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ABSTRACT
Nuclear localization of cytoplasmic RNA virus proteins mediated by intrinsic nuclear localization
signal (NLS) plays essential roles in successful virus replication. We previously reported that NLS
mutation in the matrix (M) protein obviously attenuates the replication and pathogenicity of
Newcastle disease virus (NDV), but the attenuated replication mechanism remains unclear. In this
study, we showed that M/NLS mutation not only disrupted M’s nucleocytoplasmic trafficking
characteristic but also impaired viral RNA synthesis and transcription. Using TMT-based quantita-
tive proteomics analysis of BSR-T7/5 cells infected with the parental NDV rSS1GFP and the mutant
NDV rSS1GFP-M/NLSm harboring M/NLS mutation, we found that rSS1GFP infection stimulated
much greater quantities and more expression changes of differentially expressed proteins
involved in host cell transcription, ribosomal structure, posttranslational modification, and intra-
cellular trafficking than rSS1GFP-M/NLSm infection. Further in-depth analysis revealed that the
dominant nuclear accumulation of M protein inhibited host cell transcription, RNA processing and
modification, protein synthesis, posttranscriptional modification and transport; and this kind of
inhibition could be weakened when most of M protein was confined outside the nucleus. More
importantly, we found that the function of M protein in the cytoplasm effected the inhibition of
TIFA expression in a dose-dependent manner, and promoted NDV replication by down-regulating
TIFA/TRAF6/NF-κB-mediated production of cytokines. It was the first report about the involvement
of M protein in NDV immune evasion. Taken together, our findings demonstrate that NDV
replication is closely related to the nucleocytoplasmic trafficking of M protein, which accelerates
our understanding of the molecular functions of NDV M protein.
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Introduction

Paramyxoviridae family includes several enveloped
viruses with non-segmented negative-sense RNA gen-
omes that can cause serious diseases in humans and
animals, such as Sendai virus (SeV), measles virus
(MeV), mumps virus (MuV), Nipah virus (NiV),
Hendra virus (HeV), parainfluenza virus types 1–5
(PIV 1–5), and Newcastle disease virus (NDV) [1,2].
As an important member in the genus Avulavirus of
the family Paramyxoviridae, NDV is a highly infectious
agent of avian species and may cause devastating losses
in the poultry industry worldwide. The genome of NDV
is approximately 15.2 kb in length and encodes eight
proteins, including six structural proteins (nucleocapsid
protein (NP), phosphoprotein protein (P), matrix pro-
tein (M), fusion protein (F), hemagglutinin-
neuraminidase protein (HN) and large polymerase

protein (L)) as well as two non-structural proteins (V
and W) derived from the RNA editing of the P gene [1].
Like most of the Paramyxoviridae family members,
although NDV completes its life cycle in the cytoplasm,
both M protein and W protein of NDV can localize to
the nucleus via a bipartite nuclear localization signal
(NLS) at specific times in virus-infected cells [3,4].
However, unlike the nuclear localization and unknown
function of W protein, the NDV M protein is demon-
strated to be a nucleocytoplasmic shuttling protein and
plays crucial roles in NDV life cycle [1]. In addition to
participating in the assembly in the cytoplasm and bud-
ding of progeny virions at the cell membrane later in
infection [5], the NDV M protein is localized in the
nucleus and nucleolus early in infection [6], which is
thought to inhibit host cell transcription and protein
synthesis similar to the M protein of human respiratory
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syncytial virus (HRSV), vesicular stomatitis virus (VSV)
and MeV [7–9]. Recent studies have shown that the
nuclear import of NDV M protein is mediated by its
NLS region (247KKGKKVIFDKIEEKIRR263) interacting
with importin β1 via the RanGTP-dependent pathway
[10], and the nuclear export of NDV M protein is
mediated by three nuclear export signals (NESs) via the
CRM1-independent pathway [11]. But so far, there is
limited information about the biological functions of M’s
nucleocytoplasmic trafficking of NDV and other
Paramyxoviridae family members.

Increasing lines of evidence have suggested that the
nuclear localization and nuclear export of cytoplasmic
RNA virus proteins plays essential roles in successful
virus replication by inhibiting antiviral response or pro-
moting virus budding [12–15]. For example, nuclear
localization of porcine respiratory and reproductive syn-
drome virus (PRRSV) nucleocapsid protein is found to
benefit for optimal virus replication and inhibiting cel-
lular antiviral processes [16], and nuclear export of
PRRSV nonstructural protein 1α is necessary for type
I IFN inhibition [17]. Meanwhile, nuclear localization of
HRSV M protein is important for inhibiting cell tran-
scription and is associated with the pathogenesis of virus
infection [7,12], and nuclear export-deficient of HRSV
M protein fails to localize to regions of virus assembly
and thereby absolutely inhibits virus replication [18]. In
addition, the interaction of phospholipid scramblase 1
with influenza A virus (IAV) NP protein inhibits the
incorporation of importin β into the importin α/β com-
plex, which reduces the nuclear import of NP and sup-
presses virus replication [19], and inhibition of CRM1-
mediated nuclear export of IAV NP protein and nuclear
export protein impairs virus budding [20]. Moreover,
a previous study has also revealed that ubiquitin-
regulated nucleocytoplasmic trafficking of the NiV
M protein is associated with M’s post-translational mod-
ification and plays a critical role in M-mediated viral
budding [21]. In our recent studies, we demonstrated
that a recombinant NDV with NLS mutation
(247AAGAAVIFDKIEEKIAA263) in the M protein not
only resulted in a pathotype change of virulent NDV
but also significantly attenuated the replication and
pathogenicity of NDV in chicken fibroblasts and SPF
chickens [10]. More importantly, a recombinant NDV
carrying mutated M/NESs can not be rescued by reverse
genetics due to the core role of M protein in viral
assembly and budding in the cytoplasm [11]. These
results clearly indicated that nucleocytoplasmic traffick-
ing of M protein was closely related to the replication
and pathogenicity of NDV.

Proteomics analysis of host cells responding to virus
infection are important tools in identifying cellular

proteins involved directly or indirectly in virus replica-
tion and helping to understand how virus infection
leads to host pathogenicity [22,23]. In recent years,
tandem mass tag (TMT) combined with liquid chro-
matography tandem-mass spectrometry (LC-MS/MS)
analysis has become a powerful tool in the identifica-
tion, characterization, and quantitation analysis of the
proteomic profiles [24,25]. This approach has been
successfully applied to many virus-host interaction stu-
dies, such as in human immunodeficiency virus (HIV)
[26,27], Bombyx mori nucleopolyhedrovirus [28],
canine parvovirus [29], HIV/TM co-infected patients
[30], and Epstein-Barr virus [31]. These studies have
revealed the dynamic interactions between virus and
host, and provided a better understanding of the patho-
genesis involved in viral infection and replication. Up
to now, studies about proteomic changes in host cells
or tissues infected with NDV mainly focus on the
pathogenesis of NDV-infected chicken peripheral
blood mononuclear cells [32], NDV/infectious bronchi-
tis coronavirus/H9 subtype avian influenza virus co-
infected chicken tracheal [33], NDV-infected chicken
lung during heat stress [34], and NDV-caused extra-
cellular matrix degradation and immunopathology in
chicken spleen [35]. However, there have been few
comparative proteomics studies investigating the host
interaction with the wild type NDV and its attenuated
NDV caused by amino acids mutation in viral proteins.
Therefore, in this study, we employed a quantitative
proteomics analysis based on TMT coupled with LC-
MS/MS to screen the differential protein expression
profiles of BSR-T7/5 cells upon infection with the par-
ental NDV (rSS1GFP) and the mutant NDV (rSS1GFP-
M/NLSm) carrying M/NLS mutation. The results will
provide valuable information for better understanding
the attenuated replication mechanism of NDV caused
by NLS mutation in M protein and the potential bio-
logical functions of NDV M’s nucleocytoplasmic traf-
ficking, and also accelerate our understanding of the
molecular mechanisms underlying the replication and
pathogenesis of NDV.

