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Abstract

Especially since the development of CRISPR/Cas9 as a potent genome-editing tool, functional
genomics has matured into a scalable and powerful instrument for the generation of unbiased
hypothesis-generating research. At the same time, innovations in mass spectrometry techniques and
devices now allow the parallel assessment and comparison of whole proteomes from many cells and
conditions. The combination of genetics and proteomics has therefore become a powerful approach
to discover and functionally dissect complex molecular processes in high throughput, which is the

unifying theme of my dissertation.

In this work, | make use of these advances, engineer tools, and optimize their use in genetic
screening to identify new molecular regulators of phagocytosis and hypusination. In the first study,
we focus on the regulation of phagocytosis in immune cells, which is crucial for their function.
Leveraging a FACS-based pH-sensitive phagocytosis reporter, we searched for novel dependencies and
metabolic bottlenecks in macrophages, by performing both, a transporter-focused, as well as a
genome-wide genetic screen. In the transporter-focused CRISPRko screen, we found the bicarbonate
transporter SLC4A7 to be crucial for phagosome acidification. Intriguingly, SLC4A7 is located at the
plasma membrane and not directly on the phagolysosome, thus suggesting the interaction to be
indirect. In the genome-wide CRISPRko screen, we were able to identify 716 genes as phagocytic
regulators. By assigning the hits to a comprehensive protein-protein interaction network, which we
annotated for cellular processes, protein complexes that were scoring multiple times could be
identified and missing phagocytosis regulators could be placed in a cellular context. In addition to
known protein complexes, such as the Arp2/3 complex, the Wave-2 complex, and the vacuolar-
ATPase-Rag machinery, we identified and validated interesting new phagocytosis-relevant regulators,
such as the oligosaccharyltransferase complex (MAGT1/SLC58A1, DDOST, STT3B, and RPN2) and the
hypusine pathway (elF5A, DHPS, and DOHH).

Since the entire hypusine axis scored with high significance in our genetic screen and its
mechanistic link to phagocytosis could not be easily explained with existing knowledge, | focused the
rest of this work on the functional dissection of this pathway. Functionalizing a hypusine-specific
antibody in a genome-wide CRISPRko screen for hypusine abundance and combining it with expression
proteomics upon hypusine inhibition, we were able to observe a yet undescribed direct crosstalk
between oxidative phosphorylation (OXPHOS) and hypusine levels. Specifically, we found that while a
reduction in OXPHOS increases hypusine level, inversely, inhibition of hypusination decreases

OXPHOS-related proteins and increases ATF4. With various pharmacological perturbations targeting



mitochondria, we confirmed that disruption of mitochondrial respiration or mitochondrial protein
translation increases hypusine levels. Finally, we also examined elF5A acetylation. In contrast to
hypusination, this modification is reversible and our experiments revealed a positive correlation with

glycolysis, while cells that require more OXPHOS have lower levels of acetylation at elF5A.

Thus, using functional genomics and in particular reporter-based genetic screening, we mapped
the genetic regulatory landscape of molecular processes and identified a crosstalk between the

hypusine axis and OXPHOS within the cell.

Xi



/Zusammenfassung

Vorallem seit der Entwicklung von CRISPR/Cas9 als leistungsfahiges
Genomeditierungswerkzeug hat sich die funktionelle Genetik in ein skalierbares und machtiges
Instrument zur Aufstellung von Hypothesen-generierender und ,unbiased” Forschung etabliert.
Gleichzeitig sind mittlerweile, dank Weiterentwicklungen von Massenspektrometrietechniken
und -maschinen, ganze Proteome vieler Zellen und Konditionen parallel messbar und vergleichbar. Die
Kombination aus Genetik und Proteomik hat sich deshalb in eine machtige Methode entwickelt,
welche die Entdeckung und funktionelle Zerlegung komplexer molekularer Prozesse im Hochdurchsatz

ermoglicht, was das vereinende Thema meiner Dissertation ist.

In dieser Arbeit mache ich Nutzen dieser Fortschritte und entwickle Werkzeuge und optimiere
diese fiir die Verwendung in genetischen Screens um neue molekulare Regulatoren der Phagozytose
und Hypusinierung zu entdecken. In der ersten Studie, fokusieren wir uns auf die Regulierung der
Phagozytose in Immunzellen, welche kritisch wichtig fiir deren Funktion ist. Mit Hilfe einer FACS-
basierten pH-sensitiven Phagozytosereportermethode und Transporter-fokusierten als auch Genom-
weiten genetischen Screenings, suchten wir nach neuen Abhangigkeiten und metabolischen
Flaschenhédlsen in Makrophagen. Im Transporter-fokusiertem CRISPRko Screenig fanden wir den
Bicarbonattransporter SLC4A7 als kritischen Regulator fiir die Ansduerung des Phagolysosoms.
Interessanterweise, ist SLC4A7 jedoch an die Plasmamembrane lokalisiert und nicht direkt am
Phagolysosom, was deshalb eine indirekte Interaktion mit der Phagozytose nahelegt. Im Genom-
weiten CRISPRko FACS Screening konnten wir 716 Gene identifizieren die Phagozytose regulieren.
Durch die Anordnung dieser Gene in einem umfassenden auf Protein-Protein Interaktionen
basierenden Netzwerk, annotiert fir zellulire Prozesse, konnten mehrmals gefundene
Proteinkomplexe identifiziert werden und konnten noch unbekannte Regulatoren der Phagozytose in
zelluldren Kontext gestellt werden. Neben bekannten Proteinkomplexen wie zum Beispiel dem Arp2/3
Komplex, dem Wave-2 Komplex und der vakuldaren-ATPase Maschinerie, identifizierten und
validierten wir interessante neue fir die Phagozytose relevante Reugulatoren, wie den
Oligosaccharyltransferase Komplex (MAGT1/SLC58A1, DDOST, STT3B, and RPN2) und die Hypusinache
(elFSA, DHPS, and DOHH).

Da die Hypusinachse komplett und mit hoher Signifikanz in unserem genetischen Screening
gefunden wurde und deren mechanistische Involvierung in der Phagozytose nicht einfach mit
existierendem Wissen zu erklaren war, habe ich mich im Rest der Dissertation auf die funktionelle

Zerlegung dieses Pathways konzentriert. Die Funtionalisierung eines Hypusinantikérpers in einem
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Genom-weiten auf Hypusinlevel fokusierten CRISPRko Screenings in Kombination mit
Expressionsproteomikmessungen in Hypusin inhibierten Konditionen, erlaubte es uns ein bis dahin
noch unbekanntes beidseitiges Feedback zwischen oxidativer Phosphorylierung (OPXHOS) und
Hypusinleveln zu beschreiben. Wir fanden, dass einerseits die Reduzierung von OXPHOS Hypusinlevel
erhoht und umgekehrt, die Inhibierung von Hypusinierung die Level OXPHOS-verwandter Proteine
verniedrigt und gleichzeitig das ATF4 Level erhoht. Mittels verschiedenster auf Mitochondrien
abzielender pharmakologischer Perturbationen konnten wir bestdtigen, dass die Storung
mitochondrialer Atmung oder mitochondrialer Proteintranslation zur Erhéhung der Hypusinleveln
fahrt. Schlussendlich untersuchten wir auch eine zweite Modifizierung am elF5A, die Acetylierung am
Lysin 47. Im Gegensatz zu Hypusinierung ist diese Modifizierung umkehrbar und unsere Experimente
zeigten eine positive Korrelation mit der Glykolyse, wahrend Zellen mit einem hohen Bedarf an

OXPHOS niedrigere Level an acetyliertem elF5A haben.

In Summe haben wir durch die Methoden der funktionellen Genetik, vorallem aber durch
Reporter-basierte genetische Screenings, die genetische Regulierung von molekularen Prozessen
abgebildet und weiters ein beidseitiges Feedback zwischen der Hypusinachse und der oxidativen

Phosphorylierung in der Zelle identifiziert.
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1 Introduction

In this thesis, we made use of a variety of functional genomics and in general omics techniques
to systematically dissect molecular processes. The data presented in the results section encompasses
two papers as well as still unpublished results. For the first two studies either focused or genome-wide
genetic loss-of-function screening was employed to find regulators of phagocytosis. This effort led to
the discovery of the hypusine axis as the most significant scoring gene family of the process. At the
center of this gene family sits elF5A, an enigmatic protein that binds and acts among other things on
the ribosome and has been in recent years recognized as an important translational elongation factor.
Therefore, we complemented our experimental setup for this part of the thesis with omics techniques
suitable to capture effects on gene expression, such as ribosome profiling as well as expression
proteomics. Since the activity of elF5A is regulated by the post-translational modification hypusine,
we could again employ a genetic screen to identify regulators of hypusine levels. The following
introduction provides a comprehensive overview of the topics covered in the result section of this

thesis and is divided into five largely different parts consisting of:

i A broad overview of the history and application of functional genomics employed for human
biology. This part serves as a common theme for this thesis work and is instrumental for the
experimental design of all projects presented in the results section of this thesis.

ii. A description of how gene expression is regulated within cells, with a focus on protein
synthesis and in particular the regulation for translational elongation especially by the
translational elongation factor elF5A, which is at the center of the third part of our result
section.

iii. A review of the hypusine pathway, covering the three proteins that are involved in the
pathway, where they localize in the cell, what metabolic roles they might have, diseases where
the hypusine axis seems to be involved, and what kind of inhibitors are currently available to
modulate this axis. This part is important for the third part of our result section, which focuses
on the broad molecular dissection of the hypusine axis.

iv. An overview of loss-of-function genetic screening, focusing on CRISPR-based genetic screens
employed in the first two parts of the presented results and haploid genetic screening which
is instrumental for the third part of the thesis.

V. A brief description of the experimental approaches used in the thesis, comprising expression
proteomics, ribosome profiling, and endogenous protein tagging, all techniques that we

employed for the dissection of the hypusine axis in the third part.



1.1 Functional Genomics Employed for Human Biology

20 years have passed since the completion of the human genome project (International Human
Genome Sequencing Consortium et al., 2001; Venter et al., 2001) that decoded the whole
euchromatic fraction of the human genome and thereby started the post-genome era (International
Human Genome Sequencing Consortium, 2004; Hood and Rowen, 2013). Recently, new
developments in the ultralong-read sequencing developed by Oxford Nanopore and PacBio HiFi
allowed to overcome previous technical limitations and allowed to complete also the last remaining
8% of the human genome including centromeric regions and the short arms of all chromosomes (Nurk
et al., 2022) adding to the ~20,000 known protein-coding genes, 140 new genes, being exclusive to
the new released TST-CHM13 reference genome. But while sequencing technologies and genome
information dramatically improved in the last 20 years, we still know fairly little about the function of
the individual genes, especially in different disease contexts and different cellular tissues. Classical
genetics, pioneered by Hermann Joseph Muller in 1927, which involves the introduction of mutations
into genes, proved to be one of the most powerful unbiased approaches to investigate gene functions
(Muller, 1927). Scientists over the year then made use of several different model organisms such as
Drosophila, Caenorhabditis elegans, or yeast that were easier to genetically manipulate and allowed
scientists to establish functions of numerous genes. Later, one of the first genetic screens ever
conducted showed how certain genes regulate the segment number and polarity in Drosophila
(NUsslein-Volhard and Wieschaus, 1980). A major motive for research funding is the hope to ease
human diseases. However, the inability at the time to construct strains of known genotypes, such as
knock-out strains, limited the ability to systematically test hypotheses and therefore denied the use

of many classical genetic approaches (White and Caskey, 1988).

This changed in 1959, when the conditions for cultivating mammalian cells were decoded and
cultivating human cell lines under controlled conditions became possible (Eagle, 1959). First genetic
screens still relied on Sanger sequencing, the dominating and powerful sequencing technique of the
1970s invented by Fred Sanger (Sanger et al., 1977). This sequencing technique allowed scientists to
determine the first-ever complete genome, namely the one of the bacteriophage PhiX174 (Sanger et
al., 1977). It was also honored with a Nobel prize shared with Walter Gilbert and Paul Berg in 1980
and was on top employed to produce the first human reference genome in the Human Genome
Project (Venter et al., 2001), which took 13 years and the immense costs of three billion USD. This
enormous effort of decoding the human genome kickstarted the system biology field which has the
task of unraveling the function of the around 20,000 proteins encoded in a cell (Nurse and Hayles,

2011; Mast et al., 2014).
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In 1998 a new DNA sequencing technique termed pyrosequencing was published by Mostafa
Ronaghi, Mathias Uhlén, and Pal Nyrén which is considered as the birth hour of next-generation DNA
sequencing techniques (Ronaghi et al., 1998). Its “sequencing by synthesis” principle, which relies on
the detection of light released during a chain reaction with pyrophosphate, allows for automation and
miniaturization of the process, hence turning DNA sequencing into a high-throughput technique. In
2016 Veritas Genetics then was among the first who could sequence whole human-genomes at below
1,000 USD (“Veritas Genetics Launches $999 Whole Genome And Sets New Standard For Genetic
Testing,” 2016). This not only enabled the use of sequencing as a clinical tool but also allowed for the
first-time large population sequencing efforts, which led to the discovery of many single nucleotide
polymorphisms (SNP) linked to diseases collected in projects such as gnomAD or the 100,000 Genomes
project (Turnbull et al., 2018; Karczewski et al., 2020; Chen et al., 2022) and further boosted a large
interest in personal genomics. For the first time in history, the human body became a direct model

organism.

Functional genomics is defined as the process of investigating how genes and intergenic regions
participate in different biological processes. Research employing functional genomics usually
performs genome-wide investigation or studies of multiple genes simultaneously rather than
employing a “candidate-gene” approach, with the goal of identifying a list of candidate genes that are
most strongly associated with the process that can then be validate in detail. In response to the vastly
increasing amount of sequencing data in the post-genomic era, functional genomics gained even more
importance. Applied in functional genomic screening it can help to understand genome sequencing
data in biological contexts and allows us to better understand how biological systems operate, how
drugs function, and can unravel the mechanisms behind a disease (Przybyla and Gilbert, 2022). Next-
generation sequencing was also crucial for functional genomics itself, as it made large-scale pooled

sequencing-based genetic screens affordable and feasible (Goodwin et al., 2016; Pervez et al., 2022).

The development of RNAi (Chan et al., 2006; Wilson and Doudna, 2013) and gene trap
technology in haploid cells (Carette et al., 2009) led then to the development of the first genome-wide
genetic loss-of-function screens (Boutros and Ahringer, 2008; Carette et al., 2009, 2011a; Brockmann
et al., 2017), being one of the most powerful methods to date to assign gene function. With the
discovery of CRISPR/Cas9 (clustered regular interspaced short palindromic repeats/CRISPR-associated
protein 9) the toolbox of genetic tools was then further expanded and allowed now loss-of-function
screens in almost any cell type (Koike-Yusa et al., 2014; Shalem et al., 2015; Komor et al., 2017; Bock
et al., 2022), but also allows for gene interference and gene activation screens which further makes
targeting of non-coding sequences possible (Gilbert et al., 2014; Przybyla and Gilbert, 2022; Morris et

al., 2023). Some of these techniques will be reviewed in detail in chapter 1.4. Considering that most
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disease-associated genetic variants from genome-wide association studies (GWAS) are located in non-
coding regions screening techniques that allow studying this “dark matter” of the genome will become

increasingly important (Warren et al., 2017).

Nevertheless, the key ingredients for every successful genetic screen remained the same since
the very beginning. Every genetic screen requires a perturber, a model system, and a suitable readout
for the biological process that needs to be studied (Grimm, 2004) (Figure 1). By following this scheme,
complex biological processes can be dissected with genetics screens and genes can be assigned to
phenotypes. By doing this in a large variety of cellular systems and different disease contexts and by
sharing this information in public databases such as DepMap, CRISP-view, CRISPbrain, or the Open
Repository for CRISPR Screens (ORCS) database (Meyers et al., 2017; Oughtred et al., 2019; Cui et al.,

2021; Tian et al., 2021), powerful resources for deorphanizing genes are created.

Gene perturbation

GQ

OQ o
Enrichment based NGS library preparation

Cell model on readout/ phenotype and deep sequencing
(+F’erturbat|on) Statistical analysis
— Hit idenitifcation
| Hit validation

Figure 1. Schematic of a functional genomics screen.

Simplified overview of the key steps involved in a functional genomics screen.

A long-standing goal of system biology has been to use a multitude of omics-techniques such as
expression analysis, proteomics, metabolomics, and ribosome profiling to better understand
molecular processes in the cell. The addition of genetic screens has added yet another instrument to
the toolbox of system biology. As genetic screening, proteomics, and ribosome profiling are key

techniques for this thesis, these methodologies will be addressed in detail below.
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1.2 Gene Expression

The findings of this thesis will concern genes that affect various types of regulation at different
steps of the genetic information flow from gene to phenotype. Therefore, | would like to first review
the basic principles of gene expression, which will help to put our findings in context and understand

the choice of experimental system that | used for dissection of these genes.

The central dogma of molecular biology describes the flow of genetic information starting from
DNA to RNA to protein and thereby closely interlinks these molecular species with each other (Figure
2). Gene expression is a term that summarizes the process of turning the information encoded in genes
into functional products such as proteins or functional non-coding RNAs and thereby manifests a
certain phenotype. Proteins are the essence of all cells and their levels are regulated by a series of
connected processes starting with the transcription, processing, and degradation of mRNAs and
finishing with the translation, modification, and coordinated destruction of proteins (Vogel and
Marcotte, 2012) (Figure 2). These tasks are executed by a multitude of transcription and translation
factors encoded in the human genome (McManus et al., 2015). Of the ~20,000 proteins encoded in
the genome, around 2,000 code for transcription factors (Vaquerizas et al., 2009) and roughly 1,000
for RNA binding proteins with assumed roles on RNA stability and translation (Baltz et al., 2012;
Castello et al., 2012) (Figure 2).
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Figure 2. The central dogma of molecular biology in numbers.

Reprinted from Molecular BioSystems Issue 10, McManus, J., Cheng, Z., Vogel, C., Next-generation analysis of gene expression

regulation — comparing the roles of synthesis and degradation, 2015, with permission from ROYAL SOCIETY OF CHEMISTRY
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While it is still poorly understood how much each step precisely contributes to the final level of
a protein, advances in RNA sequencing techniques and proteomics allow us nowadays to perform
global systematic studies matching transcriptomic data with measured protein concentrations. It has
been a long debate if mRNA levels or post-translational events have a stronger influence on protein
levels in unperturbed mammalian cells (Schwanhausser et al., 2011, Li et al., 2014a). With the help of
the latest technology, newer studies now imply that changes in the steady-state protein
concentrations in cells are primarily explained by changes in mRNA levels (Li and Biggin, 2015; Liu et
al., 2016). This was also confirmed in a study performed in mouse bone marrow dendritic cells
analyzed at steady-state and upon stimulation with LPS (Jovanovic et al., 2015). In steady-state 68%
of alterations in protein expression could be explained by mRNA levels, and 26% and 8% by translation
rate and protein degradation respectively; in stimulated cells mMRNA even explained 90% (Jovanovic et
al., 2015; Li and Biggin, 2015). However the authors intriguingly also found that the translation and
degradation rates in sum have the largest effect on absolute protein changes, affecting especially
proteins that perform basic cellular functions, that exist often in way higher total numbers of protein
units per cell (Jovanovic et al., 2015). While for example the change in expression for a lower
expressed gene X from 1,000 to 10,000 proteins accounts for a fold change of ten another much
stronger expressed gene Y that changes its concentrations from 1,000,000 to 1,300,000 calculates a
fold change of only 1.3. In a classical analysis, where typically the proteins with the strongest fold
changes are prioritized gene X would appear to have much more importance than gene Y. However,
if one considers that a typical mammalian cell expresses ~103-10% proteins per cell, the expression
change of gene Y (fold change 1.3) would affect the total proteome in the most crowded cell ~30 times

more than the expression change of gene X (fold change 10) (Li et al., 2014a; Jovanovic et al., 2015).

1.2.1 Protein Synthesis

Proteins make up the largest proportion of macromolecules in a cell and their production is
modulated at several levels that we will describe in detail in this section (Tahmasebi et al., 2019).
Turning messenger RNA (mRNA) into proteins and folding them into their active form is the core of
every biological process (Hershey et al., 2019) and ultimately defines the biochemical constitution of
a cell. Requiring four phosphate bonds for each amino acid added to a polypeptide chain (two for the
charging of a tRNA and two for the formation of the peptide bond during the elongation), protein
synthesis also represents the single largest investment of energy within a cell (Russell and Cook, 1995;
Rolfe and Brown, 1997). Additionally, the protein levels are usually the molecularly relevant output of
gene expression and regulatory finetuning or constraints happen rather on the protein level than on

the mRNA level (Ingolia et al., 2019). Therefore, it is not surprising that multiple pathways have
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evolved that adjust the translation rate according to the availability of energy, nutrients, and external
signals (Lindqvist et al., 2018) but also based on the cell cycle state or differentiation of a cell (Teixeira
and Lehmann, 2019; Wang and Amoyel, 2022; Leesch et al., 2023). Additionally, protein production
does not always follow transcriptional changes, but instead employs an armada of translation factors
offering a universe of regulatory control over protein production (Pechmann et al., 2013; Slobodin
and Dikstein, 2020). Therefore, understanding the details of translational regulation is a key pillar in

understanding biology.

In eukaryotes, protein translation is coordinated by the 40S and 60S ribosomal subunit, which
together consists of over 80 proteins, 4 mRNAs, and aminoacyl-tRNAs, and energy provided by ATP
and GTP hydrolysis (Hershey et al., 2019) (Figure 3). The aminoacyl-tRNAs are specific for certain
codons and are continuously regenerated and loaded with the specific amino acid by the
corresponding aminoacyl-tRNA synthases (Hershey et al., 2019). Protein translation consists of three

steps: initiation, elongation, and termination (Figure 3).

During initiation, a complex consisting of the small ribosomal 40S subunit and the initiator
methionyl-tRNA; is formed, which binds to the 5’-end of the mRNA and together with other initiation
factors forms the preinitiation complex (PIC) (Merrick and Pavitt, 2018). PIC then scans the mRNA
towards the 3’-end until the anticodon of methionyl-tRNA; pairs with a start codon, which is usually
an AUG (Hinnebusch et al., 2016). A successful pairing of PIC with the start codon then terminates PIC
scanning, various initiation factors fall off, and the 40S subunit fuses with the 60S large ribosomal

subunit, which now forms the 80S initiation complex (Merrick and Pavitt, 2018) (Figure 3).

The next translation phase, the elongation phase, begins right after the 80S initiation complex
has formed next to the start codon. Briefly, aminoacyl-tRNAs (aa-tRNAs) that match upcoming codons
on the mRNA continuously bind in the aminoacyl-site (A site) of the ribosome, and the ribosome
catalyzes the attachment of the loaded amino acid to the amino acid located in the peptidyl site (P site)
(Hershey et al., 2019) (Figure 3). After successful peptide bond formation, the peptidyl-tRNA in the
A site migrates together with the mRNA into the P site, a step called translocation (Dever et al., 2018)

(Figure 3). The elongation process is described in detail in the next chapter.

As soon as a so-called STOP codon (UAA, UGA, or UAG) binds to the A site of the ribosome, it is
not recognized by any matching tRNA (Hershey et al., 2019). Instead, eukaryotic peptide chain release
factors (eRFs) will bind and catalyze the release of the nascent peptide from the peptidyl-tRNA of the
P site and thereby terminate protein translation (Schuller and Green, 2018) (Figure 4). The translation
is now finalized by other proteins that bind to the ribosome, which assist in the release of mRNA and

tRNA, disassemble the ribosome, and aid in its recycling (Hellen, 2018). Depending on the protein,
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after termination, the polypeptide still has to fold into the right shape (Dobson, 2003; Pechmann et
al., 2014), must be transported to the correct location in the cell (Bauer etal., 2015), receive
posttranslational modifications (Lin and Caroll, 2018) or form complexes with other proteins (Schwarz

and Beck, 2019) before it can fulfill its task in the cell.
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Figure 3. Summary of eukaryotic translation.

a. Overview of steps in eukaryotic translation starting with initiation, followed by elongation, termination, and ribosome
recycling. b. Model of the yeast 80S ribosome structure with the three sites of tRNA binding mapped: E (exit; in orange),

P (peptidyl; in purple), and A (aminoacyl; in cyan) (PDB 4V88, PDB 4V9I) c. Schematic of the elongation circle illustrating the
different states and locations of tRNAs during translational elongation. d. Schematic of the peptidyl-transfer reaction taking
place during translational elongation. e. Model of the yeast 80S ribosome structure as described in (b) with elF5A bound in
the ribosomal E site. On the right, the interaction of the hypusine modification with the CCA nucleotides at the 3’ end of

the peptidyl-tRNA is indicated. (PDB 4V88, PDB 5GAK)
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Reprinted from Nature Reviews Molecular Cell Biology 19, 526-541, Schuller, AP., Green, R., Roadblocks and resolution in

eukaryotic translation, 2018, with permission from Springer Nature

1.2.2 Translational Elongation

As mentioned briefly above, translational elongation follows right after translational initiation
and comprises the process of lengthening the polypeptide chain during protein synthesis. It starts with
an 80S ribosome placed at an AUG start codon as well as a methionyl-tRNA; in the P site and delivers
codon-matching aa-tRNAs to the A site of the ribosome until it reaches the STOP codon of the open
reading frame (ORF) (Schuller and Green, 2018). Translation elongation consists of three steps:
(i) tRNA selection (also called decoding), (ii) peptide bond formation, and (iii) translocation of the
tRNAs and bound mRNA (Schuller and Green, 2018) (Figure 4). Similar as other steps of translation,
elongation is a highly regulated process, that requires the interplay and help of multiple factors that |

will now briefly review below.
tRNA Selection

During tRNA selection, the eukaryotic translation elongation factor eEF1A forms a complex with
GTP and an aminoacyl-tRNA. This ternary complex binds to the A site, where base pairing between
the A site codon and the anticodon of the aminoacyl-tRNA activates eEF1A, hydrolyses GTP and

facilitates the positioning of the tRNA within the A site (Dever et al., 2018).
Peptide Bond Formation

The next step in the elongation process is peptide bond formation and comprises an attack of
the ribosomal A site amino acid on the ester linkage on the peptidyl-tRNA in the P site, as well as the
transfer of the peptide chain onto the tRNA in the A site (Schuller and Green, 2018). The reaction takes
place in the peptidyl transferase center (PTC), a place in the large ribosomal subunit that consists of
rRNA elements (Ben-Shem et al., 2011; Klinge et al., 2011). It aids the peptide bond formation by
positioning the peptidyl- and aa-tRNA into suitable positions for catalysis (Dever et al., 2018).
Eukaryotic translation initiation factor 5A (elF5A) is an additional factor that binds to the exit site
(E site) and helps with peptide bond formation (Schmidt et al., 2016). Due to its relevance for this

thesis, it will be described in greater detail below.

During peptide bond formation, the two ribosomal subunits rotate and the tRNAs position
themselves into a hybrid state (Moazed and Noller, 1989). In this phase, the acceptor ends of the

tRNAs are already in the E and P site of the large ribosomal subunit, while the anticodon of the tRNAs
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remains still in the A and P site of the small subunit of the ribosome (Budkevich et al., 2014; Schuller

and Green, 2018) (Figure 4).
Translocation of the tRNA and bound mRNA

The GTPase eukaryotic translation elongation factor 2 (eEF2) then translocates the tRNA-mRNA
complex relative to the ribosome and brings back the tRNAs to their canonical E and P sites (Schuller
and Green, 2018). After translocation, the E site is loaded with a deacetylated tRNA and the P site
harbors the peptidyl-tRNA (Dever et al., 2018). All the above-described steps are repeated until the

entire protein encoded on the mRNA has been produced.
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Figure 4. Summary of elongation, ribosome stalling and its resolution.
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a. Overview of steps in eukaryotic translational elongation. b. Stalled translation induced by slow peptidyl-transfer kinetics
(e.g. formation of Pro-Pro) is rescued by elF5A. c. Ribosome stalling caused by poor A-site occupancy as a result of low
availability of the respective tRNA can be rescued by misincorporation of near-cognate tRNAs or by frameshifting. d. Stalled
translation by suboptimal consecutive tRNA-codon pair orders. e. mRNA secondary structures can lead to ribosome
stalling, which can be resolved by programmed ribosomal frameshifting (PRF) at adjacent ‘slippery’ sequences.

Reprinted from Nature Reviews Molecular Cell Biology 19, 526-541, Schuller, AP., Green, R., Roadblocks and resolution in

eukaryotic translation, 2018, with permission from Springer Nature

1.2.3 Regulation of Translational Elongation

While translational initiation is known to be highly regulated and the rate-limiting step for
protein production (Jackson et al., 2010), the much simpler process of translational elongation is also
subject to a wide range of regulation (Schuller and Green, 2018) (Figure 4). Additionally, there can be
direct feedback of elongation rate on initiation rate. The average elongation rate is about five amino
acids per second (Ingolia et al., 2011), while the time span for initiation is around five seconds
(Palmiter, 1975) and can only take place if the ribosome is already five amino acids downstream of the
start codon (Hershey et al., 2019). Hence, if elongation is drastically slowed down it can directly

influence the rate of initiation (Hershey et al., 2019).

Regulation of Translational Elongation Factors

One of the main disadvantages of intervening at the translational elongation level is, that it is a
very costly way of reducing protein production, which is because then more ribosomes are required
to make the same amount of protein, and ribosomes are large molecular complexes that require large
amounts of energy to produce (Fromont-Racine et al., 2003). On the other hand, interfering with
elongation offers an elegant way for rapid pausing of translation in situations where energy is needed
spontaneously, like muscle contraction (Rose et al., 2005). In this way the polysomes stay preserved,
the mRNA is possibly better protected, and translation can resume swiftly once the demand for energy

and nutrients is fulfilled again (Proud, 2019).

A significant part of the regulation during translational elongation occurs through direct
regulation of the few elongation factors involved in the elongation process: (i) eEFla, (ii) eEF2,

(iii) elF5A.
eEF1A

As mentioned earlier the ATP of the eEFla ternary complex is hydrolyzed at the ribosome and
released as a binary complex with GDP (Gromadski et al., 2007). Fresh eEF1A*GTP is then regenerated

by elongation factor 1-beta (eEF1B) to allow the formation of new eEF1AeGTPeaminoacyl-tRNA
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ternary complexes (Gromadski et al., 2007). eEF1A is post translationally modified by methylation of
lysines through several characterized lysine methyltransferases and loss of its methylation is linked to

changed translation (Dever et al., 2018).
eEF2

The domain IV of eEF2 has a similar shape as the anticodon of a tRNA and binds deep in the
A site of the ribosome (Dever et al., 2018). The tip of domain IV on eEF2 harbors a conserved histidine
residue that gets post translationally modified to diphthamide (2-[3-carboxyamido-3-
(trimethylammonio)propyllhistidine) (Su et al., 2013). Diphthamide is produced in a 4-step reaction
using seven different proteins (DPH1-7) and the absence of this posttranslational modification causes
developmental defects and death in mice; nevertheless, some cancer cell lines like CHO or MCF7 have
been reported to be viable without functional diphthamide synthesis (Dever et al., 2018). The absence
of diphthamide has been linked to an increase in -1 ribosomal frameshifting, suggesting that this
modification enables eEF2 to accurately translocate the ribosome (Liu et al., 2012). In addition, eEF2
can also be phosphorylated by eEF2 kinase (eEF2K), which then blocks its binding to the ribosome and
thereby stops translation (Ryazanov et al., 1988; Carlberg et al., 1990). The activity of eEF2K is
regulated through the mammalian target of rapamycin complex | (mTORC1) and AMP-activated
protein kinase (AMPK), linking translational regulation through eEF2 to nutrient and energy levels in
the cell (Browne and Proud, 2004; Proud, 2015). Considering that elongation consumes almost all the
energy of protein production (four to five ATP for each amino acid added to the polypeptide chain),
this phosphorylation switch offers a rapid way to reduce energy and amino acid consumption in the
cell by slowing translation rates (Redpath et al., 1996). An example where this regulation mechanism
seems to be exploited is muscle contraction, where eEF2 is rapidly phosphorylated and thereby quickly

frees ATP that would usually be consumed by protein translation (Rose et al., 2005).
elF5A

The third factor supporting translational elongation is elF5A (Saini et al., 2009). Its activity is
largely dependent on the unique post-translational modification hypusine (Park et al., 1981). Due to

the importance of hypusine for this work, we devote a separate chapter to it below.

Regulation through mRNA Encoded Obstacles

In addition to the direct regulation of elongation factors, the ribosome also encounters a variety
of obstacles in the sequence code during the journey along the ORF of a gene, which can slow down
its speed of translation (Schuller and Green, 2018) or can even lead to “recoding” which describes a

situation where signals built into the mRNA sequences temporarily alter decoding of the mRNA
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(Gesteland and Atkins, 1996). These obstacles can be: (i) certain amino acid sequence combinations,
(ii) prolines, (iii) codons of low expressed cognate tRNAs, (iv) the order of codons, (v) secondary

structures in the mRNA, and (vi) factors interacting with the mRNA (Figure 4).
Amino Acid Sequence Combinations

Using the 20 different protein-coding amino acids, 400 different amino acid combinations are
possible during peptide bond formation. However, not all combinations react with the same efficiency
and some amino acid combinations can lead to inhibitory confirmations of the nascent peptide chain

in the ribosome exit tunnel (Schuller and Green, 2018).
Proline

An amino acid with particularly challenging properties is proline. Its reactive amine is part of the
cyclic side chain known as imidazole ring, making Proline-tRNA (Pro-tRNA) a poor A site peptidyl
acceptor due to reduced nucleophilicity (Wohlgemuth et al., 2008; Pavlov et al., 2009). In addition,
entropic limitations make proline a poor substrate for the P site as well, which makes the synthesis of
Pro-Pro stretches especially slow (Doerfel et al., 2013; Gutierrez et al., 2013; Ude et al., 2013) (Figure
4).

Codons of Low Expressed Cognate tRNAs

If a mRNA is rich in codons of low-expressed cognate tRNAs or regeneration of fresh cognate
aa-tRNAs for that codon is slow, it can lead to decreased elongation rates as well (Hanson and Coller,
2018) (Figure 4). This can further result in miscoding if the stalled ribosome is resolved by providing
an alternative near-cognate tRNA or it can lead to noncanonical events such as frameshifting (Schuller
and Green, 2018). A specific codon bias within an mRNA can therefore guide protein production and
affect the translation efficiency of a transcript or the efficiency of protein folding (Hanson and Coller,

2018).
mRNA Structures

Lastly, cis- and trans-acting regulatory elements encoded on mRNA direct the ribosome to
pause at specific locations on the transcript (Dever et al., 2018). Cis-elements are encoded entirely in
the mRNA itself and some of the best-characterized cis-factors are mRNA secondary structures like
stem-loops or pseudoknots that are thought to induce ribosome stalling (Dever et al., 2018). Often
the ribosome stops in these cases on conserved “slippery” sequences that can cause ribosome

frameshifting (Namy et al., 2006; Belew et al., 2014) (Figure 4). Trans-elements can consist of
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proteins, nucleic acids, or small molecules that interact with a specific part of the mRNA transcript

(Dever et al., 2018).

The regulatory loop of ornithine decarboxylase (ODC), the enzyme that catalyzes the first step
of polyamine synthesis, is one such case of a trans-acting regulatory element (Dever et al., 2018). Its
protein level is regulated by a +1-programmed ribosomal frameshift (PRF) on the mRNA encoding the
ornithine decarboxylase antizyme (OAZ), which is stimulated by polyamines (Venkataramanan and
Floor, 2018) (Figure 5). OAZ regulates ODC levels (Heller and Canellakis, 1981) by inducing its
degradation in a ubiquitin-independent way by the 26S proteasome (Murakami et al., 1992). When
polyamine levels are low, little +1 PRF occurs on the OAZ mRNA, which downregulates OAZ and
therefore increases polyamine synthesis (Ilvanov et al., 2018). Then as polyamine levels increase, +1 RF
increases, OAZ levels rise, ODC levels fall, and polyamine synthesis is reduced again (lvanov et al.,
2018) (Figure 5). In addition, several other proteins involved in the polyamine synthesis pathway are

regulated translationally and will be addressed in the chapter below (Miller-Fleming et al., 2015).

Lower Polyamines Higher Polyamines

Figure 5. Schematic of regulation of OAZ translation via polyamines.

The expression of OAZ is coordinated via two partially overlapping ORFs that are linked through ribosomal +1 frameshifting.
In case of low cellular polyamine levels translation is terminated at the STOP codon of ORF1. In case of high cellular polyamine
levels, ribosomes shift at the ORF1 stop codon which leads to expression of full-length OAZ.
Adapted from J Biol Chem., 293(48):18719-18729, Dever, TE., Ilvanov, IP., Roles of polyamines in translation, 2018, article

from Elsevier under open access Creative Commons CC-BY license

1.2.4 The Function of elF5A in Translation

One of the few translation factors that is universally conserved from bacteria to humans is elF5A
(Kyrpides and Woese, 1998). It is 157 amino acids in size and its activity largely depends on the post-
translational modification hypusine, a modification unique to elF5A, which will be addressed in detail
in the next chapter of this work (Parketal., 1981; Gutierrez et al., 2013). Early fractionation
experiments and the use of an assay for Met-puromycin bond formation, suggested that elF5A
promotes translational initiation, which also explains its naming as an initiation factor (Kemper et al.,
1976; Schreier et al., 1977; Benne et al., 1978). Meanwhile, it is well understood that the

Met-puromycin bond formation assay reports mainly on the rate of peptide bond formation, and the
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effect on initiation is more of a feedback due to puromycin being suboptimal positioned in the PTC
and therefore a poor substrate for the formation of peptide bonds (Dever et al., 2018). This would
suggest that elF5A is more likely to support peptide bond formation, which fits well with recent studies
showing that elF5A supports the elongation step and rather mimics the action of cycloheximide (an
inhibitor that blocks elongation by interfering with translocation) (Gregio et al., 2009; Saini et al.,

2009; Henderson and Hershey, 2011; Gutierrez et al., 2013; Dever et al., 2018).

Nevertheless, a study by Manjunath and colleagues, for example, showed that elF5A can have
an indirect effect on translation initiation (Manjunath et al., 2019). In this study, the absence of elF5A
leads to ribosome pausing, resulting in feedback to the translation initiation at an upstream start
codon in the 5’-UTR leading to the production of an N-terminal extended form of Myc (Manjunath et
al., 2019). Similarly, elF5A was found to be a sensor of polyamine levels by causing ribosome queuing
in front of a Pro-Pro-Trp motif of scanning ribosomes, resulting in initiation at a near-cognate
upstream start codon (AUU), which then leads to termination at an early stop codon (lvanov et al.,
2018) (Figure 6B). Higher levels of polyamines, and therefore higher levels of hypusinated elF5A
instead lead to skipping of the weaker upstream start codon and initiation at the canonical AUG start
codon and production of AZIN1 (a negative regulator of cellular polyamine synthesis, by a mechanism

described above) (Ivanov et al., 2018) (Figure 6A).

R elF5A f Lower Polyamines
-

PPW ——(azIN1

\

- 4 \ <¢'Y

eIF5A¥j’ Higher Polyamines

Figure 6. Model illustrating the polyamine-induced interference with elF5A function, leading to ribosome queuing and
increased initiation at an upstream AUU Start Codon on the AZINI mRNA.

Reprinted from Molecular Cell, Volume 70, Issue 2, Pages 254-264.e6, Ivanov, IP., Shin, B., Loughran, G., Tzani, I., Young-
Braid, S., Cao, C., Atkins, JF., Dever, TE., Polyamine Control of Translation Elongation Regulates Start Site Selection on

Antizyme Inhibitor mRNA via Ribosome Queuing, 2018, with permission from Elsevier
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Much of the early work was done on elongation factor P (EF-P), the bacterial ortholog of elF5A,
which has also been shown to be essential for resolving ribosome stalling on proline stretches in
bacteria (Doerfel et al., 2013; Ude et al., 2013; Woolstenhulme et al., 2015). And it has also been
shown in yeast that elF5A is required for the synthesis of the proline-rich protein Bnil (Li et al., 2014b).
Studies in human cell models revealed clear requirements of elF5A for the translation of specific motifs
within proteins, such as a specific motif in the autophagy related 3 protein (ATG3) (Lubas et al., 2018).
However, looking at global changes in the proteome of human Hela cells after e/lF5A knockdown could
not identify an depletion in polyproline-rich proteins (Mandal et al., 2016), indicating a broader

significance of elF5A in mammalian cells.

Structures of elF5A bound to the ribosome highlighted the binding of elF5A in the E site and
revealed that simultaneous binding of elF5A and a tRNA in the E site is sterically not possible, meaning
that the tRNA release must precede elF5A binding (Melnikov et al., 2016; Schmidt et al., 2016). A
structural study that captured an elF5A-80S complex with a tRNA in the P site, revealed further
interactions between the hypusine residue of elF5A and the acceptor (CCA-end) arm of the peptidyl-
tRNA (Schmidt et al., 2016) (Figure 7). This suggests that elF5A promotes peptide-bond formation by
stabilizing the conformation of peptidyl-tRNA for nucleophilic attack by the aminoacyl-tRNA in the
Assite (Schmidt et al., 2016). Another structural study that employed X-ray and cryo-EM found a
contribution of elF5A in resolving stalled ribosomes (Pochopien et al., 2021). The mechanistic role of
elF5A was found to be placed in the E site of the ribosome, helping with the positioning of the P-tRNA
and assisting with the transfer of the nascent peptide chain from the P-tRNA to the A-tRNA (Pochopien
etal., 2021).
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Figure 7. Model of the interaction of elF5A with the ribosome.

Reprinted from Nucleic Acid Research, Vol. 44, No. 4, 1944-1951, Schmidt, C., Becker, T., Heuer, A., Braunger, K.,
Shanmuganathan, V., Pech, M., Berninghausen, O., Wilson, D., Beckmann, R., Structure of the hypusinylated eukaryotic

translation factor elF-5A bound to the ribosome, 2016, with permission from Oxford University Press
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As described above, due to reduced nucleophilicity, proline is a poor A site peptidyl acceptor
(Wohlgemuth et al., 2008; Pavlov et al., 2009) and elF5A helps among others prolines during the
catalysis of the peptide bond formation (Gutierrez et al., 2013). By using misacylated Pro-tRNAP" and
Phe-tRNAP™ Shin and colleagues were able to show that the requirement for elF5A stems from the
structural rigidity of the imino acid proline and not from the tRNAP™ (Shin et al., 2017). In this context,
the role of hypusinated elF5A seems to be to functionally substitute polyamines, which is also the

precursor from which hypusine is directly derived (Shin et al., 2017).

With about three copies of elF5A per ribosome in Hela cells (Hershey, 1994), and with being
one of the 20 most abundant proteins in proliferating cells (Hukelmann et al., 2016) as well as its very
high abundance in yeast (Kulak et al., 2014), elF5A is one of the most highly expressed genes in
eukaryotic cells. It is also an essential protein in yeast (Schnier et al., 1991) and its absence in human
cancer cell lines has potent antiproliferative effects (DepMap, 2022). This enormous abundance of
elF5A indicates a broader significance within the cell (Gutierrez et al., 2013). Considering that a
Saccharomyces cerevisiae cell consists of >273,000 elF5A molecules, compared to 630,000 eEF1A
molecules and 181,000 eEF2 molecules as well as 187,000 ribosomes (Kulak et al., 2014; Schuller and
Green, 2018) and considering the high affinity of eIF5A for ribosomes, the numbers suggest a situation
in the cell where elF5A contributes to most peptidyl transfer events during translation (Schuller and
Green, 2018). This would mean that elF5A should be viewed as a core translation factor, acting during
the formation of each peptide bond where it increases the processivity and efficiency of translational

elongation (Schuller and Green, 2018).

And indeed, studies performed with ribosome profiling (Schuller et al., 2017) and 5PSeq
(Pelechano and Alepuz, 2017) show significant pausing across a wide spectrum of amino acid motifs,
including those containing proline, aspartic acid, glycine, alanine, valine, and isoleucine. In addition,
studies performed by Schuller and colleagues using an in vitro reconstituted translation system
showed that elF5A is critical in stimulating peptide-bond formation of seven out of eight combinations
tested in the study; all except Phe-Phe (Schuller et al., 2017). As mentioned above, simultaneous
binding of elF5A and a tRNA in the E site is sterically not possible (Melnikov et al., 2016; Schmidt et
al., 2016) (Figure 7). However, in the case of slow peptide-bond formation (e.g. for Pro-Pro), the
aminoacyl-tRNA remains unreacted longer than usual, while the tRNA, which is in the E site at that

moment, still dissociates and makes room for binding and action of elF5A (Schuller and Green, 2018).

