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ABSTRACT

The tripartite motif-containing (TRIM) proteins have emerged as a new class of host antiviral restriction factors, with several
demonstrating roles in regulating innate antiviral responses. Of >70 known TRIMs, TRIM56 inhibits replication of bovine viral
diarrhea virus, a ruminant pestivirus of the family Flaviviridae, but has no appreciable effect on vesicular stomatitis virus (VSV),
a rhabdovirus. Yet the antiviral spectrum of TRIM56 remains undefined. In particular, how TRIM56 impacts human-pathogenic
viruses is unknown. Also unclear are the molecular determinants governing the antiviral activities of TRIM56. Herein, we show
that TRIM56 poses a barrier to infections by yellow fever virus (YFV), dengue virus serotype 2 (DENV2), and human coronavirus
virus (HCoV) OC43 but not encephalomyocarditis virus (EMCV). Moreover, by engineering cell lines conditionally expressing
various TRIM56 mutants, we demonstrated that TRIM56’s antiflavivirus effects required both the E3 ligase activity that lies in
the N-terminal RING domain and the integrity of its C-terminal portion, while the restriction of HCoV-OC43 relied upon the
TRIM56 E3 ligase activity alone. Furthermore, TRIM56 was revealed to impair YFV and DENV2 propagation by suppressing
intracellular viral RNA accumulation but to compromise HCoV-OC43 infection at a later step in the viral life cycle, suggesting
that distinct TRIM56 domains accommodate differing antiviral mechanisms. Altogether, TRIM56 is a versatile antiviral host
factor that confers resistance to YFV, DENV2, and HCoV-OC43 through overlapping and distinct molecular determinants.

IMPORTANCE

We previously reported tripartite motif protein 56 (TRIM56) as a host restriction factor of bovine viral diarrhea virus, a rumi-
nant pathogen. However, the impact of TRIM56 on human-pathogenic RNA viruses is unknown. Herein, we demonstrate that
TRIM56 restricts two medically important flaviviruses, yellow fever virus (YFV) and dengue virus serotype 2 (DENV2), and a
human coronavirus, HCoV-OC43, but not encephalomyocarditis virus, a picornavirus. Further, we show that TRIM56-mediated
inhibition of HCoV-OC43 multiplication depends solely on its E3 ligase activity, whereas its restriction of YFV and DENV2 re-
quires both the E3 ligase activity and integrity of the C-terminal portion. The differing molecular determinants appear to accom-
modate distinct antiviral mechanisms TRIM56 adopts to target different families of viruses; while TRIM56 curbs intracellular
YFV/DENV2 RNA replication, it acts at a later step in HCoV-OC43 life cycle. These novel findings illuminate the molecular basis
of the versatility and specificity of TRIM56’s antiviral activities against positive-strand RNA viruses.

The innate immune system represents a primary and funda-
mental component of host defense in the immediate early

phase of microbial infections. It is equipped with multilayered
mechanisms. As sentinels to alert cells to the presence of invading
viral pathogens, pattern recognition receptors (PRRs) such as the
Toll-like receptors (TLRs) and retinoic-inducible gene I (RIG-I)-
like receptors sense viral nucleic acids, a major class of viral patho-
gen-associated molecular pattern, activating intracellular signal-
ing pathways that culminate in production of interferons (IFNs).
These antiviral cytokines act in a paracrine or autocrine fashion to
induce the expression of hundreds of interferon-stimulated genes
(ISGs) that collectively establish an antiviral state, reining in viral
replication and spread (1–4). In addition to the IFN system, mam-
malian hosts encode a number of intracellular restriction factors
that have direct antiviral roles (5). Although most of these factors
are constitutively expressed at variable levels, many are, not sur-
prisingly, also shown to be IFN inducible. Of these, members of
the tripartite motif-containing (TRIM) protein family are increas-
ingly recognized as active players in antiviral innate immunity
(6–8).

The TRIM family comprises over 70 members whose functions
span a broad array of physiological processes, including cell pro-

liferation, differentiation, and development (6, 9). Structurally,
TRIMs have highly conserved arrangement of N-terminal tripar-
tite motifs, i.e., RING, one or two B boxes, coiled-coil domains,
and a variable C-terminal region that has or has not �4 known
functional domains (e.g., the PRY-SPRY motifs). In general,
RING domains confer TRIMs with E3 ubiquitin (Ub) ligase activ-
ity and the ability to recognize E2-conjugating enzyme. B box
domains are considered zinc-binding motifs important for pro-
tein-protein interactions, while coiled-coil domains facilitate self-
association, turning oligomerized TRIM proteins into a scaffold
for assembling multiprotein complexes. In contrast, the C-termi-
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nal half of the TRIMs has been proposed to be involved in protein-
protein interactions, e.g., presenting the substrate to an E2-con-
jugating enzyme. Based on the variability in C-terminal domain
composition, TRIMs can be classified into up to 11 subfamilies
(C-I to C-XI), with nine TRIMs that lack a known C-terminal
domain setting up subfamily C-V (8, 9).

As exemplified by TRIM5�, the first and best-characterized
role in antiviral immunity of TRIMs is their ability to act as retro-
viral restriction host factors (6, 7, 10). In recent years, however, a
small number of TRIMs have been appreciated for novel roles in
modulating antiviral innate immune signaling and in possessing
direct antiviral activities against viruses of other families (7–9). Of
a few TRIMs falling into the latter group, TRIM79�, a rodent-
specific TRIM, restricts tick-borne encephalitis virus (TBEV), a
classical flavivirus, by targeting the nonstructural (NS) 5 protein
for lysosome-dependent degradation (11). TRIM56, a C-V sub-
family member, is a virus- and IFN-inducible factor possessing
antiviral activity against bovine viral diarrhea virus (BVDV) (12),
a ruminant pestivirus classified within the family Flaviviridae
shared by TBEV. Although the precise mechanism of action re-
mains elusive, the antiviral effect is abolished by mutations that
abrogate the E3 Ub ligase activity or by deletions within the last
�130 amino acids (aa) of the C terminus, suggesting the impor-
tance of the RING domain-residing E3 ligase activity and C-ter-
minal integrity in TRIM56’s anti-BVDV actions. However, it is
unknown whether the B box or coiled-coil domains or other parts
of the C-terminal region also play a part in the antiviral barrier
function of TRIM56. Also left unanswered is the question of the
specificity and spectrum of TRIM56’s antiviral actions. Of partic-
ular interest, whether TRIM56 impacts human-pathogenic RNA
viruses has not been determined.

This study, to our knowledge, is the first to demonstrate that
human TRIM56 possesses antiviral activity against yellow fever
virus (YFV) and dengue virus (DENV), two classical flaviviruses
that are threatening the well-being of approximately half of the
world’s population (13). Additionally, we report that TRIM56 re-
stricts a human coronavirus, HCoV-OC43, which is responsible
for a significant share of common cold cases. In contrast, we found
that TRIM56 does not impact propagation of encephalomyocar-
ditis virus (EMCV), a picornavirus, suggesting that TRIM56 does
not act on positive-strand RNA viruses indiscriminately. By ex-
tensive domain mapping, we discovered that distinct molecular
determinants underpin the observed antiviral effects against dif-
ferent viral families. Consistent with this, we found that while
TRIM56 inhibits flavivirus RNA replication, it acts at the stage of
coronavirus packaging/release. These data delineate the antiviral
spectrum of TRIM56 against positive-strand RNA viruses and
shed new light on the molecular basis of the versatility and speci-
ficity and on the mechanisms of action of this host restriction
factor against medically important RNA viruses.

MATERIALS AND METHODS
Plasmids. The plasmid encoding human TRIM56 N-terminally tagged
with two copies of hemagglutinin (HA) in the pcDNA5/FRT/TO back-
bone (Invitrogen) has been described previously and designated
pcDNA5/FRT/TO-HA-TRIM56 (14). Plasmid vectors encoding various
mutant (Mut) forms of TRIM56 were constructed from pcDNA5/FRT/
TO-HA-TRIM56 by QuikChange site-directed mutagenesis (Stratagene).
pcDNA6-YFVpro contained the full-length NS2B-NS3 coding sequence
of YFV-17D in the pcDNA6/V5-HisB backbone (15). Recombinant plas-
mids encoding the TSV01 strain of DENV2 replicon (pACYC-TSV-Rep-

WT) and its replication-deficient NS4B P104R mutant (pACYC-TSV-
NS4B-P104R) were provided by Pei-Yong Shi (16). The full-length N
coding sequence of HCoV-OC43 was amplified from the cDNA of virally
infected BSC-1 cells and ligated into pEF6/V5-His-TOPO (Invitrogen) to
generate the pEF6-OC43-N-V5His construct in which the N gene is fused
in frame to C-terminal V5-His6 epitope tags. The identities of all plasmids
were confirmed by DNA sequencing.

