





Tabl e of cont ent

LK1 o] (o)l ole] 1 (=7 o | APPSO PPPPRPPPP 3
Abstract (ENgliSN): ..o 8
LISt Of fIQUIES s 9
LiSt OF taBDIES .. 11
List of abbreviations .......ooooiiiiii 12
1. oo 18T ox 1o T o ISR 14
1.1 HCoVs emerging and developing hisStory .........ccccoeeeeeeeiiiiiiiiiieneeeenn, 14
1.2 Background on SARS-CoV-2 and Its Proteins.........cccccevvvvvvvinnnnnnn. 15
1.3 The Role of ORF3a in Viral Pathogenesis ...........ccccceevvvviviiiiiineeenn, 16
1.4  Protein Translation and Its Regulation in Viral Infections................. 17
1.5 Antiviral Pathway Activation (p53, p65, and IFN-Q) .......................... 19
1.6 Antigen Presentation and Immune Evasion ..........ccccccevvviiiiiinnnnnnnn. 21
1.7 The Role of Viral Proteins in Viral Pathogenesis................c...cc........ 21
1.8 Significance of the Study...........ccccoiiiiii 22
2. Material and MethOdS  ..........uuuiiiiiiiiiiiiiiiiiieiii e 23
2.1 MALEIIAL ... e 23
2.1.1 Chemicals and consSUMAabIES .........ccceeeiiiiiiiiiiiiiiee e 23
2.1.2 Commercial Buffers and Medium..............oouiiiiinieeeeieicee e 24
2.1.3 SOIUtIONS ProtOCOL ... ..iiiieeiieeeeeicie e e e e e eeeeees 24
2.1.4 List Of ANtIDOAIES.......oiii i 26
2.1.5 Commercial ASSAY KitS.........ccuuiiiiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeee e 27
2.1.6 CloniNg PIIMEIS ....ccooviiiiiiiiiiiiiiii e 28
2.1.7 RT-gPCR PIMEIS ...coiiiiiiiiiiiiiiiiiiieeieeee et 30
2.1.8 Oligo and Probe SeqUENCES ...........ccviiiiiiiiiiiiiiiiiiiiiieiieeeeeeeeeeeeeeeee 30
2.1.9 GATEWAY Compatible VECIOrS...........cuuvviiiiiiiiiiiiiiiiiiiiiiiiiiiiiieee, 30
2.1.10Information on the Plasmids.........ccccceeiiviiiiiiiiiie e 31
2.1.11Stable Cell Lines Constructed in This Study ..........cccovvvveiiiiiiiiinnnnnn. 34
2.1, 12 SOMWAIES ... eeeeeeeeee et e e e e e e aaaaaees 34
2.2 METNOAS ... 34
2.2.1 Cell CUIUIE ... e 34
2.2.2 Molecular CloNiNg ........oieiiiiie e 35
2.2.2.1 GATEWAY ClONING ..ciiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeee e 35
2.2.2.2 Restriction ENzyme ClONINgG ........cuvviiiiiiiiiiiiiiiiieiiiiiieiiiieeeeieneeneeee 35
2.2.3 Attenuated SARS-CoV-2 sCDP9 Virus Preparation......................... 36

2.2.4 Competent Cells Preparation ................eeeeeveeeieieeieeiiiiieeiieeieeeieeeeeenne. 36



A T I - 1 1) (<11 o ] o IR 37

2.2.6 Transduction and INfECHION............cuuiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeieeeeeeeeeeee 37
2.2.7 Cell TreatMeNTS....cccvviiiiiiiiiiieieeeeeee e 38
2.2.8 Protein Extraction and Western BIOttiNg............cccevvvvviviiciiiieceeeeeenns 38
2.2.9 Fractionation @SSAY .........cccevevrruuuuiiieeeeeeeeeiiiiisseeeeeeeeeesesnnnaaaeeeeeennnn 38
2.2.10Co-immunoprecipitation (Co-1P) ASSAY ........ceveeeeeeeeereiiiiiiiiieeeeeeeennnns 39
2.2.11RNA Extraction and RT-gPCR .......ccccooiiiiiiiiieceeeeeeeeen e 40
2.2.12Immunofluorescent StaiNiNg.........ccoveeeeeeiieeiiiiiie e e 40
2.2 13FIOW CYtOMELIY .oevieiiiie e eeee et e e e e e e et e e e e e eeeeanes 40
2.2.14RNA-Protein PUrifiCation ..........cccccoviiiiiiiiiiiiiiieeeeeeeeeeeeee 41
2.2.15Fluorescence in Situ Hybridization (FISH) Assay...........cccceeeeeeeeenne.. 42
2.2.16Luciferase REPOMEr ASSAYS .........ceieeeeeeiiiiiiiiiiiie e e eeeeeeeera e e e e eeeeeas 43
2.2.16.1 Renilla LUCITEIaSe.......ccuvviiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeee e 43
2.2.16.2 Firefly LUCITErase........ccooviiiiiiiiiee e 43
2.2.16.3 NanoLuc Two-Hybrid (N2H) ..o 43
2.2.17Statistical analySiS...........cuviiiiiiiiiiiiii 43
3. RESUIES e 44
3.1 SARS-CoV-2 suppresses host protein translation ........................... 44
3.2 SARS-CoV-2 ORF3a regulates host protein translation................... 46
3.2.1 SARS-CoV-2 ORF3a expression and cellular localization ............... 46
3.2.2 SARS-CoV-2 ORF3a downregulates the translation of host cell

1 (0] (1] 1SR 48
3.2.3 SARS-CoV-2 ORF3a leads to mRNA nuclear accumulation............ 51
3.2.4 SARS-CoV-2 ORF3a binds with RBPS ........ccccvvviiiiiiiiiiiiiiiiiiiiieeee 52
3.2.5 SARS-CoV-2 ORF3a interferes with the function of mMRNA export

7= 103 0] =S 54
3.2.6 SARS-CoV-2 ORF3a affects binding between mRNA and RBPs .... 57
3.3 The function of truncates of SARS-CoV-2 ORF3a........ccccccvvvvvvenneee. 58
3.3.1 SARS-CoV-2 ORF3a truncation expression and subcellular

[oTor= 11742 11 (0] o S 58
3.3.2 SARS-CoV-2 ORF3a truncations regulate mRNA nuclear export and

host protein translation..................ciiiiiiiie e 59
3.3.3 SARS-CoV-2 ORF3a truncations interact with RBPS....................... 60
3.3.4 SARS-CoV-2 ORF3a binds with subdomains of RBPs.................... 61
3.4 SARS-CoV-2 ORF3a binds with Nup family proteins....................... 63
3.4.1 SARS-CoV-2 ORF3a disrupts interaction between Nup62 and

NXFléE € 6 6 € E€EEEEEEEEEEE i, 64
3.4.2 Overexpression of Nup62 rescues ORF3a-mediated translational

INNIDITION ... e 66
3.5 SARS-CoV-2 ORF3a does not influence the translation process in

thE CYLOSO .. 68

3.6 SARS-CoV-2 ORF3a regulates antiviral pathways .......................... 69



3.6.1 SARS-CoV-2 ORF3a suppresses activation of antiviral pathways... 69
3.6.2 SARS-CoV-2 ORF3a induces partial cytoplasmic re-localization of

PO e —————— 71
3.6.3 SARS-CoV-2 ORF3a disturbs the TRIM25-mediated ubiquitination of
RIGHT s 72
3.6.4 SARS-CoV-2 ORF3a disrupts the interaction between TRIM25 and
RIG-I, but NOt With MAVS ... 74
3.7 SARS-CoV-2 ORF3a regulates host cell antigen presentation ........ 76
3.7.1 SARS-CoV-2 ORF3a binds to HLA-I family proteins........................ 76
3.7.2 SARS-CoV-2 ORF3a blocks the transfer of HLA from the cytosol to
thE SUIMACE ... e 78
3.8 Replication of SARS-CoV-2 is dependent on the viral protein ORF3a
and the host protein ALY/REF. ..o 80
3.8.1 Knockdown of ORF3a inhibits SCPD9 replication ............................ 80
3.8.2 ALY/REF KO inhibits host cell translation and virus replication ....... 81
4. DISCUSSION ...ttt s 84
4.1 Perception of SARS-COV-ORF3a ........cuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeee 84
4.2 SARS-CoV-2 ORF3a regulates host translational function .............. 84
4.2.1 SARS-CoV-2 ORF3a leads to mRNA nuclear accumulation............ 84
4.2.2 SARS-CoV-2 ORF3a disrupts mRNA nuclear export without affecting
cytoplasmic tranSIation...........coove e iiiiiieiiee e 86
4.2.3 Nup62 overexpression alleviates ORF3a-mediated inhibition of
MRNA transIation ... 87
4.3 SARS-CoV-2 ORF3a regulates immune response ............cc.eeveeeeee. 89
4.3.1 SARS-CoV-2 ORF3a suppresses p53 transcriptional activity .......... 89
4.3.2 SARS-CoV-2 ORF3a suppresses antiviral pathway activation by
disrupting TRIM25-mediated deubiquitination of RIG-I .................... 90
4.3.3 SARS-CoV-2 ORF3a disturbs the antigen presentation .................. 91
4.4  The influence of viral protein ORF3a and human proteins on the
replication of SARS-COV-2.........coiiiiiiiiiiieeiie e 92
4.4.1 SARS-CoV-2 ORF3a regulates SARS-CoV-2 replication ................ 92
4.4.2 SARS-CoV-2 replication relies on ALY/REF ..........ccoooeeeiieiiiviiininnnn. 92
5. (@] 1] 11153 (] o SRR 93
RETEIENCES ... 95
ACKNOWIEAGEMENTS ..o 104
T = | SR 106
CUITICUIUM VITAE . 107

List of publications  .....coooeieee 108



Zusammenfassung (Deutsch) :

Viren nutzen vielfdtige Strategien, um die Genexpression und Immunantworten des
Wirts zu unterdricken und so ihre Replikation zu erleichtern. Eine héaufige Strategie
besteht in der Hemmung des nukle&en Exports von Wirts -mRNA. SARS-CoV-2, der
Erreger des schweren akuten respiratorischen Syndroms, stdt ebenfalls den Export von
MRNA aus dem Zellkern. Die Identifizierung viraler Proteine, die in die Translation des
Wirts eingreifen, ist entscheidend fir die Entwicklung wirksamer antiviraler Therapien.

In dieser Studie identifizieren wir das akzessorische Protein ORF3a von SARS-CoV-2
als einen Schlisselfaktor, der den mRNA -Export stdt und die Proteinsynthese
unterdrickt. ORF3a induziert die nukle&e Akkumulation von poly(A)+ RNA und
verhindert dadurch, dass mRNA das Zytoplasma erreicht und dort translatiert wird.
Obwohl ORF3a haupts&hlich im Zytoplasma lokalisiert ist, einschlieflich des
endoplasmatischen Retikulums und des Golgi-Apparats, beeintréchtigt es die
ribosomale Translation nicht direkt. Mechanistisch interagiert ORF3a mit den mRNA-
bindenden Proteinen UAP56 und ALY/REF, fdadert die zytoplasmatische
Fehlverlagerung von UAP56 und stdt dessen Assoziation mit ALY/REF. Dartber hinaus
beeintréchtigt ORF3a direkt die Bindung von mRNA an beide Protein e. Wir identifizieren
die Aminosauren 17132 von ORF3a als die funktionell kritische Region fir diese
Interaktionen. Dieser Abschnitt bindet an die Aminoséuren 2561 428 von UAP56 sowie
an ALY/REF in voller Lénge. Zusézlich interagiert er mit der FG -repeat-haltigen Doméne
von Nup62, einer Komponente des Kernporenkomplexes, die fir den mRNA -Export
essenziell ist, und beeintr&chtigt dadurch direkt die Verbindung zwischen Exportkomplex
und Kernpore. Wichtig ist, dass die Uberexpression von Nup62 die durch ORF3a

verursachte Translationshemmung aufheben kann.

Uber seine Rolle im mRNA-Export hinaus unterdrickt ORF3a die antiviralen
Abwehrmechanismen des Wirts durch mehrere Mechanismen. Es rekrutiert TRIM25 und
hemmt die TRIM25-vermittelte Ubiquitinierung von RIG-I, ohne den TRIM25-vermittelten
Abbau von MAVS zu beeinflussen, wodurch die nachgeschaltete Immunaktivierung
blockiert wird. Zudem beeintr&chtigt ORF3a die nukle&e Translokation und
transkriptionelle Aktivité von p53 und stdt die Antigenprésentation, indem es die

Oberflichenexpression von HLA -Klasse-I-Molekilen reduziert.

Funktionell sind sowohl ORF3a als auch der Wirtsfaktor ALY/REF fir eine effiziente

Virusreplikation erforderlich.

Zusammenfassend zeigen die Ergebnisse, dass ORF3a den mRNA-Export des Wirts
itber mehrere Mechanismen stGt, die Synthese antiviraler Proteine und die

Immunantwort breit hemmt und durch die Umnutzung von ALY/REF die



Virusvermehrung fdédert. Die gezielte Unterbrechung der ORF3a-vermittelten
Exportstérung kinnte eine vielversprechende therapeutische Strategie darstellen, um

die antivirale Genexpression wéhrend einer SARS -CoV-2-Infektion wiederherzustellen.



Abstract (English):

Viruses employ diverse strategies to suppress host gene expression and immune re-
sponses to facilitate their replication. One common strategy is the inhibition of host
MRNA nuclear export. SARS-CoV-2, the causative agent of severe acute respiratory
syndrome, similarly disrupts mRNA export from the nucleus. Identifying viral proteins that

interfere with host translation is critical for developing effective antiviral therapies.

In this study, the SARS-CoV-2 accessory protein ORF3a is identified as a key factor that
disrupts mRNA export and represses protein synthesis. ORF3a induces nuclear accu-
mulation of poly(A)+ RNA, thereby preventing mRNA from reaching the cytoplasm for
translation. Although ORF3a localizes primarily to the cytoplasm, including the endoplas-
mic reticulum and Golgi apparatus, it does not directly impair ribosomal translation.
Mechanistically, ORF3a interacts with the mRNA binding proteins UAP56 and ALY/REF,
promoting the cytoplasmic mislocalization of UAP56 and disrupting its association with
ALY/REF. Moreover, ORF3a interferes directly with the binding of mRNA to both UAP56
and ALY/REF. Amino acid (a.a.) 1i 132 of ORF3a is identified as the critical functional
region responsible for these interactions. This region binds to a.a. 256i 428 of UAP56
and full-length ALY/REF. Additionally, it interacts with the FG-repeati containing domain
of Nup62, a nuclear pore complex component essential for mRNA export, thereby di-
rectly impairing the association between the mRNA export complex and the nuclear pore.
Importantly, overexpression of Nup62 rescues the ORF3a-induced translational repres-

sion.

Beyond its role in mMRNA export, ORF3a suppresses host antiviral responses through
multiple mechanisms. It recruits TRIM25 and inhibits TRIM25-mediated ubiquitination of
RIG-I, without affecting TRIM25-mediated MAVS degradation, thereby blocking down-
stream immune signaling activation. ORF3a also impairs the nuclear translocation and
transcriptional activity of p53, and interferes with antigen presentation by reducing HLA

class | surface expression.

Functionally, both SARS-CoV-2 ORF3a and the host factor ALY/REF are required for

efficient viral replication.

Taken together, our findings show that ORF3a disrupts host mRNA export through mul-
tiple mechanisms, broadly suppressing antiviral protein synthesis and immune response.
Furthermore, it enhances viral replication by hijacking ALY/REF. Targeting ORF3a-me-
diated disruption of mMRNA export may represent a promising therapeutic strategy to re-

store antiviral gene expression during SARS-CoV-2 infection.
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1. I ntrodiucti o

1.1 HCosfemerging and developing historl

Microorganisms have long accompanied the evolutionary processes of respective organ-
isms on Earth [1]. From the first discovery of the tobacco mosaic virus, a novel concep-
tualisation of viruses is gradually being acknowledged by humanity [2]. Human corona-
viruses (HCoVs) are a class of enveloped positive-stranded RNA viruses belonging to
the Coronaviridae family. Since their initial identification in the 1960s, the extent of hu-
man knowledge regarding these organisms has been confined to the understanding that
they predominantly result in self-limiting infections, accompanied by a limited array of
non-life-threatening symptoms [3, 4]. However, with the emergence of highly pathogenic
variants of coronaviruses, acute lung injury, multi-organ failure, and high mortality rates
have emerged as major threats to global public health [5, 6]. It is important to note that
these viruses are highly transmissible and potentially pathogenic due to frequent genetic
recombination and cross-species transmission, which enables them to break through
host barriers. This emphasizes the urgent need for continuous surveillance and detailed

mechanistic research [7].

