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The RNA-splicing ligase RNA 29,39-cyclic phosphate and 59-OH ligase (RTCB) is a catalytic subunit of the tRNA-splicing ligase complex,
which plays an essential role in catalyzing tRNA splicing and modulating the unfolded protein response. However, the function of RTCB in
influenza A virus (IAV) replication has not yet been described. In this study, RTCB was revealed to be an IAV-suppressed host factor that
was significantly downregulated during influenza virus infection in several transformed cell lines, as well as in primary human type II
alveolar epithelial cells, and its knockout impaired the propagation of the IAV. Mechanistically, RTCB depletion led to a robust elevation in
the levels of type I and type III IFNs and proinflammatory cytokines in response to IAV infection, which was confirmed by RTCB
overexpression studies. Lastly, RTCB was found to compete with DDX21 for RNA helicase DDX1 binding, attenuating the DDX21-DDX1
association and thus suppressing the expression of IFN and downstream IFN-stimulated genes. Our study indicates that RTCB plays a
critical role in facilitating IAV replication and reveals that the RTCB-DDX1 binding interaction is an important innate immunomodulator
for the host to counteract viral infection. The Journal of Immunology, 2023, 211: 1020�1031.

Influenza A virus (IAV) is an important human respiratory
pathogen that circulates in multiple hosts and poses a recurrent
threat to human health worldwide (1, 2). IAV belongs to the

Orthomyxoviridae family and possesses eight segmented and single-
stranded genomic RNAs (3). During IAV infection, viral RNAs are
recognized and bound by host pattern recognition receptors such as
TLR7 and RIG-I (also known as DDX58), which in turn elicit type
I IFNs and proinflammatory responses to limit IAV infection (4, 5).
The initiated innate immune responses are crucial for the subsequent
viral clearance and the development of infection resistance. During
the infection process, the level of immunological response should be
strictly modulated to suppress infection and avoid potential immuno-
toxicity caused by cytokine storms (6, 7). Given that a balanced and
moderate activation of the innate immune response is critical for
host protective defense, an in-depth understanding of the fundamen-
tal mechanisms orchestrating innate immune responses during IAV
infection would greatly aid in the development of effective antiviral
approaches.
Type I IFN boost is considered the most important and powerful

innate immune response to restrict viral infection, which can be
modulated by either the host factors or the viral components (8, 9).
An array of pattern recognition receptors in the human host, such

as TLRs, retinoic acid�inducible gene I (RIG-I)-like helicases, and
nucleotide-binding domain and leucine-rich repeat-containing proteins,
are responsible for sensing pathogen-associated molecular patterns
including viral materials (10). Previously, the DDX1-DDX21-DHX36
complex has been shown to play a crucial role in sensing dsRNA and
activating the IFN responses (11, 12). Upon viral or dsRNA-like
polycytidine-polycytidylic acid [poly(IC)] stimulation, the RNA heli-
case DDX1 binds to poly(IC), whereas DDX21 and DHX36 bind
to the cytosolic Toll/IL-1R domain of the TRIF protein, leading to
the activation of downstream immune responses. A recently published
observation discovered that caspase-dependent cleavage of the DDX21
RNA helicase inhibited its association with DDX21 and DHX36,
thereby compromising host innate immunity (13). However, IAV
has evolved to evade the host’s innate immune response through
complicated mechanisms (14). For example, the NS1 protein of IAV
antagonizes host defense mechanisms by inhibiting the ubiquitin
ligase activity of TRIM25 and disrupting the formation of host
antiviral components called stress granules (15, 16). Interestingly,
our previous study revealed that influenza A M2 protein promoted
host innate immunity by antagonizing the autophagy pathway and
increasing mitochondrial antiviral signaling protein aggregation (17, 18).
Chen et al. (19) showed that DDX21-PB1 interaction led to a
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reduced polymerase assembly, which could be further reversed by
the DDX21-NS1 association. The DDX1-DDX21-DHX36 complex
appears to be particularly vulnerable to viral infection, and whether
this complex could be disrupted by any other factors is yet to be fully
elucidated.
RNA-splicing ligase (RNA 29,39-cyclic phosphate and 59-OH

ligase [RTCB], also termed HSPC1170) is involved in many cellular
life processes, including tRNA splicing (20, 21), RNA repair (22),
RNA recombination (23), and unfolded protein response in eukar-
yotes, bacteria, and archaea (24, 25). As an essential catalytic subu-
nit of the tRNA ligase complex, RTCB is incorporated with DDX1
and FAM98A to perform multiple RNA ligation pathways. More-
over, an RNA interference screen revealed that RTCB could pro-
mote human hepatitis d virus RNA accumulation in HEK293 cells
(26). In sindbis virus (SINV) infection, RTCB has been identified as
a viral RNA-binding protein, and its tRNA ligase complex positively
contributes to SINV replication (27). In one of our previous studies,
we identified RTCB as a protein component in the IAV viral ribonu-
cleoprotein (vRNP) complex, consistent with the reports from other
research groups (28, 29). Moreover, a recent study has revealed that
RTCB interacts with IAV NS1 protein and may play a role in host
defense and immune signaling pathways (30). These findings indicate
a potential role of RTCB in IAV infection; however, a more detailed
investigation is required.
In this study, we showed that RTCB expression in A549 cells

decreased after infection with various subtypes of the influenza virus,
which was reproduced in THP1, U251, and HEK293T cell lines and
primary human type II alveolar epithelial cells. Furthermore, IAV
replication was severely restricted by RTCB depletion. Mechanisti-
cally, depletion of RTCB favored the production of type I and type
III IFNs during IAV infection, whereas overexpression of RTCB
exhibited the opposite effect. In addition, RTCB appeared to compete
with DDX21 for RNA helicase DDX1 binding, resulting in attenu-
ated DDX21-DDX1 association, which suppressed the expression of
IFN and its downstream antiviral genes.