Cell lines. HEK293, HeLa, mosquito C6/36, African green monkey
kidney Vero, Vero-E6, and BSC-1 cell lines were maintained in Dulbec-
co’s modified Eagle medium supplemented with 10% fetal bovine serum,
100 U/ml of penicillin, and 100 �g/ml of streptomycin. HEK293 cells
constitutively expressing wild-type (WT) or E3 Ub ligase-deficient CC21/
24AA mutant (Cys21 and Cys24 in the RING domain substituted with
alanines) TRIM56 (designated 293-T56 and 293-T56-CC21/24AA, re-
spectively) were generated by transducing HEK293 cells with replication-
incompetent retroviruses carrying C-terminally Flag-tagged WT and
CC21/24AA mutant TRIM56 in the pCX4bsr backbone, respectively, fol-
lowed by stable selection with blasticidin.

HeLa-Flp-In T-REx-ACE2 (FitA2) cells with tetracycline (Tet)-induc-
ible expression of HA-tagged, WT, and various mutant versions of
TRIM56 have been described and designated HeLa-FitA2-T56 WT and
Mut (14). In this study, we created HEK293 cell lines conditionally ex-
pressing WT or various mutant versions of TRIM56 using the Flp-In
T-REx (FIT) expression system (Invitrogen) by following the manufac-
turer’s recommended protocol. In brief, 293-FIT cells were cotransfected
with pOG44 encoding the Flp recombinase and pcDNA5/FRT/TO-HA-
TRIM56 or TRIM56 mutants in the pcDNA5/FRT/TO-HA backbone at a
9:1 ratio, followed by stable selection of cells in medium containing 200
�g/ml of hygromycin. The resultant cell lines were named 293-FIT-T56 or
293-FIT-T56-Mut, respectively. To induce HA-TRIM56 (or mutant HA-
TRIM56) expression in 293-FIT- and HeLa-FitA2-derived cells, cells were
cultured in Tet-containing medium for 48 h.

Viruses, viral infections, and replication assays. YFV-17D (NR-115;
BEI Resources) and DENV2 (Thailand 16681 strain) were propagated in
Vero-E6 and C6/36 cells, respectively. A viral stock of HCoV-OC43
(ATCC VR-1558) was prepared in BSC-1 cells. EMCV (ATCC VR-1314,
provided by Lawrence Pfeffer) was propagated in Vero cells. Viral infec-
tions of cells were conducted as described previously (12, 15, 17). Progeny
infectious virus titers in cell-free culture supernatants were determined by
endpoint dilution-based 50% tissue culture infective dose (TCID50) as-
says in 96-well plates (18, 19). Specifically, titration of YFV and EMCV
was performed on Vero-E6 cells, while titration of HCoV-OC43 was done
on BSC-1 cells. Cytopathic effect (CPE) was recorded and used for calcu-
lation of virus yield at 7 days postinfection (dpi) for YFV-17D and HCoV-
OC43 and at 3 dpi for EMCV. Because infection by DENV2 does not cause
obvious CPE, titration of virus yield was performed on Vero cells at 3
dpi using immunofluorescence staining to score prM-positive cell
wells. Sendai virus (SeV; Cantell strain) was purchased from Charles
River Laboratories and used to infect cells at 100 hemagglutinating
units (HAU)/ml for 12 h.

Transient replicon assay. The Renilla luciferase-encoding, WT, and
NS4B P104R mutant DENV2 replicons were synthesized from ClaI-lin-
earized plasmid templates by in vitro transcription as described elsewhere
(16). 293-FIT-T56 cells cultured in the absence or presence of Tet (3 � 105

cells) were transfected with 1 �g of the WT or the NS4B mutant replicon
RNA using DMRIE-C (Invitrogen) as per instructions from the manufac-
turer. At 4 h posttransfection, cells were split and seeded in 24-well plates.
At various time points posttransfection, cells were lysed in 200 �l of 1�
lysis buffer (Promega). Thirty-microliter quantities of cell lysates were
subjected to the Renilla luciferase assay (Promega).

RNA interference. For stable knockdown of human TRIM56, we used
a short hairpin RNA (shRNA) targeting the coding region of the human
TRIM56 gene inserted in the pLKO.1-puro vector that was purchased
from Openbiosystems (referred to as shT56-094). The target sequence is
5=-GCAGCAGAATAGTGTGGTAAT-3=. As a negative control, a nontar-
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geting scrambled shRNA, also cloned in pLKO.1-puro (Addgene 1864),
was used. The shRNAs were packaged into replication-incompetent len-
tiviral particles in 293FT cells and subsequently used to infect various cell
lines. Following selection in medium containing 2 to 5 �g/ml of puromy-
cin for 2 to 3 weeks, surviving cell colonies were pooled for further anal-
ysis. For transient knockdown of endogenous TRIM56 in 293-FIT-T56-
WT/Mut cells without downregulation of the expression of exogenously
introduced HA-TRIM56-WT/Mut, we custom-synthesized a small inter-
fering RNA (siRNA) from Fisher Scientific that specifically targets the 3=
untranslated region (UTR) of human TRIM56 transcript. This siRNA had
a target sequence of 5=-GCCGCTGCTATATAGTTTA-3= and was trans-
fected into cells at a final concentration of 100 nM by Lipofectamine 2000
(Invitrogen) as per the manufacturer’s instructions. To silence the expres-
sion of STING, we transfected cells with a mixture of two shRNAs target-
ing the coding region of human STING transcript (TRCN0000160281
and TRCN0000163296; Openbiosystems). To knock down TRIF or
RIG-I, we used synthetic siRNAs that have previously been described (20,
21). The target sequences were as follows: TRIF-1077, GAAGATACCAC
CTCTCCAA, and RIG-I, GGAAGAGGTGCAGTATATT.

RNA analyses. Extraction of total cellular RNA by TRIzol, cDNA syn-
thesis by reverse transcription, and quantitative PCR (qPCR) were imple-
mented as described elsewhere (12, 22). The following primers were used:
ISG56 and 28S (14); IFN-� (22); interleukin 29 (IL-29), 5=-GAAGAGTC
ACTCAAGCTGAAAAACTG-3= (forward) and 5=-GAGAAGCCTCAGG
TCCCAATT-3= (reverse); TRIM56 coding region (12); TRIM56 3= UTR,
5=-CCGAGGACATTTTCCTGAAG-3= (forward) and 5=-AGTTAAGGT
CACGCCACCAC-3= (reverse); TRIF, 5=-GTGGAGGAAGGAACAGGAC
A-3= (forward) and 5=-TGAGTAGGCTGCGTTCAGTG-3= (reverse);
RIG-I, 5=-GGACGTGGCAAAACAAATCAG-3= (forward) and 5=-ATTG
TGATCTCCACTGGCTTTGA-3= (reverse); STING, 5= TCAAGGATCG
GGTTTACAGC-3= (forward) and 5=-TGGCAAACAAAGTCTGCAA
G-3= (reverse); YFV NS2B region, 5=-TGAACAAGGGGAGTTCAAGC-3=
(forward) and 5=-AGGACCAGCAGAAGAGCAAA-3= (reverse); and
HCoV-OC43 N gene, 5=-CGATGAGGCTATTCCGACTAGGT-3= (for-
ward) and 5=-CCTTCCTGAGCCTTCAATATAGTAACC-3=(reverse)
(23). The relative abundance of each target was normalized to that of 28S
rRNA. Copy numbers of YFV and HCoV-OC43 RNAs were calculated
based on standard curves generated using serially diluted pcDNA6-
YFVpro and pEF6-OC43-N-V5His DNA, respectively.

Immunoblotting. Cell lysates were prepared and subjected to SDS-
PAGE and immunoblot analysis as previously described (20). The follow-
ing monoclonal (MAb) and polyclonal (pAb) antibodies were utilized:
rabbit anti-YFV NS3 pAb (a gift from Charles Rice), which we found to
cross-react with DENV2 NS3; mouse anti-DENV MAb D1-11 (3) (Gene-
tex); mouse anti-DENV prM (clone 2H2) hybridoma culture superna-
tant; goat anti-DENV (BEI Resources), which we found to recognize pre-
dominantly prM; anti-EMCV 3D polymerase (Pol) MAb (a gift from Ann
Palmenberg); mouse anti-HCoV-OC43 N MAb (Millipore); rabbit anti-
TRIM56 pAb (12); mouse anti-HA tag MAb (Invivogen); mouse antiactin
MAb (Sigma); and peroxidase-conjugated secondary goat anti-rabbit and
goat anti-mouse pAbs (Southern Biotech). Densitometry quantification
of protein bands of interest was performed using ImageJ software (NIH).

