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ABSTRACT Human innate immunity responds to viral infection by activating the pro-
duction of interferons (IFNs) and proinflammatory cytokines. The mitochondrial adaptor
molecule MAVS plays a critical role in innate immune response to viral infection. In this
study, we show that TRIM21 (tripartite motif-containing protein 21) interacts with MAVS
to positively regulate innate immunity. Under viral infection, TRIM21 is upregulated
through the IFN/JAK/STAT signaling pathway. Knockdown of TRIM21 dramatically im-
pairs innate immune response to viral infection. Moreover, TRIM21 interacts with MAVS
and catalyzes its K27-linked polyubiquitination, thereby promoting the recruitment of
TBK1 to MAVS. Specifically, the PRY-SPRY domain of TRIM21 is the key domain for its in-
teraction with MAVS, while the RING domain of TRIM21 facilitates the polyubiquitination
chains of MAVS. In addition, the MAVS-mediated innate immune response is enhanced
by both the PRY-SPRY and RING domains of TRIM21. Mutation analyses of all the lysine
residues of MAVS further revealed that Lys325 of MAVS is catalyzed by TRIM21 for the
K27-linked polyubiquitination. Overall, this study reveals a novel mechanism by which
TRIM21 promotes the K27-linked polyubiquitination of MAVS to positively regulate in-
nate immune response, thereby inhibiting viral infection.

IMPORTANCE Activation of innate immunity is essential for host cells to restrict the
spread of invading viruses and other pathogens. MAVS plays a critical role in innate
immune response to RNA viral infection. In this study, we demonstrated that TRIM21
targets MAVS to positively regulate innate immunity. Notably, TRIM21 targets and
catalyzes K27-linked polyubiquitination of MAVS and then promotes the recruitment
of TBK1 to MAVS, leading to upregulation of innate immunity. Our study outlines a
novel mechanism by which the IFN signaling pathway blocks RNA virus to escape

immune elimination.
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(PAMPs) via pattern recognition receptors (PRRs) (1). Major PRRs include cytosolic innate immune response to RNA viral infection
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which then interact with the CARD domain of the mitochondrial adaptor protein MAVS
(also known as IPS1, VISA, or CARDIF) (10-13). As an adaptor of PRRs, MAVS recruits and
activates the classical TAK-binding kinase 1 (TBK1) and IKK-related kinase. These kinases
further induce the activation of two transcription factors, IRF3 and NF-«B, which then
translocate into the nucleus to initiate the production of interferons (IFNs) and certain
proinflammatory cytokines (14). Once IFNs are induced through the RLR pathway, they
act in an autocrine or paracrine fashion to induce hundreds of IFN-stimulated genes
(ISGs) that eliminate the invasion of microbial pathogens (15).

Insufficient IFN production can cause chronic infection, while excessive IFN produc-
tion may induce autoimmune or inflammatory diseases. To maintain an appropriate
level of IFN production, cells have developed some mechanisms to modulate the IFN
signaling pathway. MAVS is a common adaptor protein that links RLRs to their down-
stream signaling molecules, which is regulated by viral or host factors. For example,
hepatitis C virus (HCV) NS3/4A protein cleaves MAVS to block the MAVS-mediated
signaling pathway, thereby allowing HCV to evade the innate immune system and
establish persistent infection (16-18). NLRX1 interacts with PCBP2 and facilitates the
K48-linked polyubiquitination degradation of MAVS by recruiting the E3 ligase AIP4 (19,
20). Moreover, Ndfip1 interacts with the E3 ligase Smurf1 to mediate the ubiquitination
and degradation of MAVS (21). The mitochondrial E3 ligase MARCH5 also promotes the
degradation of MAVS in a ubiquitination-dependent manner (22).

The tripartite motif-containing (TRIM) superfamily contains 82 members that have
highly conserved E3 ligases that take part in a broad range of biological processes, such
as cell proliferation, differentiation, development, and apoptosis (23). TRIM4, TRIM5,
TRIM6, TRIM8, TRIM14, TRIM15, TRIM23, TRIM25, and TRIM56 can positively regulate
antiviral responses in the IFN signaling pathway (24-32). In contrast, TRIM27, TRIM30,
and TRIM38 are negative regulators of the IFN signaling pathway by promoting the
K48-linked polyubiquitination of their targeted proteins (33-35). Furthermore, TRIM31
facilitates the K63-linked polyubiquitination and aggregation of MAVS to induce the
expression of IFNs against viral infection (36). TRIM44 stabilizes MAVS by removing the
K48-linked polyubiquitination of the MAVS (37).

TRIM21 (tripartite motif-containing protein 21), also known as Ro52 or SS-A, belongs
to the TRIM superfamily and is commonly expressed in a great variety of human cells
(38). Similar to other members of the TRIM superfamily, TRIM21 contains a RING motif
in the N-terminal domain, a B-box motif, a coiled-coil domain, and a PRY-SPRY region
in the C-terminal domain (39). The RING motif is a zinc-binding domain that has E3
ligase-like activity, whereas the B-box and coiled-coil domains are required for protein-
protein interaction and the conformation of homo- or heterodimerization. Furthermore,
the PRY-SPRY domain can bind to proteins with antiviral activities (38, 40). TRIM21 was
originally identified as an autoantigen in autoimmune diseases, such as rheumatoid
arthritis, systemic lupus erythematosus (SLE), and Sjogren’s syndrome (39). Recent
studies have suggested that TRIM21 may play an essential role in the tumor suppressor
or drug-induced apoptosis of cancer cells (41, 42). However, contradictory results, that
TRIM21 may target IRF3 after RNA viral infection, have been reported (43, 44). Therefore,
the exact mechanisms of TRIM21 against viral infection remain unclear.

In this study, we aimed to reveal the antiviral activity of TRIM21 and its interplay with
MAVS during infection by HCV, Newcastle disease virus (NDV), Sendai virus (SeV), and
vesicular stomatitis virus (VSV). Our findings suggested that TRIM21 acts as a positive
regulator of virus-triggered innate immune response. Upon viral infection, TRIM21 is
induced and interacts with MAVS to promote K27-linked polyubiquitination at Lys325
of MAVS. Furthermore, the PRY-SPRY domain of TRIM21 plays a key role in its interac-
tion with MAVS, while the RING domain of TRIM21 is critical for facilitating the
polyubiquitination chains of MAVS. Notably, the K27-linked polyubiquitination of MAVS
mediated by TRIM21 results in the recruitment of TBK1 to MAVS, which positively
regulates innate immune response. Overall, our findings revealed novel activities of
TRIM21 in the innate immune response, thereby shedding light on the positive regu-
lation of the innate immune system against viral infection.
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FIG 1 Viral infection induces the expression of TRIM21. (A and B) HLCZO01 cells were transfected with 200 ng of HCV 3" UTR or poly(l-C) for the indicated times.
TRIM21 mRNA (top) and protein (bottom) were analyzed by real-time PCR and immunoblotting, respectively. (C and D) Huh7 cells were transfected with 200
ng of HCV 3" UTR or poly(l-C) for the indicated times. TRIM21T mRNA (top) and protein (bottom) were analyzed by real-time PCR and immunoblotting,
respectively. (E to H) HLCZO1 (E and F) or Huh7 (G and H) cells were infected with NDV (E and G) or SeV (F and H) for the indicated times. TRIM21 mRNA was
determined by real-time PCR and normalized with GAPDH. TRIM21 protein was analyzed by immunoblotting. (I) HLCZO01 cells were infected with HCV
(multiplicity of infection [MOI] = 0.2) for 72 h. TRIM21 mRNA (top) was analyzed by real-time PCR and normalized with GAPDH. TRIM21 protein and HCV core
protein were detected by immunoblotting. B-Actin was used as the loading control. The results are presented as means = standard deviations. *, P < 0.05;
** P < 0.01; *** P < 0.001 versus control.

