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Abstract

Abstract

Congenital disorders of glycosylation (CDG) are a group of rare metabolic diseases caused by
mutations in the enzymes involved in glycosylation. To date, no conclusive pathogenic
mechanism is linked to the disease and there are only limited therapeutic options available.
The most common form of CDG is caused by compound heterozygous hypomorphic alleles of
the cytosolic enzyme Phosphomannomutase 2 (PMM2), leading to global protein
hypoglycosylation and a multiorgan phenotype in patients. Complete loss-of-function
mutations in the essential protein are incompatible with life. Patients that survive carry
mutations that lead to reduced enzyme activity of PMM2.

PMM2 plays a crucial role at the basis of the glycosylation cascade in the endoplasmic
reticulum by providing the essential mannose precursor required for the three glycosylation
routes N-glycosylation, O- and C-mannosylation. The entire glycosylation machinery is
evolutionarily highly conserved which allows generating translational models in other
organisms. The small teleost medaka (Oryzias latipes) offers a great advantage as model
organism to investigate the early embryogenesis through the extrauterine and transparent
developing embryos. To understand acute effects of Pmm2 loss on development and disease
progression, | have created translational models that mimic the reduced residual enzyme
activity of PMM2-CDG patients. | followed two routes to investigate the role of PMM2 on
development: establish a conditional knockdown system for acute Pmm2 interference at the
protein level and patient-based genetic models by precision genome editing in medaka.

For the conditional knockdown in medaka, | applied an inducible degron system to selectively
degrade Pmm2-GFP, mimicking reduced enzyme activity.

To generate patient-based pmm?2 alleles, | used canonical base editing to generate the
p.C139R mutation and a deletion variant. Further, | developed and carefully examined a novel
two step one-shot base editing approach termed “inception”. Inception introduces a new
binding site for a second base editing event that subsequently leads to the anticipated edit.
With inception | created one of the common patient mutations p.F119L. Depending on the
generated alleles, different pmm2 variants resulted in varying enzymatic activity in medaka,
phenocopied the patient symptoms and caused hypoglycosylation of proteins. Bottom-up
proteomics revealed molecular changes already present before the onset of multisystemic

phenotypes, affecting particularly mRNA processing and eye development.
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Zusammenfassung

Angeborene Stoffwechselkrankheiten, die Proteinglykosylierung betreffen, werden als
,congenital Disorder of Glycosylation® (CDG) bezeichnet. Dies ist eine Gruppe seltener
Erkrankungen, die durch Mutationen in den Enzymen des Glykosylierungsprozesses
verursacht werden. Bisher ist kein Mechanismus bekannt, der die Pathogenese der Krankheit
erklaren kann und therapeutische Optionen sind nur begrenzt verfugbar. Die haufigste Form
der CDG wird durch heterozygote hypomorphe Allele des zytosolischen Enzyms
Phosphomannomutase 2 (PMM2) verursacht, die bei den Patienten zu einer globalen
Hypoglykosylierung der Proteine und einem multisystemischen Phanotyp flhren. Mutationen
des PMM2 Genes, die zu einem vollstandigen Funktionsverlust fiihren, sind embryonal lethal.
Daher liegt nahe, dass Uberlebende Patienten Mutationen tragen, die zu einer reduzierten
Funktionalitat von PMM2 flhren.

PMM2 spielt eine entscheidende Rolle am Anfang der Glykosylierungskaskade im
endoplasmatischen Retikulum, indem es den essenziellen Mannose-Vorlaufer fiir die drei
Glykosylierungsprozesse N-Glykosylierung, O- und C-Mannosylierung bereitstellt. Der
gesamte Glykosylierungsprozess ist evolutionar hoch konserviert und ermdglicht daher
dessen Erforschung in Modellorganismen. Der kleine Teleost Medaka (Oryzias latipes) bietet
einen grofRen Vorteil als Modellorganismus, da die frihe Embryogenese durch die extrauterine
Entwicklung der Embryonen in transparenten Eischalen untersucht werden kann. Um die
akuten Auswirkungen des Pmm2-Verlusts auf die Entwicklung und das Fortschreiten der
Krankheit zu verstehen, habe ich translationale Tiermodelle geschaffen, die die reduzierte
Restaktivitat des Enzyms von PMM2-CDG-Patienten nachahmen. Um die Rolle von PMM2
auf die Entwicklung zu untersuchen, habe ich zwei Ansatze verfolgt: die Etablierung eines
induzierbaren Degron-Systems flr einen akuten Abbau des Pmm2 Proteins und
patientenbasierte genetische Modelle durch prazise Genome-Editierung in Medaka.

Fir den gezielten Abbau des Pmm2 Proteins habe ich ein induzierbares System fir den akuten
Proteinabbau in Medaka angewandt. Dieses erkennt gezielt GFP-markierte Pmm2 Proteine
und fuhrt zum Proteinabbau, um die reduzierte Enzymaktivitat nachzuahmen.

Zur Erzeugung patientenbasierter pmm2 Allele verwendete ich etablierte Basen-Editoren, um
die Mutation p.C139R und eine Deletionsvariante des Gens zu erzeugen. Dariber hinaus habe
ich ein neuartiges zweiteiliges Edit-Verfahren entwickelt und untersucht: den so genannten
.inception“ Ansatz. Bei der Inception wird eine neue Bindungsstelle fir ein zweites
Editierungsereignis eingefiihrt, das anschlielend zu der erwarteten Veranderung fuhrt. Mit
Inception habe ich eine der haufigen Patientenmutationen p.F119L erzeugt. Abhangig von den
erzeugten Allelen fihrten verschiedene pmm2 Varianten zu unterschiedlicher Enzymaktivitat

in Medaka, was eine generelle Hypoglykosylierung von Proteinen verursachte und zu den von



Zusammenfassung

Pmm2-CDG Patienten bekannten Symptomen im Fischmodell fiihrte. Bottom-up-Proteomik-
Untersuchungen zeigten molekulare Veranderungen, die bereits vor dem Auftreten der
multisystemischen Phanotypen vorhanden waren und insbesondere die mMRNA-Prozessierung

und Augenentwicklung betrafen.
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Introduction

1. Introduction

Our lives depend on sugar, not only as a source of energy but as a fundamental building
block of glycans. Glycans are composed of multiple monosaccharides and, covalently
linked to proteins via glycosylation, they ensure key biological functions in development,
growth and survival (Kobata, 1992; Varki, 1993). Any disturbance in the process of
glycosylation has severe effects and is caused by genetic mutations that lead to congenital
disorders of glycosylation (CDGs). The most common type is PMM2-CDG, caused by
mutations in the phosphomannomutase 2 (PMM2) enzyme. The disorder is characterized
by a multisystemic phenotype of which the onset and progression are not yet elucidated
and currently no cure is available. Patient models which resemble the patients’ symptoms
are thus required to investigate how glycosylation disorders affect development in

vertebrate systems.

1.1 Glycosylation: a key post-translational modification

The glycome is the complete set of all glycans in an organism and is considered more
complex than the proteome, transcriptome or genome. This complexity results from the
template-free mode of glycan biosynthesis which is not encoded in the genome like DNA
or protein sequences (Pothukuchi et al., 2019). The development of techniques to analyze
the glycome have shown the dynamics and heterogeneity of glycosylation and have

extensively contributed to the growing field of glycobiology (Rudd et al., 2022).

A protein’s functionality is connected to its structure. Proteins vary in their size and
structure as encoded in the DNA but their essential function is determined by post-
translation modifications (PTMs). Over 400 different types of PTMs are known and 200
types are associated with protein function like phosphorylation, acetylation, ubiquitination,
methylation or glycosylation (Aebersold, et al. 2018; Deribe, et al. 2010).

Glycosylation is a fundamental co- and post-translational modification (Moremen et al.,
2012). It is estimated that 1 to 2 % of the genome encode for enzymes involved in
glycosylation (Schachter & Freeze, 2009) and 50 to 70 % of human proteins are predicted
to be glycosylated (An et al., 2009a). The enzymatic addition of glycans to proteins is
essential in almost every biological process. Glycans affect protein folding, quality control,
facilitate trafficking through the secretory pathway to the cell surface and extracellular
matrix (ECM), play an important role in biological recognition events and immune

regulation (He et al., 2024; Moremen et al., 2012).
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The most common form of glycosylation occurs on the cytosolic and luminal side the
endoplasmic reticulum (ER) and in the Golgi apparatus (Golgi) (Spiro, 2002). There are
three types of glycosylation which differ by the glycosidic linkage of the glycan to the amino
acids: N-glycosylation, O-glycosylation (O-linked N-Acetylgalactosamine (GalNac) or

O-mannosylation) and C-mannosylation (Schjoldager et al., 2020).

1.2 N-Glycosylation pathway

N-glycosylation the most common type and highly conserved across all eukaryotes (Aebi,
2013). During N-glycosylation the glycans are covalently transferred to the nitrogen (N) of
the amino group of asparagine (Asn) (Varki et al., 2022). Asn has to be present within an
N-glycan motif called sequon which is Asn-X-Ser/Thr, X being any amino acid expect for
proline and Ser/Thr being serine and threonine (Bause & Hettkamp, 1979; Zielinska et al.,
2010). Not every sequon present will be glycosylated but studies have shown that
N-glycosylation sites are conserved across species likely due to their essential function
(Park & Zhang, 2011).

The process of N-linked glycosylation is initiated on the cytoplasmic side of the ER by the
assembly of a lipid-linked oligosaccharide (LLO) and stepwise addition of single sugars
catalyzed by individual asparagine linked glycosylation (ALG) enzymes (Breitling & Aebi,
2013) (Figure 1). In the first step dolichol phosphate (Dol-P) receives N-
acetylglucosamine-1-phosphate (GIcNAc-1-P) by the glycosyltransferase DAPGT1 and
consecutively ALG13/14 transfers one more GIcNAc. ALG1, ALG2 and ALG11 elongate
Dol-P-P-GIcNAc2 further by transfer of five mannoses to obtain Dol-P-P-GlcNAc2Man5.
This intermediate LLO is translocated by the flippase RFT1 into the ER lumen where it is
extended with four mannoses via ALG3, ALG9 and ALG12. The last steps consist the
attachment of three glucoses catalyzed by ALG6, ALG8 and ALG10 to generate
Dol-P-P-GIcNAc2Man9GlIc3 (Helenius & Aebi, 2004). This glycan is transferred to the
N-glycan sequon of nascent proteins by the oligosaccharyltransferase complex (OST)
(Schwarz & Aebi, 2011). The chaperones calnexin and calreticulin assist in protein folding
while glucosidases and mannosidases remove three glucoses and one mannose,
respectively, before maturation of the glycoproteins continue in the Golgi (Kozlov &
Gehring, 2020). Some glycoproteins “escape” Golgi processing and make up the class of
high-mannose N-glycoproteins (Stanley, 2011). Before leaving the ER to the Golgi, the
glycoproteins undergo quality control to prevent misfolded proteins from accumulating
inside the ER. Misfolded proteins are identified and two mannoses are cleaved off to
enable recognition for export to get ubiquitinated and targeted for degradation by the

proteasome (Helenius & Aebi, 2004).
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Figure 1: Schematic representation of N-Glycosylation in the endoplasmic reticulum and
Golgi apparatus. In the ER Dol-P-P-GIcNAc2Man9GlIc3 is generated via the sequential attachment
of N-acetylglycosamines and mannoses to dolichol-phosphate to form a lipid-linked oligosaccharide
(LLO). The LLO is translocated into the endoplasmic reticulum (ER) lumen via a flippase where
additional mannoses and glucoses are attached. Oligosaccharyltransferases (OSTs) catalyze the
transfer of the glycan to asparagine residues of nascent proteins within the motif NxS/T. The glycan
undergoes trimming and addition of further nucleotide sugars in the Golgi apparatus giving rise to
hybrid and complex N-glycans. Figure adapted from Varki et al., 2022 (Essentials in Biology Figure
9.3 and 9.4.) N, asparagine; S, serine; T, threonine; X, any amino acid except Proline

N-glycans play an essential role during folding of the proteins by changing the physical
properties and making the protein soluble (Suzuki et al., 2022). Processed glycans
undergo several steps of mannose removal in the cis-Golgi and GIcNAc addition on the
medial-Golgi to create the precursor for complex and hybrid N-glycans (Stanley, 2011).
Hybrid N-glycans contain five mannoses and one arm with GIcNAc will be further extended
with the sugars galactose and sialic acid in the trans-Golgi. Complex N-glycans are further
trimmed by two mannoses and receive additional sugars on both GIcNAc arms in the trans-
Golgi. These sugars can consist of galactose, GIcNAc, GalNAc, fucose and/or sialic acid.
The three types of N-glycans, high-mannose, complex and hybrid, and the numerous
varieties of complex types during the maturation in the trans-Golgi create a multifaceted

diversity of N-glycoproteins (Stanley et al., 2022).

For the synthesis of the mature N-glycan in the ER, multiple sugar donors act as a

substrate for the enzymes involved in glycosylation. The hexosamine biosynthesis
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pathway plays a central role in synthesizing the activated sugars UDP-GIcNAc, GDP-Man
and UDP-Glc. UDP-GIcNAc is needed in the cytosol as substrate for DPAGT1 and
ALG13/ALG14. GDP-Man is a substrate for ALGs assembling Man1-Man5 structures on
the cytosolic side. Moreover, GDP-Man and UDP-Glc are transferred to Dol-P before

flipping into the ER to provide mannose and glucose for the ALGs in the ER lumen.

Due to the non-template driven synthesis of glycans and its complex structures,
glycosylation is less well understood than other forms of PTMs. In recent years more
studies have been performed to understand the microheterogeneity of glycosylation, for
example how distinct N-glycan sites can contain different types of glycans (Kellman et al.,
2024). In sum, multiple sequons containing different glycans account for thousands of
possible proteins which explains the challenge to analyze them compared to proteomics
(An et al., 2009b).

1.3 Congenital Disorders of Glycosylation (CDGs)

Glycosylation is a precisely coordinated and regulated process involving over hundreds of
enzymes. It plays a vital role in organismal development and if affected, the consequences
can be fatal (Haltiwanger and Lowe 2004; Reily, et al. 2019). Enzymes involved in
glycosylation can harbor mutations causing CDGs, autoimmune diseases, inflammatory
diseases as well as cancer (Reily et al., 2019). CDG is a metabolic disorder first described
by Jaak Jaeken in 1980 (Jaeken, 2013). Since then, CDGs are a rapidly growing group of
rare and complex genetic diseases with over 160 subtypes identified up to date (Weixel et
al., 2024). The different CDG types are named after the affected gene and the suffix “-
CDG” (Jaeken et al., 2009). Due to the large number of different subtypes of CDGs, the
phenotypic variability among patients represents a broad spectrum. Patients mostly suffer
from a multisystemic disease with clinical features including neurological manifestations
(Freeze et al., 2015), liver involvement (Marques-da-Silva et al., 2017), heart diseases
(Footitt et al., 2009), eye abnormalities and aberrant skeletal phenotypes (Francisco et al.,
2019).

The phenotypic spectrum and sum of different genetic types of CDGs makes patient
diagnosis challenging. The gold standard is to test the isoelectric focusing (IEF) of
transferrin (Jaeken et al., 1984). Transferrin is a known glycoprotein containing two
biantennary sialylated complex types of glycans which can vary in their composition
leading to forms of different charge in the natural condition. IEF can point towards defects
in the ER and Golgi due to changes in the charge of the transferrin glycans upon complete

absence or truncations. For faster processing and quantification of the different forms,
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techniques like capillary zone electrophoreses (CZE) and high performance liquid
chromatography (HPLC) have been developed (Carchon et al., 2004). These days, mass
spectrometry-based diagnostics are used to analyze glycan structures from plasma of
patients (van Scherpenzeel et al., 2015). Upon abnormalities, further diagnostic tools
include enzyme assays for specific subtypes and whole exome sequencing, where only
the protein-coding regions of the genome are analyzed.

There are specific CDG syndromes which benefit from supplementation with sugars
(Quelhas & Jaeken, 2024). Patients with MPI-CDG benefit from supplementation with
Mannose (Niehues et al., 1998) while GFUS-CDG patients respond to Fucose
supplementation (Feichtinger et al., 2021) and patients with SLC35A2-CDG together with
PGM1-CDG receive Galactose supplementation (Wong et al., 2017).

1.4 Phosphomannomutase 2 and PMM2-CDG

The most common type of CDG is caused by mutations in the Phosphomannomutase 2
(PMM2) gene (Ng et al., 2024). PMM2-CDG patients suffer from a multiorgan phenotype
which is most prominent in neural and musculoskeletal tissues and associated with mental
retardation. The symptoms include, among others: hypotonia, seizure, ataxia, uneven fat
distribution, underdeveloped cerebellum, strabismus, hepatomegaly, cardiomyopathy and
fluid around the heart as well as blood clotting disorders (Sparks and Krasnewich 2005).
The age of diagnosis of patients in a French population ranged from neonatal to 31 years
(Piedade et al., 2022). In studies examining multiple cohorts, the calculated age at
diagnosis was different for patients born before and after 1995. Patients born before 1995
were diagnosed at age of 13.4 +4.3 years (range of 6-21 years) and patients born after
1995 at the age of 2.3+2.4 years (range of 0.08-10 years) (Pérez-Cerda et al., 2017).
Nowadays, PMM2-CDG patients are diagnosed within the first years of life following a
healthy pregnancy and birth without complications (Pérez-Cerda et al., 2017; M. Vals et
al., 2017).

Approximately 2447 patients have been reported to carry PMM2, but the calculated
prevalence of 1:63.694 predicts the number of unreported and undiagnosed cases to be
much higher than the observed prevalence (Edmondson, Honzik, et al., 2025).

PMM?2 is ubiquitously expressed across all tissues. It is a cytosolic enzyme and acts at the
basis of ER-glycosylation by converting mannose-6-phosphate (Man-6-P) to mannose-1-
phosphate (Man-1-P) which is the precursor of the activated sugar donor GDP-mannose.
GDP-mannose is needed for N-glycosylation, C- and O-mannosylation and GPI anchor

biosynthesis (Sharma et al., 2014) (Figure 1).
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Mutations in PMM2 result in reduced enzyme activities and primarily cause global protein
hypo-N-glycosylation (Pajusalu et al., 2024) due to reduced GDP-mannose levels (Rush
et al., 2000). To date, there are 183 different Pmm2 alleles identified as disease-causing
(Edmondson, Honzik, et al., 2025). Patients mostly carry compound heterozygous
mutations with the most common variants being PMM2 p.R141H, p.P113L and p.F119L
(Jaeken & Matthijs, 2001; Pajusalu et al., 2024). Usually, one allele completely lacks
enzyme activity, like seen with the well characterized R141H null allele, and the second
allele often retains residual activity (Kjaergaard et al., 1999). Complete loss of function
mutations are considered not compatible with life as knockout mice showed embryonic
lethality (Thiel et al., 2006) and homozygous PMM2 p.R141H patients have never been
reported (Matthijs et al., 1998). Severe PMM2 variants showed activity levels below 10 %,
whereas in milder forms higher activity levels were measured (Westphal et al., 2001a).
The heterozygous parents are healthy suggesting a crucial threshold level of 50 % enzyme
activity for PMM2 to not develop any symptoms (Giurgea et al., 2005; lyer et al., 2019).
The structure of PMM2 consists of 28 kDa monomers that form homodimers through
interaction via a hydrophobic core (Silvaggi et al., 2006). Each subunit contains two
domains, the core and the cap domain, connected through a linker. The dimerization is
essential for proper enzymatic activity and pathogenic mutations disrupt this interaction
(Quental et al., 2010; Yuste-Checa et al., 2015). Upon binding to its ligand glucose-1,6-
bisphosphate the conformation changes and the core and cap domain are brought in
closer proximity for catalytic activation (Andreotti et al., 2014). Structural predictions
described a functional impact of missense variants on ligand binding, catalysis,
dimerization, domain folding (cap and core), and linker flexibility (Briso-Montiano et al.,
2022).

1.5 Therapeutical options for PMM2-CDG patients

Finding therapeutical options for PMM2-CDG patients has been a major focus of research
as it is the most prevalent type of CDG with no specific treatments available. To improve
the glycosylation defects resulting from reduced enzyme activity of PMM2 one of the first
proposed supplementations to treat PMM2-CDG was oral mannose ingestion (Korner et
al., 1998). Patient-derived fibroblasts are obtained from skin biopsy samples and
commonly used as disease PMM2-CDG models. Biochemical validation showed
improvements in patient-derived fibroblasts treated with mannose (Rush et al., 2000).

Supplementation of mannose in pregnant mice rescued early lethality reported from Pmm2
mutants (Schneider et al., 2012). However, benefits of mannose supplementation in

patients are debated due to reported spontaneous improvements in transferrin
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glycosylation state in PMM2-CDG patients without mannose supplementation as well
(Taday et al., 2020; Witters et al., 2021).

As PMM2 mutations affect protein stability, pharmacological chaperones were suggested
to improve mutant PMM2 stability by preventing its degradation and improving folding
(Yuste-Checa et al., 2017). Instead of screening for potential pharmacological compounds
the natural ligand glucose-1,6-bisphosphate of PMM2 was proposed as an alternative to
stabilize mutant PMM2 variants (Monticelli et al., 2019). Moreover, proteostasis regulators
were shown to increase PMM2 activity and stability (Vilas et al., 2020).

Other therapeutical options mainly focus on treating symptoms of patients. Acetazolamide
was tested as a potential treatment for neurological symptoms like ataxia and stroke-like
episodes (Martinez-Monseny et al., 2019). Furthermore, elevated sorbitol levels were
found in urine samples of patients (Ligezka et al., 2021). Sorbitol is converted from glucose
by the enzyme aldose reductase. Epalrestat, an aldose reductase inhibitor, was
repurposed as a drug and confirmed potential as an activator of enzyme activity of frequent
PMM2 variants (lyer et al., 2019). Inhibition of the aldose reductase with Epalrestat
showed improvements measured by increased GDP-mannose levels in patient fibroblasts
and a pmm2 zebrafish model, and biochemical improvements of common biomarkers in
patients (Radenkovic et al., 2023). Currently Epalrestat is involved in a clinical trial
(Maggie’s Pearl, 2022).

The most promising therapeutic approach to date is to provide Mannose-1-Phosphate
directly in liposome-encapsulated cargos (GLM101). Studies in patient derived fibroblasts
have shown improvements in glycosylation as an increase in high mannose and
complex/hybrid glycan structures was measured (Budhraja et al., 2024; Shirakura et al.,
2024). Clinical trials in Phase 2 are ongoing for GLM101 as a targeted therapy for patients
(Glycomine, 2022).

1.6 Challenges in PMM2-CDG research and current animal models

Disease models are crucial to investigate the pathophysiology of glycosylation disorders
since there is no conclusive pathogenic mechanism linked to PMM2-CDG. The observed
developmental defects in patients are caused by reduced PMM2 enzyme activity that
results in hypoglycosylation of proteins (Freeze, 2009). Various studies on models
established using cell lines and patient derived fibroblasts have already provided the basis
for understanding the consequences of a reduced PMM2 activity (Budhraja et al., 2024;
Gallego et al., 2024; Himmelreich et al., 2023; Radenkovic et al., 2023; Thiesler et al.,
2016; Vilas et al., 2024). Despite these advances in PMM2-CDG research our

understanding of the pathophysiology of this rare genetic disorder remains limited.
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The entire N-glycosylation machinery and PMM2 are evolutionarily highly conserved
across eukaryotes which allows generation of translational model organisms to study the
human disease (Aebi, 2013; Peng et al., 2020). Importantly, as the patients suffer from a
multisystemic phenotype, it is desirable to have animal models which displays all features
of the diseases from internal organ involvement to behavioral and neurological disorders.
Multiple efforts have been made to generate PMM2-CDG vertebrate animal models but
establishing them has proven challenging. Knockout of Pmm2 in mice and a compound
heterozygous Pmm2 mouse model resulted in embryonic lethality (Schneider et al., 2012;
Thiel et al., 2006). A third mouse model carrying the equivalent alleles of PMM2
p.R141H/p.F119L mutations showed only 50 % survival (Chan et al., 2016). Recently two
new mouse models were generated with a brain specific conditional knockout of Pmm2
and ubiquitously inducible knockout of Pmm2 to model the neurological manifestation of
the disease (Edmondson et al., 2025; Zhong & Lai, 2025). Besides mice, morpholino-
based models have been generated in zebrafish (Cline et al., 2012) and frog (Himmelreich
et al., 2015). Morpholinos sterically block translation by binding to target mMRNAs but these
approaches lack the specificity of knockdown effects and provide only a transient loss of
Pmm2 activity. Genetic zebrafish models carrying the same splice site mutation exhibited
craniofacial and motility defects in one study while in another study no morphological
defects were noted (Klaver et al., 2021; Mukaigasa et al., 2018).

Taken together, a genetic compound heterozygous viable vertebrate animal model
showing all features of the disease is not available. Additionally, none of the existing

models allow to study the early effects of loss of PMM2 nor assessing the onset of disease.

1.7 Medaka as potential model organism for PMM2-CDG

PMM2-CDG is primarily a physiological disorder with developmental consequences which
highlights the importance of early interventions. To develop therapeutic strategies,
studying effects of acute loss of PMM2 during early development and understanding how
hypoglycosylation contributes to disease progression is essential. A major limitation is the
lack of viable vertebrate animal models carrying compound heterozygous mutations and
fully recapitulating the human disease phenotype.

The teleost medaka (Oryzias latipes) serves as a well-established small vertebrate model
organism to study human diseases and gene functions in a vertebrate system (Doering et
al., 2023; Hammouda et al., 2021). A specific feature of medaka is the extrauterine
development and transparency of the embryos which allows to study the embryonic
development (Wittbrodt et al., 2002). Previously, a model for Alg2-CDG was established

in medaka which resembled patient phenotypes caused by hypo-N-glycosylation (Gicim
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et al., 2021). Compared to zebrafish, medaka benefit from a smaller genome with less
duplicated gene duplications and the embryos and adults tolerate a wider temperature
range from 4°C to 40°C (Furutani-Seiki & Wittbrodt, 2004). Moreover, isogeneity in
medaka is higher as they are tolerant to inbreeding (Kirchmaier et al., 2015) which makes
it suitable for modeling genetic diseases. Zebrafish are less isogenic and it was seen that
the splice acceptor pmm2 mutants showed different phenotypic outcomes possibly due to
the genetic background.

Overall, medaka offers great benefits as a vertebrate animal model to study the effects of

Pmm2 deficiencies with reduced enzyme activities to model the human disease.

1.8 Genetic tools to study gene and protein function in vivo

To investigate the function of a gene or protein of interest on biological processes, multiple
tools inducing loss-of-function are available for animal models. Commonly used methods
include manipulations on DNA and RNA level by mutagenesis, Clustered regularly
interspaced short palindromic repeats (CRISPR) / CRISPR-associated protein (Cas9)-
based editing, RNA interference or morpholinos. Moreover, pharmacological inhibitors and
protein depletion systems (degrons) can be used to disrupt protein levels (Housden, et al.
2017). In the case of Pmm2, genetic modifications of Pmm2 most closely resemble the
patient situation but lowering the protein levels could be an alternative approach in
reducing net enzyme activity regardless of genetic mutations. The latter could constitute a

model system which covers the general outcome of multiple variants in patients.

1.8.1 Targeted protein degradation systems

Due to the possibility to manipulate endogenous protein levels conditionally via
nanobody-based degron systems, targeted degradation of proteins in vivo using degron
systems is suitable for manipulation of protein levels at specific stages during
development.

Degron-based systems allow to degrade proteins in a precise and inducible manner via
the ubiquitin proteasome pathway. Auxin-inducible degron (AID) systems are able to target
tagged proteins for degradation by recruiting an E3 ubiquitin ligase complex. The
exogenously expressed plant F-box protein TIR1 (transport inhibitor response 1) interacts
with AlD-tagged proteins upon addition of the plant hormone auxin (Nishimura et al.,
2009). Tir1 forms a complex with the tagged protein and is recruited to the endogenous
Skp1-Cul1-F-box (SCF) E3 ligase complex. This results in ubiquitination and proteasomal

degradation of the target protein (Figure 2 A).
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As the canonical TIR1 protein harbors basal degradation activity even without auxin
induction (Natsume et al., 2016), TIR1 F-box variants have been created to overcome the
leakiness (Nishimura et al., 2020; Yesbolatova et al., 2020). Another drawback is the
requirement to fuse the AID-tag endogenously to the protein-of-interest. To gain flexibility,
already available proteins tagged with GFP can be degraded by using a specific
GFP-nanobody (vhhGFP4) (Caussinus et al., 2011; Caussinus & Affolter, 2016) which is
fused to the minimized mAID-tag (Daniel et al., 2018). Successful degradation is
additionally visible due to the loss of fluorescence by degradation of the GFP-tagged
protein-of-interest upon induction. Notably, this system was found to show strong basal
activity without induction in medaka (Pakari et al., 2025), but the improved AlD2-based
degron system with a TirlF74G variant has been reported to efficiently degrade mAID
tagged proteins in medaka (Kiyomitsu et al., 2024).

A transgenic medaka line in which the endogenous pmm2 is tagged with a C-terminal GFP
was previously generated and validated (Glcum, 2021; Pakari, 2021; Pakari et al., 2025)
(Figure 2 B, C). To study the acute effects of Pmm2 loss in the early stages of
development, the deGradFP system in combination with Tir1 variants without basal activity

renders suitable to reduce Pmm2 abundance in the established Pmm2-GFP medaka line.
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Figure 2: Inducible degron system for the use in Pmm2-GFP tagged medaka line. A)
lllustration of auxin-inducible degron systems. Upon induction with auxin, the Fbox protein Tir1 and
mAID tagged protein-of-interest (POI) dimerize and recruit the E3 ubiquitin ligase complex SCF
(Skp1, Cul1, Rbx1 and F-box protein) which binds E2 and transfers ubiquitin and degrades the POI
by the proteasome. B) Brightfield and fluorescent images of a homozygous pmm2-GFP tagged
medaka line. Scale bar 500 uym. C) Western blot analysis reveals full tagging of homozygous pmm2-
GFP line using antibodies against PMM2, GFP and GAPDH as loading control. Arrow indicates
absence of endogenous Pmm2 band in homozygous versus wild-type (wt) and heterozygous (het)
hatchlings. Figure adapted from (Pakari et al., 2025)
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1.8.2 CRISPR/Cas9 based systems in medaka

To generate genetic animal models which precisely reconstitute the allele variants of the
human PMM2-CDG cases, precise genome editing tools are necessary.

CRISPR/Cas9 systems revolutionized the gene editing field by allowing to edit the genome
in a cheap and flexible manner (Cho et al., 2013; Cong et al., 2013; Jinek et al., 2013; Mali
et al., 2013; Pacesa et al., 2024). The systems consist of a Cas9 endonuclease from
Streptococcus pyogenes (SpyCas9) and a guide RNA that guides the complex to a
genomic target site sequence next to a protospacer adjacent motif (PAM) which comprises
the three nucleotides NGG for the commonly used SpyCas9. The guide RNA consists of
a CRISPR RNA (crRNA) and transactivating RNA (tracrRNA) which pair and form a
complex with Cas9 (Jinek et al., 2012). The complex searches for its target site, binds to
the PAM motif, unwinds the double stranded DNA and after successful base-matching,
Cas9 cuts 3 base pairs upstream of the PAM. The induced double-strand breaks (DSBs)
are repaired by endogenous DNA repair pathways like non-homologous end (NHEJ) and
cause unpredictable mutations due to small insertions or deletions (indels) during the
repair process (Xue & Greene, 2021). Alternatively, the DSB is repaired by homology-
directed repair (HDR) which creates precise but low efficiency editing by providing a repair
donor DNA template (Xue & Greene, 2021) (Figure 3 A).

