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Abstract

Isolated sulfite oxidase deficiency (SOXD) is a rare autosomal recessively inherited disease presenting with
severe seizures, neurological damage and altered facial and head morphology, which collectively lead to infant
death if left untreated. It can be caused by a loss of function of the mitochondrial molybdoenzyme sulfite oxidase
(SOX) due to mutation in the SUOX gene (named SOXD) or by defects in the biogenesis of its molybdenum
cofactor (named MoCD), forming the active site of the enzyme.

The disease is characterized by a vast increase of sulfite and related sulfur-containing metabolites,
including S-sulfocysteine, in urine accompanied by a decrease of plasma cystine and homocysteine levels.
Sulfite is a molecule with strong nucleophilic properties that has the ability to cleave disulfide bonds and thus
globally affect protein stability and function. In contrast to the versatile mechanism of sulfite-mediated toxicity,
SSC functions as a structural analogue of glutamate triggering N-methyl D-aspartate receptor (NMDAR)-
mediated excitotoxicity resulting in elevated neurodegeneration.

Up to date, effective long-term treatment strategies are still lacking for SOXD. So far, therapy is
restricted to symptomatic treatment including anti-epileptic medication aiming for a reduction in seizures and
spasticity. Deceleration of the disease progression was attempted via dietary restriction of sulfur-containing
amino acids to reduce cysteine catabolism and thus sulfite formation, but has only proven successful in mild,
late onset cases of SOXD.

The generation of a Suox” mouse line provided a new model system to investigate the effects of non-
functional SOX on the symptom progression of SOXD and thus new possibilities in the search for an effective
long-term treatment. Hence, the current study investigated several therapeutic approaches aiming to treat
SOXD in mice by (i) blockage of NMDAR-mediated excitotoxicity, (ii) dietary restriction of proteins and sulfur-
containing amino acids, (iii) chemical sulfite scavenging, (iv) inhibition of ferroptosis and (v) an enzyme
replacement therapy using a modified SOX variant.

The results indicate an absence of beneficial effects of NMDAR blockage on the survival time of Suox™
mice, which is in line with their cerebral phenotype being significantly milder than reported in patients, thus
suggesting a different underlying cause of death, which is in strong contrast to the disease progression in human
patients.

Therapeutic prevention of major sulfite accumulation was attempted by dietary restriction of sulfur-
containing amino acids to reduce cysteine catabolism. However, dietary restriction proved difficult in mice, as
manipulation of the mother’s chow to alter the diet of pups complicated the right dosage finding, thus resulting
in no improvement of the phenotype.

An attempt to reduce sulfite accumulation via usage of different thiol-reactive compounds
(D-cysteine/cystine, cystamine) did also not improve the symptomatology or life span of Suox’ mice. As it
nevertheless presents an easy, straightforward treatment approach, chemical sulfite scavenging still holds great
potential for future studies on the treatment of SOXD.

Based on the fact that SOXD causes cystine depletion, we hypothesized a pathomechanism that
involves the regulated cell death pathway ferroptosis, which is characterized by increased levels of intracellular
lipid peroxidation caused by a depletion of cysteine and glutathione. However, the current study excluded the
contribution of ferroptosis to the phenotype of Suox” mice. In contrast, absence of SOX activity resulted in an
inhibition of ferroptosis, which is hypothesized to be caused by a faster recovery of reduced glutathione due to
sulfite-mediated cleavage of disulfide bonds in intracellular glutathione disulfide and was also confirmed by
reduced lipid peroxidation in kidneys of Suox’- mice.

Enzyme replacement therapy presented an alternative treatment approach aiming for the reconstitution
of SOX activity. Murine SOX lacking the heme domain was utilized to allow usage of blood-dissolved oxygen as
a final electron acceptor for sulfite oxidation in vivo. The treatment resulted in a small, but significant increase
in the average survival time of Suox’ mice and upon further advancement presents a promising treatment
strategy for SOXD in mice, which in the long term might lead to the discovery of a potent therapy usable for
SOXD in humans as well.

In the course of the current study, a difference in the cause of death between human SOXD patients
and Suox’ mice became apparent. In line with this, a dermal phenotype was discovered and investigated in
Suox™ mice, which is characterized by epidermal hyperproliferation and defective terminal differentiation
presumably caused by the sulfite-mediated cleavage of disulfide bonds in keratins and other structural proteins,
which are crucial for structural integrity of the epidermis. The data strongly suggest the development of an
epidermal barrier defect in the progression of the disease, but future studies will be required to unravel the
contribution of the observed phenotype to the overall lethality in those mice.

VIl



Zusammenfassung

Isolierte Sulfitoxidasedefizienz (SOXD) ist eine seltene, autosomal-rezessive Erbkrankheit, die mit schweren
Krampfen, neurologischen Schéden und Verénderungen der Gesichts- und Schadelmorphologie, einhergeht
und unbehandelt zu einem friihen Tod fuhrt. Sie wird durch einen Funktionsverlust des mitochondrialen
Molybdoenzyms Sulfitoxidase (SOX) entweder aufgrund von Mutationen des SUOX-Gens (SOXD) oder durch
Defekte in der Biogenese des Molybdancofaktors (MoCD), der das aktive Zentrum des Enzyms bildet,
verursacht.

Die Krankheit ist durch einen starken Anstieg der Konzentrationen von Sulfit und schwefelhaltigen
Metaboliten wie beispielsweise S-sulfocystein im Urin gekennzeichnet, der mit einem Riickgang der Cystin- und
Homocysteinwerte im Plasma einhergeht. Sulfit ist ein Molekul mit stark nukleophilen Eigenschaften, das
Disulfidbriicken spalten und so die Stabilitdét und Funktion von Proteinen global beeinflussen kann. Im
Gegensatz zu dem vielseitigen Mechanismus der Sulfit-vermittelten Toxizitat 16st SSC als strukturelles
Analogon von Glutamat hauptséchlich N-Methyl-D-Aspartat (NMDA) Rezeptor-vermittelte Exzitotoxizitat aus,
die zu Neurodegeneration fiihrt.

Bis heute gibt es keine wirksamen langfristigen Behandlungsstrategien fir SOXD. Bisher beschrankt
sich die Therapie hauptsachlich auf die symptomatische Behandlung mit Antiepileptika, die auf eine
Verringerung der Anfélle und Spastik abzielen. Eine Verlangsamung des Krankheitsverlaufs wird durch eine
verringerte Aufnahme von schwefelhaltigen Aminosauren Uber die Nahrung angestrebt, um den
Cysteinkatabolismus und somit die Bildung von Sulfit zu reduzieren, hat sich jedoch nur bei milden, spat
auftretenden Fallen von SOXD als erfolgreich erwiesen.

Die Generierung einer Suox’~ Mauslinie lieferte ein neues Modellsystem zur Untersuchung der
Auswirkungen von nicht-funktioneller SOX auf den Krankheitsverlauf von SOXD und bot damit neue
Mdglichkeiten fur die Suche nach einer wirksamen Langzeitbehandlung. Daher untersuchte die vorliegende
Studie mehrere Therapieansatze zur Behandlung von SOXD in Mausen durch (i) Blockierung NMDA-Rezeptor-
vermittelter Exzitotoxizitat, (i) Einschrankung der Aufnahme von Proteinen und schwefelhaltigen Aminosauren
Uber die Nahrung, (iii) chemisches Abfangen von Sulfit, (iv) Inhibition von Ferroptose und (v) eine
Enzymersatztherapie unter Verwendung einer modifizierten SOX-Variante.

Die Ergebnisse zeigen keine positiven Auswirkungen der Blockierung von NMDA-Rezeptoren auf die
Uberlebenszeit von Suox” Mausen. Dies stimmt (iberein mit der Tatsache, dass der zerebrale Phénotyp deutlich
milder ausgepréagt ist als bei humanen Patienten, was auf eine andere zugrunde liegende Todesursache
schlielRen lasst, und in starkem Kontrast zum Krankheitsverlauf bei menschlichen Patienten steht.

Eine therapeutische Verhinderung tiberméaRiger Sulfitakkumulation wurde durch eine Einschrénkung
der Aufnahme schwefelhaltiger Aminosauren in der Nahrung zur Reduzierung des Cysteinkatabolismus
angestrebt. Die Einschrankung der Ernahrung bei Mausen erwies sich jedoch als schwierig, da eine
Manipulation des Futters der Mutter zur Veranderung der Erndhrung der neugeborenen Mause die richtige
Dosierung erschwerte, sodass keine Verbesserung des Phanotyps erzielt werden konnte.

Ein direkter Versuch, die Sulfitakkumulation durch die Verwendung verschiedener Thiol-reaktiver
Verbindungen (D-Cystein/Cystin, Cystamin) zu reduzieren, flhrte ebenfalls nicht zu einer Verbesserung der
Symptomatik oder Lebensdauer von Suox’ Mausen. Da es sich dennoch um einen einfachen und
unkomplizierten Behandlungsansatz handelt, birgt chemisches Abfangen von Sulfit groRes Potenzial fur
zukunftige Studien zur Behandlung von SOXD.

Da SOXD eine Depletion von Cystin verursacht, stellten wir die Hypothese auf, dass der regulierte
Zelltodweg Ferroptose fur einen Pathomechanismus der SOXD verantwortlich ist. Ferroptose ist durch eine
erhdhte intrazellulare Lipidperoxidation gekennzeichnet, die durch einen Cystein- und Glutathionmangel
verursacht wird. Die aktuelle Studie schloss jedoch einen Beitrag der Ferroptose zum Phanotyp von Suox™
Mausen aus. Im Gegenteil fihrte der Funktionsverlust der SOX zu einer Inhibition der Ferroptose, was
vermutlich auf eine schnellere Wiederherstellung von reduziertem Glutathion aufgrund der Sulfit-vermittelten
Spaltung von Disulfidbindungen im intrazellularen Glutathiondisulfid zurtickzufuhren ist und durch eine
verringerte Lipidperoxidation in den Nieren von Suox’- Mausen bestétigt wurde.

Die Enzymersatztherapie stellt einen alternativen Behandlungsansatz dar, der eine Wiederherstellung
der SOX-Aktivitat anstrebt. Durch die Verwendung von muriner SOX ohne HAm-Domaéne ist es mdglich, den im
Blut gelésten Sauerstoff als finalen Elektronenakzeptor fir die Sulfitoxidation in vivo zu nutzen. Die Behandlung
fiihrte zu einer begrenzten, aber signifikanten Verlangerung der durchschnittlichen Uberlebenszeit von Suox™”
Mausen und stellt in weiterentwickelter Form eine vielversprechende Behandlungsstrategie fir SOXD in
Mausen dar, die langfristig auch zur Entdeckung einer wirksamen Therapie fir SOXD im Menschen flhren
konnte.

Im Verlauf der aktuellen Studie zeigten sich Unterschiede in den Todesursachen von menschlichen
SOXD-Patienten und Suox” Mausen. Damit ibereinstimmend wurde bei Suox’- Mausen ein dermaler Phanotyp
entdeckt und untersucht. Dieser zeichnet sich aus durch epidermale Hyperproliferation und fehlerhafte terminale
Differenzierung, die vermutlich durch die Sulfit-vermittelte Spaltung von Disulfidbindungen in Keratinen und
anderen Strukturproteinen verursacht werden, die fir die strukturelle Integritat der Epidermis essentiell sind.
Die Daten deuten stark auf die Ausbildung eines epidermalen Barrieredefekts im weiteren Krankheitsverlauf
hin, aber weitere Studien sind erforderlich, um den Beitrag des beobachteten Phanotyps zur Letalitat der Mause
aufzuklaren.
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Part A Molybdenum in health and disease

1.1 The Molybdenum Cofactor

The transition element molybdenum is a powerful catalyst for redox reactions and as such
it can be found in a variety of different species throughout all kingdoms of life as part of the
catalytic center of enzymes. These so-called molybdoenzymes overtake crucial functions
in sulfur, nitrogen and carbon metabolism, thus rendering them essential for survival
(Kisker, Schindelin, & Rees, 1997). Molybdenum enters the cell as molybdate (MoO4?%).
While its exact route of import has not been fully understood yet in humans, in bacteria and
some plants it has been found to be transported into the cell via high-affinity ABC
transporters (Grunden & Shanmugam, 1997; Tejada-Jiménez et al., 2007; Tomatsu et al.,
2007). These transporters consist of three different proteins: a periplasmic binding protein,

an intrinsic membrane protein and an ATPase.

In the cell, in order to fulfill its vital functions and gain catalytic activity, molybdenum
needs to be incorporated into a cofactor. So far, two different forms of molybdenum-
containing cofactors have been found: iron-sulfur cluster bound molybdenum is exclusively
found in the cofactor (FeMoco) of nitrogenase, an enzyme produced by a number of bacteria
including cyanobacteria and rhizobacteria (Burgess & Lowe, 1996; Koirala & Brozel, 2021).
The cofactor contains one [4Fe-3S] and one [Mo-3Fe-3S] cluster, which are bridged by
three sulfides and one central carbon atom (J. Kim & Rees, 1992; Lancaster et al., 2011;
Spatzal et al., 2011). All other organisms harbor a pterin-based form of the molybdenum
cofactor (Moco). This form consists of a tricyclic pterin named molybdopterin, which
contains a C6-substituted pyran ring, a terminal phosphate and a dithiolate group that binds
the molybdenum (K. v. Rajagopalan & Johnson, 1992).

Moco-containing enzymes can be further subdivided into three different classes
depending on the coordination of the molybdenum within their cofactors. Members of the
sulfite oxidase family show covalent binding of the molybdenum to a cysteine residue of the
apoprotein, while in the xanthine oxidoreductase family molybdenum is bound to a third,
terminal sulfido ligand, which gets added in a final maturation step (Schwarz & Mendel,
2006). Those two families can be found throughout all kingdoms of life, while the third and
last DMSO reductase family only exists in bacteria and archaea. In this family of enzymes,

Moco is bound to a bis-molybdopterin-guanine dinucleotide (bis-MGD) consisting of two
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pyranopterin molecules, which are further modified via nucleosides such as cytosine or

guanosine (Miralles-Robledillo et al., 2019).

A B

TOOCH,CH,C
CH,CO0

s / \

/\/\/\/\/ °

(Cys)S =———Fe —— Mo

\/ \/

N(His)

Figure 1: Molecular structures of FeMoco and pterin-bound Moco.
(A) Bacterial FeMoco harbors one [4Fe-3S] and one [Mo-3Fe-3S] cluster bridged by three sulfides and one

central carbon atom. (B) The pterin-bound Moco consists of a tricyclic pterin that contains a C6-substituted
pyran ring, a terminal phosphate and a dithiolate group binding the molybdenum. In members of the SOX family,
X represents the single-bonded sulfur atom of a cysteine residue and Y a double-bonded oxygen. Enzymes of
the XOR family contain a double-bonded inorganic sulfur and a hydroxyl group at the X and Y position,
respectively. Figure modified from (Demtrdder et al., 2019; Mendel, 2013).

1.2 Moco biosynthesis in bacteria

Moco biosynthesis can be divided into three main steps. In the first step, GTP is converted
into cyclic pyranopterin monophosphate (cPMP). In bacteria, this step involves two proteins
named MoaA and MoaC. The S-adenosylmethionine- and [4Fe4S] cluster-dependent
enzyme MoaA catalyzes the formation of the intermediate 3',8-cH.GTP, which is further
converted into cPMP by diphosphate cleavage and pterin ring formation via MoaC (Hover
et al., 2013). In a second step, molybdopterin (MPT) is formed by insertion of two sulfur
atoms at the C1’ and C2’ positions of cPMP (Daniels et al., 2008). The reaction is catalyzed
by MPT synthase, a heterotetrameric complex consisting of two small and two large
subunits named MoaD and MoaE (Pitterle & Rajagopalan, 1989). The two MoaE subunits
form the center of the complex and are capable of binding one molecule of cPMP each,
while the MoaD subunits are attached one on each end, respectively, and allow sulfur
transfer from their C-terminal thiocarboxylate group to the pterin (Rudolph et al., 2001).
Antecedently, MoaD gets primed by MoeB via the formation of a MoeB-MoaD adenylate
complex at a C-terminal double glycine motif in MoaD, which in a second step is activated
by a sulfur transferase utilizing L-cysteine as sulfur donor (Leimkiihler & Rajagopalan,
2001). While in vitro any of the three bacterial NifS-like L-cysteine desulfurases CsdA, SufS
and IscS can act as a sulfur donor, IscS has been proven to show the only specific
interaction with MoeB and MoaD (Leimkuhler & Rajagopalan, 2001; W. Zhang et al., 2010).

The last step of Moco biosynthesis can be divided into two reactions. In the first part,
the homotrimeric protein MogA mediates ATP-dependent MPT adenylation, which yields
the intermediate MPT-AMP (Kuper et al., 2004; Liu et al., 2000). Subsequently, MoeA in its
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active dimeric form hydrolyzes the phosphodiester bond in a molybdenum-dependent
manner leading to the ligation of the molybdenum to the pterin dithiolene, resulting in the
formation of the basic, tri-oxo form of Moco, which can directly be inserted into members of
the sulfite oxidase family (Leimkuhler, 2020; Xiang et al., 2001). For enzymes of the
xanthine oxidoreductase family, additional sulfuration is needed which requires Moco-
binding chaperones of the XdhC family prior to insertion (Leimkihler & Neumann, 2011).
Alternative modification by nucleotide addition is a two-step reaction essential for cofactor
formation in the DMSO reductase family. In a first step, MobA catalyzes the conversion of
Mo-MPT into a bis-Mo-MPT intermediate. This intermediate can be inserted directly into the
cofactor of the YdhV protein in E. coli (Reschke et al., 2019), but for the majority of enzymes
is further modified by the addition of two GMP molecules resulting in the bis-MGD cofactor
(Lake et al., 2000; Palmer et al., 1996). Moreover, in a third group of enzymes from the
DMSO reductase family the cofactor contains an additional sulfido ligand, which is
transferred from the L-cysteine desulfurase IscS to the molybdenum cofactor by the enzyme
FdhD (Arnoux et al., 2015; Thomé et al., 2012).

1.3 The enzymes of Moco biosynthesis in humans

1.3.1 MOCS1A + MOCS1B

Human Moco biosynthesis shows a high resemblance to the bacterial pathway. In the first
step, cPMP is formed from GTP via the intermediate 3',8-cH.GTP (Hover et al., 2013). As
in bacteria, the reactions are catalyzed by two distinct proteins MOCS1A and MOCS1B,
which are homologous to MoaA and MoaC. In humans, however, those proteins are derived
from the same unique bicistronic MOCS1 gene (Gray & Nicholls, 2000; Reiss, Christensen,
et al., 1998).

Alternative splicing of exons 1 and 9 results in four different N-terminal and three
different C-terminal variants (I-111), respectively (Arenas et al., 2009). Splice type | produces
bicistronic transcripts with two non-overlapping open reading frames, however only the first
nine exons containing MOCS1A are translated (Mayr et al., 2020). In splice types Il and lll,
alternative splicing of exon 9 leads to the production of MOCS1AB fusion proteins, in which
exon 9 is either partially or entirely skipped. This results in the loss of the contained stop
codon and a catalytically essential C-terminal double-glycine motif located just prior to the
stop codon, which is thus skipped as well. Therefore, the fusion protein contains fully
functional MOCS1B, but catalytically inactive MOCS1A. Proteolytic cleavage results in the
liberation of active MOCS1B and the presentation of an internal mitochondrial targeting

signal (MTS), which leads to its import into the mitochondrial matrix (Mayr et al., 2020).
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Splice types | and Il predominate in vivo, making up 41% and 55% of all MOCS1 transcripts,
while splice type Il is only found in 4% of MOCSL1 expression (Arenas et al., 2009).

Moreover, N-terminal splicing of exon 1 results in four additional variations of
MOCS1 only affecting MOCS1A, which use mutually exclusive start codons and affect
catalytic activity (Mayr et al., 2020). Similar to bacterial MoaA, MOCS1A belongs to the
superfamily of radical S-adenosylmethionine proteins and requires two [4Fe-4S] clusters to
be active, whose binding sites are found in exon 1d and at the C-terminus of MOCS1A
(Hanzelmann et al., 2004). Two splice variants start on exon la: the Larin variant contains
exon lad and is fully active, while in the Arenas variant exon la is directly followed by
exon 2, thus lacking one Fe-S binding site and rendering the resulting protein inactive
(Arenas et al., 2009; Gross-Hardt & Reiss, 2002). The other two variants start on exon 1b,
with the Reiss variant containing exons 1bcd and the Gross-Hardt variant skipping exon 1c
resulting in a truncated exon 1bd (Gross-Hardt & Reiss, 2002; Reiss, Cohen, et al., 1998).
Exon 1c is believed to support protein stability, as its absence was shown to result in
aggregate formation (Mayr et al., 2020). Furthermore, exon la was predicted to contain an
MTS, which is absent in exon 1b (Mayr et al., 2020).

The question of a necessity for distinct mitochondrial and cytosolic MOCS1A
proteins and their role in Moco biosynthesis, however, remains to be elucidated. Following
conversion of GTP into the intermediate 3,8'cH2-GTP, MOCS1B catalyzes its conversion
into cPMP. Due to its strong MTS MOCSI1B is located in mitochondria, thus locating the
entire second step of cPMP formation to mitochondria (Mayr et al., 2020). How the unstable
intermediate 3,8'cH2-GTP formed by MOCS1A could be transported from cytosol to
mitochondria has not been discovered yet, so further studies will be crucial to fully
understand the exact process and the contribution of both mitochondrial and cytosolic
MOCS1A to cPMP biosynthesis.

1.3.2 MPT synthase and MOCS3

The second step of Moco biosynthesis is the conversion of cPMP into MPT mediated by
MPT synthase. Similar to bacteria, in humans MPT synthase consists of two distinct
proteins forming a heterotetrameric complex (Rudolph et al., 2001). MOCS2A and MOCS2B
are both derived from a bicistronic transcript of the MOCS2 gene containing overlapping
and shifted open reading frames (Stallmeyer et al., 1999). Splicing of exon 1 results in two
distinct splice forms (I and IIl) with alternate start codons. Splice form | uses a start codon
in exon la and a stop codon in exon 3, which results in translation of a MOCS2A protein
containing the catalytically essential C-terminal double-glycine motif, which as described

above can also be found in bacterial MoaD (Rudolph et al., 2001; Stallmeyer et al., 1999).
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In contrast, splice form Il contains exon 1b instead of exon 1a, which causes a shift of the
open reading frame and results in the usage of a start codon in exon 3 and a stop codon in
exon 7, thus translating into the protein MOCS2B (Hahnewald et al., 2006). Splice form II
cannot be found in the databases anymore and is believed to have been an artifact (Reiss
& Hahnewald, 2011).

The mode of action of human MPT synthase is identical to the pathway found in
bacteria (Leimkihler, 2017). MOCS2A and MOCS2B show high sequence homology to
bacterial MoaD and MoaE and chimeric studies have proven them interchangeable
(Leimkdhler et al., 2003). However, human MPT synthase has a significantly slower reaction
rate than MPT synthase from E. coli (Leimkdhler et al., 2003). Moreover, bacterial MoeB is
not sufficient for the activation of MOCS2B, which is exclusively carried out by its human
homologue MOCS3. Sequence homology can be observed between MoeB and the
N-terminal part of MOCS3, with the latter harboring an additional C-terminal rhodanese-like
domain absent in MoeB (Leimkuhler et al., 2003). Similar to bacteria, humans use
L-cysteine as sulfur donor. The sulfur is bound by the L-cysteine desulfurase NFS1 in form
of a persulfide group, which in a second step is further transferred onto a cysteine residue
in the rhodanese-like domain of MOCS3 (Marelja et al., 2008, 2013; Matthies et al., 2005).
Hence, MOCS3 is a multifunctional protein, which in contrast to MoeB catalyzes the
adenylation of MOCS2 as well as the subsequent sulfur transfer reaction, while in bacteria
the latter is performed by an L-cysteine desulfurase (Leimkuhler, 2017; Leimkihler &
Rajagopalan, 2001; Matthies et al., 2004).

1.3.3 Gephyrin

The third and final step of Moco biosynthesis comprises the adenylation of MPT and the
subsequent insertion of molybdate to form the mature eukaryotic form of Moco. While in
bacteria these reactions are catalyzed by MogA and MoeA, respectively, in humans both
steps are combined by a single protein called gephyrin, which is encoded by the GPHN
gene (G. Feng et al., 1998; Leimkihler, 2020).

Gephyrin is a cytosolic three-domain protein comprising an N-terminal G-domain
and a C-terminal E-domain, which are homologues of MogA and MoeA, respectively, as
well as a central C-domain (Sola et al., 2001). Similar to their bacterial homologues,
gephyrin G-domain forms trimers and gephyrin E-domain is present in dimers (Sola et al.,
2001, 2004). First, the G-domain catalyzes the adenylation to form MPT-AMP upon ATP
consumption. In a second step, the MPT-AMP is transferred to the nucleotide-binding
pocket of the E-domain, which includes an adenine-binding region, a loop for the recognition

of the nucleotide and a catalytic site for MPT-AMP hydrolysis. The metal binding site is
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located in close spatial proximity to the predicted position of the dithiolene group of MPT to
allow Mo-dependent MPT-AMP hydrolysis upon the formation of Moco (Kasaragod &
Schindelin, 2016; Llamas et al., 2006).

In addition to its function in Moco biosynthesis, gephyrin plays an essential role in
the formation of inhibitory synapses by serving as an anchor protein for glycine receptors
(GlyRs) and GABA. receptors (GABAARS) at the postsynaptic membrane in neurons.
Posttranslational modifications such as palmitoylation, S-nitrosylation and proteolytic
cleavage by calpain, as well as alternative splicing serve as regulatory mechanisms, thus
providing additional structural and functional complexity to the protein in different organs
(Dejanovic et al., 2014; Dejanovic & Schwarz, 2014; Dos Reis et al., 2022; B. T. Kawasaki
et al., 1997). The majority of alternatively spliced cassettes are found in the C-domain and
have no impact on the metabolic function of gephyrin. However, insertion of the G2 splice
cassette abolishes the last step of Moco biosynthesis by changing the oligomerization state
of gephyrin G-domain from trimer to dimer (Smolinsky et al., 2008).
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Figure 2: Human Moco biosynthesis.
Human Moco biosynthesis is a three-step reaction catalyzed by different enzymes depicted as colored boxes.

Schematic representations of the genes encoding for those enzymes are depicted on the left in the same color
code. The transporter involved in cPMP translocation to the cytosol is not known yet and thus depicted with a
guestion mark. Figure modified from (Mayr et al., 2021).
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1.4 Human molybdoenzymes

Up to date, in total more than 100 molybdoenzymes have been identified and classified, but
only five of them have been found in eukaryotes (Hille et al., 2011). These include aldehyde
oxidase (AOX), xanthine oxidoreductase (XOR), sulfite oxidase (SOX) and the
mitochondrial amidoxime-reducing component (MARC) in mammals, as well as nitrate
reductase (NR) in plants. According to the coordination of their Moco, XOR and AOX belong
to the XOR family, while SOX and NR form the SOX family (Hille et al., 2011). In mARC,
the Moco is coordinated by covalent attachment to a highly conserved cysteine residue as
seen in the SOX family, while simultaneously displaying a pyranopterin conformation, which
is typical for the XOR family, and harboring a fold being distinct from any of the two families.
Hence, mARC represents an own class of molybdoenzymes and rather portrays the first

evolutionary link between both known families (Kubitza et al., 2018).

='Fe-S Fe-S = Mo/Dim Xanthine oxidoreductase

= Fe-S Fe-S = FAD — Mo/Dim —  Aldehyde oxidase
= Heme = Mo - Sulfite oxidase
= Mo mARC

Figure 3: Domain structures of human molybdoenzymes.
Comparison of the domain structures of all known human molybdoenzymes.

1.4.1 Xanthine oxidoreductase

The cytosolic protein XOR is the first member of the highly conserved XOR family of
molybdoenzymes, which can be found among prokaryotic and eukaryotic organisms,
presumably sharing a common biological ancestor (Terao et al., 2016). Both subunits of the
homodimeric protein XOR comprise an N-terminal Fe-S domain harboring two [2Fe-2S]
clusters and a C-terminal Moco and dimerization domain, which are linked to a central FAD
domain via two flexible hinge regions (Nishino et al., 2020). XOR preferably acts on low
substituted purines and in vivo mainly catalyzes the hydroxylation of hypoxanthine and
xanthine to yield urate, thus functioning as the terminal enzyme in purine catabolism
(Harrison, 2002; Hille & Nishino, 1995). Moreover, it can act on a broad number of other
substrates including pteridines, pyrimidines, N-heterocyclic compounds, aldehydes, as well
as several xenobiotics, which attributes it an additional role in liver detoxification reactions
(Krenitsky et al., 1972). XOR by default functions as an NAD" dependent dehydrogenase,

however reversible oxidation of two essential cysteine residues, as well as irreversible
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partial proteolysis of the region containing the two cysteines, converts it into an oxidase
using oxygen instead of NAD™ as its electron acceptor (Corte & Stirpe, 1972; Nishino et al.,
2008; Stirpe & Della Corte, 1969). An intermediate product showing modification of only
one of the sulfhydryl groups is capable of performing both dehydrogenase and oxidase
function (Nishino et al., 2015). In vivo, the conversion from dehydrogenase to oxidase form
is involved in numerous processes including lactation and the development of the innate
immune system (Vorbach et al., 2002, 2003). Further posttranslational modifications, mainly
including demolybdo and desulfo forms, render the enzyme inactive and are found in 98%
of human enzyme in studies from milk (Abadeh et al., 1992).

1.4.2 Aldehyde oxidase

Besides XOR, in eukaryotes AOX is the second human member of the XOR family of
molybdoenzymes. Both enzymes display a high structural similarity attributable to their high
sequence identity of about 50% (Mahro et al., 2013). As XOR, AOX is located in the cytosol
and forms homodimers. Each subunit contains an N-terminal Fe-S domain harboring two
[2Fe-2S] clusters, which is linked to a central FAD domain via a flexible hinge region and a
C-terminal Moco and dimerization domain, again bridged to the FAD domain via a flexible
tether (Coelho et al., 2012). Despite their huge structural similarities, XOR and AOX display
major differences in their substrate specificity. While XOR favorizes hypoxanthine and
xanthine, AOX generally catalyzes the hydroxylation of higher substituted aromatic ring
structures and the oxidation of aldehydes to their respective carboxylic acids utilizing water
and oxygen (Garattini et al., 2008). It has an overall broader range of substrates in vivo, but
its precise physiological function has not been identified yet, although it is known to be

involved in drug metabolism (Garattini et al., 2008).

The first crystal structure of a mammalian AOX protein was AOX3 from murine liver
and gave further insights into the difference in substrate specificity between AOX and XOR
(Coelho et al., 2012). While the overall structure is highly similar to bovine XOR, AOX lacks
a flexible loop around the FAD site, which enables XOR in its reduced form to utilize NAD*
as the final electron acceptor, thus rendering AOX a pure oxidase. Moreover, some
conserved residues within the active sites of both proteins differ and presumably are the
main reason for the differences in substrate specificity (Coelho et al., 2012). While in
rodents, including mice and rats, four distinct genes on the same chromosome encode for
four isoforms of the enzyme, the only isoform of AOX in humans is encoded by the AOX1
gene. Human AOX shows a high sequence identity of 85% towards its rodent orthologue
AOX1, while it only shares about 60% of its sequence with the other three isoforms
(Garattini & Terao, 2011). However, two of the latter can be found as pseudogenes in close

proximity to the human AOX1 gene (Garattini et al., 2008).
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1.4.3 Mitochondrial amidoxime-reducing component

MARC is the smallest and simplest of the human molybdoenzymes, as it does not only form
monomers, but also lacks any additional prosthetic groups despite the Moco (Ott et al.,
2015). Therefore, it requires the activity of the two electron transport proteins cytochrome
b5 type B and NADH cytochrome b5 reductase (Ott et al., 2015). The electrons provided by
this system are utilized for the reduction of N-hydroxylated substrates, which among others
plays a role in the activation of amidoxime prodrugs and in the general reduction of N-
oxygenated metabolites formed by P450 enzymes (Gruenewald et al., 2008; Ott et al.,
2015). Moreover, studies suggest its involvement in the protection of cellular DNA by
detoxification of N-hydroxylated base analogues (Krompholz et al., 2012).

In mammalians, the two genes MARC1 and MARC2 encode for two paralogue
enzymes mARC1 and mARC2, but to date the knowledge on gene regulation and potentially
differing tissue expression is still limited (Neve et al., 2015). However, one recent finding
suggested mARC2 as a predictive factor for hepatocellular carcinoma, as mARC2, but not
MARC1 shows strong downregulation proportional to the severity of the disease, thus
pointing towards different physiological functions of both enzymes (Wu et al., 2020). In line
with this, mARC2-deficient mice showed a distinct phenotype including decreased body
weight, increased body temperature, lower levels of total cholesterol, and higher glucose
levels (Dickinson et al., 2016; Rixen et al., 2019). These mice also harbor significantly
reduced reductase activity towards a number of N-oxygenated substrates, which could not
be rescued by the unaltered expression of mMARCL1, thus again verifying a difference in the
function of the two isoforms in vivo, which will need to be further elucidated in the future
(Rixen et al., 2019).