RESULTS

Viral infection induces the expression of TRIM21. To evaluate the activity of
TRIM21 during viral infection, we first measured the expression level of TRIM21 in
human hepatocytes stimulated by nucleic acid mimics, the 3" untranslated region of
HCV RNA (HCV 3’ UTR) or long poly(l-C), which were recognized by RIG-I or MDAS5,
respectively (45-48). After stimulation with the HCV 3’ UTR or poly(l-C), the mRNA and
protein of TRIM21 were upregulated in HLCZ01 cells, which support the entire life cycle
of HCV and hepatitis B virus (HBV) (Fig. TA and B) (49). To rule out the possibility of cell
specificity, we performed the above-described experiments in Huh7 cells. TRIM21 was
also induced by the HCV 3’ UTR or poly(l-C) in the Huh7 cells (Fig. 1C and D). To further
evaluate the expression level of TRM21 in the context of viral infection, we infected
HLCZ01 and Huh7 cells with NDV or SeV. Both NDV and SeV induced the expression of
TRIM21 mRNA and protein in the HLCZ01 (Fig. 1E and F) and Huh7 (Fig. 1G and H) cells.
Of note, HCV is a positive-sense single-stranded RNA virus belonging to the family
Flaviviridae. HCV can be recognized by RIG-l or MDA5 and further activate IFN signaling
(45, 47). TRIM21 expression was induced by HCV infection (Fig. 11). These data sug-
gested that RNA viruses can induce the expression of TRIM21, indicating a potential role
of TRIM21 in innate immune response to viral infection.

The induction of TRIM21 depends on the JAK/STAT signaling pathway. Viral
infection induces the production of type | and type Il IFNs. IFNs recognize their
receptors to activate the JAK/STAT pathway and promote the expression of ISGs,
leading to the elimination of invading pathogens (14, 15). To investigate whether the
induction of TRIM21 by RNA viruses depends on the JAK/STAT pathway, we constructed
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FIG 2 Induction of TRIM21 depends on the JAK/STAT signaling pathway. (A) HLCZ01 cells were stably transfected with either scrambled shRNA
(sh-con) or IFNAR shRNA (sh-IFNAR). (Left) IFNART mRNA was analyzed by real-time PCR and normalized with GAPDH. (Right) IFNAR1 protein was
analyzed by immunoblotting. (B) Immunoblot analysis of the indicated proteins in HLCZ01-sh-con and HLCZ01-sh-IFNAR1 cell lines treated with
IFN-a (500 U/ml) for 30 min. (C) HLCZO01 cells stably transfected with scrambled shRNA or IFNAR shRNA were treated with IFN-a (100 U/ml) for
6 h. TRIM21 mRNA was determined by real-time PCR and normalized with GAPDH. (D and E) TRIM21 protein was analyzed by immunoblotting.
HLCZO01 cells stably transfected with scrambled shRNA or IFNAR shRNA were transfected with HCV 3’ UTR (D) or poly(Il-C) (E) for 6 h. TRIM21 mRNA
and protein were analyzed by real-time PCR and immunoblotting, respectively. (F and G) HLCZ01 cells stably transfected with scrambled shRNA
or IFNAR shRNA were infected with NDV (F) or SeV (G) for 16 h. TRIM21 mRNA was determined by real-time PCR and normalized with GAPDH.

TRIM21 protein was detected by immunoblotting. The results are presented as means =+ standard deviations. *, P < 0.05; **, P < 0.01 versus
control.
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stable IFNAR1-silenced cells using HLCZO01 cell lines. IFNAR1 was knocked down effec-
tively in HLCZO01 cells (Fig. 2A). To ensure the efficiency of IFNAR1 knockdown, we
detected the phosphorylation of STAT1 with IFN-a treatment. Phosphorylation of
STAT1 was attenuated in IFNAR1-silenced cells compared to control cells following
IFN-« treatment (Fig. 2B). Knockdown of IFNART significantly decreased the level of
TRIM21 in HLCZO01 cells, which was treated by IFN-« (Fig. 2C). After stimulation with the
HCV 3" UTR or poly(l-C), the levels of TRIM21 mRNA and protein were reduced in
IFNAR1-silenced cells compared to control cells (Fig. 2D and E). Furthermore, the
induction of TRIM21 by NDV or SeV was impaired when we silenced IFNAR1 in HLCZ01
cells (Fig. 2F and G). These data demonstrated that the induction of TRIM21 is
dependent on the IFN/JAK/STAT signaling pathway.

TRIM21 positively regulates innate immune response to RNA nucleic acid
mimics. Based on the above-mentioned finding that TRIM21 was induced by viral
infection and its production required the IFN/JAK/STAT pathway, we speculated that
TRIM21 may play an important role in innate immune response to viral infection. To
assess our hypothesis, we measured the expression levels of a series of genes partici-
pating in host antiviral defense via ectopic expression or knockdown of TRIM21 in
human hepatocytes. Upon stimulation with the HCV 3’ UTR, the ectopic expression of
TRIM21 in HLCZO01 cells significantly enhanced the expression of type I IFN (IFN-B), type
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FIG 3 TRIM21 positively regulates innate immune response to RNA nucleic acid mimics in HLCZO1 cells. (A to D) HLCZO1 cells were transfected with
p3X-Flag-CMV-vector or p3X-Flag-TRIM21 plasmid (A and C) or pSilencer-vector or pSilencer-TRIM21 plasmid (B and D) for 48 h and then transfected with 200
ng of HCV 3’ UTR (A and B) or 200 ng of poly(l-C) (C and D) for the indicated times. The levels of IFN-B, IL-28A, IL-29, TNF-q, IL-6, and 1SG12a mRNAs were

analyzed by real-time PCR and normalized with GAPDH. The results are presented as means =+ standard deviations. *, P < 0.05; **, P < 0.01; ***, P < 0.001 versus
control. F, Flag.

I IFNs (interleukin 28A [IL-28A] and IL-29), tumor necrosis factor alpha (TNF-«), and IL-6
in a time-dependent manner (Fig. 3A). The representative ISGs, including ISG12a, were
upregulated when TRIM21 was overexpressed in HLCZ01 cells (Fig. 3A). Importantly, our
previous studies revealed the antiviral activity of 1ISG12a (50, 51). In fact, silencing of
TRIM21 in HLCZO01 cells remarkably impaired the expression of IFN-B, IL-28A, IL-29,
TNF-q, IL-6, and ISG12a (Fig. 3B). Next, we measured the expression levels of innate
immune genes stimulated by poly(l-C) in HLCZ01 cells. Ectopic expression or silencing
of TRIM21 enhanced or attenuated the expression of IFN-B, IL-28A, IL-29, TNF-q, IL-6,
and ISG12a, (Fig. 3C and D). Moreover, we performed the above-described experiments
in Huh7 cells, and similar results were observed (Fig. 4A to D). These data suggested
that TRIM21 positively regulates innate immune response to RNA nucleic acid mimics.

