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ABSTRACT

As seen in the coronavirus pandemic, the social impact of the spread of emerging and re-emerging
viral infections is significant. Whilst seasonal human coronaviruses with common cold symptoms have long
been identified, there are only few studies on cellular entry pathway into host cells. Human coronavirus
(HCoV)-229E, which has a positive single-stranded RNA genome, binds to the host cell surface receptor
Aminopeptidase N and is taken up into the cell by endocytosis. The viral genome is then released from
the endosome into the cytoplasm via uncoating step, the molecular mechanism of which remains unclear.
In the uncoating of influenza A viruses, it is known that after membrane fusion in matured endosomes,
unanchored ubiquitin chains present in the viral particle are exposed to the cytoplasmic side, which recruits
the host factor histone deacetylase 6 (HDAC6) and promotes M1 uncoating. In this study, purified virus
particles were used to investigate the involvement of ubiquitin in the uncoating of coronaviruses, and their
properties were determined. The results show that there are few unanchored ubiquitin chains in coronavirus
particles, suggesting that they use ubiquitin-independent uncoating different from influenza A virus. More
interestingly, acidification within the endosome leads to nucleocapsid condensate formation in vitro. From
these results, we would like to propose a new model that coronaviruses with long single-stranded RNA
genomes efficiently uncoat their genomes by forming condensates during uncoating, thereby evading the
innate immune response from the host. Understanding these molecular mechanisms is expected to lead
to drug development.
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INTRODUCTION

SARS-CoV-2, which has caused a global pandemic since the end of 2019, has had an un-
precedented socio-economic impact. Much remains unknown about the mechanisms of replication
in host cells of not only SARS-CoV-2 but also seasonal coronaviruses causing common cold
symptoms. Coronaviruses have a positive single-stranded RNA genome of approximately 30 kb
and the old known seasonal strains infecting humans are human coronavirus (HCoV)-OC43,
HCoV-229E, HCoV-NL63 and HCoV-HKUI1, with SARS-CoV, MERS-CoV and SARS-CoV-2
which have been classified as causing severe acute respiratory syndromes.! Viruses can infect
and amplify by hijacking various biological functions of the host cells.

It has long been well known that HCoV-229E enters cells by endocytosis.? HCoV-229E at-
taches to human Aminopeptidase N present on the host cell surface as receptors and penetrates
the endosomes.* The spike protein is cleaved by cathepsin L present in intracellular endosomes,
causing membrane fusion. Acidification within endosomes is thought to be important for fusion
with the endosomal membrane through conformational changes of spike proteins on the viral
membrane surface, but the other functional significance remains unclear. Alternative pathway
is membrane fusion at the cell surface following cleavage by transmembrane protease serine 2
(TMPRSS2), which has been reported to be the predominant pathway used in clinical strains.*

Influenza A virus (IAV), which like coronaviruses is well-known to cause respiratory infec-
tions, has an eight-segmented genome and penetrates the cells by endocytosis after binding to
the host cell surface. When the endosome matures, haemagglutinin (HA) on the viral membrane
undergoes a conformational change due to prevailing lower pH condition of the endosomal
microenvironment, resulting in a fusion of the virus-endosome membranes and uncoating of the
viral ribonucleoprotein complex (VRNPs) from the endosome.>® As TAV has unanchored ubiquitin
chains in the viral particles, VRNPs are released into the cytoplasm after M1 shell disassembly
by the ubiquitin-binding and Dynein-binding activities of the host deacetylase HDAC6.™® Then,
vRNPs are dissociated into respective segments by the host nuclear import factor TNPO1.”?
Dissociation into each segment allows individual vRNP to pass through the nuclear pore complex
and to be transcribed and replicated in the nucleus.'