Lastly, it has been shown that elF5A also promotes eukaryotic translation termination factor 1
and 3 (eRF1 and eRF3)-dependent translational termination in an in vitro peptide release assay (Saini

et al., 2009; Schuller et al., 2017). Additionally, cells lacking elF5A showed increased accumulation of
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ribosomes at stop codons as determined by ribosome profiling (Schuller et al., 2017). Interestingly,
elF5A was also found to be involved in ribosome-associated quality control (RQC), by assisting in the
peptidyl transfer reactions occurring during carboxy-terminal tails (CAT) tailing (Tesina et al., 2023).
These CAT tails serve as substrates for the ubiquitination via Ltnl/Listerin and subsequent
proteasomal degradation of these nascent peptides (Tesina et al., 2023). This is especially interesting
in the light that absence or mutations in elF5A or other genes of the hypusine pathway lead to
neurodevelopmental disorders as described below (Ganapathi et al., 2019; Faundes et al., 2021;
Ziegler et al., 2022), a phenotype also observed when known RQC factors like Ltni/Listerin or
Rqc2/NEMF are mutated or dysfunctional (Chu et al., 2009; Martin et al., 2020; Udagawa et al., 2021;
Tesina et al., 2023). The involvement of elF5A in RQC could also explain the findings of a recent
preprint, where elF5A was found sequestered in the polysomes caused by ribosomal collision on

mutant HTT mRNA causative for Huntington’s disease (Aviner et al., 2022).
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1.3 The Hypusine Pathway

The name hypusine is constructed by the combination of the names of its two structural
components hydroxyputrescine and lysine (Shiba et al., 1971). It was first discovered and isolated
from the bovine brain and structurally characterized with nuclear magnetic resonance (NMR), mass
spectrometry, and biochemical assays; due to its properties, it was at the time categorized accidentally
as amino acid (Shiba et al., 1971). Shortly after its initial discovery, hypusine was then found to be
present in all animal tissues as a protein component but also as free acid (Nakajima et al., 1971,
Imaoka and Nakajima, 1973). Finally, the radioactivity detected in hypusine fractions isolated from
rats injected with radiolabeled lysine led to the assumption that hypusine derives from lysine (Imaoka

and Nakajima, 1973).

Hypusine then stayed unstudied for a decade until only a single modified protein was identified
during a search for proteins integrating radioactive polyamines (Park et al., 1981). This protein was
elF5A and the radioactive part of it turned out to be hypusine, now proving that spermidine is the
precursor of hypusine and that hypusine is not a free amino acid (Park et al., 1981). The free hypusine
in the soluble part of animal tissues that was discovered in earlier studies therefore must have
stemmed from breakdown products of hypusinated elF5A. Soon the hypusine modification on elF5A
was confirmed by a variety of other studies (Folk et al., 1980; Park et al., 1981, 1982; Cooper et al.,
1983), it became clear that the hypusine modification is not reversible (Duncan and Hershey, 1986;
Gordon et al., 1987; Dever et al., 2014) and that hypusine represents the most specific post-
translational modification known to date (Wolff et al., 2007). Hypusine appears soon after production
of elF5A as the posttranslational reaction catalyzed by deoxyhypusine synthase (DHPS) and
deoxyhypusine hydroxylase (DOHH), two enzymes that are described in detail below (Murphey and
Gerner, 1987; Park, 1987, 2006). Hypusine is also essential for the activity of elF5A and its role in cell
proliferation (Park et al., 1991, 1993; Pillmann et al., 2015; Park and Wolff, 2018). Recently, a study

showed that also free hypusine applied to cells can exhibit biological activity (Tamborlin et al., 2023).

Lastly, hypusinated elF5A has also been suggested as a shuttle for transcripts involved in the
replication of retroviruses (Hauber et al., 2005) and inducible nitric oxide synthase, which is critically

related to islet B-cell dysfunction (Maier et al., 2010).

1.3.1 elF5A
elF5A is a 154 amino acid large, ~17 kDa heavy protein that was previously also called elF4D or
IF-M2Ba (Kemper et al., 1976; Smit-McBride et al., 1989; Tong et al., 2009) and as mentioned before

is one of the 20 most abundant protein in proliferating cells, presenting for example around one
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percent of the whole cellular protein pool of cytotoxic T lymphocytes (Hukelmann et al., 2016). It is an
essential gene and the knock-out of elF5A is embryonically lethal in mice (Nishimura et al., 2012). It is
the only known protein that undergoes the posttranslational modification hypusination, a
modification that is described in detail above, which largely influences the activity of elF5A (Park et
al., 1981; Gutierrez et al., 2013). The X-ray structure of elF5A revealed that it consists of two domains:
a basic N-terminal domain and an acidic C-terminal domain containing an oligonucleotide-binding fold
(Tong et al., 2009) (Figure 8). The hypusine modification is integrated on lysine 50 (K50) which sits on
the tip of an exposed loop on the N-terminal domain and is strictly conserved in eukaryotes (Wolff et
al., 2007). Attempts to create a homozygous K50R mutant for the canonical isoform of e/F5A (elF5A-

1) proved to be embryonically lethal in mice (Schultz et al., 2023).

SO
Site of Hypusination K50 \:** .
Site of Acetylation K47 {

N-terminal domain C-terminal domain

Figure 8. Crystal structure of the truncated human elF5A.

Adapted from PDB: 3CPF, Proteins, 75(4):1040-5, Tong, Y., Park, I., Hong, B-S., Nedyalkova, L., Tempel, W., Park, H-W., Crystal
structure of human elF5A1: insight into functional similarity of human elF5A1 and elF5A2, 2009, with permission form John
Wiley and Sons; created with UCSF Chimera, J Comput Chem, 25(13):1605-12, Petterson, EF., Goddard, TD., Huang, CC.,
Couch, GS., Greenblatt, DM., Meng, EC., Ferrin, TE., UCSF Chimera--a visualization system for exploratory research and

analysis, 2004

elF5A is important for translation (Cooper et al., 1983) and contrary to its annotation as an
initiation factor, it plays an important role during elongation and peptide bond formation (Saini et al.,
2009; Lassak et al., 2016) but also has a described role during termination (Pelechano and Alepuz,
2017). It is an important factor in the synthesis of proline repeat-rich proteins (Mandal et al., 2014)
where it helps to overcome ribosome stalling at proline-rich regions (Gutierrez et al., 2013; Pelechano
and Alepuz, 2017). Interestingly, a recent study revealed that elF5A is also among four factors that
bind to functionally relevant sites in dormant ribosomes isolated from zebrafish and Xenopus eggs and
embryos (Leesch et al., 2023). These factors help to stabilize ribosomes, repress translation, and allow

the cells to turn on translation during the correct developmental program (Leesch et al., 2023).
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Since elF5A is among the top conserved proteins between the two kingdoms of eukaryotes and
archaebacteria it is no surprise that many structural and functional analogies exist between different
elF5A homologs (Gordon et al., 1987; Bartig et al., 1992; Kyrpides and Woese, 1998). elF5A has a
structural and functional analogy with the homolog archaeal translation initiation factor 5A (alF5a)
and both share the conserved lysine residue that is the target of hypusination (Bartig et al., 1992). The
bacterial ortholog EF-P also shares many similarities with elF5A but carries a R-lysine modification
catalyzed by elongation factor P--(R)-beta-lysine ligase (YjeA) and elongation factor P hydroxylase
(YfcM) instead of hypusine, at the same lysine residue that is otherwise hypusinated (Navarre et al.,
2010; Yanagisawa et al., 2010). However, similar to hypusine, the B-lysylation only occurs on EF-P and
is also crucial for the activity of EF-P, which also has an important role in overcoming ribosome stalling
at polyproline stretches (Park et al., 2012; Bullwinkle et al., 2013; Doerfel et al., 2013; Ude et al.,
2013).

In humans two isoforms of elF5A (elF5A-1 and elF5A-2) are known, both are hypusinated and
while e/lF5A-1 is constitutively expressed in mammalian cells and overexpressed in cancer, the elF5A-2
isoform is expressed only in testis, the brain and certain cancer types (Clement et al., 2003; Caraglia

et al., 2013; Mathews and Hershey, 2015).

Another elF5A isoform has been described by Pereira and colleagues and derives from the
extension of elF5A-1 by an upstream start codon in its 5’-UTR that is less favorably picked as the start
site by the ribosome (Pereira et al., 2016). It produces an elF5A protein with additional 30 amino acids
on the N-terminal peptide sequence and can undergo hypusination as well (Pereira et al., 2016). Its

potential link to mitochondria is addressed below.

There are multiple indications for the involvement of elF5A in a variety of diseases, that will be
discussed in a later chapter of this thesis (Kaiser, 2012). Interestingly, hypusinated elF5A has also DNA
and RNA binding properties whose sequence-specific binding was shown by using systematic
evolution of ligands by exponential enrichment (SELEX) and affinity co-purification and PCR differential

display (Xu and Chen, 2001; Xu et al., 2004).

Besides hypusination, elF5A can also be phosphorylated and acetylated (Kang et al., 1993; Klier
et al., 1993; Ishfaq et al., 2012). The significance of the phosphorylation, that happens on serine 102

is however currently not understood (Kang et al., 1993; Klier et al., 1993).
Acetylation of elF5A

Considering the irreversibility of the hypusine modification combined with the high abundance

and very long half-life of elF5A, which is reported to be 3-7 days, other reversible modifications might
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offer a solution for a more rapid way of regulating elF5A activity, without the necessity to change the
actual protein level (Torrelio et al., 1987; Nishimura et al., 2005). elF5A has been reported to be
acetylated on the lysine residues K47 and K68 (Klier et al., 1995, Kim et al., 2006a). Furthermore,
Lee et al. showed experimentally, that exogenously expressed elF5A gets strongly acetylated at K47
and they also showed that K47 is in general the main side of acetylation (Lee et al., 2009). An antibody
specific for K47-acetylated-elF5A (elF5a247) allowed to identify P300/CBP-associated factor (PCAF) as
a main acetylase of elF5A (Ishfaq et al., 2012). The same team also found the deacetylases for K47
acetylation of elF5A which are the histone deacetylase 6 (HDAC6) and the NAD*-dependent
deacetylase sirtuin-2 (SIRT2) (Ishfaqetal.,, 2012). However, as discussed below, additional

transferases and hydrolases might be involved in the turnover of acetylated elF5A, too.

In addition to elF5A itself, the protein-bound hypusine residue seems to be also targetable by
acetylation by the polyamine catabolic enzyme spermidine/spermine-N1-acetyltransferase 1 (SSAT1)
(Lee et al., 2011). SSAT1 targets the terminal amino group of hypusine or deoxyhypusine (Lee et al.,
2011). As free hypusine or deoxyhypusine alone could not act as a substrate for SSAT1 in in vitro
assays, at least partial interaction of elF5A with SSAT1 seems to be required (Lee et al., 2011).
Acetylated elF5A further eliminates the activity of elF5A in methionyl-puromycin assay, indicating that
acetylation on elF5A has a deactivating function for its role as elongation factor (Lee et al., 2011).
Causative for this could be the change in charge induced by the acetylation. The strong basic charge
of hypusine gets reduced by acetylation, which could perturb the binding of elF5A in the acidic pocket
of binding partners such as the ribosome (Lee et al., 2011). Since SSAT1 expression levels are low and
elF5A is a very abundant protein, it remains to be investigated how relevant this regulation is in live

cells (Lee et al., 2011).

While the specific role of the acetylated form of elF5A is still largely unknown, it is interesting
to note that the acetylated form of elF5A is found mainly in the nucleus, while the unacetylated form
is primarily found in the cytoplasm (Ishfaq et al., 2012). Although the nuclear role of elF5A remains to
be investigated, a recent study demonstrated one case where elF5A acts as an important translatome
remodeler in cells under acidosis, with the acetylation on elF5A acting as an activating switch (Balukoff
et al., 2020). The team of Balukoff et al. demonstrated in their model that the NAD*-dependent
deacetylase sirtuin-1 (Sirt1) senses pH and deacetylates nuclear elF5A during anaerobiosis. elF5A then
serves as a shuttle for tuberous sclerosis complex 2 (Tsc2) mRNA out of the nucleus facilitating its
translation (Balukoff et al., 2020). Since Tsc2 acts as an inhibitor for the mammalian target of
rapamycin complex 1 (mTORC1), cellular metabolism is downregulated, preventing DNA damage that

would otherwise be caused by acidosis (Balukoff et al., 2020).
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1.3.2 Enzymes of the Hypusine Pathway: DHPS

The first step in the synthesis of hypusine is the formation of deoxyhypusine. This enzymatic
reaction happens through deoxyhypusine synthase (DHPS), which cleaves spermidine and transfers a
4-aminobutyl moiety to the e-amino group of the lysine 50, forming deoxyhypusine (N&-4-
aminobutyl(lysine)) on elF5A (elF5A(Dhp)) (Wolff et al., 1995, 1997; Lee et al., 1999; Wator et al.,
2020). The DHPS reaction uses NAD* as a coenzyme and encompasses four reaction steps, with two

imine intermediates and a transient hybrid (Chen and Dou, 1988; Wolff et al., 1990, 1997, 2000)

(Figure 9).
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Figure 9. Reaction mechanism of hypusine reaction.

Reprinted from Journal of Biological Chemistry, Volume 293, Issue 48, Pages 18710-18718, Park, MH., Wolff, EC., Hypusine,
a polyamine-derived amino acid critical for eukaryotic translation, 2018, article from Elsevier under open access Creative

Commons CC-BY license.

Not only is the lysine 50 highly specific for this posttranslational modification but also the motif
flanking the hypusine modification site is conserved across all alF5A and elF5A proteins (Park et al.,
1991; Cano et al., 2008). The highly conserved motif KxG-K(Hyp)-HGxXAK is located at the tip of a loop
linking two strands (B3 and B4) of the N-terminal domain and substitutions in the sequence abolish
deoxyhypusination (Cano et al., 2008). The minimal substrate of elF5A that is required for the
deoxyhypusination reaction by DHPS was assessed in vitro with purified DHPS and encompasses
Phe30-Asp80 of elF5A, a highly conserved region on this protein throughout the eukaryotic kingdom
(Joe and Park, 1994).
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Structures of enzymes, especially when they are solved in complex with their co-factors or
substrates are crucial to understand the mode of action of the catalytic reaction. Thanks to an early
X-ray structure of human DHPS bound with its co-factor NAD* it became clear that DHPS forms a
tetramer, consisting of four identical subunits (Liao et al., 1998). The tetramer consists of two dimers
with a total of four active sites, two per dimer interface; one subunit of each active site harbors the

catalytic site, and the other matching subunit contains the NAD*-binding portion (Liao et al., 1998).

The first structure of DHPS looked like a so-called “ball-and-chain” mechanism consisting of two-
turn a helices, that block access to the active site of DHPS (Liao et al., 1998). Later, the same lab
managed to crystalize the human DHPS:NAD holoenzyme also under low ionic strength and a pH of
8.0, which is close to the optimal pH for the enzymatic reaction, and now could not detect the “ball-
and-chain” mechanism anymore suggesting that this part of the protein swings freely and doesn’t
block the active site (Umland et al., 2004). Meanwhile, yet more structural work revealed that the
“ball-and-chain” motif is crucial for the assembly of the DHPS tetramer (Wator et al., 2020). A recent
structure of the substrate-bound complex captured during the hypusination reaction shows that DHPS
binds only the N-terminus of elF5A containing the B-sheet structure and gives insights into interactions
and residues that are key for the catalytic reaction (Wator et al., 2023) (Figure 10a-b). The first step of
the enzymatic reaction is coupled to the reduction of NAD* to NADH during which spermidine is
oxidized and cleaved into 1,3-diaminopropane and a 4-aminobutyl moiety, which forms then an imine
bound to Ne of K329°"" (Figure 10c-d). During this reaction, W327°" is an important gating residue
for K50®FA and positions it for hypusination (Wator et al., 2023) (Figure 10c-d). Additionally, it may
also shift the K329°" in a way optimal to transfer the 4-aminobutyl group to then form an imine
intermediate with K50%FA (Wator et al., 2023). This, in turn, makes the imine bound accessible to the

hydride ion transfer from NADH and therewith the formation of deoxyhypusine (Wator et al., 2023).
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Figure 10. The elF5A-DHPS complex.

Reprinted from Nature Communications, 14, Article number 1698, Wator, E., Wilk, P., Biela, A., Rawski, M., Zak, KM.,
Steinchen, W., Bange, G., Glatt, S., Grudnik. P., Cryo-EM structure of human elF5A-DHS complex reveals the molecular basis
of hypusination-associated neurodegenerative disorders, 2023, article from Springer Nature under open access Creative
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1.3.3 Enzymes of the Hypusine Pathway: DOHH

The second and final catalytic step of hypusine formation involves the hydroxylation of
deoxyhypusine to hypusine (N®-4-amino-(2-hydroxybutyl)lysine) by deoxyhypusine hydroxylase
(DOHH) (Kim et al., 2006b). DOHH was first identified in a yeast two-hybrid screen as an interaction
partner of elF5A with unknown function and therefore named Lial (ligand of elF5A) (Thompson et al.,
2003b). In 2006 the enzyme was then cloned and expressed which allowed studying DOHH in detail
and assigning it the first time a function (Park et al., 2006). DOHH has a symmetrical superhelical
structure with eight helical hairpins (also named HEAT repeats) (Park et al., 2006). HEAT repeat-
containing proteins got their name for their occurrence in human huntingtin (H), elongation factor
3 (E), a subunit of protein phosphatase 2a (A) and the target of rapamycin (TOR) (Andrade et al.,
2001). Each particle of DOHH contains two molecules of iron that are coordinated by four essential
His-Glu pairs, forming part of the diiron active site (Kim et al., 2006b; Kang et al., 2007). The reaction
of the reduced form of DOHH with oxygen forms a peroxo-diiron(lll) intermediate in the diiron center
of DOHH (Han et al., 2015). Similar to DHPS, also DOHH interacts and recognizes the N-terminus of
elF5A, however preferentially the deoxyhypusinated form (Wolff et al., 2007). Although truncation of
elF5A leads to reduced hypusination of the protein, amino acid 20-90 are in principle sufficient for
binding and hydroxylation of el5A (Wolff et al., 2007), a finding that is also in agreement with the
docking of elF5A(Dhp) onto a DOHH structure derived by X-ray crystallography (Han et al., 2015).
Interestingly, DOHH is only essential in higher eukaryotes such as Caenorhabditis elegans, Drosophila,
and mammals (Sugimoto, 2004; Patel et al., 2009; Sievert et al., 2014) but not in yeast (Park et al.,
2006).

1.3.4 Subcellular Localization of elF5A and Nuclear Translocation by Xpo4

Fully hypusinated elF5A is a cytoplasmic protein (Lee et al., 2009). However, elF5A can also be
found in the nucleus of the cell (Lipowsky et al., 2000). Although the nuclear pore complex (NPC)
permeability barrier prevents the mixing of cytoplasmic and nuclear matter it is only tight for
molecules larger than ~5 nm in diameter or ~30 kDa in mass (Schmidt and Gorlich, 2016). The small
size of elF5A of just 17 kDa suggests that it can enter the nucleus effortlessly solely by passive diffusion,
which was experimentally demonstrated by an experiment proving elF5As insensitivity to reagents
blocking facilitated NPC passage (Lipowsky et al., 2000). Nevertheless, there is also a study that
proposes that the N-terminus of elF5A signals additionally for nuclear localization (Parreiras-E-Silva et
al., 2007; Lee et al., 2009). Despite this large tendency of elF5A to enter the nucleus, the by-far largest
fraction of elF5A is, as mentioned above, in the cytoplasm. This suggests that there must be a cellular

active nuclear export system for elF5A in place.
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So-called nuclear transport receptors (NTRs) can carry a load through the permeability barrier
of nuclear pore complexes (NPCs) using the RanGTPase system as a source of energy for this active
transport (Lipowsky et al., 2000). The best characterized NTR is Xpo1l/CRM1/Exportin 1, a protein that
can be inhibited specifically thanks to the availability of inhibitors such as leptomycin B; it detects the
9-15 amino acids long linear nuclear export signal (NES) sequence and exports proteins (Dong et al.,
2009; Monecke et al., 2009). Adding such NES sequences to artificially expressed proteins can be
exploited to force their localization to the cytoplasm (Zetsche et al., 2015; Koraichi et al., 2018). But
export signals can also be more complex and interact with the NTRs in a three-dimensional interface,
in which case the NTRs often have additionally some kind of chaperone function (Kutay et al., 1997).
This is for example the case for Xpo2/CAS/Csel, which detects a special conformation of importin a

(Kutay et al., 1997), but also for the export of elF5A by the exportin Xpo4 (Aksu et al., 2016).

Xpo4 is a member of the importin B family, built of HEAT repeats in the shape of an a-helical
protein (Aksu et al., 2016) (Figure 12). Intra-repeat loops on the HEAT repeats 8-16 on Xpo4 form a
binding pocket that allows both domains (the N-terminal SH3-like domain and the C-terminal
oligonucleotide-binding (OB)-fold domain) of elF5A to interact with it (Aksu et al., 2016) (Figure 12).
In total, the interaction surface entails 2169 A% and shields most of the highly conserved positively
charged residues of elF5A that are responsible for elF5As 255 RNA — and tRNA-binding properties
(Melnikov et al., 2016; Schmidt et al., 2016). Interestingly, Xpo4 also contacts hypusine (Hpu50) with
its two positive charges and its neighboring histidine (H51), by docking it in a deep, acidic pocket of
Xpo4, which makes hypusine part of the elF5A export signature (Aksu et al., 2016) (Figure 11). While
Xpo4 seems to still be capable of exporting unmodified elF5A, although it binds ~35 times more weakly
(Lipowsky et al., 2000), the nuclear accumulation of acetylated elF5A suggests that the acetylated

form is not or only very inefficiently exported (Ishfaq et al., 2012).

Figure 11. Docking of hypusinated loop of elF5A into the acidic pocket of Xpo4.
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Reprinted from Nature Communications, 7, Article number 11952, Aksu, M., Trakhanov, S., Gérlich, D., Structure of the
exportin Xpo4 in complex with RanGTP and the hypusine-containing translation factor elF5A, 2016, article from Springer

Nature under open access Creative Commons CC-BY license.

Xpo4 therefore not only acts as an exportin by shuttling mislocalized elF5A out of the nucleus
but also acts as a chaperone-like and compartment-specific antagonist of elF5A, preventing possible
off-target interactions in the nucleus (Aksu et al., 2016). This could be of particular importance since
it has been shown that elF5A accumulates in the nucleoli or interacts with the ribosomal export
adapter Nmd3, both of which could have detrimental effects on ribosome assembly or by its
interaction with the ribosome export adapter Nmd3, which was recently described (Malyutin et al.,
2017). In addition, by the large surface interface, Xpo4 ensures clean extraction of elF5A out of the
nucleus and prevents carrying cargo bound to elF5A out of the nucleus (Aksu et al., 2016). Despite the
very optimal binding of Xpo4 to elF5A it also serves as a shuttle for other cargos, such as Sox-type

transcription factors (Gontan et al., 2009) and many other proteins (Mackmull et al., 2017).
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Figure 12. Structure of the RanGTPeXpo4eelF5A export complex with HEAT repeat organized Xpo4.

Reprinted from Nature Communications, 7, Article number 11952, Aksu, M., Trakhanov, S., Gérlich, D., Structure of the
exportin Xpo4 in complex with RanGTP and the hypusine-containing translation factor elF5A, 2016, article from Springer

Nature under open access Creative Commons CC-BY license.
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It was also discovered that elF5A interacts with the insulin-like growth factor 2 mRNA-binding
protein (IGF2BP1) in the cytoplasm and that absence of IGF2BP1 leads to the accumulation of elF5A
in the mitochondria, further inducing apoptosis (Miyake et al., 2015). Since IGF2BP1 is exported from
the nucleus by Xpo1, inhibition of Xpol-mediated nuclear export induces mitochondrial accumulation

of elF5A (Miyake et al., 2015).

Additionally, elF5A has been reported to be able to localize to the endoplasmatic reticulum (ER)
membrane where it assists with the co-translational translocation of proteins into the ER (Shi et al.,

1996; Rossi et al., 2014).

1.3.5 Metabolic Role of the Hypusine Axis
Besides elF5A’s known role in translational elongation, it has been implicated over the last years
in a whole array of diseases and physiological processes such as diabetes, autophagy, tolerance to

ischemia, aging, and immune cell differentiation (Tauc et al., 2021).
Diabetes

Diabetes is a metabolic disease that involves the dysregulation of glucose levels related to the
malfunction of beta cells in the pancreas (Olokoba et al., 2012). Since pro-inflammatory cytokines
from immune cells are known to activate signaling cascades that drive beta cell dysfunction and since
inactivation of e/lF5A reduced the levels of inflammatory cytokines in a mouse sepsis model it was
investigated if elF5A is involved in diabetes progression (Moore et al., 2008). And indeed, when
hypusination was blocked with N1-guanyl-1,7-diaminoheptane (GC7) in a mouse model of
streptozotocin-induced diabetes, loss of beta cell mass was reduced and mice thereby protected from
hyperglycemia (Maier et al., 2010). As a mechanism, the authors of the study could show that elF5A
is required for shuttling nitric oxide synthase 2 (NOS2) mRNA out of the nucleus (Maier et al., 2010).
Furthermore, another group showed in a diabetes model of obese mice that GC7 treatment improved
glucose tolerance which in addition correlated with the reduced production of C/EBP homologous
protein (CHOP), a key part of the ER stress response that can induce apoptosis (Robbins et al., 2010).
They found, that despite mRNA levels of Chop being elevated 30-fold, the protein levels stayed low,
which indicates a block in translation (Robbins et al., 2010). Interestingly, Anderson-Baucum and
colleagues saw the hypusinated form of elF5A increased in adipose tissue resident M1 macrophages,
which are known to be involved in the proinflammatory status of these tissues (Anderson-Baucum et
al., 2021). They further found that DHPS aids with the production of proteins that activate nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-kB) signaling in macrophages and

showcased that specific deletion of the Dhps gene in macrophages blunted their proinflammatory
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characteristics and improved insulin sensitivity as well as glucose homeostasis (Anderson-Baucum et
al., 2021). In summary, blocking hypusination has been applied in different models for diabetes, where
it improved glucose tolerance and reduced inflammation (Maier et al., 2010; Robbins et al., 2010;

Tersey et al., 2014; Levasseur et al., 2019; Cougnon et al., 2021).
Autophagy and Mitophagy

Another recurring link of hypusine is its implication with autophagy, a process known to prevent
aging, where hypusinated elF5A was shown to be required for translation of ATG3 and transcription
factor EB (TFEB) in separate studies (Lubas et al., 2018; Zhang et al., 2019). Lubas et al. found initially
that treatment with the hypusine inhibitor GC7 had similar effects as the depletion of the autophagy
protein ATG3 (Lubas et al., 2018). They then further showed that depletion of elF5A in cell lines or
Caenorhabditis elegans reduced autophagy, indicated by a decrease in lipidation of LC3 (Lubas et al.,
2018). Interestingly, Drosophila that were fed with spermidine, the substrate of hypusination, showed

an ATG3-dependent increase in autophagy (Liang et al., 2021).

The second autophagy protein linked to hypusine is TFEB; it regulates autophagy by activating
the expression of genes with CLEAR (coordinated lysosome and regulation) elements (Zhang et al.,
2019). TFEB contains a triple proline motif and its translation is modulated by hypusinated elF5A
(Zzhang et al., 2019). TFEB expression is lowered in immune cells of older adults and spermidine was
successfully used to restore B cell response in old mice and humans (Zhang et al., 2019) as well as in
T cells from old human donors (Alsaleh et al., 2020) in both cases via elF5A. Additionally, TFEB and its
ortholog transcription factor binding to IGHM Enhancer 3 (TFE3) are important facilitators of

mitochondrial quality control, a topic that will be discussed in the next chapter (Wang et al., 2020).
elF5A Isoforms Correlate with the Cellular Metabolic State

Asintroduced above, most eukaryotes carry two paralogous genes encoding two e/F5A isoforms
that in humans are 84% identical (Clement et al., 2006). Despite having significantly different
expression patterns in both, humans and yeast, the precise functional roles are still not known
(Barba-Aliaga and Alepuz, 2022a). However, Barba-Aliaga and Alepuz demonstrated the role of elF5A
in respiration in yeast and showed that the expression of the two elF5A isoforms (translation initiation
factor 51A (TIF51A) and TIF51B) correlate with the metabolic and respiratory state of yeast cells
(Barba-Aliaga and Alepuz, 2022b). In short, when respiration is high, the heme activator protein 1
(Hap1) binds constitutively to the TIF51A promoter to stimulate its expression as well as to the
promoter of the TIF51B repressor genes ROX1 and MOT3; when respiration is low, or in anaerobe

conditions, Hap1 recruits the corepressor Tupl to repress TIF51A expression and represses ROX1 and
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MOT3, allowing then for the expression of TIF51B (Barba-Aliaga and Alepuz, 2022b). In summary,
TIF51A seems to promote respiration while TIF51B promotes anaerobic glycolysis (Barba-Aliaga and
Alepuz, 2022b). Although so far a homolog for Hap1 in mammalian systems has not been identified, it
is worth noting that the elF5A-2 isoform is frequently expressed in cancer cells, which are known to

commonly upregulate glycolytic enzymes (Meng et al., 2015; Cao et al., 2017).

1.3.6 elF5A and Mitochondria

Mitochondria are double layered organelles and the main generators of ATP, the energy
currency of the cell that is generated through a process called oxidative phosphorylation (OXPHQOS)
(Walsh et al., 2018). According to the endosymbiotic theory, mitochondria are derived from the
endosymbiosis between a a-proteobacteria and an early ancestor of a eukaryotic cell. This symbiosis
allowed the host cells to survive in the arising highly oxidized atmosphere in early Earth development
that triggered a selective pressure on organisms with respiratory capacity (Castresana and Saraste,
1995; Lyons et al., 2014). Mitochondria are maintaining their own genome, which is encoded in the
so-called mitochondrial DNA (mtDNA) and is expressed by a mitochondria-specific transcription and
translation machinery (Kummer and Ban, 2021). The human mtDNA contains 13 protein-coding genes
which are all critical components of the OXPHOS machinery (Kummer and Ban, 2021). All other
mitochondrial proteins (around 1500 known proteins) are encoded in the nucleus and need to be
imported by a sophisticated importing, processing, and assembly machinery (Song et al., 2021).
Besides OXPHOS, mitochondria are involved in a multitude of other biochemical functions, have cell-
and tissue-specific phenotypes, and undergo constant dynamic physiological recalibrations (Spinelli
and Haigis, 2018; Monzel et al., 2023). When electrons escape the electron transport chain,
mitochondria generate reactive oxygen species (ROS) (Murphy, 2009). While a certain amount of ROS
was shown to be crucial for cell signaling, increased ROS levels can severely damage multiple parts of
the cell, including mitochondria (Shadel and Horvath, 2015). Damage to mitochondria can lead to
increased electron leakage causing excess ROS generation, uncoupled OXPHOS, and perturbed Ca%
uptake (Liu and O’Rourke, 2008; Mailloux, 2020). To avoid the accumulation of damaged
mitochondria, cells and these organelles themselves, employ several pathways that remove damaged
mitochondria and keep mitochondrial stress low, such as mitophagy, dynamic fusion and fission
processes or the mitochondrial unfolded protein response (Youle and Narendra, 2011; Youle and van
der Bliek, 2012; Quirds et al., 2017; Fessler et al., 2020; Guo et al., 2020). Mitochondrial functions
decline with age and mitochondrial stress in return can contribute to age-related diseases (Sun et al.,
2016; Lima et al., 2022). Hypusinated elF5A helps keep mitochondrial functionality intact

(Barba-Aliaga and Alepuz, 2022a). Blocking hypusination therefore should increase the tolerance to
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hypoxia by downregulation of oxygen-consuming OXPHOS, which can be indeed observed in the case
of ischemia-induced damage, stroke, and malaria (Melis et al., 2017; Kaiser et al., 2020; Bourourou et
al., 2021). Even though there are multiple reported links between the hypusine axis as well as the
hypusination substrate spermidine and mitochondrial function, looking at the summary of all these
reports, the mechanistic interplay of these pathways and metabolites with mitochondria remain
unclear (Barba-Aliaga and Alepuz, 2022a). The next section of the thesis will therefore collect known

and possible links between hypusine and mitochondria.
Blocking Hypusination in Limiting Oxygen Environment

One of the first investigations to establish associations between elF5A and respiration was a
study that found that inhibition of hypusination with GC7 in Drosophila under hypoxia, was sufficient
to mediate tolerance to these hypoxic conditions (Vigne and Frelin, 2008). Meanwhile, similar findings
were made in renal cells, where treatment with GC7 again led to tolerance towards anoxia by shifting
respiration towards glycolysis by downregulation of respiratory chain complexes and thereby reduced
mitochondrial oxygen consumption (Melis et al., 2017). This effect and application of GC7 could
further be used to protect kidneys from ischemia-induced damage in rat and preclinical pig kidney
transplant models, indicating that the hypusine pathway could offer an innovative target for
preventing hypoxic-ischemia induced damage (Melis et al., 2017). The administration of GC7 was also
beneficial when given prior to the transplantation of kidneys derived from preclinical porcine brain
death donation models and led to reduced ROS markers and increased expression of mitochondrial
protective peroxisome proliferator-activated receptor-gamma coactivator-1-alpha (PGC-1a) as well as
of the antioxidant proteins: superoxide-dismutase-2, heme oxygenase-1, nuclear factor [erythroid-
derived 2]-like 2 (NRF2), and Sirtuin 3 (Giraud et al., 2020). In another study, a mouse cerebral
ischemia model was used where GC7 treatment prevented toxic ROS generation by mitochondria
upon treatment with depolarization agents and thereby protected neurons from neuronal cell death
(Bourourou et al., 2021). Administrating GC7 in in vivo mice models reduced the infarct volume and
the functional deficits post-stroke events (Bourourou et al., 2021). Lastly, a study on small infants with
complicated Plasmodium falciparum malaria infections showed that during this disease, hypoxia leads
to apoptosis of cardiac ventricular myocytes (Kaiser et al., 2020). Blocking hypusination in human
cultured cardiomyocytes infected with malaria proved beneficial as marked by reduced secretion of
cytochrome c and lactate from mitochondria thereby reducing pro-apoptotic myocardial caspase-1

activity (Kaiser et al., 2020).
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In summary, all the above-mentioned studies show a positive role of elF5A in promoting
mitochondrial function and performance of OXPHOS, while inhibiting hypusination leads to the

downregulation of OXPHOS (Barba-Aliaga and Alepuz, 2022a).
elF5A and Apoptosis

Nevertheless, excess of elF5A, both in its hypusinated but also in its unhypusinated form seems
to have the opposite effect and therefore a detrimental effect on mitochondria and cells. In rat cardiac
muscle cells, doxorubicin treatment led to an overexpression of e/F5A and an increase in ROS and Ca%*
influx into mitochondria which correlate with apoptosisin cells (Tan et al., 2010). Knock-down of e/F5A
could successfully reduce the induction of apoptosis (Tan et al., 2010). These findings agree with the
findings of a study that expressed e/F5A in human HT-29 cells and observed induction of apoptosis
through the mitochondrial pathway (Sun et al., 2010). This effect could also be observed when a
hypusination site mutated form of elF5A was overexpressed, indicating that high levels of
unhypusinated elF5A1 promote apoptosis (Sun et al., 2010). As expected, the knock-down of elF5A-1

consequently made cells resistant to a variety of different apoptosis stimuli (Sun et al., 2010).
Mitochondrial Isoform

Another potential link between elF5A and mitochondria was discovered by Pereira and
colleagues (Pereira et al., 2016). They found that e/F5A-1 harbors a second start codon in its 5’-UTR
that is less favorably translated by the ribosome, but nevertheless produces a fraction of elF5A in the
cell with an extended 30 amino acid on the N-terminal peptide sequence (Pereira et al., 2016). Just as
the canonical elF5A-1, this longer isoform also undergoes hypusination at the same lysine residue and
the extra 30 amino acids at the N-terminus are predicted to be a putative mitochondrial localization
signal (Pereira et al., 2016). An experiment further strengthening this prediction was the co-isolation
of this longer isoform with mitochondria from Hela cells overexpressing the longer isoform (Pereira
et al., 2016). More recently, the same group knocked down this longer isoform with a specific sSiRNA
in Hela cells and saw downregulation of mitochondrial biogenesis related genes, causing modulation
of oxidative metabolism (Pereira et al., 2021). Except for higher oxygen consumption, the knock-down
of the longer isoform alone resembles many phenotypes observed after total inhibition of
hypusination, raising the question if many of the mitochondrial links to elF5A actually stem from the
inhibition of this longer isoform (Pereira et al., 2021). This however still requires further investigation,
with more cellular systems and mechanistic understanding of the role of this longer elF5A isoform in

mitochondria.
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Reprogramming Respiration

The blockage of hypusination that was used to protect tissues and cells from hypoxia by
downregulating mitochondrial OXPHOS at the same time shifted cellular metabolism towards

increased anaerobe glycolysis.

In a 2019 study, this effect was demonstrated by blocking hypusination with different inhibitors
for the hypusine axis (GC7, CPX) or polyamine synthesis (DFMO) in an OXPHOS -dependent mouse
macrophage activation model (Puleston et al., 2019). The authors showed, that hypusine is required
in situations where glycolysis is limited and further showed that blocking hypusine leads to
downregulation of mitochondrial proteins while leaving proteins involved in glycolysis unaffected
(Puleston et al., 2019). While they could show that the mRNA levels of the downregulated
mitochondrial proteins are unaffected it is still unclear why only certain OXPHOS proteins are affected
(Puleston et al., 2019). Some of the downregulated proteins contained a mitochondrial targeting
sequence (MTS) and the authors showed in a reporter assay that these MTS sequences are sensitive
to hypusine deficiency (Puleston et al., 2019). While those MTS sequences are often enriched in
stretches of charged amino acids it is not clear how hypusine would specifically help with the
translation of these stretches specifically in OXPHOS proteins while not assisting with such stretches
in other proteins across the proteome (Puleston et al., 2019). It, therefore, remains puzzling how

hypusine mechanistically regulates OXPHOS.

In the context of T cells, another recent study shows that polyamines direct the T cell epigenome
through the synthesis of hypusine. Loss of either polyamines or hypusine disturbs the tricarboxylic

acid cycle (TCA cycle) and thereby interferes with histone acetylation (Puleston et al., 2021).

While it is known that the kriippel-like factor 5 (KIf5) transcription factor is essential for
cardiovascular remodeling, Ma et al. investigated how it mediates the link between mitochondrial
dynamics and vascular smooth muscle cell (VSMC) senescence (Ma et al., 2020). They found that KIf5
knock-down enhances mitochondrial fission, while overexpression of KIf5 suppresses it (Ma et al.,
2020). Interestingly, they further found that KIf5 acts on elF5A by binding to its promoter, where it
activates its expression (Ma et al., 2020). They further showed that elF5A physically interacts with
mitofusin 1 (Mfn1), a transmembrane protein of the outer mitochondrial membrane that is a key
regulator of mitochondrial fusion (Ma et al., 2020). Fittingly, lowering the expression of e/F5A led to
more mitochondrial fission and ROS production in their cell model (Ma et al., 2020). While it remains
unsolved how the interaction of elF5A with Mfn1 leads to changes in mitochondrial integrity, it is clear

that correct coordination of mitochondrial fusion and fission is elementary to maintaining the
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performance of mitochondria but also is involved in the regulation of energy metabolism, cell cycle,

and apoptosis (Youle and van der Bliek, 2012, Barba-Aliaga and Alepuz, 2022a).
Mitophagy

As mentioned above the translation of the autophagy regulator TFEB is modulated by elF5A. In
addition to autophagy, TFEB and its ortholog TFE3 are important facilitators of mitochondrial quality
control (Wang et al., 2020). TFEB acts on mitochondria by being critically involved in the expression of
genes involved in mitochondrial biogenesis, OXPHOS, and fatty acid oxidation as well as for autophagy
genes required for mitophagy (Wang et al., 2020). These roles in the biogenesis and degradation of
mitochondria make TFEB an important coordinator for metabolic flexibility where the formation and

destruction of mitochondria are of essence (Mansueto et al., 2017; Sass et al., 2021).
Rejuvenation and Life Extension through Spermidine Supplementation

Positive effects of spermidine supplementation on life extension have been shown in cells and
multiple organisms such as yeast, worms, and flies (Eisenberg et al., 2009; Zhang et al., 2019;
Schroeder et al., 2021) as well as in the population-based Bruneck study, where higher spermidine
intake was associated with lower mortality in humans (Kiechl et al., 2018; Kiechl and Willeit, 2019).
Many of the effects of spermidine in the context of aging are mediated by spermidine-induced elF5A
hypusination and its subsequent role in preserving mitochondrial integrity (Zhangetal., 2019;
Schroeder et al., 2021). Polyamines decrease during aging, a process that has been documented for
mammalian cell culture but also human organs (Hofer et al., 2022). Fittingly, the depletion of
spermidine on the other hand decreases the life span of yeast and increases ROS production and

necrosis (Eisenberg et al., 2009).

One of the first life extension experiments with spermidine was done with human immune cells,
yeast, worms, and flies in 2009 by Eisenberg and colleagues, observing a mechanism that acts through
autophagy (Eisenberg et al., 2009). As mentioned above, induction of autophagy through spermidine-
promoted hypusination of elF5A was also the mechanism behind a work focused on the rejuvenation
of B cells (Zhang et al., 2019). In another study conducted by Schroeder et al., aged mice were fed
spermidine, which was found to successfully pass the blood-brain barrier, leading there to an increase
in hippocampal elF5A hypusination and mitochondrial function (Schroeder et al., 2021). In the same
study they showed that in a Drosophila aging model, spermidine feeding increases mitochondrial
activity and further demonstrated that this effect depends on the autophagy regulator Atg7 and the
mitophagy-associated PTEN-induced putative kinase 1 (Pink1) as well as the homolog of human E3

ubiquitin ligase Parkin (PARK) (Schroeder et al., 2021). These findings are also in line with recent
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studies that show that impaired autophagy of mitochondria (impaired mitophagy) can be a driver of

a variety of neurodegenerative disorders (Kumar et al., 2018).

Interestingly, when Liang and colleagues reduced hypusination genetically in Drosophila they
observed defects in mitochondrial respiration and ATP synthesis and a general reduction of the
mitochondrial protein machinery in the brain (Liang et al., 2021). Concordantly, they also observed a
drop in brain hypusination levels correlating with age and could demonstrate that spermidine
supplementation can restore and boost hypusine levels (Liang et al., 2021). In short, they could
demonstrate that efficient hypusination is critical for spermidine-mediated protection of
mitochondrial functionality and show its protective roles on locomotion and memory in premature

aging brains (Liang et al., 2021).

In summary, all the studies discussed in this chapter have in common that hypusine and elF5A
have a crucial role in the integrity of mitochondria. Nevertheless, the mechanistic involvement is

largely unclear, and adding a new perspective on this question is a key goal of this thesis.

1.3.7 Pathophysiological Roles of elF5A and the Hypusine Axis

Being such an essential protein, elF5A has been implicated over the years in a whole array of
physiological processes and diseases such as retrovirus production, diabetes, ischemic tolerance,
cancer, aging, development, and immune cell differentiation (Kaiser, 2012; Turpaev, 2018; Tauc et al.,
2021, Barba-Aliaga and Alepuz, 2022a) that are listed Table 1 below. Pathologies related to
respiration and mitochondria, which are of special relevance for this work, are described additionally
in detail in the previous chapter. Excitingly, in the last years, progressively more large datasets
containing genome sequencing data of patients became available. This now allows us to perform
genome-wide association studies (GWAS) and identify patients with mutations in the hypusine
pathway. Therefore, for the first time in history, we are in a position where we can understand and
observe the effects of a perturbed hypusination pathway in humans instead of model organisms.

These new insights are discussed below.

