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Abstract

Abstract

Aging is associated with a variety of common disorders such as cancer, diabetes,
neurodegenerative, or cardiovascular diseases. Consequently, the steady expansion of the
older population raises a dramatic global concern regarding health issues. The aging process
is accompanied by multiple metabolic changes which contribute to the physiological decline
and manipulation of relevant pathways is sufficient to extend lifespan. Therefore, it is critical
to further elucidate how nutrient signaling is interconnected to the metabolic regulation of aging
and thereby identify novel druggable targets.

The hexosamine biosynthetic pathway (HBP) is a nutrient-sensing pathway that consumes
fructose, glutamine, acetyl-CoA, and UTP to generate UDP-GIcNAc, an essential precursor
for post-translational protein glycosylation. Thus, the HBP is optimally positioned to integrate
signals from diverse metabolic pathways and its manipulation is likely to influence the overall
metabolic state. The HBP is controlled by its rate-limiting enzyme glutamine
fructose-6-phosphate amidotransferase (GFAT) that is feedback inhibited by UDP-GIcNAc.
While HBP regulation by GFAT is well-studied, other HBP regulators remain obscure. Elevated
UDP-GIcNAc levels can counteract toxicity induced by tunicamycin (TM), a potent
glycosylation inhibitor. Therefore, TM resistance is a suitable proxy for elevated UDP-GICNAc
levels and thus, HBP activity. In order to identify novel regulators of the HBP, we performed
an unbiased TM resistance screen in haploid mouse embryonic stem cells (MESCs) using
random chemical mutagenesis. We identified multiple loss-of-function mutations in the
enzyme N-acetylglucosamine deacetylase (AMDHD?2) that catalyzes a reverse reaction in the
HBP. By solving the crystal structure of human AMDHD2, we found that loss-of-function is
caused by impaired protein stability and catalytic activity. Finally, we showed that AN3-12
MESCs express AMDHD?2 together with GFAT2 instead of the more common GFAT1. GFAT2
is less susceptible to UDP-GIcNAc inhibition compared to GFAT1, explaining how loss of
AMDHD2 elevates HBP flux. This specialized HBP configuration, characterized by
co-expression of AMDHD2 and GFAT2, was also observed in other mESCs. Consistently, we
confirmed a decreased GFAT2:GFAT1 ratio upon differentiation of mouse and human ESCs.
The relevance of this specific HBP regulation for ESC fate decisions was reinforced by
embryonic lethality of homozygous AMDHD2 K.O. mice. Together, this work reveals a critical
function of AMDHD?2 in balancing UDP-GIcNAc levels in cells that use GFAT2 for metabolite
entry into the HBP, which potentially serves as a metabolic adaptation for distinct
nutrient-requirements. Overall, the crucial role for AMDHD2 in HBP regulation offers novel

approaches for the development of therapeutic agents to tackle age-related diseases.



Zusammenfassung

Zusammenfassung

Das Altern ist mit einer Vielzahl von Volkskrankheiten verbunden wie Krebs, Diabetes,
neurodegenerativen oder kardiovaskularen Erkrankungen. Folglich stellt der stetig
zunehmende Anteil an alteren Menschen ein dramatisches weltweites Gesundheitsproblem
dar. Der Alterungsprozess wird von zahlreichen metabolischen Veranderungen begleitet, die
zum physiologischen Verfall beitragen und eine Manipulation der relevanten
Stoffwechselwege reicht aus, um die Lebensspanne zu verlangern. Daher ist es von
entscheidender Bedeutung, tiefgehender aufzuklaren, wie die Nahrstoffsignaliibertragung mit
der metabolischen Regulation des Alterns zusammenhangt, um dadurch neue Angriffspunkte
fur die Entwicklung von Medikamenten zu identifizieren.

Der Hexosamin-Biosyntheseweg (HBW) ist ein nahrstoffsensitiver Stoffwechselweg, der
Fruktose, Glutamin, Acetyl-CoA und UTP verbraucht, um UDP-GICNAc zu erzeugen, ein
essentielles Vorprodukt fur die posttranslationale Proteinglykosylierung. Somit ist der HBW
optimal positioniert, um Signale aus verschiedenen Stoffwechselwegen zu vernetzen und
seine Manipulation kann wahrscheinlich den gesamten Stoffwechselzustand beeinflussen.
Der HBW wird durch sein Reaktionsgeschwindigkeit-bestimmende  Enzym
Glutamin-Fruktose-6-Phosphat-Amidotransferase ~ (GFAT)  kontrolliert, das  durch
UDP-GIcNAc riickkoppelnd gehemmt wird. Wahrend die HBW-Regulation durch GFAT gut
untersucht ist, bleiben andere HBW-Regulatoren unerforscht. Erhéhte UDP-GIcNAc-Spiegel
kénnen der durch Tunicamycin (TM), einem potenten Glykosylierungsinhibitor, ausgelésten
Toxizitat entgegenwirken. Daher ist eine TM-Resistenz ein geeigneter Indikator fir erhdhte
UDP-GIcNAc-Spiegel und damit fir die HBW-Aktivitat. Um neue Regulatoren des HBW zu
identifizieren, haben wir einen unvoreingenommenen TM-Resistenz-Screen in haploiden
murinen embryonalen Stammzellen (mMES-Zellen) mittels chemischer Zufallsmutagenese
durchgefuhrt. Wir konnten mehrere Mutationen identifizieren, die zu einem Funktionsverlust
in dem Enzym N-Acetylglukosamin-Deazetylase (AMDHD2) fuhren, welches eine
Ruckreaktion im HBW katalysiert. Durch die Auflésung der Kristallstruktur des humanen
AMDHD2 fanden wir heraus, dass der Funktionsverlust durch eine beeintrachtigte
Proteinstabilitdt und reduzierte katalytische Aktivitat verursacht wird. Schlie3lich konnten wir
zeigen, dass AN3-12 mES-Zellen AMDHD2 zusammen mit GFAT2 anstelle des haufiger
vorkommenden GFAT1 exprimieren. GFAT2 ist im Vergleich zu GFAT1 weniger anfallig fur
eine UDP-GIcNAc-Inhibition, was erklart, wie der Verlust von AMDHD2 die HBW-Aktivitat
erhdht. Diese spezialisierte HBW-Konfiguration, charakterisiert durch die Koexpression von
AMDHD2 und GFATZ2, wurde auch in anderen mES-Zellen beobachtet. Ubereinstimmend
konnten wir ein vermindertes GFAT2:GFAT1-Verhaltnis wahrend der Differenzierung von



Zusammenfassung

murinen und humanen ES-Zellen zeigen. Die Relevanz dieser spezifischen HBW-Regulation
fur die Schicksalsentscheidungen von ES-Zellen wurde durch die embryonale Letalitat von
homozygoten AMDHD2 K.O.-M&usen verstarkt. Zusammenfassend verdeutlicht diese Arbeit
eine kritische Funktion von AMDHD2 beim Aufrechterhalten der UDP-GIcNAc-Spiegel in
Zellen, die GFAT2 fir den Metabolit-Eintritt in die HBW verwenden, was mdglicherweise als
metabolische Anpassung an unterschiedliche Nahrstoffanforderungen dient. Insgesamt bietet
die wesentliche Rolle von AMDHD2 bei der HBW-Regulation neue Ansatze fur die

Entwicklung von Therapeutika zur Bekdmpfung altersbedingter Krankheiten.
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1 Introduction

1.1 The aging process

Aging is a complex phenotype which can be defined as the inevitable and time-dependent
functional impairment of tissues and organs (L6pez-Otin et al. 2013). This not only leads
to a decline in the ability to manage daily life, but also builds the major risk for a wide
variety of common disorders as cancer, diabetes, neurodegenerative, or cardiovascular
diseases (Kaeberlein 2013). It is supposed that the aging mechanism is driven by
dysfunctions on a cellular level, which result in the accumulation of damage with age.
Besides environmental influences, recent publications provide evidence that aging is also
modulated by genetic factors. For example, longevity as an inherited trait is of growing
interest and many human studies could already estimate heritability of longevity based on
pedigree data (van den Berg et al. 2017; Kaplanis et al. 2018; Partridge, Deelen, and
Slagboom 2018). Additionally, single-gene mutations in highly conserved pathways
regulating nutrient sensing, energy metabolism, or reproduction can affect lifespan in
different model organisms (Vijg and Campisi 2008; Kenyon 2005). In line with that,
mutations in single genes can also result in premature aging phenotypes, manifesting
already early in life (Burla et al. 2018; Martin and Oshima 2000). However, the deep
understanding of aging and its underlying molecular mechanisms is still incomplete and a

currently emerging field in science.

1.1.1 The aging population: An age-old problem needs new insight

Although aging is a phenomenon that has fascinated people already since beginning of
humankind, unraveling the aging process in a molecular context just started approximately
30 years ago with the identification of the first long-lived
Caenorhabditis elegans (C. elegans) strain (Klass 1983). The increase in life expectancy
in parallel to decreasing fertility rates accelerated the speed of population aging globally
(Harper and Leeson 2008). In most developed countries, life expectancy has doubled
within the last two centuries (Oeppen and Vaupel 2002). Not only better living conditions,
but also the improved healthcare system could reduce early mortality and therefore extend
longevity (Vaupel et al. 1998). Along with this, also the overall body function with older
ages, including cognitive and physical aspects, has improved (Christensen et al. 2013;

Zeng et al. 2017). However, the onset of morbidity and most health issues has not
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extended to the same degree as lifespan (Crimmins 2015). Due to this discrepancy, on
average people have to suffer 16-20% of their life from age-related morbidity (Jagger et
al. 2008). This state includes the impairment of motor and cognitive functions as well as
the accumulation of age-related disease conditions like cancer, neurodegenerative
diseases, diabetes type II, and cardiovascular disorders (Niccoli and Partridge 2012).
Moreover, it is predicted that the extension in longevity will continue. It is expected that
the population above 60 years (current fraction 17%) will double within the next thirty
years, resulting in every third person falling into this category (MitreCi¢ et al. 2020). This
aging of the population is a dramatic global challenge in economic, social, and especially
medical regard. Therefore, it is of fundamental importance to also increase the
disease-free lifespan (health span) and delay the onset of dysfunctional conditions and
disabilities. In order to extend healthy life years, however, the understanding of the cellular

mechanisms of aging requires further investigation.

1.1.2 Universal hallmarks of aging

In the fundamental work from LoOpez-Otin et al. (2013) nine different molecular
mechanisms of the aging process were outlined and defined as the hallmarks of aging. All
of them share the manifestation during normal aging and their experimental manipulation
can alter the onset as well as the progress of aging. These nine hallmarks, that together
modulate and define the aging phenotype, are: genomic instability, telomere attrition,
epigenetic alterations, loss of protein homeostasis, deregulated nutrient-sensing,
mitochondrial dysfunction, cellular senescence, stem cell exhaustion, and altered
intercellular communication (Figure 1A). Furthermore, these hallmarks can be categorized
into three layers, according to their time of onset. While the primary hallmarks are the
cause for cellular damage, the antagonistic hallmarks react to this first impulse and aim to
prevent further impairment. Therefore, these responding hallmarks are protective at low
levels but an excess and chronic activity can be deleterious for health. Ultimately, the
persistent accumulation of damage can induce the integrative hallmarks that contribute to
the aging phenotype directly by provoking tissue dysfunctionality (Figure 1B). Notably, the
hallmarks cannot be strictly separated, but can be interconnected and co-occur in some
diseases like cancer. Taken together, all these cellular processes can influence the onset
as well as the severeness of the age-related morbidity in elderly. Therefore, understanding

the detailed molecular mechanism of the aging hallmarks is essential and can help to
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identify potential drug targets that may delay aging and improve health span of the steadily

growing aging population.
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Figure 1: The universal hallmarks of aging. (A) Schematic representation of the nine hallmarks
of aging: genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis,
deregulated nutrient sensing, mitochondrial dysfunction, cellular senescence, stem cell
exhaustion, and altered intercellular communication. (B) The nine hallmarks can be clustered in
three categories, which are functionally interconnected: primary hallmarks, antagonistic hallmarks,
and integrative hallmarks (modified from Lépez-Otin et al., 2013).
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1.2 The hexosamine biosynthetic pathway

Previously, it was shown that activation of the hexosamine biosynthetic pathway (HBP) is
able to improve protein homeostasis and thereby can extend lifespan in C. elegans
(Denzel et al. 2014). The HBP is an anabolic sub-branch of glycolysis, consuming about
2-3% of cellular glucose in order to produce uridine 5’-diphosphate-N-acetyl-
D-glucosamine (UDP-GIcNAc) (Marshall, Bacote, and Traxinger 1991; Ghosh et al. 1960).
Synthesis of this amino sugar occurs in four consecutive enzymatic reactions (Figure 2).
In the first and rate-limiting step of the HBP, glutamine fructose-6-phosphate
amidotransferase (GFAT) catalyses the conversion of fructose-6-phosphate (Frc6P) and
L-glutamine (L-GIn) to D-glucosamine-6-phosphate (GIcN6P) (Ghosh et al. 1960). In
mammals two GFAT paralogs (GFAT1 and GFAT2) exist which share 75-80% amino acid
sequence identity (Oki et al. 1999). Notably, GIcN6P can be reversed to Frc6P by the
counteracting enzymes glucosamine-6-phosphate deaminase 1 and 2 (GNPDA1/2),
thereby shunting metabolites back into glycolysis (Arreola et al. 2003). In the second step
of the HBP, glucosamine-6-phosphate N-acetyltransferase (GNA1l) produces
N-acetylglucosamine-6-phosphate (GIcNAc6P) using GICN6P and acetyl-CoA as the
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acetyl donor (Wang et al. 2008). This reaction is also assumed to be reversible due to
deacetylation of GICNACc6P by the hitherto uncharacterized enzyme N-acetylglucosamine-
6-phosphate deacetylase (AMDHD?2) (Bergfeld et al. 2012; Weidanz et al. 1996). Of note,
following catabolism of existing glycoconjugates or N-acetylglucosamine (GICNACc)
supplementation, GIcNAc can enter the HBP upon phosphorylation by GIcNAc kinase
(NAGK) at this stage, and can thereby bypass GFAT (salvage pathway) (Schachter 1978).
The followed isomerization into GIcCNAc-1-phosphate (GICNAc1P) is mediated by the
enzyme phosphoglucomutase 3 (PGM3) (Ricciardiello et al. 2018). In a final step,
UDP-N-acetylglucosamine pyrophosphorylase (UAP1) consumes UTP to ultimately
synthesize the end product UDP-GIcNAc (Mio et al. 1998).

hexosamine
pathway

Gle Glc6P Frc6P — glycolysis

Gin NH,
GFAT1/GFAT2 > ( GNPDA1/GNPDA2
Glu H,0

GlcN6P
Ac-CoA Ac-O

GNA1 > ( AMDHD2
H,0

CoA
GlcNACBP <4=——— GIcNAC
NAGK

PGM3
GIcNAc1P
P
ut Sugar metabolism
UAP1 .
Amino acid metabolism
== Fatty acid metabolism

UDP-GIcNAc qﬂc— UDP-GalNAc Nucleotide metabolism

UDP-HexNAc

Figure 2: The hexosamine biosynthetic pathway. The HBP (blue box) generates UDP-GIcNAc
and UDP-GalNAc (combination of both products is termed UDP-HexNAc) in multiple enzymatic
steps. For the synthesis carbohydrates (blue), amino acids (green), fatty acids (red) and
nucleotides (purple) are required. GFAT can be feedback inhibited by UDP-GIcNAc and to a minor
extend by UDP-GalNAc (red arrow). GFAT: glutamine fructose-6-phosphate amidotransferase,
GNPDA: glucosamine-6-phosphate  deaminase, GNALl: glucosamine-6-phosphate  N-
acetyltransferase, AMDHD?2: N-acetylglucosamine-6-phosphate deacetylase, NAGK: N-acetyl-D-
glucosamine kinase, PGM3: phosphoglucomutase 3, UAP1l: UDP-N-acetylglucosamine
pyrophosphorylase, GALE: UDP-galactose-4’-epimerase.

Worth mentioning, UDP-GICNAc can be reversibly interconverted to its epimer uridine
5’-diphosphate-N-acetyl-D-galactosamine (UDP-GalNAc) by the enzyme
UDP-galactose-4’-epimerase (GALE) and the combination of both products is termed
UDP-HexNAc (Thoden et al. 2001). Concentrations of UDP-GIcNAc (and to a lesser
extend UDP-GalNAc) can inhibit enzyme activity of the rate-limiting enzyme GFAT1,
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consequently, building a feedback loop that controls HBP activity (Ruegenberg et al.
2020b). This feedback inhibition seems to differ in GFAT2, since N-terminally tagged
protein can only be moderately inhibited by 15% compared to GFAT1 (Hu et al. 2004).
The HBP is the only source to produce the high energy molecule UDP-GIcNAc and relies
on substrates from all big metabolic hubs: carbon-, nitrogen-, fatty acid-, and nucleotide
metabolism. Therefore, the HBP is optimally positioned as a metabolic sensor that can
transmit  downstream  cellular  signalling  through UDP-GIcNAc-dependent

post-translational modifications (PTMs).

1.2.1 Regulation of the HBP

Regulation of HBP activity can occur on different levels. As already mentioned above,
de novo synthesis of UDP-GIcNAc depends on glucose, glutamine, acetyl-CoA, and UTP
levels; thus, the availability of those substrates can impact HBP flux. For instance,
intracellular glucose levels, altered by glucose excess or deprivation in the media, was
reported to have a positive correlation with UDP-GICNAc levels (Nakajima et al. 2010;
Abdel Rahman et al. 2013). Besides glucose availability, also D-glucosamine (GIcN)
supplementation was sufficient to increase HBP flux (Marshall, Nadeau, and Yamasaki
2004). GlIcN is converted to GIcN6P by hexokinase (HK) and can enter the HBP
downstream of its rate-limiting enzyme GFATL1. However, it was shown that GICN6P can
also act as a moderate inhibitor of GFAT1, limiting GIcN’s activating function (Grigorian et
al. 2007). Additionally, GIcNAc can enter the HBP downstream of GFAT1 upon
phosphorylation to GICNAc6P by GIcNAc kinase (NAGK). Thereby, entry of GICNAc into
the HBP can circumvent UDP-GIcNAc inhibition of GFATL, resulting in a more potent
activation than Glc or GIcN (Grigorian et al. 2007; Broschat et al. 2002). In contrast to
GlIcN, GIcNAc treatment does not influence cellular acetyl-CoA levels, therefore better
representing physiological conditions.

Since GFATL1 is the rate-limiting enzyme of the HBP, it is conceivable that its protein
abundance as well as mutations affecting its activity can also alter HBP flux. Indeed,
overexpression (OE) of GFATL1 is sufficient to increase UDP-GIcNAc levels in C. elegans
and cell culture models like primary murine keratinocytes (Horn et al. 2020; Denzel et al.
2014; Weigert et al. 2001). Comparably, also specific gain-of-function (GOF) mutations in
Gfatl, that were identified in a forward genetic screen in C. elegans, can elevate HBP flux
(Denzel et al. 2014). Of note, introducing the same G451E (dh785 in C. elegans)

substitution into the highly conserved GFAT1 of murine neuro-2a (N2a) cells, is also
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sufficient to boost HBP flux, indicating a similar mechanism in mammals (Horn et al. 2020;
Ruegenberg et al. 2020b).

In sum, HBP activity can be enhanced by substrate availability as well as protein
abundance and activity of its rate-limiting enzyme GFAT1 in different model organisms,

ultimately resulting in increased UDP-GIcNAC levels.

1.2.1.1 Glutamine fructose-6-phosphate amidotransferase 1 and 2

As described in detail above, the first and rate-limiting step of the HBP is catalyzed by
GFAT. Besides the HBP’s key enzyme GFAT1, another cell type-specific paralog exists,
which is called GFAT2. Gfat2 is reported to be mainly expressed in the central nervous
system, whereas Gfatl is ubiquitously expressed with particularly high mRNA abundance
in pancreas, placenta, and testis (Oki et al. 1999). Although, GFAT1 and GFAT2 share
75% amino acid identity, they are clearly separable genes, localized on different
chromosomes (Sayeski, Paterson, and Kudlow 1994; Oki et al. 1999).

Apart from differences in tissue distribution, GFAT1 and GFAT2 can be differentially
regulated by PTMs. GFAT1 contains three known independent phosphorylation sites:
S205, S235, and S243. While S205 and S235 are target sites of CAMP-dependent protein
kinase A (PKA), S243 is phosphorylated by AMP-activated protein kinase (AMPK). Only
S205 (S202 in hGFAT2) and S243 (S244 in hGFAT?2) are conserved in GFAT2, whereas
S235 is missing. However, for S235 no impact on enzyme activity was shown to date
(Chang et al. 2000). In contrast, only recently it was discovered that S205 phosphorylation
by PKA can either have an activating or inhibiting impact on human GFAT1 activity,
depending on intracellular UDP-GIcNAc concentrations (Ruegenberg et al. 2021). For the
AMPK phosphorylation site at S243 the current literature is controversial, since activating
and inhibitory affects were reported (Li, Roux, et al. 2007; Zibrova et al. 2017; Eguchi et
al. 2009). In addition, solely GFAT1 contains a putative ubiquitination site at the Lys48
residue, which is not preserved in GFAT2 and may pinpoint to a different mechanism with
regard to their degradation (Wagner et al. 2011; Akimov et al. 2018). In accordance,
GFAT1 was shown to interact with different E3 ligases and proteasomal components,
further strengthening the hypothesis of an UPS-driven degradation (Kristensen, Gsponer,
and Foster 2012; Wan et al. 2015).

In addition, the sensitivity of GFAT1 and GFAT2 towards UDP-GIcNAc feedback inhibition

seems to differ. One publication claimed that GFATZ2, carrying an N-terminal GST-tag, can
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only be moderately inhibited by 15% compared to GFAT1 (Hu et al. 2004). If the tag can
disturb enzyme activity, however, was not excluded.

To summarize, growing evidence indicates that GFAT1 and GFAT2 underly different
regulatory mechanism, including their expression pattern, activity, and stability. However,
whether these two paralogs indeed display differential roles in HBP regulation remains

elusive.

1.2.1.2 N-acetylglucosamine-6-phosphate deacetylase

AMDHD2 (EC 3.5.1.25) was identified as N-acetylglucosamine-6-phosphatedeacetylase
(NagA) in E. coli due to its hydrolyzing activity of GICNAC6P, ultimately producing GIcN6P
and acetate (White and Pasternak 1967). Although this reaction also occurs in the
‘reverse” step of the HBP, AMDHD?2 is often not integrated into this pathway. Instead,
most knowledge is based on its bacterial and fungal homologs, where it is essential for
the catabolism of cell wall components as peptidoglycans or chitin (Plumbridge 2009; Park
2001; Uehara et al. 2005). Therefore, it was already discussed to be a suitable target for
development of anti-fungal or antibiotic agents (Choi et al. 2013; Swiatek et al. 2012;
Ahangar et al. 2018). In mammals, AMDHD2 was shown to be implicated in generation of
ECM components, potentially affecting melanoma metastasis (Campbell et al. 1990; Qiu
et al. 2015; Oikari et al. 2016). Moreover, mammalian AMDHD2 was described as a crucial
factor for degradation of N-glycolylneuraminic acid (Neu5Gc). Neu5Gc is one of the most
common sialic acid in mammals that often occurs at the terminal position of
glycoconjugates (Bergfeld et al. 2012). Humans are unable to synthesize Neu5Gc
de novo, but can receive and incorporate the molecule upon uptake from dietary sources
(Bardor et al. 2005). Since NeuG5c is sensed as a “foreign” epitope by the human immune
system, an excess uptake or failure in turnover can result in inflammation-based health
issues (Bergfeld et al. 2012; Dhar, Sasmal, and Varki 2019).

Regardless of these facts, mammalian AMDHD2 is a rather unstudied protein and the
knowledge about it is restricted, lacking detailed information about its structure,
expression, localization, or regulation. Amino acid alignments between AMDHD2
homologs revealed a moderate conservation (Supplementary Figure 1). More precisely,
AMDHD2 (isoform 1) exhibits 91% sequence homology with M. musculus, 50% with
C. elegans, 36% with C. albicans, 33% with E. coli, and 33% with B. subtilis.

The first protein structure of bacterial AMDHD2 (NagA) was solved in 2004, using bacterial

protein from B. subtilis (Vincent et al. 2004). Later, also the NagA structure of E. coli was
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reported (Ferreira et al. 2006). In general, the enzyme consists of 2 domains: a
deacetylase domain and a second smaller domain with unknown function (DUF). For
bacterial NagA it is assumes that the DUF is required for protein oligomerization (Ferreira
et al. 2006). Despite a high degree of conservation, the active sites of NagA from E. coli
and B. subtilis differ. While the enzyme activity of E. coli relies on a single Zn ion, B. subtilis
protein requires two Fe ions as co-factor (Hall, Brown, et al. 2007). Moreover, NagA of
B. subtilis seem to act as a dimer, while the enzyme in E. coli rather forms a tetramer.
Structural analysis of eukaryotic AMDHD?2 is still missing, although some studies indicate
the importance of a single divalent cation for proper activity based on the primary amino
acid sequence (Hall, Xiang, et al. 2007). Given the information of bacterial NagA
structures, the Asp273 (Asp294 in human AMDHD?2, isoform 1) as well as the His143
residue (His155 in human AMDHDZ2, isoform 1) are assumed to be important for catalytic
activity (Hall, Xiang, et al. 2007).

Interestingly, substrate binding in the bacterial homologs requires residues of two
monomers, indicating that the oligomerization state can impact affinity and thereby
turnover (Vincent et al. 2004). Moreover, in bacteria, nagA is regulated by an operon
system and co-expressed with nagB, a gene that encodes the enzyme
glucosamine-6-phosphate deaminase (in mammals: GNPDA) (Arreola et al. 2003;
Ferreira et al. 2006). GNPDA mediates the catalysis from GIcN6P to Frc6P, another
reaction of the reverse flux in the HBP. Not only the transcription of this operon but also
the enzymatic activity can be enhanced by the presence of GICNAC6P, indicating a tightly
regulated program for catabolism of HBP metabolites (Alvarez-Afiorve et al. 2011). In
addition, independent interactome studies revealed a putative interaction of AMDHD2 and
GNPDA1/GNDPAZ2 in humans (Rolland et al. 2014; Huttlin et al. 2015). Moreover, there
is evidence that AMDHD2 activity underlies product inhibition by GIcN6P (Campbell,
Laurent, and Roden 1987; Weidanz et al. 1996).

Taking together, AMDHD?2 is a fundamental enzyme for the reverse flux of the HBP, which
seems to be involved in a tightly regulated process of metabolite catabolism, and
therefore, enables metabolite entry into other pathways like glycolysis. However, there is
still information lacking about eukaryotic AMDHD2 and how it regulates the HBP,

potentially affecting whole cell metabolism.
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1.2.2 Physiological relevance of the HBP

The HBP products UDP-GIcNAc and UDP-GalNAc are the precursor molecules for the
synthesis of various biopolymers like chitin, peptidoglycans, and glycosaminoglycans as
well as for several glycosylation events. Glycosylation of proteins is one of the most
common co- or post-translational modification and occurs at around 50% of the eukaryotic
proteome (Apweiler, Hermjakob, and Sharon 1999). Besides influencing protein folding
and turnover, glycans also play a functional role in cell-cell communication and the
modulation of immune responses (Lis and Sharon 1993; Dwek 1996). Additionally, since
UDP-GIcNAc production can reflect the energetic status of a cell by interconnecting
multiple metabolic pathways, it plays a major role in cell signaling in order to respond to
stress and environmental conditions (Figure 2). Therefore, UDP-GIcNAc is involved in the
regulation of many biological processes, impacting a broad spectrum of downstream

physiological consequences.