Recent analysis of SARS-CoV-2 has suggested that genome packaging occurs through phase
separation of viral genomic RNA and nucleoproteins.!! It has also been reported that phosphoryla-
tion of nucleoproteins promotes the formation of liquid-liquid phase separation.'? However, very
little is known about the process of coronavirus uncoating from endosomes. In this study, we
propose a novel mechanism by which seasonal coronaviruses are incorporated into endosomes
and cause conformational changes in the viral genome by acidification within mature endosomes,
leading to escape from the host innate immune response and efficient uncoating of the viral
genome from endosomes to the cytosol.

MATERIALS AND METHODS

Cell line, viruses and chemicals

Human hepatoma Huh7 cells (RCB 1942; RIKEN BRC Cell Bank) were kindly provided
from Dr Takayuki Murata and cultured in Dulbecco modified Eagle medium (DMEM; Nacalai
Tesque) supplemented with 10% fetal bovine serum (FBS), penicillin and streptomycin (GIBCO),
GlutaMAX (GIBCO), non-essential amino acid (SIGMA) at 37 °C with 5% CO,. HCoV-229E
or HCoV-OC43 were purchased from ATCC and amplified by Huh7 cells. Bafilomycin Al was
purchased from Cayman Chemical. Valosin-containing protein (VCP) inhibitor NMS-873 was
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purchased from Selleck. All the buffers were passed through 0.22 um filtration device (Merck).
Cytoskelton (CSK) buffer contains 10 mM PIPES pH6.8, 300 mM Sucrose, 150 mM NaCl, 3
mM MgCl,, 1 mM EGTA.

Anti-nucleoprotein (N) antibody production

The anti-peptide antibodies were made on order from Cosmo Bio CO, LTD. Briefly, HCoV-
229E derived peptide (C-SRSQSRSQSRGRGES) was synthesized and immunized into rabbit.
IgG was affinity purified from obtained antisera.

Antibodies

The antibodies used in this study were: anti-B-actin (mouse monoclonal), anti-nucleoprotein
(anti-peptide antibody produced in this study; see antibody production), anti-Rab5SA (#R28720,
BD Transduction Laboratories), anti-EEA1 (#610456, BD Transduction Laboratories), anti-dsSRNA
(K1: 2876485, Cell Signaling Technologies), anti-ubiquitin (FK2: D058-3, MBL; P4D1: ab139101,
Abcam; A-5: sc-166553, Santa Cruz Biotechnology), anti-diglycyl lysine (GX41: MABS27,
Merck), anti-mouse IgG HRP-conjugated (Cell Signaling Technology), anti-rabbit IgG HRP-
conjugated (Cell Signaling Technology), anti-mouse IgG Alexa488-conjugated (Thermo Fisher),
anti-rabbit IgG Alexa594-conjugated (Thermo Fisher).

Coronavirus purification

HCoV-229E and HCoV-OC43 were harvested from Huh7 cell culture supernatant, and infected
to Huh7 cell line in T125 flask. Infected Huh7 cells were left in 35 °C for more than 1 week
until all cells died. The cells were then frozen at —80 °C once to destroy them. After freezing
and thawing, the supernatant was collected and centrifuged at 15,000 rpm for 20 minutes at
4 °C to remove cellular debris. The supernatant was centrifuged again at 20,000 rpm for 1 hour
at 4 °C to precipitate the virus particles. The supernatant was removed and the precipitated
virus was resuspended in 4-(2-hydroxyethyl)-1-piperazinyl ethanesulfonic acid (HEPES) buffer
(pH 6.5), after which the virus fraction was fractionated by 10-50% sucrose density gradient
ultracentrifugation at 100,000 x g, 4 °C for 90 minutes with Optima XPN-80 Sw41Ti (Beck-
man). All fractions obtained were confirmed by Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) followed by instantBlue staining (Abcam), the viral fractions were
collected and concentrated by AmiconUltra 100 kDa MWCO concentration device (Merck) to
obtain the final purified virus.

