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ARTICLE

Truncated variants of MAGEL2 are involved
in the etiologies of the Schaaf-Yang and Prader-Willi syndromes

David Heimdörfer,1,7,* Alexander Vorleuter,1,7 Alexander Eschlböck,4 Angeliki Spathopoulou,4

Marta Suarez-Cubero,4 Hesso Farhan,2 Veronika Reiterer,2 Melanie Spanjaard,3 Christian P. Schaaf,3

Lukas A. Huber,5 Leopold Kremser,6 Bettina Sarg,6 Frank Edenhofer,4 Stephan Geley,2

Mariana E.G. de Araujo,5 and Alexander Huettenhofer1,*

Summary

The neurodevelopmental disorders Prader-Willi syndrome (PWS) and Schaaf-Yang syndrome (SYS) both arise from genomic alterations

within human chromosome 15q11–q13. A deletion of the SNORD116 cluster, encoding small nucleolar RNAs, or frameshift mutations

within MAGEL2 result in closely related phenotypes in individuals with PWS or SYS, respectively. By investigation of their subcellular

localization, we observed that in contrast to a predominant cytoplasmic localization of wild-type (WT) MAGEL2, a truncated MAGEL2

mutant was evenly distributed between the cytoplasm and the nucleus. To elucidate regulatory pathways that may underlie both dis-

eases, we identified protein interaction partners for WT or mutant MAGEL2, in particular the survival motor neuron protein (SMN),

involved in spinal muscular atrophy, and the fragile-X-messenger ribonucleoprotein (FMRP), involved in autism spectrum disorders.

The interactome of the non-coding RNA SNORD116 was also investigated by RNA-CoIP. We show that WT and truncated MAGEL2

were both involved in RNAmetabolism, while regulation of transcription was mainly observed forWTMAGEL2. Hence, we investigated

the influence ofMAGEL2mutations on the expression of genes from the PWS locus, including the SNORD116 cluster. Thereby, we pro-

vide evidence for MAGEL2 mutants decreasing the expression of SNORD116, SNORD115, and SNORD109A, as well as protein-coding

genes MKRN3 and SNRPN, thus bridging the gap between PWS and SYS.

Introduction

Prader-Willi syndrome (PWS [MIM: 176270]) and Schaaf-

Yang syndrome (SYS [MIM: 615547]) are two related rare

genetic neuro-developmental disorders emerging from

mutations in the maternally imprinted locus on paternal

chromosome 15q11–q13.1 This region harbors paternally

expressed genes exclusively, i.e., MKRN3 (MIM: 603856),

MAGEL2 (MIM: 605283), NDN (MIM: 602117), PWRN1

(MIM: 611215), NPAP1 (MIM: 610922), SNRPN (MIM:

182279), SNHG14 ([MIM: 616259]; its introns contain

SNORD107, SNORD64, SNORD108, SNORD109A, SNORD

109B, SNORD115, and SNORD116), and IPW (MIM:

601491).2

PWS appears in 1 in 16,000 to 1 in 21,000 live births3

and is caused by either (1) a 5–6Mb de novo deletion within

the paternal Prader-Willi critical region (65%–75% of the

cases), (2) maternal uniparental disomy 15 (20%–30% of

the cases), or (3) imprinting center defects (1%–3% of the

cases).1,4 Clinical features of PWS are developmental delay,

hypotonia, endocrine dysfunction, intellectual disability,

and in particular hyperphagia resulting in severe obesity.5

Recent studies showed that micro-deletions of 71–

200 kb in size, encompassing the entire SNORD116 cluster

only, are sufficient to cause PWS.6–10 SNORD116 belongs to

the class of box C/D small nucleolar RNAs (snoRNAs).

Together with all other snoRNAs from the PWS region,

SNORD116 was initially discovered in our lab by an RNA-

seq approach for non-coding RNAs for which we coined

the term RNomics.11,12 Canonical box C/D snoRNAs guide

20-O-methylation of precursor ribosomal and small nuclear

RNAs within the nucleolus by base-pairing.13,14 Themajor-

ity of snoRNAs are embedded in intronic regions of RNA

Polymerase II transcribed protein-coding15,16 or long non-

coding RNA (lncRNA) genes.17,18 Subsequent to intron

splicing and debranching, processing and maturation of

pre-snoRNAs involves 50- and 30-end exonucleolytic trim-

ming19,20 and binding to snoRNP proteins.17,21,22

Both SNORD116 and SNORD115 are uniquely organized

within the PWS critical region in tandem repetitive multi-

copy gene arrays of 3023 and 486 copies, respectively, share

high sequence homology within their cluster11 and are

post-transcriptionally processed from their long non-cod-

ing host IC-SNURF-SNRPN transcript.24 In contrast to

canonical snoRNAs, we were able to demonstrate that

both SNORD116 and SNORD115 snoRNAs lack obvious

sequence complementarity within their antisense element

toward canonical target pre-rRNAs or snRNAs.11
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Molecular functions of orphan mammalian SNORD116

and its host gene still remain to be fully elucidated. Human

PWS phenotypes were partially recapitulated in mice car-

rying a deletion of the paternal Snord116 cluster.25,26

Although these mice did not develop obesity, they showed

retarded growth, failure to thrive, and reduced feeding.25,26

In addition, hyperphagia, increased anxiety, and reduced

motor learning were also observed in mice with PWS.25

The flanking non-coding exons of the SNORD116 copies

were shown to be processed into a functional lncRNA,

designated as lncRNA HG116which was suggested to regu-

late transcription of several target genes in a diurnal

manner.27 Furthermore, rhythmic methylation of CpG

islands was disrupted in a Snord116 deletion mouse

model.28

SYS is a very rare disease with a prevalence of <1 in

1,000,00029 and was originally described by Schaaf

et al.,30 when they reported four individuals with

nonsense or frameshift indel mutations within MAGEL2

who displayed PWS or PWS-like phenotypes. Individuals

with SYS show developmental delay, mild to profound in-

tellectual disability, neonatal hypotonia with respiratory

distress and central apnea, joint contractures, and social

behavioral characteristics.1,31–33 Moreover, autism spec-

trum disorder or autistic features are diagnosed in 75%–

80% of affected individuals as well as hyperphagia result-

ing in subsequent obesity which can develop as SYS-

affected individuals get older.1,31–33

Up until now, several mutations within the single exon

gene MAGEL2 have been described with a correlation be-

tween the severity of phenotypes and the genotype of

affected individuals.31,32,34 Persons carrying a MAGEL2

c.1996delC (p.Gln666Serfs*36) mutation passed away dur-

ing gestation or hours after birth.31,32,35 The c.1996dupC is

not only the most prevalent but also the MAGEL2 muta-

tion resulting in the most severe phenotype.32

MAGEL2 (melanoma antigen L2) belongs to the MAGE

protein family of RING E3 ubiquitin ligase regulators.36–38

It was initially shown to specifically bind to the RING-type

E3 ubiquitin transferase TRIM27 and the ubiquitin-specific

protease USP7 to form a MAGE-RING E3 ligase complex,

termed MUST, which is recruited by the retromer to early

and recycling endosomes to facilitate F-actin polymeriza-

tion.37–39 However, additional protein interaction partners

have also been identified, implicating MAGEL2 in other

biological functions.40

Magel2-null mice were shown to recapitulate some PWS

phenotypes, such as growth retardation, excessive weight

gain,41 and differences in circadian regulation.42 In addi-

tion, rats with paternal Magel2 truncation exhibit changes

in body composition, cardiac structure and function,

breathing, as well as sociability and anxiety-like behavior,

also observed in SYS-affected individuals.43

Because of their similar phenotypes as well as their com-

mon genomic location, in this study we investigated a

potential functional cross-talk between both PWS and

SYS. To this end, we first cloned WT MAGEL2 as well as

mutated MAGEL2 c.1996dupC (p.Gln666Profs*47) (Gen-

Bank: NM_019066.5) as mCherry- or GFP-fusion proteins,

resulting in the WT and truncated p.Gln666Profs*47

variant and addressed their subcellular localization. In

addition, we attempted to identify novel protein interac-

tion partners by either BioID (miniTurbo-fusion proteins)

or co-immunoprecipitation (CoIP; GFP-fusion proteins).

To identify potential common interaction partners be-

tween MAGEL2 and SNORD116, we further analyzed the

interactome of SNORD116 by RNA-CoIP.

Our data showed an involvement of MAGEL2 in biolog-

ical processes such as RNA stabilization, chromosome

condensation, and transcription. Based on these findings,

we investigated the involvement of WT and truncated

MAGEL2 on the expression of selected genes from the

PWS locus in small molecule neural precursor cells

(smNPCs) derived from persons suffering from SYS and

compared them to healthy control subjects. Interestingly,

the expression of most genes within the PWS locus—

including SNORD116—was found to be down-regulated

in SYS cell lines carrying the MAGEL2 c.1996dupC (see

above) or the MAGEL2 c.1802delC (p.Pro601Glnfs*101)

mutation (GenBank: NM_019066). Taken together, our re-

sults thus suggest a functional link between SYS and PWS.

Material and methods

Cloning of reporter plasmids
Plasmids were designed with the Benchling software (https://

benchling.com). Plasmid constructs were cloned by Gibson As-

sembly or mutagenesis PCR (NEB) and Oligonucleotides for

Gibson Assembly and mutagenesis PCR were designed with the

online NEBuilder Assembly Tool 2.0 and NEBaseChanger Tool

(NEB), respectively. Gene fragments and oligonucleotides were

purchased from IDT.

Human SNORD116-3 (GenBank: LN847959) and human

SNORD100 (GenBank: LN847822) were designed with a T7 pro-

moter sequence in the 50 end and flanked by BamHI and EcoRI re-

striction sites. snoRNA genes were amplified by PCR from gene

fragments (IDT), digested by the respective enzymes, and ligated

into a PUC19 vector. Single-exon MAGEL2 (ENSG00000254585)

was amplified by PCR from human genomic DNA. Due to the

high GC-content within the coding sequence of MAGEL2 (>70%

in the proline-rich region), the PCR was prone to premature termi-

nation. To circumvent this issue, the sequence was divided into

three equal parts for amplification. Amplicons were analyzed by

gel electrophoresis, and PCR products with the correct length

were gel excised and purified using the Monarch DNA Gel Extrac-

tion Kit (NEB).

The MAGEL2 sequence was cloned into the Low0 vector back-

bone employing Gibson Assembly (NEB). A plasmid harboring

the MAGEL2 c.1996dupC mutation, resulting in the truncated

MAGEL2 p.Gln666Profs*47 variant, was generated via Gibson As-

sembly. Furthermore, various plasmids for the expression of WT

MAGEL2 and p.Gln666Profs*47 fusion proteins were generated.

To this purpose, either mCherry, GFPspark, or miniTurbo44 were

cloned N-terminally to the respective MAGEL2 variant by Gibson

Assemby, thereby preserving the endogenous 30 UTRs of MAGEL2

and MAGEL2 c.1996dupC transcripts. Plasmids were transformed
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into homemade chemically competent NEB 5-alpha E. coli, and

plasmid DNA of selected clones was purified by the Monarch

Plasmid Miniprep Kit (NEB) and sequenced by Eurofins Mix2Seq

(Eurofins). Positive clones were re-cultured and DNAwas extracted

employing the QIAGEN Plasmid Midi Kit (QIAGEN).

Cell culture
HEK293T (ATCC CRL-3216) or Neuro-2a (ATCC CCL-131) (N2a)

cells were grown in pyruvate-depleted, 4.5 g/L glucose- and

L-glutamine-containing DMEM medium (Gibco) supplemented

with 100 U/mL penicillin/streptomycin and 10% heat-inactivated

FCS (Gibco).

HeLa cells (HeLa ACC57, DSMZ) were cultured in 4.5 g/L glucose

and L-glutamine containing DMEMmedium (Sigma-Aldrich) sup-

plemented with 100 U/mL penicillin/streptomycin and 10% FCS

(Thermo Fisher Scientific).

