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A B S T R A C T

Zika virus (ZIKV) evolves non-structural proteins to evade immune response and ensure efficient replication in the
host cells. Cholesterol metabolic enzyme 7-dehydrocholesterol reductase (DHCR7) was recently reported to
impact innate immune responses in ZIKV infection. However, the vital non-structural protein and mechanisms
involved in DHCR7-mediated viral evasion are not well elucidated. In this study, we demonstrated that ZIKV
infection facilitated DHCR7 expression. Notably, the upregulated DHCR7 in turn facilitated ZIKV infection and
blocking DHCR7 suppressed ZIKV infection. Mechanically, ZIKV non-structural protein 4B (NS4B) interacted with
DHCR7 to induce DHCR7 expression. Moreover, DHCR7 inhibited TANK-binding kinase 1 (TBK1) and interferon
regulatory factor 3 (IRF3) phosphorylation, which resulted in the reduction of interferon-beta (IFN-β) and
interferon-stimulated genes (ISGs) productions. Therefore, we propose that ZIKV NS4B binds to DHCR7 to repress
TBK1 and IRF3 activation, which in turn inhibits IFN-β and ISGs, and thereby facilitating ZIKV evasion. This study
broadens the insights on how viral non-structural proteins antagonize innate immunity to facilitate viral infection
via cholesterol metabolic enzymes and intermediates.
1. Introduction

As a mosquito-borne flavivirus, Zika virus (ZIKV) was initially iden-
tified from rhesus macaque in Uganda in 1947. Underwent several out-
breaks worldwide, ZIKV epidemic has become a cumulative global health
threat due to the explosive expansion through mosquito route, world-
wide travel of asymptomatic transporters, and sexual transmission. Most
of ZIKV infections in the past epidemics were asymptomatic or mild
(Wang et al., 2016), however, in the last several epidemics, ZIKV infec-
tion has led to the devastating diseases, including neurological sequelae
during pregnancy (microcephaly and fetal demise) and neurological
disorder (Guillain-Barr�e syndrome) in adults (Cao-Lormeau et al., 2016;
Pierson and Diamond, 2020; Rasmussen et al., 2016). Innate immune
system is the first and critical line of host immune defense against viral
infection. After ZIKV infection, viral RNA was recognized by intracellular
retinoic acid-inducible gene I (RIG-I) (Chazal et al., 2018; Hertzog et al.,
2018; Kato et al., 2006), which initiated the downstream innate immune
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responses, including the TANK binding kinase 1 (TBK1) activation, the
interferon regulatory factor 3 (IRF3) phosphorylation and then leading to
type I interferons (IFN-I) production (Fitzgerald et al., 2003; Grant et al.,
2016; Xia et al., 2018) and the expression of dozens of interferon--
stimulated genes (ISGs) with various antiviral effects (Savidis et al.,
2016; Schneider et al., 2014).

Host immune system produces IFNs and ISGs to restrict viral infection,
however, ZIKV itself evolved a variety of escape mechanisms to ensure
successfully survival and replication in the host cell, such as encoding
specific non-structural (NS) proteins. ZIKV genomic RNA generates seven
non-structural proteins, including NS1, NS2A, NS2B, NS3, NS4A, NS4B,
and NS5 (Berthoux, 2020). ZIKV NS1 recruits host deubiquitinase USP8 to
stabilize caspase-1 and attenuates type I IFN signaling to benefit ZIKV
infection (Zheng et al., 2018). A mutant NS1 has been reported to bind to
TBK1 and decrease the phosphorylation of TBK1, leading to reduced IFN-β
production (Xia et al., 2018). ZIKV NS3 binds to and sequesters human
scaffold proteins (14-3-3ε and 14-3-3η) (Riedl et al., 2019), while NS4A
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interacts with MAVS to attenuate RIG-I- and MDA5-mediated innate im-
mune responses (Ma et al., 2018). Notably, ZIKV NS5 binds and degrades
signal transducer and activator of transcription 2 (STAT2) to attenuate type
I IFN signaling (Grant et al., 2016; Kumar et al., 2016). Moreover, NS5 was
also been proven to interact with RIG-I and suppress the K63-linked
polyubiquitination of RIG-I, thereby repressing IFN-β production (Li
et al., 2020). In addition, ZIKV NS2A, NS2B, NS4A, and NS4B have also
been demonstrated to overpower IFN-β production through targeting
discrete elements in the RIG-I pathway (Xia et al., 2018).

