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Abstract 

Background: Although interferon regulatory factor 2 (IRF2) was reported to stimulate virus replication by suppress-
ing the type I interferon signaling pathway, because cell cycle arrest was found to promote viral replication, IRF2-
regulated replication fork factor (FAM111A and RFC3) might be able to affect ZIKV replication. In this study, we aimed 
to investigate the function of IRF2, FAM111A and RFC3 to ZIKV replication and underlying mechanism.

Methods: siIRF2, siFAM111A, siRFC3 and pIRF2 in ZIKV-infected A549, 2FTGH and U5A cells were used to explore 
the mechanism of IRF2 to inhibit ZIKV replication. In addition, their expression was analyzed by RT-qPCR and western 
blots, respectively.

Results: In this study, we found IRF2 expression was increased in ZIKV-infected A549 cells and IRF2 inhibited ZIKV 
replication independent of type I IFN signaling pathway. IRF2 could activate FAM111A expression and then enhanced 
the host restriction effect of RFC3 to inhibit replication of ZIKV.

Conclusions: We speculated the type I interferon signaling pathway might not play a leading role in regulating ZIKV 
replication in IRF2-silenced cells. We found IRF2 was able to upregulate FAM111A expression and thus enhance the 
host restriction effect of RFC3 on ZIKV.
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Introduction
ZIKV (zika virus) belongs to the flaviviridae family, and 
can transmit from mosquitoes to humans to cause micro-
cephaly and Guillain–Barré syndrome in most severe 

cases [1–3]. ZIKV genome is a single positive stranded 
RNA consisting of approximately 11  kb nucleotides, 
which encodes three structural proteins (C, PrM and E) 
and seven non-structural proteins (NS1, NS2A, NS2B, 
NS3, NS4A, NS4B and NS5) [4]. ZIKV infection has 
become one of the serious global public health threat 
since its first outbreak in Yap Island in 2007 [5]. Neither 
vaccine nor specific antiviral therapy is available up till 
now. Therefore, it is critical to explore the underlying 
mechanism on how the host responds to ZIKV infection.

The Interferon regulatory factor (IRF) family com-
prises nine members, including IRF1, IRF2, IRF3, IRF4, 
IRF5, IRF6, IRF7, IRF8 and IRF9 [6]. They participate 
in a variety of biological processes including antiviral 
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inflammation, proliferation, apoptosis, and maturation 
of immune cell, and therefore can participate in both 
immunity and oncogenesis [7, 8]. Among the nine mem-
bers, IRF1, IRF2, IRF3 and IRF7 are the master regulator 
of transcriptional activation of type I interferon genes [9]. 
When virus infect host cell, IRF3 and IRF7 were activated 
with phosphorylation and then induce Type I Interfer-
ons expression [10]. Type I Interferons (mainly IFNα/β) 
induce the expression of a few hundred interferon-stim-
ulated genes (ISGs) by activating the Jak-STAT signaling 
pathway to exert its anti-viral effect [11]. The anti-viral 
function of many ISGs in multiple flavivirus infections, 
including ZIKV, DENV, WENV, JEV, has been largely 
confirmed [12–15]. Type I Interferons signaling pathway 
play a key role in ZIKV-infected A549 cells and brain.

Because viral infection and upregulate IFN-β can 
induce IRF1 and IRF2 expression, when Type I Inter-
ferons signaling pathway is overactivated, IRF2, which 
acts as a transcriptional repressor through competing 
with IRF1 for binding to the IFNβ promoter region or 
Interferon-sensitive response element (ISRE) of the ISGs 
promoter subzone, negatively regulates IFNβ signal and 
interferon stimulated gene factor 3 (ISGF3)-mediated 
gene induction [9, 16–19]. Type I interferon signaling 
pathway plays a important role in the process of ZIKV 
infection of a549 cells and brain [12, 20]. However, 
whether IRF2 affects ZIKV replication through regulat-
ing ISGs are still unclear.

In addition to negatively regulate type I IFN signaling 
pathway, IRF2 has also been reported to affect dsDNA 
virus replication by regulating Family with sequence 
similarity 111 member A (FAM111A) and replication 
factor C subunit 3(RFC3) [21]. As a chromatin-related 
protein sharing homology with trypsin-like peptidase, 
FAM111A interacts with proliferating cell nuclear anti-
gen (PCNA) and binds to SV40 large T antigen, acting 
as a host restriction factor for SV40 [22, 23]. Replication 
factor C (RFC) plays an important role in DNA replica-
tion, DNA damage repair, and check point control of 
cell cycle. RFC3 is one of the five subunits of RFC and 
can load PCNA onto DNA at template primer junctions 
[24]. However, whether IRF2 regulates ZIKV replication 
through FAM111A and RFC3 remains to be determined. 
In this study, we therefore investigated the role of IRF2 
in ZIKV replication and the potential underlying mecha-
nism. We found that IRF2 inhibited ZIKV replication 
through regulating IRF2-FAM111A-RFC3 axis.