Induced pluripotent stem cell (iPSC) lines were cultured on

hESC-qualified Matrigel-coated plates (Corning) with StemMACS

iPS-Brew (Miltenyi), passaged with Accutase (Sigma-Aldrich), and

supplemented with 10 mM Y-27632 (Miltenyi) for 24 h. The cells

were cryopreserved in knock-out serum replacement (Thermo

Fisher Scientific) supplemented with 10% DMSO (Roth) and

stored at �80�C until further usage.

smNPCs were cultured with N2B27 medium (1:1 mixture of

DMEM/F12 and Neurobasal [Gibco] supplemented with 0.5% N-

2 [Gibco], 1% B-27 minus Vitamin A [Gibco], 13 GlutaMAX

[Gibco], 3 mM CHIR 99021 [Axon Medchem], 0.5 mM Purmorph-

amine [Miltenyi], and 150 mM ascorbic acid [Sigma]). The cells

were passaged with Accutase (Sigma-Aldrich) and cryopreserved

in knock-out serum replacement (Thermo Fisher Scientific) sup-

plemented with 10% DMSO (Roth) and stored at �80�C until

further usage. All cell lines were maintained at 37�C, 5% CO2,

and saturated humidity culturing conditions.

Healthy and Schaaf-Yang syndrome proband cell lines

and iPSC reprogramming
Human control fibroblast lines AG, FCE02, FCE10, and FCE11

were obtained from the Coriell Institute for Medical Research.

All the procedures were in accordance with the Office for Human

Research Protections, Department of Health and Human Services

(‘‘DHHS’’) regulations for the protection of human subjects (45

CFR Part 46). Fibroblasts were cultured with fibroblast medium

(DMEM [Thermo Fisher Scientific], 15% FBS [Thermo Fisher Scien-

tific], 13 non-essential amino acids [Sigma]). The medium was

changed every second day and the cells were passaged using

Trypsin-EDTA solution (Sigma). The cells were cryopreserved in

90% FBS supplemented with 10% DMSO (Roth) and stored at

�80�C until further usage. Fibroblasts were reprogrammed into

iPSCs employing the CytoTune iPS 2.0 Sendai Reprogramming

Kit (Thermo Fischer Scientific) according to the manufacturer’s

guidelines with some modifications. In brief, 40,000 fibroblasts

were plated per 24 well a day prior to the viral transduction. The

cells were transduced with the recommended viral multiplicity

of infection (MOI). After 24 h the viral medium was removed

and themediumwas renewed every second day. On day 7 the cells

were replated on hESC-qualified Matrigel-coated 6-well plates

(Corning). From day 8 onwards, the fibroblast medium was re-

placed with StemMACS iPS-Brew (Miltenyi) and was renewed

daily. Around day 12, iPSC putative colonies started to appear

and once they reached the appropriate size they were manually

isolated and transferred on hESC-qualified Matrigel-coated 48

wells (Corning). The colonies were further expanded, character-

ized, and eventually cryopreserved in knock-out serum replace-

ment (Thermo Fisher Scientific) supplemented with 10% DMSO

(Roth) and stored at �80�C until further usage. The pluripotency

of the cells was confirmed by immunofluorescence staining for

pluripotency-associated markers and differentiation of the cells

into the three germinal layers (STEMdiff Trilineage Differentiation

Kit, Stemcell Technologies). Moreover, the absence of Sendai-asso-

ciated transgene expression was confirmed via RT-qPCR.

Human SYS fibroblast lines were obtained from skin biopsies

of SYS-affected individuals carrying the MAGEL2 c.1802delC or

MAGEL2 c.1996dupC mutations and healthy control individuals

(BA cell line). From respective individuals under human research

protocol H-34578 of the Institutional Review Board of Baylor Col-

lege of Medicine, Houston, USA, proper informed consent was ob-

tained. Fibroblasts were reprogrammed into iPSCs by the Baylor

College of Medicine Human Stem Cell Core (HSCC) using the

CytoTune-iPS 2.0 Sendai Reprogramming Kit (Life Technologies),

following the manufacturer’s protocol. Following transduction,

cells were grown in high-glucose DMEM supplemented with

10% fetal bovine serum and 13 MEM non-essential amino acids

(Life Technologies) for 5 days, in TeSR-E7 (StemCell) for 8 days,

and in TeSR-E8 (StemCell) until day 21 when pluripotent colonies

were manually picked. Immunofluorescence and RT-qPCR for plu-

ripotency markers were performed on all iPSC lines as described

before.45 Each iPSC line was shown to have a normal karyotype.

smNPC derivation
smNPC lines were derived from iPSCs following the protocol of

Reinhardt et al.46 Briefly, upon 50%–70% confluency, iPSCs were

mechanically dissociated with 0.5 mM EDTA (Gibco) and trans-

ferred to low-adherence plates in order to form embryoid bodies.

After two days, the media was changed to N2B27 medium (1:1

mixture of DMEM/F12 and Neurobasal [Gibco] supplemented

with 0.5% N-2 [Gibco], 1% B-27 minus Vitamin A [Gibco], 13

GlutaMAX with 10 mM SB-431542 [MedChem Express], 1 mM Dor-

somorphin [Miltenyi], 3 mM CHIR 99021 [Axon Medchem], and

0.5 mM Purmorphamine [Miltenyi]). On day 4, media was changed

to N2B27 medium supplemented with 3 mM CHIR 99021, 0.5 mM

Purmorphamine, and 150 mM Ascorbic acid (Sigma-Aldrich). On

day 6, embryoid bodies were triturated with a pipette and seeded

as a monolayer on Growth Factor Reduced Matrigel-coated wells

(Corning). Subsequently, the cells were further expanded and ho-

mogenized by high passaging ratios. After 5–6 passages, the cell

morphology appeared homogeneous and the cells were further

maintainedwithN2B27medium onGrowth Factor ReducedMatri-

gel-coated wells. Successful induction of the neural precursor fate

was validated by immunofluorescence stainings for NPC markers.

Leptomycin B treatment
50,000 HeLa cells were seeded in a 12-well plate containing glass

cover slips. 24 h after seeding, cells were transiently transfected

with a plasmid encoding either Low0_GFPspark_MAGEL2 or

Low0_GFPspark_MAGEL2 c.1996dupC using PEI (PolySciences).

48 h after transfection cells were left untreated or treated with

20 nM Leptomycin B (Cell Signaling) for 20 h. Cells were fixed

with 4% paraformaldehyde, permeabilized with 0.1% Triton

X-100, and stained for DAPI. Coverslips were mounted on micro-

scopy slides using polyvinylalcohol mounting medium (Sigma-

Aldrich). Images were acquired with a 403 objective (Plan Apo l

403) using a Spinning Disc Eclipse Ti-2 microscope.
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Fiji was used for image analysis to determine the nuclear cyto-

solic ratio of Low0_GFPspark_MAGEL2 or Low0_GFPspark_

MAGEL2 p.Gln666Profs*47. DAPI staining was used to distinguish

the nucleus from the cytosol. A region of interest was selected in

the nucleus and a region of similar size was selected in the cytosol.

The mean fluorescent intensity of these regions was measured and

the ratio of nuclear to cytosolic signal was calculated. Data were

statistically analyzed employing the Wilcoxon test.

Immunofluorescence staining
15 mm VWR No.1 coverslips (VWR) were coated in 12-well plates

(Greiner Bio-One) with Poly-D-Lysine (Sigma-Aldrich) for 5 min,

washed twice with DPBS (Gibco), and dried for at least 2 h. Plates

were optionally stored at 4�C up to two weeks. Wells were washed

again with DPBS and 105 HEK293T or N2A cells were seeded 24 h

before transfection. Per expression vector, 750 ng of DNA were

transfected with 1.5 mL Metafectene Pro (Biontex).

24 h after transfection, the cultivation medium of the trans-

fected HEK293T or N2A cells was aspirated and the coverslips

were washed twice with DPBS. All subsequent steps were conduct-

ed in the dark. Cells were incubated in 4% paraformaldehyde in

13 cytoskeletal buffer (CB; 10 mM Pipes [pH 6.8], 150 mM

NaCl, 5 mM EGTA [pH 9], 5 mM glucose, 5 mM MgCl2) for

8 min at RT and washed twice in 13 CB. At this point, cells were

either stored in 13 CB at 4�C or immediately subjected to the

immunofluorescence steps described below.

For EEA1 and RAB11A staining, the CB was discarded and cells

were incubated in IF blocking buffer (2% gelatin [w/v], 50 mM

NH4Cl, 13 CB, 0.025% Saponin [w/v]; supplemented with BSA)

for at least 45 min at RT, followed by incubation with the primary

antibody in IF blocking buffer for 1 to 2 h at RT. For stainings in

HEK293T cells, rabbit a-EEA1 (Abcam, ab109110) or rabbit

a-RAB11A (Cell Signaling, #2413S) were used in a 1:750 or 1:50

dilution, respectively. Endogenous proteins in N2a cells were

stained with a-EEA1 (Abcam, ab109110) and rabbit a-RAB11A

(Thermo Fischer, #715300) were used in a 1:500, 1:50 dilution,

respectively. Coverslips were washed 6 times with IF washing

buffer (50 mM NH4CL, 13 CB) for 5 min at RT and incubated

in CoraLite488 goat a rabbit IgG (Proteintech, SA00013-2) diluted

in 1:250 in IF blocking buffer for 40 to 60 min at RT. After 6

washing steps in IF washing buffer for 5 min at RT, cells were

counterstained with DAPI (f.c. 1 mg/mL) in IF washing buffer

for 1 min and subsequently washed 3 times in IF washing buffer

for 5 min. Finally, coverslips were mounted in 20 mL Mowiol

on microscope slides and stored light protected at 4�C until

microscopy.

For staining of endogenous FMRP and SMN, the fixed N2a cells

(see above) were incubated in 0.2% Triton X-100 in DPBS and sub-

sequently washed three times in DPBS for 5 min. After blocking of

unspecific binding in 5% BSA (Roth) in DPBS-T (0.1% Tween 20

[Roth] in DPBS) (BB) for at least 1 h at RT, the primary antibody

was incubated in BB for 1–1.5 h at RT. a-SMN (Proteintech,

#11708) or a-FMRP (Cell Signaling, #4317) antibodies were

applied in a 1:400 or 1:50 dilution, respectively. After washing

the cells thrice in DPBS-T for 5 min, the secondary CoraLite488

goat a rabbit IgG antibody (Proteintech, SA00013-2) was incu-

bated in a 1:250 dilution in BB for 40–60 min at RT. After three

consecutive washing steps in DPBS-T for 5 min at RT, DAPI (f.c.

1 mg/mL) was applied in DPBS-T for 1 min at RT. The coverslips

were washed three times in DPBS-T and mounted as described

above. Antibodies used are listed in Table S1.

Confocal microscopy and image processing
Confocal fluorescence microscopy was performed on the Zeiss

LSM980 Airyscan 2 microscope using the ZEN 3.5 software (Carl

Zeiss Microscopy GmbH) in the Airyscan super resolution mode.

Images were acquired as Z-stacks with an LD LCI Plan-

Apochromat 633/1.2 objective with Immersol G glycerine immer-

sion oil (Zeiss) and using an LSM T-PMT. Excitation wavelength

was preset by the software and is stated for DAPI ¼ 405 nm,

mCherry ¼ 561 nm, and CoraLite488 ¼ 488 nm. Deconvolution

of images was performed employing the Classic Maximum Likeli-

hood Estimation (CMLE) algorithm in the Huygens Software (Sci-

entific Volume Imaging) and for further image processing and

figure compilation the software Fiji47 was used.

