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Enteroviruses are ubiquitous RNA viruses, capable of causing a wide spectrum
of diseases in humans. Despite the efforts to develop effective broad-spectrum
antivirals, currently there are no clinically approved therapeutics against
enteroviral infections, and thus, novel antiviral strategies are needed. Many
viruses can interact with the cellular ubiquitome system, which mediates
numerous cellular processes and proteasomal degradation of protein substrates.
This system can both hinder and promote viral infections, mainly through the
activities of ubiquitin ligases and deubiquitinating enzymes. The aim of this
thesis was to examine the importance of ubiquitome in enteroviral infections.
Previously, nine ubiquitome-related genes were connected to coxsackievirus B3
(CVB3), a type of enterovirus. To validate the previous findings, in this study,
the expression of the genes was knocked down with small interfering RNAs
(siRNA) and the progression of CVB3 infection was monitored using
immunofluorescence labelling and confocal microscopy, as well as western
blotting. In addition to CVB3, infections of coxsackievirus Bl (CVB1) and
echovirus 30 (EV30) were examined to assess the broad-spectrum effects of
silencing ubiquitome-related factors. Knockdown of three genes, namely
UCHL1, CHD4 and FBXL14, reduced infections caused by all enteroviruses
tested. In addition, the knockdown of CAND2 inhibited CVB1 and EV30
infections. To further inspect the potential of these ubiquitome-related factors in
antiviral development, a cytotoxicity assay was conducted for the hit siRNAs.
Although UCHLI1, FBXL14 and CHD4 knockdown had a slight effect on cell
viability, none of the hit siRNA treatments were radically toxic. The anti-
enteroviral effects observed in this study may be related to processes such as
immune responses or cell cycle regulation. On the other hand, the viruses may
also require ubiquitome factors to complete different stages of their life cycle.
The exact antiviral mechanisms, however, remain to be determined. In terms of
developing broad-spectrum antivirals, the finding that several enteroviral
serotypes can utilize same ubiquitome factors is promising.
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Enterovirukset ovat yleisia RNA-viruksia, jotka aiheuttavat monenlaisia
sairauksia ihmisille. Huolimatta pyrkimyksistd kehittdd tehokkaita ja
laajakirjoisia antiviraaleja, télld hetkelld enterovirusinfektioiden hoitamiseksi ei
ole Kkliinisesti hyvéaksyttyjd ldadkkeitd, ja uusia antiviraalistrategioita tarvitaan.
Monet virukset vuorovaikuttavat isdntdsolun ubiquitomi-jarjestelmén kanssa.
Soluissa tdmd jdrjestelmd osallistuu useisiin perustavanlaatuisiin prosesseihin
sekd substraattien proteosomaaliseen hajotukseen. Koska ubiquitomi-
jarjestelmd voi sekd estdd, ettd edistdd virusinfektioita erilaisten entsyymien
vilitykselld, tdmdn tutkielman tarkoituksena oli selventdd sen merkitysta
enteroviruksille. Aiemmin yhdeksdn ubiquitomigeenin havaittiin vaikuttavan
enteroviruksiin kuuluvan coxsackievirus B3:n (CVB3) infektioon. Havaintojen
vahvistamiseksi tdssd tutkielmassa kyseiset geenit hiljennettiin pienilld
héiritsevilla RNA-molekyyleilld (siRNA), ja transfektoiduissa soluissa etenevaa
CVB3-infektiota seurattiin immunofluoresenssileimauksella ja
konfokaalimikroskopialla, sekd western blot -menetelmalld. CVB3-infektion
lisdksi my6s coxsackievirus Bl:n (CVB1) ja echovirus 30:n (EV30) infektioita
tarkasteltiin mahdollisten laaja-alaisten vaikutusten selvittamiseksi. Yhdeksasta
geenistd kolmen havaittiin vaikuttavan kaikkiin tutkittuihin viruksiin. Ndiden
geenien, UCHL1, CHD4 ja FBXL14, hiljentdmiselld oli infektioita alentava
vaikutus. CVB1- ja EV30-infektiot alenivat myds, kun CAND2-geeni
hiljennettiin. Tulosten perusteella valituille siRNA-molekyyleille tehtiin
sytotoksisuuskoe, jotta saataisiin lisdtietoa merkittdavidksi havaittujen
ubiquitomitekijoiden potentiaalista antiviraalikehityksessd. Vaikka UCHLI1-,
CHD#4- ja FBXL14-geenien hiljentamiselld oli pieni vaikutus solujen elinkykyyn,
mikdan siRNA-kisittelyistd ei ollut &ddrimmadisen toksinen. Havaitut
ubiquitomitekijoiden vaikutukset voivat liittyd niiden rooliin enterovirusten
elinsyklissd, tai prosesseihin kuten immuunipuolustus ja solusyklin s&dtely.
Vaikka tarkkoja antiviraalimekanismeja ei vield tunneta, 16ydos useille
enteroviruksille yhteisistd ubiquitomitekijoistd on lupaava.
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1 INTRODUCTION

Enteroviruses (EVs) are small, highly prevalent RNA viruses that belong to the
picornaviridae family. These viruses are capable of infecting humans, primates
and other mammals and they are responsible for extensive morbidity every
year (Knowles et al. 2010). Currently the enterovirus genus contains 15 species
of viruses, seven of which have human infecting serotypes. The species found
in humans include EVs A, B, C and D as well as rhinoviruses (RVs) A, B and C
(reviewed in Chen et al. 2020). To this day over one hundred serotypes of
human EVs have been identified, including types of polioviruses (PV),
coxsackieviruses (CV) A and B, echoviruses and numbered EVs (reviewed in
Brouwer et al. 2021).

1.1Enterovirus structure

As is often the case with viruses, the structure of EVs is relatively simple,
consisting of viral genome encapsulated within a protein capsid. Unlike some
viruses, EVs do not have a lipid membrane surrounding their capsid. The
genome of EVs is constructed of a single positive-sense RNA molecule, which is
approximately 7.5 - 8.0 kb in length, and contains a non-coding region (NCR) in
both of its ends. The NCR of the 5 end includes a structure called RNA
cloverleaf and an internal ribosomal entry site (IRES). In addition, a small viral
protein (VPg) is linked to the 5 NCR (Palmenberg et al. 2010). This region of the
genome is necessary in the viral translation and RNA replication of EVs (Rohll
et al. 1994). The 3’ NCR, and a short poly(A) tract following it, are also essential
for efficient viral replication (Rohll et al. 1995).

The protein capsid of EVs has an icosahedral structure and a diameter of
approximately 30 nm. It is constructed of four structural proteins (VP1-VP4)
assembled into 12 pentamers. These proteins, as well as some non-structural
proteins, are derived from precursors (P1-P3) that are initially cleaved from a
single large polyprotein encoded by the viral RNA (Fry and Stuart 2010).
Structural proteins VP1, VP2 and VP3 form the external surface of the viral
capsid, whereas VP4 is a component of the internal surface (Figure 1). The
capsid surface of many EVs and RVs contains a deep depression, termed
canyon, surrounding the five-fold axes of symmetry. Beneath the canyon floor
lies a hydrophobic pocket, which often contains a stabilizing small molecule
known as the pocket factor. For many EVs, such as PV1 and CVB3, the canyon
functions as a site for receptor binding (Belnap et al. 2000, He et al. 2001). On
the other hand, some EVs have been found to bind their receptors outside the
canyon (He et al. 2002). Due to variable surface-exposed loops of the outer



capsid proteins, EVs have high antigenic diversity (reviewed in Baggen et al.
2018).
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Figure1l. Schematic illustration of coxsackievirus B3 (CVB3) capsid. The icosahedral
capsid of enteroviruses is constructed of four structural proteins (VP1-VP4).
VP1 (shown in blue), VP2 (shown in red) and VP3 (shown in green) form the
outer surface of the virus, while VP4 (not shown) is located in the internal
surface. The figure was obtained from VIPERdb (http://viperdb.org) with
PDB ID for CVB3 (1COV) (Montiel-Garcia et al. 2020). Structural details of
1COV were originally presented by Muckelbauer et al. (1995).

The non-structural proteins (2A, 2B, 2C, 3A, 3B, 3C, 3D and the intermediates
2BC, 3AB and 3CD) have been linked to several processes. Since the genome of
EVs is small, its coding capacity is limited. Therefore certain host cell factors are
needed to accomplish viral replication. To harness the endogenous mechanisms
of their host, EVs modify cellular proteins. This is achieved by using virus-
encoded proteases which include the non-structural proteins 2A and 3C (Saeed
et al. 2020). These proteases as well as the intermediate 3CD, are also
responsible for cleaving the viral polyprotein (reviewed in Baggen et al. 2018).
Furthermore, the viral proteases can have a protective function, as they may
supress antiviral pathways by altering specific proteins of the host cell (Barral et
al. 2009). Most of the non-structural proteins of EVs participate in viral
replication either directly by affecting the RNA synthesis, or indirectly by
mediating rearrangement of the hosts cytoplasmic membranes (Rozovics and
Semler 2010).