Plaque assay (tissue culture infectious dose 50)

The viral titer was determined by plaque assay. Huh7 cells were spread in 96 well flat bottom
plate. The next day, dilution range of purified viruses was prepared and infected at 35 °C in
5% CO,. At seven days post-infection, cells were fixed with 4% paraformaldehyde and stained
with 0.05% crystal violet. Tissue culture infectious dose 50 (TCID50) was calculated from the
stained plates.

Quantitative real time-polymerase chain reaction

10° Huh7 cells per well were seeded onto 24 well plate (FALCON) and cultured overnight
at 37 °C in 5% CO,. The next day, the cells were treated with Bafilomycin Al for 4 hours,
then infected with virus to multiplicity of infection (MOI)=1. Cells were harvested 24 hours
post infection, and stored in —80 °C. Total RNA was purified using the RNeasy Mini Kit
(QIAGEN) and reverse-transcribed to complementary DNA (cDNA) using FastGene Scriptase
II ¢cDNA 5x ReadyMix (NIPPON Genetics). Viral cDNA levels were measured and normalized
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by glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using the 7500 Fast DX Real Time-
Polymerase Chain Reaction (RT-PCR) system (Applied Biosystems) and the following primers:
For HCoV-229E, 5'-CAT ACT ATC AAC CCA TTC AAC AAG-3' and 5-CAC GGC AAC
TGT CAT GTA TT-3'; for HCoV-OC43, 5'-CGA TGA GGC TAT TCC GAC TAG GT-3’ and
5'-CCT TCC TGA GCC TTC AAT ATA GTA ACC-3'; for GAPDH, 5'-TGC ACC ACC AAC
TGC TAG C-3' and 5'-GGC ATG GAC TGT GGT CAT GAG-3'. Triplicate quantification data
were represented by GraphPad Prism.

Transmission electron microscopy

STEM CulOQOP elastic carbon grid (Oken) was hydrophilised with ion bombarder (PIB-10).
Purified virus samples were adsorbed on the grid for 1 minute, followed by negative staining
treatment with 2% uranyl acetate solution for 1 minute. The sample was observed with a
transmission electron microscope (JEM-1400PLUS, JEOL).

SDS-PAGE and Western blotting

Purified virus samples were dissolved in 4xsample buffer (250 mM Tris-HCIl, pH 6.8, 8%
SDS, 40% glycerol, 20% 2-mercaptoethanol, 0.02% bromophenol blue) (BIO-RAD), heat treated
at 95 °C, 5 minutes, and then quickly loaded onto 9% or 15% SDS-PAGE. After SDS-PAGE,
transfer onto PVDF membranes (Merck), blocking with 5% skim milk (Wako Fujifilm), followed
by primary antibody reaction. Primary antibodies were diluted to 1:1,000 and secondary antibodies
to 1:3,000, and the primary antibodies were reacted at 4 °C overnight and secondary antibodies at
room temperature for 1 hour. After the antibody reaction, signals were detected by Luminata Forte
Western HRP Substrate (Millipore), and images were acquired on LuminoGraph II EM (ATTO).

Immunofluorescent staining

10* Huh7 cells per well were seeded onto a cell culture microplate 96 well F-bottom (655090,
Greiner) and cultured overnight. The next day, the cells were infected with virus to MOI=5
or 10. Half an hour or two hours post infection, cells were fixed with 4% paraformaldehyde,
permeabilised with CSK buffer containing 0.5% Triton and blocked with 3% BSA/PBS. 1:500
diluted primary antibody reactions were performed overnight at 4 °C, followed by washing with
PBS and secondary antibody reactions for 1 hour at room temperature. After PBS washing, cells
were counterstained with 4'-6-diamidino-2-phenylindole (DAPI), and images acquired with CQ1
(Yokogawa), BZ-X800 (Keyence) or Axio Observer (Zeiss).

