
1494–1507 Nucleic Acids Research, 2020, Vol. 48, No. 3 Published online 8 December 2019
doi: 10.1093/nar/gkz1143

LGP2 virus sensor enhances apoptosis by
upregulating apoptosis regulatory genes through
TRBP-bound miRNAs during viral infection
Tomoko Takahashi 1, Yuko Nakano1, Koji Onomoto2, Mitsutoshi Yoneyama2 and
Kumiko Ui-Tei 1,3,*

1Department of Biological Sciences, Graduate School of Science, The University of Tokyo, Tokyo 113-0033, Japan,
2Division of Molecular Immunology, Medical Mycology Research Center, Chiba University, Chiba 260-8673, Japan
and 3Department of Computational Biology and Medical Sciences, Graduate School of Frontier Sciences, The
University of Tokyo, Chiba 277-8561, Japan

Received August 28, 2019; Revised November 16, 2019; Editorial Decision November 18, 2019; Accepted November 27, 2019

ABSTRACT

During viral infection, viral nucleic acids are detected
by virus sensor proteins including toll-like recep-
tor 3 or retinoic acid-inducible gene I-like recep-
tors (RLRs) in mammalian cells. Activation of these
virus sensor proteins induces type-I interferon pro-
duction and represses viral replication. Recently, we
reported that an RLR family member, laboratory of
genetics and physiology 2 (LGP2), modulates RNA
silencing by interacting with an RNA silencing en-
hancer, TAR-RNA binding protein (TRBP). However,
the biological implications remained unclear. Here,
we show that LGP2 enhances apoptosis by upregu-
lating apoptosis regulatory genes during viral infec-
tion. Sendai virus (SeV) infection increased LGP2 ex-
pression approximately 900 times compared to that
in non-virus-infected cells. Then, the induced LGP2
interacted with TRBP, resulting in the inhibition of
maturation of the TRBP-bound microRNA (miRNA)
and its subsequent RNA silencing activity. Gene ex-
pression profiling revealed that apoptosis regula-
tory genes were upregulated during SeV infection:
caspases-2, -8, -3 and -7, four cysteine proteases
with key roles in apoptosis, were upregulated di-
rectly or indirectly through the repression of a typi-
cal TRBP-bound miRNA, miR-106b. Our findings may
shed light on the mechanism of apoptosis, induced
by the TRBP-bound miRNAs through the interaction
of TRBP with LGP2, as an antiviral defense system
in mammalian cells.

INTRODUCTION

RNA silencing is a posttranscriptional gene silencing mech-
anism directed by microRNAs (miRNAs), non-coding
RNAs of ∼21–22 nucleotides (nt) in length that are con-
served in diverse organisms (1). The human genome en-
codes >2000 miRNAs that regulate the expression of
multiple genes (2). Primary miRNAs transcribed from
the genome are processed into precursor-miRNAs (pre-
miRNAs) by an endoribonuclease, Drosha, in the nucleus
(3–5). Pre-miRNAs are exported into the cytoplasm by ex-
portin (6,7), and are further processed by another endori-
bonuclease, Dicer, into miRNA duplexes with 2-nt 3′ over-
hangs (8). One strand of the miRNA duplex is loaded onto
Argonaute (AGO), a main component of the RNA-induced
silencing complex, resulting in destabilization or transla-
tional repression of target mRNAs with sequence comple-
mentarities (9,10). TAR-RNA binding protein (TRBP) is
a double-stranded RNA (dsRNA) binding protein identi-
fied as a factor that binds to human immunodeficiency virus
type 1 TAR RNA (11), and functions as an RNA silencing
enhancer (12,13). TRBP binds to the stem region of pre-
miRNA and recruits Dicer to enhance miRNA maturation
(14). In our previous report, we revealed that TRBP has a
binding preference for a specific type of pre-miRNAs whose
stem has tight base-pairing, resulting in selective regulation
of their target gene expression (15).

During viral infection, viral RNAs are recognized as ex-
ogenous RNAs by viral sensor proteins and activate the an-
tiviral innate immune response (16,17). Toll-like receptor 3
(TLR3) and retinoic acid-inducible gene I (RIG-I)-like re-
ceptors (RLRs), including RIG-I (or DDX58), melanoma-
differentiation-associated gene 5 (MDA5 or IFIH1), and
laboratory of genetics and physiology 2 (LGP2 or DHX58),
are representative sensors for viral RNAs in the endosome
and cytoplasm, respectively (18–20). When RIG-I recog-
nizes 5′-triphosphate- or 5′-diphosphate-containing RNA
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and small RNA duplexes (21–25), or MDA5 recognizes
long RNA duplexes as exogenous RNAs (26), they trans-
fer signals to downstream molecules through their caspase
recruitment domains (CARDs) (27–29). Activation of the
signaling cascade induces type-I interferon (IFN) produc-
tion and the secreted IFN upregulates hundreds of IFN-
stimulated genes (ISGs), resulting in the inhibition of viral
replication (16). LGP2 is a member of the RLRs, but does
not have a CARD, rendering it incapable of transferring sig-
nals downstream. Thus, the function of LGP2 was unclear.

Recently, we reported that LGP2 modulates RNA silenc-
ing by interacting with the RNA silencing enhancer, TRBP
(15). LGP2 interacts with TRBP via the dsRNA-binding
sites of TRBP through competition with TRBP-bound pre-
miRNAs. This competitive binding inhibits the binding of
40 types of pre-miRNAs with TRBP in HeLa cells, as well
as the maturation of those miRNAs by Dicer/TRBP, and
their subsequent RNA silencing activities (15). Thus, LGP2
has been demonstrated to inhibit RNA silencing directed by
TRBP-bound miRNAs and upregulate expression of their
target genes (15). However, the biological implications of
this activity remained unclear.

Here, we show that LGP2 upregulated apoptosis regula-
tory genes by inhibition of TRBP-bound pre-miRNA mat-
uration by competitive binding with TRBP, and enhanced
apoptosis during Sendai virus (SeV) infection. SeV is a
single-stranded RNA virus recognized by RIG-I, and its
infection induces IFN production, which strongly induces
LGP2 expression. Induced LGP2 protein interacted with
TRBP and reduced RNA silencing directed by a typical
TRBP-bound miRNA, miR-106b, resulting in upregulation
of its target genes, including initiator or executioner cas-
pases, directly or indirectly. Our finding showed that the
crosstalk between RNA silencing and RLR signaling func-
tions to induce apoptosis as an antiviral defense system in
mammalian cells.

MATERIALS AND METHODS

Cell culture

Human HeLa wild-type (WT), LGP2−/− or TRBP−/− cells
(15) were cultured in Dulbecco’s Modified Eagle’s Medium
(Wako, Osaka, Japan) containing 10% fetal bovine serum
(Biowest, Nuaillé, France) and antibiotics [100 U/ml of
penicillin and 100 �g/ml of streptomycin (Sigma-Aldrich,
St Louis, MO, USA)] at 37◦C with 5% CO2.

