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ABSTRACT IFN regulatory factor (IRF) 2 belongs to the IRF1 subfamily, and its func-
tions are not yet fully understood. In this study, we showed that IRF2a was a nega-
tive regulator of the interferon (IFN) response induced by spring viremia of carp vi-
rus (SVCV). Irf2a~/~ knockout zebrafish were less susceptible to SVCV than wild-type
fish. Transcriptomic analysis reveals that differentially expressed genes (DEGs) in the
irf2a=/~ and irf2a™* cells derived caudal fins were mainly involved in cytokine-cyto-
kine receptor interaction, mitogen-activated protein kinase (MAPK) signaling pathway,
and transforming growth factor-beta (TGF-beta) signaling pathway. Interestingly, the basal
expression levels of interferon stimulating genes (ISGs), including pkz, mx, apol, and stat1
were higher in the if2a~~ cells than irf2a™’* cells, suggesting that they may contribute to
the increased viral resistance of the irf2a~/~ cells. Overexpression of IRF2a inhibited the acti-
vation of ifnp 1 and ifng3 induced by SVCV and poly(l:C) in the epithelioma papulosum
cyprini (EPQC) cells. Further, it was found that SVCV phosphoprotein (SVCV-P) could
interact with IRF2a to promote IRF2a nuclear translocation and protein stability via
suppressing K48-linked ubiquitination of IRF2a. Both IRF2a and SVCV-P not only
destabilized STAT1a but reduced its translocation into the nucleus. Our work dem-
onstrates that IRF2a cooperates with SVCV-P to suppress host antiviral response
against viral infection in zebrafish.

IMPORTANCE Interferon regulatory factors (IRFs) are central in the regulation of interferon-
mediated antiviral immunity. Here, we reported that IRF2a suppressed interferon response
and promoted virus replication in zebrafish. The suppressive effects were enhanced by the
phosphoprotein of the spring viremia of carp virus (SVCV) via inhibition of K48-linked ubig-
uitination of IRF2a. IRF2a and SVCV phosphoprotein cooperated to degrade STAT1 and
block its nuclear translocation. Our work demonstrated that IRFs and STATs were targeted
by the virus through posttranslational modifications to repress interferon-mediated antiviral

response in lower vertebrates.
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element (ISRE), and a C-terminal region harboring an IRF-associated domain (IAD),
which is responsible for the regulation of IRF activities. Most IRFs contain an IAD1
except for IRF1 and IRF2, which possess an IAD2 instead. Based on the IAD domain,
IRFs can be grouped into four subfamilies, namely, IRF1 (IRF1, 2 and 11), IRF3 (IRF3 and
7), IRF4 (IRF4, 8, 9, and 10), and IRF5 (IRF5 and 6) (1-3).

Interferon-regulatory factors are widely involved in the signaling events of pattern
recognition receptors (PRRs) activated by pathogen-associated molecular patterns
(PAMPs). Several studies have shown that IRF1, IRF3, IRF7, and IRF9 serve as positive reg-
ulators of the IFN response (4, 5). The deficiency of these IRFs in mammals increases the
susceptibility of the host to pathogens, particularly viruses. For instance, IRF3 and IRF7
knockout mice exhibit increased viral load after influenza A infection (6), while IRF1 is
required for the restriction of vesicular stomatitis virus, influenza virus, dengue virus, and
other dsRNA viruses (7-9). However, although the functions of most IRFs are known,
IRF2 has been poorly investigated. Existing evidence demonstrates that IRF2 decreases
the IFN-triggered transcriptional expression of 1SGs, and IRF2 deficiency decreases mor-
tality caused by lymphocytic choriomeningitis virus infection (10). Furthermore, overex-
pression of IRF2 leads to a severe infection with West Nile Virus (11), while negatively
regulating neurovirus invasion and replication (12). IRF2 can be SUMOylated in vivo by
PIASy and cooperates with transcription factors such as RelA and signal transducer and
activator of transcription 1 (STAT1) to regulate signaling pathways (13-15).

Viruses have evolved strategies to manipulate host factors to counteract immune
defense. Factors involved in the IFN pathway are the prime targets exploited by
viruses. For instance, Zika virus NS5 impairs retinoic acid-inducible gene (RIG)-I polyubi-
quitination and attenuates phosphorylation and nuclear translocation of IRF3, blocking
RIG-I-activated signal transduction (16). Moreover, influenza A virus NS1 targets ubiqui-
tin ligases, such as tripartite motif-containing protein 25 (TRIM25) to escape recogni-
tion by PRRs (17). Rabies virus phosphoprotein interacts directly with STAT1 through
the C-terminal domain to inhibit the translocation of phosphorylated STAT1 into the
nucleus to suppress the IFN-stimulated Janus kinase/signal transducers and activators
of transcription (JAK-STAT) signaling (18, 19).

Spring viremia of carp virus (SVCV) is a negative-stranded ssRNA virus that belongs
to the genus Vesiculovirus of the family Rhabdoviridae. It infects a range of cyprinid
fishes, including zebrafish, and has been widely used to study host and pathogen inter-
action. Previous studies have shown that SVCV phosphoprotein (SVCV-P) is actively
involved in counteracting host antiviral defenses by competing with host IRF3 to bind
to TBKI1, resulting in decreased phosphorylation of IRF3 (20). Besides, SVCV nucleopro-
tein (SVCV-N) promotes the degradation of MAVS (21). In this study, we analyzed tran-
scriptomic profiles of irf2a=/~ zebrafish in response to SVCV infection and identified
IRF2a as a negative regulator in IFN-mediated antiviral immunity. Both IRF2a and
SVCV-P suppressed STAT1a activity by blocking its nuclear translocation. Furthermore,
we found that SVCV-P protein could stabilize IRF2a protein by impairing K48-linked
ubiquitination and increasing its nuclear translocation. Our findings revealed a com-
plex regulatory mechanism that governed the interactions between host IRFs and
viruses via posttranslational modifications.