Materials and Methods
Cells and viruses

A549 cells were cultured in Ham’s F-12 medium (HyClone, Beijing, China).
HEK293T, U251, and MDCK cells were cultured in DMEM (HyClone).
THP-1 cells were cultured in RPMI 1640 basic medium (HyClone). All these
transformed cell lines were sourced from the American Type Culture Col-
lection (Manassas, VA). The primary human type II alveolar epithelial cells
were provided by Pricella (Wuhan, China) and were cultured in human type
II alveolar epithelial cells specific complete culture medium (Pricella). All
basic culture media were supplemented with 10% FBS (PAN-Biotech, Aiden-
bach, Germany) and 1% penicillin-streptomycin. All cells were cultured at
37◦C in 5% CO2. The IAV strain A/duck/Hubei/WH18/2015 (H5N6-JX)
(GenBank accession number KX652135, https://www.ncbi.nlm.nih.gov/
nuccore/KX652135.1) and strain A/Hunan/Hubei/3/2005 (H3N2-HB) were
isolated from duck and human, respectively. Influenza A/Puerto Rico/8/34
(H1N1-PR8) was conserved in our laboratory. H5N6-GFP recombinant virus
was constructed based on the wild-type (WT) H5N6-JX strain. Vesicular stoma-
titis virus (VSV)-GFP and Sendai virus (SeV) were kindly provided by the
Harbin Veterinary Research Institute (Harbin, China) and Prof. Z. Jiang (Peking
University, Beijing, China).

Virus manipulation

After reaching 80% confluence, the cells were washed with PBS twice, followed
by incubation with the diluted viruses for 1 h at 37◦C in 5% CO2. The viral
diluent was removed and replaced with a medium containing 1% penicillin-
streptomycin without FBS. The influenza viruses were manipulated in a bio-
safety level 3 laboratory administered by Huazhong Agricultural University.
All experimental procedures were approved by the Institutional Biosafety
Committee of Huazhong Agricultural University.

Plasmids and RNA compounds

The RNA of A549 cells was extracted and reverse transcribed into cDNA,
which was subsequently used for RTCB, DDX1, DDX21, and DHX36 ampli-
fication. The RTCB and DHX36 genes was inserted into the eukaryotic expres-
sion vector pcDNA3.1-Myc, and the final recombinant vector was referred to
as Myc-RTCB and Myc-DHX36. The DDX1 and DDX21 genes were cloned
into the pCGGS-HA and pCMV-3xFlag plasmids and designated as HA-
DDX1 and DDX21-Flag, respectively. Poly(IC) was commercially sourced
from Sigma-Aldrich (St. Louis, MO; catalog number [Cat no.] 42424-50-0).
Small interfering RNAs (siRNAs) targeting RTCB and DDX1 were pur-
chased from Tsingke (Beijing, China). Knockdown efficiency was determined
via Western blotting and quantitative PCR (qPCR).

Abs

The Abs used in this study were anti-RTCB rabbit polyclonal Ab (Cat no.
19809-1-AP; Proteintech), anti-DDX1 rabbit polyclonal Ab (Cat no. 11357-1-
AP; Proteintech), anti-DDX21 rabbit polyclonal Ab (Cat no. 10528-1-AP; Pro-
teintech), anti-DHX36 rabbit polyclonal Ab (Cat no. 13159-1-AP; Proteintech),
anti-Flag mouse mAb (Cat no. F1804; Sigma), anti-HA rabbit polyclonal Ab
(Cat no. 51064-2-AP; Proteintech), anti-GAPDH mouse mAb (Cat no.
60004-1-Ig; Proteintech), as well as Alexa Fluor 488�conjugated AffiniPure
goat anti-mouse (Cat no. GM200G-02C; Sungene Biotech, Tianjin, China)
and Alexa Fluor 594�conjugated AffiniPure goat anti-rabbit (Cat no. GR200G-
43C; Sungene Biotech) secondary Abs.

Generation of the RTCB knockout cells

RTCB knockout (KO; RTCBKO) A549, THP1, and U251 cells were generated
by using the CRISPR/Cas9 system as described previously (31). Two single
guide RNAs (sgRNAs) targeting the human RTCB gene (sgRTCB, RTCBKO)
and a control sgRNA targeting the luciferase gene (sgLuc, RTCBWT) were
cloned into the lentiCRISPR v2 vector, which was used for cotransfection
with psPAX2 and pMD2G to produce recombinant lentiviruses. The A549,
THP1, and U251 Cas9-expressing cells were transduced with the sgRTCB
or sgLuc lentiviruses. At 48 h postinfection (hpi), the cells were subjected to
puromycin selection (2.5 mg/ml) to obtain pooled RTCBKO or control clones.

Generation of the stable RTCB-overexpressing cell lines

Myc-tagged RTCB was cloned into the pCDH-CMV vector, which was used
for cotransfection with psPAX2 and pMD2G to produce a recombinant lentivi-
rus. The A549, THP1, and U251 cells were transduced with the Myc-RTCB
lentiviruses. At 48 hpi, the cells were subjected to puromycin selection
(2.5 mg/ml) to obtain pooled RTCB-expressing clones.

Viral plaque assay

MDCK cells (1.0 × 106/ml) were inoculated in six-well plates. When the
cells covered 100% of the well, they were infected with 10-fold-diluted cell
supernatants as described earlier for 1 h. After aspirating the diluted virus, the
cells were cultured in 3 ml 2× MEM containing 2% agar (Sigma-Aldrich, MO)
and 2 mg/ml tosylsulfonyl phenylalanyl chloromethyl ketone (Sigma-Aldrich)
at 37◦C in 5% CO2 for 48�72 h. Finally, the plaque numbers were obtained
through counting after crystal violet staining (Sigma-Aldrich).

Quantitative RT-PCR assay

Total cellular RNA was extracted from cells using the TRIzol reagent (Invitro-
gen) according to the manufacturer’s instructions. The RNA was treated with
DNase before being used to generate cDNA with reverse transcriptase (AMV
XL; TaKaRa, Tokyo, Japan). The cDNA was then used as the template in an
SYBR Green-based RT-PCR, which was performed on the ABI QuantStudio
6 PCR system (Applied Biosystems). The sequences of all primers and
siRNAs used in this study are available from the corresponding author
upon request.