In vitro uncoating assay

Viral genome complex vVRNPs were purified according to the method of Stauffer et al.'>!
Briefly, a Beckman Ultra-Clear tube (Beckman) was used, 25% glycerol cell lysis buffer (30
mM MES pH5.4, 150 mM NaCl, 25% (v/v) glycerol, 1% NP-40, 1x complete protease inhibitor)
was prepared in the lower layer and 15% glycerol buffer (30 mM MES pH5.4, 150 mM NaCl,
15% (v/v) glycerol) in the upper layer, and the virus solution was added. Ultracentrifugation was
performed at 55,000 x g, 12 °C for 150 minutes with Optima XPN-80 Sw41Ti (Beckman). After
centrifugation, the supernatant was removed and the precipitate was dissolved in an appropriate
volume of 1x MNT buffer (20 mM MES pH7.4, 30 mM Tris-HC] pH7.4, 100 mM NaCl). Purified
VvRNP samples were checked by transmission electron microscopy (TEM) imaging.

Mass spectrometry
The protein samples were digested by Trypsin Gold (Promega) or Asp-N (Promega) for 16
hours at 37 °C after reduction and alkylation followed by In-gel digestion kit (Pierce). The
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peptides were analyzed by LC-MS using a Q Exactive mass spectrometer (Thermo Fisher
Scientific) coupled to an UltiMate3000 RSLC nano LC system (Dionex) using a nano HPLC
capillary column, 150 mm 75 pum i.d (Nikkyo Technos) via a nano electrospray ion source.
Reversed-phase chromatography was performed with a linear gradient (0 minute, 5% B; 45
minutes, 100% B) of solvent A (2% acetonitrile with 0.1% formic acid) and solvent B (95%
acetonitrile with 0.1% formic acid) at an estimated flow rate of 300 nL/min. A precursor ion
scan was carried out using a 400-1600 mass to charge ratio (m/z) prior to MS2 analysis. MS2
scan was obtained for the 20 most intense peaks of each MS1 scan.

Data analysis

The raw data was processed using either Proteome Discoverer 1.4 (Thermo Fisher Scientific) in
conjunction with MASCOT search engine, version 2.7.0 (Matrix Science) for protein identification.
Peptides and proteins were identified against virus protein database in UniProt (release 2022.01),
with a precursor mass tolerance of 10 ppm, a fragment ion mass tolerance of 0.02 Da. Fixed
modification was set to carbamidomethylation of cysteine, and variable modification was set to
oxidation of methionine. Two missed cleavages by trypsin were allowed.

RESULTS

HCoV-229E predominantly uses endocytosis for cellular entry

In order to elucidate the molecular mechanism of coronavirus entry into cells, we first made
an attempt to purify coronavirus particles. This was done by 10-50% sucrose density gradient
ultracentrifugation method (Fig. 1A). Briefly, we infected human hepatocellular carcinoma-derived
Huh7 cells with HCoV-229E, and the supernatant was collected after 1 week. The viral fraction
was identified by SDS-PAGE followed by Coomassie Brilliant Blue (CBB) staining of samples
fractionated by sucrose density gradient (Fig. 1B). The fractions numbered 9 to 11, in which
nucleoproteins were found to be the most abundant in the viral particles, were collected and
concentrated to produce purified viral samples. TCID50 of the purified virus was measured in
Huh7 cells, and a titer of 10® /mL was obtained.

As a next step, we confirmed cellular uptake and infection of the purified virus particles.
For this, Huh7 cells were infected at MOI =1, cells were collected successively, and newly
synthesized viral nucleoprotein was confirmed by Western blot (Fig. 1C). To confirm endocytic
uptake of HCoV-229E and to quantify viral infection efficiency, we treated the cells with the viral
particles in the presence or absence of an endosomal inhibitor Bafilomycin Al. Viral infection
was significantly suppressed in the Bafilomycin Al treated samples as shown by quantitative
RT-PCR viral infection efficiency assay in Fig. 1D. Similar results were obtained when the
efficiency of viral infection of Bafilomycin-treated cells was examined by immunofluorescent
analysis (Supplemental Fig.1A and B). These results clearly suggest that HCoV-229E enters
Huh7 cells by endosome-dependent endocytosis. Our data are consistent with the phenomenon
of HCoV-229E uptake in clathrin-mediated endocytosis, as recently reported by Andreu et al.’®