1.2.2.1 N-linked glycosylation

Besides calcium storage and lipid biosynthesis, the endoplasmic reticulum (ER) is the
compartment where folding and PTM of all secreted and membrane-bound proteins
occurs (Hetz 2012). Asparagine-linked (N-linked) protein glycosylation is one of these
PTMs, which is required for proper protein maturation, quality control as well as mediating
a wide variety of signaling pathways (Parodi 2000). Due to this essential role N-linked
glycosylation evolved in all domains of life. During N-linked glycosylation a pre-assembled
oligosaccharide precursor is transferred to the amide group of an asparagine residue in
the consensus sequence (Asn-X-Ser/Thr) of a target protein (Helenius and Aebi 2004)
(Figure 3A). The assembly of the glycan precursor partially takes place in the cytosol,
while some reactions occur within the ER lumen (Figure 3B). In this process,
dolichol-phosphate (Dol-P), an ER membrane-bound polyisoprenoid lipid, is required for
anchoring and translocation of the sugar complex across the ER membrane by flipping
between the cytosol and the ER lumen (Behrens and Leloir 1970). In a first cytosolic
assembly step, the enzyme UDP-GIcNAc:dolichol-P GIcNAc-1P transferase (GPT)
transfers GIcNAc1P derived from UDP-GIcNAc to Dol-P. This reaction is essential for
N-glycosylation and can be inhibited by the toxin tunicamycin (TM) (Takatsuki, Arima, and
Tamura 1971). TM is a mixture of homologous nucleoside antibiotics with structural

similarity to UDP-GIcNAc, resulting in a competitive inhibition of GPT (Tkacz and Lampen
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1975). During the second step of the oligosaccharide assembly, another GIcNAc and five
mannose residues are added to GICcNAc1lP. The whole construct is flipped from the
cytosolic to the ER luminal face, where the final addition of four mannoses and three
glucose molecules takes place. The completed 14 residue oligosaccharide donor
(GlcsMang(GIcNAc)2) is transferred en bloc to an asparagine residue of nascent
polypeptide chains, catalyzed by the key enzyme oligosaccharyltransferase (OST)
(Silberstein and Gilmore 1996). This transmission of the polysaccharide-complex to the
target protein can either occur co-translationally or post-translationally. The glucose
molecules play a pivotal role in quality control of newly synthesized glycoproteins within
the ER, in a lectin-dependent manner (Helenius, Aebi, and Markus 2001). Upon removal
of the two outermost glucose residues by glucosidases I/ll, the mono-glucosylated
proteins are substrates for the ER-specific chaperones calnexin and calreticulin (Vembar
and Brodsky 2008). Binding of these chaperones assists efficient protein folding in two
ways: on the one hand they prevent aggregation of unfolded proteins and on the other
hand un- or misfolded proteins are retained within the ER to increase their chance of
proper folding (Hebert, Foellmer, and Helenius 1996; Rajagopalan, Xu, and Brenner
1994). Upon removal of the final glucose and a mannose molecule, the native protein can
be exported to the cytosol or to the Golgi apparatus for further processing (Helenius, Aebi,
and Markus 2001). In case un- or misfolded proteins are released from the
calnexin/calreticulin cycle, such proteins can either undergo an additional cycle of lectin
binding or they can be targeted for ER-associated degradation (ERAD) in the cytosol
(Hosokawa et al. 2001). Moreover, N-glycosylation can enhance thermodynamic stability
and increases stability of target proteins (Schroder and Kaufman 2005; Wyss et al. 1995).
Since N-linked glycosylation can influence protein homeostasis on many different levels,
perturbation of this PTM, as induced for example by TM treatment, causes protein
misfolding within the ER (ER stress). In order to cope with ER stress and to re-maintain
protein homeostasis, as a response a subset of specific target genes is expressed by the
ER unfolded protein response (UPRER) (Kozutsumi et al. 1988). Summarizing, N-linked
glycosylation is an essential and UDP-GIcNAc-dependent protein modification, which is
not only required for proper protein folding, but also contributes to protein stability and

localization, thereby playing a significant role in protein homeostasis.
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Figure 3: Schematic representation of N-linked glycosylation. (A) The precursor
oligosaccharide consists of 2x N-acetylglucosamine (GIcNAc), 9x mannose and 3x glucose
molecules. The complex is transferred to the consensus sequence Asn-X-Ser/Thr of target
peptides. Terminal glucose and a mannose molecule can be removed by glucosidase I/l and ER
a-mannosidase |. (B) Oligosaccharide synthesis starts in the cytosol by addition of GIcNAc-1P
derived from UDP-GIcNAc to the Dolichol-P anchor. This initial step is catalyzed by
UDP-GIcNAc:dolichol-P GIcNACc1P transferase (GPT), which can be inhibited by tunicamycin (TM).
In a second step another GIcNAc and 5 mannose molecules are added. After the whole construct
is flipped to the ER lumen, further addition of 4x mannose and 3x glucose molecules occurs before
the whole construct is transferred to the nascent polypeptide chain, which is catalyzed by
oligosaccharyltransferase (OST). Upon transfer, the glycan is trimmed and processed. Properly
folded proteins can be exported to the cytosol or transported to the Golgi apparatus for further
processing (modified from Helenius et al., 2001).

1.2.2.2 O-GIcNAcylation

O-GlIcNAcylation is another dynamic type of PTM that includes the attachment of a single
GIcNAc moiety to the hydroxyl group of a serine (Ser) or threonine (Thr) residue of
cytoplasmic, nuclear or mitochondrial target proteins (Hart 1997) (Figure 4). Since the high
energetic molecule UDP-GICNAc serves as a donor, O-GIcNAcylation acts as a perfect
molecular sensor that can transmit downstream signaling according to the cellular nutrient
status or upon different stressors. Thus, the abundance of O-GIcNAcylation can reflect

metabolic dynamics within a cell and rapidly adjusts cellular processes according to the
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metabolic status. In contrast to phosphorylation, where several kinases catalyze the
addition of a phosphate group, the transfer of the GIcNAc moiety is transferred by only
one enzyme called O-GIcNAc transferase (OGT) (Haltiwanger, Holt, and Hart 1990)
(Figure 4). In addition, the hydrolysis-driven removal of GICNAc is catalyzed by a single
enzyme, O-GlcNAcase (OGA) (Braidman et al. 1974). Thus, this highly important protein
modification is regulated by only two enzymes, which are essential and highly conserved

among different species (Lubas et al. 1997; Gao et al. 2001).
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Figure 4: Schematic representation of O-GIcNAcylation and its functional outputs. The HBP
product UDP-GIcNAC serves as the substrate for O-GIcNAc modifications. The transfer of a single
GIcNAc moiety to the hydroxyl group (OH) of a Ser/Thr residue of the target protein is catalyzed
by O-GIcNAc transferase (OGT), while the cleavage is mediated by O-GIcNAcase (OGA).
O-GlIcNAcylation of target proteins can regulate diverse functional downstream processes.

The exact mechanisms how OGT and OGA alone are able to recognize specifically the
complete O-GIcNAc proteome is still under investigation. For OGT, it was shown that is
does not rely on a specific consensus sequence for target recognition, but rather uses
active site contacts with the backbone of its substrates (Lazarus et al. 2011). Moreover, it
is assumed that the amino acid context surrounding the target Ser/Thr residue can
influence OGT substrate selection (Pathak et al. 2015). Additionally, the N-terminal
tetratricopeptide repeats (TPR) domain of OGT potentially contributes to target recognition
by unveiling access to the active site upon a conformational change, when interacting with
target proteins (Yang, Zhang, and Kudlow 2002; Lazarus et al. 2013). Another possibility
could be the usage of adaptor proteins which specifically recruit and mediate the
interaction of OGT with its target substrates in a context-specific manner (Cheung and
Hart 2008; Ruan et al. 2012). Additionally, there is growing evidence that OGT prefers

substrates with flexible regions that occur in unstructured regions of un- or misfolded
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proteins. Consistently, O-GlcNAcylation seems to be involved in the response to
proteotoxic stress (Yang and Qian 2017). OGA, in contrast, most likely interacts directly
with the GIcNAc moiety and not with the substrate protein, although the peptide sequence
around the glycosylation site can influence OGA efficiency (Schimpl et al. 2012). Similarly,
as for phosphorylation, OGT rather confers the substrate specificity while OGA seems to
show substrate promiscuity analog to phosphatases.

In general, it is well-described that a crosstalk of O-GlcNAcylation and other PTMs exists.
For example, O-GIcNAc and phosphorylation can occur mutually exclusive at the same
Ser/Thr residue of target proteins, like it is known for Tau (Yuzwa et al. 2008). In addition,
O-GIcNAc madifications can influence phosphorylation events in their close proximity and
vice versa (van der Laarse, Leney, and Heck 2018). Besides the interplay with
phosphorylation, O-GIcNAcylation can also influence other PTMs like ubiquitination,
acetylation, or methylation (Ruan, Nie, and Yang 2013; Dehennaut, Leprince, and
Lefebvre 2014). Comparable to other PTMs, O-GIcNAcylation can impact several cellular
downstream pathways and interconnection with other PTMs can even broaden the
repertoire of target processes. As a matter of fact, O-GIcNAcylation was shown to be
involved in chromatin remodeling, regulation of gene transcription, translation, protein
solubility, stability, activity, and localization (Bond and Hanover 2015). Therefore, it plays
a major role in plenty of cellular functions like epigenetics, cell metabolism, proliferation,
differentiation, signaling, apoptosis, and protein homeostasis, among others (Ong, Han,
and Yang 2018) (Figure 4). Since O-GIcNAc modifications and the corresponding
downstream pathways are of essential importance and have to be adjusted rapidly
according to external signals, the O-GIcNAcylation cycle has to be tightly regulated.
Therefore, a multilayered regulatory mechanism has evolved to maintain O-GIcNAc
homeostasis in an optimal range. UDP-GICNAc serves as a direct precursor for
O-GlIcNAcylation. Consequently, altered substrate concentrations due to changes in
nutrient availability and HBP activity can influence O-GIcNAcylation, resulting in hypo- or
hyper-O-GIcNAcylation (Shen et al. 2012; Taylor et al. 2008). However, substrate
concentrations are not always in a linear relationship with O-GIcNAcylation, indicating
additional regulatory mechanisms (Ruan et al. 2012; Taylor et al. 2009). Consistently, it
is well-studied that OGT and OGA expression are mutually linked and show compensatory
modulation. Upon OGT knockdown or inhibition, also OGA levels are reduced to maintain
O-GIcNAc homeostasis (Kazemi et al. 2010). This compensatory downregulation of OGA
seems to be regulated mainly on a transcriptional level. A recent publication raises the

possibility of an additional regulation driven by an epigenetic mechanism (Lin et al. 2021).
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Conversely, compound-based inhibition of OGA results in reduced OGT expression in
parallel to increased OGA levels (Zhang et al. 2014). In contrast to OGA regulation, OGT
regulation rather seems to occur in a post-transcriptional manner. A recent study could
show enhanced translation of OGT upon OGA inhibition using the potent inhibitor Thiamet
G (Lin et al. 2021). Discordantly, however, also transcriptional regulation of OGT was
reported, indicating different mechanisms depending on the cellular context (Qian et al.
2018). In addition, OGA and OGT can be O-GIcNAcylated themselves which can alter
their stability, assuming a regulatory feedback loop (Khidekel et al. 2007). Latest studies
identified intron-retention, induced upon alterations in O-GIcNAc levels, which can impact
OGT and OGA availability (Park et al. 2017; Tan et al. 2020). Altogether, O-GIcNAcylation
is a stress- and nutrient-responsive PTM, which is important to coordinate vital cellular
processes such as epigenetics, protein homeostasis, cell survival and cell signaling.
Therefore, a complex and fine-tuned regulatory mechanism, including mutual regulation
of OGA and OGT, has evolved to preserve O-GIcNAc levels in an optimal zone and

prevent cellular dysfunction.

1.2.2.3 Other functional outputs of the HBP

UDP-GIcNAc is not only the precursor for O-GlcNAcylation and N-linked glycosylation, but
also for a third type of PTM called O-linked glycosylation. In contrast to N-linked
glycosylation, in this case the polysaccharide is linked to the hydroxyl group of a Ser/Thr
residue (Hounsell, Davies, and Renouf 1996). Mucin-type O-glycosylation is a subtype of
O-linked glycosylation, which consists of glycans attached to the target protein linked by
a GalNAc molecule (Bennett et al. 2012). This type of glycosylation mainly occurs in the
Golgi apparatus, after the mature proteins have left the ER (Gill, Clausen, and Bard 2011).
In an initial reaction UDP-GalNAc serves as a donor for GalNAc, which is transferred to
the target protein (Weissmann and Hinrichsen 1969). Transmitting of this first GalNAc
moiety is the pre-requirement for further addition of multiple carbohydrates, which results
in very complex and versatile branched polysaccharide structures. Upon completion of
O-glycosylation, the target protein is protected from proteolytic degradation and
consequently stabilized (Kozarsky, Kingsley, and Krieger 1988). Moreover, O-linked
glycosylation plays a significant role in recognition, adhesion, and communication
between cells, as well as with their surrounding environment. Thus, alterations in
O-glycosylation levels were previously connected with different types of cancer

development like colon or breast cancer (Brockhausen 2006). In addition, there is
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evidence that O-glycans have a pivotal function during embryogenesis in different
organisms like Drosophila melanogaster (D. melanogaster) and mammals (Zhang, Tran,
and Ten Hagen 2010; Tian, Hoffman, and Ten Hagen 2012). Finally, besides N-glycans,
also O-glycans have crucial importance in immunity by being involved in
antigen-presenting and thus, mediating inflammation (Petersen, Purcell, and Rossjohn
2009; Werdelin, Meldal, and Jensen 2002; Larsson et al. 2011).

Apart from the different glycosylation events, UDP-GICNAc/UDP-GalNAc are important
molecules for the synthesis of diverse essential polymers (Figure 5). The extracellular
matrix (ECM) is a non-cellular component that surrounds all cells, composed of different
macromolecules including proteins like collagen, proteoglycans, and cell-binding
glycoproteins (Hynes and Naba 2012). Together, these components build a mechanical
scaffold, and in parallel can influence cell physiology by controlling cell migration,
adhesion, proliferation, differentiation, and apoptosis (Lu et al. 2011). Proteoglycans are
proteins with attached glycosaminoglycan (GAG) chains, which in turn are
polysaccharides composed of repetitive disaccharide units (Lindahl 2014). Since,
UDP-GIcNAc and UDP-GalNAc belong to the main components of GAGs, their
abundance does also influence ECM composition and its downstream functional
consequences.

Another polysaccharide that requires HBP metabolites for its synthesis is chitin, which is
the second most abundant biopolymer in nature (Tharanathan and Kittur 2003). It is a
homopolymer solely consisting of GICNAc, that is essential for cell walls of fungi and
arthropods. Additionally, GIcNAc together with N-acetylmuramic acid (MurNAc) are the
precursor molecules for peptidoglycan synthesis, which is the key component in the cell
wall of nearly all bacteria. Therefore, the HBP is of especial importance in fungi and
bacteria and it is considered as target for many antifungal agents and antibiotics (Munro
and Gow 2001; Swiatek et al. 2012; Yamada-Okabe et al. 2001).

Apart from proteins and polysaccharide structures, also lipids can be glycosylated. For
example, glycosphingolipids (GSLs) are composed of a ceramide lipophilic backbone with
complex glycans, including GIcNAc and GalNAc, attached to it (Merrill 2011). They are
located in the plasma membrane and are required to transmit extracellular signals by
inducing intracellular cascades. One of the most prominent processes regulated by GSLs
is the epidermal growth factor receptor (EGFR) signaling pathway, which is important for
the regulation of cell growth (Coskun et al. 2011; Hanai et al. 1988). Additionally, previous

reports have already outlined the central role of GSLs in developmental processes in
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different model organisms, and alterations in GSL compositions can promote
developmental disorders in human (Sheikh et al. 1999; Yamashita et al. 1999).

In sum, the HBP generates precursors for versatile PTMs and for the synthesis of plenty
polysaccharide-containing structures (Figure 5). Thus, it is plausible that alterations of
HBP flux can influence multiple downstream processes and have an impact on
physiological consequences on many different levels.
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Figure 5: The hexosamine biosynthetic pathway and its multiple functional outputs.
UDP-HexNAc can be used as a precursor for different glycosylation reactions including
N-glycosylation, O-glycosylation, and O-GIcNAcylation. UDP-GIcNAc:dolichol-P GIcNAc-1-P
transferase (GPT, N-glycosylation) can be inhibited by TM treatment (red arrow). Moreover,
UDP-HexNAc is required for synthesis of proteoglycans and other glycoconjugates.
TM: tunicamycin, GPT: UDP-GIcNAc:dolichol-P GIcNAc-1P transferase,
GALE: UDP-galactose-4’-epimerase.

1.2.3 Crosstalk of the HBP and other metabolic pathways

As the HBP is a nutrient-responsive pathway that depends on the consumption of
carbohydrates, amino acids, lipids, and nucleotides it is not surprising that it serves as an
integrator of diverse fundamental metabolic pathways. Since it metabolizes about 2-3% of
intracellular glucose, it is directly linked to glycolysis (Marshall, Bacote, and Traxinger
1991). Glycolysis is a liner cytoplasmic pathway that is essential for catabolism of glucose,
in order to generate reduced nicotinamide adenine dinucleotide (NADH) and energy in
form of adenosine 5’-triphosphate (ATP) (Lunt and Vander Heiden 2011). Upon entry of
glucose into the cell via specific glucose transporters (GLUT1,3,4), it is trapped by
phosphorylation catalyzed by hexokinase (HK) in an ATP-dependent manner (Figure 6).
The enzyme phosphoglucose isomerase (PGI) converts GIc6P in a second step into

fructose-6-phosphate (Frc6P), which is either further metabolized in several steps into
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pyruvate during glycolysis or can enter the HBP at this stage. Under aerobic conditions
pyruvate and NADH are transported into mitochondria, where the tricarboxylic acid (TCA)
cycle takes place. Pyruvate dehydrogenase (PDH) is required for oxidative
decarboxylation of pyruvate, resulting in acetyl coenzyme A (acetyl-CoA) production which
subsequentially can enter the TCA cycle to generate more NADH and reduced flavin
adenine dinucleotide (FADHZ2). During the electron transport chain (ETC) these reducing
equivalents are essential to establish a proton gradient across the inner mitochondrial
membrane. Of note, oxygen is used as the terminal electron acceptor for the ETC. The
proton gradient is ultimately utilized by ATP-synthase to generate ATP. Since this process,
also known as oxidative phosphorylation (OXPHOS), relies on oxygen availability, under
anaerobic conditions lactate dehydrogenase (LDH) is used to metabolize pyruvate into
lactate and NAD+ from NADH (Goldblatt and Cameron 1953). This alternative pathway
ensures energy production under hypoxic conditions and is called anaerobic glycolysis.
Apart from that, glucose is not only catabolized during glycolysis but can also enter the
pentose phosphate pathway (PPP) as GIc6P (Wamelink, Struys, and Jakobs 2008)
(Figure 6). The pathway can be splitted into two steps: in the first oxidative and irreversible
part, more NADPH and pentose phosphate are produced. During the second
non-oxidative and reversible step, ribose-5-phosphate (R5P) is generated, which serves
together with glutamine as a precursor for nucleic acid and nucleotide synthesis.
Therefore, GIc6P fuels three major catabolic pathways for glucose: glycolysis, the PPP
and the HBP, which have to be tightly regulated. Besides competing for Glc6P, the PPP
is additionally connected with the HBP by providing UTP, which in turn is required for
UDP-GIcNAc synthesis.

As already mentioned, the HBP’s end product UDP-GIcNAc is the precursor for
O-GlIcNAcylation: a PTM which can regulate protein turnover, localization and function.
Interestingly, almost all glycolytic enzymes are themselves O-GIcNAcylated, indicating a
regulatory feedback loop (Bacigalupa, Bhadiadra, and Reginato 2018). For example,
glucose uptake can be regulated by altered availability of the glucose transporters
(GLUT1,4) in an O-GIcNAc-dependent manner (Park, Ryu, and Lee 2005; Ferrer et al.
2014). Besides essential enzymes of glycolysis, PPP and TCA cycle were described to
be regulated by O-GIcNAc levels (Yi et al. 2012; Chaiyawat et al. 2015; Rao et al. 2015;
Tan et al. 2014).

As both, the TCA cycle and the HBP, depend on acetyl-CoA these two pathways have to
be properly coordinated. The acetyl-CoA pool is not only provided by glycolysis but also
by the catabolism of fatty acids during mitochondrial fatty acid oxidation (mFAQO). During
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this process, also the reduced products NADH and FADH2 are generated, which can be
shunted directly into OXPHOS or are used to maintain cellular redox levels. Moreover,
breakdown of glutamine, also known as glutaminolysis, can contribute to acetyl-CoA
production (Metallo et al. 2012). During this process, glutamine is converted to glutamate
via glutaminase (GLS), shunted into the mitochondria, and subsequently further

metabolized to a-ketoglutarate, which can enter the TCA cycle (Figure 6).
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Figure 6: The HBP and its interconnection with other metabolic pathways. During glycolysis
(light blue box) glucose (GlIc) is phosphorylated by hexokinase (HK) to form glucose-6-phosphate
(Glc6P) which can be shunted into the pentose phosphate pathway (PPP, purple box) for
generation of nucleotides. GIc6P can also be processed to fructose-6-phosphate (Frc6P) which
can either enter the HBP (dark blue box) or can be further metabolized to pyruvate. Pyruvate is
converted to lactate during aerobic glycolysis (orange box) or can enter the tricarboxylic acid (TCA)
cycle after breakdown to acetyl-CoA (Ac-CoA). The TCA generates citrate for fatty acid metabolism
while mitochondrial fatty acid oxidation (mFAO) can degrade lipids again to form Ac-CoA.
Reducing equivalents generated by PPP, glycolysis, and TCA cycle can be used for ATP
generation during oxidative phosphorylation (OXPHOS) or for lactate synthesis. Glutaminolysis
(green box) uses glutamine (GIn) to form glutamate (Glu), which is further catabolized to a-
ketoglutarate (a-KG), a metabolite of the TCA cycle. a-KG can also be converted to citrate and
acetyl-CoA in the cytosol, to feed lipid synthesis. All metabolites that are required for HBP and
involved in other pathways are depicted according to a color code. PGI: phosphoglucose
isomerase, LDH: lactate dehydrogenase, PDH: pyruvate dehydrogenase, GLS: glutaminase,
ACLY: ATP-citrate lyase

Besides entering the TCA cycle, a-ketoglutarate can also be exported to the cytosol where
it is carboxylated into citrate that serves as substrate for ATP-citrate lyase (ACLY) forming
acetyl-CoA, mainly used for de novo lipid synthesis. Since the HBP requires glutamine as

well as acetyl-CoA, glutaminolysis can be connected to HBP flux. Indeed, it was shown
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that glutaminolysis and the HBP are competing for glutamine and blockage of
glutaminolysis can enhance HBP flux (Araujo et al. 2017). Additionally, glutamine is used
for nucleotide biosynthesis, which in turn is required for UDP-GIcNAc production, creating
another level of interplay with the HBP.

To summarize, the HBP utilizes macromolecules of all major metabolic pathways, thereby
serving as sensor of energy and nutrient availability and a central node that interconnects
diverse metabolic pathways. Together, this complex network can transmit external signals
and allows to rewire cellular metabolism rapidly according to metabolic changes and

stress.

1.2.4 Therole of the HBP in the metabolic control of pluripotency

Embryonic stem cells (ESCs) are defined as cells capable of self-renewal, a high
proliferation rate, and the ability to differentiate into all three germ layers (Blair, Wray, and
Smith 2011). These specific functional properties are accompanied with a metabolic
rewiring that greatly differs from the metabolic state of somatic cells. Like described in
detail in the previous paragraph (see paragraph 1.2.3), the HBP is tightly interconnected
with other metabolic pathways as glycolysis, the TCA cycle, the PPP, and glutaminolysis
which are all part of the metabolic reprogramming in pluripotent ESCs. Thereby, HBP flux
can influence ESC maintenance on many different levels: either directly by its downstream
PTMs or indirectly by modulating other metabolic pathways, required for pluripotency and

self-renewal (Figure 7).

1.2.4.1 The metabolic rewiring of pluripotent ESCs

Nearly a century ago, Otto Warburg already recognized that fast proliferating cancer cells
metabolize far more glucose than their normal counterparts and mainly rely on glycolysis
for energy consumption even in oxygen-rich conditions (Warburg, Wind, and Negelein
1927). This metabolic switch is called the “Warburg effect” or “aerobic glycolysis” since
despite sufficient oxygen availability for complete oxidation during OXPHOS, these cells
utilize glycolysis resulting in the production of lactate. Apparently, this adaption of fast
proliferating cells seems discordant since aerobic glycolysis only generates 2 ATPs per
one glucose molecule, while up to 36-38 ATP molecules can be achieved by complete
oxidation during OXPHOS. Despite this reduced efficiency, in the presence of abundant

glucose, aerobic glycolysis is much faster, results in lower reactive oxygen species (ROS)
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levels, and ensures the production of important molecules for rapid cell proliferation like
nucleotides, amino acids, or lipids (Vander Heiden, Cantley, and Thompson 2009).
Interestingly, it was shown that not only cancer cells but also other fast proliferating cells
display the “Warburg effect”, including pluripotent stem cells (Shyh-Chang and Ng 2017).
Not only mESC and hESC but also reprogrammed induced pluripotent stem cells (iPSCs)
were described to have an elevated dependence on glycolysis compared to differentiated
cells (Kondoh et al. 2007; Varum et al. 2011; Panopoulos et al. 2012). Inhibition of
glycolysis results in reduced reprogramming capacity, while induced glycolytic levels could
improve the same, indicating high glycolytic levels as a requirement for stem cell function
(Folmes et al. 2011; Zhu et al. 2010). Additionally, reprogrammed cells displayed a drastic
upregulation of glycolytic genes, along with downregulation of TCA genes compared to
somatic cells (Prigione et al. 2014; Folmes et al. 2011) (Figure 7). Not only alterations in
glycolytic levels, but also in mitochondrial organization build a hallmark of stem cells, in
line with the reduced requirement of the TCA cycle. Many studies demonstrated that
mitochondrial dynamics are connected to pluripotency and that ESCs rather contain small
and functionally immature mitochondria compared to differentiated cells (Zhang,
Khvorostov, et al. 2011). In accordance, blocking of enzymes important for mitochondrial
fusion results in decreased differentiation into OXPHOS-dependent cells (Kasahara et al.
2013; Zhong et al. 2019), while mitochondrial fission is required for reprogramming into
iPSCs (Vazquez-Martin et al. 2012).

Although the TCA cycle is downregulated in ESCs, high levels of acetyl-CoA were
described to be essential for pluripotency. Under normal conditions, acetyl-CoA is mainly
generated by breakdown of pyruvate during the TCA cycle. However, like described above
during aerobic glycolysis, glucose is converted to lactate instead of pyruvate and enzymes
of the TCA cycle are downregulated, reducing TCA cycle activity. Contradictive, especially
rapidly proliferating cells show a high demand for acetyl-CoA for lipid synthesis. Indeed,
upon reprogramming into iPSCs, gene expression for de novo fatty acid synthesis is
upregulated and pharmacological inhibition of required enzymes causes defects in
reprogramming capacity (Vazquez-Martin et al. 2013).

Besides being shunted into the TCA cycle, acetyl-CoA is also highly important for
epigenetic events such as acetylation of histones (Figure 7). Histone H3 acetylation was
described to change chromatin accessibility and thereby expression of genes involved in
pluripotency and self-renewal (Azuara et al. 2006; Gaspar-Maia et al. 2011). A recent
study confirmed a positive correlation of glycolysis-mediated acetyl-CoA availability and

ESC maintenance (Moussaieff et al. 2015). In line, failure in histone deacetylation
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improved reprogramming into iPSCs (Mali et al. 2010). Vice versa, supplementation of
ESCs with acetate as a precursor for acetyl-CoA could disturb differentiation in a
dose-dependent manner (Moussaieff et al. 2015).

In addition to the TCA cycle, glutaminolysis can be used to provide acetyl-CoA. Therefore,
besides the “Warburg effect” another metabolic feature of rapid proliferating cells is the
high dependency on glutamine as carbon source, to compensate the reduced TCA cycle
activity (Vander Heiden, Cantley, and Thompson 2009) (Figure 7). Consequently,
glutamine-derived a-ketoglutarate is used to enter the TCA cycle in order to maintain fatty
acid synthesis. In line with these findings, glutamine catabolism was shown to be essential
for hESCs survival (Tohyama et al. 2016). Increased a-ketoglutarate levels due to
elevated glutaminolysis, moreover, were shown to be essential for histone demethylation,
thereby required to maintain pluripotency in mESCs (Carey et al. 2015) (Figure 7).
Additionally, glutamate is important for generation of the antioxidant glutathione (GSH)
(Figure 7). Plenty of studies could show that pluripotent ESCs are highly dependent on
low ROS levels in order to reduce DNA damage during their rapid proliferation (Song et
al. 2014; Cho et al. 2006). A recent publication unraveled that glutamine consumption in
hESC is required to maintain high GSH levels, which in turn is important to regulate
Octamer-binding protein 4 (OCT4) stability (Marsboom et al. 2016).

To summarize, most major metabolic pathways are known to be rewired in ESCs
compared to their derivative cells in order to adapt to their specific metabolic needs.
Impairment of these metabolic transitions can impact epigenetic changes and thereby cell

fate, by either disturbing pluripotency or differentiation.

1.2.4.2 Therole of the HBP in pluripotent ESCs

Given the interconnected and complex coordinated metabolic network and its rewiring in
ESCs, it is not surprising that alterations in HBP flux can also disturb other pathways and
cellular metabolism, thereby affecting cell identity indirectly.

However, key transcription factors that are essential for ESC pluripotency can be
regulated by O-GIcNAcylation, and thereby HBP activity, directly (Constable et al. 2017a;
Jang et al. 2012) (Figure 7). OCT4, for instance, is a transcription factor which is required
for early embryo development and pluripotency in mammalian ESCs (Nichols et al. 1998;
Loh et al. 2006; Hay et al. 2004). Multiple studies could demonstrate that OCT4 is
O-GIcNAcylated, which in turn is required for its activity and the expression of stem cell
factors (Jang et al. 2012; Constable et al. 2017b). Additionally, other crucial stem
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cell-specific transcription factors including sex determining region Y-box 2 (SOX2) were
shown to be positively regulated by O-GIcNAcylation (Myers et al. 2016; Jang et al. 2012).
In line with these results, reducing overall O-GIcNAc levels by OGT knockdown disturbs
ESC self-maintenance and is sufficient to reduce reprogramming into iPSCs (Jang et al.
2012). Vice versa, the same study showed that increased O-GIcNAcylation by GIcN
treatment or OGA inhibition disturb ESC differentiation. These data indicate that high
O-GlcNAcylation levels promote ESC maintenance and pluripotency, while decreased
levels are required for proper differentiation.

Intriguingly, changes in O-GIcNAc levels do not only modulate gene expression patterns
by activity of transcription factors, but also by altering chromatin structure and therefore
DNA accessibility (Figure 7). Several studies could show that all four core histones can
directly O-GlcNAcylated, which affects the chromatin compaction status (Fujiki et al. 2011,
Sakabe, Wang, and Hart 2010; Fong et al. 2012; Zhang, Roche, et al. 2011). Moreover, it
was shown that O-GIcNAcylation can positively regulate the activity of the DNA
demethylation enzyme ten-eleven translocation 1 (TET1), which increases demethylation
of specific promoter regions and therefore induces transcriptional reprogramming (Vella
et al. 2013; Shi et al. 2013). Indeed, knock down studies confirmed that both OGT and
TET1 are required to maintain ESC pluripotency since their loss was sufficient to increase
differentiation. Vice versa, compound-based inhibition of OGA resulted in increased
O-GIcNAc levels and delayed differentiation of mMESCs by activation of epigenetically
regulated genes (Speakman et al. 2014). Loss of OGT not only results in reduced
pluripotency of ESCs but also in defective embryogenesis in diverse species like the fly,
zebrafish, and in mice (Shafi et al. 2000; Webster et al. 2009; O'Donnell et al. 2004;
Mariappa et al. 2015). In addition, the complete knockout as well as catalytical inactive
OGA was shown to be lethal in mice, supporting the essential role of proper O-GIcNAc
cycling in a developmental context (Yang et al. 2012; Keembiyehetty 2015; Muha et al.
2021).