1.2 Disease and control

Human infecting EVs spread primarily via fecal-oral route, with the
gastrointestinal tract being the primary site of infection. Some members of the
enterovirus genus may also use other routes of transmission, or target
alternative sites to establish infection. For example, EV-D68 has been primarily
isolated from respiratory specimen, indicating that the virus replicates in the
respiratory tract (Oberste et al. 2004). Additionally, RVs have commonly been
connected to infections of the respiratory tract (El-Sahly et al. 2000).



The human EVs and RVs are common pathogens, capable of causing a
wide spectrum of diseases. These diseases include, for example, hand foot and
mouth disease (HFMD) caused by certain EVs, and the common cold, which is
often caused by RVs (Huang et al. 2018). Enteroviral infections are most often
either mild or asymptotic, but these viruses can also cause severe and even fatal
diseases if they spread from the primary infection site to other tissues and
organs (reviewed in Wells and Coyne 2019). One well-known example of these
diseases is poliomyelitis, an infection caused by PV, that may result in acute
flaccid paralysis (reviewed in Bitnun and Yeh 2018). Other, non-polio EVs have
also been associated with multiple severe conditions, such as encephalitis,
aseptic meningitis, acute flaccid myelitis, myocarditis and pericarditis (Gaaloul
et al. 2014, Hasbun et al. 2017, Schubert et al. 2019). Furthermore, EVs can also
contribute to several chronic disorders, including type I diabetes and asthma
(Krogvold et al. 2015, Wang et al. 2018). Especially young children and
immunocompromised patients may be at risk of developing severe
complications as a result of EV infection (reviewed in Baggen et al. 2018).

Currently PV and EV strain A71 are the only members of the enterovirus
genus against which vaccines have been produced (reviewed in Laajala et al.
2020). Although vaccination is an effective way to prevent infectious diseases, it
is considered unpractical to produce vaccines for every EV, given the high
number of serotypes. Since the antigenic variation of EVs constrains vaccine
development, additional strategies to control viral infections are needed. One
such strategy is the development of broad-spectrum antivirals. Ideally these
therapeutics could reduce the pathology and duration of infections caused by
several different serotypes. In addition, the antivirals could reduce the excretion
and shedding of the viruses (reviewed in Benschop et al. 2015). Although some
potential EV inhibitors have been found, at this moment there are no effective
and clinically approved antivirals against any of the EVs (reviewed in Laajala et

al. 2020).

1.3 Enteroviral life cycle and antivirals

The life cycle of EVs can be divided into several stages, each of which could
potentially be targeted with antivirals, either by targeting the virus itself or
some host factors the virus depends on (Figure 2). In the beginning of
enteroviral life cycle, the virus attaches to specific surface receptors of its host.
Attachment to the receptors induces intracellular signals that promote
endocytic uptake of the host, facilitating viral entry. EVs can use different types
of receptors, many of which are either immunoglobulin-like domains or
integrin molecules. For those viruses binding through the canyon, attachment
to a receptor releases the pocket factor and causes conformational changes of
the virus (Zhang et al. 2008). This can initiate subsequent steps of the life cycle,
including uncoating of the virus and genome release (Wang et al. 2012). EVs
that bind receptors outside the canyon may require other trigger to initiate
these steps. For example, certain viruses in the CVB group need to interact with



two receptors to complete the early steps of the life cycle: decay accelerating
factor (DAF) promotes attachment, but the coxsackievirus and adenovirus
receptor (CAR) is needed for the conformational changes that initiate uncoating
(Milstone et al. 2005).
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Figure2.  Schematic illustration of enteroviral life cycle. In the beginning, the virus
attaches to receptors located on the host cell surface. Following attachment, the
virus is transported into host cell cytoplasm through endocytosis. Within the
cytoplasm, the virus uncoats and releases its positive-sense (+) RNA genome.
The genome is translated to produce viral polyprotein, which is further
processed into several structural and non-structural proteins. Genome
replication takes place in replication organelles, structures modified from
cellular membranes by the virus. During genome replication, a negative-sense
(-) RNA strand template is synthesized, to produce new (+) RNA molecules
through a double-strand RNA (dsRNA) intermediate. Genome replication
requires VPg, a small protein attached to the viral genome. The process is also
assisted by the non-structural proteins. The structural proteins, on the other
hand, are components of the viral capsid. These proteins self-assemble into
multiple protomers and pentamers, and finally, form provirions together with
newly synthesized viral RNA. The RNA molecule induces viral maturation,
and in the end, mature virions exit the host cell by either lytic, or non-lytic
release mechanisms. The image was modified from a review by Baggen et al.
(2018) using BioRender.com image creating tool.

Following receptor attachment, EVs are internalized in endocytic vesicles via
distinct uptake pathways that are influenced by both virus and host features.
Some viruses, such as the EV-A71, require acidic environment to finish



uncoating and use clathrin-mediated acidifying endosomal pathway to enter
the host (Hussain et al. 2011). By contrast, several EVB species can be
internalized in neutral endosomes in a clathrin-independent manner
(Marjomaki et al. 2015).

In the next stage of the viral life cycle, the virus uncoats and releases its
genome into the host cell’s cytoplasm. Triggers for uncoating are diverse and
vary between EV species. These cues may allow the viruses to release their
genome in the right cellular compartment at the right time (reviewed in Baggen
et al. 2018). The process of enteroviral genome release, however, is not fully
elucidated yet. Nevertheless, it is known that the RNA is delivered to the
cytoplasm through a pore in the endosomal membrane. This event is likely
assisted by cellular adipose-specific phospholipase A2 enzyme (PLA2G16),
although the exact mechanism has not been confirmed (Staring et al. 2017).
Once in the cytoplasm, viral genome is translated by the hosts cellular
machinery to produce viral polyprotein. The mechanisms of this process are
conserved among different EVs. The IRES element of the viral genome is
important mediator of the translation as it is responsible for ribosome
recruitment. The functions of IRES, on the other hand, are dependent on IRES
trans-acting factors (ITAFs) of the host (reviewed in Abdullah et al. 2023).

After translation the polyprotein is processed by viral proteases 2A, 3C
and the precursor protein 3CD (reviewed in Baggen et al. 2018). A previous
study revealed that certain host cell proteases, calpains, may also be involved in
the polyprotein processing (Laajala et al. 2019). If the polyprotein is successfully
cleaved, the viral life cycle proceeds to genome replication. This process is
known to occur on tubulovesicular replicative organelles (ROs) with the aid of
the non-structural proteins, such as the 3D polymerase, viral ATPase 2C and
membrane-associated 2BC and 3A (reviewed in Baggen et al. 2018). Some
cellular factors, such as phosphatidylinositol 4-kinases (PI4Ks), can also be
harnessed to support viral replication (Hsu et al. 2010).

Close to the end of the viral life cycle, structural proteins are assembled to
form the capsid around replicated RNA. The mechanisms of this process are not
fully understood yet, however, the encapsidation specificity has been proposed
to be controlled by interactions of the viral 2C and the structural protein VP3
(Liu et al. 2010). A couple of cellular proteins, such as the heat shock protein 90
(HSP90) and glutathione (GSH) have also been linked to the assembly process
(Geller et al. 2007, Thibaut et al. 2014). If not disrupted earlier, the life cycle of
EVs ends as newly synthesized virions exit the host cell through lytic or non-
lytic egress mechanisms. Whether the EVs are released as a result of apoptosis
and host lysis, or exit in extracellular vesicles without killing the host, depends
on features of both the virus and the infected cell (reviewed in Owusu et al.
2021).

Potential antiviral compounds and their targets in different stages of the
enteroviral life cycle have been broadly studied (Table 1). Generally the
antiviral treatments can be targeted against any of the viral or host factors the
virus requires in its infection. However, both of these approaches have



challenges, as targeting the host may induce cytotoxic responses, whereas
targeting viral factors can lead to the emergence of resistant mutants (reviewed
in Laajala et al. 2020). Targeting receptor usage, endocytosis or viral egress, is
typically not considered as potential antiviral strategy, since the EVs may utilize
a broad spectrum of receptors in their attachment, and blocking the intake and
release of compounds from the cell would likely disturb cellular homeostasis.
Targeting the rest of the stages has yielded some promising results, although, as
noted, none of the antiviral compounds studied thus far have passed clinical
trials due to, for example, efficacy issues, toxicity and unwanted side effects
(reviewed in Laajala et al. 2020).



Table 1.

Examples of virus and host-targeted (HT) anti-enteroviral compounds.