Materials and methods
Cell culture and infection with ZIKV
A549 cells (human non-small-cell lung cancer cell line) 
were purchased from West China Hospital of Sichuan 
University. Mutant U5A cells were derived from the 

parental human fibrosarcoma cells (2fTGH cells) and had 
IFNARI gene-deficient for a component of the IFNα/β 
receptor were kindly provided by Dr. Wenyu Lin (Har-
vard Medical School, USA) [25, 26]. A549 cells, 2FTGH 
cells and U5A cells were grown in Dulbecco′s Modified 
Eagle′s Medium (DMEM), supplemented with 10% fetal 
bovine serum (FBS), 100  μg/mL penicillin and 100  μg/
mL streptomycin sulfate. Cells were cultured in a 5% 
CO2 humidified incubator at 37 °C. ZIKV (GZ01 strain) 
was generously provided by professor Chengfeng Qin 
(Institute of Microbiology and Epidemiology, China) and 
was propagated in mosquito C6/36 cells as described in 
previous publication [27]. For virus infection, cells were 
infected with ZIKV at a multiplicity of infection (MOI) 
of 0.5 with serum-free and antibiotic-free medium and 
incubate for 4 h. Cells were then washed with PBS for 3 
times and re-fed with normal medium.

RNA isolation and quantitation by RT‑qPCR
Total RNAs were extracted using Trizol reagent (Invitro-
gen, USA) according to the manufacturer′s instructions. 
cDNA was synthesized using the First Strand cDNA 
Synthesis Kit (Bio-rad, USA). Real-time PCR was per-
formed with Fast start Universal SYBR Green Master 
Mix (Roche, USA). Normalization and quantitation were 
performed using GAPDH RNA and the ΔΔCt method. 
The selected mRNA real-time PCR primers were listed in 
Table 1.

Protein quantification and western blot assay
The cells were washed 3 times with PBS, and then lysed 
by adding 100 μL of Radio Immunoprecipitation Assay 
(RIPA) (Beyotime, China) containing PMSF. Cell lysates 
were centrifugated and protein concentration was quan-
tified with the Protein Assay Kit (Beyotime, China). 
Protein samples were separated by SDS–PAGE gels 
and transferred to the PVDF membranes (Millipore, 
USA). The membranes were blocked using 5% bovine 
serum albumin (BSA) and then incubated with the spe-
cific primary antibody in 4 °C for 16 hours. The primary 

Table 1 Real-time PCR primers

Gene name Forward primer (5′–3′) Reverse primer (5′–3′)

GAPDH GCC TCC TGC ACC ACC AAC TG ACG CCT GCT TCA CCA CCT TC

IRF2 ATT TGC CAA GTT GTA GAG G CTA TCA GTC GTT TCG CTT T

IFIT1 GCA GCC AAG TTT TAC CGA AG GCC CTA TCT GGT GAT GCA GT

FAM111A CTT CAC AAA AAG GGC GCA A ATC AAC TGG CTG GGT GCT TT

RFC3 GCC TGC AGA GTG CAA CAA TA TCA AGG AGC CTT TGT GGA GT

ZIKV NS5 GCA GAG CAA CGG ATG GGA T ATG GTG GGA GCA AAA CGG A

ISG15 CGC AGA TCA CCC AGA AGA TT GCC CTT GTT ATT CCT CAC CA
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antibodies included rabbitanti-IRF2 (Proteintech, China), 
mouse anti-ZIKV NS1 (GeneTex, USA), rabbitanti-RFC3 
(Proteintech, China), rabbitanti-IRF2(Abcam, UK) and 
mouse anti-GAPDH (GeneTex_, USA). The secondary 
antibody used was HRP-labeled goat anti-mouse IgG or 
anti-rabbit (Beyotime, China). The protein bands were 
detected using the ECL Western Blotting Analysis Sys-
tem (Mllipore, USA) on Image Quant LAS 4000 mini 
(GE, USA).

RNA interference and plasmid transfection
Specific small interfering RNAs (siRNAs) were purchased 
from Sangon company (shanghai, China). The sense and 
antisense sequences of the siRNAs are listed in Table 2. 
pIRF2 (plasmid IRF2) and pEmpty (empty control) were 
purchased from vigene biosciences company (Shan-
dong, China). Double-stranded siRNA and plasmid were 
transfected into cells with RNAiMax (Invitrogen, USA) 
according to the manufacturer′s instruction.

Statistical analysis
Data from all cell-based assays were expressed as 
Mean  ±  standard deviation (SD). Student’s t-test was 
used to assess statistical significance of differences. We 
used one-way analysis of variance (ANOVA) to more 
than one variable. The chart was obtained using the 
GraphPad Prism 5.0 software package (GraphPad Prism 
Software, La Jolla, CA, USA). P-values less than 0.05 
were considered statistically significant.