HCoV can be categorized into four genera based on their genetic sequence: Alpha, Beta,
Gamma, and Delta [8, 9]. Seven HCoVs have been identified in humans to date: HCoV-
229E (Alpha), HCoV-NL63 (Alpha), HCoV-OC43 (Beta), HCoV-HKU1 (Beta), SARS-
CoV (Beta), MERS-CoV (Beta), and SARS-CoV-2 (Beta). Of these, the initial four strains
are regarded as endemic strains with low pathogenic potential, while the remaining three
are highly pathogenic (Figure 1). These HCoVs possess a genome that ranges in length
from 27 to 30 kb, encoding structural proteins, auxiliary proteins, and non-structural pro-
teins (NSPs) [10-12].

The discovery of HCoV-229E and OC43 by researchers in the 1960s marked the first
identification of HCoVs as a transmissible pathogen, thus facilitating further research in
the field [13]. This was followed by a brief outbreak of Severe Acute Respiratory Syn-
drome (SARS) in China in the early 2000s, which marked the first instance in which the
HCoVs were discovered to be highly pathogenic [14]. Later, HCoV-HKU1 and HCoV-
NL63 were found in patients with pneumonia, though neither exhibited pathogenicity
comparable to that of SARS-CoV [15, 16]. Despite the high lethality observed in the 2012
MERS-CoV outbreak, evidence indicated a low capacity for human-to-human transmis-
sion, which ultimately did not result in a substantial global health threat [17, 18]. At the
end of 2019, the emergence of SARS-CoV-2 caused considerable disruption to human
life and health on a global scale [19-21]. By the beginning of 2025, SARS-CoV-2 had
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caused more than 7 million deaths, and its impact had transitioned from an acute pan-

demic to a long-term health and social challenge [22].

Order: Nidovirales

|— Family: Coronaviridae

|— Subfamily: Coronavirinae

HCoV-229E

—— Genus: Alphacoronavirus [
HCoV-NL63

HCoV-0C43
HCoV-HKU1
— Genus: Betacoronavirus SARS-CoV
MERA-CoV
SARS-CoV-2

— Genus: Gammacoronavirus

— Genus: Deltacoronavirus

Figure 1: HCoVs classification tree . The figure was created by Biorender.

1.2 Background -Om2SAR8 Its Proteins

The SARS-CoV-2 genome is approximately 29.9 kb in length and encodes at least 11
open reading frames (ORFs; Figure 2A). Among them, ORFl1a and ORF1b at the 5' end
are translated into polyprotein precursors (ppla and pplab) through a -1 ribosomal
frameshifting mechanism [23, 24]. Subsequently, two cysteine proteases located within
Nsp3 (PLpro) and Nsp5 (3CLP™) proteolytically hydrolyze ppla and pplab, releasing the
nonstructural proteins Nsp1-16 [25]. Within the host cell, SARS-CoV-2 uses its full-length
positive-sense genomic RNA as a template to generate additional genomic copies and
subgenomic negative-sense RNAs (-sgRNAs). RNA-dependent RNA polymerase (RdRp)
then uses the negative-stranded RNA as a template for synthesizing a new positive-
stranded genomic RNA, which is used for packaging into the progeny virions [26]. The
structural proteins of the HCoVs (spike, envelope, membrane, and nucleocapsid (N) pro-
teins) are assembled in the endoplasmic reticulum (ER)-Golgi intermediate and facilitate
release of the new virion from the infected cell via cellular transport pathways, including
lysosomal exocytosis. The accessory proteins of SARS-CoV-2, including ORF3a, ORF6,
ORF7a, ORF7b, ORF8, and ORF9b, also play important roles in the life cycle of SARS-
CoV-2 by inhibiting the host antiviral response and promoting the release of viral particles
[27-31].
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A
SARS-CoV-2 genome
Non-structural proteins Structural and Accessory proteins
1011 ORF1b 3a 7a8 N 10
o 1 : Hnmm sy Il [ TP s
5'-Ca ORF1a 3b E 67b9b9c 3’ Pol
¥ Subgenomic RNAs l ¥

s AAAL

/@—;AAN

1 100 275 aa
L 1

—13 | Signal peptide Cysteine-rich domain (81-160) |
ol ‘ I p1-p8 (145-235)
TM1-TM3 (40—-128)

3640 69-77 107-114  141-149 160-163 175-180 272-275
Ly ~- | e I
TRAF3-binding motif Caveolin binding motif YXX® motif Diacidic (SGD) motif PBM

Figure 2: SARS-CoV-2 genome and ORF3a linear structure . A. SARS-CoV-2 RNA
genome. B. Linear structure with ORF3a. The figurewasadapt ed from dédUnder ¢
the Role of SARS-CoV-2 ORF3a in Viral Pathogenesis and COVID-19. Frontiers in Mi-
crobiology.2022. doi .org/ 10.3389/fmicb.2022.8545676

1.3 The ROORF3d& Vi r al Pat hogenesi s

When ORF3a proteins were first discovered, they were referred to by various names,
including X1, 3a protein, and ORF3a [32, 33]. With the discovery of SARS-CoV in 2003
and the emergence of SARS-CoV-2 in 2019, the importance of ORF3a in viral pathogen-
esis has been emphasized by researchers (SARS-CoV-2 ORF3a linear structure; Fig-
ure 2B). The sequence homology between SARS-CoV ORF3a (274 amino acids) and
SARS-CoV-2 ORF3a (275 amino acids) is 73%, and both share a highly conserved N-
terminus and three transmembrane regions (TM1, TM2, and TM3), although the C-ter-
minal region of the latter exhibits notable divergence from the former [34, 35]. SARS-
CoV and SARS-CoV-2 ORF3a were initially regarded as viral pore-forming proteins in-
volved in viral replication and release [35-37]. However, recent studies have pointed to
SARS-CoV-2 ORF3a as a water-permeable channel that induces lysosomal swelling,

but not as an ionic or proton (H*) channel [38, 39].

Extensive research has demonstrated that ORF3a is involved in inflammasome activa-
tion, autophagy inhibition, and apoptotic processes in host cells [40-45]. Significantly,
ORF3a deletion reduced viral titers and attenuated pathogenesis in mouse models of
SARS-CoV and SARS-CoV-2 infection [46, 47]. SARS-CoV-2 ORF3a mutations (e.g.,

Q57H, N82W) have been noted to be potentially linked to immune escape as well as
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enhanced host adaptation [35, 38, 48]. Therefore, ORF3a has also been considered as

a potential target for the design of vaccines or therapies [49, 50].

To date, the characterized phenotypes of the SARS-CoV-2 ORF3a protein have been
found to be closely associated with its intracellular localization to the ER, Golgi, endo-
somes, lysosomes, and perinuclear regions [39, 45]. Cresswell et al. in their research
stated that SARS-CoV-2 ORF3a induces Golgi fragmentation, which prevents the
transport of glycoproteins to the cellular surface [51]. Although no study has yet indicated
whether SARS-CoV-2 ORF3a is involved in host cell mRNA transcription, transport, or
protein translation, its co-localization with the ER, Golgi apparatus, and perinuclear re-
gion suggests the need for further investigation to clarify this potential function.

14 Protein Translation and Its Regul

The process of host cell protein synthesis and secretion begins with DNA transcription
within the nucleus. The transcription of host genes is initiated by RNA polymerase, pro-
ducing pre-messenger RNA (pre-mRNA), which then undergoes splicing, 5'-capping,
and 3'-polyadenylation mediated by RNA-binding proteins (RBPs) [52, 53]. Mature
MRNAs form a complex with RBPs, which is transported to the cytoplasm through the
nucleoporin (Nup; Figure 3). Under the guidance of eukaryotic initiation factors (elFs),
they bind to the ribosomal subunit and initiate translation [54, 55].
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Nucleus
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Figure 3: Structural organization and subcomplexes of vertebrate nuclear pore
complex (NPC). The figure was adaptedf r om 66 Cyt opl asmi c n
the cellular artwork in phys-iology and disease. Nucleus. 2024. doi:

10.1080/19491034.2024.2387534.00) . Orange:

cluding cytoplasmic filaments and the nuclear basket. Green: Outer rings (cytoplasmic
and nucleoplasmic), composed of Y-complexes; form part of the structural scaffold. Red:
Inner ring, composed of Nup93 sub-complexes; contributes to scaffold formation. Blue:
Central channel; serves as the transport and permeability barrier for nucleocyto-plasmic
exchange. Light green: Luminal ring; anchors the NPC to the nuclear envelope.

The newly synthesized polypeptide chain is correctly folded into a specific three-dimen-
sional structure with the assistance of molecular chaperones and cofactors. It then un-
dergoes initial modification to ensure that the protein acquires a stable conformation and
a defined function. Subsequently, the initially modified protein is transported via vesicles
into the Golgi apparatus and undergoes further processing and modification (including
glycosylation, cleavage of precursor proteins). Finally, the mature proteins are sorted
and packaged into specific transport vesicles based on their intrinsic signaling se-
guences, and are either transported to the cell membrane or lysosomes, or directly se-
creted to perform their roles in intercellular communication, metabolic regulation, and

other physiological functions [56].

Since the beginning of the last century, researchers have investigated how viral proteins
interact with the protein translation machinery of the host cell. Krug et al. found that the
influenza virus NS1 protein inhibits the formation of the 3' end of the cellular pre-mRNAs
by interacting with a subunit of the cleavage and polyadenylation specificity factor of the
host cell [57]. In addition, they showed that in influenza virus-infected cells, NS1 targets
poly(A)-binding protein Il (PABII), resulting in the relocation of PABII protein from nuclear
speckles to the cytoplasm, further inhibiting nuclear export of mMRNA [58].

In SARS-CoV infected cells, Makino et al. found that the Nspl protein promotes host
MRNA degradation, which inhibits host gene expression, particularly of innate immune
response genes [59]. This finding revealed that SARS-CoV demonstrates stronger im-
mune evasion and lethality compared to other HCoVs. Notably, SARS-CoV-2 viral pro-
teins, including both nonstructural proteins (Nspl, Nspl4, Nspl16) and accessory protein
(ORF6), have been shown to inhibit host protein translation through various mechanisms
[60-63]. In summary, whether SARS-CoV-2 ORF3a plays a comparable role remains to

be elucidated through future investigations.

ucl
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15 Anviir al Pat hway Activat«€on (p53,

Antiviral pathways are activated sequentially at the cellular level after viral infection. In-
terferon type | (IFN-I) is central to the host's antiviral response and is among the first to
be activated following viral invasion. When viral RNA or DNA fragments are recognized
by pattern recognition receptors (PRRs), such as TLR3, TLR7/8, RIG-I, and MDAS5,
downstream signaling cascades are activated, leading to the induction of the transcrip-
tion factors IRF3, IRF7, and NF-a B, wih ture drive ithe production and secretion of
IFN-I. IFN-I acts in both autocrine and paracrine manners by binding to cell-surface re-
ceptors, thereby activating the JAK-STAT pathway and inducing the expression of inter-
feron-stimulated genes (ISGs) [64, 65].

NF-aB is a key transcription factor in the inflammatory response. Upon activation of up-
stream receptors such as TLR or RIG-I, it activates the IKK complex, leading to |eB
phosphorylation and degradation, thereby promoting the nuclear translocation of NF-aB
(e.g., p65/p50 dimer) and initiating the expression of pro-inflammatory cytokines such as
TNF-Uand IL-6 (Figure 4) [66, 67].

TRIM25 dsRNA
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Figure 4: The role of TRIM25 with RIG -I-MAVS-IRF3/NF-kB pathway. The figure was
created by Biorender.
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In contrast to the PRR-mediated IFN and NF-a B

signall i ng@pripariyeg s ses,

ulates its transcriptional activity through indirect mechanisms. Consequently, p53 activa-

tion induces the expression of multiple downstream target genes, such as ISGs, IRFs,

p21, and Bax (Figure 5) [68, 69].
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of p53 and other tumour-suppressor genes in immune regulation. Nat Rev Immunol.

2016. doi : 10.12038/ nri

.2016.

99.

These three signaling pathways represent the primary antiviral mechanisms in host cells.

The degree of their activation is also indicative of the strength of the host immune re-

sponse. However, HCoVs have shown the ability to inhibit the activation of antiviral path-

ways during their evolutionary adaptation. The highly conserved PLpro exhibits deubig-

uitinating and delSGylating activity, targeting host proteins to facilitate immune evasion

[70-75]. In addition, von Brunn et al. and Toth et al. demonstrated that viral proteins from
both SARS-CoV and SARS-CoV-2 can inhibit p53 activation [69, 76]. However, the role

of SARS-CoV-2 ORF3a in host antiviral signaling remains unclear and will be a key focus

of the present investigation.

r



21

16 Antigen Presentation and | mmune E

Antigen presentation plays a critical role in antiviral immunity by ensuring that host cells
present antigenic peptides of viral origin, thereby activating specific T-cell responses and
ultimately clearing infected cells. Antigen presentation consists of the MHC-I pathway,
which is responsible for the presentation of endogenous antigenic peptides (including
those derived from viral proteins, aberrant proteins in tumor cells, or endogenous de-
graded proteins), and the MHC-II pathway, which is responsible for the transport and
6presentationdé of exogenous antigenic peptide
other foreign proteins) [77, 78]. CD8¢cytotoxic T cells and CD4¢ helper T cells recognize
the above MHC-presented complexes, respectively, and then mobilize humoral and cel-
lular immune responses [79]. The HCMV US2 protein was found to evade immune sur-
veillance by recruiting the E3 ubiquitin ligase TRC8 and engaging the ER-associated
degradation pathway to direct the degradation of its target protein, MHC-I [80, 81]. The
HIV Nef protein has been demonstrated to target the MHC-I/1l pathway, thereby imped-
ing MHC-mediated viral antigen presentation and reducing T-cell recognition and cyto-
toxicity [82-84].

Similarly, multiple SARS-CoV-2 proteins have been shown to inhibit host cell antigen
presentation. The interaction of SARS-CoV-2 ORF8 protein with host MHC-I molecules
led to abnormal folding, increased endocytosis, and degradation of MHC-I molecules,
thereby significantly reducing MHC-I surface expression on infected cells [85]. Nspl and
ORF6 inhibit host protein synthesis by blocking mRNA translation and disrupting nucle-
ocytoplasmic transport, thereby indirectly impairing antigen processing and presentation
[60, 86, 87]. Cresswell et al. found that ORF3a and ORF7a downregulate MHC-I surface

expression by different mechanisms to promote viral immune evasion [51].

1.7 The RoVier alf Pirrmot \éii mal Pat hogenesi s

SARS-CoV-2 replication relies on the formation of a replication-transcription complex
composed of Nsps generated by cleavage of the ORFlab polyprotein [88, 89]. Nsp3,
Nsp4, and Nsp6 contribute to the remodeling of the host cell membrane by reprogram-
ming the inner membrane, resulting in the formation of numerous double-membrane ves-
icles [90, 91]. Nsp7 and Nsp8 form a polymerase complex with Nsp12, the core RARp
responsible for de novo RNA synthesis [26, 92]. Nsp13 acts as an RNA helicase, un-
winding secondary structures to ensure template accessibility and promote efficient, con-
tinuous RNA synthesis [93, 94]. The N protein is responsible for binding the viral RNA
genome to form a ribonucleoprotein (RNP) complex that facilitates RNA replication and

transcription [95, 96]. Although accessory proteins are not directly involved in structural
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formation, they contribute to viral replication by modulating the host cellular environment
[97-99]. Stanton et al. reported that ORF3a knockdown in the SARS-CoV-2 genome re-
sulted in a modest decrease in viral titers, suggesting that ORF3a plays a supportive yet

non-essential role in viral replication [100].

18 Significance of the Study

Although COVID-19 is currently less hazardous to human health compared to its initial
emergence in early 2020, it remains a persistent global public health threat, as recog-
nized by the World Health Organization (WHO). Consequently, further elucidating the
pathogenic mechanisms of SARS-CoV-2 is essential, not only to enhance our under-
standing of the virus's pathology but also to inform the development of effective preven-

tion and control strategies for emerging coronaviruses.

This study primarily focuses on the pathogenic mechanisms associated with ORF3a, an
accessory protein of SARS-CoV-2. Specifically, this project aims to address the following

key questions:
1) how ORF3a regulates the translation processes within host cells;
2) how ORF3a modulates antiviral signaling and immune pathways in host cells;

3) Identify the host cell targets through which ORF3a exerts its pathogenic effects.
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2. Material and Met hods

21 Materi al

2.1.1 Chemicals and consumables
Name Company Cat number
Agrose Biozym 840004
PEI Polysciences 23966
BSA ROTH 2923225
Tween®20 ROTH 9139.2
NC membrane Cytiva 10600001
6X DNA loading buffer NEB B7025S
Protein loading buffer NEB P7719S
DNA Ladder standard NEB N0550S
DMSO Sigma Aldrich D8418
Triton X-100 Carl Roth GmbH 1052.1
P/S antibiotics Gibco 15140-122
Protease inhibitor cocktail Roche 05892970001
2-Mercaptoethanol Sigma Aldrich 60-24-2
Lipofectamine3000 Thermo Fisher Scientific L3000015
FUGENE Promega 0000590224
Lipofectamine Message Invitrogen LMRNAOO3
MG132 Sigma Aldrich M8699
Puromycin Gibco 1862091
PFA Carl Roth GmbH 0964.3
DAPI Sigma Aldrich 10236276001
GFP-Trap Proteintech Gta-20
RFP-Trap Proteintech Rta-20
Propidium iodide Invitrogen BMS500PI
T4 DNA ligase NEB M0202S
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BSRGI enzyme Thermo Fisher Scientific 2839430
BamHI enzyme NEB R3136L
Xbal enzyme NEB R0145T

Table 1: Chemicals and consumables.