Results

Nucleocytoplasmic trafficking of M protein
promotes the replication and cytopathogenicity of
NDV and regulates viral RNA synthesis and
transcription

We previously reported that M/NLS mutation dis-
rupted the nuclear localization of M protein and atte-
nuated the replication efficiency and plaque formation
ability of NDV in chicken fibroblasts [10]. To learn
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about the effect of M/NLS mutation on the dynamic
changes of M’s intracellular localization in more detail,
we compared the subcellular localization of M protein
in rSS1GFP- and rSS1GFP-M/NLSm-infected BSR-T7/5
cells at different time points. As shown in Figure 1(a),
at early time points, the M protein of rSS1GFP was
primarily concentrated in the nucleolus with a discrete
punctuate staining pattern at 6 hour post-infection
(hpi), and then was observed in the largest concentra-
tion in the nucleus and nucleolus at 12 hpi. While at
later time points, the rSS1GFP M protein was distrib-
uted diffusely in the cytoplasm, with some still localized
in the nucleolus at 18 and 24 hpi. By contrast, most of
the rSS1GFP-M/NLSm M protein accumulated around
the nucleus at 6 and 12 hpi, and then localized exclu-
sively in the cytoplasm at 18 and 24 hpi (Figure 1(a)).
Interestingly, the appearance of large inclusion bodies
induced by the membrane fusion of rSS1GFP-infected
cells was clearly observed through the fluorescence of
GFP and DAPI at 24 hpi (Figure 1(a)). The replication
ability and cytopathogenicity of rSS1GFP and rSS1GFP-
M/NLSm in BSR-T7/5 cells were then evaluated. The
results of multicycle growth kinetics showed that the
virus titers of rSS1GFP-M/NLSm were remarkably
lower than that of rSS1GFP from 12 to 48 hpi
(P < 0.001) (Figure 1(b)). In addition, the cytopathic
effect (CPE) in rSS1GFP-infected cells started at 12 hpi
and cell monolayer began to be destroyed at 24 hpi, but
the slight CPE in rSS1GFP-M/NLSm-infected cells
started to appear and cell monolayer destruction was
not examined at 24 hpi (Figure 1(c)). Moreover, the
GFP fluorescence in rSS1GFP-infected cells was also
much brighter and more than that in rSS1GFP-M/
NLSm-infected cells at the same time points (Figure 1
(c)). These data suggested that M/NLS mutation dis-
rupted the nucleocytoplasmic trafficking of M protein
and weakened the replication and cytopathogenicity
of NDV.

To investigate whether the attenuated replication
and cytopathogenicity of rSS1GFP-M/NLSm due to
the reduced viral RNA synthesis and transcription, the
RNA levels of NP and P genes and the mRNA levels of
M and GFP genes in rSS1GFP- and rSS1GFP-M/
NLSm-infected cells were analyzed by quantitative real-
time PCR (qRT-PCR). The results showed that the
relative RNA levels (corresponding to the NP and
P genes) between rSS1GFP- and rSS1GFP-M/NLSm-
infected cells had statistically significant differences at
6 hpi (P < 0.05), which continued to reduce in
rSS1GFP-M/NLSm-infected cells at 12 and 24 hpi
(Figure 1(d)). Similarly, the relative mRNA levels of
M and GFP genes in rSS1GFP-M/NLSm-infected cells
were more decreased than that in rSS1GFP-infected

cells at 6 and 12 hpi (P < 0.01), and significantly
lower at 24 hpi (P < 0.001) (Figure 1(e)). Consistent
with the relative mRNA expression levels of M and
GFP genes, the expression levels of NP, M and GFP
proteins were also greatly reduced during the course of
rSS1GFP-M/NLSm infection when compared to
rSS1GFP infection (figure 1(f)). Together, these results
indicated that nucleocytoplasmic trafficking of
M protein promoted the replication and cytopathogeni-
city of NDV possibly by affecting viral RNA synthesis
and transcription.

rSS1GFP and rSS1GFP-M/NLSm exhibit great
discrepancy in stimulating the cellular proteome

To further investigate the mechanism underlying the
attenuated replication of rSS1GFP-M/NLSm, the global
cellular protein expression profiles of BSR-T7/5 cells
infected with these two viruses at 12 and 24 hpi was
compared (Figure (2)). After quality validation, a total of
530,600 (111,751 matched, accounted for 21.1%) spectra
were obtained, of which 59,112 were identified peptides
(56,897 unique peptides) and 5899 were identified pro-
teins (5308 quantified proteins) (Table 1). The average
peptides mass error was less than 10 ppm (Figure 3(a)),
suggesting a high mass accuracy of the MS data. The
length of most identified peptides mainly distributed
from 7 to 20 amino acid residues (Figure 3(b)), which
indicated that these samples met the required standard.
The detailed information of identified proteins, including
protein accession, protein description, gene name, cover-
age, peptide number, peptide-spectrum match, carried
charges and so on, is shown in Supplemental material
Table S1. In addition, significantly up- or down-
regulated proteins were determined by fold-change ratios
>1.2 or <0.83 and P < 0.05. The results showed that 484
and 466 proteins from the rSS1GFP group displayed sig-
nificantly altered expression levels compared with the
normal control at 12 and 24 hpi, respectively, including
306 up-regulated proteins and 178 down-regulated pro-
teins at 12 hpi, and 190 up-regulated proteins and 276
down-regulated proteins at 24 hpi (Figure 3(c),
Supplemental material Table S2). But as for the
rSS1GFP-M/NLSm group, only 109 and 104 proteins
were significantly differentially expressed at 12 and 24
hpi, respectively, including 58 up-regulated proteins and
51 down-regulated proteins at 12 hpi, and 68 up-regulated
proteins and 36 down-regulated proteins at 24 hpi
(Figure 3(c), Supplemental material Table S2). A Venn
diagram summarizing the distribution of differentially
expressed proteins (DEPs) revealed that 36 and 70 DEPs
were shared by rSS1GFP and rSS1GFP-M/NLSm at 12
and 24 hpi, respectively (Figure 3(d), Supplemental
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material Table S3 and S4). However, only seven DEPs
were jointly shared by these two viruses at 12 and 24 hpi
(Figure 3(d) and Table 2). In addition, top 10 up-
regulated and down-regulated significantly DEPs induced
by rSS1GFP and rSS1GFP-M/NLSm at 12 hpi and 24 hpi
were listed in Supplemental material Table S5 and Table
S6, respectively, showing that rSS1GFP caused much
higher ratio of up-regulated DEPs or much lower ratio
of down-regulated DEPs than rSS1GFP-M/NLSm. These

results suggested that rSS1GFP infection stimulatedmuch
greater quantities and more expression changes of DEPs
than rSS1GFP-M/NLSm infection.

