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Zusammenfassung (Deutsch):

Das Coronavirus 2 des Schweren Akuten Respiratorischen Syndroms (SARS-CoV-2)
hat eine globale Gesundheitskrise ausgeldst, die weltweit Gber 7 Millionen Todesopfer
gefordert hat. Seine rasche Entwicklung und Anpassung stellen nach wie vor eine
grolRe Bedrohung fur die menschliche Gesundheit dar. Daher ist es dringend
erforderlich, die molekularen Mechanismen zu verstehen, die die Wechselwirkungen
zwischen SARS-CoV-2-Proteinen und zellularen Wirtsfaktoren steuern, um wirksame
therapeutische Strategien zu entwickeln.

RING finger and CHY zinc finger domain-containing protein 1 (RCHY1) ist eine E3-
Ubiquitin-Ligase, die ihre Substrate wie p53 und p63 durch Ubiquitinreste modifiziert,
was zu deren Abbau in Proteasomen fuhrt. Friihere Studien der Arbeitsgruppe zeigten,
dass die virale SARS-Unique-Doméane (SUD) und die Papain-ahnliche Protease-
Domane (PLpro) des Nicht-Strukturproteins Nsp3 von SARS-CoV mit RCHY1
interagieren und es stabilisieren, wodurch der Abbau des antiviralen Proteins p53
erleichtert wird. Diese Interaktion kdnnte eine Strategie des Coronavirus darstellen,
um der antiviralen Abwehr des Wirts entgegenzuwirken. Wie SARS-CoV-2-Proteine
RCHY1 und seine Substrate regulieren, ist jedoch noch weitgehend unbekannt.

In dieser Studie wurde die Interaktion von SARS-CoV-2 Nsp3 mit RCHY1 Uber seine
SUD- und PLpro-Domanen identifiziert. Es wurde festgestellt, dass Nsp3 die
Proteinexpressionsmenge von RCHY1 erhéht. Darlber hinaus zeigten in vivo
Ribopuromycylierungs- und Ubiquitinierungstests, dass die Stimulation von RCHY1
durch Nsp3 sowohl aus einer erhéhten RCHY 1-Protein-Translation als auch aus einem
verringerten RCHY 1-Abbau resultiert. RCHY1 ist ein direktes Ziel der PLpro-Domane
von Nsp3, da PLpro RCHY1 in einer von der katalytischen Aktivitat von PLpro
abhangigen Weise deubiquitinieren und delSGylieren kann. Daruber hinaus reduzierte
Nsp3 RCHY1-Substrate wie p53 und p63, indem es die RCHY1-Expression
hochregulierte. Eine Uberexpression von p53 und p63 hemmt nachweislich die
Replikation des humanen Coronavirus. Desweiteren senkt Nsp3 den ISGylierungsgrad
von p53 und p63 drastisch. Wir vermuten, dass die Nsp3-induzierte Verringerung und
De-ISGylierung von p53 und p63 die Replikation von Coronaviren erleichtern kénnte.
Daruber hinaus interagiert RCHY1 mit einem hochkonservierten Nicht-Strukturprotein
von SARS-CoV-2, Nsp13, und modifiziert es posttranslational. In Gegenwart von
RCHY1 unterdrickte Nsp13 die NF-kB-Signalaktivitat.

Zusammengenommen deuten unsere Ergebnisse darauf hin, dass SARS-CoV-2 Nsp3
den Abbau der antiviralen Faktoren p53 und p63 durch Stabilisierung von RCHY1
fordert, wahrend Nsp13 RCHY1 zur Hemmung des NF-kB-Signalwegs nutzt. Dies
konntenStrategien von SARS-CoV-2 zur Schwachung des Wirtsimmunsystems
darstellen.
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Abstract (English):

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) has triggered a
global health crisis, resulting in over 7 million deaths worldwide. Its rapid evolution and
adaptation persist as a major threat to human health. Consequently, there is an urgent
need to understand the molecular mechanisms governing the interactions between
SARS-CoV-2 proteins and host cellular factors to develop effective therapeutic strate-
gies.

RING finger and CHY zinc finger domain-containing protein 1 (RCHY1) is an E3 ubig-
uitin ligase that modifies its substrates such as p53, p63 by ubiquitin residues, leading
to their degradation in proteasomes. Our previous study revealed that the viral SARS-
unique domain (SUD) and papain-like protease (PLpro) domain of non-structural pro-
tein Nsp3 from SARS-CoV interact with and stabilize RCHY1, facilitating the degrada-
tion of the antiviral protein p53. This interaction may offer a strategy for the coronavirus
to counteract the host's antiviral defenses. However, how SARS-CoV-2 proteins regu-
late RCHY1 and its substrates remains largely unknown.

In this study, the interaction of SARS-CoV-2 Nsp3 with RCHY1 through its SUD and
PLpro domains was identified. Nsp3 was found to increase the protein expression level
of RCHY1. In addition, in vivo ribopuromycylation and ubiquitination assays demon-
strated that the stimulation of RCHY1 by Nsp3 results from both increased RCHY1
protein translation and decreased RCHY1 degradation. RCHY1 is a direct target of the
Nsp3 PLpro domain, as PLpro can deubiquitinate and delSGylate RCHY1 in a manner
dependent on the catalytic activity of PLpro. In addition, Nsp3 reduced RCHY1 sub-
strates such as p53 and p63 by upregulating RCHY1 expression. Overexpression of
p53 and p63 has been shown to inhibit human coronavirus replication. Additionally,
Nsp3 dramatically downregulates the ISGylation level of p53 and p63. We speculate
that Nsp3-induced reduction and delSGylation of p53 and p63 may facilitate corona-
virus replication. Moreover, RCHY1 interacts with and post-translationally modifies a
highly conserved non-structural protein of SARS-CoV-2, Nsp13. In the presence of
RCHY1, Nsp13 suppressed NF-kB signaling activity.

Taken together, our results indicate that SARS-CoV-2 Nsp3 promotes the degradation
of antiviral factors p53 and p63 by stabilizing RCHY1, while Nsp13 uses RCHY1 to
inhibit the NF-kB signaling pathway, which may be strategies of SARS-CoV-2 to
weaken the host immune system.
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1. Introduction

1.1 The pandemic of COVID-19

Since the initial identification of coronavirus disease 2019 (COVID-19), the global inci-
dence of the disease has been reported to be over 700 million cases, with a mortality
rate of over 7 million cases worldwide by April 2025 [1]. Unvaccinated or partially vac-
cinated older individuals with underlying health conditions are particularly susceptible
to severe disease outcomes [2]. In patients with non-fatal diseases, long COVID can
persist for months and impact multiple organ systems [3]. In contrast to the geograph-
ically restricted impact of severe acute respiratory syndrome coronavirus (SARS-CoV)
and Middle East respiratory syndrome coronavirus (MERS-CoV), the global distribution
of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and the potential
for the emergence of new variants that may compromise the efficacy of vaccines, un-
derscores the urgent need for safe, effective and readily available therapeutics for the
treatment of patients infected with SARS-CoV-2 [4].

Therefore, it is essential to deepen our understanding of the molecular mechanisms
underlying the interactions between SARS-CoV-2 proteins and host proteins. This pro-
found knowledge is indispensable for the advancement of therapeutic interventions
against coronaviruses.

1.2 SARS-CoV-2 genome and proteins

Coronaviruses (CoVs) are a group of viruses that are responsible for causing respira-
tory tract diseases in humans. There are seven distinct members of the CoV family,
with HCoV-229E, -NL63, -OC43 and HKU-1 being mildly pathogenic and responsible
for the symptoms of the common cold. In contrast, MERS-CoV, SARS-CoV and the
newly emerged SARS-CoV-2 are classified as severe respiratory tract infections, with
the potential to cause lung failure and death [5].

SARS-CoV-2 has been classified as an enveloped beta-coronavirus, which is a genus
within the family Coronaviridae. The genome of SARS-CoV-2 consists of a single-
stranded positive-sense RNA molecule of 29,903 nucleotides[6]. The first two-thirds of
the SARS-CoV-2 genome encodes two large polyproteins, pp1a and pp1ab, which can
be cleaved into sixteen non-structural proteins [7, 8](Nsp1-16) (Figure 1). The last one-
third of SARS-CoV-2 genome encodes several accessory proteins: orf3, orf6, orf7a,
orf7b, orf8, orf9b, orf10, and four structural proteins: spike (S), membrane (M), nucle-
ocapsid (N), envelope (E), which play crucial roles in the entry of viruses into host cells,
their packaging, assembly, and release of virus particles [9-12].
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Figure 1. Genome and structure of SARS-CoV-2. Figure from [13].

1.2.1 SARS-CoV-2 non-structural protein Nsp3

Nsp3 is the largest non-structural protein of SARS-CoV-2, which is more than 200 kDa
of the molecular mass. It plays a crucial role in several essential steps of the corona-
virus life cycle, including the formation of replication/transcription complex and the pro-
cess of polyprotein [14, 15]. Furthermore, Nsp3 has been demonstrated to play a piv-
otal role in the process of ER-associated double-membrane vesicle (DMVs) formation
[16-18]. These vesicles serve to separate viral replication away from cellular sensors
and do not induce early interferon expression by double-stranded RNA [19, 20] and
have been observed to impede the host's capacity to recognize viral infection [21].

Nsp3 can be divided into 14 to 16 subdomains (Figure 2). SARS unique domain (SUD)
of Nsp3 was first identified in SARS-CoV [22] and absent in coronaviruses which cause
only mild symptoms in human hosts. Therefore, it has been hypothesized that SUD
may be implicated in the extreme pathogenicity of SARS-CoV. It has been demon-
strated that two subdomains of SUD, SUD-N and SUD-M can bind to G-quadruplexes,
which are four strands of nucleic acid configurations rich in guanine. The binding ca-
pability of SUD potentially has a role in counteracting the immune response of the
infected host cell, thereby facilitating viral replication [23]. SUD can also induce the
degradation of NF-kB modulator NEMO. Such a process modulates the host's inflam-
matory responses and aids in its evasion of the immune system [24].
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| SARS-CoV-2 Nsp3
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Figure 2. Schematic diagram of SARS-CoV-2 Nsp3 subdomains. UBI1: ubiquitin-like do-
mains. HVR: hypervariable region. SUD: SARS unique domain. PLpro: Papain-like protease
domain. NAB: nucleic-acid binding domain, BSM: beta-coronavirus-specific marker. TMs:
transmembrane regions.

PLpro is another domain of Nsp3 with multiple functions. It is responsible for the cleav-
age of Nsp1, Nsp2, and Nsp3, releasing them from polyproteins. Furthermore, PLpro
has been demonstrated to possess deubiquitinating and delSGylating activities (Figure
3), which remove the ubiquitin or IFN-stimulated gene 15 (ISG15) molecules from the
host protein, thereby interfering with host immune responses [25, 26].
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Figure 3. PLpro functions. (Created by BioRender).

For instance, SARS-CoV-2 PLpro has been demonstrated to remove ISG15 from In-
terferon regulatory factor 3 (IRF3) and to inhibit type | interferon responses. Remarka-
bly, the SCoV-PLpro inhibitor GRL-0617 has been shown to maintain the antiviral in-
terferon pathway, and to reduce viral replication in infected cells [25]. Moreover, PLpro
has been observed to interact with the host cytoplasmic viral nucleic acid sensor MDAS,
thereby inducing a counteraction of ISG15-mediated activation of MDAS through the
process of active delSGylation. This provides a strategy by which SARS-CoV-2 is able
to evade MDA5-mediated immune surveillance [27].
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1.2.2 SARS-CoV-2 non-structural protein Nsp13

Nsp13, another SARS-CoV-2 non-structural protein focused on in this study, belongs
to the helicase superfamily 1B, which has the ability to catalyze the unwinding of dou-
ble-strand DNA or RNA in a 5' to 3’ direction by using the energy of nucleotide triphos-
phate hydrolysis [28]. In addition to its helicase activity, Nsp13 can function as an RNA
5' triphosphatase and participate in the viral capping process together with Nsp10,
Nsp12, Nsp14, Nsp16 to mimic host mRNA to avoid host detection [28].

Nsp13 also plays a role in the disruption of host's immune response such as the IFN
signaling. In a study by Xia et. al, it was found that Nsp13 can suppress IFN-I signaling
by binding to TBK1 and blocking its phosphorylation [29]. Besides, Nsp13 has been
shown to inhibit IFN signaling through its ability to target JAK1-mediated phosphoryla-
tion of STAT1, which is dependent on Nsp13 helicase activity [30].

Given the evidence of the important functions of SARS-CoV-2 proteins in virus repli-
cation and counteracting host immune responses, it is essential to deepen our under-
standing of the molecular mechanisms underlying the interactions between SARS-
CoV-2 proteins and host proteins to develop more effective therapies against corona-
viruses.

1.3 Post-translational regulation in host defense against virus
infection

Post-translational modifications (PTMs) are defined as covalent modifications of pro-
teins following ribosomal translation. Coronavirus proteins have been found to be sub-
ject to a variety of PTMs that are catalyzed by host enzymes. These PTMs such as
ubiquitination, ISGylation, and phosphorylation have been shown to have a significant
impact on the viral pathogenesis process [31].

1.3.1 Ubiquitination

Ubiquitination is a post-translational modification process in which the ubiquitin mole-
cule is covalently attached to a target protein in the cell for various purposes including
protein degradation and immune signaling. This process is typically catalyzed by three
distinct types of enzymes: ubiquitin-activating enzymes (E1), ubiquitin-conjugating en-
zymes (E2), and ubiquitin ligases (E3). These enzymes function in a sequential man-
ner, characterized by a series of regulatory steps, which ensure the precise control of
the ubiquitination process. During this procedure, E1 catalyzes the ATP-dependent
activation of ubiquitin and transfers it to E2. This is followed by the E3 ligase, which
functions as the scaffold to facilitate the ubiquitin transfer from E2 to substrate. This



Introduction 17

reaction is repeated, resulting in additional ubiquitin molecules being sequentially at-
tached to one another, thereby generating a polyubiquitin chain. Subsequently, the
substrates linked with Lys-48 based ubiquitin chains are identified and degraded into
short peptides by proteasomes with the release of free ubiquitin (Figure 4) [32, 33].
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Figure 4. The ubiquitin-proteasome system. Figure modified from [33].

Coronaviruses have been observed to exploit the host linear ubiquitin chain assembly
complex (LUBAC) to facilitate the attachment of linear polyubiquitin chains to the
SARS-CoV-2 Nsp14. This linear ubiquitinated Nsp14 has been shown to recruit and
activate the IKK complex, thereby initiating NF-kB activation and subsequent expres-
sion of proinflammatory factors [34]. In certain instances, some E3 ligases have been
observed to exert antiviral properties against SARS-CoV-2. Yu et. al found that multiple
E3 ligases, including HECT, UBA, ubiquitin protein ligase E3 component n-recognin 4
(UBR4), and UBRS5, could ubiquitinate and induce the degradation SARS-CoV-2
ORF9b, a protein that functions as an interferon (IFN) antagonist. This process has
been demonstrated to enhance IFN production and diminish SARS-CoV-2 replication
[35].
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1.3.2 Human E3 ligase RCHY1

The ES3 ligases of the ubiquitination process can be divided into three families: the
RING (really interesting new gene) domain family, homologous to E6-associated pro-
tein at the carboxy-terminus (HECT) domain family, and U-box family. The RING do-
main was initially hypothesized to function in DNA binding and recognition [36]. Bailly
et al. demonstrated that the yeast DNA-damage repair protein Rad18 mediates histone
ubiquitination via its RING domain [37]. Since then, many studies have extensively
investigated the link between the RING domain and ubiquitination modification.

RCHY1 is a type of E3 ligase that modifies its substrates, including p53 [38], p63 [39]
and HDAC1[40], through the addition of ubiquitin residues, thereby inducing their deg-
radation within proteasomes. It has been reported that some viruses can utilize RCHY1
to counteract host defense, which is beneficial for virus replication. Mukerjee et al.
demonstrated that p53 prevented the phosphorylation of RNA polymerase I, leading
to the inhibition of viral transcriptional elongation in HIV-infected cells. The hypothesis
of RCHY1 involvement in p53 downregulation during HIV-1 infection, was later con-
firmed by increased RCHY1 levels in HIV-1 infected human monocyte cell line U-937
[41]. For SARS-CoV, our research group was the first to identify an interaction between
RCHY1 and SUD, PLpro of Nsp3, leading to an increase in RCHY 1 protein levels. This,
consequently, results in the degradation of the RCHY substrate antiviral protein p53.
This interaction may represent a strategy employed by the coronavirus to evade the
host's antiviral defenses [42].

