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Summary 

English 

Angelman syndrome (AS) is a rare neurodevelopmental disorder characterized by severe 

mental retardation, motor disturbances, seizures, hyperactivity, attention deficits and an 

absence of speech. AS is caused by loss of functional ubiquitin protein ligase E3A (UBE3A) 

in neurons of the central nervous system. As an E3 ligase, UBE3A participates in the 

ubiquitin proteasome pathway by binding specific target proteins, which are finally marked 

by ubiquitination for degradation by the proteasome. Loss of UBE3A activity is thought to 

result in dysregulation of target proteins, which further interfere with neuron development and 

function. The UBE3A gene is located in the Prader-Willi syndrome / Angelman syndrome 

imprinted domain on chromosome 15q11.2-q13. Here, paternal UBE3A expression is silenced 

in neurons due to expression of the long-non-coding RNA SNHG14, which overlaps the 

UBE3A gene in antisense. Genetic or epigenetic alterations affecting the maternal UBE3A 

gene or its expression are sufficient to result in loss of functional UBE3A protein. To date, 

neither the pathomechanism explaining how missing UBE3A protein leads to symptoms, nor 

the overall reason for silencing of paternal UBE3A by SNHG14 expression is known. 

Research on AS is hampered by missing relevant functional human brain tissue. To overcome 

this limitation and gain insights into the cellular and molecular pathomechanism, we created 

an in vitro AS model based on neuronal differentiation of patient specific induced pluripotent 

stem cells (iPSCs). Initially, only one AS-iPSC line, carrying a large chromosomal deletion, 

was available. Therefore, we reprogrammed dermal fibroblasts from an AS patient carrying a 

three base pair deletion in the maternal UBE3A gene. Resulting iPSCs were extensively 

characterized and identified as being pluripotent. A second AS-iPSC line from a patient with 

an imprinting defect was also generated and tested for genetic and epigenetic integrity and 

pluripotency. Since paternal UBE3A silencing occurs late during neuron development, an 

accelerated neuronal differentiation protocol was applied. Neurons expressing TBR1, CUX2 

and GAD67 were generated after 50 days of differentiation. During differentiation, silencing 

of paternal UBE3A was detected. Since UBE3A protein is reported to localize not only in the 

cytoplasm but also to the nucleus and some target proteins are known to function in regulation 

of gene expression, gene expression analysis by RNAseq of 50 days old neurons was 

performed. However, only minor differences between AS- and Ctrl-iPSC-derived neurons 

were detected, pointing to loss of ligase function as critical parameter for AS. In the future, 



 

 

 

our AS model will provide the perfect basis to answer open questions contributing to a better 

understanding of the AS pathomechanism. 

 

Zusammenfassung 

Angelman-Syndrom (AS) ist eine seltene neurogenetische Entwicklungsstörung, die u.a. 

durch eine schwere mentale Retardierung, motorische Störungen, Epilepsie, Hyperaktivität, 

Aufmerksamkeitsstörungen und durch die Abwesenheit von Sprache gekennzeichnet ist. AS 

wird durch das Fehlen einer funktionellen E3-Ubiquitin-Ligase, UBE3A, in Neuronen des 

zentralen Nervensystems hervorgerufen. E3-Ligasen erkennen und binden spezifisch 

Substratproteine, die ubiquitiniert und somit für den proteasomalen Abbau markiert werden. 

Es wird angenommen, dass ein Funktionsverlust von UBE3A zu einer Fehlregulation dieser 

Substratproteine führt, die dann die physiologische Neuronenentwicklung und –funktion 

stören. Das UBE3A-Gen ist in der geprägten Prader-Willi / Angelman-Syndrom Domäne auf 

Chromosom 15q11.2-q13 lokalisiert. An diesem Lokus wird die paternale UBE3A Expression 

durch die in antisense verlaufende Expression der langen, nicht-kodierenden RNA SNHG14 

abgeschaltet. Daher reichen Genmutationen oder epigenetische Veränderungen, die das 

maternale UBE3A-Gen selbst oder dessen Expression betreffen, aus, um zum Verlust eines 

funktionellen UBE3A Proteins zu führen. Zurzeit sind weder Pathomechanismen bekannt, die 

erklären wie der Verlust von UBE3A zu den Symptomen führt, noch die grundlegende 

Ursache für das Stillegen des paternalen UBE3A Allels durch SNHG14-Expression. Das liegt 

zum Teil daran, dass die Forschung auf diesem Gebiet durch den Mangel an funktionellen 

humanen Neuronen beeinträchtigt wird. Um diese Hürde zu umgehen und ein besseres 

Verständnis der zellulären und molekularen Geschehnisse zu erhalten, wurde ein in vitro AS-

Modell etabliert, das auf der neuronalen Differenzierung von patientenspezifischen 

induzierten pluripotenten Stammzellen (iPSCs) beruht. Anfangs war nur eine Zelllinie 

verfügbar, die eine große chromosomale Deletion trug. Daher wurden dermale Fibroblasten 

einer AS-Patientin reprogrammiert, die eine drei Basenpaar-Deletion im maternalen UBE3A-

Gen tragen. Die generierten iPSCs wurden intensiv charakterisiert und als pluripotent 

eingestuft. Eine weitere AS-iPSC-Linie einer Patientin, die AS aufgrund eines Imprinting 

Defekts entwickelte, wurde ebenfalls mit Fokus auf die genetische und epigenetische 

Integrität und Pluripotenz getestet. Da das Stilllegen der paternalen UBE3A Expression erst 

spät während der neuronalen Entwicklung geschieht, wurde ein beschleunigtes 

Differenzierungsprotokoll zur Generierung von kortikalen Neuronen genutzt. Nach einer 50-

tägigen Differenzierung entstanden funktionelle TBR1, CUX2 oder GAD67 exprimierende 



 

 

 

Neurone, die im Verlauf der Differenzierung die paternale UBE3A Expression abschalteten. 

Da UBE3A in Neuronen nicht nur im Zytoplasma, sondern auch im Zellkern lokalisiert ist 

und einige Substratproteine an der Regulation der Genexpression beteiligt sind, wurde dieses 

in vitro Modell genutzt um Genexpressionsanalysen mittels RNAseq an 50-Tage alten 

Neuronen durchzuführen. Allerdings konnten nur geringe Unterschiede zwischen gesunden 

und AS-Neuronen detektiert werden. Das deutet darauf hin, dass der Verlust der 

Ligasefunktion entscheidend für AS ist. In Zukunft können mit diesem in vitro Modell offene 

Fragen beantwortet werden, die zu einem Verständnis des Pathomechanismus und damit zur 

Untersuchung neuer Behandlungsansätze beitragen können.  
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1. Introduction 

1.1 Angelman syndrome (AS) 

Angelman syndrome (AS; OMIM # 105830) is a rare neurodevelopmental disorder with an 

incidence of 1:12000-1:20000 (Dagli et al., 2011). Clinical features in all patients include 

developmental delay, severe intellectual disability, absence of speech and movement 

disorders. Motor dysfunctions are characterized by ataxic gait, tremor of limbs, jerky arm 

movements, hypotonia and hyperreflexia. Movements are also described as clumsy and 

unsteady. Patients show hypermotoric and hyperactive behaviour, easy excitability, 

paroxysmal laughter and an overall happy demeanour. More than 80% of all patients develop 

postnatal microcephaly by the age of two. Patients often suffer from seizures of different 

types. However, EEG abnormalities are present even in the absence of seizures. Many more 

symptoms are associated with AS and affect 20-80% of all patients such as an abnormal 

sleep-wake cycle with awakening during the night and a decreased need for sleep, excessive 

mouthing behaviour, fascination of water and crinkly objects and strabismus. While walking, 

patients show a wide-based gate with characteristic flexion of wrists and elbows. Symptoms 

are usually absent at birth and become evident during the first years of life (Dagli et al., 

2011).  

Mutations in the maternal UBE3A gene, encoding ubiquitin protein ligase E3A, were 

identified as the underlying reason for AS (Kishino et al., 1997; Matsuura et al., 1997). The 

deletion of the maternal chromosomal region including UBE3A causes the most severe 

phenotype in patients, while point mutations in the maternal UBE3A gene cause a milder 

phenotype (Gentile et al., 2010; Granild Bie Mertz et al., 2016; Lossie et al., 2001; Mertz et 

al., 2014; Moncla et al., 1999; Tan et al., 2011). In all cases, the paternal UBE3A gene 

remains intact. Deficiency of maternal, but not paternal, UBE3A allele in AS was further 

demonstrated by a mouse model carrying a maternal UBE3A knock-out. Mice developed AS-

like symptoms including motor dysfunction, seizures and contextual learning deficits. In 

contrast, knock-out of the paternal UBE3A gene does not cause a disease related phenotype 

(Jiang et al., 1998). This parent-of-origin-dependence of disease development is caused by 

parent-of-origin-dependent gene expression of UBE3A, which is regulated by genomic 

imprinting (Barlow and Bartolomei, 2014; Ishida and Moore, 2013).  
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1.1.1 Genetics of Angelman syndrome   

The UBE3A gene is located in the chromosomal region 15q11.2-q13 (Figure 1). Here, some 

genes are transcribed from the paternal chromosome only (e.g. MKRN3, MAGEL2, NDN, 

NIPAP1, SNRPN and SNHG14), while others are biallelically expressed (NIPA1, NIPA2, 

CYFIP1, TUBGCP5, ATP10A, the GABA receptor subunit genes GABRB3, GABRA5 and 

GABRG3, OCA1 and HERC2).  

 

Figure 1 Schematic representation of chromosomal region 15q11.2-q13 

Neuron-specific expression status is shown. Grey boxes indicate biallelic gene expression, white no expression 

and blue paternal-only expression. Only UBE3A (red box) is exclusively expressed from the maternal 

chromosome, SNHG14 from the paternal chromosome only. Its transcription starts at the paternal SNRPN-

promoter and extends in antisense into the paternal UBE3A gene, thereby silencing paternal UBE3A expression. 

SNHG14 expression is regulated by methylation (black lollipop) of the imprinting centre (IC, grey dots). 

Abbreviations: IC: imprinting centre, UBE3A: ubiquitin-protein ligase E3A, snoRNA: small nucleolar RNA, 

SNRPN: small nucleolar ribonucleoprotein-associated protein N, SNHG14: small nucleolar RNA host  gene 14, 

GABRB3, -A5, -G3:  gamma-aminobutyric acid receptor subunit ß3, -α5, γ3; OCA2: oculocutaneous albinism II; 

HERC2: hect domain and RCC1-Like Domain 2; NIPA1 and 2: nonimprinted gene in Prader-Willi syndrome / 

Angelman syndrome chromosome region 1 and 2; CYFIP1: cytoplasmic FMRP-interacting protein 1; 

TUBGCP5: tubulin-gamma complex-associated protein 5; MKRN3: makorin 3; MAGEL2: mage-like 2; NDN: 

necdin, NPAP1: nuclear pore associated protein 1. 

UBE3A is solely expressed from the maternal chromosome in neurons of the central nervous 

system (CNS) e.g. in the hippocampus, cortex, cerebellum, thalamus, hypothalamus, olfactory 

bulb, striatum and midbrain. It is expressed biallelically in all other body cells, including glia, 

human induced pluripotent stem cells, neural progenitor cells and immature neurons during 

corticogenesis in mice (Albrecht et al., 1997; Chamberlain et al., 2010; Dindot et al., 2008; 

Gustin et al., 2010; Jiang et al., 1998; Judson et al., 2014; Rougeulle et al., 1997; Stanurova et 

al., 2016; Vu and Hoffmann, 1997; Yamasaki et al., 2003).  

Imprinted expression of UBE3A is regulated by expression of the long non-coding RNA 

SNHG14 (Figure 1). On the paternal chromosome, SNHG14 transcription starts upstream of 

paternal SNRPN and extends into the paternal UBE3A gene in antisense direction, thereby, 

interfering with UBE3A transcription in neurons. Maternal expression of SNHG14 is 

prevented by DNA methylation of exon 1 of SNRPN on the maternal chromosome, thus, 
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allowing UBE3A expression (Chamberlain and Brannan, 2001; Meng et al., 2012; Numata et 

al., 2011; Rougeulle et al., 1998; Runte et al., 2001). Mechanistically, silencing of paternal 

UBE3A by SNHG14 is caused by transcriptional interference, which is defined as the 

suppressive effect of one transcriptional process on another (Shearwin et al., 2005). It is 

assumed that the opposing polymerases synthesizing SNHG14 and UBE3A collide into each 

other and fall off from the DNA. Thus, the UBE3A transcript remains incomplete and it is not 

processed to mature mRNA. Instead, it is degraded leading to loss of paternal UBE3A 

expression. Indeed, the UBE3A promoter is transcriptionally active on both chromosomes. 

The promoter is not methylated and in human cerebellar tissue trimethylation of lysine 4 of 

histone H3 was found, which is associated with transcriptionally active promoters (Meng et 

al., 2013; Zhang et al., 2015). Furthermore, the transcription preinitiation complex assembles 

at the promoters of both UBE3A alleles, supporting the finding of a transcriptionally active 

paternal UBE3A promoter (Meng et al., 2013). Expression analyses of different UBE3A 

exons show that transcription of UBE3A exon 1-4 (5`end of UBE3A) occurred biallelically, 

while exon 5-14 (3´End) were solely expressed from the maternal chromosome in a mouse 

model (Meng et al., 2013). Hence, collision of Ube3a and Snhag14 elongation processes and 

subsequent degradation of incomplete transcripts are the underlying mechanism of 

transcriptional interference on the paternal chromosome. Therefore, mutations affecting the 

maternal UBE3A gene are sufficient to result in complete loss of functional UBE3A protein 

despite the presence of an intact paternal UBE3A gene (Kishino et al., 1997; Matsuura et al., 

1997).  

 

Figure 2 Mutations leading to AS 

Simplified scheme of the PWS/AS-locus showing methylation (CH3) of the maternal imprinting centre (gray 

box), expression of SNHG14 and UBE3A (white box, arrows), paternal (blue) and maternal chromosomes (red). 

Four molecular defects cause AS (second left to right): deletion of maternal chromosomal region (Δ), mutations 

in maternal UBE3A (black dot), imprinting defects and paternal uniparental disomy (UPD). Percentage of 

affected patients is given.  

Around 75% of AS cases result from de novo maternal deletion of chromosomal region 

15q11.2-q13 (Figure 2). The largest common deletion encompasses UBE3A, SNHG14, the 
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imprinting centre and several other non-imprinted genes (Buiting et al., 2016). 

Haploinsufficiency of GABA receptor subunits has been associated with seizures and 

maternal loss of NIPA1, NIPA2, CYFIP1 and TUBGCP5 may result in an increased risk for 

autism-like symptoms, severe language disturbances and seizures causing a more severe 

phenotype in AS  (DeLorey et al., 1998; Roden et al., 2010; Sahoo et al., 2006; Valente et al., 

2013). AS patients with a deletion show the most severe phenotype. All patients present with 

seizures, low language and motor skills and microcephaly (Gentile et al., 2010; Granild Bie 

Mertz et al., 2016; Lossie et al., 2001; Mertz et al., 2014; Moncla et al., 1999; Tan et al., 

2011). In 25% of all cases, AS results from mutations in the maternal UBE3A gene, leading to 

expression of a non-functional mRNA or protein without affecting the expression of other 

genes (Figure 2; Buiting et al. 2016). Patients with intragenic mutations show a milder 

phenotype. They possess a lower risk for seizures and microcephaly and higher motor 

function (Gentile et al., 2010; Granild Bie Mertz et al., 2016; Lossie et al., 2001; Mertz et al., 

2014; Moncla et al., 1999; Tan et al., 2011). Further 2-3 % of patients carry imprinting 

defects (Figure 2). They lack maternal methylation of SNRPN, leading to biallelic expression 

of SNHG14 and silencing of both UBE3A alleles, though the chromosomes themselves are of 

biparental origin (Buiting et al., 2016). In contrast, 2% of patients show a paternal uniparental 

disomy (UPD; Figure 2). In those cases, UBE3A is also silenced due to SNHG14 expression 

from both chromosomes, but both UBE3A-alleles are of paternal origin (Buiting et al., 2016). 

Clinically, patients with paternal UPDs or imprinting defects are not distinguishable (Lossie 

et al., 2001). They show the mildest phenotype with a lower incidence of and less severe 

seizures, lower occurrence of microcephaly and more developed motor function and language 

(Gentile et al., 2010; Granild Bie Mertz et al., 2016; Lossie et al., 2001; Mertz et al., 2014; 

Moncla et al., 1999; Tan et al., 2011; Valente et al., 2005). In all molecular defects, the 

paternal UBE3A gene is intact and, presumably, transcription is initiated but expression is 

silenced by interference of SNHG14 with UBE3A transcription in antisense direction.  

Therefore, research aims for reactivation of paternal UBE3A expression for causal therapy of 

AS. Such therapeutic strategies plan to interfere with SNHG14 transcription or to establish 

methylation of the imprinting centre to prevent paternal SNHG14 expression. For instance, the 

topoisomerase inhibitor topotecan lead to reactivation of paternal Ube3a/UBE3A by 

interference with Snhg14/ SNHG14 elongation during transcription. In vitro, primary neurons 

from Ube3a deficient mice reexpressed catalytically active paternal Ube3a after treatment 

with topotecan. In vivo, administration of topotecan by intracerebroventricular infusion or 

intrathecal injection reactivated paternal Ube3a even in the nervous system (Huang et al., 
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2012). In human iPSC-derived neurons, topotecan partially restored paternal UBE3A 

expression and ameliorated the phenotype of a more positive resting membrane potential, 

decreased synaptic activity and impaired maturation of action potential firing in AS compared 

to control cells (Fink et al., 2017). But due to severe side effects this treatment is not 

applicable for AS patients. The most promising strategies relied on the reactivation of paternal 

UBE3A by targeting SNHG14. One strategy are antisense DNA oligonucleotides (ASO) 

binding to SNHG14 resulting in degradation of SNHG14 RNA. Like that, restoration of 

paternal Ube3a and amelioration of cognitive deficits in mouse models could be observed. A 

single intracerebroventricular injection into the lateral ventricle of adult mice was sufficient to 

reduce Snhg14 expression for more than 16 weeks in the CNS (Meng et al., 2015). However, 

the translation of ASO treatment to AS patients is challenging, partly because ASOs do not 

cross the blood-brain barrier. Furthermore, safety, pharmacokinetics, tolerability, dosage and 

side-effects of ASOs have not been tested yet. Reactivation of UBE3A by re-establishing 

methylation of CpG islands is another approach for causative AS treatment. In iPSCs from an 

AS patient carrying a UPD, the insertion of CpG-free DNA into unmethylated CpGs caused 

de novo DNA methylation, which was stable throughout culture and neuronal differentiation 

(Takahashi et al., 2017). It was reported that UBE3A protein expression reached wild type 

levels and α-synuclein protein, found to be increased in AS, was reduced to wildtype levels. 

So far, only symptomatic treatment is available for patients, targeting e.g. seizures, sleep 

disturbances or nonverbal and computer-based visual communication skills (Buiting et al., 

2016). To develop applicable and effective causative or symptomatic treatment options, a 

deep understanding of the disease relevant mechanisms on genetic, epigenetic, cellular and 

neuronal circuit level is mandatory. For that, the function of UBE3A protein in health and 

disease needs to be understood in detail.  

1.1.2 Function of UBE3A protein and the development of AS 

UBE3A is a dual function protein acting as transcriptional co-activator for steroid hormone 

receptors and as an E3 ubiquitin ligase, which confers specificity in the ubiquitin proteasome 

pathway (UPP; Figure 3). In the UPP, E3 ubiquitin ligases recognize specific target proteins 

e.g. at their constitutive active degradation signal or by motifs that were covalently modified 

(e.g. phosphorylated) as a degradation signal. E3 ligases interact physically with their specific 

target protein and catalyse the transfer of ubiquitin to an internal lysine residue of their target 

protein. Alternatively, they form a ternary complex with an E2 ligase carrying ubiquitin. 

Ubiquitin is then transferred to the target protein, bound by the E3 ligase, resulting in 
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monoubiquitination. Due to multiple ubiquitination steps, a polyubiquitin chain is generated, 

which marks the target protein for degradation by the proteasome pathway. Like that, the 

activity of most proteins is regulated by regulating their half–life. Misfolded proteins are 

generally marked for immediate degradation in the proteasome (Myung et al., 2001). For 

instance, Ube3a is involved in the degradation of misfolded expanded polyglutamine proteins 

and other proteins bound to Hsp70/Hsc70 chaperones (Mishra et al., 2008; Mishra et al., 

2009). UBE3A also promotes degradation of mutated monomeric and oligomeric α-synuclein 

(Mulherkar et al., 2009).  

 

Figure 3 Dual function of UBE3A protein.  

UBE3A functions as an E3 ubiquitin ligase and as a transcriptional coactivator of steroid hormone receptors. E3 

ubiquitin ligases confer specificity to the ubiquitin proteasome pathway by binding specific target proteins. 

Ubiquitin is transferred from E2 to the target protein, which is further degraded in the proteasome. UBE3A target 

proteins include SK2, Ephexin5, Gat1 and mGluR5. As transcriptional coactivator of steroid hormone receptors, 

UBE3A contributes to the regulation of various genes, e.g. ARC. Both UBE3A functions convert and impact on 

neuronal network function and development. Abbreviations: E1: ubiquitin activating enzyme, E2: ubiquitin 

conjugating enzyme, E3: ubiquitin ligase, SH: steroid hormone, SHR: steroid hormone receptor, SHRE: steroid 

hormone response element (Vatsa and Jana, 2018). 

In the nervous system, the UPP plays an important role during development and in proper 

function of neurons e.g. in synaptic plasticity and synaptic transmission in the pre- and 

postsynaptic compartment (Tai and Schuman, 2008). Since a functional UBE3A protein is 

missing in neurons of AS patients, the simplest model for AS suggests that target proteins are 

not degraded, instead, they accumulate and interfere with physiological neuron and brain 

function (Wu et al., 2008). Potential direct or indirect Ube3a / UBE3A target proteins exert 

different functions: they act in the ubiquitin proteasome pathway (e.g. Ring1b), as 

transcription factors (e.g. Bmal1) or during neuronal development and in neuronal function 

(e.g. p53, p27, Pbl/Ect2, Arc, Ephexin5, α-Synuclein, mGluR5, Gat1, Sk2 or CaMKII) 
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(Egawa et al., 2012; LaSalle et al., 2015; Mabb et al., 2011; Sell and Margolis, 2015; Sun et 

al., 2015) 

Dysregulated target proteins were linked to specific neurological findings in AS mouse 

models. Mouse models presented with motor dysfunction, context-dependent learning and 

memory deficits, EEG abnormalities and seizures. The morphology and overall 

cytoarchitecture of the brain was not altered but brain size and weight was reduced, 

recapitulating postnatal microcephaly (Jiang et al., 1998; Jiang et al., 2010; Judson et al., 

2017; Miura et al., 2002). The overall normal cytoarchitecture of the brain, postnatal 

appearance of symptoms and paternal UBE3A silencing late in development suggested normal 

neurogenesis but developmental and functional defects in neuronal circuits. Findings in 

several cell types pointed to a cell-type specific role of Ube3a dependent on the Ube3a 

substrates present in the respective cells (Riday et al., 2012; Wallace et al., 2012).  

The phenotype of AS mouse models support the hypothesis that deficits in synaptic and 

neuronal network function cause an excitatory / inhibitory imbalance in the brains of patients, 

that lead to learning deficits, seizures, motor difficulties and typical EEG recordings. 

Analyses of the cellular morphology revealed a reduced density (15-20%) and altered 

morphology of dendritic spines along Purkinje cells, cortical pyramidal and hippocampal 

pyramidal neurons, suggesting that excitatory synaptic development and function are 

disturbed in AS (Dindot et al., 2008; Yashiro et al., 2009). On functional level, human cortical 

excitatory neurons derived from iPSCs showed alterations consisting of delayed maturation of 

resting membrane potential, disturbed firing of action potentials and reduced synaptic 

plasticity and activity (Fink et al., 2017).  

Reduced number of dendritic spines was attributed to an increase of Ephexin5 levels due to 

loss of Ube3a. During early postnatal development, dendritic spines first develop as thin 

filopodia, which make synaptic contacts and develop their typical mushroom-shaped 

morphology. These structures are plastic and, depending on synaptic activity, maintained or 

eliminated (Hering and Sheng, 2001). Development, morphology and morphological 

plasticity depend on remodelling of the actin cytoskeleton. Ephexin5, a RhoA guanine 

exchange factor, that constitutively activates RhoA, a small GTPase that organize the actin 

cytoskeleton by regulating the activity of different actin-binding proteins. RhoA activation 

prevents spine formation and led to degeneration or elimination of spines by destabilizing the 

actin cytoskeleton (Mabb et al., 2011; Svitkina et al., 2010). Thus, elevated Ephexin5 levels 

interfered with spine development and reduced the number of spines in AS mice (Margolis et 

al., 2010).  
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In Angelman syndrome, formed synapses are thought to be functionally disturbed due to 

deficits in experience dependent synaptic maturation and synaptic plasticity (Jiang et al., 

1998; Yashiro et al., 2009). Synaptic plasticity is defined as activity dependent strengthening 

or weakening of synapses. Two forms of synaptic plasticity disturbed in AS are long term 

potentiation (LTP) and long term depression (LTD). Stimulation of neurons sufficient to 

induce LTP in hippocampal slices from wild-type mice caused only transient synaptic 

potentiation in AS neurons reminiscent of short-term potentiation (Jiang et al., 1998). For 

induction of LTP in AS mice, higher frequency stimulation was necessary (Weeber et al., 

2003; Yashiro et al., 2009). Similarly, deficits in LTP were also detected in human iPSC-

derived neurons. They neither showed increases of calcium transients nor frequency of 

spontaneous synaptic activity after chemical induction of LTP (Fink et al., 2017). Putative 

direct or indirect UBE3A regulated target proteins are implicated in LTP and LTD: Arc, 

mGluR5, SK2 and CamKII (Kühnle et al., 2013; Pignatelli et al., 2014; Sun et al., 2015; 

Weeber et al., 2003).  N-methyl-D-aspartate (NMDA) receptor dependent LTP and mGluR5 

mediated LTD result in regulation of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) receptor levels in the postsynaptic membrane: In LTP, AMPA-receptors are inserted 

into the membrane, while in LTD AMPA receptors are internalized. For induction of LTP, 

glutamate is released from the presynaptic cell and activates AMPA-receptors, resulting in 

depolarization of the postsynaptic cell. Depolarization and glutamate binding activates 

NMDA glutamate receptor channels, which are blocked by Mg
2+

 at resting membrane 

potential. Ca
2+

 influx via NMDA receptors exerts subsequent functions, e.g. activation of 

CaMKII (Ca
2+-

Calmodulin dependent protein kinase II) and SK2 channels (Citri and 

Malenka, 2008). Activated CamKII starts different signalling cascades resulting in alterations 

of gene expression and phosphorylation of existing AMPA receptors, thereby, increasing their 

expression in the membrane. As a consequence, functionally stronger synapses that are more 

sensitive to glutamate are present (Benarroch, 2018). AS mice showed normal CamKII level 

but an increase in inactive CamKII (Weeber et al., 2003). Preventing the self-inhibition of 

CamKII rescued the AS phenotype regarding seizures, motor dysfunction, cognitive deficits 

and improved LTP (van Woerden et al., 2007).  Activated CamKII not only plays a role in 

functional plasticity, but also in structural plasticity. Activation of CamKII results in filopodia 

and spine formation, whereas inhibition of CamKII prevented structural plasticity (Jourdain et 

al., 2003). Loss of Ube3a and the subsequent, but indirect, dysregulation of CamKII likely led 

to impairments in both functional and structural synaptic plasticity and could provide an 

explanation for reduced spine number, altered morphology and synaptic dysfunction (Dindot 

et al., 2008; Jiang et al., 1998; Yashiro et al., 2009). SK2 channels, small-conductance 
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calcium-activated potassium channels, are also activated by NMDA receptor mediated 

calcium influx. They mediate the repolarization of the neuron following an excitatory 

postsynaptic potential, thereby, terminating and limiting NMDA receptor activity (Ngo-Anh 

et al., 2005). For efficient induction of LTP, SK2 channels need to be removed from the 

membrane (Lin et al., 2008). In an AS mouse model, SK2 levels were increased in the 

postsynaptic membrane, resulting in reduced NMDA receptor function and disturbed long 

term synaptic plasticity (Sun et al., 2015). In addition to the observed reduction in LTP, 

metabotropic glutamate receptor mGluR5 mediated LTD was described to be enhanced in an 

AS mouse model (Pignatelli et al., 2014). LTD due to activation of mGluR5 triggers several 

signalling pathways in the cell that result in internalization of AMPA receptors by Arc 

(Benarroch, 2018). Elevated levels of Arc have been described in AS mice due to enhanced 

transcription or reduced degradation (Greer et al., 2010; Kühnle et al., 2013). The 

internalization of AMPA receptors by Arc is thought to limit the excitation and therefore 

synaptic strength. Internalization is tightly regulated since too high internalization contradicts 

with synaptic transmission. In AS neurons, Arc was increased, which led to higher 

endocytosis of AMPA receptors, causing reduced AMPA receptor mediated 

neurotransmission (Greer et al., 2010). Reduction of Arc was sufficient to rescue seizure-like 

activity and abnormal EEG patterns in a juvenile AS mouse model (Mandel-Brehm et al., 

2015). 

Besides excitatory neurotransmission, inhibitory signalling is also affected in AS. Here, tonic 

inhibition has been reported to be reduced in AS (Egawa et al., 2012). In the CNS, tonic 

inhibition is mediated by low concentrations of GABA, which binds to extrasynaptic GABAA 

receptors. This provides continuous inhibition of the cell, thus, decreasing the probability that 

the threshold for an action potential is reached. Tonic inhibition functions to regulate network 

excitability by reducing background signals (Soltesz and Nusser, 2001). Egawa et al. showed 

that Gat1, a GABA transporter that regulates extrasynaptic GABA levels in the cerebellum, is 

a direct target of UBE3A (Egawa et al., 2012). Loss of Ube3a caused an increase of Gat1, 

which in turn led to decreased extrasynaptic GABA concentration and decreased tonic 

inhibition in cerebellar granule cells. Since granule cells provide excitatory input onto 

purkinje cells, a decreased tonic inhibition and aberrant membrane excitability of granule cells 

results in abnormal firing of purkinje cells. Findings could explain cerebellar ataxia in AS 

patients. Since Gat1 is also present in many other brain regions, dysregulation of Gat1 could 

also account for other AS related symptoms (Egawa et al., 2012).  
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Phasic inhibition relies on synaptic neurotransmission and causes an inhibitory postsynaptic 

potential of the postsynaptic neuron. Inhibitory synaptic neurotransmission on neocortical 

pyramidal neurons was shown to be decreased in AS mice. This was attributed to a reduced 

number of synaptic vesicles and a high amount of clathrin-coated vesicles in the presynaptic 

compartment of inhibitory interneurons of the cerebral cortex in these AS mice (Wallace et 

al., 2012). Synaptic vesicle membrane recycling is partly mediated via clathrin dependent 

endocytosis. Under healthy conditions, after release of endocytosed vesicles from the 

membrane, clathrin is removed and synaptic vesicles are returned to the synaptic vesicle pool 

for releasing the neurotransmitter in the next synaptic transmission (Medeiros et al., 2018). 

Accumulation of clathrin-coated vesicles in synaptic terminals pointed to defects in inhibitory 

synaptic vesicle cycling leading to slower recovery of the vesicle pool after synaptic activity, 

thereby, reducing inhibitory signalling from interneurons onto neocortical pyramidal neurons 

(Wallace et al., 2012). The presumptive Ube3a target protein α-synuclein was implicated in 

neurotransmitter release, maintenance of synaptic vesicle pool and synaptic plasticity (Cheng 

et al., 2011; Mulherkar et al., 2009). Overexpression of human α-synuclein in primary mouse 

embryonic hippocampal neurons resulted in accumulation of clathrin-coated vesicles that fail 

to replenish the synaptic vesicle pool after high-frequency stimulation, thereby, reducing 

synaptic transmission (Busch et al., 2014; Medeiros et al., 2018; Nemani et al., 2010). It was 

hypothesized that moderate increased expression of α-synuclein in neurons of the substantia 

nigra of AS model mice could interfere with synaptic vesicle recycling and lead to a reduction 

of dopamine release (Riday et al., 2012). Elevated α-synuclein levels in dopaminergic neurons 

differentiated from iPSCs from patient with AS due to paternal UPD were reported 

(Takahashi et al., 2017). Disturbed dopaminergic synaptic transmission was suggested in the 

nigrostriatal and the mesolimbic pathway based on symptoms observed in AS patients and 

mice. Deficits in the nigrostriatal pathway were thought to result in disturbed motor 

coordination and fine motor skills, rigidity and tremor (Riday et al., 2012). Disturbances in 

the mesolimbic pathway, associated with reward, were supposed due to the overall happy 

demeanour, non-specific laughing and smiling, hyperexcitability and the attraction to water 

and crinkly objects observed in AS patients (Dichter et al., 2012). Disturbances in these 

pathways were found to rely on decreased (nigrostriatal) or increased (mesolimbic) dopamine 

release. Cell number, level of tyrosine hydroxylase and dopamine in the axonal terminal field 

of both pathways was not altered (Riday et al., 2012). Therefore, α-synuclein dependent 

disturbances in synaptic function can provide a possible explanation for disturbed synaptic 

transmission in AS.  
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Considering the described findings, the maturation and function of neuronal networks appear 

to be primarily affected by loss of UBE3A function, leading to an excitatory / inhibitory 

imbalance on local neuronal circuit and brain level. Reduced spine number, aberrant 

excitatory synapse function, concomitant with diminished excitatory input onto neocortical 

pyramidal neurons, would lead to impaired synaptic plasticity and neuronal connectivity. 

Concurrently, inhibitory neurotransmission onto neocortical pyramidal neurons is also 

reduced due to failure of synaptic vesicle recycling. Reduced tonic inhibition by an increase 

of GAT1, as described in the cerebellum, but possibly also present in other brain regions, 

would further contribute to altered neuronal circuit function in AS patients and mice (Judson 

et al., 2016; Santini and Klann, 2016; Wallace et al., 2012; Yashiro et al., 2009). Altered 

neuronal function on single cell and circuit level could impact on neuronal gene expression, 

e.g. in LTP and LTD. 

It was described that UBE3A, in its function as ubiquitin protein ligase influences neuronal 

gene expression by regulating the abundance of proteins involved in gene expression. For 

example, Bmal1, a transcription factor that controls a 24h rhythm in gene expression, 

behaviour and physiology, is recognized by UBE3A and ubiquitinated for further degradation 

in the proteasome. Altered circadian phase and period was attributed to dysregulation of 

Bmal1 in AS mice (Gossan et al., 2014; Shi et al., 2015). UBE3A also influences gene 

expression by ubiquitinating other ubiquitin ligases. Zaroor-Regev et al. showed that UBE3A 

recognizes RING1B, an ubiquitin ligase of the polycomb repressive complex 1 (PRC1) that 

modifies histone H2A serving to repress gene expression. UBE3A knockout mice showed an 

elevation of RING1B in cerebellar purkinje neurons and ubiquitinated H2A in liver (Zaaroor-

Regev et al., 2010).  

UBE3A was also described to act as transcriptional coactivator of steroid hormone receptors 

in a hormone specific manner (Figure 3) (LaSalle et al., 2015; Ramamoorthy and Nawaz, 

2008). UBE3A exerts its function as transactivator of estrogen receptor alpha signalling by 

recruiting chromatin modifying enzymes to target gene promoters, resulting in histone 

modifications allowing RNA polymerases to translocate along the gene (Catoe and Nawaz, 

2011). The coactivator function of UBE3A was described to be independent of its E3 

ubiquitin ligase function. Since the coactivator function of UBE3A was maintained in E3-

ligase mutant forms of UBE3A protein, disturbed coactivator function is not expected to be 

causative for AS (Nawaz et al., 1999). However, a role for UBE3A´s coactivator function 

could be important in patients with complete UBE3A protein deficiency.  
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Ube3a was found to be localized in the nucleus, cytoplasm, neurites and in the pre- and 

postsynaptic compartments of neurons (Dindot et al., 2008). Remarkably, localization of 

Ube3a protein changed during development. In neurons of young mice (postnatal day 6), 

Ube3a was located in the cytoplasm, while in older animals it is mainly localized in the 

nucleus (Judson et al., 2014; Miao et al., 2013; Sato and Stryker, 2010). Moreover, Ube3a 

protein expression was increased by neuronal activity (Filonova et al., 2013; Greer et al., 

2010). Changes in expression and cellular localization of Ube3a during development possibly 

cause the interaction of Ube3a with specific target proteins that act in the nucleus and could 

regulate gene expression in mature neurons. Therefore, UBE3A´s function in the nucleus 

seems to gain in importance in mature neurons.  

Together, considering UBE3A´s role in ubiquitinating target proteins that influence gene 

expression and as transcriptional coactivator, an altered gene expression pattern could be 

hypothesized in AS. However, this has not been studied yet. To do that, usage of patient 

neurons would be necessary which are, due to ethical reasons, inaccessible. A patient specific 

iPSC-based in vitro neuronal disease model would overcome these limitations. 

1.2 Induced pluripotent stem cell-derived neurons for disease modelling  

1.2.1 Induced pluripotent stem cells (iPSCs) for disease modelling 

Stem cells possess the potential to continuously self-renew and to differentiate into somatic 

cell-entities with different function. They are subdivided by their functional potential 

(Jaenisch and Young, 2008). Totipotent stem cells are able to form the embryo and 

extraembryonic tissue. In mammals, only cells of the zygote and early blastomeres are 

totipotent. Their potential is further restricted as development progresses. The inner cell mass 

of the blastocyst stage embryo contains pluripotent embryonic stem cells. Pluripotent stem 

cells (PSCs) possess the ability to form mesodermal, endodermal and ectodermal cells but not 

extraembryonic tissue (Jaenisch and Young, 2008). In 1998, human PSCs were isolated from 

the inner cell mass of blastocyst-stage human embryos (Thomson et al., 1998). Since then, 

these hESCs are limitless expandable while maintaining their broad differentiation potential 

to cells of all three germ layers under defined culture conditions, in vitro. Functional 

properties are useful for pluripotent stem cell based disease modelling since it allows the 

derivation of virtually every somatic cell type including those that are inaccessible as primary 

tissue (Musunuru, 2013). However, the isolation of hESCs is ethically controversial since the 

procedure destroys a developing human embryo. In addition, for modelling genetic diseases, 
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hESCs need to be genetically modified since they possess a normal karyotype and absence of 

obvious disease specific genetic or epigenetic abnormalities (Thomson et al., 1998).  

The generation of human induced pluripotent stem cells (iPSCs) by reprogramming of 

somatic cells derived from a skin biopsy or blood could overcome these issues. In 2007, 

researchers ectopically expressed the transcription factors POU5F1, SOX2, KLF4 and MYC 

by retroviral transduction or POU5F1, SOX2, NANOG and LIN28 by lentiviral transduction 

of human skin fibroblasts. Transduced cells acquired pluripotency and lost fibroblast 

character, corresponding to a dedifferentiation event (Takahashi et al., 2007; Yu et al., 2007).  

iPSCs and hESCs possess the same morphological features, gene expression profile and 

functionality. Morphologically, they form densely packed colonies of several hundred to 

thousand cells. On single cell level, they are small and possess a high ratio of nucleus to 

cytoplasm with prominent nucleoli (Figure 4) (Takahashi et al., 2007; Thomson et al., 1998; 

Yu et al., 2007). Pluripotency associated markers in PSCs include the surface glycolipids 

SSEA3, SSEA4 (stage specific embryonic antigen 3 and 4), the keratin sulphate antigens 

TRA-1-81, TRA-1-60 (tumour related antigen 81 and 60, alternative name Podocalyxin) and a 

functional alkaline phosphatase (TRA2-49/6E) (Henderson et al., 2002; International Stem 

Cell et al., 2007; Takahashi et al., 2007; Thomson et al., 1998).  

 

Figure 4 Morphology of hESCs and iPSCs 

Phase contrast image of human embryonic stem cell line H1 and induced pluripotent stem cells (iPSCs) cultured 

in coculture with mitotically inactivated mouse embryonic fibroblasts. Scale bar: 100µm. 

Furthermore, intracellular proteins, like the transcription factors NANOG, SOX2, OCT3/4, 

REX1, the translational enhancer LIN28 and the de novo methyltransferase DNMT3B, are 

present (International Stem Cell et al., 2007; Loh et al., 2008; Takahashi et al., 2007). PSCs 

also possess telomerase activity providing them with the capability of unlimited exponential 

proliferation (Takahashi et al., 2007; Thomson et al., 1998). Under defined culture conditions 

the expression of pluripotency associated genes is maintained over all passages (Amit et al., 

2000; Takahashi et al., 2007). This also accounts for their functional potential, which 

constitutes the most stringent feature of pluripotency. It is evaluated by in vitro or in vivo 

tests. The most stringent test for pluripotency of human cells is the formation of teratomas 
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that, per definition, contain derivatives of all three germ layers. hPSCs are transplanted, 

mostly subcutaneously, into immunodeficient mice (Hentze et al., 2009; Lensch et al., 2007; 

Takahashi et al., 2007). Like that, hPSCs form local structures that are exposed to a variety of 

different signals from the surrounding organism. The presence of the three germ layers is 

generally assessed by immunohistochemical or immunofluorescence stainings (Marti et al., 

2013; Takahashi et al., 2007; Thomson et al., 1998). For in vitro tests, PSCs are cultured in 

the absence of cytokines that are necessary for maintenance of pluripotency or in the presence 

of fetal bovine serum. For initiation of successful differentiation, PSCs are cultured as 

embryoid bodies (EBs); spherical cell aggregates that are thought to recapitulate first steps of 

embryonic development, i.e. germ layer formation. Here, pluripotent cells spontaneously form 

derivatives of all three germ layers (Itskovitz-Eldor et al., 2000; Marti et al., 2013; Takahashi 

et al., 2007). As an alternative, defined media are available, which induce the differentiation 

of mesoderm, endoderm and ectoderm. Though, such media cause the differentiation to a 

specific germ layer by modulating specific signalling pathways, it does not test the 

spontaneous capability of germ layer formation. However, the directed differentiation of a 

certain germ layer and cell types from hPSCs is the most important feature of iPSCs for 

disease modelling. 

