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Abstract

RNA silencing is a post-transcriptional gene-silencing mechanism mediated by microRNAs (miRNAs). However, the regulatory mechanism of
RNA silencing during viral infection is unclear. TAR RNA-binding protein (TRBP) is an enhancer of RNA silencing that induces miRNA maturation
by interacting with the ribonuclease Dicer. TRBP interacts with a virus sensor protein, laboratory of genetics and physiology 2 (LGP2), in the early
stage of viral infection of human cells. Next, it induces apoptosis by inhibiting the maturation of miRNAs, thereby upregulating the expression of
apoptosis regulatory genes. In this study, we show that TRBP undergoes a functional conversion in the late stage of viral infection. Viral infection
resulted in the activation of caspases that proteolytically processed TRBP into two fragments. The N-terminal fragment did not interact with
Dicer but interacted with type | interferon (IFN) signaling modulators, such as protein kinase R (PKR) and LGP2, and induced ER stress. The end
results were irreversible apoptosis and suppression of IFN signaling. Our results demonstrate that the processing of TRBP enhances apoptosis,

reducing IFN signaling during viral infection.
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Introduction

RNA silencing is a post-transcriptional gene-silencing mech-
anism directed by microRNAs (miRNAs), which are noncod-
ing RNAs approximately 22 nucleotides long. According to
release 22 of miRBase, a database of published miRNA se-
quences, the human genome encodes 1917 miRNA precur-
sors (pre-miRNAs) and 2656 mature miRNAs (1). miRNAs
are transcribed from the genome as primary miRNAs (pri-
miRNAs) by RNA polymerase II and then processed into pre-
miRNAs in the nucleus by a ribonuclease, Drosha (2-6). The
pre-miRNAs are exported into the cytoplasm by Exportin-
5/Ran-GTP (7,8) and processed into miRNA duplexes by an-
other ribonuclease, Dicer (9). The miRNA duplex is loaded
onto Argonaute (AGO); one strand remains on AGO, acting
as a primary component of the RNA-induced silencing com-
plex (RISC) (10,11), and the other strand is eliminated (12).
In the RISC, miRNAs base-pair with their target mRNAs, and
decapping or deadenylation enzymes are recruited to transla-
tionally repress the target genes (13-16).

During viral infection, viral RNAs are recognized by virus
sensor proteins such as Toll-like receptor 3 (TLR3) (17) and
retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs)
(18) in the endosome or the cytoplasm. TLR3 and RLRs ac-
tivate different signaling pathways, but both induce the pro-
duction of an antiviral cytokine, type I interferon (IFN) (19).
Secreted IFN is recognized by IFN-«/B receptor (IFNAR) 1
or IFNAR2 on the cell surface in a paracrine or autocrine
manner (20). IFN induces the expression of hundreds of IFN-
stimulated genes (ISGs), which function to repress viral repli-
cation. TLR3 and RLRs are ISGs, and the positive feedback
regulation of these virus sensor proteins by IFN enhances
the detection of viral RNA (21,22). The RLRs include RIG-
I, melanoma differentiation-associated gene 5 (MDAS), and
laboratory of genetics and physiology 2 (LGP2) and are, to-
gether with Dicer, members of the RNA helicase family (23—
25). RIG-I recognizes RNAs that contain 5'-triphosphate or
5’-diphosphate and small double-stranded RNAs (dsRNAs)
as exogenous RNAs (26-32), whereas MDAS recognizes long
dsRNAs (33-36). RIG-I and MDAS5 activate the signaling cas-
cade in a manner dependent on their caspase recruitment do-
mains (CARDs), which are necessary for signal transfer to
downstream molecules. Among RLRs, LGP2 lacks a CARD,
which leaves its function unclear.

TRBP is an RNA-silencing enhancer with three dsRNA-
binding domains (dsRBDs): dsRBD1, dsRBD2 and dsRBD3.
dsRBD1 and dsRBD2 bind to pre-miRNAs, whereas dsRBD3
interacts with Dicer (37-41). In human cells, TRBP prefers
to bind pre-miRNAs that have tight base pairing in the
stem, thereby enhancing the recruitment of pre-miRNAs to
Dicer (24). TRBP-bound miRNAs target apoptosis-regulatory
genes, including initiator and executioner caspases (caspase-
2, 3, 7 and 8) (42). TRBP interacts with LGP2, which re-
presses RNA silencing directed by TRBP-bound miRNAs to
upregulate apoptosis-regulatory genes and so enhance apop-
tosis in the early stage of viral infection (24,42). RNA silenc-
ing is mediated by endogenous miRNAs, and IFN signaling
is triggered by exogenous viral RNAs, which were formerly
considered independent pathways. However, these engage in
crosstalk, and TRBP functions as a reversible hub molecule
between RNA silencing and IFN signaling. Here we show
functional conversion of TRBP in the late stage of viral in-
fection. TRBP is irreversibly processed by active caspase(s)
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and proteolytically processed into N- and C-terminal frag-
ments (TRBP-N and TRBP-C). The processing of TRBP en-
hances apoptosis during viral infection, thereby suppressing
IFN signaling. Our findings suggest that TRBP undergoes a
functional conversion by means of processing by caspase(s)
during viral infection of mammalian cells. This study provides
a significant insight which clearly revealed that RNA silencing
mechanism, which is known to be an antiviral mechanism in
plant or invertebrate, is strongly related to antiviral response
also in mammals, although the mechanism is completely
different.

Materials and methods

Cell culture

Human HeLa wild-type (WT) or TRBP~/~ cells generated
by CRISPR genome editing (24) were cultured in Dulbecco’s
modified Eagle’s medium (Wako) containing 10% fetal bovine
serum (NICHIREI) and antibiotics [100 U/ml of penicillin
and 100 pg/mol of streptomycin (Sigma-Aldrich)] at 37°C
with 5% CO,.

Plasmid construction

The expression plasmids of TRBP or PACT (pcDNAS-FLAG-
TRBP, pET28a-TRBP, pET28a-PACT) were constructed as de-
scribed previously (24,41). Plasmid encoding TRBP without
epitope tag (pcDNA3-TRBP2) was kindly provided by Dr A.
Gatignol (43,44). The site-directed mutagenesis was carried
out to generate the expression constructs of TRBP-D234A,
D254A, or D266A using pET28a-TRBP and pcDNA3-
TRBP2, whose aspartic acid residue at 234, 255 or 266
was replaced with alanine (pET28a-TRBP-D234A, D254A or
D266A, and pcDNA3-TRBP2-D234A, D254A or D266A).
Plasmid expressing the N-terminal or C-terminal fragment of
TRBP (pcDNAS-FLAG-TRBP-N, or C) was generated by am-
plification of each fragment by PCR and ligation using the
KOD-Plus-Mutagenesis Kit (TOYOBO) and DNA Ligation
Kit (TAKARA Bio). The expression plasmid of pre-miRNA-
like RNA targeting firefly luciferase, pre-miLuc (pSilencer-
FL774) was constructed as described previously (45). The
plasmids were purified using the Genopure Plasmid Midi Kit
(Roche). The oligonucleotide sequences used for plasmid con-
struction were shown in Supplementary Table S1.