Statistical analysis. Statistical differences were analyzed using Stu-
dent’s t test with SPSS 11.5 software where appropriate. All P values were
two tailed, and a P value of �0.05 was regarded to be statistically signifi-
cant. Error bars in figures represent standard deviations.

RESULTS
Ectopic expression of TRIM56 inhibits propagation of YFV,
DENV2, and HCoV-OC43 but not that of EMCV. We have pre-
viously reported that both human and bovine TRIM56 proteins
restrict the replication of BVDV, a ruminant pestivirus in the fam-
ily Flaviviridae, but have no demonstrable effect on vesicular sto-
matitis virus (VSV), a rhabdovirus (12). To understand the spec-
ificity and spectrum of the antiviral activity of TRIM56 against

positive-strand RNA viruses, we determined the impact of human
TRIM56 overexpression on multiplication of four RNA viruses of
three distinct viral families. These included two medically impor-
tant flaviviruses, YFV and DENV2; a human coronavirus, HCoV-
OC43; and a picornavirus, EMCV.

To gauge the effect of TRIM56 without the confounding factor
of clonal variation, we established HEK293 cells with conditional
expression of N-terminally HA-tagged TRIM56 using the FIT ex-
pression system. This strategy was chosen since it enables the de-
velopment of isogenic, stable cell lines harboring Tet-inducible
expression of a protein of interest from a specific genomic loca-
tion. The resultant cell line, designated 293-FIT-T56, exhibited no
detectable HA-TRIM56 protein when cultured in the absence of
Tet (�Tet) but demonstrated robust HA-TRIM56 expression
upon tet addition to culture medium (	Tet) (Fig. 1A, left side,
compare lanes 1 and 2). When infected with YFV-17D at an MOI
of 0.1, cells without HA-TRIM56 expression (�Tet) harbored
high levels of viral NS3 antigen at 24 h postinfection (hpi) (lane 3).
In contrast, in cells induced for HA-TRIM56 expression (	Tet)
NS3 expression was abrogated (lane 4). In agreement with this,
there was an 8-fold reduction (P � 0.05) in progeny virus titers in
supernatants of 293-FIT-T56 cells cultured in the presence of Tet
compared with those in the absence of Tet (Fig. 1A, right side).
Similar results were obtained for HeLa cells with Tet-inducible
expression of HA-TRIM56, i.e., HeLa-FitA2-T56 (Fig. 1B), con-
firming that the finding is not a cell-type-specific phenomenon.
We also observed that stable, constitutive expression of C-termi-
nally Flag-tagged TRIM56 (TRIM56-Flag) in HEK293 cells via
retroviral gene transfer (i.e., 293-T56 cells) blunted YFV-17D NS3
protein expression and progeny virus production over a 3-day
observation period compared to those in control HEK293 cells
(data not shown). Thus, the anti-YFV activity was also reproduced
when ectopic expression of TRIM56 was achieved using a different
expression system.

We next examined how TRIM56 overexpression affected
propagation of DENV2, a flavivirus closely related to YFV. As in
the case of YFV-17D, replication of the 16681 strain of DENV2
was crippled in 293-FIT-T56 cells upon turning on HA-TRIM56
expression, as revealed by diminished expression of viral E protein
(Fig. 1C, left side, compare lanes 3 and 4) and an approximately
1-log decrease (P � 0.05) in infectious virus production (right
side). Moreover, substantial reduction in prM protein abundance
was observed in HeLa-FitA2-T56 cells infected with DENV2 when
HA-TRIM56 expression was induced by addition of Tet (Fig. 1D,
compare lanes 4 and 3), corroborating TRIM56-mediated inhibi-
tion of DENV2 infection in another cell line.

Since TRIM56 is most abundantly expressed in the lungs (12),
we reasoned that TRIM56 might contribute to cellular defense
against respiratory viruses. We thus investigated whether manip-
ulation of TRIM56 abundance alters cellular permissiveness for
HCoV-OC43, a human coronavirus that typically causes the com-
mon cold. Indeed, an antiviral effect of TRIM56 was observed in
293-FIT-T56 cells infected with HCoV-OC43, with cells induced
for HA-TRIM56 expression exhibiting substantially lower viral N
protein abundance and producing 1 log (P � 0.05) fewer infec-
tious viruses in culture medium than cells not induced (Fig. 1E).

Given that all positive-strand RNA viruses replicate on cyto-
plasmic membranes (24) and that TRIM56 exhibits a cytoplasmic
distribution, we wondered whether TRIM56 also inhibits other
positive-strand RNA viruses. We thus examined the effect of con-
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ditional expression of HA-TRIM56 on propagation of EMCV, a
prototype member of the family Picornaviridae. Western blotting
revealed that 293-FIT-T56 cells with or without HA-TRIM56 in-
duction supported comparable production of 3D polymerase pro-
tein, the replicase core of EMCV, following infection with the
virus (MOI 
 0.01) (Fig. 1F, left side). In line with this, there was
no appreciable difference in progeny virus yields in culture super-
natants between Tet-treated and non-Tet-treated cells (Fig. 1F,
right side). These data reveal that although ectopic expression of
TRIM56 impedes the multiplication of flaviviruses (YFV and
DENV2) and HCoV-OC43, it does not target positive-strand
RNA viruses indiscriminately, since TRIM56 has no demonstrable
antiviral activity against EMCV.

In aggregate, the aforementioned experiments delineate the
antiviral spectrum of TRIM56 against positive-strand RNA vi-
ruses and reveal that when ectopically expressed, this TRIM pro-

tein acts to curb infections by flaviviruses (YFV and DENV2) and
HCoV-OC43.

TRIM56 expressed at physiological levels restricts infections
by YFV, DENV2, and HCoV-OC43. Next, we determined
whether TRIM56 expressed at physiological levels poses a barrier
to infection with the three RNA viruses identified above. To
achieve this goal, we stably knocked down endogenous TRIM56
and measured the impact on viral protein expression and progeny
virus production. Compared with that in HeLa cells bearing a
nontargeting, scrambled control (Ctrl) shRNA, TRIM56 protein
abundance in pools of HeLa cells stably transduced with a
TRIM56 shRNA (HeLa-shT56-094 cells) was reduced by �80%
(Fig. 2A, left side). When infected with YFV-17D, HeLa-shT56-
094 cells had markedly elevated NS3 protein levels and a �1-log
increase (P � 0.05) in progeny virus yields compared with HeLa-
Ctrl cells (Fig. 2A). Moreover, the enhanced YFV replication in

FIG 1 Ectopic expression of TRIM56 inhibits multiplication of YFV, DENV2, and HCoV-OC43 but not that of EMCV. (A) (Left side) Immunoblot analysis of
the expression of N-terminally HA-tagged TRIM56 (using anti-HA antibody) and YFV NS3 (using anti-YFV NS3 antibody) in 293-Flp-In T-REx-TRIM56 cells
(293-FIT-T56) in the absence (lanes 1 and 3) or presence (lanes 2 and 4) of tetracycline (Tet) and mock infected (lanes 1 and 2) or infected with YFV-17D for 24
h (MOI 
 0.1; lanes 3 and 4). Where indicated, cells were treated with Tet (2 �g/ml) 48 h before and during viral infection. Actin served as a loading control
demonstrating equal sample loading. (Right side) Progeny virus production determined by TCID50 assay in culture supernatants of 293-FIT-T56 cells with or
without Tet treatment at 24 h after infection with YFV-17D (MOI 
 0.1). An asterisk indicates that statistical differences exist between �Tet and 	Tet cells with
a P value of �0.05. (B) Tet-inducible expression of HA-TRIM56 in HeLa-Flp-In-T-REx-hACE2-TRIM56 cells (HeLa-FitA2-T56) inhibited NS3 protein
expression at 72 h after infection with YFV-17D (MOI 
 0.5). (C, E, and F) (Left side) Immunoblot analysis of HA-TRIM56 and viral protein expression in
mock-infected (lanes 1 and 2) or virus-infected (lanes 3 and 4) 293-FIT-T56 cells with (lanes 2 and 4) or without (lanes 1 and 3) Tet treatment. (Right side)
Progeny viral titers in cell-free supernatants of the infected cells in the absence or presence of Tet treatment, under experimental settings similar to those for panel
A except that the cells were infected with DENV2-16681 (MOI 
 0.1) for 24 h for immunoblot analysis and 72 h for TCID50 assay for panel C, with HCoV-OC43
(MOI 
 0.1) for 24 h for panel E, or with EMCV (MOI 
 0.01) for 18 h for panel F. The viral protein antibodies used for immunoblotting included anti-DENV2
envelope (E) in panel C, anti-HCoV-OC43 nucleocapsid (N) protein in panel E, and anti-EMCV 3D polymerase (Pol) in panel F. Note that in panel E,
densitometry analysis of the HCoV-OC43 N protein bands (which were invariably detected as double bands) showed that there was a 4-fold decrease in N protein
abundance in HA-TRIM56-expressing cells (lane 4) compared to nonexpressing cells (lane 3). (D) Tet-inducible expression of HA-TRIM56 in HeLa-FitA2-T56
cells inhibited prM protein expression at 36 h after infection with DENV2 (MOI 
 0.1).
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TRIM56 knockdown cells was confirmed by immunostaining of
YFV NS3 expression (data not shown). TRIM56 depletion also
rendered cells more permissive to DENV2. As shown in Fig. 2B,
following DENV2 infection, we observed elevated DENV NS3 ex-
pression (immunoblotting data on left side), increased progeny
virus yields (middle graph), and a higher percentage of cells with
discernible prM expression (right side) in TRIM56 knockdown
cells compared with those of the control cells. Thus, the effects of
TRIM56 depletion on DENV mirrored with those seen in YFV-
17D-infected cells. The same can be said concerning the impact of
TRIM56 silencing on HCoV-OC43 infection; we found that
HeLa-shT56-094 cells supported higher levels of viral N protein
expression and produced 6-fold more (P � 0.01) progeny viruses

