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A B S T R A C T

Zika virus (ZIKV), a positive-sense single-stranded RNA virus, causes congenital ZIKV syndrome in children and
Guillain-Barr�e Syndrome (GBS) in adults. ZIKV expresses nonstructural protein 5 (NS5), a large protein that is
essential for viral replication. ZIKV NS5 confers the ability to evade interferon (IFN) signalling; however, the exact
mechanism remains unclear. In this study, we employed affinity pull-down and liquid chromatography-tandem
mass spectrometry (LC-MS/MS) analyses and found that splicing factor 3b subunit 3 (SF3B3) is associated with
the NS5-Flag pull-down complex through interaction with NS5. Functional assays showed that SF3B3 over-
expression inhibited ZIKV replication by promoting IFN-stimulated gene (ISG) expression whereas silencing of
SF3B3 inhibited expression of ISGs to promote ZIKV replication. GTP cyclohydrolase I (GCH1) is the first and rate-
limiting enzyme in tetrahydrobiopterin (BH4) biosynthesis. NS5 upregulates the expression of GCH1 during ZIKV
infection. And GCH1 marginally promoted ZIKV replication via the IFN pathway. Additionally, GCH1 expression
is related to the regulation of SF3B3. Overexpression of the SF3B3 protein effectively reduced GCH1 protein
levels, whereas SF3B3 knockdown increased its levels. These findings indicated that ZIKV NS5 binding protein
SF3B3 contributed to the host immune response against ZIKV replication by modulating the expression of GCH1.

1. Introduction

Zika virus (ZIKV) belongs to the mosquito-borne Flavivirus family of
RNA viruses (Musso and Gubler, 2016; Barrows et al., 2018). It threatens
global health, prompting the World Health Organization to declare it a
public health emergency of international concern in 2016 (Musso et al.,
2019; Wilder-Smith and Osman, 2020). Clinical manifestations of ZIKV
infection in humans are characterized by a wide spectrum of symptoms
that range from self-limited fever to serious neurological diseases such as
Guillain–Barr�e Syndrome (GBS) (Barrows et al., 2018) and neonatal
microcephaly (Leonhard et al., 2019). Unfortunately, currently no vac-
cines or antiviral drugs are available for ZIKV (Shan et al., 2018). Thus, a
better understanding of the host-pathogen interaction of ZIKV is urgently
needed to facilitate the development of novel therapeutic strategies.

ZIKV is a positive-sense single-stranded RNA virus with an envelope,
and its genome that is approximately 11 kb long and consists of

untranslated regions (UTRs) at both ends and an open reading frame
(ORF) (Shi and Gao, 2017; Huber et al., 2019). The ORF encodes three
structural proteins and seven nonstructural proteins (Guo et al., 2021).
ZIKV NS5 is a nonstructural protein with the most conserved sequence
and largest molecular weight. As a virus replication enzyme, it is not only
responsible for genome replication and capping but also helps the virus
escape from host immune responses (Zhao et al., 2021). In addition, NS5
has been used as an important target for antiviral drug design (Wang
et al., 2018; Gharbi-Ayachi et al., 2020; Song et al., 2021). Since the
epidemic, a series of breakthroughs have been achieved on the structure
and function of ZIKV NS5 (Zhao et al., 2017). However, the mechanisms
how the NS5 regulates host response is not entirely elucidated.

According to previous researches, ZIKV NS5 affects the production of
new virions (Flory et al., 2021) and regulates the expression of various
host factors (Limonta and Hobman, 2020). ZIKV NS5 interacts with host
RIG-I, inhibits K63-linked polyubiquitination of RIG-I, suppresses the
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phosphorylation and nuclear localization of IRF3, and inhibits expression
of interferon (IFN) β (Li et al., 2020). Furthermore, this inhibition de-
pends on the MTase domain of NS5, and the D146 site of the NS5
conserved region was shown to be very important for suppression of the
RIG-I signalling pathway (Li et al., 2020; Schilling et al., 2020). Roby
showed that ZIKV NS5 inhibits JAK/STAT-dependent cytokine signalling
in part by binding to cellular heat shock protein 90 (HSP90) (Roby et al.,
2020). Notably, p53 has also recently been identified as an interacting
partner of ZIKV NS5 in human neural progenitor cells, and ZIKV NS5
induces p53-mediated apoptosis (Li et al., 2021). In vitro experiments
have shown that ZIKV NS5 interacts with endogenous Akt in Huh7.5
cells. Additionally, ZIKV NS5 is phosphorylated by Akt, and Akt in-
hibitors inhibit ZIKV replication; greater inhibition of ZIKV replication is
achieved by specific Akt inhibitors than by nonspecific Akt inhibitors.

IFN responses are stimulated early during flavivirus infection (Dia-
mond, 2009). Previous studies have reported that ZIKV has developed
various strategies to antagonize type I IFN signaling (Lesage et al., 2022).
NS5 has been reported to be involved in different stages of the IFN sig-
nalling cascade through diverse strategies (Best, 2017). ZIKV evades
antiviral signaling, enhancing its replication through NS5-mediated
proteasomal degradation of STAT2 (Best, 2017). ZIKV NS5 interacts
with PAF1C to inhibit the expression of IFN-stimulating genes and ulti-
mately abrogate the host antiviral response (Kovanich et al., 2019).
However, the mechanism by which ZIKV NS5 inhibits IFN signaling re-
quires further exploration.

Splicing factor 3b subunit 3 (SF3B3), an important gene that con-
tributes to alternative spicing, is a member of the SF3B complex within
the U2 snRNP (Stegeman et al., 2016). Recent studies show that SF3B3
plays a vital role in regulating the malignant phenotypes of various
cancer types (Chen et al., 2017; Zhang et al., 2021). GTP cyclohydrolase I
(GCH1) is a rate-limiting enzyme for tetrahydrobiopterin (BH4) synthesis
(Wei et al., 2020). Additionally, the expression of GCH1was higher in the
chickens infected avian influenza viruses with shorter survival time
(Uchida et al., 2012). However, little is known about the biological
functions of SF3B3 and GCH1 in ZIKV infection.