In recent years the need for efficiently generating precise point mutations led to the
development of more refined tools, such as base editors and prime editors. Base editors
consist of modified Cas variants that install single-nucleotide conversions at target sites
without generating DSBs or requiring donor templates and only by nicking the DNA
(Gaudelli et al., 2017; Komor et al., 2016). A Cas9 D10A nickase is attached to a
deaminase which can introduce precise changes in a specific distance from the PAM motif,
minimizing off-target and indels outcomes. The changes occur in a base editing window
typically 13-17 nucleotides upstream of the PAM. Available base editors are cytosine base
editors (CBE) that convert C-to-T (cytosine to thymine) and adenine base editors (ABE)
converting A-to-G (adenosine to guanine) (Gaudelli et al., 2017; Komor et al., 2016). Highly
efficient variants have been developed (Richter et al., 2020) and established for the use in
medaka (Cornean et al., 2022) (Figure 3 B).
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Figure 3: CRISPR/Cas9 based genome editing tools to create precise point mutations. A)
After nuclear localization, the Cas9 enzyme is guided to a specific target site by a guide RNA
(sgRNA). Cas9 introduces a double strand break upstream of a protospacer adjacent motif (PAM).
Endogenous cell repair mechanisms non-homologous end joining (NHEJ) or homology directed
repair (HDR) repair the breaks. B) Base editors only nick double stranded DNA and use a
deaminase to convert specific nucleotides from A-to-G or C-to-T. C) Prime editors also contain a
Cas9 nickase fused to a reverse transcriptase (RT). The prime editing guide RNA (pegRNA)
contains the single-guide RNA (sgRNA) that directs the complex to the target site, but also a primer
binding site and a template sequence. This template allows the RT to synthesize the desired DNA
sequence directly at the target location. PAM, protospacer adjacent motif Adapted from (Pakari et
al., 2023a)

Prime editing (PE) combines a Cas9 nickase with a reverse transcriptase and a prime
editing guide RNA (pegRNA) to install a wide variety of genetic changes, including
insertions and deletions (P. J. Chen & Liu, 2023) (Figure 3 C). At the timepoint of
conducting this thesis, the understanding of the delicate design of pegRNAs and their
properties for targeted modifications in medaka is limited. The to date low editing
efficiencies are the main the bottleneck (personal communication, Thomas Thumberger).
These advancements with CRISPR/Cas9 based approaches have expanded the toolkit by
development of versatile tools for functional genomics and disease modeling, offering

increasingly precise and programmable methods for generation of specific point mutations.

However, not all patient-specific mutations can be introduced into model organisms as
either the conversion of the available to the desired nucleotide is not possible or because
the position of the specific nucleotide cannot be reached if no PAM motif is available in

proper distance.
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Aims and objectives

PMM2-CDGs are rare physiological disorders caused by disrupted N-glycosylation due to
reduced PMM2 enzyme activity and manifest with multisystemic developmental
consequences after birth. To date, no conclusive pathogenic mechanisms have been
described and no curative treatments are available since compensating for physiological
effects after birth can only treat the symptoms. Given the essential role of PMM2 in
development, in vivo models allowing to study early and acute loss of PMM2 activity and
effects of hypomorphic genetic mutations during development are crucial to understand
the onset of the disease. Given the high conservation of the glycosylation machinery, |
hypothesize that reduced Pmm2 levels as well as genetic mutations in medaka pmm2 will
lead to phenotypes reminiscent of PMM2-CDG patients. These models will serve to dissect
the onset and progression of the disease in a developing vertebrate context. | aim to mimic
the reduced enzyme activity of PMM2-CDG patients in medaka fish using two approaches:

directly reducing Pmm2 protein abundance and modifying the enzyme activity genetically.

(1) Generation of a hypo-glycosylation PMM2-CDG medaka model by ubiquitous

conditional knockdown of Pmm2

To study the acute effects of Pmm2 knockdown during the early stages of development, |
aim to establish a conditional and ubiquitous knockdown approach in medaka. By reducing
Pmm2 protein abundance, | aim to mimic decreased enzyme activity to induce

hypoglycosylation for investigating its acute effects on early embryonic development.

(2) Generation and characterization of a hypomorphic Pmm2-CDG medaka
model by genetically modified enzymes which reduce Pmm2 enzyme activity
using the CRISPR/Cas9 toolbox

Using CRISPR/Cas9-based genetic approaches, | aim to introduce patient-based pmm?2
mutations in medaka to characterize emerging phenotypes. To gain insights into the
pathophysiology of PMM2-CDG, | focus on defects in N-glycosylation to explore how
Pmm2 mutations affect glycan synthesis and assess rescue approaches by supplements
or providing Pmm2 mRNA. | am to investigate the early onset and progression of disease

on a molecular level using proteomics analysis.
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2. Results

In this thesis, | aim to model human PMM2-CDG in medaka fish. The first part introduces
a technical approach to reduce Pmm2 enzyme activity using a degron system for
manipulation of Pmm2 protein levels. The second part focusses on a genetic approach to
circumvent local constraints of base editing to establish patient specific mutations in
genomic regions which are inaccessible for base editing. In the final part, | demonstrate
the generation and characterization of a patient-based genetic model to investigate the
onset of Pmm2-CDG disease progression.

Contributors to parts of the thesis are directly named in the text (detailed list, see

Contributions).

2.1 An inducible degron system for the use in medaka to reduce Pmm2

abundance during early embryogenesis

To induce acute protein knockdown of Pmm2 with degron systems, | established a
non-leaky degron system in medaka to degrade GFP-tagged fusion proteins during early
embryogenesis. The goal was to mimic the reduced Pmm2 enzyme activity reported from
PMM2-CDG patients via acute, inducible degradation of the Pmm2 protein in a previously
generated Pmm2-GFP line.

Parts of the text and selected figures have been adapted from the submitted preprint
Pakari et al., 2025. This publication is based on the initial work conducted during Sevinc
Gucums PhD thesis (Guicum, 2021), my Master’s thesis (Pakari, 2021) and was completed

with work conducted in this PhD thesis.

2.1.1 Improved TIR1(F74G)/mAID-GFP nanobody degron system

offers efficient inducible Pmm2-GFP knockdown

Former studies revealed strong basal activity (degradation addition of auxin) of the auxin
inducible mAID-nanobody degradation in medaka (Pakari, 2021; Pakari et al., 2025).

To overcome this issue, | turned to an improved degron system in which a point mutation
was introduced into the TIR1 sequence to enhance the binding affinity to the inducer ligand
and decreases leaky degradation (Yesbolatova et al., 2020). The combination of the F-box
protein variant TIR1(F74G) with the mAID/GFP-nanobody could be used to target
Pmm2-GFP for ubiquitination and proteasomal degradation. TIR1(F74G) interacts with the
mAID/GFP-nanobody upon addition of the inducer 5-Ph-1AA, and recruits Pmm2-GFP to

the endogenous Skp1-Cul1-F-box (SCF) E3 ligase complex and results in ubiquitination
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and degradation of the tagged protein by the proteasome (Figure 4 A). This modified
system could potentially alleviate leaky degradation enable inducible acute knockdown of

Pmm2.

To test the applicability of this system in medaka, | first tested for potential toxic effects of
the auxin analog 5-Ph-IAA. For the analysis, wild-type embryos were incubated in different
5-Ph-IAA concentrations and their phenotypes were assessed 4 days post fertilization
(dpf) and at hatch to evaluate potential toxic effects (Supplementary Figure 1 A, B). The
auxin analog can be used at very low concentrations (1-5 yM) for induction according to
literature (Yesbolatova et al., 2020). At these concentrations no toxic effect of the auxin
analog exposure was visible. Therefore, | selected 5 yM as standard concentration for

subsequent experiments.

Next, to assess functionality of the improved degron system in medaka to degrade
transiently expressed cytosolic GFP, | injected the mRNA of GFP and the degron
components (TIR1(F74G) and mAID-GFP-nanobody) as well as the injection tracer
mCherry into 1-cell stage wild-type medaka embryos (Figure 4 B). The injected embryos
were screened for GFP and mCherry fluorescence, which represents the presence and
translation of the degron components. The double-positive embryos were divided into two
groups: control (kept in ERM) and experimental (induced with 5 uM 5-Ph-IAA 8 hours post
fertilization (hpf)). In cell culture, degradation occurs within minutes but in a mouse model
degradation took up to 24 hours (Yesbolatova et al., 2020). Hence, GFP and mCherry
fluorescence was acquired before induction and 1 day after induction with 5-Ph-IAA. A
clear reduction in GFP fluorescence was observed in the experimental group and no loss
of GFP signal was visible in the control group (Figure 4 C).

These results show, that the improved degron system in combination with the
GFP-nanobody is functional in medaka. It is capable of degrading transiently expressed
cytosolic GFP upon transient degron system expression and after induction with the auxin
analog 5-Ph-IAA. This serves as proof of principle for the effective use of the system in

medaka.
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Figure 4: Transient expression of TIR1(F74G) together with the mAID/GFP nanobody as
degron system allows to degrade cytosolic GFP. A) Graphical illustration of TIR1(F74G) and
mAID/GFP-nanobody (vhhGFP4) based degron system (Daniel et al., 2018; Yesbolatova et al.,
2020) to degrade GFP in an auxin-analog (5-Ph-IAA) inducible manner. Transiently expressed
F-Box protein TIR1(F74G) and mAID-vhhGFP4 nanobody recruit endogenously expressed SCF
complex (Skp1, Cul1, Rbx1) upon addition of auxin, causing ubiquitination and degradation of GFP
by the proteasome. B) Workflow of injection to test functionality of improved degron system in
medaka to degrade transiently expressed cytosolic GFP. 1-cell stage wild-type embryos were
injected with GFP, mCherry and degron components (TIR1(F74G) and mAID-vhhGFP4) mRNA.
8 hpf embryos were screened for green fluorescence and induced with 5 pM 5-Ph-IAA or kept in
ERM. 1 dpf embryos were screened for GFP fluorescence again. C) Fluorescence images of
wild-type Cab embryos injected with GFP, mCherry and degron components (TIR1(F74G) and
mAID-vhhGFP4) mRNA before and after induction with 5 uM 5-Ph-IAA at 8 hpf or kept in ERM as
a control. dpf, days post fertilization; ERM, embryo rearing media; hpf, hour post fertilization;
5-Ph-IAA, auxin analog. Panel A adjusted from Pakari et al., 2025.

To assess the applicability of the degron system to degrade stably and endogenously
expressed GFP fusion proteins (Figure 5 A), | injected the degron components
(TIR1(F74G) and mAID-GFP-nanobody) as mRNA together with mCherry as injection
tracer into homozygous pmm2-GFP 1-cell stage embryos. The injected embryos were
induced with 5 yM 5-Ph-IAA and incubated with vehicle (ERM with 0.007 % DMSO). As
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the auxin analog is dissolved in DMSO, to control group was treated with the same DMSO
amount. At 6 hpf, the treated group was induced with 5-Ph-IAA and the expression of GFP
together with tracer mCherry was acquired by time-lapse imaging over 26 hours (Figure
5 B).

The GFP-signal in the non-injected and untreated degron injected pmm2-GFP embryos
remained visible over time. In the treated embryos, induction with 5 yM 5-Ph-IAA caused
reduction of GFP signal. Interestingly, even degradation of maternally contributed
Pmm2-GFP occurred in the yolk of degron-injected and induced embryos (Figure 5 B,
white arrow).

Analysis of the kinetics of the Pmm2-GFP depletion revealed no basal (non-induced)
degradation of GFP (Figure 5 C, purple curve). In the treated group an immediate decrease
in GFP signal was visible after induction and plateaued at around 30 hours post induction.
To estimate the degradation rate, the half-life of Pmm2-GFP was calculated to be 6.9 hours
based on fitted decay curves (Supplementary Figure 1 C).

To confirm that reduction in GFP fluorescence actually corresponds to degradation of the
Pmm2 enzyme, an established biochemical Pmm2 enzyme activity assay from lysates of
stage 23 embryos was performed in collaboration with Virginia Geiger (Thiel Lab,
Heidelberg University Hospital). The assay confirmed successful reduction in Pmm2 net
activity to below 50 % in the degron injected and 5 uM 5-Ph-IAA induced embryos (Figure
5D).

These findings show that the TIR1(F74G) variant together with the mAID-GFP-nanobody
enables efficient knockdown of endogenously expressed and maternally contributed
GFP-tagged proteins in a developing medaka embryo. The resulting reduced enzyme
activity of less than 50 % is comparable to the reported enzyme activity PMM2-CDG
patients (Pajusalu et al., 2024).
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Figure 5: Acute and inducible depletion of Pmm2-GFP in medaka mimics reduced enzyme
activity reported from PMM2-CDG patients. A) Representation of the TIR1(F74G) variant
together with mAID-GFP-nanobody (vhhGFP4) as degron system (Daniel et al., 2018; Yesbolatova
etal., 2020) to degrade Pmm2-GFP in an auxin-analog (5-Ph-IAA) inducible manner. B) Time-lapse
imaging of uninjected, degron-injected incubated in ERM and degron-injected induced with 5 yM
5-Ph-IAA pmm?2-GFP embryos. Scale bar: 500 um C) Measurement of baseline correction mean
GFP fluorescence intensity over 26 hours post-injection (hpi). The data represents the mean * sd
from triplicate samples: uninjected pmm2-GFP control (total n = 15), degron/mCherry-injected and
induced embryos (total n = 65), and non-induced embryos (total n = 61). D) Pmm2 enzyme activity
assay comparing wild-type, pmm2-GFP uninjected, degron injected and degron injected and
induced with 5 uM 5-Ph-IAA embryos. The data shows the mean + sd from ftriplicates (n=85-93 in
each triplicate). Pmm2 enzyme assay data produced jointly with Virginia. hpi, hour post induction;
5-Ph-IAA, auxin analog. Figure adapted from Pakari et al., 2025.
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2.1.2 Injections of mRNA into 1-cell stage embryos cause baseline

phenotypes in transgenic pmm2-GFP line

After | confirmed the reduction of Pmm2 enzyme activity by applying the degron system in
medaka, | investigated how the acute protein knockdown affects the early development in
medaka embryos.

For this, six experimental conditions were compared for occurring phenotypes: uninjected
wild-type Cab, uninjected homozygous pmm2-GFP, only mCherry mRNA injected
homozygous pmm2-GFP induced with 5-Ph-IAA or kept in ERM and degron (TIR1(F74G)
and mAID/GFP-nanobody) injected pmm2-GFP treated (5 uM 5-Ph-IAA) or untreated
(DMSO) embryos. In the very early stages of development no phenotypes could be
detected. Therefore, phenotypes were assessed at two later stages: before hatching at
4 dpf and at hatch. The two stages were chosen to evaluate effects of the early and late
development.

At 4 dpf appearing phenotypes included: wild-type looking or delayed development, blood-
clotting, misdeveloped embryos, embryos with only axis formation or heart abnormalities
(Figure 6 A). After hatching, the following phenotypes could be observed: wild-type looking
or delayed in development, unhatched embryos, enlarged yolk sacs, arrow-like formation
or kinks in the back (Figure 6 A). Quantification of the phenotypic distribution shows high
rates of abnormal developed embryos in all injected groups, and no exclusively appearing

in degron injected and induced groups (Figure 6 B).

Transient loss of Pmm2-GFP did not result in any additional phenotypes or increased
ratios of specific phenotypes, suggesting that this temporary degradation had no
detectable impact on development and that reduced Pmm2 enzyme activity can be
compensated for during early development. However, the pmm2-GFP tagged line exposed

a general susceptibility to injection stress.
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Figure 6: Injection of mMRNA causes phenotypes in pmm2-GFP line. A) Representative images
of homozygous pmm2-GFP embryos exhibiting various phenotypes after injection with degron
system mMRNA or mCherry mRNA, compared to non-injected wild-type Cab embryos and non-
injected homozygous pmm2-GFP embryos at 4 dpf and at hatch. Observed phenotypes include:
wild-type looking, axis formation only, misdeveloped and embryos with heart phenotypes (black
arrow indicated edema around the heart). B) Quantification of the phenotypic distribution of wild-
type and phenotypic looking individuals at 4 dpf and at hatch. Numbers from three independent
injections with total number of individuals depicted on top of the bars. dpf, days-post-fertilization

2.1.3 Generation and validation of a stable medaka line expressing
degron components ubiquitously

Injections of any mRNA seem to cause phenotypes in the probably susceptible
homozygous pmm2-GFP line, due to tagging of an essential enzyme. To avoid the
injection of the degron components to mimic the patient-like PMM2 reduction, | next
attempted to generate a medaka line stably expressing these components. Ubiquitous
expression of low levels of the degron components is expected to reduce the observed
baseline phenotypes, as no injections are performed. Additionally, a stable line would allow
for temporal control as induction can be performed at any stage of development, and one
could control the degradation systematically in all cell-types with ubiquitous promotors or
even spatially with tissue-specific promotors. Furthermore, varying concentrations of
inducer could titrate the enzyme activity to different levels (Figure 7 A). To generate a

stable line, | cloned a plasmid containing a ubiquitous promotor to drive the expression,

21



Results

the degron components TIR1(F74G) and mAID/GFP-nanobody, an RFP separated by a
T2A as reference fluorophore for presence of the construct and flanking meganuclease

sites for integration into the medaka genome (Figure 7 B).

As the pmm2-GFP line appears to be susceptible towards injections, | injected the plasmid
into wild-type Cab embryos to later cross the injected FO generation to the homozygous
pmm2-GFP line to generate a heterozygous pmm2-GFP degron line. After injection and
screening of the hatchlings, RFP-positive individuals were raised. RFP signal indicates
successful integration of the construct and was visible in the muscles of FO generation in
a mosaic pattern (Figure 7 C). After reaching adulthood, the potential founder fish were
outcrossed to the homozygous pmm2-GFP line. The offspring was screened for positive
RFP and GFP signal indicating the presence of both, the degron construct and Pmm2-GFP
(Figure 7 C). A dim RFP fluorescence was visible after hatch in the whole body of the
hatchlings. Double-positive F1 fish were grown to adulthood and after reaching maturity,
fish were incrossed to generate F2 individuals with stable expression of Pmm2-GFP and
the degron components ubiquitously. With this line, knockdown efficiencies of Pmm2-GFP
were tested, in a stable line expressing the degron components ubiquitously.

Double positive F2 hatchlings were imaged before induction with 10 uM 5-Ph-1AA, instead
of 5 uM like in embryos, and afterwards imaged daily until 4 days post induction. Then, the
auxin analog solution was removed and hatchlings were kept in standard ERM media to
assess the reversibility of the degradation (Figure 7 D). No reduction in GFP fluorescence
was visible upon induction with 5-Ph-IAA and GFP expression did not reoccur after
washing away the inducer. It is possible, that the degron expression levels were too low

to cause any effect.

In summary, | demonstrate that a mRNA-based degron system can be used to induce the
knockdown of Pmm2-GFP in medaka. The data show that after induction with 5-Ph-1AA,
Pmm2-GFP levels decrease rapidly with a half-life of approximately 6.9 hours. A Pmm2
enzyme activity assay proves the reduction of net enzyme activity to pathogenic levels
similar to levels reported from PMM2-CDG patients. Even maternally contributed
Pmm2-GFP was degraded, which cannot be targeted in a genetic model. However, the
injection of mMRNA caused stress to the developing embryos and triggered unwanted
phenotypes in the Pmm2-GFP tagged line, likely due to the essential role of pmm2. The
stable line expressing the degron components did not lead to efficient GFP degradation
due to insufficient expression levels. This suggests that an mRNA-based approach is more

effective than a stable line, as it successfully degraded GFP.
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Figure 7: Generation and validation of a stable pmm2-GFP line expressing the degron
system ubiquitously. A) Schematic illustration of the benefits with a stable line expressing the
degron system ubiquitously and endogenously: induction at any stage of development and
induction with different concentrations to titrate effects of knockdown. B) Outline of the genetic
construct for generation of the stable expressing line. The ubiquitous promotor is driving the
expression of TIR1(F74G), mAID/vhhGFP4 nanobody and T2A-RFP for presence of the construct.
C) Screening of injected FO and stable F1 generation for successful integration of the construct via
RFP fluorescence signal. D) Induction of stable pmm2-GFP line expressing degron components
with 10 uM 5-Ph-IAA. Images of hatchlings tails are taken before and after induction with 5-Ph-lIAA
until 4 days post induction as well as after removal of the inducer. dpi, days post induction
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2.2 Generation of patient specific Pmm2 mutations

Next to an acute knockdown of Pmm2, | aimed to genetically modify the enzyme activity
by the introduction of reported patient mutations. These exact loci are not accessible with
the classical application of base editors as there is no PAM in the correct distance. In the
following chapter | describe how | expand the base editing scope with established cytosine
and adenine base editors to introduce patient specific mutations in medaka via new PAM
generation.

Parts of the text and indicated figures from the following section 3.2. have been adapted

from the original publication Pakari et al., 2023.

2.2.1 Inception: reduce base editing limitations by creating PAMs de

novo

The two most common mutations found in patients suffering from PMM2-CDG are p.F119L
and p.R141H and are characterized as hypomorphic alleles (Andreotti et al., 2015;
Schollen et al., 2000; M.-A. Vals et al., 2017). Mimicking these human mutations in a model
organism, closely resembling the patient’s situation would provide a valuable model for
translational approaches. As PMM2 is highly conserved between human and medaka, |
aim to create the exact patient mutations in medaka using CRISPR/Cas9 base editors.
Classical CRISPR/Cas9 approaches are not suitable for generating presumable
hypomorphic patient-based mutations as these induce DNA double-strand breaks and
cause insertions and deletions. Recently CRISPR/Cas9-based base editors have been
established that can introduce point mutations by only nicking the DNA. These genome
editing tools are better suited to introduce precise point mutations as no double-strand
breaks are introduced.

In medaka, the adenine (ABEs) and cytosine (CBEs) base editors have been
demonstrated to precisely and efficiently introduce point mutations, allowing phenotypic
investigations already in the injected generation (Cornean et al., 2022).

However, due to the absence of a PAM site in the required distance from the desired
orthologous patient mutation location in the medaka genome, the exact mutation positions
are not accessible for editing. An alternative, more flexible CRISPR/Cas9 based systems
utilizing near-PAM-less Cas9 variants have been developed, but the relaxation comes at
the cost of potentially increased off-target effects (Walton et al., 2020) and higher lethality
in medaka (Cornean, 2022). To avoid off-target effects and reach more target sites to
specifically introduce patient mutations, a new idea is the creation of de novo PAMs to

expand the base editing scope. Taking advantage of the ABE base editor,
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adenosine-to-guanine base editing of nucleotide triplets with the sequence NAA, NGA or
NAG can be converted into NGG sites, i.e. a novel PAM motif. With this strategy, a new
guide RNA target site becomes available, allowing editing of previously inaccessible sites.
In this approach, two guide RNAs act in a serial manner when administered simultaneously
in one-shot, e.g., injected at the same time in the case of medaka. Moreover, two different
types of base editors can be introduced at the same time in combination with diverse guide
RNAs. The first guide RNA introduces a new PAM site with the ABE, while a second guide
is designed to recognize the novel PAM and can sequentially edit nucleotides 27-36 base
pairs upstream of the initial PAM with either CBE or ABE (Figure 8).

step 1 step 2
de novo PAM
sequential via
base editing A-to-G edit
NAG N
NGA = NGG
| Nan <
1
3 —— D e [ — - —— . —— 1~ 5
o LTI TTTIECOTETT L,
canonical previously
editing inaccessible
window nucleotides

Figure 8: Inception approach expands available target sites for base editing via new PAM
generation. The idea of inception is to use two guide RNAs and one or two different base editors
at the same time but acting sequentially. In the first step the adenine base editor generates new
PAM sites by editing NAG, NGA or NAA friplets to NGG. The new PAM in green allows for the
second guide RNA to edit 27-36 nucleotides upstream of the canonical PAM in orange. Adapted
from Pakari et al., 2023. PAM, protospacer adjacent motif.

2.2.2 Testing applicability of Inception at the oca2 locus

To test the applicability of the inception approach, | targeted the oculocutaneous albinism
Il (oca2) gene. Oca? is responsible for the pigmentation in the eye and body of medaka.
After bi-allelic editing, Oca2 is lost and a pigmentation loss becomes visible in the
pronounced eye of medaka embryos (Lischik et al., 2019). Two guide RNAs targeting the
ocaZ2 locus were designed to assess the outcome of the inception approach. The first guide
RNA binds to an endogenous PAM motif and introduces a NGG motif by CAG to CGG
editing with the adenine base editor which causes a synonymous change of the amino
acid alanine at position 337. This new PAM enable binding of the second guide RNA which
introduces a premature STOP codon with the cytosine base editor by editing CAG to TAG
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at the amino acid glutamine at position 333 and a non-synonymous change by editing ACC

to ATT at the amino acid threonine at position 332 (Figure 9 A).
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Figure 9. Knock-out by introduction of premature stop codon in the pigmentation gene oca2
via inception. A) Premature stop codon (PTC) mutations were induced by two steps at the oca2
locus: synonymous de novo PAM generation in step 1 (ABE, CAG>CGG=p.A337A) and
subsequent non-synonymous editing (CBE, CAG>TAG=p.Q333* and ACC>ATT=p.T332l) to
introduce non-synonymous codon changes leading to a PTC at p.T332 and p.Q333 in step 2.
Expected edits are shown with black arrows and additional possible edits from using both A-to-G
and C-to-T base editors are shown with white arrows. B) Pigmentation loss after injection of the
ocaZ2 inception mix was assessed 4.5 days post-fertilization by measuring mean gray values of
each eye. The inception mix contained ABE and CBE mRNA, and oca2-step1 and oca2-step2 guide
RNAs. Multiple control injections were performed, each lacking one ingredient and only in the case
of the ABE control (mix without the CBE mRNA), mild loss of pigmentation was visible. Boxplot
shows median with boundaries representing the 25th and 75th percentiles. Whiskers extend to a
maximum of 1.5 times the interquartile range. Figure legend and Figure adapted from Pakari et al.,
2023.
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After injection of 1-cell stage medaka embryos with the inception mix (ABE, CBE, ocaz-
step1 guide RNA and ocaZ2-step2 guide RNA), loss of pigmentation was visible in the eye
of 4.5 days post-fertilization (dpf) “editants” (base edited embryos) (Figure 9 B). The
degree of loss of pigmentation resulting from the ocaZ2 perturbation was determined by
imaging of fixed 4.5 dpf editants with the Acquifer Imaging machine. The eyes were
manually segmented from the images, thresholded and the mean grey values were
extracted from each eye (Thumberger et al., 2022) (Figure 9 B). Zero values correspond
to fully pigmented eyes and pixel values of 255 to completely unpigmented ones.

To validate that the loss of pigmentation is not caused by the de novo PAM editing or by
premature stop codon introduction by the second guide RNA in the absence of a PAM, |
performed four control injections. The control mixes were injected lacking one of the four
components of the inception injection mix: step1 guide RNA, step2 guide RNA, ABE base
editor mRNA or CBE base editor mRNA. The controls with ABE and CBE editors which
were lacking one of the guide RNAs did not cause any loss of pigmentation (Figure 9 B).
Injection of both guide RNAs with the CBE also had no effect on pigmentation, while with
the ABE mild loss of pigmentations was detected (Figure 9 B).
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The genome editing efficiency was validated via lllumina sequencing of the targeted oca2
locus. Analysis of three pools of eight editants (24645 sequencing reads in total, Figure
10) showed 70.3+8.3 % new PAM generation (c.1011A>G) with the oca2-step1 guide
RNA. Sequential editing with the oca2-step2 guide RNA was up to 48.5£10.1 % at the
codon of T332 (c. 996C>T) and 23.0+5.8 % of the alleles revealed premature STOP codon
editing of the codon Q333 (c.997C>T) (Figure 10). lllumina sequencing or Sanger
sequencing of the four control injection mixes confirmed the visual readout. The mix
lacking the second guide RNA showed 80.6+7.3 % new PAM generation, while the mix
lacking the first guide RNA did not result in any notable editing. Injection mixes containing
both guide RNAs and only the CBE, similarly did not cause any editing. In contrast, when
injecting the ABE with both guide RNAs efficient new PAM generation was detected with
91 % conversion rate and subsequent T332A and Q333A editing - explaining the visible

pigmentation loss in the eyes (Figure 10).
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Figure 10: “Sequencing results of oca2 inception and control editants. Illlumina amplicon
sequencing analyses of oca2-editants (three replicates each) injected with the respective injection
mixes: oca2-inception (3 pools of 8 editants; 246045 reads total), oca2-step1 control (3 pools of 1
to 8 editants, 82182 reads total) and oca2-step2 control (3 pools of 8 editants, 124571 reads total).
Barplot representation of nucleotide frequency of the three replicates per nucleotide position.

Highlighted nucleotide changes represented as mean *

standard deviation. Chromatograms of

oca2-ABE (5 editants) and oca2-CBE controls (8 editants) resulting from Sanger sequencing with
indicated nucleotide changes derived from EditR (Kluesner et al., 2018) analysis.” (Pakari et al.,
2023) Figure and figure legend from Pakari et al.,2023. AA pos, amino acid position; canonical PAM
(orange); de novo PAM (green); nt, nucleotide; PTC, pre-termination STOP codon; WT, wild-type
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To further evaluate the inception efficiency (sequential editing following new PAM
introduction), | analyzed the sequenced alleles to count how many contained both a new
PAM and a loss-of-function allele. The expected synonymous mutations at the new PAM
site caused a second editing event installing non-synonymous changes at the codons
T332 and Q333. In total, 48.4 % of analyzed alleles confirmed generation of loss-of-
function changes: 28.6 % showed a T332 alteration and 19.9 % carried a Q333* mutation
(Figure 11). All of these alleles also contained the synonymous A337A new PAM change

whereas only 15.8 % remained non-edited wild-type alleles.

oca2-inception replicate 1 oca2-inception replicate 2 oca2-inception replicate 3

&

Figure 11: Allele frequency analysis and amino acid translation of Illlumina sequencing
amplicons from oca2 inception injections. The alleles correspond to the three replicates from
injection of the inception mix containing ABE and ABE mRNA, and ocaZ2-step1 and oca2-step2
guide RNAs. The sequencing reads were analyzed with the CRISPResso2 tool (Clement et al.,
2019). The alleles frequency table was used for analysis with a cut-off at 0.2 % read abundance in
each replicate. The guide RNAs are indicated at the top and alleles are ordered by frequency.
Differences in alignment of the reads to the wild-type reference are shown by colors: adenine, red;
guanine, yellow; thymidine, green; cytosine, blue; -, deletions. Figure adapted from Pakari et al.,
2023. Anticipated alleles, pink outlined box; base editing window, black outlined box; canonical
PAM (orange); de novo PAM (green); non-synonymous codon changes, purple box; pre-termination
STOP codon, black box
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2.2.3 Generation of previously inaccessible patient mutation F119L

with inception

After successfully applying the inception approach and evaluating the editing outcome at
the ocaZ2 locus, | turned to generate the exact patient mutations from PMM2-CDG patients.
The human p.F119L corresponds to the medaka p.F122L mutation, a codon that can be
reach by a two-step inception editing approach. The first guide RNA (pmm2-newPAM)
creates intronically a de novo PAM site with the A-to-G base editor and a second guide
RNA (pmm2-inception) can subsequently reach the F122 codon and induce a F122L
substitution via A>G editing (Figure 12 A). After injection of the ABE base editor with both
guide RNAs, efficient editing of new PAM motif was detected but no subsequent editing
event. Carefully analyzing the target site and editing outcome, | recognized that for efficient
binding of the pmm2-inception guide RNA, additional edits which take place in the
canonical base editing window (~5 base pairs long) of the first guide RNA need to be
considered. For binding to the target site, guide RNAs contain a 17-20 bp long sequence
complementary to the locus sequence. The crucial part for binding and editing is the “seed”
sequence consisting of the first 12 nucleotides upstream of the PAM and in general
PAM-proximal mismatches are less tolerated (Hsu et al., 2013). As the first guide RNA of
the inception approach edits bases in this seed sequence within the base editing window,
the second step guide RNA needed to be sequence adjusted to enable binding. For this
pmm?2 case, the first nucleotide upstream of the new PAM will be edited by the ABE from
A>G (Figure 12 A, red box) hence the second gRNA was adjusted to bind to the edited
target (Figure 12 A, yellow part of pmm2-inception-adjusted).

