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ABSTRACT
NLRC5 has been reported to be involved in antiviral immunity; however, the underlying mechanism 
remains poorly understood. Here, we investigated the functional role of NLRC5 in the infection of 
a flavivirus, dengue virus (DENV). We found that the expression of NLRC5 was strongly induced by 
virus infection and IFNB or IFNG stimulation in different cell lines. Overexpression of NLRC5 remark-
ably suppressed DENV infection, whereas knockout of NLRC5 led to a significant increase in DENV 
infection. Mechanistic study revealed that NLRC5 interacted with the viral nonstructural protein 3 
(NS3) protease domain and mediated degradation of NS3 through a ubiquitin-dependent selective 
macroautophagy/autophagy pathway. We demonstrated that NLRC5 recruited the E3 ubiquitin ligase 
CUL2 (cullin 2) to catalyze K48-linked poly-ubiquitination of the NS3 protease domain, which subse-
quently served as a recognition signal for cargo receptor TOLLIP-mediated selective autophagic 
degradation. Together, we have demonstrated that NLRC5 exerted an antiviral effect by mediating 
the degradation of a multifunctional protein of DENV, providing a novel antiviral signal axis of 
NLRC5-CUL2-NS3-TOLLIP. This study expands our understanding of the regulatory network of 
NLRC5 in the host defense against virus infection.
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Introduction

Dengue is the most prevalent arthropod-borne viral disease 
caused by dengue virus (DENV) infection, and it was one of 
the 10 threats to global health announced by World Health 
Organization in 2019 [1]. Four serotypes of DENV (DENV-1 
to DENV-4) sustain the transmission cycle in humans and 
cause epidemics in more than 120 countries, with 400 million 
cases of DENV infection each year [2–5]. DENV infections 
result in a spectrum of diseases ranging from dengue fever 
with mild symptoms to severe dengue including dengue shock 
syndrome and dengue hemorrhagic fever [6]. To date, there 
are no specific antiviral drugs against DENV infection, and 
DENV and other flaviviruses continue to pose critical threats 
to the world [7].

DENV belongs to the Flavivirus genus of the Flaviviridae 
family, with a single-stranded positive-sense RNA genome of    
~11 kilobases [8]. The RNA genome encodes one open read-
ing frame (ORF) and the 5’- and 3’- untranslated regions 
(UTRs) [9]. The ORF is translated into a polyprotein, which 
is cleaved into three structural proteins (capsid, C; precursor 
membrane, prM; and envelope, E) and seven nonstructural 

proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) 
[10]. The structural proteins compose mature and extracellu-
lar virus particles, while nonstructural proteins are believed to 
express only within the infected cells in close association with 
cellular membranes and be mainly involved in viral genome 
replication, translation, and interaction with host factors. NS3 
protein possesses RNA helicase and nucleotide triphosphatase 
activity, and together with its cofactor NS2B, is involved in 
processing of the viral polyprotein. Although it is known that 
replication of DENV occurs at the surface of endoplasmic 
reticulum (ER) membrane, forming the so-called replication 
complex, which consist of intracellular membrane, viral pro-
teins and RNA, and cell factors [11–14], the interactions and 
regulations of host factors with viral proteins are not com-
pletely understood.

The nucleotide-binding oligomerization domain (NOD)- 
like receptors (NLRs) are a family of cytoplasmic pattern 
recognition receptors (PRRs), which play critical roles in 
innate immunity against microbial infection [15]. Typically, 
the NLRs contain an N-terminal caspase activation and 
recruitment domain (CARD) or pyrin domain, a central 
domain NACHT (a nucleoside triphosphatase domain; an 
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acronym standing for NAIP [neuronal apoptosis inhibitor 
protein], CIITA [MHC class II transcription activator], 
HET-E [incompatibility locus protein from Podospora anser-
ina] and TEP1 [telomerase associated protein 1; also referred 
to as NOD domain]), and a C-terminal leucine-rich repeat 
(LRR) domain [16]. NLRC5 (NLR family CARD domain 
containing 5) is the largest member of the NLR family and 
abundantly expressed in immune cells [17], involved in 
inflammasome pathway, antigen presentation, and pathogen 
defense [18–20]. Our previous studies have demonstrated 
that NLRC5 is able to strongly inhibit NFKB/NF- 
κB-dependent responses and RIGI/RIG-I-like receptor- 
mediated type I interferon (IFN-I) responses by interacting 
with CHUK/IKKα-IKBKB/IKKβ and IFIH1/MDA5 [21–23]. 
Other studies showed that NLRC5 acts as a transcriptional 
regulator of MHC class I genes and is involved in RIGI- and 
IFN-, MHC-dependent antiviral responses [19,24–28]. 
Viruses have developed various strategies to counteract the 
function of NLRC5, such as SARS-CoV-2 [29]. Together, 
existing reports have exhibited a complex interplay between 
NLRC5 and virus infection, including positive and negative 
regulation of NLRC5 in the antiviral immune responses 
[27,30,31]. Moreover, the antiviral effect of NLRC5 reported 
is achieved through regulating host immune responses, while 
whether NLRC5 directly acts on viral antigens has not been 
studied.

Macroautophagy/autophagy, a major type of autophagy, is 
a highly conserved intracellular metabolism process, by which 
damaged organelles, misfolded, or aggregated proteins and invad-
ing pathogens are sent to lysosome for degradation or recycling 
[32–34]. Although autophagy was previously viewed as 
a nonselective bulk degradation process, several forms of selective 
autophagy have been well recognized to date [35]. In selective 
autophagy, the substrates are targeted by a variety of cargo recep-
tors, including SQSTM1/p62, CALCOCO2/NDP52, OPTN, 
NBR1, BNIP3 L/NIX, TOLLIP, etc [36–39]. The receptors recog-
nize the ubiquitinated substrate proteins and directly bind to 
MAP1LC3/LC3 (microtubule associated protein 1 light chain 3) 
to control protein degradation by selective autophagy [40]. In 
addition to physiological functions, selective autophagy has been 
found to suppress the in vitro infection of herpes simplex virus 
type 1 [41], hepatitis C virus [42], and porcine epidemic diarrhea 
virus [43] by degrading the viral proteins. Conversely, autophagy 
was also found to promote porcine reproductive and respiratory 
syndrome virus replication by preventing autophagosome and 
lysosome fusion [44]. Recent studies showed that autophagy 
restricted the infection of Zika virus (ZIKV) in Drosophila brain 
[45] but increased ZIKV replication in cultured cells [46]. 
Although autophagy has been known to play important roles in 
virus infection [47], it is still unknown whether autophagy is 
involved in the crosstalk between virus infection and NLRC5.

Here, we discovered that NLRC5 acted as an antiviral 
factor by targeting DENV NS3 through selective autophagy- 
mediated degradation. NLRC5 was upregulated during DENV 
infection and then recruited the E3 ligase CUL2 to catalyze 
the K48-linked ubiquitin chains on NS3. Our findings demon-
strate a novel antiviral mechanism of NLRC5, by which it 
suppresses RNA virus infection through selective autophagy 
pathway.