Abbreviations: IRES, internal ribosome entry site; ITAF, IRES trans-acting
factor; pro, protease; pol, polymerase; VPg, viral protein genome-linked;
PI4KB, phosphatidylinositol 4-kinase beta; HSP90, heat shock protein 90; GSH,

glutathione.
Antiviral Affected stage Exampledrug Mechanism of action References
group of infection
Capsid Uncoating and Pirodavir, Substitute pocket factor in Andries et al.
binders other early Pleconaril the hydrophobic pocket 1992, Pevear
stages to prevent structural etal 1999
changes of the capsid
IRES Translation Quinacrine Prevents the activity of Wang et al.
inhibitors IRES by blocking 2013
interactions between IRES
and cellular ITAFs
3Cpro /2 Apro Polyprotein Rupintrivir/ Attach to the active sites Binford et al.
inhibitors processing and Telaprevir of 3Cpro/2APre and 2005, .
other prevent proteolytic Musharrafieh
processing of substrates etal. 2019
3Dpol Replication Amiloride Binds to 3Drel and inhibits Gazina et al.
inhibitors 3D-dependent VPg uridy- 2011
lation and RNA
elongation
2C inhibitors  Replication Fluoxetine Inhibits ATPase activity of Bauer et al.
viral 2C by binding to the 2019
protein
PI4KB Replication Enviroxime Inhibits the enzymatic Van der
inhibitors activity of PI4KB and Schaar et al.
(HT) disrupts required lipid 2012
micro-environment
HSP90 Assembly Geldanamycin Inhibits ATPase activity of Tsou et al.
inhibitors HSP90, accelerating the 2013
(HT) degradation  of  viral
capsid proteins
GSH Assembly TP219 Causes GSH depletion, Thibaut et al.
inhibitors which  disturbs  viral 2014
(HT) morphogenesis




1.4 Ubiquitination and the human ubiquitome

Ubiquitination is an intracellular protein modification process, that can target
substrates for proteasomal degradation, or affect substrate activity and
localization in the cell (reviewed in Akutsu et al. 2016). This post-translational
process is involved in the regulation of almost all fundamental cellular
operations, including cell cycle, signalling, endocytosis, apoptosis as well as
stress- and immune responses (reviewed in Ciechanover and Schwartz 1998).
During ubiquitination, a small, 76 amino acids long protein called ubiquitin
(UDb) is linked to a lysine residue of the targeted protein. The substrate proteins
can be ubiquitinated at one or many lysine residues at the same time.
Additionally, the Ub molecule can be attached to another Ub to form
polyubiquitin chains. The Ubs themselves have several lysine residues (K6, K11,
K27, K29, K33, K48 and K63) and one methione residue (M1) through which
they can be attached to other molecules. This offers countless ways to construct
a signal mediating polymer (reviewed in Akutsu et al. 2016).

Substrate ubiquitination is catalysed by enzymes of three distinct classes
(Figure 3). In the beginning of the process, ubiquitin-activating enzyme (E1)
binds to the Ub and activates the C-terminus of the protein in a reaction that
requires ATP. After the Ub has been activated, it is transferred to ubiquitin-
conjugating enzyme (E2), which together with ubiquitin ligase (E3) passes the
Ub to the substrate. A covalent bond is catalysed between Ub and the substrate
protein by E3 (reviewed in Ciechanover and Iwai 2004). When the substrates
have been tagged with one or multiple Ubs, proteins with specialized ubiquitin-
binding domains (UBD) can recognize them and mediate varying substrate-
specific responses (reviewed in Dikic et al. 2009). Whether the substrate is
linked to a polyubiquitin chain, a single Ub molecule at one site
(monoubiquitination), or several Ubs at distinct sites (multi-
monoubiquitination) determines its fate in the cell (reviewed in Woelk et al.
2007)
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Figure 3.  The processes of ubiquitination and deubiquitination. In the beginning of the
cycle, ubiquitin activating enzyme (E1) binds to ubiquitin (Ub) and activates
the protein in an ATP-dependent manner. From E1, Ub is transferred to
ubiquitin conjugating enzyme (E2), which passes the protein to ubiquitin
ligating enzyme (E3). Depending on the type of E3, Ub is transferred to the
substrate either directly from E2, or by E3-Ub intermediate. From the major
types of E3s, those with really interesting new gene (RING) finger domain
have the former, while homologous to the E6AP carboxyl terminus (HECT)
domain containing E3s have the latter mode of action. During ubiquitination,
substrate proteins may be tagged with one or multiple Ubs. The type of
polymer constructed determines the fate of the substrate within the cell. In
addition to the three enzymes catalysing the process of ubiquitination, the
cellular ubiquitome contains deubiquitinating enzymes (DUB), that can
remove ubiquitin from the substrates. This releases free ubiquitin for new
ubiquitination cycles. The image was modified from a review by Woelk et al.
(2007) using BioRender.com image creating tool.

Proteins tagged with compact polyubiquitin chains are often targeted for
degradation (reviewed in Ciechanover and Iwai 2004). In eukaryotic cells the
degradation is carried out by 26S proteasome, that has a number of active sites
with the ability to bind various ubiquitinated proteins. As the substrate is
degraded, deubiquitinating enzymes (DUBs) release Ubs for new conjugation
cycles. The DUBs can also rescue ubiquitinated proteins targeted for
degradation, or edit polyubiquitin chains related to other, non-degradative
responses (reviewed in Komander et al. 2009). As whole, the ubiquitin-
proteasome system (UPS) has regulative role in a number of cellular processes,



since it can selectively modulate the expression of many regulatory proteins
(reviewed in Ciechanover and Schwartz 1998).

The human ubiquitome contains two Els and approximately 40 E2s. E3s
on the other hand, are a diverse group of over 600 enzymes (reviewed in Gu
and Fada 2020). E3s can be further divided into several classes, based on their
structural features and activities. The most common E3 ligases contain a really
interesting new gene (RING) finger domain, and they can transfer the Ub
molecule directly from the E2 to the substrate they have bound (reviewed in
Ciechanover and Iwai 2004). Other types of E3s include ligases containing
homologous to the E6AP carboxyl terminus (HECT) domain, or RING-between-
RING (RBR) domain. For both of these, the Ub transfer from the E2 to the
substrate is a two-step process that involves the formation of E3-Ub
intermediate (reviewed in Gu and Fada 2020). In addition to the Els, E2s and
E3s, approximately 100 DUBs are found in humans. Most of these enzymes are
further classified as cysteine proteases, while a small group of metalloprotease
DUBs have also been recognized (reviewed in Clague et al. 2019).

1.5 Ubiquitination and viruses

Upon viral infections, various cellular defence mechanisms are activated
through complex signalling pathways. Ubiquitination and deubiquitination are
both essential regulators of the extent of immune responses (reviewed in
Zinngrebe et al. 2014). As noted, linkage type of the Ub chain affects the
signalling outcome. K63-linked polyubiquitination, for example, has been
connected to the activation of nuclear factor kappa B (NF-xB) and interferon
regulatory factors (IRF), two essential effectors of the innate immunity (Zeng et
al. 2010). Together with other transcription factors the NF-xB and IRF can
induce the production of antiviral compounds, such as type I interferons
(reviewed in Budroni and Versteeg 2021). In addition to its immune response
enhancing role, ubiquitination may also target viral proteins for degradation
(Barajas et al. 2009, Liu et al. 2021). Deubiquitination, on the other hand, is often
involved in the negative regulation of immune responses to prevent their
harmful overactivation, although, several DUBs may also promote the activities
of the immune system (Liu et al. 2018).

Despite its role in the antiviral pathways, the UPS can also promote viral
infections, as viruses have adapted to utilize the system for their own purposes.
Among other things, viruses can manipulate the UPS to degrade cellular
components that are essential for the host’s antiviral defences (Querido et al.
2001, Huh et al. 2007). On the other hand, they can also supress immune
responses by preventing the degradation of transcription factor inhibitors, such
as IxBa that usually inhibits the unnecessary activation NF-xB (Whitmer et al.
2015). In addition to immune evasion, viruses can harness the UPS to support
different stages of their life cycle (reviewed in Gu and Fada 2020). As an
example, CVB3 has been found to utilize the UPS to process polyprotein
fragments in order to complete its replication (Si et al. 2008, Voss et al. 2021).
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Along with manipulating the pre-existing cellular ubiquitome factors, viruses
may exploit the UPS through E3 ligases and DUBs they have encoded
themselves (Coscoy et al. 2001). In conclusion, since ubiquitination and
deubiquitination are both important for viral pathogenesis, some of the virus
associated E3s, DUBs and their regulatory factors could be potential targets for
antiviral treatments.

