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RESEARCH

TRIM22 suppresses Zika virus replication 
by targeting NS1 and NS3 for proteasomal 
degradation
Shulong Zu1,2,3,4†, Chunfeng Li5†, Lili Li2,3†, Yong‑Qiang Deng4†, Xiang Chen4, Dan Luo4, Qing Ye4, 
Yi‑Jiao Huang4, Xiao‑Feng Li4, Rong‑Rong Zhang4, Nina Sun1,2,3, Xianqi Zhang1, Saba R. Aliyari6, 
Karin Nielsen‑Saines7, Jae U. Jung8, Heng Yang2,3*, Cheng‑Feng Qin4* and Genhong Cheng6* 

Abstract 

Background: Recognition of viral invasion by innate antiviral immune system triggers activation of the type I inter‑
feron (IFN‑I) and proinflammatory signaling pathways. Subsequently, IFN‑I induction regulates expression of a group 
of genes known as IFN‑I‑stimulated genes (ISGs) to block viral infection. The tripartite motif containing 22 (TRIM22) is 
an ISG with strong antiviral functions.

Results: Here we have shown that the TRIM22 has been strongly upregulated both transcriptionally and translation‑
ally upon Zika virus (ZIKV) infection. ZIKV infection is associated with a wide range of clinical manifestations in human 
from mild to severe symptoms including abnormal fetal brain development. We found that the antiviral function of 
TRIM22 plays a crucial role in counterattacking ZIKV infection. Overexpression of TRIM22 protein inhibited ZIKV growth 
whereas deletion of TRIM22 in host cells increased ZIKV infectivity. Mechanistically, TRIM22, as a functional E3 ubiquitin 
ligase, promoted the ubiquitination and degradation of ZIKV nonstructural protein 1 (NS1) and nonstructural protein 
3 (NS3). Further studies showed that the SPRY domain and Ring domain of TRIM22 played important roles in protein 
interaction and degradation, respectively. In addition, we found that TRIM22 also inhibited other flaviviruses infection 
including dengue virus (DENV) and yellow fever virus (YFV).

Conclusion: Thus, TRIM22 is an ISG with important role in host defense against flaviviruses through binding and 
degradation of the NS1 and NS3 proteins.
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Background
Zika virus (ZIKV), dengue virus (DENV), yellow fever 
virus (YFV), Japanese encephalitis virus (JEV) and West 
Nile virus (WNV) belong to the genus Flavivirus of 
the family Flaviviridae, which infect millions of human 
annually [1]. In particularly, the newly emerging ZIKV 
was reported to cause a large outbreak in 2015 in Bra-
zil followed by widespread dissemination across the 
Americas [2]. ZIKV infection in human was reported in 
Gujarat and Tamil Nadu states, India, during the year 
2016 and 2017 respectively [3]. On October 16, 2018, 

Open Access

Cell & Bioscience

†Shulong Zu, Chunfeng Li, Lili Li and Yong‑Qiang Deng contributed equally 
to this work

*Correspondence:  yhmyt@hotmail.com; qincf@bmi.ac.cn;  
gcheng@mednet.ucla.edu

2 Institute of Systems Medicine, Chinese Academy of Medical Sciences 
and Peking Union Medical College, Beijing 100005, China
4 State Key Laboratory of Pathogen and Biosecurity, Beijing Institute 
of Microbiology and Epidemiology, Academy of Military Medical Sciences, 
Beijing 100071, China
6 Department of Microbiology, Immunology and Molecular Genetics, 
University of California, Los Angeles, CA 90095, USA
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13578-022-00872-w&domain=pdf


Page 2 of 12Zu et al. Cell & Bioscience          (2022) 12:139 

the Government of India-Ministry of Health and Fam-
ily Welfare (MoHFW) reported at least 80 positive lab-
oratory confirmed cases of ZIKV infections in Jaipur, 
Rajasthan, India. Until October 25, 2018, out of 130 posi-
tive patients, 32 were pregnant women [4]. Therefore, 
ZIKV is still a threat to public health and calls for global 
attentions.

