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Members of the tripartite interaction motif (TRIM) family of E3 ligases are emerging as critical regulators of innate immunity.
To identify new regulators, we carried out a screen of 43 human TRIM proteins for the ability to activate NF-�B, AP-1, and inter-
feron, hallmarks of many innate immune signaling pathways. We identified 16 TRIM proteins that induced NF-�B and/or AP-1.
We found that one of these, TRIM62, functions in the TRIF branch of the TLR4 signaling pathway. Knockdown of TRIM62 in
primary macrophages led to a defect in TRIF-mediated late NF-�B, AP-1, and interferon production after lipopolysaccharide
challenge. We also discovered a role for TRIM15 in the RIG-I-mediated interferon pathway upstream of MAVS. Knockdown of
TRIM15 limited virus/RIG-I ligand-induced interferon production and enhanced vesicular stomatitis virus replication. In addi-
tion, most TRIM proteins previously identified to inhibit murine leukemia virus (MLV) demonstrated an ability to induce NF-
�B/AP-1. Interfering with the NF-�B and AP-1 signaling induced by the antiretroviral TRIM1 and TRIM62 proteins rescued
MLV release. In contrast, human immunodeficiency virus type 1 (HIV-1) gene expression was increased by TRIM proteins that
induce NF-�B. HIV-1 resistance to inflammatory TRIM proteins mapped to the NF-�B sites in the HIV-1 long terminal repeat
(LTR) U3 and could be transferred to MLV. Thus, our work identifies new TRIM proteins involved in innate immune signaling
and reinforces the striking ability of HIV-1 to exploit innate immune signaling for the purpose of viral replication.

Tripartite interaction motif (TRIM) proteins are RING-type E3
ligases that share an N-terminal structure consisting of a RING

domain, one or two B boxes, a putative coiled-coil domain, and a
variable C terminus (1). Based on the variable C terminus, the
�100 members of the TRIM family can be classified into 11 sub-
groups (2, 3). Despite their common domain structure, TRIM
proteins function in distinct cellular processes that include cell
differentiation, transcriptional regulation, cytoskeleton remodel-
ing, intracellular trafficking, membrane repair, and oncogenesis
(4–6). Several TRIM proteins display a broad range of antiviral
activities, and their RNA levels are upregulated by type I interfer-
ons (IFNs) (1, 7–13). TRIM5 is well known for its ability to restrict
various retroviruses, such as human immunodeficiency virus type
1 (HIV-1) and N-tropic murine leukemia virus (MLV) (14–17).
TRIM19 can restrict diverse viruses, such as influenza virus, vesic-
ular stomatitis virus (VSV), herpes simplex virus, cytomegalovi-
rus, and HIV-1 (18). TRIM22 inhibits HIV-1 long terminal repeat
(LTR)-driven transcription and hepatitis B RNA synthesis,
whereas TRIM28 functions as a corepressor of retroviral LTRs in
embryonic stem cells (19–23). TRIM21/Ro52 is an intracellular
IgG receptor that degrades and neutralizes viruses in the cyto-
plasm by binding to antibody-coated virions (24). TRIM56 re-
stricts bovine viral diarrhea virus replication, while TRIM79� me-
diates degradation of the viral polymerase to inhibit replication of
tick-borne encephalitis virus (25, 26). Moreover, a systematic
screen of 55 human and mouse TRIM proteins for antiretroviral
activities targeting HIV-1 and MLV revealed �20 TRIMs capable
of inhibiting early and late stages of retrovirus replication (13).

In addition to antiviral activities, TRIM proteins regulate the
pattern recognition receptor (PRR)-driven pathways that shape
the immune response to viruses, bacteria, and parasites (4, 27, 28).
PRR pathways regulated by TRIMs include the Toll-like receptors
(TLRs), RIG-I-like receptors (RLRs), and DNA sensors. Mouse

TRIM30 induces the lysosomal degradation of TAB2 and TAB3,
thereby negatively regulating NF-�B induction in the lipopolysac-
charide (LPS)-triggered TLR4 signaling pathway (29). TRIM5 and
TRIM8 activate transforming growth factor beta (TGF-�)-acti-
vated kinase 1 (TAK1), a common downstream kinase utilized by
TLRs and RLRs to induce NF-�B and MAP kinase (MAPK) sig-
naling (30–32). TRIM21 negatively regulates TLR3, -4, -7, and -9
and RLR signaling pathways by modulating the activities of I�B
kinase complexes (IKKs) and interferon regulatory factors (IRFs)
(33). TRIM27 targets all IKKs and negatively regulates the PRR
pathways (34). CARD domain ubiquitination by TRIM25 is es-
sential for RIG-I-mediated type I interferon induction (35).
TRIM23/ARD1 plays a role in NF-�B and IRF3 activation down-
stream of RLRs and TLR3 by promoting K27-linked ubiquitina-
tion of NEMO (36, 37). TRIM56 facilitates double-stranded
DNA-stimulated interferon induction by ubiquitination of
STING (stimulator of interferon genes) (38).

To identify new regulators of innate immune signaling path-
ways, in this study, we carried out a transient-expression-based
screen of 43 human TRIM proteins for the ability to induce NF-
�B-, AP-1-, and interferon-related luciferase reporters. We iden-
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tified 16 TRIM proteins that induce NF-�B and/or AP-1, 5 of
which have not been previously reported to signal. Among these
was TRIM62, which we show plays a critical role in the TRIF
branch of the TLR4 signaling pathway. In addition, we discovered
the role of TRIM15 as a regulator in the RIG-I sensing pathway.
Moreover, we noticed a striking correlation between NF-�B/AP-1
induction by TRIM proteins and antiviral activity targeting MLV
(13). MLV, in contrast to HIV-1, was particularly vulnerable to
the expression of many TRIM proteins. The differential suscepti-
bility of MLV and HIV-1 to inflammatory TRIM proteins mapped
to the U3 promoter of the viral LTR. Thus, our work identified
new TRIM proteins involved in inflammatory and innate immune
signaling and reinforced the striking ability of HIV-1 to efficiently
replicate despite a strong innate immune response.

MATERIALS AND METHODS
Cell lines, viruses, plasmids, antibodies, and reagents. A549 cells were
obtained from the American Type Culture Collection (Manassas, VA).
HEK293 and DFJ8 cells were described previously (13). BHK21 cells were
obtained from John Rose (Yale University). The interferon reporter cell
line HL116, which carries the luciferase gene under the control of the
IFN-inducible 6-16 promoter, was a kind gift from Olivier Schwartz, In-
stitut Pasteur. HL116 cells were grown in medium supplemented with
hypoxanthine-aminopterin-thymidine (HAT) (Sigma-Aldrich). All cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Life
Technologies) supplemented with 10% fetal calf serum (FCS) (Gemini
Biotech) at 5% CO2.

Vesicular stomatitis virus expressing cytoplasmic enhanced green
fluorescent protein (GFP) (VSV-eGFP) was a kind gift from John Rose
(Yale University), Newcastle disease virus (NDV) expressing GFP was
obtained from Peter Palese (Mount Sinai School of Medicine, New
York, NY), and Sendai virus (SeV) strain Cantell was from Charles
River Laboratories (Wilmington, MA).

Most TRIM expression plasmids have been described previously (13).
TRIM51, TRIM61, and TRIM68 were gifts from Sebastien Nisole (CNRS,
Paris, France). pcDNA3.1-based constructs expressing TRIM22,
TRIM25, and TRIM34 were generated by amplifying the gene from a
cDNA library prepared from PRR agonist-stimulated THP-1, primary
mononucleocyte-derived macrophages, and dendritic cells. All the TRIM
proteins used in the study were full-length isoforms. DNA sequencing of
clones matched the reference sequence listed in Table S1 in the supple-
mental material. Other expression plasmids and their sources used in the
current study were as follows: IKK beta superactivator (IKK� SA), I�B
superrepressor (dominant-negative I�B [dnI�B]), c-jun, dominant-neg-
ative Fos (dnFos), and IKK-ε were from Sankar Ghosh (Columbia Uni-
versity, NY); human TLR4, MD2, and IRF3 were from Ruslan Medzhitov
(Yale University); human MyD88, TRIF, and TRAM were from Addgene
(Boston, MA; deposited by Doug Golenbock, University of Massachu-
setts, Worcester, MA); TIRAP was from OpenBiosystems; and RIG-I,
MDA5, and STING were from John MacMicking (Yale University). De-
letions of individual domains from TRIMs were generated using overlap
PCR, and the mutated TRIM genes were cloned into XhoI and EcoRI sites
of the pEYFP C1 vector. E3 mutants of the TRIMs described were created
by replacing two active-site cysteines with alanines in the RING domain
using QuikChange site-directed mutagenesis (Agilent Technologies).
MLV and HIV-1 LTR luciferase constructs were generated by PCR ampli-
fication using Friend MLV pLRB303 and pNL4-3, respectively, as tem-
plates and cloning into the pHTS-MCS vector (Biomyx, San Diego, CA).
Overlap PCR was used to generate a chimeric LTR (MLV with HIV-1 U3),
which was subsequently cloned into a luciferase vector or the pLRB303
vector to generate replication-competent MLV. The two NF-�B sites (A
GGGACTTTCC) in the HIV LTR were disrupted with a QuikChange
site-directed mutagenesis kit to ACTCACTTTCC based on previous stud-
ies (39).