Results

NLRC5 was upregulated by DENV infection and IFNB-IFNG 
stimulations

As the underlying mechanism of NLRC5 in antiviral 
responses remains unclear and controversial [19,30], here we 
aimed to elucidate the functional role of NLRC5 during virus 
infection. Initially, we investigated whether NLRC5 expression 
is disturbed by virus infection. We infected A549 cells with 
DENV-2 strain 16681 and found that virus infection markedly 
increased the expression of NLRC5 in a dose- and time- 
dependent manner (Figure 1A, B). The levels of DENV infec-
tion were also determined by measuring viral RNA levels in 
infected cells (Figure 1C). To investigate whether NLRC5 was 
upregulated by DENV-2 infection in other cell lines, we 
infected 293T, HUVEC, and THP-1 cells with DENV-2, and 
found that NLRC5 was also upregulated in these cells during 
DENV infection (Figure 1D). Concomitantly, IFNB was also 
elevated as expected (Figure 1E). In addition, NLRC5 expres-
sion was induced upon IFNB and IFNG treatment in A549 
cells (Figure 1F, G), in line with previous reports that IFNG 
stimulation upregulated NLRC5 expression [28,48,49]. These 
data showed that the NLRC5 in these cell lines are functional. 
Together, these data demonstrate that NLRC5 expression was 
significantly induced during DENV infection and IFN stimu-
lation, indicating that NLRC5 may play a role in regulating 
flavivirus infection.

DENV infection was restricted by NLRC5

To explore the effect of NLRC5 on DENV infection, A549 
cells were transfected with NLRC5-expressing plasmids or 
empty vector control (EV) and then infected with DENV. 
The results showed that DENV infection was markedly 
reduced in NLRC5-transfected A549 cells compared with EV- 
transfected cells, as indicated by western blotting using anti- 
DENV NS3 antibody (Figure 2A). The reduction of DENV 
infection, determined by both the NS3 protein (Figure 2B) 
and the released infectious virus titers (Figure 2C), was also 
observed in NLRC5-transfected Vero cells during the course 
of 24, 48, and 72 h post transfection. To further confirm this 
observation, we generated an NLRC5 knockout (KO) A549 
cell line with one-nucleotide-insertion and four-nucleotide- 
deletion in the NLRC5 CARD domain, and this disruption 
did not apparently affect the cell viability and growth kinetics 
(Figure 2D). In DENV infection, NS3 protein level was sig-
nificantly increased in the NLRC5-KO A549 cells compared to 
WT cells (Figure 2E). The corresponding culture supernatants 
were collected and subjected to plaque-forming unit assay 
(PFU), and the infectivity titers of DENV were increased in 
NLRC5-KO cells (Figure 2F).

To further confirm the increased DNEV infection was the 
effect of NLRC5 deficiency, we transfected the NLRC5 KO 
A549 cells with plasmids expressing NLRC5 full-length 
(NLRC5-FL) as well as its three featured domains, CARD, 
NOD, and LRR, followed by DENV infection. The results 
showed that expression of NLRC5-FL or NLRC5-CARD sig-
nificantly decreased the DENV infection (Figure 2G), 

AUTOPHAGY 1333



suggesting that NLRC5 specifically suppressed DENV infec-
tion. Together, these data strongly suggest that NLRC5 func-
tioned as a restriction host factor for DENV infection, in 
which NLRC5 CARD domain plays a major role.

NLRC5 promoted autophagic degradation of DENV NS3

To determine the molecular mechanism by which NLRC5 
suppressed DENV infection, we examined whether NLRC5 
interacts with viral proteins. We performed co- 
immunoprecipitation (co-IP) assay by co-transfection of plas-
mids expressing NLRC5 and individual DENV protein and 
found that NLRC5 interacted with DENV E and NS3 proteins, 
but not with other viral proteins (Figure S1). Here, we pro-
ceed to further study NS3, as it is a highly conserved and 
multifunctional protein (e.g. ATPase/helicase and protease) 

important for DENV replication [50]. To examine whether 
NLRC5 affected NS3 protein, we co-transfected 293T cells 
with plasmids expressing NS3 and NLRC5 or control EGFP 
and found that NS3 protein level was markedly reduced in the 
presence of NLRC5, but not in the EGFP and mock transfec-
tions (Figure 3A), suggesting that the decrease of NS3 was 
NLRC5-specific; the interaction between NS3 and NLRC5 was 
also confirmed in the co-IP experiment (Figure 3B). We 
further demonstrated that NS3 reduction occurred at the 
protein level rather than transcription level, as the NS3 
mRNA level was not affected by NLRC5 expression 
(Figure 3C). Moreover, NLRC5 specifically mediated the 
reduction of NS3, which became more apparent when 
NLRC5 level was gradually increased, while NS1 and NS5 
levels were not affected by NLRC5 (Figure 3D). In contrast, 
siRNA-knockdown of NLRC5 resulted in an increase of NS3 