ZIKV contains a single-stranded positive RNA genome 
encoded into a single polyprotein. The polyprotein is 
cleaved into the structural proteins, capsid (C), pre-mem-
brane protein (prM) and envelope (E), the nonstructural 
proteins (NS) including NS1, NS2A, NS2B, NS3, NS4A, 
NS4B and NS5 [5]. The protein C forms the viral capsid, 
while prM and E, the main immunogenic glycoproteins of 
ZIKV, are located on the viral envelope. The NS proteins 
are involved in replication, assembly of the virus, and/or 
in antagonizing the host innate immune response, which 
have been a focus of intensive researches [6]. Among the 
NS proteins, NS1 modulates the host antibody response 
and may contribute to viral immune evasion [7, 8]. The 
function of three transmembrane proteins NS2A, NS4A, 
and NS4B remains largely elusive, but they are believed to 
function as scaffold proteins in the viral replication com-
plex. Recently, it was reported that NS2A could promote 
lysosomal degradation of adherent junction proteins, 
and NS4A and NS4B can deregulate Akt-mTOR signal-
ing to inhibit neurogenesis [9]. Shah et  al. found that 
NS4A could also  interact with ankyrin repeat and LEM 
domain containing 2 (ANKLE2) to enhance pathogenesis 
of ZIKV in Drosophila [10]. In addition, NS3 is a viral 
protease which requires NS2B as a cofactor to cleave the 
viral polyprotein. NS3 also participates in the formation 
of the viral replication complex, as it contains a helicase, 
a hydrolase and an RNA-triphosphatase domain [11–15]. 
Finally, NS5, the largest member of NS proteins, consists 
of a methyltransferase (MTase) and RNA-dependent 
RNA polymerase (RdRp) domains. The MTase domain 
is believed to catalyze both the N7 and 29-O methyla-
tion steps, and the RdRp domain synthesizes the viral 
RNA genome [7]. It was found that NS5 could antagonize 
IFN-I response by targeting human STAT2 [16].

Innate immune response is the first line of host defense 
against viral infection, IFNs and ISGs are key compo-
nents of antiviral innate immunity. Hundreds of ISGs are 
differentially regulated upon IFN-I induction following 
infection with a broad range of viruses, such influenza A 
virus (IAV) and hepatitis C virus (HCV) [17, 18].How-
ever, only a subset of ISGs exert antiviral activity against a 
particular virus. While there are a few ISGs with a strong 
antiviral activity against a broad spectrum of enveloped 
viruses including cholesterol-25-hydroxylase (CH25H). 
CH25H and its enzymatic product, 25-hydroxycholes-
terol, are critical mediators of host protection against 

ZIKV infection and its associated microcephaly in a 
mouse model [19]. Mice deficient in the IFN-I receptor 
are more susceptible to ZIKV infection in comparison to 
wide type (WT) mice which highlights the importance of 
the innate antiviral response and ISGs expression in con-
trolling ZIKV infection [20–22].

TRIM family includes greater than 100 members 
in humans, some of which had been shown to be ISGs 
and carry antiviral functions [23, 24]. TRIM22 is a typi-
cal TRIM family protein that restricts the replication of 
various viruses via distinct manners, for example, inhibit-
ing production of human immunodeficiency virus (HIV) 
progeny [25], suppressing the activity of hepatitis B virus 
(HBV) core promoter [26] and targeting IAV nucleopro-
tein for degradation [27]. In this study, we have demon-
strated that TRIM22 induces proteasome-dependent 
degradation of ZIKV NS1 and NS3 proteins as an antivi-
ral mechanism, which could be extended to other flavivi-
rus, such as DENV or YFV.