Fluorescence and indirect immunofluorescence imaging

For fluorescence imaging, RTCBWT and two sgRNA-directed RTCBKO A549
cells were infected with H5N6-GFP (multiplicity of infection [MOI] 5 0.01)
or VSV-GFP (MOI 5 0.01) viruses. At 24 hpi, the cells were fixed with 4%
paraformaldehyde and then were permeabilized with 0.3% (v/v) Triton X-100
prepared in PBS, followed by nucleus staining with Hoechst (blue). Fluores-
cence images (GFP and Hoechst) were taken by immunofluorescence micros-
copy (EVOS FL Auto; ThermoFisher). For indirect immunofluorescence
imaging, HeLa cells were grown on coverslips and transfected with HA-DDX1
and/or Myc-RTCB. Then the transfected cells were washed twice with PBS
and fixed with 4% paraformaldehyde for 15 min, permeabilized using 0.2%
(v/v) Triton X-100 for 15 min, and blocked with 1% (v/w) BSA for 30 min.
Coverslips were incubated with primary Abs for 2 h and then with the
appropriate Alexa Fluor�conjugated secondary Ab for 1 h before the nuclei
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were stained with DAPI (Cat no. C1002; Beyotime, Jiangsu, China) for 15 min
at room temperature. The stained samples were observed using a confocal
microscope (LSM 880; Zeiss, Oberkochen, Germany). All experiments were
repeated at least three times, and a representative result was shown.

Western blotting

Cells were lysed in Western and IP Cell lysis buffer (Beyotime, Shanghai,
China) after two PBS washes. Proteins were quantified by standardization.
Each protein sample was separated using 10�12% SDS-PAGE and transferred
onto a polyvinylidene difluoride membrane. Subsequently, the membrane was
immersed in 5% milk for 1 h at ambient temperatures and incubated with pri-
mary and secondary Abs successively. Finally, images were captured using an
ECL detection system (Tannon, Beijing, China). The integrated OD (IOD) of
RTCB and GAPDH blots was determined using Image-Pro Plus software
(Media Cybernetics, Rockville, MD), and the relative IOD of RTCB was
calculated by IOD RTCB/IOD GAPDH. All the relative IOD values were
normalized to that of lane 1 and given below each blot. All experiments
were repeated at least three times, and a representative result was shown.

Immunoprecipitation assay

HEK293T cells were transfected with the indicated plasmids using Lipofectamine
2000 according to the manufacturer’s instructions. At 24 or 36 h posttransfection,
the cells were lysed in immunoprecipitation lysis buffer (Beyotime, Jiangsu,
China) with the addition of a protease inhibitor mixture (MCE) on ice. Sub-
sequently, a portion of the cell lysate was used in the immunoprecipitation
experiment by incubating it with anti-HA or anti-Flag magnetic beads at 4◦C
overnight while the remaining cell lysate was used as immunoprecipitation
input. The endogenous immunoprecipitation was conducted using anti-
DDX1, anti-DDX21, or anti-RTCB Abs with rabbit IgG Ab as a control.
The cell lysate and Ab mixtures were incubated at 4◦C overnight. On the next
day, pretreated protein A/G agarose (Santa Cruz) was added to the mixtures and
incubated at 4◦C for another 2 h with rotation. The immunoprecipitated proteins
and input cell lysates were analyzed by Western blotting as described earlier.

Luciferase reporter assay

HEK293T cells in 12-well plates were transfected with the internal control
pRL-TK (10 ng/well) and IFN-b-luc, IFN-sensitive responsive element (ISRE)-
luc, or NF-kB-luc (0.5 mg/well), along with siRTCB or an increasing amount
of Myc-RTCB. To stimulate these promoters’ luciferase activity, PR8 infection
was conducted at 24 h posttransfection. At 24 h posttransfection or 12 hpi, cells
were lysed in 200 ml of 1× passive lysis buffer (Promega). The luciferase
activity and Renilla activity were measured using a dual-luciferase assay kit
(Promega) according to the manufacturer’s instructions. Renilla luciferase
activity was used as an internal control to normalize transfection efficiency.

Determination of IFN concentration

Cell culture supernatants were centrifuged at 2300 × g for 5 min to eliminate
cell debris. ELISA kits (Multi Sciences, Zhejiang, China) for human IFN-a,
IFN-b, and IFN-l were used to determine the concentration of the corre-
sponding protein in cell culture supernatants. ELISA was performed accord-
ing to the manufacturer’s instructions.

Cell viability assay

Cell viability was assessed using a colorimetric-based cell counting kit-8 (CCK-8)
assay (Dojindo Molecular Technologies). In brief, HEK293T cells in 96-well
plates were transfected with siRTCB, siDDX1, or siNC, and cell viability
was measured at 24 h posttransfection. We added 10 ml of CCK-8 reagent to
each well of the plates, and cells were incubated at 37◦C for 4 h. The absor-
bance of the reaction product in each well was measured using a microplate
reader at 450 nm.

Statistical analysis

Data are expressed as the means ± SD of at least three independent experi-
ments. Statistical analysis was performed by determining p values using the
unpaired two-tailed Student t test or ANOVA (*p < 0.05, **p < 0.01,
***p < 0.001).