Table 1: Hypusine-Axis-Associated Diseases

Role in Disease/ Pathogen / Model  (References) Associated with
process Organism

Retroviral Human immunodeficiency (Ruhl et al., 1993; Bevec et | elF5A

infection virus type 1 al., 1996)
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contradicting findings:
(Henderson and
Percipalle, 1997; Lipowsky
et al., 2000)

Human immunodeficiency (Hoque et al., 2009) DOHH
virus type 1
Retroviral Therapy (Hauber et al., 2005) DHPS

Ebola (Olsen et al., 2016, 2018) Hypusinated-elF5A,
Polyamines
Diabetes Glucose homeostasis (Tersey et al., 2014; Hypusine,
Levasseur et al., 2019) Polyamines, DHPS,
DFMO
Translation of iNOS-encoding | (Maier et al., 2010) elF5A
mRNA (mouse)
Ischemia Tolerance to hypoxia/ (Vigne and Frelin, 2008; Hypusine/ DHPS
Antioxidative effect Melis et al., 2017; Giraud (GC7)
(Drosophila, Rat, Porcine) et al., 2020)
Cancer Polyamine-hypusine circuit Reviewed in (Mathews Polyamine, Hypusine
as a target for cancer and and Hershey, 2015;
cancer progression Nakanishi and Cleveland,
2016; Wu et al., 2020;
Puleston, 2023)
Differential expression of (Clement et al., 2006) elF5A
elF5A-1 and elF5A-2 in
cancer
Prostate and Gastric cancer (Meng et al., 2015; Lu et elF5A-2
al., 2019)
Expression level of elF5A (Scuoppo et al., 2012) elF5A
related to aggressiveness of
cancer
Mendelian Developmental delays, (Ganapathi et al., 2019; DHPS
Disorders neurological disabilities Kar et al., 2021)

(human and mouse)
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Developmental delays, (Faundes et al., 2021; Kar | elF5A
neurological disabilities etal., 2021)

(human and mouse)

Developmental delays, (Ziegler et al., 2022) DOHH

neurological disabilities

Aging Autophagy Reviewed in (Hofer et al., | Spermidine, elF5A
2022)
Huntington Mutant huntington protein Preprint (Aviner et al., elF5A
induced ribotoxicity by 2022)

sequestering elF5A

Human Patient Mutations in the Hypusine Pathway

In the last years, individuals with mutations in proteins of the hypusine axis could be identified
and studied. Interestingly, all, patients with some variants of DHPS (Ganapathi et al., 2019; Padgett et
al., 2023) and individuals with certain mutations in e/F5A (Faundes et al., 2021) or DOHH (Ziegler et
al., 2022) show similar developmental delays and neurological disabilities. These findings are in line
with phenotypes observed in patients with mutations in other translation factors such as EEF2, the
eukaryotic elongation factor 1a2 (EEF1A2), the elongator acetyltransferase complex subunit 1 (ELP1),
and the ribosomal protein 23 (RPS23) that have been linked to neurological diseases as well (Kapur

and Ackerman, 2018; Kojic et al., 2023).

An elF5A-zebrafish knock-down model recapitulated the phenotype observed in human
patients with elF5A mutations (Faundes et al., 2021). Remarkably, spermidine supplementation
decreased the pathogenicity, suggesting a future avenue for the treatment of patients with elF5A-
induced pathologies (Faundes et al., 2021). A neurodevelopmental role of hypusine was also observed
in mouse models in which elF5A or DHPS were removed specifically from neurons, which caused

impaired neurodevelopmental and cognitive functions in these mice (Kar et al., 2021).

The disease-causing mutations discovered in the human DHPS encoding gene (dhps) lead to a
genetic syndrome that was termed DHPS deficiency (Ganapathi et al., 2019; Padgett et al., 2023).
Symptoms of this syndrome encompass global developmental delay and seizures and as mentioned
above the disease is characterized as a neurodevelopmental disorder (Ganapathi et al., 2019). Effects
of these mutations on the hypusination reaction have been structurally investigated recently (Wator
et al., 2023). Interestingly, all five patients described in the report have always a single copy of the

DHPS N173S variant (DHPSNY%), which according to recent structural work still ensures structural
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integrity and some enzymatic activity (Ganapathi et al., 2019; Wator et al., 2023). However, Wator
and colleagues suggest that the mutation could affect the stability and mobility of the “ball-and-chain”
motif of DHPS, leading to decreased access of spermidine and elF5A to the active site of DHPS (Wator
et al., 2023). These findings are in line with our data showing that overexpression of DHPSN’3S in

inducible DHPS knock-out cell lines can still rescue its absence (Essletzbichler et al., 2023).

Of the clinical variants of e/F5A only one of the mutation maps to the shared interface with
DHPS (T48N substitution), while the others are on the interface responsible for ribosome binding

(Faundes et al., 2021; Wator et al., 2023).

Why liabilities in the polyamine pathway have such severe impacts on neuronal tissue still needs
to be experimentally investigated, but the particular high energy consumption in those tissues and the
recently emerging role of elF5A in the regulation of mitochondria and respiration could be an

explanation (Hofer et al., 2022).
Retrovirus and HIV generation

One of the earliest observations around elF5A was that this protein somehow helps with the
production of the human immunodeficiency virus type 1 (HIV-1) and other viruses. Additionally,
several of the molecules that were identified in searches for HIV-1 inhibitors later turned out to act
through inhibition of the hypusine axis. However, some early findings are under debate and the
question of how hypusine assists with the production of viruses still needs further research. In one of
the earliest reports, elF5A was found to help with the translocation of unspliced viral mMRNA out of the
nucleus by engaging with the viral Rev transport factor of HIV-1 (Ruhl et al., 1993; Bevec et al., 1996).
Despite this finding was contradicted already in 1997 in an experiment showing that purified elF5A is
unable to bind Rev specifically (Henderson and Percipalle, 1997) and again in 2000 with an
investigation involving immobilized Rev that failed to bind elF5A while binding known other binders
such as CRM1 (Lipowsky et al., 2000), the association of elF5A with HIV-1 still gets mentioned
frequently until today. Possibly this is because newer studies show again links between the hypusine
axis and HIV-1 production. The DOHH inhibitors Ciclopirox and Deferiprone, for example, showed
inhibitory effects on HIV-1 gene expression, at the level of transcriptional initiation (Hoque et al.,
2009). Additionally, DHPS has been identified as a target for retroviral therapy (Hauber et al., 2005),
and derivatives of the DHPS inhibitors CNI-1493 were found to suppress HIV-1 replication in a dose-
dependent manner without toxic side effects (Schroder et al., 2016). Lastly, hypusinated elF5A and
polyamines seemed to also be involved in the expression of the VP30 Ebola protein, another viral
protein (Olsen et al., 2016, 2018). How exactly hypusine and elF5A affect the expression of these

viruses however still needs further investigations.
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1.3.8 Inhibitors for elFSA Inactivation

The important metabolic role and involvement in a large variety of diseases that were described
in the previous chapters make the hypusine axis an attractive target for molecular interventions.
Therefore, there is a constant drive to develop new inhibitors for key enzymes of the hypusine axis
that are leading to the stop of hypusination and thereby inactivation of elF5A. These published

inhibitors for the hypusine axis will be described in this chapter of the thesis.
N1-guanyl-1,7-diaminoheptane: GC7

One of the widest-used inhibitors for blocking DHPS and therefore for blocking hypusination of
elF5A is N1-guanyl-1,7-diaminoheptane (GC7). It was identified in 1993 in a study that compared
different compounds similar in structure to spermidine (Jakus et al., 1993). The authors found that
mono-guanyl derivatives are much more potent inhibitors than the parent amines or their
bis-guanylated forms of them (Jakus et al., 1993). Of all the tested compounds, GC7 was the most
effective and had a K; of 10 nM, which is around 400-fold lower than the Km of spermidine (Jakus et
al., 1993; Tauc et al., 2021). Since GC7 is a synthetic polyamine there is naturally the fear that this drug
also influences total polyamine levels. However, cellular and structural studies indicate that thanks to
the enormous abundance of polyamines combined with GC7’s high affinity for DHPS with a 400-fold
lower Km compared to that of spermidine, this might be less of a problem than initially assumed (Jakus
et al., 1993; Pegg, 2009). In one such study, Chinese hamster ovary cells were treated with GC7 and
while doses ranging from 1 to 10 uM GC7 led to an almost complete abrogation of hypusination,
cellular levels of polyamines stayed largely unaffected (Joe and Park, 1994). At the same time, specific
binding of GC7 in the active site of DHPS could be shown in a variety of structural studies (Umland et
al., 2004, Tanaka et al., 2020a; Wator et al., 2020). Nevertheless, applying GC7 to cells at higher
concentrations of around 200 uM does indeed lead to an off-target effect indicated by the induction

of autophagy (Oliverio et al., 2014).

Even though 30 years have passed since the discovery of GC7, and since alternative inhibitors
for DHPS are lacking, it is still the widest-used inhibitor for DHPS and was an essential tool for a number
of recent studies investigating the role of the hypusine axis (Puleston et al., 2019, 2021; Giraud et al.,

2020; Tan et al., 2022; Wator et al., 2023).
Inhibitors for Novel Allosteric Sites: 11g/8m/26d

Recently, multiple screening campaigns with the goal to find new inhibitors for DHPS were
published. One such effort by Tanaka and colleagues identified in high-throughput screens inhibitors

for DHPS (Tanaka et al., 2020a). Synthetic studies with the top candidate hit and further optimization
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led to the development of bromobenzothiophene (11g), which proved to be a potent inhibitor against
DHPS in an in vitro enzyme assay, binding DHPS with a Ki around 60 nM (Tanaka et al., 2020aq).
Attachment of 11g to DHPS leads to a conformational change which suggests that it binds to a novel

allosteric site (Tanaka et al., 2020a).

Shortly after, the same group published 5,6-dihydrothieno[2,3-c]pyridine derivative (26d) and
used X-ray crystallography to find out that 26d binds to yet another allosteric site on DHPS with an K;
of around 9 nM (Tanaka et al., 2020b).

Despite promising in vitro data for 11g and 26d the inhibitors or analogs of them remain to be
tested in cells or organisms. However, 11g already served as the basis for the development of a
compound called 8m, which not only proved to be an inhibitor of DHPS but was also already applied

as an anti-malignant melanoma drug and verified on A375 xenograft models (Liu et al., 2021).
CNI-1493

The inhibitor semapimod tetrahydrochloride (CNI-1493), also called AXD455 or CPSI-2364, was
originally developed and tested in RAW 264.7 cells and thought to be an inhibitor for macrophage
arginine transport and nitride oxide production (Bianchi et al., 1995). Only later it turned out to be
actually a potent inhibitor for DHPS (Bianchi et al., 1995; Sommer et al., 2004). Interestingly, it was
administered in a different context already in past clinical trials as an inhibitor for mitogen-activated
protein kinases, like in a clinical trial focused on Crohn’s disease (Hommes et al., 2002). Additionally,
derivatives of CNI-1493 showed suppression of HIV replication in a dose-dependent manner (Schréder
et al., 2016). Considering that it only became clear later that CNI-1493 is an inhibitor of DHPS it will be
interesting to see if the effects that were seen in macrophages or clinical trials can be linked rather to

the inhibition of DHPS and elF5A (Sommer et al., 2004).
Metal Chelating Drugs, Inhibitors of DOHH

Ciclopirox (CPX) is a broad-spectrum Food and Drug Administration (FDA)-approved antifungal
drug (Gupta and Plott, 2004) and acts as a metal-binding hydroxypyridinones as an inhibitor for DOHH
(Csonga et al., 1996; Clement et al., 2002). Besides its function as an inhibitor for DOHH it has been
used for the treatment of cardiac disorders, diabetes, inflammation, cancer, and HIV infections (Gupta

and Plott, 2004; Hoque et al., 2009; Zhou et al., 2010; Ko et al., 2011; Subbaiah et al., 2023).

Similar to CPX, Deferiprone (3-hydroxy-1,2-dimethylpyridin-4-one) is an FDA- and EMA-
approved metal chelating drug and is mainly used to relieve iron overload (Chan et al., 2006). It
inhibits the function of DOHH and therefore the hydroxylation step of the elF5A modification (Andrus
et al., 1998) and through that inhibits HIV-1 replication in cell culture (Hoque et al., 2009).
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Lastly, Mimosine (a-amino-B-(3-hydroxy-4-oxo-1,4,dihydropyridine-1-yl)propanoic acid) is a
compound that arrests the cell cycle at the G1-S border and thereby locks the cell cycle (Watson et
al., 1991). Similar to CPX and Deferiprone, Mimosine is also a metal chelator and blocks the
hydroxylation reaction of DOHH during the synthesis of hypusine, and in addition also the
hydroxylation step that is important for collagen synthesis (Hanauske-Abel et al., 1994; McCaffrey et
al., 1995; Clement et al., 2002). Mimosine is very similar to leucenol, a toxic non-protein amino acid

initially found in seeds of Leucaena (Adams et al., 1945).

While inhibitors for DHPS and DOHH are available, there are currently no molecules known that
directly inhibit elF5A or specifically one of the isoforms of elF5A (elF5A-1 or elF5A-2). However, the
availability of high-resolution structures for DHPS (Liao et al., 1998; Umland et al., 2004; Wator et al.,
2023), DOHH (Han et al., 2015), and elF5A (Schmidt et al., 2016) will hopefully make the identification

of novel inhibitors easier and faster in the future.
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1.4 Loss-of-Function Genetic Screening in Human Cells

The fundamental idea of any genetic screen is to connect a genotype with a certain cellular
phenotype and thereby ascribe functions to genes. To do this, a gene is modified in an experimental
setting and then the experimenter observes what happens to a specific readout. Functional genomics
is doing the same, but at a larger scale, modifying many or even all genes and then mapping the
changes in phenotype back to the individual gene at a large scale. Genetic screens are especially useful
for the discovery of previously unknown molecular mechanisms, offering the chance to generate

fundamentally new knowledge and thereby generate totally novel hypotheses.

Following these principles and applying them for screens in model organisms like
Saccharomyces cerevisiae or Schizosaccharomyces pombe fundamental processes in eukaryotic
biology such as cell cycle regulation, ubiquitin-mediated protein degradation, vesicle trafficking, and
DNA replication and repair could be illuminated (Spellman et al., 1998; Winzeler et al., 1999;
Forsburg, 2001; Giaever et al., 2002; Jazayeri and Jackson, 2002). Other eukaryotic processes like the
immune system, neuronal development, and tissue differentiation can however only be studied in
more complex model systems or human cells. This led to the development of human cell cultivation
techniques, novel gene manipulation techniques that allow their manipulation, and new approaches

for genetic screening with these systems.
The Ideal Functional Genomic Screen

The ideal functional genomic screen identifies no false positive hits while discovering all true
positive hits (Hart et al., 2014). To get as close as possible to this scenario, potent, specific, and reliable

genomic perturbers that can be applied experimentally are needed.

1.4.1 Longstanding Ways of Gene Manipulation

Before the development of CRISPR/Cas9 as a gene editing tool in human cells, a technology
described later in detail, gene modulation could be induced either by random mutagenesis, via
transposons and retrovirus, with zinc finger (ZF), transcription activator-like effector nucleases
(TALEN) or with RNA interference (RNAI). The application of chemical mutagenesis with agents such
as N-ethyl-N-nitrosourea (ENU) (Russell et al., 1979; Acevedo-Arozena et al., 2008) or screens based
on transposons (Spradling et al., 1995; Keng et al., 2009) allowed researchers to perform the first
unbiased cellular genetic studies. However, the lack of specific programmability of these tools made
it difficult to mutate at saturation or identify easily the respective mutated alleles and therefore

limited their application for broad screening campaigns.
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Most modern gene editing technologies are based on the specific induction of double strand
breaks in the DNA of cells that are then repaired by the cell either via error-prone non-homologous
end joining (NHEJ) or by homologous recombination (HR). In order to develop specific and controllable
gene editing tools it became key to understand how these repair pathways function and how they can
be controlled and exploited (Jasin and Haber, 2016; Yeh et al., 2019; Hussmann et al., 2021), which is
done by inducing double-strand breaks in DNA with e.g. the rare-cutting endonuclease I-Scel (Rouet
et al., 1994) and study their repair outcomes under different settings (Jasin and Haber, 2016; Yeh et
al., 2019; Hussmann et al., 2021).

With the discovery and understanding of ZF and their fusion to a Fok | cleavage domain,
programmable sequence-specific DNA cuts became possible for the first time (Kim et al., 1996; Urnov
et al., 2010; Carroll, 2011) and their power was showcased for gene silencing in human embryonic
stem cells (ESC) and induced pluripotent stem cells (iPSC) (Hockemeyer et al., 2009). Similar
applications became possible with the development of TALEN, consisting of an array of DNA-binding
protein elements combined with a Fok | cleavage domain (Boch et al., 2009; Moscou and Bogdanove,
2009; Joung and Sander, 2013). Again, their remarkable potential to specifically cleave DNA was
demonstrated by applying them for gene editing in pluripotent stem cells (Hockemeyer et al., 2011).
Additionally, these TALEN constructs allowed now to fuse and recruit gene activation technologies to
a gene location of choice (Konermann et al., 2013). Meanwhile, these technologies were applied for
gene editing in patients to edit CCR5 in CD4-positive T cells (Tebas et al., 2014) as well as correct sickle
cell anemia (Hoban et al., 2015). Since for both systems, the specific DNA recognition is encoded in a
protein sequence, a whole new protein has to be designed, tested, and cloned which makes the
creation of new ZF and TALEN binder labor-intense and expensive and therefore still hindered

genome-wide functional genomics (Carroll, 2011; Gaj et al., 2013).
RNA Interference

This changed with the development of RNAI, a technology that was awarded the Nobel Prize to
Andrew Z. Fire and Craig C. Melo in 2006. This tool is based on the evolutionary conserved machinery
that regulated gene expression via small RNAs (Wilson and Doudna, 2013). Thanks to the conservation
of this pathway, it is present in just about any mammalian somatic cell. This allows easy loss-of-
function experiments by only introducing a siRNA, without large genetic manipulations for the
expression of additional proteins (Boettcher and McManus, 2015). This opened the door for the
design and cloning of large-scale loss of function libraries and made programmed genome-wide
editing affordable and possible for the first time (Bernards et al., 2006; Mohr et al., 2010). In both

cases, RNAi and shRNA, an RNA is introduced that is loaded into the RNA-induced silencing complex
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(RISC), which then binds to complementary RNA in the cell and induces its degradation (Carthew and
Sontheimer, 2009). This leads subsequently to the reduction of target mRNA levels and consequently
to lowered target protein levels. The drawbacks of this technology are however that the RNAi
machinery is mostly active in the cytoplasm, which makes targeting nuclear transcripts, such as long
non-coding RNAs more difficult (Boettcher and McManus, 2015). Alternative systems that can be
recruited to different locations within the cells are type VI CRISPR systems, they are RNA-guided and
allow to knock-down or edit RNA, when fused to base editors (Abudayyeh et al., 2016, 2017). RNAI
experiments additionally often turned out to struggle from large off-target effects (Jackson et al.,
2003; Jackson and Linsley, 2010) and the nature of the approach only allows to reduce transcript

levels but fails in total abrogation of expression of the targeted gene.

1.4.2 Haploid Genetic Screening

Two approaches that offer full gene knock-out are transposon and gene-trap methods.
However, since they do not offer an efficient way to generate bi-allelic mutants in diploid cell lines,
these techniques are limited to haploid model organisms and cell lines. The identification of a human
leukemia cell line, that was haploid for all chromosomes except chromosome 8, termed KBM-7
(Kotecki et al., 1999), allowed the lab of Thijn Brummelkamp to develop a screening method that
allowed to generate null alleles in human cells at large scale (Carette et al., 2009). This made screens
that were until then only possible in yeast (Forsburg, 2001), that have a natural haploid life stage,

finally possible in human cells.

Overexpression of (sex determining region Y)-Box 2 (SOX2), krueppel-like factor 4 (KLF4), POU
class 5 homeobox 1 (POU5F1), and MYC allows reprogramming of KBM-7 to induced pluripotent stem
cells (Takahashi and Yamanaka, 2006; Carette et al., 2010). These experiments also led to the
generation and isolation of the near-haploid cell line HAP1, which possesses fibroblast-like
morphology (Carette et al., 2011b) and is contrary to KBM-7 adherently growing and lacks the second
copy of Chromosome 8. However, HAP1 cells still possess two copies of a piece of Chromosome 15,
one of which forms a fusion with Chromosome 19. But we removed this last diploid 30-megabase
fragment, which encompasses 330 genes, by using CRISPR/Cas9-based genome engineering and
proved that deriving a stable fully haploid human cell line (eHAP) is possible (Essletzbichler et al.,
2014). Our approach also demonstrated the feasibility of excising megabase-sized fragments from the
genome employing CRISPR/Cas9 (Essletzbichler et al., 2014). Meanwhile, other haploid human cell
lines were discovered and established such as murine haploid cells (Elling et al., 2011; Leeb and Wutz,
2011) and also human haploid embryonic stem cell (Sagi et al., 2016), which now allow a wider variety

of haploscreen in different cell models.
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Haploid genetic screening is based on the insertion of a gene-trap cassette-containing vector
into a haploid cell. The gene-trap construct consists of a splice acceptor site, a marker gene (antibiotic
resistance marker or fluorescent protein), and an mRNA polyadenylation signal. Applying viral
infection of the gene-trap and subsequent random integration throughout the genome at high enough
coverage leads to saturating mutagenesis; with the mild constraint that retroviruses have the
tendency to integrate mostly into actively expressed genes (Carette et al., 2011a; Blirckstimmer et
al., 2013). The inserted gene-trap cassette leads to aberrant splicing within the specific gene and
induces premature termination of the mRNA transcript, causing the generation of a null allele.
However, depending on the orientation of the insertion of the cassette the gene-trap either leads to
mMRNA truncation (sense orientation) or does not interfere with transcript expression at all, providing

then however an additional control for interpretation of the screening results.

Inverse PCR or linear amplification mediated-PCR (LAM-PCR), followed by single-stranded
(ss)DNA linker ligation and NGS, allows to identify and map the integration sites to the respective gene
(Schmidt et al., 2007, Carette et al., 2011a). Haploscreens have in the meanwhile been employed in
many settings and led to many discoveries such as host factors essential for virus infection (Carette et
al., 2009, 2011b; Jae et al., 2013), biosynthetic factors for the synthesis of diphthamide (Carette et al.,
2009), and drug sensitivity targets (Carette et al., 2009; Birsoy et al., 2013; Winter et al., 2014;
Bigenzahn et al., 2018). Additionally, they have also been successfully applied to generate one of the
first human synthetic lethality papers (Blomen et al., 2015). Lastly, gene-traps were used to assemble

a big library of human isogenic cell lines (Blrckstiimmer et al., 2013).

Finally, in 2017, coupling haploscreens with antibody-based reporter sorting allowed a whole
new class of genetic screens (Brockmann et al., 2017). Using protein levels or levels of post-
translational modification as a reporter allows the generation of genetic wiring maps, without
depending on a readout or perturbation that leads to a change in cellular fitness (Brockmann et al.,
2017). Additionally, reporter constructs such as the interferon-regulatory factor 1 (IRF1) reporter,
which is induced by interferon-y and is known to be under strong genetic control, can be used as
readout for genetic screens (Brockmann et al., 2017). Meanwhile, the same concept has been applied
to find among many other studies factors of mitochondrial stress response (Fessler et al., 2020),
regulators of actin maturation (Haahr et al., 2022), pathways involved in DNA interstrand crosslink
repair (Mazouzi et al., 2023) and was also used in this work to screen for modulators of the post-
translational modification hypusine, described below in detail. In case no antibodies are available for
the protein of interest, endogenous tagging of this protein can offer a solution. This solution is

discussed in a later chapter and was also employed in the experimental part of this work.
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1.4.3 CRISPR Screening

The discovery of clustered regular interspaced short palindromic repeats (CRISPR) starts in the
year 1987 when these repetitive DNA sequences with defined features in bacterial genomes were
discovered (Ishino et al., 1987). Since these sequences matched the ones of bacteriophages other
groups hypothesized correctly that the CRISPR pathway functions as an adaptive immune system
(Mojica et al., 2005; Pourcel et al., 2005). A group that studied the genome of Streptococcus
thermophilus then found yet another CRISPR array, which consists of CRISPR and CRISPR-associated
proteins (Cas), containing a novel cas enzyme that is now known as Cas9 and the workhorse for all
CRISPR technologies used in this study (Bolotin et al., 2005). Additionally, they recognized that all
spacer sequences share a common end, a sequence that is now termed protospacer adjacent motif
(PAM) and is crucial for target recognition (Bolotin et al., 2005). A problem in the dairy industry, where
phages that infect Streptococcus thermophilus frequently lead to problems with yogurt production
then led to the first experimental demonstration of CRISPR by scientists at Danisco; the bacteria
indeed integrated the DNA of the attacking phage into a CRISPR array and thereby could counteract
the next phage attack (Barrangou et al., 2007). Shortly after, the group of John van der Oost could
show that these acquired spacer sequences are transcribed into small RNAs (CRISPR RNAs/crRNAs)
that then guide the Cas enzymes to target DNA (Brouns et al., 2008). Next, it could be shown that
contrary to RNAIi, CRISPR acts on DNA and cleaves it, requiring only the protein Cas9 to do so
(Marraffini and Sontheimer, 2008; Garneau et al., 2010). Finally, scientists led by Emmanuelle
Charpentier at Umea University Sweden and University Vienna Austria performed small RNA
sequencing and discovered a second small RNA needed for Cas9-guiding (Deltcheva et al., 2011). They
called it trans-acting CRISPR RNA (tracrRNA) and showed that this small RNA forms a duplex with the
crRNA (Deltcheva et al., 2011). Next different groups showed that CRISPR could be programmed to

cut any sequence in bacterial genomes (Gasiunas et al., 2012; Jinek et al., 2012).

In summary, clustered regular interspaced short palindromic repeats (CRISPR) form together
with CRISPR-associated proteins (Cas) an RNA-guided adaptive immune system. It is now known that
these systems can be found in about half of the bacteria and most archaea. Its purpose is a defense
against invading nucleic acids from parasites or viruses using a three-step process. In the first step, the
adaption phase, pieces of invading DNA or RNA (spacers) are inserted in between pairs of direct
repeats (DR), thereby creating a record of the invader. In the expression and processing step, the
CRISPR array gets transcribed into a long pre-CRISPR RNA (pre-crRNA), which is then processed into
shorter mature CRISPR RNAs (crRNAs). The last and final step is interference, where the crRNAs bind

and guide a complex of Cas enzymes to specifically cleave a target DNA or RNA (Adli, 2018).
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CRISPR as Functional Genomics Tool

The real breakthrough for CRISPR as a functional genomics tool came when CRISPR was
successfully adapted for genome editing in eukaryotic cells (Cong et al., 2013; Mali et al., 2013). Key
to the success of CRISPR as a functional genomic tool was the relative ease of introducing the CRISPR
enzyme and a whole library of guide-RNAs into human cells. These gRNAs can be designed to target
any loci in the human genome, where they induce then double-strand breaks at the specific location,
causing gene disruption by error-prone NHEJ-mediated repair or other DNA repair mechanisms and
then leading in most cases to out-of-frame mutations (Hsu et al., 2014; Ferreira da Silva et al., 2019).
In certain cases, DNA repair can also lead to in-frame editing. This is an important limitation to keep
in mind when working with CRISPR, which means that the presence of a gRNA in a single cell is not
always a guarantee for a full knock-out (Bock et al., 2022). Nevertheless, the much higher specificity
of CRISPR compared to RNAi was demonstrated in a study that identified the targets of many cancer
drugs that were at the time in different stages of clinical testing (Lin et al., 2019). Contrary to the
targets identified mostly by using RNAi or small-molecule inhibitors, the CRISPR studies showed that
these drugs act on cancer by targeting previously unknown off-target proteins, that are not essential

for cancer cell proliferation (Lin et al., 2019).

The ease of delivery of CRISPR systems also allowed scientists to work with a whole palette of
different cell types, therefore allowing them to pick the perfect model system for the corresponding
research question (Wang and Doudna, 2023). In addition, the convenience of programming Cas9 with
just a short guide RNA led to the production of many pooled genome-wide knock-out libraries such as
the GeCKO, the Brunello, or the TKOv3 library (Sanjana et al., 2014; Hart et al., 2017; Sanson et al.,
2018) as well as focused libraries targeting a small set of genes such as metabolic genes or all solute-
carriers (Birsoy et al., 2015; Morgens et al., 2017; Girardi et al., 2020), making CRISPR the ideal

functional genomics tool for genetic screens.
Pooled Genetic Screening

Genetic screening is the systematic and specific genetic alteration of a set of genes in parallel.
A very common type of genetic screen is a pooled genetic screen, which beauty lies in the relative

ease of design and conduction of the screen itself (Bock et al., 2022; Przybyla and Gilbert, 2022).

Pooled genetic screens start with the introduction of a CRISPR guide RNA (gRNA) library into a
bulk of cells (Bock et al., 2022) (Figure 13a). Individual cells receive different gRNAs, which is typically
achieved by transducing cells lentivirally at a low multiplicity of infection (MOI); an MOI of around

0.3-0.5 ensures that cells only receive one single guide RNA (sgRNA) at a time (Doench, 2018) (Figure
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13b). The gRNA integrates into the genome and fulfills a dual function: it perturbs the individual cell
and serves as an identifier for the induced perturbation (Doench, 2018). The Cas9 enzyme is either
already stable expressed in the receiving cells or can be co-delivered on the same vector as the sgRNA,

introduced as protein, mRNA, separate virus, or plasmid (Bock et al., 2022).

The next step of a pooled genetic screen is the application of a challenge to the engineered cell
pool. In short, a selection pressure is applied that puts the modified cells in competition with each
other; such a pressure can be cell proliferation, drug treatment, or viral infection (Bock et al., 2022).
Surviving cells are afterward harvested, lysed and their genomic DNA isolated; using high-throughput
sequencing the distribution of gRNAs in the collected samples is compared (Doench, 2018) (Figure
13a). Guide RNAs that are enriched in the populations represent genes that when disturbed gave cells
a selection advantage to the challenge, while gRNAs that are depleted in the population represent
genes that when disturbed led to sensitization to the challenge (Bock et al., 2022). By assessing the
abundance of sgRNAs in multiple experimental conditions, genes that were targeted by these guides

can be identified that lead to certain phenotypes (Przybyla and Gilbert, 2022).

The possibility to create a CRISPR library that targets only a subset of genes, something not
possible with haploid genetic screening, allows to screen also in more difficult cell models where

cultivation of large cell numbers required for genome-wide screens is not feasible.
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Figure 13. Pooled CRISPR genetic screening.

a. Overview of the steps of a genome wide pooled CRISPR screen. b. The number of viral integrations per cell can be
modelled with a Poisson distribution and depends on the infection efficiency of the experiment. c. An infection efficiency
of around 20-60% ensures that a reasonable coverage can be achieved, without discarding too man uninfected cells, while
keeping the number of cells with more than one viral integration low.

Reprinted from Nat. Rev. Genet., 19, 67-80, Doench, JG., Am | ready for CRISPR? A user’s guide to genetic screens, 2018,

with permission from Springer Nature

1.4.4 Applying Loss-of-Function CRISPR Genetic Screening to Dissect Biological Pathways and
Diseases

Two seminal first genome-scale CRISPR/Cas9 genetic screens demonstrated the enormous

power of pooled genetic CRISPR screens (Shalem et al., 2014, 2015; Wang et al., 2014). However,

while these initial screens mostly were proof-of-concept experiments and very important for library

optimization, pooled CRISPR screens in the meanwhile have been extensively used to decipher

complex biological pathways.
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Viability Based Screens

The easiest and most common pooled genetic screens typically use viability and proliferation-
based assays as challenges for the engineered cell population (Doench, 2018) (Figure 14). Such screens
have been meanwhile successfully applied to identify cancer drivers and regulators (Hart et al., 2015;
Wang et al., 2015; Dong et al., 2022; Katti et al., 2022). They also were used to find genes affecting
pluripotency or differentiation, modulating viral or bacterial pathogenesis, causing synthetic lethality
with drugs or other genes or in more sophisticated screens to understand processes such as

proliferation, senescence, and apoptosis (Przybyla and Gilbert, 2022; Wang and Doudna, 2023).

As mentioned earlier, copious amounts of genetic screens are collected in large databases. This
not only allows to assess essentiality of individual genes in a certain cell type but also allows the
comparison of essentiality profiles across different datasets, which can, for example, help to identify
new partner proteins in metabolism or protein complexes (Meyers et al., 2017; Bayraktar et al., 2020;

Wainberg et al., 2021).
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Figure 14. Pooled CRISPR genetic survival screening.

Adapted from Nat Rev Genet., 23(2):89-103, Przybyla, L., Gilbert, LA., A new era in functional genomics screens, 2022, with

permission from Springer Nature

Fluorescent-Activated Cell Sorting (FACS) Based Screens

The limiting factor for systematic genetic screens is to have a good readout. Fluorescent-
activated cell sorting (FACS) based screens can offer a solution by offering the possibility to read out
a multitude of cellular reporters (Figure 15). While these screens are versatile, they come with the
disadvantage of way higher cell processing times, compared to classical viability screens. The core
principle of using FACS for genetic screens is, that cells are sorted based on high and low marker
expression; this can for example be the top and bottom 5% of cells, which are then processed and

analyzed for gRNA distribution as described above (Bock et al., 2022).

A method that requires the least investment of time in reporter generation but comes with the

requirement of having a specific antibody available, is to use antibody staining for proteins or
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secondary modifications. In this case, the level of a specific protein serves as a readout for the genetic
screen (Bock et al., 2022). This method was also applied in a genetic screen that is part of this work.
Similarly, fluorescent dyes that stain compartments of cells offer a quick readout (Bock et al., 2022).
Other readouts that have been employed for FACS-based screens are fluorescent transcriptional
reporters for cell state or signaling pathways, uptake of labeled fluorescent proteins, fluorescent
viruses, fluorescent bacteria, protein interactions, or abundance of metabolites of small molecules via
fluorescence resonance energy transfer (FRET)-based readouts (Przybyla and Gilbert, 2022). Another
example that has been applied for genetic screening is cells that induce the expression of a fluorescent
protein dependent on their chromatin state in a specific region (Li et al., 2021). In cases where no
specific antibody for a protein is available, proteins can also be tagged endogenously and used as
reporters. This approach is described in detail below and was employed also for this thesis (Serebrenik
et al., 2019; Reicher et al., 2020). Lastly, complex reporters that change properties after uptake, such
as beads coated with a pH-sensitive dye in phagocytosis assays can give multiple information
simultaneously (Colas et al., 2014). We used such an assay and coupled it to focused and genome-
wide screens that are described in the attached publications below (Sedlyarov et al., 2018;

Essletzbichler et al., 2023).
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Figure 15. Pooled FACS-based CRISPR genetic screening.

Adapted from Nat Rev Genet., 23(2):89-103, Przybyla, L., Gilbert, LA., A new era in functional genomics screens, 2022, with

permission from Springer Nature
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1.5 Experimental Approaches complementing Functional Genomics

1.5.1 Global Expression Proteomics

While mass spectrometry (MS) was routinely used in analytical chemistry in the twentieth
century the difficulty of ionizing proteins made it barely usable for molecular biology (Mann, 2016).
This changed with the development of electrospray ionization (ESI) in 1989 (Fenn et al., 1989), which
was also acknowledged with the 2002 Nobel Prize in Chemistry (Mann, 2016) and allowed for the first
time to efficiently analyze proteins with mass spectrometry. Nowadays, ESI combined with liquid
chromatography-mass spectrometry (LC-MS) is one of the most common setups to analyze complex
peptide mixtures, a common task in modern proteomics where whole proteomes often need to be
compared (Ardrey, 2003; Aebersold and Mann, 2016; Pappireddi et al., 2019) (Figure 16). Another
commonly used technique for ionization, but one that works better for simple peptide mixtures, is
matrix-assisted laser desorption/ionization (MALDI) (Karas and Hillenkamp, 1988; Pappireddi et al.,
2019).

While so-called top-down proteomics approaches are studying proteins as intact entities, which
has the advantage that all modifications can be traced back to the same molecule (Tran et al., 2011),
bottom-up proteomics approaches are nonetheless far more widespread, because they are several
orders of magnitude more sensitive and thus allow to profile entire proteomes. As with all bottom-up
proteomics approaches proteins are isolated from a cell or tissue-derived sample and then
proteolytically cleaved into peptides using a protease with defined cleavage preferences such as
trypsin (Aebersold and Mann, 2016). The resulting peptides are then separated using liquid
chromatography (LC) and eluted at the end of the column, the so-called emitter, which is located

directly in front of the mass spectrometer (Pappireddi et al., 2019).

After ESI, the ionized peptides can now be filtered and detected based on their mass-to-charge
(m/z) ratio in a first mass analyzer typically referred to as MS1 (Pappireddi et al., 2019). For the
analysis of proteins, several mass analyzers are commonly coupled together and ions of certain m/z
ratios from MS1 can be selected, further fragmented, and then sent to a second mass spectrometer
(MS2) for detection and optionally even further fragmented and sent to a third mass analyzer (MS3)
(Pappireddi et al., 2019) (Figure 16). Recording multiple spectrums in different mass analyzers
improves the identification and discriminability of peptides, especially when they have very similar

m/z ratios (Gstaiger and Aebersold, 2009).
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Figure 16. Protein identification with mass spectrometry.

Reprinted from Nat. Rev. Genet., 10, 617-627, Gstaiger, M., Aebersold, R., Applying mass spectrometry-based proteomics to

genetics, genomics and network biology, 2009, with permission from Springer Nature

One limitation of MS lies in the difficulty to derive accurate quantities, which is due to the
efficiency of digestion, the variety of peptide solubility, and the efficiency of peptide ionization, all
dependent on the sequence and biochemical properties of individual peptides. Nevertheless,
compared to traditional methods of protein quantification such as immunoblotting or ELISA it has
clear advantages such as that it doesn’t require specific antibody of detecting the protein of choice
and instead detects specific peptides, has lower limits of quantification and higher reproducibility.
However, advancements in acquisition speed, completeness of chromatogram databases, and speed
of identification by MS machines now allow whole proteomes to be quantitatively assessed in a few
hours, similar to transcriptomics-based cellular characterizations (Bekker-Jensen et al., 2017,
Nusinow et al., 2020; Gongalves et al., 2022; Bennett et al., 2023). These technological advances
make proteomics a powerful tool to accurately quantify the spatiotemporal dynamics of protein
signaling networks, reveal protein-protein interactions as well as abundance, stability, post-
translational modifications, and subcellular localizations for thousands of proteins (Larance and

Lamond, 2015).

A classic task in biology is to identify differentially expressed proteins in different samples at a
large scale. For these large-scale proteomics studies and in order to ask hypothesis-driven questions,
reliable high-throughput setups for the quantitative assessment of whole proteomes were needed
and led to the development of modern label-free or labelled multiplexed proteomics (Aebersold and

Mann, 2016; Pappireddi et al., 2019).
Multiplexed Proteomics with Isobaric TMT Labels

In particular, the development of the label based isobaric-tag-centered proteomics, which relies
on tandem mass tags (TMT) has expanded the possibilities of MS-based analysis by enabling
proteome-wide relative quantification for multiple samples within a single experiment (Thompson et
al., 2003a; Rauniyar and Yates, 2014). TMT labels consist of three main elements: an amine-reactive

group, a mass normalization group, and a reporter ion group (Thompson et al., 2003a). The amine-
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reactive group is responsible for the N-terminal labeling of peptides (Li et al., 2020). The labels are
isobaric, but differ in their altered configuration of five heavy isotopes within the normalization and
reporter ion group (Li et al., 2020). Since all TMT tags have identical structures and nominal mass,
labeled peptides still co-elute simultaneously regardless of the heavy isotope distribution, and have
the same m/z values in an MS1 scan (Thompson et al., 2019). However, further fragmentation of
labeled peptides in MS2 or MS3 produces reporter ion peaks, which now have different masses and
can be used to quantify the different samples (Rauniyar and Yates, 2014). Due to the recent
technological development of TMTpro, 16 different samples can now be labeled with individual tags
(Thompson et al., 2019). It has been demonstrated that they have similar performance as the heavily
used tandem mass tag reagents such as the TMT11plex (Li et al., 2020) (Figure 17a-b). More individual
labels enable more complicated experimental setups, as multiplexing of samples can be expanded.
This allows to include more replicates, treatments, or more samples within a single experiment and
within the identical measurement (Figure 17c). This is important because splitting samples across
different TMT-labelled MS experiments is suboptimal owing to variation in the peptide quantification,
labelling efficiency, and the semi-stochastic sampling during shotgun proteomics, which makes the
comparison of different TMT-experiments challenging (O’Connell et al., 2018). This can be
circumvented by utilizing a so-called reference channel in each experiment (Rauniyar and Yates, 2014;
Thompson et al., 2019). TMT-experiments however also come with a whole array of disadvantages
which range from the high costs of reagents, the requirement for offline fractionation and the
frequently occurring issue of ratio compression (Ting et al., 2011; McAlister et al., 2014; Weiner et al.,

2022).

Additional advantages of comparing samples within a single experiment are: (i) that isotope
labeling allows for sample multiplexing and precise quantification, (ii) comparing samples within the
same experiment allows statistical interference to be performed with more statistical power and
(iii) the more complex experiment design allowing comparison of more replicates and treatments

within the same experiment (Li et al., 2020).
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Figure 17. Structure, overview, and use of TMT labels.

Reprinted from Nat Methods, 17(4):399-404, Li, J., Van Vranken, JG., Vaites, LP., Schweppe, DK., Huttlin, EL., Etienne, C.,
Nandhikonda, P., Viner, R., Robitaille, AM., Thompson, AH., Kuhn, K., Pike, I, Bomgarden, RD., Rogers, JC., Gygi, SP., Paulo,
JA., TMTpro reagents: a set of isobaric labeling mass tags enables simultaneous proteome-wide measurements across 16

samples, 2020, with permission from Springer Nature

Applications of TMT Expression Proteomics

TMT labels are applied to a whole range of methods based on multiplexed quantitative
proteomics, such as protein turnover studies, single-cell proteomics (Bennett et al., 2023), drug target
identification (Savitski et al., 2014; Franken et al., 2015; Gaetani et al., 2019; Li et al., 2020), protein
correlation profiling (Doron-Mandel et al., 2023), clinical proteomics (Ruckhédberle et al., 2010;
Keshishian et al., 2017), protein dynamics (Murphy et al., 2015), subcellular protein localization
(Dunkley et al., 2004), and many more. Some of these applications are described in more detail in the

following section.
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The characterization of single cells rather than lysates of a mixture of cells is a key practice in
modern system biology. Single-cell transcriptomics in particular has been a great success but suffers
however from the fact that the majority of transcripts do not correlate well with protein expression
(Ctortecka et al., 2022a). Therefore, it is important to supplement transcriptomic data with single-cell
proteomics datasets. While TMT-multiplexing has proven to be very useful to acquire and compare
multiple full proteomes derived from larger numbers of cells in parallel, a remaining challenge is that
whenever multiple quantitative shotgun proteomics experiments are merged, that a significant
number of peptides are not quantified in all TMT-channels. This leads to an decrease of the overall
number of proteins that can be compared between experiments (Brenes et al., 2019). However, the
combination of data-independent acquisition (DIA), a method in which all ions within a selected m/z
range are analyzed in MS2, and TMT multiplexing seem to offer a solution to this challenge by
providing complete proteome signatures independently of peptide identification (Ctortecka et al.,
2022b). While the label-free analysis of single cells requires at least 35 min per cell and thus enables
the analysis of about 40 cells per day, the multiplex analysis with 16 labels can measure about 256 cells

per day (90 min for 16 cells) (Bennett et al., 2023).