Modulation of specific signalling pathways drive PSCs into controlled differentiation to 

nearly every cell type of the human body e.g. neurons, cardiomyocytes, hepatocytes, 

keratinocytes, osteocytes or cartilage (Arpornmaeklong et al., 2010; Batalov and Feinberg, 

2015; Chambers et al., 2009; Kogut et al., 2014; Spater et al., 2014; Toh et al., 2009). To 

exemplify, the differentiation of cardiomyocytes involves time-dependent modulation of 

WNT signalling, while neural differentiation involves initially inhibition of TGF-ß and BMP-

signalling in the absence of WNT signalling (Batalov and Feinberg, 2015; Chambers et al., 

2009; Qi et al., 2017). To receive defined neuronal subtypes, further signalling pathway 

modulation is necessary according to the desired subtype (Tao and Zhang, 2016). Like that, 

the derivation of e.g. cortical excitatory neurons of different layers, cortical interneurons, 

midbrain dopaminergic neurons, striatal projection neurons, peripheral sensory neurons 

(nociceptors), Purkinje neurons of the cerebellum, hippocampal granule neurons, motor 

neurons or hypothalamic neurons (arcuate nucleus hypothalamic-like neurons) was described. 

All generated cells show expression profiles and function comparable to their in vivo 

counterparts in an adherent culture system (Boissart et al., 2013; Chambers et al., 2012; Lin et 

al., 2015; Liu et al., 2013; Maroof et al., 2013; Perrier et al., 2004; Qi et al., 2017; Shi et al., 

2012a; Shimojo et al., 2015; Wang et al., 2015a; Wang et al., 2015b; Yu et al., 2014). 
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However, monolayer differentiation of single cell types by directed differentiation does not 

show the full functional potential of PSCs for disease research, in vitro. The differentiation of 

PSCs to organoids allows the recapitulation of first steps of human organ development. 

Organoids are spherical structures that show the microanatomy of a given organ to a certain 

extent. Brain organoids of different regional fates have been described, e.g. hippocampal, 

cerebral cortical, ventral and dorsal forebrain, cerebellar, midbrain or hypothalamic (Di Lullo 

and Kriegstein, 2017). Cerebral organoid technology based on patient specific iPSCs was 

applied for disease modelling of neurodevelopmental disorders e.g. microcephaly, Miller-

Dieker syndrome, Zika virus infection or Timothy syndrome (Birey et al., 2017; Iefremova et 

al., 2017; Lancaster et al., 2013; Qian et al., 2016). Even the generation of organoids for 

modelling neuropsychiatric diseases, like autism, were published (Mariani et al., 2015). 

Diseases modelled with patient specific iPSCs preferentially have a monogenetic, polygenetic 

or epigenetic background. iPSCs generally maintain the genotype and methylation of 

imprinted loci of the original cell (Musunuru, 2013). However, different stability of 

methylation at imprinted loci was reported, e.g. PWS-SRO is reported to be stable, while 

ICR2 of the KCNQ1 cluster on human chromosome 11 is less stable, so that aberrant 

methylation was obvious in iPSCs (Ma et al., 2014; Stanurova et al., 2016). In contrast, the 

overall epigenotype of somatic cells needs to be adapted during the reprogramming process to 

the gene expression pattern needed for successful generation of iPSCs and maintenance of 

pluripotency. iPSCs gained methylation of histone H3 lysine 4 and lost methylation in the 

promoter regions of different pluripotency associated genes. For instance, the expressions of 

OCT3/4, REX1 or NANOG were induced during reprogramming (Takahashi et al., 2007). 

Nevertheless, iPSCs and hESCs are not absolutely identical regarding gene expression and 

epigenetic profiles (Kim et al., 2010; Ma et al., 2014; Tesarova et al., 2016). iPSCs retained 

residual DNA methylation patterns of their original cell. This “epigenetic memory” affected 

the functional potential of iPSCs which is inclined towards cell fates related to their cell type 

of origin. For instance, fibroblast-derived iPSCs favoured the differentiation to osteoblasts, 

both mesenchymal cell types; while blood-derived iPSCs preferentially give rise to 

haematopoietic cells (Kim et al., 2010). The DNA methylation profile of iPSCs eventually 

changed during continuous culture, finally losing somatic cell character and resembling hESC 

profile (Nishino et al., 2011; Tesarova et al., 2016). Even though the methylation profile of 

pluripotency and differentiation associated genes adapted that of hESCs, the expression levels 

of differentiation associated genes were elevated in iPSCs, even after prolonged culture 

independent of their source cell (Tesarova et al., 2016).  Depending on the disease, which 
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should be modelled in vitro, the assessment of the methylation profile, especially at the 

relevant imprinted loci and of the functional potential of the iPSCs is, therefore, mandatory. 

iPSC-based disease modelling could be hampered by the integrated reprogramming 

transgenes in the genome of iPSCs. Viruses integrate randomly in the host genome but 

preferentially in euchromatic regions (Schröder et al., 2002). Therefore, insertion mutations 

can occur that could affect housekeeping genes or genes necessary for pluripotency or further 

differentiation (Woods et al., 2003). Furthermore, the expression of reprogramming factors in 

somatic cells is responsible for initiating the endogenous pluripotency program. Afterwards, 

transgenes are silenced and the expression of endogenous genes maintains the pluripotent 

status. Fully reprogrammed cells show complete silencing of transgenes and autonomously 

maintain pluripotency, while partially reprogrammed cells maintain transgene expression. As 

consequence of remaining transgene expression, differentiation of “iPSCs” is inhibited or 

cells are forced to differentiate due to imbalances of gene expression level (Bouma et al., 

2017; Ramos-Mejia et al., 2012). For instance, OCT4 is a key transcription factor in 

regulation of pluripotency gene network. High OCT4 levels drove PSCs into differentiation, 

particularly primitive endoderm or mesoderm, while low OCT4 levels caused differentiation 

of trophectoderm (Hotta and Ellis, 2008). Once silenced, reprogramming factors can also be 

reactivated during differentiation. The reactivation during differentiation of mesenchymal 

stem cells or retina pigment epithelium was reported (Galat et al., 2016; Toivonen et al., 

2013). Because of the drawbacks with integrating virus based reprogramming methods, other 

approaches were developed that allow integration-free ectopic expression of reprogramming 

factors. Such approaches are based on e.g. non-integrating adenovirus or Sendai virus or 

transient episomal expression. Episomal DNA was lost during further expansion of 

reprogrammed cells. On the other hand, such approaches were less efficient compared to 

lentiviral or retroviral reprogramming (Malik and Rao, 2013). In order to take advantage of 

the efficiency offered by lentivirally or retrovirally mediated reprogramming, while still 

avoiding transgene reactivation, Flp recombinase recognition target sites (FRT sites) were 

integrated in the ΔU3 regions of the long terminal repeats (LTR) of the provirus. This allowed 

the excision of integrated transgenes by flippase recombinase. After successful recombination 

only one LTR remained in the host genome (Voelkel et al., 2010).  

In conclusion, disease modelling using patient specific iPSCs provides the possibility to 

receive somatic cells from patients that are otherwise inaccessible with an ethically acceptable 

method and without the need of genetically engineered human embryonic stem cells. 

However, an in-depth characterization of newly generated iPSCs regarding acquisition of 
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pluripotency is absolutely necessary. Putative iPSCs should express pluripotency-associated 

genes and they should be able to differentiate into cells of the three germ layers in an in vivo 

or in vitro approach to define them as pluripotent. For that, hESCs still constitute the “gold-

standard” as reference. In addition, iPSCs must meet certain requirements according to the 

disease to be modelled. AS is a neurogenetic disorder arising due to failed expression of the 

maternal UBE3A gene in mature neurons. Therefore, iPSCs should show biallelic expression 

of UBE3A. Methylation of the maternal PWS-SRO needs to be present to allow imprinted 

expression of UBE3A during subsequent neuronal differentiation, concomitant with loss of 

UBE3A protein. For that, iPSCs should be previously tested for their potential to efficiently 

differentiate to neural cells and finally to neurons during directed differentiation.  

1.2.2 Directed differentiation of cortical neurons 

Theoretically, by modulating specific signalling pathways for directed neuronal 

differentiation of iPSCs, all neuronal subtypes present in the human body can be generated in 

vitro. Imprinted expression of UBE3A / Ube3a is restricted to neurons of the CNS and was 

observed in neurons of different brain regions including excitatory and inhibitory neurons of 

the cerebral cortex (Albrecht et al., 1997; Dindot et al., 2008; Gustin et al., 2010; Jiang et al., 

1998; Judson et al., 2014; Rougeulle et al., 1997; Vu and Hoffmann, 1997; Yamasaki et al., 

2003). Differentiation of cortical excitatory neurons from human PSCs typically yielded a 

subpopulation of GABAergic and dopaminergic neurons, two cell types that are also affected 

by imprinted expression of UBE3A (Fink et al., 2017; Wen et al., 2014). iPSC-derived cortical 

neurons develop neurites, spines and synapses and form a functional neuronal network in 

culture (Kirwan et al., 2015; Shi et al., 2012b). Therefore, the differentiation of cortical 

neurons would provide the possibility to study multiple AS related phenotypes detected 

previously in different mouse models.   

Neuronal development in vitro follows the same developmental steps as in vivo development 

but in an artificial, simplified and reductionist approach (Figure 5). In general, neuronal 

development in vivo and in vitro starts with neural induction that yields neural stem cells 

(NSCs). These undergo regional patterning according to their position along the antero-

posterior and dorso-ventral axis of the embryo. Like that, they acquire a specific neural 

subtype fate. Specified neural progenitor cells (NPCs) differentiate to neurons in a process 

called neurogenesis in vivo and neuronal differentiation in vitro. Neurons mature over time 

and form a functional neuronal network. Finally, some NPCs also give rise to different types 

of glial cells late in development. Modulation of signalling pathways guides PSCs from the 
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first developmental step to the next and finally to mature neuron identity (Figure 5). Important 

signalling pathways during in vivo and in vitro neuronal development are BMP, TGF-ß, FGF, 

WNT, SHH, retinoic acid (RA) and Notch (Suzuki and Vanderhaeghen, 2015; Tao and 

Zhang, 2016).  

 

Figure 5 Steps of human neural development in vivo and in vitro 

Neural development in vivo and in vitro follows the same major developmental steps: neural induction, 

patterning of neural progenitors and neuronal and glial differentiation. The same morphogens guide hPSCs 

through the first steps of development (Tao and Zhang, 2016). 

In vivo, neural induction leads to specification of the neural plate at the gastrula stage 

(Stemple, 2005; Tao and Zhang, 2016). The cells of the organiser migrate underneath the 

ectoderm and secrete proteins that inhibit BMP and TGF-ß signalling between epidermal 

cells. Thereby, the emergence of epidermal fates is suppressed and induction of 

neuroectoderm is favoured (Gaulden and Reiter, 2008; Guillemot and Zimmer, 2011; Liu and 

Niswander, 2005; Munoz-Sanjuan and Brivanlou, 2002; Ozair et al., 2013; Stern, 2005). 

Efficient neural induction in vitro, is achieved by changing culture conditions of hPSCs from 

maintenance of pluripotency to induction of neuroectoderm by adding small molecule 

inhibitors of BMP and TGF-ß signalling, known as dual SMAD inhibition (Figure 6) 

(Chambers et al., 2009). NPCs induced by dual SMAD inhibition possess per default a 
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forebrain character and gave rise to forebrain neurons (Chambers et al., 2009). The 

differentiation of telencephalic precursors was further improved by the addition of WNT 

inhibitors (Figure 6), which prevent the emergence of neural crest cells and favoured 

forebrain fate (Menendez et al., 2011; Qi et al., 2017). In vivo, it has been proposed, that 

WNTs are expressed in the prospective epidermal cells but absent in prospective neural cells 

(Gaulden and Reiter, 2008; Guillemot and Zimmer, 2011; Liu and Niswander, 2005; Munoz-

Sanjuan and Brivanlou, 2002; Ozair et al., 2013; Stern, 2005).  

 

Figure 6 In vitro differentiation of cortical neurons  

For neural induction of hPSCs, dual SMAD inhibition is applied. Additional WNT inhibition further improves 

neural differentiation. Generated telencephalic progenitors are typically maintained and expanded in the presence 

of FGF2. NPCs induced by dual SMAD inhibition acquire per default a telencephalic fate and give rise to dorsal 

telencephalic precursors and finally neurons. Early born neurons possess deep layer identity while late born 

neurons acquire upper layer character. This recapitulates in vivo development. Notch inhibition favours neuronal 

differentiation by interfering with cell cycle progression of NPCs. In the presence of SHH, telencephalic 

precursors acquire ventral telencephalic fate and further differentiate to cortical or striatal interneurons. 

Abbreviations: BMP: bone morphogenetic protein, TGF-ß: transforming growth factor beta, FGF: fibroblast 

growth factor, IGF: Insulin-like growth factor, SHH: Sonic hedgehog, LGE: lateral ganglionic eminence, MGE: 

medial ganglionic eminence POA: preoptic area (van den Ameele et al., 2014). 

During further development in vivo, the neural plate folds and the lateral tips of the neural 

folds fuse to form the neural tube. As soon as the neural tube closes, it consists of neural 

epithelial cells that form the ventricular zone (VZ) in the prospective telencephalon (Figure 

7). NSCs possess long processes that extent radially from the VZ towards the pial surface of 

the developing cortex. During cell cycle, cells undergo interkinetic nuclear movements, i.e. 

the nucleus moves towards the VZ shortly before metaphase and cytokinesis and migrates to 

the pial surface during DNA-synthesis (Malatesta et al., 2008). Following neural induction in 

vitro, early NSCs assemble to neural rosettes displaying an apico-basal polarity and 

surrounding a lumen reminiscent of the neural tube. Time-lapse studies revealed interkinetic 
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nuclear movements (Shi et al., 2012b). At the beginning of neurogenesis in vivo, 

neuroepithelial cells lose epithelial features and form radial glia cells that give rise to neurons 

and progenitor cells (Malatesta et al., 2008). Besides the VZ, the developing cerebral cortex in 

vivo contains secondary proliferative zones populated by basal progenitors (Figure 7): the 

inner and outer subventricular zone. Basal progenitors originate from radial glia and divide 

symmetrically a number of times before terminal differentiation (Bystron et al., 2008; 

Malatesta et al., 2008). NPCs characteristic for both zones are also found in neural rosettes in 

vitro (Shi et al., 2012b).  

 

Figure 7 Development of the mouse cerebral cortex  

Early in development, the neural tube consists of symmetrically dividing NPCs in the VZ. NPCs acquire radial 

glia morphology and divide asymmetrically to give rise to neurons. Neurons migrate radially along radial glia 

processes and form the preplate which is later split by the cortical plate into subplate and marginal zone. The CP 

subsequently becomes cortical layer II-VI. Patterning of the cerebral cortex occurs in an inside-out and deep to 

upper layer fashion. Neurons of deep cortical layer are generated early in development and finally upper layer 

neurons. Lastly glial cells are produced. Abbreviations: Ast: Astrocytes, BC: Blood Vessel, CP: cortical plate, 

CR: Cajal-Retzius Neuron, DL Pyr: Deep Layer pyramidal neuron, IKNM: Interkinetic nuclear movement, IPC: 

Intermediate Progenitor cell, IZ: intermediate zone; L: Layer, MZ: marginal zone, NP: Neural Progenitor, PP: 

Preplate, SEZ: subependymal zone, SP: Subplate, SVZ: subventricular zone, UL Pyr: Upper-layer pyramidal 

neuron, VZ: ventricular zone, WM: White Matter (Kwan et al., 2012). 

Early NPCs possess per default a dorsal forebrain identity. In vivo and in vitro the same 

signalling pathways are triggered to induce different regional identities (Chambers et al., 

2009; Li et al., 2009; Tao and Zhang, 2016). Patterning the dorso-ventral axis of the embryo 

depends on WNT, BMP and SHH signalling, while the antero-posterior axis involves e.g. 

FGF, WNT and Retinoic Acid signalling (Figure 8) (Tao and Zhang, 2016). Along the antero-
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posterior axis several gradients are formed, with the highest FGF concentration in the most 

posterior part of the spinal cord and an opposing gradient of RA. WNT is lowest at the 

presumptive forebrain (Figure 8) (Petros et al., 2011; Tao and Zhang, 2016). The dorso-

ventral axis of the neural tube is induced by high SHH concentration in the ventral part and 

WNT and BMP in the dorsal part (Liu and Niswander, 2005). The position of NPCs in the 

pattern of gradients allows the regional specification of NPCs to a specific subtype (Petros et 

al., 2011; Tao and Zhang, 2016; Wessely and De Robertis, 2002). Knowledge about the 

dorso-ventral and antero-posterior position of a given NPC in the neural tube provides 

information about the differentiation of specific NPC-subtypes, in vitro. Reproducing the 

presence of morphogens at the respective location in the neural tube yields high amounts of 

the corresponding subtype, in vitro (Tao and Zhang, 2016).  For modelling of AS, cortical 

neurons are needed, which will emerge from NPCs with dorsal telencephalic character, which 

is the default fate in common protocols for neuronal differentiation, in  vitro (Figure 6). 

However, endogenous or exogenous SHH or WNT signalling could influence regional 

specification. WNT signalling exerts a dose dependent effect for antero-posterior fate. At low 

concentrations, NPCs acquire an anterior forebrain character, while progressively higher 

concentrations direct NPCs to more posterior fates (Kirkeby et al., 2012). Along the dorso-

ventral axis, forebrain precursor cells are able to acquire ventral or dorsal telencephalic fates. 

Absence of SHH signalling leads to inhibition of ventral patterning of NPCs and, thus, 

enrichment of dorsal telencephalic precursors (Cao et al., 2017). According to dorso-ventral 

patterning, the activation of SHH alone or in combination with WNT inhibition causes the 

differentiation of ventral telencephalic NPCs, in vitro (Li et al., 2009). High SHH 

concentrations are needed to induce GABAergic interneurons originating from the medial 

ganglionic eminence while lower concentrations induce lateral ganglionic eminence-like fate 

that produces striatal GABAergic neurons (Arber and Li, 2013).  

Expansion of NPCs in vitro is favoured by the presence of FGF2, which shortens the G1 

phase of the cell cycle, thus, inhibiting neuronal differentiation (Guillemot and Zimmer, 

2011). However, FGF2 exerts caudalizing functions (Figure 8), so that early forebrain-fated 

NPCs are caudalized depending on FGF2 concentration and duration of FGF2 exposure. Most 

protocols for cerebral cortex differentiation now expand NPCs with only limited exposure to 

FGF2. Boissart et al. expanded NPCs in the presence of FGF2 and differentiated them to 

deep- and upper-cortical layer neurons until passage 10 (Boissart et al., 2013). Shi et al. added 

FGF2 to the medium 2-4 days after neural induction and appearance of neural rosettes. Like 

that NPCs were expanded and slowly run into neuronal differentiation (Shi et al., 2012a).  
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Figure 8 Patterning the neural tube for neural subtype specification  

Antero-posterior and dorso-ventral axes are patterned by gradients of different morphogens. (A) The antero-

posterior axis is defined by WNT, Retinoic Acid (RA), FGF and GDF11, while the (B/C) dorso-ventral axis is 

patterned by BMP, WNT and SHH gradients (Tao and Zhang, 2016). 

In humans, neurogenesis starts at embryonic day 33. NPCs lose their epithelial features and 

are induced to build radial glia that span the cortical wall with one process at the ventricular 

zone and the other extended to the pial surface. For neurogenesis (Figure 7), radial glia start to 

divide asymmetrically giving rise to one NPC and one intermediate progenitor or neuron 

(Bystron et al., 2008; Malatesta et al., 2008). Emergence of Notch signalling seems to be 

necessary for the acquisition of radial glia fate from neuroepithelial cells. During asymmetric 

divisions of radial glia, Notch is distributed asymmetrically in both daughter cells. Notch 

protein receiving cell remain neural progenitor, while the other cell differentiates to one 

neuron (Louvi and Artavanis-Tsakonas, 2006; Martynoga et al., 2012). The differentiating 

neuron migrates radially along radial glia processes to its target region in the cortex (Bystron 

et al., 2008; Malatesta et al., 2008). First-born postmitotic neurons in the cortex lay in the 

preplate a transient layer situated above the VZ (Figure 7). The preplate contains a 

heterogeneous population of neurons particularly Cajal Retzius cells. During development, 

the preplate is further subdivided by emergence of the cortical plate which splits the preplate 

into marginal zone (pial) and the subplate. Cajal-Retzius cells populate the marginal zone 

(MZ; Layer I) and secrete Reelin which establishes an outside-in gradient providing positional 

information for radially migrating and developing neurons. The cortical plate is formed by 
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accumulation of neurons. The first neurons that reach this area are prospective deep layer 

neurons of cortical Layer VI, later born neurons migrate past them and develop to neurons of 

prospective upper layers. The last born neurons settle in layer II. Like that, the cortex 

develops in an inside-out and early-late born fashion. All six layers of the cortex are present 

by the seventh month of development (Bystron et al., 2008). Cortical interneurons arise from 

the ventral telencephalon and migrate tangentially to their final destination in the cerebral 

cortex. They populate all cortical layers mainly in an inside-out pattern (from deep to upper 

cortical layers) (Arber and Li, 2013; Chu and Anderson, 2015).  In vitro, NPCs are induced 

for neuronal differentiation by low-density culture and removal of FGF2 from the culture 

medium. The chronological order of appearance of early to late born and deep to upper layer 

neurons and finally glial cells in vivo is recapitulated in vitro (Figure 6) (van den Ameele et 

al., 2014). Neuronal differentiation in vitro is further promoted by the inhibition of Notch 

signalling which is active under high-density self-renewing conditions of NPCs and reduced 

in low density culture for neuronal differentiation. The application of the Notch inhibitor 

DAPT accelerated differentiation by delaying G1/S-phase transition. Neurons, differentiated 

in the presence of DAPT, acquired neuron-like morphology within 2 weeks and mature 

electrophysiological properties within 4 weeks of terminal differentiation (Borghese et al., 

2010). It was assumed that DAPT causes a synchronized terminal differentiation of NPCs 

leading to homogenous culture of postmitotic neurons that interact with each other further 

promoting maturation (Tao and Zhang, 2016).  

Cerebral organoid technology recapitulates the cytoarchitecture of the developing cerebral 

cortex to a certain extent (Figures 9). Specifically, the cytoarchitecture of cerebral organoids 

resembles the ventricular and subventricular zone, the preplate, subplate and cortical plate. 

Even neurons characteristic of the six cortical layers were present, though not organized in six 

layers. The maturity of fully developed cerebral organoids corresponds to the first trimester of 

brain development, in vivo (Kelava and Lancaster, 2016). However, cells of other regional 

developmental origin are usually underrepresented or absent, e.g. epithelial cells, microglia or 

cortical interneurons (Di Lullo and Kriegstein, 2017). Recently, the fusion of ventrally and 

dorsally patterned organoids was described to overcome the lack of cortical interneurons in 

cerebral organoids allowing migration of interneurons into the cerebral organoid region. This 

enables the study of interneuron migration or cortical circuit formation in vitro in living 

human brain tissue (Bagley et al., 2017; Xiang et al., 2017). However, to date it is not clear if 

cortical circuits and synapse formation established in cerebral organoids are comparable to in 

vivo events (Di Lullo and Kriegstein, 2017). 
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Figure 9 Human cerebral organoids model cortical development, in vitro. 

(A) Cellular composition and organization of the developing human and mouse cortex and of a human cerebral 

organoid generated from iPSCs. Notably, cerebral organoids develop an outer subventricular zone, typical for the 

human developing cortex and absent in the mouse brain. (B) However, organoids do not contain all cell types 

present in the developing cerebral cortex, e.g. cortical interneurons or glial cells. Abbreviations: CP: cortical 

plate; IP: intermediate progenitor cell; IZ: intermediate zone; MZ: marginal zone; OPC: oligodendrocyte 

precursor cells; oRGs: outer radial glial cells; OSVZ : outer SVZ; SP: subplate; SVZ: subventricular zone; vRG: 

ventricular radial glial cell (Di Lullo and Kriegstein, 2017).  

In vitro, as postmitotic neurons mature, they acquire a specific neurotransmitter phenotype 

depending on their regional fate, e.g. dorsal telencephalic NPCs give rise to glutamatergic 

neurons of the cerebral cortex, while ventrally fated cells gain expression of the 

neurotransmitter GABA (Tao and Zhang, 2016). Morphologically, neurons develop dendrites, 

axons and synapses and form dense networks over time, in vitro. Development of neurites 

begins early in neuronal differentiation. Length and branching pattern of axons and dendrites 

continuously increased over time (Kang et al., 2017). Synapses appeared after three to six 

weeks of neuronal differentiation marked by accumulation of synaptic proteins along neurites 

(Johnson et al., 2007). Dendritic spines first developed as thin filopodial structures and mature 

over time, finally presenting mature morphology with thin necks and round heads (Shi et al., 

2012b). Synapses formed in vitro were functional as measured by the presence of spontaneous 

postsynaptic currents (Kirwan et al., 2015; Pre et al., 2014; Shi et al., 2012b). The functional 

maturation of neurons in vitro takes several weeks. Spontaneous synaptic activity was first 

detected after four weeks of neuronal differentiation. By seven weeks of neuronal 
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differentiation all neurons could fire APs and a subset of neurons showed repetitive firing 

(Johnson et al., 2007; Pre et al., 2014).  In mature iPSC-derived neurons, even LTP and LTD 

can be induced by electrical or chemical stimulation (Kirwan et al., 2015; Odawara et al., 

2016) 

The development of neuronal network function recapitulates mayor findings of in vivo 

development. As measured by calcium-imaging, iPSC-derived neuron cultures first contained 

single neurons that showed neuronal activity at low frequency. Over time, an increasing 

number of synchronized firing neurons emerged until most neurons participated in 

synchronous activity. Later on, synchronicity decreased and asynchronous neuronal activity 

was present, in vitro. Activity was depended on excitatory synaptic activity mediated by 

AMPA and NMDA receptor activation. This resembled the in vivo situation, where 

synchronous activity diminishes after birth in mice and humans (Kirwan et al., 2015).  

In summary, many features of corticogenesis are recapitulated using iPSC-derived neuronal 

differentiation models. Default differentiation of iPSCs to cortical neurons of different 

cortical layers required dual SMAD inhibition for the generation of NPCs, followed by 

neuronal differentiation in the absence of growth factors, morphogens or other small 

molecules (Boissart et al., 2013; Shi et al., 2012a). Terminal neuronal differentiation was 

improved by inhibition of Notch signalling (Borghese et al., 2010). To receive neurons with 

mature morphology and electrophysiological properties, neuronal differentiation required 

several weeks. In 2017, an accelerated neuronal differentiation method based on combined 

small-molecule inhibition was published (Qi et al., 2017). Neural induction was carried out in 

the presence of dual SMAD and WNT inhibition to obtain NPCs and prevent the emergence 

of neural crest cells. Early NPCs were immediately guided to neuronal differentiation by 

inhibition of Notch, FGF and ERK signalling. Like that, early born cortical neurons, 

presumably of layer VI, with mature electrophysiological properties were generated by day 16 

of differentiation.  

Neuronal differentiation of patient specific iPSC is especially helpful to study 

neurodevelopmental, neurological or mental disorders caused by genetic alterations, which 

are hypothesized to manifest during early development or impact on neuron function. Disease 

progression can be followed during in vitro development, allowing the identification and 

analysis of early disease relevant events that precede clinical manifestation of symptoms. 

Research in developmental disorders especially benefits from iPSC technology, e.g. AS. First, 

AS is diagnosed during the first years of life. At this time point, alterations due to loss of 

functional UBE3A have already developed, so that preceding pathophysiological cellular 
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events during development have already happened or at least started. Second, living mature or 

developing neurons of the brains of patients are inaccessible. Therefore, the generation of 

neurons from AS patient specific iPSCs is the only possibility to receive affected neurons. 

Finally, the continuous expansion of PSCs while maintaining pluripotency provides a 

resource of limitless numbers of patient specific neurons, a prerequisite for evaluation of 

disease relevant mechanisms, gene expression and drug or toxicity screening.  

1.3 Aims  

The generation of an iPSC-based model for AS will provide new insights into the cellular 

pathomechanism. Especially, the dual function of UBE3A in the UPP and in the regulation of 

gene expression in AS pathophysiology is of great interest for a better understanding of the 

disease. Therefore, the overall aim of this study was the generation of an iPSC-based model 

for AS to evaluate the impact of missing UBE3A on gene expression in human neurons.  

The goal was to include several iPSC lines representing the main molecular causes of AS into 

this study. An AS-iPSC line carrying a deletion of maternal chromosomal region 15q11q13 

that encompasses NIPA1 to HERC2 was already published and available (Chamberlain et al., 

2010). Since the maternal deletion of other genes besides UBE3A are also thought to impact 

on the severity of the AS phenotype, an iPSC line was necessary, that carries in-frame 

deletions of UBE3A to exclude the impact of other deleted genes on the AS phenotype. Such a 

cell line would express maternal UBE3A but carries a mutation that renders the protein non-

functional. As a result, this cell line should show the “core” AS phenotype. Therefore, the 

first aim of this thesis was the generation of an iPSC line from skin fibroblasts of an AS 

patient that carried an intragenic three base pair deletion in exon 5 in the catalytic cleft of the 

maternal UBE3A gene (Horsthemke et al., 2011). This results in expression of a non-

functional maternal UBE3A protein in neurons. After reprogramming, the cell line should be 

intensively tested for reaching the pluripotent status to define them as induced pluripotent 

stem cells. Tests should include expression analysis of pluripotency associated markers, 

formation of teratomas and the excision of the reprogramming virus. Quality controls of 

putative iPSCs should be performed by determining the number of lentiviral integrations, 

karyotyping and presence of the 3bp deletion. Furthermore, since AS is an imprinting 

disorder, the maintenance of methylation, especially at the PWS-SRO, is mandatory for a 

valid AS cell line and should be analysed at different differentially methylated regions. 
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Second, we aimed for the establishment of an AS-iPS cell line that carries an imprinting 

defect. Imprinting defects cause the mildest AS phenotype. The cell line was already 

episomally reprogrammed by collaboration partners in Kiel and needed to be tested for 

pluripotency and quality. Pluripotency tests should include immunofluorescence stainings for 

pluripotency associated markers and three germ layer differentiation by two different 

methods. Quality testing should be performed by karyotyping and determination of UBE3A 

gene dosage and DNA methylation. 

The establishment of a stable neuronal differentiation protocol of the three independent AS- 

and Ctrl-cell lines was the third aim of my thesis. We aimed for stable and robust neuronal 

differentiation that should result in functional neurons silencing paternal UBE3A in a 

reasonable time frame. Neurons and neuronal subtypes should be characterized by 

immunofluorescence staining and flow cytometry to determine the composition of neuronal 

cultures. Derived neurons should be tested for electrophysiological functionality by calcium 

imaging. 

Finally, having a robust and well characterized differentiation at hand, we tested whether loss 

of functional UBE3A protein influences the transcriptome of mature neurons. For that, 

RNAseq of 50 days old neurons was performed. The result of this experiment will indicate 

whether alterations in gene expression due to loss of UBE3A are critical for the AS 

phenotype. 
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Angelman syndrome-derived 
neurons display late onset of 
paternal UBE3A silencing
Jana Stanurova1,*, Anika Neureiter2,*, Michaela Hiber1, Hannah de Oliveira Kessler2, 
Kristin Stolp2, Roman Goetzke3, Diana Klein4, Agnes Bankfalvi5, Hannes Klump2 & 
Laura Steenpass1

Genomic imprinting is an epigenetic phenomenon resulting in parent-of-origin-specific gene expression 
that is regulated by a differentially methylated region. Gene mutations or failures in the imprinting 
process lead to the development of imprinting disorders, such as Angelman syndrome. The symptoms 
of Angelman syndrome are caused by the absence of functional UBE3A protein in neurons of the brain. 
To create a human neuronal model for Angelman syndrome, we reprogrammed dermal fibroblasts 
of a patient carrying a defined three-base pair deletion in UBE3A into induced pluripotent stem cells 
(iPSCs). In these iPSCs, both parental alleles are present, distinguishable by the mutation, and express 
UBE3A. Detailed characterization of these iPSCs demonstrated their pluripotency and exceptional 
stability of the differentially methylated region regulating imprinted UBE3A expression. We observed 
strong induction of SNHG14 and silencing of paternal UBE3A expression only late during neuronal 
differentiation, in vitro. This new Angelman syndrome iPSC line allows to study imprinted gene 
regulation on both parental alleles and to dissect molecular pathways affected by the absence of UBE3A 
protein.

The epigenetic process of genomic imprinting is controlled by differentially methylated regions (DMRs) which 
results in parent-of-origin-dependent gene expression. Imprinted germ line DMRs are exceptional in three ways: 
First, they can be properly and entirely established only during female or male gametogenesis. Second, they are 
protected from demethylation during the global wave of methylation erasure during early embryonic development. 
Third, methylation of the DMR is invariably preserved during cell division, present in every cell type and inde-
pendent of gene expression activity1,2. Deletion of a DMR or disturbances in its methylation leads to imprinting 
disorders, such as Angelman syndrome (AS), exhibiting typical symptoms like absence of speech, movement dis-
orders, happy demeanor and developmental delay3. The cause for these symptoms is the absence of a functional 
UBE3A protein in the brain4,5. The UBE3A gene is part of the imprinted Prader-Willi/Angelman syndrome locus 
(PWS/AS locus) on chromosome 15q11q13. At this locus, only the maternal allele is methylated at a CpG island, 
which encompasses the promoter and exon 1 of the SNRPN gene and represents the DMR of the locus. This DMR 
is termed PWS-SRO, which stands for Prader-Willi syndrome shortest region of deletion overlap6. DNA meth-
ylation silences the protein-coding gene SNURF/SNRPN and several non-coding RNA genes on the maternal 
allele6 (Fig. 1A). SNURF/SNRPN, the non-coding SNORD gene clusters and the long non-coding RNA, SNHG14 
(alternatively named UBE3A-ATS) are expressed from the non-methylated paternal allele. In the brain, SNHG14 
overlaps the entire UBE3A gene and promoter in antisense direction, thereby silencing UBE3A expression7.  
As a consequence, this results in brain-specific monoallelic UBE3A expression from the maternal allele. Hence, 
UBE3A is vulnerable to mutations occurring on the maternal chromosome 15. So far, large deletions up to sev-
eral megabases, imprinting defects, paternal uniparental disomy or mutations in the UBE3A gene itself have been 
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described as molecular cause for AS3. The different types of mutations correlate with gradual differences in the sever-
ity of the disorder. Large deletions result in loss of several other genes in the same region, and these patients typically 
present with a more severe phenotype than patients carrying point mutations affecting the UBE3A gene alone8.

As AS is caused by a lack of UBE3A activity in the brain, access to neurons is needed to study its function at 
the molecular level. Therefore, the generation of induced pluripotent stem cells (iPSCs) from patient cells and 
their subsequent directed differentiation into neurons provide a valuable tool for AS research9. The generation of 
iPSCs from patients with Angelman syndrome has been described by Chamberlain et al.10. These AS iPSC lines 
carry large deletions on their maternal chromosome, resulting in loss of about 28 genes from NIPA1 to OCA2. 
This makes it difficult to specifically address the role of UBE3A in neuronal function and disease development.

Here we report the establishment and thorough characterization of a new iPSC line (AS_∆ 3) of a previously 
described patient with AS, harboring a defined three-base pair deletion within the maternally inherited UBE3A 
allele11. The encoded protein is predicted to lack amino acid G538 (based on NM_130838). Using computer 
modeling of the mutant protein based on the X-ray structure of the wild-type enzyme, a local destabilization 
around the catalytic cleft of UBE3A was proposed, likely impairing the binding of substrates11. The new iPSC line 
complements the existing AS iPSCs carrying large chromosomal deletions. It will facilitate the specific attribution 
of effects observed during neuronal differentiation to the defective UBE3A gene. This will contribute to a deeper 
understanding of imprinting mechanisms and AS itself.

Results
We reprogrammed primary dermal fibroblasts isolated from a female patient with AS harboring a three-base pair 
deletion in exon 4 of the UBE3A gene (accession NM_130838)11, and from a normal healthy control person. The 
reprogramming efficiencies (i.e. the number of isolated colonies per transduced cell number) were similar for 
patient and control person-derived fibroblasts, ranging from 0.005 to 0.05 percent (Supplementary Table S1). For 
quality and potency characterization, eight AS_∆ 3 and seven control iPSC clones were expanded and established 
as independent lines. As determined by Southern blot analysis, the number of integration sites ranged from one 
to five in independent clones (Supplementary Fig. S1). For further analysis, only clones containing single vector 
integrations were chosen: patient-derived AS_Δ 3 iPSC clones #B1, #D, #H and #P, and healthy control-derived 
iPSC clones #42 and #645. The identity of parental fibroblast cells and derived iPSCs was confirmed by high 

Figure 1. Generation of AS_∆3 iPSCs. (A) Schematic and simplified representation of the Prader-Willi/
Angelman syndrome locus and its expression status in the brain. Red: maternally expressed genes, blue: 
paternally expressed genes, grey: non-expressed genes. Lollipop indicates the DMR (black: methylated, white: 
not methylated). Arrows indicate direction of expression. Scheme is not drawn to scale. (B) Immunofluorescence 
for nuclear (red) and surface (green) antigens showing expression of pluripotency-associated proteins in patient 
#D and hESC H1 as a reference. Scale bars indicate 100 μ m. (C) Epi-Pluri-Score analysis of generated iPSCs. 
Clouds represent areas of reference pluripotent (red) or somatic (blue) cells. The six iPSC clones analyzed are 
shown as dots localizing to the pluripotent area. (D) H&E stained histology of immature teratomas formed 
by hESC H1 and patient #D. Derivatives of all three germ layers can be identified: neuroectodermal rosettes 
(arrow); mesodermal loose immature mesenchyme (hash) and fat cells (asterisk), and endodermal glandular 
tissue with clear and goblet cells (arrowhead). Scale bars indicate 100 μ m.
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resolution HLA typing (Supplementary Table S2) and the presence of the three-base pair deletion in exon 4 of the 
UBE3A gene in AS_∆ 3 iPSCs was confirmed by sequencing (Supplementary Fig. S1). Karyotype analysis revealed 
a normal female karyotype for three of the four patient lines and both control lines (Supplementary Fig. S1).  
Patient #H carries an additional marker chromosome present in all metaphases analyzed (Supplementary Fig. 
S1). This marker chromosome was identified as an isochromosome 12p. Gain of chromosome 12 or i12p has been 
reported as frequent chromosomal abnormality in hESCs and iPSCs, being probably associated with a prolifera-
tion advantage of cells12.

For potency testing, expression of pluripotency markers was determined by different methods. For all assays, 
human embryonic stem cells (hESCs) H1 were used as a reference for pluripotency. Staining for alkaline phos-
phatase activity showed expression of the enzyme in all six iPSC clones (Supplementary Fig. S2). Expression of the 
nuclear proteins OCT4, NANOG, SOX2 and the cell surface antigens SSEA4, TRA1-60 and TRA1-81 was demon-
strated by immunofluorescence and, for the surface antigens, by flow cytometry (Fig. 1B, Supplementary Figs 
S2 and S3). Expression of genes indicative of pluripotency, like endogenous POU5F1 (encoding OCT4), KLF4, 
SOX2, MYC, NANOG, DNMT3B, LIN28 and REX1 was evaluated by real-time qPCR (Supplementary Fig. S4).  
All iPSCs expressed these genes at levels similar to hESC H1. In contrast, their expression was not detected 
in the parental fibroblasts, except for KLF4 and MYC. In addition, we used TaqMan human stem cell pluripo-
tency arrays to assess expression of 96 genes indicative of pluripotency, stemness and differentiated cell lineages. 
Applying cluster analysis, hESC H1, AS_∆ 3 and control iPSCs clustered separately from the two parental fibro-
blast lines, indicating successful reprogramming (Supplementary Fig. S4, Supplementary Table S3). As molecular 
test for pluripotency, we employed Epi-Pluri-Score analysis, using the DNA methylation levels of three single 
CpG sites indicative of differentiated and pluripotent cells: pluripotent cells exhibit high levels of DNA meth-
ylation at ANKRD46 and low levels at VRTN and POU5F113. All six iPSCs generated in this study, four AS_∆ 3  
and two control clones, mapped to the upper middle area of the plot representative of reference pluripotent cells 
(Fig. 1C). As the most stringent test for pluripotency of human iPSCs, teratoma assays were performed. Mice 
were injected with reprogrammed cells of patient #B1, #D and #P, control #645 and also with hESC H1 as a 
positive control. Tumors formed within three to 10 weeks with 100 percent efficiency (Supplementary Table S4). 
Histomorphologic analysis revealed that all tumors were immature teratomas containing derivatives of all three 
germ layers (Fig. 1D, Supplementary Fig. S5). In summary, all tests applied indicated that the newly generated 
patient and control iPSCs are pluripotent and fully reprogrammed.

AS_∆ 3 iPSCs were generated as a tool for modeling the imprinting disorder AS. For proper imprinted gene 
expression of the AS gene UBE3A, epigenetic stability of the PWS-SRO is mandatory. Using deep bisulfite ampli-
con sequencing, analysis of DNA methylation was performed in parental fibroblasts, hESCs H1 and H9 and the 
iPSCs generated in this study at the PWS-SRO and five additional germ line DMRs of imprinted gene clusters or 
genes: the IG-DMR at the DLK1 - MEG3 locus, the CpG85 DMR at the RB1 gene, the NESPAS DMR at the GNAS 
locus, and the ICR2 and ICR1 DMRs (Fig. 2, Supplementary Table S5). DNA methylation of the latter two regu-
lates expression at the Beckwith-Wiedemann syndrome locus and the IGF2/H19 locus, respectively. Imprinted 
DMRs are expected to show a level of about 50% DNA methylation in all types of diploid human cells. This level 
was observed consistently only for the PWS-SRO in all samples tested. The CpG85 at the RB1 gene showed con-
sistent hypermethylation to a level of almost 100%, except for the fibroblasts derived from the control person. 
The PWS-SRO and the CpG85 represent the extremes of our analysis, being the most stable and unstable DMRs, 
respectively. The DMRs ICR1, ICR2 and NESPAS mainly exhibited the expected level of 50% methylation, but 
showed hypomethylation in one (ICR1, ICR2) and four (NESPAS) clones. The IG-DMR was reported to be prone 
to a gain of methylation in human pluripotent cells14,15, which we observed in the two hESC lines and both control 
iPSC clones, but not in the patient-derived clones. In contrast, immortalized fibroblast cells of the patient showed 
a loss of methylation at the IG-DMR, which was not confirmed in fibroblasts of healthy control persons and blood 
lymphocytes of the patient (Supplementary Fig. S6). For comparison, we analyzed the methylation status in the 
previously published AS iPSCs carrying a large type I deletion of the whole PWS/AS locus on the maternal allele 
(line AGI-0) and control cells (line MCH2-10). As expected, in AGI-0 the PWS-SRO was completely unmeth-
ylated as only the paternal allele is present (Supplementary Fig. S6). Methylation levels at the ICR1, ICR2 and 
NESPAS were normal, whereas the CpG85 and the IG-DMR showed a gain of methylation. Results for MCH2-10 
iPSCs were comparable, except for normal 50% methylation at the PWS-SRO and a loss of methylation at the 
NESPAS (Supplementary Fig. S6).