Results
IRF2 expression is increased in ZIKV‑infected A549 cells
To investigate whether the expression levels of IRF2 
were changed following ZIKV replication by time, A549 
cells were infected with ZIKV at a MOI of 0.5. mRNA 
and protein expression levels of ZIKV and IRF2 were 
measured at 12, 24, 48 and 72  h-post-infection (hpi) by 
RT-qPCR and western blots. We calculated the rela-
tive expression of ZIKV RNA and IRF2 by normalizing 
ZIKV NS5 and IRF2 to GAPDH, respectively. As shown 
in (Fig. 1a, b, e), ZIKV can steadily replicate in A549 cells, 

and compared with the uninfected control, IRF2 expres-
sion is gradually increased from 12 to 72 h post-infection. 
In addition, to assess effect of mainly antiviral factor 
(ISGs) in ZIKV-infected A549 cells, we examine expres-
sion levels of ISG15 and IFIT1 at different time (Fig. 1c, 
d). These results indicated that ZIKV can infect and rep-
licate steadily in A549 cells and IRF2, ISG15 and IFIT1 
expression was increased upon ZIKV infection.

Knocking down of IRF2 promoted ZIKV replication 
through type‑I IFN signal pathway‑independent way
RNA interference was employed to dissect the role of 
IRF2 in ZIKV replication. We found IRF2 siRNA mark-
edly knocked down IRF2 protein levels (Fig.  2a) and 
promoted ZIKV replication both at mRNA and protein 
levels in A549 cells (Fig. 2b, c). As IRF2 has been reported 
to be a negative regulator of type-I interferon pathway, 
we next checked mRNA expression of two classical inter-
feron stimulated genes, ISG15 and IFIT1 in IRF2-silenced 
A549 cells. We found that silencing of IRF2 indeed 
increased the mRNA expression of ISG15 and IFIT1 sig-
nificantly (Fig. 2f, g), but seems contradictory to the stim-
ulating effect on ZIKV because these ISGs are classical 
anti-viral proteins [28]. To confirm the type-I interferon 
pathway is intact in A549 cells, we were able to detect the 
significant inhibitory effect of IFNβ on ZIKV replication 
by treating the ZIKV-infected cells with 100IU/mL IFNβ. 
In addition, compared to IFNβ treatment alone, combi-
nation of IFNβ treatment and IRF2 silencing increased 
ISG15 (Fig. 2f ) and IFIT1 (Fig. 2g) mRNA expression to a 
higher level and inhibited ZIKV replication more signifi-
cantly both at RNA (Fig. 2b) and protein levels (Fig. 2c). 
as the control, we examined IFNβ, ISG15 and IFIT1 RNA 
levels (Fig.  2h–j). All these data pointed out the type-I 
IFN-activated Jak/STAT signaling is intact in A549 cells. 
Furthermore, we also used an IFNAR-deficient U5A cells 
to verify whether the stimulating effect of IRF2 silenc-
ing on ZIKV replication is dependent on the type-I IFN 
signaling pathway. We found that IRF2 siRNA increased 
ZIKV replication as shown by NS5 mRNA expression in 
both U5A and its parental 2FTGH cells (Fig. 2d, e). Col-
lectively, these results indicated that IRF2 regulate ZIKV 
replication in an IFN-independent manner.

IRF2 activates FAM111A expression and then enhances 
the host restriction effect of RFC3 on ZIKV
Panda et al. [21] thought that IRF2 regulated FAM111A 
expression, which could form a complex with RFC to 
restrict poxviruses replication in human cells. In order 
to investigate whether IRF2 silencing promoted ZIKV 
replication by regulating the expression of FAM111A, 
we transfected IRF2 siRNA to 2FTGH and U5A cells 
and then infected with ZIKV at MOI = 0.5. As shown 

Table 2 RNA interference sequences

siRNAs Sense (5′–3′) Antisense (5′–3′)

siNC UUC UCC GAA CGU GUC ACG 
UT

ACG UGA CAC GUU CGG 
AGA ATT 

siIRF2 GCA AUC CGG UGC CUU ACA AT UUG UAA GGC ACC GGA UUG 
CTT 

siFAM111A GGU CAA UGU GUA AGGG UCA CCC UUA CAC AUU GAC C

siRFC3 AAG UAA CUA CCA CCU UGA A UAA CUU CAA GGU GGU 
AGU UA
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in Fig. 3a–d, IRF2 knockdown decreased the expression 
of FAM111A significantly. Furthermore, knockdown 
of FAM111A or subunit of RFC (RFC3) pronouncedly 
promoted ZIKV replication in both 2FTGH and U5A 
cells as shown in Fig. 3e–h. To assess whether I type IFN 
signaling pathway was activited by FAM111A and RFC3 
knockdown, we examined ISG15 and IFIT1 in ZIKV-
infected 2FTGH and U5A cells with siFAM111A and 
siRFC3. Figure  3i–l showed siFAM111A and siRFC3 
didn’t affect ISG15 and IFIT1 expression. These data indi-
cated that IRF2 may modulate ZIKV replication by regu-
lating FAM111A and RFC3 expression.

