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| seem to have been only like a boy playing on the seashore, and diverting myself in now and
then finding a smoother pebble or a prettier shell than ordinary, whilst the great ocean of truth
lay all undiscovered before me.

- Isaac Newton
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Summary

Summary

Glycosylation is the most abundant ptrsinslational modification and describes the decoration

of proteins and lipids with glycan structures. Glycans serve a plethora of different functions by
modulating protein and lipid characteristics. Sialic acid®aseof the main building blocks for
vertebrate glycosylation and are found at the terminal ends of glycan strudioee&ey
enzyme in the endogenous sialic acid biosynthesis pathway is the bifunctionaN-UDP
acetylglucosamine -2pimeraséd-acetylmannogaine kinase (GNE). Mutations in tH@NE

gene are associated with a rare genetic disease called GNE myopathy that manifests in form of
a slowly progressing skeletal muscle atrophy with eadylthood onset. Until today, there is

no approved therapy for the treatment of GNE myopathy and hebhettga understanding of

the pathomechanism of this disorder is needed.

To study the general functions of sialic acids in a skeletal muscle background, a new cell model
was generated by depleting Gne expression in the C2C12 myoblast cellsiimg the
CRISPR/Cas9 genoraiting techniqueGne knock ou{Gne®) was well tolerated by the

cells and no obvious morphological difference was observed in tH&’ @Grymblasts compared

to wild type cellsHowever, upon differentiation of C2C12 cells into myotubes,"@tones
presented drastic alterations. Analysis of glycan structfr@e&© myoblasts and myotubes
confirmed reduction of the sialic acid content with a concomitant remodeling of the glycome.
Terminal sialic acids of Nylycans in Gn€&° myoblasts were replaced by an additional galactose
and Nglycan branching was highly increased. Additionally, changes in proteoglycan
expression were detected as well as modulation of cytoplasmic and nuclear glycosylation.
Sialylationdeficiency of C2C12 GH€ cells was rescuedia supplementation with\N-
acetylneuraminic acid but not withsitmetabolic precursdi-acetylmannosamineNotably,
increased sialylation i@2C12 wild type cells had a negative impact on cell differentiation and
gene expression. Furthermore, a whole network of myopathted genes was found to be de
regulated in case of Graeficiency, pointing towards pathophysiological changes in a muscle
specific mannerAmong those candidates were the skeletal musméeific voltagegated
sodium channel Nd.4 and voltag@ated calcium channel Ch1 along with the glycogen
phosphorylaseTogether, altered gene expression suggests a major role of agal& in

excitatiorrcontraction coupling and energy metabolism of skeletal muscle cells.



Zusammenfassung

Zusammenfassung

Glykosylierung ist die am haufigsten vorkommende {@stslationaleModifikation von
Proteinen und Lipiden mittels Monaind Polysacchariden. Diese sogenannten Glykane
beeinflussen die Struktur und Funktion ihrer protaimd lipid-Trager und haben weitreichende
physiologische Aufgaben. Sialinsduren sind einer der Haugt#iae von Glykanen und
befinden sich an den terminalen Enden der Polysaccharid Ketten. Das Schlisselenzym der
Sialinsdure Biosynthese ist die bifunktionale UBEM-glucosamin ZEpimerasiN-
acetylmannosamine Kinag&NE). Mutationen inGNE Gen sind der Grund fir das Auftreten

einer seltenen genetischen Erkrankung, der sogenannten GNE Myo@atkiddyopathie ist

eine langsam fortschreitende Muskel Atrophie und erste Symptome treten meistens im friihen
Erwachsenenalter auf. Bis heute gibt es keine zugelassene Therapie fur Betroffene, da der
Pathomechanismus weitestgehend unbekannt ist. Daher estGdindlagenforschung
unabdingbar, um ein besseres Verstandnis fir die spezielle Rolle der GNErin

Skelettmuskulatur zu erlangen.

Um die generelle Funktion von Sialinsduren und der GNE in Skelettmuskeln zu erforschen
wurde ein neues Zellmodell generiert. Die in der Literatur weitverbréitgtdlasterZelllinie
C2C12diente hierfur als Grundlage und die CRISPR/Cas9 Gdaditerung Technologie
wurde angewandt, um die Gne Expression auszuschalten (knock off).@»er Gne knock

out wurde von den Zellen gut toleriert und Shdviyoblasten zeigten keinen signifikanten
Unterschied zu Wildtyp Zellen hinsichtlich inrer Morphologie. Jedmgbten die Gri¥ Klone
deutliche Unterschiede wéahrend des Differenzierungsprozesses zu Myotuben. Die Analyse von
Glykanstrukturen in Gr€ Klonen bestatigte die reduzierte Menge an Sialinséuren
Sialinsduren wurden in deN-Glykanen derMyoblasten durchGalaktose ersetzt und die
Verzweigung der NGlykane war deutlich erhéht im Vergleich zu Wildtyp Zellen. Zusatzlich
wurde eine veranderte Expression von Proteoglykanen und von zytoplasmatischer und
nuklearer Glykosylierung festgestellt. Der SialinsaMiangel in Gné&® Klonen konnte durch
Supplementierung miN-acetylneuraminsdure ausgeglichen werden, jedoch nicht mit dem
SialinsaureMetabolit N-acetylmannosamin. Ein Uberschuss an Sialinsauren hatte jedoch eine
negative Wirkung auf die Differenzierung und @gpression von C2C12 Wildtyp Zellen. Des
Weiteren wurde ein Netzwerk an Musisglezifischen Genen identifiziederen Expressiom

Gne© Klonen verandert war. Dabei handelte es sich unter anderem um den Spannungs
abhangigen Natriumkanal M4 und dem Spannungbhangigen Calciumkanal ¢h1,

sowie der Glykogen Phosphorylase.



Introduction

| Introduction

1 Protein glycosylation

1.1 Diversification of the proteomevia glycosylation

The human genome comprises ~ 20,000 prateding genes. However, the actual human
proteome is much more diverse and complex.start with, alternative splicing of mRNAs
elevates the number of potential proteins to ~ 70,000, wdainlthen be further diversified by
hundreds of different postanslational modificationPTMs) (Aebersold et al., 2018protein
glycosylation isone of the mostliversePTM, by which different monosaccharides are linked
to a proteiror lipid backbone in a sequential manriarvertebrates, nine main monosaccharide
building blocksgive rise to avast diversity ofglycan structuresallowing a high degree of
functional and structural modulatiarf proteins(Figure 1) (Griffin and HsieRWilson, 2022)

HO OH

OH
HO HO—, OH ) Ho OH 08 Ho, foH 9H
HO: Q Q HO -0 HO: Q 0 HO Q Q HO Q im0 -
HgﬁlﬂoH HO%\,@H o on  "HoA\.oH oH  Ho OH HO OH HO OH AcHN cO;
OH H OH uo NHAG NHAG OH HO

® O o * A =] [ £ ¢

Gle Gal Man Xyl Fuc GlcNAc GalNAc GlcA Neu5Ac

Figure 1: Main building blocks for vertebrate glycosylation.

Nine monosaccharides that are commonly found in human glycan structures. Upper row shows the chemical
structures and lower row depicts the official glycan symbols according to the Symbol Nomenclature for Glycans
(SNFG)(Varki et al., 2015)Glc: Glucose, Gal: Galactose, Man: Mannose, Xyl: Xylose, Fuc: Fucose, GIcNAc:
N-acetylglucosamine, GalNAbl-acetylgalactosamine, GIcA: glucoronic acid, NeuS&@cetylneuraminic acid.

Figure adapted frorGriffin and HsieRWilson, 2022)

1.2 Glycosylation pathwaysin mammalian cells

Glycosylation occurs in a neiemplated manner and relies on the orchestriatedplay of
hundreds of enzymes. While there are only few monosaccharide building blocks, it has been
estimated that ~ 700 proteaoding genes are involved in the glycosylation pathwayviding
enzymes, transporters, and chaperones for glycan biosynthesis and deg(atzatioet al.,

2008) Even though the general mechanisms of protein glycosylation have been unraveled
decadesgq our knowledge and understanding of the diversity of glycosylatisstill been
growing overthe past yearHirata et al., 2018; Larsen et al., 2017; Praissman et al., .2016)
Various forms of glycosylation being found in all kingdoms of, lifee following sections
describe general mechanisms of vertebrate glycosylation. Genehatlgsylation takes place

in the endoplasmic reticulum (ER30lgi apparatus (Golgi), nuclsuand cytoplasm of
eukaryotic cellsTable 1 gives an overvieof the different types and linkaggpecificiies of

certain glycanen humans

-16-
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Table 1: Initiation steps for human glycosylation pathways.

The monosaccharide colummameshe first building block that is linked to the indicated amino acid resithue

one of the specific glycosyltransferases. The listed compartment states where the specific kind of glycosylation is
initiated. COLGALT: collagerO-Gal transferase, DPY19L: di9 like C-Man transferase, EOGT: epidermal
growth factordomain specificO-GIcNAc transferase, EthNP: ethanolamine phosphate GALNT: polypeptide
GalNAc transferase, Hyl: Hydroxylysine, OGD:GIcNAc transferase, OST: oligosaccharyltransferase, POFUT:
protein O-fucosyltransferase, POGLUT: prote®Glc transferase, POMT: prote®-Man transferase, TMTC:
transmembran®-Man transferase targeting cadherin, XYLT: prot€¥Xyl transferase. Table adapted from
(Schjoldager et al., 2020)

Type Monosaccharide Linked to Glycosyltransferase Compartment
N-Glycogylation GIcNAc Asn OST complex ER
GalNAc Ser/Thr/Tyr GALNT1-20 Golgi
Fuc Ser/Thr POFUTZ%2 ER
GIcNAc Ser/Thr EOGT ER
POMT1, POMT2,
O-Glycosylation VAT &I TMTC1-4 =R
Glc Ser POGLUTL3 ER
Xyl Ser XYLT1, XYLT2 Golgi
Golgi, limited to
Gal Hyl COLGALT1-2 collagens
GIcNAC Ser/Thr OGT Cytosol, nucleus
C-Mannosylation Man Trp DPY19L14 ER
- Protein
Glypiation (GP1 C(O)EthNR  Transamidase ER
anchor) Man

Neglecting enzymes that are involved in the biosynthesis of the monosaccharide building
blocks, glycosyltransferases shape the glycarcstres that are presented aell surfacs, in

the extracellular matrixand in the serum Glycosyltransferases are mostly type I
transmembrane  glycoproteins and use activated nucleotide sugars - (UDP
Glc/GlcNAc/Gal/GalNAc/Xyl/GIcA, GDPMan/Fuc, and CMMNeu5Ac) as substrates to
initiate, elongate, branch, and cap glycan struct{faslson and Colley, 1989; Schjoldagér

al., 2020) Figure 2 gives a general overview of the glycosylation pathwayique for N
glycosylation, initiation starts in the ER with the oligod@aryltransferase (OST) complirat
transfers a glycan structure composed of 14 monosacchd@iteMansGIcNAc2) co- and
posttranslationally toan emerging polypeptidevith the recognition sequence-XS/T, of
which X is any amino acid except of prolifornfeld and Kornfeld, 1985; Rothman and
Lodish, 1977; Wild et al., 2018pimilarly, Gmannosylatioralsooccus in a cotranslational
manner in the ERallowing glycosylation of tryptophans within the-Y#X-W-X-X-W motif

of thrombospondin repea{Shcherbakova et al., 201 Hurthermore Fuc, Glc, and GICNAc
types of Qglycosylation are also initiated in the ER and are most commonly found on NOTCH
receptor epidermal growth factbke repeatyHoldener and Haltiwanger, 2019; Sakaidani et
al., 2012; Takeuchi et al., 2018)he Golgi apparatus on the otisdeis where GalNAeand

-17 -
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Xyl-type Odglycosylation is initiated.GalNActype Oglycosylation misses a consensus
sequencamotif and only 15 out of 20 potential polypeptide GalNAc transferases have been
described as active enzyn{@gnnett et al., 2012p-Xyl transferases (XYLTR) mediate X\

type Oglycogylation which is prerequisite forlgcosaminoglycar{GAG) chainbiosynthesis

on proteoglycans. XYLT1 and XYLT2 have relatively conserved recognition s(@tifa-a-
G-S-G-a(a/G)a, with a = D/E) Distinct from the abovenentioned types of Nand O
glycosylation,0O-GIcNAcylation is a cytosolic and nuclear type of glycosylatitine soluble
O-GIcNAc transferase (OGT) links a single GlcNssidue to a Ser or Thr of its client protein,
serving as a master regulator of intracellgignaling transcription, and cellular metabolism

(Haltiwanger et al., 1992; Hart, 2019)
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Figure 2: Glycosylation Pathway.