1.6. Purpose of the study

Given the apparent clinical significance of EVs and the fact that no clinically
approved antivirals exist on the market, new antiviral strategies are needed.
The purpose of this study was to examine the importance of ubiquitome in
enteroviral infections. Previously nine ubiquitome-related genes coding E3s,
DUBs, or regulatory factors of these, were found to affect CVB3 infection by the
Marjomaéki group. When these genes were downregulated by small interfering
RNAs (siRNAs), CVB3 infection was either reduced or increased. In this study,
the aim was to confirm the preliminary results using new siRNAs from another
manufacturer. In addition to CVB3, two other enterovirus strains, namely CVB1
and EV30, were included to the experiments to inspect whether silencing of the
ubiquitome-related genes has broad-spectrum effects. It was thought that
enzymes coded by ubiquitome genes relevant to multiple strains could be
potential targets for antiviral development. The main hypothesis in this study
was that the new siRNAs, which were used to downregulate the genes, would
validate most of the previously found hits. In addition, common ubiquitome
factors were expected to be found between different EV serotypes.

2 MATERIALS AND METHODS

2.1 Cells and viruses

The experiments were carried out using adenocarcinomic human lung (A549)
cells (ATCC), which were cultured in Dulbecco’s Modified Eagle Medium
(DMEM, Gibco), supplemented with 10% Fetal Bovine Serum (FBS, Gibco), 1%
glutamax (Gibco) and 1% penicillin and streptomycin (pen/strep, Gibco) in an
incubator at +37 °C and 5% COsz. In the experiments, the cells were grown either
on 96-well imaging plates (Greiner Bio-One) for confocal microscopy or on
regular 96-well plates (Sarstedt) for western blotting. Three enterovirus strains
were used in the screens: CVB3 (Nancy-strain, ATCC), CVB1 (ATCC-strain) and
EV30 (Bastianni-strain, kind gift from Michael Lindberg lab, Linnaeus
University, Kalmar Sweden).
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2.2 siRNA transfection

The cells were reverse transfected with ubiquitome targeting siRNAs (TriFECTa
Kit DsiRNA Duplex, Integrated DNA Technologies [IDT]) following
instructions of the manufacturer. Nine different genes (CAND2, CHD4,
FBXL14, OTUD4, PHF11, RNF216, TRAF3, UCHL1, USP7) were targeted with
three different oligos against the same gene (see Appendix 1). Additionally,
cells were transfected with non-targeting siRNA (negative control, IDT),
Hypoxanthine-guanine phosphoribosyltransferase (HPRT) targeting siRNA
(positive control, IDT), or fluorescently labelled siRNA (transfection efficiency
control, IDT).

First, Dharmafect transfection reagent (Horizon discovery) was mixed
with serum and antibiotic-free medium (-DMEM) after which the mixture was
added on top of the siRNAs in separate tubes. The transfection reagent/ siRNA
-mixtures were then added on marked wells of a 96-well plate. The final volume
of transfection reagent in each well was 0.12 pl in total volume of 125
microliters, and the final amount of siRNA in each well was 50 nM. Plain
-DMEM was added to empty wells to prepare virus and Vemurafenib (VEMU)
controls with no transfection, and cell control with no transfection or infection.
The transfection reagent/siRNA -mixtures were incubated on the plate at RT
for 30 min, or at +4 °C while cells were sub-cultured and counted. Then, 8000
cells were added into each well of the 96-well plate in antibiotic free DMEM.
The cells were reverse transfected for 48 h in total at +37 °C and 5% CO..
Halfway through the incubation the medium was changed to DMEM with 10%
FBS, 1% glutamax and 1% pen/strep.

2.3 Virus infection

After 48 h of transfection, the cells were infected with MOI 25 or 50 of CVB3,
CVBL1 or EV30. Each virus stock was diluted in DMEM with 1% FBS and 1%
glutamax. Virus was added to each sample and control well with the exception
of cell control wells. Antiviral drug VEMU (Selleckchem), which was used as a
control for infection inhibition, was diluted (final concentration 5 uM) and
added into the VEMU control wells. The infection was allowed to proceed for
55hat + 37 °C and 5% CO. after which it was terminated.

2.4 Immunofluorescence labelling and confocal microscopy

For immunofluorescence labelling and confocal microscopy, the infection was
terminated by fixing the cells with 4% paraformaldehyde (PFA). The cells were
incubated with PFA for 30 min at RT after which PFA was removed, and
phosphate buffered saline (PBS) was added to the wells. The cells were
permeabilized by incubating them with 0.2% Triton X-100 for 5 min at RT.
Primary antibodies were diluted in 3% bovine serum albumin (BSA) in
PBS. Anti-beta-tubulin IgG1 (Santa Cruz, final concentration 0.4 pg/ml) and
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Anti-enterovirus clone 5-D8/1 IgG2a (DAKO, 1:1000 dilution) were used to
label each siRNA sample, negative control and VEMU control. Positive control
and cell control were labelled with HPRT1 rabbit polyclonal antibody
(Invitrogen, final concentration 3.25 ng/ml). Primary antibodies were incubated
on the cells for 1 h at RT. After incubation, the samples were washed three
times for 5 min with PBS. Next, secondary antibodies were prepared. Alexa
Fluor 488 conjugated goat anti-mouse IgG1 antibody (Thermo Scientific, final
concentration 5 pg/ml), Alexa Fluor 555 conjugated goat anti-mouse IgG2a
antibody (Thermo Scientific, final concentration 5 pg/ml) and Alexa Fluor 488
conjugated goat anti-rabbit antibody (life technologies, final concentration 5
ng/ml) were diluted in 3% BSA in PBS and added on samples labelled with
corresponding primary antibodies. Secondary antibodies were incubated on the
cells for 30 min at RT in the dark, after which the samples were washed three
times for 5 min with PBS. The second wash also contained 4’,6-diamidino-2-
phenylindole (DAP], life technologies, dilution 1:40 000) to stain the nuclei.

The cells were imaged with Nikon AIR laser scanning confocal
microscope using CFI Plan Apochromat Lambda 40X air objective (Numerical
aperture [NA] = 0.95), 405 nm diode laser, 488 nm multiline Argon-laser and
561 nm Sapphire laser. NIS Elements confocal imaging software and JOBS
module were used to create automated imaging program. Cells were
recognized by the microscope according to DAPI signal from the nuclei and the
optimal focal plane was adjusted automatically. The microscope was set to
image 500 to 700 cells from randomly selected areas in each well. Resolution of
all images acquired was 512 x 512 pixels.

2.5 Western blotting

For western blotting the infection was terminated by collecting the cells into 2X
Laemmli buffer. The samples were boiled for 9 min and loaded into 4 - 20%
Miniprotean TGX premade gels (BioRad). Sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) was ran through with 160 V.
Separated proteins were then electrophoretically blotted with 100 V for 1 h to
transfer them from the gels to polyvinylidene difluoride (PVDF) membranes
(Merck). Non-specific binding sites were blocked by incubating the blots
overnight at +4 °C in 5% BSA/Tris buffered saline (TBS) with 0.05% tween 20
(Calbiochem).

For immunostaining, antibodies were diluted in 5% BSA /TBS-tween. Blots
with the siRNA samples, negative control, VEMU control and virus control
were stained with Anti-enterovirus clone 5-D8/1 (1:4000 dilution) and ab6160
rat gamma-tubulin (loading control, Abcam, final concentration 0.1 pg/ml).
HPRT1 polyclonal antibody (final concentration 0.65 pg/ml) and GAPDH
antibody (loading control, Santa Cruz, final concentration 0.01 pg/ml) were
used to stain the blot with positive control and cell control. Primary antibodies
were incubated on the blots for 1 h at RT in a rocker, after which three 5 min
washes with 0.05% tween in TBS were performed. Secondary antibodies, Anti-

13



mouse IgG horseradish peroxidase (HRP) -linked antibody (Cell Signaling
Technology, dilution 1:3000), Anti-rabbit IgG HRP-linked antibody (Cell
Signaling Technology, dilution 1:3000) and Anti-rat IgG HRP-linked antibody
(Cell Signaling Technology, dilution 1:20 000) were diluted and incubated on
the blots stained with corresponding primary antibodies. After incubation, the
blots were washed three times with 0.05% tween in TBS and once with 1X TBS.
To detect stained proteins, the blots were treated with Supersignal West Pico
PLUS Chemiluminescent Substrate (Thermo scientific) for 5 min in the dark,
and imaged with ChemiDoc MP imaging system (BioRad).

2.6 Cytotoxicity assay

To assess the cytotoxicity of the hit siRNAs, cells were transfected and grown
on a 96-well plate as before. As a positive control for cytotoxicity, three wells
with just the cells were treated with 1 pM staurosporine (Sigma) for 24 h. After
two days, 100 pl of Cell Titer Glo (Promega) was added to the siRNA and
control wells. The samples were incubated for 10 min at RT, after which cell
viability was assessed by measuring the cellular luminescence using VICTOR™
X4 multilabel reader (PerkinElmer).

2.7 Data analysis

Imaging data was analysed using CellProfiler version 4.2.1 (Stirling et al. 2021).
First, the software was set to identify nuclei as primary objects using global
threshold strategy with otsu as thresholding method. Then, using the
previously-identified primary objects as a reference, the cytoplasms of infected
cells were identified with propagation method and global threshold strategy.
Manual thresholding method was chosen for the identification of infected cells.
Individual settings were set according to visually detected cell and background
intensities. After object identification, the sizes and exact intensities of infected
cells were measured, and the data was extracted into excel. Based on visual
analysis of the imaging data, a threshold value was determined to distinguish
infected cells from uninfected. Infection per cents of different samples and
controls were calculated.