1.3.3 ISGylation

ISGylation plays a key role in the innate immune response especially during viral in-
fections. It is a process in which ubiquitin-like interferon-stimulated gene 15 protein
(ISG15) is covalently conjugated to lysine residues of target proteins [43]. Similar to
ubiquitination, ISG15 is covalently conjugated to target proteins through a sequential
enzymatic cascade involving three key enzymes: ubiquitin-activating enzyme E1
(UBE1L), ubiquitin-binding enzyme E2 (UBCH8), and ubiquitin ligase E3
(HERC5/TRIM25/ARIH1) [44]. The removal of ISG15 from the substrate is catalyzed
by the ubiquitin-specific peptidase 18 (USP18) [45, 46] (Figure 5).
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Figure 5. The conjugation of ISG15. Figure modified from [47].

It has been demonstrated that this modification is associated with a number of antiviral
effects, including the inhibition of the entry, replication or release of a variety of intra-
cellular pathogens [48]. The knockout of ISG15 gene in mice has been demonstrated
to lead to an increased susceptibility to various pathogens such as norovirus [49] and
Chikunguya virus [50]. It is notable that only a limited number of cellular enzymes have
the capacity to remove ISG15, thereby enabling this modification to function as a virus-
induced danger signal. Some viruses have evolved mechanisms to counteract ISG15
activity. For instance, the protein IE1 of human cytomegalovirus (HCMV) has been
shown to interfere with ISG15 expression through a STAT1-dependent mechanism. In
addition, its viral protein UL26 has been observed to impede ISG15 conjugation [51].

In the context of SARS-CoV-2, the PLpro domain of Nsp3 has been shown to decrease
IFN-B and NF-kB-p65 to attenuate host antiviral immunity [25]. ISGylation of the N
protein by the host HERC5 ISGylation machinery can disrupt N oligomerization and
inhibit viral RNA synthesis. This antiviral restriction mechanism is hindered by the
PLpro delSGylation activity of SARS-CoV-2 Nsp3 [52].
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1.4 P53 and p53 family proteins

p53, a well-characterized RCHY1 substrate, functions as a transcription factor regulat-
ing cell cycle arrest, DNA repair, apoptosis, and autophagy. This makes it a critical
tumor suppressor [53]. The regulation of p53 protein levels is a complex process that
involves several E3 ubiquitin protein ligases, including RCHY1 [38] and MDM2[54].
These ligases facilitate the proteasomal degradation of p53, a process that is crucial
for maintaining cellular homeostasis. RCHY1 contributes to the downregulation of p53
activity through direct physical interaction and ubiquitin-dependent degradation [38].
This process is independent of MDM2 and plays a pivotal role in regulating p53 activity.

In addition to its role as a tumor suppressor, p53 serves as a central antiviral factor in
host cells. For instance, it has been observed that p53 increased the clearance of in-
fluenza A virus (IAV) and alleviated IAV-induced disease in mice. The absence of p53
was found to induce a delayed response in the expression of cytokines and antiviral
genes in both the lung and the bone marrow in mouse models [55]. Ma-Lauer and her
colleagues observed that Nsp3 SUD and PLpro domain of SARS-CoV interacted with
and stabilized RCHY1, thereby promoting the degradation of the antiviral protein p53.
This interaction may represent a strategy employed by the coronavirus to evade the
host's antiviral defenses [42].

The p53 family of transcription factors consists of three proteins: p53, p63, and p73.
They have similar structures in transactivation domain (TA), DNA binding domain
(DBD), and oligomerization domain (OD) [56]. As illustrated in Figure 6, two additional
alternative domains are present at the C-terminus of p63 and p73. The first of these is
the sterile alpha motif (SAM), which is involved in protein-protein interaction, and the
second is the transcription inhibition domain (TID) [57]. TAp63a or TAp73a are also
known as full-length p63 or p73. The process of alternative splicing of C-terminal exons
results in the p63 and p73 y variants. The generation of the ANp63 isoforms is initiated
by an alternative promoter located within intron three [58]. A comparable isoform,
termed ANp73, has been observed in p73 [59].
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Figure 6. Structural organization of p53 family proteins and their isoforms. transactiva-
tion domain (TA), DNA binding domain (DBD), oligomerization domain (OD). Sterile alpha motif
(SAM) is involved in protein-protein interaction. Transcription inhibition domain (TID). Figure
modified from [57].

In a manner similar to that of p53, p63 can be polyubiquitinated by RCHY1 and subse-
quently degraded by the proteasome [39]. P63 is a pivotal factor in the developmental
process of the epidermis during the embryonic stage. It plays a crucial role in the pro-
cess of epidermal keratinocyte morphogenesis, proliferation and differentiation. In this
process, p63 directly activates a variety of target genes, which are involved in various
processes including cellular proliferation, differentiation and adhesion [60]. Further-
more, p63 is widely recognized for its role in carcinogenesis. For instance, a higher
percentage of squamous cell carcinomas was observed in p63*'~ mice compared with
wild-type mice. This finding suggests the tumour-suppressing role of p63 [61]. Guo et
al found that TAp63 isoforms functioned as tumour suppressors by regulating senes-
cence via p53-independent pathways [62]. Another isoform of p63, ANp63a mainly
plays an oncogenic role in cancer such as skin cutaneous melanoma [63] and breast
cancer [64].

In DNA viruses such as Herpes simplex virus 1 (HSV-1), the infection was observed to
disturb the balance between pro-survival ANp63a and the pro-apoptotic TAp63y. This
disturbance could potentially be a consequence of the activation of the DNA damage
response, which is triggered as a consequence of viral replication [65]. In another DNA
virus human papillomavirus (HPV), the viral protein EG/E7 expression can regulate
ANp63a transcriptionally, increasing both its mRNA and protein levels. Additionally,
ANp63a mRNA level was higher in HPV-positive Head and Neck Cancer cell lines [66].
However, the role of p63 in RNA virus replication such as coronavirus remains elusive.
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1.5 Potential therapeutic targets for coronavirus

The current strategies for treating the infection caused by coronavirus can be catego-
rized as follows: the identification of potential therapeutic targets that are virus-based
or host-based [67].

Researchers have identified some potential therapeutic agents that target the viral pro-
teins. For example, the inhibitors of SARS-CoV-2 protease Mpro, Lycorine HCI and
MG-101, and inhibitors of PLpro, Sitagliptin and Daclatasvir HCI, reduced viral titers
and exhibited low cytotoxicity in Huh7.5 cells [68]. Nsp13 of SARS-CoV-2 displays a
high degree of conservation relative to that of SARS-CoV, exhibiting 99.8% protein
sequence identity [69]. Therefore, Nsp13 is an ideal target for developing broad-spec-
trum antiviral therapeutics, with potential efficacy against SARS-CoV and future
emerging coronaviruses [28]. Nsp13 inhibitors which target the helicase active center
show effective suppression on human coronavirus 229E and SARS-CoV-2 [70].

A further strategy for treating a coronavirus infection involves the targeting of host pro-
teins to increase the expression of certain antiviral proteins or interfere with the process
of virus replication. For example, the ubiquitin-proteasome system plays a pivotal role
in the infection cycles of some viruses such as mouse hepatitis virus. As revealed by
Raaben et al, proteasome inhibitors MG132, epoxomicin and Velcade (Bortezomib)
have demonstrated clear coronaviral inhibition activity in cell culture, mainly by affect-
ing the early steps of coronaviral infection, such as virus entry and RNA synthesis [71].
It has been observed that two known MDM2 inhibitors, Nutlin-3 or RG-7112, activate
the p53 pathway and decrease the release of SARS-CoV-2, thereby down-regulating
the pro-inflammatory status induced by viral infection in A549-hACE2 cells [72)].

1.6 Aims of this study

The outbreak of COVID-19 continues to pose a significant threat to global public health.
Potential approaches or therapies against COVID-19 are still under consideration. It is
therefore imperative to gain insights into the host interaction partners of the SARS-
CoV-2 virus proteins, and their influence on virus effective replication. In a previous
study, our laboratory has found that SARS-CoV SUD and PLpro interact with and sta-
bilize RCHY1. The RCHY1-dependent mechanism by which SARS-CoV neutralizes
the antiviral activity of p53 was identified [42]. However, how SARS-CoV-2 proteins
regulate RCHY1 and its substrates remains unknown.

Both SUD and PLpro domains of Nsp3 share high amino acid sequence identity in
SARS-CoV and SARS-CoV-2 [25, 73], therefore, it has been hypothesized that SARS-
CoV-2 SUD and PLpro interact with and stimulate RCHY1 expression to reduce en-
dogenous p53 via RCHY1. To test this hypothesis, the interaction between RCHY1
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and SARS-CoV-2 SUD and PLpro was investigated by co-immunoprecipitation (co-IP).
The expression level of RCHY1 and endogenous levels were evaluated in the pres-
ence or absence of Nsp3 by Western blot. Furthermore, the investigation of additional
RCHY1 substrates affected by SARS-CoV-2 protein was also one of the aims of this
study. Therefore, the RCHY 1 substrates were selected from a human cDNA library [74]
and cloned into pDEST vectors fused to GFP or HA tags by gateway cloning. The
influence of Nsp3 on RCHY1 and RCHY 1’s substrates has been determined by West-
ern blot.

How SARS-CoV-2 benefits from the reduction of RCHY1 substrates induced by Nsp3
was investigated subsequently. Human coronaviruses infection assays were per-
formed in cells overexpressing these RCHY1 substrates. Virus replications was as-
sessed by Western blot (nucleocapsid protein expression) and quantitative real-time
polymerase chain reaction (QPCR) using virus-specific probes.

In addition to SARS-CoV-2 Nsp3, other SARS-CoV-2 proteins that interact with
RCHY1 are of great interest. To identify such interactions yeast two-hybrid screening
was performed and the results were confirmed by co-IP. Finally, the influence of this
SARS-CoV-2 protein on host antiviral responses or related signaling pathways was
studied in the presence or absence of RCHY1.
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2. Material and Methods

2.1 Material

2.1.1 Chemicals

25 KD polyethylenimine (PEI) (Polysciences)
Lipofectamine 3000 (Thermo Fisher Scientific)
MG132 (Sigma Aldrich)

Puromycin (Gibco, Thermo Fisher Scientific)
Paraformaldehyde (PFA) (Carl Roth GmbH)

4' 6-diamidino-2-phenylindole (DAPI) (Sigma Aldrich)
Triton X-100 (Carl Roth GmbH)

Phosphate-buffered saline (PBS) (Gibco)

2.1.2 Buffers and solutions

Nonidet™ P40 (NP-40) lysis buffer: 150 mM NaCl, 50 mM Tris/Cl (pH 8.0), 1% NP-40
in double-distilled water (ddH20).

Co-IP lysis buffer: 10 mM Tris/Cl (pH 7.5), 150 mM NaCl, 0.5 mM EDTA, 0.5% NP-40
Substitute in ddH20.

Co-IP dilution buffer: 10 mM Tris/Cl (pH 7.5), 150 mM NaCl, 0.5 mM EDTA in ddH20.

10XTBS: 176 g NaCl and 48 g Tris were dissolved into 2 L ddH20, and adjusted pH to
7.6.

TBS: 100 mL 10XTBS was diluted into 900 mL ddH20.
TBST: 500 pL of Tween 20 to 1 L TBS solution

5x sodium dodecyl sulfate (SDS) sample buffer: 1.82 g Tris, 1.5 g SDS, 9 mg BP blue,
1.16 mg DTT were mixed with 4.5 mL glycerol, add ddH20 to 15 mL.

25xTris-Glycine transfer buffer: 36.4 g Tris and 180 g Glycine were dissolved into 1 L
ddH20

Towbin buffer: 80 mL 25xTris-Glycine transfer buffer, 720 mL ddH20 and 200 mL
methanol

LB medium: 10 g NaCl, 5 g yeast extract powder, 10 g Trypton, added ddH20 to 1L
and autoclaved to sterilize.
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10% Glycerol stock (for preparation of competent E. coli bacteria): 2 mL glycerol, 18
mL 100 mM CaCly, sterilized with a 0.22 pm filter.

YPD medium: Yeast extract 5 g, Bacto peptone 10 g, add ddH20 to 450 mL. The mix-
ture was then autoclaved to sterilize it. Subsequently, 50 mL of 20% sterile glucose
medium was added.

SORB medium: 100 mM Lithiumacetate, 10 mM Tris/Cl (pH 8.0), EDTA-NaOH 1mM,
Sorbitol 1M in ddH20 to 250 mL and adjusted pH to 8.0. Then the medium was filtered
to sterilize.

2.1.3 Plasmids

Table 1. Information of the plasmids

Plasmid Reference

pLenti CMV/TO Puro DEST (670-1) Addgene # 17293
pGL3-ELAM-Luc Addgene plasmid #13029
pGL3-p125-Luc As described [75]
pCG1-SARS-CoV-2 Nsp3 a.a.1-1363 As described [76]

pDONR223-SARS-CoV-Nsp3 and pDONR223- | As described [77]
SARS-CoV-2-Nsp3 full length

Plasimids for ISGylation assay (ISG15-myc, As described [75]

Ube1l, UbcH8, and Hercb)

RCHY1 fused to GFP/RFP/HA/myc tag As described [42]

pDONR223-p53 and pDONR223-p63 From a human cDNA library of genes cloned
into pPDONR223 vectors as described [74].

pDEST-GFP-ct- p63(p63-GFP) This study

pDONR207-RCHY1-RING-deletion This study

pDEST-HA-nt-RCHY 1-RING-deletion (HA- This study

RCHY1-RING-del)

pDONR207-ubiquitin-K48R This study

pDONR207-ubiquitin-K63R This study

pDEST-myc-nt-ubiquitin-K48R(myc-ubi-K48R) This study
pDEST-myc-nt-ubiquitin-K63R(myc-ubi-K63R) This study

pDONR207-SARS-CoV-2-Nsp13 This study
pDEST-RFP-nt-SARS-CoV-2-Nsp13 This study
pDEST-HA-YFP°—SARS-CoV-2 Nsp13 This study
pGBKT7g-SARS-CoV-2 Nsp13 This study
pGBKCg-RCHY1 This study
pGADT7g-RCHY1 This study
pDEST-N2H-N2-RCHY1(N2-RCHY1) This study

pLenti-cmvTO-puro-dest-p53(pLenti-p53 OV) This study
pLenti-cmvTO-puro-dest-p63(pLenti-p53 OV) This study

2.1.4 Primers
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Table 2. Information of the primers

Primer name

Sequence (5-3")

B-actin qPCR F

TCC TGA GCG CAA GTA CTC CG

B-actin gPCR R

CTG ATC CAC ATC TGC TGG AAG G

B-actin gPCR probe

6-FAM-ATC GGC GGC TCC ATC CTG-BHQ1

RCHY1 gPCR F

CCGCTT GTG TCATGA TAACAATG

RCHY1 gPCR R

CAT TCT TCA CAAGTC TGT TGG

RCHY1 qPCR probe

6-FAM-CTA GAT CGC TTT AAA GTG AAG G-BHQ1

TNFa gPCR F CTCTTCTGCCTGCTGCACTITG

TNFa gPCRR ATG GGC TAC AGG CTT GTCACTC

TNFa gPCR probe 6-FAM-CAG AGG GAA GAG TTC CCC AG-BHQ1
OC43 gPCR F AGC GAT GAG GCT ATT CCG AC

0OC43 gPCR R AGATCT GGAATT AGGAGCAGAC

0OC43 gPCR probe FAM-TCC GCC TGG CAC GGT ACT CCC T-BHQ1
NL63 gPCR F CTT CTG GTG ACG CTA GTA CAG CTT AT

NL63 gPCR R AGA CGT CGT TGT AGATCC CTAACAT

NL63 qPCR probe

FAM-CAG GTT GCT TAG TGT CCC ATC AGA TTC AT-
TAMRA

SARS-CoV-2 qPCR F

GAC CCC AAA ATC AGC GAA AT

SARS-CoV-2 gPCR R

TCT GGT TAC TGC CAG TTG AAT CTG

SARS-CoV-2 gPCR probe

ACC CCG CATTAC GTT TGG TGG ACC

RCHY1RINGdel F

ATG CAC TCT GCT TTA GAT ATG ACC

RCHY1RINGdel R

ATT CTGTCG GGACACATTTTC

ubiK48R-F CTG GGA GAC AGC TGG AAG ATG
ubikK48R-R CAAAGATCAACCTCT GCTGGTC
ubiK63R-F TCC AGA GAG AGT CCACCC TG
ubiK63R-R TGT TGT AGT CAG ACA GGG TGC