Over‑expression of IRF2 inhibited ZIKV replication 
while this inhibitory effect was abolished in FAM111A 
or RFC3 knockdown cells
In order to further confirm the role of IRF2 in ZIKV rep-
lication through FAM111A and RFC3, we investigated 
the effect of IRF2 overexpression (Fig.  4b, c) on ZIKV 
replication in FAM111A or RFC3 knocked-down 2FTGH 
cells (Fig. 4d). We found overexpression of IRF2 increased 
FAM111A mRNA level by 2-fold (Fig. 4a) and inhibited 
ZIKV replication (Fig. 4d). However, this inhibitory effect 

of IRF2 on ZIKV replication was abolished in FAM111A 
or RFC3 knocked-down 2FTGH cells (Fig. 4d).

Discussion
When defending against invading virus infections, host 
cells need to activate both innate and adaptive immune 
systems. Type I IFNs and the down-stream Jak/STAT 
signaling pathway play the utmost role in antiviral innate 
immunity. However, this anti-viral immunity must be 
balanced by a complicated network (pathways) in cells. 
As two antagonism transcription regulators, IRF1 and 
IRF2 play important roles in type I interferon-induced 
antiviral effect [29–31]. As previously reported, IRF1 
could be induced by many cytokines such as IFNs (-α, -β, 
-γ), TNF-α, IL-1, IL-6, LIF and virus infection mediated 
by STAT and NF-κB [9]. IRF1 could bind to the IFNβ 
promoter region and ISRE of the ISGs promoter subzone 
containing IRF-E sequences to stimulate the production 
of IFNβ and many antiviral ISGs while IRF2 competed 
with IRF1 to function as a transcriptional repressor to 
negatively regulate the host innate antiviral immunity [9, 
17–19]. The expression of IRF2 including IRF1 binding 
site at promoter region is inducible by transient or stable 
IRF1 expression [32–34]. IRF2 was up-regulated in ZIKV 

Fig. 1 ZIKV replicates and IRF2 is induced in A549 cells. A549 cells were infected with ZIKV (MOI = 0.5) or left uninfected and total cellular RNAs 
were extracted at different hours-post-infection (hpi). RNA levels of ZIKV NS5 (a), IRF2 (b), ISG15 (c) and IFIT1 (d) were measured by RT-qPCR. Protein 
levels of ZIKV-NS1 and IRF2 were measured by western blots (d). Data were presented as mean ± standard deviation (SD) representative of at least 
three independent experiments
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infection of human iris pigment epithelial cells [35]. In 
another study, IRF2 expression was induced during acute 
and latent infection [36]. Our present study also con-
firmed that ZIKV infection could upregulate the expres-
sion level of IRF2.

After we confirmed that IRF2 was induced in ZIKV-
infected cells, we moved on to dissect the role of IRF2 in 
ZIKV replication. Firstly, we silenced the IRF2 expres-
sion by specific siRNA or overexpression by plasmid 
transfection to look at the effect of IRF2 on ZIKV rep-
lication. We found IRF2 overexpression inhibited ZIKV 

Fig. 2 Knockdown of IRF2 promoted ZIKV replication independent of type I IFN signaling. A549 cells were transfected with siIRF2 or siNC and 
infected with ZIKV at MOI of 0.5. After 24 h, IFNβ was added to appropriate wells to a final concentration of 100 IU/mL. Total RNAs and proteins 
were extracted 24 h later, and selected gene expression was tested by RT-qPCR (b, f, g) and western blot (a, c). The relative ZIKV production as 
affecting of siIRF2 and IFNβ were significantly different (siIRF2*IFNβ, P = 0.000, F = 919.4). The relative ISG15 production as affecting of siIRF2 and 
IFNβ were significantly different (siIRF2*IFNβ, P = 0.012, F = 19.1). The relative IFIT1 production as affecting of siIRF2 and IFNβ were significantly 
different (siIRF2*IFNβ, P = 0.000, F = 224.4). 2FTGH and U5A cells were transfected with siIRF2 or siNC and infected with ZIKV (MOI = 0.5). After 24 h, 
mRNA expression of ZIKV-NS5 was examined with RT-qPCR (d, e). siIRF2 or siNC were transfected into A549 cells, IFNβ, ISG15 and IFIT1 RNA levels 
were extracted and examined with RT-qPCR at 24 h later (h, i, j). Data was shown as mean ± standard deviation representative of at least three 
independent experiments (t test, *P < 0.05; **P < 0.01)



Page 6 of 9Ren et al. Virology Journal          (2021) 18:256 

replication (Fig. 4d) while silencing of IRF2 stimulated 
ZIKV replication (Fig.  2). Previous reports that IRF2 
promoted replication of caprine parainfluenza virus 
type 3 as a negative regulator to down-regulate the type 
I interferon signaling pathways [29]. This contradic-
tory phenomenon alarmed us to look into this effect in 
more detail. Although silencing of IRF2 increased the 
expression levels of some ISGs, such as ISG15 (Fig. 2f ) 
and IFIT1 (Fig.  2g), confirming that IRF2 functioned 
as negative regulator of type-I IFN signaling, knock-
down of IRF2 stimulated ZIKV replication (Fig.  2). 
After we confirmed the type-I IFN signaling is intact 
in A549 cells used for this study. We hypothesized the 

role of IRF2 in ZIKV replication may be independent of 
type-I IFN signaling. Using IFNAR-deficient U5A cells, 
we were able to show that IRF2 knockdown increased 
ZIKV replication in both U5A and its parental 2FTGH 
cells (Fig.  2d, e), which indicated that IRF2 regulate 
ZIKV replication in an IFN-independent manner.

