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(Bacl(ground: MITA is an adapter protein critically involved in virus-triggered type I IFN induction and cellular antiviral
Results: The E3 ligase TRIM32 targets MITA for K63-linked ubiquitination and knockdown of TRIM32 inhibits virus-triggered

Conclusion: TRIM32-mediated K63-linked ubiquitination of MITA is important for cellular antiviral response.
Significance: These findings provide insights on the mechanisms of regulation of cellular antiviral response.
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Viral infection activates several transcription factors includ-
ing NF-kB and IRF3, which collaborate to induce type I interfer-
ons (IFNs) and innate antiviral response. MITA (also called
STING) is a critical adaptor protein that links virus-sensing
receptors to IRF3 activation upon infection by both RNA and
DNA pathogens. Here we show that the E3 ubiquitin ligase tri-
partite motif protein 32 (TRIM32) ubiquitinated MITA and dra-
matically enhanced MITA-mediated induction of IFN-f. Over-
expression of TRIM32 potentiated virus-triggered IFNBI
expression and cellular antiviral response. Consistently, knock-
down of TRIM32 had opposite effects. TRIM32 interacted with
MITA, and was located at the mitochondria and endoplasmic
reticulum. TRIM32 targeted MITA for K63-linked ubiquitina-
tion at K20/150/224/236 through its E3 ubiquitin ligase activity,
which promoted the interaction of MITA with TBK1. These
findings suggest that TRIM32 is an important regulatory pro-
tein for innate immunity against both RNA and DNA viruses by
targeting MITA for K63-linked ubiquitination and downstream
activation.

Viral infection triggers a series of cellular events that lead to
induction of type I interferons (IFNs) and proinflammatory
cytokines (1, 2). Type I IFNs activate the JAK-STAT signal
transduction pathways, leading to transcriptional induction of
a wide range of downstream antiviral genes and innate antiviral
response (3-5).

Pattern recognition receptors (PRRs)? detect pathogen-asso-
ciated molecular patterns (PAMPs) of microbes to initiate
innate immune response. Viral nucleic acids, including viral
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genomic RNA/DNA and replicating intermediates, act as typic
PAMPs (6). In most cell types, cytosolic viral RNA is recognized
by RIG-I-like receptors (RLRs), including RIG-I, MDAS5, and
LGP2 (2). Upon sensing viral RNAs through their C-terminal
RNA helicase domains, RIG-I and MDA5 undergo conforma-
tional changes and are recruited to the downstream adaptor
protein VISA (also called MAVS, IPS-1, and Cardif) through
their respective CARD domains (7, 8). VISA is located at the
outer membrane of mitochondria and acts as a central platform
for assembly of a complex that mediates both the NF-«B and
IRF3 activation pathways after viral infection. TRAF6 and the
IKK complex are responsible for VISA-mediated NF-«B activa-
tion, whereas TRAF3 and the noncanonical IKK family mem-
bers TBK1 and IKKe function downstream of VISA to activate
IRF3 (9).

Although considerable progress has been made on the mech-
anisms of type I IFN induction and antiviral innate immunity in
responding to RNA viruses, how DNA pathogens trigger innate
antiviral response is less understood. So far, multiple cytosolic
sensors for viral or microbial DNA have been identified, includ-
ing DAI (aso known as ZBP1 or DLM-1), polymerase III, AIM2,
IF116, DHX36, DHX9, and DDX41 (10 -15). However, whether
these DNA sensors act in a cell-context specific manner or play
redundant roles is still unclear.

MITA, also known as STING/ERIS/MPYS, has been identi-
fied as a mitochondrion- and ER-associated membrane protein
that is critically involved in type I IFN induction and antiviral
innate immunity in responding to both RNA and DNA virus
infection under certain circumstances (16-20). In some cell
lines, knockdown of MITA inhibits type I IFN induction upon
RNA virus infection. MEFs lacking MITA are defective in VSV-
and SeV-triggered type I IFN production or STAT6-mediated
induction of a set of chemokines, suggesting that MITA plays
an pivotal role in antiviral innate immune response to RNA
viruses (16 —18, 21). In addition, certain cell types derived from
MITA-deficient mice fail to induce type I IFN production in
response to dsDNA and infection with herpes simplex virus 1
(HSV-1). MITA-deficient mice are also susceptible to HSV-1
infection, suggesting that MITA is an indispensable component
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of viral DNA-mediated innate immune response (20). Recently,
it has been demonstrated that MITA acts as a direct sensor of
cyclic dinucleotides which is known as a pathogen-secreted
second messenger (22). These studies together reveal a critical
role for MITA in innate immunity triggered by cytosolic viral or
microbial nucleic acids.