To further confirm the behaviour of the viral particles in cells, immunostaining was used to
detect coronavirus nucleoproteins and early endosome markers Rab5A and/or EEA1 at half an
hour or two hours post infection at MOI=5 or 10. As shown in Fig. 1E, both nucleoproteins
and Rab5A and/or EEAl co-localised in the cytoplasm confirming that purified HCoV-229E
enters cells via endosomes.
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Fig. 1 High-titer coronavirus purification

Fig. 1A: Schematics of virus purification steps. HCoV-229E and/or HCoV-OC43 were infected in Huh7 cells at
35 °C for more than one week. Supernatant of cell culture was harvested by low-speed centrifugation
and followed to ultracentrifugation. Viral pellets were suspended in HEPES buffer, and the viral fraction
was fractionated by sucrose density gradient ultracentrifugation.

Fig. 1B: SDS-PAGE and CBB staining of viral fractions. Nucleoprotein was highly detected in fractions no.
9-11, and these fractions were pooled and concentrated as final purified virus fraction.

Fig. 1C: Purified viruses infect cultured cells. The titer of purified viral samples was determined by TCID50,
and the expression of nucleoprotein (N) when infected with Huh7 cells at MOI=1 was confirmed by
Western blot.

Fig. 1D: HCoV-229E is taken up into cells by endocytosis. Results of RT-qPCR quantification of viral infection
after 24 hours. Viral uptake measured by RT-qPCR was completely inhibited by Bafilomycin Al treat-
ment. Unpaired student’s t-test; P=0.0001.

Fig. 1E: Subcellular distribution of nucleoproteins 0.5 or 2 hours post infection at MOI=5 or 10. Viral nucleo-
proteins were stained with anti-Rab5A and/or EEA1 antibodies (shown in magenta). Co-localisation
signals were shown in the arrowhead. The green signal shows nucleoproteins. Scale bar: 10 pum.

SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel electrophoresis

CBB: coomassie brilliant blue

TCIDS50: tissue culture infectious dose 50

MOI: multiplicity of infection

RT-qPCR: real-time quantitative polymerase chain reaction

Ubiquitin content within the viral particles

IAVs are taken up by host cells by endocytosis, followed by membrane fusion in late
endosomes. Previous reports indicate that the unanchored ubiquitin chains contained within its
own particles are used to facilitate the uncoating step.*” To clarify whether a similar mechanism
promotes the uncoating from endosomes in coronaviruses, we examined the presence of ubiquitin
molecules in purified viral particles by Western blot. As a control, we used purified IAV to
compare with HCoV-OC43, and the purity of the used viruses was checked under TEM. Surface
glycoproteins and Spike proteins were clearly visible on the outside of both influenza and
coronaviruses (Fig. 2A). Next, to investigate the nature of the ubiquitin chains in the various
viral particles, ubiquitin signals were detected by various antibodies against ubiquitin chains.
Anti-ubiquitin (FK2) mouse monoclonal antibody recognizes endogenous levels of total ubiquitin
protein. This antibody detects conjugates but not free ubiquitin. Anti-ubiquitin antibody (P4D1)
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Fig. 2 Unanchored ubiquitin is not detected within purified seasonal coronavirus particles

Fig. 2A: TEM images of various viruses. Left, influenza A virus (IAV); center, HCoV-229E; right, HCoV-OC43.
Scale bar shows 100 nm.

