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Abstract 
 
Glycosylation is one of the most abundant forms of ubiquitous co- and posttranslational 

modifications affecting protein stability, transportation, and function. The most common type 

of glycosylation is N-glycosylation, which refers to the addition of glycans to the Nitrogen of 

Asparagine. Mutations of enzymes involved in this pathway give rise to Congenital Disorders 

of Glycosylation (CDG) by generating hypomorphic alleles rendering glycosylation enzymes 

with partial activity. Since animal models of CDGs mostly rely on mutations leading to 

complete loss of function, the human situation is not recapitulated. Here, we present two distinct 

hypo-N-glycosylation fish models to address the effects of reduced glycosylation on animal 

physiology and at the molecular level.  

The alg2hypo model was generated by introducing a well-defined mutation of alpha-1,3/1,6-

mannosyltransferase 2, Alg2, from an ALG2-CDG patient allele into the orthologous region of 

medaka (Oryzias latipes) via CRISPR/Cas9 targeted genome editing. Under homozygosity, this 

model displayed multisystemic phenotypes closely resembling patient symptoms, including 

reduction in white matter, motor development abnormalities and craniofacial dismorphism. N-

glycome analysis revealed a total reduction in N-glycan occupancy both in whole medaka and 

patient fibroblast samples, which in turn led to changes in protein abundance. Accordingly, 

mass spectrometry of both whole hatchling and dissected eye samples showed reduction in 

proteins responsible for photoreceptor signaling, as well as upregulation of proteins responsible 

for nucleotide-sugar metabolism, N-glycosylation machinery, vesicle trafficking and protein 

folding. Immunofluorescence analysis revealed rod cell death leading to a condition called 

retinitis pigmentosa or night blindness seen among patients with other CDG types. Finally, 

mRNA injections into alg2hypo line synthesized from both medaka and human full-length Alg2 

coding sequences rescued the multisystemic phenotypes and overcame early-juvenile lethality.  

In a second model, phosphomannomutase 2 (Pmm2) enzyme was depleted by an engineered 

degron, deGradFP, to create a proxy for PMM2-CDG model by reducing the enzyme amount 

to different levels via auxin induction. To this end, Pmm2 was tagged endogenously in its C-

terminal end with GFP and was successfully depleted when F-box protein, TIR1, was 

ectopically expressed together with an auxin-induced degron (AID) fused to a GFP nanobody 

binding to GFP tagged proteins.  

All in all, this study presents two different medaka models of hypo-N-glycosylation to study 

the mechanism behind multisystemic disease phenotypes seen among CDG patients. Both 

models serve as promising platforms for pre-clinical studies, such as drug-screening and gene 

therapy approaches to develop novel therapeutic avenues for treating symptoms of CDGs.  
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Zusammenfassung 
 
Glykosylierung gehört zu den häufigsten Formen ubiquitärer co- und posttranslationaler 

Modifikationen, die sowohl die Proteinstabilität, als auch deren Transport und Funktion 

beeinflusst. Der überwiegende Typ ist hierbei die Addition eines Glykans an das Stickstoffatom 

der Aminosäure Asparagin, was als N-Glykosylierung bezeichnet wird. Mutationen in 

Enzymen eben jenes Signalwegs bedingen sogenannte angeborene Erkrankungen der 

Glykosylierung (CDG), bei denen hypomorphe Allele die Aktivität der 

Glykosylierungsenzyme verringern. Da Tiermodelle von CDG in der Regel auf Mutationen 

basieren, die kompletten Funktionsverlust nach sich ziehen, wird die klinische Situation nicht 

ausreichend rekapituliert. In dieser Studie präsentieren wir zwei unterschiedliche auf dem 

Fischmodell Medaka (Oryzias latipes) basierte hypo-N-Glykosylierungsmodelle zur 

Untersuchung der Effekte eines reduzierten Glykosylierungslevel auf die Physiologie sowie 

dessen molekulare Konsequenz.  

Das Modell alg2hypo wurde durch die Insertion einer gut definierten Mutation der alpha-1,3/1,6-

Mannosyltransferase 2, Alg2, die einem Patientenallel entstammt, in die orthologe Region des 

Medaka Genoms mittels CRISPR/Cas9 gerichteter Genom-Editierung generiert. Im 

homozygoten Zustand weist das Modell multisystemische Phänotypen auf, die ähnlich dem 

klinischen Bild sind, wie unter anderem die Reduktion weißer Gehirnmasse, Abnormalitäten in 

der motorischen Entwicklung und kraniofaziale Dysmorphismen. Die Analyse des N-Glykoms 

des Medaka Larvenlysats, sowie dem Lysat primärer Patientenfibroblasten ergab eine 

Reduktion der totalen N-Glykan Proteinbelegung, die zu einer Änderung der totalen 

Proteinabundanz führte. Im Einklang damit zeigten massenspektrometrische Analysen des 

Proteinlysats ganzer Larven sowie des Lysat isolierter Larvenaugen eine Reduktion an 

Proteinen die im Photorezeptor-Signalweg involviert sind, wohingegen eine Hochregulierung 

von Proteinen des Nukleotid-Zucker Metabolismus, des Vesikeltransports, und der 

Proteinfaltung zu beobachten war. Weiterführende Analysen des Auges anhand von 

Immunfluoreszenz offenbarten das Absterben der Stabzellen, auch als retinitis pigmentosa oder 

Netzhautdystrophie bekannt, was so auch in CDG Patienten mit anderem Mutationsspektrum 

vorzufinden ist. Letztlich konnte das Krankheitsbild der alg2hypo Linie erfolgreich durch mRNA 

Injektionen der kompletten vom Fisch- oder humanen Allel synthetisierten, kodierenden Alg2 

Sequenz behandelt und die juvenile Lethalität überkommen werden. In einem zweiten Modell 

wurde das Enzym Phosphomannomutase 2 (Pmm2) mittels eines Degron-Systems, deGradFP, 

depletiert, was zusätzlich eine Reduktion der Enzymabundanz zu unterschiedlichen Leveln via 

der Induktion durch Auxin ermöglichte. Hierzu wurde Pmm2 an seinem C-terminus mit GFP 

fusioniert und konnte abgebaut werden sobald das F-Box Protein TIR1 ektopisch gemeinsam 

mit einem Auxin-induzierbaren Degron (AID) exprimiert wurde, welches mit einem GFP-

Nanobody der GFP markierte Proteine bindet fusioniert war. 

Alles in allem beschreibt diese Thesis die Generierung zweier Medaka hypo-N-

Glykosylierungsmodelle zum Studium der molekularen Mechanismen die den 

multisystemischen Phänotypen wie sie in CDG Patienten vorzufinden sind unterliegen. Beide 

Modelle repräsentieren vielsprechende Plattformen für präklinische Studien, wie zum Beispiel 

Hochdurchsatz-Wirkstoffscreenings oder Gentherapieverfahren zur Entwicklung neuartiger 

therapeutischer Ansätze zur Behandlung von CDG.  
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1 

 Introduction 
1.1 Glycosylation  
 

Glycosylation is a co- and posttranslational modification, in which oligosaccharides or glycans 

are covalently attached to proteins or lipids (Goreta et al. 2012; Moremen et al., 2014). It is a 

well conserved and ubiquitous pathway found in all domains of life. Glycosylation plays an 

important role in terms of protein folding, quality control, cell-cell adhesion and interaction, 

pathogen invasion and tumor metastasis (Moremen et al., 2014; Wang & Quanyong et al., 

2020). With the addition of 10 different monosaccharides including mannose (Man), fucose 

(Fuc), galactose (Gal), glucose (Glc), sialic acid (SA), N- acetylgalactosamine (GalNAc), N-

acetylglucosamine (GlcNAc), glucuronic acid (GlcA), iduronic acid (IdoA), and xylose (Xyl), 

more than thousands of different combinations of complex glycan structures can be created by 

each cell. In mammalian cells, approximately 700 proteins are estimated to catalyze reactions 

for glycan assembly, about 200 of which are glycosyltransfrerases using either nucleotide or 

lipid linked-sugars to build up glycans (Moremen et al., 2014), which makes glycosylation one 

of the most complex types of post translational modifications. 
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Figure 1: Schematic overview of different glycosylation types 

Protein glycosylation involves majorly N-glycosylation attached to Asparagines (N), followed by O-

glcysoylation attached to Serines (S) or Threonines (T). Some type of O-glycosylated proteins localizes 

to cytosol and nucleus. Proteins can be attached to cell membrane via GPI anchors. C-glycosylation 

exists as a more rare form of protein glycosylation that is attached to Tryptophan (W) amino acid. Major 

glycosylated lipid on the cell membrane is spingholipid, giving rise to glycosphingolipids. Hyaluronic 

acids exists as the only non-attached glycan, which localizes to extra cellular matrix (ECM). Fuc: 

Fucose; Gal: Galactose; GalNAc: N-acetylgalacosamine; Glc: Glucose; GlcA: glucuronic acid; GlcN: 

Glucosamine; GlcNAc: N-acetylglucosamine; IdoA:Iduronic acid; Man: Mannose; Sia: Sialic acid; 

Xyl: Xylose; GPI: glycosyl-phosphatidylinositol (Adapted from (Reily et al. 2019)). 

 

There are 6 main types of glycosylation: N-linked, O-linked, and C-linked glycosylation, 

glypiation, and phosphoglycosylation as protein glycosylation and sphingolipid glycosylation 

as lipid glycosylation (Moremen et al., 2014; Wang & Quanyong et al., 2020) (Figure1). N-

linked glycosylation is the most common type of protein glycosylation and its name derives 

from the attachment of the GlcNAc residue of glycans to Asn of polypeptide chains via amide 

(Nitrogen-Carbon) linkage. O-linked glycosylation is very diverse and its name indicates the 

attachment of a variety of mono- and oligosaccharides (GalNAc, GlcNAc, Xyl, Man, 

glycosaminoglycans (GAG) etc.) to mostly Serine (Ser) or Threonine (Thr), or rarely to 

Tyrosine (Tyr), Hydroxylysine (Hyl) or Hydroxyproline (Hyp) residues via glycosidic 

(Oxygen-Carbon) bond. In particular, the attachment of one or more GAG to serine residues 

gives rise to proteoglycans such as heparan sulfate, heparin, chondroitin, and dermatan sulfates 

(Lindahl, Couchman, Kimata, & Esko, 2009). C-mannosylation is an unusual Carbon-Carbon 

linkage of mannose to Trp side chains (Reily et al.,  2019). Glypiation refers to the addition of 

glycosyl-phosphatidylinositol (GPI) to a protein for its localization to the cell membrane via a 

so called GPI-anchor (Puig, Altmeppen, & Glatzel, 2014; Tsai, Liu, & Seeberger, 2012). 

Phosphoglycosylation is the addition of carbohydrates to Serine residue of proteins via 

phosphodiester bond (Haynes, 1998). In addition to protein glycosylation, transfer of glycans 

to ceramide of sphingolipids, which generates glycosphingolipids on the cell membrane is the 

most common type of lipid glycosylation (Reily et al., 2019). Of note, hyaluronic acid exist as 

the only type of none-attached glycan neither to proteins or to lipids, but its structure resembles 

the one of GAGs (Moremen et al., 2014). Other rare glycosylation types such as S-linked and 

C-linked glycosylation (other than mannosylation) also exist (Jayaprakash & Surolia, 2017).  

 

1.2 N-glycosylation  
 

More than half of all proteins are known to be glycosylated, of which N-glycosylation 

represents the largest fraction with approximately 90%, considering the proteome of all 
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organisms from metazoan to viruses (Apweiler et al., 1999). N-glycosylation involves 

glycosyltransferases and glucosidases from the Endoplasmic Reticulum (ER) to covalently 

attach mannoses and glucoses onto lipid linked oligosaccharides (LLOs), trim N-glycans and 

transfer them on proteins as well as glycosyltransferases from the golgi to further mature 

glycoproteins. As a result, so-called ‘complex glycan trees’ or LLOs are assembled in a step-

wise manner (Helenius & Aebi, 2004). 

 

Figure 2: Schematic representation of N-glycosylation pathway 

Enzymes involved in building up of glycans and transfer of those onto the proteins are shown. N-

glycosylation starts in the cytosol with the production of GDP-mannose, which is used as substrate for 

the enzymes indicated with parenthesis. First 5 mannoses are added and then the N-glycans are flipped 

into the ER lumen by a flippase (RFT1). Next, 4 mannoses and 3 glucoses are transferred onto N-

glycans, which are then transferred on the Asparagine residue of the proteins. Those are transported to 

golgi via vesicles and further trimming and addition of galactose, fucose, and sialic acids take place. 

Enzymes used for disease modeling in this thesis are written in red. P: phosphate; GDP: Guanosine 
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diphosphate; UDP: Uridine diphosphate; CMP: Cytidine monophosphate monophosphate (Adapted 

from (Ng and Freeze 2018)). 

 

N-glycosylation starts in the cytosol with the production of GDP-mannose and at the ER-

membrane with dolichol-phosphate mannose (Dol-P-man) and dolichol-phosphate glucose 

(Dol-P-Glc) as substrates of reactions catalyzed by mannosyltransferases and 

glucosyltransferases (Figure 2). It continues with the addition of 2 GlcNAc on dolichol-

pyrophosphate (Dol-PP) embedded in the ER membrane, followed by addition of 5 mannoses 

from GDP-mannoses to LLOs via Asparagine Linked Glycosylation (ALG) enzymes, 

generating Man5GlcNAc2-Dol-PP. Thereafter, this N-glycan is flipped into the ER lumen via a 

flippase and 4 more mannoses from Dol-P-Man and 3 glucoses from Dol-P-Glc are added to 

LLOs to create Glc3Man9GlcNAc2-Dol-PP. Eventually, oligosaccharyltransferases catalyze the 

covalent attachment of glycans via attaching GlcNAc of N-glycan to the nitrogen of Asn in 

some of the Asn-X-Ser/Thr motifs of many secreted and membrane embedded proteins (X is 

any amino acid except Proline). N-glycosylated proteins are trimmed further in the ER via 

glucosidases as a quality control for successful N-glycosylation. Proteins are then transferred 

to the golgi apparatus via vesicle trafficking and are further trimmed and/or other 

monosaccharides, such as fucose, galactose, and sialic acids are added on the N-glycans to 

mature the glycoproteins. When the proteins are properly glycosylated, they are trafficked to 

the cell membrane or secreted to the extracellular matrix via golgi vesicles. Proper N-

glycosylation ensures proper protein folding, stability, solubility, interactivity, transport and 

signaling (Helenius & Aebi, 2004).  

 

1.3 Congenital Disorders of Glycosylation (CDG) 
 

Congenital Disorders of Glycosylation (CDG) is a group of rare genetic diseases affecting 

patients with mutations in glycosylation genes. Most of the CDGs are due to defects in N-

glycosylation (Cylwik et al., 2013).  CDG is categorized into 2 groups according to which type 

of enzyme is mutated in the N-glycosylation pathway. Accordingly, mutations occurring in 

cytosolic and ER-resident enzymes responsible for the assembly and transfer of N-glycans give 

rise to CDG-type Ix, whereas mutations of enzymes responsible for trimming and processing 

of N-glycans in the ER and golgi result in CDG type IIx (x is any letter depending on when the 

particular CDG type was discovered) (Figure 2) (Hennet & Cabalzar, 2015; Jaeken & Carchon, 

2001).  
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As N-glycosylation is a conserved pathway occurring in every cell of the body, dysregulations 

consequently manifest in multisystemic disease phenotypes affecting many different organs and 

tissues such as liver, heart, intestine, eyes, brain, muscles, blood etc (Freeze, 2007; Jaeken & 

Carchon, 2001; Kjaergaard, Schwartz, & Skovby, 2001). Multisystemic feature of CDGs makes 

the diagnosis difficult, so molecular tests play an important role in pinpointing the actual cause 

of disease phenotypes. To this end, the diagnosis of the patients is done both via exome 

sequencing and the measurement of glycosylation patterns of serum transferrin via isoelectric 

focusing (Freeze, Schachter, & Kinoshita, 2017; Jaeken, 2003). The normal glycoprotein 

structure of serum transferrin contains 4 sialic acid residues attached to two N-glycan sites 

(Asn413 and Asn611). Since sialic acids are negatively charged, a shift in the band pattern 

toward the cathode indicates either reduced N-glycan attachment or aberrant glycan processing 

(Butler et al., 2003). Changes in this N-glycosylation patterning result from compound 

heterozygote missense mutations of N-glycosylation genes, in which patients inherit two 

distinct mutations from their parents (Bogdańska et al., 2021; Haeuptle & Hennet, 2009; 

Matthijs et al., 1998). Patients mostly carry hypomorphic alleles, in which there is still a residual 

enzyme activity of less than 50%, whereas parents as carriers with 50% or higher activity does 

not have any phenotype (Westphal et al., 2001; Yuste-Checa et al., 2015). Severity of the 

phenotypes mostly correlates with the residual enzyme activity (Freeze, 2002; Grünewald, 

2009; Imtiaz et al., 2000). However, mechanism behind changes in enzyme activity and its 

downstream effects leading to CDG disease phenotypes are not well understood. To this end, I 

generated disease models of an ER-resident enzyme, asparagine linked glycosylation 2 (alg2) 

and a cytosolic N-glycosylation enzyme phosphomannomutase 2 (pmm2) to model the disease 

mechanism of the most common form of CDGs, namely N-linked CDGs.   

 

1.4 Alpha-1,3/1,6-Mannosyltransferase or Asparagine-Linked 

Glycosylation 2 (ALG2) and ALG2-CDG (CDG Type Ii) 
 

ALG2 is one of the ER-resident mannosyltransferases and it uses GDP-mannose as a substrate 

to catalyze the transfer of the second and the third mannose onto LLOs, namely Man1GlcNAc2-

Dol-PP and Man2GlcNAc2-Dol-PP, to form Man3GlcNAc2-Dol-PP. It can transfer mannoses in 

either 1,3 or 1,6 position, thus it serves as a branching enzyme (Engel, 2018; Kämpf et al., 

2009). Mutations in Alg2 give rise to CDG-Type Ii (or ALG2-CDG) and myasthenic syndrome. 

ALG2-CDG is one of the rarest forms of all CDGs with worldwide 9 patients from 5 families 

reported so far (Cossins et al., 2013; Monies et al., 2014; Thiel et al., 2003). The rarity of the 
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disease alone illuminates the indispensability of proper enzyme function during embryonic 

development and survival.  

 

In this thesis, Alg2 maternal mutant allele from one of the well described ALG2-CDG patients  

(Thiel et al., 2003) was used to study the function of N-glycosylation during vertebrate 

development. The patient carried a compound heterozygote Alg2 allele with a single nucleotide 

deletion, del1040G, leading to an early stop codon as maternal and a single nucleotide 

substitution, G393T, as paternal allele. Interestingly, transcripts of the paternal allele were 

neither detected in samples of the father nor in patient, arguing for the instability of paternal 

mRNA, while the maternal allele was found to be stably expressed. The patient carrying the 

mutations was born without abnormalities and until the age of 2-months was thought to develop 

normally. However, the patient started displaying multisystemic phenotypes rapidly thereafter, 

exhibiting first vision abnormalities including bilateral coloboma of the iris, unilateral cataract, 

and irregular nystagmus. At 4-months old, infantile spasms and hypsarrhythmia started 

occurring, followed by retarded myelinization at the 5th month, which eventually came to a 

stand-still at the 8th month. Moreover, mental and motor development were impaired and the 

liver showed borderline enlargement. Molecular analysis of patient fibroblasts shed light on the 

mechanism of ALG2-CDG. In this line, the inability of ALG2 to elongate short LLOs was 

shown with rescue experiments. Accordingly, overexpression of wild-type ALG2 protein in 

patient fibroblasts revealed an accumulation of LLOs upstream of ALG2, 

including Man1GlcNAc2-PP-dolichol and Man2GlcNAc2-PP-dolichol in mock-transduced cells 

compared to wild-type allele transduced cells, indicating reduced enzyme activity of truncated 

ALG2 protein (Thiel et al., 2003).  

 

1.5 Phosphomannomutase 2 (PMM2) and PMM2-CDG (CDG 

Type Ia) 
 
PMM2, previously called ALG4, is a cytosolic enzyme catalyzing isomerization of mannose-

6-phosphate to mannose-1-phosphate (Roos et al., 1994).  The integrity of Pmm2 protein is 

important for all types of glycosylation as it is catalyzing the upstream reaction of GDP-Man 

and dolichol phosphate mannose (Dol-P-Man), which are substrates for most of the glycan 

syntheses, including N-glycans, GPI-anchors, O-mannose, and C-mannose (Freeze, Eklund, 

Ng, & Patterson, 2012). Mutations in Pmm2 gene leads to CDG- Type Ia (PMM2-CDG), which 

is the most common form of all CDGs with more than 1000 cases worldwide (Péanne et al., 

2018). Patients carry mostly hypomorphic alleles and the most common mutant alleles to date 
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are R141H and F119L (Kjaergaard et al., 2001; Thiel et al., 2006). As for other CDG types, 

patients display multisystemic phenotypes such as developmental delay, liver disease, failure 

to thrive, ataxia, coagulopathy, strabismus, cerebellar atrophy, retinitis pigmentosa etc. (Jaeken, 

2010; Matthijs et al., 1997; Verheijen et al., 2020). The severity of the patient phenotypes varies 

from mild to very severe with neonatal death (Grünewald, 2009).   

 

Figure 3: Schematic representation of Pmm2 degradation via deGradFP 

TIR1 is an F-box protein that is able to recognize auxin. AID is an auxin inducible degron and vhh-

GFP4 is an anti-GFP nanobody. deGradFP requires ectopic expression of TIR1 and AID-vhhGFP4 

fusion proteins for degradation of endogenous GFP labeled Pmm2 protein. In the presence of auxin, 

TIR1 recruits auxin bound AID-vhh-GFP4, which binds to Pmm2-GFP. Recruitment of E2 ligase leads 

to ubiquitination of both Pmm2 and GFP at their lysine (K) residues for their proteasomal degradation 

(Adapted from (Daniel et al. 2018)). 

 

In this thesis, I aimed to reduce the quantity of Pmm2 to different levels by targeting the enzyme 

with a degron in order to establish a model as a proxy for different levels of enzyme activity. 

Engineered degrons initially used an F-box protein fused to GFP nanobody, vhhGFP4 

(Caussinus, Kanca, & Affolter, 2011), for targeted depletion of GFP labeled proteins. The 

degron system was engineered even further to induce degradation of GFP labeled proteins in 

an auxin inducible way, termed deGradFP (Daniel et al., 2018). In this case, an F-box protein 

that can specifically recognize auxin, TIR1, was ectopically expressed in cells together with an 

auxin-inducible degron (AID) fused to GFP nanobody (vhhGFP4). The latter binds to TIR1 

only when auxin is present, while TIR1 forms the SKP1-CUL1-F-Box (SCF) complex of the 

E3 ubiquitin ligase for ubiquitinating and degrading specifically GFP labeled proteins. To this 

end, I endogenously labeled Pmm2 at its C-terminus end with GFP and employed deGradFP 

with auxin induction to set Pmm2 degradation at different levels (Figure 3). By that, I aimed 

to study the impact of Pmm2 degradation in a dose-dependent manner on the development of 

multisystemic phenotypes with a special focus on central nervous system abnormalities. 
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1.6 Central Nervous System (CNS) Abnormalities Among CDG 

Patients  
 

Although CDG is a multisystemic disorder, most of the disease phenotypes revolve around 

neurological abnormalities including cognitive disabilities, psychomotor retardation, epileptic 

seizures, hypotonia, ataxia, polyneuropathy, and stroke-like events. CNS abnormalities leading 

to those phenotypes include midline brain structure and volume anomalies, myelination 

disorders, cortical malformations, venous sinus thrombosis, and neuronal migration defects, the 

latter of which is the most commonly seen abnormality among all (Paprocka, Jezela-Stanek, 

Tylki-Szymańska, & Grunewald, 2021; Schiller, Rosewich, Grünewald, & Gärtner, 2020).  

 

Mutations in N-glycosylation enzymes give rise to the majority of the CDG types. The most 

common form of CDGs due to N-glycosylation defects is PMM2-CDG, followed by ALG6-

CDG (CDG-Type Ic), SRD5A3-CDG (CDG-Iq), and ALG1-CDG (CDG-Ik). PMM2-CDG 

manifest itself with many neurological symptoms such as intellectual disabilities, cerebellar 

atrophy/hypoplasia, seizures, microcephaly, hypotonia, stroke-like episodes and strabismus.  

ALG6-CDG, as the second most common N-linked CDG, leads to clinical features such as 

developmental delay, axial hypotonia, strabismus, and seizures. SRD5A3-CDG and ALG1-

CDG, on the other hand, manifest themselves with intellectual disability, brain malformations, 

cerebellar atrophy, hypoplasia, cerebellar ataxia microcephaly, and epileptic seizures. Ocular 

abnormalities include coloboma, nystagmus, optic nerve atrophy, cataract, glaucoma, and even 

blindness (Dupré et al., 2010; Morava et al., 2010). Since the other types of CDGs are rare, it 

is tough to generalize the neurological symptoms. However, other patients display phenotypes 

similar to aforementioned symptoms.  