In the past, computational studies on mMARC1 and mARC2 predicted similar protein
structures including an N-terminal MTS, a domain containing a -barrel and a molybdenum
cofactor sulfurase C-terminal (MOSC) domain for both of them (Anantharaman & Aravind,
2002). A few years later, the crystal structure of human mARC1 indeed revealed the
existence of two distinct domains within the protein (Kubitza et al., 2018). However, they do
not resemble the predictions, as tertiary-structure elements found were not clearly
separated but rather comprised parts of both predicted domains. The study also found two
highly conserved key residues in close proximity to the active site, which differ between
MARC1 and mARC2 proteins and influence their catalytic activity and substrate specificity
(Kubitza et al., 2018). Moreover, the crystal structure showed an unexpected conformation
of the bound Moco, as it is typically found in the XOR family, while biochemical and

biophysical features of mMARC resemble more to the SOX family (Kubitza et al., 2018).
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Therefore, MARC seems to represent an evolutionary link between the SOX and XOR

family of molybdoenzymes.

1.4.5 Sulfite oxidase

SOX is the fourth and due to its pivotal role in human health also described as the most
crucial human molybdoenzyme (Schwarz, 2005). It is the only human member of the SOX
protein family, in which the molybdenum of the cofactor is covalently bound to an invariant
cysteine residue of the apoprotein (Hille, 2002). The enzyme is highly conserved among
various kingdoms of life, as alternative forms can also be found in plants (plant SOX) as
well as in bacteria (sulfite dehydrogenase) (Eilers et al., 2001; C. Feng et al., 2007).
Mammalian SOX consists of three domains: a central Mo domain harboring the pterin-
bound Moco, the N-terminal bs-type-like heme domain, which is linked to the Mo domain via
a flexible tether region and a C-terminal dimerization domain allowing the formation of

homodimers (Kisker, Schindelin, Pacheco, et al., 1997).

SOX is localized in the intermembrane space of mitochondria (IMS), where it
catalyzes the detoxification of sulfite to sulfate as the terminal step of cysteine catabolism
(Johnson & Rajagopalan, 1979; Ono & Ito, 1984). The reaction mechanism of SOX can be
subdivided into a reductive and an oxidative half. In the reductive half reaction, a
nucleophilic attack of the sulfite lone pair on the oxo-ligand of the Moco initiates the
reduction of molybdenum from Mo"' to Mo" (Hille, 1994). Following the dissociation of
sulfate, in the oxidative part the electrons accepted by the molybdenum are transferred onto
the heme domain in two independent intramolecular electron transfer (IET) reactions.
Transfer of the first electron leads to a paramagnetic MoY as well as a diamagnetic Fe',
which are detectable via electron paramagnetic resonance (EPR) spectroscopy (Astashkin
et al., 2002). Oxidation from Fe'" to Fe'' is achieved by transfer of the electron onto the final
electron acceptor cytochrome c (Johnson-Winters et al., 2010). A second IET followed by
reduction of a second molecule of cytochrome c regenerates the initial Fe'"/Mo"' state (K.

V. Rajagopalan, 1980).

The crystal structure of chicken SOX, which to date is the only fully resolved crystal
structure of mammalian SOX, revealed a huge distance of 32 A between Mo and heme
domain, which was contrastive to the high velocity observed for the IETs (Kisker, Schindelin,
& Rees, 1997; Sullivan et al., 1993). This led to the hypothesis that a conformational change
might be essential for the reduction of the spatial distance and facilitation of the IETs (Kisker,
Schindelin, & Rees, 1997). Previous studies showed a decrease in SOX activity upon
increase of the viscosity of the reaction buffer and truncation of the linker region between
Mo and heme domain (Bender, 2017; C. Feng et al., 2002). Combined, these findings
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emphasize the significance of the flexibility of the tether region for the fast accomplishment
of the IET.

A recent study also investigated the aspect whether IET occurs within or between
the two subunits of SO by measuring activities of differently modified heterodimeric
complexes. Their data suggest that one fully functional subunit of SO is sufficient for steady-
state sulfite oxidation, leading to the hypothesis that homodimerization is more crucial for

protein stability especially during maturation than for catalytic activity (Eh et al., 2022).

Besides sulfite oxidation, a novel function of SOX in nitric oxide (NO) production has
been described in the literature. Similar to the molybdoenzymes XOR and AOX, which have
been shown to exhibit nitrite reductase activity, SOX can catalyze a single-electron transfer
exclusively from the fully reduced Mo center to nitrite yielding NO under hypoxic conditions
(Maia et al., 2015; Maia & Moura, 2018; Wang et al., 2015). As nitrite and the iron of the
heme domain compete for the first sulfite-derived electron, full-length SOX exhibits a lower
reaction rate of NO production as recombinant, isolated Mo domain (Wang et al., 2015).
Nevertheless, knockdown of all molybdoenzymes compared to single knockdown of full-
length SOX in fibroblasts resulted in almost equally reduced levels of nitrite-dependent
cGMP formation and thus ascribed the highest contribution to NO production in vivo to SOX
(Wang et al., 2015).
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Figure 4: Reaction cycle and crystal structure of SOX.
(A) Reaction cycle of SOX-catalyzed sulfite oxidation. In the reductive half of the reaction, two electrons are

transferred onto the molybdenum of the Mo domain. In the oxidative second half, two IETs from molybdenum
to the iron of the heme domain and subsequent transfer onto two cytochrome ¢ molecules regenerates the initial
oxidation state. Figure modified from (C. Feng et al., 2007). (B) Crystal structure of chicken SOX dimer modified
from (Kisker, Schindelin, & Rees, 1997). Mo domain is depicted in dark blue, dimerization domain in light blue
and heme domain in red.
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1.5 Molybdenum cofactor and isolated sulfite oxidase deficiency

Molybdenum cofactor deficiency (MoCD) and isolated sulfite oxidase deficiency (SOXD)
are rare autosomal recessively inherited diseases, which are characterized by severe
seizures, neurological damage and altered facial and head morphology, which collectively
lead to infant death if left untreated (Johnson & Duran, 2001). MoCD involves a loss of
function of all the above described molybdoenzymes and can be caused by defects in one
of the three steps of Moco biosynthesis, as they were described in more than 200 cases so
far (Spiegel et al., 2022). Depending on which step of Moco biosynthesis is affected, the

disease can be further divided into three different subtypes (Reiss & Hahnewald, 2011).

In MoCD type A, which is the most frequent form of MoCD comprising 50-60% of
MoCD patients worldwide, the first step of Moco biosynthesis is disturbed by mutations in
the MOCS1 gene (Reiss, Cohen, et al., 1998; Reiss & Hahnewald, 2011). One third of
reported MoCD cases are classified as type B patients, which carry mutations in the MOCS2
or MOCS3 gene encoding for the proteins that are involved in the second step of Moco
biosynthesis (Huijmans et al., 2017; Stallmeyer et al., 1999). MoCD type C is the rarest
form, as so far only two patients have been diagnosed, and affects the GPHN gene (Reiss
et al., 2001; Reiss & Hahnewald, 2011). Mutations in this gene abolish the last step of Moco
biosynthesis, but can also affect the crucial neuronal function of gephyrin, thus causing an

extremely severe phenotype in MoCD type C patients (Reiss et al., 2001).

SOX can be described as the most important member of the family of
molybdoenzymes (Schwarz, 2005), given that loss of SOX activity results in a similar
phenotype as seen in MoCD. SOXD is caused by a loss of SOX function due to mutation of
the SUOX gene, which is located on chromosome 12 and encodes for SOX itself (Aghanoori
et al., 2016; Johnson et al., 2002). Up to date, more than 50 cases of SOXD have been
described in the literature (Claerhout et al., 2018; Sharawat et al., 2020; Tian et al., 2019).
Loss of function of SOX, the final enzyme of cysteine catabolism, leads to a fatal
accumulation of toxic sulfite in the body, as well as an increase in the levels of other sulfur
metabolites including thiosulfate, taurine and S-sulfocysteine (SSC), which is formed in the

reaction of sulfite and the disulfide cystine (Rupar et al., 1996).

1.5.1 Cysteine catabolism

MoCD and SOXD present with highly elevated levels of various sulfur metabolites due to
the loss of function of SOX, the final enzyme of cysteine catabolism. Cysteine is a semi-
essential amino acid, which promotes protein structure and stability by the formation of

disulfide bridges and plays a crucial role in cellular redox regulation, as it is one of three
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amino acids required for synthesis of the intracellular antioxidant glutathione (GSH). GSH
biosynthesis is a two-step reaction catalyzed by glutamate cysteine ligase (GCL) and GSH
synthetase (GSS). In a first, rate-limiting step, GCL forms the intermediate y-glutamyl-
cysteine from glutamate and cysteine. In a second step, attachment of a glycine molecule
yields the final product GSH (Lu, 2013).

Cysteine can enter the cell as its oxidized form cystine via the x¢” antiporter, which
transports cystine into and glutamate out of the cell (Bannai, 1986). Alternatively, cysteine
can be produced from methionine intracellularly via the transsulfuration pathway (Sbodio et
al., 2019). In the form of S-adenosylmethione, methionine acts as an important methyl group
donor in the cell, which results in its conversion into S-adenosylhomocysteine followed by
hydrolysis to adenosine and homocysteine. The latter can be converted to cystathionine via
condensation with serine catalyzed by the enzyme cystathionine B-synthase (CBS), which
is followed by cleavage into cysteine and a-ketobutyrate by cystathionine y-lyase (CSE). In
the oxidative part of cysteine catabolism, cysteine is oxidized to cysteine sulfinic acid (CSA)
by the enzyme cysteine dioxygenase (CDO). A part of CSA is then decarboxylated by CSA
decarboxylase (CSAD) to yield hypotaurine, which further converts into taurine in a non-
enzymatic reaction. The other part of CSA is deaminated to B-sulfinylpyruvate, which
spontaneously decomposes to pyruvate and sulfite, by cytosolic and mitochondrial
glutamate oxaloacetate transaminase (GOT1 and GOT?2, respectively). In a last step, sulfite
is immediately detoxified by oxidation to sulfate catalyzed by SOX (Kohl et al., 2019).

In the hydrogen sulfide (H.S) pathway, several reactions lead to the formation of
H.S. On the one hand, CBS and CSE both independently can catalyze the reaction of
cysteine with water producing serine and H,S. Additionally, in an alternative reaction
catalyzed by the enzymes GOT1 and GOT2, cysteine and a-ketoglutarate are converted
into glutamate and 3-mercaptopyruvate. Subsequently, reductive desulfuration of the latter
is catalyzed by the enzyme 3-mercaptopyruvate sulfurtransferase (MPST), yielding
pyruvate and H,S. H,S clearance is performed in a multistep reaction starting with its
oxidation to a zero-valent sulfur by generating a protein-bound persulfide followed by
transfer onto an acceptor, which is mediated by the membrane-bound mitochondrial
enzyme sulfide:quinone oxidoreductase (SQR). So far, GSH has been discussed as the
primary acceptor, which would result in the formation of glutathione persulfide (GSSH).
Regeneration of glutathione is catalyzed by thiosulfate sulfurtransferase (TST) and
persulfide dioxygenase (PDO) under formation of thiosulfate and sulfite, respectively.
Hence, in both parts of cysteine catabolism, SOX is the key enzyme required for clearance
of sulfite and its loss of function impacts a complex, highly regulated pathway resulting in

the elevation of several different and potentially toxic metabolites (Kohl et al., 2019).
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Figure 5: Schematic representation of cysteine catabolism.
Enzymes and metabolites involved in cysteine catabolism. Glutathione biosynthesis is depicted as grey,

transsulfuration pathway as blue, oxidative pathway as green and H2S pathway as yellow. SOX as the final
enzyme of both latter pathways is colored in red.

1.5.2 Clinical presentation of SOXD

The metabolic diseases SOXD and MoCD display huge similarities in their clinical
presentation with an equally fatal set of symptoms. Similar to MoCD, SOXD presents with
feeding difficulties, spasticity, microcephaly, lens dislocation and psychomotor retardation
(Johnson & Duran, 2001). As biochemical hallmarks for diagnosis, patients are tested for a
vast increase of sulfite and SSC levels in urine accompanied by a decrease of plasma
cystine and homocysteine levels (Bindu et al., 2017). While in MoCD additionally uric acid
levels in plasma are decreased and urinary xanthine and hypoxanthine are significantly
elevated, in SOXD these levels remain unchanged, as they can be attributed to a loss of

XOR function upon disturbance of Moco biosynthesis (Endres et al., 1988).

Progression of the disease is dependent on the underlying SUOX mutation and the
resulting level of residual SOX enzymatic activity. Most patients harbor homozygous
mutations, but few heterozygous mutations have been reported earlier (Zhao et al., 2021).
While nonsense and frameshift mutations lead to very severe phenotypes, the effect of
missense mutations might vary from not impacting the enzyme over leading to impaired,
but residual activity to total loss of function, depending on their localization (Claerhout et al.,

2018). Recently, a study used machine learning-based random forest classification to
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predict the pathology of 303 naturally occurring missense mutations of the SUOX gene and
found 15 novel pathogenic mutations, while most missense mutations were predicted to not

result in manifestation of the disease (Kaczmarek et al., 2021).

Most commonly, SOXD presents as an early onset disease starting hours to days
after birth with feeding difficulties, increased irritability and intractable seizures. Infants
display rapidly progressing encephalopathy leading to cerebral atrophy and microcephaly,
as well as severe developmental retardation and typically die within the first months of life
(Bindu et al., 2017; Claerhout et al., 2018). However, several late onset cases have been
described in the literature, which typically start between the first six to 18 months of life with
developmental delay and impaired neuromotor function. Life expectancy is significantly
longer than in case of early onset and can vary between early and late childhood with highly
differing individual courses of the disease depending the underlying SUOX mutation (Bindu
et al., 2017; Claerhout et al., 2018).

Recently, one patient has been described, which developed symptoms one year
after birth and was followed up until the age of 9.5 years (Tian et al., 2019). He displayed
heterozygous missense mutations in the Mo and dimerization domain, thus supporting the
hypothesis of missense mutations leading to a later disease onset. SOX activity was not
determined, but residual activity causing an amelioration of the phenotype can be
speculated. The patient showed unstable postural control and a borderline level of mental
development, but brain lesions observed at an early stage of the disease almost completely
recovered over the years and his performance in school was normal. To date, this patient
and his two younger siblings, which presented with equally promising development during
follow up, are the only patients with a stable clinical course and spontaneous recovery,

which have not been treated otherwise (Tian et al., 2019).

1.5.3 Current state of knowledge on the disease mechanism

Although MoCD shows additional symptoms to SOXD due to xanthinuria caused by loss of
XOR function, the major disease mechanism, which ultimately results in premature death,
can be ascribed to a loss of SOX function. The different aspects of cellular changes due to
SOXD are discussed based on the role of the different metabolites being accumulated or
depleted in SOXD patients.

Exposure to micromolar concentrations of sulfite in cells has been described to
cause a depletion of intracellular ATP, which might be ascribed to a direct inhibition of
glutamate dehydrogenase (X. Zhang et al., 2004). Sulfite itself has also been shown to alter

the mitochondrial network in fibroblasts from MoCD patients with the result of increased
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mitochondrial hyperfusion and presumably decreased mobility as seen in murine Suox”
fibroblasts (Mellis et al., 2021). Additionally, sulfite can attack disulfide bonds in the
extracellular space, thus impacting protein folding and stability. As sulfite was also proven
to cleave persulfidations, which can function as a protective mechanism for cysteine
residues from irreversible oxidation (Doka et al., 2020), sulfite can also negatively impact
protein function. Moreover, sulfite has been hypothesized to react with the aldehyde group
of pyridoxal-5’-phosphate (PLP), which in its active form comprises the cofactor of more
than 120 enzymes (Footitt et al., 2011). Sulfite has also been found to inhibit the enzyme
a-aminoadipic semialdehyde dehydrogenase, which leads to an accumulation of
a-aminoadipic semialdehyde and A!-piperideine-6-carboxylate (P6C). P6C can inactivate
PLP and represents an alternative mechanism of in PLP depletion in MoCD and SOXD
(Mills et al., 2006, 2012). Decreased PLP in cerebrospinal fluid can lead to reduced
synthesis of the neurotransmitters dopamine and serotonin, as well as reduced metabolism
of glycine and threonine, and can cause an epileptic phenotype (Footitt et al., 2011), thus
presumably contributing to the severe neurological phenotype observed in MoCD and
SOXD.

In addition to its aforementioned pathological effects, sulfite is also responsible for
the formation of SSC, which is seen as an important cause of neurotoxicity. Due to its
structural resemblance to glutamate, SSC can cause major N-methyl-D-aspartate receptor
(NMDAR)-mediated excitotoxicity ultimately resulting in elevated neurodegeneration
(Kumar et al., 2017; Olney et al., 1975). Formation of SSC is seen as a sulfite scavenging
mechanism to decrease sulfite accumulation, but additionally causes a depletion of cysteine
and cystine in the organism. This in turn can result in decreased levels of GSH, possibly
leading to reduced lipid peroxide-detoxifying glutathione peroxidase 4 (GPX4) activity
followed by ferroptosis, an iron- and reactive oxygen species (ROS) dependent form of non-
apoptotic cell death (Seiler et al., 2008; Yang et al., 2014).

While some aspects of the disease mechanism have been elaborated in greater
detail already, others remain broad hypotheses and speculations. MoCD and SOXD present
with increased levels of thiosulfate, but might additionally be accompanied by an increased
flux of H,S, a metabolite required for SQR-dependent production of thiosulfate, which in
high concentrations is a potent inhibitor of cytochrome ¢ oxidase (Dorman et al., 2002;
Jackson et al., 2012). Similarly, Ethel”™ mice, which are used as a model for ethylmalonic
encephalopathy and lack PDO, display vastly elevated H,S resulting in death between five
to six weeks after birth (Tiranti et al., 2009). Although the exact phenotype of Suox™ mice
will be discussed later, they show a remarkably more severe phenotypic expression than

Ethel™ mice. A sole toxicity of H,S is therefore unlikely to cause the severe phenotypes of
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MoCD and SOXD. Most likely, it can be seen as a multi-faceted disease mechanism, thus

resulting in such severe progression of the diseases.

1.5.4 Current treatment options for SOXD

In the past, successful treatment of MoCD type A could be achieved by regular
administration of cPMP, the product of the first step of Moco biosynthesis (Veldman et al.,
2010). Treatment normalized urinary levels of all biochemical hallmarks of the disease
within one to two weeks and remained constant over time. Treatment did not restore brain
function, but stopped progressive cerebral atrophy from the start of therapy. However, up
to date effective long-term treatment strategies are still lacking for MoCD type B and C, as
well as for SOXD. So far, therapy is restricted to symptomatic treatment including anti-
epileptic medication aiming for a reduction in seizures and spasticity, although the majority
of SOXD patients present with pharmacoresistant seizures (Claerhout et al., 2018).
Treatment of vomiting, gastroesophageal reflux, and aspiration pneumonia might be
included if needed. Additionally, gastrostomy tube placement can be performed to ensure
sufficient calorie intake upon feeding difficulties (Bindu et al., 2017).

Search for an effective long-term treatment of SOXD, however, has been subject of
research since more than 30 years, with a first therapeutic approach having been tested in
1989 (Tardy et al., 1989). In this case study, a girl presented with facial hypotonia and
choreoathetosis, as well as increased urinary excretion of sulfite, SSC and taurine, but
without increased blood uric acid concentrations, which combined led to the diagnosis of
SOXD. For therapy, D-penicillamine, which previously had been used in cystinuria, Wilson’s
disease and rheumatological diseases (Halperin et al., 1981; Howard-Lock et al., 1986; Van
Caillie-Bertrand et al., 1985), was administered in a single dose of 150 mg with the intention
to induce sulfite scavenging under the formation of S-sulfopenicillamine (Tardy et al., 1989).
Treatment, however, did not form detectable amounts of urinary S-sulfopenicillamine, thus
also having no impact on urinary levels of sulfite and SSC. Still, usage of other sulfite

scavengers harboring free thiol groups was suggested to be tested in the future.

Another treatment option involves the dietary restriction of sulfur-containing amino
acids to reduce cysteine catabolism and thus sulfite formation. Two patients with mild, late
onset forms of SOXD responded well to a dietary treatment approach including low-protein
diet supplemented with a synthetic amino acid mixture lacking methionine and cysteine, as
it will be discussed in more detail in chapter Il (Touati et al., 2000). Dietary restriction of
sulfur-containing amino acids achieved a drastic decrease in urinary thiosulfate, taurine and
SSC to stable levels within two months. Both patients grew and developed well without

signs of further neurological deterioration, thus rendering dietary restriction an effective
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treatment for mild cases of SOXD. One of the patients received additional treatment with
the sulfite scavenger cysteamine. However, treatment did not show further improvement of

the clinical picture and thus was discontinued after nine months (Touati et al., 2000).

Following the success of dietary restriction in late onset patients, in another report
from the literature, low-protein diet was tested in a patient with a severe, early onset form
of SOXD (Boyer et al., 2019). Eight days after birth, the female infant displayed poor feeding
and increased irritability. Neurological examination revealed severe hypertonicity,
opisthotonos, as well as status epilepticus, and blood analysis showed signs of metabolic
acidosis, lactic acidosis and ketosis. MRI revealed abnormal alteration of white matter
hinting towards initial signs of neurodegeneration. In urine, SSC levels were elevated, while
xanthine and hypoxanthine levels remained unchanged. Plasma levels of homocysteine
and cystine were low or undetectable, while plasma a-aminoadipic semialdehyde and P6C
were elevated. In line with those findings, gene analysis found a homozygous single
nucleotide duplication resulting in a frameshifting insertion that led to a premature stop
codon in the SUOX gene. Due to difficulties to adjust to feeding, a low-protein, -methionine
and -cystine diet was fed only starting six weeks after birth, when repeated MRI scan
already revealed severe loss of brain volume, porencephaly and subdural effusions. Dietary
restriction still improved her severe irritability and overall life quality, as well as her
biochemical markers, with SSC level reduction of 36%. She continued to display severe
developmental retardation with no signs of improvement. At an age of three months the
patient was hospitalized again due to pneumonia and feeding intolerance requiring some
additional adjustments of the diet. Nevertheless, at four months age she died from sepsis.
Observed effects of dietary restriction were not as strong as in mild cases of SOXD, but
significant improvements were obtained. As the cause of death was not directly linked to
SOXD, a continuous mildly positive effect in the following months of life can be presumed,
so low-protein and low-sulfur diets still continue to be a useful approach to stop or
decelerate progression of the disease by preventing or lowering accumulation of toxic sulfur

metabolites in mild and severe forms of SOXD, respectively.

In another case of severe, early onset SOXD, an alternative treatment strategy was
applied (Tan et al., 2005). In addition to low-methionine and low-cysteine diet,
administration of thiamine, an important cofactor to different enzymes, was proposed to
have a beneficial effect on sulfite toxicity, as sulfites are known to destroy thiamine not only
in vitro, but also in vivo as shown by animal experiments (Buchman et al., 1935; Til et al.,
1972). Finally, aiming to counteract excitotoxic mechanisms in the brain, treatment with
NMDAR antagonist dextromethorphan aimed to inhibit NMDAR-induced excitotoxicity and

resulting neurodegeneration (Tan et al., 2005). Additional administration of phenobarbital
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stopped tonic-clonic seizures in the patient after the neonatal period and an EEG revealed
the absence of electrographic seizures at three months. As several treatments were applied
simultaneously, however, the exact impact of each single treatment cannot be pinpointed.
Due to remaining severe developmental retardation and progressive microcephaly, success
of the tested therapeutic approach was limited, but might result in more positive findings in

mild, late onset cases of SOXD.

In summary, although a few treatment strategies can decelerate progression of the
disease, search for an effective long-term treatment targeting the actual disease
mechanism still continues to be an important part of ongoing research and was therefore
one aim of this thesis. Without doubt, any attempt leading to a reduction of sulfite
accumulation would be expected to normalize disease-related biomarkers and improve

clinical outcome, especially when applied at early age.

1.5.5 Available mouse models for MoCD and SOXD

1.5.5.1 Mouse model for MoCD type A

In 2002, Mocs1” mice were published as a mouse model resembling the phenotype of
MoCD type A patients (Lee et al., 2002). On a genomic level, exon 3 of the Mocs1 gene
was chosen as a target, as it contains a number of highly conserved residues equally found
in human MOCSL1. The exon was deleted by homologous recombination and substituted by
a Neomycin resistance-cassette to completely destroy MOCS1A activity and eventually also
influence MOCS1B activity depending on the characteristics of the transcribed mRNA. As
MOCSI1B is only transcribed as a MOCS1AB fusion protein, instability in the part encoding
for MOCS1A was proposed to cause degradation of the entire MOCS1AB transcript.

Homozygous Mocs1™” were born healthy without any visual phenotypic expression,
but showed significantly reduced weight gain over the following days and died between one
to 11 days after birth with an average life span of 7.5 days. In contrast, heterozygous
animals showed no signs of MoCD symptoms and were indistinguishable from wildtype
littermates over their entire life span. Northern blot analysis did not detect any Mocs1 RNA

in homozygous mice, hence verifying depletion of both MOCS1A and MOCS1B proteins.

Ataxia and seizures were not observed in Mocs1”™ mice, but due to the strong
neurological phenotype in human patients, further brain analysis was performed
nonetheless. However, in line with phenotypic observations, nuclear staining of neuronal
tissues did not show signs of altered cell number or development of the different cell layers.
Biochemical analysis further revealed a total absence of MPT in homozygous animals, thus

verifying a complete loss of function for all molybdoenzymes. Urinary sulfite, cysteine,
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taurine and xanthine levels as well as the signal for an authentic SSC reference compound
were markedly increased, while uric acid was not detectable in Mocs1” mice. As these mice
die without any observable neurological phenotype, an increased importance of sulfite
toxicity as the major cause of death was hypothesized, including the ability of sulfite to react
with disulfide bonds and sulfhydryl groups and a potential sulfite-linked depletion of GSH
(Graf et al., 1998; Lee et al., 2002). Presumably, the life span of Mocs1” mice is too
shortened to allow the development of major neurological damage (Lee et al., 2002).
Discovery of cPMP as a successful treatment option for these mice as well as for MoCD
type A patients, however, still demonstrates the resemblance and thus importance of the
mouse model for further understanding of the disease.

1.5.5.2 Mouse model for MoCD type B

In recent years, finally also a mouse model for MoCD type B has been generated
(Jakubiczka-Smorag et al., 2016). The Mocs2 gene was disrupted by insertion of a LacZ
gene and a Neomycin resistance cassette after the start codon, which upon homologous
recombination caused a deletion between exons 1 and 7, thus affecting almost the entire
gene. PCR and western blot analysis of several different tissues confirmed the absence of
MOCS2 RNA and proteins, respectively.

Similar to Mocs1” mice, Mocs2™ mice were born healthy, but quickly displayed
developmental delay and growth retardation, as well as a generally weaker health condition
leading to premature death at an average of 4.7 days. As the regulations for animal welfare
changed in recent years, termination criteria are reached earlier nowadays, thus explaining
the discrepancy between the average survival time of Mocs1” and Mocs2’ mice. However,
homozygous Mocs2” mice could be divided into two groups, as typically they either died on
the first day after birth or survived until day five to ten. They further displayed curly whiskers
and a global defect in hair growth accompanied by scaly, wrinkly skin. Serum and urine
samples confirmed an increase in xanthine and hypoxanthine levels, while uric acid was
undetectable. Additionally, shortly before death, Mocs2” mice developed urinary retention
and, as observed after death, accumulated insoluble xanthine crystals in the bladder, thus
confirming loss of XOR function. Direct measurement of SOX activity in liver and kidney
revealed a complete loss of SOX function, which resulted in an expected increase of plasma
and urinary SSC levels that, contrary to expectations, was not found in any tested tissues
from Mocs2” mice. Stainings of hippocampus, cortex and brainstem sections did not show
changes in overall neuron numbers, but revealed an increase in apoptotic neurons, which
in more moderate form could also be seen in heterozygous mice. However, even in

homozygous mice the changes in the brain were not severe enough to explain the overall
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health impairment and shortened life span, so as already hypothesized for the earlier
published Mocs1” mice, presumably other factors cause death in these animals prior to the
development of a more severe, lethal cerebral phenotype. In line with findings from previous
MoCD mouse models, heterozygous Mocs2* mice did not show phenotypic changes strong
enough to reduce quality of life, hence confirming the sufficiency of 50% residual Moco
biosynthesis for a normal development in mice and resembling the situation in human

patients.

1.5.5.3 Mouse model for MoCD type C

Gphn™ mice were generated as the first mouse model for MoCD in 1998 and resemble
MoCD type C (G. Feng et al.,, 1998). Studies in these mice could finally verify the
moonlighting function of gephyrin as a scaffold protein for GlyRs and GABAARS in inhibitory
synapses and a key enzyme in Moco biosynthesis. Full-body knockout (KO) of the Gphn
gene was achieved by deletion of the promoter region plus exon 1 and successfully caused
a complete loss of Gphn MRNA and protein as verified via northern and western blot
analysis of brain tissue, respectively. Gphn’ mice looked healthy at birth, but in contrast to
wildtype and heterozygous litter mates did not show a milk spot and were not able to
produce typical neonatal vocalizations. They displayed abnormal response to tactile stimuli
by assuming a rigid, hyperextended posture similar to wildtype neonatal mice treated with
the GlyR antagonist strychnine. While heterozygous mice developed normally without any
impairments, homozygous mice suffered from apnea after 12 hours and died within the first
24 hours of life. Stainings of spinal cord sections revealed a diffuse distribution of GlyRs
and GABAARs and decreased GABAergic and glycinergic currents in the absence of
gephyrin (G. Feng et al., 1998; Kneussel et al., 1999), hence attributing a crucial role in
inhibitory synapse formation and function to gephyrin. Moreover, complete loss of SOX and
XOR activity verified the second, essential role of gephyrin in Moco biosynthesis (G. Feng
et al., 1998).

1.5.5.4 Mouse model for SOXD

While the first mouse models for MoCD have been established more than 20 years ago, for
a long time no mouse model for SOXD was available, as only in 2019 the first successful
generation of Suox™ mice was described (Kohl, 2019). Via the CRISPR/Cas9 system, a
seven base pair deletion in a region of exon 3 encoding for the Mo domain, close to several
essential substrate-binding residues, was performed and verified by sequencing. Loss of
SOX was confirmed by direct activity measurement in liver extracts and by western blot

analysis.
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Suox™ mice presented without visible phenotypic changes at birth, but after the first
four days of life started showing developmental delay including reduced weight gain and
motor skills as measured in a righting reflex test. This ultimately caused death within the
first 12 days of life with an average life span of 9.6 days. As expected, urinary sulfite,
thiosulfate and SSC levels were significantly increased, further confirming loss of SOX
function. Brain morphology showed differences in brain height and volume, which were
believed to result from developmental delay or increased neuronal cell death. Later studies
revealed no differences in neuron number similar to the results found in Mocs1™ and
Mocs2” mice (Kohl, Fu et al., in preparation), however more in-depth analyses looking at
early stages of neurodegeneration as in Mocs2” mice have not been performed. Altered
brain morphology can therefore be ascribed mainly to a significant developmental delay,
while a severe cerebral phenotype would be expected to develop upon an increase of the

average life span of Suox” mice.

Similar to the MoCD mouse models, loss of SOX function led to a decrease in
cysteine in plasma and in GSH levels in liver and kidney (Kohl, 2019), which supports the
early hypothesis of sulfite-linked depletion of GSH due to a restriction of cysteine in GSH
synthesis (Graf et al., 1998). Although Suox KO does not affect other molybdoenzymes like
XOR, similar to MoCD mouse models, Suox™ mice present with a renal phenotype including
proteinuria and increased urinary creatinine (Kohl, 2019). In the past, induction of oxidative
stress presenting with increased ROS production and ATP depletion could be observed in
several mammalian kidney cell lines upon incubation with micromolar levels of sulfite
(Vincent et al., 2004). As SOX has been found to show highest expression and activity in
kidney and liver, a loss of SOX function could increase the sensibility of renal cells towards
sulfite toxicity (Kohl, 2019). However, although more intensive studies on kidneys from
Suox” mice did confirm a renal phenotype, it is not sufficiently severe to explain the short
average life span in those mice and can rather be classified as a secondary effect of yet
unknown cause. Overall, further studies will be necessary to fully understand the disease

mechanism and the major cause of death in this newly established mouse model of SOXD.
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Part B Epidermal skin barrier in health and disease

1.6 Structure and function of the epidermis

The skin is the largest organ of the human body and as such allows protection against
exogenic factors, regulates body temperature and hydration and mediates tactile sensation.