Figure 1. NLRC5 was upregulated by DENV infection and IFNB-IFNG stimulations. (A) A549 cells were infected with DENV-2 at an MOI of 1, 5, and 10 for 48 h. The 
cells were harvested and the NLRC5 mRNA were quantitated by qRT-PCR. The fold changes of NLRC5 were related to the internal control GAPDH. (B) A549 cells were 
infected with DENV-2 at an MOI of 2, and the cells were harvested at 6, 12, 24, 48, and 72 h post infection. The NLRC5 mRNAs were quantitated by qRT-PCR, and its 
fold changes were related to GAPDH. (C) A549 cells were infected with DENV-2 at an MOI of 2 for 6, 12, 24, 48, and 72 h. The levels of DENV RNA were detected by 
qRT-PCR, relative to GAPDH. (D) HEK293T, HUVEC, and THP-1 cells were infected with DENV-2 (MOI = 2) for 12, 24, and 48 h. The NLRC5 mRNAs were quantitated by 
qRT-PCR and presented as fold changes relative to GAPDH. (E) A549 cells was infected with DENV-2 at an MOI of 2 for 6, 12, 24, 48, and 72 h. The levels of IFNB mRNA 
were quantitated by qRT-PCR, relative to GAPDH. (F) A549 cells were stimulated with IFNB for 6, 12, 24, and 48 h at a concentration of 50 ng/ml, and then the NLRC5 
mRNAs were determined relative to GAPDH. (G) A549 cells were stimulated with IFNG for 6, 12, 24, and 48 h at a concentration of 100 ng/ml, and then NLRC5 mRNAs 
were determined relative to GAPDH. In A-G panels, all the data are processed by Student’s t-test and shown as means ± SEM of three independent experiments (*, 
p < 0.05; **, p < 0.01; and ***, p < 0.001). .
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Figure 2. NLRC5 restricted DENV infection. (A) A549 cells were transfected with plasmids expressing Flag-NLRC5, Flag-EGFP, or Flag-vector (EV) for 12 h and then 
infected with DENV-2 at an MOI of 2 for 48 h. The expression levels of NLRC5, NS3, and control EGFP were detected by immunoblotting. (B) Vero cells were 
transfected with plasmid Flag-NLRC5 (refers to “+”) or Flag-vector (“-”) for 12 h and then infected with DENV-2 at an MOI of 2. The cells were harvested at 24, 48, and 
72 h post infection. The expression levels of NLRC5, NS3, and GAPDH were detected by immunoblotting. (C) The infectivity titers of DENV-2 in culture supernatants 
from the experiment shown in panel B were determined by plaque-forming unit assay (PFU/ml). (D) Sequence analysis of wild-type (WT) and CRISPR-Cas9-mediated 
NLRC5 knockout (KO) of A549 cell line (NLRC5 KO), and the cell viability and growth kinetics of NLRC5 KO cells in comparison with WT cells. (E) WT or NLRC5 KO A549 
cells were infected with DENV-2 for 24 and 48 h, and then the cells lysates were subjected to immunoblotting analysis. (F) The culture supernatants were collected 
from the experiment of panel E and determined for DENV-2 infectivity titers by PFU assay. (G) WT or NLRC5 KO A549 cells were transfected with NLRC5 FL or 
truncated forms (see Figure 4C for the schematic diagrams of truncated domains) for 12 h and then infected with DENV-2 at an MOI of 2 for 48 h. The cell lysates 
were analyzed by immunoblotting. In panels C, D, and F, data are shown as mean ± SEM of three independent experiments (Student’s t-test; **, p < 0.01; ***, p < 
0.001).
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Figure 3. NLRC5 promoted autophagic degradation of DENV NS3 protein. (A) 293T cells were transfected with plasmids expressing Flag-NS3 and HA-NLRC5 or Flag- 
EGFP for 24 h, and the cell lysates were subjected to SDS-PAGE and immunoblotting analysis with antibodies indicated. (B) 293T cells were transfected with plasmids 
expressing Flag-NS3 and HA-NLRC5 for 24 h, and the cells were lysed and used for co-IP experiments. The whole cell lysates (WCL) and immunoprecipitates were 
analyzed by immunoblotting with Flag- and HA-antibodies. (C) 293T cells were co-transfected with plasmids expressing Flag-NS3 and MYC-NLRC5 for 24 h, and then 
the protein and mRNA levels of NS3 were detected by western blot and qRT-PCR, respectively. (D) 293T cells were co-transfected with each of Flag-NS3, Flag-NS1, or 
Flag-NS5 and an increasing amount of HA-NLRC5 (wedge, 0, 100, 300, and 600 ng) for 24 h. The cell lysates were analyzed by immunoblotting. (E) 293T cells were co- 
transfected with plasmids expressing Flag-NS3 and HA-NLRC5 for 12 h, followed by transfection of NLRC5-specific or control siRNAs for 24 h. The cell lysates were 
analyzed by immunoblotting. (F) 293T cells were co-transfected with Flag-NS3 and HA-NLRC5 or vector HA-EV for 24 h, then the cells were treated with 
cycloheximide (CHX; 100 μg/mL) and harvested at the time points as indicated. The protein levels of NS3, NLRC5, and GAPDH were detected by immunoblotting. 
(G) Quantification of the levels of NS3 proteins shown in panel F. The levels of NS3 proteins in HA-EV and HA-NLRC5 were related to the level of internal control 
GAPDH, respectively, and then the relative level of NS3 protein at 0 h (starting point) was arbitrarily set as 1. (H) 293T cells were co-transfected with Flag-NS3 and 
HA-NLRC5 for 18 h, then the cells were treated with MG132 (10 mM), 3-methyladenine (3-MA; 10 μM), chloroquine (CQ; 50 μM), bafilomycin A1 (Baf A1; 0.4 μM), or 
NH4Cl (20 mM) for 6 h. The cell lysates were analyzed by immunoblotting. (I) 293T cells with WT or KO of ATG5 or BECN1 were co-transfected with Flag-NS3, with or 
without HA-NLRC5 for 24 h. The lysates were analyzed by immunoblotting. (J) 293T cells were co-transfected with plasmids expressing HA-NLRC5 and Flag-NS3 of 
ZIKV or JEV for 24 h. The cell lysates were analyzed by immunoblotting.
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level (Figure 3E). To investigate whether the presence of 
NLRC5 accelerates the degradation of NS3, we performed 
cycloheximide (CHX) chase assay in 293T cells transfected 
with NS3 with or without NLRC5. After 24 h post transfection 
of NS3 with NLRC5 or with vector plasmid, CHX was added 
to the culture medium to block the protein synthesis. The 
results clearly showed that the degradation of NS3 became 
obviously faster when NLRC5 was expressed, compared to the 
vector transfection control (Figures 3F, G), thus further con-
firming that NLRC5 accelerated the degradation of NS3 
protein.

There are two major intracellular protein degradation sys-
tems: the ubiquitin-proteasome system (UPS) and autophagy- 
lysosome pathway [51,52]. Thus, we explored which degrada-
tion system was adopted predominantly by NLRC5 to mediate 
NS3 degradation. To this end, 293T cells were co-transfected 
with plasmids expressing NS3 and NLRC5, and then treated 
individually with protease inhibitor MG132 or with autophagy 
inhibitors 3-MA, chloroquine (CQ), bafilomycin A1 (Baf A1), 
or NH4Cl. The results showed that treatment of 3-MA, CQ, 
BafA1, and NH4Cl, but not MG132, restored NS3 protein 
(Figure 3H). Also, NLRC5-mediated NS3 degradation was 
abrogated by knockout of ATG5 or BECN1 (Figure 3I). ATG5 
and BECN1 are two genes essential for autophagy activation, 
and knockout of ATG5 or BECN1 could block the autophagy 
pathway. Moreover, NLRC5 did not affect LC3 conversion, 
indicating that NLRC5 did not alter the overall autophagy 
flux (Figure S2A). Overexpression of NLRC5, NS3, and mNG 
(mNeongreen)-LC3 in A549 cells revealed that the majority of 
NS3 was distributed in a punctate pattern and was colocalized 
with mNG-LC3-containing puncta (Figure S2B). In addition, 
NLRC5 also colocalized with NS3 at lysosomes (Figure S2C). 
Together, these results suggest that NLRC5 prompted degrada-
tion of DENV NS3 protein through autophagy pathway.

As NS3 is a conserved and multifunctional protein among 
flaviviruses, we wondered whether NLRC5 could also lead to 
degradation of NS3 from other flaviviruses. By co-transfection 
of NLRC5 and NS3 of ZIKV or JEV, two mosquito-borne 
flaviviruses closely related to DENV, we found that NLRC5 
also mediated degradation of NS3 proteins of ZIKV and JEV 
(Figure 3J), suggesting that NLRC5-mediated NS3 degrada-
tion may represent a common antiviral strategy against the 
infection of flaviviruses.

NLRC5 interacted with DENV NS3 protease domain

Since NLRC5 specifically mediated autophagic degradation of 
NS3 (Figure 3H, I), we wanted to determine if NLRC5 inter-
acted with native NS3 during DENV infection. We transfected 
293T cells with NLRC5, followed by DENV infection, and 
found that NLRC5 had an interaction with NS3 (Figure 4A). 
Moreover, confocal microscopy analyzing up to 20 cells 
demonstrated that NLRC5 and NS3 colocalized in the cyto-
plasm of A549 cells (Figure 4B). Noteworthily, NS3 protein 
showed a diffused distribution in the cells transfected with 
NS3 only, whereas NS3 became more cytoplasmic puncta, 
which largely colocalized with NLRC5, in the cells co- 
expressing both proteins (Figure 4B).

