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Attenuated Viral Replication of Avian Infectious Bronchitis Virus
with a Novel 82-Nucleotide Deletion in the 5a Gene Indicates a
Critical Role for 5a in Virus-Host Interactions
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ABSTRACT We previously found that a deletion in y-coronavirus Infectious bronchitis
virus (IBV) accessory gene 5a is critical for decreased viral pathogenicity in chickens.
Here, we systematically analyzed IBV virus infection: invasion, genome replication,
subgenomic mRNA (sgmRNA) synthesis, protein synthesis, and virion release. The
ability of the mutant IBV strain rYN-A5a to invade susceptible cells was not signifi-
cantly different from that of parental rYN. However, compared with rYN, the level of
sgmRNA synthesis and genome replication after cell entry by rYN-A5a was signifi-
cantly lower in the early stage, resulting in a significantly lower level of nucleopro-
tein (N) synthesis and a consequent significantly lower number of offspring viruses
released into the supernatant. The detected 5a protein was diffusely distributed in
the cytoplasm and perinuclear area. We identified 16 differentially expressed host
proteins, 8 of which were found to be host nuclear and cytoplasmic transport-
related proteins. Coimmunoprecipitation revealed an interaction between hemagglu-
tinin (HA)-tagged TNPO1, TNPO3, XPO1, XPOT, RanBP1, and EIF2B4 proteins and
Flag-tagged 5a protein, and laser confocal microscopy confirmed 5a protein colocali-
zation with these proteins, indicating that 5a protein can cause changes in the host
protein localization. These host proteins promote the nuclear localization of N pro-
teins, so we believe that 5a protein can hijack host nucleoplasmic transport-related
proteins to help N enter the nucleus. This may involve regulating the cell cycle to
promote the optimal intracellular conditions for virus assembly or by participating in
the regulation of nucleolar function as a strategy to optimize virus replication.

IMPORTANCE Coronaviruses (CoVs) have a huge impact on humans and animals. It is
important for the prevention and control of the viruses to assess the molecular
mechanisms related to virulence attenuation. Here, we systematically analyzed a sin-
gle cycle of virus infection by y-CoV IBV lacking accessory protein 5a. We observed
that a 5a deletion in the IBV genome affected virus replication and sgmRNA synthe-
sis early in the virus life cycle, leading to decreases in protein synthesis, offspring vi-
rus assembly, and virion release in chicken embryonic kidney cells. IBV 5a protein
was found to interact with multiple host nuclear and cytoplasmic transport- and
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interaction between coronavirus and host cell proteins.
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Critical Role of IBV-CoV 5a in Early Virus Replication

economic and social development, and there may be more pathogenic coronavirus out-
breaks in the future (2-4). However, at present, our options for the prevention and
control or treatment of coronavirus infections are still very limited, highlighting the im-
portance of improving our understanding of coronavirus virulence factors, replication
characteristics, and host interactions. Given the challenges that SARS-CoV, MERS-CoV,
and SARS-CoV-2 have posed, studies of coronavirus-specific proteins to enhance our
understanding of coronavirus pathobiology are needed, and their findings may translate
into new opportunities and targets for the design of antiviral therapeutics.

Avian infectious bronchitis (IB) is a highly infectious acute disease in chickens caused
by avian Infectious bronchitis virus (IBV). This virus belongs to the order Nidovirales, family
Coronavirus, coronavirus group lll (5). IBV is a positive-stranded RNA (+RNA) virus with a
large genome of 27 kb. It has a polycistronic genome organization and employs a
unique transcription mechanism to generate a nested set of subgenomic mRNAs
(sgmRNAs). These are used to express the open reading frames (ORFs) located down-
stream of the replicase ORFs 1a and 1b, which encode structural and accessory proteins.
The sgmRNAs are 3’ coterminal, but they also contain a common 5’ leader sequence.
The leader and “body” segments of the sgRNA are joined during discontinuous nega-
tive-strand RNA synthesis, which produces a subgenome-length template for each of the
sgmRNAs (6). The IBV genome harbors two group-specific genes, genes 3 and 5, which
are functionally tricistronic and bicistronic, respectively, and can be translated into four
accessory proteins (3a, 3b, 5a, and 5b) and structural protein E with a verified transcrip-
tion regulatory sequence (TRS) identified upstream of ORFs 3 and 5 (7). These accessory
proteins offer functional flexibility to coronaviruses and are subject to alterations
depending upon the condition in which they are expressed during the viral life cycle.

Since IBV was first discovered in the 1930s, it has spread widely around the world, caus-
ing serious harm and inestimable economic losses to the poultry industry (8). In the late
1990s, the epidemic situation of IBV changed greatly. The occurrence of large-scale out-
breaks of IB in chickens immunized against IBV indicates that the antigenicity of IBV in
China may have mutated. The results of immune challenge tests, serum neutralization tests,
and epidemiological investigations of specific-pathogen-free (SPF) chickens all proved that
H120 and other commercially available vaccines could provide only partial protection, if
any. To address this situation, the QX type IBV strain YN was isolated from an immunized
chicken flock and continuously passaged on in SPF chicken embryos for 160 generations in
our lab. The results of an infection test of 5-week-old SPF chickens showed that there was a
significant difference in pathogenicity between the parent strain YN and the attenuated
strain aYN, even though the sequence homology between these strains was as high as
99.7%. This finding suggested that something in the 0.3% of gene loci that were differen-
tially expressed was the key to the altered virulence of the attenuated virus (9).

By comparing the sequence differences, an interesting feature was observed in the ge-
nome of aYN; it was found that there was a continuous natural deletion of 82 nucleotides
(nt) toward the 5’ region of ORF5, leading to a failure of ORF translation for the 5a gene. By
applying reverse genetics, we used the YN strain as a platform to modify the 82-nt deletion
region of the 5a gene, successfully constructing and saving the IBV deletion mutant virus
rYN-A5a. The virulence of rYN-A5a in SPF chickens was significantly lower than that of the
parental YN strain, suggesting that the deletion of 5a may affect IBV virulence (10). The pur-
pose of the present study is to investigate the precise role of a 5a deletion on the virulence
of IBV by assessing two aspects: comparison of virus replication over a single life cycle and
host interaction with 5a protein. We anticipate the findings will provide direction for the de-
velopment of new vaccine strains via the rapid and accurate transformation of coronavi-
ruses. The results will also serve as important reference values for future studies of the IBV
pathogenic mechanism and the development of attenuated virus for use as a vaccine.

RESULTS

The 5a gene is critical for the efficient replication of IBV in chicken embryonic
kidney (CEK) cells. To test whether an 82-nt deletion in IBV 5a restricts viral entry and
early-stage replication, we compared the percentages of CEK cells infected by rYN or
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FIG 1 Flow cytometry analysis of IBV N-positive cells. CEK cells were infected with rYN or rYN-A5a, then stained at various time points with mouse
antibodies specific for the IBV structural protein N, and subjected to flow cytometry to measure the percentage of EGFP-positive (infected) cells. The
background fluorescence of the cells was subtracted based on data from uninfected cells. Artificially constructed IBV-EGFP viruses were used as a positive
control. At each time point, three samples from each group were tested, and the mean infected cell percentages were statistically evaluated using a two-
way ANOVA test adjusted for post hoc analysis, followed by Bonferroni's multiple-comparison tests. Statistically significant differences between groups are

highlighted; *, P < 0.05; **, P < 0.01; ***, P < 0.001.

rYN-A5a at different time points (2, 4, 6, 8, 12, 16, 20, or 24 h postinfection [hpi]) using
flow cytometry (Fig. TA). In the first 8 h after infection, only a very small number of cells
were infected with either virus, and there were no significant differences in the per-
centage of infected cells between the rYN and rYN-A5a groups (data not shown),
which indicates that there is no difference in the viral entry stages of these two viruses.
At 12 hpi, obvious differences were detected in the viral replication of rYN and rYN-
A5a; in the rYN-infected group, 1.71% of CEK cells were IBV-positive, whereas only
0.15% of CEK cells were IBV-positive in the rYN-A5a-infected group. At 16, 20, and 24
hpi, the percentage of IBV-positive cells in the rYN group gradually increased to 2.74%,
8.80%, and 14.9%, respectively, all of which were significantly higher than the corre-
sponding IBV-positive percentages in the rYN-A5a-infected group (0.25%, 0.72%, and
1.99%, respectively) (Fig. 1B).