 

O-linked glycosylation gives rise to the second most common type of CDGs (Freeze et al., 

2012). The major carrier of O-glycans is alpha-dystroglycan (αDG), which connects muscle 

cells to laminin, an extracellular matrix protein. Defects in αDG lead to α-dystroglycanopathies 

(Praissman & Wells, 2014). The clinical spectrum of α-dystroglycanopathy is broad, ranging 

from very severe musculo-oculo-encephalopathies, such as Walker Warburg syndrome, 

muscle-eye-brain disease, and Fukuyama congenital muscular dystrophy, to milder forms of 

limb-girdle muscular dystrophy (Godfrey, Foley, Clement, & Muntoni, 2011). Patients 

suffering from α-dystroglycanopathies display congenital brain malformations, cerebellar 

hypoplasia, and white-matter changes (Clement et al., 2008). Epilepsy due to neuronal 
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migration errors is likely, since αDG under normal conditions provides a neuronal migration 

stop signal (Vuillaumier-Barrot et al., 2012). All in all, due to variant neurological as well as 

the multisystemic feature of CDGs in general, the cell culture systems alone would not be 

sufficient to study disease mechanism. To this end, it is crucial to establish organismal models 

since some cell types might have higher levels of vulnerability to the mutations in glycosylation 

genes, rendering them more susceptible to disease phenotypes.  

 

1.7 Model Organisms Used to Study CDGs 
 

Highly conserved protein sequences and functions of glycosylation enzymes throughout all 

eukaryotes allows for  the generation of disease models to study the function of glycosylation 

in a variety of model organisms, from yeast to mouse (Gámez et al., 2020). Yeast mutagenesis 

screens enabled researchers to study the functions of glycosylation genes, whereas yeast 

complementation assays as a tool are commonly used to validate the patient mutations (Frank 

et al., 2004; Ng et al., 2016; Roos et al., 1994; Thiel et al., 2003). However, model organisms 

used to study the function of those enzymes commonly relied on the generation of null alleles, 

which lead to embryonic lethality (Balakrishnan et al., 2019; DeRossi et al., 2006; Ioffe & 

Stanley, 1994; Stanley, 2016; C. Thiel et al., 2006; Thiel & Körner, 2011) except for some 

cases in in which null alleles were viable (Sarkar et al., 2006). 

 

To overcome the embryonic lethality in animal models and to be able to mimic the patient 

scenario, many attempts have been made to create hypomorphic alleles either by knock-down 

approaches or the introduction of human mutant alleles to the orthologous region. Knock-down 

studies, so far, relied on zebrafish models, in which enzyme levels were reduced with 

morpholino injections to block translation of target mRNAs (Corey & Abrams, 2001). For 

instance, the MPI-CDG model of zebrafish morpholinos led to 50% embryonic lethality at 4dpf 

with multisystemic abnormalities among survivors including small eyes, dismorphic jaws, 

pericardial edema, and small liver, which could be rescued via mannose supplementation (Chu 

et al., 2013). A Pmm2-CDG model of morpholino injected zebrafish was viable with 

craniofacial defects and impaired motility (Cline et al., 2012). However, recent research showed 

that morpholino injected fish models led to more severe phenotypes than the knock-out lines. 

Furthermore, mutant lines showed compensatory upregulation of genes leading to the rescue of 

the mutant line, showing clear differences between knock-down and knock-out studies, 

underlining the importance of choosing the right model to answer the question of interest (El-
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Brolosy et al., 2019; Rossi et al., 2015). Comparably only a few studies attempted to introduce 

patient alleles to create hypomorphic animal models, such as PMM2-CDG mouse models. The 

generation of the most common compound heterozygote Pmm2 patient allele R141H/F119L 

with the mouse ortholog alleles of R137H/F115L led to the death of many of the mice 

prenatally (50.9% survival at postnatal Day 65). Surviving progeny displayed significantly 

stunted growth, accumulation of cytoplasmic hyaline bodies in the liver, and decreased wall 

thickness in the heart (Chan et al., 2016).  

 

CDG patients are mostly born with an uneventful pregnancy and good birth weight although 

some rare occasions of prenatal diagnosis were reported (Grünewald, 2009; Kleijer et al., 2011; 

Malhotra et al., 2009). Multisystemic phenotypes start as early as postnatally, rendering 

embryonically lethal model organisms not suitable to study the disease mechanism. As the null 

alleles of glycosylation genes are majorly embryonically lethal and morpholino knock-down 

studies have features different than naturally occurring mutant alleles, animal models carrying 

hypomorphic alleles are needed for disease modelling of CDG symptoms.  

 

1.8 Medaka, Oryzias latipes, as a New Model Organism to Study 

CDGs 
 

Medaka, Oryzias latipes, is a small freshwater fish habituating to rice paddies mainly in Japan, 

but also in eastern China and Korea. Medaka adults are sexually dimorphic, meaning that the 

gender of the fish can be identified from the shape of the dorsal fin. Medaka females lay 30-50 

eggs during fertilization, which allows fast generation and screening of many mutant lines.  

Development of the embryos is extrauterine and embryos are transparent, allowing for the 

observation of the embryonically lethal or early onset phenotypes without euthanizing or 

operating the mother. On the other side, development of medaka is temperature dependent and 

as the temperature decreases, the development rate slows down, which allows for a higher 

resolution of developmental processes by fine-tuning of the developmental time. At 28 degrees 

Celsius, in vitro raised embryos develop to hatching stage in 8 days and reach to adulthood in 

2-3 months (Wittbrodt et al., 2002). These all together making medaka an easy-to-handle and 

more convenient model organism compared to the mouse models, especially to study the 

vertebrate development. 
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The extent to which genetic manipulations can be applied is important for the use of model 

organisms for molecular biology approaches. Most of the genetic manipulation techniques work 

in medaka including irradiation or N-ethyl-N-nitrosourea (ENU) treatment (Shima & Shimada, 

1994; Shima & Shimada, 1991), foreign DNA injections into the cytoplasm of embryo or eggs 

(Boon Ng & Gong, 2011; Grabher & Wittbrodt, 2007), enhancer and gene traps (Froschauer et 

al., 2012; Grabher et al., 2003), morpholinos to block mRNA translation (Carl et al., 2002), and 

targeted genome editing technologies such as zin-finger nucleases and CRISPR/Cas9 (Ansai & 

Kinoshita, 2014; Guan et al., 2014; Jinek et al., 2012). The latter is crucial in terms of studying 

the function of a single gene causing disease phenotype in human. Medaka was used to study 

the cellular mechanism of several human diseases including polycystic kidney disease, Gaucher 

disease, and nonalcoholic steatohepatitis via morpholino injections, ENU treatment and high-

fat diet feeding regimen, respectively (Hashimoto et al., 2009; Matsumoto et al., 2010; Uemura 

et al., 2015). As a result, mutant medaka displayed the pathological phenotypes resembling 

human symptoms. These results taken together with ability of easy genetic manipulations, fast 

generation time, high number of progeny and transparency of medaka present it as a promising 

model organism for studying disease phenotypes and for the design of new and effective 

therapies.  

 

All in all, importance and necessity of glycosylation is evident from the rarity of the patients 

reported so far. Although it is one of the most abundant forms of post-translational 

modifications and it is highly crucial for organismal survival, function of glycosylation during 

vertebrate development and mechanism of multisystemic CDG phenotypes have not yet been 

addressed in a molecular level. To this end, this thesis models the most common form of 

glycosylation and presents two medaka models displaying reduced N-glycosylation levels 

generated by two different approaches to study the function of N-glycosylation during 

vertebrate development.  
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2 
 Aims and Approaches 

 
 
The aim of this study was to investigate the role of N-glycosylation on vertebrate development 

under physiological and pathological conditions. To this end, following steps were aimed to be 

achieved: 

 

1. Generation of ALG2-CDG and PMM2-CDG models of medaka  

by employing CRISPR/Cas9 targeted genome editing and homology directed repair to 

integrate a specific patient allele into the alg2 locus and to insert GFP at the C-terminus of 

pmm2.  

 

2. Characterization of the multisystemic phenotypes under hypo-N-glycosylation  

by assessing the consequences of hypo-N-glycosylation at the macroscopic level by gross 

morphological analyses, as well as at the cellular level by means of histology. 

 

3. N-glycome and proteome analysis for the identification of molecular determinants 

driving the disease phenotype 

by analyzing N-glycan occupancy of total protein from both medaka and patient fibroblast, 

as well as unbiased mass spectrometry of whole medaka hatchlings and enucleated eyes. 

 

4. Rescue of multisystemic phenotypes by genetic manipulations and nutritional 

therapies 

by overexpressing Alg2 protein via microinjections of mRNAs synthesized from both 

medaka and human full-length coding sequences and supplementing alg2 medaka model 

with D-mannose and D-glucose. 
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3 
 Chapter 1 

 

3.1 Results  
 

This section is dedicated to the results produced throughout this thesis. Please refer to the 

“Contributions” section for the details of the contributions of collaborators, colleagues, and 

internship students.  

 

3.1.1 Employing CRISPR-Cas9 targeted genome editing to create a precise patient-based 

alg2 allele in medaka  

 

Given that complete loss of function mutations of glycosylation enzymes in human leads to 

early embryonic lethality (Freeze et al., 2017) and, hence, patients carry hypomorphic alleles 

led us to create an in vivo model of ALG2-CDG by mimicking a previously published (Thiel et 

al., 2003) Alg2 human allele. High conservation of ALG2 protein sequence throughout 

eukaryotes and ease of genetic manipulations in fish models enabled us to use more simple 

forms of model systems, such as Oryzias latipes or medaka, for disease modelling (Figure 4A 

and 4B). Accordingly, the ALG2 protein conservation between medaka and human is 63.7% 

in terms of sequence identity and the mutation site is well preserved (Bateman, 2019) (Figure 

4A, red bar).  

 

 

Figure 4: Protein sequences at the mutation site of the hsAlg2 allele is highly conserved throughout 

eukaryotes 

(A) Protein sequences at the C-terminus of ALG2 enzyme is highly conserved from yeast to human. 

Darker green: highest conservation, lighter green: least conservation, white: conservation in at most 

two species among five. For alignment of the protein sequences T-Coffee algorithm and for conservation 
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calculation Percentage Identity (PID) was used. Red bar: mutation site of the human maternal allele 

modeled in this thesis; Letters are abbreviations of amino acids.  

(B) Phylogenetic tree according to the whole ALG2 protein sequence conservation confirms medaka 

(O. latipes) as a close relative to human and mouse in terms of protein sequence conservation. Tree 

construction method: Average Distance; Distance Measurement: Percentage Identity (PID). Scale bar: 

7.54 amino acid changes per 100 amino acids. 

(C) hsAlg2 maternal allele carries 1 nucleotide deletion at the C-terminus end leading to an early stop 

codon. Underline: frameshift; red asterix: stop codon; square brackets: deletion; dashed lines: skipped 

sequences; bar inside nucleotide sequence: mutation start site; E: exon; light blue: untranslated regions 

(UTRs); Scale bar: 500bp.  

 

The modelled human allele was compound heterozygote, meaning that the patient carried 

different mutated alleles from each parent. Here, only the maternal allele was used as the base 

of the fish model since the transcript from the paternal allele was shown to be non-stable in the 

patient sample (Thiel et al., 2003). The maternal allele had a deletion of a single Guanosine at 

the C-terminus end of the gene, 1040G, which led to an early stop codon at the C-terminal 

end (Figure 4C). Precise editing of the medaka genome for integration of a single base pair 

deletion together with a restriction recognition site (StuI site) was accomplished with 

CRISPR/Cas9 targeted genome editing. To this end, medaka zygotes were injected with 2 guide 

RNAs, Cas9 mRNA, single stranded oligodeoxynucleotide (ssODN) with the designed 

mutation, and GFP mRNA as an injection tracer (Figure 5A). Some of the injected embryos 

were pooled (5-10 embryos) and genotyped to test efficient integration in the F0 generation. 

The rest of the fish were raised to adulthood and outcrossed to a wild-type fish to screen for the 

germ line transmission of the allele. Individuals with successful integration, as well as other 

CRISPR derived mutants, were screened in F1 generation. This screening revealed several 

alleles in the germline including a 2 amino acid deletion (c.999-1004del translating into 

p.N334_S335del), a complete deletion after double stranded break 

(c.1002_1218+5delinsTCTG translating into p.(S335Lfs*8)), and the intended integration of 

the ssODN and generation of an early stop codon at the C-terminal end (c.1006-

1011delinsTAAGG translating into p.G336*) (Figure 5B). 
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Figure 5: Schematic representation of in vivo CRISPR/Cas9 genome editing in medaka for precise 

knock-in and resultant alleles 

(A) Embryos were injected with the injection mixture at one-cell stage, zygote. GFP expression was 

used for screening of successful injection. Crispants were genotyped for the successful integration and 

raised to adulthood. Those adults were outcrossed to wild-type fish and alleles that could survive under 

heterozygosity were raised. Those fish were incrossed for the analysis of homozygotes at the juvenile 

stage. Note: timeline is not to scale. 

(B) Schematic representation of the medaka alg2 gene depicting the C-terminus of the gene and protein 

sequences in wild-type and in case of the respective mutations. “Intended mutation” represents the 

hypothetical sequence if 1bp deletion is introduced, as in human allele, to the orthologous region of alg2 

gene in medaka. “ssODN design” is the commercial single stranded sequence bearing an early stop 

codon and StuI test digest site. “alg2hypo (c.1006-1011delinsTAAGG)” allele represents ssODN 

integration into alg2 medaka endogenous locus. Below this allele, “2 amino acid deletion allele (c.999-

1004del)” and “C-terminal truncation allele (c.1002_1218+5delinsTCTG)” are presented. Underline: 

frameshift; red asterix: stop codon; square brackets: deletion; dashed lines: skipped sequences; bar 

inside nucleotide sequence: mutation start site; E: exon; light blue: untranslated regions (UTRs); bar: 

500bp.  
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3.1.2 alg2 C-terminal mutant alleles lead to multisystemic phenotypes under 

homozygosity 

 

Interestingly, none of the fish carrying either of the three alleles showed any symptoms until 

stage 39 (Iwamatsu, 2004) under homozygosity, meaning that until the hatching stage the 

homozygous fish were indistinguishable from their wild-type counterparts. At the end of stage 

39 and the beginning of stage 40, all 3 alleles led to similar multisystemic phenotypes under 

homozygosity (Figure 6A to C). Heterozygotes, however, remained indistinguishable from 

their wild-type siblings. The early stop codon allele, from here on referred to as alg2hypo, and 

the 2 amino acid deletion alleles were both viable for only 2-4 days after hatching. Of note, the 

mutation leading to a large deletion at the C-terminus often led to embryonic lethality at stage 

39 although some of the siblings could hatch and survive as in the other alleles (survival not 

quantified) (Figure 6C). Morphologically, the multisystemic phenotypes manifested 

themselves by a gradually slowing and eventually arrested blood flow, blood clogging, edemas, 

especially around the heart and the eyes, (nearly) tubular heart lobes, shortened snout, and 

seizures (not shown) for all three alleles. The most characteristic phenotype to distinguish 

homozygote fish from the rest was the slow blood flow and eventually beating of the heart 

devoid of red blood cells, which was clogged in the several spots of the body including thymus 

and the tail. The yolk was not digested and the swim bladder was not filled with air. Hatched 

fish were mostly stationary and displayed severely impaired motility, as evidenced by 

swimming in upward circles. All in all, the here established alg2 fish model was resembling 

patient-like phenotypes in terms of their multisystemic nature and shortened life span.  
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Figure 6: Mutations at the C-terminus end of alg2 lead to multisystemic phenotypes 
Multisystemic phenotypes under homozygosity of the Alg2:p.G336*, or alg2hypo (adjusted from (Gücüm 

et al., 2020))(A), 2 amino acid deletion Alg2:p.N334_S335del (B), and C-terminal truncation 

Alg2:p.S335Lfs*8 (C) allele include shortened snout (square brackets), blood clogging/clotting (red 

arrowhead), tubular heart (black arrowhead) and edemas around the heart and the eyes. y: yolk. Scale 

bar: 0.5 mm. 

 

I further examined the gross morphological changes of the mutants at the microscopic level via 

histology. Transverse sections through the homozygote juvenile body indicated abnormalities 

in several organs including eye, brain, and heart. Organs were generally smaller compared to 

wild-type siblings, indicating developmental defects. In the eye, the outer nuclear layer (ONL) 

adjacent to retinal pigmented epithelium (RPE) was shorter compared to the wild-type siblings 

(Figure 7A-A’). White matter in the brain was reduced in size and gray matter was more 

dispersed into the white matter leading to gray matter heterotropia. The ventricle opening, on 

the other side, was widened, and, hence, left a distance between the lobes of midbrain and optic 

tectum as well as left and right hindbrain (Figure 7B-B’ and 7C-C’). Although all the organs, 

including the heart, developed normal until stage 39, heart of the mutant fish thinned and the 

chambers were not apparent at stage 40, meaning that the heart became more tubular (Figure 

7D-D’ and 7I-I’). Morphological abnormalities were not observed neither in spleen (data not 

shown), nor intestine and liver via histology (Figure 7E-E’). 
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Figure 7: Characterization of multisystemic phenotypes confirms multiorgan and tissue 

abnormalities 

(A to E’) Hematoxylin and eosin staining of transverse sections of alg2hypo and wild-type siblings 

revealed shortened ONL and smaller eyes (A-A’), reduced white matter and gray matter heterotropia 

(B-C’), tubular heart (D-D’), but normal intestine and liver (E-E’). NR: Neural retina; RPE: Retinal 

pigmented epithelium; OT: Optic tectum; MB: Midbrain; V: Brain ventricle; HB: Hindbrain; H: Heart; 

I: Intestine; Li: Liver. Scale bar: 50µm 

(F to G’) Alcian blue staining of alg2hypo fish showed reduced cartilage length and thickness at stage 40. 

Square brackets: Meckel’s cartilage. Scale bar: 0.5mm 

(H) Schematic representation (upper panel, ventral view) of craniofacial cartilages and quantification 

(lower panel) of the cartilage lengths normalized to distance between lenses (standard length, SL) and 

mean of that of the wild-type reveals significant reduction of all three cartilage structures in mutant 

compared to wild-type. m: Meckel’s cartilage; pq: palatoquadrate; ch: ceratohyal cartilage. Two-tailed 

nonparametric Student’s T-test; * <0.05; *** < 0.001.  

(I-I’) Confocal imaging of vessel structures of alg2hypo medaka shows severe vessel thinning 

(arrowheads) and ruptures at stage 40. Yellow arrowhead: heart; DA: Dorsal aorta; PCV: Posterior 

cardinal vein; DLAV: Dorsal longitudinal vessel; ISV: Intersegmental vessel. Scale bar: 0.25mm 

(Figure adjusted from (Gücüm et al., 2020)). 

 

Since patients often display craniofacial dismorphisms (Luderman, Unlu, & Knapik, 2017), the 

craniofacial cartilage morphology of mutant medaka was investigated, as fish do not display 

calcification or bone formation at this stage. Alcian blue staining revealed cartilage thinning 

and significant shortening of head cartilages. The reduction in jaw size was caused by 

significantly shorter Meckel’s cartilage (p = 0.02), palatoquadrate (p = 0.03) and ceratohyal (p 

< 0.001) cartilages compared to stage-matched wild-type siblings (Figure 7F to H). As one of 

the characteristic features of the mutants is slow blood flow and eventual blood clogging (or 
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potentially clotting) and patients often suffer from blood clotting (Brum, 2013; "Congenital 

Disorders of Glycosylation", 2015) associated with the endothelial cell abnormalities (Yau, 

Teoh, & Verma, 2015), the morphology of the blood vessels was analyzed. To this end, alg2 

mutants were crossed to Fli1::GFP reporter line, allowing for endothelial cell-specific 

fluorescent labelling in vivo. Severe vessel thinning was observed in the mutants, which was 

pronounced in the posterior cardinal vein and dorsal aorta and could potentially cause the 

observed slow blood flow and clogging (Figure 7I-I’).  

 

3.1.3 Reduction in the Alg2 enzyme activity (or level) leads to reduced N-glycan 

occupancy, or hypo-N-glycosylation  

 

Reducing enzyme activity or abundance should cause a deficiency of the product from the 

reaction catalyzed by the enzyme. Since the first substrate of Alg2 is Man1GlcNAc2-PP-Dol, 

mutant fish would presumably display reduced levels of all downstream N-glycans in the ER- 

and golgi-resident N-glycosylation cascade, including high-mannose type and complex-type N-

glycans. Hence, the mutant fish would exhibit a decrease in N-glycan occupancy of the proteins. 

To test this hypothesis, I employed lectin blotting and multiplexed capillary gel electrophoresis 

with laser-induced fluorescence detection (xCGE-LIF).  

Given that different lectins have the capacity to recognize different sugar structures, 

Concanavalin A (Con A) was used to detect mannose and wheat germ agglutinin (WGA) to 

detect N-acetylglucosamine. Lectin blots against ConA measured total mannose occupancy, 

which is not exclusive to N-glycans, but also found in O- glycans and C-mannoses. 

Nevertheless, mutants showed only 72% mannosylation compared to the wild-type. WGA 

binds to acetylated glucoses and recognizes more specifically N-glycans, but also some of the 

O-glycans. Lectin blot against WGA showed a reduction in glucosylation level to 83% of the 

wild-type siblings (Figure 8A). Both lectin blots, hence, revealed similarly reduced protein 

glycosylation, pointing towards lower enzyme activity, which results in hypoglycosylation. To 

put these findings in a more clinically relevant perspective, lectin blots were performed for 

cultured primary fibroblast of the ALG2-CDG patient (by Lars Beedgen, Thiel Lab, University 

Clinic Heidelberg, Germany). Surprisingly, we did not observe differences for neither mannose 

nor acetylated glucose levels between the control and patient fibroblast sample (102 %; Con A, 

94 %; WGA blot) (Figure 8B), adding to the notion that different cell types show different 

susceptibilities towards perturbed glycosylation and, thus, highlighting the importance of using 

in vivo models for hypoglycosylation studies.  
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To further address how the N-glycan occupancy of medaka alg2hypo variant and fibroblasts of 

the ALG2-index patient was impacted, we performed an extended N-glycan analysis by xCGE-

LIF (in collaboration with Rapp Lab, Max-Planck Institute, Magdeburg). This approach 

enabled the identification and relative quantification of individual N-glycan structures via 

normalization to an internal standard allowing the direct quantitative comparison between 

samples of different origin like fish and human (Appendix Table 1) (Hennig et al., 2016). The 

evolutionary conservation of the complex glycosylation machinery resulted in a high structural 

similarity of the N-glycan profile of wild-type medaka hatchlings and control human 

fibroblasts. In the medaka wild-type N-glycan fingerprint (Fig 8C, black), 57 % represented 

complex- type N-glycans that were predominantly Neu5Ac-sialylated. The remaining 41 % of 

the N- glycome comprised of high-mannose-type N-glycans ranging from Man5 to Man9 

structures and hybrid-type N-glycans were present with only 2.5 %. In contrast, in the alg2hypo 

N-glycan fingerprint (Fig 8C, red) a severe hypo-N-glycosylation was apparent by an overall 

reduction of 61 % in the levels of N-glycosylation (Figure 8C and 8E). This hypoglycosylation 

affected all N-glycan structures to a comparable extent with only minor qualitative differences.   
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Figure 8: xCGE-LIF quantifying N-glycan occupancy identifies both medaka and human 

mutations as hypomorphic alleles 

(A) Lectin blots of total fish lysate blotted against ConA and WGA, binding to mannose and acetylated-

glucoses, respectively, showed hypoglycosylation in medaka alg2hypo variant. 
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(B) Lectin blots of the patient fibroblast lysate blotted against ConA and WGA showed similar levels 

of glycosylation in the patient fibroblast compared to the control samples (Data produced by Lars 

Beedgen, Thiel Lab, Univeristy Clinic Heidelberg, Germany) 

(C and D) Multiplexed capillary gel electrophoresis with laser-induced fluorescence detection (xCGE-

LIF) both for whole medaka hatchlings (C) and human fibroblast samples (D) showed hypo-N-

glycosylation. Arrows indicate trend of the N-glycan signal in the mutants relative to the wild-types, up: 

higher in mutant and down: lower in mutant. Numbers indicate the N-glycan structures listed in 

Appendix Table 1. Black line: wild-type or control; red line: mutant or patient sample; asterix: x-axis 

normalization peak (Data produced jointly with Valerian Grote, Max-Planck Institute, Magdeburg, 

Germany) 

(E and F) Overall quantification of the electropherogram in (C) and (D), respectively, for complex- and 

high-mannose-type N-glycans (Data produced jointly with Valerian Grote, Max-Planck Institute, 

Magdeburg, Germany) 

(Figure adjusted from (Gücüm et al., 2020)) 

The N-glycan fingerprint of the human fibroblast control sample (Figure 8D, black) revealed 

that, similar to fish, 68 % of the N-glycome was composed of complex type N-glycans with a 

substantial proportion of multi-antennary structures. The remainder consisted of high-mannose 

type N-glycans (29 %) and hybrid-type structures (3 %). Similar to the medaka samples, the 

majority of complex-type N-glycans in the human fibroblasts were characterized by a terminal 

sialylation. The N-glycan fingerprint from fibroblasts of the human ALG2 index patient (Fig 

8D, red) showed few qualitative changes in its N-glycome compared to the control. Consistent 

with our findings in the medaka animal model, the human fibroblasts of the ALG2-CDG patient 

revealed a general hypo-N-glycosylation, although less pronounced. High-mannose-type 

glycosylation was reduced by 48 %, while complex type N-glycans showed only marginal 

changes (0.5 %) (Figure 8D and 8F).  
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Figure 9: xCGE-LIF indicates reduced sialylation and fucosylation and as well unique N-glycans 

(A-B) Levels of sialylation(A) and fucosylation(B) were reduced in alg2hypo and human fibroblast 

sample compared to wild-type medaka and control fibroblast, respectively.  