Plasmid construction

The expression plasmids containing N-terminal FLAG-
tagged TRBP (pcDNA5-FLAG-TRBP) or miR-106b in-
hibitor (pTuD-miR-106b) were constructed as described
previously (15). For construction of endogenous miRNA
activity sensor plasmids (psiCHECK-miR-106b, or -19b),
oligonucleotides with target sequences complementary to
each miRNA (miR-106b, or -19b) were chemically syn-
thesized with XhoI/EcoRI ends. The resultant dsDNAs
were inserted into the XhoI/EcoRI site in the 3′ untrans-
lated region (3′UTR) of Renilla luciferase in psiCHECK-
1 (Promega, Madison, WI, USA). For construction of
reporter plasmids encoding the Renilla luciferase coding

region (CDS) with the entire 3′UTR of caspase-2 or -8
(psiCHECK-CASP2-3′UTR-WT or psiCHECK-CASP8-
3′UTR-WT), the 3′UTR fragment of caspase-2 or -8 with
XhoI/EcoRI ends was amplified using cDNA synthesized
from total RNA extracted from HeLa WT cells. Each of
the resultant DNA fragments was inserted separately into
the XhoI/EcoRI site in the 3′UTR of Renilla luciferase
in psiCHECK-1 (Promega). For construction of plasmids
with mutated miR-106b target sites (psiCHECK-CASP2-
3′UTR-mt or psiCHECK-CASP8-3′UTR-mt), miR-106b
target sites were predicted by seed sequence complementar-
ity and three nucleotides were deleted from the predicted
sites by site-directed mutagenesis using KOD One PCR
Master Mix (Toyobo, Osaka, Japan). The construct was pu-
rified using the Genopure Plasmid Midi Kit (Roche, Basel,
Switzerland). The oligonucleotide sequences used for plas-
mid construction are shown in Supplementary Table S1.

Viral infection

Newcastle disease virus (NDV, Miyadera strain), Sendai
virus (SeV, Cantell strain), or Influenza A virus (IAV, PR8
strain) was incubated with serum-free medium for 1 h at
37◦C. After adsorption, the medium was changed and the
cells were cultured in serum-containing medium at 37◦C
with 5% CO2 with or without 30 �M benzyloxycarbonyl-
Val-Ala-Asp-fluoromethylketone (z-VAD-FMK; Peptide
institute. Inc., Osaka, Japan). The non-structural protein 1
(NS1) of IAV is usually known as an RNAi repressor, but
the IAV strain we used is known as a non-RNA silencing
repressor (30).

Quantitative reverse transcription (qRT)-PCR

Total RNA was extracted using the FastGene RNA Pre-
mium Kit (Nippon Genetics, Tokyo, Japan). The extracted
RNA (0.5 �g) was used for cDNA synthesis with the
High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA). qRT-PCR was per-
formed using the KAPA SYBR Fast qPCR Master Mix
ABI Prism Kit (Kapa Biosystems, Wilmington, MA, USA)
with the StepOnePlus Real-Time PCR System (Applied
Biosystems). For the detection of mature or precursor miR-
NAs, total RNA including small RNAs was extracted using
the FastGene RNA Premium Kit with FastGene miRNA
enhancer. The extracted RNA (0.5 �g) was used for cDNA
synthesis using specific stem–loop RT primers. The primer
sequences are shown in Supplementary Table S2.

Western blot

The samples were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to a polyvinylidene fluoride membrane using the
Trans-Blot Turbo Transfer System (Bio-Rad, Hercules, CA,
USA). The membrane was blocked for 1 h in Tris-buffered
saline-Triton X-100 or Tween 20 (TBS-T; 20 mM Tris–HCl
[pH 7.5], 150 mM NaCl, 0.2% Triton X-100 or 0.1% Tween)
supplemented with 5% skim milk (Wako), and incubated
with specific antibodies in Can Get Signal immunoreac-
tion enhancer solution (Toyobo) at 4◦C overnight. Anti-
TRBP (AbFrontier, Seoul, Korea), anti-AGO2 (Wako),
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anti-PKR (Santa Cruz Biotechnology, Dallas, TX, USA),
anti-phospho PKR (Abcam, Cambridge, UK), anti-FLAG
(Cell Signaling, Danvers, MA, USA) and anti-�-tubulin
antibodies (Abcam) were used. Anti-human RIG-I, anti-
MDA5, anti-LGP2, and anti-Dicer antibodies were gener-
ated by immunizing rabbits with a synthetic peptide (8,31).
The membranes were washed three times with TBS-T and
reacted with HRP-linked anti-rabbit or anti-mouse anti-
body (GE Healthcare, Chicago, IL, USA) at room tempera-
ture for 1 h. After being washed three times with TBS-T, the
membrane was incubated with ECL Prime Western Blotting
Detection Reagent (GE Healthcare) and visualized using
the ImageQuant LAS 4000 Mini imager (GE Healthcare).

Immunoprecipitation

A HeLa cell suspension (5 × 105 cells/well) was plated into
a six-well plate 1 day before transfection. Cells were washed
with phosphate-buffered saline and lysed in cold lysis buffer
(10 mM HEPES–NaOH [pH 7.9], 1.5 mM MgCl2, 10 mM
KCl, 0.5 mM DTT, 140 mM NaCl, 1 mM EDTA, 1 mM
Na3VO4, 10 mM NaF, 0.5% NP-40 and complete protease
inhibitor) 14 h following viral infection, then the cell lysates
were centrifuged at 14 000 rpm for 10 min. For immunopre-
cipitation, 30 �l of Protein G Agarose (Merck Millipore,
Burlington, MA, USA) was mixed with 2.5 �g of mouse
anti-FLAG antibody (Sigma, St Louis, MO, USA), or 2.5
�g of mouse IgG (Santa Cruz Biotechnology) as a nega-
tive control and rotated at 4◦C for 2 h. The cell lysates were
then added to antibody-bound Protein G Agarose and ro-
tated at 4◦C for 2 h. The beads were washed twice with wash
buffer containing 300 mM NaCl and once with lysis buffer.
To elute the bound proteins, 2× SDS-PAGE sample buffer
(30 �l) was added and the beads were boiled for 5 min.

Northern blot

A HeLa cell suspension (2.7 × 106 cells/dish) was plated
into a 9-cm dish 1 day before viral infection. RNA extrac-
tion was performed using ISOGEN reagent (Nippon Gene,
Tokyo, Japan) 14 h following viral infection. Total RNA
(20 �g) was loaded onto a 10% denatured polyacrylamide
gel containing 8 M urea and transferred to an Amersham
Hybond-N+ membrane (GE Healthcare) at 25 V for 45
min. The membrane was hybridized with 32P-labeled DNA
probe at 37◦C overnight following crosslinking and pre-
hybridization. The membranes were washed three times at
37◦C and visualized using a Typhoon FLA 9500 imager
(GE Healthcare). The probe sequences are shown in Sup-
plementary Table S3.