Interestingly, a balanced O-GIcNAc cycle also seems to be of special importance for
differentiation into the neuronal and cardiac lineage. Chemical inhibition of OGA as well
as GIcN treatment impaired differentiation of mMESCs and hESCs into neural progenitor
cells and of hESCs into cardiomyocyte precursors, respectively (Speakman et al. 2014;
Kim et al. 2009; Parween et al. 2017). On the other hand, inhibition of OGT or GFAT1 had
the opposite effect, resulting in an elevated potential for differentiation of hESCs into the
neuronal or cardiac lineage (Andres et al. 2017; Kim et al. 2009). Consistently, in vivo

experiments confirmed the vital importance of HBP activity on normal myogenesis and
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neurogenesis. A conditional cardiomyocyte-specific OGT knockout induced severe
cardiomyopathy, resulting in heart failure and high mortality rates (95% with 12 weeks)
(Watson et al. 2014). Additionally, N-linked glycosylation is essential for proper muscular
function since diverse mutations disturbing the glycosylation, including mutations in
GFAT1, impair acetylcholine receptor maturation and transport to the plasma membrane
(Senderek et al. 2011; Zoltowska et al. 2013). Consequently, neuromuscular signal
transmission is altered, resulting in limb-girdle myasthenia, a specific subtype of
myasthenic disorders (O'Connor et al. 2018). Moreover, current research demonstrated
that severe neurodevelopmental disorders are accompanied by disturbed O-GIcNAc
cycling in vivo (Olivier-Van Stichelen et al. 2017; Chen, Dong, et al. 2021; White et al.
2020).

The HBP is not only important to generate precursor molecules for O-GIcNAcylation, but
also for synthesis of macromolecules as GAGs, which are highly important for the
composition of the ECM (Figure 7). The ECM is part of the microenvironmental cell niche
and was shown to affect stem cell homeostasis by different means, inter alia supporting
cell attachment, proliferation, signaling, and differentiation (Discher, Mooney, and
Zandstra 2009). Primary, the biochemical stiffness of the ECM has a pivotal role for
pluripotency and differentiation (Nallanthighal, Heiserman, and Cheon 2019; Engler et al.
2006; Wen et al. 2014). Of note, increased HBP flux by GIcN supplementation was shown
to positively affect hyaluronan (HA) levels, a GIcNAc containing polysaccharide and one
of the main GAGs in the ECM (Jokela et al. 2011). Interestingly, the HBP can regulate HA
concentrations not only by substrate availability, but it can also promote stability and
activity of the HA producing enzyme hyaluronan synthase 2 (HAS2) by O-GlcNAcylation
(Vigetti et al. 2012). Indeed, inhibition of GFAT1 as well as OGT were shown to reduce
HA synthesis and thereby stem cell properties in cancer stem cells (Chokchaitaweesuk et
al. 2019).

Like discussed in detail in the following section, HBP activity was reported to affect a broad
range of protein quality control (PQC) mechanisms including the UPR, autophagy, the
UPS and chaperone recruitment (see paragraph 1.2.5) (Figure 7). Since ESCs have a
high rate of proliferation and protein synthesis, a properly coordinated PQC is
indispensable for stem cell function and maintenance (Yan et al. 2020; Vilchez, Simic, and
Dillin 2014).

Collectively, HBP activity has a broad impact on ESC pluripotency and maintenance: 1)
alterations in HBP flux can manipulate substrate availability of other interconnected

metabolic pathways, which is required to for stem cell properties; 2) HBP products can
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directly influence stem cell identity by changed levels of PTMs (affecting TFs, chromatin
remodeling, PQC) or glycoconjugate production, essential for ECM compounds.
Therefore, a tightly controlled HBP is not only essential for ESC maintenance but

ultimately also for embryonic development.
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Figure 7. Stem cell maintenance requires metabolic rewiring and the accompanying HBP
outputs. Stem cell metabolism is characterized by increased glycolysis (light blue box) with
increased lactate production during aerobic glycolysis (orange box). Thus, shunt of metabolites
into the pentose phosphate pathway (PPP, purple box) and the hexosamine pathway (dark blue
box) is increased. In contrast, pyruvate entry into tricarboxylic acid (TCA) cycle and consequently
oxidative phosphorylation (OXPHOS) levels are decreased. Instead, elevated glutaminolysis
(green box) can serve as carbon source for the TCA cycle and thus citrate production for the
increased demand of fatty acid metabolism (red box). Alterations in HBP flux can also change
activity of interconnected pathways. Increased Ac-CoA production can increase histone
acetylation. Reduced OXPHOS in combination with increased glutathione (GSH) production
reduces reactive oxygen species (ROS) levels. Increased a-ketoglutarate (a-KG) levels can
promote histone demethylation. Elevated UDP-HexNAc levels serves as precursor for
O-GIcNAcylation of histones and transcription factors (TFs), other posttranslational modifications
(PTMs) which can influence protein quality control (PQC) and synthesis of glycosaminoglycans
(GAGS), required for the extracellular matrix (ECM). HK: hexokinase, PGI: phosphoglucose
isomerase, LDH: lactate dehydrogenase, PDH: pyruvate dehydrogenase, GLS: glutaminase,
ERAD: ER-associated degradation, UPR: unfolded protein response, UPS: ubiquitin-proteasome
system, TET1: ten-eleven translocation 1, OCT4: octamer-binding protein 4, SOX2: sex
determining region Y-box 2
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1.2.5 Therole of the HBP in aging

As described in the previous paragraphs, the HBP’s products are essential precursors for
several glycosylation events as well as for the synthesis of a broad range of
macromolecules, which can interfere with highly important downstream signaling
pathways. Therefore, it is not unexpected that disturbances of the HBP activity can result
in pathological conditions that are often associated with aging. Remarkably, almost all of
the hallmarks of aging (Figure 1) are described to be affected by alterations of the HBP
flux. First of all, variations in UDP-GIcNAc levels can influence protein homeostasis on
many different levels. For example, disturbances in N-linked glycosylation can induce ER
stress which leads to the activation of the UPR in order to restore ER protein homeostasis
(see paragraph 1.2.2.1) (Wang et al. 2014). However, PQC mechanisms as the UPR,
ERAD, proteasomal activity, and autophagy can decline during aging (Hipp, Kasturi, and
Hartl 2019). Activation of the HBP in C. elegans was previously shown to counteract this
phenomenon by elevation of ERAD, proteasomal activity, and autophagy, thereby
improving protein homeostasis and extending lifespan (Denzel et al. 2014). This protective
effect of HBP activation against proteotoxic stress was also shown to be conserved in a
mammalian system (Horn et al. 2020). In addition, the accumulation of metastable
aggregation-prone proteins associated with age-related neurodegenerative diseases
(Tau, a-synuclein, Ataxin-3) could be prevented by HBP activation in C. elegans as well
as in a neuronal cell model (Denzel et al. 2014; Horn et al. 2020). Consistently, it is
well-described that increased O-GIcNAcylation can counteract abnormal
hyperphosphorylation of Tau, which causes protein aggregation and ultimately lead to
Alzheimer’s disease (Arnold et al. 1996; Liu et al. 2004). Moreover, recent publications
described that the ubiquitin-proteasome system (UPS) can be regulated by
O-GIcNAcylation, in a direct, as well as in an indirect manner (Sekine et al. 2018; Zhang
et al. 2003). Additionally, it has been hypothesized that O-GIcNAcylation mainly occurs in
unstructured regions, which seems to block aggregation and facilitate refolding (Zhu et al.
2015). At the same time, O-GIcNAcylation can enhance the recruitment of chaperons in a
lectin-dependent manner, thereby assisting proper protein folding (Guinez et al. 2004).
Thus, based on the literature, HBP activation is likely counteracting proteotoxic stress and
important for maintaining protein homeostasis by increased O-GIcNAcylation.

Besides protein homeostasis, mounting evidence indicates that UDP-GIcNAc
concentrations can affect epigenetic regulation of transcription, which is also altered

during the aging process. For instance, it was shown that all four core histones can be
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modified by O-GIcNAc, which results in changed chromatin structure and accessibility of
the DNA (Sakabe, Wang, and Hart 2010). Besides this direct manipulation,
O-GlIcNAcylation can also alter histone acetylation and methylation indirectly by
modification of epigenetic modifiers (Lewis and Hanover 2014). Love et al. were able to
delineate that manipulation of the O-GIcNAcylation cycle could modulate promoter regions
of nutrient-responsive pathways, impacting longevity and stress responses in C. elegans
(Love et al. 2010). Additionally, the activity of RNA polymerase Il and several transcription
factors rely on this PTM, thereby affecting transcription (Ranuncolo et al. 2012; Lewis and
Hanover 2014).

Moreover, DNA damage-responses were shown to rely on O-GIcNAcylation, therefore
building a connection to age-dependent increases in genome instability (Zachara et al.
2011; Chen and Yu 2016). Independent publications confirmed that altered OGT
expression correlates with impaired DNA-repair mechanisms and changes in cell
senescence (Efimova et al. 2019; Lee and Zhang 2016).

Since the HBP serves as a metabolic hub by connecting different metabolic pathways, its
role in maintaining nutrient sensing and induction of adaptive pathways is obvious. For
example, a cross-regulation between the HBP and the nutrient-dependent mammalian
target of rapamycin (MTOR) and AMPK signaling exists, thereby allowing rewiring of a
cell’'s metabolic program (Cork, Thompson, and Slawson 2018; Bullen et al. 2014).
Sustained elevation of O-GIcNAc levels is also known to reprogram energy metabolism
by impacting the mitochondrial proteome and its function (Love et al. 2003; Tan et al.
2014; Tan et al. 2017). Not only the intracellular signaling, but also intercellular
communication and regulation of energy homeostasis can be affected by impaired HBP
activity, for example by altered hormone signaling via insulin as well as leptin (Wang et al.
1998; McClain and Crook 1996; Marshall, Bacote, and Traxinger 1991). Additionally,
cell-cell communication is disturbed by aberrant glycosylation patterns on the cell surface
(Saxon and Bertozzi 2001). Apart from that, HBP activation can reduce stem cell
exhaustion. It was shown that activity of important pluripotency factors like OCT4 and
SOX2 can directly be regulated by O-GlcNAcylation (Jang et al. 2012). The importance of
the HBP for stem cell self-renewal was furthermore emphasized by its essential role in
MESCs as well as embryonic lethality in mice, induced by OGA or OGT knock outs
(for detailed information see paragraph 1.2.4.2) (O'Donnell et al. 2004; Yang et al. 2012).
Moreover, cell identity properties can be impacted by changes in extracellular matrix
(ECM) composition, which can be influenced by UDP-GIcNAc levels (Jokela et al. 2011;
Vigetti et al. 2012).
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Taken together, the HBP’s activity can be associated with most of the nine hallmarks of
aging (Figure 8). Thereby, changes in its activity can induce different human pathologies
and common age-related diseases like cancer, diabetes, neurodegenerative diseases,
cardiovascular diseases, and defects in immunity, which highlights the importance of the
HBP in the context of aging. Thus, further understanding of the HBP and its regulation
could provide novel targets for anti-aging drugs and could aid to develop novel therapies.
For identification of putative druggable targets, we made use of genetic screens which are

introduced in the section below.
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Figure 8: The HBP has a putative central role for the manifestation of the hallmarks of aging.
Depicted are the nine hallmarks of aging which can be influenced by the products of the HBP.
Dotted arrows indicate a putative connection (modified from Lépez-Otin et al., 2013).
UPR: unfolded protein response, UPS: ubiquitin-proteasome system, ERAD: ER-associated
degradation, mTOR: mammalian target of rapamycin, AMPK: AMP-activated protein kinase,
TF: transcription factor, OCT4: octamer-binding protein 4, SOX2: sex determining region Y-box 2.
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1.3 Functional genetic screening approaches

1.3.1 The evolution of genetic screening strategies

One of the most powerful techniques for the discovery of novel biological processes is
genetic screening. Overall, two variants of genetic screening can be distinguished: forward
and reverse genetics. For reverse genetic screens, meaning a genome-to-phenotype
approach, already existing knowledge is required, which complicates the identification of
unknown genes. In contrast, forward genetic screens are phenotype-to-genome
approaches, seeking for the identification of crucial genes based on a selected phenotype.
This technique enables a systematic and genome-wide screen

for discovery of novel genes involved in a specific pathway. In spite of this, deciphering of
recessive mutations is challenging, since in a diploid system the presence of a second
chromosome set potentially masks phenotypes. Therefore, many fundamental
mechanisms were uncovered by performing forward genetics using the haploid model
organism Saccharomyces cerevisiae (S. cerevisiae) (Hartwell et al. 1974). Almost 20
years ago a yeast collection containing null mutants of almost the complete set of ORFs
was established, allowing a comprehensive genome-wide forward genetic screen for the
first time in eukaryotic cells (Winzeler et al. 1999; Giaever et al. 2002).

In higher eukaryotes however, all somatic cells are diploid, which limits their potential for
forward genetic screening approaches. Therefore, typically inbreeding of heterozygous
mutants was used in order to generate homozygous genomes for example in C. elegans.
For forward genetic screen in mammalian cells, however, libraries of RNA interference
(RNAI) were used in order to generate gene knockdowns (Sharp 1999). Since RNAi only
induces a knockdown, remaining gene activity is might be not sufficient to mediate a
phenotype, although on the other hand an incomplete inactivation of essential genes can
be beneficial. Moreover, a high rate of off-targets and false positive hits for RNAI screens
has been reported (Echeverri et al. 2006; Kaelin 2012). Luckily, the development of the
CRISPR/Cas9 method revolutionized genome editing and opened a completely new field
for screening technologies within the last decade (Doudna and Charpentier 2014).
Libraries of small guide RNAs (sgRNA), which recruit the endonuclease Cas9 to the
corresponding target site to generate a DNA double strand break, were established to
facilitate homozygous knockouts in mammalian cells (Shalem, Sanjana, and Zhang 2015).
Another fundamental progress for screens was the establishment of haploid mammalian

cells, thus overcoming the problem of diploidy and providing a novel powerful tool for
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genetic screens (see paragraph 1.3.2). A haploid mESC line was generated by two
independent labs and was already successfully used for insertional-based mutagenesis
(Elling et al. 2011; Leeb and Wutz 2011). Similarly, insertional mutagenesis screens were
already performed in a near-haploid human leukemia cell line, containing a haploid
chromosome set except for chromosome 8 (Carette et al. 2009; Kotecki, Reddy, and
Cochran 1999). Emerging from this cell line, the fully haploid human cell line HAP1 was
generated and used for insertional mutagenesis screens (Essletzbichler et al. 2014;
Wijdeven et al. 2015). In contrast to the CRISPR/Cas9 system, which requires a sgRNA
library, insertional mutagenesis has the advantage to generate mutations randomly across
the genome with only negligible integration bias (Schnitgen et al. 2008). Moreover, the
genomic integration site can be determined easily, due to transposon- or retroviral
gene-trapping, which relies on a viral-specific molecular marker (Carette et al. 2009; Elling
and Penninger 2014). This high efficiency for insertion site-mapping permits genome-wide
and high-throughput screening.

Nevertheless, all of these approaches are limited since they cause knockout mutations
and therefore, only gene loss-of-function (LOF) but no gain-of-function (GOF) mutations
can be identified. Further development of the CRISPR/Cas9 technology though, allows
additional identification of hypomorph mutations by partial gene repression (CRISPRI) and
gain-of-function (GOF) mutations by gene activation and overexpression (CRISPRa)
(Gilbert et al. 2014). Another mechanism to also obtain GOF mutations is the introduction
of single nucleotide variants (SNVs) that can be introduced into the genome by usage of
alkylating reagents like N-ethyl-N-nitrosourea (ENU). The ethyl group of ENU can be
transferred to nucleotides, mainly inducing A-T to T-A transversions and A-T to G-C
transitions and thereby mediating nonsynonymous amino acid alterations in approximately
70% of mutations (Arnold et al. 2012). Besides being capable to also induce GOF
mutations, chemical-based mutagenesis has the advantage to cover the whole genome
in an unbiased manner since mutations are introduced randomly, including non-coding
regions. Most importantly, SNV-based screening has the unique feature to enable the
functional analysis of proteins on a single amino acid resolution, which is not possible with
approaches like RNAI, insertional mutagenesis or the CRISPR/Cas9 system. Due to these
benefits, the combination of haploid mMESC and SNV integration by usage of alkylating
agents is a powerful state-of-the-art genetic screening tool, which was already
successfully demonstrated in recent studies (Horn et al. 2018; Allmeroth et al. 2020).

Thus, this unique combination allows not only the identification of recessive mutations in
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a mammalian system but also in parallel permits to uncover the whole range of mutations

including hypomorph, hypermorph, neomorph, or null mutations.

1.3.2 Haploid mESCs as a novel screening tool

As mentioned above, haploidy is a beneficial trait with regard to genetic screens, since
also recessive mutations can be identified due to the lack of a second gene copy, which
could otherwise mask a phenotype. Thus, haploid organisms like yeast were favored for
screening assays in the past and have been extensively used to elucidate many pivotal
biological processes (Hartwell et al. 1974). Since haploidy is incompatible with mammalian
development however, all somatic cells of higher eukaryotes are diploid (Latham et al.
2002). Thus, hitherto mammalian cells were neglected for forward and reverse genetic
screens. Previously, haploidy was only achieved in fish ESCs and a human near-haploid
leukemia cell line KBM7, which has a haploid set of chromosomes except for chromosome
8 (Kotecki, Reddy, and Cochran 1999; Yi, Hong, and Hong 2009). Further engineering of
this cell line enabled cultivation of the first completely haploid human cell line HAP1
(Essletzbichler et al. 2014). However, HAP1 cells still contain various genomic alterations
and cancer properties, limiting their use for deciphering physiological genetic pathways.
Two independent groups established a method that enables the generation and cultivation
of haploid mESCs (Elling et al. 2011; Leeb and Wutz 2011). Using these haploid mESCs
for forward genetic screens can overcome the problems of diploidy in mammalian cells,
transferring the benefits from lower eukaryotes like yeast to a mammalian system.

Already 1983 Kaufman and colleagues attempted to generate haploid mESCs from
parthenogenetic embryos, meaning developed from an unfertilized oocyte (Kaufman et al.
1983). For development of parthenogenetic embryos, murine oocytes were isolated and
activated without fertilization by exposure to 5% ethanol or SrCl, for 5 min (Figure 9A).
The activated oocytes were transferred into a pseudo-pregnant foster mother and after
3.5 days of development, blastocysts were isolated and cultivated under conditions used
to derive mESCs from the inner cell mass. However, all parthenogenetically derived
mMESC lines remained diploid (Kaufman et al. 1983). Just recently the protocol of Kaufman
et. al was extended by a series of FACS sorts, which revealed that indeed a minor
subpopulation of the cells derived from parthenogenetic blastocysts was haploid (Elling et
al. 2011; Leeb and Wutz 2011). In order to enrich for haploidy, cells were stained with
Hoechst33342, a fluorescent dye that incorporates into the DNA, and sorted according to

their DNA content. While haploid cells show a peak in the FACS histogram corresponding
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to 1n and only a smaller peak for 2n representing the cells in the cell cycle, the histogram
of diploid cells displays shifted peaks that correspond to 2n or 4n, respectively (Figure
9B).
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Figure 9: Schematic workflow of haploid mESC generation. (A) Isolated mouse oocytes are
activated without fertilization by incubation with 5% ethanol or SrCl, before implanted into pseudo-
pregnant foster mice. Upon 3.5 days of development, blastocysts are isolated and used for
outgrowth of mMESCs. Cells are sorted according to their ploidy by FACS analysis. (B) Schematic
histogram of FACS sorting upon Hoechst33324 staining. Depicted is the DNA content of haploid
and diploid mESCs. 1n and 2n chromosome sets correspond to haploid while 2n and 4n
chromosome sets correspond to diploid cells (modified from Elling et al., 2011).

For functional characterization of haploid mMESCs, chromosome spreads were performed
which confirmed that indeed the complete chromosome set is haploid (Elling et al. 2011).
Further analysis of chromosomes excluded aberrant rearrangements including deletions
or duplications of individual chromosomes. The parthenogenic AN3-12 cell line we used
in this work, only contains minor genomic alterations that possibly affect the genes Cdh4,
Taf4, Agmo, and Cox7c (Elling et al. 2017). Moreover, pluripotency of haploid mESCs was
verified since all typical stem cell markers (Oct4, Nanog or Sox2) could be detected and
cells were able to differentiate into all three germline layers in vitro as well as in vivo. Since
the capacity for growth and the maintenance of stem cell function was not changed
although passaged for more than 50 times, cells could be used for genome-wide
saturating forward genetic screens. For example, haploid mMESCs were already
successfully used to identify targets for several compounds including ricin,
3-bromopyruvate, 6-thioguanine, and bortezomib as well as thapsigargin (Elling et al.
2011; Birsoy et al. 2013; Forment et al. 2017; Horn et al. 2018; Allmeroth et al. 2020). In
addition, a comprehensive biobank containing reversible insertions in haploid mESC was

established (https://www.haplobank.at). This publicly available resource contains 16.970
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independent clones that cover around 70% of the protein coding genes, thus enabling an
easy and high-throughput screening method for functional genomics (Elling et al. 2017).

Importantly, haploidy is not a stable genomic condition and 2-3% of haploid cells
spontaneously diploidize per day in culture (Elling et al. 2011). Therefore, it is inevitable
to sort cells regularly in order to enrich and maintain haploidy over time. Worth mentioning,
spontaneous diploidization most likely is promoted by failed cytokinesis or endoreplication
since introduced mutations remain homozygous. Additionally, differentiation of mESCs
can only originate from diploid cells, indicating that a haploid state is not compatible with
differentiated cell types in the murine system, potentially due to imbalanced expression of
X-chromosomal genes (Marahrens et al. 1997). In contrast, haploid human ESCs are able
to differentiate into haploid somatic cells (Sagi et al. 2016). This phenomenon suggests
evolutionary differences between human and mouse with regard to tolerance of haploidy.
Concluding, the generation of haploid mESCs revolutionized the field of functional
genomics since their usage enables the possibility to perform genome-wide forward and
reverse genetic screens in a mammalian system, thus allowing the identification of
dominant and recessive mutations, which was hitherto limited to haploid organisms like

yeast
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1.4 Aim of the project

The sustaining aging process of the population implies a dramatic global challenge for
economic, social, and especially medical aspects. Therefore, it is of utmost importance to
deepen our understanding of the cellular mechanisms of aging in order to extend not only
lifespan but also health span. Interestingly, aging is accompanied by diverse metabolic
changes and dietary restriction is able to extend lifespan. Consequently, we aimed to gain
new insight into the interconnection of nutrient signaling and the metabolic regulation of
aging.

The HBP is a nutrient-responsive pathway, which serves as a metabolic hub and is pivotal
to adapt cellular processes according to external signals. The high energy end product of
the HBP, UDP-GIcNAc, is an essential precursor for different glycosylation types and for
the synthesis of a broad range of glycoconjugates, which all can interfere with highly
important downstream signaling pathways. Remarkably, almost all of the hallmarks of
aging, can be connected to alterations in HBP flux. Therefore, disturbances in the HBP
activity can result in pathological conditions and common age-related diseases like
cancer, diabetes, neurodegenerative diseases, cardiovascular diseases, and defects in
immunity, which highlights the importance of the HBP in an aging context. However, while
the regulation of the HBP via feedback inhibition of the rate-limiting enzyme GFAT1 is
well-studied, other regulators and how the HBP can adapt UDP-GIcNAc levels according
to nutrient availability, remain uncharted. Toxicity induced by the glycosylation toxin
tunicamycin (TM) can be counteracted by elevated UDP-GICNAc levels, thus representing
a suitable proxy for increased HBP flux. Therefore, in this study we performed a forward
genetic screen for TM resistance in haploid mouse embryonic stem cells (MESCs) using
chemical-based mutagenesis, in order to identify novel HBP regulators. This unique
combination of using haploid cells together with chemical mutagenesis, does not only
allow the identification of recessive mutations in a mammalian system, but additionally
permits to uncover the whole range of mutations including hypomorph, hypermorph,
neomorph, or null mutations. Using this state-of-the-art method, we aimed to deepen the
knowledge about the HBP’s regulation in a mammalian system, which could assist to
uncover potential drug targets that may ultimately help to delay aging and improve health

span of the steadily growing aging population.
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Work contributions of results

| performed all experiments described in the next section independently, except for:

2.1 ldentification of AMDHD2

2.1.1 Chemical mutagenesis screen for TM resistance in mESCs identifies AMDHD2

(with the help/ under supervision of Dr. Moritz Horn)

2.1.4 Insertional mutagenesis screen confirms the loss of AMDHD?2 as HBP activator

(virus transfection for insertional mutagenesis was performed by Dr. Ulrich Elling)

2.2 Characterization of AMDHD2
2.2.1 Biochemical characterization of AMDHD?2

(the complete biochemical characterization was performed by Dr. Sabine Ruegenberq)

2.2.2 Biological/physiological characterization of AMDHD2
2.2.2.1 Loss of the C. elegans homolog F59B2.3 has no effect on HBP activity

(injections of worms was performed by Dr. Maxime Derisbourq)

2.2.2.2 Loss of AMDHD?2 in M. musculus leads to embryonic lethality
(design for gene editing was done by Dr. Kira Allmeroth, injections were performed by
Ingo Voigt)

2.3 Cell type-specific regulation of the HBP
2.3.2 GFAT2 has a lower sensitivity to UDP-GIcNAc feedback inhibition than GFAT1

(measurements of kinetic properties and feedback inhibition was performed by
Dr. Sabine Ruegenberq)

For detailed information of working contributions see p. 137
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2 Results

The aging process is a complex phenotype, which occurs on multiple levels and affects
all kind of tissues and organs. Therefore, many diverse age-related diseases as cancer,
cardiovascular diseases, neurodegenerative diseases, or diabetes are common and affect
the majority of the steadily increasing human population. Interestingly, as already
discussed in detail in the introduction, the hexosamine biosynthetic pathway (HBP) is
connected to the aging process on many different levels by impacting essential processes
like proteostasis, epigenetics, and stem cell quiescence (Denzel et al. 2014; Sun et al.
2016). Thus, it is highly important to understand how the HBP is regulated in detail and
how it can be modulated to delay the onset of age-related diseases. The HBP is the only
source for UDP-GIcNAc and consumes metabolites involved in all key metabolic pathways
as carbon-, nitrogen-, fatty-acid-, and energy-metabolism. It is therefore optimally
positioned to act as a metabolic sensor that can modulate downstream cellular signaling
through UDP-GIcNAc-dependent post-translational modifications (PTMs) (Marshall,
Bacote, and Traxinger 1991). How the HBP is regulated to adapt UDP-GIcNAc levels and
thus downstream PTMs according to nutrient availability however, remains an open
guestion. Therefore, we made use of knowledge from previous studies in C. elegans,
which could show that tunicamycin (TM) resistance can be used as a proxy for increased
HBP activity (Denzel et al. 2014). Additionally, this mechanism is conserved in the murine
NZ2a cell line suggests that screening for TM resistance is a suitable unbiased method to
further explore the HBP through genetic approaches in a mammalian system (Horn et al.
2020; Ruegenberg et al. 2020b). Consequently, in this study we performed a TM
resistance screen in the haploid AN3-12 cell line to extend the understanding of HBP
regulation in mammals, which might help to delay age-related dysfunctions and ultimately

prolong health span.

