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Abstract

The bulk of MRNA turnover proceeds through a deadenylation dependent mechanism,
whereby mRNAs have their 3’-poly(A) tails trimmed, followed by either degradation by the 3°-
5’ exosome, or decapping of the 5’ end and degradation by the 5°-3” exonuclease Xrnl (5°-3’
exonuclease 1). However, several mechanisms exist to specifically regulate subsets of mMRNAs,
allowing for fine-tuning of the transcriptome by deadenylation-independent mRNA decay. One
such mechanism is via endonucleases that internally cleave RNA to promote decay and play key
roles in controlling specific transcripts. Recently, a novel class of predicted nuclease domains
were identified, known as NYN domains. One such protein encoding this domain is N4BP1,
which is upregulated in immune cells upon interferon stimulation. This protein contains a
predicted RNA binding KH (K-homology) domain as well as a C-terminal NYN and ubiquitin
binding domains. N4BP1 has been shown to directly repress HIV RNAs dependent on its NYN
domain. However, whether N4BP1 can target and repress polyadenylated mMRNAS remains
unclear.

This project set out to investigate the role of N4BP1 in mammalian cells, specifically
silencing activity, cellular localization and identifying N4BP1-associated proteins. A number of
N4BP1 mutants were artificially tethered to reporter MRNAS in order to assess whether NABP1
can repress protein synthesis of target MRNAs using dual-luciferase reporter assays. We
observed that N4BP1 repression is dependent on its NYN domain, and N4BP1 induces
repression similar to that observed for other bona fide NYN domain endonucleases.
Immunofluorescence and cell fractionation analyses were carried out to investigate how ectopic
N4BP1 localizes in human cell lines. This study shows that N4ABP1 can localize both to the

cytosol and to the nucleus in HeLa and U-2 OS cell lines. What is more, N4BP1 can form foci,
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co-localizing with components of processing (P)-bodies in the cytosol. While the N-terminal
region of N4BP1 alone was able to co-localize with processing P-body proteins, the central
(linker) region of this protein was the only fragment of N4BP1 that appeared in the nucleus.
Preliminary

proteomic analyses were also carried out to identify N4BP1-associating proteins in U-2 OS and
HeLa cell lines. Taken together, the data in this thesis support the notion that N4BP1 post-
transcriptionally regulates gene expression by destabilizing mRNAs, and that it localizes to P-

bodies via its N-terminal KH domain.
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Résumé

La majeure partie du renouvellement de I'ARNmM passe par un mécanisme dépendant de
la déadénylation, par lequel les ARNm ont leurs queues 3'-poly (A) coupées, suivies soit d'une
dégradation par I'exosome 3'-5', soit d'un décapage de I'extrémité 5' et d'une dégradation par le 5'-
3" exonucléase Xrnl. Cependant, plusieurs mecanismes existent pour réguler spécifiqguement les
sous-ensembles d’ARNm, permettant un réglage fin du transcriptome par la dés-adénylation
indépendante de la désintégration de I'ARNm. L'un de ces mécanismes se fait via des
endonucléases qui clivent de maniére interne I'ARN pour favoriser la désintégration et jouent un
role clé dans le contrdle de transcrits spécifiques. Récemment, une nouvelle classe de domaines
de nucléase prédits a été identifiée, connue sous le nom de domaines NYN. L'une de ces
protéines codant pour ce domaine est N4BP1, qui est induite dans les cellules immunitaires lors
de la stimulation par 1’interféron. Cette protéine contient un domaine KH de liaison a 'ARN
ainsi que des domaines de liaison C-terminaux NYN et ubiquitine. Il a été démontré que N4BP1
réprime directement les ARN du VIH par I’intermédiaire de son domaine NYN. Cependant, on

ne sait pas si NABP1 peut cibler et réprimer les ARNm polyadénylés.

Ce projet visait a étudier le réle de N4BP1 dans les cellules de mammiféres, en particulier
I'activité d’extinction de génes, la localisation cellulaire et I'identification des protéines associées
a N4BP1. Un certain nombre de mutants N4BP1 ont été artificiellement attachés a des ARNm
rapporteurs afin d'évaluer si N4BP1 peut réprimer la synthése protéique des ARNm cibles en
utilisant des tests de rapporteur a double luciférase. Nous avons observé que la répression de
N4BP1 dépend de son domaine NYN, et que N4BP1 induit une répression similaire a celle

observée pour d'autres endonucléases authentiques du domaine NYN. Des analyses
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d'immunofluorescence et de fractionnement cellulaire ont été effectuées pour étudier comment le
N4BP1 ectopique se localise dans les lignées cellulaires humaines. Cette étude montre que
N4BP1 peut étre localisée localiser a la fois le cytosol et le noyau dans les lignées cellulaires
HeLa et U-2 OS. De plus, N4BP1 peut former des foyers, co-localisés avec des composants des
corps de transformation (P) dans le cytosol. Alors que la région N-terminale de N4BP1 seule
était capable de co-localiser avec les protéines du corps P de traitement, la région centrale (de
liaison) de cette protéine était le seul fragment de N4BP1 qui apparaissait dans le noyau. Des
analyses protéomiques préliminaires ont également été effectuées pour identifier les protéines
associees a N4ABP1 dans les lignées cellulaires U-2 OS et HeLa. Prises ensemble, les données de
cette these soutiennent I'nypothese que N4BP1 régule de maniere post-transcriptionnelle
I'expression des genes en déstabilisant les ARNm, et qu'elle se localise sur les corps P via son

domaine KH N-terminal.
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Introduction

1.1 Eukaryotic mRNA requlation

The regulated decay of eukaryotic mMRNAs plays an important role in the post-
transcriptional control of gene expression (Beelman & Parker, 1995). It is essential that cells can
rapidly and specifically regulate the levels of specific transcripts to respond effectively to
changing internal and external conditions. This regulation is accomplished through various
mechanisms, including translational repression [e.g. by eukaryotic initiation factor 2a, (elF2a)
during the stress response], deadenylation-dependent mMRNA decay and various ribonucleases
(Decker & Parker, 1993, Scheuner et al., 2001, Novoa et al., 2001, Uehata et al., 2013). There is
significant overlap between these processes, often with various components being used for
multiple decay pathways. Further, repressing gene expression can occur through two events -
decay of mMRNA or blocking the ability of intact transcripts to be translated (Decker & Parker,
1993, Scheuner et al., 2001, Novoa et al., 2001).

The majority of mRNA turnover pathways begins with the deadenylation of the 3'
poly(A) tail of the transcript (Muhlrad et al., 1994, Labno et al., 2016) (Figure 1). The major
deadenylase complexes are CCR4-NOT (Carbon catabolite repression 4-negative on TATA-less)
and Pan2/Pan3 (poly(A) specific ribonuclease) which collaborate to trim short and long poly(A)
tails, respectively (Yi et al., 2018). Subsequently, the protective 5'-methylguanosine cap is
hydrolyzed by the DCP2 (decapping mRNA 2). Decapped mRNAs can then be fully broken
down either by XRN1 (5'-3' exonuclease) or the exosome complex (3'-5' exonuclease) (Muhlrad
et al., 1994). Beyond the enzymes listed above, there are many other proteins which are required
for mMRNA decay. For example, poly(A)-binding protein (PABPC1) protects the mRNA from
being degraded, but also interacts with PAN3, one of the deadenylating enzymes (Schafer et al.,

2019).
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To functionally link deadenylation to decapping, shortened poly(A) tails can be
uridylated by terminal uridyltransferases (TUT4/7), which interact with the LSM1-7 complex
(Tharun, 2009). Importantly, PATL1 binds the LSM1-7 complex as well as components of
decapping machinery including DDX6 (DEADbox helicase 6) and DCP1/2, facilitating the
initiation of MRNA decapping (Ozgur et al., 2010, Braun et al., 2010). Further, many proteins
are required for efficient mRNA decapping by DCP2, including DCP1 and enhancer of
decapping (EDC) proteins such as EDC4 (Chang et al., 2014). The complexity of the
deadenylation-dependent RNA decay pathway illustrates a common theme in RNA decay — tight

regulation is key to efficiently and specifically manage the transcriptome.

Importantly, several other pathways exist that post-transcriptionally regulate gene
expression. When transcripts prematurely terminate translation, they are degraded by nonsense-
mediated decay or no-go decay pathways (Losson & Lacroute, 1979, Harigaya & Parker, 2010).
Further, MRNAs can be targeted in a sequence-specific manner through micro (mi)RNA-
mediated silencing, where complementary miRNAs (micro-RNAs) guide the miRNA-induced
silencing complex (miRISC), to target MRNAs and block protein synthesis (Bouasker & Simard,
2012, Liu et al., 2004). Altogether, the many pathways of mMRNA decay and repression work
together to regulate the transcriptome both in bulk and with specific targets, allowing for the

efficient cellular response to change.
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Figure 1: Canonical deadenylation-dependent and endonuclease-mediated mRNA decay.
(A) Classical decay pathway of poly-(A) mMRNAS, where transcripts are deadenylated by PAN2/3
and then CCR4-NOT enzymes. After de-adenylation mRNAs either have the 5° methylguanosine
cap (m’G) removed by DCP2 followed by degradation by Xrn1 in the 5°-3’ direction, or are
degraded by the exosome in the 3°-5 direction. (B) Endonuclease mediated mRNA decay, where
nucleases (e.g. regnase-1) induce the cleavage of transcripts at internal sites, followed by full
degradation of transcripts by Xrnl and the exosome.
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1.2 RNA granules

Rather than being degraded, translation of mMRNAs can be repressed through the
formation of RNA granules (Eulalio et al., 2007, Brengues et al., 2005). These structures are
aggregates of RNAs and proteins, where transcripts are held in an untranslated-state; the two
most prominent of such structures are processing (P)-bodies and stress granules (SGs). These
structures are membraneless cellular compartments which are dynamic — exchanging proteins
and RNA continuously with the cytoplasm (Kadersha et al., 2000, Kadersha et al., 2005, Mollet
et al., 2008, Andrei et al., 2005).

Thousands of MRNA species localize to P-bodies, highlighting the significance of these
regions in controlling the global expression of genes (Wang et al., 2018). In P-bodies, transcripts
interact with proteins involved in the deadenylation-dependent decay, miRNA-mediated
silencing and nonsense-mediated decay pathways (Kulkarni et al., 2010). Intriguingly, within
these structures RNAs can be degraded or sequestered away intact, but inaccessible from the
translational machinery (Luo et al., 2018). Immunofluorescent illustration of P-body structure
and localization is shown in Figure 2.

On the other hand, stress granules form in response to a stressful stimulus (e.g. viral
infection), with phosphorylation of eIF2a leading to arrest of translation (Kedersha et al., 1999).
Up to 95% of all transcripts can associate with SGs, illustrating the substantial impact these
structures have on the transcriptome (Khong et al., 2017). Untranslated mMRNAs accumulate
along with small ribosomal subunits, and associate with proteins including poly(A)-binding
protein (PABP) and G3BP1 to form SGs (Kedersha et al., 2000, Tourriére et al., 2003). The
ability to store RNAs in a non-translating state provides cells with the ability to dynamically

regulate gene expression, adding yet another layer of complexity into the control of mMRNAs.
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Figure 2: Immunofluorescent analysis of P-body proteins Hedls (decapping factor) and
Xrnl (exonuclease) (adapted from Kulkarni et al. 2010).
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1.3 RNA binding motifs and post-transcriptional control

In order to regulate RNA, proteins must display a domain that allows them to interact
directly with ribonucleotides. These regions are called RNA binding motifs, and they arise in
four main forms: RNA recognition motifs (RRMSs), zinc fingers (ZFs), double stranded RNA
binding motifs (dSRBMs) and KH domains (Cléry & Allain, 2012). The importance of these
motifs is evident through their involvement in essential cellular functions — for example, PABP,
a key protein involved in translation and mRNA decay, interacts with poly(A) tail by canonical
RNA recognition motifs (RRMs) (Deo et al., 1999). RNA binding motifs are also found on
proteins that selectively target mMRNA subsets. For example, Regnase-1 (MCPIP1), which
interacts with mRNAs involved in immune stimulation, binds to target mMRNAs via its zinc-
finger domains (Garg et al., 2021, Matsushita et al., 2009). Further, within each family of RNA
binding motifs there is diversity among targets, varying from protein to protein. For instance, the
KH domains of poly-(C) binding protein interact with cytosine-rich ssDNA in telomeres, while
the KH domain of splicing factor 1 (SF1) interacts with the branch point sequence (UACUAAC)
in pre-mRNA transcripts (Bergland et al., 1997).

RNA binding motifs interact with target RNA sequences via hydrogen-bonding and/or
aromatic base stacking (Ding et al., 1999, Teplova & Patel, 2008, Cléry & Allain, 2012,
Morozova et al., 2006). Importantly, the composition and structure of these motifs dictate
specificity of protein-RNA interactions. For example, RRMs and zinc fingers contain conserved
aromatic amino acids which can facilitate interactions with RNA through base stacking between
RNA bases and aromatic side chains of amino acids; KH domains, on the other hand, do not
engage in base stacking (Ding et al., 1999, Teplova & Patel, 2008, Cléry & Allain, 2012).