To achieve efficient replication inmammalian cells, the ZIKV also relies
on the host cellular lipid metabolic components to form envelope and
complete viral particle assembly (Chen et al., 2020; Leier et al., 2020).
Cholesterol is oneof lipid components of cellmembranesandparticipates in
multiple biological functions (Ikonen, 2008). Cellular cholesterol homeo-
stasis is closelymodulatedbycholesterol synthesis, including theabsorption
fromlipoproteinparticles and release toextracellular acceptors.Virtually all
mammalian cells are dependent on cholesterol metabolism (Luo et al.,
2020). Accumulating evidences have indicated that cholesterolmetabolism
participates in innate immune response against viral infection (Blanc et al.,
2013; Petersen et al., 2014; York et al., 2015). Upon viral infection,
cholesterol synthesis was markedly changed and accompanied with the
enhanced expression of IFN-I and ISGs in macrophages (Li et al., 2017;
Liu et al., 2008; York et al., 2015). As the key enzyme in cholesterol meta-
bolism, cholesterol-25-hydroxylase (CH25H) converts cholesterol into
25-hydroxycholesterol (25HC), which has been identified as the biological
product that contributes to innate immune response against a largemajority
of viruses, including human immunodeficiency virus 1 (HIV-1), vesicular
stomatitis virus (VSV), herpes simplex virus 1 (HSV-1), Ebola virus (EBOV),
ZIKV,murine gammaherpes virus (MHV68), Rift valley fever virus (RVFV),
and Russian spring-summer encephalitis virus (RSSEV) (Blanc et al., 2013;
Li et al., 2017; Liu et al., 2013). Current studies are limited in investigating
how cholesterol metabolic products (e.g. 25HC) could manipulate signal
transduction and participate in innate immunity. To date, the enzymes or
intermediates in upstream of cholesterol biosynthesis are still not well
elucidated.As thevital cholesterolmetabolicenzyme,7-dehydrocholesterol
reductase (DHCR7) could erase the C (7–8) double bond in the B ring of
sterols and catalyze the cholesterol from 7-dehydrocholesterol (7-DHC)
(Luu et al., 2015). 7-DHC is also a forerunner of vitamin D, and DHCR7
mutations links to higher vitamin D, suggesting DHCR7 displays compli-
catedly biological effects in conversion of cholesterol and vitamin D (Kuan
et al., 2013; Prabhu et al., 2016a). A well-presented study has shown that
DHCR7 silence could activate the PI3K-AKT3 pathway, leading to IRF3
Ser385 phosphorylation and promote IFN-β production to inhibit multiple
viral infection in vitro and in vivo (Xiao et al., 2020). However, the under-
standing of DHCR7 mediated cholesterol metabolism in ZIKV NS protein
mediated immune evasion is poorly defined.

Here, we elucidate a distinct mechanism that ZIKV NS4B targets on
DHCR7, a key enzyme in cholesterol synthesis, to attenuate IFN-I
response and facilitate ZIKV infection. We found that ZIKV infection
increased DHCR7 expression. Interestingly, enhanced DHCR7 promotes
ZIKV infection, while knocking down or targeting DHCR7 with inhibitor
can suppress ZIKV infection. Moreover, ZIKV NS4B could bind DHCR7
and thus induce DHCR7 expression, which inhibited TBK1 and IRF3
activation and led to reduced IFN-β and ISGs productions. Therefore, we
propose that ZIKV NS4B binding to DHCR7 decreases IRF3 activation,
which in turn inhibits IFN-β and ISGs to facilitate ZIKV evasion. This
study widens novel insights on how ZIKV non-structural protein abol-
ishes innate immunity to facilitate viral infection through interacting
with cholesterol metabolic enzyme.

2. Materials and methods

2.1. Cell lines

U251 cells were purchased from China Center for Type Culture
Collection (CCTCC) (Wuhan, China). Cercopithecus aethiops kidney (Vero)
24
cells, human embryonic kidney (HEK 293T) cells, human lung adeno-
carcinoma (A549) cells were purchased from American Tissue Culture
Collection (ATCC). Cells were maintained in Dulbecco's Modified Eagle
Medium (DMEM) (Gibco) supplemented with 10% fetal bovine serum
(FBS) (Gibco), penicillin (100 U/mL), and streptomycin sulfate (100 μg/
mL) at 37 �C and 5% CO2. Aedes albopictus (C6/36) cells were cultured in
Minimum Essential Medium (MEM) supplemented with 10% FBS, peni-
cillin (100 U/mL) and streptomycin sulfate (100 μg/mL) at 28 �Cwith 5%
CO2.

2.2. ZIKV amplification, titration, and infection

The ZIKV isolate z16006 (GenBank accession number, KU955589.1)
was cultivated in C6/36 cells, and ZIKV was aliquoted in freezing vials
and stored at �80 �C. ZIKV titers were measured by plaque assay. The
cells were infected with ZIKV at the indicated multiplicity of infection
(MOI) for 2 h, followed by washing with phosphate buffer saline (PBS),
and then cultured, harvested and examined.

2.3. Plasmids and reagents

Expression plasmid pcDNA3.1(þ)-3 � Flag was used to clone in-
dividual ZIKV gene from corresponding fragments of ZIKV cDNA. To
construct pGEX6p-1-NS4B, the ZIKV NS4B was sub-cloned into
pGEX6p-1 vector using ClonExpress II One Step Cloning Kit (Vazyme
Biotech, Nanjing, China). The cDNAs encoding human DHCR7, RIG-I,
TBK1, and IRF3 cloned into pCAGGS-HA vector or pcDNA3.1 (þ)-3 �
Flag vector was constructed by standard molecular cloning method.
The missense mutation G410S of DHCR7 was constructed using site-
directed mutagenesis method. Monoclonal rabbit anti-ZIKV envelope
(GTX133314) was purchased from GeneTex (Irvine, CA, USA). Rabbit
polyclonal anti-DHCR7 (A8049), rabbit monoclonal anti-ISG15
(A2416), rabbit monoclonal anti-TBK1 (A3458), rabbit monoclonal
anti-P-TBK1 at Ser172 (AP1026), rabbit polyclonal anti-IRF3
(A11118), anti-rabbit IgG (ac005), and anti-mouse IgG (ac011)
were purchased from ABclonal Technology (Wuhan, China). Anti-
mouse FITC and anti-rabbit Cy3 secondary antibodies were pur-
chased from Abbkine (Wuhan, China). Rabbit monoclonal anti-P-IRF3
at Ser396 (29047S) and rabbit monoclonal anti-ISG56 (14769S) were
purchased from Cell Signaling Technology (CST, Boston, MA, USA).
Mouse monoclonal anti-Flag (F3165), rabbit monoclonal anti-HA
(H6908) and mouse monoclonal anti-GAPDH (G9295) were pur-
chased from Sigma (St Louis, MO, USA). Mouse monoclonal anti-
Flavivirus group antigen antibody (MAB10216) was purchased from
Millipore (Mass, USA). Lipofectamine 2000 (11668-027) and Trizol
(15596018) were purchased from Invitrogen Corporation (Carlsbad,
CA, USA). Poly(I:C) was purchased from InvivoGen (San Diego, CA,
USA).