Cellular Thermal Shift Assay (CETSA) exploits the principle of ligand-induced thermal
stabilization of target proteins (Martinez Molina et al., 2013). Combining this assay with multiplexed
quantitative mass spectrometry, based on TMT labeling, led to the development of thermal protein
profiling (TPP). TPP assesses differences in the aggregation behavior of proteins across multiple
temperature points by fitting melting curves for all quantified proteins (Savitski et al., 2014; Franken
et al., 2015; Huber et al., 2015). TPP is a powerful approach to identify targets and off-targets of drugs,
to study interactions of proteins with metabolites and even to investigate protein stabilization caused
by post translational modifications such as phosphorylation (Mateus et al., 2020). One disadvantage
is that TPP requires large quantities of compound and sample and in addition for each biological
replicate a batch of TMT reagents is needed (Zhang et al., 2022). Thus, the Proteome Integral Solubility
Alteration (PISA) assay was developed. PISA enables a higher throughput that also assesses protein
stability under different conditions (Gaetani et al., 2019). The main concept of PISA is to use the
integral under the curve instead of individually fitted curves for each temperature (Gaetani et al.,
2019). While the initial PISA assays used only a temperature gradient to challenge protein stability
(Gaetani et al., 2019), in the meanwhile other challenges such as kosmotropic salts (Beusch et al.,
2022) and organic solvents (Van Vranken et al., 2021) have been successfully used. Whilst TPP uses an
individual TMT label for each temperature condition, in PISA assays all samples treated with different
temperatures are mixed together and are labeled with a single TMT label, thus making the approach

cheaper and allowing more replicates within the same TMT experiment (Li et al., 2020).
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Large Protein-Protein Interaction Datasets

A systems biology task where the introduction of TMT labeling has also proved beneficial is the
global mapping of protein-protein interactions (PPI) within a cell. Typical and powerful approaches to
study these interactions are affinity purification (AP) or proximity biotinylation (BiolD) of bait proteins,
requiring either antibodies for the proteins of interest or a fused tag on each individual bait protein

(Liu et al., 2018; Go et al., 2021; Huttlin et al., 2021).

So-called protein correlation profiling allows for the construction of PPl networks based on the
concept that proteins that are fractioned together due to similar biophysical properties are more likely
to also interact in complexes within a cell (Havugimana et al., 2012; Kirkwood et al., 2013). Previously,
SILAC labeling techniques were used to additionally measure temporal changes of proteins within
protein complexes (Kristensen et al., 2012). Lately, combination of native separation or size exclusion
chromatography (SEC) with TMT labeling showcased the possibility to measure protein fractions in a
multiplex workflow, thereby reducing the overall LC-MS/MS machine time needed (Guerrero-Castillo
et al., 2021; Havugimana et al., 2022; Doron-Mandel et al., 2023). These high-throughput
measurements of PPl now open the possibility to ask more interesting questions about the dynamics

of PPl across different time dimensions or physiological conditions.

The cell is a collection of protein machinery that consists of modules and organelles formed
through a myriad of interactions between proteins that adapt dynamically to external and internal
cues (Alberts, 1998; Huttlin et al., 2021; Tsitsiridis et al., 2023). Therefore, global mapping of protein-
protein interactions (PPIs) is a suitable and interesting approach to understanding what is happening
within a cell (Gavin et al., 2002). Pioneering work on characterizing protein interactions globally has
been made initially in yeast (Gavin et al., 2002, 2006). This was followed by studies in human cells,
focusing on distinct protein families such as kinases (Gavin et al., 2006; Varjosalo et al., 2013) or
human deubiquitinating enzymes (Sowa et al., 2009). AP-MS is the most sensitive method to study
protein interactions, and was also shown to be highly reproducible across different laboratories (Gavin
et al., 2006; Varjosalo et al., 2013). AP-MS is also employed in an ongoing effort to probe the entire
human proteome for proteins interactions, which is called BioPlex project (Huttlin et al., 2015, 2017).
BioPlex is performed by one laboratory employing one cellular system (293T), a standardized protocol
and stable MS-set ups, thereby ensuring high-quality data for thousands of human proteins. The latest
release of Bioplex encompasses data for 10,128 proteins, almost half of the expressed proteome of
human cells (Huttlin et al., 2021). It reports close to 120,000 interactions among 14,586 proteins
(Huttlin et al., 2021). Since proteins act mostly in complexes for their regulatory and catalytic

functions it is of high relevance to also understand the composition of these complexes (Tsitsiridis et
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al., 2023). A particularly powerful resource that collects this information is the comprehensive
resource  of mammalian protein complexes (CORUM), a collection of manually collected
experimentally characterized protein complexes (Giurgiu et al., 2019; Tsitsiridis et al., 2023). Both
resources BioPlex and CORUM have been elementary for the work presented in this thesis. An
alternative to affinity purification for protein complex discovery within the cell is an approach that
exploits the fact that proteins with similar biological properties that are often part of larger modules
tend to co-elute on size exclusion chromatography (Heusel et al., 2019; Doron-Mandel et al., 2023).
In addition, interacting proteins also co-localize within cells and therefore show up together in

subcellular fractionation profiles (Mulvey et al., 2017; Orre et al., 2019).

1.5.2 Ribosome Profiling

The ribosome is the machinery responsible for synthesizing the proteins guided by the mRNA
template in a cell, thereby defining the biochemical makeup and the role and function of a cell (Ingolia
et al., 2019) and serves additionally as hub for protein quality control (Pechmann et al., 2013). (Figure
18). As described in detail above, during protein synthesis the speed of elongation varies across
different transcripts (Gingold and Pilpel, 2011) and can be slowed down by a variety of mRNA-
encoded features (Figure 4). Slowing the elongation speed can aid co-translational (i) protein folding
(Pechmann and Frydman, 2013; Yu et al., 2015), (ii) assembly of protein complexes, and (iii) protein
targeting to the right organelle (Pechmann et al., 2014; Chartron et al., 2016). One of the best-studied
systems involves the signal recognition particle (SRP) complex that co-translationally targets proteins
to their proper membrane destination (Mandon et al., 2013).
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Figure 18. Insights in regulation of protein synthesis gained by ribosome profiling.

Overview of different steps of translational regulation and protein synthesis that can be quantified with the help of ribosome
profiling.
Reprinted from Cold Spring Harb Perspect Biol., 11(5):a032698, Ingolia, NT., Hussmann, JA., Weissman, JS., Ribosome

Profiling: Global Views of Translation, 2019, with permission from Cold Spring Harbor Laboratory press.

The study of such translation events has been very challenging until the development of

ribosome profiling in 2009 (Ingolia et al., 2009) a technique that informs about the position of the
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ribosome at codon or nucleotide precision, revealing information about codon usage and novel means
of translational regulation (Figure 19). Thanks to this technique completely new insights in translation,
such as the development of computational models that can predict the translation initiation rate for
all yeast genes and understand the factors that lead to variation in initiation could be suddenly
understood and modeled (Shah et al., 2013; Weinberg et al., 2016). The first steps of ribosome
profiling involve the sample collection and cell lysis which involves blocking translating ribosomes. It
exploits the biological phenomena that during translation, the ribosome covers a fragment of
approximately 30 nucleotides (Ingolia et al., 2009). The core of the ribosome profiling strategy is
based on halting the translating ribosomes and thereby protecting the mRNA they are bound to at this
moment from nuclease that is applied in the protocol to digest away exposed and unprotected mRNA
(Steitz, 1969; Wolin and Walter, 1988). The next step of ribosome profiling consists of the recovery of
the ribosomes and the isolation and purification of the bound ribosome footprints (Ingolia et al.,
2009). Considering that the average mammalian cell encodes over 20,000 proteins with an average of
500 codons per coding region, digestion of all ribosome-protected mRNA footprints yields around ten
million RNA fragments (Brar and Weissman, 2015). The fundamental innovation brought about by the
contemporary ribosome profiling technique was to couple ribosome profiling to next generation short
read sequencing which allows sequencing of these protected mRNA sections (termed Ribosome
Protected Fragments, RPFs, or ribosome footprints) (Brar and Weissman, 2015), which is the next step
of the procedure. Following sequencing, reads are mapped to a reference transcriptome or genome,
revealing where the ribosome was located at the transcript at this very specific moment of harvest
(Brar and Weissman, 2015). Similarly, the density of protected fragments on the transcript provides
an estimate of the rate of protein synthesis (Brar and Weissman, 2015). In addition, doing parallel
total RNA sequencing allows to compare the ribosome footprint density with the density of mRNA and
thereby estimating the fraction of translated transcripts, or “translation efficiency” (Ingolia et al.,
2009). RPFs provide information about the dynamics of translation of a transcript. For instance, a high
average abundance of RPFs across a transcript suggests high levels of translation; while a local over-
abundance of RPFs within a sequence is frequently interpreted as ribosome pausing, or a region of

slow translation (Ingolia et al., 2009; Ingolia, 2014; Brar and Weissman, 2015).

In summary, the ribosome profiling procedure consists of (i) sample collection and cell lysis
which involves blocking translating ribosomes, (ii) digestion of half of the cell lysate with nuclease to
produce ribosome-protected RNA footprints, (iii) recovery of ribosomes, (iv) isolation and purification
of ribosome footprints, (v) converting ribosome footprints into next-generation sequencing
compatible libraries, (vi) deep sequencing of those libraries and alignment of the reads to a reference

genome and optionally (vii) isolation and sequencing of RNA allowing to determine translational
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efficiency for each mRNA (Ingolia et al., 2009, 2012) (Figure 19). Among the main strengths of
ribosome profiling are the sensitivity of the method, the precision of quantification, the accuracy of

positional information, and the possibility of instant measurements (Ingolia et al., 2014).

While protein-coding regions in the human genome had to be initially annotated based on
simple rules such as a minimal length of ORFs, starting at the first AUG of a transcript or a bias in the
codon usage (Brent, 2005); with the use of ribosome profiling, annotation of protein-coding regions
became easier and more precise, and in addition, multiple new upstream open reading frames
(uORFs), which are frequently involved in translational regulation, were characterized, such as the
UORF for activating transcription factor 4 (ATF4), activating transcription factor 5 (ATF5), Myc or
Nanog (Ingolia et al., 2011). Since ribosome profiling further does not require any genetic
manipulation it can be applied to any tissue or organism (Brar and Weissman, 2015) and the
development of a ribo-seq genome browser makes many of these datasets publicly available and

comparable (Michel et al., 2014).
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Figure 19. Schematic illustrating the process of ribosome profiling.

a. For ribosome profiling mRNAs bound to ribosome are isolated and treated with nonspecific nucleases. Fragments
protected by the ribosome are isolated. These so-called ribosome footprints are converted in to NGS compatible libraries.
NGS reads are then mapped to a reference genome. b. For classical mRNA sequencing, the complete mRNA transcripts are

fragmented, converted to NGS libraries and NGS reads again mapped to a reference genome. c. Translated ORFs have a
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stereotypic distribution of ribosome footprints across the coding region. Ribosome footprint density begins sharply at the
start codon and ends sharply at the stop codon and shows indications of codon periodicity.
Reprinted from Nat Rev Mol Cell Biol, 16(11):651-64, Brar, GA., Weissman, JS., Ribosome profiling reveals the what, when,

where and how of protein synthesis, 2015, with permission from Springer Nature

1.5.3 Endogenous Protein Tagging in Human Cells

The standard approach for studying protein localization and also the method of choice for large
protein localization collections such as the Cell Atlas, a subproject of the Human Protein Atlas, is to
stain fixed cell samples with a protein-specific antibody and analyze its localization (Thul et al., 2017).
This approach is typically limited to fixed cell samples and requires the availability of specific
antibodies. Fusing fluorescent proteins or other tags on endogenous proteins is an alternative
approach that allows to study protein abundance and localization in live cells and also in their natural
context (Bukhari and Miller, 2019). Due to the lower homologous recombination rate of mammalian
cells, endogenous tagging was in the past mainly used in yeast models, where homologous
recombination can be achieved naturally very efficiently (Baudin et al., 1993; Ghaemmaghami et al.,

2003).

Thanks to the development of CRISPR/Cas9 as a genome-editing tool (Ran et al., 2013; Doudna
and Charpentier, 2014; Hsu et al., 2014) endogenous tagging in mammalian cell model systems
became easier to use (Roberts et al., 2017; Bukhari and Miiller, 2019) and even made the generation
of large collections of endogenously tagged cell lines possible, such as the CeMM vpCells, or the

OpenCell collection (Cho et al., 2022).

For homology-directed repair (HDR) for programmed insertion of protein tags, gene-specific
reagents for each position and gene have to be designed and synthesized. Since tags are inserted
directly into the coding region of genes, it is important to consider in the design that inserted tags are
in-frame with the encoded gene and to validate that insertions at the corresponding position do not

disrupt endogenous protein function.

Using split proteins allows the insertion of a small tag into the endogenous protein while
expressing the larger subunit of the tag somewhere else in the cell, which disrupts the target protein
less and makes the synthesis and cloning of reagents more efficient (Serebrenik et al., 2019; Reicher
et al., 2020; Cho et al., 2022). The variety of split proteins encompasses, for example, fluorescent
proteins such as the commonly used split-mNeonGreen2 system (Feng et al., 2017) or the split-
luciferase system that divides NanoLuc luciferase into a small 1.3 kDa subunit (Small BiT) and a large

18 kDa part (Large BiT) (Dixon et al., 2016).
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As the synthesis of individual homology templates for each position to be tagged is costly,
generic exon tagging methods, acting independent of homology-directed repair, have been
developed. They allow the use of the same donor template for all endogenous-tagging reactions and
only need sgRNAs specific for the different positions to tag (Lackner et al., 2015; Sakuma et al., 2016;
Schmid-Burgk et al., 2016). Since with this method insertions happen within exons, all integrations

must be in-frame with the coding sequence, which restricts the positions that can be targeted.

Another way of tagging proteins endogenously is the delivery of synthetic exons by retroviruses
or transposons, that integrate randomly into the genome, an approach that is also termed “gene
trapping” or “CD trapping” (Trinh and Fraser, 2013). Since these approaches rely on the random
integration of viruses or transposons and those systems typically have integration site biases (Lewinski
et al., 2006), tagging a specific protein requires the isolation and screening of many individual clones.
Through the addition of flanking splice acceptor and donor sites around the synthetic exons and by
making the whole cassette excisable with a generic sgRNA, Serebrenik and colleagues created a
synthetic exon system that can be integrated into introns and is, therefore, frame independent. By
co-expression of this system with a site-specific sgRNA it allows specific tagging of proteins (Serebrenik
et al., 2019), an approach that can be combined with whole libraries of sgRNAs and is therefore high-
throughput compatible (Reicher et al., 2020) (Figure 20). This approach was employed for this thesis
work to generate tagged mitochondrial proteins, that serve as reporters and are described in the

results section below.
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Figure 20. Homology-independent intron tagging of endogenous gene locus.

Schematic of the endogenous tagging approach based on the induction of double-strand breaks via Cas9 in intronic regions
of the gene and subsequent integration of a synthetic exon which leads to fusion of a tag to the coding sequence.
Reprinted from Genome Res., 29: 1322-1328, Serebrenik, YV., Sansbury, SE., Kumar, SS., Henao-Mejia, J, Shalem, O., Efficient
and flexible tagging of endogenous genes by homology-independent intron targeting, 2019, article from Cold Spring Harbor

Laboratory press under Creative Commons License (Attribution-NonCommercial 4.0 International)
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2 Aims of this Thesis

A long-standing goal of systems biology has been to use a variety of omics techniques such as
RNA expression analysis, expression proteomics, and ribosome profiling to dissect molecular
processes in the cell. Genetic screens offer a useful additional tool to discover unknown molecular

pathways and create hypothesis-generating studies.

Therefore, for the first aim of this thesis, we engineered a reporter-based genome-wide approach
for the cell line THP-1 that allows us to characterize the molecular landscape involved in phagocytosis.
This effort led then to the discovery of the entire hypusine axis as the most significantly scoring gene
family for this process. At the center of the hypusine axis is eIF5A, an enigmatic protein that binds and
acts among other things on the ribosome and has been reported to cause a myriad of cellular actions
that remain to be finalized. Given that the knowledge about translational control is in its infancy we
decided to gain a better understanding of the role of hypusine by engineering a toolbox specific for
hypusine and making use of the omics readouts expression proteomics and ribosome profiling in cells
perturbed for hypusination. In addition, our toolbox allowed us to perform a genome-wide survey for
regulators of hypusination, which allowed us in summary to generate a global molecular survey of

hypusination.

Overall, the aim was to address the following points:
i What is the molecular regulation network of phagocytosis, and can we engineer methods to
genome-wide screen for it?
ii. Why did we identify the hypusine axis as top-regulated machinery and how is it regulated?
iii. Can we engineer a toolbox specific for hypusine that allows its dissection?
iv.  What are the proteins, transcripts, and genes affected by hypusination or vice versa?

V. Can we mechanistically dissection the role and regulation of hypusination?
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3 Results

3.1 Prologue

Cellular metabolism is crucial for the function of immune cells. Functional genomics in
combination with informative reporters offers a powerful approach to deciphering novel metabolic
dependencies and bottlenecks. As it is known that macrophages undergo substantial metabolic
reprogramming during differentiation and during processes such as phagocytosis, we set out to
genetically screen for these dependencies in a macrophage cell line (Artyomov et al., 2016; O’Neill

and Pearce, 2016).

Using a CRISPR knock-out library that focuses on all solute carriers (SLCs), the largest group of
facilitative and concentrative transporters in the human genome, we identify a transporter required
for the efficient execution of phagocytosis (César-Razquin et al., 2015). This was done by introducing
this knock-out library into the monocytic cell line U937 which can be turned into a more macrophage-
like state using a differentiation protocol (Liu and Wu, 1992). Using then a phagocytosis reporter that
can be measured on FACS, transporters could be identified that modulate phagocytosis (Colas et al.,
2014). The transporter SLC4A7 stands out as the most significant modulator of phagocytosis.
Considering, that the cytoplasmic SLC4A7 is a known electroneutral sodium bicarbonate
co-transporter we investigate next if acidification of the phagolysosome is influenced by this solute
carrier protein (Romero et al., 2013). And indeed, in the absence of SLC4A7, the acidification rate of

the phagolysosome is slowed down.
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3.2 Manuscript #1

Results section 3.2 contains the full reprint of the manuscript listed below. The author of this thesis is
a co-author of the article. The article is from Elsevier and under open access Creative Commons CC-BY

License.

Sedlyarov V’, Eichner R®, Girardi E, Essletzbichler P, Goldmann U, Nunes-Hasler P, Srndic |,

Moskovskich A, Heinz L, Kartnig F, Bigenzahn J, Rebsamen M, Kovarik P, Demaurex N and
Superti-Furga G* (2018) The Bicarbonate Transporter SLC4A7 Plays a Key Role in Macrophage
Phagosome Acidification. Cell Host & Microbe 23, 766-774

*: equal contribution | *: corresponding author

Detailed information on the contribution of all authors is listed on page 8 (772) under “Author

Contributions” of the article

66



Cell Host & Microbe

The Bicarbonate Transporter SLC4A7 Plays a Key
Role in Macrophage Phagosome Acidification

Graphical Abstract

H+ WT

CO, +H,0
il

SLC4A7-KO

H+
Hr H*
H+ H+
H+ H+
H+
H+
H+

pH

Highlights
e CRISPR screen identifies SLC4A7 to be required for
phagosome acidification

e Intracellular bacterial killing by macrophages is impaired in
absence of SLC4A7

e Bicarbonate transport activity of SLC4A7 is required for
phagosome acidification

e SLCA4A7 regulates phagosome acidification via homeostatic
control of cytoplasmic pH

Sedlyarov et al., 2018, Cell Host & Microbe 23, 766-774

https://doi.org/10.1016/j.chom.2018.04.013

June 13, 2018 © 2018 The Author(s). Published by Elsevier Inc.

Authors

Vitaly Sedlyarov, Ruth Eichner,
Enrico Girardi, ..., Pavel Kovarik,
Nicolas Demaurex,

Giulio Superti-Furga

Correspondence
gsuperti@cemm.oeaw.ac.at

In Brief

Phagosome acidification is a necessary
step in pathogen clearance by
macrophages. Sedlyarov et al. identify
the bicarbonate transporter SLC4A7 as
essential for phagosome acidification.
SLC4A7-mediated bicarbonate import
ensures homeostatic regulation of
cytoplasmic pH. In the absence of
SLC4A7, the macrophage cytoplasm
acidifies, which perturbs phagosome
maturation and impairs bacterial killing by
macrophages.

Cell


mailto:gsuperti@cemm.oeaw.ac.�at
https://doi.org/10.1016/j.chom.2018.04.013
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chom.2018.04.013&domain=pdf

Cell Host & Microbe

The Bicarbonate Transporter SLC4A7 Plays
a Key Role in Macrophage Phagosome Acidification

Vitaly Sedlyarov,-5 Ruth Eichner,"-5 Enrico Girardi,' Patrick Essletzbichler," Ulrich Goldmann,' Paula Nunes-Hasler,?
Ismet Srndic,” Anna Moskovskich,! Leonhard X. Heinz," Felix Kartnig,” Johannes W. Bigenzahn,' Manuele Rebsamen,’
Pavel Kovarik,® Nicolas Demaurex,? and Giulio Superti-Furga'-4.6-*

1CeMM Research Center for Molecular Medicine of the Austrian Academy of Sciences, Vienna 1090, Austria

2Department of Cell Physiology and Metabolism, University of Geneva, Geneva 1211, Switzerland

3Max F. Perutz Laboratories, University of Vienna, Vienna Biocenter (VBC), Vienna 1030, Austria

4Center for Physiology and Pharmacology, Medical University of Vienna, Vienna 1090, Austria

5These authors contributed equally

6Lead Contact

*Correspondence: gsuperti@cemm.oeaw.ac.at
https://doi.org/10.1016/j.chom.2018.04.013

SUMMARY

Macrophages represent the first line of immune
defense against pathogens, and phagosome acidifi-
cation is a necessary step in pathogen clearance.
Here, we identified the bicarbonate transporter
SLC4A7, which is strongly induced upon macro-
phage differentiation, as critical for phagosome acid-
ification. Loss of SLC4A7 reduced acidification
of phagocytosed beads or bacteria and impaired
the intracellular microbicidal capacity in human
macrophage cell lines. The phenotype was rescued
by wild-type SLC4A7, but not by SLC4A7 mutants,
affecting transport capacity or cell surface localiza-
tion. Loss of SLC4A7 resulted in increased cyto-
plasmic acidification during phagocytosis, suggest-
ing that SLC4A7-mediated, bicarbonate-driven
maintenance of cytoplasmic pH is necessary for
phagosome acidification. Altogether, we identify
SLC4A7 and bicarbonate-driven cytoplasmic pH ho-
meostasis as an important element of phagocytosis
and the associated microbicidal functions in macro-
phages.

Cellular metabolism is central to many specific functions of
immune cells. Accordingly, the interplay between metabolism
and specific functions of immune cells has emerged as key focus
in immunological research (Buck et al., 2017). Macrophages
represent the first line of immune defense against pathogens.
Upon activation, they undergo massive metabolic reprogramming
to allow execution of specialized programs such as phagocytosis
(Artyomov et al., 2016; O’Neill and Pearce, 2016; Shapiro et al.,
2011). An appropriate metabolic response requires the cell to
rapidly interact with its environment for nutrient uptake and ion
transport (Lin et al., 2015; Sahoo et al., 2014). Movement of me-
tabolites and molecules across cellular membranes is mainly
achieved by transporter proteins, such as solute carriers (SLCs),
which represent the largest group of facilitative and concentrative
transporters in the human genome (César-Razquin et al., 2015).
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We hypothesized that SLCs could be essential for macro-
phages to undergo the metabolic changes associated with
phagocytosis, and aimed for an appropriate model system suit-
able for CRISPR/Cas9-based genetic screens (Figure 1A).

Phagocytosis and phagosome maturation eventually lead to
progressive acidification of phagolysosomes (Kinchen and
Ravichandran, 2008). Phagosome acidification, detected by
pH-dependent fluorophores is a valid surrogate endpoint to
measure phagocytosis (Colas et al., 2014; Fine et al., 2017;
Nunes et al., 2015; Surewaard and Kubes, 2017; Takahashi
et al., 2017). We chose phorbol myristate acetate (PMA)-differ-
entiated human myeloid U937 cells as a macrophage model
system to detect and quantify phagosome acidification (Liu
and Wu, 1992). We subjected differentiated U937 cells to phago-
cytosis assays with opsonized latex beads, which were coupled
to a pH-sensitive (pHrodo) and a pH-insensitive dye (YG, yellow
green) (Figure 1B) (Colas et al., 2014). The dual-colored beads
allowed discrimination between cells that underwent phagocy-
tosis and phagosome acidification (PhagoLate, YG and
pHrodo-positive), cells that have bound and/or phagocytosed,
but not acidified the cargo (PhagoEarly, only YG-positive), and
cells that have neither bound nor incorporated any beads
(PhagoNeg) (Figure 1B).

To validate our experimental strategy, we tested a range of
pharmacological and genetic perturbations targeting different
stages of the phagocytic process (Figure S1A). Disruption of
phagocytic uptake using the actin polymerization inhibitor
cytochalasin D led to ablation of the PhagolLate fraction with
simultaneous increase of the PhagoNeg, but not the PhagoEarly
fraction. By contrast, inhibition of phagosome acidification using
the vacuolar-ATPase inhibitor bafilomycin A1 resulted in a strong
decrease of the PhagolLate fraction, accompanied by an eleva-
tion of the PhagoEarly and, to lesser extent, of the PhagoNeg
fraction. CRISPR-mediated knockout of nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase 2 (NOX2 or CYBB), a
major producer of reactive oxygen species during phagocytosis,
and of Lamp1 or Lamp2, important lysosomal structural
proteins, resulted in a slight decrease of the PhagoLate and
minor increases in the PhagoEarly and PhagoNeg fractions,
corresponding to a slight decrease in phagosome acidification
(Figure S1A). Finally, knockout of RAB7A, a small guanosine

aaaaaaa



mailto:gsuperti@cemm.oeaw.ac.at
https://doi.org/10.1016/j.chom.2018.04.013
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chom.2018.04.013&domain=pdf
http://creativecommons.org/licenses/by/4.0/

CRISPR/Cas9 screen for SLCs regulating phagocytosis

SLC-KO library

PhagolLate

—_—

sgRNA amplification,
NGS,
data analysis

( 4 |
. , _<
~~ Phagocytosis,

FACS 3
PhagoNeg

Genes depleted in PhagoLate population

U937 cells
O -~
#9610
& L
~ Antibiotic
selection differentiation
B C
Gating strategy
10% Phagolate
o Bl
@ 10 %
-8 PhagoNeg _8)
S Lo !
= 10%
L
03
10°
10° 0 10° 10¢ 10°
YG
SLCA4A7 protein expression
SLC4AT7 (B
(C-term)
SLC4A7
(N-term "MEAD”)
Actin | e —— |
F G
U937 phagosomal acidification
, 20/ Genotype
o~ -o- sgRen
& 151 SLC4A7-sg1
© -
3 0. SLC4A7-sg2
% SLC4A7-sg3
£ 51 SLC4A7-sg4
0- T T T T T
1 2 3 4 5
Time, h

201@ sLcaa7
Significant
sgRNAs
° 0
@1
@2
@3

~0.4 ~0.2 0.0

mean LFC

0.6

SLC4A7 protein expression

THP-1
PMA -

U937
+ -

+ MW,

kDa
SLC4A7

Actin

Phagocytosis in THP-1

Phago Phago Phago
Neg Early Late

*k

D
o

Genotype
[[]sgRen
* _ SLC4AT7-sg1

o

m

N
o

Positive, %
N
o

(legend on next page)

Cell Host & Microbe 23, 766-774, June 13, 2018 767



Cell’ress

triphosphatase required for phagosome maturation and phago-
some-to-lysosome fusion, strongly reduced the PhagoLate frac-
tions, while strongly increasing the PhagoEarly, but not the
PhagoNeg fractions, corresponding to a strong inhibition of
phagosome maturation (Soldati et al., 1995; Via et al., 1997)
(Figure S1A).

Having validated the experimental strategy, we set out to
systematically identify SLCs involved in the regulation of phago-
cytosis. We established a CRISPR/Cas9-based loss-of-function
screen using an SLC-wide knockout library, designed in our
laboratory, and a fluorescence-activated cell sorting (FACS)-
based readout. The pooled library targets 391 human SLC genes
with six single guide RNAs (sgRNAs) per gene and additionally
comprises sgRNAs targeting essential genes and non-targeting
sgRNAs as controls. We infected U937 cells with lentiviral
particles carrying the SLC knockout library and differentiated
them with PMA to establish a macrophage-like phenotype (Fig-
ure 1A). To identify SLCs essential for phagocytosis, we isolated
two populations via FACS: the phagocytosis- and acidification-
positive fraction (PhagolLate) and the phagocytosis-negative
population (PhagoNeg) (Figure 1B). After amplification and
sequencing of the sgRNAs from each population, the reads
were mapped and quantified using a two-step differential abun-
dance analysis. After identifying differentially enriched sgRNAs
using DESeq2 (Figure S1B; Data S1) (Love et al., 2014), we
aggregated sgRNAs to genes using the gene set enrichment
algorithm (Figure 1C) (Sergushichev, 2016; Subramanian et al.,
2005). Strikingly, among all SLCs, SLC4A7 was the only gene
significantly depleted from the Phagolate fraction (Figures 1C
and S1B).

SLC4A7, also known as NBCn1 and NBC3, is an electroneutral
sodium bicarbonate co-transporter involved in maintenance of
cytosolic pH by extruding acid equivalents (Lee et al., 2014;
Romero et al., 2013). SLC4A7 has a high number of different
isoforms, which show tissue-specific expression and differ in
surface abundance and transport activity. They arise from two
alternative promotors, three optional structural elements (cas-
settes I-lll), and respective alternative splicing (Figure S1C) (Liu

et al.,, 2013; Parker and Boron, 2013; Pushkin et al., 1999).
SLC4AT is expressed in several cell types and tissues including
brain, heart, and kidney (Damkier et al., 2007; Liu et al., 2015;
Pushkin et al., 1999; Romero et al., 2013). Although data on
SLC4A7 expression in the immune system are scarce, there is
evidence for a specific role in macrophages. SLC4A7 was shown
to be strongly upregulated upon macrophage colony-stimulating
factor (M-CSF)- and receptor activator of nuclear factor-«B
ligand-induced osteoclast differentiation (Riihonen et al., 2010).
Moreover, a transcriptional study identified SLC4A7 among the
genes differentially expressed during the monocyte-to-macro-
phage differentiation and polarization (Martinez et al., 2006). To
further investigate the potential specific role of SLC4A7 in
macrophages, we treated primary human monocytes with
M-CSF and observed a strong upregulation of SLC4A7 upon
macrophage differentiation, suggesting a particular function in
macrophage biology (Figure 1D). Polarization of macrophages
to the M1 phenotype or the M2 phenotype did not further modu-
late SLC4A7 protein abundance (Figure 1D). Consistently, the
expression levels of SLC4A7 in human U937 and THP-1 cells
strongly increased upon PMA-induced differentiation toward
macrophages (Figure 1E).

To validate the findings of the CRISPR screen, we generated
SLC4AT7-deficient U937 cells using four different sgRNAs target-
ing different exons common to all SLC4A7 isoforms (Figures S1C
and S1D). After confirming SLC4A7 knockout efficiency by
immunoblot (Figure S1D), we performed phagocytosis assays
with the respective U937 cells at different time points. Impor-
tantly, at each time point, all four sgRNAs resulted in strongly
decreased numbers of PhagoLate cells as compared with con-
trol cells infected with a non-targeting sgRNA (sgRen, directed
toward Renilla luciferase) (Figure 1F).

If SLC4A7 plays a fundamental role in phagocytosis, it should
do so also in other human macrophage model cell lines. We
CRISPR/Cas9-inactivated SLC4A7 in human THP-1 myeloid
cells and differentiated them with PMA. Phagocytosis assays
showed a significant reduction in the PhagoLate fraction upon
SLC4A7 knockout, which was accompanied by an increase in

Figure 1. SLC-Focused CRISPR/Cas9 Genetic Loss-of-Function Screens Identify SLC4A7 to Be Important for Phagosome Acidification

(A) Schematic representation of the major steps of the SLC-focused CRISPR/Cas9 screen to identify SLCs involved in phagocytosis.

(B) Representative flow cytometry scatterplot of phagocytosis assays. PMA-differentiated U937 cells were incubated with dual-colored opsonized beads. Each
dot represents one cell: intensity of the pH-insensitive dye (YG) is displayed on the x axis, intensity of pH-sensitive dye (pHrodo-Red), whose signal intensity
increases with decrease in pH, is shown on the y axis. Double-negative cells were classified as phagocytosis-negative (PhagoNeg), double-positive cells (YG and
high pHrodo-Red signal) were classified as cells having undergone phagocytosis and phagosome acidification (PhagoLate), and single positive cells (YG and low
pHrodo-Red signal) were classified as cells at early stages of phagocytosis (PhagoEarly). The marginal intensity distributions are shown on the sides of the plot.
(C) Volcano plot showing the statistical significance of genes depleted in the PhagoLate population on the y axis as —log1o(padj) @against average log, fold-change
(mean LFC) on the x axis calculated for all sgRNAs per gene. The size of the dots represents the number of significant changes in sgRNAs counts. See Figure S1B
for differential abundance of individual sgRNAs.

(D) Immunoblot analysis of primary human monocytes (Mo) derived from peripheral blood and M-CSF-differentiated monocyte-derived human macrophages,
which were unpolarized (M0), or polarized toward M1 phenotype with interferon-y and lipopolysaccharide, or to M2 phenotype with interleukin-4. Respective
lysates were probed with an anti-SLC4A7 antibody detecting all isoforms (C-terminal epitope) and an anti-SLC4A7 antibody detecting an N-terminal epitope
present only in isoforms starting with the amino acids “MEAD.” Actin was used as loading control. MW, molecular weight. See Figure S1C for isoforms.

(E) Representative immunoblot analysis of SLC4A7 expression in undifferentiated and PMA-differentiated THP-1 and U937 cells. Actin was used as loading
control. MW, molecular weight.

(F) Representative kinetics of phagosome acidification in four independent SLC4A7 knockout (sg1-sg4) and control (sgRen) U937 cells. After PMA differentiation,
U937 cells were incubated with dual-colored beads and analyzed at the indicated time points using flow cytometry. The fraction of PhagoLate cells is displayed
against the incubation time with beads. See Figure S1D for confirmation of SLC4A7 knockdown.

(G) Phagocytosis assays with PMA-differentiated SLC4A7 knockout (sg1) or control (sgRen) THP-1 cells, which were incubated with dual-colored beads as
described in (B). Bar graphs show the fraction of PhagoLate, PhagoEarly, and PhagoNeg cells as assessed by pHrodo and YG fluorescence in flow cytometry.
Data are mean + 95% confidence interval from four replicates. *p < 0.05, **p < 0.001; by Welsh’s t test.
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the PhagoEarly and, to a minor extent, of the PhagoNeg fraction
(Figure 1G). This pattern was comparable with the phenotype of
hampered phagosome acidification (Figure S1A). Therefore, the
reduced number of PhagoL ate cells was assumed to be the main
effect, with the changes in the other fractions being secondary
phenomena.

Together, the data demonstrate the general importance of
SLC4A7 for phagosome acidification. To test the relevance of
these findings for host-pathogen interactions, we subjected
SLC4A7 knockout and control U937 cells to phagocytosis
assays with pHrodo-labeled heat-inactivated Staphylococcus
aureus. In analogy to labeled beads, we witnessed a strong
decrease in the capacity of SLC4A7 knockout cells for acidifica-
tion of phagocytosed bacteria (Figure S1E), suggesting that
SLC4A?7 is important for phagosome acidification of pathogens.

To test the specificity of the phenotype, we undertook recon-
stitution experiments. Among the different isoforms of SLC4A7,
we chose two representative forms: isoform 1 (NBCn1-A), the
canonical form, which is mainly expressed in cardiac and skel-
etal muscle, and isoform 6 (NBCn1-G), the most common
form, which is expressed in various tissues and differs from
isoform 1 in both N terminus and two splicing cassettes (Fig-
ure S1C) (Cooper et al., 2006; Liu et al., 2013). U937 sgRen
and sgSLC4A7 cells were successfully reconstituted with lentivi-
ral overexpression constructs coding for isoform 1 or 6 of
SLC4A7, as confirmed by immunoblotting (Figure S1F). Overex-
pression of both isoforms increased the PhagoLate cell fraction
beyond the mere rescue of deficient phagosome acidification
(Figure 2A). Markedly, in U937, isoform 6 appeared to be more
potent in increasing phagosome acidification than isoform 1,
which could result from its reported higher bicarbonate transport
and pH-buffering capacity (Liu et al., 2013). Interestingly, an anti-
body directed against the N-terminal sequence containing the
amino acids “MEAD,” present in isoform 6, but not 1 (Fig-
ure S1C), confirmed that MEAD-forms of SLC4A7 were induced
in macrophages, and hence are of physiological relevance
(Figure 1D). In THP-1 cells, overexpression of both SLC4A7 iso-
forms also increased the degree of phagosome acidification
beyond the mere rescue of the sgSLC4A7 phenotype (Figures
2B and S1G). In this cellular context, however, there was no dif-
ference between isoform 1 and 6, which may result from the
higher baseline phagocytic rate and saturation of the system
(Figure 2B).

The microbicidal activity of phagosomes results from direct
bacterial killing in an acidic environment and activation of
pH-sensitive antimicrobial enzymes (Flannagan et al., 2015). To
test if impaired phagosome acidification upon SLC4A7 loss
decreased the intracellular bacterial kiling capacity, we
performed intracellular bacterial kiling assays and infected
PMA-differentiated THP-1 cells with Gram-negative (Escherichia
coli K12) and Gram-positive (Streptococcus pyogenes ASLO
strain and Staphylococcus carnosus) bacteria. Importantly,
THP-1 cells deficient for SLC4A7 showed a significantly reduced
intracellular killing capacity toward E. coli, S. pyogenes, and
S. carnosus, compared with control cells (Figure 2C, left panel).
Upon reconstitution of knockout cells with SLC4A7 isoform 6,
the phenotype was rescued and normal intracellular bactericidal
capacity restored (Figure 2C, left panel). Next, we performed
intracellular killing assays with the S. aureus strains Newman

and USA300, which both stem from clinical isolates. While New-
man is pH sensitive, USA300 depends on phagosome acidifica-
tion for intracellular survival and proliferation within macro-
phages (Tranchemontagne et al., 2016). In line with previous
results, SLC4A7-deficient THP-1 cells displayed a reduced
killing capacity toward the S. aureus Newman strain. In contrast,
killing of the S. aureus USA300 strain was increased in the
knockout cells compared with control (Figure 2C, right panel),
suggesting impaired intracellular survival due to reduced acidifi-
cation. Taken together, these data provide strong evidence for
the importance of SLC4A7 in efficient phagosome acidification
and microbicidal potency of the cells.

Given its role in bicarbonate transport and pH regulation, and
the evidence that SLC4A7 isoforms with distinct bicarbonate
transport capacity differentially affected phagosome acidifica-
tion (Figure 2B), it can be concluded that SLC4A7-mediated
bicarbonate transport is essential for proper phagosome acidifi-
cation. If located at phagosomal membranes, SLC4A7 could
theoretically affect phagosomal pH directly. By contrast, if local-
ized exclusively at the plasma membrane, the mechanism would
likely be indirect via regulation of cytoplasmic pH. Visualization of
endogenous SLC4A7 in PMA-differentiated THP-1 cells using
indirect immunofluorescence revealed a predominant localiza-
tion of SLC4A7 at the plasma membrane (Figure 2D), which is
in line with previous reports (Loiselle et al., 2003; Wang et al.,
2015a). To investigate the dynamic localization of SLC4A7
during phagocytosis, we expressed GFP-tagged SLC4A7
isoform 6 in THP-1 cells and exposed them to pHrodo-labeled
heat-inactivated S. aureus or dual-colored (pHrodo and bright
blue) beads. Live-cell microscopy including time-lapse imaging
confirmed the cell surface localization of SLC4A7 (Figure 2E;
Video S1). Importantly, no association of SLC4A7 with the phag-
osomal cargo could be observed during the phagocytic process
(Figure 2E; Video S1).

To test the hypothesis that SLC4A7 regulates phagosome
acidification indirectly via dynamic cytoplasmic pH regulation,
we undertook live-cell microscopy-based experiments. Using
the ratiometric cytoplasmic pH indicator, BCECF-AM, and
pHrodo-coated bacteria and beads, we simultaneously
measured cytosolic and phagosomal pH at different time points
during the phagocytic process (Figures S2A and S2B). At 1 hr
after onset of phagocytosis of beads, neither average pHrodo
intensity nor cytoplasmic pH differed between SLC4A7 knockout
and control THP-1 cells (Figure 2F). At 6 hr, however, with
increasing phagosome acidification, differences became
apparent: while the phagosomal cargos were less acidified in
SLC4A7 knockout cells, the cytoplasm was significantly more
acidic (Figures 2F and S2C). Reduced phagosome acidification
accompanied by more acidic cytoplasmic pH upon SLC4A7
knockout was consistently observed across different cell lines
(THP-1 and U937) and phagosomal cargos (beads and heat-
killed S.aureus) (Figures 2F and S2C).

Together with its specific upregulation upon macrophage
differentiation, these findings argue against a general house-
keeping role of SLC4A7 in cytosolic pH homeostasis. Instead,
SLC4A7 seems to be of particular relevance for counteracting
cytoplasmic acidification during the phagocytic process.

We next wanted to investigate whether bicarbonate transport
was essential for SLC4A7-mediated pH regulation. As the 3D
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structure of SLC4A7 is unknown, we generated a model of the
transmembrane region of SLC4A7 with the I|-Tasser Suite
(Yang et al., 2015), using the available SLC4A1 structure as a
template (PDB: 4YZF; Arakawa et al., 2015). The C-terminal
domain of SLC4A7 shares 42% sequence identity with the
corresponding domain of SLC4A1, and the model closely resem-
bles the overall SLC4A1 architecture (Figure 2G). Mapping of
functionally important residues on our model identified Asp930
(Asp811 in isoform 6) and Thr668 (Thr549 in isoform 6) as posi-
tions likely to be required for transporter activity (Figure 2G).
Asp930 corresponds to SLC4A1 Glu681, a residue critical for
anion exchange, while Thr668 corresponds to Ser465 in
SLC4A1, a position tolerating only conservative mutations (Cher-
nova et al., 1997; Barneaud-Rocca et al., 2013; Bonar et al.,
2013). We generated mutant versions of SLC4A7 isoform 6
carrying the Asp811Ala (D811A) or the Thr549lle (T549l) point
mutation (Figure 2G). In addition, we generated a deletion mutant
lacking the cytoplasmic C-terminal domain of SLC4A7, which
contains a PDZ domain and is essential for membrane localiza-
tion and function of SLC4A7 (Loiselle et al., 2003). We used all
three mutants to reconstitute U937 cells lacking endogenous
SLC4A7. Importantly, both the D811A and T549l transport
mutants showed expression levels and subcellular localization
comparable with the wild-type protein, whereas the C-terminal
deletion mutant failed to localize to the plasma membrane (Fig-
ures S2D and S2E) (Loiselle et al., 2003). Notably, neither wild-
type nor mutated SLC4A7 co-localized with the lysosomal
marker Lamp1 (Figure S2E). In contrast to the wild-type protein,
none of the three SLC4A7 mutants was able to rescue the
phenotype of SLC4A7 knockout (Figure 2H). Whereas failure of
the deletion mutant to rescue could be explained by its mislocal-
ization (Figure S2E), the inability of both point mutants to rescue
phagosome acidification suggested that transporter activity is
essential for the biological function of SLC4A7. This supports
the assumption that bicarbonate import into the cytosol is essen-
tial for cytosolic pH homeostasis and efficient phagosome
acidification.

How Do We Envisage the Role of SLC4A7 in the
Regulation of Phagocytosis?

The process of phagocytosis is associated with a rapid and tran-
sient acidification of the cytoplasm, which is believed to result
from both respiratory burst and increased metabolic acid
production (Coakley et al., 2002; Grinstein et al., 1991; Morgan
et al.,, 2009; Swallow et al., 1991). Failure to counterbalance
the cytoplasmic acidification results in cytoplasmic hyper-acidi-
fication, which, among others, inhibits the NADPH oxidase and
reduces phagosome acidification (Coakley et al., 2002; Morgan
et al., 2009). So far, it was assumed that Na*/H* exchangers,
passive proton conductance channels, and voltage-gated
proton channels are the main players responsible for counteract-
ing the initial cytoplasmic acidification (Coakley et al., 2002;
Morgan et al., 2009). However, many studies were undertaken
in nominally bicarbonate-free buffers, suggesting that the impact
of bicarbonate transporters might have been overlooked.

The strong induction of SLC4A7 during macrophage differen-
tiation, and the failure to maintain cytoplasmic pH during phago-
cytosis upon genetic inactivation, suggest SLC4A7 to be of key
importance for pH homeostasis in phagocyting macrophages.