TRIM21 positively regulates innate immune response to RNA viral infection. To
determine the role of TRIM21 in the context of viral infection, we performed the
following experiments using NDV or SeV. First, the ectopic expression or knockdown of
TRIM21 increased or decreased the levels of IFN-, IL-28A, IL-29, TNF-¢, IL-6, and I1SG12a
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FIG 4 TRIM21 positively regulates innate immune response to RNA nucleic acid mimics in Huh7 cells. (A to D) Huh7 cells were transfected with p3X-Flag-
CMV-vector or p3X-Flag-TRIM21 (A and C) or pSilencer-vector or pSilencer-TRIM21 (B and D) for 48 h and then transfected with 200 ng of HCV 3" UTR (A and
B) or 200 ng of poly(I-C) (C and D) for the indicated times. The levels of IFN-g, IL-28A, IL-29, TNF-¢, IL-6, and I1SG12a mRNAs were examined by real-time PCR
and normalized with GAPDH. The results are presented as means *+ standard deviations. *, P < 0.05; **, P < 0.01; ***, P < 0.001 versus control.

upon infection with NDV (Fig. 5A and B). TRIM21 was knocked down efficiently in
HLCZ01 cells with or without NDV infection (Fig. 5B). Second, the induction of IFN-S,
IL-28A, IL-29, TNF-q, IL-6, and ISG12a by SeV was enhanced or attenuated when TRIM21
was overexpressed or silenced, respectively (Fig. 5C and D). Moreover, we evaluated the
effect of TRIM21 on the regulation of IFN signaling in Huh7 cells transfected with
IFN-B-Luc and ISRE-Luc reporters and infected with NDV or SeV. Both IFN-B-Luc and
ISRE-Luc were activated by NDV or SeV. Moreover, such activation was increased or
attenuated by ectopic expression or knockdown of TRIM21, respectively (Fig. 6A to D).

HCV NS3/4A protein cleaves MAVS to abrogate host antiviral innate immunity
(16-18). It was reported that MDA5 senses HCV RNA to trigger innate immune response
after introduction of a C508R mutant of MAVS (MAVSR) into Huh7.5.1 cells (45).
Therefore, to evaluate the effect of TRIM21 on the IFN signaling pathway induced by
HCV, Huh7.5.1(MAVS-C508R) cells were transfected with IFN-B-Luc or ISRE-Luc report-
ers. The activity of IFN-B promoter and ISRE-Luc induced by HCV infection was
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FIG 5 TRIM21 positively regulates innate immune response to RNA viral infection in HLCZO01 cells. (A to D) HLCZO01 cells were transfected by p3X-Flag-CMV-
vector or p3X-Flag-TRIM21 (A and C) or pSilencer-vector or pSilencer-TRIM21 (B and D) for 24 h and then infected with NDV (A and B) or SeV (C and D) for the
indicated times. The levels of IFN-B, IL-28A, IL-29, TNF-¢, IL-6, and ISG12a mRNAs were tested by real-time PCR and normalized with GAPDH. The results are
presented as means * standard deviations. *, P < 0.05; **, P < 0.01; ***, P < 0.001 versus control.

enhanced or attenuated when TRIM21 was overexpressed or silenced, respectively (Fig.
6E and F). The ectopic expression or knockdown of TRIM21 in Huh7 cells decreased or
increased the level of IFN-B upon herpes simplex virus (HSV) infection (Fig. 6G). These
data suggested that TRIM21 promotes innate immune response to RNA viral infection.

TRIM21 promotes the activation of IRF3 and NF-«B signaling and suppresses
viral infection. It is known that the induction of IFNs by viral infection mainly depends
on IRF3. Activation of IRF3 requires phosphorylation by TBK1 and IKK-g (52). The
phosphorylated IRF3 undergoes homodimerization and translocates to the nucleus,
leading to the transcription of IFN genes (52). The induction TNF-a and IL-6 by viral
infection mainly requires the transcription factor NF-«B. Activation of NF-«B needs the
IKK-related kinase complexes (53). To investigate the effect of TRIM21 on the activation
of IRF3 and NF-«B, we silenced TRIM21 in HLCZO01 cells, which were then infected with
VSV. Knockdown of TRIM21 remarkably attenuated the phosphorylation of IRF3 and
p65 in HLCZO01 cells (Fig. 7A). In HLCZO01 cells infected with NDV (Fig. 7B) or SeV (Fig. 7C),
the phosphorylation and dimerization of IRF3 could be enhanced or attenuated by the
ectopic expression or knockdown of TRIM21, respectively. Activation of IRF3 and p65
was also detected in HCV-infected Huh7.5.1(MAVS-C508R) cells, and TRIM21 knock-
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FIG 6 TRIM21 positively regulates innate immune response to RNA viral infection in Huh7 cells. (A to D) Luciferase activity of lysates in Huh7 cells cotransfected
with IFN-B-Luc or ISRE-Luc and p3X-Flag-CMV-vector or p3X-Flag-TRIM21 (A and C) or pSilencer-vector or pSilencer-TRIM21 (B and D) for 12 h and then infected
with NDV (A and B) or SeV (C and D) for 12 h. The results are presented relative to the luciferase activity in control cells. (E and F) Luciferase activity of lysates
in Huh7.5.1(MAVS-C508R) cells infected with HCV (MOl = 2) for 48 h, followed by cotransfection with IFN-B-Luc or ISRE-Luc and p3X-Flag-CMV vector or
p3X-Flag-TRIM21 (E) or pSilencer-vector or pSilencer-TRIM21 (F) for 24 h. (G) Huh7 cells were transfected with p3X-Flag-CMV vector or p3X-Flag-TRIM21 or with
pSilencer-vector or pSilencer-TRIM21 for 24 h and then infected with HSV for 24 h. The level of IFN-B mRNA was tested by real-time PCR and normalized with
GAPDH. The results are presented as means *+ standard deviations. *, P < 0.05; **, P < 0.01; ***, P < 0.001 versus control.

down impaired the phosphorylation of IRF3 and p65 (Fig. 7D). Moreover, TRIM21
knockdown increased the level of HCV core in HCV-infected cells (Fig. 7D). These results
supported the idea that TRIM21 promotes the activation of IRF3 and NF-«B signaling
during viral infection.

Considering the significance of TRIM21 in the expression of IRF3- and NF-«B-
dependent innate antiviral genes, we further assessed the antiviral activities of TRIM21.
We found that knockdown of TRIM21 increases the levels of VSV, NDV, and SeV RNAs
at the indicated time points (Fig. 7E to G). Similarly, knockdown of TRIM21 in HCV-
infected Huh7.5.1(MAVS-C508R) cells remarkably enhanced viral replication and the
production of infectious viruses compared to the control group (Fig. 7H to I). These data
demonstrated that TRIM21 plays a positive role in the activation of IRF3 and NF-xB
signaling triggered by viral infection, thereby inhibiting viral infection.