To determine the genome replication efficiency and sgmRNA synthesis level of rYN
and rYN-A5a, specific primers for 1ab and sgmRNA of various lengths were designed
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FIG 2 Genomic RNA and sgmRNA copy numbers in CEK cells infected with rYN or rYN-A5a. CEK cells were inoculated with rYN or rYN-A5a and then
harvested at various time points for use in qRT-PCR to measure the genomic RNA and sgmRNA copy numbers. Leader-F was used as the forward primer,
and different reverse primers were used to measure the genome replication (1ab) and sgmRNA synthesis (S, 3ab&E, M, 5ab, and N) levels (see Table 2). All
assays were run in triplicate, and sample copy numbers were calculated based on a standard curve. Data were statistically evaluated by a two-way ANOVA
test adjusted for post hoc analysis, followed by Bonferroni's multiple-comparison tests. Statistically significant differences between groups are highlighted; *,
P < 0.05; **, P < 0.01; ***, P < 0.001.

and used in real-time quantitative (qRT)-PCR to analyze the total RNA extracted from
CEK cells that had been infected with rYN or rYN-A5a for 1, 12, 16, 20, 24, 36, 48, or 60
h. By 24 hpi, except for the expected negative 5a-sgmRNA quantitative PCR (qPCR)
detection in the rYN-A5a infection group caused by the 5a gene deletion, there was no
significant difference in the copy numbers of the virus genome or other subgenomes
between the two infection groups. At 36 hpi, the genome replication level and
sgmRNA synthesis level of the rYN-A5a infection group were obviously lower than
those of the rYN infection group, among which the difference in sgmRNA-N synthesis
level was the largest. At 48 hpi, the sgmRNA synthesis level in the rYN-A5a infection
group was significantly lower than that in the rYN infection group, and there was also
a significant difference in the genome replication level at 60 hpi (Fig. 2).

To compare the protein expression levels of rYN and rYN-A5a, the protein synthesis
levels of N for rYN and rYN-A5a at different time points after infection of CEK cells were
determined by Western blotting. 3-actin was used as an internal control, and the results
of three repeated experiments were quantified and analyzed. The protein expression
level of N in the rYN-A5a infection group was lower than that in the rYN infection group
for each time point after infection, with the differences at 24 hpi and 36 hpi being the
largest (Fig. 3A).

To compare the numbers of offspring viruses released into the supernatant
between rYN and rYN-A5a, we estimated the viral amount based on the levels of RNA
and protein. Before 36 hpi, only a small amount of viral RNA was detected in the super-
natant by qRT-PCR for either virus, and no difference was detected between rYN and
rYN-A5a. At 48 hpi, a large amount of viral RNA was detected in the supernatant of the
rYN infection group, whereas the amount of viral RNA in the supernatant of the rYN-
A5a infection group was almost undetectable (Fig. 3B). At the protein level, the off-
spring viruses could be detected as early as 20 hpi for rYN and 24 hpi for rYN-A5a. The
level of N released by rYN-A5a offspring viruses was lower than that of rYN offspring
viruses at each time point through at least 84 hpi (Fig. 3C).

IBV 5a gene interacts with various host nuclear and cytoplasmic transport pro-
teins. The significant differences observed between the replication efficiency of rYN
and rYN-A5a indicate that the IBV 5a gene plays an important role in the virus life
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FIG 3 N synthesis and offspring virus release into the supernatant in CEK cells infected with rYN or rYN-A5a.
CEK cells were inoculated with rYN or rYN-A5a. (A) Representative Western blot analysis of whole-cell lysates
using antibodies recognizing IBV N and B-actin. The expression level of IBV N was quantified by densitometry
and normalized to the pB-actin expression level. Results shown are the means of three independent
determinations (* standard error of the mean [SEM]). *, P < 0.05. (B) gRT-PCR with primers Leader-F and 1ab-R
was conducted on the supernatant of cells harvested at various time points postinfection. All assays were run
in triplicate, and values were calculated based on a standard curve. Data were statistically evaluated by a two-
way ANOVA test adjusted for post hoc analysis, followed by Bonferroni’s multiple-comparison tests. Statistically
significant differences between groups are highlighted; *, P < 0.05; ***, P < 0.001. (C) Representative Western
blot analysis of the supernatant proteins at various time points using antibodies recognizing IBV N. The N
expression levels were taken as a proxy measurement of released offspring virus. The expression level of IBV N
was quantified by integrated density.

cycle. To investigate the specific function of 5a in the host cells, we constructed eukar-
yotically expressed 5a protein fused with an enhanced green fluorescent protein
(EGFP) tag or Flag tag by using PCR cloning and homologous recombination. The
recombinant plasmids were transfected into Vero cells after the correct sequences
were verified by sequencing, and the resulting total cell protein was harvested. The
size of the EGFP-tagged 5a protein was about 36 kDa, while that of EGFP protein alone
is 26 kDa, and the size of the Flag-tagged 5a protein was about 11 kDa, while the Flag
tag was not detected in the control group transfected with pRK5-Flag vector (Fig. 4A).
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FIG 4 Expression, cellular sublocalization pattern, and interacting host proteins of EGFP-tagged and Flag-tagged 5a fusion protein. Vero
cells were transfected with eukaryotic expression vectors for EGFP- or Flag-tagged 5a protein. (A) Western blot analysis of whole-cell
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TABLE 1 Details of the nuclear and cytoplasmic transport-related host proteins found to interact with IBV 5a

UniProt Protein ID Protein Gene Size (kDa) GO annotation

AOAOD9RQ38 Exportin 1 XPO1 123 Protein localization to nucleus; regulation of centrosome
duplication, protein catabolic process, and regulation of
protein export from nucleus; ribosomal subunit export from
nucleus; nuclear export signal receptor activity; Ran GTPase

binding
AOAOD9QWP5 Exportin-T XPOT 55 tRNA reexport from nucleus; Ran GTPase binding; tRNA binding
AOAOD9RHM3 Exportin 5 XPO5 136 Positive regulation of RNA interference; pre-miRNA export from

nucleus; protein export from nucleus; mRNA binding; nuclear
export signal receptor activity; pre-miRNA binding; Ran GTPase
binding; RNA-induced silencing complex (RISC) complex
binding; tRNA binding

AOAOD9RSW2 Transportin 1 TNPO1 102 Protein import into nucleus; Ran GTPase binding
AOAOD9RC70 Transportin 3 TNPO3 104 Protein import into nucleus; identical protein binding;
Ran GTPase binding
AOAOD9S7G7 Eukaryotic translation initiation EIF2B3 46 Oligodendrocyte development; T cell receptor signaling pathway;
factor 2B subunit gamma guanyl-nucleotide exchange factor activity; translation
initiation factor activity; eukaryotic translation initiation factor
2B complex
AOAOD9RBT6 Eukaryotic translation initiation EIF2B4 57 Cellular metabolic process
factor 2B subunit delta
AOAOD9RHX8 RanBD1 domain-containing RanBP1 30 Intracellular transport; positive regulation of mitotic centrosome
protein separation; spindle organization

The results show that both EGFP-tagged and Flag-tagged exogenous 5a protein can
be expressed normally in Vero cells.

Vero cells were transfected with the eukaryotic expression vectors for EGFP- or
Flag-tagged 5a protein. The results show that the tagged 5a proteins are expressed at
the predicted correct molecular weights (Fig. 4A). The sublocalization pattern of 5a
protein in the cells was observed. Confocal microscopy revealed that the 5a protein
was diffusely distributed in the cytoplasm and perinuclear area but excluded from the
nucleus, whereas the control EGFP protein was diffusely distributed in both the nu-
cleus and cytoplasm without specific localization. In addition, we observed that there
appeared to be minor localization differences between the different tagged 5a pro-
teins; 5a-EGFP is possibly backed up in the endoplasmic reticulum (ER), whereas 5a-
Flag is cytoplasmic and punctate, which we believe is mainly due to permeabilization
during detection of the Flag tag, whereas the EGFP-5a was observed directly under a
fluorescence microscope (Fig. 4B).

To identify the host proteins that interact with exogenous 5a protein, PRK5-Flag-5a
was transfected into Vero cells, and the total protein was extracted for use in a coim-
munoprecipitation (co-IP) assay. The pRK5-Flag transfection group was set as a nega-
tive control. The resulting SDS-PAGE gel was stained with Coomassie brilliant blue.
Differences between the experimental group and the control group mainly ranged
from 25 to 60 kDa and 100 to 180 kDa. Different gel strips were sent away for mass
spectrometry identification. Based on an analysis of the number of peptide segments,
16 cellular proteins were identified as interacting with 5a protein (Fig. 4C, left).
Through Go Gene Ontology (GO) annotation and GeneMANIA analysis, it was found
that eight of these host proteins are closely related to host nucleocytoplasmic trans-
port (Fig. 4C, right). Specific information regarding the above proteins is shown in
Table 1.