Viral infection

Newcastle disease virus (NDV, Miyadera strain), Sendai virus
(SeV, Cantell Strain), or Influenza A virus (IAV, PRS8 strain)
was incubated with serum-free medium for 1 h at 37°C. After
adsorption, the medium was changed into a serum-containing
medium and cultured at 37°C with 5% CO,. The Multiplicity
of Infection (MOI) for SeV infection determined by plaque
assay was 15.

Polyinosinic:polycytidylic acid [poly(l:C)]
transfection and tumor necrosis factor «
(TNFx)/cycloheximide (CHX) treatment

A cell suspension (2 x 10 cells/well) was plated into a
12-well plate 1 day before plasmid transfection with polyi-
nosinic:polycytidylic acid [poly(I:C)] (2 ug/ml) or the treat-
ment of tumor necrosis factor o« (TNF«) (10 ng/ml) and cy-
cloheximide (CHX) (20 pg/ml). The cells were collected at
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0, 6 and 9 h following poly(I:C) transfection or TNFx/CHX
treatment.

Western blot

The samples were mixed with 2x sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer
and heated at 95°C for 5 min. The samples were separated
by SDS-PAGE and transferred to a polyvinylidene fluoride
(PVDF) membrane using the Trans-Blot Turbo Transfer Sys-
tem (Bio-Rad). The membrane was blocked for 1 h in Tris-
buffered saline-Triton X-100 or Tween 20 (TBS-T) supple-
mented with 5% skim milk and incubated with specific an-
tibodies in Can Get Signal immunoreaction enhancer solu-
tion (TOYOBO) at 4°C overnight. Antibodies against TRBP
(AbFrontier), AGO2 (Wako), PACT (Santa Cruz Biotechnol-
ogy), PKR (Santa Cruz Biotechnology), pro-caspase-3 (ab-
cam), active caspase-3 (abcam), B-actin (MBL), and FLAG
(Cell Signaling) were used. Antibodies against Dicer, RIG-I,
MDAS and LGP2 were generated by immunizing rabbits with
synthetic peptides (9,46). The membrane was washed three
times with TBS-T and reacted with HRP-linked anti-rabbit or
-mouse antibody (GE Healthcare) at room temperature for 1
h. The membrane was washed three times with TBS-T and
reacted with ECL Prime Western Blotting Detection Reagent
(GE Healthcare). The visualization was performed using the
ImageQuant LAS4000 Mini imager (GE Healthcare).

The purification of recombinant TRBP or PACT
protein

The purification of recombinant TRBP or PACT protein was
described previously (41). Briefly, the expression plasmid of
TRBP or PACT was transformed into Escherichia coli Rosetta
(DE3) pLysS and cultured to an ODggg of 0.6 in Luria-Bertani
(LB) medium. After culturing for 6 h with 0.3 mM isopropyl
B-D-thiogalactoside (IPTG), cells were collected and lysed
by sonication. The purification was performed with Ni-NTA
agarose (QIAGEN) according to the manufacturer’s proto-
col. The eluted samples were exchanged to the buffer con-
taining 20 mM Tris-HCI (pH8.0), 300 mM NaCl and 10%
glycerol using PD-10 desalting columns (GE healthcare). The
purities were confirmed by performing SDS-PAGE and sub-
sequent Coomassie Brilliant Blue (CBB) staining. The protein
concentration was determined by Protein Assay (Bio-Rad).

In vitro caspase-3 assay

The recombinant TRBP or PACT protein was incubated with
active caspase-3 protein (1 unit/ul) (Abcam) in in vitro cas-
pase assay buffer containing 50 mM Tris—-HCI (pH7.5), 50
mM NaCl, 10 mM EDTA, 10 mM dithiothreitol and 5% glyc-
erol, at 37°C. The reaction was stopped by adding 2x SDS-
PAGE sample buffer and boiling for 5 min. The samples were
separated by SDS-PAGE on 12.5% denatured polyacrylamide
gel and stained with CBB.

N-terminal amino acid sequencing

The recombinant TRBP proteins were incubated with active
caspase-3 proteins (Abcam) for 4 h at 37°C. The samples were
separated by SDS-PAGE on 12.5% denatured polyacrylamide
gel and transferred to the PVDF membrane. The membrane
was stained with CBB. The C-terminal fragment of processed
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TRBP was excised from the membrane and purified to be an-
alyzed by N-terminal amino acid sequencing.

Inhibition of caspase activity using siRNAs or
inhibitors

A cell suspension (2 x 10° cells/well) of HeLa cells was plated
into a 12-well plate 1 day before transfection, and siRNA
against caspase-2, 3, 7 or 8 was transfected into the cells.
Viral infection was performed 1 day following the transfec-
tion, and the cells were lysed for Western blots. For the ex-
periments using caspase inhibitors, caspase-1 inhibitor (Ac-
YVKD-CHO; Peptide institute, Inc.) or caspase-3 inhibitor
(Ac-DMQD-CHO; Peptide institute, Inc.) was added to the
cells before viral infection.

Electrophoresis mobility shift assay

The electrophoresis mobility shift assay of recombinant TRBP
protein was described previously (41). Briefly, the recombi-
nant TRBP protein was incubated with 3?P-labeled mil.uc-1
or miLuc-2 for 30 min on ice in EMSA binding buffer con-
taining 20 mM Tris—-HCI [pH8.0], 1.5 mM MgCl,, 50 mM
NaCl, 1.5 mM DTT, 100 ng/ul sonicated salmon sperm DNA,
5% glycerol and 0.4 U/ml RNasein (Promega). The samples
were electrophoresed on a 9% non-denatured polyacrylamide
gel in 0.25x TBE buffer. The visualization was performed us-
ing the Fuji imaging plate and Typhoon image analyzer (GE
Healthcare).