Annotation analysis of the identified DEPs

DEPs were then annotated to several Gene Ontology
(GO) analysis including cellular component, biological
process and molecular function. GO enrichment analysis

Figure 1. Nucleocytoplasmic trafficking of M protein promotes the replication and cytopathogenicity of NDV by affecting viral RNA
synthesis and transcription. (a) The subcellular localization of M protein in rSS1GFP- and rSS1GFP-M/NLSm-infected BSR-T7/5 cells at
6, 12, 18 and 24 hpi. DAPI was used to stain nuclei. Original magnification was 1 × 200. (b) Virus titers were detected in BSR-T7/5
cells at the indicated time points. (c) The CPE and GFP were observed in virus-infected BSR-T7/5 cells at 12 and 24 hpi. Original
magnification was 1 × 200. (d) The viral RNA synthesis corresponding to the NP and P genes and (e) viral transcription corresponding
to the M and GFP genes in rSS1GFP- and rSS1GFP-M/NLSm-infected BSR-T7/5 cells were detected by qRT-PCR. (f) The expression
levels of NP, M and GFP proteins in rSS1GFP- and rSS1GFP-M/NLSm-infected BSR-T7/5 cells were examined by Western blotting. The
relative levels of the NP, M and GFP proteins were compared with the control GAPDH expression. Each data indicates the mean ± SD
of three independent experiments. P-values are indicated by asterisks (*P < 0.05, **P < 0.01, ***P < 0.001 compared to the value of
rSS1GFP-M/NLSm).
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showed that the most significantly enriched cellular
components for rSS1GFP group were the ribosome,
extracellular region part and ribosomal subunit at 12
hpi, and the ribosome, intracellular ribonucleoprotein
complex and ribonucleoprotein complex at 24 hpi; but
the main enriched cellular components for rSS1GFP-M/
NLSm group were the ribosome, ribonucleoprotein

complex and intracellular ribonucleoprotein complex at
12 hpi, and the ribosome, non-membrane-bounded
organelle and intracellular non-membrane-bounded
organelle at 24 hpi (Figure 4(a,b)). As for the biological
process enrichment, the peptide biosynthesis process,
peptide metabolic process and amide biosynthesis pro-
cess were commonly found in both rSS1GFP group and

Figure 1. (Continued).
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rSS1GFP-M/NLSm group at 12 and 24 hpi (Figure 4(a,
b)). Meanwhile, the structural constitute of ribosome
and structural molecule activity were the enriched mole-
cular functions commonly found in the two groups at 12
and 24 hpi (Figure 4(a,b)). To obtain more information
about the biological pathways in which the DEPs may be
involved, KEGG pathway enrichment analysis was also
compared. As shown in Figure 4(c,d), the ribosome
pathway was the co-owned signaling pathway existed
in rSS1GFP group and rSS1GFP-M/NLSm group at 12
and 24 hpi. But beyond that, the DEPs in rSS1GFP
group were also largely enriched in the glycolysis/gluco-
neogenesis, lysosome, glycosaminoglycan degradation
and HIF-1 signaling pathways 24 hpi (Figure 4(d)).

It is remarkable that the DEPs were jointly
enriched in the ribosome (Cellular Component),
structural constitute of ribosome (Molecular
Function) and ribosome pathway (KEGG pathway)
in rSS1GFP group and rSS1GFP-M/NLSm group at
12 and 24 hpi (Figure 4, indicated by arrow).
Therefore, the dynamic changes of ribosome-
related DEPs in BSR-T7/5 cells infected with
rSS1GFP and rSS1GFP-M/NLSm at 12 and 24 hpi
were compared. As shown in Figure 5(a), the hier-
archical clustering heatmap of ribosome-related
DEPs in rSS1GFP group displayed more changes
(most of DEPs were significantly down-regulated
at 12 hpi and up-regulated at 24 hpi) than

rSS1GFP-M/NLSm group. In addition, the modeling
of ribosome pathway showed that almost equivalent
amount of up-regulated and down-regulated DEPs
were present in rSS1GFP group at 12 hpi, while
a small number of down-regulated DEPs appeared
in rSS1GFP-M/NLSm group at 12 hpi (Figure 5(b)).
Although the DEPs in both rSS1GFP and rSS1GFP-
M/NLSm group exhibited up-regulated, the number
of DEPs in rSS1GFP group were much more than
that in rSS1GFP-M/NLSm group (Figure 5(c)).

Clusters of orthologous groups (COG)/clusters of
eukaryotic orthologous groups (KOG) categories of
the identified DEPs in rSS1GFP and rSS1GFP-M/
NLSm groups was further analyzed. The results
showed that “General function prediction only”
(group R, 58 DEPs), “Posttranslational modification,
protein turnover, chaperones” (group O, 51 DEPs),
and “Translation, ribosomal structure and biogenesis”
(group J, 63 DEPs), “General function prediction
only” (group R, 50 DEPs) represented the four largest
groups in rSS1GFP group at 12 and 24 hpi, respec-
tively (Figure 6(a,b)). However, “Translation, riboso-
mal structure and biogenesis” (group J, 15 DEPs),
“Signal transduction mechanisms” (group T, 12
DEPs), and “Translation, ribosomal structure and
biogenesis” (group J, 16 DEPs), “Signal transduction
mechanisms” (group T, 9 DEPs) were the largest four
groups in rSS1GFP-M/NLSm group at 12 and 24 hpi,

Figure 1. (Continued).
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respectively (Figure 6(a,b)). Overall, the annotation
analysis of DEPs revealed that rSS1GFP infection

could induce more function and signaling pathway
changes of DEPs than rSS1GFP-M/NLSm infection.

Figure 2. Workflow for TMT-coupled LC-MS/MS analysis of BSR-T7/5 cells infected with rSS1GFP and rSS1GFP-M/NLSm viruses.

Table 1. Summary of MS/MS spectrum database search analysis.
Total spectrum Matched spectrum Peptides Unique peptides Identified proteins Quantifiable proteins

530,600 111,751 (21.1%) 59,112 56,897 5899 5308
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rSS1GFP infection inhibits host cell transcription,
RNA processing and modification

It has been reported that the M protein of several non-
segmented negative-sense RNA viruses (NNSVs)
including HRSV, VSV and MeV has the ability to
inhibit host cell transcription in various ways [7–9].
To determine whether the NDV M protein can inhibit
cell transcription process, we mainly focused on the

expression profiles of DEPs related to “Transcription”
and “RNA processing and modification” according to
the results of COG/KOG categories analysis. A total of
53 and 39 DEPs associated with “Transcription” and
“RNA processing and modification” were found in
rSS1GFP group, respectively, but 20 representative
DEPs of each category were selected for further analy-
sis. The results showed that the expression of most
DEPs related to “Transcription” and “RNA processing

Figure 3. MS identified information based on proteomics analysis of DEPs in BSR-T7/5 cells infected with rSS1GFP and rSS1GFP-M/
NLSm. (A) Average peptide mass error. (B) All identified peptides length distribution. (C) Numbers of DEPs during infection with
rSS1GFP or rSS1GFP-M/NLSm virus relative to mock infection at 12 and 24 hpi. (D) The distribution of DEPs during rSS1GFP or
rSS1GFP-M/NLSm infection at 12 and 24 hpi using Venn diagram analysis.
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and modification” was significantly decreased in
rSS1GFP group at 12 hpi, and was still slightly
decreased at 24 hpi (Figure 7(a,b)). On the contrary,
the expression of many DEPs related to two processes
showed up-regulated in rSS1GFP-M/NLSm group at 12
hpi, and especially exhibited much higher up-regulation
in “Transcription” at 24 hpi (Figure 7(a,c)).

To better understand how NDV interacts with the
cellular proteins and affects cell functions, the DEPs
were analyzed by searching the String database and
the protein-protein interaction network. As shown in
Figure 7(b), there was one group of proteins (BRD2-
TBP-MYBBP1A-POLR1E-ABT1) participated in
“Transcription” process, which strongly interacted and
was significantly regulated by rSS1GFP infection.
Among them, BRD2 [36], TBP [37], MYBBP1A [38],
POLR1E [39], and ABT1 [40] have been demonstrated
to regulate cell transcription. In addition, two groups of
proteins (POP1-NHP2-NOP58-LSM6-TXNL4A

-NHP2L1, SCAF4-NCBP2-SNRPD1-SF3B4-CDC5 L
-ZCCHC17-DDX39A) were found to interact strongly
with each other and participated in “RNA processing
and modification” process (Figure 7(d)). Meanwhile,
further investigation revealed that most of these DEPs
in this interaction network are known to play impor-
tant roles in RNA processing and modification.