Fig. 2B: Detection of ubiquitin chains within viral extracts, 16.8 pg, 12.7 ug, and 27.8 ug of 1AV, HCoV-229E,
and HCoV-OC43 viral extract were loaded, respectively. Ubiquitin signals were detected with various
anti-ubiquitin and anti-diglycyl lysine antibodies. Asterisks indicate non-specific signals.

TEM: transmission electron microscopy

HCoV: human coronavirus

recognizes whole ubiquitin molecules (Monoclonal antibody is produced by immunizing animals
with 1-76 full length bovine ubiquitin). Anti-ubiquitin antibody (A-5) raised against amino
acids 1-76 representing the full-length ubiquitin of human origin. The results showed that a
ladder of unanchored ubiquitin chains could be detected in IAV, whereas both HCoV-229E and
HCoV-0OC43 had no such detectable ladder signals (Fig. 2B). A signal around 50 kDa detected
by the anti-ubiquitin antibodies in HCoV-229E and HCoV-OC43 was excised from the gel and
treated with trypsin (or Asp-N) to identify the ubiquitin molecule by mass spectrometry analysis,
but no ubiquitin-derived peptide could be detected (data not shown). However, the fact that
deubiquitinated peptides have been detected with anti-diglycyl lysine antibodies suggests that
deubiquitinated proteins around 50 kDa may be present within the viral particles. (Fig. 2B, right
panel). These results suggest that, unlike IAV, unanchored ubiquitin chains may not be used in
the uncoating reaction of coronaviruses from endosomes.

In vitro uncoating reveals RNA genome condensation during endosomal maturation

Next, we focused on the changes that might occur inside the viral particle when its interior is
acidified by endosome maturation. In vitro uncoating is a method developed by Stauffer et al to
detect changes in the state of the internal viral genome by removing the membrane component
of the virus."*'*!% The status of the internal viral genome was observed by removing the viral
membrane by an in vitro uncoating method to see whether acidification within the endosome
affected the structure of the nucleocapsid inside the virus. Briefly, viral particles are added to a
buffer solution with a two-layer glycerol gradient followed by ultracentrifugation. The lower layer
of glycerol buffer contains 1% NP-40, which makes it possible to remove the viral membrane
to observe its internal genomic structure (Fig. 3A). The pH in endosomes can also be mimicked
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Fig. 3 In vitro uncoating reveals nucleocapsid condensation in the endosome

Fig. 3A: Schematic diagram of in vitro uncoating. Purified coronaviruses were placed on top of a buffer contain-
ing two layers of 15% and 25% glycerol buffer, and performed ultracentrifugation. The lower buffer
containing 25% glycerol and 1% NP-40 was ultracentrifuged at pH 7.4 and pH 5.4, respectively. The
vRNPs are fractionated into pellet fractions, while the spike and membrane fractions are fractionated
into upper layers.

Fig. 3B, C: TEM image of the pellet fraction after ultracentrifugation. Loosely clustered vVRNPs were observed
under neutral conditions (pH 7.4; B), whereas under acidic conditions (pH 5.4; C), which mimicked
endosomal conditions, VRNPs of the size derived from a single virus particle were observed to
aggregate individually. Scale bar: 200 nm.

Fig. 3D: Clumps of VRNPs are dissociated into RNA strands by RNase A treatment. TEM image of pellet
fractions obtained under pH 5.4 conditions after digestion with RNase A treatment at 37 °C for 30
minutes. Scale bar: 200 nm.

VRNP: viral ribonucleoprotein

TEM: transmission electron microscopy

by changing the pH of the lower buffer solution. After ultracentrifugation, the pellet fractions
were suspended and observed by TEM. The results showed that the nucleocapsids obtained under
neutral conditions were loosely spread in shape, whereas the nucleocapsids obtained under acidic
conditions formed a particle-by-particle condensate structure (Fig. 3B and C). To ensure that
the condensate structures are nucleocapsids containing RNA, pellet samples are digested with
RNase A and observed by TEM. As a result, the condensate structure disappeared after RNase
treatment, and string-like fragmented nucleocapsids were detected (Fig. 3D). In other words, the
condensates obtained by in vitro uncoating were found to be aggregates of nucleocapsids under
acidic conditions.