RNA silencing activity assay for endogenous miRNAs

RNA silencing activity was measured with a luciferase re-
porter assay. To measure the RNA silencing activity of en-
dogenous miR-106b or -19b, a HeLa cell suspension (1.0
× 105 cells/ml) was inoculated in 24-well plates 1 day be-
fore transfection. Cells were transfected with 0.25 �g of
psiCHECK-1 vector (Promega) encoding the complemen-
tary sequence of miR-106b or miR-19b in the 3′UTR of Re-
nilla luciferase and 0.5 �g of pGL3-Control encoding the

firefly luciferase gene with polyethylenimine. Viral infection
was performed 1 day following transfection, and the cells
were lysed with 1× passive lysis buffer (Promega) 14 h fol-
lowing viral infection. Luciferase activity was measured us-
ing the Dual-Luciferase Reporter Assay System (Promega),
and the Renilla luciferase activity normalized to that of fire-
fly luciferase (Renilla luciferase activity/firefly luciferase ac-
tivity) was determined.

Microarray analysis

Human HeLa WT, LGP2−/− or TRBP−/− cells were col-
lected at 14 h following viral infection. Total RNA was ex-
tracted using the RNeasy Mini Kit (Qiagen, Hilden, Ger-
many) and treated with DNase I (Qiagen). The quality of
the total RNA was confirmed using a Bioanalyzer (Agi-
lent Technologies, Santa Clara, CA, USA), and cDNA and
Cy-3-labeled RNA were synthesized using the Quick Amp
Labeling kit for One Color (Agilent Technologies). Cy-3-
labeled RNAs were fragmented using the Gene Expression
Hybridization Kit (Agilent Technologies) and hybridized
to a SurePrint G3 Human GE Microarray version 3 (Agi-
lent Technologies) at 65◦C for 17 h. After being washed, the
microarray slide was scanned by a DNA Microarray Scan-
ner (Agilent Technologies) and the signals were quantified
by Feature Extraction 10.5.1.1 software (Agilent Technolo-
gies). Data analysis was performed on probes that passed
filtering and gene ontology (GO) analysis was performed
by the DAVID online software tool (32,33).

Cell viability assay

A HeLa cell suspension (0.5 × 105 cells/ml) was inocu-
lated in 24-well plates 1 day before viral infection. Cells
were collected in Trypsin-EDTA (Wako) and stained with
0.4% (w/v) Trypan Blue Solution (Wako). Cell counting
was performed using a TC20 Automated Cell Counter (Bio-
Rad), and the cell viabilities of virus-infected cells normal-
ized to that of mock-treated cells were determined.

RESULTS

SeV infection induces LGP2 expression

Recently, we reported that LGP2, a member of the RLR
family, functions as an RNA silencing modulator by inter-
acting with TRBP, an RNA silencing enhancer. This in-
teraction results in the inhibition of pre-miRNA binding
with TRBP, miRNA maturation by Dicer/TRBP, and sub-
sequent RNA silencing activities directed by TRBP-bound
miRNAs (15). The expression of LGP2 protein is low in
non-virus-infected cells, while its expression is induced by
positive feedback regulation through the secreted IFN dur-
ing viral infection. To reveal the biological implications
of modulation of RNA silencing by LGP2 upregulation,
we first looked for a virus whose infection could induce
abundant expression of LGP2. We infected HeLa WT and
LGP2−/− cells with NDV, SeV or IAV. These viruses are
negative-sense single-stranded RNA viruses recognized by
RIG-I. NDV and SeV are included in the family Paramyx-
oviridae, and IAV is included in the family Orthomyxoviri-
dae. The mock-treated or virus-infected cells were collected
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at 0, 6, 10, 14, 18 and 24 h following the infection. qRT-
PCR analysis showed that NDV and SeV infection induced
IFN-� mRNA up to 15 000 fold at 18 h and 300–400 fold at
6 h following infection, respectively (Figure 1A). However,
IFN-� mRNA was not increased by IAV infection, because
IAV inhibits IFN production by its NS1 protein (31,34).
Furthermore, the increased levels of IFN-� mRNA showed
no significant differences between WT and LGP2−/− cells
during NDV or SeV infection, indicating that type-I IFN
signaling was activated during NDV or SeV infection re-
gardless of LGP2 expression (Figure 1A). Western blot
analysis showed that the expression of LGP2 protein was
evident from 10 h and increased until 14 h or later by SeV in-
fection, whereas LGP2 expression was not induced by NDV
or IAV infection (Figure 1B). Similarly, RIG-I and MDA5
proteins were increased by SeV infection but not by NDV or
IAV infection. IAV did not produce IFN, therefore it could
not induce LGP2, RIG-I and MDA5 expression. NDV in-
fection certainly increased IFN-� production, but it also
induced phosphorylation of dsRNA-dependent protein ki-
nase (PKR) in both WT and LGP2−/− cells (Figure 1B).
The phosphorylation of PKR induces phosphorylation of
eukaryotic initiation factor 2�, which is involved in the ini-
tiation phase of translation (35,36), and its phosphorylation
blocks de novo protein synthesis. Thus, among these RNA
viruses, we chose SeV, which is able to produce IFN and in-
duce abundant expression of LGP2 protein as well as RIG-I
and MDA5.

LGP2 interacts with TRBP and reduces RNA silencing dur-
ing SeV infection

As shown in Figure 1B, SeV induced the abundant expres-
sion of LGP2 protein at 14 h following infection. Western
blot analysis using cell lysate at 14 h following SeV infection
showed that the expression levels of RLRs (LGP2, RIG-
I and MDA5) were markedly increased, whereas those of
RNA silencing factors (TRBP, Dicer and AGO2) did not
change (Figure 2A).

To examine whether the upregulated LGP2 interacts with
TRBP during SeV infection, either SeV or IAV (negative
control) was used to infect WT cells expressing FLAG-
tagged TRBP or EGFP (negative control). Then, immuno-
precipitation was performed with anti-FLAG antibody at
14 h following infection (Figure 2B). The results revealed
that LGP2 was clearly immunoprecipitated with TRBP dur-
ing SeV infection, but not during IAV infection (Figure 2B
and C). Dicer, which is known to interact with TRBP (37),
was immunoprecipitated with TRBP regardless of infection
with SeV or IAV, although the amount of immunoprecip-
itated Dicer was decreased during SeV infection (Figure
2B and C). This result indicated that TRBP/LGP2 interac-
tion may disturb not only pre-miRNA binding with TRBP
(15), but also TRBP-Dicer interaction. By contrast, RIG-
I and MDA5 were not co-immunoprecipitated with TRBP
(Figure 2B). Furthermore, it was revealed that endogenous
TRBP was certainly immunoprecipitated with LGP2 dur-
ing SeV infection (Supplementary Figure S1).