Injection of ABE base editor with the two guide RNAs resulted in a two-step editing event,
reaching the F122 codon. Sanger sequencing of a pool of injected FO embryos revealed
efficient de novo PAM generation and subsequent synonymous T121 and non-
synonymous F122P substitution (Figure 12 B). | had intended editing of F122 to F122L in
order to create the human mutation but as the base editing window is ~5 base pairs long,
bystander edits can occur.

Outcrossing the grown FO adults to wild-type fish and genotyping of the F1 generation
revealed individuals with both edits: F122P and the anticipated F122L mutations (Figure
12 C).

Incrossing of p.F122L and analysis of the progeny led to a dramatic phenotype in a subset
of individuals. Genotyping the offspring unexpectedly exposed the global phenotype only
occurring in heterozygous individuals (Figure 12 D). Homozygous ones showed slightly

smaller body sizes and no food in the digestive tract (Figure 12 D). This raised the

30



Results

possibility of a dominant negative effect or the presence of additional mutations within the

intronic region that could not be resolved genetically via sanger sequencing.
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Figure 12: Generation of exact patient mutation pmm2 p.F122L with the inception approach.
A) Two step base editing strategy to reach F119L position: first guide RNA (pmm2-newPAM)
generates intronically a new PAM site and a second guide RNA (pmm2-inception-adjusted, yellow
part of guide RNA is adjusted) edits the desired F122 codon. Anticipated edits are indicated with
black arrows and additional edits that may occur are indicated with white arrows. B) Sanger
sequencing of the injected FO generation of pooled embryos (n=3) shows generation of F122P
mutation. C) Sequencing of F1 generation after outcrossing FO editants to wild-type background
reveals individuals with F122P but also F122L mutations. D) Incrossing of pmm2 F122L
heterozygous individuals causes a more dramatic phenotype in heterozygous hatchlings compared
to homozygous ones. Scale bar 1 mm. AA pos., amino acid position; WT, wild-type. red box
indicates A>G adjustment in pmmZ2-inception-adjusted guide RNA; yellow; orange indicates
canonical PAM; green indicates de novo PAM; P, prolin; L, leucin

The locus surrounding exon 5 of pmm2 is particularly challenging to genotype due to a
nearly 10,000 bp long repetitive region downstream and a 20-bp long guanine-stretch
upstream of exon 5 (Figure 13 A). Designing primers is challenging, not only due to the
aforementioned flanking regions, but also as some primer pairs preferentially amplified
either the mutant or wild-type allele exclusively. Additionally multiple single nucleotide
polymorphisms (SNPs) are present in the wild-type Heidelberg Cab strains (HD Cab)
compared to the reference strain HdrR (Figure 13 A). To detect both mutant and wild-type
alleles in equal ratios in Sanger sequencing reads, the sole reliable primer binds over 100
times in the intronic region downstream of exon 5 (Figure 13 A, green triangles). By PRC
amplification with this forward primer and a reverse primer binding at the 3‘end of exon 5
both alleles were amplified equally (Figure 13 B, green arrows). Sanger sequencing with
the reverse primer gave consistent genotyping results for exon 5 PCR products. The

intronic region remained unresolvable with Sanger sequencing. Therefore, unintended
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editing in the intronic region cannot be excluded which may contribute to the observed

phenotype.
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Figure 13: The pmm2 intron 5 is highly repetitive. A) Alignment of reference sequence from
Heidelberg Cab strain and HdrR strain. Exons 1-8 are shown in yellow and the primer alignment in
green represents the highly repetitive region within pmm2 intron 5. Blue arrow indicates a 20-base
pair long guanine-stretch. B) Zoom-in view of exon 5 of pmm?2. Highlighted in blue is a 20-base pair
long guanine stretch, in orange a repetitive region and PCR genotyping primers are indicated as
green arrows. HD, Heidelberg

In summary, the inception approach offers a valuable extension to the existing base editing
CRISPR/Cas9 toolbox. Due to technical limitations, sequencing of repetitive regions is
difficult and should be considered for validation of editing approaches in general. The
sequential editing is highly efficient demonstrated in two loci: oca2 and pmm2. Especially
in the case of introducing loss-of-function mutations or specific patient bases mutations
that were inaccessible before, inception offers an efficient multi-base editing in a single

step.
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2.3 Generation and characterization of a genetic patient-based PMM2-
CDG medaka model to study onset of disease progression

In this chapter | describe the generation and characterization of a patient-based
PMM2-CDG model in medaka. | used CRISPR/Cas9 based approaches to introduce
hypomorphic alleles which allow to study the effect of Pmm2 loss on development and the
onset of disease progression. As described in 3.2.3, the pmm2 locus around exon 5,
harboring the two most common mutations reported from PMM2-CDG patients in human,
is challenging to sequence due to the repetitive locus. The previous attempt to generate

the exact patient mutations was inconclusive hence other mutations will be generated.

2.3.1 Disruption of Pmm2 causes early embryonic lethality in medaka

To generate a pmm2 mutant line in medaka, | first attempted to create a knockout of the
pmm2 gene. Complete loss-of-function mutations of PMM2 presumably cause lethality in
human (Freeze, 2009) and early lethality has been reported in several animal models
(Chan et al., 2016; Cline et al., 2012; Himmelreich et al., 2015; Parkinson et al., 2016;
Thiel et al., 2006).

| assessed whether a full knockout is lethal in medaka and screened for phenotypes upon
loss of Pmmz2. If the knockout would be viable, heterozygous individuals can be maintained

and incrossed to obtain homozygous individuals to study disease progression.

| generated the knockout by injecting 1-cell stage wild-type medaka embryos with
CRISPR/Cas9 mRNA together with guide RNAs targeting exon 2, which contains the
catalytic center and exon 5, harboring the most common patient mutations (Figure 14 A).
Resulting phenotypes were assessed 6 days post fertilization (dpf), as by this
developmental stage all aspects of potential developmental defects like heart defects, eye
abnormalities and growth defects can be detected. Phenotypic analysis of the injected
embryos named “crispants”, revealed severe developmental defects (Figure 14 B).
Quantification of the phenotypic distribution showed the dramatic impact of the knockout
of pmm2 on the developing medaka crispants (Figure 14 C). In non-injected controls 89 %
(n = 17) were wild-type like and 11 % died (n = 2). Only 1 % (n = 1) of injected embryos
showed a wild-type appearance whereas 71 % (n = 49) had an aberrant phenotype and
28 % (n = 19) died until 6 dpf. Sanger sequencing of exon 2 confirmed disruption of the
locus in genomic DNA extracted from a pool of five injected embryos at 3 dpf (Figure 14 D).
The observed developmental defects underline the essential role of pmm2 and indicate

that a complete loss-of-function is incompatible with life, also in medaka. As expected, full
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knockout by CRISPR/Cas9 editing of pmm2 in medaka dramatically impairs embryonic
development and causes early lethality, making the establishment of a stable knockout

line not feasible.
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Figure 14: Knockout of pmm2 with CRISPR/Cas9 affects embryonic development. A) Medaka
embryos were injected with CRISPR/Cas9 mRNA and guide RNAs targeting exon 2 and exon 5. A
pool of crispants was genotyped 3 dpf and remaining embryos were phenotyped 6 dpf. B) Spectrum
of phenotypes visible at 6 dpf include: only axis formed, misdeveloped and globally affected
embryos. Scale bar 500 uM. C) Quantified phenotypic distribution at 6 dpf of non-injected vs pmm?2
knockout embryos. D) Sanger sequencing shows disruption of exon 2 of pmm2 after cutting with
CRISPR/Cas9 (genomic DNA from pool of five editants). dpf, days post fertilization; E2, exon 2;
KO, knockout; wt, wild-type

2.3.2 Generation of presumable hypomorphic patient-based

mutations using CRISPR/Cas9 base editors

The previously described lethality could be evaded by generating hypomorphic alleles
which permit survival of the genetically modified embryos. | used based editors to precisely
produce the hypomorphic alleles. As described before, base editors introduce precise
point mutations by nicking the DNA. For the use in medaka, the adenine and cytosine base
editors (ABE and CBE) have proven to efficiently install precise point mutations in the
injected generation (Cornean et al., 2022).

The exact hypomorphic alleles reported from patients cannot be introduced using the ABE
and CBE editors in medaka. For editing, the Cas9 must recognize a PAM motif and point

mutations can be introduced within the base editing window at a specific distance from the
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motif. However, the most common PMM2°R'#1H and PMM2PF'"% patient mutation lack a

PAM located in the proper distance.

In my previous work the close vicinity of the human mutations in exon 5 was screened for
potential edits predicted to have an effect. It was found that a cysteine to arginine
substitution at amino acid position 139 has a deleterious effect (Pakari, 2021) (Figure 15
A).

To further investigate this mutation, | crossed a single surviving founder fish from the
injected generation with wild-type fish to establish a stable F1 generation. Phenotyping of
this F1 offspring revealed dramatic phenotypes including misdeveloped embryos (34 %;
n = 23) with no head and brain formation and cyclops (4 %; n = 23) with an eye-field
separation defects (Figure 15 B) The lethality of the offspring was 46% (n = 31).
Quantification of the phenotypic spectrum from five batches showed only 16 % normally
developing embryos (Figure 15 C). The phenotypic outcome indicates a potential effect of
the pmm2 mutations on multiple traits of development. As the founder fish was female and
Pmm2 is maternally contributed, the strong phenotypic effects in high proportions of the
embryos can be explained by the maternal contribution of mutant pmm2 mRNA and

protein, even though it was outcrossed to a wild-type male.

After raising the wild-type looking embryos to adulthood, genotyping of the F1 fish revealed
individuals harboring two different mutations: a point mutation (p.C139R) or a 23-base pair
deletion (p.V135Gfs*45) (Figure 15 D). Although base editors only nick DNA, unwanted
insertions and deletions can be induced at the target site. The point mutation and deletion
eliminated a Pstl restriction enzyme site which allowed to determine the genotype via PCR
and restriction digestion. Transcript analysis of the compound heterozygous F2 offspring
from heterozygous F1 incrosses of the pmm2 point mutation line and the deletion line

confirmed the presence of both, the point mutation and deletion alleles (Figure 15 E).
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Figure 15: Generation of presumable hypomorphic patient-based pmm2 mutation using
CRISPR/Cas9 base editors. A) Multiple sequence alignment shows high conservation of PMM2 in
human and medaka, especially in the region of the two most common patient mutations p.F119L
and p.R141H. Cysteine mutation p.C139R in the close vicinity to human mutations is predicted to
have an effect on the protein function (Pakari, 2021). Protein variants after genome editing are
shown in the multiple sequence alignment. B) Representative images of occurring phenotypes in a
female C139R founder fish outcross: wild-type like, misdeveloped and cyclops. C) Quantification of
the phenotypic distribution of the offspring from five batches. D) Representative genotyping results
from sanger sequencing of genomic DNA of F1 adults reveal point mutation (ABE8e, ACG>GCG,
p.Cys139Arg) and deletion (p.Val135Glyfs*45) in pmm2. E) Sanger sequencing of cDNA of wild-
type and compound heterozygous pmm2C739RV1356Gs™45 individuals confirm point mutation and
deletion (extra peaks in the background) on transcript levels. cDNA, complementary DNA; Del,
deletion; gDNA, genomic DNA; o, Oryzias latipes

2.3.3 Compound heterozygous pmm2C139RV1356fs*45 mytants show a

temperature sensitive multisystemic phenotype

Human PMM2-CDG patients are typically compound heterozygous, meaning they carry
two different mutant alleles, whereas their heterozygous parents show no symptoms. |
incrossed the p.C139R point mutation medaka line with p.V135Gfs*45 deletion line to
mimic the compound heterozygous state in medaka and assess the phenotype resulting
from sublethal pmm2 mutations in medaka.

Cysteine mutations have been described to cause thermosensitivity of PMM2 (Yu et al.,
2023). Additionally, based on personal communication with Dr. Christian Thiel from the
Heidelberg University Hospital, patients that suffer from a fever are often more accurately
diagnosed. PMM2 functions as a homodimer and heat could disrupt the interaction which

reduces enzyme activity even further. To create a more susceptible environment which
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might trigger phenotypes more prominently, | compared the phenotypes at different
temperatures. Medaka fish tolerate temperatures from 4 °C up to 35 °C without an impact
on the development (Furutani-Seiki & Wittbrodt, 2004). The offspring of the mutant pmm?2
lines were incubated at the following temperatures: 22 °C, 26 °C, 28 °C and 32 °C. The
most severely affected individuals showed multiple abnormalities in the compound
heterozygous pmm2 mutants: ocular defects with hypertelorism, reduced snout size, heart
defects, intestine abnormalities and edemas all around the body (Figure 16 A). These
malformations are also found in CDG-patients (Altassan et al., 2019; Chang et al., 2018;
Pajusalu et al., 2024). At 22 °C, the most prominent phenotypic feature was a smaller
snout size, indicating craniofacial defects. The higher temperature appeared to create a
more susceptible environment, which accumulated the multisystemic phenotype of

compound heterozygous fish more prominently (Figure 16 B).

The multisystemic phenotype in the compound heterozygous pmm2 mutants indicated an
effect of pmm2 mutations on the development and the phenotypes resemble the
symptoms of PMM2-CDG patients.
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Figure 16: Temperature sensitive multisystemic phenotype in compound heterozygous
pmm2C139RIVISSGis™4S  mutants. A) Incrossing heterozygous pmm2 p.C139R with pmm2
p.V135Gfs*45 and incubation at 32 °C revealed a dramatic phenotype in compound heterozygous
individuals. Hatchlings showed edemas around the eye (1) and whole body, heart abnormalities (2)
and snout phenotypes (3) (indicated with black arrows). B) Quantification of the phenotypes of
hatched individuals from heterozygous pmm2 offspring incubated at 22 °C, 26 °C, 28 °C and 32 °C
revealed a temperature-depended effect on the multisystemic phenotype. Scale bar 1 mm. dph,
days post hatch
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2.3.4 Pmm2C139R/V1356fs*45 medaka mutants resemble spectrum of

patient symptoms

PMM2-CDG patients exhibit a wide spectrllum of clinical features with craniofacial defects
being among the most recognizable. These defects are so specific that digital face
recognition tools can predict if patients suffer from PMM2-CDG (Martinez-Monseny et al.,
2019). Gross morphological analysis of medaka pmm2 compound heterozygous mutants
showed shorter snout and wider heads which indicated cartilage phenotypes (Figure
16 A).

To characterize the cartilage phenotype in more detail, | performed a double-staining with
alcian blue and alizarin red of whole mount hatchlings. Alcian blue visualizes cartilages
and alizarin red stains calcified bone structures. Comparing the ventral view revealed that
the cartilage structure basihyal (b) was absent in the compound heterozygous hatchling.
The bone structures cleithrum (cl) and branchiostegal ray (br) were less calcified or
missing in the mutants (Figure 17 A). In the lateral view, the shortened snout morphology
was apparent (Figure 17 B).

A previous characterization of a pmm2 zebrafish mutant showed that the chondrocytes
exhibited an aberrant morphology (Cline et al., 2012). Analysis of the pmm2 medaka
mutant revealed similar morphology of the chondrocytes in the meckel's cartilages (Figure
17 C). The wild-type had ordered long shaped cells whereas the mutant showed round
and less ordered chondrocytes. Additionally, the meckel's and ceratohyal cartilage
structures indicated a straightened angle (Figure 17 A). Quantification of the angles of
Meckel's and ceratohyal cartilages shows clear differences between wild-type to mutant
pmm2 hatchlings (Figure 17 D). The angle of the Meckel's cartilage was 31 % wider in the
compound heterozygous mutants and the angles of ceratohyal cartilage was 32 % wider.
The staining suggests that the reduced pmm2 mutation had an impact on the development
of craniofacial structures which lead to differences in cartilage and bone structures and

specifically altered chondrocyte morphology.
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Figure 17: Craniofacial features affected in compound heterozygous pmm2C139R/V135Gfs™5
mutants. A) Ventral and lateral view of alcian blue and alizarin red stained wild-type and compound
heterozygous pmm2 hatchlings. Mutants revealed defects in cartilage and bone structures. m:
meckel's cartilage, b: basihyal, br: branchiostegal ray, ch: ceratohyal cl: cleithrum; scale bars 500
pM. B) Confocal microscopy of Meckel's cartilage shows chondrocyte morphology affected in the
pmm2 mutants. Scale bar 50 yM. C) Quantification of Meckel's cartilage and ceratohyal angels
show increased angels in the mutant hatchlings. wt, wild-type

Micro-computed tomography (uCT) enables high-resolution visualization of internal
organs. By gross morphology analysis, pmmZ2 compound heterozygous mutants showed
defect in the intestine and heart (Figure 16 A). Comparing wild-type and mutant hatchlings
stained with PTA on uCT images revealed further morphological differences. In sagittal
and coronal views of the whole scan stack, the mutants presented a reduced brain size,
kyphosis like forwards rounding of the back, intestine abnormalities, unhealthy liver and
craniofacial deformations (Figure 18 A). From the ventral view in a single plane, the entire
gut was visible. In the mutant hatchling, no food was visible inside the intestine and the
anterior part was not coiling properly, indicating a gut-looping defect (Figure 18 B).
Additionally, fluid was visible around the heart suggesting cardiac dysfunction (Figure
18 B). These results align with reports describing that patients suffer from similar
multisystemic symptoms. This confirmed that the medaka model is suffering from a
multisystemic phenotype where all organs are affected and is resembling the symptoms
seen in PMM2-CDG patient.
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Figure 18: Micro-computed tomography reveals inner organ abnormalities in compound
heterozygous pmm2C€739RV1356is™45 mytants. A) Stacks of the whole hatchling of sagittal and
coronal view comparing wild-type and compound heterozygous pmm2 mutants. Liver (orange),
brain (green), intestine (blue) and heart abnormalities (red) were visible in the mutant hatchlings.
B) Single plain sections of the gut in ventral and axial view and the heart in ventral view showed
gut-looping defects and no food in the intestine as well as heart abnormalities in the pmm2 mutant.
Data produced jointly with Kristaps Kairiss (Wittbrodt/Weinhardt Lab, Heidelberg University).

2.3.5 Pmm2 mutations reduce enzyme activity and cause general
hypoglycosylation of proteins

PMM2-CDG patients only survive because of residual enzyme activity as null mutations
are not viable. Therefore, they exhibit protein hypoglycosylation rather than complete loss
of glycosylation. The PMM2 enzyme provides mannose-1-phosphate, the precursor
GDP-mannose needed during ER-glycosylation. Reduced PMM2 activities lead to
reduced GDP-mannose levels and ultimately cause a decrease in complex N-glycan
types, unoccupied glycosylation sites or trunked glycans to be transferred to nascent
proteins. Hence, | wanted to measure the enzyme activity of the mutant pmm2 fish and

assessed the resulting hypoglycosylation state.
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To determine whether the genetic mutations result in reduced enzyme activities, |
performed an established biochemical PMM2 enzyme activity assay in collaboration with
Virginia Geiger (Thiel Lab, Heidelberg University Hospital). Pmm2 enzyme activity showed
5 % remaining activity in compound heterozygous pmm2 mutants (Figure 19A) which is
comparable to the residual PMM2 activity seen in severely affected patients (Westphal et
al., 2001b). In the heterozygous individuals the enzyme activity was around 50 % (Figure
19 A), as expected from the heterozygous parents of PMM2-CDG patients.

To prove that reduced enzyme activity causes hypoglycosylation of proteins, | performed
lectin blots in collaboration with Andreas Hecker (Thiel Lab, Heidelberg University
Hospital). Lectins against concanavalin A (ConA) detected high mannose N-glycan
precursors and lectins against wheat germ agglutinin (WGA) bound to complex N-glycans.
Both lectin plots indicated a hypoglycosylation state as the signal was reduced in the
compound heterozygous individuals and differences in the lectin patterns of the bands
were visible (Figure 19 B’). Quantification of the signal showed 61 % ConA lectin signal in
the mutant hatchlings and 64 % for WGA lectins signal compared to the wild-type (Figure
19 B”). Both lectin plots confirmed reduced glycosylation which is expected to result from

the reduced Pmm2 enzyme activity.

PMM?2 mutations cause altered compositions of N-glycans. To assess these changes,
N-glycan occupancy of wild-type and compound heterozygous pmm2C?39RIVI35Gis™5
hatchlings was analyzed in collaboration with lvan Andujar-Martinez (Rapp Lab, MPI
Magdeburg). Multiplexed capillary gel electrophoresis with laser-induced fluorescence
detection (xCGE-LIF) analysis was performed to identify and quantify N-glycans. N-
glycans were released from the proteins with via enzymatic digestion with PNGase F and
analyzed with xCGE-LIF. Analysis of the N-glycan fingerprint confirmed a general
hypoglycosylation state of the compound heterozygous pmm2 mutants compared to wild-
types across all N-glycan types (complex, hybrid and mannose-type). Especially the high
mannose-type N-glycans (Man5-Man9) were reduced and precursor structures
(Man3-Man4) were accumulating (Figure 19 C). A shift from high mannose N-glycans to

low mannose complex N-glycan is visible.

These results of the hypoglycosylation situation in the Pmm2-CDG medaka model are
comparable to the analysis of N-glycans from serum samples of PMM2-CDG patients
(Garapati et al., 2024a). The reduced Pmm2 enzyme activity in medaka causes similar

effects on the N-glycome as reported from human patient fibroblasts and sera samples.
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Figure 19: Pmm2 mutations p.C139R and p.V135Gfs*45 reduce enzyme activity and cause a
hypoglycosylation situation. A) Pmm2 enzyme activity assay of the four genotypes arising from
crossing pmm2P-C739 with pmm2rV13567545: wild-type, heterozygous V135Gfs*45, heterozygous
C139R and compound heterozygous. Compound heterozygous pmm2 mutants have 5 %
remaining enzyme activity. Data produced jointly with Virginia Geiger (Thiel Lab, Heidelberg
University Hospital). Mean + sd of triplicates (each replicate n = 4 per genotype) shown. B) Lectin
plots against ConA and WGA and quantitation of signal prove hypoglycosylation in compound
heterozygous pmm2 mutants compared to wild-types. Data produced jointly with Andreas Hecker
(Thiel Lab, Heidelberg University Hospital). Mean of duplicates shown (replicate 1 had n = 4 and
replicate 2 had n = 5 per genotype). C) Glycan analysis comparing wild-type (n =20) to compound
heterozygous pmm2 mutanst (n = 20) revealed hypoglycosylation state of mutants. Red peaks
correspond to wild-type and blue peaks correspond to pmm?2C139R/V1356is™5 Bluye arrows specify N-
glycan sequences Man3, Man4 and Man5 enriched in the mutant vs. wild-type. Numbers represent
N-glycan structures shown in Supplementary Table 1. Data produced jointly with lvan Anddjar-
Martinez (Rapp Lab, MPI Magdeburg).
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2.3.6 Macroscopically visible multisystemic pmm2 phenotype occurs
after hatch and survival of mutants decreases after hatch

After verifying morphologically that the fish model is resembling the patient’s symptoms,
proving biochemically a reduced enzyme activity and a hypoglycosylation state, | wanted
to investigate the onset of phenotypic features in compound heterozygous pmm2 mutants.
Medaka fish develop extrauterine and the early development and hence phenotypic onset

can be investigated in great detail in contrast to humans and other mammals.

To assess the early onset of phenotypes, | crossed the pmm2°"*R with the pmm2V73%¢7s™5
line and compared the development from 1-cell stage to hatching (Figure 20 A). Before
hatching, there are no macroscopic differences visible between the wild-type and
compound heterozygous mutant embryos (Figure 20 B). After hatch a severe phenotype
becomes visible: edemas around the eyes and body, abnormal heart phenotypes and no
food in the digestive tract (Figure 20 B). Due the global phenotype in the mutant fish, they
cannot survive and there is an increase in lethality after hatching at 32 °C (6 dpf) (Figure
20 C). Like in patients there is spectrum of phenotypes visible which can vary from batch
to batch in medaka. However, the global dramatic phenotype is consistently observed in

every batch and some milder versions might occur.

The fish model seems to mimic the patient situation in which the early development is not

affected, but after hatch (equivalent birth in humans) the effects become apparent.

43



Results

A
1 cell-stage hatchling
B
0 dpf 2 dpf 5 dpf 1 dph
3 . -y
: ' 9 " o=
S
g Rl l % =
& ¥ i ik
G v % 4 ;
C

100%
75% \NM
50% e— batch 1

batch 2
o hatch 3

% of alive individuals

25%

0%

01 2 3 4 5 6 7 8 9 10 11 12 13
days post fertilization

Figure 20: Multisystemic phenotype occurs after hatch in compound heterozygous pmm2
mutants and reduce the viability. A) Schematic timeline of medaka development from 1-cell stage
to hatchling. B) Comparison of the development from 0 dpf to 1 dph of wild-type and compound
heterozygous pmm2C739RV1356fs™45 individuals showed occurrence of multisystemic phenotype only
after hatching. C) Lethality of offspring from pmm2C¢73°R crossed to pmm2V7356%™45 |ine from 0 to 13
dpf. Scale bar 0.5 mm for embryos and 1 mm for hatchlings. del, deletion; dpf, days post fertilization;
dph, days post hatch

2.3.7 Supplementation with D-Mannose does not rescue

multisystemic pmm2C139RV135Gs™45 hhenotypes

As GDP-mannose levels are lower in patients, supplementing with mannose has been
suggested as potential therapy in patients. PMM2-CDG fibroblasts benefited from
mannose supplementation via biochemical validation (Rush et al., 2000) and in pregnant
mouse feeding mannose rescued early lethality (Schneider et al., 2012). Benefits from
supplementation of mannose in PMM2-CDG patients is debated (Taday et al., 2020;
Witters et al., 2021).

Gross morphology analysis indicated that the multisystemic phenotypes of
pmm2CT39RVISSER4S mytants becomes apparent only after hatch. This suggests that the

early development is not severely affected and raised the question, if supplementation with
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sugars like D-mannose could improve physiological defects to prevent subsequent
developmental effects.

Because of the findings in mammals, | investigated if the survival of compound
heterozygous pmm2 mutants in medaka can increased by supplementing the media with
D-mannose. To test the effect of mannose in the mutant fish, | supplemented the standard
ERM media with 25 mM D-Mannose at stage 9 or with 50 mM D-Mannose at stage 32
(lwamatsu, 2004) (Figure 21 A). Prior to treatment, the embryos were rolled on sandpaper
to increase the permeability through the chorion. Both groups were treated until 5 dph and
genotyped at 9 dph. Survival of compound heterozygous pmm2 mutants was not improved
with the D-Mannose treatment (Figure 21 B) and multisystemic phenotypes were visible.
The supplementation did likely not lead to an effect due to insufficient penetration and

uptake of the mannose into the cells.

+ 25 mM D-Mannose 20%

+ 50 mM D-Mannose
genotyping
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10%

surviving C139R/Del
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Figure 21: Mannose supplementation in compound heterozygous pmm2C7139R/V1356fs™5 does
not rescue their survival. A) Schematic representation of D-Mannose supplementation screen.
Offspring from pmm2C€73°R crossed to pmm2V7356%™45 |ine were rolled on sandpaper and incubated
with 25 mM D-Mannose from stage 9 onwards or with 50 mM D-Mannose from stage 32 onwards.
Supplementation of the media with mannose continued until 5 dph and hatchlings were genotyped
9 dph. B) Quantification of surviving compound heterozygous pmm2 mutants upon D-Mannose
supplementation. dph, days post hatch; mM, millimolar

2.3.8 Biotin supplementation slows lethality of pmm2C139RV135Gfs™45

mutants

In PMM2-CDG patient derived fibroblasts a reduction of biotinidase activity was identified.

Based on these results, biotin was given to patients and it improved their cognitive abilities

2C 139R

(Himmelreich et al., 2023). | treated the offspring of heterozygous pmm crossed with

pmm2 V135Gfs*45

mutant lines with biotin to explore the potential of biotin to improve viability
and phenotypic defects of pmm2 deficient medaka. Embryos were dechorinated at stage
34, prior to biotin supplementation for enhanced biotin uptake. As a control, to exclude
toxic effects of biotin, wild-type embryos were supplemented with biotin as well. Both
groups were treated until from stage 34 to 5 dph and genotyped at 18 dph (Figure 24 A).

2C 139R

The lethality rate of offspring from pmm crossed to pmm2Y73°6% |ine was slower

upon biotin supplementation compared to non-treated offspring and biotin
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supplementation did not affect wild-type embryo survival (Figure 24 B). However, no
surviving individual was genotyped as compound heterozygous indicating that the

supplementation did not rescue developmental defects until 18 dph.
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Figure 22: Biotin treatment reduces death rate of compound heterozygous
pmm2CT139RVISSER™S mutants. A) Schematic representation of biotin supplementation in the
offspring from pmm2°73°R crossed to pmm?2V73%6%™45 line. Embryos were dechorinated at stage 34
and incubated with 0.25 mg/ml biotin in ERM. Supplementation of the media with biotin continued
until 5 dph and the experiment was determined at 18 dph. B) Lethality of wild-type control embryos
supplemented with biotin, offspring from pmm2°739R crossed to pmm2V7356%™45 |ine incubated with
biotin or kept in ERM as control. dph, days post hatch

2.3.9 Functional analysis of pmm2 mRNA variants and their effect on

lethality and phenotypic rescue

2.3.9.1 Providing wild-type medaka pmm2 mRNA is able the rescue

the multisystemic phenotype and reduce death rate

Supplementations with D-Mannose and Biotin could not improve the physiological defects
to prevent subsequent developmental effects. As PMM2-CDG patients suffer from reduced
enzyme activity which causes the multisystemic phenotypes, boosting the activity of Pmm2
or providing more Pmm2 early on could rescue the developmental phenotype. To test this
assumption, | sought to provide more Pmm2 to the offspring of pmm2 mutants in medaka
(Figure 23 A).

Offspring of heterozygous pmm2°"%R crossed with heterozygous pmm?2"73°6545

mutants
had a lethality rate of 38 % until three weeks after hatch (Figure 23 B) and no compound
heterozygous individuals survived (Figure 23 A, C). After | injected pmm2 mRNA into 1-

cell stage pmm2 mutant embryos (Figure 23A), 12 % compound heterozygous individuals
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survived and the overall lethality was reduced to 26 % (Figure 23B, C). This confirms that
the phenotype is actually caused by reduced Pmm2 enzyme activity as | could rescue the
survival of compound heterozygous pmm2 mutants. Moreover, this experiment rules out
any off-target effects caused by genome editing. Providing pmm2 mRNA at the 1-cell stage
boosted enzyme activity early on and could prevent developmental defects occurring after
hatch. These results indicate that gene therapy may be a potential therapeutic approach
for PMM2-CDG patients.

1-cell stage 3 weeks post hatch 40% 16 50% 18 = non-injected
o, s pmm2 mRNA

| =
2 o 30%
© 20% @ 8
3 S 20%

pmm2 mRNA o 2
© 10% 2 .

b 10% 3 -
‘(@ E 0% 0% 0
non-njected  pmm2 mRNA wild-type heterozygous C139R/Del

Figure 23: Pmm2 mRNA injections rescues survival of compound heterozygous
pmm2C139RVI3SGIs™S mytants. A) lllustration representing the experimental design: typically
compound heterozygous pmm2 mutants do not survive until 3 wph. Injection of pmm2 mRNA into
1-cell stage embryos may potentially rescue the survival. B) Lethality of individuals until 3 wph of
non-injected and pmm2 mRNA injected individuals from heterozygous pmm2 crosses. C)
Genotypes of surviving hatchlings at 3 wph. wph, weeks post hatch

2.3.9.2 Injections of mutant mRNA F122L rescues the survival of

compound heterozygous pmm2 mutants

As the delivery of pmm2 mRNA during early development rescued the multisystemic
phenotype of pmm2 mutants in medaka, | investigated next if approaches to enhance
Pmm2 activity, e.g., through molecular chaperones or transcriptional enhancers, would
rescue the pmm2 phenotypes. If the phenotype is caused by reduced enzyme activities,
rescue by providing more of mutant variants should also be able to rescue phenotypes,
reduce lethality and mimic the treatment with pharmacological chaperons.