SARS-CoV-2 Nsp3-PLpro att F

GGG GAC AAG TTT GTA CAA AAAAGC AGG CTC CGC CAT
GGA AGT GAG GAC TAT TAA GGT GTT TAC AAC

SARS-CoV-2 Nsp3-PLpro att R

GGG GAC CACTTT GTA CAAGAAAGC TGG GTC TCM ATA
AGT AACTGG TTT TAT GGT TGT TGT GTAACT G

SARS-CoV-2 Nsp3-SUD att F

GGG GAC AAG TTT GTA CAA AAA AGC AGG CTC CGC CAT
GAA AAT CAAAGC TTG TGT TGA AGA AGT TAC

SARS-CoV-2 Nsp3-SUD att R

GGG GACCACTTT GTACAA GAAAGC TGG GTC TCM AGA
AAG AAG TGT CTT AAG ATT GTC AAA GG

SARS-CoV-2 Nsp13 att F

GGG GAC AAG TTT GTA CAA AAA AGC AGG CTC CGC CAT
GGC TGT GGG GCT TGT GTT CTT TG

SARS-CoV-2 Nsp13 att R

GGG GACCACTTT GTACAAGAAAGCTGG GTCTCMTTG
TAA AGT TGC CAC ATT CCT ACG TG
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2.1.5 Antibodies

Table 3. Information of the antibodies

target Cat. number, company dilution source
anti-p53 sc-125, Santa Cruz 1:700 mouse
anti-p63 sc-25268, Santa Cruz 1:500 mouse
anti-SUD 79 9-1-1, mouse serum (lab- 1:5 mouse
(Nsp3) made) [78, 79]
anti-vincullin V9264, Sigma 1:1000 mouse
anti-beta-actin | A3854, Sigma 1:100 000 mouse
anti-RFP MAS5-15257, Invitrogen 1:1000 mouse
anti-GFP A6455, Invitrogen 1:1000-1500 | rabbit
anti-HA Clone 3F10, Roche 1:1000 rat
anti-rabbit P0217, DAKO 1:1000 pig
anti-mouse A9917, sigma 1:10 000 goat
anti-rat A9037, sigma 1:5000 goat
anti-myc ProteinTech, 16286-1-AP 1:1500 rabbit
anti-puromy- MABE341, Millipore 1:10000 rat
cin
anti-SARS2 21H2-1-1, (labmade, produced 1:500 rat
N(condensed) | by Larissa Hansbauer, Elisabeth

Kremmer, and Dr. Luca Zinzula)
Anti-OC43 N MAB9012, Merckmillipore 1:1000 mouse
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2.2 Methods

2.2.1 Cell culture

The maintenance of HEK 293, HEK 293T and Huh7 cells was conducted in Dulbecco's
modified Eagle medium (DMEM, Gibco), with the addition of 10% (v/v) fetal bovine
serum (FBS) and 1% (v/v) penicillin/streptomycin. BEAS-2B-ACE2 cells [80] were cul-
tured in DMEM/F-12 (Gibco) containing 10% FBS, 1% penicillin/streptomycin (P/S) and
1% N-2-Hydroxyethylpiperazine-N-2-Ethane Sulfonic Acid (HEPES). All cells were cul-
tured in a 5% carbon dioxide atmosphere at 37 degrees, and were routinely examined
for the presence of mycoplasma.

Cells were passaged by Trypsin-EDTA (Thermo Fisher Scientific) when they reached
the confluency of 80%-95%.

2.2.2 Cell transfection

Transient DNA transfections were performed using Lipofectamine 3000 (Thermo
Fisher Scientific) (Table 4) when the cell confluency was 60%-80%.

Table 4. Reagents for DNA transfection by Lipofectamine 3000 (for 6-well plate
as an example)

Reagent A Volume

Opti-MEM 125 L

Plasmid DNA 2.5 Mg (The yolume is oallculated accord-
ing to plasmid concentration)

P3000 reagent SuL

Reagent B Volume

Opti-MEM 125 L
5uL

Lipofectamine 3000

In order to prepare Reagent A, the plasmid DNA was added to Opti-MEM initially. Sub-
sequently, the P3000 reagent was added to the previously prepared reagent A, with
the purpose of enhancing transfection efficiency. The two reagents, A and B, were
combined and subsequently incubated for 20 minutes at room temperature and added
into the cells and mixed by shaking the plate gently.

Large amount of transient DNA transfections were performed by 25 KD polyethyl-
enimine (PEI) when the cell confluency was 80%-90%. Before the transfection, the cell
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growth medium was replaced from 10% FBS+1%P/S to 5%FBS without P/S to in-
crease the transfection efficiency.

Table 5. Reagents for DNA transfection by PEI (for 10 cm petri-dish as an exam-
ple)

Reagent Volume
Opti-MEM 3mlL
Plasmid DNA 24 g
oE| 24 L

For the preparation with the reagent, the Opti-MEM was mixed with plasmid DNA and
incubated at room temperature for 5 minutes. Following this, the PEI was added to the
reagent and this mixture was incubated for a further 15 minutes. Finally, the reagent
mixture was added to the cells and mixed by shaking the dish gently.

2.2.3 Plasmid construction

For the cloning SARS-CoV-2-Nsp13/SUD/PLpro related constructs, first the SARS-
CoV-2 gene was amplified by PCR using related gateway primers (Table 2) and SARS-
CoV-2 genome DNA as a template. Then the PCR product was cloned into pPDONR207
vector to generate pDONR207-Nsp13/SUD/PLpro by BP reaction: PCR product (150
ng) 2 uL, pDONR207 vector (150 ng) 2 pL, BP clonase enzyme 1 pL, 25 °C overnight.
0.5 uL proteinase K was added to enhance the transformation efficiency.

pDONR207-Nsp13/SUD/PLpro was further cloned into pGBKT7g, pDEST-RFP or
pDEST-HA-YFP¢ destination vectors via LR reaction: pPDONR207-Nsp13/SUD/PLpro
(150 ng) 1 pL, pDEST plasmid (150 ng) 1 uL, LR clonase enzyme 0.5 yL, 25 °C over-
night.

For the cloning of pLenti CMV/TO Puro DEST-p53 and pLenti CMV/TO Puro DEST-
p63. The pPDONR223-p53 and pDONR223-p63 were cloned into the destination vector
pLenti CMV/TO Puro DEST (gateway compatible) by LR reaction.

2.2.4 Transformation

50 pL of competent E. coli was thawed on ice for 30 minutes. Then 5 uL of the BP or
LR reaction was added into competent E. coli and incubated on ice for another 30
minutes. Thereafter, 5 uL of the BP or LR reaction was added to the competent E. coli
and the mixture was incubated on ice for a further 30 minutes. The mixture was then
subjected to heat shock at 42°C for 15 seconds, after which it was returned to ice for
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2 minutes. 500 pL of LB medium was added to the mixture. This mixture was then
subjected to incubation on a shaker at 37°C for a period of one hour. Following this,
the mixture was streaked onto an LB agar plate with antibiotics, in order to select col-
onies that had been successfully transformed.

2.2.5 Isolation of plasmid DNA

The colonies were picked up from LB agar plates and then incubated with 4 mL LB
medium containing the respective selection antibiotic at 37 °C for a duration of 16-20
hours in a shaking incubator at 200 rpm. After the incubation, the E. coli bacteria pellets
were precipitated by centrifuging at 10,000xg for 3 minutes. The plasmids were iso-
lated by Metabion mi-Plasmid Miniprep Kit according to the standard protocol from the
manufacturer. The plasmid DNA was eluted in 100 uL autoclaved Ampuwa water. For
the plasmids cloned by gateway cloning, they were digested by BsrGl at 37 °C for one
hour. For the plasmids cloned by other methods, the selection of specific digestion
enzymes was determined by the multiple cloning sites on the plasmids. Subsequently,
the DNA fragments were subjected to agarose gel electrophoresis to separate DNA
fragments based on their size. This analysis was then used to determine the size of
the fragments in relation to their respective gene sizes, as referenced in the National
Center for Biotechnology Information (NCBI) database. The correct plasmids were pre-
served for future experiments.

2.2.6 Yeast-two-hybrid

The genes of the virus SARS-CoV-2, or RCHY 1, were cloned into the yeast two-hybrid
bait vector pGBKT7g, which expresses leucine (Leu), or into the prey vector pGADT7g,
which expresses tryptophan (Trp) by gateway cloning. The expression of the reporter
protein histidine (His) is observed in cases of interaction between RCHY1 and SARS-
CoV-2 candidate proteins. (Figure 7).
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Figure 7. Schematic diagram of yeast-two-hybrid system. Gene X and gene Y are cloned
in bait plasmid (includes DNA-binding domain) and prey plasmid (prey plasmid), respectively.
The interaction of the protein X and Y mediates the transcription of the reporter gene to express
the reporter protein. Figure modified from [81].

Different SARS-CoV-2 OFRs and domains that had been previously cloned into
pGBKT7g were subjected to individual mixing with Polyethylene glycol (PEG), with the
volume ratio set at 1:100, in a 96-well plate. This mixture was then named "SARS-
CoV-2 gene format".

RCHY1 cloned into pGADT7g, or an empty vector was then mixed with different

pGBKT7g-SARS-CoV-2 OFRs and domains. This was subsequently transformed into
competent yeast cells, PJ69—7A strain (Table 6), which carries the reporter gene
HIS3 (express His) under the control of GAL4 upstream activating sequences and is
optimized for strong, specific detection of protein—protein interactions [82].

Table 6. Procedure of yeast transformation

Reagent and step Temperature
1. Mix pGADT7g-RCHY1 with competent yeast cells RT

(volume ratio, plasmid: competent yeast=1:20). This

mixture should then be added to a clean 96-well

plate, with 5 uL being added to each well.

Take 25 pL "SARS-CoV-2 gene format" and mix RT

with the mixture from step 1 using a multi-channel

N
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pipette. The mixture should then be left to incubate
for 30 minutes.
3. Heat shock for 10 minutes 42 °C
4. Add double dropout medium (without Leu and Trp) RT
in another clean deep 96-well plate (1.3 ml per well).
Then transfer the mixture from step 3 to this plate.
5. The plate should then be covered with aluminum foil | 30°C
and the mixture should be left to incubate in the
shaker at 200 rpm for four days. The orange pellets
will be observed if the transformation is successful.

Subsequently, the mixture was transferred on one double dropout plate (without Leu
and Trp) and two triple dropout plates (without Leu, Trp, and His) by a specially made
“stamp” (Figure 8) and incubated at 30°C for 3-4 days. The success of the transfor-
mation process was determined by the yeast growth on the double dropout plate.
The interactions between RCHY1 and SARS-CoV-2 proteins were determined by
yeast growth on the triple dropout plates.

" Yeast pellet in 96-
well plate

Double dropout plates

Figure 8. Stamp of yeast-two-hybrid assay. The stamping process was performed in
quadruplicate. The stamp was immersed in a 96-well plate containing a yeast culture and
then transferred to double or triple dropout plates for a few seconds to transfer the mixture
(Created by BioRender).

2.2.7 Co-immunoprecipitation (co-IP)

Twenty-four to forty-eight hours after the transfection, the cells were washed by cold
PBS twice and lysed by 200 uL co-IP lysis buffer for 30 minutes on ice. Subsequently,
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the lysates were centrifuged at 20,000xg for 10 minutes at 4°C. The supernatant was
transferred to a pre-cooled tube and 300 uL co-IP dilution buffer was added.

This mixture was incubated with 25 uyL GFP/RFP/myc-trap agarose beads (Proteintech)
or HA-trap agarose beads (ThermoFisher Scientific) by way of repeated rotation at 4°C

for one hour. Then the beads underwent a centrifugation process at 2,500 xg at 4°C

for two minutes and were washed by 500 pL Co-IP dilution buffer twice. Last, the re-

maining supernatant was removed and 35 uL 5xSDS sample buffer was added. The

samples were subjected to heating at 95°C for 10 minutes, followed by centrifugation

at 2,500 xg at 4°C for two minutes. The protein interaction will be analyzed by Western

blot (Figure 9).
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Figure 9. Flow chart of co-IP. (GFP trap as an example). Cells are transfected with plasmid
1 encoding protein 1 fused to GFP tag, and plasmid 2 encoding protein 2 fused to HA tag. If
protein 1 and 2 interact with each other, HA-protein 2 can bind to GFP-trap indirectly. As a
result, the band for HA-protein 2 is visible by Western Blot using anti-HA antibody (Created by
BioRender).

2.2.8 Western blot

The cells were washed with cold PBS and lysed by NP-40 lysis buffer (50 ul for one
well of a 12-well plate) for 15 minutes. Then the lysates were centrifuged at 20,000xg
for 10 minutes at 4°C. The supernatant was transferred into another tube including
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5xSDS buffer and boiled at 95°C for 5 minutes.15-20 pL protein samples were loaded
into 12% or 14% sodium dodecyl sulfate polyacrylamide (SDS-PAGE) gel (Thermo
Fisher Scientific) and were subjected to separation at 125 V for a duration of 60-80
minutes. Subsequently, the protein was transferred onto nitrocellulose membranes us-
ing a wet transfer system with Towbin buffer. After one hour, the membrane was
blocked by 5% milk in TBS at room temperature for another one hour. Then the mem-
branes were incubated with the primary antibodies at 4°C overnight. Following this, the
membranes were washed with TBST three times and incubated with the secondary
antibodies at room temperature for one hour. The membranes were finally subjected
to three further washes with TBST, after which they were covered by SuperSignal™
West Pico PLUS Chemiluminescence Substrate (ThermoFisher Scientific) and imaged
using the Gel Doc system (Bio-Rad).

The images of Western blot were analyzed by Image Lab and the band intensities were
quantified by ImageJ.

2.2.9 In vivo ubiquitination assay

The in vivo ubiquitination assay was performed as described [42]. In summary, plas-
mids encoding ubiquitin fused to HA or myc tags were transfected into HEK293 cells
together with plasmids that expressed target proteins. The cells were treated with 10
MM MG132 at 37°C for 4 hours before being harvested. At 48 hours post-transfection,
the cells were lysed using co-IP lysis buffer and then followed by protein purification
using GFP or RFP Trap beads. The ubiquitination levels of the target proteins were
then assessed by Western blot using anti-HA or anti-myc antibodies.

2.2.10 Ribopuromycylation assay
The ribopuromycylation assay was a method to monitor total protein synthesis [83].

In summary, HEK293 cells were co-transfected with the GFP-fused RCHY 1, along with
pCG1-SARS-CoV-2 Nsp3 a.a.1-1363 or a control vector. Twenty-four hours after
transfection, the cells were treated with 3 uM puromycin for 2 h at 37°C to label all
newly produced proteins with puromycin (Figure 10). Thereafter, the cells were har-
vested and the GFP-RCHY1 was purified by GFP-trap. The newly generated RCHY1
was analyzed by Western blot via anti-puromycin antibody.
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Figure 10. Schematic diagram of RiboPuromycylation assay. Created by BioRender.
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2.2.11 Cycloheximide (CHX) chase assay

The CHX chase assay is a method of observing intracellular protein degradation and
determining the half-life of a given protein. Following the inhibition of protein synthesis
by CHX, a decrease in the level of intracellular proteins is observed, resulting from
degradation through the proteasome or lysosome system [84]. The total protein is har-
vested at different time points, thus enabling the measurement of the rate of protein
degradation (Figure 11).

The HEK293 cells were co-transfected with the GFP-fused RCHY1 together with
pCG1-SARS-CoV-2 Nsp3 a.a.1-1363 or a control vector. Twenty-four hours after
transfection, cells were treated with CHX (100 ug/mL) and the protein was harvested
at 2 hours, 4 hours, or 6 hours after the treatment. The expression levels of GFP-
RCHY1 were analyzed by Western blot.

Cycloheximide-Chase assay

Condition 1
Stable protein
S H Ea ? 3 ® 5
[ emmmme—a
- j
Condition 2 { ‘\\Q .
Unstable protein L T Teaogieet
3 3 6@__,,5,.,, 7 I - Y
23 2w %> Qi Chase

Figure 11. Schematic diagram of CHX chase assay. The cells are treated with the global
protein translation inhibitor CHX to terminate protein translation and the protein samples are
harvested at different time points after the treatment. The subsequent procedure involves the
examination of the reduction in the levels of a target protein 'chase' via Western blot. Figure
modified from [85].

2.2.12 RNA isolation and quantitative polymerase chain reaction (QPCR)

Total RNA was isolated from cells seeded in a 24-well plate using the Bioline ISOLATE
[ RNA Mini Kit. For probe-based qPCR, the mRNA levels of the target genes were
quantified using Luna Probe One-Step RT-qPCR 4x Mix with UDG (New England Bi-
olabs). All the gPCRs were run by the Lightcycler System (Roche) according to the
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program in Table 7. The relative mRNA levels of the target genes were then normalized
to those of 3-actin.

Table 7. qPCR program for One step RT-qPCR

Temperature Time Cycles
30 °C 5 min 1

55 °C 10 min 1

95 °C 1 min 1

95 °C 10 s 45

60 °C 1 min

2.2.13 Site-directed mutagenesis

pDONR207-ubiquitin-K48R, pDONR207-ubiquitin-K63R, pDONR207-RCHY 1-without
RING domain (pDONR207-RCHY 1-RING-del) were generated by Q5® Site-Directed
Mutagenesis Kit (New England Biolabs). Specific primers (Table 2) were designed to
substitute one nucleotide or delete a region of the plasmid DNA. 12.5 yL Q5 Hot Start
High-Fidelity 2X Master Mix, 1.25 yL 10 yM Forward Primer, 1.25 pL 10 uM Reverse
Primer, 1 yL Template DNA (1-25 ng/pl) and 9 pL Nuclease-free water were added
into the reaction. The program of the PCR cycler was set as indicated in Table 8.