TRIM21 targets and interacts with MAVS. Upon RNA virus infection, RIG-I and
MDAS5 recognize PAMPs and recruit MAVS, thereby activating IRF3 and NF-«B, leading
to the expression of type | and type Ill IFNs or proinflammatory cytokines for antiviral
activity. To determine the molecular mechanism of TRIM21 in enhancing the IFN
signaling pathway, we cotransfected pcDNA3.1a-TRIM21 with IFN-B-Luc, NF-«B-Luc, or
ISRE-Luc in HEK293T cells. Overexpression of TRIM21 enhanced the activation of the
IFN-B promoter by RIG-I, MDA5, or MAVS, whereas the activation of the IFN-B promoter
triggered by TBK1 or IRF3-5D (S385D, S386D, S396D, S398D, S402D, S404D, and S405D)
was unaffected (Fig. 8A). Similarly, NF-«B activity induced by RIG-I, MAD5, or MAVS was
substantially improved by the overexpression of TRIM21, whereas the NF-«B activity
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FIG 7 TRIM21 promotes the activation of IRF3 and NF-kB signaling and suppresses viral infection. (A) Immunoblot analysis of the indicated proteins in
HLCZ01-shcon and HLCZ01-shTRIM21 cells infected with VSV for the indicated times. (B and C) HLCZO01 cells were transfected with p3X Flag-CMV-TRIM21 or
pSilencer-TRIM21 for 36 h and then infected with NDV (B) or SeV (C) for 16 h. The dimer and monomer of IRF3 were detected by native PAGE. Phosphorylated
IRF3 was examined by immunoblotting. (D) Huh7.5.1(MAVS-C508R) cells were transfected with pSilencer-vector or pSilencer-TRIM21 for 24 h and then infected
with HCV (MOI = 2) for 48 h. Phosphorylated IRF3, phosphorylated P65, and HCV core protein were detected by immunoblotting. (E to G) HLCZO01 cells were
transfected with pSilencer-vector or pSilencer-TRIM21 for 24 h and then infected with VSV (E), NDV (F), or SeV (G) for the indicated times. RNA of VSV, NDV,
and SeV was analyzed by real-time PCR and normalized with GAPDH. (H) Huh7.5.1(MAVS-C508R) cells were transfected with pSilencer-vector or pSilencer-
TRIM21 for 24 h and then infected with HCV (MOI = 2) for the indicated times. HCV RNA was analyzed by real-time PCR. (I) Huh7.5.1(MAVS-C508R) cells were
transfected with pSilencer-vector or pSilencer-TRIM21 for 24 h and then infected with HCV (MOI = 2) for the indicated times. Extracellular infectious virus
particles were detected by FFU assay. The results are presented as means * standard deviations. *, P < 0.05; **, P < 0.01; ***, P < 0.001 versus control.

mediated by IKK-B or P65 was not altered in the presence of TRIM21 (Fig. 8B). Moreover,
the ISRE activity induced by TBK1 or IRF3-5D was barely changed by TRIM21, but
overexpression of TRIM21 dramatically enhanced the activation of ISRE by RIG-I, MDAS5,
or MAVS (Fig. 8C). Taken together, our findings suggested that TRIM21 promotes the
IFN signaling pathway upstream of TBK1 and IKK-S.

To determine the key factors in the IFN signaling pathway that could be targeted by
TRIM21, we transfected Flag-tagged signaling components into HEK293T cells. Our
coimmunoprecipitation (co-IP) experiments revealed that TRIM21 interacts with MAVS
but not with RIG-I, MDAS5, TBK1, or IRF3 (Fig. 8D). Furthermore, a strong association of
endogenous TRIM21 and MAVS was confirmed in HLCZ01 cells, while SeV or NDV
infection enhanced TRIM21-MAVS interaction (Fig. 8E). The interaction between MAVS
and TRIM21 was also enhanced in HCV-infected Huh7.5.1(MAVS-C508R) cells (Fig. 8F).
All the data suggested that TRIM21 targets and interacts with MAVS and that the
interaction between TRIM21 and MAVS is enhanced upon viral infection.

Characterization of the interaction between TRIM21 and MAVS is important for
exploring the activities of TRIM21 in host cells. Potential interaction interfaces between
TRIM21 and MAVS were next estimated by using in silico approaches, which suggested
that the PRY-SPRY domain of TRIM21 is most likely involved in the interaction with the
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FIG 8 TRIM21 targets and interacts with MAVS. (A to C) Luciferase activity of lysates in HEK293T cells transfected for 24 h with IFN-B-Luc (A) or ISRE-Luc (C)
plus Flag-RIG-I, Flag-MDAS5, Flag-MAVS, Flag-TBK1, or Flag-IRF3-5D, or with NF-kB-Luc (B) plus Flag-RIG-I, Flag-MDA5, Flag-MAVS, Flag-IKKB, or Flag-P65, along
with pcDNA3.1a-TRIM21 or an empty vector. The results are presented relative to the luciferase activity in control cells. (D) HEK 293T cells were transfected with
plasmids as indicated for 24 h. Cellular lysates were immunoprecipitated with anti-Flag or IgG. Immunoprecipitates were analyzed by Western blotting (WB)
with anti-Flag or anti-TRIM21. (E) HLCZO01 cells were infected with SeV or NDV for the indicated times. Immunoprecipitation and WB analysis were performed
with antibodies against the indicated proteins. (F) Huh7.5.1(MAVS-C508R) cells were infected with HCV (MOl = 2) for the indicated times. Immunoprecipitation
and WB analysis were performed with antibodies against the indicated proteins. (G) Bioinformatics analysis was conducted to predict the pivotal domains
responsible for the interaction of TRIM21 and MAVS. CTD, C-terminal domain; NTD, N-terminal domain. (H) Schematic illustration of TRIM21 truncations. CC,
coiled-coil domain. (I) HEK 293T cells were cotransfected with the plasmids encoding MAVS and the indicated domains of TRIM21 for 48 h. Co-IP and
immunoblotting were performed with the indicated antibodies. (J) Schematic illustration of TRIM21 truncations. (K) HEK 293T cells were cotransfected with the
plasmids encoding V5-TRIM2 and the indicated domains of MAVS for 48 h. Co-IP and immunoblotting were performed with the indicated antibodies. *, P <
0.05; **, P < 0.01; ***, P < 0.001 versus control.

DIl domain of MAVS (Fig. 8G). To further confirm the prediction, we constructed a series
of truncations of TRIM21 and cotransfected them with the full-length MAVS in HEK293T
cells (Fig. 8H). We found that the PRY-SPRY domain of TRIM21 interacts with MAVS (Fig.
8l). Also, the truncation experiments with MAVS revealed that the DIll domain of MAVS
is the key domain for the MAVS-TRIM21 interaction (Fig. 8) and K). Our data supported
the idea that TRIM21 targets MAVS and that the PRY-SPRY domain of TRIM21 is
sufficient for its interaction with the DIl domain of MAVS.