Virus-triggered type I IFN induction and antiviral response
are heavily regulated by ubiquitination of the signaling compo-
nents. Since MITA plays a critical role in virus-triggered type I
IFN induction and antiviral response, we screened for E3 ubiq-
uitin ligases that target MITA. We identified tripartite motif
protein 32 (TRIM32) as an E3 ubiquitin ligase that targets
MITA for K63-linked ubiquitination at multiple lysine resi-
dues. Furthermore, our findings suggest that TRIM32-medi-
ated K63-linked ubiquitination of MITA is an important step in
virus-triggered IFN induction and cellular antiviral innate
immunity.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Recombinant TNFeq, IL-18, and
IFN-y (R&D Systems); mouse monoclonal antibodies against
FLAG (Sigma), HA (Covance), B-actin (Sigma), AIF and KDEL
(Santa Cruz Biotechnology); rabbit polyclonal antibodies
against ubiquitin (Santa Cruz Biotechnology), IRF3 and phos-
pho-IRF3 (Santa Cruz Biotechnology), were purchased from
the indicated manufacturers. SeV, VSV, GFP-NDV, HSV-1,
anti-RIG-I, anti-cIAP1, and anti-MITA sera were previously
described (16, 23). Mouse anti-TRIM32 was raised against
recombinant human full-length TRIM32.

Constructs—NF-kB, ISRE, IRF1, and IFN- promoter lucif-
erase reporter plasmids, mammalian expression plasmids for
HA-, Flag-, or GFP-tagged MITA and its mutants, and RIG-I,
TBK1 were previously described (7, 16, 24, 25). The pCMV-C-
HA-ERIS/MITA was provided by Dr. Zhengfan Jiang (Peking
University). Mammalian expression plasmids for human HA-,
Flag-, or Cherry-tagged TRIM32 and its mutants were con-
structed by standard molecular biology techniques.

Expression Cloning—The cDNA expression clones encoding
352 ubiquitin-related enzymes were obtained from the Ubiqui-
tin-GFC Transfection Array purchased from Origene (Cat.
#UBGB19601). The clones were transfected together with
MITA into 293 cells and ubiquitination of MIT A was examined
by coimmunoprecipitation and immunoblots.

Transfection and Reporter Assays—293 cells (1 X 10°) were
seeded on 24-well dishes and transfected the following day by
standard calcium phosphate precipitation method. Empty con-
trol plasmid was added to ensure that each transfection receives
the same amount of total DNA. To normalize for transfection
efficiency, 0.01 ug of pRL-TK (Renilla luciferase) reporter plas-
mid was added to each transfection. Approximately 18 h after
transfection, luciferase assays were performed using a dual-spe-
cific luciferase assay kit (Promega).

Coimmunoprecipitation, Immunoblot Analysis, Re-immuno-
precipitation, and Native PAGE and VSV Plaque Assays—
These experiments were performed as described (7, 16, 24, 25).

Virus Manipulation—Viral infection was performed when
cells were 70% confluent. The culture medium was replaced by
serum-free DMEM, and then NDV-GFP was added into the
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medium at various multiplicities of infection (MOI) according
to the specific experiments. After 1 h, the medium was
removed, and the cells were fed with DMEM containing 10%
FBS. NDV-GFP replication in 293 cells was visualized by fluo-
rescent microscopy.

In Vitro Ubiquitination Assays—The tested proteins were
expressed with a TNT Quick-coupled Transcription/Transla-
tion Systems kit (Promega) following instructions of the man-
ufacturer. Ubiquitination was analyzed with an ubiquitination
kit (Enzo Life Science) following protocols recommended by
the manufacturer.

RNAI Experiments—Double-stranded oligonucleotides cor-
responding to the target sequences were cloned into the
pSuper.Retro RNAi plasmid (oligoengine Inc.). The following
sequences were targeted for human TRIM32 cDNA. #1:
GAAGTTGAGAAGTCCAATA; #2: CAGTCAAGGTGAAG-
TACTA; #3: CAGTTAACGTGGAAGATTC. A pSuper.retro
RNAI plasmid targeting GFP was used as control for all RNAi-
related experiments.

