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TRK-fused gene (TFG, tropomyosin-receptor kinase fused gene) is known to
negatively regulate the retinoic acid inducible gene (RIG)-I-like receptor (RLR)-
mediated interferon (IFN)-I pathway in human cells, thereby participating in the
paramyxovirus infection process. We showed that pigeon paramyxovirus type 1
(PPMV-1) infection significantly upregulates TFG expression in infected cells at
an early stage. We speculated that PPMV-1 would inhibit IFN activation by
upregulating a negative regulator of the IFN pathway. This hypothesis was
proved when TFG protein expression was knocked down by RNAi and the
replication level of PPMV-1 virus decreased, which indicated that TFG
upregulation in the early infection stage benefit virus replication. We next
used the IFN-B promoter reporter system to evaluate the role of the TFG in
the IFN pathway. The results showed that the TFG inhibited the IFN-p
expression stimulated by RIG-I, MAVS (mitochondrial antiviral signaling
protein) and TANK-binding kinase 1 (TBK1), but did not inhibit IFN-f
activated by the interferon regulatory transcription factor 3 (IRF3), indicating
that TFG may affect the function of TBK1, which play an important role in
phosphorylation of the IRF3. Further experiments showed that the TFG inhibited
the phosphorylation of TBK1, resulting in IRF3 being unable to be
phosphorylated. Subsequent experiments on IFN pathway activation
confirmed that the IRF3 phosphorylation level was significantly
downregulated after overexpression of TFG, while the IFN-B promoter
reporting experiment showed that TFG did not directly inhibit the IFN
response activated by IRF3. This confirmed that TFG protein negatively
regulates the IFN-B pathway by inhibiting TBK1 phosphorylation.
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Introduction

The Paramyxoviridae family contains single-stranded, negative-
sense enveloped RNA viruses that usually infect vertebrates
including mammals, reptiles, birds, and fish (Rima et al, 2019).
Almost all paramyxoviruses cause acute respiratory diseases and
several members are extremely contagious (Parks and Alexander-
Miller, 2013). Among them, Mumps virus, Measles virus,
Respiratory Syncytial virus, Parainfluenza virus, Nipah virus, and
Hendra virus cause human diseases (Zeltina et al., 2016; Thibault
et al, 2017). While Sendai and Canine Distemper viruses cause
respiratory manifestations in mice and canines, respectively (Faisca
and Desmecht, 2007; Sawatsky et al., 2018), avian Metapneumovirus
and avian Paramyxovirus (APMV) cause severe economic losses
worldwide in wild and domestic avian species (Ganar et al., 2014;
Gogoi et al, 2017). APMV serotype-1 (APMV-1), which is also
known as Newecastle disease virus, was renamed “avian
orthoavulavirus 1”7 in the latest update from the International
Committee on Taxonomy of Viruses." APMV-1 infections cause
strong inflammatory responses in their hosts. These responses are
triggered by viral replication in infected cells or tissues, leading to
excessive cell apoptosis, tissue damage, and significantly increased
cytokine/chemokine production (Hu et al,, 2012; Meng et al,, 2012;
Rajmani et al., 2015; Ginting et al., 2017; Zhao et al., 2019; Zhang
et al, 2023).

Pigeon paramyxovirus type 1 (PPMV-1), an antigenic variant
of APMV-1 that circulates in pigeons, can infect poultry and wild
birds (Kommers et al., 2001; Guo et al., 2014). The first report of
PPMV-1 was in the late 1970s in Middle Eastern countries
(Kaleta et al., 1985). PPMV-1 was first identified in 1985 in
Hong Kong (Liu et al, 2006). PPMV-1 is a most dangerous
pathogen for doves and pigeons in China (Guo et al., 2013; Wang
etal, 2017; He et al., 2020). The PPMV-1 currently circulating in
China belongs to genotype VI (Tian et al., 2020; Yu et al., 2022;
Zhan et al., 2022). The PPMV-1 SD19 strain used in the present
study was isolated in Shandong province from an outbreak in a
pigeon yard. Although most of the PPMV-1 isolates are non-
pathogenic to chickens, they can cause paralysis, torticollis,
diarrhea, and high morbidity, and even sudden death in
pigeons (Smietanka et al., 2014). New evidence indicates that
the pathogenicity of PPMV-1 may related to the age of a pigeon
(Xie et al., 2020). There is no commercial vaccine available for
Newcastle Disease (ND) prevention in pigeons in China. APMV-
1 genotype II vaccines for chickens, such as La Sota, have been
used to protect pigeons from ND. However, the protective
efficacy of these vaccines is not ideal (Liu et al., 2015).