For the generation of iPSCs from dermal fibroblasts, we used a self-inactivating lentiviral reprogramming vec-
tor, which contains two FRT sites in the ∆ U3 regions within the LTRs that allow for excision of the viral vector by 
Flp recombinase after successful reprogramming16,17. To eliminate the risk of reactivation of the integrated vector, 
which could lead to inhibition of differentiation18, we delivered Flp recombinase into patient #D and #P and control 
#42 and #645 by lentiviral-mediated protein transfer to excise the reprogramming vector. Successful excision was 
screened for by PCR (Fig. 3A, Supplementary Fig. S7). Two to three subclones were analyzed of each parental iPSC 
clone and all maintained their pluripotency characteristics, as determined by expression analysis of alkaline phos-
phatase and selected pluripotency-associated genes (Fig. 3B, Supplementary Fig. S7). Pluripotency of the excised 
subclone #P22 was also functionally proven by successful teratoma formation in mice (Supplementary Fig. S5).

Imprinted expression of UBE3A is observed only in the brain. To study its function and regulation, neurons 
are needed. Only AS_Δ 3 #D iPSCs passed all quality and pluripotency assessments and were chosen for in vitro 
differentiation into mature neurons. The generated AS_Δ 3 iPSCs contain both parental UBE3A alleles, whose 
expression can be distinguished by single-nucleotide primer extension analysis using the three-base pair deletion 
in exon 4 (accession NM_130838) as a SNP. This offers the unique possibility to observe silencing of the paternal 
allele and persistent maternal UBE3A expression in the same cell.

Successful differentiation into neurons within 35 days was confirmed by staining for MAP2 and β III-TUBULIN, 
which are both markers of terminally differentiated, postmitotic neurons (Fig. 4A, Supplementary Fig. S8).  



www.nature.com/scientificreports/

4Scientific RepoRts | 6:30792 | DOI: 10.1038/srep30792

Using qPCR, we observed a consistent upregulation of the early neural marker NESTIN and the neural progenitor 
marker PAX6 from day 14 on (Supplementary Fig. S8). Expression of β III-TUBULIN was detectable at day 14 
and increased up to day 35. Total expression of UBE3A increased during differentiation and a slight induction 
of the brain-specific non-coding RNA SNHG14 was observed at day 14 which subsequently strongly increased 
during terminal differentiation (Supplementary Fig. S8). To determine at which time point the expression of 
SNHG14 induces imprinted expression of UBE3A, single-nucleotide primer extension analysis in differentiated 
AS_∆ 3 iPSCs was employed. In the analysis, the paternal wildtype allele is represented by a G. The maternal allele 
carrying the mutation is represented by an A. As expected, undifferentiated iPSCs showed biallelic expression of 
UBE3A, indicated by a G/A ratio of about 1. Expression of UBE3A remained biallelic up to day 21 of neuronal 

Figure 2. Epigenetic stability of six imprinted DMRs. DNA methylation was analyzed by deep bisulfite 
amplicon sequencing. The heatmaps show each CpG site in columns and individual sequenced reads in rows. 
Red: methylated, blue: unmethylated. Most heatmaps display a 50% methylation level, which is expected for 
imprinted DMRs in diploid cells. Exceptions are a loss of methylation at ICR1 (#B1), ICR2 (#P) and NESPAS 
(#42, #645, #B1, #P). CpG85 shows consistent gain of methylation, except for the control fibroblast sample.  
IG-DMR exhibits hypermethylation in both hESC lines, #42 and #645 and hypomethylation in the 
immortalized patient-derived fibroblast sample.
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differentiation. Starting with day 28, a reduction in the G/A ratio was observed, indicating higher expression 
from the maternal (A) than from the paternal (G) allele. At day 35 of differentiation, the mean G/A ratio, was 
about 0.6. This can be attributed to the onset of UBE3A silencing by the expression of SNHG14 from the paternal 
allele. Despite the onset of paternal UBE3A silencing in neurons, the total level of UBE3A protein was comparable 
between undifferentiated iPSCs and neurons at d35 (Supplementary Fig. S9).

Discussion
We present here the generation and detailed characterization of iPSCs from a patient with AS carrying a mutation 
in the UBE3A gene. With these cells it is possible to follow the onset of imprinted UBE3A expression by analyzing 
expression of both parental alleles in one cell. Deep bisulfite amplicon sequencing was used to determine the epi-
genetic stability of DMRs at six imprinted gene loci, showing that only the PWS-SRO, the DMR of the PWS/AS 
locus, was stable in all clones analyzed. Excision of the reprogramming vector did not compromise pluripotency, 
resulting in the derivation of AS_∆ 3 iPSCs with only a minimum of ectopic DNA. During differentiation of iPSCs 
into neurons, we observed strong induction of SNHG14 expression, which accompanied silencing of paternal 
UBE3A expression. Our results indicate that silencing of paternal UBE3A expression by SNHG14 is a late event 
during neuronal differentiation.

DMRs are the regulators of imprinted gene expression and in general their epigenetic status is stable in 
established hESC lines19. However, failures in imprint maintenance during reprogramming to iPSCs or due to 
prolonged time in culture have been widely discussed and described14,15. It is therefore mandatory for iPSCs 
to be used as models for imprinting disorders to analyze the status of DNA methylation of at least the DMR 
addressed in the study. Using deep bisulfite amplicon sequencing, we demonstrated that the PWS-SRO was the 
only DMR showing stable differential DNA methylation in all pluripotent cells and fibroblasts analyzed (Fig. 2, 
Supplementary Fig. S6). As expected, the AS iPSC line AGI-0, carrying a large type I deletion on the maternal 
chromosome 15, showed only unmethylated reads resulting from the retained paternal allele. This exceptional 
stability of differential DNA methylation at the PWS-SRO during reprogramming is in agreement with earlier 
reports10,15. In contrast, we observed a loss of differential DNA methylation at the germ line DMRs ICR1, ICR2 
and NESPAS in at least one sample (Fig. 2, Supplementary Fig. S6). The IG-DMR has been described to be sus-
ceptible to hypermethylation in human pluripotent cells and in agreement with that we report a gain of DNA 
methylation in 7 of 12 pluripotent samples14,15. However, we observed a loss of DNA methylation at the IG-DMR 
in the immortalized fibroblasts of the patient, which was not seen in another three fibroblast samples analyzed 
(Fig. 2, Supplementary Fig. S6). We therefore assume that this loss of methylation is the result of immortalization, 

Figure 3. Virus excision from patient #D iPSCs. (A) PCR screening for successful virus excision indicated by 
absence of the 290 bp product, the 170 bp product serves as internal control. Clones marked by an asterisk (#D3, 
#D11 and #D12) were analyzed further. (B) Positive immunofluorescence of three excised clones of parental 
patient #D for pluripotency-associated nuclear (OCT4, NANOG, SOX2) and surface (SSEA4, TRA1-60, TRA1-81) 
antigens. Scale bars indicate 100 μ m.
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as changes in imprinted gene expression and imprint methylation have been observed in immortalized lympho-
blastoid cell lines and fibroblasts20,21. The CpG85 was the least stable DMR, showing maintenance of differential 
methylation only in two fibroblast samples from independent healthy control subjects and a blood sample from 
the patient (Supplementary Fig. S6).

Overall, our observations indicate a non-random pattern of deviating methylation at most ICRs: the CpG85 
and the IG-DMR exhibited only a gain of methylation, whereas the NESPAS and the ICR2 showed only a loss 
of methylation. The exception was the ICR1, where we observed one loss and one gain of methylation. We did 
not observe preferred combinations of DMRs in clones having more than one aberrantly methylated DMR. The 
molecular mechanisms predisposing DMRs to a gain or a loss of methylation in hESCs or iPSCs are not clear yet. 
Both types of cells are derived from somatic cells, which are expected to carry stable methylation imprints1,2, like 
we observed for the fibroblast sample of the control person: except for the CpG85 at RB1, all imprinted DMRs 
displayed the expected pattern of 50% DNA methylation (Fig. 2). This leads to the assumption that aberrant 
imprint methylation in hESCs and iPSCs is due to a failure of imprint maintenance either during reprogramming 
or during cultivation of fibroblasts and the derived iPSCs or hESCs14,15,22. Indeed, we observed a gain of methyl-
ation at ICR1 in a sample of hESCs H9 at a later passage (Fig. 2, Supplementary Fig. S6). Differences in stability 
of paternal and maternal imprints have been discussed22 but our observation of consistent gain of methylation at 
both maternal and paternal DMRs, the CpG85 and the IG-DMR, respectively, is not in line with this hypothesis.

Angelman syndrome is caused by the absence of functional UBE3A protein in the brain. Although microceph-
aly is a frequent finding in patients with AS and delayed myelinization was repeatedly observed in infant patients, 
gross structural abnormalities of their brains have not been reported3,23. The normal brain structure of patients 
with AS suggests that the defect in UBE3A protein expression or function does not restrict neuronal development 
and differentiation, but might interfere with neuron function. Since no patient-derived consecutive brain samples 
can be obtained at different stages of development, iPSCs and their subsequent differentiation into neurons are a 
valuable tool for the understanding of imprinting regulation at the PWS/AS locus during neuronal development. 
We differentiated AS_Δ 3 iPSCs into mature postmitotic neurons and monitored allelic expression of UBE3A 
using the three-base pair deletion as a SNP (Fig. 4, Supplementary Fig. S8). We observed strong upregulation of 
SNHG14 and a decrease in the ratio of paternal to maternal UBE3A expression only late during neuronal differ-
entiation. This indicates that UBE3A imprinted expression possibly occurs only in postmitotic neurons, as it was 

Figure 4. Paternal UBE3A expression is silenced late in neuronal differentiation. (A) Neurons at d35 of 
differentiation stained positive for MAP2 and β III-tubulin. Scale bars indicate 100 μ m. (B) SNaPshot analysis of 
the allelic expression ratio of the paternal (G) and the maternal (A) allele of UBE3A. The G/A ratio decreased at 
day 28 and day 35 in the time course of neuronal differentiation, indicating that silencing of the paternal allele is 
a late event.
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described in mice24,25. It is noteworthy that UBE3A expression per se shows an increase in neurons, despite the 
silencing of the paternal allele, indicating enhanced expression from the maternal allele in neurons. This is in line 
with our observation of stable UBE3A protein levels in neurons, which has also been described by Chamberlain 
et al.10.

The AS_Δ 3 iPSCs generated in this study complement the AS iPSCs carrying large deletions on the maternal 
chromosome that were generated by Chamberlain et al.10. This new iPSC line has the advantage that it does not 
carry large genomic deletions and will express a UBE3A protein that differs by only one missing amino acid from 
its normal counterpart. This opens the possibility to assign aberrant protein-protein interactions and functional 
processes specifically to the defective UBE3A protein. In addition, the mechanisms leading to UBE3A imprinted 
expression can be studied on both parental alleles in an almost normal cellular environment. Further character-
ization of neuronal differentiation using the two available AS iPSC lines will help to define the time and the cell 
type at and in which silencing of paternal UBE3A expression occurs. Such analyses would greatly benefit from 
their verification in iPSC lines generated from additional patients with AS. The knowledge gained by neuronal 
differentiation of AS iPSCs is urgently needed to develop efficient potential therapeutic approaches for AS.

Methods
An additional and extended Materials and Methods section is included in the supplement.

Statements. The use of hESCs H1 and H9 is in compliance with the German Stem Cell Law and covered by 
permission AZ:3.04.02/0099.

This study on reprogramming human dermal fibroblasts into induced pluripotent stem cells and all applied 
experimental protocols were approved by the local ethics committee of the University Hospital Essen. All applied 
methods were performed in accordance with the approved guidelines. We confirm that informed consent for skin 
biopsies were obtained from all subjects, that is the healthy control persons and the legal representative of the 
patient with Angelman syndrome.

The teratoma formation assays performed in this study were carried out in strict accordance with the rec-
ommendations of the Guide for the Care and Use of Laboratory Animals of the German Government and it was 
approved by the Committee on the Ethics of Animal Experiments of the responsible authorities (Landesamt für 
Natur, Umwelt und Verbraucherschutz, LANUV AZ 8.87-50.10.37.09.187 and AZ 84-04.04.2013.A350).

Cell culture, reprogramming and virus excision. hESC and iPSC lines were kept on proliferation- 
arrested, CF1 feeder cells in KSR medium (DMEM/F12 Glutamax, 20% knockout serum replacement, 4 ng/μ l 
bFGF, 50 U/ml Penicillin/Streptomycin, non-essential amino acids, 40 ng/ml heparin), or feeder-independent in 
mTeSR1 on Vitronectin-coated tissue-culture dishes. Cells were kept at 37 °C and 5% CO2 in a humidified incu-
bator. Skin biopsies were cultivated in vitro and obtained fibroblasts were reprogrammed using a lentiviral vector 
co-expressing the coding sequences of POU5F1, KLF4, MYC and SOX2 together with the gene encoding tomato 
fluorescent protein17. Seven days post transduction, cells expressing the tomato fluorescent protein were isolated 
by flow cytometric cell sorting. Colonies were picked approximately four weeks post transduction and expanded 
on irradiated feeder cells in KSR medium. Virus excision was mediated by direct protein transduction of Flp 
recombinase into iPSCs16. Isolated single clones were screened by PCR for absence of integrated virus genome.

Immunofluorescence. Immunofluorescent antibody staining of adherent iPSC colonies was conducted 
using the StemLite Pluripotency kit from Cell Signaling Technology, providing antibodies for the nuclear antigens 
OCT4, NANOG, SOX2 and surface antigens TRA1-60, TRA1-81 and SSEA4. Stainings were done according to 
manufacturer’s instructions. Antibodies and dilutions are listed in Supplementary Table S7.

Teratoma formation assay. Mice were kept under standard conditions (12 hours light and dark cycle, food 
and water ad libitum) in the Central Animal Facility of the University Hospital Essen. Cells were resuspended in 
DMEM/F12 supplemented with 50% growth-factor reduced Matrigel and 1 ×  106 cells/ml were injected subcu-
taneously into both hind limbs of immunodeficient NMRI nu/nu mice (Harlan Laboratories). Mice were mon-
itored daily for teratoma growth. Tumors were explanted when they reached a critical size, when skin lesions 
appeared, or latest 67 days after injection. For teratoma histopathology, 5 μ m paraffin cross-sections were stained 
with hematoxylin and eosin.

Deep bisulfite sequencing and Epi-Pluri-Score analysis. Deep bisulfite sequencing was performed 
on the 454 GS junior platform (Roche) as described previously26. Data analysis was done using the Amplikyzer 
software27 and results are depicted as methylation heatmaps showing single CpG sites in columns and single reads 
in rows. The percentage of overall methylation is given in Supplementary Table S6. Amplicon-specific tagged 
primer sequences are given in Supplementary Table S8, as well as an example for a MID-primer pair. For the 
Epi-Pluri-Score analysis, pyrosequencing of three CpGs of interest (cg 23737055 in ANKRD46, cg22247240 in 
VRTN, cg13083810 in POU5F1) was performed and analyzed as described by Lenz et al.13. The Epi-Pluri-Score is 
calculated as the difference of β -value(ANKRD46) minus β -value(VRTN). A positive value is indicative of pluri-
potent cells, a negative value of differentiated cells. The Epi-Pluri-Score is plotted against the β -value measured 
for POU5F1. In the plot, reference sets of 265 pluripotent and 1,951 somatic cells are indicated as clouds. Primer 
sequences are listed in Supplementary Table S8.

Neuronal differentiation. Neuronal differentiation was started from a monolayer culture of iPSCs at 
50–60% confluency by changing to induction medium (50% DMEM/F12/Glutamax, 50% Neurobasal, 0.5% N2, 
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1% B27 without retinoic acid, 20 μ M SB431543, 100 nM LDN193189). Induction medium was changed every 
other day. At day 10, medium was changed to neural expansion medium (DMEM/F12/Glutamax, 1% N2, 2% B27 
without retinoic acid, 20 ng/ml FGF2, 20 ng/ml EGF, 200 μ M ascorbic acid). At day 13, neural progenitor cells 
were enriched by positive selection using magnetic anti-PSA-NCAM MicroBeads (Miltenyi Biotec). Cells were 
passaged every three to four days as single-cell suspension. Terminal differentiation was induced by plating a 
single cell suspension onto culture vessels coated with poly-D/L-ornithine and laminin at a density of 3 ×  104/cm2  
in terminal differentiation medium (Neurobasal, 2% B27, 2 mM Glutamax, 1% non-essential amino acids, 200 μ M  
ascorbic acid, 20 ng/ml BDNF, 20 ng/ml GDNF). 50% of medium was changed every other day up to the final 
time point of differentiation. Cells were harvested at the day of seeding (undifferentiated iPSCs), at day 14 (neu-
ral progenitor cells) and days 21, 28 and 35 during the terminal differentiation phase for RNA extraction and 
immunofluorescence.

SNaPshot analysis. The ABI Prism SNaPshot ddNTP Primer Extension Kit (Life Technologies) was used to 
determine allelic ratios of mRNA transcripts (after reverse transcription into cDNA) following the manufacturer’s 
instructions. Genomic DNA of the respective iPSC clones was used as a reference. The reaction products were 
analyzed on an ABI 3130XL sequencer and electropherograms were analyzed using Gene Mapper 4.0 software 
(Applied Biosystems, Life Technologies). The “area” value in the Gene Mapper graphical output was used as indi-
cator for the amount of PCR products, amplified from cDNA, extended by a G (product of the paternal allele) 
or an A (product of the maternal allele). Next, the G/A ratio was calculated and normalized to the G/A ratio of 
genomic DNA. Analysis was done in three biological and two technical replicates. All data points are included 
in the bee swarm boxplots, which were calculated using the respective packages provided by The R Project for 
Statistical Computing. In the boxplots, the median and quartiles are indicated. The p-values were calculated in R 
using Welch’s unequal variances t-test. Primer sequences are listed in Supplementary Table S8.
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Corrigendum: Angelman syndrome-
derived neurons display late onset 
of paternal UBE3A silencing
Jana Stanurova, Anika Neureiter, Michaela Hiber, Hannah de Oliveira Kessler, Kristin Stolp, 
Roman Goetzke, Diana Klein, Agnes Bankfalvi, Hannes Klump & Laura Steenpass

Correction to: Scientific Reports https://doi.org/10.1038/srep30792; published online 03 August 2016; updated 
08 March 2018

This Article contains typographical errors. In the Results section,

“We reprogrammed primary dermal fibroblasts isolated from a female patient with AS harboring a three-base 
pair deletion in exon 4 of the UBE3A gene (accession NM_130838)11, and from a normal healthy control person.”

should read:

“We reprogrammed primary dermal fibroblasts isolated from a female patient with AS harboring a three-base 
pair deletion in exon 5 of the UBE3A gene (accession NM_130838)11, and from a normal healthy control person.”

In Table S8 of the Supplementary Information file, the sequence of the forward primer ‘SNHG14_RT17_F’ for 
‘qRT-PCR neuronal differentiation’,

“cttgagtattccggaagtaaaagc”

should read:

“ctcttcttgcagtttacaacgg”

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2018
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Extended and Supplementary Materials and Methods 

Cell culture 

All media, PBS and supplements were obtained from Life Technologies unless otherwise 

stated. Cells were split once a week in a ratio of 1:2 to 1:6 (feeder-dependent cells) or 1:6 to 

1:12 (feeder-independent cells). For propagation, colonies were dissociated either using 

collagenase (feeder-dependent), or cell dissociation reagent (feeder-independent; 

STEMCELL Technologies), according to the manufacturer’s recommendations. To yield 

single cell suspensions, cells were treated with Accutase for 10 minutes at 37°C and 

triturated. To support survival of single cells, 10 µM ROCK inhibitor (Y-27632, Calbiochem) 

was added to the medium until the first medium change.  

 

Reprogramming of human dermal fibroblasts 

Fibroblast cultures were established and reprogrammed using a lentiviral vector co-

expressing the coding sequences of POU5F1, KLF4, MYC and SOX2 together with the gene 

encoding tomato fluorescent protein (Fig. 5A). Vector particle production was performed as 

described. Briefly, expression plasmids encoding lentiviral gag-pol (pcDNA3.GP.CCC), HIV-

rev (239_RSV_Rev) and the reprogramming vector backbone 

(pRRL.PPT.SF.OKSM.I.GFP.Pre) were transiently transfected into HEK293 cells together 

with pMDG for VSV-G pseudotyping. Culture supernatants were collected 24 and 48 hours 

post transfection. The vectors were concentrated by ultracentrifugation of the supernatants at 

27,000 x g, 1.5 h, 4 °C and subsequently titrated on HT1080 cells. For reprogramming, 

primary fibroblasts cultures were kept at about 80 % confluency. Fibroblasts were detached 

by trypsinization, counted and transferred to a culture vessel at a density of 4000 cells / cm² 

in culture medium (DMEM high glucose, 10 % FCS, 50 U / ml Penicillin / Streptomycin, 1 % 

sodium pyruvate, 1 % glutamine, 1 % non-essential amino acids and 0.2 % β-

mercaptoethanol). Transduction was performed by adding vector supernatant according to a 

multiplicity of infection of ten. Medium was exchanged 24 hours later. After flow cytometric 

cell sorting, cells were and plated at a density of 1,000 cells / cm2 in a 6-well plate on 



3 
 

proliferation-arrested CF-1 feeder cells in KSR medium containing 10 µM ROCK inhibitor). 

Colonies were picked approximately four weeks post transduction and expanded on 

irradiated feeder cells in KSR medium. 

 

Virus excision 

Virus excision was mediated by direct protein transduction of Flp recombinase into iPSCs. 

For this purpose, vector containing supernatants were collected from HEK293 cells 

transfected with 5 µg of Flp_Gag_Pol plasmid (pcDNA3.MA.Prot.Flpo) mixed with 15 ug of 

wildtype Gag-Pol plasmid (MLV_SynGag) and 2 ug of pMDG-VSVG plasmid (pMDG) 

encoding the envelope protein. Vectors were concentrated by ultracentrifugation at 27,000 x 

g, 1.5 h, 4 °C. iPSCs were seeded as single cells at a density of 1x104 cells / cm2 onto 

Vitronectin-coated 6-well plates and cultured in mTesR1 containing 10 µM ROCK inhibitor. 

50 µl of vector-containing supernatant was added with daily medium changes until colonies 

appeared (about 5 days). Single clones were isolated and expanded. Genomic DNA was 

isolated using the QIAamp DNA mini kit (Qiagen) and 100 ng were used as template for PCR 

amplification. PCR amplification was conducted as a three-primer PCR which amplified a 

product specific for the intact integrated virus genome (290 bp) and an internal control (170 

bp). The internal control is a fragment of the ∆U3-region of the virus that is present before 

and after excision. Successful excision was confirmed by absence of the 290 bp amplification 

product. 

 

Immortalization of fibroblasts 

Primary fibroblasts of the patient’s skin biopsy showed insufficient proliferation and early 

onset of senescence. In order to maintain cells and prolong proliferation, fibroblasts were 

immortalized by lentiviral transduction of a SV40 large T / small T antigen fusion protein 

encoded by the plasmid pCL12SVT (a kind gift of Helmut Hanenberg, Indiana University, 

USA). Since selection of transduced cells is not possible with this construct, different 

volumes (2, 5, 10, 15, 20 and 40 µl) of virus supernatant were added to 2x105 cells per well 
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in a 6-well plate. Transduced cells were selected by proliferation rate and survival. 

Immortalized patient fibroblasts were solely used for analysis of DNA methylation. 

 

HLA typing 

Isolated genomic DNA of iPSCs was used for high resolution HLA-A, -B and -C typing, using 

the Luminex Multiplex Technology together with commercially available sequence-specific 

oligonucleotides (High Definition LABType)1. Briefly, exons 2 and 3 of HLA class I alleles 

were amplified, biotinylated and subsequently hybridized to the sequence-specific, 

microbead-bound oligonucleotides. Bound oligonucleotides can be identified by the Luminex 

flow analyzer. HLA class I alleles with identical nucleotide sequences were grouped. 

 

Alkaline phosphatase staining 

iPSC colonies were stained for alkaline phosphatase activity using the Alkaline Phosphatase 

Detection Kit from Millipore as recommended by the manufacturer. The staining reaction was 

stopped after 15 minutes by washing with PBS and cell colonies were evaluated by phase 

contrast microscopy. 

 

Immunofluorescence 

For antibody stainings, cells were cultivated on feeder cells in standard 24-well cell culture 

dishes or in 24-well Lumox plates (Sarstedt). Cell colonies were fixed using 4 % 

paraformaldehyde for 15 min at room temperature. For staining of nuclear proteins, cells 

were permeabilized by incubation in 0.3 % (v / v) Triton X-100 for 5 min at room temperature. 

After washing and blocking in PBS with 3 % normal goat serum (serum of secondary 

antibody host species; Cell Signaling Technology), incubation with the primary antibody was 

conducted at 4 °C overnight. After washing with PBS, fluorescently labelled secondary 

antibody was applied for 2 hours at room temperature. Cells were counterstained with DAPI 

(200 µg / ml; diluted 1:1000 in PBS) and imaged on a Zeiss Axio Observer.D1 fluorescence 
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microscope using the Axiovision acquisition software from Zeiss. Antibodies and dilutions 

used are listed in Supplementary Table S7. 

 

Flow cytometry 

For FACS analysis of pluripotent cells cultured on feeder layer, feeder cell depletion was 

performed using Feeder Removal Microbeads (mouse) (Miltenyi Biotech) according to 

manufacturer’s instructions. Briefly, cells were treated with Accutase (Life Technologies) to 

generate a single-cell suspension, which was passed through a 40 µm cell strainer and 

counted. After incubation with magnetic microbeads, the suspension was passed through an 

LS column (Miltenyi Biotech) and the flow-through (containing the iPSC cells) was 

concentrated by centrifugation and resuspended in FACS buffer (10 % fetal bovine serum in 

PBS). For each antibody staining, 1x105 cells were used in a volume of 100-200 µl FACS 

buffer. Antibodies were used in a 1:100 dilution and incubated with the cell suspension for 20 

min at 4 °C. After addition of 1 ml FACS buffer and centrifugation (700 x g, 5 min), cells were 

resuspended in 200 µl FACS buffer and analyzed on a FACS Aria (Becton Dickinson) using 

the program FACSDiva (Becton Dickinson). Isotype controls were applied for every antibody. 

Data analysis was done using Kaluza® software (Beckman Coulter). Antibodies are listed in 

Supplementary Table S7. 

 

Karyotyping 

Cells were cultured in 6-well plates. At 50 to 60 % confluency cells were treated with 0.1 µg / 

ml colcemid (Roche) for 3-5 hours in a humidified incubator at 37 °C. Cells were harvested 

using cell dissociation buffer and collected by centrifugation at 200 x g for 7 min. Hypotonic 

treatment in 0.4 % Hepes-KCl was performed for 20 min at 37 °C in a water bath. At the end 

of hypotonic treatment, 100 µl of freshly prepared fixative (3:1 methanol: acetic acid) were 

added and the suspension was mixed by inversion. Cells were collected by centrifugation at 

200 x g for 7 min. 5 ml of fixative were added to the cell pellet and the suspension was 

incubated for 20 min at room temperature. After centrifugation, the pellet was resuspended in 
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500 µl fixative. Two drops were placed on a pre-chilled slide to test for chromosome quality 

using a microscope. For karyotype analysis, slides were baked overnight at 60 °C, digested 

with 0.25 % trypsin solution for a maximum of 5 min and stained with Giemsa 

(MerckMillipore) for 3.5 min. Chromosome analysis was done using a Zeiss Axioskop 

microscope and the Ikaros software (MetaSystems). Per sample eleven metaphases were 

counted and analyzed. To determine the origin of the marker chromosome in patient #H, 

XCyting chromosome paints (Metasystems) for chromosomes 12 and 17 were applied for 

fluorescence in situ hybridization according to manufacturer’s instructions. 

 

Neuronal differentiation 

For positive selection of neural progenitor cells at day 13 magentic PSA-NCAM MicroBeads 

(Miltenyi Biotec) were used. In brief, a single cell suspension was passed through a 40 µm 

cell strainer (Biologix) and a maximum of 1x107 cells was blocked in 60 µl blocking buffer 

(1% BSA in PBS) for 5 minutes at room temperature. Next, 20 µl of the magnetic beads were 

added and cells were incubated at 4 °C for 15 minutes. After addition of 2 ml blocking buffer 

and centrifugation, the pellet was resuspended in 500 µl induction medium and loaded onto 

an LS column placed into a magnetic separator (Miltenyi Biotec). The column was washed 

three times with expansion medium. After removal of the column from the magnetic 

separator, cells were resuspended in 5 ml expansion medium and seeded at a density of 4 x 

105 / cm2 on Matrigel-coated culture vessels. Culture was continued in expansion medium. 

Cells were passaged every three to four days as single-cell suspension and seeded at 

densities of 4 x 105 / cm2 at the first four passages and afterwards at 1 x 105 / cm2 on 

Matrigel-coated culture vessels. Terminal differentiation into neurons followed.  

 

qRT-PCR and TaqMan human stem cell pluripotency arrays 

RNA was prepared by cell lysis in Qiazol (Qiagen), chloroform extraction and subsequent 

processing of the aqeous phase through columns from the RNAeasy kit (Qiagen) according 

to the protocol. 500 ng DNaseI-treated RNA was reverse transcribed into cDNA using either 
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Quantitect Reverse Transcription Kit (Qiagen) or the GeneAmp RNA PCR Core Kit (Life 

Technologies). For qPCR, QuantiFastSYBR Green PCR Kit (Qiagen) was used with the 

amount equivalent to 10 ng of reverse transcribed RNA input and run on a CFX96 Real Time 

System C1000 thermal cycler (BioRad) with an annealing / extension temperature of 60 °C 

and 40 cycles. No-template and no-RT negative controls were included. Analysis was 

performed using the BioRad CFX manager 3.1 software. Plots were generated using the 

Origin Pro software (OriginLab). Expression of endogenous encoded genes was tested for 

using primers binding in the untranslated regions of the mRNA templates. The primer pair 

used for amplification of SNHG14 was published by Runte et al, it locates about 65 kb 

downstream of UBE3A and spans an intron of about 1.7 kb2. This avoids amplification of 

fading UBE3A transcripts or of genomic DNA. The primers used for amplification of UBE3A 

have been published by Rougeulle et al, spanning exons 11 to 12. Expression was 

normalized to housekeeping genes GAPDH and RPL13A and then calibrated to the 

expression levels of hESCs H1, which were used as a standard. Primer sequences and 

product sizes are listed in Supplementary Table S8.  

For TaqMan human stem cell pluripotency arrays (Life Technologies, catalog number 

4385225), 500 ng DNaseI-treated RNA was reverse transcribed into cDNA and cDNA 

equivalent to 100 ng of input RNA was loaded into two reservoirs of the microfluidic cards by 

centrifugation. Arrays were run on an ABI PRISM 7900HT sequence detection system 

(Applied Biosystems, Life Technologies). Cycle threshold analysis was done using the ABI 

PRISM 7900HT sequence detection system software (SDS 2.1) of Applied Biosystems (Life 

Technologies). Heatmaps and cluster analysis of data was done using heatmap.2 in The R 

Project for Statistical Computing with default settings. 

 

Deep bisulfite sequencing 

Genomic DNA of cultured cells was prepared using standard alkaline lysis protocols. Bisulfite 

conversion of 500 ng of genomic DNA was performed using the Zymo EZ methylation Gold 

kit (Zymo) according to the manufacturer´s protocol. 1 µl of converted DNA was used in a 
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first round of PCR with Qiagen HotStart MasterMix and amplicon-specific primers, which 

carry a tag at their 5’-end. Using primers binding to this tag sequences and containing 

multiplex identifier (MID) barcodes and adapters for the 454 sequencing process were added 

to the amplicons in a subsequent PCR. Amplified DNA products were purified, enriched, 

pooled and processed for sequencing on the 454 GS Junior platform (Roche). Post-run data 

analysis included quality filtering using a special bisulfite filter and data processing using the 

Amplikyzer software. Overall percent methylation was calculated using the number of all 

methylated CpGs in all reads in relation to the total number of CpG called in all reads and is 

presented in Supplementary table S6. 

 

Pyrosequencing and Epi-Pluri-Score analysis 

1 µg of genomic DNA was bisulfite converted using the EZ DNA Methylation Kit (Zymo) and 

the three regions of interest (containing CpG sites cg 23737055 in ANKRD46, cg22247240 in 

VRTN, cg13083810 in POU5F1) were amplified by PCR. From this PCR product, a single-

stranded DNA molecule was prepared using the PyroMark Q96 Vacuum Prep Workstation 

(Qiagen), which was then sequenced on the PyroMark Q96 ID System using a gene specific 

sequencing primer. Analysis was conducted with the PyroMark CpG SW1.0 software 

(Qiagen). As result of pyrosequencing, so-called β-values are obtained, ranging continuously 

from 0 (not methylated) to 1 (fully methylated). Values between 0 and 1 reflect the overall 

level of DNA methylation observed at one specific CpG site in a pool of cells. The Epi-Pluri-

Score is calculated as the difference of β-value(ANKRD46) minus β-value(VRTN) and plotted 

against the β-value measured for POU5F1.  

 

Southern blot analysis 

Genomic DNA was prepared by alkaline lysis and 20 µg of genomic DNA were digested 

either with BamHI or EcoRV overnight and run on 0.8 % (w / v) agarose gels at 60 V for 5 to 

6 h. Gels were denatured in 0.5 M NaOH / 1.5 M NaCl solution, twice for 30 min. Wet blotting 

to positive-charged nylon-membranes (Amersham Hybond-XL, GE Healthcare) was 
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performed for at least 16 h in denaturing solution. Blots were hybridized with a wPRE 

fragment isolated from the reprogramming vector by EcoRV digestion. The probe was 

labeled with α-32P-dCTP using the Megaprime kit (GE Healthcare) and purified using the 

QIAquick Nucleotide Removal Kit (Qiagen). Hybridization was performed at 65 °C overnight 

in Church buffer (7 % SDS, 1 mM EDTA, 0.5 M Na2HPO4 / NaH2PO4, pH 7.2). After stringent 

washing in Church buffer at 65 °C for at least 30 min twice, blots were exposed to film at -80 

°C and developed after one to ten days. 

 

Western blot analysis 

Protein lysates of 1 x 106 were prepared in 100 µl NP-40-lysis buffer (500 mM NaCl, 1 mM 

EDTA, 20 mM Tris, 0.5% (v/v) NP-40, protease inhibitor cocktail, pH 8), incubated on ice for 

30 min with vortexing every 10 min. After centrifugation for 20 min at 4 °C at 14.000 rpm, the 

supernatant was transferred into a new tube and protein concentration was determined using 

the BCA Protein Assay Kit from Thermo Fisher. 10 µg protein extract was resolved on a 

standard denaturing 10 % SDS gel at 45 mA for 100 min. Proteins were transferred to PVDF-

membrane by wet blotting in transfer buffer (25mM Tris, 192 mM glycine, 20% (v/v) 

methanol) at 75 V for 100 min. After membrane blocking in 5% milk powder for 1h, incubation 

of the first antibody was performed in 5% milkpoweder in TBST (20mM Tris, 150 mM NaCl, 

0.1 % Tween 20, pH 7.5) at 4 °C over night with agitation. After membrane washing for 3 

times in TBST, incubation with the secondary antibody was performed in TBST for 1h at 

room temperature with agitation. Detection was performed using the Super Signal West 

Femto Maximum Sensitivity Substrate from Thermo and signals were recorded with a Fusion 

FX7 device. Incubation with the UBE3A-antibody was performed first and followed by 

incubation with the α-tubulin antibody after stripping of the membrane. Stripping was 

performed in Restore Western Blot solution from Thermo.  
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Fig. S1: Characterization of iPSCs. A) Southern blot of patient and control iPSC clones. 

DNA was digested with BamHI (left) or EcoRV (right); the probe used for hybridization binds 

to the integrated lentiviral vector used for reprogramming. The number of vector integration 

sites is indicated below the blots. B) Sanger sequencing of three patient iPSC clones. 

Forward and reverse sequencing of UBE3A exon 4 (accession NM_130838) is shown for 

patient clones #B1, #D, #H and #P. Top: sequence of a normal control person. The deleted 

triplet, encoding amino acid glycine at positon 538 is indicated by the black bar. The 

sequence becomes ambiguous at the deletion. C) Normal female karyotypes of control #42 

and #645 (left), and patient #B1, #D and #P (right). Patient #H has an aberrant karyotype 

showing one additional marker chromosome (lower right). D) Whole chromosome painting of 

a metaphase spread of patient #H using probes for chromosomes 12 (red) and 17 (green) 

identifies the marker chromosome as an isochromosome 12p. 

  



12 
 

 

 

Fig. S2: Alkaline Phosphatase and immunofluorescent staining of iPSCs. Expression of 

surface alkaline phosphatase (AP) is indicative for pluripotent cells. Staining of four patient 

iPSC clones and two control iPSC clones is shown. Immunofluorescence of nuclear (OCT4, 

NANOG, SOX2; red) and surface (SSEA4, TRA1-60, TRA1-81; green) antigens is shown for 

four patient iPSC clones (#B1, #D, #H, #P) and two control iPSC clones (#42 and #645). 