Given the importance of NS5 in the ZIKV life cycle, we sought to
comprehensively identify host factors associated with NS5 that modulate
ZIKV replication using a mass spectrometry-based screening method.
Here, we confirm the interaction of ZIKV NS5 with the host factor SF3B3
and report that ZIKV NS5 upregulates the expression of GCH1. Functional
assays revealed the antiviral effect of SF3B3 and the proviral role of
GCH1. Additionally, we identified GCH1 as a target gene of SF3B3.
Decreased SF3B3 expression upregulated GCH1, thus stimulating ZIKV
replication. Therefore, GCH1 may be a crucial host gene exploited by
ZIKV to promote its replication, and targeting GCH1 may be a viable
approach for better control of ZIKV infection.

2. Materials and methods

2.1. Cell lines and virus

U251 cells were purchased from the Cell Center of Peking Union
Medical College (Beijing, China). U87MG and A549 cells were purchased
from American Type Culture Collection (ATCC). Vero cells and HEK293T
cells were obtained from the Institute of Medical Biology, Chinese
Academy of Medical Sciences, and Peking Union Medical College
(Kunming, China). U251 cells and U87MG cells were cultured in MEM
supplemented with 10% foetal bovine serum (Gibco, Thermo Fisher
Scientific, MA, USA), 1% nonessential amino acids (Gibco, Thermo Fisher
Scientific, MA, USA), 2% sodium pyruvate (Gibco, Thermo Fisher Sci-
entific, MA, USA), 100 U/mL ampicillin and 100 μg/mL streptomycin
(Solarbio, Beijing, China). Vero cells and A549 cells were maintained in
MEM supplemented with 10% foetal bovine serum, 100 U/mL ampicillin
and 100 μg/mL streptomycin. HEK293T cells were cultured in DMEM
with 10% foetal bovine serum, 100 U/mL ampicillin and 100 μg/mL
streptomycin. All cells were cultured at 37 �C with 5% CO2.

ZIKV was obtained using a reverse genetic system. The pACYC177-
T7-ZIKV full-length clone (GenBank: KX253996.1) was previously con-
structed in our laboratory and linearized by NsiI (NEB, MA, USA)
digestion. The enzyme-digested product was used as a template for in
vitro transcription with a mMESSAGE mMACHINE™ T7 kit (AM1344,
Invitrogen); in vitro-transcribed RNAs were eluted in nuclease-free water.
ZIKV was generated by transfecting of the in vitro-transcribed viral RNAs
into Vero cells using Lipofectamine 3000 (L3000, Invitrogen, USA). The
virus was amplified in Vero cells and stored at�80 �C. Virus titration was
determined by performing a plaque assay using Vero cells.

2.2. Construction of plasmids and transfection

The Flag-tag was fused to the C-terminus of NS5 containing KpnI and
XhoI restriction sites through PCR amplification from the pACYC177-T7-
ZIKV full-length clone to construct a plasmid encoding Flag-tagged ZIKV
NS5. The Flag-tagged ZIKV NS5 fragment was digested and cloned into
the KpnI- and XhoI-cut pcDNA4.0 vector using T4 DNA ligase (NEB, MA,
USA). Myc-tagged SF3B3 and GCH1 were amplified using HEK293T cells
as the template and subsequently cloned into the pcDNA4.0 vector. The
primers used are listed in Supplementary Table S1. Cells were seeded in
6-well plates or 10 cm culture dishes (Corning, USA), and then trans-
fected with plasmids at 2.5 μg or 10 μg using Lipofectamine 3000 (L3000,
Invitrogen, USA), respectively.

2.3. Antibodies

Primary antibodies against the following proteins or peptides were
used: ZIKV NS5 (BF-6A1, BioFront, Tallahassee, Fla., USA), 1:1000
dilution for immunoblotting (IB) and 1:50 dilution for immunofluores-
cence (IF); ZIKV E (GTX133314, GeneTex, CA, USA), 1:1000 dilution for
IB; ZIKV E (BF-1176-46, BioFront, Tallahassee, Fla., USA), 1:100 dilution
for IF; Flag (#8146, CST, Danvers, MA, USA), 1:1000 dilution for IB; p-
STAT3 S727 (ab32143, Abcam, Waltham, MA, USA), 1:1000 dilution for
IB; STAT3 (10253-2-AP, Proteintech, China), 1:1000 dilution for IB;
SF3B3 (14577-1-AP, Proteintech, China), 1:2000 dilution for IB and
1:100 dilution for IF; EIF4A3 (17504-1-AP, Proteintech, China), 1:2000
dilution for IB; RPS3A (ab171742, Abcam, Waltham, MA, USA), 1:10000
dilution for IB; and GCH1 (28501-1-AP, Proteintech, China), 1:2000
dilution for IB and 1:100 dilution for IF. An antibody against tubulin
(TA503129, Origene, Maryland, USA) diluted 1:5000 for IB was
employed as a loading control. The secondary antibodies used were as
follows: iFluor™ 594-conjugated goat anti-rabbit IgG polyclonal anti-
body (HA1122, HUABIO, Hangzhou, China), 1:1000 dilution for IF;
iFluor™ 488-conjugated goat anti-mouse IgG polyclonal antibody
(HA1125, HUABIO, Hangzhou, China), 1:1000 dilution for IF; HRP-
conjugated goat anti-mouse IgG (ZB-2305, ZSGB-BIO, Hangzhou,
China), 1:10000 dilution for IB; and HRP-conjugated goat anti-rabbit IgG
(ZB-2301, ZSGB-BIO, Hangzhou, China), 1:10000 dilution for IB.

