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ABSTRACT

Angelman syndrome (AS) is a rare neurodevelopmental disorder characterized by severe developmental delay, speech impairment, ataxia and happy demeanor. AS is
caused by loss-of-function of maternal UBE3A in neurons due to (epi)genetic abnormalities. Here, we report two new induced pluripotent stem cell (iPSC) lines from
male and female patients carrying ~ 6 Mb deletions in chr15q11.2-q13.1, together with familial control iPSC lines. All lines express pluripotent stem cell markers,
demonstrate trilineage differentiation, and maintain genetic and epigenetic integrity at the locus of interest. These iPSCs provide a platform to model class I deletions,
the most severe AS cause, and accelerate therapy development.

1. Resource Table: (continued)
Age: 6

Unique stem cell lines identifier 1. IBBISTi014-A Sex: Female
2. IBBISTi015-A Cell Source Peripheral Blood Mononuclear Cells
3. IBBISTi016-A (PBMCs)
4. IBBISTi017-A Clonality Clonal

Alternative name(s) of stem cell lines 1. Ctrl-MD1 [clone O] (IBBISTi014-A) Method of reprogramming Non-integrating Sendai Virus (SeV)
2. AS-MD1 [clone N] (IBBISTi015-A) Genetic Modification N/A
3. Ctrl-MD2 [clone 7] (IBBISTi016-A) Type of Genetic Modification Congenital
4. AS-MD2 [clone Q] (IBBISTi017-A) Evidence of the reprogramming qRT-PCR

Institution Institute for Bioengineering and transgene loss (including genomic
Biosciences (iBB), Instituto Superior copy if applicable)
Técnico, University of Lisbon Associated disease Angelman Syndrome

Contact information of distributor Dr. Simao T. da Rocha: simao. Gene/locus Class I deletion in chromosome 15q11.2-
rocha@tecnico.ulisboa.pt ql3.1

Type of cell lines iPSC Date archived/stock date 2024

Origin Human Cell line repository/bank https://hpsreg.eu/cell-line/IBB

Additional origin info required Ctrl-MD1 ISTi014-A

for human ESC or iPSC Age: 41 https://hpsreg.eu/cell-line/IBB

Sex: Male ISTi015-A
AS-MD1 https://hpsreg.eu/cell-line/IBB
Age: 13 ISTi016-A
Sex: Male https://hpsreg.eu/cell-line/IBB
Ctrl-MD2 ISTi017-A
Age: 37 Ethical approval The study was approved by the Ethical
Sex: Female Committee of the Academic Medical
AS-MD2 Center of Lisbon (CAML), Lisbon,
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(continued on next column) ortugal. Approval number: 300/
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Fig. 1. Characterization of the new class I deletion AS cell line (IBBISTi017-A, AS-MD2) and the genetically matched familiar control (IBBISTi016-A, Ctrl-MD2). (A)
Genomic map of chromosome 15q11.2-13 showing the imprinted genes and gene expression pattern in neurotypical individuals. The regions absent in this 6.062 Mb
class I deletion is highlighted. (B) Sendai virus (SeV) RNA levels from PBMCs (non-infected control, NIC), infected samples from day 3 of reprogramming, and final
iPSCs; RNA levels measured using GAPDH as a reference. (C) Brightfield microscopy images of the final iPSCs; Scale bar: 250 um. (D) Expression of undifferentiated
markers OCT4 and SOX2 by immunofluorescence (left) and SSEA4 and TRA1-60 by flow cytometry (right); Scale bar: 50 um. (E) Karyotype of final iPSCs by G-
banding. (F) Trilineage commitment evaluation by expression of PAX6/NESTIN (ectoderm), TBXT/TBX6/aSMA (mesoderm) and SOX17/FOXA2 (endoderm) through
qRT-PCR (top) and/or immunofluorescence microscopy (bottom); Scale bar: 50 pm; RNA levels measured using GAPDH as a reference. (G) Combined bisulfite
restriction analysis (on top) detects both methylated and unmethylated PWS-IC in the Ctrl sample and only the unmethylated PWS-IC in the AS sample; N.D.C. is the
non-digested control using the Ctrl sample. (H) UBE3A copy number assay shows MD cell lines (AS-MD2 and AS-GB) have only one copy of the UBE3A gene compared

to the control; Unpaired t-test statistic for the p-value.

<

2. Resource utility

We generated new patient-derived iPSC lines carrying class I de-
letions of the chromosome 15q11.2-q13.1 (~6 Mb) together with
genetically matched familial controls. These cells enable the generation
of neuronal models of AS with minimal genetic variability. Additionally,
they provide a novel platform to study the most severe genotype of AS,
previously unavailable (Camoes dos Santos et al., 2023).