(C) N-glycans exclusive to either medaka mutant or wild-type allele (left) and patient or control 

fibroblast (right) show generation of unique N-glycans in medaka mutants. Numbers refer to the N-

glycans in Appendix Table 1 (Data produced jointly with Valerian Grote, Max-Planck Institute, 

Magdeburg, Germany). 

Besides hypo-N-glycosylation, overall sialylation and fucosylation levels were reduced in the 

medaka animal model as well as in the patient fibroblast (Figure 9A and 9B). Moreover, the 

medaka model showed unique N-glycan structures, namely FA2G2S1(2,3) and FA4G4S2(2,3) 

(Appendix Table 1; Figure 9C-left), which is a phenomenon that can also be observed in the 

tissue samples of  CDG patients (Freeze, 2007). However, those unique N-glycans were not 

observed from the patient fibroblast sample. (Figure 9C-right). All in all, our analysis revealed 

that both, the human ALG2:p.G347Vfs*26 (1040G) and the medaka Alg2:p.G336* (or 

alg2hypo) alleles resulted in a hypo-N-glycosylation, and hence, suggested Alg2:p.G336*  as a 

hypomorphic model.  

3.1.4 Unbiased proteomics assay points towards a putative downregulation of 

phototransduction pathway and upregulation of protein-processing machinery  

 

Glycosylation is an important and necessary post-translational modification for proper protein 

folding. Misfolded proteins are sensed by the cell and either refolded by chaperons or sent for 

proteasomal degradation for recycling of amino acids (Hetz, 2012; Rao & Bredesen, 2004). 

This would imply reduction in the quantity of certain proteins upon hypo-N-glycosylation. To 

test this hypothesis, we performed an unbiased proteomics on whole medaka hatchling lysis (in 

collaboration with Ruppert Lab, Zmbh, Heidelberg University, Germany). Each alg2hypo and 

wild-type samples were normalized to their total protein and finally, alg2hypo was normalized 

to its wild-type counterpart to compare protein amounts quantitatively. This approach did not 

allow for the analysis of proteins below the detection limit of the mass spectrometer in either 

of the groups. To this end, we included an exclusive protein list from alg2hypo and as well as 

wild-type samples (Figure 10A and 10C).  

 

As a pilot experiment, whole hatchling samples were measured via label-free LC-MS, which 

detected 6378 protein groups, which was reduced to 2190 protein groups upon filtering for 

protein groups identified by site, reverse sequences, potential contaminants, and at least 2 valid 

values. However, chemical labeling detected 2594 protein groups from whole hatchling, which 

was reduced to 1222 upon same filtering steps as in label-free technique. All in all, chemical 
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labeling reduced the number of detected proteins 1.8 times after filtering. Coverage of the LC-

MS was not increased by increasing the amount of protein loaded in the column from 2µg to 

8µg (data not shown).  

 

Figure 10: Mass Spectrometry analysis of medaka samples indicates a putative downregulation in 

the phototransduction pathway and points towards rod cell degeneration (upper panel: whole 

hatchling; lower panel: eyes) 

(A, D) Intensity plots of proteins exclusively detected in wild-type samples amounted to 56 proteins 

from whole hatchling samples (A) and 7 from enucleated eye samples (D).  

(B, E) Volcano plots of protein expression fold change of alg2hypo normalized to wild-type medaka 

reveals distinct changes reminiscent of the multisystemic phenotypes. Proteins with significant (p < 

0.05, dashed line) and more than 2-fold change (dotted lines) are indicated (red dots) and labelled.  

(C, F) Intensity plot of proteins exclusively detected in alg2hypo mutant samples amounted to 3 proteins 

from whole hatchling samples (C), 19 proteins from enucleated eye samples (F).  

(All data produced jointly with Roman Sakson, ZMBH, Heidelberg, Germany; Figure adjusted from 

(Gücüm et al., 2020)).  
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Analysis of total protein extracts from alg2hypo and wild-type hatchlings (stage 40, de-yolked, 

three replicates with six hatchlings each) upon isotopic labelling on the peptide level by 

dimethylation (Boersema et al., 2009) did reveal distinct differences, but not a global regulation 

of protein levels. Analysis of the proteome of alg2hypo mutant (Figure 10A to C) uncovered 15 

proteins with a significant (p < 0.05) differential abundance differing more than 2-fold (Figure 

10B) in comparison to wild-type controls, out of which 12 were upregulated and 3 were 

downregulated in the alg2hypo mutant fish. We identified the secreted metalloendopeptidases, 

low (lce) and high (hce) choriolytic enzymes (19 and 22-fold upregulation, respectively), as the 

top upregulated proteins followed by UDP-glucose 4-epimerase (Gale). The latter catalyzes two 

distinct interconverting reactions: UDP-galactose (UDP-Gal) from and to UDP-Glc, as well as 

N-acetylgalactosamine (GalNAc) from and to GlcNAc (Daenzer, Sanders, Hang, & Fridovich-

Keil, 2012). All four nucleotide sugars serve as substrates for glycan synthesis. The remaining 

upregulated proteins are related to endopeptidases or play a role in vesicle transport, heme 

binding, or collagen synthesis. The three downregulated proteins were a putative violet 

sensitive opsin and two proteins containing peptidase S1 domain (Figure 10B). As mentioned 

previously, we found 56 proteins exclusive for wild-type (Figure 10A) and three for alg2hypo 

samples (Figure 10C). Those proteins grouped into classes involved in vesicle trafficking, 

regulation of blood and circulatory system, protein folding as well as proteins with described 

and predicted functionality in neuronal and especially eye and photoreceptor related activity. 

Some of those eye related proteins (both from eye and whole hatchling) are associated with rod 

cell degeneration, namely retinitis pigmentosa (RP):  Rho (Dryja, 1990; White, Hauswirth, 

Kaushal, & Lewin, 2007), Kfharr-r2 (Sippel, DeStefano, Berson, & Dryja, 1996), 

Gnat1(Carrigan et al., 2016), Pmm2 (Matthijs et al., 1997), Glyr1, Sec31b, and Rgra (Stelzer et 

al., 2016) (This paragraph was paraphrased from (Gücüm et al., 2020)).  

 

Remarkably, although proteomics analysis was performed on whole hatchlings, we found a 

prominent cluster of proteins related to retinitis pigmentosa to be regulated. To better 

understand the changes within the mutant eyes, we performed an unbiased proteomics approach 

on enucleated eyes (four replicates, 30 eyes each) of alg2hypo and wild-type hatchlings at stage 

40. The analysis identified 23 differentially expressed proteins (p < 0.05) with more than 2-fold 

change and 26 proteins exclusively found in wild-type or mutant samples (Figure 10D to 10F), 

while global protein levels were not changed. Differentially regulated and exclusive proteins 

revealed distinct cellular pathways to be affected by hypo-N-glycosylation. Alg2hypo mutants 

displayed downregulation of proteins involved in the phototransduction pathway specific to 
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photoreceptor cells while proteins of the glycosylation machinery involving protein processing 

in the ER and protein folding enzymes, as well as vesicle trafficking proteins were found to be 

upregulated (This paragraph was paraphrased from (Gücüm et al., 2020)).  

 

3.1.5 Analysis of the marker expression in eye shows rod cell degeneration and, hence, 

confirms retinitis pigmentosa  

 

The prevalent downregulation of photoreceptor proteins in whole hatchling and eye-specific 

proteomics strongly suggested photoreceptor abnormalities. Similar to human eyes, ONL of 

medaka is composed of rod and cone cells. Previous histological examinations showed a 

shortened photoreceptor layer in the alg2hypo (Figure 7A-A’). Closer examination of the 

transverse sections through mutant eyes showed a single layer of cells in ONL instead of two 

layers with shortened rods or cones (Figure 11A-A’). The analysis of a possible single layer 

with both cell types or one missing cell type was not performed. However, immunofluorescent 

markers revealed a severe decrease in the rhodopsin expression in rod cells, meaning that 

majority of the rod cells were missing, whereas cone cells (Zpr1) were not affected (Figure 

11B). To understand whether reduction in the rhodopsin expression was due to the inability of 

cells to be maintained or to be differentiated, TUNEL apoptosis assay was performed on 

transverse eye sections, revealing apoptotic cells that were exclusive to the rod cell layer 

through the whole eye, both in the center and the periphery (Figure 12). This finding indicates 

that the rod photoreceptors were initially formed during development and post-embryonic 

growth, but were not maintained and were rather eliminated by apoptosis, a condition known 

as retinitis pigmentosa or night blindness. Of note, heat shock protein A5 (Hspa5), which is a 

facilitator of ER-associated protein degradation (ERAD) and initiator of the unfolded protein 

response (UPR) (Wang, Lee, Liem, & Ping, 2017) was upregulated in the proteomics assay 

from the mutant eye samples (Figure 10E). These data combined with the immunofluorescence 

(IF) strongly suggest induced-ER stress-associated apoptosis, upon prolonged UPR (Fribley, 

Zhang, & Kaufman, 2009) as the mechanism behind rod cell degeneration.  

 

To further support that the rod cell degeneration was due to a potential maintenance issue rather 

than a differentiation, we assessed the ciliary marginal zone (CMZ) of the eye for the presence 

of stem and progenitor cells. For this purpose, alg2hypo fish was crossed to cndp1::GFP reporter 

line to mark the stem cell population (Becker, Lust, & Wittbrodt, 2021) and sections were 

stained with Rx2 antibody to mark CMZ and photoreceptors (Figure 13). All in all, alg2hypo did 

not display abnormalities regarding stem or progenitor cell morphology, further substantiating 
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the hypothesis that hypoglycosylation of photoreceptor proteins leads to rod cell degeneration 

while rod cell differentiation is largely unaffected.  

 

Figure 11: Histology and immunofluorescence on medaka sections suggest rod cell degeneration 

(A-A’) Hematoxylin and eosin staining on alg2hypo and wild type eyes shows a single layer of 

photoreceptor in outer nuclear layer (ONL) whereas stem and progenitor or other differentiated cell 

layers do not show apparent abnormalities. INL: Inner Nuclear Layer; GCL: Ganglion Cell Layer; RPE: 

Retinal Pigmented Epithelium; OPL: Outer Plexiform Layer; IPL: Inner Plexiform Layer. Square 

brackets: Rods and cones of photoreceptor cells. Dashed line: CMZ. Scale bar: 50µm.  

(B) Immunofluorescence on transverse sections of medaka eye indicated reduced rhodopsin (Rhod) 

expression whereas cone cells (Zpr1) cells were not affected. Dashed area: outer nuclear layer of dorsal 

eye. Scale bar: 50µm. 

(Figure adjusted from (Gücüm et al., 2020)). 
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Figure 12: alg2hypo rod cells are apoptotic at stage 40 

TUNEL staining of transverse section marks exclusively apoptotic rod cells (arrows) while wild-type 

hatchlings do not have any apoptosis in the photoreceptor layer. Dashed area: outer nuclear layer of 

eye and lens. Squares: Outer nuclear layer of the ventral retina. Scale bar: 50µm.  

(Figure adjusted from (Gücüm et al., 2020)). 

 

Since  neuronal cells support their maintenance via synapse formation and a possible synapse 

loss leads to apoptosis (Fricker et al., 2018), the cells from INL and their synapses to the rod 

cells were analyzed via marker expression. We found that the morphology or synapse formation 

of both bipolar cells (PKC) and non-neuronal Muller glial cells (GS) was not affected in the 

alg2hypo model (Figure 14A and B). Furthermore, ganglion cells (HuC/D, data not shown), 

horizontal cells judged by their morphology with nuclear DAPI staining, and the axonal 

projections of the ganglion cells to the optic tectum were not affected by hypoglycosylation 

(Figure 15). Overall, these data suggest that apoptosis of rod cells is due to cell-intrinsic factors, 

rather than perturbed synaptic communication or support by neuronal or non-neuronal cells in 

the eye.  
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Figure 13: alg2hypo stem and progenitor cells are not affected from hypoglycosylation 

Immunofluorescence of the alg2hypo fish in the cndp1::GFP background shows normal morphology of 

the stem and the progenitors in the CMZ (ciliary marginal zone). Boxes show dorsal eye. Yellow 

arrowhead: CMZ; white arrowhead: photoreceptor layer; Scale bar: 50µm.  

 

 

Figure 14: Muller glial cells or bipolar cells in the INL have normal morphology and marker 

expression in alg2hypo fish 

(A) Immunofluorescence of a non-neuronal Muller glial cells (GS) and (B) bipolar cells (PKC) and 

their cell bodies and axonal and dendritic projections show normal morphology. Yellow and red 

arrowhead: dendrites; white arrowheads: cell body. Scale bar: 50µm.  
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Figure 15: Nuclear staining identifies normal morphology of the horizontal cell and axonal 

projections to brain.  

Transverse sections show that the horizontal cells (yellow) in the INL differentiated and axonal 

projections (green) are sent to the brain. Scale bar: 50µm. 

 

3.1.6 Both medaka and human Alg2 mRNA rescues the multisystemic phenotypes and 

survival of the alg2hypo model 

 

Gene therapy is an emerging field for the gene correction of hereditary diseases. As a proof of 

principle experiment for potential gene correction, alg2hypo fish were injected at zygotic stage 

with medaka or human Alg2 mRNA. Both injection schemes resulted in the rescue of the 

multisystemic phenotypes apparent from gross morphology (Figure 16A) and cartilage tissue 

staining (Figure 16B and B’) at the stage when the control injections displayed multisystemic 

abnormalities. Intriguingly, the life span of the homozygote juveniles was extended until the 

end point of the experiment, 18dph (Figure 16C). Importantly, medaka alg2 mRNA injections 

led to the rescue of rod cells in ONL and prevented their degradation (Figure 16D). 

Furthermore, the rescue of the mutants also validated that the multisystemic phenotypes arise 

specifically from the mutation in the alg2 allele, but not due to an off-target sgRNA binding 

site in other regions of the medaka genome.  

 

These results raised the question whether the Alg2 protein is required to overcome a 

developmental bottleneck through embryonic or post-embryonic development. To address that 

question, fish were injected with lesser amounts of mRNA, which would result in an earlier 
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depletion of wildtype Alg2 enzyme.  An injection tracer, GFP mRNA, was used to assess the 

dosage of hsAlg2 mRNA. Interestingly, fish injected with low dose Alg2 mRNA developed 

multisystemic phenotypes including edema around the eyes and the heart, blood clogging in the 

vessels, tubular heart, thinned vessels, shortened snout (Figure 16E) and difficulty in 

swimming at 7dph, which is 7 days after the control group died. These preliminary results 

suggest that the Alg2 enzyme is not only needed to overcome a developmental bottleneck, but 

required throughout the life of fish to maintain the physiological integrity and cell maintenance.   
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Figure 16: alg2hypo is successfully rescued with both olalg2 (medaka) and hsAlg2 (human) mRNA 

injections 

(A) In vitro synthesized medaka and human Alg2 mRNAs were injected at one-cell stage and the fish 

were raised 3 weeks post hatching (18dph). Multisystemic phenotypes were rescued at stage 40 when 

the control injected fish displayed phenotypes. n=11 for alg2hypo+ olalg2 injection; n=2 for 

alg2hypo+hsAlg2 mRNA; n=4 for alg2hypo+GFP mRNA; square brackets: size of the snout. Scale bar: 

0.5mm 

(B-B’) Alcian blue stainings (B) and quantification of the cartilage lengths (B’) showed rescue to the 

wild-type levels upon mRNA injection. m: Meckel’s cartilage; pq: palatoquadrate; ch: ceratohyal 

cartilage. Two-tailed nonparametric Student’s T-test; * <0.05; ** < 0.01. Scale bar: 0.5mm 
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(C) alg2hypo injected with olalg2 mRNA can survive until the end-point of the experiment (18dph) 

without displaying multisystemic phenotypes. Only the number of homozygote mutants are displayed 

in the Kaplan-Meier plot. Gehan-Breslow-Wilcoxon test, p<0.0001. n=15 for alg2hypo+GFP mRNA and 

n=11 for alg2hypo+alg2 mRNA. 

(D) Rod cell degeneration is rescued upon olalg2 mRNA injections at 18dph. Scale bar: 50µm. 

(E) hsAlg2 mRNA rescued fish with lower amounts of mRNA injection displayed multisystemic 

phenotypes 1 week after the control injected homozygote mutant, which is when control group already 

died. n=1; Gray arrow: edemas; black arrow: heart; red arrow: blood clogging; square brackets: 

snout. Scale bar: 0.5mm 

(Figure adjusted from (Gücüm et al., 2020)). 

 

3.1.7 D- mannose supplementation does not rescue alg2hypo fish 

 

Carbohydrate supplementation, such as mannose and galactose, is a method used to ease the 

symptoms of CDGs (Witters, Cassiman, & Morava, 2017). With this method, concentration of 

the substrate is increased to shift the balance of the chemical reaction catalyzed by glycosylation 

enzymes to the product side. To rescue the multisystemic phenotypes, alg2hypo fish and their 

wild-type or heterozygote siblings were treated with D-glucose (data now shown) or D-

mannose supplementation (Figure 17A). Toxicity tests showed that at high concentrations, 

around 500mM, mannose leads to blood clotting and dismorphisms and it also reduces the life-

span of the wild-type fish (Figure 17B). These results confirmed also that the mannose can 

penetrate through the chorion as untreated fish displayed similar abnormalitites as the sand 

paper treated wild-type medaka, which is used to introduce micro-holes on the chorion surface. 

Moreover, high mannose treatment led to developmental delays (Figure 17C). Treatment of 

fish with D-glucose (data not shown) or D-mannose at its lowest possible concentration, 50mM, 

did not rescue the multisystemic phenotypes or the survival ability of the alg2hypo fish (Figure 

17D). The fish that died upon hatching with multisystemic phenotypes were not genotyped as 

it followed Mendelian segregation (n=16/71 (23%) for 50mM mannose supplementation or 

n=13/51 (25%) for vehicle control). All in all, this data suggest that nutritional supplementation 

is not enough to push the activity of the Alg2 enzyme to elevate the levels of downstream N-

glycan products. 
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Figure 17: D-mannose supplementation throughout embryonic and juvenile stage did not rescue 

alg2hypo phenotype.  

(A) Scheme representing D-mannose (or D-glucose) treatment until 14dpf. Fish were incubated in 

50mM D-mannose dissolved in ERM at 28 °C until the end-point of the experiment. Medium was 

refreshed every 24hr. 

(B-C) Toxicity test reveals that D-mannose is toxic to fish at high concentrations leading to blood 

clotting and dismorphism (B) as well as developmental delays (C). 

(D) Kaplan-Meier plot showing that there is no survival benefit upon D-mannose supplementation. Only 

fish with multisystemic phenotypes, which eventually died are represented in the Kaplan -Meier plot. 

n=16 for 50mM Mannose and n=13 for vehicle control. Gehan-Breslow-Wilcoxon test, p=0.75.  
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3.2 Discussion 
 

3.2.1 Effects of C-terminal mutation alleles on the Alg2 enzyme activity remains to be 

addressed 

 

Congenital disorders of glycosylation (CDG) is a set of diseases seen among patients with 

mutations in glycosylation genes (Brasil et al., 2018). It affects multiple organs and tissues, 

including brain, eyes, heart, liver, intestine, muscles, and blood (Freeze, 2007; Jaeken & 

Carchon, 2001; Kjaergaard et al., 2001). As such, patients can display variant combinations of 

diseases depending on the mutated gene. Patients carry hypomorphic alleles, meaning that the 

mutated allele renders enzyme with a residual activity (Freeze et al., 2017). Moreover, patients 

with mutations in the same gene can bear symptoms of differing severity, although conflicting 

reports on the correlation between the residual enzyme activity and the severity of the disease 

exist (Grünewald, 2001; Imtiaz et al., 2000). In this sense, the disease of each patient can be 

viewed as unique, which also implies that generating a model organism to study all aspects of 

CDGs is simply not possible, as each model would reflect one set of disease groups emerging 

due to a particular glycosylation deficiency.  

 

The generation of precisely targeted mutations in our fish model relied on CRISPR/Cas9 

mediated double stranded break and homology-directed repair (HDR) mediated insertion. Due 

to the higher percentage of non-homologous end joining (NHEJ) events for double-stranded 

DNA break repairs (Yang et al., 2020), we have generated many different alleles among which 

a 2-amino acid deletion mutant and a C-terminal truncation mutant were raised to 

homozygosity. Interestingly, the latter led to a higher percentage of embryonic lethality 

compared to the rest (quantification not shown). This might be due to the fact that alg2 is 

regulated on the RNA level, meaning that a truncated form of RNA is leading to its nonsense-

mediated mRNA decay and triggering a further instability of the protein (Baker & Parker, 

2004). The truncated DNA sequence might also serve as an important regulatory element such 

as an miRNA binding site for regulation of its activity.  

 

One aspect in this work that still remains elusive is how the mutant alleles affect the enzyme 

conformation and function. One possibility is that the mutant allele might reduce the enzyme 

activity by rendering the enzyme catalyzing the reaction slower or less efficient. Unfortunately, 

addressing the enzyme activity directly has been challenging due to necessity to synthesize the 

precursor substrates under analytic laboratory conditions (Li et al., 2018) and the isolation of 
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functional ER-resident enzyme. Alternatively, the alg2 mutations might reduce the stability of 

the protein and thereby lead to a reduction of its protein level, as can be observed for the 

multiple reaction monitoring (MRM) analysis of human ALG2-CDG fibroblast samples 

(Sakson et al., 2020).  To this end, enzyme expression levels at the RNA and protein level can 

be examined. On the other side, mass spectrometry approaches could be used for a relative 

quantification since label-free quantification detects levels of medaka Alg2 although it is a low 

abundant protein (data not shown), however reproducibility of this method was low (Alg2 was 

detected in 1 out of 4 wild-type samples). However, our dimethyl labeling approach for a more 

robust and reproducible quantification method could not detect endogenous levels of 

mannosyltransferases, except for Alg5, as this method is reducing the resolution at least 2-3 

times due to loss of sample for further processing and multiplexing of samples (Liu et al., 2017). 

Furthermore, search of specific Alg2 mass as a targeted-MS approach could not detect Alg2, 

neither. However, quantification of low-abundant proteins is possible via MRM with 

optimization of detection parameters with synthetic peptides (Shi et al., 2012).  

 

Although the effects of mutations on the enzyme function was not directly measured, xCGE-

LIF was used as an indirect measurement of effects on N-glycome as Alg2 is catalyzing the 

addition of the second and the third mannoses to the growing chain of lipid-linked 

oligosaccharides. A reduced enzyme activity or level in the alg2hypo model would imply 

production of lower amounts of N-glycans and accumulation of substrates from upstream 

reactions. Of note, only high-mannose and complex-type N-glycans were detected and 

annotated in xCGE-LIF. Thus, the accumulation of substrates upstream of Alg2 products was 

not analyzed. However, the effect of hypoglycosylation manifested itself as a reduction of 

downstream N-glycans both in medaka and human fibroblast samples. The observed reduction 

in N-glycans might result from several possible changes in terms of protein glycosylation. First, 

some of the N-glycan sites in each glycosylated protein might be skipped, hence, rendering 

some N-glycan sites unoccupied. Secondly, some of the proteins might not be glycosylated at 

all, whereas others display glycosylation, as there might be a competition between proteins to 

be glycosylated. Moreover, combination of the first and the second scenarios might cooccur. 

The third possible outcome of hypo-N-glycosylation is that N-glycans might be build up 

aberrantly due to deficiencies in the pathway. Due to the complex mixture of the input protein 

samples with and without N-glycosylated proteins, addressing N-glycan site occupancy via 

unbiased MS approaches was not possible. Although MS can detect all of the post 

translationally modified proteins, database search of all the possible combinations of N-glycan 
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sites and types for whole proteome would be impractical. However, experimentally the study 

of the N-glycan sites as well as types for a single peptide or protein could be achieved by 

overexpression of the tagged protein and its subsequent purification and MS analysis. On the 

other side, previous publications showed that mutations in the enzymes processing the build-

up of N-glycans in the ER lead to reduced N-glycan site occupancy (Butler et al., 2003; 

Coddeville et al., 1998; Hülsmeier et al., 2016; Mills et al., 2003), whereas mutations of 

enzymes responsible from N-glycan processing in the golgi lead to aberrant glycan processing 

(Imtiaz et al., 2000).  However, alg2hypo model displayed both reduction in N-glycosylation 

occupancy and aberrant N-glycan branching (unique N-glycans). The latter might result from 

the fact that mutations of Alg2 result in regulation of protein levels of N-glycan processing 

enzymes in ER including Mogs, Ganab, and Prkcsh and ER-to-Golgi trafficking proteins such 

as Sec22b, Dyn1l2, Sec23a, Lman1, and Arf5. Importantly, the xGEC-LIF data did not only 

reveal the reduction of the N-glycan occupancy under hypoglycosylation, but also a high 

conservation of the glycan types and their relative contributions for human and fish samples.  

