






increased in foxo3b-overexpressed EPC cells as revealed by semi-
quantitative RT-PCR assays.
Taken together, these data suggest that zebrafish foxo3b plays an

important role in cellular antiviral response by attenuating ex-
pression of the key antiviral genes and facilitating the replication
of SVCV.

Knockout of foxo3b in zebrafish enhances antiviral response

To determine the physiological role of foxo3b in response to viral
infection, we knocked out foxo3b in zebrafish via CRISPR/Cas9
technology (Fig. 9A). In this mutated line, 5-bp nucleotides (59-
CGGCA-39) were inserted into exon 2 of the DNA sequence of
foxo3b, resulting in reading frame shift, which introduced seven
missense mutations followed by a nonsense mutation at the aa 85.

To exclude off-targeting effects, we backcrossed foxo3b+/2 to WT
zebrafish (foxo3b+/+) for at least five generations, and then foxo3b+/2

zebrafish were intercrossed for further assays. The intercrossing be-
tween foxo3b+/2 and foxo3b+/2 generated offspring with foxo3b+/+,
foxo3b+/2, and foxo3b2/2 genetic backgrounds at a Mendelian ratio
of 1:2:1. Overall, no obvious phenotypes were observed in foxo3b2/2

zebrafish, and foxo3b2/2 zebrafish were indistinguishable from their
WT siblings under normal conditions.
To determine whether the mutated foxo3b (mt-foxo3b) could

partially restore the suppressive function of WT foxo3b upon IFN
activation, a series of luciferase assays were performed. As shown
in Fig. 9B and 9C, mt-foxo3b failed to suppress zebrafish IFNw1
promoter activity induced by poly(I:C) or irf3 overexpression.
Additionally, mt-foxo3b had no effect on the transcriptional activity

FIGURE 9. Generation of foxo3b-null zebrafish via CRISPR/Cas9 technology. (A) Scheme of targeting sites and the sequence information in foxo3b-null

zebrafish. Five–base pair nucleotides (59-CGGCA-39) were inserted into exon 2 of foxo3b in the mutant, resulting in a reading frame shift and generating a

truncated protein with 85 aa (termed mt-foxo3b). (B–E)The truncated protein (mt-foxo3b) had no suppressive role on irf3/irf7 activity. (B) Overexpression

of mt-foxo3b did not suppress zebrafish IFNw1 promoter luciferase activity induced by poly(I:C) in EPC cells. (C) Overexpression of mt-foxo3b did not

suppress zebrafish IFNw1 promoter luciferase reporter activity induced by irf3 overexpression in EPC cells. (D and E) Overexpression of mt-foxo3b did not

suppress the transcriptional activity of irf3 (D) and irf7 (E) in EPC cells. Data are presented as means 6 SEM of three independent experiments performed

in triplicate.
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of irf3 (Fig. 9D) and irf7 (Fig. 9E). Expressions of various proteins
were confirmed by Western blot analysis (Supplemental Fig. 3E–
H). Therefore, this foxo3b-mutated zebrafish line could be used as a
foxo3b-deficient model to investigate the role of foxo3b in response
to viral infection.
To determine the role of foxo3b in response to viral infection, we

examined the expressions of ifn1, pkz, mxc, and lta (four well-
defined irf3/irf7 downstream genes of zebrafish) in response to
viral infection (43, 44). As shown in Fig. 10, SVCV infection
resulted in the increased expression of ifn1, pkz, mxc, and lta in
foxo3b-deficient zebrafish larvae (foxo3b2/2) compared with the
WT larvae.
Subsequently, foxo3b-null larvae (n = 90) and the WT larvae

(n = 90) were infected with high-titer SVCV and the numbers of
dead larvae were counted at different time points. As shown in
Fig. 11A and 11B, foxo3b-null larvae had a higher survival rate
compared with the WT larvae after SVCV infection. Consistently,
the copy numbers of the P, G, and N genes of SVCV indicated by
mRNA level were significantly reduced in foxo3b-null larvae
compared with the WT larvae (Fig. 11C–E). Thus, knockout of
foxo3b could enhance zebrafish antiviral capability.
To further evaluate foxo3b loss of function on zebrafish antiviral

response, we knocked down foxo3b in zebrafish embryos by in-
jection of foxo3b-MO (34, 35). Similar to those observed in foxo3b-
null larvae, expressions of ifn1, mxc, and pkz were upregulated in
the embryos with foxo3b-MO injection compared with the embryos

with the STD-MO injection (Fig. 12A–C). Consistently, the copy
numbers of P, G, and N genes of SVCV indicated by mRNA level
were significantly reduced in the embryos with foxo3b-MO injection
compared with the embryos with the STD-MO injection (Fig. 12D–F).
These data further validate that foxo3b loss of function enhances
zebrafish antiviral capability.
Moreover, we examined the effect of foxo3b gain of function on