In addition to negatively regulate type I IFN pathway, 
IRF2 has also been reported to affect dsDNA virus repli-
cation by regulating Family with sequence similarity 111 
member A (FAM111A) and replication factor C subunit 
3(RFC3) [21]. Debasis Panda et al. proposed that siIRF2 
may inhibit the host restriction effect of RFC3 by down-
regulating the expression of FAM111A [15]. Although 

Fig. 3 IRF2 silencing decreased FAM111A expression and knockdown of FAM111A or RFC3 promoted ZIKV replication in both 2FTGH and U5A 
cells. 2FTGH and U5A cells were transfected with siNC or siIRF2 for 24 h, and then the cells were infected with ZIKV at MOI of 0.5. Expression levels 
of FAM111A were examined both at mRNA (a, b) and protein (c, d) levels 48 h post transfection. 2FTGH and U5A cells were transfected with siNC, 
siFAM111A, or siRFC3 for 24 h, and then the cells were infected with ZIKV at MOI of 0.5. Expression levels of ZIKV-NS5 were examined both at RNA (e, 
f) and protein levels (g, h) 48 h post transfection. ISG15 and IFIT1 were examined at mRNA levels with RT-qPCR (i–l). The relative ZIKV production in 
2FTGH cells between siNC and siFAM111A (P = 0.03, F = 15.2) or siRFC3 (P = 0.004, F = 68.9) were significantly different. The relative ZIKV production 
in U5A cells between siNC and siFAM111A (P = 0.002, F = 90.1) or siRFC3 (P = 0.001, F = 145.6) were significantly different. Data were presented as 
mean ± standard deviation representative of at least three independent experiments (t test, *P < 0.05; **P < 0.01)
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FAM111A and RFC3 act as nuclear localization-related 
factors and both played important role in DNA virus 
replication, whether they are involved in RNA virus such 
as ZIKV infection remains to be determined [21]. IRF-1 
is upregulated by infection of Measles virus (MeV, RNA 
virus) and contributes to the growth arrest of MeV-
infected human epithelial cells and efficient virus prolif-
eration through the modulation of host cell events [37, 
38]. silencing IRF2 was reported to result in growth inhi-
bition associated with G2/M arrest as well as induction of 
polyploidy, differentiation and apoptosis [39]. FAM111A 
and RFC3 as replication fork related complex is downreg-
ulated, which will inhibit cell proliferation and survival 
[40, 41].

We then moved on to investigate whether IRF2 
silencing promoted ZIKV replication by regulating the 
expression of FAM111A. As shown in Fig.  3a–d, IRF2 
knockdown decreased the expression of FAM111A sig-
nificantly. Furthermore, knockdown of FAM111A or 
subunit of RFC (RFC3) pronouncedly promoted ZIKV 
replication in both 2FTGH and U5A cells as shown in 
Fig.  3e–h. These data indicated that IRF2 may modu-
late ZIKV replication by regulating FAM111A and 
RFC3 expression. In order to further confirm the role of 
IRF2 in ZIKV replication through FAM111A and RFC3, 
we investigated the effect of IRF2 overexpression on 
ZIKV replication in FAM111A or RFC3 knocked-down 
2FTGH cells (Fig. 4c). We found overexpression of IRF2 

Fig. 4 Knockdown of FAM111A or RFC3 abolished the inhibitory effect of IRF2 overexpression on ZIKV replication. The experiments were 
divided into 8 groups of 2FTGH cells which were transfected with pEmpty, pIRF2, siNC, siFAM111A, siRFC3, pIRF2 + siNC, pIRF2 + siFAM111A 
orpIRF2 + siRFC3, respectively, for 24 h. All the cells were infected with ZIKV at MOI of 0.5 and the mRNA expression levels of FAM111A (a), IRF2 (b) 
and ZIKV (d) were measured by RT-qPCR at 24 h-post-infection. 2FTGH cells was transfected with pEmpty or pIRF2 plasmid before being infected 
with ZIKV (MOI = 0.5) for 24 h. The relative ZIKV production in 2FTGH cells between pEmpty and pIRF2 (P = 0.047, F = 9.2) were significantly different. 
The relative ZIKV production in 2FTGH cells between siNC and siFAM111A (P = 0.000, F = 93.2) or siRFC3 (P = 0.000, F = 123.6). The relative ZIKV 
production in 2FTGH cells between pIRF2 and siFAM111A (pIRF2*siFAM111A, P = 0.000, F = 44.5) or siRFC3 (pIRF2*siFAM111A, P = 0.002, F = 18) 
were significantly different. The IRF2 protein expression (c) was detected with western blots (t test, *P < 0.05; **P < 0.01)
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increased FAM111A mRNA level by 2-fold (Fig.  4a) 
and inhibited ZIKV replication (Fig.  4d). However, 
this inhibitory effect of IRF2 on ZIKV replication was 
abolished in FAM111A or RFC3 knocked-down 2fTGH 
cells (Fig.  4d). Collectively these data supported that 
IRF2 regulates ZIKV replication through FAM111A 
and RFC3.