than HeLa-Ctrl cells (Fig. 2C). Collectively, the TRIM56 knock-
down experiments corroborate the physiological relevance of the
finding that TRIM56 is an intrinsic host restriction factor of YFV,
DENV2, and HCoV-OC43.

The antiviral effects of TRIM56 are not attributed to general
augmentation of IFN response or to regulation of cell growth.
TRIM56 possesses the ability to promote the type I IFN response
induced via the TLR3 signaling pathway (14). In light of this, we
studied whether heightened induction of the IFN antiviral re-
sponse is responsible for the retarded viral propagation in
TRIM56-expressing cells. To this end, we examined induction of
ISG15 and/or ISG56, well-characterized sensitive markers of the
IFN response, in cells with or without TRIM56 expression and
infected with YFV and HCoV-OC43. As shown in Fig. 3A, there
was no detectable ISG15 protein in control HEK293 or 293-T56
cells infected with YFV-17D, although robust induction of ISG15
was observed in these cells following Sendai virus infection. Thus,
regardless of the status of TRIM56 expression, there was no dis-
cernible IFN response when infected with YFV. Likewise, expres-
sion of ISG15 or ISG56 was undetectable in 293-FIT-T56 cells
with or without HA-TRIM56 induction, and prior to and after
HCoV-OC43 infection (Fig. 3B), despite the fact that there was a
substantial decline in N protein abundance in these cells upon
turning on HA-TRIM56 expression (Fig. 3B, lanes 4 and 3). Con-
sistent with these data, there was no significant upregulation of
transcripts for ISG56, IFN-�, or IL-29 in 293-FIT-T56 cells with
(	Tet) or without (�Tet) HA-TRIM56 induction when infected
with YFV, DENV2, or HCoV-OC43 (data not shown). We con-
clude from these data that general augmentation of the IFN anti-
viral response is not responsible for the antiviral effects of TRIM56
against flaviviruses and HCoV-OC43.

We also considered the possibility that TRIM56 may impact
cell growth, producing a condition unfavorable for viral propaga-
tion. However, we did not find any difference in cell proliferation
between 293-FIT-T56 cells induced and repressed for HA-
TRIM56 expression over a 7-day observation period (Fig. 3C), nor
did we observe obvious cell death or apoptosis before and follow-
ing Tet induction of HA-TRIM56 (data not shown).

The antiviral actions of TRIM56 do not depend upon TLR3/
TRIF, RIG-I, or STING. TRIM56 has been reported to form a
complex with TRIF and STING, thereby potentiating TLR3 and
STING-dependent antiviral signaling pathways, respectively (14,
25). Although we did not find heightened IFN or ISG induction to
be responsible for TRIM56’s antiviral activities, the possibility
could not be ruled out that IFN-independent mechanisms
through the TLR3/TRIF, RIG-I, or STING axis may contribute.
To clarify this, we determined whether knockdown of TRIF,
RIG-I, or STING alters the antiviral activities of TRIM56 against
YFV and HCoV-OC43. HEK293-derived cells generally have very
low expression of TLR3, and we found this to be the case with the
293-FIT cells (data not shown). In line with this, there was little
induction of ISG56 transcript in extracellular poly(I·C)-stimu-
lated cells without HA-TRIM56 induction (Fig. 4A, �Tet). Turn-
ing on HA-TRIM56 expression (	Tet) strongly augmented in-
duction of ISG56 by poly(I·C), but this response was significantly
curtailed upon TRIF silencing (Fig. 4A). This is consistent with
our previous report that TRIM56 positively regulates TLR3 sig-
naling by interacting with TRIF (14). Also in agreement with our
previous finding that TRIM56 has no appreciable role in RIG-I
signaling (14), Tet induction of HA-TRIM56 had no effect on

FIG 2 The endogenous TRIM56 protein restricts propagation of YFV,
DENV2, and HCoV-OC43. (A) (Left side) Immunoblot analysis of the expres-
sion of TRIM56 (using anti-TRIM56 antibody) and YFV NS3 (using anti-YFV
NS3 antibody) in HeLa cells stably transduced with either a nontargeting,
scrambled control shRNA (Ctrl) or TRIM56 shRNA-094 (shT56) at 72 h after
infection with YFV-17D (MOI 
 0.5). Actin served as a loading control to
demonstrate equal sample loading. (Right side) Culture supernatants of virus-
infected cells were harvested at 36 hpi and subjected to TCID50 assay for de-
termination of progeny virus production. (B) (Left side) Immunoblot analysis
of TRIM56 and DENV2 NS3 (using anti-YFV NS3) expression in HeLa-Ctrl
and HeLa-shT56-094 cells at 60 h after infection with DENV2-16681 (MOI 

1.5). (Middle) Progeny virus titers in culture supernatants of the DENV2-
infected cells (MOI 
 0.5, 60 hpi). Note that HeLa-Ctrl cells produced 12-fold-
fewer progeny viruses than HeLa-shT56-094 cells. (Right side) Immunostain-
ing of DENV2 prM expression (using DENV 2H2 hybridoma supernatant) in
HeLa-Ctrl and HeLa-shT56-094 cells at 60 h after infection with DENV2-
16681 (MOI 
 0.5). The mean percentage of cells with discernible prM ex-
pression was quantified from three independent images and is shown at the
lower left corner of each prM panel. (C) (Left side) Immunoblot analysis of
TRIM56 and N protein (N) (using anti-HcoV OC43 N) expression in HeLa-
Ctrl and HeLa-shT56-094 cells at 48 h after infection with HCoV-OC43
(MOI 
 0.01). (Right side) Progeny virus titers in culture supernatants of
virus-infected cells. Single and double asterisks indicate that statistical differ-
ences exist between Ctrl and shT56 cells with P values of �0.05 and �0.01,
respectively.
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upregulation of ISG56 mRNA by Sendai virus infection, which
was blunted by RIG-I siRNA (Fig. 4B). Despite efficient knock-
down of TRIF or RIG-I, TRIM56’s antiviral activities against YFV
and HCoV-OC43 remained unchanged (Fig. 4C). We also did not
find that knockdown of STING alters TRIM56’s suppressive ef-
fects on YFV or HCoV-OC43 multiplication (Fig. 4D). In aggre-
gate, TRIM56 does not rely on TLR3/TRIF, RIG-I, or STING to
restrict YFV and HCoV-OC43.