 

Lectin blots performed as a supporting assay for xCGE-LIF data showed a discrepancy for the 

patient fibroblast samples. This might be due to the fact that fibroblast samples are not as 

susceptible to changes in N-glycosylation as the other tissues, which is supported by the xCGE-

LIF data, as only high-mannose type structures were found to be reduced, whereas complex-

types, which make up for 68% of all the N-glycans, were not affected. Since the resolution of 

lectin blots is limited, the reduction in a subset of glycan structures might not be detected with 

this strategy. Moreover, lectin blots do not only measure the mannose and N-

acetylglucosamines from N-glycans, but from all other glycosylation types. On the other side, 

differences between wild-type and alg2hypo medaka samples were observable in both assays. 

This might again be explained by the complex mixture of different cell types that might have 

different vulnerabilities towards reduced N-glycosylation, leading to a more robust overall 

reduction of N-glycan levels. For a better comparison between medaka and human samples, 

cultured medaka fibroblast samples would circumvent discrepancies arising from comparing a 

specific cell type with complex tissues. Yet, fibroblast samples from alg2hypo fish could not be 

maintained in DMEM with 10% FCS culture conditions whereas heterozygote and wild-type 

counterparts could be grown (data not shown). This also implies that the phenotype resulting 

from the alg2 mutation in fish might result in a stronger phenotype, and hence, a stronger 

reduction in enzyme activity than the compound heterozygote allele.  
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Lectin blots and xCGE-LIF serve as a good proxy to show that alg2hypo is a hypomorphic model, 

but it does not serve as a direct indication of hypomorphicity. One possibility to argue that 

alg2hypo is a null allele is that the lack of Alg2 enzyme in embryo might be rescued by 

contribution of yolk until hatching stage as yolk is known to contribute to hormones and 

enzymes although very little is known about the content of enzymes in fish oocytes/eggs 

(Brooks, Tyler, & Sumpter, 1997; Kamler, 2008).  However, maternal mRNA expression in the 

cell, which lasts only until very early stages of embryonic development, such as 3hpf of zygotic 

genome activation in zebrafish (Tadros & Lipshitz, 2009), would not be sufficient to rescue the 

alg2hypo embryos until hatching unless protein has a slow turnover rate. All in all, for a direct 

answer to hypomorphicity either an enzyme activity test or a complete null allele of alg2 under 

homozygosity has to be analyzed. In addition, rescue experiments with the overexpression of 

the alg2hypo allele, instead of the wild-type allele, could indicate whether the model carries a 

real hypomorphic allele.  

 

3.2.2 Susceptibility of certain cell types to hypo-N-glycosylation patterns the ALG2-CDG 

phenotypes  

 

Medaka alg2hypo model was established by mimicking the maternal allele of a patient with 

multisystemic phenotypes (Thiel et al., 2003). The finding that the fish model did not show any 

visible phenotype until the hatching stage and that patients seem to develop normally until birth, 

is strongly suggesting a maternal contribution or a maternal rescue of the loss of enzyme 

function. Common phenotypes, such as reduced white matter, delayed motor development and 

craniofacial dismorphism for both human and fish further reiterates the conservation of the N-

glycosylation pathway across the species and emphasizes the validity of using medaka as a 

model organism for human disease modelling.  

 

CDG patients are reported to have varying degrees of life expectancy that is mostly shortened 

due to multisystemic phenotypes, which are also the cause of death, such as bleeding, liver 

failure, cardiac failure and pneumonia (Bogdańska et al., 2021; Freeze et al., 2017; Kjaergaard 

et al., 2001; "Congenital Disorders of Glycoyslation", 2015). Similarly, mutant fish are only 

viable for 2-4 days after hatching, whereas healthy siblings survive up to 1.5 years. Although 

comparing lifelines between fish and human is not trivial, the fact that the index-patient is about 

19 years old and still alive, raises the question whether the fish allele leads to more drastically 

reduced enzyme activity than the human allele. To this end, it is important to keep in mind that 

human allele is composed of a compound heterozygote allele, of which the paternal transcript 
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was shown to be missing from the paternal sample (Thiel et al., 2003). Yet, we do not have any 

information about the tissue-specific expression of ALG2 paternal and maternal alleles 

(Andergassen et al., 2017) and whether the paternal allele is stable in other tissues of patient, 

rendering some tissues with higher enzyme activity levels. Nevertheless, the cause of death in 

alg2hypo model could be resulting from apoptosis of several tissues and oxygen and food 

deprivation due to blood flow arrest. Moreover, mutant fish might fail to feed due to shortened 

snout or failure to catch the food from the surface of the water due to swim bladder and motor 

development abnormalities. Since Alg2 is also associated with congenital myasthenic 

syndrome (Cossins et al., 2013), assessment of muscle fiber physiology and swimming behavior 

assays are of interest for the future characterization of mutants in terms of neuromuscular 

development. Additionally, this model displays edemas most probably due to vessel thinning 

or the inability of lymphatic vessels to collect excess liquid from the extracellular matrix. The 

slow blood flow might be a consequence of these edemas, as well as thinned vessels, or 

impaired heart function.  

 

Besides common phenotypic features, our fish model showed other multisystemic phenotypes 

observed among CDG-type I patients, but not reported for the ALG2-index patient specifically. 

Rod cell degeneration, namely Retinitis Pigmentosa (RP) or night blindness, was a prominent 

phenotype observed in the fish model, which is also shared by other CDG-type I patients. If not 

RP, the ALG2-CDG patient displayed other eye abnormalities including, cataract, coloboma of 

the iris, abnormal vision, and nystagmus. The latter is reported to co-occur with RP in early-

onset patients (Verbakel et al., 2018), as our ALG2-index patient. Moreover, retinitis 

pigmentosa was reported in many patients with mutations in Pmm2 and Dhdds, which are other 

enzymes of N-glycosylation pathway (Lam et al., 2014; Monin et al., 2014; Thompson et al., 

2013; Züchner et al., 2011). Thus, RP is an important identifier of CDG-Type I patients and 

relevant model for studying the role of N-glycosylation in cell type maintenance. In line with 

this, one study showed that in mouse brain, cerebellar granule cells are more sensitive to 

inhibition of N-glycosylation than cortical neurons (CN) either by tunicamycin (a lipid-linked 

oligosaccharide (LLO) synthesis inhibitor) or Pmm2 knockdown (Sun et al., 2013). The reason 

for why some cell types are more susceptible to hypo-N-glycosylation rather than the others 

still remains to be elucidated. One explanation could be that rather than displaying patterns or 

markers of susceptibility, some cell types might simply express proteins that need to be 

glycosylated more than the others. Consequently, hypoglycosylation in these cells would lead 

to elevated levels of misfolded proteins, higher ER-stress and eventual apoptosis. Mapping 
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whole medaka homozygote mutants for apoptotic cell types and their common features could 

identify the common denominator for susceptibility of different cell types or tissues under hypo-

N-glycosylation conditions. 

 

3.2.3 Proteomics analysis has to be combined with the transcriptome data to address 

mechanism of rod cell apoptosis 

 

Unbiased proteomics performed on eye and whole hatchling samples of alg2 mutant and wild-

type via mass spectrometry identified proteins related to sugar metabolism (Gale and Gfpt1) 

and ER-resident glycosylation (Alg5, Mogs, Prkcsh, Ganab) to be upregulated and proteins 

related to RP to be downregulated in the mutant. Possible causes of these changes could be 

grouped under primary or secondary changes as a response to hypoglycosylation. Primary 

changes would result from a direct change of glycosylation status of a protein, whereas 

secondary changes would be changes occurring as a response to primary changes (Figure 18).  

 

Primary changes can be explained in terms of downregulation due to protein ubiquitination and 

proteasomal degradation (Figure 18-I) or upregulation via escape of proteins from degradation 

(Figure 18-V) process leading to protein accumulation, such as in Alzheimer’s disease (Thal 

& Fändrich, 2015). Importantly, eye samples were not pre-treated with de-glycosylation 

enzymes, such as PNGaseF to remove N-glycans, or other posttranslational modifications from 

the protein lysates. Mass spectrometry would detect all proteins and their N-glycosylated forms, 

but the database search of the results would not enable detection of the latter since N-glycans 

are very diverse and complex. Thus, an upregulation in the mass spectrometry might simply 

mean that the non-glycosylated counterpart of the proteins increased with or without the total 

protein amount has changed (Figure 18-VI). To address this issue, protein lysates could be run 

as PNGaseF treated and untreated counterparts and their relative ratios in both mutant and wild-

type samples could be compared to estimate the glycosylation coverage. This analysis would 

also identify the N-glycosylation sites that were affected from hypoglycosylation and would 

point towards downstream effectors of the alg2 mutation.  

 

The main cause of the secondary changes, on the other hand, is due to transcriptional changes. 

This is further supported by MS targets that do not occupy any N-glycosylation motif or 

predicted N-glycosylation site (Appendix Table 2a and 2b). For instance, levels of mRNA(X) 

can change due to protein degradation or accumulation of Protein(Y) or as a response to its own 

changes: Protein(X) (Figure 18-III-IV). The latter case would be identified as a compensatory 
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up- or downregulation, meaning that the cell would try to make up for its loss or lower its 

amounts for a healthy homeostasis. In this line, interpretation of a compensatory up- or 

downregulation from MS data without transcriptomic would require the assumption that 

glycosylated counterpart of a protein is quantitatively negligible compared to its non-

glycosylated counterpart. Lack of N-glycosylation sites or occupancy is not only explained in 

terms of RNA level of changes, but also possible through protein-protein interaction level of 

regulation of proteome, which can be accepted as another secondary effect (Figure 18-VII). 

For instance, a protein that needs to be glycosylated might form a protein complex with another 

protein that does or does not need to be glycosylated under hypoglycosylation. Stability or 

formation of such a persistent complex or oligomer might depend on glycosylation of at least 

one of the partners. In this line, N-glycosylation is reported as an important and necessary 

process for oligomer separation and monomer stability. For example, protein disulfide 

isomerase family A member 2 (PDIA2) has three N-glycosylation motifs, all of which are 

occupied with N-glycans. Mutation of one of the N-glycosylation sites increases the formation 

of highly stable dimers (Walker et al., 2012). Additionally, N-glycosylation is what differs 

Ribonuclease B (RNaseB) from Ribonuclease A (RNaseA) as they share the same protein 

sequence and conformation. Yet, oligomerization of RNaseB is hindered by the occupied 

Asn34 site (Gotte, Libonati, & Laurents, 2003; Jayaprakash & Surolia, 2017). In this line, I 

found rhodopsin to be upregulated in our MS screening, which has been implicated in 

photoreceptor instability in Drosophila and mouse models. Mechanistically, rhodopsin was 

shown to form a stable complex with arrestin that induces photoreceptor cell death via apoptosis 

(Alloway, Howard, & Dolph, 2000; Murray et al., 2009; Chen et al., 2006). While rhodopsin is 

known to be N-glycosylated (Murray et al., 2015), arrestin is not reported to have occupied N-

glycosylation sites, despite containing N-glycosylation motifs. These findings make it 

intriguing to speculate that such protein-protein complex formation might occur in rod cells 

under hypo-N-glycosylation conditions, which in turn may mediate a mechanism of protein-

protein interaction induced apoptosis of rod cells.  
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Figure 18: Schematic interpretation of the mass spectrometry data for possible mechanisms 

explaining up- and downregulation in the proteome under hypo-N-glycosylation  

(I) Ubiquitination and proteasomal degradation of misfolded proteins  

(II) Loss of a cell type (can be both the cause and the result of reduced protein levels) 

(III) Transcriptomic regulation by turning OFF or lowering the expression of genes as a response to 

protein degradation or accumulation 

(IV) Transcriptomic regulation by turning ON or increasing the expression of genes as a response to 

protein degradation or accumulation 

(V) Escape of proteins from degradation, possibly via overload of chaperones and proteasomes 

(VI) Increase of the non-glycosylated counterpart of a protein with or without changing total protein 

amounts 

(VII) A naturally existing glycosylation site preventing protein aggregation or complex/oligomer 

formation. Lack of this site would help monomers to collide and form complexes/oligomers.  

 

Mass spectrometry (MS) analysis on whole hatchling samples further revealed downregulation 

of proteins related to eye and photoreceptor expression and proteins associated with retinitis 

pigmentosa from mutant samples. This might be due to the fact that at this stage of development, 
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eyes form a bigger percentage of the body compared to the later stages. MS results combined 

with immunofluorescence raised the question whether the downregulation in those proteins was 

simply a result of loss of rod cells (Figure 18-II). This point can be argued against since 

proteins associated to RP might not only be expressed in the rod cells that are in the process of 

dying, but outside the rod cells, such as Glyr1 and Tbl2. In addition, some of the proteins found 

to be downregulated are shown to give rise to RP in several animal models, such as Rho 

(Santhanam et al., 2020), Rom1a (in a mutant background; Conley et al., 2017), and Gnat1 

(Calvert et al., 2000) (Collin et al., 2020). Furthermore, the stability of Rhodopsin has been 

shown to be dependent on its glycosylation at Asn15 for rod photoreceptor stability (Kaushal, 

Ridge, & Khorana, 1994; Murray et al., 2015). Thus, although loss of rod cells is a relevant 

argument for downregulation, it is highly likely that hypoglycosylation of proteins associated 

with RP is a probable cause of the rod cell degradation. One way to assess this hypothesis would 

be to mutate N-glycosylation sites (NXS/T) of selected MS targets via CRISPR/Cas9 targeted 

genome editing to reproduce RP phenotype. This method can also identify novel proteins, 

which are responsible from the disease phenotype, but not yet been discovered.  

 

As our MS and IF data revealed a severe loss of rod cells under hypo-N-glycosylation, I asked 

the question whether rod cells failed to differentiate or could not be maintained.  To this end, I 

further checked the stem and progenitor layer and as well as differentiated cell types (Muller 

glial, bipolar and horizontal cells) in the INL via IF. However, none of these directly showed 

that at some point in development fish successfully differentiated rod cells. In order to address 

this issue rod stainings should be repeated during earlier stages of development to capture the 

beginning of rod cell differentiation, potentially between stage 32 and 39.  

 

3.2.4 Mechanism of rod cell apoptosis is likely via prolonged UPR-response-induced-

apoptosis or mannose poisoning 

 

As we could establish that hypoglycosylation is important for rod cell maintenance in the eye, 

we next sought to shed light on the mechanism by which these cells are maintained and what 

the downstream targets of hypoglycosylation are. Our MS results revealed one of the bona fide 

markers of the UPR, namely Hspa5, also known as Bip, as upregulated. Moreover, as Hspa5 

does not have any N-glycosylation motif (Appendix Table 2a), the UPR response was likely 

elevated as a secondary response to hypoglycosylation (as described in Figure 18), suggesting 

that hypoglysosylation led to the misfolding of proteins, which consequently resulted in ER-

stress and a prolonged UPR response that eventually led to apoptosis. This hypothesis, however, 
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needs further orthogonal lines of evidence, such as transcriptomic analysis of UPR associated 

response genes, i.e. Bip, Xbp1, Perk, IreI, Atf4 and Atf6 in combination with  in situ analyses to  

pinpoint their spatial localization (Li et al., 2016).  

 

Another possible mechanism for apoptosis induction might be sugar accumulation, for example 

of mannose-6-phosphate, in the reported mutants, leading to rapid depletion of ATP resources 

in the body. The drastic effects of sugar accumulation on an organismal level can be fully 

appreciated in honey bees or cultured rat embryos, in which the increase of sugar levels leads 

to rapid death, also known as honeybee effect (de la Fuente, Peñas, & Sols, 1986; DeRossi et 

al., 2006; Freeze & Schachter, 2011; Freinkel et al.,1984). Since Alg2 is the rate-limiting step 

in substrate dependent pathway of N-glycan synthesis, a slowed-down or disrupted enzyme 

function would presumably lead to sugar accumulation in cells. Overall, both mechanisms of 

prolonged-UPR-induced- apoptosis or mannose poisoning can be considered as possible 

explanations of rod cells apoptosis.  

 

3.2.5 Rescue of the symptoms after the disease phenotypes have been developed is the most 

important step towards clinical trials 

 

The specificity of our genetic approach and the rate-limiting nature of Alg2 in the establishment 

of hypo-N-glycosylation could be confirmed with rescue experiments, in which both human 

and medaka alg2 mRNA were injected in 1-cell stage mutant embryos. These experiments 

served as a stage-setting proof of principle which revealed on the one hand great preservation 

of ALG2 enzyme function between human and medaka and on the other hand that restoring 

wild-type Alg2 enzyme levels is sufficient to phenotypically rescue mutant fish. Although gene 

therapy is already approved for certain diseases, applications of it in human fetus to correct 

genetic diseases have not found their way to the clinics despite advances in avoiding immune 

reactions and increased effectiveness of the viral transfection  in several animal models were 

shown (David & Peebles, 2008; Ma et al., 2020; Marktel et al., 2019; Naldini, 2019; Peranteau 

& Flake, 2020; Waddington et al., 2005). In this line, rescue of alg2hypo fish model after hatch 

is an important aspect.  As a proof of principle experiment, a Ubi::CreERT2/LoxP inducible 

system (LoxP sites flanking a STOP codon upstream of the alg2 coding sequence; Ubi is 

ubiquitously and constitutively active promoter; ERT2 is to induce expression only at hatching 

stage with tamoxifen induction) could be used to induce the overexpression of Alg2 coding 

sequence only at the hatching stage. Another way would be to transfect medaka with a viral 

transfection system such as lentivirus or adenoviruses, as both methods have proven to work 
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either in vitro for medaka and both in vivo and in vitro for zebrafish (Fazio et al., 2017; 

Kawasaki et al., 2009; Kurita, Burgess, & Sakai, 2004; Zou, De Koninck, Neve, & Friedrich, 

2014). Both CreERT2/LoxP and viral transfection methods would also allow for organ and cell 

type specific rescues to test the cell intrinsic and extrinsic nature of glycosylation.   

 

Although injected at 1-cell stage, 100-200ng/ul concentration of mRNA was enough to rescue 

the survival of the embryos until the end point of the experiment, which was 18dph. Upon 

reduction of the injection amount (judged by less GFP expression), juveniles started displaying 

phenotypes at 7dph and could not survive further, arguing for a life-long dependency on 

functional enzyme, which is not only limited to overcome a developmental bottleneck. Rescue 

for high dose injections has most likely occurred due to the long half-life of Alg2 protein, which 

in HeLa cells is reported as 240 days (5776.2 hr) (Zecha et al., 2018). An alternative mechanism 

of protein stability could be formation of a stable trimeric structure with ALG1 and ALG11 

(Gao, Nishikawa, & Dean, 2004).   

 

Currently available therapies for CDG patients include nutritional and mineral supplementation 

and organ transplantation, which are reported to alleviate symptoms of CDGs (Brasil et al., 

2018; Witters et al., 2017). Nutritional therapy per se might increase the rate of the reaction by 

increasing the substrate concentration whereas it cannot change the Km of the enzymatic 

reaction, which is a measure for the affinity of the enzyme for its substrate (Berg et al., 2002). 

However, mannose as a nutritional therapy failed in some CDG patients, including PMM2-

CDG (Freeze, 2009; Mayatepek & Kohlmuller, 1998), although fibroblast culture 

supplementation were shown to correct for LLO size and amount of [3H]-mannose transfer 

(Panneerselvam & Freeze, 1996). One possible explanation for the failure of mannose treatment 

in patients was suggested to be due to metabolization of mannose-6-phosphate by mannose-6 

phosphate isomerase (MPI) for glycolysis (Freeze, 2009). On the other hand, if the enzyme 

activity level is under a certain level, increased substrate levels might not be enough to elevate 

the reaction rate. In this line, nutritional supplementation was not enough to reduce the 

symptoms or improve the survival of alg2hypo model. The C-terminal truncation in alg2 allele 

might be increasing Km of the reaction, meaning that it leads to less affinity of enzyme to its 

substrate. As mentioned above, overdose of mannose is reported to be teratogenic for rat 

embryos (Buchanan et al., 1985) and honey bees as this feeding regimen is reported to deplete 

internal ATP resources (Freeze et al., 2017). To this end, our data suggests that nutritional 

therapies require careful examination of their side effects for the treatment of CDG patients, 
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especially if the residual enzyme activity is too low.  However, other compound treatments are 

shown to be effective against certain CDG types in vitro, such as zaragozic acid A (ZGA), an 

inhibitor of squalene synthase, which can be used for treatment of in vivo models. Squalene 

synthase catalyzes the first steps of cholesterol and steroid hormones synthesis, inhibition of 

which leads to the stimulation of prior diverging pathways and, hence, to the increased 

formation of Dol and Dol-P, which in return decreases the amount of truncated N-glycans in 

CDG fibroblasts (Haeuptle et al., 2011). Moreover, ketoconazole, a cytochrome P450 family 

51 (CYP51) inhibitor, also lowers the effects of tunicamycin, which is an inhibitor of Dolichyl-

Phosphate N-Acetylglucosaminephosphotransferase 1 (DPAGT1) catalyzing formation of 

GlcNAc1-PP-Dol (Harding et al., 2005). Overall, compounds with known in vitro effects are 

promising candidates for the in vivo treatments as future therapy options and alg2hypo model 

serves a good platform for compound screen for pre-clinical studies.  
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4  
Chapter 2 

 

4.1 Results 
 

This part of the thesis is dedicated to results obtained from my second PhD project. My own 

text from the below manuscript in preparation was paraphrased: 

“Sevinç Gücüm*, Kaisa Pakari*, Thomas Thumberger, Joachim Wittbrodt, manuscript in 

preparation” 

*: authors contributed equally 

Note: Order of the authors is yet to be decided by the corresponding author. 

 

4.1.1 NAA is not toxic to wild-type medaka embryos whereas NAA-sodium salt is toxic in 

a concentration dependent manner 

 

Degron systems utilizing a fusion of GFP and auxin nanobodies, namely deGradFP, require 

testing of auxin penetration and toxicity. To this end, wild-type medaka embryos, both rolled 

on a sandpaper and treated with hatching enzyme, were subjected to different concentrations of 

synthetic auxin (NAA, 1-Naphthaleneacetic acid) dissolved in 20mM final concentration of 

NaOH to enhance solubility (Figure 19A). NAA was applied at 10mM, 5mM, 1mM, and 

0.5mM concentrations, while the highest concentration of NaOH was used for the vehicle 

control. Although none of the embryos among the vehicle control survived 3 days of treatment, 

medakas treated at high concentrations of auxin were resistant to the treatment in both groups, 

indicating that auxin was not toxic to medaka embryos up to 10mM concentration. Although 

the same concentration of NaOH was used both in vehicle control as well as in 10mM NAA, 

only the vehicle control was affected.  
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Figure 19: NAA and Na-NAA toxicity test.  

(A) Dechorionated embryos were subjected to variant concentrations of NAA. 

(B) Embryos were subjected to variant concentrations of NAA-sodium salt (Na-NAA) with intact 

chorion (Data produced jointly with Kaisa Pakari). 

 

The toxicity experiment was repeated with the sodium salt of the same NAA compound, which 

can be dissolved in water. The results were contradictory to the previously obtained results, 

since increasing Na-NAA concentrations correlated with the percentage of affected medaka 

embryos (Figure 19B). On the other side, phenotypes such as blood clotting, edema around 

heart, depigmentation in eye and developmental delays were observed, which were not 

observed upon Na-NAA induction.  

 

4.1.2 Inducible degradation of GFP in wild-type medaka embryos requires fine-tuning of 

degron concentration 

 

The components of deGradFP were injected into medaka zygotes together with GFP mRNA. 

Injected embryos were treated at 0.5 and 1mM NAA concentrations 4 hr post injection (4hpi). 

GFP and mCherry (injection tracer) signals were assessed under an epifluorescence 

microscope. GFP signal persisted in the control group with or without auxin induction, 

indicating that TIR1 complex is not leaky even at high concentrations (50ng/µl) (Figure 20A). 

However, in the experimental group, a reduction of GFP signal was observable without auxin 
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treatment, pointing towards leakiness of the deGradFP system upon high nanobody 

concentration (50ng/ul). Reducing nanobody concentration to 4ng/µl or 10ng/µl, respectively, 

circumvented leakiness of the construct and led to robust GFP degradation upon auxin induction 

(Figure 20B).  

 

Figure 20: deGradFP injections of wild-type medaka embryos and induction of degradation with 

NAA. Embryos were injected with TIR1, nanobody, mCherry, and GFP mRNA and induced with NAA 

at 4hpi (A). Same injections were repeated with lower concentrations of nanobody mRNA to enable 

NAA inducibility (B).  
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4.1.3 Pmm2 is expressed ubiquitously and continuously in medaka fish and is maternally 

contributed at the early stages of development 

 

Endogenous labeling of Pmm2-GFP at the C-terminus was achieved via CRISPR/Cas9 targeted 

genome editing and homology directed repair with supplied modified PCR product (Figure 

21A and 21B). The gene insertion was confirmed (Figure 21C) and functional expression was 

observed at the RNA (Figure 21D) and at the protein level (Figure 21E, asterix). Interestingly, 

5’ end of the dsDNA with homology flanks was inserted via NHEJ (direct insertion) and the 3’ 

end via HDR when PCR results over gDNA combined with the sequencing results. However, 

RT-PCR results combined with sequencing revealed splicing of the homology flank at the 5’ 

end, rendering GFP insertion as intended via HDR on the RNA level without any frameshift.  