In vivo proximity biotinylation
2.53 106 HEK293Tcells were seeded in 100mmdishes. After 24 h,

cells were transiently transfected with 5 mg of plasmids harboring

MAGEL2 or MAGEL2 c.1996dupC with an N-terminally fused HA-

miniTurbo and 20 mL of Metafectene Pro. 48 h post transfection,

the culture medium was discarded and cells were synchronized

in starvation medium (DMEM, supplemented with 1% Pen/

Strep) supplemented with 200 mM (f.c.) biotin for 4 h. HEK293T

cells were carefully washed once with 13 DPBS and scraped in

fresh DPBS. After centrifugation at 5003 g for 5 min, cells were re-

suspended in 500 mL RIPA lysis buffer (50 mM Tris-HCl [pH 7.4];

1% Igepal CA-630; 0.25% SDS, 150 mM NaCl; 1 mM EDTA [pH

8.0]; 13 cOmplete [Roche]) according to Hutter et al.48 and incu-

bated on ice for 10 min. Subsequently, the cell debris was pelleted

for 10 min at 14,0003 g and the protein concentration was deter-

mined by Bradford assay employing RotiQuant (Roth). Affinity

capture of biotinylated proteins was performed as described

before.48 Briefly, 600 mg of total protein lysate was diluted in

500 mL RIPA lysis buffer supplemented with 60 mL of Streptavidin

Magnetic Beads (NEB) and incubated overnight at 4�C under con-

stant rotation. For mass spectrometric analysis, beads with bio-

tinylated proteins were washed twice with RIPA lysis buffer.

Protein co-immunoprecipitation
2.53 106 HEK293Tcells were seeded in 100mm dishes and grown

for 24 h. Subsequently, cells were transfected with 5 mg of Low0_

GFPspark_MAGEL2 or Low0_GFPspark_MAGEL2 c.1996dupC

plasmids and 20 mL of Metafectene Pro (Biontex) and incubated

for 48 h. HEK293T cells were washed with ice-cold DPBS (Gibco),

scraped in 500 mL ice-cold homemade Pierce IP Lysis Buffer

(25 mM Tris-HCl [pH 7.4]; 150 mM NaCl; 1 mM EDTA; 1% Igepal

CA-630; and 5% glycerol; supplemented with 13 [f.c.] cOmplete

protease inhibitor [Roche]) and incubated on ice for at least

15 min. Lysates were sonicated twice with 5 pulses at 0.5 cycles

and 30 mA (Hielscher) on ice and 5% were retained for later

SDS-PAGE analysis. 20 mL Affi-Prep Protein A slurry (BioRad)

were washed three times in 200 mL Pierce IP Lysis Buffer at

1,000 3 g for 1 min at 4�C (centrifugation setting for all steps)

and then incubated with 500 mL cell lysate on a rotation wheel

for 90 min at 4�C. 20 mL of 25% covalently coupled anti-GFP

(Roche) Affi-Prep Protein A slurry (BioRad) were washed thrice in

200 mL Pierce IP lysis buffer (supplemented with cOmplete prote-

ase inhibitor [Roche]). 25 mL of precleared cell lysate were saved for

later analysis and the remains was added to the washed anti-GFP-

Protein A beads and incubated overnight at 4�C under rotation.

Samples were centrifuged and supernatant was stored. Beads

were washed thrice in 1 mL IP Lysis Buffer (with cOmplete
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protease inhibitor [Roche]), twice in 1 mL 0.53 DPBS, twice in

1 mL 0.13 DPBS, and 3 times in 1 mL MilliQ-water. Co-immuno-

precipitated proteins were eluted from beads twice with 2% formic

acid for 15 min. At the second elution step, samples were vortexed

after 10 min. After adjusting the volume of protein mixtures to

200 mL with 2% formic acid, 20 mL were saved for later SDS-

PAGE and samples were analyzed by mass spectrometry.

When samples were prepared for Western blot analysis, cell

seeding, transfection, cell lysis, and pre-clearing was conducted

as described above or 6.25 3 106 HEK293T cells were seeded in

150 mm dishes. For that purpose, all following reagents and

buffers were upscaled 2.5-fold accordingly—the following proto-

col refers to 2.5 3 106 starting cell number for 100 mm dishes.

Pre-cleared IP cell lysates were incubated with 2.5 ng/mL (f.c.)

mouse anti-GFP antibody (Roche, #11814460001) at 4�C over-

night under rotation. 20 mL Affi-Prep Protein A slurry (BioRad)

were washed three times with 200 mL IP lysis buffer, supplemented

with cOmplete protease inhibitor (Roche). Subsequently, they

were incubated with the cell lysate/GFP-antibody mixture at 4�C
for 90 min. After three wash steps in 1 mL IP lysis buffer, supple-

mentedwith cOmplete protease inhibitor (Roche), bound proteins

were eluted from the beads in at least 1.5 bead volumes 1.53

Lämmli buffer at 95�C for 5 min with periodical vortexing.

RNA co-immunoprecipitation
snoRNA genes and a scrambled RNA (amplified from the AmpR

gene) sequence harboring a 50-T7 promoter sequence were ampli-

fied by PCR on respective plasmids using Phusion High-Fidelity

DNA Polymerase (Thermo Fisher Scientific) (for primers and

RNA sequences refer to Table S2). Amplicons were checked on a

1% Agarose gel and purified by Monarch PCR & DNA Cleanup

Kit (5 mg) (NEB). Transcripts were generated employing the Hi-

Scribe T7 High Yield RNA Synthesis Kit (NEB). After template

DNA was digested with 4 U RQ1 DNase (Promega), T7 transcripts

were PAGE purified from a 8% denaturing polyacrylamide gel by

UV shadowing and passively eluted in gel elution buffer

(300 mM NaCl; 0.2% sodium dodecyl sulfate; 60 mM NaOAc

[pH 5.2]) under agitation overnight at 4�C as described by Hoernes

et al.49 Samples were incubated at 60�C for 1 h and stored on ice

until RNA was purified. This particular step was performed using

theMonarch RNACleanup Kit (50 mg) (NEB). Transcripts were bio-

tinylated by use of Pierce RNA 30 End Biotinylation Kit (Thermo

Fisher Scientific) according to the manufacturer’s protocol.

Thereby, a single biotinylated cytidine (bis)phosphate is ligated

to the 30-end of the respective transcripts in presence of DMSO

at 16�C overnight. Biotinylated RNAs were purified utilizing Mon-

arch RNA Cleanup Kit (10 mg) (NEB). Ligation efficiency was deter-

mined by northern blot analysis and dot blotting, followed by

detection employing the Pierce Chemiluminescent Nucleic Acid

Detection Module Kit (Thermo Fisher Scientific).

For LC-MS/MS analysis, HEK293T cells were washed with ice-

cold DPBS (Gibco), scraped in ice-cold homemade Pierce IP Lysis

Buffer (25 mM Tris-HCl [pH 7.4]; 150 mM NaCl; 1 mM EDTA;

1% Igepal CA-630; and 5% glycerol; supplemented with 13 [f.c.]

cOmplete protease inhibitor [Roche]) and incubated for 5 min

on ice. Cell debris was pelleted by centrifugation at 13,000 3 g

for 10 min at 4�C. Protein concentration was determined by Brad-

ford assay with ROTIQuant (Roth).

40 pmol of biotinylated RNAwere renatured at 65�C for 10 min,

at RT for 20min, and stored on ice until they were immobilized on

20 mL Dynabeads M-280 Streptavidin (Thermo Fisher Scientific) in

30 min incubation time, otherwise following the manufacturer’s

protocol. Immobilized RNA-bead mixture was washed two times

in 13 Protein-RNA binding buffer (20 mM Tris [pH 7.5];

150 mMNaCl; 2 mMMgCl2; 0.1% Tween-20); pull-down was per-

formed by a modified protocol from Pierce Magnetic RNA-Protein

Pull-Down Kit (Thermo Fisher Scentific). Binding was performed

in a 200 mL RNA-protein binding reaction containing 1 mg/mL pro-

tein lysate, 13 Protein-RNA binding buffer, 15% glycerol, 0.4 U/mL

of RNase inhibitor (Promega), and 13 cOmplete protease inhibitor

(Roche) at 4�C for 1 h on a rotation wheel. Beads were washed

thrice with 200 mL IP wash buffer (20 mM Tris [pH 7.5], 150 mM

NaCl, 0.1% Tween-20) and thrice with 500 mL 50mMTris (pH 7.5).

Sample preparation for western blot analysis had modifications,

i.e., only 20 pmol of biotinylated RNA were used and all other re-

agents were downscaled accordingly. Transfection of HEK293T

with Low0_GFPspark, Low0_GFPspark_MAGEL2, or Low0_

GFPspark_MAGEL2 c.1996dupC plasmids as well as cell lysate

preparation were conducted as described above. After Bradford

analysis, all three lysates were mixed in equal parts according to

their protein concentration and 100 mg of this lysate mix were

used for immunoprecipitation. After the third wash step with IP

wash buffer, proteins were eluted in 40 mL 13 Lämmli buffer at

95�C for 5 min.

LC-MS/MS analysis
Proteins from BioID and RNA-CoIP were reduced with dithiothrei-

tol, alkylated with iodoacetamide, and digested with trypsin

(Promega) according to Branon et al.44 Then samples were purified

using Pierce C18 Tips, 100 mL (Thermo Fisher Scientific) according

to the manufacturer’s instructions prior to nano LC-MS analysis.

Samples from Protein-CoIP were dried in a speedvac and dis-

solved in 33 mL 100 mM NH4HCO3 buffer (pH 8.0). Subsequently

33 mL of 10 mM DTT in 100 mM NH4HCO3 were added and incu-

bated at 56�C for 30 min. Thereafter 1.0 mg trypsin (Promega) was

added to the sample and incubated at 37�C for 6 h. Finally, 33 mL

of 55 mM IAA dissolved in 100 mM NH4HCO3 were added and

incubated at room temperature for 20 min in the dark.

Digested samples were analyzed using an UltiMate 3000 nano-

HPLC system coupled to a Q Exactive HF mass spectrometer

(Thermo Fisher Scientific) equipped with a Nanospray Flex ioniza-

tion source. The peptides were separated on a homemade fritless

fused-silica microcapillary column (75 mm i.d. 3 280 mm o.d. 3

16 cm length) packed with 2.4 mm reversed-phase C18 material

(Reprosil). Solvents for HPLC were 0.1% formic acid (solvent A)

and 0.1% formic acid in 85% acetonitrile (solvent B). The gradient

profile was as follows: 0–4 min, 4% B; 4–57 min, 4%–35% B; 57–

62 min, 35%–100% B; and 62–67 min, 100% B. The flow rate

was 250 nL/min.

BioID samples were analyzed with a Q Exactive HF mass spec-

trometer. The instrument was operating in the data-dependent

mode selecting the top 20 most abundant isotope patterns with

charge >1 from the survey scan with an isolation window of 1.6

mass-to-charge ratio (m/z). Survey full-scan MS spectra were ac-

quired from 300 to 1,750 m/z at a resolution of 60,000 with a

maximum injection time (IT) of 120 ms and automatic gain con-

trol (AGC) target 1e6. The selected isotope patterns were frag-

mented by higher-energy collisional dissociation (HCD) with

normalized collision energy of 28 at a resolution of 30,000 with

a maximum IT of 120 ms and AGC target 5e5.

Samples from Protein-CoIP and RNA-CoIP were analyzed with

an Orbitrap Eclipse mass spectrometer. The instrument
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equipped with a field asymmetric ion mobility spectrometer

(FAIMS) interface was operating in the data-dependent mode

with compensation voltages (CV) of �45 and �65 and a cycle

time of 1 s. Survey full-scan MS spectra were acquired from

375 to 1,500 m/z at a resolution of 240,000 with an isolation

window of 1.2 mass-to-charge ratio (m/z), a maximum injection

time (IT) of 50 ms, and automatic gain control (AGC) target

400,000. The MS2 spectra were measured in the Orbitrap

analyzer at a resolution of 15,000 with a maximum IT of

22 ms, and AGC target of 50,000. The selected isotope patterns

were fragmented by higher-energy collisional dissociation with

normalized collision energy of 28.