Note that images of #D are also shown in Fig. 2 of the main paper. Positive staining indicates 

pluripotency. The hESC H1 line was used for reference. The scale bar represents 100 µm.  
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Fig. S3: Flow cytometry of iPSCs. Expression of pluripotency-associated surface antigens 

SSEA4, TRA1-60 and TRA1-81 was analyzed by flow cytometry. Isotype controls with an 

unrelated antibody are shown in white, staining with specific antibodies in grey. Positive 

staining results in a shift of the cell population to the right. Quantification is given as 

percentage of cells in the designated region. hESC H1 was included for comparison.  
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Fig. S4: Expression profiling of pluripotency-associated marker genes. A) Expression 

of eight pluripotency-associated marker genes was analyzed by quantitative qPCR in iPSCs 

and parental fibroblasts. Expression is displayed relative to gene expression in hESC H1, 

indicating comparable levels. Standard deviation of three technical replicates is given. No-

template and no-RT controls were performed and gave no result. B) Gene expression 

measured by TaqMan human srem cell pluripotency arrays was calculated relative to 18S 

rRNA (∆Ct) showing low expression in blue and high expression in red. Results are 

presented as heatmap of a cluster analysis, which was calculated using heatmap.2 in The R 

Project for Statistical Computing with default settings. Genes are ordered into groups as 

indicated on the right. Parental fibroblasts used for reprogramming cluster separately from 

pluripotent hESCs H1 and generated AS_∆3 iPSCs.   
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Fig. S5: Teratoma formation in patient and control iPSCs H&E staining of immature 

teratomas derived from iPSCs of patient #B1, #P and #P22 (virus excised) and control #645 

shows presence of derivatives of all three germ layers. Ectoderm: neural rosettes; in control 

#645 with neuromelanin pigmentation. Mesoderm: fat cells (#B1; #P22), blood vessels and 

loose immature mesenchyme (#P) and immature cartilage (#645). Endoderm: glandular 

structures with columnar cells showing subnuclear vacuolization typical for clear cells.  The 

scale bar represents 100 µm. 
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Fig. S6: DNA methylation at DMRs. DNA methylation at six gametic imprinted DMRs was 

analyzed by deep bisulfite amplicon sequencing. Results are displayed as methylation 

heatmaps with individual CpG sites in columns and reads in rows. Red: methylated, blue: 

non-methylated. A) hESC H9 at later passage shows gain of methylation at ICR1, CpG85 

and the IG-DMR. B) Methylation of CpG85 and the IG-DMR was analyzed in fibroblast 

samples of two additional healthy control persons. Control 2 shows normal 50 % methylation 

at CpG85, but an increase of methylation at the IG-DMR. Control 3 has increased levels of 

methylation at both DMRs. C) Analysis of CpG85 and the IG-DMR in blood of the patient 

showed differential methylation at CpG85, but an increase at the IG-DMR. D) Analysis of 

methylation in iPSC lines of a patient with AS (AGI-0) and a normal control person (MCH2-

10) obtained from S. Chamberlain (University of Conneticut Health Center, USA). Line AGI-0 

was derived from an AS patient with a large deletion including the PWS-SRO on the 

maternal chromosome. As expected, from the remaining paternal allele only unmethylated 

reads were obtained. Both lines show a gain of methylation at ICR1. Both lines also exhibit a 

gain of methylation at CpG85 and the IG-DMR. In addition, MCH2-10 shows a loss of 

methylation at NESPAS.   
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Fig. S7: Virus excision by Flp recombination. Virus excision was performed in patient #D 

and #P and control #42 and #645. A) Determination of successful excision by PCR. The 

larger product of 290 bp corresponds to the integrated virus, its absence indicates virus 

excision. The smaller product of 170 bp serves as internal control for successful PCR. B) 

Positive staining for alkaline phosphatase expression in all clones. Images were taken at 

100x magnification. C) Expression analysis of eight pluripotency-associated marker genes in 

excised subclones as analyzed by qPCR. Expression is shown relative to levels obtained for 

parental iPSCs. Assays confirm the maintenance of pluripotency in iPSCs after excision of 

the integrated viral vector by Flp recombination. No-template and no-RT controls were 

performed and gave no result. D) Positive immunofluorescence for endogenous nuclear 

antigen expression (OCT4, NANOG, SOX2) and surface antigens (SSEA4, TRA1-60, TRA1-

81) after virus excision. The scale bar represents 100 µm. 
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Fig. S8: Differentiation of patient #D iPSCs into neurons. Results of additional biological 

replicates are shown. A) Immunofluorescent staining for neuronal markers MAP2 and βIII-

TUBULIN indicate differentiation of patient #D iPSCs into mature neurons. The scale bar 

indicates 100 µm. B) Analysis of marker gene expression showed upregulation of neuronal 

markers PAX6, NESTIN and βIII-TUBULIN. Upregulation of UBE3A and SNHG14 was 

reproducibly observed. No-template and no-RT controls were performed and gave no result. 

n.d.: not determined. 
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Fig. S9: Stable expression of UBE3A protein in iPSCs and neurons. Steady state 

amounts of UBE3A protein were observed during neuronal differentiation of patient iPSCs 

(#D3) by immunoblotting of total cell lysates (right panel). Undifferentiated AS iPSCs with a 

large deletion on the maternal allele (Chamberlain et al, 2010), three patient and two control 

iPSC clones and the reference hESC H1 were used for comparison (left panel). AS iPSCs 

express UBE3A only from the paternal allele, resulting in decreased amounts of UBE3A 

protein. α-tubulin was used as loading control. We have not yet identified the nature of the 

additional band visible only at the NPC stage of neuronal differentiation. 
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Table S1: Reprogramming efficiencies 
Fibroblasts Seeded Clones isolated Efficiency Efficiency in % 
Patient 15,000 8 8 in 15,000 0.05 
Patient 555,000 30 30 in 555,000 0.005 
Healthy control 345,000 28 28 in 345,000 0.008 
Healthy control 968,000 113 113 in 968,000 0.01 
  



Table S2: HLA-typing of iPSC clones

fibroblasts

HLA-A*03:01:01G, *31:01:02G
HLA-B*07:14, *51:01:01G
HLA-C*07:02:01G, *15:02:01G
HLA-A*03:01:01G, *31:01:02G
HLA-B*07:14, *51:01:01G
HLA-C*07:02:01G, *15:02:01G
HLA-A*03:01:01G, *31:01:02G
HLA-B*07:14, *51:01:01G
HLA-C*07:02:01G, *15:02:01G
HLA-A*03:01:01G, *31:01:02G
HLA-B*07:14, *51:01:01G
HLA-C*07:02:01G, *15:02:01G

HLA-A*11:01:01G, *32:01:01G
HLA-B*08:01:01G, *41:02:01
HLA-C*07:01:01G, *17:03
HLA-A*11:01:01G, *32:01:01G
HLA-B*08:01:01G, *41:02:01
HLA-C*07:01:01G, *17:03

HLA Allele Codes

iPSC-clone

#D

HLA-A*03:01:01G, *31:01:02G
HLA-B*07:14, *51:01:01G
HLA-C*07:02:01G, *15:02:01G

Sa
m

pl
e 

Co
de

#H

#B1

#P

#42

#645

HLA-A*11:01:01G, *32:01:01G
HLA-B*08:01:01G, *41:02:01
HLA-C*07:01:01G, *17:03

patient

control



Table S3: Results of TaqMan human stem cell pluripotency arrays
Ct values are normalized to 18S (∆Ct)

hESC AS_delta3 iPSC control iPSC patient control
gene H1 M57259_B1 M57259_D M57259_H M57259_P M55045_42 M55045_645 fibroblast fibroblast
NANOG 13,503978 13,734934 7,7932606 12,600215 13,858449 14,336064 12,054184 24,107037 21,456043
POU5F1 19,352436 19,115028 14,003691 19,751633 18,546478 20,384506 18,394463 25,142258 23,18459
TDGF1 12,646434 13,510851 9,7501545 13,140298 12,548783 13,616368 12,926952 29,163467 26,187763 pluripotency
DNMT3B 11,065755 11,581581 4,5025635 12,603585 11,118186 13,429362 12,464708 19,388756 18,653645
GABRB3 15,489894 15,818386 10,909027 14,872123 15,133618 16,046848 14,470219 20,601181 21,631824
GDF3 17,37009 17,05599 9,376108 16,184982 15,873221 18,63926 14,322262 29,163467 26,187763
SOX2 15,678319 15,783794 23,590528 16,370762 15,87992 16,754719 15,807493 29,163467 26,187763
BRIX 15,474526 15,689375 12,010063 15,176602 15,564761 15,882573 14,885712 17,148518 16,854326
CD9 14,773896 14,592476 8,391132 12,392106 14,441186 14,843516 13,390097 15,032818 13,168566
COMMD3 22,44006 23,57676 13,15601 20,738007 22,97837 22,106834 20,931324 18,253744 17,03078
CRABP2 16,283382 15,519209 8,01359 14,577735 14,947284 15,683591 13,718281 13,140228 12,237297
EBAF 18,448029 18,812819 13,509832 22,671795 18,71008 21,102772 14,745203 29,163467 26,187763
FGF4 22,807716 22,389645 23,590528 24,31353 22,089561 22,93016 20,779865 29,163467 26,187763
FGF5 25,279358 29,637405 23,590528 27,247864 29,263985 30,026226 27,963512 13,8666115 15,075727
FOXD3 17,109505 17,95924 11,197521 17,76664 17,231907 19,775452 18,39708 22,945393 26,187763
GAL 14,04667 15,448351 12,639652 13,81235 14,082349 15,691203 13,49143 24,159134 26,187763 stemness
GBX2 22,34694 19,070797 23,590528 20,696457 22,105152 23,936806 19,192848 29,163467 26,187763
GRB7 16,875145 17,085941 23,590528 15,773921 16,640038 17,661716 16,512585 23,661034 22,20972
IFITM1 13,05329 12,592583 23,590528 11,766566 12,131457 13,277808 11,202059 16,626043 15,330696
IFITM2 15,043021 15,845314 -10,447006 16,210434 16,021263 18,199886 15,972515 14,075829 13,755505
IL6ST 20,100258 20,369242 17,841593 20,166534 20,118164 20,794144 18,553514 15,127335 13,261848
IMP2 16,436184 16,633333 23,590528 16,19635 16,073101 17,972122 15,883701 16,570868 16,147251
KIT 18,284672 17,250631 11,409256 16,861721 17,871948 17,434967 16,807133 18,093534 15,284555
LEFTB 16,852135 17,174572 23,590528 20,959587 17,061306 20,889587 14,772499 29,163467 23,101967
LIFR 29,525616 26,58038 23,590528 27,247864 29,263985 30,026226 24,905945 29,163467 26,187763
LIN28 12,470069 13,477562 23,590528 13,173276 12,801404 13,513637 12,619068 29,163467 26,187763
NODAL 17,652882 17,899702 12,010286 20,739727 17,277084 20,955082 14,574165 29,163467 26,187763
NOG 23,21563 23,246777 18,836584 24,21997 23,520752 24,380829 21,274181 16,333185 18,008741
NR5A2 17,77774 18,208668 12,16778 20,187912 18,679039 19,15834 17,33229 29,163467 20,489845
NR6A1 15,123563 15,429733 8,939152 14,627028 15,327971 15,469722 14,366707 22,86354 22,090656



hESC AS_delta3 iPSC control iPSC patient control
gene H1 M57259_B1 M57259_D M57259_H M57259_P M55045_42 M55045_645 fibroblast fibroblast
PODXL 12,507777 12,846861 6,288782 13,008313 13,046094 14,131267 12,476763 16,939772 15,172918
PTEN 18,521954 18,406796 16,598291 17,879036 18,079784 19,357952 17,986322 16,971018 16,607054
REST 19,528908 19,621853 21,198332 19,601051 19,059208 20,377182 18,785679 19,734137 19,7697
SEMA3A 16,312763 16,533995 23,590528 17,862728 15,7954 17,904114 16,199528 16,960222 14,667377 stemness
SFRP2 12,995484 12,937902 23,590528 14,08364 12,289298 15,355025 13,335072 21,52113 23,09404
TERT 18,915352 18,905428 10,031195 20,065342 19,242783 21,112446 19,442085 29,163467 26,187763
TFCP2L1 21,363903 19,159218 18,971087 20,225498 19,262981 22,339931 20,850872 29,163467 26,187763
UTF1 16,918896 16,325233 19,960608 18,553867 16,510353 20,905384 18,92047 29,163467 26,187763
Xist 29,525616 25,599052 19,329962 21,55605 22,679245 22,342724 23,854847 15,399496 15,508844
ZFP42 14,474362 14,854441 23,590528 14,415748 14,853538 14,973786 14,048941 29,163467 26,187763
ACTC 14,885173 17,45243 10,552765 18,619072 16,23378 16,981857 15,507608 20,006681 21,961063
CD34 24,534061 24,507256 16,24359 27,247864 23,149715 25,405495 27,963512 21,842579 18,808117
COL1A1 16,412067 17,146236 8,535351 15,562427 15,822825 18,33001 16,863113 10,121464 8,787954
COL2A1 19,99868 20,292952 10,522703 23,076397 19,680893 22,88345 19,909811 29,163467 26,187763
DDX4 25,436226 24,78804 23,590528 27,247864 24,39392 30,026226 27,963512 29,163467 26,187763
DES 20,996605 20,065392 13,043945 17,035694 19,200249 20,04993 19,82935 16,977766 19,199684
GATA4 22,836727 20,464207 23,590528 24,349072 23,410229 22,714073 15,40621 29,163467 26,187763
HBB 29,525616 29,637405 10,371292 27,247864 29,263985 30,026226 27,963512 29,163467 26,187763
MYF5 29,525616 29,637405 23,590528 27,247864 26,024933 30,026226 27,963512 29,163467 26,187763 mesoderm
MYOD1 25,44986 29,637405 23,590528 27,247864 29,263985 30,026226 27,963512 29,163467 26,187763
NPPA 29,525616 29,637405 23,590528 27,247864 29,263985 30,026226 24,936802 29,163467 26,187763
PECAM1 25,109062 29,637405 23,590528 23,62965 29,263985 30,026226 23,863937 22,752033 21,643433
RUNX2 21,943604 29,637405 23,590528 27,247864 25,176456 25,403221 22,777668 18,083017 18,431217
T 29,525616 22,401245 23,590528 24,152054 24,718445 30,026226 18,457235 29,163467 26,187763
TAT 29,525616 23,575218 23,590528 24,086681 24,000668 30,026226 27,963512 29,163467 26,187763
WT1 24,047565 26,596867 23,590528 27,247864 29,263985 24,201035 27,963512 29,163467 26,187763
AFP 24,442928 29,637405 23,590528 27,247864 29,263985 30,026226 23,122978 29,163467 26,187763
CDH5 21,736992 29,637405 15,99576 27,247864 21,973274 30,026226 25,963512 29,163467 16,73487
CDX2 29,525616 26,369392 20,597185 27,247864 29,263985 30,026226 23,994522 29,163467 26,187763
FOXA2 22,46706 24,586414 17,034098 27,247864 29,263985 30,026226 19,684565 29,163467 26,187763 endoderm
GCG 29,525616 29,637405 23,590528 27,247864 29,263985 30,026226 23,875793 29,163467 26,187763
HLXB9 29,525616 26,26995 23,590528 20,893833 26,271519 23,99342 21,913647 29,163467 26,187763
IAPP 29,525616 25,438198 10,385008 23,150059 29,263985 26,025803 27,963512 29,163467 26,187763



hESC AS_delta3 iPSC control iPSC patient control
gene H1 M57259_B1 M57259_D M57259_H M57259_P M55045_42 M55045_645 fibroblast fibroblast
INS 29,525616 29,637405 23,590528 27,247864 29,263985 30,026226 27,963512 29,163467 26,187763
IPF1 29,525616 29,637405 23,590528 27,247864 29,263985 30,026226 27,963512 29,163467 26,187763
ISL1 24,463005 23,601875 17,243235 27,247864 22,921482 25,21 21,250175 29,163467 26,187763 endoderm
PAX4 29,525616 29,637405 19,571161 27,247864 29,263985 30,026226 24,92155 29,163467 26,187763
PTF1A 29,525616 29,637405 23,590528 27,247864 29,263985 30,026226 24,9108 29,163467 26,187763
SOX17 26,420284 25,203518 23,590528 24,196896 29,263985 30,026226 19,697643 29,163467 26,187763
GFAP 24,461075 23,580017 16,289995 21,22012 23,191193 22,717651 21,568268 22,645851 26,187763
KRT1 29,525616 29,637405 23,590528 27,247864 29,263985 30,026226 27,963512 29,163467 26,187763
LAMA1 18,251644 17,575495 19,330898 17,717106 18,044926 18,739998 16,48561 23,214024 21,191368
LAMB1 17,42437 16,56012 6,986721 17,110714 17,230999 17,903728 15,336338 13,713228 12,248966
LAMC1 16,789715 16,571005 19,279268 17,224411 15,747575 18,32016 15,127287 15,03322 14,082207
NEUROD1 26,432896 29,637405 23,590528 27,247864 29,263985 30,026226 24,57071 29,163467 26,187763 ectoderm
NES 15,835801 16,939459 23,590528 17,675968 15,907176 18,01086 16,161102 18,176956 18,7001
OLIG2 24,11813 23,36148 23,590528 20,984558 21,397606 24,690994 25,254162 29,163467 26,187763
PAX6 25,22615 29,637405 19,564726 27,247864 29,263985 30,026226 27,963512 25,101566 26,187763
SST 22,882046 24,819527 13,879763 27,247864 26,24511 25,983253 23,911343 29,163467 26,187763
SYP 19,785942 21,645618 19,264257 18,917458 20,851223 21,119411 20,91415 24,235474 22,064857
TH 29,525616 29,637405 23,590528 27,247864 29,263985 30,026226 23,918522 29,163467 26,187763
CGB 23,107788 22,994781 14,59511 22,134766 22,190346 23,282326 20,939808 21,71558 22,161892
GCM1 29,525616 25,557743 23,590528 27,247864 29,263985 30,026226 27,963512 24,544472 26,187763
EOMES 21,985023 21,739655 14,359135 27,247864 26,194065 24,400997 16,890068 29,163467 26,187763
FLT1 18,055592 18,61767 10,843689 19,630688 18,193981 18,787163 17,78754 20,56428 26,187763
FN1 15,442958 15,6954155 8,885372 16,643383 14,863574 18,17109 14,7912445 9,210806 8,666803
GATA6 24,298252 25,60471 23,590528 27,247864 29,263985 25,785938 19,362255 22,593472 22,07306
HBZ 29,525616 23,443295 18,826708 24,228703 24,137611 30,026226 23,824265 29,163467 26,187763 other
SERPINA1 25,538383 29,637405 23,590528 23,143433 24,477016 30,026226 27,963512 29,163467 26,187763
SYCP3 29,525616 29,637405 23,590528 23,145245 23,258965 25,596767 22,94284 29,163467 26,187763
ACTB 10,663825 11,647976 9,31962 11,188945 10,921086 12,053233 11,2339115 10,563625 10,922323
RAF1 18,793732 19,494364 23,590528 19,188148 18,662155 19,737541 18,262682 19,157125 17,501244
CTNNB1 14,600377 14,785099 8,557829 14,1818075 14,716331 15,163518 14,0554905 15,404171 15,672506
GAPD 10,979262 11,740988 6,5376816 10,257237 11,655395 11,41956 11,059263 11,105871 11,757362
EEF1A1 17,291008 17,919952 15,736765 18,619747 18,226265 18,823853 17,105917 19,050776 18,935001
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Table S4: Teratoma formation 
Cells of each iPSC clone indicated were injected into both flanks (left and right) of 

immunodeficient NMRI nu/nu mice. Two animals per cell line were used. Teratoma formation 

occurred with an efficiency of 100 % for all iPSC clones used but the growth rate differed. 

Weight (W) of tumors is given in grams (g). Tumors were explanted at critical size, when skin 

lesions appeared or after 67 days. 

 

cells injected side W (g) days to explantation 
hESC H1 right 0.628 30 
 left 0.020 30 
hESC H1 right 0.244 37 
 left 0.267 37 
patient #B1 right 0.404 30 
 left 0.015 30 
patient #B1 right 0.295 30 
 left 0.462 30 
patient #D right 0.098 67 
 left 0.113 67 
patient #D right 0.1 67 
 left 0.203 67 
patient #P right 0.241 32 
 left 0.148 32 
patient #P right 0.385 47 
 left 0.530 47 
patient #P22 right 0.119 24 
 left 0.629 24 
patient #P22 right 0.083 24 
 left 0.584 24 
control #645 right 0.152 60 
 left 0.090 60 
control #645 right 0.389 60 
 left 0.125 60 
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Table S5: Chromosomal regions analyzed for DNA methylation and the Epi-Pluri-Score  
Chromosomal regions are listed according to the UCSC browser, genome build hg19 

DMR / CGI locus / gene no. of CpG sites chromosomal region 
ICR1 IGF2 / H19 14 chr11:2021080-2021248 
ICR2 Beckwith-Wiedemann locus 7 chr11: 2721560- 2721680 
CpG85 RB1 11 chr13:48,893,505-48,893,690 
IG-DMR DLK1 - MEG3 15 chr14: 101277219-101277485 
SNRPN Prader-Willi / Angelman locus 21 chr15:25200011 -25200250 
NESPAS GNAS 17 chr20:57429210- 57429446 
    
POU5F1 POU5F1 10 chr6:31,138,276-31,138,507 
NANOG NANOG 6 chr12:7,941,603-7,941,810 
    
cg23737055 ANKRD46 1 chr8:100,559,768-100,559,941 
cg22247240 VRTN 1 chr14:74,348,428-74,348,610 
cg13083810 POU5F1 1 chr6:31,171,307-31,171,723 
  



Table S6: Overall level of DNA methylation in percent

number of hESC hESC hESC control 1 control 1 control 1 control 2 control 2 control 3 patient 1 patient 1 patient 1 patient 1 patient 1 patient 1 patient 2
CpG sites H1 H9E H9D fibroblast 42 645 MCH2-10 fibroblast fibroblast fibroblast B1 D H P blood AGI-0

SNRPN 21
% methylation 30,4 37,1 38,1 39 36 41,7 28,8 42,8 38,4 39,8 37,6 36,4 0,9
reads 1549 643 2886 885 374 699 1214 776 616 691 2336 1161 1151
IG-DMR 15
% methylation 93,6 95,3 96,5 62,7 91,9 92 89 58,6 64,9 3,2 61,9 60,1 65,8 53,9 61,6 93,8
reads 1245 2740 458 7298 1298 1289 1558 1025 1020 1311 1635 1544 2308 3304 1290 1632
CpG85 11
% methylation 94,9 95,1 95,9 59,1 92,0 91,3 95,2 55,6 79,3 94 95,8 95,4 96,1 94,8 63,1 91,6
reads 269 9678 8438 232 2827 2485 694 2591 2593 3222 154 459 576 405 475 608
NESPAS 17
% methylation 42,2 36 41,3 40,3 1,6 6 3,3 46,5 3,1 43,7 63,6 4,1 45,4
reads 1285 2659 8425 2347 918 1453 1155 1855 1910 2526 1075 1764 1316
ICR1 14
% methylation 54 37,1 91,7 41,7 39,4 46,8 68,9 44,7 0,9 44,8 39,7 43,4 75,4
reads 1826 753 390 2879 1292 1343 1021 1837 3201 2299 1875 2566 1387
ICR2 7
% methylation 48,2 47,5 49,9 50,3 53,7 53,9 55,7 56,5 57,7 56 54,3 2 49,3
reads 2371 658 581 3580 1328 2463 1576 1212 2843 1777 5296 1198 2072
OCT4_R2a 10
% methylation 9 20,6 18,5 49,3 1,6 1 16,9 80,5 8,9 8 12,4 21,8 12
reads 756 3369 2916 858 753 698 610 748 524 1059 1160 1241 680
NANOG_R1 6
% methylation 15,2 25,9 43,5 34,9 5,7 2,3 33,5 45,1 14 16,4 27,8 42,1 30,1
reads 971 1070 1538 628 1489 4390 1134 374 967 900 571 2824 1350
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Table S7: Antibodies 
Antibody Supplier Cat# dilution 
Flow cytometry 
PE anti-human TRA1-60-R Bio Legend 330610 1:100 
PE mouse IgM, isotype control Bio Legend 401611 1:100 
Alexa Fluor 488 anti-human TRA1-81 Bio Legend 330710 1:100 
Alexa Fluor 488 mouse IgM, isotype control Bio Legend 401617 1:100 
Alexa Fluro 647 anti-human SSEA4 Bio Legend 330408 1:100 
Alexa Fluor 647 mouse IgG3, isotype control Bio Legend 401321 1:100 
    
Immunofluorescence 
Stem Light Pluripotency kit Cell Signaling Technology 9656S 1:200 
OCT4 anti-human STEMCELL Technologies 60093 1:1000 
PAX6 anti-human STEMCELL Technologies 60094 1:500 
MAP2 Sigma Aldrich M9942 1:300 
βIII-TUBULIN Life Technologies PA-46430 1:300 
    
Secondary antibodies    
Alexa Fluor 488  anti-mouse IgG Life Technologies A11001 1:800 
Alexa Fluor 555 anti-rabbit IgG Cell Signaling Technology 4413S 1:1000 
Alexa Fluor 488 anti-rabbit IgG Life Technologies A11008 1:800 
Alexa Fluor 488 anti-mouse IgG Life Technologies A11001 1:800 
Alexa Fluor 488 anti-mouse IgG Cell Signaling Technology 4408S 1:1000 
    
Western blot    
anti-UBE3A Becton Dickinson 611416 1:500 
anti-α-tubulin Sigma Aldrich T5168 1:2000 
donkey anti-mouse HRP Dianova 715-036-150 1:10.000 
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Table S8: Primer sequences 
Underlined sequences are tags for amplification with MID primers. The multiplex identifier 

(MID) sequences for barcoding of amplicons are in red, the key sequences for quality control 

are in blue. 

Name Sequence 5’->3’ Product size 
 qRT-PCR pluripotency 

OCT4_F gaaggtgaagttcaatgatgctg  
OCT4_R attcccatccctacctcagtaac 139 
SOX2_F agtatcaggagttgtcaaggcag  
SOX2_R tcctagtcttaaagaggcagcaa 79 
KLF4_F ctaaatgatggtgcttggtgagt  
KLF4_R ggtcataaatgttgatcggaagac 124 
MYC_F tcctgagcaatcacctatgaact  
MYC_R ttgaggcagtttacattatggc 110 
LIN28A_F ttgaggagcaggcagagtgg  
LIN28A_R tgcatttggacagagcatgg 162 
NANOG_F acctcagctacaaacaggtgaag  
NANOG_R atccctggtggtaggaagagtaa 156 
DNMT3B_F ggatgtttgagaatgttgtagcc  
DNMT3B_R gattacactccaggaaccgtga 72 
REX1_F agctgaaacaaatgtactgaggct  
REX1_R ctccaggcagtagtgatctgagta 127 
GAPDH_F tgcaccaccaactgcttagc  
GAPDH_R ggcatggagtgtggtcatgag 87 
RPL13A_F ccatcgtggctaaacaggagt  
RPL13A_R aggaaagccaggtacttcaactt 112 
   
qRT-PCR neuronal differentiation 
UBE3A_F ctcttcttgcagtttacaacgg  
UBE3A_R cttgagtattccggaagtaaaagc 152 
SNHG14_RT17_F cttgagtattccggaagtaaaagc  
SNHG14_RT17_R cttgagtattccggaagtaaaagc  120 
PAX6_F aacagacacagccctcacaaaca  
PAX6_R cgggaacttgaactggaactgac 275 
NESTIN_F ggaagagaacctgggaaagg  
NESTIN_R cttggtccttctccaccgta 122 
βIII-TUBULIN_F ctcaggggcctttggacatc  
βIII-TUBULIN_R caggcagtcgcagttttcac 160 
GAPDH_F tgcaccaccaactgcttagc  
GAPDH_R ggcatggactgtggtcatgag 87 
   
Sequencing of UBE3A deletion in exon 4 
UBE3A_100bp_fw cctgcagacttgaagaagca  
UBE3A_100bp_r cctccacaaccagctgaaa 100 
   
Detection of reprogramming vector excision 
Flpo_1_F cgagtcggatctccctttgggc 290 
Flpo_2_F tggaagggctacgtagctagc 170 
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Flpo_3_R ggttccctagttagccagagagc  
   
Bisulfite sequencing 
H19-in-Ftag cttgcttcctggcacgagggtayggaattggttgtagttgtgg  
CTCF-RM13_R_CTCF6 caggaaacagctatgacatatcctattcccaaataacccc 204 
LIT1-Not1-F-tag cttgcttcctggcacgagtttataggtttttatatygagggtttatagtag  
LIT1-Not1-R-M13 caggaaacagctatgacaaataaacyraaaacacraaccaattctctac 156 
IG-DMR-Ftag cttgcttcctggcacgaggtttattgggttgggttttgttag  
IG-DMR-RM13 caggaaacagctatgacaccaattacaataccacaaaattac 302 
NESPAS_F_neu_Bis cttgcttcctggcacgaggtagtagtttttggatggagatttt  
NESPAS_R_neu_Bis caggaaacagctatgacaaaaaaatacttttcctccctcc 272 
SNRPN_Ftag cttgcttcctggcacgagggagggagttgggatttttgtattg  
SNRPN_RM13 caggaaacagctatgacccccaaactatctcttaaaaaaaaccacc 275 
RB1_CpG85_Ftag_1 cttgcttcctggcacgagtttggatggtttttttag  
RB1_CpG85_RM13_1 caggaaacagctatgacaacaaaaaaacaaaaacaacc 221 
Bis_hOCT4_R2a_Ftag cttgcttcctggcacgagggggttagaggttaaggttagtg  
Bis_hOCT4_R2a_RM13 caggaaacagctatgacattcctaaccctccaaaaaaac 267 
NANOG_R1_F_Stricker cttgcttcctggcacgagatgttggttaggttggttttaaatt  
NANOG_R1_R_Stricker caggaaacagctatgaccccaacaacaaatacttctaaattcaccac 242 
AutMID1 (example) cgtatcgcctccctcgcgccatcagacgagtgcgtcttgcttcctggcacgag  
ButMID1 (example) ctatgcgccttgccagcccgctcagacgagtgcgtcaggaaacagctatgac amplicon size 

    
Epi-Pluri-Score analysis / pyrosequencing 
ANKRD46_for biotin-aggggaggggttagataggggtag  
ANKRD46_rev ccacaattttaatactttccctaattcaaaac 173 
ANRD46_seq cacaattttaatactttccc  
C14ORF115_for biotin-gattttttggggggagtggtttaagt  
C14ORF115_rev ccaccttccaacctaaaacatttaaatcacc 182 
C14ORF115_seq ccaaaaccaatttcatatc  
POU5F1_for gatttttggtattgtgtttttaggggttagtta  
POU5F1_rev biotin-taaaacccaatcaatccaaaatctaatccc 416 
POU5F1_seq tagttttttaaatttattgaatg  
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1. Resource utility

The unavailability of neuronal tissue of patients hampers AS re-
search. iPSC lines reprogrammed from patient cells and differentiated

into neurons in vitro are an alternative. AS can arise from different
genetic and epigenetic causes and it is of interest to establish iPSC lines
covering all possible causes, including imprinting defects.

Fig. 1. Characterisation of patient-derived AS_ID iPSCs (ZIPi015_K) iPSCs carrying an imprinting defet.
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2. Resource details

The patient whose fibroblasts were used for reprogramming was
diagnosed with AS caused by an imprinting defect. An imprinting defect
constitutes as biparental origin of genetically intact chromosomes 15
but lack of DNA methylation at the relevant imprinting center
(Horsthemke and Buiting, 2008). Patient fibroblasts were derived from
a skin biopsy and reprogrammed by introduction of episomal vectors
expressing L-MYC, LIN28, SOX2, KLF4, OCT3/4 and shRNA against
p53. A total of 7 clonal iPSC lines were derived, and one line was
characterized in detail. Consistent with the patient's initial diagnosis,
chromosome 15 specific MS-MLPA and microsatellite analysis of
genomic DNA from patient blood and fibroblasts and the derived iPSCs
confirmed absence of deletions, DNA methylation at the imprinting
center and biparental origin of chromosomes 15 (Fig. 1A). MS-MLPA
allows simultaneous analysis of copy-number changes and DNA me-
thylation. Briefly, MLPA probes hybridize to genomic DNA and adjacent
probes are ligated before they can be amplified by PCR. For detection of
DNA methylation, genomic DNA is first digested with a methylation-
sensitive restriction enzyme. Absence of DNA methylation results in
failure of amplification. Normal levels of gene dosage display with a
peak ratio of around one (Fig. 1A). A normal DNA methylation result on
the chromosome 15 imprinting center is indicated by a peak ratio of
respective probes of 0.5, indicating a level of 50% DNA methylation.
Fig. 1A shows loss of DNA methylation at chromosome 15, indicated by
the probes residing on baseline. RNA expression of UBE3A was proven
by quantitative real-time PCR and comparable to published control
iPSC lines #42 and #645 (Fig. 1B; expression normalized to GAPDH
and calibrated to iPSC line #42; Stanurova, 2016). Karyotype analysis
in passage 27 revealed a female karyotype of 46, XX (Fig. 1C). Plur-
ipotency of the generated AS_ID iPSC line was demonstrated by quali-
tative immunofluorescence for expression of nuclear marker proteins
OCT4, SOX2 and NANOG and by quantitative FACS analysis of SSEA4
and TRA1–60 surface marker protein expression (Fig. 1D; IF: marker
proteins in red, nuclei in blue, scale bar 100 μm; FACS: isotype control
(grey), sample (black), percentage of positive cells is indicated). Dif-
ferentiation potential of AS_ID iPSCs was confirmed by embryoid body
formation and immunofluorescence for expression of germ line marker
proteins, TUJ1 (ectoderm), smooth muscle actin (SMA, mesoderm) and
α-fetoprotein (AFP, endoderm) (Fig. 1E, marker proteins in red, nuclei
in blue, scale bar 100 μm). Expression of several marker genes in

embryoid bodies was additionally analysed by qRT-PCR (Fig. 1F; ex-
pression normalized to GAPDH and calibrated to d0 of differentiation).
Single-cell quantitative analysis of directed differentiation was analysed
by FACS for expression of PAX6 (ectoderm), T (mesoderm) and SOX17
(endoderm) (Fig. 1G; isotype control (grey), sample (black), percentage
of positive cells is indicated). 19% of cells were positive for ectodermal,
almost 100% for mesodermal and 73% for endodermal marker protein
expression. Although success of ectodermal differentiation was low, we
successfully use these cells for neuronal differentiation (data not
shown), proving that this cell line is able to differentiate into the ec-
todermal lineage.

3. Materials and methods

3.1. Reprogramming and cell culture

Human dermal fibroblasts (< P5) isolated from patient's skin biopsy
were reprogrammed as described (Okita et al., 2011). 1.5 μg of each
episomal plasmid (Addgene; pCXLE-hUL (#27080), pCXLE-hSK
(#27078), pCXLE-hOCT3/4-shp53F #27077) were electroporated into
1×106 cells using the Neon Transfection System (100 μl tips; 10ms,
1650 V, 3 pulses; Thermo Fisher). Transfected cells were seeded onto
mouse feeder cells in fibroblast medium (DMEM/10% FBS, 2mM L-
glutamine). Medium was switched to TeSR-E7 (Stemcell Technologies)
two days post transfection. Established cell line was cultured on Vi-
tronectin-coated plates in StemMACS™ iPS-Brew (Miltenyi Biotec). Cells
were passaged every 5 to 6 days using Cell Dissociation Buffer or Re-
LeSR (Stemcell Technologies).

3.2. MS-MLPA

Gene dosage and DNA methylation analysis was performed by me-
thylation-sensitive multiplex-ligation probe amplification using the
SALSA MLPA ME028 Prader-Willi/Angelman probemix, according to
instructions (MRC Holland). Fragment length analysis was performed
on an ABI Genetic Analyzer 3130XL using the program GeneMarker
(Softgenetics) Table 1.

3.3. qRT-PCR

RNA was isolated using the RNeasy mini kit and 500 ng of RNA was

Table 1
Characterization and validation.

Classification Test Result Data

Morphology Photography Visual record of the line: normal, high nucleus/cytoplasmic ratio Fig. 1D
Phenotype Qualitative analysis Immunofluorescence for nuclear pluripotency markers: OCT4,

NANOG, SOX2
Fig. 1D

Quantitative analysis Surface pluripotency marker expression (FACS analysis) SSEA4:
100%; Tra1–60: 92% positive

Fig. 1D

Genotype Karyotype (G-banding) and resolution 46XX, Resolution 450 Fig. 1C
Identity Microsatellite PCR (mPCR) Primer pool for chromosome 15 Fig. 1A

STR analysis Powerplex 16 HS system submitted in archive with
journal

Mutation analysis (IF
APPLICABLE)

MLPA, Microsatellite PCR for
chromosome 15

Imprinting defect:
dosage normal
DNA methylation absent
biparental origin

Fig. 1A

Southern Blot OR WGS NA NA
Microbiology and virology Mycoplasma Mycoplasma testing by PCR: Negative Supplementary file
Differentiation potential Embryoid body formation and directed

differentiation
EB: immunofluorescence for TUJ1, smooth muscle actin (SMA),
α-fetoprotein (AFP), qRT_PCR
directed differentiation: ectoderm (PAX6): 19.4%
endoderm (SOX17): 99.7%
mesoderm (T): 73.6%

EB: Fig. 1E, F

directed differentiation: Fig. 1G

Donor screening (OPTIONAL) HIV 1+2 Hepatitis B, Hepatitis C NA NA
Genotype additional info

(OPTIONAL)
Blood group genotyping NA NA
HLA tissue typing NA NA
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reverse transcribed using the Quantitect Reverse Transcription Kit
(Qiagen). qRT-PCR was performed with Quantitect SYBR-Green and
analysed with BioRad CFX-Manager Software. Mean and standard de-
viation of technical triplicates are shown. Primer sequences are listed in
Table 2.

3.4. Karyotype analysis

Metaphase chromosomes were prepared as described (Stanurova
et al., 2016), chromosome number was analysed in eleven metaphase
spreads and three detailed karyotypes were made.

3.5. Immunofluorescence

Cells were grown on Vitronectin-coated cover slips (Matrigel for
EBs), fixed with 4% paraformaldehyde for 15min, permeabilized with
0.1% Triton-X-100 for 10min, blocked in PBS/5% BSA for 60min (all at
room temperature) and incubated with primary antibodies on 4 °C over
night. Secondary antibody staining was performed for 60min at room
temperature. Images were taken with a Zeiss Axiovert A1 microscope
with Axiovision software. Antibodies (Table 2) were diluted in PBS/5%
goat serum.

3.6. FACS analysis

A single cell suspension was passed through a 40 μm cell strainer.
For intracellular epitopes, cells were fixed in 4% paraformaldehyde for
20min and permeabilized with 0.1% Triton-X-100 for 15min. Antibody
staining was performed in PBS/10% FCS. Cells were measured on a
CytoFLEX flow cytometer using the program CytExpert (Beckman
Coulter), plots: X-axis: fluorescence intensity, y-axis: counts. Antibodies
are listed in Table 2.

3.7. Germ layer in vitro differentiation

Cells were dissociated with ReLeSR (Stemcell Technologies) as
multicellular clusters and seeded on a 6-well-ultra low attachment plate
in 50% StemMACS™ iPS-Brew/50% DMEM-F12+GlutaMax. Next day,
medium was changed to DMEM-F12+Glutamax, 20% FBS, 1% MEM-
NEAA, 0,2% β-Mercaptoethanol. On day 7, embryoid bodies were
transferred to matrigel-coated dishes or coverslips and cultivated for
another 7 days. Medium was changed every other day. For directed
monolayer differentiation the STEMDiff Trilineage Kit (Stemcell
Technologies) was used according to manufacturer's instructions.

3.8. STR and GeneScan analysis

For STR analysis, the Powerplex 16 HS system (Promega) was used

Table 2
Reagents details.

Antibodies used for immunocytochemistry/flow-cytometry

Antibody Dilution Company Cat # and
RRID

Pluripotency Markers
IF: StemLight

Pluripotency
antibody kit

Rabbit anti-Oct4
Rabbit anti-
Nanog
Rabbit anti-Sox2

1:200 Cell Signaling
Technology Cat#
9656S,
RRID:AB_10692662

FACS mouse anti-
human SSEA4

5 μl/106 cells BioLegend Cat#
330408
RRID: AB_1089200

FACS mouse IgG3κ,
SSEA4 isotype

5 μl/106 cells BioLegend Cat#
401321
RRID: AB_10683445

FACS mouse anti-
human TRA1–60

10 μl/106 cells BioLegend Cat#
330610
RRID: AB_2119065

FACS mouse IGMκ,
TRA1–60 isotype

10 μl/106 cells BioLegend: Cat#
401611
RRID: not given

Differentiation Markers
IF Mouse anti-beta

III tubulin
(TUJ1)

1:200 Sigma Cat# T8660,
RRID: AB_477590

IF Mouse anti-SMA
clone 14A

1:200 Agilent Cat#
M085129–2,
RRID: AB_86452

IF Mouse anti-AFP 1:200 Sigma Cat#
WH0000174M1,
RRID: AB_1839587

FACS anti-human
PAX6

10 μl/106 cells Miltenyi Biotec Cat#
130–107-775
RRID: AB_2653167

FACS REA(I) control,
PAX6 istoype

10 μl/106 cells Miltenyi Biotec Cat#
130–104-613
RRID: AB_2661678

FACS anti-human T 5 μl/106 cells R&D Systems Cat#
IC2085G
RRID: not listed

FACS normal goat IgG,
T isotype

5 μl/106 cells R&D Systems Cat#
IC108G
RRID: AB_10890944

FACS anti-human
SOX17

2 μl/106 cells Miltenyi Biotec Cat#
130–111-032
RRID: AB_2653493

FACS REA(I) control,
SOX17 isotype

2 μl/106 cells Miltenyi Biotec
Cat#130–104-613
RRID: AB_2661678

Primers
Target Forward/Reverse primer (5′-3′)

RT-PCR UBE3A CTCTTCTTGCAGTTTACAACGG
CTTGAGTATTCCGGAAGTAAAAGC
Tm: 60 °C; product size: 152 nt

POU5F1 (OCT4) GAAGGTGAAGTTCAATGATGCTC
ATTCCCATCCCTACCTCAGTAAC
Tm: 60 °C; product size: 139 nt

T (BRACHYURY) TGCTTCCCTGAGACCCAGTT
GATCACTTCTTTCCTTTGCATCAAG
Tm: 60 °C; product size: 121 nt

HAND1 TTCAAGGCTGAACTCAAGAAGG
CTTTAATCCTCTTCTCGACTGGG
Tm: 60 °C; product size: 115 nt

MEST1 TAGTGATGTGGTCTCGGTTTGT
GAGATAGTTGTGCTTTTACACGGTT
Tm: 60 °C; product size: 146 nt

SOX17 GAAGCTGTTTTGGGACACATTC
ATTTTGTCTGCCACTTGAACAG
Tm: 60 °C; product size: 142 nt

AFP AGAAATACATCCAGGAGAGCCA
TTTGTGTAAGCAACGAGAAACG
Tm: 60 °C; product size: 106 nt

NESTIN

Table 2 (continued)

Antibodies used for immunocytochemistry/flow-cytometry

Antibody Dilution Company Cat # and
RRID

CTTGGTCCTTCTCCACCGTA
GGAAGAGAACCTGGGAAAGG
Tm: 60 °C; product size: 122 nt

PAX6 AACAGACACAGCCCTCACAAACA
CGGGAACTTGAACTGGAACTGAC
Tm: 60 °C; product size: 275 nt

SOX1 CAATGCGGGGAGGAGAAGTC
CTCGAAACATTTTGGGTGGGG
Tm: 60 °C; product size: 95 nt

TUBB3 (TUJ1) CTCAGGGGCCTTTGGACATC
CAGGCAGTCGCAGTTTTCAC
Tm: 60 °C; product size: 160 nt
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according to instructions.
Fragments of eight microsatellites on chromosome 15 were ampli-

fied from genomic DNA and fragment length was analysed on an ABI
Genetic Analyzer 3130XL using the program Gene Marker
(Softgenetics). For primer sequences refer to www.ncbi.nlm.nih.gov/
probe.
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Supplementary files 
 
Mycoplasma screening 

Screening for mycoplasma contamination was performed on two passages of the cell line (month/year is 

indicated) using the VenorGeM OneStep (Minerva Biolabs) assay according to instructions. Positive and 

negative controls were provided in the kit. Both cell line samples are negative for mycoplasma contamination. 

 

 
 

 

 

Results of MS-MLPA analysis 

Tables display peak ratios for patient blood, patient fibroblast and derived AS_ID iPSCs.  

 

DNA methylation 

For methylation analysis, two reactions are set up per sample: undigested (like for dosage analysis) and 

digested (treated with methylation-sensitive restriction enzyme; no methylation -> region will be cut -> no 

amplification of probe possible). Peak ratios are normalized to internal reference probes for the undigested 

and the digested sample and calibration is done digested over undigested sample. A peak ratio of 1 (range 0.8 

to 1.2) indicates 100% methylation for the respective probe. Peak ratio of 0.5 (range 0.4 to 0.65) indicates 50% 

methylation. 

For a normal result at the imprinting center (IC) of SNRPN DNA methylation is expected to be around 0.5 for all 

probes, except the UBE3A probe that serves as digestion control and should be 0.0.  

The result shows loss of DNA methylation at the imprinting center of SNRPN. 

 

   peak ratio 

probe length probe name  patient blood patient fibroblast AS_ID iPSCs 

232 MAGEL2 20701-L28529 Exon 1 0.0 0.0 0.0 

250 SNRPN 11181-L13997 IC 0.0 0.0 0.0 

178 SNRPN 04106-L13905 IC 0.0 0.0 0.0 

190 SNRPN 04104-L04294 IC 0.0 0.0 0.0 

142 SNRPN 20687-L28509 IC 0.0 0.0 0.0 

184 UBE3A 19804-L28512 Exon 1 0.0 0.0 0.0 

 

  



Copy number analysis - dosage 

For copy number analysis, peak ratios are normalized to internal reference probes of the sample and calibrated 

to a normal person control sample. A peak ratio of 1 (range 0.8 to 1.2) indicates normal dosage for the 

respective probe. Peak ratio of 0.5 (range 0.4 to 0.65) indicates loss of one copy, ratio of 1.5 (range 1.3 to 1.65) 

indicates gain of one copy. 