It comprises three layers named hypodermis, dermis and epidermis.

The hypodermis, also called subcutaneous layer, is the most inner layer. It primarily
stores fat and energy, thus functioning as a thermal isolator, and functions as a connection
between skin and the underlying bones and muscles. The middle layer dermis adds strength
and flexibility to the skin and supports the hypodermis in thermal regulation by producing
sweat. It allows hair growth by harboring hair follicles and contains nerve endings enabling
tactile sensation. The most outer layer is called epidermis and forms a protective outside-in
barrier against exogenic factors like germs, UV radiation and minor mechanical forces, but
also provides an inside-out barrier function protecting the body against transepidermal

water loss (Monteiro-Riviere, 2005).

For full formation of the epidermal barrier function, several different cell layers are
required. The stratum basale (SB) is the deepest layer of the epidermis and is located
directly above the dermis, only separated by the basal lamina. The SB contains one single
layer of functionally diverse basal cells, which are attached to the basal lamina and also
laterally to each other and the following layer via hemidesmosomes and desmosomes,
respectively (Monteiro-Riviere, 2005). While some basal cells function as anchoring cells
staying attached to the basal lamina, basal keratinocyte stem cells proliferate to form the
keratinocytes of the subsequent layers and enable a complete renewal of the epidermis
within a 30-day cycle (Lavker & Sun, 1982). Besides keratinocytes, the epidermis contains
melanocytes in a ratio varying from 1:4 to 1:11 throughout the body. Melanocytes are neural,
crest-derived cells, which produce melanin, thus supporting protection of the skin from UV
radiation (Monteiro-Riviere, 2005). Merkel cells are neuronal cells in the basal layer, whose
function has not been clearly deciphered yet, but which seem to be involved in the
development of hair follicles and in mediating tactile sensation (Abraham & Mathew, 2019;
D. K. Kim & Holbrook, 1995).

The second layer of the epidermis - the stratum spinosum (SS) - is also the thickest
structure. It is usually made up of five to ten layers of keratinocytes connected via
desmosomes and tight junctions and provides the epidermis with flexibility and strength.

Additionally, it contains Langerhans cells, which are dendritic cells crucial for protection
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against germs, as they function as antigen-presenting cells mediating the immune response
of the skin. They are attached to keratinocytes via E-cadherin, which in case of antigen
presentation is downregulated to allow migration of the Langerhans cells to the lymph nodes
(Barbieri et al., 2014).

The stratum granulosum (SG) is thinner than the SS with only three to five layers of
differentiating keratinocytes, which are already flatter in shape and contain two types of
granules (Monteiro-Riviere, 2005). Firstly, they harbor dense, basophilic keratohyalin
granules filled with proteins contributing to the crosslinking of keratin filaments and the
formation of the cell envelope, such as profilaggrin, the precursor of the structural protein
filaggrin, and loricrin. They also contain serine proteases and respective inhibitors, which
control cleavage of cell adhesion molecules as well as profilaggrin processing, and
antimicrobial peptides acting as a primary defense system against exterior pathogens
(Fenner & Clark, 2016; Ovaere et al., n.d.; Steven et al., 1990; Yamasaki & Gallo, 2008).
Secondly, keratinocytes of the SG secrete lipid-containing lamellar granules into the
extracellular space between SG and the most outer layer of the skin, the stratum corneum
(SC), to enable the formation of a hydrophobic lipid-enriched lamellar membrane as a
protection against loss of water and electrolytes (Feingold, 2007).

Some highly keratinized areas of the skin, such as the palms and the sole of the
foot, contain an additional epidermal layer between SG and SC, namely the stratum lucidum
(Monteiro-Riviere, 2005). It mainly consists of 2-3 layers of dead, cornified cells filled with
phospholipids and a protein called eleidin, which is a transformation product of keratohyalin

and similar to keratin (Monteiro-Riviere, 2005; Yousef et al., 2017).

The aforementioned SC is the most outer layer of the epidermis and consists of
several layers of dead, flattened, terminally differentiated keratinocytes lacking nucleus and
organelles, which are called corneocytes. Among each other they are attached by
corneodesmosomes, which desmosomes transform into supported by corneodesmosin, a
protein secreted from the lamellar granules of the SG, whose degradation among others is
crucial for the desquamation process regularly renewing and replacing the SC by cells
migrating from the lower epidermal layers (Simon et al., 1997). Resistance of corneocytes
against environmental insults is increased by formation of the cornified cell envelope as an
insoluble structure on the inside of the plasma membrane of each cell. This structure is
formed by crosslinking of structural proteins such as involucrin, filaggrin and loricrin, with
the latter making up for 65-70% of human epidermal cornified cell envelopes (Steven &
Steinert, 1994). Crosslinking is mediated by transglutaminases forming Ne-(y-
glutamyl)lysine isopeptide bonds and supported by disulfide bond formation (Abernethy et
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al., 1977; Rice & Green, 1977a; Steven & Steinert, 1994). Overall, for the epidermis to be
able to provide an essential barrier protecting the organism from exterior insults and
preventing dehydration, a highly regulated interplay of a vast number of different factors is
required, hence making it a very vulnerable system, whose dysbalance can lead to a
number of severe skin disorders.

Stage of
Differentiation Epidermis

Stratum —
corneum

Stratum —
granulosum L

Stratum spinosum —

Stratum basale —

Figure 6: Structure of the epidermis.
The human epidermis typically comprises four distinct layers of highly organized differentiating keratinocytes

attached to each other by desmosomes (depicted in blue). Basal cells from the stratum basale start migrating
upwards towards the surface undergoing several steps of differentiation in the stratum spinosum and the stratum
granulosum, until terminal differentiation and complete cornification are accomplished in the stratum corneum,
which among desquamation allows the shedding of dead cells and constant renewal of the epidermis. Figure
modified from and with BioRender.

1.7 Epidermal barrier dysfunctions

Epidermal barrier dysfunction can be caused by defects in a variety of different factors,
including cornified envelopes, corneocytes, lipids, junctional proteins, proteases, protease
inhibitors, antimicrobial peptides and transcription factors. Defects can cause either loss of
the outside-in barrier protecting the skin from penetration of exterior insults like germs and
chemicals or loss of the inside-out barrier preventing loss of water and electrolytes via the
skin, but often affect both simultaneously, as many factors are essential for both barrier
functions. Methods to examine barrier function therefore need to investigate both directions

independent of each other.
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Measurement of transepidermal water loss (TEWL) is the standard method used in
humans, as well as in rodent disease models, to study the functionality of the inside-out
barrier by quantifying the amount of water evaporating from the skin and shows increased
values upon barrier impairment (Fluhr et al., 2006). This method has been used since more
than 40 years (Wilson & Maibach, 1980), but is highly sensitive towards environmental
factors such as temperature and humidity, so results have to be handled and interpreted

with caution (Natsuga, 2014).

Outside-in barrier is typically examined via dye penetration assays, in which dyes
like toluidine blue, hematoxylin or X-Gal are used for staining of mouse fetuses or neonates,
whose outside-in barrier typically develops at an age of E16.5, with defects resulting in
staining of the entire skin (Indra & Leid, 2011).

As problems within an extremely huge number of factors can result in the loss of
epidermal barrier function, only a few more common examples will be discussed in the
following to understand the complexity and variety of epidermal barrier defects. One part of
the epidermis, which can be affected, is the cornified cell envelope, which among others
consists of the proteins loricrin, involucrin, filaggrin, periplakin and envoplakin (Mehrel et
al., 1990; Rice & Green, 1977b, 1979; Ruhrberg et al., 1996, 1997; Simon et al., 1996).

Loricrin is the most abundant protein of the cornified cell envelope and in humans,
mutations in the LOR gene cause its accumulation in the nucleus, thus forbidding it to be
crosslinked into the cornified cell envelope and resulting in decreased barrier function and
increased TEWL (Schmuth et al.,, 2004). Its KO in mice causes a mild developmental
retardation of the epidermal barrier function after birth, which is compensated in vivo by an

overexpression of other structural proteins of the cornified cell envelope later in life.

Similar to loricrin, a KO of involucrin, periplakin or envoplakin alone does not lead to
a visible phenotype (Aho et al., 2004; Djalilian et al., 2006; Maatta et al., 2001), as only a
combined triple KO forbids compensatory mechanisms to promote effective barrier
formation (Sevilla et al., 2007). Moreover, mutations in the FLG gene in humans or its
murine orthologue Flg, the gene encoding for filaggrin, result in destabilization of the keratin
filament organization and alteration of the composition of lamellar granules, which leads to
an impairment of the lamellar bilayer and mildly defective barrier function in mice and
humans (Gruber et al., 2011; H. Kawasaki et al., 2012).

Another group of genes, whose mutations can cause epidermal barrier defects,
includes several distinct genes encoding for keratins, with KRT1 and KRT10, encoding for

keratins (K) 1 and 10, respectively, being the most prevalent members. Loss of those
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keratins results in a destabilization of keratin filaments and hyperproliferation of suprabasal
keratinocytes leading to different skin disorders in humans (Cheng et al., 1992; Porter &
Lane, 2003; Rothnagel et al., 1992). In contrast, K10 deficiency in mice does not result in a
visible phenotype, as it can be compensated by increased expression of other keratins,
while K1 deficiency results in perinatal death (Reichelt et al., 2001; Roth et al., 2012).

Mutations in the TGM1 gene in humans or its orthologue Tgm1 in mice, encoding
for transglutaminase 1, result in a severe phenotype in mice including severely impaired
barrier function as well as neonatal lethality and are also known to cause more severe skin
diseases in humans (Huber et al., 1995; Matsuki et al., 1998; Russell et al., 1995).
Transglutaminase 1 is an enzyme catalyzing the crosslinking of several structural proteins
comprising the cornified cell envelope via formation of Ne-(y-glutamyl)lysine isopeptide
bonds and facilitating the attachment of the lipid layer beneath (Folk & Finlayson, 1977;
Richard, 2004).

Defects in the ABC transporter 12, which is crucial for keratinocyte lipid transport,
result in an impairment of the intercellular lipid bilayer and can cause several skin disorders
in humans, from which the most severe one is imitated in Abcal2 KO mice, which display
severe barrier impairment and neonatal lethality (Akiyama, 2011; Akiyama et al., 2005;
Lefévre et al., 2003; Smyth et al., 2008).

Furthermore, mutations in genes encoding for serine proteases can cause epidermal
barrier defects. Matriptase and prostatin are both involved in a serine protease cascade,
which is presumed to mediate filaggrin monomer formation and is crucial for the terminal
differentiation of the epidermis (Netzel-Arnett et al., 2006). Defects can lead to hair and skin
abnormalities in humans and mice, but additionally result in postnatal death in mice (Basel-
Vanagaite et al., 2007; Leyvraz et al., 2005; List et al., 2002). Interestingly, defects in the
human SPINK5 gene and its murine orthologue Spink5, encoding for a serine protease
inhibitor named LEKTI also cause skin abnormalities in humans and mice including altered
terminal differentiation, impaired keratinization and an overall epidermal barrier defect
caused by excessive desmosome cleavage in the SC (Chavanas et al., 2000; Descargues
et al., 2005). Hence, maintenance of a tightly regulated balance between serine proteases

and serine protease inhibitors is crucial for correct epidermal barrier function.

In addition, several of the factors discussed above may additionally be negatively
affected by mutations in specific transcriptions factors. For instance, defects in the
transcription factor Grhl3, which controls the expression of the Tgm1 gene, in mice cause
reduced levels of the enzyme transglutaminase 1, thus resulting in severe barrier

impairment as discussed above (Ting et al., 2005).
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Overall, the epidermis provides an essential barrier protecting the organism from
exterior insults and preventing dehydration, hence making defects in epidermal barrier
function life-threatening conditions and a fundamental subject of current and ongoing
research. However, the examples mentioned above also reveal differences in the effects of
genetic defects on human and murine epidermal barrier function as well as overall health
condition, thus illustrating certain limitations in the usage of mouse models for human skin

disorders.

1.8 Aims of work

MoCD and SOXD are rare genetic disorders resulting in a severe phenotype mostly
manifesting in the brain, which inevitably leads to premature death if left untreated, and can
be mainly ascribed to a loss of function of the molybdoenzyme SOX. In the three subtypes
of MoCD, different steps of Moco biosynthesis are disturbed, whereas SOXD is caused by
a direct loss of SOX function due to mutations in the SUOX gene. While treatment of MoCD
type A has been established almost 15 years ago, MoCD type B and C, as well as SOXD,
are still considered incurable diseases. The search for efficient treatments has therefore
been an important subject of research since decades and was continued in the present

study.

1. Chapter Il presents an extensive, summarizing review of the literature on MoCD
in humans. The first part focuses on the underlying genetic causes and includes a novel,
comprehensive list of published MoCD type B causing mutations of the MOCS2 and
MOCS3 genes. The second part discusses known and published treatment approaches for
MoCD and due to the huge phenotypic resemblance also includes treatments tested in
SOXD patients. It further contains proposals for treatment strategies based on new

discoveries and hypotheses on the disease mechanism.

2. The recent generation of a new SOXD mouse model for the first time allowed in
vivo testing of different therapeutic approaches in order to take a step forward towards
finding a treatment for SOXD and MoCD types B and C in human patients. Hence, several
different therapeutic approaches and their success in the SOXD mouse model are
discussed in chapter lll. In brief, as the most remarkable feature of SOXD is its
neurodegenerative phenotype, different hypothesized rescue mechanisms were primarily
investigated using murine primary neurons as a model system. Upon validation of the initial
hypotheses, treatments were further tested in vivo using Suox” mice and median average

survival times were used as a factor for quantification of the treatment efficiencies.
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3. Studies with Suox™ mice accompanying the work presented in Chapter Il have
proven the cerebral phenotype being significantly milder than reported in patients, thus
suggesting a different cause of death leading to the severely shortened life span observed
in these mice. In line with this, in the course of this study a dermal phenotype similar to the
one already observed in an MoCD type B mouse model became apparent. Hence, in order
to examine the utility of Suox” mice as a model system for SOXD and gain more precise
knowledge on the predominant cause of death, studies regarding the characterization of the
newly discovered dermal phenotype were performed and summarized in chapter IV.
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Abstract

Molybdenum cofactor (Moco) deficiency (MoCD) is characterized by neonatal-onset
myoclonic epileptic encephalopathy and dystonia with cerebral MRI changes similar to
hypoxic—ischemic lesions. The molecular cause of the disease is the loss of sulfite oxidase
(SOX) activity, one of four Moco-dependent enzymes in men. Accumulating toxic sulfite
causes a secondary increase of metabolites such as S-sulfocysteine and thiosulfate as well
as a decrease in cysteine and its oxidized form, cystine. Moco is synthesized by a three-
step biosynthetic pathway that involves the gene products of MOCS1, MOCS2, MOCS3,
and GPHN. Depending on which synthetic step is impaired, MoCD is classified as type A,
B, or C. This distinction is relevant for patient management because the metabolic block in

MoCD type A can be circumvented by administering cyclic pyranopterin monophosphate
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(cPMP). Substitution therapy with cPMP is highly effective in reducing sulfite toxicity and
restoring biochemical homeostasis, while the clinical outcome critically depends on the
degree of brain injury prior to the start of treatment. In the absence of a specific treatment
for MoCD type B/C and SOX deficiency, we summarize recent progress in our
understanding of the underlying metabolic changes in cysteine homeostasis and propose

novel therapeutic interventions to circumvent those pathological changes.

2.1 Introduction

Four molybdenum (Mo)-enzymes are known in humans, each catalyzing either catabolic or
detoxifying reaction (Schwarz et al., 2009) s. They all share an identical type of molybdenum
cofactor (Moco) that is strictly required for the activity of all these enzymes. Sulfite oxidase
(SOX) is considered, by far, the most critical enzyme for human health as it catalyzes the
terminal step in oxidative cysteine catabolism, the oxidation of sulfite to sulfate. SOX is
localized in the intermembrane space of mitochondria and links sulfite oxidation to the
reduction of cytochrome c. There are two cytosolic Mo-enzymes, xanthine oxidoreductase
and aldehyde oxidase, which are closely related Mo—iron—flavin enzymes catalyzing the
hydroxylation reactions of purines and various heterocyclic substrates (Schwarz et al.,
2009). The mitochondrial amidoxime-reducing component (MARC) has been identified as
a fourth vertebrate Mo-enzyme (Havemeyer et al., 2006) and reduces N-hydroxylated
prodrugs as well as metabolites such as N-hydroxy-L-arginine.

Patients with isolated deficiencies in SOX or xanthine oxidoreductase are well known
in the field (Schwarz, 2016), while deficiencies in aldehyde oxidase and the amidoxime-
reducing component have not been reported yet. The largest fraction of patients with
deficiencies in those enzymes is represented by defects in the biosynthesis of the
molybdenum cofactor, a highly conserved multistep pathway that involves multiple gene
products (Mayr et al., 2021). Moco biosynthesis is divided into three major steps based on
two intermediates, cyclic pyranopterin monophosphate (cPMP) (Santamaria-Araujo et al.,
2004; Wuebbens & Rajagopalan, 1995) and molybdopterin (MPT) (Johnson et al., 1984),
that were identified decades ago (Fig. 1).
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Figure 1: Moco biosynthesis; Mo-enzymes and deficiencies.

Aldehyde oxidase

Intermediates of Moco synthesis are 3' 8-cyclo 7,8-dihydro-GTP, cyclic pyranopterin monophosphate (cPMP),
mono-sulfurate pterin, metal binding pterin (MPT), and adenylated MPT (MPT-AMP). Proteins and domains
(GPHN) involved in Moco synthesis are shown. MOCS3 is involved in both steps of cPMP-to-MPT conversion
as it is required for the thiolation of MOCS2A. Deficiencies in MOCS1, MOCS2/3, and GPHN cause MoCD type
A, type B, and type C, respectively.

The first step in Moco biosynthesis, the conversion of GTP into cPMP, is catalyzed by
two proteins encoded by the MOCSL1 locus (Reiss, Cohen, et al., 1998). MOCS1 expression
undergoes alternative splicing, yielding two different types of transcripts, one bicistronic and
one monocistronic MRNA (Gray & Nicholls, 2000). The bicistronic transcript encodes for
two open reading frames, MOCS1A and MOCS1B (Reiss, Christensen, et al., 1998), of
which only the first is translated into a functional MOCS1A protein. MOCS1A catalyzes the
S-adenosyl-methionine and [4Fe-4S] cluster-dependent radical conversion of GTP to 3’ 8-
cyclo-7,8 dihydro GTP (Fig. 1). The second monocistronic transcript produces a MOCS1AB
fusion protein that is proteolytically cleaved to release a MOCS1B protein (Mayr et al., 2020)
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that converts 3' 8-cyclo-7,8 dihydro GTP to cPMP (Hover, Tonthat, et al., 2015). We have
shown that, in addition, alternative splicing will produce protein variants that target either

mitochondria or the cytosol (Mayr et al., 2020).

The second step in Moco biosynthesis is catalyzed by MPT synthase, which converts
cPMP into molybdopterin (MPT) and is encoded by the bicistronic MOCS2 gene producing
both subunits (MOCS2A and MOCS2B) by a ribosomal leaky scanning mechanism
(Stallmeyer, Schwarz, et al., 1999). Heterotetrameric MPT synthase (Gutzke et al., 2001)
transfers stepwise two sulfides from the thiocarboxylated C-terminus of MOCS2A to cPMP,
thus giving rise to a mono-thiolated pterin intermediate (Wuebbens & Rajagopalan, 2003)
(Fig. 1). MOCS3 encodes for the Moco sulfurase (Matthies et al., 2004), which is required
for the ATP-dependent thiolation of MOCS2A.

The third and final step in Moco synthesis involves the synthesis of MPT-AMP and the
subsequent molybdate-dependent hydrolysis of MPT-AMP (Belaidi & Schwarz, 2013; Kuper
et al., 2004; Llamas et al., 2006) (Fig. 1), releasing Moco. Both reactions are dependent on
the GPHN gene, which encodes for a multi-domain cytosolic protein named gephyrin,
composed of an N-terminal G-domain (GPHN-G), a central domain, and a C-terminal E-
domain (GPHN-E). Besides Moco hiosynthesis, gephyrin protein functions as a cytosolic
membrane-associated receptor-clustering protein, being essential for the formation of

inhibitory synapses (Fritschy et al., 2008).

2.2 Clinical Presentation of Molybdenum Cofactor Deficient Patients

Depending on which step in Moco synthesis is impaired, MoCD is classified into three types
(A, B, and C), with MoCD type A and B representing the vast majority of cases; MoCD type

C is extremely rare due to a very severe presentation (see below).

Biochemically, all three forms of MoCD are indistinguishable and highly similar to
isolated SOX deficiency (SOXD). The latter has been reported in more than 50 cases
(Claerhout et al., 2018), whereas over 200 cases of MoCD have been described so far
(Spiegel et al., 2022), and many more are known to metabolic clinicians. The diagnostic
hallmarks of MoCD and SOXD are the accumulation of sulfite, S-sulfocysteine (SSC),
thiosulfate, and taurine, accompanied by a reduction in cystine/cysteine as well as
homocysteine. Furthermore, a reduction in pyridoxal 5'-phosphate (PLP) has been reported.
In addition, as a matter of differential diagnosis, in MoCD patients - but not in SOXD patients
- uric acid levels are strongly and progressively declined, while xanthine and hypoxanthine,
substrates of another Mo-enzyme, xanthine oxidoreductase, are increased. In addition,

urothione, the catabolic end product of Moco, can also be used to differentiate between
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MoCD and SOXD patients. Surprisingly, urothione synthesis requires thiopurine methyl

transferase, a well-known drug-metabolizing enzyme (Pristup et al., 2022).

Typical newborn MoCD patients present with a broad spectrum of clinical severity,
with the vast majority being severely affected from the neonatal age. Most patients initially
appear healthy, while some display minor dysmorphic facial features and may have solitary

cerebral parenchymal cysts and hypoplastic pons and cerebellums.

The most common presentation of severe, classical MoCD, as first described in
1978 (Duran et al., 1978), is of early myoclonic encephalopathy, often starting within hours
to days after birth, with poor feeding, irritability, and a distressed facial expression, and
quickly progressing to myoclonic seizures, decreased consciousness, and apnea. The
electroencephalogram (EEG) can initially be normal, advancing to a generalized burst
suppression pattern. Within the first two weeks, children may regain alertness but show
persistent hyperexcitability, frequent myoclonus, tonic spasms and focal seizures with eye
deviation, and facial flushing. Seizures are often refractive to anticonvulsants. Infants can
display dystonic episodes with prominent limb hypertonia and opisthotonus. A proportion of
children develop lens dislocation during infancy and nephrolithiasis has also been reported.
Mortality is high due to intercurrent lower respiratory tract infections and seizures, with a

reported median survival of 2.4 (Spiegel et al., 2022) or 3 years (Mechler et al., 2015).

Neuroimaging usually demonstrates severe abnormalities. An early stage of
generalized edema is quickly followed by features mimicking severe generalized hypoxic—
ischemic encephalopathy (Vijayakumar et al., 2011), which evolves within a few weeks to
a characteristic appearance, including cortical atrophy and loss of white matter with cyst
formation, hypoplastic corpus callosum, abnormal basal ganglia, hydrocephalus ex vacuo,
dilated ventricles, cerebellar and brainstem hypoplasia, and mega cisterna magna

(Arslanoglu et al., 2001; Bayram et al., 2013; Vijayakumar et al., 2011).

Increasingly, cases with symptom onset later in childhood and attenuated severity
have been described. Occasionally, children present merely with dystonia and speech delay
(Mayr et al., 2018; Scelsa et al., 2019), and cranial imaging may only show changes to the
basal ganglia or even appear normal (Del Rizzo et al., 2013; Spiegel et al., 2022).
Attenuated disease probably reflects a slightly higher residual activity of SOX and/or Moco
synthesis, and the diagnosis is easily missed if specific diagnostic investigations are not

undertaken. Secondary deterioration can occur with intercurrent illness.
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2.3 Genetics of Moco Deficiency

2.3.1 MOCS1 Mutations Lead to cPMP Deficiency

The first and most complex step in Moco biosynthesis is catalyzed by MOCS1A and
MOCS1B proteins, which catalyze the stepwise conversion of the purine GTP to cPMP
(Fig. 1). Functional aspects of MOCS1 proteins are derived from biochemical studies on
their bacterial orthologues, MoaA and MoaC. MOCS1A belongs to the superfamily of radical
S-adenosylmethionine (SAM) enzymes (Landgraf et al., 2016), being characterized by a
[4Fe-4S] cluster, the radical SAM-cluster, which reductively cleaves SAM, producing an
adenosyl radical by oxidizing the [4Fe-4S] cluster from +1 to +2 (Walsby et al., 2002). In
addition, MOCS1A represents one of only eight (so far) classified radical SAM enzymes
(Landgraf et al.,, 2016) harboring a second C-terminal auxiliary [4Fe-4S] cluster
(Hanzelmann et al., 2004; Morikawa et al., 2001; Ohara-Imaizumi et al., 2010; Reiter et al.,
2012). Both [4Fe-4S] clusters are coordinated by three cysteines, resulting in the high
oxygen sensitivity of both clusters compared to [4Fe-4S] clusters coordinated by four
cysteines. Following the formation of the adenosyl radical, the abstraction of an H-atom
from the C3 of the GTP coordinated by the auxiliary [4Fe-4S] cluster of MOCS1A will lead
to the cyclization of GTP, thus forming 3',8-cylodihydro-GTP (3',8-cH,-GTP) (Pang et al.,
2020; Pang & Yokoyama, 2018). MOCS2B, a trimer of functional dimers, converts 3',8-cH2-
GTP to cPMP with the formation of cyclic phosphate as the thermodynamic driver for pterin

ring formation (Hover, Lilla, et al., 2015).

The unique chemical nature of cPMP was first described in 2004, representing a
unique geminal diol at the C1' position and demonstrating the tetrahydropyranopterin nature
of this first and rather stable intermediate of the pathway (Santamaria-Araujo et al., 2004).
It is important to acknowledge this significant chemical nature of cPMP, given the observed
reactivity of cPMP with the downstream MPT synthesis reaction being initiated at the C2'

position (see below).

The MOCS1 gene consists of ten exons, of which exons 1 to 9 encode for MOCS1A
and exon 10 for MOCS1B (Gross-Hardt & Reiss, 2002). Interestingly, alternative splicing in
exon 9 produces either monocistronic or bicistronic transcripts that lead to the expression
of either MOCS1A or the fusion protein MOCS1AB, respectively. In addition, alternative
splicing of exon 1 results in transcripts that lead to MOCS1A proteins targeted to
mitochondria, while other variants remain in the cytosol (Mayr et al., 2020). In contrast, all
expressed MOCS1AB protein variants are targeted to mitochondria due to an internal

targeting motif localized upstream of the MOCS1B domain. Following the translocation of
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MOCS1AB to the mitochondrial matrix, proteolytic cleavage at position 432 of MOCS1AB
results in the release of a catalytically active MOCS1B protein (Mayr et al., 2020).

Mutations in MOCS1 lead to MoCD type A, the most prevalent form of MoCD, affecting
approximately 50—-60% of all known patients to date (Misko et al., 2021; Reiss & Hahnewald,
2011). The last and comprehensive review of all reported MOCS1 variants lists a total of 32
disease-causing variants, out of which 20 mutations represent loss of function variants
leading to a complete lack of Moco and, therefore, a full penetrance of the disease. In
addition, there are numerous missense variants reported that affect highly/invariant
residues involved in iron—sulfur cluster binding or catalysis that are also expected to have
a complete loss in activity. A recent review from 2021 by Misko et al. provides an additional
reference to the novel and potentially disease-causing MOCS1 variants (Misko et al., 2021)
that can be found in the Exome Aggregation Consortium and Genome Aggregation
Database. We used a comprehensive bioinformatic approach to investigate the
pathogenicity of naturally occurring MOCS1 variants and found multiple novel disease-
causing variants that allow a first genetics-based prediction of the incidence of MoCD type
A, being in the range of 1:200,000 to 1:500,000, without considering other cofounding
factors such as regional consanguinity (Mayr et al. unpublished results). In general, and in
agreement with the large number of patients diagnosed at a late stage with severe disease
(Mechler et al., 2015), MoCD and MoCD type A, in particular, are considered to be
underdiagnosed. However, functional studies have also disclosed a misdiagnosed case
(Macaya et al., 2005) carrying a highly frequent c.1064T > C allele, leading to the missense
variant 1355T, which is fully active (Mayr et al. unpublished results). Reinspection of the
original work additionally confirmed a hemizygous condition, excluding MoCD as the

underlying cause of the reported encephalopathy.

Amongst other novel MOCSL1 variants reported in recent years (Abe et al.,, 2021;
Kingsmore et al., 2020; Yoshimura et al., 2019)][, there was a recent, only mildly affected
patient with a mutation that one would classify as loss of function. The underlying
homozygous ¢.1338delG MOCS1 mutation causes a frameshift (p.S442fs), with a
premature termination of the MOCS1AB translation product at position 477 that suggests
the lack of the entire MOCS1B domain. However, a comprehensive biochemical analysis
demonstrated an unusual mechanism of translation re-initiation in the MOCSL1 transcript;
this resulted in trace amounts of functional MOCS1B protein that were sufficient to partially
protect the patient from the most severe symptoms of MoCD. In aggregate, 20 years of
genetic studies on MOCS1 have identified nearly 50 pathogenic variants, with most of them

causing a complete loss of function, thus representing the largest group of MoCD patients.
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2.3.2 Loss of MPT Synthesis is Caused by Mutations in MOCS2

The second step of Moco synthesis involves the stepwise conversion of cPMP to MPT,
resulting in the opening of the cyclic phosphate in cPMP and the insertion of the unique
dithiolene required to chelate the molybdenum atom. Both sulfur atoms are derived from
cysteine and are inserted one after the other, with the formation of a monosulfurated pterin
species, as deduced from studies on the bacterial enzyme (Wuebbens & Rajagopalan,
2003). The overall reaction is catalyzed by MPT synthase, which represents a dimer of
MOCS2A/B heterodimers, with MOCS2B mediating heterotetramer formation. Two active
sites are formed at each MOCS2/B heterodimer, with the C-terminal thiocarboxylated tail of
MOCS2A being inserted into MOCS2B, forming the binding site for cPMP. Following thiol
transfer, MOCS2A dissociates from the MPT synthase complex and undergoes an ATP-
and sulfide-dependent re-thiolation catalyzed by MOCS3 (Rudolph et al., 2003).

The MOCS2 gene contains seven exons; exons 1-3 encode for 88 residues of the
small subunit, MOCS2A, and exons 3—7 encode for the large subunit, MOCS2B. As a very
rare situation in higher eukaryotes, the last 77 bps of exon 3 encode in two different open
reading frames for two proteins, the C-terminal end of MOCS2A, harboring the catalytically
essential double glycine motif, and the N-terminus of MOCS2B. Translation of both
overlapping open reading frames is ensured by a ribosomal leaky scanning mechanism
(Stallmeyer, Drugeon, et al., 1999).

From the published case reports and review articles so far, we know that about 1/3 of
all MoCD patients belong to MoCD type B, with the vast majority of them representing
classical early onset patients. Here, we summarized 31 MOCS2 mutations and
3 MOCSS3 mutations (Table 1). Among all MOCS2 mutations, 11 of them are located on
exon 1 or -2, encoding for MOCS2A; another six mutations reside in exon 3, affecting both
MOCS2A and MOCS2B proteins, and another 14 variants were found to impact MOCS2B
due to mutations in exons 4—7. Approximate 50% of the MOCS2 mutations lead to either
frameshifting or premature termination, causing a total loss of function of MPT synthase,
while the other half represent missense mutations affecting protein complex formation

and/or catalysis.
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Table 1:List of MOCD Type B Mutations.