Data analysis was performed using Proteome Discoverer 2.5

(Thermo Fisher Scientific) with search engine Sequest. Depending

on the input sample type, the raw files were searched againstHomo

sapiens orMus musculus uniprot databases. Precursor and fragment

mass tolerance was set to 10 ppm and 0.02 Da, respectively, and up

to two missed cleavages were allowed. Carbamidomethylation of

cysteine was set as static modification, and oxidation of methio-

nine was set as variable modifications. Peptide identifications

were filtered at 1% false discovery rate.

Western blot analysis
For analyses of co-immunoprecipitation experiments, proteins

were denatured for 5 min at 95�C and separated on gradient

SDS-PAGE gels in tris-glycine running buffer (24.8 mM Tris,

191.8 mM Glycine, 0.5% SDS) in a Novex Invitrogen XCell

SureLock Electrophoresis System (Thermo Fisher Scientific).

Separated proteins were transferred onto a 0.45 mm PVDF mem-

brane (Thermo Fisher Scientific) in 13 transfer buffer (24.8 mM

Tris, 191.8 mM glycine, 10% ethanol, 0.08% SDS) in a Novex Invi-

trogen XCell II Blot Module 1 (Thermo Fisher Scientific) wet blot-

ting apparatus at 20 V, 100 mA for 1 to 4 h.

The membrane was blocked in blocking buffer (13 TBS-T:

137 mM NaCl, 27 mM KCl, 25 mM Tris [pH 7.4], 0.1% Tween

20; supplemented with 5% BSA [Roth]) for at least 1 h at RT and

incubated with the primary antibody diluted in blocking buffer

for 1–2 h at RT or overnight at 4�C under constant rotation. Mem-

branes were washed thrice in TBS-T for 5 min at RT and incubated

with the secondary antibody conjugated to horseradish peroxi-

dase in locking solution for 1 h at RT. Membranes were washed

again 3 times in TBS-T for 5min and signals were detected employ-

ing Pierce ECL chemiluminescent substrate (Thermo Fisher Scien-

tific) and Kodak BioMax MS film. Antibodies used for western blot

analysis are listed in Table S3.

Northern blot analysis
Total smNPC RNA was isolated employing TRI Reagent (Sigma-

Aldrich) according to the manufacturer’s protocol. For the detec-

tion of MAGEL2 and MAGEL2 c.1996dupC mRNAs, 10 mg of total

RNA were loaded onto a 1.2% denaturing agarose gel in 13 RP

buffer (40 mM MOPS, 10 mM sodium acetate, 2 mM EDTA [pH

7.0]) containing 2.17% formaldehyde and the gel was run in RP

buffer containing 2.17% formaldehyde at 100 V for 50 min. The

gel was washed 2 times in 103 SSC (1.5 M NaCl, 150 mM sodium

citrate [pH 7.2]) for 15 min. RNA was transferred onto an Amer-

sham Hybond-Nþ nylon membrane (GE Healthcare) employing

passive capillary blotting in 103 SSC overnight. Subsequently,

the membrane was rinsed with 23 SSC, shortly air dried, and

the RNA was cross-linked to the membrane with 254 nm at 0.12

Joule in a UV cross-linker (Stratagene).

Digoxigenin (DIG)-labeled probes for detection were produced

by PCR employing a dNTP mix containing a DIG-UTP:dTTP ratio

of 1:2 (for primers refer to Table S4). M2_50 and M2_30 probes

(Table S4) anneal within the 50 and 30 portion of theMAGEL2 tran-

script, respectively. After pre-hybridization in high-SDS solution

(7% SDS, 50% deionized formamide, 20% blocking solution, 10%

blocking reagent [Roche], 13 maleic acid buffer [100 mM maleic

acid, 150 mM NaCl, 100 mM NaOH (pH 7.5)], 1% sodium lauroyl

sarcosinate) at 42�C for 4 h, cross-linked membranes were hybrid-

ized with 15 mL high-SDS solution containing DIG-labeled probes

at 42� overnight. Subsequently, the membranes were washed three

times in 13 SSC supplemented with 0.1% SDS at RT for 10min and

two times at 65�C for 15min. 5 min incubation in DIG wash buffer

(99.7% 13 maleic acid buffer, 0.3% Tween 20) were followed by

DIG-P2 (90% 13maleic acid buffer, 10% blocking reagent [Roche])

incubation for 30 min, before alkaline phosphatase conjugated

anti-DIG antibody solution (99.99% DIG-P2, 0.01% anti-DIG anti-

body [Roche]) was applied for 30 min at RT.

Membranes were washed once in DIG wash buffer for 5 min,

twice for 10 min at RT, and incubated in DIG-P3 buffer (0.1 M

Tris, 0.1 M NaCl, 50 mM MgCl2 [pH 9.5]) for 5 min, before the

DIG CSPD substrate solution (99% DIG-P3, 1% CSPD [Roche])

was applied for additional 5 min at RT. Signals were detected

applying Kodak BioMax MS films (Kodak) to the membranes at

37�C for approximately 2 h and developed.

For the detection of ncRNAs, 15 mg of total RNAwere separated on

8% denaturing polyacrylamide gels (acrylamide:bisacrylamide ¼
29:1, 7Murea in 13TBE) at 120 to 370V for 2 to 3 h. After ethidium

bromide staining for 10 min, the RNA was transferred onto Amer-

sham Hybond-Nþ membranes employing the Trans-Blot SD Semi-

Dry Transfer Cell (Bio-Rad) at 15 V and 400 mA for 45 min. The

RNA was UV-crosslinked at 0.12 kJ in a UV crosslinker (Stratagene)

and ncRNAs of interest were detected by 50-radioactively labeled ol-

igonucleotides. Therefore, oligos (in total 1.2 mM f.c.) were labeled

with 1 mCi/mL [g-32P]-ATP (Hartmann Analytic) by 0.8 U/mL T4

PNK (NEB) for at least 30 min at 37�C and denatured at 96�C for

1 min. After equilibration of cross-linked membranes in hybridiza-

tion buffer (178 mM Na2HPO4, 822 mM NaH2PO4, 7% (v/v) SDS

[pH 6.2]), the labeling mix was added for overnight incubation at

42�C under constant rotation. Blots were washed in wash buffer I

(300 mM NaCl, 34 mM sodium citrate, 0.1% (w/v) SDS [pH 7]) for

10 min and wash buffer II (15 mM NaCl, 1.7 mM sodium citrate,

0.1% (w/v) SDS [pH 7]) for 5 min and rinsed in Aqua dest. Signals

were detected employing a phosphorimager and Typhoon FLA

9500 (GE Healthcare).

If necessary, blots were stripped in 0.5% (w/v) SDS at 65�C for 1

h, rinsed with Aqua dest., incubated in Aqua dest. at 65�C for

30 min, and rinsed again with Aqua dest. At least 19 SNORD116

copies were detected with three probes (50-GGACCTCAGTTCC

GATGA-30 for copies 1–3, 6, 8, and 9; 50-GGACCTCAGTTCGAC

GAG-30 for copies 12 and 16–22; copy 10 with 2 mismatches;

and 50-GGACCTCAGCTCACAGAA-30 for copies 25–27, 29, and

30). 50-GGGCCTCAGCGTAATCCT-30 was used to detect several

copies of SNORD115 (1, 4–16, 21, 24–26, 29, 30, 33, 34, 36, and

38–44). 5.8S rRNA (50-GCAATTCACATTAATTCTCGCAGCTAGC-

30) and U6 snRNA (50-TATGGAACGCTTCACGAATTTG-30) were

used as controls.

RT-qPCR
167 ng/mL total RNA was reverse transcribed using the SuperScript

IV VILO Master Mix with ezDNase Enzyme (Thermo Fisher

6 The American Journal of Human Genetics 111, 1–22, July 11, 2024

Please cite this article in press as: Heimdörfer et al., Truncated variants of MAGEL2 are involved in the etiologies of the Schaaf-Yang and
Prader-Willi syndromes, The American Journal of Human Genetics (2024), https://doi.org/10.1016/j.ajhg.2024.05.023



Scientific) according to the manufacturer’s protocol. 2 mL of 1/100

diluted cDNA was amplified with 3 mL Luna Universal qPCR Mas-

ter Mix (NEB) and 200 nM forward and reverse primers (Table S5)

each in 6 mL reaction volume in 384-well plates using QuantStudio

5 Real-Time PCR System (AppliedBiosystems). After quality con-

trol (QC, i.e., melt-curve analysis and outlier removal—samples

were analyzed only when at least 2 of 3 technical replicates passed

QC), primer efficiencies were calculated from amplification curves

using web-based LinRegPCR (https://www.gear-genomics.com/

rdml-tools/).50 Inter-plate variation was corrected employing

RDML-Analyze from rdml-tools.51 RefFinder52,53 was used to find

the most stable housekeeping genes GAPDH, TBP, and HPRT. Per-

centage changes were calculated by subtracting the median fold

changes (as calculated by Ruijter et al.54 of SYS and control cell

lines. For comparison Wilcoxon test was used.

Computational analyses
R and R Studio was used for most computational analyses. For

general data processing the packages rio and tidyverse55 were

used. Mass spectrometric-identified protein abundances were

normalized to mean total protein abundances per condition,

followed by removal of proteins discovered with only one

respective peptide or no available abundance. Only proteins

with a reviewed status in the uniprot database and present in

at least two replicates in at least one condition were included

in the analysis. Proteomics analysis was conducted by the DEP

package.56 In brief, abundances of single replicates were normal-

ized using variance stabilizing transformation (VSN). Missing

value imputation was performed per sample by mixed imputa-

tion. Proteins present in two of three or one of three replicates

were defined as missing at random (MAR) or missing not

at random (MNAR), respectively. MARs were imputed by

maximum likelihood estimation and MNARs were imputed

with zero. For differential enrichment analysis, DEP’s ‘‘test_diff’’

function was modified, so that FDR was adjusted for the p value

instead of t-statistic. Proteins with an FDR < 0.05 were assumed

statistically significant.

Before GO enrichment analysis, the datasets from differential

enrichment analysis were cleansed of general contaminant pro-

teins by use of the CRAPome database.57 For proximity-based

in vivo biotinylation, the CRAPome database was filtered for cell/

tissue type ‘‘HEK293,’’ subcellular fractionation ‘‘total cell lysate’’

and ‘‘total cell lysate and chromatin,’’ epitope tag ‘‘BirA*-FLAG,’’

and affinity approach ‘‘Streptavidin.’’ For GFP-fusion protein

CoIP, we used the filters cell/tissue type ‘‘HEK293,’’ subcellular frac-

tionation ‘‘total cell lysate and chromatin,’’ and affinity approach

‘‘anti-GFP mouse.’’ For each gene, spectral counts (designated as

‘‘PSMs’’—number of peptide spectrum matches—in Proteome

Discoverer 2.5) were averaged across the three replicates and across

the retrieved datasets from the CRAPome database. Subsequently,

per BioID and GFP-CoIP only proteins with at least twice as many

spectral counts than the control dataset were used for further anal-

ysis. As for RNA-CoIPs, no public contaminant lists are available,

so we included a scrambled RNA control in the experiments.

Because it was not possible to quantify bait amount in our exper-

imental design, we conducted GO enrichment analysis with pro-

teins which were found in at least two of three replicates, where-

upon interactors of scrambled control were removed from

obtained interactor lists of SNORD100 or SNORD116 pull-downs

employing interactivenn.58 Gene ontologies were analyzed using

the EnrichR R package which connects to the enrichr web-

server.59–61 Upon GO enrichment analysis functional categories

were sorted by combined score60 and top 5 hits per condition

were depicted.

Statistics
Plots were generated with ggplot262 or ggpubr. R-package rstatix

was used for statistical analyses.