Real-time PCR—Total RNA was isolated from cells using
Trizol reagent (TAKARA, Japan) and subjected to real-time
PCR analysis to measure expression of mRNA. Gene-specific
primer sequences were as follows: IFNB1: TTGTTGAGAAC-
CTCCTGGCT (forward), TGACTATGGTCCAGGCACAG
(reverse); RNATES: GGCAGCCCTCGCTGTCATCC (for-
ward), GCAGCAGGGTGTGGTGTCCG (reverse); RIG-I:
ACGCAGCCTGCAAGCCTTCC (forward); TGTGGCAGC-
CTCCATTGGGC (reverse); TNFa: GCCGCATCGCCGTCT-
CCTAC (forward), CCTCAGCCCCCTCTGGGGTC (reverse);
IL-1B8: GCAGGCCGCGTCAGTTGTTG (forward), CCCGG-
AGCGTGCAGTTCAGT (reverse); GAPDH: GAGTCAACG-
GATTTGGTCGT (forward), GACAAGCTTCCCGTTC-
TCAG (reverse).

Subcellular Fractionation—The 293 cells (5 X 10”) infected
with SeV or left uninfected for the indicated times were washed
with PBS and lysed by douncing 40 times in 2 ml of homogeni-
zation buffer (10 mm Tris-HCI, pH7.4, 2 mm MgCl,, 10 mm KCl,
250 mm sucrose). The homogenate was centrifuged at 500 X g
for 10 min for two times, and the pellet (P5) was saved as crude
nuclei. The supernatant (S5) was centrifuged at 5,000 X g for 10
min to precipitate crude mitochondria (P5K). The supernatant
(S5K) was further centrifuged at 50,000 X g for 60 min to gen-
erate S50K and P50K.

Immunofluorescent Confocal Microscopy—The transfected
cells were incubated with the MitoTracker Red or ER Tracker
Green (Molecular Probes) for 30 min. The cells were then fixed
with 4% paraformaldehyde for 10 min and observed with an
Olympus confocal microscope under a X100 oil objective.

RNAi-transduced Stable THP-1 Cells—The 293 cells were
transfected with two packaging plasmids pGag-Pol and
pVSV-G and the GFP-RNAI control or TRIM32-RNAi retrovi-
ral plasmid by calcium phosphate precipitation. Cells were
washed 12 h after transfection and new medium without anti-
biotics was added for 24 h. The recombinant virus-containing
medium was filtered and used to infect THP-1 cells in the pres-
ence of polybrene (4 ug/ml). The infected THP-1 cells were
selected with puromycin (0.5 ug/ml) for 2 weeks before addi-
tional experiments were performed.
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RESULTS

Modulation of MITA Ubiquitination and Function by
TRIM32—Ubiquitination has emerged as a critical post-trans-
lational regulatory mechanism for virus-triggered type I IFN
induction pathways. Since MITA is an important adapter pro-
tein in these pathways, we attempted to unambigously identify
E3 ubiquitin ligases that regulate MITA ubiquitination and
function. To do this, we screened a cDNA array containing 352
expression clones of ubiquitin-related enzymes by ubiquitina-
tion assays with MITA as a substrate. In these assays, each of the
clones was co-transfected with MITA into 293 cells, and then
ubiquitination of MITA was examined by coimmunoprecipita-
tion and immunoblot. The clones that could cause MITA ubiq-
uitination were further tested for their ability to modulate
MITA-mediated ISRE activation. These assays indentified
TRIM32 as an E3 ligase that could cause MITA ubiquitination
(Fig. 1A). In similar assays, TRIM32 did not ubiquitinate RIG-I,
MDAS5, and VISA (supplemental Fig. S1). In reporter assays,
TRIM32 potently enhanced MITA-mediated activation of ISRE
and the IFN-B promoter (Fig. 1B). In fact, overexpression of
TRIM32 alone could weakly activate ISRE and NF-«B, as well
as the IFN-B promoter (Fig. 1C). Real-time PCR experiments
further confirmed that overexpression of TRIM32 could induce
transcription of /JFNBI gene and the NF-kB targeted down-
stream gene TNF« (Fig. 1D). To determine whether TRIM32
plays a role in virus-induced expression of downstream genes,
we examined its effects on Sendai virus (SeV, a negative-sense
RNA virus)- and Herpes Simplex Virus 1 (HSV-1, a DNA
virus)-triggered transcription of TNFa and IFNBI genes. The
results indicated that overexpression potentiated SeV- and
HSV-1-induced transcription of TNFa and IFNBI genes
(Fig. 1E).