2.4. Pull down and silver staining

Lysates of U251 cells expressing Flag and ZIKV NS5-Flag were pre-
pared using IP lysis buffer (P0013, Beyotime, Shanghai, China) con-
taining protease and phosphatase inhibitors (A32959, Thermo Scientific,
MA, USA). The cell extracts were incubated with Anti-Flag Affinity Gel
(P2282, Beyotime, Shanghai, China) for 12 h at 4 �C. After incubation,
the affinity gel was washed with cold IP lysis buffer. The eluate was
collected and visualized after separation on 10% SDS-PAGE gels followed
by silver staining with a Fast Silver Stain Kit (P0017S, Beyotime,
Shanghai, China). Proteins extracted from the gel were digested with
trypsin and analysed using a liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) system (Applied Protein Technology Co., Ltd.,
Shanghai, China).
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2.5. Tandem mass tag (TMT)-based quantitative proteomic analysis

Three replicates of U251 cells transiently overexpressing ZIKV NS5
and corresponding control U251 cells per group were lysed with 40 μL of
SDT buffer (100 mmol/L Tris, 1 mmol/L DTT, and 4% (w/v) SDS, pH ¼
7.6) supplemented with protease and phosphatase inhibitors (A32959,
Thermo Scientific, MA, USA) for 30 min at 4 �C, followed by boiling for
10 min at 98 �C. Subsequently, the TMT-based quantitative proteomic
analysis was performed at Shanghai Applied Protein Technology Co., Ltd.

2.6. Western blotting and coimmunoprecipitation

Total protein was extracted from whole cells using RIPA lysis buffer
(89900, Thermo Scientific, MA, USA) containing protease and phos-
phatase inhibitors. Samples containing equal amounts of protein were
separated on SDS-PAGE and transferred to PVDF membranes
(#1620177, Bio-Rad). After blocking with 5% skim milk for 1 h at 25 �C,
the membranes were incubated with primary antibodies at 25 �C for 2 h,
followed by an HRP-linked secondary antibody at 25 �C for 1 h. The
samples were detected using an enhanced chemiluminescence detection
system (PK10001, Proteintech, China), and the intensity of protein
expression was quantified using ImageJ software.

For immunoprecipitation (IP), U251 or U87MG Flag- and ZIKV NS5-
Flag-overexpressing cells were lysed using ice-cold IP lysis buffer con-
taining protease and phosphatase inhibitors. The supernatant was incu-
bated with Anti-Flag Affinity Gel at 4 �C overnight with constant rotation.
After the incubation, the affinity gel was washed five times with cold IP
lysis buffer. The precipitated proteins were eluted by resuspending the
affinity gel in 2� SDS-PAGE loading buffer and boiling it for 10 min at 98
�C. The boiled protein samples were subjected to SDS-PAGE followed by
IB.

2.7. Immunofluorescence staining

U251 NC cells and ZIKV NS5-overexpressing cells and U251 mock-
and ZIKV-infected cells were seeded in 24-well plates containing 20-mm
glass coverslips. After 24 h, the culture medium was removed, and the
cells were washed three times and fixed with 4% PFA in PBS at 25 �C for
15 min. The PFA-fixed cells were permeabilized with 1% Triton-100 for
10 min at 25 �C. The cells were blocked with PBS containing 3% FBS for
1 h at 25 �C and incubated with the primary antibodies: anti-ZIKV NS5,
anti-ZIKV E, anti-SF3B3, anti-GCH1 at 4 �C overnight. After three washes
with PBS-T, incubation with the secondary antibodies: iFluor™ 594-con-
jugated goat anti-rabbit IgG polyclonal antibody, iFluor™ 488-conju-
gated goat anti-mouse IgG polyclonal antibody was performed for 1 h,
followed by 3 washes with PBS. Images were captured using a Leica TCS
SP8 microscope (Germany).

2.8. Nuclear and cytoplasmic fractionation

A Nuclear and Cytoplasmic Protein Extraction Kit (P0028, Beyotime,
Shanghai, China) was used to separate the nuclear and cytoplasmic
protein components according to the manufacturer's instructions. Briefly,
cells were resuspended in 200 μL cytoplasmic protein extraction buffer A
with PMSF and incubated on ice for 15 min. Then, 10 μL cytoplasmic
protein extraction buffer B was added. Cells were incubated on ice for 1
min and centrifuged at 12, 000�g for 5 min at 4 �C. Supernatant (cyto-
plasm) was separated from pellet. Cell pellets were resuspended in 50 μL
nucleoplasm protein extraction buffer with PMSF and vortexed 15 s every
2 min for 30 min. The suspension was centrifuged at 12, 000�g for 10
min at 4 �C. Supernatant (nucleoplasm) was separated from pellet.

2.9. siRNA-mediated transient knockdown

Cells were transfected with 50 nmol/L (final concentration) siRNAs
using GP-transfect-Mate (Gene Pharma Co., Ltd., China), and were used

for the following experiments 48 h after transfection. siRNAs against
human SF3B3 (siSF3B3) and GCH1 (siGCH1) and the negative control
siRNA (siNC) were produced by Gene Pharma (Gene Pharma Co., Ltd.,
China). The sense and antisense sequences of siRNAs are listed in Sup-
plementary Table S2.

2.10. Plaque-forming assay

Tenfold dilutions of virus samples were added to monolayers of
confluent Vero cells in 6-well plates at 37 �C for 1 h. After the incubation,
the inocula were removed, and the cells were overlaid with 2 mL of MEM
containing 1% low-melting-point agarose, 2% FBS, 100 U/mL ampicillin
and 100 μg/mL streptomycin. After three days, the monolayers were
stained with 0.1% neutral red, and plaques were counted.