the zebrafish antiviral response. Ectopic expression of foxo3b by
mRNA injections in embryos suppressed the induction of key
antiviral genes by SVCV infection (Fig. 13A–C). On the contrary,
the copy numbers of P, G, and N genes of SVCV indicated by
mRNA level were significantly upregulated in the embryos with
foxo3b mRNA injection compared with the embryos with control
GFP mRNA injection (Fig. 13D–F). These data further suggest the
inhibitory role of foxo3b on zebrafish antiviral response in vivo.
To determine whether the inhibitory role of foxo3b on the

zebrafish antiviral response in vivo is mediated by suppressing the
activity of irf3 and irf7, we took advantage of DN forms of irf3
and irf7 (38). As shown in Fig. 14A, upon SVCV infection,
foxo3b-MO injection caused mxc expression to be dramatically
enhanced; however, when the DN forms of irf3 and irf7 were
coinjected, this enhancement disappeared. Consistently, the copy
numbers of the N gene of SVCV indicated by mRNA level was
reduced when only foxo3b-MO was injected. However, when in-
jected in combination with the DN forms of irf3 and irf7, this
reduction was fully recovered (Fig. 14B). These data suggest that

FIGURE 10. Induction of key antiviral genes by SVCV infection is more dramatic in foxo3b-null larvae compared with WT larvae. (A) Induction of ifn1

by SVCV (∼23 108 TCID50/ml) infection was more dramatic in foxo3b-null larvae (foxo3b2/2) compared with the WT larvae (foxo3b+/+). (B) Induction of

pkz by SVCV (∼23 108 TCID50/ml) infection was more dramatic in foxo3b-null larvae (foxo3b2/2) compared with WT larvae (foxo3b+/+). (C) Induction of

mxc by SVCV (∼2 3 108 TCID50/ml) infection was more dramatic in foxo3b-null larvae (foxo3b2/2) compared with WT larvae (foxo3b+/+). (D) Induction

of lta by SVCV (∼2 3 108 TCID50/ml) infection was more dramatic in foxo3b-null larvae (foxo3b2/2) compared with WT larvae (foxo3b+/+). Foxo3b-null

larvae (foxo3b2/2) and WT larvae (foxo3b+/+) are offspring of siblings. At 3 dpf, SVCV viruses (∼2 3 108 TCID50/ml) were added to the water containing

zebrafish larvae. After incubation for 24 h, total RNA was extracted from larvae and semiquantitative RT-PCR analysis was conducted for detecting

expression levels of inf1, pkz, mxc, and lta. Data are presented as means 6 SEM of three independent experiments performed in triplicate.
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the reduced SVCV-mediated induction of antiviral genes and enhanced
SVCV replication by foxo3b might be irf3- and irf7-dependent.
Taken together, these data suggest that zebrafish foxo3b could

indeed negatively regulate the antiviral response in vivo.

Discussion
As a transcription factor, FOXO3 is involved in multiple processes
via regulation of gene expression (2, 47, 48). Recently, FOXO3 has
been suggested to be a determinant of B and T cell fate and to
control the magnitude of the T cell immune response (21, 22).
Moreover, FOXO3 negatively regulates NF-kB activation (23),
and FOXO3 is controlled by IKK-ε for regulating IFN-b expres-
sion (25). Intriguingly, FOXO3 has also been identified as a nega-
tive regulator of IRF7 transcription to participate in the antiviral
response (26). Therefore, the function of FOXO3 in negatively
regulating innate immunity response is well recognized. However,
whether FOXO3 could affect TLR and RLR pathways through
direct interaction with the components of these pathways is still
largely unclear. In this study, we took advantage of a zebrafish
in vivo model and demonstrated that foxo3b, an ortholog gene of
mammalian FOXO3, negatively regulated antiviral responses via
suppression of irf3/irf7 transactivity. Further elucidation of whether
mammalian FOXO3 has a similar functional capacity as zebrafish
foxo3b will give insight into the physiological role of FOXO3 in
mammalian antiviral response.
Of note, expression of foxo3b was induced by SVCV infection

or poly((I:C) stimulation, which not only suggests that foxo3b
might be involved in antiviral response, but it also implicates that
foxo3b might be an ISG. Future studies that will determine
whether the promoter of foxo3b contains ISRE and clarify whether
foxo3b is indeed an ISG will help us fully understand the function

of foxo3b in the antiviral response. Additionally, that foxo3b in-
duced by antiviral response served to suppress the same response
implicates that foxo3b might mediate a negative feedback loop to
inhibit the antiviral response, resulting in enhancement of virus
infection.
As a typical transcription factor, FOXO3, as well as its zebrafish