DISCUSSION

Compared to IAV, ubiquitin chains in the viral particles of HCoV-229E and HCoV-OC43 am-
plified and purified from Huh7 cells were almost in an undetectable level. As IAV has unanchored
ubiquitin chains in its particles, VRNPs are released into the cytoplasm after M1 shell disas-
sembly by the unanchored ubiquitin-binding and Dynein-binding activities of the host deacetylase
HDACG6.”® Therefore, it can be inferred that the uncoating in coronaviruses does not utilise the
HDAC6 pathway with unanchored ubiquitin chains. This observation also suggests that there is
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a molecular mechanism by which ubiquitin is actively excluded during viral RNA packaging and
viral particle formation at the ER-Golgi intermediate compartment, so-called ERGIC. Regulation
of coronavirus proteins by ubiquitination and/or SUMOylation has been reported.'”?! For example,
the nucleoprotein of SARS-CoV-2 was reported to be involved in the interaction with the RNA
genome through K29-linked ubiquitination of the nucleoprotein by host TRIM6. This phenomenon
is thought to be conserved only in SARS-CoV and not in seasonal coronaviruses.'” Others have
reported that ubiquitination of K15 of SARS-CoV-2 M protein promotes the formation of viral
particles.'® This report shows that the M protein is ubiquitinated in HEK293T cells, but it has
not been confirmed whether the viral particles released from the cells contain ubiquitin. Also,
the K15 residue on the M protein is not conserved in other coronaviruses and may involve a
specific regulatory mechanism for SARS-CoV-2. It is also possible that the ubiquitination sites
suggested in this study are located outside the viral membrane and that viral particles are formed
in the ERGIC and deubiquitinated before they are released outside the cell. Other studies have
shown that the host deubiquitinating enzyme USP22 suppresses degradation of SARS-CoV-2
nucleoprotein by inhibiting ubiquitination on K375, contributing to virus production.’ TRIM21
controls degradation of SARS-CoV-2 nucleoprotein by ubiquitination of K375 and regulation of
multimerisation and viral particle formation by SUMOylation of nucleoprotein K62 of SARS-CoV
have also been reported,?*?' the details of which are controversial. On the other hand, seasonal
coronaviruses have only limited ubiquitin in their viral particles, which may facilitate nucleocapsid
uncoating by serving as a substrate for ubiquitination during viral infection. Viral condensates
formed by endosomal acidification are thought to prevent long single-stranded RNA genomes
from being sensed by host innate immune responses (Fig. 4A). In general, host immune response
is activated by viral double-stranded RNAs (dsRNAs). The immune response to viral infection
often begins when viral dsRNA is detected by dsRNA-binding proteins in the host. These
sensors include RIG-I-like receptors (RLRs), protein kinase R (PKR), oligoadenylate synthases
(OASes), Toll-like receptors (TLRs) and NOD-, LRR- and pyrin domain-containing 1 (NLRP1).?
During endocytic entry of coronavirus, viral genomes are uncoated from the endosome. Just
after uncoating, the viral genome of coronavirus should be single-stranded RNA. Therefore,
these RNA genomes might not be detected by host immune factors. However, it is possible that
coronavirus RNAs with a 5'cap structure and short stem loop in 5’ and 3’ untranslated region
(UTR) may be recognized by PKR.>?* To avoid recognition by PKR, the viral genome might
form an aggregate during uncoating. The RNase-resistant phase separation may be formed by
viral aggregates, which may improve the efficiency of uncoating and prevent attack by RNases
in the cell. Since in vitro experiments have shown that viral genome aggregates are cleaved to
some extent by RNase A treatment, we would like to limit ourselves to the expression that it
is conceivable that they may escape attack from RNase by phase-separating at the physiological
condition within the cell. It is possible that nucleocapsid condensate formation due to endosomal
acidification may increase the efficiency of the uncoating reaction from the endosome (Fig. 4B).