Development of HEK293 cells with conditional expression of
various TRIM56 mutants for mapping of the antiviral determi-
nants. In order to dissect the mechanisms by which TRIM56 ex-
erts its antiviral actions against different RNA viruses, it was nec-
essary to define the domains or activities critical for TRIM56’s

restriction of each virus. Thus, we established HEK293 cell lines
with Tet-inducible expression of a series of HA-TRIM56 mutants
using the strategy we adopted to generate the 293-FIT-T56 cell
line. These included the E3 Ub ligase-deficient CC21/24AA mu-
tant (referred to as CC21/24AA) and mutants lacking the RING
(referred to as �RING), B box (referred to as �B-box), or coiled-
coil (referred to as �Coiled-coil) domains and mutants bearing
deletions in the C-terminal portion: the �355– 433 (lacking aa 355
to 433), �621– 695 (lacking aa 621 to 695), and �693–750 (lacking
aa 693 to 750) mutants. As shown in Fig. 5, there was negligible
expression of WT and mutant HA-TRIM56 when these cell lines
were cultured in Tet-free medium (Fig. 5, bottom, odd-numbered
lanes except lane 17), while robust expression of HA-TRIM56 and
its mutants (even-numbered lanes) with comparable levels and
expected molecular masses was induced upon Tet addition. Im-
munofluorescence staining corroborated the tight regulation of
mutant HA-TRIM56 expression by Tet in these cell lines and fur-
ther demonstrated that the TRIM56 mutants were localized to the
cytoplasm similarly to WT TRIM56 (data not shown).

The E3 ligase activity and the integrity of the C-terminal por-
tion of TRIM56 are critical for the antiviral activity against YFV
and DENV2, while the B box is dispensable. Having created
HEK293 cell lines with Tet-regulated expression of various
TRIM56 mutants, we used them in conjunction with the WT
TRIM56-inducible 293-FIT-T56 cells to map the molecular deter-
minants dictating TRIM56’s antiviral activities against the three
RNA viruses. First, we examined how YFV-17D replication dif-
fered among these cell lines. As shown in Fig. 6A, Tet induction of
the �B-box mutant blunted YFV NS3 protein abundance (com-
pare lanes 12 and 11) in infected cells, acting with a potency sim-
ilar to that of WT TRIM56 (compare lanes 4 and 3). In stark
contrast, this inhibitory effect was found to be absent when com-
paring cells expressing �RING, �355– 433, �621– 695, and �693–
750 mutants with cells in which expression was not induced (for
the �RING mutant, compare lanes 24 and 23; for the �355– 433
mutant, compare lanes 20 and 19; for the �621– 695 mutant, com-
pare lanes 28 and 27; and for the �693–750 mutant, compare lanes
32 and 31). These data imply that the RING domain and the in-
tegrity of the C-terminal parts are critical for the antiviral function
of TRIM56 against YFV, while the B box is dispensable. To deter-
mine the involvement of the E3 ligase activity, which lies in the
RING domain, we subjected the CC21/24AA mutant inducible
cells to YFV-17D infection. Tet induction of CC21/24AA mutant
had no effect on YFV NS3 expression (Fig. 6A, compare lanes 8
and 7), indicating that the E3 ligase activity plays a critical role in
conferring the anti-YFV activity. This notion was additionally
supported by data obtained from YFV-17D-infected 293-T56 and
293-T56-CC21/24AA cells in which TRIM56-Flag or its CC21/
24AA mutant version was expressed in a constitutive fashion (data
not shown).

Consistent with the immunoblot results, there was a 10- to
13-fold decrease in progeny virus production in 293-FIT-T56 and
293-FIT-T56-�B-box cells in the induced state compared with
that of cells cultured in the absence of Tet. However, the decline in
progeny viral yield upon Tet induction was not seen in 293-FIT-
T56-CC21/24AA, -�RING, -�355– 433, -�621– 695, or -�693–
750 mutant cells (Fig. 6B). Notably, an intermediate antiviral phe-
notype was observed upon inducible expression of �Coiled-coil.
While this mutant retained the ability to inhibit YFV-17D, it was
less effective than WT TRIM56 or the �B-box mutant, as deter-

FIG 3 The antiviral effects of TRIM56 do not result from upregulation of IFN
response or from modulation of cell growth. (A) Immunoblot analysis of
ISG15 protein abundance in HEK293 cells or cells stably overexpressing
TRIM56-Flag (293-T56) at 24 h after infection with YFV-17D (MOI 
 0.1;
lanes 1 and 2) or at 12 h after infection with Sendai virus (SeV; lanes 3 and 4) as
a positive control for induction of the IFN response. (B) Immunoblot analysis
of HA-TRIM56, HCoV-OC43 N protein, ISG15, and ISG56 expression in
293-FIT-T56 cells that were mock infected (lanes 1 and 2) or infected with
HCoV-OC43 (MOI 
 0.1; lanes 3 and 4) for 24 h in the absence (odd-num-
bered lanes) or presence (even-numbered lanes) of Tet treatment. SeV-in-
fected cells (lane 5) served as a positive control of ISG expression. The asterisk
indicates a nonspecific band detected by the anti-ISG56 antibody. (C) Growth
curves of 293-FIT-T56 cells cultured in the absence or presence of Tet were
assessed by cell number counts over a 7-day observation period.
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mined by immunoblotting of NS3 (Fig. 6A, compare lanes 16 and
15) and measurement of progeny virus production (Fig. 6B).
Thus, the coiled-coil domain is, to some extent, involved in the
restriction of YFV by TRIM56, although the part this domain
plays is not as crucial as those played by the E3 ligase activity and
the C-terminal portions of the protein.

Next, we analyzed the molecular determinants that control the

TRIM56 restriction of DENV2 using 293-FIT-T56 cells and our
panel of mutant TRIM56 inducible cell lines. The TRIM56 do-
main involvement profile uncovered (Fig. 7) was almost identical
to that required for anti-YFV action. Yet there was one exception:
the �Coiled-coil mutant still effectively inhibited the accumula-
tion of DENV2 prM protein (Fig. 7A, compare lanes 16 and 15)
and progeny virus production (Fig. 7B), similar to those seen with

FIG 4 The antiviral actions of TRIM56 are independent of TRIF, RIG-I, and STING. 293-FIT-T56 cells cultured in the absence (�Tet) or presence (	Tet) of Tet
were transfected with a negative-control siRNA (si-ctrl) or siRNA specifically targeting TRIF (the TLR3 adaptor) or RIG-I or with shRNA targeting STING
(shSTING) or its control vector (Ctrl). At 48 h posttransfection, the cells were mock treated, infected with YFV-17D or HCoV-OC43 for 24 h (MOI 
 0.1), or
treated with extracellular poly(I·C) (pIC; 20 �g/ml) or Sendai virus (SeV; 100 HAU/ml) for 10 h (as a positive control for activating TLR3 or RIG-I pathway,
respectively). Quantitative reverse transcription-PCR (qRT-PCR) was performed with total cellular RNA to measure the abundance of TRIF and ISG56 mRNAs
prior to or after pIC treatment (A) or that of RIG-I and ISG56 mRNAs before and following SeV infection (B). (C) Progeny virus production was determined in
cell-free supernatants following silencing of TRIF or RIG-I and infection of YFV-17D (left side) or HCoV-OC43 (right side). (D) The left side shows qRT-PCR
analysis of the abundance of STING transcripts after transfection of control vector or shSTING. Progeny virus production was determined in cell-free super-
natants following transfection of control vector or shSTING and infection with YFV-17D (middle) or HCoV-OC43 (right side). Single and double asterisks
indicate that statistical differences exist between �Tet and 	Tet cells (C and D) or between control and knockdown cells (A and B) with P values of �0.05
and �0.01, respectively.
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WT TRIM56 or �B-box (Fig. 7), suggesting that unlike the case
with YFV, the anti-DENV2 action is not strictly dependent on the
coiled-coil domain of TRIM56.

The functional TRIM56 mutants exert their antiviral effects
independently of the endogenous, WT TRIM56 protein. We rec-
ognize one caveat concerning the experiments probing the antivi-
ral functions of the TRIM56 mutants. One cannot exclude the
possibility that some of mutants functioned by pairing with the
endogenous WT TRIM56 protein, despite the fact that their ex-
pression levels in ectopic expression settings were �10- to 15-fold
higher than that of the latter (Fig. 8B). However, this scenario is
unlikely. The coiled-coil domain that is responsible for facilitating
dimerization or oligomerization of TRIMs is dispensable for the
antiviral activities of TRIM56 against DENV2 (Fig. 7B) and
HCoV-OC43 (Fig. 9B; see the next section), except that in the case
of YFV, it contributed to a minor extent (Fig. 6B). To confirm this
notion, we conducted siRNA knockdown experiments to effi-
ciently silence the endogenous TRIM56 mRNA (Fig. 8A) without
affecting the exogenously introduced mutant TRIM56 expression
(Fig. 8B), using an siRNA specifically targeting the 3=UTR region
of the human TRIM56 transcript. As shown in Fig. 8C, knock-
down of endogenous WT TRIM56 by this siRNA did not reverse
the significant dip in intracellular YFV RNA levels in 293-FIT-
T56-�B-box or 293-FIT-T56-�Coiled-coil cells imposed by Tet
induction of mutant TRIM56, suggesting that the antiviral effects

of these mutants are not dependent upon the endogenous WT
protein.