TRIM32 Is Required for Innate Immune Response to Both
Cytosolic RNA and DNA—Because overexpression of TRIM32
potentiated virus-triggered IFN-$ induction, we next deter-
mined whether endogenous TRIM32 regulates virus-triggered
IFN-B induction. We constructed three human TRIM32-RNAi
plasmids. Immunoblot analysis indicated that the #1 and #2
RNAI plasmids could markedly inhibit the expression of trans-
fected and endogenous TRIM32 in 293 cells, whereas the #3
RNAI plasmid had little effect on TRIM32 expression (Fig. 24).
We transfected the TRIM32-RNAI vectors into 293 cells and
performed reporter assays. As shown in Fig. 2B, knockdown of
TRIM32 inhibited SeV-induced ISRE activation. The degree of
inhibition was correlated with the efficiencies of knockdown
of TRIM32 expression by each RNAI vector (Fig. 2, A and B).
We selected TRIM32-RNAi-#1 plasmid for additional experi-
ments described below and similar results were obtained with
the #2 RNAi plasmid. IRF3, a critical player in the induction of
type I IFNs, undergoes phosphorylation, dimerization, and
nuclear translocation upon viral infection (26). As shown in Fig.
2B, knockdown of TRIM32 markedly inhibited SeV-induced
phosphorylation and dimerization of IRF3. Knockdown of
TRIM32 also inhibited SeV- but not TNFa- or IL-1B-induced
NF-kB activation (Fig. 2C), suggesting that TRIM32 is specifi-
cally involved in SeV-induced NF-«B activation pathway. Con-
sistently, knockdown of TRIM32 markedly inhibited SeV-in-
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duced activation of the IFN-B promoter (Fig. 2D). Real-time
PCR experiments indicated that knockdown of TRIM32 inhib-
ited SeV-induced transcription of downstream genes such as
IFNBI, RANTES, and RIG-I and TNF« in 293 cells (Fig. 2E).
Immunoblot analysis indicated that knockdown of TRIM32
inhibited SeV-induced expression of RIG-I protein, which has
been demonstrated as a virus-inducible RNA sensor (Fig. 2F).
Since MITA is indispensable for induction of IFN-$ by non-
CpG intracellular DNA species, we examined the effect of
TRIM32 knockdown on HSV-1-induced expression of IFN-£3
in THP-1 cells which is sensitive to HSV-1 infection. The
results indicated that knockdown of TRIM32 inhibited HSV-1-
induced transcription of downstream genes including /-1,
TNFa, RIG-1, and IFNBI (Fig. 2G). Consistantly, knockdown of
TRIM32 dramatically inhibited cytoplasmic poly(L:C)- and
poly(dA:dT)-induced activation of ISRE and the IFN-3 pro-
moter in reporter assays (supplemental Fig. S2). In contrast,
reporter assays indicated that knockdown of TRIM32 could not
inhibit extracellular poly(I:C)-induced and TLR3-mediated
activation of ISRE and the IFN-B promoter in TLR3-stable cells
(Fig. 2H). These results suggest that TRIM32 is specifically
involved in cytoplasmic viral nucleic acid sensors, but not
membrane TLR3-induced signaling pathways.

TRIM32 Interacts with MITA—Since TRIM32 causes ubiq-
uitination of MITA and is important for virus-induced IFN-f3
induction, we examined whether TRIM32 is physically associ-
ated with MITA. Coimmunoprecipitation experiments indi-
cated that TRIM32 interacted with MITA in mammalian over-
expression system (Fig. 3A4). In untransfected cells, endogenous
TRIM32 constitutively interacted with MITA and SeV infec-
tion enhanced this interaction at 8 h post-infection (Fig. 3B).
Domain mapping experiments indicated that the N-terminal
transmembrane domain-containing fragment of MITA and the
C-terminal NHL domain of TRIM32 were important for their
interaction (Fig. 3C). Subcellular fractionation experiments
indicated that TRIM32 was located at mitochondria, ER and
cytosol, and SeV infection caused translocation of a fraction of
TRIM32 from cytosol to the ER and mitochondria (Fig. 3D).
Confocal microscopy further confirmed that TRIM32 was
colocalized with MITA at both the mitochondria and ER in 293
cells (Fig. 3E).