 

We examined the Pmm2 expression pattern from zygote to adulthood in heterozygote 

individuals and found dependency on the gender of the parent (Figure 22A). When the Pmm2-

GFP allele was contributed by the male founder fish (heterozygote male crossed to a wild type 

female), GFP expression could not be detected under epifluorescence microscope at the zygotic 

stage, but as early as stage 20 with overall less GFP signal intensity compared to any stage of 

embryos deriving from a female founder fish. However, when the Pmm2-GFP allele was 

contributed by a female founder fish (heterozygote female crossed to a wild type male), all of 

the progeny expressed GFP, in contrast to male contribution of the allele. GFP signal intensity 

was stable throughout embryonic stages, yet, after approximately stage 29, only 50% of the fish 

remained GFP positive, whereas the yolk was persistently green. These observations, together 

with the finding that unfertilized eggs coming from female founder fish displayed GFP signal, 

strongly suggested early maternal contribution of Pmm2 in medaka embryos. In the adult fish, 

Pmm2 expression was found to be ubiquitous and continuous with homozygote individuals 

exhibiting higher expression compared to the heterozygotes on the dorsal and anterior parts of 

the body (Figure 22B). Interestingly, fin-clipped adults showed stronger expression of GFP at 

the tip of the fin about 1 week after fin-clipping, visible as a strong GFP signal lining the cut 

fin, hinting towards higher expression of Pmm2 enzyme in dividing or metabolically active 

cells (data not shown).  
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Figure 21: Generation of Pmm2-GFP line.  

Modified PCR was produced from a vector containing homology regions to Pmm2 C-terminal end 

flanking GFP sequence amplified with biotinylated primers (A). Injection and breeding scheme of the 

medaka embryos and adults, respectively (B). PCR from gDNA (C), RT-PCR from cDNA (D) and 

Western Blotting against GFP antibody (E) were performed for validation of the line. Yellow star: 

biotin; Asterix: Pmm2-GFP fusion size (Data produced jointly with Simran Panda). 

 

To test a potential reduction in the Pmm2 enzyme activity upon C-terminal tagging, a pool of 

stage 40 deyolked hatchlings were subjected to enzyme activity test. Heterozygote Pmm2-GFP 

fish had 77% and the homozygote had 64% of the enzyme activity levels of the wild-type fish, 

consistent with the finding that homozygote adults do not display any gross morphological 

differences or reduced survival compared to wild type siblings (Figure 22C). This finding is 

consistent with previous experiments carried out in patient fibroblasts, in which patients showed 

PMM2 enzyme activity of up to 47% and the parents, as carriers, showed above 50% compared 

to that of wild-type allele (Westphal et al., 2001; Yuste-Checa et al., 2015). 
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Figure 22: Expression pattern of Pmm2 in Pmm2-GFP line.  

(A) Embryos showing endogenous levels of Pmm2 expression with GFP signal from an outcrossed 

maternal and paternal founder fish is indicating maternal contribution. 

(B) Two-month old adults displaying ubiquitous expression of Pmm2 under heterozygosity and 

homozygosity. Scale bar: 1mm (Figure was prepared by Kaisa Pakari). 

(C) Pmm2 enzyme activity levels of Pmm2-GFP line compared to wild type siblings. Two-tailed 

nonparametric Student’s T-test; * <0.05 (Data produced jointly with Lars Beedgen, University Clinic 

Heidelberg, Germany). 

 

4.1.4 Pmm2-GFP is successfully degraded with deGradFP 

 

Upon confirming the activity of deGradFP and establishing a Pmm2-GFP tagged line, 

degradation of endogenous Pmm2 was tested via deGradFP injections into Pmm2-GFP line at 

zygotic stage. Degradation was induced with 10mM NAA at 6hpi. As a result, all Pmm2-GFP 

embryos in the experimental group showed reduction or depleted GFP on phenotype, indicating 

degradation of GFP fused to Pmm2 and suggesting degradation of Pmm2, as well (Figure 23) 

(Note that 100% of the uninjected fish are GFP positive due to maternal contribution within the 

time period of the injections). To be able to confirm the degradation of Pmm2, injected embryos 

were subjected to immunoblotting with Pmm2 antibodies. Due to 2 strong Pmm2 isoforms 

deriving from the yolk of the embryos and masking of the endogenous Pmm2 signal, our results 

were inconclusive (data not shown). Yet, these preliminary results still suggested that Pmm2 

itself is degraded upon deGradFP injection and auxin induction. Moreover, both control and 

the experimental groups showed multisystemic phenotypes such as edema around the heart, 

blood clotting, eye pigmentation deficiencies, and developmental delay. These results were 

side-effects of NAA-sodium salt at 10mM concentration as the phenotypes were also observed 
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in control injection group (data not shown). Of note, maternal contribution, as evident from the 

GFP signal of the unfertilized eggs, should be as well degraded by the deGradFP.  

 

 
 
Figure 23: deGradFP injections and NAA induction of Pmm2-GFP fish. 

Embryos resulting from an in-cross of Pmm2-GFP heterozygote parents were injected with deGradFP 

mRNA injection mix and induced with NAA at 6hpi. Experimental injections show reduction of GFP 

signal compared to the control injection group. Zoom-in pictures belong to end point. Scale bar: 0.5mm 

(Data produced jointly with Kaisa Pakari). 
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4.2 Discussion 
 

PMM2 is a cytosolic glycosylation enzyme, mutations of which are giving rise to the most 

common form of CDGs, namely CDG-type Ia (Chang et al., 2018). Instead of introducing a 

specific patient allele, we took a different approach to create hypomorphic alleles of this gene 

to have a broader view on the enzyme function at its different levels. Here, we created a system 

that allows for varying the abundance of WT enzyme by degrading the protein at different rates, 

rather than altering enzyme function and activity. This was achieved via targeted proteasomal 

degradation of an endogenously GFP tagged version of Pmm2. The efficiency of GFP 

integration was high (1/6 couples), most probably due to the use of biotinylated PCR product 

(Gutierrez-Triana et al., 2018). However, not all the homology flanks were integrated via HDR 

as proposed by the biotinylation system, but rather upstream HF was integrated via NHEJ 

whereas downstream HF was integrated via HDR. This is indicating that both HDR and NHEJ 

repair mechanism might occur in the same dsDNA break repair and probably they are in a 

competition with each other. Resulting embryos displayed a ubiquitous and continuous 

expression pattern, as expected from an enzyme serving as a general house keeper protein. The 

observed maternal contribution in both unfertilized eggs and in yolk indicated a high protection 

of embryos against loss of this protein at the early stages of development, highlighting its 

importance and necessity for organismal development.  

 

Injections of Pmm2-GFP heterozygote embryos, which are 100% GFP positive at early 

embryonic stages, with deGradFP constructs proved that GFP was degraded in all the injected 

embryos. Although it can be assumed that the fused Pmm2 protein was degraded alongside 

GFP, further experimental proof, such as immunoblot analysis against Pmm2 for both control 

and experimental injections is needed to clearly confirm the functionality of the system. 

Interestingly, the induction of the degradation machinery via auxin was dependent on the 

injection amount of nanobody (AID-vhhGFP4) mRNA. High concentrations of nanobody (as 

high as 50ng/ul) resulted in degradation of GFP without auxin induction, indicating that 

overflow of the cells with both mRNA constructs is leading to higher probability of engineered 

F-box protein (TIR1) and nanobody to find each other, although TIR1 is a receptor of auxin 

(Dharmasiri et al., 2005) and helps nanobody to find E3 ubiquitin ligase only when auxin 

presents. To this end, protein degradation only under auxin induction requires keeping 

deGradFP components under certain threshold inside the cell.  
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Several points remain to be addressed to achieve fine-tuning of the system that would allow for 

varying enzyme levels upon dose-dependent degron induction. Establishing different levels of 

enzyme quantity to achieve different severity of the disease phenotypes would require either 

RNA injections of TIR1 and nanobody or generation of transgenic lines expressing those under 

a ubiquitous (Ubi or β-actin for medaka) promoter. For injections at 1-cell stage, a range of 

RNA and auxin concentration, which can create different levels of enzyme is necessary. 

However, at high concentrations the system is saturated at a level that it is insensitive to auxin 

induction and displays leakiness of the construct. Moreover, 4ng/µl of injection seems to 

deplete GFP almost completely as measured under epifluorescence microscopy. Reducing the 

injection amount even further as well as optimization of auxin administration become the 

bottleneck as we found the sodium-salt of synthetic auxin (Na-NAA) to be toxic at lower 

concentrations. Furthermore, the homozygote Pmm2-GFP line by default exhibits a reduced 

level of enzyme activity (64%), which is further restricting the range of degron injection 

amounts. As a result, Pmm2 protein might be depleted completely if the degron induction 

cannot be fine-tuned, rendering the hypomorphic model a proxy null allele, which will 

potentially lead to embryonic lethality.  

 

Since yolk contribution of Pmm2 persists throughout embryonic development until all yolk is 

digested at stage 40, embryos might be rescued from the complete loss of the enzyme until this 

stage. Furthermore, injected mRNA does not persist in the cell due to RNA instability and the 

protein half-life of degron constructs in medaka is not known. As a result, RNA injections of 

degron components at 1-cell stage might not lead to any phenotypes until stage 40. In line with 

that, the generation of transgenic lines for a continuous expression of degron components is 

highly important. However, the strength of the promoter used for a transgenic line should be 

critically evaluated due to aforementioned reasons. Nevertheless, transgenic lines would also 

allow for tissue and cell type specific induction of degron system and, hence, for the analysis 

of cell intrinsic and extrinsic players of glycosylation. Validation of the phenotypes observed 

from such systems with mutant lines of Pmm2 would also be necessary as a proof of principle.  
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5 
 Outlook 

 
The results of this thesis indicate that medaka is a promising organism for disease modelling of 

CDGs in terms of mimicking human symptoms and for the general study of molecular 

mechanisms underlying the disorder, which is owed to the high degree of conservation in 

protein sequence and function of glycosylation enzymes across species. Here, we generated the 

first vertebrate model of a mannosyltransferase mutant leading to multisystemic phenotypes 

and reduced glycan occupancy of target proteins, which in turn led to changes in protein 

abundance. Our approach highlights the validity of modelling patient alleles in fish to delineate 

molecular determinants of disease phenotypes. As a second strategy, we employed targeted 

degradation of glycosylation enzymes on the protein level, by using an inducible degron system, 

allowing for the generation of conditional models of CDGs.  

 

Although this thesis stressed on the importance of generating hypomorphic rather than the 

complete loss of function alleles, it does not present a direct proof that introduced patient 

mutations indeed lead to hypomorphism. To address this issue directly, residual enzyme activity 

could be tested or overexpression of the alg2hypo mutant allele could be used to rescue disease 

phenotypes after hatching. One mechanism by which the mutants could survive until hatchling 

in case alg2hypo carries a complete loss of function allele could be via maternal mRNA or yolk 

protein contribution. However, the mechanisms underlying this process are poorly understood 

and have not yet been addressed. To this end, tracing tagged versions of maternal glycosylation 

enzymes with fluorescent proteins under physiological and pathological conditions could shed 

light on the degree of maternal contribution, as well as give mechanistic insights in how proteins 

are trafficked from the yolk and taken up by the embryo.  

 

While this thesis emphasized on the establishment and characterization of much needed in vivo 

models of CDGs, the underlying molecular basis of disease manifestation still remains elusive. 

To this end, further experimental validation of differentially regulated protein groups by 

mutating Asparagine on N-glycosylation motifs will help us to connect disease phenotypes to 

the disease-causing proteins under hypoglycosylation. Furthermore, the surprising finding of 
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cell type-specific vulnerabilities to hypo-N-glycosylation in eye, and potentially in brain, 

although glycosylation genes are proposed to be expressed ubiquitously and continuously, 

needs further clarification.  For that, increasing the resolution by means of single cell omics 

analyses of the alg2hypo model could deepen our understanding of cell-type specific changes 

and vulnerabilities under reduced glycan occupancy. While single cell approaches are suitable 

to study cell intrinsic properties, dependencies on secreted factors by the microenvironment 

could maximally only be inferred. To this end, transplantation of cells at the blastula stage from 

wild-type embryos into alg2hypo background, or vice versa, could be a promising approach to 

address this point. Furthermore, it is still unknown why patients with mutations of different 

glycosylation genes of the same pathway display such variety of phenotypes, feeding into the 

assumption that cell type vulnerabilities are patient specific. To address that, the generation of 

fish carrying other CDG patient alleles or using targeted reduction of enzyme quantities in 

medaka could help to identify “cell type tropism of glycosylation”, meaning that certain cell 

types preferentially use certain routes of glycosylation.  

 

While in this thesis we lay the foundation of studying hypo-N-glycosylation in an organismal 

context, multiple lines of research that should be pursued in follow-up work emerged. As 

outlined above, these open questions range from immediate translational applications to the 

most basic biological processes, as of how glycosylation is regulated on the cellular level in a 

cell type specific manner and how crucial it is for the maintenance of certain cell types. 

Extended analysis of both models presented in this thesis will help us to uncover above 

mentioned questions. Eventually, those models will serve as platforms of pre-clinical research 

such as drug screening and gene therapy for the treatment of CDG symptoms.  
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6  
Materials and Methods  

 

6.1 Materials 
 

6.1.1 Medaka Fish Lines 

 

Table 1: Fish lines used in this thesis. CR: produced with CRISPR/Cas9; double semi colon: 

expressed under the promoter of. 

 

Line Name References 

CR(Alg2: p.(S335Lfs*8)) (Gücüm et al. 2020) 

CR(Alg2: p.336G*) or alg2hypo (Gücüm et al. 2020) 

CR(Alg2: p.N334_S335del) (Gücüm et al. 2020) 

CR(Pmm2-GFP) Gücüm, unpublished 

Fli1::GFP AGCentanin, University of 

Heidelberg/Germany 

Wild-type Cab strain (Loosli et al., 2000) 

 

6.1.2 Cells 

 

Table 2: Cells and cell lines used in this thesis. AG: Arbeitsgruppe or The Team of. 

 

Name Source 

ALG2-CDG patient fibroblast AGThiel, University Clinic 

Heidelberg/Germany 

HepG2 cell line AGAugustin, German Cancer Research 

Center, DKFZ/Germany 

Mach1 T1
R phage resistant chemically 

competent Escherichia coli  

Thermo Fisher Scientific 
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6.1.3 Plasmids 

 

Table 3: Plasmids used in this thesis with lab specific internal stock numbers when available 

 

Name Source Internal 

Stock 

Number 

Alg2 sgRNA1 This thesis - 

Alg2 sgRNA2 This thesis - 

Alg2_inSitu This thesis (Gücüm, unpublished) 5582 

Cas9 Lab stock 5197 

DR274 (sgRNA backbone) Lab stock 3632 

GFP Lab Stock - 

hsAlg2_full_cDNA AGThiel, University Clinic 

Heidelberg 

- 

mCherry Lab Stock - 

olalg2_full_cDNA (Gücüm et al., 2020)  - 

pCDNA5FRT/TO_HA-mAID-

nanobody 

Addgene 117713 

pCS2+ Lab Stock 221 

pCS2+_Flag-myc-NES-Tir1 Addgene 117717 

pGEM-T Easy Promega 2877 

Pmm2 sgRNA1 This thesis - 

Pmm2 sgRNA2 This thesis - 

Pmm2_GG This thesis  4956 

Pmm2_inSitu This thesis (Gücüm, unpublished) 5583 

 

6.1.4 Primers and sgRNAs 

 

Table 4: Primers and sgRNAs used in this thesis with their nucleotide sequences and internal 

stock numbers 

 

Name Sequence (5’ to 3’) Source Internal 

stock 

number 

Alg2_C_seq_F TCCACTTGGAGGATTGCGTC This thesis JW6284 

Alg2_C_seq_R2 CATTTAGCTGGGGATTGGTACAC This thesis JW6282 
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Alg2_ex4_sgRNA1 CCCGTTATTGCCGTCAACTC  This thesis - 

Alg2_ex4_sgRNA2 CCGTTATTGCCGTCAACTCT  This thesis - 

Alg2_ssODN CCCGTTATTGCCGTCAACTCTTAA

GGCCTCTGGAGAGCGTAGCACAC

GGGGAGACGGGCTTCCTGTGCGA

GCCTACGGCTGAGGCGTTCTCCC

AGGCCATGGAGAGGCTCATCAGA

GACC 

This thesis JW6277 

Alg2CDS_F_BamHI GCCGGATCCATGGCGCGGGTGGT

GTTT 

This thesis JW9320 

Alg2CDS_R_XbaI GCCTCTAGATTACTGGCTGAGCA

TAACTACGT 

This thesis JW9321 

Cr - GFP - T3 AAACGCTCGACCAGGATGGGCA Lab stock JW1408 

EGFPrtPCRfwd GACGACGGCAACTACAAGAC Lab stock JW5006 

EGFPrtPCRfwd GACGACGGCAACTACAAGAC Lab stock JW5006 

GFP_seq_Frx2 CATCAAGGTGAACTTCAAGATCC

G 

Lab stock JW2222 

M13 uni-21 TGTAAAACGACGGCCAGT Eurofins 

Genomics 

- 

Modified_PCR_Fwd CGAGCGCAGCGAGTCAGTGAG Lab stock * 

Modified_PCR_Rev CATGTAATACGACTCACTATAG Lab stock ** 

o_GGWassembly_R TCGACCTCGAGCCTTAGGTAC Lab stock JW0276 

pmm2_C_seq_F TGGACGACACAGATGATGCT This thesis JW6251 

pmm2_C_seq_R CTCACAGACTGACCCTCACC This thesis JW6252 

Pmm2_ex8_sgRNA1 TCTTCTTCTGCTGAAGCTACTGG This thesis - 

Pmm2_ex8_sgRNA2 TCTTCTGCTGAAGCTACTGGAGG This thesis - 

PMM2_T2_R AAACGCAGAGGCTCAGGACTCG Lab stock JW5908 

PMM2fwd AGTCCATTCAGGCCCACATG Lab stock JW5870 

PMM2rev TGAGGTCACATCCCGTGTTG Lab stock JW5869 

 

*Shares same sequence with JW5237; biotinylated 

**Shares same sequence with JW5238; biotinylated 

 

 



 64 

 

6.1.5 Antibodies and Lectins 

 

Table 5: Primary antibodies used in this thesis with their types, hosts, dilutions used in 

respective assays, catalog numbers (Cat No.), and internal stock numbers 

 

Target Type Host Dilution Source Cat No. Internal 

number 

Gapdh(14C10) monoclonal rabbit 1:1000 Cell 

Signaling 

2118 - 

GFP polyclonal chicken 1:500 Life 

Technologies 

A10262 38 

GS monoclonal mouse 1:500 Chemicon MAB302 42 

HuC/D monoclonal mouse 1:500 Life 

Technologies 

A21271 102 

PKCα polyclonal rabbit 1:200 Santa Cruz sc-208 72 

Rhod - rabbit 1:200 Homemade 

Dr. Hyde 

- 164 

Rhod(1D4) monoclonal mouse 1:100 Millipore,  MABN15 143 

Rx2 polyclonal rabbit 1:500 Homemade 

(Charles 

River) 

- 165 

Zpr1 monoclonal mouse 1:200 ZIRC AB_10013803  

 

87 

β-actin 

antibody 

monoclonal mouse 1:10,000 Sigma A5441 - 

 

 

Table 6: Secondary antibodies used in this thesis Cat No.: Catalog Number 

 

Name Host Dilution Source Cat No. 

anti-chicken AF488 donkey 1:750 Jackson/ Dianova 703-545-155 

anti-mouse AF647 donkey 1:750 Invitrogen A32787 

anti-mouse IgG (H+L) 

AF546 

goat 1:750 Life Technologies A11030 

anti-mouse IgG-HRP goat 1:10,000 Santa Cruz sc-2005 

anti-rabbit AF647 goat 1:750 Thermo LifeTech A21245 
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anti-rabbit HRP goat 1:5000 Agrisera AS09 602 

anti-rabbit IgG AF488 goat 1:750 Life Technologies A11034 

streptavidin-HRP - 1:10,000 Vector 

Laboratories 

SA-5014-1 

 

Table 7: Lectins used in this thesis Cat No.: Catalog Number 

 

Target Dilution Source Cat No. Internal 

number 

ConA-biotin 1:1000 Vector Laboratories B-1005-5 - 

WGA-biotin 1:1000 Vector Laboratories B-1025-5 - 

 

5.1.6 Antibiotics 

 

Table 8: Antibodies used in this thesis with their final concentrations 

 

Name Working concentration Source 

Ampicillin 100 μg/ ml Roth 

Kanamycin 50 μg/ ml Roth 

 

6.1.7 Kits 

 

Table 9: Commercial kits used in this thesis (for ingredients please refer to the company) 

 

Name      Source 

glyXprep 16 kit glyXera, Magdeburg, Germany 

In Situ Cell Death Detection Kit, TMR red Roche 

innuPREP Gel Extraction Kit Analytik Jena 

innuPREP PCRpure Kit Analytik Jena 

MEGAscript T7 Transcription Kit Life Technologies 

mMESSAGE mMACHINE Sp6 Transcription Kit Life Technologies 

mMESSAGE mMACHINE™ T7 Transcription Kit Thermo Fisher Scientific 

pGEM-T Easy Vector System Promega  

Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific 

Pierce™ ECL Plus Western Blotting Substrate Thermo Fisher Scientific 

Pierce™ ECL Western Blotting Substrate Thermo Fisher Scientific 

QIAprep Spin Miniprep Kit  Qiagen 

Revert-Aid First Strand cDNA Synthesis Kit  Thermo Fisher Scientific 
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Revert-Aid First Strand cDNA Synthesis Kit  Thermo Fisher Scientific 

RNeasy Mini Kit Qiagen 

 

6.1.8 Enzymes  

 

Table 10: Enzymes used in this thesis. FD: Fast Digest; HF: high fidelity; U: Unit 

 

Name Source 

BamHI-HF (20U/µl) New England Biolabs  

BsaI-HF (20U/µl) New England Biolabs 

DraI-FD Thermo Fisher Scientific 

HpaI New England Biolabs 

NotI- HF (20U/µl) New England Biolabs 

NotI-FD  Thermo Fisher Scientific 

PauI  New England Biolabs 

peptide-N-glycosidase F AGRapp, Max Planck 

Institute, Magdeburg 

Proteinase K (20mg/ml) Roche 

PvuI New England Biolabs 

Q5 Polymerase New England Biolabs 

StuI (10U/µl) New England Biolabs 

T4 DNA ligase (5U/ul) Thermo Fisher Scientific 

T7 endonuclease I New England Biolabs 

Turbo DNase I (2U/μl) Invitrogen 

XbaI New England Biolabs 

 

6.1.9 Buffers 

 
Table 11: Commercial and in-house made buffers used in this thesis with their ingredients or 

sources 

 

Name Source or Ingredient 

10X Cut Smart Buffer  New England Biolabs 

10X ligase buffer (for T4 ligase (5U/ul)) 

 

Thermo Fisher Scientific 

10x NEB buffer 2 New England Biolabs 
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10X PBS 1370 mmol /l NaCl 

27 mmol/ l KCl  

2.4 g/l KH2PO4  

14.4 g/l Na2HPO4  

10X Running Buffer 250 mM Tris 

2 M glycine 

30 mM SDS 

in dH2O 

pH 8.3 

10X Running Buffer 10% v/v 10X Running Buffer 

in dH2O 

10X TBS 0.15 M Tris-HCl 

0.05 M Tris base 

1.5 M NaCl 

in dH2O  

adjust pH to 7.6 

10X Wet Blotting Buffer 142 mM Glycin powder 

250 mM Tris powder 

in dH2O 

1X PTW 10 % v/v 10x PBS  

0.1 % v/v Tween 20  

1X TAE buffer 

 

242 g /l Tris base 

5.71 % v/v Glacial acetic acid  

50 mmol /l EDTA 

Adjust pH: 8.5  

1X TBST 10% v/v 10X TBS 

0.1% Tween 20 

in dH2O 

1X Wet Blotting Buffer 

 

 

 

 

 

10% v/v MeOH 

0.0375% v/v SDS 

10% v/v 10X wet blotting buffer 

in dH2O 
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2.5X Laemli buffer 

 

5% SDS 

25% glycerol 

156.25 mM Tris-HCl, pH 6.8 

0.05% bromophenol blue (0.8mg/ml) 

in dH2O 

12.5% v/v 2-mercaptoethanol is added 

freshly when used 

2X RNA loading buffer  Life Sciences 

4X Separation buffer, pH 8.8 1.5 M Tris pH 8.8 

0.4% SDS 

in dH2O 

4X Stacking Buffer, pH 6.8 0.5 M Tris pH 6.8 

0.4% SDS 

in dH2O 

5X Q5 buffer New England Biolabs 

6x Laemmli buffer 375 mM Tris–HCl pH 6.8 

6 % SDS 

48 % glycerol 

9 % 2-mercaptoethanol 

0.03 % bromophenol blue 

8 M urea buffer 

 

 

 

Urea ≥ 99.5 %, p.a. 

100 mM NaCl ≥ 99.5 %, p.a. 