FIG 4 Legend (Continued)

lysates using antibodies recognizing EGFP or Flag-tag. (B) The sublocalization pattern of 5a protein in the cells was observed under a
confocal microscope through EGFP fluorescence or ani-Flag antibodies in Vero cells transfected with pRK5-5a-EGFP or pRK5-5a-Flag,
respectively. The results were observed at 24 h posttransfection. Nuclei were counterstained with DAPI (blue). Scale bar = 20 um. (C) The
constructed protein-protein interaction (PPI) network for 5a protein-correlated host proteins. The functional annotation of the genes
included in the right-side nodules are listed separately in Table 2.
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5a protein affects the cellular localization of host nucleocytoplasmic transport
proteins. Based on the GO annotation results for the identified host proteins, six host
proteins (TNPO1, TNPO3, RanBP1, XPO1, XPOT, and EIF2B4) were chosen for reverse
co-IP reconfirmation and colocalization analysis. 293T cells were transfected with eu-
karyotic expression vectors for hemagglutinin (HA)-tagged TNPO1, TNPO3, RanBP1,
XPO1, XPOT, or EIF2B4. After transfection, the total cell proteins were harvested, and
their expression and size were verified by Western blotting. The HA-tagged TNPO1,
TNPO3, RanBP1, XPO1, XPOT, and EIF2B4 proteins were expressed normally in 293T
cells, and their sizes are consistent with the expected protein size, indicating the suc-
cessful construction of eukaryotic expression plasmids for these six HA-tagged host
proteins, which can be used in further experiments (Fig. 5A).

The constructed HA-tagged host protein expression plasmids were cotransfected
with pRK5-Flag-5a into 293T cells. The host protein was detected by co-IP and Western
blotting at 36 h posttransfection. Unlabeled antibody-coupled protein A/G-coupled
agarose affinity gel was used as the negative control for nonspecific binding. The
coprecipitation of all host proteins with 5a protein could be detected by Flag-labeled
antibody coupled with agarose agglutination; the expression of specific host protein
and 5a protein could not be detected in the negative-control group (Fig. 5B). pRK5-HA-
TNPO1, -TNPO3, -RanBP1, -XPO1, -XPOT, and -EIF2B4 were each separately transfected
into Vero cells, and the localization of these host proteins in the cells was detected by
laser confocal microscopy. XPOT, TNPO1, and RanBP1 were distributed in the cyto-
plasm, TNPO3 and EIF2B4 were predominantly distributed in the nucleus, with some
expression in the cytoplasm, and XPO1 was limited to the nucleoplasm (Fig. 6A).

Confocal microscopy was used to detect the colocalization of 5a protein and host
protein in Vero cells at 48 h after cotransfection. 5a protein was colocalized with each
of the six host proteins, and a small amount of XPOT and TNPO1 were transferred from
the cytoplasm to the nucleus. Although TNPO3 were still distributed in both the cyto-
plasm and the nucleus, their nuclear localization preference disappeared in the pres-
ence of 5a protein, and there was no difference in the amount of protein between the
cytoplasm and the nucleus. The distribution patterns of XPO1 and RanBP1 also
changed; the nucleoplasm-only localization pattern of XPO1 disappeared, while
RanBP1 showed the phenomenon of cell membrane aggregation. Only the localization
of EIF2B4 did not change, and most of them were still located in the nucleoplasm; only
a few were in the cytoplasm (Fig. 6B).

5a protein affects the cellular localization of IBV N in the state of infection or
transfection. We identified a variety of host proteins that interact with 5a protein, sev-
eral of which are related to nuclear and cytoplasmic transport. Thus, we further studied
whether the IBV N that can localize in the host nucleus is affected by 5a protein via its
interaction with these nuclear and cytoplasmic transport proteins. The cellular location
of IBV N protein with/without the existence of 5a was examined under infection and
transfection, respectively. Upon infection, CEK cells were infected by rYN or rYN-A5a;
the localization of N protein was qualitatively and quantitatively analyzed by immuno-
fluorescence and nuclear-cytoplasmic separation assay, respectively. At the same time,
we inversely verified the key role of 5a protein in N protein localization by electropora-
tion of Flag-tagged 5a plasmid to supplement 5a protein and set up Flag-tag plasmid
as a negative control. Upon transfection, Vero cells were transfected with IBV-N expres-
sion plasmid and cotransfected with Flag-tagged 5a protein or host protein expression
plasmids, and we observed whether there were similar localization changes visible by
confocal microscopy.

Under the fluorescence microscope, we observed that the change of 5a protein on
the localization of N protein was consistent regardless of the state of infection or trans-
fection. In CEK cells infected by rYN strain, we observed that there were two localiza-
tion patterns of N protein, one part of which was in the cytoplasm, and another part
was colocated with the nucleus (Fig. 7A). The results of nuclear and cytoplasmic sepa-
ration showed that the amount of N protein distributed in the nucleus was similar to
that in the cytoplasm (Fig. 7B). In the absence of 5a protein, most of the N proteins
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FIG 5 Expression and co-IP of HA-tagged XPOT, XPO1, TNPO1, TNPO3, RanBP1, and EIF2B4 with Flag-tagged 5a
fusion protein. (A) Western blot analysis of whole-cell lysates of 293T cells transfected with eukaryotic
expression vectors for HA-tagged XPOT, XPO1, TNPO1, TNPO3, RanBP1, or EIF2B4, probed with antibodies
recognizing HA-tag. (B) Co-IP blots of anti-Flag antibody immunoprecipitations from 293T cells cotransfected
with eukaryotic expression vectors for HA-tagged XPOT, XPO1, TNPO1, TNPO3, RanBP1, or EIF2B4 proteins and
for Flag-tagged 5a, probed with anti-Flag and anti-HA antibodies. An unlabeled, antibody-coupled protein A/G-
coupled agarose affinity gel was used as the negative control for nonspecific binding.

were distributed in the cytoplasm, and the phenomenon of colocalization with the nucleus
disappeared. The results of Western blot analysis also showed that the N protein in the nu-
cleus decreased significantly in the CEK cells infected with rYN-A5a strain. After the supple-
mentation of 5a protein, the N protein in the nucleus increased, but due to the greater
damage after transfection of primary CEK cells, the overall infection rate of IBV decreased
significantly, so the expression of N protein decreased significantly.

Following the transfection of IBV N alone, N was distributed predominantly in the
cytoplasm, and the cells showed a normal spindle shape. After its cotransfection with
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FIG 6 Cellular sublocalization pattern of HA-tagged XPOT, XPO1, TNPO1, TNPO3, RanBP1, and EIF2B4 in the presence or absence of
5a protein. (A and B) Vero cells were transfected with eukaryotic expression vectors for HA-tagged XPOT, XPO1, TNPO1, TNPO3,
RanBP1, or EIF2B4 proteins alone (A) or were cotransfected with those expression vectors and an expression vector for Flag-tagged
5a (B). At 48 h posttransfection, paraformaldehyde-fixed, cyro-embedded cells were stained with antibodies against Flag (green) or
HA (red) tag. Nuclei were counterstained with DAPI (blue). Images were captured using a Nikon A1 confocal microscope. Scale bar =

10 and 20 um in panels A and B, respectively.

5a protein, the location of N changed; it accumulated in the nucleus, and the cell mor-
phology also changed, with the cells appearing shrunken. These changes in cell local-
ization pattern and cell morphology were also observed after the cotransfection of N
with host nucleocytoplasmic transport-related proteins; both the localization of N and
the cell morphology changed after cotransfection with XPO1, TNPO1, TNPO3, or
RANBP1, while there was no change in cell morphology after cotransfection with XPOT
or ELF2B4 (Fig. 8).

DISCUSSION

Although the known pathological proteins spike and nucleoprotein are the targets of
current therapeutic approaches for the control of coronavirus infection, it is imperative to
explore other viral factors. Accessory proteins play group-specific roles in coronavirus
pathobiology, and the genes for these proteins differ in genomic location, number, and
nature between coronavirus groups, leading to their description as “group-specific genes”
(11, 12). Although considered to be dispensable for viral replication and growth, the pres-
ence and maintenance of these genes within coronavirus genomes has led to huge inter-
est in understanding their significance for viral life cycle and virulence (13). Presently, the
specific mechanisms by which 5a protein functions in viral virulence, replication, and
modification of the host antiviral response are still unclear. Here, to contribute to a holistic
understanding of IBV accessory protein ORF5a, we analyzed the replication characteristics
and host interactions of this protein.

After entering a host cell, IBV goes through many life cycle stages, such as genome
replication, sgmRNA synthesis, protein synthesis, virus assembly, and virus release (14).
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FIG 7 Cellular sublocalization pattern of IBV N in rYN or rYN-A5a infected CEK cells. CEK cells were inoculated with rYN or rYN-A5a. Expression plasmid for
Flag-tagged 5a protein was electroporated into CEK cells after infection to supplement additional 5a protein (+5a). Flag-tag plasmid was set as the
negative control (+k). (A) Sublocalization of IBV-N protein. Infected CEK cells were stained for IBV-N with anti IBV-N antibody (green) at 24 hpi. Nuclei were
stained with DAPI (blue). Cells were analyzed by Nikon fluorescence microscopy using a 20x objective, and representative images are shown. Below the
image is a profile showing the intensity of EGFP (green line) and DAPI (blue line) fluorescence in the image. (B) Expression of IBV-N protein in the
cytoplasmic and nuclear extracts of CEK cells. Cytoplasmic and nuclear extracts of infected CEK cell lysates were prepared using a nuclear and cytoplasmic
protein extraction kit and analyzed by Western blotting with anti-IBV-N antibody. Cytoplasmic extraction was analyzed using a-tubulin antibody, and
nuclear extraction was analyzed using histone H3 antibody.