2.4. Plaque assay

ZIKV containing supernatant was diluted with serum-free DMEM and
infected Vero cells in 12-well plate for 2 h, followed by washing with 1
mL PBS for twice. DMEM containing 2% FBS and 2% low melting point
agarose weremixed well according to 1:1 volume ratio, and 1mLmixture
was added to each well. The infected cells were cultured at 37 �Cwith 5%
CO2 for 5–7 days. The cells fixed with 4% paraformaldehyde for 1 h and
dyed with 0.5% crystal violet for 30 min. 12-well plate washed with
water, and plaques were calculated.

2.5. Lentivirus production and infection

The targeting sequences of shRNAs for the human DHCR7 were
as follows: sh-DHCR7-1: 50-ATTGCCAGCACAGACGGATTT-30,
sh-DHCR7-2: 50-CGTGATTGACTTCTTCTGGAA-30. The pLKO.1 vector
bearing a scrambled shRNA for a negative control (Sigma-Aldrich,
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St. Louis, MO, USA) or the specific target sequence was transfected
into HEK293T cells together with psPAX2 and pMD2.G with Lip-
ofectamine 2000. Viral particles containing supernatants were har-
vested at 36 h after transfection and then centrifuged at 210�g for 10
min. The cell-free supernatant phase was filtrated through a 0.45 μm
filter to remove the cells debris. U251 cells were infected with lenti-
viral particles in the presence of 8 μg/mL polybrene. After 48 h of
culture, U251 cells were selected with puromycin (2 μg/mL, Sigma).
The knocking down efficiency of sh-DHCR7 was determined by
RT-PCR and Western blot analysis.

2.6. Western blot

Cells were lysed by RIPA buffer supplemented with protease in-
hibitors and phosphatase inhibitors on ice for 1 h, then centrifuged
at 4 �C, 13,000�g for 10 min to collect the cell lysate. Protein
concentration in cell lysate was measured by bicinchoninic acid
(BCA) protein assay. The protein was separated by SDS-PAGE and
then transferred onto polyvinyl difluoride (PVDF) membrane. The
PVDF membrane was blocked with immunoblotting blocking buffer
TBST (10 mmol/L Tris-HCl, pH 7.4, 0.15 mol/L NaCl, and 0.05%
Tween-20) containing 5% BSA for 1 h. After washing with TBST, the
membrane was incubated with primary antibodies and second anti-
bodies, subsequently detected using Chemiluminescence imaging
system (Bio-Rad).

2.7. Total cholesterol assay

The total cholesterol in cells was detected by using Tissue total
cholesterol assay kit from Applygen Technologies Inc (Beijing, China).
The 5mmol/L cholesterol standardwas subjected to a serial dilution with
anhydrous ethanol to draw the standard curve, and the amounts of
cellular total cholesterol were calculated according to the standard
curves. The experiment was conducted following the procedure provided
by the manufacturer.

2.8. Co-immunoprecipitation assays

HEK293T cells were transfected with the indicated plasmids. Cells
were harvested and lysed with RIPA lysis buffer supplemented with
protease inhibitors. After centrifugation at 18,000�g for 15 min at 4 �C,
cell lysates were collected and immunoprecipitated by Flag-Trap Protein-
G Sepharose (GE Healthcare, Milwaukee, WI, USA) for 4 h at 4 �C. The
bound proteins were eluted with 2 � loading buffer and analyzed by
immunoblotting.

2.9. Real-time PCR

Total RNAs were extracted from cells by using TRIzol reagent
(Invitrogen Life Technologies), and cDNA was produced with M-MLV
reverse transcriptase kit (Promega, Madison, WI, USA). RT-PCR was
performed using SYBR RT-PCR Kits (DBI Bio-science) on the Roche
LC480. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA
was set as the endogenous reference to normalize the mRNAs and
the gene expression levels were calculated using the 2�ΔΔCT method.
The sequences of RT-PCR primers are shown in Supplementary
Table S1.

2.10. Confocal microscopy

U251 cells were transfected with plasmid and cultured for 30 h, then
washed three times with PBS. Cells were fixed with 4% para-
formaldehyde for 15 min and permeated with PBS containing 0.1%
TritonX-100 for 5 min. After washing with PBS, the cells were sealed
with PBS containing 5% BSA for 30 min. Cells were washed three times
25
with PBS and incubated with anti-HA, anti-FLAG and anti-flavivirus,
then incubated with anti-mouse FITC and anti-rabbit Cy3 secondary
antibodies. Cells were stained with 40,6-Diamidino-2-phenylindole
dihydrochloride (DAPI) and performed using an Olympus confocal
microscope.