2.1 Identification of AMDHD2

2.1.1 Chemical mutagenesis screen for tunicamycin resistance in mESCs
identifies AMDHD2

Elevated HBP flux and consequential high concentrations of its end product UDP-GIcNAc

suppress TM toxicity, rendering TM resistance a suitable proxy for HBP activity in genetic
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screens. Therefore, we performed an unbiased TM resistance screen in order to further
investigate HBP regulation in mammalian cells. The highly potent mutagen N-ethyl-N-
nitrosourea (ENU) induces mispairings and base-pair substitutions that allow screening at
amino acid resolution (Russell et al. 1979). Thus, we used ENU-based chemical
mutagenesis in haploid cells as a unique method for identification of recessive alleles
(Elling et al. 2011; Horn et al. 2018; Allmeroth et al. 2020). To achieve a highly saturated
screen, 27 million AN3-12 mouse embryonic stem cells (MESCs) were used for
mutagenesis, followed by TM selection using a wild type (WT) lethal dose (0.5 pg/ml) for
three weeks (Figure 10A). Emerging from this screen, 29 resistant clones were randomly
selected and singled to grow isogenic mutant lines. Initial whole exome sequencing was
done with four clones that showed strong TM resistance compared to control cells, which
was confirmed in a cell viability assay (Figure 10B). In two clones, independent missense
mutations in the Amdhd2 coding sequence could be detected (Figure 10C). Whole exome
sequencing of the remaining 25 clones revealed in total 11 independent amino acid
substitutions at 10 distinct positions within the Amdhd2 locus (38% of sequenced clones)
(Figure 10C, D). Therefore, we conclude a high degree of saturation of our chemical
mutagenesis screen, which allowed the discovery of Amdhd2 as a novel candidate to

confer TM resistance.
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Figure 10: Chemical mutagenesis screen for tunicamycin resistance in mESCs identifies
AMDHD2. (A) Schematic representation of experimental workflow for TM resistance screen using
ENU mutagenesis in combination with whole exome sequencing. (B) Cell viability (XTT assay) of
four TM resistant AN3-12 clones from mutagenesis screen that were used for WES upon treatment
with 0.5 ug/ml TM for 48h (mean + SEM, n=2). (C) Table listing all mutations in the Amdhd2 locus
identified in the TM resistance screen. (D) Schematic representation of the mouse Amdhd2 locus.
Amino acid substitutions identified in the screen are highlighted.
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2.1.2 Confirmation of Amdhd2 as tunicamycin resistance-conferring gene

To confirm Amdhd2 as the TM resistance-mediating gene we generated Amdhd2 K.O.
mutants in WT AN3-12 cells using the CRISPR/Cas9 system. To prove the successful
deletion, we generated and validated a specific AMDHD2 antibody. Indeed, we could
confirm successful a loss of AMDHD2 by Western blot (WB) analysis (Figure 11A). In total,
we tested three independent AMDHD2 K.O. clones, which were generated with different
guide combinations in order to exclude that off-target effects contribute to the observed
phenotype. In fact, all three AMDHD2 K.O. lines showed significant TM resistance
compared to WT cells, proving AMDHD?2 loss-of-function as causal for TM resistance
(Figure 11B, C).
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Figure 11: Confirmation of Amdhd2 as tunicamycin resistance-conferring gene. (A) Western
blot analysis of CRISPR/Cas9 generated AMDHD2 K.O. AN3-12 mESCs compared to wild type
cells (ctrl). (B) Cell viability (XTT assay) of WT (ctrl) and AMDHD2 K.O. AN3-12 cells treated with
0.5 pg/ml TM for 48h (mean + SEM, n=3, * p<0.05, ** p<0.01, One-way ANOVA Dunnett post-
test). (C) Representative images of WT and AMDHD2 K.O. AN3-12 cells treated with 0.5 pg/ml
TM for 48h or respective control. Scale bar, 275 um.

2.1.3 Loss of AMDHD?2 leads to HBP activation

AMDHD?2 is an amidohydrolase that catalyzes the deacetylation of GICNAc-6P to generate
GIcN6P (White and Pasternak 1967). This reaction occurs in the “reverse” direction of
HBP; however, the relevance of AMDHD?2 in the context of adjusting cellular UDP-GIcNAc
levels was not investigated before. We hypothesized that the loss of AMDHDZ2 function
might increase HBP activity, thereby increasing UDP-GIcNAc levels, which in turn
mediates TM resistance (Figure 12A). To test this hypothesis, we measured UDP-GIcNAc

(or UDP-HexNAc) levels via ionic chromatography mass spectrometry
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(IC-MS) (or LC-MS), which indeed corroborated significantly increased HBP product
concentrations in the AMDHD2 K.O. mutants compared to control cells (Figure 12B, C).
These results confirm that the observed TM resistance is conveyed by elevated HBP

product availability due to reduced catabolism of GIcNAc-6P by AMDHD?2.
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Figure 12: Loss of AMDHD?2 |leads to hexosamine pathway activation. (A) Schematic overview
of the hexosamine pathway (blue box). The intermediate Frc6P from glycolysis is converted to
UDP-GIcNAc, which is a precursor for glycosylation reactions. The enzymes are glutamine
fructose-6-phosphate amidotransferase (GFAT1/2), glucosamine-6-phosphate
N-acetyltransferase  (GNA1), phosphoglucomutase (PGM3), UDP-N-acetylglucosamine
pyrophosphorylase (UAPD), glucosamine-6-phosphate deaminase (GNPDA1/2),
N-acetylglucosamine deacetylase (AMDHD?2), and UDP-GIcNAc:dolichylphosphate GIcNAc-1-
phosphotransferase (GPT). Red line indicates negative feedback inhibition of GFAT by
UDP-GIcNAc. Formation of N-glycosylation is inhibited by tunicamycin (TM). (B) IC-MS analysis
of UDP-GIcNAc levels of AMDHD2 K.O. compared to WT (ctrl) AN3-12 mESCs (mean = SEM,
n=5, **p<0.001, unpaired t-test). (C) LC-MS analysis of UDP-HexNAc (combination of
UDP-GIcNAc and UDP-GalNACc) levels of two more AMDHD2 K.O. clones compared to WT (ctrl)
AN3-12 mESCs (mean = SEM, n=3, *** p<0.001, One-way ANOVA Dunnett post-test).

2.1.4 Insertional mutagenesis screen confirms the loss of AMDHD2 as HBP
activator

Besides the unbiased chemical-based mutagenesis, we performed an independent
insertional mutagenesis screen to confirm the K.O. of AMDHD?2 to be causative for TM
resistance. For the genome-wide insertional mutagenesis we used a previously published
retroviral-based system (Elling et al. 2017). The integrated transgene contains a splice

acceptor site, which results in disruption of target gene expression (Figure 13A). The
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invertible nature however, allows the reversion of the generated loss-of-function.
Moreover, the introduced construct includes a barcode, which can be used for
identification of the integration site by inverse PCR. Viral transfection as well as screening
for TM resistance resulted in the identification of 20 isogenic clones. Indeed, further
analysis of these clones by integration site mapping, revealed a disruption of the Amdhd2
locus in 4 clones (20%). Using the XTT cell viability assay we could confirm TM resistance
of these four clones, while WT cells served as negative and AMDHD2 K.O. cells as
positive control (Figure 13B). Moreover, LC-MS measurements unveiled significantly
elevated UDP-HexNAc (combination of UDP-GIcNAc and UDP-GalNAc) levels in all
clones. Thereby, we confirmed hyperactivation of the HBP by loss of AMDHD?2 in a
completely independent screen.
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Figure 13: Insertional mutagenesis screen confirms the loss of AMDHD2 as hexosamine
pathway activator. (A) Schematic representation of the enhanced gene trap (EGT) mutagenesis
vector: Splice acceptor sites (SA) are revertible using non-compatible loxP/lox5171 and FRT/F3
sites (triangles). G418 resistance is mediated by expression of beta-Geo (bgeo). Six osteopontin
enhancer (OPE) elements upstream of beta-Geo enhance the expression by Oct4/Pouf51 binding.
The barcode (BC) is depicted by a purple diamond. LTR, long terminal repeats. (Elling et al. 2017)
(www.haplobank.at). (B) Cell viability (XTT assay) of four TM resistant clones identified via
insertional mutagenesis compared to control WT and AMDHD2 K.O. AN3-12 cells. Cells were
treated with 0.5 pg/ml TM for 48h (n=1). (C) LC-MS analysis of UDP-HexNAc (combination of UDP-
GlcNAc and UDP-GalNACc) levels of four TM resistant clones identified via insertional mutagenesis
compared to control WT and AMDHD2 K.O. AN3-12 cells (mean + SEM, n=5, ** p<0.01,
*** 0<0.001, One-way ANOVA Dunnett post-test).
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2.2 Characterization of AMDHD?2

2.2.1 Biochemical characterization of AMDHD2

After identifying AMDHD2 as a novel regulator for HBP activity, we aimed to deepen our
understanding of the mechanism on a molecular level. However, mammalian AMDHD?2 is
a rather unstudied protein and hitherto there is no eukaryotic protein structure available.
Instead, structural models are only predicted based on the bacterial homologue
N-acetylglucosamine-6-phosphate deacetylase (NagA). As a result, biological and
functional properties of mammalian AMDHD2 remain widely uncharted. Therefore, we

performed the first structural and biochemical characterization of human AMDHD?2.

2.2.1.1 Structural properties of human AMDHD2

To explore regulatory principles, we solved the first three-dimensional structure of human
AMDHD2 by X-ray crystallography. Human AMDHD2 is composed of two domains: a
deacetylase domain responsible for the conversion of GIcNAc-6P into GIcCN6P and a
second small domain with unknown function (DUF), consisting of residues from both
N- and C-terminus (Figure 14A).

The structure of the deacetylase domain shows a TIM (triosephosphate isomerase)
barrel-like fold (Figure 14A). A typical TIM-barrel scaffold comprises eight alternating
B-strands forming a barrel shaped core, which is surrounded by eight a-helices (Banner
etal. 1975). In AMDHD2 however, the eight alternating 3-strands/a-helices are interrupted
by an insertion of three additional antiparallel 3-strands (B15-317) after eight 3-strands
and seven a-helices. The thee antiparallel 3-strands are organized in a B-sheet close to
the active site. The smaller DUF-domain consists of two -sheets, each composed of three
or six antiparallel B-strands, and two small a-helices altogether forming a B-sandwich
(Figure 14A). Furthermore, AMDHD2 occurs as a dimer through direct interactions of the
two deacetylase domains (Figure 14B).

Interestingly, residues from both monomers participate in GIcN6P-binding (Figure 14C).
Hydrogen bonds with Asn235 and Ala236 on the one hand as well as ionic interactions to
His242* and Arg243* of the second monomer on the other hand, stabilize the phosphate
group of the sugar. Additionally, hydrogen bonds are built between the hydroxyl groups of
GIcN6P and Alal54 and His272. A Zn ion, which serves as potential cofactor, is

coordinated via electrostatic interactions with Glu143, His211, His232, and two water
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molecules. According to homology to bacterial NagA, Asp294 seems to be the catalytic
residue (Hall, Xiang, et al. 2007) (Supplementary Fig. 1). In general, based on the high

score of conservation of the structural features, a similar catalytical mechanism as it

occurs in E. coli can be assumed (Hall, Xiang, et al. 2007).

B-sandwich

monomer A

monomer B

Figure 14: Structural analysis of human AMDHD2. (A) Domains and secondary structure
elements within one AMDHD2 monomer. The deacetylase domain (left) shows a TIM barrel-like
fold, while the small DUF domain (right) is composed of a 3-sandwich fold. a-helices are colored
in blue, B-strands in red, and loops in gray. GIcN6P (yellow sticks) and Zn?* (green sphere) are
highlighted. (B) Overview of the human AMDHD2 dimer in cartoon representation. Monomer A is
colored in gray and monomer B in blue. The two deacetylase domains are interacting with each
other. The DUF domain is formed by residues of the N-terminus (light gray, light blue) and residues
of the C-terminus (black, dark blue). GIcN6P (yellow sticks), Zn?* (green sphere), and the putative
active site lid (wheat) are highlighted. (C) Close-up view of the active site in cartoon representation.
Residues involved in ligand binding or catalysis are highlighted as sticks, as well as GIcN6P (yellow
sticks), Zn?* (green sphere) and two water molecules (red spheres). The GIcN6P binding site is
formed by two deacetylase domains. Black dashed lines indicate key interactions to GIcN6P and
green dashed lines the coordination of Zn?*. Constructed with PyMOL using PDB ID 7NUT. (Data
was already described in: Ruegenberg, 2020a).
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2.2.1.2 In vitro characterization of identified loss-of-function mutations in
AMDHD?2

After identifying AMDHD?2 as a novel regulator for HBP activity, we aimed to deepen our
understanding of the mechanism on a molecular level. Given the knowledge from the
AMDHD?2 structure, we performed an in vitro characterization of the eleven AMDHD2
substitutions identified in the TM resistance screen to examine how they might affect
enzymatic function. For this purpose, human WT and mutant AMDHD2 were expressed
with an N-terminal Hise-tag in BL21 (DE3) E. coli. Protein expression was followed by a
2-step purification protocol consisting of immobilized metal affinity chromatography
(IMAC) and size-exclusion chromatography (SEC) after thrombin-based cleavage of the
Hise-tag. First, protein expressions of the recombinant mutant variants were tested to
analyze their effect on protein solubility (Figure 15A). Additionally, based on bacterial
homology the putative active site mutant D294A was generated as a control for activity
assays (Hall, Xiang, et al. 2007). Many AMDHD2 variants were soluble upon bacterial
expression, including F146L, A154P, T185A, S208T, and D294A (Figure 15A). These
substitutions are located close to the active site of AMDHD2 (Figure 15C) and Alal54 is
even directly involved in ligand binding (Figure 15D). In contrast, no protein could be
detected in the soluble fraction of the mutants G102D, G130R, G226E, and G265V
indicating a defect in protein folding. Furthermore, the I38T and G265R substitutions
resulted in reduced solubility while the L142F mutation seemed to promote AMDHD2
fragmentation (Figure 15A). Next, the consequences of the 138T, T185A, G265R, and
D294A substitutions were analyzed on AMDHD?2 activity (Figure 15B). As expected, the
D294A mutation impaired enzyme activity fully, supporting its functional role in mediating
catalysis. Furthermore, the substitution G265R abolished enzyme activity completely
whereas the T185A mutant showed reduced activity. Just the 138T mutation, the only
mutation located in the DUF, did not have any influence on enzyme activity. To
summarize, the AMDHD2 mutations identified in our screen can be divided into two groups

either impairing protein folding or the catalytic activity (Figure 15D).
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Figure 15: In vitro characterization of identified loss-of-function mutations in AMDHD2. (A)
SDS-gels stained with Coomassie brilliant blue of a representative bacterial test expression of the
human AMDHD2 variants. The experiment was repeated three times with similar results. Bl: before
induction, Al: after induction, TL: total lysate, SN: soluble fraction/ supernatant. A band
corresponding to the molecular weight of human AMDHD2 with Hise-tag (46 kDa) was present in
all total lysates after induction. (B) Activity of wild type (WT) and mutant human AMDHD2 (mean
+ SEM, n=6, ND=not detected). (C) Mutations can be classified into two groups either impairing
protein folding/solubility or the catalytic activity. (D) Overview of the position of the potential
loss-of-function mutations in human AMDHD?2 in cartoon representation. GICN6P (black sticks),
the metal co-factor (green spheres) and the active site Asp294 (dark blue sticks) are highlighted.
The eleven putative loss-of-function mutations are depicted in a color code: located in the domain
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of unknown function (DUF) (orange), located in the active site (light blue) and that disturb protein
folding/solubility (dark red). Constructed with PyMOL using PDB ID 7NUT. (E) Close-up view of
(D) focusing on the active site. NT = not tested. (Data was already described in: Ruegenberg,
2020a).

2.2.2 Biological/physiological characterization of AMDHD2

Having characterized AMDHD2 on a biochemical level, we next aimed to further
investigate the role of AMDHD2 in a more physiological context. To expand our
understanding how the loss of AMDHDZ2 and the consequent elevated HBP activity can
impact biological mechanisms, we generated and characterized different in vivo models
lacking AMDHD2.

2.2.2.1 Loss of the C. elegans AMDHD2 homolog F59B2.3 has no effect on HBP
activity

In previous studies it was already shown that not only GIcNAc supplementation but also
gain-of-function (GOF) mutations as well as overexpression (OE) of the rate limiting HBP
enzyme GFAT-1 and the accompanying increase of UDP-GIcNAc levels have a beneficial
effect on protein homeostasis and lifespan in the nematode C. elegans (Horn et al. 2020;
Denzel et al. 2014). Given this information, C. elegans presents a suitable in vivo model
to manipulate and further characterize HBP function. To evaluate if also the newly
identified AMDHD2 has physiological relevance in the nematode, a K.O. strain of the
putative C. elegans homologue (F59B2.3) was generated using the CRISPR/Cas9
system. Two independent worm lines carrying different insertions/deletion leading to a
frameshift in Exon 1 of F59B2.3 and thereby to a premature stop codon, were analyzed
(Figure 16A). Indeed, both K.O. lines showed a decreased expression of F59B2.3 mRNA
as measured by gPCR, indicating nonsense-mediated mRNA decay (Figure 16B).
However, in contrast to the gfat-1 (dh784) gain-of-function worm which shows highly
elevated UDP-GIcNACc levels, the levels in the two F59B2.3 K.O. strains were unchanged
compared to WT animals (Figure 16C). In accordance with these data, the deletion of
F59B2.3 had no effect on TM resistance compared to the highly resistant GFAT-1 OE
mutant (gfat-1P::gfatl) (Figure 16D). Taken together, the K.O. of the putative AMDHD2
homologue F59B2.3 in C. elegans has no effect on HBP activation. This might be due to

a different function of AMDHD2 in the nematode compared to the mammalian system.
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Figure 16: Loss of the C. elegans AMDHD2 homologue F59B2.3 has no effect on HBP
activity. (A) Sequencing results of the F59B2.3 locus of control worms compared to two F59B2.3
K.O. lines. Red dotted line indicates start of the frame shift. Exact details of the mutation in the
respective K.O. line are described in the table below. (B) Relative F59B2.3 mRNA levels in WT
and F59B2.3 K.O. worms measured by qPCR (n=1). (C) IC-MS analysis of relative UDP-GIcNAc
levels of WT, gfat-1 gain-of-function (GOF) (dh784), and F59B2.3 K.O. worms (mean + SEM, n=8,
** p<0.01, One-way ANOVA Dunnett post-test). (D) Tunicamycin developmental assay with WT,
GFAT-1 overexpressing (OE) line gfat-1P::gfatl, and F59B2.3 K.O. animals. Relative fraction of
eggs developed to L4 or adult stage after 4 days on plates containing 4 and 8 pg/ml tunicamycin
(values were normalized to developed worms on control plates with DMSO) (mean + SD, n=2).

2.2.2.2 Loss of AMDHD2 in M. musculus leads to embryonic lethality

Since loss of the AMDHD2 homologue F59B2.3 in C. elegans did not show any effect on
HBP activity, in a next step we wanted to investigate the role of AMDHD2 in a higher
organism. To better understand the physiological consequences of HBP activation
through AMDHD?2 disruption in a mammalian in vivo system, we targeted the Amdhd2
locus by CRISPR/Cas9 to generate a K.O. mouse. Since our structural analysis of
AMDHD2 showed that the identified mutations, which cluster in exon 4-5, are mainly

located in the active site of the enzyme, we targeted this area to impair the enzyme’s
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function (Figure 10D, Figure 15C). In total we were able to generate four independent
mouse founder lines (line 1-4) with different deletions in the Amdhd2 locus (Figure 17A, B).
Successful deletion within the Amdhd2 gene could be confirmed by genotyping PCR
(Figure 17C). The Amdhd2 mutation was distributed in mendelian ratios in the offspring
as we could show by prenatal dissection (E7-8) of embryos followed by genotyping PCR
(Figure 17D). Despite this fact, no viable homozygous Amdhd2 K.O. pups could be
weaned, indicating an essential function of AMDHD2 during development (Figure 17D). In
case of heterozygous animals however, no obvious phenotype could be observed up to
the age of 1 year, which suggests that mutations in Amdhd2 underly a recessive nature.
Taken together, we demonstrated that homozygous mutations within Amdhd2 most likely
result in embryonic lethality, thus elucidating AMDHD?2 as a novel regulator, essential for
mammalian embryonic development. However, these are only preliminary data and further
analysis needs to be done to investigate when exactly lethality occurs and which tissues

are affected mostly.

A B
Amdhd2 i
chr17:24.374.807-24.382.740 Mouse Line ; Guides |  Deletion (4)
1 2+4 | 24375.419-24.375.685
—E1—E2'E3—“’—E4—..Ei —E6-E7-E8-E9—E10—E11— ) 1+4 24375387'243?559?_
T.o 3 1+4 | 24.375.385-24.375.746
e S - 4 1+4 24.375.397-24.375.745
) . S o Tmmmmmmmmmmmmmmmmmmmmssms s
- d N = ~
. E4 ~ c x\x ‘\x
1000 bp —
guide 1 g‘x% 2 guide 4 500 bp — S
o Alnlned
[ AlnLine2

D Prenatal dissection Postnatal
Genotype [No.ofmice ! % Genotype |No.of mice ! %
WwT 110 22 WT 56 | 54
Heterozygous; 25 54 Heterozygous 48 46
Homozygous 11 24 Homozygous 0 0
Total | 46 100 Total 104 | 100

Figure 17: Loss of AMDHD2 in M. musculus leads to embryonic lethality. (A) Schematic
representation of the CRISPR/Cas9-targeted exon 4 of the mouse Amdhd2 locus. Deletions in
founder lines 1-4 are indicated in red. (B) Table listing used guide combinations and deletion
details of the respective AMDHD2 K.O. founder lines. (C) Representative genotyping results of
heterozygous AMDHD2 K.O. mice. The WT PCR product is 675 bp and the Amdhd2 K.O. allele
shows a size of 300 bp (mouse line 1). (D) Genotyping results for the AMDHD2 deletion in
dissected (E7-8) embryos and weaned mice.

56



Results

2.2.2.3 Loss of AMDHDZ2 in N2a cells leads to HBP activation

Given the putative essential role in embryonic development and the relevance on HBP
regulation in the AN3-12 mESC line used for the screen, we next wanted to further explore
whether the loss of AMDHD2 can affect other murine cell lines. In a previous screen in the
nematode C. elegans, it was shown that activation of the HBP through the G451E
gain-of-function substitution in GFAT1 has beneficial effects on protein homeostasis
(Denzel et al. 2014). In accordance, GIcNAc treatment as well as introducing the same
mutation in the highly conserved GFAT1 of mouse neuroblastoma Neuro2a (N2a) cells,
resulted in TM resistance and improved protein homeostasis mediated by elevation of
UDP-GIcNAc levels (Ruegenberg et al. 2020b; Horn et al. 2020). Therefore, N2a cells are
known to be a good cellular model with regard to manipulating and analyzing HBP activity.
Based on this knowledge, we asked if the loss of AMDHD2 in the N2a cell line is also
sufficient to increase HBP flux. To this end, we engineered an AMDHD2 K.O. in the N2a
cell line using the CRISPR/Cas9 strategy. N2a cells have a complex karyotype varying
between 59 and 193 chromosomes in isogenic clones, which requires the genomic editing
of several Amdhd2 copies (www.ATCC.org). Nevertheless, genotyping PCR as well as
Sanger sequencing revealed a deletion within the Amdhd2 locus, while no remaining WT
allele could be observed (Figure 18A, B). Additional WB analysis confirmed the successful
K.O. of AMDHD?2 (Figure 18C). In line with previous findings, also in the N2a cell line the
depletion of AMDHD2 resulted in significant TM resistance compared to WT cells (Figure
18D). In contrast to AN3-12 cells though, measurement of UDP-GIcNAc levels revealed
only a mild but no significant elevation upon loss of AMDHD2 in N2a cells (Figure 18E).
This suggests that AMDHD?2 is constitutively active in AN3-12 cells, while catalysis of the
reverse flux of the HBP by AMDHD2 seems to be negligible in N2a cells. In general, WT
N2a cells showed 3,5-fold reduced basal UDP-GIcNAc levels compared to control AN3-12
mMESCs (Figure 18E). In conclusion, the K.O. of AMDHD2 in N2a cells was sufficient to
mediate TM resistance although UDP-GIcNAc levels were only slightly elevated. Together
with the reduced basal UDP-GIcNACc levels in N2a cells compared to AN3-12 cells, these
results suggest a different mechanism of HBP regulation in these two tested cell lines.
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Figure 18: Loss of AMDHD2 in N2a cells leads to hexosamine pathway activation. (A)
Representative genotyping results of AMDHD2 K.O. N2a cell line. The WT PCR product is 582 bp
while the Amdhd2 K.O. allele is around 500 bp. (B) Sequencing results of the Amdhd2 locus of
control N2a cells compared to the AMDHD2 K.O. line. Red dotted line indicates start region of the
frame shift. (C) Representative Western blot analysis of CRISPR/Cas9-generated AMDHD2 K.O.
NZ2a cells compared to WT (ctrl) and GFAT1 gain-of-function (GOF) cells. (D) Cell viability (XTT
assay) of WT and AMDHD?2 K.O. N2a cells treated with 0.5 pg/ml TM for 48h (mean £ SEM, n=3,
** p<0.01, unpaired t-test). (E) IC-MS analysis of UDP-GIcNAc levels in WT (ctrl) and AMDHD2
K.O. AN3-12 mESCs and N2a cells (mean £ SEM, n=5, ** p<0.01, *** p<0.001, ns = not significant,
One-way ANOVA Tukey post-test).

2.3 Cell type-specific regulation of the HBP

Besides Gfatl also its paralog Gfat2 can regulate metabolite entry into the HBP (Oki et al.
1999). The two paralogs exhibit 75% identity on an amino acid level and are located on
different chromosomes (Zhou et al. 1995). While Gfatl shows ubiquitous expression,
Gfat2 is reported to be predominantly expressed in the central nervous system (OKki et al.
1999). Surprisingly, despite a high level of saturation we were not able to detect any
mutation in one of the HBP’s rate limiting enzymes GFAT1 or GFATZ2 in the performed TM
resistance screen (Figure 10C). This raises the question how the loss of AMDHD2 alone
can lead to such drastic increases of UDP-GIcNAc levels although GFAT underlies a strict
regulation via product feedback-inhibition (Ruegenberg et al. 2020b). Moreover, the
AMDHD2 K.O. in AN3-12 cells showed a stronger impact on UDP-GIcNAc levels than in
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N2a cells, which in general had lower HBP product concentrations (Figure 18E). Given
the different gene expression of HBP enzymes together with a distinct functional
importance of AMDHD?2 across cell lines, this data prompted us to focus our efforts on the

deeper analysis of HBP regulation in a cell type-specific manner.

2.3.1 GFAT2 controls metabolite entry into the HBP in mESCs

Since we assume the possibility of a cell type-specific HBP regulation, we compared
different mechanism of HBP activation in AN3-12 cells and N2a cells. Supplementation of
GIcNAc can elevate UDP-GIcNACc levels by entering the HBP downstream of GFAT upon
NAGK-mediated phosphorylation (Weihofen et al. 2006). Thereby, GIcNAc treatment can
bypass GFAT feedback regulation (Figure 2). Treatment of cells with 10 mM GIcNAc for
24h indeed resulted in a significant upregulation of UDP-GICNAc levels in N2a cells, while
in AN3-12 cells the treatment did not change HBP product levels compared to an
untreated control (Figure 19A, B). In addition, we engineered AN3-12 cells carrying the
previously identified GFAT1 G451E gain-of-function substitution. While we could
reproduce the significantly elevated HBP flux in N2a cells with the G451E mutation
(Ruegenberg et al. 2020b; Horn et al. 2020), the same mutation did not influence
UDP-GIcNAc levels in AN3-12 cells. Vice versa, consistent with the data shown
previously, the K.O. of AMDHD?2 increased the HBP activity significantly only in AN3-12
cells but not in N2a cells (Figure 18E, Figure 19A, B).

Surprisingly, even the complete loss of GFAT1 in AN3-12 cells was not sufficient to alter
UDP-GIcNAc levels (Figure 19C). It is known that Gfatl is ubiquitously expressed across
cell types, while its paralog Gfat2 is predominantly expressed in the central nervous
system (Oki et al. 1999). Since even a full K.O. of GFAT1 in AN3-12 cells could not impact
UDP-GIcNAc levels compared to control cells, we hypothesized that in this cell line GFAT2
may control the flux in the HBP. To test the possibility that in AN3-12 cells GFAT2 may be
favored, we measured and compared mRNA levels of Gfatl and Gfat2 in WT cells. In line
with our hypothesis, Gfat2 was 6-fold higher expressed than Gfatl (Figure 19D). In a next
step, we performed WB analysis using defined amounts of pure purified human GFAT as
standard to compare the absolute amount of intracellular GFAT levels. Besides N2a cells
and AN3-12 mESCs, we tested E14 cells as a second mESC line as well as muscle
precursor C2C12 cells (myoblasts). In AN3-12 mESCs GFAT2 was found abundantly
expressed, while GFAT1 was hardly detected (Figure 19E). E14 mESCs showed a similar

expression with predominant GFAT2 and low GFAT1 abundance, indicating a
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MESC-specific expression pattern of GFAT1 and GFAT2. A contrary effect was observed
in the more differentiated N2a and C2C12 cells. Both cell lines showed predominant
GFAT1 expression while GFAT2 was virtually undetectable (Figure 19E). Concluding,
these data suggest a specific HBP configuration in mESCs characterized by a high
GFAT2:GFATL1 ratio, while more differentiated cells rather rely on GFAT1 than GFAT2.
Moreover, AMDHD2 seems to have a specific role in cells with GFAT2 as main driver for

metabolite entry into the HBP.
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Figure 19: GFAT2 controls metabolite entry into the hexosamine pathway in mESCs. (A)
IC-MS analysis of relative UDP-GICNAc levels of WT (ctrl) cells, WT cells treated with 10 mM
GlcNAc for 24h, GFAT1 G451E and AMDHD2 K.O. AN3-12 cells. (mean + SEM, n=4, *** p<0.001,
ns = not significant, One-way ANOVA Dunnett post-test) (B) IC-MS analysis of relative
UDP-GIcNACc levels of WT cells, WT (ctrl) cells treated with 10 mM GIcNAc for 24h, GFAT1 G451E
and AMDHD2 K.O. N2a cells. (mean + SEM, n=5, ** p<0.01, *** p<0.001, ns = not significant,
One-way ANOVA Dunnett post-test) (C) IC-MS analysis of relative UDP-GIcNAc levels of WT (ctrl),
GFAT1 G451E, GFAT1 K.O. and AMDHD2 K.O. AN3-12 cells. (mean + SEM, n=7, ** p<0.001,
ns = not significant, One-way ANOVA Dunnett post-test) (D) Relative Gfatl and Gfat2 mRNA levels
(qPCR) in WT AN3-12 cells (mean + SEM, n=2). (E) Representative Western blot analysis of
indicated amounts of purified human GFAT1 and GFAT2 protein as standards to compare GFAT
abundance in cell lysates of indicated cell lines.
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2.3.2 GFAT2 has a lower sensitivity to UDP-GIcNAc feedback inhibition
compared to GFAT1

To better understand why mESCs rather rely on GFATZ2, while other cells predominantly
use GFAT1, we next focused on the regulation of the two paralogs. Previously published
data indicate that under basal conditions GFAT1 underlies constant UDP-GIcNAc
inhibition, sufficient to fully suppress its activity (Ruegenberg et al. 2020b). Since mESCs
mainly depend on GFAT2 and simultaneously show a specialized metabolic profile, we
hypothesized that the kinetic properties and the feedback regulation differ in GFAT2. To
this end, we generated recombinant human GFAT1 and GFAT2 tagged with an internal
Hisgtag and characterized the two paralogs via activity assays. Kinetic measurements with
either L-glutamine (L-GIn) or fructose-6-phosphate (Frc6P) as substrates revealed
different affinities of GFAT2 compared to GFAT1. GFAT2 showed a significantly lower
affinity for Frc6P, but higher affinity to L-GIn as substrate compared to GFAT1 (Figure
20A, B; Table 1). This opposite effect in substrate affinity of the two enzymes may hints to
an adaptation for differences in metabolite availability. In addition, an UDP-GIcNAc
dose-response assay unraveled a significant higher ICso value for GFAT2
(367.3 -43.6/+49,5 pM) compared to GFAT1 (57.0 -8.3/+9.7 uM) (Figure 20C, Table 2).
Since higher product concentrations are required to inhibit GFAT2 to a similar extent as
GFAT1, we conclude that UDP-GIcNAc inhibition is weaker in GFAT2 compared to
GFAT1, allowing higher cellular UDP-GIcNAc levels in cells predominantly expressing
GFAT2. This differences in feedback regulation as well as the distinct substrate affinities
of the two enzymes may reflect adaptations to different cellular metabolite concentrations

and therefore could explain different tissue distributions.
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Figure 20: GFAT2 has a lower sensitivity to UDP-GIcNAc feedback inhibition than GFAT1.
(A) L-GIn kinetic of WT human GFAT1 (black circle) and WT human GFAT2 (teal square) (mean
+ SEM, hGFAT1 n=5, hGFAT2 n=4). (B) Frc6P kinetic of WT hGFAT1 (black circle) and WT
hGFAT2 (teal square) (mean * SEM, hGFAT1 n=5, hGFAT2 n=8). (C) Representative
UDP-GIcNAc dose-response assay with hGFAT1 (black circle) and hGFAT2 (teal square) (mean
+ SD, n=3). (Data was already described in: Ruegenberg, 2020a).
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Table 1: Kinetic measurements of human GFAT1 and GFAT2 enzyme.

