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Abstract

Background: Avian influenza A H7N9 emerged in 2013, threatening public health and causing acute respiratory
distress syndrome, and even death, in the human population. However, the underlying mechanism by which H7N9
virus causes human infection remains elusive.

Methods: Herein, we infected A549 cells with H7N9 virus for different times and assessed tripartite motif-containing
protein 46 (TRIM46) expression. To determine the role of TRIM46 in H7N9 infection, we applied lentivirus-based
TRIM46 short hairpin RNA sequences and overexpression plasmids to explore virus replication, and changes in type |
interferons and interferon regulatory factor 3 (IRF3) phosphorylation levels in response to silencing and overexpres-
sion of TRIM46. Finally, we used Co-immunoprecipitation and ubiquitination assays to examine the mechanism by
which TRIM46 mediated the activity of TANK-binding kinase 1 (TBK1).

Results: Type | interferons play an important role in defending virus infection. Here, we found that TRIM46 levels were
significantly increased during H7N9 virus infection. Furthermore, TRIM46 knockdown inhibited H7N9 virus replication
compared to that in the control group, while the production of type | interferons increased. Meanwhile, overexpres-
sion of TRIM46 promoted H7NO virus replication and decrease the production of type I interferons. In addition, the
level of phosphorylated IRF3, an important interferon regulatory factor, was increased in TRIM46-silenced cells, but
decreased in TRIM46 overexpressing cells. Mechanistically, we observed that TRIM46 could interact with TBK1 to
induce its K48-linked ubiquitination, which promoted H7N9 virus infection.

Conclusion: Our results suggest that TRIM46 negatively regulates the human innate immune response against H7N9
virus infection.
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patients infected with H7N9 developed acute respiratory
distress syndrome (ARDS) and severe lung pneumonia,
which was caused by a fierce increase in the expression
levels of cytokines and chemokines [2, 8]. Wan et al.
[9] found that a ‘cytokine storm’ in the lungs of H7N9-
infected patients was associated with activation of gas-
dermin E (GSDME)-mediated pyroptosis in alveolar
epithelial cells. However, the host factors involved in viral
replication remains elusive. Thus, a better understanding
of the regulatory mechanisms of H7N9 infection would
be useful to combat future H7N9 virus outbreaks.

The first line of defense against invading pathogens is
the innate immune response. Pattern recognition recep-
tors (PRRs) recognize pathogen-associated molecular
patterns, which subsequently activates the downstream
innate immune response [10, 11]. During influenza
virus infection, the RIG-I (retinoic acid inducible gene I)
receptor senses influenza genomic RNA and recruits the
mitochondrial antiviral signaling protein (MAVS) and
TANK-binding kinase 1 (TBK1) to induce the phospho-
rylation, dimerization, and nuclear translocation of inter-
feron regulatory factor 3 (IRF3), which finally induces the
production of type I interferons [12-14].

The tripartite motif family (TRIM) of proteins have
been intensively studied in virus infection. One mem-
ber, TRIM46, could regulate cancer cell viability, apop-
tosis, and the cell cycle [15-17]. However, the function
of TRIM46 in H7N9 infection and its underlying mecha-
nism remain to be determined. In this study, we aimed to
identify the function of TRIM46 in H7N9 virus infection
and the underlying mechanism between TRIM46 and
the production of host RLR-dependent type I interfer-
ons. The results showed that, during H7N9 virus infec-
tion, TRIM46 acts as a negative regulator of the host
innate immune response. Upon H7N9 virus infection,
TRIM46 expression gradually increased over time. Fur-
thermore, knockdown of TRIM46 resulted in increased
production of type I interferons and phosphorylation of
IRF3, whereas its overexpression had the opposite effects.
Finally, we observed that TRIM46-mediated K48-linked
ubiquitination of TBK1 resulted in the inhibition of host
innate immunity. Thus, this study revealed novel activi-
ties of TRIM46 in innate immunity, which potentiates the
study of innate immunity against virus infection.

Methods

Cell culture and virus strain

The American Type Culture Collection (ATCC, Manas-
sas, VA, USA) provided the A549, HEK293T, and Madin-
Darby canine kidney (MDCK) cells. The cells were grown
in Dulbecco’s modified Eagle medium supplemented
with heat-inactivated 10% fetal bovine serum, 1% penicil-
lin (100 U/mL), and streptomycin sulfate (100 mg/mL).
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All cell lines were cultured in a 37 °C incubator with an
atmosphere of 5% CO,. Ten-day-old embryonated spe-
cific-pathogen free chicken eggs were used to isolate and
propagate Influenza A Virus strain A/Zhejiang/DTID-
7ZJU01/2013(H7N9). The allantoic fluid from the infected
chicken eggs was collected and preserved at —80 °C. The
median tissue culture infectious dose (TCIDg;) method
was used to determine the virus titer, which was calcu-
lated using the Reed-Muench method. All the live H7N9
virus experiments were performed in a bio-safety level
3 laboratory at the First Affiliated Hospital, Zhejiang
University School of Medicine (Registration No. CNAS
BL0022).