2.11. GST pull-down assays

The plasmids pGEX6p-1-NS4B was transfected into Escherichia coli
(E. coli) strain BL21. The GST and GST-NS4B were induced by IPTG with
a final concentration of 0.5 mmol/L, and the cultures were grown for an
additional 6–8 h at 37 �C. And then the GST protein and GST-NS4B
protein were purified from E. coli bacteria. The GST or GST-NS4B pro-
tein were incubated with glutathione Sepharose beads (Novagen) and
washed three times with PBS. GST and GST-NS4B protein were incubated
with the eukaryotic fusion protein HA-DHCR7, which were originated
from plasmids encoding HA-DHCR7-expressed HEK293T cell lysates for
4 h at 4 �C. The precipitates were washed five times, boiled in 2 � SDS-
loading buffer, and detected by Western blot with anti-GST and anti-HA
antibodies.

2.12. HA-DHCR7 site-directed mutagenesis

Appropriate pairs of mutagenic primers (Supplementary Table S1)
were synthesized and used to generate the mutated construct by PCR.
HA-DHCR7 was used as the template for PrimeSTAR® HS Premix
(Takara). After PCR, wild-type plasmid remaining in the PCR product was
selectively digested by DpnI (New England Biolabs). The digested PCR
product was transfected into E. coli strain DH5α. Desired mutant was
confirmed by Sanger sequence analysis.

2.13. Statistical analysis

All experiments were repeated at least three times with similar re-
sults. Data are expressed as mean � standard deviation (SD). The sig-
nificance of the variability was determined by Student's two-tailed
unpaired t-test for two group or one-way ANOVAwith Dunnett's multiple
comparisons test or two-way ANOVA with Sidak's multiple comparisons
test for multiple group comparisons using the GraphPad Prism software
(version 8.0.1). A value of P < 0.05 was considered to be statistical sig-
nificance, and P > 0.05 was identified as statistically nonsignificant. For
all the data, the significance was presented as *P < 0.05, **P < 0.01 and
***P < 0.001.

3. Results

3.1. ZIKV infection induces DHCR7 expression

Accumulating evidences have demonstrated that cholesterol meta-
bolism influences host innate immune responses against flavivirus
infection, such as ZIKV and Dengue virus (DENV) (Leier et al., 2020;
Randall, 2018). DHCR7 encodes an enzyme that transforms 7-DHC into
cholesterol, the last step in the biosynthesis of cholesterol (Moebius et al.,
1998). We first detected DHCR7 expression upon ZIKV infection. Human
astrocyte U251 was infected with ZIKV, which dose-dependently
increased DHCR7 expression at both mRNA and protein (Fig. 1A–C).
To confirm the phenomenon, we next examined DHCR7 expression in
Vero cells, and found that ZIKV infection substantially induced DHCR7
expression (Fig. 1D–F), which was consistent with the results in U251
cells.

3.2. Targeting DHCR7 elicits a critical anti-ZIKV activity

To evaluate the effects of DHCR7 against ZIKV infection, the U251
and A549 cells were transfected with HA-DHCR7 encoding plasmid



Fig. 1. ZIKV infection induces DHCR7 expression. A–F U251 and Vero cells were infected with ZIKV (MOI ¼ 0, 1 and 2) for 24 h, and the intracellular RNA levels of
ZIKV (A, D) and DHCR7 (B, E) were determined by RT-PCR with GAPDH as an internal control. The relative protein levels of DHCR7 and ZIKV Envelope were detected
by Western blot (C, F). Data are from at least three independent experiments (mean � SD) or representative data (C, F). Statistical significance was calculated using
one-way ANOVA with Dunnett's multiple comparisons test (A, B, D, E). **P < 0.01, ***P < 0.001. SD, standard deviation.
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and then infected with ZIKV (MOI ¼ 1). The results showed that
DHCR7 overexpression significantly enhanced ZIKV mRNA expression
(Fig. 2A and B). Notably, with the accumulation of DHCR7 protein,
the expression of ZIKV structural protein E was also increased
(Fig. 2C and D). In addition, we further conducted plaque assay using
the supernatant from Fig. 2C, and found that DHCR7 overexpression
significantly ascended plaque forming units, as compared to control
group (Fig. 2E and F). The missense mutation G410S of DHCR7 has
been reported to abolish enzyme activity (Fitzky et al., 1998; Shim
et al., 2004; Witsch-Baumgartner et al., 2000). To further determine
the effects of DHCR7 on ZIKV infection, we next constructed inactive
mutant of DHCR7 (G410S). Compared to the wild-type of DHCR7,
G410S mutant could significantly inhibit ZIKV infection (Fig. 2G). We
also performed confocal microscopy assay to confirm the observation.
As shown in Fig. 2H, overexpression of DHCR7 increased ZIKV
infection.