Glycosylation starts either in the endoplasmic reticulum (ER), Golgi apparatus, cytosol, or the Merelnisne

resident glycosyltransferases in the ER and the Golgi transfer activated nucleotide sugars to the emerging glycans,
while O-GIcNAcylation is catalyzed by the soluble OGQNucleotide sugars are translocated into the Golgi lumen

via antiporter proteins. See main text for further explanations. CMP: cytidinemonophosphate, UMP:
uridinemonophosphate, UDP: uridinediphosphate, OGI-GIcNAc transferase.Figure created with
CorelDRAW.
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1.3 Modifications of glycan structures

Once glycosylation is initiated, ER and Geigsident glycosyltransferases act in a sequential
manner in the further processing of glycan structdress, glycan structures are diversified by
core extension, elongation, branching, and capimitpe end, theifal composition ofjlycars
depend on expression of sialyltranseferases) substrate availability and competition of
different glycosylation enzymes for the same substi@egn et al, 2008) Figure 3 shows
glycan structures that are representative for the respegtyim@sylation pathwayMore closely,
processing of Nylycans results in either highannose, hybrid, or complex-@lycans.While
high-mannose glycans consist of two GICNAc and up to nine Man residues ghtyd nd
complex Nglycansmay bemodified with GIcNAc,GalNAc, Gal, Fuc, and sialic acids as they
travel from the ER through the Golgi to the plasma membiRabouille et al., 1995; Stanley,
2011) However, glycan structures are not only limited to the monosaccharide building blocks,
moreover, sidechain specific modifications may also alter glycan functiddslfation of
glycosaminoglycans (GAGs), phosphorylation ©fMan and Xyl residues, as well as
acetylation of sialic acids have been described to have an impact on glycan fuBzionann

et al., 2015; Honke and Taniguchi, 2002; YosHulariguchi et al., 2013)

Taken together, glycan structure determination depends on monosaccharide composition
(substrate availability), anomeric state

branching), andide-chain specific modifications
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Figure 3: Diversity of commonly found glycan structuresin vertebrates.
N-gl ycans with mini mal man n omd Mmesee @ rplcyecsan sn gamd ec am | d

hybrid glycans by the addition of sglycarGRuhtdlAddiionof t he U:
galactose, N-acetylglucosamine, sialic acids, and fucose results in formation of compigkchhs.
Glycosaminoglycans (GAGS) are built on conserved tetrasaccharides@aleBalXyl-b ) and di ffer in
their disaccharide repeats. The only glycan that is méedl to a protein or lipid is the extracellular matrix

component hyaluronic acid. Muetgpe OGglycans are initiated biyl-acetylgalactosamine with eight different core

structures that differ in their compositidBlycogenin is a special glycosyltransfertisst mediates the transfer of

glucose to itself to form the glucose storage polymer glycogefer to the main text for description of other

special glycan forms. Man: Mannose, Gal: Galactose, GalNAW:acetylgalactosamine, Fuc: Fucose, Glc:

Glucose, GlcNAcN-acetylglucosamine, GlcNBlucosamingXyl: Xylose, GlcA:Glucoronic acigdldoA: Iduronic

acid Figure taken fronfMoremen et al., 2012)

1.4 Linking glycan structure to cellular function

When it comes to the structural investigation of glycans, scientists face many challenges.
Considering the vast heterogeneity of glycans and their specific tissue distribution, connecting
structural information to biological functions islaborioustask. Generally, inhibitors of
glycosytransferase@rtiz-Meoz et al., 2015and modified sugar dono(&loster et al., 2011;
Rillahan et al., 2012)proteinbased probes like lectins and antibodiBsjar et al., 2022;
Sterner et al., 2016)and glycarbinding reagents have been valuable tools toe

characterization of certain glycan typésbove all, mass spectrometry has proven to be a
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valuable method, defining structures ofglycans and &lycans, as well as giving insights

into glycoproteomicgNorth et al., 2009; Wuhrer, 2013Ffforts have been made, aiming to
elucidate global pathways of the glycosylation machinery in cells. AccordiNglymatsuet

al established an atlas of human glycosylation pathweaygenetic engineering af HEK293

cell line, enabling new correlations of genetic, biosynthetic, and structural features of specific
glycans in a cellular conteiilarimatsu et al., 2019\ more chemical approach is the synthesis

of glycars and glycoprotein mimetics of defined structures. Those probes have been especially
valuable for elucidating the affinity of glycan binding proteins/ligand interactions and for the
development obiopharmaceutical@Guberman and Seeberger, 2019; Wang et al., 2013; Xu et
al., 2011)

1.5 Glycoengineering

As glycosylation may have a strong impact on protein characteristics, scientists started to
exploit these pathways to ameliorate biopharmaceutical properties of recombinant proteins.
Supplementation of cell lines with natural monosaccharides can modulyaiesydation
patterns to enhance safety, serum-htdfand efficacy of those biotherapeutic protgi@s and

Wang, 1998; Wong et al., 2010furthermore, cells are able to use nomtural
monosaccharides in their intrinsic glycosylation pathways, which led to the development of
chemoenzymatic andetabolicglycan labeling strategi€Bube and Bertozzi, 2003; Gross and
Brossmer, 1988; Gross et al., 1989; Horstkorte et al., 2004; Jiang et al., 2018; Kayser et al.,
1992; Saxon and Bertozzi, 2000; Wratil et al., 20¥6)major target of glycoengineering
approaches are the terminal sialic acids of glycan struckewmesxamplemany types of cancer
exhibit abnormal glycosylation patterns in form of increased sialylation of the cell stinase
prompting tumorassociated carbohydrate antigeas diagnostic and therapeutitargets
(Pietrobono and Stecca, 202The development of bioorthogonal click chemistry enabled the
synthesis of monosaccharides modulated with functional groups, like azides, that do not
naturally occur in living cells and are ntoxic (Saxon and Bertozzi, 2000pne of theearly
approaches showed that peracetyldddvulinoylmannosamine, a ManNAc analogue, which
after metabolization is presentedMsgevulinoyl sialic acid in human cancer cells, could be

used as magnetic resonance contrast reagent to tomagers(Lemieux et al., 1999)

Overall, metabolic glycoengineering holds great potential for future perspectives in diagnostics,

drug delivery systems, and therapeufisgatemor et al., 2019)
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2 Sialic acids

Like no other of the monosaccharidaslis acids attracthe attention from various disciplines
like neurobiologyimmunology, virology, and cancer biologgialic acids(Sias)are a subset

o f -ketd acid monosaccharides with a nzabon backbone anchp the terminal ends of
vertebrate glycoproteins and glycolipidBifferent substituents on th@euraminic acid
backboneenable more than 50 different structyrBiguS5Ac being the most abundant one in
humans(Figure 4) (Schauer and Kamerling, 2018}ias arefurther characterized by the
diversity of functional groups, modifications, and linkages to other monosaccharides. The
complexity that arises from these structural featwk®vys highly specific recognition of
glycanprotein, celcell, and pathogehost interactions. Additionally Sias carry a
electronegative charge, enabling further functions such as ion binding and ion trérspist

et al., 2022)

RS R* R? R® R?

NHz OH OH OH OH

NH—COCH3 0O—COCHj 0—COCH; 0—COCH, 0—COCH;
NH—COCH,0H 0—COCH,0H 0—COCH,0H O—CH3 0—COCH(OH)CH3
NH—COCH;0—COCH; 0—SO3H NH—COCH; 0—SOzH 0O—CH;
NH—COCH,0—CHs 0—S03H

OH 0—PO3H;
0—COCH,

O—CH3

Figure 4: Naturally occuring substituents of the sialic acid backbone.

N-acetylneuraminic acid (Neu5Ac) is the main member of a large family ofcairen carboxylated sugars. It is
assumedhat Neu5Ac is the biosynthetic precursor for all other family memférs.figure lists some of the
naturally occurring substitutions that have been identifiegure taken fronfSchauer and Kamerling, 2018)

2.1 Sialic acid biosynthesis

The cell intrinsic biosynthetic pathway of Sias starts with tND&cetylglucosamine (UDP
GIcNAc), whichderivesfrom glucosemetabolisnvia the hexosamine pathwélyigure 5). The
bifunctional enzyme UDN-acetylglucosamine -2pimeraseéM-acetylmannosamine kinase
(GNE) epimerizes UD®5ICNAC into N-acetylmannosamine (ManNAc) with subsequent
phosphorylation into ManNA6-phosphate (Hinderlich et al., 1997) Next, N-
acetylneuraminat®-phosphate  synthase (NANS) catalyzes the condensation of
phosphoenolpyruvate (PEP) with ManNAgphosphate tiN-acetylneuraminat@-phosphate,
which is then dghosphorylated biN-acetylneuraminat8-phosphatase (NANR)ourdian et

al., 1964; Maliekal et al., 2006; Roseman et al., 196¢ resultingN-acetylneuraminic acid

(Neu5Ac)is the major form of Sia in humans. Nevertheless, before entering the glycosylation
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pathway, NeuS5Atas to be activated By-acylneuraminate cytidylyltransferal@MAS) into
CMP-Neu5Ac (MunsterKuhnel et al., 2004) While inactive in humans, Cytidine
monophosphatél-acetylneuraminic acid hydroxylase (CMAH) mediates the derivatization of
CMP-Neub5Ac into the hydroxylated CMR-glycolyneuraminic acid (CMNeu5G¢ thatis
commonly found in other vertebratidse mice which are commonly used as model organism
in basic researchintracellular CMPNeu5Ac concentrations are regulateid a feedback
mechanism, where CMReu5Ac allosterically binds to a region within the epimerase domain
of GNE, inhibiting its enzymatic acity (Kornfeld et al., 1964; Sommar and Ellis, 1972)

B
Glu

ATPJ
ADP
Glc-6-PO, <—» Fuc-6-PO,
Glutamine
GlulamateJ
Glucosamine-6-PO,

AcetylCoA
OH
CQAJ COOH

GlcNAc-6-PO,
OH
l H §
N$
HO 5
GleNAc-1-PO, /\ﬂ/“" HO
(o]
uTe i GNE Neu5Gc: <> Kdn: ‘
PP, Epimerase

UDP-GIcNAc 7—: N-Acetylmannosamine

uor-ili} Y. ATP oNE
ADP;i

¢ Kinase
ManNAc-6-PO,
UDP-GalNAc pEP
UDF"D b i NANS
N-Acetylneuraminic-9-PO,
NADP' \ADPH PP, CTP E NAP'T'P

CMP<> 4(}%' CMP—’ :%é Neu5Ac’

Figure 5: Sialic acid biosynthesis.

A) Metabolic flux of glucose (Glu) in the hexosamine pathway to UNB&cetylglucosamine (UDBICNAC).
GNE directsN-acetylneuraminic acid biosynthesis by epimerization of WEMNAc to N-acetylmannosamine
(ManNAc) and phosphorylation into ManNA6-phosphate (ManNA6-PQs). N-acetylneuraminat8-phosphate
synthase (NANS) condensates phosphoenolpyruvate (PEP) and M#&RAC to N-acetylneuramini®-
phosphate that is subsequently dephosphorylated-agylneuraminat®-phosphatase (NANP). Activation of
Neu5Ac with CTP is catalysed hy-acylneuraminate cytidylyltransferase (CMAS) resulting in GNEU5AC.
Derivitazation ofCMP-Neu5Ac into its hydroxylated form CMReu5Gc is mediated by cytidine monophosphate
N-acetylneuraminic acid hydroxylase (CMAHB) Chemical structure of different sialic acids.ATP:
adenosintriphosphate ADP: adenosindiphosphate GIcNAc: N-acetylglucosamine GalNAc: N-
acetylgalactosamin& DP:uridinediphosphateCMP:cytidinemonophosphat®(P): phosphatgNeu:neuraminic
acid Neu5Ac: N-acetylneuraminic acidNeu5Gc:N-glycolylneuraminic acidKdn: 2-keto-3-deoxynonic acid
Figure adapted fror(Freeze et al., 2022)

2.2 Sialylation and Salvage pathway
Generally, CMPSia enters the Golgi apparatuathe CMRsialic acid transporter (SLC35A1),
which is an antiporter exchanging CMP from the Golgi lumen with €&3W%Pfrom the

-23-



Introduction

cytoplasm(Eckhardt et al., 1996)n humans, a subset of 20 different sialyltransferaseve
to form the glycosidic linkages of Sia to a glycoconjug&teloglycans differ in terms of their
linkages to the underlying monosaccharifiable2 A summarizes the four different families

of sialyltransferases.

Table 2: Sialyltransferaseand neuraminidasefamilies.

The table lists the sialyltransferase families that are involved in the sialylation process of glycoproteins and
neuraminidase isoenzymes that are involved in the sialic acid salvage pathway and t@abv@alactose,
GalNAc: N-acetylgalactosamine, Sia: sialic acid.

A Family Linkage

' ST3Gal U2,3Gal
ST6Gal U2,6-Gal
ST6GalNAc U2,6:GalNAc
ST8Sia U2,8Sia

Sialoglycan
Synthesis

B Name Localization Substrate
- lysosome, plasma oligosaccharides, glycopeptides
S E NEU1
S a membrane
>5 - : -
25 NEU2 cytosol ollgo?acgharldes, glycoproteins,
= = gang !os!des
n O NEU3 plasma membrane gangliosides
NEU4 ER, lysosome, mitochondri oligosaccharides, glycoproteins,
gangliosides

The catabolic salvage pathway of Sias enables cells to dynamically regulate cell surface
sialylation and to reuse Sias in the biosynthetic pathviiaymammals, dur different
neuraminidases (NEU4) are known to hydrolyze Sia residues in glycoconjugates, allowing
the catabolic release &ia. NEU14 differ in terms of their subcellular localization, substrate
specificity and tissue distributigfTable2 B) (Du et al., 2024)Free Sia is transported into the
cytosol where it can be processed by the Neu5Ac aldolase into ManNAc and pykmaie

et al., 2004; Schauer and Wember, 1996)

2.3 UDP-N-acetylglucosamine ZpimeraseN-acetylmannosamine kinase (GNE)

GNE is often referred to as the key enzyme in the sialic acid biosynthetic patisvay.
bifunctionality was first discovered in 1997, while the UBRNACc 2-epimerase and ManNAc
kinase have been known as individual enzymes b¢€@wmb and Roseman, 1958; Ghosh and
Roseman, 1961; Hinderliatt al, 1997) Characterization of the enzymatic activity led to the
initial suggestion, that the GNE forms hexamers and tetramvaite also a dimeric state was
observed, depending on substrate availabjitiynderlichet al, 1997) Gneknock outcauses

the complete loss of endogenous sialic acid production, which leads to early embryonic lethality
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in mice (Schwarzkopf et al., 2002Lultured cells on the other side can compensate this loss
supportingthe physiological importance of sialic acids during developn(i€appler et al.,
1999) Interestingly, heterozygousne knock out mice only displayed a 25 % reduction of
sialoglycans compared to their wild type littermates with no obvious phen@@@gagannis et

al., 2007) The Gnegene is expressed ubiquitously in all tissues, but highest expression was
observed in the liver, presumably due to the high demand of serum glycoprotein secretion
(Horstkorte et al., 19995NE is a primarily cytosolic enzyme and different piahslational
modifications have been investigated in terms of their effects on GNE activity. For instance,
phosphorylation of GNE by protein kinase C (PKC) led to enhanced activation of the UDP
GIcNAc 2-epimerase domaifHorstkorte et al., 2000Furthermore, hGNE1 harbours five
potentialO-GIcNAcylation sites and western blotadysis of immunoprecipitated Gfi®m rat

liver proofed the existence of this PTiMvivo (Hinderlich et al., 2015)

3 GNE myopathy

Mutations within theGNEgene were finally identified to be the cause of the rare genetic disease
Ahereditary i ncl usi o,nwhidhdraony thempno was telr yne d ( Hi IGBNNE)
my opat hy o(Eigetbrg &l pl., 2001Features of GNEM will be discussed in more

detail in the following sections.