Results
RTCB expression is downregulated during IAV infection

RTCB has been shown to coimmunoprecipitate with IAV components
in several studies, including ours (28�30). In addition, RNA sequencing
data indicate that IAV infection leads to decreased RTCB expression in
A549 cells (32). These results strongly suggest a potential role for

RTCB in IAV infection. To determine whether RTCB downregulation
is a consequence of IAV infection, we infected A549 cells with the
H1N1-PR8 strain at an MOI of 0.5. At 12, 24, and 36 hpi, cells were
harvested for reverse transcription-qPCR (RT-qPCR and Western blot
assays. The results showed that both the mRNA and the protein levels
of RTCB in PR8-infected cells were markedly reduced at all three time
points (Fig. 1A�C). Accordingly, two additional IAV strains, H5 sub-
type (H5N6-JX) and H3 subtype (H3N2-HB), were evaluated to deter-
mine the potential regulation of RTCB expression. Similarly, we found
that both H5N6-JX and H3N2-HB infections resulted in decreased
mRNA abundance and protein yield of RTCB at 12, 24, and 36 hpi
(Fig. 1D�I). Next, A549 cells were infected with PR8 at an MOI of
0.01, 0.1, and 1 for 24 hpi, and we assessed the mRNA and protein
expression levels of RTCB. The results showed that RTCB mRNA
and protein expression was downregulated in A549 cells during IAV
infection in a dose-dependent manner (Fig. 1J�L).
We further determined whether virus-induced RTCB downregulation

could be applied to other transformed cell types and human primary
cells. Subsequently, we selected the THP1, U251, and HEK293T cell
lines for evaluation because these three cell lines were susceptible
to influenza infection, according to our pilot experiments (data not
shown). THP1, U251, and HEK293T cells were infected with PR8
at MOI of 0.01, 0.1, and 1 for 24 hpi, followed by RTCB mRNA
and protein measurements. This demonstrated that an increased
PR8 viral challenge caused a gradient decrease in cellular RTCB
expression in these three cell lines, as observed in A549 cells
(Supplemental Fig. 1A�I). Importantly, we infected primary human
type II alveolar epithelial cells with PR8 at an MOI of 0.1 for 24 hpi.
Both RTCB mRNA and protein levels significantly decreased during
IAV infection (Fig. 1M, 1N).
To determine the exact viral segment responsible for RTCB down-

regulation, we individually introduced eight viral proteins into A549
cells before assessing RTCB expression. Notably, no single PR8 gene
segment was able to suppress RTCB expression, as seen during viral
infection (Supplemental Fig. 1J, 1K), suggesting the involvement of a
more complicated regulatory mechanism. To further examine whether
the downregulation of RTCB was specific to IAV infection, we mea-
sured the expression level of RTCB in A549 cells treated with two
other RNA viruses: VSV and SeV. We observed that RTCB mRNA
and protein expression was markedly suppressed during VSV infection
(Supplemental Fig. 1L�N). However, RTCB expression remained unaf-
fected during SeV infection (Supplemental Fig. 1O�Q). Collectively,
these data suggest that expression of the host factor RTCB can be
disrupted and suppressed by influenza and other RNA viral infec-
tions, indicating a role for RTCB in infection events.

RTCB facilitates the propagation of IAV

To determine whether RTCB plays a role in IAV replication, we used
CRISPR/Cas9 genome editing technology to explore whether RTCB
loss affects influenza virus proliferation in A549, THP1, and U251
cell lines (31). Two sgRNAs targeting two different exons of the
RTCB gene independently were designed, and both sgRNAs exhibited
good performance in effectively diminishing RTCB protein expression
compared with the sgRNA targeting the luciferase gene in A549 cells
(Supplemental Fig. 2A). RTCBKO did not affect the viability of A549
cells (Supplemental Fig. 2B), confirming that the observed discrepancy
in viral proliferation was not a result of defects in cell viability caused
by the loss of RTCB. Next, we examined the influence of RTCB
on IAV replication by determining the propagation kinetics of the
PR8 virus in RTCBKO and RTCBWT A549 cells. The viral titer of
the two RTCBKO lines was significantly lower than that of the WT
cells at specific time points, consistent with the reduction in viral
nucleoproteins (Fig. 2A, 2B). H5N6-JX and H3N2-HB were used
to evaluate whether RTCB depletion exerted broad-spectrum antiviral
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activity against various subtypes of influenza viruses. As expected,
RTCB-deficient A549 cells showed impaired H5N6-HB and H3N2-JX
viral production, as measured using viral titers in the culture super-
natants and viral nucleoprotein levels in the cell pellet (Fig. 2C�F).
We also reduced the expression of RTCB in THP1, U251, and 293T
cells using CRISPR genome editing or siRNA transfection to moni-
tor the growth of the PR8 virus in these cells. This showed that the
replication of PR8 was extensively hampered in RTCB-deficient cells
(Fig. 2G�I). In parallel, we constructed a stable RTCB-overexpressing
A549 cell line to perform the same assays (Supplemental Fig. 2C).
As expected, the ectopic expression of RTCB favored the replication
of PR8, as determined by the viral load and NP protein levels
(Fig. 2J, 2K). This observation was reproduced in THP1, U351, and
293T cells (Supplemental Fig. 2D�F). Moreover, we infected RTCBKO

and RTCBWT A549 cells with recombinant H5N6 or VSV-expressing
GFP to evaluate the proviral effect of RTCB. RTCBKO signifi-
cantly reduced the GFP signal of both viruses compared with that
in RTCBWT A549 cells (Supplemental Fig. 2G, 2H). These results
suggested that RTCB contributes to the proliferation of various sub-
types of influenza viruses and other RNA viruses in A549 cells.