To determine whether endogenous DHCR7 enzyme activity is
critical for ZIKV infection, we designed two short hairpin RNAs (sh-
DHCR7-1 and sh-DHCR7-2) specifically targeting on DHCR7 and
generated DHCR7-silenced U251 cell lines with shRNA system
(Fig. 3A). Finally, we selected a sh-DHCR7-1 for its higher silencing
efficiency. Compared to cell line transduced control shRNA, these
DHCR7 knockdown cells showed lower susceptibility to ZIKV
infection (Fig. 3B and C). We next used the selective DHCR7 in-
hibitor AY9944 that prevents 7-DHC conversing to cholesterol (Xu
et al., 2011), which has been demonstrated to inhibit DHCR7
enzymic activity (Horlick, 1966; Moebius et al., 1998). Compared to
control, AY9944 administration dose-dependently inhibited ZIKV
infection in U251 cells (Fig. 3D–F). Plaque assay was also performed
in Vero cells to further assess the effects of DHCR7, and showing
that AY9944 could significantly suppress ZIKV infection (Fig. 3G and
H). Notably, confocal microscopy showed that ZIKV E protein was
substantially reduced in the presence of AY9944 (Fig. 3I). These
findings indicated that targeting on DHCR7 could inhibit ZIKV
infection.
3.3. DHCR7 inhibits TBK1 and IRF3 activation to reduce IFN-β and ISGs
production

Since DHCR7 is the vital enzyme of converting 7-DHC to cholesterol
(Moebius et al., 1998) and ZIKV infection could increase DHCR7
26
expression, we thus measured the cholesterol level upon ZIKV infection.
We revealed that ZIKV infection has little effects on cholesterol syn-
thesis in U251 and Vero cells (Fig. 4A and B), although DHCR7 was
increased (Fig. 1A–D). Given the enhanced DHCR7 upon ZIKV infection
and the key roles of IFNs in confronting ZIKV infection, we next
determined the effect of DHCR7 on IFN-I signaling pathway. Control
and DHCR7-silencing U251 cells were infected with ZIKV or transfected
with poly(I:C), and IFN-β expression was explored. As compared with
control group, ZIKV infection or poly(I:C) treatment markedly
enhanced IFN-β expression in DHCR7-silencing U251 cells (Fig. 4C and
D). ISGs are the effectors of interferon actions and play major roles in
innate immune defense against ZIKV infection. We also demonstrated
blocking DHCR7 could significantly reinforced ISG15 and ISG56
expression at both mRNA and protein level (Fig. 4E–J). Consistently,
DHCR7 inhibitor AY9944 treatment could induce IFN-β, ISG15 and
ISG56 expression (Fig. 4K, L). Importantly, the inactive mutant G410S
could partially reverse the inhibitory effects of DHCR7 on IFN-β and
ISGs expression (Fig. 4M, N). TBK1 and IRF3 activation is essential for
IFNs-ISGs induction, thus, we next examined the effect of DHCR7 on
TBK1 and IRF3 expression and activation. We demonstrated that
DHCR7 not only dose-dependently inhibited the protein level, but also
suppressed the level of TBK1 and IRF3 phosphorylation (Fig. 5A–C).
Moreover, the inactive mutant G410S incompletely reversed the
inhibitory effects of DHCR7 on IRF3 and TBK1 phosphorylation
(Fig. 5D). Inconsistent with the findings of DHCR7 overexpression,
AY9944 treatment could induce IRF3 and TBK1 activation in U251 cell
(Fig. 5E).
3.4. ZIKV NS4B interacts with DHCR7 to inhibit TBK1 and IRF3
phosphorylation

Mounting evidence has revealed that ZIKV evolved specific NS
proteins to facilitate efficient replication in host cells by directly
evading host innate and adaptive immunity via a plethora of discrete
mechanisms. We performed co-IP assay to screen for the individual
ZIKV NS protein that could interact with DHCR7. HEK293T cells were
co-transfected with pCMV-DHCR7-HA and plasmid expressing indi-
vidual NS protein fused with Flag-tag. As shown in Fig. 6A, DHCR7 only
binds to NS4B, but failed to interact with other NS proteins. Reciprocal
co-IP assays were further conducted and showed that NS4B protein
interacted with DHCR7 in HEK293T cells (Fig. 6B and C). To confirm



Fig. 2. Overexpression of DHCR7 promotes ZIKV replication. A–D U251 and A549 cells were transfected with HA-vector or HA-DHCR7 at the indicated concentrations
for 12 h and then infected with ZIKV for further 36 h. The ZIKV RNA levels were detected by RT-PCR with GAPDH as an internal control (A, B), and the protein levels of
ZIKV envelope, HA-DHCR7 and GAPDH were detected by Western blot (C, D). E, F Vero cells were infected with ZIKV containing supernatant from Fig. 2C for 48 h to
determine ZIKV copies by plaque assay. G U251 cells were transfected with HA-vector, HA-DHCR7 or HA-DHCR7 (G410S) for 12 h and infected with ZIKV for 36 h, and
the protein levels of ZIKV envelope, HA-DHCR7 and GAPDH were detected by Western blot. H U251 cells were transfected with HA-vector or HA-DHCR7 (1 μg) for 12 h
and infected with ZIKV for 36 h, and subsequently incubated with mouse anti-flavivirus and rabbit anti-HA antibodies, following stained with FITC-conjugated anti-
mouse and Cy3-conjugated anti-rabbit secondary antibodies. Nuclei were stained with DAPI. The images were visualized by confocal microscopy. Scale bar ¼ 100 μm.
Data are from at least three independent experiments (mean� SD) or representative data (C, D, E, G, H). Statistical significance was calculated using Student's two-tailed
unpaired t-test (F) or one-way ANOVA with Dunnett's multiple comparisons test (A, B). *P < 0.05, ***P < 0.001. SD, standard deviation.
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the interaction of NS4B and DHCR7, we next performed confocal mi-
croscope and found that NS4B protein and DHCR7 protein were co-
localized in the cytoplasm (Fig. 6D). GST pull-down assay further
demonstrated the interaction of NS4B and DHCR7 (Fig. 6E). Moreover,
transient transfection of NS4B in U251 cells could dramatically induce
DHCR7 expression (Fig. 6F). Importantly, NS4B could dose-
dependently block phosphorylation of both TBK1 and IRF3, which
was positively correlated with the enhanced activation of TBK1 and
IRF3 in response to DHCR7 (Fig. 6G and H). However, NS4B over-
expression in HEK293T cells significantly decreased protein level of
TBK1, but had little effect on IRF3 protein (Fig. 6G and H). To further
confirm these observations, NS4B was transfected into DHCR7 knock-
down U251 cells and showed inhibitory effects on endogenous protein
and phosphorylation levels of TBK1 and IRF3 (Fig. 6I). Taken together,
these results demonstrated that ZIKV NS4B interacted with DHCR7 and
enhanced DHCR7 expression to block TBK1 and IRF3 activation and
then facilitate ZIKV infection.
27
4. Discussion