3.1 Clinical phenotype

GNE myopathy is a slowly progressing neuromuscular disorder with arssfuithrood onset.
Hundreds ofifferent mutations in the UDBICNAc 2-epimerase as well as in the ManNAc
kinase domain, have be reportedCeleste et al., 2014)he disorder is inherited in an
autosomal recessive manner; hence, the pathology only develops if both alleles carry a
mutation. The clinical phenotype is characterized by a progressive muscle weakness and
atrophy, exclusively affecting the skeletal mastissue of patients. As there is no cure or
therapy available, most patients become wheelchair bound with2® J@ars after disease
onset (Argov and Yarom, 1984)Examination of affected muscle tissuga needle
electromyography shows myopathic changes in form of spontaneous dtiivigt al., 2022)
Noteworthy, even though some patients were described to show signs of inflammatory
infiltrates at early stages of the disease, inflammation is not a common feature of GNE

myopathy(Krause et al., 2003)

3.2 Histological features
A main characteristic of GNEM biopsies is the presence of rimmed vacuoles that contain Congo

red-positive deposits that were identified as ketayloid, lysosomal proteins, ubiquitin, and
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tau proteins. GNE protein itself was detected in the cytoplasm and myoasigleil as in the
rimmed vacuoles by immunohistochemistry. When it comes to the analysis of the sialylation
status of GNEM patients, different conclusions are drawn, depending on the study. Staining of
biopsies with different lectins that recognize siadimids suggest a reduced abundance of
sialoglycangSaito et al., 2004; Voermans et al., 201tibody staining of various muscle
glycoproteins generally shows some alterations in GNEM patients compared to healthy
individuals but without uniform conclusion@roccolini et al., 2005; Huizing et al., 2004)
Furthermore, aase report of two GNEM patients shows the accumulation of glycogen in
muscle biopsies of the affected tissue, adding a new feature to the histopathological spectrum
of GNEM (Granger et al., 2022)

3.3 Pathomechanismand disease models

The exact pathomechanism of GNE myopathy remains largely unknown. The multitude of
disease models, ranging from studies on the recombinant protein to datieed muscle

cells, makes it difficult to compare the different findings. However, valuablghtssiand
hypotheses have been gathered over thethest decades of GNEM researc&tudies on
recombinantly expressed GNE variants showed that enzymatic activity is impaired to varying
degrees, depending on the mutatfbloguchi et al., 2004; Penner et al., 20@@)rthermore,

while there were no alterations of sialic acid levels observed in the serum of patients, skeletal
muscle tissue showed reduced sialylatigsioguchi et al, 2004; Saitoet al, 2004)
Additionally, Gne protein and mRNA levels were found to be upregulated in response to muscle
injury in a mouse model, suggesting an important role of sialic acids during muscle regeneration
(Nakamura et al., 2010A major hallmark of GNE myopathy is the occurrence of rimmed
vacuoles and protein aggregates. A study performed in the skeletal muscle cell line&B2IC12

to some extend on patient biopsigsoposed that hyposialylatechyotubes favour the
endocyt os i s-pegtifles, &rigygring apaptotic signalling pathways in those.cells

| nt er est i ngpkepyide intarnajizhtion skeméd to be clathrin and heparansulfate
proteoglycan dependefBoschMorato et al., 2016)Another aspect was illuminated by Patzel

et al, who confirmed a nespecific increase of glycosphingolipids in GNEM patigiitatzel

et al., 2014)A recent lipidomic analysis that compared the sera of 32 GNEM patients with the
sera of 22 healthy individuals revealed a metabolic signature of GNE mypshthying
alterations in the abundancies of carnitines and lysophosphatidylcholines, as well as certain

metabolites from the tricarboxylic acid cy¢Manis et al., 2024)

Based on th&ne" mouse that is embryonic lethalyo different knockin mouse models are

found in the literatureThe mouse model created by Malicdan andvookers is a knockn
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mouse carrying the human GNE D176V vari@n¢ " hGNED176V-Tg), which represents one

of the most common variants found in Japan. According to their findingsGtie&
hGNED176V-Tg mice exhibit hyposialylation and develop a phenotype that resembles human
disease progression, with significantly reduced muscle power after 30 weekqlgliadigdan

et al., 2008; Malicdan et al., 200 Mechanistically, skeletal muscle tissue derived from this
mouse modelindicated an increase in intracellular reactive oxygen species (ROS) levels that
led to an increase i&nitrosylation of certain proteins like glycogen phosphorylase, titin, and
U-actin (Cho et al., 2017)A second knockin mouse model with th&né'"12T"M712T genptype

had a high mortality rate in the first generation due to renal failure. The following offspring
generations had no consistent phenotype, presenting either muscle or kidney defects with
severe, mild, or no obvious symptogs®la et al., 2013)

3.4 Therapeutic strategies

As hyposialylaion of skeletal muscle tissue seems tathee most obvious driver of disease
manifestation and progression, the major strategy of therapeutic intervention is to target the
sialic acid content in GNEM patients. Thus, many trials evaluated safety and efficacy of
different sialic acid metabolite spigmentsWhile cell and mouse models showed promising
effects on sialylation in responseNeacetylmannosamindfanNAc) and sialic acid treatment,
clinical utility of those compounds is stihderinvestigation(Malicdan et al., 2012; Morozzi

et al., 2019; Park et al., 2023; Sparks et al., 2007; Yonekawa et al., 2qidgse 3 doubte

blind, placebecontrolled study on aceneuramic acid exterddédase (Ac€R) failed to
indicate any benefits in terms of improving muscle strength and functions in GNEM patients
(Lochmuller et al., 2019)nterestingly, a similar phase 3 trial was conducted in Japan with a

more promising outcom@ori-Yoshimura et al., 2023)

Besides oral supplementation efforts, development of a gene replacement therapy based on viral
delivery is also being investigate8.single dose of a recombinant Adeno Associated Virus
(rAAV) basedGNE gene therapy was more efficient in increasing Nhglycolyneuraminic

acid (Neu5Gc) content in @mal Gne"hGNED176V-Tg mouse modetompared to oral
Neu5Gc supplementatiq@rowe et al., 2022However, assessment of the therapeutic benefit

of this approach is yet to be determined, as there was no consistent phenotyp&md/the
hGNED176V-Tg mouse model, impeding reliable conclusigMitrani-Rosenbaum et al.,

2022)
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4 Skeletal muscle architecture and physiology

As GNE myopathy solely affects the skeletal muscle tissue, one could assume that sialic acids
play a specialized role in the striated musculaturdact, the negative charge of sialic acids
were described to contribute to tineembranepotential of myofibers, thereby regulating
excitatiorrcontraction eventéBennett et al., 1997¥senerally, skeletal muscles use chemical
energy to generate force and body movemehich comes with the expanses of high energy
requirementsProper musclefunction relies on the complarterplay of myriad components
andthe vast diversity of genetic muscular disorders reflects the tightly organized regulatory
mechanismshat are needed for motility

4.1 Organization of the musclefiber

Skeletal muscldissue comprises speciaized architecture, where individual muscle fibers
(multinucleated cells) are bundled insalled fasales that in turn form the musalEigure6).

Each myofiber contains several myofibrils that are constituted by contractile prateirzsse
organized in sarcomereBigure7). For effective signal transductiore sarcolemméplasma
membraneforms deep invaginations into the myofibers, known as the transverse tubules (T
tubules) that are in close proximity with the sarcoplasmic reticukmother characteristic of

the skeletal muscles is their capacity to regenerate. A pool of satellite cells, unipotent muscle
precursor cells, resides between basal lamina and sarcolemma of adult skeletal muscle tissue.
In case of an injury, satellite celleecome activated and start to proliferate. A subset of this
proliferating pool differentiates into matufieers, replacing the damaged ones, while another
subpopulation goes back to its quiescent state to maintain the pool of satelliteuwratig.this
process of myogenesis;@lycans and expression of certain glycoproteins and lectins seem to
play an important role, directly linking glycosylation to muscle regenerdBtarzev et al.,

2021)
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Figure 6: Cellular organization of skeletal muscle tissue.

A) Skeletal muscle consists of bundled muscle &exithat are surrounded by a network of capillaries and motor
neurons. Each fasde spans several myofibers that are large, individual, multinucleated cells. Myofibrils are the
functional units of the myofibers, constituting the sarcomeres that build the contractile apparatus of muscle cells.
Major components of the sarcomeres are thin | a mectin) @nd thidk filaments (myosin) Schematic
drawing of a myofiber, showing the transverse tubuléuplile) system of the sarcolemma and the sarcoplasmic
reticulae network, spanning the myofibriggure adapted frorfSamandari et al., 2022)

4.2 Neuromuscular junction

Innervation of skeletal muscle by motor neurons allows the transmission of electric impulses
from the neuron to the muscle. The neuromuscular junction (NMJ) is the synapse between the
motor neuron terminal and tisarcolemma of ayofiber. The neurotransmitter acetylcholine
(ACh) is stored in vesicles in the presynaptic terminal and upon arrival of an action potential,
the vesicles fuse with the membrane and ACh is released into the synaptiscesficholine
receptors (AChR), located at the postsynagdiccolemma, undergo a conformational change
upon binding of ACh, leading to the opening of the channel forming pateworthy, proper
folding and receptor function relies ondlycosylation of select subunits of the AC(®ehle

et al., 1997)Opening of AChRallows the influx of positively charged ions (mainly#and

K™) that alter the membrane potential. When the depolarization reaches a certain threshold
value, voltagegated sodium channels (Na4) start to open and generate an action potential
that is propagated from the motor endplate to the rest of the sarcqléeadiag to contraction

of the musclelt is well established in the literature that sialylation has a major impactidn/Na
channel gaiting and functiomointing to anothermportant role of sialic acids in muscle

physiology(Bennettet al, 1997; James and Agnew, 1987)

4.3 Excitation contraction coupling

To induce muscle contraction, the action potential arriving at the sarcolemma has to be
converted into a signal that reaches the sarcomeres in the interior of the myofibers. The T
tubules play a major role in the propagation of the action potential f@outiside to the inside

of the muscle cellsThe triad junction is the interaction point of thetubules with the
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membrane of the sarcoplasmic reticulae that forms a network around the myofibrils.
Dihydropyridine receptor (DHPR) is a voltagated C& channelresiding in the Ttubules,
adjacent to the terminal cisternae of the sarcoplasmic retig{8&jn Upon depolarization of

the sarcolemma, DHPRs are activated and undergo a conformational ,civlaigiein turn

allows the interaction with thiyanodine receptor (RyR) in the §Rlock et al., 1988)This
interaction triggers the release of large amounts éf €am the SRthat can then bind to
troponin C, initiating a cascade that leads to muscle contradtibite the role of sialylation

on Na/1.4 function has been thoroughly investigated, not much is known about the impact of

glycosylation on DHPR activity.
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Figure 7: Sarcomere organization.

Each sarcomere unit is bordered by a egpkearing narrow line called-disk. The Zdisks connect the thin
filaments( {dctin) in a lateralaxis, while the thick filaments (myosin) are connected at thén®&! Troponin
complexes occupy myosin head binding sites on the actin filaments and are released Upiowli@g. Titin and
nebulin are two very large proteins, ensuring structural integrity by maintaining the length of the thick and thin
filaments, respectively. Figure adapted frévfukund and Subramaniam, 2020)

To enable muscle relaxation, the exces% Bas to be removed from the cytosol back into the
SR, which is an energyonsuming process, mediated by the Ad@pendent C4 ATPase
(SERCA) pumpgPeriasamy and Kalyanasundaram, 2007)

4.4 Extracellular matrix (ECM)

Due to the contractile nature of the skeletal muscle tissue, the connective tissue surrounding the
muscles has to withstand frequent mechanical stress. The extracellular matrix (ECM) comprises
fibroblasts, macrophages and a network of capillaries and si¢ine¢ have to tolerate the
ongoing contractiomelaxation cycles. Similarly, the ECM serves as biomechanical support

through the linkage of the cytoskeleton to the EQHumphrey et al., 2014Besides the
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cellular components, ECM also contains various proteins, mainly collagensolitagenous
glycoproteins, and proteoglycans of which collagens make up the biggest progeidire

8). Indisputably, glycosylation is fundamental foorrect ECM composition,of example,
aberrant expression of the major heparan sulfate proteoglycan perlecan is linked to the
SchwartzJampel syndrome, an autosomal recessive skeletal dysfAaikiawa-Hirasawa et

al., 2002)

In response to muscle injury, ECM expansion is a crucial step towards muscle recovery
(Chapman et al., 2017 owever, mcontrolled expansion of the ECM, called fibrosis, leads to

the replacement of normal tissue architecture and in skeletal muscle, is most often associated
with muscular dystrophie@viann et al., 2011)Mechanisticallymutations in genes encoding

for structural proteins that link the cytoskeleton to the basal lamina, often results in the
dislocation of whole protein complexes. Hence, the sarcolemma loses stability, leading to

membrane disruption during contractile adyviBlake et al., 2002)
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Figure 8: Extracellular matrix and basal lamina.

Simplified schematic drawing, representing major components of the extracellular matrix and basal lamina of
myofibers. ECM: extracellular matrikigure created in @elDRAW.
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4.5 Skeletal muscle glucose metabolism

Skeletal muscle has a high energy demand, mainly because of the ATP requirements during the
crossbridge cycle that enables contraction of the sarcomeres. Anaerobic (glycolysis) and
aerobic (oxidative phosphorylation) glucose metabolism are the two mafbways for
generating energy in form of ATP in the myofibers. Upon insulin stimulation, the glucose
transporter GLUT4 translocates to the sarcolemma, facilitating glucose uptake into the cells.
To keep blood sugar levels in a tolerable range, excesssglumn be stored in form of
glycogen in skeletal muscle and in the liver. Glycogen is a branched polymer and contains up
to 55,000 glucose residues, that are either needed for the cells own demands (skeletal muscle)
or can be distributed to distant orgamsl tissues (liver)n order to use glucose from glycogen,

two enzymes are needed, glycogen phosphorylase and glycogen debranching enzyme. While
glycogen phosphorylase acts on linear glycogen chains to release glyuossphate,
glycogen debranching enzyme is needed toeutite branch points for complete glycogen
degradation. Additionally, muscle creatine kinase (CKM) can transferdmghgy phosphates

(P) from phosphocreatine stores to ADP, providing ATP for immediate energy demands
(Meyer et al., 1984)

4.6 Neuromuscular disorders

When looking at the specialized architecture of myofibers and the function it is linked to, it
becomes obvious that only a complex interplay of all proteins involved can ensure proper
muscle function. This fact is highlighted by the vast amount of diffeneiromuscular
disorders that arise due to genetic mutations. An updated gene table of neuromuscular disorders
is publishedeach year in the journal of Neuromuscular Disorders, categorizing the diseases into
17 groups, with one of them being devoted ttoationdrial myopathies. The 2025 version of

this list comprises 686 genes and 1216 diseasaeshich GNE myopathy (listed as Nonaka
myopathy) is classified as distalyopathy(Benarroch et al., 2024bAs there are so many
different causes for neuromuscular disorders, understanding of the respective pathomechanisms
is limited. Collectively, many of the listed genes encode for proteins that provide structural
stability to the myofiber and sarcolemmal ¢y or are involved in protein turnover,

intracellular trafficking, calcium signaling, and electrical excitability.
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5 Aims of the Study

Sialylation of glycoproteins has various physiological roles like increasing protein solubility
and immune signaling. Perturbations in the endogenous glycosylation machinery may result in
varying degrees of pathophysiological disorders that are collgctigfdrred to as congenital
disorders of glycosylation (CDGsAs such, mutations within th@NE gene that encodes for

the key enzyme of the sialic acid biosynthesis pathway, lead to the development of a muscular
disorder with earhadulthood onseGNE myopathy is a rare autosomal recessliseaseavith

a prevalence 0of-2/1,000,000Despite many approaches to study the pathomechanism of GNE
myopathy, no significant breakthrough has been achieved concerning our understanding of this
neuromuscular disorder. Hence, there is no cure available for the patients and more efforts are

neededd develop robust therapeutic strategies.