NLS and NES prediction tool
The computational prediction of potential nuclear localization

signal (NLS) motifs for human MAGEL2 WT and the truncated

p.Gln666Profs*47 variant was performed using the cNLS Mapper

online tool63 with a cut-off score of 2.0 as well as the NLStradamus

online tool64 with a prediction cut-off of 0.5 in the 4 state HMM

static model. Potential nuclear export signal (NES) motif predic-

tion was performed using the LocNES server.65

Results

The truncated p.Gln666Profs*47 variant accumulates

predominantly within the nucleus while WT MAGEL2

shuttles between the cytoplasm and the nucleus

Human MAGEL2 is a 1,249 amino acid protein with a

MAGE homology domain (MHD) and a USP7 binding

site (U7BS) in the C-terminal domain, located at residues

1,027 to 1,195 and 820 to 1,034, respectively.36,37,40 The

N-terminal region (aa 1–819) is an intrinsically disordered

domain containing 28% proline, 15% alanine, and 11%

glutamine residues.40

The MAGEL2 c.1996dupC frameshift mutation repre-

sents the most commonly found pathogenic variant

among individuals with SYS and shows the second most

severe phenotype, with the only exception of the

MAGEL2 c.1996dupC mutation which has been reported

to be associated with pre- or perinatal lethality.32

In the present study, we initially investigated the

subcellular localization of the predominant, truncated

p.Gln666Profs*47 variant and its WT counterpart. Subse-

quently, we aimed to decipher functional interaction part-

ners of WT and mutant MAGEL2 proteins and to investi-

gate molecular mechanisms which might be connected

to the expression and/or function of SNORD116 snoRNAs

as well as protein-coding genes from the PWS locus. To

this end, we first generated expression vectors in which

mCherry or GFP tags were fused in frame to the N terminus

of the WT or the c.1996dupC frameshift mutant MAGEL2

sequence (Figures 1A and 1B) to maintain tran-

scription of the full-length mRNA. Thereby, the inserted

c.1996dupC mutation resulted in the truncated MAGEL2

p.Gln666Profs*47 variant due to a premature stop codon

(Figures 1A and 1B).

MAGEL2 has previously been shown to bind USP7 and

TRIM27 proteins, thus forming the MUST complex.36,37,66

The trimer was shown to facilitate F-actin polymerization

and retrograde recycling on endosomes by ubiquitination

of the WASH complex.36,37,66 Similar to the actin nucle-

ation promoting factor WASH containing complex SHRC
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(WASH regulatory complex),67–69 the MUST complex is

actively recruited to endosomal subdomains by the retro-

mer subunit VPS35.36,37,66

Hence, we first addressed a potential co-localization be-

tween an mCherry-tagged WT or truncated MAGEL2 pro-

tein with the early- and recycling-endosomal markers

EEA1 and RAB11A, respectively. Therefore, HEK293T cells

were transiently transfected with fluorescently tagged

WT and truncated MAGEL2 expression vectors. WT and

truncated MAGEL2 were randomly distributed within the

cytoplasm, where the p.Gln666Profs*47 variant predomi-

nantly appeared in vesicular-like structures (Figures 1C

and 1D). However, both proteins were only rarely in spatial

proximity to EEA1 (Figure 1C) but were located adjacent to

RAB11A (Figure 1D).

Interestingly, during these analyses we observed a consid-

erably higher nuclear accumulation of the p.Gln666

Profs*47 mutant compared to WT MAGEL2 (Figures 1C

and 1D). Based on these findings, we hypothesized that

truncated MAGEL2 p.Gln666Profs*47 might be subject to

either an increased nuclear import or a reduced nuclear

export kinetic in comparison to its wild-type counterpart.

Indeed, by employing computational prediction tools, a pu-

tative bipartite nuclear localization signal (NLS) motif was

indicated, i.e., 4-LSKNLGDSSPPAEAPKPPVYSRPTVLMRAP-

33, at the N-terminal end of WT MAGEL2 and p.Gln666

Profs*47 (Figure 1E; Table S6). Additionally, a putative

monopartite NLS, i.e., 883-GKATRKKKHLE-893, and two

nuclear export signal (NES) motifs, i.e., 1,107-RPKFGLLM

VVLSLIF-1,121 and 1,127-VREDLIFNFLFKLGL-1,141, were

Figure 1. Subcellular localization of MAGEL2 WT and p.Gln666Profs*47
(A and B) MAGEL2/p.Gln666Profs*47 fusion proteins employed for investigation of their subcellular localization, tagged with either an
N-terminal mCherry (A) or GFPspark (B).
(C and D) Confocal immunofluorescence microscopy of recombinant fusion proteins WT mCherry-MAGEL2 or mCherry-
p.Gln666Profs*47 (magenta) in transiently transfected HEK293T cells, 24 h after transfection. Nuclei were counterstained with DAPI
(blue). The scale bar is 10 mm.White arrows indicate sites of spatial proximity betweenWTMAGEL2 and p.Gln666Profs*47 with endog-
enous early endosomes (C) and recycling endosomes (D), which were visualized with anti-EEA1 and anti-RAB11A antibodies (green),
respectively. At least 5 cells were imaged in three independent replicates and representative cells are depicted.
(E) MAGEL2 WT and truncated p.Gln666Profs*47 with computationally predicted putative NLS (black boxes) and NES (gray boxes)
motifs.
(F and G) HeLa cells were transfected with the GFP-tagged wild-type MAGEL2 or MAGEL2 c.1996dupC mutant. 48 h after transfection
cells were treated with leptomycin B (20 nM) or left untreated for 20 h. Nuclei were counterstained with DAPI (blue).
(F) HeLa cells with and without leptomycin B treatment. Cells from three independent transfection experiments were used for quanti-
fication. The scale bar is 40 mm.
(G) Quantification of the nuclear/cytosolic ratio of individual cells from three independent experiments. Wilcoxon tests were calculated
employing rstatix.
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predicted within the C-terminal half of WT MAGEL2,

which were absent in the truncated p.Gln666Profs*47

variant (Figure 1E, Tables S6 and S7).

To further investigate the nuclear export of MAGEL2

proteins, we transiently transfected HeLa cells with WT

GFP-MAGEL2 or p.Gln666Profs*47 expression vectors

(Figure 1B) and subsequently blocked the nuclear export

of MAGEL2 proteins by inhibiting the export factor karyo-

pherin CRM1 (exportin 1) with leptomycin B.70,71 As

observed in HEK293 cells, also in HeLa cells the

p.Gln666Profs*47 variant showed an increased nuclear

localization compared to WT MAGEL2 (Figures 1F and

1G). However, some nuclear localization was also observed

for WT MAGEL2 (Figures 1C, 1D, and 1F). Consistent with

our hypothesis, leptomycin B treatment resulted in a sig-

nificant accumulation of WT MAGEL2 within the nucleus

compared to the untreated control (W ¼ 2017, p ¼ 3.7 3

10�13) (Figures 1F and 1G), while truncated p.Gln666

Profs*47 localization was not affected by CRM1 inhibition

(W ¼ 3123, p ¼ 0.24) (Figures 1F and 1G).

In vivo proximity labeling and co-immunoprecipitation

reveal protein interaction partners for MAGEL2 WT and

the p.Gln666Profs*47 variant

To decipher potential pathogenic roles of MAGEL2 frame-

shift mutants in SYS-affected individuals, we considered

three different hypotheses to link the truncated MAGEL2

proteins to the SYS phenotype: firstly, the different distri-

bution of WT and the truncated MAGEL2 protein might

lead to differences in the composition of their interac-

tomes explaining a potential gain or loss of function of

MAGEL2 p.Gln666Profs*47 within the nucleus or cyto-

plasm, respectively. Secondly, the truncated form of

MAGEL2, consisting mainly of the intrinsically disordered

proline-rich N-terminal region,40 might per se promote in-

teractions with novel binding partners. Lastly, MAGEL2

p.Gln666Profs*47 might still be able to bind canonical

interaction partners via its N-terminal region but would

lack a functional response due to loss of U7BS and MHD

in the C-terminal region.

In a recent study, interacting proteins of over-expressed

WT MAGEL2 and the C-terminal portion of MAGEL2

have been identified in HEK293T cells by Sanderson

et al.40 By employing a ‘‘subtractive’’ approach, i.e.,

comparing proteins binding to full-length MAGEL2 versus

proteins binding to the C-terminal portion, also N-termi-

nal protein binding partners were predicted.40 In contrast,

in our study we directly employed the original truncated

N-terminal p.Gln666Profs*47 variant and compared its in-

teractome to that of full-length WT MAGEL2 to identify

MAGEL2 WT and p.Gln666Profs*47 interaction partners.

To achieve this aim, we generated vectors for the expres-

sion of biotin ligase miniTurbo44 (Figure 2A) or GFPspark

(Figure 1B) WT MAGEL2 and p.Gln666Profs*47 fusion

proteins.

By applying different proteomic approaches, we wanted

to cover the entire spectrum of MAGEL2 interaction part-

ners as comprehensively as possible, but also aimed to

pinpoint candidates that specifically bind either to the

WT or the truncated MAGEL2 proteins. By employing

BioID, all proteins in proximity of about 10 nm to the

biotin ligase are known to be biotinylated73 prior to the

pull-down. In contrast, by GFP-CoIP, only direct interac-

tion partners and potentially their respective complexes

are co-precipitated. Therefore, the interactome identified

by BioID was expected to be larger than that obtained by

GFP-CoIP (Figure 2B).

MAGEL2 WT and the p.Gln666Profs*47 variant share

interactomes involved in RNA stabilization and

chromosome condensation

First, we investigated common interaction partners for

MAGEL2 WT and p.Gln666Profs*47, which were present

in at least two out of three replicates (Figures 2B–2D). Pre-

vious analysis of the full-length MAGEL2 interactome sug-

gested that the protein might be involved in various as-

pects of RNA metabolism.40 Using BioID and GFP-CoIP,

our proteomics analyses revealed 36 common protein

interaction partners for WT and truncated MAGEL2

(Figures 2B–2D), of which only YBX1 and PAPBC1 have

been previously described to be in proximity to the C-ter-

minal or full-length MAGEL2, respectively.40 These pro-

teins clustered into twomajor groups in protein-protein as-

sociation network analysis72 (Figure 2C). The first cluster

contained PABPC1, YBX1, FUS, ELAVL1, TAF15, and

HNRNPA0, which are all implicated in RNA stabilization,

while histones H1.0, H1.2, H1.3, H1.4, and H1.10 in the

second cluster are involved in chromosome condensation

(Figures 2C and 2D). Additionally, HMGA1, SFPQ, TAF15,

ILF3, HMGN1, YBX1, and FUS represent a subset of com-

mon protein interaction partners involved in the regula-

tion of transcription (Figure 2C; Table S8).

Mutations in MAGEL2 might result in loss of function or

gain of function in RNA metabolism processes

Next, we aimed to identify differences in the interactomes

of MAGEL2 WT and p.Gln666Profs*47 and analyzed pro-

teins overlapping in GFP-CoIP and BioID for each protein

variant (Figure 3A). As expected, fewer proteins were identi-

fied employing GFP-CoIP compared to BioID (Figure 3A)

due to the general experimental differences between the

two approaches, whereby p.Gln666Profs*47 interacted

with more proteins than WT MAGEL2 (Figure 3A). The in-

teractome ofWTMAGEL2wasmainly found to be involved

in chromosome condensation and organization (Figure 3B),

whereas mRNA stabilization was one of the top hits of the

proteins bound to p.Gln666Profs*47 (Figure 3B).

Subsequently, we focused on 2-fold enriched proteins

per pull-down set to identify proteins that were either

proximal to or would directly interact with either WT

MAGEL2 or p.Gln666Profs*47. Hence, these analyses

might also indicate potential novel gain or loss of

functions of the truncated MAGEL2 variant (Figure 3C).