Type I IFNs and their downstream ISGs confront a large series of
pathogens and play a crucial role in host immune defense against ZIKV
(Lazear et al., 2016). To evade the IFN-mediated surveillance and achieve
sufficient replication, ZIKV evolves NS proteins targeting on various
points of the IFN signaling pathway to flee the cellular innate immune
system (Lee et al., 2021). Mounting studies have illustrated that ZIKV
NS1, NS3, NS4A, and NS5 inhibit distinct modules of the RIG-I/IFN-I
pathway and facilitate viral infection utilizing independent and diverse
mechanisms (Grant et al., 2016; Kumar et al., 2016; Ma et al., 2018; Riedl
et al., 2019; Xia et al., 2018; Zheng et al., 2018). However, the specific
mechanism of ZIKV NS4B counteracting immune restriction is poorly
defined. ZIKV NS4B is an extremely hydrophobic protein consisting of
251 amino acids, and located in the endoplasmic reticulum membrane
with N-terminal (Zou et al., 2014). NS4B inhibition of IFN-I signaling
pathway has been identified in different flaviviruses (Ding et al., 2013;



Fig. 3. Knockdown of DHCR7 reduces ZIKV infection in U251 cells. A U251 cells were transduced with the lentiviral particles containing shRNA against DHCR7 (sh-
DHCR7-1 and sh-DHCR7-2) or a nontarget sequence (sh-NTC), followed by puromycin selection for 14 days. The knockdown efficiency was determined by RT-PCR. B,
C DHCR7-silencing U251 (sh-DHCR7) and sh-NTC U251 cells were mock infected or ZIKV infected (MOI ¼ 1) for 36 h. The intracellular ZIKV RNA level was detected
by RT-PCR with GAPDH as an internal control (B) and the protein levels of ZIKV envelope, DHCR7 and GAPDH were detected by Western blot (C). D, E U251 cells
were treated with DHCR7 inhibitor AY9944 at indicated concentration for 2 h, then infection with ZIKV (MOI ¼ 1) for 48 h. The cells were subjected to RT-PCR to
detect ZIKV RNA (D). The protein levels of ZIKV envelope, DHCR7 and GAPDH were detected by Western blot (E). F U251 cells were treated with DHCR7 inhibitor
AY9944 at indicated concentration for 36 h, and DHCR7 and GAPDH were detected by Western blot. G, H Vero cells were infected with ZIKV containing supernatant
from Fig. 3E for 48 h to determine ZIKV copies by plaque assay. I U251 cells were treated with AY9944 at indicated concentration for 2 h, then infection with ZIKV at
MOI ¼ 1 for 36 h. The images were visualized by confocal microscopy. Scale bar ¼ 100 μm. Data are from at least three independent experiments (mean � SD) or
representative data (C, E, F, G and I). Statistical significance is calculated using one-way ANOVA with Dunnett's multiple comparisons test (A, D, H) or two-way
ANOVA with Sidak's multiple comparisons test (B). ***P < 0.001. SD, standard deviation.
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Munoz-Jordan et al., 2003, 2005; Shan et al., 2021; Yi et al., 2016; Zhang
et al., 2021). A recent study has reported that ZIKV INMI1 strain isolated
in Brazil utilizes NS4B to antagonize the downstream of IFN-I signaling
pathway by crushing STAT1 phosphorylation and consequently inter-
rupting STAT1 nuclear transport (Fanunza et al., 2021). In this study, we
found a distinct mechanism that ZIKV NS4B abolished IFN-β production
by suppressing TBK1 and of IRF3 phosphorylation, the upstream
component of IFN-I signaling pathway. Notably, amino acid substitution
(G18R) has been discovered in ZIKV NS4B, which contributed to the
28
decreased IFN-β production and weakened ISGs expression, and conse-
quently facilitated viral infection in mice, indicating the significance of
NS4B as a determinant of pathogenesis (Gorman et al., 2018).