2.11. qRT-PCR

Briefly, total RNAwas extracted with TRIzol (Qiagen, Germany). RNA
quality and quantity were assessed using a NanoDrop2000 spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA). Equal amounts
of total RNA were subjected to reverse transcription for cDNA synthesis
using a PrimeScript™ RT reagent Kit with gDNA Eraser (RR047A,
Takara, Otsu, Japan). qRT-PCR was conducted by using cDNAs and
SsoFast EvaGreen Supermix (1725202, Bio-Rad, Foster City, CA, USA)
according to themanufacturer's instructions and a Bio-Rad CFX96 System
(Bio-Rad, Foster City, CA, USA). qPCRs were performed in triplicate.
β-Actin was used as a reference gene for mRNAs. The primer sequences
used for qRT-PCR are listed in Supplementary Table S1.

2.12. Luciferase reporter assay

HEK293T cells cultured in 24-well plates were transfected with 100
ng of the ISRE-luc reporter plasmid, 5 ng of the pRL-TK reporter plasmid
and 400 ng of a plasmid expressing the indicated proteins or empty
plasmid. Similarly, HEK293T cells were transiently co-transfected with
100 ng of the ISRE-luc reporter plasmid, 5 ng of the pRL-TK reporter
plasmid and 50 nmol/L (final concentration) siRNAs. At 24 h after
transfection, the cells were stimulated with 1 ng/mL IFNβ or IFNγ
(Peprotech, USA) for an additional 12 h. Cell lysates were used to
determine luciferase activity using a Dual Luciferase Reporter Assay
System (E1910, Promega, USA) according to the manufacturer's protocol;
firefly luciferase activity levels were normalized to those of Renilla
luciferase.

2.13. Cycloheximide chase assay

GCH1-overexpressing U87MG cells transfected with 50 nmol/L (final
concentration) SF3B3 siRNA or siNC and 48 h post transfection were
treated with 50 mg/mL Cycloheximide (CHX) (C7698, Sigma-Aldrich, St.
Louis, Missouri, USA). Protein lysates were collected following 0, 6 or 12
h exposure to CHX. Western blotting was performed as described above.

2.14. Statistical analysis

Statistical significance was examined using GraphPad Prism software
version 8.0. All data are presented as the means � SEM, and each
experiment was performed with three biological replicates. Comparisons
between two groups were performed using Student's t-test (two-tailed),
while multiple comparisons were performed using one-way analysis of
(ANOVA). Differences were considered to be statistically significant at P
< 0.05. *P < 0.05, **P < 0.01, and ***P < 0.001.
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3. Results

3.1. SF3B3 interacts with ZIKV NS5

We first sought to identify potential host factors interacting with ZIKV
NS5 that regulate virus infection or innate immunity. NS5 with a C-ter-
minal Flag tag was expressed in U251 cells and conjugated to Anti-Flag
affinity gel along with Flag as a negative control to capture interacting
proteins that bind to NS5. In contrast to the negative control group, the
ZIKV NS5-Flag-overexpressing group showed enrichment of some differ-
entially altered bands. Subsequently, we excised and trypsinized whole
protein bands and analysed them using LC-MS/MS (Fig. 1A and B). We
identified 52 cellular candidate proteins interacting with ZIKV NS5
compared to negative control group (Supplementary Table S3). The data
from the GO analysis showed that 15 of these proteins were most enriched

in terms related to splicing-related factors (Fig. 1C and D). After ranking
the proteins using propensity score matching (PSM), we selected several of
the top splicing-related factors for a follow-up analysis (Supplementary
Table S3). Subsequently, Flag-tagged ZIKV NS5was individually expressed
in U251 and U87MG cells, and extracts were used for co-IP assays and
Western blot analysis; as a control, the same procedure was performed
with an empty vector. Co-precipitation of SF3B3, EIF4A3, and RPS3A was
observed with NS5 (Fig. 1E and F). Together, these data indicate that
SF3B3 interacts with ZIKV NS5 in transiently transfected glioma cells.

3.2. SF3B3 is a host factor restricting ZIKV infection via IFN signalling
pathway

In ZIKV infected U251 and U87MG cells, it showed that the SF3B3
protein level was downregulated following virus infection (Fig. 2A and

Fig. 1. SF3B3 is a host factor interacting with NS5. A Western blot showing the expression of NS5 in U251 cells transfected with the empty vector (NC) or ZIKV NS5
overexpression vector. B Identification of the NS5 complex pulled down by Anti-Flag Affinity Gel using protein extracts from U251 cells transfected with the empty
vector (NC) or ZIKV NS5 overexpression vector. C The major functional categories of host proteins interacted with ZIKV NS5 are depicted. Mass spectrometry analysis
of host proteins from NS5 complex of the affinity gel. D Interactions of ZIKV NS5 and host proteins identified by mass spectrometry. (E, F) SF3B3 interacts with ZIKV
NS5 both in U251 and U87MG cells. Whole-cell extracts from U251 and U87MG cells expressing NC or NS5-Flag were subjected to immunoprecipitation with Anti-Flag
Affinity Gel followed by immunoblotting (IB) with specific antibodies against the indicated proteins. All experiments were independently repeated three times.
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B). To assess the role of SF3B3 in ZIKV infection, cells were transfected
with a specific SF3B3-targeted siRNA (siSF3B3). Treatment with siSF3B3
following ZIKV infection successfully reduced SF3B3 protein expression
in U251 and U87MG cells (Fig. 2C). Compared with the negative control
group, the abundance of ZIKV E protein was markedly increased in U251
and U87MG cells with SF3B3 silencing (Fig. 2C). We then analysed the
effect of SF3B3 knockdown on plaque formation. Vero cells were incu-
bated with cell supernatants from Fig. 2C. Compared with the negative
control group, the plaque-forming units were markedly increased in the
SF3B3 silencing group (Fig. 2D). These data show that silencing SF3B3
promotes ZIKV replication. Then we assessed whether SF3B3 over-
expression inhibits ZIKV replication. It was confirmed that SF3B3 over-
expressing significantly reduced ZIKV proliferation and plaque formation
in U251 and U87MG cells infected with ZIKV (Fig. 2E and F). In

summary, these results show that SF3B3 negatively modulates ZIKV
proliferation.