To identify which domain of NLRC5 is involved in the 
interaction with DENV NS3, we generated truncated NLRC5 
proteins with only CARD (amino acids, aa 1–215), NOD (aa 
216–517), or LRR (aa 518–1866) (also in Figure 2G) for co-IP 
experiment and found that all of three truncated forms of 
NLRC5 showed interaction with NS3 (Figure 4C). Next, to 
determine which region of NS3 was involved in the interac-
tion, we generated NS3 truncations containing primarily pro-
tease domain (PD, aa 1–180) and helicase domain (HD, aa 
181–618) for co-IP experiment with NLRC5. The results 
showed that NLRC5 interacted with NS3 PD but not HD 
region (Figure 4D). Since CARD, NOD, and LRR domains 
of NLRC5 all interacted with NS3 (Figure 4C), we further 
investigated whether all these domains caused reduction of 
NS3 and found that CARD domain played a main role in NS3 
degradation (Figure S3). This result further confirms the 
observation above that expression of NLRC5 CARD domain 
suppressed DENV infection in the NLRC5 KO A549 cells 
(Figure 2G). Together, these results demonstrate that 
NLRC5 interacted with viral NS3 protease domain, which 
may contribute to the suppression of DENV infection.

NLRC5 promoted the autophagic degradation of NS3 
using cargo receptor TOLLIP

Accumulating evidences revealed that the cargo receptors play 
an important role in delivering substrates for selective auto-
phagic degradation [37,53]. Since NLRC5 is not a cargo recep-
tor, we hypothesized that NLRC5 might bridge NS3 to a cargo 
receptor for autophagic degradation. Thus, we attempted to 
identify the cargo receptor responsible for the autophagic 
degradation of NS3. Co-IP results revealed that NLRC5 inter-
acted with the cargo receptors SQSTM1/p62, CALCOCO2/ 
NDP52, and TOLLIP (Figure 5A), but NS3 only interacted 
with SQSTM1 and TOLLIP (Figure 5B). As SQSTM1 and 
TOLLIP may target corporately one cargo [54], we attempted 
to identify whether both or only one receptor was required for 
degradation of NS3. siRNA knockdown of TOLLIP apparently 
restored NS3 level to a high extent but slightly lower than the 
control (Figure 5C), while knockdown of SQSTM1 had mar-
ginal effect (Figure 5D), suggesting that TOLLIP was essential 
in mediating autophagic degradation of NS3, without exclud-
ing that other cargo receptors may also be involved. In line 
with this result, CHX-chase experiment showed that degrada-
tion of NS3 in TOLLIP-knockdown cells was notably slower 
than that in control cells (Figure 5E,F). Hence, we conclude 
that TOLLIP acted as a cargo receptor involving in the 
NLRC5-mediated autophagic degradation of DENV NS3.

Human TOLLIP consists of an N-terminal TOM1 (target 
of myb1 membrane trafficking protein)-binding domain 
(TBD, amino acids [aa] 1–54), a central conserved phospho-
lipid-binding domain 2 (C2, aa 55–181), and a C-terminal 
coupling of ubiquitin to endoplasmic reticulum degradation 
domain (CUE, aa 219–274) [55]. To determine which domain 
of TOLLIP bound to NS3, we constructed TOLLIP receptor 
truncations with deletion of TBD, CUE, or both domains and 
performed co-IP with NS3. The results clearly showed that 
TOLLIP interacted with NS3 through CUE domain 
(Figure 5G).
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NLRC5 promoted the K48-linked ubiquitination of DENV NS3

Cargo receptors are committed to selective autophagy path-
way by ubiquitin (Ub)-dependent mechanisms employing 
protein – protein interaction motifs [56,57]. CUE domain of 
TOLLIP is known to bind specifically to ubiquitin chains and 
recruit ubiquitinated substrates into the autolysosome [54]. 
Next, we examined the ubiquitination of NS3 and found that 
NLRC5 significantly increased the poly-ubiquitination of NS3 
(Figure 6A). Seven types of poly-ubiquitination (K6, K11, 

K27, K29, K33, K48, K63) are involved in regulation of pro-
tein degradation, thus we attempted to analyze which type of 
ubiquitination occurred on NS3 protein in the presence of 
NLRC5. By co-transfection of NLRC5, NS3, and each of seven 
types of ubiquitin, we identified that NLRC5 significantly 
promoted the K48-linked ubiquitination of NS3 (Figure 6B).

To identify which NS3 region is responsible for ubiquitina-
tion and degradation, we co-transfected NS3 PD and HD 
truncations (from Figure 4D) together with NLRC5 and 

Figure 4. NLRC5 interacted with NS3 protease domain. (A) 293T cells transfected with plasmids Flag-NLRC5, Flag-vector (EV) or Flag-EGFP and infected with DENV-2 
(MOI = 2) for 24 h. The cells were lysed, subjected to co-IP experiments, and analyzed by immunoblotting. (B) A549 cells were transfected with plasmids Flag-NS3 or 
HA-NLRC5 for 24 h, and then the cells were treated with Baf A1 (0.4 μM) for 6 h. Treatment of Baf A1 inhibited degradation of NS3 protein in the cells, thus facilitating 
detection of NS3 in IP experiment. The cells were fixed and immunostained with primary antibodies of anti-Flag- and anti-HA-tags, respectively, followed by the 
secondary antibody of Alexa Fluor 488 conjugated anti-mouse-IgG secondary antibody (green) and Alexa Fluor 555 conjugated anti-Rabbit-IgG secondary antibody 
(red); the nuclei were stained by DAPI (left panel). Scale bars: 10 µm. The fluorescence intensity profile of Flag-NS3 (red) and HA-NLRC5 (green) was plotted by 
GraphPad Prism 7 (right panel). The colocalization of NS3 and NLRC5 proteins was analyzed by Pearson’s correlation coefficients with the Image J Plugin software. 
Data are representative of measurements using 20 cells from three independent experiments. (C) Schematic diagram of NLRC5 protein and its truncations CARD, 
NOD, and LRR (upper panel) and co-IP experiment (lower panel). 293T cells were co-transfected with HA-NS3 and individual plasmid of Flag-NLRC5 full-length (FL) or 
truncated versions and control vector for 24 h, and then the cells were treated with Baf A1 (0.4 μM) for 6 h. The cells were lysed and used for co-IP. The WCL were 
immunoprecipitated with anti-Flag antibody and then immunoblotted with the antibodies indicated. (D) Schematic diagram of NS3 FL and its truncations containing 
protease domain (PD) and helicase domain (HD) (upper panel) and co-IP experiment (lower panel). 293T cells were co-transfected with HA-NLRC5 and individual 
plasmid of Flag-NS3 FL and its truncations for 24 h, and then the cells were treated with Baf A1 (0.4 μM) for 6 h. The WCL and immunoprecipitates were analyzed by 
immunoblotting.
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found that NS3-PD was degraded to a higher extent compared 
to NS3-HD in the presence of NLRC5 (Figure S4A and S4B), 
suggesting that degradation of NS3 was primarily attributed to 
PD domain. As NS3-PD domain contains 17 lysine residues, 
we attempted to identify the ubiquitination residue(s) of NS3- 
PD. We initially analyzed three subregions of NS3-PD, which 
contains 5, 6, and 6 lysine residues, respectively (Figure S4C). 