RESULTS

IRF2a negatively regulated IFN response and promoted viral replication. To elu-
cidate more fully the function of IRF2, we overexpressed IRF2a in the primary caudal
fin cells from WT fish and examined the expression of antiviral genes after SVCV infec-
tion. We found that overexpression of IRF2a repressed the expression of ifng1 and
mx1 but, surprisingly, not pkr and isg15 at 24 h after infection (Fig. 1A). Consistent with
this, the expression levels of svcv-n and svcv-g genes were elevated, and the virus titer
of IRF2a-overexpressed cells was significantly higher than that of the control cells (Fig.
1B and Q). Together, the results illustrated that zebrafish IRF2a suppressed the host
antiviral response to promote viral replication. To determine the functional domains
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Overexpression in EPC cells

FIG 1 Overexpression of IRF2a suppressed IFN production and promoted SVCV replication. (A and B) The caudal fin cells derived from wild-type
(WT) adult zebrafish were seeded in 6-well plates overnight and transfected with pEGFP-IRF2a (2 wg) or pEGFP-N1 (EV) (2 wg) for 24 h.
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that were responsible for suppressing the immune response, we generated domain-
mutated IRF2a constructs (Fig. 1D) and found that overexpression of the IRF2a mutant
DN (lacking the N-terminal DBD) rescued the promoter activities of ifng1, ifnp3 and
ISRE compared to full-length IRF2a, while the IRF2a mutant DC (lacking the C-terminal
IAD) still decreased the activity of gene promoters (Fig. 1E and F). It has been well-
documented that DBD recognizes DNA motifs and IAD regulates IRF functions (3). Our
results indicated that DBD, but not IAD, was required for the regulatory activity of
IRF2a. Interestingly, overexpression of IRF2a and either IRF1 or IRF7 also decreased the
activity of ifng1 and ISRE promoters, suggesting that IRF2a acted as a suppressor for
IRF1/IRF7-activated IFN production (Fig. 1G and H).

The irf2a—/- cells exhibited enhanced resistance to virus infection. Having shown
that IRF2a negatively regulated the IFN response, we generated irf2a knockout zebrafish to
further investigate the roles of IRF2a in the immune response to viral infection. We found
that irf2a=/~ larvae had a higher survival rate than the irf2a*/* larvae after infection with
SVCV (Fig. 2A). Furthermore, antiviral genes such as ifn¢ 1, mda5a, and mx1 were induced
(Fig. 2B). Next, we prepared the cell cultures from the caudal fin of irf2a*/* and irf2a~/~
fish and evaluated their susceptibility to viral infection. We observed that compared to the
irf2a*’+ cells, the irf2a~’~ cells exhibited a sharp decrease in the number of viruses
released to the medium and reduced expression levels of svcv-n and svcv-g genes (Fig. 2C
and D). Further, the expression levels of genes involved in the IFN pathways, such as ifng1,
mx1, and isg15, were relatively higher, indicating that the IFN response was more pro-
nounced in the irf2a=/~ cells than irf2a*/* cells (Fig. 2E). It must be noted that the expres-
sion levels of ifng3 and pkr remained unchanged (Fig. 2E). Next, we performed RNA-seq to
identify differentially expressed genes (DEGs) and identified 11,623 DEGs. To obtain the
profiles of interrelationships in the four groups, the correlation of samples was analyzed
using the principal component analysis (PCA), revealing that two distinct well-clustered
groups were observed for the irf2a*/* and irf2a~/~ cells. The patterns of the gene expres-
sion in the irf2a*/* and irf2a=/~ cells had a 76.8% difference (Fig. 2F). Gene set enrichment
analysis (GSEA) for DEGs in irf2a~/~ cells compared with irf2a*™/* cells revealed that the
major pathways mediating antiviral response, including the cytokine-cytokine receptor
interaction, MAPK signaling pathway, and TGF-beta signaling pathway were enriched (Fig.
2G to I). A previous study has identified 360 antiviral effector ISGs limiting virus replication,
packaging, and release, including mx, ifit, rsad2, and chemokine genes (22), and some
genes such as ifne1, irf3, mx, pmsb8a and pmsb9a with relatively higher expression levels
could be detected in the irf2a=’~ cells (Fig. 2J and K). These results prompted us to
hypothesize that IRF2a may act as a suppressor of host antiviral response.

IRF2a regulated pim genes to promote SVCV replication. Serine/threonine ki-
nases (STPK) regulate a variety of cellular processes such as the innate immune
response to bacterial and viral infection and apoptosis (23). Previous studies have
shown that pim family genes were markedly induced after SVCV infection (24). In our
RNA-seq analysis, we observed that most of the STPK genes, including pim, mknk2b,
stk, and cdk genes, were downregulated in the irf2a=~ cells (Fig. 3A). The pim genes
were significantly upregulated in the irf2a™/* cells infected with SVCV, but the induced
expression was mitigated in the irf2a=~/~ cells (Fig. 3B). We selected pim1, pim2, and
pim3 to verify the expression in the irf2a™* and irf2a=~/~ cells by quantitative real-time
PCR (qRT-PCR) analysis. Consistent with the RNA-seq analysis, the induced expression
of the pim1 gene reduced from 1.3-fold to 0.8-fold, the pim2 gene decreased from 26-

FIG 1 Legend (Continued)

Journal of Virology

The cells were infected with SVCV (multiplicity of infection [MOI] = 1 for 24 h). Gene expression of host immune genes (A) and viral genes (B)
was analyzed by gRT-PCR. (C) Viral titers of the culture medium collected from the above-described experiment (B) were measured by plaque
assay (n = 3). (D) Diagram of wild-type IRF2a and two mutants lacking the N-terminal DBD (DN) and lacking the C-terminal IAD (DC). (E and
F) EPC cells were transfected with 250 ng of ifng Tpro-Luc, ifng3pro-Luc, or ISREpro-Luc plus pRL-TK (25 ng) plus 250 ng of pEGFP-IRF2a,
PEGFP-IRF2a-DN, pEGFP-IRF2a-DC or pEGFP-N1 (EV). At 24 h posttransfection, cells were infected with SVCV (MOI = 1) or transfected with
poly(I:C) (5 wg/mL) (F). (G and H) EPC cells were transfected with either pEGFP-IRF2a (250 ng), IRF1 (250 ng), or IRF7 (250 ng) plasmids for
promoter analysis as described above. Transfected EPC cells were infected with SVCV (MOl = 1) (G) or transfected with poly(l:C) (5 wg/mL)