The innate immune system, including interferon production
and natural killer cell activation, plays a critical role in the

antiviral response. Innate immune system activation requires

1 https://talk.ictvonline.org/taxonomy/p/taxonomy-history?taxnode_
id=201901591
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the recognition of pathogen-associated molecular patterns on
invading viruses by pattern-recognition receptors (PRRs) (Akira,
2009). The most important PRRs for RNA viruses are retinoic
acid inducible gene I (RIG-I) and melanoma differentiation-
associated protein 5 (MDAS5), both of which contain DExD/
H-box RNA helicase domains that can directly detect viral RNA
(Yoneyama et al., 2004). After identifying viral RNA, two caspase
recruitment domains (CARDs) at the N-terminal of RIG-I and
MDAS5 interact with the CARD domain of the mitochondrial
antiviral signaling protein (MAVS) to initiate downstream
signaling (Seth et al, 2005). The interaction between RIG-I/
MDAS5 and MAVS activates the TANK-binding kinase 1 (TBK1)
signal, leading to phosphorylation of TBK1 (Hou et al., 2011).
Phosphorylated TBK1
IRF3 phosphorylation, and the resulting phosphorylated

activates downstream
IRF3 protein-formed dimer is transferred to the cell nucleus
to initiate IFN transcription from where it activates downstream
antiviral immunity (Lee et al., 2009).

The TFG, a evolutionarily conserved secretion system
regulator protein, is wrapped around COPII (coat protein
complex II) vesicles in the form of polymers, which help the
vesicles budding from the endoplasmic reticulum effectively
from the endoplasmic reticulum and fusing with the Golgi
intermediate from the endoplasmic reticulum (Johnson et al.,
2015; Hanna et al., 2017; Peotter et al., 2019). In addition to its
role in intracellular transport, TFG in pancreatic [-cells
maintains the mass and function of f-cells, and its
dysfunction is  associated with  glucose intolerance
(Yamamotoya et al, 2017). In recent years, cumulative
evidence has shown that TFG is associated with the immune
response. Miranda et al. (2006) found that TFG is a NF-xB
(Nuclear factor-kB) activator and interacts with IKK-y (nuclear
factor kappa-B kinase subunit gamma) and TANK. Wynne et al.
(2014) reported that tripartite motif (TRIM) 68 can increase TFG
degradation and turn off TFG-mediated IFN-B production.
Interestingly, Lee et al. (2013a) found that TFG protein acts
as a negative regulator of the IFN pathway, and inhibits the IFN
response activated by RIG-I1. However, the molecular mechanism
by which TFG inhibits RIG-I-mediated IFN pathway activation is
still unclear. In the present study, after infecting host cells with
PPMV-1, the expression level of TFG was significantly
upregulated in the early stage of infection. Thus, we further
investigated the role of TFG protein in PPMV-1 virus replication
and the molecular mechanism underlying TFG protein
inhibition of the IFN pathway.

Materials and methods
Cells and viruses

The human cervical cancer cell line (HelLa) and chicken
embryo fibroblast monolayer cell line (DF-1) were purchased
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TABLE 1 Primers used for plasmids construction.