Emerging evidences indicated the critical importance of cholesterol
metabolism participating in innate immune response (Akula et al.,
2016; Dang et al., 2017; Reboldi et al., 2014; York et al., 2015).
Although several intermediates in cholesterol metabolism have been
documented to have broad antiviral effects (Blanc et al., 2013; Li et al.,
2017; Liu et al., 2013; Xiao et al., 2020), our study illustrated a novel



Fig. 4. DHCR7 inhibits IFN-β and ISGs production. A, B U251 and Vero cells were infected with ZIKV (MOI ¼ 0, 0.5 and 1) for 24 h, and cellular cholesterol was
measured by tissue total cholesterol assay kit. C–H DHCR7-silencing U251 (sh-DHCR7) and sh-NTC U251 cells were infected with ZIKV (MOI ¼ 1) or treated with
Poly(I:C) (1 μg/mL) for 6 h. Total cellular RNA was extracted and subjected to RT-PCR for the mRNA expression with GAPDH as an internal control. The relative
expressions of IFN-β and ISGs were normalized to that of sh-NTC samples in mock group, and fold changes were shown in ordinate. IFN-β (C, D), ISG15 (E, F) and
ISG56 (G, H). I, J DHCR7-silencing U251 (sh-DHCR7) and sh-NTC U251 cells were infected with ZIKV (MOI ¼ 1) or transfected with Poly(I:C) (1 μg/mL) for 24 h, and
the protein levels of ISG15, ISG56 and GAPDH were detected by Western blot. K U251 cells were treated with the indicated dose of AY9944 for 2 h, then infected with
ZIKV (MOI ¼ 1) for 6 h. The IFN-β RNA level was detected by RT-PCR with GAPDH as an internal control. L U251 cells were treated with the indicated dose of AY9944
for 2 h, and then infected with ZIKV (MOI ¼ 1) for 24 h. The protein levels of ISG15, ISG56 and GAPDH were detected by Western blot. M U251 cells were transfected
with HA-vector, HA-DHCR7 or HA-DHCR7 (G410S) for 24 h and infected with ZIKV (MOI ¼ 1) for 6 h. The IFN-β RNA levels were detected by RT-PCR with GAPDH as
an internal control. N U251 cells were transfected with HA-vector, HA-DHCR7 or HA-DHCR7 (G410S) for 24 h, and then infected with ZIKV (MOI ¼ 1) for 24 h. The
protein levels of ISG15, ISG56 and GAPDH were detected by Western blot. Data are from at least three independent experiments (mean � SD) or representative data
(I, J, L, N). Statistical significance is calculated using one-way ANOVA with Dunnett's multiple comparisons test (A, B, K, M) or two-way ANOVA with Sidak's multiple
comparisons test (C–H). ns, P > 0.05, ***P < 0.001. SD, standard deviation.
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Fig. 5. DHCR7 inhibits TBK1 and IRF3 activation. A, B HEK293T cells were co-transfected with TBK1-coding plasmid together with DHCR7-expressing plasmid or
empty vector (A). HEK293T cells were co-transfected with IRF3-ecoding plasmid, RIG-I encoding plasmid, together with DHCR7-expressing plasmid or empty vector
(B). Cells were harvested at 24 h post-transfection and subjected to Western blot with indicated antibodies [anti-TBK1, anti-P-TBK1(S172), anti-IRF3, anti-P-
IRF3(S396), anti-HA, and anti-GAPDH]. C U251 cells were transfected with the indicated dose of DHCR7 expressing plasmid or empty vector for 24 h. Cells were then
infected with ZIKV (MOI ¼ 1) and harvested at 6 h post-infection and subjected to Western blot with indicated antibodies [anti-TBK1, anti-P-TBK1(S172), anti-IRF3,
anti-P-IRF3(S396), anti-HA, and anti-GAPDH]. D U251 cells were transfected with HA-vector, HA-DHCR7 or HA-DHCR7 (G410S) for 24 h. Cells were then infected
with ZIKV (MOI ¼ 1) and harvested at 6 h post-infection and subjected to Western blot with indicated antibodies [anti-TBK1, anti-P-TBK1(S172), anti-IRF3, anti-P-
IRF3(S396), anti-HA, and anti-GAPDH]. E U251 cells were treated with the indicated dose of AY9944 for 2 h and infected with ZIKV (MOI ¼ 1) for 6 h, then subjected
to Western blot with indicated antibodies [anti-TBK1, anti-P-TBK1(S172), anti-IRF3, anti-P-IRF3(S396), and anti-GAPDH]. Data are from at least three independent
experiments and shown as representative data (A–E).
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mechanism that cholesterol metabolic enzyme DHCR7 was involved in
ZIKV infection by attenuating TBK1 and IRF3 activation to facilitate
viral infection. As a key enzyme involved in desmosterol and choles-
terol metabolism, DHCR7 represents a switch of converting 7-DHC to
vitamin D in skin cells exposed to UVB (Prabhu et al., 2016b). More-
over, DHCR7 is positioned not only at the gateway of the Bloch
pathway, but also at the end of the Kandutsch-Russell pathway (Prabhu
et al., 2016a, 2016b), which plays vital roles in controlling of choles-
terol synthesis. The crosstalk of DHCR7 and its interaction with other
enzymes in several pathways may empower multiple functions in
different cell types or organs. Previous study has revealed that blocking
DHCR7 could diminish desmosterol, the immediate precursor of
cholesterol biosynthesis, thereby offering sufficient protection against
HCV infection (Luu et al., 2015; Rodgers et al., 2012). Importantly, Xiao
et al. has shown that VSV infection decreases DHCR7 expression,
leading to reduced cholesterol, but much more 7-DHC accumulation in
macrophages and liver (Xiao et al., 2020). Macrophages treated with
7-DHC rendered an enhanced antiviral response; while addition of
cholesterol showed minor protection. The DHCR7 inhibitors and
administration of 7-DHC might be useful approaches to combat viral
infections such as HIN1, HSV and VSV. In this study, we found DHCR7
inhibitor AY9944 could suppress ZIKV infection. However, our study
revealed that ZIKV infection induced DHCR7 expression, but had little
effect on cholesterol biosynthesis in glial cells. We didn't examine the
level of 7-DHC expression post ZIKV infection, nevertheless, it is worthy
to further investigate whether 7-DHC and AY9944 have a synergically
therapeutic efficacy to treat patients who have been infected with ZIKV
infection in brain. DHCR7 overexpression promoted ZIKV infection,
while the DHCR7 selective inhibitor (AY9944) treatment strongly
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ascended IFN-β production against ZIKV infection. TBK1 and IRF3
activation is vital for priming IFN-I signaling. Previous investigation
displayed that DHCR7 silencing or 7-DHC treatment activated the
PI3K-AKT3 pathway to phosphorylate IRF3, but not TBK1 in macro-
phages (Xiao et al., 2020). Nevertheless, our findings showed DHCR7
dose-dependently decreased both IRF3 and TBK1 expression, as well as
IRF3 and TBK1 phosphorylation. These investigations suggested that
DHCR7 might contribute to ZIKV infection in a cholesterol
metabolism-independent mechanism in brain.