To further validate the DEPs identified by TMT-
labeled LC-MS/MS analysis, the expression of two
DEPs in each category (ENY2 and BRD2 for
“Transcription”, POP1 and SWD2 for “RNA processing
and modification”) was detected by qRT-PCR and
Western blotting, respectively. The results of qRT-PCR
showed that the mRNA expression levels of four selected
genes in rSS1GFP-infected cells were the lowest at 12
hpi, and were still obviously down-regulated compared
with the rSS1GFP-M/NLSm group at 24 hpi (Figure 7
(e)). In addition, the expression patterns analyzed by
Western blot analysis were consistent with the qRT-

PCR results and TMT-labeled LC-MS/MS findings (fig-
figure 7(f)). Together with the above results, these results
indicated that the dominant nuclear accumulation of
NDV M protein could inhibit cell transcription and
RNA processing and modification processes.

rSS1GFP infection affects the expression of cellular
translation, posttranslational modification and
trafficking-associated proteins

The host protein synthesis and processing machineries
can be hijacked and usurped by viruses to synthesize,
modify and transport viral proteins and also stifle host
innate defense to facilitate viral propagation [41–43].
Therefore, according to the results of COG/KOG cate-
gories analysis, the expression profiles of DEPs related
to “Translation, ribosomal structure and biogenesis”,
“Posttranslational modification, protein turnover, cha-
perones” and “Intracellular trafficking, secretion, and
vesicular transport” were analyzed. A total of 97, 88 and
56 DEPs associated with the three categories were
found in rSS1GFP group, respectively, but 20 represen-
tative DEPs of each category were selected for further
analysis. We found that relatively lower expression
profiles of DEPs associated with the three categories
were observed in rSS1GFP group compared to that of
rSS1GFP-M/NLSm group at 12 hpi (Figure 8(a,c,e)).
However, the expression of DEPs related to
“Translation, ribosomal structure and biogenesis”,
“Posttranslational modification, protein turnover, cha-
perones” and “Intracellular trafficking, secretion, and
vesicular transport” was significantly increased in
rSS1GFP group at 24 hpi, which was especially much
higher in “Translation, ribosomal structure and biogen-
esis” category (Figure 8(a,c,e)). As for the rSS1GFP-M/
NLSm group, the expression of most DEPs in
“Translation, ribosomal structure and biogenesis” and
“Posttranslational modification, protein turnover,

Table 2. Significantly DEPs jointly shared by rSS1GFP and rSS1GFP-M/NLSm at 12 hpi and 24 hpi.
12 hpi 24 hpi

rSS1GFP
rSS1GFP-M/

NLSm rSS1GFP
rSS1GFP-M/

NLSm

Protein
accession Protein description

Gene
symbol Ratioa p-valueb Ratioa p-valueb Ratioa p-valueb Ratioa p-valueb

G3IJM1 TRAF-interacting protein with FHA domain-
containing protein A

TIFA 1.803 0.030791 1.322 0.046455 0.271 0.0295203 1.267 0.031014

G3IL75 Collagen alpha-1(V) chain COL5A1 1.273 0.014047 1.260 0.021040 1.226 0.0097879 1.254 0.032310
G3HW17 Cell division cycle 5-like protein CDC5 L 1.243 0.000402 1.239 0.040423 0.830 0.0204819 0.805 0.046613
G3HX39 Phosphoglycerate kinase PGKB 0.776 0.047680 0.815 0.009816 0.705 0.0170213 0.760 0.007895
G3IN18 60S ribosomal protein L8 RPL8 0.746 0.038874 0.815 0.004297 1.642 0.0179714 1.242 0.021739
G3H5N3 60S ribosomal protein L29 RPL29 0.667 0.038259 0.817 0.040208 1.847 0.0305984 1.418 0.011640
G3ILI7 26S proteasome non-ATPase regulatory subunit 3 PSMD3 0.529 0.017975 0.652 0.047559 0.790 0.0284991 1.329 0.002257

ameans average value of rSS1GFP- or rSS1GFP-M/MNLSm-infected group relative to the control group.
bmeans one-sample t test p-value.
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Figure 4. Enrichment analysis of the identified DEPs during rSS1GFP and rSS1GFP-M/NLSm infection . GO enrichment analysis on the
ontology of cellular component, biological process and molecular function during rSS1GFP and rSS1GFP-M/NLSm infection at 12 hpi
(a) and 24 hpi (b), respectively. KEGG enrichment analysis of the DEPs during rSS1GFP and rSS1GFP-M/NLSm infection at 12 hpi (c)
and 24 hpi (d), respectively.

616 Z. DUAN ET AL.



Figure 5. Analysis of the ribosome-related protein changes during rSS1GFP and rSS1GFP-M/NLSm infection. (a) The hierarchical
clustering heatmap of ribosome-related proteins during rSS1GFP and rSS1GFP-M/NLSm infection at 12 and 24 hpi. The color scale
bar locates in the right, and blue and red indicate decreased and increased levels of the identified DEPs, respectively. The modeling
of ribosome signaling pathway in BSR-T7/5 cells infected with rSS1GFP (b) or rSS1GFP-M/NLSm (c) at 12 and 24 hpi, respectively (red,
up-regulated DEPs; green, down-regulated DEPs; yellow, both up-regulated and down-regulated DEPs).
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chaperones” were decreased at 12 hpi, but then
increased at 24 hpi (Figure 8(a,c)). By contrast, most
of the DEPs in “Intracellular trafficking, secretion, and
vesicular transport” showed the expression from up-
regulated at 12 hpi to down-regulated at 24 hpi
(Figure 8(e)).

Analysis of the protein-protein interaction networks
indicated that complex and strong interactions existed in
these ribosomal proteins, which contributed to
“Translation, ribosomal structure and biogenesis” process
(Figure 8(b)). In addition, two groups of proteins includ-
ing (BAG3-DNAJB6-HSP90AA1-HSPA8, and PSMD10-

Figure 6. COG/KOG functional classification distribution maps of DEPS in BSR-T7/5 cells infected with rSS1GFP and rSS1GFP-M/NLSm
at 12 hpi (a) and 24 hpi (b), respectively. A total of 24 groups of DEPs were clustered based on orthologous groups.
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PSMD3-UBFD1) and (VAMP8-STX5-TRAPPC3-
TMED2, and NUP153-KPNA2-RAN-IPO13) were
found to interact strongly with each other and partici-
pated in “Posttranslational modification, protein

turnover, chaperones” and “Intracellular trafficking,
secretion, and vesicular transport” processes, respectively
(Figure 8(d,f)). Moreover, literature search revealed that
most of these DEPs in the three interaction networks play

Figure 7. rSS1GFP infection inhibits host cell transcription, RNA processing and modification. (a) The heatmap of representative 20
DEPs related to “Transcription” during rSS1GFP and rSS1GFP-M/NLSm infection at 12 and 24 h. (b) The protein-protein interactions of
the DEPs related to “Transcription” are analyzed by the STRING software. A red line indicates the presence of fusion evidence; a blue
line indicates co-occurrence evidence; a light blue line indicates database evidence; a purple line indicates experimental evidence;
a green line indicates neighborhood evidence; a black line indicates co-expression evidence. (c) The heatmap of representative 20
DEPs related to “RNA processing and modification” during rSS1GFP and rSS1GFP-M/NLSm infection at 12 and 24 h. (d) The protein-
protein interactions of the DEPs related to “RNA processing and modification” are analyzed by the STRING software. (e) The mRNA
expression levels of four selected DEP genes in BSR-T7/5 cells infected with rSS1GFP and rSS1GFP-M/NLSm were verified by qRT-PCR.
(f) The protein expression levels of four DEPs in BSR-T7/5 cells infected with rSS1GFP and rSS1GFP-M/NLSm were examined by
Western blotting. The relative expression levels of four DEPs were compared with the control GAPDH expression. Error bars represent
standard deviations (mean ± SD) (*P < 0.05; **P < 0.01; ***P < 0.001 compared to the value of rSS1GFP-M/NLSm).
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crucial roles in these biological processes. Next, the
expression of two DEPs in each category (RPL18 and
RPL34, PSMD3 and UBR5, RAB12 and STX5) was con-
firmed by qRT-PCR and Western blotting, respectively.
The results of mRNA expression of DEP genes detected

by qRT-PCR and expression of DEPs detected byWestern
blotting remained basically consistent (Figure 8(g,h)),
which were also consistent with the TMT-labeled LC-
MS/MS analysis. Thus, these data suggested that the
nuclear aggregation of NDV M protein might participate

Figure 7. (Continued).
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in interfering with cellular protein synthesis, posttransla-
tional modification and trafficking, but this kind of

inhibition function could be weakened when most of the
M protein was confined outside the nucleus.