3. Resource details

Angelman syndrome (AS, OMIM#105830) is a rare neuro-
developmental disorder affecting 1 in 20,000 live births caused by the
loss of functional UBE3A protein in neurons. The UBE3A gene is located
on chromosome 15q11-q13, a region regulated by genomic imprinting,
an epigenetic mechanism driven by differential DNA methylation that
restricts gene expression to a single parental allele (Fig. 1A). Whereas
the maternal allele is methylated at the imprinting center of this region,
known as PWS-IC, the paternal PWS-IC is not and serves as a promoter
for the transcription of a large polycistronic unit, SNHGI14, encom-
passing several genes and non-coding RNAs. In neurons, this transcript is
extended and includes UBE3A-ATS that interferes with paternal UBE3A
transcription, rendering UBE3A to be expressed exclusively from the
maternal copy (Fig. 1A). AS can result from four distinct (epi)genetic
mechanisms, with megabase-scale deletions (megadeletions, MDs) on
the maternal chromosome being the most common (~70 %) and severe
(Maranga et al., 2020; Yang et al., 2021). These deletions not only affect
the imprinted region but also several other genes, including GABA re-
ceptor subunits and other neurodevelopmentally relevant genes
(Fig. 1A). In patients, one of the largest deletions — class I (BP1-BP3) —
spans approximately 6 Mb and encompasses 16 coding genes (Fig. 1A).

Here, we generated two sets of iPSCs from two unrelated AS in-
dividuals carrying MD, one male (AS-MD1) and one female (AS-MD2),
together with genetically matched control iPSCs from the father (Ctrl-
MD1) and mother (Ctrl-MD2), respectively. Comparative Genomic Hy-
bridization (CGH) array analysis on the patients’ DNA revealed
approximately 6 Mb deletions of 15q11.2-q13.1 (AS-MD1, 6.175 Mb:
chr15:22,582,283-28,757,592; AS-MD2, 6.062 Mb:
chr15:22,681,309-28,743,714), both corresponding to class I MDs
(Fig. 1A).

PBMCs were obtained from all individuals and reprogrammed into
iPSCs using a non-integrating Sendai virus (SeV) method, transiently
expressing OCT4, SOX2, KLF4 and c-MYC. Individual colonies, origi-
nating from a single cell, were isolated, expanded and screened for SeV
clearance (Fig. 1B). The established SeV- iPSC lines exhibit typical PSC-
like colony morphology (Fig. 1C) and express protein markers of the
undifferentiated state including nuclear OCT4 and SOX2, and cell sur-
face TRA1-60 and SSEA4, detected by immunofluorescence (IF) and
flow cytometry, respectively (Fig. 1D). All cell lines have normal kar-
yotype (MD1 Pair: 46, XY; MD2 Pair: 46, XX) with no abnormalities
detectable by G-band karyotyping (Fig. 1E). To confirm the potency of
the cell lines, a trilineage differentiation assay was performed to induce

commitment into the three germ layers. At the endpoint of differentia-
tion, expression of germ layer-specific markers was assessed by qRT-PCR
and/or IF, including the markers PAX6 and NESTIN for ectoderm; TBXT,
TBX6 and oSMA for mesoderm; SOX17 and FOXA2 for endoderm
(Fig. 1F). All cell lines were able to commit to the three germ layers
(Fig. 1F).

During iPSC reprogramming epigenetic defects at the level of
imprinted regions may occur (Arez et al., 2022; Polvora-Brandao et al.,
2018). To check the imprinting fidelity of the new iPSC lines, we per-
formed a COmbined Bisulfite Restriction Analysis (COBRA) for PWS-IC
(Fig. 1G). In short, bisulfite-treated DNA was used to amplify this re-
gion by PCR followed by a Bsh12361 restriction assay which is only able
to digest DNA with previously methylated cytosines (methylated allele).
The samples from Ctrl cell lines show the expected digestion pattern,
confirming the presence of both methylated and unmethylated PWS-IC
(Fig. 1G). As for the AS samples, no digestion bands are present, con-
firming the absence of the maternal methylated PWS-IC (Fig. 1G).
Finally, we performed a TagMan™ probe-based copy number assay for
UBE3A which confirmed both AS cell lines have approximately half the
number of copies of their respective control, akin to the already estab-
lished AS-GB (Maranga et al., 2022), carrying a ~5 Mb class II MD
(Fig. 1H).