Thus, the aims of this study can be split in two parts. FirGheknock out model was to be
established to investigate the effects of hyposialylation on a cellular level. Second,
consequences @nedisruptionshould bestudied with a focus othe special physiology of

skeletal muscle cell$n summary, lte aims were:

To use CRISPR/Cas9 technology to knock@nein C2C12 myoblasts

- To assess how glycosylation is altered in C2Qr2e knock out myoblasts and

myotubes

- Torescue sialylation in C2CI2neknock out cells by exogenous supplementation with

N-acetylmannosamine amttacetylneuraminic acid

- To analyze the expression of-tegulated genes in C2CTheknock out clones
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I Methods & Material

1 Material

1.1 Chemicals

Table 3: List of used chemicals

Chemical Company
2-Propanol Carl Roth
3-[(3-cholamidopropyl)dimethylammonidl]-propanesulfonate (CHAPS) Roche

Acetic acid Sigma Aldrich
Acetonitrile (MeCN) Romil

Acrylamid Carl Roth
Agarose Carl Roth

Albumin Bovine Fraction V (BSA) Carl Roth

Alcian blue 8GX Sigma Aldrich
Ammonium hydrogen carbonate (AMBIC) Sigma Aldrich
Ammonium Persulfate (APS) Carl Roth
Bromphenol blue SERVA

Calcium Chloride (CaCl2) Merck

Chloroform (CHCI3) Sigma Aldrich
Copper sulfate (CuS0O4) Sigma Aldrich
Dimethyl sulfoxide (DMSO) Sigma Aldrich
Dithiothreitol (DTT) Carl Roth

DMEM Gibco (#41965039)
Ethanol Sigma Aldrich
Ethidium bromide AppliChem
Ethylenediamine tetraaectic acid disodium salt dehydrate (EDTA) Carl Roth

Fetal Bovine Serum (FBS) Gibco (#10206270)
Formic acid (FA) Sigma Aldrich
Glycerol Carl Roth

Glycine Carl Roth
Guanidine hydrochloride (GuHCI) Sigma Aldrich
hydrochloric acid (HCI) Carl Roth
Immobilon Forte Western HRBubstrate Millipore

Insulin Sigma Aldrich (#1663460MG)
lodoacetic acid (IAA) Sigma Aldrich
L-Glutamine Gibco (#25030081)
Magnesium chloride Merck

Methanol (MeOH) Romil
N,N,N',N-Tetramethylethylenediamine (TEMED) Carl Roth

N-acetylmannosamine (ManNAc)
N-acetylneuraminic acid (Neu5Ac)

nonfat dry milk

Nonidet P40 (NP40)

PageRulerTM Plus Prestained Protein Ladder
Paraformaldehyde (PFA)
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Chemical

Company

Periodic acid

Phenylmethanesulfonyl fluoride (PMSF)
PNGase F

Ponceau S

Potassium borohydride (KBH4)
Potassium chloride (KCI)

Propanol (PrOH)

Protease Inhibitor Cocktail (PIC)
Puromycin

Resorcinol

Schiff's reagent

Sodium chloride (NacCl)

Sodium dodecyl sulphate (SDS)
Sodium hydrogen phosphate (Na2HPO4)
Sodium hydroxide (NaOH)
Sulfosalicylic acid (SSA)
Trichloroacetic acid (TCA)
Trifluoroacetic acid (TFA)
tris(hydroxymethyl)aminomethane (TRIS)
Triton X-100

Trizol Reagent

Trypsin

Trypsin/EDTA

Tween 20

Carl Roth
Boehringer Mannheim
New England Biolabs
Carl Roth

Sigma Aldrich
Sigma Aldrich
Romil

Sigma Aldrich
Thermo Fisher
Carl Roth

Carl Roth

Carl Roth

Carl Roth

Carl Roth

Carl Roth

Carl Roth

Carl Roth

Sigma Aldrich

Carl Roth

Carl Roth

Carl Roth

Sigma Aldrich
Gibco (#R001100)
Carl Roth

1.2 Kits and Composite Reagents

Table 4: List of used kits and composite reagents.

Reagent

Company

CellTiter-Glo 2.0 Cell Viability Assay
GeneRulerTM 100 bp Plus DNA Ladder
oligo dT Primer 1218

Phusion HighFidelity PCR Master Mix
PierceTM BCA Protein Assay Kit
PNGase F

gPCR Sybr Master Mix

RiboLock Rnase Inhibitor

Super Script Il Reverse Transcriptase

Promega (#G9241)

Thermo Fisher (#SM0241)
Thermo Fisher (#18418012)
Thermo Fisher (#F531)

Thermo Fisher (#23225)

New England Biolabs (#P0704S)
Jena Bioscience (PC&72L)
Thermo Fisher (#£00382)
Thermo Fisher (#18064014)
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1.3 Consumables

Table 5: List of used consumables.

Consumable

Company

10 cm Cell culture plate

12 Well Cell culture plate

6 Well Cell culture plate

96 Well cell culture plate

96 Well plate, white opaque

96 Well, thinwall, HardShell PCR Plate
Amersham Protran nitrocellulose membrane 0.45 um
Cell Scraper

CELLSTAR Cell culture flask 250 mL
CELLSTAR Cell culture flask 550 mL
CELLSTAR Test Tube 15 mL
CELLSTAR Test Tube 50 mL
Coverslips 15 mm

CryoTube vials

Micro Tubes, 1.5 mL

Microscope glass slides

PCR Tubes 0.2 mL

Pipet Tips, 0.5 to 20 L

Pipet Tips, 10 to 200 pL

Pipet Tips, 100 to 1000 L

Platesealer EASYSEALtm, transparent foll
Slide-A-Lyzer Dialysis cassette

SPE classic C18 cartridges

SPE HLB plus C18 cartridges
Whatman filter paper 3 MM

greiner biecone
greiner bieone
greiner bicone
greiner bicone
Thermo Fisher
Bio-Rad

TH. Geyer
greiner bicone
greiner bicone
greiner bieone
greiner biecone
greiner bieone
epredia
Thermo Fisher
Sarstedt
Hecht Assistent
Brand
Sarstedt
Sarstedt
Sarstedt
greiner bieone
Thermo Fisher
Thermo Fisher
Thermo Fisher
GE Healthcare

1.4 Buffers and solutions

Table 6: List of buffers and solutions.

Buffer/Solution Component Concentration

1xPBSpH74 NacCl 137 mM
KCI 2.7 mM
NaHPQ, 10 mM
KH2POy 1.8 mM

1 x TBS buffer pH 7.6 NacCl 137 mM
TRIS 7.7 mM

1 x TBST buffer pH 7.6 NacCl 137 mM
TRIS 7.7 mM
Tween20 0.1 % (viv)

5 % Milk/TBS-T TBST

Non-fat dry milk powder

5 % (wiv)
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Buffer/Solution Component Concentration

5% BSA/TBST TBST
BSA 5 % (wiv)

5 x SDS sample buffer pH 6.i SDS 12.5 % (viv)
TRIS 0.3M
Glycerol 50 % (v/v)
DTT 50 mM
Bromphenol blue 1mM

NP-40 lysis buffer pH 8.5 TRIS-HCI 50 mM
NaCl 150 mM
NP-40 1 % (v/Iv)

RIPA lysis buffer pH 7.5 TRIS-HCI 25 mM
NacCl 150 mM
NP-40 1 % (v/v)
EDTA 1 mM

Ponceats solution Ponceats 0.2 % (w/v)
TCA 3 % (viv)
SSA 3 % (w/iv)

1 x Running buffer pH 8.5 TRIS 25 mM
Glycine 192 mM
SDS 0.1 % (viv)

1 x Blotting buffer pH 8.5 TRIS 20 mM
Glycine 150 mM
Ethanol 10 % (v/v)

Resolvin gel buffer pH 8.8  Acrylamide 8-15 %
TRIS 377 mM
SDS 0.05 % (v/v)
APS 0.08 % (Vv/v)
TEMED 0.08 % (v/v)

Stacking gel buffer pH 6.8  Acrylamide 4%
TRIS 124 mM
SDS 0.05 % (v/v)
APS 0.04 % (v/v)
TEMED 0.1 % (VIV)

1 x TAE buffer Tris acetate 40 mM
EDTA 1 mM

10 x DNA loading buffer Glycerol 50 % (v/v)
EDTA 50 mM

Xylene cyanol
Bromphenol blue

0.05 % (w/v)
0.05 % (w/v)

Glycomic Lysis buffer pH 7.4 TRIS 25 mM
NacCl 150 mM
EDTA 5mM
CHAPS 1 % (w/iv)

Dialysis buffer Ammonium hydrogen carbonate 50 mM
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Buffer/Solution Component Concentration
TRIS/GUHCI bufferpH 8.5 TRIS 0.6 M
GuHCI 4 M
degased under a gentle stream of nitrog
TRIS buffer pH 8.5 TRIS 0.6 M

degased under a gentle stream of nitrog

15 Caells

Table 7: List of cells used in this work.

Cells Background Source

human embryonic
HEK-293 kidney DSMZ: ACC 305
HEK-293 GNE knock out  human embryonic
clone kidney Peters et. al 2023
C2C12 murine myoblasts DSMZ: ACC 565
C2C12 Gne knock out clone
#24 murine myoblasts this work
C2C12 Gne knock out clone
#26 murine myoblasts this work

kind gift from Prof. Dr. Stella Mitrani

Sol8 murine myoblasts Rosenbaum
Sol8 Gne knock out clone  murine myoblasts llouz et. al 2022

1.6 Cell culture media

Table 8: List of used medium for all cell lines

Medium Component Amount
Growth medium DMEM
FBS 10 % (v/v)
L-Glutamine 1 % (v/v)
Differentitation medium DMEM
FBS 2 % (vIv)
L-Glutamine 1 % (v/v)
Insulin 10 nM

-38-



Methods & Material

1.7 Instruments

Table 9: List of used instruments

Instrument

Name

Company

Mass Spectrometer
Analytical Lab Balance
Blot and SDSPAGE System
Cell counter
Centrifuge

Centrifuge

Centrifuge

Centrifuge

Flow Cytometer

Gel Electrophoresis system
Heating Block

Heating Block

Imaging System
Incubator

Laminar Flow Cabinet
Magnetic Stirrer
Microscope
Microscope

Molecular Imager
Orbital Shaker

PCR System
pH-Electrode

Pipette

Plate Reader

Power Supply
RealTime PCR System
Sealing Device
Spectrophotometer
Vacuum Concentrator
Vacuum Pump
Vortexer

Water Bath

4800 MALDI-TOFR-TOF
MC1

Mini-Protean® Tetra Cell
CellDrop BF

5427R

5425

Color Sprout Plus Mini
Universal 320R
Accuri C6

OwlE EasyCadf B1A
TS pro

Thermo Mixer F1.5
ChemiDoc MP

Hera Cell

Aura 2000 M.A.C.
FB14001

Axio Observer
Axiovert 100

Gel DoE XR System
Polymax 2040

T100 Thermal Cycler
Orion Lab Star PH111
Transferpette®
CLARIOStaf'us

Power Pac 300

CFX ConnedE

Applied Biosystems, Darmstadt, German
Sartorius, Goéttingen, Germany

Bio-Rad, Hercules, USA

DeNovix, Wilmington, USA

Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany

Biozym, Hessisch Oldendorf, Germany
Hettich, Tuttlingen, Germany

BD, New Jersey, USA

Thermo Fisher Scientific, Waltham, USA
CellMedia, Zeitz, Germany

Eppendorf, Hamburg, Germany
Bio-Rad, Hercules, USA

Heraeus, Hanau, Germany

BioAir, Siziano, Italy

Thermo Fisher Scientific, Waltham, USA
Zeiss, Oberkochen, Germany

Zeiss, Oberkochen, Germany

Bio-Rad, Hercules, USA

Heidoph, Schwabach, Germany
Bio-Rad, Hercules, USA

Thermo Fisher Scientific, Waltham, USA
Brand, Wertheim, Germany

BMG Labtech, Ortenberg, Germany

Bio-Rad, Hercules, USA
Bio-Rad, Hercules, USA

Easy Packer Impulse Sealel Wilke & Witzel, Hamburg, Germany

DS11 FX+
Concentrator Plus
Vacusafe

MS2 Minishaker
1002

DeNovix, Wilmington, USA
Eppendorf, Hamburg, Germany
Integra, Biebertal, Germany
IKA, Staufen, Germany

GFL, Burgwedel, Germany

1.8 Antibodies

Table 10: Primary antibodies and lectins used for western blot and immunofluorescence (IF)

Antibody Host species Dilution Company

polySia (735) mouse 1:1,000 gift from Prof. Dr. Rita Gerardychahn
Ncam (5B8) mouse - in-house

NCAM (123C3) mouse 1:1,000 Santa Cruz Biotechnology (5826)
Gne (H10) mouse 1:1,000 Santa Cruz Biotechnology (876057)
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Antibody Host species Dilution Company

b-Tubulin (BT7R) mouse 1:5,000 Thermo Fisher (MA5L6308)

Myh mouse 1:1,000 Santa Cruz Biotechnology (876157)
Myh (IF) mouse 1:100 Santa Cruz Biotechnology (76157)
O-GIcNAc (CTD110.6) mouse 1:1,000 Cell Signaling Technology (#9875)
NAGK rabbit 1:1,000 Bioss (#bs7916R)