Primer (restriction
enzyme site)

Sequence (5'-3")

TFG-F (Xhol) CCGCTCGAGATGAACGGACAGTTG
GATCTAAGTG

TFG-R (BamHI) CGCGGATCCCGATAACCAGGTCCA
GGTTGG

NS1-F (Xhol) CGCTCGAGATGGACTCCAACACCA
TGTCAAGCTT

NSI1-R (NotI) GGTGGCGGCCGCTCATTTCTGCTCTGG
AGGTAGTGAA

from ATCC (Manassas, VA, United States). These cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco, Grand Island, NY, United States)
supplemented with 10% (v/v) fetal bovine serum (FBS)

Thermo,

(Gibco), 1% Penicillin-Streptomycin (x100, Macgene, Beijing,
China) and maintained in DMEM containing 2% FBS. The cells
were kept in a 5% CO, incubator at 37°C (Thermo Forma,
Hamilton, NJ, United States). The genotype VI PPMV-1
strain SD19 was isolated in Shandong Province from an
outbreak in a pigeon yard as previously reported (Tian et al.,
2020).

Reagents

Anti-TFG (HPA052206) and Flag (M2 F-1804) antibodies
were purchased from Sigma (St. Louis, MO). Antibodies against
B-actin (4970), TBK1 (3504), Phospho-TBKI1 (Ser172) (5483),
IRF-3 (4302), and Phospho-IRF3 (Ser396) (29047) were
purchased from Cell Signaling Technology. The antibody
against PPMV-1 nucleocapsid protein (NP) was prepared by
our laboratory. Poly (I:C) were purchased from Sigma-Aldrich
(St. Louis, MO).

Plasmids and transfection

Flag-tagged RIG-I, MDA-5, MAVS, TBK-1, IKK-¢ and
IRF3 were provided by C. Ding (Shanghai Veterinary
Research Institute, Chinese Academy of Agricultural Science,
Shanghai, China). TFG cDNAs were amplified by PCR using
cDNAs made from Hela cells as the template and then cloned
into Flag-N1 vector. The non-structural protein 1 (NSI)
fragment of influenza virus HIN1 was amplified by PCR
using cDNAs from HINI-infected Hela cells as the template
and then cloned into p3XFLAG-CMV-14 (Sigma) vector. All the
constructs were confirmed by DNA sequencing. A list of PCR
primer is provided in Table 1. For reporter assays, the IFN-f
promoter luciferase reporter (p-125Luc) and the IFN sequence
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response element (ISRE) luciferase reporters (pISRE-TA-luc)
were provided by C. Ding (Shanghai Veterinary Research
Institute, Chinese Academy of Agricultural Science, Shanghai,
China). Plasmids were transfected into Hela cells using
Lipo2000 transfection reagent (Thermo Fisher) according to
the manufacturer’s protocol.

Quantitative reverse-transcriptase PCR
(QRT-PCR)

Total RNA was isolated from virus-infected HeLa cells or
normal HeLa cells using the Total RNA Isolation Kit from
Foregene (Chengdu, China) according to the manufacturer’s
protocol. Total RNA (1 pg/sample) was reverse transcribed
into ¢cDNA using PrimeScript RT Master MIX (Takara
Biomedical Technology, Beijing, China). qRT-PCR was
performed using SYBR® Premix Ex Taq™ Kit (Takara). Each
reaction was performed in a 20 uL volume containing 8 pL of 2x
SYBR” Premix Ex Taq™, 1 L (10 ug) of each primer, and 10 uL
cDNA. The cycling parameters were 1 cycle at 95°C for 30s,
followed by 40 cycles at 95°C for 5s, and 60°C for 30s. One
additional cycle was added for the melting curve analysis with all
reactions to verify product specificity. The relative gene
expression levels were normalized to that of the human 18s
gene. The threshold cycle 272" method was used to determine
the fold change of gene expression levels. TFG was PCR-
amplified using the primer pair human-TFG-RT-F 5'-
GAACGGACAGTTG-3' and  human-TFG-RT-R  5'-
CCGATAACCA GGT-3'. TFG mRNA levels were normalized
to those of the human 18s gene, which involved PCR
amplification with the primer pair human-18S-RT-F 5'-CGG
CTACCACATCCAAGGAA-3' and human-18S-RT-R 5'-GCT
GGAATTACCGCGGCT-3'.