Results
TRIM22 is induced by IFN‑α treatment or ZIKV infection
To confirm TRIM22 as an ISG, we first evaluated that 
whether TRIM22 was upregulated by IFN-I treatment 
in A549 cells. We found that both mRNA and protein 
expression levels of TRIM22 were induced by IFN-α in 
a dose-dependent manner (10, 100, 100  IU/mL) at 24 h 
post treatment (Fig. 1a). Then we tested mRNA and pro-
tein of TRIM22 in A549 cells infected with either GZ01 
or FSS13025 strain of ZIKV. The results showed that 
infection of these ZIKV strains also induced mRNA and 
protein expression of TRIM22 (Fig. 1b, c), which is con-
sistent with other ISGs, such as MX1, IDO1 and RSAD2 
(Additional file 1: Fig. S1a–c). These results suggest that 
TRIM22 is an ISG induced in response to ZIKV infection.

TRIM22 inhibits ZIKV replication in vitro
We next determined whether TRIM22 could display anti-
ZIKV activity in  vitro. A549 cells were transfected with 
the plasmid overexpressing TRIM22 or an empty vector 
as control and were subsequently infected with ZIKV 
(GZ01 strain) at multiplicity of infection (MOI) of 0.1 at 
12  h post transfection. The quantitative real-time PCR 
(qRT-PCR) experiments were performed to detect ZIKV 
RNA copies in cell lysates (Fig. 2a) and culture superna-
tants (Fig. 2b) at 48 h post infection (hpi). Culture super-
natants of ZIKV infected A549 cells were also tested by 
plaque assay (Fig. 2c). Further, we also tested the antivi-
ral activity of TRIM22 on neuroblastoma SH-SY5Y cells 
(Additional file 1: Fig. S2c, d). Western blot and immuno-
fluorescence assay (IFA) were conducted to confirm the 
inhibitory ability of TRIM22 to ZIKV infection (Fig.  2d 
and Additional file 1: Fig. S2a). We found that both ZIKV 
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RNA level and protein expression were suppressed in 
TRIM22 transfected cells, suggesting that overexpression 
of TRIM22 significantly inhibited the replication of ZIKV 
in vitro.

To evaluate the effect of endogenous TRIM22 expres-
sion on ZIKV infection in vitro, we generated TRIM22-
knockout A549 (TRIM22−/− A549) cells by CRISPR/
Cas9 system, which was identified by immunoblotting 
(Additional file  1: Fig. S2b). WT cells and TRIM22−/− 
A549 cells were infected with ZIKV at MOI of 0.01, then 
qRT-PCR experiments were used to test ZIKV RNA 
copies in cell lysates and culture supernatants (Fig.  2e, 
f ). The result showed more robust ZIKV replication in 
TRIM22−/− cells as compared with the WT cells, which 
is consistent with the overexpression experiments. We 
also used small interference RNA of TRIM22 in SH-SY5Y 
cells and the results are consistent with those observed in 
A549 cells (Additional file 1: Fig. S2e, f ). Thus, our studies 
demonstrated the important role of TRIM22 as an anti-
viral ISG in suppressing ZIKV replication in vitro.

TRIM22 interacts with ZIKV NS1 and NS3 proteins
To elucidate which step of ZIKV life cycle is inhib-
ited by TRIM22, the viral binding, entry and replica-
tion assays were performed. The results of binding and 
entry assays showed that TRIM22 did not affect the 