Structurally, RNA binding motifs can differ greatly from one another. RRMs may extend the
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binding surface of their motif to accommodate additional RNA nucleotides to interact; zing
fingers can adopt different folding structures to specifically bind RNA; KH domains interact
with only 4 nucleotides and have a fixed site of interaction, with specificity determined by small
scale differences in orientation of atoms (Conte et al., 2000, Plambeck et al., 2003, Valverde et
al., 2008, Du et al., 2007, Braddock et al., 2002). Altogether, a diverse range of RNA binding
proteins play key roles in mRNA regulation both specifically, and on a global scale. As more
proteins are identified with predicted RNA binding motifs, it is important to understand how

these proteins impact RNA regulatory networks.

1.4 Endonuclease-mediated mRNA turnover

All mRNA decay pathways require a ribonuclease to fully degrade transcripts (Muhlrad
et al., 1994, Labno et al. 2016). Exoribonucleases (e.g. Xrnl) degrade transcripts from the ends
of the RNA, while endoribonucleases (e.g. Regnase-1) cleave internal sequences often in specific
RNAs (Solinger et al., 1999, Muhlrab et al., 1994, Matsushita et al., 2009). Cleavage of
transcripts by endonucleases expose unprotected 5' and 3' ends which can then be degraded fully
by exonucleases (Eberle et al., 2009). While exoribonucleases are responsible for most RNA
decay in cells, it has become apparent in recent years that endonucleases play abundant and
diverse roles in regulating gene expression in cells. For example, in miRNA mediated mRNA
decay, the catalytic protein Ago2 (argonaut 2) cleaves targeted mRNAs internally, allowing for
the regulated and specific repression of thousands of target genes (Ender & Meister, 2010, Alles
et al., 2019). In this case, Ago2 is guided by a miRNA that is perfectly complementary to a target
MRNA, allowing Ago2 to act as an endonuclease and cleave the transcript. Alternatively,

Regnase-1 (MCPIP1, monocyte chemotactic protein-1-induced protein-1) recognizes specific
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stem loop structures in transcripts through a zinc finger domain to repress immune system
activation (Uehata et al., 2013). Lastly, in nonsense mediated decay, premature stop codons lead
to recruitment of the endonuclease Smgé6 to the ribosome, which can induce mRNA cleavage
(Karousis et al., 2016). As such, Smgé6 is a key protein in a quality control mechanism to prevent
expression of potentially harmful mMRNAs.

While many endonucleases do have sequence specificity, others can cleave only at
specific structures of mMRNA, or non-specifically. During the immune response, RNaseL
(ribonuclease L) cleaves many RNAs non-specifically; however, some mRNAs required for the
immune response are able to escape RNaseL cleavage (e.g. interferon-f) and thus permit
signalling of the infection to nearby cells (Burke et al., 2019). The presence of target specific
endonuclease, and the ability of some transcripts to escape bulk mRNA turnover, allow for the
precise regulation of gene expression for subsets of genes in a context specific manner. Thus,
endonucleases are key regulatory components in many cellular pathways. With the recent
discovery of novel classes of endonucleases domain, it is pressing to discover how these proteins

contribute to the already complicated networks of mMRNA decay in eukaryotes.

1.5 Requlation of RNAs in the viral immune response

When infected by a virus, multicellular organisms have evolved with ways to limit the
spread of the virus between its cells to survive. One essential process in this viral immune
response is MRNA repression. To replicate, viruses hijack host machinery, often making use of
the ribosomes and structures related to translation for generating proteins (Bushell & Sarnow,
2002). As such, cells have developed mechanisms to shut down translation for most of the

transcriptome, while permitting expression of a subset of genes still required to respond to the
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infection. Detection of viral RNAs triggers the phosphorylation of eukaryotic initiation factor 2a
(eIF2a), which causes the arrest of canonical cap-dependent translation (Novoa et al., 2001). As
described earlier, untranslated mMRNAs bound to the small ribosomal subunit aggregate in SGs
and are unable to be translated (Arimoto et al., 2008, Tourriere et al., 2003). Furthermore, viral
RNAs stimulate the activation of RNaseL, an endonuclease which cleaves the majority of viral
and cellular RNAs inducing a rapid host cell shut down (Burke et al., 2019). Importantly,
specific RNAs involved in the immune response (e.g. interferon-p) are resistant to RNaseL,

allowing for specific translation of genes involved in the viral response (Burke et al., 2019).

Upon viral infection, cells release type-1 interferons (IFN o/f), signalling to neighbouring
cells to respond to the threat (Uehata & Takeuchi, 2020). Type-I interferons cause STAT
proteins to dimerize in the cytoplasm and translocate to the nucleus, acting as transcription
factors for genes involved in the antiviral and inflammatory responses (Ivashkiv & Donlin,
2014). Targets of this pathway include signalling molecules (e.g. interferons), receptors (e.g.
RIG-I), and transcription factors (e.g. STAT1) (Hubel et al., 2019). Overall, during the viral
response cells must repress bulk endogenous and viral RNAs, while facilitating expression of
genes involved in alerting nearby cells of the viral threat.

To prevent autoimmunity and inflammatory disorder, cells are also able to repress the
viral response pathway. Proteins including Regnase-1 (MCPIP1) and Roquin negatively regulate
the expression of interferon-stimulated genes through degradation of mMRNAs (Takeuchi, 2018).
Regnase-1 is highly expressed in immune cells and targets a stem-loop structure in the 3'-
untranslated region of MRNAs (Jeltsch et al., 2014). Actively translating mRNAs are targeted at
the ribosome by Regnase-1, which acts as an endonuclease cleaving the RNA using its Pil T N-

terminal RNase-like (PIN) domain. This endonuclease specifically targets genes involved in
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immune activation, including IL-6 and IL-12b mRNAs; mice deficient in Regnase-1 develop
inflammatory and autoimmune disorders (Takeuchi, 2018, Uehata et al., 2013). Further,
Regnase-1 represses expression of HIV proteins dependent on its nuclease domain, illustrating
that this nuclease can act as a direct barrier against infection (Liu et al., 2013). Roquin represses
a similar subset of MRNAs to Regnase-1, but while Regnase-1 localizes to ribosomes and
endoplasmic reticulum, Roquin acts in P-bodies and stress granules (Mino & Takeuchi, 2015).
Roquin mediates decay indirectly through a deadenylation dependent mechanism (Takeuchi,
2018). Intriguingly, to cleave RNAs, Regnase-1 must interact with Upfl, a factor required for the
NMD pathway, and Roquin-1 acts through interacting with deadenylase CCR4-NOT (Takeuchi,
2018). Thus, although there are many diverse RNA decay pathways, there is redundancy in cells

to ensure the tight regulation of specific RNAs.

1.6 NYN domains

N4BP1 YacP-like Nuclease (NYN) domains describe a novel family of proteins predicted
to have endonuclease activity (Anantharam & Aravind, 2006). NYN domains are structurally
related to PIN and FLAP domains, which are responsible for much of endonuclease mediated
MRNA decay in mammalian cells. Common to all these domains is a catalytic core with 4 key
aspartic acid residues; these residues coordinate a magnesium/manganese ion for endonuclease
activity (Anantharam & Aravind, 2006). In short, this domain and those closely related use
aspartic acid residues to chelate a magnesium/manganese ion, which activates water molecules to
start a nucleophilic attack on a phosphodiester bond on nearby RNAs, causing a break in the
RNA strand (Howard et al., 2015). The importance of PIN and FLAP domains in cellular

function is well documented. Both Smg6, a key component of the nonsense mediated decay
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pathway, and Regnase-1, an essential regulator of the immune response, make use of PIN
domains for exerting their catalytic function (Glavan et al., 2006, Eberle et al., 2009, Yokogawa
et al., 2016). XRN1, the protein which conducts the final degradation of most RNAs in the 5'-3'
direction, functions through its catalytic FLAP domain (Solinger et al., 1999).

Aravind et al. (2006) identified proteins containing NYN domains across all domains of
life (Figure 3), including YacP (bacteria), MJ1085 (archaea), and N4BP1 (eukaryotes). Further, a
diverse range of uncharacterized NYN containing proteins in eukaryotes was identified,
including N4BP1 paralog KHNYN, PRORP1 (proteinaceous RNase P1), and MARF1 (Meiosis
regulator and mRNA stability factor 1). From the current literature, RNA processing roles for
many of these proteins have been identified. YacP, a NYN containing protein found in B.
subtilis, acts as an endonuclease to specifically cleave MRNAS related to the iron uptake
response in a translation dependent mechanism (Leroy et al., 2017). Further, YacP appears to
show sequence specificity, cleaving most often upstream of lysine (AAA or AAG) codons
(Leroy et al., 2017). PRORP1 is a protein specific to A. thalania and plays a role in tRNA and
mitochondrial mMRNA processing (Mao et al., 2016). In mammals, MARF1 is shown to be
essential for oogenesis in mice (Su et al., 2012). MARFL1 has recently been shown to interact
with RNA decay machinery in P-bodies including EDC4, a protein required for efficient
decapping of mRNAs. Through its NYN domain, MARF1 directly cleaves targeted mRNAs
(Brothers et al., 2020). NYN domains play diverse roles in RNA regulation across species and

add further specificity to global RNA decay.
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Figure 3: Phylogenetic tree of NYN domain encoding proteins (from Anantharam & Aravind,
2006). Proteins have since been characterized as: At2g32230 (PRORP1), KIAA0323 (KHNYN),

CG10889 (Regnase-1).
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1.7 NABP1: a novel interferon-stimulated gene with the potential to regulate RNA

While N4BP1 typifies NYN domains, it was originally identified that NABP1 functions
through regulating ubiquitylation. Ubiquitin is a small protein tag which can be added to proteins
by coordination of enzymes called E1-E3 ubiquitin ligases. In fact, most often this leads to
degradation, as proteins tagged with ubiquitin localize to the proteasome to be broken down.
Importantly, ubiquitylation does not always lead to degradation, as the added ubiquitin can be
recognized to mediate cell signalling, or serve as a substrate for other modifications (e.g.
phosphorylation) (Santonico, 2020). Further, ubiquitylation can regulate the cellular localization
of proteins, such as with the oncoprotein Bclb where monoubiquitylation leads to movement
from the cell membrane to the cytoplasm (Beverley et al., 2012).

N4BP1 acts as a ubiquitylation buffer, permitting the function of other proteins involved
in cancer (Oberst et al., 2007). ITCH is an E3 ubiquitin ligase, which often causes degradation of
target proteins including tumour suppressor p73 and oncoprotein c-Jun; N4BP1 competitively
inhibits the ubiquitylation of these target proteins by becoming ubiquitinated itself by ITCH,
allowing other target proteins to exert their function (Oberst et al., 2007). It was since shown by
Sharma et al. (2010) that N4BP1 localizes to the nucleolus, and can be ubiquitinated by Nedd-4,
leading to proteasomal degradation (Figure 4). However, SUMOylation (a post-translational
modification related to ubiquitylation where SUMO, small-ubiquitin like modifier, is attached to
a protein) induces localization of N4BP1 to nuclear foci called promyelocytic (PML) bodies —
sites of protein modifications that can be induced by cellular stress (Stadler et al., 1995,
Lallemand-Breitenbach et al., 2008). Intriguingly, both the nucleolus and PML bodies have

established roles in regulating rRNA and mRNA respectively. Of note, the paper that originally
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identified N4BP1 as a nuclear protein used mouse embryonic fibroblasts (Sharma et al., 2010),

leaving up to question whether this pattern held true in human cells.
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Figure 4: N4BP1 nuclear localization in MEFs (from Sharma et al. 2010). Markers of the
fibrillar components (UBF and fibrillarin) and granular components (B27) of the nucleolus, as
well as PML, a marker of PML nuclear bodies, were used to assess N4BP1 nuclear localization.
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Intriguingly, N4BP1 has also been shown to be a regulator of the immune response. Spel
et al. (2018) showed that N4ABP1 interacts with deubiquitinating enzyme cezanne, which
stabilizes a protein TRAF3 (tumour necrosis factor receptor associated factor 3), eventually
leading to degradation of NF-«kB (nuclear factor kB) and reduced expression of class-1 MHC
(major histocompatibility complex). Although this work was shown in the context of cancer, it
illustrates that N4ABP1 can regulate components of the immune system through its role in
ubiquitylation. Further, NABP1 was found to be stimulated by type-I interferon (involved in the
viral response) across 10 mammal species, with unknown implications on the immune system
(Shaw et al., 2017). Altogether, the literature makes clear that N4BP1 plays an important role in
regulating the immune response via ubiquitin interactions in mammals; however, recent work on
the RNA regulating role of this protein has highlighted that there is much more to this protein
beyond ubiquitylation.