To understand the specific role of 5a protein in IBV replication, it is important to deter-
mine which stage(s) of the virus replication cycle is/are affected by the deletion of 5a
protein. Our flow cytometry results showed that the percentage of infected cells was
significantly higher than that in the rYN-A5a infection group, indicating that the early
replication ability of the virus was significantly inhibited after cell entry.

The sgmRNA synthesis level of the rYN-A5a infection group was lower than that of
the rYN group, with the largest difference seen in the sgmRNA N synthesis levels.
Correspondingly, the protein expression level of IBV N in the rYN-A5a infection group
was lower than that in the rYN group at each time point after infection, with the largest
difference observed at 24 and 36 hpi. These findings indicate that the level of sgmRNA
synthesis by rYN-A5a was significantly inhibited after cell entry, resulting in a signifi-
cantly lower level of protein synthesis than that of rYN.

These differences in the number of released offspring viruses were mirrored by sim-
ilar differences in the protein expression level of N, although N expression was
detected as early as 20 hpi in the rYN infection group. The timing differences between
the RNA and protein expression levels may result from the sensitivity diversity of the
detection methods. There was a significant difference in the genome replication level
at 60 hpi, which was probably due to a significant decrease in the number of offspring
viruses in the cell and the number of offspring viruses released into the supernatant.

In previous studies, researchers found a truncation of ORF8 (29-nt deletion) in
SARS-CoV, which affected early-stage transmission and decreased viral replication up
to 23-fold (15, 16). The genetic and functional importance of this 29-nt deletion in
SARS-CoV ORF8ab has been a hotly debated issue. Whether it is the result of genomic
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instability or adaptive evolution, its presence in the SARS-CoV genome has been
assumed to contribute to the zoonosis transformation and human adaptation of the vi-
rus. This contribution to human adaptation has been attributed to the corresponding
missing function, which may lead to the development of proteins with new functions
in the later stages of a SARS-CoV epidemic. Alternatively, based on the founder
effect, the deletion may allow SARS-CoV to survive with reduced adaptability and
might not play a universal role in SARS-CoV host adaptation (15). Genome deletions
have also been observed in MERS-CoV; these were speculated to reflect adaptation
to the human host or the release of a selective pressure exerted exclusively in the
zoonotic reservoir (17, 18). The 82-nt deletion in IBV studied here was found follow-
ing continuous passaging of IBV in chicken embryos, and this deletion attenuated
IBV replication in host cells. Thus, at least in this case, the deletion was more likely
to have been the result of genetic variation due to host adaptation, rather than
because this gene mutant already exists in the virus population.

As part of their life cycle, viruses rely on the exploitation of host cell processes and
resources for replication. Recent studies of viral life cycles have shown that virus as-
sembly is promoted by tampering with cellular pathways (19-21). In the process of vi-
rus replication, viral proteins must interact closely with the host cell mechanism. In
addition to playing a role in virus replication or virus assembly, many coronavirus pro-
teins expressed in infected cells are also involved in the interaction between coronavi-
rus and host (22), e.g., by changing the host gene expression or counteracting the host
antiviral defense to create an optimal environment for coronavirus replication (23, 24).
The interaction between these coronavirus proteins and the host is the key to viral
pathogenesis and will ultimately determine the outcome of infection. Therefore, deter-
mining whether 5a protein affects the localization and function of host cell proteins is
also helpful for understanding how 5a protein performs its function.

First, we studied the cellular sublocalization of 5a protein by using tagged 5a pro-
teins. Under a confocal microscope, EGFP-tagged 5a protein showed obvious cytoplas-
mic and perinuclear distribution, a pattern which was significantly different from that
of control EGFP. Additionally, the localization pattern of Flag-tagged 5a protein was
consistent with that of EGFP-tagged 5a protein, indicating that the labeling process
did not affect the cellular localization pattern of 5a protein. After the successful con-
struction of Flag-tagged 5a protein, we identified 16 differentially expressed host
proteins by co-IP and mass spectrometry, 8 of which are related to the nuclear and
cytoplasmic transport and translation of host proteins. 5a has an interesting perinu-
clear distribution pattern, indicative of a potential role in nucleocytoplasmic protein
transport. Protein transport is the basis of cell function and cell survival. In the cellular
protein transport system, entry into the nucleus through the nuclear pore complex
(NPCQ) is necessary for many proteins to function. Proteins less than 20 to 40 kDa in size
can be passively diffused through the NPC, whereas larger proteins require active pro-
motion by transportins to enter or leave the nucleus. Because nucleocytoplasmic trans-
port plays a key role in the function of many cellular processes, cells have developed
elaborate systems to strictly control this process. Unfortunately, errors can occur at
every point of the regulatory pathway, and viruses take advantage of this to create an
environment conducive to their replication.

The co-IP results proved that HA-labeled TNPO1, TNPO3, XPO1, XPOT, RanBP1, and
EIF2B4 proteins could interact with Flag-tagged 5a protein. Transportins, such as TNPO1
and TNPQO3, have been shown to have an effect on mitosis and the postmitotic recombina-
tion of interphase nuclei, a process that is essential for transcription and replication
through cyclins (25, 26). Changes in the function of TNPO1 not only disrupt this process

FIG 8 Legend (Continued)

PCI-N and expression vectors for Flag-tagged 5a or HA-tagged XPOT, XPO1, TNPO1, TNPO3, RanBP1,
or EIF2B4. At 48 h posttransfection, paraformaldehyde-fixed, cyro-embedded cells were stained with
antibodies against Flag tag (red) and IBV N (green) or HA tag (red). Nuclei were counterstained with
DAPI (blue). Images were captured using a Nikon A1 confocal microscope. Scale bar = 20 um.
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but also affect the genetic characteristics of newly formed cells after mitosis. Nuclear
output receptor protein Exportin1T (CRM/XPO1) is the main extranuclear transporter of
cargo proteins, recognizing and binding their nuclear export signal (NES), and it acts on mi-
totic spindles, kinetoplasts (mediating microtubule/kinetoplast interactions necessary for
stabilizing chromosome segregation), and centrosomes (preventing chromosome repeats
that pose a major threat to genomic stability). The effects of XPO1 on mitosis are mediated
by several mitotic targets containing NES sequences. Notably, XPO1 contributes to the
localization of mitotic cyclin B, while mitotic cyclin B phosphorylates XPO1 to finely regu-
late its mitotic function (27). Previous research has shown that XPO1 can mediate the out-
put of viral proteins closely related to respiratory syncytial virus and influenza virus (28, 29).
XPO-T and XPO5 participate in eEF1A-mediated nucleoacylation-dependent tRNA and
microRNA (miRNA) precursor export pathways and participate in the nuclear and cytoplas-
mic transport of tRNA. Additionally, XPO-T is involved in the nuclear and cytoplasmic trans-
port of HIVNef/eEF1A/tRNA complexes in macrophages (30). Ran-binding protein 1
(RanBP1) is a key regulator in the Ran-GTPase cycle. RanBP1 is found in all organisms and is
highly conserved across different species that contain Ran-binding domains. Furthermore,
RanBPI plays an important role in nuclear and cytoplasmic transport, centrosome assembly,
microtubule polymerization, spindle assembly, and apoptosis (31-33). Translation initiation
factor EIF2B subunit & is a protein encoded by the human gene EIF2B4. It is a eukaryotic
translation initiation factor closely related to cell survival. This gene belongs to the eukaryo-
tic translation initiation factor 2 (EIF2) gene family and is considered a candidate host gene
for controlling virus replication. Notably, infection with Newcastle disease virus can lead to
the inactivation of EIF2B in chicken tissues (34).