early step of ZIKV infection (Fig.  3a, left and middle 
panel). Next, the sub-genomic replicon system which 
encodes seven ZIKV NS proteins with a Renilla lucif-
erase (RLuc) reporter was used to measure viral repli-
cation activity, the result showed that overexpression 
of TRIM22 reduced the replication activity of the ZIKV 
RNA genome (Fig.  3a, right panel). Because NS pro-
teins are important to viral replication, we next investi-
gate whether TRIM22 could interact with any ZIKV NS 
proteins. Bimolecular fluorescence complementation 
(BiLC) assay was used to investigate protein–protein 
interaction [28]. TRIM22 was fused with N terminal 
domain of Gausssia luciferase (GluN) onto a lentiviral 
vector using gateway recombination system, whereas 
ZIKV NS proteins (NS1, NS2A, NS2B, NS3, NS4A, 
NS4B and NS5) were connected to C terminal domain 
of Gaussia luciferase (GluC) to produce Glu-C-ZIKV 
fusion proteins (Additional file  1: Fig. S3a). In this 
study, we found that TRIM22 specifically interacted 
with NS1 and NS3, which were also validated by co-
immunoprecipitation (Co-IP) experiment (Fig.  3b, c). 
To further test the relationship between TRIM22 and 
NS1 or NS3, we performed immunofluorescence stain-
ing assay and found that TRIM22 co-localized with 
NS1 and NS3 (Additional file 1: Fig. S3b). Collectively, 
these results suggest that TRIM22 interacts with ZIKV 
NS1 and NS3 proteins.
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TRIM22 degrades NS1 and NS3 proteins 
through proteasomal degradation
To identify the effect of TRIM22 interaction with 
ZIKV NS1 and NS3 proteins, firstly we investigated 
that whether ZIKV NS1 and NS3 protein expression 
was affected in the presence of TRIM22. For this pur-
pose, we transfected HEK293T cells with the plasmids 
expressing TRIM22 and NS1 or NS3, western blot 
results showed that TRIM22 overexpression reduced 
the protein levels of NS1 and NS3 (Fig.  4a) in dose-
dependent manner (0, 250, 500 and 1000 ng) (Fig. 4b). 
TRIM22 family members feature a common E3 ubiq-
uitin ligase domain, thus TRIM22 may be a ubiquitin 
ligase for NS1 and NS3. To determine whether TRIM22 
reduced NS1 and NS3 protein expression through 

proteasomal degradation, HEK293T cells co-express-
ing TRIM22 and NS1 or NS3 were treated with the 
proteasome inhibitor MG132. The results showed that 
MG132 treatment reduced the TRIM22-dependent 
degradation of NS1 and NS3 (Fig.  4c), suggesting that 
TRIM22 mediated NS1 and NS3 degradation through 
the proteasome pathway. Moreover, we evaluated 
whether TRIM22 controlled ubiquitylation of NS1 and 
NS3. HEK293T cells were co-transfected with the plas-
mids encoding TRIM22, ubiquitin and either NS1 or 
NS3. Indeed, we observed that TRIM22 overexpression 
increased the ubiquitylation of NS1 and NS3 (Fig. 4d), 
which was through K48 but not K63 linkage (Additional 
file 1: Fig. S4). In summary, these experiments demon-
strate that TRIM22 promotes degradation of ZIKV NS1 
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and NS3 proteins through the ubiquitin–proteasome 
pathway.

The Ring domain and SPRY domain of TRIM22 are required 
for degradation of and interaction with NS1 and NS3 
protein, respectively
We generated four TRIM22 truncations (Fig.  5a) which 
were tested by western blot (Fig.  5b) to identify which 
domain is required for the interaction between TRIM22 
and NS1 or NS3. We transfected the plasmids express-
ing TRIM22 truncations and NS1 or NS3 into HEK293T 
cells. The Co-IP result showed that the SPRY domain 
of TRIM22 was responsible for the interaction between 
TRIM22 and NS1 or NS3 (Fig. 5c). The Ring domain of 
TRIM22 contains a specialized zinc finger and functions 
as a ubiquitin protein ligase, either alone or as a part of 
a multi-subunit E3 protein complex [29]. Therefore, we 

tested that whether the Ring domain deletion of TRIM22 
(∆R) would affect NS1 and NS3 degradation. The plas-
mids encoding TRIM22 or ∆R were co-transfected 
with NS1 or NS3 into HEK293T cells, and western bolt 
analysis showed that overexpression of WT but not ∆R 
reduced NS1 and NS3 protein levels (Fig.  5d). These 
results suggest that the SPRY domain of TRIM22 inter-
acts with NS1 and NS3, while the Ring domain is essen-
tial for TRIM22 to degrade NS1 or NS3 and thus inhibit 
ZIKV replication.