All iPSC lines were routinely monitored, confirmed negative for
mycoplasma and STR profiling confirmed a match with the original
PBMCs. All results are summarized in Fig. 1 for Ctrl-MD2 and AS-MD2,
while results for Ctrl-MD1 and AS-MD1 are presented in Supplementary
Fig. 1, with all cell lines summarized in Table 1. Besides the original
lines, at least two additional independent clones were generated and
biobanked, but not as extensively characterized.

4. Materials and methods
4.1. Generation and maintenance of iPSCs

Blood samples were collected with written informed consent and the
guidelines of the Lisbon Academic Medical Centre Biobank (Biobanco-
iMM). Peripheral blood mononuclear cells (PBMCs) were isolated using
Ficoll-Paque and cryopreserved in 20 % dimethylsulfoxide (DMSO) in
Fetal Bovine Serum (FBS, Gibco, A5670701), following Biobanco-iMM’s
standardized protocol.

For reprogramming, PBMCs were thawed and cultured in StemPro™:-
34 SFM medium (Gibco, 10639011) supplemented with IL-3, IL-6, FLT3
and SCF (PeproTech, 200-03, 200-06, 300-19, 300-07). After 4 days,
cells were transduced with the CytoTune™:-iPS 2.0 Sendai Reprogram-
ming Kit (Invitrogen, A16517) following manufacturer’s instructions.
Three days post-transduction, the cells were transferred to Matrigel®
(Corning, 354230)-coated well plates and transitioned to mTeSR™Plus
(Stem Cell Technologies, 05825) over the next two days. At around day
10, single cell-derived colonies emerged and were isolated, based on
their morphology, into separate Matrigel®-coated well plates in
mTeSR™Plus. After this, iPSCs were continuously passaged and checked
for SeV clearance by qRT-PCR.

iPSCs were maintained in mTeSR™Plus medium, in a humidified
incubator at 37 °C and 5 % COs, and were routinely passaged every 4 to
5 days at a ratio of 1:3-1:6 using 0.5 mM EDTA dissociating buffer
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Table 1
Characterization and validation.
Classification Test Result Data
Morphology Photography Normal Ctrl-MD1 and Fig. 1, panel C
Bright field AS-MD1 Supplementary
Normal Ctr]l-MD2 and Fig. 1, panel C
AS-MD2
Phenotype Qualitative Expression of Fig. 1, panel D
analysis pluripotency markers Supplementary
OCT4 and SOX2: Fig. 1, panel D
Ctrl-MD1 and AS-MD1
Ctrl-MD2 and AS-MD2
Quantitative Ctrl-MD1, SSEA4: 94.6  Fig. 1, panel D
analysis % TRA1-60: 82.0 % Supplementary
AS-MD1, SSEA4: 99.8 Fig. 1, panel D
% TRA1-60: 99.1 %
Ctrl-MD2, SSEA4: 100
% TRA1-60: 99.9 %
AS-MD2, SSEA4: 99.9
% TRA1-60: 99.9 %
Genotype Karyotype (G- Ctrl-MD1: 46, XY [28 Fig. 1, panel E
banding) and metaphases], Supplementary
resolution resolution 300-500 Fig. 1, panel E
AS-MDL1: 46, XY [26
metaphases],
resolution 300-500
Ctrl-MD2: 46, XX [20
metaphases],
resolution 300-500
AS-MD2: 46, XX [22
metaphases],
resolution 300-500
Identity Microsatellite Not Performed N/A
PCR (mPCR) OR
STR analysis 16 STR loci tested 100  Submitted in
% matched for: archive with
Ctrl-MD1 iPSCs and journal
PBMCs
AS-MD1 iPSCs and
PBMCs
Ctrl-MD2 iPSCs and
PBMCs
AS-MD2 iPSCs and
PBMCs
Mutation Sequencing N/A N/A
analysis (IF Southern Blot N/A N/A
APPLICABLE) OR WGS
Microbiology Mycoplasma Mycoplasma testing by ~ Submitted as
and virology PCR: Supplementary
Negative Data 2
Differentiation Directed All iPSC lines were Fig. 1, panel F
potential differentiation differentiated into the Supplementary
three germ layers Fig. 1, panel F
List of Expression of Ectoderm (PAX6, qRT-PCR
recommended  these markers NESTIN); Mesoderm IF
germ layer has to be (TBXT, TBX6, aSMA);
markers demonstrated at Endoderm
mRNA (QRTPCR)  (SOX17, FOXA2);
or protein (IF) Assessed by
levels, at least 2 immunofluorescence
markers need to or qRT-PCR
be shown per
germ layer
Donor screening ~ HIV 1 + 2 Not performed N/A
(OPTIONAL) Hepatitis B,
Hepatitis C
Genotype Blood group Not performed N/A
additional genotyping
info HLA tissue Not performed N/A
(OPTIONAL) typing

Stem Cell Research 86 (2025) 103741

(Invitrogen, 15575020). All analyses were performed below passage 15
for all clones.