N4BP1 induces decay of viral RNAs. This phenomenon was first shown in fish with
N4BP1 repressing grass carp reovirus infection in vivo (Cai et al., 2014), but has progressed
substantially in the context of human immunodeficiency virus (HIV). Using primary T-cells and
macrophage and T-cell lines, Yamasoba et al (2019) illustrated that N4BP1 inhibits HIV
replication, and that this occurred through regulating expression of viral mMRNAs. Interestingly,
N4BP1 overexpression reduced transcript levels for a subset of related RNA viruses including
HIV, SIV (simian immunodeficiency virus), MLV (murine leukemia virus) and (human foamy
virus), while not others such as Influenza. Along with the potential nuclease NYN domain, this
paper identified predicted RNA binding KH domains, strongly suggesting that NABP1 may play
a direct role in interacting directly with RNAs (Figure 5). This interaction was shown by RNA-

immunoprecipitation, whereby N4BP1 was isolated from cells following HIV infection, and
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quantitative polymerase chain reaction was conducted to examine interacting RNAs. In this
assay, numerous HIV mRNAs were isolated solely with NABP1 mutants with catalytically
inactive NYN domains, making clear that NABP1 interacts with RNA and mediates their decay
dependent on its predicted nuclease domain.

Upon T-cell activation, N4BP1 is cleaved by the human paracaspase MALT1 (mucosa-
associated lymphoid tissue lymphoma translocation protein 1), limiting the ability of N4ABP1 to
halt HIV infection (Figure 5, Yamasoba et al., 2019). Such regulation by MALT1 contradicts the
idea that N4BP1 enhances the immune response to viruses — MALT1 is activated during the
immune response to degrade proteins that act to repress immune activation. For example, PIN
domain containing nuclease Regnase-1, which degrades HIV RNAs, also degrades RNAs
including IL-6 and IL-12b, both involved in stimulating the immune response. Following
activation of T-cells, MALT-1 cleaves Regnase-1 permitting T-cell immune function (Liu et al.,
2013). Therefore, the data in Yamasoba et al (2019) propounds the idea that NABP1 may, limit
the immune response, despite its role in cleaving viral RNAs.

The paralog of N4BP1, KHNYN, repressed HIV protein expression, and has high
homology with N4BP1 in its RNA binding (KH), nuclease (NYN), and ubiquitin binding
(CoCUN/CUBAN) domains (Nepravishta et al., 2019). To repress HIV protein expression,
KHNYN interacts with ZAP (zinc finger antiviral protein) in the cytoplasm, and targets CpG
dinucleotides on viral transcripts. Further, repression of HIV by KHNYN depends on the
presence of both its KH and NYN domains (Ficarelli et al., 2019). ZAP interacts with DDX®6,
DCP1-DCP2 and XRN1, components of P-bodies which help to fully degrade and repress
MRNAs (Goodier et al., 2015). Further, ZAP can localize to stress granules, suggesting that

interactions with mRNA decay/repression proteins as a potential mechanism for the full
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degradation of HIV mRNA. Intriguingly, N4BP1 was identified in a ZAP interaction screen; the
similarity in structure, function (HIV mRNA repression), and the fact that both KHNYN and
N4BP1 interact with ZAP illustrate that N4ABP1 may have a yet uncharacterized cellular role in
RNA regulation via ZAP (Ficarelli et al., 2019). Further, N4BP1 has also recently been identified
in a biotinylation-1D screen to be in proximity with DCP1 (Youn et al., 2018), a protein cofactor
for mMRNA decapping frequently found in P-bodies. These findings suggest that NABP1 may
have yet uncharacterized roles in the cytoplasm through interactions with RNA binding proteins.

In recent years some light has been shed on how N4BP1 regulates the mammalian
immune response. Caspase-8 is a protease that cleaves proteins to mediate immune activation,
similarly to MALTL1 — upon activation, caspase-8 potently cleaves and inactivates N4BP1
(Figure 5, Gitlin et al., 2020). Intriguingly, caspase-8 is a cytoplasmic protein, and cell
fractionation experiments in human HEK293T (human embryonic kidney 293T, herein referred
to as 293T) cell line illustrate that N4BP1 is predominantly cytoplasmic as well, highlighting a
novel and previously uncharacterized role of N4BP1 outside of the nucleus. While activation of
some immune toll-like receptors (TLR3,4) induces Caspase-8 activation through TRIF adapter
protein, others including TLR1/2, TLR7, and TLR9 operate independently of TRIF. As such,
only in TRIF-caspase-8 independent pathways, N4BP1 remains intact, and was shown to repress
the expression of various cytokines (e.g. IL-6, TNF — tumour necrosis factor) and chemokines
(CXCL1) both in primary human macrophages and in vivo using a mouse model.

Most interestingly from this paper, RNA sequencing from human bone marrow derived
macrophages for both N4BP1 wild-type and knock-out samples illustrated that NABP1 mediates
repression of the translation of many mRNAs involved in the immune response (including IL-6,

and TNF). While RNA-immunoprecipitation showed that N4BP1 directly interacts with HIV
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RNAs, RNA sequencing data did not indicate whether N4BP1 directly degrades the identified
RNAs, or whether RNA decay occurs indirectly through the interactions with other proteins
(Yamasoba et al., 2019, Gitlin et al., 2020). In 2021, a paper was published offering a possible
explanation, showing that N4BP1 negatively regulates NF-kB via interactions with NEMO (NF-
kB essential modulator; Shi et al., 2021). In this way, N4BP1 mediated repression of NF-xB
target genes (including IL-6 and TNF) independent of N4BP1 nuclease activity. Altogether,
N4BP1 is a potent regulator of the immune response through repressing the translation of
specific viral and endogenous RNAs and is cleaved during the immune response by both
MALT1 and Caspase-8.

Both MALT1 and Caspase-8 cleave repressor proteins in order to activate the immune
system; cleavage sites of both proteins are in close proximity (R509 and D488 respectively)
residing in the linker region of N4BP1 between KH and NYN domains (Figure 5), strongly
implicating N4BP1 as a negative regulator of the immune response (Yamasoba et al., 2019,
Gitlin et al., 2020). Moreover, the related roles of MALT1 and Caspase-8 on regulating N4BP1
may offer further specificity into overall yet uncharacterized RNA regulating pathways.

N4BP1 has been reported to negatively regulate the immune response, and restrict viral
(HIV) infection. Similarly, Regnase-1 holds many similarities to N4ABP1 — both of these
nucleases contain related catalytic domains (NYN and PIN respectively), are interferon induced,
inhibit immune cell activation (both repress expression of mMRNAs including IL-6) and are
cleaved by MALTL. Further, both proteins repress the expression of HIV proteins dependent on
their nuclease domains. The presence of these two proteins may show a form of redundancy, or
simply offer related yet distinct pathways to fine-tune RNA regulation during the immune

response. A possible explanation of the impact of these proteins is that they may both limit
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inappropriate immune responses and act as a first barrier against viral infection (as nucleases).
However, once the virus has been recognized and activates the immune system, it is most

beneficial for cells to degrade N4BP1 and Regnase-1.
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Figure 5 : Schematic representation of N4BP1. Depicted are domains predicted to have RNA
binding (KH) and nuclease (NYN) activity, as well as established ubiquitin binding domain

CoCUN (cousin of cullin-binding domain associated with NEDD8) and protease cleavage sites.
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1.8 Rationale and hypothesis

The mechanism through which N4BP1 acts in endogenous mRNA degradation, what
dictates its localization, and how it functions in different regions of the cell are largely unknown.
To fill in these substantial gaps in the literature, my project aimed to 1) assess whether N4BP1
can post-transcriptionally repress gene expression of targeted mRNA, 2) determine where
N4BP1 localizes in human cells, and whether this is dictated by its domain architecture and 3)
identify N4BP1-interacting proteins across multiple cell lines. I hypothesize that N4ABP1
degrades RNAs in human cells, and that its activity and localization are regulated by its

interaction with protein(s) that localize to P-bodies.

36



Methods

Cell fractionation

HeLa (Henrietta Lacks) or U-2 OS (human both osteosarcoma epithelial) cells were seeded in a
6-well plate at 25% confluency, and transfected with 2ug of FLAG-N4BP1. Cells were washed
with 1mL of PBS (phosphate buffered saline), lifted using 0.5mL of 0.25% trypsin-EDTA,
resuspended in an additional 0.5mL PBS and transferred to 1.5mL Eppendorf tubes. Samples
were centrifuged at 1200 rpm for 2 minutes, supernatant was aspirated, and cells were
resuspended in 500uL of PBS, centrifuged at 8000 rpm for 1 minute, and supernatant removed to
leave only 20uL. Next, 450uL of lysis buffer (0.1% NP40 in PBS) was added to the sample, cells
were resuspended by pipetting up and down five times, and 150puL of this lysate was transferred
to a tube labelled “whole cell fraction”. Remaining lysate was spun down at 8000 rpm for 10
seconds, and 150uL of the supernatant was added to a new tube labelled “cytosolic fraction”.
Remaining supernatant was removed, and the pellet (labelled "nuclear fraction") was
resuspended in 500uL of lysis buffer, centrifuged at 8000 rpm for 10 seconds, supernatant
discarded, and resuspended in 90puL of 1X Laemmli in lysis buffer. Finally, 30uL of 6X
Laemmli was added to whole cell and cytosolic fractions, along with 1uL of benzonase
(Millipore) to every tube. Samples were heated at 95°C for 10 minutes, then run on a 9%
acrylamide gel for 1.5 hours, transferred overnight at 30V at 4°C onto a nitrocellulose
membrane, followed by 1 hour of blocking in 5% skim milk. Membranes were blotted for
primary antibodies for 2 hours at room temperature. Primary antibodies were diluted 1:1000
(mouse anti-FLAG), 1:20000 (mouse anti-GAPDH) or 1:15000 (mouse anti-hnRNP), in in
TBST (Tris-buffered saline with 0.1% tween20) with 4% BSA (bovine serum albumin) and

0.04% sodium azide. Primary antibodies were recovered, and membranes were washed 3 times
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with TBST, and incubated in appropriate secondary antibody conjugated to horseradish
peroxidase diluted 1:1000 in 5% skim milk for 1 hour at room temperature. Blots were imaged

using Imagequant LAS 4000.

Immunofluorescence

HeLa cells were plated on glass coverslips in 24-well plates at 25% confluency, and transfected
24 hours post-plating. Cells were transfected with 100uL of Opti-MEM media (Invitrogen) and
5uL of PEI (Polyscience), along with 250ng of plasmid DNA containing either FLAG-N4BP1
WT or mutants either alone or with V5-EDC4, along with non-transfected controls. All
subsequent incubations were carried out at room temperature (RT). At 24 hours post-
transfection, media was removed and cells were fixed in a fume hood using 4%
paraformaldehyde in PBS for 20 minutes. Slides were then washed four times with 500uL of
PBS, and then permeabilized using 300pL of 0.1% TritonX100 in PBS for 15 minutes. Next,
cells were washed twice with PBS as above, and blocking was carried out using 300uL 4%
bovine serum albumin in PBS for 30 minutes. Primary antibodies (mouse anti-FLAG, rabbit anti-
V5, rabbit anti EDC4, rabbit anti-DCP1) were added in a dilution of 1:500 in 4% BSA to make

up a final volume of 250uL and incubated with slips for 1 hour.

The remaining steps were carried out in the dark. Wells were washed with PBS 4 times as above,
and then incubated in the dark with 1:500 dilutions of secondary antibodies (Alexa Fluor 488
rabbit and Alexa Fluor 594 mouse) in 4% BSA, making a final volume of 250uL for 1 hour.
Cells were washed 4 times with PBS as above, and then incubated with 500uL of 300nM DAPI

for 10 minutes. Final washing was carried out 4 times with PBS. One drop of Prolong Gold
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mounting media (Invitrogen) was placed on a glass slide, and coverslips were lifted using
forceps and carefully flipped upside down onto the mounting media. Slides were then incubated
in the dark at 4°C for 1-7 days before imaging. Imaging was carried out using the Zeiss LSM 800

Airyscan Confocal Microscope.