TRIM22 inhibits DENV and YFV in vitro
Since other flaviviruses share similar NS1 and NS3 
structures, we expanded the antiviral range of TRIM22 
to another two flaviviruses, DENV and YFV. With the 
similar overexpression experiments, we showed by 
qRT-PCR analysis that TRIM22 could also suppress 

1.0×103

2.0×103

3.0×103

4.0×103

5.0×103

Replicon assay

*

**

a

5.0×107

1.0×108

1.5×108

2.0×108

Binding

 NS  NS

0

1.0×106

2.0×106

3.0×106

Entry

NS

NS

b c

0

20

40

60

80

*

*

*

ZI
K

V 
R

N
A 

co
pi

es
/m

L

Vec
tor

TRIM
22 WT

TRIM
22

-/-

ZI
K

V 
R

N
A 

co
pi

es
/m

L

Vec
tor

TRIM
22 WT

TRIM
22

-/-

R
ep

lic
on

 a
ct

iv
ity

Vec
tor

TRIM
22

DMSO

NITD00
8

R
LU

 (f
ol

d)

Neg
tiv

e c
ontro

l

Posit
ive

 co
ntro

l
NS1

NS2A
NS2B NS3

NS4A
NS4B NS5

His-NS1 ++
HA-TRIM22 - +

IP
: T

R
IM

22 IB: NS1

IB: TRIM22

In
pu

t IB: NS1

IB: TRIM22

His-NS3

HA-TRIM22

IP
: T

R
IM

22 IB: NS3

IB: TRIM22

In
pu

t IB: NS3

IB: TRIM22

++
- +

00

55 kDa55 kDa

55 kDa
40 kDa

55 kDa

55 kDa
40 kDa 70 kDa

55 kDa

70 kDa

Fig. 3 TRIM22 interacts with NS1 and NS3 protein. a Measurement of binding, entry and replicon efficiency in TRIM22‑overexpressing, and 
TRIM22−/− A549 cells. b Interactions between TRIM22 and ZIKV nonstructural proteins were screened by a BiLC‑based method. Each column 
represents relative luminescence units from HEK293T cells expressing of individual pair of GlucC‑ZIKV and GlucN‑TRIM22 compared to controls, 
detected with Microplate System at 24 h post transfection. c Whole‑cell lysis of HEK293T cells co‑transfected with pHA‑TRIM22 and pHis‑NS1 (left) 
or pHis‑NS3 (right) expressing plasmids were collected for IP with indicated antibody, followed by western blot detection. Binding, entry and 
replicon assays data (a) are means ± SEM from three independent experiments. **P < 0.05, **P < 0.01 and ***P < 0.001 by Student’s t test



Page 6 of 12Zu et al. Cell & Bioscience          (2022) 12:139 

DENV and YFV replication in A549 cells (Fig.  6a, 
b  and  Additional file  1: Fig. S5a). Furthermore, YFV 
replicated more robustly in TRIM22−/− A549 cells than 
the parental A549 cells (Additional file  1: Fig. S5b), 
which is consistent with ZIKV. Secondly, we evaluated 
whether the protein levels of NS1 and NS3 of DENV 
and YFV were affected by TRIM22. We found that 
TRIM22 could also degrade the NS1 and NS3 proteins 
of both DENV (Fig.  6c) and YFV (Fig.  6d). Therefore, 
our studies suggest that the antiviral activity of TIM22 
is not only restricted to ZIKV, but expands to other fla-
viviruses including DENV and YFV.