Western blotting

Whole-cell lysates were prepared in RIPA buffer (Beyotime
Biotechnology, Shanghai, China) for total protein extraction.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) loading buffer was added to 30 ug of each cell
lysate and the lysates were resolved by SDS-PAGE and then
transferred electrophoretically onto polyvinylidene fluoride
(PVDF) membranes. The membranes were blocked with 5%
skimmed milk powder in PBST buffer (PBS containing 0.5%
Tween 20) for 1h at 37°C and then incubated overnight at 4°C
with the corresponding primary antibodies diluted 1:1,000. The
membranes were washed three times with PBST buffer and
1h at temperature (RT) with
corresponding  horseradish  peroxidase (HRP)-conjugated
secondary antibodies diluted 1:10,000. HRP was detected with
Western Lightning Chemiluminescence Reagent (CWBIO,

incubated for room
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Beijing, China). The relative levels of the selected proteins to
actin expression were determined by densitometry using Image J
software version 1.8.0.

Indirect immunofluorescence assay

HeLa cells cultured in 6-well plates were infected with
PPMV-1 at a MOI of 0.1 and prepared for indirect
immunofluorescence analysis at 24 and 48 h post-infection
(hpi). Briefly, cells were collected at the stipulated times and
rinsed three times with phosphate-buffered saline (PBS), fixed
with 300 pL 4% paraformaldehyde (30 min, RT), and then
permeabilized with 300 uL 0.2% Triton X-100 (Sigma) in PBS
per well for 10 min. Cells were rinsed three times with PBS and
blocked with 200 uL skimmed milk (30 min, RT), and then
incubated with 200 uL primary antibody diluted 1:1,000 in
skimmed milk (1h, 37°C). After three PBS washes, the cells
were incubated with anti-FITC or anti-TRITC secondary
antibodies (Beyotime) (30 min, RT). Cells were rinsed three
times with PBS and then counterstained with DAPI (4,6-
diamidino-2-phenylindole) diluted 1:1,000 (Sigma-Aldrich, St.
Louis, MO, United States) to detect the nuclei. Images were
captured with the ImageXpress Micro Confocal High-Content
Imaging System (Molecular Devices) and processed with Adobe
Photoshop CS5 software.

siRNA treatment and virus infection

siRNA TFG #1 (5'-GUCAGAUUGAA GGUCAGAUTT-3')
and TFG #2 (5'-AUCUGACCUUCAAUCUGACTT-3') were
designed to knockdown TFG expression in HeLa cells. For
transfection with the siRNA against TFG, HeLa cells were
transfected with 4puL siRNA using 8 uL Lipofectamine”
RNAIMAX (Thermo Fisher) in Opti-MEM medium following
the manufacturer’s instructions. The knockdown efficiency was
measured by detecting endogenous protein expression by
Western blot analysis. To study the effect of TFG on the
replication of PPMV-1, strain SD19 (MOI = 0.1) was used to
infect TFG-siRNA- or Mock-siRNA-treated HeLa cells at 24 h
post transfection. Viral NP protein was detected at 12, 24, 36 and
48 hpi.

Dual luciferase assay

Hela cells were seeded into 24-well plates 12-16 h before
transfection. When the cell density reached ~60%-70%, 0.3 ug of
the TFG expression plasmid or its corresponding empty vector
was transfected, and each well was transfected with the 0.3 ug of
designated IFN pathway stimulation protein, 100 ng ISRE
reporter plasmid, and 20ng sea renal luciferase reporter
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plasmid (pTK), with pTK as the internal reference. The
supernatant was discarded after 24 h, the cells were washed
with PBS twice, and 100 uL of the diluted cell lysates were
added to each well, followed by plate shaking (15 min, RT).
Lysate from each well (30 puL) was analyzed with a dual luciferase
assay kit (Promega, Madison, WI, United States) to determine
the
instructions. A unit of relative luciferase activity was defined

the luciferase activity according to manufacturer’s
as the ratio of FLuc activity to RLuc activity. Luciferase
expression was measured in triplicate in each experiment, and
three separate experiments were performed.