Figure 8. rSS1GFP infection affects the expression of cellular translation, posttranslational modification and trafficking-associated
proteins. (a) The heatmap of representative 20 DEPs related to “Translation, ribosomal structure and biogenesis” during rSS1GFP and
rSS1GFP-M/NLSm infection at 12 and 24 h. (b) The protein-protein interactions of the DEPs related to “Translation, ribosomal
structure and biogenesis” are analyzed by the STRING software. A red line indicates the presence of fusion evidence; a blue line
indicates co-occurrence evidence; a light blue line indicates database evidence; a purple line indicates experimental evidence;
a green line indicates neighborhood evidence; a black line indicates co-expression evidence. (c) The heatmap of representative 20
DEPs related to “Posttranslational modification, protein turnover, chaperones” during rSS1GFP and rSS1GFP-M/NLSm infection at 12
and 24 h. (d) The protein-protein interactions of the DEPs related to “Posttranslational modification, protein turnover, chaperones”
are analyzed by the STRING software. (e) The heatmap of representative 20 DEPs related to “Intracellular trafficking, secretion, and
vesicular transport” during rSS1GFP and rSS1GFP-M/NLSm infection at 12 and 24 h. (f) The protein-protein interactions of the DEPs
related to “Intracellular trafficking, secretion, and vesicular transport” are analyzed by the STRING software. (g) The mRNA expression
levels of six selected DEP genes in BSR-T7/5 cells infected with rSS1GFP and rSS1GFP-M/NLSm were verified by qRT-PCR. (h) The
protein expression levels of six DEPs in BSR-T7/5 cells infected with rSS1GFP and rSS1GFP-M/NLSm were examined by Western
blotting. The relative expression levels of six DEPs were compared with the control GAPDH expression. Error bars represent standard
deviations (mean ± SD) (*P < 0.05; **P < 0.01; ***P < 0.001 compared to the value of rSS1GFP-M/NLSm).

VIRULENCE 621



rSS1GFP replication is enhanced by inhibiting TIFA/
TRAF6/NF-κB signaling pathway

It is worth noting that TRAF-interacting protein with
FHA domain-containing protein A (TIFA) was one of
the jointly owned DEPs between rSS1GFP group and
rSS1GFP-M/NLSm group at 12 and 24 hpi (Table 2).

However, according to the TMT-labeled LC-MS/MS
analysis, TIFA was the highest and the lowest expressed
DEP in the two groups at 12 and 24 hpi, respectively
(Table 2). Multiple research groups have demonstrated
that the interaction between phosphorylated Thr9 of
TIFA and tumor necrosis factor receptor-associated

Figure 8. (Continued).
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factor 6 (TRAF6) is the key mechanism for TIFA-
mediated nuclear factor-κB (NF-κB) activation [44–
46], which transactivates many cytokines and inflam-
mation-associated transcriptional factors in response to
immune response and inflammatory challenges [47,48].
These results indicated that TIFA/TRAF6/NF-κB sig-
naling pathway might play crucial roles in the antiviral
immune response. Therefore, we further gained insight
into the role of TIFA/TRAF6/NF-κB in NDV
replication.

The mRNA expression and protein expression of
TIRA in rSS1GFP- and rSS1GFP-M/NLSm-infected
cells were first analyzed by qRT-PCR and Western blot-
ting, respectively. As shown in Figure 9(a,b), the quanti-
tative results trends of TIFA in mRNA and protein
expression patterns were consistent with the TMT-
labeled LC-MS/MS findings. To investigate whether the
M protein alone and the subcellular localization of
M protein can affect the expression of TIFA, we co-
transfected the plasmids pCMV-HA-TIFA and pEGFP-
M or pEGFP-M/NLSm into BSR-T7/5 cells, respectively.
The fluorescent co-localization results showed that
EGFP-M mainly localized in the nucleus and nucleolus,
and HA-TIFA was present in the cytoplasm; whereas
EGFP-M/NLSm exhibited the clear co-localization with
HA-TIFA in the cytoplasm (Figure 9(c)). In addition,
transfection of 0.5 μg pEGFP-M or pEGFP-M/NLSm
nearly had no effect on the expression of endogenous
TIFA, but when the transfection dose of pEGFP-M/
NLSm increased, the expression of TIFA was obviously
decreased in comparison to the pEGFP-M transfection
group (Figure 9(d)). Overall, these results suggested that
the M protein in the cytoplasm was able to reduce the
expression of TIFA in a dose-dependent manner.

The expression changes of TIFA, phosphorylated
TIFA (pTIFA), TRAF6, NF-κB p65, phosphorylated
NF-κB p65 (pNF-κB p65) and its transactivated
downstream protein IL-2 were then analyzed in
rSS1GFP- and rSS1GFP-M/NLSm-infected cells. We
found that the expression patterns of these proteins
were increased during the course of rSS1GFP and
rSS1GFP-M/NLSm infection at 12 hpi, but rSS1GFP
infection caused much higher increase than
rSS1GFP-M/NLSm infection (Figure 9(e)).
However, in contrast to the up-regulated expression
of these proteins in rSS1GFP-M/NLSm infection at
24 hpi, rSS1GFP infection remarkably caused the
decreased expression of these proteins (Figure 9
(e)). In addition, plasmid pCMV-HA-TIFA was
transfected into BSR-T7/5 cells to perform the over-
expression of HA-TIFA, but the overexpressed HA-
TIFA greatly increased the expression of IL-2 and

reduced the virus titers of rSS1GFP and rSS1GFP-
M/NLSm in virus-infected cells at 12 and 24 hpi
(figure 9(f)). Moreover, small interfering RNA
(siRNA)-mediated knockdown of TIFA (TIFA
siRNA#1) in BSR-T7/5 cells obviously reduced the
expression of IL-2 and increased the replication
efficiency of rSS1GFP and rSS1GFP-M/NLSm at 12
and 24 hpi (Figure 9(g)). Together with the above
the results, these data demonstrated that the cyto-
plasmic localization of M protein was able to reduce
the expression of TIFA and facilitate NDV replica-
tion by down-regulating the TIFA/TRAF6/NF-
κB-mediated production of cytokines (Figure 9(h)).