Discussion
The antiviral action of IFN plays a central role in the 
innate immune response. It stimulates expression of hun-
dreds of ISGs. However, different ISGs may be responsi-
ble to restrict infections of different types of viruses [17, 
18]. In the present study, we have presented that ZIKV 
infection, as well as IFN-α treatment, could upregulate 
endogenous TRIM22 in A549 lung epithelial cells tran-
scriptionally and translationally. Although the antiviral 
activity of TRIM22 against HIV, IAV, HCV and HBV 
have been previously reported [25–27, 29], our study 
extends it to ZIKV, DENV and YFV. We showed that 
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TRIM22 overexpression in A549 cells could inhibit ZIKV 
infection, whereas TRIM22-deficient A549 cells showed 
enhanced ZIKV replication, implicating TRIM22 as an 
anti-ZIKV ISG.

Recently, Chiramel et  al. found that TRIM5α could 
restrict tick-borne but not mosquito-borne flaviviruses 
through proteasomal degradation pathway [30]. Further-
more, they also found that TRIM22 could not impact 
tick-borne flaviviruses, but have not tested the effects of 
TRIM22 on mosquito-borne flaviviruses such as ZIKV, 
DENV and YFV. TRIM5 and TRIM22 genes are located 
adjacent to each on chromosome 11 [31]. Single nucle-
otide polymorphisms (SNPs) on TRIM5 and TRIM22 
genes have been implicated to play an important role in 
several infections disease including HIV [32, 33], HBV 
[34], measles and rubella vaccination [35, 36]. It is pos-
sible that TRIM22 and TRIM5 have acquired different 

specificities in flavivirus restriction with TRIM22 and 
TRIM5 to inhibit mosquito-borne and tick-borne flavivi-
ruses, respectively. Future studies are required to further 
determine the mechanisms responsible for these host 
restriction specificities.

TRIM22 contains C terminal SPRY domain which is 
responsible primarily for interaction with target proteins 
and subcellular localization [23, 37], and N terminal Ring 
domain which contains a specialized zinc finger structure 
and serves as a ubiquitin protein ligase, either alone or as 
a part of a multi-subunit E3 protein complex [29]. Here, 
we found that WT but not the mutant TRIM22 which 
lacks the Ring domain could degrade ZIKV NS1 and NS3 
proteins. This suggest that the Ring domain is critical 
for TRIM22 mediated ubiquitination and degradation of 
ZIKV NS1 and NS3 proteins. Interestingly we also found 
that TRIM22 lacking the SPRY domain failed to interact 
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with ZIKV NS1 and NS3 proteins, suggesting that the 
SPRY domain is important for its binding to viral tar-
gets. The antiviral properties of TRIM22 by ubiquitina-
tion have been previously reported, for instance, TRIM22 
could inhibit HCV by degrading NS5A protein, while 
suppressing IAV by targeting nucleoprotein [27, 29]. 
In this study, we found that TRIM22 could significantly 
inhibit ZIKV replication in vitro. Importantly, our results 
showed that TRIM22 could significantly down-regulate 
the expression of NS1 and NS3 proteins, which are criti-
cal for the viral replication and immune evasion.

In summary, our findings indicate that TRIM22 could 
inhibit ZIKV replication through its SPRY domain 
to interact with NS1 and NS3 and its Ring domain to 
degrade the NS1 and NS3 proteins by ubiquitination. 
In addition, we also find that TRIM22 could inhibit 
other flavivirus, such as DENV and YFV in vitro. Taken 
together, this work expands the antiviral function of 
TRIM22 and illuminates the mechanism underlying 
TRIM22-mediated inhibition of ZIKV replication, which 
provides molecular basis for the potential development 
of novel anti-ZIKV therapeutics.