We described the antiviral function of SF3B3, but the ability of SF3B3
to regulate IFN signaling remains largely unknown and has not been
reported previously, which inspired us to investigate the role of SF3B3 in
regulating the antiviral immune response. IFN response in restricting
flavivirus infection has been confirmed (Diamond, 2009). STAT3 acti-
vated in response to IFN stimulation located in the ISRE inducing ISG
expression against virus infection (Mahony et al., 2017). Here, we
transfected HEK293T cells with an ISRE promoter-driven luciferase re-
porter, internal control Renilla luciferase reporter and vector encoding
SF3B3 or the empty vector. SF3B3 substantially increased ISRE
promoter-driven luciferase activity after IFNβ or IFNγ stimulation, while
ISRE promoter-driven luciferase activity was decreased when SF3B3 was

Fig. 2. Silencing SF3B3 enhances ZIKV replication via IFN signalling. (A, B) Levels of the SF3B3 protein in U251 and U87MG cells subjected to mock or ZIKV infection
(MOI: 0.1) for 24 h and 48 h were measured using Western blotting. C ZIKV E protein was increasingly expressed following SF3B3 silencing in ZIKV infected U251 and
U87MG cells. U251 and U87MG cells were transfected with a nonrelated siRNA (siNC) or specific siRNA against SF3B3 for 48 h followed by infection with ZIKV (MOI
¼ 0, 0.1, and 1) for 48 h. D SF3B3 knockdown promotes plaque formation. Vero cells were treated with the cellular supernatants of ZIKV infection (MOI ¼ 0.1) group
collected in (C) for 1 h at 37 �C. The plaque assay was performed to compare the cytopathic effect. E The expression of ZIKV E protein was downregulated following
SF3B3 overexpression in ZIKV infected U251 and U87MG cells. U251 and U87MG cells were transfected with the empty vector (NC) or SF3B3-Myc overexpression
vector and then infected with ZIKV (MOI: 0.1) for 48 h. Cellular supernatants were collected. The expression levels of SF3B3 and ZIKV E protein were measured using
Western blotting. F SF3B3 inhibits plaque formation. Vero cells were treated with the cellular supernatants of ZIKV infection (MOI: 0.1) group collected in (E) for 1 h at
37 �C. The plaque assay was performed to compare the cytopathic effect. (G, H) Effects of SF3B3 on IFNβ/IFNγ-induced ISRE promoter activation. HEK293T cells were
transfected with the indicated protein expression plasmid or siRNA, the ISRE reporter plasmid and the pRL-TK reporter plasmid for 24 h. The cells were then treated
with IFNβ or IFNγ as described in the Materials and Methods. Twelve hours later, cell lysates were assayed for luciferase activity. (I, J) SF3B3 induced antiviral genes
expression. I A549 cells were transfected with NC or the SF3B3 overexpression plasmids following mock or ZIKV infection. J A549 cells were transfected with siNC or
SF3B3 siRNA following mock or ZIKV infection. Cells were harvested at 24 hpi, and the expression levels of RIG-I, ISG-15, and MxA were examined using qRT-PCR. K
SF3B3 increased phosphorylation of STAT3 on S727. U251 cells were transfected with NC or the SF3B3-overexpression plasmid, or siNC or siSF3B3 RNA following
ZIKV (MOI ¼ 0 and 0.1) infection, respectively. After 48 h, total cellular proteins were collected and subjected to Western blotting using antibodies against STAT3, p-
STAT3, ZIKV E, SF3B3 and tubulin. All experiments were independently repeated three times. Data are presented as the means � SEM. Comparisons between two
groups were performed using unpaired two-tailed Student's t-test, while multiple comparisons were performed using one-way analysis of variance (ANOVA) with
Dunnett's test. *P < 0.05, **P < 0.01, and ***P < 0.001.
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knocked down (Fig. 2G and H). Subsequently, we examined the endog-
enous induction of RIG-I and ISG expression after mock and ZIKV
infection in A549 cells. The expression of the pattern recognition re-
ceptor RIG-I, which detects viral RNA, was increased in
SF3B3-overexpressing cells but decreased in SF3B3-knockdown cells.
Similar to ISRE promoter-driven luciferase reporter activation, SF3B3
substantially promoted the production of ISGs, including ISG15 and MxA
(Fig. 2I and J). Additionally, the stimulation of SF3B3 to ISG genes,
particularly MxA, was attenuated to some extent by ZIKV infection
(Fig. 2I and J), verifying the antagonistic effect of ZIKV on the antiviral
response of host cells. As STAT signalling acts upstream of ISG produc-
tion, the extent of STAT phosphorylation was also analysed in
SF3B3-overexpressing and SF3B3-knockdown U87MG cells during ZIKV
infection. Western blotting confirmed that ZIKV infection promoted
STAT3 phosphorylation (Fig. 2K). Moreover, SF3B3 overexpression
promoted STAT3 phosphorylation but SF3B3 silencing significantly
inhibited phosphorylation under ZIKV infection and mock infection

(Fig. 2K). In contrast, ZIKV NS5 inhibited ISRE promoter-driven lucif-
erase activity after IFNβ or IFNγ stimulation (Supplementary Fig. S1) and
reduced the levels of STAT3 and p-STAT3 (Supplementary Fig. S2).
Collectively, these results indicate that SF3B3 functions as a host factor
restricting ZIKV replication via the IFN signalling pathway.