50 mM triethylammonium bicarbonate 

(TEAB) 

pH 8.5 

Buffer A 0.1 % FA 

1 % ACN  

in H2O 

Buffer B 0.1 % v/v formic acid (FA),  

10 % v/v H2O 

 in ACN 

DNA lysis buffer 

 

Fin Clip Buffer 

1mg/ml Proteinase K 

FD Green buffer Thermo Fisher Scientific 
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Fin clip buffer 

 

0.4 M Tris-HCl pH 8.0 

5 mM EDTA pH 8.0 

0.15M NaCl 

0.1% SDS in dH2O 

Mild stripping buffer 0.5 % glycine (w/v) 

0.1% SDS (w/v) 

1% Tween20 (w/w), adjust pH 2.2 

RIPA buffer  Thermo Fisher Scientific 

sgRNA annealing buffer 10mM Tris-HCl 

30mM NaCl 

pH 7.5-8 

 

 

6.1.10 Solutions 

 

Table 12: Solutions used in this thesis with their ingredients and final concentrations 

 

Name Ingredients Final 

Concentration 

1% agarose (low-melt)  

In 1X ERM 

agarose (low-melt)  1% w/v  

1% agarose in TAE  

 

agarose boil in 1X TAE  1% w/v  

16% PFA PFA 

adjust pH to 7.0 

160 g/ l 

1x ERM NaCl 

KCl  

CaCl·2H2O  

MgSO4·7H2O  

HEPES pH 7.3  

adjust to pH 7 

17 mM  

0.4 mM  

0.27mM 

0.66 mM 

17 mM 

20 x Tricaine Tricaine 

Na2HPO4 ·H2O 

in 1x ERM 

adjust pH to 7-7.5 with 1 N 

HCl 

4 g/ l 

10 g/ l 
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4% PFA/PBS 16% PFA 

dilute in 1X PBS 

25 % v/v 

4% PFA/PTW 16% PFA 

dilute in 1X PTW adjust pH to 

7-7.5 

25 % v/v 

6x Orange G Loading dye  Orange G 

Glycerol  

1.2 mg/ml 

20% v/v  

Bleaching solution KOH 

H2O2  

in PBS 

1 % v/v 

3 % v/v 

Davidson’s fixative  Tap water 

EtOH 

Formalin 

Glacial acetic acid 

33% v/v 

33% v/v 

22% v/v 

11% v/v 

EtBr bath  EtBr 10 mg/ml in 1x TAE  0.02% v/v  

LB medium Bacto-Tryptone 

Yeast Extract  

NaCl  

10g/l 

5g/l 

10g/l 

LB Plates Agar 

boil in LB medium  

15g/l 

 

Medaka hatching solution Methylene blue  

in 1x ERM 

2 mg/ l 

TB medium  

 

Bacto-Tryptone 

Yeast Extract  

Glycerol 

KH2PO4  

K2HPO4  

12g/ l 

24g/ l 

0.4 % v/v  

2.13 g /l 

12.54 g/ l 

1.5% agarose in dH2O 

 

agarose boil in water 1.5% w/v  

1.5% agarose in TAE  agarose boil in 1X TAE  1.5% w/v  

1.5% agarose in water  

 

agarose 

bring to boil 

1.5% w/v  
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6.1.11 Reagents  

 

Table 13: Reagents used in this thesis with their synonyms/abbreviations 

 

Name Alias Source 

1- Naphthaleneacetic acid NAA Sigma 

1- Naphthaleneacetic acid-sodium salt Na-NAA Santa Cruz 

1,1,1,3,3,3-Hexafluoro-2- propanol - Sigma-Aldrich 

2-Chloroacetamide (≥ 98.0 %) -  Sigma-Aldrich 

2-propanol Isopropanol Sigma-Aldrich  

2X RNA loading dye - Thermo Fisher Scientific 

30% Acrylamide (29:1) - BioRad 

4-(2-Hydroxyethyl)piperazine-1- 

ethanesulfonic acid  

HEPES Roth/ZBT  

4’,6-diamidino-2-phenylindole  DAPI Sigma-Aldrich  

8-aminopyrene-1,3,6-trisulfonic acid  APTS Sigma-Aldrich 

Acetonitrile, UPLC grade ACN Biosolve 

Agar - Roth 

Agarose - Sigma-Aldrich  

Alcian Blue 8GX - Sigma Aldrich 

Ammonium persulfate APS Sigma-Aldrich 

Asialofetuin - AGRapp, Max Planck 

Institute-Magdeburg 

Benzonase Nuclease  - Millipore 

Bovine Serum Albumin BSA  

Bromophenol blue - Sigma-Aldrich 

Calcium chloride dihydrate  CaCl2 · 2H2O  AppliChem  

Chloroform - Sigma-Aldrich  

cOmpleteTM EDTA-free Protease 

Inhibitor Cocktail 

- Roche 

 

D-glucose - Sigma-Aldrich 

D-mannose - Sigma-Aldrich 

Deoxynucleotide triphosphates  

 

dNTPs Sigma-Aldrich  

 

Dimethyl sulfoxide  DMSO  Roth  
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Dimethyl, heavy C2H6O Sigma- Aldrich 

Dimethyl, light C2H6O Sigma- Aldrich 

Disodium phosphate Na2HPO4  Sigma-Aldrich  

Dulbecco's modified Eagle's medium DMEM Life Technologies 

Eosin - Waldeck 

Ethanol EtOH Sigma-Aldrich  

Ethydium bromide  EtBr Sigma-Aldrich 

Ethylenediaminetetraacetic acid  EDTA Roth 

Ethylenediaminetetraacetic acid  EDTA Roth  

Eukitt® Quick-hardening mounting 

medium  

- Sigma-Aldrich 

Fetal calf serum FCS PAN Biotech 

Formalin (37−40% Formaldehyde) - Roth 

formic acid FA Proteochem 

GeneRulerDNALadderMix  - Thermo Fisher Scientific 

Glacial acetic acid  - Merck 

Glucose-1-phosphate  - AGThiel, University 

Clinic Heidelberg 

Glycerol - Applichem  

Glycine - Applichem  

Glycogen (1 mg/ml) - Merck 

Hematoxylin - Roth 

Hydrogen chloride HCl Merck  

Hydrogen peroxide H2O2 Sigma-Aldrich  

Low melting agarose - Roth 

Lysyl Endopeptidase®, MS grade - Wako Chemicals 

Magnesium chloride MgCl2 Merck 

Magnesium chloride MgCl2 AGThiel, University 

Clinic Heidelberg 

Magnesium sulphate heptahydrate  MgSO4.7H2O  Merck 

Mannose-6 phosphate isomerase  MPI AGThiel, University 

Clinic Heidelberg 

Methanol MeOH  Roth 

Methanol, MS grade MeOH Carl Roth 
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Methylcellulose - Sigma Aldrich 

MS-222 Tricaine Sigma-Aldrich 

Nicotinamide adenine dinucleotide 

phosphate 

NADP AGThiel, University 

Clinic Heidelberg 

Normal goat serum NGS Sigma-Aldrich  

Orange G - Sigma-Aldrich  

Paraffin - AGJLohmann, 

University of Heidelberg 

Paraformaldehyde PFA Sigma-Aldrich  

PEG4000 - Merck 

Penicillin/Streptomycin Pen/Strep AGThiel, University 

Clinic Heidelberg 

Phosphoglucose Isomerase PGI AGThiel, University 

Clinic Heidelberg 

PierceTM ECL Western Blotting 

Substrate 

 Thermo Scientific 

Potassium chloride KCl AppliChem  

Potassium dihydrogen phosphate  KH2PO4  Merck  

Potassium dihydrogen phosphate  KH2PO4  Merck  

Potassium hydrogen phosphate  K2HPO4 Merck 

Potassium hydroxide  KOH Merck 

Skim milk powder - Sigma-Aldrich 

Sodium chloride NaCl Sigma-Aldrich  

Sodium chloride, ≥ 99.5 %, p.a.  NaCl Applichem 

Sodium dodecyl sulphate SDS Serva 

Sodium hydrogen phosphate dihydrate Na2HPO4.H2O  Sigma-Aldrich  

Sodium hydroxide NaOH Sigma-Aldrich 

Sodium tetraborate Borax Fluka 

Streptavidin solution - Vector Laboratories 

Sucrose Saccharide Roth 

Tetramethylethylenediamine TEMED Roth 

Tissue Freezing Medium TFM Leica 

triethylammonium bicarbonate TEAB Sigma-Aldrich 

Trifluoroacetic acid, ≥ 99.0 % TFA Sigma-Aldrich 
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Tris hydrochloride  Tris-HCl Sigma-Aldrich  

Tris(2-carboxyethyl)phospin - Carl Roth 

TRIzol™ Reagent - Thermo Fisher Scientific 

Trypsin, MS grade - Thermo Fisher Scientific 

Tween 20 - Sigma-Aldrich  

Urea, ≥ 99.5 %, p.a. - Carl Roth 

Water, MS grade H2O Biosolve 

Xylene Xylol Merck 

Yeast Extract  - Roth  

 

6.1.12 Consumables 

 

Table 14: Consumables used in this thesis with the provider company/source 

 

Name Source 

3M™ Empore™ C18 Extraction Disks Thermo Fisher Scientific 

Aluminium foil Paclan 

Borosilicate glass capillaries GC100F-10 Harvard apparatus  

C18 StageTips Thermo Fisher Scientific 

Cell scraper AGThiel, University Clinic 

Heidelberg 

Filter tips 10 μl, 20 μl, 200 μl, 1.25 ml STARLAB  

Folded filter paper Sartorius 

Glass beads Roth 

Glass bottom dishes MatTek  

Glass slides for H&E samples AGJLohmann, University of 

Heidelberg 

Latex gloves Semperguard  

Low-binding tubes, 1.5 ml Thermo Fisher Scientific 

Low-binding tubes, 2 ml Thermo Fisher Scientific 

Microloader tips 10 μl Eppendorf  

Molding cup trays 6 mm x 12 mm x 5 mm Polysciences 

Nail polish Rival De Loop 

Needle, 20G AGThiel, University Clinic 

Heidelberg 

Nitrile gloves STARLAB 
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Nitrocellulose membrane  GE Healthcare 

Paper napkins Kammerer  

Parafilm M® All-Purpose Laboratory Film Bemis 

Pasteur pipettes Sarstedt 

Petri dishes Greiner  

Phase-lock heavy gel tubes, 2 ml Quantabio 

Pipette tips 10 μl, 200 μl, 1 ml Steinbrenner  

PVDF membrane- Immobilion P Merck 

Reaction tubes 1.5 ml, 2 ml Eppendorf 

Reaction tubes 1.5 ml, 2 ml (safe-lock) Eppendorf  

Reaction tubes for polymerase chain reaction  Sarstedt  

ReprosilPur-AQ 120 C18 material  Dr. Maisch 

Scalpel Schreiber Instrumente  

Six-well plates Böttger 

Superfrost plus microscope slides Thermo Fisher Scientific  

Tubes 15 ml, 50 ml Sarstedt  

Tubes for bacterial cultures, 13 ml Sarstedt 

Whatman paper  Whatman  

 

6.1.13 Equipment 

 
Table 15: Equipment used in this thesis with the provider company/source 

 

Name Source 

Acclaim PepMap300 C18, Trapping cartridge Thermo Fisher Scientific 

Analytical column In-house made (AGRuppert, Heidelberg 

University/Germany) 

Bacterial Shaker INNOVA 44  New Brunswick Scientific  

Blot Documentation System  Intas 

Centrifuge 5417 C  Eppendorf  

Centrifuge 5425 Eppendorf 

Centrifuge 5430 Eppendorf 

Centrifuge 5430 R Eppendorf 

Centrifuge for PCR tubes Steinbrenner Laborsysteme  

Centrifuge MC 6 Sarstedt 
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Cryostat CM 3050S Leica  

DIC microscope DB5000 Leica 

Fish incubator Heraeus instruments  

Fish incubator RuMed 

Forceps 5, 55 Inox stainless steel  Dumont 

Freezer -20◦C  Liebherr 

Freezer -80◦C Thermo Scientific  

Fridge 4◦C Liebherr 

Gel chamber peqLab and custom-made  

Incubator 37◦C, 60◦C  BINDER 

Leica TCS SP8 (confocal microscope) Leica 

Microinjector 5242  Eppendorf 

Microtome AGJLohmann, University of Heidelberg 

Microwave R-939  Sharp 

Mini Trans-Blot® Cell Bio-Rad 

Mini-PROTEAN® Tetra Handcast Systems Bio-Rad 

nanoEase MZ Peptide analytical column BEH 

nanoEase MZ Peptide analytical column Waters 

Needle puller P-30  Sutter Instrument Co USA  

Nikon AZ100 Nikon 

Nikon DS-Ri1 camera  Nikon 

Nikon SMZ18 Nikon 

pH-meter Sartorius 

Pipetboy acu Integra biosciences  

Pipettes (10 µl, 20 µl, 200 µl, 1 ml) ErgoOne, Starlab 

Power supply PowerPac Basic  Bio-Rad 

Q-Exactive HF mass spectrometer  Thermo Fisher Scientific 

Q-Exactive HF-X mass spectrometer Thermo Fisher Scientific 

Qiagen TissueRuptor II Qiagen 

ReprosilPur-AQ 120 C18 material Dr. Maisch 

Rocking shaker DRS-12 neoLab 

Scale EW 2200-2NM  KERN  

Spectrophotometer DS-11+ DeNovix  
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Staining container for immunofluorescence 

on cryosections 

Custom-made  

Stereomicroscope Nikon SMZ18  Nikon 

Stereomicroscope Zeiss Stemi 2000  Zeiss 

Stereomicroscope Zeiss Stemi SV11  Zeiss 

Thermocycler Bio-Rad 

Thermomixer Compact  Eppendorf 

Thermomixer F1.5 Eppendorf 

Tube revolver Thermo Fisher Scientific  

Ultimate 3000 UPLC  Thermo Fisher Scientific 

UV table Vilber Lourmat  

UV-Gel Documentation System Intas  

Vortex Scientific Industries  

Water bath  GFL  

 

6.1.14 Softwares 

Table 16: Softwares used in this thesis 

 
Name Reference 

Adobe Illustrator version 16.0.0 Adobe 

Fiji (Schindelin et al., 2012) 

FileMaker Pro FileMaker, Inc. 

Geneious Prime Biomatters Limited  

glyXtoolTM software glyXera, Magdeburg, Germany 

MaxQuant version 1.6.12.0 (Cox & Mann, 2008) 

Mendeley version 1.19.4 Elsevier Solutions 

Perseus version 1.5.6.0 (Tyanova et al., 2016) 

Prism 6 GraphPad 

RStudio version 1.2.5042 (R Core Team. 2018; RStudio Team) 

 

6.1.15 Online tools 

 

Table 17: Online tools used in this thesis with their internet links 

 

Name Use Link 

Biorender Drawing figures https://biorender.com/ (used to make Figure 1 and 18 

of this thesis) 

https://biorender.com/
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CCTop sgRNA design https://cctop.cos.uni-heidelberg.de:8043/ 

eLabFTW Data storage https://elabftw.cos.uni-

heidelberg.de:444/experiments.php 

Ensembl Gene, RNA, and 

protein 

information 

https://www.ensembl.org/index.html 

Ensembl 

(BioMart) 

Finding human 

orthologs of 

medaka genes 

https://www.ensembl.org/ 

biomart/martview/4a0df1fafe645f876cecc7e8a8e05f02 

GeneCards MS data analysis https://www.genecards.org/ 

Poly Peak 

Parser 

 

Finding mutations 

upon 

CRISPR/Cas9 

http://yosttools.genetics.utah.edu/PolyPeakParser/ 

Primer3 Primer design https://bioinfo.ut.ee/primer3-0.4.0/ 

Uniprot 

(Retrieve/ID 

Mapping) 

MS data analysis https://www.uniprot.org/uploadlists/ 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

https://www.ensembl.org/
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6.2 Methods 
 

This part of the thesis describes the experiments performed to reach the “Results” section. 

Please note that the parts in quotation mark means that these parts were paraphrased from my 

own publication with the following citation: 

Gücüm et al. (2020) “The medaka alg2 mutant is a model for hypo-N-glycosylation-associated 

retinitis pigmentosa”. BioRxiv. doi: https://doi.org/10.1101/2020.08.20.260430  

Please also refer to the “Contributions” section of this thesis for details of the contributions of 

other people to the experiments performed below.  

6.2.1 Animal Husbandry 

 

" Medaka (Oryzias latipes) Cab strain used in this study were kept as closed stocks in 

accordance to Tierschutzgesetz §11, Abs. 1, Nr. 1 and with European Union animal welfare 

guidelines. Fish were maintained in a constant recirculating system at 28°C on a 14 h light/10 

h dark cycle (Zucht- und Haltungserlaubnis AZ35-9185.64/BH). Written informed consent was 

obtained for the analysis of patient-derived material. This study was approved by the Ethics 

Committee of the Medical Faculty Heidelberg." 

 

6.2.2 Medaka Microinjections  

 

-Generation of CR(Alg2:p.G336*) and CR(Pmm2-GFP) Lines 

Female and male adults were separated the night before the injections and in the morning placed 

into the same fish tank for mating. The fertilized eggs (zygotes) were collected 15 minutes later, 

placed in an ice-cold dish with 1X ERM, separated from each other, and placed in a 1.5% 

agarose (in water) gel mold. Fish were injected with the respective injection mixtures in the 

cytosol via a capillary glass needle. Injection amounts were not equal due to unequal opening 

of each glass needle and unequal air pressure or time of injection.  

 

-GFP degradation in wild-type and Pmm2-GFP lines  

Freshly fertilized medaka embryos were collected from either wild-type or Pmm2+/GFP lines. 

The wild-type embryos were injected with 50ng/ul TIR1 mRNA; 4ng/ul, 10ng/ul or 50ng/ul 

nanobody mRNA (mAID-vhhGFP4); 10ng/ul mCherry mRNA and 10ng/ul and GFP mRNA 

with the help of a glass needle at 1-2 cell stage as described above. Control injections lacked 
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nanobody mRNA. Embryos were incubated at 28 °C for around 4 hr. Dead and mCherry 

negative embryos were removed prior to NAA induction. At around st9, half of the samples 

were rolled on sandpaper. NAA induction (10mM) started at st9 and lasted until stage 24.  

Pmm2-GFP embryos were injected with 100 ng/µl or 50 ng/µl TIR1 mRNA, 10 ng/µl mCherry 

mRNA and 10 ng/µl or 20 ng/µl nanobody mRNA. The control injection lacked nanobody 

mRNA. Embryos were incubated at 26 °C for about 6 hr and induced with 10mM NAA at 32 

°C for about 24 hr. mCherry negative embryos were removed from the analysis. Finally, the 

images were acquired for both green and red channels under epifluorescence microscope 

(Nikon SMZ18).  

 

6.2.3 Genomic DNA Extraction 

 

DNA was extracted from several different samples including embryos, hatchling eyes or fins, 

and adult fins. For all samples a lysis buffer (fin-clip buffer with Proteinase K (20 mg/ml, 1µl 

per 100µl buffer)) was used. For single embryos 20 µl, for pool of embryos (up to 10) 100µl, 

for hatchling eyes or fins 20 µl, and for individual fins 100 µl lysis buffer was used. Embryos 

were ground with the help of a pestle inside lysis buffer whereas other type of samples did not 

need grinding. All samples were incubated at 60-65 °C overnight. Samples were quickly 

spinned down in a table top centrifuge, distilled water was added in 2-times of the buffer volume 

and samples were incubated at 95 °C for 15 min to inactivate Proteinase K. Samples were 

centrifuged at 4 °C, 10000g for 10 min. One µl of DNA was used for PCR genotyping.  

 

6.2.4 alg2hypo Line Generation 

 

-Microinjections 

Microinjections were performed as mentioned in “6.2.2. Medaka Microinjection” section to 

wild-type zygote medakas. Injection mixture contained 2 sgRNAs at 15ng/µl, 150ng/µl Cas9 

mRNA, 25 ng/µl ssODN and 10 ng/µl GFP mRNA as injection tracer (for sequences refer to 

Materials). Next day, dead and GFP negative embryos were eliminated. At 2dpi, 5 or 10 

embryos were pooled together in a 1.5 ml Eppendorf tube and lysed inside DNA lysis buffer 

for DNA extraction (refer to “6.2.3 Genomic DNA Extraction”).  

 

-PCR 

PCR was performed with with the PCR mixture prepared according to Table 18. PCR was run 

in thermal cycler according to Table 19. Primers with forward 5’-
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TCCACTTGGAGGATTGCGTC, reverse 5’- CATTTAGCTGGGGATTGGTACAC 

sequences were used. PCR product (5-10 µl) was run in 1% agarose gel in TAE buffer to test 

PCR amplification.  

 

Table 18: Ingredients of PCR for genotyping of alg2 mutant lines 

 

Ingredients 1X (µl) 

dH2O 35.8 

5X Q5 buffer 10 

10 mM dNTP 1 

10 µM FP (JW6282) 1 

10 µM RP (JW6284) 1 

Q5 polymerase (2U/ µl) 0.2 

DNA 1 

 

 

Table 19: PCR cycle of reaction in Table 18 

 

Temperature Time 

98 °C 2 min 

98 °C 20 sec 

67 °C 30 sec 

72 °C 25 sec 

72 °C 4 min 

10 °C 10 min 

 

-Surveyor assay 

Efficiency of sgRNA cut was tested with T7 endonuclease I assay (Surveyor Assay). 

Accordingly, 10 μl PCR product, 2 μl 10x NEB buffer 2, and 7.5 μl dH2O were incubated in 

thermal cycler according to Table 20. Then, 0.5 µl of T7 Endonuclease I was added and samples 

were incubated at 37 °C for 30min. Samples were size separated via 1.5% agarose gel in TAE 

buffer electrophoresis.  

 

Table 20: Thermal cycle of the Surveyor Assay for dsDNA denaturation and re-annealing 

 

Step Temperature Ramp rate Time 

Initial denaturation 95 °C - 5 min 

Annealing 95-85 °C -2 °C /sec 10 sec 

Annealing 85-25 °C -0.1 °C/sec 20 min 

Hold 4 °C - 15 min 

 

 

 

30 cycles 
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-StuI test digest 

Samples were further subjected to StuI restriction test digest to detect successful ssODN 

integration. First, PCR samples were cleaned up with Analytik Jena PCR clean up kit according 

to manufacturer’s instructions (Analytik Jena, 2017a). Cleaned up PCR product was eluted in 

30 µl distilled water and mixed with 5 µl 10X Cut Smart Buffer (NEB), 0.2 µl StuI (NEB), and 

distilled water up to 50 µl. Mixture was incubated at 37 °C for 2 hr and size separated with 

1.5% agarose gel in TAE buffer.  

 

-Breeding 

Integration of ssODN was not detected in the F0 injected generation from pooled embryos. 

Nevertheless, F0 fish were raised to adulthood and outcrossed to wild-type adults. Resulting F1 

generation embryos were collected and raised to adulthood. A small sample of fin from each 

adult was taken to repeat each step of the genotyping as mentioned above. Successful germline 

transmission of the ssODN inserted lines were outcrossed and raised to adulthood, giving rise 

to F2 generation. alg2+/- adults were incrossed and phenotypes were assessed until hatching. 

Hatchlings with multisystemic phenotypes and their healthy age-matched siblings were counted 

for phenotypic Mendelian segregation. Fish with phenotypes were genotypes for homozygosity 

as mentioned above. Fish carrying ssODN insertion as well as other mutant alleles were 

sequenced with JW6284 primer at Eurofins Genomics and mutant alleles were analyzed on 

Geneious Prime® 2019.2.1 and Poly Peak Parser (Hill et al., 2014).  

 

6.2.5 Pmm2-GFP Line Generation 

 

GFP sequence flanked by 5’ and 3’ homology flanks (HFs) to the Pmm2 C-terminus sequence 

was created with Golden-Gate cloning. Biotinylated primers (5’-

CGAGCGCAGCGAGTCAGTGAG-3’ and 5’-CATGTAATACGACTCACTATAG-3‘) 

amplifying this sequence were used to produce a modified PCR product according to Table 21 

and Table 22.  

 

 

 

 

 

 

 



 83 

Table 21: Ingredients of PCR for generation of modified PCR product with biotinylated 

primers 

 

Ingredients 1X (µl) 

dH2O 35.8 

5X Q5 buffer 10 

10 mM dNTPs 1 

10 µM FP (Modified_PCR_Fwd) 1 

10 µM RP (Modified_PCR_Rev) 1 

Q5 polymerase (2U/ µl) 0.2 

Plasmid 4956 (1 ng) 1 

 

Table 22: PCR cycle of reaction in Table 21 

 

Temperature Time 

98 °C 2 min 

98 °C 20 sec 

57 °C 30 sec 

72 °C 80 sec 

72 °C 4 min 

10 °C 10 min 

 

Wild-type medaka zygotes were injected with 15 ng/µl sgRNAs (5’ 

TCTTCTTCTGCTGAAGCTACTGG 3’ and 5’ TCTTCTGCTGAAGCTACTGGAGG 3’) 

targeting Pmm2 C-terminus locus, 150 ng/µl Cas9 mRNA, 5 ng/µl Modified PCR product and 

10ng/µl mCherry mRNA. mCherry negative embryos were eliminated the next day. Early stage 

injected embryos were genotyped via conventional PCR as well as RT-PCR to test integration 

of modified PCR into the locus. Accordingly, Pmm2-GFP line was genotyped either from 

embryo or adult fin-clip lysates as described in Table 23 and Table 24.  