RTCBKO enhances IAV- or poly(IC)-triggered expression of IFNs

Because of the essential role of the RTCB in IAV replication, we
explored the underlying mechanism. RTCB was initially identified
through vRNP-associated coprecipitation; however, its involvement
in the regulation of viral RNA synthesis remains unclear. Thus, a
mini-replicon assay was used to evaluate the effect of RTCB on the
polymerase activity of the PR8 H1N1 virus. RTCB overexpression

had no obvious effect on polymerase activity (Supplemental
Fig. 3A, 3B). Interestingly, previous studies have reported that
RTCB is associated with DDX1, which has been shown to be an
RNA sensor capable of activating innate immune responses (11).
This prompted us to hypothesize that RTCB plays a role in anti-
viral immune response. To assess this, RTCBKO and RTCBWT

A549 cells were infected with or without the PR8 virus for 12 and
24 h, followed by detecting the mRNA and protein levels of type I
and III IFNs, including IFN-a, IFN-b, and IFN-l. In uninfected
A549 cells, RTCB depletion caused minimal changes in the mRNA
and protein levels of these IFNs (Fig. 3A�C). However, upon viral
stimulation, these antiviral cytokines sharply increased in level, and
the loss of RTCB further elicited a favorable elevation in the levels
of these IFNs compared with those in the control cells (Fig. 3A�C).
Furthermore, we determined the expression levels of some IFN-?
A3B2 tlsb -0.02w?>stimulated genes (ISGs), including IFIT2,
ISG15, ISG56, IL-6, IL-8, and TNF-a, which were significantly
higher in RTCBKO A549 cells than in control cells upon viral infec-
tion (Fig. 3D). Furthermore, we performed the same experiments in
RTCBKO U251 and THP1 cells and found that the loss of RTCB
clearly enhanced the cellular immune response during PR8 infection,
similar to the measurement in RTCBKO A549 cells (Fig. 3E�H,
Supplemental Fig. 3C�F). In the context of SeV infection, loss of
RTCB also enhanced the expression of IFN-a in A549 cells
(Supplemental Fig. 3G).
Poly(IC) is a synthetic analog of dsRNA that can trigger innate

immune responses mediated by cytoplasmic pattern recognition
receptors, including RIG-I, TLR3, MDA5, and DDX1 (11, 33). To

InfectionNo infection

*** *** ***

R
TC

B
 m

R
N

A

A B C

0
20
40
60
80

100
H1N1-PR8 H1N1-PR8

N
P

 m
R

N
A

12 24 36 hpi 12 24 36 hpi
UD UD UD 0.0

0.5

1.0

1.5

NP
- + - + - +

RTCB

GAPDH

12 24 36 hpi
H1N1-PR8

1 0.63 0.80 0.59 1.16 0.58

1 0.57 1.09 0.73 1.07 0.54

0

1

2

3

R
TC

B
 m

R
N

A

12 24 36 hpi

NP
RTCB

GAPDH

- + - + - +
12 24 36 hpi

D E F

0

10

20

30
H5N6-JX H5N6-JX

N
P

 m
R

N
A

12 24 36 hpi
UD UD UD

H5N6-JX

1 0.60 1.2 0.75 1.19 0.82

*** *** ***

NP

RTCB

GAPDH

J K L
H1N1-PR8

H1N1-PR8

N
P

m
R

N
A

UD0

2

4

6

0 0.01 0.1 1 MOI

0.010 0.1 1 MOI

1 0.88 0.54 0.27R
TC

B
m

R
N

A

H1N1-PR8

0.0

0.5

1.0

1.5

0 0.01 0.1 1 MOI

***

***

R
TC

B
m

R
N

A

0

1

2

12 24 36 hpi

G

M N

H I

0

10

20

30

40 H3N2-HB H3N2-HB

N
P

m
R

N
A

12 24 36 hpi
UD UD UD

** *** ***

NP

RTCB

GAPDH

No i
nfe

cti
on

H1N
1-P

R8

NP
RTCB

GAPDH

- + - + - +
12 24 36 hpi

H3N2-HB

1 0.62 0

200

400

600

800

1000

0.0

0.5

1.0

1.5

N
P

m
R

N
A

R
TC

B
m

R
N

A

- +- +H1N1-PR8

UD

***

FIGURE 1. Cellular RTCB was downregulated in response to IAV infection. (A�I) A549 cells were infected with or without H1N1-PR8, H3N2-HB, or H5N6-JX virus
at an MOI of 0.5. At 12, 24, and 36 hpi, the relative mRNA levels of RTCB and viral nucleoprotein were measured using qPCR, and the protein level was evaluated using
Western blotting. (J�L) A549 cells were infected with the PR8 virus at the indicated doses for 24 h. The mRNA and protein levels of RTCB and viral nucleoproteins were
detected using qPCR and Western blotting, respectively. (M and N) Primary human type II alveolar epithelial cells were infected with the PR8 virus (MOI5 0.1) for 24 h,
the relative mRNA levels of RTCB and viral nucleoprotein were measured using qPCR, and the protein level was evaluated usingWestern blotting. GAPDHwas used as the
loading control for protein and mRNA expression normalization. In eachWestern blot assay, the blots originated either from the same membrane or from reloading the same
quantity of lysates in the same experiments. Data were collected from three or six independent experiments as indicated and presented as the mean ± SD. Statistical signifi-
cance was determined using the two-tailed Student t test (N), one-way ANOVA (K), and two-way ANOVA (B, E, and H). **p< 0.01, ***p< 0.001. UD, undetermined.

The Journal of Immunology 1023



elucidate the action of RTCB after poly(IC)-triggered immune stim-
ulation, we transfected the RTCBWT or RTCBKO A549 cells with
0.1 mM poly(IC) for 6 h, followed by the measurement of the levels
of type I and III IFNs. We observed that poly(IC) induced a robust
increase in IFN-a, IFN-b, and IFN-l mRNA levels (Supplemental
Fig. 3H). However, in the absence of RTCB, IFN-a, IFN-b, and
IFN-l reached notably higher levels than those observed in RTCBWT

cells (Supplemental Fig. 3H). Overall, our data suggest that endoge-
nous RTCB negatively regulates IAV- and poly(IC)-triggered IFN
expression, which is likely a mechanism harnessed by the host to
defend against IAV infection (8).