Next, we examined whether LGP2 modulates RNA si-
lencing by interacting with TRBP during SeV infection.
LGP2 interacts competitively with TRBP through the

dsRNA binding site of TRBP, resulting in the reduction
of pre-miRNA binding with TRBP, maturation of TRBP-
bound pre-miRNAs, and their subsequent RNA silencing
activities (15). miR-106b and miR-19b are representative
TRBP-bound and non-TRBP-bound miRNAs, respectively
(15). Our previous report showed that the amount of ma-
ture miR-106b, but not miR-19b, was decreased by LGP2
overexpression, and increased in LGP2−/− cells compared
to that in WT cells (15). Furthermore, the expression levels
of their target genes were correlated negatively with the ex-
pression levels of mature miRNAs (15). To examine whether
the induction of LGP2 decreases the expression level of ma-
ture miR-106b during SeV infection, we performed north-
ern blot analysis using mock-treated or SeV-infected WT
or LGP2−/− cells. Northern blot analysis showed that the
mature miR-106b was decreased in WT cells, but not in
LGP2−/− cells, during SeV infection (Figure 2D). By con-
trast, the expression levels of miR-19b were almost un-
changed in WT or LGP2−/− cells (Figure 2D). In addition
to northern blot analysis, we performed qRT-PCR to quan-
tify the mature and precursor levels of these miRNAs (Fig-
ure 2E). The results showed that the mature miR-106b level
was significantly decreased in WT cells, but not in LGP2−/−
cells, during SeV infection, consistent with the results of
northern blot analysis. Furthermore, the precursor miR-
106b level was significantly increased in WT cells, but not
in LGP2−/− cells. By contrast, the expression levels of the
mature and precursor miR-19b were almost unchanged in
both WT and LGP2−/− cells. The RNA silencing activities
of miR-106b and miR-19b were measured by luciferase re-
porter assay (Figure 2F). The sensor plasmid for measur-
ing each miRNA activity, encoding the target sequence of
miR-106b or miR-19b in 3′UTR of Renilla luciferase, was
transfected with a plasmid encoding firefly luciferase (inter-
nal control) into WT or LGP2−/− cells. The cells were col-
lected at 14 h following SeV or IAV infection, and Renilla
luciferase activities normalized to firefly luciferase activities
(Renilla luciferase/firefly luciferase) were determined. Usu-
ally NS1 protein of IAV is known as an RNAi repressor, but
the type of NS1 protein produced by the IAV strain used
in this study has been shown to be a non-RNA silencing
repressor (30). The results showed that SeV infection, but
not IAV infection, increased the relative luciferase activity
by the endogenous miR-106b in WT cells. This means that
RNA silencing activity directed by endogenous miR-106b
was repressed in WT cells, but not in LGP2−/− cells (Figure
2F, left panel). By contrast, RNA silencing activity directed
by endogenous miR-19b showed no significant difference in
either WT or LGP2−/− cells (Figure 2F, right panel). Thus,
these results suggest that the LGP2 induced by the secreted
IFN interacted with TRBP and decreased the mature miR-
106b level by decreasing its processing, thereby reducing its
subsequent RNA silencing activity during SeV infection.

LGP2-TRBP interaction upregulates apoptosis regulatory
genes during SeV infection

To identify the genes whose expression patterns were mod-
ulated during SeV infection, we performed gene expression
profiling by microarray analysis in mock-treated or SeV-
infected WT, LGP2−/− or TRBP−/− cells. MA plots show-
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Figure 1. SeV infection induces abundant expression of LGP2. (A) Relative mRNA levels of IFN-� in mock-treated or virus (NDV, SeV or IAV)-infected
WT or LGP2−/− cells as quantified by qRT-PCR. The cells were collected at 0, 6, 10, 14, 18 and 24 h following virus infection. The experiments were
performed in triplicate. (B) Western blot of endogenous LGP2, RIG-I, MDA5, PKR, phospho PKR or tubulin using mock-treated or virus (NDV, SeV or
IAV)-infected WT or LGP2−/− cells.

ing the log2 fold-change of signal intensities in SeV-infected
cells relative to mock-treated cells (M value, vertical axis)
and the averaged log10 signal intensities in mock-treated and
SeV-infected cells (A value, horizontal axis), are shown with
colors indicating upregulated (SeV/mock > 1.5) or down-
regulated (SeV/mock < 0.66) transcripts during SeV infec-
tion (Figure 3A). The expression levels of RLRs (LGP2,
RIG-I and MDA5) were clearly increased during SeV in-
fection, while little or no changes were observed for RNA
silencing factors (TRBP, Dicer and AGO2) (Figure 3A). In-
terestingly, the expression level of LGP2 showed the most
remarkable increase in WT cells during SeV infection (fold
change [log2] = 9.9) (Figure 3A, left panel), suggesting that
LGP2 has the important function during SeV infection.
Venn diagrams show the common and unique upregulated
(Figure 3B) or downregulated (Supplementary Figure S2A)
transcripts in WT, LGP2−/− and TRBP−/− cells. In to-
tal, 667 transcripts were commonly upregulated in all cells,
whereas 350, 284 and 137 transcripts were upregulated only
in WT, LGP2−/− and TRBP−/− cells, respectively (Figure
3B). By contrast, 711 transcripts were commonly downreg-
ulated in all cells, whereas 531, 222 and 206 transcripts were