Dosage for all chromosome 15 probes is in the normal range.  

   peak ratio 

probe length probe name position patient blood patient fibroblast AS_ID iPSCs 

154 TUBGCP5 02018-L00865  1.001 0.866 0.900 

436 NIPA1 20702-L29063 BP1-BP2 region 0.959 0.957 1.042 

172 MKRN3 20688-L28510 Exon 1 1.085 0.924 0.881 

418 MAGEL2 11155-L29062 Exon 1 1.069 1.154 0.973 

232 MAGEL2 20701-L28529 Exon 1 0.984 0.923 0.806 

427 NDN 04026-L29645 Exon 1 1.021 1.040 0.962 

250 SNRPN 11181-L13997 IC 1.149 0.903 1.156 

178 SNRPN 04106-L13905 IC 1.088 0.819 1.027 

190 SNRPN 04104-L04294 IC 1.196 0.838 1.160 

142 SNRPN 20687-L28509 IC 1.011 0.836 0.925 

288 SNRPN 15261-L16736 Exon u1B 1.036 0.999 1.147 

239 SNRPN 20692-L15415 Exon u1B 1.032 0.943 1.268 

278 SNRPN 12179-L13382 Intron u2 0.970 0.859 1.104 

270 SNRPN 12182-L28519 Intron u2 0.915 0.886 0.958 

256 SNRPN 20694-L28518 Exon u5 1.029 0.984 1.163 

391 SNRPN 12477-L13519 Exon u5 0.983 0.959 1.098 

294 SNRPN 01318-L13088 Exon 3 0.982 0.990 1.210 

409 SNRPN 11177-L28521 Exon 7 0.948 1.107 1.090 

214 SNRPN 12719-L28514 SNORD116 1.042 0.894 0.870 

472 SNRPN 12721-L13796 SNORD116 0.968 1.228 1.116 

326 SNRPN 20697-L28525 SNORD116 0.976 1.092 1.043 

355 UBE3A 02034-L12925 Exon 9 0.923 1.107 0.931 

301 UBE3A 12082-L28520 Exon 4 0.964 1.003 1.107 

160 UBE3A 04620-L00863 Exon 3 0.893 0.811 0.806 

195 UBE3A 20689-L28513 Exon 2 0.963 0.838 0.966 

373 UBE3A 10878-L11548 Exon 1 0.947 1.012 0.837 

184 UBE3A 19804-L28512 Exon 1 1.055 0.784 0.860 

364 ATP10A 20695-L28523 Exon 5 0.997 1.065 1.052 

226 ATP10A 20691-L28515 Exon 1 1.006 0.943 0.912 

220 GABRB3 01315-L00868 Exon 12 0.948 0.937 0.966 

382 GABRB3 10874-L11544 Exon 10 0.979 1.221 1.002 

137 OCA2 20700-L28528  1.036 0.842 0.762 

317 OCA2 20698-L28526  0.986 1.065 1.083 

202 APBA2 01314-L00867 Exon 14 1.155 0.978 0.923 
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Abstract 

Angelman syndrome (AS) is a neurodevelopmental disorder, characterized by severe 

intellectual disability, hyperactivity, attention deficits, happy demeanour, seizures, 

developmental delay and motor dysfunction. It is caused by lack of functional E3 ubiquitin 

ligase 3A (UBE3A) in neurons due to a mutated maternal allele and silencing of the intact 

paternal allele. Silencing is caused by allele-specific expression of an antisense, long non-

coding RNA, SNHG14, which overlaps the entire paternal UBE3A gene, thereby interfering 

with paternal UBE3A expression. However, the pathomechanism linking UBE3A and the 

disease phenotype is still unknown. In this work, we addressed the question whether neural 

differentiation and fundamental neuronal activity is compromised by missing UBE3A. For 

this, we differentiated cells of three different, patient-derived induced pluripotent stem cell 

(iPSC)-lines to functional cortical neurons using a small molecule driven protocol. Onset of 

imprinted expression of SNHG14 and UBE3A was detected from day 8 of differentiation on 

and was fully established at day 16. No differences of the distribution of neuronal subtypes 

were observed between iPSC-derived healthy control- and AS-neurons. All neuronal cultures 

spontaneously displayed calcium transients and excitability in response to glutamate and KCl 

exposure. Transcriptome analysis of iPSC-derived 50 days old neurons did not indicate any 

striking differences in gene expression between the patients´ and healthy control neurons. We 

conclude that loss of UBE3A does not substantially influence gene expression in developing 

neurons.   
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Introduction 
Angelman syndrome (AS, OMIM # 105830) is a rare neurodevelopmental disorder with a 

worldwide incidence of approximately one out of 10.000 to 20.000 births / year (Buiting 

review 2016). It is characterized by developmental delay, severe intellectual disability, 

absence of speech and motor dysfunction (such as ataxia, limb tremors, jerky movements, 

hyperreflexia and hypotonia) and an overall happy demeanour. Most patients suffer from 

epileptic seizures and show a characteristic EEG. Postnatal microcephaly is common (Buiting 

et al., 2016; Dagli et al., 2011; Dagli et al., 1993-2019). At the cellular level, neurons derived 

from Angelman patient-specific induced pluripotent stem cells (iPSCs) displayed decreased 

synaptic function, disturbances in long term potentiation and disturbed maturation of resting 

membrane potential (Fink et al., 2017). In a mouse model reduced density and an altered 

morphology of synaptic spines, as well as a disturbed polarization of dendritic arbours of 

pyramidal neurons were observed (Dindot et al., 2008; Miao et al., 2013).  

Molecularly, AS is caused by lack of a functional ubiquitin-protein ligase E3A (UBE3A) in 

neurons (Kishino et al., 1997; Matsuura et al., 1997). As an E3-ligase, UBE3A determines the 

half-life of its protein targets. Since functional UBE3A is missing in neurons of patients with 

AS, it is generally assumed that the observed symptoms are related to dysregulation of protein 

turnover in neurons of the brain (Sell and Margolis, 2015).  Potential target proteins include 

Ephexin5, Arc, Gat1, p27, p53 or mGluR5 (Buiting et al., 2016; Sell and Margolis, 2015). 

Since UBE3A is not only located in the cytoplasm but can also be detected in the nucleus, a 

possible role in transcriptional regulation is discussed (Nawaz and O'Malley, 2004; Zaaroor-

Regev et al., 2010).  

UBE3A is part of the Prader-Willi / Angelman syndrome imprinted gene cluster on human 

chromosome 15q11.2–q13 (Fig. 1A). It is biallelically expressed in pluripotent and all somatic 

cells, except neurons (Chamberlain et al., 2010; Rougeulle et al., 1997; Stanurova et al., 

2016). CNS neurons solely express maternal UBE3A while paternal expression is turned off 

(Buiting et al., 2016). This parent-of-origin dependent gene expression is regulated by a 

bipartite imprinting centre which is methylated at the SNURF/SNRPN promoter on the 

maternal allele (Buiting et al., 1995). The paternally unmethylated imprinting centre allows 

for transcription of the long non-coding RNA SNHG14, which starts upstream of the 

SNRUF/SNRPN promoter and extends into the UBE3A coding region, in antisense. As a 

consequence UBE3A transcription is silenced during neurogenesis as the RNA polymerases 

transcribing the opposite DNA-strands cannot bypass each other (Meng et al., 2012; Meng et 
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al., 2013; Numata et al., 2011; Rougeulle et al., 1997). Hence, mutations affecting maternal 

UBE3A or its expression are sufficient to result in loss of functional UBE3A in neurons (Fig. 

1B) (Kishino et al., 1997). Around 70% of AS cases result from a large de novo deletion of 

maternal chromosomal region 15q11.2-q13 which encompasses UBE3A, SNHG14, the 

imprinting centre and several other non-imprinted genes, including GABA receptor subunits, 

OCA2 and HERC2 (Fig. 1A, B). About 25% of patients carry inactivating mutations within 

the maternal UBE3A gene resulting in a non-functional or missing protein. Some 2-3% of 

patients suffer from imprinting defects with a lack of maternal DNA methylation at the 

imprinting centre, leading to biallelic expression of SNHG14. In contrast, in 2% of patients 

biallelic expression of SNHG14 is caused by paternal uniparental disomy (pUPD) (Buiting et 

al., 2016).  

As a neurodevelopmental disorder which clinically becomes symptomatic soon after birth, 

neuronal development needs to be investigated for a full understanding of Angelman 

syndrome pathogenesis. Therefore, patient-specific induced pluripotent stem cell-derived 

neurons has become an attractive means to reconstruct and understand the cellular pathology 

underlying AS (Chamberlain et al., 2010; Fink et al., 2017; Stanurova et al., 2016). Because 

the different molecular causes of UBE3A loss result in similar phenotypes, we addressed the 

question whether patient-derived iPSCs representing these different alterations could be used 

to find a common molecular signature of Angelman syndrome, in vitro. 

Here, accelerated neuronal differentiation by combined small molecule inhibition (Qi et al 

2017) was applied to three established AS- iPSC lines. Cell line AS_Δ3-D carries an 

inactivating three base deletion in exon 5 of maternal UBE3A coding region (Stanurova et al., 

2016), cell line AGI-0 carries a large deletion of region 15q11.2-q13 on the maternal 

chromosome (Chamberlain et al., 2010) and cell line AS-ID was derived  from a patient with 

an imprinting defect (Neureiter et al., 2018). Our results indicate that iPSC-derived neurons 

are functional, irrespective of the genetic background, as proven by detection of spontaneous 

calcium transients and excitability by glutamate and KCl. Neuronal differentiation leads to 

absent of paternal UBE3A expression. All AS-iPSC-derived neurons showed SNHG14 

transcription starting around day 8 of differentiation with silencing of UBE3A detectable from 

day d22 on and complete silencing within five weeks. So far, transcriptome analysis of the 

iPSC-derived neurons after 50 days of differentiation revealed no significant alteration of the 

transcriptional landscape in AS-iPSC-derived neurons.  
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Materials and Methods 

Statements: 

All conducted differentiations of human embryonic stem cell lines H1 and H9 were performed 

in accordance with the German stem cell legislation. Robert Koch Institute reference number 

AZ 3.04.02/0099. 

Cell culture of iPSCs 

iPSCs were cultured in mTeSRTM1 on Vitronectin XF (STEMCELL Technologies)-coated 

tissue culture treated 6-well plates under humidified atmospheric conditions (37°C, 5% CO2) 

following manufacturer´s recommendations. Regular passaging was performed as soon as 

dense centres were visible or at 70-80% confluence once a week using Gentle Cell 

Dissociation Buffer (STEMCELL Technologies) in a ratio of 1:5 to 1:10. Cell line AS-ID was 

cultured in StemMACS™ iPS-Brew XF (Miltenyi Biotec) and passaged with ReLeSRTM 

(STEMCELL Technologies) in a ratio of 1:3-1:5 following the manufacturer´s instructions. 

Medium was changed daily. Testing for mycoplasma contamination was performed regularly 

using Venor®GeM OneStep Mycoplasma Detection Kit (Minerva Biolabs) according to 

instructions. 

EB-based three germ layer differentiation 

For differentiation as embryoid bodies (EB), one 6-well of 70% confluent iPSCs was 

detached as small aggregates using Gentle Cell Dissociation Buffer (STEMCELL 

Technologies) and transferred to one well of a 6-well ultra-low attachment plate (Corning) in 

50% mTeSRTM1 (STEMCELL Technologies), 50% DMEM/F12+GlutaMAX (Gibco) and 

10µM Y-27632 (STEMCELL Technologies). After 24h, small EBs with smooth borders 

formed and medium was changed to DMEM/F12+GlutaMAX, 20% FBS (Millipore), 1x 

MEM-NEAA and 0.2% 2-mercaptoethanol (Gibco). After 7 days (day 7), EBs were seeded on 

Matrigel-coated (growth factor reduced, Corning) glass coverslips for subsequent 

immunofluorescence staining or into a 6-well plate for RNA extraction. Medium was changed 

every other day. At d14, RNA was extracted or cells were fixed for immunocytochemistry.  
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Trilineage Kit differentiation 

Three germ layer differentiation was performed with the STEMdiff™ Trilineage 

Differentiation Kit (STEMCELL Technologies) according to instructions but with slight 

modifications. Briefly, cells were dissociated with StemPro Accutase (Gibco), 8x105 cells 

were seeded for endodermal and ectodermal differentiation and 2x105 cells for mesodermal 

differentiation on Matrigel-coated (growth factor reduced, Corning) 12-well plates. At day 0, 

mesoderm and endoderm medium was used. For ectodermal differentiation cells were 

cultured in mTeSRTM1, medium was exchanged 24h later for ectoderm differentiation 

medium. For seeding, 10µM of Y-27632 was added. Medium was changed daily. Mesoderm 

and endoderm differentiation were analysed at day 5 and ectoderm differentiation at day 7 by 

flow cytometry. After dissociation with StemPro Accutase (Gibco), PAX6 (ectoderm), 

SOX17 (endoderm) or Brachyury (mesoderm) were stained following the protocol for 

intracellular FACS (see below). Permeabilization was carried out in 0.1% (v/v Triton) X-100 

in PBS and staining in PBS containing 10% (v/v) FBS.  

Accelerated neuronal differentiation by combined small molecule 
inhibition  

For neuronal differentiation, a combined small molecule inhibition was applied (Qi et al., 

2017). Differentiation was carried out with high quality iPSCs under humidified atmospheric 

conditions (5% CO2, 37°C). iPSCs were dissociated with StemPro Accutase (Gibco) for 10-

20min. 2-2.5x105 cells/cm2 were seeded on Matrigel-coated (growth factor reduced; Corning)  

6-well plates in mouse embryonic fibroblast (MEF) conditioned human embryonic stem cell 

medium (hESCM; DMEM/F12+GlutaMAX, 20% KnockOut Serum Replacement, 1% MEM-

NEAA, 4 ng/ml hFGF2 (Peprotech), 0.5% Penicillin/Streptomycin, 40 ng/ml Heparin (Sigma 

Aldrich) and 0.2% 2-Mercaptoethanol) supplemented with 10µM Y-27632 (STEMCELL 

Technologies) and 20 ng/ml human FGF2 (Peprotech). For conditioned hESCM, mouse 

embryonic fibroblasts (CF1; ASF-1201, Lot Nr.: F1201232119, Applied Stem Cell) were 

mitotically inactivated by irradiation (40 Gy) and cryopreserved. For conditioned medium, 

fibroblasts were thawed and medium was exchanged for hESCM 24h later. Conditioned 

medium was collected every day for 7 days, sterilized by vacuum filtration (TPP, PES 

membrane XX filter, 0.22µm pore size) and stored at -20°C.  

At 100% confluence, differentiation was initiated (day 0) by exchanging medium for KSR-

Medium (DMEM/F12+GlutaMAX, 15% KnockOut Serum Replacement, 1% MEM-NEAA, 
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0.2% 2-mercaptoethanol; Gibco) supplemented with 250 nM LDN193189, 10 µM SB431542 

and 5 µM XAV939. At day 2, 1 µM PD0325901, 5 µM SU5402 and 10 µM DAPT were 

added. On day 4, one-third and on day 6 two-thirds of KSR medium was replaced by N2/B27 

medium (50% DMEM/F12, 50% Neurobasal, 1x N2, 1x B27+RA, 0.5% GlutaMAX, 1% 

MEM-NEAA). From day 6 to day 8, medium was supplemented with 1 µM PD0325901, 5 

µM SU5402 and 10 µM DAPT. On day 8, cells were dissociated using StemPro Accutase 

(Gibco), counted and seeded on Matrigel-coated (growth factor reduced; Corning)  coverslips 

at a concentration of 1.5-2x105 cells/cm2 in medium for terminal differentiation (Neurobasal, 

2% B27+RA, 1% GlutaMAX, 20ng/ml BDNF, 0.5mM dbcAMP, 0.2mM Acorbic Acid, 8µM 

PD0325901, 10µM SU5402, 10µM DAPT and 3µM CHIR99021) . Medium was exchanged 

every 3 to 4 days until analysis. Media composition, small molecules and supplements are 

listed in Supplementary Tables 2 and 3. 

Immunocytochemistry 

For immunofluorescence staining, cells were differentiated on growth factor reduced 

Matrigel-coated (growth-factor reduced; Corning) coverslips, fixed for 15 min with 4% (w/v) 

paraformaldehyde in PBS, pH 7.4 and permeabilized in 0.1% Triton-X-100 in PBS for 10 

min. Blocking was performed in 5% goat serum (Jackson Immuno Research) in 1xPBS for 60 

min, followed by incubation with the primary antibody over night at 4°C. After three times 

washing with 1xPBS, cells were incubated with the secondary antibody for 1-2h in the dark. 

After washing, nuclei were counterstained with DAPI (NucBlueTM Fixed Cell Ready 

ProbesTM Reagent; Thermo Fisher Scientific), mounted with Vectashield Antifade Mounting 

Medium (Vector Laboratories) and sealed. Images were taken with an Axio Vert.A1 

microscope and Axiovision Software. All primary and secondary antibodies are listed in 

Supplementary Tables 4 and 5. 

Flow Cytometry 

Cells were dissociated using Stem Pro Accutase (Gibco). Cells were fixed for 20 min with 2% 

paraformaldehyde in PBS, pH7.4. Cells were pelleted and resuspended in BD Perm/Wash 

Buffer (BD Biosciences) for permeabilization and blocking for 15min at room temperature. 

Every wash and incubation step was carried out in BD Perm/Wash Buffer. Cells were 

incubated for 1h with primary antibody. After washing, cells were stained with the secondary 

antibody for 1h. After a second wash, cells were resuspended in PBS containing 10% (v/v) 
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FBS and the proportion of antigen-positive cells was determined (Cytoflex, Beckman-

Coulter). Analysis was performed using the software CytExpert (Beckman-Coulter). 

Employed antibodies are listed in Supplementary Tables 4, 5 and 6. 

RNA and protein isolation 

Cells were detached with StemPro Accutase (Gibco), pelleted and stored at -80°C. RNA was 

isolated using the RNeasy Mini Kit (Qiagen) according to the manufacturer´s instructions. For 

protein extraction, four volumes of ice-cold acetone were added to the first column flow 

through, proteins precipitated at -20 °C and pelleted by centrifugation at 4°C, 14800g for 10 

min. The air-dried pellet was suspended in 1% w/v SDS in 50mM Tris and 5mM EDTA pH8 

containing 1x Protease-Inhibitor cocktail (oComplete Mini, Roche). Protein concentration was 

determined using BCA assay (PierceTM BCA Protein Assay Kit, Thermo Fisher Scientific). 

Western Blot 

For immunodetection of proteins in cell lysates, 10 µg of total protein were separated by 10% 

SDS-PAGE and transferred to PVDF-membranes (Bio-Rad Laboratories, Inc.). TBST (20mM 

Tris, 150mM NaCl, 0.1% Tween 20, pH7.5) containing 5% (w/v) milk powder was used for 

blocking and subsequent primary antibody incubation. Bound primary antibodies were 

detected using a HRP-coupled secondary antibody (diluted in TBST), incubation with Super 

Signal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific) and recorded 

using a Fusion FX7 imager (Vilber). Antibodies and respective dilutions are listed in 

Supplementary Table 8. 

Quantitative real-time PCR 

Total RNA was reverse transcribed using the Quantitect Reverse Transcription Kit (Qiagen) 

and cDNA corresponding to 10 ng input RNA was used for qRT-PCR in a BioRad CFX96 

device. Data were analysed using the ΔΔCt-method with normalization to GAPDH and 

calibrated to day 0 of differentiation. Data were plotted using Origin Pro 2015 (OriginLab 

Corporation).  

SnapShot Analysis 

To detect allelic ratios of paternal (pat) and maternal (mat) UBE3A mRNA during the time 

course of differentiation, the 3bp deletion in the maternal UBE3A gene in AS-Δ3-D was used 
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as distinguishing polymorphism: mRNA of the paternal allele is identified by presence of 

guanine (G) and the maternal allele by presence of adenine (A). For that, total RNA was 

isolated followed by reverse transcription. Single Nucleotide Primer Extension was performed 

with the ABI Prism SNaPshot ddNTP Primer Extension Kit (Life Technologies) according to 

manufacturer´s recommendations and measured on an ABI 3130XL Genetic Analyzer. The 

resulting electropherograms were analysed with Gene Mapper 4.0 software (Applied 

Biosystems, Life Technologies) and the “area” value representing the amount of cDNA of the 

paternal (primer extended by a G) and the maternal (primer extended by an A) allele was used 

for calculations. Values were normalized to genomic DNA and G/A ratios were calculated. 

Mean and standard deviation of technical triplicates for forward and reverse primers are 

shown. Primers are listed in Supplementary Table 8. 

RNAseq 

100ng of RNA of day 50 neurons were subjected to reverse transcription and non-stranded 

library preparation using the NuGEN Trio RNAseq kit. Sequencing was performed on the 

HiSeq2500 platform using the HiSeq Rapid SBS kit v2 kit (Illumina) resulting in 100bp 

paired-end reads. Uniquely mapped reads (x106) were: 23.6 for AGI-0 (46% of total reads), 

28.7 for AS_Δ3-D (57%), 19.9 for AS-ID (81%), 17.2 for MCH2-10 (86%), 27.7 for Ctrl 42 

(87%) and 31.7 for ZIP13 (87%). Quality and data analysis were performed using the Galaxy 

platform (Afgan et al., 2016). After trimming (using Trim Galore! version 0.4.3.1) reads were 

mapped to genome assembly GRCh38.p10 (GCA_000001405.25; retrieved from ENSEMBL 

archive 89) using RNA STAR (version 2.6.0b-1). Read counting was performed with HTseq-

count (version 0.9.1) and DEseq2 (version 2.11.40.2) was used to identify differentially 

expressed genes using an adjusted p-value < 0.05 and a fold change of at least 2 as cut-off 

(log2(FC)>1) (Love et al., 2014). Clustering analysis was performed using the heatmap- 2 

function (version 2.2.1+galaxy1). Gene ontology based gene enrichment was done using the 

obtained list of differentially expressed genes and DAVID (version 6.7; 

https://david.ncifcrf.gov/) with the human genome as background gene set and default 

parameters (Huang da et al., 2009). 

Calcium-Imaging and Rhodamine 101 staining 

For single cell calcium analysis, neuronal cultures were labelled with 3 μM Fluo-3, AM 

(ThermoFisher, Waltham, USA) in 20% Pluronic F127 (Sigma-Aldrich, P2443, Germany) in 

https://david.ncifcrf.gov/)
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DMSO (Sigma-Aldrich, D4540, Germany) for 30 min at 37◦ C in artificial cerebral spinal 

fluid (aCSF) (119 mM NaCl, 2.5 mM KCl, 1.3 mM MgCl2, 2.5 mM CaCl2, 26.2 mM 

NaHCO3, 1 mM Na2HPO4, 10 mM glucose, pH 7.4; adjusted with NaOH). For differentiation 

of neurons from astrocytes, neuronal cultures were additionally incubated with Rhodamine 

101 (10 µM, Sigma-Aldrich) for 5 min. All measurements were performed at room 

temperature using a Nikon ECLIPSE Ti inverted microscope (NIKON Instruments Inc.), 

under continuous perfusion (∼5x chamber volume per min). Fluo-3 was excited for 50 ms 

with 470 nm using a laser light source mounted in MultiLine Laser Bank and passed through 

an X-light spinning disc confocal system (Crest Optics S.p.A.). Time-lapse image series were 

acquired at a frequency of 0.20 Hz with a Evolve® 512 Delta EMCCD Camera (Photometric) 

controlled by MetaMorph software V 7.8 (Molecular Devices) with a 10x, Plan Apo N (N.A. 

0.45; Nikon). L-Glutamic acid (Sigma-Aldrich, G8415, Germany) was used at 50 μM, KCl at 

50 mM.  The substances where applied in the vicinity of the cells using the fast perfusion 

system ALA-VM8 (ALA Scientifica, Bramleside, UK). The resulting image series was 

analysed using ImageJ (NIH). For identification of neurons from astrocytes, images of Fluo-3 

and Rhodamine 101 staining were assigned different LUT and merged. Only cells which are 

positive for Fluo-3 staining were selected. The fluorescence intensities in defined regions of 

interest (ROIs) of Fluo-3 positive cells were obtained by manually labelling the ROIs 

(n=100). The resulting ROI mask was applied to all image stacks. Obtained data were 

transferred and analysed using Origin Pro 9.0 (OriginLab Corporation).  
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Results 

AS-iPSCs do not show differences in germ layer formation potential 

Pluripotency of the six iPSC lines used in this study was confirmed by differentiation into 

derivatives of all three germ layers (Fig. S1A). Directed differentiation (Fig.S1B) into 

mesoderm was most reproducible between cell lines, with 95-100% of cells expressing the 

mesodermal marker gene T. Differentiation towards the endodermal and ectodermal lineages 

showed high variation between the different cell lines, with 25-80% of cells expressing 

SOX17 and 2-90% expressing PAX6, respectively. This also applied to human embryonic 

stem cell (hESC) lines H1 and H9 used for comparison. Derivatives of all three germ layers 

were also generated by undirected differentiation into embryoid bodies (Fig. S1 A, C, D). All 

cell lines downregulated POU5F1 and gained transcription of HAND1, MEST1 (mesoderm), 

AFP, SOX17 (endoderm), SOX1 and PAX6 (ectoderm) as determined by qRT-PCR (Fig. 

S1C). Expression of T (mesoderm) and the ectodermal marker genes NESTIN and TUJ1 was 

observed at stable levels throughout 14 days of differentiation. Immunofluorescence staining 

revealed the presence of derivatives of all three germ layers at single cell level (Fig. S1D). 

Accelerated neuronal differentiation of Ctrl- and AS-iPSCs  

For neuronal differentiation of AS- and Ctrl-iPSCs, accelerated combined small molecule 

inhibition was used in which electrophysiological functional neurons are generated within 16 

days (Qi et al., 2017) (Fig. 2A). According to our previous data, paternal silencing of UBE3A 

was expected to occur late in neuronal differentiation and, therefore, differentiation time was 

extended up to day 50 (Stanurova et al., 2016). At day 8 of differentiation, neural progenitor 

cells (NPCs) were present as identified by co-expression of NESTIN and SOX2 and by the 

early NPC marker PLZF (Fig. S2A). Most neural progenitor cells expressed the forebrain 

transcription factor FOXG1 and possessed either dorsal (PAX6) or ventral (DLX2) 

telencephalic identity. Single intermediate neural progenitor cells (TBR2) and neurons (TUJ1) 

were present as well as single ISL1-positive cells, indicative of peripheral neurons and 

various CNS lineages (Fig. S2A). Accordingly, expression of the pluripotency-associated 

gene POU5F1 (encoding OCT4) was substantially downregulated and transcription of TUJ1 

and PAX6 reached a plateau at day 16 (Fig. S2B). The main increase of PAX6 expression was 

observed between days 0 to 4, consistent with neural induction within the first 8 days of 

differentiation. TUJ1 transcription increased between days 4 and 8 indicative of initiation of 

neuronal differentiation. At day 16, most cells expressed TUJ1 and MAP2 which persisted up 
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to day 50 and was accompanied by a morphological massive increase in neuronal network 

density over time (Fig. 2B; Fig. S3A). Quantification of TUJ1- and MAP2 expressing neurons 

by flow cytometry revealed no obvious differences in the proportions of TUJ1 (50%-90%) 

and MAP2 (45%-85%) expressing cells between Ctrl- and AS-iPSC-derived neurons at day 

50 (Fig. S4A, B). Glia cells were detected only occasionally as determined by 

immunofluorescence for astrocytes (GFAP) and oligodendrocytes (O4) at days 16 and 50 of 

differentiation (Fig. S5) and by flow cytometry for GFAP at day 50 of differentiation (Fig. 

S4C). 

We next determined the neuronal subtype composition of cultures after 16 and 50 days of 

differentiation. At day 16, predominantly TBR1 (early born cortical neurons; preplate, 

subplate and layer VI, presumably glutamatergic) or DLX2 (ventral forebrain) expressing 

cells were present (Fig. 2C, Fig. S6). Only single cells stained positive for tyrosine 

hydroxylase (TH; dopaminergic, noradrenergic, adrenergic) and ISL1 (Fig. 2C). No CTIP2 

(layer V), SATB2 (layer II-III, V), CUX2 (layer II-IV, cortical progenitors) or GAD67 

(GABAergic neurons) expressing neurons were present (Fig. S6A). These results were 

confirmed by measurements of TBR2, TBR1, BRN2, CTIP2, SATB2, BRN2, CUX1, LHX6, 

DLX2, ISL1 and TH transcripts (Fig. S7). After further 35 days of differentiation with 

persistent combined small molecule inhibition, the dominant neuronal subtypes expressed 

TBR1, CUX2 and GAD67 (Fig. 2D). Only few cells were stained for DLX2, ISL1 or other 

cortical layer markers, such as SATB2 and CTIP2, (Fig. 2D, Fig. S6B). Quantification of 

subtype composition by flow cytometry of day 50 cultures revealed that mainly TBR1 (27-

71%), CUX2 (3-45%), GAD67 (4-56%) and SATB2 (4-33%) expressing cells were generated 

(Fig. S8). The proportion of cortical subtype marker expressing cells was comparable between 

Ctrl- and AS-iPSCs-derived neurons (Fig. S8).  

In summary, accelerated neuronal differentiation by combined small molecule inhibition led 

to the generation of especially cortical and GABAergic neurons without any obvious 

differences between AS and control cells. 

Neurons derived from Ctrl- and AS-iPSCs are functional 

To assess whether the differentiated cells were neurons, we assessed their functionality by 

determining characteristic fluctuations in intracellular calcium. All iPSC-derived cells 

spontaneously showed calcium transients at day 22 of differentiation (Fig. 3A, B). During the 

time course of differentiation, the number of spontaneously active cells reached its maximum 
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at day 22 and decreased during further differentiation until day 52 (Fig 3C). Excitability of 

Ctrl- and AS- iPSC-derived neurons was demonstrated by adding glutamate (50 µM) followed 

by treatment with KCl (60 mM) (Fig 3D, E). However, at day 43 only neurons derived from 

Ctrl-iPSCs Ctrl 42 and Z1P13 were still excitable by glutamate treatment which was lost in 

Ctrl 42 at day 52 as well (Fig. 3E). This is in line with the reduction in the number of 

spontaneously active cells observed at day 43 and day 52 in Ctrl and AS cultures (Fig. 3C). 

However, all cultures responded to KCl until day 52 (data not shown). Thus, the molecular 

causes leading to Angelman syndrome did not result in obvious alterations in neuronal 

activity. 

Neurons acquire imprinted expression of UBE3A 

For a valid in vitro AS-model, silencing of paternal UBE3A by SNHG14 expression is 

essential. Thus, we determined UBE3A and SNHG14 mRNA expression from day 0 to day 50 

of differentiation. SNHG14 transcription initiated in all cells between day 4 and day 8 and 

reached its maximum from day 22 of differentiation on (Fig. 4A, Fig. S9A). Its onset 

coincided with TUJ1 expression and the appearance of first neurons (Fig S2). In control cell 

line MCH2-10, the level of SNHG14 induction during neuronal differentiation was less 

pronounced than in all other iPSC-derived cells being in well agreement with the observation 

that neuronal differentiation of these cells yielded a more heterogeneous cell population and 

often contained pigmented cells (Fig. S9A, Fig. S10). Expression of total UBE3A remained at 

a stable level in Ctrl- and AS_Δ3-D- iPSC-derived neurons (Fig. 4A, Fig. S9A). This was 

expected because these cell lines carry a correctly methylated maternal allele that is 

competent to express maternal UBE3A in neurons. The three base pair deletion in exon 5 of 

UBE3A was used to discriminate between paternal and maternal expression of UBE3A and, 

thus, to quantify paternal silencing during directed differentiation by single-nucleotide primer 

extension. The ratio of paternal to maternal allelic expression decreased rapidly during neural 

induction between days 4 to 8, indicating a shift towards maternal expression (Fig. 4B). At 

day 16, expression of paternal UBE3A was about five-fold lower than expression from the 

mutant maternal allele (paternal/maternal ratio of 0.2) and was further suppressed to 10% at 

day 36 of differentiation. AS-iPSC AGI-0 and AS-ID neurons showed a decrease of UBE3A 

mRNA starting at day 22 (Fig. 4A). Due to the large chromosomal deletion present in AS-

iPSC line AGI-0, expression of UBE3A was attributable to the paternal allele only. Maximal 

silencing of paternal UBE3A transcription was observed at day 50 of differentiation and 

resulted in a remaining expression of about 30% compared to day 0. AS-ID cells with its lack 
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of DNA methylation on the maternal allele were expected to express SNHG14 biallelically 

leading to complete silencing of UBE3A in neurons (Fig. 1B). The amounts of UBE3A mRNA 

were decreased to about 60% at day 50 of neuronal differentiation (Fig. 4A, D). UBE3A 

protein was detected throughout neuronal differentiation (Fig. 4C, Fig. S9B). In neurons 

derived from AGI-0 iPSCs, UBE3A protein was undetectable from day 36 onwards. In AS-ID 

neurons, it decreased from day 36 onwards, but still being detectable at day 50, albeit at a 

reduced level. This is consistent with the higher amounts of UBE3A mRNA in AS-ID neurons 

when compared to AGI-0-derived neurons. 

Altogether, imprinted expression of SNHG14 and silencing of UBE3A was observed in 

neurons originating from all three types of AS-iPSCs. Silencing of paternal UBE3A in AGI-0 

caused a complete loss of detectable UBE3A, while silencing of the two alleles in AS-ID only 

resulted in reduction of UBE3A expression. 

Silencing of paternal UBE3A by transcriptional interference  

Silencing of UBE3A transcription on the paternal allele is achieved by interference of 

concomitantly ongoing sense and antisense transcription of UBE3A and SNHG14 from the 

paternal allele. In mouse, it has been shown that the two transcription complexes collide in 

intron 4 of Ube3a, resulting in stalling and dissociation of RNA polymerase complexes from 

the DNA and degradation of an incomplete paternal Ube3a mRNA (Meng et al., 2013). To 

test if this mechanism may also explain silencing in human iPSC-derived neurons, the 

presence of exons 2-3, 5-6 and 13-14 on UBE3A mRNA was measured by qRT-PCR at day 

50 of differentiation. If true, the relative amounts of exon 2-3 containing transcripts were 

expected to remain stable, whereas the amounts of exon 5-6 and 13-14 were expected to 

decrease. No differences in the relative amount of the three amplicons were detected in Ctrl- 

and AS_D3-D-iPSC-derived neurons because of the presence of an expressed maternal allele 

(Fig. 4D). In neurons derived from AGI-0 and AS-ID iPSCs, a decrease of the relative 

amounts of all three regions was observed with the most reduction of amplicon exon 13-14 

(Fig. 4D). This finding points to paternal UBE3A silencing by transcription interference. 

Suppression of UBE3A transcription is more pronounced in AGI-0 than in AS-ID iPSC-

derived neurons.  



15 
 

Influence of UBE3A loss on the neuronal transcriptome  

UBE3A locates to the nucleus and was found to be enriched in euchromatic regions and to 

support opening of chromatin (Burette et al., 2018; Catoe and Nawaz, 2011; Dindot et al., 

2008). It is thought that UBE3A directly or indirectly acts as transcriptional coactivator 

(Kühnle et al., 2013; Liu et al., 2005; Nawaz et al., 1999) or influences transcription based on 

degradation of transcription factors (Pal et al., 2013). Therefore, we asked if the loss of 

UBE3A in AS-iPSC-derived neurons specifically alters transcriptional activity in the cell. To 

identify differentially expressed genes, iPSC-derived, day 50 neurons of all six cell lines were 

subjected to global RNAseq analysis. Principle component analysis revealed that no 

transcription-based identifiers could be found to separate AS-derived neurons and Ctrl-

derived neurons according to their genotype (Fig. 5A). AS-derived neurons of cell lines AGI-

0 and AS_Δ3-D cluster together with Ctrl-iPSC-derived neurons of cell lines Ctrl 42 and 

ZIP13, whereas neurons derived from control MCH2-10 separated from this group by PC1 

and neurons derived from AS-ID by PC1 and PC2. In MCH2-10 cells, a difference in 

differentiation propensity towards neurons was already observed morphologically (S. Fig. 10) 

and onset of SNHG14 expression was delayed (S. Fig. 9). Therefore, analysis of differential 

gene expression was repeated excluding the MCH2-10 sample from the control group. Here, 

49 differentially expressed genes were listed (Table S1). According to the mean normalized 

counts, most of these genes showed moderate to low expression in neurons. Fold-changes in 

expression between AS-derived versus Ctrl-derived neurons ranged from 2-fold to 4.7-fold 

for 45 upregulated genes. In total, only four genes showed downregulation of gene expression 

in AS-iPSC-derived neurons, of these, MTRNR2L1 was 6.6-fold downregulated and the genes 

SP9, SLC35F4 and LINC02511each around 2.6-fold (Table S1). Using the retrieved 

normalized read counts of these 49 genes for cluster analysis, AS-derived neurons separated 

from Ctrl-derived neurons, except for MCH2-10-derived neurons that showed a deviant 

pattern of expression in most of these 49 genes (Fig. 5B). Processes to be affected by loss of 

UBE3A expression were predicted by GO-term analysis of the 49 differentially expressed 

genes using DAVID. No significant enrichment of differentially expressed genes in pathways 

categorized under GO-term category biological process could be determined. In GO-term 

categories molecular function and cellular component three and eight pathways showed 

significant enrichment of differentially expressed genes, respectively (Fig. 5C). Of these, four 

processes were associated with the plasma membrane and cell-cell contacts and three with 

muscle function. The latter did not seem relevant for functional differences expected in AS 
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versus Ctrl-derived neurons. Overall, the AS genotype did not result in gross differences in 

gene expression in day 50 neurons. 

  



17 
 

Discussion 
Using a reliable and time-effective iPSC-based model of neuronal differentiation we show 

that loss of functional UBE3A does not influence the transcriptome of day 50 neurons in a 

substantial way. Since the type of molecular cause was associated with severity of disease, we 

utilized three iPSC-lines derived from female patients representing the three most common 

causes of AS, large deletion of maternal chromosome 15q11.2-q13, point mutation in UBE3A 

and imprinting defect, to identify core AS specific alterations in gene expression 

(Chamberlain et al., 2010; Neureiter et al., 2018; Stanurova et al., 2016). All patients with AS 

present with impairments in speech and motor skills and a peculiar behaviour with frequent 

laughter and a happy demeanour.  In most patients (75%) AS is caused by a large deletion on 

maternal chromosome 15 leading to hemizygosity for genes outside the imprinted PWS/AS 

region, among them GABA-receptor subunits encoding genes GABRB3, GABRA5, GABRG3, 

and NIPA1, NIPA2, CYFIP1 and TUBGCP5. Haploinsufficiency of these gene products is 

hypothesized to contribute to the more severe phenotype of AS observed in these patients 

(Moncla et al., 1999; Sahoo et al., 2006; Tan et al., 2011; Valente et al., 2013). Patients with 

AS due to an imprinting defect or pUPD lack expression of UBE3A but are expected to show 

twice as high expression of the paternally expressed genes located in the imprinted PWS/AS 

domain. These patients are reported to show the mildest phenotype, with a lower incidence of 

seizures and better developed motor function and communications skills (Lossie et al., 2001; 

Tan et al., 2011). In patients carrying point mutations, only functionality of UBE3A is 

affected. These patients usually possess higher motor function and less often develop seizures 

and microcephaly (Tan et al., 2011). Neurons differentiated from iPSCs derived from such a 

patient are expected to show the core phenotype of AS.  

With combined small molecule inhibition, differentiation of the six iPSC lines yielded mature 

neurons within 16 days which showed a maximum of spontaneous activity at day 22. The 

appearance of neuronal subtypes was in accordance with in vivo corticogenesis (Custo Greig 

et al., 2013) with neural progenitor cells, possessing mostly telencephalic dorsal identity 

present at day 8 of differentiation, followed by emergence of deep and upper layer cortical 

neurons at day 16 to day 50 (Fig. 2, Fig. S2-S8). Functionality of the derived neurons was 

tested by calcium imaging, showing up to 70% of spontaneously active cells at day 22, which 

were excitable by glutamate and KCl (Fig. 3). This was in accordance with neuronal 

maturation on single cell level marked by gain of TUJ1 and MAP2 expression and by 

neuronal network formation and elaboration. However, the percentage of active neurons 

decreased during prolonged differentiation in our culture system. In addition, the 
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responsiveness to glutamate of most cultures was lost until day 43. This occurred in Ctrl- and 

AS- iPSC-derived neurons and is, therefore, not a disease specific phenomenon. This 

reduction in spontaneously active neurons was not seen in neuronal differentiation of Ctrl- or 

AS-iPSCs conducted by others. Fink et al. differentiated Ctrl- and AS-iPSC-derived neurons 

for a maximum of 20 weeks. Neurons were still functional displayed by firing of action 

potentials, spontaneous calcium transients, maintenance of resting membrane potential and 

synaptic transmission (Fink et al., 2017). The basal differentiation medium used for neuronal 

differentiation of AS-iPSCs by us and other groups was the same, but we kept the cells under 

continuous inhibition of the MEK, FGF and Notch signalling pathways and activation of 

WNT signalling (Fink et al., 2017; Qi et al., 2017). Continuous presence of small molecules 

during terminal neuronal differentiation seems to interfere with neuronal function or 

maturation after day 22. Therefore, prolonged differentiation of neurons needs to be 

performed in the absence of small molecules. However, absence of inhibitors and activators 

considerably prolonged the differentiation with emergence of deep and upper layer neurons 

until day 60 and functional neurons were present at day 37 of differentiation albeit still 

immature (Qi et al., 2017).  

Imprinted expression of UBE3A occurs only in neurons of the brain and its onset has been 

described to occur late during in vitro differentiation of iPSCs and in development 

(Chamberlain et al., 2010; Judson et al., 2014; Stanurova et al., 2016). Here we observed 

onset of paternal SNHG14 expression around day 8, reaching its final stable level around day 

16. Allele-specific analyses of UBE3A expression in AS_Δ3-D revealed suppression of 

paternal UBE3A transcription also by day 16. This coincided with the beginning of TUJ1 

expression and suggests the onset of imprinted UBE3A expression to occur not at the 

progenitor stage but just during maturation of neurons.  In mouse models silencing of UBE3A 

transcription was not observed in immature neurons, but only during neuronal maturation in 

the first postnatal week in the cerebral cortex (Judson et al., 2014). Although transcriptional 

silencing of UBE3A by SNHG14 was established at day 16 of neuronal differentiation by 

combined small molecule inhibition, absence of protein, best observable in cell line AGI-0 

with only the paternal allele present, was apparent only from day 36 onwards (Fig. 4). This 

could be due to a long half-life of UBE3A protein in neurons or to the heterogeneous nature 

of neurons present in culture. Based on this finding we assumed that paternal UBE3A 

expression will be silenced by day 50 in all other cell lines as well. As expected, control and 

AS_Δ3-D neurons continued to express UBE3A mRNA and protein on a relatively stable level 

up to day 50, which is in agreement with the described increase of maternal UBE3A 
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expression in neurons to result in a steady-state level of UBE3A protein despite silencing of 

paternal expression (Fig. 4, Fig. S9) (Hillman et al., 2017; Stanurova et al., 2016). Loss of 

UBE3A protein in AS-ID-derived neurons was expected due to biallelic expression of 

SNHG14, but UBE3A was still detectable up to day 50, albeit at reduced levels. We assume 

that biallelic transcriptional suppression of UBE3A by SNHG14 might not be absolutely tight 

and could allow residual expression of UBE3A.  