(H). Gene expression was determined by qRT-PCR. *, P < 0.05; **, P < 0.01 were considered significant (n = 4).
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FIG 2 The irf2a~/~ zebrafish and derived caudal fin cells exhibit enhanced resistance to SVCV infection. (A and B) The irf2a*/* and irf2a™'~ larvae
(5 dpf) were infected by immersion challenge for 12 h. The survival rate was recorded after 44 h (A) and gene expression was analyzed by qRT-
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fold to 6-fold, and that of the pim3 gene from 2.2-fold to 1.4-fold in the irf2a~/~ cells
relative to the irf2a*/* cells after SVCV infection (Fig. 3C). Next, we overexpressed pim
genes in the EPC cells and found that the transcript levels of the svcv-g and svcv-n
genes were significantly higher in the cells transfected with pim2 and pim3 genes than
in those with vector plasmids (Fig. 3D). In line with the gene expression data, virus
titers were considerably higher in the pim2 and pim3 transfected cells than in the
mock-transfected cells (Fig. 3E). However, the cells transfected with the pim1 gene dis-
played decreased transcript levels of svcv-g and svcv-n relative to the mock-transfected
cells. The virus titers of the cells transfected with empty vectors, pim1, pim2, and pim3
were 10.8 x 103, 7.1 x 103, 126.6 x 103, and 78.3 x 103 PFU/mL, respectively (Fig. 3E).
To further explore the regulation of the PIM kinases and IRF2a in viral replication, we
pretreated irf2a™* cells with pan-PIM kinase inhibitor (PIM447) for 10 h and infected
the cells with SVCV for 24 h. We observed that the expression of svcv-n and svcv-g and
virus titers were markedly reduced in irf2a overexpressed cells after exposure to
PIM447 (Fig. 3F and G). These results demonstrate that IRF2a is involved in the regula-
tion of the PIM-mediated response to virus infection.

SVCV-P promoted nuclear translocation and stability of IRF2a. Given that over-
expression of irf2a enhanced viral replication in the irf2a*/* cells, we hypothesized
that IRF2a could be targeted by viruses to establish infection. To test this, we first
sought to determine the interaction between IRF2a and SVCV viral proteins in the
HEK293 cells. The results showed that IRF2a was immunoprecipitated with SVCV-P pro-
tein but not SVCV-N protein (Fig. 4A and B), indicating that IRF2a bound to the SVCV-P
protein. In addition, we found that IRF2a did not interact with IRF1 (Fig. 4A). Next, we
mapped the structural domains of IRF2a and SVCV-P responsible for the protein inter-
action. The N-terminal domain (1 to 101 aa, PN), central domain (101 to 187 aa, PCD),
and C-terminal domain (187 to 309 aa, PC) of SVCV-P were truncated to construct
mutants with an MYC-tag. For IRF2a, we generated two mutants with a GFP-tag, GFP-
DN lacking the N-terminal DBD and GFP-DC lacking the C-terminal IAD. We found that
GFP-DN but not GFP-DC was immunoprecipitated with MYC-SVCV-P (Fig. 4C). Further
analysis revealed that FLAG-DN bound to MYC-SVCV-PC but not MYC-SVCV-PN and
MYC-SVCV-PCD (Fig. 4D). Thus, it can be concluded that the IAD domain but not DBD
of IRF2a bound to the C-terminal domain of SVCV-P. We also observed that in the EPC
cells transfected with GFP-IRF2a, the protein levels of IRF2a steadily rose in a dose-de-
pendent manner of SVCV-P plasmids (Fig. 4E), indicating SVCV-P could promote the
accumulation of IRF2a.

It has been well documented that the transportation of active IRF2 from the cyto-
plasm to the nucleus is an essential step for its regulatory functions (13). Having con-
firmed the interaction between IRF2a and SVCV-P, we analyzed the impact of SVCV-P
on the nuclear translocation of IRF2a in the EPC cells. In the absence of SVCV-P, IRF2a
could be detected in both cytoplasm and nucleus and was upregulated by SVCV infec-
tion and poly(l:C) stimulation (Fig. 4F and G). The IRF2a protein levels markedly
increased in the cytoplasm and nucleus of EPC cells overexpressing SVCV-P after SVCV
infection (Fig. 4F) or poly(l:C) stimulation (Fig. 4G). Intriguingly, the SVCV-P protein
appeared to be limited in the cytoplasm and was largely undetectable in the nucleus
(Fig. 4H). These observations indicated that the coexpression of SVCV-P with IRF2a
increased the IRF2a protein level in the cytoplasm and enhanced the nuclear transloca-
tion of IRF2a from the cytoplasm.

Ubiquitination is instrumental to protein degradation. Previous studies have shown
that viral proteins can manipulate the ubiquitination pathway to regulate the host’s

FIG 2 Legend (Continued)

Journal of Virology

PCR at 24 h (B). (C to E) The irf2a*’* and irf2a =/~ caudal fin cells were infected with SVCV (MOI = 1) for 24 h. Viral titers in the culture media
measured by plaque assay (C) and expression of svcv-n and svcv-g (D) and host antiviral factors, including ifng1, ifng3, pkr, mx1 and isg15 (E)
(n = 4). (F) Analysis of principal components for the IRF2a*/* (WT) and IRF2a/~ cells treated with MEM medium (MEM) or infected with SVCV (SV).
(G to I) GSEA analysis of KEGG pathways for cytokine-cytokine receptor interaction (G), mitogen-activated protein kinase (MAPK) signaling pathway
(H), and TGF-beta signaling pathway (I). (J and K) Volcano plot of I1SGs expressed in the IRF2a™* and IRF2a~/~ cells, including ifng]1, irf3, mx,

pmsb8a, and pmsb9a. Cells treated with MEM medium (J) and infected with SVCV (K). *, P < 0.05; **, P < 0.01 were considered significant.
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expression in the irf2a*’* (WT) and irf2a~’~ cells infected with SVCV. (B) Expression levels of pim1-3 in the RNA-seq analysis. (C) qRT-PCR validation
of expression of pim1-3 in the irf2a*/* and irf2a~’~ cells infected with SVCV (n = 4). (D and E) EPC cells were transfected with pim1, pim2, or pim3

plasmids (1 ug each). At 24 h, cells were infected with SVCV (MOI = 1). Expression of svcv-n and svcv-g