Table 8. PCR cycling conditions for site-directed mutagenesis reaction

Temperature Time Cycles
98 °C 30s 1
98 °C 10s 25

50-72 °C (according to the | 30 s
annealing temperature of the

primers)

72 °C 30 s/kb

72 °C 2 min 1
4°C o0

Subsequently, the PCR product was subjected to a Kinase-Ligase-Dpnl (KLD) reaction,
which facilitated the circularization of the PCR template and the removal of the tem-
plate DNA: PCR product 1 pL, 2X KLD Reaction Buffer 5 pL, 10X KLD Enzyme Mix 1
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ML, Nuclease-free Water 3 L, incubated at room temperature for 5 minutes. Then 5 pl
of KLD was mixed to competent E. Coli for transformation.

2.2.14 Luciferase assay

For the Renilla luciferase assay, HEK293 cells were seeded in 96-well plates or 48-
well plates and then subjected to transfection using the plasmids fused to RL reporter
[73]. Twenty-four hours after transfection, cells were lysed by the lysis buffer of Renilla
luciferase assay system (Promega) and the luciferase activities were measured ac-
cording to the manufacturer’s instructions.

For the Firefly luciferase assay, HEK293 cells seeded in 96-well plates were trans-
fected with pGL3-ELAM-luc [86] which carries Firefly luciferase signals. Twenty-four
hours after transfection, cells were lysed by lysis buffer and the luciferase signals were
measured by the Firefly luciferase system (Promega).

For the NanoBiT luciferase assay, the N-terminal and C-terminal fragments of Nanoluc
are fused to the N-terminus of the target protein in the NanoLuc two-hybrid (N2H) N1
and N2 vectors (pDEST-N2H-N1 and pDEST-N2H-N2) [87]. In situations where two
target proteins interact with each other, the Nanoluc luciferase signals are generated
and can be measured by the microplate reader (Figure 12).
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Figure 12. Schematic figure of the mechanism of NanoLuc two-hybrid assay. Figure from
[87].

HEK 293 cells were transiently transfected with the respective N2H plasmids in a 96-
well plate. Twenty-four hours after transfection, the cells were lysed with 20 ul NP-40
lysis buffer, and then mixed with 20 pl substrate containing 0.5% Nano-Glo® Lucifer-
ase Assay Substrate (Promega) in 1x Nano-Glo® Blotting Buffer (Promega) for the
measurement.
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For the cell viability assay, BEAS-2B-ACE2 cells seeded in 96-well black and clear
bottom plates (Corning) were treated with inhibitors or DMSO control. Forty-eight hours
after the treatment, cells were equilibrated at room temperature for 30 minutes. Then
50 ul of the supernatant was removed and 50 ul of CellTiter-Glo® 2.0 Reagent
(Promega) was added for the measurement. All the luciferase signals were measured
using a CLARIOstar microplate reader (BMG LABTECH).

2.2.15 HCoV infection assay

Human coronaviruses (HCoVs) NL63 and OC43 were diluted using serum-free DMEM,
after which the cells were infected at a multiplicity of infection (MOI) of 0.05 for HCoV-
NL63 or 0.1 for HCoV-OC43. Two hours post-infection, the cells were washed twice
with DPBS, after which they were supplied with a growth medium. Forty-eight hours
after infection, the cells were harvested for RNA isolation and quantitative PCR (qPCR).
The viral RNA was quantified by qPCR using virus-specific primers and probes.

The cells were also infected with attenuated SARS-CoV-2 sCPDS9 in this study. sCPD9
was generated through codon pair deoptimization (CPD), a process which has been
demonstrated to result in the rapid and highly efficient attenuation of RNA viruses with-
out altering the amino acid sequence of the encoded proteins [88, 89]. The cells were
infected with sCPD9 virus at a MOI of 0.0001 (for BEAS-2B-ACE2 cells) or 0.0004 (for
Huh7 cells). Two hours post-infection, the cells were washed with DPBS twice, after
which a complete growth medium was added. At 72 hours post-infection (h.p.i.), the
cells were harvested for RNA isolation and gPCR. The quantification of viral RNA was
performed using specific nucleocapsid primers and probes for SARS-CoV-2 (Table 2).

In the case of SARS-CoV-2-GFP infection, the BEAS-2B-ACEZ2 cells were infected with
a MOI of 1 for the integrated SARS-CoV-2-GFP. The GFP signals were measured at
4-hour intervals up to 24 h.p.i. The cell confluency was measured in a manner con-
sistent with the previous description [90].

2.2.16 Preparation of competent yeast cells (S. cerevisiae strain PJ69-7A)

Five to six yeast colonies were selected and cultivated in 50 mL YPD medium at 30°C,
200 rpm overnight. Then the overnight culture was replenished with an additional 150
mL of YPD medium and continued to be incubated in the shaker at 30°C. The optical
density at 600 nm (ODsoo) value was measured frequently until it reached 0.5-0.7. The
yeast pellet was collected by a centrifugation at 1,000xg for 5 minutes at room temper-
ature. The pellet was then washed by 40 mL sterile water once and 20 mL SORB
medium once. Following this, the yeast pellet was centrifuged at 1,000xg for 5 minutes
at room temperature and resuspended in 1.44 mL SORB medium. To increase the
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transformation efficiency, 160 pL denatured Salmon sperm DNA was added. The com-
petent yeast cells were then aliquoted in 1.5 mL centrifuge tubes and stored in a -80 °C
freezer.

2.2.17 Preparation of competent E. coli bacteria

The E. coli bacteria (DH5a, DB3.1 or Stbl3 strain) single colony was picked up and
incubated in 20 mL LB at 37°C, 200 rpm overnight. Following this, the overnight culture
was added into 300 mL LB in a larger flask and incubated at 37°C, 220 rpm until the
ODeoo was 0.35. Then the culture was transferred from the flask to a centrifuge bottle
and incubated on ice for 10 minutes. Subsequently, the bacteria were precipitated by
centrifugation at 6,000x rpm at 4°C for 10 minutes. The supernatant was discarded
and the bacterial pellet was washed by 60 mL CaClz. Then the bacteria were precipi-
tated again by centrifugation at 4,000x rpm, at 4°C for 10 minutes. The supernatant
was discarded and the pellet was resuspended in 60 mL CaClz2 and incubated on ice
for 1 hour. Finally, the competent bacteria pellet was collected by centrifugation and
resuspended in 6 mL 10% glycerol, after which it was aliquoted in 1.5 mL centrifuge
tubes. The aliquots were frozen in liquid nitrogen immediately and then stored in a -
80 °C freezer.

2.2.18 Establishment of stable cell lines overexpressing p53 or p63

The HEK293T cells were seeded into 6 well plates and co-transfected with 1333 ng
pLenti-CMV-p53 or pLenti-cmv-p63, 1333 ng psPAX2, and 1333 ng pCMV-VSV-G
through PEI. Three days after transfection, the cell culture medium was harvested and
subjected to a centrifugation process at 10,000xg for 10 minutes to remove cell pellets.
The resulting lentivirus-containing supernatant was either stored at -80°C freezer or
used immediately to infect BEAS-2B-ACE2 or Huh7 cells in a 12-well plate. Following
a 3-day infection period, cells were selected using growth medium containing 2 pug/ml
puromycin (for BEAS-2B-ACE2 cells) or 4 pg/ml puromycin (for Huh7 cells) for 5 to 7
days. The surviving cells were then harvested for Western blot analysis to assess the
expression levels of the target proteins. The cells that overexpressed the target protein
successfully were preserved in liquid nitrogen. The details of the cell lines constructed
in this study are in Table 9.

Table 9. Stable cell lines constructed in this study.

Name Target Cell line
BEAS-2B-ACE2 oLenti-CMV None (CMV control) BEAS-2B-ACE2
control

BEAS-2B-ACE2 plenti-p53-OV pS3 (overexpression) BEAS-2B-ACE2
BEAS-2B-ACE2 plLenti-p63-OV p63 (overexpression) BEAS-2B-ACE2
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None (CMV control) Huh7

p63 (overexpression) Huh7

Huh7 pLenti-CMV control
Huh7 pLenti-p63-0V

2.2.19 Fluorescence microscopy

HEK293 cells were seeded in a 24-well plate and transfected with RFP and GFP-
tagged expression plasmids. Cells were fixed with 4% PFA for 15 minutes at room
temperature. This was followed by washing with PBS and the permeabilisation in 0.1%
Triton X-100 in PBS for a further 15 minutes. The cells were then washed with PBS
again and stained with DAPI diluted 1:1000 in PBS for 10 minutes in the dark. Then
the cells were washed with PBS and observed using Leica DM4000 B with 10x objec-
tive. Three fields were randomly selected and the fluorescence intensity was quantified
by Image J.

2.2.20 Molecular docking

The protein structure of SARS-CoV-2-Nsp13 (PDB ID 6ZSL) was obtained from RCSB
Protein Data Bank (https://www.rcsb.org/) and the structures of SUD and RCHY1 (AF-
Q96PM5-F 1) were predicted or obtained from AlphaFold2 (https://alphafold.ebi.ac.uk/).
Then the structure of SUD and RCHY1 were uploaded to HDOCK Server [91] to predict
the protein-protein interactions. The top 10 binding models predicted by HDOCK

Server were downloaded and analyzed. The binding model that was consistent with
co-IP results with the highest confidence score was analyzed and labeled by PyMol.

2.2.21 Statistical analysis

Statistical analysis was performed using one- or two-way analysis of variance (ANOVA)
for multiple comparisons or Student's t-test for two-group comparisons. All data plots

were generated using GraphPad Prism 10. Data are presented as mean * standard

deviation. Statistical significance was defined as P < 0.05. The following symbols were

used to denote statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001, and NS not

significant.


https://www.rcsb.org/
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3. Results

3.1 RCHY1 interacts with Nsp3 and Nsp13

3.1.1 RCHY1 interacts with SUD and Nsp13 in yeast

To investigate viral-host interactions, yeast 2-hybrid (Y2H) assays were performed us-
ing SARS-CoV-2 viral genes as bait to screen a human cDNA library. As a result, an
E3 ubiquitin ligase, RCHY1, was discovered as an interacting partner for the SARS-
CoV-2 SUD domain of Nsp3 (Figure 13A) and SARS-CoV-2 Nsp13 (Figure 13B), and
there was no unspecific binding between RCHY1 and empty vector (Figure 13C).

A pGBKT7g-SUD PGBKT7g-Nsp13 PGBKT7g vector

+pGADTTg 2 bl +pGADT7; [N +pGADT7g
RCHY1 ¢ RCHY1 - - RCHY1

Double  Triple Double  Triple Double  Triple
dropout dropout dropout dropout dropout dropout

Figure 13. RCHY1 interacts with SARS-CoV-2 SUD and Nsp13 in yeast two-hybrid assay.
The pGADT7g vector expressing RCHY1 or the empty control vector was co-transformed into
yeast PJ69-7A competent cells together with the pGBKT7g vector encoding SARS-CoV-2
genes. Successful transformation was validated by the proliferation of yeast colonies on double
dropout agar plates. The presence of yeast growth on triple dropout agar plates further indi-
cated interactions between SUD and RCHY1 (A), as well as Nsp13 and RCHY1 (B). The pres-
ence of unspecific binding was not detected (C).

3.1.2 RCHY1 interacts with SUD and Nsp13 in human cells

To verify these interactions in human cells, GFP trap-based co-IP was performed using
Human Embryonic Kidney (HEK) 293 cells transfected with pDEST-GFP control or
pDEST-GFP-RCHY1 together with SARS-CoV-2 SUD. As shown in Figure 14, GFP-
RCHY1 interacts with SUD, whereas no non-specific binding of SARS-CoV-2 SUD to
the empty GFP vector has been observed.
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Figure 14. Interaction between RCHY1 and the SUD domain of SARS-CoV-2 Nsp3 in a
co-IP assay. As indicated, plasmids expressing HA-YFP®-SARS-CoV-2 SUD and GFP or
GFP-RCHY1 were transfected into HEK293 cells using Lipofectamine 3000 in a 6-well plate.
Twenty-four hours post-transfection, the cells were harvested for co-IP with GFP-trap (Chro-
motek) in accordance with its standard protocol. Immunoprecipitation and input samples were
analyzed by Western blot using anti-GFP and anti-SARS-CoV-2 SUD antibodies. The cells
were harvested 24 h later for a GFP trap-based pulldown assay. SARS2: SARS-CoV-2. HA-
YFP°-SARS2-SUD: the HA-YFP® (C-terminus of Yellow fluorescent protein) tag is expressed
at the N-terminus of SARS2-SUD. GFP-RCHY1: GFP tag is expressed at N-terminus of
RCHY1.

Furthermore, the interaction between RCHY 1 and another SARS-CoV-2 non-structural
protein, Nsp13, was validated through co-IP in HEK293 cells (Figure 15).
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Figure 15. Interaction between RCHY1 and SARS-CoV-2 Nsp13 in a co-IP assay. Plas-
mids constructed as pDEST-GFP, pDEST-GFP-RCHY1, pDEST-HA-YFP°-nt, and pDEST-
HA-YFP°-SARS-CoV-2 Nsp13 were co-transfected into HEK293 cells as indicated using PEI
in a 6-well plate. The cells were harvested 48 hours after transfection for a GFP-trap-based
co-IP assay.
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3.1.3 RCHY1 interacts with the PLpro domain of Nsp3 in vivo

The PLpro is another domain adjacent to SUD in Nsp3 (Figure 2). It has been reported
that the PLpro domain of SARS-CoV and SARS-CoV-2 share 82.9% amino acid se-
quence identity [25]. In addition, our previous research has shown that SARS-CoV
PLpro interacts with RCHY1 [42]. Therefore, whether SARS-CoV-2 PLpro interacts
with RCHY1 has been explored. As demonstrated in Figure 16, the SARS-CoV-2
PLpro is able to bind to RCHY1.
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Figure 16. Interaction between RCHY1 and the PLpro domain of SARS-CoV-2 Nsp3. HEK
293 cells were co-transfected with the indicated combinations of expression plasmids. After 24
hours, the cells were harvested and subjected to co-IP.

3.1.4 RCHY1 interacts with Nsp3 full length in vivo

As SUD is a domain of Nsp3, whether Nsp3 interacts with RCHY1 has been investi-
gated. The co-IP assay was performed in HEK293 cells transfected with SARS-CoV-2
Nsp3 large fragment amino acid 1-1363 (a.a.1-1363), which contains both SUD and
PLpro, together with GFP-RCHY1 or GFP empty vector. There is a clear interaction
with Nsp3 a.a.1-1363 and RCHY1 (Figure 17A). Moreover, a Nanoluc Two-Hybrid
(N2H) assay [87] detected the interaction between RCHY1 and full-length SARS
(SARS-CoV) as well as SARS2 (SARS-CoV-2) Nsp3. Notably, the interaction between
RCHY1 and SARS2-Nsp3 appears to be more robust in comparison to that with SARS-
CoV Nsp3, as measured by the NanoLuc signals (Figure 17B).
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Figure 17. SARS-CoV-2 Nsp3 targets RCHY1. (A) Interaction between RCHY1 and SARS-
CoV-2 Nsp3 (a.a.1-1363) in co-IP assay. HEK293 cells were co-transfected with plasmids
pDEST-GFP-nt or pDEST-GFP-RCHY1 and pCG1-SARS-CoV-2 Nsp3 (a.a.1-1363). The cells
were harvested 24 h later for a GFP trap-based pulldown assay. (B) Binding of RCHY1 to full-
length SARS-CoV Nsp3 and SARS-CoV-2 Nsp3 in an N2H assay. The indicated N2H plasmids
were transfected into HEK293 cells split in a 96-well plate. Twenty-four hours post-transfection,
the cells were lysed with NP-40 lysis buffer and the Nanoluc signals were measured. Normal-
ization of the signals from each group to the N1+N2 vector group was performed. The mean
values and standard deviation presented in the figure were calculated based on three biologi-
cal repeats (n = 3). The statistical analysis was performed using a two-way analysis of variance
(2-way ANOVA). *** P < 0.001. SARS: SARS-CoV. SARS2: SARS-CoV-2.

