Noggin (R&D Systems, Minneapolis MN) and 2 μM 

SB431542 (Stemgent, Beltsville MD) were added to the media for 10 days. The media was fully 
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replaced on days 3, 5, 7, 10. On days 11 and 13, neurons were fed with N2/B27 media without 

Noggin or SB431542. On day 14, neuronal rosettes were passaged as small clusters in a 1:2 ratio 

using EZPassage (Invitrogen, Waltham MA) and plated on poly-O/laminin-coated 6-well plates. 

Fifty percent media replacement was carried out on days 17 and 19. On day 21, accutase 

(Millipore) was used to dissociate the cells. Cells were then counted using a hemocytometer 

and plated on polyornithine/laminin-coated 6-well plates at a density of 1 x 106 cells/well with 

10 μM ROCK inhibitor Y27632 (Wako, Richmond VA). Fifty percent media replacement was 

carried out on days 24 and 26. On day 28, Accutase was used to dissociate the cells, and NPCs 

(neural progenitor cells) were counted using a hemocytometer, resuspended in NPC freezing 

media (1 x 106 cells/vial) containing 90% fetal bovine serum (Invitrogen) and 10% DMSO (Sigma-

Aldrich, St. Louis MO). Vials were stored at -800 C for 24 hours, and transferred to liquid 

nitrogen for long-term storage. To perform experiments, neurons were thawed in neural 

differentiation medium (NDM) containing growth factors (Neurobasal, 1 × B-27 supplement, 

0.1 mM NEAA, 2 mM L-glutamine, 1 μg/ml laminin, 1 μM cAMP (Sigma), 0.2 mM L-ascorbic acid 

(Sigma), 20 ng/ml glial cell line-derived neurotrophic factor and 20 ng/ml brain-derived 

neurotrophic factor (Peprotech, East Windsor NJ). Cells were plated on polyornithine/laminin-

coated wells. After one week, NPCs were dissociated using accutase, counted using a 

hemocytometer, and plated on polyornithine/laminin-coated glass coverslips at a density of 

20,000 cells/coverslip. To aid in cell attachment, ROCK inhibitor Y-27632 (10 μM; Wako) was 

added to the NDM media during initial plating. Cells were maintained with no antibiotics in 

NDM media, and 50% media replacement was carried out twice a week. A minimum of two 

independent rounds of neuronal differentiations were carried out for each cell line. 

Antisense oligonucleotides (ASOs): 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 Pharmaceuticals (Carlsbad CA) and synthesized as previously 

described (24). ASOs were 20 bp in length with ten DNA nucleotides 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 μM concentration. After 72 hours, the 

media was completely removed and cells were fed with fresh media. iPSC-derived neurons 
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exposed to a single treatment with UBE3A ASOs led to sustained mRNA and protein knockdown 

(25, 26).  The sequences of all ASOs used in the study are provided in Supplemental Table 3. 

Electrophysiology: Coverslips were transferred to a recording chamber fixed to an Olympus 

BX51WI upright microscope stage. Neurons were visualized using a 40x water-immersion lens 

and identified based on morphology. A continuous flow of oxygenated artificial cerebrospinal 

fluid (aCSF) containing (mM): 125 NaCl, 2.5 KCl, 15.0 dextrose, 1.25 NaH2PO4, 2.0 MgCl2-6H2O, 

25.0 NaHCO3, and 2.0 CaCl2 was maintained at a rate of 1.5 ml/min. All recordings were done at 

room temperature. 