Lentivirus-mediated plasmid transfection

For TRIM46 knockdown, two short hairpin interfering
(shRNA) sequences were designed against two different
regions of TRIM46 (the target sequence of TRIM46#1
was 5'- GCTGCTGACAGAGCTTAACTT -3; the target
sequence of TRIM46#2 was 5- CTGGCACTATACCGT
TGAGTT -3’) and cloned and packed into lentiviruses. A
TRIM46 overexpression construct was also created and
cloned and packed into lentiviruses. The TRIM46 shRNA
and overexpression lentiviruses were transfected sepa-
rately into A549 cells for 72 h. The transfection efficiency
was observed using a fluorescence microscope (Olympus,
Tokyo, Japan).

Western blotting analysis

Cells were harvested and lysed for 30 min in radioimmu-
noprecipitation assay (RIPA) buffer with phenylmethyl-
sulfonyl fluoride (PMSF) and phosphatase inhibitors.
The lysed cells were then subjected to centrifugation for
10 min at 12,000 x rpm and 4 °C. We retained the super-
natants and determined their protein contents using a
bicinchoninic acid protein assay. Equal amounts of pro-
teins were subjected to 12% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis separation. The separated
proteins were electrotransferred onto a polyvinyl dif-
luoride membrane. Non-specific binding was blocked by
incubating the membranes in 5% skim milk in Tris-buff-
ered saline-Tween 20 (TBST) at room temperature for
1 h. The membranes were then added with the appropri-
ate primary antibodies and incubated overnight at 4 °C.
Next day, three washes with TBST carried out and then
the membranes were incubated with the correspond-
ing horseradish peroxidase (HRP)-conjugated second-
ary antibodies. An enhanced chemiluminescence (ECL)
reagent was used to visualize the immune-reactive pro-
teins. Primary antibodies against TRIM46 (ab169044),
Influenza A nucleoprotein (NP) (ab128193), Myc tag
(ab9106), and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) (ab8245) were purchased from Abcam
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(Cambridge, UK). Primary antibodies against phospho-
rylated (p)-IRF3 (#4947) and IRF3 (#4302) were provided
by Cell Signaling Technology, Inc. (Danvers, MA, USA).
Sigma-Aldrich (Darmstadt, Germany) provided the anti-
FLAG Tag antibody.

Quantitative real-time reverse transcription PCR (qRT-PCR)
The TRIzol reagent (Invitrogen, Waltham, MA, USA)
was used to extract total RNA from cells. Reverse tran-
scription was then used to produce cDNA from the total
RNA.

For influenza virus replication, NP RNAs were reverse-
transcribed with primers as following: NP mRNA using
oligo (dT), NP cRNA using 5- AGTAGAAACAAGG -3
NP vRNA using 5- AGCGAAAGCAGG -3’ The cDNA
was then quantified using quantitative real-time PCR
with gene-specific primers. GAPDH mRNA was quan-
tified as an internal control and the 2724 method was
used to analyze the relative quantity of the target genes.
The primers used in this study were as follows:

TRIM46

Forward primer: 5-GATTGCCCGAGCCACTGAA-3/,

Reverse primer: 5-AGGCACTCGCAGGAAGTTAAG-3}

NP

Forward primer: 5-ATCAGACCGAACGAGAAT
CCAGC-3,

Reverse primer: 5-GGAGGCCCTCTGTTGATT
AGTGT-35

IFNA (encoding interferon alpha)

Forward primer: 5-GCCTCGCCCTTTGCTTTACT-3/,

Reverse primer: 5-CTGTGGGTCTCAGGGAGATCA-3’

IFNBI (encoding interferon B1)

Forward primer: 5-AAAGAAGCAGCAATTTTC
AGC-3/,

Reverse primer: 5-CCTTGGCCTTCAGGTAAT
GCA-35

GAPDH

Forward primer: 5~ AGGTGAAGGTCGGAGTCA-3/,

Reverse primer: 5-GGTCATTGATGGCAACAA-3".

Co-immunoprecipitation (Co-IP)

The indicated plasmids were transfected into HEK293T
cells. The cells were collected and lysed at 4 °C for 30 min
in IP lysis buffer (1% NP-40, 0.025 M Tris-HCl, 0.15 M
NaCl, 1 mM EDTA, 5% glycerol) supplemented with
phosphatase inhibitor/PMSE, followed by centrifuga-
tion for 10 min at 12,000 x rpm under 4 °C. We retained
the supernatants, one third of which was used for input
analysis and the other two thirds were incubated with
Anti-Myc Magnetic beads (Pierce #88842, Thermo Fisher
Scientific, Waltham, MA, USA), or IgG control, over-
night at 4 °C for IP analysis. IP lysis buffer was then used
to wash the precipitates three times, followed by boiling
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the samples in 2 x loading buffer. Western blotting was
then used to analyze the precipitates using the indi-
cated primary antibodies, followed by incubation with
HRP-conjugated anti-rabbit IgG (conformation specific)
(#5127, Cell Signaling Technology) or anti-mouse IgG
(Light Chain Specific) (#58,802, Cell Signaling Technol-
ogy) secondary antibodies. The immune-reactive pro-
teins were visualized using the ECL reagent.