The human PMM2 p.R141H patient mutation is considered to encode for an inactive
enzyme (Kjaergaard et al., 1999) whereas the p.F119L has residual enzyme activity.
Therefore, | injected wild-type, the patient based C139R and exact patient ortholog F122L
pmm2 mRNA into 1-cell stage embryos from of heterozygous pmm2°"*°R crossed to
heterozygous pmm2""3°¢%™5 (Figure 24 A). As most of compound heterozygous mutants
do not survive longer than 13 days post fertilization, | chose to genotype the offspring at
13 dpf. Contradictory to previous results, injections of wild-type pmm2 mRNA did not
reduce the lethality of the offspring in general (Figure 24 B). However, in compound

heterozygous hatchlings, wild-type mRNA injections led to 27 % survival (Figure 24 C) and
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rescue of the multisystemic phenotype (Figure 24 D) consistent with my previous results.
Providing the mutant mRNAs C139R and F122L did not reduce the lethality rate (Figure
24 B). Injections of mutant C139R pmm2 mRNA did not increase viability of the mutants
but F122L pmm2 mRNA injected embryos revealed 20 % survival of compound
heterozygous individuals. Surprisingly, the multisystemic phenotype occurred in
heterozygous individuals in mutant mRNA injected embryos, which might indicate a
dominant effect of the mutant mMRNA. As the Pmm2 protein acts as a homodimer, providing
more of mutant protein into a balanced heterozygous background, might cause reduced
enzyme activities. The multisystemic phenotypes are not detected in heterozygous
hatchlings injected with wild-type mRNA.

Overall, surviving compound heterozygous pmm2 mutant upon mutant pmm2 F122L
mMRNA injections indicate that the reduced enzyme activity in patients, could be boosted

by increased translation of pmm2 or stabilizing the mutant protein with molecular

chaperons.
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Figure 24: Providing pmm2 mRNA is able to rescue the multisystemic phenotypes of
pmm2C7139RVISSE™S mytants whereas mutant F122L mRNA can rescue survival until 13 dpf.
A) Schematic representation of the experiment: most compound heterozygous individuals from
pmm2 mutants do not survive past 13 dpf. Injection of pmm2 mRNA variants could potentially
improve their survival. B) Lethality of individuals cumulative until 13 dpf of non-injected and pmm2
mRNA variant injected individuals from heterozygous pmm?2 crosses. C) Survival rate by genotype
of surviving hatchlings at 13 dpf. D) Images of offspring at 5 dph injected with wild-type pmm2
mRNA. Providing wild-type pmm2 mRNA rescues the multisystemic phenotype of hatchlings from
heterozygous pmm2 crosses. Scale bar 0.5 mm. dph, days post hatch; ol, Oryzias latipes

2.3.9.3 Providing human PMM2 mRNA reduces death rate and
rescues multisystemic pmm2 phenotype

The glycosylation machinery enzymes and Pmm2 are evolutionary highly conserved. |
hypothesized that providing human pmm2 mRNA would similarly rescue the multisystemic

compound heterozygous pmm2 phenotype (Figure 25 A). | injected the human PMM2
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mMRNA into 1-cell stage embryos from heterozygous pmm?2 crosses and counted the dead
individuals until 13 dpf and genotyped the surviving hatchlings. The death rate was
reduced to 10 % (Figure 25B) compared to non-injected ones from the previous
experiment. Providing human PMM2 mRNA was able to greatly enhance the survival of
compound heterozygous pmm2 mutants (Figure 25 C). Assessing the gross morphology
of hatchlings at 5 dph showed rescue of the multisystemic phenotype of pmm2 mutants
(Figure 25 D).

These results demonstrated that the human PMM2 mRNA can substitute for its ortholog
in medaka in the highly conserved glycosylation pathway, and rescued the corresponding

developmental defects.
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Figure 25: Injections of human Pmm2 mRNA rescues multisystemic pmm2 phenotype in
medaka. A) Schematic representation of the experiment: typically, non-injected compound
heterozygous pmm2 mutants do not survive past 13 dpf. Injection of human pmm2 mRNA could
potentially rescue their survival. B) Death rate until 13 dpf of human pmm2 mRNA injected
individuals from heterozygous pmm2 crosses. C) Survival rate by genotype of hatchlings at 13 dpf.
D) Images of offspring at 5 dph. Providing human pmm2 mRNA rescues the multisystemic
phenotype of hatchlings from heterozygous pmm2 crosses. Scale bar 0.5 mm. dph, days post
hatch; ol, Oryzias latipes

2.3.10 Identification of candidate proteins affected by
hypoglycosylation via proteomics

Providing pmm2 mRNA at the 1-cell stage successfully rescued the multisystemic

2C 139R/V135Gfs*45

pmm phenotype but supplementing with biotin and mannose did not lead to
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survival of compound heterozygous pmm2 mutants. These results suggest that the
developmental defects are too severe to be rescued by physiological improvements and
raises the questions at what point disease progression starts on a molecular level and
which proteins are primarily affected. As PMM2-CDG patients suffer from similar
symptoms, it is likely that specific proteins are more susceptible to hypoglycosylation or
their function is more dependent on correct glycosylation.

To identify affected proteins and pathways that are differentially regulated due to
hypoglycosylation, | performed bottom-up proteomics to analyze the whole proteome. My
goal was to compare differentially expressed proteins between wild-type and compound

heterozygous pmm2C139R/V1356fs*45

mutants. The glycosylation of proteins impacts protects
them from proteolytic degradation. Upon hypoglycosylation, misfolded proteins
accumulate in the ER and this stress triggers the unfolded protein response (UPR) which
promotes degradation of misfolded proteins (Rita Lecca et al., 2005a; Shang et al., 2002;

Zdrazilova et al., 2023).

The multisystemic pmm2 mutant phenotype occurs macroscopically only after hatch, but
the underlying defects on the protein level might have already changed at earlier stages. |
analyzed the proteomes at two different developmental stages: before and after onset of
phenotypes.

Samples for bottom-up mass spectrometry analysis were collected at the embryonic stage
5 dpf (stage 35) and after hatching (5 dph), then snap frozen in liquid nitrogen (Figure 26
A). Lysates were prepared simultaneously for all samples and genotyping was performed
directly from the lysates to avoid collecting any material for genotyping (e.g., tail or eyes).
To ensure equal sample quality, lysates were assessed by SDS-PAGE (Supplementary
Figure 4). The lysates were submitted to Dr. Marcin Luzarowski at the Core Facility for
Mass Spectrometry and Proteomics of the Center for Molecular Biology (ZMBH) of
Heidelberg University, where proteins were purified with Sp3 beads and digested with
trypsin. The final shot-gun proteomics run was performed in data-dependent acquisition
mode (DDA).

A total of 8459 proteins were identified of which 5701 proteins remained after filtering for
proteins supported by at least two unique peptides and which were detected in at least
three out of five replicates, within at least one experimental group. The cut-off criteria for
more and less abundant proteins was p-value < 0.05 and log-2-fold change = + 1. Volcano
plots show differentially detected proteins at the two developmental stages (Figure 26 B).
More changes were present in the later stage, which comes along with the phenotype
being more prominent. Interestingly, at the earlier stage, differentially detected proteins

are present (Figure 26 B). Even though the phenotype is macroscopically not yet visible,
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the underlying protein levels have changed. Comparison of the differentially abundant
proteins between both stages revealed minimal overlap among the upregulated (red) and
downregulated (blue) ones (Figure 26 C). Only one protein was found more abundant
protein in both stages: prr33. This protein is medaka specific and has not been extensively
studied. It is predicted to be a mucin-6-like isoform. Mucins are the major component of
mucus and are known to be highly glycosylated proteins. They are heavily O-glycosylated
and contain a few N-glycosylation sites. N-glycosylation in the ER precedes O-
glycosylation in the Golgi and therefore defects in N-glycosylation could affect both kinds
of glycosylation. Since mucins are known to be glycosylated and prr33 is medaka specific,
it was not considered a relevant studying disease progression in a human context but
confirmed the feasibility of the approach to detect differentially regulated glycoproteins

(Supplementary Figure 4).
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Figure 26: Bottom-up mass spectrometry to find differentially expressed proteins before and
after onset of phenotype. A) Schematic representation of the workflow from sample preparation
to mass spectrometry run: embryos and hatchlings were collected and lysates were prepared from
which genotyping was performed. Sp3 bead clean-up and trypsin digestion was performed. B)
Volcano plots at two stages: 5 dpf and 5 dph. Red dots represent significantly upregulated proteins
and blue dots downregulated proteins. Cut-off values are p-value < 0.05 and log-2-fold changes 2
+ 1. C) Venn diagram representing overlapping differentially detected proteins. dpf, days post
fertilization; dph, days post hatch
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Since the comparison of differentially abundant proteins between the two stages revealed
no overlap, | assumed that affected proteins might be identified by comparing fold changes
across stages. Interestingly, | observed that some proteins were initially downregulated
and later upregulated, or vice versa. This analysis identified five proteins: Abcf3
(H2MZQ6), Rp2 (H2MMY6), Vaspb (H2MDI3), Pgm3 (H2MR65) and Srsf2a
(AOA3B3IH33) (Figure 27 A).

ABCF3 belongs to the ATP-binding cassette transport family, is anchored in the ER
membrane and plays a role in resistance against flaviviruses infections (Peterson et al.,
2019). Two N-glycosylation motifs were estimated from the ABCF3 protein sequence
(Gupta R, 2022) but so far is has not been identified as a glycoprotein, in contrast to other
ABC transporters which are shown to be modified by N-glycosylation (Draheim et al.,
2010). The protein RP2 (retinitis pigmentosa gene 2) is associated with X-linked retinitis
pigmentosa (Dandekar et al., 2004). RP2 is involved in protein trafficking to photoreceptor
outer segments in the eye (Holopainen et al., 2010). Although it has three predicted N-
glycosylation motifs (Gupta R, 2022), there are no studies on its function as a glycoprotein.
VASPB (Vasodilator stimulated phosphoprotein b) is involved in cytoskeleton remodeling
(Benz et al., 2009). No predicted N-glycosylation sites were found in the medaka ortholog.
The PGM3 (Phosphoacetylglucosamine mutase) protein converts GIcNAc-6-P into
GIcNAc-1-P, an essential step for multiple glycosylation pathways including protein N- and
O-glycosylation. SRSF2a (serine and arginine rich splicing factor 2a) is involved in mRNA
splicing and predicted to have one N-glycosylation motif (Gupta R, 2022).

Examining the heat map of missing values together with the clustering pattern revealed
clear differences between the two developmental stages. The proteomes at dpf and dph
exhibit different clusters indicating substantial changes in protein expression over time
already in the wild-type (Figure 27 B). The two developmental stages seem to be distinct
from each other in terms of development.

Due to the developmental distance of the embryo versus the hatchling, the comparison of
their proteomes at two stages to identify progressively lost proteins is not feasible. Instead,
the proteomics data shows multiple significant differences comparing wild-type with

compound heterozygous pmm?2 mutants within the two developmental stages.
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Figure 27: Proteomics data revealed that embryonic and hatching stage proteomes in
medaka are distinct. A) Scatter plot comparing fold changes at embryonic (dpf) and hatchling
(dph) stages. Blue dots indicate proteins more abundant at dpf and less abundant at dph whereas
red dots represent less abundant proteins at dpf and more detected at dph. Colored are only
proteins with p-value < 0.05 (for both pairs: pmm2C739R/V1356is™45 5 dph vs wild-type 5 dph and
pmm_2CT39RVI356IS™5 5 dpf vs wild-type 5 dpf) and fold change + 1. B) Heatmap of missing values
with cluster dendrogram of the proteome profiles from wild-type and compound heterozygous
pmm2 mutants at the two stages (dpf and dph) across all five replicates. dpf, days post fertilization;
dph, days post hatch; wt, wild-type

2.3.11 Gene enrichment analysis reveal multiple pathways affected in

pmm2 mutants

To characterize the molecular phenotype of pmm2 mutants, | performed gene enrichment
analysis to identify affected biological pathways on differentially detected proteins at
embryonic stage 5 dpf (Figure 28 A) and at hatching stage 5 dph (Figure 28 B) separately.
The significant hits went through Gene Ontology (GO) term enrichment analysis in
ShinyGO v0.82 (Ge et al., 2020) in the main class of biological processes. Among the 94
differentially up- and downregulated proteins at 5 dpf, processes involved retinal layer
formation (GO:0010842), regulation of mRNA splicing via spliceosome (G0:0048024),
regulation of mMRNA processing (GO:0050684) and mRNA processing (GO:0006397)
(Figure 28 A). At 5 dph, 354 differentially up- and downregulated proteins were subjected
to GO term analysis and the top differentially regulated processes were cristae formation
(G0O:0042407), proteolysis (GO:0006508) and two overarching groups involved in
localization/transport of proteins and catabolic/metabolic processes (Figure 28 B).

N-glycosylation primarily occurs on secreted or membrane-bound proteins. To identify
candidate glycoproteins affected by pmm2 mutations, | filtered the significantly
differentially detected proteins based on their subcellular location data from UniProt. |
selected those annotated as “membrane”, “secreted”, “Golgi” and “extracellular” and
removed those annotated as “mitochondria”. For 5 dpf, 18 differentially detected proteins

were submitted to GO term enrichment analysis. Differentially regulated processes
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involved axon regeneration (GO:0031103), neuron projection regeneration (GO:0031102),
response to axon injury (GO:0048678) and epithelium development (GO:0060429) (Figure
28 C). For 5 dph, 96 proteins were analyzed for their biological processes after filtering for
their subcellular localization. The top differentially regulated pathways were homotypic
cell-cell adhesion (GO:0034109), platelet aggregation (GO:0070527), protein kinase C
signaling (G0O:0070528), axis elongation (GO:0003401) and multiple processes involved
in the transport/localization (Figure 28 D).

The heat shock protein A5 (hspa5), also known as immunoglobulin protein (BiP), is a well-
characterized chaperone and master regulator of the UPR. BiP interacts with unfolded
proteins and activates UPR stress sensors. Remarkably, hspa5 was more abundant in the
compound heterozygous pmm2 mutants at the hatchling stage and indicates upregulation
of the UPR pathway.

Collectively, this analysis suggests that pmm2 mutations affect multiple molecular
pathways. In the embryonic stage before onset of the multisystemic pmm2 mutant
phenotype mRNA regulation and eye formation pathways appear dysregulated. After
hatching when the severe phenotype is present, mitochondria are affected together with

transport and metabolic processes.
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Figure 28: Gene Ontology term enrichment analysis for biological processes shows
molecular pathways affected in compound heterozygous pmm2C139RV1356s™5 mytants. A)
GOBP of 94 differentially regulated proteins at 5 dpf. B) Top 20 GOBP of 354 differentially regulated
proteins at 5 dph. C) GOBP of 18 differentially regulated proteins filtered for subcellular location in
membrane, secreted, Golgi and extracellular at 5 dpf. D) Top 20 GOBP of 96 differentially regulated
proteins filtered for subcellular location in membrane, secreted, Golgi and extracellular at 5 dph.
dpf, days post fertilization; dph, days post hatch; ER, endoplasmic reticulum; GOBP, Gene
Ontology Biological Process
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2.3.12 Selecting candidate genes associated with Pmm2-CDG
phenotype

To identify potential candidates’ contributions to the phenotypes in pmm2 mutants, |
selected genes for functional validation using CRISPR/Cas9 and base editors. Candidates
were selected based on differential abundance from the proteomics analysis, presence of
predicted N-glycosylation sequon, expression data and their molecular function.

| separately subjected the significantly differentially upregulated and downregulated
proteins to GO term enrichment analysis (Figure 29 A). Additionally, | examined the top 10
differentially regulated proteins. Potential candidates were screened for predicted
N-glycan motifs in medaka and, if present, their human ortholog was screened for potential
predicted N-glycosylation motifs with NetNGlyc (Gupta R, 2022). Existing in situ data from
the ZFIN database (Bradford et al., 2022) was examined for expression patterns of the
candidate proteins and their molecular functions were investigated to make educated
guesses about their involvement in disease progression of the pmm2 phenotype (Figure
29 A). Ultimately, a list of ten potential glycoprotein candidates was compiled and guide
RNAs were designed to target them preferentially in the predicted N-glycosylation motif. If
the N-glycosylation sequon could not be targeted, guide RNAs were designed to install

premature termination codons or loss of function mutations (Figure 29 B).
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Figure 29: Selection of potential Pmm2-CDG phenotype causing candidates. A) Filtering
pipeline for candidates: Significantly differentially regulated proteins in the two stages 5 dpf and 5
dph were submitted to gene ontology biological process (GOBP) enrichment analysis and the top
10 differentially regulated proteins were analyzed. Candidate protein sequences were screened for
predicted N-glycosylation motifs, existing in situ data from zebra fish and molecular functions were
considered. B) List of 10 candidates with gene name, predicted number of N-glycosylation sites
and crRNA target site with predicted editing outcome in red. KO; knockout; *, stop codon

N102xS > S/G/DxS
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2.3.13 Loss of rod photoreceptors in pmm2 medaka mutants hint
towards retinitis pigmentosa — a symptom seen in PMM2-CDG

patients

The embryonic stage at 5 dpf, before the macroscopic phenotype was observed, is
particularly interesting as proteomic analysis revealed that molecular changes have
already taken place. GO term analysis revealed mainly two differentially regulated
pathways before the onset of phenotypes: eye development and mRNA processing.

As the eyes of medaka are accessible neural tissue which can be analyzed
morphologically, | examined the eyes of the mutant pmm2 fish. Measurements of the eye
size and distance revealed smaller eyes with increased inter-ocular distance in the pmm?2
mutant hatchlings compared to the wild-type siblings (Figure 30 A). Additionally,
histological sections of eyes were performed in collaboration with Encarnaciéon Sanchez
Salvador (Wittbrodt Lab, Heidelberg University). Cryosections were stained with DAPI to
label the nuclei and showed the characteristic three cell layers in the retina: the ganglion
cell layer (GCL), the inner nuclear layer (INL) and the outer nuclear (ONL) layer in which
the photoreceptors reside (Figure 30 B). In the wild-type, the ONL consists of two cell
layers containing rod and cone photoreceptors. In contrast, only one cell layer is visible in
the mutant fish. The loss of photoreceptors disrupts the typical lamination pattern of the
outer nuclear layer. Cone cells were visualized with immunostaining against Zpr1 to
differentiate whether rod or cone photoreceptors were affected. Present Zpr1 signal
showed that cone photoreceptors are not affected in the mutant fish, implying that the rods
are likely selectively affected (Figure 30 B). The other two cell layers seem unaffected.
This phenotype implies a retinal degenerative condition called retinitis pigmentosa (RP).
RP is characterized by a progressive loss of rod photoreceptors, a symptom commonly
seen in human PMM2-CDG patients. The Pmm2-CDG medaka model therefore seems to

closely resemble the patient symptom.
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Figure 30: Defects in lamination of the outer nuclear layer in compound heterozygous
pmm2CT139RVISSEE™S muytants. Eyes of compound heterozygous pmm2 mutants are smaller and
wider apart. B) Maximum projections of cryosections from wild-type and compound heterozygous
pmm_2CT39RVI35CIS™5 hatchling heads stained with DAPI (grey) to label nuclei and with antibodies
against Zpr1 (green) to label cone photoreceptors. Outer nuclear layer (ONL), inner nuclear layer
(INL) and ganglion cell layer (GCL) are indicated with white arrows. Data produced jointly with
Encarnacion Sanchez Salvador (Wittbrodt Lab, Heidelberg University). Scale bar 50 yM. wt, wild-

type
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2.3.14 CRISPR/Cas9 knockout of rp2 and rfc4 show retinal defects

The candidate list of genes encoding proteins potentially affected in pmm2 mutants contain
rp2 and rfc4, which could cause eye phenotypes. Mutations in the retinitis pigmentosa 2
gene (RP2) are associated with X-linked retinitis pigmentosa but RP2 has not been
characterized as a glycoprotein. Replication factor C gene (RFC4) has not been described
in the context of retinal diseases and is not characterized as glycoprotein. However, RFC4
is described to act in camera-type eye development. To investigate if rp2 and rfc4
contribute to the defect in the lamination the outer nuclear layer seen in pmm2 medaka

mutants, | performed CRISPR/Cas9 knockouts of both genes.

| injected 1-cell stage wild-type medaka embryos with CRISPR/Cas9 mRNA together with
guide RNAs targeting the predicted N-glycosylation motif of rp2 and rfc4 (Figure 31 A). At
3 dpf, pools of embryos were taken for genomic DNA extraction to verify the edit.
Remaining editants were fixed after hatching. Their heads were stained with DAPI to label
the nuclei and imaged with confocal microscopy. In the control injection where | targeted
the ocaZ2 locus, two cell layers were visible in the ONL (Figure 31 B). Upon disruption of
the rp2 gene | observed defects in the lamination of the ONL, which is expected as RP2
mutation cause RP in patients. Knockout of rfc4 resulted in massive defects in the layering
of the eye. Nuclei appeared to be forming abnormal bridges spanning from the GCL across
the INL to the ONL.

The observed eye defects upon knockout indicated a crucial role in photoreceptor

maintenance for rp2 and eye layering for rfc4.
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Figure 31: Eye defects in rp2 and rfc4 crispants. A) Schematic outline of the workflow. Wild-type
medaka Cab embryos were injected with CRISPR/Cas9 mRNA and guide RNAs targeting the rp2
and rfc4 gene and control injected with guide RNAs targeting oca2. A pool of crispants was
genotyped 3 dpf. Remaining individuals were fixed after hatching and their heads were stained with
DAPI. B) Confocal images of single plains of wholemount heads from ocaZ2 control, rp2 and rfc4
crispants stained with DAPI to label nuclei. Zoom-in shown below. The outer nuclear layer (ONL),
the inner nuclear layer (INL) and the ganglion cell layer (GCL) are indicated with white arrows.
Scale bar 50 pM. dpf, days post fertilization

2.3.15 Precise base editing of N-glycosylation motif of rfc4 shows

retinal defects

The protein RFC4 is highly conserved between species and the medaka ortholog shares
the same predicted N-glycosylation motif as human RFC4 (Figure 32 A). During
conventional bottom-up mass spectrometry, peptides with post-translational modifications
are not detected. This means that peptides harboring glycosylation motifs are omitted from
the analyses. Notably in our analysis, the tryptic peptide “VLELNASDER” of Rfc4, which
contains the potential N-glycosylation site “NAS”, was exclusively detected in the
compound heterozygous pmm2 mutant samples at hatchling stage (Figure 32 B, red bars),
suggesting that this sequence was not post-translationally modified in the pmm2 mutant.

Rfc4 is not a characterized glycoprotein therefore | mutated the predicted N-glycosylation

sequon to assess whether missing the motif contributes to the observed layering defects
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visible in the eye. This would indicate that Rfc4 requires glycosylation for proper function
and that a hypoglycosylation situation impairs its activity.

| injected guides targeting the N-glycosylation sequon with an adenine base editor. The
goal was to mutate the N-glycosylation motif “NXS/T” in the rfc4 sequence. The injected
editants were genotyped 3 dpf and the heads of editants of the remaining embryos were
fixed and stained with DAPI after hatching. Imaging of the wholemount heads revealed
identical phenotypes in the retina: bridges from the GCL to the ONL were formed (Figure
32 C). Sanger sequencing confirmed successful editing of the N-glycosylation motif from
“‘NAS” to either “SAS” or “GAS” (Figure 32 D).
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Figure 32: Irregular bridges form in the retina of medaka upon mutation of a predicted N-
glycosylation motif within rfc4. A) Prediction of potential N-glycosylation sequons in medaka
Rfc4 and human RFC4 via NetNGlyc (Gupta R, 2022). B) Absolute intensities of tryptic peptides
from bottom-up mass spectrometry analysis assigned to Rfc4 across all 5 replicates from wild-type
and compound heterozygous pmm2 mutants at the two stages (prior onset of phenotype 5 dpf and
after onset of phenotype 5 dph). Predicted N-Glycosylation motif “NAS” is marked in cyan and red
bars represent exclusively detected in the pmm2 mutant sample 5 dph. C) Confocal images of
single plains from wholemount heads from oca2 control and rfc4 editants stained with DAPI to label
nuclei. Abnormal bridges are indicated with white arrows. Scale bar: 50 uM. D) Sanger sequencing
of editants at 3 dpf (n=1 and pool with n=2) shows editing of N-glycosylation motif via asparagine
to serin or glycine (N102 to S102 or G102) substitution. BE, base editor
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These results indicate that Rfc4 could be a glycoprotein as mutations in predicted the
N-glycosylation site disrupt its proper function in medaka. Conditions like
hypoglycosylation could impair the proteins activity and cause conditions like retinitis

pigmentosa.

This validation suggests that from the mass spectrometry data one can select candidates
and targeted the glycosylation site with base editors to precisely remove the sequon and
validate the phenotypic consequences of the potential loss of N-glycosylation. The
absolute intensities of tryptic peptides can additionally hint towards the glycosylation state
of proteins if peptides with predicted N-glycosylation motif are detected exclusively in the

mutants.
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3. Discussion

Rare genetic diseases caused by mutations in essential genes raise a puzzling question:
How can there be patients who survive considering the essential role of the mutated gene?
This is a fundamental question of disorders affecting basic biological processes like protein
glycosylation.

Congenital Disorders of Glycosylation (CDG) are caused by different mutations affecting
enzymes involved in glycosylation. Most patients have a mutation in PMM2. The existence
of PMM2-CDG patients arises due to hypomorphic variants, as complete loss of function
is embryonically lethal. Clinical phenotypes seen in patients range on a spectrum from mild
phenotypes to multisystemic severe phenotypes. Over a hundred different PMM2
mutations have been identified via whole exome sequencing. This explains to some extend
the variability of symptoms but intronic and regulatory regions have not been analyzed and
could have compensatory effects. Nature selects for survivors at the viable end of the
spectrum and severe genotypes are lost during early development. Studying the
hypomorphic variants compatible with life are critical for understanding disease onset,

mechanism and progression and open the possibility to develop targeted therapies.

In this work, | aimed to generate hypomorphic models in medaka fish which resemble the
human PMM2-CDG disease. | established two technical methods to mimic the reduced
enzyme activities reported from patients. The first method was based on a degron system
to lower the Pmm2 protein abundance which results in reduced net enzyme activity.
Transient expression of the degron components allowed to degrade GFP tagged Pmm2
during the early development. The second approach involved precisely installing the exact
patient mutations into the medaka genome with a new base editing approach only after
overcoming the PAM motif constrains. This method now allows to reach desired target
sites initially out of scope and in a more flexible manner. In addition to patient mutations, |
successfully introduced mutations close to the human mutations in medaka to generate a
genetic Pmm2-CDG model organism resembling the patients multisystemic symptoms in
medaka. The model showed reduced enzyme activities and a hypoglycosylation state.
Proteomics analysis identified differently abundant proteins and revealed multiple
molecular pathways affected in the pmm2 mutants, already in early stages of development

where no phenotypes are observed yet.
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3.1 Reduced enzyme activities reported from PMM2-CDG patients can
be mimicked by reduction of Pmm2 enzyme abundance in
medaka

PMM2-CDGs are primarily physiological disorders with developmental consequences.
Deficient enzymes lead to biochemically detectable glycosylation defects which result in
multisystemic developmental symptoms that affect all organs. Understanding the
developmental defects is essential, as compensating for physiological effects after birth is
not curative.

In human, the first signs of disease typically develop within the first years of life. However,
studying the early onset in human or other mammal model organisms is challenging due
to intrauterine development. In contrast, medaka fish develop extrauterine therefore
embryos can be manipulated at the 1-cell stage and the early development can be
investigated.

In traditional genetic models, homozygous PMM2 mutants suffer from severe
developmental defect, while heterozygous carriers typically maintain sufficient enzyme
levels to mask disease phenotypes. Offspring of heterozygous mothers are not suitable
for studying the early onset of CDG phenotypes, as maternal contribution of Pmm2 masks
early embryonic effects. To investigate the acute effects of Pmm2 loss during early
embryonic development, | hypothesized that reducing protein abundance can mimic the
reduced enzyme activity observed from patients. By combining the TIR1(F74G) and mAID-
GFP-nanobody, | achieved an acute and efficient knockdown of endogenously GFP-
tagged Pmm2 in a developing medaka embryo. The targeted knockdown successfully
mimicked reduced enzyme activities reported from patients.

Delivering the degron system as mRNA offers a systemic knockdown approach with
precise temporal control of protein levels upon induction and allows to effectively deplete
maternal and zygotic Pmm2. Such tools are especially valuable for disease modeling
during early developmental stages. GFP expression dropped immediately and rapidly
upon induction, especially considering constant Pmm2-GFP production in the developing
embryo. Pmm2-GFP depletion occurs within a narrow time window, peaking around 30
hpf (stage 20 in medaka). Despite maximum depletion, no early phenotypes were
observed in degron-injected and induced embryos, likely due to buffering by mannose-1-
phosphate which is already available due to maternally contributed protein.

Compared to a stable line, the mRNA-based degron system provides multiple benefits: 1)
It demonstrated effective degradation of maternally contributed Pmm2-GFP, an effect that
cannot be achieved using conventional approaches like RNAi or morpholinos, as these

target RNA transcripts rather than proteins directly, 2) the injection amounts and inducer
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concentrations could possibly tune the degradation in a fine manner to desired levels and
3) this system can be injected in any already available GFP-tagged line. Importantly,
MRNA injections permitted ubiquitous expression of degron components early on. In
contrast, stable lines are limited as ubiquitous promotors already active during early
embryogenesis are not available hence no maternal contributed proteins and no proteins
expressed early in development can be degraded.

This mRNA-based degron system provides a powerful and flexible tool next to classical
gene knockout strategies, particularly for studying loss of maternally provided proteins.
While the line is susceptible to stress, as injection of any mRNA induced unusual
phenotypes, no additional aberrant phenotypes were observed beyond the ones in control
injections. This suggest that the transient knockdown is not causing long-term
developmental defects other than baseline injection effects. A stable line could prevent
aberrant injection phenotypes and allow to induce knockdown at any time during
development. However, in this particular case the mRNA-based system outperformed the
stable line as the results suggest that high enough levels of degron component expression
are not reached to effectively degrade endogenously expressed proteins. As no acute
effects on development were macroscopically visible, proteomics or transcriptomics
analysis could provide insight about the acute knockdown effect of Pmm2 loss in a
developing system.

By establishing the auxin-inducible acute protein knockdown system for the use in medaka
fish, | demonstrate the functionality of a GFP-nanobody in combination with the Tir1(F74G)
variant. This approach provides a versatile and widely applicable protein depletion system
in medaka, especially when targeting endogenous GFP-fusion proteins. This method has
not only relevant for studying CDGs but also for applications in developmental biology

where conditional and reversible protein depletion is required.

3.2 Complexity of the Pmm2 locus complicates genetic modeling

There is a lack of viable animal models to study the rare human disease PMM2-CDG. To
be able to find therapies for patients, it is important to understand the pathogenic
mechanisms causing the disease. Genetic animal models recapitulating the human
disease showed either not full penetrance of disease affecting all organs or, especially
mammalian models, suffered from embryonic lethality (Chan et al., 2016; Thiel et al.,
2006). Generation of the most prevalent mutations known from PMM2-CDG patients are
prime candidates to generate in medaka, as these usually single nucleotide changes
would resemble the patient situation most accurately and are known to render the PMM2

protein hypomorphic in human. With the established CRISPR/Cas9 toolbox, there are
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several ways to achieve these small edits, all with their individual drawback. Canonical
Cas9 approaches that introduce a double strand break can be used to integrate a DNA
donor via homology directed repair (HDR). With further optimizations on the nuclear
localization of the Cas9 enzyme and biotinylation of the DNA-donor 5’ ends, HDR has
become a reliable and precise method (Gutierrez-Triana et al., 2018; Seleit et al., 2021;
Thumberger et al., 2022). Yet HDR is restricted to G2/S phase of the cell cycle, leading to
rather low efficiencies (Hustedt & Durocher, 2017). In parallel, the introduced double
strand breaks are as well repaired by the error-prone non-homologous end-joining,
changing the target site when improperly sealed which will remove such edited loci from
further HDR integration attempts. In addition, these insertions and deletions (indels) can
have severe consequences in essentials genes like pmm2, as the knockouts are
embryonically lethal.