Western blot data was analysed using FIJI 2.1.0 image processing software
version 1.530 (Schindelin et al. 2012) and excel. To quantify the expression of
VP1 and HPRT in the samples, protein bands of the blots were first plotted into
histograms using a gel analyser tool in FIJI. Intensities of the bands were then
measured with FIJI's tracing tool. Finally, the intensities of sample bands were
normalized against corresponding loading bands using excel.
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2.8 Statistical testing

GraphPAD PRISM version 6.07 (Dotmatics, San Diego, USA) was used for the
statistical analysis of replicated imaging experiments and the cytotoxicity assay.
Infection per cent data was first converted with arcsine function to transform
binomial distribution data to normal distribution data. Statistical significance of
the results was then measured using one-way analysis of variance (ANOVA)
with Bonferroni test. A p-value of 0.05 or less was considered to be statistically
significant.

3 RESULTS

3.1 Controls and the optimization of experimental conditions

The purpose of this study was to assess the importance of nine cellular,
ubiquitome-related genes on different enteroviruses by knocking these genes
down with various siRNA molecules. Before the experiments, the infection level
and transfection conditions were optimized. Using CVB3, desired level of
infection was achieved with MOI 25 (Figure 4A). This multiplicity of infection
led to intermediate infection level, which enabled the assessment of both
inhibiting and promoting effects of the siRNAs. VEMU, which was used as
infection inhibition control, knocked CVB3 infection down fully with 5 uM
concentration (Figure 4B).

Transfection efficiency was investigated with a control containing
fluorescently tagged siRNAs. In the 96-well plate format, using 0.12 pl of
transfection reagent in total volume of 125 ul, and 50 nM siRNA per well,
approximately 50 per cent of the cells were transfected (Figure 4C). In addition
to the transfection efficiency, RNA interference was studied in more detail
using a positive control for functional knockdown. The ability of the siRNAs to
knock down targeted structures in the cells was investigated with HPRT
targeting siRNA. Targeting HPRT with the positive control siRNA resulted in
similar expression of HPRT in comparison to the cell control when studied
visually under the microscope (Figure 4D). In order to confirm the result, HPRT
level was also studied in whole cell populations using western blotting. The
assay revealed approximately 25 per cent knockdown of HPRT in the positive
control compared to the non-transfected cells (Figure 4E). Although the
knockdown of HPRT in the positive control was not as high as expected, the
experiments were carried on, as the transfection efficiency and other
experimental conditions were good enough to detect some effects of the
siRNAs.
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Confocal microscope images and western blot data of screening controls. All
experiments were conducted using A549 cells. Blue represents nuclei in each of
the microscope images. The scale bars correspond to 20 pm. (A) Negative
control showing the natural state of coxsackievirus B3 (CVB3) infection (MOI
25) in cells transfected with a non-targeting siRNA. Red represents viral capsid
protein VP1 after 5.5 hours of infection. (B) Infection inhibition control
showing complete knockdown of infection. Cells were infected with CVB3
(MOI 25) and treated with 5 pM Vemurafenib (VEMU). Red represents VP1
after 5.5 hours of infection. (C) Transfection efficiency (Teff) control showing
fluorescently labelled siRNAs (shown in red) in cells after 48 h of transfection
with 50 nM siRNA. (D) Hypoxanthine-guanine phosphoribosyltransferase
(HPRT) signal (shown in green) in untreated cells (cell control) and in cells
transfected with 50 nM HPRT targeting siRNA (positive control) for 48 h. (E)
The expression of HPRT in whole cell populations. Untreated cells and cells
transfected with 50 nM HPRT targeting siRNA were collected after 48 h of
transfection and analysed with western blotting. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as a loading control. The signal of HPRT
was normalized against that of GAPDH and finally the positive control was
normalized against the cell control.
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3.2 Several ubiquitome targeting siRNAs had effects on CVB3

To validate the importance of ubiquitome factors in CVB3 infection, nine
ubiquitome-related genes were knocked down by transfecting cells with
ubiquitome targeting siRNAs. Each gene was targeted with three different
oligos. The cells were then infected and examined by immunofluorescence
labelling and confocal microscopy (Figure 5). In untreated control infection,
CVB3 was able to infect approximately 50 per cent of the cells transfected with a
non-targeting siRNA, whereas treatment with an antiviral (VEMU) blocked the
infection fully. Compared to the controls, three siRNA oligos - UCHL1.1,
CHD4.1 and FBXL14.2 - inhibited the infection, while two - RNF216.3 and
USP7.3 - enhanced it. Other tested siRNAs did not have significant effects on
the infection.
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Figure 5. The effects of ubiquitome targeting siRNAs on Coxsackievirus B3 (CVB3)
infection. Infectivity of CVB3 was examined in A549 cells treated with various
siRNAs. Nine ubiquitome-related genes were targeted with three different
oligos (marked with running numbers 1-3). Non-targeting siRNA was used as
a control (Neg. ctrl) for normal infection. Antiviral drug Vemurafenib (VEMU)
was used as a control for infection inhibition. Cells were infected with MOI 25,
and the number of infected cells was determined 5.5 hours post-infection by
immunofluorescent labelling of viral capsid protein 1 (VP1) and confocal
microscopy. The data is presented from one replicate with the exception of
Neg. ctrl which is presented as mean * standard error of mean (SEM) from
three replicates.

3.3 Targeting ubiquitome factors affects CVB1 infection

In order to find cellular factors showing broad-spectrum effects on different
enteroviruses, the effects of ubiquitome targeting siRNAs were also studied in
CVB1 infection using western blotting (Figure 6). The expression of viral
proteins in the samples was compared to the negative control, but not the virus
control, as the latter proved to be inconsistent. VEMU treatment was used as a
control for infection inhibition, and the drug blocked the infection fully with
5 uM concentration. In comparison to the controls, many of the siRNAs affected
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VP1 expression. The siRNAs that most clearly inhibited CVB1 infection
included UCHL1.1, CHD4.1 and FBXL14.2. Additionally, several siRNAs -
RNF216.1, RNF216.2, USP7.1, CAND2.2 and OTUD4.2 - were also potential
inhibitors as they decreased VP1 expression notably. The infection was
enhanced in cells transfected with FBXL14.3, OTUDA4.3, CHD4.2, TRAF3.1,
TRAF3.3, UCHL1.2 and UCHL1.3. However, the loading control indicated
slightly uneven loading of the samples, which made the analysis complicated.
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Figure 6. The effects of ubiquitome targeting siRNAs on coxsackievirus Bl infection.
Ab549 cells were transfected with siRNAs targeting nine genes in total. Different
oligos targeting the same gene are marked with running numbers 1-3. Non-
targeting siRNA was used as a control (Neg. ctrl) for normal infection and
antiviral drug Vemurafenib (VEMU) served as a control for infection
inhibition. Infection was also tracked in non-transfected cells (Virus ctrl). The
cells were infected with MOI 25 and collected 5.5 hours post-infection. The cell
extracts were analysed by western blotting using antibodies against viral
protein 1 (VP1) and tubulin (loading control). The intensity of VP1 signal was
normalized against the intensity of tubulin signal, and finally, all data was
normalized against the Neg. ctrl. The data is presented from one replicate.

3.4 Targeting ubiquitome factors affects EV30 infection

In addition to the two coxsackieviruses, the role of different ubiquitome factors
in EV30 infection was also studied, given the clinical significance of this
enterovirus. The effects of ubiquitome targeting siRNAs on EV30 infection were
assessed with immunofluorescence labelling and confocal microscopy. The
level of infection was approximately 10 per cent in normal, unaffected infection,
where the cells had been transfected with a non-targeting siRNA (Figure 7).
Treatment with VEMU reduced the infection to uninfected level. Out of all
siRNAs tested, UCHL1.1, CHD4.1, CAND2.2, FBXL14.2 and OTUD4.2 were
found to inhibit the infection. By contrast, USP7.3 and OTUD4.3 enhanced the

infection, but only by few per cent.
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Figure 7. The effects of ubiquitome targeting siRNAs on echovirus 30 infection in A549
cells. Nine ubiquitome-related genes were targeted with three different oligos
(marked with running numbers 1-3). Non-targeting siRNA was used as a
control (Neg. ctrl) for normal infection, and antiviral drug Vemurafenib
(VEMU) was used as a control for inhibited infection. Cells were infected with
MOI 25 and the number of infected cells was determined at 5.5 hours post-
infection by immunofluorescent labelling of viral capsid protein 1 (VP1) and
confocal microscopy. The data is presented from one replicate, with the
exception of Neg. ctrl which is presented as mean + standard error of mean
(SEM) from three replicates.