TRIM32 Targets MITA for K63-linked Ubiquitination at
K20/150/224/236—TRIM32 has been considered as an E3
ubiquitin ligase due to the presence of its RING finger domain.
Therefore, we examined whether TRIM32 is an E3 ubiquitin
ligase for MITA. As shown in Fig. 44, wild-type TRIM32 but
not TRIM32-AR or TRIM32(C39S), two enzymatic inactive
mutants, could ubiquitinate MITA in transient transfection
and coimmunoprecipitation experiments (Fig. 4A4). Consis-
tently, knockdown of TRIM32 attenuated SeV- and poly(dA:
dT)-induced ubiquitination of overexpressed MITA (supple-
mental Fig. S3), or SeV- and HSV-1-induced ubiquitination of
endogenous MITA (Fig. 4B). Taken together, these data suggest
that TRIM32 plays an important role in ubiquitination of
MITA. To identify residues of MITA that are targeted by
TRIM32, we mutated individually all the lysine residues of
MITA to arginine. As shown in Fig. 4C, mutation of K20, K150,
K224, or K236 to arginine reduced the ability of MITA to acti-
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FIGURE 1. TRIM32 plays a role in virus-triggered induction of IFN-3 and TNFa. A, screens for E3 ubiquitin ligases that cause MITA ubiquitination. Left panels:
the 293 cells (4 X 10°) were transfected with Flag-MITA (2 ug) along with HA-ubiquitin (0.2 ug) and the indicated E3 ligases (0.2 ug each). Cell lysates were
immunoprecipitated with anti-Flag and the immunoprecipitates were analyzed by immunoblots with anti-HA or anti-Flag. Right panels: the 293 cells were
transfected with the indicated plasmids. Cell lysates were denatured by adding 1% SDS and heating for 10 min. The denatured lysates were diluted for
immunoprecipitation and immunoblot analysis as described above. B, effects of the indicated E3 ligases on MITA-mediated activation of ISRE and the IFN-3
promoter. The 293 cells (1 X 10°) were transfected with MITA (0.1 ug) and the indicated E3 ligases (0.1 ug) along with ISRE or the IFN-B promoter reporter
plasmid (0.1 ng). Luciferase assays were performed 22 h after transfection. Graphs show mean = S.D., n = 3. C, overexpression of TRIM32 results in activation
of NF-kB and the IFN-B promoter. The 293 cells (1 X 10°) were transfected with the indicated reporter (0.1 ug) and TRIM32 (0.1 ug) plasmids. Luciferase assays
were performed 22 h after transfection. Graphs show mean = S.D., n = 3. D, overexpression of TRIM32 leads to transcription of TNFa and IFNBT genes. The 293
cells (2 X 10°) were transfected with the indicated expression plasmids (0.1 ug each). Real-time PCR was performed 20 h after transfection. E, TRIM32
potentiates SeV-and HSV-1-induced transcription of TNFa and IFNBT genes. For the left histographs, the 293 cells (2 X 10°) were transfected with the indicated
expression plasmids (0.1 ug each). 18 h after transfection, cells were left untreated or infected with SeV for 12 h before real-time PCR were performed. For the
right histograph, HCT116 cells (2 X 10°) were transfected with the indicated expression plasmids (0.1 ug each). 18 h after transfection, cells were left untreated
or infected with HSV-1 for 24 h before real-time PCR was performed.

vate the IFN-B promoter, whereas mutation of all the four
lysines to arginines simultaneously abolished the ability of
MITA to activate the IFN-B promoter and its ability to poten-
tiate TRIM32-mediated activation the IFN-B promoter (Fig.
4C). Consistently, mutation of each of the four lysine residues of
MITA did not markedly impair its ubiquitination by TRIM32,
whereas simultaneous mutation of all the four lysine residues
(K20, K150, K224, and K236) abolished its ubiquitination by
TRIM32 (Fig. 4D). To test whether TRIM32 can directly ubiq-