3.3. NS5-mediated upregulation of GCH1 correlates positively with ZIKV
infection

Proteomic profiling of three NS5-overexpressing samples and three
negative control samples with empty vector was performed using TMT-
based quantitative proteomic technology to further explore the target
genes of the NS5-interacting protein SF3B3. Differentially expressed
proteins were identified according to the criteria of a minimum 1.2-fold
change in expression (greater than 1.2-fold upregulation; less than 0.83-
fold downregulation) and a P value < 0.05. Eighteen proteins were
identified. Twelve of these proteins were identified to be upregulated and

Fig. 3. GCH1 protein is actively induced by ZIKV infection and is positively correlated with NS5. (A, B) Identification of host genes regulated by ZIKV NS5 using a
proteomics analysis. A Heatmap showing the unsupervised clustering of differentially expressed genes regulated by ZIKV NS5 in U251 cells. B Volcano plot showing the
variation in gene expression of U251 cells after NS5 transfection. Upregulated genes (red) and downregulated genes (blue) with a fold change>1.2 and P < 0.05 are
shown. C NS5 induced the expression of GCH1 in a dose-dependent manner. U251 cells were transfected with increasing amounts of ZIKV NS5-Flag for 48 h, and the
protein expression levels of NS5 and GCH1 were analysed using Western blotting. (D–G) GCH1 expression was induced after ZIKV infection. (D, F) RT-qPCR analysis of
GCH1 mRNA levels in mock- and ZIKV infected (MOI ¼ 0.1) U251 and U87MG cell lines at 24 h postinfection at an. β-Actin was used as an internal reference. (E, G) U251
and U87MG cells were infected without or with ZIKV at an MOI of 0.1 for 48 h, and the cells were harvested for immunoblotting. All experiments were independently
repeated three times. Data are presented as the means � SEM. Comparisons between two groups were performed using unpaired two-tailed Student's t-test, while multiple
comparisons were performed using one-way analysis of variance (ANOVA) with Dunnett's test. *P < 0.05, **P < 0.01, and ***P < 0.001.
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eight to be downregulated upon NS5 overexpression compared with the
negative control group (Fig. 3A and B). Among these genes, GCH1 is
closely related to the host antiviral immune response, according to pre-
vious studies. For example, the GCH1 protein correlates with survival in
chickens infected with recombinant viruses of a highly pathogenic avian
influenza virus (Uchida et al., 2012). Additionally, high expression of
GCH1 influences the evolution of antimalarial antifolate drug resistance,
whereas GCH1 mutation is associated with inflammatory pain disorders
(Khairallah et al., 2021). We first transfected cells with an NS5 over-
expression plasmid to determine whether the dynamics of GCH1
expression are affected by NS5. Western blotting assay showed that the
GCH1 level gradually increased as the expression of ZIKV NS5 increased
(Fig. 3C). Additionally, GCH1 mRNA expression was upregulated in

ZIKV-infected U251 and U87MG cell lines (Fig. 3D and F). Consistently,
the GCH1 protein level was increased following ZIKV infection (Fig. 3E
and G). These results demonstrated that GCH1 upregulation induced by
ZIKV infection is positively correlated with NS5 protein.

3.4. GCH1 promotes ZIKV replication by inhibiting the IFN signalling
pathway

To date, no reports have described whether ZIKV modulates host
GCH1 expression to facilitate its replication. Hence, we sought to explore
the regulatory effect of GCH1 on ZIKV replication by transfecting U251
and U87MG cells with GCH1-targeted siRNA (siGCH1) following ZIKV
infection. siGCH1 treatment resulted in a reduction of the GCH1 and

Fig. 4. GCH1 promotes ZIKV replication by inhibiting the IFN signalling pathway. A U251 and U87MG cells were transfected with a nonrelated siRNA (siNC) or
specific siRNAs targeting GCH1 for 48 h, followed by infection with ZIKV (MOI: 0.1) for 48 h. B Vero cells were treated with the cellular supernatants collected in (A)
for 1 h at 37 �C. The plaque assay was performed to compare the cytopathic effect in siNC and siGCH1 groups. (C, D) GCH1 promotes ZIKV replication. C U251 cells
were transfected with the empty vector (NC) or GCH1-Myc overexpression vector and then exposed to ZIKV infection (MOI: 0.1) for 48 h. Cellular supernatants were
collected and the expression levels of GCH1 and ZIKV E were measured using Western blotting. D Vero cells were treated with the cellular supernatants collected in (C)
for 1 h at 37 �C. The plaque assay was performed to compare the cytopathic effect in NC and GCH1 overexpression group. (E, F) Effects of GCH1 on IFNβ/IFNγ-induced
ISRE promoter activation. HEK293T cells were transfected with the indicated protein expression plasmid or siRNA, the ISRE reporter plasmid and the pRL-TK reporter
plasmid. The cells were treated with IFNβ or IFNγ, as described in the Materials and Methods. Twelve hours later, cell lysates were assayed for luciferase activity.
(G, H) GCH1 inhibited antiviral genes expression. G A549 cells were transfected with NC and GCH1 overexpression plasmids following ZIKV infection. H A549 cells
were transfected with siNC or specific siRNAs against GCH1 following ZIKV infection. Cells were harvested 24 hpi, and the expression levels of RIG-I, ISG-15, and MxA
were examined using qRT-PCR. (I, J) GCH1 decreased phosphorylation of STAT3 on S727. U251 and U87MG cells were transfected with NC or GCH1 overexpression
plasmid or siNC and siSF3B3 RNA following ZIKV infection. After 48 h, total cellular proteins were collected and subjected to Western blotting using antibodies against
STAT3, p-STAT3, ZIKV E, GCH1 and tubulin. All experiments were independently repeated three times. Data are presented as the means � SEM. Comparisons between
two groups were performed using unpaired two-tailed Student's t-test, while multiple comparisons were performed using one-way analysis of variance (ANOVA) with
Dunnett's test. *P < 0.05, **P < 0.01, and ***P < 0.001.
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ZIKV E protein levels in U251 and U87MG cells, respectively (Fig. 4A).
The plaque-forming assay showed reduced plaques in siGCH1 treated
cells compared with the negative control siRNA (siNC) treatment group
(Fig. 4B). Additionally, we further validated the proviral effect of GCH1
by an GCH1 overexpression plasmid. First, the transfection efficiency was
confirmed by detecting the high expression level of GCH1 protein in
U251 and U87MG cells infected with ZIKV (Fig. 4C). As shown in Fig. 4C
and D, ZIKV E protein level and the number of viral plaques were
significantly increased by forced expression of GCH1 in U251 and
U87MG cells. In summary, all these findings strongly support a role for
GCH1 as a host proviral factor in ZIKV propagation.