Co-immunoprecipitation

293T cells were seeded into a 10cm culture plate at 25% confluency, and transfected with
plasmid DNA (3ug FLAG-N4BP1, 2ug FLAG-MARFL, 750ng GFP, 3ug V5-EDC4), 2mL of
Opti-MEM and 55uL of polyethylenimine (PEI) at 24 hours post-seeding. Cells were harvested
24 hours post-transfection. Cell pellets were then lysed by resuspending in a lysis buffer (50 mM
HEPES-NaOH pH 7.5, 100 mM KCI, 2 mM EDTA, 0.1% NP40 and 10% glycerol) with
addition of ImM DTT (Bioshop), 1X protease inhibitor cocktail (PIC, Sigma), 1X PMSF
(Bioshop), and 1uL of benzonase (Millipore) per sample. Cell suspensions were pipetted up and
down 20 times and kept on ice for 20 minutes. Lysate was spun down at 13000 rpm at 4°C for 15
minutes and transferred into a new tube. A Bradford assay was performed to quantify protein
concentrations, and 2mg of total protein was added to make up 1mL of lysis buffer. For use in
the later western blot, 30uL of lysate (herein "input") was taken into a separate tube, and an
equal volume of 2X Laemmli buffer was added. Input samples were stored at -20°C. Remaining
lysates were then pre-cleared by incubating with 30uL of protein-G agarose beads (Millipore) at
4°C while rotating for 45 minutes. Samples were spun down at 4000 rpm for 1 minute, and lysate
was transferred to new tubes. Next, 20uL. of FLAG-M2/protein-G agarose beads (Sigma) were
added to the lysates, and samples were incubated at 4°C while rotating overnight. Lysates were

then centrifuged at 4000 rpm for 1 minute and the remaining liquid was discarded from each
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sample. The beads were washed five times with lysis buffer, spinning down each time as above.
Remaining buffer was removed to leave a final volume of 30uL, and an equal volume of 2X
Laemmli buffer was added to each tube. Samples were boiled at 95°C for 10 minutes, and then

assessed by western blotting as described above.

Mass spectrometry

Lentivirus encoding N4BP1-V5 was generated by transfecting pLENTI-6 or pLEX plasmids
designed to express N4BP1, along with psPAX and VSVG packaging plasmids into 293T cells at
40% confluence in a 10cm petri dish. After 24 hours, media was removed and replaced with
fresh DMEM media; at 48 hours post transfection media was collected in a 10mL syringe, passed
through a 45um filter and stored in cryotubes at -80°C. For infection of U-2 OS and HeLa cells,
a 6-well plate of cells at 50% confluence had media replaced with 1mL of virus media (virus for
U-2 OS cells generated with pLENTI6 vector; virus for HeLa cells generated with pLEX vector),
along with 1uL of polybrene and 1mL of cell culture media (DMEM and McCoy's for HeLa and
U-2 OS, respectively). At 24 hours post infection, media was removed and replaced again with
virus media, polybrene and standard culturing media. At 48 hours post-infection media was
removed and replaced with 2mL of standard culture media, and at 72 hours post-infection, cells
were selected for infection by adding blastocidin (5ug/mL for pLENTI6) or puromycin (2ug/mL,
for pLEX). A control well was kept with cells uninfected by the virus - both the infected and
control well were incubated with antibiotic until all cells in the control well had died, and the
media for the infected cells was then replaced with culturing media to allow cells to recover.

Expression of NABP1 was assessed by blotting cell lysates for V5.
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After expression was confirmed, stably expressing N4BP1-V5 cells, as well as uninfected control
cells were cultured in triplicate in 15cm dishes. At confluence cells were lifted, lysed and pre-
cleared as described in the co-immunoprecipitation above. Of note, while the buffer for U-2 OS
analysis was the same as that used above in co-immunoprecipitation assays, the buffer for mass
spectrometry experimentation with HeLa cells was composed as follows: 50mM Tris-HCI (pH
7.5), 150mM NaCl, 0.5% NP-40, 2mM EDTA, 1mM DTT, PIC (1X), PMSF (1X), and 1uL of
benzonase per sample. Inputs of 2% total lysate volume were collected at this point, and the
remaining lysate was incubated with rabbit anti-V5 antibody overnight at 4°C (1uL antibody/mg
protein). The following morning, 40uL of protein-G agarose beads was added to the
immunoprecipitated samples and incubated at RT for 2 hours. Samples were then spun at 1200
rpm for 1 minute, and 2% of the volume was taken (herein labelled as “supernatant”). Remaining
liquid was removed from the beads, and the beads were washed 4 more times by adding 1mL of
lysis buffer, spinning at 1200 rpm for 1 min, and then removing the solution. Western blotting
was performed on input and supernatant of samples to assess the efficiency of
immunoprecipitation (V5 antibody) and lack of contamination (by blotting for actin). Washed

beads were sent to the proteomics facility in the Lady Davis Institute.

Dual luciferase assay

293T cells were plated in 6-well plates at 25% confluency and transfected 24 hour post-seeding.
Transfections were set up with 0.5mL of Opti-MEM, 10uL of PEI, and plasmids of LNHA -
N4BP1 (2ug either WT, D623N or ANYN) or LacZ (500ng). To all transfections 20ng was
added of separate plasmids encoding Renilla luciferase — 5BoxB and Firefly luciferase. Cells

were washed with ImL of PBS, lifted using 0.5mL of 0.25% trypsin-EDTA, resuspended in an
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additional 0.5mL PBS and transferred to 1.5mL Eppendorf tubes. Tubes were centrifuged for 2
minutes at 5000 rpm, and supernatant was removed. Cells were resuspended in 90uL of passive
lysis buffer (Promega), vortexed briefly, and incubated on ice for 20 minutes, with vortexing
every few minutes. Samples were then spun down at maximum speed for 15 minutes at 4°C, and
supernatant was transferred to a fresh tube. Next, SuL of each sample was added to 2 new tubes
for technical replicates. For each replicate, we first measured the expression of the firefly
luciferase as an internal control by adding 20uL of Promega’s proprietary firefly luciferase
substrate and taking luminescent measurements with a Glomax 20/20 luminometer (Promega).
Then 20uL of the Renilla luciferase substrate was added to the sample and the luminescence was
measured again using the luminometer. The ratio of Renilla luciferase luminescence to Firefly
luciferase luminescence was calculated and averaged across technical replicates before being

expressed as a percentage of the control LacZ.

Quantitative polymerase chain reaction (QPCR)

Isolation of RNA for gPCR assays was performed using the total RNA mini-kit (Biobasic). All
samples containing RNA were kept on ice, and centrifugation was carried out at 4°C. In short, a
confluent 6-well plate of 293T cells were pelleted, resuspended in 450uL of RLT buffer, passed
through a 26-gauge needle six times, and then vortexed. Next, 225uL of 100% ethanol was
added, and the solution was mixed by pipetting 20 times, and then loaded onto EZ-10 silica
membrane spin columns. Samples were centrifuged at 12000 x g for 1 minute, washed with
500uL of RW buffer, spun once more for 30 seconds, washed with 500uL of buffer RPE and
spun again. After discarding of the flow-through, the samples were centrifuged again to remove

any residual buffer. The RNA was eluted in 44uL of nuclease free water and incubated at 50°C
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for 2 minutes before being spun down for 1 minute in a clean collection tube. To prevent DNA
contamination, RNA samples were treated with 1uL of Turbo DNase (Invitrogen) along with
adding SuL of Turbo DNase buffer and incubated at 37°C for 1 hour. To stop the reaction 6uL of
DNase inactivation reagent was added, the samples vortexed, and then incubated at RT for 7

minutes. RNA was then isolated by centrifuging at 10000 x g for 2 minutes.

To generate cDNA (complementary DNA), RNA samples were reverse transcribed as follows
using a kit from Thermo Scientific: 500ng of RNA was added to water and 0.5uL of 100uM
random hexamer primers to make up a final volume of 6.25uL, heated to 65°C for 5 minutes and
then quickly cooled to 4°C. Subsequently, 2uL of 5X reverse-transcription buffer, 0.5pL of
10mM dNTPs, 0.25uL of RNase inhibitor, and 0.5uL of Maxima RT enzyme were added to
samples. This final solution was heated at 50°C for 30 minutes, 85°C for 5 minutes, and then

removed and diluted in 20uL of water.

To set up qPCR, 2pL reactions made as follows: 12.5uL of 2X GoTaq qPCR Master Mix
(Promega), 1uL of primer mix (10uM of forward and reverse primers), SuL. cDNA and water to
make up to 25uL. Samples were mixed by vortexing, then 10uL of each sample was loaded in
duplicate (technical replicates) into twin.tec Real-Time gPCR 96-well plates (Eppendorf). Using
the Mastercycler Pro machine (Eppendorf) samples were treated as follows: 95°C for 3 minutes,

and then 40 cycles of (95°C for 15 seconds, 55°C for 15 seconds, 58°C for 20 seconds).
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Transfection procedure

Plasmid transfections using HeLa and 293T cells were carried out by adding PEI reagent from
Polyscience (5uL for 24-well plate, 10uL for 6-well plate) and optiMEM media from Invitrogen
(100uL for 24-well plate, 500uL for 6-well plate) to plasmid DNA, vortexed for 10 seconds, then
incubated at RT before adding to plated cells at 50% confluence. Cells were incubated with the

transfection reagent for 24 hours prior to use.

For transfecting U2-OS cells, Lipofectamine 2000 from Invitrogen (1uL for 24-well plate, 2L
for 6-well plate) was added to optiMEM media (50uL for 24-well plate, 250uL for 6-well plate)
and plasmid DNA was mixed with the equal volume of optiMEM media, and the two mixtures
were incubated at RT for 10 min. The lipofectamine and plasmid solutions were then mixed and
vortexed for 10 seconds, then added to cells at 50% confluence. After 6 hours the media was
removed from cells and replaced with fresh McCoy's media. Cells were then cultured overnight

prior to use.

Cell lines

All cell lines were incubated at 37°C and 5% CO: in culture media containing 5% fetal bovine
serum and 1% penicillin-streptomycin. HeLa, 293T and U-2 OS cells were from American Type
Culture Collection (CCL-2, CRL-3216, and HTB-96, respectively). HeLa and cells were cultured
with DMEM media (Wisent), whereas U-2 OS cells were cultured using McCoy's media

(Wisent).
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Antibodies

Primary antibody for M2-FLAG (F1804-200UG) was obtained from Sigma, while V5 (13202S)
and actin (4967S) antibodies were from Cell Signalling. For immunofluorescent analysis, the
EDC4 (A300-745A-M) and DCP1 (A303-590A) antibodies were from Bethyl, and the secondary
antibodies Alexa Fluor 488-rabbit (A-11034) and Alexa Fluor 594-mouse (A-11032) were from
Life Technologies. The HA (901514) antibody was obtained from Bio-Legend. Used in cell
fractionation experiments, GAPDH antibody (365062) was from Santa Cruz Biotechnology, and

hnRNP antibody (100-672) from Novusbio.

DNA constructs

Full-length N4BP1 was amplified from a pcDNA 3.1 vector (a gift from the lab of Christopher
Overall) and cloned into the EcoR1 and Not1 sites of the pCI-ANHA vector. NABP1-V5 was
generated by gateway cloning of pPDONR-N4BP1 into pLENTI6 and pLEX plasmids. Mutants
and N4BP1 fragments were generated by quick-change mutagenesis using Phusion Hot-Start |1
polymerase. The pCI-ANHA-LacZ and reporter plasmids (RL-5BoxB and FL) are described

previously (Zipprich et al., 2009). All plasmids were originally obtained from Addgene.

Primers
gPCR primers for Renilla-luciferase reporter:
5’- GAATTTGCAGCATATCTTGAACCAT -3’
5’- GGATTTCACGAGGCCATGATAA -3’
gPCR primers for Firefly-luciferase reporter:

5’- CCTTCGATAGGGACAAGACAA -3’
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5’- AATCTCACGCAGGCAGTTCT -3’
Cloning N4BP1 into pCI-LNHA:
5’- AGCTCAGTGAATTCGCGGCCCGGGCGGTGCTGGACGAGTTC -3°
5’- TCTAGACTCGAGCGGCCGCTTATTTTTCGAACTGCGGGTGGC -3°
Cloning N4BP1 into pDONR:
5’- GGGGACAAGTTTGTACAAAAAAGCAGGCTACCATGGCGGCLCCGGGLG
GTGCTG -3’
5’- GGGGACCACTTTGTACAAGAAAGCTGGGTCTTTTTCGAACTGCGGGTG
GCT -3’
Making D623N mutation:
5’- AAACACATTGTTATAAATGGGAGCAATGTTGCAATTACCC -3°
5’- GCAACATTGCTCCCATTTATAACAATGTGTTTCAAATCCG -3°
Making ANYN mutation:
5’- AAAAAATGAACCAGGGAGAACGGATGAGTTTCTTCAGAAGGAAGT -3’
5’- GACAGACTTCCTTCTGAAGAAACTCATCCGTTCTCCCTGGTTCAT -3’
Generation of N4ABP1 fragment 1 (2-296):
5’- CACCCGTGGGATCCGCGGCCCGGGCGGTGCTGGACGAGTTC -3°
5’- CACCCGTGGTCGACTTACTTCGTATGCCTTTCTTCAGAATC -3’
Generation of N4ABP1 fragment 2 (268-601):
5’- CACCCGTGGGATCCGGTCTAACCCCAGATGAAGAGGCA -3°
CACCCGTGGTCGACTTATTTTAGAGTATCTCGAAACCTTTG -3
Generation of N4BP1 fragment 3 (575-896):

5’- CACCCGTGGGATCCACTGATGCAAGGTCGGCAGGACCT -3°
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5’- CACCCGTGGTCGACTTATTTTTCGAACTGCGGGTGGC -3°
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Results

3.1 Tethering of NABP1 to a reporter mRNA inhibits protein synthesis.

N4BP1 contains a NYN domain that has been proposed to have nuclease activity (Yamasoba et
al., 2019). In addition, it has been shown to repress viral RNAs (tat/rev, vif and gag) in a NYN-
dependent manner (Yamasoba et al., 2019). Supporting the notion that NABP1 can act as a
nuclease, a point mutation to an aspartic acid residue in the proposed catalytic core of this NYN
domain (D623N) ablated NYN-mediated viral RNA silencing. Gitlin et al. proposed that NABP1
may repress endogenous mRNAs involved in the mammalian viral response (Gitlin et al., 2020).
However, whether N4BP1 can silence target RNAs independent of its mode of recruitment, and

whether the NYN domain plays a role in the silencing, has yet to be established.