Co-transfection of three PD subregion constructs with clus-
tered mutations of lysine (K)-to-arginine (R), as well as single 
K-to-R mutation, revealed that all three PD subregions could 
be degraded by NLRC5 (Figure S4D and data not shown). 
These data suggest that NLRC5-mediated autophagic degra-
dation of NS3 was through K48-linked ubiquitination of mul-
tiple residues.

Figure 5. NLRC5 promoted the autophagic degradation of NS3 by cargo receptor TOLLIP. (A) 293T cells were co-transfected with HA-NLRC5 and Flag-tagged cargo 
receptors as indicated for 24 h, followed by immunoprecipitation with protein A/G beads. The WCL and IP precipitates were analyzed by immunoblotting with 
antibodies indicated. Arrows denote nonspecific bands appeared in transfections of Flag-BNIP3 L and Flag-NBR1. (B) 293T cells were co-transfected with HA-NS3 and 
Flag-tagged cargo receptors for 24 h. The WCL and IP precipitates were analyzed by immunoblotting. (C) 293T cells were transfected with Flag-NS3, with or without 
HA-NLRC5, and then the TOLLIP-specific siRNAs were transfected for 24 h. Scramble siRNAs (NC) were included as control. The cell lysates were analyzed by 
immunoblotting. (D) 293T cells were transfected with Flag-NS3, with HA-NLRC5 or vehicle vector (“-”), and then the SQSTM1-sepcific siRNAs (#1 & #2) were 
transfected for 24 h. Scramble siRNAs (NC) were included for control. The cell lysates were analyzed by immunoblotting. (E) 293T cells were co-transfected with Flag- 
NS3, HA-NLRC5, and scramble or TOLLIP-specific siRNAs for 24 h, and then the cells were treated with CHX (100 μg/mL) for 3, 6, and 9 h. The protein levels of NS3, 
NLRC5, TOLLIP, and GAPDH were detected by immunoblotting. (F) The protein levels of NS3 were quantitated and normalized to the level of GAPDH (from panel E) 
at the time points indicated. The relative level of NS3 protein at 0 h (starting point) was arbitrarily set as 1. (G) Domain diagrams of TOLLIP receptor and co-IP 
analysis. 293T cells were transfected with HA-NS3 and each of TOLLIP full-length (FL) or truncated plasmids for 24 h, and the cell lysates were analyzed by co-IP and 
immunoblotting.
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NLRC5 recruited CUL2 to ubiquitinate DENV NS3

Since NLRC5 is not an E3 ubiquitin ligase, we reasoned that 
NLRC5 might function as an adaptor to recruit an E3 ligase to 
ubiquitinate NS3. To identify the E3 ubiquitin ligase(s) 
responsible for NS3 ubiquitination, we performed an affinity- 

isolation assay to search for the proteins that interacted with 
NS3 and NLRC5, and five extra bands in the NLRC5-affinity- 
isolation assay were analyzed by mass spectrometry (Figure 
S5A). A number of proteins were identified interacting with 
DENV NS3 when overexpressed NLRC5 in 293T cells, 

Figure 6. NLRC5 promoted the K48-linked ubiquitination of NS3. (A) 293T cells were co-transfected with plasmids expressing Flag-NS3, HA-ubiquitin (Ub), and MYC- 
vector (“-”) or MYC-NLRC5, and then treated with Baf A1 (0.4 μM) to maintain more NS3 protein for IP experiment. The cell lysates were used for immunoprecipitation 
and analyzed by immunoblotting. (B) 293T cells were co-transfected with plasmids expressing Flag-NS3 and each type of HA-Ub (K6, K11, K27, K29, K33, K48, and 
K63), with or without MYC-NLRC5 for 24 h. The cells were treated with Baf A1 (0.4 μM) for 6 h, and then the cell lysates were immunoprecipitated and analyzed by 
immunoblotting.

Figure 7. NLRC5 recruited the E3 ligase CUL2 to ubiquitinate DENV NS3 for autophagic degradation. (A) 293T cells were co-transfected with HA-NS3 and an 
increasing amount of Flag-CUL2 (wedge, 0, 100, 300, and 600 ng). The cell lysates were analyzed by immunoblotting. (B) 293T cells were co-transfected with Flag- 
NS3 and HA-tagged ubiquitin (WT and K48), together with MYC-CUL2 or the vehicle vector (“-”), and then treated with Baf A1 (0.4 μM) for 6 h to inhibit NS3 
degradation, thus enhancing NS3 detection in IP experiment. The cell lysates were immunoprecipitated with anti-Flag and immunoblotted with anti-HA antibody. (C) 
293T cells were co-transfected with Flag-NS3 and HA-Ub, together with MYC-NLRC5 or the vehicle vector (“-”). Then, the CUL2-specific siRNAs were transfected and 
left for 24 h, followed by Baf A1 (0.4 μM) treatment for 6 h. The cell lysates were immunoprecipitated with anti-Flag and immunoblotted with anti-HA antibody. (D) 
293T cells were transfected with HA-NS3, together with Flag-NLRC5 or vehiclevector (“-”), and then the CUL2-specific siRNAs (#1 & #2) were transfected and left for 24 
h. Scramble siRNAs (NC) were included as control. The cell lysates were analyzed by immunoblotting. (E) 293T cells were transfected with HA-NS3, together with 
Flag-CUL2 or vehicle vector (“-”), and then NLRC5-specific siRNAs were transfected and left for 24 h. Scramble siRNAs (NC) were included as control. The cell lysates 
were analyzed by immunoblotting.
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including an E3 ligase CUL2 (cullin 2). We performed co- 
transfection of plasmids expressing CUL2, NS3, and NLRC5, 
and found that CUL2 did interact with NS3 and NLRC5 
(Figure S5B and S5C).

To further verify whether CUL2 is the E3 ubiquitin ligase 
responsible for ubiquitination of NS3, we co-expressed 293T 
cells with NS3 together with different amount of CUL2. The 
results clearly showed that NS3 protein level was gradually 
decreased when increasing amount of CUL2 was given in the 
transfection (Figure 7A). Notably, ubiquitination analysis of 
NS3 demonstrated that CUL2 catalyzed the K48-linked poly- 
ubiquitination of NS3 (Figure 7B), and siRNA-knockdown of 
CUL2 completely abrogated the NLRC5-dependent ubiquiti-
nation of NS3 protein (Figure 7C). In agreement with these 
results, siRNA-knockdown of CUL2 also abrogated remark-
edly the NLRC5-dependent degradation of NS3, as the level of 
NS3 was restored to that of the control cells without NLRC5 
transfection (Figure 7D). Consistently, siRNA-knockdown of 
NLRC5 also blocked NS3 degradation in the presence of 
CUL2 (Figure 7E). Together, these results strongly demon-
strate that NLRC5 recruited E3 ligase CUL2 to ubiquitinate 
NS3 through K48-linked poly-ubiquitination for autophagic 
degradation.