Immunoprecipitation

A HelLa cell suspension (7 x 10° cells/well) was plated into
a 6-well plate 1 day before plasmid transfection with human
type-I IFN (IFN«1; Cell Signaling). Cells were washed with
phosphate-buffered saline and lysed in cold lysis buffer (10
mM Hepes-NaOH [pH 7.9], 1.5 mM MgCl,, 10 mM KCI,
0.5 mM DTT, 140 mM NaCl, 1 mM EDTA, 1 mM Na;VOs,
10 mM NaF, 0.5% NP-40, and complete protease inhibitor)
24 h following the plasmid transfection, then the cell lysates
were centrifuged at 14 000 rpm for 10 min. For immunopre-
cipitation, 30 ul of Dynabeads Protein G (Thermo Fisher Sci-
entific) was mixed with 2.5 pg of mouse anti-FLAG antibody
(Sigma), or 2.5 pg of mouse IgG (Santa Cruz Biotechnology)
as a negative control and rotated at 4°C for 2 h. The cell lysates
in the presence or absence of RNase V1 (0.3 U/ml; Ambion)
were then mixed with the antibody-bound Dynabeads Protein
G and rotated at 4°C for 2 h. The beads were washed twice
with wash buffer containing 300 mM NaCl and once with ly-
sis buffer. To elute the bound proteins, 2x SDS-PAGE sample
buffer (30 ul) was added, and the beads were heated at 95°C

for 5 min.

RNA silencing activity assay

RNA silencing activity was measured with a dual luciferase
reporter assay. A TRBP~/~ cell suspension (1.0 x 10° cells/ml)
was inoculated in a 24-well plate 1 day before transfection.
Cells were transfected with 0.5 pug of pGL3-Control vector
(Promega) encoding the firefly luciferase gene, 0.1 ug of pRL-
SV40 vector (Promega) encoding the Renilla luciferase gene,
5 ng of pSilencer-3.1-H1-puro vector encoding pre-miLuc
(pSilencer-FL774) against the firefly luciferase with Lipofec-
tamine 2000 reagent (Invitrogen). Viral infection was per-
formed 1 day following the transfection, and the cells were
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lysed with 1x passive lysis buffer (Promega). Luciferase activ-
ity was measured using the Dual-Luciferase Reporter Assay
System (Promega), and the firefly luciferase activity normal-
ized to that of Renilla luciferase (firefly luciferase activity /
Renilla luciferase activity) was determined.

Detection of apoptotic cells using Annexin V

TRBP7/~ cells in a well of 12-well plate (3.0 x 10°
cells/ml/well) were transfected with plasmid encoding TRBP-
WT or -D234A 1 day before viral infection. Apoptotic cell
death was determined by Annexin V-FITC Apoptosis Detec-
tion Kit (nacalai tesque) and fluorescence microscope at 24 h
following SeV infection according to the manufacturer’s in-
struction.

Microarray analysis

Human HeLa TRBP~/~ cells transfected with plasmid encod-
ing TRBP-WT, -N or -D234A were collected at 24 h follow-
ing SeV infection. Total RNA was extracted using the Fast-
Gene RNA Premium Kit (Nippon Genetics). The quality of
the total RNA was confirmed using the Bioanalyzer (Agilent
Technologies), and cDNA and Cy-3-labeled RNA were syn-
thesized using the Quick Amp Labeling kit for One Color (Ag-
ilent Technologies). Cy-3-labeled RNA was fragmented us-
ing the Gene Expression Hybridization Kit (Agilent Technolo-
gies) and hybridized to SurePrint G3 Human GE Microarray
version 3 (Agilent Technologies) at 65°C for 17 h. After be-
ing washed, the microarray slide was scanned by DNA Mi-
croarray Scanner (Agilent Technologies) and the signals were
quantified by Feature Extraction software (Agilent Technolo-
gies). Data analysis was performed on probes that passed fil-
tering, and gene ontology (GO) analysis was performed by the
DAVID online software tool (47).

Small RNA sequencing (RNA-seq) analysis

Human HeLa wild-type (WT) or TRBP~/~ cells were plated
into a well of 12-well plate (3.0 x 103 cells/ml/well) 1 day
before viral infection, and SeV was infected. The cells were
collected at 18 h following SeV infection. Total RNA was ex-
tracted by ISOGEN II (Nippongene) according to the man-
ufacturer’s instruction and the qualities were confirmed by
Bioanalyzer (Agilent Technologies). Unique Molecular Iden-
tifier (UMI) small RNA libraries were generated and small
RNA-seq was carried out using Digital NanoBiotechnology
sequencing (DNBseq) in single-end mode by Beijing Genomics
Institute (BGI). All of the 36 nt reads were mapped to the Ref-
Seq sequences (GRCh38.p14) using STAR sequence aligner
according to the miRNA database (miRBase release 22). After
counting raw reads using featureCounts, reads corresponding
to mature miRNAs were normalized by Transcripts Per Mil-
lion (TPM). SeV/mock was calculated by the following for-
mula: (SeVpym + 1)/(mockrpp + 1).

Quantitative reverse transcription (qRT)-PCR

Total RNA was extracted using the FastGene RNA Premium
Kit (Nippon Genetics). The total RNA (0.2 pg) was used
for cDNA synthesis with the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). qRT-PCR was per-
formed using the KAPA SYBR Fast qPCR Master Mix (Kapa
Biosystems) with the StepOnePlus Real-Time PCR System
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or QuantStudio 3 Real-Time PCR System (Applied Biosys-
tems). For the detection of mature miRNAs, total RNA in-
cluding small RNAs was extracted using the FastGene RNA
Premium Kit with FastGene miRNA enhancer. The extracted
RNA (0.2 pug) was used for cDNA synthesis using specific
stem-loop RT primers. The primer sequences were shown in
Supplementary Table S2.

Alignment of the amino acid sequence of TRBP

The amino acid sequences of TRBP were obtained from
RefSeq: Homo sapiens (NP_599150), Mus musculus
(NP_033345.2), Rattus norvegicus (NP_001030113.1),
Oryctolagus cuniculus (XP_002711070.1), Cal-
lithrix  jacchus (XP_002752581.1), Bos taurus
(NP_001069146.2), Equus caballus (XP_001504584.1),
Sus scrofa (XP_003126242.1), Ailuropoda melanoleuca,
XP_002923310.1), Pongo abelii (XP_002823375.2),
Gorilla  gorilla  gorilla  (XP_004053284.1), Drosophila
melanogaster  (NP_609646.1), Caenorhabditis  elegans
(NP_499265.1), Danio rerio (NP_956291.1), Xenopus laevis
(NP_001085574.1), Columba livia (XP_005514793.1), Ano-
lis carolinensis (XP_003216784.1) and Penaeus monodon
(AGD81191.1). The amino acid sequences of TRBP were
analyzed by the ClustalW (48).