Amino acid change/

Gene Nucleotide change Onset Reference
Predicted effect
c.-9_14del23 Initiation failure Early (ZHogg?ewald etal,
c.-9G>C - Early (Z%rll%r;m etal.,
L . i (Reiss &
c.1A>G Initiation failure Hahnewald, 2011)
M| (Megahed et al.,
c.3G>A pMLL Early 2016; Reiss et al.,
(Initiation failure) 1999)
C.16C>T (C.44C>T)  p.Q6X Early (ZJOOOhlr;SO” etal,
MOCS2A (Johnson et al.,
€.19G>T (c.47G>T) p.V7F* Early 2001; Tian et al.,
2021)
C.33T>G p.Y11X : (z'b%g‘)"“h'er etal,
C.A5T>A p.S15R* - (2%8'3?)3 & Johnson,
c.88C>T p.Q30X . (2%3'5?)5 & Johnson,
c.106C>T p.Q36X . (2%‘3';)3 & Johnson,
c.130C>T p.R44X Early (Per et al., 2007)
(Yoganathan et
€.218T>C p.L73P (MOCS2A) Early al., 2018)
(Reiss &
€.220C>T p.Q74X (MOCS2A) Late Hahnewald, 2011)
C.226G>A p.G76R (MOCS2A)  Early ;Y”azg"lklu)mar et
MOCS2A/B
€.252insC Premature termination Early (ZNO??;;:Ippa etal,
p-X89Q (MOCS2A), . :
€.265T>C silenced p.D26D Late (Zléllf;)chl etal,
(MOCS2B)
p.X89W (MOCS2A), (Kikuchi et al.,
¢.266A>G p.D26G (MOCs2B) € 2012)
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C.413G>A

C.419C>T

c493T>C

c.501delA

c.501+2delT

p.G76R

p.S140F*

p.W165R

p.K105fs

Early

Early

Late

Disruption of splice site Early

(Reiss & Johnson,
2003)

(Edwards et al.,
2015)

(E. J. Leeetal.,
2021)

(Reiss &
Hahnewald, 2011)

(Edwards et al.,
2015)

p-V116fs (Reiss et al.,
€.533 _536delGTCA (Premature - 1999)
termination)
(Alkufri et al.,
€.564G>C p.G126A - 2013; Reiss &
Johnson, 2003)
MOCS2B :
c.564+1G>A Skipping exon 5 Early I(-|Raehlrs12v%ald 2011)
c.635 637delGCT  p.A150del* Early (2%8'33)3 & Johnson,
€.658_664delTTTAAAAI (Reiss & Johnson,
nsG p.L158_K159del - 2003)
C.689G>A p.E168K* : (2%825)3 & Johnson,
p.G178fs .
c.714_718delGGAAA  (Premature - (2%8'5)5 & Johnson,
termination)
(Alkufri et al.,
p.K180fs AR
C.726_727delAA (Premature Late i?;ls Iz‘g'on;kggf;
termination) & Johnson, 2003)
C.754A>C p.X189Y - (ZLO%gkumer etal.,
€.325C>G p.L109V Early (Liao et al., 2021)
(Huijmans et al.,
MOCS3 C.769G>A p.A257T Late 2017)
€.1375C>T p.Q459X Early (Liao et al., 2021)

MoCD type B patients are usually reported with severe phenotypes due to a large

number of severe mutations. However, the relation between the MPT synthase activity and

the different missense mutations remains largely unknown. Only six MOCS2 variants have
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been characterized in three studies (Edwards et al., 2015; Leimkuhler et al., 2003). In the
first study, the missense variant MOCS2A-S15R and truncated variant MOCS2B-A150A did
not yield any stable protein for further analysis. In the size exclusion chromatography, the
MOCS2A-V7F variant was impaired in a heterotetramer formation with MOCS2B, yet the
MOCS2B-E168K variant formed a complex with MOCS2A, which retained 50% of WT MPT
synthase activity, whereas the MOCS2A-V7F/MOCS2B complex showed 10% residual
activity. Notably, the patient who carried MOCS2A-V7F was reported as a mild case, while
the patient who carried the MOCS2B-E168K variant was reported as a severe case despite
the much higher residual activity recorded in vitro (Leimkuhler et al., 2003). In the second
study, the MOCS2B-S140F variant yielded much lower protein than WT and revealed an
alteration in protein folding. The change in the content of helical structures might influence
either the oligomerization between MOCS2B protomers or the interaction with MOCS2A
subunits; this was further confirmed by binding studies using isothermal titration calorimetry.
As a consequence, MOCS2B-S140F was able to form MPT but at a much lower rate than
WT MOCS2B (Wuebbens & Rajagopalan, 2003). In the latest study, the variant MOCS2B-
L158 K159del was characterized. The structure analysis indicated that residues Leul58
and Lys159 are located at the end of the last helix and are involved in the binding of MPT
synthase small subunits. Thus, the heterodimer and active complex formation were
impaired in this variant (Jezela-Stanek et al., 2020). In conclusion, these studies
demonstrate a link between residual Moco synthesis activity and delayed onset and/or a

milder course of the disease.

2.3.3 Patients with GPHN Mutations Show a Broad Spectrum of Neurological
Disorders

The final step in human Moco biosynthesis is catalyzed by the multi-domain protein
gephyrin, also representing a domain fusion of individual enzymatic functions of individual
bacterial enzymes. Hereby, the G- and E-domains of gephyrin catalyze the adenylylation of
MPT and the insertion of molybdate, suggesting product—substrate channeling as the
underlying driving force for domain fusion (Nichols & Rajagopalan, 2002; Stallmeyer,
Schwarz, et al., 1999). Crystal structures of both catalytic domains have been determined
in the past (Eun et al.,, 2006; Schwarz et al., 2001), while a full-length structure of the
gephyrin is still lacking due to its high conformational flexibility (Sander et al., 2013).

As the name depicts, GPHN does not follow the classical MOCS gene nomenclature
of all other genes involved in Moco synthesis due to its initial identification as a glycine
receptor-associated protein (Prior et al., 1992). At that time, the reported binding to
microtubules was the main driver of naming the protein according to a proposed bridging

function. Today, it is known that, similar to other postsynaptic scaffolding proteins, gephyrin
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fulfills a major structural and signaling function at inhibitory synapses in the central nervous
system (Fritschy et al., 2008). Gephyrin binds to the large intracellular domains of various
subunits of glycine and GABA type A receptors. The high-resolution crystal structure of the
dimeric gephyrin E-domain in complex with a peptide derived from the beta-subunit of the
glycine receptor discloses two independent, active sites on the E-domain, one involved in
Moco synthesis, the other binding the receptor in a key and lock mechanism at the interface
of two dimers (Eun et al., 2006).

Vertebrate gephyrin is encoded by the GPHN gene, composed of up to 40 exons, with
a varying number of exons undergoing alternative splicing (Dos Reis et al., 2022). Although
the number of exons and alternative splice products reported in humans is far lower (Rees
et al., 2003) than recently reported in mice, it is expected that the highly mosaic gene
expression also holds true in humans and reflects the complex regulation of gephyrin
function in the central nervous system. In the liver, the majority of gephyrin is encoded by a
splice variant harboring the so-called C3-cassette, suggesting that this variant is primarily

involved in gephyrin’s metabolic function.

In contrast to MoCD types A and B, the number of identified MoCD patients with
mutations in GPHN is extremely low. To date, only two cases have been reported (Reiss et
al., 2001; Reiss & Hahnewald, 2011), with mutations in GPHN presenting a very severe
disease course. This finding is most likely due to the dual function of gephyrin in Moco
synthesis and neuroreceptor clustering and is mirrored by the phenotype of gephyrin-
deficient mice that die on the first day of life (Feng et al., 1998), while MOCS1- and MOCS2-
deficient mice survive for 8-11 days (Jakubiczka-Smorag et al., 2016; H. J. Lee et al., 2002).
Along these lines, numerous studies have identified heterozygous mutations and
haploinsufficiency in the GPHN gene, causing a variety of neuropsychiatric disorders
(Dejanovic et al., 2014; Lionel et al., 2013; MacHa et al., 2022) underlying the fundamental

function of gephyrin in the central nervous system.

2.4 Therapies to Treat MoCD

2.4.1 Disease Mechanisms

Most of the symptoms in MoCD patients are mirrored by SOXD, which is caused by
mutations in the SUOX gene. SOX is one of four Mo-enzymes in mammals, and loss of
SOX activity is considered the key enzyme contributing to the pathophysiology of MoCD.
The hallmark of SOXD and MoCD is the accumulation of cytotoxic sulfite, which is highly
reactive. For example, sulfite is able to reduce disulfide bridges in both small sulfur-

containing molecules as well as in proteins. Several molecules were reported as sulfite
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scavengers, namely, cystine, oxidized glutathione (GSSG), homocystine, and cystamine;
they form S-sulfonated species following their reaction with sulfite. The effects of these S-
sulfonated species remain largely unknown except for S-sulfocysteine (SSC). SSC
represents a structural analog of glutamate and has been proven to cause excitotoxicity in
neurons by activating N-methyl-D-aspartate type glutamate (NMDA) receptors, causing
calcium influx and downstream signaling such as calpain activation (Kumar et al., 2017).
From many case reports describing SOXD and MoCD patients, it becomes obvious that
disease progression is directly related to the severity of neurodegeneration. Consequently,
targeting sulfite and its downstream targets (such as SSC) are the main strategies for future
treatments (see below).

Although sulfite and SSC are two well-known biomarkers that can be detected in MoCD
and SOXD patients very shortly after birth, there are other changes in metabolites that hint
at additional mechanisms that might contribute to MoCD and SOXD pathophysiology. First,
cystine and cysteine are depleted due to SSC formation and increased renal excretion.
Cysteine as the precursor of glutathione (GSH) and low cysteine/cystine levels could lead
to reduced cellular GSH levels that could cause ferroptosis, a new form of non-apoptotic
cell death (see Section 4.7). Second, MoCD patients were also reported to exhibit lower
homocysteine levels that might be caused by the formation and increased excretion of S-
sulfohomocysteine and/or reflect a secondary cause of cysteine depletion. Finally, a sulfite-
dependent reduction of pyridoxal 5'-phosphate (PLP) in cerebrospinal fluid has been
reported in MoCD patients (Footitt et al., 2011). The latter is considered a pro-excitatory
effect of sulfite, which could also contribute to neurodegeneration in a similar way to

pyridoxine-responsive encephalopathy.

Sulfite is the major downstream intermediate product of cysteine catabolism, which
can be divided into two major pathways: Excess cysteine is converted via cysteine sulfinic
acid to taurine (Tau) by the subsequent reactions catalyzed by cysteine dioxygenase (CDO)
and cysteine sulfinic acid decarboxylase (Fig. 2). Alternatively, aspartate:2-oxoglutarate
aminotransferase (AST) converts cysteine sulfinic acid to B-sulfinyl pyruvate, which
spontaneously decomposes to pyruvate and sulfite. Recently, we demonstrated that
cytosolic AST is the major contributor to sulfite formation (Mellis, Misko, et al., 2021). The
second route of cysteine metabolism involves H.S, which is generated by three alternative
routes involving, cystathionine y-lyase (CSE), cystathionine (-synthase (CBS), and 3-
mercaptopyruvate sulfurtransferase (MSPT). The latter enzyme also requires AST;
however, here, the mitochondrial isoform of AST has been implicated as a major contributor
(Mellis, Misko, et al., 2021).
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Figure 2: Cysteine catabolism and sulfur-containing metabolites that are altered in MoCD and SOX
deficiency.

Oxidative and H:S-dependent cysteine catabolisms are summarized with the involved enzymes and
metabolites. Accumulating metabolites in MoCD and SO deficiency are labeled in red. Cystine and
homocysteine were found to be reduced. The arrows from methionine to homocysteine, cysteine, and
glutathione represent multiple enzymatic reactions. Enzyme abbreviations are in alphabetical order: GOT,
glutamate oxaloacetate transaminase; CBS, cystathionine B-synthase; CSE, cystathionine y-lyase; CDO,
cysteine dioxygenase; CSD; cysteine sulfinate decarboxylase; HDH, hypoxanthine dehydrogenase; MPST, 3-
mercaptopyruvate sulfurtransferase; PSD, persulfide dioxygenase; SO, sulfite oxidase; SQR, quinone
oxidoreductase; TST, thiosulfate sulfur transferase.

The half-life of H,S is considered to be short as it rapidly metabolizes in mitochondria
to either sulfite or thiosulfate; this involves three enzymes: sulfide quinone oxidoreductase
(SQR) catalyzes the H.S-dependent formation of persulfidate species such as glutathione-
persulfide, which is further converted by protein sulfide oxidase (PDO) to sulfite. A third
enzyme, thiosulfate sulfur transferase (TST), forms thiosulfate in the presence of sulfite and

persulfides.

2.4.2 Treatment of MoCD Type A (MOCS1) Patients with cPMP

To this day, an effective treatment strategy has only been established for MoCD type A.
Following successful preclinical studies in a mouse model of MOCS1 deficiency (Schwarz
et al., 2004), the first treatment of MoCD in a human patient was reported in 2010 (Veldman
et al.,, 2010). In this patient, daily intravenous administration of purified E. coli-derived

cPMP, the first intermediate of Moco biosynthesis, was initiated.

Before treatment, the first patient presented with seizures, feeding abnormalities, and

cerebral atrophy and displayed abnormally increased urinary levels of SSC, thiosulfate,
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xanthine, and sulfite. Gene analysis found a homozygous mutation in exon 10 of
the MOCSL1 gene, leading to MoCD type A, in which the first step of Moco biosynthesis is
disturbed.

Following the diagnosis of MoCD type and legal approval by the local authorities,
treatment of the index case was started with daily intravenous injections of 80 pg/kg cPMP
at day 36 of life. After 12 and 35 days of treatment, the dosage was increased to 120 and
160 pg/kg per day, respectively, while after 75 days, the dosage was temporarily increased
to 160 pg/kg twice per day. Within a few days after initiating cPMP therapy, urinary levels
of SSC, thiosulfate, xanthine, and uric acid decreased drastically until the concentrations
were stabilized at control levels and urine sulfite tests became negative. Treatment was
tolerated well, without any visible side effects, and when examined by a pediatrician at 18
months, the child was clinically seizure-free and displayed no signs of progressive

neurodegeneration.

Since this first success story, more than 20 MoCD patients have benefited from cPMP
substitution therapy. In a cohort study from 2015, eleven neonates were treated with
intravenous cPMP, beginning between the ages of 0 to 68 days (B. C. Schwahn et al.,
2015). Disease biomarker levels were reduced almost back to normal within two days for
all of them. Eight of the patients showed a significant improvement in their symptoms, with
three of them even displaying near-normal development in the long term. Additionally, the
treatment showed no serious adverse events after more than 6000 doses and was
considered to be safe (B. C. Schwahn et al., 2015). While in the early years, cPMP was
enzymatically synthesized and purified from bacteria (Schwarz et al., 2004), chemical
synthesis of cPMP was achieved in 2013 (Clinch et al., 2013), leading to larger quantities
and a more cost-effective production of cPMP. Following a clinical phase | safety study with
synthetic cPMP, since 2014, patients treated with ‘recombinant’ cPMP were stepwise
transferred to the new synthetic cPMP within the frame of a clinical phase Il/lll study
(ORGNO0O01, formerly ALXN1101; https://clinicaltrials.gov (accessed on 15 August 2022)).
Finally, in 2021, chemically synthesized cPMP (named ‘Fosdenopterin’) was approved by
the FDA and received marketing authorization as a Nulibry product (Farrell et al., 2021). It
is administered via daily intravenous injections at a concentration of 400 pg/kg in pre-term
infants and 550 pg/kg in term infants until it is increased to 900 ug/kg after the first three
months of treatment or directly for children starting the therapy at the age of one year or

later (Nulibry prescribing information (B. Schwahn, 2021)).

In MoCD types B and C, the later steps of Moco biosynthesis are affected, and,

therefore, cPMP substitution is not applicable to those patients. MPT and Moco, the
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products of the second and third step of Moco biosynthesis, however, have a significantly
shorter half-life than cPMP and are extremely sensitive to oxidation in aerobic environments
(Wuebbens & Rajagopalan, 1995), which, so far, have impeded their usage as a treatment
for MoCD types B and C. Therefore, it is crucial to focus on the development of alternative

therapeutic approaches that cover all known types of MoCD and SOXD.

2.4.3 Molybdate Treatment

In early studies, before knowing the underlying genetic and biochemical basis of MoCD,
molybdate treatment was tested with the aim of increasing Moco formation (Endres et al.,
1988). While this was not successful, studies in fibroblasts derived from a GPHN-deficient
patient demonstrated the possibility of a molybdate-dependent, partial restoration of Moco
synthesis (Reiss et al., 2001). However, such an approach could only work in patients
with GPHN missense mutations that do not affect the receptor-clustering function of
gephyrin, as reported for a single case harboring a point mutation affecting the E-domain
(Reiss et al., 2011).

Interestingly, the correct mitochondrial maturation of SOX is dependent on Moco (Klein
& Schwarz, 2012), while the mitochondrial amidoxime-reducing component mARCL1 is
targeted to the outer mitochondrial membrane, independent of Moco (Klein et al., 2012).
Recently, two SOXD patients with impaired Moco binding have been reported (Bender et
al., 2019; Kaczmarek et al., 2021), both of which exhibited an attenuated type of the
disease, with milder symptoms. Biochemical characterization of those patients’ SOX
variants (G362S, R366H) revealed an impairment in Moco coordination within the active
site of SOX, resulting in strongly decreased mitochondrial maturation. Following the culture
of patient fibroblasts in the presence of molybdate (Bender et al.,, 2019) or MOCS1
transgene expression (Kaczmarek et al., 2022), significantly increased SOX activity has
been observed, thus demonstrating that the increase in Moco availability partially rescues
a defect in Moco-dependent SOX maturation. Therefore, the molecular—genetic
investigation of SOXD patients may identify future molybdate-responsive patients, opening

the path to personalized medicine.

2.4.4 Dietary Restriction

Until today, MoCD types B and C, as well as SOXD, are considered incurable diseases. In
order to reduce the accumulation of toxic sulfite, dietary restriction of sulfur-containing
amino acids was considered in the past for a number of patients (Abe et al., 2021; Boles et
al., 1993; Touati et al., 2000). The best results were obtained in mild cases of SOXD and
MoCD type A, with dietary restriction of protein intake leading to significantly decreased

urinary SSC and thiosulfate levels; in some cases, patients showed improved development
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without further signs of progressive neurodegeneration (Abe et al., 2021; Touati et al.,
2000).

In arecent study by Abe et al. (2021), dietary restriction was used in a Japanese MoCD
type A patient, as in Japan, cPMP treatment has not yet been officially approved or cPMP
could not be obtained at the time of diagnosis. The patient carried a homozygous missense
mutation at ¢.1510C > T (p.504R > W) in exon 10 of the MOCS1 gene, which has not been
reported before. It is located in the N-terminus of the catalytically essential MOCS1B
domain, so it is expected to have a strong impact on the catalytic activity of MOCS1B
protein. At the age of 16 months, dietary protein was restricted to 1.75 g/kg/day and further
reduced in the following month to 1.4 g/kg/day. A further reduction to 1.25 g/kg/day was
introduced until 42 months before the diet was finally continued with a protein content of 1.0
g/kg/day. After 4 months of dietary protein restriction, SSC values had decreased by about
50%, and urine sulfite tests became negative. Although the patient remained severely
mentally defective, she developed without further regression and remained seizure-free
(Abe et al., 2021; Touati et al., 2000).

Two patients with mild forms of SOXD were treated with dietary protein restriction
combined with a particular decrease in sulfur-containing amino acids (Touati et al., 2000).
The mutations carried by both patients were not mentioned, thus not allowing any
speculations on residual SOX activity. The first patient was diagnosed with SOXD late, at
the age of 22 months, and, afterwards, began to receive 1.2 g/kg/day supplemented with
an amino acid mixture not containing methionine, cystine, and taurine. Methionine intake
was limited to 180 mg/day. After seven months, additional taurine (50 mg/kg), magnesium
sulfate, and betaine treatment was started, and, two months later, protein intake was
increased to 1.3 g/kg/day with 250 mg/day methionine. In this patient, treatment with
cysteamine was also tested with the aim of quenching the accumulating sulfite (see below).
The treatment, however, did not result in any clinical improvement, so it was stopped after
nine months. At the age of 4 years and 5 months, the child presented with age-appropriate
development and no signs of severe neurodegeneration. The second patient was
diagnosed with a mild form of SOXD at the age of 10 months. At the beginning of treatment,
dietary protein intake was severely decreased to 4.0 g/day (approx. 0.5 mg/kg/day),
supplemented with an amino acid mixture that was free of methionine, cystine, and taurine.
After two weeks, protein intake was adjusted to 1.0 g/kg/day with 125 mg methionine, which
was further raised to 200 mg with increasing body weight and supplemented with taurine
later on as well. Treatment resulted in very low urinary SSC and thiosulfate levels, which

stabilized after the first two months of treatment. Two years and four months after the
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beginning of the therapy, the development of the child was progressing steadily, although

the child remained timid and showed subnormal psychomotor skills.

The few cases reported above represent mild forms of SOXD and MoCD that benefited
from dietary protein restriction. However, this therapeutic approach is not necessarily
sufficient to rescue severe phenotypes of both diseases that present with a total loss of
SOX activity. In contrast, a patient diagnosed with the classical, rapidly progressing onset
of SOXD started a methionine- and cystine-free diet at the age of 12 days (Tan et al., 2005).
Additionally, he was treated with thiamine due to an observed sulfite-dependent
depletion/reduction of thiamine as well as with dextromethorphan (Tan et al., 2005), a
pharmacological blocker of NMDA receptors (see below). However, the patient displayed
progressive microcephaly and presented with severe developmental delay, with no
significant improvement upon treatment. For another severe case of SOXD, a decline in
irritation but no neurological improvement upon methionine and cystine restriction has been
reported (H. J. Lee et al., 2002). These experiences suggest that dietary restriction of
protein in general and sulfur-containing amino acids in particular may be an effective way
of improving the phenotype of mild/attenuated cases of MoCD and SOXD but is not
sufficient to prevent severe clinical courses. Moreover, the starting time of dietary restriction

is crucial, as disease-related neurological damage is irreversible (Veldman et al., 2010).

2.4.5 Targeting NMDA Receptors

Infant death in MoCD and SOXD patients is usually the result of severe neurodegeneration.
As mentioned above, a major contributor to this pathology is SSC, causing an overexcitation
of NMDA receptors, a mechanism that was suggested following the first experiments in rats
almost 50 years ago (Olney et al., 1975). In a recent study in 2017, SSC has been proven
to be the main cause of neuronal cell death in in vitro experiments using primary cortical
neurons (Kumar et al.,, 2017). The NMDA receptor antagonist MK801 was sufficient to
rescue neurons from SSC-mediated cell death, strongly supporting the hypothesized mode
of action of SSC.

In the same study, an MoCD-like phenotype was induced in adult wild-type mice by
treatment with the molybdenum antagonist tungstate (Kumar et al., 2017). Following cellular
uptake, tungstate is considered to be incorporated in the same way as molybdenum to
molybdopterin, thereby rendering it inactive and causing a loss of function of all Mo-
enzymes. Following tungstate treatment, 4-week-old mice displayed a median decrease in
SOX activity of 90% and developed a MoCD-like phenotype within three weeks, including
weight loss and decreased neuromotor skills, as quantified in the Rotarod performance test
(Kumar et al., 2017)). Additionally, in contrast to Mocsl~- (H. J. Lee et al., 2002)
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or Mocs27- (Jakubiczka-Smorag et al., 2016) mice, these animals showed decreased cell
density and, thus, signs of neuronal degeneration in the cerebral cortex and the CA1 region
of the hippocampus, hence resembling the phenotype of human MoCD and SOXD patients.
Body weight and neuromotor skills were successfully rescued by intraperitoneal injection
with 5 mg/kg of the NMDA receptor antagonist memantine twice per week; this makes
NMDA receptor blockers in general and memantine in particular promising candidates for

future therapeutic attempts.

In humans, the approach of applying NMDA receptor antagonists has been studied
only sporadically and, in most cases, in patients with severe disease progression. In a three-
year-old boy with a mild form of MoCD and accompanying recurrent epilepsy, administration
of the NMDA receptor antagonist dextromethorphan (12.5 mg/kg body weight) resulted in
the disappearance of seizures, an improved EEG, and no major drug-related “side-effect”
(Schuierer et al., 1995). In contrast, in one of the aforementioned dietary approaches,
dextromethorphan was administered in combination with a methionine- and cystine-free
diet, starting at the age of three weeks (Tan et al., 2005). The treatment, however, did not
lead to a significant improvement of the patient’s health condition, which suggests that
NMDA receptor blockage is again a convenient therapeutic approach in milder cases of
MoCD and SOXD but is not sufficient to improve the phenotype in severely affected patients

with manifested neurodegeneration.

2.4.6 Sulfite Scavenging

Given the largely overlapping pathophysiology in MoCD and SOXD, any therapeutic
intervention that lowers the accumulation of toxic sulfite is considered to be beneficial for
both disorders (Kohl et al., 2019). Therefore, chemical scavenging of excess sulfite to avoid
its accumulation and the secondary formation of SSC with the accompanied depletion of
cystine needs to be considered. Previous in vitro experiments revealed a 6-to-8-times faster
reaction of sulfite with cystamine than with cystine (Jocelyn, 1987), thus proposing
cystamine as a potent sulfite scavenger preventing the formation of SSC. Interestingly,
cysteamine, the reduced form of amino-thiol, represents an established treatment for
nephropathic cystinosis and is used in concentrations of 0.2—0.6 mmol/kg (Smolin et al.,
1988). As, in vivo, an equilibrium between the reduced and the oxidized form of any thiol-
containing small molecular establishes rapidly, cysteamine and cystamine are expected to
have a similar therapeutic effect. However, in vivo, the reduced thiol can not only form
disulfide cystamine but also a mixed disulfide with one molecule of cysteine. Thus, it leads
to further cysteine depletion, and 50% of the sulfite-derived reaction product will be, again,
SSC. Therefore, the oxidized amino-cystamine might be favored for the treatment of sulfite

toxicity.
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A single case of treatment with cysteamine in combination with dietary restriction
(Touati et al., 2000) has been reported in the literature. The treatment had no effect on the
patient’'s overall health condition and was, therefore, stopped after 9 months. However,
neither the concentration and frequency of cysteamine treatment nor biomarkers for sulfite
intoxication were reported. In addition, it remained unclear to what extent irreversible brain
damage might have masked any biochemical improvement. Given the sparse clinical
experience and the expected underlying biochemical principles, sulfite scavengers still hold
great potential as a possible therapeutic approach to treat sulfite toxicity in MoCD and
SOXD.

2.4.7 Ferroptosis Inhibition

Alteration in cysteine homeostasis in MoCD and SOXD hints at a novel form of regulated
cell death - ferroptosis - that has been associated with reduced glutathione levels in
mammals (Seiler et al., 2008; Yang et al., 2014). Ferroptosis is an iron-dependent form of
non-apoptotic cell death that can be triggered by a depletion in cellular cysteine (Fuijii et al.,
2019). Cysteine is the rate-limiting component in the biogenesis of the antioxidant tripeptide
glutathione as the other two required amino acids, glutamate and glycine, are found in
significantly higher abundance within the cell (Reed et al., 2008). A reduction in cysteine
levels, therefore, causes a decrease in the biogenesis of glutathione, which is an essential
cosubstrate in the detoxification of lipid peroxides catalyzed by glutathione peroxidase 4
(GPX4) (Ursini et al.,, 1982). Reduced levels of glutathione hamper this detoxification

process, ultimately leading to increased oxidative stress and cell death.

In 2012, cell death from a glutamate-induced blockade of system xc.-mediated cystine
import in organotypic rat brain slices was first identified as an iron-dependent form of non-
apoptotic cell death, which was then termed ferroptosis (Dixon et al., 2012). Since then,
ferroptosis has been proposed to play a decisive role in the courses of multiple
neurodegenerative diseases, including Alzheimer’s, Parkinson’s, and Huntington’s disease
(Mahoney-Sanchez et al., 2021; Mi et al., 2019; Zhang et al., 2021). Cysteine enters the
cell in its oxidized form, cystine, which is transported across the plasma membrane by the
antiporter system Xc in exchange for intracellular glutamate. In MoCD and SOXD, as a
consequence of strongly elevated SSC formation derived from the reaction of cystine with
sulfite, cysteine levels are strongly decreased (Belaidi et al., 2012; Schwarz & Belaidi,
2013). In addition, due to its structural similarity to glutamate, an increase in extracellular
SSC levels may inhibit the x.- antiporter, thus further reducing the import of cystine into the
cell. So far, there are no data on the glutathione levels in MoCD or SOXD patients available,
but previous in vitro studies have shown a rapid decrease in the levels of glutathione

disulfide, followed by a slow decrease in glutathione levels in rat hepatocytes upon
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treatment with high concentrations of sulfite (Niknahad & O’Brien, 2008). Moreover,
glutamate excitotoxicity, which presents as mechanistically similar to SSC-induced toxicity,
has also been shown to induce a significant decrease in intracellular glutathione levels in
the brain (Pereira & Oliveira, 1997). Based on these findings, it may be hypothesized that
ferroptosis contributes to the pathophysiology of MoCD and SOXD, in particular to the
rapidly progressing cell death, thus rendering ferroptosis inhibitors a promising treatment

strategy to be investigated in the future.

2.4.8 Is H.S Involved in the Pathophysiology of MoCD?

A hallmark in the diagnosis of MoCD and SOXD is the accumulation and excretion of
thiosulfate, a catabolic product of H.S metabolism. There is only one other disorder known
to result in massive thiosulfate accumulation, known as ethylmalonic encephalopathy.
Mutations causing a defect in the enzyme ethylmalonic encephalopathy protein 1 (ETHE1),
also known as persulfide dioxygenase, result in the accumulation of H=S and the loss of
clearance of small-molecule persulfides such as GSSH. As a consequence, TST-dependent
oxidation of persulfides becomes the only path to catabolize H2S-products, thus leading to
elevated levels of thiosulfate. Therefore, thiosulfate accumulation in MoCD and SOXD hints
at a re-routing of sulfur flux into the H2S pathway, leading to increased H.S turnover. To
which extent thiosulfate accumulation will indicate the increased catabolism and/or
increased biosynthesis of H.S requires further investigation.

A hallmark of H2S-based signaling is the formation of S-persulfidated species in small
molecules (cystine-persulfide, glutathione-persulfide, etc.) as well as in protein cysteine side
chains. Levels of protein S-persulfidation have been recently associated with cellular stress
resistance and longevity in various model systems (Zivanovic et al., 2019). On the other
hand, elevated H.S leads to the inhibition of mitochondrial respiration by blocking
cytochrome c oxidase (Nicholls & Kim, 1982; Viscomi et al., 2010). In addition, a recent
study demonstrated that in H:S-inhibited mitochondria, accumulating H.S is further
metabolized by SQR, leading to the ‘reversal’ of the citrate cycle, glutaminolysis, and

lipogenesis (Carballal et al., 2021).

In aggregate, accumulating thiosulfate in MoCD and SOXD gives rise to the proposal
that alterations in H.S homeostasis may contribute to a larger extent to mitochondrial
dysfunction than initially anticipated, and recent data support this notion (Grings et al., 2019,
2022), being in line with other data showing sulfite-dependent changes in mitochondrial

morphology (Mellis, Roeper, et al., 2021).
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A recent study in Moco-deficient Caenorhabditis elegans demonstrated that the lethal
symptoms of MoCD in worms can be suppressed by two principles (Warnhoff & Ruvkun,
2019): (i) On one hand, the uptake of Moco by feeding worms with Moco containing E.
coli or providing an in vitro source of protein-bound Moco (Warnhoff et al., 2021) was
sufficient to protect the worms from sulfite toxicity. This finding suggests that not only cPMP
but also Moco may be used to treat MoCD in the future. (ii) Second, a genetic suppressor
screen identified CDO and CSE as potential targets for upstream inhibition to reduce
cysteine catabolism and cysteine de novo synthesis, respectively. Again, those promising

findings need to be verified in more disease-relevant preclinical models.

2.5 Future Perspectives

MoCD and SOXD have been known for nearly five decades, and major progress in
understanding the biosynthesis of Moco, the function of individual gene products, and the
contribution of Mo-enzymes to the disease pathology has been made. With the first therapy
of MoCD type A being recently approved by the FDA, the number of treated patients will
grow. Most important will be a timely diagnosis of patients to avoid irreversible brain damage
due to sulfite intoxication. Methods such as newborn screening as well as targeted genetic
testing will be instrumental in achieving this goal. Further understanding of the underlying
disease mechanism, in particular, the role of H.S, will not only improve therapeutic
outcomes but it may also open Moco enzyme research to other fields and challenges in
medicine. For example, the benefits of dietary restriction have been recently demonstrated
to involve the metabolism of sulfur-containing amino acids. We have recently demonstrated
that stress-induced acute kidney injury can be prevented by a reduction of methionine and

cysteine in the diet (Koehler et al., 2022).