AUGUST 17,2012+VOLUME 287+-NUMBER 34

uitinate MITA, we performed an in vitro ubiquitination assay.
The results indicated that TRIM32 could directly ubiquitinate
MITA but not the MITA-K(20/150/224/236)R mutant (desig-
nated as MITA-K4R) (Fig. 4E), suggesting that the four lysine
residues of MITA are targeted by TRIM32. Utilizing K63-only,
K48-only, K63R, and K48R mutant ubiquitin, we found that
MITA was modified by K63-linked ubiquitin chains (Fig. 4F).
Furthermore, knockdown of TRIM32 inhibited both SeV- and
HSV-1-induced K63-linked but not K48-linked ubiquitination
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FIGURE 2. Effects of TRIM32 knockdown on virus-triggered induction of downstream genes. A, effects of TRIM32-RNAi plasmids on the expression of
transfected and endogenous TRIM32. In the upper panels, the 293 cells (2 X 10°) were transfected with expression plasmids for Flag-TRIM32 and Flag-MITA (0.1
g each), and the indicated RNAi plasmids (1 ug each). At 24 h after transfection, cell lysates were analyzed by immunoblot with anti-Flag. In the lower panels,
the 293 cells (1 X 107) were transfected with control or the indicated TRIM32-RNAi plasmids (8 ug each) for 24 h. Cell lysates were immunoprecipitated with
anti-TRIM32, and the immunoprecipitates were analyzed by immunoblots with anti-TRIM32. The lysates were also analyzed by immunoblot with anti-B-actin
as control. B, effects of TRIM32-RNAi on SeV-induced ISRE activation in 293 cells. In the left panel, the 293 cells (1 X 10°) were transfected with the indicated RNAi
plasmids (0.5 ng each) and ISRE reporter plasmid (0.1 ng). Twenty-four hours after transfection, cells were left untreated or infected with SeV for 12 h before
luciferase assays were performed. Graphs show mean = S.D., n = 3.In the right panels, the 293 cells (2 X 10°) were transfected with the indicated RNAi plasmids
(2 ug each). Twelve hours after transfection, cells were selected with puromycin (1 wg/ml) for 24 h, then infected with SeV or left uninfected for 8 h. Cell lysates
were separated by native (upper panel) and SDS (bottom two panels) PAGE and analyzed with the indicated antibodies. C, effects of TRIM32-RNAi on SeV-, TNFa-,
and IL-1B-induced NF-«B activation in 293 cells. Reporter assays were performed similarly as in B except that TNFa (10 ng/ml) and IL-13 (10 ng/ml) were used
as stimuli. D, effects of TRIM32-RNAi on SeV-induced activation of the IFN-B promoter in 293 cells. Reporter assays were similarly performed as in B. E, effects of
TRIM32-RNAi on SeV-induced transcription of IFNB1, RANTES, RIG-I, and TNFa genes. 293 cells (2 X 10°) were transfected with the indicated RNAi plasmids (2 ug
each). 12 h after transfection, cells were selected with puromycin (1 wg/ml) for 24 h, then infected with SeV or left uninfected for 12 h before real-time PCR was
performed. F, knockdown of TRIM32 inhibited SeV-induced expression of RIG-I. The 293 cells (2 X 10°) were transfected with TRIM32-RNAi plasmid for 12 h,
selected with puromycin (1 ng/ml) for 24 h, then infected with SeV or left uninfected for the indicated time points. Cell lysates were analyzed by immunoblots
with the indicated antibodies. G, effects of TRIM32-RNAi on HSV-1-induced transcription of downstream genes in THP-1 cells. THP-1 cells were transduced with
GFP-RNAI or TRIM32-RNAi by retrovirus-mediated gene transfer. The cells were then either untreated or infected with HSV-1 for 24 h before real-time PCR
experiments were performed. H, effects of TRIM32-RNAi on poly(l:C)-induced activation of ISRE and the IFN-B8 promoter in TLR3 cell lines. TLR3-stable cells (2 X
10°) were transfected with TRIM32-RNAi plasmid (0.5 ug each) along with the indicated reporter plasmids (0.1 ug). 24 h after transfection, cells were left
untreated or treated with poly(l:C) (20 wg/ml) in the medium for 12 h before luciferase assays were performed. Graphs show mean = S.D., n = 3.

of endogenous MITA (Fig. 4G). Taken together, these data sug-
gest that TRIM32 mediates K63-linked ubiquitination of MITA
under physiological condition or upon viral infection.

TRIM32 Is Required for the Interaction between MITA and
TBK1—To further explore the mechanism on how TRIM32
exerts its effects on virus-triggered IFN induction pathways, we
examined whether TRIM32 has any effects on interaction
between MITA and TBK1. Transient transfection and coim-
munoprecipitation experiments indicated that TRIM32, but
not TRIM32(C39S), could markedly enhance the interaction
between MITA and TBK1 (Fig. 54). Consistent with a role of
TRIM32 in K63-linked ubiquitination of MITA, the enzyme-
inactive mutant TRIM32(C39S) markedly inhibited MITA-me-
diated, as well as SeV- or HSV-1-induced activation of the
IEN-B promoter (Fig. 5B), confirming that the ubiquitination
activity of TRIM32 is required for its role in virus-triggered IFN
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induction pathways. Moveover, knockdown of TRIM32 could
reduce the endogenous interaction between MITA and TBK1
upon viral infection (Fig. 5C). Collectively, the data suggest that
TRIM32-mediated ubiquitination of MITA is required for
downstream TBK1 activation and IFN-B induction.