RTCB suppresses IAV- or poly(IC)-triggered IFN expression

After revealing the important role of RTCB in IAV infection using
loss-of-function assays, we aimed to confirm whether RTCB overex-
pression exerts the opposite effect on innate immune responses upon
IAV stimulation. Therefore, we infected stably RTCB-overexpressing
and WT A549 cells with PR8 for 12 and 24 h followed by IFN and
cytokine detection. RTCB efficiently suppressed virus-induced IFN-a,
IFN-b, and IFN-l mRNA expression in A549 cells (Fig. 4A�C), and

these findings were further corroborated by the detection of the
protein levels of IFN-a, IFN-b, and IFN-l in the supernatant
(Fig. 4A�C). Concomitantly, the mRNA expression of a panel of
ISGs that include IFIT2, ISG15, ISG56, IL-6, IL-8, and TNF-a
also markedly declined with RTCB overexpression (Fig. 4D). These
results were validated using U251 and THP1 cells stably overexpressing
RTCB (Fig. 4E�H, Supplemental Fig. 4A�D). Similar results were
observed in stably RTCB-overexpressing A549 cells transfected with
poly(IC) (Supplemental Fig. 4E). Collectively, these data suggest that
RTCB suppresses IAV- and poly(IC)-triggered immune responses.

RTCB inhibits the IAV-induced activation of IFN-b, ISRE, and NF-jB
promoter activity

To further explore the role of RTCB in IAV-induced innate immune
signaling pathways, we investigated the effect of RTCB on IAV-induced
activation of the IFN-b promoter. HEK293T cells were cotransfected
with IFN-b-Luc, pRL-TK, Myc-RTCB, or RTCB siRNAs. At 24 hpi,
the cells were stimulated with PR8 for another 12 h, followed by a
luciferase activity assay. The results showed that RTCB overexpression
significantly reduced the IFN-b promoter activity in a dose-dependent
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manner (Fig. 5A), whereas RTCB silencing enhanced the IFN-b pro-
moter activity (Fig. 5D). It is thought that the expression of IFN-b is
mainly regulated by the NF-kB and IFN regulatory factor (IRF) IRF3
(34, 35). To examine the effect of RTCB on IAV-induced activation
of NF-kB and IRF3, we transfected the luciferase-expressing vector
driven by either NF-kB or ISRE promoters in RTCB-overexpressing
and RTCB-silenced HEK293T cells, followed by 12 h of PR8 stim-
ulation. The results indicated that the promoter activity of NF-kB
and ISRE declined with the increase of the RTCB expression level
(Fig. 5B, 5C). Conversely, RTCB knockdown enhanced the luciferase

activity of NF-kB and ISRE (Fig. 5E, 5F). Based on these
observations, we investigated whether RTCB influences the
protein levels of several key immune regulators upstream of
IFN and cytokines, including MAVS, TBK1, IRF3, P65, and
the phosphorylated versions of TBK1 (p-TBK1), IRF3 (p-IRF3),
and P65 (p-P65). Therefore, we infected RTCBKO and RTCBWT

A549 cells with PR8 at the indicated time points, and the protein
levels of MAVS, TBK1, p-TBK1, IRF3, p-IRF3, P65, and p-P65
were determined using Western blotting. The data indicated
that the phosphorylation of TBK1, IRF3, and P65 significantly
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increased in RTCB-depleted cells compared with that in WT
A549 cells, indicating a more activated antiviral response
without RTCB (Fig. 5G). Collectively, these results suggest
that RTCB inhibits the activation of antiviral signaling cas-
cades induced by IAV infection.

RTCB affects IAV-induced IFN-b expression via interaction with DDX1

RTCB was reported to be associated with DDX1, which is a subunit
of the tRNA ligase complex. Simultaneously, DDX1 also acts as an
RNA sensor positively regulating the antiviral innate immunity of
the human host. Our data in this study demonstrated that RTCB
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negatively regulates IAV- or poly(IC)-induced IFN-b production. The
potential dual function of DDX1 led us to hypothesize that RTCB
may participate in the DDX1-mediated antiviral immune responses.
We first employed siRNAs to silence DDX1 expression in the A549

cells (Fig. 6A, 6B) without any obvious influence on the cell viability
(Fig. 6C). We further analyzed the effect of DDX1 knockdown on
IAV- and poly(IC)-induced IFN-b production. We found that both
poly(IC) and PR8 infection sharply elevated IFN-b expression, and
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this increase in IFN-b expression was severely impaired after DDX1
knockdown (Fig. 6D). To better understand the interplay between
RTCB and DDX1, we initially transfected the RTCBWT and RTCBKO

A549 cells with either the scrambled siRNA or the siDDX1 before
being infected with the PR8 virus. At 12 hpi, the mRNA level of
IFN-b was measured. As expected, we found that the depletion
of RTCB and DDX1 alone enhanced and attenuated the expression
of virus-induced IFN-b, respectively. More importantly, when DDX1
was knocked down in RTCBKO cells, the level of IFN-b in these
cells was comparable with that in RTCBWT cells (Fig. 6E), indicating
that RTCB has lost its ability to regulate IFN-b expression in the
absence of DDX1. In an IFN-b-luciferase assay, we showed that
DDX1 increased the IFN-b promoter activity, which was attenuated
by concurrent RTCB overexpression (Fig. 6F, 6G). Collectively, these
data suggest that RTCB plays an important role in DDX1-mediated
antiviral immune responses.

RTCB interacts with DDX1 and impedes its binding affinity to
DDX21

Previously, RTCB was reported to be associated with DDX1 and
to contribute to tRNA processing. Therefore, we hypothesized that
the RTCB-DDX1 complex may play a role in modulating immune
responses. To test this hypothesis, we analyzed the localization of
RTCB and DDX1 by transfecting Myc-RTCB and HA-DDX1 into
HeLa cells. As shown in Fig. 7A, RTCB colocalized with DDX1 in
the cytosol. We performed coimmunoprecipitation (co-IP) to study
the interactions between these two proteins. We demonstrated that
RTCB can be immunoprecipitated using an anti-DDX1 Ab (Fig. 7B,
left), and vice versa (Fig. 7B, right). A similar result was obtained