Tissue culture infectious dose 50 (TCIDsg) assay

Virus titers in culture medium of PPMV-1-infected cells was
determined by measuring TCIDs, in DF-1 cells. In brief, DF-1
cells were seeded in 96-well plates at a density of 2.0 x 10* cells
per well. After 24 h, cells were infected with virus, which was
serially diluted in 10-fold using serum free medium. The virus
and cells were incubated at 37°C for 4 days. The cytopathic effect
of cells was observed using light microscopy. TCIDs, was
calculated by the Karber method.

Enzyme-linked immunosorbent assay (ELISA) for
IFN-B

An ELISA to quantify secreted IFN-p was carried out on
culture supernatants collected from infected cells. Medium was
collected and centrifuged to remove cell debris. Fifty microliters
of cleared supernatant or the IFN-B standard was used in
duplicate for detection of IFN-B by using a human IFN-f
ELISA kit (PBL IFN Source, Piscataway, NJ) according to the
manufacturer’s instructions.

Statistical analyses

Statistical analyses were performed using GraphPad Prism
software to perform Student’s t-test or analysis of variance
(ANOVA) on at least three independent replicates. p values
of < 0.05 were considered statistically significant for each test
(*, p < 0.05; **, p < 0.01; **, p < 0.001).

Results

TFG expression increases in the early stages of
PPMV-1 infection in Hela cells

To detect changes in TFG mRNA level after PPMV-1

infection, HeLa cells were infected with PPMV-1 at a
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FIGURE 1

TFG expression increased in the early stage of Hela cell infection with PPMV-1. (A) TFG mRNA expression levels in Hela cells infected with
PPMV-1 were measured by gRT-PCR. The relative expression levels of TFG were compared with expression of the human 18s gene. (B) TFG protein
expression levels in Hela cells infected with PPMV-1 at MOI of 0.01 were examined by Western blotting. (C) The relative levels of TFG in PPMV-1
infected cells to that in mock cells at 12 hpi were determined by densitometry using Image J software version 1.8.0. The data represent the
means + the standard deviations (SD) of three independent experiments. Statistical analyses were performed using GraphPad Prism software (*, p <

0.05; ***, p < 0.001).

multiplicity of infection (MOI) of 0.1, and TFG mRNA
expression was detected at 12, 24, 36 and 48 hpi. TFG mRNA
levels significantly increased at 12hpi, but no significant
difference between the infected group and the control group
was observed at 24 hpi (Figure 1A). TFG protein expression in
PPMV-1 infected cells was also determined. HeLa cells were
infected with PPMV-1 at a MOI of 0.01 (Figure 1B), and the cells
were harvested at different time points post-infection for
Western blotting analysis. The TFG protein expression levels
were found to significantly increase at 12hpi (Figure 1C),
whereas the TFG protein levels in the infected group were
significantly lower than those in the mock control at 36 and
48 hpi. These data show that the TFG was upregulated in the
early stage of PPMV-1 infection.

Knocking down TFG inhibited PPMV-1
replication by modulating the IFN pathway

To learn about the intracellular localization of PPMV-1 and
TFG in detail, we compared the subcellular localization of
PPMV-1-infected HeLa cells at different time points. As
shown in Figure 2, TFG protein was distributed diffusely in
the cytoplasm. PPMV-1 infection did not affect TFG protein
localization. Most of the PPMV-1 NP accumulated around the
nucleus at 24 hpi, becoming cytoplasmically localized at 48 hpi.
Co-localization of the NP protein and TFG was observed in some
infected cells. These data possibly indicate that TFG play a role in
PPMV-1 infection. To further investigate the effect of TFG
protein on PPMV-1 replication, RNAi was used to knock
down TFG expression levels. The expression levels of NP,
TFG and actin proteins in PPMV-1-infected HeLa cells were
examined by Western blotting, the virus titers in supernatant
were determined by TCIDs, assay in DF-1 cells. As shown in
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Figures 3A, B, after knocking down the TFG protein, PPMV-1
NP protein levels were significantly lower than those of the mock
control at 36 and 48 hpi (Figure 3A), the virus titers in
supernatant were also lower than that of control group at
36 hpi (Figure 3B), indicating that the existence of TFG
protein is of benefit to viral replication.