TRIM32 Is Required for Cellular Antiviral Response—Since
TRIM32 is involved in K63-linked ubiquitination of MITA and
virus-triggered induction of IFN-B, we examined its roles in
cellular antiviral response. In these experiments, we used Vesic-
ular Stomatitis Virus (VSV), a negative-strand RNA virus suit-
able for plaque assays. Overexpression of TRIM32 but not
TRIM32(C39S) could inhibit VSV replication by itself, and
enhance MITA-mediated inhibition of VSV replication (Fig.
6A). Conversely, knockdown of TRIM32 potentiated VSV rep-
lication (Fig. 6B). Similarly, knockdown of TRIM32 also
enhanced Newcastle Disease Virus (NDV) replication (Fig. 6C).
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FIGURE 3. TRIM32 interacts and colocalizes with MITA. A, TRIM32 interacts with MITA in mammalian overexpression system. 293 cells (1 X 107) were
transfected with the indicated plasmids (5 g each). Coimmunoprecipitation and immunoblot analysis were performed with the indicated antibodies. B,
endogenous association between TRIM32 and MITA. The 293 cells (3 X 10”) were left uninfected or infected with SeV for the indicated time points before
coimmunoprecipitation and immunoblot analysis were performed with the indicated antibodies. C, domain mapping of the interaction between TRIM32 and
MITA. Upper panels: a schematic presentation of MITA, TRIM32 and their mutants. Lower panels: the 293 cells (1 X 10”) were transfected with the indicated
plasmids (5 g each), followed by coimmunoprecipitation and immunoblot analysis with the indicated antibodies. D, subcellular distribution of TRIM32. The
293 cells (5 X 107) were left untreated or infected with SeV for the indicated times. The cellular fractions were analyzed by immunoblots with the indicated
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confocal microscopy.
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FIGURE 5. TRIM32 is required for the interaction between MITA and TBK1. A, effects of TRIM32 and TRIM32(C39S) on interaction between MITA and TBK1.
The 293 cells (1 X 107) were transfected with the indicated plasmids for 22 h, and then coimmunoprecipitation and immunoblot analysis were performed with
the indicated antibodies. B, effects of TRIM32(C39S) on MITA-, SeV-, and HSV-1-induced activation of the IFN- promoter. The 293 or HCT116 cells were
transfected with the indicated expression and reporter plasmids. The cells were left untreated, or infected with SeV (12 h) or HSV-1 (24 h) before reporter assays
were performed. C, effects of knockdown of TRIM32 on the endogenous interaction between MITA and TBK1. The control or TRIM32 knockdown 293 (left
panels) or Hela (right panels) cells were left uninfected with infected with SeV or HSV-1 as indicated. Coimmunoprecipitation and immunoblots were per-
formed with the indicated antibodies.

These results indicated that TRIM32 is required for efficient
cellular antiviral response.

signaling pathways. These observations further support our
conclusion that TRIM32 is a positive regulator of innate antivi-
ral response by targeting MITA.

DISCUSSION TRIM32 has E3 ubiquitin ligase activity due to its N-terminal

MITA is an important adapter in both viral RNA- and DNA-
triggered induction of type I IFNs and innate antiviral immu-
nity. In this study, we identified TRIM32 as a new E3 ubiquitin
ligase that targets MITA. Overexpression of TRIM32 potenti-
ated induction of IFN-B and other downstream genes triggered
by MITA overexpression or infection with both RNA and DNA
viruses, whereas knockdown of TRIM32 had opposite effects.
These results reveal a critical role for TRIM32 in innate
immune response against various types of viruses.

Previous studies have demonstrated that MITA is required
for cytoplasmic poly(I1:C)- and poly(dA:dT)-induced type I IFN
signaling and on the other hand is dispensable for TLR3 signal-
ing in human cells (16, 18). Consistently, we found that TRIM32
was indispensable for cytoplasmic poly(I:C)- and poly(dA:dT)-
induced signaling but had no marked roles in TLR3-mediated

RING finger domain (27). In vitro and in vivo experiments indi-
cated that wild-type TRIM32, but not a truncation mutant lack
of RING finger domain or an enzymatic inactive point mutant,
caused ubiquitination of MITA. Knockdown of TRIM32 inhib-
ited basal or virus-induced K63-linked ubiquitination of MITA.
Site-directed mutagenesis indicated that TRIM32 ubiquiti-
nated MITA at lysines 20/150/224/236. Functionally, overex-
pression of wild-type TRIM32 potentiated MITA-mediated,
and SeV- and HSV-1-triggered IFN-B induction, whereas an
enzymatic inactive TRIM32 mutant acted as a dominant nega-
tive mutant to inhibit virus-triggered IFN-B induction. These
findings suggest that K63-linked ubiquitination of MITA by
TRIM32 plays a critical role in virus-triggered IFN- induction
pathways. Interestingly, previous studies have demonstrated
that TRIM32 is an E3 ubiquitin ligase which targets proteins for