TRIM21 promotes K27-linked ubiquitination of MAVS. TRIM21 is a RING finger
domain-containing E3 ligase that belongs to the TRIM superfamily (39). To investigate
whether the E3 ligase activity of TRIM21 is involved in the regulation of MAVS, we
transfected Flag-tagged MAVS together with the hemagglutinin (HA)-tagged ubiquitin
(HA-ub) wild type (WT) or ubiquitin mutants in HEK293T cells in the presence or
absence of TRIM21. Our data showed that TRIM21 promotes the ubiquitination of MAVS
(Fig. 9A, lanes 1 and 2). Importantly, TRIM21 catalyzed the formation of the K27-linked
polyubiquitin chains on MAVS (Fig. 9A, lanes 7 and 8).
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FIG 9 TRIM21 promotes K27-linked ubiquitination of MAVS. (A) TRIM21 promotes the K27-linked ubiquitination of MAVS. HEK293T cells were cotransfected with
the indicated plasmids for 42 h and treated with MG132 (25 uM; Sigma) for an additional 6 h. Ubiquitination and immunoblotting assays were performed with
the indicated antibodies. (B) The RING domain of TRIM21 is essential for the K27-linked polyubiquitination of MAVS. HEK293T cells were cotransfected with the
indicated plasmids for 42 h and treated with MG132 (25 uM) for an additional 6 h. Ubiquitination and immunoblotting assays were performed with the indicated
antibodies. (C) Luciferase activity of lysates in HEK 293T cells transfected for 24 h with IFN-B-Luc or ISRE-Luc plus Flag-MAVS, along with V5-TRIM21-FL,
V5-TRIM21-DR, V5-TRIM21-DPS, or an empty vector. (D and E) HLCZO1 cells were transfected with pSilencer-vector or pSilencer-TRIM21 for 24 h and then
infected with NDV (D) or SeV (E) for 16 h. Ubiquitination and immunoblotting assays were performed with the indicated antibodies. (F) Huh7.5.1(MAVS-C508R)
cells were transfected with pSilencer-vector or pSilencer-TRIM21 for 24 h and then infected with HCV (MOI = 2) for 72 h. Ubiquitination and immunoblotting
assays were performed with the indicated antibodies. (G) HLCZ01-sh-con and HLCZ01-sh-IFNAR1 cell lines were transfected with pHA-ub (K27) plasmid for 36
h and then treated with IFN-a (200U/ml) for 6 h. Ubiquitination assays and immunoblotting were performed with the indicated antibodies. The results are
presented as means * standard deviations. *, P < 0.05; **, P < 0.01 versus control.

Previous studies demonstrated that the RING domain of TRIM21 is essential for its E3
ligase activity (8, 39). To determine the role of the RING domain in the ubiquitination
of MAVS, HEK293T cells were cotransfected with V5-TRIM21 or truncated TRIM21 that
lacked the RING domain (V5-TRIM21-D-R), and HA-ub (WT) or HA-ub (K270) with
Flag-MAVS. Ubiquitination analyses revealed that the deletion of the RING domain in
TRIM21 rescued MAVS ubiquitination (Fig. 9B, lanes 1 to 3) and also obstructed the
K27-linked ubiquitination of MAVS (Fig. 9B, lanes 4 to 6). These data suggested that the
ubiquitination of MAVS induced by TRIM21 requires the RING domain of TRIM21.

Essential regions within TRIM21 were identified, but the functions of these regions
in viral restriction remain to be elucidated. We performed luciferase assays to demon-
strate that the full-length TRIM21 augmented the MAVS-induced activation of the IFN-3
promoter or ISRE activity, whereas the MAVS-triggered activation of the IFN-B promoter
or ISRE activity was unaffected by TRIM21-D-R or TRIM21 lacking the PRY-SPRY domain
(TRIM21-D-PS). However, these effects were reversed by the combination of TRIM21-
D-R and TRIM21-D-PS (Fig. 9C), indicating that TRIM21 promotes MAVS-mediated IFN
production through both the RING and PRY-SPRY domains. To confirm TRIM21-induced
ubiquitination of endogenous MAVS, we measured the polyubiquitination of MAVS in
NDV- or SeV-infected HLCZO01 cells. The ubiquitination of MAVS induced by NDV or SeV
was rescued by silencing TRIM21, as well as the K27-linked ubiquitination of MAVS (Fig.
9D and E). Moreover, the K27-linked ubiquitination of MAVS was also decreased by
TRIM21 knockdown in HCV-infected Huh7.5.1 cells (MAVS-C508R) (Fig. 9F). Because the
induction of TRIM21 depended on the IFN/JAK/STAT signaling pathway (Fig. 2B and C),
the induction of K27-linked ubiquitination of MAVS by IFN-a was impaired in IFNAR1-
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FIG 10 TRIM21 promotes the K27-linked polyubiquitination of MAVS on Lys325 and the recruitment of TBK1 to MAVS. (A) HEK293T cells were cotransfected
with the indicated plasmids for 42 h and treated with MG132 (25 uM) for an additional 6 h. Ubiquitination and immunoblotting assays were performed with
the indicated antibodies. (B) HEK293T cells were cotransfected with the indicated plasmids for 42 h and treated with MG132 (25 uM) for an additional 6 h.
Ubiquitination and immunoblotting assays were performed with the indicated antibodies. (C) Luciferase activity of lysates in HEK 293T cells transfected for 24
h with IFN-B-Luc or ISRE-Luc plus Myc-MAVS (WT) or Myc-MAVS (K325R), along with Flag-TRIM21 or an empty vector. (D and E) TRIM21 promoted interaction
between MAVS and TBK1. HLCZO01 cells were transfected with pSilencer-vector or pSilencer-TRIM21 for 24 h and then infected with NDV (D) or SeV (E) for 16
h. IP and immunoblotting were performed with the indicated antibodies. (F) Huh7.5.1(MAVS-C508R) cells were transfected with pSilencer-vector or
pSilencer-TRIM21 for 24 h and then infected with HCV (MOl = 2) for 72 h. IP.and immunoblotting assays were performed with the indicated antibodies. The

results are presented as means * standard deviations. *, P < 0.05; **, P < 0.01 versus control.

silenced cells compared to the control group (Fig. 9G). Overall, TRIM21 catalyzes the
K27-linked polyubiquitination of MAVS for the positive regulation of the IFN signaling
pathway.