Discussion

Viruses have co-evolved with their hosts for many
years and developed effective approaches for hijacking
and manipulating host cellular processes [41]. One of
the important processes is that viruses take advantage
of specific localization of viral proteins, which dyna-
mically and temporally regulates their interactions
with host proteins to ensure virus replication and
proliferation [13,49]. In recent years, increasing num-
bers of studies have reported that paramyxoviruses
M proteins interact with cellular proteins at special
orientation to achieve virus replication. For example,
the NDV M protein localizes to the nucleolus through
an interaction with B23, and knockdown of B23
results in the reduced CPE and virus replication [50].
The M protein of NiV and HeV transiently interacts
with the beta subunit of the AP-3 adapter protein
complex AP3B1 at the plasma membrane, which is
effective for promoting viral particle assembly [51].
In addition, a recent study has demonstrated that
annexin A2 mediates the localization of MeV
M protein at the plasma membrane by interacting
with its N-terminal region, thereby aiding in MeV
assembly [52]. Up to now, the presence of intrinsic
NLS and NES within M protein for its nucleocytoplas-
mic trafficking have been reported in most of the
paramyxoviruses [53]. We previously showed that
the replication and pathogenicity of NDV is signifi-
cantly attenuated by M/NLS mutation [10] and the
recombinant NDV carrying mutated M/NESs cannot
be rescued [11]. In this study, we also found that the
disruption of M’s nucleocytoplasmic trafficking by
mutating M/NLS remarkably reduced the proliferative
ability and cytopathogenicity of NDV. All of these
findings suggested that the replication and pathogeni-
city of NDV was tightly associated with the
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Figure 9. rSS1GFP replication is enhanced by inhibiting TIFA/TRAF6/NF-κB signaling pathway later in infection. (a) The mRNA
expression levels of TIFA gene in BSR-T7/5 cells infected with rSS1GFP and rSS1GFP-M/NLSm were verified by qRT-PCR. (b) The
protein expression levels of TIFA in BSR-T7/5 cells infected with rSS1GFP and rSS1GFP-M/NLSm were examined by Western blotting.
The relative expression levels of TIFA were compared with the control GAPDH expression. (c) The subcellular localization of EGFP-M
or EGFP-M/NLSm and HA-TIFA in plasmids co-transfected BSR-T7/5 cells. Original magnification was 1 × 200. (d) The effect of
different dosage EGFP-M or EGFP-M/NLSm on the expression level of endogenous TIFA in plasmid transfected BSR-T7/5 cells. The
relative expression levels of TIFA were compared with the control GAPDH expression. (e) The expression patterns of TIFA, pTIFA,
TRAF6, NF-κB p65, pNF-κB p65, and IL-2 in BSR-T7/5 cells infected with rSS1GFP and rSS1GFP-M/NLSm at 12 and 24 hpi. The relative
expression levels of these proteins were compared with the control GAPDH expression. (f) The effect of TIFA overexpression on the
expression of IL-2 and virus titers of rSS1GFP and rSS1GFP-M/NLSm at 12 and 24 hpi. (g) The effect of siRNA-mediated knockdown of
TIFA on the expression of IL-2 and virus titers of rSS1GFP and rSS1GFP-M/NLSm at 12 and 24 hpi. (h) The schematic diagram
illustrated that the M protein in the cytoplasm inhibited host cell immune response by down-regulating TIFA/TRAF6/NF-κB signaling
pathway.
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nucleocytoplasmic trafficking of M protein. However,
the attenuated replication mechanism of NDV caused

by M/NLS mutation and the potential functions of M’s
nucleocytoplasmic trafficking still remain enigmatic.

Figure 9. (Continued).
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Viral RNA synthesis, transcription and translation
are the key steps in the process of NNSVs replication
[2,54]. Although the M protein of NNSVs is known to
play key roles in virus assembly later in infection [1,12],
based on the findings from HRSV, VSV and SeV, the
M protein also modulates viral RNA synthesis and can
inhibit the transcriptase activity through M-NP inter-
action early in infection, thereby repressing the signal
to switch from transcription to packaging into the
virion particles [12,55,56]. The relevant evidence is
that the SeV M protein is cross-linked to the NP pro-
tein in generated progeny virions [57], and the addition
of M protein to SeV and VSV nucleocapsids decreases
their ability to transcribe viral RNA [55,58]. In addi-
tion, RNA interference with the M gene efficiently
increases viral transcription levels in MeV-infected
cells [59], and in minigenome reporter gene assays,
the M protein of MeV inhibits viral RNA synthesis
only when it interacts with the NP protein [60]. The
NDV M protein is reported to be necessary and suffi-
cient for virus budding, and the M-HN and M-NP
interactions are responsible for the incorporation of
HN and NP proteins into virion particles [5].
Interestingly, we similarly found that viral RNA synth-
esis and transcription efficiency were greatly decreased
by M/NLS mutation in rSS1GFP-M/NLSm-infected
cells, suggesting that precocious cytoplasmic localiza-
tion of M protein had negative effects on viral RNA
synthesis and transcription. Because the NNSVs
M proteins can avoid the inhibition of viral transcrip-
tase activity early in infection and mediate the associa-
tion of the nucleocapsid with the nascent viral envelope
later in infection, thus we concluded that the dominant
nuclear accumulation of NDV M protein might ensure
that viral RNA synthesis and transcription in the cyto-
plasm proceeded smoothly until a certain level of viral
RNA and protein expression was synthesized, at which
point the M protein entered the cytoplasm and plasma
membrane to achieve virus assembly and budding.
Therefore, the reduced viral RNA synthesis and tran-
scription caused by M/NLS mutation might be one of
the reasons responsible for the attenuated replication of
rSS1GFP-M/NLSm.

Virus-host protein interactions based on quantitative
proteomics analysis have become important methods in
understanding cellular proteins involved in virus repli-
cation and pathogenesis [22,23,41,42]. In this study, the
quantitative TMT and LC-MS/MS approach were
applied to compare the proteome of BSR-T7/5 cells in
response to rSS1GFP and rSS1GFP-M/NLSm infection.
We found that the two viruses showed great discre-
pancy in terms of stimulating host protein expression
profiles (484 vs 109 DEPs and 466 vs 104 DEPs between

rSS1GFP and rSS1GFP-M/NLSm at 12 and 24 hpi,
respectively), and only seven DEPs were shared by
these two viruses. GO enrichment analysis of the
DEPs showed that most of the DEPs were functionally
related to the structural constituent of ribosome and
structural molecule activity in rSS1GFP group and
rSS1GFP-M/NLSm group, but rSS1GFP infection
caused more changes in GO enrichment. The KEGG
pathway analysis further determined that these DEPs
were mainly involved in important cellular pathways
including ribosome, Glycolysis/Gluconeogenesis, lyso-
some signaling pathways in rSS1GFP group. In addi-
tion, further COG/KOG categories analysis revealed
that rSS1GFP virus highly activated more DEPs to
participate in “Translation, ribosomal structure and
biogenesis”, “Signal transduction mechanisms”,
“Posttranslational modification, protein turnover, cha-
perones”, “Intracellular trafficking, secretion, and vesi-
cular transport”, “Transcription”, “RNA processing and
modification”, “Cytoskeleton” and so on. Therefore,
these results suggested that rSS1GFP infection could
cause much more expression changes of DEPs, which
were involved in numerous functional categories and
KEGG pathways, to assist virus replication in compar-
ison to rSS1GFP-M/NLSm infection.

Numerous studies have demonstrated that M’s
nuclear localization of NNSVs such as HRSV [7],
MeV [9], and VSV [61,62] has the capability to inhibit
host cell transcription independently of other viral
components. Supporting this conclusion is the fact
that nuclear extracts from HRSV-infected cells have
less transcriptional activity in vitro and also inhibit
the transcriptional activity of nuclear extracts from
mock-infected cells [7]. In addition, a recent study
revealed that transient expression of MeV M protein
in plasmid-transfected cells binds to nuclear factors and
is able to inhibit in vitro transcription in a dose-
dependent manner [9]. Additionally, studies focusing
on VSV M protein showed that the M protein directly
inhibits host cell transcription by inactivating host
RNA polymerases Ⅰ and Ⅱ [62], and also interacts
with nuclear pore complexes to impair nuclear export
of cellular mRNAs [63], thereby indirectly leading to
a decrease and an increase in host cell and virus tran-
scription [64,65]. More recently, using microarray ana-
lysis of rSS1GFP-infected chicken embryo fibroblasts,
we found that nuclear localization of NDV M protein
might inhibit host cell transcription, showing that the
transcription repressor activity- and negative regulation
of transcription-related genes were up-regulated, while
the RNA polymerase Ⅱ transcription factor activity-
and transcriptional activator activity-related genes
were down-regulated [65]. In addition, siRNA-
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mediated knockdown of the representative up-
regulated gene or down-regulated gene significantly
reduced or increased viral RNA synthesis and virus
replication, respectively [66]. Consistent with this find-
ing, the quantitative proteomics analysis also revealed
that most of these DEPs, which had important func-
tions in the process of “Transcription” and “RNA pro-
cessing and modification” in rSS1GFP infection,
exhibited obviously down-regulated expression pat-
terns. Meanwhile, it is notable that in addition to the
transcription activation function, both ENY2 and
THOC2 are also demonstrated to be involved in cellu-
lar mRNA nuclear export [67,68]. However, whether
the NDV M protein can interact with ENY2 or THOC2
to impair nuclear export of cellular mRNAs remains to
be explored. Remarkably, several DEPs associated with
RNA transport, RNA degradation, RNA polymerase,
basal transcription factors, spliceosome, mRNA surveil-
lance pathways in rSS1GFP group showed much more
and lower expression levels than that in rSS1GFP-M/
NLSm group at 12 and 24 hpi (Supplemental material
Table S7). Based on these findings, we speculated that
the inhibition of host cell transcription caused by the
dominant nuclear accumulation of NDV M protein
might occur through more diverse pathways than that
of other NNSVs. Together, these results indicated that
the weakened inhibition of host cell transcription due
to M/NLS mutation possibly affected viral transcription
and replication, which might be another reason respon-
sible for the attenuated replication of rSS1GFP-M/
NLSm.