(n = 4) (D) and viral titers of the culture

medium collected from the above-described experiment were determined (n = 3) (E). (F) Expression of svcv-n and svcv-g (n = 4). irf2a™’* cells were
transfected with empty vector (EV) and IRF2a plasmids for 24 h and treated with 5 uM PIM447or DMSO (control) for 10 h before infection with SVCV
(MOI = 1). (G) Viral titers of the culture media collected from the above-described experiment were measured by plaque assay (n = 3). *, P < 0.05; **,

P < 0.01 were considered significant.

antiviral response (25). To test whether SVCV-P targets the ubiquitination-proteasome
pathway to inhibit the degradation of IRF2a, we expressed GFP-IRF2a and HA-tagged
ubiquitin in the HEK293 cells in the presence or absence of SVCV-P. We found that
SVCV-P was involved in the ubiquitination to GFP-IRF2a (Fig. 4l). Further, overexpres-
sion of SVCV-P significantly reduced the K48-linked ubiquitination of IRF2a (Fig. 4J). In
contrast, the K33 and Ké63-linked ubiquitination had no effect, indicating that these
two lysine residues were not involved in the ubiquitination-mediated degradation of

November 2022 Volume 96 Issue 22

10.1128/jvi.01314-22

7


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01314-22

IRF2 Suppresses Antiviral Response in Zebrafish

Journal of Virology

A B myc.svevp + + 1 114 341aa D 1101 187  309aa
MYC-SVCVN - -+ GFP-IRF2a - + GFP-IRF2a ] o) | SVCV-P [ IEBHaR<rva domai] G Gomien |
N =] emvc GFPON PV

GFP-IRF2a + + + IP:GFP| GFP-DC [oe0_| feenral domar]
' = PC
IP:GFP ’:‘ MYC-SVCVP + + +
- IB:GFP GFP-DN - + - MYC-PN - -
IB:MYC GFP.DC - - + MYCPCD - -
input [ i = | =y =1 BMYC e
IP:GFP| g © o o
Input|[*= *#] 1B:MYC FLAG-DN |
[==] IB:Actin IB:GFP IB:MYC
» Input| E IP:FLAG
E= muve LT T I
=== |
[= === mrctn
E F G
MYC-SVCVP - e — Cytoplasm Niielsis p— - ch“’P'fsm _ . l;luclers _
GFP-IRF2a  + i + # + GFP-IRF2a ~+ + + = ¥+ + T s
MYC-SVCVP - . |
IBMYC| e e | WCSVOW - - el - - - et
svev - & 8 + - + + + poly(:C) - & & & = & B2 +
048 081 084 074
IB:GFP‘ — — c— —‘ IB:MYC‘ p— ‘ IB:MYC‘ . ‘
013 036 052 049 0.64 ‘
5 R —— IB:GFP | s s — s vt o—
IB:Actin‘— ot C—— Smm—— -‘ IB'GFP’ — — — ‘ d 1 1
057 051 196 207 178 191 402 599 046 027 1.31 1.33 042 050 1.79 1.71
[B:Actin ([ ——— ‘ B:Actin| e emm e — S ‘
,B.HDAm‘ ‘ IB:HDAC1‘ — — — -._.‘
H DAPI GFP Merge DAPI GFP Merge
GFP-IRF2A
P e
MYC-SVCVP
svev
N
GFP-IRF2a Mock
MYC-SVCVP

" L. J GFP-IRF2a
MYEv e & 2 MYC-SVCVP — + - + - +
8 HA-K630 - P
GFP-IRF2a  + + HA-K480 - - + + - -
HA-K330 + + - 5
IB:HA | .
Il IP:GFP) Lrll IEHA
IP:GFP IB:GFP
=SS B:MYC
== smve
_-_.| IB:GFP Input] IB:GFP
IB:Actin
-
put] [ wm—-] (B:YC
[== =] B:Actin

K svevn svev-g
15 30
10 oA 20
=
= 5 10
.o
7]
1]
o Il"“l = = = . - e
% SVCVP+EV SVCVP+IRF2a SVCVP+DN SVCVP+DC SVCVP+EV SVCVP+IRF2a SVCVP+DN SVCVP+DC
ifnp1 isg15
g ifng isg’ -
15 2.0
=
= g
©
[0} 15 o
o |

o

5

[ fn

LAl

o

o
o

SVCVP+EV SVCVP+IRF2a SVCVP+DN

SVCVP+DC

0.
SVCVP+EV SVCVP+IRF2a SVCVP+DN SVCVP+DC

Overexpression in EPC cells

FIG 4 SVCV-P promoted IRF2a stability and nuclear translocation. (A and B) HEK293 cells were transfected with GFP-IRF2a plus MYC-IRF1, MYC-
SVCVP, or MYC-SVCVN for analysis of protein interaction. (C) HEK293 cells were cotransfected with MYC-SVCVP plus GFP-IRF2a-DN or GFP-

November 2022 Volume 96 Issue 22

(Continued on next page)

10.1128/jvi.01314-22


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01314-22

IRF2 Suppresses Antiviral Response in Zebrafish Journal of Virology

IRF2a (Fig. 4J). Taken together, these results illustrated that SVCV-P stabilized IRF2a via
inhibition of K48-linked ubiquitination of IRF2a.

To determine whether SVCV-P negative regulation of host antiviral response is depend-
ent on IRF2a, we coexpressed svcv-p with irf2a or irf2a mutants in the EPC cells and found
that the transcripts of svcv-n and svcv-g significantly increased in the cells transfected with
SVCV-P and IRF2a and that ifng 1 and isg15 were downregulated (Fig. 4K). Such effects
could be offset by cotransfection with SVCV-P and IRF2a mutants (Fig. 4K). The results sug-
gested that SVCV-P cooperated with IRF2a to suppress the host antiviral response.