Pygm (OTI5D1) rabbit 1:1,000 Invitrogen (MA527442)

Cacnals [1A] mouse 1:1,000 Abcam (ab2862)

Cacna2dl [EPR23263] rabbit 1:1,000 Abcam (ab253190)

Hoechst H33258IF) 1:1,000 SigmaAldrich (#94403)

Lectin PHAL, Alexa Fluor 488 Thermo Fisher (L11270)

Table 11 Secondary antibodies used for western blot and immunofluorescence (IF)

Antibody Dilution Company
HRP-Goat antiMouse 1gG 1:10,000 Abcam (#ab6789)
HRP-Goat antiRabbit IgG 1:20,000 Abcam (#ab6721)

Goat antiMouse IgG (H+L) Alexa FludM Plus 6471F) 1:1,000 Thermo Fisher (#A32728

1.9 Primers
Table 12: List of sgRNAs used for Gne knock out in C2C12 myoblasts.

Name Target Sequence (5* 3") Exon
SgRNA-1 TCCCACCTGATTGACGACTA 2
SgRNA-2 CGGAACACCCGTGATCAACC 3
SgRNA3 CCTAGCGCTCGTGAAGCTAC 5

Table 13: List of primers used for gPCR

Name Sequence (5* 3) Expected size [bp] Annealing T

Gapdh fwd CCTGGAGAAACCTGCCAAGTATG

133 62°C
Gapdh rev AGAGTGGGAGTTGCTGTTGAAGTC
St8sia2 fwd GTGTGGAGTGGGTCAATGCT 342 60°C
St8sia2 rev TCAATGCCCCCTGTTCATGT
St8sia4 fwd GCTGGGACAACCAGGACTTT 318 60°C
St8sia4 rev ACGTCACGTTCCGCATCTAA
Scn4a fwd TTCTCGGAGCCTGAGGACATCA 155 62°C
Scnda rev GTGAAACACTCCTCAGGTAGCTC
Pygm fwd CCCTACCCACTTTGGAACCC 131 60°C
Pygm rev GTGCACTTGGTTAGACCCCA
Ryrl fwd TTTCCTGGACCGAGTGTATGGC 157 64°C
Ryrl rev CAGACAGAGGTAGCGGTTCAGT
Cacnalsfwd CCTGGCTATTGCTGTGGACAAC 154 62°C

Cacnalsrev CTGCTCCAGTTTCTTGGTCACC
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Table 14: Primers used for PCR.

Name Sequence (5* 3) Expected size [bp] Annealing T
Gne202 fwd ATGGAGAAGAACGGG

Gne202rev.  CTAGTGGATCCTGCGCGTT 2169 65°C
1.10 Plasmids
Table 15 List of used plasmids.
Name Purpose Source
GLCNE CRISPR/Cas9 KO Plasmid Gne knock out Santa Cruz Biotechnology #424509
GLCNE HDR Plasmid Gne knock out Santa Cruz Biotechnology #4@4509HDR
1.11 Software
Table 16: List of used software.
Software Company/Source
BD Accuri C6 Analysis Software, version 1.0.264.21 BD Biosciences
CorelDRAW 2021 Corel Corporation
Endnote Clarivate Analytics
GlycoWorkbench Freeware
ImageJ (Fiji) Wayne Rasband, NIH
Microsoft Office Microsoft Corporation
OriginPro 2019 OriginLab
SnapGene Viewer Dotmatics
ZEN Microscopy Software Zeiss
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2 Methods

2.1 Cell biology methods

2.1.1 Cell culture

HEK-293, C2C12, and Sol8 cells were cultivated in DMEM medium supplemented with 10 %
fetal bovine serum (FBS) and 1 %dglutamine. All cell lines were grown at 37°C in a
humidified incubator with 20 % £and 5 % CQ. Cell lines were passaged when cells reached
~80 % confluency (HEK293) or ~50 % confluency (C2C12 and Sol8), respectively. Briefly,
after aspirating the culture medium, cells were washed with 1 x PBS and detached using a 2 x
trypsin/EDTA solution. After dtachment from the culture flask, cellere resuspended in

fresh culture medium and transferred to a new flask. Cell numbers were determined using the
CellDrop BF cell counter-or a 48 h period, C2C12 and Sol8 cells were seeded at a density of
4,000 cells/crh

For storage, cells were frozen in normal culture medium supplemented with 5 % DMSO in
CryoTubéM vials at-80 °C in a CellCamp&rcontainer. After a minimum of 24 h cells were
transferred te150°C for long time storage.

2.1.2 Differentiation of C2C12 and Sol8 cells

For differentiation of myoblasts into myotub&2C12 and Sol8 cells were seeded in a fresh
culture dish.After 24 h,when cells reached a confluency of ~90 gtowth medium was
replaced by differentiation mediufPMEM + 2 % FBS + 1 % tglutamine) Cells were
differentiated for seven days and the differentiation medium was refreshed every other day.
Where indicated, dishes were coated with 0.1 % gelatine/PBS for 24 h at 37°C prior to cell

seeding.

2.1.3 Supplementation of cells withN-acetylmannosamine andN-acetylneuraminic acid

A 1 M N-acetylmannosamine stock and a 0.2NNMcetylneuraminic acid stock were prepared

by dissolving the respective compound in2@Hwith subsequent sterile filtration, using a
0.2uM filter device. For supplementation studies in HE83, C2C12 myoblasts, and Sol8
myoblasts, cells were seeded in normal growth medium for 24 h. Then, medium was replaced
by medium containing the respe&i concentration ofN-acetylmannosamine oN-
acetylneuraminic aci@nd cells were cultured for additional 24 h. For suppieat®n of
differentiated C2C12 myotubes, cells were first differentiated and on day six of differentiation,
differentiation medium was supplemented with the respective comgoutite last 24 h. For
long-term treatment, differentiation medium was supplemented with the respective compound

from day zero to day seven of the differentiation protocol.
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2.1.4 CRISPR/Cas9

Commercial CRISPR/Cas9 Gne knock out and HDR plasmids were purchased from Santa Cruz
Biotechnology (s&#24509HDR). Briefly, 25,000 C2C12 wild type cells were seeded in full
growth medium in a-@vell dish 24h prior to transfection. Gtransfection of th€ RISPRKO

and HDRplasmids were done using UltraCruz® Transfection Reager8¢39). Positive

clones were selecteda puromycin treatment (1/5g/mL) and single cell suspension was
seeded into 96vell plates to obtain single cell clones.

2.2 Molecular methods

2.2.1 Western Blotting

For protein isolation, cellerere washedwo timeswith ice-cold PBS and harvested from the
culture dish using a cell scrap&ells were pelleted in 1 mL PBS at 12,000 x g for 1 min at
4°C. Cell pelles werelysed in RIPA buffelor NP-40 lysis buffer, freshly supplemented with
1x protease inhibitor cocktadnd 1 mM PMSF. Following 30min incubation on ice, total
protein was isolated by centrifugation at 14,809at 4°C for 10min and quantified using the
Piercé&e BCA Protein Assay Kit. Equal amounts mitein were mixed with 8 SDSprotein
buffer (containing 56nM DTT) and boiled for 5 min at 95°C. Proteingre separated using
SDSpolyacrylamide gel electrophoresis (SPBGE) and transferred onto a nitrocellulose
membrane by weblotting. Whole protein wasstained with Ponceau S as loading control.
Membranes wersubsequentiplocked with 5% skimmed milk in TBST for 1 h at room
temperature prior to incubation with primary antibody over night°& with agitationOn the

next day, membranes were \wadthree timesvith TBS-T and subsequently incubated with
secondary antibody forH at room temperature. After three repeated washing steps with TBS
T, Immobilon® Forte Western HRP Substrate was used for detection using the ChemiDoc MP
imaging system from BiRad Laborsories Signal quantification was performed using ImageJ
Software.

2.2.2 Release of Nglycans using peptide:Nglycosidase F (PNGase F)

To remove the Nylycans from the protein backbones, protein lysates were subjected to PNGase

F digestion according to the manufactureros
1 pL 10 x Glycoprotein Denaturing Buffer and boiled for 10 min &@°00) After letting the

samples cool down to room temperature, 2 uL Glycobuffer 2, 2 ptd®JRnd 6 pL dEHO were

added and mixed before adding 1 uL PNGase F. Lysates were digested for 1 h at 37°C and
subsequently mixed with 5 pL 5 x SDS sample buffer @& AGE and western blot analysis.
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2.2.3 Immunofluorescence Staining

Cells were grown on coverslips coated with 0.1 % gelatine ima€eli2plate.After aspiration

of culture medium, cells were washed twice with-wegmed PBS and fixed with prearmed

4 % PFA for 10 min at room temperature. Following two washing steps with PBS, cells were
permeabilized with 0.5 % Triton-X00/PBS for 10 min at rootemperature, washed two times
with PBS and blocked with 1 % BSA/PBS for 30 min. Primary antibody was diluted 1:100 in
1 % BSA/PBS and incubated over night at 4°C. Cells thaedeas negative control (secondary
antibody only) were incubated with 1 % BSA/PBS only. The next day, cover slips were washed
again three times with PBS and incubated @itiat antiMouse IgG (H+L) Alexa FludM Plus

647 and DAPI diluted 1:1,000 in PBS for 15h at room temperature, protected from light.
Excess staining solution was removed by another three PBS washing steps and cover slips were

mounted on glass slides with mowiol mounting medium.

2.2.4 RNA-Isolation

Total RNA was isolated by phenol/chloroform extraction. For this, cell pellets frowell 6

plate were lysed in 1 mL Trizol reagent and transferred to a 1.5 mL tube. The samples were
mixed with 200 pL chloroform, shaken vigorously for 15 seconds, andated at room
temperature for 3 min. For phase separation, the samples were centrifuged for 15 min at
12,000x g at 4°C. The aqueous phase containing the RNA was transferred to a new tube with
500 uL of isopropanol, mixed, and incubated at room temper&turg0) min. The samples

were then centrifuged for 20 min at 12,000 x g at 4°C to precipitate the RNA. The RNA pellet
was washed with 1 mL of 70 % ethanol and centrifuged at 8,000 x g at 4°C for 5 min. The
ethanol was removed and the pellet wasldaed for 10 min before being fsuspended in 20

50 pL RNasdree HO. RNA concentration was determined using tB&11 FX+

spectrophotometer.

2.2.5 cDNA synthesis

For reverse transcription of RNA into cDN#he SuperScript Il reverse transcriptase kit with

oligo (dTh>isas pri mers was wused, according2idgo t he
RNA was mixed with 1 pL oligo dT and jiL dNTP-Mix and brought to a final volume of

12 uL with RNAsefree HBO. The mixture was heated at 65°C for 5 min and then placed on ice

for 2 min. Subsequently, 4 uL 5 x FS buffer, 2 yL 0.1 M DTT, 1 uL RiboLock, and 1 pL
SuperSript" 1l reverse transcriptase were added and sampdes incubated at 42°C for 50

min. To stop theeaction, samples were incubated@t’C for 15 min.
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2.2.6 Quantitative reverse transcription PCR (QRT-PCR)

For mRNA expression quantificatiothe gRFPCR techniquewas used.For gRTFPCR
reaction, 2 x qgPCR GreenMaster mix was used
perform the gRFTPCR, components as statedTiable17 A were mixed and run on th@eFX

ConnecE reattime PCR system (BiRad) as described ifiable 17 B. Measurements were
performed in triplicates in a 9%ell plate andGapdhwas used as a housekeeping gene for
normalization of the expression valuBlative expression values were calculated usingthe 2
®Cmethod.To validate the specificity of the used primers, melt curves were genérated.

that, temperature was increased in 1°C steps from 55°C to 95°C and melt curve was recorded.

Table 17: qRT-PCR protocol.

A) Reaction composition ari8)) thermocycler conditions.

A Component Amount B Temperature [°C] Time  #cycles
2 x gPCR GreenMaster m 10 pL 95 3 min 1
forward primer 0.5 pM 95 10s 40
reverse primer 0.5 uM 60-64* 10 s 40
cDNA 1pL 72 40 s 40
PCRgrade H20 8 pL + melting curve analysis 1

! depending on Jof the respective primer, s@able
13

2.2.7 PCR and cDNA sequencing
For PCR analysis of thene 202 transcript in C2C12 cells, a reaction was set up as described

in Table18. PCR products were analysed on a 1 % agarose gel.

For sequencing of PCR products, 360 ng of DNA were mixed with 3 puL 20Gmn&i202

forward primer and sent to Microsynth for sequencing.

Table 18: PCR protocol.

A) Reaction composition ari8)) thermocycler conditions.

A Component Amount B Temperature [°C] Time # cycles
2 x Phusion Master Mix 25 pL 98 30s 1
forward primer 0.5 pM 98 10s 30
reverse primer 0.5 uM 65 20s 30
cDNA 1 uL 72 40s 30
PCRgrade H20 21.5 L 72 10 min 1

4 b
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2.2.8 N-Glycan branching (PHA-L lectin staining)

100,000 cells were seeded in-wéll plate and cultivated for 48 h prior to lectin staining. Cells
were washed with PBS and detached using 2 x trypsin/EDTA solution for 3 min. Cells were re
suspended in fresh medium and pelleted by centrifugation fon3atrb00 x g at 4°C. For
removal of medium remnants, cells were washed again with PBS. The cell pellets were re
suspended in 100 pL staining solution (20 pg/mL PHR PBS) and incubated for 1 h at 4°C.
Excess staining solution was removed by additidmale washing steps with PBS before cells
were resuspended in 300 uL PBS for flow cytometry analyBiBIA-L positive cells were
detected in the F1 channel using the 488 nm excitation ladémstained cells served as

negative control.

2.2.9 Glycomic analysis of Nglycans

For N-glycan structural analysis, all cells were treated as described preidaisglee et al.,

2006) Briefly, cell pellets (harvested from two 15 cm plates) were subjected to sonication in

l ysi s buffer i n t he presence of ddiCler gent
carboxymethylated, and digested with trypsin. The digested glycoproteins were tified pu

by C18SepPak (Waters Corp., Hertfordshire, UK)-dllycans were released by peptide N
glycosidase F digestion. ReleasedjMcans were permethylated using the sodium hydroxide
procedure and purified by Ci®epPak. Released {ylycans were incubated n & 6f0

50 mM sodium acetate (37 AC, pH 5.5). One hu
added to the sample for 24 h. The results s

glycan preparations.