L-GIn production D-GIcNG6P production
Km L'Gln kcat kca’[/Km Km FI’CGP kcat kca’[/Km
[mM] [s-1] [mM] [mM] [s-1] [mM]

GFAT1 11+0.19 3.6+0.18 3.3 0.08+0.01 1.7+0.09 21.3
GFAT2 05+0.06 3.7+0.10 7.4 0.29+0.05 1.8+0.09 6.2

Unpaired
t-test

** p=0.005 ** n=0.0027

Table 2: UDP-GIcNAc inhibition of human GFAT1 and GFAT2 enzyme.

UDP-GIcNAc inhibition
|Cs0 [UM]
GFAT1 57.0 -8.3/+9.7
GFAT?2 367.3 -43.6/+49.5
Unpaired Skk
t-test p=0.0002

2.3.3 AMDHD2 in tandem with GFAT2 result in elevated HBP flux in mESCs

To further examine the existence of a potential ESC-specific HBP regulation, we next
focused on AMDHD?2 levels in mESCs and compared them to cells mainly expressing
GFAT1. Preliminary gPCR data comparing Amdhd2 mRNA levels in AN3-12, N2a, and
C2C12 myoblasts did not show any differences on a transcriptional level (Figure 21A).
However, similarly to the GFAT2 expression pattern, AMDHD2 protein abundance was
higher in AN3-12 and E14 mESCs than in N2a and C2C12 cells (Figure 21B).

This result suggests that AMDHD2 plays a more substantial role for HBP regulation when
GFAT2 controls the flux in the pathway instead of the more common GFAT1. Next, we
were interested in how this putative specific configuration of enzymes is reflected in HBP’s
product levels. Comparing UDP-GIcNAc levels of the four different cell lines unraveled
significantly higher concentrations in AN3-12 mESCs compared to N2a cells and C2C12
myoblasts (Figure 21C). E14 mESCs showed high UDP-GICcNAc levels comparable to
those in AN3-12 mESCs, suggesting elevated HBP flux in mESCs. The elevated product
levels in mESCs are in accordance with the weaker feedback inhibition of the
predominantly expressed GFAT2 enzyme in these cells (Figure 20C). UDP-GIcNAc acts
as the precursor for different types of glycosylation including O-GIcNAcylation, a
post-translational-modification (PTM) where a single GIcCNAc moiety is added to Thr/Ser
residues (Hart 1997). To test if also downstream effects of the HBP are influenced by the

differences in UDP-GIcNAc concentrations, we measured total O-GIcNAcylation levels in
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the distinct cell lines by performing WB analysis with an antibody (RL2) specifically
recognizing this PTM. Consistent with elevated UDP-GIcNAc levels, also the abundance
of O-GIcNAc-modified proteins was higher in AN3-12 and E14 mESCs compared to the
N2a and C2C12 cell line (Figure 21D). Overall, these data demonstrate, likewise as for
GFAT2, a higher AMDHD2 abundance in the tested mESC lines compared to the more
differentiated N2a and C2C12 cells. This mESC-specific co-expression of GFAT2 and
AMDHD2 not only elevated HBP flux as reflected by increased UDP-GIcNAc levels, but is
also sufficient to influence O-GIcNAcylation downstream of it.
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Figure 21: GFAT2 in tandem with AMDHD?2 result in elevated hexosamine pathway flux in
MESCs. (A) Relative Amdhd2 mRNA level (gPCR) in indicated cell lines. Levels are normalized
to those in AN3-12 mESCs (mean + SEM, n=2). (B) Representative Western blot analysis of
AMDHD? in indicated cell lines. (C) Relative UDP-GIcNACc levels in indicated cell lines measured
by IC-MS. Levels are normalized to those in AN3-12 mESCs (mean + SEM, n23, *** p<0.001, ns
= not significant, One-way ANOVA Dunnett post-test) (D) Representative Western blot analysis of
O-GIcNAc-modified proteins (RL2) in the indicated cell lines.

2.3.4 Differentiation of human ESCs reduces the GFAT2:GFATL1 ratio

Since our data indicated a mESC-specific expression of GFAT2 while more differentiated
cells mainly rely on GFAT1, we were interested if differentiation of ESCs is sufficient to
induce a switch in expression of the two paralogs. Indeed, multiple lines of evidence

suggest a decreased GFAT2:GFATL1 ratio upon differentiation. By performing in silico
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analysis of recently published datasets from collaborating laboratories (Laboratory of
Dr. David Vilchez and Laboratory of Dr. Leo Kurian), we were able to observe a
differentiation-induced exchange of GFAT2 by GFAT1 (Figure 22A, B). Relative GFAT2
MRNA and protein levels decreased during differentiation of human ESC into the cardiac
lineage (Frank et al. 2019; Bartsch et al. 2021) and neuronal differentiation of human
ESCs (Saez et al. 2018). Together, the results of these two independent studies not only
strengthen our hypothesis of a switch in HBP’s enzymatic configuration upon

differentiation but also suggest a conserved mechanism in human ESCs.

A

mRNA level protein level mRNA level protein level

-
=)
]
=]
J
-
o
J
-
=)
J

0.5+

relative Gfat2:Gfat1 ratio
relative GFAT2:GFAT1 ratio
g

relative Gfat2:Gfat1 ratio
&
1
relative GFAT2:GFAT1 ratio
g

o
o
I
o
=)
I

6\
}oc)«
4
L
e
o,
4
4/%
%,
4
’l@, &
%,
2

Figure 22: Differentiation of human ESCs results in a decreased GFAT2:GFATL1 ratio. (A)
Relative Gfat2:Gfatl mRNA and GFAT2:GFAT1 protein ratios in human ESCs and upon
differentiation into cardiomyocytes (data obtained from: Frank et al. 2019, Bartsch et al. 2021).
(B) Relative Gfat2:Gfatl mRNA and GFAT2:GFATL1 protein ratios in human ESCs and upon
differentiation into neurons (data obtained from: Saez et al. 2018).

2.3.5 Partial differentiation of AN3-12 cells by LIF removal reduces GFAT2
abundance

Given the published datasets confirming our hypothesis of an ESC-specific HBP
regulation driven by GFAT2 and a differentiation-induced exchange by GFAT1, we next
wanted to test AMDHD2 expression upon differentiation and if enzymatic rewiring can
affect UDP-GICNAC levels. Our previous data are based on the more differentiated N2a
and C2C12 cell line as comparison to the mESCs, which do not serve as an optimal
control. Therefore, we next aimed to perform partial differentiation of AN3-12 cells to have
an appropriate cell model for comparison. For this purpose, we removed leukemia
inhibitory factor (LIF) from the medium, which is known to initiate stem cell differentiation
(Hocke, Cui, and Fey 1995). LIF depletion for five days resulted in partial differentiation of
AN3-12 cells as indicated by a significant decrease of the stem cell markers Nanog and
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KIf4 (Figure 23A). In fact, not only Gfat2 mRNA but also GFAT2 protein levels decreased
significantly upon LIF removal (Figure 23B, C). Partial differentiation by LIF removal
however, was not sufficient to induce significant changes in GFAT1 and AMDHD2 mRNA
levels or protein abundance (Figure 23D, E). Further analysis of the HBP activity by
measuring UDP-GIcNAc levels also showed no alteration of LIF depleted cells compared
to control cells cultured in LIF-containing medium (Figure 23F).
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Figure 23: Partial differentiation of AN3-12 cells by LIF removal reduces GFAT2 abundance.
(A) Relative Nanog and KIf4 mRNA level (QPCR) of WT AN3-12 cells (ctrl) and upon partial
differentiation by 5 days of LIF removal (-LIF) (SEM £ n=4, ** p<0.01, ns = not significant, unpaired
t-test). (B) Relative Gfat2 mRNA level (gPCR) in WT AN3-12 cells (ctrl) and upon partial
differentiation by 5 days of LIF removal (-LIF) (mean + SEM, n=4, * p<0.05, unpaired t-test). (C)
Western blot analysis and quantification (mean = SD, n=4, * p<0.05, unpaired t-test) of GFAT2 in
WT AN3-12 cells (ctrl) and upon partial differentiation by 5 days of LIF removal (-LIF). (D) Relative
Gfatl and Amdhd2 mRNA-level (QPCR) of WT AN3-12 cells (ctrl) and upon partial differentiation
by 5 days of LIF removal (-LIF) (mean + SEM, n=4, ns = not significant, unpaired t-test). (E)
Western blot analysis of GFAT1 and AMDHD2 in WT AN3-12 cells (ctrl) and upon partial
differentiation by 5 days of LIF removal (-LIF), including quantification relative to tubulin and the
WT cells (ctrl) (mean + SD, n=4, ns = not significant, unpaired t-test). (F) IC-MS analysis of
UDP-GIcNACc levels in WT AN3-12 mESCs (ctrl) and upon partial differentiation by 5 days of LIF
removal (-LIF) (mean £ SEM, n=5, ns = not significant, unpaired t-test).
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Considering all data, the removal of LIF for 5 days successfully initiates partial
differentiation of AN3-12 cells resulting in a drop of GFAT2 levels. In contrast, this
approach was not sufficient to affect GFAT1 and AMDHD2 levels or ultimately

UDP-GIcNAc concentrations.

2.3.6 Differentiation of AN3-12 cells into neural progenitor cells (NPCs) is
delayed upon AMDHD2 K.O.

Because the partial differentiation by LIF removal in AN3-12 cells was not sufficient to
show an impact on AMDHD?2 levels, in the next stage we performed further differentiation
into neural progenitor cells (NPCs). NPCs were generated using the hanging drop method
for embryoid body formation as described previously (Elling et al. 2017). In fact, g°PCR
analysis confirmed a decrease of the stem cell markers Sox2, Oct4, and Nanog in the
generated NPCs compared to undifferentiated AN3-12 mESCs (Figure 24A). Upregulation
of Nestin, a marker for early neural differentiation, in NPCs furthermore indicated a
successful differentiation into the neural lineage. Since we assumed based on the
previously shown data that AMDHD?2 is of special importance in ESCs when co-expressed
with GFAT2, next we compared the differentiation potential of WT and AMDHD2 K.O.
AN3-12 cells. Per se, AMDHD2 K.O. cells were able to differentiate into NPCs as indicated
by increased expression of Nestin mRNA although the mutant did not reach the same

level of increase as in WT cells (Figure 24B).
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Figure 24: Differentiation of AN3-12 cells into NPCs is delayed upon AMDHD2 K.O. (A)
Relative mRNA level of stem cell (Sox2, Oct4, Nanog) and neural (Nestin) marker genes in
undifferentiated WT AN3-12 cells (ESCs) and upon differentiation into neural progenitor cells
(NPCs) (mean + SEM, n=2). (B) Relative mRNA level of stem cell (Sox2, Oct4, Nanog) and neural
(Nestin) marker genes in WT AN3-12 cells (ctrl) compared to AMDHD2 K.O. cells upon
differentiation into neural progenitor cells (NPCs) (mean + SEM, n=2).
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In addition, when we compared stem cell markers of WT and AMDHD2 K.O. NPCs upon
differentiation, we observed that the levels remained higher in the mutant (Figure 24B).
This delayed drop of stem cell markers in parallel to decreased Nestin levels could hint to
a reduced differentiation potential upon AMDHD2 deletion. However, for statistical

analysis further experiments have to be performed.

2.3.7 Loss of AMDHDZ2 increases mESCs maintenance under basal conditions

Due to the putative impaired differentiation capacity upon AMDHD?2 deletion in AN3-12
MESCs (Figure 24B), we next focused on the investigation of the pluripotency potential in
the same cell line. Ample evidence exists that increased levels of O-GIcNAc modifications
(e.g., due to OGA inhibition or by GIcNAc supplementation) can reduce ESC differentiation
(Parween et al. 2017; Speakman et al. 2014). Vice versa, it was previously shown that a
decrease in O-GIcNAcylation upon an OGT knock down results in diminished self-renewal
of ESCs and reduced reprogramming of somatic cells into iPSCs (Jang et al. 2012; Andres
et al. 2017). Given the connection of O-GlcNAcylation and pluripotency in ESCs, and the
observation of increased UDP-GIcNAc levels in the AMDHD2 K.O. cells, we hypothesized
that the AMDHD2 absence may result in altered stem cell maintenance. To assess this
assumption, we first measured if the elevated UDP-GIcNAc concentration in AMDHD2
K.O. AN3-12 cells is sufficient to upregulate levels of O-GIcNAc-modified proteins. By
performing a WB analysis using the O-GIcNAc-specific RL2 antibody, we confirmed an
increase of O-GIcNAc modifications in WT cells upon treatment with the potent OGA
inhibitor GIcNAcstatin G (Dorfmueller et al. 2010), in a dose-dependent manner (Figure
25A). However, we were not able to measure significant differences with regard to
OGIcNACc levels upon loss of AMDHD2 compared to control WT cells (Figure 25B, C).

Nevertheless, in a next step, we performed a colony formation assay (CFA) using WT and
AMDHD2 K.O. AN3-12 mESCs to assess differences in stem cell maintenance. Cells
cultured in medium without LIF were forced to partially differentiate and served as a
negative control for stem cell maintenance. Since we observed higher O-GIcNAc levels in
the tested mMESCs compared to more differentiated cells, we tested if differentiation is
sufficient to alter O-GIcNAc levels (Figure 21D). WT cells were collected for WB analysis
to measure differences in O-GIcNAc levels upon LIF removal. In line with an unchanged
HBP configuration, LIF removal for 5 days was not sufficient to induce measurable
differences in O-GIcNAcylation of proteins (Figure 23E; Figure 25D, E). Tracking of

differences in stem cell self-renewal capacity between WT and AMDHD2 K.O. cells was
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performed by determination of alkaline phosphatase activity, a universal pluripotency
marker (Singh et al. 2012). Upon alkaline phosphatase staining, 100 randomly chosen
colonies of each condition were analyzed and classified either into “stem cell’,
“‘intermediate cell” or “differentiated cell” according to the staining intensity (Figure 25F,
G). Since only a really small portion of cells showed complete differentiation even upon
LIF removal (less than 10%), the latter group was neglected for further analysis. Despite
the similar O-GIcNAc levels, alkaline phosphatase staining of colonies revealed a
decrease in the stem cell fraction along with an increase in the number of intermediate
cells upon LIF depletion in WT as well as AMDHD2 K.O. cells, although no statistical
significance was reached (Figure 25H, 1). From these data, a successful partial
differentiation as well as specific staining of stem cells can be concluded. Interestingly,
AMDHD2 K.O. cells showed a significantly higher percentage of stem cells and a reduced
number of intermediate cells under basal conditions compared to control mMESCs (Figure
25H, 1). This finding, in line with the delayed differentiation into NPCs (Figure 24B),
suggests that the deletion of AMDHD2 may lead to increased stem cell maintenance.
However, the general size of colonies of AMDHD2 K.O. cells was smaller compared to
those of WT cells, indicating reduced cell proliferation (Figure 25F). The reduced cell
number should be taken into account in future experiments. Overall, these data suggest

that loss of AMDHD2 can impact stem cell maintenance under basal conditions.
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Figure 25: The loss of AMDHD2 increases stem cell maintenance under basal conditions.
(A) Representative Western blot (WB) analysis of O-GIcNAcylated proteins (RL2) in WT AN3-12
cells treated with O (ctrl), 0.1, 1 and 10 nM GlcNAcstatin G for 24h. (B) Representative WB analysis
of O-GIcNAcylated proteins (RL2) in WT AN3-12 (ctrl) compared to AMDHD2 K.O. cells.
(C) Quantification of WB as shown in (B) (mean + SD, n=11, ns = not significant, unpaired t-test).
(D) Representative WB analysis of O-GIcNAcylated proteins (RL2) in WT AN3-12 (ctrl) and upon
partial differentiation by 5 days of LIF removal (-LIF). (E) Quantification of WB as shown in (D)
(mean £ SD, n=5, ns = not significant, unpaired t-test). (F) Representative colony formation assay
(CFA) of WT and AMDHD2 K.O. AN3-12 cells followed by alkaline phosphatase staining after 5
days. Partial differentiation by 5 days of LIF removal (-LIF) served as positive control for
differentiation. (G) Representative image of the different stages of differentiation upon CFA and
alkaline phosphatase staining. (H) Relative fraction of colonies classified as “stem cells” in WT
(ctrl) and AMHDHD2 K.O. AN3-12 cells cultured in standard medium and upon 5 days of LIF
removal (-LIF) (mean * SEM, n=3, ** p<0.01, ns = not significant, One-way ANOVA Tukey
post-test). (I) Relative fraction of colonies classified as “intermediate cells” in WT (ctrl) and
AMHDHD?2 K.O. AN3-12 cells cultured in standard medium and upon 5 days of LIF removal (-LIF)
(mean + SEM, n=3, * p<0.05, ns = not significant, One-way ANOVA Tukey post-test).
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3 Discussion

In this study we aimed to identify novel regulators of the hexosamine biosynthetic pathway
(HBP) and thus, thereby new targets for manipulation of the concentration of its end
products UDP-GIcNAc and UDP-GalNAc. These acetylated amino sugars serve as
precursor molecules for a wide range of glycosylation events and PTMs. Given the
importance of HBP flux on multiple downstream processes and its association with most
of the nine hallmarks of aging, extending the understanding of its regulatory principles
could provide novel approaches to slow down the aging process (Figure 8).

Although regulation of the rate-limiting enzyme glutamine fructose-6-phosphate
amidotransferase (GFAT) by UDP-GIcNAc feedback inhibition is well-studied
(Ruegenberg et al. 2020b), little data is available concerning other regulators. Therefore,
in this study, we used tunicamycin (TM) resistance as a proxy for increased HBP activity
and performed an unbiased forward genetic screen in haploid mouse embryonic stem
cells (MESCs) in combination with chemical and insertional mutagenesis. We identified
the N-acetylglucosamine deacetylase AMDHD?2, which catalyzes a reverse reaction of the
HBP. Further characterization of AMDHD2 unraveled that loss-of-function, caused by
mutations interfering with protein folding or catalytic activity, ultimately elevate
UDP-GIcNACc levels in mESCs. Finally, we showed that mMESCs co-express AMDHD2
together with GFATZ2 instead of the more common paralog GFAT1. Compared to GFAT1,
GFAT2 has a decreased sensitivity to UDP-GIcNAc feedback inhibition, explaining how
AMDHD2 loss-of-function results in HBP activation in AN3-12 cells. This HBP
configuration, in which AMDHD2 serves to balance GFAT?2 activity, was also observed in
other mESCs and, consistently, the GFAT2:GFAT1 ratio decreased with differentiation of
human ESCs into the neural or cardiac linage. Together, we discovered a potential
ESC-specific regulation of the HBP and a hitherto unexpected function of AMDHD2 in
fine-tuning UDP-GIcNACc levels in cells that use GFAT2 for metabolite entry into the HBP.

3.1 Identification of AMDHD2

The HBP is a metabolic pathway, converting Frc6P into the high energy molecule
UDP-GIcNAc and its epimer UDP-GalNAc. A previous chemical mutagenesis screen in
C. elegans established resistance to the toxin tunicamycin (TM) as a proxy for elevated

HBP activity (Denzel et al. 2014). TM acts as a competitive inhibitor of
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UDP-GIcNAc:dolichylphosphate GIlcNAc-1-phosphotransferase (GPT), which catalyzes
the first step of N-glycan synthesis (Heifetz, Keenan, and Elbein 1979). Thus, increased
UDP-GIcNAc concentrations, achieved by gain-of-function (GOF) mutations in the
rate-limiting enzyme GFAT1, were shown to outcompete TM toxicity. Further, introducing
the same GOF mutation into GFAT1 of mouse neuroblastoma Neuro2a (N2a) cells
confirmed a conserved mechanism in mammalian cells (Horn et al. 2020; Ruegenberg et
al. 2020b). Taken together, screening for TM resistance should also be a suitable

approach in mammalian cells for identification of novel HBP regulators.

3.1.1 Identification of AMDHD2 demonstrates the power of drug resistance
screens in haploid mESCs

In the first part, we performed an ENU-based DNA mutagenesis followed by forward
genetic screening for TM resistance in the haploid mESC line AN3-12. This unique
combination of a haploid system with chemical mutagenesis allows the identification of all
types of mutations, including dominant and recessive, hypo-, hyper-, and neomorph
mutations. Moreover, in contrast to RNAI or CRISPR-based screens, no guide library is
required, ensuring an unbiased screening approach. The most powerful advantage,
however, is the possibility to narrow down mutations to an amino acid resolution. Out of
29 TM resistant clones that were sent for whole exome sequencing only Amdhd2 fulfilled
all criteria of being a candidate gene, which includes the presence of at least two
independent alleles. In total, 38% of all clones revealed a mutation in Amdhd2
(11 independent alleles). This large number of allelism indicates a high degree of
saturation of the screen, although no other candidates could be identified. The lack of
other TM resistance-conferring genes could be due to the harsh screening conditions with
a relatively high TM concentration (0.5 pg/mg TM). Repeating the screen with a lower TM
concentration may allow identification of other genes, conferring a lower degree of
resistance, but at the same time would also increase the probability of false positive
candidates to grow. Interestingly, we were only able to identify missense mutations within
Amdhd2. However, since we only performed whole exome sequencing other mutations in
the remaining clones that may disturb the promoter region cannot be excluded. Moreover,
no nonsense mutations were detected possibly due to the usage of the mutagen ENU,
which induces nonsense mutations only in 10% of the cases (Takahasi, Sakuraba, and
Gondo 2007). Chemical mutagenesis with reagents having other chemical properties may

alter the spectrum of induced mutations.
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In addition to the chemical mutagenesis, we made use of a comprehensive library of
clones containing reversible insertions, which cover around 70% of the protein coding
genes in AN3-12 cells. This library was established using an enhanced gene trapping
system and was already successfully used for drug resistance screens (Elling et al. 2011,
Elling et al. 2017; Horn et al. 2018). In contrast to the chemical-based screen, this
insertional mutagenesis approach is restricted to identification of hyper- or hypomorph
mutations. However, to identify mutation sites no whole exome sequencing is required.
Instead, due to a viral-specific barcode within the insert, mutations can be determined
easily by inverse PCR. Thus, besides the ENU-based screen, we performed a second
completely independent insertional mutagenesis screen in the haploid AN3-12 cell line.
Also in this screen, AMDHD2 was the only candidate gene and disruption of Amdhd2 was
verified in 20% of the tested clones. Combining two different approaches of forward
genetic screens with the same result, reinforced the hypothesis of a novel and significant
role of AMDHD?2 in HBP regulation in mESCs. In addition, the K.O. of AMDHD2 in mice
resulted in lethality of homozygous mutants, while heterozygous mice had no obvious
phenotype, indicating that mutations within Amdhd2 are recessive. Thus, identification of
AMDHD2 as an uncharted and essential gene for mammalian development was only
possible using haploid mESCs, emphasizing the power of this state-of-the-art tool.
Consequently, we could demonstrate that forward genetic screening in haploid mESCs
can push boundaries and is a promising novel technique, which can be applied to unravel

diverse scientific questions in the future.

3.1.2 Loss of AMDHD2 is a novel mechanism to mediate tunicamycin
resistance by HBP activation

Three independent AMDHD2 K.O. AN3-12 lines were generated and confirmed that
AMDHD?2 and no off-targets mediated TM resistance. Consistently, the initial clones that
were sent for sequencing and the generated AMDHD2 K.O. cell lines showed very similar
levels of TM resistance, up to 4-fold compared to control cells (Figure 10B, Figure 11B).
We concluded that the identified mutations are LOF mutations, since the AMDHD2 K.O.
cell lines phenocopied the initially identified mutants. The 11 mutations were mainly
localized in exon 4 and 5, suggesting that this locus most likely encodes residues close to
the active site of AMDHD2. Based on the first eukaryotic crystal structure of AMDHD2 we
confirmed this assumption and were able to show that several identified mutations are

located in close proximity to the active site. Further analysis demonstrated that the
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mutations from the screen cause a LOF in human AMDHD2 by: (1) disrupting proper
protein folding, mainly due to exchanges of the small amino acid glycine by bigger and
bulkier residues; (2) affecting protein activity presumably by disturbing binding of the
substrate or co-factor.

Alignments of the mouse and human AMDHD2 amino acid sequence with its bacterial and
fungal homologs demonstrated a high degree of conservation (Supplementary Figure 1).
For the E. coli homolog NagA, a putative catalytic mechanism was described previously
(Hall, Xiang, et al. 2007). Conservation of the potential functional residues in the human
and murine protein indicates a similar catalytic mechanism. AMDHD2 is composed of a
deacetylase domain and a small domain with unknown function (DUF). We identified only
one mutation, 138T, within the DUF domain and this mutant showed a reduced solubility,
potentially explaining the LOF. Nonetheless, the soluble fraction of AMDHD2 I38T mutant
protein was as active as wild type AMDHD?2 in activity assays, suggesting that the DUF
domain is dispensable for catalysis.

AMDHD2 is an amidohydrolase that plays a potential role in catalyzing the “reverse”
direction of the second step in the HBP by deacetylation of GICNAC6P to generate GIcN6P
(White and Pasternak 1967). Nonetheless, so far AMDHD?2 is often not integrated into the
HBP and most knowledge is based on the fungal and bacterial homolog NagA, which is
important for catabolism of cell wall components (Park 2001; Uehara et al. 2005;
Plumbridge 2009). For mammalian AMDHD2, a crucial role for degradation of
N-glycolylneuraminic acid (Neu5Gc) was previously shown, which is one of the most
common sialic acids at the terminal position of glycoconjugates in mammals (Bergfeld et
al. 2012). To elucidate if AMDHD2 plays a functional role in HBP regulation in a
mammalian system, we compared UDP-HexNAc levels of WT and AMDHD2 K.O. cells.
Indeed, we confirmed with our data that, similar to GIcNAc supplementation and the
previously identified GOF mutation in GFAT1, loss of AMDHD?2 increases UDP-HexNAc
levels in AN3-12 and N2a cells by blocking of the HBP reverse flux, thereby mediating TM
resistance. Thus, we were able to highlight for the first time the relevance of mammalian
AMDHD?2 in regulation of the HBP and its final product UDP-GIcNAc. Concluding, we were
able to broaden the knowledge about mammalian AMDHD2 and confirmed that LOF
mutations in Amdhd2 confer TM resistance by increasing HBP flux and thus UDP-GIcNAc
levels. This novel regulatory function of mammalian AMDHD2 as a modulator of HBP
activity and UDP-GIcNAc homeostasis provides a reasonable starting point for many

future applications.
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3.2 In vivo characterization of AMDHD2

After identification of AMDHD2 as a novel regulator of HBP activity, we aimed to further
examine its biological relevance. To gain insight into the physiological function of
AMDHD2, we performed in vivo analyses by generating K.O. mutants in the nematode

C. elegans and in M. musculus.

3.2.1 Loss of the C. elegans AMDHD2 homolog F59B2.3 has no effect on HBP
activity

It has been previously shown that elevated UDP-GIcNAc levels, obtained by GIcNAc
supplementation and GOF mutations as well as overexpression (OE) of the rate limiting
enzyme GFAT-1, can improve protein homeostasis, leading to TM resistance, and an
extended lifespan in C. elegans (Denzel et al. 2014). As a matter of fact, | could reproduce
a drastic increase in TM resistance in the gfat-1 (dh784) GOF worm and highly elevated
UDP-GIcNAc levels in the GFAT-1 OE mutant (gfat-1P::gfatl) compared to WT control
worms (Figure 16C, D). Although this positive control confirmed a properly working
experimental setup, none of the two independent K.O. mutants for the putative AMDHD2
homolog F59B2.3 showed either TM resistance or increased UDP-GIcNACc levels. On a
genetic level, insertions/deletions within the F59B2.3 gene should result in a frameshift,
leading to a premature stop codon, and indeed gPCR revealed a decreased mRNA
abundance for both mutants compared to WT worms. However, due to the lack of a
working antibody for the C. elegans homolog F59B2.3, remaining functional protein cannot
be excluded. Moreover, the F59B2.3 gene is only a predicted homolog with 50% amino
acid identity compared to human AMDHD2 (Supplementary Figure 1). Despite the
moderate conservation, another functional role in the worm could explain the lack of
impact on the phenotype. Another possible explanation is a cell type-specific effect, which
could be masked by analyzing the multicellular organism C. elegans. These possibilities
could also explain the missing identification of AMDHD?2 in the previously performed TM

resistance screen in the nematode (Denzel et al. 2014).