3.5 Each infection was inhibited by at least three siRNAs

Based on the screenings of nine ubiquitome factors with different enteroviruses,
the most potential infection altering siRNAs - UCHL1.1, CHD4.1, FBXL14.2,
CAND2.2 and OTUDA4.2 - were chosen for further studies. All siRNAs chosen
were infection inhibitors, as their effects were more consistent throughout the
screens, and easier to detect reliably. To confirm the effects observed in the
initial screens, three sample replicates were prepared for each chosen siRNA
with each virus. All triplicates were studied by immunofluorescence labelling
and confocal microscopy.

UCHL1.1, CHD4.1 and FBXL14. were found to have statistically
significant effect on CVB3 infection (Figure 8A). Although some cells still got
infected, each of the hit siRNAs reduced the number of infected cells at least by
half compared to normal infection in negative control. In contrast, CAND2.2
and OTUD4.2 did not have significant effect on CVB3 infection. On a single cell
level, the infection had similar appearance in FBXL14.2 treated samples as in
the negative control (Figure 8B, blow-ups), but the number of infected cells was
clearly reduced. This was also the case for UCHL1.1 and CHD4.1 treated
samples (data not shown).
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Figure 8. Inhibition of coxsackievirus B3 infection in A549 cells transfected with five
ubiquitome targeting siRNAs. Non-targeting siRNA was used as a control for
normal infection (Neg.ctrl), while antiviral drug Vemurafenib (VEMU) was
used as a control for inhibited infection. The cells were infected with MOI 25,
and the infection was detected 5.5 hours post-infection by immunofluorescent
labelling of viral capsid protein VP1 and confocal microscopy. (A) A bar chart
representing infection per cent data of three replicates. The results are shown
as mean of the replicates *+ standard error of mean (SEM). Statistical
significance of the results compared to the negative control was resolved using
one-way ANOVA with Bonferroni test; ns= not significant, ****p-value<0.0001.
(B) An image panel representing infection in FBXL14.2 transfected cells in
contrast to negative control. Nuclei are shown in blue, tubulin in green and
VP1 in red. The scale bars correspond to 20 pm.

FBXL14.2

The same siRNAs that inhibited CVB3 infection reduced also CVB1 infection
(Figure 9A). UCHL1.1 had the most significant effect on the infection, followed
by CHD4.1 and FBXL14.2. In addition, CAND2.2 reduced CVBI infection,
although not as significantly, while OTUD4.2 did not affect the infection
notably. On a single cell level, the infection had similar appearance in cells
transfected with FBXL14.2 as in the negative control (Figure 9B, blow-ups). The
number of infected cells, however, was clearly reduced by the siRNA. UCHL1.1
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and CHD4.1 had also similar effect on the infection, as well as CAND2.2 on a
lower rate (data not shown).
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Figure 9. Inhibition of coxsackievirus Bl infection in A549 cells transfected with five
ubiquitome targeting siRNAs. Non-targeting siRNA was used as a control for
normal infection (Neg. ctrl), while antiviral drug Vemurafenib (VEMU) was
used as a control for inhibited infection. The cells were infected with MOI 25,
and the infection was detected 5.5 hours post-infection by immunofluorescent
labelling of viral capsid protein VP1 and confocal microscopy. (A) A bar chart
representing infection per cent data of three replicates. The results are shown
as mean of the replicates * standard error of mean (SEM). Statistical
significance of the results in comparison to the Neg. ctrl was resolved using
one-way ANOVA with Bonferroni test; ns= not significant, *p-value<0.05,
**p-value<0.01, ***p-value<0.001, ****p-value<0.0001. (B) An image panel
representing infection in FBXL14.2 transfected cells in contrast to negative
control. Nuclei are shown in blue, tubulin in green and VP1 in red. The scale
bars correspond to 20 pm.

21



EV30 infection was also reduced by the same siRNAs that inhibited CVB3 and
CVBL1 infections (Figure 10A). Statistically, UCHL1.1, CHD4.1 and FBXL14.2
had the most notable effect on the infection. CAND2.2, the siRNA that inhibited
CVB1 but not CVB3, had also noticeable inhibiting effect on EV30 infection. As
with the other viruses tested, OTUD4.2 did not inhibit infection caused by
EV30. The infection was not reduced in the infection inhibition control either,
although in the earlier EV30 screen VEMU knocked the infection down. On a
single cell level, some VP1 could still be detected in cells treated with FBXL14.2,
however, compared to fully progressed infection, the VP1 signal was low and
appeared dotted (Figure 10B, blow ups). UCHL1.1 and CHD4.1 had also similar
effect on the infection (data not shown). Treatment with CAND2.2, on the other
hand, still allowed the infection to progress fully in some cells, while in others
the infection had low and dotted appearance (data not shown).

In conclusion, CVB3, CVB1 and EV30 infections were all clearly inhibited
by at least three siRNAs: UCHL1.1, CHD4.1 and FBXL14.2. In addition, CVB1
and EV30 infections were inhibited by CAND2.2. None of the infections were
inhibited by OTUD4.2. Although some cells were still infected with CVB3 and
CVBI1 after the hit siRNA treatments, the number of infected cells was notably
reduced by the siRNAs. In EV30 infection, by contrast, treatment with the hit
siRNAs resulted mostly in low VP1 signal and dotted appearance of the
infection within the cells.
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Figure 10. Inhibition of echovirus 30 infection in A549 cells transfected with five
ubiquitome targeting siRNAs. Non-targeting siRNA was used as a control for
normal infection (Neg. ctrl), and Vemurafenib (VEMU) was used as a control
for inhibited infection. The cells were infected with MOI 50, and the infection
was detected 5.5 hours post-infection by immunofluorescent labelling of viral
capsid protein VP1 and confocal microscopy. (A) A bar chart representing
infection per cent data of three replicates. The results are shown as mean of the
replicates + standard error of mean (SEM). Statistical difference of the samples
in comparison to Neg. ctrl was resolved using one-way ANOVA with
Bonferroni test; ns= not significant, **p-value<0.01, ***p-value<0.0001. (B) An
image panel representing infection in FBXL14.2 transfected cells in contrast to
negative control. Nuclei are shown in blue, tubulin in green and VP1 in red.
The scale bars correspond to 20 pm.
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3.6 Cell viability was slightly reduced by the hit siRNAs

Cytotoxicity assay was conducted for UCHL1.1, CHD4.1, FBXL14.2, CAND2.2
and OTUDA4.2 to further assess the potential of these ubiquitome factors in
antiviral development (Figure 11). Out of the five siRNAs, FBXL14.2, UCHL1.1
and CHDA4.1 affected cell viability to some extent while CAND2.2 and OTUD4.2
did not. However, none of the siRNA treatments reduced cell viability as
radically as an apoptosis inductor staurosporine, which was used as a positive
control for cell cytotoxicity. Although FBXL14.2, UCHL1.1 and CHDA4.1 lowered
the cell viability in a statistically significant manner, the viabilities were still
over 70% in cells treated with these siRNAs. In contrast, staurosporine
treatment resulted in only 30% cell viability, showing more biologically relevant
cell cytotoxicity. All in all, the results indicate that the knockdown of UCHL1,
CHD4, FBXL14, CAND2 and OTUD4 did not affect the cell viability radically,
although a small decrease was detected.
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Figure 11. Relative viability of A549 cells transfected with five ubiquitome targeting
siRNAs. The viability of cells transfected with non-targeting siRNA (Neg. ctrl)
was also measured. Non-transfected cells were used as a control for viable cells
(Cell ctrl) and a protein kinase inhibitor staurosporine (1 pM) was used as a
positive control for cytotoxicity. Cell viability was assessed by luminescence
measurements using Cell Titer Glo (Promega). The results are shown as mean
of three sample replicates + standard error of the mean (SEM). Statistical
difference of the samples against the cell control was resolved using one-way
ANOVA with Bonferroni test; ns= not significant, *p-value<0.05,
**p-value<0.01, **p-value<0.001, **p-value<0.0001.
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4 DISCUSSION

The ubiquitin-proteasome system has previously been connected to various
viral infections, including that of enteroviral strain CVB3. During CVB3
infection, ubiquitination of proteins increases locally at virus-modified cellular
membranes, where viral replication and assembly takes place (Voss et al. 2021).
If ubiquitination is disturbed by silencing ubiquitin expression, the infection
decreases (Si et al. 2008). It is also known that disturbing proteasome-mediated
degradation of ubiquitinated proteins by proteasome inhibitors impairs CVB3
replication and protein synthesis (Si et al. 2008, Voss et al. 2021) This was
recently attributed to the finding that CVB3 requires the UPS to process viral
precursor protein P1, which contains the capsid proteins, and the 3CD fraction
of precursor protein P3 (Voss et al. 2021). While the importance of the UPS to
CVB3 has been demonstrated earlier, little is known about the roles of different
ubiquitome-related enzymes during enteroviral infections. Thus, on the basis of
preliminary screenings by the Marjomédki group, this study was set out to
examine the importance of nine ubiquitome factors during CVB3, CVB1 and
EV30 infections in the hopes of finding potential targets for antiviral
development.