Therapies for MoCD type B, type C, and SOXD are still lacking; here, we have
discussed biochemical principles that require experimental testing in preclinical models of
the respective disorders. One additional treatment strategy holding great potential is gene
therapy, which, in the past, has already been used for the successful treatment of metabolic
disorders such as hemophilia B (Nathwani et al., 2011), lipoprotein lipase deficiency (Stroes
et al., 2008), and metachromatic leukodystrophy (Biffi et al., 2013). The most promising and
widely used approach involves the usage of virus-mediated gene additions. It aims to
rescue the phenotype of genetic diseases by either introducing a novel gene that helps to
fight the consequences of a disease or by restoring the function of a defective gene by
inserting a healthy copy (McCain, 2005). As MoCD and SOXD are both single-gene

disorders, they would be particularly suitable targets for this type of therapy.
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lIl Investigation of novel treatment approaches for a mouse model
of isolated sulfite oxidase deficiency

Abstract

Isolated sulfite oxidase deficiency (SOXD) is a rare metabolic disorder, in which loss of
function of sulfite oxidase (SOX), the terminal enzyme of cysteine catabolism, results in an
accumulation of toxic sulfite and other formed sulfur metabolites accompanied by a
depletion of cysteine. Patients present with feeding difficulties, high irritability and seizures,
often starting in the neonatal period, and soon develop a severe neurological phenotype
resulting in infant death. Neurodegeneration is mainly caused by the sulfur metabolite
S-sulfocysteine, whose structural resemblance to glutamate makes it a potent N-methyl-D-
aspartate receptor (NMDAR) agonist. To date, no effective long-term treatment has been
established, with treatment strategies being limited to ameliorating disease symptoms,
primarily anticonvulsive interventions. The recent generation of a SOXD mouse model
finally paved the way for extensive in vivo studies on potential treatment options. Hence,
the current study investigated several therapeutic approaches aiming to reduce sulfite-
induced toxicities by (i) NMDAR blockage to prevent excitotoxic neurodegeneration, (ii)
dietary restriction of proteins and sulfur-containing amino acids, (iii) sulfite scavenging, (iv)
inhibition of ferroptosis, a non-apoptotic form of regulated cell death triggered by cysteine
depletion and (v) an enzyme replacement therapy using a modified version of SOX. Results
revealed surprising insights into murine SOXD, which in contrast to SOXD in humans does
not involve severe neurodegeneration, but follows a different pathomechanism. Ferroptosis
has been ruled out as the major cell death pathway involved, but was actually shown to be
prevented upon the loss of SOX function. Lastly, an enzyme replacement therapy provides

great potential as a future treatment strategy for Suox™ mice and human SOXD patients.

3.1 Introduction

Molybdenum cofactor deficiency (MoCD) and isolated sulfite oxidase deficiency (SOXD)
are rare, recessively inherited metabolic disorders, which present with severe, progressive
neurodegeneration, microcephaly, altered facial and head morphology, intractable seizures
and major developmental delay inevitably leading to infant death if left untreated (Johnson
& Duran, 2001). To date, more than 200 cases of MoCD and approximately 50 cases of
SOXD have been reported in the literature (Claerhout et al., 2018; Misko et al., 2020;
Sharawat et al., 2020; Tian et al., 2019), but case counts are believed to be significantly
higher, as widespread unawareness still results in frequent misdiagnoses exacerbating

ongoing research.
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MoCD is characterized by defects in molybdenum cofactor (Moco) biosynthesis
leading to a loss of function of all Moco-dependent enzymes. Depending on which step of
Moco biosynthesis is disturbed, MoCD can be further classified in three different subtypes
(Reiss & Hahnewald, 2011). The most prevalent form, MoCD type A, is caused by mutations
in the MOCS1 gene, which encodes for two enzymes catalyzing the first step of Moco
biosynthesis (Reiss et al., 1998). MoCD type B patients carry mutations in the MOCS2 or
MOCS3 gene, which encode for enzymes required for the second step of Moco biosynthesis
(Huijmans et al., 2017; Stallmeyer et al., 1999). In MoCD type C, which is the rarest form of
MoCD, the final step of Moco biosynthesis is disturbed by mutation of the GPHN gene
(Reiss et al., 2001).

SOXD is caused by mutations in the SUOX gene, which is located on
chromosome 12 and encodes for the molybdoenzyme sulfite oxidase (SOX) directly
(Johnson et al., 2002). SOX is the final enzyme of cysteine catabolism, where it catalyzes
the detoxification of sulfite by oxidation to sulfate (Aghanoori et al., 2016; Johnson et al.,
2002). As MoCD and SOXD present with highly similar clinical pictures, symptomatology
can be mainly ascribed to a loss of function of SOX.

In the oxidative part of cysteine catabolism, cysteine dioxygenase (CDO) catalyzes
formation of the intermediate cysteine sulfinic acid (CSA) from cysteine. On the one hand,
CSA is further converted into taurine by the enzyme CSA decarboxylase (CSAD), while on
the other hand glutamate oxaloacetate transaminases 1 and 2 (GOT1/2) catalyze its
conversion into sulfite (Mellis, Misko, et al., 2021). In contrast, the hydrogen disulfide (H.S)
pathway of cysteine catabolism includes the formation of H,S by three distinct enzymes,
namely cystathionine B-synthase (CBS), cystathionine y-lyase (CSE) and
3-mercaptopyruvate sulfurtransferase (MPST). HS clearance is mediated via several steps
starting with sulfide:quinone oxidoreductase (SQR) generating persulfidated glutathione
(GSSH), followed by thiosulfate sulfurtransferase (TST) and persulfide dioxygenase (PDO)
regenerating glutathione (GSH) under formation of thiosulfate and sulfite, respectively. In
both metabolic pathways, SOX is the key enzyme catalyzing clearance of sulfite (Kohl et
al., 2019).

Mammalian SOX is located in the intermembrane space (IMS) of mitochondria (Ono
& Ito, 1984) and consists of three domains: a central Mo-domain harboring its molybdenum
cofactor, which is bridged to an N-terminal heme domain by a flexible linker and a C-terminal
dimerization domain enabling homodimer formation (Kisker et al., 1997). Upon oxidation of
sulfite, the molybdenum of the central domain accepts two electrons, which are

subsequently transferred to the heme domain via two single intramolecular electron transfer
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steps. Regeneration of the enzyme is achieved by subsequent transfer of these electrons
onto two molecules of cytochrome c, which represent the final electron acceptor and
contribute to mitochondrial respiration (Hille, 1994). Loss of SOX function causes the
accumulation of sulfite and other secondary sulfur metabolites such as thiosulfate, taurine
and S-sulfocysteine (SSC), accompanied by a decrease in cysteine and sulfate levels
(Rupar et al., 1996).

The majority of symptoms causing the neurological phenotype can partially be
ascribed to a neurotoxicity induced by sulfite itself, which may act as a direct inhibitor of
glutamate dehydrogenase, thus resulting in ATP depletion and an intracellular energy crisis
(Zhang et al., 2004). Moreover, sulfite can alter the mitochondrial network leading to
increased hyperfusion and decreased mobility (Mellis, Roeper, et al., 2021). A more general
impact of sulfite on protein function includes the attack of disulfide bonds, impacting protein
stability and cleavage of persulfidations, which serve as a protective mechanism preventing
cysteine residues from irreversible oxidation (Dé6ka et al., 2020; Zivanovic et al., 2019).

Sulfite can also act as an inhibitor of a-aminoadipic semialdehyde dehydrogenase,
hence causing the accumulation of a-aminoadipic semialdehyde and Al-piperideine-6-
carboxylate (Mills et al., 2012). The latter, in turn, can inactivate pyridoxal-5’-phosphate
(PLP), an essential coenzyme for more than 140 enzymes (Percudani & Peracchi, 2003).
A direct attack of sulfite on the aldehyde group of PLP has been proposed to represent
another mechanism inducing PLP deficiency (Footitt et al., 2011). Due to its pivotal role as
an enzymatic cofactor, decreased levels of PLP in cerebrospinal fluid are known to
negatively impact synthesis of the neurotransmitters dopamine and serotonin, as well
glycine and threonine metabolism, thus ultimately resulting in a neurological phenotype
including epileptic seizures and impaired neuromotor behavior (Footitt et al., 2011; Mills et
al., 2005), which aligns with the phenotype observed in SOXD patients.

While sulfite toxicity is a broad, multifactorial phenomenon, the absence of sulfate
can be linked more precisely to neuronal dysfunction due to disturbance of neurotransmitter
and steroid hormone metabolism (KfiZ et al., 2008; Rivett et al., 1982). Depletion of
cysteine, on the other hand, is presumed to induce a newly discovered form of non-apoptotic
cell death described as ferroptosis, resulting from the accumulation of lipid peroxides (Seiler
et al., 2008; Yang et al., 2014). Cysteine is one of three amino acids required for the
biosynthesis of the strong antioxidant GSH, which, in turn, is a crucial co-substrate for the
enzyme glutathione peroxidase 4 (GPX4) mediating the detoxification of lipid peroxides.
Hence, decreased cysteine in SOXD is hypothesized to induce oxidative stress ultimately

leading to excessive ferroptotic cell death (Wyse et al., 2018).
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One principal and well-studied mechanism of neurotoxicity is mediated by SSC,
which is formed in the reaction of sulfite and the disulfide cystine as a physiological
mechanism of sulfite scavenging. Due to its structural resemblance to glutamate it can act
as an NMDA receptor (NMDAR) agonist causing an overactivation of glutamatergic
synapses and increased excitotoxicity (Kumar et al., 2017; Olney et al., 1975). In line with
this, in a pharmacologically induced mouse model of SOXD generated by administration of
tungstate to render the cofactor and thus the enzyme SOX inactive, a strong impairment of
neuromotor skills could be rescued by the NMDAR antagonist memantine (Kumar et al.,
2017). In humans, NMDAR blockage has only been described twice as an attempted
treatment for SOXD (Kurlemann et al., 1996; Tan et al., 2005). The NMDAR antagonist
dextromethorphan was administered in combination with a low-methionine and low-cysteine
diet to downregulate cysteine catabolism, the vitamin thiamine, which is reduced upon
sulfite toxicity with yet unknown outcome, and phenobarbital to prevent further seizures by
GABA-type receptor activation. Treatment success was limited, as seen by continuous
developmental retardation and progressive microcephaly, but previously intractable
seizures stopped and EEG findings displayed huge improvement. Due to the multifactorial
treatment strategy, however, the exact impact of NMDAR blockage on the patient’s overall
health remained speculative, so further in vivo testing would be required to examine its full

potential as a therapeutic agent for SOXD.

In the past, reduction of sulfite accumulation was attempted by low-sulfur diets
already several times and ranged from having little effect on severe cases to yielding
significant health improvement in mild, late onset patients (Boyer et al., 2019; Tan et al.,
2005; Touati et al., 2000). However, due to methionine being an essential amino acid and
the precursor of cysteine, a complete prevention of sulfite formation from the catabolism of
sulfur-containing amino acids is not achievable. An alternative approach therefore implies
scavenging of formed sulfite and has been used so far in two cases described in the
literature. One patient was given D-penicillamine to induce the formation of
S-sulfopenicillamine under scavenging of free sulfite (Tardy et al., 1989). The treatment did
not result in an improvement of the patient’s health condition, but the absence of detectable
levels of S-sulfopenicillamine questioned the potency of the tested compound as an
effective sulfite scavenger. Another SOXD patient received cysteamine in addition to a low-
sulfur diet, which did not ameliorate symptoms more than the dietary approach alone and
was therefore discontinued after nine months (Touati et al., 2000). The disulfide cystamine,
formed from two molecules of cysteamine, in vitro has been shown to react with sulfite
6-8 times faster than cystine (Jocelyn, 1987), thus holding great potential as sulfite

scavenger. As the authors neither stated concentration and frequency of cysteamine

83



Chapter Il
Investigation of novel treatment approaches for a mouse model of SOXD

administration, nor examined the level of S-sulfocysteamine formed (Touati et al., 2000), a
clear reason for the failure of the treatment could not be determined, so further studies

should elaborate the potential of cysteamine as a treatment option for SOXD.

To date, SOXD is still classified as an incurable disease, as no unrestricted, effective
long-term treatment strategy could be established so far. While MoCD type A can be treated
successfully by administration of the first intermediate of Moco biosynthesis (Schwahn et
al., 2010), a therapy for MoCD types B and C has also not been established yet. As the
severity of both MoCD and SOXD mainly results from the absence of SOX function, a
treatnent for SOXD would presumably show strongly beneficial effects on MoCD patients
as well. Recent generation of a Suox” mouse model (Kohl, 2019) now paved a new way
for more extensive in vivo testing of potential therapeutic approaches based on the current

comprehension and presumption of the disease mechanism.

3.2 Results and Discussion

3.2.1 Effect of tested treatment approaches on median survival time of Suox’
mice

In order to discover an effective long-term treatment for SOXD, several therapeutic
approaches were investigated in vivo using homozygous Suox” mice previously generated
(Kohl, 2019). Potential therapeutics were either directly administered via i.p. injection or
indirectly by manipulation of the chow fed to mothers. The effectiveness of each treatment
was mainly quantified via determination of the median time span. For that purpose, animals
were kept until attainment of the termination criterion, so collection of body fluids was not
feasible, but in the future would be crucial to determine the effect of utilized treatment

strategies on biomarker levels.

Differences in average survival times varied between -1.1 to +2.2 days compared to
the mock-treated control group (Fig. 1), whose average survival time of 7.6 days shows a
reduction of 2.0 days compared to the age of death observed for Suox’ mice in general
(Kohl, 2019). Variance might be ascribed to more extensive handling of pups at very young
age, which can cause an elevated stress response (Moles et al., 2004) or reduced care by

the mother and therefore trigger a slightly earlier onset of the phenotype.

In aggregate, memantine, low-sulfur and low-protein diets, three different tested
sulfite scavengers, as well as the ferroptosis inhibitor Liproxstatin-1 did not significantly alter
the average life span of Suox” pups. However, PEGylated mSOX-Mo had a slightly, but

significantly beneficial effect on survival (Fig. 1). In the following, reasons for the choice of
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each individual treatment and the limited effect observed in vivo, as well as their potential

as treatments for SOXD will be discussed in detail.

* Figure 1: Survival time of Suox’” pups
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ANOVA, F(7,33) = 4.1, and Dunnett's post-hoc
test. *p<0.05

3.2.2 Memantine treatment confirms absence of fatal cerebral phenotype in
SOXD mouse model

In SOXD patients, accumulation of the sulfur metabolite SSC, which displays high structural
resemblance towards glutamate (Fig. 2A+B), results in increased excitotoxicity leading to
vast neuronal cell death and overall loss of white matter in several brain areas including the
cortex (Dublin et al., 2002; Kumar et al., 2017). In line with this, our Suox’ mouse model
displays decreased brain height and volume, as well as highly decreased motor skills (Kohl,
2019). Hence, the first therapeutic approach was supposed to protect neurons from SSC-
mediated neurotoxicity by using the non-competitive NMDAR antagonist memantine, whose
mode of action is visualized in Fig. 2C. A preliminary experiment performed in this study
using primary cortical neurons from wildtype mice examined the cytotoxic effect of SSC and
verified a highly protective effect of memantine in a similar manner as described earlier
(Kumar et al., 2017). In agreement with previous studies, overnight treatment with SSC
resulted in a reduction of cell viability to ~40%, whereas pretreatment with memantine
restored cell viability upon SSC treatment entirely (Fig. 2D), thus confirming the strong

potential of NMDAR blockage as a treatment target in SOXD.

In vivo, however, memantine treatment resulted in a non-significant increase in

average survival time of +1.9 days compared to mock treatment (Fig. 1). Memantine was

85



Chapter Il
Investigation of novel treatment approaches for a mouse model of SOXD

administered indirectly as a chow additive, which was fed to mothers starting the day
pregnancy was discovered. Earlier studies verified a sufficient transfer from mother to
offspring via placenta and breast milk (Victorino et al., 2017), thus allowing an optimal pre-
and postnatal treatment. However, data need to be interpreted with caution, as due to this
alternative route of administration handling of pups only started at day 4 of life to allow
scoring, thus reducing the overall amount of postnatal stress, while daily i.p. injection
required handling beginning at PO. Compared to the median survival time of 9.6 + 1.6 days
previously determined for Suox” mice, memantine treatment with 9.5 + 1.0 days did not
display any improvement in the severity of the phenotype.

Parallel examination of Suox” brains at P8.5 revealed unchanged cell numbers in
several brain layers, thus, against all expectations, not confirming a neurological phenotype
(Kohl, Fu et al., in preparation). Decreased brain size and motor abilities can therefore most
likely be ascribed to a global developmental delay proportional to the decelerated body
weight gain of Suox™ pups. Similar results have been reported in Mocs1™ mice, a mouse
model for MoCD type A, which revealed no alterations in overall neuronal cell number or
development of different brain cell layers (Lee et al., 2002). In Mocs2” mice, which resemble
the phenotype of MoCD type B patients, changes in neuron numbers were not observed
either, however more in-depth analysis revealed an increased number of apoptotic neurons
(Jakubiczka-Smorag et al., 2016). One can speculate on a similar increase in apoptotic
neurons in Mocs1” and Suox” mice due to elevated levels of SSC as observed for all
subjects. However, SSC levels were less markedly increased as in human patients, which
can be ascribed to the severe depletion of cystine in plasma (Jakubiczka-Smorag et al.,
2016; Kohl, 2019; Lee et al., 2002).

It can be hypothesized that Suox” mice die due to a yet unknown cause of death
before the manifestation of a lethal cerebral phenotype due to differences in the
developmental stages of human and mouse brains at the time of birth (Semple et al., 2013),
thus rendering memantine unsuitable as treatment approach. The generation of a
conditional knockout mouse model for SOXD would provide a higher phenotypic
resemblance towards human SOXD, but attempts in the past have been unsuccessful (Fu,
unpublished data). Alternatively, an amelioration of the observed phenotype in the existing
SOXD mouse model might result in an increased median life span allowing the development

of a phenotype with higher resemblance to human MoCD and SOXD patients.
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Figure 2: Memantine in SSC-mediated excitotoxicity.
Chemical structures of (A) glutamate and (B) the glutamate analogue SSC. (C) Proposed mode of action of the

non-competitive NMDAR antagonist memantine, which upon binding results in an open channel block. (D)
Primary cortical neurons DIV8 were treated with 100 uM SSC and/or 10 uM of memantine overnight. Memantine
pretreatment was done 30 min prior to SSC treatment. Data were analyzed with 1-way ANOVA, F(3,8) = 160.8,
and Dunnett's post-hoc test. ***p<0.0001, ns p>0.05

3.2.3 Low-sulfur and low-protein diet failed to improve the symptomatology of
SOXD in mice

A first approach to slow down disease progression in order to allow manifestation of a lethal
cerebral phenotype involved the reduction of sulfur-containing amino acids and overall
protein content in the diet of heterozygous mothers. Reduction of cysteine intake aimed to
downregulate cysteine catabolism, thus producing lower amounts of toxic sulfite (Fig. 3A).
Previous studies examined the influence of a low-protein diet on the protein content in milk
during lactation and showed a 12% decrease of protein levels in milk after 50% reduction
of dietary protein, as yet unknown physiological mechanisms in lactating mothers seem to
be able to compensate for decreased protein supply (Derrickson & Lowas, 2007). Decrease
in protein levels, however, was sufficient to impact both pre- and postnatal growth of litters
negatively. As pups still showed steady weight gain and no observable phenotypic features
other than reduced size (Derrickson & Lowas, 2007), a low-protein diet was still considered
a suitable approach for Suox™ mice. Low-protein diet used in the current study contained
45% of protein, 47% cystine and 68% methionine as compared to the standard diet.

Treatment by administering low-protein diet to mothers resulted in an unaltered average
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survival time of 7.0 + 0.9 days for Suox™ pups (Fig. 1), implying that a reduction of global
protein content in milk was not sufficient to lower sulfite-related toxicity in offspring

significantly.

Hence, a second approach included a stronger, direct reduction of free methionine
and cystine in the mothers‘ diet to further reduce cysteine catabolism. Low-sulfur diet
contained 10% cystine and 14% methionine, while protein content was reduced to 70%
compared to the standard diet. While litters from mothers fed a low-protein diet only
displayed minor pup loss in the first days of life being comparable to the standard numbers
of pup mortality in laboratory mice (Weber et al., 2013), dietary restriction of sulfur-
containing amino acids resulted in a mortality rate of 80% of pups within the first three days
of life (Fig. 3B). The remaining 20% did not contain homozygous Suox’ pups and were thus
sacrificed. Considering the trend of the preceding days and the strongly decreased body
weight of remaining pups (data not shown), however, a complete extinction of treated litters
in the following was anticipated.

Two different mechanisms might have caused the observed high pup mortality
following feeding of low-methionine/-cysteine diet to mothers. Firstly, a strong reduction of
the essential amino acid methionine has been shown to result in a significant decrease of
body weight in the first three weeks of administration, until mice adapt to the change in
nutrition and compensate by an increased food intake (Nichenametla et al., 2021). The
effect of dietary restriction on gestating mice has not been examined so far, but can be
assumed to be even more drastic. In the present study, a switch from normal to low-sulfur
diet containing only 10% cystine, 14% methionine and 70% protein compared to the
standard diet was executed approximately three days before delivery of the pups, so
animals did not have sufficient time to adapt to the dietary restriction. An increased nutrient
uptake, however, cannot only be achieved by an increase in food consumption, but
temporarily also by augmented infanticide. Alternatively, nutrient in the milk produced by
mothers fed low-sulfur diet may have not been sufficient for the pups due to strong dietary
restriction, thus leading to premature death accompanied by neonatal cannibalism through
the mother. The observed decrease in body weight throughout pups of all genotypes

supports the latter hypothesis, however a combination of both cannot be excluded.

In conclusion, the results from the feeding study in mice contrast data from human
SOXD patients, in which the effects of dietary restriction of sulfur-containing amino acids
and protein reached from having little impact on overall health condition to significantly
reducing symptoms in milder forms (Boyer et al., 2019; Tan et al., 2005; Touati et al., 2000).

The major difference resides in the route of administration of the diet. While neonates were
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fed an artificial, restricted diet, direct feeding of mouse pups was not feasible due to
experimental limitations. The indirect administration via the mother thus complicated the
right dose-finding. Determination of the nutrient content in the milk of mothers that received
dietary restriction in the future could help to further clarify the reasons for failure of this
treatment strategy and help experimental optimization. However, as mice are born less
developed than humans and showed increased rates of neonatal death upon treatment,
dietary restriction might have a more severe negative impact on the development of mice
than of humans. Overall, dietary restriction of sulfur-containing amino acids and protein in
general seems not suitable for ameliorating the phenotype of SOXD in mice despite the
positive results obtained in humans.
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Figure 3: Hypothetical vs. actual effect of protein/ sulfur reduction in mothers’ chow on Suox™ pups.
(A) Reduction of methionine and cysteine content in mothers’ chow is proposed to decrease the rate of sulfite

production from cysteine catabolism, hence decelerating disease progression. (B) Survival graph of offspring
from mothers fed low-protein/ low-sulfur diet including pups of all genotypes.

3.2.4 Sulfite scavenging was not sufficient to improve the phenotype of Suox”
mice

Dietary restriction failed to mitigate the phenotype of Suox” mice in order to provoke
formation of a more severe cerebral phenotype. Hence, to be able to use the same
treatment approach for the Suox” mouse model and human SOXD patients, the next
treatment strategy shifted to more generalized approaches. One highly auspicious

approach involved the usage of compounds with sulfite-scavenging properties.

In SOXD patients, usage of a single dose of 150 mg of D-penicillamine to induce
formation of S-sulfopenicillamine, as well as administration of cysteamine in unknown
concentration and frequency to form S-sulfocysteamine, did not result in any improvement
of the patients’ phenotypes (Tardy et al., 1989; Touati et al., 2000). D-penicillamine could
have functioned in two different ways, as it does not only react with sulfite, but, as shown in

mice, also acts as a selective inhibitor of the enzyme CSE (Brancaleone et al., 2016), thus
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inhibiting the H,S pathway of cysteine catabolism and potentially slowing down
accumulation of toxic sulfite. The dosage used in the SOXD patient was similar to
concentrations successfully inducing CSE inhibition in mice (Brancaleone et al., 2016).
Nonetheless, a single dose of D-penicillamine seemed insufficient to influence the course
of the disease (Tardy et al., 1989). Furthermore, the expected S-sulfonated compound
S-sulfopenicillamine was not detectable in urine of the patient and therefore most likely was
formed only in neglectable levels. The kinetics of the reaction of sulfite with D-penicillamine
were not reported, but the results hint at a lower reaction rate than for the reaction of sulfite
with cystine, hence not allowing scavenging prior to SSC formation. As with the right dosage
and upon usage of a compound with higher reaction rate towards sulfite than L-cysteine,
sulfite scavenging still remains a promising, straight forward therapeutic approach, in this

study alternative sulfite scavengers were tested using the Suox” mouse model.

In human SOXD patients, an appropriate sulfite scavenger needs to be able to react
with sulfite under formation of a non-toxic compound - similar to the formation of SSC from
sulfite and cystine - in order to allow prevention of sulfite accumulation and SSC formation
in significant amount. As in a previous study cystine levels were undetectable in most Suox™
mice (Kohl, 2019), the major part of cystine was suggested to be present in form of SSC.
However, the previous treatment strategy involving the NMDAR antagonist memantine
excluded major SSC-induced neurotoxicity in Suox” mice, which implies a general
decrease in cystine levels prior to SSC formation. Hence, the major goal of sulfite
scavenging in Suox” mice is the direct prevention of sulfite accumulation, while lowered

SSC formation is considered a secondary effect.

Sulfite is known to be elevated in Suox™ mice at their time of death, however start
time and progression of sulfite accumulation remained speculative (Kohl, 2019). Hence, an
HPLC-based analysis of sulfite and thiosulfate in urine and plasma of Suox’ mice at
different stages of life was conducted to gain further insights into the disease mechanism.
Both, sulfite and the secondary sulfur metabolite thiosulfate, which results from elevated
sulfite clearance via the H.S pathway, expectedly showed rather low levels at P0.5 in
plasma, as maternal clearance of sulfite in the embryo was already suggested to cause
Mocs1™ pups to be born without visible phenotype (Fig. 4A+C) (Reiss et al., 2005). Urinary
excretion, however, peaked at P0.5, confirming elevated levels of sulfite and thiosulfate
already a few hours after birth (Fig. 4B+D). Creatinine levels showed a continuous increase
with age due to urinary retention, thus suggesting impaired kidney function (Fig. 4E), as it
was also described for Mocs2” mice (Jakubiczka-Smorag et al., 2016). Additionally,
increasing levels of sulfite and thiosulfate over time render clearance via urinary excretion

difficult, thus causing the observed accumulation of both, sulfite and thiosulfate, in plasma.
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The data highlight the importance of starting the administration of sulfite scavengers

immediately after birth to prevent toxic sulfite accumulation.
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Several thiol-reactive compounds were tested as sulfite scavengers in the course of
the current study. They aimed to produce non-toxic S-sulfonated compounds from free

sulfite to prevent sulfite accumulation and toxic SSC formation (Fig. 5A).
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The first sulfite scavenging compound used in this study was D-cystine. Cystine can
be transported into the cell via the xc- antiporter in exchange for glutamate (Bannai, 1986),
where an equilibrium between the oxidized and reduced form establishes, with the greater
part being present in the reduced form due to the reducing environment of the cytosol.

Hence, potential intracellular metabolization of D-cysteine should be considered as well.

In the oxidative part of cysteine catabolism, CDO is the enzyme converting cysteine
into CSA, an intermediate further processed by GOT1 and GOT?2 to yield sulfite (Kohl et al.,
2019). To examine the ability of CDO to metabolize D-cysteine, an in vitro activity assay
with purified CDO was conducted. The amount of converted cysteine was quantified at
different time points and showed a clear preference for L-cysteine over D-cysteine as a
substrate (Fig. 5B). While the major part of L-cysteine was converted to CSA within 5 min,
after 10 min two third of D-cysteine were still not converted. Therefore, in vivo due to higher

availability D-cystine is presumed to be preferred in the reaction with sulfite.

Another preliminary experiment examined the toxicity of D-SSC formed from
D-cystine on murine primary hippocampal neurons in comparison to classic L-cystine-
derived L-SSC. L-SSC showed a reduction of cell viability to 30%, while D-SSC did not alter
cell viability, as seen after 16h exposure to 100 uM of sulfite preincubated with equal
amounts of D-cystine (Fig. 5C). Furthermore, restoration of cell viability was proportional to
an increase in the ratio of D- to L-cystine, confirming the ability of D-cystine to scavenge
sulfite even in the presence of L-cystine (Fig. 5D). Therefore, D-cystine was considered a
powerful candidate for preventing sulfite accumulation in Suox” mice. In order to achieve
the maximum long-term effect, treatment was performed daily starting at the day of birth
rather than limiting it to a single dose as described previously (Tardy et al., 1989). Animals
treated with D-cystine displayed an average life span of 8.3 + 0.6 days, thus not showing a
significant improvement compared to the control group (7.6 = 0.1 days, Fig. 1). Due to the
low solubility of D-cystine in aqueous, non-acidic solutions, concentrations of 3.6 mg/ kg
bodyweight were used and were most likely insufficient to scavenge significant amounts of

sulfite prior to SSC formation.

An alternative approach was the use of reduced D-cysteine, as an oxidation to
D-cystine following administration to the animals given the oxidizing extracellular
environment can be anticipated. The formation of mixed disulfides from L- and D-cysteine,
however, cannot be excluded and would, upon sulfite scavenging, result in the formation of
50% toxic, L-cysteine-derived SSC. Thus, as D-cysteine exhibits a significantly higher
solubility in PBS, concentrations were increased to 200 mg/kg bodyweight. Average survival

of animals receiving D-cysteine treatment increased to 9.0 £ 0.6 days (Fig. 1). Although
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results were not significant, a positive trend was observed upon usage of a higher

concentration.

A study on the toxicity of high-dose D-cysteine treatment in adult rats found adverse
effects starting at concentrations higher than 1,000 mg/kg/day and estimated the no-
observed-adverse-effect-level to be at 500 mg/kg/day (Shibui et al., 2017). Administration,
however, was done via oral gavage, which has been demonstrated to generally result in a
lower bioavailability than i.p. injection in rats as well as in mice (Al Shoyaib et al., 2019).
Hence, no higher concentrations of D-cysteine were tested in newborns due to the limited
availability of data on its safety prohibiting approval of such a study by the authorities
(LANUV). As animals were kept as long as possible before attainment of the termination
criterion, collection of body fluids was not feasible, but in the future would be an important
tool to determine the effectiveness of used D-cysteine concentrations in preventing sulfite

accumulation.

A third and last potential sulfite scavenger tested in the present study was the
disulfide cystamine, which in vitro displays a 6-8 times faster reaction with sulfite than
cystine (Jocelyn, 1987). The reduced form cysteamine presents an established treatment
strategy for patients suffering from nephropathic cystinosis, which receive concentrations
between 0.2-0.6 mmol/kg (Smolin et al., 1988). As discussed above, in the past a SOXD
patient has already been treated with the reduced form cysteamine, but did not show any
signs of symptomatic improvement (Touati et al., 2000). However, authors did not comment
on concentration and frequency of administration, thus not allowing any conclusions on the
actual effectiveness of the compound as medication. To minimize formation of mixed
disulfides from cysteamine and L-cysteine and to maximize the therapeutic effect, in the
present study, the oxidized form cystamine was utilized. Formation of the S-sulfonated
compound S-sulfocysteamine from the reaction of cystamine with sulfite within 30 min of

incubation was verified by HPLC analysis (Fu, unpublished data).

The S-sulfonated compound formed from sulfite and L-cystine, (L-)SSC, is highly
neurotoxic, so a potential neurotoxic effect mediated by S-sulfocysteamine was investigated
prior to usage in in vivo studies. In murine primary hippocampal neurons, neither cystamine
itself nor S-sulfocysteamine exhibited significant neurotoxicity (Fig. 5E). Toxicity of daily
administration of cystamine in mice was reported for concentrations starting at
400 mg/kg/day, while 100 mg/kg/day were unrestrictedly classified as safe (Dedeoglu et al.,
2002), so the latter concentration was used in the present study for daily i.p. injection of
Suox™ pups as well. Treatment, again, did not result in an increase of the average survival

time, but instead caused a decrease by -1.1 days compared to the control group. As only
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two homozygous pups received cystamine treatment and heterozygous as well as wildtype
littermates developed normally (data not shown), a toxicity of cystamine for newborns is not
assumed. However, a beneficial effect of cystamine treatment on the overall health of
Suox” mice under the conditions applied can be excluded as well. The findings are in line
with those received from treatment of the above mentioned SOXD patient, but too low
concentration or frequency of administration cannot be ruled out. Hence, for complete
elucidation of the effect of cysteamine/cystamine on sulfite and SSC levels, quantitative
analysis of biomarkers in urine and plasma of treated individuals are crucial. In case
elevated sulfite concentrations remain, search for a compound with stronger sulfite
scavenging properties might discover a suitable medication for SOXD. Alternatively, a
compound with lower toxicity would allow usage of higher dosages to maximize the
therapeutic effect. In case of unaltered phenotypic presentation despite significant reduction
of sulfite and SSC levels, an additional pathomechanism involving alternative sulfur
compounds elevated in SOXD, including H.S, thiosulfate and taurine, needs to be
considered.
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3.2.5 Ferroptosis is not caused, but prevented in Suox” mice

An alternative, hypothesized pathomechanism in SOXD is based on the severe depletion
of cystine observed in Suox™ mice, which is believed to be caused by increased SSC
formation from its reaction with sulfite and a general depletion of amino acids due to
starvation (Kohl, 2019). Depletion of cystine is accompanied by a decrease in intracellular
cysteine levels, as cysteine is transported into the cell via its oxidized form cystine (Bannai,
1986). Low levels of cysteine result in a reduction of intracellular GSH, which is an essential
co-substrate for GPX4, an enzyme required for the detoxification of lipid peroxides. Hence,
depletion of cysteine results in decreased GPX4 activity and increased oxidative stress
ultimately leading to ferroptosis, a form of non-apoptotic, regulated cell death (Fig. 6A)
(Dixon et al., 2012), which might contribute to the severe phenotype seen in Suox’ mice.