In mice it was demonstrated that silencing of Ube3a by Snhg14 is mediated by transcriptional 

collision of the sense and antisense transcription processes in intron 4 of the Ube3a gene 

(Meng et al., 2013; Numata et al., 2011). Upon polymerase collision, either one or both 

transcription processes could terminate. Incomplete transcripts are supposed to be degraded. 

In mice, transcripts corresponding to exons 1-4 remained detectable even after establishment 

of imprinted Ube3a expression, whereas transcripts containing downstream exons of Ube3a 

were reduced (Meng et al., 2013). Our expression analyses covering exons 2-3, 5-6 and 13-14 

of UBE3A also showed higher expression levels of exons 2-3 in comparison to exons 5-6 and 

13-14, supporting the assumption of transcriptional collision between SNHG14 and UBE3A in 

human iPSC-derived neurons (Fig. 4). Persistent activity of the paternal UBE3A/Ube3a 

promoter is further supported by absence of DNA methylation at its promoter (Meng et al., 

2013). Attenuated silencing of UBE3A mRNA and protein expression in AS-ID-derived 

neurons could be explained by a failure of transcriptional interference from time to time at 

random. The remaining UBE3A mRNA expression of the paternal and maternal allele would 

allow the presence of detectable UBE3A protein expression. 

Although it has been demonstrated that UBE3A can influence transcription by acting as 

transactivating cofactor of steroid receptors and the papillomavirus protein E6 or by the 

degradation of transcription factors based on its E3 ligase activity (Kühnle et al., 2013; Liu et 

al., 2005; Nawaz et al., 1999; Pal et al., 2013), transcriptome analysis of day 50 neurons did 

not point to substantial differences in gene expression between AS- and Ctrl-derived neurons. 

Most of the 49 genes identified to be differentially expressed show rather low expression 

strength (maximum base count 1342) and they are not enriched in a biological process 

involved in neuron function or development. The experimental setup chosen here included six 

cell lines from six different individuals, bringing in interpersonal variation. In addition, 

composition of neuronal cultures at day 50 will be different in each of the cell lines, 

exemplified by consistent appearance of pigmented cells in cultures of control line MCH2-10 

(Fig. S9). This summed up to a high overall variation between the samples not being related 
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to control or AS genotype. We chose this setup on purpose to be able to detect robust and 

profound differences in gene expression in neurons derived from AS- and Ctrl-iPSC. 

Although we could not detect substantial differences with our transcriptome analysis, 

moderate or subtle differences in gene expression cannot be ruled out. However, to detect 

those, a larger dataset with less biological variation is needed. Urraca and colleagues 

compared dental pulp stem cell derived neurons from three patients with Angelman syndrome 

carrying a large deletion on maternal chromosome 15 (Urraca et al., 2018). Even with this 

more homogenous set of samples, they identified only 23 genes being differentially expressed 

between control and AS-derived neuronal cultures. Together with our results this indicates a 

lack of substantial differences in gene expression between neurons of patients with AS and 

healthy controls. The inability to detect profound changes on the transcriptome in AS-derived 

neurons further strengthens the assumption that the key event for development of the AS 

neurological phenotype might be the loss of E3 ligase function of UBE3A. Indeed, it has been 

demonstrated that UBE3A proteins with a mutation in the E3 ligase domain, present in 

patients with AS phenotype, still exhibited transactivation activity, which resides in a separate 

domain (Nawaz 1999).  

We here present that neuronal differentiation mediated by combined small molecule inhibition 

results in the derivation of functional neurons in 16 to 22 days, with establishment of 

imprinted expression at the PWS/AS locus on transcriptional level. However, absence of 

UBE3A protein was only observed after maturation of neuronal cultures. Transcriptome 

analysis of such matured neuronal cultures revealed no profound differences in gene 

expression between healthy Ctrl- and AS-iPSC-derived neurons. Further studies are, 

therefore, needed to reveal the function of UBE3A in the nucleus. 
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Figures 

 

Figure 1 Angelman syndrome: Genetic locus and molecular causes. (A) Neuron-specific expression status of 
chromosomal region 15q11.2-q13 is shown. Methylation at the bipartite imprinting centre (grey circles; lollipop: 
black methylated) on the maternal chromosome regulates imprinted gene expression: paternal-only (blue), 
maternal-only (red), biallelic (grey), not expressed (white). UBE3A expression on the paternal allele is silenced 
by overlapping antisense transcription of SNHG14. Scheme is not drawn to scale. (B) The four main causes of 
AS are depicted: deletion, mutation of maternal UBE3A, imprinting defect (ID), paternal uniparental disomy 
(pUPD). Percentage of occurrence is given. Ctrl-iPSC and AS-iPSC were generated in pairs using the same 
reprogramming method and factors: O: OCT4, K: KLF4, S: SOX2, M: MYC (C-MYC or L-MYC), L: Lin28, sh: 
shRNA against p53. Paternal allele: blue, maternal allele: red, DNA methylation: CH3, imprinting centre: grey 
box, expression of SNHG14 and UBE3A: white box, arrow indicates direction of transcription, Δ: deletion, black 
dot: mutation. 
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Figure 2 Accelerated neuronal differentiation by small molecule inhibition. (A) Scheme of differentiation up 
to day 50 (Qi et al., 2017). (B) TUJ1 expression on day 16 and day 50 was shown by immunofluorescence 
staining. (C) At day 16 of differentiation, mainly TBR1 expressing cells were present. Few cells expressed 
DLX2 or TH. (D) At day 50 of differentiation, CUX2 expressing neurons, single deep layer neurons (SATB2 
and CTIP2) and GAD67 expressing cells were also detectable. Nuclei were counterstained with DAPI, scale bar 
represents 100µm.  
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Figure 3 Characterization of cell activity with functional calcium-imaging. (A) Images of Fluo-3-loaded 
iPSCs (Ctrl 42) at day 22, live cell counterstaining of astrocytes with Rhodamine 101 and merged image to 
separate astrocytes from neurons, scale bar 200 µM. (B) Examples of calcium transients at day 22 for AS- 
(bottom) and control (top) iPSC-derived neurons, scale bar 60 s. (C) Number of spontaneously active cells of 
AS- and Ctrl- iPSC-derived neurons at days 11, 17, 22, 43, 52 of differentiation. Mean ± SD of the three AS- and 
Ctrl-iPSC lines is shown. (D) Examples of calcium activity induced by glutamate (50 µM) and KCl (60 mM) on 
day 22 and day 43 for AS_Δ3-D and Ctrl 42 iPSC-derived neurons, scale bar 5s. (E) Qualitative analysis of the 
glutamate response (green: response, red: no response) of AS- and Ctrl-iPSC-derived neurons at days 17, 22, 43, 
and 52. 
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Figure 4 Silencing of paternal UBE3A expression in AS-iPSC-derived neurons. (A) Time-course analysis of 
SNHG14 (blue) and UBE3A (exon 13-14; red) expression in AS-iPSCs between day 0 and day 50 of 
differentiation. Differentiated Ctrl-iPSCs are shown in S. Fig 8A. ΔΔCt values calculated relative to GAPDH and 
day 0 are shown. Expression of day 0 is indicated as a line at 1. Data points represent mean +/- SD of technical 
triplicates for biological replicates. (B) Silencing of paternal UBE3A in AS_Δ3-D was detected by SNaPshot 
analysis. Ratios of pat/mat expression were normalized to genomic DNA. Data points represent mean +/- SD of 
technical triplicates for biological replicates. (C) Silencing of UBE3A (100kDa) on protein level detected by 
western blot. GAPDH (35kDa) was used as loading control. Two different blots per cell line are depicted: day 0- 
day 16 and day 22- day 50. (D) Top: Schematic representation of transcription interference of UBE3A and 
SNGH14 on the paternal allele. Exons are displayed as white boxes. Primers used to measure expression of exon 
2-3; exon 5-6 and exon 13-14 are indicated as red arrows. Bottom: Silencing of UBE3A expression by 
transcription interference in neurons at day 50 of differentiation. ΔΔCt is calculated relative to GAPDH and day 
0. At day 0 expression of each exon is represented by a line. Mean of biological replicates (n=2) and SD is 
plotted.   
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Figure 5 Transcriptome analysis does not reveal profound differences in AS- versus Ctrl-derived neurons. 
(A) Principle component analysis after DESeq2 analysis did not separate samples according to genotype. (B) 
Heatmap and clustering of DESeq2 normalized read counts of 49 differentially expressed genes. Cut offs were p-
adj<0.05 and fold change in gene expression >2. (C) GO-term enrichment analysis by DAVID for the three 
categories biological process (BP), molecular function (MF) and cellular component (CC). Bars represent 
Fisher’s exact p-value of the corresponding GO term. Numbers left to the bars indicate numbers of genes 
enriched in the respective GO-term. Grey vertical line at 1.3 indicates p=0.05. 
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Supplementary Figure 1 AS-iPSCs and Ctrl-iPSCs are functionally pluripotent. (A) Pluripotency was tested 
by directed monolayer and embryoid Body (EB) differentiation. The embryonic stem cell lines H1 and H9 were 
used as control. (B) Directed monolayer differentiation was analysed by FACS for quantification of T 
(mesoderm), SOX17 (endoderm) and PAX6 (ectoderm) expressing cells. Background was set to 0.5-1% of 
isotype control (not shown). Data for AS-ID were taken from Neureiter et al. 2018. (C) EB differentiation was 
analysed at day 14 by qRT-PCR for expression of germ layer-specific marker genes. Results are displayed as 
heatmap of ΔCt values normalized to GAPDH at day 0 and day 14, respectively. Mean of technical triplicates 
were shown. (D) Immunofluorescence staining of adherent EBs at day 14 of differentiation. Expression of 
marker proteins for ectoderm (TUJ1), mesoderm (smooth muscle actin, SMA) and endoderm (α-fetoprotein, 
AFP) could be demonstrated. Nuclei are counterstained with DAPI (blue). Scale bar is 100µm. 
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Supplementary Figure 2 Neural induction by combined small molecule inhibition. (A) Marker expression at 
day 8 of differentiation. NPCs were identified by co-expression of NESTIN (red) and SOX2 (green) and 
expression of PLZF. Most NPCs possessed forebrain identity (FOXG1), with dorsal (PAX6) or ventral character 
(DLX2). Few cells expressed ISL1 (peripheral neurons, different CNS neurons) or TBR2 (intermediate 
progenitors of the neocortex). First neurons (TUJ1) were present. Markers were stained in green; nuclei were 
counterstained with DAPI (blue); scale bar represents 100µm. (B) Time course analysis of POU5F1, PAX6 and 
TUJ1 expression by qRT-PCR during differentiation. Two independent differentiations (dots) of AS- and Ctrl-
iPSCs (colour code) are shown. ΔΔCt was calculated relative to day 0 and GAPDH, data points represent mean 
of technical triplicates +/-SD.  
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Supplementary Figure 3 Immunofluorescence staining for MAP2. After 16 and 50 days, all cell lines are 
differentiated to MAP2 expressing cells. Nuclei were counterstained with DAPI; scale bar represents 100µm. 
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Supplementary Figure 4 Quantification of TUJ1, MAP2 and GFAP expressing cells at day 50 of 
differentiation by flow cytometry. (A, B) Quantification of biological triplicates or quadruplicates are plotted. 
Background staining was set to 1% using unstained cells. (C) Histogram overlays of representative 
measurements of TUJ1, MAP2 and GFAP are shown. Unstained sample is shown in red, marker is represented 
in green. Percentage of gated cells is indicated.  
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Supplementary Figure 5 Emergence of glial cells during neuronal differentiation at day 16 and day 50. 
Occasionally, single GFAP (astrocytes) and O4 (oligodendrocytes) expressing cells were detected by 
immunofluorescence staining. Nuclei were counterstained with DAPI, scale bar represents 100µm.  
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Supplementary Figure 6 Immunofluorescence staining for neuronal subypes. (A) At day 16 of 
differentiation no CTIP2, SATB2, CUX2 or GAD67 expressing cells were detectable by immunofluorescence 
staining. Single cells expressed ISL1. (B) Few ISL1 expressing cells were also present at day 50 of 
differentiation. Nuclei were counterstained with DAPI; scale bar represents 100µm. 
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Supplementary Figure 7 Detection of markers specific for neuronal subtypes by qRT-PCR. ΔΔCt was 
calculated relative to day 0 and GAPDH of technical triplicates at day 16, day 36 and day 50. Day 0 is displayed 
by a line at 1.     
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Supplementary Figure 8 Quantification of neuronal subtype composition at day 50 of differentiation by 
flow cytometry. Unstained cells (red) were used as control and set to 1 % of autofluorescence. Specific staining 
was carried out with the same antibodies used for immunofluorescence stainings (green). Cells were gated on 
FSC/SSC and single cells. Percentage of positive cells is indicated.  
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Supplementary Figure 9 Silencing of paternal UBE3A in Ctrl-iPSC-derived neurons. (A) Relative 
normalized expression of SNHG14 and UBE3A over the time course of differentiation. Line indicates expression 
at day 0. Data points represent mean of technical triplicates with standard deviation. ΔΔCt values were calculated 
relative to day 0 and GAPDH. (B) Expression of UBE3A (100kDa) on protein level detected by western blot. 
GAPDH (35kDa) was used as a loading control. A composite of two individual blots is shown. 
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Supplementary Figure 10 Ctrl- iPSC MCH2-10 formed pigmented cells during neuronal differentiation. 
Brightfield and phase contrast images at day 16 and day 50 of differentiation are shown. Scale bar represents 
100µm or 10µm (detail).  
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Supplementary table 1 Results file of DEseq2 analysis. 
Statistical results for 49 genes differentially expressed in AS- versus Ctrl-derived neurons. Samples included were AGI-0, AS_D3, AS-ID and Ctrl 42, ZIP13. Cutoffs were set at 
p-adj<0.05 and log2(FC)>1. Base mean: mean normalized counts across all included samples; FC: fold-change; StdErr: standard error of the mean of log2(FC) value; Wald-Stats: 
ratio of log2(FC) and StdErr; p-adj: p-value adjusted for multiple testing by Benjamini-Hochberg method. 

gene ID name base mean log2(FC) StdErr Wald-stat p-value p-adj 
ENSG00000256618 MTRNR2L1 1340.17165 -2.67987 0.34052 -7.86997 3.54733e-15 6.83925e-11 
ENSG00000166415 WDR72 98.01327 2.10356 0.29289 7.18198 6.87066e-13 6.62332e-09 
ENSG00000258232 ENSG00000258232 76.448746 2.10632 0.36849 5.71610 1.08999e-08 7.00500e-05 
ENSG00000111057 KRT18 93.55780 1.82856 0.33029 5.53617 3.09157e-08 9.93426e-05 
ENSG00000170421 KRT8 98.03800 2.10702 0.37908 5.55825 2.72489e-08 9.93426e-05 
ENSG00000176769 TCERG1L 60.80004 2.21922 0.39814 5.57400 2.48952e-08 9.93426e-05 
ENSG00000185518 SV2B 177.31156 1.71842 0.31922 5.38316 7.31907e-08 0.00020 
ENSG00000111319 SCNN1A 21.47012 2.10285 0.39552 5.31671 1.05663e-07 0.00025 
ENSG00000135905 DOCK10 210.65841 1.23835 0.23412 5.28927 1.22808e-07 0.00026 
ENSG00000176485 PLA2G16 131.92313 1.83953 0.35212 5.22420 1.74908e-07 0.00034 
ENSG00000010278 CD9 22.40117 2.03881 0.39787 5.12430 2.98652e-07 0.00052 
ENSG00000165029 ABCA1 67.52596 1.79459 0.36129 4.96721 6.79242e-07 0.00109 
ENSG00000072315 TRPC5 178.20823 1.50053 0.30339 4.94595 7.57734e-07 0.00112 
ENSG00000112343 TRIM38 16.38993 1.95500 0.39820 4.90964 9.12459e-07 0.00120 
ENSG00000124782 RREB1 38.34494 1.94418 0.39640 4.90462 9.36104e-07 0.00120 
ENSG00000163814 CDCP1 24.00524 1.90330 0.39814 4.78043 1.74922e-06 0.00211 
ENSG00000003989 SLC7A2 95.83734 1.82604 0.38668 4.72241 2.33061e-06 0.00264 
ENSG00000165895 ARHGAP42 59.45243 1.79061 0.38474 4.65404 3.25492e-06 0.00349 
ENSG00000111262 KCNA1 31.30133 1.75255 0.37935 4.61989 3.83952e-06 0.00390 
ENSG00000269964 MEI4 23.73826 1.76458 0.38737 4.55531 5.23084e-06 0.00504 
ENSG00000101825 MXRA5 149.22548 1.55052 0.34847 4.44956 8.60461e-06 0.00721 
ENSG00000164220 F2RL2 23.25925 1.74283 0.39156 4.45096 8.54862e-06 0.00721 
ENSG00000164251 F2RL1 30.66307 1.73518 0.38961 4.45362 8.44343e-06 0.00721 
ENSG00000115112 TFCP2L1 30.04497 1.69665 0.38371 4.42174 9.79080e-06 0.00787 
ENSG00000173706 HEG1 139.97248 1.53786 0.34988 4.395425 1.10556e-05 0.00853 
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ENSG00000128591 FLNC 142.74006 1.74400 0.39803 4.38156 1.17830e-05 0.00862 
ENSG00000147065 MSN 118.89107 1.63845 0.37440 4.37619 1.20774e-05 0.00862 
ENSG00000248905 FMN1 68.37154 1.62784 0.37824 4.30377 1.67918e-05 0.01156 
ENSG00000213719 CLIC1 118.86194 1.53946 0.36124 4.26159 2.02976e-05 0.01349 
ENSG00000101443 WFDC2 55.95625 1.54054 0.36399 4.2324 2.31171e-05 0.01486 
ENSG00000039068 CDH1 66.39753 1.67517 0.39728 4.21659 2.48026e-05 0.01543 
ENSG00000145703 IQGAP2 129.85974 1.54203 0.37323 4.13163 3.60203e-05 0.02170 
ENSG00000173068 BNC2 263.36429 1.49381 0.36300 4.11522 3.86810e-05 0.02260 
ENSG00000151812 SLC35F4 224.54578 -1.40608 0.34300 -4.09939 4.14240e-05 0.02349 
ENSG00000058668 ATP2B4 555.41234 1.00001 0.24523 4.07779 4.546603e-05 0.02369 
ENSG00000164111 ANXA5 325.56875 1.39802 0.34237 4.08343 4.43757e-05 0.02369 
ENSG00000217236 SP9 171.35304 -1.46542 0.35847 -4.08797 4.35160 0.02369 
ENSG00000171345 KRT19 14.45838 1.61277 0.39712 4.06113 4.88368e-05 0.02478 
ENSG00000138378 STAT4 106.95524 1.28688 0.32006 4.02069 5.80271e-05 0.02869 
ENSG00000096696 DSP 220.07741 1.55616 0.39052 3.98483 6.75295e-05 0.03255 
ENSG00000167315 ACAA2 112.15342 1.28653 0.32452 3.96441 7.35784e-05 0.03460 
ENSG00000198691 ABCA4 31.62432 1.57346 0.39759 3.95749 7.57427e-05 0.0347 
ENSG00000105939 ZC3HAV1 48.66173 1.52616 0.38904 3.92292 8.74823e-05 0.03748 
ENSG00000248869 LINC02511 43.24953 -1.36344 0.34937 -3.90256 9.51815e-05 0.03989 
ENSG00000158710 TAGLN2 60.35975 1.48932 0.38266 3.89247 9.92272e-05 0.04070 
ENSG00000013588 GPRC5A 18.19401 1.52547 0.39816 3.83134 0.00013 0.04938 
ENSG00000065833 ME1 131.60755 1.34116 0.35141 3.81652 0.00014 0.04938 
ENSG00000117724 CENPF 33.82157 1.51944 0.39820 3.81580 0.00014 0.04938 
ENSG00000197355 UAP1L1 57.25058 1.27768 0.33363 3.82968 0.00013 0.04938 
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Supplementary table 2 Overview of media supplementation during neuronal differentiation (Qi et al., 
2017) Abbreviations: KSR: knock-out serum replacement, N2: N2 supplement, B27: B27 supplement with 
retinoic acid, NB: neurobasal medium 

day medium small molecules  

day 0 and day 1 100% KSR-medium 
LDN193189  
SB431542 
XAV939 

250nM 
10µM 
5µM 

day 2 and day 3 100% KSR-medium 

LDN193189  
SB431542 
XAV939 
PD0325901 
SU5402 
DAPT 

250nM 
10µM 
5µM 
1 µM 
5 µM 
10 µM 

day 4 and day 5 2/3 KSR-medium + 1/3 N2/B27 

LDN193189  
SB431542 
XAV939 
PD0325901 
SU5402 
DAPT 

250nM 
10µM 
5µM 
1 µM 
5 µM 
10 µM 

day 6 and day 7 1/3 KSR-medium + 2/3 N2/B27 
PD0325901 
SU5402 
DAPT 

1 µM 
5 µM 
10 µM 

from day 8 on NB+ B27 

BDNF 
dbcAMP 
Ascorbic acid 
PD0325901 
SU5402 
DAPT 
CHIR99021 

20ng/ml 
0.5mM 
0.2mM 
8 µM 
10 µM 
10 µM 
3 µM 

 

 

Supplementary table 3 Small molecules for neuronal differentiation 

Substance Stock concentration and  
solvent 

Ordering number (manufacturer) 

hBDNF 1µg/ml in 0.1%BSA in PBS 450-02-100UG (PeproTech) 
Ascorbic acid  200mM in H2O A4544 (Sigma-Aldrich) 
CHIR99021 10mM in DMSO 72052 (STEMCELL Technologies) 
DAPT  10mM in DMSO 208255-80-5 (Tocris) 
N6,2′-O-Dibutyryladenosine 
3′,5′-cyclic monophosphate 
(dbcAMP) 

500mM in H2O  D0627 (Sigma Aldrich) 

Heparin 0.31mg/ml in PBS H3149 (Sigma Aldrich) 

hFGF2  1µg/ml in 0.1% BSA in PBS 100-18B (Peprotech) 
LDN193189 100µM in H2O SML0559-5MG (Sigma Aldrich) 

PD0325901 10mM in DMSO 72184 (STEMCELL Technologies) 
Y-27632 10mM in H2O 72308 (STEMCELL Technologies)  
SB431542 10mM or 20mM in DMSO 72234 (STEMCELL Technologies) 
SU5402  10mM in DMSO SML0443-5MG (Sigma Aldrich) 
XAV939 5mM in DMSO 284028-89-3 (Tocris) 
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Supplementary table 4 Primary antibodies for immunofluorescence staining and flow cytometry 

 Species/ Clonality Ordering number (manufacturer) Dilution 
AFP rabbit/ polyclonal A0008 (Dako) 1:100 
SMA mouse/ monoclonal A5228 (Sigma Aldrich) 1:100 
CTIP2 rat/ monoclonal Ab18465 (Abcam) 1:400 
CUX2 rabbit/ polyclonal Ab130395 (Abcam) 1:300 
DLX2 rabbit/ polyclonal HPA056965-100UL (Sigma Aldrich) 1:50 
FOXG1 rabbit/ polyclonal PA5-26794 (Thermo Fisher) 1:50 
GAD67 rabbit/ polyclonal PA5-21397 (Thermo Fisher Scientific) 1:500 
GFAP rabbit / polyclonal PA1-10019 (Thermo Fisher Scientific) 1:1000 
ISL1 rabbit/ polyclonal HPA057416-100UL (Sigma Aldrich) 1:250 
MAP2 mouse/ monoclonal M9942 (Thermo Fisher Scientific) 1:500 
NESTIN rabbit / polyclonal PA5-11887 (Thermo Fisher Scientific)  1:200 
O4 mouse/ monoclonal  60053 (STEMCELL Technologies) 1:50 
PAX6 mouse/ monoclonal ab197768 (Abcam) 1:200 
SATB2 rabbit/ polyclonal Ab34735 (Abcam) 1:200 
SOX1 goat/ polyclonal sc-17318 (Santa Cruz) 1:300 
SOX2 mouse/ monoclonal MA1-014 (Thermo Fisher Scientific) 1:200 
TBR1 rabbit / polyclonal Ab31940 (Abcam) 1:200 
TBR2 rabbit / polyclonal Ab23345 (Abcam) 1:250 
Thyroxin 
Hydroxylase 

rabbit/ polyclonal P21962 (Life Technologies) 1:500 

TUJ1 mouse/ polyclonal T8660 (Sigma Aldrich) 1:200 
ZBTB16 mouse/ monoclonal MA5-15667 (Thermo Fisher Scientific) 1:600 
 

 

Supplementary table 5 Fluorescent- labeled antibodies for flow cytometry 

Antibody Species/ Isotype Ordering number 
(manufacturer) 

Dilution 

Anti-Brachyury-FITC Antibody, 
clone 3E4.2 

mouse/ IgG1κ FCMAB302F (Merck) 1:50 

Anti-Sox17-PE, human (clone: 
REA701) 

recombinant human IgG1 130-111-032 (Miltenyi) 1:50 

Anti-PAX-6-PE, human (clone: 
REA507) 

recombinant human IgG1 130-107-775 (Miltenyi) 1:10 

Alexa Fluor® 647 Mouse anti-β-
Tubulin, Class III  Clone  TUJ1 

mouse IgG2a 560340 (BD 
Biosciences) 

1:20 

Alexa Fluor 647 Mouse IgG2a, κ 
Isotype Control 

 557715 (BD 
Biosciences) 

1:20 

FITC Mouse IgG1, κ Isotype Ctrl 
(FC) Antibody 

 400109 (BioLegend) 1:50 

REA Control (I)-PE  130-104-613 (Miltenyi) 1:10 
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Supplementary table 6 secondary antibodies for immunofluorescence stainings and flow cytometry 

Antibody Ordering number  
(manufacturer) 

Dilution 

Alexa Fluor 488 donkey anti-goat IgG A11055 (Life Technologies) 1:500 
Alexa Fluor 488 donkey anti-mouse IgG A21202 (Life Technologies) 1:500 
Alexa Fluor 488 donkey anti-rabbit IgG A21206 (Life Technologies) 1:500 
Alexa Fluor 488 goat anti-mouse IgG A11001 (Life Technologies) 1:800 
Alexa Fluor 488 goat anti-rabbit IgG A11008 (Life Technologies) 1:800 
Alexa Fluor 488 goat anti-rat IgG A21212 (Life Technologies) 1:800 
Alexa Fluor 555 donkey anti-mouse IgG A31570 (Life Technologies) 1:500 
Alexa Fluor 555 donkey anti-rabbit IgG A31572 (Life Technologies) 1:500 
 

Supplementary table 7 Antibodies for western blot 

 Species/ clonality Ordering number (manufacturer) Dilution 
anti-UBE3A mouse, monoclonal 611416 (Becton Dickinson) 1:500 
anti-GAPDH Mouse, monoclonal MAB374 (Merck) 1:200 
donkey anti-mouse HRP donkey, polyclonal 715-036-150 (Dianova) 1:10000 
 

  



46 
 

Supplementary table 8 Primer sequences for qRT-PCR and SNaPshot 

Marker Sequence 
 Forward Reverse 

qRT-PCR   
AFP AGAAATACATCCAGGAGAGCCA TTTGTGTAAGCAACGAGAAACG 
BRN2 GACCTTTGCAGGCGAGTAAC TCAGGAAGCTGCATTTTGTG 
CTIP1/2 GAGTACTGCGGCAAGGTGTT TAGTTGCACAGCTCGCACTT 
CUX1 GCTCTCATCGGCCAATCACT TCTATGGCCTGCTCCACGT 
DLX2 GCCTCAACAACGTCCCTTACT TCACTATCCGAATTTCAGGCTCA 
GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG 
HAND1 TTCAAGGCTGAACTCAAGAAGG CTTTAATCCTCTTCTCGACTGGG 
ISL1 AAACAGGAGCTCCAGCAAAA AGCTACAGGACAGGCCAAGA 
LHX6 GCGGGGATAGACAGGGAATG ATATGTCACCGCCCTCTCCT 
MAP2 CCAATGGATTCCCATACAGG CTGCTACAGCCTCAGCAGTG 
MEST1 GAGATAGTTGTGCTTTTACACGGTT TAGTGATGTGGTCTCGGTTTG 
NESTIN GGAAGAGAACCTGGGAAAGG CTTGGTCCTTCTCCACCGTA 
PAX6 AACAGACACAGCCCTCACAAACA CGGGAACTTGAACTGGAACTGAC 
POU5F1 GAAGGTGAAGTTCAATGATGCTC ATTCCCATCCCTACCTCAGTAAC 
SATB2 CCTTAAAGGAACTGCTCAAAGAG TGGATGAAATCATACTCTGGGA 
SNHG14 GGCACTGAAAATGTGGCATCCAGTC GGTGTGTCAGCTGTGCTGGTGTCAA 
SOX1 CAATGCGGGGAGGAGAAGTC CTCGAAACATTTTGGGTGGGG 
SOX17 ATTTTGTCTGCCACTTGAACAG GAAGCTGTTTTGGGACACATTC 
Brachyury(T) TGCTTCCCTGAGACCCAGTT GATCACTTCTTTCCTTTGCATCAAG 
TBR1 AACAATGGGCAGATGGTGGT TGACGGCGATGAACTGAGTC 
TBR2(EOMES) CGGCCTCTGTGGCTCAAA AAGGAAACATGCGCCTGC 
TUJ1 CTCAGGGGCCTTTGGACATC CAGGCAGTCGCAGTTTTCAC 
UBE3A (exon 13-14) CTCTTCTTGCAGTTTACAACGG CTTGAGTATTCCGGAAGTAAAAGC 
UBE3A (exon 2-3) AGCTCCTCAGAAGTTTGGCG CCATTCGGTGACATCAGGGT 
UBE3A (exon 5-6) ACGACATTGAAGCTAGCCG ACTCATTCGTGCAGGCTTC 
   
SNaPshot   
UBE3A_SNaPshot_ 
gDNA 

CACTGGCTTTTTATCAGTTTGCT TGCTGCTCTTCATAGCTGAAA 

UBE3A_fwd_ex7/8 TGATGCACTTGTCCGGCTAG  
UBE3A_rev_ex9   GCCAGACCCAGTACTATGCC 
UBE3A_SNaPshot GCAGTTGTATGTGGAATTTGAAG

  
CCCTCATCAACTCCTTGTTCT 
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3. Discussion 

Understanding the cellular and molecular basis of AS pathophysiology is of great interest 

since currently neither curative nor sufficient alleviating symptomatic treatment is available. 

The inaccessibility of patient-specific living human neurons hampers research. The discovery 

of reprogramming human somatic cells to induced pluripotent stem cells in 2007 and further 

differentiation to nearly every desired cell type of the human body opened the path to human 

cellular in vitro disease models that otherwise are inaccessible due to ethical reasons. Since 

then, a myriad of in vitro disease models were published that cover a diverse set of 

monogenic and polygenic diseases, for instance Parkinson´s disease, Timothy syndrome, 

amyotrophic lateral sclerosis, schizophrenia, autism spectrum disorders, Trisomy 21, 

Huntington´s disease, Rett syndrome or Angelman syndrome (Brennand et al., 2011; 

Chamberlain et al., 2010; Consortium, 2012; Deshpande et al., 2017; Fink et al., 2017; 

Kathuria et al., 2018; Kouroupi et al., 2017; Lee and Huang, 2017; Marchetto et al., 2010; 

Nguyen et al., 2011; Pasca et al., 2011; Weick et al., 2013). Such models offered insights into 

the cellular pathophysiology in an artificial and highly controlled environment, in vitro. In 

2017 Fink et al. published the use of AS-iPSCs and their differentiation to mostly 

glutamatergic neurons and performed a variety of electrophysiological tests (Fink et al., 

2017). They observed a more depolarized resting membrane potential, disturbed firing of 

action potentials and altered synaptic plasticity. They included four AS-iPSC lines all 

showing absence of UBE3A expression from the maternal allele. However, a cell line with 

maintained expression of a non-functional UBE3A protein or biallelic silencing of functional 

UBE3A alleles were not included in this study (Fink et al., 2017).  In contrast, we used three 

AS-iPSC lines carrying three of four main molecular reasons for AS: A cell line with a large 

chromosomal deletion, one AS-iPSC line with a 3bp deletion in the maternal UBE3A leading 

to expression of a non-functional UBE3A protein and one cell line from a patient with AS due 

to an imprinting defect. This will allow a more precise identification of AS specific alterations 

independent of molecular defect.  The differentiation of neurons showing absence of UBE3A 

was reported to take up to 10 weeks (Chamberlain et al., 2010). We present here, rapid 

neuronal differentiation in a short time frame of genotypically different patient-specific AS-

iPSCs to explore the impact of UBE3A on gene expression. Therefore, the presented iPS 

based model for AS expands current knowledge of the disease and opens the possibility for 

genetic, epigenetic, proteomic, developmental, phenotypic and therapeutic studies in a 

reasonable time frame. This will allow a more general view on AS since only AS specific 
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alterations are expected to be common in all AS-iPSC-derived neurons independent of 

genotype.  

3.1 Genotypically different AS- and Ctrl-iPSCs for disease modelling 

The use of genotypically different AS-iPSC lines is especially important since different 

molecular reasons for AS cause different degrees of severity of the disease. Patients carrying 

chromosomal deletions suffer from the most severe phenotype including seizures, absence of 

language, low motor skills, autism-like features and often microcephaly. AS due to an 

imprinting defect or paternal UPD results in a less severe phenotype with a lower incidence of 

seizures and microcephaly, more developed motor function and more efficient 

communication and sometimes the use of single words (Gentile et al., 2010; Granild Bie 

Mertz et al., 2016; Lossie et al., 2001; Mertz et al., 2014; Moncla et al., 1999; Tan et al., 

2011; Valente et al., 2005).  

Moreover, molecular defects could also affect other genes encoded in the same chromosomal 

region further contributing to AS pathology. An iPSC-line (AGI-0) harbouring a large 

deletion of the maternal chromosome was previously published (Chamberlain et al., 2010). 

The deletion encompasses several megabases and includes about 28 genes e.g. UBE3A and 3 

GABA-receptor subunits (α5, β3 and γ3), NIPA1 and 2, CYFIP1 and TUBGCP5. Therefore, 

studying the disease phenotype with these cells reflects not only the impact of missing 

UBE3A but also consequences of other deleted genes. As an example, GABA- receptor 

subunit haploinsufficiency is implicated in the emergence of epileptic seizures and could 

account for a more severe AS phenotype (DeLorey et al., 1998; Roden et al., 2010). The three 

affected GABA-receptor subunits are three subunits that form GABAA-receptors, ligand-

gated chloride channels that function in inhibitory synapses and in tonic inhibition. Tonic 

inhibition in the central nervous system is mediated by extrasynaptic GABA-receptors that are 

often composed of α5β3γ2 subunits in the neocortex. It is thought that haploinsufficiency of 

α5, β3 and γ2 GABA receptor subunits play a role in AS pathogenesis since seizures are 

common and more severe in patients suffering from chromosomal deletions (Roden et al., 

2010).  This could be attributed to decreased tonic inhibition due to reduced expression of the 

deleted GABA receptor subunits (Egawa and Fukuda, 2013). Indeed, Gabrb3 knockout and, 

to a lesser extent, haploinsufficiency caused EEG abnormalities, seizures and an altered rest-

activity cycle in mice. Gabrb3 knockout mice also showed hyperactivity, learning and 

memory deficits and deficient motor skills, symptoms reminiscent of AS (DeLorey et al., 

1998).  Maternal deletion of CYFIP1, TUBGCP5, NIPA1 and 2 were associated with more 
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severe autism-like symptoms, lower cognitive and language skills and seizure activity in AS 

(Sahoo et al., 2006). Deletion of those four genes is the leading cause of the 15q11.2 deletion 

syndrome (OMIM # 615656). Patients often present with delayed intellectual, language and 

psychomotor development, psychiatric problems (schizophrenia, obsessive- compulsive 

disorder) or neurobehavioral difficulties like autism-spectrum disorders, attention deficit 

disorders, seizures, ataxia or poor coordination (Butler, 2017; Cox and Butler, 2015). 

Disruption of each of those genes is associated with severe phenotypes (Jiang et al., 2012; 

Pathania et al., 2014; Rainier et al., 2003; Xie et al., 2014). Mutations in the NIPA1 gene 

cause autosomal dominant hereditary spastic paraplegia while haploinsufficiency of NIPA2 

was associated with childhood absence epilepsy (Jiang et al., 2012; Rainier et al., 2003; Xie et 

al., 2014). Finally, Cyfip1 is localized in spines and dendritic processes of hippocampal 

neurons. Haploinsufficiency resulted in reduced dendritic length and branching in vitro and in 

vivo. Significantly more dendritic spines displayed an immature morphology (Pathania et al., 

2014). Hence, it can be assumed that heterozygosity of the discussed genes in addition to loss 

of maternal UBE3A would manifest in in vitro studies. Therefore, an iPSC line was included 

that show an in-frame 3bp deletion in exon 5 (accession number NM_130838) of the maternal 

UBE3A allele, rendering the expressed protein not functional without affecting the expression 

of UBE3A or other genes (Horsthemke et al., 2011; Stanurova et al., 2016). We assumed that 

such a cell line would present the “core” AS phenotype. The identification of general changes 

in AS neurons independent of the genotype requires at least a third molecular reason, namely 

a paternal UPD or an imprinting defect, since they show a less severe phenotype in patients. 

Thus, one cell line that carries an imprinting defect leading to biallelic silencing of UBE3A by 

SNHG14 expression was included in this study (Neureiter et al., 2018). An iPSC line carrying 

a paternal UPD is recently available but was not included because patients with AS due to an 

imprinting defect or paternal UPD are clinically indistinguishable (Lossie et al., 2001; 

Takahashi et al., 2017). Both AS-iPSC lines are expected to show biallelic silencing during 

neuronal development.  

However, when we started the presented project, only one patient-specific AS-iPSC line was 

published carrying a large chromosomal deletion (AGI-0) (Chamberlain et al., 2010). 

Therefore, we reprogrammed skin fibroblasts from a patient with a 3bp deletion in UBE3A 

rendering the expressed protein not functional (Stanurova et al., 2016). After reprogramming, 

AS_Δ3-iPSCs, like the human embryonic stem cell line H1, expressed pluripotency associated 

markers on protein and mRNA level and formed teratomas after injection into 

immunodeficient mice. Hence, reprogrammed cells lost fibroblast identity and gained 
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pluripotency upon lentiviral mediated ectopic expression of OCT4, KLF4, MYC and SOX2. 

This is in line with previously published reprogrammed human fibroblasts (Chamberlain et 

al., 2010; Takahashi et al., 2007; Yu et al., 2007). However, the expression level of 

pluripotency associated genes varied across the different AS_Δ3- and Ctrl-iPSCs, independent 

of genotype. Nevertheless, all characterized AS_Δ3-iPSCs and Ctrl-iPSCs possessed the 

potential to form teratomas in vivo and derivatives of the three germ layers in vitro and were, 

therefore, identified as pluripotent. AS_Δ3-iPSCs maintain methylation at the PWS-SRO, 

necessary for imprinted expression of UBE3A during further neuronal differentiation. Disease 

modelling with these cells could be hampered by the presence of the lentiviral vector in the 

genome and the danger of its residual expression or reactivation during differentiation (Galat 

et al., 2016; Ramos-Mejia et al., 2012). Therefore, I made use of FRT sites in the ΔU3 regions 

flanking the integrated virus for excision of the reprogramming factors. Like that, minimal 

ectopic DNA remained in the host genome (Voelkel et al., 2010). After successful 

recombination, iPSCs remained pluripotent. Removal of ectopic DNA encoding for 

reprogramming factors also constituted the ultimate proof of endogenous pluripotency 

because fully reprogrammed iPSCs maintained and endogenously regulated the pluripotent 

status without expression of ectopic “Yamanaka-factors”. Integration-free AS_Δ3-iPSC-D.3 

showed biallelic expression of UBE3A in pluripotent cells and, upon neuronal differentiation, 

onset of maternal only expression on mRNA level. However, integration free iPSCs were not 

used for further studies since the assessment of genetic and epigenetic integrity, e.g. 

karyotyping and methylation analysis, is still missing and needs to be addressed in the future. 

All applied tests showed the suitability of AS_Δ3-iPSCs and corresponding Ctrl-iPSCs to 

establish a valid in vitro AS model. However, AS_Δ3-iPSC-D was the only cell line that 

showed epigenetic stability of all six differentially methylated regions analysed, a pattern 

similar to the embryonic stem cell lines H1 and H9. Hence, AS_Δ3-D is the most suitable cell 

line for disease modelling. 

The second generated and characterized AS cell line (AS-ID) lacks DNA methylation at the 

imprint control region on chromosome 15 caused by an imprinting defect (Neureiter et al., 

2018). This cell line was reprogrammed by an episomal approach resulting in integration-free 

iPSCs that express pluripotency associated proteins, namely the transcription factors OCT4, 

NANOG and SOX2 and the surface antigens SSEA4 and TRA1-60. Functional potential was 

tested by three germ layer differentiation in vitro, either by an EB and FBS based method or 

by directed differentiation to all three germ layers. The presence of derivatives of all three 

germ layers could be proven by flow cytometry, immunofluorescence staining or expression 
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analysis by qRT-PCR. So, AS-ID was determined as pluripotent. AS in AS-ID is based on 

missing methylation at the PWS-SRO allowing biallelic expression of SNHG14 concomitant 

with biallelic silencing of UBE3A in neuronal development. The absence of methylation in 

iPSCs could be proven. AS-ID iPSCs showed normal UBE3A gene dosage and biallelic 

UBE3A expression in pluripotent cells, as was expected. Indeed, UBE3A mRNA level was 

comparable to Ctrl-iPSCs. During neuronal differentiation, onset of UBE3A silencing was 

observed. For these reasons, AS-ID is considered as being suitable for AS modelling, in vitro.  