2.1.2 Commercial Buffers and Medium
Name Company Cat number
FBS Gibco 10270-106
Goat serum Biosell BS061377.21E
DMEM Gibco 41965-039
DMEM/F12 Gibco 31331-028
MEM Eagle PAN-Biotech P04-09500
HEPES Gibco 15630-056
Opti-MEME Gibco 31985-047
DPBS Gibco 2539233
10XPBS Gibco 70011-036
0.25% Trypsin-EDAT Gibco 25200-114
RNase-free water Bioline 110466

Table 2: Commercial Buffer s and Medium

2.1.3 Solutions Protocol
Name Formula

1% NP40 lysis buffer

150 mM NaCl, 50 mM Tris-HCI (pH 8.0), and 1% NP-40 in
double-distilled water (ddHFO).

5x SDS sample buffer

1.82 g Tris, 1.5 g SDS, 9 mg bromophenol blue, and 1.16 mg
DTT were mixed with 4.5 mL glycerol, and ddHFO was added

to a final volume of 15 m.

Co-IP lysis buffer

10 mM Tris-HCI (pH 7.5), 150 mM NacCl, 0.5 mM EDTA, and

0.5% NP-40 in ddHFO.

Co-IP dilution buffer

10 mM Tris/Cl (pH 7.5), 150 mM NacCl, 0.5 mM EDTA in

ddH20.
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Running buffer

19 g Tris, 144 g glycine, and 10 g SDS were dissolved in 1 L
ddHFO.

25xTris-Glycine transfer
buffer

36.4 g Tris and 180 g glycine were dissolved in 1 L ddHFO.

Tubulin buffer

80 mL 25x Tris -Glycine transfer buffer, 720 mL ddHFO, and
200 mL methanol.

10XTBS 176 g NaCl and 48 g Tris were dissolved in 2 L ddHFO, and
the pH was adjusted to 7.6.

TBS 100 mL 10xTBS was diluted in 900 mL ddH FO.

TBST 500 L Tween® 20 was diluted in 1 L TBS.

LB medium 10 g NaCl, 5 g yeast extract, and 10 g tryptone were dis-

solved in ddHFO to a final volume of 1 L and sterilized by au-

toclaving.

10% Glycerol stock

2 mL glycerol and 18 mL of 100 mM CaCIFwere mixed and
sterilized through a 0.22 um filter .

0.1% NP40 permeabilization
buffer

10 pL NP -40 was diluted in 10 mL PBS.

20X SSC medium

35.06 g NaCl and 17.64 g NapC 31403 were dissolved in 200
mL ddHFO, and the pH was adjusted to 7.0.

Hybridization buffer

50% formamide, 10% dextran sulfate, and 0.1% SDS were
diluted in 2xSSC.

YPD medium 5 g yeast extract and 10 g Bacto peptone were dissolved in
450 mL ddHFO, sterilized by autoclaving, and 50 mL of sterile
20% (w/v) glucose solution was added after cooling.

SORB medium 100 mM lithium acetate, 10 mM Tris-HCI (pH 8.0), 1 mM

EDTA-NaOH, and 1 M sorbitol in ddHFO to 250 mL. The pH
was adjusted to 8.0 and the solution was sterilized by filtra-

tion.

Fractionation buffer

1 mM EDTA, 1 mM EGTA, 20 mM HEPES, 10 mM KCl, and
2 mM MgCIFin ddHFO.

Fractionation lysis buffer

Fractionation buffer supplemented with 0.1% NP-40

FACS staining buffer

0.5% BSA, 0.02% sodium azide in PBS

FACS buffer

2.5% BSA and 0.1% Tween® 20 in PBS

Table 3: Solutions Protocol
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2.1.4 List of Antibodies

Name Company Cat number
Anti-Lamin A Santa Cruz A303-433A
Anti-GAPDH Santa Cruz sc-47724
Anti-R-actin Sigma A3854
Anti-Vinculin Sigma V9264
Anti-GFP Invitrogen A6455
Anti-RFP Invitrogen MA5-15257
Anti-HA Roche Clone 3F10
Anti-Myc ProteinTech 16286-1-AP
Anti-HLA-ABC BD Pharmingen 555551
Anti-Puromycin Millipore MABE341
Anti-p53 Santa Cruz sc-125
Anti-p65 Sigma-Aldrich ABE347
Anti-SARS-CoV-2 ORF3a Invitrogen MA5-47156

Anti-SARS-CoV-2 unique do-
main (SUD)

/

79 9-1-1, mouse serum (lab-
made) [101, 102]

Anti-SARS-CoV-2 Nucle- 7BioSysM, LMU Munich 21H2-1-1
ocapsid (N)

Anti-Flag Santa Cruz sc-166355
Anti-ER (PDI) Invitrogen TG267127
Anti-Golgi (CDF4/golgin-97) Invitrogen A21270
Anti-ALY/REF Santa Cruz sc-32311
Anti-dsRNA (J2) SCICONS 10010200
Anti-rabbit DAKO P0217
Anti-mouse Sigma A9917
Anti-rat Sigma A9037
Anti-rat Alexa555 Sigma SAB4600070
Anti-rabbit FITC488 Sigma F0382
Anti-mouse Alexa488 Invitrogen A11017
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Anti-rat Alexa647 Invitrogen A21247
Table 4: List of Antibodies
2.1.5 Commercial Assay kits
Name Company Cat number
Sodium dodecyl sulfate-poly- | Invitrogen XP00125Box
acrylamide gel electrophore-
sis gels
Super-sensitive substrate Thermo Fisher Scientific YJ381496
Bioline ISOLATE Il RNA Mini | Bioline Bio-52073
Kit
Luna Probe H One-Step RT- | NEB 10182973
gPCR
Renilla-Glo® Luciferase Promega E2820
substrate
Nano-Glo® HiBiT Luciferase | Promega N1110
substrate
Firefly-Luc Luciferase Promega E1501
substrate
HiFi DNA Assembly Master NEB E2621G
Mix
PierceE Magnetic RNA-Pro- | Thermo Fisher Scientific 20164
tein Pull-Down Kit
Plasmid Mini Prep kit Metabion mi-PMN250
Nucleic Acids Purification Metabion mi-GEL250
PCR clean up system Promega A9282
KOD hot start DNA polymer- | Merck 71086-4
ase
One Taq quick-load DNA NEB MO509L
polymearse
Live/Dead Fixable Red Cell Invitrogen L34971

Staining Kit

Table 5: Commercial Assay kits
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2.1.6 Cloning Primers

ORF3a aal-39

gcaggctccgccATGTGCCGTTCCA
AAAACCCATTAC

Gene Name Sequendcoe8 6()506
Forward Revsres

c-Myc-YFPN (aa CGCTCACCGGTACTAG- CTCTGGGCCCTTAACTCGA-

17 155) TATGGAGCAAAAGTTGATTTC GAAGGCCATGATATAGACGTTG

HA-YFPC (aa GAGAGACCGGTACTAG- ATAAGGGCCCTTAACTCGA-

1561 239) TATGTACCCATACGATGTTCC GAACTTGTACAGCTCGTCCATG

RFP CGCTCACCGGTACTAGTATGG | CTCTGGGCCCTTAACTCGA-
TGTCTAAGGGCGAAGAGC GAAATTAAGTTTGTGCCCCAG

GFP TATAGACCGGTACTAG- ATAAGGGCCCTTAACTCGA-
TATGAGCGGGGGCGAG- GAACAGCTCGCCATGCCGTGG
GAGCTGTTC

SARS-CoV-2 ggggacaagtttgtacaaaaaa- ggggaccactttgtacaagaaa-

Nspl gcaggctccgccatggagagccttgttctt- gctgggtctcmacctccattgagctcacgagtg
gatg

SARS-CoV-2 ggggacaagtttgtacaaaaaa- ggggaccactttgtacaagaaa-

ORF6 gcaggctccgccatgtttcatctcgtt- gctgggtctcmatcaatctccattggttgctc
gactttcagg

SARS-CoV-2 ggggacaagtttgtacaaaaaa- ggggaccactttgtacaagaaa-

gctgggtctcemGGCTTGTATCGG-
TATCGTTG

SARS-CoV-2
ORF3a aa40-132

ggggacaagtttgtacaaaaaa-
gcaggctccgccATGTCAC-
TCCCTTTCGGATGGCTTATTG

ggggaccactttgtacaagaaa-
gctgggtctemTTTCCAGCAAA-
GCCAAAGC

gcaggctccgccATGGCCGACAAAA
TGG

SARS-CoV-2 ggggacaagtttgtacaaaaaa- ggggaccactttgtacaagaaa-
ORF3a aal33- gcaggctccgccATGTGCCGTTCCA | getgggtctcmcaaaggcacgctagtag-
275 AAAACCCATTAC tcgtc

SARS-CoV-2 atCGCGGATCCGCGATGGAT- aatgCTCTAGAG-

ORF3a BamHI TTGTTTATGAGAATCTTCAC TTACAAAGGCACGCTAGTAG-
/Xbal TCG

ALY/REF ggggacaagtttgtacaaaaaa- ggggaccactttgtacaagaaa-

gctgggtcTTAACTGGTGTCCATTCT
CG
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ALY/REF aal-
106

ggggacaagtttgtacaaaaaa-
gcaggctccgccATGGCCGACAAAA
TGG

ggggaccactttgtacaagaaa-
gctgggtctcmCCCAC-
CTGTCTCCACG

ALY/REF aal07-
183

ggggacaagtttgtacaaaaaa-
gcaggctccgccATGGG-
GAAACTGCTGGTG

ggggaccactttgtacaagaaa-
gctgggtctcemTGACGTGACAA-
GCTGAATG

ALY/REF aal84-
264

ggggacaagtttgtacaaaaaa-
gcaggctccgccATGTCACAGATTG
ACGCAC

ggggaccactttgtacaagaaa-
gctgggtcTTAACTGGTGTCCATTCT
CG

Nup62

ggggacaagtttgtacaaaaaa-
gcaggctccgccATGAGCGGGTTTA
ATTTTGGAGGC

ggggaccactttgtacaagaaa-
gctgggtctemGTCAAAGGTGATCC
GGAAGC

Nup62 aal-150

ggggacaagtttgtacaaaaaa-
gcaggctccgccATGAGCGGGTTTA
ATTTTGGAGGC

ggggaccactttgtacaagaaa-
gctgggtctcmAGCCACAGAGGTGG
TGGAG

Nup62 aal51-328

ggggacaagtttgtacaaaaaa-
gcaggctccgccATGGCTCCAGC-
TACCACATCTGG

ggggaccactttgtacaagaaa-
gctgggtctcmCATGGCGGAGCTGG-
CAGCCG

Nup62 aa329-522

ggggacaagtttgtacaaaaaa-
gcaggctccgccATGACCTACG

ggggaccactttgtacaagaaa-
gctgggtctcmGTCAAAGGTGATCC
GGAAGC

UAP56

ggggacaagtttgtacaaaaaa-
gcaggctccgccATGGCAGAGAAC-
GATGTGGACAATGAGC

ggggaccactttgtacaagaaa-
gctgggtctcmCCGTGTCTGTTCAAT
GTAGGAGGAG

UAP56 aal-254

ggggacaagtttgtacaaaaaa-
gcaggctccgccATGGCAGAGAAC-
GATGTGGACAATGAGC

ggggaccactttgtacaagaaa-
gctgggtctcaCTCATCATCCACGAA-
GATCTCCATTGG

UAPS56 aa 255-
428

ggggacaagtttgtacaaaaaa-
gcaggctccgccATGACGAAGTT-

ggggaccactttgtacaagaaa-
gctgggtctcemCCGTGTCTGTTCAAT

GACGCTGCATGGG GTAGGAGGAG
SARS-CoV-2 AGTCCTCCGATTGACTGAG- CCTCGCCCTTGCTCAC-
BamHI (Gibson) TCGCCCGatggatttgtttatgagaatc CATGGTGGCGG-
TAATGCCAACTTTGTACAAG
gRNA ALY/REF TACAACGGCGTCCCTCTGGA GCCGCGCGAGTGAATCGAGG

D2
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gRNA ALY/REF
E6

GCCGCCGCGCGAGTGAATCG

CGTCACAGATTGACGCACAG

Table 6: Cloning Primers

2.1.7 RT-gPCR Primers

ATCG

Gene Name gPCR primerse qu e n ct@3 § )5 6
Forward Revsres
SARS-CoV-2 GACCCCAAAATCAGCGAAAT TCTGGTTACTGCCAGTT-
Nucleotide GAATCTG
b-actin ATATAGGCCGTCTTCCCCTCC ATGGAGTCCATCACGATGCCA

GTG

Table 7: RT-gPCR Primers

2.1.8 Oligo and Probe Sequences

Name

Sequence

siRNA control

TGGTTTACATGTCGACTAA

siRNA ORF3ai 1

GAGAATCTTCACAATTGGAACTGTA

siRNA ORF3a; 2 AGCGTGCCTTTGTAAGCAC
Cy3-Oligo d(T)2o Cy3-TTTTTTTTTTTTTTTTTTTT
Cy5-Oligo d(T)1s Cy5-TTTTTTTTTTTTTTT

SARS-CoV-2 N probe

FAM-ACCCCGCATTACGTTTGGTGGACC-BHQ-1

b-actin probe

FAM-GCATCCTCACCCTGAAGTACCCCATC-BHQ-1

Table 8: Oligo and Probe Sequences

2.1.9 GATEWAY Compatible Vectors

pDEST Vector Name N-terminal tag

C-terminal tag

pDONR207

/

/

pcDNA3-RLuc

/

/

pDEST-GFP

pDEST-GFP-nt

pDEST-GFP-ct

pDEST-RFP

pDEST-RFP-nt

pDEST-RFP-ct

pDEST-HA

pDEST-HA-nt

pDEST-HA-ct
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pDEST-myc

pDEST-myc-nt

pDEST-myc-ct

pDEST-myc-YFP"

pDEST-myc-YFP"-nt

pDEST-myc-YFP"-ct

pDEST-HA-YFP¢

pDEST-HA-YFPe¢-nt

pDEST-HA-YFPe-ct

pDEST-N2H

pDEST-N2H-N1/N2

pDEST-N2H-C2

pCW57.1_TStrp_HA

pCW57.1_TStrp_HA-nt

pCW57.1_TStrp_HA-ct

Table 9: GATEWAY compatible vectors

2.1.10 Information on the Plasmids

Plasmids

Reference

pGL3-Elam-Luc and pCMV4-p65

Addgene plasmid #13029 and #21966

pGL3-p125-Luc and RIG-I-CARD

As described [103]

pG13-Luc Addgene plasmid #16442
pDEST-GFP-SARS-CoV-2 ORF3a This study
pDEST-SARS-CoV-2 ORF3a-GFP This study
pDEST-SARS-CoV-2 ORF3a This study
pDEST-SARS-CoV-2 ORF3a-HA This study
pDEST-RFP-SARS-CoV-2 ORF3a This study
pDEST-SARS-CoV-2 ORF3a-RFP This study
pDEST-HA-YFP¢-SARS-CoV-2 ORF3a This study
pDEST-SARS-CoV-2 ORF3a-HA-YFP¢ This study
pcDNA3-RLuc-ORF3a This study
pCG1-SARS-CoV-2 ORF3a This study
pDEST-GFP-SARS-CoV-2 Nspl This study
pDEST-HA-SARS-CoV-2 Nspl This study
pDEST-GFP-SARS-CoV-2 ORF6 This study
pDONR207-UAP56 This study
pDEST-HA-UAP56 This study
pcDNA3-RLuc-UAP56 This study
pDEST-GFP-UAP56 This study
pDEST-Myc-UAP56 This study
pDEST-RFP-UAP56 This study
pDONR207-ALY/REF This study
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pDEST-GFP-ALY/REF This study
pDEST-HA-YFP¢-ALY/REF This study
pDEST-RFP-ALY/REF This study
pcDNA3-RLuc-ALY/REF This study

pCl-Flag-ALY/REF

Provided by Prof. Dr. Niels Gehring [104]

pDONR207-SARS-CoV-2 ORF3a a.a.1-39 This study
pDONR207-SARS-CoV-2 ORF3a a.a.40-132 | This study
pDONR207-SARS-CoV-2 ORF3a a.a.133- | This study
275

pDEST-HA-YFP¢-SARS-CoV-2 ORF3a a.a.1- | This study
39

pDEST-HA-YFP¢-SARS-CoV-2 ORF3a | This study
a.a.40-132

pDEST-HA-YFP¢-SARS-CoV-2 ORF3a | This study
a.a.133-275

pDEST-GFP-SARS-CoV-2 ORF3a a.a.1-39 This study
pDEST-GFP-SARS-CoV-2 ORF3a a.a.40- | This study
132

pDEST-GFP-SARS-CoV-2 ORF3a a.a.133- | This study
275

pDEST-SARS-CoV-2 ORF3a a.a.1-39-GFP This study
pDEST-SARS-CoV-2 ORF3a a.a.40-132- | This study
GFP

pDEST-SARS-CoV-2 ORF3a a.a.133-275- | This study
GFP

pDONR207-UAP56 a.a.1-254 This study
pDONR207-UAP56 a.a.255-428 This study
pDEST-RFP-UAP56 a.a.1-254 This study
pDEST-RFP-UAP56 a.a.255-428 This study
pDONR207-ALY/REF a.a.1-106 This study
pDONR207-ALY/REF a.a.107-183 This study
pDONR207-ALY/REF a.a.184-264 This study
pDEST-RFP-UAP56 a.a.1-106 This study
pDEST-RFP-UAP56 a.a.107-183 This study
pDEST-RFP-UAP56 a.a.184-264 This study