NLRC5 restricted DENV infection through the 
NLRC5-CUL2-TOLLIP pathway

To further determine whether the NLRC5 restricts DENV infec-
tion through the NLRC5-CUL2-TOLLIP pathway, we per-
formed DENV infection after siRNA-knockdown of SQSTM1, 

TOLLIP, or CUL2 and found that overexpression of NLRC5 
failed to suppress DENV infection after silencing either 
TOLLIP or CUL2, but NLRC5 inhibited DENV infection when 
SQSTM1 was silenced or negative control siRNA were admini-
strated (Figure 8A). Furthermore, knockout of NLRC5 signifi-
cantly reduced the extent of colocalization between NS3 protein 
and TOLLIP or NS3 and CUL2 (Figure 8B, C), whereas coloca-
lization of NS3 and SQSTM1 was not changed (Figure 8D). In 
summary, these results further demonstrated that DENV NS3 
protein was degraded through the NLRC5-CUL2-TOLLIP- 
autophagy pathway, thus the infection of DENV was suppressed.

Discussion

In this study, we discovered a novel antiviral mechanism of 
NLRC5 in response to virus infection. NLRC5 recruited E3 
ligase CUL2 to catalyze the K48-linked poly-ubiquitination of 
DENV NS3 protease domain and mediated receptor TOLLIP- 
delivery of NS3 for autophagic degradation, thus the infection 
of DENV was severely suppressed. The NLRC5-CUL2-NS3- 
TOLLIP axis is a new pathway adding on the regulatory net-
work of NLRC5 in antiviral response (Figure 9).

Previous studies have demonstrated that NLRC5 is 
a multifunctional protein contributing to type I IFN signaling 
and MHC class I gene expression, both of which are impor-
tant in the antiviral response [19,27], but these antiviral effects 
resulted from immune responses rather than a direct-action of 
NLRC5. To date, it is still unknown whether NLRC5 directly 
acts on viral elements, RNA or proteins. Given the impor-
tance of flaviviruses, and its interaction with host factors was 

Figure 8. NLRC5 restricted DENV infection through the NLRC5-CUL2-TOLLIP-autophagy pathway. (A) 293T cells were transfected with plasmids expressing Flag- 
NLRC5 or Flag-EGFP and siRNAs targeting SQSTM1, TOLLIP, CUL2, as well as scramble control siRNAs (NC) for 12 h and then infected with DENV-2 at an MOI of 2 for 
48 h. The cell lysates were analyzed by immunoblotting. (B-D) WT or NLRC5-KO A549 cells were transfected with HA-TOLLIP (B), HA-CUL2 (C), or HA-SQSTM1 (D) for 
12 h and then infected with DENV (MOI = 2) for 48 h. The cells were fixed and immunoblotted with primary antibodies of HA-tag and NS3, respectively, followed by 
the secondary antibody of Alexa Fluor 488 conjugated anti-mouse-IgG secondary antibody and Alexa Fluor 555 conjugated anti-Rabbit-IgG secondary antibody. Scale 
bars: 10 µm. Pearson’s correlation coefficients analyses were performed for DENV NS3 protein and HA-TOLLIP, HA-CUL2, or HA-SQSTM1. Data represent replicate 
measurements in at least 10 cells from one independent experiment.

AUTOPHAGY 1341



largely unclear, we explored the underlying mechanism of 
NLRC5 by use of DENV as an infection model. As initial, 
we demonstrated that DENV infection and IFNB-IFNG sti-
mulation significantly upregulated the expression of NLRC5 
in different types of cell lines (Figure 1). Knockout or com-
plement expression of NLRC5 apparently increased or inhib-
ited DENV infection in different cells, respectively (Figure 2). 
Thus, we provided immediate evidence that NLRC5 acted as 
a restriction factor for DENV infection, and the infection 
models used in the study were robust and suitable for unveil-
ing the antiviral regulation of NLRC5.

In addition to the removal and turnover of cellular com-
ponents, autophagy also targets a variety of invading patho-
gens, such as bacteria and virus, and this type of autophagy is 
termed “xenophagy” [58]. To date, only few of NLR members 
were found to be involved in xenophagy as crucial defense 
proteins. NOD1 and NOD2 can induce autophagy to remove 
pathogens by recruiting ATG16L1 to the plasma membrane at 
the site of bacterial entry [59]. Mitochondrial proteins NLRX1 
and TUFM form a complex to regulate virus-induced auto-
phagy by interacting with ATG12–ATG5 and ATG16L1 [60]. 
Our study uncovered that NLRC5 is also involved in xeno-
phagy process, and overexpression of NLRC5 did not affect 
autophagy flux (Figure S2A), suggesting that NLRC5 was not 
involved in autophagosome formation. These findings 
extended our knowledge on the functional role of NLR family 
members in host defense systems.

Accumulating evidences suggest that the interplay of selec-
tive autophagy and virus infection is extraordinarily compli-
cated and largely unknown. In general, autophagy could be 
a defense mechanism against virus infection, however viruses 
might have developed strategies to usurp autophagy to benefit 
its infection; the proviral effect of autophagy has previously 
been documented for DENV [61]. Several studies attempted 
to investigate autophagy upon the infection of Flaviviridae 
viruses and found that NS2B3 of ZIKV and DENV were 

able to directly cleave the ER-localized autophagic receptor 
RETREG1/FAM134B (reticulophagy regulator 1), thus inhi-
biting RETREG1-mediated ER degradation and beneficial for 
viral replication [62]. DENV infection induces ER stress [63], 
increases the number of lipid droplets, and promotes accu-
mulation of mature capsid protein on the surface of lipid 
droplets for viral replication [64]. In early infection, the auto-
phagy flux is activated and supports DENV replication, but it 
was blocked at the later stage of infection to favor the produc-
tion of infectious viral particles [65]. Studies also found that 
DENV and ZIKV were able to use autophagy components for 
post-RNA replication processes [66], and the Lyn-dependent 
mature DENV secretion via autophagosome-derived orga-
nelles was recently reported [67]. Collectively, these studies 
underscore the importance of autophagy in multiple stages of 
the flavivirus life cycle.

Conversely, viral proteins and host factors required for 
viral replication could be targeted to autophagic degrada-
tion, which is important for activation of antiviral response 
[68,69]. Different from these reports, we discovered that the 
viral NS3 protease became a major target of host defense 
through recognition of NLRC5, thus activating an autopha-
gic degradation of NS3 and consequently inhibiting virus 
infection (Figure 3 and 4). NS3 is a multifunctional protein 
and conserved among the flaviviruses [70,71], containing 
mainly protease and helicase domains [71,72]. Helicase 
activity is essential to viral RNA replication [73], while 
primary function of protease domain, in complex with 
NS2B, is to execute the cleavage processing of viral polypro-
tein and other host proteins [74,75]. NS3 protease could 
counteract the CGAS-STING1 pathway for immune evasion 
[76]. In addition, NS3 was also found to be involved in virus 
assembly [77]. Therefore, degradation of NS3 should defi-
nitely be concomitant with the suppression of DENV infec-
tion, and targeting a multifunctional viral protein-like NS3 
may be a consequence of evolution of host defense, as the 