Results

TRBP is processed during viral infection

Multiple dsSRNA-binding proteins are involved in the regula-
tion of miRNA-mediated RNA silencing. However, the regu-
latory mechanism of the antiviral function of RNA silencing is
unclear. To investigate protein levels of regulators during viral
infection, we infected Newcastle disease virus (NDV), Sendai
virus (SeV), or influenza A virus (IAV) into human HeLa cells,
and harvested them 0, 6, 10, 14, 18 and 24 h after infec-
tion. These viruses are negative-sense single-stranded RNA
viruses that are recognized by an RLR-family protein, RIG-1.
The mRNA level of IFN- is upregulated in cells infected with
NDV or SeV but not in cells infected with TAV (42). Western
blotting showed that protein levels of RIG-I, MDAS and LGP2
were upregulated, likely in a manner involving secreted IFN,
in SeV-infected cells (Figure 1A). However, these IFN-induced
proteins were not upregulated during NDV infection, because
NDV induced the phosphorylation of dsSRNA-dependent pro-
tein kinase (PKR) and blocked de novo protein synthesis (Fig-
ure 1A). The expression patterns of RLRs during viral infec-
tion were consistent with previous reports (42). Here, we eval-
uated protein levels of regulators of RNA silencing (AGO2,
Dicer and TRBP) using Western blotting during viral infection
(Figure 1A). The band patterns of Dicer and AGO2 showed
no significant changes in cells infected with NDV, SeV, and
IAV. By contrast, those of TRBP changed over time follow-
ing NDV or SeV infection. The signal intensity of full-length
TRBP decreased, and the signal intensity of low-molecular-
weight TRBP increased, >18 h after NDV or SeV infection.
IAV infection had little effect on the protein level of TRBP.
TRBP enhances the maturation of TRBP-bound pre-miRNAs
by interacting with Dicer (42). However, the TRBP-Dicer in-
teraction is suppressed by the enhanced interaction of TRBP
with LGP2 during viral infection. As a result, the expression
of target genes repressed by miRNAs maturated from TRBP-
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Figure 1. An enhancer of RNA silencing, TRBR is processed during viral infection. (A) Western blotting of endogenous TRBR, Dicer, AGO2,
pro-caspase-3, active caspase-3, RIG-I, MDAB, LGP2, and actin in mock-treated or virus (NDV, SeV or IAV)-infected cells. (B) Western blotting of TRBR,
Dicer, AGO2, pro-caspase-3, active caspase-3, and actin in poly(l:C)-transfected or TNF/CHX-treated cells. Band intensities were quantified, and the

ratio of full-length TRBP (green) to smaller TRBP (pink) was determined.

bound pre-miRNAs via the TRBP-Dicer interaction was up-
regulated. The upregulated genes include caspases-2, 3, 7 and
8, which are regulators of apoptosis (42). Therefore, the up-
regulated caspases may process TRBP during viral infection.
Western blotting showed that caspase-3 was activated > 18
h after NDV or SeV infection (Figure 1A). Transfection of
poly(I:C) (2 pg/ml), treatment with TNFx and CHX (Fig-
ure 1B), and infection by NDV or SeV increased protein lev-
els of low-molecular-weight TRBP and activated caspase-3.
These results suggested that TRBP, but not Dicer or AGO2,
was processed by caspase-like activities during NDV or SeV
infection.

TRBP is processed by caspase-3

To examine whether TRBP is processed by caspase-3, we pu-
rified recombinant TRBP proteins and incubated them with
active caspase-3 in vitro (Figure 2A). The purification proce-
dure was described previously (41). The purified recombinant
TRBP proteins were incubated with or without active caspase-
3 at37°Cfor 1 h. The samples were electrophoresed on 12.5%
denatured polyacrylamide gels and stained with CBB. Full-
length TRBP (45 kDa) was processed into two low-molecular-
weight fragments (29 and 16 kDa, respectively).

The human genome encodes multiple caspases, which
have overlapping consensus motifs for target recognition and
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Figure 2. TRBP is processed by caspase-3. (A) /n vitro caspase-3 assay using recombinant TRBP-WT proteins. TRBP proteins were incubated with active
caspase-3 and electrophoresed in a 12.5% acrylamide denaturing gel, followed by CBB staining. Band intensities were quantified, and the ratio of
full-length TRBP (45 kDa, green) to processed TRBP (29 + 16 kDa, pink) was determined. (B) Domain structure and amino acid sequence of TRBP. The
orange underlining shows the processed TRBP (16 kDa) region subjected to N-terminal amino acid sequencing. (C) /n vitro caspase-3 assay using
TRBP-WT, D234A, D254A or D266A. (D) Western blotting of endogenous TRBP and actin in mock-treated, SeV-infected, poly(l:C)-transfected, or

TNF o/ CHX-treated TRBP~cells. Cells were transfected with a plasmid encoding TRBP-WT, D234A, D254A, or D266A without an epitope tag. The
amounts of transfected plasmids were consistent with the levels of endogenous TRBP proteins in WT cells. (E) Western blotting of endogenous TRBP
and actin in WT cells transfected with an siRNA against caspase-2, 3, 7, 8 or 9.
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cleavage. The favored motif of active caspase-3 is DxxD/G
(49-51), which is consistent with the amino acid sequence
at positions D231 to G235 of TRBP (DARD/G) (Figure 2B,
pink underline). To determine whether TRBP is processed by
caspase-3 between D234 and G235, we generated a recombi-
nant mutant TRBP, TRBP-D234A, in which the aspartic acid
residue at position 234 was substituted for alanine and puri-
fied as for wild-type TRBP (TRBP-WT; Supplementary Figure
S1). We performed an in vitro caspase-3 assay; TRBP-WT, but
not TRBP-D234A, was processed by active caspase-3 (Figure
2C). The favored motif of active caspase-3 was conserved at
D254 (SRLD/G) but not D266 (CTWD/S) (Figure 2B, gray
underline). We generated other TRBP mutants in which the
aspartic acid at position 254 or 266 was substituted for ala-
nine (TRBP-D254A and -D266A). TRBP-D254A and -D266A
were processed by caspase-3; therefore, TRBP was processed
by active caspase-3 at D234/G235, but not D254/G25S5
or D266/5S267, in vitro. The band of low-molecular-weight
of TRBP (16 kDa) was excised from the PVDF membrane
and subjected to N-terminal amino acid sequencing. The N-
terminal amino acid sequence was Gly Asn-Glu-Val-Glu-Pro-
Asp-Asp-Asp-His (GNEVEPDDDH; Supplementary Figure

S2), consistent with that of G235 to H244 of full-length TRBP
(Figure 2B, orange underline). Therefore, TRBP was processed
into two fragments between D234 and G235 by caspase-3
in vitro.

To determine whether TRBP is processed between D234
and G235 in human cells, we transfected the plasmid encoding
TRBP-WT, -D234A, -D254A or -D266A lacking an epitope
tag into TRBP~/~ cells, which were generated by CRISPR/Cas
genome engineering (24). The concentration of transfected
plasmid (0.01 pg/well) was consistent with the level of en-
dogenous TRBP protein in WT cells (Supplementary Figure
S3). One day after transfection, SeV infection, poly(I:C) trans-
fection, or TNFa/CHX treatment was performed and TRBP
proteins were detected by Western blotting using an anti-
TRBP antibody (Figure 2D). Low-molecular-weight TRBP
was detected in TRBP-WT-,-D254A- and -D266A-transfected
cells, but not in TRBP-D234A-transfected cells, which indi-
cates that TRBP is processed between D234 and G235 in hu-
man cells in vivo as well as in vitro.