Studies have shown that TFG can downregulate the RIG-I-
mediated type I IFN response. Therefore, we also investigated
whether TFG promotes viral replication via its inhibition of type I
IFN signaling in the early stages of PPMV-1 infection. We
depleted TFG using siRNAs in Hela cells and then infected
the cells with PPMV-1 (MOI = 0.1). Compared with the
controls, the expression of IFN-B in cellular supernatant in
TFG knockdown cells was significantly increased (Figure 3C),
indicating that TFG may affect virus replication by inhibiting the
production of IFN-f.

TFG inhibits interferon response triggered by
RIG-1 and MDA5

To understand the exact role of TFG in the IFN-I signaling, we
analyzed the effect of TFG on IFN-I activation. Hela cells were co-
transfected with the TFG protein expression plasmid and the IFN-
B activating reporter plasmid. The NSI1 influenza virus protein
expression plasmid, which is a potent IFN-I inhibitor, was used as
the control. 2 pg/mL Poly (I:C) was transfected into the cells to
induce IFN-{ expression at the same time. The relative luciferase
activity was measured 24 h later. As shown in Figure 4A, TFG
inhibited activation of the Poly (I:C)-stimulated IFN response, as
did the influenza virus NS1 protein, indicating that TFG protein is
an IFN inhibitor. To detect the molecular mechanism by which
TFG inhibits the IFN-I response, the TFG protein expression
plasmid was co-transfected with protein molecules from different
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FIGURE 2
Subcellular localization of PPMV-1 and TFG in Hela cells. The subcellular localization of TFG protein in PPMV-1-infected Hela cells at 24 and
48 hpi. DAPI was used to stain the nuclei. Scale bars, 5 pm.
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FIGURE 3

Knocking down TFG inhibited PPMV-1 replication by modulating the IFN-I pathway. (A) Control and TFG-knockdown Hela cells were infected

with PPMV-1 (MOI = 0.1) for the indicated time. NP and TFG in cell lysate were detected by Western blotting. (B) In parallel, the culture supernatant of
36 h after PPMV-1infection was subjected to TCIDsq assay, to measure the released progeny virus. (C) Control and TFG-knockdown Hela cells were
infected with PPMV-1 (MOI = 0.1) for 16 h, supernatants were subjected to an ELISA to detect IFN-p. The data represent the means + SD of three
independent experiments. Statistical analyses were performed using GraphPad Prism software (*, p < 0.05; **, p < 0.01).

segments of the IFN-I pathway. The IFN-I reporter gene system stimulated by RIG-CARD and MDAS, indicating that IFN-I
was used to identify where TFG inhibits the IFN-I pathway. As inhibition by TFG occurred in RIG-CARD and MDAS5 or
shown in Figures 4B, C, TFG protein inhibited the IFN-I response downstream of them.
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TFG inhibited the phosphorylation of TBK1 and IRF3. (A) The protein expression levels of TBK1in Hela cells with different concentrations of TFG
were examsined by Western blotting. (B) The protein expression levels of p-TBK1 and TBK1 in Hela cells at 24 and 48 h after TFG transfection were
examined by Western blotting. (C,D) The protein expression levels of p-IRF3 and IRF3 in Hela cells at 24 and 48 h after TFG transfection were
examined by Western blotting. The relative levels of p-IRF3 to actin expression were determined by densitometry using Image J software
version 1.8.0. The data represent the means + SD of three independent experiments. Statistical analyses were performed using GraphPad Prism

software (*, p < 0.05).