33

pDONR223-Nup37/-62/-155/-160

From a human cDNA library of genes cloned
into pPDONR223 vectors as described [105]

pDEST-Nup37/-62/-155/-160-RFP This study
pDEST-Nup62-GFP This study
pcDNA3-RLuc-Nup37/-62/-155/-160 This study
pDEST-Nup62-HA-YFP® This study
pDONR207-Nup62 a.a.1-150 This study
pDONR207-Nup62 a.a.151-328 This study
pDONR207-Nup62 a.a.329-522 This study
pDEST-RFP-Nup62 a.a.1-150 This study
pDEST-RFP-Nup62 a.a.151-328 This study
pDEST-RFP-Nup62 a.a.329-522 This study
pDEST-elF4A1-GFP This study
pDEST-elF4A1-HA-YFP¢ This study
pCW57.1_TStrp_HA-SARS-CoV-2 ORF3a This study
pCW57.1_TStrp_ SARS-CoV-2 ORF3a-HA This study
pcDNA3-RLuc-RIG-I This study
pDEST-GFP-RIG-| This study
pcDNA3-RLuc-MAVS This study
pDEST-GFP-MAVS This study
pcDNA3-RLuc-IRF3 This study
pDEST-p53-HA This study
pDEST-p53-GFP This study
pDEST-p53-HA-YFP¢ This study
pDEST-TRIM25-HA This study
pDEST-RFP-TRIM25 This study
pcDNA3-RLuc-TRIM25 This study
pDEST-N2H-N1-TRIM25 This study
pDEST-N2H-N1-MAVS This study
pPDEST-N2H-N2-TRIM25 This study
pDEST-N2H-RIG-I-C2 This study

pDONR223-HLA-A/-B/-C/-FI-G

From a human cDNA library of genes cloned
into pPDONR223 vectors as described [105]
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pDEST-HLA-A/-B/-C/-F/-G-GFP This study

pcDNA3-RLuc-HLA-A/-B/-C/-F/-G This study

Table 10: Information on the Plasmids

2.1.11 Stable Cell Lines Constructed in This Study

Name Target Cell line
pCLIP-dual ALY/REF D2 ALY/REF BEAS-2B/ACE2
pCLIP-dual ALY/REF E6 ALY/REF BEAS-2B/ACE2

Table 11: Stable Cell Lines Constructed in This Study

2.1.12 Softwares

Software Company

Flow Jo BD Biosciences

Snapgene GSL Biotech

Image Lab Bio-Rad Laboratories
Graphpad Prism 10 GraphPad

Image J (fiji) National Institutes of Health
Biorender Science Suite Inc.

Table 12: Software s

22 Met hods

2.2.1 Cell Culture

HEK-293, HEK-293T, Vero E6 (monkey kidney epithelial), and Huh7.5 (Human hepato-

cellular carcinoma) cells were culturedinc o mp|l et e Dul beccods Modi fi €
(DMEM), supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% penicillin/strep-

tomycin. Calu-3 (human lung cancer) cells were cultured in complete MEM Eagle Me-

dium. BEAS-2B/ACE2 (ACE2-expressing human bronchial epithelial) cells were cultured

in complete DMEM/F12 Medium. The BEAS-2B/ACE2 cell line was kindly provided by

Prof. Pierre-Olivier Vidalain [106].
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2.2.2 Molecular Cloning

2.2.2.1 GATEWAY Cloning

In this study, GATEWAY-compatible cloning was employed to construct plasmids of in-
terest, including truncated gene variants (Figure 6). For example, the ORF3a gene was
amplified from the SARS-CoV-2 genome by polymerase chain reaction (PCR) using
GATEWAY-compatible primers (Table 2.1.6). The resulting PCR product was then
cloned into the pDONR207 vector via BP recombination reaction. Plasmid DNA was pu-
rified using the plasmid-mini prep kit, and the ORF3a gene was subsequently transferred
into pDEST destination vectors (Table 2.1.9) via LR recombination reactions. Human
genes such as p223-UAP56, p223-ALY/REF, p223-Nups, p223-elF4Al, p223-RIG-I,
p223-TRIM25, p223-MAVS, p223-IRF3, p223-p53, and p223-HLAs were directly ob-
tained from a human cDNA library. These human genes were cloned into the corre-
sponding pDEST vectors using the same GATEWAY cloning strategy. In the NanoLuc
Two-Hybrid (N2H) system, NanoLuc fragment 1 (N1, a.a. 11 66) was fused to the N-
terminus of TRIM25 (N1-TRIM25) and MAVS (N1-MAVS), NanoLuc fragment 2 (N2, a.a.
671 171) was fused to the N-terminus of TRIM25 (N2-TRIM25), and fragment 2 (C2, a.a.
671 171) was fused to the C-terminus of RIG-1 (RIG-I-C2) [107]. For the Renilla Lucifer-
ase assay, the interested genes were cloned into a pcDNA3-RLuc vector by LR recom-

bination reactions.

gene ccdB gene ccaB
attlL1 attl2  attR] _ o attR2 attP] @y attP2
' 4 ) S ’ 4 »
i - LR clonase .
Entry Destination Expression Donor
clone vector clone vector

BP clonase

Genti Amp Amp Genti

Figure 6: Schematic diagram of GATEWAY cloning . The figure was created by Bio-
rinder.

2.2.2.2 Restriction Enzyme Cloning

To construct the pCG1-ORF3a plasmid, the ORF3a gene was amplified from the SARS-
CoV-2 genome using the KOD hot start DNA polymerase kit and gene-specific primers
(Table 2.1.6). The pCG1 vector was linearized by overnight digestion with BamHI and
Xbal at 37 -Anplified DRE3a fRaghient was similarly digested with BamHI

and Xbal at 37 AC. Foll owing purification,

earized pCG1 vector using T4 DNA ligase at room temperature for 2 hours (Figure 7).

Finally, the ligation product was transformed by DH5U competent E. coli cells.

t

h
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CMV promoter CMV promoter CMV promoter

BamHi

amHi BamHi

BamHi

B

ORF3a
Digest Xaal ORF3a Ligate XBal
— » pCG1 + —

XBal

XBal

Figure 7: Restriction enzyme cloning of pCG1-SARS-CoV-2 ORF3a. The figure was
created by Biorender.

2.2.3 Attenuated SARS-CoV-2 sCDP9 Virus Preparation

Attenuated SARS-CoV-2 sCPD9 virus was received from J. Trimpert, FU Berlin, and
Rocketvax AG, Switzerland oder Rocketvax Ltd [108]. sCPD9 was generated through
codon pair deoptimization (CPD)d a strategy that effectively attenuates RNA viruses
without altering the amino acid sequence of their proteins. Vero E6 and Calu-3 cells were
cultured in T25 or T175 flasks for the preparation of attenuated SARS-CoV-2 sCPD9
viral stocks. Typically, cells were seeded into the flasks one day before viral infection.
The following day, when the cells reached approximately 607 70% confluence, they were

washed once with DPBS, then infected with sCPD9 diluted in virus infection medium

(VI M; 2% FBS in DMEM or MEM), aFindubatonforkb at ed

hours. During the incubation period, the flasks were gently swirled every 15 minutes to
ensure even distribution of the viral suspension and to facilitate viral attachment to the

cell monolayer. Thereafter, fresh VIM was added for continued culture. The supernatant

was harvested after 4 to 5 days, and the viruswasst or ed at 7180 AC.

2.2.4 Competent Cells Preparation

E. coli strains DB3.1, DH5U, and STBL3 were used for DNA transformation and plasmid
amplification. Typically, a single colony (e.g., DH5U) was picked and inoculated into 20
mL of LB medi um, foll owed by overnight

The next day, the culture was transferred to a larger flask and supplemented with 300

mL of fresh LB medium for further cultivation under the same conditions. During cultiva-

tion, the optical density at 600 nm (OD? § &f the culture was detected. Once the OD3 ¢ ¢

ncuba

reached 0.35,thecult ur e f |l ask was i ncubated at 4 AC fo

growth. The mediumwas t hen centrifuged at 6000 rpm for

was washed with 60 mL of pre-chilled CaCIFand centrifuged at 4000 rpm for 10 minutes
at 4Thek,Ghe pellet was resuspended in 60 mL of fresh pre-chilled CaCIFand incu-

bated on ice. After 1 hour, the cells were centrifuged again at 4000 rpm for 10 minutes
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at 4 AC, and the resulting peoldlogyglycara. Finalye s us per

the competent E. coli cells weresnap-f r ozen i n |l iquid nitrogen an:i

2.2.5 Transfection

HEK-293 and HEK-293T cells were transfected with target plasmids using Lipofec-
tamine®% or polyethyleneimine (PEI) according to standard protocols. For example, in a
6-well plate transfection (with 60i7 0 % c e | | confluency), 2.
luted in 125 €L of Opti-MEME and mixed with 5 L of P3000 reagent. Separately, 125
eL of Opti-MEME was mixed with 5 €L of Lipofectamine3°®. The two mixtures were then
combined and incubated at room temperature for 15 minutes before being added to the
cells.

For PEI transfection, 4 £g of plasmid DNA was mixed with 1000 L of Opti-MEME , and
6 eL of PEI was added to the mi-minute mabatoh
at room temperature, the complex was added to the cells, which were then incubated at
37 AC té48hourd. 4

For cell lines with low transfection efficiency, such as BEAS-2B/ACE2, the FUGENE re-
agent was used. In a typical 24-well transfection, 500 ng of plasmid DNA was mixed with
2 5 L af Opti-MEME , followed by the addition of FUGENE reagent and incubation for 15
minutes at room temperature. The entire mixture was then added to the cells, which were
cultured for 48 hours at 37 AC.

To knock down SARS-CoV-2 ORF3a expression, ORF3a-specific siRNA or a control
siRNA was transfected into Vero E6 and BEAS-2B/ACE2 cells using Lipofectamine
RNAIMAX reagent, foll owing the manufactureros

fected 6 hours post-infection and harvested after 48 hours for downstream experiments

2.2.6 Transduction and Infection

t

er b5

proto

For the selection of ALY/ REF knockout stabl e

the culture medium for one week following lentiviral infection. The CRIPSPR/Cas9-me-
diated pCLIP-dual ALY/REF lentivirus was kindly provided by R. D. Damoiseaux UCLA,

Los Angeles.

HCoV-229E encoding the Renilla luciferase reporter gene (HCoV-229E-RLuc) [109] was
first diluted in serum-free DMEM, then used to infect cells at a multiplicity of infection
(MOI) of 1. At 48 hours post-infection, cells were collected for measurement of Renilla

luciferase activity.
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SARS-CoV-2 WT-infected Huh7.5 cell slides ( MO = hqurs)2vére kindly provided by
A. Richter and C. Drosten, Charité, Berlin. Huh7.5, BEAS-2B/ACE2, and Vero E6 cells
were also infected with the attenuated SARS-CoV-2 sCPD9. The infection was per-
formed at an MOI of 0.01 for Huh7.5 cells, 0.005 or 0.01 for Vero E6 cells, and 0.005 for
BEAS-2B/ACE2 cells. After a 2-hour incubation, cells were washed twice with DPBS and
then maintained in complete growth medium. Cell samples were collected between 24

to 72 hours post-infection for downstream analyses.

2.2.7 Cell Treatments

To assess ribosomal transl ational activity, ¢
hours. To detect the ubiquitination level of the protein of interest, HEK-293 cells were
treated with 10 &M MG132 forl 4eDdxgayctine (Dpx) i or t o
was used to induce overexpression of HA-tagged SARS-CoV-2 ORF3a. To evaluate pro-

tein stability or degradation, cells were exposedto 1006 g/ mL cycl ohexi mi de

various time points after transfection.

2.2.8 Protein Extraction and Western Blotting

After treatment, cells were washed twice with ice-cold DPBS and lysed on ice for 15
minutes using ice-cold 1% NP-40 lysis buffer. The lysates were centrifuged at 20,000 x
g for 10 minutes at 4 AC. The r SBuahdheated super
at 95 A£QO0 rirutes. Protein samples were then loaded onto 12% or 14% SDS-
PAGE gels and electrophoresed at 125 V for 75

Proteins were transferred to a nitrocellulose
The membrane was blocked with 5% non-fat dry milk in TBS for 1 to 2 hours at room
temperatur e. Primary antibodies were diluted
recommended dilution and incubated with the me
the membrane was washed three times with TBST (10 minutes each) and incubated with

the appropriate secondary antibody for 1 to 2 hours at room temperature.

After being washed three times with TBST, the membrane was incubated with a chemi-
luminescent substrate, and signals were developed using an Image Lab imaging system.

ImageJ software was used to quantify the intensity of the bands of interest.

2.2.9 Fractionation assay

To isolate cytoplasmic and nuclear proteins, fractionation buffer was prepared according
to the manufacturerdéds protocol and stored at

washed twice withice-c ol d DPBS. Subsequently, 20®WaselL of f
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added to lyse the cells on ice for 5 minutes to extract the cytoplasmic fraction. Following
centrifugation at 720 I g for 5 minutes at 4

proteins was collected and mixed with 5x SDS. The nuclear pellet was then washed

twice withicecc ol d fractionation |lysis buffer (3000
pended i n 20 0404dysis boffer. AtéwindNition on ice for 15 minutes, the

nuclear |ysate was centrifuged at 206GyltegQ0 I g
supernatant was mixed with 5x SDS. Al l protein samples were h

minutes prior to SDS-PAGE gel.

2.2.10 Co-immunoprecipitation (Co-IP) Assay

GFP-Trap or RFP-Trap agarose beads were used to immunoprecipitate tagged proteins

of interest according to the manufacturerds i
described in Section 2. 2. 8. -codeo-IP ¢ysisvbafferdor | y s e d
30 minutes on ice, with gentle mixing every 10 minutes. Af t er centri fugati on,
supernatant was retained as the input control. The remaining lysate was incubated with

GFP-or RFP-Tr ap beads dot2 haurs Aih gdnte rotatlon (Figure 8). The

proteini bead complexes were washed three times with Co-IP dilution buffer and eluted

with5x SDSby heating at 95 AC for 5 minutes. El ut
tected by Western blotting

1 2 3
<) /’
g [~ g [~ {
Preparation of the cell lysate Binding of the bait and prey by GFP-Trap® Washing off unbound molecules,
prey should remain bound to bait
5 4 1
I m

— ° =

Analysis of bait and prey on SDS-PAGE Elution of bound bait and prey from the beads

Figure 8: Schematic diagram of Co-immunoprecipitation . The figure was adapted
from the Proteintech website (https://www.ptglab.com/products/GFP-Trap-Agarose-
gta.htm).
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2.2.11 RNA Extraction and RT-gPCR

Total RNA was extracted from treated cells using the ISOLATE Il RNA Mini Kit according
to the manufacturerdés protocol. The purity of
uring the absorbance ratios at A260/280 and A260/230 using a spectrophotometer. Only
RNA samples with appropriate purity were used for downstream mRNA expression anal-
ysis. For RNA quantification, gene-specific primers (Table 2.1.7) and the probe-based
Luna Probe One-Step RT-gPCR Kit were used. The reaction conditions are listed in Ta-

ble13. mMRNA expression | ev ettismRNA expressiamr mal i zed t
Cycles Tempature Time
/ 25°C 30 seconds
1 45 0C 10 minutes
95°C 2 minutes
40 95°C 5 seconds
60 °C 20 seconds

Table 13: RT-gPCR reaction conditions .

2.2.12 Immunofluorescent Staining

After transfection, HEK-293 cells were fixed with 4% paraformaldehyde (PFA) and
washed three times with PBS. Cells were then permeabilized with 0.1% Triton X-100 in
PBS for 15 minutes. After washing three times with PBS, cells were incubated with block-
ing buffer for 1 hour at room temperature, andi ncubat ed overnight at 4
antibodies: anti-HA (rat, 1:1000), anti-double-stranded RNA (J2, mouse, 1:1000), and
anti-SARS-CoV-2 ORF3a (rabbit, 1:1000). After washing with PBS, cells were incubated
for 1 hour at room temperature with the appropriate secondary antibodies: Alexa647 anti-
rat (1:500), Alexa488 anti-mouse (1:500), and FITC488 anti-rabbit (1:100). Nuclei were
counterstained with DAPI (1:1000) for 10 minutes prior to mounting. Images were ac-
quired using Leica confocal microscope or EVOS fluorescence microscope. ImageJ soft-

ware was used to quantify mean fluorescence intensity (MFI) from the acquired images.