3.2 RCHY1 residues 95-144 mediate the interaction between Nsp3
and Nsp13

3.2.1 RCHY1 residues 95-144 bind to SUD

Following the confirmation of the domains of Nsp3 responsible for the interaction, the
domain of RCHY1 that mediates the interaction has been also identified. RCHY1 be-
longs to the RING domain-containing family of ubiquitin ligases and contains 261
amino acid residues. The N-terminus of RCHY1, comprising residues 1-94, contains
a CHY zinc finger domain. The C-terminus, comprising residues 145-261, contains a
RING finger domain that confers ubiquitin ligase activity [92]. The middle region, resi-
dues 95-144, has been shown to be responsible for binding to SARS-CoV SUD, and
the residues 120-137 have been identified as being required for binding to p53 [38, 42].
In order to examine whether RCHY1 residues 95-144 are also crucial for binding to
SARS-CoV-2 SUD, a co-IP assay was performed using RCHY1 full-length and differ-
ent truncations (Figure 18A). As shown in Figure 18B, the full length of RCHY1 inter-
acts with SUD as a positive control. In addition, all the three truncations bind to SARS-
CoV-2-SUD. Therefore, the common region, residues 95—-144, is likely to be essential
for binding to SARS-CoV-2-SUD.
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Figure 18. RCHY1 a.a.95-144 interacts with SARS-CoV-2 SUD. (A) Schematic representa-
tion of RCHY1 full length and different fragments. (B) Interaction between SARS-COV-2 SUD
and different RCHY1 truncations. HEK293 cells were co-transfected with indicated plasmids
by PEI in a 6-well plate. The cells were harvested 48 hours post-transfection followed by GFP-
trap based co-IP.

A binding model was predicted based on the co-IP results. In this model, the structures
of RCHY1 and SUD are represented as a transparent surface, with the residues me-
diating the interactions highlighted in the rod representation (Figure 19). The close-up
view has shown that RCHY1 Glu114 binds to SUD GIn292. RCHY1 Asn129 interacts
with SUD Ser290. At the C-terminal of RCHY 1, Arg195 mediates the interaction with
SUD lle71. RCHY1 Arg198 binds to SUD Thr261. RCHY1 Asp201 and Asp202 interact
with SUD Ser263 and Lys75 correspondingly.
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Figure 19. Binding model of RCHY1 and SARS-CoV-2 SUD. Green: SARS2-SUD, cyan:
RCHY1 N- terminal, pink: RCHY1 RING domain. Dark blue: RCHY1 C-terminal Right: a close-
up view of the interaction complex, the residues responsible for the interaction were labeled
as sticks (green sticks: SUD, cyan sticks: RCHY1, yellow dotted line: hydrogen bond). Binding
affinity: -208.15 kcal/mol.

3.2.2 RCHY1 residues 95-144 interact with Nsp13 a.a.1-259 and Nsp13 a.a.260-
601

SARS-CoV-2 Nsp13 was divided into two distinct fragments. The N-terminal fragment,
spanning amino acids 1-259, includes the Zinc Binding Domain (ZBD), which coordi-
nates three structural zinc ions, and the stalk domain, which is essential for helicase
activity [93]. The C-terminal fragment, spanning amino acids 260-601, comprises two
"RecA-like" helicase subdomains, 1A and 2A, responsible for nucleotide binding and
hydrolysis [28] (Figure 20A). It has been observed that RCHY 1 is sufficient to pull down
both fragments of Nsp13 (Figures 20B and 20C), thus suggesting that Nsp13 has mul-
tiple binding sites for RCHY 1.
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Figure 20. RCHY1 interacts with Nsp13 a.a.1-259 and Nsp13 a.a.260-601. (A) Schematic
of Nsp13 full length and truncations. (B) Interaction between RCHY1 and SARS-CoV-2 Nsp13
a.a.1-259 in co-IP assay. Plasmids expressing HA-YFPC tagged SARS-CoV-2 Nsp13 a.a.1-
259 or an empty vector, as well as GFP or a GFP-RCHY1 fusion, were transfected into
HEK293 cells in 6-well plates. The cells were then harvested 48 hours post-transfection, and
a co-IP assay was performed as described previously. (C) Interaction between RCHY1 and
SARS-CoV-2 Nsp13 a.a.260-601. The indicated plasmids were transfected into HEK293 cells
cultured in a 6-well plate. After 48 hours, the cells were lysed for co-IP assay.

Further co-IP assay with truncated RCHY1 has revealed that residues 95-144 of
RCHY1 bind to SARS2-Nsp13 a.a. 1- 259 (Figure 21A). Additionally, different frag-
ments of RCHY1 have exhibited a weak interaction with Nsp13 a.a. 260-601, whereas
the full-length RCHY1 protein displays a strong binding affinity for this region (Figure
21B). These findings suggest that multiple regions of RCHY1 are required for effective
binding to Nsp13 a.a.260-601.

Together, these data have suggested that RCHY1 a.a. 95-144 are critical for the in-
teraction with both Nsp3 and Nsp13.
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Figure 21. The interactions between RCHY1 truncations and Nsp13 a.a.1-259 or Nsp13
a.a.260-601. (A) Interaction between different RCHY1 truncations and Nsp13 a.a.1-259.
HEK293 cells were co-transfected with plasmids expressing GFP fused RCHY1 full length,
different RCHY1 truncations or empty vector together with HA-YFP®-SARS-CoV-2 Nsp13
a.a.1-259 in a 6-well plate. The cells were harvested 48 hours later for the co-IP assay. (B)
Interaction between different RCHY1 truncations and Nsp13 a.a.260-601. HEK293 cells were
co-transfected with indicated plasmids. Forty-eight hours after transfection, cells were har-
vested for co-IP assay.

3.3 Nsp3 but not Nsp13 increases RCHY1 protein expression

3.3.1 Nsp3 stimulates RCHY1 protein expression

In order to investigate the effect of the interaction between RCHY1 and Nsp3, Nsp3
a.a.1-1363 was co-transfected together with RCHY1 or an empty vector in HEK293
cells. Due to the consistently low expression levels of the full-length Nsp3 in cellular
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assays, the pCG1 SARS-CoV-2 Nsp3 a.a.1-1363 ectopically expressing Nsp3 a.a.1-
1363 was used as an alternative for the tests. Western blot analysis indicated that the
protein expression of RCHY1 was stimulated in the presence of Nsp3 a.a.1-1363 (Fig-
ure 22A). Moreover, Renilla luciferase reporter assay showed that the presence of
Nsp3 a.a.1-1363 significantly enhanced the luciferase activity of the luciferase-fused
RCHY1 (RL-RCHY1), rather than the luciferase control (Figure 22B). This finding sug-
gests that the stimulation is due to RCHY1 rather than luciferase.
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Figure 22. Nsp3 enhances RCHY1 protein expression. (A) Western blot analysis revealed
an increase in RCHY1 caused by SARS-CoV-2-Nsp3 a.a.1-1363. The indicated plasmids
were transfected into HEK293 cells seeded in a 12-well plate. After a 24-hour period, cell ly-
sates were collected and analysed by Western blot using anti-GFP and anti-vinculin antibodies.
(B) Nsp3 enhances the luciferase activity of RCHY1 fused to the Renilla luciferase reporter.
HEK293 cells were transfected with pcDNAS luciferase-fused RCHY1 (RL-RCHY1) or empty
vector RL-NT and pCG1 empty vector or SARS-CoV-2-Nsp3 a.a.1-1363 plasmids in a 96-well
plate. The cells were harvested 24 hours post-transfection and luciferase activity was meas-
ured using the Renilla Luciferase Assay System (Promega). The Renilla luciferase signals of
each group were then normalized to the pCG1+RL-NT group. The mean values and standard
deviations presented in the figure were calculated based on five independent biological repeats
(n = 5; mean £ SD). The statistical analysis was performed using a two-way analysis of vari-
ance (ANOVA). ns: not significant; ***: P < 0.001. The band intensities were quantified by
ImagelJ.

In addition, the fluorescence microscopy revealed that the expression level of the
RCHY1-RFP fusion was very low when it was co-transfected with GFP empty vector,
due to the short half-life of RCHY1 of 3-4 hours [94]. However, both SUD and PLpro
enhanced the signals of the RCHY1-RFP fusion significantly (Figure 23A). SUD can
be divided into three subdomains: SUD-N terminal (SUD-N), the middle domain of SUD
(SUD-M), and SUD-C terminal (SUD-C). Our laboratory has previously reported that
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SUD-N interacts with human protein translation stimulator Paip1 to increase viral pro-
tein synthesis [73]. SUD-NM subdomain interacts with DNA and RNA G-quadruplexes
which regulate the transcription of multiple human genes and mRNA metabolism [95].
To further explore which domain of SUD is responsible for RCHY1 enhancement, the
fluorescence signals of RCHY1-RFP co-transfected with different SUD domains were
observed. As demonstrated in Figure 23B, all these subdomains, including only SUD-
N or SUD-M domain alone can stimulate RCHY1 expression.
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Figure 23. Fluorescence microscopy analysis of RCHY1 induction caused by SUD and
PLpro domains. (A) Left: RFP-fused RCHY1 (RCHY1-RFP) was co-transfected with GFP-
empty vector (GFP-nt) or GFP-fused SUD or PLpro into HEK293 cells in a 24-well plate.
Twenty-four hours after transfection, the cells were fixed with 4% PFA and stained with DAPI.
Images were captured using a Leica DM4000 B fluorescence microscope with a 10x objective.
Right: Three images were randomly selected for each group and the intensities of RFP signals
were quantified using ImageJ software. RFP fluorescence intensities of each group were then
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normalized to the empty vector group. Statistical analysis was performed using one-way anal-
ysis of variance (1-way ANOVA). (mean £ SD, * P < 0.05, ** P < 0.01). Scale bar: 275 pym. (B)
HEK293 cells were co-transfected with RCHY1-RFP and GFP-fused SUD domains (SUD,
SUD-N, SUD-NM, SUD-M, SUD-MC) or GFP empty vector. The cells were fixed with 4%PFA
and stained with DAPI 24 hours after transfection. The quantification was performed as de-
scribed in (A). Statistical analysis was performed using 1-way ANOVA. (mean £ SD, # P <0.05,
## P < 0.01, ##P < 0.001, **P < 0.01, ***P < 0.001). Scale bar: 275 ym.

3.3.2 Nsp13 does not alter RCHY1 protein level

To explore if the interaction between RCHY1 and Nsp13 also influences RCHY1 pro-
tein expression, HEK293 cells were transfected with plasmids expressing RCHY1
fused to GFP tag or the GFP control together with Nsp13 fused to HA-YFP°¢ tag or HA-
YFP¢ control. The expression of RCHY1 was not affected by the full length of Nsp13
(Figure 24A). The presence of Nsp13 also did not affect the RCHY1 substrate p53.
Additionally, this result was confirmed with RCHY1 or Nsp13 fused to different tags.
As shown in Figure 24B, RFP-tagged Nsp13 did not influence the expression of HA-
tagged RCHY1, which is consistent with the result in Figure 24A. In conclusion, the
SUD and PLpro domains contribute to the upregulation of RCHY1 by SARS-CoV-2
Nsp3, whereas Nsp13 does not influence RCHY1 expression.
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Figure 24. Unchanged RCHY1 protein level in the presence of SARS-CoV-2 Nsp13. (A)
and (B) Indicated plasmids were transfected into HEK293 cells. Forty-eight hours after trans-
fection, the cells were harvested for Western blot analysis using anti-p53, anti-vinculin, anti-
HA, anti-GFP (A) or anti-RFP (B) antibodies. The band intensities were quantified by ImageJ
and shown as 1, 1.01, 1 and 0.80.
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3.4 Nsp3 reduces RCHY1 protein degradation and increases
RCHY1 protein translation

3.4.1 Nsp3 does not influence RCHY1 at transcription level

In order to gain further insight into the molecular mechanism by which Nsp3 increases
RCHY1 expression, an analysis was performed of the mRNA levels of endogenous
RCHY1 in the presence of Nsp3. Figure 25A showed that the mRNA levels of RCHY1
remained unaffected despite the robust protein expression of Nsp3 (Figure 25B).
Therefore, it is most likely that Nsp3 regulates RCHY1 at the translational or post-
translational level.
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Figure 25. Unchanged RCHY1 mRNA levels in the presence of Nsp3 a.a.1-1363. (A) gPCR
analysis of the endogenous RCHY1 mRNA levels. HEK293 cells were transiently transfected
with the indicated plasmids in 24-well plates. The cells were harvested 24 hours after trans-
fection to isolate total RNA. Probe-based qPCR was then performed to detect the endogenous
MRNA level of RCHY1 (normalized to actin-, n=5, mean * SD). The statistical analysis was
performed using Student's t-test, ns: not significant. (B) The detection of SARS-CoV-2-Nsp3
a.a.1-1363 expression by Western blot. HEK293 cells cultured in a 24-well plate were sub-
jected to transfection with pCG1 SARS-CoV-2 Nsp3 a.a.1-1363 or control plasmids, and the
cells were harvested 24 hours post-transfection. The expression of Nsp3 was confirmed by
Western blot using an anti-Nsp3 antibody.

3.4.2 Nsp3 enhances RCHY1 protein translation

To explore if Nsp3 influences RCHY 1 protein translation, a ribopuromycylation assay
[83], combined with GFP-trap based protein purification was performed to evaluate the
protein synthesis of RCHY1. Puromycin has been shown to incorporate into peptide
chains during the process of translation, resulting in the release of elongating polypep-
tides from ribosomes [96]. Therefore, the incorporation of puromycin-labelled GFP-
RCHY1 polypeptides following puromycin treatment and subsequent purification of
GFP-RCHY1 polypeptides using GFP-traps served as a method for the assessment of
GFP-RCHY1 during the process of translation. Interestingly, it was observed that Nsp3
did not increase the total protein levels, but there were more puromycin-labeled GFP-
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RCHY1 polypeptides (Figure 26). This indicates that Nsp3 stimulates RCHY1 protein
translation.
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Figure 26. Nsp3 stimulates RCHY1 protein expression in a ribopuromycylation assay.
HEK293 cells cultured in a 6-well plate were transfected with the indicated plasmids. Following
a 24-hour incubation at 37°C, the cells were treated with 3 uM puromycin for a further 2 hours.
Then the cells were harvested and purified by GFP trap. The expression of newly synthesised
RCHY1 was then determined by Western blot analysis using an anti-puromycin antibody.

3.4.3 Nsp3 inhibits RCHY1 protein degradation

Subsequently, an investigation was conducted to determine whether Nsp3 influences
the degradation of RCHY1 protein. For this purpose, a cycloheximide (CHX) chase
assay was performed. Nsp3 was found to prolong the half-life of RCHY1 and stabilize
it, thereby suggesting that Nsp3 disrupts the degradation process of RCHY1 (Figure
27).
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Figure 27. Nsp3 prolonged RCHY1 half-life in a CHX chase assay. The indicated plasmids
were co-transfected into HEK293 cells cultured in a 12-well plate. After 24 hours, the cells were
treated with CHX at a final concentration of 100 pg/ml. The cells were then harvested at various
time points after CHX treatment for Western blot analysis. The band intensity of GFP-RCHY1

GFP-RCHY1+pCG1

GFP-RCHY1+pCG1-
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was normalized to the stable endogenous protein vinculin.

Proteasomal degradation is tightly linked to ubiquitination. Therefore, an in vivo ubig-
uitination assay was conducted to determine whether Nsp3 influences the ubiquitina-
tion status of RCHY1. As shown in Figure 28, Nsp3 decreased RCHY1 ubiquitination

level significantly.
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Figure 28. Reduction of RCHY1 ubiquitination by SARS-CoV-2-Nsp3 a.a.1-1363 in an in
vivo ubiquitination assay. Plasmids expressing HA-tagged ubiquitin, GFP or GFP-RCHY1
fusion, and pCG1 empty vector or pPCG1-SARS-CoV-2 Nsp3 a.a.1-1363 were co-transfected
into HEK293 cells cultured in a 6-well plate. Following a 48-hour transfection period, the cells
were treated with 10 yM MG132 for a further 4 hours at 37°C. Then, the cells were lysed and
purified by GFP trap. The level of RCHY1 ubiquitination was detected by Western blot using
anti-HA antibodies.