downregulated only in WT, LGP2−/−, and TRBP−/− cells,
respectively (Supplementary Figure S2A). GO analysis re-
vealed that the 667 commonly upregulated transcripts were
enriched in the GO terms related to antiviral innate immune
response: defense response to virus, type-I interferon signal-
ing pathway, and negative regulation of viral genome repli-
cation (Figure 3C and Supplementary Table S4). These re-
sults indicated that the innate immune response was com-
monly induced in WT, LGP2−/− and TRBP−/− cells dur-
ing SeV infection. It has been reported that LGP2 interacts
with RIG-I or MDA5 (38–40), and may regulate the ex-
pression of ISGs through IFN production. However, these
results suggest that LGP2 and TRBP are not involved in
activation of the antiviral innate immune response dur-
ing SeV infection. In the RNA silencing pathway, LGP2
represses RNA silencing directed by TRBP-bound miR-
NAs and upregulates their target genes (15). TRBP-bound
miRNA activities are expected to be repressed during SeV
infection in WT cells compared to mock-treated cells. By
contrast, it is expected that no significant differences in
such miRNA activities would be observed between mock-
treated or SeV-infected LGP2−/− or TRBP−/− cells. Thus,
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Figure 2. LGP2 interacts with TRBP and represses RNA silencing during SeV infection. (A) Western blots of endogenous RLRs (LGP2, RIG-I and
MDA5), RNA silencing factors (TRBP, Dicer and AGO2), and control tubulin using mock-treated or SeV-infected WT or LGP2−/− cells at 14 h following
virus infection. (B) Immunoprecipitation of LGP2 with TRBP. Plasmids encoding FLAG-TRBP or FLAG-EGFP were transfected into HeLa WT cells and
immunoprecipitation was performed with anti-FLAG-antibody at 14 h following virus infection. (C) The quantified signal intensities of immunoprecipitates
in Figure 2B. P-values were as follows. For LGP2 intensities, mock vs SeV and mock vs IAV in TRBP IP samples were 0.011 and 0.57, respectively; mock
vs SeV and mock versus IAV in EGFP IP samples were 0.91 and 0.69, respectively. For Dicer intensities, mock versus SeV and mock vs IAV in TRBP IP
samples were 0.032 and 0.38, respectively; mock vs SeV and mock versus IAV in EGFP IP samples were 0.34 and 0.35, respectively. For tubulin intensities,
mock versus SeV and mock versus IAV in TRBP IP samples were 0.06 and 0.53, respectively; mock versus SeV and mock versus IAV in EGFP IP samples
were 0.18 and 0.09, respectively. (D) Northern blotting was performed using mock-treated or SeV-infected WT or LGP2−/− cells, and endogenous mature
miR-106b and miR-19b were detected. LGP2 protein was detected by western blot. The cells were collected at 14 h following virus infection. U6 and
Tubulin were used as RNA and protein controls, respectively. (E) Relative RNA levels of the mature and precursor miR-106b or miR-19b in mock-treated
and SeV infected cells, respectively. The cells were collected at 14 h following virus infection. P-values of mock versus SeV were as follows. For mature
miR-106b, 0.00045 in WT cells; 0.70 in LGP2−/− cells. For pre-miR-106b, 0.024 in WT; 0.86 in LGP2−/−. For mature miR-19b, 0.33 in WT; 0.66 in
LGP2−/−. For pre-miR-19b, 0.85 in WT; 0.92 in LGP2−/−. (F) RNA silencing activity assay using a dual luciferase reporter in WT or LGP2−/− cells.
The sensor plasmid for miRNA activity encoding the target sequence of miR-106b or miR-19b in the 3′UTR of Renilla luciferase and plasmid encoding
firefly luciferase (internal control) were co-transfected into WT or LGP2−/− cells, and relative luciferase activity (Renilla luciferase/firefly luciferase) was
determined. The cells were collected at 14 h following virus infection. P-values were as follows. For miR-106b, mock versus SeV in WT cells was 0.016; WT
versus LGP2−/− by SeV infection was 0.0028. For miR-19b, mock vs SeV in WT cells was 0.17; WT versus LGP2−/− by SeV infection was 0.16. The mean
values and standard deviations of the results of three independent experiments were shown. P-values were determined by Student’s t-test (*P < 0.05).
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Figure 3. LGP2-TRBP interaction upregulates apoptosis regulatory genes during SeV infection. (A) MA plots of SeV-infected WT, LGP2−/− or TRBP−/−
cells at 14 h following virus infection. The upregulated transcripts (pink, blue, or green) or downregulated transcripts (orange, light blue, or dark green) in
SeV-infected cells compared with mock-treated cells indicated with different colors. (B) Venn diagram of upregulated transcripts during SeV infection in
WT, LGP2−/− or TRBP−/− cells. The top 20 transcripts upregulated in each cell are shown in speech bubbles. (C) Gene ontology analysis of commonly
upregulated transcripts in WT, LGP2−/− or TRBP−/− cells during SeV infection. (D) Gene ontology analysis of transcripts upregulated in WT cells, but
not in LGP2−/− or TRBP−/− cells, during SeV infection.
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their target genes should be upregulated in WT cells, but
not in LGP2−/− or TRBP−/− cells, during SeV infection.
The percentage of genes targeted by at least one of TRBP-
bound miRNAs (sequence read enrichment by immunopre-
cipitation > 10) (15) in 350 transcripts upregulated only in
WT cells was 72.9% (255/350 transcripts), although that of
TRBP-non-bound miRNAs (sequence read enrichment by
immunoprecipitation < 1/3) (15) was 16% (56/350 tran-
scripts), when predicted with TargetScan. GO analysis of
the 350 transcripts upregulated only in WT cells revealed
that the enriched GO terms were related to apoptosis: reg-
ulation of apoptotic process, apoptotic signaling pathway,
and regulation of extrinsic apoptotic signaling pathway via
death domain receptor (Figure 3D and Supplementary Ta-
ble S5), indicating that LGP2 may upregulate apoptosis reg-
ulatory genes by modulating RNA silencing directed by
TRBP-bound miRNAs. By contrast, GO analysis of the 284
transcripts upregulated only in LGP2−/− cells revealed that
regulation of cyclin-dependent protein serine/threonine ki-
nase activity and others was enriched (Supplementary Fig-
ure S3A and Table S6), and the enriched GO terms of the
137 transcripts upregulated only in TRBP−/− cells were
chromatin silencing and others (Supplementary Figure S3B
and Table S7). GO terms related to positive regulation of
apoptosis were not enriched in the upregulated transcripts
in either LGP2−/− or TRBP−/− cells. In addition, the en-
riched GO terms of the 711 transcripts commonly down-
regulated in all cells included mitochondrion organization,
negative regulation of transcription from RNA polymerase
II promoter, or positive regulation of cell proliferation (Sup-
plementary Figure S2B and Table S8). This result may in-
dicate that the IFN response affects cell proliferation or
growth. The 531 transcripts downregulated only in WT cells
were enriched in ribosome biogenesis or rRNA process-
ing (Supplementary Figure S2C and Table S9), suggesting
the possibility that translational machinery is affected by
LGP2-TRBP interaction. Furthermore, the 222 transcripts
downregulated only in LGP2−/− cells were enriched in neg-
ative regulation of gluconeogenesis (Supplementary Figure
S2D and Table S10), and the 206 transcripts downregulated
only in TRBP−/− cells were enriched in positive regula-
tion of endothelial cell proliferation (Supplementary Figure
S2E and Table S11). Summarizing the above, both LGP2
and TRBP may regulate various functions without interact-
ing with each other. However, our gene expression profiling
suggested that apoptosis regulatory genes might be major
molecules commonly modulated by LGP2 and TRBP dur-
ing SeV infection.