74



Discussion

3.2.2 AMDHD?2 is essential for embryonic development in M. musculus

To better understand the physiological relevance of AMDHD2 disruption in a mammalian
in vivo model, K.O. mice were engineered and analyzed. For disruption of protein
functionality exon 4 was targeted, since most of the identified mutations cluster in this
locus and our first eukaryotic protein structure displayed this area to encode for the active
site of human AMDHD?2. Four different founder lines with different deletions within Amdhd2
were analyzed, in order to exclude phenotypes mediated by off-targets. Although
genotyping of dissected prenatal embryos revealed the existence of homozygous pups in
the expected mendelian ratio (24%), no viable mice with a homozygous Amdhd2 mutation
could be weaned. Macroscopic analysis of the homozygous K.O. embryos during
dissections between E9-E13 revealed smaller size of the embryos with signs of resorption.
These data provide strong evidence for an early embryonic lethality upon homozygous
deletion of AMDHD2. However, a deeper analysis of the underlying developmental defect
and in which embryonic state exactly lethality occurs, is still an open question. Of note,
heterozygous mutant mice up to 1 year did not show any obvious phenotype, suggesting
that mutations within AMDHD2 are recessive and one allele is sufficient to preserve
functionality. Nevertheless, a detailed characterization of heterozygous mice on a
physiological and molecular level is still missing. Therefore, detrimental effects starting
later in life are still possible. Interestingly, ubiquitous OE of human Hiss-N-tagged WT
GFAT1 or GFAT1 with the G451E GOF mutation was sufficient to increase UDP-GIcNAc
levels significantly in the brain of three-month-old mice, but had no effect on development
(Allmeroth 2021). However, Hiss-N-tagged GFAT1 was described to have reduced activity
(Olchowy et al. 2006). Therefore, one possible explanation for this contradiction could be
that the loss of AMDHD2 even exceeds the effect of GFAT1 OE, resulting in a too high
and lethal dose of UDP-GIcNAc levels. In accordance with our data, homozygous deletion
of GNPDAL1, the enzyme catalyzing the reverse reaction of GFAT, is also indispensable
for wviabilty in mice and its loss mediates embryonic lethality (IMPC,
http://www.mousephenotype.org/). Vice versa, a whole body K.O. of GFAT1 is neither
compatible with life and a muscle-specific deletion causes myasthenia and myopathy in
mice (Issop et al. 2018; Pantaleon, Scott, and Kaye 2008). Interestingly, also homozygous
deletion of GNA1, the counteractor of AMDHD2, caused embryonic lethality at E7.5 in
mice (Boehmelt, Wakeham, et al. 2000). Thus, an optimally balanced UDP-GICNAc
homeostasis seems to be required for proper development with deleterious effects if too

high or too low. It is already described that a balanced O-GIcNAc cycle is of high
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importance for proper embryogenesis in diverse model organisms. For example, deletion
of OGT leads to developmental defects in the fly, zebrafish, and mice (Mariappa,
Ferenbach, and van Aalten 2018; O'Donnell et al. 2004; Shafi et al. 2000; Webster et al.
2009; Muha et al. 2021). Moreover, it is possible that AMDHD?2 is of special importance in
ESCs and in turn during embryonic development. To summarize, homozygous mutations
in AMDHD2 result in embryonic lethality in mice, which might be due to altered
UDP-GIcNAc homeostasis during early embryogenesis. Therefore, our data provide
evidence for a putative role of AMDHD?2 as a so far unknown essential factor for embryonic
development. To further elucidate this phenomenon, a conditional and tissue-specific
AMDHD2 K.O. in mice could be beneficial. Detailed expression analysis of different
tissues and at multiple stages could also help to identify when exactly expression is

required during development and which tissues specifically rely on AMDHD2 functionality.

3.3 Cell type-specific regulation of the HBP

Comparison of AMDHD2 K.O. AN3-12 cells and N2a cells suggested a different relevance
of AMDHD2 in HBP regulation. Indeed, a cell type-specific regulation was already
described for other HBP enzymes. While the more prominent paralog GFAT1 is
ubiquitously expressed, GFAT2 mainly occurs in the central nervous system (Oki et al.
1999). Furthermore, GNA1, the counterplayer of AMDHD2, was also shown to be
differentially regulated in a cell type-specific manner (Boehmelt, Fialka, et al. 2000). Given
this information, in the next part of the thesis we aimed to further investigate if and how

HBP flux is controlled in a cell type-specific context.

3.3.1 GFAT2 controls metabolite entry into the HBP in mESCs

To unravel a potentially different mode of enzymatic HBP regulation in AN3-12 cells
compared to N2a cells, we analyzed the previously described ways of activating the HBP
and the newly identified K.O. of AMDHD2 in both cell lines. It was published already, that
GIcNAc supplementation and introducing the G451E GOF mutation into murine GFAT1
can upregulate UDP-GIcNACc levels up to 5-fold in N2a cells (Horn et al. 2020; Ruegenberg
et al. 2020b). Although I could reproduce these data with both known HBP activators, the
K.O. of AMDHD2 was not able to increase UDP-GIcNACc levels significantly in N2a cells.
Contrary, AN3-12 cells showed the opposite effect, with deletion of AMDHD2 being the
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only activator achieving significant upregulation of UDP-GIcNAc levels. GIcCNAc can enter
the HBP downstream of GFAT1 upon phosphorylation to GICNAC6P by the kinase NAGK
(Weihofen et al. 2006). Preliminary gPCR data indicated a low expression level of NagK
in AN3-12 cells, which is 7-fold increased in N2a cells (data not shown). This low
abundance of NAGK in the AN3-12 cell line could explain the missing potential of GICNAc
to enter the HBP and thereby elevate its flux. Similarly, the lack of HBP activation or
inhibition upon GFAT1 manipulation in AN3-12 cells, either by introducing the GOF
mutation or the complete loss of GFATL, can be explained by low Gfatl expression.
Additionally, this low expression level of GFAT1 in AN3-12 could be a reason why we were
not able to identify the previously described G451E GOF substitution in our screen. Not
only the AN3-12 cells, but also E14 mESCs displayed a very low GFAT1 abundance in
parallel to a high GFAT2 protein level, indicating the replacement of the more common
GFAT1 by GFAT2 as a general mESC-specific feature. In contrast, GFATL1 is highly
abundant in more differentiated cell lines like N2a cells and C2C12 myoblasts, while
GFAT2 is virtually undetectable. These results explain why manipulation of GFATL is
sufficient to elevate HBP flux in N2a cells. In accordance, it was already shown that
GFAT?2 acts as the key regulator for the HBP in intestinal SCs in D. melanogaster (Mattila
et al. 2018). The same study claimed a potential mechanism, in which the HBP can
mediate a metabolic rewiring of intestinal SCs according to nutrient availability.

A recent publication demonstrated a FoxO1-dependent GFAT2 upregulation upon stress
in macrophages simultaneously to increased O-GIcNAc levels (Al-Mukh et al. 2020).
Interestingly, the transcription factor (TF) FoxO1 is described to have a functional role for
expression of developmentally regulated genes and is involved in cell fate decisions. For
instance, FoxO1 is downregulated upon neurogenesis and GOF or LOF mutants were
able to prevent or promote differentiation of NPCs, respectively (Kim et al. 2015).
Moreover, FoxO1 was identified as an essential regulator of pluripotency in human ESCs
by mediating OCT4 and SOX2 expression (Zhang, Yalcin, et al. 2011). In accordance, it
was previously reported that FoxO1 itself is modified and activated by O-GIcNAc,
indicating a positive feedback loop upon upregulation of GFAT2 (Kuo et al. 2008).
Together, these data suggest that FoxO1 acts as the TF for GFAT2 expression, thereby
mediating increased UDP-GIcNACc levels in an ESC-specific manner.

Concluding, the replacement of GFAT1 by GFAT2 seems to be a so far unknown
ESC-specific feature, which may facilitate the metabolic rewiring required for the

specialized properties of ESCs, like the high proliferation potential.
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3.3.2 AMDHD2 in tandem with GFATZ2 results in elevated HBP flux in mESCs

Deeper analysis of AMDHD2 expression in diverse cell lines revealed a high protein
abundance in the tested mESC lines, while a reduced level was observed in the more
differentiated N2a and C2C12 cell lines. Interestingly, this cell type-specific regulation
does not seem to occur on a transcriptional level as the mRNA levels for Amdhd2 are
similar in all tested cell lines. Thus, elevated AMDHD2 availability in mESCs is rather
mediated by enhanced translation or an increased protein stability. For a detailed
understanding of this adaptation, further experiments are required like ribosome profiling
to test changes in translation or proteasome inhibition to examine altered protein turnover
by the UPS. The observed co-expression of AMDHD2 in cells that rely on GFAT2 for HBP
entry caused higher UDP-GIcNAc concentrations in parallel to higher O-GIcNAc levels in
MESCs. It is described that ESCs require high O-GIcNAc levels for their maintenance,
since many pluripotency TFs like OCT4 and SOX2 are positively regulated by
O-GlIcNAcylation (Constable et al. 2017b; Jang et al. 2012). High UDP-GIcNAc levels are
moreover associated with pluripotency and ESC maintenance by affecting synthesis of
ECM components, functionality of proper PQC mechanism, and chromatin remodelling
(Fong et al. 2012; Vigetti et al. 2012). As a sum, the specific enzymatic configuration of
the HBP we observed in mESCs, including the combined expression of AMDHD2 and
GFAT2, could be required for balancing higher UDP-GIcNAc levels as an adaptive

mechanism for pluripotency and SC self-renewal.

3.3.3 Differentiation of ESCs reduces the GFAT2:GFAT1 ratio

ESCs exhibit a uniqgue metabolic rewiring according to their special properties like a high
proliferating ability (Figure 7). Therefore, the predominant usage of GFAT2 instead of
GFAT1 as key enzyme of the HBP most likely reflects a metabolic adaptation in ESCs.
Consequently, we hypothesized an enzymatic reconfiguration of the HBP upon
differentiation of ESCs including the upregulation of GFAT1 in combination with a
decreased GFAT2 expression, ultimately resulting in a reduced GFAT2:GFATL1 ratio.
Depletion of leukemia inhibitory factor (LIF) from the medium is known to initiate SC
differentiation (Hocke, Cui, and Fey 1995). Thus, we induced partial differentiation by LIF
removal for 5 days and asked if this is sufficient to switch the enzymatic configuration of
the HBP from GFAT2 to GFATL1 expression. Significant downregulation of the ESC

markers confirmed partial differentiation of AN3-12 mESCs, which was indeed sufficient
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to decrease GFAT2 mRNA and protein abundance (Figure 23B). In contrast, neither
GFAT1, AMDHD2 nor ultimately UDP-GIcNAc levels were changed upon LIF depletion.
These data suggest, that differentiation per se is able to rewire the HBP’s enzymatic
configuration. While the transcriptional downregulation of GFAT2 seems to occur already
in early steps of differentiation, 5 days of LIF removal were not sufficient to alter GFAT1
or AMDHD?2 levels.

Ample evidence indicated a special importance of the HBP in differentiation into neuronal
and cardiac lineages. Elevated HBP flux by GIcN treatment in ESCs was shown to be able
to decrease cardiomyocyte differentiation (Kim et al. 2009). Vice versa, the same study
observed that compound-based inhibition of GFAT1 increases the number of
cardiomyocyte precursors. In accordance, C2C12 myoblasts require a decrease in global
O-GIcNAc levels for proper myogenesis: Genetic or pharmacological inactivation of OGA
prohibits the decrease of O-GIcNAcylation and disturbs myoblast fusion and expression
of myogenic regulatory factors (Ogawa et al. 2012). Similarly, OGA inhibition disturbed
differentiation of hESCs into neural progenitor cells (NPCs) (Parween et al. 2017). In
accordance, chemical inhibition of OGT which reduces O-GIcNAc levels, impaired hESC
maintenance and promoted differentiation along the neural lineage (Andres et al. 2017,
Parween et al. 2017). Therefore, we focused our research on HBP regulation in the
context of neurogenesis and myogenesis. Indeed, by in silico analysis of already
published datasets we observed a decreased GFAT2:GFATL1 ratio upon differentiation of
hESCs along both, cardiac or neural lineages (Saez et al. 2018; Frank et al. 2019; Bartsch
et al. 2021). Thus, we could not only confirm our hypothesis of a replacement of GFAT2
by GFATL1 during differentiation, but can also show that this mechanism is conserved in
hESCs. Concluding, although incomplete differentiation of AN3-12 cells was only partially
able to alter HBP configuration, analysis of already published datasets strengthened our
hypothesis of a high GFAT2:GFATL1 ratio as an ESC-specific feature, which decreases
with differentiation. Thus, we could prove for the first time an enzymatic reconfiguration of
the HBP during differentiation, which might be important to adapt to the specialized

metabolic profile of ESCs.
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3.3.4 Loss of AMDHD?2 delays differentiation and increases ESC maintenance

Given the essential role of O-GIcNAc regulation, and thus HBP activity, for differentiation
of human ESCs into neural progenitor cells (NPCs) (Parween et al. 2017), we aimed to
investigate how an AMDHD2 K.O. impacts the differentiation potential of AN3-12 mESCs
into NPCs. In general, the differentiation protocol was successful since we confirmed
decreased expression of ESC markers combined with a drastic upregulation of the
neuronal marker gene Nestin compared to undifferentiated WT mESCs. Increased Nestin
levels were also observed in AMDHD2 K.O. cells upon differentiation, indicating a
functional differentiation per se in these cells, despite the elevated basal UDP-GIcNAc
levels. However, the differentiation seemed to be delayed upon loss of AMDHD?2 since
Nestin levels were only 2.8-fold increased in the according NPCs, compared to a 4.8-fold
increase in WT NPCs. In compliance with these data, also the decreased expression of
SC markers was more pronounced in WT than in AMDHD2 K.O. NPCs. It is worth
mentioning, these are only preliminary data and further replicates are required to test
statistical significance of this effect. It is known that altered HBP activity, and thus changes
in UDP-GIcNACc levels, can influence cell cycling and proliferation. For instance, deletion
of GNA1 was shown to diminish the proliferative capacity of MEFs, which could be rescued
by GIcNAc supplementation (Boehmelt, Wakeham, et al. 2000). Moreover, tumor
suppressors like FOXO3 and p53 can be regulated by O-GIcNAcylation and thereby
modify cell growth and apoptosis (Yang et al. 2006; Shin et al. 2018). Differences between
WT and AMDHD?2 K.O. cells regarding cell cycle progression were not excluded so far,
which could explain the delayed differentiation of mutant cells. In addition, increased
induction of apoptosis in AMDHD2 K.O. NPCs could enrich for mESCs and thus, might
contribute to the observed effect in the gPCR data. Therefore, follow up experiments are
required to better understand the underlying mechanism of a potential delayed
differentiation upon loss of AMDHD?2.

High O-GIcNAcylation levels were shown to be essential for ESCs pluripotency, while
increased levels can disturb differentiation (Jang et al. 2012). Moreover, alterations in the
UDP-GIcNAc availability, which serves as a direct precursor for O-GlcNAcylation, can
modulate O-GIcNAc levels leading to hypo- or hyper-O-GIcNAcylation (Shen et al. 2012;
Taylor et al. 2008). Although UDP-GIcNAc levels in AMDHD2 K.O. cells are highly
elevated compared to WT AN3-12 cells, O-GIcNAc levels were only slightly but not
significantly increased in mutant cells (Figure 12B, C; Figure 25B). It is well described that

the O-GIcNAc cycle, driven by the two regulating enzymes OGA and OGT, is tightly
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regulated and can adapt rapidly according to substrate availability in order to maintain
O-GIcNAc homeostasis in an optimal range. Thus, it is possible that the elevated
UDP-GIcNAc levels upon AMDHD?2 loss are not sufficient to be reflected by the O-GIcNAc
proteome, due to compensatory mechanisms. For example, a decreased OGT or
alternatively increased OGA abundance, could result in stable O-GIcNAc levels. Indeed,
a recent study could proof that GIcN supplementation is able to decrease OGT levels and
at the same time increases OGA expression to balance O-GIcNAc concentrations in lung
cancer cells (Lin et al. 2021). Moreover, we measured the O-GIcNAc levels only by WB
analysis, which might not be sensitive enough to detect minor differences, while more
drastic perturbations induced by OGA inhibition, could be measured. Thus, it would be
interesting to perform mass spectrometry-based analysis of the O-GICNAc proteome in
WT and AMDHD2 K.O. cells.

To test and compare the pluripotency capacity of WT and AMDHD2 K.O. cells we
performed a CFA followed by staining for alkaline phosphatase, a SC specific marker.
Removal of LIF served as a positive control for differentiation. However, even when cells
were cultured without LIF, only less than 10% of the cells showed a completely
differentiated phenotype. Still, a slightly decreased percentage of ESCs in parallel with a
moderate increase in the fraction of intermediate cells upon LIF depletion in WT as well
as AMDHD2 K.O. cells confirmed successful partial differentiation and specific staining of
ESCs. In accordance with the putatively delayed differentiation potential of AMDHD2 K.O.,
we observed a significantly increased SC fraction in combination with a reduced
percentage of intermediate cells under basal conditions in AMDHD2 K.O. cells compared
to control mMESCs. Thus, we suggest that the loss of AMDHD2, and the corresponding
increase in HBP flux, might increase ESC pluripotency and by this disturbs differentiation.
However, the general size of colonies of AMDHD2 K.O. cells was smaller compared to
those of WT cells, indicating a reduced cell proliferation promoted either by altered cell
cycle regulation or induced apoptosis as discussed above. Summarizing, deletion of
AMDHD?2 potentially improves ESC maintenance which may impairs differentiation. Thus,
our data reveal first indications for the development of novel therapeutic agents targeting

AMDHD?2 for manipulation of HBP flux and thus SC self-renewal and differentiation.
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3.3.5 GFAT2 and GFAT1 differ in their substrate affinity and susceptibility for
feedback inhibition

It is described that GFAT1 and GFAT2 are expressed in a tissues-specific manner (Oki et
al. 1999). Moreover, the two paralogs seem to be regulated differently by PTMs. For
example, just recently it was shown that PKA-mediated phosphorylation of GFAT1 at
Ser205 is required for its regulation and can, dependent on the UDP-GIcNAc
concentration, activate or inhibit GFAT1 (Ruegenberg et al. 2021). The preserved Ser202
in GFAT2, however, was shown to increase enzyme activity (Hu et al. 2004). GFAT1
additionally contains a second PKA target site at S235, which is not conserved in GFAT2
(Supplementary Figure 2). Moreover, only GFAT1 has a potential ubiquitination site at
Lys48 and was shown to interact with diverse E3 ligases, indicating a UPS-based
degradation (Akimov et al. 2018; Kristensen, Gsponer, and Foster 2012; Wagner et al.
2011).

Importantly, in this study we performed the first detailed comparison of the kinetic
parameters and observed a 3-fold decreased affinity for Frc6P in parallel to a 2-fold
increased affinity for L-GIn of GFAT2 compared to GFATL1. These differences regarding
substrate affinities raise the possibility of an adaptative mechanism for different cellular
substrate availabilities. One metabolic feature of ESCs is the highly elevated glycolytic
flux despite the presence of oxygen (Warburg, Wind, and Negelein 1927) (Figure 7). This
increased glycolysis results in increased Frc6P levels, which can enter the HBP. Given
the fact that GFAT2 is the predominant key enzyme for HBP entry in ESCs, the lower
affinity of GFAT2 for Frc6P could be an adaptation for the high availability of Frc6P and
thus, could aid balancing final UDP-GIcNACc levels. At the same time, ESCs have a higher
dependency on GIn as a carbon source, since TCA cycle activity is diminished (Vander
Heiden, Cantley, and Thompson 2009) (Figure 7). Contradictive, especially in highly
proliferative cells, like ESCs, the demand for carbons is elevated to guarantee the
production of sufficient biomass. Thus, elevated glutaminolysis is required to feed the TCA
cycle and is vital for ESC maintenance (Tohyama et al. 2016). It was shown that
glutaminolysis and the HBP compete for Gin as substrate and inhibition of glutaminolysis
can elevate HBP flux (Araujo et al. 2017). Additionally, nucleotide metabolism is increased
in ESCs which also requires GIn availability (Newsholme, Crabtree, and Ardawi 1985)
(Figure 7). Together, the higher affinity of GFAT2 for GIn could be an adaptation to the
reduced substrate availability due to the increased activity of other Gln-consuming,

competing pathways. In accordance, GFAT2 is also upregulated in other rapidly
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proliferating cells with similar metabolic profiles, like in some types of cancer cells (Shaul
et al. 2014; Zhang et al. 2018; Szymura et al. 2019).

Previously, it was shown that under physiological conditions GFAT1 is strongly feedback
inhibited by UDP-GIcNAc (Ruegenberg et al. 2020b). Thus, if GFAT1 is the main regulator
of HBP flux, as in N2a cells, loss of the reverse flux by AMDHD2 K.O. has no drastic effect
on UDP-GIcNAc levels. For GFAT2, however, we observed a decreased susceptibility to
UDP-GIcNAc feedback inhibition compared to GFAT1. We demonstrated that GFAT2 can
be fully inhibited by UDP-GIcNAc, but requires approximately 6-fold higher UDP-GIcNAc
concentrations to reach a similar extent of inhibition compared to GFATL1. The reduced
feedback inhibition when HBP flux is controlled by GFATZ2, allows the presence of higher
basal UDP-GIcNAc levels as we observed in the tested mESC lines. Moreover, these data
suggest that GFAT1 is sufficiently regulated by feedback inhibition to determine HBP flux,
whereas cells using GFAT2 in the HBP require another way to adjust product levels and
thus utilise AMDHD?2 to balance forward and reverse flux in the HBP. Overall, not only the
expression pattern and PTMs but also the kinetic properties, and feedback regulation of
GFAT1 and GFAT2 differ, which might reflect an adaptation to altered cell type-specific
substrate availabilities.

3.3.6 Enzymatic reconfiguration of the HBP as an adaptation to ESC
metabolism

In this study, we discovered an ESC-specific regulation of the HBP, including the
replacement of the more common GFAT1 by GFAT2. GFAT2 is less susceptible to
UDP-GIcNAc feedback inhibition than GFAT1 and therefore requires another way for
balancing UDP-HexNAc homeostasis, which is mediated by AMDHD2 activity (Figure 26).
The reduced feedback inhibition of GFAT2 results in increased basal UDP-GIcNAc levels
in ESCs, which could reflect an adaptation to the specialized metabolism and demands of
ESCs. The HBP relies on the consumption of sugar (Glc), amino acids (GIn), nucleotides
(UTP), and lipids (acetyl-CoA), facilitating its role as a metabolic sensor, which is
interconnected to all major metabolic pathways. Since most of these linked pathways are
differentially regulated in ESCs, it is reasonable that also the HBP needs to be rewired
according to the changed substrate availabilities. For instance, GFAT2 has a lower affinity
to Frc6P compared to GFAT1, which could be an adaptation to the increased glycolytic
flux in ESCs. On the other hand, the affinity for L-GIn was higher in GFAT2 compared to

GFAT1, potentially reflecting the need to compete with other Gln-consuming pathways,
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which are upregulated in ESCs (nucleotide metabolism, glutaminolysis for TCA entry)
(Figure 7). Concluding, the discovery of a stem cell-specific HBP regulation obtained by
our data can aid to develop novel therapies with regard to development, aging, and

disease as discussed in the following paragraph.

ESCs somatic cells
high GFAT2:GFAT1 ratio low GFAT2:GFAT1 ratio
hexosamine hexosamine
pathway pathway
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Figure 26: Enzymatic reconfiguration of the HBP in ESCs. The HBP (blue box) generates
UDP-HexNAc in multiple enzymatic steps. ESCs have an adapted metabolic profile, including
higher glycolysis flux and an elevated demand for UDP-HexNAc (indicated by orange arrows).
While ESCs mainly rely on GFAT2, more differentiated cells use GFAT1 for HBP entry. GFAT2 is
less susceptible to UDP-GIcNAc inhibition than GFATL1 (indicated by red arrow). As alternative
regulatory mechanism ESCs require AMDHD2. Differentiation of ESCs induces an enzymatic shift,
resulting in a decreased GFAT2:GFAT1 ratio. If reprogramming of somatic cells into iPSCs is able
to reverse this effect, remains an open question. GFAT: glutamine fructose-6-phosphate
amidotransferase, GNPDA: D-glucosamine-6-phosphate deaminase, GNAL: D-glucosamine-6-
phosphate-Nacetyltransferase, AMDHD2: N-acetylglucosamine-6-phosphatedeacetylase, PGM3:
phosphoglucomutase, UAP1: UDP-N-acetylglucosamine pyrophosphorylase,
GALE: UDP-galactose-4’-epimerase.

3.4 AMDHD2 as a novel target for multifunctional applications

Given the importance of a properly coordinated HBP in ESC-renewal and differentiation,
it is not surprising that altered HBP flux can also disturb embryonic development. Multiple
lines of evidence already confirmed that manipulation of the HBP and O-GIcNAc cycle can
perturb embryogenesis in diverse model organisms. Mutation in the Ogt homolog in

D. melanogaster, super sex combs (sxc), resulted in developmental defects (Gambetta,
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Oktaba, and Miuller 2009; Sinclair et al. 2009). In the zebrafish OE of OGT disturbed
embryonic growth and cell viability (Webster et al. 2009). Accordingly, proper O-GIcNAc
cycling is essential for embryonic development and viability in mice (Shafi et al. 2000;
Muha et al. 2021; O'Donnell et al. 2004; Keembiyehetty et al. 2015). Together with the
fact that homozygous deletion of GFAT1, GNPDA1 and GNAL1 also results in embryonic
lethality, these data emphasize the essential role of a functional HBP in embryogenesis
(Boehmelt, Fialka, et al. 2000; Pantaleon, Scott, and Kaye 2008; Issop et al. 2018; Oikari
et al. 2018). Thus, the lethality we observed in this work in the AMDHD2 K.O. mice is
consistent with previous literature.

In humans, mutations within Gfatl are known to cause a subtype of congenital myasthenic
syndrome, resulting in myopathy and muscle weakness (Bauche et al. 2017; Huh et al.
2012). Moreover, just recently disturbed UDP-GIcNAc biosynthesis, by missense
mutations in the HBP enzyme UAP1, was shown to cause developmental delay (Chen,
Raimi, et al. 2021). In accordance, OGT missense mutations were already shown to be
connected to X-linked intellectual disability in humans (Willems et al. 2017; Pravata et al.
2020; Selvan et al. 2018). Thus, a balanced HBP flux is not only essential for
embryogenesis in different organisms but also seems to be required for proper
development in humans. Furthermore, its deregulation can also result in the manifestation
of various diseases. Despite these previous findings, the work of this thesis led to the
discovery of an uncharted role of AMDHD?2 in HBP regulation in an ESC-specific context.
In essence, our data can help to better understand ESC metabolism and give rise to new

therapeutic opportunities for SC maintenance in aging and disease.

3.4.1 The HBP as therapeutic target in aging and disease

Besides its substantial role in ESCs and embryonic development, the identification of
AMDHD?2 provides a novel target for a broad range of therapeutic interventions, especially
with focus on the development of anti-aging drugs. Manipulation of the HBP is a promising
approach with regard to many characteristics and age-related diseases (Figure 8).

First of all, cancer stem cells (CSCs) are highly proliferative and have a similar metabolic
profile as ESCs, including increased metabolism of glucose, glutamine, and fatty acids
(Akella, Ciraku, and Reginato 2019; Chiaradonna, Ricciardiello, and Palorini 2018). Based
on the described interplay of these metabolic pathways and the HBP, elevated HBP flux
in cancer cells is not surprising. Indeed, the HBP was already shown to play a pivotal role

in the progression and severeness of different types of cancer. For instance, GFAT
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expression is often increased in cancer cells and correlates with a poor prognosis in
cancer patients (Vasconcelos-dos-Santos et al. 2015). As for ESCs, elevated HBP flux
increases HA production and by this malignancy of cancer cells, while suppression of
GFAT was sufficient to diminish CSCs properties (Oikari et al. 2018). In accordance with
our findings, Oikari et al. could show highly increased expression of the GFAT2 paralog,
accompanied with elevated UDP-GIcNAc levels in breast cancer cells. Moreover, analysis
of oncogenic gene expression datasets examined upregulation of other HBP enzymes like
GNAl, PGM3 and UAP1l compared to control cells (ltkonen et al. 2015;
Chokchaitaweesuk et al. 2019). However, AMDHD2 was so far not in the focus for HBP
modulation and thus, not investigated as a target for cancer therapy to date. Of note,
based on the results shown in this study, GFAT2-controlled HBP requires AMDHD2
activity to balance of UDP-GIcNAc levels. Thus, the activation of AMDHD2 might have
beneficial effects, especially in cancer types with elevated GFAT2 expression.