Cell surface localization of SLC4A7 and the inability of transport
mutants to maintain the biological function of SLC4A7 support a
model in which SLC4A7-mediated bicarbonate import into the
cytoplasm is crucial for net acid extrusion and maintenance
of cytoplasmic pH during phagocytosis. Acidification of the
cytoplasm, observed upon SLC4A7 loss, results in impaired
acidification of phagosomes and reduced bactericidal capacity
(Coakley et al.,, 2002; Grinstein et al., 1991; Morgan et al.,
2009; Hackam et al., 1999).

Phagocytosis, a defining function of macrophages, is a funda-
mental process throughout macrophage-mediated immunity,
starting from the first-line host defense against invading patho-
gens to removal of apoptotic cell debris associated with tissue
remodeling and homeostasis. Given that SLC4A7 affected intra-
cellular bacterial killing or intracellular survival of acid-sensitive
and acid-dependent bacteria, respectively, we assume that a
wide range of pathogens, including also viruses or parasites,
may be affected by SLC4A7 function. This opens the possibility
of modulating the activity of this transporter as anti-infective
strategy (Huynh and Grinstein, 2007; Ip et al., 2010; Tranche-
montagne et al., 2016; Wieland et al., 2004). Failure to remove
dead cells and debris in SLC4A7 deficiency may lead to pro-
longed inflammatory conditions, which in turn may be associ-
ated with different pathologies, including cancer, extending
the relevance of SLC4A7 function beyond infectious diseases
(Novak and Thorp, 2013; Szondy et al., 2014).

Irrespectively, the unequivocal role of SLC4A7 in phagosome
acidification of macrophages is surprising, as the protein had not
been previously associated with any immune function (Boedtkjer
et al., 2011a; Chen et al., 2012; Lopez et al., 2005).

This initial study will clearly have to be followed by animal
studies, empowered, for example, by available knockout mice
illuminating the role of SLC4A7 in animal physiology (Boedtkjer
et al.,, 2011b; Lee et al., 2016). Nonetheless, the fundamental
contribution of SLC4A7 to phagosome acidification is another
case where a member of the SLC family is discovered to regulate
fundamental biological processes (Rebsamen et al., 2015; Rusu
et al.,, 2017; Wang et al., 2015b). The approach described here,
employing a CRISPR/Cas9 library focusing on the entire SLC
family allowing for analyses with high coverage and great statis-
tical power, is likely to be instrumental in the uncovering of more
roles for this still poorly characterized class of drug targets
(César-Razquin et al., 2015; Lin et al., 2015).
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-SLC4A7, rabbit polyclonal Abcam Cat#82335; RRID: AB_10672662

Anti-SLC4A7, serum from rabbit immunized
with the SLC4A7 N-terminal peptide
MEADGAGEQMRPLLTRGPDE

Anti-HA, rabbit monoclonal

Anti-pan actin, rabbit polyclonal

Anti-LAMP1, mouse monoclonal

Goat anti-mouse IgG, Alexa-Fluor 488 coupled
Donkey anti-rabbit IgG, Cy5 coupled

Goat anti-rabbit IgG, Peroxidase-conjugated
Goat anti-mouse IgG, Peroxidase-conjugated

Gift from Prof. J. Praetorius
(Aarhus University, Denmark)

Cell signaling
Cytoskeleton

Abcam

Life Technologies

Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch

(Damkier et al., 2005)

Cat#3724; RRID: AB_1549585
Cat#AANO1; RRID: AB_10708070
Cat#25630; RRID: AB_470708
Cat#A-11001; RRID: AB_2534069
Cat#711-175-152; RRID: AB_2340607
Cat#111-035-003; RRID: AB_2313567
Cat#115-035-003; RRID: AB_10015289

Bacterial and Virus Strains

Escherichia coli DH5-alpha

Streptococcus pyogenes ASLO
Staphylococcus carnosus Schleifer and Fischer
Staphylococcus aureus Newman

Staphylococcus aureus USA300

New England Biolabs

N/A

DSMZ

Gift from Arsanis Biosciences
GmbH to PK

Gift from Prof. S. Knapp
(CeMM, Vienna, Austria)

Cat#C2987

(Gratz et al., 2008)
Cat# 20501

N/A

N/A

Chemicals, Peptides, and Recombinant Proteins

Fluoresbrite YG Carboxylate Microspheres 1.75um

Polyscience

Cat#17687-5

pHrodo Red, succinimidyl ester (pHrodo Red, SE) Thermo Fisher Scientific Cat#P36600

PMA, Phorbol 12-myristate 13-acetate Sigma-Aldrich Cat#P8139

Restriction enzyme BsmBI New England Biolabs Cat#R0580

BCECF AM Thermo Fisher Scientific Cat# B1170

Experimental Models: Cell Lines

THP-1 ATCC TIB-202

U937 Gift from Prof. P. Valent, (Medical N/A
University Vienna, Austria)

HEK293T DSMZ ACC 635

Oligonucleotides

See Table S1 for oligonucleotides used to This paper, Sigma N/A

clone sgRNAs

Recombinant DNA

lentiCRISPR v2 Addgene Cat#52961

psPAX2 Addgene Cat#12260

pMD2.G Addgene Cat#12259

pDONR221 Thermo Fisher Scientific 12536017

Codon optimized SLC4A7 isoform 1 and 6 cDNA GenScript N/A

Software and Algorithms

R (3.4.0) https://www.r-project.org N/A

Rstudio (1.0.143) https://www.rstudio.com N/A

Bioconductor (3.5) https://bioconductor.org/ N/A

DESeq2 (1.16.1) https://bioconductor.org/ N/A

Fgsea (1.2.1) https://bioconductor.org/ N/A

(Continued on next page)

Cell Host & Microbe 23, 766-774.e1-e5, June 13,2018 e1

CellPress



https://www.r-project.org
https://www.rstudio.com
https://bioconductor.org/
https://bioconductor.org/
https://bioconductor.org/

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ggplot2 (2.2.1) https://cran.r-project.org/ N/A

Drc https://CRAN.R-project.org/ N/A
package=drc

Other

RPMI Medium 1640 (1x) Gibco Cat#21875-034
DMEM Medium (1x) Gibco Cat# 11965-084
DPBS (1x) Gibco Cat#14190-094
Fetal Bovine Serum Gibco Cat#10270

Pen Strep Gibco Cat#15140-122
IC Fixation buffer eBioscience Cat#00-8222-49
ProLong Gold Antifade Mountant Thermo Fisher Cat#P10144
cOmplete Protease Inhibitor Tablets Roche Cat#04693159001
Protein Assay Dye Reagent Concentrate Biorad Cat#5000006
Nitrocellulose membranes Amersham Cat#10600002
Pierce ECL Western Blotting Substrate Thermo Scientific Cat#32106
PolyFect Qiagen Cat#301105
QuikChange Il Site Directed Mutagenesis Kit Agilent Cat# 200523

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact, Giulio Superti-Furga
(gsuperti@cemm.oeaw.ac.at).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture
U937 cells were a gift from Prof. Peter Valent of the Medical University of Vienna, THP-1 cells were purchased from ATCC. Cell lines
were tested for mycoplasma with regular intervals. STR profiling was performed for all cell lines to confirm identity.

Cells were cultured in RPMI 1640 supplemented with 10% fetal bovine serum and penicillin/streptomycin with 5% CO, at 37°C.
U937 cells were maintained at a density of 0.1x10° — 1x108 cells/ml; THP-1 cells were maintained at 0.5x10° — 2x10° cells/ml.

Primary Cells and Monocyte to Macrophage Differentiation
Human monocytes were isolated from healthy donor peripheral blood buffy coats (obtained from the Austrian Red Cross) by adher-
ence to plastic for 3 h in serum-free RPMI medium (Wahl et al., 2001). Monocytes were then differentiated to macrophages for 7 days
in RPMI supplemented with 100 ng/ml M-CSF, 10% fetal bovine serum and penicillin/streptomycin. Macrophage polarization
was achieved by incubating cells for 18 h in medium with IFNy (20 ng/ml) and LPS (100 ng/ml) for induction of M1 phenotype or
IL-4 (20 ng/ml) for induction of M2 phenotype (Martinez et al., 2006).

Monocyte to macrophage differentiation of THP-1 and U937 cells was performed with 10 nM PMA (Sigma) at a cellular density of
1x10° cells/ml for 48 h followed by washing and an additional 24 h resting period.

Culture and Preparation of Bacteria
Escherichia coli (K12) were inoculated from overnight culture into fresh LB media and grown till mid-log phase (ODggo = 0.5). Bacteria
were washed in PBS and resuspended to the concentration of 1x10° cfu/ml.

Staphylococcus carnosus (Schleifer and Fisher), Staphylococcus aureus (USA300, Newman) were plated on trypcase soy agar with
5% sheep blood from cryo stock and grown for 16 h at 37°C. Single colonies were inoculated in 30 ml of brain heart infusion media
(BHI) and grown till reaching the stationary phase (16 h). Overnight cultures were diluted in 50 ml of BHI and grown till mid-log phase.
Bacteria were washed 2 times in PBS and resuspended at a concentration of 1x10° cfu/ml.

Streptococcus pyogenes was inoculated in 5 ml of Todd Hewitt Broth with 0.5% yeast (THY) extract and grown at 37°C in atmo-
sphere with 5% CO, for 16 h. Overnight cultures were diluted in 30 ml of THY and grown till reaching mid-log phase. Bacteria were
washed 2 times in PBS and resuspended at the concentration of 1x10° cfu/ml.
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METHOD DETAILS

SLC-Focused CRISPR/Cas9 Screen

The SLC KO CRISPR/Cas9 library used will be described in detail in Girardi et al. (in preparation). Briefly, a CRISPR/Cas9 library
targeting 391 SLC genes with six sgRNAs per gene, together with a set of 120 sgRNAs targeting 20 genes essential in KBM7 and
HAP1 cells (Blomen et al., 2015) and a set of 120 non-targeting sgRNAs was cloned by Gibson cloning in the lentiCRISPRv2 lentiviral
vector. Viral particles were generated by transient transfection of low passage, subconfluent HEK293T cells with the SLC-targeting
library and the packaging plasmids psPAX2 and pMD2.G using PolyFect. After 24 h the media was changed to fresh RPMI media
supplemented with 10% FCS and antibiotics. The viral supernatant was collected after 48 h, filtered and stored at -80°C until further
use. The supernatant dilution necessary to infect U937 cells at a MOI (multiplicity of infection) of 0.2 — 0.3 was determined by puro-
mycin survival after transduction as described previously (Sanjana et al., 2014). U937 cells were infected in triplicates with the SLC
KO library at high coverage (1000x) and after selection for 7 days with puromycin (2 ug/ml) an initial sample was collected to control
for library composition. Cells were differentiated with PMA (10 nM) to macrophage-like phenotype. Phagocytosis assays were per-
formed with dual-color opsonized latex beads as described in the “Phagocytosis assay” section. Phagocytosis positive (PhagoLate)
and phagocytosis negative (PhagoNeg) populations were sorted using BD FACS Aria ll, with at least 3 million cells per replicate and
population. Genomic DNA was extracted using the DNAeasy kit (QIAGEN) and the cassettes containing the sgRNA sequence were
amplified with one round of PCR following the procedure described in Joung et al. (2017). The amplified samples were sequenced on
a HiSeg2000 (lllumina) at the Biomedical Sequencing Facility (BSF at CeMM, https://biomedical-sequencing.at), followed by pro-
cessing with a custom analysis pipeline (see next section).

Analysis of CRISPR Screens

Sequences of sgRNAs were extracted from RNA-Seq reads, matched against the original sgRNA library index and counted using an
in-house Python script. To compensate for the noise and off-target action of sgRNAs inherent to CRISPR screening approaches, we
used a two-step differential abundance analysis. Differential abundance of sgRNAs was estimated with DESeq2 (Love et al., 2014).
Subsequenly, sgRNAs were sorted by adjusted p-values and aggregated to genes using Gene Set Enrichment Algorithm
(Sergushichev, 2016; Subramanian et al., 2005).

Phagocytosis Assay

Phagocytosis assays were performed as previously described (Colas et al., 2014). Fluoresbrite carboxylated 1.75 pM microspheres
(YG: 441 nm excitation, 486 nm emission) were opsonized in 20% human male AB serum in PBS for 16 h at 4°C with constant rotation.
Subsequently beads were washed twice with PBS and stained with 2 pg/ml pHrodo-Red, SE for 30 min at room temperature with
agitation. After washing, beads were resuspended to a final concentration of 1x10° beads/ml.

PMA-differentiated cells (U937 or THP-1) were seeded on 12-well cell culture coated dishes (1x10° cells/well). Stained beads were
added to cells at the indicated MOls. Dishes were centrifuged at 150 g for 10 min with break set to off. After 30 min incubation, cells
were washed three times with warm PBS. Cells were further incubated for the indicated times and then detached by scraping with
soft rubber policeman and analyzed by flow cytometry.

Flow Cytometry
All data acquisition was performed using the LSR Fortessa Il cytometer interfaced with FACSDiva (BD). FlowJo X software (Tree Star)
was used for data analysis and graphical representation.

Live-Cell Measurements of Cytosolic and Phagosomal pH
THP-1 and U937 cells were seeded on imaging dishes (ibidi 35 mm dishes with glass bottom) and differentiated with PMA (10 nM) for
48 h. Differentiated cells were washed twice in HBSS and subsequently loaded with BCECF-AM (5 pM) in HBSS with sodium bicar-
bonate and 10 mM HEPES for 30 min at 37°C. After washing three times in HBSS, the cells were supplemented with HBSS with 10%
FBS. Dual-colored beads (pHrodo and bright blue) or pHrodo-coupled heat-killed S.aureus were added to the cells at an MOI of 10.
After spinning at 1000 rpm for 2 min, the cells were further incubated in humidified atmosphere at 37°C and 5% CO.. Live cell mi-
croscopy was performed on a Zeiss Axio Oberver Z1 widefield microscope (at 37°C and in 5% CO,) at 1 and 6 h after loading the
phagosomal cargo. pHrodo and bright blue signal was acquired in the respective channels (RFP/DAPI). BCECF emission at
525 nm was acquired after both excitation at 440 nm and 490 nm respectively. 5 independent z-stacks were acquired per dish,
and three independent replicate dishes imaged per condition.

An in situ calibration curve was constructed by incubating cells in potassium buffers with 10 uM valinomycin and 10 uM nigericin
with ranging pH (4.0 — 10.0).

For image analysis, maximum-projections of z-stacks were generated, background signal was subtracted and signal intensity in
respective channels was measured in the respective regions of interest (cytoplasm of cells having undergone phagocytosis; acidified
phagosomal particles).
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Immunofluorescence

For immunofluorescence, THP-1 cells or U937 cells were seeded on glass coverslips and differentiated with PMA for 48 h. For stain-
ing of endogenous SLC4A7, PMA-differentiated control (sgRen) and SLC4A7 knockout (sg1) THP-1 cells were washed in PBS. Fix-
ation buffer was added for 10 min at RT (room temperature), cells were washed in PBS again and ice-cold methanol was added for
10 min at 4°C. Subsequently, cells were blocked in IF buffer (2.5% BSA, 0.5% Tween in PBS) for 30 min and next incubated with anti-
SLCA4AY (rabbit) primary antibody (at 1:200 dilution) in IF buffer over night. After washing 3 times, Alexa Fluor 488-coupled anti-rabbit
(Life Technologies) was added at a dilution of 1:1000. DAPI was used to counterstain DNA and slides were mounted with ProLong
Gold Antifade Mountant.

For localization of SLC4A7 isoform 1, isoform 6, and the respective SLC4A7 mutants, U937 cells expressing Strep-HA-tagged
forms of SLC4A7 were subjected to the same fixation procedure and incubated with anti-HA (rabbit) and anti-Lamp1 (mouse) primary
antibodies (at a 1:1000 and 1:200 dilution in IF buffer respectively), and Alexa Fluor 488-coupled anti-mouse (Life Technologies) and
Cy5-coupled anti-rabbit (Jackson ImmunoResearch) secondary antibodies respectively.

Images were taken using a laser-scanning confocal microscope LSM700 (Zeiss).

For live-cell microscopy of GFP-SLC4A7 expressing THP-1 cells, these cells were seeded on chambered coverslips (ibidi) and
differentiated with PMA (10 nM) for 48 h. Media was replaced by HBSS with 10 mM of HEPES and 10% of FBS, and dual-colored
beads (pHrodo and bright blue) or pHrodo-coupled heat-killed S.aureus were added to the cells at an MOI of 10. After spinning at
1000 rpm for 2 min, the cells were further incubated in humidified atmosphere at 37°C and 5% CO.. Live cell microscopy including
time-lapse series was performed on a laser-scanning confocal microscope LSM780 (Zeiss) at 37°C and in 5% CO..

Cell Lysis and Immunoblotting

Cell samples were lysed in lysis buffer (NaCl 150 mM, Tris-HCI 50 mM, MgCl, 5 mM, EDTA 1 mM, NP-40 0.5 %, Glycerol 5 %) to
which cOmplete Protease Inhibitor Tablets were added. After lysis in appropriate volumes and 20 min incubation on ice, cellular
lysates were centrifuged at 14000 rpm and 4°C for 15 min to separate from cellular debris, protein concentration was measured
according to the Bradford method using Protein Assay Dye Reagent Concentrate, and Laemmli buffer was added. The lysates
were separated by SDS-PAGE and blotted onto nitrocellulose membranes. After blocking unspecific binding in 5% milk in TBS-T,
membranes were incubated with primary antibodies diluted in 5% milk or 5% BSA (bovine serum albumin) in TBS-T. After addition
of peroxidase coupled secondary antibodies, immunoblot membranes were developed using the ECL (enhanced chemolumines-
cence) method.

DNA Plasmids and Cloning

Codon-optimized cDNA for SLC4A7 isoform 1 and isoform 6 was synthesized by GenScript. After sequence verification, both cDNAs
were first cloned into the pDONR221 plasmid and then shuttled into a modified pRRL-based lentiviral expression plasmid generated
in our lab, which contains an N-terminal Strep-HA tag and a blasticidin resistance cassette. The cDNA of isoform 6 was additionally
shuttled into another modified pRRL-based lentiviral expression plasmid generated in our lab, which contains an N-terminal GFP tag
and a hygromycin resistance cassette.

The C-terminal deletion mutant of SLC4A7 isoform 6, lacking amino acids 1008-1131, was generated by PCR with respective
primers and cloned as described above. For generation of the two SLC4A7 point mutants T5491 and D811A, mutagenesis primers
were designed using the QuikChange Primer Design tool from Agilent. Mutagenesis was performed using the QuikChange Il Site-
Directed Mutagenesis Kit (Agilent), following the instructions of the manufacturer. After sequence verification, the cDNAs were
shuttled into the pRRL plasmid described above.

sgRNAs were cloned into Bsm Bl sites of lentiCRISPR v2.

Lentivirus-Mediated DNA Transfer

For lentivirus production, HEK 293T cells were transfected with the sgRNA or expression plasmid, the envelope plasmid pMD2.G and
the packaging plasmid psPAX2 using PolyFect. 48 h after transfection, the virus-containing medium was collected and filtered. For
infection, THP-1 and U937 cells were plated in 6 well plates, in 2 ml of fresh medium,1 ml of harvested virus and 8 png/ml protamine
sulphate, spin infected at 2000 rpm for 45 min and incubated with the virus-containing supernatant for 24 h. Next day, medium was
exchanged. Three days after infection, selection was started by addition of blasticidin (30 png/ml) or puromycin (2 png/ml) respectively.

Gentamicin Protection Assay

Gentamycin protection assays were performed as previously described (Elsinghorst, 1994; Richter et al., 2016). Briefly, PMA-differ-
entiated THP-1 cells (0.75x10° cells per well on 24-well plates) were inoculated with bacteria at an MOI of 10. Plates were centrifuged
at 150 g for 5 min with break set to off. After 30 min, cells were washed with PBS 3 times and supplemented with fresh medium con-
taining 100 pg/ml gentamicin to remove or kill extracellular bacteria. After 30 min, cells were washed and supplemented with medium
containing 5 ng/ml gentamycin. At consecutive time points, SLC4A7 knock-out and control THP-1 cells were lysed and plated on
agar to allow for outgrowth of surviving intracellular bacteria.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Exploratory data analysis, visualization, and statistical testing were performed with R-project (http://www.R-project.org) using
Rstudio IDE. Pair-wise differences in central tendencies were tested using Welch’s t-test or Wilcoxon-Mann-Whitney-Test as
indicated in figure legends. Error bars represent 95% confidence intervals, unless indicated otherwise in the figure legends.

DATA AND SOFTWARE AVAILABILITY

sgRNA count data are provided in Data S1.
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3.3 Interlude

The previous results from section 3.2 show, that the transporter protein SLC4A7 is involved in
the acidification of the phagolysosome. Since this electroneutral sodium bicarbonate co-transporter
is located not directly on the phagolysosome but rather on the outer membrane it was clear that
additional regulatory mechanisms must act between the regulation of SCL4A7 and the
phagolysosome. To find these machinery and pathways we deploy in this part of the thesis a similar
genetic screening approach on a genome-wide scale. Therefore, we switch to the monocytic cell model
THP-1 and engineer a genome-wide screening approach with the phagocytosis reporter that was

already used in the previous study.

With this genome-wide CRISPRko FACS screen we could identify 716 genes as phagocytic
regulators. Since phagocytosis is a complex process that starts with the engulfment of material by the
cell and continued by a route with multiple stops through the cell until reaching as final destination
the phagolysosome we were wondering if our dataset could reconstruct this route. Therefore, we
arrange these hits in a network connected based on the hit’s interactions on the protein-protein level.
Indeed, we can see, that when the genetic hits are arranged according to functional cellular processes,
they reconstruct known routes of cellular transport through the cell. This approach also allows to
prioritize genetic hits by retrieving protein complexes that were covered multiple times by the hits of
the CRISPRko screen. What we find are not only known machineries such as the Arp2/3 complex, the
Wave-2, or the vacuolar-ATPase-Rag machinery but also multiple new types of machinery that were
previously not linked to phagocytosis such as the oligosaccharyltransferase complex or the hypusine
pathway. Additionally, we believe that our approach of integrating protein-protein interaction data

will be an attractive way to functionally interpret many other genome-wide screens.
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3.4 Manuscript #2

Results section 3.4 contains the full reprint of the manuscript listed below. The author of this thesis is
an author of the article. The article is published by Life Science Alliance under the Creative Commons

Attribution CC-BY 4.0 License.

Essletzbichler P, Sedlyarov V, Frommelt F, Soulat D, Heinz LX, Stefanovic A, Neumayer B,

Superti Furga G* (2023) A genome-wide CRISPR functional survey of the human phagocytosis

molecular machinery. Life Science Alliance vol. 6 no.4 e202201715

#: corresponding author

Detailed information on the contribution of all authors is listed on page 15 under “Author

Contributions” of the article.
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A genome-wide CRISPR functional survey of the human
phagocytosis molecular machinery

Patrick Essletzbichler'®, Vitaly Sedlyarov', Fabian Frommelt'®, Didier Soulat’®, Leonhard X Heinz',
Adrijana Stefanovic', Benedikt Neumayer', Giulio Superti-Furga™®

Phagocytosis, the process by which cells engulf large particles,
plays a vital role in driving tissue clearance and host defense. Its
dysregulation is connected to autoimmunity, toxic accumulation
of proteins, and increased risks for infections. Despite its im-
portance, we lack full understanding of all molecular components
involved in the process. To create a functional map in human
cells, we performed a genome-wide CRISPRko FACS screen that
identified 716 genes. Mapping those hits to a comprehensive
protein-protein interaction network annotated for functional
cellular processes allowed retrieval of protein complexes iden-
tified multiple times and detection of missing phagocytosis
regulators. In addition to known components, such as the Arp2/3
complex, the vacuolar-ATPase-Rag machinery, and the Wave-2
complex, we identified and validated new phagocytosis-relevant
functions, including the oligosaccharyltransferase complex
(MAGT1/SLC58A1, DDOST, STT3B, and RPN2) and the hypusine
pathway (elF5A, DHPS, and DOHH). Overall, our phagocytosis
network comprises elements of cargo uptake, shuffling, and
biotransformation through the cell, providing a resource for the
identification of potential novel drivers for diseases of the endo-
lysosomal system. Our approach of integrating protein-protein
interaction offers a broadly applicable way to functionally in-
terpret genome-wide screens.

DOI 10.26508/1sa.202201715 | Received 7 September 2022 | Revised 18 January
2023 | Accepted 19 January 2023 | Published online 1 February 2023

Introduction

Phagocytosis is a multifaceted, integrated biological process, that
involves the engulfment of large (20.5 um) particles under strict
coordination over time and space, with an immunological and
homeostatic purpose (Flannagan et al, 2012; Underhill & Goodridge,
2012; Gordon, 2016). It is a key defense and neutralization mech-
anism against pathogens and at the same time, it is involved in the

clearance of apoptotic cells (Arandjelovic & Ravichandran, 2015), in
the processes of wound healing (Giulian et al, 1989), in tumor cell
phagocytosis (Feng et al, 2019; Kamber et al, 2021), microglial
phagocytosis (Podlesny-Drabiniok et al, 2020), and in the resolution
of tissue injury (Gerlach et al, 2021). Among other phenomena,
dysregulated phagocytosis or aberrant phagosome maturation can
promote Alzheimer's disease, allow pathogens such as bacteria or
viruses and cancer cells to escape destruction, or promote auto-
immunity through incomplete degradation of cell debris and DNA
(Arandjelovic & Ravichandran, 2015; Podlesny-Drabiniok et al, 2020).

The material taken up by a cell is contained in a membrane-
bound vacuole called phagosome that matures through a series of
highly organized membrane fusion and fission events, altering its
composition and gradually acidifying its pH (Flannagan et al, 2012).
A freshly formed phagosome (pH ~7.4) fuses first with an early
endosome acquiring, among others, the GTPase Rab5. Then it
undergoes a series of maturation steps, yielding the late phag-
osome marked by the exchange of Rab5 to Rab7 and the acquisition
of additional vacuolar ATPase proton pumps, which acidify the
phagosome to pH 5.5-6.0, forming the ideal degradative environ-
ment (Flannagan et al, 2012).

Systematic searches for phagocytosis regulators have been
widely undertaken with RNAi-based screens in cultured Drosophila
cell models (Ramet et al, 2002; Kocks et al, 2005; Philips et al, 2005).
Until recently, such genetic screens have been lacking mammalian
cell systems (Haney et al, 2018; Sedlyarov et al, 2018; Yeung et al,
2019; Lindner et al, 2021). The advancement of gene-editing tools, in
particular the discovery of CRISPR/Cas9 systems (Cong et al, 2013;
Jinek et al, 2013; Mali et al, 2013) and increasingly sophisticated
read-out systems, now allows conducting large genome-wide
knock-out screens in mammalian cells at high precision (Cong
et al, 2013; Sanjana et al, 2014; Shalem et al, 2015).

Once itis established that a reporter system faithfully represents
the biology under investigation and once validation and calibration
of the system allow it to display the necessary signal-to-noise ratio,
pooled FACS-based genetic screens offer a powerful method to
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genetically map a large variety of biological processes (Doench,
2018; Bock et al, 2022).

Here, we present a FACS-based genome-wide CRISPR/Cas9
knock-out screen for phagocytosis using a reporter assay (Colas
et al, 2014) that we previously employed for focused genetic
screening (Sedlyarov et al, 2018) and for measuring the maturation
of the phagolysosome (Heinz et al, 2020). As in vitro macrophage
cell model, we chose PMA-differentiated human THP-1 cells, a
classical cell model, to study phagocytosis and immune modulation
(Fleit & Kobasiuk, 1991; Chanput et al, 2014).

The study reported here represents a comprehensive genetic
assessment of cellular functionalities involved in phagocytosis,
including its regulation, dynamic phagosomal maturation pro-
cesses, and movement by the complex cell cargo transport
machinery. Additionally, the study highlights the power of com-
bining the information from functional genetic screening and
publicly available protein—-protein interaction (PPI) data, repre-
senting the physical base for concerted cellular activities. We
present the efficient guiding of validation and rationalization of the
genetic results in light of the annotated cellular machinery and its
individual components.

Results
A FACS reporter-based screen for modulators of phagocytosis

Phagocytosis proceeds through defined key steps, including the
uptake of cargo, the systematic coordinated transport to the ly-
sosome, and proper acidification. We set out to identify genes
potentially involved in the entire process by making use of pooled
CRISPR/Cas9 knock-out screening in combination with reporter-
based flow cytometry-assisted cell sorting. For this, we chose the
myeloid cell line THP-1 (Chanput et al, 2014) and a PMA-based
differentiation protocol that induces in these cells a macrophage-
like phenotype (Fleit & Kobasiuk, 1991). To validate the experimental
setup, we tested actin polymerization using Cytochalasin D (Carter,
1967) and lysosome-dependent acidification using Bafilomycin A1
(Fig 1B and C) (Drose et al, 1993). Next, we introduced a genome-
wide CRISPR/Cas9 knock-out library, targeting all protein-coding
human genes with 70,948 sgRNAs and 142 control sgRNAs (Hart et al,
2017). We used the lentiCRISPRv2 single vector driving the ex-
pression of a sgRNA-cassette and Cas9 developed by Sanjana and
colleagues (Sanjana et al, 2014).

To measure the phagocytic uptake of cargo as well as the
transport and acidification of the resulting phagolysosome, we
employed a flow cytometry readout based on opsonized 1.75-um
latex beads coated with the pH-sensitive dye pHrodo (Colas et al,
2014) and successfully adopted for genetic screening (Sedlyarov
etal, 2018). Whereas cells that were fully functional in phagocytosis
and acidification appeared in the Phagolate fraction, cells still
capable of phagocytosis, but deficient in acidification, emerged in
the PhagoEarly fraction (Fig 1A). In contrast, cells that were com-
pletely deficient in phagocytosis appeared in the PhagoNeg frac-
tion. Since the cytoskeleton has a key role in the formation of the
phagocytic cup, and for material uptake, we employed the cytoskeletal

The human phagocytosis molecular machinery Essletzbichler et al.

inhibitor Cytochalasin D to show the efficient blockage of reporter
uptake. Cytochalasin D-treated cells emerged predominantly in the
PhagoNeg fraction, indicating that their phagocytic defect stemmed
from an uptake issue (Fig 1B and C). We treated cells with a vacuolar-
ATPase inhibitor Bafilomycin A1 to show that acidification of the ly-
sosome was required for cells to emerge in the Phagolate gate. The
uptake of the reporter itself remained unaffected, which led to a rise of
cells in the PhagoFarly gate (Fig 1B and C).

A genome-wide screen identifies known and novel modulators of
phagocytosis

After setting up the phenotypic assay to measure phagocytosis in
THP-1 cells, we next performed a genome-wide screen for modu-
lators of phagocytosis in quadruplicates following the workflow
portrayed in Figs 1A and S1. We first introduced a genome-wide
CRISPR knock-out library into THP-1 cells and selected cells with
puromycin before we induced a macrophage-like phenotype via
PMA differentiation. The period chosen for further cell incubation
was the time point where further incubation did not lead to ad-
ditional phagocytosis (3 h), whereas the bead-to-cell ratio was
optimized to yield ~one-third of cells in the PhagoNeg fraction and
two-thirds of the cells in the phagocytosis- and acidification-
positive fractions (PhagoEarly and Phagolate) (Fig S2A). The sta-
bility of the assay was confirmed by storing cells for 24 h at 4°C
which led to no significant change in the reported phagocytosis
rate, compared to our standard 3-h condition (Fig S2B). Cell frac-
tions were gated and FACS sorted and processed separately
allowing for comparison of sgRNA abundance within each pop-
ulation and replicate (Fig S3A and B).

By comparing sgRNAs that were depleted in Phagolate com-
pared to PhagoNeg, we identified in total 716 genes to be involved
either in phagocytosis itself or in phagosome acidification (Fig 1D
and Table S1). Gene Ontology (GO) enrichment analysis for “Cellular
components” GO terms yielded among others as strongly enriched
compartments the lytic vacuole membrane, lysosome, and late
endosome (adj. P-value < 1.08 x 10°6). These components are all part
of cellular processes and pathways which are well-known to be
involved in phagocytosis (Fig 1E). Enriched biological processes in-
cluded the dolichol-linked oligosaccharide biosynthetic process, TOR
signaling, starvation response, and actin nucleation (adjusted P-value
< 530 x 107 (Fig 1E). RNA-sequencing of THP-1 cells treated with
the reporter was further used to confirm that genes identified as
phagocytic regulators were expressed in THP-1 cells across a wide
range of expressions (Fig S4A and B and Table S3). By comparing
sgRNAs that were depleted in cells right before differentiation (day 21
after infection) with the CRISPR library plasmid stock, we identified
genes that led to a general reduction in growth in our screen (Table S2).
We highlighted those genes as “essential genes” in Fig 1D and showed
that this set of hits compares well with genes that have a gene effect
score <-1in the DepMap CRISPR dataset (DepMap, 2022) (Fig S5A). In
addition, our essential genes show large overlaps (723 of 1041) with the
“core essentialome,” a list of 1,736 shared essential genes we have
previously derived from HAPT and KBM7 cell lines (Blomen et al, 2015)
(Fig S5B). Although our screen could still identify several phagocytosis
regulators that were essential, the majority of the 716 genes depleted in
Phagolate versus PhagoNeg did not have a gene effect score <-1in
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Figure 1.

Genome-wide CRISPR/knock-out approach identifies regulators of phagocytosis.

(A) Schematic overview of the FACS-based genome-wide CRISPR/Cas9 knock-out screen to identify modulators of phagocytosis. (B) Representative flow cytometry
scatterplots of phagocytosis assays. PMA-differentiated THP-1 cells were either treated with the control drugs Cytochalasin D or Bafilomycin A1 or were left untreated and
then incubated with opsonized, dual-colored reporter beads. Each dot corresponds to one measured cell: The intensity of the pH-insensitive dye is represented on the x-
axis (YG, striped pattern originates from the number of beads within the individual cell), and the signal of the pH-sensitive dye, which increases signal with decreased
pH is displayed on the y-axis (pHrodo-Red). Double-negative cells were sorted as phagocytosis-negative (PhagoNeg), single-positive cells (YG high signal but low pHrodo-
Red signal) were grouped as early stages of phagocytosis and double-positive cells (YG high signal and high pHrodo-Red signal) were classified as cells that underwent
phagocytosis and phagosome acidification (PhagoLate). Cells treated with the control drug Cytochalasin D remained mostly in the PhagoNeg gate and cells treated with
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DepMap (Fig S5C). For all the downstream analyses, we, therefore,
worked with the complete set of 716 genes.

Mapping the identified phagocytosis genes to the cellular
machinery

The virtually compiled assembly of human cellular protein com-
plexes inferred from collective PPI studies is sufficiently advanced
to represent a useful framework for modeling the molecular ma-
chinery of a cell. If our functionally determined genes were indeed
representing important elements in the machinery involved in
phagocytosis, they should converge on a limited number of protein
complexes. Moreover, these protein complexes should in turn be
involved in linked cellular processes and pathways. To test this
hypothesis and to probe for physical interactions between the 716
genetic hits, we created a PPl network, derived from interactions
recorded in the BioPlex 3.0, a high-quality dataset featured by the
consistency of scoring across different baits (Huttlin et al, 2021). For
69% of the 716 hits, we could obtain a fairly coherent network with
only a few small, isolated subnetworks. For a better interpretation of
the network, the color of the circle represents the average log,-fold
change (aLFC) of each gene (Fig 2). To map the proteins linked in the
protein network to known molecular machines, we scored the
membership to the well-characterized human protein complexes of
the CORUM-core (Giurgiu et al, 2019), light brown shaded in Fig 2 (see
also Table S4). This allowed us to map about a third of the identified
phagocytosis modulators onto known biological complexes repre-
senting molecular machines (Fig 2). Additionally, the completeness of
protein-complexes annotated in the CORUM-core was analyzed and
indicated in percentages with either a blue (percent of the complex
covered by all the genetic hits scoring in the screen) or a yellow pie
chart (percent of the complex covered by all the genetic hits which
have interactions reported in the Bioplex 3.0 dataset), whereas the
diameter of the circle indicates the total size of the reported complex
(Table S5).

Actin cytoskeleton nucleation plays an important role in
phagocytosis

To ratify our dataset of phagocytic modulators, we decided to pick
genes for an arrayed validation that displayed the largest aLFC from
the identified complexes with the highest completeness, underlaid
with light orange ellipses in the network (Fig 2). Among these was
the Arp2/3 complex (Goley & Welch, 2006). This actin-nucleating
machinery has been described to be highly essential for phagocytic
cup formation and is also the mechanistic target of our chemical
assay control, Cytochalasin D (May et al, 2000). Our genetic screen
picked up all subunits of the Arp2/3 complex (ARPC1B, ARPC2,
ARPC3, ARPC5, ARPC4, ACTR3, and ACTR2), highlighting the high

degree of coverage of our experimental set-up. Assessing the re-
porter uptake of individual ARPC2 KO cell lines showed significantly
decreased phagocytosis (Fig 3A and B), validating the findings of the
genome-wide pooled screen. Moreover, our screen identified 80%
of the members of the Wave-2 complex as hits (WASF2, CYFIP1, ABI1,
BRK1, and NCKAP1) and most of these had recorded interactors in
the BioPlex 3.0 dataset. WASF2 is a scaffolding protein that employs
the Arp2/3 complex and has been reported to be essential for the
formation of lamellipodia (Oikawa et al, 2004), indicating that our
reporter enters macrophages through these structures. Since
WASF2 is a central actin-nucleator and scaffolding protein for Arp2/
3, without being essential for diverse processes within the cell
unrelated to phagocytosis as the Arp2/3 complex, we picked it as
the first in-detail validation target (Fig 3C). Thus, we derived WASF2
KO clones from the human monocyte cell line U937 (Liu & Wu, 1992),
which is competent for phagocytosis and amenable to single clone
isolation. We used 4 different sgRNAs targeting different exons of
WASF2 (Fig 3G). After confirming by immunoblotting, the successful
knock-out of WASF2 in these clones (Fig 3D), we rescued them either
with a WASF2 cDNA (designed to be resistant against sgRNAs 1, 2,
and 4 but not against sgRNA 3, cutting control that can cut the
WASF2 cDNA, Fig 3G) or with mock cDNA as control. WASF2 is pro-
posed to be a key effector in the life cycle of Listeria monocytogenes
(Bierne et al, 2005). We took advantage of this to validate our
cellular clones. We infected them with Listeria and quantified the
total amount of bacteria phagocytosed after 3 h, as exemplified in
Fig 3E. Effectively, the WASF2 knock-out cell lines that only express
the mock control cDNA, harbored lower levels of total phagocytosed
bacteria (Fig 3F). The phagocytic activity of those cells was then
evaluated using the reporter uptake assay. Indeed, cells knocked out
for WASF2, only expressing the mock control cDNA, showed significant
ablation for the Phagolate fraction with a concurrent increase of the
PhagoNeg fraction, indicating a decrease in total phagocytosis (Fig
3H). At the same time, this defect could be rescued by expressing a
WASF2 cDNA, confirming that the impairment of phagocytosis was
caused by the knock-out of WASF2 (Fig 3G and H).

Our physical interaction map of genetic hits offers the oppor-
tunity to streamline validation by navigating neighboring cellular
complexes as a functional framework, instead of choosing ran-
domly among the 716 genes (Fig 2). The underlying assumption is
that proximity to a validated node will increase the validation
efficiency of the next one, while allowing to derive a functional
relationship between the two.

In our network, the Wave-2 complex is connected via BRK1 to the
WASH complex (KIAA0196, CCDC53), an endosomal hub responsible
for the activation of Arp2/3 (Jia et al, 2010) (Fig 2). Knock-out of
KIAA0196 indeed led to a phenotype (significant reduction of re-
porter uptake) comparable to WASF2, confirming the functional
connection suggested by the protein network (Figs 2 and 3A).

Bafilomycin A1 stayed in the PhagoEarly gate. The marginal intensity distributions are illustrated on the side of the plot. (B, C) Barplot showing the quantification of the
different fractions of cells gated in (B). Data are mean + 95% confidence interval from 3 technical replicates, representative for two independent experiments. ***P < 0.001,
%P < 0,0007; by Welch's t test. (D) Volcano plot showing the 716 genes depleted in the Phagolate population versus the PhagoNeg population. The x-axis shows the
average log,-fold change calculated for all sgRNAs per gene against the y-axis, representing the statistical significance as -logoPadj. The size of the dot indicates the
amount of sgRNAs changing significantly for the particular gene. (D, E) Gene Ontology (GO) enrichment analysis (two-sided Fisher's exact test, P-value adjusted for multiple
testing) for genes depleted in the Phagolate population seen in (D) for GO cellular components and GO biological processes. The x-axis shows the significance of
enrichment (-logqo-transformed P-value adjusted for multiple testing) against the y-axis showing the top 10 enriched terms, sorted by adjusted P-value.
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Figure 2. Physical interaction map of genetic hits yields the molecular network regulating phagocytosis.

Network of 490 genes that are depleted in the PhagoLate population (Fig 1D) and have reported protein-protein interactions in BioPlex 3.0. Each circle represents a
gene, and the lines represent the reported protein-protein interactions. The color of the circle represents the average log,-fold change. 246 of the genes are reported as a
complex subunit in the CORUM-core database and are highlighted with light brown boxes. The percent completeness of these complexes is indicated either with a blue
(percent of respective complex covered by all the genetic hits scoring in the screen) or a yellow (percent of respective complex covered by all the genetic hits which
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Lysosomal regulation modulates acidification of the lysosome
and affects phagocytosis

Continuing along our “validation path” we observed that the WASH
complex is connected multiple times to the BORC complex
(BLOC1S1, BLOC1S2, SNAPIN, LOH12CR1, KXD1, C100rf32, C170rf59, and
MEF2BNB) (Pu et al, 2015), which we identified in our genetic screen
with a remarkable 100% completeness, underlining its importance
for phagocytosis. Since the BORC complex in our network displays
further connections to the vacuolar-ATPase-Rag complex (LAM-
TOR1, LAMTOR2, LAMTOR3, LAMTOR4, LAMTORS, ALG2, ATP6V1A, and
STK11) and is through these further connected to the vacuolar-
ATPase protein machinery (ATP6V1F, ATP6V1D, ATP6V1C1, ATP6VIET,
ATP6V1G1, ATP6AP1, ATP6AP2, WDR7, and IL1RN) (Kissing et al, 2015),
we believe that this subnetwork of hits delineates important
lysosome-regulating functions. ARL8B is another prominent reg-
ulator of lysosomal trafficking that scored in our screen and is part
of this subnetwork, but is not represented in our network as it lacks
within BioPlex 3.0 any direct connection with hits identified within
our screen (Garg et al, 2011; Pu et al, 2015). We validated this
neighborhood by knocking out LAMTOR5 as a member of the
vacuolar-ATPase-Rag complex and KXD1, a member of the
BORC complex. Whereas LAMTOR5 loss of function cell lines
showed asignificant reduction in phagocytosis, knock-out of
KXD1 led to less or no significant effects in the individual
phagocytosis assays. This result correlates with the obtained
aLFC for LAMTOR5 (aLFC = -1.62, -log;,oPadj = 4.83) versus KXD1
(aLFC = -0.696, -logpPad]j = 2.29) in the genetic screen. We believe
that this case demonstrates that single-cell line validation ex-
periments often struggle to significantly validate small effects on a
biological process, whereas on the other hand, pooled genetic
screening that uses hundreds of millions of individual cells has the
experimental and statistical power to detect the entire BORC
complex as a regulator for phagocytosis (Fig 3A). Interestingly, the
target of Bafilomycin A1, vacuolar-ATPase, is also a hit in this
subnetwork. In contrast to long-lasting genetic ablation, as shown
with ATP6AP2 knock-out cell lines (Fig 3A), acute drug treatment
allows revealing the importance of the acidification process of
phagocytosis without affecting uptake or cargo shuffling (Fig 1B).

Involvement of the vesicle-trafficking machinery in phagocytosis

In our network of functional hits, the BORC complex was also
connected to the conserved structural Golgi protein COG6 (Ungar et
al, 2002) and through this, to four complexes responsible for vesicle
trafficking within the cell, such as the exocyst complex (EXOCT,
EXOC2, and EXOC7) (Katoh et al, 2015), the GARP complex (VPS52 and
VPS54) (Perez-Victoria et al, 2010), the retromer complex (VPS29
and VPS35) (Haft et al, 2000), and the CORVET complex (VPS16,
VPS18, VPS33A, VPS8, and TGFBRAP1) (van der Kant et al, 2015). To
continue our validation campaign, we generated knock-out cell
lines for several subunits of the abovementioned complexes
including COG6, EXOC1, VPS52, VPS35, and VPS16. We observed a

significant reduction in phagocytosis in all these knock-out cell lines
(Fig 3A).