4.2. Quantitative real time PCR (qRT-PCR)

For gene expression analysis, total RNA was extracted from cultured
cells using NZYol (NZYTech, MB18501), treated with DNase I (Roche,
04716728001) and used to synthesize cDNA using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, 4368814). cDNA
was amplified by qRT-PCR with the NZYSupreme qPCR Green Master
Mix (NZYTech, MB44002) using the specific primer pairs shown in
Table 2. Expression levels of genes were normalised to the GAPDH
housekeeping gene.

For copy number assay, DNA from iPSCs and PBMCs, as well for the
AS-GB line with a class II deletion (Maranga et al., 2022), was extracted
with the DNA Miniprep Plus kit (Zymo Research, D4068). Three inde-
pendent biological replicates from each cell line were used in the Taq-
Man™ Copy Number Assay for UBE3A (ThermoFisher Scientific,
Hs02713225_cn), with a RNase P probe as internal reference and the
TagMan™ Genotyping Master Mix (Applied Biosystems, 4371353). All
PCR reactions were run in triplicates using the StepOne Plus Real Time
PCR System (Applied Biosystems, 4376592) for 40 cycles.

4.3. Immunofluorescence

Cells grown on Matrigel®-coated glass coverslips were fixed with 3
%(w/v) paraformaldehyde in PBS for 10 min at room temperature,
treated with 10 mM Glycine (Sigma-Aldrich, G8898) for 10 min, per-
meabilized with 0.5 %(v/v) Triton X-100 (Sigma-Aldrich, T9284) and
blocked in 1 % FBS for 20 min at room temperature. Coverslips were
incubated with the specific primary antibodies (Table 2) diluted in
blocking solution overnight at 4 °C, with the secondary antibodies
(Table 2) diluted in blocking solution for 1 h at room temperature and
counterstained with 0.2 mg/mL DAPI (Sigma-Aldrich, D9542) for 5 min.
Microscopy experiments were performed using Zeiss Cell Observer with
a 63x oil immersion objective and analyzed using FiJi software.

4.4. Flow cytometry

iPSCs at 70 % confluency were dissociated to single cells with
Accutase® Solution (Sigma-Aldrich, A6964), resuspended in PBS and
divided into three bins: unstained and two single stains. Single stains
were then incubated with the specific fluorochrome conjugated anti-
bodies in Table 2, diluted in 4 % FBS in PBS, for 15 min at room tem-
perature in the dark. After three washes with PBS, the cells were
resuspended in 4 % FBS and analyzed using FACS Canto II (BD Bio-
sciences). Data analysis was performed using the platform Floreada.io.

4.5. G-band karyotyping

iPSCs at 50 % confluency were treated with 0.1 ug/mL KaryoMAX™
Colcemide™ Solution (Gibco, 15212012) diluted in mTeSR™Plus at
37 °C for 5 h to arrest cells in metaphase. iPSCs were dissociated to
single cells with Accutase® Solution, incubated with 75 mM KCl solu-
tion at 37 °C for 30 min and fixed with a 1:3 solution of acetic acid:
methanol. Karyotype analyses were performed by Genomed SA (Lisbon,
Portugal).

4.6. Trilineage differentiation potential

Trilineage differentiation potential was assessed using the STEM-
diff™ Trilineage Differentiation Kit (Stem Cell Technologies, 05230)
following manufacturer’s instructions. In brief, iPSCs at 70 % confluency
were dissociated to single cells with Accutase® Solution at 37 °C for 6
min and counted with Trypan Blue. The required number of cells was
plated onto Matrigel®-coated 12 well plates, with or without 13 mm
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Table 2
Reagents details.