2.2.13 Flow Cytometry

Transfected HEK-293 cells were detached using trypsin and stained with a primary anti-
body against HLAAABC i n FACS staining buffer for 1 h
washed three times with FACS buffer and fixed with 4% PFA for 15 minutes. Subsequent
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steps were carried out following the protocol described for day one of the immunofluo-

rescence procedure (Section 2.2.12). In general, HEK-293 cells were incubated over-

night at 4 AC with a pri mar yOnthesecohdaayycella gai nst
were washed three times with PBS, stained with the Live/Dead Fixable Red Cell Staining

Kit for 30 minutes, and subsequently incubated with secondary antibodies for 1 to 2 hours

at room temperature in the dark (anti-mouse Alexa Fluor 488, 1:500; anti-rat Alexa Fluor

555, 1:1000). The stained cells were transferred to flow cytometry tubes and analyzed

using a FACSCalibur flow cytometer with FlowJo software for data analysis. For unfixed

samples, propidium iodide (PI) staining was used to discriminate between live and dead

cells.

2.2.14 RNA-Protein Purification

To detect RNAI protein interactions, the PierceE Magnetic RNA-Protein Pull-Down Kit

was used according t o t(Figare ®alngehesalthelproedui®s pr ot ¢
consisted of two main steps: 1) mMRNA preparation and streptavidin magnetic beads li-

gation. 2) Ligated mRNA bound with lysed protein medium. mRNA was extracted from

HEK-293 cells following the protocol described in Section 2.2.11. The resulting mMRNA
concentration exceeded 10 eg/ ¢lL, meeting the
ments. The MRNA was labeled with Biotinylated Cytidine Bisphosphate at 4 € overnight.

T he nexteldfatyeptaviiromagnetic beads per reaction were washed twice with

20 mM Tris-HCI (pH 7.5) and collected using a magnetic stand. An equal volume of 1X

RNA Capture Buffer was used to resuspend the beads, and incubated with the labeled

RNA at room temperature with agitation for 30 minutes. Meanwhile, protein lysates were

prepared from transfected HEK-293 cells as described in Section 2.2.8. The labeled

magnetic beads were washed with 20 mM Tris twice, and resuspended in 100 L of 1X

Protein-RNA Binding Buffer in preparation for incubation with the protein lysates. 1 0 €L

of prepared lysate (Master Mix) was added to the RNA-bound beads and incubated at

4 AC with g eAftér 1 lour,ahg betids wereacaollected by the magnetic stand,

and washed with 1X wash buffer twice. The supernatants were harvested as an input
contro,.Bound proteins were el ut ed chygfElutioncBufferat i ng t
at 37 AC wiThekrluategweteaixédwith5x SDSand heated at 95 A
minutes. These samples represented the pull-down group. Proteins of interest were sub-

sequently identified by Western blotting.
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Label RNA using MMM‘T/W,’*
T4 RNA Ligase X

/ Capture labeled RNA
with streptavidin
magnetic beads I~

5 Bind proteins to RNA

Wash

¢ Elute

J Detect Western blotting Mass spectrometry

. L

'

Figure 9: RNA-Protein purification process . The figure is adapted from the Thermo
Scientific website (https://www.thermofisher.com/order/catalog/product/de/en/20164).

2.2.15 Fluorescence in Situ Hybridization (FISH) Assay

SARS-CoV-2 wide-type strain (WT) infected Huh7.5 cell slides were kindly provided by
the Drosten lab (Charité, Berlin). Huh7.5, Vero E6, and BEAS-2B/ACE2 cells infected
with attenuated SARS-CoV-2 sCPD9, as well as transfected HEK-293 cells, were fixed
with 4% PFA at room temperature for 15 minutes. After washing three times with PBS,
the cells were permeabilized with 0.1% Triton X-100 in PBS for 15 minutes and subse-
guently washed twice with PBS and twice with 2x SSC buffer. The Oligo d(T)20-Cy3
probe (1:2000) or Oligo d(T)15-Cy5 probe (1:1000) was diluted in hybridization buffer and

incubated with the cells overnight at 37

with 2x SSC buffer for 10 minutes each. To identify the target protein, cells were sub-
jected to intracellular immunostaining as described in Section 2.2.12. Following nuclear

counterstaining, cells were imaged using a fluorescence microscope.

AcC.
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2.2.16 Luciferase Reporter Assays

Treated cells were lysed, and luciferase activity in the lysates was measured using a
CLARIOstar microplate reader with the appropriate substrates. Fold changes in lumines-

cence were normalized to the corresponding control group.

2.2.16.1 Renilla Luciferase

At 24 or 48 hours post-transfection with the Renilla-Luciferase (RLuc) reporter plasmid,

the culture medium was r emovelLdflxRemith Lucitet-1 s wer
ase Lysis Buffer at room temperature for 15 minutes. Su b s e g u e aLtof the lysat 0

was transferred to a 96-well plate for measurement of Renilla luciferase activity.

2.2.16.2 Firefly Luciferase

To assess p53 activity, the pG13-Luc reporter plasmid, which contains 13 tandem p53-

binding sites, was transfected into HEK-293 cells. After 24 hours, cells were exposed to

germicidal UV light at room temperature and incubated for an additional 24 hours. To

quantfy NF-e B aneb IpRaN hway activities, the correspo
plexes (pGL3-ELAM-Luc with pCMV-p65, or pGL3-p125-Luc with RIG-I-CARD) were

transfected into HEK-293 cells. At 24 or 48 hours post-transfection, cells were washed

oncewith- PBS and | ysed with 25 redgentoSubsdquentige | I Cu
20 eL of |l ysat e wa-well plateaand Firefly luafataset agtivitp wad 6

measured using the Luciferase Assay System.

2.2.16.3 NanoLuc Two-Hybrid (N2H)

HEK-293 cells were seeded into black 96-well plates. At 24 or 48 hours post-transfection
withN2H system plasmid compl exes, celdD lgsiswer e |
buffer. Luciferase activity was measured using the Nano-Glo® HiBiT Assay System.

2.2.17 Statistical analysis

All data are presented as the mean tstandard deviation (SD) from at least three biolog-
ical replicates. Statistical comparisons were performed using Student's t-test (between
two groups) and one-way ANOVA (more than two groups). GraphPad Prism version 10.0

was utilized for all statistical analyses, with a significance level set at p < 0.05.
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3. Results

31 SARES0suppr ensossas ptrroatnesilnat i on

Previous studies have shown that SARS-CoV-2 inhibits host protein translation, thereby
evading the immune response. To determine whether the attenuated SARS-CoV-2 strain
sCPD9 retains this function, a Cy3-labeled Oligo d(T)2 probe, which specifically binds
to mMRNA poly(A) tails, was used to visualize mRNA localization via FISH assay. Huh7.5,
Vero E6, and BEAS-2B/ACE2 cells were infected with sCPD9, and SARS-CoV-2 WT-
infected Huh7.5 cells served as a positive control. In SARS-CoV-2 WT-infected Huh7.5
cells (MOI=1, 24 hours), Cy3-labeled mRNA accumulated in the nucleus compared to
the mock-infected group (Figure 10A). Due to the lower viral titer of sCPD9, reduced
MOIls were used for infection: Huh7.5 (MOI=0.01), Vero E6 (MOI=0.01), and BEAS-
2B/ACE2 (MOI=0.005) cells were fixed at 48 or 72 hours post-infection. As shown in
Figure 10B to D, all infected cell lines exhibited nuclear mMRNA accumulation compared

to the mock-infected group.

To visually semi-quantify and assess translational activity, a ribopuromycylation (RPM)
assay was performed, in which nascent polypeptides are labeled with puromycin. This
incorporation allows the use of anti-puromycin antibodies to visualize actively translating
ribosomes in cells. The results confirmed that sCPD9 infection suppressed host cell
translation in all three cell lines (Figure 10E to G). In summary, SCPD9 can inhibit host
protein translation in Huh7.5, Vero E6, and BEAS-2B/ACE?2 cells.

A

dsRNA-J2 Oligo d(T),,-Cy3
FITC488

Mock

Huh?7.5

MOI: 1

SARS2-WT
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Figure 10: SARS-CoV-2 suppresses host protein translation . A to D. Visualization

of MRNA localization via FISH assay upon infection by SARS-CoV-2. The indicated cell

lines were infected with either WT or attenuated sCPD9 of SARS-CoV-2 at a multiplicity

of infection (MOI). Cell s were fi xe-thbeledhd hybr
oligo d(T)F @robes to detect poly(A)+ RNA and with anti-dsRNA J2 antibody. Images

were acquired using EVOS or confocal fluorescence microscope. Magnification: 40x/60x.

Positive cells are indicated by the white arrows. E to G. Visual semi-quantification of

translational activity. The same cell lines were infected with sCPD9 under identical MOI

and time conditions. Two hours prior to harve
nascent polypeptides. Puromycin-incorporated peptides were subsequently detected by

Western Blotting.

32 SARE0X2ORF3raegul ateotleoswmtttipans

3.2.1 SARS-CoV-2 ORF3a expression and cellular localization

To investigate the function of the viral gene of interest, the SARS-CoV-2 ORF3a gene
was amplified by PCR using GATEWAY-compatible primers with SARS-CoV-2 Wuhan
strain DNA as the template. Following the GATEWAY cloning protocol, the ORF3a se-
guence was inserted into the pDEST-GFP vector, generating either a GFP-tagged
ORF3a (pDEST-ORF3a-GFP) or an untagged authentic ORF3a (with a stop codon prior
to the GFP tag; pDEST-ORF3a). In addition, ORF3a was cloned into the pCG1 vector

(lacking any fusion tag) via restriction enzyme cloning.

These ORF3a plasmid constructs were transfected into HEK-293 cells to verify protein
expression. Western blot analysis revealed that the authentic ORF3a had an approxi-
mate molecular weight of 30-35 kDa, and the GFP-tagged version was approximately
55-60 kDa (Figure 11A and B). To further confirm the subcellular localization of the
constructs, an RFP-tagged ORF3a was generated using the same strategy and trans-
fected into HEK-293 cells. As shown in Figure 11C, ORF3a exhibited colocalization with
ER and Golgi apparatus as demonstrated by staining with FITC488-labelled antibodies
recognizing ER (anti-PDI) and Golgi (anti-CDF4/Golgin-97), respectively. Under higher
magnification, staining results showed that signals from both organelles were more in-

tense in cells expressing RFP-ORF3a (Figure 11D).

According to previous studies, SARS-CoV-2 ORF3a contains 275 amino acids with a
molecular weight of approximately 30-35 kDa, and is known to localize to cytosolic orga-
nelles such as the Golgi, ER, and lysosomes [39, 110, 111]. The above findings confirm
that both the pDEST-based and pCG1-based ORF3a constructs are properly expressed

and correctly localized, supporting their use in subsequent functional analyses.
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Figure 11: SARS-CoV-2 ORF3a expression and cellul ar localization . A and B. Ex-
pression level of GFP fused or native SARS-CoV-2 ORF3a construct plasmids. HEK-
293 cells were transfected with plasmid constructs encoding either GFP-tagged SARS-
CoV-2 ORF3a (pDEST-ORF3a-GFP) or untagged authentic ORF3a (pDEST-ORF3a or
pCG1-ORF3a). Protein expression levels were assessed by Western Blotting using an
anti-ORF3a antibody. C and D. Subcellular localization of RFP fused SARS-CoV-2
ORF3a (RFP-ORF3a). HEK-293 cells were transfected with RFP-tagged SARS-CoV-2
ORF3a. After 24 hours, cells were fixed and stained with anti-PDI (endoplasmic reticulum
marker) and anti-CDF4/Golgin-97 (Golgi marker) antibodies. Images were captured us-
ing confocal fluorescence microscope. Magnification: 60x/100x. Positive cells are indi-
cated by the white arrows.
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3.2.2 SARS-CoV-2 ORF3a downregulates the translation of host cell proteins

SARS-CoV-2 Nspl is a well-characterized viral protein known to suppress host cell
translation and was therefore used as a positive control in this study. To evaluate the
role of SARS-CoV-2 ORF3a, pDEST-GFP-Nspl (GFP-Nspl), pDEST-HA-Nspl (HA-
Nspl), and pDEST-HA-ORF3a (HA-ORF3a) plasmid constructs were generated. The
levels of puromycin-labeled cellular polypeptides were then assessed in HEK-293 cells
transfected with either GFP- or HA-tagged Nspl and ORF3a constructs. Surprisingly,
only the GFP-fused constructs suppressed host protein translation, whereas the HA-
fused constructs had no effect (Figure 12A). Consistently, FISH assay results revealed
that only the GFP-tagged Nspl and ORF3a blocked mRNA nuclear export (Figure 12B),
whereas the HA-tagged constructs did not (Figure 12C). In addition, SARS-CoV-2 ORF6,
another viral protein known to inhibit translation, was cloned into the pDEST-GFP vector
(GFP-ORF®6). Renilla luciferase reporter assays demonstrated that GFP-Nspl, GFP-
ORF3a, and GFP-ORF6 all reduced Renilla luciferase activity driven by the CMV pro-
moter, reflecting basal translational efficiency (Figure 12D and E). To further confirm
that ORF3a functions similarly to Nspl and ORF6, various ORF3a constructs, including
tagged and authentic forms, were co-transfected with the RLuc reporter plasmid. All con-
structs exhibited a suppressive effect on Renilla luciferase activity in HEK-293 cells (Fig-
ure 12F to ), and the authentic ORF3a also reduced puromycin-labeled polypeptide
levels (Figure 12J and K). Together, these results suggest that ORF3a inhibits host cell
translation in a manner similar to SARS-CoV-2 Nspl and ORF6.
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Figure 12: SARS-CoV-2 ORF3a down -regulates the translation of host cells . A. Vis-
ual semi-quantification of translational activity. HEK-293 cells were transfected with the
indicated plasmid constructs . After 24 hour s, 3 ¢M pur
label nascent polypeptides. Puromycin-labeled cellular proteins were detected by West-
ern blotting with an anti-puromycin antibody. B and C. Visualization of mRNA localization
via FISH assay upon viral plasmid constructs transfection. The indicated constructs were
transfected into HEK-293 cells for 24 hours. Fixed cells were hybridized with Cy3-labeled
oligod(MF®r obes overnight at 37 AC. | mages
microscope. Magnification: 40x. Positive cells are indicated by the white arrows. D to |I.
Effect of SARS-CoV-2 viral proteins (Nspl, ORF3a, and ORF6) on Renilla luciferase
activity. HEK-293 cells were co-transfected with the indicated plasmid constructs and
Renilla luciferase (RLuc) reporter plasmid. At 24 hours post-transfection, luciferase ac-
tivity was measured to assess translational efficiency (n=4 to 6). HA-YFP¢ is a fusion
protein construct: An HA tag at the N-terminus and the C-terminal half of Yellow Fluo-
rescent Protein (YFP) at the C-terminus. J and K. Visual semi-quantification of transla-
tional activity. The indicated SARS-CoV-2 ORF3a plasmid constructs were transfected
into HEK-293 cells. At24 hourspost-t r ansf ecti on, 3 &M puro
Puromycin-labeled polypeptides were analyzed by Western blotting with an anti-puromy-
cin antibody. The band intensity was quantified using ImageJ software (n=3 to 4).
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3.2.3 SARS-CoV-2 ORF3a leads to mRNA nuclear accumulation

SARS-CoV-2 viral proteins, such as Nspl and ORF6, have been reported to disrupt
MRNA trafficking and translation. This raised the question of whether ORF3a exhibits
similar functions. To investigate this, an authentic ORF3a construct was transfected into
HEK-293 cells, and GFP-tagged ORF3a was used as a positive control. FISH assay
results revealed that Cy3 fluorescence predominantly accumulated in the nucleus in
ORF3a-expressing cells, compared to the control group (Figure 13A to D).

However, staining with an anti-ORF3a antibody produced a cellular morphology distinct
from that observed with GFP-ORF3a. To verify this discrepancy, RFP-tagged ORF3a
was transfected into HEK-293 cells and visualized under both the RFP and FITC chan-
nels. The morphology of RFP-ORF3a-expressing cells was consistent with that of GFP-
ORF3a-expressing cells but differed from the morphology of cells identified using the
ORF3a antibody (Figure 13E). Based on this observation, it can be speculated that the
ORF3a antibody may not be optimal for immunofluorescence applications. Taken to-
gether, these results suggest that ORF3a inhibits mMRNA nuclear export, thereby contrib-

uting to the suppression of host protein translation.
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ORF3a-FITC488 ORF3a-RFP

Figure 13: SARS-CoV-2 ORF3a leads to mRNA accumulation inthe nucleus . A and

C. Visualization of mRNA localization via FISH assay upon transfection by SARS-CoV-

2 ORF3a. HEK-293 cells were transfected with the indicated plasmid constructs for 24

hours. Fixed cells were sequentially incubated with Cy3-labeled oligo d(T)F €t 37 AC and
an-ORF3a antibody at 4 AC over nigphfdcal flubrerages Wwe
cence microscope. Magnification: 60x. Positive cells are indicated by the white arrows.