It has been well elucidated that ZIKV utilized NS proteins to directly
interact with different components of RIG-I/IFN-I pathway to evade
immune response and facilitate viral replication. We previously reported
the interaction of ZIKV NS5 with RIG-I to attenuate IFN-β production (Li
et al., 2020). Others demonstrated that ZIKV NS1 and NS2B targeted on
TBK1, NS3 targeted on RIG-I and MDA5 to reduce IFN-I and ISGs pro-
duction (Lee et al., 2021; Riedl et al., 2019). However, the function of
ZIKV NS proteins targeting on cholesterol metabolism remains largely
elusive. In this study, we have also illustrated an unreported interaction
between the cholesterol metabolic enzyme DHCR7 and ZIKV NS proteins.
We showed DHCR7 specifically bound to NS4B, not to other NS proteins.
We provided the critical evidence that ZIKV NS4B interacted with
DHCR7, and substantially induced its expression, which was consistent
with results in U251 cells upon ZIKV infection. Importantly, apart from
directly demonstrating the engagement of DHCR7 and ZIKV NS4B, we
also found that ZIKV NS4B increased DHCR7 expression to inhibit TBK1
and IRF3 phosphorylation and facilitate ZIKV infection. In agreement
with our results, recent study revealed that DHCR7 deficiency could
activate IRF3 and IFN-β signaling to inhibit VSV and other viruses in
macrophages.



Fig. 6. ZIKV NS4B interacts with DHCR7 to inhibit TBK1 and IRF3 phosphorylation. A HEK293T cells were co-transfected with plasmids encoding HA-DHCR7, and
plasmids encoding ZIKV non-structural proteins (FLAG-NS1, FLAG-NS3, FLAG-NS4A, FLAG-NS4B, and FLAG-NS5) or empty control plasmid for 30 h. The cell lysates
were immunoprecipitated with anti-Flag antibody, and then analyzed by immunoblotting with indicated antibodies. B, C HEK293T cells were co-transfected with
plasmids encoding HA-DHCR7, plasmids encoding FLAG-NS4B or empty control plasmid for 30 h. The cell lysates were immunoprecipitated with anti-HA antibody (B)
or anti-FLAG antibody (C), and then analyzed by immunoblotting with indicated antibodies. D U251 cells were transfected with FLAG-NS4B plasmid together with
plasmids encoding with HA-DHCR7. The localization of FLAG-NS4B (green), HA-DHCR7 (red), nucleus marker DAPI (blue), and merge were analyzed with confocal
microscopy. Scale bar ¼ 10 μm. E Cell lysates from HEK293T cells transfected with HA-DHCR7 were incubated with GST protein or GST-NS4B protein which was
incubated with glutathione-Sepharose beads. Mixtures were detected by Western blot with anti-HA and anti-GST antibody (top). Lysates from transfected HEK293T
cells and the purified proteins were a detected by Western blot with anti-HA and anti-GST antibody (bottom). F U251 cells were transfected with plasmid encoding
FLAG-NS4B (0, 1, 2 μg). The relative protein levels of DHCR7, FLAG-NS4B and GAPDH were detected by Western blot. G, H HEK293T cells were co-transfected with
NS4B-expressing plasmid or empty vector, together with TBK1-coding plasmid (F), IRF3-expressing plasmid and plasmids encoding RIG-I (G). Cells were harvested at
24 h post-transfection and subjected to Western blot with indicated antibodies [anti-TBK1, anti-P-TBK1(S172), anti-IRF3, anti-P-IRF3(S396), anti-FLAG, and anti-
GAPDH]. I DHCR7-silencing U251 (sh-DHCR7) and sh-NTC U251 cells were transfected with NS4B-expressing plasmid or empty vector. Cells were harvested at
6 h post-transfection and subjected to Western blot with indicated antibodies [anti-TBK1, anti-P-TBK1(S172), anti-IRF3, anti-P-IRF3(S396), anti-FLAG, and anti-
GAPDH]. Data are representative of three independent experiments.
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5. Conclusions

In summary, previous study revealed that cholesterol metabolism
enzyme DHCR7 involved in innate immune response against various viral
infections. Our study has presented that ZIKV NS4B interacted with
DHCR7 and induced DHCR7 expression. The increased DHCR7 greatly
inhibits TBK1 and IRF3 activation and results in reduced IFN-β and ISGs
productions, which thus facilitates ZIKV infection in glial cells. These
findings have uncovered a novel viral immune escaping mechanism that
ZIKV overcomes immune response by directly targeting on DHCR7 with
NS4B.
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