TFG inhibits interferon activation by MAVS and
TBK1 instead of IKKe and IRF3

To better understand how TFG interacts with the interferon
system, HeLa cells were co-transfected with the MAVS and TFG
plasmid, and the IFN-I reporter gene system was used for
detection. That TFG inhibited the IFN-I response activated by
MAVS protein indicates that IFN-I inhibition by TFG may occur
by MAVS or a downstream protein in the pathway (Figure 5A).
Next, TBK1 or IKKe was co-transfected with the TFG protein
expression plasmid into HeLa cells. The results showed that TFG
significantly inhibited the IFN-I response activated by TBKI
(Figure 5B), but did not inhibit the IFN-I response activated by
IKKe (Figure 5C). IRF3 is the last step in the IFN-I pathway
before activation. As shown in Figure 5D, after co-transfection of
the TFG and IRF3 expression plasmid, the IFN-I reporting
system showed that TFG did not inhibit the IRF3-activated
IFN-I pathway. Instead, it indicated that TFG can only inhibit
the activation of IFN-I in the pathway upstream of IRF3. These
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results show that TFG is likely to inhibit the IFN-I pathway by
downregulating the TBK1 protein’s function.

TFG inhibits phosphorylation of TBK1 and IRF3

To further explore how TFG inhibits TBK1, we first
overexpressed TFG protein at different concentrations to
investigate its effect on TBK1 protein expression levels. The
results (Figure 6A) showed that TFG did not affect the total
expression level of TBKI. Phosphorylation is a common post-
translational modification of proteins and one of the most
their
Phosphorylation of TBK1 protein is very important for its

important modifications to  regulate functions.
ability to activate interferon pathways. Therefore, we detected
whether TFG protein could affect the phosphorylation of
TBK1 After the
phosphorylation level of the TBK1 protein was detected when

the IFN pathway was activated. The results (Figure 6B) showed

protein. overexpressing TFG protein,
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that the phosphorylation level of TBK1 was significantly reduced
in the TFG overexpression group. This indicates that TFG
protein may inhibit interferon activation by reducing the
phosphorylation level of TBK1 protein. In the IFN pathway,
TBKI1 protein activates downstream IRF3 phosphorylation. After
phosphorylation, IRF3 forms dimers and is transferred to the
nucleus where it plays the role of a transcription factor to induce
IFN-I transcription. To verify that the inhibition of TFG on
TBK1
IRF3 protein, we overexpressed TFG to detect the level of
phosphorylated IRF3 when the IFN pathway was activated. As
shown in Figures 6C, D, after overexpressing TFG protein while

phosphorylation affected the phosphorylation of

the IFN pathway was activated, the phosphorylation level of
IRF3 became downregulated, but the total protein level of
IRF3 did not change, indicating that overexpression of TFG
did not affect the protein level of IRF3, but inhibited the
phosphorylation of IFR3. These results indicate that the TFG
did not inhibit the IFN response activated by IRF3, but inhibited
the phosphorylation of TBK1 protein, thereby inhibiting IFNs
production.

Discussion

The innate immune responses triggered by paramyxovirus
infection have been extensively studied. However, a variety of
strategies have evolved in paramyxoviruses to counter IFN
synthesis in their hosts, such as controlling viral RNA
RNA
signaling kinase complexes, and suppressing IFN promoter
activity (Parks and Alexander-Miller, 2013), all of which
benefit virus replication. For instance, it is reported that

synthesis, inhibiting cellular Sensors,

blocking

APMV-1 hemagglutinin protein expression can upregulate
the SAPK/JNK
N-terminal kinase) pathway, leading to transactivation of