To assess the ability of N4ABP1 to repress mRNA expression, a well-established AN-BoxB
tethering system (Bos et al., 2016) was utilized to recruit ectopic N4BP1 to a reporter mRNA. In
short, 293T cells were co-transfected with plasmids encoding a Renilla luciferase (RL) reporter
with 5-BoxB stemloop elements in its 3” untranslated region, and either ANHA-LacZ (a negative
control), wild-type ANHA-N4BP1 or a number of N4BP1 mutants. In this assay wild-type (WT),
as well as mutant N4ABP1 mutants D623N (NYN point mutant identified in Yamasoba et al.,
2019), and ANYN (NYN deleted) were generated with a ANHA tag (Figure 6). Cells were also
transfected with a plasmid encoding Firefly-luciferase (FL) for normalizing transfection
efficiency. In this system, the AN tag on the fusion protein has a high affinity to BoxB stemloops
in MRNA, and thus co-expressed ANHA-N4BP1 will be recruited to the RL-5BoxB 3’
untranslated region (Figure 7A). Cells were isolated 24 hours post-transfection in order to

measure luciferase activity (B) and assess ectopic protein expression (D). Total RNA was also
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isolated to measure reporter mRNA levels by quantitative reverse transcription PCR (RT-qPCR)
(C). Luciferase assay data demonstrated that wild-type ANHA-N4BP1 efficiently repressed the
expression of the RL-5BoxB reporter mRNA as compared to the LacZ control. Wild-type
N4BP1 repressed the tethered RL reporter expression to a level of 6.9% (p = 1.9E-8), while
D623N repressed to a level of 27.4% (p = 9.1E-5) and ANYN to 60.1% (p = 3.9E-5) (Figure 7B).
When normalizing values to ANYN rather than LacZ, significant values were found for both WT
(11.4%, p = 1.5E-5) and D623N (45.5%, p = 2.8E-3). Lastly, the WT samples differed
significantly when normalized to the D623N mutant (25.1%, p = 0.0113). Significant differences

were set as *p < 0.05, and p-values were generated using an unpaired two-tailed Student’s T-test.

Measuring luminescence was used to assess the protein expression of RL, which could be
impacted by N4BP1 at the level of protein (e.g. post-translational modifications) or RNA (e.g.
sequestering in P-bodies, endonuclease-mediated cleavage). To determine whether N4BP1
impacted the steady-state levels of RL mRNA, RT-qPCR was performed on the samples outlined
above. A fraction of cells isolated 24 hours post-transfection were lysed and total RNA was
isolated. Following DNasel treatment, RNA was then reverse transcribed, and cDNA generated
was analyzed by gPCR using gene-specific primer pairs for RL and FL. Figure 7C illustrates that
WT N4BP1 tethering to an mRNA reporter led to a decrease in the steady-state levels of RL-
5BoxB mRNA (17.3%) (p = 1.14E-6) as compared to a LacZ control. Further, both the D623N
mutant (17.2%, p = 4.37E-7) and ANYN mutant (37.1%, p = 1.25E-4) significantly differed from
LacZ. Intriguingly, the point mutant D623N (p = 0.95) did not significantly differ from the

repression shown by the WT, while ANYN N4BP1 had roughly double the level of reporter
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MRNA of the WT (p = 1.30E-2). Overall, this data suggest that NABP1 promotes the decay of

reporter MRNA when artificially tethered to it, and this decay is dependent on its NYN domain.
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Figure 6: NABP1 WT and mutant protein annotation. Schematic representation of N4BP1 and
mutants generated for experimentation. The KH domain has predicted RNA binding capacity, the
NYN domain has predicted nuclease activity, and the CoCUN domain is a ubiquitin binding
domain. Cleavage sites for MALT1 and Caspase-8 are illustrated in the central linker region of
the protein.
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Figure 7: N4BP1 represses a tethered mRNA reporter, while D623N and ANYN mutations
cause de-repression. (A) Schematic representation of Renilla luciferase (RL)-encoding mRNA
reporter, containing five 19-nt BoxB structural elements, interacting with ANHA-tagged N4BP1,
as well as a Firefly luciferase (FL)-encoding mRNA. (B) RL activity detected in lysates from
293T cells expressing the indicated protein, measured using a luminometer. Cells were co-
transfected with plasmids expressing RL-5BoxB reporter, FL, and indicated tethered proteins.
The chart represents normalized mean values of RL luminescence from 3 experiments. RL
activity while tethered to ANHA-LacZ was set as 100. (C) RL mRNA levels detected in lysates
of 293T cells expressing the indicated proteins., measured using RT-gPCR. Cells were co-
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transfected with plasmids expressing RL-5BoxB reporter, FL, and indicated tethered proteins as
above. The chart represents the mean value of RL mRNA from 3 experiments. RL mRNA level
while tethered to ANHA-LacZ was set as 100 (D) Western blot analysis for LacZ, and WT and
mutant forms of N4BP1 and MARF1 used in Figures 7-8. Error bars represent SEM from
multiple independent experiments. P-values were calculated using an unpaired two-tailed
Student’s T-test. *p < 0.05. N.S. = non-significant.

While my data suggest that tethering N4BP1 can efficiently repress a targeted mMRNA in a NYN-
dependent manner, we wished to compare its silencing activity to that of another NYN-
containing protein that has characterized endonuclease activity, MARF1 (meiosis regulator and
MRNA stability factor 1) (Brothers et al., 2020). To this end, luciferase and RT-gPCR assays
were performed as above on 293T cells co-transfected with plasmids encoding RL-5BoxB, FL,
and either the WT or ANYN variants of ANHA-N4BP1 and ANHA-MARF1 (protein expression
illustrated in Figure 7D, domain architecture of MARF1 in Figure 8A). Since the ANYN
mutation, but not D623N inhibited N4BP1 mediated mRNA decay as shown above (Figure 7C),
the ANYN mutant was used for comparison. Luciferase assays demonstrate that wild-type
N4BP1 represses RL-5BoxB to similar levels as compared to MARF1, while deleting the NYN
domain from each lead to a similar level impaired repression (Figure 8B). Similarly, RT-gPCR
data (Figure 8C) illustrates that NABP1 and MARF1 decrease RL-5BoxB mRNA steady-state
levels to a similar degree, and both do so in a NYN-dependent manner. However, ANYN
mutants for both N4BP1 and MARFL1 did not induce de-repression to the level of the LacZ
control, suggesting that there may be a mix of MRNA decay and translational repression carried

out by these proteins. Therefore, N4ABP1 induces NYN domain dependent mRNA decay of

tethered mMRNAs in cells to similar levels of MARFL1, a putative NYN dependent endonuclease.
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Figure 8: N4ABP1 represses a tethered mRNA reporter to a similar extent the MARF1
endonuclease. (A) Schematic representation of ANHA-MARF1, including nuclease (NYN),
RNA binding domains (RRM1/2, LOTUS) and EDC4 binding (C-terminal) domain (as described
in Brothers et al., 2020). (B) RL activity detected in lysates from 293T cells expressing the
indicated protein, measured using a luminometer. Cells were co-transfected with plasmids
expressing RL-5BoxB reporter, FL, and indicated tethered proteins. The chart represents
normalized mean values of RL luminescence from 3 experiments. RL activity while tethered to
ANHA-LacZ was set as 100. (C) RL mRNA levels detected in lysates of 293T cells expressing
the indicated proteins., measured using RT-qPCR. Cells were co-transfected with plasmids
expressing RL-5BoxB reporter, FL, and indicated tethered proteins as above. The chart
represents the mean value of RL mRNA from 3 experiments. RL mRNA level while tethered to
ANHA-LacZ was set as 100. Error bars represent SEM from multiple independent experiments.
P-values were calculated using an unpaired two-tailed Student’s T-test. *p < 0.05.

3.2 N4BP1 localizes primarily to the cytoplasm in human cells, and co-localizes with P-body

proteins

Current understanding of N4BP1 illustrates that it functions both in the cytosol (regulating
immune function; Gitlin et al., 2020) and nucleus (mediating post-translational modification;
Sharma et al., 2010). To determine where WT-N4BP1 localizes in human cells, cell fractionation
was performed on U-2 OS and HeLa cell lines. Cells were transiently transfected with FLAG-
tagged full-length N4BP1, lysed 24 hours later in a hypotonic lysis buffer, and centrifuged to
separate cytosolic and nuclear fractions. Whole cell, cytosolic and nuclear fractions of U-2 OS
and HelLa cells were then analyzed using SDS-PAGE (sodium dodecyl sulfate-polyacrylamide
gel electrophoresis) and western blotting (Figure 9). To determine whether the nuclear and
cytosolic fractions were separated efficiently, GAPDH (cytosolic marker) and hnRNP (isoform
A1, nuclear marker) levels were also evaluated in each fraction. In both cell lines N4BP1
appeared predominantly cytosolic; however, HelLa cells showed some expression in the nuclear

fraction. A caspase-8 cleavage product of N4BP1 (identified in Gitlin et al., 2020), was found
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only in the cytoplasm in both cell lines. While there was some hnRNPAL found in the cytosolic

fractions, GAPDH was found only in the cytosolic fraction and not in the nuclear fraction.
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Figure 9: N4ABP1 localizes primarily to the cytosol in U-2 OS and HelL a cells. Western blot of
whole cell, cytosolic, and nuclear cell fractions of U-2 OS (left) and HeLa (right) cells following
transfection with plasmids encoding FLAG-tagged WT-N4BP1. GAPDH (cytosolic) and
hnRNPAL (nuclear) were used as loading controls for their respective cellular fractions. A
cleavage product of N4BP1 identified by Gitlin et al. (2020), was also identified in this
experiment and is depicted below full-length NABP1.
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FLAG-tagged N4BP1 localization was next analyzed in live cells using immunofluorescence and
confocal microscopy. HeLa cells were transiently transfected with desired constructs, fixed 24
hours later to a glass slide using paraformaldehyde, permeabilized using a detergent, and blocked
using a 4% BSA solution. Cells were then probed with primary antibodies, washed, then
incubated with fluorescent secondary antibodies, and mounted on a microscope slide prior to
analysis via confocal microscopy. FLAG-tagged N4BP1 localized to the cytosol in most cells,
and localized to numerous discrete foci (Figure 10A, left panel) that were reminiscent of P-
bodies. A recent Bio-ID screen investigating protein-protein associations in mammalian cells
identified N4BP1 in proximity to several proteins that also localize to P-bodies, including the
miRNA-associated protein GW182, and the mRNA decapping factor DCP1 (Youn et al., 2018).
To assess whether N4BP1 was indeed localizing to P-bodies, I carried out immunofluorescent
analysis using an antibody for a P-body marker, EDC4 (Figure 10A, middle panel). We
observed strong colocalization of FLAG-tagged N4BP1 and endogenous N4BP1 in HelLa cells
(Figure 10A). This colocalization was also assessed by co-transfecting plasmids encoding
FLAG-tagged N4BP1 and V5-tagged EDC4 (Figure 10B). Both endogenous (Figure 10A) and
ectopically expressed (Figure 10B) EDC4 co-localize with N4BP1 in the cytoplasm of HelLa
cells. Importantly, while there was some clear localization of N4BP1 to the nucleus in cells with
endogenous levels of EDC4 expression (Figure 10A), cells overexpressing EDC4 had no visible
nuclear N4BP1. Further, in cells without ectopic expression of EDC4 or N4BP1, EDC4 was
diffusely distributed throughout the cytoplasm; N4BP1 overexpression induced formation of foci
with EDC4 resembling P-bodies in the cytoplasm. Similar trends were noticed with N4BP1 and

another marker of P-bodies, DCP1 (Figure 10C). In this figure, N4ABP1 could not only localize to
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the nucleus but also form nuclear foci, while DCP1 localized solely to the cytoplasm. Taken

together, these data indicate that N4BP1 can localize in P-bodies in HeLa cells.
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Figure 10: N4BP1 localizes to both the cytoplasm and nucleus, and co-localizes with P-body
markers in the cytosol of HeLa cells. Confocal fluorescence micrograph of HeLa cells
transfected expressing FLAG-tagged WT N4BP1, as well as P-body proteins (green) including
endogenous EDC4 (A), ectopic V5-tagged EDC4 (B), and endogenous DCP1 (C). DAPI was
used to stain nucleic acids (blue). White arrows mark sites of co-localization. Representative
fields were selected from three biological replicates.
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3.3 The central region of N4BP1 dictates its nuclear localization while its N-terminal region