To explore which domain of Nsp3 is responsible for RCHY1 deubiquitination, in vivo
ubiquitination assay was performed with the SUD domain only. As shown in Figure
29A, the SUD domain alone did not influence RCHY1 ubiquitination level. Since the
PLpro domain of Nsp3 is known to possess deubiquitinating (DUB) activity [97], it was
speculated that the PLpro domain is responsible for the deubiquitination of RCHY1. To
investigate this, an in vivo ubiquitination assay was performed using both wild-type (wt)
PLpro and a catalytic mutant (ca) in which the cysteine at position 111 was replaced
with alanine. This substitution aimed to abolish PLpro enzyme activity [75]. Western
blot analysis revealed that while the wild-type PLpro exhibited deubiquitination activity,
this function was abolished in the catalytic mutant, as evidenced by the ubiquitination
levels of the host proteins (Figure 29B). Furthermore, the RCHY1 protein purified from
myc-trap revealed that RCHY1 was deubiquitinated by PLpro wt (lane 2). However,
the catalytic mutant version restored and even increased the ubiquitination level of
RCHY1 (lane 3). Interestingly, the mutation in the catalytic domain did not affect the
binding affinity between RCHY1 and PLpro (Figure 29B).
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Figure 29. The deubiquitination of RCHY1 is dependent on the enzyme activity of PLpro.
(A) Unaltered RCHY1 ubiquitination level in the presence of the SUD domain of SARS-CoV-2
Nsp3. The indicated plasmids were co-transfected into HEK293 cells, which were cultured in
a 6-well plate. After 48 hours, the cells were treated with 10 yM MG132 for 4 hours at 37°C.
This was followed by purification of the myc-trap, and the ubiquitination level of RCHY1 was
analysed by performing a Western blot on the myc-eluted samples using an anti-HA antibody.
(B) Decrease of RCHY1 ubiquitination by PLpro domain of SARS-CoV-2 Nsp3. HEK293 cells
were cultured in a 6-well plate and co-transfected with HA-ubiquitin, myc-RCHY 1, GFP-SARS-
CoV-2 PLpro wt or GFP-SARS-CoV-2 PLpro ca by PEI. Following a 48-hour incubation period,
the cells were treated with 10 uM MG132 for a further 4 hours. The in vivo ubiquitination assay
was performed as (A). wt: wild type. ca: catalytic mutant, which abolishes the enzymatic activity
of PLpro.

Furthermore, Western blot analysis revealed that RCHY 1 expression was upregulated
by wild-type PLpro. In contrast, mutation of the PLpro catalytic domain abolished this
PLpro-induced RCHY 1 enhancement (Figure 30). Therefore, SARS-CoV-2 PLpro tar-
gets RCHY1 and deubiquitinates RCHY1. SARS-CoV-2 Nsp3 enhances RCHY1 ex-
pression by promoting its protein translation while simultaneously reducing RCHY1
polyubiquitination and subsequent proteasomal degradation.
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Figure 30. PLpro increases RCHY1 protein level, which is partially dependent on its en-
zyme activity. Plasmids expressing myc—RCHY1 and expressing GFP or GFP-SARS-CoV-2
PLpro wt or GFP-SARS-CoV-2 PLpro ca were used to transfect HEK293 cells in a 12-well
plate. Forty-eight hours post-transfection, the cells were harvested for Western blot analysis
using anti-myc and anti-vinculin antibodies. wt: wild type. ca: catalytic mutant, which abolishes
the enzymatic activity of PLpro. The band intensities were quantified by ImageJ.

3.5 RCHY1 is a substrate of Nsp3 for delSGylation

Furthermore, it has been demonstrated that PLpro is capable of delSGylating activity
[25, 26]. The efficiency of Nsp3 or PLpro in deconjugating ISG15 from RCHY1 was
assessed using a delSGylation assay combined with GFP or HA-trap based co-IP. In
the delSGylation assays, the 1SG15-conjugation machinery consisting of ISG15,
UbcH8, Ubell, and Herc5 [75] was applied to the ISGylation of GFP- or HA-RCHY1 in
the absence and presence of Nsp3 or PLpro. First, it was observed that Nsp3 signifi-
cantly decreased the ISGylation level of RCHY1 (Figure 31A). A delSGylation assay
was then performed using both PLpro wt and ca. As shown in Figure 31B, PLpro wt
delSGylated RCHY1 to a large extent, whereas the catalytic mutant abolished the de-
ISGylation effect exerted by the wild-type PLpro. Taken together, these findings sug-
gest that RCHY 1 serves as a substrate of Nsp3, and the reduction of RCHY1 ubiquiti-
nation and ISGylation by Nsp3 is specifically mediated through its PLpro domain.
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Figure 31. Nsp3 delSGylates RCHY1 via the PLpro domain. (A) Reduction of RCHY1 IS-
Gylation by SARS-CoV-2 Nsp3 a.a.1-1363. HEK293 cells were co-transfected with ISG15-myc,
pUbe1L (E1), pUbcH8 (E2), Herc5 (E3), GFP-RCHY1 or GFP empty vector and pCG1-SARS-
CoV-2 Nsp3 a.a.1-1363 or pCG1 empty vector using PEI in 6-well plates. At 48 hours post-
transfection, cells were harvested and purified by GFP trapping. The ISGylation level of
RCHY1 was analysed by Western blot of the GFP eluate samples with anti-myc antibody. (B)
Reduction of RCHY1 ISGylation by the PLpro domain HEK293 cells were co-transfected with
the indicated plasmids in a 6-well plate. Forty-eight hours post-transfection, cells were har-
vested and purified by HA-trap (Thermofisher Pierce™). The ISGylation level of RCHY1 was
analysed by Western blot of HA eluate samples with anti-myc antibody. wt: wild type. ca: cat-
alytic mutant that abolishes the enzymatic activity of PLpro.

3.6 Nsp3 decreases and delSGylates RCHY1 substrates p53 and
p63

3.6.1 Nsp3 reduces the expression of endogenous p53 and p63

RCHY1 can function as an E3 ubiquitin ligase by affecting target proteins such as p53
[38]. To investigate the impact of Nsp3-induced upregulation of RCHY 1, the levels of
endogenous p53 protein were assessed. The overexpression of Nsp3 led to a notice-
able increase of RCHY1 protein level. Nsp3 slightly decreased the expression of en-
dogenous p53 (Figure 32, lane 2 versus lane 1). When co-expressed with RCHY1, this
reduction in p53 expression was further enhanced (lane 4 versus lane 2), suggesting
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that Nsp3 can also enhance RCHY 1-mediated p53 degradation only through endoge-
nous RCHY1.
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Figure 32. Decrease of RCHY1 substrate, p53 by SARS-CoV-2 Nsp3 a.a.1-1363. HEK293
cells were co-transfected with GFP-RCHY 1 or GFP-nt, and pCG1 or pCG1-SARS-CoV-2 Nsp3
a.a.1-1363 plasmids, in a 12-well plate. Cells were harvested 48h post-transfection for Western
blot analysis using anti-p53, anti-GFP and anti-vinculin antibodies. The band intensities were
quantified by ImageJ.

To confirm that Nsp3 enhances RCHY1 and consequently downregulates p53 during
SARS-CoV-2 infection, the endogenous expression levels of RCHY1 and p53 in hu-
man ACE2 transgenic bronchial epithelial cells (BEAS-2B-ACE2) were examined.
These cells were either infected with SARS-CoV-2 or maintained as a non-infected
control group. As shown in Figure 33A, SARS-CoV-2 infection led to the decrease of
endogenous p53, implying that Nsp3 causes p53 reduction via endogenous RCHY1
during SARS-CoV-2 infection in human bronchial epithelial cells. Notably, infection with
HCoV-0C43 lacking the SUD domain did not affect the expression of endogenous p53
(Figure 33B), suggesting that RCHY1-induced p53 degradation enhanced by Nsp3
may be specific to SARS-related viruses. Unfortunately, endogenous RCHY1 expres-
sion in BEAS-2B cells was insufficient for detection by different anti-RCHY1 antibodies.
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Figure 33. SARS-CoV-2 but not HCoV-OC43 infection reduces endogenous p53 expres-
sion. (A) Reduction of p53 by SARS-CoV-2 infection in BEAS-2B-ACE2 cells (a collaboration
with Dr. Zhe Ma and Dr. Gregor Ebert in S3 laboratory). BEAS-2B-ACE2 cells were infected
with SARS-CoV-2 (Wuhan strain) (MOI=1). Cells were harvested 48 hours post infection (h.p.i.)
for Western blot analysis using anti-SARS-CoV-2 nucleocapsid (anti-N), anti-p53 or anti-vin-
culin antibodies. (B) Endogenous p53 protein levels remained unchanged in BEAS-2B-ACE2
cells infected with HCoV-OC43. Cells were infected with HCoV-OC43 (MOI = 0.1) and har-
vested 48 h.p.i. for Western blot analysis using anti-OC43 nucleocapsid (anti-OC43 N), anti-
p53, and anti-vinculin antibodies. The band intensities were quantified by ImageJ.

Furthermore, p63 is another substrate of RCHY1. Full-length p63 was decreased in
the presence of both Nsp3 and RCHY1 (Figure 34).
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Figure 34. SARS-CoV-2 Nsp3 a.a. 1-1363 induces a decrease in p63 levels. HEK293 cells
were transfected with the indicated plasmids and lysed 48 hours post-transfection for Western
blot analysis using anti-Nsp3, anti-GFP, anti-RFP, and anti-vinculin antibodies. The band in-
tensities were quantified by Imaged.

3.6.2 Nsp3 delSGylates p53 and p63

The interaction between p53 and SARS-CoV-2 Nsp3 start (a.a.1-412) in yeast two-
hybrid screening was also observed (Figure 35A). Since p53 and p63 are homologous
proteins [98], whether they bind to Nsp3 in human cells was investigated. The co-IP
assay reveals that both p53 and p63 interact with SARS-CoV-2 Nsp3 (a.a.1-1363)
(Figure 35B).
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Figure 35. Nsp3 interacts with p53 and p63. (A) Interaction between pGADTCg-p53 and
the pGBKT7g-Nsp3 start (a.a.1-412) in yeast two-hybrid assay. (B) Interaction between p53,
p63 and SARS-CoV-2 Nsp3 in co-IP assay. HEK293 cells were transfected with plasmids as
indicated in a 6-well plate. Cells were harvested 48 hours post-transfection for GFP-trap-based

co-IP assay.

The PLpro domain in Nsp3 carries catalytic activity for deubiquitylation and delSGyla-
tion of host proteins [25, 75]. Therefore, whether p53 and p63 could be substrates of
Nsp3 was investigated. Figure 36A revealed that Nsp3 decreased the ISGylation level
of p53 largely. This effect was dependent on the enzyme activity of the PLpro domain

(Figure 36B, lane 2 versus lane 3).
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Figure 36. Reduction of p53 ISGylation by SARS-CoV-2 Nsp3. (A) Plasmids expressing
ISG15-myc, pUbeil (E1), pUbcH8 (E2), Herc5 (E3), p53-GFP and pCG1-SARS-CoV-2 Nsp3
a.a.1-1363 or pCG1 empty vector were co-transfected into HEK293 cells cultured in a 6-well
plate. Forty-eight hours after transfection, cells were harvested and purified by GFP trapping.
The level of ISGylation of p53 was determined by Western blot of the GFP-eluted samples
using an anti-myc antibody. (B) Reduction of p53 ISGylation by the PLpro domain. The indi-
cated plasmids were co-transfected into HEK293 cells cultured in a 6-well plate. 48 h after
transfection, cells were harvested and purified by HA-trap (Thermofisher Pierce™). The IS-
Gylation level of p53 was analyzed by Western blot of the HA eluate samples with anti-myc
antibody. wt: wild type. ca: catalytic mutant, which abolishes the enzymatic activity of PLpro.

In addition, the delSGylation of p63 was observed in the presence of Nsp3 (Figure
37A), This effect was abolished when the catalytic domain of PLpro was mutated (Fig-
ure 37B, lane 3 versus lane 2).
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Figure 37. Reduction of p63 ISGylation by SARS-CoV-2 Nsp3. (A) Indicated plasmids were
co-transfected into HEK293 cells cultured in a 6-well plate. Forty-eight hours after transfection,
cells were harvested and purified by GFP trap. The ISGylation level of p63 was evaluated as
described in Figure 36(A). (B) Reduction of p63 ISGylation by the PLpro domain.

3.6.3 Nsp3 does not deubiquitinate p53 and p63

To explore if p53 and p63 are the substrates for Nsp3 for ubiquitination, the in vivo
ubiquitination assay was performed. As shown in Figure 38A, Nsp3 did not significantly
alter the level of p53 ubiquitination. For p63, expression of Nsp3 alone caused a
marked reduction in p63-GFP (Figure 38B, lane 2 versus lane 1), suggesting that p63
deubiquitination by Nsp3 is unlikely. Furthermore, the in vivo ubiquitination did not
show that p63 was a substrate of Nsp3 for ubiquitination when the band intensity of
ubiquitinated p63-GFP was normalized to the band intensity of p63-GFP due to the
strongly reduced expression of p63-GFP caused by Nsp3 (Figure 38C). Nsp3 reduced
p63-GFP probably through endogenous RCHY1. Therefore, p53 and p63 are sub-
strates of PLpro only for delSGylation, but not for deubiquitination.
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Figure 38. Nsp3 does not mediate the deubiquitination of p53 or p63. (A) Unaltered ubig-
uitination level of p53 in the presence of SARS-CoV-2 Nsp3. HEK293 cells were transfected
with indicated plasmids. The cells were harvested for co-IP 48 hours after transfection. The in
vivo ubiquitination assay was performed as described previously. (B) Reduction of p63-GFP
by SARS-CoV-2 Nsp3 in the presence or absence of RCHY1. HEK293 cells were transfected
with indicated plasmids and harvested 48 hours after transfection for Western blot analysis.
(C) The ubiquitination level of p63 remained unchanged in the presence of SARS-CoV-2 Nsp3.
HEK293 cells were transfected with the indicated plasmids. Forty-eight hours after transfection,
the cells were harvested for co-IP and in vivo ubiquitination assay. The band intensities were
quantified by Imaged.

3.7 P53 and p63 are antiviral restriction factors for human
coronaviruses

3.7.1 P53 inhibits HCoVs replication in BEAS-2B-ACE2 cells

To explore how SARS-CoV-2 benefits from the reduction of p53 and p63 induced by
Nsp3, the effect of p53 and p63 on human coronavirus replication including SARS-
CoV-2 was investigated. BEAS-2B-ACE2 cells stably overexpressing p53 (BEAS-2B-
ACE2 pLenti-p53-0V) or control cells (BEAS-2B-ACE2 pLenti-CMV control) were in-
fected with live attenuated SARS-CoV-2 virus sCPD9 [88, 89].

Overexpression of endogenous p53 was detected by Western blot (Figure 39A). As
shown in Figure 39B, the overexpression of p53 resulted in a reduction of attenuated
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SARS-CoV-2 replication to less than 10%. Further Western blot analysis indicated that
overexpression of p53 results in an undetectable level of SARS-CoV-2 nucleocapsid
protein in the infected cells due to the large suppression of virus replication (Figure
39C). BEAS-2B-ACE2 pLenti-p53-OV and BEAS-2B-ACE2 pLenti-CMV control were
challenged with SARS-CoV-2 virus fused to GFP protein [90]. Overexpression of p53
significantly suppressed SARS-CoV-2 replication 24 h.p.i. (Figure 39D, left). The cell
confluence between these cell lines was comparable (Figure 39D, right). In order to
determine whether p53 exerts an influence on the replication of human coronaviruses
other than SARS-CoV-2, an experiment was conducted in which BEAS-2B-ACE2
pLenti-p53-0OV and control cells were infected with two mild human coronaviruses,
HCoV-NL63 and HCoV-OC43. qPCR analysis demonstrated that the replications of
both HCoV-NL63 and HCoV-OC43 were inhibited to less than 50% by the over-ex-
pression of p53 (Figures 39 E, F).
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Figure 39. P53 functions as a restriction factor that inhibits human coronavirus replica-
tion. (A) Western blot detection of p53 overexpression in BEAS-2B-ACE2 cells. (B) sCPD9
replication in BEAS-2B-ACE2 pLenti-p53-OV cells by gPCR assay. BEAS-2B-ACE2 pLenti-
p53-0OV and control cell lines were infected with attenuated SARS-CoV-2 virus sCPD9 (MOI:
0.0001). Cells were harvested 72 h.p.i. for RNA isolation followed by gPCR using SARS-CoV-
2 virus nucleocapsid-specific probes and primers. (C) sCPD9 replication in BEAS-2B-ACE2
pLenti-p53-0OV cells by Western blot analysis. BEAS-2B-ACE2 pLenti-p53-OV and control cell
lines were infected with attenuated SARS-CoV-2 virus sCPD9 as described in (B). Cells were
harvested at 72 h.p.i. for Western blot analysis. Anti-SARS-CoV-2 nucleocapsid (anti-N) or
anti-vinculin antibodies were used. (D) SARS-CoV-2-GFP replication in BEAS-2B-ACE2
pLenti-p53-0V cells (collaboration with Professor Pichimair S3 laboratory at TUM). Left: BEAS-
2B-ACE2 pLenti-p53-OV and control cell lines were infected with SARS-CoV-2-GFP virus
(MOI=1). GFP signal intensity was measured every 4 hours up to 24 h.p.i. to evaluate virus
replication. Right: Cell viability of the indicated cell lines was evaluated in parallel with the
SARS-CoV-2-GFP infection assay. (E) and (F) Inhibition of seasonal human coronaviruses



Results 69

replication in BEAS-2B-ACE2 pLenti-p53-OV cells by gPCR assay. BEAS-2B-ACE2 pLenti-
p53-0OV and control cells were infected with HCoV-OC43 (MOI=0.1) or HCoV-NL63 (MOI=0.05)
in a 24-well plate. Two hours after infection, the cells were washed twice with DPBS and re-
plenished with a fresh growth medium. At 48 h.p.i., total RNA was extracted and followed by
gPCR analysis using viral-specific probes and primers (n = 3). Statistical analysis was per-
formed using Student's t-test. (mean £ SD, * P < 0.05, ** P < 0.01).