IRF2a and SVCV-P promoted the degradation of STAT1a and blocked its nu-
clear translocation. STAT1 is the central transcription factor orchestrating IFN-medi-
ated antiviral response (15, 26). In teleost fish, two copies of STAT1 homologs exist and
STAT1a is the dominant form to initiate IFN signaling (27). To determine whether IRF2a
affects STAT1a-mediated signaling, we analyzed the interaction between IRF2a and
STAT1a by immunoprecipitation in the HEK293 cells. We found that GFP-IRF2a bound
to FLAG-STAT1a (Fig. 5A), and that the IAD but not DBD of IRF2a engaged in the inter-
action (Fig. 5B). Moreover, the interaction between IRF2a and STAT1a resulted in
decreases of STAT1a protein in the EPC cells, which was partially offset by MG132 (in-
hibitor of proteasome pathway) but not CQ (inhibitor of the lysosomal pathway) and
3-MA (inhibitor of autophagosome pathway) (Fig. 5C). IRF2a also decreased the protein
levels of total and phosphorylated STAT1a (pSTAT1a) induced by IFN-¢1 (Fig. 5D).
Further, we observed that degradation of STAT1a protein was initiated by ubiquitina-
tion (Fig. 5E) because overexpression of MYC-IRF2a significantly reduced K63- but not
K48-linked ubiquitination (Fig. 5F). Transcription factors translocate into the nucleus to
activate transcription of target genes. After infection with SVCV or poly(l:C) stimulation,
the STAT1a protein detected in the nucleus decreased in the cells cotransfected with
MYC-IRF2a and STAT1a. MYC-IRF2a was also detected in the cytoplasm and nucleus
(Fig. 5G and H). Confocal microscopy confirmed the nuclear translocation of IRF2a and
STAT1a in response to SVCV infection (Fig. 5 and J). Taken together, our data sup-
ported that IRF2a promoted the degradation of STAT1a and pSTAT1a and inhibited its
nuclear translocation.

Viruses target STAT1 to antagonize antiviral response (28, 29). We reasoned that the
SVCV-P protein may inhibit STAT1-mediated signaling. To test this, we overexpressed
SVCV-P and STAT1a in the HEK293 cells and performed co-immunoprecipitation (CO
IP) analysis to determine their interaction. We showed that SVCV-P coimmunoprecipi-
tated with STAT1a (Fig. 6A). Next, we asked what structural domains of the SVCV-P and
STAT1a were involved in the interaction. It was evident that the C-terminal domain
(187 to 309 aa, PC) of SVCV-P was responsible for binding to STAT1a (Fig. 6B).
Consequently, binding of SVCV-P with STAT1a resulted in decreased protein levels of
STAT1a and pSTAT1a regardless of activation by IFN-¢1 (Fig. 6C). Virus infection and
poly(l:C) stimulation leads to the activation of STAT1 and subsequent nuclear transloca-
tion (30, 31). Our data showed that the SVCV-P protein could effectively block the
STAT1a nuclear translocation process (Fig. 6D, lanes 6 and 8; Fig. 6E, lanes 5 and 8).
Moreover, FLAG-STAT1a translocated from the cytoplasm into the nucleus in response

FIG 4 Legend (Continued)

IRF2a-DC. (D) HEK293 cells were cotransfected with FLAG-IRF2a-DN plus SVCV-P-PN, SVCV-P-PCD, or SVCV-P-PC. (E) EPC cells were cotransfected
with GFP-IRF2a (1 wg) and MYC-SVCVP (0, 0.25, 0.5, and 1 wg). HEK293 cells were lysed at 24 h after transfection and cell lysates were
immunoprecipitated with respective antibody-conjugated beads and immunoblotted with indicated antibodies. (F and G) EPC cells were
transfected with GFP-IRF2a (1 ug) and MYC-SVCVP (0, 1, and 2 ug). After 24 h, the cells were infected with SVCV (MOI = 1) (F) or transfected
with poly(l:C) (5 ng/mL) (G). Nuclear and cytosolic proteins were fractioned and analyzed by immunoblotting. Actin and HDAC1 were used as
controls for the normalization of cytosolic and nuclear proteins, respectively. (H) Cellular localization of IRF2a (green) and SVCV-P (red) in the
IRF2a™/* cells. The IRF2a*/* cells were transfected with GFP-IRF2a, MYC-SVCVP, or transfected with GFP-IRF2a and MYC-SVCVP. After infection
with SVCV or MEM medium (mock), cells were observed under a confocal microscope. (I) HEK293 cells were transfected with MYC-SVCVP with
GFP-IRF2a or HA-Ub. (J) HEK293 cells were transfected with different combinations of plasmids as indicated. HEK293 cells were lysed at 24 h
after transfection and cell lysates were immunoprecipitated with respective antibody-conjugated beads and immunoblotted with indicated
antibodies. (K) Expression of viral genes (svcv-n and svcv-g), ifng1, and isg15. EPC cells were transfected with MYC-SVCVP plus MYC-IRF2a or
truncated plasmids. After 24 h, the cells were infected with SVCV (MOI = 1) (yellow bar) or incubated with MEM medium (grey bar) (n = 4). *, P
< 0.05; **, P < 0.01 were considered significant.
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FIG 5 IRF2a targeted STAT1a to negatively regulate the JAK-STAT pathway. (A and B) IRF2a interaction with STAT1a depended on its IAD
domain. HEK293 cells were cotransfected FLAG-STAT1a plus empty vector (EV), GFP-IRF2a (A), or truncated IRF2a mutants (B) for 24 h. Cells
were collected for immunoprecipitation using a-GFP beads and analyzed by immunoblotting. (C and D) EPC cells were transfected with
FLAG-STAT1a (1 ng) and GFP-IRF2a (0, 0.25, 1 wg). After 18 h, cells were treated with inhibitors for 6 h (C) or stimulated with IFN-¢1 protein
(100 ng/mL) for 20 min (D). Cell lysates were analyzed by immunoblotting with a-actin, a-FLAG, or «-GFP. (E and F) HEK293 cells were
transfected with different combinations of plasmids as indicated. At 24 h, cell lysates were immunoprecipitated with a-FLAG beads and
analyzed by immunoblotting. (G and H) EPC cells were transfected with FLAG-STAT1a (1 ng) and MYC-IRF2a (0, 0.25, and 1 ug). After 24 h,
cells were infected with SVCV (MOl = 1) (G) or transfected with poly(:C) (5 wg/mL) (H). (I) Cellular localization of GFP-IRF2a (green) and
FLAG-STAT1a (red). (J) The nucleus (blue) was stained with DAPI.

to SVCV infection (Fig. 6F and G). However, when cotransfected with FLAG-STAT1a and
SVCV-P, FLAG-STAT1a was localized in the cytoplasm with or without SVCV infection
(Fig. 6F and G), indicating that SVCV-P blocks STAT1a translocation into the nucleus.