To analyze the structure of released glycans, masisisted laser desorption ionizatiime of

flight MS (MALDI-TOF MS) and MALDITOF/TOF MS/MS (data not shown)were

performed. MSand MS/MSdata were acquired using a 4800 MALDOF/TOF (Applied

Bi osystems) mass spectrometer. Feleof methanbly | at ed
andel 1 of di ssol ved samplek whs mpt emk x e(d2 0wim
diaminobenzophenone in 75% (v/v) agueous MeCN), spotted onto a target plate, and dried

under vacum.

The MS data were processed using Data Explorer 4.9 Software (Applied Biosystems). The
processed spectra were subjected to manual assignment and annotation with the aid of a
glycobioinformatics tool, GlycoWorkBench. The proposed assignments for the s¢leatex

were based otiC isotopic composition together with knowledge of the biosynthetic pathways.

The proposed structures were then confirmed by data obtained from MS/MS experiments.
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2.2.10Polar metabolite extraction

Cells were grown in vell plates according to the indicated conditions. Cells were washed
twice with 2 mL/well of 75 mM ammonium carbonate solution (pH adjusted to 7.3 (£0.1) with
acetic acid). After removing the washing solution, the plates werefsymgn by contact of the

underside of the plate with liquid nitrogen and store@@t’C until extraction.

Pol ar met abolites wer e extracted using a
40:40:20v/v acetonitrile, methanol, and ultpure water. While keeping the plates on ice, each

well was incubated for 5 min with 1.4 mL of extraction buffer at 4 °C. Next, the extracts were
centrifuged at 13,000 rpm for 3 min at 4 °C to pellet and remove cell deasity, the samples

were dried in a vacuum centrifuge for 5 h a

analysis.

Analysis of (nucleotide) sugar metabolites by mass spectrometry was provided by Prof. Dr.
Dirk Lefeber at the Translational Metabolic Laboratory, Department of Laboratory Medicine

at the Radboud University Medical Center in Nijmegen, The Netherlands.

2211Per i odi ¢ &Reactord(FAS)and fAltian blue staining

Cells were differentiated in a 4&ell plate coated with 0.1 % gelatinfgr 7 days Cells were
washed twice with prevarmed PBS and fixed with 4 % PFA for 10 min at room temperature.
After washing again with PBS, cells were incubated for 15 min in a filtered alcian blue staining
solution (1 % wi/v alcian blue in 3 % acetic acid), followed by 5 min incubation with 1 %
periodic acid. Thencel | s were stained with Schiffds
counterstaining with hematoxylin solution for 2 minll Ateps were performed at room

temperature and cells were rinsed with tap water after each step.

2.2.12ATP-Glo® Assay

To quantify intracellular ATP levels, th@ellTiter-Glo® 2.0 assay from Promega was used
according to the manufacturerds 1 nsellplatect i ons
and cultured for either 48 h (myoblasts) or differentiated for 7 days (myotbues)GKTP

reagent was added directly into the watla 1:1 ratio with culture medium. Cells were lysed

for two min on an orbital shaker and incubated for 10 min at room temperature before measuring

the luminescence signal in a plate reader (ClarioSTAR).

2.2.1Resorcinol/Periodate Assay
Total amounts of sialic acids were quantified using the perigédatacinol assay. Briefly, cells

were washed three times with iceld PBS and lysed in 250 PBS via freezithaw cycles in
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liquid nitrogen. All samples and the standard curve were oxidized veitlo$0.4 M periodic

acid for >10min on ice. Then, 500! of the following solution were added to each sample and
mixed by vortexing: 0.6% resorcinol, 0.88V CuSQ, 36% HO0, 44% concentrated HCI.
Samples were incubated at 1D for exactly 15min and allowed to cool down to room
temperature afterwards, before adding &D®f tert-butanol. To remove any particular
remnants, the samples were briefly centrifugedesfo®as measured in triplicate in a-9&l|

plate and sialic acid levels were calculated from the standard curve and normalized to the total

protein amount of each sample.

2.3 Statistical analysis

Data analyses were performed using OriginPro 2019 software and differences were considered
significant when p <-tesh an@ bnevay AN@Va iwere dsedsas u d e n t
appropriate. Ysualizationof graphs wasinalized with CorwIDRAW 2021. Figures show the

average mean + standard deviation. Statistical significance was indicated by * p < 0.05, ** p <
0.01, *** p < 0.001.
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1l Results

1 The impact of Gnedepletion in a C2C12 cell model

1.1 Generation of a Gne knock out (GnE°) myoblast cell line

Various models have been used in basic research approaches to study the pathophysiological
mechanisraof GNE Myopathy and hypsialylation.Among otherspatientderived stem cells

and biopsiesare good modeJshowever,patientmaterial is rare and requires expensive and
time-consuming handling. Thus, the wedkscribed murine myoblast cell line C2C12 was
chosen as parental cell line for the establishment of a Gne knock out, as it is known for its easy,
low-cost handling. Wild ytpe cells were transfected tiia pool of three differengingle
guideRNAs (sgRNAY, targeting different exoni® the Gnegene Figure9 A). Successfully
transfected cells were selected with puromycin and diluted to single cell lexakifgle cell

clones CI. 24 and CI26) were selected for this woakd all following experiments

Analysis 0fGne-202 expression, the dominaanhetranscript in C2C12 cellsja PCR showed
drastically reducedsne expression in clone #24 and a truncated gene product in clone #26
(Figure9 B). Computational translation of the cDNA sequence of clone #26 into an amino acid
sequencés distinctfrom the wild type sequence, starting at the target site of sgRF#gure

9 C). MNA sequencing ofGne® clone #24 and clone #26 suggest that clone #26 is a
homozygous clone, expressing one sin@lee transcript,while clone #24 is heterozygous,

expressing more than one transcript var{&jure9 D).
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A Gne-202

Vb

1 2 3 4 56 78 910 1 Exon 12
S5UTR— = —ma =& Es e aaeessssssssss——— 3' UTR

B C sgRNA-1
——
WT  #24 #26 Gne-202  MEKNGNNRKLRVCVATCNRADYSKLAPIMFGIKTEPAFFELDVVWLG YGNTYRM
2000 bp- CL26  MEKNGNNRKLRVCVATCNRADYSKLAPIMFGIKTEPAFFELDVVVLG AMGENVLH
Gne-202 |IEQDDFDIN-TRLHTIVRGEDEAAMVESVGLALVK LPDVL
CL26  VRDADTQDKILQALHLQFGKQYPCSKIYGDGNAVPRILKFLKSIDLQEPLOKKFCFPPVK

Cl. 26

Figure 9: CRISPR/Cas9mediated knock out of Gne in C2C12 myoblasts

CRISPRCas9 technology was used to induce a DNA double strand brake at the sgRNA target sit€&na the
gene.A) Gene structure of th&ne202 transcript, which is the dominant transcript, expressed in C2C12
myoblasts. Arrows indicate the binding sitef the three different sSgRNAs used for transfectBpPCR from

cDNA of C2C12 wild type and GH€ clones #24 and #26. Wild type cells show the expected product 126®f

bp while clone #26 shows a truncated gene prodjcAmino acid sequence of the translated gene of wild type
Gne202 and clone #26. Clone #26 shows alterations starting at the target site of-sgRNExcerpt of the
seqgencing results from clone #26 and clone #24. Clone #26 shows a homogenous DNA sequence suggesting a
homozygous clone while clone #24 shows an overlay of several sequences pointing towards a heterozygous
genotype. UTR: untranslated region. Bp: base payRN#: singleguide RNA.WT: wild type. cDNA: copy

DNA.

Furthermore, western blot analysis proateel absence of tHeéneprotein in clone #24 and #26
(Figure10 A). Sialic acid detectioty western blot is generally not fédale, due to missing
antibodieghat recognize specific glycan structures. Howewvee, specific form of sialylation

can be detected by a monoclonal antihaggognizing poly sialic acid (polySiayolySiais

found on very few protein substrate$ which the neurhcell adhesion molecule 1 (Ncans

the best studied on&herefore, polySia and Ncam expression were analysed in C2C12 wild
type and Gn€ clones. In accordance to its known role in the sialic acid biosynthesis pathway,
there was no polySia sigl detectable in the Gffeclones #24 and #2&igure10A). Protein
expression of Ncam, the major polySia carrier in cells, was analysed as internal Eogara (

10 A). Additionally, expression of the two sialyltransferases at ar e known t o
2,8linkages ofpoly-sialic acid, weresignificantly downregulated on mRNA level in the
Gne© myoblasts Figure 10 B).
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Figure 10: GneX® validation in C2C12 myoblasts.

A) Western Blot analysis showing the absence of the Gne prot€ia@12single cell clones #24 and #26. The
knock-out of Gne results in the absence of poly sialylation as determined by a specific amjbgidgR analysis

of polysialyltransferaseSt8sia2and St8siadshowing significant dowanegulation in clone #24 and clone #26
compared to wild type expressionTbbulin and Namwere used as loading control. polySia: poly sialic acid.
Ncam neural cell adhesion moleculeBlar graphs represent the mean of three independent experiments + standard
deviation.Asteriskindicate thep-value of the sample compared to the wild type contgdltistical analysis: One

way ANOVA. * p< 0.05, *p<0.01, ** p< 0.001.Figure adapted frorfNeu et al., 2024)

1.2 Gne-deficiency influences C2C12 differentiation

C2C12 myoblasts resemble a myoprogenitor or msseha ceHllike phenotype with the ability

to differentiate into mature muitiucleated myotubes. This process of differentiation can be
induced by low serum concentrations in the culture medium and results in migration and fusion
of the myoblastsvith an incrase in myosin heavy chain 1 (My&xpression, a well described
differentiation markerRigure11). However, he differentiation process is disrupted Bne©
clone #24 and clone #26 as there wadusion and no expression of Mykigurel1l A, B).

This differentiationdeficient phenotype coulgartly be rescued by addition ®® nMinsulin

to the differentiation medium and by coating the culture dishes with 0.1 % gekitinee(11

C, D, B). Still, Gn&© clones diffeedfrom wild type morphologyClone#24 formedextremely
large myotubes with cell dels floating on t@ of the cells. Furthermore, Mylbcalized into
clumped structures rather than the filamentous structures observed in wild typEigehsi(1

D). Morphology of ¢one #26resembled moréhe wild type myotubes but witkignificantly
reduced expression of MyRigurell1C, D, B.
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Figure 11: Differerntiation phenotype in C2C12 wild type and Gné&®° cells.

Myoblastst were seeded and grown to ~90 % confluence. Growth medium (GM) was changed to differentiation
medium (DM) on day zero (d0) and refreshed every other day. Cells were harvested and subjected to cell lysis at
each day indicatedA) Western bbbt analyis of Myhexpression during the seven day time course of the
differentiation protocollB) Micrographs of differentiated C2C12 wild type and &helone #24 and clone #26

C) Micrographs of differentiated C2C12 wild type and &heells clone #24 and clone #28& 0.1 % gelatine

coated plates and DM containing 10 mhgulin. D) Immunofluorescent staining of Mydn d7 of differentiation

in C2C12 WT and Grif€ clones.E) Quantification of the Myh signal norm. to DARyh: myosin heavy chain

I. d: day.U-ms Alexa647negative controjlsecondary antibodynly. Micrographs and immunofluorescent staings
show representative picturedcale Bar irB) andC) 200 um, inD) 100 um. Bar graph inE) shows the mean of

three independent micrographs + standard deviafisterisksindicate thep-value of the sample compared to the

wild type controll.Statistical analysis: Oreay ANOVA. ns = non significant, p < 0.05, *p < 0.01, ** p <

0.001 Figure adapted frorfNeuet al, 2024)

-52-



Results

1.3 Structural Analysis of N-Glycans in C2C12 WT and GneKO Myoblasts

The glycome of a cell comprises the entity of all glycan structures, protein andtdundi
glycans as well as freantracellular glycansGne is known to be the key enzyme in the sialic
acid biosynthesis pathwagupplying the cell witlsialic acids for the incorporation into glycan
structures|t was already shown that Gtteclones have #ack of poly sialic acidFigure 10

A), but how sialylation in general is influenced has not been analjkad, he next step was

to determine whether missing sialic acids have an influence on the overall glycan stafctures
musclederived cellsAlong with that, the question arose baw much sialylation is derived

from the intrinsic biosynthetic pathwagompared to the salvage pathway.

For that, Nglycan structures were analysed in the C2C12 wild type and“Gaiene #24
myoblastdy MALDI/TOF-TOF mass spectrometris seen ifrigure12, terminal sialic acids
were mainly replaced bgdditional galactose residsjgesulting in an increase gélactos-U-
1,3-galactoseepitopes in clone #24. The overall sialoglycantent is decreased by about%46
The highintensity sialoglycan peaksith the mass to charge (m/z) ratio of 3602 and 39ére
probably serunterived glycans from thietalbovine serum that wassed inthe cell culture

medium.

Generally, bth cell linescontained high mannosggycans, some bisected glycans and complex
N-glycans Figure 12). Higher mass glycans also contained chains of repeating units of
galactose antll-acetylglucosaminépolyLacNAcs).Analysis of highmass glycans revealed a
high degree of branching in form of branched LacNAcs, referred ti@Ehesl-branched
glycans are the result of the linkage Mfacetylglucosamine to galactose residues on
polyLacNAc structures, mediated b¥ypl,6-N-acetylglucosaminyltransferase (GCNT2).

Remodelling of the Nylycan core structures was not observed.
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Figure 12: N-Glycan analysis of C2C12 WT and Gn& clone #24 myoblasts.

MALDI -TORTOF MS spectra of Nylycans obtained fromgmel A) C2C12 wild type myoblasts and pari|

Gne© clone #24Putative cartoon structures assigned were based on composition, tandem mass spectrometry, the
literature and knowledge of-ilycan biosynthetic pathwayAll spectra were graphed as % relative intengit.
molecular ions are [M+N&] Experiments were repeated on two biological replicates and the spectra shown are
representative. s ot opi ¢ glycan structures with AMO and Amo
respectively Quantification of sialoglycans in two independent experiments indicat®Thll + 2.8%%6 of the

detected Nglycans are sialylated in wild type cells, while there arg #24,05% sialoglycans in Grf€ cells.