TRIM21 promotes the recruitment of TBK1 to MAVS. Since MAVS contains 14
lysine residues, we aimed to identify the lysine residues for TRIM21-mediated poly-
ubiquitination by transfecting HA-ub with Myc-tagged wild-type MAVS [Myc-MAVS
(WT)] or 14 Myc-tagged MAVS mutants [Myc-MAVS (K7R), (K10R), (K136R), (K270R),
(K279R), (K311R), (K325R), (K331R), (K348R), (K362R), (K371R), (K420R), (K461R), and
(K500R)] into HEK293T cells. Our co-IP and ubiquitination experiments revealed that
TRIM21 does not trigger the ubiquitination of MAVS with the K325R mutation, suggesting
K325 within MAVS is the key lysine residue for TRIM21-induced polyubiquitination of MAVS
(Fig. T0A). TRIM21 promoted the K27-linked polyubiquitination of MAVS (WT) but had no
effect on the K27-linked polyubiquitination of mutant MAVS (K325R) (Fig. 10B). These
data suggested that TRIM21 promotes the K27-linked polyubiquitination of MAVS on
Lys325. In comparison to wild-type MAVS, TRIM21 could not enhance the activity of the
IFN-B promoter or ISRE-Luc in the presence of the MAVS K325R mutant (Fig. 10C). All
the data strongly supported the idea that TRIM21 enhances the IFN signaling pathway
by catalyzing the K27-linked polyubiquitination of MAVS on K325.
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The K27-linked polyubiquitination of components of the IFN signaling pathway
plays an important role in antiviral responses. For example, the K27-linked polyubig-
uitination of cGAS or STING is essential for mediating antiviral signaling (54, 55).
Moreover, USP13 removes the K27-linked polyubiquitination chains of STING and
impairs the recruitment of TBK1 to STING, which negatively regulates IFN production
during DNA virus infection (56). Therefore, we speculated that the TRIM21-mediated
K27-linked polyubiquitination of MAVS may promote its interaction with TBK1. The
interaction between MAVS and TBK1 was impaired in TRIM21-silenced cells with NDV
or SeV infection (Fig. 10D and E). Furthermore, the MAVS-TBK1 interaction was also
attenuated in HCV-infected Huh7.5.1(MAVS-C508R) cells when we silenced TRIM21 in
the cells (Fig. 10F). All the data demonstrated that TRIM21 promotes the K27-linked
polyubiquitination of MAVS and the recruitment of TBK1 to MAVS, thereby enhancing
the innate immune response to viral infection.

DISCUSSION

To discover novel regulatory factors that enhance innate immune responses against
viral infection, this study reveals for the first time that TRIM21 promotes the K27-linked
polyubiquitination of MAVS to positively regulate the IFN signaling pathway. Previous
studies suggested that the E3 ligases TRIM31 and TRIM44 positively regulate MAVS
activity (36, 37). Our study provides five concrete pieces of evidence that TRIM21 also
takes part in positively regulating MAVS. First, the expression of TRIM21 in the context
of the JAK/STAT pathway was induced by NDV, SeV, or HCV infection, suggesting that
TRIM21 may play a role in the IFN signaling pathway. Second, during NDV or SeV
infection, the induction of IRF3- and NF-«B-dependent genes by viral infection was
significantly increased or attenuated by ectopic expression or silencing of TRIM21,
respectively. Third, the replication capacities of NDV, SeV, and HCV were enhanced in
virus-infected cells when TRIM21 was silenced. Fourth, TRIM21 targeted and interacted
with MAVS, and notably, this interaction was enhanced by SeV, NDV, or HCV infection.
Moreover, the PRY-SPRY domain of TRIM21 was critical for its interaction with MAVS.
Fifth, TRIM21 induced the K27-linked ubiquitination of MAVS and promoted the
recruitment of TBK1 to MAVS for antiviral activity. The RING domain of TRIM21 was the
functional region that performed the E3 ligase activity. Moreover, deletion of RING and
PRY-SPRY mutants caused the loss of TRIM21 functions in suppressing viral infection.

TRIM21 was originally identified as an autoantigen in autoimmune diseases, such as
rheumatoid arthritis, SLE, and Sjogren’s syndrome (39). TRIM21 acts as an intracellular
antibody receptor that recognizes the antibody-coated virus and inhibits viral infection
(57-59). Moreover, TRIM21 may facilitate the replication of DNA viruses by inducing the
K48-linked ubiquitination degradation of DDX41, known as a DNA virus sensor (60). In
this study, we found that TRIM21 can promote the K27-linked ubiquitination of MAVS,
but not K48-linked ubiquitination. Two other studies reported that TRIM21 may interact
with IRF3 to regulate IFN signaling upon RNA virus infection, although their results are
controversial (43, 44). Higgs et al. claimed that TRIM21 interacts with and catalyzes the
ubiquitination of IRF3 to promote its degradation (43). However, Yang et al. found that
TRIM21 interacts with and prevents the degradation of IRF3 by removing its ubiquiti-
nation (44). Our study demonstrated no interaction between TRIM21 and IRF3.

This controversy can be explained by several factors. Previous studies were mainly
performed using HEK293 cell lines, which were derived from human embryos, while
highly differentiated human hepatocytes were used in the present study. As described
by Yang et al, TRIM21 may remove the polyubiquitination degradation of IRF3 by
interfering with the interaction between IRF3 and Pin1 (61). However, the expression of
Pin1 is dramatically lower in cell lines derived from liver tissues than in kidney tissues
(62). The lower expression of Pin1 in liver cells indicated that the interaction between
Pin1 and IRF3 might be weaker under viral infection. Of note, Pin1 is reported to
interact with the phosphorylated IRF3 and promotes the ubiquitin degradation of IRF3
(61). Given the fact that TRIM21 is distributed in the cytoplasm and the nucleus (63), it
is tempting to speculate that TRIM21 in the cytoplasm may catalyze the K27-linked
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polyubiquitination of MAVS in the early phase of viral infection. In the later phase,
TRIM21 in the nucleus may participate in the antiviral activity by impairing the
Pin1-mediated polyubiquitination of phosphorylated IRF3. Nevertheless, this hypothe-
sis has yet to be verified by future studies.

Our study demonstrated that TRIM21 restricts viral infection by positively regulating
innate immunity. Specifically, HCV infection triggers the hepatic innate immune re-
sponse through recognition of the cytosolic sensor RIG-I or MDA5, subsequently
inducing the expression of hundreds of ISGs to restrict viral replication. For instance,
ISG12a is one of the ISGs that suppress HCV replication by promoting the K48-linked
ubiquitination of viral NS5A protein (51). Other ISGs, such as ISG15 and IFI6, can also
restrict HCV infection (64, 65). It is possible that some ISGs may be modified or
regulated by TRIM21 to eliminate viral infection. In summary, we found another host
factor, TRIM21, restricting HCV infection.

Upon viral infection, the adaptor MAVS is responsible for transmitting the recogni-
tion signal from the upstream to the downstream pathway. Therefore, regulation of
MAVS activity is important for innate immune response to viral infection. Among
various regulatory mechanisms, ubiquitination among the posttranslational modifica-
tions is one of the major mechanisms that regulate various cellular events, such as the
cell cycle, cell division, DNA repair, and immune responses (66). Some E3 ligases, like
AIP4, RNF5, RNF125, Smurf1, Smurf2, TRIM25, and MARCH5, negatively regulate the
activity of MAVS by catalyzing K48-linked polyubiquitin for its degradation (20, 21,
67-70). However, only two E3 ligases, TRIM31 and TRIM44 (36, 37), have been found to
positively regulate MAVS activity. Our study strongly supported the idea that TRIM21
promotes the K27-linked ubiquitination of MAVS to restrict RNA virus infection. K27-
linked ubiquitination plays an important role in innate immune response to viral
infection. For example, upon DNA virus infection, K27-linked polyubiquitination of
cGAS and STING can restrict the replication of viruses (54, 55). In contrast, K27-linked
polyubiquitination of dengue virus NS3 protein enhances the cleavage of STING by the
NS2B3 protease complex, promoting viral replication (71).