Ubiquitination assay

We transfected HEK293T cells with a TBK1-Flag plas-
mid (overexpressing FLAG-tagged TBK1) together with
the TRIM46-Myc plasmid (overexpressing Myc-tagged
TRIM46) or not. The cells were harvested at 24 h after
transfection and lysed in 1% SDS buffer (50 mM Tris
(pH 8.1), 1% SDS, sodium pyrophosphate, EDTA) sup-
plemented with a protease inhibitor cocktail at 4 °C
for 30 min. The cell extracts were then subjected to IP
using anti-Flag magnetic beads at 4 °C overnight. The
beads were washed three times and then subjected to
western blotting using antibodies recognizing wild-
type (WT) Ubiquitin (ab134953), K48-linked Ubiquitin
(ab140601), and K63-linked Ubiquitin (ab179434) (all
from Abcam).

Statistical analysis

Data analysis and processing were carried out using
GraphPad Prism software version 7 (GraphPad Inc., La
Jolla, CA, USA). The statistical difference between two
groups was analyzed using an unpaired Student’s ¢-test
and one-way analysis of variance (ANOVA) was carried
out to analyze the differences among multiple groups.
Statistical significance was indicated by p <0.05. In all fig-
ures, * indicates p <0.05, ** indicates p <0.01, and *** indi-
cates p<0.001.

Results

TRIM46 expression is upregulated in H7N9 virus-infected
A549 cells.

First, to determine the relationship between H7N9
virus infection and TRIM46 expression, we infected the
human lung adenocarcinoma epithelial cell line A549
with H7N9 virus for different times and detected the
TRIM46 protein level using western blotting and the
TRIM46 mRNA expression level using qRT-PCR. The
results showed that H7N9 virus induced the TRIM46
protein at different times, reaching a peak at 48 h post
infection (h.p.i) (Fig. 1A). The mRNA level increased
gradually, also peaked at 48 h.p.i. (Fig. 1B). These
results indicated the H7N9 virus infection could induce
TRIM46 expression.
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Fig. 1 H7N9/ZJU-1 increases TRIM46 expression. A549 cells were seeded in 6-well plate and infected with H7N9/ZJU-1 for indicated times, cells
were harvested. The protein expression levels of TRIM46, H7N9/ZJU-1 NP were measured by western blotting and GAPDH was used as an internal
control (A), and the relative mRNA of TRIM46 at indicated times were analyzed by RT-qPCR (B)
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TRIMA46 knockdown inhibits H7N9 virus infection

To explore whether TRIM46 expression could regu-
late H7N9 virus infection, we used lentivirus-packaged
TRIM46 shRNA#1 and TRIM46 shRNA#2 sequences
to generate A549 TRIM46 knockdown cells. We then
detected the protein and mRNA levels of TRIM46. The
results showed that TRIM46 shRNA#land #2 both

worked well to reduce the protein and mRNA levels
of TRIM46 in A549 cells (Fig. 2A, B). A549 cells trans-
fected with negative control or TRIM46 knockdown
cells were infected with H7N9 virus for 12 h and A549
mock group cells were used as a control group. The
results showed that TRIM46 knockdown significantly
decreased the expression of the H7N9 virus NP protein
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Fig. 2 Knockdown of TRIM46 inhibits H7N9/ZJU-1 replication. A549 cells were transfected with negative control sequences and TRIM46
knockdown sequences, TRIM46#1 and TRIM46#2, for 72 h, cells were harvested, the protein levels of TRIM46 were measured by western blotting (A)
and the mRNA levels were measured by RT-gPCR (B). C. A549 cells were transfected with TRIM46 shRNA sequence or negative control sequences for
72 h, infected with H7N9/ZJU-1 for 12 h, the cells were lysed and subjected to western blotting with indicated antibodies. TRIM46 Knockdown cells
and negative control cells were infected with H7N9/ZJU-1 for 12 h, the relative levels of NP mRNA, cRNA and vVRNA were measured by RT-gPCR (D).
The supernatant of TRIM46 knockdown cells and negative control cells was collected and viral titers were determined by TCID,, method (E)
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(Fig. 2C). The qRT-PCR showed decreased NP mRNA,
cRNA and vRNA expression (Fig. 2D) and the TICDg,
detection of the virus titer showed that TRIM46 knock-
down decreased the H7N9 virus titer compared with that
in the negative control group (Fig. 2E). Taken together,
the results showed that knockdown of TRIM46 reduced
H7N09 virus replication.