The suppression of HCoV-OC43 multiplication by TRIM56
depends on its E3 ligase activity but not the integrity of the C-
terminal parts or the B box or coiled-coil domain. To determine
whether the findings with TRIM56 domain or activity require-
ments for its restriction of flaviviruses can be extended to HCoV-
OC43, we compared the HEK293 Tet-inducible cell lines express-
ing WT or various TRIM56 mutants for the ability to support
HCoV-OC43 infection. We monitored expression of the viral
structural N protein in cell lysates by Western blotting (Fig. 9A)
and progeny viral titers in culture supernatants via TCID50 assay
(Fig. 9B). When cells were infected with HCoV-OC43 at an MOI
of 0.1, abundant expression of N protein was detected in all cell
lines that were cultured in Tet-free medium at 24 hpi. However,
upon induction of WT TRIM56 or mutants lacking the B box or
coiled-coil domain, or any of the C-terminal deletion mutants
(�355– 433, �621– 695, and �693–750), by Tet, N protein abun-
dance was compromised (Fig. 9A). In contrast, there was no re-
duction in the expression level of this viral protein when the Tet-
treated cells started to express the CC21/24AA and �RING
mutants, both of which are defective for E3 ligase activity (Fig. 9A,
compare lanes 8 and 7 and lanes 24 and 23, respectively). Analysis
of progeny virus production confirmed that all TRIM56 mutants
but CC21/24AA and �RING retained the ability to curtail HCoV-

FIG 5 Characterization of HEK293 cells that conditionally express individual TRIM56 mutants in a Tet-inducible manner. (Top) Schematic representation of
TRIM56 protein domains and the individual TRIM56 mutants investigated in this study. (Bottom) Immunoblot analysis of HA-TRIM56 and actin expression
in 293-FIT-T56 and the indicated 293-FIT-T56 Mut cells with or without Tet treatment for 48 h.
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OC43 propagation (Fig. 9B). Taken together, these observations
demonstrate that the E3 ligase activity alone, and not other do-
mains or portions of TRIM56, mediates the antiviral effect against
HCoV-OC43.

TRIM56 inhibits YFV/DENV2 propagation by impairing in-
tracellular viral RNA replication, whereas it curbs HCoV-OC43
spread by targeting a later step in the viral life cycle. Because
TRIM56’s antiviral effects against flaviviruses and HCoV-OC43
share a dependence on the E3 ligase activity but differ in the re-
quirement of the C-terminal regions, we wondered to what extent
their mechanisms of action overlapped. Thus, we determined the
effects of TRIM56 overexpression on different stages of YFV-17D
(the prototype of flaviviruses) and HCoV-OC43 life cycles. Three
cell lines were included in the analysis: 293-FIT-T56-WT, 293-
FIT-T56-CC21/24AA, and 293-FIT-T56-�621– 695. Cells were
cultured in the absence or presence of Tet to repress or induce
TRIM56 (or mutant TRIM56) expression, respectively, followed
by infection with YFV-17D (Fig. 10A) or HCoV-OC43 (Fig. 10B)
at an MOI of 1. At 1, 12, and 24 hpi, after extensive washes to
remove extracellular virus and viral RNAs, cells were lysed for
total RNA extraction, followed by measurement of intracellular
viral RNA levels by qPCR. Parallel assays of viral titers in culture
supernatants at 24 hpi confirmed that induction of WT TRIM56
but not the CC21/24AA or �621– 695 mutant significantly de-
creased progeny YFV-17D yield and that expression of WT
TRIM56 or �621– 695 but not CC21/24AA led to a significant dip
in HCoV-OC43 titers (data not shown). At 1 hpi, intracellular
viral RNA levels for YFV-17D or HCoV-OC43 were indistinguish-

able between cells cultured without and with Tet, regardless of the
cell line examined (bearing WT or mutant TRIM56), suggesting
that TRIM56 does not impede virus-receptor interaction or early
cellular entry of either virus.

However, as infection progressed, a different picture regarding
the effects of TRIM56 emerged for the two viruses. In the case of
YFV-17D (Fig. 10A), intracellular viral RNA abundance peaked at
24 hpi, with no significant further increase at 36 hpi (data not
shown), and abundances were comparable among all three cell
lines cultured in Tet-free medium (without WT or mutant HA-
TRIM56 induction). However, the peak level of viral RNA in Tet-
induced 293-FIT-T56 cells was 1 log lower than in uninduced
cells, proportional to the difference in progeny viral titers. This
implies that TRIM56 blunts YFV infection by targeting intracel-
lular viral RNA replication. In contrast, 293-FIT-T56-CC21/24AA
and -�621– 695 cells in the induced state harbored more viral
RNA than those cultured in the absence of Tet, a phenomenon
more appreciable at 12 than 24 hpi. The moderate increase in viral
replication in these cells may reflect a dominant negative effect of
these TRIM56 mutants on endogenous WT TRIM56. In contrast
to what was observed with YFV, in cells infected with HCoV-
OC43 (Fig. 10B), copy numbers of intracellular viral N RNA
reached a plateau at 12 hpi, and there was no difference among
293-FIT-T56-WT, -CC21/24AA, or -�621– 695 cells irrespective
of Tet treatment. Collectively, the significant decline in progeny
HCoV-OC43 titers in 293-FIT-T56-WT and -�621– 695 cells in
the induced state does not arise from impaired viral entry or RNA
replication but rather is attributed to the effect(s) of the TRIM56

FIG 6 The E3 ligase activity and the integrity of the C-terminal parts of TRIM56 are essential for the antiviral activity against YFV. (A) Immunoblot analysis of
HA-tagged wild-type and mutant TRIM56 and YFV NS3 protein expression in 293-FIT-T56 WT or Mut cells in the absence (odd-numbered lanes) or presence
(even-numbered lanes) of Tet and mock infected or infected with YFV-17D for 24 h (MOI 
 0.1). There were eight lines of 293-FIT-T56 WT or Mut cells
examined in total, data from which are shown in eight blocks of immunoblot collections. (B) Progeny virus production in culture supernatants of 293-FIT-T56
WT or Mut cells cultured in the absence or presence of Tet at 24 h after infection with YFV-17D (MOI 
 0.1).
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E3 ligase on a later step in the viral life cycle, most likely virus
packaging and/or egress.

To corroborate that TRIM56 curbs flaviviral RNA replication,
we performed transient viral RNA replication assay in 293-FIT-
T56 cells using WT or a replication-defective mutant (NS4B
P104R) DENV2 replicon encoding Renilla luciferase. At 4 h post-
transfection, there was no difference in luciferase activity in cells
transfected with either a WT or mutant replicon, regardless of
HA-TRIM56 expression status, suggesting little impact of
TRIM56 on DENV2 RNA translation (Fig. 10C). However, differ-
ent replication kinetics of the WT replicon were observed between
	Tet and �Tet cells at later time points. Specifically, in cells re-
pressed for HA-TRIM56 expression (�Tet), the WT DENV2 rep-
licon started to replicate at 24 h posttransfection and climbed
progressively in the next 2 days (48 and 72 h) (Fig. 10C). In stark
contrast, in cells with induced HA-TRIM56 (	Tet), the WT rep-
licon did not replicate in the first 48 h. Although this replicon
began to replicate at 72 h, its replication level, as gauged by lucif-
erase activity, was significantly lower than that in �Tet cells. As a
negative control, the replication-deficient NS4B mutant replicon
failed to synthesize viral RNAs (16) and displayed a continuous
decline in luciferase activity, regardless of HA-TRIM56 expression
status (i.e., �Tet or 	Tet) (Fig. 10C, dotted lines). These data
confirm that TRIM56 acts on the viral RNA replication step of
DENV2 infection.

DISCUSSION

In this study, we have examined the roles of human TRIM56 in
acting as an antiviral host factor against diverse positive-strand

RNA viruses. Our data demonstrate that TRIM56 bears antiviral
activities against two medically important flaviviruses (YFV and
DENV2) and extend the antiviral spectrum of this TRIM to in-
clude a human coronavirus (HCoV-OC43). Not only did we show
that ectopic expression of TRIM56 put a check on these viruses
(Fig. 1), but also our data obtained from cells depleted of the
endogenous protein confirmed that physiological levels of
TRIM56 posed an antiviral barrier (Fig. 2). No less important, the
effects were reproduced in multiple cell types and regardless of the
expression system utilized. Of note, preceded by demonstration of
an inhibitory effect of TRIM56 on a ruminant pathogen, BVDV
(12), the novel findings in the present study, for the first time,
show that human TRIM56 functions as a versatile antiviral restric-
tion factor of human-pathogenic positive-strand RNA viruses.
Moreover, this study has delineated the contributions of
TRIM56’s B box and coiled-coil domains as well as the entire
C-terminal portion to its novel antiviral functions. The full pic-
ture of the molecular determinants underlying the observed anti-
viral effects sheds light on the mechanisms of action of TRIM56.