Ribosomal proteins (RPs) are the major components
of ribosomes involved in the cellular process of protein
biosynthesis. Nowadays, increasing evidence has
demonstrated that multifarious RPs interact with viral
proteins to participate in viral protein biosynthesis and
regulate virus replication in host cells [69]. For exam-
ple, 60S ribosomal protein L18 (RPL18) is found to be
incorporated into Ebola virions, and the reduced
expression of RPL18 effectively represses Ebola virus
infection [70]. Rice stripe tenuivirus nucleocapsid pro-
tein interacts with RPL18 of insect vector and silencing
of RPL18 obviously reduces viral translation and repli-
cation [71]. In addition, RNA interference of ribosomal
protein RPL34 causes serious damages to abortive
infection of Autographa californica multiple nucleopo-
lyhedrovirus, indicating that ribosomal components are
essential for productive baculovirus infection [72].
Meanwhile, recently relevant research results also sug-
gested that many other RPs including RPL24, RPL19,
RPL4, RPS6 and so on play critical roles in the life cycle
of viruses. In our studies, we found that most of the
RPs showed significantly down-regulated in rSS1GFP

group at 12 hpi, but exhibited remarkably up-regulated
at 24 hpi when compared to rSS1GFP-M/NLSm group.
This kind of changing trends of RPs was also clearly
observed in the hierarchical clustering heat map of
ribosome-related DEPs and the modeling of ribosome
signaling pathway in the two viruses-infected cells at 12
and 24 hpi. A previous study has demonstrated that
NDV is the most effective paramyxovirus at inhibiting
the production of host proteins [73]. One possible
explanation for this was due to the inhibition of host
cell transcripts and the drastic reduction of RPs early in
NDV infection. It is noteworthy that RPL18 has been
reported to interact with multiple viral proteins and
participate in viral protein biosynthesis [69]. Here,
RPL18 was the highest up-regulated DEP during
rSS1GFP infection at 24 hpi (rSS1GFP, 4.169-fold up-
regulation; rSS1GFP-M/NLSm, 1.286-fold up-
regulation), and the viral proteins (such as NP and
M) were increasingly expressed in rSS1GFP group at
24 hpi, indicating that RPL18 played crucial roles in
promoting viral protein biosynthesis. However, further
studies are necessary to investigate whether NDV
M protein interacts with RPL18 and how this interac-
tion regulates NDV viral protein biosynthesis. Overall,
these results suggested that the dominant nuclear
aggregation of M protein was conducive to inhibit the
expression of cellular RPs, and viral protein synthesis
could be enhanced when most of the M protein entered
the cytoplasm.

Currently, accumulating studies have indicated that
viruses employ various strategies to hijack and usurp
host cellular machinery for their own benefit [41,42,74].
The representative studies revealed that many identified
abundant proteins in IAV-infected cells are associated
with protein synthesis, chaperone-mediated responses,
protein metabolism and posttranslational modification,
including protein folding, proteolysis, and the ubiquitin-
proteasome system [75–77]. In this study, according to
“Posttranslational modification, protein turnover, cha-
perones” analysis in rSS1GFP group, we found that in
addition to the few DEPs related to proteasome and
chaperones, most DEPs belonged to ubiquitin-protein
ligases such as HERC4, UBFD1, TRIM26, TRIM31,
UBR5, UBXN1 and so on. Importantly, these DEPs
showed obviously down-regulated at 12 hpi, but exhibited
remarkably up-regulated at 24 hpi during rSS1GFP infec-
tion. Studies have shown that angiomotin-like 1 is
a PIV5 M-interacting protein and serves as a linker
between paramyxovirus budding and the ESCRT pathway
[78]. The subsequent study found that angiomotin-like 1
links PIV5 and MuV M proteins to NEDD4 family ubi-
quitin ligases, which represents a novel host factor recruit-
ment strategy for paramyxoviruses to achieve viral
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particle release [79]. In addition, another study also
demonstrated that ubiquitin-regulated nucleocytoplasmic
trafficking of the NiV M protein is associated with M’s
post-translational modification and plays important roles
inM-mediated viral budding [21]. These results suggested
that ubiquitin ligases might participate in the nucleocyto-
plasmic trafficking of M protein and the assembly and
budding of NDV progeny virions, but whether NDV
M protein interacts with some of these ubiquitin ligases-
related DEPs and the exact role of their interaction in
NDV budding are worth to be deeply studied.
Interestingly, rSS1GFP infection also changed the expres-
sion patterns of DEPs involved in “Intracellular traffick-
ing, secretion, and vesicular transport”. The possible
explanation for these changing trends might be that
some NDV proteins such as NP, P, F, and HN interfered
with the expression of DEPs in endoplasmic reticulum
during the nuclear localization of M protein [80,81], but
the interference effect was weakened when the M protein
entered the cytoplasm to interact with these viral proteins.
It is remarkable that many enveloped viruses including
NDV encode late domain motifs that are able to hijack
VPS4A and/or VPS4B to complete viral budding [11,82].
Compared to the expression level of VPS4A in rSS1GFP-
M/NLSm group, VPS4A showed highly up-regulated
expression pattern in rSS1GFP group at 24 hpi, suggesting
that rSS1GFP possessed much stronger budding ability
than rSS1GFP-M/NLSm. Meanwhile, some DEPs such as
STX5, KPNA2, IPO13, RAN, NUP153, which showed up-
regulated expression in rSS1GFP group, are associated
with intracellular trafficking and vesicular transport and
have been reported to regulate virus replication.
Therefore, together with the above results, we speculated
that the relatively decreased expression of DEPs involved
in ribosome structure, protein posttranslational modifica-
tion and trafficking due to the disrupted nuclear accumu-
lation of M protein affected viral protein synthesis and
budding, which might be the third reason responsible for
the attenuated replication of rSS1GFP-M/NLSm.