homolog foxo3b, regulates the activity of other transcription fac-
tors through protein–protein interactions (34, 35). In the present
study, we found that foxo3b suppressed irf3/irf7 activity through
interaction with irf3/irf7. However, the detailed mechanisms un-
derlying this suppression are still unclear. To further define the
process of foxo3b (FOXO3) functioning in its inhibitory role will
open a new window for understanding the physiological role of
FOXO3 in gene suppression.
Similar to mammals, fish IFNs, including zebrafish IFNs, also

play important roles in the antiviral response, which activate ex-
pression of numerous IFN-stimulated genes to affect viral replica-
tion, assembly, and release (49). Through inducing the expression of
viperin, zebrafish IFN participates in the antiviral response (50).
Two typical IFN-inducible genes, pkr and pkz, can suppress repli-
cation of grass carp reovirus (51, 52). To date, zebrafish have been
widely employed to investigate the function of genes involved in
innate immunity (43, 53–55). In this study, we showed that in-
fection with high titers of SVCV can result in body degeneration
of zebrafish larvae and eventual death. Thus, the death rate of
zebrafish larvae could be used to monitor viral infection and the
antiviral response. Along with the improvement and maturity of
gene-targeting technologies in zebrafish, the advantages of
zebrafish as an in vivo model for innate immunity studies will
receive more attention due to their convenience and ease in
manipulation (55).

FIGURE 11. Foxo3b-null zebrafish display higher antiviral capability. (A) Foxo3b-null zebrafish were more resistant to SVCV infection compared with

the WT based on the survival ratio. (B) Representative images of foxo3b-null zebrafish larvae and the WT (3 dpf) treated with or without SVCV for 24 h.

The dead larvae (marked by red arrows) exhibited no movement, no blood circulation, and a degenerated body. SVCV viruses (∼6 3 108 TCID50/ml) in

water were added to foxo3b-null larvae (n = 90, 3 dpf) and the WT (n = 90, 3 dpf), and then the numbers of dead larvae were counted at time points 6, 12,

18, and 24 h. (C–E) The virus replication number was lower in foxo3b-null zebrafish larvae compared with that of the WT after infection by SVCV. Foxo3b-

null larvae (foxo3b2/2) and the WT larvae (foxo3b+/+) are offspring of siblings. SVCV viruses (∼2 3 108 TCID50/ml) in water were added to foxo3b-null

larvae (3 dpf) and the WT (3 dpf). After incubation for 24 h, the expression levels of P protein (C), G protein (D), and N protein of SVCV (E) were detected

by semiquantitative RT-PCR analysis. Data are presented as means 6 SEM of three independent experiments performed in triplicate.
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FIGURE 13. Overexpression of foxo3b suppresses the induction of key antiviral genes by SVCV infection and enhances virus replication in vivo. (A–C)

Ectopic expression of foxo3b by mRNA injections suppressed the induction of key antiviral genes by SVCV infection in embryos. (D–F) Ectopic expression

of foxo3b by mRNA injections increased copy number of SVCV-related genes after SVCV infection in embryos. mRNA encoding Myc-tagged foxo3b was

injected into one-cell embryos and GFP mRNAwas used as a control. At 3 dpf, SVCV viruses (∼2 3 108 TCID50/ml) were added to the water containing

zebrafish larvae. After incubation for 24 h, the expression levels of ifn1 (A), mxc (B), and pkz (C) and P protein (D), G protein (E), and N protein (F) of SVCV

were detected by semiquantitative RT-PCR analysis. Data are presented as means 6 SEM of three independent experiments performed in triplicate.

FIGURE 12. Knockdown of foxo3b in embryos by morpholino injection activates the induction of key antiviral genes by SVCV infection and suppresses

virus replication in vivo. (A–C) Knockdown of foxo3b in embryos by morpholino injection activates the induction of key antiviral genes by SVCV infection

in embryos. (D–F) Knockdown of foxo3b in embryos by morpholino injection decreased copy number of SVCV-related genes after SVCV infection in

embryos. The STD-MO (8 ng/individual embryo) and foxo3b-MO (8 ng/individual embryo) were injected into one-cell embryos and STD-MO was used as

a control. At 3 dpf, SVCV viruses (∼2 3 108 TCID50/ml) were added to the water containing zebrafish larvae. After incubation for 24 h, the expression

levels of ifn1 (A), mxc (B), and pkz (C) and P protein (D), G protein (E), and N protein (F) of SVCV were detected by semiquantitative RT-PCR analysis.

Data are presented as means 6 SEM of three independent experiments performed in triplicate.
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