The knock-out of VPS35, a subunit of the retromer complex,
significantly reduced the PhagoNeg and interestingly increased the
PhagoEarly fraction. This indicates that in a functional assessment
of the different phagocytosis steps, absence of VPS35 increases the
uptake of the reporter, while leaving the rate of acidification of
material unchanged. This could represent the equivalent of a
“traffic jam” in the early endosome (PhagoEarly). Knock-out of COG6
seems to affect the uptake of beads less, but rather the transport to
the phagolysosome (Fig 3A).

In our network, we could then observe interactions between the
retromer complex and all of the subunits of the CCC complex (also
known as the Commander Complex). Within our genetic screen, we
covered all 10 in CORUM-reported subunits of the CCC complex
(COMMD2, COMMD3, COMMD4, COMMD5, COMMDS8, COMMD10,
CCDC22, CCDCY3, VPS29, and C160rf62/VPS35L) as single individual
hits. The CCC complex is a poorly studied protein assembly that
seems to play a role in endosomal cargo retrieval, recycling, and
regulation of NF-kB and hypoxia-induced transcription (Cullen &
Steinberg, 2018; Laulumaa & Varjosalo, 2021). Through the strong
interconnection with the retromer complex within the network
presented in this work (Fig 2), we speculate to ascribe a biological
role in phagocytosis to the CCC/Commander complex, likely to be
related to the vesicular sorting function of the retromer complex
(Figs 2 and 3A). Assessing uptake of the reporter in individual
COMMD3 KO cell lines showed variations between replicates of
the phagocytosis assay. This may reflect a potentially more
pleiotropic effect of the CCC complex on phagocytosis (Fig 3A), as
one might expect based on the above-reported features of the
CCC complex.

The oligosaccharyltransferase complex (OST) is a strong
modulator of phagocytosis

Although the OST (RPN2, DDOST, STT3B, and MAGT1) forms an in-
dependent subnetwork on our map, we decided to further assess
itsrole due to its high completeness in our screen. The OST complex
is a core-member of the central machinery for N-linked protein
glycosylation. We chose to knock out the magnesium transporter
MAGT1/SLC58A1, known to be mutated in patients with a disorder
called X-linked immunodeficiency with magnesium defect, EBV
infection, and neoplasia (XMEN) (Ravell et al, 2020). A further hint
that SLC58A1 is involved in phagocytosis is that SLC58A1-deficient
cells manifested a very strong defect in phagocytosis (Fig 3A).

We chose to validate six additional hits from the screen that were
not part of large molecular complexes but had not been previously
associated with phagocytosis. Of these hits, three showed a less
robust effect in the validation process, manifested by variations
between individual replicates of phagocytosis assays (COPS3,
P4HAT, and PSMD13). Knock-out of STK17 mainly negatively affected
the uptake of the material, revealed by decreased PhagoNeg
fractions but fewer effects on the PhagoEarly and Phagolate

have interactions reported in the Bioplex 3.0 dataset) pie chart, whereas the size of the circle indicates the total size of the reported complex. Identified complexes with

the highest completeness are underlaid with light orange ellipses.
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Figure 3. Systematic validation of phagocytosis hits.

(A, B) Heatmap showing the fold change (FC) of fractions recorded in phagocytosis assays in the respective knock-out cell lines listed on the y-axis compared to control
cell lines (Ctrl), as shown in an example in (B). Blue color indicates negative FC, white color no FC, and red color positive FC. For each sgRNA phagocytosis assays were
performed in two biological replicates (indicated as rep1 and rep2 on the x-axis), consisting of three technical replicates each, as indicated on the x-axis. Each cell
represents the mean + 95% confidence interval from three technical replicates. ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; by Welch’'s t test.
(B) Barplot showing the quantification of the PhagoNeg, PhagoEarly, and PhagoLate fractions as examples for validation of the Arp2/3 complex on ARPC2 KO cell lines and
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fractions and Ubiquitin E3 ligase VHL, and WDR24, led to a general
defect in phagocytosis (Fig 3A).

In summary, of the genes that we assessed individually in
phagocytosis assays tracking three different stages, more than
three quarters validated effectively. This suggests that overall, the
dataset encompassing 716 genes represents a valuable resource for
the molecular characterization of the cellular machinery in the
complex phagocytosis process.

Depletion of the unique post-translational modification hypusine
on elF5A reduces phagocytosis

Interestingly, the gene with the highest significant depletion in
genome-wide phagocytosis screen was Deoxyhypusinesynthase
(DHPS), scoring together with two other genes (DOHH and elF5A)
that are all involved in forming the unique post-translational
modification hypusine (Park et al, 1981) (Figs 1D and 4G). elF5A is
a small ~17-kD conserved protein, the mammalian ortholog of the
bacterial translation factor EFP (Doerfel et al, 2013), and the only
known target of the post-translational modification hypusine,
which is incorporated by an interplay of the two enzymes DHPS and
DOHH from the polyamine precursor—spermidine (Wolff et al, 2007).
Since not only elF5A but also DHPS and DOHH scored as hits in the
screen, we concluded that the absence of hypusine must be
causative of a phagocytosis defect (Fig 4A). To check this, we
generated an inducible THP-1 knock-out model for DHPS using an
inducible CRISPR-Cas9 knockout backbone (TLCV2) (Barger et al,
2019). Furthermore, since there was no commercial antibody
available for hypusine, we generated a recombinant hypusine-
specific antibody based on a sequence published by Zhai and
colleagues (Zhai et al, 2016). We validated the antibody by
transiently expressing DHPS, DOHH, and elF5A (either elF5A-WT
or mutated for the hypusine-modification site lysine 50) in
HEK293T cells. The antibody successfully detected hypusinated
elF5A, whereas there was no signal detected in cells overexpressing
the elF5A-K50 variant (Fig 4B). To further validate the binder, we
tested it on lysates of THP-1 cells treated with the DHPS-inhibitor
GC7 (Melis et al, 2017) and observed down-regulation of hypusine
after 24-72 h (Fig 4C). As GC7 could also act indirectly, we used the
inducible DHPS knock-out cell models to show that the down-
regulation of DHPS is sufficient to down-regulate hypusine (Fig 4F).
Having validated our experimental set-up, we measured phago-
cytosis in both settings. Treating THP-1 cells with GC7 led to a

significant drop of the Phagolate fraction with a parallel rise of the
PhagoNeg fraction, suggesting an effect of hypusine on the total
rate of phagocytosis (Fig 4D). We observed the same effect when we
measured phagocytosis after DHPS knock-out (Fig 4H). Introducing
a DHPS WT cDNA, designed to be resistant against the sgRNA, could
rescue the defect, demonstrating the specific dependency on DHPS
(Fig 4E, F, and H). As an additional control of our cell model, we then
rescued our DHPS knock-out model with DHPS cDNAs mutated to
strongly reduce spermidine binding (D243A) (Lee et al, 2001). In-
terestingly, when we rescued our cell model with the D243A mutant
DHPS cDNA, the cell seemed to compensate for the reduced
function of the D243A DHPS variant by higher expression levels of
D243A compared to other DHPS protein levels (Fig 4F). Nevertheless,
despite higher expressed levels of the mutant DHPS, we observed
less phagocytosis compared to cells rescued with DHPS WT cDNA
(Fig 4H). A clinical study on patients with severe neurodevelopmental
disorders reported recessive rare variants in the DHPS gene (Ganapathi
et al, 2019). Therefore, we wondered if the expression of these mutant
DHPS variants would also lead to a defect in our phagocytosis assay.
Indeed, when we expressed either the N173S or the AY305-1306 patient
DHPS variants in our DHPS knock-out model, we could observe a clear
defect in phagocytosis (Fig 4H). The expression levels of the mutant
DHPS proteins were comparable to the WT (Fig 4F). Thus, DHPS, DOHH,
and elF5A can be regarded as genes validated for their involvement in
phagocytosis.

Discussion

The FACS-based genome-wide CRISPR/Cas9 knock-out screen
allowed us to identify a large number of genes involved in the
regulation and execution of the phagocytosis process. The high
number of genes scoring positive in the assay represented a
challenge for further validation. We designed a strategy that used
integration with existing PPl networks to prioritize which genes to
validate. We reasoned that focusing on those molecular machines
of the cell, whose components were “genetically hit” multiple times
in the screen, would be an expedient to increase the statistical
significance of the various cellular functions associated with
phagocytosis and thus ensure a higher validation rate. Recently,
Haney and colleagues undertook a systematic search for phagocytic
regulators with a pooled CRISPR screen approach (Haney et al, 2018).
They used macrophage-differentiated U937 cells and incubated them

for the oligosaccharyltransferase complex on MAGTT KO cell lines. Data are mean + 95% confidence interval from three technical replicates, representative for two
independent experiments. ns P > 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0007; by Welch'’s t test. (C) Volcano plot highlighting WASF2 and genes of the Arp2/3 complex
scoring within the 716 genes depleted in the PhagoLate population. The x-axis shows the average log,-fold change calculated for all SgRNAs per gene against the y-axis,
representing the statistical significance as -log;o(Padj). The size of the dot indicates the amount of sgRNAs changing significantly for the particular gene. (D, G) Western
blot showing the expression of WASF2 in U937 WASF2 knock-out cell clones, overexpressing either a mock cDNA or a WASF2 cDNA, designed to be resistant to cleavage by
sgWASF2-1, 2, and 4 but not sgWASF2-3, as depicted in (G). (E) Representative image showing the readout used for quantification of the listeria assay. The green color
highlights Listeria monocytogenes, the red color highlights actin, and blue highlights the DAPI staining. (D, F) Barplot showing the quantification of the total amount of
Listeria monocytogenes of cell lines validated in (D). The green color highlights the clonal U937 WASF2 KO cell lines expressing WASF2 and the grey color shows the same
cell lines expressing a mock cDNA as control. Data are mean + 95% confidence interval from three technical replicates. ns > 0.05, *P < 0.05 by Welch's t test. (D, G) Schematic
representation of the WASF2 cDNA overexpressed in cell lines validated in (D). PAM indicates the protospacer-adjacent motif compatible with Cas9 detection of each
WASF2 sgRNA, indicated by the blue boxes. (D, H) Barplot showing the quantification of the PhagoNeg, PhagoEarly, and Phagolate fraction of cell lines validated in (D). The
green color highlights the clonal U937 WASF2 KO cell lines expressing WASF2, and the grey color represents the same cell lines expressing a mock cDNA as control. Data are
mean + 95% confidence interval from three technical replicates, representative for two independent experiments. ns P > 0.05, ***P < 0.001, and ****P < 0.0001; by Welch's

t test.
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Figure 4. Absence of hypusine abrogates phagocytosis.

(A) Volcano plot highlighting the genes of the hypusine axis within the 716 genes depleted in the PhagoLate population. The x-axis shows the average log,-fold change
calculated for all sgRNAs per gene against the y-axis, representing the statistical significance as -log,o(Padj). The size of the dot indicates the amount of sgRNAs changing
significantly for the particular gene. (B, C) Western blot analysis of hypusine (hypu-elF5A) in HEK293T cells overexpressing either a mock or C-terminal HA-tagged elF5A-WT
(elF5A-WTH4) or elF5A-K50A mutant cDNA (elF5A-K50A™) and a C-terminal HA-tagged DHPS cDNA (DHPS™) and DOHH cDNA (DOHH"™) (C). Western blot analysis of
hypusine levels (hpu-elF5A) in THP-1 WT cells treated with or without 10 uM GC7 at the respective time point (24-72 h). (D) Barplot showing the quantification of the
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with magnetic beads conjugated to a series of different substrates
such as myelin, zymosan, and sheep red blood cells. In our study,
we use the human monocytic cell line THP-1 differentiated into
macrophages and an FACS-sorting-based separation approach. We
confirmed and expanded their identified regulators as to the im-
portance of the Arp2/3 machinery, Wave-2 complex, and the mTOR-
associated Ragulator complex. This was demonstrated by the high
genetic coverage of these protein complexes in our dataset. As
already shown by Haney and team in U937 cells, loss of subunits of
the actin polymerization machinery is detrimental to phagocytosis
in THP-1 cells. Several datasets collected in screening efforts for
host regulators in the context of Salmonella (Yeung et al, 2019),
Legionella pneumophila (Jeng et al, 2019), and Staphylococcus
aureus (Lindner et al, 2021) pathogeneses confirmed the im-
portance of the actin polymerization machinery. This indicates
that our pathogen-agnostic reporter approach used in this
screen successfully mapped the cellular routes taken by path-
ogens. Furthermore, we identified several members of the exo-
cyst complexto be required for phagocytosis. Previous studies on
the interaction of Cdc42 with the exocyst complex, which was
found to be essential for promoting phagocytosis (Mohammadi &
Isberg, 2013), helped us to interpret the scoring of the exocyst
complex in our screen. As Cdc42 is a Rho GTPase central for actin
dynamic (Bonfim-Melo et al, 2018), we can now position the
exocyst complex close to the family of actin regulators in our hit-
reconstructed protein-interaction network (Fig 2).

Our study also confirmed the importance of the positive regu-
lation of mTOR signaling for phagocytosis (Haney et al, 2018), a
finding that was also revealed by the identification of RagA (RRAGA)
as a regulator of microglial phagocytic flux in a zebrafish screen
(Shen et al, 2016). Remarkably, our screen identified all five
members of the Ragulator complex (LAMTOR1, LAMTOR2, LAMTOR3,
LAMTOR4, and LAMTORS) as well as RRAGA. In addition, we found the
full BORC complex, the machinery responsible for positioning ly-
sosomes. The BORC complex is reported to interact with the
Ragulator, a complex that negatively regulates the activity of BORC
in response to amino acid starvation sensed by SLC38A9, a critical
regulator of the lysosomal function that we had previously iden-
tified (Rebsamen et al, 2015; Filipek et al, 2017; Wyant et al, 2017). The
role of BORC in phagocytosis can potentially be explained by a
recent preprint showing the importance of TORC1, BORC, ARL-8, and
kinesin-1for vesiculation of the phagolysosome and especially the
role of BORC as a promoter for phagolysosomal degradation (Fazeli
et al, 2022 Preprint).

Our screen also highlighted the importance of coordinated cargo
transport through the cell for phagocytosis. This requires the

trafficking and fusion of endosomes, controlled by Rab-GTPases,
SNARE proteins, and multi-subunit-tethering complexes (Brocker
et al, 2010). Using our dataset to identify the parts of this canonical
vesicle-trafficking machinery of most relevance for phagocytosis,
we observed that large parts of the CORVET and HOPS complexes,
machinery that coordinate together with Rab5 and Rab7 (RAB5C and
RAB7A are hits as well) the fusion of the endosome with the ly-
sosome, score as strong phagocytic regulators. Notably, in VPS16,
the shared subunit of both the CORVET and HOPS complex, showed
the strongest depletion in our screen among the aforementioned
regulators (van der Kant et al, 2015). Likewise, we identified large
parts of the GARP complex, which, together with the COG complex,
forms the Golgi machinery associated with phagocytosis (Péerez-
Victoria et al, 2010), and large parts of the retromer complex, an
apparatus responsible for the recycling of organelles in the cell
(Haft et al, 2000).

MAGT1/SLC58A1, a gene whose loss-of-function mutations cause
X-linked immunodeficiency with magnesium defects (XMEN; OMIM:
300853) (Watson et al, 2022), significantly scored together with other
parts of the OST complex as phagocytosis regulators in our screen
and was previously found as host cell regulators of Legionella
pneumophilia (Jeng et al, 2019). Either MAGT1/SLC58A1 or its paralog
TUSC3/SLC58A2 can assist the STT3B-OST complex during post-
translational N-glycosylation in the endoplasmic reticulum (Harada
et al, 2019; Ravell et al, 2020). However, since TUSC3 is not expressed
in immune cells, THP-1 cells rely only on MAGTT (Watson et al, 2022)
and indeed, our screen scored only MAGTT but not TUSC3 as a
phagocytic regulator. As noted, MAGT1/SLC58A1is also a transporter
of magnesium ions (Mg®"), a metal that is recognized recently as
being crucial for the regulation of immune response (Maier et al,
2021). Therefore, both functions of SLC58A1, its facilitating role in the
STT3B-0ST complex, and the magnesium transport function, could
play a crucial role in phagocytosis. Since we additionally identified
the accessory proteins (DDOST and RPN2) and the catalytic subunits
(STT3A and STT3B) of the OST complex as hits, we conclude that
N-linked glycosylation plays an important general role in phago-
cytosis and consequently speculate that dysregulated phagocytosis
might be a factor in XMEN disease (Ravell et al, 2020). How exactly
N-linked glycosylation affects phagocytosis will require dedicated
investigations.

Beyond the hits described so far, numerous uncharacterized
genes that had never been previously linked to phagocytosis were
scored in our screen. This valuable resource is included in the
dataset associated with this study (Table S1). A detailed validation
of the identified genes will undoubtedly represent a worthwhile
follow-up of the work presented here.

PhagoNeg, PhagoEarly, and Phagolate of a phagocytosis assay performed with cells treated with or without 10 uM GC7. Data are mean + 95% confidence interval from
three technical replicates, representative for two independent experiments. **P < 0.01, ***P < 0.001, and ****P < 0.0007; by Welch's t test. (E, F) Schematic representation of
the cDNA of DHPS overexpressed in cell lines validated in (F). PAM indicates the protospacer-adjacent motif compatible with Cas9 detection, isgDHPS-1 marks the binding
site of the respective sgRNA, and N173S, D243A, and AY305-1306 indicate mutations introduced in the corresponding DHPS cDNAs. (F) Western blot analysis of the
expression of endogenous DHPS (DHPS"T), overexpressed WT or mutated DHPS (DHPS-cDNA) and hypusine levels (hypu-elF5A) in doxycycline-inducible THP-1 knock-out
cells grown either with or without doxycycline. The ratio of expression of the respective DHPS-cDNA compared to the expression of the reference (DHPS-cDNA lane 1) is
indicated below the DHPS blot. Asterisk denotes a non-specific band. (G) Schematic showing the key steps and enzymes involved in the hypusine axis. K50 highlights the
lysine on elF5A that undergoes the hypusine modification. (F, H) Barplot showing the quantification of the PhagoNeg, PhagoEarly, and PhagoLate of phagocytosis assays
performed with the cell lines described in (F). Data are mean + 95% confidence interval from three technical replicates, representative for two independent experiments.

ns > 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; by Welch’s t test.
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To our surprise, however, the top depleted gene in our screen
was DHPS, along with its two interacting proteins DOHH and elF5A,
which both scored with very high significance. elF5A is one of the 20
most abundant proteins in proliferating cells (Hukelmann et al,
2016) and therefore, it is not unexpected that it has been implicated
in many cellular functions such as translational elongation (Saini
et al, 2009), nucleoplasmic transport (Rosorius et al, 1999), cell pro-
liferation, and as a modulator for mRNA decay (Valentini et al, 2002).
DHPS generates the post-translational modification deoxyhypusine
by conjugation of the aminobutyl moiety of spermidine on the
lysine of elF5A which is then matured to hypusine by DOHH (Park
et al, 1981). Over the years, elegant work has led to the structure of
the nuclear shuttle for hypusinated elF5A (Xpo4) (Aksu et al, 2016), the
description of RNA-binding properties for hypusinated elF5A (Xu et al,
2004), and reports on patients with mutations in elF5A (Faundes et al,
2021), DHPS (Ganapathi et al, 2019), or DOHH (Ziegler et al, 2022) that
all showed neurodevelopmental phenotypes. Although until recently
(Lindner et al, 2021), the hypusine axis was never identified in the
context of phagocytosis, several previous studies suggested its im-
plication in vesicular trafficking, cytoskeleton organization, and
immune cell regulation; all processes highly relevant for phagocy-
tosis. Already in 1952, spermine was found as an anti-mycobacterial
natural agent (Hirsch & Dubos, 1952) and later, as an inhibitor for
cytokine synthesis in human mononuclear cells (Zhang et al, 1997).
Yeast studies found a synthetic lethal interaction between elF5A and
YPT1 (the yeast ortholog of mammalian rab genes, coordinators of
endocytosis) (Clague, 1998; Frigieri et al, 2008) and the regulators for
yeast cell polarity and actin nucleation (PKC1, ZDS1, GIC1 [human
ortholog CDC42], as well as PCLT and BNI1) as suppressors for elF5A
depletion (Zanelli & Valentini, 2005). Like the bacterial ortholog EFP
(Doerfel et al, 2013), elF5A was found to assist the translation of
polyproline stretches in mammalian proteins (Gutierrez et al, 2013;
Ude et al,2013; Barba-Aliaga et al, 2021) that are especially enriched in
proteins of the actin/cytoskeleton, RNA splicing/turnover, DNA
binding/transcription, cell signaling (Mandal et al, 2014), and in
collagen. Furthermore, whereas the DOHH homolog nero and elF5A
showed to be required for autophagy in drosophila (Patel et al, 2009),
elF5A was found in human cells to regulate the translation of TFEB
and therefore also regulate autophagy (Zhang et al, 2019). In ad-
dition, elF5A was shown to assist with the co-translational trans-
location of proteins in the ER (Rossi et al, 2014), and ablation of
elF5A triggers ER stress in mammalian cells (Mandal et al, 2016).
Recently, the hypusine axis was described in the context of mac-
rophage respiration (Puleston et al, 2019), and as the effector of
the macrophage inflammatory state in adipose tissue (Anderson-
Baucum et al, 2021). Finally, mice lacking hypusine are more sus-
ceptible to Heliobacter pylori and Citrobacter rodentium infections
(Gobert et al, 2020).

Since we identified the whole hypusine axis and elF5A as the
unique carriers of hypusine, we hypothesized that the hypusinated
form of elF5A must play a significant role in phagocytosis. Our
experiments confirmed that the absence of hypusine, either by
blocking DHPS, the key enzyme for hypusination, pharmacologically
with GC7 or by a knock-down of DHPS with Cas9 indeed led to
reduced phagocytosis. Remarkably, we could further show that this
defect in phagocytosis also occurred when we replaced the en-
dogenous version of DHPS in THP-1 cells with recessive rare
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variants of mutated DHPS found in patients (N173S and AY305-1306)
with neurodevelopmental disorders or with a DHPS variant mutated
in the predicted binding site of spermidine (D243A).

In summary, our screen functionally outlined the basic phago-
cytic machinery to involve several hundred gene products orga-
nized in at least two dozen protein complexes. Phagocytosis as a
long and complex process functionally requires the contribution
of several subprocesses, such as cytoskeletal mechanical and
membrane-uptake machinery involved in engulfing and internal-
izing the foreign material in the phagosome, trafficking of the
phagosome, fusion with the lysosome followed by acidification and
clearance, and recycling to the plasma membrane. Here, publicly
available PPl data and complex annotation allowed us to assign
genes to cellular functions, at least in those instances where the
annotation of cellular protein complexes was unequivocal. Our
work offers an improved understanding of how cargo travels
through the endo-lysosomal system and we anticipate that this
could in turn direct therapeutics better to their proposed site
within the cell, such as antibody-drug conjugates (Tsui et al, 2019)
or Cas9 (Lino et al, 2018). In addition, it might help identify new
targets for interventions in diseases caused by dysfunctional
autophagy or endo-lysosomal systems such as the neurode-
generative diseases Alzheimer’s disease, Parkinson's disease, or
Huntington's disease. Because the screen presented in this work
is based on asingle reporter, further similar screens with different
substrates will help to further refine the network of phagocytosis
regulators. Ultimately, we believe that mining and integrating
publicly available PPl data with reporter-based genome-wide
genetic screens showcased in this study offers a powerful and
widely applicable approach for genetically mapping complex
biological processes.

Materials and Methods

Cell lines

THP-1, U937, and HEK293T cells were purchased from ATCC. THP-1
and U937 were maintained in RPMI1640. HEK293T was maintained in
DMEM. All media were supplemented with 10% FBS and antibiotics
(100 U/ml penicillin, 100 mg/ml streptomycin), all either from Gibco
or Sigma-Aldrich. Cell lines were grown at 37°C in 5% CO..

Phagocytosis assay

Phagocytosis assay was conducted as previously described (Colas
et al,2014). Reporter beads were generated by opsonization of dual-
colored 1.75-um latex beads (Fluoresbrite carboxylated 1.75 pm
microspheres [yellow-green: 441-nm excitation, 486-nm emission,
cat no. 17687-5; Polyscience]) in 50% human male AB serum in PBS
for16 h at 4°C under permanent rotation. Then beads were washed
twice with PBS and labeled with 2 ug/ml pHrodo-Red SE in PBS (cat
no. P36600; Thermo Fisher Scientific) for 30 min at room temper-
ature under constant agitation. Reporter beads were then washed
with PBS and adjusted to a final concentration of 1 x 10° beads per
ml in PBS.
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For phagocytosis assays that were performed on individual cell
lines, PMA-differentiated cells (THP-1 or U937) were seeded on 12-
well cell culture-coated dishes (1 x 10° cells per well). Reporter
beads were then added to the cells at an MOI of 10 for 3 h. Cells were
then transferred onto ice, washed three times with ice-cold PBS, de-
tached by scraping with a soft-rubber cell scraper, and analyzed on an
LSR Fortessa Il cytometer controlled with FACSDiva (BD), analyzed with
FlowJo software (v.10), and visualized with Python project version 3.8.8
(Python Software Foundation. Available at http://www.python.org) with
pandas (Reback et al, 2021) (12.4), numpy (120.1), matplotlib (Hunter,
2007) (3.3.4), seaborn (Waskom, 2021) (0.11.1), and statannotations (0.4.4).
Live cells were gated based on FSC-A and SSC-A, followed by FSC-A and
FSC-H, and then SSC-A and SSC-H gating to select single cells. The
number of pre-gated cells was equal across samples (30,000 pre-gated
cells were collected in each sample).

For the Cytochalasin D (cat no. BML-T109-0001; Enzo) and Bafi-
lomycin A1 (cat no. BML-CM110-0100; Enzo) control assays, cell
media were supplemented with the compound 30 min before the
addition of the reporter beads and added during the whole assay at
final concentrations of 8 uM and 200 nM, respectively.

For the GC7 (cat no. 259545; EMD Millipore)-treated phagocytosis
assays, cell media were supplemented during the entire differ-
entiation and seeding period with 10 yM of the compound.

Genome-wide CRISPR-Cas9/KO screening and cell sorting

Forscreening, the genome-wide CRISPR-Cas9/KO Toronto Knockout
version 3 library from Hart and team (Hart et al, 2017) (Addgene no.
90294), cloned into the one-vector system (lentiCRISPRv2 carrying
Cas9 and sgRNA expression on the same vector), was used. The
library consists of 70,948 guides, targeting 18,053 protein-coding
genes with four sgRNAs each and 142 control sgRNAs. Viral particles
were produced by transient transfection of HEK293T cells with the
library and packaging plasmids pMD2.G (Addgene no. 12259) and
psPAX2 (Addgene no. 12260) using PEl (Sigma-Aldrich). 8 h post-
transfection, the medium was exchanged to RPMI1640 supple-
mented with 10% FBS. 72 h after transfection, the viral supernatant
was collected, filtered (0.45 pm), and stored at -80°C until further
use. THP-1 cells were infected in quadruplicates with this viral
supernatant (supplemented with 8 ug/ml protamine sulfate) at
library coverage of 3000x and a MOl of around 0.3, allowing a single-
viral integration event per cell. Infected cells were then selected
with 2 pg/ml puromycin for 8 d, followed by 9 d of growth in
puromycin-free medium. Afterward, per replicate 750 x 10° infected
and recovered THP-1 cells were differentiated on 15 cm cell culture-
coated dishes (20 x 10° cells per dish). For differentiation, the cells
were kept 48 h in RPMI1640 supplemented with 10% FBS and 10 nM
PMA (Sigma-Aldrich), followed by 24 h of growth in RPMI1640
supplemented with 10% FBS without PMA (Fig S1). Phagocytosis
assay was performed as described in the section “Phagocytosis
assay” using dual-colored opsonized latex beads. ~300 million cells
(>3,000x coverage) were used as the input for each phagocytosis
assay. All cells were then sorted on a BD FACS Aria I, collecting
phagocytosis-positive (Phagolate) and phagocytosis-negative
(PhagoNeg) populations. Genomic DNA was extracted using the
QlAamp DNA Mini Kit (QIAGEN) and the sgRNA-containing cassettes
were amplified with a one-round PCR approach following the method
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of Joung and team (Joung et al, 2017). Amplified samples were then
sequenced on a HiSeq2000 (Illumina) at the Biomedical Sequencing
Facility (BSF at CeMM, https:/ /biomedical-sequencing.at) and analyzed
by a custom analysis pipeline (see below).

Analysis of CRISPR screens

Sequences of sgRNAs were extracted from NGS reads, matched
versus the original sgRNA library index, counted using an in-house
Python script, and their abundance assessed using a two-step dif-
ferential approach. First, differential abundance of individual sgRNAs
was calculated using DESeq2 (Love et al, 2014). Afterward, SgRNAs were
sorted by adjusted P-value and aggregated using the gene set en-
richment algorithm (Subramanian et al, 2005; Korotkevich et al, 2016
Preprint; Kuleshov et al, 2016). Essential genes were evaluated by using
the same two-step differential approach, comparing sgRNA abundance
in undifferentiated cells collected on the day of differentiation to the
plasmid stock of the sgRNA library used for virus generation (Fig S1).

Protein-protein interaction mapping of genetic hits

To probe for physical interactions between the 716 top hits of the
genetic screen, a PPl network was generated. The protein inter-
actions were extracted from BioPlex 3.0 (for HEK293T and HCT116,
downloaded on 20.04.2022) (Huttlin et al, 2021), whereas only the
protein interactions between the genes identified as high scoring
within the genetic screen were considered. For the extraction of
protein interactions, all bait-prey interactions reported in BioPlex
3.0 were considered, resulting in a PPI network with 490 proteins (69% of
all genetic hits) with 726 interactions. The network was further organized
into protein complexes and modules by annotating all proteins within
the network with complexes reported in the CORUM-core (the com-
prehensive resource of mammalian protein complexes, CORUM Sep-
tember 2018 release) (Giurgiu et al, 2019). Within CORUM, homo dimers
were removed. 246 proteins (50% of all) in the interaction network were
reported as a subunit in protein complexes. Network visualization and
ordering were conducted in Cytoscape (v.3.8.0). As a first step, all du-
plicated edges were removed as the directionality obtained by recip-
rocal AP-MS is not of relevance for the visualization of protein
complexes within the network. The interactions were grouped into
functional modules by following the association to protein complexes,
whereas if a protein is mapped to multiple complexes, which is often
the case as the CORUM-core contains complex identifiers with partially
overlapping subunits, the complex with the highest completeness was
considered. The selection of interactions and mapping of complexes
were prepared with the statistical software R (v.4.13).

Plasmids and cloning

Knock-out cell lines were generated using the lentiCRISPRv2
CRISPR-Cas9 knock-out vector (Addgene no. 52961). Inducible knock-
out cell lines were produced with the TLCV2 CRISPR-Cas9 backbone
(Addgene no. 87360) that includes a doxycycline-inducible Cas9-2A-
eGFP cassette. In short, for each gene, sgRNAs were designed using
the CHOPCHOP prediction tool (Labun et al, 2019) unless indicated
otherwise. Oligos, containing BsmBIl-compatible overhangs were
annealed and cloned into lentiCRISPRv2 using Golden Gate assembly.
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Cloned oligonucleotides were as follows (5’ to 3’ orientation).

SgWASF2-1 caccgTAACGAGGAACATCGAGCCA

SgWASF2-2 caccgTCGGTCGACCCTCTCAGCAA

SgWASF2-3 caccgTTGGTGGTATCAGAAAGCGG

SgWASF2-4 CaccgAATGCGACGAGACAAGATGG

sgiDHPS-1 caccgGTGCGCGGTAATTCACACCG From TKOV3 library
SgiDHPS-4 caccgTAAGTGCGGGACTAAACACA From TKOv3 library
EXOC1sg1 CaccgCTACCACAGCAAGATCTCGA From TKOv3 library
EXOC1sg2 CaccgGATATGCCAAGCTGATGGAG From TKOv3 library
COG6sg1 CacCgGATGAAATGAGTCTTCTCCG From TKOv3 library
COG6sg2 caccgTGTGACACTGAAGGCTGCAA From TKOv3 library
MAGT1sg1 CaccgATAACGGAGTAATTTCTCGG From TKOv3 library
MAGT1sg2 caccgCAGCTGAGCAGATTGCCCGG From TKOv3 library
ARPC2sg1 caccgGGTGAACAACCGCATCATCG From TKOv3 library
ARPC2sg2 caccgGAAAGACACAGACGCCGCTG From TKOv3 library
COMMD3sg1 caccgCTTGAAACATATCGACCCAG From TKOv3 library
COMMD3sg2 caccgGAGGAGAAGCGTGAAGGCGT From TKOv3 library
COPS3sg1 caccgCATGATATGACTGACCGCCA From TKOV3 library
COPS3sg2 CaCCgGATGGGATAAGTTCTTCGCA From TKOv3 library
LAMTORS5sg1 caccgGCTCATCTGACAGGGTCCCG From TKOv3 library
LAMTORS5sg2 CaccgGAAACACGATGGCATCACGG From TKOv3 library
STK11sg1 caccgTGTATAACACATCCACCAGC From TKOv3 library
STK11sg2 caccgGGCACTGCACCCGTTCGCGG From TKOv3 library
VPS52sg1 caccgTTGTGACCTGTACTTCAGCA From TKOv3 library
VPS52sg2 CcacCgGAAATCGCCAGGCAGTTCGG From TKOv3 library
KXD1sg1 €accgTGAGCACCCACCTGATACGG From TKOv3 library
KXD1sg2 caccgGCGGCCGCAGAAGACCCTCG From TKOv3 library
VPS35sg1 caccgTAGACAAGACATGCCTTCAG From TKOv3 library
VPS35sg2 caccgATTCTGGTGTAACTCAGCAC From TKOv3 library
P4HA1sg1 CcacCgGGATACAGATACCATCTCAA From TKOv3 library
P4HA1sg2 caccgTGTGGATGGAACAAGCCCTA From TKOv3 library
VHLsg1 caccgGCGATTGCAGAAGATGACCT From TKOV3 library
VHLsg2 CaccgTGTCCGTCAACATTGAGAGA From TKOv3 library
VPS16sg1 CaccgGAAATATGAGCTGTACAGCA From TKOv3 library
VPS16sg2 caccgGCAGTGGAAGAGTGGACCCG From TKOv3 library
PSMD13sg1 CcaccgGAACCGATGTCACACCAGGA From TKOV3 library
PSMD13sg2 caccgGCAGGAGAGAGCCTTCACGC From TKOV3 library
KIAA01965g1 caccgGTAGAGAATCACGTACAGCA From TKOv3 library
KIAA0196sg2 caccgACTGCAATGTTGCCATCCGA From TKOv3 library
FAM96Asg1 CaccgAGAGTCGCCAAAGAGCAATG From TKOv3 library
FAM96Asg2 CaccgGATAAATGACAAAGAGCGAG From TKOv3 library
ATP6AP2sg1 caccgAGGAGAGCGGATCCCAGACG From TKOv3 library
ATP6AP2sg2 €caccgGAGCACGACAAACACAGCCA From TKOv3 library
WDR24sg1 €caccgGTGGCGCCAGGCAATTCCCG From TKOv3 library
WDR24sg2 caccgGTTCTCAAAGGTGGAGGCGA From TKOv3 library
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Non-codon-optimized cDNA for WASF2 was synthesized and
cloned into the ENTR-Twist-Kozak vector by Twist. Mutations in
the PAM site of WASF2-sgRNA1, WASF2-sgRNA2, and WASF2-
sgRNA4 were introduced to make the cDNA resistant against
those sgRNAs, using NEB Q5 site-directed mutagenesis kit. After
sequence verification, the cDNA was cloned into pRRL-based
lentiviral expression plasmids generated in our laboratory
(Bigenzahn et al, 2018), which contain a STOP codon and a
BlastR-resistance cassette, using the Gateway cloning system
(Thermo Fisher Scientific).

DHPS (HsCD00295718, Harvard Medical School plasmid reposi-
tory), elF5A (HsCD00041224, Harvard Medical School plasmid re-
pository), and DOHH (HsCD00372432, Harvard Medical School
plasmid repository) plasmids were received, and point mutations to
make the cDNA resistant against SgRNAs or patient variant muta-
tions were introduced using the NEB Q5 site-directed mutagenesis
kit. They were cloned into the same pRRL-based lentiviral ex-
pression plasmids as mentioned above, which contained this time,
however, either an HA-tag or a STOP codon on the C-terminus and
again a BlastR resistance cassette, using the Gateway cloning
system (Thermo Fisher Scientific). Rescue experiments were con-
ducted by using the cDNAs resistant to the sgRNAs targeting the
endogenous genes.

Lentiviral transduction

Knock-out cell lines and cDNA-overexpression cell lines were
generated by lentiviral transduction. Therefore, HEK293T was
transfected with the respective lentiviral vectors and packaging
plasmids pMD2.G (Addgene no. 12259), and psPAX2 (Addgene no.
12260) using PEI (Sigma-Aldrich). 16 h post-transfection, the me-
dium was exchanged to RPMI1640 supplemented with 10% FBS.72 h
after transfection, the viral supernatant was collected, filtered
through 0.45 pum polyethersulfone filters (GE Healthcare), supple-
mented with 8 ug/ml protamine sulfate, and directly added to the
respective cells. 24 h after infection, the medium was exchanged,
and 48 h after infection, cells were selected with the respective
antibiotics.

Listeria infection assay

Listeria monocytogenes strain 10403S (PMID: 3114382) was grown in
Brain—-Heart infusion medium overnight at 37°C. The infection assay
was performed on individual PMA-differentiated U937 cell clones,
knocked out for WASF2, and rescued either with a WASF2-cDNA
(depicted in Fig 3G) or with a mock cDNA as control. A day before
infection, 3.0 x 10° cells were seeded on sterile glass coverslips laid
at the bottom of the wells of a 24-well plate in the RPMI1640
medium supplemented with 10% FCS and containing no antibiotics.
On the day of the infection, bacteria were washed with PBS and
incubated at a concentration of 8.0 x 10° b/ml with 50 uM of the
green fluorophore CFSE for 20 min at 37°C under shaking. Bacteria
were then washed with PBS and used to infect the U937 cells at an
MOI of 10. After one hour of infection, the cells were gently washed
twice with a warm cell culture medium. For the next two remaining
hours, the cells were incubated in the cell culture medium con-
taining 20 pg/ml of gentamycin to kill the remaining extracellular
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bacteria. The infection was terminated by washing the cells with
PBS and fixing them with 4% paraformaldehyde (Alfa Aesar) for 15
min. Cells were then washed with PBS and permeabilized with 0.1%
of Triton X-100 (Roth) in PBS for 5 min. After another washing step
with PBS, cells were blocked with 2% FCS in PBS for 30 min. Actin was
then stained by incubating the cells with Phalloidin coupled to the
fluorophore Alexa647 (Life Technology). Finally, the cells were
washed with PBS and mounted in Prolong Diamond containing DAPI
(Molecular Probe) to stain genomic DNA. All staining steps were
carried out at room temperature in the dark. Infected cells were
imaged with the confocal microscope LSM 700 (ZEISS) using 405,
488, or 639 nm laser lines. Images were processed by the ZEN
Software 2009 (ZEISS). A minimum of 200 cells were counted for
each technical replicate. Then, a representative image of each
technical replicate was chosen, and the total amount of bacteria
quantified without further normalization. Cells were seeded at
equal density. Thanks to the gentamycin protection assay, all
bacteria detected were considered as phagocytosed. Green bac-
teria were considered still enclosed inside the phagolysosome,
whereas yellow bacteria (CFSE and actin colocalized) had suc-
cessfully escaped the phagolysosome. Quantified bacteria were
analyzed and visualized with Python project version 3.8.8 (Python
Software Foundation available at http://www.python.org) with
pandas (Reback et al, 2021) (1.2.4), numpy (1.20.1), matplotlib (Hunter,
2007) (33.4), seaborn (Waskom, 2021), (0.11.1), and statannotations
(0.4.4).

Gene set enrichment analysis

GO enrichment analysis for “Cellular components” GO terms and
biological processes GO terms was performed via GSEA (Subramanian
et al, 2005) and Enrichr (Kuleshov et al, 2016) using the Python package
GSEApy (version 0.10.8, https:/ /github.com/zqgfang/GSEApy). Gene sets
are described in the corresponding figure legends.

Cell lysis and immunoblotting

Cell pellets were lyzed in RIPA-lysis buffer (20 mM TRIS-HCL, pH 7.5,
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% NP40, 1% sodium deoxy-
cholate, 10 mM NaF, and 0.1% SDS), supplemented with EDTA-free
protease inhibitor (Roche) for 15 min on ice, followed by 20,6009 at
4°C for 15 min to separate from cellular debris. Protein concen-
tration was then measured with BCA (Pierce) or Bradford (Bio-Rad),
Laemmli buffer was added, and samples were separated by
SDS-PAGE and transferred to nitrocellulose membranes (GE
Healthcare). Then, the membranes were blocked for unspecific
binding in 5% milk in TBS-T followed by incubation with indicated
antibodies. After incubating in peroxidase-coupled secondary
antibodies, the membranes were developed using the ECL
Western blot system (Thermo Fisher Scientific).

Bands in Fig 4F were quantified using Image Lab 6.1 (Bio-Rad).
First, the intensity of the DHPS-cDNA band and GAPDH band was
quantified in each lane. A normalization factor was calculated by
dividing the GAPDH band intensity of each lane with the GAPDH
band intensity of the first lane (reference). The intensity of the
DHPS-cDNA band was then multiplied by this normalization factor.
Normalized DHPS-cDNA expression levels were then compared to
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normalized DHPS-cDNA expression levels in each lane and indi-
cated as ratio (DHPS-cCDNA/DHPS-cDNA™). All calculated intensi-
ties were background-subtracted.

Antibodies list

The primary antibodies used for Western blot were hypusine
(generation see below, 1:20,000), elF5A (611976, 1:20,000; BD Bio-
sciences), DHPS/DHS (ab190266, 1:1,000; Abcam), DOHH (376929,
B-12, 1:500; SantaCruz), HA (3724, C29F4, 1:500), for WASF2 the WAVE-2
(3659, D2C8, 1:1,000; CellSignaling), and GAPDH (47724, 0411, 1:2,000;
SantaCruz).

The secondary antibodies used were anti-rabbit HRP (111-035-
144, dilution 1:10,000; Jackson ImmunoResearch), anti-mouse HRP
(115-035-003, dilution 1:10,000; Jackson ImmunoResearch).

A custom rabbit anti-hypusine antibody was designed based on
a 2016-published sequence of context-independent anti-hypusine
antibodies (Zhai et al, 2016) (Fig S6A), synthesized, expressed, and
purified with Genscript (Fig S6B). In short, the synthesized sequence
was cloned into pcDNA3.4 and plasmid DNA prepared. Expi293F
cells, grown in a serum-free Expi293F Expression Medium
(Thermo Fisher Scientific), at 37°C, 8% CO, on an orbital shaker,
were then transfected according to the manual. On day six,
post-transfection cell culture supernatant was collected and
used for purification. Therefore, the supernatant was centri-
fuged, filtered, and then loaded and purified on Monofinity A
Resin Prepacked Columns. Eluted antibody was then puffer
exchanged, sterilized via a 0.22-pm filter, and stored in PBS pH
7.2 at -80°C. The concentration was determined with A280 as
474 mg/ml. Specificity was validated by Western blot in
HEK293T cells overexpressing DHPS/DOHH and either an elF5A-
WT sequence or an elF5A-K50 variant (Fig 4B), and in THP-1 cells
treated with 10 uM of the DHPS inhibitor GC7 (Fig 4C).