The enriched proteins identified by the MAGEL2 BioID
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were mostly involved in transcription regulation

(Figures 3C and S1C). In contrast, proteins in proximity

to MAGEL2 p.Gln666Profs*47 were implicated in mRNA

stabilization and snoRNA metabolism, while direct inter-

action partners of MAGEL2 p.Gln666Profs*47 identified

by LC-MS/MS were involved in cell metabolism, i.e., py-

ruvate metabolism and gluconeogenesis (Figure 3C;

Table S9). Included in that group of proteins was the

DNA- and RNA-binding protein KHSRP,74 which was

also enriched in MAGEL2 p.Gln666Profs*47 employing

BioID (Figure 3A).

In addition, NUFIP1 was enriched in the WT MAGEL2

BioID (Figure 3C). However, NUFIP1 was on the threshold

of detectability in only one of three replicates of western

blot analyses upon GFP-CoIP with WT GFP-MAGEL2

(Figure 3D). SMN and FMRP enrichment was observed

in the MAGEL2 p.Gln666Profs*47 BioID approach (Figure

3C). Importantly, subsequent western blot analysis

confirmed FMRP and SMN to be specifically co-immuno-

precipitated with WT GFP-MAGEL2 and GFP-p.Gln666

Profs*47 (Figure 3D). In this context, FMRP showed a

higher affinity to WT MAGEL2 in comparison to the trun-

cated protein (Figure 3D). Hence, our data strongly indi-

cate that FMRP and SMN are indeed proximal interaction

partners of WT and truncated MAGEL2 proteins, whereas

NUFIP1 is most likely an indirect binding partner of WT

MAGEL2 (Figures 3C and 3D).

USP7, which has been previously described as a func-

tional binding partner of MAGEL2,66 was found to be en-

riched in the WT MAGEL2 GFP-CoIP in both LC-MS/MS

and western blot analyses (Figures 3A and 3B). Intrigu-

ingly, USP7 was also slightly detectable in the MAGEL2

p.Gln666Profs*47 variant (Figure 3B), although the anno-

tated U7BS is absent in the truncated mutant (Figure 2A).36

MAGEL2 WT and p.Gln666Profs*47 co-localize with

SMN and FMRP in mouse N2a cells

Considering thatWTand truncatedMAGEL2 variants were

specifically binding to SMN and FMRP in our GFP-CoIPs

(Figure 3D), we next asked the question of whether both

MAGEL2 variants colocalized with SMN and FMRP in

neuronal cells. To that aim, we transiently transfected

the mCherry-MAGEL2 and p.Gln666Profs*47 constructs

into mouse N2A cells (Figures 4A and 4B). In the majority

of the transfected cells, we observed colocalization of both

MAGEL2 variants with SMN and FMRP in distinct speckles

present in the cytoplasm. Analogous to the experiments

presented before in HEK293T cells (Figures 1B and 1C),

we also investigated whether MAGEL2 variants were found

on endosomes in N2A cells. Indeed, transiently transfected

mCherry-MAGEL2 and p.Gln666Profs*47 partially co-

localized with EEA11 and RAB11A (Figures 4C and 4D).

Interestingly, the association ofMAGEL2 with early and re-

cycling endosomes appears preferentially in neuronal cells

Figure 2. MAGEL2 WT and p.Gln666Profs*47 show high affinity for proteins involved in RNA metabolism and chromosome conden-
sation
(A) Fusion-protein constructs for BioID.
(B–D) Analyses were carried out for proteins identified in at least two of three replicates per experiment.
(B) Combined Venn diagram interaction partners of MAGEL2 WT and p.Gln666Profs*47 identified by BioID and GFP-CoIP.
(C) Protein-protein association networks (gene names are depicted)72 of the 36 common interaction partners identified in (B), colored by
the top 5 biological processes in (D).
(D) Top 5 hits by combined score60 of gene enrichment analysis employing enrichR for biological processes (2023) in either BioID or
GFP-CoIP. Only GO terms with an adjusted p value <0.05 were included.
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and was less pronounced in HEK293T cells (Figures 1C and

1D). Of note, p.Gln666Profs*47 showed less overlap with

RAB11A compared to WT MAGEL2 (Figure 4B).

Protein interactomes of MAGEL2 and the SNORD116

snoRNA

Due to the phenotypic similarities between SYS and PWS

and the genomic proximity of the respective affected

genes, i.e., MAGEL2 and SNORD116,1 we also sought to

find a functional link between MAGEL2 and SNORD116

snoRNAs. Therefore, we employed an RNA-centric

based pull-down approach, employing 30-biotinylated
SNORD116 (copy 3), the canonical SNORD100 snoRNA,

and a scrambled RNA control (SCR) followed by LC-MS/

MS or western blot analyses for identification of protein

interaction partners (Figure 5).

From these analyses, a direct interaction between

SNORD116 and WT MAGEL2 or p.Gln666Profs*47 was not

corroborated since WT and mutant MAGEL2 were present

in all co-IP samples including SNORD100 and SCR controls,

which might indicate a more general affinity of mutant

andWTMAGEL2 tovarious RNA species (Figure S2). Because

SNORD100 and the SCR control sample were found to be

more efficiently 30-biotinylated than SNORD116 (Figure

S3), we decided to analyze proteins present in at least two

of three experiments by LC-MS/MS and subtracted proteins

identified in the SCR sample. Thereby, we aimed to exclude

non-specific RNA binding proteins (Figure 5A).

GO term analysis revealed that box C/D snoRNP assem-

bly and ribosome biogenesis are within the top 5 GO bio-

logical processes of the 97 proteins bound to SNORD116

and canonical SNORD100 and validated our pull-down

Figure 3. MAGEL2 WT and p.Gln666Profs*47 interact with proteins involved in RNA metabolism and gene expression as well as dis-
ease related SMN (spinal muscular atrophy) and FMRP (fragile-X syndrome)
(A) Venn diagrams of protein interaction partners for MAGEL2 WT and p.Gln666Profs*47 identified by BioID or GFP-CoIP.
(B) Gene enrichment analysis for Biological Processes (2023) in either BioID or GFP-CoIP employing enrichR. Shades of blue depict top 5
hits by combined score.60 Gray circles indicate that the respective GO term is among the top hits in another condition. GO terms with an
adjusted p value > 0.05 were excluded.
(C) Heatmap for enriched proteins (gene names are depicted) in MAGEL2 WT and p.Gln666Profs*47 by BioID and GFP-CoIP. GO term
enrichment analyses for Biological Process and KEGG Pathways from Figure S1 were grouped to broader functional terms as shown in
Table S9 are written in the respective colors (Gene Ontology). Gene ontology ‘‘others’’ include novel interaction partners of interest
which could not be assigned to the remaining annotated terms.
(D) Western blots of proteins which co-immunoprecipitated with WT GFP-MAGEL2 or GFP-p.Gln666Profs*47 (n ¼ 3). 5% of the lysate
were used in input fractions.
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approach (Figure 5A and 5B). Moreover, GO term analysis

of co-immunoprecipitated proteins from either SNORD100

or SNORD116 RNA-CoIPs resulted in the same top GO

terms (Figure 5B and 5C), which indicates that orphan

SNORD116 snoRNAs assemble into canonical snoRNPs.

To more precisely pinpoint specific SNORD116 protein

interaction partners, the RNA co-IP was also performed em-

ploying mouse N2a cell lysates (Figure S4). Among the ten

common interaction partners co-immunoprecipitated

with both snoRNAs (SNORD116 and SNORD100) in both

cell types, we identified box C/D snoRNP assembly pro-

teins NUFIP1, RUVBL1, and RUVBL2 (Figures S4A

and S4C).75 In contrast, specific SNORD116 interactors,

overlapping in human and mouse, were identified as

MRPL1, WDR82, IGHMBP2, KHDRBS1, STRAP, and NXF1

(Figures S4A and S4B). In summary, our data did not indi-

cate an overlapping SNORD116 andMAGEL2 interactome,

as no common proteins could be identified by the

MAGEL2 BioID and GFP-CoIP and by the SNORD116

RNA-CoIP (Figures 5C and 5D).

Mutations in MAGEL2 reduce expression of SNORD116

snoRNAs in SYS proband cell lines

Even in the absence of a common interactome between

MAGEL2 and SNORD116 snoRNAs, our results do not

necessarily exclude a common pathophysiological mecha-

nism between SYS and PWS. Since we hypothesized a po-

tential involvement of MAGEL2 in transcriptional regula-

tion and RNA stabilization, we assessed the influence of

truncated MAGEL2 mutants on the expression of

SNORD116 snoRNAs involved in the etiology of PWS.6–10

Hence, we employed RT-qPCR and northern blot analysis

to investigate the abundance of SNORD116 in small mole-

cule neural progenitor cells (smNPCs) derived from

healthy and SYS iPSCs, paternally harboring the WT or

mutant (c.1996dupC or c.1802delC) MAGEL2 alleles,

respectively.

Indeed, RT-qPCR analysis revealed that expression of

SNORD116 (W ¼ 110, p ¼ 0.0101) (Figure S5A), as well as

SNORD115, and of SNORD109A snoRNAs were downregu-

lated by 31%, 42%, and 28% in smNPCs, respectively

(Figure S5B). Collectively, the abundance of these box C/D

snoRNAs within the PWS gene locus was about 32% lower

in SYS smNPCs (W ¼ 313, p ¼ 0.000254) (Figure 6A).

Because of the high sequence similarity of the different

SNORD116 and SNORD115 snoRNA copies within their

respective gene location,6 we were able to apply RT-qPCR

analysis only to three or one copy of the SNORD116 and

SNORD115 clusters, respectively (Figures 6A, S5A, and

S5B). Hence, we also investigated abundances of both snoR-

NAs by northern blot analysis employing specific probes

which detected multiple copies of SNORD116 (19 of 30)

and SNORD115 (30 of 49) (Figure 6C). In agreement with

qPCR analysis, quantification of northern blot signals

Figure 4. MAGEL2 WT and p.Gln666Profs*47 co-localize with EEA1, RAB11, SMN and FMRP in mouse Neuro-2a cells
Mouse Neuro-2a cells were transiently transfected withWTmCherry-MAGEL2 or mCherry-p.Gln666Profs*47 (magenta) fusion proteins
and subcellular localization was analyzed employing confocal immunofluorescence microscopy 24 h after transfection. Nuclei were
counterstained with DAPI (blue). The scale bar is 10 mm. SMN (A), FMRP (B), endogenous early endosomes (C), and recycling endosomes
(D) were visualized with anti-SMN, anti-FMRP, anti-EEA1, and anti-RAB11A antibodies (green), respectively. Awhite signal in the overlap
images indicated signal overlap or co-localization. At least 3 transfected cells were imaged in three independent replicates and represen-
tative cells are depicted.
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(relative to 5S rRNA and U6 snRNA) showed reduced abun-

dancies of SNORD116 and SNORD115 in SYS smNPCs

(Figure 6D).

Because of their reduced abundance in SYS proband cell

lines, we investigated whether lower transcript levels of

SNORD116 and SNORD115 might be due to aberrant pro-

cessing from their host transcript in SYS cell lines. To

address this, we designed primers targeting an amplicon

ranging from within the respective snoRNA into the in-

tronic region and performed RT-qPCR analysis (Figure 6B).

Relative expression of pre-processed PWS box C/D snoRNAs

was decreased in SYS compared to healthy smNPCs

(�19.1%, W ¼ 41, p ¼ 0.263) (Figure 6A). Importantly,

pre-processed snoRNAs had a similar relative expression

compared to their mature snoRNAs (Figure S5B), indicating

altered transcription or RNA stabilization rather than dereg-

ulation of snoRNA processing.

In contrast to the expression pattern of snoRNAs located

within the PWS locus, RNA levels of canonical box C/D

snoRNAs, including SNORD32 located on chromosome

19q13 within RPL13A,76 remained unaltered (þ3%, W ¼
46, p ¼ 0.215) (Figure 6A). Interestingly, the abundance

of the canonical box C/D snoRNA SNORD100 was even

higher in SYS smNPCs than in healthy control cell lines

(Figure S5B).