LGP2 enhances cell death through activation of caspases dur-
ing SeV infection

To verify whether LGP2 regulates apoptosis during SeV in-
fection, we used SeV or IAV (negative control) to infect
WT, LGP2−/− or TRBP−/− cells, and measured their cell
viabilities for 3 days following infection (Figure 4A and B,
left panels). On the first day following SeV infection, the
cell viabilities of WT, LGP2−/− and TRBP−/− cells were
29.5 ± 2.9%, 47.1 ± 6.7% and 24.8 ± 2.1%, respectively
(Figure 4A, right panel). The cell viability of WT cells was
0.6 times lower than that of LGP2−/− cells, suggesting that

Figure 4. LGP2 enhances apoptosis through the activation of caspases
during SeV infection. (A) Cell viabilities of SeV-infected WT, LGP2−/− or
TRBP−/− cells. Mock-treated or SeV-infected cells were collected in
Trypsin-EDTA and stained with Trypan Blue for cell counting. Cell vi-
abilities of virus-infected cells normalized to that of mock-treated cells
were determined. P-value of WT versus LGP2−/− was 0.027; WT versus
TRBP−/− was 0.14; LGP2−/− versus TRBP−/− was 0.011. (B) Cell viabil-
ities of IAV-infected WT, LGP2−/− or TRBP−/− cells. P-value of WT ver-
sus LGP2−/− was 0.74; WT versus TRBP−/− was 0.33; LGP2−/− versus
TRBP−/− was 0.63. (C) Cell viabilities of SeV-infected WT or LGP2−/−
cells with or without pan-caspase-inhibitor (z-VAD-FMK). P-value of
without versus with z-VAD-FMK in WT cells was 0.0048; that in LGP2−/−
cells was 0.66. (D) Cell viabilities of IAV-infected WT or LGP2−/− cells
with or without z-VAD-FMK. P-value of without versus with z-VAD-
FMK in WT cells was 0.22; that in LGP2−/− cells was 0.48. The mean
values and standard deviations of the results of three independent exper-
iments were shown. P-values were determined by Student’s t-test (*P <

0.05).
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LGP2 induced by IFN enhanced cell death through inter-
action with TRBP to upregulate apoptosis-related genes in
WT cells during SeV infection. However, the cell viability
of TRBP−/− cells was the lowest. In TRBP−/− cells, matu-
ration of TRBP-bound pre-miRNAs is considered to be in-
hibited. Thus, the inhibitory effect of pre-miRNA matura-
tion during SeV infection might not affect the cell viability.
During IAV infection, the cell viabilities of WT, LGP2−/−,
and TRBP−/− cells were 76.0 ± 2.5%, 80.9 ± 19.6% and
91.1 ± 19.2%, respectively (Figure 4B, right panel), and
there were no significant differences. Thus, neither LGP2
nor TRBP affected cell viability during IAV infection.

Caspases are crucial mediators of apoptotic cell death.
To examine whether LGP2 enhances cell death through
the activation of caspases, we measured the cell viabili-
ties of SeV- or IAV-infected cells with or without the anti-
apoptotic agent pan-caspase inhibitor, z-VAD-FMK (Fig-
ure 4C and D). The cell viability of WT cells on the first
day following SeV infection was 23.7 ± 5.5%, but was in-
creased to 43.1 ± 10.7% by the addition of z-VAD-FMK
(Figure 4C, gray bars), suggesting that the cell death was
induced through caspase activation. By contrast, the cell vi-
ability of SeV-infected LGP2−/− cells showed no significant
difference with (38.6 ± 12.2%) or without (35.5 ± 8.9%) z-
VAD-FMK (Figure 4C, blue bars). Furthermore, z-VAD-
FMK had no significant effect during IAV infection in WT
or LGP2−/− cells (Figure 4D). These results suggest that
LGP2 enhances cell death through the activation of various
caspases during SeV infection.

LGP2-TRBP interaction represses the expression of miR-
106b and upregulates the expression of caspases-2, -8, -3 and
-7

To examine whether LGP2 enhances apoptotic cell death
through caspase activation via interaction with TRBP, we
retrieved the target sequences of TRBP-bound miRNAs
from caspase genes. Usually, a miRNA target sequence is
known to have complementarity to its seed region, which
is situated at positions 2–8 or 2–7 from the 5′ end of the
miRNA (41). As shown in Figure 2D–F, LGP2 repressed
both the maturation of miR-106b and its RNA silenc-
ing activity during SeV infection. We then searched for
its target sequences in the 3′UTRs of both initiator cas-
pases (caspases-2, -8, -9 and -10) and executioner caspases
(caspases-3, -6 and -7), and found multiple candidate sites
(Supplementary Figure S4). To examine whether miR-106b
represses these caspases, the expression levels of each cas-
pase were measured in mock-treated or SeV-infected WT
or LGP2−/− cells with or without miR-106b overexpression
(Figure 5A and B). qRT-PCR analysis showed that caspase-
2, -8, -3 and -7 mRNAs were upregulated in WT cells during
SeV infection (Figure 5A). If the upregulation of caspases-
2, -8, -3 and -7 in WT cells is caused by the decreased miR-
106b activity during SeV infection, it is expected that miR-
106b overexpression would downregulate their mRNA lev-
els in WT cells. The results showed that miR-106b overex-
pression downregulated the expression levels of caspases-2,
-8, -3 and -7 in WT cells, but not in LGP2−/− cells, during
SeV infection (Figure 5A), indicating that caspases-2, -8, -3

and -7 are direct or indirect targets of miR-106b. By con-
trast, the mRNA levels of caspases-9, -10, and -6, were not
upregulated in WT cells, and accordingly miR-106b over-
expression had no significant effect on their expression in
either WT or LGP2−/− cells (Figure 5B), suggesting that
caspases-9, -10 and -6 are not the targets of miR-106b or
other regulatory miRNAs are needed to exert a full effect
on these UTRs.

Caspase-2 and -8 are initiator caspases whose activation
are important for initiation of apoptosis, and these activa-
tions induce cleavage of downstream executioner caspases.
To examine whether caspases-2 or -8 are regulated by miR-
106b directly or indirectly, we constructed reporter plas-
mids encoding the Renilla luciferase CDS with the 3′UTR
of caspase-2 or -8 (Figure 5C). WT or mutated plasmids
(mt), in which three nucleotides in each predicted miR-
106b target site were deleted by site-directed mutagenesis
so as not to be recognized as miR-106b target sites, were
transfected with a plasmid encoding firefly luciferase (in-
ternal control) into WT cells with or without miR-106b
inhibitor (TuD-miR-106b). The cells were collected 1 day
after transfection and Renilla luciferase activities normal-
ized to that of firefly luciferase (Renilla luciferase/firefly lu-
ciferase) were determined. TuD-miR-106b enhanced rela-
tive luciferase activity of CASP-2-3′UTR-WT compared to
that of CASP-2-3′UTR-mt, in which the miR-106b target
site was mutated (Figure 5D), suggesting that miR-106b re-
presses caspase-2 directly through its miR-106b target sites
in 3′UTR. Furthermore, TuD-miR-106b showed no sig-
nificant effect on the expression of psiCHECK-CASP-8-
3′UTR-WT or psiCHECK-CASP-8-3′UTR-mt, although
miR-106b overexpression reduced caspase-8 mRNA lev-
els (Figure 5A). This may indicate that caspase-8 has non-
canonical target sites in its CDS. Alternatively, caspase-
8 may be indirectly regulated by miR-106. Furthermore,
we measured the mRNA levels of caspase-2 by qRT-PCR
in WT and LGP2−/− cells, respectively, at 0, 6, 10, 14,
18 and 24 h following SeV infection (Supplementary Fig-
ure S5). The results showed that mRNA level of caspase-
2 was upregulated at 6 h following SeV infection in both
WT and LGP2−/− cells, but that in WT cells were upregu-
lated strongly than that in LGP2−/− cells after 14 h. These
results demonstrated that caspase-2 transcript was upregu-
lated concurring with the reduction of miRNA-106b.