TRIM46 overexpression promoted H7N9 virus replication

We further determined whether overexpression of
TRIM46 could promote H7N9 virus replication. We
transfected A549 cells with lentivirus-packaged empty
vector or TRIM46 overexpression plasmids for 48 h, and
then used western blotting and qRT-PCR to detect the
protein and mRNA levels of TRIM46. The results showed
successful overexpression of TRIM46 in A549 cells
(Fig. 3A, B). Subsequently, we infected the A549 empty
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vector group and TRIM46 overexpression group with
H7NO9 virus for 12 h, and then detected the NP protein
and mRNA, cRNA and vRNA expression levels and the
H7NO virus titer. The results showed that overexpression
of TRIM46 increased the H7N9 virus NP protein and
RNA levels and increased the H7N9 virus titer compared
with that of the empty vector group (Fig. 3C-E).

TRIM46 negatively regulates type | IFNs and the activation
of IRF3

Type I IENs plays an important role in defending against
virus infection. To examine the role of TRIM46 in the
context of viral infection, we examined the expres-
sion levels of IFNA and IFNBI. Knockdown of TRIM46
increased IFNA and IFNBI mRNA expression levels
during influenza H7N9 infection (Fig. 4A, B), mean-
while, ectopic expression of TRIM46 decreased [FNA
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Fig. 3 Overexpression of TRIM46 promotes H7/N9/ZJU-1 infection. A. A549 cells were transfected with lentivirus-mediated TRIM46-Myc plasmids
or empty vector plasmids, after 72 h transfection, the cells were harvested and subjected to western blotting for TRIM46 overexpression analysis,
GAPDH was used as an internal control. B. A549 cells transfected with lentivirus-mediated TRIM46-Myc plasmids or empty vector plasmids for 72 h,
A549 cells were harvested and the relative levels of TRIM46 mRNA were analyzed by RT-gPCR. C. A549 cells were transfected with empty vector
plasmids or TRIM46-Myc plasmids, after 72 h, A549 cells were infected with H7N9 /ZJU-1 (MOl = 1) or mock-treated for 12 h, the cells lysates were
collected and subjected to western blotting with indicated antibodies. D. TRIM46-Myc overexpression A549 cells or empty vector-transfected A549
cells were infected with H7N9/ZJU-1 (MOl = 1) for 12 h, the relative levels of NP mRNA, cRNA and vRNA were analyzed by RT-gPCR. E. A549 cells
were transfected with lentivirus-mediated TRIM46-Myc plasmids or empty vector plasmids, after 72 h transfection, the cells were infected with
H7N9/ZJU-1 for 12 h, the supernatant was collected and the viral titers were determined by TCIDs, method. The analysis results were presented with
mean £ SD, in all situations, a p value <0.05 was considered statistically significant, *p <0.05, **p <0.01, ***p < 0.001
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Fig. 4 A-CKnockdown of TRIM46 accelerates H7/N9/ZJU-1-induced type | interferon expression. A549 cells were transfected with
lentivirus-mediated TRIM46 knockdown sequences or negative control sequences, after 72 h, the cells were infected with H7N9/ZJU-1 or
mock-treated for 12 h, the cells were harvested and subjected to RT-qPCR for analysis of IFNA mRNA (A) and IFNB1 mRNA (B). A549 cells were
transfected with lentivirus-mediated TRIM46 shRNA sequence for 72 h, infected with H7/N9/ZJU-1 (MOl = 1) for another 12 h. The cells were

lysed and pho-IRF3, IRF3 and GAPDH were measured by western blotting (C). D-F Overexpression of TRIM46 inhibits H7N9/ZJU-1-induced type |
interferon expression. A549 cells were transfected with TRIM46-Myc endogenous plasmids or empty vector plasmids for 72 h, cells were infected
with H7N9/ZJU-1 or mock-infected for 12 h, cells were collected and subjected to RT-gPCR for analyzing relative levels of IFNA mRNA (D) and IFNB1
mMRNA (E). A549 cells were transfected with TRIM46-Myc expression plasmids or empty vector plasmids for 72 h, thereafter, infected with H7N9/
ZJU-1 (MOl =1). Cells lysates were collected and subjected to western blotting with anti-pho-IRF3, IRF3 and GAPDH antibodies (F). The results were
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and IFNB1 mRNA levels (Fig. 4D, E). IRF3 activation is
essential for the production of type I IFNs during virus
infection. Therefore, we determined the level of phospho-
rylated IRF3 in influenza H7N9-infected cells. The results
showed that TRIM46 knockdown increased the level of
phosphorylated IRF3 and overexpression of TRIM46
decreased the level of phosphorylated IRF3 (Fig. 4C, F).

TRIM46 interacts with TBK1

To investigate the interaction between TRIM46 and
TBK1, TRIM46-Myc overexpression plasmids, together
with TBK1-Flag or empty vector were transfected into
HEK293T cells for 24 h, followed by a Co-IP. As expected,
the results showed that TRIM46-Myc interacted with
TBK1-Flag (Fig. 5, Additional file 1: Fig. 1A). The above
results suggested that TRIM46 interacts with TBK1 to
regulate innate immune response.