Base editors in contrast have proven to be highly efficient and precise for creating point
mutations with minimal off-target effects in medaka (Cornean et al., 2022) but are
dependent on the presence of a PAM motif in the proper distance to the desired edit. Base
editors with expanded PAM recognition, allow for targeted nucleotide conversions with
higher flexibility, yet they often induce phenotypic abnormalities due to likely increased
off-target effects. Base editing is further strongly influenced by the nucleotides surrounding
the target nucleotide impacting on overall editability. The next Cas9-evolution - prime
editing - would offer an alternative since it only nicks the genomic DNA and no additional
DNA donor template molecule is required. This promising method is yet to be optimized
for the use in medaka.

Considering the benefits and drawbacks, | chose to generate pmm2 mutations with the
established adenine and cytosine base editors due to their highly efficient editing and low
off-target risks.

During the generation and screening for founder fish, | discovered that the genomic
landscape of the pmm2 locus surrounding exon 5, i.e., the site for the two most common
mutations in patients, is flanked by a 10,000 bp long highly repetitive region downstream
and a 20-bp long guanine-stretch upstream. In addition, single nucleotide polymorphisms
(SNPs) complicated designing of primers with reliable amplification of both alleles.
Sanger sequencing provides consistent results but requires PCR amplification and
carefully selected primers, which is particularly difficult in this region. Amplification-free
sequencing methods from Oxford Nanopore Technologies (ONT) (Branton et al., 2008)
and single molecule real-time (SMRT) sequencing developed by Pacific Bioscience
(PacBio) (Rhoads & Au, 2015) as these allow long sequencing reads. Both methods
enable single molecule sequencing whereas PacBio relies on a DNA-polymerase for

sequencing and ONT detects current changes as a DNA strand is pulled through a
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nanopore. To sequence this region reliably, one strategy could involve cutting the region
using CRISPR/Cas9 with guide RNAs flanking the pmm2 locus and enrich for the locus by
pulling with a dead Cas9 and specific guide RNAs for the pmm2 sequence to extract the
region. This approach would provide PCR-free long reads for sequencing with ONT or
PacBio. However, for time- and cost-efficient sequencing these are not optimal solutions
for routine genotyping. | tested multiple primer sets and ultimately reached reliable equal
amplification of both alleles using a forward primer that binds over 100 times in the intronic
region downstream of exon 5 and a reverse primer at the 3'-end of exon 5. Sanger
sequencing with the reverse primer revealed consistent genotyping results for exon 5,
reliably resolving the exonic sequence which was essential for all genome editing attempts

in this locus.

3.3 Inception: expanding the CRISPR/Cas9 toolbox through
combinatorial use of base editors

With conventional base editing to date, it was not possible to install the patient-specific
mutations in pmm2 exon 5, due to the lack of PAM motifs in the appropriate distance from
the desired editing site. To reach the exact patient mutation p.F119L in medaka, |
expanded the established Base Editing toolbox with the so-called “inception” approach.
Here, a first guide RNA and the adenine base editor create a new PAM site which
subsequently creates a novel, second target site and enables sequential editing with a
second guide RNA provided at the same time. Depending on the desired edit and the
sequences of the targeted locus, guide RNAs may be chosen for the first step introducing
synonymous changes, while the second editing introduces the desired mutation. In
general, this inception approach can be applied to introduce loss-of-function mutation or
multiple codon changes at once in a less stringent manner. The inception efficiency
depends on the efficiency of each guide RNA involved and is highly dependent on the
sequence of the target locus. Once a new PAM site was generated, the sequential edit
occurred almost quantitively. This could in theory allow sequential PAM generation
multiple times until the desired target is reached. The applied base editors (ABE8e (Richter
et al., 2020), ancBE4max (Koblan et al., 2018) and evoBE4max (Thuronyi et al., 2019))
recognize the same PAM motif (SpyCas9, NGG) and guide RNA backbone (SpyCas9).
Thus, both applied guide RNAs can form a complex with either ABE and CBE editors,
leading to further “unwanted” edits in both base editing windows. To prevent these
unintended edits, Cas9 ortholog-based base editors with different PAM recognitions could
be combined and broaden the targeting range even further. The field of base editing is

rapidly evolving and new Cas9 variants called (near) PAM-less (Walton et al., 2020) or
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PAM-free (Tan et al., 2022) are established. These variants likely harbor more off-target
effects whereas inception provides a balance of the high specificity of traditional editors
while still expanding their targeting range.
Proof of principle of the inception concept was performed in three different settings: pre-
mature STOP codon introduction via synonymous PAM generation, intronic PAM
generation and subsequent splice acceptor modulation and introduction of multiple non-
synonymous codon changes, calculated to increase overall target sites by 64.8 % and
published in Pakari et al., 2023

sing the inception approach, | generated p.F122L (human p.F119L) in medaka by intronic
new PAM generation followed by sequential editing of F122L position. The offspring of
heterozygous parents showed severe multisystemic phenotypes expected from pmm2
mutations in medaka, but only in the heterozygous state. This unexpected outcome
suggested that additional unintended mutations have been generated in the close by
intronic region which were impossible to resolve due to the high intronic repetitiveness of

the pmm2 locus.

3.4 Conformational effects of Pmm2 dimers on enzyme activity

Alternatively, the unexpected aberrant phenotype observed in the heterozygous
individuals could result from a dominant negative effect of the F122L variant. PMM2
functions as a homodimer by interaction though a hydrophobic core which can be
disrupted by pathogenic mutations (Quental et al., 2010; Yuste-Checa et al., 2015). Splice
site prediction using NetGene2 did not indicate any changes in splicing after inception
introduced mutations (Brunak et al., 1991; Hebsgaard, 1996), suggesting conformational
changes. Depending on how the mutations affect the protein, formation of heterodimers
could have a more deleterious effect than homodimers and could account for the severe
phenotypes seen in the heterozygous F122L individuals. Such an effect is not expected
from human PMM2 studies. In a mouse model carrying the two most common patient
mutations in the Pmm2 mouse ortholog, the embryonic lethality was higher than reported
from humans (Chan et al., 2016). Similarly, medaka models could exhibit more dramatic
outcomes due to species-specific differences. Even though glycosylation is highly
conserved, the impact of mutations in PMM2 orthologs may differ across species.
Interestingly, in a comparative injection screen during a research project, Johanna Rasch
observed that injections of pmm2 mutant variant mMRNAs into wild-type embryos induced
aberrant phenotypes. This strongly suggests that increased levels of mutant protein can

disrupt the dimeric balance and perturb enzyme activity.
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3.5 Generation of hypomorphic patient-based mutations show patient

specific disease phenotypes

All performed nucleotide changes in the medaka pmm2 exon 5 lead to medaka embryos
fully resembling the PMM2-CDG patients’ symptoms. | thus focused on the compound

heterozygous  pmm2C€139R/V135Gis™

mutation line which could be efficiently
genotyped/identified using the described PCR genotyping regime. This Pmm2-CDG
medaka model serves as a valuable model for studying the underlying mechanism of
PMM2 deficiency and its associated phenotypes. Analysis of the inner organs with micro-
CT revealed an aberrant liver, reduced brain size, intestinal loop defects, absence of food
in the gut as well as heart abnormalities. All organs which are also found to be similarly
affected in PMM2-CDG patients (Krasnewich et al., 2007; Muthusamy et al., 2024a).
Additionally, cartilage phenotypes in pmm2 mutants resemble facial dysmorphisms
reported from patients (Ferreira et al., 2018). Analysis of the eyes revealed lamination
defects in the of the outer nuclear layer of the retina, a characteristic feature of retinitis
pigmentosa which is commonly observed in patients (Monin et al., 2014).

Most PMM2-CDG patients are diagnosed within the first few years of life after a healthy
pregnancy and uncomplicated birth (Pérez-Cerda et al., 2017; M. Vals et al., 2017). Since
medaka embryos are transparent and develop externally, early development can be
continuously examined in detail.

In medaka pmm2 mutants, the early development appears normal and morphological
defects only become apparent after hatching, thus similar to patients’ post-partum. Since
the phenotypic abnormalities are macroscopically only distinct post hatching, it can be
hypothesized that the source of disease manifestation is indeed physiological rather than
an early developmental defect. The medaka pmm2 model offers accessibility to all stages
of development allowing to dissect the molecular onset of disease. The model offers to
investigate the onset and progression of PMM2-CDG related disease phenotypes.
Hypoglycosylation in CDG patients causes accumulation of misfolded proteins in the ER
which triggers cellular stress that activates the unfolded protein response (UPR) (Rita
Lecca et al., 2005; Shang et al., 2002; Zdrazilova et al., 2023). The UPR subsequently
facilitates the degradation of these misfolded proteins. In mouse and zebrafish PMM2-
CDG models, upregulated transcription of UPR related genes were detected (Edmondson,
Budhraja, et al., 2025; Matheny-Rabun et al., 2024). In the mass spectrometry data from
pmm2 medaka mutants hspa5, known as “binding immunoglobulin protein” (BiP), was
found to be upregulated compared to wild-types. Hspa5 is the master regulator of UPR
and its upregulation indicates hypoglycosylation-induced protein misfolding and UPR, also

in the Pmm2-CDG medaka model. Dnajc3, a co-chaperone of BiP, was upregulated in
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CDG patient fibroblasts (Rita Lecca et al., 2005b) and was also found upregulated in pmm2
mutant hatchlings.

CDGs and mitochondrial disease have been described to develop clinically similar features
(Briones et al., 2001; Gardeitchik et al., 2018). This led to studies on mitochondrial function
in PMM2-CDG derived fibroblasts and confirmed their disfunction in patients (Himmelreich
et al., 2023; Ligezka et al., 2023). Gene ontology enrichment analysis revealed the cristea
formation pathway, which is the invagination of the inner mitochondrial membrane, to be
highly upregulated in mutant pmm2 medaka hatchlings — mirroring the mitochondrial
disfunction reported from the aforementioned studies. Analysis of potentially glycosylated
proteins in the secreted pathway, based on the subcellular location, revealed neurological
involvement already in the embryonic stage. This is consistent with the fact that
neurological defects are a key phenotype of PMM2-CDG patients (Altassan et al., 2019;
Edmondson, Budhraja, et al., 2025; Lam & Krasnewich, 2005; Muthusamy et al., 2024b).
Overall, the observed phenotypic and molecular phenotypes closely resemble those

reported in human PMM2-CDG patients and from studies in patient-derived fibroblasts.

3.6 N-glycosylation fingerprint indicates flippase enzymes as potential
therapeutic target

The results on hypoglycosylation state in the Pmm2-CDG medaka model mirrors those
reported from the serum or derived iPSCs from fibroblasts of PMM2-CDG patients,
suggesting that reduced Pmm2 enzyme activity leads to comparable changes in N-
glycosylation pattern (Garapati et al., 2024b; Thiesler et al., 2016). xCGE-LIF analysis
revealed overall reduced levels of all N-glycan types. This is expected as the Pmm2
provides mannose-1-phosphate, the precursor of GDP-Man which essential for the
synthesis of the LLOs in the ER. Reduced levels thus quantitatively reduce the abundance
of released glycans detectable after PNGase F digestion and identification. Interestingly,
high mannose N-glycans built in the ER (Man6-Man9) and mature glycans generated in
the Golgi were found to be reduced while precursor structures (Man3-Man5) assembled
on the cytosolic side were accumulating (Figure 33).

N-glycosylation takes place in the ER and Golgi. The process initiates with dolichol
phosphate on the cytoplasmic side of the ER first receiving N-acetylglucosamine-1-
phosphate followed by consecutive elongation with five mannoses using GDP-mannose
as donor. This intermediate is flipped into the ER lumen where it is further enzymatically
extended with four mannoses and three glucoses from dolichol-phosphate-mannose and

dolichol-phosphate-glucose.
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The accumulation of cytosolic precursor structures (Man3-Man4) and Man5 together with
a reduction in high mannose structures (Man6-Man9), suggests that GDP-mannose on the
cytosolic side can be utilized normally. However, the addition of mannoses inside the ER
lumen seems affected.

One possible explanation could be an insufficient activity of flipping enzyme RFT1.
Fibroblasts from RFT1-CDG patients showed accumulation of the intermediate
Man5GIcNAc2-PP-dolichol (Vleugels et al., 2009), a structure | also observed in the glycan
analysis from pmm2 mutants. Although RFT1 is not N-glycosylated and its essential
flippase activity is debated (S. Chen et al., 2024; Frank et al., 2008; Hirata et al., 2024),
boosting RTF1 activity could be a possible approach to reduce or overcome

hypoglycosylation (Figure 33, RFT1 colored in yellow).
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Figure 33: Consequences of reduced Pmm2 enzyme activity. xCGE-LIF analysis revealed
changes in the N-glycan composition comparing wild-type to pmm2 mutants. The mutants show
general hypoglycosylation and reduction in oligomannose-type (Man5-Man9) together with
complex-type N-glycans. The hypoglycosylation is accompanied by accumulation of Man3 to Man5
structures. Enzymes marked in yellow could be potential targets for therapeutical approaches to
boost import of immature glycans and increase transport of donor sugars into the ER. PGM3 was
first downregulated (embryonic stage) and later upregulated (hatchling stage) in the bottom-up
mass spectrometry analysis in pmm2 mutants. Figure adapted from Varki et al., 2022 (Essentials
in Biology Figure 9.3 and 9.4.)
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Another bottleneck in the disrupted N-glycosylation pathway could involve the availability
of Dolichol-phosphate-mannose (Dol-P-Man) donors. These are assembled on the
cytoplasmic side but need to be flipped across the ER membrane into the lumen. The
observed reduction of high mannose structures led to the hypothesis that enhancing
Dol-P-Man transport into the ER could improve the hypoglycosylation. Targeting this
flippase might present a potential therapeutic strategy as well as increasing the activity of
MPDU1 and/or the DPM complex (DPM1, DPM2, and DPM3) through pharmacological
modulators (Figure 33, enzymes colored in yellow). This could elevate the availability of
mannose donors within the ER and increase the synthesis of high mannose LLO structures
(Man6—Man9).

Analysis of the N-glycan fingerprint across different tissues will allow to assess
glycosylation heterogeneity and identify which organs are more affected from reduced
Pmm2 activities. This would allow for a detailed examination of glycan composition and

glycan structure variation among different tissues.

3.7 Proteomics analysis revealed changes in molecular pathways
before onset of visible phenotype

To understand the consequences of hypoglycosylation, proteomics analysis provides the
most direct insight compared to other omics approaches as the abundance of proteins can
be determined. To study the onset and progression of disease, | chose to analyze two
timepoints in development: before (stage 35) and after onset of severe the multisystemic
pmm2 mutant phenotypes (hatchling, 5 dph). Proteomics analysis confirmed that multiple
pathways were affected at the hatchling stage which is consistent with the presence of the
pmm2 mutant phenotype at that time.

Overall, a direct comparison of the proteomes of the developmentally distant stages
(embryonic versus hatchling) could not be made as they differed greatly. As a
consequence of the developed phenotype at the hatching stage, affected protein levels
might not only reveal glycoproteins affected by the hypoglycosylation but are secondary
differences, downstream of the altered functionality of phenotype causing factors. | initially
aimed to compare commonly up- and downregulated proteins between the two stages and
associate their progression of abundance to effects from hypoglycosylation. Glycoproteins
might be less affected in the earlier stage and more profoundly affected after hatch. As the

stages are developmentally more distant than expected, the analysis of disease
progression was not feasible. This implied that affected proteins might be identified by

comparing the fold changes of the two stages. | assumed affected proteins could be initially
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downregulated due to the hypoglycosylation and later upregulated to compensate for the
loss, or vice versa. One interesting candidate was Pgm3 (Phosphoglucomutase 3) that
converts acetylglucosamine 6-phosphate (GlcNACc-6-P) into
N-acetylglucosamine 1-phosphate (GIcNAc-1-P). GIcNAc-1-P is an essential precursor for
generation of Dol-P-P-GIcNAc, which is extended to Dol-P-P-GIcNAc2Man5 before
flipping into the ER during N-glycosylation. Pgm3 was found to be downregulated in the
embryonic stage and upregulated only after hatch in the pmm2 mutant.

The N-glycan analysis revealed accumulation of Man3-Man5 structures and reduction in
high mannose glycans as described earlier. Therefore, | speculated about a connection of
upregulated Pgm3 activity and accumulation of Man3-Man5 structures on the cytosolic
side of the ER. | hypothesize that reducing Pgm3 activity could reduce assembly of
Dol-P-P-GIcNAc2Man5 and push the available GDP-man towards Dol-P-Man formation

which could promote extension of high mannose structures inside in ER.

From the embryonic stage, before a scorable phenotype was macroscopically visible,
primary effects were more likely to become visible. The proteomics analysis revealed two
distinct groups of molecular pathways affected: mRNA processing and eye formation.

Differential regulation of the mRNA processing pathways including splicing, indicates an
overall cellular response of the organism to hypoglycosylation. To prevent the
accumulation of misglycosylated proteins, mRNA processing may be downregulated to

reduce protein translation.

3.8 Potential identification of misglycosylated proteins via comparison

of absolute intensities of tryptic peptides

In the bottom-up mass spectrometry run, only unmodified peptides are detected, as post-
translational modifications hamper peptide identification. This limitation becomes relevant
for potential glycoproteins, as their peptides containing glycans are usually not identified.
Interestingly, for two candidate proteins analyzed, rfc4 and prr33 the specific peptide
predicted to contain glycosylation sites appeared at higher frequencies in the pmm2
mutant samples compared to wild-type samples. The shift from certain peptides
exclusively or mostly detected in mutant samples could indicate potential glycosylation of
this motif in the wild-type condition, i.e., not being identified in the pmm2 wild-type samples.
In return, their increased appearance in mutant samples could reflect a loss or reduction

of glycosylation of the associated protein.
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To my knowledge, predicting glycosylation from peptides which are detected selectively in
mutant backgrounds is not common practice in proteomics or glycoproteomics. However,
this observation represents a useful indicator for identifying potential glycoproteins.
Further validation is needed to confirm the glycosylation state of these proteins. To prove
the presence of a N-glycan, one approach could be the enzymatic removal of N-glycans
from proteins in the wild-type samples with PNGase F, followed by mass spectrometry
analysis before and after digestion. Alternatively, a new method could include glycan
sequencing and profiling on single proteins using nanopore technology (Stuber et al.,
2023).

The eye associated RFC4 protein has not been described as a glycoprotein. Knockout of
rfc4 and specific editing of the predicted N-glycosylation motif (N102S/G) revealed
dramatic retina layering defects and formed “cellular bridges” of cells spanning from the
ganglion cell layer to the outer nuclear layer of the medaka retina.

This suggests that Rfc4 requires glycosylation in medaka for proper function and that
hypoglycosylation could impair its activity. Prediction of the folding with Re-glyco did not
reveal obvious changes in the structure of wild-type Rfc4 compared to the N102S/G variant
(Ives et al., 2024). RFC4 (Replication Factor subunit 4) is essential for DNA replication
and shows specific MRNA expression in the peripheral region of the eye, where retinal
ganglion cells (RGC) and retinal stem cells reside, visible in in situ hybridization data from
zebrafish at hatching stage (Thisse & Thisse, 2004). Recently, RFC4 has been described
as a target of notch signaling (Liu et al., 2021). Notch signaling is involved in controlling
RGC proliferation (Mills & Goldman, 2017; Nelson et al., 2006) thus, the loss of RFC4
could stimulate excessive proliferation of RGC. Furthermore, glycosylation plays a role in
Notch signaling (Takeuchi & Haltiwanger, 2014). Hypoglycosylation in pmm2 mutants
could interfere upstream of Notch target genes and misregulate Notch signaling, which
could lead to downregulated Rfc4 protein levels regardless of the glycosylation state of
Rfc4.

Although the glycosylation of RFC4 remains elusive in this study, the CRISPR phenotype
was striking and requires further validation to understand the nature of the cell types
affected which form the bridges. Future experiments could include cell type specific
staining to identify the cell type(s) contributing to the bridge formations. Additional
pulse-chase experiments may help tracking the fate of the cells.

Specific glycoproteomics would allow to identify which glycoproteins are ultimately affected
by hypoglycosylation. However, protocols for such analyses have not yet been established

in medaka. Additionally, current methods primarily enrich for membrane-localized proteins,
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limiting our ability to assess overall protein turnover. Moreover, bottom-up proteomics has
the drawback of preferentially detecting more abundant proteins, potentially overlooking

low-abundant yet functionally relevant targets.

3.9 Genetic pmm2 medaka model provides a platform to screen for

functional studies of mutant pmm2 variants

The successful rescue experiments with wild-type pmm2 mRNA demonstrated that
providing Pmm2 protein early on is sufficed to rescue developmental defects. The rescue
with human PMM2 mRNA highlighted the conservation of the glycosylation pathway
across species. Since the mutant pmm2 phenotypes result from reduced enzyme activity,
increasing levels of mutant pmm2 variants might improve outcomes, reduce lethality, and
replicate the effects of pharmacological chaperones or transcriptional enhancers. The
sequence variant pmm2 F122L mRNA was able to improve survival of compound
heterozygous mutants, while the pmm2 C139R variant did not show such rescue effect.
This suggests that not all mutations affect protein function in the same way and some may
retain residual activity to be useful as therapeutic targets when boosted. Since
PMM2-CDG is a rare disease that often is diagnosed only after birth, gene therapy options
are limited. Identifying variants that can rescue aspects of the disease could help guide
future treatment strategies.

Further experiments measuring enzyme activity after pmm2 mRNA injection could help
clarify why early developmental expression is sufficient for long-term rescue. One
possibility is that the Pmm2 protein remains stable and active after hatching, maintaining
elevated enzymatic activity. Alternatively, early Pmm2 expression during development
may be sufficient to correct developmental defects while physiological defects after
hatching are effectively compensated.

Understanding this could be key to determining whether early intervention alone is
sufficient for life-long benefits. The survival of compound heterozygous PMM2 mutants
following injection of mutant pmm2 F122L mRNA suggests that boosting PMM2 translation
or stabilizing the mutant protein may suffice to restore enzyme function by application of
molecular chaperones or transcriptional enhancers.

The stable genetic pmm2 line generated in this work, can be used to study the
structure/function of additional pmm2 variants derived from patients and their effect on the

survival of compound heterozygous individuals in the future.
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3.10 Disease onset and therapeutical intervention window

In the mutant pmm2 medaka line, disease symptoms become apparent after hatching,
reflecting the onset of observed symptoms in PMM2-CDG patients. Mannose
supplementation has been suggested to improve glycosylation defects (Kérner et al.,
1998; Rush et al., 2000), similar to its described benefits for MPI-CDG patients (Niehues
et al., 1998). Likewise, biotin has been proposed to enhance cognitive abilities in
PMM2-CDG patients, as biotinidase activity was reduced in patient fibroblasts
(Himmelreich et al., 2023).

To investigate the effect of the potential therapeutic strategies in medaka, | tested
supplementation with D-mannose and biotin in pmm2 mutant offspring. While patients
receive sugar or biotin by oral intake, in medaka the components were provided within the
rearing medium (ERM + supplement). It is unclear whether these substances are
permeable and whether medaka can absorb them from the medium into their body.
Medaka hatchlings begin to require food at 5 dph as they use up their yolk reserves
(Myosho et al., 2025).

No rescue effects were observed in compound heterozygous pmm2 mutants exposed to
biotin or mannose in the rearing medium. This may be due to the mannose and biotin not
fully penetrating through the skin of medaka or because the developmental defects are too
severe, rendering physiological benefits insufficient at hatching stages. In PMM2-CDG
mouse models, feeding mannose to pregnant mice reduced embryonic lethality (Schneider
et al., 2012), which indicates that early interventions are crucial for rescuing the severe
effects of PMM2 mutations. The proteomics data support this idea, as molecular changes
are already present before hatching, suggesting that therapeutic interventions may be
needed at earlier developmental stages.

Pmm2 converts mannose-6-phophate to mannose-1-phosphate, the precursor of
GDP-mannose. Providing the activated mannose-1-phophate directly could offer a more
targeted therapy. Due to its high polarity, it cannot penetrate the cell membrane and efforts
have been made to synthesize membrane-permeable derivates (Rutschow et al., 2002).
Moreover, liposome-encapsulated mannose-1-phospate has been tested and should
improve stability and delivery of the sugar (Budhraja et al., 2024).

One limitation of the medaka fish model is the delivery of drugs. Dissolving them in the
rearing medium is applicable especially during early stages of developments and oral
supplementation only becomes feasible around 5 dph, and intravenous injections are not
practical. Nevertheless, the ability to expose large numbers of medaka embryos
simultaneously to a set of compounds provides a distinct advantage over other animal

models. Additionally, the medaka model allows to assess multiple stages with several
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omics approaches to identify the onset of disease and define exactly optimal timing for

therapeutic interventions.

3.11 Mechanistic insight into reduced Pmm2 activity during
development

The generated medaka models for Pmm2-CDG revealed that reducing Pmm2 abundance
during early development led to lower enzyme activity but did not cause long-term
phenotypic abnormalities. Any interference in the susceptible pmm2 lines through mRNA
injections, overexpression of pmm2 variants or heat could disrupt the tightly regulated
glycosylation process and led to developmental defects. Genetic models exhibited no
phenotype until hatching but after hatch defects similar to those observed in humans
emerged. Interestingly, not all cells were affected equally, as revealed by the specific loss
of only one cell type in the eye. Analysis of N-glycan fingerprints and proteomics data
indicated that Pmm2 deficiency led to impaired protein glycosylation in the ER lumen,
triggering cellular responses. Rescue by providing pmm2 mRNA during early stages was

sufficient to mitigate these effects, whereas supplementation later on was ineffective.

Taking everything into account, | propose the following mechanism for disease onset in
PMM2-CDG. The glycosylation pathway is a sensitive system with Pmm2 playing a central
role. Reduced Pmm2 activity led to impaired glycosylation of proteins, especially due to
accumulation of precursor glycans on the cytosolic side, reduced LLO assembly in the ER
lumen and consequently reduced maturation in the Golgi. Misglycosylated proteins are
recognized by quality control mechanisms activating the unfolded protein response. This
suppresses mRNA processing to decrease protein translation to prevent accumulation of
further misglycosylated proteins. Maternally contributed glycosylation enzymes, early
available Mannose-1-Phosphate and activated sugar donors help to compensate for
reduced Pmm2 activity during early development. This buffering capacity allows cells to
tolerate hypoglycosylation until hatch. Afterwards defects emerge which predominantly are
associated with mitochondrial dysfunction and disrupted metabolism likely due to disturbed
intracellular protein/compound trafficking. Developmental defects cannot be rescued by
improving physiological effects anymore and early interventions are required to prevent
disease manifestation.

Interestingly, although systemic defects occur, some cell types appear to be more
susceptible to hypoglycosylation. In the eye only the photoreceptors were absent. This
selective susceptibility is likely caused by the microheterogeneity and cell-type specific

glycosylation (Chrysinas et al., 2024; Dworkin et al., 2022; Kellman et al., 2024). Specific
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cell types mighty rely on proteins with differing glycan occupancy. Upon hypoglycosylation,
cell types which depend on highly glycosylated proteins with all sequons being occupied
by glycans might have a stronger compensatory response. This could induce stronger
repressed translation and more active UPR pathways to clear the accumulating

misglycosylated proteins, compared to the other cell types.

3.12 Relevance of the genetic model for future studies

Medaka and humans are evolutionarily quite distant but medaka fish have proven to be
valuable models for studying human diseases. Previous publications have shown that
medaka resembles the complexity of human biology and offers insights into conserved
molecular mechanisms and gene functions (Doering et al., 2023; Gucum et al., 2021;
Hammouda et al., 2021). Many genes associated with human disorders have orthologs in
medaka (Howe et al., 2013; Vilella et al., 2009), which allows to perform functional studies
in a vertebrate system. Further, the medaka genome is well annotated (Kasahara et al.,
2007) and there are multiple molecular and genetic tools available (Kirchmaier et al.,
2015).

The established Pmm2-CDG medaka model provides a genetic vertebrate system that
complements and extends existing PMM2-CDG models. Studies on patient-derived
fibroblasts, serum and blood samples provide insight into cell-type-specific aspects of the
disease and other vertebrate animal models suffer from early embryonic lethality or do not
recapitulate the multisystemic symptoms. The medaka model can be analyzed and
manipulated at whole-organism level involving all organs and features of the disease. Such
systemic studies are essential in a pleiotropic disease in which the pathogenic mechanism
is driven by the interplay of several proteins rather than the misregulation of a single one.
In this study, | analyzed for the first time the changes at the proteome level across the
entire organism during embryonic stages before onset of the pmm2 mutant phenotype.
This provides valuable insight into the molecular onset of Pmm2-CDG and contributes to
our understanding of how developmental defects originate. Targeting differentially
regulated candidate proteins identified at this early stage in functional validation

experiments will reveal their involvement in disease progression.
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4. Conclusion

In this study, | generated medaka models to study PMM2-CDG in order to investigate early
acute effects and developmental consequences arising from reduced PMM2 activity. |
established a degron system to reduce Pmm2 abundance and generated a patient-based
genetic Pmm2-CDG model in medaka which closely recapitulate the human syndrome.
The models provide valuable insights into the early molecular and developmental
processes that occur prior to the onset of symptoms in human PMM2-CDG patients and
highlight potential therapeutic strategies. The impact of reduced Pmm2 activity seems to
be less dramatic in the very early embryonic stages. Afterwards, the reduced Pmm2
activity negatively impacts embryogenesis, causing developmental defects that manifest
and become apparent after hatch.

The temporal activation of the degron-based system to reduce Pmm2-levels in an induced
manner, can be used in follow-up studies to detect primary targets affected by
hypoglycosylation throughout embryogenesis. The genome editing approach furthered in
this thesis (‘inception’) is a valuable mode of precise genome editing reaching beyond the
scope of (patient-based) allele mutation as it offers the possibility to precisely introduce
point mutations in previously inaccessible genomic regions for a broad range of
applications and model systems.

The genetic compound heterozygous Pmm2-CDG model fully resembled the human
disease phenotypes and provides a platform for therapeutic compound screening and
structural-functional analysis of PMM2 variants. Moreover, a protein atlas at
developmental stages before and after onset of disease phenotype stages is available
through this work. Investigation of tissue specific effects and identification of affected
glycoproteins together with transcriptomics analysis will allow to dissect disease
progression in further studies. This study underscores the potential of medaka as powerful
models for human disease and represents a highly relevant resource for PMM2-CDG

research.
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Contributions
Here | detail the contributions of involved collaborators, colleagues and student assistants
including experimental design, data curation and data analysis. Contributions to specific

figures are mentioned in the corresponding figure legends.
Virginia Geiger and PD Dr. Christian Thiel prepared lysates and performed Pmm2

enzyme assays of wild-type Cab embryos, pmm2-GFP embryos and degron injected

pmm2-GFP embryos. They also prepared lysates and performed Pmm2 enzyme assays

20139R 2V1356fs 45 line.

of offspring from pmm crossed to pmm

Dr. Thomas Thumberger designed guide RNAs for the ocaZ2 inception approach.

Kristaps Kairiss acquired micro computed tomography data and performed rendering of

images of wild-type and pmm2 mutants.

Andreas Hecker prepared lysates and lectin blots of wild-type and pmm2 mutants.

Marlen Brodbeck genotyped pmm2 mutants.

Johanna Rasch genotyped pmm2 mutants, prepared pmm2 variant mRNAs and

maintained fish lines.

Lea Adams cloned the construct for stable degron line generation.

Encarnacion Sanchez Salvador prepared cryosections, antibody staining and confocal

imaging of wild-type and pmm2 mutants.
Ivan Andujar-Martinez, Robert Burock and Dr. Erdmann Rapp prepared lysates,
performed xCGE-LIF run, data analysis and plotted the N-glycome analysis in wild-type

and pmm2 mutants.