is responsible for P-body localization

Since N4BP1 can be found in both the cytoplasm and nucleus, it is still left to question what
dictates differential N4ABP1 localization. To address this question, plasmids were generated
expressing N4BP1 fragments containing the N-terminal domain including the KH domain
(Fragment 1, residues 2-296), a linker region (Fragment 2, residues 268-601), and a C-terminal
domain containing the NYN and CoCUN (ubiquitin binding) domains (Fragment 3, residues
575-896) (see Figure 6). HeLa cells were transfected with these constructs along with a plasmid
coding for VV5-tagged EDC4, and immunofluorescent analysis was carried out as previously
described (Figure 11). Fragments 1 and 3 localized to the cytoplasm, however, only fragment 1,
which contains the N-terminal KH domain, co-localized with VV5-tagged EDC4 in P-bodies. In
contrast, a fragment of N4BP1 that contains the linker region (Fragment 2) displayed a strong

nuclear localization.
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Figure 11: N4BP1 fragments are differentially localized in HeLa cells. Confocal fluorescence
micrograph of HeLa cells transfected expressing FLAG-tagged (red) N4BP1 WT, Fragment 1
(N-terminal, KH domain, residues 2- 296), Fragment 2 (linker, residues 268-601), and Fragment
3 (C-terminal, NYN and CoCUN domains, residues 575-896), as well as overexpressed V5-
tagged EDC4 (green). DAPI was used to stain nucleic acids (blue). White arrows mark sites of
co-localization. Representative fields were selected from three biological replicates.
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To assess whether N4BP1 localization is cell-type specific, immunofluorescent confocal
microscopy was performed on U-2 OS cells expressing FLAG-tagged N4BP1 and V5-tagged
EDC4 (Figure 12). Similar trends were found between HelLa and U-2 OS cells, with WT N4BP1
localizing to either the nucleus or cytoplasm (A), the N-terminal fragment containing the KH
domain localizing to the cytoplasm and co-localizing with EDC4 (B) and the linker fragment
localizing to the nucleus (C). These data therefore suggest that the N-terminal region (containing
the KH domain) is responsible for co-localization of NABP1 with EDC4, while the internal linker

region of N4BP1 is responsible for localizing N4BP1 to the nucleus.
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Figure 12: N4BP1 fragments are differentially localized in U-2 OS cells. Confocal
fluorescence micrograph of U-2 OS cells transfected expressing FLAG-tagged (red) N4ABP1 WT,
Fragment 1 (N-terminal, KH domain, residues 2- 296), Fragment 2 (linker, residues 268-601),
and Fragment 3 (C-terminal, NYN and CoCUN domains, residues 575-896), as well as
overexpressed V5-tagged EDC4 (green). DAPI was used to stain nucleic acids (blue). White
arrows mark sites of co-localization. Representative fields were selected from three biological

replicates.

64



3.4 Towards identifying NABP1-interacting proteins in human cells

To further assess how N4BP1 localizes to the nucleus or cytoplasm and determine the roles of
N4BP1 in different cell compartments, this project next aimed to identify N4BP1-interacting
proteins. To do so U-2 OS cells stably expressing V5-tagged N4BP1were generated, lysed, and
immunoprecipitated using a V5 antibody as described above. Rather than western blotting,
immunoprecipitated samples were sent in biological triplicate for mass spectrometry analysis at
the Lady Davis Institute proteomics core (Montreal, QC). Control V5-immunoprecipitations
were also performed on non-transduced U-2 OS cells to identify background peptides in our
samples. Table 1 (Appendix A) and Figure 13 illustrate N4BP1 interacting proteins, selected
based on having: a p-value < 0.05, at least a 2-fold increase in abundance in N4BP1 stably
expressing cells compared to control, and non-significant enrichment in the Contaminant
repository for affinity purification (CRAPome; < 20/411). The CRAPome is a repository for
proteins that are non-specifically pulled down in affinity mass-spectrometry experiments, acting
as a negative control (Mellacheruvu et al., 2013). As expected, interacting proteins were found
that localized to the cytosol (KIAA1522; Liu et al. 2016), and nucleus (Coronin 2a; Huang et al.
2011). The most highly enriched protein identified was KIAA1522, which is a yet
uncharacterized protein shown to act as an oncogene in the KRAS pathway (Liu et al. 2016).
Intriguingly, numerous proteins that were identified on this list are involved in actin dynamics,
including coronins 2a and 2b, MISP and PALM (Huang et al. 2011, Schwarz et al. 2019, Zhu et
al. 2013, Turk et al. 2012); this suggests that N4BP1 may be involved in regulating actin
dynamics itself, or that actin dynamics could dictate its function/localization. Further, coronin 2a,

RAPH1 and CD58 (Sun et al. 2021, Gollob and Ritz, 1996) are proteins involved in the immune
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response (via modulating actin dynamics, T-cell trafficking, and T-cell receptor-ligand
interactions), supporting the notion in the literature that NABP1 plays a role in the immune
response. Coronins 2a and 2b have 61% identity with each other, giving strong evidence that
coronins interact with N4BP1. An E3-ubiquitin ligase RFWD3 was also identified, illustrating
that N4BP1 may play a role in protein ubiquitylation in U-2 OS cells. Of note, flotillin-1 is a
protein involved in the endocytic pathway, and SUMOylation of this protein leads to its nuclear
localization (Jang et al. 2019). Since SUMOylation dictates N4BP1 localization between the
nucleolus and PML bodies in mouse embryonic fibroblasts (Sharma et al. 2010), the interactions
with flotillin-1 may shed light on the mechanism of N4BP1 nuclear localization. As well, EDC4
was identified in this analysis to be enriched 2-fold in the stably expressing cells compared to

control, just barely missing the significance cut-off at p = 0.079.
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Figure 13: N4BP1 interacts predominantly with nuclear proteins in U-2 OS cells. Proteins
identified from mass spectrometry following immunoprecipitation of stably expressing V5-
tagged N4BP1 in U-2 OS cells. Proteins were selected based on having: a ratio of > 2.00 for the
abundance co-immunoprecipitated from N4BP1 stably expressing cells compared to control cells
(Stable/Control); p-value > 0.05; insignificant (< 20/411) abundance of protein in CRAPome
database. The x-axis represents fold enrichment of proteins isolated from N4BP1 stably
expressing cells compared to control cells. The y-axis illustrates the p-value for the difference in
protein isolated between N4BP1 stably expressing and control groups.
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Lastly, to assess the function of N4BP1 and its variability across different cell lines, HeLa cells
stably expressing V5-N4BP1 were generated to perform immunoprecipitation and mass
spectrometry as discussed above. In hopes of improving N4BP1 expression and yield from
immunoprecipitation, a pLEX vector was used for stable expression rather than pLENTI6, and a

different lysis buffer was used than in the U-2 OS experiment (see methods).

When compared to data acquired using U-2 OS cells (Tables 1 & 2), the bait protein N4ABP1 was
further enriched in the HelLa cell experiment (~100 fold compared to 56.98 in U-2 OS), had
better protein coverage (63% compared to 51%) and more protein unique peptides identified (68
compared to 39). Similar trends were found across identified protein interactors as well,
suggesting that N4BP1 and interacting proteins were more efficiently isolated in the HeLa
experiment than in the U-2 OS experiment. As a result of higher data quality, candidate
interacting proteins for N4BP1 were assessed differently in the HeLa experiment. Proteins were
selected based on: enrichment of at least 5-fold in the stably expressing cells compared to control
cells; p<0.05; average number of spectral counts in the CRAPome < 10; and number of protein

unique peptides identified > 2.

Proteins were identified that localize to the nucleus (LEMD3), nucleolus (SPTY2D1), secretory
pathway (DAB2) and mitochondria (CYCS) (Figure 14, Hellemans et al., 2004, Chambers et al.,
2018, Osakabe et al., 2013, Figliuolo et al., 2020, Ow et al., 2008). Importantly, there were
numerous proteins identified to be involved in protein modification, including E-3 ubiquitin
ligase activity (DDB1 and KCTD10), and proteins isomerase PDIA4, supporting the notion that
N4BP1 interacts with PML body proteins and is involved in facilitating protein modifications

(Fischer et al., 2014, Nagai et al., 2018, Wang et al., 2020).
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N4BP1 was also identified to interact with various proteins involved in regulating the NF-«xB
pathway including MTDH and DAB2. Intriguingly, DAB2 regulates NF-«B activity via TRIF
dependent TLR signalling (Shi & Wang, 2015, Figliuolo et al., 2020). Further, proteins were
identified that are involved in other aspects of the immune system including dermcidin, involved
in innate immunity via antimicrobial activity in secretions, and DBNL, involved in T-cell

activation (Schittek, 2012, Rocha-Perugini et al., 2017).

Interactions of N4BP1 with endoplasmic reticulum, Golgi, endocytic and mitochondrial proteins
may be explained in several ways. Firstly, the identified proteins could be true interactors,
illustrating novel roles of N4BP1 in these cellular compartments. On the other hand, since
N4BP1 was highly expressed and efficiently immunoprecipitated, it is possible that some N4BP1
was isolated while being translated or travelling through the secretory system on route to its
destination. However, the interactions of NABP1 with endosomal and mitochondrial proteins
cannot be easily explained by this hypothesis. A final possibility is that N4ABP1 could be
mediating turnover of these proteins via previously characterized roles in ubiquitylation and

proteasomal degradation.

There were several proteins that narrowly missed the cutoff criteria but still are worth noting.
EDC4 just missed the significance cutoff (p = 0.06), while still being strongly enriched in the
stably expressing group and having multiple protein specific peptides identified. What is more,
LSM12, a protein that can localize to P-bodies was excluded due to the identification of solely 1
protein specific peptide (Swisher & Parker, 2010). Other proteins that were narrowly excluded
similarly to EDC4 and LSM12 are as follows: PABPC4 (mRNA regulation), PAIP1 (MRNA
regulation via PABP), RANBP2 (Protein SUMO-ligase), ZNRF2 (E3 ubiquitin-ligase), and

PSMAL (proteasome subunit) (Kini et al., 2014, Lv et al., 2014, Moreno-Ofiate et al., 2020,
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Araki & Milbrandt, 2003, Ding et al., 2020). While these proteins were excluded from Figure 14
and Table 2, it is still possible that they interact with N4BP1 and offer some insight into the role

of N4BP1 in mRNA regulation and protein modifications.
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Figure 14: N4BP1 interacts with proteins found in the nucleus, nucleolus, secretory system
and mitochondria in HeLa cells. Proteins identified from mass spectrometry following
immunoprecipitation of stably expressing VV5-tagged N4BP1 in HeLa cells. Proteins were
selected based on having: a ratio of > 5.00 for the abundance co-immunoprecipitated from
N4BP1 stably expressing cells compared to control cells (Stable/Control); p-value > 0.05; < 10
spectral counts on average in the CRAPome database, and > 2 protein unique peptides identified.
The x-axis represents fold enrichment of proteins isolated from N4BP1 stably expressing cells
compared to control cells. The y-axis illustrates the p-value for the difference in protein isolated
between N4BP1 stably expressing and control groups.
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3.5 N4BP1 does not display clear interactions with EDC4 in Hel a cells

Since ectopic EDC4 co-localized with N4BP1 in HeLa and U-2 OS cells, and barely missed the

mass spectrometry cut off for significance, it was next assessed whether there was a direct

interaction between these proteins in HelLa cells. To test this possibility, co-immunoprecipitation

was performed on cells transiently transfected with FLAG-tagged N4BP1 and V5-tagged EDC4

using a FLAG antibody. MARF1 is a NYN encoding nuclease that has been shown to interact
with EDC4 via its C-terminal domain, and this interaction motif was used as a positive control
(Nishimura et al., 2018). Transfected cells were lysed using a hypotonic buffer, pre-cleared of
non-specific binding proteins by incubation of lysates with protein-G agarose beads, then
immunoprecipitated using FLAG-M2/protein-G agarose beads, and then visualized using SDS-
PAGE and western blotting. Inputs represent 3% of the total lysate, taken prior to
immunoprecipitation. Figure 15 illustrates that while EDC4 was found clearly in the
immunoprecipitated fraction in MARF1 transfected cells, it was minimally detected in the
immunoprecipitation fraction of N4BP1 transfected cells. These data suggest that N4ABP1 does

not directly interact with EDCA4.
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Figure 15: N4BP1 does not physically interact with EDC4 in HelLa cells. Co-
immunoprecipitation of FLAG-tagged N4BP1 and MARF1, and western blotting for FLAG
proteins and associated ectopic V5-tagged EDC4 (N=3). 3-Actin was used as a loading control.
Proteins were immunoprecipitated using mouse-FLAG-M2 antibodies on protein G agarose
beads. Inputs represent addition of lysate (3% of total), taken prior to immunoprecipitation. IP =
immunoprecipitation.