The antibodies used and their sources were as follows: anti-GFP (Life
Technologies); anti-actin and anti-beta-tubulin (Sigma); anti-hemagglu-
tinin (HA) (Covance); anti-I�B, -phosphorylated p38, -p-IRF3, -TAK1,
-MyD88,- RIP1, and -TRAF6 (Cell Signaling); anti-MLV gag p30 (Quality
Biotech, Camden, NJ, and ATCC); anti-TRIM15, -TRIM31, and
-TRIM62 (Proteintech); and anti-TRIM13 and -TRIM25 (Abnova). The
reagents used in the study and their sources were as follows: Ultrapure LPS
from Salmonella enterica serovar Minnesota and 5=triphosphorylated-
double-stranded RNA (dsRNA) RIG-I ligand (Invivogen, San Diego, CA),
tumor necrosis factor alpha (TNF-�) (Sigma, St. Louis, MO), and puro-
mycin (Gemini Bio-Products, Sacramento, CA).

Dual-luciferase assay. HEK293 cells seeded at 5 � 104 per well of a
48-well plate were transfected using Fugene6 (3 �l per �g DNA; Roche,
Indianapolis, IN, or Promega Inc.) with 5 to 25 ng of DNA expressing the
indicated TRIM proteins or bona fide inducers/repressors of immune
signaling pathways and with 25 ng of plasmid DNA expressing firefly
luciferase under the control of various transcriptional response element
or viral LTR constructs. In addition, each transfection mixture contained
5 ng of internal control reporter plasmid pRL-TK (Promega), which ex-
presses Renilla luciferase for normalization of transfection efficiencies.
The total amount of DNA was equalized to 250 ng for each transfection
using pcDNA3.1. Luciferase assays conducted with A549 cells were carried
out at a density of 4 � 105 cells per well of 48-well plates. Transfections
were carried out using 3 �l of Transfectin (Bio-Rad, Hercules, CA) per
microgram of DNA. Transfection mixtures contained 100 ng of plasmid
expressing bona fide inducers or pcDNA 3.1, 80 ng of beta interferon
(IFN-�)-luciferase, and 20 ng of pRL-TK plasmids. Cells were lysed 24 to
48 h posttransfection with passive lysis buffer (Promega), and the lucifer-
ase activity was measured using a Dual-Glo luciferase assay system (Pro-
mega, WI) in a Berthold multiwell luminometer. Firefly luciferase data
were normalized to Renilla luciferase readings in each well, and the data
were represented as the fold change compared to empty pcDNA (and
standard deviation) for at least two triplicate experiments carried out on
separate days. The significance cutoff value or threshold for each tran-
scriptional response element was calculated by adding 2 standard devia-
tions to the mean luciferase values obtained for empty-vector transfec-
tions (the 95% confidence interval value of the control) from experiments
carried out on different days. Any value above this threshold was considered
positive. The following firefly luciferase plasmids were used: NF-�B–lucifer-
ase was from Promega, the AP-1–luciferase construct was from Ruslan Med-
zhitov (Yale School of Medicine), human beta 1 interferon (IFN-�1–luc) was
from Jürg Tschopp (University of Lausanne); interferon-stimulated response
element (ISRE) and IRF3-luc were from Akiko Iwasaki (Yale School of Med-
icine), and gamma interferon activation sequence (GAS)-luciferase was from
Agilent Technologies (Santa Clara, CA).

Viral infectivity assay. HEK293 cells (2.5 � 105/well) were transfected
in 24-well format using Fugene6 with 200 ng of plasmids carrying MLV or
MLV (HIVU3) carrying the full-length Friend 57 MLV genome with a
GFP insertion into the envelope protein and 0 to 50 ng of empty vector or
plasmid expressing TRIM and 0 to 20 ng of plasmid expressing IKK� SA,
dnI�B, or dnFos. The amount of DNA per transfection was equalized to
500 ng using pcDNA3.1 vector. Forty-eight hours after transfection, the
released virus infectivity was measured by applying culture supernatants
to DFJ8 target cells in the presence of 5 �g/ml of Polybrene. GFP-positive
cells were enumerated after an additional 36 to 48 h by fluorescence-
activated cell sorting (FACS). In parallel experiments, the producer cells
and culture supernatants from triplicate wells were pooled and sedi-
mented. Gag protein in cells and released Gag were analyzed by Western
blot analyses as described previously (13).

For experiments with VSV, target A549 cells and primary human mac-
rophages were infected with VSV-eGFP at multiplicities of infection
(MOIs) of 0.25 and 10, respectively, in medium containing 1% fetal bo-
vine serum (FBS) and allowed to attach at 37°C for 1 h. After replacing the
medium with complete medium, with or without the indicated amounts
of LPS, the culture supernatants were harvested 24 to 30 h postinfection.
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Ten-fold serial dilutions of the culture supernatants were applied to
BHK21 cells, overlaid with a 1:1 mixture of 2� complete DMEM and 2%
methyl cellulose, and allowed to form plaques for 48 h. The cells were fixed
with 4% paraformaldehyde, and the GFP-positive plaques were counted
using a fluorescence microscope or after staining with crystal violet solu-
tion.

Culture of primary macrophages, siRNA knockdown, and LPS in-
duction. Peripheral blood mononuclear cells (PBMCs) were isolated
from fresh blood drawn from healthy anonymous donors using Ficoll-
Paque Plus (GE Healthcare). CD14� cells (monocytes) were enriched
from PBMCs by allowing the cells to adhere to petri plates in RPMI with-
out serum at 37°C for 2 h. The nonadherent cells were removed by three
sequential washes with warm medium. The enriched monocytes were
allowed to differentiate into macrophages for a week in macrophage me-
dium (RPMI 1640 medium supplemented with 10% pooled human AB
serum [Atlanta Biologicals, Lawrenceville, GA], 20 mmol/liter HEPES,
1� minimal essential medium nonessential amino acids, 1� GlutaMax-I
(Life Technologies), 10 �M �-mercaptoethanol, and 50 ng/ml recombi-
nant human macrophage colony-stimulating factor [e-bioscience]). For
small interfering RNA (siRNA) knockdown experiments, the differenti-
ated macrophages were detached using trypsin-EDTA, washed, and
plated at a density of 4 � 105 cells per well of a 48-well plate in macrophage
medium. Twelve hours after plating, the cells were transfected with All-
Stars negative-control siRNA (Qiagen) or with TRIM62- or TRIM15-
specific siRNA at a final concentration of 100 nM using 1 �l Interferin
reagent (Polyplus Transfection, France). The medium was replaced with
fresh macrophage medium 5 h posttransfection, and the cells were incu-
bated for 3 days to allow gene silencing. The knockdown efficiency was
monitored from extracted RNA using an iScript cDNA synthesis kit (Bio-
Rad, Hercules, CA), followed by real-time PCR using gene-specific prim-
ers (obtained from SA Biosciences) and a SYBR Fast Bio-Rad iCycler
quantitative PCR (qPCR) kit (Kapa Biosystems, Woburn, MA). PCR
primers specific for GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase) were used to normalize the data, and the knockdown of TRIM62
and TRIM15 RNAs compared to control cells was assessed to be in the
range of 76 to 82% and 72 to 80%, respectively, for separate experiments.
For LPS induction experiments, macrophages were treated with 100
ng/ml UltraPure S. Minnesota LPS in Optimem. The cells were then har-
vested at the indicated time points by phosphate-buffered saline (PBS)
wash, followed by lysis in the well using RIPA buffer (Boston Bioproducts,
MA) supplemented with protease and phosphatase inhibitor mixture
(Sigma). The cell lysates were clarified by sedimentation at 20,000 � g and
subjected to SDS-PAGE, followed by Western blotting using the indicated
antibodies. Acquisition of Western blot signal and densitometric quanti-
fication of band intensities were carried out using the ImageQuant LAS
4010 digital imaging system and ImageQuant TL 1D gel analysis software
from GE Healthcare Life Sciences.