GIcNAc: N-acetylglucosamine, Man: Mannose, Fuc: Fucose, Gal: Galactose, Ndéa&etylneuramird acid,
Neu5Gc:N-glycolylneuraminic acid.
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1.4 Metabolic fate of UDP-N-acetylglucosaminen C2C12 Gné&®© clones

Uridine diphosphat8l-acetylglucosamindDP-GIcNAC) is not onlythe substrate for the sialic

acid biosynthesis pathway but is also one of the fundamental building blocks of different glycan
structures Figure 13 A). UDP-GIcNAc can be used for {glycan branching,
glycosaminoglycan synthesis, for cytoplasmic and nu€@e@tcNAcylation, and is also found

in O-glycans. In the Grf€ clones, UDPGIcNAc cannot be used for sialic acid biosynthesis
and thus has to follow another rout@ decipher the metabolic fate of UBBcNAC, several
approaches were usedrirst, for the analysis of NGlycan branching, the lectin
phytohaemagglutinih. (PHA-L), which recognize$1,6-branched Nglycans,was used to
evaluate its bindingThere was a strong increase in binding observed ifGnwgoblasts

compared to the wild type celsa flow cytometry analysisHigure13B).

Additionally, UDRGIcNACc can be used by the GIcNAc transferase (OST) to transfer a single
N-acetylglucosamine (GIcNACc) to the hydroxyl group of a serine or threonine sidevidain
b-glycosidic bond on intracellular proteifEhis modification can be analysed by a monoclonal
antibody (CTD110.6Figure 13 A) using western blot analysish@&re was no significant
increase irD-GIcNAcylation observed in the Gfféclones compared to wild typgells in the
myoblaststate(Figure 13 C). However,O-GIcNAcylation was more prominent, even though
not significant, in the differentiated Gfitclonescompared tavild type myotubesKigure13

D).
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Figure 13: Analysis of N-glycan branching andO-GlcNacylation in C2C12 wild type and Gné&P cells

A) Schematic illustration of the most common glyciructureghat feature GIcNAc in their structure®:-Xyl
Proteoglycans are found in the extracellular matrix with extensive sulfated GiG\AcrepeatsO-GIcNAC is

found in the cytoplasm and nucleoplasm of cells and is constituted of a single GIcNAc residue linked to a Ser/Thr
in the protein sequenc®-GalNAc is a prominent example for mudiype Oglycans that may also include
GIcNAc. N-Glycans are always Hdion two initial GIcNAc residues. Additional GIcNAc will lead tadiWcan
branching or extension gioly LacNAc/LacdiNAc structuresB) Binding of PHAL lectin on C2C12 wild type

and Gné&° myoblasts analysed by flow cytometry. Ctrl = pstained combl cells.C) Western Blot analysis of
O-GIcNAcylation in C2C12 myoblasts anB) in myotubes.GIcNAc: N-acetylglucosamine, GalNACN-
acetylgalactosamine, PHI phytohaemagglutinki . LacNAc: Gal bl 4GalkkcNAchil Lac
4GIcNAc. Bar graphs show the mean of three independent experiments + standard deAsitiosksindicate

the p-value of the sample compared to the wild type contBibtistical analysis: Or@ay ANOVA. ns = non
significant,* p < 0.05, *p < 0.01, ** p< 0.001

The third potential fate of UDBICNAC isincorporationnto proteoglycan/glycosaminoglycan
structures, which are found in the extracellular matrix and on the cell supfaxteoglycan
expressiorwas visualized by alcian blue staining of sulphated glycosaminoglycans and acidic
mucirs (O-glycang, in combination with a periodic acid Sc hi f f 6 {PAS)wtdach t i o n
counterstaingarbohydates, glycoproteins, and glycolipids in the ce@$one #24 shows a
distinct staining pattern compared to wild type and clonewift6lessabundanPAS positive
structuresigurel14, coloured in purple)On the other sidgcian bluepositive structures are
mostprominent in clone #24 and to a lesser degree in clone #g6ré 14, white arrows).
Furthermore clone #24 forms abnormally largeyotubes which has been observed before

(Figure 11). The phenotype described for GReclone #24 is less pronounced in clone #26,
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which exhibits structures resembling more the wild type cells, but with less intense PAS

staining and slightly increase alcian blue staining.

4x

20x §

Figure 14: PAS staining in differentiated C2C12 cells.

Differentiated C2C12 wild type and Gftecells, grown on 0.1 % gelatirepated dishes and DM containing Al

insulin were ixedwith 4 % paraformaldehyde and subjected to alcian blue/PAS stairlzignhAlue stainsacidic

mucins and sulphated glycosaminoglycans (blue/cgamd)p er i odi ¢ aci d/ Schi ffbés reage
glycoproteins, and glycolipids (purplé)hite arrows indicatelcian bluepositive aggregates in the extracellular

matrix of Gné&® clone #24and clone #26Pictures are representative of three independegmrements.DM =

differentiation mediumUpper panel: 4x magnification. Lower panel: 20x magnificat®eale Bar = 400 um.

In conclusion, while there is no increase @AGIcNAcylation observed in C2C12 Gt
myoblasts, enhanced reactivity of PHAndicates that UDR5ICNAc s used preferentially for
N-glycan branching. Differentiated Gt cells however, show an increase -
GIcNAcylation and additionally also in alcian blstining hinting towards a remodelling of

the extracellular matrix and altered intracellular signalling.
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2 Rescue of sialylation in GnéP° cells

2.1 Disrupted sialylation can be rescued by\N-acetylmannosamine in a HEK293 GNE
knock out model
Cells can use exogenously appliddracetylneuraminic acid(Neu5Ag precursors or
metabolites such asN-acetylmannosamineManNAC) or derivatives, in their intrinsic
glycosylation pathway This knowledge iswidely exploited for glycoengineering efforts
aiming at therapeutic and diagnostic strate@iegmtemoret al, 2019) Until today, there is no
therapy for GNEM patienjslespite insistent approaches to enhance sialylation in patiants
oral ManNAc or Neu5Ac administratiofochmulleret al, 2019) As a proof of principle,
HEK-293 wild type and GNEC cells were supplemented with either @ or 5mM
ManNAc for 24h. The cells wersubsequentlanalysed for their poly sialylatiofpolySia)
levels While 0.5 mM ManNAc had no effeds, MM ManNAc efficiently restored the polySia
signal to wild type level@Figurel5A). It is notexactlyknown how ManNAc is phosphorylated
in the absence of the GNE kinase domBiateworthy, another enzymi;acetylglucosamine
kinase (NAGK) was shown to phosphorylate exogenous ManldAd was thus supposed to
substituteGNE kinase activityn case ofGNE-deficiency(Gorenflos Lopez et al., 2023n
line withthat hypothesidNAGK expression was analysadHEK-293 GNE© cells, and found
to beupregulated compared to wild type céfsgurel5 B).

A HEK-293 = 257 NS mmwr B 25
WT  GNEKO E [ GNE-KO c
2.0 S 204
£ NAGK | mm— E
GNE £ 107 2 101
[
B-Tubulin | | g 0.5 %0‘5,
=
- 055 - 055 mMManNAc 8— 0.0- 0.0-

05 05 5 5 mM ManNAc \\S‘\ +C)

Figure 15: Supplementation of HEK-293 GNEknock out cells with N-acetylmannosamine

A) Representative western blot showing the expression of polySia, its carrier protein NCAM, GXEubhalih

in HEK-293 wild type and GNEnock out cells in relation to supplementation with different concentrations of
ManNAc. B) Representative western blot showing the expression of GIcNAc kinase (NAGHK)-taibdlin in
HEK-293 wild type and GNEnock out cellsb-tubulin is used as a loading controlAnand B. ManNAc: N-
acetylmannosamin®ar graphs showhe mean of three independent experimergtatidard deviatiarAsterisks
indicate the pvalue of the sample compared to the wild type contBdtistical analysisA) Oneway ANOVA.

B) Unpairedt-test ns = non significant, p < 0.05, **p < 0.01, *** p < 0.001 Figure adapted frorfNeuet al,
2024)
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2.2 N-acetylmannosamine andN-acetylneuraminic acid supplementation des not
restore poly sialylation in C2C12 Gné&®© cells

HEK-293 cells are a well characterized cell line, often used for basic biochemical research.

However, HEK293 GNE° cells are not suitable to investigate the pathomechanism of GNE

myopathy, as the cells do not have the skeletal muscle backgroomsl,.to evaluate the

potential benefit of ManNAc supplementation on muscle cells, the abewdoned

experiments wereepeated ithe C2C12 Gri& model.

In contrast to the results from the HEX@3 GNE° model,C2C12 Gn&° myoblastscultured

in the presenceith 0.5 mM and 5 mM ManNAgaespectivelyjmpaired poly sialylatiorwould

not be rescue(Figurel6 A). Considering that ManNAc is an early metabolite of the sialic acid
pathway, still requiring many downstream enzymes, direct administration of Neu5Ac in the
same concentrations (0.5 mM and 5 mM) was te$tiedife16B). Like the ManNAc treatment,
Neu5Acfailed to rescue poly sialylation in C2C12 GRenyoblasts after 24tFigure 16 B).

The supplementation experiments were repeatedrminal differentiated C2C12vild type

and Gné° cells with the same outcome as in the myoblasts, showing no detectable polySia

signal in the western blot analysiidure16 C, D).
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Figure 16: Supplementationof C2C12 cells with ManNAc and Neu5Ac for 24 h.

A) Representative western blots showing the expression of poly&a) N a-tubulinfafter 24 h treatment of
C2C12 myoblasts with different concentrations of ManNABg. Representative western blots showing the
expression of polySia,®&m andb-tubulin after 24 h treatment of C2C12 myoblasts with different concentrations
of Neu5Ac.C) Representative western blots showing the expression of poN&aan a “tubdulinfafter 24 h
treatment of C2C12 myotubes with different concentrations of ManRARepresentative western blots showing
the expression of polySia, ddm a rtutbulinbafter 24 h treatment of C2C12 myotubes with different
concentrations of Neu5Ac. The bar gngmext tothe western blots in each subpanel show the polySia level
normalized to the Bamlevel in the C2C12 wild type controManNAc: N-acetylmannosamine, Neu5Akt-
acetylneuraminic acidar graphs shothe mean of three independent experimerstsndard deviatiarsterisks
indicate thep-value of the sample compared to thdicatedcontroll. Statistical analysisDneway ANOVA. ns

= non significant, *p < 0.05, **p < 0.01, *** p < 0.001 Figure adapted frorfNeuet al, 2024)
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2.3 Validation of supplementation studies in an independent Sol8 cell line

To exclude any cell linspecific effects, another myoblast cell line, Sol8, was used as additional
control. Sol8 wild typamyoblastsand a GnP clone were treated with either 0.5 mM or 5 mM

ManNAc or NeuS5Ador 24 h, respectivelyPoly sialylation was not affected by the treatment

in Sol8 Gné&° cells, in accordance with what was observed in C2C1XGewlls (Figure 17

A, B). As an additional internal control, protein lysates were subjected to endoneuraminidase

N (EndoN) digestion, an e-2&ligketdesialic &cias polygnere c i f i C

with a minimal length of -B residuesKigurel7 A).

Sol8 Sol8

A WT Gne-KO B WT Gne-KO

- =055 - 05 5 5 mMManNAc = 05 5 = 05 5 mMNeuSAc

Noam | S fn dda s an an on

NCAM | o—— — iy, o S

Gre | -
prTubuln “
B-Tubulin | S ————————

Figure 17: N-acetylmannosamine andN-acetylneuraminic acid supplementation in Sol8 wild type and
GneX© cells.

A) Sol8 myoblasts were supllemented with 0.5 mM and 5 mM ManNAc for 24 h, respectively. Western blot
analysis of pol y8hulmnjn St&valdiype (&M and Gherealls. ) Sol8 myoblasts were
supllemented with 0.5 mM and 5 mM Neu5Ac for 24 h, respectively. Western blot analysis of polySia, Ncam,
Gn e, -tabnlidin 80l8 wild type (WT) and GHKe cells.Western blots are representative for three independent
ex per i mwbulinswas used as loading controll. EndoN: endoneuraminidasédManNAc: N-
acetylmannosamine, Neu5AN:acetylneuraminic acidzigure adapted frorfNeuet al, 2024)

2.4 N-acetylmannosamine supplementation does nongrease sialylation in C2C12
GneX© cells
Sincepoly sialylation is only one specific form of sialylation and not representative of the sialic
acid status of a cell, quantification of all free and glycan bound sialic acids was performed by
using the periodate/resorcinol colorimetric as§&amilar to what was observed in the structural
analysis of the MNylycans overall sialic acid content in Gfféclone #24 analone#26 was
reduced by about 65 % compared to wild type myoblasts and by about@®pared to wild
type myotubesKigure 18 A, B). However, ManNAc was not able to enhance the sialic acid
content in any of the tested conditipaiss mM ManNAc for 24 h in myoblasts and myotubes,
respectively(Figurel8 A, B). Noteworthy, the amount of sialic acid per pug protein was higher
in C2C12 wild type myotubes than in the undifferentiated myoblast(€éfjare18 C).
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Figure 18: Sialic acid quantification via resorcinol assay.

A) Colorimetric quantification of free and bound sialic acid in C2C12 wild type anéf®Gngoblasts. Where
indicated, growth medium has been supplemented sittM ManNAc for 24 hB) Colorimetric quantification
of free and bound sialic acid in C2C12 wild type and'Srfferentiated cells. Where indicated, differentiation
medium has been supplemented with 5 mM ManNAc for 28)HComparison of sialic acid content in C2C12
wild type myoblasts and myotubeManNAc: N-acetylmannosamine. Bar graphs show thean of three
independent experimentsstandard deviatiarAsterisksindicate thep-value of the sample comparedtbe wild
type controll conditionStatistical analysi®d) andB) Oneway ANOVA. C) Unpaired ttest.ns = nonsignificant,

* p<0.05, *p<0.01, ** p<0.001l.Figure adapted frorfNeuet al, 2024)

2.5 Prolonged N-acetylmannosamine and\-acetylneuraminic acid supplementation in
C2C12 Gn&© cells

So far, the duration of the ManNAc and Neu5Ac treatmeatdimited to 24 h, which may not

be enough time for the effective metabolic turnover in muscle cells. Consequently, experiments

were repeated with a prolonged incubation tiFa. that,5 mM ManNAc and 5 mM Neu5Ac

respectivelyyere added to the differentiation medium and refreshed every 48 h for the duration

of the differentiation protocol for seven days. ManNAc supplementation had no effect on cell

morphology Figurel19A), poly sialylation Figure19B, D), Myh expressionKigure19B, C),

nor intracellular sialic acid concentratidrigure19 E). Neu5Ac supplementation on the other

hand had a negative effect on myotube formation in wild type cells as analysed by cell

morphology and Mh protein expressionFgure 19 A, B, C). Poly sialylation tended to be

increased in wild type and Gffeclones, however ithout statistical significanc@igure19B,

D). Furthermore, clone #26 showed rescue ghxpression upon Neu5Ac treatment, which

did not account for clone #2#&igure19 B, C). Extensive Neu5Ac supplementation was able

to rescue the sialic acid content in the &helones Figure19 E). Additionally, Gne protein

expression in C2C12 wild type cells also tended to be stronger in Neu5Ac treated cells

compared to the control cellsiQure 19 B, F). Note that those experiments were carried out

without the addition of insulin in the differentiation medium and on-cmated cell culture

dishes.
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Figure 19: Long-term ManNAc and Neu5Ac treatment of C2C12 wild type and Gn€ cells.