Preliminary studies in murine primary neurons treated with sulfite or SSC showed a
protective effect of the ferroptosis inhibitors Ferrostatin-1 and Liproxstatin-1 (Kumar, 2016;
Mellis, 2020), which both function as radical-trapping antioxidants (Zilka et al., 2017).
However, cell viability was not restored completely, thus pointing towards an interplay of
multiple cell death pathways resulting in sulfite- and SSC-mediated cell death. The present
study repeated the treatment of primary cortical neurons with Liproxstatin-1 in the presence
of 100 uM SSC, however was not able to reproduce the protective effect seen before, as
pretreatment did not result in a change of cell viability (Fig. 6B).

A previous study determined GSH levels in brains of Suox” mice to be unaltered
(Kohl, 2019), which is in line with the absence of significant SSC-mediated
neurodegeneration, so the importance of Liproxstatin-1-mediated inhibition of ferroptosis in
a neuronal context is questionable in Suox” mice. Nevertheless, a strong decrease of
cystine in plasma accompanied by a reduction of GSH in liver and kidney highly suggests
ferroptosis as one cell death pathway involved in the disease progression (Kohl, 2019).
Thus, a more global, non-neuronal pathomechanism was anticipated and studies were

continued in vivo.
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Figure 6: Hypothetical vs. actual effect of ferroptosis inhibitor Liproxstatin-1 on SSC-mediated toxicity.
(A) Proposed mode of action of ferroptosis inhibitor Liproxstatin-1 (depicted in yellow), which acts as a radical-
trapping antioxidant preventing excess formation of lipid peroxides and thus ferroptotic cell death. Ferroptosis
can be caused by a depletion of cysteine leading to a decrease in GSH levels, as it is also proposed to occur in
SOXD. (B) Primary cortical neurons DIV8 were treated with 100 pM SSC and/or 1 uM of Liproxstatin-1 overnight.
Liproxstatin-1 pretreatment was done 30 min prior to SSC treatment. Data were analyzed with 1-way ANOVA,
F(3,8) = 127.5, and Dunnett's post-hoc test. ns p>0.05

Daily i.p. injection of 10 mg/kg bodyweight Liproxstatin-1 in Suox” mice resulted in
an average survival time of 9.3 + 0.3 days, thus displaying a non-significant change of
+1.7 days compared to the control group (Fig. 1). The concentration was chosen based on
previous results from a study using daily i.p. injection of 10 mg/kg bodyweight Liproxstatin-1
as an effective treatment against ferroptosis-induced death in a Gpx4” mouse model
(Friedmann Angeli et al., 2014).

Following the results of Liproxstatin-1 treatment, we asked the question whether
there were further evidences that ferroptotic cell death could contribute to the disease
pathology in SOXD. Therefore, a lipidomic analysis of lipid peroxides was performed in liver
and kidney of Suox” mice due to the high expression of SOX in both organs (Woo et al.,
2003). Contrary to expectations, while liver did not show altered lipid peroxidation, in kidney
all quantified peroxidated lipid species were less abundant in SOX-deficient organs than in
the wildtype (Fig. 7A+B). As ferroptosis is characterized by a strong increase of lipid
peroxides (Dixon et al., 2012), its contribution to the phenotype of Suox™ mice can be rather
excluded. In actuality, lipid peroxidation in kidney seems to be inhibited as a consequence

of the absence of SOX activity.

This result appears contradictory to earlier findings gained from studies in primary
neurons (Kumar, 2016; Mellis, 2020). However, as ferroptosis is known to be inhibited by

high levels of vitamin E, which are found in the neurobasal medium commonly used for
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culturing of primary neurons, the observation of an actual beneficial effect of Liproxstatin-1
on primary neurons under the given conditions is highly improbable. Therefore, the
observed absence of a protective effect of ferroptosis inhibition on SSC-mediated
neurotoxicity in the current study is in line with the fact that ferroptotic cell death cannot be

triggered under the given experimental conditions.

In vivo, induction of ferroptosis upon cysteine depletion has been shown in various
cellular contexts (Badgley et al., 2020; Dixon et al., 2012; Upadhyayula et al., 2023).
Nevertheless, Suox” mice, despite the observed depletion of plasma cystine, display
decreased lipid peroxidation, so an alternative mechanism presumably leads to a protection
from ferroptosis. One reaction that was anticipated to result in cysteine depletion is the
formation of SSC from cystine, the oxidized form of cysteine, and sulfite due to elevated
sulfite accumulation. However, similarly to glutamate, SSC was shown to be taken up by
the x.- antiporter in experiments with non-neuronal cells (Mellis, 2020). Subsequent
intracellular reduction, presumably by the thioredoxin system, resulted in an increase of
cellular cysteine and GSH levels in cell culture and could have been hypothesized to
contribute to the resistance of Suox” mice towards ferroptosis due to increased GPX4
activity (Mellis, 2020; Zivanovic et al., 2019). However, as sulfite levels are highly elevated
in Suox” mice, the low rate of SSC formation strongly suggests a global depletion of cystine
and thus cysteine. Hence, the restoration of cysteine and GSH levels from cellular SSC
uptake, which was observed in cell culture before, presumably does not occur in our SOXD
mouse model. Instead, SSC formation is likely to contribute to the depletion of the
intracellular cysteine pool. Undetectable cysteine levels in these mice were accompanied
by a global decrease of various amino acids in plasma, which was attributed to a reduction
in dietary intake congruent to the decreased rate of weight gain, thus implying starvation as
a second mechanism of cysteine reduction (Kohl, 2019). Consistently, as mentioned above,
levels of the antioxidant tripeptide GSH were decreased in liver and kidney of Suox” mice
(Kohl, 2019), as cysteine is thought to be the rate-limiting factor for its biosynthesis (Lyons
et al., 2000).

Recently, sulfite has been shown to accelerate recovery of GSH levels in wildtype
HEK 293 cells after induction of oxidative stress by hydrogen peroxide (H.Oz) (Mellis, 2020)
due to its ability to act as a nucleophile cleaving disulfide bonds upon formation of
S-sulfonated compounds (Chan, 1968; Kella & Kinsella, 1985). Similarly, a general increase
of GSH levels was observed in SUOX” HEK 293 cells due to increased sulfite levels (Mellis,
2020). Hence, the author hypothesized a reaction of sulfite with glutathione disulfide
(GSSG) resulting in one molecule of S-sulfonated glutathione (GSSO3) and one molecule

of reduced GSH adding to the intracellular GSH pool. GSSOs, in turn, is known to be directly
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reduced by GSH reductase (GSR) to prevent any cytotoxic effects of the compound, as in
cell extracts it functions as an inhibitor of GSH S-transferase, an enzyme detoxifying
electrophilic xenobiotics by conjugation to GSH (Booth et al.,, 1961; Jakoby, 1978).
Reduction by the thioredoxin system or other disulfide reductases, as demonstrated
generally for S-sulfonated compounds, might act as an additional mechanism of GSSO;
detoxification (Mellis, 2020; Zivanovic et al., 2019). Moreover, consistent with the extensive
nucleophilic activity of sulfite towards disulfide bonds in cells, persulfidation levels in Suox™
mice were found to be significantly reduced as well, pointing towards a similar mode of
action of sulfite in vivo (Kohl, 2019). Therefore, one can propose the same sulfite-mediated
cleavage of disulfide bonds on intracellular GSSG, thus increasing the rate of recovery of
GSH, the substrate of GPX4, in vivo despite the decreased net concentration (Fig. 7C), as
was hypothesized in cell culture models previously (Mellis, 2020). The slightly extended
average survival time of Suox™ mice upon Liproxstatin-1 treatment is therefore suggested
to result from a general protective, radical-trapping antioxidant effect of the compound
(Sardesai et al., 1995; Zilka et al., 2017). As ferroptosis was ruled out as the major cell
death pathway in Suox” mice, future studies are required to determine the exact cellular
mechanism underlying the severe phenotype of SOXD in humans in order to allow the
specific application of cell death inhibitors as promising candidates for an effective long-

term therapy.
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3.2.6 Enzyme replacement therapy is a promising treatment approach for
SOXD in mice

Focus on the inhibition of a specific cell death pathway revealed new insights into the
molecular mechanisms occurring in SOXD, but also highlighted again the high complexity
of the disease, which will require more additional research to be fully elucidated. Thus, the
last treatment approach distanced from targeting single aspects of the pathomechanism

and aimed for restoring SOX function by an enzyme replacement therapy.

SOX is located in the IMS of mitochondria, where it uses cytochrome c as the final
electron acceptor for the oxidation of sulfite to sulfate. Translocation of an exogenous,
purified enzyme to the IMS, however, proves difficult, so in the past in order to overcome
this problem plant SOX (pSOX) was utilized for an enzyme replacement approach (Belaidi,
2011; Hahnewald, 2009). PSOX lacks the heme domain present in mammalian SOX and

thus transfers sulfite-derived electrons directly to the final electron acceptor oxygen,
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resulting in H2O production (Fig. 8A) (Hansch et al., 2006). Therefore, the enzyme was
hypothesized to be able to reduce plasma sulfite levels by transferring electrons onto blood-

dissolved oxygen and to not require mitochondrial translocation (Belaidi et al., 2015).

Challenges in the administration of purified enzymes, however, also include
development of an adverse immune response and short half-life in vivo, both reducing the
therapeutic efficiency. A well-established method to lower immunogenicity and to increase
the stability of proteins for enzyme replacement therapy is the chemical modification via
PEGylation, which has been used successfully since more than 30 years (Nucci et al.,
1991). Hence, previously, the potential of PEGylated pSOX as a treatment for MoCD and
SOXD was tested in a single pilot study using Mocs1”™ mice (Belaidi, 2011; Hahnewald,
2009). Daily i.p. injection of concentrations greater than 50 pmol resulted in a significant
prolongation of the average survival time from 7.5to 16 days with minor variance.
Homozygous mice developed normally and stayed indistinguishable from their littermates
until the time of death. Animals died without a visible phenotype, but displayed swollen
intestines upon postmortem autopsy. This observation suggested gastroenteritis as cause
of death, which was hypothesized to be triggered by high levels of H.O, formation as a
byproduct from sulfite oxidation. In one of the two reports on the pilot study, H-O- itself was
shown to oxidize sulfite from a non-enzymatic reaction as well, however levels were

considered to be neglectable in vivo (Belaidi, 2011).

Murine SOX lacking the heme domain (mSOX-Mo) was proven to utilize oxygen as
the final electron acceptor in vitro similar to pSOX however with a lower catalytic efficiency
(Belaidi et al., 2015). This resulted in a shift of the equilibrium towards higher non-enzymatic
sulfite oxidation via H.O, immediately after its formation and thus was proposed to cause a
decrease in H>O, toxicity, as it was observed in an in vitro enzyme replacement treatment

approach using a cell culture system (Fig. 8B) (Belaidi et al., 2015).
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Figure 8: Structure and reaction of pSOX and mSOX-Mo.
Domain structure and schematic reaction of (A) pSOX and (B) mSOX-Mo in contrast to full-length mSOX

including the proposed mechanism of H202 clearance by non-enzymatic oxidation of sulfite.
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Based on the promising pilot study with pSOX (Belaidi, 2011; Hahnewald, 2009), the
current study attempted to use PEGylated mSOX-Mo as an enzyme replacement therapy.
Instead of Mocs1” mice, Suox” mice were used as a more direct approach, which were not
available at the time of the previous study, but display symptoms exclusively related to the

loss of SOX function.

As described before (Belaidi, 2011), mSOX-Mo was purified from E. coli via Ni-NTA
affinity chromatography resulting in a pure enzyme of 43 kDa without major degradation
products (Fig. 9A). The purified enzyme was PEGylated according to the previously applied
protocol in a 1:20 enzyme:PEG ratio resulting in an expected shift in molecular weight,
which due to the large hydrodynamic radius of the PEG molecule is higher than
proportionate to the molecular weight, similar as described for pSOX earlier (Belaidi, 2011).
The original source found slightly higher enzymatic activity upon PEGylation of pSOX with
high-molecular weight PEG molecules, while mSOX-Mo activity was highest with low
molecular weight PEG molecules (Belaidi, 2011). Thus, as a modification compared to the
original work, linear PEG with a size of 1.2 kDa instead of 5 kDa was utilized. Also, while
excess PEG was originally removed via size exclusion chromatography, to reduce protein
loss, removal of excess PEG was performed using a concentrator with a 30 kDa cutoff. An
activity assay using the artificial electron acceptor ferricyanide, which is able to take up
electrons directly from the Mo domain, verified normal Michaelis-Menten kinetics and full
functionality of the enzyme despite the added PEG molecules (Fig. 9B) without loss of
activity compared to values for unmodified mSOX-Mo from the literature (Belaidi, 2011).

l.p. injection of 50 pmol of PEGylated mSOX-Mo into Suox” mice resulted in a
significant prolongation of the median life span from 7.6 = 0.1 to 9.8 + 0.7 days (Fig. 1),
hence implying a sulfite detoxifying effect of mSOX-Mo in vivo. Contrary to the Mocs1” mice
in the pilot study, however, Suox” mice were born healthy, but soon developed classic
phenotypic characteristics including growth retardation and impairment of motor function.
Notably, the protocol followed for treatment erroneously stated a single i.p. injection at day
two after birth instead of continuous injection every second day starting at birth, thus
resulting in a significantly lower dosage than required to see the highly beneficial results
described before (Belaidi, 2011). In vitro, however, 2 pmol of PEGylated mSOX-Mo
displayed a Vmax 0f 11.2 + 0.2 uM min* with a Ki, of 50.6 + 3.3 uM sulfite. As 65 uM of sulfite
were detected in plasma of untreated Suox” mice at age P2.5 and a plateau of 150 pM
sulfite was reached at P4.5 (Fig. 4A), 50 pmol of PEGylated mSOX-Mo were expected to
result in sufficient sulfite clearance to prevent development of a disease
phenotype. Presumably, despite the increased stability of the enzyme due to PEGylation,

its half-life was too short to guarantee effective sulfite clearance over multiple days, so at

102



Chapter Il
Investigation of novel treatment approaches for a mouse model of SOXD

the time sulfite levels peaked in plasma, enzymatic activity was too low to prevent sulfite
accumulation. As a single injection already resulted in a small, but significant increase of
the survival time, though, a similarly protective effect of mSOX-Mo on Suox” pups as
observed for pSOX on Mocsl” pups in the pilot study can be anticipated upon
administration of the right dosage. Additionally, the study needs to be repeated with a higher
dosage of mSOX-Mo to get more insights into potentially beneficial lowered H20O- levels and
thus decreased toxicity upon usage of mSOX-Mo rather than pSOX. In case H>O; levels
remain toxically high, simultaneous injection of catalase might be considered as a
scavenging mechanism as described in cells earlier (Belaidi, 2011). Overall, enzyme
replacement therapy using mSOX-Mo presents a highly promising therapeutic strategy for
curing SOXD in mice and as a long-term goal also in human SOXD and MoCD patients.
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Figure 9: Characterization of PEGylated mSOX-Mo.

(A) SDS-PAGE analysis of mSOX-Mo after purification via Ni-NTA affinity chromatography and after PEGylation
with 1.2 kDa linear PEG. (B) Steady-state activity of 10 nM PEGylated mSOX-Mo was measured using the
artificial electron acceptor ferricyanide and varying sulfite concentrations in 100 mM Tris/Ac buffer pH 8.0.
Measurements were performed as triplicates and data are depicted as mean * standard deviation.

3.3 Conclusion

The results gained from the treatment strategies investigated in this study provide valuable
knowledge needed for the successful establishment of a long-term therapy for SOXD. The
most considerable difference in the pathomechanism of human and murine SOXD is the
absence of a severe manifestation of the neurological phenotype in mice, which was further
confirmed by ineffective memantine treatment. However, it remains to be determined to
which extent parental memantine treatment would lead to significant NMDAR inhibition in
neonatal mouse pups. This discrepancy between mice and humans complicates the
development of a cure effective in both species and limits potential therapeutic strategies
to more generalized physiological targets.

103



Chapter Il
Investigation of novel treatment approaches for a mouse model of SOXD

Dietary restriction proved difficult in mice, as restriction is only gained indirectly via
the mother, which, depending on the level of restriction either resulted in too much stress
leading to unproportionately high pup mortality or was not strong enough to show any

improvement of the health condition of pups.

Sulfite scavenging also did not act beneficial on the phenotype of Suox™ mice, which
is in line with treatment attempts in humans (Tardy et al., 1989; Touati et al., 2000). Lack of
data from biomarker analysis, however, limits the interpretation of this approach as it
remains unclear to which extent the applied sulfite scavenging compounds were able to

reduce sulfite levels in the mice.

The current study foreclosed ferroptosis as a major cell death pathway involved in
the disease mechanism. In fact, prevention of ferroptosis during SOXD represents a novel,
beneficial cellular mechanism resulting from loss of SOX function. Search for a cell death
pathway accounting for the severe phenotype of SOXD represents an alternative treatment
approach, which could be pursued in the future, but might be challenging due to the growing

evidence of intimate links between different forms of regulated cell death (Cui et al., 2021).

Currently, the most feasible approach of SOXD treatment appears to be an enzyme
replacement therapy using mSOX-Mo, which resulted in an improvement of the phenotype
of Suox™ mice following treatment with very low concentrations of enzyme in a first attempt.
Therefore, optimization of the treatment protocol regarding concentration, route of
administration and prevention of a potential H»O, toxicity so far represents the most

promising strategy in establishing a cure for SOXD in mice and humans.
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3.4 Material and Methods

3.4.1 Material

3.4.1.1 Bacterial strains

Table 1: Utilized bacterial strains.

Strain Genotype Application Reference
DH5a Turbo F*proA+B+ laclq AlacZM15 / fhuA2 Plasmid amplification New England Biolabs
A(lac-proAB) ginV galK16 galE15
R(zgb-210::Tn10)TetS endAl thi-1
A(hsdS-mcrB)5

TP1004 AlacU169, araD139, rpsL 150, relA1, Protein expression Palmer et al., 1996
flbB, deoC1, ptsF, rbsR, non-9,
gyrA219, (AmobAB)

3.4.1.2 Eukaryotic cell lines

Table 2: Utilized eukaryotic cell lines.

Strain Source Description Application

) ) Primary embryonic
Primary hippocampal ) ) o .
Mouse (Mus musculus) hippocampus-derived Toxicity studies
neurons
neurons

) ) Primary embryonic o ]
Primary cortical neurons ~ Mouse (Mus musculus) ) Toxicity studies
cortex-derived neurons

3.4.1.3 Plasmids

Table 3: Utilized plasmids.

Plasmid Promotor Resistance Affinity tag Source
o N-terminal fusion
pQES8OL T5 Ampicillin ) QIAGEN
of 6xHis-Tag

3.4.1.4 Constructs
Table 4: Utilized constructs.
Construct Vector Purpose Source

Abdel Belaidi,
University of Cologne

Mouse SOX Mo-domain pQES8OL Protein expression

3.4.1.5 Enzymes and chemicals

Enzymes and chemicals used during this study were purchased from Applichem

(Darmstadt, Germany), Biozol (Eching, Germany), Carl-Roth (Karlsruhe, Germany),
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Cayman Chemicals (Michigan, USA), Fermentas (St. Leon-Rot, Germany), GE Healthcare
(Munich, Germany), Merck (Darmstadt, Germany), New England Biolabs (Frankfurt am
Main, Germany), Roche (Mannheim, Germany), Sarstedt (Nurnbrecht, Germany), Sigma-
Aldrich (Munich, Germany), ThermoFisher Scientific (Karlsruhe, Germany) and VWR

(Darmstadt, Germany).

3.4.1.6 Mouse strains

C57BL/6N mice were obtained from breedings in the Institute of Genetics, University of
Cologne, or purchased from Charles River Laboratories. Animals were kept in sterile
conditions at 22°C and 12/12 h light/dark cycles. All breedings and experiments were
performed in accordance with the German animal welfare act under surveillance of the local
ethics committee (Landesamt fir Natur, Umwelt und Verbraucherschutz (LANUV)). In
compliance with the 3R principle, the number of mouse experiments (replacement), utilized
animals (reduction) and their stress level (refinement) were reduced to a minimum.
Euthanasia was performed by decapitation for pups and by cervical dislocation for older

animals.

3.4.2 Cultivation of primary neurons

Primary hippocampal and cortical neurons were prepared from murine embryonic
hippocampi and cortices (embryonic day 17.5) and cultured in poly-L-lysine coated 96-well
plates with a density of 35,000 cells per well for hippocampus and 30,000 cells per well for
cortex. Neurons were cultured in neurobasal medium supplemented with B-27, N-2 and

glutamine (NB+/+).

3.4.3 MTT-based cell viability assay

Cell viability was analyzed in a colorimetric assay using the yellow dye 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), which in living cells is
metabolized to insoluble purple-colored formazan. Primary neurons were grown as
described above for 7-9 days in vitro, before overnight treatment with different metabolites
and inhibitors was started. After 16h of incubation at 37°C, cells were treated with 10 pl of
a 12 mM stock solution of MTT prepared in PBS followed by another incubation of 4h at
37°C. Subsequently, medium was exchanged to 100% DMSO and plates were again
incubated for 15-20 mins at 37°C to resolve formed formazan. Cell viability was determined
by measuring the absorption at 570 nm (reference 630 nm) using a well plate reader (Tecan
Spark).
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3.4.4 Treatment strategies

Administration of various potential therapeutic via intraperitoneal injection of 10 pl/ g
bodyweight was performed using a Hamilton syringe (100 ul, point style 4, angle 12°, length
30 mm, VWR). In animals younger than P4.5, injection was done in the left side of the body
below the liver at an angle of 90°. For older animals, injection was performed at a 45° angle
into the lower right quadrant of the abdomen. Diets low in protein or sulfur-containing amino
acids were purchased from Altromin as standard deficient diets C1003 and C1007,
respectively. Memantine-supplemented chow was produced by Altromin as a customized
diet.

3.4.5 Recombinant protein expression and purification of mSOX-Mo

Recombinant protein expression of His-tagged mouse SOX Mo-domain using the PQESOL
vector was performed in the E. coli strain TP1004 (Palmer et al., 1996) in 2| LB-medium
supplemented with 1 mM sodium molybdate in 51 Erlenmeyer flasks. IPTG-induced
expression was performed for 72 h at 18°C and 80 rpm. Cells were harvested by
centrifugation at 5000 rpm for 5 min. Cells were lysed in 30 ml lysis buffer (50 mM Tris/Ac
pH 8.0, 300 mM NaCl, 10 mM Imidazole) per liter culture supplemented with protease
inhibitor and 11 mg lysozyme (Sigma) per liter culture for 30 min while stirring at RT. Pellet
suspensions were sonicated 3x30 sec with 15 sec pause at an amplitude of 40% and then
disrupted utilizing an Emulsiflex C-5 cell disruptor (Avestin) at a pressure of 15,000-17,000
bar. After two runs, samples were centrifuged at 20,000 rpm and 4°C for 45 min to separate

proteins from cell debris.

Purification via Ni-NTA affinity chromatography using 2.5 ml of HIS-Select® Nickel Affinity
Gel (Sigma-Aldrich) per initial liter of culture. Prior to use, matrix was washed with 5 column
volume (CV) water and was equilibrated by 5 CV lysis buffer. All following steps were
performed at 4°C. Crude extracts were applied to the column and flow-through was
discarded. The column was washed with lysis buffer, until the flow-through reached an
OD2go < 0.15. Proteins bound to the Ni-NTA matrix were eluted with 3 CV elution buffer
(50 mM Tris/Ac pH 8.0, 300 MM NaCl, 250 mM Imidazole). Eluted proteins were
concentrated by centrifugation at 4°C and 4000 rpm in 5 min step using a concentrator with
30,000 Da cut-off (Sigma). Buffer exchange into protein storage buffer (20 mM Tris/Ac
pH 8.0, 50 mM NacCl) was performed utilizing PD-10 desalting columns (GE Healthcare)
and proteins were stored at -80°C until further use. Protein concentrations were determined
using Coomassie Birilliant Blue G-250 (Roti®-Quant) according to (MM, 1976).
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3.4.6 HPLC-based quantification of Moco

The amount of Moco-saturated protein was determined by oxidation and dephosphorylation
of Moco to Form A and quantification via HPLC. In brief, 100 pmol of protein were diluted in
100 mM Tris/HCI pH 7.2 to a final volume of 140 pl. After addition of 17.5 pl acidic oxidation
mix (17.5 pl 1.5/2.0% I,/KI solution + 1.7 pl conc. HCI) samples were incubated overnight
at RT in the dark. The next day, after samples were centrifuged at 15,000 rpm for 5 min,
dephosphorylation was done by the addition of 20 pl freshly prepared 1% ascorbic acid. PH
was adjusted to 8.3 by adding 70 ul 1 M Tris unbuffered. After the addition of 5 pl 1 M MgCl,
and 0.5 ul alkaline phosphatase, samples were again incubated for 30 min at RT in the
dark. Samples were centrifuged at 15,000 rpm for 10 min and then diluted 1:10 and 1:100
in ddH.O to a final volume of 500 ul. Measurements were performed utilizing a high-
performance liquid chromatography with a Reversed Phase Column (250 x 4,6 mm 5 um
C18, Dr. Maisch GmbH) and Form A HPLC buffers A (10 mM KH2PO4, pH 3.0) and B (100%
methanol). Quantification of dephospho Form A was measuring the fluorescence of eluted

compounds and comparison to a standard (excitation 370 nm, emission 450 nm).

3.4.7 SDS gel electrophoresis

A discontinuous sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
(Laemmli, 1970) was performed. Separation was done using a separation gel containing
8% or 12% acrylamide and a stacking gel containing 3.5% acrylamide. Prior to loading,
samples were denatured and reduced by the addition of 5x SDS loading buffer (50%
glycerol, 3.5% SDS, 15% B-mercaptoethanol, 0.02% bromophenol blue) and an incubation
at 95°C for 5 min. Electrophoresis was done for 1-1.5 h at 35 mA per gel and 200 V in SDS
running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3). Further analysis of the
SDS gels was done by coomassie staining via incubation in Coomassie staining solution
(40% methanol, 10% acetic acid, 0.2% Coomassie Brilliant Blue R-250) for 30 min. Gels
were destained with destaining solution (40% methanol, 10% acetic acid) until bands were

visible properly.

3.4.8 Enzyme PEGylation

PEGylation as a strategy to increase enzyme stability was performed as described earlier
(Belaidi, 2011). In brief, a stock solution of linear PEG size 1.2 kDa was added to purified
mMSOX-Mo in PBS pH 8.0 in a 20:1 ratio followed by incubation under anaerobic conditions
for 30 min. Removal of excess PEG was performed using a concentrator with a 30 kDa

cutoff.
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3.4.9 Sulfite:ferricyanide activity assay

To determine enzymatic activity of mouse SOX Mo-domain, steady-state kinetics of purified
enzyme were measured in a well plate-based activity assay utilizing the artificial electron
acceptor ferricyanide (FeCN). In brief, activity of final protein concentrations of 10 nM was
measured in 100 mM Tris/Ac pH 8.0 using varying sodium sulfite concentrations from
0-300 pM. Reactions were started by the addition of sulfite up to a final volume of 200 pl.
The change in absorption at 412 nm resulting from FeCN reduction was recorded in a well
plate reader (BioTek ELx808™). Activity was calculated as the initial velocities using the
Lambert-Beer Law with €4120m = 1040 M*cm™ and d = 0.857 cm. Results were plotted and
fitted as Michaelis-Menten kinetics. Measurements were done in triplicates and depicted as

means * standard deviation.

3.4.10 Well plate-based CDO activity assay

Metabolization of D-cysteine was investigated in a well plate-based CDO activity assay
using DTNB, a substance that is cleaved by sulfhydryl groups under the formation of a
yellow compound. In brief, activity of 3 uM final CDO was measured in the presence of
0.3 mM ammonium iron(ll) sulfate in 100 mM MES buffer pH 6.1. Reactions were started
by the addition of 0.2 mM final L- or D-cysteine and stopped at various time points over
10 min by the addition of DTNB reagent mixture (0.1 mM DTNB in 100 mM Tris/HCI pH 8.0
final). The change in absorption resulting from residual cysteine was measured at 412 nm

in a well plate reader (Tecan Spark®).

3.4.11 Lipid peroxidation analysis

Liver and kidney samples from wildtype and Suox’ mice were taken at P8.5 after
decapitation and immediately frozen in liquid nitrogen. Quantitative analysis of oxidized
glycerophospholipids was performed by the CECAD Lipidomics Core Facility by mass
spectrometric detection of endogenous lipids and comparison to an internal standard added

to each sample prior to measurement.
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4.1 To the Editor

Isolated sulfite oxidase deficiency (SOXD) is a rare metabolic disorder typically presenting
with postnatal intractable seizures and progressive neurodegeneration, resulting in infant
death if left untreated (Johnson & Duran, 2001). It is caused by a loss of function of the
enzyme sulfite oxidase (SOX), which catalyzes the clearance of sulfite via oxidation to
sulfate as the final step of cysteine catabolism (Irreverre et al., 1967). A loss in SOX activity
results in an accumulation of toxic sulfite and elevated levels of the sulfur metabolites
taurine, thiosulfate and S-sulfocysteine. Due to its structural resemblance to glutamate, S-
sulfocysteine acts as an NMDA receptor agonist, thus causing vast excitotoxicity and

manifestation of a progressive neurological phenotype (Kumar et al., 2017).

Recently, a mouse model for SOXD has been successfully established through
inactivation of the Suox gene (Kohl, 2019). Heterozygous animals develop wildtype-like
without visible phenotype. Homozygous Suox” mice are born healthy as well, presumably
due to maternal clearance of excess sulfur metabolites, but starting around postnatal day 4
display growth retardation and decreased neuromotor abilities, and die between P6 and
P12 with an average survival time of 9.6 days. However, brain morphological analysis
shortly before death did not reveal significant abnormalities, thus excluding

neurodegeneration as major cause of death, indicating different pathomechanisms and
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causes of death for Suox” mice and human SOXD patients (Kohl, Fu et al., in preparation).
Here we report the postnatal development of dry and scaly skin in Suox” mice, which
suggested the manifestation of an underlying epidermal phenotype.

Initially, newborn Suox” mice displayed normal epidermal morphology in H&E
stained histological sections of back skin at PO with no change in localization of keratin
(K) 14, marking the proliferating basal layer, and K10, an early differentiation marker that
marks all suprabasal layers (Fuchs & Green, 1980). Moreover, staining for Ki67
demonstrated similar proliferation between control and Suox” newborn mice. Together,
these data indicate that the skin epidermis develops normally in utero upon loss of SOX,

similar to the brain.

At P5, H&E histochemical analysis revealed a significant increase in epidermal
thickness in homozygous Suox” animals. Upon closer examination, cells in the stratum
basale (SB) displayed an increased size and distance towards each other, while the stratum
spinosum (SS) showed an overall increased thickness. The stratum granulosum (SG)
appeared thinner, containing less cell layers, while cells in the stratum corneum (SC)
showed decreased structural organization and parakeratosis. Expression of basal cell
marker K14 was highly increased, as it was stained not only in the SB, but also in suprabasal
cell layers. In contrast, intensity of K10, which promotes terminal differentiation of
keratinocytes, was reduced. Mice showing altered expression of K14 and K10 also revealed
an increased number of cells positive for proliferation marker Ki67, thus pointing towards

hyperproliferation in combination with a defect in differentiation.

To further elucidate the possibility of altered terminal differentiation, late stage
differentiation markers involucrin, filaggrin and loricrin were examined. Involucrin displayed
wildtype-like expression in all tested samples. In contrast, filaggrin showed an abnormal
expression pattern only starting in SC and residual SG and thus very late in differentiation,
while loricrin intensity was severely reduced overall, hence verifying impaired terminal
differentiation. This was accompanied by an increase in the expression of
hyperproliferation-associated stress keratin K6a, whose expression is typically induced in
stressed keratinocytes at the suprabasal layers of the epidermis upon wounding or

inflammation (Zhang, 2018).