siRNA and short hairpin RNAs (shRNAs) used in the study. Silenc-
ing of endogenous human TRIM proteins in A549 and HEK293 cells was
carried out using On-Targetplus siRNA smart pools (a mixture of 4 siRNAs),
or individual siRNAs where indicated, from Dharmacon, Inc., prede-
signed to reduce off-target effects by up to 90%, as described previously
(13). siRNA transfections were carried out using 0.75 �l Interferin reagent
(Polyplus Transfection, VWR International, LLC) for 50 nM siRNA per
well in a 48-well format. We routinely obtained 70 to 90% knockdown of
specific TRIM proteins, as assessed by monitoring the levels of the tran-
siently expressed GFP- or the HA-tagged version by Western blotting or
endogenous levels by quantitative real-time RT-PCR (Q-RT-PCR) 48 to
96 h posttransfection. The primer pairs for quantitative PCR were pur-
chased from SA Biosciences. PCR primers specific for GAPDH were used
to normalize the data. The sense sequences of siRNAs targeting (i) TRIM1
were number 1, GCAAAUGACGCUGUCAAAUU, number 2, GGUCAA
CAGUCCUCAUCAAUU, number 3, AAUCAAAUGGCCAAACUA
AUU, and number 4, GCGCAACAGCGAACUAGAAUU; (ii) TRIM13
were number 1, UAAAACAGCCGAUUUCAUAUU, number 2, GACAC

UGGCACAUUCAUUAUU, number 3, GAGACCAGCUCCAUUCAA
GUU, and number 4, GAAGGGAGUGUGCGGAAUUUU; (iii) TRIM14
were number 1, CAGAUUACUACUUGACGAA, number 2, GCUAAUG
CAGAGUCAAGUA, number 3, UCCAGAGGCUUCAGGCAUA, and
number 4, CAACAUAACCCAGAUAGAA; (iv) TRIM27 were number 1,
GAGCAGGGCUGAAAGAAUC, number 2, UAAGAGAGGCUCAGUU
AUA, number 3, GCUGAACUCUUUGAGCCUAA, and number 4, GAA
GAUUGUUUGGGAGUUU; (v) TRIM47 were number 1, CAUCAAGA
GUGCAGCCGUA, number 2, GCAUAUCCGUGCUGAAGAG, number
3, GAACCAAAGGUGUCAAGAG, and number 4, GUACGGGACGGCA
AGAUGA; (vi) RIG-I were number 1, GCACAGAAGUGUAUAUUG
GUU, number 2, CCACAACACUAGUAAACAAUU, number 3, CGGA
UUAGCGACAAAUUUAUU, and number 4, UCGAUGAGAUUGAGC
AAGAUU; and (vii) MAVS were number 1, CCGUUUGCUGAAGACA
AGA, number 2, CCACCUUGAUGCCUGUGAA, number 3, CAGAGG
AGAAUGAGUAUAA, and number 4, UUGCUGAAGACAAGACCU
AUA. The sequences for the siRNA Dharmacon Smartpool for human
TRIM5, TRIM15, and TRIM62 were as previously reported (13). The
sequences for siRNAs that were most effective in knocking down gene
expression for TRIM15 and TRIM62 were CCCUGAAGGUGGUCC
AUGA and CGCCAAAGCGCUUCGAUGU, respectively. These siRNAs
were used for gene-silencing experiments carried out in macrophages.

Stable knockdown of gene expression was carried out using lentivirus-
based shRNA systems after standard viral transduction, followed by pu-
romycin selection in HEK293 cells. Constructs expressing shRNA against
TAK1 (target sequence, AGCGCCCTTCAATGGAGGAAAT) and TRAF6
(number 1, AGGGTACAATACGCCTTACAAT; number 2, CGAAGAG
ATAATGGATGCCAAC) were described in previous studies (31, 40).
Constructs expressing shRNAs targeting multiple sequences in TRIM62,
RIP1, MyD88, and TRIF were obtained from Open Biosystems. For
TRIM62, the efficacy of the knockdown was tested with each shRNA using
quantitative RT-PCR, and the most effective target sequence, CATGAGA
CCAACCTCACATAT (shRNA number 1), was used in the functional
experiments. In addition to monitoring the levels of transiently ex-
pressed GFP-tagged versions, multiple shRNAs for RIP1, MyD88, and
TRIF were subjected to functional analyses to determine the best target
sequence. RIP1 knockdown was assessed using RIP1-dependent TNF-
�-triggered induction of NF-�b. TIRAP- and TRAM-induced NF-�b
were used to evaluate the knockdown efficiency of MyD88 and TRIF.
The best target sequences for (i) RIP1 (GIPZ based) were number 1,
AGAGTAAACTCCAAGACGA, and number 2, GCGAGATGGACTGAA
AGAA; (ii) MyD88 (pLKO.1 based) was GCAGAGCAAGGAATGTGA
CTT; and (iii) TRIF (pLKO.1 based) was ATCTTCTACAGAAAGTTG
GAG. Scrambled shRNA, also called nontargeting shRNA (NTshRNA),
was obtained from Open Biosystems.

IFN-� secretion and induction assays in siRNA-treated cells. A549
cells (4 � 105/well) in 48-well plates were transfected with the indicated siR-
NAs. Sixty hours posttransfection, the cells were transfected with 250 ng
RIG-I-specific ligand (Invivogen) using 1 �l of Interferin reagent. The
medium was replaced 5 h posttransfection, and the cells were incubated
further for 24 h to allow secretion of type I interferons. The culture super-
natant was applied to interferon reporter HL116 cells, and 24 h later, the
cells were lysed for measurement of firefly luciferase activity. For inter-
feron induction assays, 60 h post-siRNA treatment, the cells were trans-
fected with 100 ng of plasmid expressing the indicated proteins or pcDNA,
along with 80 ng of IFN-� luciferase reporter and 20 ng of pRLTK vector.
If virus infections were carried out, they were done 5 h after transfection.
Cells were lysed 24 h later, and luciferase activity was measured as de-
scribed above.

Statistical analysis. Student’s t test, available in GraphPad Prism v5.5,
was used to determine the statistical significance of the data.

RESULTS
TRIM proteins induce inflammatory and innate immune sig-
naling. To identify TRIM proteins capable of inducing inflamma-
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tory and innate immune signaling, we cotransfected 5 or 25 ng of
plasmids expressing 43 human TRIM proteins with NF-�B or
AP-1 firefly luciferase reporter constructs in HEK293 cells (Fig. 1A
and B). Constitutively active thymidine kinase promoter-driven
Renilla luciferase was used for normalization and estimation of
fold induction. The empty vectors pcDNA and pCMVSPORT6
were used as negative controls, and constructs expressing TRIF,
IKK� SA (IKK� kinase with phosphomimetic mutations [S177E/
S181E] that is a constitutive superactivator of NF-�B [41]), c-jun,
and IRF-3 were used as specificity controls. A scatter plot of AP-1
versus NF-�B induction by the TRIM proteins showed that 16 out
of the 43 proteins were able to induce signal transduction (Fig. 1A
to C) based on the threshold calculated for each response element
(see Materials and Methods). TRIM13, -37, -38, and -52 activated
only NF-�B, while TRIM15, -21, -27, and -31 induced only AP-1
signaling (Fig. 1C). TRIM1, -5�, -8, -14, -22, -25, -32, and -62
induced NF-�B, as well as AP-1 (Fig. 1C). Importantly, we iden-
tified five proteins, TRIM1, -14, -15, -52, and -62, whose signaling
properties were not previously described.