We previously demonstrated that TRIM56 restricts the repli-
cation of BVDV (12). The close relatedness of DENV and YFV to
BVDV is in line with their shared sensitivity to TRIM56’s antiviral
actions. However, a seemingly contradicting observation previ-
ously made was that TRIM56 failed to inhibit hepatitis C virus
(HCV) replication when overexpressed in human hepatoma
Huh7 cells (12), the current cell culture model permitting efficient
propagation of this virus. Exactly why TRIM56 was inefficient in
curbing HCV (which is classified in the Hepacivirus genus within

FIG 7 The suppression of DENV2 multiplication by TRIM56 requires its E3 ligase activity and the integrity of the C-terminal portions. (A) Immunoblot analysis
of HA-TRIM56 (WT or mut) and DENV2 prM protein abundance (using goat anti-DENV2 antibody) in 293-FIT-T56 WT or individual Mut cells in the absence
(odd-numbered lanes) or presence (even-numbered lanes) of Tet and mock infected or infected with DENV2-16681 (MOI 
 1) for 60 h. (B). Progeny virus
production in culture supernatants of 293-FIT-T56 WT or Mut cells cultured in the absence or presence of Tet at 60 h after infection with DENV2-16681
(MOI 
 1). Single and triple asterisks indicate that statistical differences exist between �Tet and 	Tet cells with P values of �0.05 and �0.001, respectively.
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the family Flaviviridae) is unknown. However, it is important to
point out that Huh7 cells have severely impaired antiviral re-
sponses (20, 26). Perhaps one or more cellular cofactors required
for TRIM56’s antiviral actions are missing in this particular cell
line. Indirectly supporting this possibility, we have previously
found that ISG20, an IFN-inducible exonuclease, acted as a potent
inhibitor of YFV replication in HEK293 cells but had no demon-
strable antiviral activity in Huh7.5 cells, a subline of Huh7 cells
(18). Clearly, examining the effect of TRIM56 on HCV in other
cell hosts is warranted. Along this line, our attempts to establish
HCV RNA replicons in the Tet-inducible 293-FIT-T56 cells, how-
ever, have thus far been fruitless for unknown reasons, although
HEK293 cells had previously been reported to support some se-
lectable HCV RNA replicons at very low efficiencies (27).

The discovery of TRIM56’s antiviral activity against a human
coronavirus substantially broadens our understanding of the an-
tiviral spectrum of this TRIM. Classified within the family Coro-
naviridae, HCoV-OC43 belongs to the genus Betacoronavirus,
which is shared by two other highly pathogenic coronaviruses,
severe acute respiratory syndrome coronavirus and the newly
emerged Middle East respiratory syndrome coronavirus (28).
Coronaviruses differ remarkably from Flaviviridae members (e.g.,
YFV and DENV) in their transmission route, replication strategy,
and pathogenesis. The newly uncovered broad antiviral spectrum
of TRIM56 is consistent with its ubiquitous distribution across
human tissues (12). Our novel findings raise the possibility that
TRIM56 may also act to defend cells against other RNA viruses of
significant public health concern.

TRIM56 is among a few TRIMs that were recently shown to
positively regulate innate antiviral pathways leading to IFN pro-
duction. Specifically, TRIM56 promotes the TLR3-dependent sig-
naling pathway that recognizes viral double-stranded RNAs
(dsRNAs) by forming a complex with TRIF, independent of its E3
ligase activity (14). TRIM56 also interacts with and activates
STING, enhancing the cytosolic dsDNA-sensing pathway (14, 25).
However, data from the current study suggest that a heightened
IFN antiviral response does not underpin the antiviral effects of
TRIM56 against YFV, DENV2, and HCoV-OC43 (Fig. 3 and data
not shown). Nor was it the case concerning the antiviral action of
TRIM56 against BVDV (12). Consistent with IFN-independent
antiviral mechanisms, overexpression of TRIM56 failed to inhibit
VSV (12) and EMCV (Fig. 1F), two viruses widely used for IFN
bioactivity assays because of their extreme sensitivity to very small
amounts of IFNs. Moreover, siRNA knockdown experiments
ruled out the involvement of TRIF-, RIG-I-, or STING-dependent
mechanisms in exerting the antiviral actions of TRIM56 (Fig. 4).
Despite the strong in vitro evidence summarized above suggesting
direct antiviral effects of TRIM56, the possibility cannot be fully
excluded that TRIM56 may promote innate immune signaling to
these RNA viruses in primary cells and/or immune sentinel cells in
vivo, contributing to viral clearance systematically. Future studies
with TRIM56-deficient mice will be needed to elucidate the exact
contributions of this TRIM to host antiviral defense. It should be
noted, as well, given the growing evidence suggesting participa-
tion of the STING-dependent pathway in detecting DNA viruses
and intracellular bacteria (29, 30), that it will be of interest in
future studies to investigate whether TRIM56 is also involved in
cellular processes that fend off these classes of parasites.

Previous studies on other TRIMs have suggested that different
TRIMs exert their antiviral effects via distinct mechanisms, which

FIG 8 Knockdown of endogenous TRIM56 via an siRNA targeting the 3=
untranslated region (UTR) of human TRIM56 transcript does not affect
the antiviral activities of the ectopically expressed WT TRIM56 or func-
tional TRIM56 mutants. qRT-PCR was performed to measure the abun-
dance of endogenous TRIM56 transcript (panel A, using primers amplify-
ing the 3= UTR of TRIM56 mRNA), total TRIM56 transcript including the
endogenous and exogenously overexpressed TRIM56 mRNAs (panel B,
using primers amplifying the coding region of TRIM56 mRNA), and intra-
cellular YFV RNA (panel C, using primers amplifying the NS2B region of
YFV RNA) in 293-FIT-T56 (WT), 293-FIT-T56-�Coiled-coil, and 293-
FIT-T56-�B-box cells cultured with or without Tet and transfected with a
negative-control siRNA (Ctrl) or siRNA targeting the 3= UTR of TRIM56
(siT56). Cell were either mock infected or infected with YFV-17D for 24 h
(MOI 
 1). Note that (i) the TRIM56-3= UTR siRNA only knocked down
endogenous TRIM56 transcript and not the exogenously introduced (Tet-
inducible) WT or mutant TRIM56 which expressed only the coding region
of the gene, (ii) the levels of TRIM56 mRNA in 	Tet cells was 10- to
15-fold higher than in �Tet cells (B), (iii) the �Coiled-coil mutant inhib-
ited YFV RNA replication less efficiently than WT TRIM56 or the �B-box
mutant, and (iv) the TRIM56-3= UTR siRNA had no demonstrable effects
on the antiviral activity of any of the exogenously expressed TRIM56 forms.
Single and double asterisks indicate that statistical differences exist be-
tween �Tet and 	Tet cells (C) or between control and knockdown cells
(A) with P values of �0.05 and �0.01, respectively. An open diamond
indicates a P value of 0.05 to 0.06.
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are dictated by different functional domains or portions. The N-
terminal RING domain executes E3 ligase activity that promotes
ubiquitination of viral proteins or host factors critical for viral
replication, which are typically destined for proteasome-depen-
dent degradation, as exemplified by TRIM22 E3 ligase-dependent
degradation of influenza A virus nucleoprotein (7, 8, 31). The B
box, coiled-coil domain, and C-terminal portion (or the special
domains lying in it) mediate protein-protein interactions (or pro-
tein-nucleic acid interactions, which are also possible) that can
perturb viral life cycles. Examples of this category include B box-
dependent TRIM15 restriction of murine leukemia virus (MLV)
and the TRIM5� C-terminal SPRY domain-mediated inhibition
of human immunodeficiency virus (HIV) uncoating (10, 32). Re-
markably, different domain involvements can be well orches-
trated to perform TRIM-mediated antiviral functions. For in-
stance, a model of TRIM E3 Ub ligase function has been proposed
in which the RING domain bearing catalytically active E3 ligase
determines recognition of E2-conjugating enzyme, while the
coiled-coil domain and C-terminal part ensure successful presen-
tation of substrates to the E2 enzyme (7, 33). However, some-
times only one category of domain is involved in viral restric-
tion. For example, TRIM15-mediated suppression of MLV
requires its B box domain alone, independent of the E3 ligase
activity or the C-terminal SPRY domain (32). In the case of

TRIM56, the overlapping and distinct domain requirement
profiles unveiled in the current study may illuminate how
TRIM56 renders cells resistant to three positive-strand RNA
viruses from two distinct families.