TRIM46 promotes K48-linked ubiquitination of TBK1

To identify how TRIM46 regulates TBK1 expression,
HEK293T cells were transfected with TBK1 together
different doses of TRIM46 plasmids for 24 h transfec-
tion. The results showed that TRIM46 degraded TBK1
expression gradually (Additional file 1: Fig. S1B). Moreo-
ver, to investigate whether TRIM46 ubiquitinates TBK1,
we transfected HEK293T cells with TBK1-Flag plasmids
together with TRIM46-Myc or the empty vector for 24 h.
The results demonstrated that overexpression of TRIM46
promoted TBK1 ubiquitination (Fig. 6A), suggest-
ing TRIM46 promotes H7N9 replication by regulating
TBK1-dependent innate immunity. To further determine
whether TRIM46 ubiquitinates TBK1 via K48- or K63-
linked ubiquitination, we determined K48-linked or K63-
linked ubiquitination levels. The results demonstrated
K48-linked ubiquitination of TBK1 mediated by TRIM46
(Fig. 6B), rather than K63-linked ubiquitination (Fig. 6C).
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Fig. 5 TRIM46 interacts with TBK1. A. HEK293T cells were transfected with TRIM46-Myc plasmids with or not with TBK1-FLAG plasmids. After 24 h
transfection, the cells were lysed and immuno-precipitated with anti-Myc antibody and subjected to western blotting with anti-Myc and anti-FLAG
antibodies. The input cell lysates were analyzed by western blotting with anti-Myc and anti-FLAG antibodies, and GAPDH was used as an internal
control. B. HEK293T cells were transfected with empty vector plasmids or TRIM46-Myc expression plasmids for 24 h, the cells were lysed and
immuno-precipitated with anti-Flag antibody and subjected to western blotting with anti-Myc or anti-Flag antibodies. Whole cell lysates were
subjected to western blotting with anti-Myc and anti-Flag antibodies and GAPDH was used as an internal control. All data were repeated for three
independent experiments and the data shown as one representative of the triplicate experiments
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Fig. 6 TRIM46 promotes K48-linked ubiquitination of TBK1. HEK293T cells were transfected with indicated plasmids for 24 h, after transfection, the
cells were lysed and immune-precipitated with anti-Flag antibody and subjected to western blotting for detection of WT-linked (A), K48-linked (B),
K63-linked (C) ubiquitination. Anti-Myc, anti-Flag and GAPDH were used for the input

Discussion response to evade immune surveillance and eradica-
A number of studies have proposed that influenza virus  tion [18-22]. For example, the influenza virus NS1 pro-
could use multiple host cellular components to repli- tein, which plays multiple roles between influenza virus
cate and infect host cells. Besides, influenza has evolved and host innate immune responses, inhibits MAVS/
to utilize host factors to inhibit the host innate immune  IKK-mediated interferon production [23, 24]. Type I
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Fig. 7 Schematic model of TRIM46-mediated K48-linked ubiquitination of TBK1. During avian influenza H7N9 virus infection, TRIM46 increased and
interacted with TBK1. Then, TRIM46 mediated K48-linked ubiquitination of TBK1 and degraded TBK1, subsequently, decreased the phosphorylation

interferons play important roles in defending against
virus replication, and virus infection induces a series of
cellular antiviral signals to produce type I interferons
[25, 26]. To screen and identify the host protein regula-
tors involved in regulating the innate immune response
against viruses would be helpful to identify therapeutic
targets that manipulate the cellular antivirus responses.
In the present study, we found that H7N9 virus-induced
TRIM46 negatively regulated the production of type I
IFNs by regulating the phosphorylation of IRF3. Further-
more, we discovered that TRIM46 interacts with TBK1,
leading to TBK1 degradation via K48-linked ubiquitina-
tion. Our results suggest a novel function of TRIM46 in
H7N9 virus infection.

TRIM proteins, belonging to the ubiquitin E3 ligase
family, participate in regulating the host innate immune
response against virus infection. A number of TRIM
family proteins, such as TRIM22, TRIM25, TRIM35,
TRIM56, have been found to be involved in the

replication or pathogenesis of influenza virus [27-30].
TRIM proteins function as positive or negative regula-
tors in host innate immune signaling pathways by medi-
ating the ubiquitination of signaling protein [27-31]. For
example, TRIM21 interacts with MAVS and catalyzes
its K27-linked poly-ubiquitination to promote innate
immune response against RNA viruses. By contrast,
another TRIM family protein, TRIM29, inhibits host
innate immunity by inducing K11-linked ubiquitination
of MAVS [32, 33]. Our study demonstrated that TRIM46
promotes H7N9 virus infection by mediating the K48-
linked ubiquitination of TBK1, which leads to TBK1 deg-
radation, thus inhibiting innate immunity.