Further, we examined the regulatory effect of GCH1 on the IFN sig-
nalling pathway and found that its overexpression inhibited IFNγ-medi-
ated but not IFNβ-mediated ISRE activity (Fig. 4E and F). Overexpression
of GCH1 reduced the levels of the RIG-I, ISG-15, and MxA mRNA upon
ZIKV infection (Fig. 4G), and the expression level of ISG15 was signifi-
cantly increased when GCH1 was silenced during ZIKV infection
(Fig. 4H). Additionally, Western blotting confirmed that GCH1 over-
expression inhibited STAT3 phosphorylation (Fig. 4I and J); in contrast,
GCH1 silencing promoted STAT3 phosphorylation (Fig. 4I and J).
Together, it suggests that GCH1 regulates the IFN signalling pathway
through the phosphorylation of STAT3.

3.5. ZIKV infection induces the expression of GCH1 through a mechanism
regulated by SF3B3

We have clarified that the NS5-binding protein SF3B3 exerts a stim-
ulatory effect on the IFN pathway. Moreover, the NS5-mediated upre-
gulation of the GCH1 protein is reported to induce immunosuppression
(Wei et al., 2021). We next investigated whether GCH1 is a downstream
target of SF3B3. The expression of GCH1 was evaluated in
SF3B3-overexpressing and -knockdown cells following ZIKV infection.
Compared with the control group, the expression levels of the GCH1
protein were significantly decreased in the SF3B3-overexpressing group.

Consistently, transfection of siSF3B3 significantly increased GCH1 pro-
tein expression levels (Fig. 5A and B). In addition, a CHX pulse-chase
assay was performed to examine the effect of SF3B3 on GCH1 stability.
As shown in Fig. 5C, SF3B3 knockdown slowed the degradation of GCH1.
Taken together, SF3B3 promotes the degradation of GCH1. As GCH1
expression is regulated by SF3B3 in ZIKV-infected glioma cells, we
knocked down SF3B3 in GCH1-silenced U87MG cells following ZIKV
infection and analysed the effects on ZIKV proliferation. We found that
SF3B3 knockdown significantly rescued ZIKV E protein expression and
viral plaque formation in GCH1-silenced U251 cells (Fig. 5D). Collec-
tively, these results indicate that SF3B3 inhibits ZIKV replication by
targeting GCH1.

3.6. Subcellular localization of SF3B3 and GCH1

It has been reported some viral proteins can alter the localization of
certain host factors by regulating their nuclear-cytoplasmic shuttling
(Sajidah et al., 2021). In this study, we examined the subcellular locali-
zation of SF3B3 and GCH1 after NS5 overexpression and ZIKV infection
by immunostaining and confocal microscopy analysis. Overall, the
expression of ZIKV NS5 and ZIKV infection didn't change the subcellular
localization of SF3B3 and GCH1 (Fig. 6A–D). Similar results were ob-
tained from the nuclear and cytoplasmic fractionation by Western blot-
ting assays (Fig. 6E). Taken together, ZIKV infection does not alter the
subcellular localization of SF3B3 and GCH1.

4. Discussion

An understanding of the regulatory mechanisms in ZIKV-infected
cells will allow us to obtain insights into the disease pathogenesis and
treatment of patients. The antiviral immune response is a complicated
process (Ngono and Shresta, 2018). Type I IFN and the downstream STAT
signalling pathway, which are vital components of the innate immune
system, play crucial roles in mammalian host defences against viral

Fig. 5. ZIKV infection induces the expression of GCH1 which was negatively regulated by SF3B3. (A, B) SF3B3 negatively correlates with GCH1 expression level in
ZIKV-infected U251 and U87MG cells. A U251 cells were transfected with NC, or SF3B3 overexpression vector. After transfection 24 h, cells were ZIKV infected (MOI
¼ 0.1) or mock infected for 48 h. B U87MG cells were transfected with siNC, or siSF3B3 RNA. After transfection 24 h, cells were ZIKV infected (MOI ¼ 0.1) or mock
infected for 48 h. C SF3B3 promotes degradation of GCH1. GCH1-overexpressed U87MG cells were incubated with 50 nmol/L SF3B3 siRNA or siNC for 48 h and then
treated with 50 mg/mL CHX. GCH1 expression was analysed using immunoblotting. D GCH1 knockdown reverses the promoting effects of siSF3B3 on ZIKV repli-
cation. SF3B3 was knocked down in U251 GCH1-knockdown or control cells. The plaque formation assay was performed, and plaque-forming units were counted. All
experiments were independently repeated three times. Data are presented as the means � SEM. Comparisons between two groups were performed using unpaired two-
tailed Student's t-test, while multiple comparisons were performed using one-way analysis of variance (ANOVA) with Dunnett's test. *P < 0.05, **P < 0.01, and ***P
< 0.001.
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infection (Chen et al., 2018). Previous studies have reported that ZIKV
antagonizes type I IFN signalling through various molecular defence
strategies to maintain infection (Ren et al., 2021). Certain viral proteins,
such as NS2A (Fanunza et al., 2021), NS4B (Fanunza et al., 2021), and
NS5 (Zhao et al., 2021), antagonize the IFN response following ZIKV
infection over time. Although ZIKV NS5, one of the most potent type I IFN
antagonists (Best, 2017), has been documented to play an important role
in promoting ZIKV infection (Thurmond et al., 2018), the mechanism by
which NS5 senses ZIKV invasion remains unclear.