We also examined the expression levels of protein-cod-

ing genes located within the PWS critical region on chro-

mosome 15q11–q13, including the MAGEL2 mRNA tran-

script. As observed for snoRNAs, the abundance of

protein-coding gene expression within the chromosome

15q11–q13 locus was significantly lower in SYS smNPCs

(W ¼ 185, p ¼ 0.0105). Nevertheless, regulation of single

genes within the PWS locus varied strongly, i.e., the abun-

dances of SNRNPN andMKRN3were reduced by about 25%

Figure 5. SNORD116 does not directly interact with WT MAGEL2 or p.Gln666Profs*47
RNA-coIP was performed with biotinylated SNORD116, SNORD100, or a SCR control with HEK293T IP lysates. Analyses were carried out
with proteins identified in at least 2 of 3 replicates per condition.
(A) Venn diagrams showing overlapping proteins identified via RNA-coIP. The 97, 194, and 144 proteins found in RNA-coIPs for
SNORD116 and SNORD100 (underlined), SNORD100 with overlap (dashed circles), and SNORD116 with overlap (dashed circles) were
employed for the analysis in (B).
(B) GO term enrichment analysis employing enrichR for Biological Processes (2023) for proteins identified in SNORD116 and SNORD100,
but not in the SCR control. Top 5 hits by Combined Score60 are shown in shades of blue. Gray circles indicate that the respective GO term
is among top hits in another condition. Only GO terms with an adjusted p value < 0.05 were included.
(C) Venn diagram displaying the overlap between unique SNORD116 interacting proteins (A) and those identified in 2 of 3 replicates of
the BioID or GFP-CoIP performed with WT MAGEL2 or p.Gln666Profs*47.
(D) Table showing overlapping proteins from (C).
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whereas the abundance of NDN (�2%) or MAGEL2 (�8%)

was unchanged or only slightly lower, respectively

(Figure S5B).

We finally addressed the question of whether in smNPCs

MAGEL2 c.1996dupC and MAGEL2 c.1802delC mRNAs

might exhibit different sizes since both frameshift mutants

harbor elongated 30 UTRs of more than 2 kb (in contrast to

433 bases in the WT transcript). We hypothesized that the

abundance of the intronless mutant MAGEL2 transcripts

would be decreased due to EJC-independent nonsense-

mediated decay (NMD). This control mechanism assures

the degradation of mRNAs exhibiting a premature stop

codon resulting in unusually long (�1 kb) and unstruc-

tured 30 UTRs.77 However, by northern blot analysis, em-

ploying probes hybridizing either to the 30 or 50 end of

the MAGEL2/MAGEL2 c.1996dupC transcripts, we showed

that MAGEL2 c.1996dupC and MAGEL2 c.1802delC

mRNAs are not subject to NMD. These findings are consis-

tent with mRNA sizes of MAGEL2 mutants being indeed

identical to that observed for WT MAGEL2 mRNA

(Figure S6).

Discussion

Since the discovery of truncated MAGEL2 protein variants

and their involvement in the etiology of the neurodeve-

lopmental disorder SYS,30 most of the past research has

focused on their molecular functions and their involve-

ment in disease.36,40,66,78,79 Due to the phenotypic simi-

larities between SYS and PWS,1 we sought to elucidate

possible links between both diseases at a molecular level,

i.e., to link MAGEL2 mutations to genes involved in PWS.

Our data show an accumulation of the predominant

p.Gln666Profs*47 variant within the nucleus in HEK

293T and HeLa cells, whereas WT MAGEL2 accumulated

within the nucleus only upon CRM1 inhibition. This sug-

gests that WT MAGEL2 is dynamically shuttled between

the cytoplasm and the nucleus. These observations imply

functions of MAGEL2 within the nucleus and are corrobo-

rated by our proteomics data, which link MAGEL2 to regu-

lators of transcription. This also suggests yet undescribed

functions of both protein variants within the nucleus. Pre-

viously, the group by Urreizti and coworkers described a

predominant nuclear localization of a truncated MAGEL2

variant.80 In another study, Centeno-Pla et al.81 have

recently reported a predominant nuclear localization of

six truncated MAGEL2 variants. Among these, the variants

with the strongest nuclear accumulation associated

with arthrogryposis multiplex congenita (AMC [MIM:

618947]), indicating a genotype-phenotype correlation

dependent on the level of nuclear localization of truncated

MAGEL2.81 In summary, the above findings are thus

consistent with increased nuclear localization of all trun-

cated MAGEL2 mutants investigated so far due to the

loss of the predicted C-terminal NES motifs upon trunca-

tion of the protein.

In the cytoplasm of HEK293T cells, mCherry-tagged

MAGEL2 WT and p.Gln666Profs*47 were found to be

adjacent to endogenous RAB11A-positive recycling endo-

somes, whereas only a small fraction of both proteins

was found proximate to endogenous EEA1-positive endo-

somes. In addition, we observed the truncated MAGEL2

protein to be organized in vesicular-like structures in the

cytosol. In contrast, in N2A cells, both MAGEL2 variants

showed a strong colocalization with EEA1 and RAB11A

indicating that the mechanisms controlling the subcellu-

lar localization of MAGEL2 might be partially cell type

specific. A recent study showed that F-actin and ArpC5

were reduced in retromer subunit VPS35-positive endo-

somes in PWS and SYS stem cell-derived neurons.79

Together with our data, this indicates that the N-terminal

Figure 6. Influence of MAGEL2 frameshift mutations on gene
expression, assessed in SYS smNPCs compared to healthy con-
trols
(A) RT-qPCR analysis of genes of interest (GOI) within and outside
chromosome 15q11–q13. Relative expression was calculated with
primer efficiency normalized N0 values (linRegPCR50). N0 values
were normalized to the geometric mean of housekeeping genes
TBP,GAPDH, andHPRTand to the geometric mean of healthy con-
trol samples. Genes were combined into groups depending on
type and genomic localization. Wilcoxon tests were applied em-
ploying rstatix.
(B) Scheme of primer position to detect snoRNAs before (yellow)
and after (blue) splicing and processing.
(C) Northern blot analysis of 19 and 30 copies of SNORD116 and
SNORD115, respectively.
(D) Northern blot bands were quantified employing Fiji and
normalized to geometric mean areas of 5S rRNA and U6 snRNA
signals.

14 The American Journal of Human Genetics 111, 1–22, July 11, 2024

Please cite this article in press as: Heimdörfer et al., Truncated variants of MAGEL2 are involved in the etiologies of the Schaaf-Yang and
Prader-Willi syndromes, The American Journal of Human Genetics (2024), https://doi.org/10.1016/j.ajhg.2024.05.023



region of MAGEL2 might be required for recognition and

binding by VPS35, which also recruits the SHRC complex

through an interaction with FAM21.36 Hence, our find-

ings indicate that MAGEL2 association with the retromer

might persist even in the presence of the truncated

MAGEL2 mutants, thereby displaying compromised

MUST assembly (i.e., loss of the functional U7BS and

MHD regions).

Since SYSphenotypes arenot resembledbya complete loss

of the MAGEL2,32,82,83 a few possible scenarios have been

raised in the past to explain the SYS disease. On the one

hand, it was proposed that transcription of the imprinted

maternal allelemightbecome leakyupon loss of thepaternal

allele.1,32,84 On the other hand, truncated proteins have

been linked to gain-of-function phenotypes85,86 and also

neomorphic effects have been proposed for truncated

MAGEL2 variants.1 Consistent with these observations, our

results suggest gain or loss of cellular functions of truncated

MAGEL2 mutants within the nucleus or the cytoplasm,

respectively. In addition,WTMAGEL2 dynamically shuttles

between thecytoplasmandthenucleus, and thereforemight

indicate novel functions within the nucleus.

MAGEL2 is an intrinsically disordered protein (IDP) ex-

hibiting over 85% of intrinsically disordered protein re-

gions (IDPR).40 Previous studies have shown that highly

structured proteins are related to integral membrane pro-

teins or enzymes, while signaling and regulation—

including differentiation, transcription regulation, DNA

condensation, and mRNA processing—are mainly orches-

trated by intrinsically disordered proteins.87,88

Sanderson and coworkers have conducted a biotin prox-

imity-labeling approach employing HEK293 cells stably

expressing the full-length or a C-terminal MAGEL2

mutant.40 In these analyses they have demonstrated that

the N-terminal portion of MAGEL2 might be implicated

in RNAmetabolism processes. In a ‘‘subtractive’’ approach,

they assigned hits that were found in full-length but not

the C-terminal MAGEL2 conditions as N-terminal interac-

tion partners.

By studying interaction partners of MAGEL2 WT and

p.Gln666Profs*47 employing BioID and CoIP, our GO

term analysis revealed their potential function in RNA sta-

bilization as well as chromosome condensation. Taken

together, these data suggest that the N-terminal half of

MAGEL2might be required for the interaction with regula-

tors of RNA metabolism.40 Association of KHSRP and

FUBP3 with the N-terminal protein portion of MAGEL2

were shown in the present study and by Sanderson

et al.40 The absence of U7BS and MHD might lead to loss

of function of the pathogenic truncated MAGEL2 variants,

for example through the deregulation of targeted proteins

by ubiquitination or de-ubiquitination.

The deubiquitinase USP7 was found as an interactor of

MAGEL2 WT and the p.Gln666Profs*47 variant, confirm-

ing the direct binding of those proteins as part of the

MUST complex.66 The interaction is decreased in

p.Gln666Profs*47 compared to WT MAGEL2, which sug-

gests that part of the SYS phenotype could potentially be

related to decreased association of these two proteins.

This is particularly interesting, as heterozygous loss-of-

function variants of USP7 are the cause of Hao-Fountain

syndrome (HAFOUS [MIM: 616863]), a neurodevelopmen-

tal disorder that clinically manifests developmental delay/

intellectual disability, autism spectrum disorder, muscular

hypotonia.89 This suggests that the two genes and condi-

tions represent not only a molecular but also a pathophys-

iological and clinical continuum.89

Some proteins, such as ENO1, GAPDH, PKM, and LDHA,

have been previously identified as binding partners for the

C-terminal MAGEL2 variant,40 while in our study these

proteins were enriched in GFP-MAGEL2 p.Gln666Profs*47

by co-immunoprecipitation. Discrepancies between the re-

sults from the two studies might arise from the different

experimental setups. Sanderson and colleagues40 gener-

ated a C-terminal MAGEL2 variant which exhibited a 62

amino acid overlap with the C terminus of the truncated

MAGEL2 p.Gln666Profs*47 protein. Hence, this portion

of the protein might harbor binding sites for the above-

mentioned proteins.

Based on our study, it is unlikely that MAGEL2 and

SNORD116 share a common interactome or directly form

an RNP complex. Still, we were able to identify interaction

partners for both MAGEL2 variants as well as for

SNORD116. WT and truncated MAGEL2 were found both

as potential interaction partners of SMN, FMRP, KHSRP,

and FUS. Intriguingly, SMN was reported to associate

with FMRP,90,91 KHSRP,92 and FUS.90,93,94

SMN has been shown to shuttle between the cytoplasm

and the nucleus,95 which we also observed for the WT

MAGEL2 protein, and has been implicated in snRNP as-

sembly, mRNA trafficking, and local translation, and was

also observed to influence mitochondria and bioenergetic

pathways.93 Mutations or the homozygous loss of SMN1

have been reported to be themain cause of spinal muscular

atrophy (SMA [MIM: 253300]).96–98

Silencing of FMR1 by DNA methylation of expanded

CGG triplet repeats within the 50 UTR leads to the loss of

FMRP and causes the fragile X syndrome (FXS [MIM:

300624]).99,100 FMRP (fragile-X-messenger ribonucleopro-

tein) is an RNA-binding protein, which was initially shown

to inhibit translation in vitro and in Xenopus laevis oo-

cytes.101 It was recently described to regulate activity-

dependent local translation in CA1 neurons by repressing

translation102 and thereby is a crucial regulator in neuronal

mRNA metabolism, neuronal development, axonal

growth, and synaptic plasticity.103,104

KHSRP (also designated as FUBP2) functions as a DNA-

and RNA-binding protein which was previously described

to be involved in degradation of AU-rich element (ARE)-

containing mRNAs and splicing.74,105,106 Recent findings

by Olguin and colleagues indicated that KHSRP is a regu-

lator of brain development and function.74 Therefore,

MAGEL2 might be an integral component of these respec-

tive complexes.
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Due to phenotypic similarities, SMA should be consid-

ered as a differential diagnosis for SYS33 and PWS.107 More-

over, intellectual disability, behavioral symptoms, and

autism spectrum disorder are shared symptoms of

FXS99,100 and SYS.1,31–33 It is noteworthy that there are

also case reports of individuals with FXS exhibiting a

Prader-Willi phenotype (i.e., hyperphagia and obesity),

which was likely caused by reduced cytoplasmic FMRP in-

teracting protein (CYFIP1) expression.108 Vice versa, hap-

loinsufficiency of Cyfip1 and Fmr1 knockout mice have

been shown to share a common phenotype.109 Interest-

ingly, heterozygous loss of CYFIP1 appears in individuals

with type I deletions of the PWS critical region, underlin-

ing the complexity between the phenotypic similarities

of PWS and FXS.109 Consequently, downstream molecular

pathways of the potential MAGEL2 targets FMRP and SMN

might be negatively regulated in SYS-affected individuals.