During virus infection, virus RNA is sensed by PRRs,
which include RIG-I-like receptors (RLRs), NOD-like
receptors (NLRs), and Toll-like receptors (TLRs) [34—
37]. After influenza virus infection, influenza viral RNA
is recognized by the RIG-I receptor, which activates and
recruits the downstream TBK1/IKKy/IKKe complex to
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induce IRF3 signaling, resulting in the production of type
I interferons [38, 39]. Notably, viruses have involved mul-
tiple strategies to escape host innate immune surveillance
and elimination, among which TBK1 is a target for virus-
induced degradation. For instance, the SARS-CoV-2
membrane protein inhibits the production of type I inter-
ferons through induction of K48-linked ubiquitination of
TBK1, which subsequently impairs IRF3 phosphorylation
and dimerization [40]. Ubiquitin-conjugating enzyme 2S
could interact with TBK1 and recruit USP15 to remove
the K63-linked poly-ubiquitin chains of TBK1 [41]. Phos-
phatase PP4 dephosphorylates and deactivates TBK1
to inhibit the production of type I interferons [42]. The
ubiquitin—proteasome pathway plays an important role
in protein degradation, and ubiquitination of TBK1 is an
important method of modulate the production of type I
interferons during virus infection, during which process,
viral proteins and host proteins participate [43—45]. In
the present study, we found that TRIM46 could promote
K48-linked ubiquitination of TBK1, which inhibited the
phosphorylation of IRF3 and decreased the production of
type I interferons.

Conclusions

Taken together, the results of the present our study show
that H7N9-induced TRIM46 negatively regulates the pro-
duction of type I interferons by inhibiting IRF3 phospho-
rylation by inducing K48-linked ubiquitination of TBK1
(Fig. 7). This study highlights the underlying mechanism
by which H7N9 virus escapes the host innate immune
response, which might lead to the development of novel
antiviral agents to prevent or treat H7N9 virus infection.
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Additional file 1. Supplementary Fig 1. TRIM46 reduces TBK1 expres-
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transfected with 1pg TBK1-Flag plasmids with 0 pg (-), 1ug (+) and 3 pg
(++) TRIM46-Myc plasmids for 24 h, cells were lysed and subjected to
western blotting to detect the expression of Flag tag and Myc tag, GAPDH
was used as an internal control. (B) HEK293T cells were transfected with
TRIM46-Myc plasmids with RIG-I-Flag, MAVS-Flag, TRAF3-Flag, TBK1-Flag
and IRF3-Flag plasmids for 24 h. After transfection, cells were lysed and
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Flag tag, Myc tag and GAPDH.

Acknowledgements
We are grateful to Dr. De-Jian Zhao (Affiliated Hangzhou Xixi Hospital, Zheji-
ang University School of Medicine) for his kindly help in the present study.

Author contributions

WS and XW designed the experiments. WS, XL, SZ, XZ,YZ, LX, HC, ZZ and LZ
carried out the experiments. WS and XW drafted the manuscript. All authors
read and approved the final manuscript.

Page 9 of 10

Funding

This work was supported by grants from the Natural Science Foundation of
Zhejiang Province (grant number LQ21H190004), the China Postdoctoral
Science Foundation (grant number 2020T1301027X), and the Postdoctoral
Science Foundation of Zhejiang Province (grant number ZJ2020031). The
funding sources had no role in the study design; in the writing of the report;
or in the decision to submit the paper for publication.

Availability of data and materials
All data generated or analysed during this study are included in this published
article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Intensive Care Unit, Guangzhou First People’s Hospital,
Guangzhou Medical University, Guangzhou 510180, Guangdong, China. *State
Key Laboratory for Diagnosis and Treatment of Infectious Diseases, National
Clinical Research Centre for Infectious Diseases, Collaborative Innovation
Center for Diagnosis and Treatment of Infectious Diseases, The First Affiliated
Hospital, Zhejiang University School of Medicine, 79 Qing Chun Road, Hang-
zhou 310003, Zhejiang, China. *Department of Lung Transplant, The Second
Affiliated Hospital, Zhejiang University School of Medicine, Hangzhou 310003,
Zhejiang, China. “Department of Respiratory, Sir Run Run Shaw Hospital, Zheji-
ang University School of Medicine, Hangzhou 310020, Zhejiang, China.

Received: 24 June 2022 Accepted: 24 October 2022
Published online: 03 November 2022

References

1. LiuWJ, Xiao H, Dai L, Liu D, Chen J, Qi X, et al. Avian influenza A
(H7N9) virus: from low pathogenic to highly pathogenic. Front Med.
2021;15(4):507-27.

2. SuS,GuM, Liu D, CuiJ, Gao GF, Zhou J, et al. Epidemiology, evolution,
and pathogenesis of h7n9 influenza viruses in five epidemic waves since
2013 in China. Trends Microbiol. 2017;25(9):713-28.

3. ZhuH,LamTT, Smith DK, Guan Y. Emergence and development of H7N9
influenza viruses in China. Curr Opin Virol. 2016;16:106-13.

4. Zhang Q, Shi J, Deng G, Guo J, Zeng X, He X, et al. H7N9 influenza
viruses are transmissible in ferrets by respiratory droplet. Science.
2013;341(6144):410-4.

5. Shil,Deng G, Kong H, Gu C, Ma S, Yin X, et al. H7N9 virulent mutants
detected in chickens in China pose an increased threat to humans. Cell
Res. 2017;27(12):1409-21.