Figure 9. The working model of NLRC5-CUL2-NS3-TOLLIP axis inhibiting DENV infection. NLRC5 was upregulated by DENV infection, which in turn recruited the E3 
ubiquitin ligase CUL2 to viral NS3 protein to mediate the K48-linked ubiquitination of NS3. The ubiquitinated NS3 protein was then recognized by the cargo receptor 
TOLLIP and delivered to the autolysosomes for degradation. Therefore, virus infection was suppressed in the cells.
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inhibitory effect could be achieved at multiple levels thus 
representing a cost-effective strategy. Host cells have evolved 
distinct mechanisms to degrade NS3 and NS2B3 of flavi-
viruses, such as TRIM69 mediates DENV NS3 degradation 
through ubiquitin-proteasome pathway [78,79], and 
TRIM5α induces the degradation of viral protease to restrict 
the replication of flaviviruses [73]. Viperin targets NS3 for 
proteasomal degradation to restrict ZIKV and tick-borne 
encephalitis virus replication [80], and C19orf66 induces 
lysosomal degradation of NS3 to interrupt ZIKV replication 
[81]. Discovery of autophagy pathway involved in the degra-
dation of NS3 provides a novel insight into host defense 
against the infection of flaviviruses. Besides, targeting multi-
functional NS3 protein may also explain the generalized 
effect of NLRC5 in host combating viral RNA replication, 
protein expression, and production of infectious virus pro-
geny. It should be noted that three domains of NLRC5 
showed interaction with NS3, but only CARD domain 
mediated NS3 degradation (Figure 4C and Figure S3). 
Previously, we found that several regions of NLRC5 could 
bind IKBKB/IKKβ, however only one region in LRR func-
tioned to inhibit NFKB activity [21]. NLRC5 exists as a large 
member of NLR family, each of three domains binding to 
NS3 may not necessarily execute downstream degradation of 
NS3, however, this did not preclude other functional effects 
of the binding. In conclusion, our study displays a novel 
antiviral signaling by activating NLRC5-CUL2-NS3- 
antophagic pathway. Noting that, NLRC5 was also able to 
degrade the NS3 proteins from ZIKV and JEV (Figure 4H), 
thus suggesting potentially a broad-spectrum antiviral func-
tion of NLRC5 against multiple flaviviruses. However, this 
requires future investigations.

TOLLIP has been reported to function as a cargo receptor 
and to be involved in the clearance of protein aggregates [82], 
and it could cooperate with other cargo receptors (such as 
SQSTM1 and NBR1) to target one aggregate [54]. Here, we 
demonstrated that NS3 interacted with TOLLIP, through its 
ubiquitination domain CUE (Figure 5E), different from 
SQSTM1 and NBR1 receptors being UBA domain; this obser-
vation is in line with a previous report that ubiquitin recog-
nized TOLLIP via CUE domain [54]. Noted that, TOLLIP 
receptor has not been found to be involved in the autophagic 
degradation of a viral protein, hence it is worth to explore its 
role in virus infection in the future. Besides, the fact that 
knockdown of TOLLIP restored NS3 level to a high extent 
but not comparable to the control (Figure 5C) may indicate 
the involvement of other cargo receptors in the degradation 
process of NS3 protein. Previous work reports that cargo 
receptor SQSTM1 could significantly suppress DENV replica-
tion and was depleted via proteasomal degradation in DENV- 
infected cells [65], whether the inhibitory effect of SQSTM1 
on DENV replication involves autophagy pathway would be 
of interest in future study.

K48-linked ubiquitination is well recognized as a canonical 
signal for proteasome degradation, while K63-polyubiquitin is 
involved in autophagy degradation pathway [83,84]. However, 
a number of studies have demonstrated that both ubiquitina-
tion types are involved in autophagic degradation of sub-
strates [85–87]. Moreover, cargo receptor TOLLIP CUE 

domain could interact with K48- and K63-linked polyubiqui-
tin chains [54], further suggesting that K48-linked ubiquitina-
tion seem to prime proteins for multiple degradation 
pathways.

In summary, we demonstrated a novel mechanism of 
NLRC5 in antiviral defense by activating a NLRC5-CUL2- 
NS3-TOLLIP-autophagy axis to suppress virus infection, and 
this pathway may be commonly applied to combat 
flaviviruses.

Materials and methods

Antibodies and reagents

The antibodies were commercially available and used accord-
ing to the manufacturers’ instructions. Antibodies anti- 
NLRC5 (ab105411; 1:1000) and anti-TOLLIP (ab187198; 
1:1000) were purchased from Abcam. Anti-DENV NS3 anti-
body (GTX124252; 1:2000) was purchased from GeneTex. 
Antibodies for horseradish peroxidase (HRP)-conjugated 
GAPDH/glyceraldehyde-3-phosphate dehydrogenase (HRP 
-60004; 1:6000), anti-Flag-tag (20543-1-AP; 1:5000), anti- 
MYC/c-Myc-tag (67447-1-Ig; 1:8000), anti-SQSTM1/p62 
(18420-1-AP; 1:5000), anti-ATG5 (10181-2-AP; 1:1000), anti- 
BECN1 (11306-1-AP; 1:1000) were purchased from 
Proteintech Group. Anti-HA-tag antibody (M180–3; 1:6000) 
was purchased from MBL. Antibodies Goat anti-Mouse IgG 
(H+L) HRP Secondary Antibody (RM-3001; 1:5000) and Goat 
anti-Rabbit IgG (H+L) HRP Secondary Antibody (RM-3002; 
1:5000) were purchased from Beijing Ray Antibody Biotech. 
Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed 
Secondary Antibody (Alexa Fluor® 488 dye) (A -12029; 
1:1000) and Goat anti-Rabbit IgG (H+L) Highly Cross- 
Adsorbed Secondary Antibody (Alexa Fluor® Plus 555; A - 
32732; 1:1000) were purchased from Invitrogen.

Chemical reagents were purchased and used without 
further purification. 3-methyladenine (10 mM, 3-MA; 
M9281), chloroquine phosphate (50 μM, CQ; PHR1258), 
NH4Cl (20 mM; 12125-02-9), and MG132 (10 μM; M8699) 
were from Sigma-Aldrich. Bafilomycin A1 (0.4 μM, Baf A1; 
S1413) and cycloheximide (100 μg/mL, CHX; S7418) was pur-
chased from Selleck Chemicals. Protein A/G Sepharose beads 
(P001–3) were purchased from 7Sea Biotech. Recombinant 
Human IFNB (50 ng/ml; 300-02BC) and Recombinant 
Human IFNG (100 ng/ml; 300–02) were purchased from 
PeproTech. Lipofectamine 2000 (11668019) was purchased 
from Thermo Fisher Scientific.

Plasmids

The genes encoding viral proteins were amplified from the 
DENV-2 infectious clone 16681 (provided by Dr. Andrew 
Yueh, Institute of Biotechnology and Pharmaceutical 
Research, National Health Research Institutes, Taiwan, 
China) [88] by standard PCR procedure and cloned into the 
pCMV-3×Flag-1b vector (provided by Dr. Mengfeng Li, Sun 
Yat-sen Unviersity). Flag-tagged NLRC5, NBR1, OPTN, 
SQSTM1, CALCOCO2, TOLLIP, and BNIP3 L, and HA- 
tagged ubiquitin (Ub)-wild type (WT), K6, K11, K27, K29, 
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K33, K48, and K63 were previously reported [21,39]. HA- and 
MYC-tagged NLRC5 were constructed by cloning the NLRC5 
ORF into the pCMV-3×HA-1b and pCMV-3×MYC-1b vec-
tors (modified from pCMV-3×Flag-1b vector), respectively. 
Plasmids with point mutations or truncations were con-
structed by overlapping PCR or chemically synthesis. All 
plasmid constructs were confirmed by sequence analysis.