In order to test if the ability to signal required a functional E3
ligase activity, we generated RING domain deletions or point-
mutated versions of TRIMs that disrupt the catalytic sites. All
RING domain mutant constructs were expressed at levels similar
to that of the wild-type (wt) protein (see Fig. S1A in the supple-
mental material). Interfering with the E3 ligase function of
TRIM1, -5, -13, -31, and -62 significantly reduced their observed
signaling activities (Fig. 1D and E). In the case of TRIM25, E3
ligase activity was necessary for NF-�B induction, but not for
AP-1 signaling (Fig. 1D and E). E3 ligase activity of TRIM15 was
dispensable for AP-1 signaling (Fig. 1E). Deletion of individual
domains revealed that, in addition to the B box and coiled coil, the
PRY-SPRY domains were required for AP-1-inducing activity of
TRIM15 (Fig. 1F; see Fig. S1B in the supplemental material). In
contrast, deletion of the PRY-SPRY domains of TRIM62 did not
compromise its signal transduction properties. Rather, in addi-
tion to the RING domain, both B-box and coiled-coil domains
were required for NF-�B and AP-1 induction by TRIM62 (Fig. 1G
and H; see Fig. S1C in the supplemental material). Thus, the B-box
and/or coiled-coil domains that confer oligomerization/dimeriza-
tion properties (42) are indispensable for both TRIM15- and -62-
mediated signaling.

TRIM proteins use the TAK1-dependent canonical NF-�B
pathway for signaling. The activation of NF-�B by various stim-
uli can result in generation of active RelA-p50 and RelB-p52
dimers via the canonical (IKK�- and I�B-dependent) and the
noncanonical (IKK�- and p100/�-dependent) pathways, respec-
tively (Fig. 2A) (43). To differentiate the two pathways, we tested
NF-�B induction by TRIMs when coexpressed with dnI�B, which
inhibits only the canonical RelA-p50 activation (43, 44). dnI�B,
also designated “superrepressor,” is a mutant of I�B that cannot
be phosphorylated (S32R/S36R) and consequently cannot be
ubiquitinated and degraded (45). Coexpression of dnI�B inhib-
ited NF-�B activation by all the NF-�B-inducing TRIMs tested,
indicating that they function upstream of I�B in the canonical
pathway (Fig. 2B). These data indicate that expression of the
TRIM proteins indeed triggered the signaling pathway and ruled
out their involvement as components of transcription factors. A
similar inhibition in AP-1 transcriptional activation was seen
when AP-1-inducing TRIMs were coexpressed with dnFos

(Fig. 2C). dnFos inhibits the DNA binding activity of the Fos and
Jun heterodimer (46).

The majority of innate immune-sensing pathways activated by
Toll- and RIG-I-like receptors induce NF-�B and/or AP1 by uti-
lizing TAK1 for activation of the IKK complex (Fig. 2D) (47).
TRIM5 and -8 have been previously shown to activate TAK1 (30,
31). Therefore, we generated HEK293 cells stably expressing NT-
shRNA and shRNA targeting TAK1 to determine the requirement
for TAK1 in TRIM-induced signaling (Fig. 2E, inset). Knockdown
of TAK1 largely abolished the ability of the TRIM proteins to
induce NF-�B (Fig. 2E). AP-1 signaling by a number of TRIM
proteins, including TRIM1, -5, -8, -14, -22, and -62, was also sig-
nificantly reduced in cells lacking TAK1 (Fig. 2F). However, TAK1
was not needed for AP-1 induction by TRIM15, -25, -31, and -32
(Fig. 2F). Thus, TAK1 was essential for NF-�B induction by TRIM
proteins, but its requirement for AP-1 signaling was variable.

TRIM62 functions in the TLR4 signaling pathway. We next
focused our study on the previously uncharacterized signal trans-
duction induced by TRIM62. TRIM62 potently induced both
NF-�B and AP-1 in a TAK1-dependent manner, a hallmark of
TNF, TLR, and RLR signaling pathways (Fig. 3A). To identify the
specific signaling pathway utilized by TRIM62, we first silenced
TRIM62 expression using different shRNAs and siRNAs in
HEK293 cells (Fig. 3B). The knockdown efficiency for shRNA1
and all four siRNAs ranged between 75 and 89% when endoge-
nous mRNA levels were measured and was also confirmed at the
protein level using transiently expressed yellow fluorescent pro-
tein (YFP)-tagged TRIM62 expression constructs (Fig. 3B). We
then measured NF-�B induction in HEK293 cells expressing
NTshRNA or TRIM62 shRNA1 in response to TNF-�, LPS and by
expression of MAVS to study TNFR, TLR4, and RLR pathways
(Fig. 3C). HEK293 cells endogenously express the TNF-� receptor.
To achieve LPS responsiveness in HEK293 cells, we had to express the
receptor TLR4, together with its cofactor, MD2 (Fig. 3C) (48). Inter-
estingly, LPS-stimulated TLR4 signaling was strongly affected in
TRIM62-silenced cells, suggesting that TRIM62 functions in the
TLR4 pathway (Fig. 3C). The requirement for TRIM62 in TLR4-
mediated NF-�B signaling was also confirmed by silencing TRIM62
using four different siRNAs (Fig. 3D).

The LPS-activated TLR4 pathway utilizes MyD88 and TRIF as
adaptors to trigger NF-�B. TIRAP acts as an adaptor to recruit
MyD88 at the plasma membrane to induce early NF-�B and AP-1
signaling (Fig. 4A) (49). TRAM recruits TRIF to the endocytosed
LPS-TLR4 complex to trigger the late wave of NF-�B and AP-1
signaling (Fig. 4A) (50, 51). TRIF also activates IRF3/7, which
together with NF-�B and AP-1 stimulate transcription from the
IFN-� promoter (50–52). TRIM62 silencing using shRNA1 and 3
different siRNAs in HEK293 cells significantly compromised
TRIF-mediated, but not MyD88-mediated, NF-�B induction
(Fig. 4B). To substantiate the requirement for TRIM62 in the
TLR4 signaling branches, we generated MyD88- and TRIF-si-
lenced cells using shRNAs (Fig. 4C). Specific knockdown was
functionally evident, as NF-�B induction by the MyD88-proximal
adaptor TIRAP was compromised in MyD88 and not in cells
where TRIF expression was silenced (Fig. 4D). Similarly, NF-�B
induction by the TRIF adaptor protein TRAM was specifically
reduced in TRIF- and not MyD88-silenced cells (Fig. 4D). Impor-
tantly, TRIM62-mediated NF-�B induction was abrogated in cells
where TRIF, but not MyD88, expression was silenced (Fig. 4D).

RIP1 and TRAF6 function as a kinase and a nondegradative E3
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FIG 1 TRIM proteins induce NF-�B and AP-1. (A and B) HEK293 cells were transfected with 5 or 25 ng of plasmids expressing the indicated TRIM proteins (see
Table S1 in the supplemental material) or bona fide inducer controls, with Renilla luciferase and NF-�B (A) or AP-1 (B) firefly luciferase reporter constructs.
Luciferase activity was measured at 24 and 48 h posttransfection, respectively. Firefly luciferase was normalized to Renilla luciferase readings in each well, and the
data were plotted as fold change compared to empty pcDNA/vector (with standard deviation) for at least two triplicate experiments carried out on separate days.
(C) Scatter plot of the TRIM-induced NF-�B versus AP-1 activities shown in panels A and B. (D and E) Effects of RING domain deletion on NF-�B (D) and AP-1
(E) induction by TRIM proteins selected based on their signaling activities. (F to H) Normalized luciferase activity in HEK293 cells transfected with NF-�B or
AP-1 luciferase and pRLTK reporter constructs, along with empty vector or 10 ng of plasmids expressing untagged TRIM62 or N-terminal YFP-tagged versions
of TRIM62 or TRIM15. R, B, C, P, and S represent the RING, B-box, coiled-coil, PRY, and SPRY domains. The E3 ligase inactive mutant (C11A/C14A) is denoted
as E3mutant or Rm. The normalized reporter activity in cells transfected with empty vector was set to 1 to determine fold induction. A statistically significance
cutoff value (dotted lines; 2.5 for NF-�B; 4.1 for AP-1) was obtained by adding 2 standard deviations to the mean value obtained for empty-vector samples for
each response element. Statistical significance values: *** , P 	 0.001; **, P 	 0.01; *, P 	 0.05, respectively; ns, not significant.
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ubiquitin ligase, respectively, in the TLR4 pathway (47, 53).
MyD88 recruits TRAF6, whereas TRIF utilizes both RIP1 and
TRAF6 to activate TAK1 (Fig. 4A). We therefore explored the
signaling activity of TRIM62 in cells expressing shRNAs target-
ing RIP1 and TRAF6. The knockdown was confirmed by mon-
itoring the endogenous protein levels of RIP1 and TRAF6 (Fig.
4E). The knockdown was also functionally validated by measuring
the NF-�B induction triggered by TNF-�, which uses RIP1 as the
main proximal kinase, and MyD88, which mainly utilizes TRAF6
(Fig. 4F). NF-�B induction by a downstream component of IKK�
SA was not significantly affected in RIP1 and TRAF6 shRNA-ex-
pressing cells (Fig. 4F). Importantly, induction of both NF-�B
and AP-1 by TRIM62 was significantly reduced in cells expressing
shRNAs targeting RIP1 and TRAF6 compared to cells expressing
control NTshRNA (Fig. 4G). These data suggest that TRIM62, like
TRIF, uses both TRAF6 and RIP1 to activate TAK1.