Stem Cell Research 86 (2025) 103741

Antibodies used for immunocytochemistry/flow-cytometry

Antibody Dilution Company Cat # RRID
Pluripotency Markers (IF) Rabbit anti-OCT4 1:500 Abcam, ab19857 AB_445175
Rabbit anti-SOX2 1:500 Abcam, ab97959 AB_2341193
Pluripotency Markers (FC) SSEA4 antibody, anti-human (PE); TRA1-60 antibody, anti- 1:20 Miltenyi Biotec, 130-122-914 AB_2811404
human 1:10 Miltenyi Biotec, 130-122-921 AB_2801969
(PE)
Differentiation Markers (IF) Rabbit anti-PAX6 1:400 ThermoFisher Scientific, AB_10375178
Mouse anti-NESTIN 1:400 42-6600 AB_2282664
Mouse anti-aSMA 1:100 R&D Systems, MAB2736 AB_ 476701
Rabbit anti-SOX17 1:200 Sigma, A2547 AB_2801385
Abcam, ab224637
Secondary Antibodies (IF) Goat anti-Rabbit IgG, Alexa Fluor™ 488 1:500 ThermoFisher Scientific, A- AB_2576217
Goat anti-Mouse IgG, Alexa Fluor™ 546 1:500 11034 AB_2534071
ThermoFisher Scientific, A-
11003
Primers
Target Size of band ~ Forward/Reverse primer (5-3)
Sendai reprogramming vector (QRT- SeV 181 bp GGATCACTAGGTGATATCGAGC/
PCR) ACCAGACAAGAGTTTAAGAGATATGTATC
House-Keeping Genes (QRT-PCR) GAPDH 238 bp GAGTCAACGGATTTGGTCGT/
TTGATTTTGGAGGGATCTCG
Differentiation Genes (QRT-PCR) PAX6 303 bp GAATCAGAGAAGACAGGCCA/
TBXT 102 bp GTGTAGGTATCATAACTCCG
TBX6 75 bp TCAGCAAAGTCAAGCTCACCA/
SOX17 94 bp CCCCAACTCTCACTATGTGGATT
FOXA2 96 bp ACCGTGTCTACATTCACCCC/
CACGATGGAAAGACACAGGC
GTGGACCGCACGGAATTTG/
GGAGATTCACACCGGAGTCA
GGTGATTGCTGGTCGTTTGT/
CTCGTGCCCTTCCATCTTCA
PWS-IC (PCR) SNRPN DMR outer 340 bp GGTTTTTTTTTATTGTAATAGTGTTGTGGGG/
SNRPN DMR inner CTCCAAAACAAAAAACTTTAAAACCCAAA
GGTTTTAGGGGTTTAGTAGTTTTTTTTTTTTAG/
CAATACTCCAAATCCTAAAAACTTAAAATATCTA
Copy Number Assay (TagMan® probe) UBE3A 80 bp Assay ID: Hs02713225_cn

round glass coverslips, in mTeSR®Plus supplemented with 10 yM Y-
27632 (Stem Cell Technologies, 72302). The next day, for each well,
culture medium was changed to the corresponding medium for ecto-
derm, mesoderm and endoderm. Medium was replaced daily, and cells
were collected for RNA and fixed for IF at day 5 for mesoderm and
endoderm, and at day 7 for ectoderm.

4.7. Combined bisulfite restriction analysis (CoBRA)

DNA from iPSCs was treated with bisulfite using the EZ DNA
Methylation Gold kit (Zymo Research, D5006), following manufac-
turer’s instructions. Bisulfite-treated DNA was then used to amplify the
PWS-IC locus by nested PCR using the specific primers in Table 2 with
KAPA HiFi HotStart Uracil + ReadyMix (Roche, KK2801). The PCR
product was purified using NZYGelpure (NZYTech, MB01102), hydrol-
ised by FastDigest Bsh12361 (Thermo Scientific, FD0924) for 15 min at
37 °C and analysed by electrophoresis in 2 % agarose gel.

4.8. CGH Array analysis

CGH array analysis of DNA from the original PBMCs was performed
on a Cytoscan 750 K by CGC Genetics, Unilabs (Porto, Portugal).

4.9. Short Tandem Repeats (STR) analysis

To confirm cell line clonality, DNA from iPSCs and PBMCs was sent
to Genomed SA (Lisbon, Portugal), where STR DNA analyses were per-
formed. Briefly, AmpFLSTR® Indentifiler® Plus PCR Amplification Kit

was used in multiplex PCR to amplify fifteen STR loci (D8S1179,
D21S11, D7S820, CSF1PO, D3S1358, THO1, D13S317, D16S539,
D2S1338, D19S433, vWA, TPOX, D18S51, D5S818, FGA) plus a gender
determining marker, Amelogenin.

4.10. Mycoplasma detection

iPSC cultures were confirmed to be mycoplasma free using qPCR
Mycoplasma Test (Mycoplasmacheck, Eurofins Genomics) following
manufacturer’s instructions.
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