Cell culture

HEK293T, A549, and Vero cells were maintained in our 
laboratory [89,90] and cultured in Dulbecco’s modified eagle 
medium (DMEM; Gibco/Thermo Fisher Scientific, 2478988) 
with 10% fetal bovine serum (FBS; ExCell Bio, FSP500). 
HUVEC cells (provided by Dr. Yan Yuan, Sun Yat-sen 
University, China) and THP-1 cells (From Dr. Ping Zhang’s 
laboratory, Sun Yat-sen University, China) were cultured in 
RPMI 1640 medium (Gibco/Thermo Fisher 
Scientific,11875093) with 20% and 10% FBS, respectively. All 
cells were maintained in the incubator with 5% CO2 at 37℃.

Virus propagation, infection, and titration

To propagate DENV virus or to perform virus infection 
experiments, Vero, A549, or other cells were inoculated with 
DENV-2 strain 16681 with the multiplicity of infection (MOI) 
as indicated and cultured with 5% CO2 at 37℃ for 2 h. Then, 
the inoculation medium was replaced with fresh medium, and 
the infected cultures were maintained in the incubator until 
the virus supernatant was collected for analysis. To determine 
the dose of DENV infection, we performed pilot studies and 
found that MOI of 2 gave better results without massive cell 
death during the course of experiments and thus was used for 
subsequent infection experiments.

DENV infectivity titers were determined by plaque form-
ing assay using Vero cells. Briefly, Vero cells were inoculated 
with the 10-fold serial dilutions of DENV and inoculated into 
the cells for 2 h, the virus inoculum was then removed, and 
fresh DMEM containing 1% methylcellulose was added. After 
4–5 days, cells were fixed with 4% paraformaldehyde and 
stained with 1% crystal violet. The plaques became visible 
and were manually counted, and the virus infectivity titers 
were presented as plaque forming units per milliliter (PFU/ 
ml) of culture supernatant.

Quantitative reverse transcription PCR

Total RNAs were extracted from cells by use of Magzol 
(Magen, JJ153300). For the reverse transcription quantitative 
PCR (RT-qPCR), cDNA was generated with the HiScript II 
Q Select RT SuperMix for qPCR kit (Vazyme, R232–01) and 
was amplified by qPCR using ChamQ Universal SYBR qPCR 
Master Mix (Vazyme, Q711–02) with specific PCR primers 
(Table S1). The expression levels of genes of interest were 
normalized to that of respective internal control GAPDH and 
presented as fold change relative to the control. The analysis 
of each gene expression was repeated in at least three inde-
pendent experiments.

Immunoprecipitation and immunoblot analysis

Immunoprecipitation (IP) was performed using HEK293T cells. 
The cells were lysed in low-salt lysis buffer (50 mM HEPES, pH 
7.5, 150 mM NaCl, 1 mM EDTA, 1.5 mM MgCl2, 10% glycerol, 
1% Triton X-100 [TianJin DINGGUO Biotechnology, DH351- 
4]), supplemented with a protease inhibitor cocktail (Sigma- 
Aldrich, P8849-5 ML) and incubated with the appropriate anti-
bodies plus protein A/G beads overnight. The beads were 
washed five times with the low-salt lysis buffer, and the immu-
neprecipitates were eluted from the beads with 1× sodium 
dodecyl sulfate (SDS) loading buffer (Invitrogen, 2417530) and 
resolved on 8 to 12% SDS-polyacrylamide gels (SDS-PAGE). 
Electrophoresis was done with 80 V for 30 min and then 120 V 
for 90 min. Proteins were transferred to polyvinylidene fluoride 
(PVDF) membranes (Bio-Rad, 1620177), followed by blocking 
with 5% skim milk and incubating with the appropriate anti-
bodies, and then the protein bands were visualized by immobi-
lon western chemiluminescent HRP substrate (Proteintech 
Group, PK10001).

Fluorescence microscopy

For fluorescence microscopy analysis, A549 cells were seeded in 
glass coverslips. The cells that have been transfected or virally 
infected were fixed with 4% paraformaldehyde for 30 min, per-
meabilized with 0.2% Triton X-100 for 20 min, and blocked 
with 1% bovine serum albumin (BSA; Huaqisheng 
Biotechnology, 38680326) in PBS (137 mM NaCl, 2.7 mM 
KCl, 10 mM Na2HPO4 12 H2O, 2 mM KH2PO4, pH 7.4) for 
30 min. The cells were incubated with the primary antibody 
overnight in 4℃, and then secondary antibodies and 4′,6-dia-
midino-2-phenylindole (DAPI; Invitrogen, 208 6723) for 1 h at 
room temperature in the dark. Intracellular fluorescence was 
captured by a confocal laser-scanning microscope (Carl Zeiss, 
LSM800) under a 63× oil-immersion objective. The images were 
processed for gamma adjustments using LSM Zen 2008 and 
ImageJ software (National Institutes of Health, USA). The 
fluorescence intensity profile of the indicated proteins was mea-
sured by using the GraphPad Prism 7 software (GraphPad 
Software). Pearson’s correlation coefficient was calculated 
using the plugin for ImageJ [42].

Inhibitor treatment

HEK293T cells were transfected with plasmids for 24 h, and 
then the culture medium was replaced with fresh medium con-
taining inhibitors. The cells were harvested after 6 h, and total 
cell lysates were subjected to SDS-PAGE and western blotting. 
MG132 (10 μM) was used to inhibit proteasome-mediated pro-
tein degradation. 3-MA (10 mM), CQ (50 μM), bafilomycin A1 
(Baf A1, 0.4 μM), or NH4Cl (20 mM) was used to inhibit auto-
lysosome- or lysosome-mediated protein degradation.

Cycloheximide (CHX)-chase assays

HEK293T cells were transfected with plasmids for 24 h, then the 
medium was changed to fresh medium containing CHX (100  
μg/mL; ACMEC, A14033729). The cells were harvested at 4, 8, 
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and 12 h, and total cell lysates were subjected to SDS-PAGE and 
subsequent western blotting to visualize the amount of NLRC5, 
NS3, and internal control GAPDH. The levels of NS3 proteins 
were normalized to respective GAPDH at each time point, by 
which the degradation rate of NS3 protein with or without the 
presence of NLRC5 were determined and then plotted using 
GraphPad Prism 7 (GraphPad Software).

RNA interference (RNAi) experiment

Small interference RNAs (siRNAs) targeting human NLRC5, 
SQSTM1, TOLLIP, and CUL2 genes and scramble siRNA controls 
were designed and synthesized by GenePharma (Shanghai, 
China) (Table S2). siRNAs were transfected into the 293T and 
A549 cells for 6 h using Lipofectamine 2000 reagent (Invitrogen/ 
Thermo Fisher Scientific, 11668019) according to the manufac-
turer’s instructions.

Statistical analyses

Data are represented as mean ± SEM, and Student’s t-test was 
used for all statistical analysis with the GraphPad Prism 7 
software. Differences between two groups were considered 
significant when p value was less than 0.05.
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