Conclusion
In conclusion, in this present study we identified IRF2 
regulated ZIKV replication not through IFN signaling but 
instead through regulating with FAM111A and RFC3.

Abbreviations
IRF1: Interferon regulatory factor 1; IRF2: Interferon regulatory factor 2; ZIKV: 
Zika virus; FAM111A: Family with sequence similarity 111 member A; RFC3: 
Replication factor C subunit 3; IFNα/β: Interferon α/β; ISGs: Interferon-stimu-
lated genes; ISG15: Interferon-stimulated gene 15; IFIT1: IFN-induced proteins 
with tetratricopeptide repeat; ISRE: Interferon-sensitive response element; 
ISGF3: Interferon stimulated gene factor 3; FAM111A: Family with sequence 
similarity 111 member A; RFC3: Replication factor C subunit 3.

Acknowledgements
We are grateful to Dr. Chengfeng Qin (Institute of Microbiology and Epidemi-
ology, China) for providing ZIKV and Dr. Wenyu Lin (Harvard Medical School) 
for providing 2FTGH cells and U5A cells.

Authors’ contributions
L.C., Y.L., K. R., Y. Z. and B. L. conceived and designed the experiments; K. R., Y. 
Z., H.S., Y. L., S.L., X.D. and B.L. performed the experiments and analyzed data; 
K. R., Y. Z. and H.S. wrote the original draft of the manuscript; Y.L., B. L. and L. C. 
critically reviewed and edited the manuscript. All authors read and approved 
the final manuscript.

Funding
This work is financially supported by the CAMS Initiative for innovative 
Medicine (Grant CAMS-2016-I2M-3-025 and CAMS-2017-I2M-B&R-15), National 
key research and development program (2018YFE0107500), Science and 
Technology Partnership Program, Ministry of Science and Technology of 
China (KY201904011), Natural Science Foundation of China (81702017), Blood 
screening technology research project of the prevalence of ZCD in blood 
donors, blood transfusion medical equipment technical committee of China 
Medical Equipment Association (XS2020-4), Science & Technology Depart-
ment of Sichuan Province (2017HH0024, 2020YFH0070).

Availability of data and materials
The data and material generated or analyzed in this study are available upon 
reasonable request, and could be provided by limin_chen (limin_chen_99@
yahoo.com).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors have agreed on the consent of the manuscript.

Competing interest
The authors declare that there is no conflict of interest regarding the publica-
tion of this article.

Author details
1 Institute of Blood Transfusion, Chinese Academy of Medical Sciences 
and Peking Union Medical College, 26 Huacai Road, Chengdu 610051, China. 
2 The Seventh Affiliated Hospital, Sun Yat-sen University, Shenzhen, China. 
3 The Joint Laboratory on Transfusion-Transmitted Diseases (TTDs) Between 
Institute of Blood Transfusion, Chinese Academy of Medical Sciences and Nan-
ning Blood Center, Naning Blood Center, Nanning, China. 4 Toronto General 
Research Institute, University of Toronto, Toronto, Canada. 5 Shanghai University 
of Medicine and Health Sciences, Shanghai, China. 

Received: 30 June 2021   Accepted: 8 December 2021

References
 1. Lanciotti RS, Kosoy OL, Laven JJ, Velez JO, Lambert AJ, Johnson AJ, et al. 

Genetic and serologic properties of Zika virus associated with an epi-
demic, Yap State, Micronesia, 2007. Emerg Infect Dis. 2008;14:1232–9.

 2. Schuler-Faccini L, Sanseverino M, Vianna F, da Silva AA, Larrandaburu 
M, Marcolongo-Pereira C, et al. Zika virus: a new human teratogen? 
Implications for women of reproductive age. Clin Pharmacol Ther. 
2016;100:28–30.

 3. Bautista LE. Zika virus infection and risk of Guillain–Barre syndrome: a 
meta-analysis. J Neurol Sci. 2019;403:99–105.

 4. Kuno G, Chang GJ. Full-length sequencing and genomic characterization 
of Bagaza, Kedougou, and Zika viruses. Arch Virol. 2007;152:687–96.