Overall, we identified TRIM21 as a positive regulator of the RNA virus-triggered
MAVS-mediated signaling pathway that restricts viral infection. Of note, TRIM21 inter-
acts with MAVS to promote the K27-linked polyubiquitination of MAVS, thus leading to
the recruitment of TBK1 to MAVS to enhance the innate immune response to viral
infection (Fig. 11). Moreover, the PRY-SPRY domain of TRIM21 is required for its
interaction with MAVS, while the RING domain of TRIM21 is essential for catalyzing the
polyubiquitination of MAVS. Taken together, our findings shed light on a novel mech-
anism by which TRIM21 promotes the K27-linked polyubiquitination of MAVS to
positively regulate innate immune response, thereby inhibiting viral infection.

MATERIALS AND METHODS

Cell culture and reagents. The HLCZ01 cell line, a novel hepatoma cell line supporting the entire life
cycle of HCV and HBV, was previously established in our laboratory (49). HEK293T cells were purchased
from Boster. Huh7 cells were purchased from the American Type Culture Collection. Huh7.5.1(MAVS-
C508R) cells were kindly shared by Jin Zhong of the Institute Pasteur of Shanghai (45). HLCZO01 cells were
cultured in collagen-coated tissue culture plates containing Dulbecco’s modified Eagle’s medium
(DMEM)/F12 medium supplemented with 10% (vol/vol) fetal bovine serum (FBS) (Gibco), 40 ng/ml of
dexamethasone (Sigma), insulin-transferrin-selenium (ITS; Lonza), penicillin, and streptomycin. Other cells
were propagated in DMEM supplemented with 10% FBS, L-glutamine, nonessential amino acids, peni-
cillin, and streptomycin.

Plasmid construction. The short hairpin RNA (shRNA) targeting TRIM21 was inserted into the
pSilencer-neo plasmid (Ambion). The target sequence of TRIM21 shRNA was 5'-AAGAATCTCCGGCCCA
ATCGA-3'. TRIM21, MAVS, IKK-B, and p65 cDNAs were synthesized from the total cellular RNA isolated
from HLCZO1 cells by standard reverse transcription-PCR (RT-PCR). Subsequently, they were cloned into
the pcDNA3.1a vector and the p3XFLAG-CMV vector. Multiple domains of TRIM21 and MAVS were
amplified from the templates of full-length TRIM21 and MAVS, which were then cloned into the
pP3XFLAG-CMV or pcDNA3.1a vector. The primers for amplifying these genes are listed in Table 1. The
IFN-B-luciferase and ISRE-Luciferase plasmids were purchased from InvivoGen. Flag-MDA5 and pGL3-
NF-«B-Luciferase were kindly shared by Jianguo Wu (Wuhan University, Wuhan, China). The Flag-IRF3-5D
plasmid was a gift from Deyin Guo (Wuhan University, Wuhan, China). The pHA-Ub (K7, K11, K27, K29, and
K33) plasmids were kindly shared by Hongbing Shu (Wuhan University, Wuhan, China). The Flag-TBK1
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FIG 11 Schematic model of TRIM21-mediated K27 polyubiquitination of MAVS during viral infection.
TRIM21 targets and promotes the K27-linked polyubiquitination of MAVS, leading to the recruitment of
TBK1 to MAVS to enhance the innate immune response to viral infection.

and pHA-Ub (K48 and K63) plasmids were kindly provided by Zhengfan Jiang (Peking University, Beijing,
China). The Myc-MAVS (WT, K7R, K10R, K136R, K270R, K297R, K311R, K325R, K331R, K348R, K362R, K371R,
K420R, K461R, and K500R) plasmids were kindly shared by Chengjiang Gao (Shandong University, Jinan,
China).

Virus. The pJFH1 and pJFH1/GND plasmids were gifts from Takaji Wakita (National Institute of
Infectious Diseases, Tokyo, Japan). The linearized DNAs from the pJFH1 and pJFH1/GND plasmids were
purified and used as the templates for in vitro transcription with a MEGAscript kit (Ambion, Austin, TX).
In vitro-transcribed genomic JFH1 or JFH1/GND RNA was delivered into Huh7.5 cells by electroporation.
The transfected cells were cultured for the indicated periods. The cells were passaged every 3 to 5 days,
while the corresponding supernatants were collected and filtered with a 0.45-um filter device. The viral
titers were presented as focus-forming units (FFU) per milliliter, determined as the average number of
NS5A-positive foci detected in Huh7.5 cells. SeV, VSV, and HSV were kindly shared by Xuetao Cao (Second
Military Medical University, Shanghai, China).

Antibodies. Monoclonal antibodies against B-actin, Flag tag, and HA tag were obtained from Sigma.
The V5 tag monoclonal antibody was purchased from Invitrogen. The monoclonal antibody against
MAVS was purchased from Santa Cruz Biotechnology. The antibodies for TRIM21, TBK1, p-IRF3, IRF3,
p-p65, p65, and Myc tag and the secondary antibody goat anti-rabbit IgG-horseradish peroxidase (HRP)
were purchased from Cell Signal Technology. Mouse monoclonal anti-HCV core antibody was a gift from
Chen Liu. Goat anti-mouse IgG-HRP secondary antibody was purchased from Merck.

Real-time PCR assay. Total cellular RNA was extracted by using the TRIzol reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer’s protocol. The superscript Ill first-strand synthesis kit for
reverse transcription of RNA was purchased from Invitrogen. After RQ1 DNase (Promega) treatment, the
extracted RNA was used as the template for reverse transcription-PCR. The real-time PCR was performed
as described previously (51). For absolute quantification analysis of HCV RNA, the standard curve was
established by in vitro-transcribed JFH1 RNA. The primers for TRIM21, SeV, VSV, NDV, IFN-S, IL-28A, IL-29,
TNF-e, IL-6, and 1SG12a are listed in Table 2. The primers for detection of genomic HCV RNA were
described previously (72).

Western blotting. Cells were washed with PBS and lysed in radioimmunoprecipitation assay (RIPA)
buffer containing 150 mM sodium chloride, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, and
50 mM Tris-HCl (pH 8.0) and supplemented with 2 wg/ml of aprotinin, 2 wg/ml of leupeptin, 20 ug/ml
of phenylmethylsulfonyl fluoride, and 2 mM dithiothreitol (DTT). Proteins were resolved on SDS-PAGE
gels, transferred to polyvinylidene difluoride (PVDF) membranes, and probed with appropriate primary
and secondary antibodies. The bound antibodies were detected by using SuperSignal West Pico
chemiluminescent substrate (Pierce, Rockford, IL).
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TABLE 1 Primers for amplification of domains of TRIM21 and MAVS

Primer? Sequence

TRIM21 (F) 5'-GGGGTACCATGGCTTCAGCAGCACGC-3'
TRIM21 (R) 5'-GCTCTAGAATAGTCAGTGGATCCTTGTG-3'
TRIM21-D-R (F) 5'-GGGGTACCATGCTGCTCAAGAATCTCCG-3’