Out of the nine ubiquitome-related genes examined in this study, the
knockdown of four had consistent effects on enteroviral infections. The
products of these genes, UCHL1, CHD4, FBXL14 and CAND?2, are likely
modified and/or utilized by the viruses, as their knockdown by siRNAs led to
inhibition of the infections. Interestingly, while UCHL1, CHD4 and FBXL14
targeting siRNAs affected CVB3, CVB1 and EV30 each, the knockdown of
CAND?2 was found to affect only CVB1 and EV30 infections. This indicates that
different enterovirus strains can interact with different ubiquitome factors.

4.1 UCHL1 and viral infections

The gene UCHL1, also known as PGP 9.5, codes for Ubiquitin C-terminal
Hydrolase L1, a deubiquitinating enzyme that hydrolyses small, C-terminal
adducts of ubiquitin (Wilkinson et al. 1989, Larsen et al. 1998). In this study, the
knockdown of UCHL1 with an siRNA reduced CVB3, CVB1 and EV30
infections, suggesting that the protein is relevant for each of these viruses. It has
been found earlier that the inhibition of UCHL1 with an active-site directed
inhibitor LDN-57444 adds to the anti-CVB3 effect of proteasomal inhibition (Si
et al. 2008). This could imply that the protein is involved in the replicative cycle
of CVB3. Interestingly, however, the inhibition of UCHL1 alone with the drug
did not have antiviral effect (Si et al. 2008). The contradiction between our result
and the previous finding could be related to the differences in the mechanism
by which UCHL1 was inhibited (inhibitor vs. siRNA). However, the possibility
of UCHL1.1 siRNA having an off-target effect cannot be excluded. Although the
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result was consistent, only one out of the three UCHLI targeting siRNA oligos
inhibited the EV infections.

The exact mechanism of the antiviral effect of UCHL1 knockdown remains
to be studied in the future. Previously UCHL1 has been recognized as negative
regulator of immune responses during human papillomavirus (HPV) infection
(Karim et al. 2013). The protein was found to interfere with pattern recognition
receptor (PRR) mediated signalling, and thus type I IFN and the NF-xB
pathways, during high-risk HPV infection. By contrast, when UCHL1 was
knocked down with short hairpin RNA (shRNA), the production of cytokines
and chemokines was enhanced in high-risk HPV infected keratinocytes (Karim
et al., 2013). If the protein has similar role in enteroviral infections, inhibition of
the EV infections following UCHL1 knockdown could be related to the immune
responses.

The importance of UCHLI has also been implicated in Epstein-Barr virus
(EBV) infected B cells, where its expression is enhanced by a viral noncoding
RNA (EBER2) in order to interfere with the cell cycle (Li et al. 2021). The
increased expression of UCHL1 was found to boost the expression of Aurora
kinases and cyclin B1, which in turn enabled fast division of the EBV infected
cells and was thought to benefit the viruses by offering them reservoirs (Li et al.
2021). Ubiquitination in general has previously been connected to the
disturbance of cell cycle during CVB3 infection. However, the process is
exploited by the virus to increase the degradation of cellular cyclin D1, and this
halts the cell cycle rather than boosts it (Luo et al. 2003). Whether UCHL1 is
relevant in this process or not is still unclear.

An aspect that should be noted while interpreting the results and planning
future studies is that UCHL1 is not evenly expressed in all tissues. In fact, the
protein was initially thought to be neuron-specific, and it is especially abundant
in neurons and neuroendocrine cells (Doran et al. 1983, Wilson et al. 1988).
However, some UCHL1 expression has also been detected in, for example,
gonads and fibroblasts (Wilson et al. 1988, Olerud et al. 1998). Additionally, the
expression of UCHL1 has been connected to several malignant tissues and cell
lines, including the adenocarsinoma cell line (A549) used in this study (Yao et
al. 2022). Keeping this in mind, the expression level of UCHL1 could have been
different to begin with in the cells of this study in comparison to the tissues
enteroviruses normally target. Several viruses, such as the HPV and EBV can
induce the expression of UCHL1 within the tissues they target (Karim et al.
2013, Li et al. 2021). However, the EBER2 of EBVs, for example, has only been
shown to induce UCHL1 expression in cells that have initially had some
expression of the gene (Li et al. 2021). By contrast, it appears that the expression
of UCHL1 does not change during CVB3 infection (Si et al. 2008).

4.2 CHD4 may be utilized for varying purposes by viruses

The gene CHD4 codes for Chromodomain Helicase DNA Binding Protein 4, an
essential component of the Nucleosome Remodelling Histone Deacetylase
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(NuRD) complex, in which it is responsible for the ATP-dependent remodelling
of chromatin (Xue et al. 1998, Wang and Zhang 2001). Either independently, or
as part of the NuRD complex, CHD4 has been connected to the regulation of
gene transcription, cell cycle control, DNA-damage response (DDR) and the
development of, for example, T and B cells (Williams et al. 2004, Polo et al. 2010
Arends et al. 2019). In addition to the NuRD complex, the protein is a
component of the ChAHP complex that acts to regulate the expression of
lineage-specifying genes (Ostapcuk et al. 2018). CHD4 has been connected to
the ubiquitome through its effects on several DDR associated E3s. In this
context, CHD4 facilitates the initiation of cellular responses to DNA damage, as
the chromatin remodelling activity of CHD4 promotes ubiquitin conjugation at
the site of DNA damage (Luijsterburg et al. 2012).

Here, the importance of CHD4 as a factor regulating enteroviral infections
was examined, and the knockdown of the protein was found to inhibit CVB3,
CVB1 and EV30 infections. Although it is still not known how CHD4 is related
to enteroviral infections, there is some evidence, that the protein can be utilized
by viruses. Human cytomegalovirus (HCMV) was earlier found to require
NuRD components, including CHD4, for efficient replication (Terhune et al.
2010). In line with the current study on enteroviruses, the knockdown of CHD4
with a shRNA disturbed HCMV infection, which was revealed by a dramatic
decrease in the accumulation of HCMV immediate-early RNAs and DNA post-
infection (Terhune et al. 2010). In contrast to these results, shARNA-mediated
knockdown of CHD4 was recently found to enhance the replication of Kaposi
sarcoma-associated herpesvirus (KSHV), and the virus was suggested to require
CHD4-mediated repression of viral lytic genes to promote latency (Kumar et al.
2022). Thus, it appears that CHD4 may be utilized by different viruses for
varying purposes. An interesting question for future studies is whether the
effect of CHD4 on enteroviral infections is related to the DNA damage
associated ubiquitination process, or some other function of the protein.

4.3 FBXL14 and CAND?2 are both connected to SCF complexes

F-Box and Leucine Rich Repeat Protein 14, FBXL14 in short, is one of many F-
box proteins that form S phase kinase-associated protein 1 (SKP1) - cullin 1
(CUL1) - F-box protein (SCF) E3 ligation complexes. Within these complexes,
the F-box proteins are responsible for binding the substrates (Bai et al. 1996). In
this study, all enteroviral infections tested were inhibited upon the silencing of
FBXL14, which indicates the importance of the protein for these viruses.
Although several F-box proteins have been connected to viral infections, there
is little, if any, previous information about FBXL14 in this context (Lan et al.
2007, Baresova et al. 2012, Surjit et al. 2012). The known substrates of FBXL14
include factors associated with, for example, epithelial-mesenchymal transition
and neuronal differentiation, and the protein has been shown to target these for
proteasomal degradation (Vifias-Castells et al. 2010, Chen et al. 2017). Whether
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FBXL14 mediates the degradation of some cellular or viral factors essential for
enteroviral infections remains to be determined.

Another ubiquitome-related factor examined in this study, namely Cullin
Associated and Neddylation Dissociated protein 2, or CAND2, was found to be
important in CVB1 and EV30 infections. Intriguingly, while the knockdown of
the protein inhibited both of these EVs, it had no notable effect on CVB3. In
terms of function, CAND2 has been predicted to interact with SCF complexes,
since its close homolog CANDI regulates the assembly of these complexes and
acts as an exchange factor of F-box proteins (Zheng et al. 2002, Pierce et al.
2013). Indeed, CAND2 was earlier found to attach to the CUL1 component of
SCF complexes to inhibit SCF-mediated ubiquitination in the context of muscle
cell myogenesis (Shiraishi et al. 2007). While CAND1 acts as an inhibitor of EBV
replication, not much is known about the role of CAND2 in viral infections
(Gastaldello et al. 2013). The results of this study, however, suggest that at least
some enteroviruses may have mechanisms to utilize CAND?2 in their infection.