Secondly, elevated HBP flux was reported to be connected to diabetes, which is
characterized by increased blood glucose levels (hyperglycemia) in parallel to reduced
insulin sensitivity of glucose-consuming tissues as muscle, liver, and adipose tissue
(Marshall, Bacote, and Traxinger 1991). Pharmacological manipulation of the O-GIcNAc
cycle in the insulin-producing pancreatic 3-cells confirmed that this PTM can act as a
glucose sensor, mediating gene expression accordingly (Durning et al. 2016). Moreover,
prolonged elevation of O-GIcNAc levels, like in diabetic conditions, showed deleterious
effects on B-cells by inducing apoptosis, which in turn causes dysregulated insulin
secretion (Akimoto et al. 2000; Hanover et al. 1999). Consequently, reduction of HBP flux
by activation of AMDHD2 might be a promising approach for the treatment of diabetic
conditions.

Since O-GIcNAc plays a key role in nutrient sensation and insulin resistance, the
insulin-responsive muscle tissue is especially sensitive to altered HBP activity. Indeed,
elevated O-GIcNAc levels were already associated with cardiovascular diseases (Marsh,
Collins, and Chatham 2014; Dassanayaka and Jones 2014). Interestingly, most studies
observed increased functionality of cardiac tissue with reduced chronic O-GIcNAc levels,
while acute increased O-GIcNAcylation seems to be protective upon stress-induced
injuries (Clark et al. 2003; Ramirez-Correa et al. 2008). Therefore, depending on the
context, activation or inhibition of AMDHD2 might be beneficial for cardiac function.
Another well studied phenomenon is the connection of the HBP activity and
neurodegenerative diseases including Parkinson’s disease (PD) and Alzheimer’s disease

(AD). Of note, for neurons a critical role of O-GIcNAcylation as a metabolic sensor was
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described. The brain is one of the organs with especially high levels of OGA and OGT and
reduced O-GIcNAc levels in the brain during aging can promote the development of AD
(Liu et al. 2012; Yuzwa and Vocadlo 2014). The best studied connection of altered HBP
flux and onset of AD is the modification of tau by O-GIcNAcylation (Arnold et al. 1996).
Hyperphosphorylation of tau promotes its aggregation and O-GIlcNAcylation was shown
to be mutually exclusive with phosphorylation of tau (Li et al. 2006). Thus, pharmacological
manipulation of the O-GIcNAc homeostasis was reported to affect tau aggregation and
thereby AD progression (Yuzwa et al. 2008; Shen et al. 2012). In addition, increased HBP
activity by GFAT1 GOF or OE and manipulation of the O-GIcNAc cycle were shown to be
beneficial regarding aggregation of other proteotoxic species as peptides containing
polyglutamine (polyQ) stretches or 3-amyloid (AB) peptides and could impact longevity in
the nematode C. elegans, with a conserved function in mouse N2a cells (Denzel et al.
2014; Horn et al. 2020; Wang et al. 2012). Given these results, inhibition of AMDHD2
could serve as a promising treatment of neurodegenerative diseases.

Moreover, mammalian AMDHD2 was displayed as a crucial factor for Neu5Gc catabolism,
one of the most abundant sialic acids in glycoconjugates (Bergfeld et al. 2012). Humans
are incapable to produce Neu5Gc de novo but rely on the uptake of dietary sources
(Bardor et al. 2005). Thus, it can be sensed as a “foreign” epitope and an access in uptake
or disturbed degradation can induce inflammation (Bergfeld et al. 2012; Dhar, Sasmal,
and Varki 2019). Activation of AMDHD2 could reduce this inflammatory phenotype.
Lastly, GIcNAc degradation is of special importance for bacteria and fungi since it is part
of their cell wall components chitin and peptidoglycan. Indeed, the HBP is a known target
for many pathogenic antifungal agents and antibiotics (Munro and Gow 2001; Swiatek et
al. 2012; Yamada-Okabe et al. 2001). Thus, targeting of AMDHD2 could give rise to novel

future perspectives in the context of antimicrobial activity.

3.4.2 AMDHDZ2 as apromising druggable target for manipulation of the HBP flux

Since all these diverse pathological conditions are related to disturbed processes relying
on UDP-GIcNAc as substrate, this emphasizes the importance of a fine-tuned regulatory
mechanism to balance UDP-GIcNAc homeostasis, while levels outside an optimal range
can have deleterious effects. Intriguingly, for all these age-associated diseases with
regard to altered HBP flux, most therapeutic interventions focus on the manipulation of
OGA and OGT. On the one hand, since these two enzymes are solely responsible for

regulating O-GIcNAc cycling, their inhibition has a specific and efficient effect. On the other

87



Discussion

hand, however, since O-GIcNAcylation acts as a metabolic sensor and impacts a broad
range of essential downstream signaling pathways, these interventions can induce severe
side effects and toxic off-targets (Liu et al. 2017). Therefore, regulation of the upstream
positioned HBP may serve as a milder way of counteracting altered O-GIcNAc levels. For
instance, our data indicate that loss of AMDHD2 could not induce significant changes in
the overall O-GIcNAc proteome as measured by WB analysis, but seemed to be sufficient
to manipulate SC fate decisions (Figure 25B, H, 1). Moreover, by manipulation of HBP
activity also other downstream routes emanating from UDP-GIcNAc, which are disturbed
during aging or disease, can be targeted as for example N-linked glycosylation, O-linked
glycosylation, and production of proteoglycans. GIcN supplementation is already
established as a HBP activator and thus, as a multifunctional drug for diverse biomedical
applications (Dalirfardouei, Karimi, and Jamialahmadi 2016). GIcN is widely used as an
anti-inflammatory drug for treatment of osteoarthritis and rheumatic diseases, although
the underlying mechanism and its efficiency is still controversial (Tat et al. 2007). However,
GlcN is only poorly absorbed by the gut and glucose transporters show low affinity for
import into the cell, limiting its effect (Aghazadeh-Habashi and Jamali 2011). GIcN can
enter the HBP upon phosphorylation to GIcN6P, which acts as a moderate inhibitor of
GFATL1, further limiting its activating function (Grigorian et al. 2007). Thus, AMDHD2
inhibition could overcome the problem of low bioavailability of GIcN supplementation.

In general, influencing HBP flux provides a variety of possibilities for future therapeutic
and biomedical approaches. Of note, eukaryotic AMDHD2 was a so far poorly described
enzyme and the identification of its critical role in HBP regulation offers novel approaches
to tackle age-related diseases, among other potential interventions. Therefore,
identification of small-molecules that act as AMDHD?2 inhibitors or activators could provide

more successful HBP manipulation in the clinics.
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4 Future perspective

The results identified in this work extend the understanding of the HBP and its pivotal role
in diverse processes in an ESC-specific manner. However, the exact nature of this cell
type-dependent regulation and its functional role still requires further experiments. Thus,
this last part focuses on some possible follow-up experiments that could help to better

understand this newly discovered mechanism.

4.1 What is the role of the HBP in ESC fate decisions?

In this study we demonstrated an ESC-specific configuration of the HBP, with a
GFAT2-dependent metabolite entry into to HBP, which requires AMDHD2 activity for
regulation of basal UDP-GIcNAc levels. Upon differentiation, we observed a rewiring of
this specific enzymatic regulation, characterized by reduced GFAT2:GFAT1 ratios.
However, if and how this specialized HBP regulation can affect ESC maintenance and
differentiation remains an open question. So far, we only have preliminary data which
indicate that HBP activity can influence ESC fate decisions and delays differentiation. To
further elucidate this possibility, it is important to first exclude that the observed phenotype
is based on differences in cell cycling between WT and AMDHD2 K.O. mESCs, since it
was published earlier that ESC maintenance depends on the length of the cell cycle (Stead
et al. 2002). To elucidate alterations regarding cell cycle progression we could perform a
flow-cytometry-based cell cycle analysis. Besides WT and AMDHD2 K.O. cells it would
be interesting to also include cells treated with 6-diazo-5-oxo-L-norleucine (DON), a GFAT
inhibitor, that should result in decreased UDP-GIcNAc levels and thus, could help to
identify dose-dependent effects. Moreover, it was reported that multiple cell survival
factors are extensively O-GIcNAc modified, including p53, NF-kB, and c-Myc (Yang et al.
2006; Chou, Hart, and Dang 1995; Ma, Chalkley, and Vosseller 2017). Consequently,
another possibility could be increased induction of apoptosis upon AMDHD2 K.O., which
could be tested by WB analysis for apoptotic markers or annexin V/propidium iodide
staining followed by FACS analysis. Interestingly, for the previously generated and
published GNA1 K.O. mESCs, which contain reduced UDP-GIcNAc levels, no difference
in cell growth or apoptosis was observed (Boehmelt, Wakeham, et al. 2000).

Differences with regard to the pluripotency and differentiation potential between WT,
AMDHD2 K.O. and DON treated cells could be further analyzed by EB formation followed

by differentiation into all 3 germ layers, which can be measured by corresponding changes
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in gene expression. A working protocol for AN3-12 mESC differentiation was already
published (Elling et al. 2017). Moreover, it would be interesting to further analyze the
enzymatic composition of the HBP upon differentiation along the different lineages with
special interest on GFAT1, GFAT2 and AMDHD2. Vice versa, it is still unclear if
reprogramming of somatic cells into iPSCs has the opposite effect with an increasing
GFAT2:GFAT1 ratio. Besides the differentiation capacity it would also be worth knowing
how different intracellular UDP-GIcNAc levels affect the SC self-renewal of mMESCs. To
interrogate this hypothesis, it would be helpful to repeat the CFA in WT, AMDHD2 K.O.
and DON treated cells to solidify our preliminary data.

After gaining a functional understanding of the role of HBP activity in ESC fate decisions,
it would be important to further narrow down the molecular mechanism, with special focus
on O-GIcNAcylation. For this purpose, manipulation of the O-GIcNAc cycle by
pharmacological inhibition and a genetic knockdown of OGA and OGT could be helpful.
Preliminary data with the potent OGA inhibitor GIcNAcstatin G confirmed increased
O-GIcNAc levels in a dose-dependent manner in AN3-12 mESCs (Figure 25A). These
results could provide information if the HBP is able to link glucose metabolism in ESCs
with cell fate decisions, mediated by changes in O-GIcNAc modification. Besides WB
analysis with the O-GIcNAc-specific AB used in this study, LC-MS-based measurements
of the O-GIcNAc proteome could serve as a more sensitive method to detect alterations
and maybe to identify specific regulators.

In addition, our data suggest a regulatory role of the HBP uncoupled from UDP-GIcNAc
synthesis by cross-regulation of other interconnected pathways as the TCA cycle, PPP,
glycolysis or glutaminolysis, which are all altered in ESC metabolism. Thus, HBP activity
could indirectly influence cell fate by modulation of other essential metabolic pathways.
To unravel a potential role of the HBP flux in coordinating other metabolic pathways in a
cell type-specific manner, we could perform a flux analysis with labeled glucose,
glutamine, and acetate, which are the main molecules shared by the different pathways.
Tracing of labeled metabolite incorporation by LC-MS and comparison of mESCs and their
differentiated counterparts could clarify the significance of the differently regulated HBP

on the metabolic flux of interconnected pathways.
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4.2 What is the role of AMDHD2 in embryonic development?

We observed in this study, that AMDHD?2 is a novel essential regulator for embryonic
development, since homozygous deletion of AMDHD2 caused embryonic lethality. Given
the potential role of the HBP in ESC maintenance and differentiation, this could explain its
high importance for proper embryogenesis. However, a detailed analysis of the
developmental defects in AMDHD2 K.O. mice still needs to be performed in order to gain
further information about the connection of altered HBP activity and embryonic lethality. It
would be interesting to determine the exact time point of developmental failure in the
homozygous AMDHD2 K.O. embryos. We observed a smaller size of homozygous
AMDHD2 K.O. embryos with partial resorption by macroscopic analysis during dissections
between E9-E13. In accordance, reduced UDP-GIcNAc levels by homozygous deletion
of AMDHDZ2’s counteractor GNA1 induced embryonic lethality occurring at E7.5 in mice,
indicating an essential role of balanced UDP-GIcNACc levels beyond this stage (Boehmelt,
Wakeham, et al. 2000). Serial section of GNA1 K.O. embryos revealed a less organized
structure of the three germ layers caused by growth and developmental delay, which
would also fit to our hypothesis of a pivotal role of the HBP flux in ESC fate decisions.
Since it is not clear which tissues are most affected by altered HBP flux and when its
enzymatic reconfiguration becomes substantially, it would be helpful to perform a
systematic analysis of the expression pattern of diverse HBP enzymes, with special
interest on GFAT1, GFAT2, GNA1, and AMDHD?2 in different tissues and different
developmental stages. Based on this knowledge, conditional or tissue-specific AMDHD2
K.O. mice can be generated to further investigate the role of the HBP also in aging mice.
On the long-term, these mice could not only elucidate to which extent HBP activity is
important for ESC properties and development, but also aid to further unravel the
underlying process of aging. For instance, the combination of a conditional AMDHD2 K.O.
with a mouse model for neurodegeneration could provide new information about the

connection of HBP activity and age-related diseases.
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5 Material and methods

5.1 Mouse handling
5.1.1 M. musculus maintenance

Animals were housed on a 12:12 h light:dark cycle with ad libitum access to food (Sniff)
under pathogen-free conditions in individually ventilated cages. All animals were kept in
C57BL/6J background. Animal care and experimental procedures were in accordance

with the institutional and governmental guidelines.

5.1.2 Generation of transgenic mice
5.1.2.1 CRISPR/Cas9-mediated generation of transgenic mice

CRIPSR/Cas9-mediated generation of AMDHD2 knockout mice was performed by
ribonucleoprotein complex injection in mouse zygotes. Single guide RNAs (sgRNAs)
targeting exon 4 of the Amdhd2 locus were designed online (crispor.org) and purchased
from IDT (see Table 3). sgRNA and tracrRNA were resuspended in injection buffer
(2 mM Tris-HCI pH 7.5, 0.1 mM EDTA) and annealed at 1:1 molar concentration in a
thermocycler (95°C for 5 min, ramp down to 25°C at 5°C/min). To prepare the injection
mix (100 pl), two guide RNAs and the Cas9 enzyme (S. pyogenes, NEB) were diluted to
a final concentration of 20 ng/ul each in injection buffer. The mix was incubated for
10-15 min at room temperature to allow ribonucleoprotein complex assembly. After
centrifugation, 80 pul of the supernatant were passed through a filter
(Millipore, UFC30VV25). Both centrifugation steps were performed for 5 min at
13.000 rpm at room temperature. The filtered injection mix was used for zygote injections.

Table 3: Primer sequences for sgRNAs for gene editing of transgenic mice.

Primer Sequence (5> 3’)

msAMDHD2_E4_guidel TACCTTCCGGCCCTTGTGGT
MsAMDHD2_E4 guide2 ATCAAGTAGTCCTGGTTGTC
msAMDHD2_E4_guide3 GCTAGAACTACCTCTGTCCC
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5.1.2.2 Microinjections of mouse zygotes

3- to 4-week-old C57BI/6J females were super-ovulated by intraperitoneal injection of
Pregnant Mare Serum Gonadotropin followed by intraperitoneal injection of Human
Chorionic Gonadotropin hormone (Intervet) 48 h later. Super-ovulated females were
mated with 10- to 20-week-old stud males. The mated females were euthanized the next
day and zygotes were collected in M2 media (Sigma-Aldrich) supplemented with
hyaluronidase (Sigma-Aldrich).

Fertilized oocytes were injected into the pronuclei or cytoplasm with the prepared
CRIPSR/Cas9 reagents. Injections were performed under an inverted microscope
(Zeiss AxioObserver) associated micromanipulator (Eppendorf NK2) and the
microinjection apparatus (Eppendorf Femtojet) with in-house pulled glass capillaries.
Injected zygotes were incubated at 37°C, 5% CO.in KSOM (Merck) until transplantation.
25 zygotes were surgically transferred into one oviduct of pseudo-pregnant CD1 female
mice. All procedures have been performed in our specialized facility, followed all relevant
animal welfare guidelines and regulations, and were approved by LANUV NRW
84-02.04.2015.A025.

5.2 C. elegans handling

5.2.1 C. elegans maintenance

All C. elegans strains were grown under standard conditions at 20°C on nematode growth
medium (NGM: 2.5% bacto-agar, 0.225% bacto-peptone, 0.3% NacCl (all w/v), 1 mM
CaClz, 1 mM MgSO4, 25 mM KPOg4, 5 ug/ml cholesterol) seeded with the OP50 strain of
E.coli bacteria (Brenner 1974). As wild type reference and for genomic engineering the

N2 Bristol strain was used.
5.2.2 Generation of transgenic worms

5.2.2.1 CRISPR/Cas9-mediated generation of transgenic worms

CRISPR/Cas9-mediated gene engineering in C. elegans was performed using the
recombinant Cas9 EnGen nuclease from S. pyogenes (NEB). Single guides RNAs
(sgRNAs) for the Cas9 enzyme were designed using the CRISPOR.org web tool. sgRNAs
and tracrRNA were received from Integrated DNA technologies. As co-injection marker

sgRNAs targeting the dpy-10 gene were used (Paix, Folkmann, and Seydoux 2017).
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Injections were performed using the following mix: 1 pl Cas9 (3.2 pg/ul), 2.5 pl tracrRNA
(4 pg/ul), 0.4 ul dpy-10 sgRNA (8 ug/uL), 0.5 ul F59B2.3 sgRNA (8 ug/ul), 0.25 ul KCI
(1M), 0.375 yl HEPES pH7.4 (200mM), H>O up to a total volume of 10 pl. For activation

of the Cas9 enzyme the mix was incubated for 10 min at 37°C.

5.2.2.2 Microinjections of C. elegans

L4 larvae or young adults were placed on a 2% agarose pad with a 20 pl drop of
halocarbon oil (Sigma-Aldrich). Microinjections of the CRISPR/Cas9 mix were performed
using a Carl Zeiss Axio Imager Z1 microscope with a manual micromanipulator and a
connected microinjector (Femtojet4). When the progeny of injected worms showed a dpy
phenotype in the F1 generation, siblings of the same parental worm were singled and

used for genotyping.

5.2.3 Developmental tunicamycin resistance assay

For developmental tunicamycin resistance assays, NGM plates supplemented with
0-8 pg/mL tunicamycin (Merck Millipore) and control plates without tunicamycin were used
(seeded with OP50 bacteria). Worms were synchronized by egg-lay and 30 eggs per
genotype and/or condition were added to the plates. Development to the adult stage was

scored after five days at 20°C.

5.3 Cell biological methods
5.3.1 Cell maintenance

AN3-12 mouse embryonic stem cells were cultured as previously described (Elling et al.
2011). In brief, DMEM high glucose (Sigma-Aldrich) was supplemented with glutamine,
fetal bovine serum (15%), penicillin/streptomycin, non-essential amino acids, sodium
pyruvate (all Thermo Fisher Scientific), B-mercaptoethanol and LIF (both Merck Millipore)
and used to culture cells at 37°C in 5% CO- on non-coated tissue culture plates. For partial
differentiation of diploid AN3-12 cells, cells were seeded at a density of 2000-3000
cells/6-well and incubated for 5 days in medium without LIF.

Neuro2a (N2a) mouse neuroblastoma cells (ATCC) and C2C12 (ATCC) cells were
cultured in DMEM containing 4.5 g/l glucose supplemented with 10% fetal bovine serum

and penicillin/streptomycin (all Thermo Fisher Scientific) at 37°C in 5% CO..
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E14 mouse embryonic stem cells were kindly provided by the laboratory of Dr. Hisham
Bazzi and cultured as described previously (Ju Lee et al. 2017). In short, cells were
cultured on plates coated with 0.1% gelatin in KnockoutTM DMEM (ThermoFisher
Scientific) supplemented with HyClone™ fetal bovine serum (15%, VWR), L-glutamine,
penicillin/streptomycin (Biochrom), sodium pyruvate, non-essential amino acids,
B-mercaptoethanol (all from Thermo Fisher Scientific), LIF (Merck), and 2i
(1 M PD0325901 and 3 uM CHIR99021; Miltenyi Biotech).

5.3.2 Cell sorting

To maintain a haploid cell population cells were stained with 10 ug/ml Hoechst33342
(Thermo Fisher Scientific) for 30 min at 37°C, while shaking regularly to avoid cell
attachment. To exclude dead cells propidium iodide (Sigma-Aldrich) staining was added.
Cells were sorted for DNA content on a FACSAria Fusion sorter and flow profiles were
recorded with the FACSDiva software (BD Franklin Lakes). Cell sorting was performed by
Kat Folz-Donahue and Lena Schumacher from the FACS and Imaging Core Facility (Max

Planck Institute for Biology of Ageing, Cologne, Germany).

5.3.3 Cell viability assay (XTT)

Relative cell viability was assessed using the XTT cell proliferation Kit Il (Roche) according
to the manufacturer's instructions. Treatments with 0.5 pg/ml tunicamycin
(Merck Millipore) were performed for 48h, starting 24h after cell seeding. XTT turnover

was normalized to corresponding untreated control cells.

5.3.4 Insertional mutagenesis screening
5.3.4.1 Retroviral-based insertional mutagenesis and drug selection

The generation of a comprehensive cell bank of haploid AN3-12 cells, containing
insertions in 16.970 mouse genes, was already created and described elsewhere
(www.haplobank.at, (Elling et al. 2019)). In short, for retroviral library generation enhanced
gene-trap (EGT) viruses carrying a neomycin-resistance cassette were packaged in
PlatinumE (Cell Biolabs) cells. The virus was concentrated by centrifugation
(25,000 r.p.m., 4°C, 4h) and haploid mESCs were infected for 8 h in the presence of
2 ug/ml polybrene. Upon infection for 30h, cells were treated with 0.2 mg/ml G418 (Gibco)
for selection of gene-trap insertions. To estimate numbers of integrations 500.000 cells

were plated on 15 cm dishes, selected for integrations using G418 selection and colonies
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counted after 10 days. For comparison, 5.000 cells were plated without selection. From
the barcoded AN3-12 Retro Library, 3 million cells were plated on 15 cm plates and drug
selection was performed for 21 days starting 24h post mutagenesis using 0.5 pg/ml

tunicamycin (Merck Millipore).

5.3.4.2 Inverse PCR

Inverse PCR was performed for mapping of the genomic integration site upon insertional
mutagenesis. The restriction enzyme Nlalll (or in a second parallel approach Msel) (NEB,
R0O525L and R0125L) were used for digestion of genomic DNA and fragments were
purified using the QIAquick PCR Purification Kit (28106, Qiagen) (Figure 27).

Retro-EGT

LTR ® [sa Bgal NeoR _ponal | |8 LTR
e ) 1111 [ g
genomic DNA Rl genomic DNA
/ -”'““-—--____
e
T
Nlalll Sbfl Nlalll
LTR s, |
-
genomic DNA ? Barcode |
Msel
Digest with Nlalll
v Sl
LTR us
genomic DNA < DS Barcode
Ring ligation
v
genomic DNA LTR
=7
US  sbfi
Digest with Sbfl l
us Barcode LTR 'DS

genomic DNA

Figure 27: Schematic representation of library preparation for retroviral enhanced gene trap
(Retro-EGT) vector integration sites. Detailed information and sequences are available on the
Haplobank website (www.haplobank.at). Following random integration, the genomic DNA is
fragmentated by the E1 enzyme Nlalll. The gene trap start that contains the barcode and which is
flanked by part of the genomic DNA is circularized (ring ligation). Prior to PCR amplification the
plasmid is linearized by digestion with Sbfl. Each integration site is mapped by a second E1
enzyme, which is Msel. The genomic region is then amplified by PCR using US and DS primers.
(Modified from Elling et al., 2019)

The gene trap start containing the barcode and part of the flanking genomic DNA was
circularized (T4 DNA ligase and buffer, Roche, 10716359001) at 16°C over night.

96



Material and methods

The ring ligate was re-linearized using Sbfl (NEB, R0642L) and the genomic region was
amplified using the primers ‘DS’ (GAGCCAGAACCAGAAGGAACTTGAC) and
‘US” (GTGACTGGAGTTCAGACGTGTGCTCTTC). The PCR reaction was analyzed on
an agarose gel, purified and used for Sanger Sequencing with primer “DS”. Sequences
were analyzed manually with the USCS Genome Browser.

5.3.5 Chemical mutagenesis screening
5.3.5.1 Chemical-based mutagenesis and drug selection

For chemical mutagenesis cells were singled with trypsin (Thermo Fisher Scientific) and
transferred to a 15 ml tube. Mutagenesis was performed in full medium for 2h at RT with
0.01 mg/ml Ethylnitrosourea (ENU). Then cells were washed five times with medium
without LIF 5 before being transferred to a culture dish. Drug selection was performed for

21 days starting 24h post mutagenesis using 0.5 pg/ml tunicamycin (Merck Millipore).

5.3.5.2 Exome sequencing and analysis

The screening procedure and the data analysis were extensively described previously
(Horn et al. 2018). After drug selection upon chemical mutagenesis, resistant clones were
isolated and subjected to tunicamycin cytotoxicity assays. The genomic DNA was
extracted using the Gentra Puregene Tissue Kit (Qiagen). Paired end, 150 bp whole
exome sequencing was performed on an Illumina Novaseq 6000 instrument after
precapture-barcoding and exome capture with the Agilent SureSelect Mouse All Exon Kit.
For data analysis, raw reads were aligned to the reference genome mm9. Variants were
identified and annotated using GATK (v.3.4.46) and snpEff (v.4.2). Tunicamycin
resistance causing alterations were identified by allelism only considering variants with

moderate or high effect on protein and a read coverage > 20.

5.3.6 Differentiation into neural progenitor cells (NPCs)

Diploid AN3-12 mESCs were used for embryoid body (EB) formation, induced using the
hanging drop technique (13.500 cells per 27 ul drop) in ESCM without LIF for 48h. The
EBs were transferred to untreated Petri dishes for further differentiation for 4 days in
ESCM lacking LIF and the addition of 1 uM retinoic acid (Sigma-Aldrich, R2625), with
exchange of the medium after 72h. On day 4 EBs were collected, trypsinized and plated

for further experiments.
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5.3.7 Colony formation assay (CFA)

Diploid AN3-12 mESCs were seeded at low density on uncoated 6-well tissue culture
plates (2.500 cells/well for WT, 3.750 cells/well for AMDHD2 K.O. cells). The cells were
grown at 37°C in 5% CO> in ESCM and in ESCM without LIF to force differentiation as
control for reduced stem cell maintenance. The medium was replaced every other day
and cells were grown for 5 days until colonies were formed. Colonies were collected for
WB analysis or qPCR at this point or used for alkaline phosphatase staining. For staining
colonies were washed with PBS and fixed with 2% PFA (in PBS, Sigma-Aldrich) for 2 min
at RT. The cells were washed with PBS twice and colonies were stained using the Alkaline
Phosphatase Detection Kit (SCR004, Sigma-Aldrich) according to manufacturer’s
instructions for 15 min in the dark. The wells were washed with PBS, air dried and
scanned. 100 random colonies per genotype and condition were analyzed manually by
P

grouping into “stem cell”, “intermediate cell” or “differentiated cell” dependent on the

staining intensity.

5.4 Molecular biological methods
5.4.1 Mouse genotyping
5.4.1.1 Isolation of mouse genomic DNA from ear clips

Ear clips were taken by the Comparative Biology Facility at the Max Planck Institute for
Biology of Ageing (Cologne, Germany) at weaning age (3-4 weeks of age) and stored
at -20°C until use. 150 pl ddH.O and 150 ul directPCR Tail Lysis reagent (Peqglab) were
mixed with 3 pl proteinase K (20 mg/ml in 25 mM Tris-HCI, 5 mM CaxCl, pH 8.0,
Sigma-Aldrich). This mixture was applied to the ear clips, which were then incubated at
56°C overnight (maximum 16 h) shaking at 300 rpm. Proteinase K was inactivated at 85°C
for 45 min without shaking. The lysis reaction (2 ul) was used for genotyping PCR without
further processing. For genotyping of mouse genomic DNA DreamTaq DNA polymerase

(ThermoFisher Scientific) was used.
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5.4.1.2 Genotyping PCR for the Amdhd2 locus

For genotyping of mouse genomic DNA DreamTaq DNA polymerase (ThermoFisher

Scientific) was used. PCR reactions were set up as follows:

Table 4: Composition of a DreamTag PCR reaction mix.

Reagent Volume (ul) Stock concentration
Template DNA 2

Colored buffer 2.5 10x

dNTPs 0.6-1 10 mM each nt
Primer 1.25 20 uM
DreamTaq 0.125 5 U/ul

ddH:0 ad. 25

Table 5: Cycling and temperature profiles of a mouse genotyping PCR.

Temperature (°C) Time (s) Action Number of cycles
95 120 denaturation 1
95 30 denaturation
64 30 annealing (Ta) 35
72 60 elongation
72 600 final elongation 1

For amplification of the Amdhd2 locus, the primers E4 fwd
(TCTAGCTGTTTGGCCAAAGC) and E4_rev (AGAGACACACGGATGCCTTG) were
used. These primers bind in the genomic region flanking the CRISPR/Cas9-mediated
deletion. Therefore, the primers can be used to amplify the Amdhd2 wildtype (675 bp) and
the knockout allele (around 300 bp).

5.4.2 Worm genotyping
5.4.2.1 Single worm lysis

To obtain template DNA for genotyping, single worms were lysed in 10 pl single worm
lysis buffer containing: 10 mM Tris pH 8.3, 50mM KClI, 2.5 mM MgCl;, 0.45% Tween 20,
0.45% Triton X-100 (all v/v), 1 mg/ml proteinase K (NEB). The worms were heated up for
60 min at 65°C and subsequently 15 min at 95°C for inactivation of the enzyme.

5.4.2.2 Genotyping PCR for the F59B2.3 locus

For genotyping of C. elegans genomic DNA Phusion DNA polymerase (ThermoFisher

Scientific) was used. PCR reactions were set up as follows:
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Table 6: Composition of a Phusion PCR reaction mix.

Reagent Volume (ul) Stock concentration
Template DNA 5

Colored HF buffer 2.5 10x

dNTPs 0.25 10 mM each nt
Primer 1.25 10 uM
Phusion 0.5 5 U/l

ddH20 ad. 25

Table 7: Cycling and temperature profiles of a worm genotyping PCR for F59B2.3.