C2C12 wild type and Grf& cells were grown in differentiation medium (DM) on rRooated dishes and without
insulin for seven days. Where indicated, DM was supplemented with either 5 mM ManNAc or 5 mM Neu5Ac,
respectively, for the whole duration of the differentiation proc&sdlicrographs showing cell morphology after
seven days of differentiation under controll (upper panel), 5 mM ManNAc (middle panel), and 5 mM Neu5Ac
(lower panel) supplementation, respectiv@yWestern Blots showing ih, polySia, Nam and Gieexpression

after seven days of differentiatio@) Myh protein expression under indicated treatmeDjgolySia expression
under indicated treatmentl) Resorcinol/Periodate assay for quantification of sialic acids after seven days of
differentiation. F) Gne proten expression in C2C12 wild type cells after seven days of differentiation and
respective treatmentslyh: myosin heavy chain I, polySia: poly sialic acid, Ncam: neural cell adhesion molecule
1, ManNAc: N-acetylmannosamine, Neu5ABl-acetylneuraminic acidBar graphs show the mean of three
independent expeimentt standard deviation. Asterisksdicate thep-value of the sample compared ttoe
respective conditianStatistical analysis: Ongay ANOVA. ns = nonsignificant,* p < 0.05, *p < 0.01, ** p

< 0.001. Scale bar iA) = 200 um.Figure adapted frorfNeuet al,, 2024)
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2.6 Metabolomic analysis of N-acetylneuraminic acid metabolites in C2C12 wild type

and Gne© cells
Western Blot analysis of poly sialylation and periodate/resorcinol assay are rather coarse
methods for the detection of sialic acids. Considering the fact that MaisNtmetabolized
into Neu5Ac in C2C15ne° cells, a more detailed analysis of three of the metabolites of the
sialic acid pathway N-acetylmannosaminé-phosphate N-acetylneuraminic acijd and
cytidine-5 -inonophosphdN-acetylneuraminic acjdwere quantified by mass spectrometry.
Figure 20 D gives an overview of the metabolic pathway starting with UEENAC as a
substrate for the Gne enzynieacetylmannosamin&-phosphate (ManNA6P) is the product
of Gne and is further turned into Neu58¢phosphate (Neu5A8P) with subsequent de
phosphorylation into Neu5Ac. Prior to the entry of Neu5Ac into the Golgi apparatus, NeuSAc

has to be activated miICMP-Neu5Ac, which happens in the nucleus of cells.

As quantified by the normalized peak ar&anANc-6P is less abundant in differentiated
C2C12wild type myotubes than in myoblast{&igure 20 A). However, while there is no
increase in ManNAGP after additional ManNAc supplementation in the myoblasts, myotubes
respond to the supplementation. Addition of Neu5Ac to the growth medium of wild type cells
affects ManNAe6P levels negatively by depleg the intracellular pooManNAc-6P levels
weregenerally low in C2C12 GH& cells, myoblasts as well as differentiated cellsKigure

20A). In contrast to wild type cells, Gfféclones resporetito the ManNAc supplementation

in an undifferentiated as well as differentiated sthtmvever to a very low degre@hile
previous experiments did not show any significant increase in sialylation after 24 h Neu5Ac
treatment, intracellular NeuSAc levels increased in'@redones #24 and #26 to wild type
levels(Figure20B). Wild type cells responded to the Neu5Ac treatment B§Cafold increase

in Neu5Ac levelsManNAc on the othesidedid not show any effect on Neu5Ac levels in the
Gne&© clones, neither in the myoblasts nor in the differentiated cells. Noteworthy, in the
differentiated wild type cell$Neu5Ac levels were about 20 times higher in the ManNAc treated
samples and in the myoblasts about 10 times higher, compared to the untreatEdjoed2Qq

B). However, Neu5Ac treatmemtid notincrease CMMNeu5Ac in wild type cells, but to a
certain degree (almost reaching untreatéld type levels) in the Grf€ clones Figure20 C).
ManNAc supplementation exclusively had an effect on differentiated wild type cells, increasing
the activatd CMP-Neu5Ac amounts by aboutf8ld (Figure20 C).
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Figure 20: Metabolomic analysis of intermediate Neu5Ac metabolites.

C2C12 wild typg(WT) and Gné&C clones #24 and #26 were subjected to metabolite extractioguamdification
of intracellular levels ofA) N-Acetylmannosaminé-Phosphate (ManNAGP), B) N-acetlyneuraminic acid
(Neu5Aq, andC) Cytidin-5 -dMonophospheN-acetylneuraminic acidQMP-Neu5AQ were analysed by mass
spectrometryD) Overview of the biosynthetic pathway of Neu5Ac starting with UBIENAc and its activation
into CMP-Neu5Ac. TPA = total peak area, UDBICNAc = uridine diphosphat&l-acetylglucosamine, GNE =
UDP-N-acetylglucosamine-2pimerased-acetylmannosamine kinase, NANS = sialic acid synthase, NANP =
acylneuraminat®-phosphatase, CMAS N-acylneuraminate cytidylyltransferadgar graphs showhe mean of
three independent experiments + standard deviation. Statistical analysisa@#NOVA. ns = norsignificant

p > 0.05, *p<0.05, *p < 0.01, ** p< 0.001.

3 Analysis of musclespecific gene signature in Gri&’ muscle cells

3.1 Computational analysis of gene expression in Sol8 wild type and Gftecells

Congenital myopathies are teeterogeneougroup of muscle disease with > 450 known
causativegenes(Benarroch et al., 2024a; Dowling et al., 202#gny of those genes can be
categorized into subgroups of the cellular process or the cellular structure they affect. Prominent
examples are genes that are associated with the dystrophin glycoprotein complex (DGC) or the
sarcomerdilaments.How mutations in the Gne gene, which is not a skeletal muscle specific
gene, leads to muscle atrophy is not understood so far. For a better understanding of the complex
interplay of musclespecific genes angenes associated with congehitayopathies, a public
availableRNAseq data set of Sol8 wild type and Sol8 &heells was analysedith focus of

a subset of muscldiseaseassociated gendouz et al., 2022)The expression of manually

selectedyenes are depicted Figure21 in form of aheamap By looking at the expression
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data, four columns can be distinguishezpresenting the wild type myoblasts, differentiated
wild type, Gn&° myoblasts, and GHK& differentiated cells, respectivelf¥he differentiated
wild type cells show the strongest expression of muspéeific genes in accordance with their
myotubephenotype. Grit®’ cells on the othesideshow a lack of differentiation and generally
low expression of important muscle gen&enes of special interest aighlighted in red and
were selected due to their strong desggulation compared to the differentiateit type cells.
Among those are the musdpecificglycogen phosphorylag®ygm, sodium channel protein
type 4 Sanduryamnotine teceptor Ryrl), and voltagedependent dtype calcium
channel subuni*1S Cacnals.

Sol8 RNAseq Expression Data log, expression
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Figure 21. Heatmap showing the expression levels of genes associated with congenital myopathies from

RNAseqdata of Sol8 wild type and Gné&P cells.

Computational analysis of a manually selected subset of genes from a published data set of Sol8 wild type and
Gne‘® RNAseq analysis. Gene expression is plottet asR&KM. Genes of special interest are highlighted in red.

WT: Sol8 wild type, KO: Sol8 Grf®, MB: myoblast, Diff: differentiated. Each collumn shows the expression of

one biologicalexperiment(#1-#3). Expression data were manually drawn from the data set published in llouz et

al, 2022(llouz et al, 2022)

3.2 Validation of RNAseq candidate genes in Sol8 cells
As Sol8 cells are an immortalized cell line that does not reflect the physiology of mature skeletal
muscle tissue, the RNAseq data was compared to a data set from a GNEM patient biopsy. The

transcriptomic analysis compared muscle specific gene expressaifected tissue from an
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atrophying muscle to healthy tissue within the same paf€hekravorty et al., 2019)
According to the transcriptomic data, there wagificant lower expression 6fYGM RYRL,
andSCN4Ain the diseasassociated tissu€igure22 A), in accordance of what was observed
in the RNAseq data set of the Sol8 celerfurthervalidation of the computational analysis of
the RNAseq data seexpression ogcn4aFigure22B), Ryrl1(Figure22C), andPygm(Figure

22 D) was analysed by gPAR Sol8 wild type and Grf€ cells The expression patterns reflect
the RNAseq data arttie strongest expression of eggmne was observed in differentiated wild
type cells respectively Expression ofScn4a Ryrl, andPygmwas close to zero iGne©

myoblasts, with slight, but nesignificant, increase in differentiated Sol8 Gheells.
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Figure 22 Gene expression analysis of dowregulated genes in Sol8 wilt type (WT) and Gri¥’ (KO) cells.

A) logoFC mRNA expression values from a RNAseq dataset of a GNEM patiemting dowraregulation of

glycogen phosphorylaséePYGM), ryandaline receptor RYRL) and sodium channel prote
(SCN4A. Data drawn from thsupplementary information frofChakravortyet al, 2019) gPCR analysis of Sol8

wild type (WT) and Gn® (KO) cells ofB)mMRNA expression of the sodium chan
(Scn43. C) mRNA expression of the ryanodine receptoRYrl). D) mRNA expression of the musespecific

glycogen phosphorylas®ygnj. A | | val ues rvalpernerm.eonGapdh dxpmpessidB: myoblast,

Diff: differentiated.Bar graphs show thmean of three independent experiments + standard deviation. Statistical
analysis: Onavay ANOVA. ns = norsignificantp > 0.05 * p < 0.05, **p < 0.01, *** p < 0.001.

3.3 Expression of musclespecific genes in C2C12 wild type and G#€ cells

For an independent confirmation of the observededglation ofScn4a Pygm Ryrl, and
Cacnalsn Gné© cells, qPCR analysis was used to determine the expresisionse geneis
C2C12 wild type and GH& clones.Scndashows a generally low expression in differentiated
C2C12 wild type myotubes and is hardly detectable in wild type and®G@mgoblasts Figure

23 A). Furthermore, expression 8tn4ain differentiated Gnf€® cells is significantly reduced
compared to wild type cells. Previous experiments showed a beneficial effect 8 Gne
myoblast differentiationwhen the differentiation medium was supplemented with 5 mM
Neu5Ac. Hence, expression 8tndawas analysed in cells, supplemented with Neu5Ac to
evaluate, whether sialylation is able to rescue aberrant gene expriisgeworthy, expression

of Scndawas significantly reduced in wild type cells, when treated with Neu5Ac during the

-67-



Results

differentiation proces@~igure23 A), similar to what was observed foryllprotein expression
(Figure 19 B, C). In the Gné&° clones on the other side, NeuSAc treatment increased Scn4a
expression, however not to wild type control le\Eigure23 A). Similar results were obtained

for Pygm expression analysis with the exception, that Neu5Ac treatment redtyged
expression in Grf€ clone #24 to untreated wild typevels(Figure23 B). Expressiorof Pygm

in untreated differentiated Gfféclones #24 and #26 were significantly reduced compared to
wild type cells.Ryrlgene expression was significantly reduced in@mayoblasts compared

to wild type myoblastsHigure23 C). In differentiated cellsRyrlwas similarly expressed in
clone #24 but reduced in clone #26. Neu5Ac treatment had no significant eflegtlogene
expressionCacnalsxpression was only analysed in differentiated C2C12 ¢elisi(e23D).

Clone #24 showed lowé&2acnalsexpression, however not significant compared to wild type
cells.Cacnalsexpression in clone #26 was significant lower compared to wilddgjeand

both clones showed slight increase of gene expression in response to Neu5Ac tréatment.
summary, all four investigated gen&gnd4aPygm Ryrl, andCacnalsvere reduced in clone
#26 and clone #24, with exception Ryrl expression in clone #24, which was close to wild

type levels.
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Figure 23: Expression analysis of musclspecific genes in C2C12 wild type and G#€ cells.

gPCR analysis was used to examine gene expression in C2C12 wilAypeand Gn&° (Cl. 24 and Cl. 26)

myoblasts and differentiated cells, cultured on 0.1 % gelatiated dishes in differentiation medium containing

10 nM insulin(DM). Where indicated, DM was supplemented with 5 mM Neu5Ac for the duration of the entire
differentiation protocolA)mRNA expression of the sodi Scnmid@hmkNA e | prot
expression of the muselpecific glycogen phosphorylageygm. C) mRNA expression of the ryanodine receptor

1 (RyrD). D) mRNA expression of voltagéependent itype calcium channel subunit alph& Cacnals. All

val ues r e pvalaenerm.tdapdhexprapsivn. Diff: differentiated, NeuS5AN:Acetylneuraminic acid.

All graphs represent the mean of three independent experiments * standard de\satiasksindicate thep-

value of the sample compared to the respective condifitatistich analysis: Onevay ANOVA. ns = non

significantp > 0.05 * p< 0.05, **p < 0.01, *** p < 0.001.

3.4 Alterations in metabolic pathways and energy levels in C2C12 GKe clones

It has been reported, that glycogmtumulatesn biopsies oiGNEM patient Grangeret al,
2022) With that in mind and regarding the reduced expression of the ras®tefic glycogen
phosphorylaseRygn) in C2C12 Gné° clones, Pygm protein was analysed by western blot
(Figure 24 A). Even though the results were not significant, there is a strong tendency of
reduced Pygm protein expression in differentiated®oones #24 and #26 compared to wild
type expressionPygm is needed for th@egradation of glycogen into glucesehosphate,
which can then be further metabolised in the,aelhdering ATP Thus, ATP levels were
quantified using the AT#510® Assay. Gnk® myoblasts showed uniform 50 % reduction of
ATP levels compared to wild type myobladtigure24 B). In the differentiated cells however,
only clone #24 showedraductionof 30 % in ATP levels, while clone #26 was similar to wild

type levels Figure24 C).
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