when HA-tagged DDX1 and Myc-tagged RTCB were introduced
into 293T cells for the co-IP assay (Fig. 7C). These results confirmed
that RTCB binds to DDX1 in cells. DDX1 interacts directly with
DDX21 in a complex of three dsRNA-sensing helicases (DDX1-
DDX21-DHX36) that activate type I IFNs and cytokine responses
(11, 12). Therefore, we speculated that the RTCB-DDX1 interac-
tion may impair the DDX1-DDX21-DHX36 complex association,
thereby suppressing type I IFNs and cytokine pathways. To test
this hypothesis, we performed co-IP experiments on RTCBWT and
RTCBKO A549 cells. Using DDX1 as bait, the amount of DDX21
immunoprecipitated by DDX1 was enhanced in RTCBKO cells (Fig. 7D),
which could be reproduced by co-IP with an anti-DDX21 Ab (Fig. 7E).
DHX36 could be immunoprecipitated by DDX21, but not by DDX1.
In the plasmid transfection model using HA-DDX1 as bait, the amount
of DDX21 immunoprecipitated with DDX1 gradually decreased with
increasing RTCB expression (Fig. 7F). Concomitantly, a reduced
amount of DDX1 that immunoprecipitated with DDX21 was observed
with increased RTCB expression (Fig. 7G). The association between
DHX36 and DDX21 was not disrupted by RTCB treatment (Fig. 7E, 7G).
Based on these results, we proposed a model in which RTCB directly
interacts with DDX1 and competitively inhibits the association of
the DDX1-DDX21-DHX36 complex, thereby attenuating downstream
signaling (Fig. 7H).

Discussion
In-depth functional and structural studies over a long period have
demonstrated that RIG-I�like helicases selectively recognize viral RNA
and trigger precise regulation of downstream signaling pathways (36).
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In particular, TRIM25-mediated RIG-I ubiquitination is critical for
mitochondrial antiviral signaling protein binding and induction of
antiviral signal transduction (37). In humans and other animals, the
cellular helicase DDX1 plays an important role in recognizing dsRNAs
and activating innate immune responses (11, 12, 38, 39). However,
the precise regulatory mechanisms underlying DDX1-mediated anti-
viral innate immunity remain elusive. In this study, we demonstrated
that RTCB negatively regulates DDX1-mediated anti-IAV innate

immune responses by attenuating the binding affinity of DDX1 to
DDX21, which facilitates the proliferation of the influenza virus.
In recent decades, mounting evidence from studies using various

technologies, including RNA interference (40, 41), co-IP coupled to
mass spectrometry (42), and CRISPR/Cas9 screening (43, 44) has
revealed several novel proviral or antiviral factors that regulate IAV
infection. These results are promising and provide valuable insights
into the global understanding of IAV infection. Previously, our group,

A B

C E

F G H

IP: Myc

HA-DDX1

GAPDH

HA

Myc

Myc

HA

Myc-RTCB
+ +

+-

Input

GAPDH

HA

Myc

Myc

HA

+
+
+

-HA-DDX1
Myc-RTCB

IP: HA

Input

HA-DDX1Myc-RTCB DAPI Merge

MAVS

TRIF

DHX36

DDX21
DDX1

DDX1
RTCB

RNA

IRF3 NK-κB

D RTCB
wt

RTCB
wt

RTCB
KO

DDX1

RTCB

GAPDH

DHX36

DDX21

DDX21

DDX1
DHX36

RTCB

IP: DDX1

Input

RTCB
wt

RTCB
wt

RTCB
KO

DDX1

RTCB

DHX36

DDX21

GAPDH

DDX21

DDX1

DHX36

RTCBIP: DDX21

Input

DDX1

RTCB

GAPDH

Input

IP:

DDX1

DDX1
RTCB

IgG

DDX1

RTCB

GAPDH

DDX1

RTCB

RTCBIgGIP:

Input

Flag-DDX21

HA-DDX1

Myc-DHX36

Myc-RTCB

GAPDH

Flag-DDX21

HA-DDX1

Myc-DHX36

Myc-RTCB

IP: Flag

Input

Myc-RTCB - -
HA-DDX1 - + + +

+ + + +DDX21-Flag

Flag-DDX21

HA-DDX1

Myc-DHX36

Myc-RTCB

GAPDH

Flag-DDX21

HA-DDX1

Myc-DHX36

Myc-RTCB

IP: HA

Input

Myc-RTCB -

-

-
HA-DDX1 + + ++

+ + +DDX21-Flag

FIGURE 7. Protein�protein interaction between DDX1 and DDX21 was impeded by RTCB. (A) HeLa cells were cotransfected with Myc-RTCB and HA-DDX1.
The localization of RTCB (green) and DDX1 (red) was assessed using confocal microscopy. DAPI was used to stain the nuclei (blue). (B) A549 cells from three
10-cm dishes were lysed with 500 ml IP lysis buffer, and immunoprecipitation was performed using anti-RTCB, anti-DDX1, or control IgG Abs. The pull-down
products were analyzed using Western blotting. (C) HEK293T cells were cotransfected with Myc-RTCB and HA-DDX1. The co-IP experiment was performed
using an anti-Myc or an anti-HA Ab, followed by Western blotting. (D and E) RTCBWT and RTCBKO A549 cells were cultured in 10-cm dishes and lysed with
500 ml IP lysis buffer, followed by immunoprecipitation assay with anti-DDX1, anti-DDX21, or control IgG; the pull-down products were analyzed using West-
ern blotting. (F and G) HEK293T cells were cotransfected with HA-DDX1, Flag-DDX21, Myc-DHX36, or an empty vector, as well as with increasing quantities
of Myc-RTCB for 24 h. The co-IP experiment was performed using an anti-HA or an anti-Flag Ab, followed by Western blotting. In each Western blot assay,
the blots originated either from the same membrane or from reloading the same quantity of lysates in the same experiments. (H) The proposed model of the
action of RTCB on the conformation of the DDX1-DDX21-DDX36 complex.