3.7.2 Effect of p63 on HCoVs replication in BEAS-2B-ACE2 cells

In addition, the effect of p63 on human coronavirus replication was investigated. In
BEAS-2B-ACE2 cells, the overexpression of the full-length p63 (Figure 40A) did not
inhibit the replication of the attenuated SARS-CoV-2 sCPD9 virus in gqPCR (Figure 40B)
or Western blot analysis (Figure 40C). Additionally, the overexpression of p63 did not
suppress the proliferation of SARS-CoV-2-GFP (Figure 40D) in BEAS-2B-ACE2 cells.
Interestingly, the replications of both sCPD9 and SARS-CoV-2-GFP were slightly in-
creased. P63 had a weaker inhibitory effect on HCoV-NL63 (Figure 40E), but it sup-
pressed HCoV-OC43 replication to less than half (Figure 40F).
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Figure 40. P63 inhibits mild HCoVs, but not SARS-CoV-2 replication in BEAS-2B-ACE2
cells. (A) Detection of endogenous p63 in BEAS-2B-ACE2 cells by Western blot assay. West-
ern blot of BEAS-2B-ACE2 pLenti-p63-OV and control cells shows the overexpression of en-
dogenous p63. (B) sCPD9 replication in BEAS-2B-ACE2 pLenti-p63-OV cells by gPCR assay.
BEAS-2B-ACE2 pLenti-p63-OV and control cell lines were infected with attenuated SARS-
CoV-2 virus sCPD9 (MOI: 0.0001) as described previously. Cells were harvested for RNA iso-
lation 72 h.p.i. followed by gPCR using SARS-CoV-2 virus nucleocapsid-specific probes and
primers (n=3). Statistical analysis was performed using Student's t-test. (mean + SD, ** P <
0.01). (C) sCPD9 replication in BEAS-2B-ACEZ2 pLenti-p63-0OV cells by Western blot analysis.
BEAS-2B-ACE2 pLenti-p63 OV and control cell lines were infected with SARS-CoV-2 virus
sCPD9 (MOI: 0.0001). 72 h.p.i., the cells were harvested for Western blot analysis using anti-
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SARS-CoV-2 nucleocapsid (anti-N) or anti-vinculin antibodies. (D) SARS-CoV-2-GFP replica-
tion in BEAS-2B-ACE2 pLenti-p63-OV cells (collaboration with Professor Pichimair S3 labora-
tory at TUM). Left: BEAS-2B-ACE2 pLenti-p63-OV and control cell lines were infected with
SARS-CoV-2-GFP virus (MOI=1). The intensity of GFP signals was measured every 4 hours
until 24 hours after infection. Right: Cell viability of the indicated cell lines was assessed in
parallel with the GFP-SARS-CoV-2 infection assay. This experiment was performed in the
Pichlmair lab at TUM. (E) and (F) Detection of replication inhibition of mild human corona-
viruses in BEAS-2B-ACE2 pLenti-p63-OV cells by gPCR assay. BEAS-2B-ACE2 plLenti-p63-
OV and control cells were infected with HCoV-OC43 (MOI=0.1) or HCoV-NL63 (MOI=0.05) as
described previously. Cells were lysed 48 h.p.i. for total RNA extraction followed by gPCR
using virus-specific probes and primers (n=3). Statistical analysis was performed using Stu-
dent's t-test. (mean £ SD, * P < 0.05, ** P < 0.01).

3.7.3 P63 inhibits HCoVs replication in Huh7 cells

To determine whether the effect of p63 on SARS-CoV-2 infection is consistent across
different cell lines, hepatocyte-derived carcinoma Huh7 cells were generated stably
overexpressing p63 (Figure 41A). Figure 41B and Figure 41C illustrated that the over-
expression of p63 inhibited the replication of SARS-CoV-2- derived, attenuated virus
sCPD9 in Huh7 cells. Moreover, p63 had an inhibitory effect on the mild coronaviruses
HCoV-NLG63 (Figure 41D) and HCoV-OC43 (Figure 41E).
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Figure 41. Overexpression of p63 in Huh7 cells suppresses the replication of human
coronaviruses. (A) Detection of p63 overexpression in Huh7 cells by Western blot analysis.
(B) sCPDS9 replication in Huh7 pLenti-p63-OV cells by gPCR assay. (mean + SD, Student’s t-
test, ** P <0.01). (C) sCPD9 replication in Huh7 pLenti-p63-OV cells by Western blot analysis.
Huh7 pLenti-p63 OV and control cells were infected with the SARS-CoV-2 virus sCPD9 (MOI:
0.0001). The cells were harvested for Western blot analysis 72 h.p.i., using anti-SARS-CoV-2
nucleocapsid (anti-N) or anti-vinculin antibodies. (D) and (E) Detection of replication inhibition
of mild human coronaviruses in Huh7 pLenti-p63-OV cells by qPCR assays. Huh7 pLenti-p63-
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OV and control cells were infected with HCoV-OC43 (MOI=0.1) or HCoV-NL63 (MOI=0.05) as
described previously. The cellular RNA was extracted 48 h.p.i. followed by gPCR using viral
specific probes and primers (n=3). (mean £ SD, Student’s t-test, * P < 0.05, ** P < 0.01).

3.8 RCHY1 targets Nsp13 for polyubiquitination

Our previous Y2H and co-IP results showed that SARS-CoV-2 Nsp13 was another
viral protein targeting RCHY 1. The absence of catalytical activity of deubiquitination or
delSGylation in Nsp13 and the failure of Nsp13 to increase the protein level of RCHY1
(Figure 24) imply entirely different consequences of binding between RCHY1 and
Nsp13 compared to binding between RCHY1 and Nsp3. It has been determined that
the RCHY1 protein is a substrate of the protease Nsp3; however, it is not a substrate
of the RNA helicase Nsp13. A ubiquitinomic analysis reveals that the SARS-CoV-2
Nsp13 protein can be ubiquitinated by host proteins [99]. Given that RCHY1 functions
as an E3 ligase capable of targeting multiple host proteins for polyubiquitination, it was
investigated whether RCHY1 could also target the SARS-CoV-2 protein Nsp13. The in
vivo ubiquitination assay combined with RFP-trap based co-IP has demonstrated that
RCHY1 induces further ubiquitination of Nsp13 (Figure 42A, lane 2 versus lane 3).
Furthermore, the RING finger domain of RCHY1, which possesses E3 ubiquitin ligase
activity (RCHY1-RING-del) [38], was deleted. As evidenced in Figure 42B, RCHY1
enhanced the ubiquitination level of Nsp13. However, in the absence of the RING-
finger domain, RCHY1 exhibited a partial loss of its capacity to ubiquitinate Nsp13
(compare lanes 2 and 3).
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Figure 42. RCHY1 ubiquitinates Nsp13. (A) RCHY1 increases the ubiquitination of Nsp13.
The indicated plasmids were co-transfected into HEK293 cells. Forty-eight hours after trans-
fection, cells were treated with 10 uM MG132 for 4h. Cells were then lysed and purified by
RFP trapping. The ubiquitination level of Nsp13 was analyzed by Western blot on the RFP-
eluted samples using an anti-myc antibody. (B) Reversal of Nsp13-enhanced ubiquitination
caused by RCHY1 by the deletion of the RCHY1 catalytic domain. The in vivo ubiquitination
assay was performed as described in (A). RCHY1-RING-del: RCHY 1 without RING finger do-
main.

Ubiquitin molecules can form polyubiquitin chains by linking through any of the seven
lysine residues present in ubiquitin (K6, K11, K27, K29, K33, K48 and K63). It is note-
worthy that different linkages can have different functions [100]. K48 and K63 are two
common and well-characterized linkage types. In order to investigate the nature of
Nsp13 ubiquitination induced by RCHY1, an in vivo ubiquitination assay was per-
formed using either wild-type (WT) ubiquitin or ubiquitin variants in which K63 or K48
were substituted with arginine (myc-Ub-K63R, myc-Ub-K48R). The band intensity of
ubiquitinated RFP-SARS-CoV-2 Nsp13 was normalized to that of the ubiquitinated en-
dogenous protein due to the variations in ubiquitin variant expression levels. As shown
in Figure 43, a reduction in K63-linked ubiquitin chains of Nsp13 was observed in cells
transfected with myc-Ub-K63R, but not in cells transfected with myc-Ub-K48R. This
result suggests that the ubiquitination of Nsp13 induced by RCHY1 is predominantly
of the K63 subtype. In addition, the K48-linked polyubiquitination mediates the target
protein degradation [101]. Our previous result has demonstrated that the overexpres-
sion of RCHY1 does not result in a reduction of Nsp13 protein levels, which also sug-
gests that the linkage type of Nsp13 ubiquitination caused by RCHY1 should be K63
rather than K48.
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Figure 43. Decrease of Nsp13 ubiquitination by the mutation of K63 to R in ubiquitin.
HA-fused RCHY1 and RFP-fused Nsp13 were co-transfected with wild-type ubiquitin or two
ubiquitin variants fused to the myc tag. The in vivo ubiquitination assay was performed as
described previously. The intensity of band quantification was analyzed using ImageJ to cal-
culate the ratio of ubiquitinated RFP-SARS2 Nsp13 to ubiquitinated endogenous protein and
ratios were shown as 0, 1.29, 1.49 and 0.42.

In order to verify the hypothesis that modification of Nsp13 with K63 polyubiquitination
catalyzed by RCHY1 may favor the virus, a Nsp13-targeting compound, EIS-10700
[70], which clearly disturbed Nsp13 ubiquitination by RCHY1 (Figure 44A), was applied
for viral inhibition assay. As a result, the attenuated SARS-CoV-2 sCPD9 viral replica-
tion was suppressed by this compound to approximately 25% (Figure 44B), which in-
dicates that K63 ubiquitination of Nsp13 facilitates viral replication. In conclusion,
Nsp13 is the substrate of RCHY 1 for K63-linked polyubiquitination, which in turn favors
viral replication.
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Figure 44. The Nsp13-targeting compound EIS-10700 reduces Nsp13 ubiquitination me-
diated by RCHY1 and suppresses the replication of the attenuated SARS-CoV-2 virus.
(A) The indicated plasmids were co-transfected into HEK293 cells cultured in a 6-well plate.
Following a 4-hour period of transfection, the cells were treated with 20 uM of the Nsp13-
targeting compound EIS-10700 or with the same volume of DMSO. The cells were harvested
for an in vivo ubiquitination assay 48 hours after the transfection process, as previously de-
scribed. (B) Left: BEAS-2B-ACE2 cells were infected with attenuated SARS-CoV-2 virus
sCPD9 (MOI: 0.0001). The cells were washed twice with DPBS 2 h.p.i. and supplied with fresh
growth medium containing 20 yM EIS-10700 or DMSO. The cells were harvested for RNA
isolation 48 h.p.i., followed by gPCR using specific probes and primers for the SARS-CoV-2
virus nucleocapsid (n=3). Right: the cell viability of BEAS-2B-ACE2 cells treated with 20 yM
EIS-10700 or DMSO for 48 hours. (n=5). (mean + SD, Student’s t-test, ** P < 0.01, ns: not
significant).

3.9 The effect of co-expression of Nsp13 and RCHY1

3.9.1 Co-expression of Nsp13 and RCHY1 does not influence IFN-B signaling

It is reported that Nsp13 can influence type | IFN signaling [102, 103] and NF-kB sig-
naling [104] in the host. To explore if the interaction of Nsp13 and RCHY1 influenced
the Nsp13-mediated signaling pathway, a firefly luciferase assay to assess the activa-
tion of the IFN-3 promoter was performed initially. Figure 45 showed that Nsp13 inhib-
ited IFN-f luciferase reporter activity significantly (bars 1 and 2). However, in the pres-
ence of RCHY1, the IFN- activity remained unchanged (bars 3 and 4).
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Figure 45. Co-expression of Nsp13 and RCHY1 does not alter IFN-B activity. HEK293
cells were transfected with myc empty vector or myc-fused RCHY 1, HA-YFP°¢ empty vector or
HA-YFP°-fused Nsp13 together with IFN-B-firefly-luc and CARD in a 48-well plate. Twenty-four
hours after transfection, cells were harvested for firefly luciferase assay (n=5). (mean + SD, 2-
way ANOVA, *** P < 0.001, ns: not significant).

3.9.2 Nsp13 inhibits NF-kB pathway in the presence of RCHY1

Besides, whether RCHY1 or ubiquitination catalyzed by RCHY1 has an effect on
Nsp13-mediated NF-kB inhibition was investigated. As demonstrated in Figure 46A,
only in the presence of RCHY1 did Nsp13 significantly reduce the luciferase activity of
pELAM firefly luciferase, the reporter of the NF-kB signaling pathway [86]. Additionally,
the mRNA level of tumor necrosis factor-alpha (TNFa), the target gene that can be
induced by NF-kB signaling pathway [105], was decreased when RCHY1 and Nsp13
were co-transfected (Figure 46B). These results indicate that Nsp13 downregulates
the NF-kB pathway only in the presence of RCHY 1.
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Figure 46. Nsp13 inhibits the NF-kB pathway in the presence of RCHY1. (A) Inhibition of
NF-kB signaling by co-expression of Nsp13 and RCHY1. To activate NF-kB signaling, the re-
porter pELAM-firefly luciferase and the plasmid pcmv4-p65 overexpressing p65 were co-trans-
fected with indicated plasmids into HEK293 cells seeded into a 96-well plate. The level of
luciferase activity was determined 24 hours post-transfection. The Firefly luciferases of each
group were normalized to the HA-YFP® empty + myc empty vector group (n=5). (B) Inhibition
of endogenous TNF-a mRNA by co-expression of Nsp13 and RCHY1. HEK293 cells were
transfected with indicated plasmids. Three hours after transfection, cells were infected with
SEV (50 HAU/mI) to induce the NF-kB pathway. 24 hours after transfection, cells were har-
vested for RNA isolation followed by qPCR. TNF-a mRNA was normalized to B-actin (n=3).
(mean = SD, 2-way ANOVA, *P < 0.05, **P < 0.01).

3.9.3 The presence of RCHY1 does not influence the subcellular localization of
Nsp13

It has been reported that K63 linkage ubiquitination influences the subcellular localiza-
tion of the target proteins [106, 107]. Therefore, whether the presence of RCHY altered
the subcellular localization of Nsp13 was explored. As shown in Figure 47, GFP-Nsp13
was located in both nuclear and cytosol when it was co-expressed with RFP empty
vector control. In the presence of RCHY1, the subcellular localization of GFP-Nsp13
remained relatively unchanged compared with the empty vector group.
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Figure 47. RCHY1 does not alter Nsp13 subcellular localization. HEK293 cells were trans-
fected with plasmids encoding GFP-SARS-CoV-2 Nsp13 together with RFP-nt or RFP-RCHY1.
Forty-eight hours after transfection, cells were fixed with 4% PFA for 15 minutes and observed
with a fluorescence microscope (Leica DM4000 B, 20xobjective). Scale bar: 150 pm.
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4. Discussion

4.1 The mechanism of how Nsp3 stimulates RCHY1 protein
expression

In SARS-CoV, the Nsp3 subdomains SUD and PLpro stimulate RCHY1 accumulation
[42], but the underlying mechanism remains unknown from our previous study. Here,
the mechanism by which SARS-CoV-2 Nsp3 enhances RCHY1 expression is identified.
Ribopuromycylation assay suggests that Nsp3 enhances the newly generated RCHY 1.
In addition, Nsp3 stabilizes RCHY1 in the CHX-chase assay and the PLpro domain of
Nsp3 inhibits RCHY1 polyubiquitination for RCHY further degradation. Thus, RCHY1
enhancement occurs through two key aspects: First, Nsp3 increases RCHY1 protein
translation. Second, Nsp3 suppresses the degradation of the RCHY1 protein. SUD is
absent from catalytic deubiquitination activity but possesses RNA-binding capabilities
and forms a complex with PAIP1 and PABP, both of which are crucial for translation
initiation, to stimulate translation [73, 95, 108]. It is hypothesized that SUD is attributa-
ble to the elevated protein biosynthesis of RCHY1 by recruiting additional translation
factors. Therefore, SUD alone also induces RCHY1 expression (Figure 23) without
being able to reduce the ubiquitination level of RCHY1 (Figure 29).