6. Yin X,Deng G, Zeng X, Cui P Hou Y, Liu Y, et al. Genetic and biological
properties of H7N9 avian influenza viruses detected after application of
the H7N9 poultry vaccine in China. PLoS Pathog. 2021;17(4):e1009561.

7. Liang L, Jiang L, Li J, Zhao Q, Wang J, He X, et al. Low polymerase activity
attributed to PA drives the acquisition of the PB2 E627K mutation of
H7N9 avian influenza virus in mammals. MBio. 2019;10(3):e01162-e1219.

8. GaoR,Cao B, HuY, Feng Z, Wang D, Hu W, et al. Human infection
with a novel avian-origin influenza A (H7N9) virus. N Engl J Med.
2013;368(20):1888-97.

9. Wan X, LiJ, WangY,Yu X, He X, Shi J, et al. H7N9 virus infection triggers
lethal cytokine storm by activating gasdermin E-mediated pyroptosis of
lung alveolar epithelial cells. Natl Sci Rev. 2022;9(1):nwab137.

10. Carty M, Guy C, Bowie AG. Detection of viral infections by innate immu-
nity. Biochem Pharmacol. 2021;183:114316.


https://doi.org/10.1186/s12985-022-01907-x
https://doi.org/10.1186/s12985-022-01907-x

Su et al. Virology Journal

20.

21

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32

33

34.

35.

36.

(2022) 19:176

. Takeda K, Akira S. Toll-like receptors in innate immunity. Int Immunol.

2005;17(1):1-14.

Rehwinkel J, Gack MU. RIG-I-like receptors: their regulation and roles in
RNA sensing. Nat Rev Immunol. 2020;20(9):537-51.

Thoresen D, Wang W, Galls D, Guo R, Xu L, Pyle AM. The molecular mecha-
nism of RIG-I activation and signaling. Immunol Rev. 2021;304(1):154-68.
McGill J, Heusel JW, Legge KL. Innate immune control and regulation of
influenza virus infections. J Leukoc Biol. 2009:86(4):803-12.

Zhang J, Qiu Q Wang H, Chen C, Luo D. TRIM46 contributes to high
glucose-induced ferroptosis and cell growth inhibition in human retinal
capillary endothelial cells by facilitating GPX4 ubiquitination. Exp Cell Res.
2021;407(2):112800.

Tantai J, Pan X, Chen'Y, Shen Y, Ji C. TRIM46 activates AKT/HK2 signaling by
modifying PHLPP2 ubiquitylation to promote glycolysis and chemoresist-
ance of lung cancer cells. Cell Death Dis. 2022;13(3):285.

Ren XB, Zhao J, Liang XF, Guo XD, Jiang SB, Xiang YZ. Identification
TRIM46 as a potential biomarker and therapeutic target for clear cell renal
cell carcinoma through comprehensive bioinformatics analyses. Front
Med (Lausanne). 2021;8:785331.

Hsu SF, SuWC, Jeng KS, Lai MM. A host susceptibility gene, DR1, facilitates
influenza A virus replication by suppressing host innate immunity and
enhancing viral RNA replication. J Virol. 2015,89(7):3671-82.

Shin D, Lee J, Park JH, Min JY. Double plant homeodomain fingers 2
(DPF2) promotes the immune escape of influenza virus by suppressing
beta interferon production. J Virol. 2017;91(12):02260.

Chen X, Liu S, Goraya MU, Maarouf M, Huang S, Chen JL. Host Immune
Response to Influenza A Virus Infection. Front Immunol. 2018;9:320.

Sun X, Feng W, Guo Y, Wang Q, Dong C, Zhang M, et al. MCPIP1 attenu-
ates the innate immune response to influenza A virus by suppressing
RIG-I expression in lung epithelial cells. J Med Virol. 2018;90(2):204-11.

Li M, Qi W, Chang Q, Chen R, Zhen D, Liao M, et al. Influenza A virus
protein PA-X suppresses host Ankrd17-mediated immune responses.
Microbiol Immunol. 2021;65(1):48-59.

Gao S, Song L, Li J, Zhang Z, Peng H, Jiang W, et al. Influenza A virus-
encoded NS1 virulence factor protein inhibits innate immune response
by targeting IKK. Cell Microbiol. 2012;14(12):1849-66.

Tseng YY, Kuan CY, Mibayashi M, Chen CJ, Palese P, Albrecht RA, et al.
Interaction between NS1 and cellular MAVS contributes to NST mito-
chondria targeting. Viruses. 2021;13(10):1909.

Mesev EV, LeDesma RA, Ploss A. Decoding type | and Il interferon signal-
ling during viral infection. Nat Microbiol. 2019;4(6):.914-24.

Weis S, Te Velthuis AJW. Influenza virus RNA synthesis and the innate
immune response. Viruses. 2021;13(5):780.

Liu B, Li NL, ShenY, Bao X, Fabrizio T, Elbahesh H, et al. The C-terminal

tail of TRIM56 dictates antiviral restriction of influenza A and B viruses by
impeding viral RNA synthesis. J Virol. 2016;90(9):4369-82.