To confirm the role of TRIM62 in the TRIF branch of the TLR4
signaling pathway in primary cells, we tested the effect of TRIM62
silencing on LPS signaling in PBMC-derived primary human
macrophages. The knockdown efficiency of TRIM62 was �80%

in TRIM62 siRNA-treated macrophages compared to the control
(Fig. 5A). We then monitored the temporal progression of NF-�B
and AP-1 signaling in these macrophages in response to LPS stim-
ulus (Fig. 5B). The induction of NF-�B signaling was analyzed by
measuring I�B degradation, and AP-1 induction was examined by
monitoring the levels of phosphorylated MAPK p38 using West-
ern blotting followed by densitometry (Fig. 5B to D). In control
siRNA-treated macrophages, LPS triggered a prolonged degrada-
tion of I�B from 20 to 60 min, as both MyD88-dependent early
and TRIF-dependent late NF-�B signaling were functional (Fig.
5B and C) (52). This was further corroborated by the sustained
levels of active phosphorylated p38 in the same period (Fig. 5B and
D). In contrast, LPS-stimulated TRIM62-silenced macrophages
displayed only a short burst of I�B degradation, followed by a
quick recovery to steady-state levels (Fig. 5B and C). This was
associated with activation of p38 only at early time points after
LPS addition (20 to 30 min) (Fig. 5B and D). These data were
consistent with intact early MyD88-dependent signaling but a
compromised late wave of TRIF-dependent signaling in TRIM62-
silenced primary human macrophages.

FIG 2 TRIM proteins use the TAK1-dependent canonical NF-�B pathway for signaling. (A) Schematic of canonical and noncanonical NF-�B signaling pathways
(41, 43). The canonical pathway involves activation of the IKK complex by TAK1 and IKK-mediated I�B phosphorylation followed by degradation, resulting in
nuclear translocation of the NF-�B heterodimer p50-RelA. The noncanonical NF-�B pathway is independent of I�B and relies on NIK (NF-�B-inducing kinase)
for phosphorylation of IKK� to induce p100 processing. This results in nuclear translocation of the p52-RelB complex. (B and C) NF-�B and AP-1 luciferase
activity was determined as for Fig. 1A after transfection with NF-�B luciferase or AP-1 luciferase and pRLTK reporter constructs, along with empty vector
(vector) or 5 ng of plasmids expressing the indicated TRIMs in the absence or presence of 10 ng plasmid expressing dnI�B or dnFos. (D) Schematic depicting the
critical role of TAK1 as the common IKK-activating kinase engaged by activated TLR and RLR for induction of NF-�B and AP-1 (47). (E and F) The indicated
TRIM-induced NF-�B and AP-1 luciferase reporter activity was determined in NT (open bars) and TAK1sh (filled bars) expressing HEK293 cells as for Fig. 1A
and B. The error bars denote standard deviations between triplicate samples. The inset in panel E shows Western blot (IB, immunoblot) analysis of HEK293 cell
lysates stably expressing nontargeting shRNA (NTsh) or shRNA targeting TAK1 (TAK1sh) probed with antibodies to TAK1 and �-actin as a loading control.
Statistical significance values: *** , P 	 0.001; **, P 	 0.01; *, P 	 0.05, respectively; ns, not significant.
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TRIF signaling also activates IRF3/7 via TANK binding kinase
(TBK) (Fig. 4A) (54). The activation of all three transcription
factors, NF-�B, AP-1, and IRF3/7, by TRIF results in the synthesis
of IFN-� to establish an antiviral state (Fig. 4A) (52). We therefore
tested if TRIM62 is required for the LPS-stimulated induction of
an antiviral state in the primary human macrophages. Indeed,
these experiments revealed that the VSV titer in the culture super-
natant 30 h postinfection was increased up to 20-fold in TRIM62
siRNA-treated cells (Fig. 5E). This effect is more evident at lower
concentrations of LPS, as MyD88-dependent signaling could po-
tentially compensate for the TRIM62 defect at higher concentra-
tions. These data suggest that in primary human macrophages,

silencing of TRIM62 also curtailed LPS stimulation of an antiviral
state. Thus, collectively, we conclude that TRIM62 functions in
the TRIF branch of the TLR4 pathway.

TRIM15 functions in the RLR-induced interferon pathway.
In addition to the induction of NF-�B and AP-1, we also tested if
TRIM protein expression stimulated interferon reporters, as acti-
vation of some innate immunity pathways culminates in synthesis
of inflammatory cytokines, such as interferons. Unlike with NF-
�B/AP-1, TRIM expression induced only weak activation (less
than 7-fold over background) of interferon-related reporters, in-
cluding IFN-�, IRF3, GAS, and ISRE response elements (Fig. 6A;
see Fig. S2 in the supplemental material). Because of the limita-