B and D. The nuclear-to-cytoplasmic ratio of oligo d(T)F luorescence was quantified

using ImageJ software (n=4 to 5). E. Cellular morphology of SARS-CoV-2 ORF3a. HEK-

293 cells were transfected with RFP-tagged SARS-CoV-2 ORF3a. At 24 hours post-

transfection, cells were fixed and stained with anti-ORF3a antibody. Images were cap-

tured using EVOS fluorescence microscope. Magnification: 40x.

3.2.4 SARS-CoV-2 ORF3a binds with RBPs

Based on the FISH assay results, the nuclear retention of mMRNA likely contributes to the
suppression of host protein translation by ORF3a. To further explore this mechanism,
the mRNA export pathway was investigated in detail. As a component of the transcrip-
tion-export complex, UAP56 is involved in pre-mRNA splicing and spliceosome assem-
bly and is the first protein to be recruited and bound by mRNA. ALY/REF is subsequently
recruited by UAP56 to bind mRNA. Following ATP hydrolysis by UAP56, it is replaced
by the nuclear export receptor complex NXF1-NXT1. Finally, the mRNA-protein com-
plexes are exported from the nucleus to the cytoplasm through the nuclear pore complex
(NPC) [112] (Figure 14A).

Co-IP assay results showed that SARS-CoV-2 ORF3a physically interacted with UAP56
and ALY/REF in vitro (Figure 14B and C). To determine whether ORF3a suppresses
the translational efficiency of these RBPs, RLuc-tagged UAP56 (RL-UAP56) and
ALY/REF (RL-ALY/REF) constructs were co-transfected with GFP-ORF3a into HEK-293
cells. Renilla luciferase assay results confirmed that ORF3a reduced the expression of
both UAP56 and ALY/REF (Figure 14D and E). Interestingly, overexpression of both
RBPs appeared to enhance the expression of ORF3a, as evidenced by DAPI staining
(Figure 14F to I) and Renilla luciferase assays (Figure 14J and K) . These findings sug-
gest that UAP56 and ALY/REF are likely functional targets of SARS-CoV-2 ORF3a.



53

+  + HA-UAPS56
5 @ LLLLIAYAYA) - - -3 - + GFP-ORF3a
+ - GFP
IB: anti-HA == | HA-UAPS56
Cytoplasm
" | GFP-ORF3a | %
IB: anti-GFP S
Nucleus !
-
IB: anti-HA [<ee | HA-UAPS6 | =
5 (@) i ] LLLAYAYA)-- -3 =
o IB: anti-Vinculin | = === | vinculin | =
o
c + + ORF3a-HA-YFP©
- + GFP-ALY/REF
ALY/ @ * ~ GFP
REF o E j’_"
5 (@ 11 : LLLLAYRYA)--- 3 IB: anti-HA s=="| ORF3a-HA-YFP*
> | @ GFPALREF |
Complex a
IB: anti-GFP || o
TREX @ -t GFP
THO ;
IB: anti-HA @ | ORF3a-HA-YFPc | 5
Complex S
UAP56 o . 2
5 (@ wezaiill 1 M@(Eﬂ:ﬁ),,,g- 1B: anti-Vinculin | e s | Vinculin -
12
> 00 >
2.0 * 5
3 e GFP T * X e GFP
g 1.5+ m GFP-ORF3a % 4 m GFP-ORF3a
o o
3 3 3
X 1.0 (74
k5] ¢ 6 27
Q o5 H g
= S 11
1 n : !
= o
& oo . . & o P .
RL RL-UAP56 RL RL-ALY/REF
GFP-ORF3a
+GFP-ORF3a
10+ * %
g o -
2
"]
SOum n- G-
& [
o,
RFP-UAP56 GFP-ORF3a , ‘S
s 2
o_
L &
& '\)v?




54

ORF3a-RFP y +ORF3a-RFP

15+ % %k %

10

GFP-ALY/REF ORF3a-RFP

MFI of RFP signal

> > 25-
70 2 25 * *
S n8 * e GFP S o GFP
= -
Q | m GFP-UAP56  § 207 m  GFP-ALY/REF
50 ‘
5 S 15
-
z z o
w 30X w 10X
0 3.0 G 3.0}
: - ‘ ‘ r| : - rF|
s 1.5 = 1.5
© L n
© r I )
@ 0.0 T T o 0.0
RL RL-ORF3a RL RL-ORF3a

Figure 14: SARS-CoV-2 ORF3a binds with R BPs. A. Schematic diagram of the nuclear
export of MRNA (created by Biorender). B. Interaction between UAP56 and SARS-CoV-
2 ORF3a in Co-IP assay. HEK-293 cells were transfected with HA-tagged UAP56 and
either GFP-ORF3a or GFP control construct. GFP-Trap was performed to detect the
interaction between UAP56 and ORF3a in vitro. C. Interaction between ALY/REF and
SARS-CoV-2 ORF3a in Co-IP assay. HEK-293 cells were transfected with HA-YFP®-
tagged SARS-CoV-2 ORF3a and GFP-ALY/REF or GFP control construct. GFP-Trap
was performed to detect the interaction between ALY/REF and ORF3a in vitro. D and E.
Effect of SARS-CoV-2 ORF3a on UAP56 and ALY/REF driven Renilla luciferase activity.
HEK-293 cells were co-transfected with either RLuc reporter vector, or RLuc-tagged
UAP56 (RL-UAP56) or ALY/REF (RL-ALY/REF) and either GFP-ORF3a or GFP control
construct. Luciferase activity was measured 24 hours post-transfection (n=4 to 5). Fto I.
UAP56 and ALY/REF regulate SARS-CoV-2 ORF3a expression. HEK-293 cells were
transfected with the indicated plasmid constructs. After 24 hours, cells were stained with
DAPI and imaged using EVOS fluorescence microscope. Magnification: 20x/40x. The
mean fluorescence intensity of GFP- or RFP-tagged SARS-CoV-2 ORF3a was quanti-
fied using ImageJ software (n=4). J and K. Effect of either UAP56 or ALY/REF on SARS-
CoV-2 ORF3a driven Renilla luciferase activity. HEK-293 cells were co-transfected with
either RLuc reporter vector or RLuc-tagged SARS-CoV-2 ORF3a (RL-ORF3a) and either
GFP-UAP56, GFP-ALY/REF or GFP control construct. Luciferase activity was measured
24 hours post-transfection (n=4 to 5).

3.2.5 SARS-CoV-2 ORF3a interferes with the function of mMRNA export factors

To further investigate whether ORF3a interferes with the function of RBPs, the subcellu-
lar localization of RFP-UAP56 in the presence of ORF3a was examined in HEK-293 cells.

On the one hand, fluorescence imaging revealed that ORF3a expression caused patrtial
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re-localization of RFP-UAP56 to the cytoplasm compared to the GFP control group (Fig-
ure 15A). On the other hand, cytoplasmic and nuclear proteins were separated using a
cell fractionation assay. Western blotting analysis confirmed that the cytoplasmic-to-nu-
clear ratio of RFP-UAP56 was increased in the presence of GFP-ORF3a (Figure 15B).
However, no obvious redistribution of ALY/REF was observed under ORF3a expression
(Figure 15C and D).

Given that the interaction between UAP56 and ALY/REF is essential for mMRNA nuclear
export, both RBPs were co-transfected with HA-YFP°-tagged ORF3a into HEK-293 cells
(HA-YFP°€ served as a control). Fluorescence imaging results showed that the interaction
between RFP-UAP56 and GFP-ALY/REF was disrupted by ORF3a, as evidenced by
reduced co-localization compared to the control group (Figure 15E). This observation
was further confirmed by Co-IP and fractionation assays. Without fractionation, the inter-
action between RFP-UAP56 and GFP-ALY/REF was diminished in the presence of
ORF3a (Figure 15F). In addition, cytoplasmic and nuclear proteins were isolated and
purified using GFP-Trap. The results revealed that ORF3a disrupted the interaction be-
tween UAP56 and ALY/REF in both the cytoplasm and nucleus (Figure 15G). In conclu-
sion, these results demonstrate that SARS-CoV-2 ORF3a impairs the binding activity of

key mRNA export factors, thereby interfering with nuclear mRNA export efficiency.
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Figure 15: SARS-CoV-2 ORF3a interferes with the function of mMRNA export fac-

tors. A and C. SARS-CoV-2 ORF3a regulates the subcellular localization of UAP56,
not ALY/REF. HEK-293 cells were transfected with the indicated plasmid constructs for
24 hours. After DAPI staining, cells were imaged using confocal fluorescence micro-
scope. Magnification: 60x. Positive cells are indicated by the white arrows. B and D.
SARS-CoV-2 ORF3a changes the subcellular expression of UAP56, not ALY/REF. Cy-
toplasmic and nuclear fractions were isolated from HEK-293 cells 24 hours post-trans-
fection. Western blotting was performed to analyze the expression levels of the indi-
cated proteins. GAPDH and Lamin A served as cytoplasmic and nuclear controls, re-
spectively. E. SARS-CoV-2 ORF3a affects the colocalization of UAP56 and ALY/REF

in the nucleus. The indicated plasmid constructs were transfected into HEK-293 cells
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for 24 hour s. Foll owing fixation, c-lAdns
tibody, and images were captured using confocal fluorescence microscope. Magnifica-
tion: 60x. Positive cells are indicated by the white arrows. F and G. SARS-CoV-2
ORF3a affects the binding of UAP56 to ALY/REF. Either total or subcellular proteins
from HEK-293 cells were isolated 24 hours post-transfection and subjected to GFP-
Trap pulldown followed by Western blotting to assess protein interactions. GAPDH and

Lamin A were used as cytoplasmic and nuclear markers, respectively.

3.2.6 SARS-CoV-2 ORF3a affects binding between mRNA and RBPs

To date, no studies have demonstrated that SARS-CoV-2 viral proteins directly affect
the interaction between RBPs and mRNA. To investigate whether ORF3a interferes with
RBPs-mRNA binding, RNA-protein pulldown experiments were performed. Biotin-la-
beled mMRNA was co-incubated with protein lysates derived from HEK-293 cells trans-
fected with pDEST-myc-UAP56 (Myc-UAP56) and either GFP-ORF3a or GFP control.
As shown in Figure 16A to C, the association of Myc-UAP56 and endogenous ALY/REF
with mRNA was reduced in the presence of GFP-ORF3a, without altering their total pro-
tein levels, indicating that ORF3a directly impairs RBP-mRNA interactions.
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Figure 16: SARS-CoV-2 ORF3a affect s binding between mRNA and RBPs . A. HEK-
293 cells were transfected with the indicated plasmid constructs. After 24 hours, cellular
lysates were incubated with biotinylated HEK-293-derived mRNA. Pulled-down proteins
were eluted and analyzed by Western blotting. B and C. Band intensities of the indicated

wer e
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33 The functwiatesn BoAfR-8t0 2 ORF 3 a

3.3.1 SARS-CoV-2 ORF3a truncation expression and subcellular localization

To further investigate the functional domains of SARS-CoV-2 ORF3a, three truncated
constructs were generated based on its predicted linear domain structure [35] (Figure
17A). The N-terminal domain (NTD, a.a. 1i 39), Middle-terminal domain (MTD, a.a. 401
132), and C-terminal domain (CTD, a.a. 133i 275) were cloned into pDEST-GFP and
pDEST-HA-YFP° vectors. Protein expression of the HA-YFP® fusion constructs was as-
sessed by Western blotting. As shown in Figure 17B, all three truncated fragments were
expressed in HEK-293 cells, although expression levels varied, with the NTD exhibiting

markedly lower expression than the other two domains.

To assess subcellular localization, GFP-tagged truncations were transfected into HEK-
293 cells. Fluorescence microscopy results revealed that the MTD construct, similar to
full-length ORF3a, co-localized with ER and Golgi markers (Figure 17C and D). Both
the NTD and MTD were enriched in the perinuclear cytoplasm, while the CTD showed a
broader distribution in both the cytoplasm and nucleus.
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Figure 17: SARS-CoV-2 ORF3a truncat ion expression and sub cellular localization .
A. Schematic representation of the linear structure of SARS-CoV-2 ORF3a, highlighting
three major domains: the N-terminal domain (NTD, a.a. 1i 39), the Middle transmem-
brane domain (MTD, a.a. 40i 132), and the C-terminal domain (CTD, a.a. 1331 275). Cre-
ated by Biorender. B. Detection of HA-YFP°-tagged SARS-CoV-2 ORF3a truncation ex-
pression. HEK-293 cells were transfected with either HA-YFP®-tagged SARS-CoV-2
ORF3a truncation or HA-YFP¢ control construct. After 24 hours, protein expression was
assessed by Western blotting. C and D. Subcellular localization of SARS-CoV-2 ORF3a
truncation. HEK-293 cells were transfected with the indicated ORF3a truncation con-
structs. At 24 hours post-transfection, cells were fixed and stained with anti-PDI (ER
marker) and anti-CDF4/Golgin-97 (Golgi marker). Images were captured using Confocal
fluorescence microscope. Magnification: 60x.

3.3.2 SARS-CoV-2 ORF3a truncations regulate mRNA nuclear export and host

protein translation

To determine which domain of SARS-CoV-2 ORF3a is responsible for regulating host
protein translation, three independent assays were performed using the GFP-tagged
ORF3a truncation constructs transfected into HEK-293 cells. First, FISH assay results
showed that the NTD and MTD disrupted mRNA nuclear export, whereas the CTD had
no such effect (Figure 18A). Second, Western blotting results revealed that the NTD and
MTD inhibited host ribosomal activity, while the CTD did not (Figure 18B). Third, Renilla
luciferase reporter assay results confirmed that only the NTD and MTD had similar in-
hibitory effects on translational efficiency as the full-length ORF3a (Figure 18C). Taken
together, these findings indicate that the a.a. 1i 132 of ORF3a constitute the critical re-

gion responsible for suppressing host protein translation.
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Figure 18: SARS-CoV-2 ORF3a truncations regulate mRNA nucleus export and

host protein translation . A. Visualization of mRNA localization via FISH assay upon
transfection of SARS-CoV-2 ORF3a truncations. HEK-293 cells were transfected with

the indicated ORF3a truncation constructs. After 24 hours, cells were fixed and hybrid-

ized with Cy3-labeled oligod(T)opr obes overnight at 37 AC. | mag
confocal fluorescence microscope. Magnification: 60x. Positive cells are indicated by the

white arrows. B. Visual semi-quantification of translational activity. HEK-293 cells were
transfected with the indicated SARS-CoV-2 ORF3a truncation constructs. After 24 hours,

3 ¢M puromycin was added for 2 hour slabeled | abel
proteins were detected by Western Blotting. C. Effect of SARS-CoV-2 ORF3a truncation

on Renilla luciferase activity. HEK-293 cells were co-transfected with the indicated
SARS-CoV-2 ORF3a truncation constructs and RLuc reporter plasmid. Luciferase activ-

ity was measured 24 hours post-transfection. Full-length SARS-CoV-2 ORF3a-GFP was

used as a control (n = 6).