Pipettes with a resistance ranging from 5-8 MΩ were pulled from borosilicate glass capillaries 

using Flaming/Brown P-97 micropipette puller and filled with an internal solution containing 

(mM): 125.0 K-gluconate, 4.0 KCl, 10.0 HEPES, 10.0 phosphocreatine, 4.0 Na2-ATP, 0.3 Na-GTP, 

0.20 CaCl2, and 1.0 EGTA. Input resistance was monitored throughout the recordings by 

applying a 10 mV hyperpolarizing step from -70 mV. Resting membrane potential (RMP) was 

noted in current-clamp mode by injecting 0 current. RMP values were corrected for the liquid 

junction potential calculated offline (JPcalc). Inward and transient outward currents were 

recorded in voltage-clamp mode by holding the cells at -70 mV and applying 300 ms 

depolarizing steps from -100 to +40 mV in 10 mV increments. AP firing was elicited in current-

clamp mode by injecting current to hold the cells at ~-70 mV and applying 500 ms current steps 

from -10 to +80 pA in 10 pA increments. Spontaneous excitatory synaptic currents were 

monitored in voltage-clamp mode at a holding potential of -70 mV, and spontaneous inhibitory 

synaptic currents were monitored at a holding potential of 0 mV. Miniature synaptic events 

were recorded using the same protocols in the presence of 1 μM TTX. Electrophysiological 

analysis was performed using Clampfit (Molecular Devices, San Jose CA ). 

Calcium imaging: X-Rhod-1 dye (Thermofisher), reconstituted with DMSO, was added to the 

cell culture media for a final concentration of 2 μM. Coverslips were incubated with this 

mixture for 1 hour at 37oC 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 
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was performed as previously described using Fluorescence Single Neuron and Network Analysis 

Package (FluoroSNNAP) (25). Spontaneous activity was recorded for 15 min from each 

coverslip.  

Immunocytochemistry: To fix the neurons, coverslips were incubated for 15 min in 4% 

paraformaldehyde in phosphate-buffered saline (PBS), and washed three times with PBS (5 min 

each). Neurons were permeabilized for 10 minutes at room temperature using a 

permeabilization buffer containing 0.2% Triton X-100 and a blocking buffer. Next, a blocking 

buffer containing 10% normal goat serum, 1% BSA, 0.3M glycine, and 0.2% Tween 20 diluted in 

1x PBS was used to block for non-specific binding for 1 hour at room temperature. Primary 

antibodies (PSD95 1:500, Antibodies Inc., Davis CA and MAP2 1:1000; Millipore) were diluted in 

1x PBS with 1% BSA and 0.2% Tween.  Coverslips were incubated overnight at 4oC, then washed 

three times with 1x PBS with 0.2% Tween 20 for 5 min each.  Secondary antibodies (Alexa Fluor; 

594 Goat Anti-Rabbit and 647 Goat Anti-Mouse) were diluted in 1x PBS with 1% BSA and 0.2% 

Tween 20.  Coverslips were incubated in the dark for 1 hour at room temperature, then washed 

three times in 1x PBS with 0.2% Tween 20 and mounted on slides using hard set Vectashield 

mounting medium containing DAPI stain (Vector Laboratories, Burlingame CA). A Zeiss 

Axiovision fluorescence microscope was used for imaging. For quantification, a minimum of 4-5 

images were captured per coverslip. Process length was traced and measured with ImageJ, and 

the number of PSD95 puncta along MAP2 processes was counted by an individual blinded to 

the experimental conditions.  

qPCR: RNA was extracted with RNAeasy extraction kit (Qiagen, Hilden Germany) following the 

manufacturer’s protocol. High-capacity cDNA Reverse Transcription kit was used to generate 

cDNA (Applied Biosystems, Waltham MA). Quantitative real-time PCR for UBE3A was 

performed using TaqMan gene expression assays (Applied Biosystems) and CFX Connect Real-

Time System (Bio-Rad Laboratories, Hercules CA). The expression level was normalized to the 

housekeeping gene GAPDH (Applied Biosystems). 

Statistical Analysis: Prism software (GraphPad, San Diego CA) was used for all statistical 

analysis. For normally distributed data, parametric Student’s t-test or one-way repeated 
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measures analysis of variance (ANOVA) and Dunnett's multiple comparisons tests were used as 

indicated in the respective graphs. Data are presented as mean +/- standard error of the mean. 