FIG 3 TRIM62 is a novel protein involved in TLR4 signaling. (A) Schematic depicting the possible scenarios for activation of TAK1-dependent NF-�B and AP-1
induction involving stimulation of tumor necrosis factor alpha-, Toll-like, and RIG-I-like receptors (47). (B) HEK293 cells stably expressing nontargeting shRNA
(NTsh) or shRNAs 1 to 4 targeting TRIM62 (top) or treated for 24 h with control (NT) or siRNAs 1 to 4 targeting TRIM62 (bottom) were transfected with
YFP-tagged TRIM62, and Western blot analysis of cell lysates was carried out 48 h posttransfection using antibodies to GFP and tubulin as a loading control. (C)
Normalized NF-�B reporter luciferase activity induced by 100 ng/ml LPS, 5 ng/ml TNF-�, and transfection of empty vector or 5 ng plasmid encoding MAVS
protein in HEK293 cells stably expressing NTshRNA or shRNA targeting TRIM62. LPS-treated cells were transfected with 25 ng plasmids expressing TLR4 alone
or together with cofactor MD2 5 h prior to treatment. The ratio depicting the fold inhibition in reporter activity observed in cells expressing TRIM62sh1
compared to NTsh (NT:62) is shown by the black bars. (D) Fold induction of NF-�B luciferase activity compared to empty vector by transfection of 25 ng plasmid
encoding TLR4 and MD2 protein into HEK293 cells. These cells either were stably expressing shRNA targeting TRIM62 or were transfected with control
nontargeting siRNA or four different siRNAs targeting TRIM62. The cells treated with siRNAs were transfected with NF-�B inducers after a 72-h period to allow
gene silencing. The cells were triggered to induce NF-�B by addition of LPS as in panel C. The reporter activity induced by empty vector was set to 1 for each
condition to determine the fold induction. A statistical significance cutoff value (dashed line; 2.5 for NF-�B; 4.1 for AP-1) was obtained by adding 2 standard
deviations to the mean value obtained for empty-vector samples for each response element. The error bars denote standard deviations between triplicate samples.
Statistical significance values: **, P 	 0.01; *, P 	 0.05.
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FIG 4 TRIM62 functions in the TRIF branch of the TLR4 signaling pathway. (A) Schematic of an LPS-triggered TLR4 signaling pathway that uses plasma
membrane-localized TIRAP/MyD88 as an adaptor to induce the early phase of TRAF6- and TAK1-dependent NF-�B and AP-1. After endocytosis of the
LPS-TLR4 complex, TRAM and TRIF are recruited, triggering RIP1-, TRAF6-, and TAK1-dependent late NF-�B and AP-1 induction. TRIF also engages TBK,
resulting in activation of IRF3 and -7. AP-1, IRF3/7, and NF-�B together bind the positive regulatory domain elements in the IFN-� promoter to activate robust
transcription of IFN-� (53). Phosphorylation of signaling components are denoted by circled P. (B) Normalized NF-�B reporter luciferase activity induced by
transfection of empty vector or 2.5 ng plasmid expressing MyD88 or TRIF in HEK293 cells stably expressing NTshRNA, shRNA targeting TRIM62, or cells treated
with four different siRNAs targeting TRIM62. The cells treated with siRNAs were transfected with NF-�B inducers after a 72-h period to allow gene silencing. The
reporter activity induced by empty vector was set to 1 for each condition to determine the fold induction. (C) Western blot analysis of HEK293 cell lysates stably
expressing control NTshRNA or shRNA against MyD88 or TRIF using antibodies to GFP, endogenous MyD88, and the loading control tubulin. A TRIF-GFP
expression construct (50 ng) was transfected 48 h prior to harvesting the cells for testing the knockdown efficiency in TRIF shRNA-expressing cells. (D)
Normalized NF-�B reporter luciferase activity induced by transfection of empty vector (pcDNA) or a plasmid encoding TRIM62 (10 ng), TIRAP (50 ng), TRAM
(50 ng), or IKK� SA (2.5 ng) in HEK293 cells stably expressing NTshRNA or shRNA targeting MyD88 or TRIF. (E) Western blot analysis of HEK293 cell lysates
stably expressing control NTshRNA or shRNA against RIP1 or TRAF6 using antibodies to endogenous RIP1, TRAF6, and the loading control tubulin. (F)
HEK293 cells stably expressing NTshRNA or two shRNAs targeting RIP1 or TRAF6 were transfected with NF-�B luciferase and pRLTK reporter constructs, along
with either empty vector or 2.5 ng of plasmid encoding IKK� SA or MyD88 or treated with 5 ng/ml of TNF-�. Normalized reporter activity induced by the empty
vector was set to 1 for each cell line to determine the fold induction. (G) Normalized NF-�B and AP-1 reporter luciferase activity induced by 10 ng of plasmid
expressing TRIM62 in HEK293 cells stably expressing NTshRNA or two different shRNAs targeting RIP1 and TRAF6. The dotted lines denote the statistical
significance cutoff values (2.5 for NF-�B; 4.1 for AP-1) obtained by adding 2 standard deviations to the mean value obtained for empty-vector samples for each
response element. The error bars denote standard deviations of experiments carried out in triplicate. Statistical significance values: ***, P 	 0.001; **, P 	 0.01;
*, P 	 0.05; ns, not significant.
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tions associated with an expression screen for interferon in
HEK293 cells, we decided to specifically ask if TRIM proteins are
required for RIG-I ligand-induced type I interferon in more rele-
vant cell types. We chose A549 lung epithelial cells, as they re-
sponded strongly to RIG-I ligand and secreted measurable type I
interferons. We conducted a small-scale siRNA screen for 10
TRIM proteins in A549 cells, most of which mildly induced IFN-�
reporter luciferase in HEK293 cells (Fig. 6A). Real-time PCR anal-
ysis for relative mRNA levels of targeted genes revealed that the
knockdown efficiencies ranged between 70 and 90% (Fig. 6B).
Interestingly, the RIG-I ligand-induced secretion of type I inter-
feron was strongly dependent on TRIM15 (Fig. 6C). The extent of
inhibition was similar to that seen in cells silenced for RIG-I or
MAVS expression. TRIM15 knockdown also significantly dimin-
ished SeV-, NDV-, and VSV-induced interferon induction in
A549 cells compared to controls (Fig. 6D). Accordingly, the VSV
titer in culture supernatants from TRIM15-silenced A549 cells, as
well as PBMC-derived primary macrophages, was enhanced 4- to
10-fold compared to control cells (Fig. 6E and F). A temporal
analysis of SeV-induced interferon signaling revealed that
TRIM15 silencing significantly diminished phosphorylation of

IRF3 and MAPK p38 compared to control cells (Fig. 6G). These
data suggested that TRIM15 functions upstream of IRF3 and
MAPK in the RLR pathway (Fig. 6H). We next compared the
levels of interferon induction by various components of the RLR
pathway in cells treated with siRNA to the control, TRIM15, and
RIG-I. We detected a significant 9-fold reduction in RIG-I- and
MDA5-induced interferon luciferase activity upon silencing of
TRIM15 compared to control cells, suggesting that TRIM15 func-
tions in a process that is common to both pathways (Fig. 6G and
H). Both RIG-I and MDA5 use MAVS as a common adaptor for
downstream signaling (Fig. 6H). Interferon induction by MAVS
and the downstream factors STING, IKK-ε, and IRF3, however,
was intact in cells silenced for TRIM15 expression (Fig. 6H and I).
Thus, our data suggest that TRIM15 must function upstream or at
the level of MAVS in the RLR pathway.

Inflammatory signaling induced by TRIM proteins contrib-
utes to their anti-MLV activity. Our laboratory had previously
carried out a screen for antiretroviral activities of TRIM proteins
and identified many family members with antiretroviral activity
(13). In light of the innate immune signaling cascades induced by
TRIM proteins, we asked if these features were potentially associ-

FIG 5 TRIM62 is required for TRIF signaling in primary macrophages. (A) Quantitative real-time PCR analysis of TRIM62 mRNA levels normalized to GAPDH in
primary macrophages 72 h after siRNA treatment. TRIM62 mRNA levels in control NTsiRNA-treated cells were set to 100%. (B) Western blot analyses of cell lysates from
PBMC-derived macrophages treated with negative-control siRNA (NTsi) or siRNA targeting TRIM62 (T62si) at the indicated times after LPS addition. The blots were
probed with antibodies to the indicated proteins. Tubulin was used as a loading control. (C and D) Plots of I�B and phosphorylated p38 normalized band intensities
shown in panel B as a function of time. The band intensities were normalized to tubulin levels using densitometric quantification. (E) VSV PFU released per ml in culture
supernatants 30 h postinfection of PBMC-derived macrophages treated with negative-control siRNA (NTsi) or siRNA against TRIM62 (T62si) and infected with VSV
at an MOI of 10, along with the indicated amounts of LPS. The error bars represent standard deviations of three experiments carried out in triplicate.
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FIG 6 TRIM15 is required for RIG-I-mediated interferon induction. (A) HEK293 cells were transfected with 5 or 25 ng of plasmids expressing the indicated TRIM
proteins, bona fide inducers, Renilla luciferase, and human IFN-�–firefly luciferase reporter construct, and luciferase activities were measured at 48 h posttransfection.
The normalized luciferase activities were plotted as the fold change compared to empty pcDNA/vector (with standard deviation) for at least two triplicate experiments
carried out on separate days. A statistical significance cutoff value (dashed line) of 2.1 for the IFN-� luciferase assay was obtained by adding 2 standard deviations to the
mean value obtained for empty-vector samples. (B) Quantitative real-time PCR analyses for the indicated genes 72 h post-siRNA treatment in A549 cells. Relative mRNA
levels were calculated by normalizing to GAPDH. The normalized mRNA level for each gene was set to 100% in control NTsiRNA-treated cells. (C) A549 cells were
treated with control siRNA (NTsi) or siRNAs targeting the indicated genes. Sixty hours posttreatment, they were activated by transfecting 250 ng of RIG-I ligand, and the
activity of type I interferons in the culture supernatants was measured using the HL116 reporter cell line after 24 h. The fold inhibition in IFN-� activity was plotted using
NTsi-treated cells as a control and set to 1. (D) Control (NTsi) or TRIM15 (T15si)-treated A549 cells were transfected 60 h posttreatment with IFN-�–luc and pRLTK
vector. The cells were then infected with SeV (25 HA units/ml), NDV-GFP (MOI 
 0.25), or VSV-eGFP (MOI 
 0.25), and dual-luciferase activities were measured 24
h postinfection, normalized, and plotted. (E and F) VSV titers in culture supernatants of A549 cells and PBMC-derived macrophages treated with either control or
TRIM15si. A549 cells and macrophages were infected with VSV at MOIs of 0.25 and 10 for 24 and 30 h, respectively. (G) Western blot analyses of cell lysates from A549
cells treated with negative-control siRNA (NTsi) or siRNA targeting TRIM15 (T15si) at the indicated times after infection (p.i.) with SeV (25 HA units/ml). The blots
were probed with antibodies to the indicated proteins.�-Tubulin was used as a loading control. (H) Signal transduction pathway for cytoplasmic viral RNA sensors RIG-I
and MDA5 that sense short triphosphate and long double-stranded RNA, respectively. Both sensors use MAVS as the common signaling adaptor for activation of IRF3/7
via STING, TBK, and IKK-ε (27). Phosphorylation of signaling components are denoted by circled P. (I) A549 cells pretreated for 60 h with NT, TRIM15, and RIG-I
siRNA were transfected with IFN-�–luc and pRLTK vector, along with pcDNA or plasmids expressing the indicated proteins. Dual-luciferase activity was measured 24
h later, and normalized values were plotted, with the activity in pcDNA-transfected cells set to 1. The error bars in panels B to F and I represent standard deviations from
experiments carried out in triplicate. Statistical significance values: ***, P 	 0.001; **, P 	 0.01.
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ated with their previously observed antiviral activities. To this end,
we plotted the fold induction in NF-�B/AP-1 activities of TRIM
proteins against the previously observed inhibition in MLV re-
leased infectivity. Out of the 17 TRIMs that inhibited MLV re-
leased infectivity, 12 induced NF-�B and/or AP-1 signaling, rais-
ing the possibility of an association between signaling and

inhibitory activities of TRIM proteins (Fig. 7A and B). To func-
tionally test if inflammatory signaling plays a role in the antiviral
effects, we expressed the dominant-negative proteins dnI�B
and/or dnFos that suppressed NF-�B or AP-1 induction by the
TRIM proteins (Fig. 2B and C). The infectivity inhibited by
NF-�B and AP-1 inducing TRIM1 and -62 was partially rescued