3.3.3 SARS-CoV-2 ORF3a truncations interact with RBPs

To further investigate the protein-protein interactions (PPIs) between RBPs and trun-
cated ORF3a constructs, the Co-IP assay was performed in vitro. Western Blotting re-
sults revealed that all three domains of ORF3a interacted with Myc-UAP56 in vitro, es-
pecially the CTD (Figure 19A). The MTD and CTD domains interacted with HA-YFP°-
ALY/REF in vitro, especially the MTD (Figure 19B). As full-length ORF3a was previously
shown to alter UAP56 localization, this phenotype was further assessed by using indi-
vidual ORF3a domains. Notably, both the NTD and CTD of ORF3a co-localized with
RFP-UAP56 and induced partial re-localization of UAP56 from the nucleus to the cyto-
plasm (Figure 19C). Additionally, RFP-ALY/REF co-localized with ORF3a CTD in the
nucleus (Figure 19D). Taken together, these results suggest that the NTD and MTD of
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ORF3a may exert their functions primarily through interactions with UAP56 and ALY/REF,

whereas the CTD may play a supportive role.
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Figure 19: SARS-CoV-2 ORF3a truncations interact with RBP s. A. Interaction be-
tween UAP56 and SARS-CoV-2 ORF3a truncations in Co-IP assay. HEK-293 cells were
transfected with Myc-tagged UAP56 and either GFP-tagged SARS-CoV-2 ORF3a trun-
cations or GFP control construct. GFP-Trap was performed to detect the interaction be-
tween SARS-CoV-2 ORF3a truncations and UAP56 in vitro. B. Interaction between
ALY/REF and SARS-CoV-2 ORF3a truncations in Co-IP assay. HEK-293 cells were
transfected with HA-YFP¢-tagged ALY/REF and either GFP-tagged SARS-CoV-2
ORF3a truncations or GFP control construct. GFP-Trap was performed to detect the
interaction between ORF3a truncations and ALY/REF in vitro. C and D. SARS-CoV-2
ORF3a truncations regulate the subcellular localization of UAP56, not ALY/REF. HEK-
293 cells were transfected with the indicated constructs. After 24 hours, cells were fixed
and stained with DAPI. Images were captured using confocal fluorescence microscope.
Magnification: 60x. Positive cells are indicated by the white arrows.
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3.3.4 SARS-CoV-2 ORF3a hinds with subdomains of RBPs

RBPs mediate mRNA nuclear export via their RNA-binding domains (RBDs). To deline-

ate the interaction interface between RBPs and ORF3a, truncated forms of UAP56 and
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ALY/REF were generated based on their predicted linear domain structures (Figure 20A
and B). The corresponding sequences were cloned into the pDEST-RFP vector. UAP56
was divided into two domains (NTD: a.a. 1i 254; CTD: a.a. 255i 428), while ALY/REF
was divided into three domains (NTD: a.a. 11 106; MTD: a.a. 1071 183; CTD: a.a. 184i
264). Co-IP results showed that ORF3a interacts with the CTD of UAP56, which contains
a RecA2 domain. In addition, ORF3a bound to all domains of ALY/REF, with a stronger
interaction observed in the region spanning a.a. 1077 264, which contains both the RNA
recognition motif (RRM) and RBD (Figure 20C and D). These results further suggest
that ORF3a is likely to disrupt RBP-mRNA interactions by competitively binding to their
RBDs.
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Figure 20: SARS-CoV-2 ORF3a binds with subdomains of RBPs . A and B. Sche-
matic representations of UAP56 and ALY/REF domain architecture, including their re-
spective truncation fragments: UAP56 NTD (a.a. 1i 254), CTD (a.a. 2551 428); ALY/REF
NTD (a.a. 11 106), MTD (a.a. 1071 183), CTD (a.a. 184i 264). C and D. Interaction be-
tween SARS-CoV-2 ORF3a and the truncations of UAP56 or ALY/REF in Co-IP assay.
HEK-293 cells were transfected with HA-YFP¢-ORF3a and either RFP-tagged trunca-
tions of UAP56, ALY/REF, or RFP control construct. RFP-Trap was performed to detect
the interaction between SARS-CoV-2 ORF3a and the corresponding truncated UAP56
and ALY/REF proteins in vitro.
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After mRNA is bound by the RBP complex, it is ultimately exported to the cytoplasm
through the NPC. Nucleoporins, which constitute the NPC, not only maintain their struc-
tural integrity but also actively participate in mMRNA nuclear export (Figure 3). Here, the
NTD of ORF3a was considered to pull down the nucleoporin proteins via Co-IP assay.
The results revealed that ORF3a NTD interacted with Nup37, Nup62, Nupl55, and
Nup160 (Figure 21A). Additionally, Renilla luciferase assay was employed to assess the
expression levels of these Nups in the presence of SARS-CoV-2 ORF3a. As expected,
ORF3a suppressed the expression of all four Nups (Figure 21B to E). Among them,
Nup37, Nup155, and Nup160 primarily contribute to maintaining the structure of the nu-
clear envelope, while Nup62 plays a central role in mRNA nuclear export [113]. Given its
functional importance, Nup62 is considered a potential downstream target of ORF3a.

The physical interaction between full-length ORF3a (as well as its MTD) and Nup62 was
further validated in vitro (Figure 21F). Interestingly, the Renilla luciferase assay also
showed that Nup62-RFP enhanced the expression of ORF3a (Figure 21G).
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Figure 21: SARS-CoV-2 ORF3a binds with Nup family proteins . A. Interaction be-
tween nucleoporins (Nup37/62/155/160) and SARS-CoV-2 ORF3a NTD in Co-IP assay.
HEK-293 cells were transfected with HA-YFP°-tagged ORF3a NTD and either RFP-
tagged Nup37/62/155/160 or RFP control construct. RFP-Trap was performed to detect
the interaction between ORF3a NTD and each Nup protein in vitro. B to E. SARS-CoV-
2 ORF3a regulates Nup37/62/155/160 driven Renilla luciferase activity. HEK-293 cells
were co-transfected with either RLuc reporter vector or RLuc-tagged Nup37/62/155/160
and either GFP-ORF3a or GFP control construct. Luciferase activity was measured after
24 hours (n=5). F. Interaction between Nup62 and SARS-CoV-2 ORF3a (MTD or full
length) in Co-IP assay. HEK-293 cells were transfected with HA-YFP°®-Nup62 and GFP-
tagged full-length or MTD of SARS-CoV-2 ORF3a or GFP control construct. GFP-Trap
was performed to detect the interaction between Nup62 and the SARS-CoV-2 ORF3a in
vitro. G. Nup62 regulates SARS-CoV-2 ORF3a driven Renilla luciferase activity. HEK-
293 cells were co-transfected with either RLuc reporter vector or RLuc-tagged ORF3a
and either Nup62-RFP or RFP control construct. Luciferase activity was measured after
24 hours (n=5).

3.4.1 SARS-CoV-2 ORF3a disrupts interaction between Nup62 and NXF1

Furthermore, the subcellular localization of Nup62 was detected in the presence of
ORF3a. As shown by imaging and fractionation analyses, GFP-ORF3a did not alter the
localization pattern of Nup62-RFP (Figure 22A and B).

Given the critical role of Nup62 in nucleocytoplasmic transport, its interaction ability with
the mRNA export factor was investigated in the presence of ORF3a. To prevent ORF3a
from markedly inhibiting the expression of those proteins, a Dox-inducible Tet-On system
was employed. In this system, the reverse tetracycline-controlled trans-activator (rtTA)
is unable to bind the tetracycline response element (TRE) in the absence of doxycycline
(Dox). Upon Dox administration, rtTA undergoes a conformational change, enabling it to
bind TRE and activate gene transcription (Figure 22C). Here, ORF3a was cloned into
the Tet-On vector pCW57.1-TStrp-HA in two orientations: pCW57.1-TStrp-HA-ORF3a
(PCW-HA-ORF3a) and pCW57.1-TStrp-ORF3a-HA (pCW-ORF3a-HA). Both constructs
were transfected into HEK-293 or HEK-293T cells. After 24 hours, cells were treated with
1 OM Dox for an additional 24 hours bef
both constructs were expressed, with no background in the presence of Dox alone (Fig-
ure 22D). Notably, pPCW-ORF3a-HA showed higher expression levels and was therefore

selected for subsequent experiments.

Interestingly, the Western blotting results showed that ORF3a markedly disrupted the
interaction between Nup62 and NXF1 by the fifth hour of induction, replacing it with a
new interaction between NXF1 and ORF3a (Figure 22E). In order to further clarify the
mechanism, Nup62 was divided into three domains: NTD (a.a. 11 150), MTD (a.a. 151i
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328), and CTD (a.a. 3291 522) based on its linear structure (Figure 22F). Co-IP results
demonstrated that both the NTD and MTD of Nup62, which contain the FG repeat do-
main, are primarily responsible for binding to ORF3a (Figure 22G). Collectively, the
above data suggest that the a.a. 1i 132 region of ORF3a may compete with NXF1 for
binding to the a.a. 11 328 region of Nup62, thereby blocking the final step of mMRNA nu-

clear export.
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Figure 22: SARS-CoV-2 ORF3a disrupts interaction between Nup62 and NXF1 . A.
SARS-CoV-2 ORF3a does not regulate the subcellular localization of Nup62. HEK-293
cells were transfected with the indicated plasmid constructs. After 24 hours, cells were
fixed and stained with DAPI, and imaged using confocal fluorescence microscope. Mag-
nification: 60x. B. SARS-CoV-2 ORF3a does not affect the nuclear and cytoplasmic dis-
tribution of Nup62. Cytoplasmic and nuclear proteins were separated by subcellular frac-
tionation after 24 hours of transfection. Western blotting was used to analyze the expres-
sion of the indicated proteins. GAPDH and Lamin A served as cytosolic and nuclear
loading controls, respectively. C. Schematic diagram of Doxycycline (Dox)-induced ex-
pression of SARS-CoV-2 ORF3a using the Tet-On system. Created by Biorender. D.
Expression level of Dox-inducible ORF3a construct plasmid. HEK-293 or HEK-293T cells
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were transfected with the indicated plasmidc onstr uct s. After 2
added for an additional 24 hours. Western blotting was performed to assess the expres-
sion level of inducible SARS-CoV-2 ORF3a. E. SARS-CoV-2 ORF3a affects the binding
of Nup62 to NXF1 in vitro. HEK-293 cells were transfected with the indicated plasmid
constructs. After 24 hawocellsfer5hdurs. RIMP-TEAp was pea
formed to purify the cellular proteins. Western blotting was used to analyze the expres-
sion levels of the proteins of interest. F. Schematic representation of Nup62 domain or-
ganization, including NTD (a.a. 11 150), MTD (a.a. 1511 328), and CTD (a.a. 3291 522).
Created by Biorender. G. Interaction between SARS-CoV-2 ORF3a and Nup62 trunca-
tions in Co-IP assay. HEK-293 cells were transfected with HA-YFP®-ORF3a and either
RFP-tagged Nup62 truncations or RFP control construct. RFP-Trap was performed to
detect the interaction between SARS-CoV-2 ORF3a and each Nup62 domain in vitro.

3.4.2 Overexpression of Nup62 rescues ORF3a-mediated translational
inhibition

Previous studies have shown that overexpression of UAP56 affects mRNA nuclear ex-
port and inhibits protein synthesis in Caenorhabditis elegans cells [114]. To investigate
whether this mechanism applies to human cells, GFP-UAP56 and GFP-ALY/REF were
transfected into HEK-293 cells, and mRNA localization was assessed. FISH assay re-
sults revealed that overexpression of either UAP56 or ALY/REF led to nuclear retention
of mMRNA (Figure 23A). RPM assay results further demonstrated that overexpression of
UAPS56 suppressed cellular polypeptide synthesis, while ALY/REF overexpression had
no significant effect on ribosomal translational activity. Notably, the translational inhibi-
tion mediated by ORF3a was enhanced in the presence of both RBPs (Figure 23B). In
contrast, overexpression of Nup62 significantly promoted ribosomal activity and rescued
the reduction in protein synthesis caused by ORF3a. FISH assays further confirmed that
Nup62 overexpression alleviated the ORF3a-induced mRNA nuclear accumulation (Fig-
ure 23C). Taken together, these results suggest that Nup62, but not UAP56 or ALY/REF,
is a potential target for rescuing ORF3a-mediated inhibition of host protein translation.
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Figure 23: Overexpression of Nup62 rescues ORF3a-mediated translational inhi-
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process in the cytosol

In the cytoplasm, mRNA is translated in the ER under the regulation of the elF complex.
According to the BioGRID database (https://thebiogrid.org), ORF3a interacts with elF
family proteins (Figure 24A). Among them, elF4A1 is the most abundant member of the
elF4A family and serves as an essential component of the elF4F translation initiation
complex. It is also required for recruiting the 43S pre-initiation complex. Therefore, the
interaction between ORF3a and elF4A1 was confirmed in vitro via Co-IP assay (Figure
24B). All three subdomains of ORF3a were able to bind to elF4A1l, with the strongest
binding observed for the NTD and CTD (Figure 24C).

Further, the protein level of elF4A1 was examined in the presence of ORF3a. Western
blot analysis showed that full-length ORF3a downregulates elF4A1 expression, and this
effect was mainly attributed to the MTD (Figure 24D). To determine whether ORF3a
affects cytosolic mRNA translation, MRNA encoding GFP was co-transfected with RFP-
ORF3a into HEK-293 cells. As shown in Figure 24E, the GFP fluorescence intensity was
not significantly altered in the presence of ORF3a. These results suggest that although
ORF3a suppresses elF4A1 expression, it may not directly interfere with the cytosolic

MRNA translation process.
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Figure 24: SARS-CoV-2 ORF3a does not influence the translation process in the
cytosol . A. Interaction network between SARS-CoV-2 ORF3a and elF family proteins
retrieved from the BioGRID database (https://thebiogrid.org). B. Interaction between
elF4A1l and SARS-CoV-2 ORF3a in Co-IP assay. HEK-293 cells were transfected with
HA-YFP°-ORF3a and either pDEST-GFP-elF4A1l or a GFP control construct. GFP-Trap
was performed to detect the interaction between SARS-CoV-2 ORF3a and elF4ALl in
vitro. C. Interaction between elF4A1 and SARS-CoV-2 ORF3a truncations in Co-IP as-
say. HEK-293 cells were transfected with HA-YFP®-tagged elF4A1 and either GFP-
tagged ORF3a truncations or GFP control construct. GFP-Trap was performed to detect
the interaction between elF4A1 and SARS-CoV-2 ORF3a truncations in vitro. D. Expres-
sion level of elF4A1 in the presence of SARS-CoV-2 ORF3a (full length and truncations).
HEK-293 cells were transfected with the indicated plasmid constructs. After 24 hours,
total protein was extracted and analyzed by Western blotting. E. Fluorescence intensity
of GFP (mRNA encoding) in the presence of SARS-CoV-2 ORF3a. HEK-293 cells were
co-transfected with GFP mRNA and either RFP-ORF3a or RFP control construct. After
24 hours, living cells were imaged using EVOS fluorescence microscope. Magnification:
40x.
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3.6.1 SARS-CoV-2 ORF3a suppresses activation of antiviral pathways

Many viruses, including HCoVs, HIV, and HCV, have evolved mechanisms to evade host

immune surveillance [115-117]. Understanding these mechanisms may offer strategies

to control viral replication. Three major antiviral pathways (NF-a B, -8 ,F Na n)dverp 5 3

involved in this study. Using Firefly luciferase-based reporter assays, HA-YFP¢-tagged
subdomains or full length of ORF3a were co-transfected with pathway-specific reporter
constructs (pGL3-Elam-Luc, pGL3-IFN-b-Luc, and pG13-Luc) and their respective acti-
vators (pCMV4-p65 and RIG-I-CARD) into HEK-293 cells. Firefly luciferase results
showed that SARS-CoV-2 ORF3a markedly suppressed the activation of all three anti-

viral pathways. The NTD and MTD of ORF3a inhibited NF-e B anéeé laFEN i vat.i

only the MTD suppressed p53 transcriptional activity. The CTD had no inhibitory effect
on any pathway (Figure 25A to C).
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To further validate these findings, upstream components of the antiviral signaling path-

way (RIG-I, MAVS, and IRF3) were cloned into RLuc reporter vector. These constructs

were co-transfected with GFP-ORF3a into HEK-293 cells. The Renilla luciferase assay

confirmed that GFP-ORF3a reduced luciferase signals driven by RIG-I, MAVS, and IRF3

(Figure 25D to F). In addition, Western blot analysis revealed that expression levels of
endogenousNF-ae B p65 and p53 wer éORR3a tFigusel 26@).rCelldc- by GF P
tively, these findings indicate that a.a. 407 132 of ORF3a are primarily responsible for

suppressing the activation of multiple antiviral pathways.
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Figure 25: SARS-CoV-2 ORF3a suppresses activation of antiviral pathways . A to
C. Activity of NF-aB, IFN-b and p53 pathways in the presence of SARS-CoV-2 ORF3a
(full length or truncations). HEK-293 cells were co-transfected with either full-length or
truncated SARS-CoV-2 ORF3a constructs and the indicated antiviral pathway reporter
plasmid complexes. Luciferase activity was measured after 24to48h our s td 6).
D to F. Effect of SARS-CoV-2 ORF3a on RIG-I, MAVS, or IRF3 driven Renilla luciferase
activity. HEK-293 cells were co-transfected with either RLuc reporter vector or RLuc-
tagged RIG-I (RL-RIG-I), MAVS (RL-MAVS), or IRF3 (RL-IRF3) and either GFP-ORF3a
or GFP control construct. After 24 hour s, luci f er He
G. Expression level of endogenous p65 and p53 in the presence of SARS-CoV-2 ORF3a
(full length or truncations). HEK-293 cells were transfected with the indicated constructs
for 24 hours. The expression levels of target proteins were analyzed by Western blotting.

3.6.2 SARS-CoV-2 ORF3a induces partial cytoplasmic re-localization of p53

p53 has been recognized as a potent antiviral protein, functioning as a transcription
factor that stimulates the expression of downstream genes, including ISG15, members
of the IRF family, and TLRs [118]. To investigate the potential interaction between
ORF3a and p53, we performed Co-IP assays and confirmed that ORF3a bound to p53
in HEK-293 cells (Figure 26A). Additionally, the DAPI staining results showed that
RFP-ORF3a induced patrtial translocation of p53-GFP into the cytoplasm compared to
the control group (Figure 26B). This phenotype was further validated using protein
fractionation assays, which demonstrated increased cytosolic and decreased nuclear
levels of p53-GFP in the presence of RFP-ORF3a (Figure 26C). Co-IP assay results
demonstrated that all subdomains of ORF3a interacted with p53, although the MTD
exhibited a weaker binding capacity than the other domains (Figure 26D). Collectively,
these results suggest that a.a. 40-132 of ORF3a may inhibit the critical transcriptional
activity of p53 in antiviral signaling by altering its subcellular localization.