Dr. Marcin Luzarowski: performed mass spectrometry sample preparation, ran the

samples and performed data analysis.

Tanja Kellner prepared the mRNA of base editors and Cas9.
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5. Material and Methods

The following section describes the materials and methods used in this thesis. Several of
the experimental procedures have been previously published in the following publication
and are described for completeness: Pakari et al., 2023 and Pakari et al., 2025.

For additional information on contributions, see the Contributions section.
5.1 Material

Medaka fish lines used or created in this thesis are listed in Table 1. The transgenic lines
were created either by microinjection of CRISPR/Cas9 base editors or meganuclease
(I-Scel) in one-cell stage medaka embryos. The respective injection mixes are listed in
Table 20.

Table 1: Medaka (Oryzias latipes) lines used in this work.

Fish lines Internal stock number Source

Wild-type Cab #10052, #10346, #10542, lab stock
#11057, #11332
CR(Pmm2-GFP) C2F5, C2F6, C2F6 #10343, #10554, #11289  Pakari et al., 2025

ABE(Pmm2_V132Gfs*45) #10475, #10791, #11039,  this thesis
#11471

ABE(Pmm2_C136R) #10475, #10768, #11011,  this thesis
#11439

ABE(Pmm2_C136R) FO #10110 Pakari et al., 2021

ABE(Pmm2_F119L) #10365, #10575, #10786  this thesis

SC(ubi::Flag-myc-NES-Tir1F74G-E2A-  #10719 this thesis

mAID-nanobody-T2A-mRFP-pA) FO

CR(Pmm2-GFP_het) SC(ubi::Flag-myc- #11030 this thesis
NES-Tir1F74G-E2A-mAID-nanobody-

T2A-mRFP-pA) F1

CR(Pmm2-GFP)_SC(ubi::Flag-myc- #11203, #11456 this thesis

NES-Tir1F74G-E2A-mAID-nanobody-
T2A-mRFP-pA) F2, F3

5.1.1 Bacteria

Mach1T1 phage-resistant chemically competent E.coli from Thermo Fisher Scientific were

used in this thesis.
5.1.2 Plasmids

All plasmids used in this thesis are listed in Table 2. Degron constructs from Daniel et al.,
2018 were cloned into pCS2+ plasmids from pCDNA5SFRT/TO_HA-mAID-nanobody
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(Addgene plasmid # 117713; http://n2t.net/addgene:117713; RRID:Addgene_117713)
and Flag-myc-NES-Tir1 which were both gifts from Joerg Mansfeld (Addgene plasmid
# 117717; http://n2t.net/addgene:117717; RRID:Addgene_117717). The TIR1F74G point
mutation (Yesbolatova et al., 2020) was introduced via Q5 mutagenesis to the Flag-myc-
NES-Tir1 plasmid. The base editor plasmids evoBE4max, pCMV_AncBE4max (Addgene
112094) and pCMV_ABES8e (Addgene 138489) were gifts from David Liu.

Table 2: Plasmids used in this thesis.

Internal stock

Plasmid name Source
number
pCS2+ #221 lab stock
GFP #883 lab stock
mCherry #1924 lab stock
DR274(sgRNA_57 Oca2_ex9 T1) #5357 Lischik et al., 2019
evoBE4max #5797 Cornean et al., 2022
ancBE4max #5811 Addgene #112094,
Koblan et al., 2018
ABES8e #5812 Addgene #138489,
Richter et al., 2020
Flag-myc-NES-TIR1 #6088 Daniel et al., 2018
HA-mAID-nanobody #6090 Daniel et al., 2018
pCS2+(Flag-myc-NES-Tir1F74G) #6149 this thesis
pGG_SC(ubi::Flag-myc-NES-Tir1F74G-E2A- #6191 this thesis
mAID-nanobody-T2A-mRFP-pA)
pCS2+(kozak_Pmm2_full-length-cDNA) #6301 this thesis
pCS2+(kozak_Pmm2(C136R)_full-length-cDNA) #6315 this thesis
pCS2+(kozak_Pmm2(F122L)_full-length-cDNA) #6317 this thesis
pCS2(heiCas9) #6342 Thumberger et al.,
2022
pCS2+(hPMM2_cDNA) #6343 this thesis
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5.1.3 Primers

Table 3: Primers used in this thesis.

Name Internal nr. Sequence (5’ to 3’ direction)

OCA2_T7_F JW3292 GTTAAAACAGTTTCTTAAAAAGAACAGGA

OCA2_T7_ R JW3293 AGCAGAAGAAATGACTCAACATTTTG

pmm2_rev JW5869 TGAGGTCACATCCCGTGTTG

pmm2_t2 R JW5908 AAACGCAGAGGCTCAGGACTCG

pmm2_N_seq_F JW6257 ACGTAGCACAGGTGCGTTTCCCG

pmm2_N_seq_R JW6258 CGTTCTTGTAGGCCACCAGACCG

pmm2_inin_T4 _ JW8374 AAACATGACTGGAGAATGGAGC

R

oca2_Q333_HTS JW10815 ACACTCTTTCCCTACACGACGCTCTTCCGATCTC

_genewiz_F GTTAGAGTGGTATGGAGAACTGT

oca2_Q333_HTS JW10816 GACTGGAGTTCAGACGTGTGCTCTTCCGATCTAT

_genewiz_R GGTCCTCACATCAGCAGC

TIR1_F74G_Q5 JW10885 TAAACCACATGGAGCTGATTTCAATTTGG

mut_F

TIR1_F74G_Q5 JW10886 CCCTTAACTGTAAGTGCC

mut_R

pmm2_CBE_T4_ JW10263 TAACGGGATGTTGAACGT

R

pmm2_Exon5 R JW11288 CCCCATTTGTTACCTGGTCC

pmm2_Exon5 F JW11292 GCTGTGTTTCAGGGGAAC

pmm2_Ex5 F JW11375 AGTGATGTTCTGCAGTCATGTTC

pmm2_cDNA R JW11404 ATTATTTCTAGATCAGCAGAAGAAGAGCTGTTCG

pmm2_cDNA F JW11412 ATTATTGAATTCGCTGCCAACATGAACGACGCCA
CGG

pmm2_F122L_F JW11751 AGGGGAACTTTCATTGAGTTCCG

pmm2_F122L_ R JW11752 CTTCTTGGGCAGCTT

pmm2_C136R_F JW11753 GACGCAGCTGCAGTCAGGAGGAG

pmm2_C136R_R JW11754 CAACCGGCGAGACGTTCA

rfc4_Ex4_F JW11997 AAGTAACGGACTGGCACCTG

rfc4_Ex4_R JW11998 GCAGCAAAGCAAGCATGAGT

rp2_Ex2_F JW11999 CAGCCCATCATCGAGTCCTC

rp2_Ex2_R JW12000 TGCTCCAAAACGAGTGGTGT
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5.1.4 sgRNAs

Table 4: Single guide RNAs used in this thesis.

Guide nr. Target Target site [PAM] Source
sgRNA57  oca2 GAAACCCAGGTGGCCATTGCIAGG] Lischik et al., 2019
sgRNA58 oca2 TTGCAGGAATCATTCTGTGT[GGG]  Lischik et al., 2019

sgRNA442 oca2 newPAM CTGCCTCAGGTCATCAGTGC[AGG] Pakarietal., 2023
sgRNA443 oca2_inception GATGACTCAGACTTCTGCCT[CAG] Pakarietal., 2023
sgRNA521 pmm2exon5 AGACGTTCAACATCCCGTTA[CGG] Pakari, 2021
sgRNA523 pmm2exon2 TCCTGCAGAGGCTCAGGACT[CGG] Pakari, 2021

5.1.5 crRNAs

Table 5: CRISPR guide RNAs used in this thesis.

Guide nr. Target Target site [PAM]

Source

crRNA572 pmm2_newPAM AACACAGCGGAACGTGAATGITGG] this thesis
crRNA573 pmm2_newPAM_SNP AACACAGCTGAACGTCAATGITGG] this thesis
crRNA585 pmm2_inception SNP ATGAAGGTTCCCCTGAAACQG[CGG] this thesis
crRNA634 rfc4 CTGAACGCCTCGGATGAGCGIAGG] this thesis
crRNA635 rp2 CAACTGGAGCCTACTGCCGGIAGG] this thesis

5.1.6 Antibiotics

Table 6: Antibiotics used in this thesis.

Antibiotics Stock conc. Working conc. Company
Ampicillin 100 mg/ml 100 pg/ml Roth
Kanamycin 50 mg/ml 50 pg/ml Roth

5.1.7 Enzymes and buffers
Table 7: Enzymes and buffers used in this thesis.
Enzyme Buffer Source
I-Scel meganuclease (5 [-Scel buffer (10x) New England Biolabs
U/ul)
BamHI-HF (20 U/ul) rCutSmart buffer (10x) New England Biolabs
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Benzonase nuclease (5 KU)

DNAse | 1500U
Dpnl (20 U/pl)
EcoRI-HF (20 U/ul)

FastAP Thermosensitive

Alkaline Phosphatase (1

U/ul)

Hatching enzyme
Klenow Exonuclease
Kpnl-HF (20 U/pl)
Notl-HF (20 U/ul)
Pacl (10 U/ul)

ProteinaseK (20 mg/ml)

Pstl-FD
Q5 High-Fidelity DNA
Polymerase (2 U/ul)

RiboLock (20 U/ul)

SnaBI (5 U/pl)

T4 DNA Ligase (5 U/ul)

T4 Polynucleotide Kinase

(10 U/ul)

TURBO DNase (2 U/ul)

Xbal (20 U/pl)
Xeml (5 U/ul)

DNA Digestion Buffer
rCutSmart buffer (10x)
rCutSmart buffer (10x)

rCutSmart buffer (10x)
rCutSmart buffer (10x)
rCutSmart buffer (10x)

FastDigest Green buffer

(10x)

Q5 Reaction buffer (5x)

Reaction buffer (5x)

rCutSmart buffer (10x)

10x T4 DNA Ligase buffer

DNase | buffer (10x)
rCutSmart buffer (10x)
rCutSmart buffer (10x)

5.1.8 Chemicals and reagents

Table 8: Chemicals and reagents used in this thesis.

Millipore

Zymo Research

New England Biolabs
New England Biolabs
Thermo Fisher

Scientific

Homemade

Roche

New England Biolabs
New England Biolabs
New England Biolabs
Roche

Thermo Fisher
Scientific

New England Biolabs

Thermo Fisher
Scientific

New England Biolabs
Thermo Fisher
Scientific

New England Biolabs

Invitrogen
New England Biolabs
New England Biolabs

Name Source

4’,6-diamidino-2-phenylindole (DAPI) Sigma-Aldrich
2-mercaptoethanol Sigma-Aldrich
2-Propanol Sigma-Aldrich

2X RNA loading dye

Life Technologies
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30% Acrylamide (29:1)
5-phenyl-indole-3-acetic acid (5-Ph-1AA)
6x TriTrack DNA loading dye

Acetic acid (96%)

Adenosine triphosphate (ATP)

Agar

Agarose

Agarose low melting

Alcian Blue 8GX

Alizarin Red

Alt-R CRISPR-Cas9 crRNA

Alt-R CRISPR-Cas9 tracrRNA
Ammonium persulfate

Ammonium persulfate (APS)

Ampicillin

ATP (100 mM)

Bacto-Trypton

Bromophenol blue

cOmpleteTM EDTA-free Protease Inhibitor Cocktail
Coomassie Brilliant Blue R-250 Staining Solution
D-Biotin (Vitamin B7)

Deoxynucleotide triphosphate (dNTPs)
Dimethyl sulfoxide (DMSO)

D-mannose

dNTPs (10 mM)

D-sorbitol

Ethanol 70% (EtOH) denatured

Ethanol 96% (EtOH) denatured

Ethanol 99% (EtOH)

Ethidium Bromide (EtBr) 10% solution
Ethylenediaminetetraacetic acid (EDTA)
Formamide

GeneRuler DNA Ladder Mix

Glacial acetic acid

Glycerol (Glycerin) 299%

Glycine
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BioRad
MedChemExpress
Thermo Fisher Scientific
Merck

Thermo Fisher Scientific
VWR

Sigma-Aldrich

Roth

Sigma-Aldrich
Sigma-Aldrich
Integrated DNA Technologies
Integrated DNA Technologies
Sigma-Aldrich
Sigma-Aldrich

Roth

Thermo Fisher Scientific
Gibco

Sigma-Aldrich

Roche

Bio-Rad

Sunday Natural
Sigma-Aldrich

Roth

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Roth

Roth

Sigma-Aldrich

Roth

Roth

Sigma-Aldrich

Thermo Fisher Scientific
Merck

Merck

Sigma-Aldrich
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HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid)

Hydrogen chloride (HCI) 37%
Hydrogen peroxide (H2.02) 30%
Kanamycin

Magnesium chloride (MgClI2)
Methanol (MeOH) 100%
Methylcellulose

Methylene blue trihydrate

Nail polish

Normal Goat Serum (NGS)
Nuclease-Free Duplex Buffer

Orange G

PageRuler Prestained Protein Ladder, SDS, 10-180 kDa

Paraformaldehyde (PFA)

Phosphotungstic acid (PTA)

Poly(ethylene glycol) (PEG) 4000
Potassium chloride (KCI)

Potassium dihydrogen phosphate (KH2PO4)
Potassium hydrogen phosphate (K2HPO4)
Potassium hydroxide (KOH)

RIPA Lysis and Extraction Buffer

Sodium acetate NaAc

Sodium chloride (NaCl)

Sodium dodecyl sulphate sodium salt (SDS) 20%
Sodium hydrogen carbonate (NaHCO3)
Sodium hydroxide (NaOH)

Sucrose

Tetramethylethylenediamine (TEMED)
Tricaine (CO9H11NO2 - CH4S03, MS-222)
Tris Base

Tris-hydrochloride (Tris-HCI)

Triton X-100

TRIzol reagent

Tryptone bacteria

Tween20

Roth

Merck

Sigma-Aldrich

Roth

AppiChem

Roth

Sigma-Aldrich
Sigma-Aldrich

Essence

Gibco

Integrated DNA Technologies
Sigma-Aldrich

Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich

Thermo Fisher Scientific
Roth

Merck

Merck

Merck

Thermo Fisher Scientific
Roth

Sigma-Aldrich

Roth

Merck

Roth

Sigma-Aldrich

Roth

Sigma-Aldrich

Roth

Sigma-Aldrich

Roth

Life Technologies

Roth

Sigma-Aldrich
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Urea Sigma-Aldrich
Yeast extract Roth
5.1.9 Antibodies
Table 9: Antibiotics used in this thesis.
Antibody Host Dilution = Company
Zpr1 mouse 1:500 ZIRC
Anti-mouse IgG (H+L), alexa fluor 488 goat 1:500 Life Technologies
B-actin-HRP mouse 1:10000 Proteintech
5.1.10 Commercial kits
Table 10: Commercial kits used in this thesis
Name Source

Direct-zol RNA Microprep Kit

MEGASscript T7 Transcription Kit

MMESSAGE mMACHINE Sp6 Transcription Kit
Monarch DNA Gel Extraction Kit

Monarch PCR & DNA Cleanup Kit

Pierce™ BCA Protein Assay Kit

QIAGEN Plasmid Mini Kit

QIAquick PCR Purification Kit

RNeasy Mini Kit

RevertAid First Strand cDNA Synthesis Kit

5.1.11 Buffer and Solutions

Zymo Researcher

Life Technologies

Life Technologies

New England Biolabs
New England Biolabs
Thermo Fisher Scientific
Qiagen

Qiagen

Qiagen

Thermo Fisher Scientific

Table 11: Media and solutions used in this thesis. All buffer were prepared in water if not

stated otherwise.

Medium Component Concentration
1.5 % agarose in water agarose 1.5 % wiv
boil in water
Alcian Blue staining solution Alcian Blue 8GX 0.02 % w/v
MgCI2 1M
EtOH 70 %
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Alizarin red solution Alizarin red 0.5 % (w/v)
Ampicillin (100 mg/ul) 100 pg/pl

Ampicillin
EtOH 50 %

Bleaching solution KOH 0.5 % viv
H202 1.5 % viv

Destaining solution methanol 40 %
glacial acetic acid 10 %

6x DNA Orange G Loading dye Orange G 1.2 mg/ml
Glycerol 25 % viv

ERM NaCl 17 mM

(Embryos Rearing Medium) KCI 0.4 mM
CaCl22H20 0.27 mM
MgSO47H20 0.66 mM
HEPES pH 7.3 17 mM
pH 7.1

70% EtOH 99% EtOH 70 % viv

70% EtOH, Nuclease-free water 99% EtOH 70 % viv
Nuclease-free H20

EtBr bath EtBr 10 mg/ml 0.02 %
1x TAE

Fin-Clip buffer Tris-HCI pH 8.5 100 mM
EDTA pH 8 10 mM
NaCl 200 mM
SDS 2%

Fin-clip buffer with Proteinase K Fin-clip buffer 95 %
Proteinase K (20
mg/ml) >

Kanamycin Kanamycin (50 mg/ul) 50 pg/ul

4x Laemmli Buffer SDS 8 %
Glycerol 40%
Tris-base 250 mM
bromophenol blue 200 mg / 50 mi

2-mercaptoethanol

20 % (added freshly)
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LB-bacterial Plates Bacto-Tryptone 10 g/l
Yeast extract 54l
NaCl 10 g/l
Agar 15 g/l

LB-medium Bacto-Tryptone 10 g/l
Yeast extract 54l
NaCl 10 g/l

Medaka Hatch Medium NaCl 17 mM
KCI 0.4 mM
CaCl2>2H20 0.27 mM
MgSO47H20 0.66 mM
HEPES pH 7.3 17 mM
Methylene blue
trihydrate 00001 %
pH 7.1

3 M NaAc NaAc 246.1 g/l
Nuclease-free H20

Optical clearing solution (Zhu et al.,

2019) Urea 20 % wiv
D-sorbitol 30 % wiv
glycerol in DMSO 5%

Oligo annealing buffer Tris 10 mM
NaCl 30 mM
pH 7.5-8

1x PBS NaCl 137 mM
KCI 2.7 mM
KH2PO4 240 mg/l
NazHPO4 1.44 g/l
pH 7.4

P1 buffer Glucose 50 mM
Tris-HCL 20 mM
EDTA 10 mM
RNase A 100 pg/ml
pH 8.0
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P2 buffer NaOH 0.2M
SDS 1 % SDS
P3 buffer KAc 5M
pH 5.5
4 % PFA Paraformaldehyde 4 %
in 1x PBS
or 1Ix PTW
1x PTW Tween20 0.05 %
in 1x PBS
2x RNA loading dye Xylene cyanol 0.25 % wiv

Bromphenol Blue
SDS

0.25 % (W/iv)
0.025 % (v/v)

EDTA 5 mM (pH 8.0)
Formamide 95 % (v/Iv)

10x Running buffer Tris 250 mM
Glycine 2M
SDS 30 mM
pH 8.3

4x Separation Buffer Tris-HCI 1.5M
SDS 1%
pH 8.8

4x Stacking buffer Tris-HCI 0.5M
SDS 0.4%
pH 6.8

1x TAE Tris-base 242 g/l
Glacial acetic acid 571 %
EDTA 50 mM
pH 8.5

TB-medium Bacto-Tryptone 12 g/l
Yeast extract 24 g/l
Glycerin 04 %
KH2PO4 213 g/l
K2HPO4 12.45 g/l

93



Material and Methods

10x TBS Tris-HCI 0.15M
Tris base 0.05M
NaCl 1.5M
pH 7.6

1x TBST Tris-HCI 15 mM
Tris base 5 mM
NaCl 0.15M
Tween20 0.1 %
pH 7.6

Tissue Clearing Glycerol 20 % / 50%
KOH 0.25 %
in water

20x Tricaine Tricaine 4 g/l
NazHPO42H20 10 g/l
pH 7-7.5

50x Tris-Acetate-EDTA buffer Tris base 242 gl

(TAE) Glacial acetic acid 571 %
EDTA 50 mM
pH 8.5

10 x Yamamoto buffer NaCl 0.75 g/l
KCI 2.4 g/l
CaCl 0.02g
NaHCOs 20 mg/I
pH 7.3

5.1.12 Consumables

Table 12: Consumables used in this work.

Consumable Company

96-well plate, U-bottom Thermo Fisher Scientific
96-well plate, flat bottom (Nunc Microwell) Thermo Fisher Scientific
Aluminum foil lids Beckman Coulter

Cell saver tips 200 pl, 1 ml Biozym

Cover slips Roth
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Filter paper
Filter tips

Gas permeable adhesive foil (moisture barrier seal 96)

Gel Loading Tips

Glass beads

Glass dish

Glass petri dishes

Glass vials

Injection molds

Injection needles GC100F-10
Low-binding tubes 1.5 ml, 2.0 ml
MatTek dish

Micro pestles 1.5/ 2.0 ml

Micro pestles 0.5/1.5 ml
Microloader tips

Microloader tips for Western Blot
Nitrile gloves

Nitrile gloves

Parafiim M

Pasteur pipettes

PCR stripes and lids

PCR tubes

Petri dished dishes 92mm + 60 mm
Pipette tips

PVDF membrane- Immobilion-P
Reaction tubes 1.5ml, 2ml, 5ml
Sandpaper 1000 grit

Scalpel bladder

Scalpel blades

Serological pipettes 2 ml, 5 ml, 10 ml, 25 ml
Superfrost plus microscope slides
Tissue Freezing Medium

Tubes 15 ml, 50 ml

Tubes for bacterial cultures, 13 ml PP
Well plates, 6-well, 12-well, 24-well, 96-well
Whatman paper

Whatman

Starlab

4titude

Thermo Fisher Scientific
Roth

Roth

Roth

Roth

House made

Harvard Apparatus
Thermo Fisher Scientific
Mattek

Eppendorf
Laborversand Hartmann
Eppendorf

VWR

Starlab

TouchNTuff

Amcor

Kisker / Sarstedt
Sarstedt

Kisker

Greiner

Starlab

Merck

Sarstedt

Bauhaus

Roth

Braun

Sarstedt

Thermo Fisher Scientific
Leica

Sarstedt

Sarstedt

Roth, Corning
Whatman
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5.1.13 Equipment and Instruments

Table 13: Equipment and Instruments used in this thesis.

Name

Company

Bacterial Shaker INNOVA 44
Bioruptor® Pico sonication device
Centrifuges 5417C, 5425, 5430R, 5810R
Cold light source for stereomicroscope KL
1500 LCD

DeNovix DS-11 spectrophotometer
Electrophoresis chambers and combs
FemtoJet express

Fish incubator

Fish incubators

Forceps 5, 55 Inox stainless steel
Freezer -20 °C

Freezer -80 °C

Fridge 4 °C

Gel chamber

HIVE data module

Imaging Machine IM04

Incubator 32 °C, 37 °C, 60 °C
InjectMan NI2

Leica TCS Sp8

Macro pipette controller

Microinjector 5242

Microwave

Milli-Q water filtration station

Mini centrifuge C1301B

Mini centrifuge SU1555
Mini-PROTEAN® Tetra Handcast Systems
MS1 Minishaker

Multichannel pipette

Multipette plus

MyBlock mini dry bath

Needle puller P-30
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New Brunswick
Diagenode
Eppendorf
Schott

DeNovix

homemade and Peqglab
Eppendorf

RuMed

Heraeus instruments and RuMed
Dumont

Liebherr

Thermo Fisher Scientific
Liebherr

custom-made

ACQUIFER from Bruker Corporation
ACQUIFER from Bruker Corporation
Binder

Eppendorf

Leica

Brand

Eppendorf

Samsung

Millipore Corporation

Labnet

Sunlab

Bio-Rad

IKA

Starlab / VWR

Eppendorf

Benchmark Scientific

Sutter Instrument Co USA
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Nikon SMZ18 stereomicroscope Nikon
Olympus SZX7 Olympus
PCR C1000 Touch Thermal Cycler Bio-Rad
pH-Meter Sartorius
Pipettes 10 pl, 20 pl, 200 pl, 1 ml Starlab
Power supply PowerPac Basic Bio-Rad
PowerPac 300 Bio-Rad
Rocking shaker DRS-12 neolab
Rotating arm homemade
Scale Sartorius
Scale Entris Sartorius
Scale Extend Sartorius
Shakers CAT S 20, DRS-12 neolab
Stereomicroscope Zeiss Stemi 2000 Zeiss
Transferpette® electronic pipette, single Brand
channel

UV table Vilber Lourmat

UV-Gel Documentation System
Vortex-Genie 2

Intas

Scientific Industries

5.1.14 Software and online tools

The software and online tool used in this thesis are listed in Table 14. GitHub Copilot was
used in Rstudio to provide code suggestions for data plotting. Perplexity was exclusively
used for literature research. OpenAl's ChatGPT and YoKi were used for code suggestions
for data plotting and exclusively for proof-reading of selected text passages and no text

was generated. DeepL was used to help translating parts of the abstract into German.

Table 14: Software and online tool used in this thesis.

Software/online tools Source
ACEOfBASEs Cornean et al., 2022
Affinity Designer 2 (v2.6) Serif (Europe) Ltd
CCTop Stemmer et al., 2015
ChatGPT OpenAl
CRISPResso02 Clement et al., 2019
DeepL DeepL SE
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EditR Kluesner et al., 2018
FileMaker Filemaker Inc.
Geneious Prime 2019.2.3 Biomatters Limited
GitHub Copilot GitHub

ImagedJ v 2.14.0/1.54f Schindelin et al., 2012
LasX Leica

Mendeley Reference Manager v. 2.134.0 Elsevier

Microsoft Office Microsoft

Medical Imaging Interaction Toolkit (MITK) German Cancer Research Center
NEBaseChanger New England Biolabs
NEBioCalculator v 1.17.2 New England Biolabs
Perplexity Perplexity Al

R (v4.4.2) R Core Team, 2021
Rstudio Version (2024.4.2.764) Posit team, 2024
ShinyGO 0.82 Ge et al., 2020

Tm Calculator v 1.16.7 New England Biolabs
Uniprot www.uniprot.org

YoKi v. Meta-llama/Meta-Llama-3.1-70BInstruct  Heidelberg University

5.2 Methods
5.2.1 Fish husbandry

Adult medaka fish (Oryzias latipes) stocks were bred (fish husbandry, permit number 35—
9185.64/BH Wittbrodt) and experiments (permit number 35-9185.81/G-271/20 Wittbrodt)
were performed in accordance with local animal welfare standards (Tierschutzgesetz §11,
Abs. 1, Nr. 1) and European Union animal welfare guidelines (Bert et al., 2016). Fish were
maintained as closed stocks at 28 °C on a 14 h light/10 h dark cycle at Heidelberg
University. The fish facility is under the supervision of the local representative of the animal

welfare agency
5.2.2 Molecular cloning
5.2.2.1 Q5 polymerase PCR

PCRs (polymerase chain reactions) were carried out in a total volume of 50 ul with,
typically, 1 pl of template DNA in a standard PCR reaction containing the ingredients listed
in Table 15. If PCR failed, “pipetting without pipetting” was used for adding the template
DNA to the PCR mix: 50 pyl DNA was aspirated with a 200 pl tip and incubated for 10 secs.
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The DNA was released and the tip was washed in 50 yl water by pipetting once up and
down. The same tip was then used to aspirate the PCR mix for 10 secs to dissolve the
DNA from the tip walls into the PCR mixture. The standard settings for the thermal cycler
are depicted in Table 16. The primer annealing temperatures were determined with NEB'’s
online Tm Calculator and the extension times were estimated from the polymerase

extension rate of approximately 1 kb per 20-30 secs.

Table 15: Standard components of PCR Master Mix

Component 50 ul Reaction Final conc.
Q5 reaction buffer (5x) 10 pl 1Xx

dNTPs (10 mM) 1l 200 uM
Forward Primer (10 uM) 2.5 ul 0.5 uM
Reverse Primer (10 uM) 2.5 ul 0.5 uM
Template DNA variable <200 ng
Q5 High-Fidelity DNA Polymerase (2U/ul) 0.2 pl 04U
MilliQ Water To 50 pl

Table 16: Standard PCR settings

Step Temperature Time
Initial Denaturation 98 °C 2 min
98 °C 30 sec
30 x cycles X°C 30 sec
72 °C X sec
Final extension 72 °C 10 min
Hold 10 °C 1 min

5.2.2.2 Agarose gel electrophoresis

Agarose gels were prepared by heating agarose powder in 1x TAE buffer using a
microwave until fully dissolved. Gels with agarose concentrations varying between 1 %
and 3 % (w/v) were prepared, depending on the size of DNA or RNA samples. The agarose
was poured into a gel casting tray sealed with tape and a comb was inserted to form wells.
Once the gel had solidified the comb was removed and the tray was placed into an
electrophoresis chamber filled with 1x TAE buffer. DNA or RNA samples were mixed with
DNA or RNA loading dye and together with a DNA Ladder the samples were loaded into
the wells. Electrophoresis was first run at 90V for 5 min followed by 120V until desired

separation was reached. After electrophoresis gels were stained in a 0.2 pg/ml ethidium
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bromide in 1x TAE solution for 20 min. Visualization was performed under UV illumination.
If needed, selected DNA bands were excised from the gel with a scalpel and purified
directly or stored at -20 °C.

For RNA gel electrophoresis the comb, gel casting tray and electrophoresis chamber were
treated with 0.1 N NaOH for 20 min under a fume hood to minimize RNase contamination.
Then the components were rinsed using Milli-Q water directly from the filtration system.
The agarose gel was freshly prepared using RNase-free 1x TAE buffer. Moreover, a fresh

ethidium bromide staining solution was prepared for each use.
5.2.2.3 DNA gel extraction

DNA from agarose gel was extracted using the Monarch Gel Extraction Kit (NEB)
according to manufacturer’'s protocol. The final elution was always carried out in
prewarmed Milli-Q water. The DNA concentration was determined using a Nanodrop

spectrophotometer.
5.2.2.4 Restriction digestion

Restriction digests were prepared in a total volume of 20 pl for test digestions or 50 ul when
preparing linearized plasmid mRNA templates. All reactions contained the appropriate
restriction enzyme and buffer, DNA and nuclease-free water. Test digestions of
miniprepped DNA were incubated at 37 °C for 1 hour or overnight (O/N). Digestion
efficiency was assessed by gel electrophoresis using either 200 ng of DNA or the entire
digestion.

If digested DNA was used further for cloning, digestions were either purified using the
Monarch PCR & DNA Cleanup Kit / the QIAquick PCR Purification Kit (Qiagen) or

recovered from an agarose gel using the Monarch DNA Gel Extraction Kit.
5.2.2.5 DNA Ligation

Ligation reactions were performed either for 10-30 min at room temperature or O/N at4 °C.
The ligation was prepared in a total volume of 10 pl, using the components listed in Table
17. A 3:1 molar ratio of insert to vector was used and the required DNA mass was

calculated using the online NEBioCalculator tool.
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Table 17: Ligation reaction components.

Component 10 pl Reaction
10x T4 Ligation buffer 1 ul

Insert X Ml

Vector (40 ng) y

T4 Ligase (5 U/pl) 1ul

(PEG 4000) optional

Milli-Q water z ul

5.2.2.6 Q5-site directed mutagenesis

Primers for Q5 site-directed mutagenesis were designed using the online tool
NEBaseChanger. Standard PCR was performed using the mutagenesis primers. The
resulting PCR product was analyzed by gel electrophoresis and the band corresponding
to the expected size was excised and purified. KLD (kinase, ligase, Dpnl) treatment was

then carried out according to Table 18.

Table 18: Components of KDL treatment of PCR product.