FIG 7 Inhibition of MLV by TRIM proteins correlates with their signaling activities. (A and B) Scatter plot analyses of fold inhibition in MLV released infectivity
by TRIM proteins described previously (13) versus their NF-�B- and AP-1-inducing activities. The grey areas highlight TRIM proteins that inhibit MLV release
in addition to inducing NF-�B/AP-1. (C) Friend MLV env-GFP released infectivity from HEK293 cells determined 48 h posttransfection using MLV permissive
DFJ8 target cells in the presence of empty vector or the indicated TRIM protein expression construct either alone or by transfecting 5 and 10 ng of plasmids
expressing dnI�B and/or dnFos, respectively. MLV infectivity released in the presence of vector was set to 100%. (D) Western blot analyses of sedimented virus
from culture supernatants and HEK293 cell lysates for the experiment shown in panel C using antibodies to MLV gag and actin. (E and F) Amounts of MLV
infectivity released from NT and TAK1 shRNA-expressing HEK293 cells transfected with 200 ng of plasmid encoding full-length MLV together with empty vector
or the indicated amounts of TRIM-expressing plasmids. The released MLV infectivity in the presence of empty vector for cell lines expressing NT and TAK1
shRNAs was set to 100% in panel F. The error bars represent standard deviations for triplicate experiments. (G) Western blot analyses of sedimented virus from
culture supernatants and HEK293 cell lysates for the experiment shown in panel F using antibodies to MLV gag p30, actin, GFP (for detecting TRIM1), TRIM15,
and TRIM62. Statistical significance values: ***, P 	 0.001; **, P 	 0.01; *, P 	 0.05.

Innate Immune Signaling by TRIM Proteins

January 2013 Volume 87 Number 1 jvi.asm.org 267

http://jvi.asm.org


by both dnI�B and dnFos (Fig. 7C). There was up to 11- and
37-fold rescue of MLV release by a combination of the dominant-
negative proteins from the inhibitory effects of TRIM1 and -62,
respectively, by restoring MLV gene expression and virus release
(Fig. 7C and D). The antiviral activities of AP-1 inducing TRIM15
were rescued to a lesser extent (�4-fold) in a statistically signifi-
cant manner by dnFos, but not by dnI�B (Fig. 7C and D). We next
asked if interfering with TAK1 signaling could rescue TRIM-me-
diated inhibition of MLV assembly and release. Interestingly,
TAK1 silencing alone resulted in �4-fold enhancement of re-
leased MLV infectivity, suggesting that TAK1-mediated signaling
restricts MLV replication in HEK293 cells (Fig. 7E). TAK1 silenc-
ing rescued released MLV infectivity from the antiviral effects of
TRIM1 and -62 by up to 10- and 16-fold, respectively (Fig. 7F and
G). The rescue of infectivity correlated well with restoration of
MLV gene expression and virus release in TAK1-silenced cells
(Fig. 7G). In contrast, the anti-MLV properties of TAK1-indepen-
dent TRIM15 were largely unaffected (Fig. 7F and G). Thus, the
antiviral activities exhibited by TRIM1 and -62 are to a significant
extent due to the ability of both proteins to induce inflammatory
and innate immune signaling cascades in a TAK1-dependent
manner.

Resistance of HIV-1 to TRIM-induced signaling is due to the
NF-�B binding sites in its LTR and can be transferred to MLV. A
scatter plot analysis of TRIM signaling activities against the previ-
ously observed inhibition in HIV released infectivity revealed that,
in contrast to MLV, HIV-1 assembly and release were resistant to
most of the NF-�B/AP-1-inducing TRIM proteins, except
TRIM15 (Fig. 8A and B). In contrast to MLV, HIV-1 contains two
NF-�B binding sites in the U3 promoter region of the LTR (39).
To investigate the different effects of NF-�B signaling on HIV-1-
and MLV LTR-driven expression, we used HIV-1 LTR with wild-
type or mutant NF-�B sites and MLV LTR-driven luciferase con-
structs (Fig. 8C). We also generated an MLV LTR that carried the
U3 promoter region of HIV-1 [MLV (HIV U3) LTR] (Fig. 8C).
The luciferase expression from viral LTR constructs was analyzed
when coexpressed with IKK� SA and dnI�B. Expectedly, lucifer-
ase expression correlated strongly with the presence of NF-�B sites
in the LTR (Fig. 8D). Importantly, MLV LTR activity was ren-
dered responsive to NF-�B once it carried the U3 promoter of
HIV-1 (Fig. 8D). We next tested the effect of TRIM protein ex-
pression on viral LTR-driven luciferase activity. There was good
association between the NF-�B induction by TRIMs and en-
hanced expression from viral LTRs that contained the NF-�B
binding sites (Fig. 8E to H). We next asked if the resistance of
HIV-1 to TRIM-induced inflammatory signaling can be trans-
ferred to MLV in the context of full-length virus. In contrast to wt
MLV, coexpression with IKK� SA enhanced released infectivity of
MLV (HIVU3) (Fig. 8I), suggesting that it was no longer sensitive
to innate immune signaling. We next tested the effect of TRIM
protein expression on MLV release. MLV and MLV (HIVU3)
were equally susceptible to TRIM15-mediated inhibition. In con-
trast, expression of NF-�B-inducing TRIM1 enhanced MLV
(HIVU3) released infectivity by 10-fold, making it completely re-
sistant to TRIM1 inhibition compared to wt MLV (Fig. 8J and K).
MLV (HIVU3) was also significantly resistant to the inhibitory
effects of TRIM62 (Fig. 8J and K). Thus, as with HIV-1, we were
able to render MLV resistant to TRIM-mediated inhibition by
incorporating the HIV-1 U3 promoter. Therefore, taken together,
our data demonstrated that the different vulnerabilities of MLV

and HIV-1 to inflammatory TRIM proteins mapped to the U3
promoter of the viral LTRs.

DISCUSSION

In this study, we screened 43 human TRIM proteins for the ability
to induce innate immune signaling pathways to identify 16 TRIM
proteins that induce NF-�B and/or AP-1 signaling. The signaling
properties of five TRIM proteins, TRIM1, -14, -15, -52, and -62,
were not previously described. Thus, our work reinforces the
emerging importance of TRIM proteins in innate immune signal-
ing pathways (27). The observed signaling properties were not
restricted to a single subgroup of TRIM proteins, as half (8 of 16)
belonged to subgroup 4 containing PRY and SPRY domains at the
variable C terminus (domain structure, RBCPS; R, RING; B, B
box; C, coiled-coil; P, PRY; S, SPRY), while the remainder were
distributed to other subgroups (Fig. 1C; see Table S1 in the sup-
plemental material). Out of the 16 signaling, active TRIM pro-
teins, 8 induced both NF-�B and AP-1, suggesting that they func-
tion upstream of the signaling bifurcation or activate different
pathways. Consistently, the majority of TRIM proteins activated
NF-�B and AP-1 in a TAK1-dependent manner, a major bifurca-
tion point for many innate immune pathways. The few observed
TAK1-independent activities, like the AP-1 signaling induced by
TRIM25, may not be so surprising, given that TRIM25 also func-
tions in the cell cycle by regulating levels of 14-3-3-� (55). Simi-
larly, the TAK1-independent AP-1 signaling activity seen for
TRIM32 is likely due to its role in multiple cellular activities, such
as cell differentiation, microRNA regulation, degradation of c-
myc, and ubiquitination of STING and actin (6, 56, 57).