Methods
Virus, cells and reagents
ZIKV strains (GZ01, GenBank: KU820898, 
FSS13025/2010, GenBank: JN860885), DENV-2 (43 
strain, GenBank: AF204178) and YFV 17D were 
described in our previous work [19, 38]. A549, BHK-21, 
Vero and HEK293T cells were purchased from American 
Type Culture Collection (ATCC) and cultured in Dul-
becco’s modified Eagle’s medium (DMEM), supplied with 
10% fetal bovine serum (FBS), penicillin (100 Unit/mL) 
and streptomycin (100  μg/mL). SH-SY5Y cell was pur-
chased from ATCC and cultured in DMEM/F12, supplied 
with 10% fetal bovine serum (FBS), penicillin (100 Unit/
mL) and streptomycin (100 μg/mL). All cells were grown 
at 37 °C in 5%  CO2. MG132 was purchased from Sigma-
Aldrich (M8699), and NITD008, an adenosine nucleoside 
analog inhibitor that inhibits the RdRp (RNA-dependent 
RNA polymerase) activity of flavivirus [39, 40], was a gift 
from P.-Y. Shi (The University of Texas Medical Branch). 
Mouse anti–GAPDH antibody (COBIO), rabbit anti-
TRIM22 antibody (NOVUSBIO), mouse anti-HA antiboy 
(COBIO) and anti-His tag antibody (CST) were used for 
detection at the appropriate dilutions.

Plasmid
pM01-GFP and pM01-TRIM22 (Homo sapiens) expres-
sion plasmids were purchased from GeneCopoeia 
company. His tagged ZIKV NS1 and NS3 expression plas-
mids, pcDNA6/V5-His-NS1 (pHis-NS1) and pcDNA6/
V5-His-NS3 (pHis-NS3), were previously constructed 

and preserved by our laboratory [41]. pcDNA6/V5-His-
NS1/NS3(DENV) and pcDNA6/V5-His-NS1/NS3(YFV) 
were constructed by the same techniques as before. pHA-
TRIM22 and TRIM22 truncations were cloned using 
standard molecular cloning. pHA-ubiquitin, pHA-K48, 
pHA-K63 plasmids and BiLC lentiviral vectors were pro-
vided by Dr. Xiao-Feng Qin (CAMS) [28, 42].

Plaque assay
BHK-21 cells were seeded in a 12-well plate for 12 h. Cells 
were washed with PBS once and infected with serially 
diluted virus samples for 1 h. Then the cells were treated 
with medium containing low melting temperature aga-
rose (1%) and FBS (2%) after supernatants were removed. 
4 days post-infection, cells were fixed using paraformal-
dehyde [4% (wt/vol)] and were stained with crystal violet 
(1%). Plaques were counted and multiplied by the dilu-
tion factor to determine the plaque forming unit (PFU).

ZIKV binding, entry, and replicon assay
ZIKV cell binding and entry experiments were per-
formed on the basis of the protocol described previously 
[43]. For binding analysis, vector, TRIM22-overexpress-
ing, WT and TRIM22−/− A549 cells were incubated with 
ZIKV at 4  °C for 1  h. Then the cells were washed with 
PBS. The inhibition of TRIM22 to the binding of ZIKV 
and cell surface was assessed by measuring the viral copy 
number in the cell lysates by qRT-PCR; Entry: vector, 
TRIM22-overexpressing, WT and TRIM22−/− A549 cells 
were treated as binding analysis, then incubated at 37 °C 
for another 10  min. Viral entry into cells was assessed 
by determining the viral copy number in the cell lysates 
by qRT-PCR; Replicon: the replicon assay of SZ01 ZIKV 
was performed as previously published[44, 45], with 
minor modifications. Briefly, BHK-21 cells were seeded 
in a 24-well plate and then transfected with 200  ng of 
the in  vitro-transcribed replicon containing the seven 
ZIKV nonstructural proteins and the RLuc reporter and 
with 200 ng of pM01-TRIM22 or control plasmid using 
a Lipofectamine 3000 reagent (Thermo Fisher Scientific), 
NITD008 was used as a positive control. After 48 h, the 
cell lysates were collected, the RLuc activity was meas-
ured using the Renilla Luciferase Assay system (Promega) 
with a GloMax 96 microplate luminometer.