The Journal of Immunology 1029



in collaboration with others, identified the interaction between RTCB
and viral RNP components; however, its role in the IAV life cycle
has rarely been investigated (28, 30). In this study, we determined
that RTCB expression was significantly reduced in A549 cells
infected with H1N1, H3N2, and H5N6. This result was consistent
with the findings of a previous study by Zhang et al. (32) in H3N2-
infected A549 cells. Furthermore, a higher initial H1N1 virus chal-
lenge appeared to cause a greater decrease in RTCB expression in
A549, THP1, U251, and HEK293T cells, indicating that this phe-
nomenon may not be cell specific. Interestingly, we also discovered
that RTCB expression was altered in A549 cells in response to IAV
and VSV infections, but not to SeV infection, suggesting a special
regulatory mechanism of RTCB by the two types of virus. Moreover,
the downregulation of RTCB may be the result of the combined
action of the influenza virus, because the eight viral gene segments
were unable to decrease the level of RTCB expression individually.
Importantly, we demonstrated that the expression of RTCB was also
prominently decreased by influenza infection in primary human type
II alveolar epithelial cells. Collectively, these results strongly suggest
an important role for RTCB in influenza infection. However, the
mechanism by which RTCB expression is downregulated during
influenza infection remains unknown and requires further investigation.
Previous studies have shown that RTCB is involved in the life

cycle of several other viruses, including hepatitis d virus (26) and
SINV (27), but the biological significance of altered RTCB expres-
sion remains unclear. We have demonstrated that the viral titers, as
well as the viral protein yield, in the supernatants of PR8-infected
RTCBKO or silenced cells (A549, THP1, U251, and HEK293T)
were largely restricted, and this finding was validated using two
other influenza viruses (HB and JX). Conversely, RTCB overexpres-
sion facilitated IAV replication, as determined by the viral titer and
level of viral protein production. These results suggest a broad pro-
viral spectrum of RTCB activity against the influenza virus. The
activation of the innate immune response is an important strategy
for the host to combat IAV infection in the early stages. To escape
immune surveillance, the virus adopts immunomodulation strategies
to antagonize the host IFN response and maintain its proliferation
(45, 46). As a countermeasure, the expression of host factors is adjusted
to enhance innate immune responses and protect against IAV infection
(47). RTCB is a core component of the SF3b complex that participates
in mRNA splicing and associates with the U2 small nuclear ribonucleo-
protein (20), which is downregulated in response to IAV infection (32).
In recent years, RTCB has been shown to interact with the influenza
viral components NS1 and vRNP through several virus�host interac-
tome screens (28�30); however, the biological implications of this
molecular interplay during viral infection remain obscure. Initially,
we hypothesized that RTCB�virus interactions may affect viral poly-
merase activity. However, based on our observations, RTCB did not
affect viral polymerase activity, indicating a polymerase-independent
mechanism of its antiviral role. Interestingly, RTCBKO enhanced the
innate immune response in the context of IFNs or ISGs upon IAV
infection or poly(IC) induction. This is attributed to the activation
of immune pathways because we observed that the phosphorylation
of TBK1, IRF3, and P65 was significantly increased in RTCB deple-
tion cells in response to influenza virus infection, in accordance with
the results of the IFN-b, NF-kB, and ISRE promoter activity test.
We speculated that, besides its RNA splicing function, RTCB is
most likely harnessed by the host to actively modulate immune
response, which in turn helps to clear the viruses.
RTCB was previously determined to interact with DDX1, which

is an important immune regulator in RNA sensing that forms a complex
with DDX21 and DHX36 (11, 12, 20). In this study, we confirmed
that RTCB colocalizes and interacts with DDX1 in A549 cells, con-
sistent with previous findings (20). Furthermore, we showed that

DDX1 silencing impairs the innate immune response to IAV infec-
tion. Importantly, in the absence of DDX1, RTCBKO lost its ability to
promote an innate immune response. In addition, RTCB suppressed a
DDX1-induced increase in IFN-b luciferase activity. These results
indicate that RTCB-mediated immunosuppression is dependent on
DDX1 expression. As previously reported, DDX1-mediated immune
activation is largely attributable to the formation of the DDX1-
DDX21-DDX36 complex, the disruption of which compromises the
activation of downstream immune response signaling (13). DDX1
strongly pulled down both RTCB and DDX21 in the co-IP experi-
ments. Notably, the association of DDX1 with DDX21 was severely
impeded by an increase in RTCB expression, indicating dissociation
of the DDX1-DDX21-DDX36 complex. We inferred that RTCB
simultaneously participates in the formation of the tRNA ligase
complex and the DDX1-DDX21-DHX36 complex, both of which
direct two distinct biological processes. In the DExH/D-box helicases
family, there are several other nucleic acid receptors, such as DDX3,
DDX41, RIG-I, and DHX9 (48�50), among which RIG-I is critical
for eliminating invaded viruses including influenza virus (17, 51, 52).
These host factors have a synergistic effect on the regulation of viral
replication. In fact, we investigated whether RTCB is involved in
RIG-I�mediated immune responses. According to a co-IP experiment,
we did not detect an interaction between RTCB and RIG-I (data not
shown). This suggested that the modification of RTCB on immune
response was not directly dependent on RIG-I. It reported that DHX36
was shown to interact with RIG-I in human and mouse cells (53),
indicating a potential connection between the DDX1 and RIG-I
pathways. It is possible that the cross-talk between DDX1 and RIG-I
allowed a synergistic upregulation of IFNs by the release of RTCB
from the DDX1-DDX21-DHX36 complex and the ensuing immune
activation.
In summary, our results demonstrate that endogenous RTCB was

downregulated in response to IAV infection, indicating that RTCB
inhibition contributes to the restriction of IAV replication. We further
showed that RTCB negatively regulated IAV-induced antiviral innate
immune responses by impeding the binding of DDX1 to DDX21,
thereby suppressing the expression of IFN and proinflammatory cyto-
kines. Our study improves our understanding of RTCB as an immu-
nomodulator and broadens its application as a therapeutic target for
controlling viral infections.
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