Caspases-2, -8 and -9 are initiator caspases, and caspases-3
and -7 are executioner caspases (52,53). Extrinsic death sig-
nals activate caspase-8, and intrinsic stress signals activate
caspase-9. Caspase-2 is believed to induce apoptosis via both
extrinsic and intrinsic pathways (53). To investigate the in-
volvement of other caspases in the processing of TRBP, we
transfected cells with an siRNA against each of caspases-
2, -3, -7, -8 and -9 prior to viral infection (Figure 2E and
Supplementary Table S3). mRNA levels of caspases-2, -3, -
7,-8 and -9 decreased by 34.4%, 33.2%, 37.0%, 31.4% and
29.8% after siRNA transfection, respectively (Supplementary
Figure S4). The knockdown of caspases-3, -8 and -9 decreased
the level of processed TRBP. Serial or parallel regulation of
caspase-3 by caspases-8 and -9 via the extrinsic and intrinsic
apoptosis pathways has been reported (54). The treatment of
caspase-3 inhibitor (Ac-DMQD-CHO) also repressed the pro-
cessing of TRBP, but that of caspase-1 inhibitor (Ac-YVKD-
CHO) did not (Supplementary Figure S5). These findings sug-
gest that caspase-3 is involved in the processing of TRBP.

A protein activator of PKR (PACT) consists of three
dsRBDs and modulates RNA silencing by interacting with
Dicer, although its precise function is unclear. To determine
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whether PACT is processed by caspase-3, we purified recom-
binant PACT proteins and subjected them to iz vitro caspase-3
assay. PACT was not processed by caspase-3 (Supplementary
Figure S6), consistent with its lack of the favored motif of cas-
pases. Therefore, TRBP, but not PACT, was processed by cas-
pase(s) during viral infection of human cells.

Processed TRBP interacts with IFN modulators but
not with RNA-silencing factors

TRBP binds to pre-miRNA via dsRBD1 and dsRBD2 and
interacts with Dicer via dsRBD3 to enhance miRNA matu-
ration (Figure 3A and B) (39-41). To examine the dsRNA-
binding affinity of processed TRBP, we purified the recombi-
nant N- and C-terminal fragments (TRBP-N or -C) in addi-
tion to TRBP-WT (Supplementary Figure S7A). We performed
electrophoresis mobility shift assay (EMSA) of TRBP proteins
using dsRNAs with a 2 nt 3’-overhang resembling a miRNA
duplex that targets firefly luciferase, miLuc-1 (Figure 3C and
D). 32P-labeled miLuc-1 was incubated with TRBP proteins
and separated on non-denatured polyacrylamide gels. At low
concentrations of TRBP, TRBP-WT bound to miLuc-1 as a
monomer (complex 1), and at high concentrations it bound
as a dimer (complex 2) (41). These results show that TRBP-
N, but not TRBP-C, binds to miLuc-1 similarly to TRBP-WT
(Figure 3D and E). Comparable results were obtained for an-
other miRNA duplex, miLuc-2 (Supplementary Figure S7),
which indicates that TRBP-N has dsRNA-binding activity.
LGP2 is upregulated by IFN and interacts with TRBP via
dsRBD1 and dsRBD2 to inhibit pre-miRNA binding to TRBP
(24). Furthermore, the interaction of TRBP with LGP2 in-
hibits the interaction of TRBP with Dicer (42). To examine the
interactions of processed TRBP, we transfected a plasmid en-
coding each FLAG-tagged TRBP protein (TRBP-WT, -N and
-C) into IFN-treated TRBP~/~ cells and performed immuno-
precipitation using an anti-FLAG antibody (Figure 3F). The
IFN treatment alone does not induce the activation of caspase-
3 and the processing of TRBP (Supplementary Figure S8).
The presence of TRBP-WT or -N was confirmed in the in-
put sample and either protein immunoprecipitated with the
anti-FLAG antibody; TRBP-C was absent from the input sam-
ple but was present at a low level in the immunoprecipi-
tated sample, as determined by Western blotting (Figure 3F,
long exposure). Reverse transcription PCR (RT-PCR) using
purified total RNAs detected TRBP-C, -WT and -N mRNAs,
which suggests that the C-terminal portion of TRBP is unsta-
ble (Supplementary Figure S9). Dicer or PACT interacted with
TRBP and immunoprecipitated with TRBP-WT. However, the
interaction of TNBP-N with Dicer was almost completely
abolished and the interaction with PACT was suppressed. The
IFN-signaling modulators PKR and LGP2 immunoprecipi-
tated with TRBP-N and -WT. These results indicate that TRBP
converted preferable protein partners from RNA-silencing
regulators to IFN-signaling modulators. Immunoprecipitation
with RNase V1, a non-sequence-specific dsRNA nuclease,
showed no significant difference, indicating that these interac-
tions are RNA-independent (Supplementary Figure 10). TRBP
enhances the maturation of miRNAs by interacting with pre-
miRNAs and Dicer (39-41). After processing, the N-terminal
portion of TRBP did not show decreased dsSRNA-binding ac-
tivity; by contrast, the interaction of TRBP with LGP2 inhibits
the binding of TRBP to pre-miRNAs (24). Furthermore, pro-
cessed TRBP lost its ability to interact with Dicer but exhibited
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Figure 3. Processed TRBP interacts with IFN modulators but not with RNA-silencing factors. (A) Schematic of the pre-miRNA-mediated RNA-silencing
pathway. (B) The domain structure of TRBP and the N- or C-terminal fragment of processed TRBP. (C) Sequence of miLuc-1. The guide strand was
labeled with 32P (D) Electrophoresis mobility shift assay (EMSA) of TRBP-WT, N, or C with miLuc-1. 32P-labeled miLuc-1 was incubated with increasing
amounts of TRBP proteins and electrophoresed on a 9% polyacrylamide gel. Complex 1 is miLuc1 and monomeric TRBP-WT of the TRBP-N protein
complex, and complex 2 is miLuc-1 and dimeric TRBP-WT of the TRBP-N protein complex. (E) dsRNA-binding activity of TRBP-WT, N and C by EMSA.
Signal intensities were quantified by ImageQuant. (F) Immunoprecipitation of TRBP-WT, N and C. A plasmid encoding FLAG-tagged TRBP-WT, N or C
was transfected into IFN-treated TRBP~/~ cells, and immunoprecipitation was performed with an anti-FLAG antibody. Endogenous Dicer, PACT, RIG-I,
MDASB, LGP2, PKR and actin were detected by Western blotting. Band intensities were quantified, and immunoprecipitation values were normalized to
the input (FLAG/input). * indicates non-specific bands.
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an enhanced ability to interact with PKR and LGP2. These re-
sults suggest that processing of TRBP changes its interaction
partners from RNA-silencing factors to IFN regulators during
viral infection.