Gene expression analysis

Libraries compatible with Illumina sequencing were prepared using
the QuantSeq 3' mRNA-seq Library prep kit (Lexogen) according to the
manufacturer's instructions. Samples were multiplexed and then se-
quenced on HiSeq 4000 (Illumina) at the BSF at CeMM. Raw-sequencing
reads were de-multiplexed and barcode, adaptor, and quality trimming
were performed with cutadapt (https://cutadapt.readthedocs.io/
en/stable/). Quality control was then performed using FastQC
(http:/ /www.bioinformatics.babraham.ac.uk/projects/fastqc/). The
remaining reads were mapped to the GRCh38/h38 human genome
assembly using genomic short-read RNA-seq aligner STAR v.2.5.
More than 98% of the mapped reads in each sample could be
obtained with 70-80% of reads mapping to a unique genomic
location. End Sequence Analysis Toolkit was used to quantify
the transcripts. We carried out a differential expression analysis
using independent triplicates with DESeq2 (v.1.24.0) on the basis
of read counts. Exploratory data analysis and visualizations
were performed in R-project v.3.4.2 (Foundation for Statistical
Computing, https://www.R-project.org/) with Rstudio IDE
v.1.2.1578, ggplot2 (v.3.3.0), dplyr (v.0.8.5), readr (v.1.3.1), and gplots
(v.3.0.).
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DepMap comparison

Growth effects induced by knock-out of individual genes recorded
for THP-1 cells in our screen were compared with the growth effects
recorded in the DepMap CRISPR dataset. Preprocessed CRISPR
dependency scores (DepMap 22Q2 Public+Score, Chronos)
(DepMap, 2022) were mined for all recorded genes in the cell line
THP-1 from DepMap and extracted for essential genes (genes de-
pleted on day 21, P < 0.05, Table S2) and the 716 CRISPRko hits
depleted in Phagolate versus PhagoNeg. For 1,040 out of 1,041
essential genes and 671 out of 716 CRISPRko hits a matching
Chronos score could be identified. For comparing essential genes,
Chronos scores of essential genes were compared to all CRISPR-
derived dependency scores recorded for THP1 in the DepMap
project in a density plot. Likewise, the distribution of growth effects
caused across the 716 CRISPRko hits were compared to all other
genes recorded in the DepMap dataset (17,384 genes) in a density
plot. Data were visualized with Python project version 3.8.8 (Python
Software Foundation available at http://www.python.org) with
pandas (Reback et al, 2021) (1.2.4), numpy (1.20.1), matplotlib (Hunter,
2007) (33.4), and seaborn (Waskom, 2021) (0.11.1).

“Core essentialome” comparison

Our list of essential genes (genes depleted on day 21, P < 0.05, Table S2)
was compared to the “core essentialome,” a list of 1,736 shared es-
sential genes that have been derived from HAP1 and KBM7 cells
(Blomen et al, 2015) in a Venn diagram. Data were visualized with
Python project version 3.8.8 (Python Software Foundation available at
http:/ /www.python.org) with pandas (Reback et al, 2021) (1.2.4), numpy
(1.20.1), matplotlib (Hunter, 2007) (3.3.4), and matplotlib_venn (0.11.6).

Data Availability

Genomics datasets are provided in Tables S1 and S2. The tran-
scriptomics dataset is attached in Table S3. PPI data mined from
BioPlex 3.0 and CORUM-core specifically for this study are provided
in Tables S4 and S5. DepMap cell line CRISPR scores were obtained
from DepMap 22Q2 (https://depmap.org/portal/download/all/).

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
202201715.
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3.5 Interlude

The genome-wide survey for phagocytosis regulators in section 3.4 led to a global overview of
what kind of molecular machinery is involved in the process of phagocytosis. One process that we
could not easily explain with existing knowledge was the hypusine axis. It stood out to us because it
scored entirely and with high significance. The fact that both enzymes (DHPS and DOHH) that are
responsible for the formation of hypusine on elF5A scored as hits, indicated that hypusine, a unique
modification on elF5A is important for the process (Wolff et al., 1995, 2007, Kim et al., 2006b). Due to
the little knowledge about how hypusination is regulated and how it could thereby talk back to
phagocytosis, we decided to focus the rest of our work entirely on the exploration of the hypusine

axis.

In the following results part, we are making use of our hypusine antibody in a genome-wide
exploration of regulators of hypusine levels. This genetic approach allows us to observe a novel direct
crosstalk between oxidative phosphorylation and hypusine levels. We observe that among many other
pathways, any perturbations to the oxidative phosphorylation pathway within the cell lead to an
upregulation of hypusine levels in the cell. As elF5A is in the meanwhile known as a translational
elongation factor, we make use of expression proteomics to measure effects caused by inhibition of
hypusination. Interestingly, we observe again an effect of hypusine on oxidative respiration. This time,
blocking hypusination leads to a decrease in OXPHOS-related proteins and additionally to an
upregulation of ATF4-related proteins. We test these findings with a set of mitochondria-targeted
pharmacological perturbations and could confirm that blocking mitochondrial translation leads to an
increase in hypusine levels. Finally, we investigate also a second modification on elF5A, which is
acetylation on lysine 47. Opposing to hypusine, this modification is reversible, and our experiments
showed that it correlates positively with cells performing glycolysis, while cells requiring more

OXPHOS show lower levels of acetylation on elF5A.
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3.6 Multi-omics Characterization of the Hypusine Axis

Chapter 3.6 is intended for publication. The author of this thesis designed and conducted most
of the experiments analyzed and interpreted the data and made the figures. Nicolaas Boon from the
Brummelkamp lab, that has extensive experience in using haploid genetics to study posttranslational
modifications, performed genetic haploid screening, Katja Parapatics (Proteomics Facility, CeMM)
performed TMT proteomics, Fabian Frommelt contributed experimental advice and performed data
analysis for TMT proteomics data, Sohani Da Sharma at the Jovanovic lab performed ribosome
profiling and Evandro Ferrada performed analysis of ribosome profiling. Thijn Brummelkamp, Marko
Jovanovic, Gaia Novarino, and Ann-Katrin Hopp gave experimental advice. Experimental designs were

jointly determined by the author of this thesis and Giulio Superti-Furga.

3.6.1 Agenome-wide hypusine abundance screen

Hypusination is a process that introduces a unique posttranslational modification on the protein
elF5A with the help of the two enzymes DHPS and DOHH. Despite being understood as an essential
modification for elF5A already over 40 years ago, systematic studies in mammalian cells characterizing
regulators of the highly conserved hypusination process are still lacking (Park et al., 1981). To study
hypusination we generated a hypusine-specific antibody based on a published sequence, that we
described and characterized in the previous study of this section (Zhai et al., 2016; Essletzbichler et
al., 2023). Using haploid genetics to study posttranslational modifications, we performed haploid
screens to systematically screen for regulators of hypusination (Brockmann et al., 2017; Haahr et al.,

2022) (Figure 21a).

HAP1 cells were mutagenized and stained with a hypusine antibody, and cell populations with
low and high antibody staining were isolated using a FACS separation approach (Brockmann et al.,
2017) (Figure 21a). By looking for genes enriched for disruptive gene-trap mutations in the cell
fractions with high and low hypusine staining we identified negative and positive regulators of
hypusination respectively (Figure 21a-d). Gene Ontology (GO) enrichment analysis on the identified
negative regulators for “Biological processes” GO terms yielded out of the top ten terms eight terms
related to oxidative phosphorylation, including mitochondrial (mt) gene expression and mt translation
(adj. p-value < 1.43 x 10-80) as well as aerobic electron transport chain, mt ATP synthesis, oxidative
phosphorylation, regulation of mt translation, cellular respiration, mt respiration chain assembly (adj.
p-value < 4.11 x 10-14) (Figure 21c). Similarly, seven out of the top ten GO terms enriched for negative
regulators in the category “Cellular components” were related to mitochondria, involving mt inner

membrane and mt membrane (adj. p-value < 3.56 x 10-80) as well as mt matrix, mt ribosome,
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mt respiration chain complex I, and mt envelop (adj. p-value < 1.99 x 10-6) (Figure 21c). Additionally,
in the GO enrichment analysis on negative regulators for hypusination for “Molecular function” the

cluster RNA binding (adj. p-value < 3.60 x 10-30) stood out (Figure 21c).

GO enrichment analysis on the identified positive regulators for “Biological processes” yielded
as the top GO term the amide biosynthetic process (adj. p-value < 5.66 x 10-4) containing six positive
regulators identified in our hypusine abundance screen (SPTLC1, SPTLC2, SGMS1, VAPA, DMD, SPTSSA)
(Figure 21d). Interestingly, three of these genes (SPTLC1, SPTLC2, and SPTSSA) also led to the top
GO term for positive regulators in the category “Cellular component”, which is the serine C-
palmitoyltransferase complex (adj. p-value < 6.96 x 10-4) (Figure 21d). Importantly, as expected we
could also identify the hypusine axis (DHPS, DOHH, and elF5A), as well as Xpo4, the nuclear shuttle

protein for elF5A as part of the positive regulators of the hypusine abundance screen (Figure 21b,d).
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Figure 21: Genome-wide haploid genetic screening identifies regulators of hypusine levels.

a. Schematic overview of hypusine-antibody and FACS-based haploid genetic screen to identify modulators of hypusine
levels in cells. b. Plot highlighting negative (highlighted in orange) and positive regulators (highlighted in blue) of
hypusination (two-sided Fisher’s exact test, false discovery rate-corrected p < 0.05). Per gene (dots), the x axis shows the
total number of mutations assigned to each gene. The y-axis shows the mutational index calculated by dividing the
frequency of mutations in the “high” channel through the frequency of mutations in the “low” channel. Selected regulators
are labeled. c. Gene Ontology (GO) enrichment analysis (two-sided Fisher’s exact test, p value adjusted for multiple testing)
for negative regulators (highlighted in orange in (b)) for GO Biological Process, GO Cellular Component, and GO Molecular
Function. The x-axis indicates the significance of enrichment (-logio-transformed p value adjusted for multiple testing)
against the y-axis showing the top 10 enriched terms, sorted by adjusted p value. d. Gene Ontology (GO) enrichment
analysis (two-sided Fisher’s exact test, p value adjusted for multiple testing) for positive regulators (highlighted in blue in
(b)) for GO Biological Process, GO Cellular Component. The x-axis indicates the significance of enrichment (-logo-
transformed p value adjusted for multiple testing) against the y-axis showing the top 10 enriched terms for GO Biological

Process and the enriched term for GO Cellular Component, sorted by adjusted p value.

3.6.2 Expression proteomics in cells depleted for hypusine

Since one of the main roles of elF5A, the target protein of hypusination, is to act as a
translational elongation factor, we decided to additionally explore the regulatory roles of hypusine by
guantifying changes in protein abundances upon inhibition of hypusination. For this we chose the cell
model THP-1 and the DHPS inhibitor GC7 combined with a TMT proteomics approach. THP-1 cells were
treated with 30 uM GC7 or DMSO as control, harvested after 24, 48, 55, and 60 hours, and protein

abundances were subsequently analyzed with TMT proteomics in these samples (Figure 22a).

In total, we could quantify 9603 unique protein groups and identified 193 significantly changed
protein groups (max. delta log2 differences < -0.5, -loglOpadj > 2 and max. log2 differences
> 0.5, -log1l0padj > 2 respectively) (Figure 22b). Using the Fuzzy-C means soft clustering method,
perturbed proteins were assigned to three different clusters based on their standard normalized
abundance over time (Figure 22c,e,g). Downregulated proteins were grouped in one cluster that
contains proteins that are lowered in abundance over a longer time (48 hours) and are then stable
(“gradually down”) (Figure 22c) and one cluster containing proteins that have lower abundance
24 hours after inhibition of hypusination and then stay at the same abundance level (“fast down”)
(Figure 22e). GO enrichment analysis on proteins of the “gradually down” cluster for “Biological
processes” GO terms yielded as top terms mitochondrial translation, termination, and elongation
terms (adj. p-value < 2.45 x 10-6), all processes that are required to synthesize proteins encoded on
the mitochondrial DNA, which encodes 13 proteins all involved in the oxidative phosphorylation
process (Kummer and Ban, 2021) (Figure 22d). Similarly, GO enrichment analysis on proteins of the

“fast down” cluster for “Biological processes” GO terms yielded as top ten terms, four terms related
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to mitochondria: mt translation, mt translational elongation, mt translational termination, mt gene
expression (adj. p-value < 1.48 x 10-26) as well as terms related to general protein translation:
translational termination, translational elongation and translation (adj. p-value < 3.12 x 10-32) (Figure

22f).

The third cluster contains proteins that are upregulated in the absence of hypusine (Figure 22g).
Eight out of the top ten terms enriched in GO enrichment analysis for “Biological processes” for
proteins of the “up” cluster are related to ER stress response, integrated stress response, or general

stress response (adj. p-value < 7.03 x 10-3) (Figure 22h).
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Figure 22: TMT expression proteomics identifies proteins affected by inhibition of hypusination.
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a. Schematic overview of the experimental design for the hypusine time course indicating cell sample collection time

points. b. Volcano plot showing the significantly down or up-regulated protein groups

(max. delta log2 differences < -0.5, -logiopadj > 2 and max. log2 differences > 0.5, -logiopadj > 2 respectively) in THP-1 cells

inhibited for hypusination with GC7. The x-axis shows the maximum log2 difference of the treated samples versus the
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control samples for protein abundances, against the y-axis, representing the statistical significance as -logiopadj. Each dot
represents a quantified protein. Dots in red represent the top downregulated (max. log2 difference <-1.5) and top
upregulated proteins (max. log2 difference > 0.9). Data collected from 4 replicates. c. Line plot representing a cluster of
proteins that are lowered in abundance over a longer time (48 hours) and are then stable (gradually downregulated),
extracted by dividing proteins from (b) in three clusters using the Fuzzy-C means clustering method. Each line represents
an individual protein and its abundance in the different samples indicated in (a). The black line represents the mean of the
cluster. Red lines represent proteins more similar to the mean and blue lines proteins less similar to the mean of each
cluster. The x-axis indicates the different samples, collected at different time points after inhibiting hypusination or treated
with DMSO as a control sample. The y-axis shows the standard normalized abundance of proteins. d. Gene Ontology (GO)
enrichment analysis (two-sided Fisher’s exact test, p value adjusted for multiple testing) for proteins contained in the
cluster (c) for GO Biological Process. The x-axis indicates the significance of enrichment (-logio-transformed p value
adjusted for multiple testing) against the y-axis showing the top enriched terms, sorted by adjusted p value. e. Line plot
representing a cluster of proteins that have lower abundance after 24 hours and then stay at the same abundance level
(fast downregulated), extracted by dividing proteins from (b) into three clusters using the Fuzzy-C means clustering
method. Each line represents an individual protein and its abundance in the different samples indicated in (a). The black
line represents the mean of the cluster. Red lines represent proteins more similar to the media and blue lines proteins less
similar to the mean of the cluster. The x-axis indicates the different samples, collected at different time points after
inhibiting hypusination or treated with DMSO as a control sample. The y-axis shows the standard normalized abundance of
proteins. f. Gene Ontology (GO) enrichment analysis (two-sided Fisher’s exact test, p value adjusted for multiple testing)
for proteins contained in cluster (e) for GO Biological Process. The x-axis indicates the significance of enrichment (-logio-
transformed p value adjusted for multiple testing) against the y-axis showing the top 10 enriched terms, sorted by adjusted
p value. g. Line plot representing a cluster of proteins that have higher abundance compared to control samples treated
with DMSO at later time points (upregulated), extracted by dividing proteins from (b) into three clusters using the Fuzzy-C
means clustering method. Each line represents an individual protein and its abundance in the different samples indicated
in (a). The black line represents the mean of the cluster. Red lines represent proteins more similar to the media and blue
lines proteins less similar to the mean of the cluster. The x-axis indicates the different samples, collected at different time
points after inhibiting hypusination or treated with DMSO as a control sample. The y-axis shows the standard normalized
abundance of proteins. h. Gene Ontology (GO) enrichment analysis (two-sided Fisher’s exact test, p value adjusted for
multiple testing) for proteins contained in cluster (g) for GO Biological Process. The x-axis indicates the significance of
enrichment (-logio-transformed p value adjusted for multiple testing) against the y-axis showing the top 10 enriched terms,

sorted by adjusted p value.

3.6.3 Ribosome profiling in cells depleted of hypusine

While elF5A is known as a translational elongation factor, early work on the bacterial orthologue
EF-P, but also on elF5A in yeast, showed that this protein is among other things specifically involved
in assisting translation by resolving ribosome pausing on polyproline stretches (Doerfel et al., 2013;
Ude et al., 2013, Li et al., 2014b). Absence of hypusine should therefore increase the frequency of
ribosome pausing across translated transcripts. Ribosome profiling informs about the position of
ribosomes on these translated transcripts and should therefore allow for identification of positions

sensitive to absence of hypusine (Woolstenhulme et al., 2015). Therefore, we decided to additionally
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investigate the global effects of hypusine inhibition with ribosome profiling (Woolstenhulme et al.,
2015). For this purpose, we collected additional replicate material from the 24-hour time point from
the same experiment used for the expression proteomics analysis performed in the last chapter
(Figure 23a). In short, the material was derived from THP-1 cells treated for 24 hours either with 30 uM
of the hypusination inhibitor GC7 or a control treated with DMSO. Therefore, ribosomal footprints and
total RNA was recovered from cells, analyzed using next generation sequencing and then analyzed via
ribosome profiling (Figure 23a). By mapping these ribosomal footprints subsequently to the human
genome, the abundance of ribosomes at the moment of harvesting can be assessed. We then analyzed
the average abundance of ribosomes for each gene as exemplified in Figure 23b. By comparing the
average abundance for each genomic position in cells inhibited for hypusination with untreated cells,
we identified regions with higher ribosome abundances when hypusine is absent (indicated in red
“significant difference”) (Figure 23b). Our analyses suggest that these regions, or the amino acid motifs
immediately upstream of these regions, require hypusine for efficient translation. We performed
these analyses genome-wide, which will allow us to identify amino acids amino acids that require
hypusine for their efficient translation, or that require hypusine to reduce interactions of N-terminal
peptide domains in the ribosome exit tunnel. Additionally, the plot includes details on the
hydrophobicity and the relative synonymous codon usage, which compares the frequency of the
codon at the respective genomic coordinate with the codon usage across the whole genome (Figure

23b).

In summary, our analyses intend to identify locations in genes that require hypusine for efficient
translation. We are currently deriving a list of hypusine target genes ranked by strength of pausing
based on the “significant difference” score. After extracting the sequences localized to these pausing-
zones we plan to derive amino acid motifs and other features enriched in them, that therefore should
have a specific dependence on hypusine. To identify lowly expressed genes, such as transcription
factors, we are currently sequencing the libraries deeper. Our goal is to derive global maps of

ribosome-pausing.
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Figure 23 Ribosome profiling identifies ribosomal stalling specific to cells inhibited for hypusination.

a. Schematic overview of the time course of cell sample collection for ribosome profiling. b. Representative plot as an
example for genome-wide analysis of the ribosome profiling data performed for the single gene ACTR2. Green and blue
lines represent the normalized NGS read counts in cells treated for 24 hours with the hypusination inhibitor GC7 (green
line) and treated with DMSO (blue line). Read counts were normalized by dividing the abundance of NGS reads on each
position of the gene by the mean NGS read abundance across the whole gene. The blue line represents the normalized
NGS read counts in cells treated with DMSO as control calculated by dividing the abundance of NGS reads on each position
of the gene by the mean NGS read abundance across the whole gene. The red line represents the significant difference
score, calculated as the difference in standard error between the normalized NGS read counts of the drug-treated (green)
and the untreated (blue) samples. The lilac line represents the relative synonymous codon usage (RSCU) which compares
the frequency of the codon at the respective genomic coordinate with the codon usage across the whole genome. The
turquoise line represents the hydrophobicity of the amino acid at the genomic coordinate with a negative score meaning
hydrophilic, and a positive score meaning hydrophobic amino acid stretches. Data are mean + 95% confidence interval

from 5-6 replicates.

3.6.4 Validation of ATF4 induction and hypusine increase with immunoblot and FACS

To validate the findings of the genetic hypusine abundance screen and expression proteomics
dataset we perturbed mammalian cells with a set of small molecules targeting mitochondria or
translation as well as with shRNAs knocking down CTU2, a prominent genetic hit in the screen and
monitored hypusine levels with our hypusine antibody conjugated directly to a fluorophore and ATF4

levels using a reporter cell line as well as immunoblots (Figure 24).
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In a first experiment, we used immunoblotting to assess ATF4 levels in THP-1 cells treated with
the hypusination inhibitor GC7 and as control with Torin 1, a drug that targets mTORC1 and thereby
should lead to a general reduction in protein translation after 4, 8, 24 and 48 hours (Figure 24a).
8 hours after hypusination inhibition the first visible expression of ATF4, which then increases over
the next two days, can be observed (Figure 24a). Since ATF4 is a key transcription factor induced by
ER stress and integrated stress response as well as by mitochondrial stress, this upregulation confirms
the cluster of upregulated proteins identified in the expression proteomics experiment above (Quirds
et al., 2017; Costa-Mattioli and Walter, 2020; Guo et al., 2020) (Figure 22). Interestingly, inhibition of
hypusination also leads to the upregulation of acetylated elF5A, a phenomenon that will be closer

investigated in the next chapter below (Figure 24a).

Using our hypusine antibody directly coupled to a 594 nm fluorophore we next looked at
hypusine levels in cells treated with the hypusination inhibitor GC7, with the mitochondrial translation
inhibitor chloramphenicol as well as with Torin 1 as control (Figure 24b). As expected, treatment with
GC7 and Torin 1 led to reduced hypusine levels (Figure 24b). Additionally, cells blocked for
mitochondrial translation indeed showed an increase in hypusine levels, strengthening and validating
the finding of our genetic screening results, where mitochondrial translation scored among the

strongest types of machinery as negative regulators of hypusination (Figure 21b,c).

As an alternative method for measuring ATF4 response, we generated HAP1 reporter cells
employing an ATF4 reporter construct developed by Guo et al. and read out ATF4 induction upon
inhibition of hypusination with increasing doses of GC7 (Figure 24c) (Guo et al., 2020). The correct
function of the reporter was successfully tested with the control drug oligomycin A, a drug known to
induce ATF4 expression through the mitochondrial stress pathway (Fessler et al., 2020; Guo et al.,
2020). Indeed, ATF4 reporter expression is induced by the inhibition of hypusination and responds

dose-dependently to increasing concentrations of the inhibitor GC7 (Figure 24c).

One prominent genetic negative regulator of the genetic hypusine abundance screen was the
Translocase Of Outer Mitochondrial Membrane 40 (TOMMA40), a protein involved in the import of
protein precursors into mitochondria (Humphries et al., 2005). To validate this finding, we blocked
mitochondrial protein import with the novel drug Mitoblock-6 at increasing doses for 24 hours (Figure
24d). Indeed, we could see again ATF4 induction at doses of Mitoblock-6 larger than 50 uM (Figure
24d). If hypusine levels are increased as well in this situation, will soon be tested with the more
sensitive method presented in Figure 24b. As before in Figure 24b, we treated cells with increasing
doses of chloramphenicol and this time assessed ATF4 levels after 24 hours by immunoblotting (Figure

24e). Again, we could observe ATF4 induction with chloramphenicol doses > 5 mM (Figure 24e). Lastly,
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we validated the machinery responsible for 2-thiolation of mcmsS,U at the wobble position of certain
tRNAs, that scored entirely (Cytoplasmic tRNA 2-thiolation protein 2 (CTU2), Cytoplasmic tRNA 2-
thiolation protein 1 (CTU1), Molybdenum Cofactor Synthesis 3 (MOCS3) and Ubiquitin-Related
Modifier 1 (URM1)) and highly significant as a negative regulator for hypusination in the genetic screen
(Figure 21b) (Schlieker et al., 2008). Being the most significant hit of this machinery, CTU2 was picked
for validation of this machinery, and we generated inducible CTU2 knock-down cell lines in HAP1 using
two different shRNA constructs (Figure 24f). Again, we observed clear ATF4 expression on
immunoblot, 72 hours after induction of the CTU2 shRNAs (Figure 24f). Effects of CTU2 knock-down

on hypusine levels will be assessed as well with the method presented in Figure 24b.
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Figure 24: Inhibition of hypusination leads to expression of ATF4 and inhibition of mitochondrial translation increases
hypusine levels.

a. Western blot analysis of DHPS, hypusine (hypu-elF5A), ATF4, acetylation of elF5A at lysine 47 (elF5AA47) in THP-1 cells
treated with either 30 uM GC7 or as control with 200 nM Torin 1 at the respective time point (4-48 hours). b. Barplot showing

the ratio of the amount of hypusine quantified in THP-1 cells treated with the respective drug (30 uM GC7; 50-100 pg/mL
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chloramphenicol, 200 nM Torin 1) compared hypusine amounts in untreated cells (UNTR) quantified with a hypusine-
antibody directly conjugated to a fluorophore (hypu-elF5A-594 nm). Data are mean = 95% confidence interval from 3
technical replicates. c. Histogram summarizing signal intensity for HAP1 reporter cells expressing the uORF(ATF4)-
mApple/GFP reporter constructs reporting on ATF4 activation (ATF4-mApple) and general expression as control with GFP.
Cells are either untreated or treated with increasing amounts of GC7 (10-50 uM) or with the control drug oligomycin A as
indicated. d. Western blot analysis of hypusine (hypu-elF5A) and ATF4 in HEK293T treated with increasing levels of
Mitoblock-6 (20-90 uM) or treated with DMSO as a control for 24 hours. e. Western blot analysis of hypusine (hypu-elF5A)
and ATF4 in HEK293T treated with increasing levels of chloramphenicol (0.5-15 mM) or treated with DMSO as a control for
24 hours. f. Western blot analysis of hypusine (hypu-elF5A) and ATF4 in HAP1 cells stable expressing two different

doxycycline-inducible shRNA constructs (2.2, 2.3) targeting CTU2 induced or uninduced with doxycycline for 72 hours.

3.6.5 Acetylation of elF5A

To validate the elF5AA*47 antibody we transiently expressed DHPS, DOHH, and elF5A (either
elF5A-WT or mutated for the acetylation site lysine 47) in HEK293T cells. The antibody successfully
detected acetylation on elF5A-WT, while no signal was detected in cells overexpressing the e/F5A-K47

variants (Figure 25e).

As already described in the last chapter, blocking hypusination leads to rapid upregulation of
elF5A acetylated at the lysine 47 position (elF5A%*4’) and can already be seen by immunoblotting in
the first (4-hour) timepoint after blocking hypusination (Figure 24a). This potentially indicates that
unhypusinated elF5A has a high tendency to get acetylated at lysine 47 (Figure 24a). Looking at the
elF5A%K47 levels with immunoblot in HEK293T cells growing in increasing amounts of glucose revealed
a gradual increase in acetylation dependent on levels of glucose, suggesting a link between acetylation
status and carbon source or type of respiration (Figure 25a). In another experiment, immunoblotting
was used to compare the elF5A** status of cells grown in glucose versus cells grown in galactose
over a period of four to 24 hours (Figure 25b). Interestingly, elF5A**47 |evels were decreased in cells
grown in galactose compared to cells grown in glucose (Figure 25b). Since the switch of carbon source
from glucose to galactose in cell culture medium, forces cells to perform more oxidative
phosphorylation, this data suggests that elF5A*4” |evels negatively correlate with the need to perform
oxidative phosphorylation (Figure 25b) (Warburg, 1925; Frey, 1996). However, when we treated cells
with oligomycin A, an inhibitor for ATP synthase, we observe again a drop in the elF5AA4 |evels in
cells analyzed via immunoblot, possibly suggesting that the need to generate more functional
mitochondria or more functional oxidative phosphorylation machinery leads to a decrease in
elF5A*K47 |evels (Figure 25c¢) (Smith et al., 1954). Motivated by the possible link of elF5AA™47 status to
the respiration type performed in cells, we surveyed the elF5A%*47 |evels with immunoblotting in a

panel of different cell types known to perform to a different degree either glycolysis or oxidative
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phosphorylation for their energy generation (Figure 25d). Interestingly, when looking at MDA-MB231,
a cell model known to highly rely on glycolysis for energy generation, and comparing it to MCF7, cells
known to use more oxidative phosphorylation for ATP generation one can clearly see again the higher

elF5A%47 |evels in MDA-MB231 cells (Figure 25d) (Zare et al., 2021).
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Figure 25: Acetylation of elF5A.

a. Western blot analysis of acetylation of elF5A at lysine 47 (elF5AAk47) and hypusine (hypu-elF5A) in HEK293T cells grown
in increasing amounts of glucose. b. Western blot analysis of acetylation of elFSA at lysine 47 (elF5AA%47) and hypusine
(hypu-elF5A) in HEK293T cells grown either in medium containing 4.5 g/L glucose or in medium instead with 4.5 g/L galactose
at the respective time point (4-24 hours). c. Western blot analysis of acetylation of elF5A at lysine 47 (elF5AA47) and
hypusine (hypu-elF5A) in HEK293T cells treated with oligomycin A at 0.5 or 1 uM or treated with DMSO as control at the
respective timepoint (4 or 8 hours). d. Western blot analysis of elF5A at lysine 47 (elF5AA47) and hypusine (hypu-elF5A) in
a panel of different cells. e. Western blot analysis of acetylation of elF5A at lysine 47 (elF5AAk47) and hypusine (hypu-elF5A)
in HEK293T cells overexpressing either a mock or C-terminal HA-tagged elF5A-WT (elF5A-WTHA) or elF5A-K47R mutant cDNA
(elF5A-K47RMA) or elF5A-K47Q mutant cDNA (elF5A-K47QM"A) or elF5A-K50A mutant cDNA (e/F5A-K50AHA) as well as a
C-terminal HA-tagged DHPS cDNA (DHPSHA) and DOHH cDNA (DOHH"A).

3.6.6 Validation with endogenously tagged hit proteins

Next, we wanted to validate proteins identified as downregulated upon inhibition of
hypusination in our TMT expression proteomics experiment described above (Figure 22). Due to the
absence of commercially available antibodies for many of the identified mitochondrial proteins, we

surveyed vpCells, a collection of endogenously tagged lines established at CeMM, and found available
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cell lines tagged for the proteomics hits ATP Synthase Membrane Subunit G (ATP5MG), Mitochondrial
ribosomal protein L42 (MRPL42), ATP Synthase Peripheral Stalk-Membrane Subunit B (ATP5PB),
NADH:Ubiquinone Oxidoreductase Subunit AB1 (NDUFAB1) and Oxidase Assembly 1-Like protein
(OXA1L) (Reicher et al., 2020). Since those cell lines have a GFP inserted endogenously in their protein
sequence, we decided to monitor GFP levels upon hypusination inhibition with GC7 for 24 hours
(Figure 26a). Changes are illustrated as percent changes in mean fluorescent intensity quantified with
FACS and are in the range of -14 to -30 percent compared to untreated samples (Figure 26a). These
results confirm the finding of the expression proteomics experiment and show that indeed
mitochondrial proteins are downregulated when hypusination is inhibited (Figure 22, Figure 26a). WT
HAP1 cells were included to confirm no general reduction of GFP signal upon treatment with GC7
unrelated to the tagged target protein and showed indeed no reduction in GFP signal upon inhibition
of hypusination (Figure 26a). Next, we took the cell line endogenously tagged with GFP in MRPL42
(HAP1MRPLAZGFP) and assessed if the reduction in protein level is affected dose-dependently upon
increasing GC7 inhibitor concentrations (2.5-30 uM) and could indeed observe a dose-dependent

reduction in GFP levels (Figure 26b).
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Figure 26: Endogenous tagged proteins in HAP1 confirm sensitivity to hypusine inhibition.

a. Heatmap illustrating quantification of GFP levels and viability in HAP1 cells endogenously tagged with GFP in ATP5MG,
MRPL42, ATP5PB, NDUFAB1, and OXA1L and treated with 30 uM GC7 for 24 hours as percentage change compared to
untreated cells. Data are mean from 3 technical replicates. b. Heatmap illustrating quantification of GFP levels and viability
in HAP1 cells endogenously tagged with GFP in MRPL42 and treated with increasing doses of GC7 (2.5-30 uM) for 24 hours

as a percentage change compared to untreated cells. Data are mean from 3 technical replicates.

The dose-dependent response of the endogenous tagged cell lines to hypusine inhibition opens the
possibility to use them as a reporter system for follow-up genetic screens that look for example for
genes that can overcome defects caused by inhibition of the hypusine axis. To be able to use a haploid

genetic screening approach similar to the one presented in Figure 21 we had to generate the
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presented reporter cell lines in Figure 26 in a haploid state. For this, we endogenously intron-tagged
mitochondrial proteins, isolated clonal cell lines, and used Hoechst 33342 to assess the ploidy of the
different clonal cell lines as exemplified by one clone tagged with GFP in NDUFABI1 (Figure 27a-b).
Finally, we used confocal imaging to assess the localization of the tagged proteins (Figure 27c). In
summary, haploid clonal cell lines, tagged endogenously with GFP were generated for ATP5MG,

NDUFAB1, and OXA1L and are now in use for genetics screens that will be reported in the future.
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Figure 27: Generation of haploid HAP1 reporter cell lines endogenously tagged in mitochondrial proteins.

a. Representative flow cytometry scatterplots as an example for validation of tagging and expression of isolated HAP1 cell
lines endogenously tagged in the mitochondrial protein NDUFABI. Isolated cell lines (blue) were compared to a non-modified
WT HAP1 pool of cells that are mostly diploid (red) and don’t express GFP as control. Each dot corresponds to one measured
cell: the intensity of the GFP signal is represented on the x-axis and serves as confirmation for successful tagging and
expression of the target protein, and the forward scatter of the cell on the y-axis. b. Representative flow cytometry histogram
as an example for validation of ploidy of isolated HAP1 cell lines endogenously tagged in the mitochondrial protein NDUFAB1.
Isolated cell lines (blue) were compared to a non-modified WT HAP1 pool of cells that are mostly diploid (red) as control.
Each dot corresponds to one measured cell: the intensity of the Hoechst 33342 signal is represented on the x-axis and serves
as a readout for the ploidy of the cell lines genome. c. Representative image showing the localization of the tagged protein

in green.
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4 Discussion

Huge advances in functional genomics, matured this area of research in the last few decades into
a scalable and powerful instrument for generating unbiased hypothesis-generating research. At the
same time, innovations in the field of liquid chromatography, electrospray ionization (ESI), and the
development of TMT labels now allow us to assess whole proteomes of cells in different conditions
within days. The combination of genetics and proteomics became therefore a powerful approach to
discover and characterize novel molecular pathways. The addition of more targeted systematic
techniques such as ribosome profiling can then help to understand yet more additional layers of
regulation. Furthermore, a growing number of publicly shared large-scale datasets such as protein-
protein interaction data or gene expression datasets are becoming available, can be mined, and then

assist with the interpretation of new large-scale studies.

This thesis aimed to engineer tools and optimize their use in genetic screens and thereby allowing
to map the genetic regulation landscape of molecular pathways. The first such study led to a map of
regulators of phagocytosis derived from a genome-wide genetic screen and interpreted with the aid
of publicly available protein-protein interaction data. This unbiased search of regulators led to the
discovery of the enigmatic hypusine axis as the top enriched and most unknown gene family in the
context of phagocytosis. Therefore, the second part of the thesis focused on the complete molecular
characterization of the hypusine pathway, using further genetic screening, expression proteomics,
ribosome profiling as well as endogenous protein tagging as validation tools. Specific findings obtained

from the different studies will be discussed in the following sections.

4.1 Functional Genomics applied in a Phagocytosis Screen

Phagocytosis is a lengthy and complex multistep process that involves a whole spectrum of
machineries within cells. By setting up and conducting a reporter-based FACS-based genome-wide
CRISPR/Cas9 knock-out screen we could identify modulators of phagocytosis. Due to the large number
of modulators that we identified, we had to come up with an approach to prioritize genes for
validation and found a solution in publicly available protein-protein interaction data from BioPlex 3.0
and protein complex data from CORUM-core (Giurgiu et al., 2019; Huttlin et al., 2021). This
information allowed us to group genetic hits in molecular complexes and to orient them in defined
proximity to each other in a protein-protein interaction network. Since phagocytosis is a lengthy and
complex process it requires the orchestration of several steps such as the mechanical cytoskeleton

machinery, membrane uptake processes involved in the internalization of external material into the
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phagosome, trafficking of the phagosome, fusion of the phagosome with lysosome followed by its

acidification, and clearance and recycling to the plasma membrane.

Compared to the systematic search for phagocytic regulators performed by Haney et al. using
a genetic screen and magnetic bead separation in the U937 cell line (Haney et al., 2018), we instead
used a more sensitive FACS-sorting approach in the cell line THP-1. We could confirm and expand their
identified hits such as the Wave-2 complex, the Arp2/3 machinery, the mTOR-associated Ragulator
complex, and many genes known to be part of coordinated vesicle trafficking and cargo transport. In
addition, we could identify regulators previously not linked to phagocytosis such as the
oligosaccharyltransferase complex (MAGT1/SLC58A1, STT3B, DDOST, RPN2) as well as a whole set of
uncharacterized genes, that are published within the study described above (see chapter 3.4). To our
surprise, the top-scoring gene family was the hypusine axis, a discovery that led our focus in the
second part of this thesis entirely on this pathway. Even though spermidine was already associated in
1952 as being an anti-mycobacterial natural compound and later also as an inhibitor for cytokine
synthesis in human mononuclear cells, the first mechanistic link of hypusination to phagocytosis was
only discovered recently (Hirsch and Dubos, 1952; Zhang et al., 1997; Lindner et al., 2021). In
addition, mice lacking hypusine have recently been found to be more susceptible to infections by
Heliobacter pylori and Citrobacter rodentium, while hypusine plays a role in translating a set of
antimicrobial factors in these mice (Gobert et al., 2020). In yeast, part of the hypusine axis could be
additionally linked to processes related to phagocytosis, such as vesicular transport and cytoskeleton
arrangement. One such example is the synthetic lethal interaction between elF5A and YPT1 (the yeast
ortholog of mammalian rab genes, coordinators of endocytosis) (Clague, 1998; Frigieri et al., 2008).
Another example in yeast are regulators for cell polarity and actin nucleation (PKC1, ZDS1, GIC1
(human ortholog CDC42) as well as PCL1 and BNI1) that were identified as suppressors for elF5A
depletion (Zanelli and Valentini, 2005). In Drosophila the DOHH homolog nero and elF5A were shown
to be required for autophagy (Patel et al., 2009). Furthermore, in human cells, elF5A was shown to
regulate the translation of the transcription factor TFEB, a master regulator of lysosomal biogenesis
(Zhang et al., 2019). Recently, the hypusine axis has also been shown to be involved in the context of
macrophage respiration (Puleston et al., 2019) and in addition as an effector of macrophage
inflammatory state in adipose tissue (Anderson-Baucum et al., 2021). Indeed, in our work, we could
show experimentally that inactivation or knock-out of the hypusine axis manifests in the cell with a
reduction of phagocytosis. Despite all the above potential links of hypusination to phagocytosis,
summarized in Figure 28 it remains to be shown how hypusinated elF5A mechanistically influences

immune cells.

119


https://sciwheel.com/work/citation?ids=5984219&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=12802826,9804556,12649389&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=12802199&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=941164,12262456&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=5309228&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=4732406&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=7572583&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6996556&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=11656967&pre=&suf=&sa=0&dbf=0

Phagocytosis

EE

TFEB/ proline-rich
autophagy actin nucleators

N

Spermidine ——>

metabolic
empowerment of
immune cells,
cytokine synthesis

mitochondrial
<«<— OXPHOS

Hypusine/
elF5A

Figure 28: Summary of hypothetical interaction between elF5A and phagocytosis.

Adapted from PDB: 3CPF, Proteins, 75(4):1040-5, Tong, Y., Park, I., Hong, B-S., Nedyalkova, L., Tempel, W., Park, H-W., Crystal
structure of human elF5A1: insight into functional similarity of human elF5A1 and elF5A2, 2009, with permission form John
Wiley and Sons; created with UCSF Chimera, J Comput Chem, 25(13):1605-12, Petterson, EF., Goddard, TD., Huang, CC.,
Couch, GS., Greenblatt, DM., Meng, EC., Ferrin, TE., UCSF Chimera--a visualization system for exploratory research and

analysis, 2004

Even though a pathogen agnostic reporter was used for our genetic screen, we could identify
the key genes and regulators taken also by pathogen as found by studies with Legionella
pneumophilia, Staphylococcus aureus, and Salmonella such as the actin polymerization machinery
(Jeng et al., 2019; Yeung et al., 2019; Lindner et al., 2021). Our work updates the current view of how
cargo is trafficked through the cell and might be useful to pinpoint new targets for directing
therapeutics, such as RNA therapeutics, Cas9, or antibody-drug conjugates, better to their intended
side of action (Lino et al., 2018; Tsui et al., 2019; Dowdy et al., 2022). Our dataset could in addition be
a useful resource for the community to identify new targets in diseases related to dysfunctions in the
endo-lysosomal system or non-functional autophagy such as the neurodegenerative diseases
Parkinson’s disease, Alzheimer’s disease, or Huntington’s disease (Malik et al., 2019). The relevance
of this dataset is also highlighted by the association of the hypusine axis with phagocytosis, which was
a rather new association at the time of discovery and now proved to become an important pathway
in the context of immune cell activity, respiration, and specification (Puleston et al., 2019, 2021;
Gobert et al., 2020). Furthermore, we demonstrated the power of interpreting reporter-based
genome-wide genetic screens with the help of publicly available protein-protein interaction data, an

approach that we think can be applied to the interpretation of any genome-wide genetic screen. In
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addition, other publicly available datasets such as DepMap can be helpful to separate phenotypes
induced by general fitness effects of the deactivated genes or by specific phenotypes in the cell model

of choice (Meyers et al., 2017).

While being a very precise technique for cell separation, FACS sorting comes with the
disadvantage of lengthy processing times which makes the technique time-consuming for the
experimenter. Additionally, the complexity of the screen varies with the chosen reporter readout.
While simpler readouts, such as antibody staining of protein levels in fixed cells are easier to scale,
multi-stage readouts that require processing of live cells are more difficult to handle. The phagocytosis
assay used in this study requires the differentiation of cells as well as the incubation of the reporter
with live cells to allow for phagocytosis. Therefore, in total three billion cells (750 million per replicate)
had to be handled and processed in parallel, which forced us to perform the phagocytosis experiments
only with a single substrate. Clearly, it would be interesting in the future to screen for a whole array
of different phagocytosis substrates using the precise FACS sorting technique. In addition to different
substrates, it would also be interesting to run phagocytosis screens in a whole selection of different
phagocytic cell models. The CRISPR/Cas9 knock-out technique, used for this screen, induces full knock-
out of genes and thereby total ablation of the respective protein (Cong et al., 2013; Mali et al., 2013).
While phenotypes observed in knock-out screens can be specifically linked to the respective gene,
they come with the drawback of potentially missing some essential genes as being involved in
phagocytosis, which could be discovered with alternative screening techniques that only reduce
protein levels or act shorter, such as RNAi, CRISPR interference or inducible Cas9 versions (Boutros
and Ahringer, 2008; Gilbert et al., 2014; de Almeida et al., 2021). For screens where Cas9 is only
induced for a shorter time, it is however highly recommendable to test and generate clonal cell lines
with inducible Cas9 expressed at defined levels. While the generation of clonal cells lines for THP-1 is
possible, as demonstrated in our study above for inducible DHPS knock-out clones, it has been proven
to be a lengthy process for THP-1 and involves the survival of only a comparable small fraction of the
original cell pool, raising the question of how representative these clonal cell lines would be in a
genome-wide screen. However, for other cell lines that tolerate clonal cell selection well, an inducible

Cas9 system might be a good alternative knock-out platform.

Even though the long processing times for FACS sorting make this technique harder to scale,
constant improvements in the sorting speed of machines and software as well as other ways to
automate these FACS procedures will make this technique quicker in the future. Additionally, new
features of FACS sorters, such as image-enabled cell sorting (Schraivogel et al., 2022) or the
development of totally new cell separation techniques will increase the possibility of phenotypic

readouts for genetic screens tremendously. This could then allow screening in multiple cellular
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systems with a variety of different reporters in parallel, which will drive improved precision of
understanding of molecular processes. In the case of phagocytosis, it would be great in the future to
perform phagocytosis assays with different natural substrates in phagocytic cells isolated from all
different locations in the body, making the prioritization of targets for therapy even more precise.
Additionally, it will be beneficial to supplement the genetic data generated with gene knock-out or
gene interference techniques with complementary CRISPR activation screens (Tian et al., 2021). This
is helpful for the interpretation because the downregulation of single members of protein complexes
via knock-out and gene interference can trigger downregulation of the entire complex, upregulation
of single members of a complex however has usually no effect (Tian et al., 2021). In our phagocytosis
screen, we can indeed see, that our genome-wide knock-out screen identifies entire protein
complexes such as the Arp2/3 or Wave-2 complex with different guide RNAs that induce comparable
phenotypes. A CRISPR activation screen could potentially enhance this knowledge by informing on
which exact subunit of this complex is most essential for the right function of this complex.
Additionally, CRISPR activation can upregulate genes that are naturally not expressed at all. Lastly, the
increasing amount of publicly available datasets, such as protein-protein interaction data, gene
expression, and gene fitness data (GTEx Consortium, 2013; Meyers et al., 2017; Huttlin et al., 2021),
which proved to be useful for the interpretation of our genome-wide screen, will make it worth to
constantly re-analyze past genetic screening datasets to derive new insights. Therefore, sharing these
datasets in public databases that make it easy to cross-compare studies will be of great benefit in the

future.