Our results showed that 5a protein could cause changes in the localization of host
proteins. Because 5a protein lacks an NES sequence, we speculated that 5a protein
might hijack host proteins to create a favorable environment for other IBV proteins
with a nuclear localization signal (NLS). Previous studies have shown that there are nu-
clear localization and nuclear output sequences on the N protein of coronavirus, and
the host nuclear shuttle system is used for cytoplasmic and nuclear transport (35-37).
Although Coronaviridae family N proteins have no discernible homology, they share a
nucleolar-cytoplasmic distribution pattern. Despite CoV N protein harboring three pu-
tative nuclear NLS motifs (35, 36), this protein is distributed predominantly in the cyto-
plasm of SARS-CoV-infected and N gene-transfected cells (37), which is consistent with
our observations in the present study. However, an identical nucleolar-cytoplasmic
localization pattern is observed for the N of coronavirus groups |, II, and llI, as exempli-
fied by transmissible gastroenteritis virus (TGEV), mouse hepatitis virus (MHV), and IBV,
respectively (38, 39). It has been hypothesized that the caspase activation during the
apoptosis of SARS-CoV infection leads to the cleavage of N at particular sites. Some of
the cleavage products may contain an active NLS, leading to its nuclear translocation,
which may disrupt or usurp nuclear function, whereas the self-association of some N
molecules may protect N from cleavage by caspases such that they can remain in the
cytoplasm and participate in virus assembly (35). N localization to the nucleus/nucleo-
lus implies that this protein may be involved in regulating the cell cycle, possibly by
delaying cell growth to promote optimal intracellular conditions for virus assembly
and sequestering ribosomes for the translation of viral proteins or by participating in
the modulation of nucleolar functions, as a strategy to optimize virus replication (35).
Although coronavirus replication is generally accepted to occur in the cytoplasm of
infected cells (40), for IBV an intact cell nucleus has been proposed to be necessary for
virus replication (41). However, the possible role of the nucleolus in IBV replication has
not been elucidated, and why the N protein would localize to this structure remains
unknown. Here, we observed the accumulation of N in the cytoplasm and nucleus; af-
ter cells were cotransfected to express 5a or host nucleocytoplasmic transport proteins
(TNPO1, TNPO3, XPO1, XPOT, RanBP1, or EIF2B4), high levels of fluorescence intensity
were seen in the nucleolus. We speculate that 5a may relocate N into the nucleus via
hijacking host proteins, as part of a virus strategy to control both host cell and virus
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subgenomic RNA (sgRNA) translation by associating with ribosomal subunits and to
create a favorable environment for virus replication.

In conclusion, this study found that a 5a gene deletion in the IBV genome affected virus
replication and sgmRNA synthesis in the early stage of the virus life cycle, leading to
decreases in protein synthesis and in offspring virus assembly and release in CEK cells. We
also identified that IBV 5a protein can interact with multiple host nuclear and cytoplasmic
transport- and translation-related proteins in host cells, which in turn might interact with
IBV N protein and affect its cellular localization. This work provides a comprehensive over-
view of the role of IBV accessory protein 5a as well as an important theoretical basis for
the study of the interactions between coronavirus and host cell proteins.

MATERIALS AND METHODS

Viruses and cells. The IBV strain rYN and 82-nt deletion strain rYN-A5a were constructed and res-
cued using a vaccinia virus-based reverse genetic system in a previous study and preserved at —-80°C for
further use (10). African green monkey kidney cells (Vero) (CRL-1586; ATCC) and human embryonic kid-
ney (HEK) 293T cells (CRL-11268; ATCC) were preserved in our laboratory. CEK cells were prepared from
18-day-old SPF chicken embryos as previously described (42). SPF embryonated eggs were purchased
from Beijing Boehringer Ingelheim Vital Biotechnology Co., Ltd., (Beijing, China). All cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) (catalog no. 12100-046; Gibco) supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin.

Early viral replication comparison using a flow cytometry assay. To investigate the effect of the
5a gene on specific steps of the virus replication cycle, we first tested whether the 5a 82-nt deletion
restricts viral entry and early-stage replication, by comparing the percentages of rYN- and rYN-A5a-
infected CEK cells, as assessed by flow cytometry, at different time points. Confluent CEK cells in six-well
plates were inoculated with 200 uL of phosphate-buffered saline (PBS) containing 108 copies of rYN-A5a
or rYN, and cells from each group (three wells each) were collected separately at 2, 4, 6, 8, 12, 16, 20, and
24 hpi. To digest the cells, 500 uL of trypsin-EDTA was added to each well; this was then neutralized
with 1T mL of PBS plus 8.3% fetal bovine serum. The cells were centrifuged for 5 min at 500 x g, and the
resulting cell pellet was resuspended in 200 ulL of PBS and transferred to a 96-well round-bottomed
plate. The cells were then fixed overnight on ice with 200 uL of 1x FoxP3 fix/perm buffer (Cytofix/
Cytoperm with Golgplug kit, catalog no. 555028; BD Pharmingen, San Diego, CA, USA). After being
washed three times with 200 uL of perm/wash buffer, the cells were stained for 30 min on ice in the
dark with 100 uL of mouse anti-IBV N monoclonal antibody (MAb) (Hytest, Finland) diluted 1:1,000 in
perm/wash. After being washed another three times with 200 uL of perm/wash buffer, the cells were
incubated with anti-mouse IgG(H+L) F(ab’), fragment (Alexa Fluor 488 conjugate) (Cell Signaling
Technology, Danvers, MA, USA) for 1 h on ice in the dark. Finally, the cells were resuspended in 200 uL
of perm/wash and transferred to flow cytometry tubes for the detection of fluorescein isothiocyanate
(FITC)-positive cells on a BD FACSCanto Il (BD Biosciences, San Jose, CA, USA).

Comparison of sgmRNA synthesis and genome replication. CEK cells were infected with identical
doses (200 uL of PBS containing 108 copies) of rYN or rYN-A5a. The total RNA of each well was extracted
at 1, 12, 16, 20, 24, 36, 48, or 60 hpi and then analyzed by qRT-PCR. The primers for detecting different
lengths of sgmRNA were designed based on the sgmRNA production characteristics of coronavirus. The
forward primer was designed downstream of the 5’ leader sequence of the IBV genome, while the
reverse primers were specific for S, 3ab&E, M, 5ab, and N gene sgmRNA. The primer sequence specific to
the 1ab region of the whole genome was designed to test the replication level of the whole genome,
and the upstream primer was the same as that for the sgmRNA detection assay. The downstream pri-
mers were specific for the nsp2 gene in 1a (Table 2). The copy number of each gene sgmRNA and the
genome RNA was calculated based on the standard curve constructed for each gene. All detection
assays were repeated three times.

Western blotting assay for detecting the protein synthesis level of IBV N. CEK cells were infected
with identical doses (200 uL of PBS containing 10° copies) of rYN or rYN-A5a. At 12, 24, 36, or 48 hpi, the
cells were washed with cold PBS and harvested in 80 uL of 2x lysis buffer. After being incubated on ice
for 30 min, the cells were sonicated for 1 min and then boiled. Equal protein amounts were separated
by SDS-PAGE, proteins were detected via Western blotting using specific antibodies against IBV N
(Hytest, Finland) and B-actin (Merck Millipore, Burlington, MA, USA) and the ChemiDoc imaging system
(Bio-Rad, Hercules, CA, USA). Protein signal intensities were normalized and quantified using ImageJ
software (NIH, Bethesda, MD, USA).

Levels of viral offspring released by CEK cells infected with YN or rYN-A5a. CEK cells were
infected with identical doses (200 uL of PBS containing 10 copies) of rYN or rYN-A5a. At 1, 12, 16, 20,
24, 36, 48, 60, 72, or 84 hpi, the supernatants of each well were collected and used for qRT-PCR analysis
and Western blotting. Primers specific for the whole-genome 1ab region were used for qRT-PCR analysis.
The genome copy number was detected in three repeated assays. The total protein in the supernatant
was extracted by the methanol-chloroform precipitation method, and the protein expression levels of N
were detected as previously described.

Construction of expression plasmids carrying tagged 5a. IBV rYN viral RNA was extracted by
using an RNAprep pure tissue kit (Tiangen Biotech, Beijing, China) in accordance with the manufacturer’s
instructions. Reverse transcription was conducted at 37°C for 1 h, with 3 wg of total RNA, 1 uL of random
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TABLE 2 PCR amplification primers used in this study

Primer name Sequence (5'-3’)

Leader-F AAATATATATCATACATACTAGCCTTGCGC

1ab-R GGAACACCTATTGGGACCAGC

S-sgmRNA-R CTACATAGTGCAAACAAAACAGTCAC

3ab-sgmRNA-R CGCACTCTCTAAAACAACTTAAAGCA

E-sgmRNA-R GAAAACTGCCATTCTCTTCTAGCG

M-sgmRNA-R ATATTCCTTGAAGAGCAGAATAGCCTG

5ab-sgmRNA-R CGCTTGGTACCGTGCTCTAAA

N-sgmRNA-R AGTGCCTGAAACCATGATGCA

Flag-5a-F AAGGACGACGATGACAAGATGAAATGGCTGAATAGTTTAGG
Flag-5a-R GGCGGCCAAGCTTCTGCAGGTCCTATACCAGCGATTGAGCG
5a-EcoRl-infu-F GTTCTATCGATTGAATTCATGAAATGGCTGAATAGTTTAGG
pKR5-EGFP-Sall-R GCCAAGCTTCTGCAGGTCGACCTACTTGTACAGCTCGTCCATGCC

hexamer primers (500 wg/mL; Promega, Madison, WI, USA), and 0.5 uL of M-MLYV reverse transcriptase
(200 U/uL; Promega). Next, the 5a ORF was amplified by PCR with Premix PrimeSTAR HS DNA polymer-
ase (TaKaRa Biotechnology Co., Ltd., Japan). To create pRK5-5a-EGFP, in which 5a is fused at its C termi-
nus with EGFP, we used a forward primer that contained an EcoRI site and the 5" end of the 5a gene.
The reverse primer contained a BamHI site and the 3" end of the 5a gene, but no 5a stop codon to allow
readthrough transcription (Table 2). The restriction enzyme-digested PCR product was cloned into pRK5-
EGFP with a mutated EGFP start codon (TTG instead of ATG). To create pRK5-5a-Flag, a 5a sequence syn-
thesized with a Flag-tag at the C terminus was cloned into the expression plasmid pRK5. The sequences
of the cloned expression constructs were confirmed by using Sanger sequencing. At 24 h before trans-
fection, Vero cells were seeded into six-well plates at a density of 10° cells per well and cultured over-
night. In accordance with the StarFect high-efficiency transfection reagent (GenStar, Beijing, China)
instructions, 2 ug of PRK5-EGFP, PRK5-5a-EGFP, PRK5-Flag, or PRK5-5a-Flag was transfected into the
cells. At 48 hpi, the cells were lysed, and the total cellular protein was extracted. The expressions of
EGFP-tagged 5a protein and Flag-tagged 5a protein were detected by Western blotting with anti-EGFP
mouse MAb (Sangon Biotec, Shanghai, China) and DYKDDDDK Tag mouse MAb (which binds to the
same epitope as anti-Flag MAb; Cell Signal Technology, MA, USA), respectively.