Recently, genome-wide small interfering RNA (siRNA) screens in infectious bronchitis virus
have reported the involvement of the host factor VCP/p97 in uncoating from endosomes, and
the inhibition of VCP/p97 has been observed to result in the accumulation of virus in early
endosomes. The defective VCP/p97 inhibited the degradation of nucleocapsid proteins.?> Nucleo-
capsid degradation has been suggested to involve the proteasome system, but the details of its
regulation via ubiquitin are not clear. VCP/p97 has been reported to be involved in ubiquitin
metabolism, and its involvement in endosomal maturation and recycling endosomes has also
been suggested.?** The dengue virus, which causes dengue fever, and the Zika virus, which is
transmitted by ticks and mosquitoes, both belong to the Flaviviridae family, which has a positive
single-stranded RNA genome like a coronavirus. VCP/p97 has been reported to be involved in the
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Fig. 4 The role of acidification for coronavirus uncoating

Fig. 4A: When membranes fuse under neutral conditions, loose RNA genomes are more likely to be recognised
by host innate immune response factors if they are uncoated, affecting infection efficiency.

Fig. 4B: Nucleocapsids exposed to acidification as endosomes mature may form aggregates, thereby increasing
their uncoating efficiency from endosomes and escaping from host immune surveillance factors.

Fig. 4C: vRNPs that are uncoated as nucleocapsid condensates might be subsequently ubiquitinated, and VCP/
p97 may promote capsid uncoating to initiate translation.

VRNP: viral ribonucleoprotein

VCP: valosin-containing protein

uncoating of these viral genomes.?® It has also been suggested that ubiquitination modification of
the viral genome released into the cytoplasm following fusion of the virus with the endosomal
membrane may act as a nucleocapsid uncoating factor.” In fact, VCP inhibitor NMS-873 blocked
HCoV-229E infection in Huh7 cells (Supplemental Fig. 1C and D).** Given these considerations,
we would like to propose a new hypothesis that ubiquitin-free nucleocapsid condensates formed
by liquid-liquid phase separation are ubiquitinated by ubiquitinating enzymes immediately after
uncoating, thus becoming a substrate for VCP/p97 and capsid uncoating is promoted (Fig. 4C).
VCP/p97 is thought to function together with HDACS6 in the regulation of protein aggregates and
stress granules, therefore further molecular mechanisms of HCoV uncoating step are expected to
be elucidated in the future and led to new drug development.
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Suppl Fig. 1 Bafilomycin Al and the VCP inhibitor block coronavirus infection

Suppl Fig. 1A: Immunofluorescent images after HCoV-229E infection in Huh7 cells. Cells were treated with or
without endosome inhibitor Bafilomycin Al. Infected cells were detected by anti-nucleoprotein
(N) antibody (shown in green). Nuclei were counterstained with DAPI (shown in blue).

Suppl Fig. 1B: Quantification of nucleoprotein-positive (infected) cells from panel A by high-throughput imaging
BZ-X800 (Keyence). The number of infected cells in the untreated control is set as 1. Statistical
significances were confirmed by an unpaired Student’s t-test.

Suppl Fig. 1C: Immunostaining experiment as in A with or without VCP inhibitor (NMS-873). Nucleoprotein
represented in green, and the nucleus was counterstained with DAPI in Blue.

Suppl Fig. 1D: Quantification of nucleoprotein-positive (infected) cells from panel C by high-throughput imaging
BZ-X800 (Keyence). The number of infected cells in the untreated control is set as 1. Statistical
significances were confirmed by an unpaired Student’s t-test.

HCoV: human coronavirus

DAPI: 4',6-diamidino-2-phenylindole

VCP: valosin-containing protein

ns: not significant
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