Temperature (°C) Time (S) Action Number of cycles
95 120 denaturation 1
95 30 denaturation
60 30 annealing (Ta) 35
72 60 elongation
72 600 final elongation 1

For amplification of the exon 1 within the F59B2.3 locus, the primers E1_fwd
(CGTAGCTAAATAATATCTTGTGTG) and E1_rev (ACCTGAAATCCTAGCTTTAATAG)
were used. These primers bind in the genomic region flanking the
CRISPR/Cas9-mediated deletion. Therefore, the primers can be used to amplify the
F59B2.3 wildtype (549 bp) and the knockout allele (shorter product).

5.4.3 Gel electrophoresis

DNA fragments were separated in agarose gels (1-1.5% agarose in 1x TAE buffer: 40 mM
Tris Base, 1 mM EDTA, 1.1 ml acetic acid, pH 8.0) using horizontal gel electrophoresis at
120V and visualized with Roti®-GelStain (Carl Roth). The Quick-Load® 100 bp or

1 kb DNA Ladder (New England Biolabs) was used as a marker.

5.4.4 Gene editing and genotyping by Sanger sequencing

The specific GFAT1 G451E substitution as well as the K.O. of GFAT1 and AMDHD2 was
engineered in AN3-12 cells (for the AMDHD2 K.O. also in N2a cells) using the
CRISPR/Cas9 technology as described previously (Ran et al. 2013). Sequences for
sgRNAs were designed online (http://crispor.org, Table 8), purchased from Sigma-Aldrich,
and cloned into the Cas9-GFP expressing plasmid PX458 (Addgene #48138).
Corresponding guide and Cas9 expressing plasmids were transfected for generation of

gene knock outs or co-transfected with a single stranded DNA repair template (Integrated
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DNA technologies) for SNV integration, using Lipofectamine 3000 (Thermo Fisher
Scientific) according to manufacturer’s instructions. GFP positive cells were singled using
FACSAria Fusion sorter and subjected to genotyping. DNA was extracted (DNA extraction
solution, Epicentre Biotechnologies) and edited regions were specifically amplified by
genotyping PCR (Table 8). Sanger sequencing was performed at Eurofins Genomics
GmbH.

Table 8: Primer sequences for gene editing and genotyping of cells.

Primer Sequence (5> 3’)

MsSGFAT1_G451E_guide 1 GAGTCGGCAGTTCTATATCA
MsGFAT1_G451E_guide 2 GGTGGGGATCACAAATACAGT

mMsAMDHD2_guidel GTTCATCAGCCGGGAAAAGCG
MsAMDHD2_guide2 GCATTGGCTTCAAAGGAGCGG
MsAMDHDZ2_guide3 GAGGAGCGGAGGTAGGCCTCG
MsAMDHDZ2_guide4 GCTTTTCCCGGCTGATGAAT
MSAMDHD2_guide5 GCCCTCCAAGTGCACCCCTGA

GGCGAGACAGCTGACACCCTGATGGGACTTCGTT
ACTGTAAGGAGAGAGGAGCCTTAACTGTGGGCAT
CACTAATACAGTCGAAAGTTCCATATCAAGAGAGA
CAGATTGCGGGGTTCATATTAATGCTGGTCCTGAG
ATTGGCGTGGCCAGTACAAAG

MsGFAT1_G451E_repair
template

MsSGFAT1_G451E_geno_fwd AGTCGGTTGGTTTTTCGTGT
MSGFAT1_G451E_geno_fev ACTGCCCCACAGATCAGAGT

msAMDHD2_geno_fwd GGCCTTCATCTTCAGCTCCT
msAMDHD2_geno_rev TGAGATCAGTTTCTGCAGCAG

5.4.5 RNA isolation

Cells were collected in QlAzol (Qiagen) and snap frozen in liquid nitrogen. Samples were
subjected to three freeze/thaw cycles (liquid nitrogen/ 37°C water bath) before addition of
another half of the total QIAzol volume. After incubation for 5 min at RT, 200 pl chloroform
were added per 1 ml QIAzol. Samples were vortexed, incubated for 2 min at RT, and
centrifuged at 10.000 rpm and 4°C for 15 min. The aqueous phase was mixed with an
equal volume of 70% ethanol and transferred to a RNeasy Mini spin column (Qiagen). The

total RNA was isolated using the RNeasy Mini Kit (Qiagen).
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cDNA was generated using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories).

Quantitatve PCR was performed

using Power SYBR Green master

mix

(Applied Biosystems) on a ViiA 7 Real-Time PCR System (Applied Biosystems). GAPDH

expression functioned as internal control. All used primers for gPCR analysis are listed in

Table 9 below.

Table 9: Primer sequences for quantitative PCR.

Primer Sequence (5> 3’)

msGAPDH_fwd GGCATGGACTGTGGTCATGAG
mMsGAPDH_rev TGCACCACCAACTGCTTAGC
msGfatl_fwd AAAGGAAGCTGCGGTCTTTCCC
msGfatl_rev GTGTGCTCTATCACGGCACTTG
msGfat2_fwd CTACAGAACAGGAGACAAGAGATC

msGfat2_rev

GTTATATCCCCGTCCCATCAC

msAmdhd2_fwd
msAmdhd2_rev

CTTGCGCCCAAAGCTTG
ACCCACAGATCCTCCCTG

msNanog_fwd ATGAAGTGCAAGCGGTGGCAGAAA
msNanog_rev CCTGGTGGAGTCACAGAGTAGTTC
msKiIf4_fwd ACAGGCGAGAAACCTTACCACTGT
msKiIf4_rev GCCTCTTCATGTGTAAGGCAAGGT
msSox2_fwd AAAAACCACCAATCCCATCCA
MsSSox2_rev CGAAGCGCCTAACGTACCAC
msOct4_fwd CCTACAGCAGATCACTCACATCGCC
msOct4_rev CCTGTAGCCTCATACTCTTCTCGTTGG
msNestin_fwd GCCTATAGTTCAACGCCCCC

msNestin_rev

AGACAGGCAGGGCTAGCAAG

ceF59B2.3 fwd
ceF59B2.3 rev

CGAAACTTGATGGGACAAATACG
CATCACTAACACCGAGCAGG

ceCdc-42_fwd
ceCdc-42_rev

CTGCTGGACAGGAAGATTACG
CTCGGACATTCTCGAATGAAG
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5.5 Biochemical methods
5.5.1 Immunoblot analysis

Protein concentration of cell lysates was determined using the Pierce ™BCA protein assay
kit according to manufacturer’s instructions (ThermoFisher Scientific). Samples were
adjusted in 5x LDS sample buffer containing 50 mM DTT. After boiling and a sonication
step, equal protein amounts were subjected to SDS-PAGE and blotted on a nitrocellulose
membrane using the Trans-Blot Turbo Transfer system (BioRad). All antibodies were used
in 5% low-fat milk or 5% BSA in TBS-Tween. After incubation with HRP-conjugated
secondary antibody, the blot was developed using ECL solution (Merck Millipore) on a
ChemiDoc MP Imaging System (BioRad).

The following antibodies were used in this study: GFAT1 (rb, EPR4854, Abcam ab125069,
1:1000), GFAT2 (rb, Abcam, ab190966, 1:5000), O-Linked N-Acetylglucosamine Antibody
(ms, clone RL2, MABS157, Merck, 1:1000), AMDHD2 (ms, S6 clone, in-house produced,
1:500), o-TUBULIN (ms, clone B-5-1-2, Sigma-Aldrich T9026, 1:5000), rabbit 1gG
(ot, HRP-conjugated, @ G21234, Thermo  Fisher,1:5000), and mouse IgG
(gt, HRP-conjugated, G21040, Thermo Fisher, 1:5000).

5.5.2 LC-MS/MS and IC-MS/MS analysis

Two different approaches were applied for the analysis of UDP-HexNAc levels (5.5.2.1)
or separated measurements of UDP-GIcNAc and UDP-GalNAc (5.5.2.2).

5.5.2.1 Determination of UDP-HexNAc levels

For measurement of UDP-HexNAc levels, cells were trypsinized and collected. The pellet
was washed once with PBS and snap frozen in liquid nitrogen. 250 ul ddH20 were added
to the pellet and the samples were vortexed for 30 s. The samples were subjected to four
freeze/ thaw cycles (liquid nitrogen/ 37 °C water bath). Next, the protein concentration was
measured using the Pierce™ BCA protein assay kit (ThermoFisher Scientific). 200 pl with
a protein concentration of 1 pg/ul were mixed with 1 ml chloroform:methanol (1:2) and
incubated on a nutator mixer for 1 h at RT. After centrifugation for 5 min at full speed, the
supernatant was transferred to a glass vial. The liquid was evaporated in an EZ-2 Plus
Genevac centrifuge evaporator (SP Scientific) with the following settings: time to final
stage 15 min, final stage time 4 h, low boiling point mixture. After evaporation, the samples

were stored at -20°C until further use. Absolute UDP-HexNAc levels were determined
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using an Acquity UPLC connected to a Xevo TQ Mass Spectrometer (both Waters) and
normalized to total protein content. The measurements and subsequent analysis were
performed by Yvonne Hinze from the Metabolomics Core Facility at the Max Planck
Institute for Biology of Ageing (Cologne, Germany) as previously described (Denzel et al.
2014).

5.5.2.2 Determination of UDP-GIcNAc and UDP-GalNAc levels

Separated measurement of UDP-GIcNAc and UDP-GalNAc was performed by anion
exchange chromatography mass spectrometry (IC-MS) analysis. Cells were subjected to
methanol:acetonitrile:mili-Q ultrapure water (40:40:20 [v:v:v]) extraction. UDP-GICNAc
and UDP-GalNAc concentrations were measured using IC-MS analysis. Extracted
metabolites were re-suspended in 500 ul of Optima LC/MS grade water
(Thermo Fisher Scientific) of which 100 pl were transferred to polypropylene autosampler
vials (Chromatography Accessories Trott, Germany). The samples were analyzed using
a Dionex ionchromatography system (ICS5000, Thermo Fisher Scientific) connected to a
triple quadrupole MS (Waters, TQ). In brief, 10 ul of the metabolite extract were injected
in full loop mode using an overfill factor of 3, onto a Dionex lonPac AS11-HC column
(2 mm x 250 mm, 4 um particle size, Thermo Scientific) equipped with a Dionex lonPac
AG11-HC guard column (2 mm x 50 mm, 4 um, Thermo Scientific). The column
temperature was held at 30°C, while the auto sampler was set to 6°C. The metabolite
separation was carried using a KOH gradient at a flow rate of 380 pl/min, applying the
following gradient conditions: 0-8 min, 30-35 mM KOH; 8-12 min, 35-100 mM KOH;
12-15 min, 100 mM KOH, 15-15.1 min, 10 mM KOH. The column was re-equilibrated at
10 mM for 4 min. UDP-HexNAcs were detected using multiple reaction monitoring (MRM)
mode with the following settings: capillary voltage 2.7 kV, desolvation temperature 550°C,
desolvation gas flow 800 I/h, collision cell gas flow 0.15 ml/min. The transitions for
UDP-GalNAc, as well as for UDP-GIcNAc were m/z 606 [M-H+]+ for the precursor mass
and m/z 385 [M-H+]+ for the first and m/z 282 [M-H+]+ for the second transition mass.
The cone voltage was set to 46V and the collision energy was set to 22V. UDP-GalNAc
eluted at 10.48 min and UDP-GIcNAc eluted at 11.05 min. MS data analysis was
performed using the TargetLynx Software (Version 4.1, Waters). Absolute compound
concentrations were calculated from response curves of differently diluted authentic

standards treated and extracted as the samples.
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5.5.3 Protein expression and purification
5.5.3.1 Expression and purification of human AMDHD2

A pET28a(+)-AMDHD2 plasmid was purchased from BioCat (Heidelberg, Germany),
where human AMDHD?2 isoform 1 was integrated in pET28a(+) using Ndel and Hindlll
restriction sites. This vector was used to recombinantly express human AMDHD2
isoform 1 with N-terminal Hisgtag and a thrombin cleavage site under the control of the T7
promoter in BL21 (DES3) E. coli. LB cultures were incubated at 37°C and 180 rpm until an

ODgpg of 0.4-0.6 was reached. Then, protein expression was induced by addition of

0.5 mM isopropyl-B-D-1-thiogalactopyranosid (IPTG) and incubated for 20-22 h at 20°C
and 180 rpm. Cultures were harvested and pellets stored at -80°C. The purification buffers
were modified from Bergfeld et al. (Bergfeld et al. 2012). E. coli were lysed in 50 mM
Tris/HCI pH 7.5, 100 mM NaCl, 20 mM imidazole, 1 mM Tris(2-carboxyethyl) phosphin
(TCEP) with complete EDTA-free protease inhibitor cocktail (Roche) and 10 pug/ml DNAsel
(Sigma-Aldrich) by sonication. The lysate was clarified by centrifugation and the
supernatant loaded on Ni-NTA Superflow affinity resin (Qiagen). The resin was washed
with wash buffer (50 mM Tris-HCI, 200 mM NaCl, 50 mM imidazole, 1 mM TCEP; pH 7.5)
and the protein was eluted with wash buffer containing 250 mM imidazole. The Hisg-tag
was proteolytically removed using 5 Units of thrombin (Sigma-Aldrich) per mg protein
overnight at 4°C. AMDHD2 was further purified according to its size on a HiLoad™ 16/60
Superdex™ 200 prep grade prepacked column (GE Healthcare) using an AKTAprime
chromatography system at 4°C with a SEC buffer containing 50 mM Tris-HCI, 100 mM
NaCl, 1 mM TCEP, 5 % glycerol; pH 7.5.

5.5.3.2 Expression and purification of human GFAT1 and GFAT2

Sf21 (DSMZ, ACC 119) insect cells were used for hGFAT1 and hGFAT2 expression.
Suspension cultures were maintained in SFM4Insect™ HyClone™ medium with
glutamine (GE Lifesciences) in shaker flasks at 27°C and 90 rpm in an orbital shaker.
GFAT1 and GFAT2 were expressed in Sf21 cells using the MultiBac baculovirus
expression system (Berger, Fitzgerald, and Richmond 2004). In short, GFAT was
integrated into the baculovirus genome via Tn7 transposition and maintained as bacterial
artificial chromosome in DH10EMBacY E. coli cells. Recombinant baculoviruses were
generated by transfection of Sf21 with bacmid DNA. The generated baculoviruses were

used for protein expression in Sf21 cells.
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Sf21 cells were lysed by sonication in lysis buffer (50 mM Tris/HCI pH 7.5, 200 mM NacCl,
10 mM Imidazole, 2 mM TCEP, 0.5 mM NazFrc6P, 10% (v/v) glycerol) supplemented with
complete EDTA-free protease inhibitor cocktail (Roche) and 10 pg/ml DNAsel
(Sigma-Aldrich). Upon removal of cell debris and protein aggregates by centrifugation, the
supernatant was loaded on a Ni-NTA Superflow affinity resin (Qiagen). The resin was
washed with lysis buffer and the protein eluted with lysis buffer containing 200 mM
imidazole. The proteins were further purified according to their size on a HiLoad™ 16/60
Superdex™ 200 prep grade prepacked column (GE Healthcare) using an AKTAprime
chromatography system at 4°C with a SEC buffer containing 50 mM Tris/HCI, pH 7.5,
2 mM TCEP, 0.5 mM NaxFrc6P, and 10% (v/v) glycerol.

5.5.3.3 Expression and purification of human GNA1

The expression plasmid for human N-terminally Hise-tagged GNA1l was cloned as
described previously (Ruegenberg et al. 2020b). In short, human GNA1 was expressed in

Rosetta (DE3) E. coli cells. LB cultures were incubated at 37°C and 180 rpm untilan OD,

of 0.4-0.6 was reached. Upon induction of protein expression by addition of 0.5 mM IPTG
and incubation for 3 h at 37°C and 180 rpm, cultures were harvested and pellets stored at
-80°C until further processing. Human GNA1 purification protocol was based on the
protocol of Hurtado-Guerrero et al. (Hurtado-Guerrero et al. 2008) with small
modifications. E. coli were lysed by sonication in 50 mM HEPES/NaOH pH 7.2, 500 mM
NaCl, 10 mM imidazole, 2 mM 2-mercaptoethanol, 5% (v/v) glycerol with complete
EDTA-free protease inhibitor cocktail (Roche) and 10 ug/ml DNAsel (Sigma-Aldrich). The
lysate was clarified by centrifugation and the supernatant loaded on Ni-NTA Superflow
affinity resin (Qiagen). The resin was washed with wash buffer (50 mM HEPES/NaOH
pH 7.2, 500 mM NaCl, 50 mM imidazole, 5% (v/v) glycerol) and the protein was eluted
with wash buffer containing 250 mM imidazole. Eluted protein was dialyzed against
storage buffer (20 mM HEPES/NaOH pH 7.2, 500 mM NacCl, 5% (v/v) glycerol).

5.5.4 Site-directed mutagenesis

The AMDHD2 mutations were introduced into the pET28a(+)-AMDHD2 plasmid by
site-directed mutagenesis as described previously (Zheng, Baumann, and Reymond
2004) (mutagenesis primers are listed in Table 10). The same protocol was used to
integrate an internal Hiss-tag between Ser300 and Asp301 in human GFAT2 in the
plasmid FLAG-HA-hGFAT2-pcDNA3.1  (pcDNA™3.1®),  ThermoFisher Scientific
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#V79020). This position is equivalent to the internal Hises-tag in human GFAT1, which does
not interfere with GFAT kinetic properties (Richez et al. 2007). The GFAT2 gene with
internal Hiss-tag was subsequently subcloned into the pFL vector for the generation of

baculoviruses using Xbal and Hindlll entry sites.

Table 10: Primer sequences used for site-directed mutagenesis. Mutation sites are indicated

by big letters.

Primer

Sequence (5> 3’)

hAMDHD2_138T_fwd
hAMDHD2_138T _rev

ggccgcaCTttggacccagagaagc
gggtccaaagtgcggcctccgegea

hAMDHD2_G102D_fwd
hAMDHD2_G102D_rev

tcgcacgAcgtcacctccttctgee
gaggtgacgtcgtgcgacaggatcc

hAMDHD2_G130R_fwd
hAMDHD2_G130R_rev

aagagtCGtggtccccatggggcag
tggggaccacgactcttcacaggga

hAMDHD2_L142F_fwd
hAMDHD2_L142F rev

ctgcacTtCgagggccccttcatca
gggccctcgaagtgcagcccgagga

hAMDHD2_F146L_fwd
hAMDHD2_F146L_rev

ggccccttGatcagccgggagaagce
cggctgatcaaggggccctccaggt

hAMDHD2_A154P_fwd
hAMDHD2_A154P_rev

gggcCcAcaccccgaggceccacct
tcggggtgtgggeccegcttcteee

hAMDHD2_T185A_fwd
hAMDHD2_T185A_rev

atcgtgGeTctggecccagagttgg
ggggccagagccacgatgcggacat

hAMDHD2_S208T_fwd
hAMDHD2_S208T_rev

tgcgtgAcTctagggcactcagtgg
tgccctagagtcacgcagatgccac

hAMDHD2_G226E_fwd
hAMDHD2_G226E_rev

tggagcgAagccaccttcatcacce
aaggtggcttcgctccacacagceat

hAMDHD2_G265V_for
hAMDHD2_G265V_rev

ttctatg TCatgattgcagatggcacgc
gcaatcatgacatagaagatgcagcggc

hAMDHD2_G265R_fwd
hAMDHD2_G265R_rev

ttctatCgTatgattgcagatggcacgce
gcaatcatacgatagaagatgcagcggce

hAMDHD2_D294A_fwd
hAMDHD2_D294A_rev

gtcaccgCtgccatccctgec
ggcaGceggtgaccagcaccag

hGFAT2-300-His6_SDM

cgctcggecagtCATCACCATCACCATCACgatgacc
catctcgagccatccagaccttgcagatggaac
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5.5.5 Enzyme activity assays
5.5.5.1 GIcN6P production of AMDHD2

The deacetylase activity of AMDHD2 was determined by following the cleavage of the
amide/peptide bond of GICNAc6P at 205 nm in UV transparent 96-well microplates
(F-bottom, Brand #781614). The assay mix contained 1 mM GIcNAc6P in 50 mM Tris-HCI
pH 7.5 and was pre-warmed for 10 min at 37 °C in the plate reader. The reaction was
started by adding 20 pmol AMDHD2 and was monitored several minutes at 37°C. The
initial reaction rates (0-1 min) were determined by Excel (Microsoft) and the amount of
consumed GIcNAc6P was calculated from a GIcNAc6P standard curve. All measurements
were performed in duplicates. For the analysis of the impact of several divalent metal ions
on the activity of AMDHD2, the protein was incubated for 10 min with 0.1 uM EDTA and

afterwards 10 puM divalent was added to potentially restore activity.

5.5.5.2 GNAL1 and GNA1-coupled activity assays

The activity of human GNA1 was measured in 96-well standard microplates (F-bottom,
BRAND #781602) as described previously (Li, Lopez, et al. 2007).
For kinetic measurements, a buffer containing 0.5 mM Ac-CoA, 0.5 mM DTNB, 1 mM
EDTA, 50 mM Tris/HCI pH 7.5 and varying concentrations of D-GIcN6P was used. Plates
were pre-warmed at 37°C before reactions were initiated by addition of GNAL.
The absorbance was measured continuously at 412 nm at 37°C in a microplate reader.
The amount of produced TNB, matches with the CoA production and was calculated with
€412 nm, TnB) = 13800 I*molt*cm?. Typically, GNA1 preparations showed a K, of 0.2 + 0.1
mM and a Keat of 41 + 8 sec™.

GFAT’s D-GIcN6P production was measured by a GNA1-coupled activity assay following
the consumption of AcCoA at 230 nm in UV transparent 96-well microplates (F-bottom,
Brand #781614) as described by Li et al. (Li, Lopez, et al. 2007). In brief, the used buffer
contains 10 mM L-GlIn, 0.1 mM AcCoA, 50 mM Tris/HCI pH 7.5, 2 ug hGNA1 and varying
concentrations of Frc6P. The plates were pre-warmed at 37°C for 4 min and reactions
were induced by adding L-GIn. Activity was monitored continuously at 230 nm and 37°C
in a microplate reader. The amount of consumed AcCoA was calculated with €230 nm, Accoa)
= 6436 I*mol**cm™. As UDP-GIcNAc absorbs light at 230 nm, the GNA1-coupled assay

cannot be used to analyze UDP-GIcNAc effects on activity.
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5.5.5.3 GDH-coupled activity assay and UDP-GIcNAc inhibition

For measurement of GFAT’s amidohydrolysis activity a coupled enzymatic assay using
bovine glutamate dehydrogenase (GDH, Sigma-Aldrich G2626) in 96-well microplates
(F-bottom, BRAND #781602) was used as previously described (Richez et al. 2007) with
small modifications. In brief, the reaction buffer contained 6 mM Frc6P, 1 mM APAD,
1 mM EDTA, 50 mM KCI, 100 mM potassium-phosphate buffer pH 7.5, 6.5 U GDH per 96
well and for L-GIn kinetics varying concentrations of L-GIn. For UDP-GIcNAc inhibition
assays the L-GIn concentration was kept at 10 mM. After pre-warming of plates at 37°C
for 10 min, the reaction was started by enzyme addition and the absorbance monitored
continuously at 363 nm in a microplate reader. The amount of formed APADH was
calculated with €@s3 nm, apabn) = 9100 I*mol**cm™. Reaction rates were calculated with
Excel (Microsoft) and Km, Vmax, and ICso were obtained from Michaelis Menten or dose

response curves, which were fitted by Prism 8 software (Graphpad).

5.5.6 Generation of anti-AMDHD2 antibody

To generate monoclonal antibodies directed against AMDHD2, His-tagged human
AMDHD2 was expressed in Escherichia coli, affinity purified, and used for immunization
of eight-week-old male Balb/cJRj mice. The first immunization with 80 pg of recombinant
protein was enhanced by Freund’s complete adjuvant; subsequent injections used 40 ug
protein with Freund’s incomplete adjuvant. After multiple immunizations, the serum of the
mice was tested for immunoreaction by enzyme-linked immunosorbent assay (ELISA)
with the recombinant His-hAMDHD?2 protein. In addition, the serum was used to stain
immunoblots with lysates of HEK293T cells overexpressing FLAG-HA-hAMDHD2. After
this positive testing, cells from the popliteal lymph node were fused with mouse myeloma
SP2/0 cells by a standard fusion protocol. Monoclonal hybridoma lines were
characterized, expanded, and subcloned according to standard procedures (Kéhler and
Milstein 1975). Initial screening of clones was performed by ELISA with recombinant
His-AMDHD?2 protein and immunoblots using FLAG-HA-hAMDHD2 overexpressed in
HEK293T cells. Isotyping of selected clones was performed with Pierce Rapid Isotyping
Kit (Thermo Scientific, #26179). Final validation of antibody specificity was done by
immunoblots of WT N2a cells compared to cells overexpressing FLAG-HA-hAMDHD?2 and
AMDHD2 K.O. cells.
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5.5.7 Human AMDHD?2 crystallization and crystal soaking

Human AMDHD2 was co-crystallized with a 1.25x ratio (molar) of ZnCl; at a concentration
of 9 mg/ml in sitting-drops by vapor diffusion at 20°C. Intergrown crystal plates formed in
the PACT premier™ HT-96 (Molecular Dimensions) screen in condition H5 with a reservoir
solution containing 0.1 M bis-tris propane pH 8.5, 0.2 M sodium nitrate, and 20% (w/v)
PEG3350. In an optimization screen, the concentration of PEG3350 was constant at 20 %
(w/v), while the pH value of bis-tris propane and the concentration of sodium nitrate were
varied. The drops were set up in 1.5 pl protein solution to 1.5 ul precipitant solution and
2 ul protein solution to 1 pl precipitant solution. Best crystals were obtained with a drop
ratio of 2 pl protein solution to 1 pl precipitant solution at 0.1 M bis tris propane pH 8.25,
0.25 M sodium nitrate, and 20% (w/v) PEG3350. 5 mM GIcNG6P in reservoir solution was
soaked into the crystals for 2 to 24h. For crystal harvesting, the intergrown plates were

separated with a needle and 15% glycerol was used as cryoprotectant.

5.6 Data collection and refinement

X-ray diffraction measurements were performed at beamline P13 at PETRA Ill, DESY,
Hamburg (Germany) and beamline X06SA at the Swiss Light Source, Paul Scherrer
Institute, Villigen (Switzerland). The diffraction images were processed by XDS (Kabsch
2010). The structure of human AMDHD2 was determined by molecular replacement
(Hoppe 1957; Huber 1965) with phenix.phaser (McCoy 2007; Adams et al. 2010) using
the models of B. subtilis AMDHD2 (PDB 2VHL) as search model. The structures were
further manually built using COOT(Emsley et al. 2010) and iterative refinement rounds
were performed using phenix.refine (Adams et al. 2010). The structure of GICN6P soaked
crystals was solved by molecular replacement using our human AMDHD2 structure as
search model. Geometry restraints for GICN6P was generated with phenix.elbow
software(Adams et al. 2010). Structures were visualized using PyMOL (Schrédinger) and
2D ligand-protein interaction diagrams were generated using LigPlot+ (Laskowski and
Swindells 2011).

5.7 Data availability

Structural data reported in this study have been deposited in the Protein Data Bank with
the accession codes 7NUT [https://doi.org/10.2210/pdb7NUT/pdb] and 7NUU
[https://doi.org/10.2210/pdb7NUU/pdb].
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5.8 Alignments

Following UnitProt IDs were used for the protein sequence alignment of AMDHDZ2:
Homo sapiens isoform 1. Q9Y303-1, Mus musculus: Q8JZV7, Caenorhabditis elegans:
P34480, Candida albicans: Q9CONb5, Escherichia coli: POAF18, Bacillus subtilis: 034450.
Following UnitProt IDs were used for the protein sequence alignment of hGFAT1 and
hGFAT2: Homo sapiens GFAT1 isoform 2: Q06210-2 and Homo sapiens GFATZ2 isoform
1: 094808-1.

ClustalOmega (https://www.ebi.ac.uk/Tools/msa/clustalo/) was used to perform sequence
alignments of GFAT and AMDHD?2 (Sievers et al. 2011). These alignments were formatted
with the ESPript3 server (espript.ibcp.fr/)(Robert and Gouet 2014) and further modified.

5.9 Statistical analysis

Data are presented as mean + SEM or mean + SD. Biological replicates represent
different passages of the cells that were seeded on independent days. Statistical
significance was calculated using GraphPad Prism 9 (GraphPad Software). The statistical
tests that were used are specified in the respective figure legend. Significance levels are

* p<0.05, ** p<0.01, *** p<0.001 versus the respective control.

5.10Software

Most graphs were generated using the program GraphPad Prism 9 (GraphPad Software).
For Western blot analysis, the intensity of the bands was quantified using the Image Lab
6 software (BioRad). Flow profiles were recorded and exported with the FACSDiva™

software (BD Biosciences).
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Supplementary Figure 1. Protein sequence alignment of AMDHD2. Identical residues are
depicted by red boxes and similar residues are depicted by red letters. The deacetylase domain
and secondary structure motifs are annotated as well as insertions and extensions occurring in
AMDHD?2 isoform 2 and isoform 3. Residues involved in binding of the product, co-factor, and for
catalysis are highlighted. The putative active site lid is marked. The identified loss-of-function
mutations and the control mutation are labeled by stars. (Data was already described in:
Ruegenberg, 2020a).
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Appendix

Supplementary Figure 2: Protein sequence alignment of human GFAT1 and GFAT2. Identical
residues are depicted by red boxes and similar residues are depicted by red letters. (Data was
already described in: Ruegenberg, 2020a).
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