Component 15 pl Reaction
PCR product 1 ul

Milli-Q water 9.5 ul
rCutSmart buffer (10x) 1.5 pl

ATP (10 mM) 1.5 ul

PNK (NEB) 0.5 ul

T4 Ligase (5U) 0.5 ul

Dpnl (20 U/pl) 0.5yl

5.2.2.7 Transformation

For transformations chemical competent Mach1 T1 bacteria were thawed. 5 pl of ligation
reaction was added to 50 pl of bacteria and gently mixed by flicking the tube. The mixture
was incubation on ice for 15 min. The cells were then heat-shocked for 45 sec at 42 °C
and snap cooled on ice for 2 min. Then, 300 yl TB medium was added and the cells were
incubated at 37 °C on the shaker for either 45 min (ampicillin) or 1 hour (kanamycin)
depending on the antibiotic resistance gene. Meanwhile LB agar plates containing the

respective antibiotics were prewarmed at 37 °C for 1 hour. 50-250 ul of the transformed
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cells were plated on agar plates using sterile glass beads and plates were incubated O/N
at 37 °C.

5.2.3 Plasmid preparation
5.2.3.1 Minipreparation

For minipreparation of plasmids, single E.coli colonies were picked from agar plates using
autoclaved toothpicks and inoculated in 3 ml of LB medium with the corresponding
antibiotics. The cultures were incubated O/N at 37 °C while shaking at 180 rpm. On the
following day 2 ml of each bacteria culture was transferred into 2 ml microcentrifuge tubes
and centrifuged at 14000 rpm for 2 min at room temperature. The remaining bacterial
cultures were stored at 4 °C as backup or for following BigMini preparations.

The bacterial pellet was resuspended in 200 ul of P1 buffer by sliding the tubes across a
rack. Cell lysis was performed by adding 200 ul of P2 buffer and inverting of the tube 5-6
times. To neutralize the solution 200 pl of P3 buffer was added and the tubes were again
inverted 5-6 times. Samples were centrifuged for 10 min at 14000 rpm and 4 °C. The
supernatant was transferred to a fresh 1.5 ml tube.

To precipitate the plasmid DNA, 500 ul isopropanol was added to the supernatant and the
tube was vortexed. After 15 min centrifugation at 14000 rpm and 4 °C the supernatant was
discarded and the DNA pellet was washed with 500 pl of 70 % EtOH. After centrifugation
for 5 min at 14000 rpm and room temperature, the ethanol was removed and the DNA
pellet was air dried for ~5 min. Finally, the DNA pellet was dissolved in 40 ul of Milli-Q

water.
5.2.3.2 Big Minipreparation

Around 50 ul from an O/N bacterial culture were used to inoculate 20 ml of LB medium with
the respective antibiotics (ampicillin or kanamycin) in a 300 ml Erlenmeyer flask. The
cultures were then incubated O/N at 37 °C with shaking at 180 rpm. Next, 8 ml of each O/N
culture was collected and centrifuged for 2 min at 8000 rpm at room temperature to pellet
the cells. DNA was subsequently extracted using the QlAprep Spin Miniprep Kit (QIAGEN)
according to the manufacturer's protocol and the purified DNA was eluted in 50 ul Milli-Q

water.
5.2.4 mRNA in vitro synthesis

The mRNAs for micro injections were in vitro transcribed from the plasmids listed in Table
19.
Of each plasmid, 5-10 ug was linearized O/N at 37°C. After verification of linearization on

an agarose gel, digestions were either purified using the QIAquick PCR Purification Kit
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(Qiagen) or recovered from an agarose gel using the Monarch® DNA Gel Extraction Kit
(NEB). mRNA synthesis was carried out using the mMMESSAGE mMACHINE SP6 or T7
Transcription Kit (Invitrogen) following the manufacturer’s instructions, and RNA was
purified with the RNeasy Mini Kit (Qiagen). The mRNA quality was evaluated by running
an RNA test gel.

Table 19: Plasmids used for in vitro mMRNA synthesis are listed together with the corresponding

enzymes used for linearization and promoters driving transcription.

mRNA Plasmid nr. Enzyme Promotor
evoBE4max #5797 Notl SP6
ancBE4max #5811 Sapl T7
ABES8e #5812 Sapl T7
HA-mAID-nanobody #6090 Notl SP6
Flag-myc-NES-TirlF74G #6149 Notl SP6
ol pmm2 #6301 Notl SP6
ol pmm2 C136R #6315 Notl SP6
ol pmm2 F122L #6317 Notl SP6
heiCas9 #6342 Notl SP6
human PMM?2 #6343 Notl SP6
5.2.5 crRNA

CRISPR RNAs (crRNA) were evaluated for potential off-target effects using CCTop
(Stemmer et al., 2015) and ACEofBASES (Cornean et al., 2022) using standard settings.
The guide RNAs designed for this thesis are listed in Table 5. Synthetic crRNAs and
tracrRNA (custom Alt-R crRNA) were ordered from IDT. Both, crRNA and tracrRNA were
resuspended in nuclease-free duplex buffer (IDT) to a final concentration of 100 uM and
stored at -20 °C. A duplex mixture of 40 uM crRNA:tracerRNA was prepared by mixing 4
ul of each RNA with 2 pl of nuclease-free duplex buffer. The mixture was incubated at
95 °C for 5 min, allowed to cool down to room temperature and stored at -20 °C. For

injections, 1 pl was used in a 10 pl injection mix for 4 yM final concentration.
5.2.6 Microinjections and phenotyping

Microinjections were performed in wild-type Cab embryos and in homozygous pmm2-GFP
embryos. Individual mixes are listed in Table 20. The night before injections, adult medaka

fish were separated and paired on the next morning for mating. Freshly fertilized eggs
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were collected in ice-cold 1x ERM after 15 min and separated using forceps. The eggs
were aligned in the grooves of a 1.5 % agarose in water mold covered in cold 1 x ERM.

Injection needles were pulled from glass capillaries with a needle puller. Approximately 2.5
gl injection mix was loaded into the needle and opened by scratching the chorion. The
injection parameters were initially set to 1000 hPa for the injection pressure and 180 hPa
for the holding pressure but they were individually adjusted during injections to adapt to
needle requirements. Embryos were injected at the one-cell stage with the corresponding
injection mixes. Injection volumes were estimated visually to around 10% of the cell
volume. After injections, embryos were transferred into fresh ERM and incubated at 26 °C,
28 °C or 32 °C depending on the experimental requirements. Embryos were screened for
the presence of fluorescence mRNA tracer 4-8 hours after injections for GFP signal or on
the next day for mCherry positive embryos. If resulting phenotypes were assessed,
embryos or hatchlings were imaged with a stereomicroscope equipped with an attached
Nikon DXM1200 digital camera at the indicated timepoints. For imaging of hatchlings, they

were anesthetized using 1x Tricaine prepared in 1x ERM.

Table 20: List of injection mixes used in this thesis.

Injection mix Injection mix components final concentration
degron mRNA Tir1(F74G) mRNA 50 ng/pl
mAID-vhhGFP4 mRNA 10 ng/pl
GFP mRNA 10 ng/pl
mCherry mRNA 10 ng/pl
degron mRNA Tir1(F74G) mRNA 50 ng/pl
mAID-vhhGFP4 mRNA 10 ng/pl
mCherry mRNA 10 ng/pl
mCherry control mCherry mRNA 10 ng/pl
degron stable line plasmid 5 ng/pl
I-Scel meganuclease 0.2U
10x I1Scel buffer 0.5 x
10 x Yamamoto buffer 0.5x
ocaZz2-inception ancBE4max mRNA 150 ng/pl
ABE8e mRNA 15 ng/pl
ocaz2-step1 sgRNA 15 ng/pl
oca2-step2 sgRNA 30 ng/ul
GFP mRNA 10 ng/pl
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ocaZz2-step1 control ancBE4max mRNA 150 ng/pl
ABE8e mRNA 15 ng/pl
ocaz2-step1 sgRNA 15 ng/pl
GFP mRNA 10 ng/pl
ocaZ2-step2 control ancBE4max mRNA 150 ng/pl
ABE8e mRNA 15 ng/pl
oca2-step2 sgRNA 30 ng/ul
GFP mRNA 10 ng/pl
oca2-ABE ABE8e mRNA 150 ng/pl
ocaz2-step1 sgRNA 15 ng/pl
oca2-step2 sgRNA 30 ng/ul
GFP mRNA 10 ng/pl
oca2-CBE ancBE4max mRNA 150 ng/pl
ocaz2-step1 sgRNA 15 ng/pl
oca2-step2 sgRNA 30 ng/pl
GFP mRNA 10 ng/pl
pmm2-ABE ABE8e mRNA 150 ng/pl
pmm2 new-PAM cr/tracerRNA 4 uM
pmm2 new-PAM-SNP cr/tracerRNA 4 uyM
pmm?2 inception cr/tracerRNA 4 uM
GFP mRNA 10 ng/pl
pmm2-KO heiCas9 mRNA 150 ng/pl
pmm2_exon2 sgRNA 4 uM
pmm2_exon5 sgRNA 4 uM
GFP mRNA 10 ng/pl
pmm2 WT pmm2 WT mRNA 300 ng/ul
GFP mRNA 10 ng/pl
pmm2 F122L pmm2 F112L mRNA 300 ng/ul
GFP mRNA 10 ng/pl
pmm2 C139R pmm2 C139R mRNA 300 ng/ul
GFP mRNA 10 ng/pl
pmm2 human pmm2 human mRNA 300 ng/ul
GFP mRNA 10 ng/pl
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rfc4-KO heiCas9 mRNA 150 ng/pl
rfc4 cr/tracerRAN 4 uM
GFP mRNA 10 ng/pl

p2-KO heiCas9 mRNA 150 ng/pl
rp2 cr/tracerRAN 4 uM
GFP mRNA 10 ng/pl

rfc4-BE ABE8e mRNA 150 ng/pl
rfc4 cr/tracerRAN 4 uM
GFP mRNA 10 ng/pl

5.2.7 Auxin analog 5-Ph-lIAA and toxicity test

The auxin analog 5-phenyl-indole-3-acetic acid (5-Ph-IAA) powder (MedChemExpress, #
HY-134653) was dissolved in 100 yl DMSO to a final concentration of 198.98 mM using
an ultrasonic water bath. From this, 10 mM stock solutions were prepared in 1x PBS and
stored at -80 °C. Working concentrations were diluted with ERM from the stock solution
as needed.

For the toxicity assay, wild-type Cab embryos from adult crosses were collected and
maintained in ERM until stage10 (~6 hours post fertilization). Embryos were then treated
with 1 uM, 2.5 uM, 5 uM, 10 uM 5-Ph-IAA and 0.005 % DMSO as vehicle control and
incubated at 26 °C. The auxin solution was refreshed every 48 hours and resulting
phenotypes were assessed daily with a stereomicroscope equipped with an attached
Nikon DXM1200 digital camera until hatch.

5.2.8 Cloning of Tir1(F74G) point mutation

The point mutation for Tir1(F74G) was introduced via Q5 mutagenesis (5.2.2.6). The
following primers were used for generation the F74G mutation: fwd 5'-
TAAACCACATGGAGCTGATTTCAATTTGG and rev5- CCCTTAACTGTAAGTGCC. The
plasmid Flag-myc-NES-TIR1 was used as template. In vitro mRNA synthesis was

performed as describes before in 5.2.4
5.2.9 5-Ph-lAA induction

For validation of the degron system in wild-type Cab medaka embryos, microinjected
embryos were kept at 26 °C and induced 6 hours post fertilization with 5 uM of the auxin
analog 5-Ph-IAA. Prior to induction, dead and mCherry negative embryos were removed.

Images were captured at the indicated timepoints using an epifluorescence
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stereomicroscope (Nikon SMZ18) with a light source (Lumencor, SOLA-SE) for detecting
GFP and mCherry signal.

5.2.10 Time-lapse acquisition and quantification of Pmm2-GFP
degradation

Time-lapse imaging of degron-injected Pmm2-GFP** embryos was performed as
described in Pakari et al., 2025. Images were acquired on an ACQUIFER imaging Machine
(ACQUIFER Imaging GmbH, Heidelberg, Germany). Injected embryos and controls were
transferred to a 96-well plate with 100 yl 1x ERM. Then 100 pl of either 10 uM 5-Ph-I1AA,
or 0.007 % DMSO or 1x ERM were added to reach 200 pl total volume. Imaging was
conducted at 26°C for 26 hours. Every hour, a series of 5 z-slices with 300 um each slice
was captured in bright field, in the 561 nm and in the 470 nm fluorescence channels using
a 2x NA 0.06 objective (Nikon, Dusseldorf, Germany).

To analyze the degron kinetics, a custom ImageJ macro was written. For each timepoint,
a maximum projection of the z-stack was generated for both fluorescence channels. The
maximum-projection images were then cropped with a rectangular mask in which the
embryos were centered in the middle to minimize background interference. Fluorescence
intensities from individual embryos at each time-point was used to calculate the
degradation kinetics of GFP. To facilitate comparison between the different groups, mean
GFP fluorescence values were baseline normalized by subtracting the initial time zero
value from every point in the curve.

Moreover, to quantify the decay of GFP, the curve was fitted to a one phase decay model
(Y = (YO-Plateau)*exp(-k*X)+Plateau). All plots were visualized with RStudio.

5.2.11 Pmm2 enzyme activity assay

Biochemical Pmm2 enzyme activity assays were performed as described in Pakari et al.,
2025.

Samples were prepared by me (5.2.12) and submitted to the Lab of PD Dr. Christian Thiel
(Center for Child and Adolescent Medicine, Department Pediatrics |, Heidelberg
University, 69120 Heidelberg, Germany) where Virginia Geiger performed the assays
(5.2.12.1).

5.2.12 Sample preparation for stage 23 embryos

Stage 23 embryos were first rolled on fine sandpaper to remove surface hairs and then
incubated in glass vials with hatching enzyme at 28 °C for approximately 40 min. Following
enzymatic treatment, embryos were rinsed four times with ERM and transferred to a glass

dish containing 1x ERM. Remaining chorions were carefully removed, and the yolk sac
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was manually ripped open using forceps. Embryos were transferred to 5 ml tubes with ice-
cold 1x PBS supplemented with Protein inhibitor cocktail and stored on ice until all samples
were prepared. The embryos were washed for 5 min at 4 °C on a rocking table and were
transferred to low-protein binding tubes with cell-saver tips. After centrifugation at 956 g
for 2 min at 4 °C, the supernatant was discarded. The pellets were snap-frozen in liquid

nitrogen and stored at -80°C.
5.2.12.1 Biochemical Pmm2 enzyme assay

Sample pellets were resuspended in a detergent-free lysis buffer containing protease
inhibitors. The Pmm2 activity assay was based on the method established by Korner
(Korner et al., 1998). Briefly, 30 ug of total protein was mixed with a reaction mixture
containing NADP, MgCl,, glucose-1-phosphate, mannose-6 phosphate isomerase (MPI)
and phosphoglucose isomerase (PGIl). To ensure that Pmm2 acts as a rate-limiting
enzyme of the reaction, MPI and PGI were added in excessive for oversaturation. The
resulting conversion of NADP to NADPH was measured at 340 nm for 2 hours. Each

sample was analyzed in triplicates.
5.2.13 Image acquisition and phenotyping of oca2 Inception editants

Analysis of ocaZ2 inception knockouts was performed as previously described in Pakari et
al., 2023 and Thumberger et al., 2022. Embryos were fixed 4.5 days post fertilization
(lwamatsu, 2004) in 4 % paraformaldehyde in 1x PBS on a rocking table at 4 °C O/N. On
the following day, embryos were washed three times in 1x PBS at room temperature for
10 min per wash on a rocking table. For imaging, properly developed embryos were
mounted in 1 % agarose using water molds and the heads were imaged with the high-
throughput ACQUIFER Imaging Machine. Images were analysed using ImageJ. Eye
regions were manually segmented by drawing elliptical selections. Minimum intensity
projections were locally thresholded with the Phansalkar algorithm using the following
parameters: r = 20, p = 0.4, k = 0.4). Selections of the eyes were used to extract mean
grey values for each individual eye. Grey values ranged from 0 (fully pigmented eyes) to

255 (completely unpigmented). These values were used for plotting in RStudio.
5.2.14 Genotyping and targeted amplicon sequencing by lllumina

Genotyping of ocaZ2 inception knockouts was performed as previously described in Pakari
et al., 2023 and Thumberger et al., 2022. The genomic DNA (gDNA) from editants was
extracted from up to eight embryos by grounding the embryos with plastic pestles and
lysing them in 100 pl fin-clip buffer with Proteinase K. Samples were then incubated at

60 °C O/N and on the following day the samples were diluted 1:2 with nuclease-free water
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and proteinase K was heat inactivated at 95 °C for 20 min. Samples were afterwards
stored at 4 °C.

For the ocaZ2 inception pools, eight phenotypically edited embryos were selected per
replicate. For the corresponding controls oca2-step1, 1-8 embryos per replicate were
genotyped and for oca2-step2 control, eight randomly chosen editants per replicate were
processes. The targeted region was amplified by PCR using Q5 High-Fidelity DNA
Polymerase and oca2 primers containing 5' overhangs with partial Illumina adapter
sequences (fwd 5-ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGTTAGAGTGGT
ATGGAGAACTG and rev5- GACTGGAGTTCAGACGTGTGCTCTTCCGATCTATGGT
CCTCACATCAGCAGC).

PCR products were visualized by agarose gel electrophoresis, cut out of the gel and
purified using the Monarch DNA Gel Extraction Kit. Amplicons were pooled at equal
concentrations (20 ng/ul) and submitted for next-generation sequencing via GeneWiz
(Azenta Life Sciences) using the Amplicon-EZ service (lllumina MiSeq, 2x250 bp, paired-
end). Sequencing data was analyzed using CRISPResso02 v2.1.2 (Clement et al., 2019).
Parameters were mostly set to default values with exception of the
quantification_window_center  (17), the plot_window_size (25) and the
quantification_window_size (50). Nucleotide abundance plots were generated in R
(v3.6.3) within the RStudio environment. The nucleotide composition and indel frequencies
were averaged across the three replicates based on the Nucleotide Frequency Table
output from CRISPResso02. Allelic variants were aligned and translated using Geneious
Prime referencing the Allele Frequency Table output. Only alleles with cut off at 0.2 % of

total reads in a replicate were considered.
5.2.15 Genotyping via Sanger sequencing of oca2 inception controls

For the inception oca2-ABE control injection, genotyping was performed on a pooled
sample of five phenotypic embryos. For the oca2-CBE control group, a pool of eight
randomly selected edited embryos was used for gDNA extraction. The extraction and
genotyping PCR was done as described above (5.2.14). The following oca2 primers were
used: fwd 5- GTTAAAACAGTTTCTTAAAAAGAACAGGA and rev 5-
AGCAGAAGAAATGACTCAACATTTTG. PCRs were run with standard settings with 62 °C
annealing and 25 sec extension (Table 16). After purification the PCR products were sent
for Sanger sequencing (Eurofins Genomics). Sequencing data was analyzed using EditR
version 1.0.10 (Kluesner et al., 2018).
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5.2.16 Genotyping of pmm2 F122L inception editants and stable lines

For genotyping of pmm2 F122L editants injected with cr/tracerRNAs and base editor
mRNA (Table 20), embryos were crushed in 100 pl fin-Clip buffer with Proteinase K with
a plastic pestle for gDNA extraction. Samples were incubated at 60 °C O/N. On the next
day, the lysates were diluted by adding 200 ul water and incubation at 95 °C for 20 min to
heat-inactivate the Proteinase K. Genomic DNA were stored at 4 °C. 1 ul of gDNA was
used for a 50 yl PCR reaction (Table 15). Following pmm2 primers were used: fwd 5'-
AGTGATGTTCTGCAGTCATGTTC and rev 5- CCCCATTTGTTACCTGGTCC. PCRs
were run with standard settings with 66 °C annealing and 25 sec extension (Table 16).
Amplicons were run on a 1 % agarose test gel. PCRs were cleaned-up with the Monarch
PCR & DNA Cleanup Kit according to the manufacturer’s protocol and sent for Sanger
sequencing (Eurofins Genomics).

For genotyping of adult medaka fish, gDNA was extracted from fin-clipped fish which were
anesthetized in 1x tricaine in 1x ERM. Fin-clipped samples were incubated in fin-clip buffer
O/N at 60°C. After incubation, water was added in 1.5x of the volume and extracts were
incubated at 95°C for 20 min. The gDNA was stored at 4 °C and genotyping was performed

the same way as described above for the embryos.
5.2.17 Genotyping of pmm2 knockout crispants

For genotyping of pmm2 knockout crispants injected with sgRNAs and heiCas9 mRNA
(Table 20), embryos were treated as described in 5.2.15. The following pmm2 primers
were used: fwd 5-ACGTAGCACAGGTGCGTTTCCCG and rev5’-
CGTTCTTGTAGGCCACCAGACCG. PCRs were run with standard mixture and standard
settings with 72 °C annealing and 10 sec extension (Table 15, Table 16). Amplicons were
run on a 1 % agarose test gel. PCRs were cleaned-up with the Monarch PCR & DNA
Cleanup Kit according to the manufacturer’s protocol and sent for Sanger sequencing

(Eurofins Genomics).
5.2.18 Genotyping of pmm2C€73°R and pmm2V1356fs*45
5.2.18.1 Genomic DNA and restriction digestion PCR

Genotyping of pmm2°™*% and pmm2"3%¢%%5  or  compound heterozygous
pmm2CT3RVISSES individuals was performed on gDNA from whole embryos, hatchlings,
hatchling tails or fin-clips from hatchlings or adult medaka. For gDNA extraction from
embryos, they were ground with a plastic pestle in 100 pl fin-Clip buffer with Proteinase K.
Whole hatchlings, tails of hatchlings and fin-clips were directly placed in 50 or 100 pl fin-

Clip buffer with Proteinase K.

110



Material and Methods

For micro fin-clips of hatchlings, the hatchlings were anesthetized with 1x tricaine in 1x
ERM and placed on top of a 1.5 % agarose in water mold. Using a stereomicroscope, the
tip of the caudal peduncle fin was cut off with a scalpel. The hatchlings were immediately
placed in 1x Hatch media to wake up. The micro fin-clip was placed in 50 pl fin-Clip buffer
with Proteinase K.

Samples were incubated at 60°C O/N. On the next day, the lysates were diluted by 1:2
with water and incubated at 95 °C for 20 min to heat-inactivate the Proteinase K.

For genotyping PCR, the following pmm2 primers were used: fwd?5'-
TAACGGGATGTTGAACGT and rev 5- AAACATGACTGGAGAATGGAGC. PCRs were
run with standard settings with 66 °C annealing and 25 sec extension (Table 16). Again, 1
Ml gDNA was used as template in the standard PCR mixture (Table 15). To not waste any
sample, only positive (wild-type gDNA) and negative (no template) PCR controls were run

on a 1 % agarose test gel.

5.2.18.2 PCR product precipitation by sodium acetate and

isopropanol

Pmm2 PCR products were purified by precipitation with sodium acetate (NaAc) and
isopropanol. To each 50 yl PCR reaction, 4 ul of 3M NaAC and 43 pl of isopropanol were
added. Samples were mixed thoroughly and centrifuged for 30 min at 7 °C at full speed at
4000 rpm in a swing-out rotor. The supernatant was carefully removed using a
multichannel pipette. The resulting pellet was washed with 150 pl of 70 % ethanol and
centrifuged again for 10 min at 4000 rpm. After discarding the supernatant, the pellet was
air-dried at room temperature for approximately 10 min. Finally, DNA was resuspended in

10 ul of nuclease-free water and incubated overnight at room temperature.
5.2.18.3 Pstl digestion and genotyping

The PCR product was digested with the restriction enzyme Pstl to differentiate between

2C139R/+ 2V135Gfs*45 20139R/V1356fs*45

pmm?2 wild-type, pmm and pmm alleles. The point
mutation (C139R) and the frameshift mutation (V135Gfs*45) remove a native Pstl

recognition site which results in distinct digestion patterns. Digestion reactions were

, pmm

performed using either 10 pl of precipitated PCR product or 25 ul of unpurified PCR
product, with reaction volumes and enzyme amounts specified in Table 21. Digestions
were incubated overnight at 37 °C. The digested samples were separated on 3 % agarose
gels to visualize allele-specific patterns and enable genotyping based on fragment size
differences (Figure 34 A).
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Table 21: Pstl digestion master mix.

Component Precipitated PCR Unpurified PCR
PCR 10 pl 25 pl

water 7.7l 19.5 pl
FastDigest Green buffer (10x) 2yl 5

Pstl-FD 0.3 ul 0.5 ul

total 20 pl 50 ul

A B

" Lociois7i04 COs

pmm2 wild-type

1. pmm2Ci39RIVI3ses e
1000 bp—
2.; pmm2c13Re

500 bp —
400 bp —
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3. pmm2**

200 bp — 5.; pmm2V13setsasi

100 bp — 6.: pmm2C139

Figure 34: Genotyping of offspring from incrosses of pmm2°73%R and pmm2"7356%"45 mutant lines. A)
A representative restriction digestions of PCR product with Pstl can differentiate between the 4
resulting genotypes on a 3 % agarose gel. B) Sanger sequencing of the 4 pmm2 genotypes with
mutations in exon 5.

5.2.18.4 Genotyping by sanger sequencing

C139R V135Gfs*45
2 2

For genotyping PCR by Sanger sequencing of pmm and pmm or compound
heterozygous pmm2C'39RIVI3S6R™5 the following pmm2 primers were used: fwd 5'-
AGTGATGTTCTGCAGTCATGTTC and rev 5’- AAACATGACTGGAGAATGGAGC. PCRs
were run with standard settings with 66 °C annealing and 30 sec extension (Table 16).
Again, 1 yl gDNA was used as template in the standard PCR mixture (Table 15). 8 pul of
PCR products was run on a 1 % agarose test gel. The remaining PCR products were
cleaned-up with the Monarch PCR & DNA Cleanup Kit according to the manufacturer’s
protocol and sent for Sanger sequencing (Eurofins Genomics) with following primer:

fwd 5'-GCTGTGTTTCAGGGGAAC (Figure 34 B).
5.2.18.5 Complementary DNA

Total RNA was extracted from two wild-type and two pmm2C73RIVI35G1s™5 hatchlings by
homogenizing the tissue with a plastic pestle in 300 pl TRIzol Reagent. Homogenization
was followed by purification with the Direct-zol RNA MicroPrep Kit according to the

manufacturer's protocol. Complementary DNA (cDNA) was synthesized from the isolated
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RNA using the RevertAid First Strand cDNA Synthesis Kit. For amplification, primers
targeting exon 2 of pmm2 (fwd 5-AAACGCAGAGGCTCAGGACTCG) and the 3
untranslated region (rev 5-TGAGGTCACATCCCGTGTTG) were using for PCR with an
annealing temperature of 64 °C and an extension time of 30 sec. PCR products were
resolved on a 1.5 % agarose gel in 1x TAE buffer. Bands of the correct size were excised
and purified from the agarose gel with the Monarch DNA Gel Extraction Kit (New England

Biolabs) and sent for Sanger sequencing (Eurofins Genomics).
5.2.18.6 Alcian Blue and Alizarin Red staining

Bone and cartilage staining was performed using an acid-free Alcian Blue and Alizarin Red
double-staining protocol as described in Walker & Kimmel, 2007. Hatchlings were
anesthetized in 1x tricaine dissolved in 1x ERM and fixed overnight at 4 °C in 4 % PFA in
1x PBS on a rocking platform. On the following day samples were washed four times for
15 min each at room temperature with 1x PBS. Rehydration was carried out by incubating
the hatchlings in 50 % ethanol for 10 min at room temperature.

Staining was performed overnight at room temperature with gentle rocking in an acid-free
double-stain solution containing 0.02 % (w/v) Alcian Blue 8GX in 70 % ethanol, 200 mM
MgCl,, and 0.5 % (w/v) Alizarin Red. On the next day, staining solution was removed and
samples were rinsed with water. To bleach the hatchlings the samples were incubated for
20 min at room temperature in a bleaching solution containing 1.5 % hydrogen peroxide
and 1 % potassium hydroxide (KOH).

Tissue clearing was started by incubating samples in 20 % glycerol with 0.25 % KOH for
30 min to O/N at room temperature on a rocking table. Next, samples were incubated in
50 % glycerol with 0.25 % KOH for 2 hours to O/N under the same conditions. Samples
were imaged using stereomicroscope equipped with an attached Nikon DXM1200 digital
camera or the Sp8 confocal microscope with 20x glycerol objective. For long-term storage,
samples were transferred to 50 % glycerol containing 0.1 % KOH and stored at 4 °C.

The cartilage angels of Meckel's cartilage and ceratohyal angles were measured using

the angle tool from ImageJ.
5.2.19 X-ray computed tomography

Sample preparation of hatchlings for micro computed tomography was done by myself
(5.2.19.1) and Kristaps Kairiss (Wittbrodt/Weinhardt Lab, Heidelberg University) mounted
the samples and performed with image acquisition (5.2.19.2-5.2.19.3).
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5.2.19.1 Sample preparation

The offspring of the pmm2°"**R and the pmm2""*°¢~*line was collected and incubated at
32 °C. Phenotypic and wild-type looking hatchlings were fixed 4 days post hatching in 4 %
PFA in 1x PBS at 4 °C on a rocking platform. After three days of fixing, the samples were
washed three times in 1x PBS for ten min each time. Afterwards, the hatchlings were
placed into 1.5 ml Eppendorf tubes and rinsed three times with 1x PBS for 10 min each.
Following the washes, the samples were dehydrated using a graded ethanol series of
10 %, 25 %, 50 % and 70 % in double-distilled water for 20 min each step. After the final
dehydration step, the ethanol was replaced with a 0.33 % (w/v) phosphotungstic acid
solution (PTA) in 70% ethanol and the samples were stained for three days. Before
mounting, the samples were moved to fresh 1.5 ml Eppendorf tubes and washed three
times with 70 % ethanol for 10 min each. All steps were performed at room temperature

on a rocking table.
5.2.19.2 Sample mounting

Hatchlings were mounted in 200 pl pipette tips and fixed in position using 1 % low-melting
agarose. To prevent samples from drying, both sides of the pipette tips were sealed with
parafilm. Mounted samples were placed with the large opening on the rotation stage and

fixed in place using paraffin wax.
5.2.19.3 Image acquisition micro computed tomography

Computed tomography (CT) data was acquired using the SkyScan 1272 CMOS edition
(Bruker, Belgium). A total of 3600 projections were captured over a full 360-degree
rotation, with a rotation step of 0.1 degrees. Frame averaging was set to 3 and each
projection had an exposure time of 1331 milliseconds. The camera binning was set to 2x2.
The X-ray source was set to 40 kV and 100 pA with no filter applied. This setup produced
a pixel size of 1.5 ym. Reconstruction of the acquired data was performed using NRecon

software, version 2.2.0.6 (Bruker, Belgium).
5.2.20 Lectin blots

Sample preparation of hatchlings for the lectin was done by myself (5.2.19.1) and protein
lysis and lectin blots (5.2.20.2-5.2.20.5) were performed by Andreas Hecker (Center for
Child and Adolescent Medicine, Department Pediatrics |, Heidelberg University, 69120
Heidelberg, Germany).
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5.2.20.1 Sample preparation

The offspring of the pmm2°"**R and the pmm?2""*°¢**line was collected and incubated at
32 °C in 1x hatching medium. At 5 days post hatch, the hatchlings were anesthetized in 1
% Tricaine in 1x ERM and images of each individual were taken. On top of a 1.5 % agarose
in water mould as a support, the tail of each hatchling was cut off with a scalpel. The body
was transferred into 1x PBS for washing followed by transfer into low protein-binding
tubes, snap-frozen in liquid nitrogen and stored at -80 °C.

The tails were incubated in 50 yl of FinClip buffer supplemented with 2.5 pl of Proteinase
K. For genomic DNA extraction the tails were incubated O/N at 60 °C. On the following
morning 100 pl of water was added and the samples were incubated at 95 °C for 20 min.