TRIM21-D-R (R)
TRIM21-D-RB (F)
TRIM21-D-RB (R)
TRIM21-D-RBC (F)
TRIM21-D-RBC (R)
TRIM21-D-PS (F)
TRIM21-D-PS (R)
MAVS (F)

MAVS (R)
MAVS-DII (F)
MAVS-DII (R)
MAVS-DIII (F)
MAVS-DIII (R)
MAVS-DII-IIl (F)
MAVS-DIHII (R)
MAVS-DI-II (F)
MAVS-DI-II (R)
IKKB (F)

IKKB (R)

P65 (F)

P65 (R)

5'-GCTCTAGAATAGTCAGTGGATCCTTGTG-3'
5'-GGGGTACCATGGAGGAGGCTGCACAGGAG-3’
5'-GCTCTAGAATAGTCAGTGGATCCTTGTG-3'
5'-GGGGTACCATGTCCTGGAACCTGAAGGAC-3’
5'-GCTCTAGAATAGTCAGTGGATCCTTGTG-3’
5'-GGGGTACCATGGCTTCAGCAGCACGC-3’
5'-GCTCTAGAACATGTCCTCAGCATCTTC-3’
5'-GGGGTACCATGCCGTTTGCTGAAGAC-3’
5'-GCTCTAGAGTGCAGACGCCGCCGGT-3'
5'-GGGGTACCATGTCCTCTGACCTGGCAGC-3’
5'-GCTCTAGATGGCACCATGCCAGCAC-3’
5'-GGGGTACCATGTCCAAAGTGCCTACTAG-3'
5'-GCTCTAGAGTGCAGACGCCGCCGGT-3'
5'-GGGGTACCATGTCCTCTGACCTGGCAGC-3’
5'-GCTCTAGAGTGCAGACGCCGCCGGT-3'
5'-GGGGTACCATGCCGTTTGCTGAAGAC-3’
5'-GCTCTAGATGGCACCATGCCAGCAC-3’
5'-GGGGTACCATGAGCTGGTCACCTTCCCTG-3'
5'-GCTCTAGATGAGGCCTGCTCCAGGCAGC-3'
5'-GGGGTACCATGGACGAACTGTTCCCCC-3’
5'-GCTCTAGAGGAGCTGATCTGACTCAGCAG-3’

aF, forward; R, reverse.

Luciferase assay. The luciferase activity assay results were measured with the Dual-Luciferase
Reports assay system (Promega) according to the manufacturer’s instructions. The luciferase activity in
cells was normalized to the protein concentration determined by Bradford assays.

IP and immunoblotting. Cells were washed thrice with ice-cold PBS and lysed in lysis buffer
supplemented with protease inhibitor cocktail. The cell lysates were incubated at 4°C for 30 min and
centrifuged at 12,000 X g at 4°C for 15 min. The lysates were diluted to a concentration of 2 ug/ul with
PBS before IP. The lysates (200 ng) were immunoprecipitated with the indicated antibodies. The
immunocomplex was captured by adding protein G agarose bead slurry. The protein binding to the
beads was boiled in 2X Laemmli sample buffer and was then subjected to SDS-10% PAGE.

TABLE 2 Primers for real-time PCR

Primer? Sequence

IFN-B (F) 5'-CAGCATTTTCAGTGTCAGAAGC-3’
IFN- (R) 5'-TCATCCTGTCCTTGAGGCAGT-3’
IL-28A (F) 5'-GCCTCAGAGTTTCTTCTGC-3"

IL-28A (R) 5'-AAGGCATCTTTGGCCCTCTT-3’

IL-29 (F) 5'-CGCCTTGGAAGAGTCACTCA-3’

IL-29 (R) 5'-GAAGCCTCAGGTCCCAATTC-3’

IL-6 (F) 5'-CTCAATATTAGAGTCTCAACCCCCA-3’
IL-6 (R) 5'-GAGAAGGCAACTGGACCGAA-3’
TNF-a (F) 5'-AGAACTCACTGGGGCCTACA-3’
TNF-a (R) 5'-GCTCCGTGTCTCAAGGAAGT-3’
IFNAR (F) 5'-GCGCGAACATGTAACTGGTG-3’
IFNAR (R) 5'-ATTCCCGACAGACTCATCGC-3’
GAPDH (F) 5'-AATGGGCAGCCGTTAGGAAA-3’
GAPDH (R) 5'-GCGCCCAATACGACCAAATC-3’
I1SG12a (F) 5'-TGCCATGGGCTTCACTGCGG-3'
I1SG12a (R) 5'-CTGCCCGAGGCAACTCCACC-3’

NDV (F) 5'-TCACAGACTCAACTCTTGGG-3’

NDV (R) 5'-CAGTATGAGGTGTCAAGTTCTTC-3’
SeV (F) 5'-TGTTATCGGATTCCTCGACGCAGTC-3'
SeV (R) 5'-TACTCTCCTCACCTGATCGATTATC-3’
VSV (F) 5'-CAAGTCAAAATGCCCAAGAGTCACA-3’
VSV (R) 5'-TTTCCTTGCATTGTTCTACAGATGG-3’
TRIM21 (F) 5'-CCCCTCTAACCCTCTGTCCA-3’
TRIM21 (R) 5'-GGGGAAAAGAGGCAGGGTTT-3'

afF, forward; R, reverse.
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Ubiquitination assays and native PAGE. For analysis of the ubiquitination of MAVS in HEK293T

cells, the cells were cotransfected with V5-TRIM21, HA-ub WT or HA-ub mutants, or Flag-MAVS/Myc-
MAVS or Myc-MAVS mutants. Whole-cell lysis extracts were immunoprecipitated with anti-Flag or
anti-Myc and then analyzed by immunoblotting with the anti-HA antibody. For analysis of the ubiquiti-
nation of endogenous MAVS, HLCZ01 cells were infected by NDV and SeV. Huh7.5.1(MAVS-C508R) cells
were infected by HCV after transfection with HA-ub WT or HA-ub mutants. Cell lysates were immuno-
precipitated with anti-MAVS and analyzed by immunoblotting with the anti-HA antibody.

Native PAGE for the detection of IRF3 dimerization was performed on a 7.5% acrylamide gel without

SDS. Cells were harvested with 60 ul ice-cold lysis buffer, including 50 mM Tris-HCl, pH 7.5, 150 mM Nacl,
and 0.5% NP-40-containing protease inhibitor cocktail. After centrifugation at 13,000 X g for 15 min,
proteins in the supernatant were quantified and diluted with 5X native PAGE sample buffer (312.5 mM
Tris-HCl, pH 6.8, 75% glycerol, 0.25% bromophenol blue). The gel was prerun for 30 min at 40 mA on ice
with 25 mM Tris-HCI (pH 8.4), and 192 mM glycine with and without 1% deoxycholate in the cathode
chamber and anode chamber, respectively. The unboiled total protein was added to the gel for 80 min
at 25 mA on ice.

our previous study (19).

Bioinformatics analysis of protein-protein interactions. Bioinformatics analysis was described in

Statistical analysis. All results are presented as means = standard deviations. Comparisons between

two groups were performed using Student’s t test, as indicated by asterisks in some of the figures.
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