For data that are not normally distributed, a non-parametric Mann Whitney U test was used, 

and data were represented in box and whisker blots representing the median, first, and third 

quartiles, and error bars representing 2.5-97.5 percentile outliers. All statistical significance 

values of less than 0.05 are represented by an asterisk. 
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Figure 1. Generation of Dup15q isogenic corrected iPSC line. (A) Methylation status of clones 

compared to 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) qRT-PCR analysis of imprinted and non-imprinted 

gene expression in the 15q locus in idic-1 iPSCs and the corrected idic-1 line. RNA levels are 

presented relative to an unaffected control iPSC line.  
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Figure 2. Cellular phenotypes of idic(15) Dup15q neurons compared to isogenic corrected 

control. (A) Left: Example traces of inward and outward currents elicited with a voltage step 

from -70 mV to +40 mV at 19 weeks of in vitro development. Middle: Maximum inward current 

density. Right: Maximum outward current density. (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. Student’s t-test; *, p< 

0.05. 
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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 blots represent the first quartile, median, and third quartile; bars 

represent 2.5-97.5 percentile outliers (n = 22 -25 cells per group). Mann Whitney U test; *, p< 

0.05. (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 blots as above (n = 22 -25 cells per group). (C) Miniature excitatory 

postsynaptic currents (mEPSCs) recorded at -70 mV in the presence of 1 μM 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). Unpaired t-tests; *, p< 0.05. (D) Miniature 

inhibitory postsynaptic currents (mIPSCs) recorded at -70 mV in the presence of 1 μM 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). Student’s t-test; *, 

p< 0.05. (E) Representative images of PSD95 immunostaining and density of PSD95 puncta in 

19-week old neurons (n=4-5 coverslips per group, unpaired t-test). Scale bar: 10 μm. (F) Calcium 

imaging. Left: Representative images of Dup15q and corrected neurons after incubation with X-

Rhod-1 fluorescent dye. Scale bar: 50 μm; Middle: Example traces of spontaneous calcium 

transients. Scale bar: 100 sec. Right: Number of spontaneous calcium transients per coverslip 

over 15 min. (n=5 coverslips per group). Unpaired t-test; *, p<0.05.  
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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, Dup15q neurons + scramble (Scr) 

ASO, and Dup15q neurons + UBE3A ASO at 6 weeks and 16 weeks. PCR performed 2-3 weeks 

post-treatment (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 pA to +80 pA. Right: AP firing rate. (H) AP 

threshold. (n = 22-30 cells/group). One-way ANOVA and Dunnett's multiple comparisons tests. 

*, p< 0.05. 
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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 (sEPSC) in corrected neurons, Dup15q neurons treated with 10 

μM scramble ASO, Dup15q neurons treated with 10 μM UBE3A ASO at 6 weeks, and Dup15q 

neurons treated with 10 μM UBE3A ASO at 16 weeks (n=22-32 cells per group). (B) Frequency 

of spontaneous inhibitory postsynaptic currents (sIPSC) in corrected neurons, Dup15q neurons 

treated with 10 μM scramble ASO, Dup15q neurons treated with UBE3A ASO at 6 weeks, and 

Dup15q neurons treated with UBE3A ASO at 16 weeks (n= 22-32 cells per group). Box and 

whisker blots represent the first quartile, median, and third quartile; bars represent 2.5-97.5 

percentile outliers. Nonparametric Mann Whitney U test; *, p<0.05. (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). 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 per cell (n= 15-16 cells per group). 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 spontaneous calcium 

transient per coverslip over 15 min (n=5 coverslips per group). Scale bar: 100 Seconds. One-way 

ANOVA and Dunnett's multiple comparisons tests. *, p< 0.05.  
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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 Chr.15 encompassing the UBE3A region were treated 

with 10 μM scramble or UBE3A-ATS ASOs at 6 weeks. (n = 10 cells per group). (B) qPCR showing 

relative UBE3A mRNA expression two weeks post-treatment. (C) Input resistance obtained via 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 mV 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 blots represent the first quartile, median, and third quartile; bars 

represent 2.5-97.5 percentile outliers. Mann Whitney U test; *, p< 0.05.  
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