Immunoprecipitation and immunoblotting
HEK293T cells were transfected with the indicated plas-
mids. 30 h after transfection, the total protein of the cells 
was extracted using Cytobuster Protein Extraction Rea-
gent (Sigma) containing complete EDTA-free Protease 
Inhibitor Cocktail (Roche). An aliquot of the extracts 
was immunoblotted with the indicated antibodies. The 
remaining extracts were immunoprecipitated using 
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Sepharose beads bound to anti-HA or anti-His antibody 
(Sigma-Aldrich) at 4  °C overnight. The Sepharose beads 
were washed with wash buffer four times, then proteins 
were eluted by heating the beads to 98  °C in 1 × SDS–
polyacrylamide gel electrophoresis loading buffer (Gen-
star). The eluate and remaining whole cell extracts were 
analyzed by immunoblotting with the indicated antibod-
ies. Immunoblotting was carried out by standard proce-
dures as usual.

Gene knockout by the CRISPR/Cas9 system
To knockout TRIM22 in the A549 cell line, two small 
guide RNAs (sgRNAs) (~ 100-base pair gap sequence) 
targeting the gene were designed and cloned into sgRNA 
expression vectors under the control of the U6 promoter 
as described previously [46, 47]. The sequence of sgRNAs 
of TRIM22 were as followed: sgRNA1: 5′-CAC CGG ATC 
GAG AGA CAG AAG ATT C-3′; sgRNA2: 5′-CAC CGG 
CGG AGG TTG AGG GGA TCG T-3′. A549 cells were co-
transfected with sgRNAs and Cas9 expression plasmids, 
followed by puromycin selection. Single clones were iso-
lated by FACS and confirmed by PCR genotyping and 
sequencing.

RNA interference
Three small interference RNAs (siRNAs) targeting 
human TRIM22 and a negative control (NC) siRNA were 
designed and synthesized by RIBOBIO. SH-SY5Y cells 
were seeded in a 24-well plate. After 18 h, the cells were 
transfected with TRIM22 siRNAs at a final concentration 
of 100 nM. After another 24 h, the cells were collected for 
immunoblotting or infected with GZ01 at MOI = 0.01 for 
analyzing virus replication.

RNA preparation and real‑time PCR
Total RNA from cells or cell supernatants were extracted 
with the PureLink RNA Extraction kit (Thermo Fisher 
Scientific). Viral RNA copies were measured by qRT-PCR 
[48] with the One Step PrimeScript RT-PCR kit (Takara). 
ZIKV primers and TaqMan probes were described pre-
viously [49]. SYBR Green qPCR mix (TransGen Biotech, 
Beijing) was used to quantify the mRNA level of the 
ISGs. Primers used in this study are listed in Additional 
file 1: Table S1.

Immunofluorescence staining
Vero cells were transfected with pHA-TRIM22 and 
pHis-NS1 or NS3 plasmids for 24 h. The cells were then 
fixed with 4% paraformaldehyde and permeabilized in 
0.2% Triton X-100 at room temperature. The cells were 
washed with PBS three times. Anti-HA tag and anti-His 
tag antibody were incubated for 1 h, and goat anti-mouse 
or rabbit second antibody were incubated for another 

hour. Nuclei were stained with DAPI (0.5 μg/mL). Finally, 
the images were obtained by fluorescence microscope.

Statistical analysis
All data were analyzed using Prism software (Graph-
Pad). Statistical evaluation was performed by two-way 
Student’s t test. Data are means ± SEM, and P values 
are indicated by *P < 0.5, **P < 0.01, and ***P < 0.001. For 
western blot data, representative data from at least 
two repeats was shown. All cellular experiments were 
repeated at least three times.
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