FIGURE 4. TRIM32 targets MITA for K63-linked ubiquitination at K20/150/224/236. A, overexpression of wild-type but not the mutant TRIM32 promotes
ubiquitination of MITA. The 293 cells (1 X 10”) were transfected with MITA (5 ug) together with TRIM32 or its mutants (2 ug). 24 h after transfection,
coimmunoprecipitation was performed with anti-HA. The immunoprecipitates were denatured and reimmunoprecitated with anti-HA and then analyzed by
immunoblot with anti-ubiquitin (upper panel). The expression levels of the proteins were examined by immunoblots with the indicated antibodies (lower
panels). B, knockdown of TRIM32 attenuated virus-induced ubiquitination of endogenous MITA. The 293 (left panel) or HeLa (right panel) cells were transduced
with GFP-RNAI or TRIM32-RNAi by retrovirus-mediated gene transfer and selected with puromycin to establish stable cell lines. The cells (3 X 107) were then
left uninfected or infected with SeV or HSV-1 respectively for the indicated times before coimmunoprecipitation and immunoblot analysis were performed
with the indicated antibodies. C, effects of MITA mutation on activation of the IFN-8 promoter. The 293 cells (1 X 107) were transfected with TRIM32 and the
indicated MITA mutants along with the IFN-B promoter reporter plasmid. Luciferase assays were performed 24 h after transfection. Graphs show mean = S.D.,
n = 3.D, TRIM32 targets MITA for ubiquitination at K20/150/224/236. 293 cell (1 X 107) were transfected with TRIM32 (3 ug) and the indicated MITA mutant
plasmids (6 wg). Ubiquitination experiments were carried out similarly as in A. E, TRIM32 ubiquitinates MITA but not MITA-K4R in vitro. TRIM32 and MITA were
translated in vitro, and biotin-ubiquitin, E1 and the indicated E2s were added for ubiquitination assays. Ubiquitin-conjugated proteins were detected by
immunoblot with HRP-streptavidin. The input levels of the translated proteins were detected by immunoblots. F, TRIM32 targetes MITA for K63-linked
ubiquitination. The 293 cells (2 X 10°) were transfected with MITA (2 ug) along with the indicated plasmids (0.2 ng). 24 h after transfection, immunoprecipi-
tation, and immunoblot analysis were performed with the indicated antibodies. G, knockdown of TRIM32 inhibits virus-induced K63-linked but not K48-linked
ubiquitination of endogenous MITA. Experiments were carried out similar to B except that different antibodies were used for the immunoblot.
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FIGURE 6. Roles of TRIM32 in cellular antiviral response. A, effects of
TRIM32 and its mutant on VSV replication. The 293 cells (1 X 10°) were trans-
fected with the indicated expression plasmids (0.5 g each). 24 h after trans-
fection, cells were infected with VSV (MOI = 0.1). The supernatants were har-
vested 24 h after infection for standard plaque assays. Graphs show mean *
S.D., n = 3. B, effects of TRIM32-RNAi on VSV replication. Plaque assays were
similarly performed as in A except that a TRIM32-RNAi plasmid (#1) (1 ng) was
transfected and cells were infected with VSV (MOl = 0.1) for 16 h. Graphs
show mean = S.D., n = 3. C, effects of TRIM32-RNAi on NDV replication. The
293 cells were transfected with TRIM32-RNAi plasmid (1 g each). 24 h later,
cells were infected with NDV-GFP (MOI = 0.1) for 36 h and imaged by micros-
copy or analyzed by immunoblots with the indicated antibodies.

degradation (28 —32), our study for the first time demonstrated
that TRIM32 could target a protein for K63-linked ubiquitina-
tion and promote its activation.

Previously, two studies have identified K150 of MITA as a
residue modified by either K48- or K63-linked ubiquitination.
It has been shown that the E3 ubiquitin ligase RNF5 causes
K48-linked ubiquitination of MITA at K150 upon infection
with RNA viruses, leading to proteasome-mediated degrada-
tion of MITA and negative regulation of virus-triggered induc-
tion of IFN-B. Another study demonstrates that the E3 ubiqui-
tin ligase TRIM56 mediates K63-linked ubiquitination of
MITA at K150, which potentiates IFN-8 induction (33, 34). In
the current study, we found that TRIM32 catalized K63-linked
ubiquitination of MITA at residues 20, 150, 224, and 236. In
addition, as shown in supplemental Fig. S3, experiments with
K63-only or K48-only ubiquitin and MITA(K150R) mutant
indicated that SeV-induced Ké63-linked ubiquitination
occurred at 8 and 12 h post-infection, whereas SeV-induced
K48-linked ubiquitination occurs at 8 but not 12 h post-infec-
tion. These results together suggest that ubiquitination and
functions of MITA are differentially regulated by different E3
ligases, linkage-specific ubiquitins as well as viral infection
duration. Nevertheless, our findings provide insights on the
mechanisms of regulation of cellular antiviral response.
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