 5. Vieira C, Machado LC, Pena LJ, de Morais Bronzoni RV, Wallau GL. 
Spread of two Zika virus lineages in Midwest Brazil. Infect Genet Evol. 
2019;75:103974.

 6. Honda K, Taniguchi T. IRFs: master regulators of signalling by Toll-like 
receptors and cytosolic pattern-recognition receptors. Nat Rev Immunol. 
2006;6:644–58.

 7. Tamura T, Yanai H, Savitsky D, Taniguchi T. The IRF family transcription fac-
tors in immunity and oncogenesis. Annu Rev Immunol. 2008;26:535–84.

 8. Chen YJ, Li J, Lu N, Shen XZ. Interferon regulatory factors: a key to tumour 
immunity. Int Immunopharmacol. 2017;49:1–5.

 9. Taniguchi T, Ogasawara K, Takaoka A, Tanaka N. IRF family of transcription 
factors as regulators of host defense. Annu Rev Immunol. 2001;19:623–55.

 10. Stone AE, Mitchell A, Brownell J, Miklin DJ, Golden-Mason L, Polyak SJ, 
et al. Hepatitis C virus core protein inhibits interferon production by a 
human plasmacytoid dendritic cell line and dysregulates interferon regu-
latory factor-7 and signal transducer and activator of transcription (STAT) 
1 protein expression. PLoS ONE. 2014;9:e95627.

 11. Sadler AJ, Williams BR. Interferon-inducible antiviral effectors. Nat Rev 
Immunol. 2008;8:559–68.

 12. Frumence E, Roche M, Krejbich-Trotot P, El-Kalamouni C, Nativel B, 
Rondeau P, et al. The South Pacific epidemic strain of Zika virus replicates 
efficiently in human epithelial A549 cells leading to IFN-beta production 
and apoptosis induction. Virology. 2016;493:217–26.

 13. Bordignon J, Probst CM, Mosimann AL, Pavoni DP, Stella V, Buck GA, 
et al. Expression profile of interferon stimulated genes in central 
nervous system of mice infected with dengue virus Type-1. Virology. 
2008;377:319–29.

 14. Kajaste-Rudnitski A, Mashimo T, Frenkiel MP, Guenet JL, Lucas M, Despres 
P. The 2’,5’-oligoadenylate synthetase 1b is a potent inhibitor of West Nile 
virus replication inside infected cells. J Biol Chem. 2006;281:4624–37.

 15. Liu K, Liao X, Zhou B, Yao H, Fan S, Chen P, et al. Porcine alpha interferon 
inhibit Japanese encephalitis virus replication by different ISGs in vitro. 
Res Vet Sci. 2013;95:950–6.

 16. Harada H, Fujita T, Miyamoto M, Kimura Y, Maruyama M, Furia A, et al. 
Structurally similar but functionally distinct factors, IRF-1 and IRF-2, bind 
to the same regulatory elements of IFN and IFN-inducible genes. Cell. 
1989;58:729–39.

 17. Williams BR. Signal transduction and transcriptional regulation of 
interferon-alpha-stimulated genes. J Interf Res. 1991;11:207–13.

 18. Williams BR. Transcriptional regulation of interferon-stimulated genes. Eur 
J Biochem. 1991;200:1–11.

 19. Gu M, Lin G, Lai Q, Zhong B, Liu Y, Mi Y, et al. Ctenopharyngodon idella IRF2 
plays an antagonistic role to IRF1 in transcriptional regulation of IFN and 
ISG genes. Dev Comp Immunol. 2015;49:103–12.



Page 9 of 9Ren et al. Virology Journal          (2021) 18:256  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 20. Sariyer IK, Gordon J, Burdo TH, Wollebo HS, Gianti E, Donadoni M, et al. 
Suppression of Zika virus infection in the brain by the antiretroviral drug 
rilpivirine. Mol Ther. 2019;27:2067–79.

 21. Panda D, Fernandez DJ, Lal M, Buehler E, Moss B. Triad of human cellular 
proteins, IRF2, FAM111A, and RFC3, restrict replication of orthopoxvirus 
SPI-1 host-range mutants. Proc Natl Acad Sci USA. 2017;114:3720–5.

 22. Alabert C, Bukowski-Wills JC, Lee SB, Kustatscher G, Nakamura K, de Lima 
AF, et al. Nascent chromatin capture proteomics determines chromatin 
dynamics during DNA replication and identifies unknown fork compo-
nents. Nat Cell Biol. 2014;16:281–93.

 23. Fine DA, Rozenblatt-Rosen O, Padi M, Korkhin A, James RL, Adelmant G, 
et al. Identification of FAM111A as an SV40 host range restriction and 
adenovirus helper factor. PLoS Pathog. 2012;8:e1002949.

 24. Shen H, Xu J, Zhao S, Shi H, Yao S, Jiang N. ShRNA-mediated silencing of 
the RFC3 gene suppress ovarian tumor cells proliferation. Int J Clin Exp 
Pathol. 2015;8:8968–75.