 

Table 23: Ingredients of PCR for genotyping of Pmm2-GFP line 

 

Ingredients 1X (µl) 

dH2O 35.8 

5X Q5 buffer 10 

10 mM dNTPs 1 

10 µM FP (JW6251) 1 

10 µM RP (JW6252) 1 

Q5 polymerase (2U/ µl) 0.2 

DNA 1 

  

 

35 cycles 
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Table 24: PCR cycle of reaction in Table 23 

 

Temperature Time 

98 °C 2 min 

98 °C 20 sec 

59 °C 30 sec 

72 °C 1min 50 sec 

72 °C 4 min 

10 °C 10 min 

 

RNA extraction was performed from individual GFP screened embryos as described in “6.2.9 

Reverse Transcription PCR (RT-PCR)”. RT-PCR settings for genotyping were 98°C initial 

denaturation for 2 min, followed by 35 cycles of 98 °C denaturation for 20sec, 59 °C annealing 

for 30 sec, 72 °C extension for 50sec (Primers: 5’ AAACGCAGAGGCTCAGGACTCG 3’ and 

5’ AAACGCTCGACCAGGATGGGCA 3’). All PCR reactions were analysed with 1.5% 

agarose gel. Upon confirmation of successful integration, the rest of the injected embryos that 

have ubiquitous GFP expression were raised to adulthood. Adult F0 fish were outcrossed to 

wild-type medakas and resulting generation was again screened for ubiquitous GFP expression. 

Successful candidates were genotyped via conventional PCR, RT-PCR and Western Blot as in 

“6.2.14 Western Blots”.  

 

6.2.6 Fibroblast Culture Maintenance  

 

" Patient and control fibroblasts were cultured in Dulbecco's modified Eagle's medium (high 

glucose; Life Technologies) supplemented with 1 % FCS (PAN Biotech) and 1 % Pen/Strep 

with 5 % CO2 at 37 °C. Medium was replaced every 72 hr. " 

 

6.2.7 Cas9 mRNA Production 

 

Cas9 messenger RNA (mRNA) was transcribed from NotI- HF-linearised plasmids (in-house) 

using the mMESSAGE mMACHINE Sp6 Transcription Kit according to the manufacturer’s 

instructions (Ambion by life technologies, 2012a).  

 

6.2.8 sgRNA Production 

 

- Cloning 

DR274 plasmid was digested with BsaI-HF (NEB) at 37 °C overnight according to Table 25. 

Digested product was run on 1% agarose gel electrophoresis and 2147bp band was gel purified 

30 cycles 
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with Analytic Jena gel purification kit according to manufacturer’s protocol (Analytik Jena, 

2017b). Ordered single stranded oligos targeting region of interest were annealed in sgRNA 

annealing buffer (10mM Tris-HCl pH 7.5-8. 30mM NaCl) from 95 to 10 °C with 0.1 °C 

reduction. 

 

Table 25: Reaction for linearization of DR274, sgRNA backbone 

 

Ingredient Volume/Amount 

Vector plasmid (DR274) 8.0 µg 

BsaI-HF (NEB) 0.5 µl 

10X Cut Smart Buffer 5.0 µl 

dH2O Up to 50 µl 

 

Annealed product was diluted 1:33 (v/v) in distilled water and ligated to the gel-extracted 

backbone at RT for 10 min according to Table 26.  

 

Table 26: Reaction for ligation of sgRNA backbone and target sequences 

 

Ingredients Volume 

dH2O 5 µl 

10X ligase buffer 1 µl 

PEG4000 1 µl 

DR274 (40ng, 0.025pmol vector) 1 µl 

Insert oligo (0.075pmol insert) 1 µl 

T4 DNA ligase (5U/ul)  1 µl 

 

MachT1TM T1R phage resistant chemically competent Escherichia coli (Thermo Fisher 

Scientific) were transfected with ligated product, plated on LB plates with (1:1000) Kanamycin, 

and incubated at 37 °C overnight. Next day, resistant colonies were picked and bacteria were 

grown either 5 hr or overnight at 37 °C. Plasmid extraction was done with an adjusted protocol 

of Qiagen Miniprep (Qiagen, 2020). Accordingly, cells were centrifuged at 12000g for 3min 

and supernatant was removed. Cells were resuspended in P1 buffer, digested with P2 and P3 

buffers, and was centrifuged at 12000g for 15min. Supernatant was taken into a new tube and 

500 µl of isopropanol was added to precipitate DNA by centrifuging at 12000g for 15 min. 

Samples were washed with 500 µl 70% EtOH and left to air dry. DNA was resuspended in 

distilled water. Plasmid was tested with BsaI and PvuI test digest in FD Green buffer (Thermo 

Fisher Scientific) for transfection of correctly ligated plasmid. DNA bands were checked on 

1% agarose gel via electrophoresis and sequenced with M13 uni-21 primer at Eurofins 

Genomics. Bacterial culture with the correct plasmids were used to inoculate 20ml LB medium 

with (1:1000) Kanamycin, which was incubated at 37 °C overnight. Total of 8 ml culture was 
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precipitated with centrifuge at 10000g for 2min. DNA was extracted with Qiagen Miniprep kit 

according to manufacturer’s protocol (Qiagen, 2020).  

 

-Linearization of sgRNA plasmids 

Plasmid from previous step was linearized by incubating the reaction mixture from Table 27. 

at 37 °C overnight. Digested product was size separated on 1.5% agarose gel via electrophoresis 

and 300bp band was excised and purified according to manufacturer’s protocol (Analytik Jena, 

2017b). Concentration of the elute was measured on Spectrophotometer DS-11+ (DeNovix). 

 

Table 27: Linearization reaction of sgRNA vector for in vitro RNA synthesis 

 

Ingredients Volume/Amount 

10X FD Green Buffer 6 µl 

Plasmid DNA 10 µg 

DraI-FD 3 µl 

dH2O Up to 60 µl 

 

 

-in vitro Transcription 

MEGAscript T7 Transcription Kit (Life Technologies) was used according to manufacturer’s 

instructions (Ambion by life technologies, 2012b). Template DNA of 200 ng eluted plasmid 

from previous step was used. Sample was incubated overnight at 37 °C. For digestion of DNA, 

samples were incubated with 1 µl Turbo DNase I (stock 2U/μl) at 37 °C for 15 min. Samples 

were cleaned up with RNeasy Mini Kit (Qiagen) according to manufacturer’s instruction 

(Qiagen, 2019). The concentration was measured with Spectrophotometer DS-11+ (DeNovix). 

Clarity of the extraction was judged by the following parameters: OD260/280 > 2 and OD260/230 

>2. RNA (around 200ng) was also run on 1.5% agarose gel in 1X TAE buffer with 2X RNA 

loading buffer (Ambion). Prior to gel loading, sample was denaturated at 80 °C for 10min.  

 

6.2.9 Reverse Transcription PCR (RT-PCR) 

 

This assay was used to confirm the expression of alg2hypo and Pmm2-GFP alleles in transcript 

level.  

 

-RNA Extraction 

Embryos or hatchlings were transferred to 2 ml low-binding tubes (Thermo Fisher Scientific) 

and washed several times in ice-cold PBS and lysed directly inside TRIzol™ Reagent (Thermo 
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Fisher Scientific) with pestle under a fume hood. Yolk was not removed. Samples were lysed 

with Qiagen TissueRuptor II. If needed, samples were snap frozen inside liquid nitrogen and 

kept at -80 °C freezer at this step. Otherwise, samples were incubated at RT for 5 min and 

centrifuged at 12000g at 10 °C for 2 min. Meantime phase-lock heavy gel (Quantabio) tubes 

were spinned down at 12000g for 30 sec. Supernatant was transferred to phase-lock heavy tubes 

and 200 µl RNase-free water and 100 µl chloroform was added. Samples were shaken up and 

down for 50 sec and incubated at RT for 2 min. Samples were centrifuged at 12000g at 4 °C 

for 15 min. Transparent upper phase was taken into 1.5 ml fresh low-binding tubes and 0.8-

times volume of isopropanol and 1 ul glycogen (1 mg/ml) were added and mixed with a pipette 

up and down. Samples were incubated on ice for 10 min and centrifuged at 12000g at 4 °C for 

10 min. Supernatant was trashed and 700 µl 70% EtOH was added to the pellet. Samples were 

centrifuged at 8000g at 4 °C for 5 min. Supernatant was trashed and pellet was air dried at RT 

for 5 min. About 12 µl of RNase-free dH2O was used for resuspension of RNA. Samples were 

digested with DNaseI and test gel was performed as described in “6.2.8 sgRNA Production” 

section. Concentration was measured and samples with OD260/230 >2 was accepted clean.  

 

-cDNA Conversion 

To inactivate the DNase I from previous step, 5 µl 50 mM EDTA (about 5mM final 

concentration) was added and samples were incubated at 65 °C for 10 min. cDNA synthesis 

reaction mixture was prepared from Revert-Aid First Strand cDNA Synthesis Kit (Thermo 

Fisher Scientific) according to manufacturer’s instruction (Table 28) and incubated at 65 °C 

for 5 min. 

Table 28: Oligo dT annealing for cDNA conversion 

 

Ingredients Volume/ Amount 

RNA  About 50 ng 

Oligo dT 1 µl 

dH2O Up to 12 µl 

 

Upon oligo dT annealing, synthesis reaction mixture was prepared as in Table 29 and incubated 

at RT for 5 min, then 42 °C for 1 hr and 70 °C 5 min. cDNA was kept at -20 °C.  

Table 29: Reverse transcription reaction 

 

Ingredients Volume 

5X RT Buffer 4 µl 

Ribolock (20U/µl)  1 µl 

10mM dNTP 2 µl 

RTase (5U/µl) 1 µl 

RNA annealed to Oligo dT 12 µl 
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- RT-PCR  

RT-PCR for CR(Alg2: p.G336*) line was performed with the reaction mixture of Table 18 

with JW6282 and JW6284 primers (refer to materials for details).  Reaction was run according 

to Table 19. As a control of DNA contamination, also RNA samples were directly used in a 

separate set of PCR reaction.  

 

RT-PCR reaction mixture of Pmm2-GFP line was prepared according to Table 18 with JW5908 

(anneals to exon2 of olPmm2 allele) and JW1408 (anneals to GFP) primers. Reaction was run 

in a thermal cycler according to Table 30. 

 

Table 30: RT-PCR cycle of Pmm2-GFP line validation 

 

Temperature Time 

98 °C 2 min 

98 °C 20 sec 

59 °C 30 sec 

72 °C 50 sec 

72 °C 4 min 

10 °C 10 min 

 

 

6.2.10 Hematoxylin and Eosin (H&E) Staining 

 

" Stage 40 (9 dpf at 26°C) medaka hatchlings were fixed in Davidson’s fixative (3 parts tap 

water, 3 parts EtOH, 2 parts formalin, 1 part 98 % acetic acid) overnight at 4 °C. Samples were 

dehydrated in series of 70 % - 90 % - 100 % EtOH and xylene. Dehydrated hatchlings were 

incubated in paraffin for 1 hr at 60 °C. All samples were embedded in paraffin blocks at RT 

and sectioned on microtome with 7 μm thickness and mounted on glass slides. Samples were 

incubated at 42 °C overnight and rehydrated in a stepwise manner in xylene-100 % - 90 % - 70 

% - 50 % EtOH series. Slides were stained in hematoxylin for 10 min, washed with tap water 

for 40 min and stained with eosin for 2 min at RT. Upon staining, samples were dehydrated 

again with 70 % - 90 % - 100 % EtOH and xylene series. Samples were mounted with Eukitt® 

Quick-hardening mounting medium (Sigma-Aldrich). Images were taken under DIC 

microscope (Leica DB5000)." 

30 cycles 
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6.2.11 Alcian Blue Staining 

 

" Stage 40 (9 dpf at 26 °C) medaka hatchlings were anaesthetized with 1X Tricane (Sigma-

Aldrich). Tail of each fish was clipped and processed for PCR-genotyping as decribed in “6.2.4 

alg2hypo Line Generation“ Specimens were fixed in 4% PFA in PBS overnight at 4 °C. Next 

day, samples were dehydrated in 50% and 70% EtOH for 15 min at RT, respectively. Cartilages 

were stained in 0.02 % Alcian Blue 8GX (Sigma Aldrich) in 70 % EtOH and 60 mM MgCl2 

overnight at RT. Hatchlings were rehydated for depigmentation of eyes. Accordingly, samples 

were washed once in 70% and 50% EtOH and eye pigments were bleached in 1 % KOH, 3 % 

H2O2 in PBS for 30 min at RT. Hatchlings were washed once with 50% EtOH and imaged 

under Nikon SMZ18 in 3 % methylcellulose. For long term storage, samples were dehydrated 

in 100 % EtOH and kept at -20°C. Analysis of the cartilage lengths were performed on Fiji by 

measuring the distance between the beginning and the end of the cartilages (euclidean distance) 

and lengths were normalized to standard length (SL), which is the distance between the center 

of lenses, as decribed in (Cline et al., 2012). Two-tailed nonparametric Student’s T-test was 

performed as statistical analysis." 

 

6.2.12 Live Imaging of Fli1::GFP, alg2hypo Line 

 

alg2+/- adults were crossed to Fli1::GFP line (Kindly provided by AGCentanin, COS, 

Heidelberg University). Resulting progeny was raised, screened for GFP expression in the 

vessels and GFP positive ones were raised to adulthood. Adults were genotyped as described 

in “6.2.4 alg2hypo Line Generation”. Heterozygote individuals were incrossed and resulting 

progeny was raised until st40. Fish were anesthetized with 1X Tricane in ERM and mounted in 

1% low melting agarose in glass bottom dishes (MatTek). Once the agarose hardened, the dish 

was covered with 1X ERM. Images were acquired under Leica TCS SP8 inverted confocal laser 

scanning microscope at 488 nm wavelength.  

 

6.2.13 Lectin Blots 

 
-Medaka samples 

Proteins from a pool of hatchlings (n=10-20) were lysed with the help of Qiagen Tissue Ruptor 

II in RIPA buffer (Thermo Scientific) with cOmpleteTM EDTA-free Protease Inhibitor Cocktail 

(Roche) in 2 ml low binding tubes (Thermo Fisher Scientific). Samples were incubated on ice 

for 30 min and centrifuged at 12000g at 4 °C for 10 min. Supernatant was taken to a fresh 1.5 
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ml low binding tube. Concentration of each sample was measured with PierceTM BCA Protein 

Assay Kit (Thermo Fisher Scientific) according to manufacturer’s instruction with microplate 

procedure (Thermo Fisher Scientific, 2020). Total of 10 µg protein was mixed with 2.5X Laemli 

buffer and dH2O up to 20 µl. Samples were boiled at 95 °C for 15 min prior to loading. 10% 

SDS gel was prepared according to Table 31.  

Table 31: Recipe of 10% SDS separation gel (For 2 gels) 

Ingredients (For 2 gels) Volume Final 

concentration 

H2O 4.09 ml - 

30% Acrylamide (29:1) (BioRad) 3.3 ml 10% 

4X Separation buffer, pH 8.8  2.5 ml 1X 

20% APS  100 µl  0.2% 

TEMED  10 µl  0.1% 

Before the 10% gel hardened between vertical glass plates (BioRad), isopropanol was poured 

to avoid air bubbles. Once the gel hardened, 4% stacking gel was prepared according to Table 

32.  

Table 32: Recipe of 4% SDS stacking gel (For 2 gels) 

 

 

Samples were run at 60V for 30 min and 100V for about 1.5 hr in 1X SDS running buffer until 

the gel front runs out. Proteins were blotted on a MeOH-activated-PVDF membrane (Millipore 

Immobilon-P) with wet blotting technique from Mini Trans-Blot® Cell (Bio-Rad, n.d.) inside 

1X wet blotting buffer at 350mA for 1 hr at 4 °C. A cooling pack was used to prevent 

overheating. Membrane was blocked with 5 % BSA in 1X TBST (TBS with 0.1 % Tween) for 

1 hr at RT. As an internal control, anti-Gapdh rabbit monoclonal antibody (Cell 

Signaling(14C10)) was used in 1:1000 dilution in blocking buffer (5 % BSA in 1X TBST) for 

1 hr at RT. Goat anti-rabbit HRP (Agrisera) was used in 1:5000 concentration as a secondary 

Ingredients (For 2 gels) Volume Final 

concentration 

H2O 2.945 ml - 

30% Acrylamide (29:1) (BioRad) 0.75 ml 4.5% 

4X Stacking Buffer, pH 6.8  1.25 ml 1X 

20% APS  50 µl 0.2% 

TEMED  5 µl 0.1% 
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antibody. After developing signal with PierceTM ECL Western Blotting Substrate (Thermo 

Scientific), the blot was stripped in mild stripping buffer (1.5 % glycine (w/v), 0.1 % SDS (w/v), 

1 % Tween20 (w/w), pH 2.2). Blots were incubated in streptavidin solution (1 drop in 10 ml 

TBST, Vector laboratories) for 15 min at RT to block internal biotin signal of the fish. Blots 

were incubated with either biotinylated Concanavalin A (Con A, Vector Laboratories) or 

biotinylated Wheat Germ Agglutinin (WGA, Vector Laboratories) at 1:1000 dilution in TBST 

2.5 hr at RT. Streptavidin- Horseradish Peroxidase (Vector Laboratories) was used at 1:10000 

dilution for 30 min at RT. Signal was developed with PierceTM ECL Western Blotting Substrate 

(Thermo Scientific).  

"-Fibroblast samples 

ALG2-CDG patient and control fibroblasts were washed with ice-cold PBS and harvested by 

cell scraper and lysed for 30 min in RIPA buffer (Thermo Fisher Scientific) on ice by pasing 

the samples 20 times through a 20G needle. Samples were centrifuged for 30 min at 13000 rpm 

at 4 °C. Total protein of 10 μg both from control and patient fibroblast were used for gel loading. 

Samples were mixed with 6x Laemmli buffer (375 mM Tris–HCl, pH 6.8, 6 % SDS, 48 % 

glycerol, 9 % 2-mercaptoethanol, 0.03 % bromophenol blue) and denatured at 95 °C for 5 min. 

Proteins were size separated on a 12.5 % SDS-PAGE and blotted onto a nitrocellulose 

membrane (GE Healthcare) by a semi-dry electrophoretic transfer. The membrane was blocked 

for 1 hr at RT with 5 % milk powder in PBST (0.1 % Tween20 in PBS). After blocking, the 

membrane was washed and incubated with the primary antibodies against β -actin antibody 

(1:10,000, Sigma) overnight at 4 °C. Membrane was washed with 1X TBST several times and 

incubated with secondary antibody anti-mouse IgG-conjugated with horseradish peroxidase 

(1:10,000, Santa Cruz) for 45 min at RT. PierceTM enhanced chemiluminescence reagent (ECL) 

plus western blot analysis substrate (ThermoFisher Scientific) was used for signal detection. 

Blots were stipped with 10 % acetic acid for 12 min at RT for lectin incubation. The membrane 

was blocked with 5 % BSA in TBST (0.5 % Tween20 in TBS) for 1 hr. Membranes were 

incubated with the biotinylated lectins ConA and WGA (Vector Laboratories) at 1:1000 

dilution in TBST for 2 hr at RT. The membranes were subsequently incubated with horseradish 

peroxidase streptavidin (Vector Laboratories) for 30 min at RT and signal was detected with 

PierceECL plus assay kit (ThermoFisher Scientific). " 

 

-Analysis of lectin blots 

The signal strength from each lane was measured in Fiji. All lanes were selected and the pixel 

intensities were calculated. Along the lanes, a non-loaded part of the membrane was also 
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selected as a region of interest and the pixel intesity of the background was calculated, as well. 

Always a background closer to the lane of interest was chosen. Background signals were 

removed both from the lectin blots and the Gapdh internal control signal. Signal intensity of 

lectins were normalized to their respective Gapdh intensity. Finally, all internally normalized 

samples were normalized to their wild-type counterparts for percentage normalization. As wild-

type samples were normalized to themselves, they were always represented as 100%.  

 

6.2.14 Western Blots 

 

Sample lysis, measurement of concentration, preparation of SDS-gels, electrophoresis, blotting, 

and incubation of Gapdh antibody were done according to section “6.2.13 Lectin Blots- Medaka 

Samples” Samples were 3 different Pmm2-GFP medaka lines at st40, wild-type age matched 

medaka hatchlings, GFP mRNA injected medaka embryos to see the size of GFP and HepG2 

cell line as a positive control of Pmm2 expression. After Gapdh signal development, blot was 

stripped with mild stripping buffer and blocked with 5% milk for 1 hr at RT. Blot was incubated 

with anti-GFP antibody (A11122, Invitrogen, 1:500) in 5% milk ON at 4 °C. Other blots loaded 

with the same samples were blocked with 5% BSA for 1 hr at RT and incubated with anti-

Pmm2 (10666-1-AP, Proteintech or HPA040852, Sigma-Aldrich) at 1:500 in 5% BSA 

overnight at 4 °C. Goat anti-rabbit HRP (Agrisera) was used in 1:5000 in 1X TBST as a 

secondary antibody for 1 hr at RT. Signal was developed with PierceTM ECL Western Blotting 

Substrate (Thermo Scientific).  

 

6.2.15 Multiplexed Capillary Gel Electrophoresis with Laser Induced Fluorescence 

(xCGE-LIF)  

" Samples were prepared and quantitative analysis was performed by xCGE-LIF according to 

a modified version of previously described protocols (Hennig et al., 2016; Thiesler et al., 2016). 

Accordingly, a pool of medaka hatclings (n=20) at st40 and human fibroblasts (7x10
5 cells) 

were lysed with RIPA Lysis and Extraction Buffer (Thermo Scientific). Purification of the 

samples were performed with a methanol/chloroform protein extraction protocol according to 

a previously published protocol (Wessel & Flügge, 1984). Further processing of samples were 

performed with the glyXprep 16 kit (glyXera, Magdeburg, Germany). N-glycans were released 

from solubilized proteins using peptide-N-glycosidase F and fluorescently labeled with 8-

aminopyrene-1,3,6-trisulfonic acid (APTS). Hydrophilic interaction liquid chromatography-

solid phase extraction (HILIC-SPE) was used to remove excessive fluorescent dye. The purified 

APTS-labeled N-glycans were analyzed by xCGE-LIF. Data processing and normalization of 
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migration times to an internal standard were performed with glyXtoolTM software (glyXera, 

Magdeburg, Germany). An in-house N-glycan database (glyXbaseTM) and exoglycosidase 

sequencing was used to annotate N-glycan fingerprints (normalized electropherograms) based 

on migration time matching. The symbolic representations were drawn with GlycoWorkbench 

(Ceroni et al., 2008) according to the guideline of the Consortium for Functional Glycomics 

(Varki et al., 2009). To facilitate the quantitative inter-sample comparison, an aliquot of each 

sample was spiked in with 1 μg of a bovine asialofetuin as an internal standard prior to 

methanol/chloroform protein extraction. A unique and asialofetuin-derived N-glycan peak was 

used to quantitatively normalize peak intensities. The quantitative normalization was then 

applied to the standard N- glycan fingerprints using mannose-6 as a transfer peak as explained 

in Appendix Figure 1. " 

6.2.16 Mass Spectrometry 

 
"-Sample preparation and protein precipitation  

Mass spectrometry (MS) was performed on whole deyolked st40 hatchlings as well as st40 

eyes. For the whole organism, st40 hatchlings were euthanized with tricane, deyolked, washed 

a couple of times in ice-cold PBS, pooled (n=3 biological replicates, n=6 fish each), snap frozen 

in liquid nitrogen and kept at -80 °C until lysis. For the measurement of eyes, both left and right 

eyes were dissected from 15 fish per biological replicate (n=4 biological replicates, 30 eyes 

each), washed a couple of times in ice-cold PBS, and snap frozen in liquid nitrogen.  

Sample lysis and measurement of concentration steps were performed similar to “6.2.13 Lectin 

Blots“. Accordingly, samples were lysed with 100-150 μl of RIPA Lysis and Extraction Buffer 

(Thermo Scientific) including cOmpleteTM EDTA-free Protease Inhibitor Cocktail (Roche) 

with the help of Qiagen TissueRaptor II. Protein lysis was incubated on ice with 50 U of 

Benzonase Nuclease (Millipore) for 20 min and at 37 °C for 5 min. Samples were then 

centrifuged at 12000 g for 10 min at 4 °C. Supernatant was taken into fresh tubes and protein 

concentration was assessed via PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific). 

100 ug and 30 ug of total protein for whole hatchling and eyes, respectively, were used for 

protein precipitation. Samples were precipitated with methanol / chloroform protocol according 

to (Wessel & Flügge, 1984).   

-In-solution digestion  

For in-solution digestion, pellets of precipitated proteins were resuspended in 20 μl of in-house 

made 8M urea buffer. Cysteine thiols were subsequently reduced and alkylated by adding 
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Tris(2-carboxyethyl)phospin (Carl Roth) to a final concentration of 10 mM and 2-

Chloroacetamide (≥ 98.0 %, Sigma-Aldrich) to a final concentration of 40 mM, respectively. 

The solution was incubated for 30 min at RT. Sample predigestion was performed with Lysyl 

Endopeptidase® (MS grade, Wako Chemicals), which was added in an enzyme:protein ratio of 

1:40 (w/w) and the samples were incubated for 4 hr at 37 °C. After diluting the urea 

concentration to 2 M by adding 50 mM TEAB buffer, trypsin (MS grade, Thermo) was added 

in an enzyme:protein ratio of 1:100 (w/w) and incubated for 16 hr at 37 °C.  