(stress-activated protein kinase/c-Jun
c-Jun and apoptosis signaling activation (Rajmani et al,
2015). The P gene of APMV-1 encodes three viral proteins
via RNA editing, among which the V protein encodes an IFN
antagonistic activity that inhibits cell apoptosis (Chu et al.,
2018a; Chu et al.,, 2018b; Wang et al., 2018). While Sdnchez-
Aparicio et al. (2018) reported that the interaction between
paramyxovirus V proteins and TRIM25 and RIG-I inhibits
TRIM25-mediated ubiquitination of RIG-I, Qiu et al. (2016)
reported that the C-terminal domain of the V protein encoded
by APMV-1 can cause degradation of STAT1 and block IFN
signal transduction. Sun et al. (2019) found that the V protein
could target ubiquitination and degradation of MAVS
through E3 ligase RNF5, resulting in the interruption of
IFN signal transduction and the inhibition of IFN signaling
activation. Lastly, Wang et al. (2019) found that the non-
structural V protein in APMV-1 induced SOCS3 expression
through the MEK/ERK signaling pathway, and facilitated viral
replication.
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As well as the paramyxovirus using its own protein to stop the
host’s IFN pathway being activated, we found that the virus
antagonized IFN by upregulating the inhibitor of the host’s IFN
response during infection. The RIG-I-mediated antiviral IFN
pathway is the host’s first barrier of defense against the virus.
The RIG-I structure in host cells changes after sensing viral
RNA, and the SPRY domain of TRIM25 interacts with the
N-CARD region of RIG-I. This
K63 ubiquitination of the CARD region of RIG-I, which activates
RIG-I and then further recruits proteins such as MAVS to activate
the downstream IFN pathway (Sanchez et al., 2016; Martin-Vicente
et al.,, 2017; Rehwinkel and Gack, 2020). TFG can interact with
TRIM25 upon viral infection and inhibit the reactions of IFNs (Lee
et al, 2013a). Overexpression of TRIM 11 was found to enhance
viral infectivity and inhibit RIG-I-mediated IFN-B production by
targeting TBK1 signaling (Lee et al, 2013b). Here, we found that
TFG protein was significantly upregulated during the early stage of
PPMV-1 infection and IFN activation was inhibited, thus facilitating
viral replication. However, in the late infection stages, TFG protein

interaction leads to

levels were significantly downregulated, possibly caused by
autophagy and apoptosis of cells during this late stage (Liao
et al,, 2017; Cai et al., 2023). Lacking a self-contained metabolism
network, viruses hijack the host’s metabolic resources for replication,
which may inhibit the expression of some host proteins. We focused
on the effect of TFG on IFN-I pathway in PPMV-1-infected cells.
However, TFG is an evolutionarily conserved secretion system
regulator protein, and its deletion may have an impact on the
whole complex of events in infected cells, and affect viral infection
through other ways, which is what we need to focus on in the future.

To further study the specific molecular mechanism whereby
TFG inhibits IFN-f, we investigated the effect of TFG inhibition
on IFN-f activation by different molecules in the IFN pathway.
The results showed that TFG was able to inhibit IFN-f
activation by RIG-CARD, MAVS and TBK1, but was unable
to inhibit IFN-B activation by IRF3, indicating that TFG
inhibits IFN activation by inhibiting the function of
TBK1 TBK1
ubiquitination, phosphorylation, kinase activity modulation

protein. activation can be regulated by
and by preventing functional TBKI-containing complex
formation (Zhao, 2013). Our further experiments showed
that TFG did not affect total TBK1 protein expression levels
but did inhibit the TBK1 phosphorylation level. Although
studies shown that TFG is required for the
phosphorylation activation of TBK1(Khan et al., 2021), but

our results are consistent with Lee’s research (Lee et al., 2013a).

have

TBKI1 is an important protein kinase that phosphorylates IRF3.
After homo-dimerization, IRF3 translocates to the nucleus and
drives IFN-B gene transcription (Bakshi et al, 2017). In
addition to TBKI, IRF3 is also phosphorylated by IKKe.
However, in the present study, the IFN-B promoter reported
that TFG inhibited the TBK1-activated IFN reaction, instead of
the IKKe activated IFN reaction, which further suggests that
TFG has specificity for IFN-f activation by inhibiting
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TBK1 function. Husain et al. (2018) that

TBK1 phosphorylation is important for TBKI protein

reported

functioning. Inhibition of TBK1 phosphorylation by TFG
protein, as was seen in our study, may affect the activation
of a kinase complex comprising TBK1 and IKKe. This kinase
complex phosphorylates the latent cytoplasmic transcription
factor IRF3. However, more work is required to clarify how
TFG regulates TBK1 phosphorylation during pathogenic viral
infections.

In conclusion, we have shown that TFG is an important
negative regulator, which targets TBK1 phosphorylation and
inhibits IRF3 phosphorylation mediated by pTBKI.
Consequently, TFG inhibits IFN-B production to the
benefit of viral replication during the early stage of infection.
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