DISCUSSION

IRF2 belongs to the IRF family and is closely related to IRF1. Its roles in regulating
IFN response have not been fully understood. Previous studies have shown that IRF2
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FIG 6 SVCV-P enhanced the degradation of STAT1a and blocked its nuclear translocation. (A and B) The C-terminal region of SVCV-P interacted with
STAT1a. HEK293 cells were transfected with FLAG-STAT1a plus MYC-SVCVP (A) or SVCV-P mutant plasmids (MYC-SVCVP-PC, MYC-SVCVP-PCD, and MYC-
SVCVP-PN) (B). At 24 h, cells were analyzed by immunoprecipitation with a-FLAG beads and immunoblotting with a-MYC. (C) EPC cells were transfected
with FLAG-STAT1a (1 ng) and MYC-SVCVP (0, 0.5, and 2 ug). At 24 h, cells were treated with IFN-¢1 (100 ng/mL) for 20 min. (D and E) EPC cells were
transfected with FLAG-STAT1a (1 xg) and MYC-SVCVP (0, 0.5, and 2 ug). At 24 h, cells were infected with SVCV (MOI = 1) (D) or transfected with poly(l:C)
(5 mg/mL) (E). (F) Cellular localization of MYC-SVCVP (green) and FLAG-STAT1a (red). (G) The nucleus (blue) was stained with DAPI.

inhibits host IFN response by competing with IRF1 for the binding sites in the pro-
moters of I1SGs (32). Knockdown of irf2 expression attenuates IFN signaling in zebrafish
embryos (33). However, some studies have shown that IRF2 promotes infection of the
West Nile virus in A172 cells and protects mice from a lethal challenge (12). In addition,
IRF2-deficient mice exhibit increased mortality caused by infection with the lympho-
cytic choriomeningitis virus (10). Zebrafish possess two copies of the irf2 gene, namely,
irf2a and irf2b. In this study, we show that overexpression of irf2a decreased the pro-
moter activity of ifng 1 and ifng3 genes as well as the transcript levels of ifnep 7 and mx
(Fig. 1). Such inhibitory effects could be rescued in the irf2a~'~ cells (Fig. 2). Moreover,
IRF2a was shown to be indispensable for SVCV replication (Fig. 1 and 2). Our results
support the notion that IRF2a is a negative regulator of IFN production.

PIM kinases are oncogenic serine/threonine kinases and are associated with hema-
tological malignancies and solid cancers in humans (34). The PIM family consists of
three members, PIM1-3. Recent studies have shown that they serve as provirus factors
to promote viral infections (24, 35-37). PIM kinases activate the transcription of host
factors to favor viral protein synthesis and virus entry (38). The expression of pim genes
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is governed by the JAK-STAT and NF-«B pathways and their activities are primarily
regulated at the transcriptional and translational levels (34). In our transcriptomic
analysis, all three pim genes were downregulated in the IRF2a=—/~ cells relative to the
wild-type cells following SVCV infection (Fig. 3A to C). Moreover, we found that overex-
pression of pim2 and pim3 elevated SVCV titers in the EPC cells (Fig. 3D and E), in
agreement with recent findings that the PIM kinases promote virus entry and replica-
tion (35, 37-39). Furthermore, IRF2a-enhanced virus replication could be inhibited by
PIM447, the inhibitor for the pan-PIM kinases (Fig. 3F and G), suggesting that IRF2a
may target PIM kinases to regulate host antiviral response.

Activation of transcription factors is mainly regulated at the posttranslational level.
Phosphorylation of IRFs and STATs is also an essential step for initiating IFN-mediated
responses. Emerging evidence indicates that ubiquitination plays a vital role in the reg-
ulation of the activities of IRFs and STATSs. For instance, ring-b-boxcoiled-coil protein
interacting with protein kinase C-1, an E3 ubiquitin ligase, can degrade IRF3 via ubiqui-
tination, resulting in suppression of Sendai virus-triggered production of type | IFNs
(40). IRF3 and IRF7 can be modified by E3 ubiquitin ligase (RAUL) via K48-linked polyu-
biquitination to restrain type | IFN secretion (41). However, studies on the ubiquitina-
tion of IRF2 are limited. It has been shown that IRF2 can be ubiquitinated by mouse
double minute 2 (Mdm2), but how this ubiquitination process affects IRF2 functions
has not been investigated (42). Interestingly, we found that K48-linked ubiquitination
of IRF2a was impaired by SVCV phosphoprotein, hence promoting IRF2a stability and
accumulation (Fig. 4E and F). These results may partly explain why IRF2a inhibited the
transcription of IRF1 and IRF7 induced by SVCV (Fig. 1F). Our study also demonstrates
that IRF2a destabilized STAT1a and inhibited its activity by weakening K63-linked ubiqg-
uitination (Fig. 5F). Activation of STAT1 is regulated by polyubiquitination, which relies
on E3 ubiquitin ligases such as ring finger protein 2 (RNF2), RNF220 and natural killer
lytic-associated molecule (NKLAM) and is essential for JAK/STAT signal transduction
(43, 44). IRF2a is not an E3 ubiquitin ligase. However, as a transcription factor, IRF2a
can regulate the expression of genes involved in posttranslational modifications
(unpublished data), suggesting that it cooperates with ubiquitin ligases to control pro-
tein metabolism. Viral phosphoprotein is known to interact with STAT1 to antagonize
the JAK-STAT pathway (19, 45). This is supported by our observation that SVCV-P inter-
acted with both STAT1a and IRF2a (Fig. 4D and 6B). We showed that the C-terminal
region (187 to 309 aa) was required for the interaction with the IAD domain of IRF2a
and STAT1a, contrasting with the previous study where the central domain (101 to 187
aa) of SVCV-P was shown to negatively regulate host IFN production (46). This may be
due to the diverse functions of the different domains of SVCV-P. The central domain of
the phosphoprotein of Rhabdovirus is responsible for homodimerization, leading to
phosphorylation (46, 47), while the C-terminal region binds to large polymerase and
nucleocapsid protein for viral RNA synthesis (48, 49).

In summary, we reported here that overexpression of zebrafish IRF2a negatively regu-
lated IFN production and facilitated viral replication. The irf2a knockout zebrafish and
derived primary cells displayed increased resistance to SVCV infection. Transcriptomic anal-
ysis revealed that the IFN-stimulated genes (ISGs), including pkz, mxa, mxb, and smad3,
were elevated in the irf2a=/~ cells compared to the wild-type cells. We found that the
expression of pim family kinases (pim2 and pim3) was suppressed in the irf2a=/~ cells.
Importantly, the accumulation of IRF2a was enhanced by SVCV-P, and this process could
be inhibited via K48-linked polyubiquitination. Both IRF2a and SVCV-P are involved in the
degradation of STAT1a to impede IFN-mediated signaling. We propose a model to demon-
strate that IRF2a is a negative regulator of IFN response and is a prime target for the virus
to evade host antiviral defense (Fig. 7).