Processed TRBP does not enhance RNA silencing
during viral infection

Next, we performed luciferase reporter assays to evalu-
ate the RNA-silencing activity of TRBP-WT, -N and -
C in TRBP7/~ cells (Figure 4A). A plasmid encoding a
short-hairpin-structured RNA targeting firefly luciferase (pre-
miLuc) was co-transfected with plasmids encoding the firefly
luciferase gene and Renilla luciferase gene (internal control)
into TRBP~/~ cells. The cells were collected at 24 h following
the transfection without SeV infection. The protein expression
was confirmed by Western blot (Figure 4B) and the TRBP-C
proteins did not express stably, consistent with Figure 3F. The
cleavage of pre-miLuc by Dicer is necessary to silence the fire-
fly luciferase gene (Figure 3A). Firefly luciferase activity was
normalized to that of Renilla luciferase, and relative luciferase
activity was calculated as firefly luciferase activity/Renilla lu-
ciferase activity. The expression of TRBP-WT decreased rel-
ative luciferase activity, whereas the expression of TRBP-N
did not (Figure 4A), which suggests that full-length TRBP-
WT is necessary for enhancing RNA-silencing activity. These
results indicate that processing of TRBP abolishes its func-
tion as an enhancer of RNA silencing. To understand the role
of TRBP in the maturation of miRNAs during viral infec-
tion, we performed small RNA sequencing of mock-treated
or SeV-infected WT and TRBP~/~ cells (Figure 4C). The cells
were collected at 18 h following SeV infection. The XY plots
showed that 85 or 115 mature miRNAs were downregulated
by SeV infection in WT or TRBP~/~ cells (SeV/mock < 0.5;
Figure 4C and Supplementary Tables S4 and S5). The Venn di-
agram showed that 53 mature miRNAs were downregulated
in both WT and TRBP~~ cells, and 32 and 62 mature miR-
NAs were downregulated in WT and TRBP~~ cells, specif-
ically (Figure 4D). In our previous report, we identified 40
TRBP-bound pre-miRNAs by small RNA-seq of immunopre-
cipitated pre-miRNAs with TRBP using Flp-In 293 FLAG-
TRBP cells (24). Among the 85 downregulated miRNAs in
SeV-infected WT HeLa cells, 7 miRNAs (miR-345, 1304, 744,
25, 29¢, 582 and 106b) were TRBP-bound miRNAs in Flp-
In 293 FLAG-TRBP cells. Among them, the expression lev-
els of six miRNAs except for miR-25 also decreased by SeV
infection in TRBP~~ cells, indicating that most of the miR-
NAs downregulated by SeV are overlapped with TRBP-bound
miRNAs, and the processed TRBP-N or -C cannot increase
the mature miRNA levels during SeV infection. To investigate
whether the processing of TRBP regulates the maturation of
the downregulated miRNAs, such as miR-106b, by SeV infec-
tion, we transfected a plasmid encoding TRBP-WT or -D234A
into TRBP~/~ cells and collected cells at 24 following SeV in-
fection. Western blot showed that TRBP-WT proteins but not
TRBP-D234A proteins were processed by SeV infection, al-
though the expression level of TRBP-D234A proteins might
be slightly higher than that of TRBP-WT (Figure 4E). The
gqRT-PCR revealed that the mature miR-106b level decreased
by SeV infection in TRBP-WT cells but not in TRBP-D234A
cells (Figure 4F), indicating that the maturation of miR-
106b is suppressed by TRBP processing. Thus, the full-length
TRBP functions to enhance the maturation of miR-106b, and
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the processing of TRBP abolishes its ability to enhance its
maturation.

Processing of TRBP enhances apoptosis via
endoplasmic reticulum (ER) stress during SeV
infection

Processing of TRBP abolished its interaction with Dicer (Fig-
ure 3F), which indicates a loss of its ability to enhance RNA
silencing activities (Figure 4). Thus, processing of TRBP mod-
ulates gene expression directly or indirectly by repressing the
maturation of TRBP-bound miRNAs during viral infection.
To examine the effects of TRBP processing on the gene expres-
sion profile, we performed microarray analyses using mock-
treated or SeV-infected TRBP~/~ cells expressing TRBP-WT
or -D234A without an epitope tag (TRBP-WT or -D234A
cells) 24 h after infection. An XY plot showed that 222 and
182 transcripts were upregulated by SeV infection in TRBP-
WT and -D234A cells, respectively (SeV/mock > 5; Figure
5A and C). GO analyses of the upregulated transcripts re-
vealed that both were enriched in GO terms related to the
antiviral innate immune response: type I interferon signal-
ing pathway, defense response to virus, and negative reg-
ulation of viral genome replication (Figure 5B and D and
Supplementary Tables S6 and S7). This indicates that induc-
tion of the innate immune response was unaffected by TRBP
processing in both cell types. An XY plot showed that the gene
expression profile of TRBP-WT cells was similar to that of
TRBP-D234A cells without viral infection (Figure SE, upper
panel). By contrast, 200 transcripts were upregulated in SeV-
infected TRBP-WT cells but not in SeV-infected TRBP-D234A
cells (TRBP-WT/TRBP-D234A > 2) (Figure SE, lower panel).
Analyses of the cumulative distribution confirmed significant
upregulation of the 200 transcripts by SeV infection in TRBP-
WT cells (Supplementary Figure S11). GO analyses revealed
that 200 transcripts were differentially upregulated in TRBP-
WT cells compared to SeV-infected TRBP-D234A cells. These
transcripts were enriched in GO terms related to ER stress,
unfolded protein response (UPR), and apoptosis signaling: re-
sponse to ER stress, intrinsic apoptotic signaling pathway in
response to ER stress, protein folding, and inositol requiring
1 (IRE1)-mediated unfolded protein response (Figure SF and
Supplementary Table S8). qRT-PCR was used for validation
of mRNA levels of MAP3K5 and TMBIMG6, and confirmed
that their mRNA levels were certainly upregulated in SeV-
infected TRBP-WT cells compared with SeV-infected TRBP-
D234A cells consistent with the microarray results (Figure
5G). In virus-infected cells, large amounts of viral proteins are
synthesized, and unfolded or misfolded proteins accumulate
in the ER (55). The accumulated proteins activate UPR signal-
ing, and apoptosis is induced when ER stress is prolonged and
the UPR fails to restore its homeostasis. Comparative analy-
ses of the gene expression profiles of HeLa cells expressing
TRBP-WT showed that levels of transcripts related to the GO
term: response to ER stress (GO:0034976) in SeV-infected
cells were higher at 24 h than those at 14 h (Figure SH and
Supplementary Figure S12), which suggests that SeV infection
triggers prolonged ER stress. Levels of transcripts related to
the GO term: UPR signaling (GO:0030968) were weakly up-
regulated during SeV infection (Figure SH and Supplementary
Figure S13), which suggests that by prolonging ER stress and
activating UPR signaling, SeV infection promotes apoptosis.
The expression of TRBP-N did not upregulate the transcripts
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Figure 4. Processed TRBP does not enhance RNA silencing during viral inf