Besides modulating the (de-)ubiquitination of WASH,36

MAGEL2 has also been shown to control the circadian

rhythm via cryptochrome 1 (CRY1) stabilization mediated

by USP7-dependent de-ubiquitination.78 In addition, pre-

vious studies revealed that the ubiquitin proteasome sys-

tem (UPS) targets and degrades SMN110 and FMRP through

a phosphorylation-induced ubiquitination cascade.111

Together with our data on the specific co-immunoprecipi-

tation and co-localization of SMN and FMRP with WT and

truncated MAGEL2 variants, we suggest a model where

MAGEL2 regulates the stability of both proteins. Future

studies should examine whether the truncation of

MAGEL2 leads to decreased levels of SMN and FMRP.

This might indeed explain some of the common pheno-

types observed between individuals with SYS and

FXS1,31–33,99,100 or between individuals with SYS and

SMA.33

Utilizing RNA-CoIP, we were able to identify protein

interaction partners for SNORD116 RNAs which differed

from canonical SNORD snoRNA proteins.14 In these ana-

lyses, IGHMBP2 and STRAP specifically co-immunoprecip-

itated with SNORD116. Mutations in IGHMBP2 are linked

to spinal muscular atrophy, type 1 (SMARD1 [MIM:

604320]),112–117 which shows symptoms such as hypoto-

nia, feeding problems, and poor suck.118 In addition,

more than 30% and 50% of individuals with PWS die of

respiratory failure119 or respiratory diseases,120 respec-

tively. This links PWS to SMARD1, where life-threatening

respiratory distress/respiratory failure was shown to appear

within 13 months of age.112

MAGEL2 WT and p.Gln666Profs*47 both interacted

with RNA stabilization associated factors YBX1, ELAVL1,

TAF15, PABPC1, and FUS. RNA stabilizers function mainly

in post-transcriptional control of RNAs, ranging from

splicing, polyadenylation, mRNA stabilization, and

mRNA localization to translation.121 For example, the

m5C reader YBX1 recruits ELAVL1 and thereby preserves

its target mRNA from degradation.122 Strikingly, m5C was

reported as an important dynamically regulated RNA

modification during brain development and is enriched

in genes for synaptic plasticity regulation.123 Our data

thus indicate that MAGEL2 might also act as an essential

component in RNA stabilization, possibly by fine-tuning

the interaction of the m5C reader YBX1 with ELAVL1

and thereby affecting neuronal plasticity. Interestingly,

ELAVL1 was also found to bind to SNORD115 from the

PWS critical region.124

By linking of MAGEL2 to gene expression and RNA sta-

bilization, we hypothesized that mutations in MAGEL2

might lead to altered gene expression or transcript abun-

dance in SYS smNPCs (exhibiting c.1996dupC and

c.1802delC mutations), in particular within the PWS crit-

ical region. Indeed, we observed reduced transcript abun-

dances of most genes from the PWS region, in particular

SNORD116 (i.e., a reduction by about 31%). In addition,

RNA levels of SNORD115, SNORD109A, MKRN3, and

SNRPN were also decreased. A fairly moderate reduction

of transcript abundancies for RNA transcripts from the

PWS region might not be considered sufficient for the

observed phenotypes in SYS. However, as demonstrated

in the case of miRNAs, downregulation of expression of

their mRNA targets has been reported to be within a similar

range.125 This indicates that even moderate changes in

mRNA expression can result in severe disease phenotypes,

in particular if several genes are affected. In addition, the

moderate reduction of SNORD116 abundance in probands

with SYS, compared to individuals with PWS, might

explain at least some of the missing clinical features not

observed in SYS, such as severe obesity.

In contrast to the above genes, abundances of NDN from

the PWS critical region and canonical box C/D snoRNAs

located outside the PWS region were found not to be

affected in SYS smNPCs. The observed reduced abundance

of transcript levels of genes from the PWS critical region

might thus arise, for example, from an aberrant interaction

of mutant MAGEL2 proteins with regulators of transcrip-

tion or RNA stability.

MAGEL2mRNA levels differed only slightly between SYS

and healthy smNPCs. Together with the identification of

novel protein interaction partners, the stability of the trun-

cated MAGEL2 mRNA in SYS proband cell lines as well as

its expression in transfection experiments underline that

this variant likely leads to gain-of-function effects in pro-

bands with SYS, as also suggested previously.1 We thus pro-

pose that the preferential sequestration of the truncated

variant to the nucleus plays a fundamental role in the

pathophysiology of the disease.

Recent case reports have described individuals with PWS

exhibiting atypical microdeletions within 15q11–q13

whose SNORD116 cluster was not deleted.126,127 In

contrast, several previous studies have reported that an

entire deletion of the SNORD116 cluster was sufficient to

cause PWS.6–10 These contradictory case reports underline

the complexity of genes involved in the etiology of PWS.

Our study demonstrates functions of MAGEL2 in the regu-

lation of RNA metabolism, especially of genes within the

PWS critical region. It thus might be conceivable that in
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PWS-affected individuals with atypical microdeletions

which do not result in the deletion of the SNORD116 clus-

ter,126,127 the expression of SNORD116 might still be de-

regulated. Therefore, we propose that examination of

SNORD116 transcript abundance by RT-qPCR might be

included as a tool for the diagnosis of PWS in the future,

e.g., from NPCs differentiated from fibroblasts derived

from individuals with PWS.

Conclusion

In summary, we have provided evidence that MAGEL2

shuttles between the cytoplasm and the nucleus and that

it interacts with proteins involved in transcription regula-

tion and RNA metabolism. Consistent with these findings,

we observed the abundances of genes expressed from

the PWS critical region, including SNORD116, to be

reduced in SYS smNPCs harboring the c.1996dupC and

c.1802delC MAGEL2 mutations. Hence, MAGEL2 might

indeed be involved in the transcription of genes from the

PWS locus thus resembling some but not all features of

PWS. In addition, among other proteins, we identified

SMN and FMRP proteins as binding partners for MAGEL2

variants, both causing diseases linked to known pheno-

typic features of individuals with SYS or PWS. Hence,

although the precise roles of SNORD116 and MAGEL2 pro-

tein complexes and their pathways in the etiology of SYS

and PWS yet remain to be fully determined, our data pro-

vide a first step in the elucidation of their role in these pa-

thologies, in particular in their relation to other motor

neuron diseases. A perturbed interaction of mutant

MAGEL2 with interaction partners such as SMN and

FMRP and/or its influence on SNORD116 expression might

thus explain some of the observed phenotypes in SYS and

PWS diseases. Hence, our study sets the stage for further

investigation into the molecular mechanisms of both dis-

eases and might aid in the generation of therapeutic drugs

for future therapeutic options.

Data and code availability

The datasets generated during this study are available via fig-

share (doi: https://doi.org/10.6084/m9.figshare.c.7217859).

If there is interest in the raw Airyscan immunofluorescence

images, please contact the corresponding author.

Supplemental information

Supplemental information can be found online at https://doi.org/

10.1016/j.ajhg.2024.05.023.

Acknowledgments

This research was funded by the Austrian Science Funds (FWF

ZFP326120 and FWF TAI 411-B) to A.H. We would like to thank

Dr. Martin Offterdinger (Institute of Biooptics, Medical University

of Innsbruck) for his technical support. We also thank Beate Abt

and Alexander Kühbacher (Institute of Molecular Biology, Medical

University of Innsbruck) for technical support. We thankMatthias

Erlacher, Utz Fischer, and Andreas Janecke for helpful discussions

and critically reading themanuscript. We thank Anna and her par-

ents for inspiration to initiate this study. We dedicate this paper to

Jürgen Brosius, on the occasion of his 75th birthday, and Harry

Noller, both leading pioneers in RNA research.

Author contributions

A.H., conceptualization, funding acquisition, supervision,

writing – review & editing, project administration, validation;

D.H., investigation, writing – original draft, formal analysis, data

curation, visualization, validation, writing – review & editing;

A.V., investigation, validation, writing – review & editing; A.E., re-

sources, writing – review & editing; A.S., resources, writing – re-

view & editing; M.S.-C., resources, writing – review & editing;

H.F., validation, writing – review & editing; V.R., investigation,

verification, writing – review & editing; M.S., resources, writing –

review & editing; C.P.S., resources, writing – review & editing;

L.A.H., validation, writing – review & editing; L.K., resources,

writing – review & editing; B.S., resources, writing – review & edit-

ing; F.E., resources, writing – review & editing; S.G., validation,

writing – review & editing; M.E.G.d.A., validation, writing – re-

view & editing. All authors contributed to editing and revising

and approved the final version manuscript.

Declaration of interests

The authors declare no competing interests.

Received: April 16, 2024

Accepted: May 29, 2024

Published: June 21, 2024

Web resources

enrichR, https://cran.r-project.org/web/packages/enrichR/

index.html
GenBank, https://www.ncbi.nlm.nih.gov/genbank/

Ggpubr, https://CRAN.R-project.org/package¼ggpubr
OMIM, https://www.omim.org/

R, https://www.R-project.org/

R Studio, http://www.rstudio.com/

Rio,https://cran.r-project.org/web/packages/rio/index.html

rstatix, https://CRAN.R-project.org/package¼rstatix

References

1. Fountain, M.D., and Schaaf, C.P. (2016). Prader-Willi Syn-

drome and Schaaf-Yang Syndrome: Neurodevelopmental

Diseases Intersecting at the MAGEL2 Gene. Dis. Basel Switz.

4, 2. https://doi.org/10.3390/diseases4010002.

2. Chamberlain, S.J. (2013). RNAs of the human chromosome

15q11-q13 imprinted region. Wiley Interdiscip. Rev. RNA

4, 155–166. https://doi.org/10.1002/wrna.1150.
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et al. (2020). SAFB2 Enables the Processing of Suboptimal

Stem-Loop Structures in Clustered Primary miRNA Tran-

scripts. Mol. Cell 78, 876–889.e6. https://doi.org/10.1016/j.

molcel.2020.05.011.

49. Hoernes, T.P., Clementi, N., Faserl, K., Glasner, H., Breuker,
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(2023). SMA-linked SMN mutants prevent phase separation

properties and SMN interactions with FMRP family mem-

bers. Life Sci. Alliance 6, e202201429. https://doi.org/10.

26508/lsa.202201429.

91. Piazzon, N., Rage, F., Schlotter, F., Moine, H., Branlant, C.,

and Massenet, S. (2008). In Vitro and in Cellulo Evidences

for Association of the Survival of Motor Neuron Complex

with the Fragile X Mental Retardation Protein. J. Biol.

Chem. 283, 5598–5610. https://doi.org/10.1074/jbc.M7073

04200.
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