MATERIALS AND METHODS

Fish. Wild type (strain AB) and irf2a*/~ knockout (number ZKO733) zebrafish were generated by the
China Zebrafish Resource Center (50). Fish were checked by PCR to ensure that the experimental fish
were free of common cyprinid viruses such as spring viremia of carp virus (SVCV), grass carp reovirus,
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FIG 7 Proposed model for the regulatory function of IRF2a. IRF2a negatively regulated innate antiviral immunity in zebrafish. IRF2a deficiency promoted
host IFN response and antiviral resistance. This was partly achieved by the enhancement of IRF2a nuclear translocation and protein stability via interacting
with viral phosphoprotein. IRF2a cooperated with viral phosphoprotein to destabilize STAT1a and block its translocation into the nucleus.

and cyprinid herpesvirus, and maintained in an indoor aquarium at 28 + 1°C with aerated circulating water.
The irf2a~’~ knockout zebrafish were obtained by cross-breeding. Fish were anesthetized with MS-222
(100 mg/L, Sigma-Aldrich) before experimental procedures. All experiments were conducted under the
guidelines of Shanghai Ocean University on the use of animals for research (SHOU-DW-2019-003).

Plasmids and reagents. The following plasmids of zebrafish genes are listed in Table 1. The pGL3-
ifngp1pro and pGL3-ifnp3pro were constructed as previously described (51), ISREpro (number E4141),
and pRL-TK (number E2241) purchased from Promega. Hemagglutinin (HA)-tagged ubiquitin (HA-Ub)

TABLE 1 Plasmid information used in this study

Plasmid GenBank accession no.
PEGFP-N1-IRF2a NM_001326712
PEGFP-N1-IRF2a-DN NM_001326712
PEGFP-N1-IRF2a-DC NM_001326712
pcDNA3.1-FLAG-IRF2a-DN NM_001326712
pPcDNA3.1-MYC-IRF7 NM_200677.2
pcDNA3.1-FLAG-STAT1a NM_131480
pcDNA3.1-MYC-SVCVP-PCD NP_116745
pPcDNA3.1-PIM1 NM_001077391.1
pcDNA3.1-PIM2 NM_131539.2
pcDNA3.1-PIM3 NM_001034978.2
PcDNA3.1-MYC-IRF1 NM_205747.1
pcDNA3.1-SVCVP NP_116745
PcDNA3.1-MYC-SVCVP-PN NP_116745
pPcDNA3.1-MYC-SVCVP-PC NP_116745
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plasmid and mutants (HA-K330, HA-K480, and HA-K630) were purchased from HedgehogBio (numbers
HH-gene-099, HH-gene-121, HH-gene-122, and HH-gene-123).

Antibodies used in the study included a-Flag (number M1403-2, Huabio), a-HA (number 0906-1, Huabio),
a-MYC (number EM31105 and number R1208-1, Huabio), and a-Actin (number ET1702-52, Huabio), rabbit
a-GFP (number 300943, Zen-bio) (1:1000, vol/vol), mouse a-GFP (number M20004, Abmart), rabbit a-HDAC1
(number T40107, Abmart), a-MYC beads (number M20012, Abmart), a-GFP beads (number M20015, Abmart)
and a-MYC beads (number M20018, Abmart), goat a-mouse IgG (number 926-32210, LI-COR), goat a-rabbit
19G (number 926-32211, LI-COR), Alexa Fluor 594-conjugated a-rabbit IgG (Cell Signaling) and Alexa Fluor
594-conjugated a-mouse IgG (Zenbio). The jetOPTIMUS (number 101000006) for transfection was purchased
from Polyplus. The Minute™ Cytoplasmic and Nuclear Fractionation kit was purchased from Invent (number
SC-003) for the extraction of nuclear and cytosolic proteins. Poly(I-C) (number P1530) and PIM447 (number
57985) were purchased from Merck and Selleckchem, respectively.

Cells, viruses, and infection. The HEK293 (ATCC, number CRL-3216) and Epithelioma papulosum cyprini
(EPC) (ATCC, number CRL-2872) cell lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin in a humidified 5% CO, incubator at
37°C and 28°C, respectively. Caudal fin cells were generated from irf2a*/* and irf2a~’~ adult zebrafish and
maintained in DMEM/F12 supplemented with 10% FBS in a humidified 5% CO, incubator at 28°C. The caudal
fin was sampled from an adult zebrafish and washed several times with sterile PBS buffer containing 1% pen-
icillin-streptomycin. After cutting into small pieces, the diced fin tissue was placed in a 15 mL tube, shaken
vigorously for 5 min, filtered through a nylon filter (70 «M, Millipore), and extensively washed with PBS. The
fin tissues were then transferred into a 25 cm? flask containing DMEM/F12 medium supplemented with 20%
FBS and cultured in a humidified 5% CO, incubator at 28°C. After 20 passages, the cells were applied for the
following experiments.

Spring viremia of carp virus was prepared in the EPC cells and titers were determined as 50% tissue
culture-infective dose (TCID,,) (52). For the challenge experiment, zebrafish larvae at 5 d postfertilization
(dpf) were infected with 3 x 107 TCID,/fish SVCV by immersion in Petri-dishes at 22°C for 12 h and the
solution was replaced by distilled water. After an additional 24 h, larvae were sampled for qRT-PCR anal-
ysis. At 44 h, mortalities were recorded.

Plaque formation assay. EPC cells were seeded in 12-well plates. When the cells grew to conflu-
ence, the supernatant from SVCV-infected cells was diluted 10-fold and then added into the monolayer.
After 1 h, the medium was removed and replaced with fresh DMEM medium containing 2% FBS and
1.5% carboxymethyl cellulose (Sigma-Aldrich) at 22°C. When the cytopathic effect (CPE) appeared
(between 48 and 72 h), the cells were fixed with 4% polyformaldehyde for 15 min and stained with 1%
crystal violet for 1 h. After washing with water, visible plaques were counted, and viral titers were
determined.