ection. (A) RNA-silencing activity assay using a dual luciferase reporter in

TRBP~/~ cells transfected with empty vector or a plasmid encoding TRBP-WT, N or C. Plasmids encoding pre-milL.uc targeting firefly luciferase or Renilla
luciferase (internal control) were co-transfected; relative luciferase activity was calculated as firefly luciferase/Renilla luciferase. P values were
determined by Student’s ttest (*P < 0.05). (B) Western blotting of TRBP~/~ cells transfected with empty vector or a plasmid encoding TRBP-WT, -N, or
-C. (C) XY plot of mature miRNAs expressed in mock-treated or SeV-infected WT or TRBP~/~ cells. The cells were collected at 18 h following SeV
infection and small RNA-seq was performed. (D) Venn diagram of mature miRNAs downregulated by SeV infection in WT or TRBP~/~ cells. (E) Relative
RNA levels of mature miR-106b in mock-treated or SeV infected TRBP~/~ cells expressing TRBP-WT or -D234A as quantified by gRT-PCR. (F) Western
blotting of mock-treated or SeV infected TRBP~ cells expressing TRBP-WT or -D234A.

related to the response to ER stress (GO:0034976), UPR sig-
naling (GO:0030968) and intrinsic apoptosis signaling path-
way in response to ER stress (GO:0070059) in non-virus-
infected cells (Supplementary Figure S14), indicating that the
TRBP-N protein itself does not induce the upregulation of
these genes.

To verify that processing of TRBP regulates apoptosis, we
transfected a plasmid encoding TRBP-WT or -D234A into
TRBP~/~ cells and detected apoptotic cell death using Annexin
V for 24 h after SeV infection (Figure 6). The empty plas-
mid was used as a control of the transfection. Western blots
showed that TRBP-WT proteins but not TRBP-D234A pro-

teins were processed by SeV infection (Figure 6A), suggesting
that the effect of this processing on apoptosis can be evaluated
by comparing the results between TRBP-WT and -D234A.
The percentages of apoptotic cell death of the cells transfected
with TRBP-WT- and TRBP-D234A-encoding plasmid were
28.6 £ 4.59% and 21.6 £ 2.19%, respectively (Figure 6B),
indicating that the processing of TRBP enhances the apoptosis
of virus-infected cells. Furthermore, qRT-PCR for SeV phos-
phoprotein (P) gene was performed to measure intracellular
viral RNA levels (Figure 6C). The results demonstrated that
TRBP-WT decreased viral RNA levels in the cells compared
with TRBP-D234A. These results indicate that apoptosis was
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TMBMIB in mock-treated or SeV infected TRBP-WT or -D234A cells (H) Differences in the integral values of cumulative distribution between all
transcripts and those related to the response to ER stress (GO:0034976) or unfolded stress response (GO:0030968) 14 or 24 h following SeV infection.
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Figure 6. Processing of TRBP enhances apoptosis of virus-infected cells. (A) Western blotting of mock-treated or SeV-infected TRBP~/~ cells transfected
an empty vector or plasmid encoding TRBP-WT or D234A. The cells were collected at 24 following SeV infection. (B) Ratio of apoptotic cells of
mock-treated or SeV-infected TRBP~/~ cells transfected an empty vector or plasmid encoding TRBP-WT or D234A. (C) Relative RNA levels of SeV RNA of

P gene quantified by gRT-PCR.

enhanced and viral RNA levels might be repressed when TRBP
was processed in virus-infected cells.

Processed TRBP represses IFN production during
viral infection

Processed N-terminal TRBP did not interact with Dicer and
PACT (RNA-silencing factors) but interacted with PKR and
LGP2 (IFN modulators; Figure 3F). TRBP enhances RNA si-
lencing in non-virus-infected cells but might be converted into
an IFN modulator through inducing ER stress by processing
induced by viral infection. To investigate whether TRBP reg-
ulates IFN production, we performed qRT-PCR to measure
IFN levels in TRBP~/~ cells collected 0, 6, 10, 14, 18 and 24 h
after SeV infection (Supplementary Figure S15). SeV infection
induced IFN production, which peaked 6 h after infection and
decreased rapidly thereafter. This is likely because prolonged
overproduction of IFN induces an excessive immune response,
possibly leading to autoimmune disorders (56). To investigate
whether processed TRBP regulates IFN production, we trans-
fected cells with plasmids expressing TRBP-WT, -N, -C or -
D234A and harvested them 6, 18 and 24 h after SeV infec-
tion (Figure 7). Western blots showed that TRBP-WT proteins
were processed at 18 h and 24 h but not at 6 h (Figure 7A-C).
TRBP-C proteins were not expressed stably consistent with
Figure 3F and not decreased the IFN production at any time
points. qRT-PCR showed that the expression of TRBP-WT
did not decrease IFN production at 6 h but decreased at 18
h and 24 h, whereas IFN levels were already decreased at 6
h by TRBP-N expression (Figure 7D-F). Furthermore, the ex-
pression of TRBP-WT and -N decreased the IFN production
more strongly than TRBP-D234A at 18 h. The protein level of
TRBP-D234A appeared slightly elevated compared to TRBP-
WT and -N (Figure 7A-C). The probable explanation for this
can be attributed to the instability observed not only in the
processed TRBP -C, as shown in Figure 3F, but also slight in-
stability in TRBP -N, compared to that of the unprocessed
TRBP-D234A protein. These findings indicate that processed
TRBP likely plays a role in suppressing IFN production.

Discussion

We report functional conversion of TRBP during viral infec-
tion (Figure 8). TRBP is an enhancer of RNA silencing that,
in collaboration with Dicer, targets the processing of a subset
of miRNAs in non-virus-infected cells. By contrast, in virus-
infected cells, TRBP induces apoptosis irreversibly, possibly
suppressing the IFN response induced by viral infection.

In the early stage of viral infection, apoptosis is induced
by the interaction of TRBP with a virus sensor protein, LGP2
(24). The expression of LGP2 is low in non-virus-infected cells
but is increased by a positive feedback loop involving secreted
IFN during viral infection. The expression of LGP2 increases
10 and 14 h after SeV infection (42), and LGP2 interacts with
TRBP to inhibit the function as an RNA silencing enhancer
through the competitive interaction against pre-miRNAs (24).
Then, we revealed that apoptosis is induced by upregulation
of apoptosis-inducing factors by inhibiting the maturation of
the specific types of miRNAs.