Wu X, Wang J, Wang S, Wu F, Chen Z, Li C, et al. Inhibition of influenza A
virus replication by TRIM14 via Its multifaceted protein-protein interac-
tion with NP. Front Microbiol. 2019;10:344.

Lee HR, Lee MK, Kim CW, Kim M. TRIM proteins and their roles in the
influenza virus life cycle. Microorganisms. 2020;8(9):1424.

Sun N, Jiang L, Ye M, Wang Y, Wang G, Wan X, et al. TRIM35 mediates
protection against influenza infection by activating TRAF3 and degrading
viral PB2. Protein Cell. 2020;11(12):894-914.

Wang X, Xiong J, Zhou D, Zhang S, Wang L, Tian Q, et al. TRIM34 modu-
lates influenza virus-activated programmed cell death by targeting
Z-DNA-binding protein 1 for K63-linked polyubiquitination. J Biol Chem.
2022;298(3):101611.

Xue B, Li H, Guo M, Wang J, Xu Y, Zou X, et al. TRIM21 promotes innate
immune response to RNA viral infection through Lys27-linked polyubig-
uitination of MAVS. J Virol. 2018;92(14):e00321.

Xing J, Zhang A, Minze LJ, Li XC, Zhang Z. TRIM29 negatively regu-

lates the type I IFN production in response to RNA virus. J Immunol.
2018;201(1):183-92.

Thompson MR, Kaminski JJ, Kurt-Jones EA, Fitzgerald KA. Pattern recogni-
tion receptors and the innate immune response to viral infection. Viruses.
2011;3(6):920-40.

Kell AM, Gale M Jr. RIG-l in RNA virus recognition. Virology.
2015;479-480:110-21.

Fernandes-Santos C, Azeredo EL. Innate immune response to dengue
virus: toll-like receptors and antiviral response. Viruses. 2022;14(5):992.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 10 of 10

Kato H, Takeuchi O, Sato S, Yoneyama M, Yamamoto M, Matsui K, et al.
Differential roles of MDAS and RIG-I helicases in the recognition of RNA
viruses. Nature. 2006;441(7089):101-5.

Iwasaki A, Pillai PS. Innate immunity to influenza virus infection. Nat Rev
Immunol. 2014;14(5):315-28.

Liu G, Zhou Y. Cytoplasm and beyond: dynamic innate immune sensing
of influenza A virus by RIG-I. J Virol. 2019;93(8):02299.

Sui L, Zhao Y, Wang W, Wu P, Wang Z, Yu Y, et al. SARS-CoV-2 membrane
protein inhibits type | interferon production through ubiquitin-mediated
degradation of TBK1. Front Immunol. 2021;12:662989.

Huang L, Liu H, Zhang K, Meng Q, Hu L, Zhang Y, et al. Ubiquitin-con-
jugating enzyme 2S enhances viral replication by inhibiting type I IFN
production through recruiting USP15 to Deubiquitinate TBK1. Cell Rep.
2020;32(7):108044.

Zhan Z, Cao H, Xie X, Yang L, Zhang P, ChenY, et al. Phosphatase

PP4 negatively regulates type | IFN production and antiviral innate
immunity by dephosphorylating and deactivating TBK1. J Immunol.
2015;195(8):3849-57.

Li D, Yang W, Ren J,Ru Y, Zhang K, Fu S, et al. The E3 Ubiquitin ligase

TBK1 mediates the degradation of multiple picornavirus VP3 proteins by
phosphorylation and ubiquitination. J Virol. 2019;93(23):e01438.

Song G, Liu B, Li Z, Wu H, Wang P, Zhao K; et al. E3 ubiquitin ligase RNF128
promotes innate antiviral immunity through K63-linked ubiquitination of
TBK1. Nat Immunol. 2016;17(12):1342-51.

Huang L, Xu W, Liu H, Xue M, Liu X, Zhang K, et al. African swine fever
virus pl215L negatively regulates cGAS-STING signaling pathway through
recruiting RNF138 to inhibit K63-linked ubiquitination of TBK1. J Immunol.
2021,207(11):2754-69.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Tripartite motif-containing protein 46 accelerates influenza A H7N9 virus infection by promoting K48-linked ubiquitination of TBK1
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Cell culture and virus strain
	Lentivirus-mediated plasmid transfection
	Western blotting analysis
	Quantitative real-time reverse transcription PCR (qRT-PCR)
	Co-immunoprecipitation (Co-IP)
	Ubiquitination assay
	Statistical analysis

	Results
	TRIM46 expression is upregulated in H7N9 virus-infected A549 cells.
	TRIM46 knockdown inhibits H7N9 virus infection
	TRIM46 overexpression promoted H7N9 virus replication
	TRIM46 negatively regulates type I IFNs and the activation of IRF3
	TRIM46 interacts with TBK1
	TRIM46 promotes K48-linked ubiquitination of TBK1

	Discussion
	Conclusions
	Acknowledgements
	References