4.2 Hypusine Omics

The highly significant and complete discovery of the enigmatic hypusine axis in the first part of
this thesis motivated us to dissect the regulation of this pathway in greater detail in the second part
of this work. Therefore, we applied a whole spectrum of functional genomics techniques ranging from
haploid genetics to assigning gene function and studying the effect of the translation elongation factor
elF5A on translation using expression proteomics as well as ribosome profiling. Together, the genetic
survey of hypusine regulation and the effects observed in the proteome upon hypusine inhibition
suggest that there is a crosstalk between respiration or specifically OXPHOS and hypusine levels. In
summary, we observe, that the absence of hypusine leads to a reduction of OXPHOS, and at the same
time genetic or pharmacological inhibition of OXPHOS leads to an increase in hypusine levels in the

cell.

This crosstalk can be seen for example in the haploid genetic survey that we used to screen

genome-wide for genes affecting hypusination levels. As described above many of the identified
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negative regulators, that led to an increase in hypusine levels when knocked out, are directly involved
in OXPHOS, or involved in mitochondrial gene expression. Mitochondrial transcription and translation
are responsible for the expression of the mitochondrial genome, which encodes not more than 13
mitochondrial proteins (Kummer and Ban, 2021). Since all of these proteins are key proteins of the
OXPHOS machinery, it is fair to say that also these genetic hits are also indirectly linked to OXPHOS
(Kummer and Ban, 2021). While previous studies established a regulatory function of polyamine or
hypusine on OXPHQOS, like the observation that supplementation of spermidine to aged Drosophila
increases levels of OXPHOS proteins or that inhibition of hypusination triggers macrophages to switch
their respiration towards glycolysis (Puleston et al., 2019; Liang et al., 2021), we are to our knowledge
the first to show the inverse crosstalk of OXPHOS to the hypusine axis in an unbiased genetic screen.
A possible link between hypusine and mitochondrial biogenesis is that inhibition of hypusination with
GC7 was frequently observed to lead to the upregulation of PGC-1a a key regulator of energy
metabolism (Giraud et al., 2020). Inversely, one could speculate that the reduction of OXPHOS leads
to more availability of molecular oxygen in the cell, which is essential for forming the DOHH
intermediate that is responsible for the final step in hypusine synthesis (Wolff et al., 2007). It remains
however to be experimentally tested how the crosstalk is mechanistically happening. It is furthermore
worth mentioning, that also in yeast there exists a connection between e/F5A and respiration status.
While one elF5A isoform (TIF51A) promotes respiration, the other one (TIF51B) promotes aerobic
glycolysis (Barba-Aliaga and Alepuz, 2022b). Interestingly, the human elF5A-2 isoform is also
frequently expressed in cancer cells, which are known to often have glycolytic enzymes expressed at
higher levels (Meng et al., 2015; Cao et al., 2017). Despite these clear showcases of elF5A isoforms
correlating with the metabolic state of cells, it remains to be investigated if this differential expression
is triggered by the metabolic state or is in fact causing it. Using expression proteomics, we furthermore
tracked the changes in the proteome upon inhibition of hypusination. Interestingly, we could again
observe a clear link to OXPHOS with many proteins involved in mitochondrial gene expression being
downregulated. This data confirms the crosstalk identified in the genetic screen now from a different
angle. Inhibition of OXPHOS increases hypusine levels and inhibition of hypusination decreases
OXPHOS. Due to the lack of available antibodies for many of the downregulated proteins, we
endogenously tagged some OXPHOS-related proteins with the fluorescent protein GFP and could
indeed observe a downregulation of these proteins when hypusination was inhibited. The exact same
samples used for expression proteomics were then also studied using ribosome profiling and that
allows us to generate a global map of changes in ribosome speed upon inhibition of hypusination.
Since previous studies have shown, that elF5A acts as a translation elongation factor, assisting with

the translation of specific amino acid motifs, we currently try to extract global motifs of amino acids
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whose translation is dependent on elF5A. This, in combination with our expression proteomics and
genetic data, will help us to understand the global impact of hypusinated elF5A in the cell. In addition,
expression proteomics also allowed for the identification of upregulated proteins within the cells and
exposed a clear cluster of ATF4-related proteins as being upregulated in hypusine-inhibited cells
(Quirds et al., 2017; Costa-Mattioli and Walter, 2020). With validation experiments, we could indeed
prove that inhibition of hypusination leads to induction of ATF4 expression, an observation that has
also been made when elF5A is depleted altogether by another group (Mandal et al., 2016).
Interestingly, all further validations involving pharmacological and genetic inactivation of negative
hypusination regulators also revealed an upregulation of ATF4 protein. Since, ATF4 is also known as a
sensor that is activated during the mitochondrial stress response, this means that our observed ATF4
response could also be an indirect effect triggered by downregulated OXPHOS (Quirds et al., 2017).
Lastly, the relationship could also be vice versa. The induction of ATF4 has also been linked to a
blockage of mitochondrial protein import, which could trigger a downregulation of OXPHOS (Schafer
et al., 2022). Indeed, one of the most significant negative regulators that was identified with genetics
is TOMMA40, a key protein for importing mitochondrial protein precursors (Humphries et al., 2005).
But also when we knocked down CTU2, another negative regulator of hypusine, which is part of the
2-thiolation of mecmsS,U pathway we observed again an ATF4 induction (Schlieker et al., 2008). Since
cysteine, the substrate for thiolation is believed to derive from mitochondria (Zhang et al., 2021), one
could hypothesize that inhibition of thiolation could increase mitochondrial cysteine synthesis as a
compensatory reaction and thereby again trigger mitochondrial stress . Since all the so-far described
validations led to an induction of ATF4, it opens yet another possibility, which is that ATF4 itself is
responsible for the upregulation of hypusine levels. To test this possibility, we created clonal ATF4
reporter cell lines and will use them to test if the upregulation of ATF4 correlates with increased
hypusine levels. Finally, inhibition of mitochondrial translation with the inhibitor chloramphenicol
could show that hypusine levels are indeed increased in settings where mitochondrial gene expression
is inhibited. In summary, this data suggests that any perturbation along the OXPHOS pathway leads to
upregulation of hypusine, while any perturbation of hypusine leads to downregulation of the OXPHOS
machinery and both perturbations in the OXPHOS pathway but also inhibition of hypusination lead to

upregulation of ATF4.

The crosstalk of respiration and hypusination got us interested in the enigmatic reversible
acetylation modification of elF5A which is introduced by PCAF, in an acetyl-CoA consuming process,
and can be removed by SIRT2 or HDAC6 (Ishfaq et al., 2012). Indeed, when looking at elF5AAY |evels
in cells grown in the alternative carbon source galactose, which forces cells to rely on OXPHOS, we

observed a differential regulation of elFSAA*4 (Warburg, 1925; Frey, 1996). At the same time
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inhibition of OXPHOS, as tested with the ATP synthase inhibitor oligomycin A, lowers elF5A*47 |evels
indicating that the requirement to generate more OXPHOS-related proteins leads to lower elF5AA47
status in cells (Smith et al., 1954). Furthermore, looking across cell lines with different known
dependencies for glycolysis or OXPHOS suggests that more glycolytic cell lines such as MD-MB231
have higher levels of elF5AA4 (Zare et al., 2021). Although the understanding of how acetylation of
elF5A is precisely regulated and even more of what role acetylated elF5A plays in the cell, is still in its

infancy, our data suggest that a strong acetylation state of elF5A is associated with cells performing

glycolysis while requiring more OXPHOS correlates with lower acetylation levels of elF5A.

In terms of genetically identified positive regulators for hypusination, it was interesting to find
also Xpo4, the nuclear shuttle protein for elF5A (Aksu et al., 2016). This proves genetically that
absence of Xpo4 leads to lower levels of hypusinated elF5A in the cell, potentially by failing to export

it out of the nucleus and thereby making it less available for hypusination in the cytosol.

It is well known that there is a discrepancy between RNA transcripts and actual protein levels
within the cell, especially for proteins that perform basic cellular functions (Jovanovic et al., 2015).
Traditionally, RNA regulation is better studied because nucleic acid sequencing is easier to scale and
handle than for example proteomics. Nevertheless, the actual functional unit in the cell is the protein.
Our work tries to explore a corner of this underexplored area of translational regulation, by studying
the translational modulations triggered by the translational elongation factor elF5A. Our combination
of genetics, expression proteomics, and ribosome profiling allowed us to generate a dataset that gives
a global idea of how hypusination is regulated and how it is implicated in protein production. The
dataset will be useful for finding new pathways that can be targeted to treat hypusine-related disease
summarized in Chapter 1.3.7. In addition, our study will offer a useful resource for the community to
check if certain proteins are potentially dependent on elF5A for their expression. We think this is
important because due to its high abundance in the cell elF5A has been linked over the last decades
to a whole array of different molecular processes. Many of these initial observations around elF5A
were made before the discovery that elF5A acts as a translational elongation factor, precisely as crucial
helper for the translation of certain amino acid combinations. It is therefore not unthinkable that
many of these early ascribed roles for elF5A could be secondary to its role in protein translation. In
the light that elF5A is nowadays more understood as an essential part of translational elongation, it
also might make more sense to look in addition at global effects triggered by the absence of
hypusination. Therefore, we think that our unbiased genetic exploration, focused on levels of
hypusinated elF5A in the cell, combined with monitoring effects of hypusination on protein translation
can help to dissect the primary and secondary effects of this important pathway. Additionally, it might

help to identify new pathways and targets that crosstalk with the hypusine axis and will thereby aid
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the molecular characterization of this highly conserved pathway. Finally, we identified an interesting
crosstalk of hypusination and respiration that we will hopefully fully mechanistically understand with
future studies and that could become a powerful new avenue for modulating respiration in the cell.
Furthermore, progress in research is often hindered by the lack of tools that allow us to measure
specific proteins or their modifications. In our work, we generated and validated endogenously tagged
haploid cell lines for mitochondrial proteins for which previously no reliable tools for quantification of
their protein levels were available. We believe that these cell lines and the information of the position
within the protein that can be endogenously tagged without perturbing the natural protein function

will allow us to finally investigate these proteins in the future in greater detail.

Due to the myriad of functions associated with elF5A, reports on its role can sometimes seem
contradictory. This could stem from the fact that elF5A is a very conserved and a highly abundant
protein that could have acquired tissue-specific roles. It is therefore important to note that our studies
were made mostly in the two cell lines THP-1 and HAP1. Doing similar systematic explorations in
different cellular systems such as neuronal cell lines, a cell type that seems to be especially affected
in the absence of hypusine, will be highly interesting (Kar et al., 2021; Liang et al., 2021). In addition,
the way and method of perturbing elF5A can have different effects on the cell. In our study, we mostly
used the DHPS inhibitor GC7, which leads to inhibition of the first step of hypusination, and as a side
effect increases drastically the amount of acetylated elF5A in the cell. As already mentioned above it
is currently only poorly understood what role acetylated elF5A has in the cell. Alternative methods to
inactivate e/F5A would be to knock out DHPS, which we used in one of our studies above. The knock-
out of DHPS led to similar effects, but requires more time and therefore doesn’t allow us to study
acute effects of inhibition of elF5A. Additionally, studies found that when elF5A was overexpressed it
led to induction of apoptosis (Sun et al., 2010; Tan et al., 2010). This illustrates, that unmodified elF5A
has an additional effect on the cell and it could therefore be interesting in the future to also perform
experiments where elF5A is knocked down altogether. Furthermore, the often envisioned “one gene,
one protein” theory does not always hold true. Especially, highly abundant and very conserved
proteins like elF5A could potentially be so-called moonlight proteins that have multiple functions in
different locations in the cell (Jeffery, 1999). In our study, we made use of expression proteomics, a
technique that routinely quantified >8,000 proteins per sample. While these are impressive numbers
it is still hard to quantify very low abundant proteins with standard protocols, such as some
transcription factors, that could however be very interesting targets of hypusination due to their
amplifying power within cells. With ribosome profiling, it should be easier to look at an even larger
number of targets, but it suffers from similar limitations as expression proteomics. The technique

requires total RNA sequencing, which makes the analysis of low-expressed genes again expensive.
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Currently, we can therefore not analyze very low expressed genes in our dataset, a situation that we
are currently trying to improve by increasing sequencing depth even further. Lastly, we observed an
interesting regulation of acetylation of elF5A in our study. However, we are clearly only scratching the
surface of its regulation and it would be therefore needed to perform a similar systematic study for
acetylation of elF5A as we performed here for hypusine, which requires the development of more

specific binders and inhibitors for this pathway first.

4.3 Conclusions and Recommendations for Future

Functional genomics offers nowadays a powerful toolbox to decipher the role of genes in the
context of different cellular settings. The ease of sharing genome-wide CRISPR libraries and the
associated good economics of genome-wide genetic CRISPR screens democratized functional
genomics and allowed many new labs to functionalize their cellular readouts in genome-wide
campaigns for dissecting molecular processes. It is clear, that we are only at the beginning of this trend
and the development of new readouts or the use of single-cell omics with gradually decreasing costs,
will lead in the future to many more variants of CRISPR screens. In addition, the design of progressively
more integrative systematic studies that investigate several aspects of gene expression by making use
of omics techniques such as proteomics, transcriptomics, ribosome profiling, and metabolomics will

help to accelerate the annotation of gene functions.

The hypusine pathway and elF5A are part of the translational control in a cell, a field that is still
in its infancy with plenty of opportunities for discoveries in the future. Basic questions, like how the
cell prioritizes the translation of certain mRNAs, are still largely unanswered. For the hypusine axis
specifically, it will be interesting to understand how the elF5A-DHPS-DOHH pathway cross-talks with
the metabolic state of a cell and in response reprograms the cellular translatome. Current inhibitors
for hypusination such as GC7 could already offer innovative ways to prevent hypoxic-ischemia induced
damage, as showcased in rat and pig kidney transplantation models (Melis et al., 2017). A key
challenge here is that elF5A exists in different isoforms and can be modified by hypusination,
acetylation, and phosphorylation (Park et al., 1981; Kang et al., 1993; Klier et al., 1995). To dissect all
the individual roles of the hypusine pathway it will therefore be necessary to develop specific
inhibitors for each individual modification and isoform or the respective enzyme and have specific
binders that allow to measure and study the different modification states of elF5A. These new tools
will empower specific campaigns similar to the work presented in this thesis and allow to separate
effects caused by individual isoforms and modification states of elF5A. In addition, such specific
inhibitors will also be therapeutically very interesting. This is because for example, the second isoform

of elF5A (elF5A-2) is expressed in many different types of tumors, which could make it an interesting
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target in cancer cell therapy (Caraglia et al., 2013; Mathews and Hershey, 2015). Additionally, the
involvement of hypusine in a large variety of diseases, as described earlier, but also its metabolic role,
makes the hypusine axis an attractive target for drug development programs that will be aided in the
future by the recent release of high-resolution structures for DHPS (Liao et al., 1998; Umland et al.,
2004; Wator et al., 2023), DOHH (Han et al., 2015), and elF5A (Schmidt et al., 2016). It would also be
useful to address another interesting future question: deciphering the role of elF5A in the nucleus,
which positively correlates with elFSA*4’, Due to the nucleic acid binding properties of elF5A, it is
frequently speculated that elF5A could serve as a mechanism that shuttles RNA out of the nucleus and
some studies suggest that this is indeed the case (Liu et al., 1997; Xu and Chen, 2001; Xu et al., 2004;
Balukoff et al., 2020). The nuclear transport receptor Xpo4, that is responsible for elF5A export, acts
additionally like a chaperone that shields most conserved positively charged RNA interacting residues
of elF5A (Aksu et al., 2016). Combined with the fact that elF5A enters the nucleus via passive diffusion,
this speaks against a prominent role of elF5A as an RNA shuttle system (Lipowsky et al., 2000). Rather
it would mean that the cell evolved a mechanism to export elF5A from the nucleus in order to keep it
clean and to prevent detrimental interactions in the nucleus. On the other hand, acetylated elF5A
binds around 35 times weaker to Xpo4 and remains as a result much longer in the nucleus (Lipowsky
et al., 2000). Therefore, the acetylated form of elF5A would have more time to bind RNA. Additionally,
it has been found that the absence of Xpo4 leads to an accumulation of elF5A in the nucleoli, the
location where ribosomes are assembled which suggests that nuclear elF5A could interfere with
ribosome biogenesis and thereby general protein production. In summary, it will be interesting to see
in the future what the nuclear role of elF5A is. Lastly, the high importance of el/F5A comes with the
consequence that disruption of the hypusine-pathway leads to a whole array of secondary and
collateral effects in the cell. In the future it will be key to perform even earlier and tighter time-course
experiments that will allow us to identify the pathways that are most upstream and stand under the

direct regulation of the hypusine axis.
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5 Material and Methods

Methods and experimental procedures used in the presented manuscript have been extensively

described in the respective manuscripts. The remaining methods are presented in this chapter below.
Cell lines

THP-1, HEK293T, and RPE-1 cells were purchased from ATCC. HAP1 cells were obtained from
Horizon Genomics (Vienna, Austria). THP-1, U937, MCF7, DU145, HCT116, and K562 were grown in
RPMI1640. HEK293T, Huh7, Hela, and A549 were maintained in Dulbecco’s modified Eagle’s medium
(DMEM). HAP1 and HL-60 were grown in Iscove's Modified Dulbecco's Medium (IMDM). RPE-1 were
maintained in DMEM:F12 (1:1) medium. All media were supplemented with 10% fetal bovine serum
(FBS) and antibiotics (100 U/mL penicillin, 100 mg/mL streptomycin), all either from Gibco or Sigma
and FBS from biowest. Cell lines were grown at 37 °C in 5% CO,. Transient transfection of HEK293T
was done using PEI (Sigma). Viral particles were produced by transient transfection of HEK293T cells
with the library and packaging plasmids pMD2.G (Addgene no. 12259) as well as psPAX2 (Addgene no.
12260) using PEI (Sigma).

Cells grown in alternative carbon sources or with extra glucose were maintained in media
supplemented with either D-(+)-Glucose monohydrate (16301, Sigma) or D-(+)-Galactose (G5388,

Sigma).
Lentiviral transduction

Stable HAP1 expression cell lines were generated by lentiviral transduction. Therefore, HEK293T
were transfected with the packaging plasmids pMD2.G (Addgene no. 12259) and psPAX2 (Addgene
no. 12260) as well as with the individual lentiviral vector, using PEI (Sigma). 16 hours post-transfection
the medium was exchanged to IMDM supplemented with 10% FBS. Virus supernatant was collected
72 hours after transfection, filtered through 0.45 pm polyethersulfone filters (GE Healthcare),
supplemented with 8 ug/mL protamine sulfate, and added directly to the respective cells. 24 hours
after infection, the medium was exchanged, and 48 hours after infection cells were checked for

expression of the respective insert.
ATF4 reporter cell lines

ATF4 reporter cell lines were generated as described in a previous study (Guo et al., 2020).
Reporter cells were generated in the human cancer cell line HAP1 by first stably integrating a

translational reporter construct, which reports on ATF4 induction via expression of the fluorescent
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protein mApple (pXG237, Addgene no. 141281). Second a EGFP expressing construct (pXG260,
Addgene no. 141282) was stable introduced to the same cell pool, serving as a general protein
expression control in the cell. Both constructs were delivered via lentivirus. Next, clonal cell lines were
isolated and validated by treating them with 1.25 ng/mL of the control drug oligomycin A
(495455, EMD Millipore) and measuring their mApple (ATF4-mApple) and GFP levels on an LSR
Fortessa Il cytometer controlled with FACSDiva (BD), analyzed, and illustrated with FlowJo software

(v.10) (Figure 24c).

For GC7, the reporter cells were treated with increasing doses (10-50 uM) of GC7 (259545, EMD

Millipore) and measured with the same LSR Fortessa Il set-up as described above.
Cell lysis and immunoblotting

Cell pellets were processed and analyzed via immunoblotting as described in the methods part

of our paper attached in chapter 3.4.
Antibodies list

The primary antibodies used for western blot were: Hypusine (generation see chapter 3.4 (Zhai
et al., 2016; Essletzbichler et al., 2023), 1:20,000), elF5A*4’ (P01727, Boster Bio, 1:500), elF5A
(611976, BD Biosciences, 1:20,000), DHPS/DHS (ab190266, abcam, 1:1,000), DOHH (376929, B-12,
SantaCruz, 1:500), HA (3724, C29F4, 1:500), for ATF4/ATF-4 (11815, D4BS8, Cell Signaling, 1:500),
GAPDH (47724, 0411, SantaCruz, 1:2,000).

The secondary antibodies used were: anti-rabbit HRP (111-035-144, Jackson ImmunoResearch,

dilution 1:10,000), anti-mouse HRP (115-035-003, Jackson ImmunoResearch, dilution 1:10,000).

For directly coupling hypusine antibody to a 594 nm fluorophore our hypusine antibody was
dilute to 1 mg/mL in PBS and subsequently labeled using the Mix-n-Stain CF 594 antibody labeling kit
(MX594520, Sigma).

Drugs

The small molecules used for the study were: GC7 (259545, EMD Millipore), chloramphenicol
(3886, Roth), oligomycin A (495455, EMD Millipore), Torin-1 (4247, Tocris), and Mitoblock-6 (505759,
EMD Millipore)

Ribosome profiling

6 million THP1 WT cells each were seeded in 10 cm plates and treated with 30 uM GC7 (259545,

EMD Millipore) or with DMSO as a control in triplicates and harvested after 24 hours as indicated in
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Figure 23a. For harvesting cells were pelleted at 400 g for minutes at 4 °C and afterwards supernatant
was removed and pellets placed on ice. Next, cells were rinsed with 10 mL of ice-cold PBS, either
supplemented with 100 pL of cycloheximide (Sigma) at 10 mg/mL or without cycloheximide, and then
pelleted at 400 g for 2 min at 4 °C and then supernatant was aspirated. Next, 800 uL of ice-cold
polysome lysis buffer (20 mM Tris (pH 7.4) (Sigma), 250 mM NacCl (Sigma), 15 mM MgCl, (EMSURE),
1000x protease inhibitor (P8340, Sigma), RNAsin (N2515, Promega), TurboDNAse (AM2238,
Invitrogen)), supplemented either with or without cycloheximide at the same final concentration as
above was added to the samples and they were mixed by pipetting the sample up and down and the
whole time kept on ice. To homogenize, the lysate was then passed five time through a 23G needle
(Braun). Lysates were then clarified by centrifugation at 20,000 g for 10 min at 4 °C. Next, the
supernatants were transferred into fresh tubes and 10% of the sample was stored in a separate tube
for subsequent RNA isolation for RNA-Seq library construction (see below). Lastly, all samples were

snap frozen in liquid nitrogen and then shipped on dry ice to our collaboration lab in Columbia.
RNA-Seq Library Construction

Total RNA was isolated from cell lysates using a RNeasy kit (74104, Qiagen), and ribosomal RNA
was depleted using the rRNA removal kit (E7405X, NEB), following the manufacturer’s instructions.
Strand-specific RNASeq libraries were prepared using the NEBNext® Ultra Directional RNA Library Prep
Kit (E7760L, NEB). Each sample condition had three biological replicates. RNA-Seq libraries were
quantified using a Qubit fluorometer (ThermoFisher), and the library size was measured using an
Agilent Bioanalyzer. Sequencing was performed on an Illumina NextSeq 500/550 desktop sequencer
with a read length of 75 bases. Approximately 25 million demultiplexed, pass-filtered, single-end reads

were obtained for each sample.
Ribosome-Profiling Study

A ligation-free library preparation approach was employed (Hornstein et al., 2016; Das Sharma
etal., 2019) to generate RiboSeq libraries. In summary, cell lysates were subjected to RNAse |
digestion. Monosomes were collected using a 50% sucrose cushion supplemented with Cycloheximide
(C1988, Sigma) and subsequently purified using Trizol (Sigma). Footprints were size-selected using gel
electrophoresis as described in (Hornstein et al., 2016; Das Sharma et al., 2019) and
dephosphorylation of the size-selected footprints were performed using T4 Polynucleotide kinase
(NEB). The RNA footprints were polyadenylated and then subjected to reverse transcription using an
RT enzyme with template switching activity using SMARTer small RNA-Seq Library Preparation Kit
(635029, Takara). During this process, a low complexity sequence was added to the 3’ end of the cDNA

through the terminal transferase activity of the template switching enzyme, along with a second
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universal sequence adapter that hybridizes to the added tail. This resulted in the RT-switched
templates, with the second adapter copied onto the 3’ end of the cDNA. The libraries were further
depleted of rRNA (Hornstein et al., 2016; Das Sharma et al., 2019). Depleted libraries were amplified,
and full-length Illumina adapters are added via PCR. Sequencing was performed on an Illumina
NextSeq 500/550 desktop sequencer with a read length of 50 bases. Approximately 60 million

demultiplexed, pass-filtered, single-end reads were obtained for each sample.
Ribosome-Profiling Study Analysis

Bioinformatics analysis was carried out following the protocol previously described (Das Sharma
et al., 2019). In short, RiboSeq libraries underwent processing, which involved removal of the first 4
and last 10 bases of each sequence read, using the following command in FASTX-Toolkit (Hannon
2010): fastx_trimmer -f 4 -1 40 -Q33 -i INFILE -0 OUTLFILE. The subsequent step involved trimming the
residual poly(A) sequences from the 3’ end and considering only reads with a length of more than
25 nucleotides. Subsequently, ribosomal RNA depletion was performed by aligning the libraries to an
rRNA reference sequence derived from hg38, utilizing bowtie2, and allowing for a single alignment
error. Unaligned reads were then aligned to the hg38 human genome assembly using STAR (Dobin et
al., 2013). Alignments to exons and coding sequences (CDS) were quantified using the featureCounts
program (Liao et al., 2014) from the subread suite. This approach yielded aligned count files for
uniquely aligned Exon and CDS reads. On average, individual RiboSeq samples contained

approximately 6 to 10 million unique reads.

Alignment files in BAM format were processed using samtools (Danecek et al., 2021). We
filtered reads of lengths ranging from 27 to 31 nucleotides. Chromosome coordinates of reads were
used to assign codons and amino acids previously filtered from coding sequences from the human
reference genome, hg38. Reads were counted at each codon position, along coding sequences, and a
pause score (P) per codon (i), was calculated as normalized count relative to the total number of reads
per gene, or with G the total counts at codon i and L, the length of the gene in number of codons. A
mean, standard deviation, and confidence intervals for the pause score were calculated from the
replicates of each condition. Significance of a pause score was estimated by comparing conditions of
treatment versus non-treatment. Pauses were defined at regions with a difference between
treatment versus control conditions larger than the 95% confidence interval. For ease of visualization,
we plot pause scores using a window average of 5 codons. To better understand the origins of pauses,
we calculated sequence hydrophobicity of amino acids (Kyte and Doolittle, 1982), a classification of
amino acid polarity (Nelson and Cox, 2012), codon usage as the codon adaption index (Sharp and Li,

1987); protein and mRNA secondary structure. Protein secondary structures were calculated for each

132


https://sciwheel.com/work/citation?ids=2066939,7970539&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=7970539&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=7970539&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=49324&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=49324&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=148598&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=10500701&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=492614&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=15328683&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=966993&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=966993&pre=&suf=&sa=0&dbf=0

human gene using their respective AlphaFold model (Jumper et al., 2021), using the DSSP algorithm
(Kabsch and Sander, 1983). Similarly, mRNA secondary structures were estimated using ViennaRNA
software (Hofacker, 2004). Stability of secondary structure motifs were calculated for segments of 100

nucleotides long starting at each position along the sequence.
Gene set enrichment analysis

Gene Ontology (GO) enrichment analysis for “Biological process”, “Cellular component”, and
“Molecular function” GO terms was performed via GSEA (Subramanian et al., 2005) and Enrichr
(Kuleshov et al., 2016) using the Python package GSEApy (version 0.10.8,
https://github.com/zgfang/GSEApy). Gene sets are described in the corresponding figure legends.

Generation of haploid intron tagged cell lines

Intron tagged cell line generation was conducted as previously described (Reicher et al., 2020).
Oligos, targeting the intron of the gene of choice, containing BsmBI compatible overhangs were

annealed and cloned into pX330 (Addgene no. 42230) using Golden Gate assembly.

Cloned oligonucleotides were as follows (5’ to 3’ orientation):

sgATP5MG caccgTAGATAGGATGGCTATAGGA from vpCells (CeMM)
sgNDUFAB1 caccgTTGAAGGAATAAGCCCCAGG from vpCells (CeMM)
sgOXA1L caccgTTATCGCAGACCCACATCGG from vpCells (CeMM)

For intron tagged cell line generation that was conducted separately for each construct,
5 million haploid HAP1 cells each were seeded on 10 cm cell-culture coated plates. Cells were then
transfected with the respective CRISPR sgRNA specifically targeting the intron of choice cloned in
pX330 as described above, a vector expressing Cas9 in combination with a sgRNA that excises GFP
(Intron-Tagging-pX330-Cas9-Blast, Addgene no. 159741), and a GFP expressing vector (Intron-Tagging-
EGFP-Donor, Addgene no. 159740) using PEI (Sigma). 24 hours post transfection media was replaced
to IMDM supplemented with 10% FBS and cells continuously expanded. 4 days later, cells were sorted
on a Sony SH800S cell sorter and enriched for GFP expressing cells and afterwards grown in culture.
7 days post sorting clonal cell lines were derived by limiting dilutions. Clonal cell lines were then
expanded and validated for haploidy using Hoechst 33342 (Thermo Fisher Scientific) staining as well
as validated for successful integration of GFP via measuring GFP signal on a LSR Fortessa Il cytometer
controlled with FACSDiva (BD), analyzed, and illustrated with FlowJo software (v.10) as illustrated in

Figure 27a-b. Additionally, the localization of the tagged proteins was assessed using an Opera Phenix
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High-Content Screening System (Perkin Elmer), looking for localization of GFP signal as exemplified in

Figure 27c.
Generation of shRNA expressing cell lines

CTU2 shRNA vectors were generated following the principle of a previous study (Sigl et al.,
2014). shRNA sequences containing the 5’-, loop, and 3’- sequence were cloned into pENTR-THT
(Addgene no. 55790), via restriction site cloning. Then the sequences were cloned from pENTR-THT
via gateway cloning into the all-in-one inducible lentiviral shRNA pGLTR-X-PURO expression plasmid
(Addgene no. 58246). Lentivirus production and stable cell line production in HAP1 was conducted as

described above.

Cloned sequences were as follows (5, loop, and 3’ sequence):

loop 3’ end incl
5 end | sense antisense
sequence Hindlll

CTU2.2 | GATCCCC | GTTCCTTCTGTCTTCACACCA | TTCAAGAGA | TGGTGTGAAGACAGAAGGAAC | TTTTTGGAAAAGCTT

CTU2.3 | GATCCCC | CTATCAAGCTCATGACCAA TTCAAGAGA | TTGGTCATGAGCTTGATAG TTTTTGGAAAAGCTT

Hypusine antibody staining for FACS

HAP1 cells were dissociated by trypsinization, resuspended in Phosphate buffered saline (PBS)
(Sigma) and pelleted at 500g for 3 minutes. Cells were then resuspended and fixed in BD Fix buffer |
(BD) at 37°C for 10 minutes. Next, cells were pelleted at 1300g for 5 minutes and washed once with
PBS. Cells were next permeabilized with BD Perm Buffer Il (BD) on ice for 30 minutes and afterwards
pelleted at 500g for 3 minutes. Next, they were resuspended in blocking buffer (PBS supplemented
with 10% fetal bovine serum (FBS) (biowest)) and incubated for 20 minutes at room temperature. Cells
were then pelleted at 1300g for 5 minutes and afterwards incubated in primary hypusine antibody
(described above) diluted 1:500 in blocking buffer for 1 hour at room temperature under light
agitation. Next, cells were pelleted at 1300g and washed twice in blocking buffer. Cells stained with
primary antibody were then stained with an Alexa Fluor-coupled fluorescently labeled goat anti-rabbit
secondary antibody (Thermo Fisher Scientific) diluted 1:100 in blocking buffer for 1 hour at room
temperature under permanent rotation in the dark. Cells were then pelleted at 1300g and washed
twice with blocking buffer. Lastly, cells were resuspended in blocking buffer and filtered for
subsequent FACS processing. For cell sorting cell were processed with a FACSAria Fusion cell sorter
(BD Biosciences), using DAPI to gate for haploid G1 cells. For analysis cells were measured on a LSR
Fortessa Il cytometer controlled with FACSDiva (BD), analyzed, and illustrated with FlowJo software

(v.10).
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For staining with the conjugated hypusine antibody, described above, the staining with the

secondary antibody was skipped and the remaining steps remained identical.
Hypusine Abundance Screen

Haploid genetic screens were conducted as previously reported (Brockmann et al., 2017). Viral
particles were produced by transient transfection of HEK293T cells with GT-GFP, VSVG, AVPR, and
pAdvantage. Virus supernatant was collected 48 hours post transfection, filtered through 0.40 pum
filter and concentrated with Amicon filters (Merck) following manufacturer’s instructions. Fresh media
was re-applied to the transfected HEK293T cells and viral harvest repeated. The concentrated virus
was immediately added to HAP1 cells, supplemented with 8 ug/mL protamine sulfate. 24 hours after
infection, the media was exchanged, and the cells were cultivated for 8-10 days, as described above,

before use in the genetic screen.

To perform haploid genetic screens, the infected HAP1 cells were grown in T175 flasks to a total
number of 3 x 10° cells. Cells were then detached by trypsinization and stained with primary hypusine
antibody, fluorescently labeled secondary antibody, and with DAPI, as described in the methods
section above (“Hypusine antibody staining for FACS”). Cells were passed through a 40 um cell strainer
and then sorted on a FACSAria Fusion cell sorter (BD Biosciences). DAPI was used to gate for haploid
G1 cells, and 10 million cells were collected for the 5% of cells with the highest and lowest fluorescent
signal for hypusine. Genomic DNA was isolated, NGS sequencing libraries prepared and sequencing
data analyzed as described before (Brockmann et al., 2017). NGS reads were aligned to the GRCh38
reference genome, allowing for one mismatch. The sense insertions in the high and low populations
were compared using a two-sided Fisher’s exact test to calculate the significant differences (FDR
corrected p<0.05). For analysis, data was processed with GraphPad Prism software and Adobe

Illustrator to generate fishtail plots.
Expression Proteomics

For each replicate 13 million THP1 WT cells were seeded in 15 cm plates and treated with 30 uM
GC7 (259545, EMD Millipore) or as a negative control with DMSO. All conditions were done in
triplicates. Cells were harvested after (24-60 hours) as indicated in Figure 22a. For harvesting, cells
were washed once with ice cold PBS and afterwards snap frozen in liquid nitrogen. For lysis cell pellets
were thawed on ice and resuspended in freshly prepared lysis buffer containing 50 mM HEPES (pH
8.0) (Merck), 2 % SDS, 1 mM PMSF, and protease inhibitor cocktail (Sigma). Samples were incubated
at room temperature (RT) for 20 min, then heated to 99 °C for 5 min and then cooled back to RT. Next,

the DNA in the samples was sheared by sonication using a Covaris S2 high performance ultrasonicator.
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Lysates were then cleared at 16,000 g for 10 min. The supernatants were then transferred to fresh
Eppendorf tubes and protein concentration was quantified using the BCA Protein Assay kit (Pierce

Biotechnology).

After checking that the pH of the lysates was in a range of pH 6-8 proteins were reduced by
addition of DTT (Sigma) at a final concentration of 10 mM. Samples were then vortexed and afterwards
incubated for 1 hour at 56°C in an incubator. After cooling the samples back to RT, proteins were then
alkylated by addition of iodoacetamide (Sigma) to a final concentration of around 55 mM, briefly
vortexed and incubated at RT for 30 min. Next, Sera-Mag beads (#45152105050250, GE Healthcare
and #65152105050250, GE Healthcare) were mixed in a ratio of 1:1, placed on a magnetic rack, to
remove the supernatant. Beads were washed twice with H,O with short magnetization in-between
each washing step to separate beads from the washing solution. After the last washing steps, the
clarified lysates were added to the beads, the samples were then vortexed and incubated for 5 min.
To precipitate proteins onto the beads, acetonitrile (Fisher Scientific) was added to the samples,
reaching a final concentration of at least 70% (v/v). Samples were cautiously mixed with precipitation
buffer by pipetting. Samples were then incubated until beads settled down at the bottom of the tube
and then beads were immobilized on a magnetic rack for 2 min. The separated supernatants were
discarded. Beads were then rinsed twice with 70% ethanol (Merck) in water, incubated for 30 seconds
and then beads were immobilized on a magnetic rack to discard the supernatant. Then beads were
rinsed with acetonitrile, incubated for 30 seconds, and again immobilized on a magnetic rack to
discard the supernatant. Now, the cleaned protein was eluted from the beads by addition of NH;HCO3
at a final concentration of 50 mM, incubated for several minutes and then vortexed. After checking
the pH to be around pH 8, the protein was next digested by addition of trypsin, shaking the samples
at 600 rpm for 1 min and incubating them for 14-18 hours at 37 °C. To clean up the samples, they were
next acidified with 30% trifluoroacetic acid, vortexed and their pH confirmed to be pH < 2. Samples
were then centrifuged and immobilized on a magnetic rack. All digested samples were then desalted
using C18 solid phase extraction (SPE) spin columns (The Nest Group). Next the concentrations of the

peptides were quantified using the CPA assay (#23275, Thermo).

The desalted peptides were then labeled with the TMT 16plex reagents according to the
manufacturer (Pierce, Rockford, IL; LOT: WA314599). The labeling reaction was next quenched,
samples containing the labeled peptide were pooled and the organic solvent removed in a vacuum

concentrator. Labeled peptides were cleaned again via C18 SPE (see above).

The labeled peptides were then buffered in 20 mM ammonium formiate buffer (pH 10) and

separated by reverse phase liquid chromatography at pH 10 as described (Gilar et al., 2005). In short,
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the peptides were separated into 96 time-based fractions on a Phenomenex C18 RP column (150 x 2.0
mm Gemini-NX 3 pm C18 110A, Phenomenex, Torrance, Ca, USA) with an Agilent 1200 series HPLC
system fitted with a binary pump delivering solvent at 100 pL/min. Acidified fractions were then
consolidated into 36 fractions following a concatenated strategy described (Wang et al., 2011).
Solvent was then removed using a vacuum concentrator and peptides were then reconstituted in 5%

formic acid for subsequent LC-MS/MS analysis and kept at -80°C until further analysis.

For separation of peptides a reverse-phase chromatography using a nano-flow HPLC (Dionex
Ultimate 3000, Thermo Fisher Scientific) was employed. Peptides were first loaded onto a trap column
(Pepmap 100 5 um, 5 x 0.3 mm, ThermoFisher Scientific) at a flow rate of 10 uL/min using 0.1% TFA
as loading buffer. Then, the trap column was switched in-line with the analytical column (50 cm, 75 um
inner diameter analytical column packed in house with ReproSil-Pur 120 C18-AQ, 3um). Mobile-phase
A consisted of 0.4% formic acid in water and mobile-phase B of 0.4% formic acid in a mix of
90% acetonitrile in water. The flow rate was set to 300 nL/min and a 120 min gradient was used (6 to
30% solvent B within 82 min, 30 to 65% solvent B within 8 min and, 65 to 100% solvent B within 1 min,
100% solvent B for 6 min before equilibrating at 6% solvent B for 18 min prior to next injection). Eluted

peptides were ionized in a positive mode (1.8 Kv) using a Nanospray Flex™ lon Source.

Mass spectrometry was performed on a Orbitrap Fusion Lumos mass spectrometer (ThermoFisher
Scientific). Tandem Mass spectrometry (MS/MS) analysis was performed in a data-dependent
acquisition mode. Full MS scans were acquired across a precursor mass range of 400-1600 m/z at a
resolution of 120,000 (at 445.120024 m/z). Automatic gain control (AGC) was set to a target of 4e6
with a maximum injection time of 50 ms. MS2 fragment spectra were acquired in the Orbitrap at a
resolution of 50,000, a fixed first mass of 100 m/z, a maximum injection time of 86 ms and an AGC of

le6.

To achieve maximum proteome coverage, classical tandem MS was employed (TMT reporter ion
intensities extracted from MS2-scans) instead of the available synchronous precursor selection (SPS)-
MS3 approach. While the latter provides on average better TMT ratio accuracies, it suffers from
prolonged duty cycles and reduced identification rates. An extended fractionation scheme was applied
(36 fractions, see above). The monoisotopic peak determination was set to peptides with inclusion of
charge states between 2 and 5. The intensity threshold for MS2 selection was set to 5 x 10% Higher
energy collision induced dissociation (HCD) was applied with a normalized collision energy (NCE) of

34%. Dynamic exclusion for selected ions was 60 s.
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Expression Proteomics Data Analysis

Raw files were processed using ProteomeDiscoverer (2.4). The peptide identification search was
performed against the human swissprot database containing isoforms (Version 052020, 42289
protein sequences) supplemented with common lab contaminants (298 protein sequences). Decoys
were generated by reversing protein sequences. The spectrum search was performed with Sequest
HT with enabled Spectrum Selector (precursor mass of 350 Da to 5000 Da and a minimum peak count
of 1), against fully tryptic peptides with up to two missed cleavages. Further the peptide length was
set to a minimum of 6 aminoacids and 144 maximum length. The search was performed with a 10 ppm
precursor mass tolerance and a 0.025 Da fragment mass tolerance respectively. As variable
modifications oxidation of Methionine residues, deamidation of Asparagine and Glutamine residues,
acetylation of the N-terminus and N-terminal loss of initial Methionine group or combinations of the
latter were set. Up to 3 variable modifications were allowed per peptide. As static modification
carbamidomethylation on Cysteine residues and the TMTpro-reporter modification at the N-terminus
and Lysine residues was set. The evaluation of the search was performed with Percolator with the
concatenated mode enabled (only the best scoring PSM target or decoy is used for the evaluation).
The FDR was controlled on PSM, peptide and protein level at 1%. For protein grouping a strict
parsimony principle was applied, and all protein groups were excluded which are not strictly necessary
to explain the identified peptides. The final output was filtered to contain only high-confidence

identification and all contaminants were filtered.

The peptide level intensities for all PeptideGroups were exported from ProteomeDiscoverer and
further analyzed in R (R-4.3.1). To remove noisy signal, the Coefficient of Variation (CV) across

replicates per time point (see Formula 1) per peptide was calculated.

o
Forumla 1: CV = ;

If the CV of a peptide was for more than two timepoints greater than or equal to 0.3 across time points
replicates, the peptide was removed from the dataset. Peptide intensities of the entire dataset were
log2 transformed and median normalized. Missing peptides were imputed by taking 80% of the lowest
measured value for each sample. Protein intensities were inferred by summing the peptides per
protein group. The normalized and imputed protein abundances served as input for the Analysis of
Variance (ANOVA) test. Obtained p-values were corrected for multiple comparisons using Benjamini-
Hochberg. A maximal difference of +0.5 and -0.5 log2 from the overall mean across all conditions and
an adjusted p-value of 0.01 were set as thresholds to identify significantly changed proteins across the

timecourse experiment. Fuzzy clustering was performed with the Mfuzz R-package (Kumar and E
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Futschik, 2007) for the significantly regulated proteins. First the 193 significantly variable proteins
were standardized (average expression of protein to zero with a standard deviation of one). For the
fuzzy c-means clustering first the number of clusters was estimated employing repeated soft clustering
for a range of cluster numbers to identify the minimum centroid distance. The minimum cluster
membership value threshold for a protein was set to 0.5. Fuzzy clustering identified 3 clusters for 184

protein groups, 9 proteins were not clustered.
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