To begin with, TRIM56-mediated antiviral activities against
YFV, DENV2, and HCoV-OC43 share the requirement for the
RING domain-based E3 ligase activity (Fig. 6, 7, and 9). However,
they differ in the requirement of other molecular determinants.
Specifically, while the E3 ligase activity was the only requirement
for TRIM56-mediated anti-HCoV-OC43 action (Fig. 9), the re-
striction of flaviviruses (YFV and DENV2) additionally depended
on the integrity of the C-terminal region of TRIM56 (Fig. 6 and 7).
When it comes to the coiled-coil domain, our data show that this
motif is dispensable for restricting DENV2 and HCoV-OC43 (Fig.
7 and 9) but contributes, to some extent, to anti-YFV activity (Fig.
6). Why there is a difference in the involvement of this domain for
anti-YFV and anti-DENV2 actions is unknown and will require
further study. Given that the coiled-coil domain is indispensable
for homo- and heterodimerization of TRIMs (34), we postulate
that TRIM56 may not absolutely rely on self-dimerization/oli-
gomerization or its pairing with another TRIM to curb infections
by the RNA viruses investigated herein except YFV. Of note, we
did not observe a dependence on the B box domain for any of the
TRIM56-mediated antiviral activities (Fig. 6, 7, and 9), suggesting

FIG 9 The inhibition of HCoV-OC43 propagation by TRIM56 is dependent upon its E3 ligase activity but not upon the integrity of the C-terminal portions or
the B box or coiled-coil domain. (A) Immunoblot analysis of HA-TRIM56 (WT or Mut) and HCoV-OC43 N protein (N) abundance in 293-FIT-T56 WT or
individual Mut cells in the absence (odd-numbered lanes) or presence (even-numbered lanes) of Tet and mock infected or infected with HCoV-OC43 (MOI 

0.1) for 24 h. (B) Progeny virus production in culture supernatants of 293-FIT-T56 WT or Mut cells in the absence or presence of Tet at 24 after infection with
HCoV-OC43 (MOI 
 0.1).
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little contribution from the B box to the antiviral actions
against flaviviruses and coronavirus. Although it shows struc-
tural similarity to the RING domain, the B box is not necessary
for TRIM-E2 interaction (33). Altogether, the complex domain
requirement profiles revealed for TRIM56-mediated inhibition
of distinct RNA viruses illustrate a remarkable example of host
restriction factor evolution and explain why this TRIM is able
to protect cells from invasion by a broad range of positive-
strand RNA viruses.

The findings concerning the differing domain requirements
for TRIM56’s novel antiviral actions may reflect differences in the
antiviral mechanisms against different viruses. By virtue of the E3
ligase activity, TRIM56 might modulate a posttranslational mod-
ification(s) of one or more viral proteins and/or host factors to
suppress positive-strand RNA virus replication (12). Given its

broad antiviral activities against positive-strand RNA viruses, we
favor the hypothesis that host factors are likely involved. The tar-
get proteins for TRIM56 E3 ligase during infections with flavivi-
ruses (YFV and DENV) and HCoV-OC43 will need further study.
TRIM56 promotes ubiquitination (12), the best-known enzy-
matic activity for most TRIMs (7, 9, 35). However, the outcomes
of this modification to the target proteins responsible for the an-
tiviral effects, including, but not limited to, promoting their deg-
radation or altering their intracellular trafficking, are unknown. It
is also possible that TRIM56 promotes Ub-like modifications such
as sumoylation and ISGylation, as demonstrated with TRIM28
and TRIM25 (36, 37), for its antiviral function. Moreover, the
dichotomy in the molecular determinants governing TRIM56’s
anti-flaviviruses and anti-HCoV-OC43 functions is that the for-
mer is additionally dependent upon TRIM56’s C-terminal por-
tion. We speculate that this might accommodate the different rep-
lication strategies between flaviviruses and coronaviruses. Given
that the C-terminal region mediates the interactions of TRIM56
with STING, N-terminal protease of BVDV, and TRIF (12, 14,
25), protein-protein interactions via the C-terminal portion may
participate in TRIM56’s antiviral actions against YFV and
DENV2. Besides facilitating presentation of a specific substrate to
E2-conjugating enzyme, TRIM56’s C-terminal part may form a
complex with flaviviral protein(s) and/or perhaps flavivirus-
specific host factors in the cytoplasm, in ways that hinder viral
RNA replication. We favor the notion that host factors are
likely targeted by TRIM56, given that we did not find any
BVDV replicase proteins to interact with TRIM56 in a previous
study (12). In contrast to the proposed canonical TRIM E3
ligase model in which the RING domain and C-terminal por-
tion work in concert (7, 33), the E3 ligase activity as the sole
prerequisite for TRIM56’s anti-HCoV-OC43 effect might sug-
gest a reliance on some other cofactors to accomplish substrate
presentation in lieu of TRIM56’s C-terminal portion, which
will require further investigation. Obviously, identifying the
interaction partners of TRIM56 holds the key to understanding
the exact antiviral mechanisms. Studies to this end are under
way in our laboratory.

Last but not least, we discovered that TRIM56 restricts flavivi-
ruses and HCoV-OC43 by targeting distinct stages of the viral life
cycle. Time course intracellular viral RNA quantification data
(Fig. 10A and B) suggest that virus-cell receptor interaction or
early cellular entry of these viruses was not affected, while accu-
mulation of intracellular viral RNAs during replication of YFV but
not HCoV-OC43 was retarded. Moreover, transient replicon as-
say using a DENV2 replicon confirmed that TRIM56 curbs flavi-
virus RNA replication but not translation (Fig. 10C). The effect on
YFV and DENV2 thus mirrored those observed with TRIM56 on
BVDV RNA replicons (12), suggesting that TRIM56 commonly
targets viruses in the family Flaviviridae at the intracellular RNA
replication step. However, we cannot fully exclude the impact, if
any, of TRIM56 on virion transport or RNA uncoating of YFV or
DENV2 immediately after the early entry step. In contrast, the
data that progeny viral yield but not intracellular viral RNA abun-
dance was inhibited by TRIM56 during HCoV-OC43 infection
point to an effect on the viral packaging and release stages,
which slow down coronaviral spread. Of note, it has been re-
ported that mouse TRIM56 inhibits HIV release from cells
(32), setting a precedent for the ability of TRIM56 to act on this
late step of viral infections. Although the underlying molecular

FIG 10 TRIM56 blunts YFV and DENV2 infection by targeting intracellular
viral RNA replication but inhibits HCoV-OC43 propagation by acting on a
later step in the viral life cycle. (A) qRT-PCR analysis of intracellular YFV RNA
abundance in 293-FIT-T56 (WT), -CC21/24AA, and -�621– 695 cells cultured
in the absence or presence of Tet and mock infected or infected with YFV-17D
(MOI 
 1) for 1, 12, and 24 h, respectively. (B) qRT-PCR analysis of intracel-
lular HCoV-OC43 N RNA abundance in 293-FIT-T56 (WT), -CC21/24AA,
and -�621– 695 cells cultured in the absence or presence of Tet and mock
infected or infected with HCoV-OC43 (MOI 
 1) for 1, 12, and 24 h, respec-
tively. (C) 293-FIT-T56 cells induced (	Tet) or repressed (�Tet) for HA-
TRIM56 expression were transfected with WT or the replication-defective
NS4B P104R mutant DENV2-TSV01 replicon RNA (designated DEN-
Rep-WT or -Mut). At the indicated time points posttransfection, cells were
lysed and assayed for Renilla luciferase activity as a readout of DENV RNA
replication. Single and triple asterisks indicate that statistical differences exist
between �Tet and 	Tet cells with P values of �0.05 and �0.001, respectively.
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details remain to be elucidated, the distinct mechanisms of
action TRIM56 adopts to inhibit flaviviruses and HCoV-OC43
are consistent with the differential requirements of the C-ter-
minal portions of this TRIM.

In conclusion, the current study unveils the spectrum and
specificity of the antiviral activities of TRIM56 against distinct
positive-strand RNA viruses, broadening the scope of the roles
this TRIM plays in antiviral immunity. Equally important, our
data show that TRIM56 accommodates these previously unrecog-
nized antiviral functions via overlapping and distinct molecular
determinants that dictate shared and disparate antiviral actions.
These new revelations provide novel insights into the detailed an-
tiviral mechanisms of TRIM56 and raise the possibility of target-
ing this TRIM for development of broad antivirals.
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