For disease modelling and analysis of AS specific pathological mechanisms or gene 

expression of mature neurons, healthy control iPSCs are needed as a reference. Besides that, 

all three AS-iPSC lines were reprogrammed by different methods that could potentially 

influence the experimental outcome. Therefore, three independent Ctrl-iPSCs from healthy 

donors were reprogrammed by methods similar to AS-iPSCs. All Ctrl-iPSCs passed the same 

tests for quality and pluripotency as their corresponding AS-iPSCs (Chamberlain et al., 2010; 

Stanurova et al., 2016). However, all Ctrl-iPSCs and all AS-iPSCs possess, besides molecular 

variations in UBE3A, a different genetic background that could influence the comparability of 

results acquired in the individual cell line in disease modelling. Considering the variability 

and severity of symptoms in AS patients, it can be hypothesized that the genetic background 

impacts on severity of the disease. For instance, around 80% of AS patients develop postnatal 

microcephaly during the first 8-12 month of age (Dagli et al., 2011). The prevalence varies 

considerably across molecular defects but postnatal microcephaly occurs in all groups. 85% 

of patients with large chromosomal deletions, 73% of patients carrying UBE3A mutations and 

62% of patients suffering from AS due to an imprinting defect or paternal UPD show 

postnatal microcephaly (Tan et al., 2011). If only the molecular defect predicts the phenotype 

of AS, a homogenous phenotype caused by a specific molecular defect would be expected.  

Therefore, it can be assumed that other factors, e.g. the genetic background, impact on the 

development of certain symptoms. In consequence, isogenic controls would be the most 

stringent counterpart to AS-iPSCs for AS specific disease modelling. Such isogenic controls 

can be generated by repair of the molecular defect for AS in AS-iPSCs or, conversely, by 

introduction of deletions or UBE3A mutations in healthy control cells. A CRISPR/Cas9 based 

approach would allow for specific genetic modifications in iPSCs (Cong et al., 2013; Mali et 

al., 2013; Ran et al., 2013). Creating an isogenic cell line carrying a large chromosomal 

deletion or repairing large chromosomal deletions is technically not achievable to date. Such 

chromosomal deletions, like the ones present in AS patients that include the entire imprinted 

domain and several non-imprinted genes encompassing 5-7Mb, is technically not achievable 
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to date. Depending on the molecular reason for AS, either the repair or the insertion of 

molecular defects of smaller size would be achievable. Correcting the 3bp deletion of AS_Δ3-

iPSCs by CRISPR/Cas9 technology would be possible since the deletion is only present in the 

maternal UBE3A allele. In contrast, insertion of a 3 bp deletion only in the maternal UBE3A 

allele of healthy Ctrl-iPSCs would be challenging since both UBE3A alleles in healthy iPSCs 

are indistinguishable. Identifying maternal only deletions in genetically modified iPSCs 

would require neuronal differentiation of several clones followed by detection of paternal 

UBE3A silencing. Like that, only the maternal UBE3A mRNA stays expressed and could be 

analysed for the presence of the 3bp deletion or functionality. For creating an isogenic cell 

line for AS due to an imprinting defect, the methylation of the imprinting centre needs to be 

modified. For that, a modified CRISPR/ Cas9 system could be applied that binds specific 

DNA sequences without cutting. Instead, catalytically inactive Cas9 was fused to Tet1 or 

Dnmt3a allowing targeted DNA demethylation or methylation of promoter sequences (Liu et 

al., 2016). However, the technique has not been applied for modifying imprinted loci yet. 

CRISPR–based methylation of the imprinting centre of AS-ID would result in methylation of 

both chromosomes and subsequent biallelic UBE3A expression. Biallelic UBE3A expression 

would not reconstitute physiological expression of UBE3A in AS-ID. If methylation of one 

imprinting centre is present, as could be determined by simultaneous SNHG14 and UBE3A 

expression, it could not be determined if expression results from the maternal or paternal 

chromosome. Hence, CRISPR-mediated targeted DNA demethylation of the maternal 

imprinting centre in healthy iPSCs would provide the possibility to induce biallelic SNHG14 

expression in healthy iPSC-derived neurons. Like that, alterations specific for UBE3A 

mutations can be studied in comparison to genetically identical cells. This would allow a 

more precise attribution of mutations to disease pathophysiology in the future.  

3.2 Establishment of an iPSC-based model for AS 

Having three independent, pluripotent and genetically intact Ctrl-iPSCs and AS-iPSCs 

covering three of four main molecular reasons for AS at hand, a stable neuronal 

differentiation protocol had to be established, which allows the robust generation of neurons 

suitable for disease modelling. We decided to base our AS model on the differentiation of 

cortical excitatory neurons since they show silencing of paternal UBE3A  and allow the 

recapitulation of diverse AS specific alterations described in mouse models: neurite 

outgrowth, synapse and spine formation and function, including LTP and LTD, 

electrophysiological properties and neuronal network formation and function (Dindot et al., 
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2008; Fink et al., 2017; Jiang et al., 1998; Odawara et al., 2016; Shi et al., 2012b; Yashiro et 

al., 2009).  The applicability of these neuronal subtypes for modelling AS was demonstrated 

with neurons developing AS-specific electrophysiological alterations during 20 weeks of 

differentiation (Fink et al., 2017).  

In this study, I applied two protocols for the differentiation of iPSCs into cortical neurons: 

First, a default neuronal differentiation method consisting of neural induction with dual 

SMAD inhibition followed by neuronal differentiation in the absence of small molecules. 

Second, an accelerated neuronal differentiation protocol based on combined small molecule-

inhibition. In the first approach, using default neuronal differentiation after dual SMAD 

inhibition, I obtained expandable NPCs and finally neurons from AS_Δ3-D.3- iPSCs (Boissart 

et al., 2013; Stanurova et al., 2016). These neurons showed SNHG14 expression starting at 

day 14 in NPCs and a bias of UBE3A mRNA expression towards paternal only expression 

starting at day 28, corresponding to day 14 of terminal neuronal differentiation (Stanurova et 

al., 2016). Thus, silencing of paternal UBE3A is a late event during neuronal maturation, as 

described in mice and by Chamberlain et al. showing complete loss of UBE3A in AGI-0 after 

10 weeks of differentiation (Chamberlain et al., 2010; Judson et al., 2014; Sato and Stryker, 

2010). However, using this default protocol the efficiency of neuronal differentiation varied 

considerably across Ctrl- and AS-iPSC cell lines and, to a lesser extent, across biological 

replicates in each cell line (data not shown). Variability in stem cell differentiation is well 

known and is one of the most challenging tasks in PSC based research. Some PSCs efficiently 

differentiate to ectodermal cells, while other cell lines preferentially form mesodermal or 

endodermal cells; hence, they are biased towards a particular lineage (Cahan and Daley, 

2013). The differentiation bias of a certain cell line towards one germ layer was consistent in 

spontaneous and directed differentiation (Osafune et al., 2008). All six cell lines used in these 

studies formed all three germ layers, in vitro and in teratoma formation assays, but they 

especially gained expression of mesodermal markers upon directed and spontaneous 

differentiation in vitro, independent of genotype or molecular reason for AS (Neureiter et al., 

in preparation). Using the default protocol, neural induction by dual SMAD inhibition was 

achieved, but putative NPCs failed to differentiate to neurons during subsequent neuronal 

differentiation (data not shown). Therefore, a differentiation protocol is needed that 

overcomes the lineage bias in all six iPSC lines used. I tested the influence of several different 

signalling pathways on neuronal differentiation by adding activators or inhibitors of Notch, 

ERK, SHH, BMP, WNT and TGF-ß pathways during neural induction or neuronal 

differentiation (data not shown). However, this resulted only in minor improvements of 
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differentiation efficiency or even failed to induce neural differentiation, except for inhibition 

of Notch and FGF/ERK-signalling during neuronal differentiation which improved neuronal 

differentiation (data not shown).  In the failed approaches cardiomyocytes, neural crest cells 

or unidentified cells with an epithelial-like morphology appeared, pointing to a failure in 

neural induction (data not shown). Early steps of cardiomyocyte or neural crest cell 

differentiation from iPSCs are dependent on WNT activation. Therefore, dual SMAD 

inhibition combined with WNT inhibition was tested and considerably improved neural 

induction and inhibited the emergence of neural crest cells and non-neural cells (data not 

shown).  

The neuronal differentiation protocol based on combined small molecule inhibition included 

the modulation of almost every signalling pathway tested previously by addition of small 

molecule inhibitors and/or activators in an accelerated time-frame. Dual SMAD inhibition in 

combination with WNT inhibition caused neural induction and absence of contaminating non-

neural cells. Addition of Notch, FGF and ERK inhibitors drove early NPCs into terminal 

differentiation due to interference with cell cycle progression (Borghese et al., 2010; Qi et al., 

2017). With this approach, NPCs and neurons from all three AS-iPSCs and at least two 

independent Ctrl-iPSCs emerged in a highly efficient and accelerated manner (Neureiter et al., 

in preparation). Neurons showed cortical presumably glutamatergic, GABAergic or 

dopaminergic identity. No differences in the efficiency of neuronal differentiation between 

Ctrl- and AS-iPSCs were observed. This result is in line with observations in AS. Mouse 

models did not show reduced cell number or altered cytoarchitecture of the cerebral cortex 

(Jiang et al., 1998; Judson et al., 2017). This is in accordance with postnatal microcephaly 

which is rather caused by a decrease in axonal and dendritic elaboration, synaptogenesis, 

gliogenesis and myelination than by altered neurogenesis during brain development (van 

Dyck and Morrow, 2017). Indeed, reduced brain size in AS mice was attributed to reduced 

white matter volume and altered neuronal connectivity (Judson et al., 2017). Besides that, 

silencing of paternal Ube3a occurs during the first postnatal week in AS mice, NPCs and 

immature neurons were not affected pointing to normal neurogenesis (Judson et al., 2014; 

Stanurova et al., 2016).  

During the time-course of accelerated neuronal differentiation by small molecule inhibition, 

all cell lines gained expression of SNHG14 and lost expression of maternal UBE3A only at 

late stages of neuronal differentiation as described previously (Chamberlain et al., 2010; 

Stanurova et al., 2016). Cell line AGI-0 with only the paternal allele present showed onset of 

silencing of paternal UBE3A mRNA at day 22 and loss of UBE3A protein at day 36. 
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SNaPshot analysis in AS_3-D revealed only 10% of paternal UBE3A mRNA left on day 50 

of differentiation. However, AS_3-D neurons continued to express UBE3A mRNA and 

protein on a relatively stable level similar to Ctrl-iPSC-derived neurons. It has been 

demonstrated that UBE3A expression from the maternal allele was increased in neurons and 

resulted in a steady-state level of UBE3A protein despite silencing of paternal expression 

(Hillman et al., 2017). Incomplete silencing of UBE3A expression was observed in AS-ID-

derived neurons at day 50 of differentiation. In those cells, methylation of the maternal 

imprinting centre is absent due to an imprinting defect (Neureiter et al., 2018). This allows 

biallelic expression of SNHG14 leading to biallelic silencing of UBE3A in neurons. However, 

biallelic silencing might not be absolutely tight, which could be related to the silencing 

mechanism. In mice, Snhg14 is transcribed in antisense to Ube3a on the paternale 

chromosome resulting in collision of both transcription processes (Meng et al., 2013; Numata 

et al., 2011). Upon polymerase collision, either one or both transcription processes could 

terminate. Expression analyses of UBE3A in iPSC-derived neurons revealed a more 

pronounced silencing of exon 13-14 compared to exon 2-3 in AGI-0 and AS-ID, hence, 

supporting transcriptional collision as the silencing mechanism in human neurons (Neureiter 

et al., in preparation). Attenuated silencing of UBE3A transcription in AS-ID-derived neurons 

could be explained by a failure to terminate UBE3A transcription from time to time at 

random. We hypothesize that leaky termination of UBE3A transcription could explain the 

milder AS phenotype in patients with an imprinting defect because residual UBE3A protein 

might be present and could result in reduced but sufficient UBE3A activity to ameliorate 

symptoms. 

The functionality of Ctrl- and AS-iPSC-derived neurons was tested by calcium imaging at 

different time points. Concomitant with neuronal differentiation of NPCs and neuronal 

network formation, up to 70% of neurons analysed showed spontaneous calcium transients at 

day 22.  Neurons were depolarized by glutamate and KCl treatment. No differences between 

Ctrl- and AS-iPSC-derived neurons were detected (Neureiter et al., in preparation). However, 

the percentage of spontaneously active neurons decreased during prolonged differentiation. 

The responsiveness to glutamate was lost until day 43. But neurons still reacted to KCl 

treatment even after prolonged differentiation until day 50. Increased extracellular K
+
 

concentration leads to depolarization of the neuron by opening of voltage-gated ion channels. 

In contrast, stimulation by application of the neurotransmitter glutamate is mediated by 

glutamate binding to glutamate receptors resulting in calcium influx. Maintenance of 

unspecific depolarization by KCl while missing depolarization by glutamate stimulation 
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points to loss of synaptic function. This coincided with decreased numbers of spontaneously 

active neurons, presumably due to disturbed synaptic input and neuron function on single cell 

level. Loss of calcium transients occurred in Ctrl-and AS-iPSC-derived neurons and was, 

therefore, not a disease specific phenomenon. However, reduction of neuronal activity was 

not reported in neuronal differentiation conducted with default differentiation protocols. AS-

iPSCs differentiated by a default differentiation protocol for a maximum of 20 weeks were 

still functional displayed by firing of action potentials, spontaneous calcium transients, 

maintenance of resting membrane potential and synaptic transmission (Fink et al., 2017). The 

default differentiation and the small molecule driven neuronal differentiation protocol used 

here differ in the presence of small molecules. Neural induction based on dual SMAD 

inhibition resulted in differentiation of NPCs with both methods. Neural induction for default 

differentiation as conducted by Fink et al. followed an EB-based approach in the presence of 

hFGF2 (Fink et al., 2017). In contrast, I included the WNT-inhibitor XAV939 to prevent the 

emergence of non-neural cells. With this approach, NPCs emerged that expressed NPC-

associated markers and differentiated to functional neurons in the presence of Notch, FGF and 

ERK inhibition by day 22. Therefore, neuronal differentiation was successfully initiated but 

maturation and maintenance of neurons during late phases of differentiation needs to be 

improved in our protocol. The basal differentiation medium for neuronal differentiation used 

by us and for default differentiation is comparable (Fink et al., 2017; Qi et al., 2017). 

Additionally, I included inhibitors of the MEK, FGF and Notch signalling pathways and an 

activator of the WNT signalling pathway since it leads to rapid neuronal differentiation in 16 

days (Qi et al., 2017). However, 16 days of differentiation was insufficient to achieve UBE3A 

imprinted expression. Therefore, the differentiation time-frame was extended until day 50 and 

neurons were kept under continuous small molecule treatment. Generated neurons maintained 

expression of neuron-specific markers and silenced paternal UBE3A protein in prolonged 

differentiation. However, continuous presence of small molecules after day 8 seems to 

interfere with neuronal function at later stages of differentiation. In consequence, terminal 

differentiation without or reduced concentration of small molecules could solve this issue. 

Reduced concentration of small molecules during neuronal differentiation, as applied by Qi et 

al, generated functional neurons at day 16, while the absence of inhibitors and activators 

caused the emergence of deep and upper layer neurons until day 60. Neuronal functionality 

was present at day 37, albeit still immature (Qi et al., 2017). I previously tested neuronal 

differentiation in the presence of low and high concentration of the small molecules. With low 

concentration, NPCs continued proliferation for the first days of neuronal differentiation (data 

not shown). In contrast, high small molecule concentration resulted in immediate neuronal 
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differentiation without obvious proliferation of NPCs. Hence, to benefit from fast neuronal 

differentiation by high small molecule concentration but to maintain functionality, high 

concentration of small molecules could be used only during initial steps of neuronal 

differentiation followed by maintenance and maturation in the absence of inhibitors. After 

improving the differentiation protocol to obtain neurons that maintain functionality after 

prolonged differentiation, in-depth characterization of functional properties of neurons needs 

to be performed to identify the presence of functional neuronal networks and synaptic 

function in these in vitro system. 

Stable neuronal differentiation of three independent AS- and Ctrl-iPSCs and reliable 

imprinted expression of UBE3A will allow the study of the role of E3 ligase activity in AS 

neurons and the identification of a cellular AS phenotype in the future. Possible phenotypes 

can be assumed to manifest in synapse and spine formation, neurite development or neuron 

function as has been demonstrated in mice and UBE3A target proteins are implicated in such 

mechanisms (Dindot et al., 2008; Miao et al., 2013; Sell and Margolis, 2015). With efficient 

neuronal differentiation and identification of a specific neuronal phenotype in AS-iPSC-

derived neurons, one could even think about analysing protein networks that could further 

contribute to the overall understanding of cellular alterations and AS symptoms. In addition, 

such an in vitro system could be used for high throughput drug screening to identify FDA 

approved drugs that ameliorate the established in vitro AS phenotype as new treatment 

options for patients. For that, a better understanding of the function of SNHG14 in mature 

neurons would be a prerequisite, which could also be studied in our model system. Such 

human cellular models constitute the perfect basis for translational basic and clinical research, 

because approaches need first to be tested in in vitro systems before translation to animal 

models or into the clinics. 

3.3 Gene expression analysis of Ctrl- and AS-iPSC-derived neurons did not 

reveal substantial differences in gene expression 

UBE3A has dual functions in the cell. First, it confers substrate specificity as an E3 ubiquitin 

ligase in the proteasome pathway (Sell and Margolis, 2015; Vatsa and Jana, 2018). Hence, 

loss of UBE3A function is thought to result in dysregulation of specific target proteins 

including transcription factors and proteins implicated in physiological neuronal and network 

function. Second, UBE3A functions as a coactivator for steroid hormone receptors (LaSalle et 

al., 2015; Ramamoorthy and Nawaz, 2008).  Both functions could impact on neuronal gene 
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expression, either directly by regulation of transcription factors or steroid hormone receptor 

function or indirectly by regulating substrate proteins that are not implicated in regulation of 

gene expression but rather in neuronal function. Disturbed physiological function could alter 

neuronal gene expression as well. Moreover, Ube3a is localized in the nucleus, cytoplasm, 

neurites and in the pre-and postsynapse in neurons (Dindot et al., 2008). It can therefore be 

assumed that AS is caused by dysregulation of proteins and gene expression.  

Previous studies in mice focused on the identification of UBE3A substrate proteins to gain 

insights into the pathomechanism of AS. We here analysed the influence of missing UBE3A 

on gene expression of 50 days old human neurons derived from independent iPSCs of three 

Ctrl and AS patients by RNAseq. This should allow the identification of AS specific 

alterations in neuronal gene expression. However, transcriptome analysis did not reveal 

profound changes in gene expression of AS-iPSC-derived neurons compared to Ctrl-iPSC-

derived neurons. However, minor alterations in neuronal gene expression were not reliably 

detectable with our study design. Therefore, it cannot be excluded that subtle changes in gene 

expression are present.  

To detect even minor changes, the variability in genetic background of iPSCs and neuronal 

subtype composition in neuron cultures needs to be reduced. Interpersonal variations in gene 

expression of iPSC-derived neurons could severely impact on the sensitivity of expression 

analysis. In a study analysing transcriptome profiles of dopaminergic neurons derived from 

Parkinson’s disease patient-derived iPSCs, their respective isogenic control iPSCs and 

unrelated healthy control iPSC, expression patterns clustered by genetic origin rather than by 

disease status. Comparison of isogenic control and Parkinson’s disease-derived neurons 

allowed the discovery of six differentially expressed genes previously unknown (Reinhardt et 

al., 2013). Therefore, the use of isogenic controls either generated by repair or introduction of 

molecular alterations could provide the possibility to detect minor changes in gene expression 

in iPSC-derived neurons of AS patients. Moreover, including isogenic controls could also 

ameliorate the variability in neuronal differentiation observed between different cell lines, 

including efficiency and subtype composition. Neuronal differentiation efficiency with our 

protocol was stable within each cell line. All AS-iPSC and two of three Ctrl-iPSCs reliably 

formed neurons in a highly efficient manner following small molecule driven neuronal 

differentiation (Neureiter et al., in preparation). Differentiation of Ctrl-iPSC MCH2-10 

repeatedly yielded neurons and pigmented cells, a differentiation pattern not observed in other 

cell lines.  
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To add another layer of variability, AS-iPSCs carry different molecular alterations as the 

underlying reason for AS. Complete absence of UBE3A protein, as observed in neurons 

derived from a cell line with large chromosomal deletion (AGI-0), completely lack UBE3A 

function. Intragenic mutations affecting only the E3-ligase domain would result in loss of E3-

ligase function while the coactivator function remained intact (Nawaz et al., 1999). AS, due to 

an imprinting defect, led to silencing of both parental UBE3A alleles. I observed that UBE3A 

expression is reduced albeit not absent after differentiation of AS-ID iPSCs (Neureiter et al., 

in preparation). Hence, a varying degree of alterations in gene expression in accordance with 

the severity of disease phenotype could be assumed. Therefore, the sample size with a given 

AS specific molecular defect should be increased to detect even minor changes in gene 

expression in our culture system. Urraca et al. compared gene expression of neurons derived 

from dental pulp stem cells of three AS patients carrying large deletions in chromosome 15. 

They identified 23 differentially expressed genes in AS and Ctrl dental pulp stem cell-derived 

neurons. However, UBE3A expression was still detectable in three weeks old neurons used 

for expression analysis either due to immature neurons or a high proportion of non-neuronal 

cells, e.g. glia, in culture (Urraca et al., 2018).  

For gene expression analysis, neurons were generated by combined small molecule treatment 

and cultured in the presence of Notch, FGF and ERK inhibition and WNT activation. 

Generated neurons spontaneously showed calcium transients at day 22, but lost functionality 

until day 50 presumably due to the presence of small molecules during neuronal maturation. It 

can be assumed that loss of neuronal function impacts on neuronal gene expression. Activity 

dependent gene expression is important, e.g. for LTP and LTD and for survival of neurons 

during development of the brain. Calcium influx due to synaptic activity regulates 

transcription of genes, e.g. encoding for transcription factors or synaptic proteins, by 

activating different signalling pathways. For instance, calcium binds to Calmodulin, which 

activates CaMKII, that in turn modifies transcription factors leading to induction of gene 

expression (West et al., 2001). AS mice showed increased levels of inactive CaMKII (Weeber 

et al., 2003). Besides that, AS neurons derived from iPSCs showed altered 

electrophysiological maturation and function, including LTP (Fink et al., 2017). Hence, 

differences in activity-dependent gene expression could be hypothesized. Since neurons lost 

spontaneous calcium transients in our culture system, such differences were presumably not 

detectable.  

Our study design did not show substantial changes in gene expression. This suggests that loss 

of the E3 ligase function of UBE3A is the critical factor for AS development. The impact of 
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UBE3A on neuronal gene expression might not be a key mechanism for AS pathogenesis. To 

test whether loss of ubiquitin-ligase function, leading to dysregulation of direct or indirect 

target proteins, is the critical factor for AS, quantitative proteome analysis needs to be 

performed comparing Ctrl-and AS-iPSC-derived neurons. This could allow the identification 

of AS specific changes in protein expression and their implication in specific pathways, 

further contributing to a molecular explanation for the AS phenotype.  
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4. Conclusion 

AS is a neurogenetic disorder caused by the absence of functional UBE3A protein in neurons 

of the CNS. Research is hampered by the inaccessibility of primary living human neurons 

from patients. Neuronal differentiation of patient-specific iPSCs is the only possibility to 

overcome this limitation. Since AS is caused by four different molecular defects that differ in 

phenotype severity, an iPSC-based model for AS needs to include at least deletions, mutations 

and imprinting defects or UPD. Since only one cell line with a large deletion was available, 

we reprogrammed fibroblasts from a patient carrying a 3bp deletion in maternal UBE3A and 

tested the generated cell lines for quality and potency. A second AS iPSC line (AS-ID) from a 

patient with AS due to an imprinting defect was also tested. Tests included expression of 

pluripotency associated markers, genetic and epigenetic integrity and functional potential. All 

AS-iPSC lines and three matched independent Ctrl-iPSCs were subjected to neuronal 

differentiation using an accelerated small molecule based approach for the generation of 

functional cortical neurons. First functional neurons appeared at day 11 of differentiation. 

Neurons showed silencing of paternal UBE3A mRNA expression and protein during 

prolonged differentiation until day 50 which is considerably faster than already published 

models. The establishment of an AS-model in vitro allowed studying the impact of missing 

UBE3A protein on gene expression. However, only minor changes in gene expression in AS- 

and Ctrl-neurons were detected. This suggests that loss of E3 ligase function of UBE3A is 

critical for AS development. This and other open questions can be addressed in the future 

using our in vitro AS model.    



 

144 

 

5. Bibliography 

Albrecht, U., Sutcliffe, J.S., Cattanach, B.M., Beechey, C.V., Armstrong, D., G., E., and 

Beaudet, A.L. (1997). Imprinted expression of the murine Angelman syndrome gene, 

UBE3A, in hippocampal and Purkinje neurons. Nat Genet 17, 75-78. 

Amit, M., Carpenter, M.K., Inokuma, M.S., Chiu, C.P., Harris, C.P., Waknitz, M.A., 

Itskovitz-Eldor, J., and Thomson, J.A. (2000). Clonally derived human embryonic stem 

cell lines maintain pluripotency and proliferative potential for prolonged periods of 

culture. Developmental biology 227, 271-278. 

Arber, C., and Li, M. (2013). Cortical interneurons from human pluripotent stem cells: 

prospects for neurological and psychiatric disease. Frontiers in cellular neuroscience 7, 

10. 

Arpornmaeklong, P., Wang, Z., Pressler, M.J., Brown, S.E., and Krebsbach, P.H. (2010). 

Expansion and characterization of human embryonic stem cell-derived osteoblast-like 

cells. Cellular reprogramming 12, 377-389. 

Bagley, J.A., Reumann, D., Bian, S., Levi-Strauss, J., and Knoblich, J.A. (2017). Fused 

cerebral organoids model interactions between brain regions. Nature methods 14, 743-

751. 

Barlow, D.P., and Bartolomei, M.S. (2014). Genomic imprinting in mammals. Cold Spring 

Harbor perspectives in biology 6. 

Batalov, I., and Feinberg, A.W. (2015). Differentiation of Cardiomyocytes from Human 

Pluripotent Stem Cells Using Monolayer Culture. Biomarker insights 10, 71-76. 

Benarroch, E.E. (2018). Glutamatergic synaptic plasticity and dysfunction in Alzheimer 

disease: Emerging mechanisms. Neurology 91, 125-132. 

Birey, F., Andersen, J., Makinson, C.D., Islam, S., Wei, W., Huber, N., Fan, H.C., Metzler, 

K.R.C., Panagiotakos, G., Thom, N., et al. (2017). Assembly of functionally integrated 

human forebrain spheroids. Nature 545, 54-59. 

Boissart, C., Poulet, A., Georges, P., Darville, H., Julita, E., Delorme, R., Bourgeron, T., 

Peschanski, M., and Benchoua, A. (2013). Differentiation from human pluripotent stem 

cells of cortical neurons of the superficial layers amenable to psychiatric disease 

modeling and high-throughput drug screening. Translational psychiatry 3, e294. 

Borghese, L., Dolezalova, D., Opitz, T., Haupt, S., Leinhaas, A., Steinfarz, B., Koch, P., 

Edenhofer, F., Hampl, A., and Brustle, O. (2010). Inhibition of notch signaling in 

human embryonic stem cell-derived neural stem cells delays G1/S phase transition and 

accelerates neuronal differentiation in vitro and in vivo. Stem cells 28, 955-964. 

Bouma, M.J., van Iterson, M., Janssen, B., Mummery, C.L., Salvatori, D.C.F., and Freund, C. 

(2017). Differentiation-Defective Human Induced Pluripotent Stem Cells Reveal 

Strengths and Limitations of the Teratoma Assay and In Vitro Pluripotency Assays. 

Stem cell reports 8, 1340-1353. 

Brennand, K.J., Simone, A., Jou, J., Gelboin-Burkhart, C., Tran, N., Sangar, S., Li, Y., Mu, 

Y., Chen, G., Yu, D., et al. (2011). Modelling schizophrenia using human induced 

pluripotent stem cells. Nature 473, 221-225. 

Buiting, K., Williams, C., and Horsthemke, B. (2016). Angelman syndrome - insights into a 

rare neurogenetic disorder. Nature reviews Neurology 12, 584-593. 



 

145 

 

Busch, D.J., Oliphint, P.A., Walsh, R.B., Banks, S.M., Woods, W.S., George, J.M., and 

Morgan, J.R. (2014). Acute increase of alpha-synuclein inhibits synaptic vesicle 

recycling evoked during intense stimulation. Molecular biology of the cell 25, 3926-

3941. 

Butler, M.G. (2017). Clinical and genetic aspects of the 15q11.2 BP1-BP2 microdeletion 

disorder. Journal of intellectual disability research : JIDR 61, 568-579. 

Bystron, I., Blakemore, C., and Rakic, P. (2008). Development of the human cerebral cortex: 

Boulder Committee revisited. Nature reviews Neuroscience 9, 110-122. 

Cahan, P., and Daley, G.Q. (2013). Origins and implications of pluripotent stem cell 

variability and heterogeneity. Nature reviews Molecular cell biology 14, 357-368. 

Cao, S.Y., Hu, Y., Chen, C., Yuan, F., Xu, M., Li, Q., Fang, K.H., Chen, Y., and Liu, Y. 

(2017). Enhanced derivation of human pluripotent stem cell-derived cortical 

glutamatergic neurons by a small molecule. Scientific reports 7, 3282. 

Catoe, H.W., and Nawaz, Z. (2011). E6-AP facilitates efficient transcription at estrogen 

responsive promoters through recruitment of chromatin modifiers. Steroids 76, 897-902. 

Chamberlain, S.J., and Brannan, C.I. (2001). The Prader-Willi syndrome imprinting center 

activates the paternally expressed murine Ube3a antisense transcript but represses 

paternal Ube3a. Genomics 73, 316-322. 

Chamberlain, S.J., Chen, P.-F., Ng, K.Y., Bourgois-Rocha, F., Lemtiri-Chlieh, F., Levine, 

E.S., and Lalande, M. (2010). Induced pluripotent stem cell models of the genomic 

imprinting disorders Angelman and Prader–Willi syndromes. Proceedings of the 

National Academy of Sciences of the United States of America 107, 17668-17673. 

Chambers, S.M., Fasano, C.A., Papapetrou, E.P., Tomishima, M., Sadelain, M., and Studer, 

L. (2009). Highly efficient neural conversion of human ES and iPS cells by dual 

inhibition of SMAD signaling. Nature biotechnology 27, 275-280. 

Chambers, S.M., Qi, Y., Mica, Y., Lee, G., Zhang, X.J., Niu, L., Bilsland, J., Cao, L., 

Stevens, E., Whiting, P., et al. (2012). Combined small-molecule inhibition accelerates 

developmental timing and converts human pluripotent stem cells into nociceptors. 

Nature biotechnology 30, 715-720. 

Cheng, F., Vivacqua, G., and Yu, S. (2011). The role of alpha-synuclein in neurotransmission 

and synaptic plasticity. Journal of chemical neuroanatomy 42, 242-248. 

Chu, J., and Anderson, S.A. (2015). Development of cortical interneurons. 

Neuropsychopharmacology : official publication of the American College of 

Neuropsychopharmacology 40, 16-23. 

Citri, A., and Malenka, R.C. (2008). Synaptic plasticity: multiple forms, functions, and 

mechanisms. Neuropsychopharmacology : official publication of the American College 

of Neuropsychopharmacology 33, 18-41. 

Cong, L., Ran, F.A., Cox, D., Lin, S., Barretto, R., Habib, N., Hsu, P.D., Wu, X., Jiang, W., 

Marraffini, L.A., and Zhang, F. (2013). Multiplex Genome Engineering Using 

CRISPR/Cas Systems. Science 339, 819-823. 

Consortium, H.D.i. (2012). Induced pluripotent stem cells from patients with Huntington's 

disease show CAG-repeat-expansion-associated phenotypes. Cell stem cell 11, 264-278. 

Cox, D.M., and Butler, M.G. (2015). The 15q11.2 BP1-BP2 microdeletion syndrome: a 

review. International journal of molecular sciences 16, 4068-4082. 



 

146 

 

Dagli, A., Buiting, K., and Williams, C.A. (2011). Molecular and clinical aspects of 

Angelman syndrome. Mol Syndromol 2, 100-112. 

DeLorey, T.M., Handforth, A., Anagnostaras, S.G., Homanics, G.E., Minassian, B.A., 

Asatourian, A., Fanselow, M.S., Delgado-Escueta, A., Ellison, G.D., and Olsen, R.W. 

(1998). Mice lacking the ß3 subunit of the GABAA receptor have the epilepsy 

phenotype and many of the behavioral characteristics of Angelman syndrome. J 

Neurosci 18, 8505-8514. 

Deshpande, A., Yadav, S., Dao, D.Q., Wu, Z.Y., Hokanson, K.C., Cahill, M.K., Wiita, A.P., 

Jan, Y.N., Ullian, E.M., and Weiss, L.A. (2017). Cellular Phenotypes in Human iPSC-

Derived Neurons from a Genetic Model of Autism Spectrum Disorder. Cell reports 21, 

2678-2687. 

Di Lullo, E., and Kriegstein, A.R. (2017). The use of brain organoids to investigate neural 

development and disease. Nature reviews Neuroscience 18, 573-584. 

Dichter, G.S., Damiano, C.A., and Allen, J.A. (2012). Reward circuitry dysfunction in 

psychiatric and neurodevelopmental disorders and genetic syndromes: animal models 

and clinical findings. J Neurodev Disord 4. 

Dindot, S.V., Antalffy, B.A., Bhattacharjee, M.B., and Beaudet, A.L. (2008). The Angelman 

syndrome ubiquitin ligase localizes to the synapse and nucleus, and maternal deficiency 

results in abnormal dendritic spine morphology. Human molecular genetics 17, 111-

118. 

Egawa, K., and Fukuda, A. (2013). Pathophysiological power of improper tonic GABA(A) 

conductances in mature and immature models. Frontiers in neural circuits 7, 170. 

Egawa, K., Kitagawa, K., Inoue, K., Takayama, M., Takayama, C., Saitoh, S., Kishino, T., 

Kitagawa, M., and Fukuda, A. (2012). Decreased tonic inhibition in cerebellar granule 

cells causes motor dysfunction in a mouse model of Angelman syndrome. Sci Transl 

Med 4, 163ra157. 

Filonova, I., Trotter, J.H., Banko, J.L., and Weeber, E.J. (2013). Activity-dependent changes 

in MAPK activation in the Angelman Syndrome mouse model. Learn Mem 21, 98-104. 

Fink, J.J., Robinson, T.M., Germain, N.D., Sirois, C.L., Bolduc, K.A., Ward, A.J., Rigo, F., 

Chamberlain, S.J., and Levine, E.S. (2017). Disrupted neuronal maturation in Angelman 

syndrome-derived induced pluripotent stem cells. Nature communications 8, 15038. 

Galat, V., Galat, Y., Perepitchka, M., Jennings, L.J., Iannaccone, P.M., and Hendrix, M.J. 

(2016). Transgene Reactivation in Induced Pluripotent Stem Cell Derivatives and 

Reversion to Pluripotency of Induced Pluripotent Stem Cell-Derived Mesenchymal 

Stem Cells. Stem cells and development 25, 1060-1072. 

Gaulden, J., and Reiter, J.F. (2008). Neur-ons and neur-offs: regulators of neural induction in 

vertebrate embryos and embryonic stem cells. Human molecular genetics 17, R60-66. 

Gentile, J.K., Tan, W.H., Horowitz, L.T., Bacino, C.A., Skinner, S.A., Barbieri-Welge, R., 

Bauer-Carlin, A., Beaudet, A.L., Bichell, T.J., Lee, H.S., et al. (2010). A 

neurodevelopmental survey of Angelman syndrome with genotype-phenotype 

correlations. Journal of developmental and behavioral pediatrics : JDBP 31, 592-601. 

Gossan, N.C., Zhang, F., Guo, B., Jin, D., Yoshitane, H., Yao, A., Glossop, N., Zhang, Y.Q., 

Fukada, Y., and Meng, Q.J. (2014). The E3 ubiquitin ligase UBE3A is an integral 

component of the molecular circadian clock through regulating the BMAL1 

transcription factor. Nucleic acids research 42, 5765-5775. 



 

147 

 

Granild Bie Mertz, L., Christensen, R., Vogel, I., Hertz, J.M., and Ostergaard, J.R. (2016). 

Epilepsy and cataplexy in Angelman syndrome. Genotype-phenotype correlations. 

Research in developmental disabilities 56, 177-182. 

Greer, P.L., Hanayama, R., Bloodgood, B.L., Mardinly, A.R., Lipton, D.M., Flavell, S.W., 

Kim, T.K., Griffith, E.C., Waldon, Z., Maehr, R., et al. (2010). The Angelman 

Syndrome protein Ube3A regulates synapse development by ubiquitinating arc. Cell 

140, 704-716. 

Guillemot, F., and Zimmer, C. (2011). From cradle to grave: the multiple roles of fibroblast 

growth factors in neural development. Neuron 71, 574-588. 

Gustin, R.M., Bichell, T.J., Bubser, M., Daily, J., Filonova, I., Mrelashvili, D., Deutch, A.Y., 

Colbran, R.J., Weeber, E.J., and Haas, K.F. (2010). Tissue-specific variation of Ube3a 

protein expression in rodents and in a mouse model of Angelman syndrome. 

Neurobiology of disease 39, 283-291. 

Henderson, K., Drapier, J.S., Baillie, H.S., Fishel, S., Thomson, J.A., Moore, H., Andrews, 

P.W., and O`Malley, B.W. (2002). Preimplantation human embryos and embryonic 

stem cells show comparable expression of stage-specific embryonic antigens. Stem cells 

20, 329-337. 

Hentze, H., Soong, P.L., Wang, S.T., Phillips, B.W., Putti, T.C., and Dunn, N.R. (2009). 

Teratoma formation by human embryonic stem cells: evaluation of essential parameters 

for future safety studies. Stem Cell Res 2, 198-210. 

Hering, H., and Sheng, M. (2001). Dendritic spines: structure, dynamics and regulation. 

Nature reviews Neuroscience 2, 880-888. 

Hillman, P.R., Christian, S.G.B., Doan, R., Cohen, N.D., Konganti, K., Douglas, K., Wang, 

X., Samollow, P.B., and Dindot, S.V. (2017). Genomic imprinting does not reduce the 

dosage of UBE3A in neurons. Epigenetics & chromatin 10, 27. 

Horsthemke, B., Wawrzik, M., Gross, S., Lich, C., Sauer, B., Rost, I., Krasemann, E., 

Kosyakova, N., Liehr, T., Weise, A., et al. (2011). Parental origin and functional 

relevance of a de novo UBE3A variant. Eur J Med Genet 54, 19-24. 

Hotta, A., and Ellis, J. (2008). Retroviral vector silencing during iPS Cell induction: An 

epigenetic beacon that signals distinct pluripotent states. J Cell Biochem 105, 940-948. 

Huang, H.S., Allen, J.A., Mabb, A.M., King, I.F., Miriyala, J., Taylor-Blake, B., Sciaky, N., 

Dutton, J.W., Jr., Lee, H.M., Chen, X., et al. (2012). Topoisomerase inhibitors unsilence 

the dormant allele of Ube3a in neurons. Nature 481, 185-189. 

Iefremova, V., Manikakis, G., Krefft, O., Jabali, A., Weynans, K., Wilkens, R., Marsoner, F., 

Brandl, B., Muller, F.J., Koch, P., and Ladewig, J. (2017). An organoid-based Model of 

corticaldevelopment identifies non-cell-autonomous defects in Wnt signaling 

contributing to Miller-Dieker syndrome. Cell reports 19, 50-59. 

International Stem Cell, I., Adewumi, O., Aflatoonian, B., Ahrlund-Richter, L., Amit, M., 

Andrews, P.W., Beighton, G., Bello, P.A., Benvenisty, N., Berry, L.S., et al. (2007). 

Characterization of human embryonic stem cell lines by the International Stem Cell 

Initiative. Nature biotechnology 25, 803-816. 

Ishida, M., and Moore, G.E. (2013). The role of imprinted genes in humans. Mol Aspects 

Med 34, 826-840. 

Itskovitz-Eldor, J., Schuldiner, M., Karsenti, D., Eden, A., Yanuka, O., Amit, M., Soreq, H., 

and BenvenistyN. (2000). Differentiation of human embryonic stem cells into embryoid 

bodies comprising the three embryonic  germ layers. Mol Med 6, 88-95. 



 

148 

 

Jaenisch, R., and Young, R. (2008). Stem cells, the molecular circuitry of pluripotency and 

nuclear reprogramming. Cell 132, 567-582. 

Jiang, Y., Zhang, Y., Zhang, P., Sang, T., Zhang, F., Ji, T., Huang, Q., Xie, H., Du, R., Cai, 

B., et al. (2012). NIPA2 located in 15q11.2 is mutated in patients with childhood 

absence epilepsy. Human genetics 131, 1217-1224. 

Jiang, Y.H., Armstrong, D., and Albrecht, U. (1998). Mutation of the Angelman ubiquitin 

ligase in mice causes increased cytoplasmic p53 and deficits of contextual learning and 

long-term potentiation. Neuron 21, 799-811. 

Jiang, Y.H., Pan, Y., Zhu, L., Landa, L., Yoo, J., Spencer, C., Lorenzo, I., Brilliant, M., 

Noebels, J., and Beaudet, A.L. (2010). Altered ultrasonic vocalization and impaired 

learning and memory in Angelman syndrome mouse model with a large maternal 

deletion from Ube3a to Gabrb3. PloS one 5, e12278. 

Johnson, M.A., Weick, J.P., Pearce, R.A., and Zhang, S.C. (2007). Functional neural 

development from human embryonic stem cells: accelerated synaptic activity via 

astrocyte coculture. The Journal of neuroscience : the official journal of the Society for 

Neuroscience 27, 3069-3077. 

Jourdain, P., Fukunaga, K., and Muller, D. (2003). Calcium/calmodulin-dependent protein 

kinase II contributes to activity-dependent filopodia growth and spine formation. The 

Journal of neuroscience : the official journal of the Society for Neuroscience 23, 10645-

10649. 

Judson, M.C., Burette, A.C., Thaxton, C.L., Pribisko, A.L., Shen, M.D., Rumple, A.M., Del 

Cid, W.A., Paniagua, B., Styner, M., Weinberg, R.J., and Philpot, B.D. (2017). 