In the late stage of viral infection, TRBP enhances apopto-
sis (Figure 6), which may repress the IFN response (Figure 7).
Infection by NDV or SeV, but not [AV, induces the activation
of caspases (Figure 1). Caspase-3 processes TRBP at a posi-
tion in the linker region between dsRBD2 and dsRBD3 18 h
after viral infection (Figure 2). The processing divides TRBP
into two fragments, TRBP-N and TRBP-C; TRBP-N binds to
pre-miRNA but does not interact with Dicer (Figure 3). Nei-
ther fragment enhances RNA silencing (Figure 4), which indi-
cates that processed TRBP does not function as an enhancer
of RNA silencing. TRBP-N is capable to bind miRNAs (Fig-
ure 3) but did not repress RNA silencing in this condition. We
do not exclude the possibility that TRBP-N might function in
dominant negative manner in different conditions.

In the later stage of viral infection, large amounts of viral
proteins are synthesized, and unfolded or misfolded proteins
accumulate in the ER (55), triggering the UPR. When a cell is
unable to recover from ER stress, apoptosis is induced. In this
study, processed TRBP induced the upregulation of ER- and
UPR-related genes. Therefore, the interaction of TRBP-N with
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LGP2 or other IFN-inducible unidentified factors may induce
ER stress in SeV-infected cells, irreversibly inducing apoptosis.

TRBP-WT and N repress IFN production during SeV in-
fection (Figure 7). SeV is recognized by RIG-I, resulting in
IFN production (18). RIG-I interacts with LGP2 when both
are expressed at a high level (57), but the role of LGP2 in
IFN signaling is unclear. Some studies (58,59) have indicated
that LGP2 enhances the activation of RIG-I, whereas others
have reported a suppressive effect (60,61). In this study, im-
munoprecipitation showed that LGP2 and PKR interact more
strongly with TRBP-N than with TRBP-WT (Figure 3). There-
fore, loss of the interaction with Dicer caused by the process-
ing of the C-terminal domain may eliminate the steric hin-
drance of the interaction of TRBP with LGP2 or PKR. TRBP
is a repressor of PKR (62). PKR is activated by exogenous dsR-
NAs, including viral RNAs, and induces global translational
repression to suppress viral replication by phosphorylating the
alpha subunit of elF2 (elF2«). However, the C protein of SeV
represses the activation of PKR (42,63), which suggests that
TRBP regulates IFN production independently of its interac-
tion with PKR during SeV infection. By contrast, infection by
NDV induces the activation of PKR (42,64). Active PKR glob-
ally represses translation such that the protein level of LGP2 is
not increased. TRBP may interact with PKR but not LGP2 and
function as a PKR repressor during NDV infection. However,
SeV infection does not activate PKR. Therefore, some other

protein kinase, such as PKR-like ER kinase (PERK), may phos-
phorylate elF2« during SeV infection; indeed, PERK is acti-
vated by ER stress (55). Thus, the phosphorylation of elF2«
may be induced not only by activation of PKR but also by the
ER stress induced by the accumulation of viral proteins in the
ER during SeV infection.

IFN production is strictly regulated, and prolonged over-
production of IFN induces an excessive immune response.
Processed TRBP may prevent the overproduction of IFN af-
ter its peak during viral infection. Apoptosis of SeV-infected
cells is induced by the repression of TRBP-bound miRNAs
via the interaction with LGP2 14 h after SeV infection (24,42).
LGP2 is an RLR that modulates RNA silencing during viral in-
fection and upregulates apoptosis-regulatory genes, including
those encoding caspases (24,42). Here we found that TRBP
is processed by caspase(s) >18 h after SeV infection, which
enhances apoptosis by inducing ER stress (Figure 6). Thus, in
the early stage of viral infection, the induction of apoptosis
may be reversible. However, in the late stage, apoptosis is in-
duced via an irreversible mechanism that may repress the IFN
response, potentially preventing autoimmunity. SeV infection
induces apoptosis, but possibly not in all cell types.

Several regulatory mechanisms of RNA-silencing factors
have been reported. Dicer is cleaved by caspases during apop-
tosis triggered by TNFa and other stress stimuli (65). Multiple
RNA-silencing factors (Drosha, DGCRS, Dicer, and TRBP)
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are cleaved by caspases in heat-shocked cells, an effect in-
hibited by the overexpression of HSP70 (66). In this study,
Dicer cleavage was not triggered by viral infection, poly(L:C)
transfection, or TNFa/CHX treatment, and the expression
of full-length Dicer was unaffected by these stimuli (Figure
1). By contrast, NDV or SeV infection, poly(I:C) transfection,
and TNFo/CHX treatment triggered the processing of TRBP,
the function of which was altered to that of an IFN repressor
(Figure 8). The expression of full-length TRBP was decreased
and that of processed TRBP was increased by these stimuli.
However, the processed TRBP-N and TRBP-C fragments may
have different stabilities. We purified recombinant TRBP-WT,
N and C from E. coli (Supplementary Figure S7), but TRBP-
C was slightly detectable or undetectable by Western blot-
ting using cell lysate (Figure 3). The mRNAs of TRBP-C, WT,
and N were detected by RT-PCR (Supplementary Figure S9),
which indicates that TRBP-C protein is unstable. The C-
terminal region of TRBP is ubiquitinated by Merlin (encoded
by Nf2) (67). The expression of Merlin facilitates the degrada-
tion of TRBP-WT but not TRBP-AdsRBD3 via the ubiquitin-
proteasome pathway (67), which suggests that Merlin facili-
tates the degradation of TRBP-C.

The TRBP amino acid sequence is conserved in mam-
malian, but not non-mammalian, genomes (Supplementary
Figures $16-518). Several amino acids are substituted but the
DARD/G-processing motif is conserved completely in sev-
eral mammalian genomes (Supplementary Figure S16). RNA
silencing is induced by endogenous miRNAs, and IFN sig-
naling is activated by exogenous viral RNAs. RNA silenc-
ing and IFN signaling were formerly considered independent
pathways, but multiple reports, including ours, have demon-
strated crosstalk between them (24,25,42,57,68-72). In the
early stage of viral infection of mammalian cells, TRBP func-
tions as a hub between RNA silencing and IFN signaling by
interacting with LGP2 rather than Dicer (Figure 8). After pro-
cessing, TRBP enhances apoptosis irreversibly in the late stage
of viral infection. These studies indicate that TRBP is a multi-
functional protein in RNA silencing and IFN signaling during
viral infection in mammalian cells.
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