In addition, the in vivo ubiquitination assay shows that PLpro deubiquitinates RCHY 1,
which is dependent on its catalytic activity. The mutation in the catalytic domain of
PLpro leads to a reduced increase in RCHY1 protein levels (Figure 30). Therefore, the
reduction in RCHY1 protein degradation is at least partly due to the deubiquitinating
activity of PLpro within Nsp3. A slight increase in the RCHY1 protein level was ob-
served in the PLpro ca group in comparison with the empty vector group. Furthermore,
PLpro ca still displays a binding affinity for RCHY1 (Figure 29). Therefore, the binding
between PLpro ca and RCHY 1 might disturb the interaction of other E3 ligases target-
ing RCHY1 to decrease RCHY1 protein degradation and stabilize RCHY1.

4.2 The role of p53 and p63 in virus replication

421 P53

Several studies have shown that p53 functions as a host restriction factor against coro-
naviruses. Porcine Epidemic Diarrhea Virus (PEDV) is a highly contagious enteric
pathogen of the coronavirus family. The PEDV N protein can recruit the E3 ubiquitin
ligase COP1, inhibiting COP1 self-ubiquitination and protein degradation. This process
enhances COP1-mediated degradation of p53, effectively abolishing p53 activity [109].
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The PLP2 domain of non-structural protein 3 from the human coronavirus NL63 stabi-
lizes the E3 ubiquitin ligase MDM2, leading to the degradation of its target, p53. As a
result, the p53-mediated innate immune response is inactivated during NL63 infection
[110]. In previous research, our laboratory demonstrated the successful inhibition of
p53 on SARS-CoV [42]. However, it remains unclear whether p53 functions as an an-
tiviral factor against SARS-CoV-2 and the specific molecular mechanisms involved.
This work identifies the interaction between SARS-CoV-2 Nsp3 and RCHY 1. As a re-
sult, Nsp3 facilitates the increase in RCHY1 protein expression, thereby promoting the
degradation of its target, p53. Direct evidence for p53 inhibition of SARS-CoV-2 repli-
cation in human bronchial epithelial cells is provided, which is one of the first studies
to our knowledge. It would have been desirable to confirm the effect of Nsp3 on p53 in
the RCHY1 knockout cell line. Unfortunately, the construction of this cell line was not
successful due to the low expression of endogenous RCHY1, which cannot be de-
tected by a variety of RCHY 1 antibodies.

The reason why p53 performs antiviral activity is not fully understood. The underlying
mechanism is most likely attributable to the function of p53 as a transcription factor,
which has been demonstrated to induce the expression of genes involved in host de-
fense responses such as Interferon regulatory factor 7 (IRF7), which can mediate IFN-
B expression [111]. In addition, p53 has the ability to induce apoptosis by activation of
the pro-apoptotic proteins PUMA and NOXA [112]. The deficiency of the regulation of
the apoptotic process has been demonstrated to facilitate viral infection [113]. For in-
stance, Cytomegalovirus protein UL38 plays a pivotal role in the inhibition of apoptosis
induced by ER stress during virus infection. UL38 has been shown to suppress the
activation of c-Jun N-terminal kinase, and then enhance the expression of anti-apop-
totic BCL-2 and decrease pro-apoptotic BH3 indirectly [114, 115]. Therefore, it is hy-
pothesized that the reduction in p53 triggered by SARS-CoV-2 infection can prevent
cells from undergoing apoptosis, thereby facilitating virus replication.

4.2.2 P63

In addition to p53, another substrate of RCHY1, full-length p63, was observed to be
regulated by Nsp3. Both p63 and p53 are members of the p53 transcription factor fam-
ily, the DNA binding domains of p63 and p53 share 65% sequence identity [98], indi-
cating that they can bind to similar DNA sequences and regulate overlapping sets of
target genes. p63 has the ability to induce cellular senescence and suppress sarcoma
development like p53 [62], suggesting that p53 and p63 may have similar functions in
cellular progression or tumor development. However, little is known about the role of
p63 in virus replication, especially in RNA viruses. This study suggests that p63, like
p53, can inhibit mild human coronavirus infection. It has been shown that p63 can
target and upregulate the expression of the vitamin D receptor (VDR) [116], which



Discussion 80

plays a critical role in regulating anti-inflammatory responses [117], which may explain
how p63 suppresses the replication of mild human coronaviruses. The effect of p63 on
the SARS-CoV-2 varies between cell lines, and the reason for this is not yet clear.

Unlike p53, p63 exists in multiple isoforms, which can exhibit opposing functions. For
instance, ANp63, which lacks the N-terminal transactivation domain [118], contributes
to cancer development, whereas the full length of p63 (TAp63) functions as a tumor
suppressor, similar to p53 [119]. The role of ANp63 and TAp63 might also be different
in coronaviruses. ANp63 was observed to inhibit double-strand RNA sensing and sup-
press the induction of antiviral interferon regulatory factor 1 (IRF1) signaling [120, 121],
which suggests that ANp63 might facilitate virus replication. It is important to note that
basal cells of the normal human epithelium which include the epidermis, strongly ex-
press p63 proteins, predominantly the ANp63 isotype. The ratio of ANp63 to TAp63 is
approximately 100:1 [122]. Therefore, it is hypothesized that the ANp63 isotype is more
abundant in BEAS-2B cell line which is human epithelial cell, while hepatocytes such
as Huh7 cells might express lower levels of ANp63. Although the construction of p63
overexpressed cell line was performed using the pLenti CMV plasmid expressing
TAp63, the expression level of TAp63 might not be abundant compared with that of
ANp63 in the BEAS-2B cell line. Given that ANp63 and TAp63 exhibit opposing func-
tions, it is important to determine the relative abundance of these isoforms in different
cell lines. Furthermore, the observed variations could be due to other factors such as
different ACE2 receptor expression and basal RCHY 1 levels in different cell lines.

Another explanation might be that although SARS-CoV-2 Nsp3 reduces p63 via
RCHY1 from my result, it cannot be excluded the possibility that other SARS-CoV-2
proteins might increase or utilize p63 to facilitate their replication during SARS-CoV-2
infection.

4.3 P53, p63 and RCHY1 are SARS-CoV-2 Nsp3 substrates for
delSGylation

A common mechanism by which viral proteases modulate innate immune pathways
involves the antagonism of ubiquitin and ubiquitin-like modifications [123, 124]. ISG15,
a ubiquitin-like (Ubl) modification, is upregulated in response to viral infection [125].
Furthermore, ISGylation of various proteins associated with antiviral defense, including
IRF3 [126], STAT1 [127], and MDAS5 [27], has been observed to potentiate immune
response signaling.

The removal of ISG15 is facilitated by a limited number of cellular enzymes, allowing
this modification to act as a virus-induced danger signal and positively regulate viral
infection [26]. Research has shown that the HCMV tegument protein UL26 is critical
for evading ISG15-associated antiviral responses by inhibiting protein ISGylation [51].
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In addition, OTU domain-containing proteases from Crimean Congo haemorrhagic fe-
ver virus (CCHFV) exhibit a function analogous to PLpro, facilitating the reduction of
ISGylated proteins. The OTU domain counteracts the protective effect of ISG15 in mice
[128]. In SARS-CoV-2, PLpro was reported to significantly reduce the activation of the
interferon response, a process dependent on the delSGylation activity of PLpro [25].
Only a limited number of host proteins have been identified as substrates of SARS-
CoV-2 PLpro. Our results show that SARS-CoV-2 PLpro delSGylates the host proteins
p53 and p63, which have antiviral effects against human coronaviruses. ISGylation of
p53 has been demonstrated to enhance p53 transactivity and promote the expression
of p53-induced genes, as well as apoptosis [129]. Hence, it is speculated that the de-
ISGylation of p53 caused by SARS-CoV-2 Nsp3 might impair the transcriptional induc-
tion of p53-induced genes crucial for host defense. DelSGylation of p63 might have
similar consequences in support of the virus. Furthermore, the delSGylation of p53 and
p63 can increase their availability for their ubiquitination by RCHY1. In this way, the
virus can cause maximal degradation of p53 and p63.

In addition, RCHY1 is identified as the substrate of PLpro in this study, as RCHY1 can
be deubiquitinated and delSGylated by PLpro, which is dependent on the activity of
the PLpro catalytic domain. Our research is one of the first to show that the human E3
ligase RCHY1 can serve as a direct substrate for SARS-CoV-2 PLpro. The influence
of delSGylation of RCHY1 by PLpro remains unclear. Whether this modification affects
RCHY1 turnover, the E3 ligase activity of RCHY1, and its regulation of substrates re-
mains unknown and requires further research.

4.4 RCHY1 targets Nsp13 for K63-linked ubiquitination

The role of post-translational modifications in SARS-CoV-2 proteins is of considerable
importance but remains largely unknown despite previous research [90]. In this study,
the interaction between RCHY1 and another non-structural protein Nsp13 which is an
RNA helicase that is highly conserved among SARS viruses [130], was discovered. As
a result, RCHY1 increases the level of ubiquitination of Nsp13, a process that depends
on the E3 ligase activity of RCHY 1. Since RCHY1 does not reduce the protein expres-
sion of Nsp13, and considering that K63-linked ubiquitination is typically non-degrada-
tive, it is speculated that K63 is the primary linkage type for Nsp13 ubiquitination in-
duced by RCHY1. This was confirmed by an in vivo ubiquitination assay using the
K63R mutant. K63-linked ubiquitination affects (1) the protein interaction between
Nsp13 and other SARS-CoV-2 proteins and (2) the enzyme activity of Nsp13. As
Nsp13 is a helicase, to confirm this, Nsp13 and RCHY1 can be purified and the in vitro
enzyme activity assay can be designed to exclude the disruption of other host proteins
in future study. (3) the SARS-CoV-2 virus replication. The envelope protein (E) of Zika
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virus (ZIKV) is polyubiquitinated by the human E3 ubiquitin ligase TRIM7 via K63-linked
polyubiquitination. This modification enhances ZIKV replication both in cells and in vivo
[131]. In SARS-CoV-2, the mutation of three specific sites on the spike protein (K310R,
K986R, and K1028R), which prevents further ubiquitination, can inhibit spike protein
cleavage and reduce the infection of SARS-CoV-2 pseudoviruses [99]. Therefore, it is
speculated that RCHY 1-induced ubiquitination of Nsp13 may play a role in SARS-CoV-
2 replication. The result of this study has demonstrated that the Nsp13-targeting com-
pound disturbing K63-linked ubiquitination of Nsp13 by RCHY1 suppresses SARS-
CoV-2 attenuated virus sCPD9 replication, which supports our hypothesis. To confirm
this, future work will focus on the identification of the specific lysine sites in Nsp13 that
can be ubiquitinated by RCHY1. The subsequent mutagenesis of these sites within the
SARS-CoV-2 genome will provide valuable insights into their influence on virus repli-
cation and virulence.

4.5 The role of co-expression of Nsp13 and RCHY1 in NF-kB
pathway

The NF-kB signaling pathway is crucial for mediating host defense mechanisms

against microbial pathogens. To attenuate host inflammatory and immune responses,

some viral proteins evolve strategies to suppress the NF-kB pathway and facilitate viral

replication [132]. For example, the F317L protein of the African swine fever virus (ASFV)
interacts with IkB kinase 8 (IKKB) and inhibits its phosphorylation, leading to a subse-

quent reduction in both the phosphorylation and ubiquitination of IkBa, thereby enhanc-

ing its stabilization [133]. In human coronavirus, the membrane (M) protein of SARS-
CoV interacts with IKKB, a key regulatory kinase that triggers NF-kB activation, thereby
inhibiting TNFa-induced NF-kB activation, which may facilitate SARS pathogenesis

[134]. In addition, SARS-CoV and SARS-CoV-2 PLpro reduce nuclear p65 levels and

suppress the NF-kB signaling pathway in A549 cells [25]. The results in this study
demonstrate that only in the presence of RCHY1, SARS-CoV-2 Nsp13 can inhibit NF-
kB signaling and the downstream target TNFa, which suggests Nsp13 utilizes RCHY1

to further inhibit the NF-kB pathway, thereby antagonizing the host defense.

My findings suggest a novel regulatory mechanism where SARS-CoV-2 Nsp13 inhibits
NF-kB signaling through RCHY 1, rather than directly targeting IKK( or p65 as seen in
other viral proteins. Unlike the F317L protein of ASFV and SARS-CoV M protein, which
interact with IKKB to prevent its activation, Nsp13 appears to exploit host protein
RCHY1 to modulate NF-kB signaling. This suggests that SARS-CoV-2 may have
evolved a more complicated mechanism to evade host immunity, potentially offering
new insights into viral pathogenesis.
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Moreover, these findings give rise to the intriguing possibility that targeting the Nsp13-
RCHY1 interaction could serve as a novel therapeutic strategy for COVID-19. Future
studies should investigate whether disrupting this interaction can restore NF-kB acti-
vation and enhance antiviral immune responses. Additionally, given the role of RCHY1
in protein ubiquitination, further exploration of its broader regulatory network may re-
veal new insights into viral immune evasion strategies and potential drug targets.

4.6 The relationship between SARS-CoV-2 infection and tumor
initiation

It has been demonstrated that oncovirus infection causes 15-20% of human cancers

worldwide [135]. Several viruses have been shown to promote tumorigenesis in hu-

mans, such as DNA viruses HPV [136], hepatitis B viruses [137], Epstein-Barr virus

[138], and RNA virus hepatitis C viruses [139], human T-cell leukemia virus 1 (HTLV-

1) [140]. The Tax protein of HTLV-1 has been observed to activate cellular proto-on-

cogenes, including c-Myc and facilitates the development of adult T-cell leukemia/lym-
phoma [141].

This study has demonstrated that infection of normal human bronchial epithelial cells
BEAS-2B-ACE2 with SARS-CoV-2 results in a decline in the level of tumor suppressor
p53. This observation indicates a possible association between SARS-CoV-2 infection
and the induction of tumor formation in non-cancerous cells. In addition, the delSGyla-
tion of p53 by Nsp3 has been shown to enhance this possibility, given that ISGylation
of p53 has been demonstrated to suppress tumourigenesis [129]. It’s important to note
that RCHY1 has been reported as an oncogene in human non-small cell lung carci-
noma cells. The elevated expression of the RCHY1 is significantly associated with a
poor survival rate in patients diagnosed with lung cancer [142]. Therefore, it is hypoth-
esized that during SARS-CoV-2 infection, Nsp3 decreases the tumor suppressor p53
via the stimulation of oncogene RCHY1. This mechanism might be similar to how HPV
infection suppresses p53. The HPV EG6 protein has been observed to bind to the host
protein E6-AP to form a complex. This E6-E6-AP complex functions as an E3 ligase,
which could target p53 for rapid ubiquitin-dependent degradation [143].

Since SARS-CoV-2 has become a seasonal virus, for patients who are infected with
SARS-CoV-2 frequently or with long COVID, the persisting reduction of p53 might in-
crease the risk of lung cancer initiation.
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4.7 Conclusion

In conclusion, the results of this work indicate that SARS-CoV-2 Nsp3 increases
RCHY1 protein expression not only by increasing RCHY 1 translation but also decreas-
ing RCHY1 protein degradation. The enhanced RCHY1 counteracts the antiviral fac-
tors p53 and p63. Moreover, the delSGylations of p53 and p63 caused by Nsp3 are
speculated to compromise the transcriptional induction of p53 and p63-induced genes
which are important for host defense.

In addition, in the context of RCHY1 being increased by Nsp3, another SARS-CoV-2
protein Nsp13 is further ubiquitinated via K63-link by RCHY 1. The presence of RCHY1
or K63 ubiquitination of Nsp13 caused by RCHY1, has been demonstrated to inhibit
the NF-kB pathway, thereby counteracting the host immune response (Figure 48). Our
research contributes to a deeper understanding of the pathogenesis of SARS-CoV-2
and paves the way for the exploration of new therapeutic targets against SARS-CoV-

2 infections.
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Figure 48. Schematic illustration of how SARS-CoV-2 Nsp3 and Nsp13 exploit RCHY1 to
suppress antiviral defense. Left: The signaling model of how Nsp3 counteracts the effects
of viral inhibitors p53 and p63. Upon infection with SARS-CoV-2, Nsp3 stimulates RCHY1 pro-
tein expression, leading to the degradation of the RCHY1 substrates p53 and p63. These are
antiviral factors against coronaviruses. The reduction of these antiviral factors by Nsp3 has
been demonstrated to reduce anti-inflammatory factors and apoptosis, thereby facilitating virus
replication. In addition, Nsp3 delSGylates p53 and p63, which may also play a role in antago-
nizing host defenses. The delSGylation of p53 and p63 enhances their availability for RCHY1
to make the mechanism that RCHY1 degrades p53 and p63 optimal. Right: The proposed
mechanistic model of how SARS-CoV-2 Nsp13 suppresses the NF-kB pathway. Nsp13 is tar-
geted by RCHY1 for K63-linked ubiquitination and inhibits the NF-kB pathway. (Created with
BioRender).
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