A B

+ - GFP p53-GFP
-+ GFP-ORF3a
0 + p53-HA
IB: anti-HA w= | p53-HA
@ | GFP-ORF3a =
= RFP-ORF3a NTD
IB: anti-GFP b

| GFP
IB: anti-HA [Wcammi | p53-HA

nduj

activ



72

C D + + + + p53-HA-YFPC

+ - - - GFP
+ + + + p53-GFP = - ORF3a NTD-GFP
RFP-ORF3a + - ORF3a MTD-GFP
- + - RFP + 4+ + + ORF3aCTD-GFP
1B: anti-GFP IR P53-CFP g anticHA o= @ | p53-HAYFP
— SER-GRE ORF3a CTD-GFP
o
o e - ORF3a MTD-GFP | @
|B:anti=REP IB: anti-GFP ©
s - ‘ 8?;33 NTD-GFP
IB: anti-GAPDH -Q- GAPDH IB: aNti-HA | s s s | p53-HA-YFPE 5
IB: anti-Lamin A | - e » ¢« | Lamin A =
Au AN - . . c. cs. | B-aCtin =
Cyto Nucl 1 2 3 4

Figure 26: SARS-CoV-2 ORF3a induces partial cytoplasmic re  -localization of p53 .
A. Interaction between p53 and SARS-CoV-2 ORF3a in Co-IP assay. HEK-293 cells
were transfected with p53-HA and GFP-ORF3a or GFP control construct. GFP-Trap was
performed to detect the interaction between p53 and ORF3a in vitro (Performed by Baral
Priya). B. SARS-CoV-2 ORF3a regulates the subcellular localization of p53. HEK-293
cells were transfected with the indicated plasmid constructs. After 24 hours, cells were
fixed, stained with DAPI, and imaged using Leica fluorescence microscope (magnifica-
tion: 40x Performed by Yue Ma-Lauer). Positive cells are indicated by the white arrows.
C. SARS-CoV-2 ORF3a affects the nuclear and cytoplasmic distribution of p53. Cyto-
plasmic and nuclear proteins were separated by protein fractionation after 24 hours of
transfection. Western blotting was used to analyze the expression of the indicated pro-
teins. GAPDH and Lamin A served as cytosolic and nuclear loading controls, respectively.
D. Interaction between p53 and SARS-CoV-2 ORF3a truncations in Co-IP assay. HEK-
293 cells were transfected with p53-HA-YFP°¢ and either GFP-tagged ORF3a truncations
or GFP control construct. GFP-Trap was performed to detect the interaction between
p53 and SARS-CoV-2 ORF3a truncations in vitro.

3.6.3 SARS-CoV-2 ORF3a disturbs the TRIM25-mediated ubiquitination of
RIG-I

TRIM25, an E3 ubiquitin ligase, catalyzes K63-linked polyubiquitination on a specific ly-
sine residue of RIG-I and thereby activates RIG-I-mediated antiviral signaling [119]. To
explore whether ORF3a manipulates the function of TRIM25, the physical interaction
between both proteins was detected in vitro. The results showed that TRIM25 was co-
precipitated with GFP-ORF3a, and the interaction was primarily mediated by the CTD of
ORF3a (Figure 27A and B). Co-IP input analysis revealed that the expression level of

HA-TRIM25 was reduced in the presence of ORF3a and sub-domains. Therefore, this
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phenotype was further validated using cycloheximide (CHX) chase and Renilla luciferase
reporter assays. Both assays demonstrated that ORF3a promotes TRIM25 degradation
and reduces its overall expression level post 24 hours of transfection (Figure 27C and
D). In contrast, TRIM25 overexpression enhanced host cell translational efficiency, as
well as the expression of the viral protein ORF3a (Figure 27E and F). To further assess
whether ORF3a modulates TRIM25-mediated RIG-I ubiquitination, an in vivo ubiquitina-
tion assay was conducted. Either pDEST-GFP-RIG-I (GFP-RIG-I) or GFP control con-
struct was co-transfected with Myc-tagged ubiquitin (Myc-Ub) and pDEST-RFP-TRIM25
(RFP-TRIM25), in the absence or presence of HA-YFPS-ORF3a. The results demon-
strated a reduction in RIG-I ubiquitination in the presence of ORF3a, while total GFP-
RIG-I protein levels remained unchanged (Figure 27G). MAVS has also been reported
to undergo TRIM25- and TRIM31-mediated ubiquitination and degradation [120, 121].
However, the Western blotting results showed that ORF3a did not alter TRIM25-medi-
ated ubiquitination of MAVS (Figure 27H). In conclusion, SARS-CoV-2 ORF3a interacts
with TRIM25 and selectively interferes with its E3 ligase activity on RIG-I, thereby poten-
tially suppressing NF-kBandIFN-b si gnal ing activati on.
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Figure 27: SARS-CoV-2 ORF3a disturbs the T RIM25-mediated ubiquitination of
RIG-I. A and B. Interaction between TRIM25 and SARS-CoV-2 ORF3a (full length and
truncations) in Co-IP assay. HEK-293 cells were transfected with TRIM25-HA with either
GFP-tagged ORF3a full-length, GFP-tagged ORF3a truncation constructs, or a GFP
control plasmid. GFP-Trap was performed to detect the interaction between TRIM25 and
ORF3a in vitro. C. SARS-CoV-2 ORF3a accelerates the degradation of TRIM25. HA-
TRIM25 was co-translated with either RFP-ORF3a or RFP control construct into HEK-
293 cells. After 8 hours of transfection, 100 eg/mL cycloheximide (CHX) was used to
treat cells for 0, 16, and 24 hours. Western blotting was used to detect the expression
levels of the proteins of interest. D. Effect of SARS-CoV-2 ORF3a on TRIM25 driven
Renilla luciferase activity. HEK-293 cells were co-transfected with either RLuc reporter
vector or RLuc-tagged TRIM25 and either GFP-ORF3a or GFP control construct. Lucif-
erase activity was measured after 24 hours (n=5). E. Expression level of GFP-ORF3a
after overexpression of TRIM25. HEK-293 cells were transfected with GFP-ORF3a and
either HA-TRIM25 or HA control construct for 24 hours. The expression levels of target
proteins were analyzed by Western blotting. F. Effect of TRIM25 on SARS-CoV-2 ORF3a
driven Renilla luciferase activity. HEK-293 cells were co-transfected with either RLuc
reporter vector or RLuc-ORF3a and either HA-TRIM25 or HA control construct. Lucifer-
ase activity was measured after 24 hours (n=5). G and H. Effect of SARS-CoV-2 ORF3a
on TRIM25-mediated ubiquitination of RIG-I or MAVS. HEK-293 cells were transfected
with the indicated constructs. After 24
harvesting. GFP-Trap was performed to purify cellular proteins, and Western blotting
was used to detect the expression levels of the proteins of interest (Performed by Baral
Priya)

3.6.4 SARS-CoV-2 ORF3a disrupts the interaction between TRIM25 and RIG-I,
but not with MAVS

Because SARS-CoV-2 viral proteins broadly suppress host antiviral protein expression,
the protein level of GFP-RIG-1 and GFP-MAVS was examined in the presence of ORF3a
by Western blotting. After 24 hours of transfection, RFP-ORF3a markedly reduced the
expression of both RIG-I and MAVS, with a stronger effect observed on RIG-I (Figure
28A).

hour s,
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To further investigate how ORF3a influences TRIM25-mediated ubiquitination of RIG-I,
the effects of inducible ORF3a on RFP-RIG-I, GFP-MAVS, and HA-TRIM25 were de-
tected in vitro. Interestingly, Western blot results showed that while RFP-RIG-I and GFP-
MAVS levels decreased, HA-TRIM25 levels increased upon ORF3a expression. (Figure
28B and C).

To directly assess whether ORF3a interferes with the interaction between TRIM25 and
RIG-I or MAVS, the N2H system mediated by NanoLuc was involved. The pDEST-N2H
fused constructs were co-transfected with pCW-ORF3a-HA into HEK-293 cells. After 24
hours, cells were treated together with Dox and MG132 for 2 or 5 hours. The NanoLuc
activity significantly decreased at 5 hours post-induction, indicating disrupted TRIM25-
RIG-I interaction by ORF3a (Figure 28D). In contrast, the TRIM25-MAVS interaction was
unaffected (Figure 28E), suggesting specificity in ORF3a targeting.

To further confirm this disruption, HA-TRIM25 and pCW-ORF3a-HA were co-transfected
with either GFP-RIG-1 or GFP control construct into HEK-293 cells. Although HA-TRIM25
expression progressively increased, its interaction with GFP-RIG-I diminished over time,
with the most pronounced reduction observed at 5 hours (Figure 28F). Taken together,
these findings suggest that ORF3a attenuates TRIM25-mediated activation of RIG-I by
selectively disrupting the interaction between TRIM25 and RIG-I. In contrast, ORF3a
does not interfere with TRIM25-mediated degradation of MAVS. These results further
indicate that ORF3a facilitates immune evasion by SARS-CoV-2 through TRIM25-de-

pendent immunoregulatory mechanisms.

A .. = B C
-+ -+ RFP-ORF3a
+ o+ - - GFP-RIG Gh 2.5h 5h 7.5h Dox Oh 25h Sh 7.5h Dox
- -+ + GFP-MAVS + 4+ + + pCW-ORF3a-HA + + 4+ + pCW-ORF3a-HA
. .- GFP-RIG-| + + + + HA-TRIM25 + + + + HATRIM2S
18: anti-GFP | B55 “
s GFP-MAVS + 4 4+ RFP-RIG + 4+ 4+ GFP-MAVS
— RFP-ORF3a |B: anti-RFP e RFP-RIG-I 1B: anti-GFP | === — GFP-MAVS
B: anti-RFP WHA—TR\MZS S —— | HA-TRIM25
IB: anti-HA IB: anti-HA
S — | pC\W-ORF3a-HA = = = | pCW-ORF3a-HA
" ‘. REP IB: anti-R-actin R-actin [B: ANti-R-actin | e c— o
1B: anti-Vinculin s s s S i cylin 12 3 a4 12 3 4
12 3 a4

ns ns
l—‘ ¢ N2-TRIM25+N1
+ = N2+N1-MAVS
T 1 M2-TRIM25+N1-MAVS

, N2-TRIM25+N1-MAVS
+pCW-ORF3a-HA

s
=)
1=
=3

w
S
1=
1=

N1-TRIM25+RIG-I-C2
+pCW-ORF3a-HA

a
=
1=}
1=

ns ok k
1500
s N1-TRIM25+C2
- 4 = N1+RIG-I-C2
1000 hd 1+ N1-TRIM25+RIG-I-C2
. +
ATa
.
$

o

Light Unit of Luciferase signal of N2H
Light Unit of Luciferase signal of N2H
3
8



76

F Oh 2.5h 5h
+ + + Dox
+ + + + pCW-ORF3a-HA
+ - - - GFP
+ + + GFP-RIG-I
+ + + + HA-TRIM25
IB: anti-HA — HA-TRIM25

NP emPean® |GFP-RIG-|

d49 idl

IB: anti-GFP

- GFP

- amw @ | HA-TRIM25

B: anti-HA |—
s e | DCW-ORF3a-HA

ndu|

1B: anti-Vinculin | s s s s | \/inculin

1 2 3 4

Figure 28: SARS-CoV-2 ORF3a disrupts the interaction between TRIM25 and RIG -
I, but not with MAVS . A. Expression level of GFP tagged RIG-I or MAVS in the pres-
ence of SARS-CoV-2 ORF3a. HEK-293 cells were transfected with either GFP-tagged
RIG-I, or MAVS or GFP control construct, in the presence or absence of RFP-ORF3a.
After 24 hours, Western blotting was performed to assess the expression levels of the
proteins of interest. B and C. Expression level of RFP-RIG-I, GFP-MAVS or HA-TRIM25
after induction of SARS-CoV-2 ORF3a. HEK-293 cells were co-transfected with HA-
TRIM25 and either RFP-tagged RIG-1 or GFP-tagged MAVS construct in the presence

of pPCW-ORF3a-H A . After 24 hour s, 1 ¢M Dox was

Western blotting was used to detect the expression levels of the proteins of interest. D
and E. Quantification of the binding capacity between TRIM25 and RIG-I or MAVS after
induction of SARS-CoV-2 ORF3a. HEK-293 cells were transfected with the indicated
plasmdconstructs. After 24 hour s, 1 €M Do
hours before harvesting. NanoLuc luciferase activity was then measured ( n te 8).4.
Effect of SARS-CoV-2 ORF3a on the interaction between TRIM25 and RIG-I in Co-IP
assay. HEK-293 cells were transfected with the indicated plasmid constructs. After 24
hours, 1 &M Dtocellsfor0s2.5aaddbdalrs. GFP-Trap was performed to
purify the cellular proteins. Western blotting was used to analyze the expression levels
of the proteins of interest.
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3.7.1 SARS-CoV-2 ORF3a bhinds to HLA-I family proteins

SARS-CoV-2 viral proteins have been implicated in disrupting the host antigen presen-
tation process. Whether ORF3a exerts a similar effect arouses my attention. Earlier re-
sults from our research group demonstrated the interaction between ORF3a and several
HLA class | proteins, including HLA-A, HLA-B, HLA-C, HLA-F, and HLA-G, by Yeast
Two-Hybrid screening. Co-IP assay further confirmed the interactions between ORF3a

and HLA class | proteins in vitro (Figure 29A).

In parallel, the same constructs were transfected into HEK-293 cells to examine the sub-
cellular co-localization of ORF3a and HLA-I proteins. Immunofluorescence staining re-

sults revealed strong co-localization between HA-YFP¢-ORF3a and each of the GFP-
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tagged HLA class | proteins (Figure 29B to F). In control cells, HLA class | proteins were

primarily distributed throughout the cytosol. However, in ORF3a-expressing cells, these

proteins showed a more concentrated distribution, appearing to localize to specific intra-

cellular compartments. Collectively, these findings suggest that ORF3a may interfere

with host antigen presentation by altering the subcellular distribution of HLA class | mol-

ecules.
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Figure 29: SARS-CoV-2 ORF3a binds to HLA-I family proteins . A. Interaction be-
tween HLA family proteins (HLA-A/-B/-C/-F/-G) and SARS-CoV-2 ORF3a in Co-IP assay.
HEK-293 cells were transfected with HA-YFP¢-tagged ORF3a and either GFP-tagged
HLA-A, HLA-B, HLA-C, HLA-F, HLA-G or GFP control construct. GFP-Trap was per-
formed to detect the interaction between SARS-CoV-2 ORF3a and each HLA-I protein
in vitro. B to F. SARS-CoV-2 ORF3a regulates the subcellular localization of HLA family
proteins (HLA-A/-B/-C/-F/-G). HEK-293 cells were transfected with the indicated plasmid
constructs. The next day, cells were fixed and stained with anti-HA antibody. Imaged
using confocal fluorescence microscope. Magnification: 60x. Positive cells are indicated
by the white arrows.

3.7.2 SARS-CoV-2 ORF3a blocks the transfer of HLA from the cytosol to the

surface

Antigen presentation typically involves several sequential steps, including antigen uptake
and processing, formation of the peptide-MHC complex, presentation of the antigen on

the cell surface, and subsequent T cell recognition and activation. Many viruses have
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been shown to regulate the antigen presentation process, thereby evading T cell-medi-
ated immune responses. To investigate whether ORF3a exerts a similar effect, the HA-
YFP¢-ORF3a or HA-YFP¢ control construct was transfected into HEK-293 cells. 24 hours
post-transfection, the MHC-1 surface expression level was analyzed by flow cytometry.
The gating strategy was shown in Figure 30A and B. Compared to the control group,
HA-YFP°-ORF3a led to approximately a 25% reduction in surface MHC-I levels (Figure
30C).

Given that my previous results demonstrated ORF3a broadly inhibits host protein ex-
pression, the total expression level of HLA class | proteins was also examined in the
presence of ORF3a. HLA class | genes were cloned into RLuc reporter vector, and their
expression was measured in the presence or absence of ORF3a. As expected, GFP-
ORF3a suppressed translational efficiency in the RLuc vector group, displaying a pattern
consistent with earlier results. However, all HLA class | proteins appeared to resist
ORF3a-mediated inhibition. Notably, the expression levels of HLA-C and HLA-F were
even increased in the presence of ORF3a (Figure 30D to H). In conclusion, these find-
ings suggest that SARS-CoV-2 ORF3a may not affect total expression of HLA class |
proteins, but rather impedes the trafficking of HLA-I molecules from the cytosol to the

cell surface, thereby interfering with antigen presentation in host cells.
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