Immunofluorescence analyses. Vero cells were grown on 12-mm coverslips and then transfected
with 1 ug of pRK5-EGFP, pRK5-5a-EGFP, or pRK5-5a-Flag. At 24 h posttransfection, the cells were fixed
with 4% paraformaldehyde. Following permeabilization using 0.2% Triton X-100 and subsequent block-
ing with PBS buffer containing 1% fetal calf serum, 5a protein was detected using anti-EGFP mouse MAb
or DYKDDDDK Tag mouse/rabbit MAb, followed by incubation with secondary antibody conjugated to
Alexa-488/555 (Life Technologies, Gaithersburg, MD, USA). Fluorescence signals were captured with an
A1 confocal microscope (Nikon, Tokyo, Japan).

Screening for host proteins that interact with 5a. Co-IP techniques coupled with liquid chroma-
tography tandem mass spectrometry (LC-MS/MS) were used to screen cellular proteins for their ability
to interact with IBV 5a protein. Vero cells were seeded in 10-cm cell dishes, and when the cell density
reached 80% to 90%, the cells in each dish were transfected with 20 ng of pRK5-5a-Flag or the empty
vector pRK5-Flag, which was used as a control. At 36 h posttransfection, cells were collected and lysed.
Host cellular proteins that interact with the IBV 5a protein were immunoprecipitated using an anti-Flag
M2 affinity agarose gel (Sigma-Aldrich Corp., St. Louis, MO, USA), then identified by LC-MS/MS, and
finally analyzed by GO annotation (43). The Gene Multiple Association Network Integration Algorithm
(GeneMANIA, http://www.genemania.org/) was used to reveal physical and genetic protein-protein
interactions for protein-protein interaction (PPI) network construction and visualization (44).

Interaction between IBV 5a protein and host proteins. To confirm the interactions between IBV
5a protein and the identified host proteins, plasmids for HA-tagged versions of the host proteins TNPO1,
TNPO3, XPO1, XPOT, RanBP1, and EIF2B4 were constructed with the PRK5 vector and transfected into
293T cells. At 36 h posttransfection, the cells were harvested, and the expression and protein size of the
host proteins were verified by Western blotting with anti-HA-Tag (C29F4) rabbit MAb (Cell Signal
Technology). Additionally, the HA-tag host protein plasmids were each transfected into Vero cells
seeded on 12-mm coverslips. Host proteins were detected using the anti-HA-tag (C29F4) rabbit MAb, fol-
lowed by incubation with a secondary antibody conjugated to Alexafluor-488 or Alexafluor-555 (Life
Technologies). Fluorescence signals were captured with a Nikon A1 confocal microscope (Nikon).

The interactions between IBV 5a protein and the identified host proteins were further confirmed by
co-IP assays and confocal microscopy. After verifying the successful expression of HA-tagged TNPO1,
TNPO3, XPO1, XPOT, RanBP1, and EIF2B4, the HA-tagged host protein plasmids were cotransfected with
PRK5-Flag-5a into 293T cells. At 36 h posttransfection, the cells were collected, lysed, and centrifuged.
The target protein in the resulting supernatant was captured by an anti-Flag M2 affinity agarose gel
(Sigma-Aldrich), and the expression of host proteins in the immunoprecipitation samples was detected
with anti-HA antibody. The localizations of 5a protein and the six host proteins in Vero cells after
cotransfection were detected using a Nikon A1 confocal microscope, and the colocalization phenom-
enon and localization changes were observed.
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Nuclear and cytoplasmic protein extraction. CEK cells were infected with identical doses (200 uL
of PBS containing 108 copies) of rYN or rYN-A5a. At 24 h, the cells were washed with cold PBS and trans-
ferred to a 1.5-mL microcentrifuge tube by centrifuging at 5,000 x g for 5 min. The cells were lysed, and
cytoplasmic and nuclear extracts were prepared using a nuclear and cytoplasmic protein extraction kit
(Beyotime Biotech, China) according to the manufacturer’s instructions.
Western blotting assay for detecting the protein synthesis level of IBV N. CEK cells were infected
with identical doses (200 uL of PBS containing 108 copies) of rYN or rYN-A5a. At 12, 24, 36, or 48 hpi, the
cells were washed with cold PBS and harvested in 80 uL of 2x lysis buffer. After being incubated on ice
for 30 min, the cells were sonicated for T min and then boiled. Equal protein amounts were separated
by SDS-PAGE, and proteins were detected via Western blotting using specific antibodies against IBV N
(Hytest, Finland), B-actin (Merck Millipore, Burlington, MA, USA), a-tubulin antibody (Abcam, Cambridge,
UK), and histone H3 antibody (Abcam). Images were taken with the ChemiDoc imaging system (Bio-Rad,
Hercules, CA, USA). Protein signal intensities were normalized and quantified using ImageJ software
(NIH, Bethesda, MD, USA).
Investigation of proteins affecting the localization in Vero cells. We further studied the effect of
IBV 5a protein on the entry of IBV N into the nucleus. We cloned the full-length N gene of IBV into PCI-
neo to construct the eukaryotic expression vector PCI-N. Vero cells were transfected with PCI-N alone or
cotransfected with PCI-N and PRK5-Flag-5a. The localization pattern of IBV N was observed by confocal
microscopy. We also cotransfected Vero cells with PCI-N and various host protein expression vectors and
then observed via confocal microscopy whether there were similar localization changes.

Statistical analysis. Statistical significance was evaluated using two-way analysis of variance
(ANOVA) tests adjusted for post hoc analysis, followed by Bonferroni’s multiple-comparison tests.
Individual data points from each independent experiment were used for the calculation of significance.
The number of independent experiments is indicated in each figure legend.

ACKNOWLEDGMENTS
This study was supported by the National Key Research and Development Program of
China (2021YFD1801103) and the China Postdoctoral Science Foundation (2019M650910).

We thank Katie Oakley, from Liwen Bianji, Edanz Editing China (www.liwenbianji.cn/ac),
for editing the English text of a draft of the manuscript.

REFERENCES

1.

Cavanagh D. 2005. Coronaviridae: a review of coronaviruses and torovi-
ruses. Coronaviruses with Special Emphasis on First Insights concerning
SARS 2005:1-54. https://doi.org/10.1007/3-7643-7339-3_1.

. Rota PA, Oberste MS, Monroe SS, Nix WA, Campagnoli R, Icenogle JP,

Penaranda S, Bankamp B, Maher K, Chen M-H, Tong S, Tamin A, Lowe L,
Frace M, DeRisi JL, Chen Q, Wang D, Erdman DD, Peret TCT, Burns C, Ksiazek
TG, Rollin PE, Sanchez A, Liffick S, Holloway B, Limor J, McCaustland K, Olsen-
Rasmussen M, Fouchier R, Glinther S, Osterhaus ADME, Drosten C, Pallansch
MA, Anderson LJ, Bellini WJ. 2003. Characterization of a novel coronavirus
associated with severe acute respiratory syndrome. Science 300:1394-1399.
https://doi.org/10.1126/science.1085952.

. De Wit E, Van Doremalen N, Falzarano D, Munster VJ. 2016. SARS and

MERS: recent insights into emerging coronaviruses. Nat Rev Microbiol 14:
523-534. https://doi.org/10.1038/nrmicro.2016.81.

. Sohrabi C, Alsafi Z, O’Neill N, Khan M, Kerwan A, Al-Jabir A, losifidis C,

Agha R. 2020. World Health Organization declares global emergency: a
review of the 2019 novel coronavirus (COVID-19). Int J Surg 76:71-76.
https://doi.org/10.1016/j.ijsu.2020.02.034.

. King AMQ, Lefkowitz E, Adams MJ, Carstens EB. 2012. Family Flaviviridae,

p 1003-1020. /n Virus taxonomy: ninth report of the International Com-
mittee on Taxonomy of Viruses. Elsevier, Amsterdam, The Netherlands.