We studied TRIM62 in more detail and found that it induces
NF-�B/AP-1 through the TRIF branch of the TLR4 signaling
pathway. Stable knockdown of TAK1, TRAF6, and RIP1 dimin-
ished TRIM62-mediated NF-�B induction, suggesting that it acts
upstream of these factors in the signaling cascade. TRIM62 most
probably acts at the level of TRIF, as NF-�B induction by both
proteins required each to be expressed. Future investigations are
required to (i) determine the mechanism by which TRIM62 me-
diates its effect on TRIF-induced signaling; (ii) test if TRIM62 also
functions in other TRIF-dependent pathways, such as TLR3; and
(iii) identify molecular interactors and the E3 ligase substrate of
TRIM62.

In addition to playing a role in innate immune signaling as
documented here, missense mutations and homozygous deletion
that abrogate TRIM62 expression have been associated with early
onset of breast cancer (58). TRIM62, also known as DEAR1, is
required for proper acinar morphogenesis in the mammary gland.
Three-dimensional (3D) culture of breast epithelial cells with
TRIM62 expression silenced did not form a bona fide lumen due
to a failure in apoptosis exemplified by reduced caspase 3 activa-
tion (58). Interestingly, TLR activation and subsequent TRIF sig-
naling can result in the induction of apoptosis (59, 60). TRIF
recruits RIP1/3 via the RIP homotypic interaction motif (RHIM)
and Fas/Apo-1-associated death domain protein (FADD) to acti-
vate caspase 8/3 (59). The RHIM present in the C terminus of
TRIF is also required for induction of NF-�B (53). These data
potentially link the role of TRIM62 in innate immune signaling
with apoptotic signaling observed in cell differentiation and on-
cogenesis.

Our previous study had identified TRIM15 as a protein with
antiviral activities against both MLV and HIV-1 (13). Impor-
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FIG 8 Incorporation of HIV-1 U3 promoter rescues MLV from TRIM signaling-induced inhibition. (A and B) Scatter plot analyses of fold inhibition in HIV released
infectivity by TRIM proteins described previously (13) versus their NF-�B- and AP-1-inducing activities. The grey areas highlight TRIM proteins that inhibit HIV release
in addition to inducing NF-�B/AP-1. (C) Schematic of viral luciferase constructs used in the study derived from HIV-1 LTR, HIV-1 LTR with mutant NF-�B-responsive
sites (HIV �NF-�B), MLV LTR, and MLV LTR containing the U3 region of HIV-1 [MLV (HIV U3) LTR]. (D) Effect of NF-�B signaling on LTR-driven luciferase
activity shown in panel A when cotransfected with empty vector or plasmid expressing IKK� SA or I�B superrepressor (dnI�B), which results in activation or inhibition
of NF-�B signaling, respectively. The error bars represent standard deviations in normalized luciferase values from triplicate experiments. (E to H) Viral LTR-driven
luciferase activity was determined in the presence or absence of TRIM protein expression as for panel A. The data were plotted as scatter plots against TRIM-protein-
induced NF-�B shown in FIG 1A. The dashed lines represent significance cutoff values (�2.5 for NF-�B and viral LTRs) obtained by adding 2 standard deviations to the
mean value obtained for empty-vector samples for each reporter construct from experiments carried out on separate days. The grey areas highlight TRIM proteins that
induce luciferase expression from indicated viral LTRs in addition to inducing NF-�B/AP-1. (I and J) Amounts of viral infectivity released from HEK293 cells transfected
with 200 ng of plasmids encoding either full-length MLV or MLV carrying HIV U3 [MLV (HIVU3] and cotransfected with either empty vector, plasmid expressing IKK�
SA, dnI�B (I), or the indicated amount of TRIM-expressing plasmids (J). The released infectivity for each virus in the presence of empty vector was set to 100%. The error
bars represent standard deviations from triplicate experiments. (K) Western blot analyses of sedimented virus from culture supernatants and HEK293 cell lysates for the
experiment shown in panel J using antibodies to MLV gag p30 and actin. Statistical significance values: **, P 	 0.05.
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tantly, silencing of TRIM15 expression in HeLa cells increased the
assembly and release of both viruses, indicating that the endoge-
nous protein contributed to the suppression (13). In the current
study, we identify TRIM15 as a critical component of the RLR
signaling pathway. Our analyses suggest that TRIM15 functions
upstream or at the level of MAVS in the RLR sensing pathway. We
have failed to detect interaction of TRIM15 with RIG-I, MDA5, or
MAVS. Whether TRIM15 regulates these factors directly by tran-
sient interaction(s) or functions indirectly remains to be resolved.
Interestingly, retroviral RNAs have been shown to be sensed by
RIG-I (61, 62). It is therefore possible that TRIM15-mediated
RIG-I sensing of retroviruses contributes to the establishment of
an antiviral state.

The unifying feature of the deletion analyses for TRIM15 and
TRIM62 were that both required the B box and coiled coil for
signal transduction. B-box and coiled-coil domains have been ob-
served to confer oligomerization properties on TRIM proteins
(42, 63). Our data support the hypothesis that both TRIM15 and
-62 may act as scaffolding proteins to recruit components of signal
transduction cascades, similar to the role played by p62/sequesto-
some (64).

Our identification of inflammatory and innate immune signal-
ing activities induced by multiple TRIM proteins raised the ques-
tion of whether these activities contributed to the previously ob-
served antiviral activities against MLV (13). Indeed, both activities
correlated well, and we addressed this aspect using NF-�B-induc-
ing TRIM 1 and -62 proteins. TRIM1 was previously shown to
specifically restrict N-tropic MLV and not B-tropic MLV, a find-
ing that was later confirmed by a number of laboratories, includ-
ing ours (13, 17, 65). In addition to its capsid-specific restriction
activity, our work showed that TRIM1 can also inhibit late stages
of MLV replication, probably by inhibiting viral gene expression
(13). Our current study demonstrates that TRIM1-induced sig-
naling contributed to downregulation of MLV gene expression.
Interference with TRIM1 signaling activities by dnI�B/dnFos and
TAK1 gene silencing led to a significant rescue of MLV released
infectivity by restoration of viral gene expression. In addition,
there was complete rescue from TRIM1-mediated inhibition, to-
gether with enhancement of MLV gene expression and release,
when the MLV U3 promoter region was replaced with that of HIV.
These data suggest that the major mechanism for TRIM1-medi-
ated reduction of MLV released infectivity is the inhibition of viral
gene expression. TRIM62-mediated inhibition was partially res-
cued by the dominant-negative proteins and TAK1 gene silencing,
suggesting that, in addition to signaling and subsequent reduction
in MLV gene expression, another mechanism(s) also plays a role
in virus inhibition. Interestingly, TAK1 silencing enhanced MLV
released infectivity even in the absence of any TRIM protein ex-
pression, suggesting that MLV is sensed in human cells by inflam-
matory signaling that utilizes TAK1. Together, these results high-
light the sensitivity of MLV to inflammatory and innate immune
signaling. This likely explains why MLV does not induce an inter-
feron response despite robust replication in mice (66). HIV-1 rep-
lication, on the other hand, induces a striking cascade of cytokines
and chemokines, including interferons (67). As documented for
simian immunodeficiency virus (SIV), an inflammatory response,
especially early in the infection stage, likely also allows HIV-1 to
establish itself, as bacterial infections expand the repertoire of
founder HIV-1 strains in the host (68–70). In addition, there is
chronic activation of the immune system due to translocation of

microbial products, such as LPS, from the gut and HIV-1-acti-
vated interferon-producing plasmacytoid dendritic cells (pDCs)
(71, 72). Interferon, though found to inhibit HIV-1 in vitro, is not
necessarily protective in vivo in most individuals (73, 74). Over-
activated interferon-producing pDCs inhibit antiviral T cell re-
sponses and contribute to T cell death and HIV-1 immunopatho-
genesis (75). Such chronic activation is a hallmark of progressive
HIV-1 infection and has been shown to be a reliable predictor of
disease outcome (76). Incorporation of the NF-�B sites in the
LTR, in addition to the accessory proteins, certainly contributes to
the ability of HIV-1 to replicate under potent inflammatory and
innate immune responses. Thus, by screening the different effects
of signaling TRIM proteins on MLV and HIV-1, we were able to
revisit the fundamentally different replication and immune eva-
sion strategies used by these two retroviruses.
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