Quantitative PCR analysis revealed no significant alteration in the expression of
most inflammatory genes, however, 111b RNA levels were significantly elevated. Previously,
IL-18 was shown to induce the expression of K6a (Komine et al., 2001), while additionally
activating transcription factor NF-kB, which causes the downregulation of filaggrin and

loricrin expression (Michaelidou et al., 2023). Moreover, RNA levels of Tslp were vastly
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elevated. In humans, cytokine TSLP was found to impair epidermal barrier integrity by
upregulating the expression of nuclear cytokine IL-33, which in turn is involved in the
downregulation of loricrin, filaggrin and K10 expression (Dai et al., 2021, 2022). Thus, the
observed overexpression of IL-13 and TSLP presumably contributes to the altered

expression patterns of respective marker proteins in our Suox” mouse model as well.

A significant increase of almost all tested stress response genes further verified the
impairment of epidermal barrier integrity. Interestingly, expression of Sprr2d, a member of
the small proline-rich protein (Sprr) family, which includes multiple proteins acting as loricrin
crosslinkers, in a lower magnitude was also found to be upregulated in Lor” mice as a
compensation mechanism for loss of loricrin (Koch et al., 2000). Upregulation of several
Sprrs in the current study might equally function as a protective mechanism aiming to
prevent the formation of a more severe epidermal phenotype.

SOX shows moderate expression in the skin (Uhlén et al., 2015), but has not been
ascribed a role in skin homeostasis yet. However, sulfite, which accumulates upon SOX
deficiency, can act as a nucleophile cleaving disulfide bonds (Kella & Kinsella, 1985), which
are crucial for epidermal barrier integrity, as they are involved in the cross-linkage of keratin
filaments and other structural proteins such as loricrin, the major component of the cornified
cell envelope (Hohl et al., 1991; Suns & Green, 1978). In addition, in a knock-in mouse
model expressing K14 with a single cysteine-to-alanine mutation, loss of disulfide bond
formation resulted in the inhibition of a signaling cascade altering transcription, which led to
increased epidermal thickness, basal and suprabasal distribution of K14, as well as

decreased K10, filaggrin and loricrin intensity (Guo et al., 2020).

Overall, the results indicate late onset differentiation and hyperproliferation as a
mechanism to counteract a potential epidermal barrier dysfunction in Suox™ mice. Notably,
data revealed a broad distribution, ranging from control-like to severely altered epidermal
morphology. As the life span of Suox” mice typically lies between six to twelve days, the
phenotypic variation can be ascribed to a difference in the age of onset and thus expected
survival time. In line with this, normal epidermal morphology at birth revealed healthy
epidermal barrier formation in utero and fully postnatal manifestation of the observed
phenotype proportional to the severity of the overall disease progression. We therefore
propose a progressive, postnatal loss of epidermal barrier integrity due to excessive
accumulation of sulfite. Further studies will be required to understand the contribution of

cysteine modifications and unravel the exact pathomechanism.
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Figure 1 (previous page): Suox” mice develop altered epidermal morphology and dysregulated early
keratinocyte differentiation within the first days of life. (A) H&E stainings of back skin sections of Suox™
pups from PO (left) and P5 (right). (B-D) Immunofluorescent stainings of paraffin-embedded back skin sections
for (B) basal cell marker K14, (C) early differentiation marker K10 and (D) proliferation marker Ki67, each at PO
(left) and P5 (right). (E+F) From left to right quantification of epidermal thickness (excluding SC), K14 thickness,
K10 intensity and Ki67-positive cells for (E) PO and (F) P5, respectively. Each data point represents one animal,
per animal ten microscopic pictures were analyzed.
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Figure 2: Suox” mice develop dysregulated late keratinocyte differentiation and increased stress
response within the first days of life. (A-D) Immunofluorescent stainings of paraffin-embedded back skin
sections of Suox” pups P5 for structural proteins and late differentiation markers (A) Loricrin, (B) Filaggrin, (C)
Involucrin and (D) hyperproliferation-associated stress keratin K6a. (E+F) gRT-PCR analysis of (E) inflammatory
and (F) stress response genes in back skin sections from Suox” pups P5 displaying a severe phenotype.
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4.2 Material and Methods
4.2.1 Mouse strains

C57BL/6N mice were obtained from breedings in the Institute of Genetics, University of
Cologne, or purchased from Charles River Laboratories. Animals were kept in sterile
conditions at 22°C and 12/12 h light/dark cycles. All breedings and experiments were
performed in accordance with the German animal welfare act under surveillance of the local
ethics committee (Landesamt fir Natur, Umwelt und Verbraucherschutz (LANUV)). In
compliance with the 3R principle, the number of mouse experiments (replacement), utilized
animals (reduction) and their stress level (refinement) were reduced to a minimum.
Euthanasia was performed by decapitation for pups and by cervical dislocation for older

animals.

4.2.2 Preparation of paraffin sections

For histological analysis of Suox’ back skin, samples of the lower back skin of animals P5.5
were taken. One piece was fixed in cold 4% PFA for 1 h and then preserved in 70% ethanol
until processing. Dehydration as well as paraffin embedding was performed by an automatic
tissue processing machine (Leica ASP200S). Paraffin blocks were stored at RT until further
processing. Sections of 5 um were cut using a microtome and then placed on microscope
slides.

Table 1: Protocol for tissue infiltration for skin samples

Step Time
70% ethanol 2h
80% ethanol 2h
96% ethanol 2h
100% ethanol 2h
100% ethanol 2h
100% ethanol 2h

Xylene 2h
Xylene 2h
Paraffin 1 h (62°C)
Paraffin 1 h (62°C)
Paraffin 2 h (62°C)

4.2.3 Hematoxylin and eosin staining of skin sections

H&E staining of paraffin-embedded back skin sections was performed according to the

following protocol:
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Table 2: Protocol for Deparaffinization

Step Time
Xylol | 5 min
Xylol Il 5 min

Isopropanol 5 min
96% ethanol 5 min
75% ethanol 5 min
50% ethanol 5 min

ddH20

5 min or longer

Table 3: Protocol for H&E staining

Step Time
Hematoxylin 45-90 s
ddH20 1 min
HCl alcohol 30s
(30 ml HCl alcohol + 150 ml
ddH20)
ddH20 30s
Tap water 1-2 min
Eosin 5-10s
50% ethanol 10s
75% ethanol 10s
96% ethanol 10s
Isopropanol 20s
Xylol | 30s
Xylol Il 30 s or longer

4.2.4 Immunofluorescence staining of skin sections

For visualizing epidermal markers via immunofluorescence stainings, paraffin sections were
deparaffinized as described above. Antigen demasking was done for 20 min in antigen
retrieval buffer (appropriate to the particular primary antibody). Sections were blocked in
10% normal goat serum, 1% bovine serum albumin and 0.2% fish skin gelatine for 1 h at
RT and incubated for 1 at RT or overnight at 4°C with primary antibodies against different
epidermal markers (diluted in antibody diluent solution from DAKO). The next day, sections
were washed 3x5 min with PBS. Sections were incubated for 1h at RT with Alexa Fluor
secondary antibodies and nuclei counterstain (DAPI 1:500). Sections were mounted with

Mowiol and stored in the dark at 4°C.
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4.2.5 Microscopy analysis

Confocal images were obtained with a Leica TCS SP8, equipped gateable hybrid detectors.
Objectives used with this microscope: PlanApo x63, 1.4 NA. Epifluorescence images were
obtained with a Leica DMI6000. Objectives used with this microscope: PlanApo x63, 1.4
NA; PlanApo %20, 0.75 NA.

4.2.6 Image processing

Image processing and analysis of immunofluorescence stainings was done with ImageJ,
counting of Ki67 and surviving positive nuclei was done with the StarDist plugin. Per sample,
ten microscope pictures were taken and analyzed and the average was displayed as one
data point per animal.

4.2.7 Quantitative RT-PCR analysis

Quantitative RT-PCR analysis was performed by AG Eming from the Department of
Dermatology, University Hospital Cologne as described previously (Ding et al., 2020).
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Molybdenum cofactor deficiency (MoCD) and isolated sulfite oxidase deficiency (SOXD)
are rare, recessively inherited metabolic disorders, in which sulfur metabolism is disturbed
due to a loss of function of sulfite oxidase (SOX), the terminal enzyme of cysteine
catabolism (Johnson & Duran, 2001). In MoCD, disturbance of Moco biosynthesis results
in the loss of function of all molybdoenzymes including SOX. Depending on which step is
affected, the disease is further classified into MoCD types A, B or C. SOXD is caused by
mutation of the SUOX gene, which encodes for SOX, but results in a similar phenotype as
MoCD. Therefore, this severe phenotype is the result of the sole loss of SOX function in
both diseases (Johnson et al., 2002; Reiss & Johnson, 2003). Resulting accumulation of
sulfite and other toxic sulfur metabolites including S-sulfocysteine (SSC), the product
formed during the reaction of sulfite and cystine, accompanied by a depletion of cysteine in
both defects causes rapid neurodegeneration and inevitably leads to premature death if left
untreated. Neurodegeneration is majorly triggered by SSC, whose structural resemblance
to glutamate renders it a potent N-methyl-D-aspartate receptor (NMDAR) agonist, thus
causing highly elevated excitotoxic neuronal cell death (Kumar et al., 2017; Olney et al.,
1975).

Despite decades of research, reaching back to the 1960s, MoCD types B and C, as
well as SOXD, are still classified as incurable diseases (Gerschenfeld et al., 1967). For
MoCD type A, an effective treatment strategy is the regular administration of cPMP, the
product of the first step of Moco biosynthesis, which was established in 2010 (Veldman et
al., 2010). In contrast, to date therapeutic strategies for MoCD type B and C, as well as
SOXD, are limited to symptomatic treatment, which primarily includes anticonvulsive
interventions, and attempted deceleration of the disease progression. The latter is mainly
done by dietary restriction of cysteine to prevent sulfite accumulation, but only leads to

clinical improvement in late onset patients (Abe et al., 2021; Bindu et al., 2017).

Recently, the generation of a Suox™ mouse line provided a new model system and
thus new possibilities in the search for an effective long-term treatment for both MoCD and
SOXD. Hence, the current work tested several different treatment strategies including
NMDAR blockage to prevent excitotoxic neurodegeneration, reduction of sulfite
accumulation by sulfite scavenging and dietary restriction of proteins and sulfur-containing
amino acids, inhibition of ferroptosis, a non-apoptotic regulated cell death triggered by
cysteine depletion, and an enzyme replacement therapy using a modified variant of SOX

(see chapter IlI). However, further characterization of the phenotypic expression revealed
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significant differences between SOXD in mice and humans and suggested differing
underlying pathomechanisms, thus complicating the establishment of a therapeutic

approach that is equally efficient in murine and human SOXD.

5.1 Cerebral phenotype differs in human and murine SOXD

SOXD patients typically present with feeding difficulties, increased irritability and intractable
seizures within the first hours to days of life and soon develop altered facial and head
morphology, lens dislocation, severe, progressive neurodegeneration, microcephaly and
major developmental delay (Johnson & Duran, 2001), mainly ascribed to the formation of
neurotoxic SSC from excess sulfite and cystine (Olney et al., 1975). Presumably, the
absence of a prenatal phenotype is the result of maternal-placental clearance of sulfite at
least until late pregnancy protecting the fetus in utero, while rapid clinical deterioration can
be observed as soon as the neonate’s metabolism is uncoupled from the mother, as it was
described in MoCD as well (Veldman et al., 2011). Depending on the level of residual SOX
activity resulting from the underlying SUOX mutation, a minor number of patients display a
late onset form of the disease with symptoms manifesting only at the age of six to 18 months
and a life expectancy of several years (Bindu et al., 2017). In both cases, biomarker analysis
at the age of onset reveals an increase of urinary and plasma sulfite, thiosulfate and SSC,
accompanied by low levels of homocysteine and free cystine in plasma (Bindu et al., 2017;
Kozich et al., 2022).

In our SOXD mouse model, disruption of the Suox”™ gene by a 7-base pair deletion
results in complete loss of SOX function, thus hypothetically resembling the phenotype of
early onset patients. Suox” mice are born healthy and indistinguishable from their wildtype
and heterozygous littermates, but similar to humans start developing symptoms within the
first days of life, most likely due to a similar protection by maternal clearance of sulfite in
utero. Homozygous knockout mice soon display growth retardation and decreased motor
function, as observed in a righting reflex test, which was ascribed to an increased
neurodegeneration as observed in human patients (Kohl, 2019). However, recent
morphological analysis of Suox” mouse brains at P8.5 revealed unaltered cell numbers in
several tested brain layers, thus excluding a major cerebral phenotype shortly before death
(Kohl, Fu et al., in preparation). As plasma SSC levels of 8 uM are detected both in humans
and mice with SOXD, but humans show 125 pM of urinary SSC, while Suox” mice show
significantly lower levels of 30 uM (Kohl, 2019; Kozich et al., 2022), overall lower SSC
toxicity and thus lower neurotoxicity can be anticipated. This difference can be explained
by the levels of cysteine in each species. Healthy humans show cysteine levels of 250 uM

in plasma, which are decreased to 50 uM in SOXD (Kozich et al., 2022). In contrast, plasma
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levels in control mice show significantly lower cysteine levels of 8 pM, while levels in Suox”
mice are below detection limit (Kohl, Fu et al., in preparation). This suggests complete
conversion of cysteine into SSC and forbids the formation of equally high SSC levels in

mice as detected in humans.

Furthermore, at birth brains of rodents are significantly less developed than human
brains. While in humans the peak brain growth spurt and gliogenesis, as well as an increase
in axonal and dendritic density, occur between 36 to 40 weeks of gestation, in rodents the
same brain development is only reached 7-10 days after birth (Semple et al., 2013).
Therefore, a similar excitotoxic neuronal cell death as observed in humans would be
questionable even at equally elevated SSC levels. Mocs2” mice, a mouse model of MoCD,
did not present with changes in neuron numbers as well, but revealed an increased number
of apoptotic neurons, as well as neurons expressing apoptosis marker caspase 3
(Jakubiczka-Smorag et al., 2016). Hence, manifestation of a neurological phenotype later
on in disease progression, which is only prevented by the early death due to a yet unknown
cause, can be presumed for Suox” mice as well. In line with this, induction of MoCD in adult
wildtype mice by administration of tungstate, which competes for molybdenum insertion into
the Moco and results in a loss of function of all molybdoenzymes, led to the development
of a severe neurological phenotype curable by the NMDAR antagonist memantine (Kumar
et al., 2017).

Taken together, the cumulative data suggest less distinctive SSC toxicity in our
Suox” mouse model due to lower overall SSC levels caused by altered cysteine/cystine
homeostasis and an increased tolerance, presumably due to delayed brain development.
Hence, administration of an NMDAR antagonist to Suox” mice in order to counteract SSC-
mediated neurodegeneration is an unsuitable treatment method, which agrees with the
results obtained in the current work. For future studies, an inducible mouse model of SOXD,
in which gene knockout should be induced not before 7-10 days of age, would increase the
comparability of the mouse model and the human phenotype. However, generation of a
conditional Suox™ knockout in the past proved difficult due to an unfavorable gene structure
including comparably short introns (Fu, unpublished data). Instead, a conditional Mocs2™
mouse model is currently being generated in our working group and will present a valuable

tool for more in-depth investigation of SOXD and MoCD (Fu et al., unpublished data).

5.2 The potential of therapeutic sulfite scavenging strategies in SOXD

Full body knockout of SOX did not result in the expected neurological phenotype, which is
the main cause of death in human SOXD patients. However, mice do show a severe

phenotype, including reduced weight gain and motor abilities, as well as a significantly
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shortened survival time, which is presumably linked to the observed higher accumulation of
sulfite than seen in human patients, as well as markedly elevated levels of secondary sulfur
metabolites such as thiosulfate and hydrogen sulfide (H2S). To date, no effective long-term
treatment for human SOXD has been established, but due to the prominent neurological
phenotype seen in human patients, treatment attempts have mainly targeted SSC-mediated
neuronal cell death and its associated symptoms. The simultaneous accumulation of other
sulfur metabolites, however, makes full recovery upon sole inhibition of SSC-mediated
neurodegeneration questionable. A more severe manifestation of sulfite and potentially
H>S-driven toxicity can therefore be hypothesized in case of significant prolongation of life.
Hence, successful treatment of SOXD in mice can further add to the understanding of SSC-
unrelated lethality of loss of SOX function.

Thus, to better understand the cause of the severe phenotype of Suox” mice, the
potential toxicity mediated by alternative sulfur metabolites needs to be analyzed in more
detail. In Suox” mice, sulfite plasma levels at birth resemble those of wildtype littermates,
but soon increase vastly until they reach a plateau of 150 uM at P4.5, while urinary sulfite
levels already reveal increased postnatal excretion of 120 pmol/mmol creatinine (see
chapter lll). A decrease in excretion with increasing age can be ascribed to urinary retention,
which leads to a significant increase of creatinine over time, but no net decrease in sulfite
levels. In contrast, humans show plasma sulfite levels of 27 uM and urinary sulfite of
100 pmol/mmol creatinine in urine (Kozich et al., 2022). Hence, sulfite shows a 5.5-fold
increase in plasma of mice compared to humans and renders Suox™ mice a suitable model

for the study of sulfite toxicity, whose exact pathomechanism is still elusive.

Therefore, administration of various chemical sulfite scavengers aimed for a direct
reduction of sulfite accumulation accompanied by an indirect reduction of related sulfur
metabolite levels. This approach, however, using D-cystine, D-cysteine or cystamine as
scavengers, did not result in a significant prolongation of the average survival time of Suox™
mice (see chapter lll). Unfortunately, as animals were kept until reaching the termination
criterion, collection of body fluids was not possible. Thus, the absence of a beneficial effect
could either be ascribed to a low efficiency of the used sulfite scavengers and therefore

unchanged sulfite accumulation or to a lower overall toxicity of sulfite than anticipated.

Several different thiol-reactive compounds were tested as potential sulfite
scavengers in Suox™ mice. D-cysteine and D-cystine both aimed to prevent toxic L-SSC
formation under formation of nontoxic D-SSC, as proven in primary neurons in the current
study. While the absence of a beneficial effect of D-cystine most likely could be attributed

to the usage of too low concentrations due to the very low solubility of the compound,
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D-cysteine administered in higher concentrations was expected to significantly improve
symptomatology. In vitro, D-cysteine can undergo spontaneous racemization to form
L-cysteine yielding a D/L ratio of 0.33 in two days, thus having the fastest turnover rate
among all amino acids (Roychaudhuri et al., 2022), while still being slow enough to allow a
reaction with sulfite to take place sufficiently, as sulfite reacts with cysteine within minutes

(Fu, unpublished data).

In vivo, cysteine is metabolized by cysteine dioxygenase (CDO) yielding cysteine
sulfinic acid (CSA), but the current work demonstrated a clear preference of the enzyme
towards the L- over D-form, thus implying little to no contribution of D-cysteine to the
formation of sulfite from the oxidative catabolism of cysteine. Degradation of D-amino acids
in vivo is catalyzed by the enzyme diamine oxidase (DAO), which in humans shows highest
catalytic efficiency towards D-cysteine (Roychaudhuri et al.,, 2022). DAO metabolizes
D-cysteine to 3-mercaptopyruvate, which is further converted to H.S catalyzed by
3-mercaptopyruvate sulfurtransferase (MPST). Hence, although not contributing to the
oxidative pathway of cysteine catabolism, administration of D-cysteine presumably leads to
an elevation of H.S levels and ultimately sulfite accumulation from sulfide:quinone
oxidoreductase (SQR) and persulfide dioxygenase (PDO)-mediated H,S clearance. A
potential reduction in sulfite levels due to the compound’s sulfite scavenging properties

might therefore be compromised by an increase in H,S levels and resulting sulfite formation.

The third tested sulfite scavenger cystamine was chosen due to the 6-8 times higher
reaction rate of sulfite with cystamine than with cystine in vitro (Jocelyn, 1987), resulting in
the formation of the alternative compound S-sulfocysteamine (Fu, unpublished data). This
makes it a promising sulfite scavenger preventing the formation of toxic SSC and depleting
free sulfite. Moreover, the reduced form cysteamine has already been used as a therapy
for cystinosis, a disease caused by lysosomal accumulation of cystine due to a loss of
function of the cystine transporter cystinosin (Kalatzis et al., 2001). Cysteamine efficiently
converts cystine into cysteine and a cysteine-cysteamine disulfide, which are cleared by the
cysteine transporter and the lysine/arginine (PQLC2) transporter, respectively, thus
decreasing lysosomal cystine accumulation (Jezégou et al., 2012; Pisoni et al., 1985). Due
to the reducing environment of the cytosol, cystamine is expected to be present as its
reduced form cysteamine intracellularly, while in plasma the oxidized form would react with
sulfite directly, thus presumably clearing sulfite before the occurrence of sulfite-mediated
toxicity. However, patients suffering from cystinosis have to follow a strict medication plan
including the administration of cysteamine every six hours due to its short half-life of
1.75 hours in plasma of humans (Cherqui, 2012; Tennezé et al., 1999). Hence, i.p. injection

of cystamine once per day might not result in sufficient sulfite clearance in our Suox” mice
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over time. Future studies using a modified treatment protocol including a higher
administration frequency will reveal the efficiency of cysteamine as a therapeutic measure

against SOXD in mice and possibly humans.

5.3 Reduction of sulfite production is not sufficient to treat murine SOXD

While the first attempt to treat SOXD in mice was still based on the assumption of a distinct
cerebral phenotype, continuous studies aimed on a more global reduction in all sulfur
metabolites elevated upon loss of SOX function with a primary focus on sulfite. One strategy
involved chemical sulfite scavenging, but under the tested conditions did not result in
significant improvement of the disease phenotype. A more conservative approach to reduce
sulfite accumulation involved dietary restriction of protein in general or cystine and
methionine in particular, both aiming to reduce net amounts of sulfur-containing amino acids
entering cysteine catabolism. Deceleration of the disease progression aimed to increase
the average survival time and allow possible manifestation of a cerebral phenotype in Suox™

pups, hence resulting in a higher phenotypic resemblance towards human SOXD patients.

In late onset cases of human SOXD and MoCD, dietary restriction indeed
successfully normalized biomarker levels and slowed down disease progression (Abe et al.,
2021; Boles et al., 1993; Tan et al., 2005). However, in Suox’ as well as in wildtype mice
reduction of cystine and methionine was too restrictive and resulted in decreased weight
gain, leading to increased neonatal pup loss among all genotypes. In contrast, a second
approach including a diet with decreased protein content was not compromising the overall
health condition, but restriction was probably too mild to improve symptoms and prolong the
average survival time of homozygous mice (see chapter Ill). As the experimental challenges
of direct pup feeding were too difficult, manipulation of the mothers’ chow to alter
composition of the milk fed to pups was the only option feasible. However, this indirect
approach complicated the right dosage finding and possibly limited the potential of this
therapeutic strategy, thus making it unsuitable as an approach to slow down disease
progression of SOXD in mice despite the success in human patients. In general, this
treatment strategy might be more suitable in a future conditional Mocs2”- mouse model, in
which induction of the disease at an older age would allow direct control over the dietary

intake.

Previously, an alternative attempt to reduce sulfite production in Suox” mice was
the simultaneous knockout of CDO, which catalyzes the conversion of cysteine into CSA as
the first step of the oxidative part of cysteine catabolism (Fu et al., in preparation). In cells,
glutamate oxaloacetate transaminase 1 (GOT1) was found to be the main producer of

sulfite from CSA, as sulfite accumulation in SUOX™ HEK 293 cells was reduced to wildtype
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levels via a simultaneous knockout of GOT1 (Mellis, 2020). Knockout of the upstream
enzyme CDO, hence, aimed to inhibit major sulfite accumulation. In fact, Suox”/Cdo™
double knockout mice showed a significant reduction in sulfite levels, although levels
remained above wildtype (Fu et al., in preparation). At the same time, the average survival
time was further decreased in these animals, thus questioning the role of sulfite as the main
and sole mediator of toxicity. Nonetheless, due to its ability to cleave disulfide bonds, sulfite
can globally affect protein stability (Leggett et al., 1959), thus potentially interfering in
various metabolic pathways and making it a risk factor for every organ, potentially even at
less drastically elevated concentrations.

5.4 The potential of therapeutic reduction of H2S production in SOXD

While Suox”/Cdo” mice showed the expected reduction in sulfite levels, H.S and thiosulfate
levels were markedly increased compared to Suox” mice, implying a shift of balance in
cysteine catabolism towards the H.S pathway (Fu et al., in preparation). H.S is a gaseous
signaling molecule in the cardiovascular and nervous system and has been attributed a
cytoprotective effect in sub-micromolar concentrations, possibly due to its ability to
neutralize several different reactive oxygen species (ROS) and upregulate endogenous
antioxidant systems, as well as anti-inflammatory and cytoprotective genes (Szabd, 2007).
However, high micromolar to millimolar concentrations of H,S mediate cytotoxicity by the
formation of free radicals and oxidants, glutathione (GSH) depletion, intracellular iron
release and the induction of mitochondrial cell death pathways as a strong inhibitor of
complex IV (Petersen, 1977; Szab0, 2007). H.S is produced by cystathionine y-lyase
(CSE), cystathionine B-synthase (CBS) and 3-mercaptopyruvate sulfurtransferase (MPST),
while its clearance is mediated via several steps starting with sulfide:quinone
oxidoreductase (SQR), which generates persulfidated GSH (GSSH), followed by thiosulfate
sulfurtransferase (TST) and persulfide dioxygenase (PDO) regenerating GSH under

formation of thiosulfate and sulfite, respectively (Kohl et al., 2019).

Knockout of the Ethel gene, which encodes for PDO, in mice results in a severe
phenotype ascribed to H.S toxicity (Tiranti et al., 2009). Ethel” mice show growth arrest
and decreased motor function as examined in an activity cage test, thus displaying
symptoms similar to Suox” mice. They display a significant increase in tissue H.S levels,
as well as elevated urinary thiosulfate accompanied by undetectable sulfite levels, which is
hypothesized to be caused by increased H.S fixation via sulfite and thus increased
conversion of the latter into thiosulfate as the final step of the H.S pathway of cysteine
catabolism (Tiranti et al., 2009). Increased H.S levels in Ethel” mice result in the inhibition

of short-chain acyl CoA dehydrogenase, an enzyme involved in the fatty acid oxidation
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pathway (Hildebrandt et al., 2013). This, in turn, results in increased levels of the substrate
ethylmalonic acid (EMA), which in the past was shown to impair brain mitochondrial
succinate and malate transport and reduce mitochondrial membrane potential, thus
inhibiting mitochondrial respiration (Amaral et al., 2012). In addition, increased H-S levels
inhibit cytochrome ¢ oxidase, which functions as complex 1V in the mitochondrial respiratory
chain, in various tested organs (Tiranti et al., 2009). In line with this, Ethel” mice display
elevated levels of the glycolytic enzymes fructose biphosphate aldolase and pyruvate
kinase, which points towards a shift from mitochondrial respiration to glycolysis, presumably
to prevent an energy crisis caused by the dysfunction of mitochondrial metabolism
(Sahebeknhtiari et al., 2016). Their overall survival time of five to six weeks is significantly
higher than in Suox™ mice (Tiranti et al., 2009), so H,S toxicity as the only cause of death
in Suox”™ mice can be excluded, but mitochondrial dysfunction can be anticipated to
contribute to the severe phenotype, as shown previously in MoCD patient-derived
fibroblasts (Mellis, 2020).

A shutdown of the oxidative pathway of cysteine catabolism did not result in an
improvement of the phenotype of Suox’ mice, so the inhibition of the H.S pathway of
cysteine catabolism should be considered as an alternative approach to reduce overall
sulfite levels and, equally important, H>S production in the first place. While the generation
of double knockout mice is an inefficient and costly procedure, as breedings yield the correct
phenotype at a chance of only 6.25%, chemical inhibition presents an easier and more
straight forward approach additionally allowing precisely timed shutdown of enzymatic
function. Aminooxyacetic acid (AOAA) is a commonly used inhibitor of transaminases,
which inhibits CSE and CBS with an ICsp of 1 uM and 8.5 uM, respectively (Asimakopoulou
et al., 2013). Inhibition of those enzymes disrupts cysteine catabolism and results in an
increase in homocysteine levels, as seen in CBS deficiency (Sacharow et al., 2017), which
could counteract the homocysteine depletion observed in SOXD (Bindu et al., 2017).
Moreover, in case the increased elevation of H,S levels in Suox™/Cdo™ mice is a major
contributor to the worsening of the phenotype in comparison to Suox’ mice, a reduction of
the elevated H,S production in Suox” mice should already result in a significant phenotypic
improvement. However, AOAA is known to react with a variety of pyridoxal-5’-phosphate-
dependent enzymes, which does not only include CSE and CBS, but also GOT1 and GOT?2,
which catalyze the conversion of CSA into sulfite in the oxidative catabolism of cysteine
(Mellis et al., 2021). Due to its moderate potency and an ICso value of 100 uM (Antti &
Sellstedt, 2018), usage of low doses is crucial, but should be sufficient to prevent shut down

of both the oxidative and the H.S pathway of cysteine catabolism. Overall, chemical
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inhibition of the H,S pathway presents a promising tool for future studies on the contribution

of H.S-mediated toxicity to the severe phenotype of SOXD.

5.5 The contribution of regulated cell death to SOXD

Alternative to the reduction of sulfur metabolite-mediated toxicity, another therapeutic
approach aimed to unravel the cell death pathways triggered by the molecular
consequences of SOXD. The severe depletion of cysteine in Suox™ mice suggested the
involvement of ferroptotic cell death in the course of the disease, as ferroptosis is a form of
regulated, non-apoptotic cell death, which is triggered by cysteine depletion and a resulting
decrease in intracellular GSH (Dixon et al., 2012). The latter is an essential co-substrate for
the enzyme glutathione peroxidase 4 (GPX4), which is required for the detoxification

process of lipid peroxides (Dixon et al., 2012).

In contrast to the biochemical assumption, administration of the ferroptosis inhibitor
Liproxstatin-1 in the current study did not result in an increase of the median survival time
in Suox” mice (see chapter lll). Following analysis of lipid peroxide levels revealed a
significant decrease in kidneys of untreated, homozygous pups compared to wildtype
littermates. This finding excluded ferroptosis as the major cell death pathway triggered in
SOXD, although cysteine depletion in Suox™ mice is accompanied by a decrease of the
antioxidant tripeptide GSH liver and kidney (Kohl, 2019), which suggested a simultaneous
decrease in GPX4 activity. Instead, altered levels of at least one of the sulfur metabolites
affected in SOXD appears to exhibit an anti-ferroptotic effect resulting in decreased
formation of lipid peroxides. Sulfite has been shown to act as a strong nucleophile with the
ability to cleave disulfide bonds, which in cells led to increased GSH recovery after hydrogen
peroxide (H2O2)-induced oxidative stress (Mellis, 2020). Hence, a similar mechanism for the
increased regeneration of GSH from glutathione disulfide (GSSG) was proposed to result
in elevated resistance towards ferroptosis in Suox™ mice. As the current study excluded the
contribution of ferroptosis to the severe phenotype of SOXD, a potential induction of other
cell death pathways should be considered.

Intrinsic apoptosis is a common form of regulated cell death, which is characterized
by intracellular stress factors resulting in irreversible mitochondrial outer membrane
permeabilization (MOMP), a process controlled by pro-apoptotic and anti-apoptotic
members of the BCL2 protein family. Pro-apoptotic proteins like BOK, BAX and BAK are
able to form pores across the mitochondrial outer membrane, thus promoting MOMP and
apoptotic cell death. Anti-apoptotic proteins such as BCL2 itself, BCL2L1 or MCL1 mainly
inhibit apoptosis by binding the pro-apoptotic members of the BCL2 family, thus preventing

their oligomerization and pore-forming activity. MOMP results in the release of apoptogenic
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factors into the cytosol, which activates a cascade resulting in the activation of excessive
protein cleavage by caspases 3 and 7, the major executors of apoptotic cell death (Galluzzi
et al., 2018).

Extrinsic apoptosis is a form of apoptosis triggered by extracellular stress factors,
which are sensed by death receptors via binding of specific ligands. Upon activation, death
receptors initiate the formation of the “death-inducing signaling complex” (DISC), which
results in the recruitment and activation of caspase 8. Caspase 8, in turn, initiates a
signaling cascade resulting in the activation of effector caspases 3 and 7, as seen in intrinsic
apoptosis. This pathway, however, cannot be inhibited by overexpression of the anti-
apoptotic BCL2 protein or the inactivation of anti-apoptotic proteins. Instead, the anti-
apoptotic factor c-FLIP can interact with the DISC and inhibit caspase 8 function (Galluzzi
et al., 2018).