73



Discussion

N4BP1 represses the expression of a tethered mRNA dependent on its NYN domain

This project set out to investigate whether N4BP1 is capable of post-transcriptionally
repressing gene expression. To this end, I used several different approaches to investigate
N4BP1-mediated gene silencing, N4BP1 localization and to identify proteins that may interact

with N4BP1 in mammalian cells.

My data indicate that N4BP1 can repress the expression of a reporter mMRNA when
artificially tethered to it using a dual-luciferase reporter system (Figures 7 and 8), suggesting that
direct RNA binding by N4BP1 is not required for it silencing a mRNA. N4BP1 not only reduced
the protein expression of a tethered reporter, as measured by luminescence (Figure 7B), but also
decreased the abundance of that MRNA, as measured by RT-qPCR (Figure 7C). Importantly, this
repression was dependent on the activity of the NYN domain of N4BP1. A D623N point mutant,
previously described to ablate NYN-mediated viral RNA repression (Yamasoba et al., 2019)
caused slight de-repression of N4BP1-mediated silencing of protein activity. On the other hand,
deleting the entire NYN domain led to significantly less repression (Figure 7B). Further, the
D623N mutation did not cause a de-repression of NABP1 mediated mRNA decay (Figure 7C),
while the ANYN mutation did. Lastly, tethering N4BP1 to a reporter mRNA repressed it to a
similar degree as compared to MARF1, a NYN-containing protein with established endonuclease
activity (Figure 8). Taken together, these data are consistent with the hypothesis that N4ABP1 can
dictate the decay of a targeted mMRNA in human cells, and this is done in a manner that is

dependent on its NYN domain.

The fact that a D623N mutation did not ablate NABP1 mediated mMRNA decay was

surprising — Yamasoba et al. (2019) used the D623N point mutation as a model for relieving
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N4BP1-mediated HIV repression. In this paper it was shown that the D623N mutation not only
ablated the N4BP1 mediated immune response to HIV, but also that only D623N (and not WT)
N4BP1 co-immunoprecipitated HIV RNAs. Furthermore, making the analogous point mutation
in KHNYN (the N4BP1 paralog) prevented the ability of KHNYN to repress HIV RNAs
(Nepravishta et al., 2019). However, the findings in this thesis do not altogether contradict the
literature. Both Yamasoba et al. (2019) and Ficarelli et al. (2019) did not utilize a tethered
MRNA system. It is possible that when a mRNA is bound by N4BP1 (as when tethered), the
other aspartic acid residues in the catalytic core of the NYN domain of N4ABP1 could compensate
for the mutation and still induce transcript cleavage. It is likely that endogenous or viral mMRNASs
targeted by N4BP1 (e.g. HIV mRNA) would be in contact with N4BP1 for a shorter time, and
thus a D623N mutation may be sufficient to cause de-repression. Lastly, it is also possible that
N4BP1 interacts with mRNA decay proteins dependent on its NYN domain, and thus removing
the NYN domain would disrupt these interactions and cause de-repression, while the D623N

point mutation may not.

While N4BP1 induces the decay of a tethered transcript, it is not yet clear whether this is
directly due to the nuclease activity of N4BP1, or due to interactions with other mRNA decay
proteins (e.g. EDC4). For example, Roquin-1 can target mRNAs involved in the immune
response using its RNA binding domains, but coordinated proteins in the de-adenylation-
dependent mRNA decay pathway (e.g. CCR4-NOT) to degrade transcripts (Mino & Takeuchi,
2015). In support of this notion, Gitlin et al. (2020) found that N4BP1 repressed many mRNAs
involved in the immune response by RNA-sequencing, but it was later shown that N4BP1
regulates transcription factor NF-«B at the protein level, accounting for this mRNA repression

(Shu et al., 2021). Thus, while the findings above offer strong supporting evidence that N4ABP1
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can act as a nuclease to degrade mRNAs, further experimentation must be done to determine
whether this decay is a direct consequence of N4BP1 nuclease activity, or via interactions with

N4BP1-binding proteins.

N4BP1 can localize either to the cytosol or nucleus in HeLLa and U-2 OS cells

N4BP1 has been shown to have distinct roles in either the cytoplasm (human
macrophages) or nucleus (mouse embryonic fibroblasts) (Gitlin et al., 2020, Sharma et al., 2010).
However, it is unclear what dictates N4BP1 localization between these compartments, and how
this localization varies between cell types. To assess these questions, cell fractionation and
immunofluorescent analysis were carried out on HeLa and U-2 OS transiently transfected with
FLAG-tagged N4BP1. In cell fractionation experiments, N4ABP1 was found predominantly in the
cytosol, but not in the nucleus of either HeLa or U-2 OS cells (Figure 9). However, there was
some N4BP1 found in very low abundance in the nuclear fraction of HeLa cells. Further, using
immunofluorescent analysis (Figure 10), N4BP1 was found predominantly in the cytosol of
HeLa cells. These findings strongly support the notion that NABP1 has a primarily cytosolic role
in mammalian cells, supporting limited literature data in human macrophages (Gitlin et al.,

2020).

N4BP1 was identified in proximity to the decapping protein DCP1 (Youn et al., 2018),
which localizes to P-bodies. This project therefore sought to assess whether DCP1 and other P-
body proteins co-localized in human cell lines. In HeLa cells, FLAG-tagged N4BP1 clearly co-
localized with both endogenous (A) and ectopically expressed (B) EDC4 in cytosolic foci
(Figures 10A and B) and with endogenous DCP1 (Figure 10C). Thus, N4BP1 has the capacity to
localize to P-bodies in mammalian cells. Intriguingly, while N4ABP1 appeared predominantly

cytosolic in HelLa cells, there was still some nuclear staining either diffusely or in foci.
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Therefore, N4BP1 localizes both to the nucleus and cytosol, supporting literature findings in
human macrophages and MEF (mouse embryonic fibroblast) cells (Gitlin et al., 2020, Sharma et
al., 2010). As such, while the primary localization of NABP1 may vary between cell types or by
species (being predominantly nuclear in MEFs, but cytoplasmic in human macrophages), the
findings above suggest that NABP1 can act in both sites within one cell-type. Nonetheless,
identification of a yet uncharacterized role of N4BP1 in P-bodies expands on the already diverse

function of this protein.

To determine what dictates differential NABP1 localization to the nucleus and cytoplasm,
fragments of N4BP1 were cloned into a FLAG-tagged vector (Figure 6) and were assessed using
immunofluorescent analysis. The fragments were generated as follows: a N-terminal domain
including the KH domain (residues 2-296), a linker domain containing MALT1 and Caspase-8
cleavage sites (residues 268-601), and a C-terminal domain containing the NYN and CoCUN
(ubiquitin binding) domains (residues 575-896) (see Figure 6). When these fragments were
ectopically expressed in HeLa cells, the central linker fragment was found to be predominantly
nuclear, while both the N-terminal (KH domain) and C-terminal (NYN, CoCUN domains)
fragments were cytosolic (Figure 11). Further, co-expression of V5-EDC4 illustrates that only
the N-terminal (KH domain) fragment was able to colocalize with EDC4 in cytosolic foci. Since
the KH domain of N4BP1 has the potential to bind RNA, it is not altogether clear whether
N4BP1 (WT and the N-terminal fragment) localizes to P-bodies via interactions with RNA or
proteins. Nonetheless, these results illustrate that the N-terminal region dictates localization to
cytosolic foci. What is more, since only the central linker region was found predominantly in the
nucleus, it is likely that this fragment dictates the nuclear localization of N4ABP1. While there is

no clear nuclear or nucleolar localization sequence found in this region, there is a predicted
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ubiquitin binding domain there (Gitlin et al., 2020). It has already been shown that SUMOylation
dictates the localization of N4BP1 between the nucleolus and PML bodies in the nucleus of MEF
cells (Sharma et al., 2010), so it is not unreasonable to speculate that other post translational
modifications could dictate N4BP1 localization between the cytosol and the nucleus. While
further characterization of N4ABP1 domains is necessary, these experiments offer insight into how

N4BP1 may exert its functions in cells.

Since there is significant variation among N4BP1 localization between cell lines in the
literature, | assessed whether the localization of N4BP1 differed between HelLa and U-2 OS cell
lines. Similar trends were found in U-2 OS cells, where WT and both the N-terminal (KH
domain) and C-terminal (NYN, CoCUN domains) fragments were found mostly in the cytosol,
and the linker fragment was found in the nucleus (Figure 12). Further, only WT and the N-
terminal fragment co-localized with ectopically expressed EDC4 in cytosolic foci. Notably,
although P-bodies look markedly different between HelLa and U-2 OS cell lines, trends of

N4BP1 and EDC4 localization remained the same.

Altogether, these results lend significant insight to the current literature understanding of
the role of N4BP1. While studies have shown that N4BP1 can have specifically nuclear or
cytoplasmic roles in different cell lines, the findings above make clear that NABP1 can be found
in both sites simultaneously in human cells. Most importantly from this research, N4BP1 has a
yet entirely uncharacterized role in the cytoplasm through its interactions with P-body proteins.
Furthermore, by identifying the regions of N4BP1 which dictate localization to the nucleus
(central linker fragment) and P-bodies (N-terminal, KH domain containing fragment), these
findings lay a foundation for further studies to assess how N4BP1 translocates between regions

of the cell.
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N4BP1-protein interactome

All previous studies assessing N4BP1-protein interactions made use of protein specific
co-immunoprecipitation experiments (Oberst et al., 2007, Spel et al., 2018, Gitlin et al., 2020,
Shi et al., 2021), but large-scale proteomic analysis of NABP1 interactions is absent from the
literature. Such large-scale experiments would provide critical insight into how N4BP1 exerts its
diverse functions. To identify N4BP1 protein interactors, stably expressing V5-N4BP1 was
immunoprecipitated in U-2 OS cells, followed by affinity mass spectrometry. The proteins that
were identified to be significantly enriched (p < 0.05, > 2-fold increase in N4BP1 stably
expressing cells compared to control), and not found commonly in the CRAPome, are illustrated
in Figure 13 and Table 1. Of concern, the bait protein N4BP1 had less enrichment than expected
(56.98 compared to 100, which would indicate that it was found only in the stably expressing
cells). While this is still significant enrichment, inefficient pull-down of N4BP1 could severely
impact isolation of interacting proteins. Nonetheless, proteins identified in this screen localized
to the cytosol (e.g. KIAA1522), and nucleus (e.g. Cononin 2a). Of the proteins found, functional
themes were identified including control of actin dynamics (coronin2a and 2b, MISP and
PALM), immune regulation (Coronin 2a, RAPH1 and CD58), and protein modification
(RFWD3). These themes support the notion in the literature that N4BP1 regulates immune
functions in mammalian cells, and that it plays a role in regulating ubiquitylation (Gitlin et al.,
2020, Sharma et al., 2010). However, N4BP1 has been shown to regulate immune response via
repression of viral RNAs and ubiquitylation of NF-kB (Shi et al., 2021); proteins involved in
these pathways were not identified in the proteomic screen. It is possible that Coronin 2a,
RAPH1 and PALM represent novel pathways through which N4BP1 regulates the immune

response by modulating actin dynamics, or T-cell trafficking and activation. Intriguingly, while
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N4BP1 has been shown to interact with E3 ubiquitin ligases (Nedd4 and ITCH) (Santonico,
2020, Oberst et al., 2007), the appearance of RFWD1 (another E3 ligase) in this screen suggests
that N4BP1 may interact with a wider range of protein modifying enzymes depending on cell

type, or could interact with these proteins non-specifically in sites such as PML bodies.

To assess whether protein interactions of N4BP1 differ between cell types, mass
spectrometry analysis was performed in HeLa cells stably expressing VV5-tagged N4BP1. To
improve yield of co-immunoprecipitated N4BP1, a pLEX expression vector was used rather than
pLENTI6, and the composition of lysis buffer was changed (see methods). As a result, the bait
protein N4BP1 had a higher protein coverage (63% compared to 51%), protein unique peptides
(68 compared to 39), fold enrichment (~100 fold compared to 56.98 in U-2 OS), and lower p-
value (1.61E-16 compared to 8.95E-03) in the HelLa screen than in the U-2 OS screen. Due to the
improved isolation of N4BP1, more stringent conditions were required to make a succinct list of
interacting proteins, including: enrichment of at least 5-fold in the stably expressing compared to
control cells, p<0.05, average number of spectral counts in the CRAPome < 10, and number of
protein unique peptides identified > 2 (Figure 14, Appendix A Table 2). Proteins were identified
that reside in the nucleus (LEMD3), nucleolus (SPTY2D1), secretory pathway (DAB2) and
mitochondria (CYCS). Further, several proteins were identified in the HeLa experiment that are
involved in protein modifications within the nucleus, including E-3 ubiquitin ligase activity
(DDBL1 and KCTD10), and protein isomerase PDIA4. These interactions support the notion that
N4BP1 interacts with protein modification enzymes in the nucleus. Also identified in this screen
were multiple proteins involved in the NF-kB pathway of immune activation (MTDH and
DAB2), and other components of the immune response including dermcidin (antimicrobial

activity), and DBNL (T-cell activation). Thus, this data supports the idea that N4BP1 interacts
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with protein modifying enzymes in the nucleus, and that N4BP1 regulates the immune response

via interactions with the NF-kB pathway.