. Sawicki SG, Sawicki DL. 1995. Coronaviruses use discontinuous extension

for synthesis of subgenome-length negative strands. Adv Exp Med Biol
380:499-506. https://doi.org/10.1007/978-1-4615-1899-0_79.

. Narayanan K, Huang C, Makino S. 2014. Coronavirus accessory proteins

p 235-244. In Nidoviruses. John Wiley & Sons, Ltd., Hoboken, NJ, USA.

. Schalk M, Hawn A, Schalk AF, Hawn MC. 1931. An apparently new respira-

tory disease of baby chicks. J Am Vet Med Assoc 78:186.

. Zhao Y, Cheng JL, Liu XY, Zhao J, Hu YX, Zhang GZ. 2015. Safety and effi-

cacy of an attenuated Chinese QX-like infectious bronchitis virus strain as
a candidate vaccine. Vet Microbiol 180:49-58. https://doi.org/10.1016/j
.vetmic.2015.07.036.

. Zhao Y, Cheng J, Yan S, Jia W, Zhang K, Zhang G. 2019. S gene and 5a

accessory gene are responsible for the attenuation of virulent infectious
bronchitis coronavirus. Virology 533:12-20. https://doi.org/10.1016/j.virol
.2019.04.014.

July/August 2022 Volume 10 Issue 4

. Narayanan K, Huang C, Makino S. 2008. SARS coronavirus accessory proteins.

Virus Res 133:113-121. https://doi.org/10.1016/j.virusres.2007.10.009.

. Liu DX, Fung Ts Chong KKL, Shukla A, Hilgenfeld R. 2014. Accessory pro-

teins of SARS-CoV and other coronaviruses. Antiviral Res 109:97-109.
https://doi.org/10.1016/j.antiviral.2014.06.013.

. Yang Y, Zhang L, Geng H, Deng Y, Huang B, Guo Y, Zhao Z, Tan W. 2013.

The structural and accessory proteins M, ORF 4a, ORF 4b, and ORF 5 of
Middle East respiratory syndrome coronavirus (MERS-CoV) are potent
interferon antagonists. Protein Cell 4:951-961. https://doi.org/10.1007/
$13238-013-3096-8.

. Qinfen Z, Jinming C, Xiaojun H, Huanying Z, Jicheng H, Ling F, Kunpeng L,

Jinggiang Z. 2004. The life cycle of SARS coronavirus in Vero E6 cells. J
Med Virol 73:332-337. https://doi.org/10.1002/jmv.20095.

. Muth D, Corman VM, Roth H, Binger T, Dijkman R, Gottula LT, Gloza-

Rausch F, Balboni A, Battilani M, Rihtaric D, Toplak I, Ameneiros RS, Pfeifer
A, Thiel V, Drexler JF, Miller MA, Drosten C. 2018. Attenuation of replica-
tion by a 29 nucleotide deletion in SARS-coronavirus acquired during the
early stages of human-to-human transmission. Sci Rep 8:15177. https://
doi.org/10.1038/s41598-018-33487-8.

. Oostra M, de Haan CAM, Rottier PJM. 2007. The 29-nucleotide deletion

present in human but not in animal severe acute respiratory syndrome
coronaviruses disrupts the functional expression of open reading frame
8.J Virol 81:13876-13888. https://doi.org/10.1128/JV1.01631-07.

. Payne DC, Biggs HM, Al-Abdallat MM, Algasrawi S, Lu X, Abedi GR, Haddadin

A, Iblan |, Alsanouri T, Al Nsour M, Ali SS, Rha B, Trivedi SU, Rasheed MAU,
Tamin A, Lamers MM, Haagmans BL, Erdman DD, Thornburg NJ, Gerber SI.
2018. Multihospital outbreak of a Middle East respiratory syndrome corona-
virus deletion variant, Jordan: a molecular, serologic, and epidemiologic
investigation. Open Forum Infect Dis 5:0fy095. https://doi.org/10.1093/ofid/
ofy095.

. Lamers MM, Raj SV, Shafei M, Ali SS, Abdallh SM, Gazo M, Nofal S, Lu X,

Erdman DD, Koopmans MP, Abdallat M, Haddadin A, Haagmans BL. 2016.
Deletion variants of middle east respiratory syndrome coronavirus from
humans, Jordan, 2015. Emerg Infect Dis 22:716-719. https://doi.org/10
.3201/eid2204.152065.

10.1128/spectrum.01405-22 17


http://www.liwenbianji.cn/ac
https://doi.org/10.1007/3-7643-7339-3_1
https://doi.org/10.1126/science.1085952
https://doi.org/10.1038/nrmicro.2016.81
https://doi.org/10.1016/j.ijsu.2020.02.034
https://doi.org/10.1007/978-1-4615-1899-0_79
https://doi.org/10.1016/j.vetmic.2015.07.036
https://doi.org/10.1016/j.vetmic.2015.07.036
https://doi.org/10.1016/j.virol.2019.04.014
https://doi.org/10.1016/j.virol.2019.04.014
https://doi.org/10.1016/j.virusres.2007.10.009
https://doi.org/10.1016/j.antiviral.2014.06.013
https://doi.org/10.1007/s13238-013-3096-8
https://doi.org/10.1007/s13238-013-3096-8
https://doi.org/10.1002/jmv.20095
https://doi.org/10.1038/s41598-018-33487-8
https://doi.org/10.1038/s41598-018-33487-8
https://doi.org/10.1128/JVI.01631-07
https://doi.org/10.1093/ofid/ofy095
https://doi.org/10.1093/ofid/ofy095
https://doi.org/10.3201/eid2204.152065
https://doi.org/10.3201/eid2204.152065
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01405-22

Critical Role of IBV-CoV 5a in Early Virus Replication

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

He Y, Staschke KA, Tan S-L. 2006. HCV NS5A: a multifunctional regulator
of cellular pathways and virus replication. /In Tan SL (ed), Hepatitis C
viruses: genomes and molecular biology. Horizon Bioscience, Norfolk, UK.
Geiss GK, An MC, Bumgarner RE, Hammersmark E, Cunningham D, Katze
MG. 2001. Global impact of influenza virus on cellular pathways is medi-
ated by both replication-dependent and -independent events. J Virol 75:
4321-4331. https://doi.org/10.1128/JVI.75.9.4321-4331.2001.

Belov GA, Van Kuppeveld FJ. 2012. (+)RNA viruses rewire cellular path-
ways to build replication organelles. Curr Opin Virol 2:740-747. https://
doi.org/10.1016/j.coviro.2012.09.006.

de Wilde AH, Snijder EJ, Kikkert M, van Hemert MJ. 2018. Host factors in
coronavirus replication. Curr Top Microbiol Immunol 419:1-42. https://
doi.org/10.1007/82_2017_25.

Yuan L, Chen Z, Song S, Wang S, Tian C, Xing G, Chen X, Xiao ZX, He F,
Zhang L. 2015. P53 degradation by a coronavirus papain-like protease
suppresses type | interferon signaling. J Biol Chem 290:3172-3182.
https://doi.org/10.1074/jbc.M114.619890.

Ye Y, Hauns K, Langland JO, Jacobs BL, Hogue BG. 2007. Mouse hepatitis
coronavirus A59 nucleocapsid protein is a type | interferon antagonist. J
Virol 81:2554-2563. https://doi.org/10.1128/JVI.01634-06.

Lau CK, Delmar VA, Chan RC, Phung Q, Bernis C, Fichtman B, Rasala BA,
Forbes DJ. 2009. Transportin regulates major mitotic assembly events: from
spindle to nuclear pore assembly. Mol Biol Cell 20:4043-4058. https://doi
.0rg/10.1091/mbc.e09-02-0152.

Bernis C, Swift-Taylor B, Nord M, Carmona S, Chook YM, Forbes DJ. 2014.
Transportin acts to regulate mitotic assembly events by target binding
rather than Ran sequestration. Mol Biol Cell 25:992-1009. https://doi.org/
10.1091/mbc.E13-08-0506.

Yang J, Bardes ESG, Moore JD, Brennan J, Powers MA, Kornbluth S. 1998.
Control of cyclin B1 localization through regulated binding of the nuclear
export factor CRM1. Genes Dev 12:2131-2143. https://doi.org/10.1101/
gad.12.14.2131.

Pickens JA, Tripp RA. 2018. Verdinexor targeting of CRM1 is a promising
therapeutic approach against RSV and influenza viruses. Viruses 10:48.
https://doi.org/10.3390/v10010048.

Perwitasari O, Johnson S, Yan X, Howerth E, Shacham S, Landesman Y,
Baloglu E, McCauley D, Tamir S, Tompkins SM, Tripp RA. 2014. Verdinexor,
a novel selective inhibitor of nuclear export, reduces influenza A virus
replication in vitro and in vivo. J Virol 88:10228-10243. https://doi.org/10
.1128/V1.01774-14.