RNA-seq. RNA was extracted from the primary cells derived from irf2a™* and irf2a /= zebrafish using
TRIzol reagent (number 15596026, ThermoFisher) and used for deep sequencing using an lllumina HiSeq X
10 platform. Reads were mapped to the zebrafish genome (version GRCz11) and analyzed using the DESeq
package. P < 0.05 and a fold change >2 or a fold change <0.5 were set as the threshold for differential
expression with significance. Hierarchical cluster analysis of differentially expressed genes (DEGs) was per-
formed to determine the expression patterns of genes in different groups. Principal component analysis
(PCA) was performed using the function plotPCA in the DESeq package. Gene ontology (GO) enrichment and
KEGG pathway enrichment analysis of DEGs were performed using the R program based on the hypergeo-
metric distribution.

Luciferase reporter assay. In a 24-well plate, EPC cells were cultured to 80 to 90% confluence and
transfected with a mixture of 250 ng of luciferase reporter (firefly luciferase) plasmid and 25 ng of pRL-
TK (Renilla luciferase plasmid) plus target plasmids. After 24 h, the cells were transfected with poly(l:C)
or infected with SVCV and cultured for an additional 24 h. Luciferase activity was measured using a
Dual-Luciferase Reporter Assay System kit according to the manufacturer’s protocol. Renilla luciferase
was used as an internal control to normalize firefly luciferase activity.

Quantitative real-time PCR. Total RNA was extracted using TRIzol reagent following the manufac-
turer’s instructions and reverse-transcribed using the Hifairll 1st Strand cDNA Synthesis SuperMix (num-
ber 11123ES10, Yeasen). qRT-PCR was performed using Hieff UNICON Power qPCR SYBR Green Master
Mix (number 11195ES03, Yeasen) and run on the LightCycler 480 Real-Time System (Roche). Primers for
qRT-PCR are listed in Table 2. qRT-PCR was run in triplicate and repeated at least three times. Efl« and
B-actin were used as references to normalize the expression levels of target genes in zebrafish cells and
EPC cells, respectively.

Immunoprecipitation and Western blotting. Cells were lysed with RIPA buffer (number P0O013C,
Beyotime) and immunoprecipitated with proteinA/G resin (number 36403ES03, Yeasen) and then with
antibody-conjugated beads. Cell lysates or immunoprecipitated proteins were electrophoresed in a 12%
SDS-PAGE gel and transferred to a polyvinylidene fluoride (PVDF) membrane (Millipore). The membrane
was blocked with 5% skim milk in TBS buffer and incubated with the primary and secondary antibodies.
Protein bands were visualized using an Odyssey CLx Imaging System (LI-COR).

Immunofluorescent microscopy. In a 6-well plate, cells were cultured to 80 to 90% confluence and
transfected with plasmids. After 24 h, cells were washed twice with PBS buffer and fixed with 4% polyfor-
maldehyde solution at room temperature for 10 min, permeabilized with PBS buffer containing 0.1%
Triton X-100 for 5 min, washed three times with PBS buffer, and blocked with PBS containing 5% bovine
serum albumin (BSA) for 1 h. The cells were then incubated with the primary antibody at 4°C overnight
and incubated with Alexa Fluor 594-conjugated a-rabbit IgG and Alexa Fluor 594-conjugated a-mouse
1gG for 1 h. After washing three times, the cells were incubated with DAPI solution (Yeasen) for 5 min
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TABLE 2 Primer sequences used in this study

Primer name Sequence (5’ to 3')

efla-F CTGGAGGCCAGCTCAAACAT
efla-R ATCAAGAAGAGTAGTACCGCTAGCATTAC
ifng 1-ZF-F TGGAGGACCAGGTGAAGTT
ifng1-ZF-R ATTGACCCTTGCGTTGCTT
isg15-ZF-F CTGACTGTAAAACTGCTTGGCGG
isg15-ZF-R CGTTGGCGTCCACATCATAAG
mx1-ZF-F GACCGTCTCTGATGTGGTTA
mx1-ZF-R GCATGCTTTAGACTCTGGCT
pkr-ZF-F AGGTGCTGAAGGCTGTGGAGTA
pkr-ZF-R TTCCCGTCCTTTTAGTTCGTTC
ifn¢3-ZF-F GAGGATCAGGTTACTGGTGT
ifnp3-ZF-R GTTCATGATGCATGTGCTGTA
pim1-ZF-F TGCGAACCGGCGATCTGAAG
pim1-ZF-R ATCGACCGTGGTAGCGGTGA
pim2-ZF-F GGCCATCGAGGCATCATCCG
pim2-ZF-R GCTTGAGGAACCTCCGTGCAA
pim3-ZF-F GTGCGGAGACATCCCGTTCG
pim3-ZF-R CAACGTGGGCCGGTCTGAAG
apol-ZF-F GGCGTGACCAGTGGTGTCAAT
apol-ZF-R GCCTTCCTGCTGCAGACACA
mda5a-ZF-F CCTGACGAGGAAGGCAACATTACA
mda5b-ZF-R AACTGGCTTGGACTCCCACTTCAT
stat1b-ZF-F TCGGAGGACCACCTAATGCGT
stat1b-ZF-R GGCTGCCTCTCCACCACAAG
B-actin-EPC-F CACTGTGCCCATCTACGAG
B-actin-EPC-R CCATCTCCTGCTCGAAGTC
isg15-EPC-F CAGCCTTGAGGATGATTCCAG
isg15-EPC-R TGCCGTTGTAAATCAGTCG
ifn-EPC-F ATGAAAACTCAAATGTGGACGTA
ifn-EPC-R GATAGTTTCCACCCATTTCCTTAA
svev-n-F TCTGCCAAATCACCATACTCA
svev-n-R CTGTCTTGCGTTCAGTGCTC
svev-g-F ATCATTCAAAGGATTGCATCAG
svev-g-R CATATGGCTCTAAATGAACAGAA

and then washed three more times with PBS buffer. The cells were photographed under a confocal laser
scanning microscope (Leica SP8).

Statistical information. Data were analyzed using a two-tailed Student's t test with the Prism 9 soft-
ware (GraphPad), to determine differences at the 5% and 1% levels of significance.

Data availability. RNA-seq data have been deposited in the NCBI BioProject database under acces-
sion number PRINA811714.
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