ZIKV utilizes host factors throughout its life cycle (Shah et al., 2018;
Guo et al., 2021). Thus, more host factors regulated by ZIKV NS5 must be
characterized to understand their roles during viral infection. Using
immunoprecipitation of EGFP-tagged proteins to capture the NS5 inter-
actome, Duangnapa Kovanich et al. reported that 30 proteins (including
SF3B3, SF3B1, and RBMX) may be shared NS5-interacting proteins
among JEV and ZIKV (Kovanich et al., 2019). Another study reported
that SF3B3 might play a crucial role in the progression of hand, foot, and
mouth disease (HFMD) (Lin et al., 2020). Schreiber et al. used a
high-throughput siRNA screening method to show that multiple U2
snRNP spliceosome family members, including SF3B3, induce
host-mediated restriction of recombinant adeno-associated viruses
(Schreiber et al., 2015). Furthermore, Meng Miao et al. used proteomic
strategies to show that SF3B3 is downregulated in K562 cells infected
with dengue virus (Miao et al., 2019). To date, however, little is known
about the role of SF3B3 in ZIKV infection. In the present study, we
identified SF3B3, a member of the U2 snRNP spliceosome, interacted
with ZIKV NS5 (Finci et al., 2018). Our study provides evidence that
SF3B3 downregulation in ZIKV-infected glioma cells confers antiviral
activity (Fig. 6F). The expression levels of RIG-I, ISG-15, and MxA were
increased in parallel with SF3B3 upregulation.

Many studies have reported that ZIKV is highly dependent on the
abnormal expression of host factors for its replication. Krystal A Fontaine
et al. reported that ZIKV capsid targets UPF1 for degradation, resulting in
enhanced ZIKV infection (Fontaine et al., 2018). In this study, we identified

that NS5 is able to induce the expression of GCH1. Overexpression of GCH1
resulted in decreased expression levels of components of the IFN signalling
cascade, such as ISG-15 and MxA, contributing to its proviral activities.
Additionally, the expression of the GCH1 protein was negatively regulated
by SF3B3. Moreover, a knockdown-rescue experiment showed that SF3B3
silencing rescued ZIKV replication in GCH1-depleted cells. Therefore, our
study reveals an important SF3B3-GCH1 signalling axis involved in ZIKV
infection (Fig. 6F). GCH1 might be an efficient target for ZIKV infection
therapeutic treatment. Specific small molecular inhibitors targeting GCH1
might be next research direction.

Members of the STAT family are critical transcription factors required
for the activation of IFN-stimulated antiviral genes (Ivashkiv and Donlin,
2014; Nan et al., 2017). In addition, phosphorylation of the STAT family
leads to enhanced transcriptional activity. ZIKV NS5 might interfere with
the type I IFN response by blocking the phosphorylation of STAT1
(Hertzog et al., 2018), while MxA inhibits ZIKV propagation by pro-
moting the phosphorylation of STAT1 and STAT2 (Ren et al., 2021). The
conclusion can be further confirmed by our results showing that the
expression of STAT3 and p-STAT3 was downregulated in ZIKV NS5
overexpression U87MG cells. While, antiviral response can be induced
under ZIKV infection. Our finding is consistent with a recent report
demonstrated that phosphorylation of STAT3 was up-regulated in ZIKV
infection cells, which supports the idea that STAT3 activation is impor-
tant in ZIKV infection (Zhu et al., 2017). We have previously confirmed
that both SF3B3 and GCH1 regulate ISG expression, although their ability
to modulate upstream STAT signalling is a question that needs to be
addressed. Our results show that SF3B3 overexpression results in
increased phosphorylation of STAT3, and GCH1 overexpression leads to
decreased phosphorylation of STAT3. Therefore, we speculate that
phosphorylation of STAT3 could be inhibited through SF3B3 down-
regulation and GCH1 upregulation by ZIKV infection, resulting in pro-
motion of virus proliferation. The limitation of our study is its in vitro
character. Further in vivo investigation is needed to reveal the role of
SF3B3 and GCH1 in ZIKV infection.

Fig. 6. Subcellular localization of SF3B3 and GCH1 and graphical illustration of the interaction between them. (A–D) Immunofluorescence colocalization was imaged
using a confocal microscope. Scale bar, 25 μm. (A–B) Subcellular localization of SF3B3, GCH1 and ZIKV NS5 in NC- and NS5-Flag-transfected U251 cells. (C–D)
Subcellular localization of SF3B3, GCH1, and ZIKV E in mock- and ZIKV-infected U251 cells. (E) The protein levels of SF3B3, GCH1 and ZIKV NS5 in subcellular
fractions from NC or NS5-Flag U251 cells, and the levels of SF3B3, GCH1 and ZIKV E in subcellular fractions from mock- or ZIKV-infected U251 cells were detected
using Western blotting (Nuc: nucleoplasm, Cyt: cytoplasm). All experiments were independently repeated three times. (F) Schematic representation of the mechanism
by which the NS5-binding protein SF3B3 and GCH1 regulate ZIKV replication. The schematic diagram was generated with www.figdraw.com.
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The subcellular location of host factors influences ZIKV replication.
For example, intracellular translocation of HMGB1 impacts ZIKV repli-
cation (Chin et al., 2022). However, our current findings suggest that
ZIKV infection does not trigger SF3B3 and GCH1 translocation between
the nucleus and cytoplasm of glioma cells.

5. Conclusions

In conclusion, we document a novel regulatory mechanism of NS5 in
ZIKV infection that is specifically mediated by the regulation of SF3B3
and GCH1 to modulate the innate immune response. The regulatory ef-
fect of GCH1 on ZIKV replication and IFN signalling is weaker than
SF3B3. Thus, the hypothesis that SF3B3 mediates antiviral effects on
ZIKV by targeting GCH1 is reasonable. These results provide a better
understanding of the roles of SF3B3 and GCH1 in ZIKV infection.
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