The purpose of performing affinity mass spectrometry for N4BP1 in both HeLa and U-2
OS cells was to determine whether N4BP1-protein interactions differ between cell types. There
were no shared proteins identified across both screens. Further, while both experiments identified
proteins involved in immune function, N4BP1 was found to interact with proteins in the NF-xB
pathway only in HeLa cells. In addition, there were multiple protein modifying enzymes
identified in the HeLa screen (DDB1 and KCTD10, and PDIA4), in contrast to only one protein
modification enzyme in the U-2 OS screen (RFWDZ1). Thus, the results from HelLa cells, but not
U-2 OS cells, strongly support literature findings that N4BP1 plays roles in immune regulation

via the NF-kB pathway and interacts with protein modifying enzymes.

Agreement with literature, along with the improvement in bait protein N4BP1 isolation in
the HelLa screen (unique peptides, protein coverage and p-value) suggest that while the HeLa
screen identified real protein interactors of N4BP1, the U-2 OS screen may have yielded
inaccurate findings. Indeed, higher expression of N4BP1 in the pLEX vector could account for
differences between the screens in fold-enrichment of N4BP1 and thus interacting proteins.
However, differences in buffer concentration could lead to dissociation of real protein interactors
from N4BP1, and their exclusion from the data above. It is important to note that it is possible
that differences in proteins identified between the U-2 OS and HeLa screens could be explained
by variation of localization of N4BP1 or to differences in protein interactions and expression
between the cell lines. Thus, while the data from the U-2 OS screen may provide insight into a
novel role of N4BP1 in regulating actin dynamics (e.g. via coronin2a and 2b, MISP and PALM)

and illustrate that this protein interacts with a yet unidentified E3 ubiquitin ligase, further
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experimentation must be done to assess whether these are true N4BP1-interacting partners. Such
experiments would include using the same vector and buffer used in the HeLa screen, as well as

confirming protein interactions through co-immunoprecipitation assays.

Importantly, the HeLa screen found mitochondrial proteins, as well as proteins native to
the secretory and endocytic pathways. Such findings are intriguing, as immunofluorescence data
did not show strong localization to these structures (Figures 10-12). It is possible that N4ABP1
localizes to these regions but did not accumulate enough to be detected by immunofluorescence.
Another possibility is that NABP1 interacts with these proteins via its role in protein
modifications in the nucleus. For example, if the mitochondrial protein CYCS was damaged, it
could localize to protein modification sites for turnover or repair. As noted above, while these
findings may illustrate new roles of N4BP1, novel protein interactors must be validated using co-

immunoprecipitation assays.

Since N4BP1 co-localizes with the P-body protein EDC4, and narrowly missed the
significance cut-off for interactions with this protein in both proteomic screens, this project
sought to determine whether these proteins physically interact with one another. As such, FLAG-
tagged N4BP1 and V5-tagged EDC4 were ectopically expressed in HeLa cells, followed by
FLAG immunoprecipitation and western blotting (Figure 15). N4BP1 did not strongly co-
immunoprecipitate EDC4, while MARFL1, a positive control known to interact directly with
EDC4, did (Brothers et a., 2020). While there was slightly more signal in the
immunoprecipitation lane compared to the beads-alone control in the N4BP1 expressing
samples, it is difficult to determine whether this difference illustrates a weak interaction between
N4BP1 and EDCA4. These results, along with the fact that N4ABP1 co-localize with P-body

proteins (Figures 10-12) suggest that N4BP1 is likely to interact with other P-body proteins
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directly, or that it may localize to P-bodies via RNA interactions. However, it is possible that

N4BP1 does interact directly with EDC4, just not under the conditions used in this experiment.

It was originally hypothesized that N4BP1 localization was dictated by interactions with
P-body proteins; however, the data above do not support this hypothesis. While N4BP1 does co-
localize with EDC4 and DCP1, and overexpression of EDC4 leads to a decrease in nuclear
N4BP1 (Figure 10), proteomic experiments do not show direct binding between N4BP1 and P-
body proteins (Figures 13, 14, and 15). It is rather puzzling that N4BP1 can localize to P-bodies
without interacting with any proteins found in that region. One likely explanation for this
phenomenon is that cells were treated with benzonase, a non-specific ribonuclease, during lysis
steps in co-immunoprecipitation and mass spectrometry experiments. This is standard for
proteomic experiments, to ensure that proteins identified to interact with N4BP1 are interacting
directly, and not via RNA-dependent interactions. It is possible, however, that N4ABP1 has
cellular roles (e.g. in P-bodies) dependent on these RNA interactions, and thus benzonase
treatment disrupts these interactions and excludes RNA dependent roles from the data above.
EDC4 was identified in both U-2 OS and HeL a proteomic screens, however, just missing the cut-
off for significance. Similarly, LSM12, PABPC4 and PAIP1 are all proteins involved in mRNA
regulation that narrowly missed the cutoff in the HelLa screen. Altogether, these findings suggest
that N4BP1 may indirectly interact with various mMRNA regulating proteins, possibly through
RNA dependent interactions. Therefore, assessment of RNA-dependent interactions must be

included in future experimentation to assess uncharacterized roles of N4ABP1 in RNA regulation.
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Conclusions and future directions

There remain some important unanswered questions after this project — does N4BP1 bind
to endogenous mRNAs and repress their expression? What dictates N4BP1 localization? What is
the role of N4BP1 in P-bodies? To further assess these questions, cross-linking
immunoprecipitation and RNA sequencing should be performed using catalytically inactive
(ANYN) N4BP1 and identified targets should be validated using RT-gPCR. Fragments of
N4BP1 assessed in Figures 11 and 12 should be further divided and analyzed using
immunofluorescence to elucidate important domains/residues that dictate localization.
Furthermore, co-immunoprecipitation studies should be performed to validate identified
interacting proteins from mass spectrometry experiments, which could offer important insight
into how N4BP1 functions and localizes within cells. Lastly, NABP1 has a clear role in the
immune response (Yamasoba et al., 2019, Gitlin et al., 2020, Shi et al., 2021); further
experiments should be conducted to assess how immune stimulation (e.g. using IFN- B) impacts

N4BP1 regulation of RNA, localization, and protein interactions.

While the importance of N4BP1 in protein modifications and immune regulation is well
documented, the RNA repressing role of N4BP1 has not been thoroughly assessed. This project
illustrates that N4BP1 can repress a tethered mRNA dependent on its NYN domain and
identified a previously uncharacterized role of N4BP1 in P-bodies. Further, the first large-scale
proteomic analysis of N4BP1-protein interactors was carried out, supporting literature findings
that N4ABP1 regulates protein modification and the immune system (Sharma et al., 2010, Gitlin et
al., 2020), while also identifying possible novel roles of N4BP1 in the mitochondria, secretory
system, endocytic pathway and in regulating actin dynamics. These findings expand upon the

body of knowledge of the relatively uncharacterized protein N4BP1, and offer insight into how
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this protein represses targeted mMRNASs and exerts its function in the immune system and viral

repression.
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Appendix A

Table 1: Raw data produced from immunoprecipitation-mass spectrometry of stably

expressed V5-N4BP1 in U-2 OS cells. The data from this table was used to generate Figure 13.

Gene Symbol Description
N4BP1 NEDD4-binding protein 1
KIAA1522 Uncharacterized protein KIAA1522
EFR3A Protein EFR3 homolog A
CORO2A Coronin-2A
PPP1R18 Phostensin
CORO2B Coronin-2B
GLIPR2 Golgi-associated plant pathogenesis-related protein 1
C190rf21; MISP Mitotic interactor and substrate of PLK1
PALM Paralemmin-1
GPRC5A Retinoic acid-induced protein 3
FLOT1 Flotillin-1
RAPH1 «ociated and pleckstrin homology domains-containing pi
CD58 Lymphocyte function-associated antigen 3
Pl4KA Phosphatidylinositol 4-kinase alpha
FAM120C Constitutive coactivator of PPAR-gamma-like protein 2
RAC1 Ras-related €3 botulinum toxin substrate 1
CD55 Complement decay-accelerating factor
CD59 CD59 glycoprotein
PIP4K2A Phosphatidylinositol 5-phosphate 4-kinase type-2 alpha
RFWD3 E3 ubiquitin-protein ligase RFWD3
STOM Erythrocyte band 7 integral membrane protein
SHCBP1 SHC SH2 domain-binding protein 1

Sample/
control
56.98
13.83
6.71
6.49
5.81
5.26
5.25
4,02
3.93
3.81
3.74
3.48
3.37
3.33
2.96
2.86
2.49
2.47
2.17
2.10
2.06
2.06

p-value

8.95E-03
2.96E-04
1.33E-02
2.32E-03
2.57E-02
2.94E-03
9.44E-03
2.32E-02
1.01E-02
1.17E-02
2.12E-02
1.55E-02
2.44E-02
6.26E-04
7.37E-04
1.44E-02
3.35E-02
3.40E-02
1.15E-02
4.30E-02
3.56E-02
4.56E-03
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Table 2: Raw data produced from immunoprecipitation-mass spectrometry of stably
expressed V5-N4BP1 in HelLa cells. The data from this table was used to generate Figure 14,

# Protein

S\c(;r:;:il Description CER::(;“CA Unit:que iimnf:;/ p-value Candidate CO‘E;:; ge
Peptides
Inner nuclear membrane
LEMD3 protein Manl 3.4 2 100.00 | 1.61E-16 |  high 5
SPTY2D1 |Protein SPT2 homolog 13 2 100.00 | 1.61E-16 high 10
DAB2 Disabled homolog 2 7.1 2 100.00 | 1.61E-16 | medium 3
MTDH Protein LYRIC 5.7 2 100.00 @ 1.61E-16 = medium
pyMm1  Partnerof Y14 and mago 2.4 3 100.00 | 1.61E-16 @ high 32
CYCS Cytochrome ¢ 33 2 100.00 | 1.61E-16 high 11
CDKN2A-interacting
CDKN2AIP protein 3.1 2 100.00 | 1.61E-16 high 7
N4gp1 |Neddd-binding protein 1 2.4 68 100.00 | 1.61E-16 63
CLINT1 Clathrin interactor 1 8.5 2 100.00 @ 1.61E-16 | medium 5
BTB/POZ domain-
containing adapter for
CUL3-mediated RhoA
KCTD10 degradation protein 3 4 2 25.45 2.63E-05 high 8
cyrpy | CYiochromebreductasel |, 2 2083 | 1.21E04  high 4
pRKCsh | Olucosidase 2 subunitbeta | 3 20.76 | 1.23E-04  medium 7
DNA damage-binding
DDB1 protein 1 6.9 4 20.36 1.41E-04 medium 5
BMP-2-inducible protein
BMP2K  kinase 1.7 5 19.48 | 1.92E-04 high 8
Protein disulfide-isomerase
PDIA4 A4 8.8 4 19.41 1.95E-04 medium 9
LARP4 | La-related protein 4 1.8 4 18.58 | 2.66E-04 high 12
Echinoderm microtubule-
EML4 associated protein-like 4 1.8 2 14.50 1.35E-03 hlgh 4
SLIT-ROBO Rho GTPase-
SRGAP2  activating protein 2 1.8 2 12.50 | 3.40E-03 high 3
Opioid growth factor
OGFR  |receptor 1.9 4 12.36 | 3.55E-03 high 11
Guanine nucleotide-
binding protein G(i) subunit
GNAI3  alpha 2.8 2 11.31 5.67E-03 high 17
gpy  O0STibosomalproteinlll | 2 1112 | 6.23E-03  high 14
Voltage-dependent calcium
channel subunit alpha-
CACNA2D1 2/delta-1 3.6 3 10.76 | 7.46E-03 high 5

pppiR13L | CVA-associated inhibitor 33 2 10.72 | 7.57E-03  high 3

DBNL  |Drebrin-like protein 4.4 4 10.33 | 9.27E-03 high 13



# Protein

Gene Description CRAPOM Unique Sl
Symbol E Av. SC . control
Peptides
DCD Dermcidin 3.7 2 9.60
Cytoplasmic dynein 1 light
DYNC1LI2 intermediate chain 2 2.2 4 9.36

Vesicle-associated
membrane protein-

VAPA  associated protein A 2.2 3 9.06
Scaffold attachment factor
SAFB Bl 6.6 5 8.02
Peptidyl-prolyl cis-trans
FKBP4  isomerase FKBP4 8.2 2 7.66
General transcription factor
GTF2F1 | IIF subunit 1 3.8 2 7.48

p-value Candidate

1.34E-02

1.53E-02

1.81E-02

3.29E-02

4.04E-02

4.40E-02

high

high

high
medium
medium

high

Coverage
[%]

24

22
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