 25. Lutfalla G, Holland SJ, Cinato E, Monneron D, Reboul J, Rogers NC, et al. 
Mutant U5A cells are complemented by an interferon-alpha beta recep-
tor subunit generated by alternative processing of a new member of a 
cytokine receptor gene cluster. EMBO J. 1995;14:5100–8.

 26. Wang Y, Ren K, Li S, Yang C, Chen L. Interferon stimulated gene 15 pro-
motes Zika virus replication through regulating Jak/STAT and ISGylation 
pathways. Virus Res. 2020;287:198087.

 27. Ma W, Li S, Ma S, Jia L, Zhang F, Zhang Y, et al. Zika virus causes testis dam-
age and leads to male infertility in mice. Cell. 2016;167:1511-1524 e1510.

 28. Wu Y, Yang X, Yao Z, Dong X, Zhang D, Hu Y, et al. C19orf66 interrupts Zika 
virus replication by inducing lysosomal degradation of viral NS3. PLoS 
Negl Trop Dis. 2020;14:e0008083.

 29. Li J, Mao L, Zhong C, Li W, Hao F, Sun M, et al. Cellular microRNA bta-
miR-222 suppresses caprine parainfluenza virus type 3 replication 
via downregulation of interferon regulatory factor 2. Vet Microbiol. 
2018;224:58–65.

 30. Ouyang W, Wang YS, Du XN, Liu HJ, Zhang HB. gga-miR-9* inhibits IFN 
production in antiviral innate immunity by targeting interferon regula-
tory factor 2 to promote IBDV replication. Vet Microbiol. 2015;178:41–9.

 31. Mukherjee RM, Bansode B, Gangwal P, Jakkampudi A, Reddy PB, Rao PN, 
et al. Human interferon regulatory factor 2 gene expression is induced in 
chronic hepatitis C virus infection-a possible mode of viral persistence. J 
Clin Exp Hepatol. 2012;2:27–34.

 32. Nguyen H, Hiscott J, Pitha PM. The growing family of interferon regulatory 
factors. Cytokine Growth Factor Rev. 1997;8:293–312.

 33. Ramana CV, Chatterjee-Kishore M, Nguyen H, Stark GR. Complex roles of 
Stat1 in regulating gene expression. Oncogene. 2000;19:2619–27.

 34. Wang Y, Liu D, Chen P, Koeffler HP, Tong X, Xie D. Negative feedback regu-
lation of IFN-gamma pathway by IFN regulatory factor 2 in esophageal 
cancers. Cancer Res. 2008;68:1136–43.

 35. Ryan FJ, Carr JM, Furtado JM, Ma Y, Ashander LM, Simoes M, et al. Zika 
virus infection of human iris pigment epithelial cells. Front Immunol. 
2021;12:644153.

 36. Mandal P, Krueger BE, Oldenburg D, Andry KA, Beard RS, White DW, et al. 
A gammaherpesvirus cooperates with interferon-alpha/beta-induced 
IRF2 to halt viral replication, control reactivation, and minimize host 
lethality. PLoS Pathog. 2011;7:e1002371.

 37. Yokota S, Okabayashi T, Yokosawa N, Fujii N. Growth arrest of epithelial 
cells during measles virus infection is caused by upregulation of inter-
feron regulatory factor 1. J Virol. 2004;78:4591–8.

 38. Yokota S, Okabayashi T, Fujii N. Measles virus C protein suppresses 
gamma-activated factor formation and virus-induced cell growth arrest. 
Virology. 2011;414:74–82.

 39. Choo A, Palladinetti P, Holmes T, Basu S, Shen S, Lock RB, et al. siRNA 
targeting the IRF2 transcription factor inhibits leukaemic cell growth. Int J 
Oncol. 2008;33:175–83.

 40. Kojima Y, Machida Y, Palani S, Caulfield TR, Radisky ES, Kaufmann SH, et al. 
FAM111A protects replication forks from protein obstacles via its trypsin-
like domain. Nat Commun. 2020;11:1318.

 41. Xia S, Xiao L, Gannon P, Li X. RFC3 regulates cell proliferation and patho-
gen resistance in Arabidopsis. Plant Signal Behav. 2010;5:168–70.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	IRF2 inhibits ZIKV replication by promoting FAM111A expression to enhance the host restriction effect of RFC3
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Cell culture and infection with ZIKV
	RNA isolation and quantitation by RT-qPCR
	Protein quantification and western blot assay
	RNA interference and plasmid transfection
	Statistical analysis

	Results
	IRF2 expression is increased in ZIKV-infected A549 cells
	Knocking down of IRF2 promoted ZIKV replication through type-I IFN signal pathway-independent way
	IRF2 activates FAM111A expression and then enhances the host restriction effect of RFC3 on ZIKV
	Over-expression of IRF2 inhibited ZIKV replication while this inhibitory effect was abolished in FAM111A or RFC3 knockdown cells

	Discussion
	Conclusion
	Acknowledgements
	References