Abbas W, Khan KA, Tripathy MK, Dichamp |, Keita M, Rohr O, Herbein G.
2012. Inhibition of ER stress-mediated apoptosis in macrophages by nu-
clear-cytoplasmic relocalization of eEF1A by the HIV-1 Nef protein. Cell
Death Dis 3:2292. https://doi.org/10.1038/cddis.2012.32.

Bischoff FR, Gorlich D. 1997. RanBP1 is crucial for the release of RanGTP
from importin B-related nuclear transport factors. FEBS Lett 419:249-254.
https://doi.org/10.1016/s0014-5793(97)01467-1.

Tedeschi A, Ciciarello M, Mangiacasale R, Roscioli E, Rensen WM, Lavia P.
2007. RANBP1 localizes a subset of mitotic regulatory factors on spindle
microtubules and regulates chromosome segregation in human cells. J
Cell Sci 120:3748-3761. https://doi.org/10.1242/jcs.009308.

July/August 2022 Volume 10 Issue 4

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Microbiology Spectrum

Di Fiore B, Ciciarello M, Mangiacasale R, Palena A, Tassin AM, Cundari E,
Lavia P. 2003. Mammalian RanBP1 regulates centrosome cohesion during
mitosis. J Cell Sci 116:3399-3411. https://doi.org/10.1242/jcs.00624.

Del Vesco AP, Kaiser MG, Monson MS, Zhou H, Lamont SJ. 2020. Genetic
responses of inbred chicken lines illustrate importance of elF2 family and
immune-related genes in resistance to Newcastle disease virus. Sci Rep
10:6155. https://doi.org/10.1038/s41598-020-63074-9.

Timani KA, Liao Q, Ye L, Zeng Y, Liu J, Zheng Y, Ye L, Yang X, Lingbao K,
Gao J, Zhu Y. 2005. Nuclear/nucleolar localization properties of C-terminal
nucleocapsid protein of SARS coronavirus. Virus Res 114:23-34. https://
doi.org/10.1016/j.virusres.2005.05.007.

Reed ML, Howell G, Harrison SM, Spencer K-A, Hiscox JA. 2007. Characteri-
zation of the nuclear export signal in the coronavirus infectious bronchitis
virus nucleocapsid protein. J Virol 81:4298-4304. https://doi.org/10.1128/
JVI.02239-06.

Chang MS, Lu YT, Ho ST, Wu CC, Wei TY, Chen CJ, Hsu YT, Chu PC, Chen
CH, Chu JM, Jan YL, Hung CC, Fan CC, Yang YC. 2004. Antibody detection
of SARS-CoV spike and nucleocapsid protein. Biochem Biophys Res Com-
mun 314:931-936. https://doi.org/10.1016/j.bbrc.2003.12.195.

Hiscox JA, Wurm T, Wilson L, Britton P, Cavanagh D, Brooks G. 2001. The co-
ronavirus infectious bronchitis virus nucleoprotein localizes to the nucleolus.
J Virol 75:506-512. https://doi.org/10.1128/JV1.75.1.506-512.2001.

Wurm T, Chen H, Hodgson T, Britton P, Brooks G, Hiscox JA. 2001. Local-
ization to the nucleolus is a common feature of coronavirus nucleopro-
teins, and the protein may disrupt host cell division. J Virol 75:9345-9356.
https://doi.org/10.1128/JV1.75.19.9345-9356.2001.

Wilhelmsen KC, Leibowitz JL, Bond CW, Robb JA. 1981. The replication of
murine coronaviruses in enucleated cells. Virology 110:225-230. https://
doi.org/10.1016/0042-6822(81)90027-1.

Evans MR, Simpson RW. 1980. The coronavirus avian infectious bronchitis
virus requires the cell nucleus and host transcription factors. Virology
105:582-591. https://doi.org/10.1016/0042-6822(80)90058-6.

Tannock GA, Bryce DA, Paul JA. 1985. Evaluation of chicken kidney and
chicken embryo kidney cultures for the large-scale growth of attenuated
influenza virus master strain A/Ann/Arbor/6/60-ca. Vaccine 3:333-339.
https://doi.org/10.1016/50264-410X(85)90245-2.

Blake JA, Dolan M, Drabkin H, Hill DP, Ni L, Sitnikov D, Bridges S, Burgess
S, Buza T, McCarthy F, Peddinti D, Pillai L, Carbon S, Dietze H, Ireland A,
Lewis SE, Mungall CJ, Gaudet P, Chisholm RL, Fey P, Kibbe WA, Basu S,
Siegele DA, Mcintosh BK, Renfro DP, Zweifel AE, Hu JC, Brown NH,
Tweedie S, Alam-Faruque Y, Apweiler R, Auchinchloss A, Axelsen K, Bely
B, Blatter MC, Bonilla C, Bougueleret L, Boutet E, Breuza L, Bridge A, Chan
WM, Chavali G, Coudert E, Dimmer E, Estreicher A, Famiglietti L,
Feuermann M, Gos A, Gruaz-Gumowski N, Hieta R, Hinz U, Hulo C,
Huntley R, Gene Ontology Consortium, et al. 2013. Gene ontology anno-
tations and resources. Nucleic Acids Res 41:D530-535. https://doi.org/10
.1093/nar/gks1050.

Warde-Farley D, Donaldson SL, Comes O, Zuberi K, Badrawi R, Chao P,
Franz M, Grouios C, Kazi F, Lopes CT, Maitland A, Mostafavi S, Montojo J,
Shao Q, Wright G, Bader GD, Morris Q. 2010. The GeneMANIA prediction
server: biological network integration for gene prioritization and predict-
ing gene function. Nucleic Acids Res 38:W214-220. https://doi.org/10
.1093/nar/gkqg537.

10.1128/spectrum.01405-22 18


https://doi.org/10.1128/JVI.75.9.4321-4331.2001
https://doi.org/10.1016/j.coviro.2012.09.006
https://doi.org/10.1016/j.coviro.2012.09.006
https://doi.org/10.1007/82_2017_25
https://doi.org/10.1007/82_2017_25
https://doi.org/10.1074/jbc.M114.619890
https://doi.org/10.1128/JVI.01634-06
https://doi.org/10.1091/mbc.e09-02-0152
https://doi.org/10.1091/mbc.e09-02-0152
https://doi.org/10.1091/mbc.E13-08-0506
https://doi.org/10.1091/mbc.E13-08-0506
https://doi.org/10.1101/gad.12.14.2131
https://doi.org/10.1101/gad.12.14.2131
https://doi.org/10.3390/v10010048
https://doi.org/10.1128/JVI.01774-14
https://doi.org/10.1128/JVI.01774-14
https://doi.org/10.1038/cddis.2012.32
https://doi.org/10.1016/s0014-5793(97)01467-1
https://doi.org/10.1242/jcs.009308
https://doi.org/10.1242/jcs.00624
https://doi.org/10.1038/s41598-020-63074-9
https://doi.org/10.1016/j.virusres.2005.05.007
https://doi.org/10.1016/j.virusres.2005.05.007
https://doi.org/10.1128/JVI.02239-06
https://doi.org/10.1128/JVI.02239-06
https://doi.org/10.1016/j.bbrc.2003.12.195
https://doi.org/10.1128/JVI.75.1.506-512.2001
https://doi.org/10.1128/JVI.75.19.9345-9356.2001
https://doi.org/10.1016/0042-6822(81)90027-1
https://doi.org/10.1016/0042-6822(81)90027-1
https://doi.org/10.1016/0042-6822(80)90058-6
https://doi.org/10.1016/S0264-410X(85)90245-2
https://doi.org/10.1093/nar/gks1050
https://doi.org/10.1093/nar/gks1050
https://doi.org/10.1093/nar/gkq537
https://doi.org/10.1093/nar/gkq537
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01405-22

	RESULTS
	The 5a gene is critical for the efficient replication of IBV in chicken embryonic kidney (CEK) cells.
	IBV 5a gene interacts with various host nuclear and cytoplasmic transport proteins.
	5a protein affects the cellular localization of host nucleocytoplasmic transport proteins.
	5a protein affects the cellular localization of IBV N in the state of infection or transfection.

	DISCUSSION
	MATERIALS AND METHODS
	Viruses and cells.
	Early viral replication comparison using a flow cytometry assay.
	Comparison of sgmRNA synthesis and genome replication.
	Western blotting assay for detecting the protein synthesis level of IBV N.
	Levels of viral offspring released by CEK cells infected with YN or rYN-Δ5a.
	Construction of expression plasmids carrying tagged 5a.
	Immunofluorescence analyses.
	Screening for host proteins that interact with 5a.
	Interaction between IBV 5a protein and host proteins.
	Nuclear and cytoplasmic protein extraction.
	Western blotting assay for detecting the protein synthesis level of IBV N.
	Investigation of proteins affecting the localization in Vero cells.
	Statistical analysis.

	ACKNOWLEDGMENTS
	REFERENCES