 

-Dimethyl labeling  

Dimethyl duplex labeling was performed bound to C18 material according to previously 

pulished standard protocol (Boersema et al., 2009). Briefly, digestion reaction was stopped by 

reducing the pH < 2 through the addition of trifluoroacetic acid (TFA, ≥ 99.0 %, Sigma-Aldrich) 

to a final concentration of 0.4 % (v/v) and samples were centrifuged for 10 min at 2500 g at 

RT. Supernatants’ volume corresponding to 20 μg of total tryptic peptides per sample were 

loaded onto C18 StageTips containing 3 disks of Empore C18 material (3M). Prior to sample 

loading, StageTip material was successively equilibrated with 20 μl of methanol (MS grade, 

Carl Roth), followed by 20 μl of 50 % (v/v) acetonitrile (ACN, UPLC grade, Biosolve) in 0.1 

% (v/v) TFA and by 20 μl of 0.1 % (v/v) TFA with centrifuging at 1500 g for 1 min after each 

equilibration step. Loaded peptide samples were washed with 20 μl of 100 mM TEAB, to shift 

pH for labeling and were tagged with stable-isotope dimethyl labels comprising regular 

formaldehyde and cyanoborohydride (28 Da shift, designated “light label”) or deuterated 

formaldehyde and regular cyanoborohydride (32 Da shift, designated “heavy label”) (all 

reagents from Sigma- Aldrich). Wild-type samples were tagged with light labels and alg2
hypo 

mutant samples were tagged with heavy labels, including a label swap for one of the four eye 

sample replicates. Labeled peptides were washed with 20 μl of 0.1 % TFA and eluted from 

StageTip material by adding 10 μl of 50 % ACN in 0.1 % TFA twice with subsequent 

centrifugation for 1 min at 1500g after each step. Differentially labeled samples were mixed in 

equal amounts, dried in a vacuum centrifuge and stored at -20 °C until LC-MS analysis.  

 

-LC-MS measurements  

For technical reasons, whole hatchling and eye samples were analyzed using slightly different 

LC-MS setups. Approx. 5 and 8.3 μg of tryptic peptides per LC-MS injection were analyzed 

for hatchling samples (two technical replicate measurements per biological replicate with 

different amounts, respectively) and approx. 2 μg of tryptic peptides were analyzed for eye 



 95 

samples. A precursor ions inclusion list was used to improve run-to-run reproducibility for all 

samples. All used solvents were UPLC grade.  

Whole hatchling samples were resuspended after vacuum centrifuge in 20 % ACN / 0.1 % TFA 

and incubated for 5 min at RT. Samples were diluted 10-fold in 0.1 % TFA prior to LC-MS 

measurement, which was conducted using an Ultimate 3000 UPLC (Thermo Fisher Scientific) 

coupled to a Q-Exactive HF mass spectrometer (Thermo Fisher Scientific). Analytical LC 

separation was performed using an in-house packed analytical column (20 cm length, 75 μm 

inner diameter; CS – Chromatographie Service GmbH) filled with 1.9 μm particle size, 120 Å 

pore size ReprosilPur-AQ 120 C18 material (Dr. Maisch) and carried out for 160 min total 

analysis time. The chromatographic method consisted of a linear gradient of buffer B (0.1 % 

v/v formic acid (FA), Proteochem, 10 % v/v H2O, Biosolve in ACN) in buffer A (0.1 % FA, 1 

% ACN in H2O) from 3 to 40% B in 120 min with a flow rate of 300 nl /min, followed by a 

washing (95 % B) and an equilibration step. Prior to the gradient, samples were loaded to the 

analytical column for 20 min with 3% B at 550 nl/min flow rate. Eluting peptides were analyzed 

online by a coupled Q-Exactive-HF mass spectrometer running in DDA mode. Full scans were 

performed at 60 000 (m/z 200) resolution for a mass range covering 400-1600 m/z for 3e6 ions 

or up to a max IT of 45 ms. The full scan was followed by up to 15 MS/MS scans at 15 000 

resolution with a max IT of 50 ms for up to 1e5 ions (AGC target). Precursors were isolated 

with a window of 1.6 m/z and fragmented with a collision energy of 27 (NCE). Unassigned and 

singly charged peptides were excluded from fragmentation and dynamic exclusion was set to 

35 sec.  

For eye samples, dried peptides were resuspended in 2.5 % 1,1,1,3,3,3-Hexafluoro-2- propanol 

(Sigma-Aldrich) / 0.1% TFA prior to LC-MS measurement, which was conducted using an 

Ultimate 3000 UPLC (Thermo Fisher Scientific) coupled to a Q-Exactive HF-X mass 

spectrometer (Thermo Fisher Scientific). During the LC separation, peptides were first loaded 

onto a trapping cartridge (Acclaim PepMap300 C18, 5 μm particle size, 300 Å pore size, 

Thermo Fisher Scientific) and washed for 3 min with 0.1 % TFA. Analytical separation was 

performed using a nanoEase MZ Peptide analytical column (BEH, 20 cm length, 75 μm inner 

diameter, 1.7 μm particle size, 300 Å pore size, Waters) and carried out for 150 min total 

analysis time. The chromatographic method consisted of a linear gradient of buffer B (0.1 % 

FA, 19.9 % H2O, Biosolve in ACN) in buffer A (0.1 % FA in H2O) from 5 to 38 % B in 132 

min with a flow rate of 300 nL / min, followed by a washing (95% B) and an equilibration step. 

Eluting peptides were analyzed online by a coupled Q-Exactive-HF-X mass spectrometer 
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running in DDA mode. Full scans were performed at 60 000 resolution for a mass range 

covering 350-1500 m/z for 3e6 ions or up to a max IT of 45 ms. The full scan was followed by 

up to 20 MS/MS scans at 15 000 resolution with a max IT of 22 ms for up to 1e5 ions (AGC 

target). Precursors were isolated with a window of 1.6 m/z and fragmented with a collision 

energy of 27 (NCE). Unassigned and singly charged peptides were excluded from 

fragmentation and dynamic exclusion was set to 35 sec.  

-Protein identification and relative quantification with MaxQuant  

Raw files were processed using MaxQuant v1.6.12.0 (Cox & Mann, 2008) for protein 

identification and quantification. MS / MS spectra were searched against the Uniprot Oryzias 

latipes database (retrieved in February 2020, last edited in November 2019), common 

contaminants and an additional fasta file containing the amino acid sequence of the usherin 

protein (Uniprot ID: U3R8H7) by Andromeda search engine with the following parameters: 

Carbamidomethylation of cysteine residues as fixed modification and Acetyl (Protein N-term), 

Oxidation (M) as variable modifications, trypsin/P as the proteolytic enzyme with up to two 

missed cleavages allowed. The maximum false discovery rate for proteins and peptides was 

0.01 and a minimum peptide length of 7 amino acids was required. Match between runs and 

requantify options were disabled. Quantification mode was with the dimethyl Lys 0 and N-term 

0 as light labels and dimethyl Lys 4 and N-term 4 as heavy labels. All other parameters were 

default parameters of MaxQuant. Quantitative normalized ratios were calculated by MaxQuant 

and used for further data analysis. 

  

-Statistical analysis of MS data 

Perseus software v1.5.6.0 was used (Tyanova et al., 2016). For the volcano plots in Figure 10, 

MaxQuant normalized (total protein normalization) and log2 transformed data were filtered (at 

least two razor or unique peptides per protein group required) and technical replicate values 

were averaged, if available. One-sample t-test (comparison to 0, p-value 0.05, -1< t-test 

difference< 1) was then performed and plots were produced with R and RStudio version 

1.2.5042. For exclusive protein groups (only wild-type or only mutant), the raw intensity values 

for each biological replicate were normalized to the mean of unnormalized Gapdh ratios from 

all replicates and log2 transformed so that the proteins were plotted on the y axis according to 

their Gapdh normalized intensities for representation only. Exclusive hits were only considered 

when present in at least two biological replicates." 
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6.2.17 Immunofluorescence 

 

Sample fixations were done at the indicated stage of medaka (in the figures) in 4 % PFA in 1X 

PTW (PBS, 0.4 % Tween) overnight at 4°C on a rotator. Next day, samples were washed in 1X 

PTW at RT several times and incubated at least once overnight in 30 % sucrose in PTW and at 

least once in Tissue Freezing Medium (Leica, #14020108926): 30 % Sucrose in PTW (1:1, 

v/v). Samples were embedded in the same Tissue Freezing Medium and snap frozen inside 

liquid nitrogen. Samples were sectioned with 16 μm thickness on a cryostat (Leica CM 3050S) 

and dried on Superfrost plus microscope slides (Thermo Fisher Scientific) overnight at 4 °C. 

Next day, slides were washed with 1X PTW for rehydration. Antigen retrieval step was applied 

to the slides that will be stained with the following antibodies: rabbit anti-PKCα antibody 

(1:200, Santa Cruz, #sc-208), mouse anti-HuC/D (1:500, Life Technologies, #A21271), anti-

mouse Rhod (1:200, Millipore, #MABN15). Accordingly, slides were re-fixed with 4% 

PFA/PTW for 30 min and washed 3 times for 5 min in 1X PTW. Slides were incubated in HCl 

for 60 min at 37°C (2N HCl, 0.5% TritonX) and slides were washed 3 times for 5 min in 1X 

PTW. For pH recovery, slides were incubate in Borax-PTW dilution for 15 min and washed in 

1X PTW for 5 min. Both antigen-retrieval and non-retrieval samples continued as follows: 

Slides were blocked with 10% normal goat serum (NGS) in 1X PTW for 2 hr at RT while 

covered with parafilm (Bemis). Samples were stained with anti-Rhodopsin rabbit and mouse 

antibodies (1:200, home- made and 1:200, Millipore, #MABN15), anti-Zpr1 mouse antibody 

(1:200, ZIRC, #AB_10013803), anti-Rx2 rabbit antibody (1:200, (Reinhardt et al., 2015)), and 

anti-GS mouse antibody (1:500, Merck #MAB302), chicken anti-GFP antibody (1:500, Life 

Technologies, #A10262), rabbit anti-PKCα antibody (1:200, Santa Cruz, #sc-208), mouse anti-

HuC/D (1:500, Life Technologies, #A21271) in 1 % NGS overnight at 4 °C. Goat anti-mouse 

IgG (H+L) Alexa Fluor 546 (Life Technologies, #A11030) and goat anti-rabbit IgG Alexa Fluor 

488 (Life Technologies, #A11034), and donkey anti-mouse 647 (Invitrogen, #A32787), goat 

anti-rabbit 647 (Thermo LifeTech, #A21245), donkey anti-chicken AF488 (Jackson/ Dianova, 

#703-545-155) were used in 1:750 dilution as secondary antibodies together with DAPI (10 

μg/ml) in 1 % NGS for 2 hr at 37 °C. When combined with TUNEL staining, In Situ Cell Death 

Detection Kit, TMR red (Roche, #12156792910) was used according to the manufacturer’s 

instruction (Roche, 2016). Samples were mounted in 60% glycerol in 1X PTW and were 

imaged on a Leica SP8 confocal microscope. Image analysis was performed with Fiji 

(Schindelin et al., 2012). 
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6.2.18 mRNA Rescue Injections 

 

" -Cloning of olalg2 cDNA and mRNA synthesis 

alg2 cDNA was amplified with RT-PCR from the cDNA of wild-type Oryzias latipes Cab strain 

stage 18 embryos with Q5® High-Fidelity DNA Polymerase (New England Biolabs) by using 

primers with BamHI-HF (New England Biolabs, 20U/ml, #R3136S) and XbaI (New England 

Biolabs, 20U/ml, #R0145S) recognition sequence extensions, 5’ - 

GCCGGATCCATGGCGCGGGTGGTGTTT-3’ and 5‘- 

GCCTCTAGATTACTGGCTGAGCATAACTACGT -3’ (98 °C denaturation for 20 sec, 58°C 

annealing for 30 sec, 70 °C extension for 40 sec, 35 cycles). Both RT-PCR product and pCS2+ 

vector (Rupp et al., 1994) were digested with BamHI-HF and XbaI restriction enzymes and 

cleaned up from agarose gel with innuPREP Gel Extraction Kit (Analytik Jena, 2017b). 

Ligation of digested PCR product and backbone was performed with 0.5 μl T4 DNA ligase 

(Thermo Scientific, 5U/ml) in 1x ligase buffer with 10 μl end volume for 15 min at RT. Cloned 

vector was transformed into Mach1-T1 E. coli cells (ThermoFisher Scientific) via heat shock 

induction at 42 °C for 45 sec and snap cooling on ice. Transformed cells were added 300 μl TB 

and incubated for 45 min at 37 °C. Cloned vector (100 μl) was plated on LB plates with 

Ampicillin resistance for overnight incubation at 37 °C. Next day, individual clones were 

inoculated into LB medium containing Ampicillin (100 μg/ml) and plasmids were extracted 

from bacteria culture with QIAprep Spin Miniprep Kit (Qiagen) according to manufacturer’s 

instructions (Qiagen, 2020). One clone with a successful integration was used to perform in 

vitro mRNA synthesis with mMESSAGE mMACHINETM SP6 Transcription Kit 

(ThermoFischer Scientific) (Ambion by life technologies, 2012a) upon NotI-HF (New England 

Biosciences) linearization and gel purification with innuPREP Gel Extraction Kit (Analytik 

Jena). Plasmid in the RNA reaction was digested with 1 μl TURBO DNase I (2 U/μl, 

ThermoFisher Scientific) for 15 min at 37 °C. RNA was cleaned up with RNeasy Mini Kit 

(Qiagen, 74104) and quality of RNA was confirmed with agarose gel electrophoresis and 

Spectrophotometer DS-11+ (DeNovix).  

 

-Cloning of hsAlg2 cDNA and mRNA synthesis 

The plasmid containing the whole cDNA of healthy human was kindly provided by Christian 

Thiel (University Clinic, Heidelberg University, Germany). The RNA was synthesized in vitro 

with mMESSAGE mMACHINETM T7 Kit according to manufacturer’s instructions (Ambion 

by life technologies, 2012a) on HpaI linearized and gel purified (InnuPrep, AnalytikJena) 

plasmid DNA. 
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-Injections into medaka  

Adults alg2+/- medaka were crossed and offspring was injected at the one-cell stage with 100 - 

200 ng/μl medaka alg2 (olalg2) or 34 ng/μl of human Alg2 (hsAlg mRNA and both together 

with GFP mRNA (10 ng/μl) as injection tracer. As injection control, offspring of the same 

crossing scheme was used for GFP mRNA injection only. Embryos were kept at 28 °C. GFP 

negative embryos were discarded. Genotyping of the embryos was performed from the fin clip 

biopsies with Q5® High-Fidelity DNA Polymerase (New England Biolabs) as menationed in 

“6.2.4 alg2hypo Line Generation“ section. Remainder of the sample was used either for Alcian 

Blue staining or antibody staining as mentioned above. " 

 

6.2.19 D-mannose Supplementation 

 

-Toxicity test on wild-type medaka 

Wild-type medaka adults were mated and embryos were collected at 1-cell stage. Half of the 

embryos were rolled on sand paper until they lost the hair on the chorion. For serial dilutios, 

500mM D-mannose stock was prepared by dissolving 0.9 gr D-mannose in 10 ml ERM. 

Embryos were incubated in D-mannose (Sigma-Aldrich) at 50, 100, 250, and 500 mM 

concentrations in 1X ERM (solubility in water is 50mg/ml). Treatment of embryos started 

around st8/9 (6 hpf at RT) and embryos were kept in 24-well plates with 2.5 ml of respective 

D-mannose solution. Vehicle control had only in 1X ERM. Embryos were kept at 26 °C. 

Medium was refreshed every 24 hr and treatment continued for 72 hr. Viability and the 

phenotypes were observed under binocular.  

 

-Treatment of alg2hypo line 

alg2+/- adults were incrossed and embryos were treated with 50 mM D-mannose (or 50mM D-

glucose) similar to described above: Embryos were not dechorionated, treatment started at 

st8/9, medium was refreshed every 24 hr, and the treatment continued until around 5 dph. Each 

day number of survivors were noted.  

 

6.2.20 NAA and Na-NAA Toxicity Tests 

 

NAA (Sigma, N0640-25G) was dissolved in 1N NaOH to prepare stock solution (For 0.5M 

Stock, 0.465g NAA was dissolved in 5ml of 1N NaOH).  A working concentration of 10 mM 

was prepared from the NAA stock by diluting it directly in 1X ERM and 1M HEPES (final 

concentration of 5mM). Other dilutions were prepared from a dilution series. Embryos were 
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collected from freshly mated wild-type Cab strain medaka adults and dechorionated around 

stage8. Embryos were incubated in the respective concentrations for 3 days. Solutions were 

refreshed every 24 hr. Tests were repeated with Sodium 1-Naphthaleneacetate (Santa Cruz) that 

can be solved directly in water. Chorion was kept intact. A stock concentration of 0.5mM of 

Na-NAA was prepared by directly dissolving in 1X ERM and serial dilutions were prepared 

from the stock in 1X ERM.  

 

6.2.21 Pmm2 Enzyme Activity Test of Pmm2-GFP Line 

 

-Sample preparation 

Heterozygote Pmm2-GFP (Pmm2+/GFP) F2 generation fish were incrossed. Resulting progeny 

were euthanized with 1X Tricane at st40 (1-5dph at 26 degree). Left eyes were removed for 

genotyping and fish were deyolked. Genotyping was performed according to section “6.2.5 

Pmm2-GFP Line Generation”. The rest of the body was snap frozen in liquid nitrogen for 

enzyme activity test. Fish were submitted to University Clinic, University of Heidelberg, 

AGThiel group for protein lysis and activity test on dry ice. Briefly, the pool of st40 embryos 

were lysed in an extraction buffer containing protease inhibitors without any detergent. Total 

protein amount was measured with PierceTM BCA Protein Assay Kit (Thermo Fisher 

Scientific). 

 

-Enzyme activity measurement 

Thirty µg of protein per well in ninety-six well plate was placed. Hundred µmol of NADP per 

well (Chemical mix NADP, MgCl2(cofactor), glucose-1-phosphate (activator)), oversaturated 

Mannose-6 phosphate isomerase (MPI) and phosphoglucose isomerase (PGI)) was added to the 

reaction mix. These two enzymes were oversaturated to have endogenous Pmm2 as a rate 

limiting step. Resulting NADPH concentration was measured at 340nm for 3 hr. The 

background signal was removed from the wells containing protein mix, chemical mix, and the 

enzyme mix.  

 

6.2.22 TIR1 and AID-nanobody mRNA Production for Microinjections 

 

AID-nanobody (plasmid number 117713) was cloned into PCS2+ vector for in vitro mRNA 

synthesis whereas TIR1 vector (plasmid number 117717) was obtained already inside PCS2+ 

vector. Accordingly,  AID-nanobody and PCS2+ plasmids were digested with DraI-FD and 

XbaI in 10X Cut Smart Buffer (NEB) at 37 °C for 1 hr and enzymes were inactivated at 65 °C 
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for 10 min. Digested product was size separated on 1.5 % agarose gel and 700 bp band of AID-

nanobody and 4kb band of PCS2+ vector were excised and cleaned up with Analytik Jene gel 

extraction kit according to manufacturer’s instructions (Analytik Jena, 2017b). Cleaned up 

products were ligated with T4 DNA ligase (insertion : backbone = 3 : 1 mol ratio) and 

transfected to Mach1-T1 cells (Thermo Fisher Scientific) with heat shock at 42 °C for 45 sec 

and incubation of samples on ice. Cells were incubated in TB medium for 1 hr at 37 °C, 

inoculated on agar plates with Ampicillin (1:1000) and incubated overnight at 37 °C. Next day, 

one positive colony was incubated in 3 ml LB medium with Ampicillin (1:1000) overnight at 

37 °C and plasmids were extracted with an adjusted version of Qiagen Miniprep protocol as 

mentioned in “6.2.8 sgRNA Production”. Test digest was performed with NotI-FD (Thermo 

Fisher Scientific) in FD Green Buffer 1 hr at RT. Positive colonies from AID-nanobody-PCS2+ 

and TIR1 plasmid were used to expand the plasmids via Qiagen Miniprep (Qiagen, 2020) 

according to manufacturer’s instruction from 8 ml inoculated LB medium + Ampicillin 

(1:1000) for in vitro mRNA synthesis. AID-nanobody vector was linearized with PauI (NEB) 

and TIR1 plasmid was linearized with NotI-HF (NEB). Linearized products were gel purified 

as mentioned above. In vitro mRNA synthesis was performed with mMESSAGE mMACHINE 

Sp6 Transcription Kit (Ambion by life technologies, 2012a) and RNAs were cleaned up with 

RNeasy Mini Kit (Qiagen, 2019) according to the manufacturers’ instructions. Quality of RNA 

was assessed via agarose gel electrophoresis and spectrophotometer as mentioned in “6.2.8 

sgRNA Production”. 
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Appendix 
 
Appendix Table 1: Peak numbers of xCGE-LIF (Figure 8 and 9), their abbreviations and 

structures 

 
Number Abbreviation Structure 

1 A3[2,4]S1(2,6)G1(3)[3,4]G2(4)S2(2,6)S1(2,3

)[3,4] 

 

2 A3[2,4]S1(2,6)G1(3)[3,4]G2(4)S2(2,3)S1(2,6

)[3,2] 

 

3 A3[2,4]S1(2,6)G1(3)[3,4]G2(4)S2(2,6)[3,2;6,

2] 

 

4 A3G3S3(2,6) 
 

5 A3G3S1(2,3)[3,4]S2(2,6) 
 

6 A2G2S2(2,6) 
 

7 A3G3S2(2,3)S1(2,6)[3,2] 
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8 FA2G2S2(2,6) 
 

9 A2G2S2(2,3) 
 

10 FA2BG2S2(2,6) 
 

11 A1G1S1(2,3)[3] 
 

12 FA2G2S2(2,3) 
 

13 A3[2,4]S1(2,6)G1(3)[3,4]G2(4)S1(2,6)[3,2] 
 

14 FA2F1(1,3)G2S2(2,3) 
 

15 FMan3 
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16 A3G3S1(2,3)S1(2,6) 
 

17 FA2BG1S1(2,6)[6] 
 

18 A2G2S1(2,6) 
 

19 A2G2S1(2,3)[3] 
 

20 FA2G2S1(2,6) 
 

21 Man5 
 

22 FA2G2S1(2,3)[6] 
 

23 FA2G2S1(2,3)[3] 
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24 FA4G4S2(2,3) 
 

25 Man6 
 

26 A2G1[3] 
 

27 FA3G3S1(2,3)[2,6] 
 

28 Man7[D1] 
 

29 Man7[D3] 
 

30 FA2BG1[6] 
 

31 A2G2 
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32 Man8  

  

 

33 FA3G1[2,6]   

34 Man9   

35 FA2G2 
 

36 FA2BG2  

  

 

37 Man8-Glc   

38 Man9-Glc 
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39 FA4G2  

  

 

40 FA3G3[2,6]   

41 FA3[2,4]G3   

42 A4G3   
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Appendix Table 2a: Differentially upregulated and exclusive (in mutant) protein groups 

according to MS of eye samples, their human orthologs, number of N-glycosylation motifs and 

subcellular localization (orange: no N-glycosylation motif predicted, green: existence of N-

glycosylation motif predicted as well as reported to localize to membrane or to be secreted on 

uniprot.org) 
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Appendix Table 2b: Differentially downregulated and exclusive (in wild-type) protein groups 

according to MS of eye samples, their human orthologs, number of N-glycosylation motifs and 

subcellular localization (orange: no N-glycosylation motif predicted, green: existence of N-

glycosylation motif predicted as well as reported to localize to membrane or to be secreted on 

uniprot.org) 
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Appendix Figure 1: Normalization of the xCGE-LIF data for comparison of samples acquired 

independently 

(A-B) A1 and A2 or B1 and B2 represents 2 different measurements from the same sample. Prior to 

obtaining results from A1 or B1, the samples were spiked in with asialofetuin (1. Normalize), whereas 

A2 and B2 were left without a spike-in-control. Additionally, A2 and B2 were treated with 

oligohexosidases to clean up the sample. The comparison of all the peaks between the A1/A2 and B1/B2 

showed that Man6 peak remained unaltered (2. Determine and 3. Set). Thus, Man6 peak was chosen for 

the normalization of both samples. In this sense all the graphs were normalized, but A1 and B1 were 

normalized to asialofetuin, which is 100%.  

(C) Combined results of the samples from A and B after both x- and y-axis normalization.   
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This section is dedicated to the contributions that were made to this thesis.  
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Elena Tonin performed the cloning of TIR1 and AID-nanobody into PCS2+ vector for in vitro 
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Kaisa Pakari performed the injections of TIR1 and AID-nanobody mRNA for degradation of 
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xCGE-LIF, performed lectin blots from patient samples, and measured the enzyme activity of 
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Oi Pui Hoang performed the injections for the alg2hypo fish F0 generation. 

Rachel Müller fin-clipped and genotyped some of the adult alg2hypo line for stock maintenance. 

Roman Sakson ran the MS samples and helped with the data analysis.  

Simran Panda screened phenotype and genotype of the Pmm2-GFP line for the founder fish. 

Tanja Kellner produced the sgRNA and Cas9 mRNA for the alg2hypo line. 

Thomas Thumberger designed the sgRNA constructs to target the alg2 locus. 

 

Valerian Grote and Marcus Hoffmann ran the samples on xCGE-LIF and analyzed the data. 
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