Finally, we examined whether LGP2 enhances cell death
by repressing miR-106b activity during SeV infection. The
cell viability of SeV-infected WT cells was 33.4 ± 3.1% on
the first day following infection, but was rescued to 46.1 ±
4.7% by miR-106b overexpression (Figure 5E, gray bars).
By contrast, the cell viability of SeV-infected LGP2−/−
cells showed no significant effect by miR-106b overex-
pression (48.3 ± 1.9% versus 48.6 ± 2.5%) (Figure 5E,
blue bars). Furthermore, the miR-106b inhibitor TuD-miR-
106b showed no significant effect on the cell viabilities of
the SeV-infected WT cells (34.5 ± 7.3% versus 33.1 ± 3.2%)
(Figure 5F, gray bars), but that of SeV-infected LGP2−/−
cells tended to be decreased by TuD-miR-106b (from 50.3
± 12.2% to 37.8 ± 3.94%) (Figure 5F, blue bars), suggest-
ing that LGP2 enhances cell death by repressing miR-106b
activity during SeV infection.
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Figure 5. LGP2 upregulates caspases-2, 8, -3 and -7 mediated by miR-106b. (A) Relative mRNA levels of caspases-2, -8, -3 and -7 in mock-treated or
SeV-infected WT or LGP2−/− cells with or without miR-106b overexpression quantified by qRT-PCR. The cells were collected at 14 h following viral
infection. P-values were as follows. For caspase-2, mock versus SeV in WT cells was 0.0015; without versus with miR-106b in WT and LGP2−/− cells were
0.014 and 0.59, respectively. For caspase-8, mock versus SeV in WT cells was 0.0045; without versus with miR-106b in WT and LGP2−/− cells were 0.005
and 0.52, respectively. For caspase-3, mock versus SeV in WT cells was 0.0000034; without versus with miR-106b in WT and LGP2−/− cells were 0.001
and 0.23, respectively. For caspase-7, mock versus SeV in WT cells was 0.00086; without versus with miR-106b in WT and LGP2−/− cells were 0.001 and
0.12, respectively. (B) Relative mRNA levels of caspases-9, -10 and -6 in mock-treated or SeV-infected WT or LGP2−/− cells with or without miR-106b
overexpression quantified by qRT-PCR. The cells were collected at 14 h following virus infection. P-values were as follows. For caspase-9, mock versus SeV
in WT cells was 0.35; without versus with miR-106b in WT and LGP2−/− cells were 0.80 and 0.061, respectively. For caspase-10, mock versus SeV in WT
cells was 0.22; without versus with miR-106b in WT and LGP2−/− cells were 0.44 and 0.83, respectively. For caspase-6, mock versus SeV in WT cells was
0.12; without versus with miR-106b; in WT and LGP2−/− cells were 0.080 and 0.086, respectively. (C) Schematic diagram of reporter plasmids encoding
Renilla luciferase with the 3′UTR of caspase-2 or -8. Predicted miR-106b target sites with complementarities with nucleotides 2–8 in the 3′UTR are shown
as blue boxes; and those with complementarities with nucleotides 2–7 are shown as white boxes. (D) Dual luciferase reporter assay of predicted miR-106b
target sites on the 3′UTR of caspase-2 or -8 in WT cells. The reporter plasmids encoding Renilla luciferase with the 3′UTR of caspase-2 or -8 and plasmid
encoding firefly luciferase (internal control) were co-transfected into WT cells, and the relative luciferase activity (Renilla luciferase/firefly luciferase) was
determined. The cells were collected 1 day after transfection. P-values for caspase-2 and caspase-8 were 0.026 and 0.55, respectively. (E) Cell viabilities
of SeV-infected WT or LGP2−/− cells with or without miR-106b overexpression. P-values for WT and LGP2−/− cells were 0.033 and 0.90, respectively.
(F) Cell viabilities of SeV-infected WT or LGP2−/− cells with or without miR-106b inhibitor (TuD-miR-106b). The cells were collected 1 day following
virus infection. P-value for WT cells was 0.71; that for LGP2−/− was 0.055, which was not statistically significant level but considered to be biologically
meaningful. The mean values and standard deviations of the results of three independent experiments were shown. P-values were determined by Student’s
t-test.



1504 Nucleic Acids Research, 2020, Vol. 48, No. 3

DISCUSSION

In this report, we revealed the biological implication of
modulation of RNA silencing by LGP2 induction during
viral infection (Figure 6). Infection with SeV, a negative-
sense single-stranded RNA virus recognized by RIG-I, in-
duced IFN production and abundant expression of LGP2
protein via positive-feedback regulation of IFN (Figure 1).
The highly upregulated LGP2 interacted with TRBP, and
TRBP competitively released its bound pre-miRNAs, such
as miR-106b, resulting in the reduction of mature miRNA
levels (Figure 2). Furthermore, gene expression profiling
analysis revealed that the possible target genes regulated by
LGP2 through the modulation of RNA silencing machin-
ery were apoptosis regulatory genes (Figure 3). LGP2 en-
hanced cell death during SeV infection through activation
of caspases (Figure 4), and the expression levels of caspases-
2, -8, -3 and -7 were downregulated through the increase of
miR-106b during SeV infection (Figure 5). Consistent with
our results, several previous reports have demonstrated the
anti-apoptotic function of miR-106b in lung cancer cells,
vascular endothelial cells, and glioma cells (42–44), and the
deletion of a miRNA cluster including miR-106b induced
lethality in mice (45). In these cancer cell lines, miR-106b
enhances cell proliferation and inhibits apoptosis by tar-
geting B-cell translocation gene 3 (BTG3) or phosphatase
and tensin homolog deleted from chromosome 10 (PTEN),
which functions as a tumor suppressor. Furthermore, in-
creased miR-106b levels and tumorigenesis are correlated
(42–44). However, the molecular mechanism by which miR-
106b regulates tumorigenesis was unclear. In this report,
we determined the functional machinery of miR-106b in
apoptotic cell death during viral infection and the regula-
tory mechanism of miR-106b expression levels. The regula-
tion of miR-106b by TRBP and its partner proteins may
have important functions not only in virus-infected cells,
but also in cancer cells, since it is reported that overexpres-
sion of TRBP induces tumorigenesis (46). It has been re-
ported that transfection of a synthetic analog of dsRNA,
polyinosinic:polycytidylic acid [poly(I:C)], induces LGP2
expression and induces cell death (47,48). Such cell death
is observed both in human gastric adenocarcinoma cells,
in which RIG-I and MDA5 are upregulated (47), and in
neuroblastoma cells, in which RIG-I and MDA5 are down-
regulated (48). Thus, these results support our conclusion
that LGP2 enhances apoptotic cell death by upregulating
apoptosis regulatory genes during viral infection, and our
findings may have revealed the molecular mechanism of en-
hancement of apoptosis by LGP2.