Decreased axon caliber underlies loss of fiber tract integrity, disproportional reductions 

in white matter volume, and microcephaly in Angelman syndrome model mice. The 

Journal of neuroscience : the official journal of the Society for Neuroscience 37, 7347-

7361. 

Judson, M.C., Sosa-Pagan, J.O., Del Cid, W.A., Han, J.E., and Philpot, B.D. (2014). Allelic 

specificity of Ube3a expression in the mouse brain during postnatal development. J 

Comp Neurol 522, 1874-1896. 

Judson, M.C., Wallace, M.L., Sidorov, M.S., Burette, A.C., Gu, B., van Woerden, G.M., 

King, I.F., Han, J.E., Zylka, M.J., Elgersma, Y., et al. (2016). GABAergic neuron-

specific loss of Ube3a causes Angelman syndrome-like EEG abnormalities and 

enhances seizure susceptibility. Neuron 90, 56-69. 

Kang, S., Chen, X., Gong, S., Yu, P., Yau, S., Su, Z., Zhou, L., Yu, J., Pan, G., and Shi, L. 

(2017). Characteristic analyses of a neural differentiation model from iPSC-derived 

neuron according to morphology, physiology, and global gene expression pattern. 

Scientific reports 7, 12233. 

Kathuria, A., Nowosiad, P., Jagasia, R., Aigner, S., Taylor, R.D., Andreae, L.C., Gatford, 

N.J.F., Lucchesi, W., Srivastava, D.P., and Price, J. (2018). Stem cell-derived neurons 

from autistic individuals with SHANK3 mutation show morphogenetic abnormalities 

during early development. Molecular psychiatry 23, 735-746. 

Kelava, I., and Lancaster, M.A. (2016). Dishing out mini-brains: Current progress and future 

prospects in brain organoid research. Developmental biology 420, 199-209. 

Kim, K., Doi, A., Wen, B., Ng, K., Zhao, R., Cahan, P., Kim, J., Aryee, M.J., Ji, H., Ehrlich, 

L.I., et al. (2010). Epigenetic memory in induced pluripotent stem cells. Nature 467, 

285-290. 



 

149 

 

Kirkeby, A., Grealish, S., Wolf, D.A., Nelander, J., Wood, J., Lundblad, M., Lindvall, O., and 

Parmar, M. (2012). Generation of regionally specified neural progenitors and functional 

neurons from human embryonic stem cells under defined conditions. Cell reports 1, 

703-714. 

Kirwan, P., Turner-Bridger, B., Peter, M., Momoh, A., Arambepola, D., Robinson, H.P., and 

Livesey, F.J. (2015). Development and function of human cerebral cortex neural 

networks from pluripotent stem cells in vitro. Development 142, 3178-3187. 

Kishino, T., Lalande, M., and Wagstaff, J. (1997). UBE3A/ E6-AP mutations cause 

Angelman syndrome. Nat Genet 15, 70-73. 

Kogut, I., Roop, D.R., and Bilousova, G. (2014). Differentiation of human induced 

pluripotent stem cells into a keratinocyte lineage. Methods in molecular biology 1195, 

1-12. 

Kouroupi, G., Taoufik, E., Vlachos, I.S., Tsioras, K., Antoniou, N., Papastefanaki, F., Chroni-

Tzartou, D., Wrasidlo, W., Bohl, D., Stellas, D., et al. (2017). Defective synaptic 

connectivity and axonal neuropathology in a human iPSC-based model of familial 

Parkinson's disease. Proceedings of the National Academy of Sciences of the United 

States of America 114, E3679-E3688. 

Kühnle, S., Mothes, B., Matentzoglu, K., and Scheffner, M. (2013). Role of the ubiquitin 

ligase E6AP/UBE3A in controlling levels of the synaptic protein Arc. Proceedings of 

the National Academy of Sciences of the United States of America 110, 8888-8893. 

Kwan, K.Y., Šestan, N., and Anton, E.S. (2012). Transcriptional co-regulation of neuronal 

migration and laminar identity in the neocortex. Development 139, 1535-1546. 

Lancaster, M.A., Renner, M., Martin, C.A., Wenzel, D., Bicknell, L.S., Hurles, M.E., 

Homfray, T., Penninger, J.M., Jackson, A.P., and Knoblich, J.A. (2013). Cerebral 

organoids model human brain development and microcephaly. Nature 501, 373-379. 

LaSalle, J.M., Reiter, L.T., and Chamberlain, S.J. (2015). Epigenetic regulation of UBE3A 

and roles in human neurodevelopmental disorders. Epigenomics 7, 1213-1228. 

Lee, S., and Huang, E.J. (2017). Modeling ALS and FTD with iPSC-derived neurons. Brain 

research 1656, 88-97. 

Lensch, M.W., Schlaeger, T.M., Zon, L.I., and Daley, G.Q. (2007). Teratoma formation 

assays with human embryonic stem cells: A rationale for one type of human-animal 

chimera. Cell stem cell 1, 253-258. 

Li, X.J., Zhang, X., Johnson, M.A., Wang, Z.B., Lavaute, T., and Zhang, S.C. (2009). 

Coordination of sonic hedgehog and Wnt signaling determines ventral and dorsal 

telencephalic neuron types from human embryonic stem cells. Development 136, 4055-

4063. 

Lin, L., Yuan, J., Sander, B., and Golas, M.M. (2015). In vitro differentiation of human neural 

progenitor cells into striatal GABAergic neurons. Stem cells translational medicine 4, 

775-788. 

Lin, M.T., Lujan, R., Watanabe, M., Adelman, J.P., and Maylie, J. (2008). SK2 channel 

plasticity contributes to LTP at Schaffer collateral-CA1 synapses. Nature neuroscience 

11, 170-177. 

Liu, A., and Niswander, L.A. (2005). Bone morphogenetic protein signalling and vertebrate 

nervous system development. Nature reviews Neuroscience 6, 945-954. 



 

150 

 

Liu, X.S., Wu, H., Ji, X., Stelzer, Y., Wu, X., Czauderna, S., Shu, J., Dadon, D., Young, R.A., 

and Jaenisch, R. (2016). Editing DNA methylation in the mammalian genome. Cell 167, 

233-247.e217. 

Liu, Y., Liu, H., Sauvey, C., Yao, L., Zarnowska, E.D., and Zhang, S.C. (2013). Directed 

differentiation of forebrain GABA interneurons from human pluripotent stem cells. 

Nature protocols 8, 1670-1679. 

Loh, Y.H., Ng, J.H., and Ng, H.H. (2008). Molecular framework underlying pluripotency. 

Cell cycle 7, 885-891. 

Lossie, A.C., Whitney, M.M., Amidon, D., Dong, H.J., Chen, P., Theriaque, D., Hutson, A., 

Nicholls, R.D., Zori, R.T., Williams, C.A., and Driscoll, D.J. (2001). Distinct 

phenotypes distinguish the molecular classes of Angelman syndrome. Journal of 

medical genetics 38, 834-845. 

Louvi, A., and Artavanis-Tsakonas, S. (2006). Notch signalling in vertebrate neural 

development. Nature reviews Neuroscience 7, 93-102. 

Ma, H., Morey, R., O'Neil, R.C., He, Y., Daughtry, B., Schultz, M.D., Hariharan, M., Nery, 

J.R., Castanon, R., Sabatini, K., et al. (2014). Abnormalities in human pluripotent cells 

due to reprogramming mechanisms. Nature 511, 177-183. 

Mabb, A.M., Judson, M.C., Zylka, M.J., and Philpot, B.D. (2011). Angelman syndrome: 

insights into genomic imprinting and neurodevelopmental phenotypes. Trends in 

neurosciences 34, 293-303. 

Malatesta, P., Appolloni, I., and Calzolari, F. (2008). Radial glia and neural stem cells. Cell 

and tissue research 331, 165-178. 

Mali, P., Yang, L., Esvelt, K.M., Aach, J., Guell, M., DiCarlo, J.E., Norville, J.E., and 

Church, G.M. (2013). RNA-guided human genome engineering via Cas9. Science 339, 

823-826. 

Malik, N., and Rao, M.S. (2013). A review of the methods for human iPSC derivation. 

Methods in molecular biology 997, 23-33. 

Mandel-Brehm, C., Salogiannis, J., Dhamne, S.C., Rotenberg, A., and Greenberg, M.E. 

(2015). Seizure-like activity in a juvenile Angelman syndrome mouse model is 

attenuated by reducing Arc expression. Proceedings of the National Academy of 

Sciences of the United States of America 112, 5129-5134. 

Marchetto, M.C., Carromeu, C., Acab, A., Yu, D., Yeo, G.W., Mu, Y., Chen, G., Gage, F.H., 

and Muotri, A.R. (2010). A model for neural development and treatment of Rett 

syndrome using human induced pluripotent stem cells. Cell 143, 527-539. 

Margolis, S.S., Salogiannis, J., Lipton, D.M., Mandel-Brehm, C., Wills, Z.P., Mardinly, A.R., 

Hu, L., Greer, P.L., Bikoff, J.B., Ho, H.Y., et al. (2010). EphB-mediated degradation of 

the RhoA GEF Ephexin5 relieves a developmental brake on excitatory synapse 

formation. Cell 143, 442-455. 

Mariani, J., Coppola, G., Zhang, P., Abyzov, A., Provini, L., Tomasini, L., Amenduni, M., 

Szekely, A., Palejev, D., Wilson, M., et al. (2015). FOXG1-dependent dysregulation of 

GABA/Glutamate neuron differentiation in autism spectrum disorders. Cell 162, 375-

390. 

Maroof, A.M., Keros, S., Tyson, J.A., Ying, S.W., Ganat, Y.M., Merkle, F.T., Liu, B., 

Goulburn, A., Stanley, E.G., Elefanty, A.G., et al. (2013). Directed differentiation and 

functional maturation of cortical interneurons from human embryonic stem cells. Cell 

stem cell 12, 559-572. 



 

151 

 

Marti, M., Mulero, L., Pardo, C., Morera, C., Carrio, M., Laricchia-Robbio, L., Esteban, C.R., 

and Izpisua Belmonte, J.C. (2013). Characterization of pluripotent stem cells. Nature 

protocols 8, 223-253. 

Martynoga, B., Drechsel, D., and Guillemot, F. (2012). Molecular control of neurogenesis: a 

view from the mammalian cerebral cortex. Cold Spring Harbor perspectives in biology 

4. 

Matsuura, T., Sutcliffe, J.S., Fang, P., Galjaard, R.-J., Jiang, Y.H., Benton, C.S., Rommens, 

J.M., and Beaudet, A.L. (1997). De novo truncating mutation in E6-AP ubiquitin-

protein ligase gene (UBE3A) in Angelman syndrome. Nat Genet 15, 74-77. 

Medeiros, A.T., Bubacco, L., and Morgan, J.R. (2018). Impacts of increased alpha-synuclein 

on clathrin-mediated endocytosis at synapses: implications for neurodegenerative 

diseases. Neural regeneration research 13, 647-648. 

Menendez, L., Yatskievych, T.A., Antin, P.B., and Dalton, S. (2011). Wnt signaling and a 

Smad pathway blockade direct the differentiation of human pluripotent stem cells to 

multipotent neural crest cells. Proceedings of the National Academy of Sciences of the 

United States of America 108, 19240-19245. 

Meng, L., Person, R.E., and Beaudet, A.L. (2012). Ube3a-ATS is an atypical RNA 

polymerase II transcript that represses the paternal expression of Ube3a. Human 

molecular genetics 21, 3001-3012. 

Meng, L., Person, R.E., Huang, W., Zhu, P.J., Costa-Mattioli, M., and Beaudet, A.L. (2013). 

Truncation of Ube3a-ATS unsilences paternal Ube3a and ameliorates behavioral defects 

in the Angelman syndrome mouse model. PLoS genetics 9, e1004039. 

Meng, L., Ward, A.J., Chun, S., Bennett, C.F., Beaudet, A.L., and Rigo, F. (2015). Towards a 

therapy for Angelman syndrome by targeting a long non-coding RNA. Nature 518, 409-

412. 

Mertz, L.G., Thaulov, P., Trillingsgaard, A., Christensen, R., Vogel, I., Hertz, J.M., and 

Ostergaard, J.R. (2014). Neurodevelopmental outcome in Angelman syndrome: 

genotype-phenotype correlations. Research in developmental disabilities 35, 1742-1747. 

Miao, S., Chen, R., Ye, J., Tan, G.H., Li, S., Zhang, J., Jiang, Y.H., and Xiong, Z.Q. (2013). 

The Angelman syndrome protein Ube3a is required for polarized dendrite 

morphogenesis in pyramidal neurons. The Journal of neuroscience : the official journal 

of the Society for Neuroscience 33, 327-333. 

Mishra, A., Dikshit, P., Purkayastha, S., Sharma, J., Nukina, N., and Jana, N.R. (2008). E6-

AP promotes misfolded polyglutamine proteins for proteasomal degradation and 

suppresses polyglutamine protein aggregation and toxicity. The Journal of biological 

chemistry 283, 7648-7656. 

Mishra, A., Godavarthi, S.K., Maheshwari, M., Goswami, A., and Jana, N.R. (2009). The 

ubiquitin ligase E6-AP is induced and recruited to aggresomes in response to 

proteasome inhibition and may be involved in the ubiquitination of Hsp70-bound 

misfolded proteins. The Journal of biological chemistry 284, 10537-10545. 

Miura, K., Kishino, T., Li, E., Webber, H., Dikkes, P., Holmes, G.L., and Wagstaff, J. (2002). 

Neurobehavioral and electroencephalographic abnormalities in Ube3a maternal-

deficient mice. Neurobiology of disease 9, 149-159. 

Moncla, A., Malzac, P., Voelckel, M.A., Auquier, P., Girardot, L., Mattei, M.-G., Philip, N., 

Mattei, J.-F., Lalande, M., and Livet, M.-O. (1999). Phenotype–genotype correlation in 



 

152 

 

20 deletion and 20 non-deletion Angelman syndrome patients. European journal of 

human genetics : EJHG 7, 131-139. 

Mulherkar, S.A., Sharma, J., and Jana, N.R. (2009). The ubiquitin ligase E6-AP promotes 

degradation of alpha-synuclein. Journal of neurochemistry 110, 1955-1964. 

Munoz-Sanjuan, I., and Brivanlou, A.H. (2002). Neural induction, the default model and 

embryonic stem cells. Nature reviews Neuroscience 3, 271-280. 

Musunuru, K. (2013). Genome editing of human pluripotent stem cells to generate human 

cellular disease models. Disease models & mechanisms 6, 896-904. 

Myung, J., Kim, B.K., and Crews, C.M. (2001). The Ubiquitin-Proteasome pathway and 

proteasome inhibitors. Med Res Rev 21, 245–273. 

Nawaz, Z., D.M., L., Smith, C.L., Lev-Lehman, E., Tsai, S.Y., and B.W., O.M. (1999). The 

Angelman syndrome-associated protein, E6-AP, is a coactivator for the nuclear 

hormone receptor superfamily. Mol Cell Biol 19, 1182-1189. 

Nemani, V.M., Lu, W., Berge, V., Nakamura, K., Onoa, B., Lee, M.K., Chaudhry, F.A., 

Nicoll, R.A., and Edwards, R.H. (2010). Increased expression of alpha-synuclein 

reduces neurotransmitter release by inhibiting synaptic vesicle reclustering after 

endocytosis. Neuron 65, 66-79. 

Neureiter, A., Brändl, B., Hiber, M., Tandon, R., Müller, F.-J., and Steenpass, L. (2018). 

Generation of an iPSC line of a patient with Angelman syndrome due to an imprinting 

defect. Stem Cell Research 33, 20-24. 

Ngo-Anh, T.J., Bloodgood, B.L., Lin, M., Sabatini, B.L., Maylie, J., and Adelman, J.P. 

(2005). SK channels and NMDA receptors form a Ca2+-mediated feedback loop in 

dendritic spines. Nature neuroscience 8, 642-649. 

Nguyen, H.N., Byers, B., Cord, B., Shcheglovitov, A., Byrne, J., Gujar, P., Kee, K., Schule, 

B., Dolmetsch, R.E., Langston, W., et al. (2011). LRRK2 mutant iPSC-derived DA 

neurons demonstrate increased susceptibility to oxidative stress. Cell stem cell 8, 267-

280. 

Nishino, K., Toyoda, M., Yamazaki-Inoue, M., Fukawatase, Y., Chikazawa, E., Sakaguchi, 

H., Akutsu, H., and Umezawa, A. (2011). DNA methylation dynamics in human 

induced pluripotent stem cells over time. PLoS genetics 7, e1002085. 

Numata, K., Kohama, C., Abe, K., and Kiyosawa, H. (2011). Highly parallel SNP genotyping 

reveals high-resolution landscape of mono-allelic Ube3a expression associated with 

locus-wide antisense transcription. Nucleic acids research 39, 2649-2657. 

Odawara, A., Katoh, H., Matsuda, N., and Suzuki, I. (2016). Induction of long-term 

potentiation and depression phenomena in human induced pluripotent stem cell-derived 

cortical neurons. Biochemical and biophysical research communications 469, 856-862. 

Osafune, K., Caron, L., Borowiak, M., Martinez, R.J., Fitz-Gerald, C.S., Sato, Y., Cowan, 

C.A., Chien, K.R., and Melton, D.A. (2008). Marked differences in differentiation 

propensity among human embryonic stem cell lines. Nature biotechnology 26, 313-315. 

Ozair, M.Z., Kintner, C., and Brivanlou, A.H. (2013). Neural induction and early patterning in 

vertebrates. Wiley interdisciplinary reviews Developmental biology 2, 479-498. 

Pasca, S.P., Portmann, T., Voineagu, I., Yazawa, M., Shcheglovitov, A., Pasca, A.M., Cord, 

B., Palmer, T.D., Chikahisa, S., Nishino, S., et al. (2011). Using iPSC-derived neurons 

to uncover cellular phenotypes associated with Timothy syndrome. Nature medicine 17, 

1657-1662. 



 

153 

 

Pathania, M., Davenport, E.C., Muir, J., Sheehan, D.F., Lopez-Domenech, G., and Kittler, 

J.T. (2014). The autism and schizophrenia associated gene CYFIP1 is critical for the 

maintenance of dendritic complexity and the stabilization of mature spines. 

Translational psychiatry 4, e374. 

Perrier, A.L., Tabar, V., Barberi, T., Rubio, M.E., Bruses, J., Topf, N., Harrison, N.L., and 

Studer, L. (2004). Derivation of midbrain dopamine neurons from human embryonic 

stem cells. Proceedings of the National Academy of Sciences of the United States of 

America 101, 12543-12548. 

Petros, T.J., Tyson, J.A., and Anderson, S.A. (2011). Pluripotent stem cells for the study of 

CNS development. Frontiers in molecular neuroscience 4, 30. 

Pignatelli, M., Piccinin, S., Molinaro, G., Di Menna, L., Riozzi, B., Cannella, M., Motolese, 

M., Vetere, G., Catania, M.V., Battaglia, G., et al. (2014). Changes in mGlu5 receptor-

dependent synaptic plasticity and coupling to homer proteins in the hippocampus of 

Ube3A hemizygous mice modeling angelman syndrome. The Journal of neuroscience : 

the official journal of the Society for Neuroscience 34, 4558-4566. 

Pre, D., Nestor, M.W., Sproul, A.A., Jacob, S., Koppensteiner, P., Chinchalongporn, V., 

Zimmer, M., Yamamoto, A., Noggle, S.A., and Arancio, O. (2014). A time course 

analysis of the electrophysiological properties of neurons differentiated from human 

induced pluripotent stem cells (iPSCs). PloS one 9, e103418. 

Qi, Y., Zhang, X.J., Renier, N., Wu, Z., Atkin, T., Sun, Z., Ozair, M.Z., Tchieu, J., Zimmer, 

B., Fattahi, F., et al. (2017). Combined small-molecule inhibition accelerates the 

derivation of functional cortical neurons from human pluripotent stem cells. Nature 

biotechnology 35, 154-163. 

Qian, X., Nguyen, H.N., Song, M.M., Hadiono, C., Ogden, S.C., Hammack, C., Yao, B., 

Hamersky, G.R., Jacob, F., Zhong, C., et al. (2016). Brain-region-specific organoids 

using mini-bioreactors for modeling ZIKV exposure. Cell 165, 1238-1254. 

Rainier, S., Chai, J.H., Tokarz, D., Nicholls, R.D., and Fink, J.K. (2003). NIPA1 gene 

mutations cause autosomal dominant hereditary spastic paraplegia (SPG6). American 

journal of human genetics 73, 967-971. 

Ramamoorthy, S., and Nawaz, Z. (2008). E6-associated protein (E6-AP) is a dual function 

coactivator of steroid hormone receptors. Nuclear receptor signaling 6, e006. 

Ramos-Mejia, V., Montes, R., Bueno, C., Ayllon, V., Real, P.J., Rodriguez, R., and 

Menendez, P. (2012). Residual expression of the reprogramming factors prevents 

differentiation of iPSC generated from human fibroblasts and cord blood CD34+ 

progenitors. PloS one 7, e35824. 

Ran, F.A., Hsu, Patrick D., Lin, C.-Y., Gootenberg, Jonathan S., Konermann, S., Trevino, 

A.E., Scott, David A., Inoue, A., Matoba, S., Zhang, Y., and Zhang, F. (2013). Double 

nicking by RNA-guided CRISPR Cas9 for enhanced genome editing specificity. Cell 

154, 1380-1389. 

Reinhardt, P., Schmid, B., Burbulla, L.F., Schöndorf, D.C., Wagner, L., Glatza, M., Höing, S., 

Hargus, G., Heck, S.A., Dhingra, A., et al. (2013). Genetic correction of a LRRK2 

mutation in human iPSCs links parkinsonian neurodegeneration to ERK-dependent 

changes in gene expression. Cell stem cell 12, 354-367. 

Riday, T.T., Dankoski, E.C., Krouse, M.C., Fish, E.W., Walsh, P.L., Han, J.E., Hodge, C.W., 

Wightman, R.M., Philpot, B.D., and Malanga, C.J. (2012). Pathway-specific 

dopaminergic deficits in a mouse model of Angelman syndrome. The Journal of clinical 

investigation 122, 4544-4554. 



 

154 

 

Roden, W.H., Peugh, L.D., and Jansen, L.A. (2010). Altered GABA(A) receptor subunit 

expression and pharmacology in human Angelman syndrome cortex. Neuroscience 

letters 483, 167-172. 

Rougeulle, C., Cardoso, C., Fontés, M., Colleaux, L., and Lalande, M. (1998). An imprinted 

antisense RNA overlaps UBE3A and a second maternally expressed transcript. Nat 

Genet 19, 15-16. 

Rougeulle, C., Glatt, H., and Lalande, M. (1997). The Angelman syndrome candidate gene, 

UBE3A/E6-AP, is imprinted in brain. Nat Genet 17, 14-15. 

Runte, M., Hüttenhofer, A., Groß, S., Kiefmann, M., Horsthemke, B., and Buiting, K. (2001). 

The IC-SNURF-SNRPN transcript serves as a host for multiple small nucleolar RNA 

species and as an antisense RNA for UBE3A. Human molecular genetics 10, 2687-

2700. 

Sahoo, T., Peters, S.U., Madduri, N.S., Glaze, D.G., German, J.R., Bird, L.M., Barbieri-

Welge, R., Bichell, T.J., Beaudet, A.L., and Bacino, C.A. (2006). Microarray based 

comparative genomic hybridization testing in deletion bearing patients with Angelman 

syndrome: genotype-phenotype correlations. Journal of medical genetics 43, 512-516. 

Santini, E., and Klann, E. (2016). Genetically dissecting cortical neurons involved in epilepsy 

in Angelman syndrome. Neuron 90, 1-3. 

Sato, M., and Stryker, M.P. (2010). Genomic imprinting of experience-dependent cortical 

plasticity by the ubiquitin ligase gene Ube3a. Proceedings of the National Academy of 

Sciences of the United States of America 107, 5611-5616. 

Schröder, A.R.W., Shinn, P., Chen, H., Berry, C., Ecker, J.R., and Bushman, F. (2002). HIV-

1 integration in the human genome favors active genes and local hotspots. Cell 110, 

521-529. 

Sell, G.L., and Margolis, S.S. (2015). From UBE3A to Angelman syndrome: a substrate 

perspective. Frontiers in neuroscience 9, 322. 

Shearwin, K.E., Callen, B.P., and Egan, J.B. (2005). Transcriptional interference--a crash 

course. Trends in genetics : TIG 21, 339-345. 

Shi, S.Q., Bichell, T.J., Ihrie, R.A., and Johnson, C.H. (2015). Ube3a imprinting impairs 

circadian robustness in Angelman syndrome models. Current biology : CB 25, 537-545. 

Shi, Y., Kirwan, P., and Livesey, F.J. (2012a). Directed differentiation of human pluripotent 

stem cells to cerebral cortex neurons and neural networks. Nature protocols 7, 1836-

1846. 

Shi, Y., Kirwan, P., Smith, J., Robinson, H.P., and Livesey, F.J. (2012b). Human cerebral 

cortex development from pluripotent stem cells to functional excitatory synapses. 

Nature neuroscience 15, 477-486, S471. 

Shimojo, D., Onodera, K., Doi-Torii, Y., Ishihara, Y., Hattori, C., Miwa, Y., Tanaka, S., 

Okada, R., Ohyama, M., Shoji, M., et al. (2015). Rapid, efficient, and simple motor 

neuron differentiation from human pluripotent stem cells. Molecular brain 8, 79. 

Soltesz, I., and Nusser, Z. (2001). Neurobiology. Background inhibition to the fore. Nature 

409, 24-25, 27. 

Spater, D., Hansson, E.M., Zangi, L., and Chien, K.R. (2014). How to make a cardiomyocyte. 

Development 141, 4418-4431. 



 

155 

 

Stanurova, J., Neureiter, A., Hiber, M., de Oliveira Kessler, H., Stolp, K., Goetzke, R., Klein, 

D., Bankfalvi, A., Klump, H., and Steenpass, L. (2016). Angelman syndrome-derived 

neurons display late onset of paternal UBE3A silencing. Scientific reports 6, 30792. 

Stemple, D.L. (2005). Structure and function of the notochord: an essential organ for chordate 

development. Development 132, 2503-2512. 

Stern, C.D. (2005). Neural induction: old problem, new findings, yet more questions. 

Development 132, 2007-2021. 

Sun, J., Zhu, G., Liu, Y., Standley, S., Ji, A., Tunuguntla, R., Wang, Y., Claus, C., Luo, Y., 

Baudry, M., and Bi, X. (2015). UBE3A regulates synaptic plasticity and learning and 

memory by controlling SK2 channel endocytosis. Cell reports 12, 449-461. 

Suzuki, I.K., and Vanderhaeghen, P. (2015). Is this a brain which I see before me? Modeling 

human neural development with pluripotent stem cells. Development 142, 3138-3150. 

Svitkina, T., Lin, W.H., Webb, D.J., Yasuda, R., Wayman, G.A., Van Aelst, L., and 

Soderling, S.H. (2010). Regulation of the postsynaptic cytoskeleton: roles in 

development, plasticity, and disorders. The Journal of neuroscience : the official journal 

of the Society for Neuroscience 30, 14937-14942. 

Tai, H.C., and Schuman, E.M. (2008). Ubiquitin, the proteasome and protein degradation in 

neuronal function and dysfunction. Nature reviews Neuroscience 9, 826-838. 

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., and Yamanaka, 

S. (2007). Induction of pluripotent stem cells from adult human fibroblasts by defined 

factors. Cell 131, 861-872. 

Takahashi, Y., Wu, J., Suzuki, K., Martinez-Redondo, P., Li, M., Liao, H.K., Wu, M.Z., 

Hernandez-Benitez, R., Hishida, T., Shokhirev, M.N., et al. (2017). Integration of CpG-

free DNA induces de novo methylation of CpG islands in pluripotent stem cells. 

Science 356, 503-508. 

Tan, W.H., Bacino, C.A., Skinner, S.A., Anselm, I., Barbieri-Welge, R., Bauer-Carlin, A., 

Beaudet, A.L., Bichell, T.J., Gentile, J.K., Glaze, D.G., et al. (2011). Angelman 

syndrome: Mutations influence features in early childhood. American journal of 

medical genetics Part A 155A, 81-90. 

Tao, Y., and Zhang, S.C. (2016). Neural subtype specification from human pluripotent stem 

cells. Cell stem cell 19, 573-586. 

Tesarova, L., Simara, P., Stejskal, S., and Koutna, I. (2016). The aberrant DNA methylation 

profile of human induced pluripotent stem cells is connected to the reprogramming 

process and is normalized during in vitro culture. PloS one 11, e0157974. 

Thomson, J.A., Itskovitz-Eldor, J., Shapiro, S.S., Michelle A. Waknitz, M.A., Swiergiel, J.J., 

Marshall, V.S., and Jones, J.M. (1998). Embryonic stem cell lines derived from human 

blastocysts. Science 282, 1145-1147. 

Toh, W.S., Guo, X.M., Choo, A.B., Lu, K., Lee, E.H., and Cao, T. (2009). Differentiation and 

enrichment of expandable chondrogenic cells from human embryonic stem cells in 

vitro. Journal of cellular and molecular medicine 13, 3570-3590. 

Toivonen, S., Ojala, M., Hyysalo, A., Ilmarinen, T., Rajala, K., Pekkanen-Mattila, M., 

Aanismaa, R., Lundin, K., Palgi, J., Weltner, J., et al. (2013). Comparative analysis of 

targeted differentiation of human induced pluripotent stem cells (hiPSCs) and human 

embryonic stem cells reveals variability associated with incomplete transgene silencing 

in retrovirally derived hiPSC lines. Stem cells translational medicine 2, 83-93. 



 

156 

 

Urraca, N., Hope, K., Victor, A.K., Belgard, T.G., Memon, R., Goorha, S., Valdez, C., Tran, 

Q.T., Sanchez, S., Ramirez, J., et al. (2018). Significant transcriptional changes in 15q 

duplication but not Angelman syndrome deletion stem cell-derived neurons. Molecular 

autism 9, 6. 

Valente, K.D., Fridman, C., Varela, M.C., Koiffmann, C.P., Andrade, J.Q., Grossmann, R.M., 

Kok, F., and Marques-Dias, M.J. (2005). Angelman syndrome: uniparental paternal 

disomy 15 determines mild epilepsy, but has no influence on EEG patterns. Epilepsy 

Res 67, 163-168. 

Valente, K.D., Varela, M.C., Koiffmann, C.P., Andrade, J.Q., Grossmann, R., Kok, F., and 

Marques-Dias, M.J. (2013). Angelman syndrome caused by deletion: a genotype-

phenotype correlation determined by breakpoint. Epilepsy Res 105, 234-239. 

van den Ameele, J., Tiberi, L., Vanderhaeghen, P., and Espuny-Camacho, I. (2014). Thinking 

out of the dish: what to learn about cortical development using pluripotent stem cells. 

Trends in neurosciences 37, 334-342. 

van Dyck, L.I., and Morrow, E.M. (2017). Genetic control of postnatal human brain growth. 

Current opinion in neurology 30, 114-124. 

van Woerden, G.M., Harris, K.D., Hojjati, M.R., Gustin, R.M., Qiu, S., de Avila Freire, R., 

Jiang, Y.H., Elgersma, Y., and Weeber, E.J. (2007). Rescue of neurological deficits in a 

mouse model for Angelman syndrome by reduction of alphaCaMKII inhibitory 

phosphorylation. Nature neuroscience 10, 280-282. 

Vatsa, N., and Jana, N.R. (2018). UBE3A and its link with autism. Frontiers in molecular 

neuroscience 11, 448. 

Voelkel, C., Galla, M., Maetzig, T., Warlich, E., Kuehle, J., Zychlinski, D., Bode, J., Cantz, 

T., Schambach, A., and Baum, C. (2010). Protein transduction from retroviral Gag 

precursors. Proceedings of the National Academy of Sciences of the United States of 

America 107, 7805-7810. 

Vu, T.H., and Hoffmann, A.R. (1997). Imprinting of the Angelman syndrome gene, UBE3A, 

is restricted to brain. Nat Genet 17, 12-13. 

Wallace, M.L., Burette, A.C., Weinberg, R.J., and Philpot, B.D. (2012). Maternal loss of 

Ube3a produces an excitatory/inhibitory imbalance through neuron type-specific 

synaptic defects. Neuron 74, 793-800. 

Wang, L., Meece, K., Williams, D.J., Lo, K.A., Zimmer, M., Heinrich, G., Martin Carli, J., 

Leduc, C.A., Sun, L., Zeltser, L.M., et al. (2015a). Differentiation of hypothalamic-like 

neurons from human pluripotent stem cells. The Journal of clinical investigation 125, 

796-808. 

Wang, S., Wang, B., Pan, N., Fu, L., Wang, C., Song, G., An, J., Liu, Z., Zhu, W., Guan, Y., 

et al. (2015b). Differentiation of human induced pluripotent stem cells to mature 

functional Purkinje neurons. Scientific reports 5, 9232. 

Weeber, E.J., Jiang, Y.-H., Elgersma, Y., W. Varga, A.W., Carrasquillo, Y., Brown, S.B., 

Christian, J.M., Mirnikjoo, B., Silva, A., Beaudet, A.L., and Sweatt, D. (2003). 

Derangements of hippocampal Calcium/Calmodulin dependent protein kinase II in a 

mouse model for Angelman mental retardation syndrome. The Journal of neuroscience : 

the official journal of the Society for Neuroscience 23, 2634-2644. 

Weick, J.P., Held, D.L., Bonadurer III, G.F., Doers, M.E., Liu, Y., Maguire, C., Clark, A., 

Knackert, J.A., Molinarolo, K., Michael Musser, M., et al. (2013). Deficits in human 



 

157 

 

trisomy 21 iPSCs and neurons. Proceedings of the National Academy of Sciences of the 

United States of America 110, 9962-9967. 

Wen, Z., Nguyen, H.N., Guo, Z., Lalli, M.A., Wang, X., Su, Y., Kim, N.S., Yoon, K.J., Shin, 

J., Zhang, C., et al. (2014). Synaptic dysregulation in a human iPS cell model of mental 

disorders. Nature 515, 414-418. 

Wessely, O., and De Robertis, E.M. (2002). Neural plate patterning by secreted signals. 

Neuron 33, 489-491. 

West, A.E., Chen, W.G., Dalva, M.B., Dolmetsch, R.E., Kornhauser, J.M., Shaywitz, A.J., 

Takasu, M.A., Tao, X., and Greenberg, M.E. (2001). Calcium regulation of neuronal 

gene expression. Proceedings of the National Academy of Sciences of the United States 

of America 98, 11024-11031. 

Woods, N.B., Muessig, A., Schmidt, M., Flygare, J., Olsson, K., Salmon, P., Trono, D., von 

Kalle, C., and Karlsson, S. (2003). Lentiviral vector transduction of NOD/SCID 

repopulating cells results in multiple vector integrations per transduced cell: risk of 

insertional mutagenesis. Blood 101, 1284-1289. 

Wu, Y., Bolduc, F.V., Bell, K., Tully, T., Fang, Y., Sehgal, A., and Fischer, J.A. (2008). A 

drosophila model for Angelman syndrome. Proceedings of the National Academy of 

Sciences of the United States of America 105, 12399-12404. 

Xiang, Y., Tanaka, Y., Patterson, B., Kang, Y.J., Govindaiah, G., Roselaar, N., Cakir, B., 

Kim, K.Y., Lombroso, A.P., Hwang, S.M., et al. (2017). Fusion of regionally specified 

hPSC-derived organoids models human brain development and interneuron migration. 

Cell stem cell 21, 383-398 e387. 

Xie, H., Zhang, Y., Zhang, P., Wang, J., Wu, Y., Wu, X., Netoff, T., and Jiang, Y. (2014). 

Functional study of NIPA2 mutations identified from the patients with childhood 

absence epilepsy. PloS one 9, e109749. 

Yamasaki, K., Joh, K., Ohta, T., Masuzaki, H., Ishimaru, T., Mukai, T., Niikawa, N., Ogawa, 

M., Wagstaff, J., and Kishino, T. (2003). Neurons but not glial cells show reciprocal 

imprinting of sense and antisense transcripts of Ube3a. Human molecular genetics 12, 

837-847. 

Yashiro, K., Riday, T.T., Condon, K.H., Roberts, A.C., Bernardo, D.R., Prakash, R., 

Weinberg, R.J., Ehlers, M.D., and Philpot, B.D. (2009). Ube3a is required for 

experience-dependent maturation of the neocortex. Nature neuroscience 12, 777-783. 

Yu, D.X., Di Giorgio, F.P., Yao, J., Marchetto, M.C., Brennand, K., Wright, R., Mei, A., 

McHenry, L., Lisuk, D., Grasmick, J.M., et al. (2014). Modeling hippocampal 

neurogenesis using human pluripotent stem cells. Stem cell reports 2, 295-310. 

Yu, J., Vodyanik, M.A., Smuga-Otto, K., Antosiewicz-Bourget, J., Frane, J.L., Tian, S., Nie, 

J., Jonsdottir, G.A., Ruotti, V., Stewart, R., et al. (2007). Induced pluripotent stem cell 

lines derived from human somatic cells. Science 318, 1917-1920. 

Zaaroor-Regev, D., de Bie, P., Scheffner, M., Noy, T., Shemer, R., Heled, M., Stein, I., 

Pikarsky, E., and Ciechanover, A. (2010). Regulation of the polycomb protein Ring1B 

by self-ubiquitination or by E6-AP may have implications to the pathogenesis of 

Angelman syndrome. Proceedings of the National Academy of Sciences of the United 

States of America 107, 6788-6793. 

Zhang, T., Cooper, S., and Brockdorff, N. (2015). The interplay of histone modifications - 

writers that read. EMBO reports 16, 1467-1481. 

 



 

158 

 

6. Appendix 

Acknowledgements 

An dieser Stelle möchte ich allen danken, die das Projekt und mich gefördert und unterstützt 

haben. Ohne Ihre/ Eure Mithilfe wäre diese Arbeit mit allen ihren Facetten niemals zustande 

gekommen. Mein besonderer Dank gilt: 

Prof. Dr. med. Peter A. Horn  

Dr. Hannes Klump, PD Dr. Laura Steenpaß  

Dr. Diana Klein, Prof. Dr. med. Agnes Bankfalvi, Anne-Christine Severmann und Dr. 

med. Michael Fleischer 

Allen Fibroblastenspendern, Prof. Stormy Chamberlain (Zelllinie AGI-0 und MCH2-

10) und PD Dr. med. Franz-Josef Müller (Zelllinie AS-ID und ZIP13),  

AG Klump: Kristin Stolp, Dr. Melanie Zuk, Dr. Nadine Teichweyde, Dr. med. Lara 

Kasperidus, Julia Ulbricht, Dr. Hannah Döpper, Susanne Skibbe, Martina 

Cremanns, Jennifer Steens, und Christina Au Yeung 

AG Steenpaß: Dr. Jana Stanurova, Michael Hiber und Co. 

allen Mitarbeitern des Instituts: besonders allen Doktoranden, Postdocs und 

Technischen Assistentinnen 

Meiner Familie und Freunden: besonders meinen Eltern, Katrin, Pia und Jonas 

Und vielen mehr, die ich hier nicht namentlich erwähnt habe. 

 

 

  



 

159 

 

Curriculum Vitae 

 

Der Lebenslauf ist in der Online-Version aus Gründen des Datenschutzes nicht enthalten. 

  



 

160 

 

  



 

161 

 

  



 

162 

 

Eidesstattliche Erklärungen 

Erklärung: 

Hiermit erkläre ich, gem. § 6 Abs. 2, g der Promotionsordnung der Fakultät für Biologie zur 

Erlangung des Dr. rer. nat., dass ich das Arbeitsgebiet, dem das Thema „Modelling Angelman 

syndrome with patient specific induced pluripotent stem cells“ zuzuordnen  ist,  in  Forschung  

und  Lehre  vertrete  und  den  Antrag  von  Anika Neureiter befürworte. 

 

Essen, den  _________ ________________________ _________________________ 

  Name des wissenschaftl. 

Betreuers/ Mitglied der 

Universität Duisburg-Essen 

Unterschrift des wissenschaftl. 

Betreuers/ Mitglied der 

Universität Duisburg-Essen 

 

 

 

Erklärung: 

Hiermit erkläre ich, gem. § 7 Abs. 2, d und f der Promotionsordnung der Fakultät für Biologie 

zur Erlangung des Dr. rer. nat., dass ich die vorliegende Dissertation selbständig verfasst und 

mich  keiner  anderen  als  der  angegebenen  Hilfsmittel  bedient  habe  und  alle  wörtlich  

oder  inhaltlich übernommenen Stellen als solche gekennzeichnet habe. 

   

Essen, den __________ ______________________________ 

  Unterschrift des/r Doktoranden/in 

 

 

 

Erklärung: 

Hiermit erkläre ich, gem. § 7 Abs. 2, e und g der Promotionsordnung der Fakultät für Biologie 

zur Erlangung des Dr. rer. nat., dass ich keine anderen Promotionen bzw. Promotionsversuche 

in  der  Vergangenheit  durchgeführt  habe  und  dass  diese  Arbeit  von  keiner  anderen 

Fakultät/Fachbereich abgelehnt worden ist. 

 

Essen, den __________ ______________________________ 

  Unterschrift des/r Doktoranden/in 

 


	Angelman syndrome-derived neurons display late onset of paternal UBE3A silencing
	Results
	Discussion
	Methods
	Statements. 
	Cell culture, reprogramming and virus excision. 
	Immunofluorescence. 
	Teratoma formation assay. 
	Deep bisulfite sequencing and Epi-Pluri-Score analysis. 
	Neuronal differentiation. 
	SNaPshot analysis. 

	Acknowledgements
	Author Contributions
	Figure 1.  Generation of AS_∆3 iPSCs.
	Figure 2.  Epigenetic stability of six imprinted DMRs.
	Figure 3.  Virus excision from patient #D iPSCs.
	Figure 4.  Paternal UBE3A expression is silenced late in neuronal differentiation.

	srep46952.pdf
	Corrigendum: Angelman syndrome-derived neurons display late onset of paternal UBE3A silencing

	Blatt1
	Tabelle1
	Tabelle1
	Generation of an iPSC line of a patient with Angelman syndrome due to an imprinting defect
	Resource utility
	Resource details
	Materials and methods
	Reprogramming and cell culture
	MS-MLPA
	qRT-PCR
	Karyotype analysis
	Immunofluorescence
	FACS analysis
	Germ layer in vitro differentiation
	STR and GeneScan analysis

	Acknowledgements
	Supplementary data
	References