After genotyping of the samples described in 5.2.18, only compound heterozygous pmm?2
and wild-type pmm2 hatchlings were handed over on dry ice to Andreas Hecker for

performing lectin blots.
5.2.20.2 Total lysate preparation

Hatchlings were homogenized in 100 ul of RIPA buffer supplemented with 1x protease
inhibitor cocktail (Roche Diagnostics) using a micro-pestle. The lysate was sonicated to
enhance cell lysis and subsequently incubated on ice for 30 min. Samples were
mechanically sheared by passing them 20 times through a 22G x 174" safety needle to
ensure complete disruption. Lysates were then centrifuged at 18000 rfc for 30 min at 4 °C.

The supernatant was collected and the total protein concentration was determined.
5.2.20.3 Total protein quantification

Quantification of protein concentrations was performed using the DC Protein Assay (Bio-
Rad) based on the Lowry method according to the manufacturer’s instructions. For each
sample 5 pl of protein lysate was transferred into a well of a 96-well plate. If necessary,
samples were diluted. Reagents A and B from the DC assay kit were added to each well
in volumes of 25 pl and 200 pl, respectively. Plates were incubated at room temperature
for 15 min on a shaker to allow color development. Absorbance was measured at 750 nm
using a microplate reader. A standard curve was generated using bovine serum albumin
(BSA) standards ranging from 0 to 2 mg/ml, prepared in RIPA buffer to match sample

conditions.
5.2.20.4 SDS-PAGE

SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) was used to
separate proteins based on their molecular weight using a two-layer acrylamide gel system

with a stacking gel and a separation gel. The gels were prepared in-house (Table 22). The
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stacking gel concentrates and aligns protein samples in a narrow band before they enter
the resolving gel where proteins migrate at different rates depending on their size. After
pouring the resolving gel into the gel cassette a thin layer of isopropanol was gently added
to the surface to ensure a flat interface and to prevent drying during polymerization. Once
polymerization was complete, the isopropanol was carefully removed using Whatman filter
paper. The stacking gel was then poured on top of the polymerized resolving gel and a
comb (10- or 15-well format) was inserted to create wells for sample loading. Gels were

allowed to polymerize fully before use in electrophoresis.

Table 22: Composition of 12.5 % separation gel and stacking gel.

Compound Separation gel (12.5 %) Stacking gel
Rotiphorese 30 2500 pl 338 ul
Separation gel buffer 1500 pl -

Stacking gel buffer - 338 ul

APS (10 %) 60 pl 30 pl
TEMED 6 pl 3ul

H20 2000 pl 1500 pl

For each sample, 10 ug of total protein (adjusted with water) was mixed with 1x SDS
loading buffer and denatured by heating at 95 °C for 5 min. The PageRuler Prestained
Protein Ladder (Thermo Fisher Scientific) was included as a molecular weight reference.
Electrophoresis was started at 100 V to allow proteins to migrate through the stacking gel.
After approximately 10 min, when the dye front reached the interface with the resolving
gel the voltage was increased to 140V to facilitate separation. The run was terminated

once the dye front left the gel or when optimal resolution of protein bands was achieved.
5.2.20.5 Lectin blot

Proteins separated by SDS-PAGE were transferred onto a nitrocellulose membrane (GE
Healthcare) using a semi-dry transfer system. The transfer stack consisted of three layers
of Whatman paper, the SDS-PAGE gel, the nitrocellulose membrane, and three additional
Whatman papers. The transfer was carried out at 47 mV per blot (1 mA/cm?) for 50 min.

To block nonspecific binding, membranes were incubated in 5 % milk in 0.1 % PBS-T for
20 min, followed by blocking in 0.5 % milk in 0.1 % TBS-T for 20 min. After rinsing with
PBS-T and TBS-T, membranes were incubated overnight at 4 °C with biotinylated lectins
(1:400 in 0.1 % TBS-T). The next day, membranes were washed three times for 5 min in

the appropriate buffer.
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For detection, membranes were incubated for 45 min at room temperature with HRP-
conjugated streptavidin (Vector Laboratories, SA5004). Signal development was
performed using ECL Plus Western Blot substrate (Thermo Fisher). Membranes were
incubated in the substrate for 5 min in the dark and imaged using a Fusion SL4
chemiluminescence system (Peglab). As a loading control, B-ACTIN-HRP antibody
(Proteintech, HRP-60008) was used.

5.2.21 N-glycan analysis — xCGE-LIF

The sample for the xCGE-LIF (multiplexed capillary gel electrophoresis with laser-induced
fluorescence detection) run were collected by me (5.2.21.1) and sent to the MPI
Magdeburg where the samples were prepared, measured and analyzed by Ivan Andujar-
Martinez, Robert Burock and Dr. Erdmann Rapp (5.2.21.2-5.2.21.5).

5.2.21.1 Sample preparation

Sample preparation was done the same way as describes earlier in 5.2.20.1.
After genotyping of the samples, compound heterozygous pmm2 and wild-type pmm2
hatchlings were shipped to Ivan Andujar-Martinez (Max Planck Institute for Dynamics of

Complex Technical Systems, Germany).
5.2.21.2 Hatchlings lysis

For sample preparation, hatchling samples were processed separately, with 20 hatchlings
per vial. The lysis buffer was prepared by filling a glass beaker with 10.5 ml of UPX Protein
Extraction buffer (abcam, ab270054) and dissolving one tablet of cOmplete™ EDTA-free
Protease Inhibitor Cocktail (Roche, 1183617001). Each sample vial (containing 20
hatchlings) was then supplemented with 500 pl of the prepared UPX + cOmplete solution.
Tissue and cell disruption was performed using a Branson Sonifier (Marshall Scientific),
applying a pulse mode with 30% amplitude for 1 min while keeping the samples on ice.
This was followed by thermal disruption through incubation at 100 °C for 10 min in a
Thermoblock (VWR, Thermal Shake lite). Finally, the samples were centrifuged at
15000xg for 10 min, and the supernatants are carefully transferred to new 1.5 ml

Eppendorf tubes for further analysis.
5.2.21.3 Methanol/Chloroform precipitation

Samples were purified with methanol/chloroform protein extraction protocol according to
Wessel and Fligge (1984). For that, 100 pl of sample was taken. To this, 4x volume of
methanol was added, achieving a final concentration of 80%. The mixture was vortexed
and centrifuged for 1 min at 9000 rpm. Next, 100 pl of chloroform was added, followed by

vortexing and centrifuging for 1 min at 9000 rpm. Then, 300 pl of Milli-Q water was added,
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vortexed, and centrifuged for 1 min at 9000 rpm. The upper phase was carefully removed
and discarded.

Subsequently, 300 pl of methanol was added, and the mixture was vortexed and
centrifuged for 2 min at 9000 rpm. The supernatant was removed, and the protein pellet

was dried and stored until further use.
5.2.21.4 FASP tryptic digestion

Prior to analysis, the whole protein pellet was reconstituted in 200 pl 8 M urea (in 0.1 M
Tris-HCI, pH 8.5). The Nanosep centrifugal filter unit (10K Omega membrane, Pall
Corporation) was then rinsed by adding 50 pl of urea buffer and centrifuging at 14000 x g
for 5 min at room temperature (RT). Subsequently the 200 ul of the reconstituted protein
pellet was added, followed by vortexing and incubation for 5 min in a thermomixer. The
protein solution was centrifuged at 14000 x g for 5 min at RT. The flow-through was
discarded.

To reduce disulfide bonds, 100 pl of 40 mM 1,4-Dithiothreitol (DTT, Sigma-Aldrich) solution
was added to the filter unit, mixed for 1 min at 600 rpm using a thermomixer at RT, and
incubated at 56 °C for 20 min with gentle agitation (300 rpm). The filter unit was centrifuged
at 14,000 x g for 10 min at RT, and the flow-through was discarded. Next, 100 ul of 55 mM
lodoacetamide (IAA, Sigma-Aldrich) solution was added, mixed for 1 min at 600 rpm using
a thermomixer at RT, and incubated for 20 min in the dark. The filter unit was centrifuged
at 14000 x g for 10 min at RT, and the flow-through was discarded.

The filter unit was washed three times with 100 ul of urea buffer. For each wash, buffer
was added, incubated for 1 min at RT at 600 rpm, centrifuged for 10 min, and the flow-
through was discarded. This process was repeated three times with 100 pl of 1x
Ammonium bicarbonate (ABC) buffer (50 mM, Sigma-Aldrich).

To prevent enzyme solution leakage during digestion, the filter tube cap was cut and
retained to seal the filter unit. Using clean gloves, the filter unit was transferred to a new 2
ml Eppendorf tube. The enzyme solution was prepared by diluting trypsin (Promega) in 50
mM ABC buffer containing 5% acetonitrile (ACN, Sigma-Aldrich) and 1 mM Calcium
chloride (CaCl,, Sigma-Aldrich), with a final enzyme-to-substrate ratio of 1:100 and a total
volume of 100 pl. The enzyme solution was added to the filter unit, mixed for 1 min at 600
rpm using a thermomixer, and incubated at 37 °C O/N with gentle agitation (350 rpm).
Post-digestion, the filter unit was centrifuged at 8000x g for 7 min at RT. Care was taken
to avoid releasing the filter unit at high speeds, and the flow-through was retained.
Additional washes were performed by adding 50 pl of digestion buffer (50 mM ABC buffer
with 5 % ACN) and 50 ul of Milli-Q water, centrifuging each time at 8000x g for 7 min at
RT, and retaining the flow-through.
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The digest was dried in a SpeedVac and stored at —20 °C until use.
5.2.21.5 N-glycan sample preparation and xCGE-LIF analysis

Thereafter, N-glycans were prepared and analyzed as previously described by Hennig et
al. (2015 and 2016), with slight modifications. Briefly, to each dried sample, 2 ul of 1X PBS
was added, followed by 4 pl of 2% SDS solution prepared in 1x PBS. The samples were
mixed and centrifuged. Subsequently, the samples were incubated for 10 min at 60 °C.
After incubation, 4 pl of 8% IGEPAL (Sigma-Aldrich) solution in 1x PBS was added to each
sample. The samples were mixed and centrifuged again. N-glycans were released from
protein backbone by PNGase F incubation (Sigma-Aldrich) for 12 h at 37 °C. Released
N-glycans were labeled with 8-aminopyrene-1,3,6-trisulfonic acid (APTS, Synchem) using
reduX (glyXera) as non-toxic but highly efficient reducing agent, followed by a sample
cleanup step (HILIC-SPE) to remove excess label, salt, and other impurities. The purified
labeled N-glycans were analyzed by xCGE-LIF. Using the glycoanalysis system
glyXboxCE [glyXera; incl. 4-capillary xCGE-LIF instrument, software (glyXtoolCE v6.1.0)
and database (glyXbaseCE)]. The generated N-glycan electropherogram data (migration
times) were aligned to an orthogonal internal standard (GeneScanTM 500 LIZ Size
Standard; Thermo Fisher Scientific & glyXalign GA2; glyXera), resulting in so-called
“N-glycan fingerprints” with highly reproducible (orthogonally aligned) migration times.
Subsequently, glyXtoolCE was utilized for automated peak picking, integration, and
relative quantification, as well as for the structural assignment of the N-glycan peaks by
migration time matching to the N-glycan database glyXbaseCE. To confirm N-glycan
structures, a comprehensive exoglycosidase sequencing was performed, using the
enzymes [((1-2,3,4,6)-N-Acetylglucosaminidase (Agilent), a-(2—3,6,8) sialidase (Agilent),
and a(1-2,3,6) mannosidase (New England BioLabs). All exoglycosidase digests were
carried out at 37 °C and at the reaction conditions recommended by the respective enzyme
supplier. The APTS-labeled N-glycan mixture from each sample, after being resuspended,
was digested O/N with the corresponding exoglycosidases. Subsequently, HILIC-SPE was
performed again, with washing using only 80% ACNaq and elution in 500 pl of Milli-Q
water. The samples were then dried until their re-analysis with glyXboxCE.

The symbolic representations of N-glycans in Supplementary Table 1 and in figures were
drawn using GlycoWorkbench (Ceroni et al., 2008) according to the guideline of the

Consortium for Functional Glycomics (Varki et al., 2009).
5.2.22 D-Mannose supplementation

The offspring of the pmm2°"**R and the pmm2Y"3°¢%™% mutant lines were collected and

incubated at 32 °C. Embryos were treated with D-Mannose at two developmental stages:
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25 mM at stage 9 and 50 mM at stage 32 (Iwamatsu, 2004). To enhance permeability of
the chorion, embryos were gently rolled on fine sandpaper prior to treatment.
Supplementation of both groups were carried out until 5 days post hatching and the media
was changed every day. At 9 days post hatching, individuals were euthanized using an
overdose of Tricaine, imaged under a binocular and genotyped by restriction digestion as

previously described in in 5.2.18.

5.2.23 Biotin supplementation

2C139R 2V13SGfs*45

For Biotin supplementation, the offspring of the pmm and the pmm mutant
lines and wild-type Cab embryos were collected and incubated at 32 °C. Embryos were
treated with 0.25 mg/ml biotin in ERM at stage 34. To enhance permeability, embryos were
gently rolled on fine sandpaper and dechorinated with hatching enzyme at 28 °C for
approximately 30 min. Following enzymatic treatment, embryos were rinsed four times
with ERM and transferred to a glass dish containing 1x ERM. Remaining chorions were
carefully removed with forceps. Treatments of wild-type and pmm2 mutants were carried
out until 5 days post hatching and the supplementation media was changed every two
days. At 18 days post hatching, individuals were micro fin-clipped and genotyped as

previously described in 5.2.18.
5.2.24 mRNA rescue injections of pmm2C139R/V135Gfs™45
5.2.24.1 Cloning of constructs

Wild-type pmm2 mRNA was cloned from stage 32 wild-type Cab cDNA using PCR. The
forward primer (5-ATTATTTCTAGATCAGCAGAAGAAGAGCTGTTCG-3') and reverse
primer (5-ATTATTGAATTCGCTGCCAACATGAACGACGCCACGG-3') introduced Xbal
and EcoRl restriction sites. The resulting PCR product was digested with Xbal and EcoRI
and ligated into a pCS2+ vector backbone that was digested with the same enzymes. All
steps were performed as described earlier in 5.2.2. The point mutations for pmm2 F122
and C7139R mutant mRNA were introduced via Q5 mutagenesis (5.2.2.6). Following
primers were used for generating the F7122L mutation: fwd 5-
AGGGGAACTTTCATTGAGTTCCG and rev5’- CTTCTTGGGCAGCTT. For generation of
the C139R mutations following primers were used: fwd 5-
GACGCAGCTGCAGTCAGGAGGAG and rev 5- CAACCGGCGAGACGTTCA.

The human wild-type Pmm2 sequence cloned into pPGEM-T Easy backbone was provided
by Dr. Christian Thiel (Center for Child and Adolescent Medicine, Department Pediatrics |,
Heidelberg University, 69120 Heidelberg, Germany). The vector was digested with Notl
and blunted with Klenow Exconuclease. The human Pmm2 was cloned into the SnaBI

digested pCS2+ vector which was dephosphorylated with FastAP Thermosensitive
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Alkaline Phosphatase. In vitro mRNA synthesis was performed as described before in
5.2.4

5.2.24.2 Injections and genotyping

2C139R/+ 2V135Gfs*45/+

For micro injections the pmm was crossed with the pmm mutant lines and
embryos were injected in the 1-cell stage with 300 ng/ul mRNA. The specific mixes are
listed in Table 20. Injected embryos were incubated at 32 °C until hatching. Afterwards,
they were kept at room temperature and fed once a day. Genomic extraction of DNA of
hatchlings was performed three weeks post hatch or 13 days post hatch via micro fin-
clipping as previously described in in 5.2.18. Genotyping was completed by restriction

digestion as described in 5.2.18.
5.2.24.3 Bottom-up mass spectrometry

Sample and lysate preparation of embryos and hatchlings for bottom-up mass
spectrometry was performed by me (5.2.24.4) and Dr. Marcin Luzarowski (Core Facility
for Mass Spectrometry and Proteomics of the Center for Molecular Biology (ZMBH) of
Heidelberg University) performed further sample preparation, mass spectrometry run and
data analysis (5.2.24.7-5.2.24.9). Downstream Gene Ontology (GO) term enrichment
analysis was performed by myself (5.2.24.10).

5.2.24.4 Sample collection and preparation of lysates

26139 and the pmm2""3°¢%™*%|ine were collected and incubated at

The offspring of the pmm
32 °C. At 5 dpf, when embryos reached stage 35 (lIwamatsu, 2004) sample preparation
started for the embryonic stage samples. Embryos were rolled on fine sandpaper and
manually dechorinated with sharp forceps. Following dechorionation, embryos were
washed 4 times with 1x ERM and were transferred to clean glass Petri dishes containing
1x ERM. The yolk sacs were ripped using sharp forceps to separate embryonic tissue from
the yolk. The embryos were then transferred to a 15 ml falcon tube containing ice-cold 1x
PBS and gently shaken at 4 °C for 5 min. PBS was replaced with fresh ice-cold 1x PBS
and the embryos were shaken again for 5 min at 4 °C. After this step, embryos were
returned to a glass dish for removal of remaining yolk using forceps. Embryos were
individually transferred into 1.5 ml low protein-binding microcentrifuge tubes. All liquid was
removed from each tube before snap freezing the samples in liquid nitrogen. Frozen
embryos were stored at —80 °C until further use.

At 11 days post fertilization (4-5 days post hatch), hatchlings were euthanized using
tricaine prior to sample preparation. Brightfield images were acquired for documentation

purposes. The hatchlings were washed in 1x PBS and transferred individually into 1.5 ml
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low protein-binding tubes. After removing all remaining liquid, samples were snap frozen

in liquid nitrogen and stored at —80 °C until further processing.
5.2.24.5 Preparation of lysates and genotyping

Lysates of the samples were prepared by adding 50 ul (stage 35 embryos) and 95 i
(hatchlings) of RIPA Lysis and Extraction Buffer supplemented with cOmpleteTM EDTA-
free Protease Inhibitor Cocktail. Samples were homogenized by 6 cycles each 10 sec on
and 30 sec off at 4 °C in a Diagenode Bioruptor (Prof. Dr. Jan Lohmanns Lab, COS
Heidelberg). Lysates were quickly spun down at 4 °C and incubated on ice for 20 min. In
the meantime, a PCR master mix was prepared as described in section 5.2.18.1. As
template DNA, 1 pl of protein lysate was used and 31 PCR cycles were run. Following

PCR, the lysates were snap-frozen in liquid nitrogen and stored at -80 °C.
5.2.24.6 Measuring protein concertation and SDS-PAGE

After genotyping (5.2.18.1.), only wild-type and compound heterozygous pmm2 samples
were kept. Frozen lysates were thawed on ice and two stage 35 (5 dpf) embryos were
pooled into a single tube. To degrade nucleic acids and reduce lysate viscosity samples
were treated with Benzonase nuclease. Benzonase was added to the lysates and
incubated for 20 min at 4 °C followed by 5 min at 37 °C to maximize enzymatic activity.

Samples were centrifuged at 12000 g for 10 min at 4 °C. The supernatant was carefully
transferred to fresh 1.5ml low-protein-binding tubes. Protein concentration was
determined using the Pierce BCA Protein Assay Kit according to the manufacturer’s
instructions. Measurements were performed in duplicates using flat bottom 96-well plates.
Lysates were aliquoted and diluted with RIPA buffer to reach a final concentration of 10
Mg protein in 50 pl total volume. Aliquots were snap-frozen in liquid nitrogen and stored at
-80 °C. From the remaining lysate 10 ug were boiled in 4x Laemmli sample buffer for 10
min at 95 °C and stored at -80 °C. Samples were run on a self-made SDS-PAGE
consisting of a 10 % separation gel and a 4.5 % stacking gel (as described earlier in
5.2.20.4). Gels were run at 65 V for the first 30 min and at 100 V for approximately 1 hour.
The gels were washed for 5 min in water and then stained with Coomassie Brilliant Blue
staining for 2 hours on a shaker at room temperature. Destaining was performed using
destaining solution and washing the gels four times each 30 min at room temperature on

the shaker. Lysates were handed over on dry ice to Dr. Marcin Luzarowski.
5.2.24.7 Sample clean-up and digestion

Protein samples (10 ug) were prepared for digestion using the Single Tube Solid Phase

Sample Preparation (SP3) method on a KingFisher Apex platform (Hughes et al., 2019).
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To ensure optimal results, all reagents, solutions, and vessels were of high purity and
keratin-free. Magnetic bead-based sample preparation was carried out in a 96-well plate
format using a prototype magnetic bead slurry (Promega, Cat. No. 916738) and a total of
1000 pl liquid per sample for binding. Beads were washed three times with dH,O and
reconstituted to a final concentration of 100 pg/pl. Protein reduction and alkylation were
performed in the presence of 10 mM TCEP, 40 mM CAA, and 1 % SDS. Samples were
incubated at 95 °C for 5 min, followed by 25 min at 70 °C with mixing, and then cooled to
room temperature. Following reduction and alkylation, 2 yl of magnetic bead slurry was
added to each sample, followed by the addition of ethanol to a final concentration of 80%.
Samples were incubated at 24 °C for 20 min with mixing to enable protein binding. Beads
were subsequently washed three times with 1 ml of 80% ethanol and once with 1 ml of
80 % acetonitrile (ACN), with each wash lasting 4 min and including mixing. Protein
digestion was performed with trypsin at a 1:50 enzyme-to-protein ratio. The reaction was
carried out at 37 °C for 4 hours with mixing. Digestion was quenched by the addition of
trifluoroacetic acid (TFA), and samples were stored O/N at 4 °C. On the following day, the
pH of each sample was confirmed to be below 2 before proceeding to StageTip desalting
and LC-MS (Liquid Chromatography-Mass Spectrometry) analysis. Digested peptides
were desalted using self-assembled C18 Empore® extraction discs (3M, Maplewood, MN)
(Rappsilber et al., 2007).

5.2.24.8 LC-MS/MS analysis and data processing

Samples were suspended in 0.1 % TFA and analyzed using an Ultimate 3000 liquid
chromatography system coupled to an Orbitrap QE HF (Thermo Fisher) as described
before (Pedre et al., 2023). Briefly, peptides were separated in a 120 min linear gradient
starting from 3 % B and increasing to 23 % B over 100 min and to 38 % B over 20 min,
followed by washout with 95 % B. The mass spectrometer was operated in data-
dependent acquisition mode, automatically switching between MS and MS2. MS spectra
(m/z 400-1600) were acquired in the Orbitrap at 60,000 (m/z 400) resolution and MS2
spectra were generated for up to 15 precursors with a normalized collision energy of 27
and an isolation width of 1.4 m/z. The MS/MS spectra were searched against the UniProt
O. latipes (UP000001038, November 2019), and a customized contaminant database
using Proteome Discoverer 2.5 with Sequest HT. The fragment ion mass tolerance was
set to 0.02 Da, and the parent ion mass tolerance to 5 ppm. Trypsin was specified as an
enzyme. The following variable modifications were allowed: Oxidation (M), Deamidation
(N, Q), Acetylation (N-terminus), Met-loss (M), and a combination of Met-loss and

acetylation (N-terminus), whereas Carbamidomethylation (C) was set as a fixed
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modification. Peptide quantification was done using a precursor ion quantifier node with

the Top N Average (n = 3) method set for protein abundance calculation.
5.2.24.9 Data Analysis

To identify potential interaction partners of the protein(s) of interest, protein quantification
data exported from Proteome Discoverer 2.5 were analyzed in R Studio (R Core Team,
2021). Proteins supported by fewer than two peptides and those not designated as master
proteins within their respective protein groups were excluded. The remaining data were
normalized to the median intensity across all samples, under the assumption that medians
should be comparable across experimental conditions and replicates. Proteins quantified
in at least three out of four replicates in at least one experimental group were considered
reliably detected and retained for further analysis. Missing values were imputed using the
missForest algorithm (Stekhoven & Buhlmann, 2012). Statistical analysis was performed
using one-way ANOVA followed by Benjamini-Hochberg correction to adjust for multiple
comparisons. Pairwise group differences were assessed using Tukey’s Honest Significant
Difference (Tukey-HSD) test. Data visualization was carried out using the ggplot2 package
in R.

5.2.24.10 Gene Ontology (GO) term enrichment with ShinyGO.82

Gene Ontology (GO) term enrichment analysis was performed with ShinyGo v0.82 (Ge et
al., 2020) in the main class of biological processes. Medaka was set as species (Japanese
medaka HArR genes ASM223467v1) and as background all proteins detected in the
bottom-up mass spectrometry run were provided. Gene enrichment analysis of
differentially expressed proteins at embryonic stage 5 dpf and at hatching stage 5 dph was
performed separately for up- and downregulated proteins at both stages: prior (stage 35)

and after onset of phenotypes (hatchling).
5.2.25 Immunostaining against Zpr1

Sample preparation of hatchlings for cryosections was performed by me (5.2.25.1) and
Encarnacion Sanchez Salvador (Wittbrodt Lab, Heidelberg University) performed
cryosections, antibody staining and confocal imaging of wild-type and pmm2 mutant
sections (5.2.25.2-5.2.25.3).

5.2.25.1 Sample preparation

Medaka hatchlings were fixed in 4 % PFA in 1x PTW O/N at 4 °C. Afterwards, hatchlings
were washed in 1x PTW and transferred to 30 % sucrose in 1x PTW for O/N incubation at
4 °C, followed by 3 washes in 1x PBS and transferred to 30 % sucrose in 1x PBS at 4 °C.
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After at least 5 days, media was exchanged to a 1:1 solution of 30 % sucrose in 1x PBS

and tissue freezing media (TFM) for at least one night at 4 °C.
5.2.25.2 Cryosectioning

For cryosections, hatchlings were placed in plastic molds filled with TFM and snap-frozen
in liquid nitrogen. Samples were immediately placed in a cryostat for 10 min to equilibrate.
The heads of the hatchlings were sectioned with 16 um thickness on the cryostat (Leica

CM 3050S). Cryosections were dried O/N at 4 °C on Superfrost plus microscope slides.
5.2.25.3 Immunohistochemistry on cryosections and imaging

On the next day, sections were rehydrated for 30 min in 1x PBS at RT in a pipette tip box.
Samples were blocked for 2 hours in 10 % NGS in 1x PBS at RT and slides were covered
with parafilm to avoid evaporation. After the blocking solution was removed slides were
washed 2 times for 5 min with 1x PBS. Next, the sections were stained with anti-Zpr1
antibody (1:500) in 1 % NGS in 1x PBS and covered with parafilm O/N at 4 °C. Sections
were then washed 6 time with 1x PBS for 5 min each washing step. The secondary goat
anti-rabbit 1IgG Alexa Fluor 488 antibody (1:500) was applied in 1 % NGS in 1x PBS
together with DAPI (1:500 dilution) overnight at 4 °C in the dark. Slices were washed again
3 times for 5 min with 1x PBS. The slides were mounted in 100 pl of 60 % glycerol in 1x
PBS and a coverslip was place on top and sealed with nail polish. Slides were stored at
4 °C in darkness until imaging was performed. Imaging was done on a Leica SP8 confocal

microscope. Images were processed with ImageJ.
5.2.26 Whole mount imaging of DAPI stained heads
5.2.26.1 Genotyping of rp2 and rfc4 editants

Wild-type Cab embryos were microinjected at the one-cell stage with the injection mixes
stated in Table 20. After injections, the embryos were incubated at 28 °C until hatching.
Genomic DNA was extracted from editants 3 dpf using the standard protocol (5.2.15).
Following primers were used: rfc4 fwd 5’- AGTGATGTTCTGCAGTCATGTTC and rfc4 rev
5’- GCAGCAAAGCAAGCATGAGT and rp2 fwd 5’- CAGCCCATCATCGAGTCCTC and
rfc4 rp2 5- TGCTCCAAAACGAGTGGTGT. PCRs were run with standard settings with
68 °C annealing and 30 sec extension time (Table 16). PCR products were separated on
a 1 % agarose gel. Bands of the correct size were cut out and purified with the Monarch
DNA Gel Extraction Kit according to the manufacturer's protocol and sent for Sanger

sequencing to verify editing (Eurofins Genomics).
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5.2.26.2 Sample preparation, staining and Sp8 imaging

Hatchlings were fixed in 4 % PFA in 1x PBS O/N at 4 °C on a shaker. The next day,
samples were washed three times with 1x PBS. Samples were then bleached using a
standard bleaching solution on a shaker at room temperature for 20—40 min. Afterwards,
they were washed three times in 1x PTW for 30 min each. Heads were dissected using
forceps and incubated overnight at 4 °C in DAPI staining solution (10 ng/pl in 1x PTW) on
a shaker. On the next day, samples were washed five times with 1x PTW for 5 min each.
For imaging, heads were mounted ventrally in clearing solution in MatTek glass-bottom
dishes. Imaging was performed using a Leica SP8 confocal microscope equipped with a

20x glycerol immersion objective.
5.2.27 Data visualization

In general, microscopy images were processed with ImageJ (Schindelin et al., 2012).
Graphical data visualization and analysis were performed with ggplot2 (Wickham, 2016)
in RStudio (Posit team, 2024). Sequencing data was analyzed in Geneious Prime. Figures

were assembled using Affinity Designer 2.
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Supplementary Figure 1: Auxin toxicity test in wild-type embryos and half-life of Pmm2-GFP
degradation. A) 5-Ph-IAA induced wild-type embryos with different concentrations and DMSO
vehicle control at 6 hpf. B) Determination of half-life of Pmm2-GFP degradation by degron system.
Baseline corrected mean GFP fluorescence are fitted to a one-phase exponential decay model
(Y = (YO-Plateau)exp(-k*X)+Plateau) C) Extracted values from Pmm2-GFP depletion kinetics fitted
against one-phase exponential decay model. Adapted from Pakari et al., 2025. Dpf, days post
fertilization; hpf, hours post fertilization; 5-Ph-IAA, auxin analog

Supplementary Table 1: N-Glycan structures assigned by migration time matching with
glyXbaseCE) to the peaks of the xCGE-LIF N-glycan fingerprints, derived from the
proteomes of 20 wild-type and 20 compound heterozygous pmm2C7139RV1356fs™5 hatchlings.
Peak intensities are normalized to N-glycans derived from 1 ug Asialofetuin as an internal standard.
The most intense N-glycan peak (A3G3) from Asialofetuin was set to 100 % IS intensity (see
Supplementary Figure 2). Therefore, some values exceed 100%. Data provided by lvan Andujar-
Martinez (Rapp Lab, MPI Magdeburg).

Peak | N-glycan structures N-Glycan Names (Adapted from Relative Peak Heights
Oxford Nomenclature by GlyXera) (%IS)
pmm2 pmm2
wild-type mutants
1 _ _ 8.917 5.376
2 > T A2G2S2(2,6) 19.130 20.407
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3 FA4GA4S4(2,3) 6.354 6.211
Man3[b]
4 35.728 39.459
A2G2S1(2,6)S1(2,3)
5 _ _ 10.540 -
e Man3
6 17.003 44 666
uﬁs LT Man3[C]
FA3G3S3(2,3)[2,6]
7 FA2G2S2(2,6) 38.872 31.390
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Figure 10. Normalized glyco-fingerprint for the Asialofetuin.
Grey framed the peaks potentially corresponding to multiple structures.

Supplementary Figure 2: Normalized glyco-fingerprint for Asialofetuin. Grey framed peaks
potentially correspond to multiple structures. Data provided by Ivan Andujar-Martinez (Rapp Lab,

MPI Magdeburg).
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prior to onset of phenotype
embryo - 5 dpf

after onset of phenotype
hatchling - 5 dph

Supplementary Figure 3: Quality control of protein lysates from wild-type and
pmm2C139RIVI3SGis™45 SDS-PAGES stained with Coomassie blue show all lysates from pmm2 wild-
type and compound heterozygous mutants prepared for bottom-up mass spectrometry. Sample are
from two stages: prior and after onset of phenotype. dpf, days post fertilization; hpf, hour post
fertilization
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Supplementary Figure 4: Absolute intensities of tryptic peptides from bottom-up mass
spectrometry analysis assigned to AOA3B3HGKS (prr33). Peptides across all 5 replicates from
wild-type and compound heterozygous pmm2 mutants at the two stages (5 dpf and 5 dph). dpf,
days post fertilization; hpf, hour post fertilization; mut, compound heterozygous; wt, wild-type
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