During viral infection, virus sensor proteins including
TLR3 or RLRs detect viral nucleic acids in the endosome
or the cytoplasm. Activation of the downstream signaling
cascade induces IFN production and inhibits viral repres-
sion. On the other hand, viral infection induces apoptosis
to exclude the virus-infected cells as a host defense system,
but the explicit mechanism is unclear. We identified a ma-
jor pathway for the induction of apoptosis in virus-infected
cells through the interaction between LGP2, an RLR, and
TRBP, an RNA silencing enhancer. In the previous reports,
RNA silencing and RLR signaling were considered to be
two independent pathways, although both pathways are

commonly induced by dsRNAs in the cytoplasm. For the
first time, we have demonstrated that these two pathways
are not independent and their crosstalk functions as an an-
tiviral defense system to induce apoptotic cell death during
viral infection in mammalian cells. Our results suggest that
IFN response is mainly regulated by RIG-I and MDA5, but
apoptosis is regulated by LGP2-TRBP interaction. Thus,
viral replication and cell death in virus-infected cells can be
distinguished by the type of RLR involved: RIG-I/MDA5
and LGP2, respectively. The interactive regulation among
RLR family proteins may reveal the selective mechanisms
of virus exclusion or apoptosis.

In the type-I IFN signaling pathway, LGP2 interacts
with RIG-I or MDA5 (38–40), and may regulate the ex-
pression of ISGs through IFN production. However, IFN
production showed no significant difference between WT
and LGP2−/− HeLa cells during SeV infection (Figure 1A).
Since the expression level of TRBP is known to differ in var-
ious types of tissues or cells in vivo (37,49), it may be impor-
tant factor in the regulation of IFN production. In cells with
low levels of TRBP expression, the upregulated LGP2 may
interact with RIG-I or MDA5 preferentially and function
to induce IFN production. By contrast, in cells with mod-
erate or high levels of TRBP expression, the upregulated
LGP2 may interact preferentially with TRBP to modulate
RNA silencing. Further investigations are needed to reveal
the function of LGP2/TRBP interaction for IFN produc-
tion during viral infection in vivo.

We showed that SeV infection repressed RNA silencing
activity directed by endogenous miR-106b in WT cells, but
not in LGP2−/− cells (Figure 2F, left panel). By contrast,
RNA silencing activity directed by endogenous miR-19b
showed no significant difference in either WT or LGP2−/−
cells (Figure 2F, right panel). Although there were no sta-
tistical significances, Figure 2F appears to show the simi-
lar trends in effects of miR-106b and miR-19b: (i) RNA
silencing activity was significantly decreased by miR-106b
and slightly by miR-19b during SeV infection in WT cells
and (ii) the slight reductions of RNA silencing activities
during SeV and IAV infections by miR-106b and miR-19b
in both WT and LGP2−/− cells. Seo et al. (50) reported
that AGO2 is poly-ADP-ribosylated during viral infection,
resulting in the decrease of RNAi activity. This suggests
that the slight reductions of RNA silencing activities during
both SeV and IAV infections may be the outcomes of AGO2
poly-ADP-ribosylation. However, SeV-mediated reduction
of RNA silencing activity was significantly observed by
miR-106 but not significantly and slightly by miR-19b in
WT cells. Such insignificant reduction by miR-19b may be
caused by a weakly predicted target sequence (a comple-
mentary sequence with nucleotides 2–7 from the 5′ end) of
another TRBP-bound miRNA, miR-605, in the 3′UTR of
the reporter Renilla luciferase gene induced by SeV infec-
tion. These results suggest that the cause of the decrease of
RNAi activity by AGO2 poly-ADP-ribosylation is indepen-
dent of that by LGP2-TRBP interaction.

We showed that caspase-2 is a direct target of miR-106b
(Figure 5). Although we could not clarify whether caspase-8
is a direct or indirect target gene of miR-106b, caspase-2 is
reported to be activated along with caspase-8 in response
to multiple triggers including DNA damage, heat shock,
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Figure 6. LGP2 virus sensor upregulates apoptosis regulatory genes and enhances apoptosis mediated by TRBP-bound miRNAs during viral infection.
During viral infection, viral nucleic acids are detected by virus sensor proteins. Activated virus sensor proteins transfer the signals to downstream molecules,
inducing IFN production. Secreted IFN induces the expression of ISGs and inhibits virus replication. LGP2 induced by secreted IFN interacts with the
RNA silencing enhancer TRBP and inhibits TRBP-bound miRNA maturation and its RNA silencing activity, resulting in the upregulation of apoptosis
regulatory genes and enhancement of apoptosis.

endoplasmic reticulum stress, and oxidative stress (51–55).
The initiator caspases, caspases-2 and -8, form a complex
with Fas-associated protein with death domain (FADD),
and this interaction induces the downstream activation of
executioner caspase-3, and finally induces apoptosis (51).
Thus, LGP2 may efficiently enhance apoptosis by regulat-
ing initiator caspase(s).

We identified 40 TRBP-bound miRNAs and 10 non-
TRBP-bound miRNAs by RNA sequencing of TRBP-
bound miRNAs in a previous report (15). We revealed that
caspase-2 is a direct target of miR-106b (Figure 5), how-
ever, caspase-2 was not upregulated during SeV infection
in microarray analysis (Supplementary Table S7). By con-
trast, caspase-9 was not a target of miR-106b (Figure 5),
but was upregulated in microarray analysis (Supplemen-
tary Table S7). The target prediction using TargetScan (56)
revealed that caspase-2 has the predicted target sites of
multiple TRBP-bound miRNAs (such as miR-10, miR-31,
miR-708, miR-378, miR-605, miR-766, miR-345 and miR-
324) and caspase-9 also has the predicted target sites of
the miRNAs (such as miR-140, miR-590, miR-10, miR-25,
miR-378, miR-708, miR-340, miR-766, miR-605, miR-126,
miR-582 and miR-345). These results may indicate that the
simultaneous regulation of multiple TRBP-bound miRNAs
creates a systematically-regulated gene expression network
in virus-infected cells, and caspases-2 and -9 can be regu-
lated simultaneously by multiple TRBP-bound miRNAs.

In summary, we found that LGP2 upregulates apopto-
sis regulatory genes mediated by the repression of TRBP-
bound miRNAs and enhances apoptosis during SeV infec-
tion. The crosstalk between RNA silencing and RLR sig-
naling functions as an antiviral defense system in mam-
malian cells.
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