In addition to wutilizing different ubiquitome factors, different
enteroviruses may be able to utilize same ubiquitome factors in different phases
of their infections. In this study, the ubiquitome targeted siRNAs reduced the
overall number of CVB3 and CVB1 infected cells, but EV30 infection had
distinct phenotype from these two coxsackieviruses. Despite the treatments
with the hit siRNAs, some VP1 could still be detected on a single-cell level from
EV30 infected cells. This could imply that the virus has managed to initiate, but
not go through, its life cycle within the cells. However, more mechanistical
studies are still needed to confirm whether infections caused by different
enteroviruses are halted in different phases upon the knockdown of
ubiquitome-related factors.

4.4 The effect of ubiquitome factor knockdown on cells

One challenge of antiviral development is that targeting cellular factors may
always have consequences on the health of the cells. Here, in comparison to
untreated cells, the siRNA-mediated knockdown of UCHL1, CHD4 and FBXL14
was found to reduce the viability of A549 lung adenocarsinoma cells modestly.
Treatment with CAND2 targeting siRNA, on the other hand, had no apparent
effect on the viability of the cells. Many ubiquitome-related factors, including
UCHL1, CHD4 and FBXL14, have been connected to a variety of cancerous
tissues. Previous studies have shown that silencing UCHL1 raises the
probability of apoptosis and reduces migration of A549 cells, while the
knockdown of CHD4 also supresses proliferation and migration of these cells
(Xu et al. 2020, Yao et al. 2022). Interestingly, the knockdown of FBXL14 in
breast cancer cells, on the other hand, increases the abundance of certain cancer
promoting factors and facilitates the migration of the cells (Cui et al. 2018). The
results of the current study suggest that in addition to UCHL1 and CHD4,
FBXL14 may also have some function in A549 cells, since the knockdown of the
protein slightly reduced A549 viability.
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Most importantly, although a small decrease of viability was detected,
none of the hit siRNA treatments reduced cell viability as radically as
treatments with apoptosis inducing straurosporine. While this is encouraging, it
should be noted that the transfection efficiency with the set experimental
conditions was around 50 per cent, and thus, the expression of any of the genes
studied was not impaired in all of the cells. This could at least partially explain
the relatively low reduction of cell viability upon the knockdown of the
ubiquitome-related factors. The transfection efficiency could also explain why
some cells still got infected after the siRNA treatments, while others did not.

4.5 Conclusions

In this study, the importance of ubiquitome in enteroviral infections was once
again demonstrated, as several ubiquitome-related factors were found to be
required in the infection. Although not all results from the preliminary studies
were validated, several common ubiquitome factors were recognized for
enteroviral serotypes CVB3, CVB1 and EV30, as expected. The relevance of
these factors has previously been implicated mainly in infections of different
members of the Herpesviridae family, or other DNA viruses, such as the HPV.
Previous studies on these viruses have suggested various roles for the hit
ubiquitome factors in infection, connecting these proteins to processes such as
the immune responses, cell cycle regulation, viral replication and lytic-latency
switch. Since the DNA viruses have notable structural and functional
differences in comparison to small, RNA-genome containing EVs, it is possible
that EVs utilize the ubiquitome factors for different purposes, and furthermore,
by different mechanisms in comparison to the DNA viruses.

As the exact antiviral mechanisms were not examined in this study, it is
still not known how the enteroviral infections were inhibited when the
ubiquitome-related factors were silenced. To rule out the possibility of the
siRNAs having off-target effects, an important step in the future studies is to
check that the expression of the targeted genes is indeed knocked down after
the siRNA treatments. Another interesting aspect for the future studies is to
examine in which phase the infection is inhibited, and whether infections
caused by different enteroviruses are halted in different phases upon the
knockdown of ubiquitome factors. In the future, the use of ubiquitome factor
targeted inhibitors instead of siRNA-mediated knockdown would allow time of
addition experiments which could yield information about the antiviral
mechanisms. The use of inhibitors in different concentrations could also offer
turther information about the cytotoxicity of targeting ubiquitome factors.

All in all, this study has shed light on the potential of ubiquitome-related
factors in the development of antivirals against enteroviruses. Since antiviral
development is especially focused on creating broadly acting treatments, the
tinding that different EV serotypes can utilize same ubiquitome factors in their
infections is promising. However, more research is still needed on the
mechanisms behind the antiviral effects observed in this study.
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APPENDIX 1. siRNA duplex sequences

CAND2.1 5 - GGCUUGGACCUCAUGUUUCAUUUCT - %
3 - GUCCGAACCUGGAGUACAAAGUAAAGA -5

CAND2.2 5 - GACAGAGGAUAGUGAAUUCAGUGAG - 3
3 - CUCUGUCUCCUAUCACUUAAGUCACUC -5

CAND2.3 5 - GUCAACGAGAGCGACAUGCAUGUGG - ¥
3 - ACCAGUUGCUCUCGCUGUACGUACACC-%

CHDA4.1 5 - AGCAUGUCCUUACUAGAAUUGGUGT -3
3" - GGUCGUACAGGAAUGAUCUUAACCACA -5

CHDA4.2 5 - UAUCAAUAGCUAUUCUGUUUCUGAT - 3%
3 - UCAUAGUUAUCGAUAAGACAAAGACUA - %

CHD4.3 5 - AACCACAGCAAAUUUCUUGAUGAAA - 3
3 - UUUUGGUGUCGUUUAAAGAACUACUUU - %

FBXL14.1 5 - AGCUUUUUACUUGCUAGGAUGGAAT -3
3 - AGUCGAAAAAUGAACGAUCCUACCUUA -5

FBXL14.2 5 - CAGUUUCCCCAUGAGAUAGAGGAAT - 3%
3" - UCGUCAAAGGGGUACUCUAUCUCCUUA - %

FBXL14.3 5 - GAUAGAGGAAUGUCUACGUAUUUCA - 3%
3 - CUCUAUCUCCUUACAGAUGCAUAAAGU -¥%
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OTUDA4.1

OTUD4.2

OTUD4.3

PHF11.1

PHF11.2

PHF11.3

RNF216.1

RNF216.2

RNF216.3

TRAF3.1

5 - GUAUUUAAAACUGAUGUUAGUAAAA - ¥
3 - UCCAUAAAUUUUGACUACAAUCAUUUU -5

5 - AAAUGGAAAUCAUUAUGAUAUUGTG - 3
3 - AGUUUACCUUUAGUAAUACUAUAACAC -5

5 - CUCCUUCACAAGUAACAGAAAAUAA -3
3 - AAGAGGAAGUGUUCAUUGUCUUUUAUU - %

5 - GCCAAGAGUCAUGUCAAAUUGCAAT - 3%
3 - UUCGGUUCUCAGUACAGUUUAACGUUA - %

5 - AAAAACUCAUGGAUGAGACUACUTC - ¥
3" - UCUUUUUGAGUACCUACUCUGAUGAAG -5

5 - GAUCUUAUGUCAAGUUCUACAUCAA - ¥
3 - CUCUAGAAUACAGUUCAAGAUGUAGUU -¥%

5 - GGAAUCUCUGAAUUCACUAAGCCAA - 3%
3 - GACCUUAGAGACUUAAGUGAUUCGGUU - %

5 - CUGAGGAUGACUACGGUGAAUUUCT -3
3 - AAGACUCCUACUGAUGCCACUUAAAGA -5

5 - UACCUUCUGGUAGUAAAAAUAGATA -3
3 - AAAUGGAAGACCAUCAUUUUUAUCUAU -5

5 - GCAACAUCUUGGUCUAGUAAGAACC - &
3 - UACGUUGUAGAACCAGAUCAUUCUUGG - %
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TRAF3.2 5 - GAUAAGGUGUUUAAGGAUAAUUGCT -3
3 - UUCUAUUCCACAAAUUCCUAUUAACGA - %

TRAF3.3 5 - GUCCAAAAUGUACAGCGUGUCAAGA -3
3 - UUCAGGUUUUACAUGUCGCACAGUUCU -%

UCHL1.1 5 - CCAUGCAGUCUAAAAUGCUUCAGTA - 3
3 - GGGGUACGUCAGAUUUUACGAAGUCAU - %

UCHL1.2 5 - ACGCAGUGGCCAAUAAUCAAGACAA - 3%
3 - AGUGCGUCACCGGUUAUUAGUUCUGUU -5

UCHL1.3 5 - GUCGGGUAGAUGACAAGGUGAAUTT -3
3 - UACAGCCCAUCUACUGUUCCACUUAAA -5

USP7.1 5 - AUCAGCAGCUUAAGAUGAAAAUCAC -3
3 - GAUAGUCGUCGAAUUCUACUUUUAGUG - %

USP7.2 5 - GUUUGGCUUCUCUGUAUCUAUUGAC -3
3 - GUCAAACCGAAGAGACAUAGAUAACUG -5

USP7.3 5 - AAGGUACUUUAAGAGAUCUUCUACA -3
3 - ACUUCCAUGAAAUUCUCUAGAAGAUGU -5

42