Previously, SSC-mediated activation of caspase 3 has been shown in primary
hippocampal neurons, peaking at 12 h after SSC treatment. Pretreatment with the pan-
caspase inhibitor Z-VAD-FMK partially, but not completely prevented SSC-mediated
neuronal cell death, thus verifying the contribution of intrinsic or extrinsic apoptosis in SSC-
mediated cell death, but also implying the involvement of other, non-apoptotic cell death
pathways (Kumar, 2016). Suox” mice show a relatively mild, but significant elevation in
SSC levels, which is hypothesized to result in a similar activation of apoptotic cell death.
Therefore, overexpression of the anti-apoptotic proteins BCL2 or c¢-FLIP in Suox” mice
could prevent either intrinsic or extrinsic apoptosis, respectively, while continuous treatment
with a pan-caspase inhibitor would shut down both pathways simultaneously. In the past,
the latter strategy has been used successfully in mouse models for various diseases, while
for liver disease, epilepsy and arthritis it even reached a phase Il clinical trial, thus holding
great potential as therapeutics both in mice and humans (Dhani et al., 2021). These
experimental approaches, hence, will give new insights into the role of apoptosis in SOXD
and potentially result in an enhancement of the phenotype by preventing major apoptotic

cell death.

However, caspase 3 activation so far has only been verified to contribute partially to
SSC-mediated neuronal cell death, as its inhibition resulted in incomplete restoration of cell
viability, thus implying the involvement of at least one other cell death pathway (Kumar,
2016). Moreover, although Mocs2” brains showed elevated caspase 3 activation
(Jakubiczka-Smorag et al., 2016), the major symptoms in murine MoCD and SOXD result

from the damage of non-neuronal cells, which has not been linked to apoptosis yet, but is
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presumed to be mediated by the toxicity of one or more sulfur metabolites elevated due to

the loss of SOX function.

In the past, sulfite toxicity has been examined in various, non-neuronal cell types.
However, all of these studies were performed in wildtype cells expressing functional SOX.
In hepatocytes, sulfite-mediated cell death has been ascribed to apoptosis and the non-
regulated form of cell death necrosis in two different publications (Bai et al., 2013; Han et
al., 2020). In gastric mucosal cells, sulfite leads to necrotic cell death caused by the
induction of oxidative stress and in mast cells sulfite causes pyroptosis, a common form of
inflammatory, regulated cell death, which is caused by pore formation in the plasma
membrane mediated by members of the gasdermin protein family (Galluzzi et al., 2018; Liu
et al., 2021; Oshimo et al., 2021).

H2S in low concentrations has been demonstrated to protect cells from different
forms of cell death, including apoptosis in pancreatic beta-cells, inflammation and apoptosis
in neuronal cells following cerebral ischemia-reperfusion injury and pyroptosis and
necroptosis as a prevention for diabetic cardiomyopathy (Deng et al., 2023; Gong et al.,
2022; Kar et al., 2019; Okamoto et al., 2015). Recently, H»S was also shown to exhibit an
indirect anti-ferroptotic effect, as it led to increased SQR-catalyzed formation of hydrogen
persulfides, which exhibit potent radical scavenging activity (Barayeu et al., 2023). In high
concentrations, however, its effect shifts to major cytotoxicity, as seen in its induction of
necrosis in hepatocytes, of apoptosis in human aorta smooth muscle cells and of tracheal

pyroptosis in broiler (Song et al., 2021; Truong et al., 2008; Yang et al., 2004).

Overall, the molecular mechanisms of sulfite and H,S-mediated cell death are highly
diverse, so in the future analysis of marker molecules relevant for different cell death
pathways will be crucial to clarify their overall importance in the disease progression of
SOXD and MoCD. In the long term, inhibitors of majorly involved cell death pathways might
therefore provide a promising therapeutic strategy for SOXD in humans.

5.6 Reconstitution of SOX activity provides a promising treatment
strategy for murine and potentially human SOXD

Following the targeting of different aspects of the pathomechanism, the last therapeutic
approach for SOXD aimed to function as an overall treatment ameliorating every aspect
discussed before by restoring SOX function via an enzyme replacement therapy. Due to
promising results from a single pilot study using Mocs1” mice and plant SOX (pSOX)
(Belaidi, 2011; Hahnewald, 2009), this study used a comparable approach in Suox’ mice

anticipating a similarly beneficial outcome.
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Instead of pSOX, a murine, heme-deficient SOX variant (mSOX-Mo) was used for
treatment as a more physiological relevant SOX variant and resulted in a mild, but significant
increase in the average survival time of Suox” mice (see chapter Ill). Mice still developed
the classic SOXD phenotype, as the treatment protocol erroneously stated a single i.p.
injection at day two after birth instead of continuous injection every second day starting at
birth (Belaidi, 2011). Hence, a similar treatment success of mSOX-Mo in Suox™ pups as
observed for pSOX in Mocs1” pups in the pilot study can be anticipated upon usage of the

same treatment frequency.

In the past, mSOX-Mo had been shown to be able to use oxygen as the final electron
acceptor for sulfite oxidation in a similar manner as pSOX and thus was anticipated to be
able to use blood-dissolved oxygen, which makes up 2% of total oxygen in blood (Pittman,
2011), in vivo as well (Belaidi, 2011). Preliminary in vitro experiments in the pilot study
displayed lower levels of H,O, formation for mSOX-Mo than for pSOX, while still achieving
complete sulfite clearance. Due to the lower catalytic activity observed for mSOX-Mo, the
author hypothesized a higher non-enzymatic, H.O.-mediated sulfite reduction, thus
scavenging a part of the produced H,O- under formation of H,O, while maintaining similar
sulfite detoxification efficiency (Belaidi, 2011). A similar reaction had been proposed for
pSOX previously, however only at high sulfite concentrations (Hansch et al., 2006). This
finding presents a major advantage of using mSOX-Mo instead of pSOX as a therapeutic
agent in order to reduce toxic H-O, formation and prevent development of gastroenteritis
caused by elevated levels of ROS. Alternatively, the simultaneous injection of catalase was
proposed to achieve H;O, detoxification in case mSOX-Mo-induced H»O; formation still
reaches critical levels (Belaidi, 2011). Catalase was shown to be inhibited by sulfite at high
concentrations, however half-maximal inhibition was reached at 260 uM sulfite (Hansch et
al., 2006), so a maximum of 150 uM in the plasma of Suox™ mice should not result in
problematic levels of catalase inhibition. Alternatively, usage of salen-manganese
complexes, which are a class of synthetic compounds with superoxide dismutase and
catalase function, might overcome potential sulfite-mediated inhibition and could
additionally prevent general ROS production (Baker et al., 1998; McCord, 2008), potentially

resulting in a slight increase of the average survival time of Suox” mice.

An alternative therapeutic approach to fully restore SOX function in Suox” mice is
the usage of gene therapy, which compared to enzyme replacement therapeutic
approaches has several major advantages. Introduction of an expression cassette for SOX
would allow better control on the localization of the enzyme than injection, enabling its
subcellular localization to the mitochondrial intermembrane space. Hence, usage of mSOX-

Mo to allow utilization of oxygen as an alternative electron acceptor would not be required.
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Instead, expression of full-length protein would result in reconstitution of its biological
function, thus simultaneously preventing toxicity caused by H>O. formation. As gene
expression guarantees the continuous physiological production of novel enzyme, chemical
modifications like PEGylation are not needed to enhance stability and half-life of the
enzyme. Furthermore, while enzyme replacement therapy is a life-long treatment and thus
involves high time investment and high dependency on the availability of the medication,
effective gene therapy aims to have a long-lasting effect that does not require high
frequency treatment.

There are two main approaches for gene therapy, which are germline and somatic
gene therapy. Germline therapy, however, is ethically forbidden in humans and thus no
considerable option. In somatic gene therapy, three different types are known and used so
far, which all include gene delivery either by non-viral vectors requiring chemical or physical
methods of DNA delivery or by viral gene transduction (Nayerossadat et al., 2012). Ex vivo
delivery includes the in vitro genetic manipulation of cells taken from the target organ or
tissue followed by transplantation to reduce immune responses, but is limited due to the
small percentage of cells in the organism that ultimately end up genetically modified. In situ
delivery includes the direct administration of the gene product to the target tissue, but still
displays low efficiency. In contrast, in in vivo gene therapy vectors are usually administered
by injection into the bloodstream, but are designed in such a way that allows their allocation
to one specific site or tissue depending the type of vector used (Nayerossadat et al., 2012).

In the past, a viral gene therapeutic approach involving adeno-associated virus
(AAV)-mediated gene transfer of an expression cassette containing the Reiss variant of
human MOCS1 has been used as an attempt to cure the phenotype of Mocsl”™ mice
(Hahnewald, 2009). As the expression of SOX in a healthy organism is highest in the liver
(Woo et al., 2003), a chimeric AAV1/2, which was shown to result in a high tropism for liver
and muscle tissue, was used to maximize the therapeutic effect. The first cohort of Mocs1™”
mice was treated by intrahepatic injection at P1 and P4, which resulted in a liver SOX activity
of 5% at an age of ~70 days and an average survival time of 302 days (Hahnewald, 2009).
Mice developed indistinguishable from their wildtype littermates, however were unable to
produce viable offspring. A second cohort of Mocs1” mice was pretreated with cPMP to
allow survival until adult age before injection of AAV-MOCS1 at P40. Later treatment
resulted in an average survival time of 356 days and a liver SOX activity of 75% compared
to the wildtype, which rendered mice fertile and able to produce viable offspring displaying
the phenotype of untreated Mocs1” mice. Simultaneously, this confirmed the absence of
AAV-mediated genetic alterations in produced offspring and is thus in agreement with the

prohibition of germline therapy in humans. The discrepancy in SOX activity between
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different injection timepoints can be ascribed to a dilution effect due to increased cell division
in the liver of neonatal compared to adult mice and highlights the importance of finding a
treatment against SOXD that allows survival at least until young adult age. A combination
of enzyme replacement therapy at an early age followed by subsequent gene therapy might

be considered to achieve an optimal therapeutic effect.

The downside of gene therapy is the development of malignant tumors that were
reported in 16% of treated mice depending on the site of integration in the genome
(Hahnewald, 2009). Further modification, as for example altering transduction efficiency by
site directed mutagenesis to allow usage of lower virus concentrations (Ran et al., 2020) or
considering the usage of an ex vivo approach to allow selection of cells without random and
thus potentially carcinogenic vector integration (Schultz & Chamberlain, 2008), will be
required in the future to make this therapeutic strategy safe for the treatment of human
SOXD and MoCD patients.

5.7 Concluding remarks on potential treatment strategies for SOXD

The current study evaluated the potential of several different treatment strategies, including
NMDAR blockage as a prevention of excitotoxic neurodegeneration, sulfite scavenging as
a direct way to reduce sulfite levels, dietary restriction of proteins and sulfur-containing
amino acids to prevent sulfite accumulation, inhibition of ferroptosis, a non-apoptotic
regulated cell death triggered by cysteine depletion, and an enzyme replacement therapy
for the reconstitution of SOX activity. In conclusion, none of the tested strategies resulted

in a sufficiently distinct improvement of the overall health condition of Suox” mice.

Due to the absence of a major cerebral phenotype in Suox’ mice, NMDAR blockage
can be considered an unsuitable treatment approach, so studies aiming on the prevention
of SSC-mediated neurotoxicity for the moment can be discontinued. However, in case of
successful generation of a conditional Mocs2” mouse model, a later induction of the
disease most likely will allow the development of the classic, human-like SOXD phenotype
majorly impacting the brain. For this mouse model, treatment with the NMDAR antagonist

memantine might be reconsidered as a treatment strategy.

SSC-mediated toxicity was shown to be a minor contributor to the phenotype of
Suox™ mice, while the 5.5-fold higher accumulation of sulfite compared to human patients
was considered to result in major sulfite-mediated toxicity in our mouse model. Usage of
thiol-reactive compounds as sulfite scavengers was so far unsuccessful, but as an easy,

straightforward treatment approach still holds great potential for future studies. Adjustment
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of dosage and frequency of administration, as well as the search for a more effective

compound, will be ways to optimize this treatment strategy.

Dietary restriction proved unsuitable in neonates due to the experimental
impracticality of a direct manipulation of the pups’ diet. Usage of this technique might be
considered as an additive approach in a conditional knockout mouse model with induction

of the disease at an adult age, which allows better control of the dietary intake.

Besides sulfite toxicity, our current knowledge also strongly suggests a major
contribution of H,S-mediated toxicity to the development of the severe phenotype of SOXD
in mice. Hence, inhibition of the H,S pathway of cysteine catabolism via the CBS and CSE
inhibitor AOAA in the future will be tested as an attempt to reduce H.S and sulfite

accumulation and thus improve symptomatology in Suox™ mice.

Ferroptosis inhibition in the current study did not result in an amelioration of the
phenotype of Suox’ mice, as ferroptosis was proven to not be caused, but rather inhibited
due to loss of SOX function. In the future, search for the cell death pathway(s) majorly found
in SOXD will allow usage of the right cell death inhibitor as a therapeutic agent.

Lastly, reconstitution of SOX activity presents a powerful treatment strategy aiming
for the amelioration of all aspects of SOXD symptomatology. The enzyme replacement
therapy using mSOX-Mo, which was tested in the course of the current study, will require
minor adjustment of the dosage and a potential co-administration of catalase as an H,O-
detoxifying enzyme, but overall is a promising candidate as a therapeutic for SOXD and
MoCD. Alternatively, advancement of a gene therapeutic approach, which had been tested
as a cure for Mocs1” mice in the past, might also lead to the discovery of a potent therapy

for SOXD and MoCD in mice and humans.

Overall, several potential treatment strategies remain to be elucidated in upcoming
studies (Fig. 1). Hence, presumably in the near future a suitable therapy for SOXD in mice
will be established, which will provide a foundation for the development of a treatment
strategy for SOXD in humans.
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Figure 1: Overview of potential treatment approaches to cure SOXD in mice.
In the current study, chemical sulfite scavenging and enzyme replacement therapy did not exhibit a sufficiently

beneficial effect on the average survival time of Suox’ mice, but remain promising treatment strategies upon
adjustment of the utilized experimental protocols. In addition, inhibition of the H2S pathway of cysteine
catabolism via AOAA (strong inhibition shown in black, weak inhibition shown in grey) to reduce H2S and sulfite
accumulation, inhibition of different regulated cell death pathways potentially triggered by sulfite and H2S
accumulation, as well as gene therapy to reconstitute SOX activity, present promising strategies in the search
for a curation of murine SOXD.

5.8 Human vs murine epidermal development

Mouse models have been used to study human skin diseases since decades, however often
are unable to fully reproduce human symptomatology due to evident structural differences
in murine and human skin physiology. In general, in both species the skin is comprised of
three layers starting with the innermost hypodermic layer, followed by the dermis and the
epidermis (Gerber et al., 2014). The epidermis as the outmost layer provides a robust,
protective outside-in barrier against exogenic factors such as germs, UV radiation and minor
mechanical forces, while simultaneously providing an inside-out barrier function protecting
the organism against dehydration from transepidermal water loss (TEWL) (Monteiro-
Riviere, 2005). Epidermal development in humans starts at the end of embryonic week 4
with the formation of the ectoderm, which presents the precursor of the epidermal basal
layer, the stratum basale (SB). After initiation of the stratification process after 5 weeks of
embryonic development, formation of the periderm yields a single layer of cells that covers

the skin until the differentiation process is completed under formation of the epidermis. After
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three months, basal cells start proliferating and forming multiple layers named stratum
intermedium, which after six months has developed into stratum spinosum (SS), stratum
granulosum (SG) and stratum corneum (SC) (Zingkou et al., 2022). Mouse epidermal
development follows a similar pattern, but proceeds significantly faster, with the stratification
process starting at E10.5 and a functional epidermal barrier being formed at E18.5 (Du et
al., 2018).

Despite the similarities in the structural layers, there are several differences between
human and murine skin. The first crucial difference residues in the thickness of the formed
epidermis, with 100 uM in humans and 25 uM in mice (Khavari, 2006). While human
epidermis consists of five to ten layers of keratinocytes, mice only show two to three layers
accompanied by faster epidermal turnover, looser skin attachment and lower barrier
function (Berking, 2002; Menon, 2002; Salgado et al., 2017). Furthermore, mice show
distinct fur growth resulting in a higher number of densely distributed hair follicles, which
undergo synchronous cycles of hair growth, while humans show significantly lower hair
growth in asynchronous growth cycles (van der Veen et al., 1999). Moreover, mice harbor
an additional thin, subcutaneous muscle layer named panniculus carnosus, which humans
only show in the platysma muscle of the neck (Wong et al., 2011). This results in differences
in wound healing, as human skin heals by granulation tissue formation and re-epithelization,
while mouse skin mainly heals via contraction (Wong et al., 2011). In comparison to
humans, mice also express a significantly altered set of skin-related genes. A previous
study determined 666 skin-associated genes in humans and 873 in mice (Gerber et al.,
2014). A comparison between both lists revealed 201 shared genes between humans and
mice, thus only making up 30.2% of identity. For example, mice showed a group of genes
associated with the panniculus carnosus, while humans express more genes associated
with keratinocytes, being consistent with the increased thickness of human epidermis. In
contrast, mice show an increased number of extracellular matrix and carbohydrate-binding
components, which implies a decreased relative level of interstitial matrix to keratinocytes,
thus being in line with a lowered epidermal barrier function (Gerber et al., 2014). Overall,
these significant differences highlight the complexity and challenges of using mouse models

for human skin diseases.

5.9 Potentially sulfite-related epidermal phenotype in Suox™ mice

The unexpected absence of a prominent neurological phenotype in Suox” mice raised the
guestion of the cause underlying the severely shortened life span of this mouse model and
required the examination of different organs regardless of an absence of other prominent

organ failures in human SOXD. Histologic analysis of different Suox”” organs so far showed
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impairment of several somatic functions. The first study on Suox” mice found elevated
levels of urinary proteins in general and albuminuria in particular, which indicates decreased
glomerular function and represents a hallmark for multiple kidney diseases (Kohl, 2019;
Larkins et al., 2019). In a follow-up study, enlarged alveolar airspaces in the lung, which
imply a severe pulmonary phenotype, as well as increased levels of B-hydroxybutyrate, a
potential sighaling metabolite in starvation response, were found (Fu et al., in preparation)
(Rojas-Morales et al., 2016). Thus, defining one major cause of death in these mice remains
challenging. Most likely, accumulation of sulfite and accompanying sulfur metabolites in the
entire organism ultimately results in multi-organ damage, so analysis of more organs is
required to understand the complete symptomatology and pathomechanism of human
SOXD.

The current study for the first time characterized a dermal phenotype observed in
Suox™ mice (see chapter IV), which had already been reported but not further examined in
a mouse model of MoCD type B that presented with flaky and wrinkly skin (Jakubiczka-
Smorag et al., 2016). Similarly, Suox™ mice presented with dry, flaky skin patches, which
suggested a decreased barrier function resulting in increased TEWL. However, as mice are
born without a visual phenotype and classic mouse models with barrier dysfunctions die
within the first 24 hours of life due to vast dehydration, a postnatal manifestation of the
phenotype was hypothesized. To examine this hypothesis, skin samples were taken at PO
and, in another cohort, at P5, as Suox™ mice usually die between six to twelve days and

major pup loss prior to sample collection was aimed to be avoided.

A first analysis of H&E-stained histological samples indeed revealed proper
structural organization and no distinct differences between homozygous Suox’ mice and
healthy control littermates at PO. In line with this finding, basal cell marker keratin (K) 14
and early differentiation marker K10 were expressed and distributed normally, and staining
for Ki67 demonstrated similar proliferation between control and Suox™ newborn mice, thus

verifying healthy epidermal development in utero despite loss of SOX function.

In contrast, histological analyses of samples taken at P5 revealed major differences
in epidermal architecture, as the majority of Suox” mice displayed an increase in epidermal
thickness and structural differences in every epidermal layer. Importantly, skin samples of
Suox™ mice displayed a high variation in their phenotypic representation, which appears to
be proportional to the expected individual survival time of each animal. The manifestation
of a similar phenotype can be anticipated as a distinct symptom of all Suox™ mice at an

advanced stage of the disease, hence highlighting the importance of understanding the
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mechanism underlying this epidermal phenotype. The discussion will therefore focus on

results obtained from animals already presenting with a distinct phenotype at P5.

In Suox” mice at P5, cells in the SB were increased in size and showed a decreased
structural organization, the SS showed an overall increase in thickness in opposition to the
SG, which presented thinner with a lower number of cell layers, and the SC displayed
parakeratosis, thus suggesting impaired terminal differentiation. Basal cell marker K14 was
widely distributed throughout the SB, but also present in the SS, while early differentiation
marker K10 displayed a significant decrease in expression. Combined with the observed
parakeratosis in the SC, one can hypothesize a strongly defective, very late onset

differentiation, which uses hyperproliferation as a compensatory mechanism.

Subsequently, the structural proteins filaggrin, involucrin and loricrin were analyzed
as late stage differentiation markers. Involucrin did not show any phenotypic alterations
between Suox” and wildtype mice. In contrast, staining for loricrin, the major structural
protein of the cornified cell envelope, showed a severe decrease in intensity, while filaggrin
expression was mildly reduced and started only in residual SG and SC, thus relatively late
in differentiation, consequently pointing towards a loss of structural integrity in later
epidermal layers. Moreover, increased expression of stress keratin Kéa and proliferation
marker Ki67 gave additional evidence for hyperproliferation as an attempt to restore

structural integrity.

Quantitative PCR analysis of Suox”” mice with a severe phenotype showed no major
alterations in most inflammatory genes, but revealed a significant increase in interleukin
IL-18 and a vast increase in cytokine Tslp mRNA levels. In human atopic dermatitis, a
chronic inflammatory skin disease characterized by severe itch, recurrent eczema and skin
lesions (Weidinger et al., 2018), upregulated expression of IL-1B results in the activation of
NF-kB, a rapid-acting transcription factor, which in turn causes the downregulation of
filaggrin and loricrin expression (Michaelidou et al., 2023). Additionally, IL-18 has been
demonstrated to induce the expression of stress keratin K6a (Komine et al., 2001), thus
agreeing with the results obtained in the current study. Cytokine TSLP in human
keratinocytes is known to interrupt epidermal barrier integrity by upregulating the expression
of IL-33, a molecule that acts as a cytokine and a nuclear factor, and stimulating the
formation of a nuclear complex from IL-33 and phosphorylated STAT3, which acts as a
direct transcription factor downregulating the gene expressing filaggrin (Dai et al., 2022).
Additionally, nuclear 1L-33 reduces expression of the transcription factor RUNX1, which

results in a downregulation of loricrin and K10 expression (Dai et al., 2021).
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While only specific inflammatory genes were upregulated in Suox™ mice, a vast
increase in the mRNA levels of the majority of tested stress response genes could be
observed, including genes encoding for proteins involved in peptide-crosslinking, such as
small-proline rich proteins (Sprrs) Sprr2b, Sprr2d and Sprr2e, which were upregulated 50-,
6150- and 6330-fold, respectively (Steinert et al., 1998). Genes encoding for proteins
involved in wound healing, such as S100a8 and Slpi, displayed a 191- and 94-fold increase,
respectively (Su et al.,, 2022; Wingens et al., 1998). Notably, two members of the Sprr
protein family, namely Sprr2d and Sprr2h, also showed five-fold upregulation in Lor” mouse
embryos, where this acts as a compensatory mechanism for the loss of loricrin to allow
delayed, but functional epidermal barrier formation (Koch et al., 2000). Hence, a severe
upregulation of genes expressing proteins involved in peptide-crosslinking and wound
healing in Suox™ mice presumably aims to counteract the loss of epidermal integrity.

Progressive loss of epidermal integrity is accompanied by an impairment of
epidermal barrier function. Integrity of the epidermal outside-in barrier is typically examined
in a dye penetration assay, in which loss of barrier function results in staining of the entire
skin (Indra & Leid, 2011). A toluidine blue staining assay was performed in the course of
the current study as well, but did not reveal increased staining of Suox’ skin compared to
controls at P5 (Supplementary Fig. 1A). However, dye penetration assays are usually
performed in mouse fetuses or neonates, as loss of epidermal barrier function is mostly
found to be caused by defective epidermal development in utero, which results in neonatal
death (Ding et al., 2016; Maass et al., 2004; Matsuki et al., 1998). The toluidine blue assay
in particular has been developed as a measure to analyze epidermal barrier formation
starting at embryonic day E16 (Hardman et al., 1998). Hence, the thickness of murine skin
at P5 may prohibit the detection of outside-in barrier defects in a toluidine blue dye

penetration assay.

In contrast, analysis of the inside-out barrier function by measuring TEWL is a
standard experiment performed on mice of all ages (Indra & Leid, 2011). In the course of
the current study, TEWL measurement was performed on mice at P5, but due to technical
issues with the Tewameter®, a device used for measuring TEWL, did not yield reliable data.
Results obtained showed no significant increase of TEWL in Suox’ mice compared to
healthy littermates (Supplementary Fig. 1B), but could not be verified in a sufficiently high
animal number and therefore need to be treated with caution. The severe epidermal
phenotype that develops during progression of murine SOXD can be assumed to result in
excess TEWL shortly before death, however might not be elevated significantly several
days in advance. A repetition of the measurement will be crucial to understand the impact

of the observed morphological changes on the inside-out barrier function of Suox’ skin.
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In a study assessing the effects of dehydration caused by water deprivation, mice
showed decreased activity up to lethargy, weight loss, as well as decreased food intake, a
phenomenon described as dehydration anorexia (Watts, 1998). Dehydrated mice presented
with altered blood parameters including increased plasma osmolality and sodium as well as
hematocrit values implying fluid loss in intracellular as well as extracellular compartments
(Bekkevold et al., 2013). Furthermore, they displayed renal distal tubular dilatation pointing
towards an impairment of kidney integrity, while brain, lung, heart and liver morphology were
unaltered. Although the cited study was conducted on adult mice, several parallels can be
drawn to our Suox” mouse model, in which dehydration might cause the observed renal
phenotype, as well as a decrease in mobility, weight and potentially food intake, as stomach
content typically contains lower amounts of milk in Suox” mice. Notably, as mice at P5 are
still nursed, a decreased food intake simultaneously results in further dehydration, thus
presumably deteriorating dehydration shortly before death.

Overall, our data strongly suggest a loss of epidermal barrier integrity as a cause of
SOX deficiency. Although SOX is moderately expressed in the skin (Uhlén et al., 2015), it
has not yet been shown to contribute to skin homeostasis. Therefore, the observed
phenotype can more likely be ascribed to the increased accumulation of sulfur metabolites
in general and sulfite in particular in SOXD, rather than to a direct loss of enzymatic function.

Sulfite is a strong nucleophile that has been shown to cleave disulfide bridges (Kella
& Kinsella, 1985), which are crucial structural elements in epidermal barrier formation due
to their ability to crosslink keratin filaments and structural proteins in terminal differentiation
(Hohl et al., 1991; Suns & Green, 1978). Previously, the disulfide bond-forming cysteine
residue C373 in the basal cell marker K14 has been proven crucial for intact epidermal
homeostasis and barrier function (Guo et al., 2020). Loss of this particular disulfide bridge
in K14 due to a cysteine to alanine substitution resulted in increased cell proliferation and
impaired terminal differentiation characterized by an increase in the area of K14 staining
accompanied by a decrease in staining of early differentiation marker K10 and late
differentiation markers filaggrin and loricrin (Guo et al., 2020). The study demonstrated the
essential role of this disulfide bond for the interaction between K14 and 14-3-30, which
enables the latter to inhibit the function of YAP1, a transcriptional co-activator that promotes
cell proliferation and suppresses terminal differentiation in epidermal keratinocytes by
modulating its cellular localization (Sambandam et al., 2015; Zhang et al., 2011). Notably,
this effect was only verified in skin taken from ear and tail, as back skin was shown to
contain a lower level of disulfide-bridged K14 (Guo et al., 2020). However, the study utilized
adult mice and differences in the distribution and amount of disulfide bridges during early

postnatal development can be speculated. Hence, a similar loss of disulfide-bonded K14 is
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proposed to result in the loss of epidermal integrity observed in Suox™ skin.
Immunofluorescent staining for 14-3-3c and YAP1, as well as western blot analysis of

disulfide-bonded K14 in Suox™ skin in the future will allow verification of this hypothesis.

Moreover, extensive disulfide bond-mediated cross-linkage of the structural protein
loricrin, which is the major component of the cornified cell envelope, promotes stabilization
of the SC (Ishitsuka & Roop, 2020). In contrast, the structural protein involucrin is a major
substrate to transglutaminase-mediated Ne-(y-glutamyl)lysine cross-linkage (Simon &
Green, 1985). As cross-linkage of glutamine and lysine is anticipated to be unaffected by
sulfite, this provides an explanation for the unaltered levels of involucrin accompanied by a
severe loss of loricrin, which presumably results in a destabilization of the SC in Suox”
mice. A quantification of sulfite in lysates of Suox™ skin in the future will be important to
confirm the presence of sulfite levels elevated to a degree enabling extensive sulfite-

mediated disulfide bond cleavage.
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Figure 2: Proposed mechanism of sulfite-mediated destabilization of the epidermal barrier in Suox™
mice.

Sulfite is hypothesized to attack disulfide bonds formed by K14, which are crucial for its interaction with 14-3-3c.
Loss of this interaction results in a loss of the inhibitory effect of 14-3-30 on transcription factor YAP1, which
when active promotes cell proliferation and suppresses terminal differentiation. In addition, sulfite is proposed
to cleave disulfide bond-mediated cross-linkage of the structural protein loricrin resulting in its degradation and
a potential destabilization of the SC, while Ne-(y-glutamyl)lysine cross-linkage of involucrin remains unaffected
by sulfite. K14-rich filaments are depicted in yellow, K10- rich filaments in red. Desmosomes are depicted in
blue, hemidesmosomes in dark green. Loricrin is shown in yellow and involucrin in light green. Figure created
with BioRender.
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In summary, discovery of a novel, epidermal phenotype in Suox™ mice for the first
time attributed a role in epidermal homeostasis to SOX, which had not been linked to the
skin before. Nevertheless, the absence of a defective inside-out barrier at P5 despite an
already apparent lowered body weight and motor function in Suox” mice implies the
contribution of additional factors to the severity of the observed phenotype and excludes
loss of epidermal barrier function as the sole, major cause of death in these animals.
Instead, a complex interplay between different, presumably mainly sulfite- and H.S-driven
mechanisms is anticipated to result in multi-organ failure. In the future, morphologic analysis
of additional organs such as liver, heart, intestine and the lymphatic system will be required
to further elucidate the exact pathomechanism underlying murine SOXD.

In contrast to mice, the symptomatology of human SOXD patients does not include
the development of skin alterations in the progress of the disease. One major difference
between murine and human skin is the epidermal thickness, which is four times greater in
humans than in mice (Khavari, 2006). In addition, the in utero formation of the epidermis in
humans is completed after six months, thus after two third of gestation, while the murine
epidermal barrier is only formed at E18.5, thus shortly before birth (Du et al., 2018; Zingkou
et al., 2022). Therefore, development of the skin until birth is presumably more advanced in
humans than in mice, with the latter being born with thin, almost transparent skin. This
implies the existence of a more robust epidermal barrier in humans at birth and

consequently the lack of an epidermal phenotype.

Taken together, overall human skin in all probability is less susceptible to sulfite-
induced disruption of epidermal barrier integrity. However, studies on the pathomechanism
of human SOXD mainly focus on the neurological impairments caused by brain
morphological alterations. Hence, as discussed above, an increase in the life expectancy
of SOXD patients due to curation of the cerebral phenotype might result in an increased
manifestation of hon-cerebral impairments including the skin, assuming a different pace for
the development of symptoms in humans and mice due to their physiological varieties.
Therefore, investigation of the skin phenotype in mice could provide valuable insights into

any possible skin symptoms in human patients.

5.10 Conclusion

In summary, the findings of the current study emphasize the great complexity of murine
SOXD and strongly suggest the co-existence of not only a single, but multiple underlying
sulfite- and H.S-mediated pathomechanisms causing the severe phenotype that develops
within the first days of life. In addition, this work proved the manifestation of a postnatal

epidermal phenotype in Suox” mice, which is characterized by hyperproliferation and
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defective terminal differentiation presumably resulting in epidermal barrier disruption during
further disease progression. Hence, in agreement with the preliminary results obtained in
this study, a treatment strategy focusing on reconstitution of SOX activity to allow reduction
of all sulfur metabolites accumulating in SOXD, thus preventing multi-organ damage, will
be the most promising candidate for future studies. As this general approach does not focus
on single aspects of the disease mechanism, studies will provide valuable insights for the
subsequent development of a treatment strategy applicable for human SOXD and
presumably also MoCD patients.
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5.12 Supplementary Information

A

Ctrl Suox”-

Supplementary Figure 1: Experimental analysis of epidermal outside-in and inside-out barrier function

in Suox™ mice.

(A) Toluidine blue staining assay of Suox” and control mice at P5.5 to assess epidermal outside-in barrier
function was performed as described earlier (Ding et al., 2016). (B) TEWL was measured using a Tewameter®
at P5.5 to assess epidermal inside-out barrier function. Each data point represents the average TEWL of one

mouse in 60 s.
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