Inflammatory responses are important aspects of the
innate immune system during virus infection. In pre-
vious studies, several signaling pathways, such as
IRAK1/TRAF6/NF-κB, TLR4/TRAF6/NF-κB, SIRT1/
AMPK/NF-κB, VEGFA/ERK1/2/NF-κB and so on,
have been reported to participate in inflammatory
responses. Recently, alpha-kinase 1 (ALPK1) control-
ling TIFA/TRAF6-dependent innate immunity against
bacterial infection is gradually reported [48,83–85]. It
has been demonstrated that TIFA serves as a TRAF6
binding protein and plays a major role in the activation
of NF-κB [44,46,48], which transactivates various of
cytokines, chemokines, and inflammation-associated

transcriptional factors in response to immune response
and inflammatory challenges. However, the role of
TIFA/TRAF6/NF-κB signaling pathway in the replica-
tion of viruses remains unknown. In our studies, we
found that the protein expression of TIFA in rSS1GFP
group was high up-regulation at 12 hpi, but showed
very low down-regulation at 24 hpi when compared to
that in rSS1GFP-M/NLSm group. The quantitative
results of TIFA in mRNA and protein expression pat-
terns detected by qRT-PCR and Western blotting were
consistent with the TMT-labeled LC-MS/MS analysis.
In addition, we also found that the M protein in the
cytoplasm effected the inhibition of TIFA expression in
a dose-dependent manner. Moreover, the expression of
TIFA, pTIFA, TRAF6, NF-κB, pNF-κB and IL-2 was
increased at 12 hpi, but decreased at 24 hpi in
rSS1GFP-infected cells. Furthermore, overexpression
of TIFA or siRNA-mediated knockdown of TIFA
obtained the different results, which showed the
obviously increased or decreased expression of IL-2
and the remarkably raised or reduced virus titers in
rSS1GFP- and rSS1GFP-M/NLSm-infected cells. It is
reported that virulent NDV infection induces transcrip-
tional up-regulation of numerous cytokines, such as
IFN-α, IFN-γ, IL-8, IL-2, and IL-1β [86,87]. However,
overexpression of IL-2 or IL-1β can lead to the
decreased systemic viral load and pathogenicity of viru-
lent NDV [88,89]. Thus, these results indicated that the
inhibition of TIFA expression could reduce NF-
κB-mediated production of cytokines by down-
regulating TIFA/TRAF6/NF-κB signaling pathway,
which was beneficial to NDV replication. While the
precocious cytoplasmic localization of M protein
could not down-regulate TIFA/TRAF6/NF-κB signaling
pathway, which might be the fourth reason responsible
for the attenuated replication of rSS1GFP-M/NLSm.

In summary, we demonstrated that nucleocytoplas-
mic trafficking of M protein played crucial roles in
regulating viral RNA synthesis and transcription, and
participating in the hijack and despoil of host cellular
machinery for NDV replication (Figure 10). However,
M/NLS mutation disrupted the nucleocytoplasmic traf-
ficking of M protein and affected these important bio-
logical processes, which in turn caused the attenuated
replication of NDV. Our findings therefore reveal for
the first time that the replication of NDV is closely
associated with the nucleocytoplasmic trafficking of
M protein, which provides a better understanding of
the potential functions of M’s nucleocytoplasmic traf-
ficking in NDV life cycle and also aids in understand-
ing the poorly understood molecular pathogenesis
of NDV.
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Materials and methods

Cells, viruses and antibodies

BSR-T7/5 cells stably expressing the T7 phage RNA
polymerase were generated by Buchholz et al. [90],
and were a kind gift from Prof. Xiufan Liu (Key
Laboratory of Animal Infectious Diseases, Yangzhou
University, China). The parental NDV (rSS1GFP) and
the mutant NDV (rSS1GFP-M/NLSm) carrying M/
NLS mutation were generated in our previous study
[10], which were plaque purified three times in
chicken embryonic fibroblasts and propagated once
in specific pathogen-free (SPF) embryonated chicken
eggs. The rabbit polyclonal antibodies against NDV
M protein and NP protein was prepared in our labora-
tory. The rabbit polyclonal antibodies against ENY2
(DF12979), BRD2 (DF12857), RPL18 (DF3700),
RPL34 (DF3708), PSMD3 (DF3645), RAB12
(DF12459), TRAF6 (AF5376), NF-κB p65 (AF5006),
phospho-NF-κB p65 (Ser536) (AF2006), GAPDH
(AF7021), GFP (T0006), HA (T0050) and IL-2
(AF5105) were purchased from Affinity Biosciences
(USA). The rabbit polyclonal antibodies against
POP1 (ab254978), SWD2 (ab220240), UBR5
(ab70311), STX5 (ab217130), and rabbit monoclonal
antibody against phospho-TIFA (Thr9) (ab214815)
were purchased from Abcam (USA). The rabbit poly-
clonal antibody against TIFA (61358S) was purchased
from Cell Signaling Technology (USA).

Cell culture and Virus infection

BSR-T7/5 cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and were cultured at 37°C under
5% CO2. BSR-T7/5 cells grown in 6-well plates were
infected with NDV strain rSS1GFP or rSS1GFP-M/
NLSm at a multiplicity of infection (MOI) of 1. The
cell culture supernatants were collected at different
time points (6, 12, 24, 36, 48, 72, and 96 hpi), and the
virus titers were determined as 50% tissue culture infec-
tive dose (TCID50) in BSR-T7/5 cells. In addition, the
CPE and green fluorescence in virus-infected cells were
observed under a inverted fluorescence microscope
(Nikon, Japan) and the expression levels of NP,
M and GFP were detected by Western blot at 6, 12
and 24 hpi, respectively. Moreover, the brightness of
green fluorescence in viruses-infected cells was quanti-
tatively compared by Image J software version 1.8.0.

Indirect immunofluorescence assay

BSR-T7/5 cells cultured in 12-well plates were infected
with NDV strain rSS1GFP or rSS1GFP-M/NLSm at an
MOI of 1 and prepared for indirect immunofluores-
cence analysis at 6, 12, 18 and 24 hpi, respectively.
Briefly, cells were collected at the stipulated times and
rinsed thrice with phosphate-buffered saline (PBS),
fixed with 4% paraformaldehyde for 20 min at room

Figure 10. The schematic diagram of the potential functions of M’s nucleocytoplasmic trafficking. Replication and transcription of
NDV genome occurs in the cytoplasm via the action of viral ribonucleoprotein (RNP) complexes. During the course of NDV infection,
the M protein localizes to the nucleus early in infection and enters the cytoplasm and binds to the cellular plasma membrane later in
infection. The potential functions of M protein in the nucleus and the cytoplasm are indicated according to our findings.
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temperature, and then permeabilized with 0.25% Triton
X-100 in PBS for 5 min. Cells were rinsed thrice with
PBS and blocked with 10% FBS in PBS for 1 h, and then
incubated with rabbit anti-M polyclonal antibody
diluted in PBS containing 10% FBS for 1 h at 37°C.
After three washes with PBS, the cells were incubated
with Cy3-labeled goat anti-rabbit IgG (H + L)
(Beyotime Biotechnology, China) for 1 h at 37°C.
Cells were rinsed thrice with PBS and then counter-
stained with DAPI (Sigma) to detect the nuclei. Images
were captured with a fluorescence microscope and pro-
cessed with Adobe Photoshop CS5 software.

Quantification of viral RNA synthesis and gene
expression by qRT-PCR

BSR-T7/5 cells grown in 6-well plates were infected
with rSS1GFP or rSS1GFP-M/NLSm at an MOI of 1.
Cells were collected at the indicated time points (6, 12,
and 24 hpi), and total RNA was extracted using TRIzol
reagent (Invitrogen) according to the manufacturer’s
instructions. The resulting RNA samples (2 μg per
sample) were reverse-transcribed as previously
described [91]. Quantification of viral RNA synthesis
(the RNA levels of NP and P genes) and gene expres-
sion (the mRNA levels of M and GFP genes) by qRT-
PCR was performed using previously reported methods
[66,92]. The relative gene expression levels were nor-
malized to that of the GAPDH gene. The threshold
cycle 2−ΔΔCT method was used to determine the fold
change of gene expression levels.

Protein sample preparation and trypsin digestion

Three biological replicates of two virus-infected groups
and one mock group were prepared for TMT-based
quantitative proteomics experiments (Figure 2).
Briefly, BSR-T7/5 cells grown in 25-cm2 flasks were
infected with rSS1GFP or rSS1GFP-M/NLSm at an
MOI of 1. Cell samples were collected at 12 and 24
hpi, respectively, and then sonicated three times on ice
using a high intensity ultrasonic processor (Scientz) in
lysis buffer (8 M urea, 1% protease inhibitor cocktail).
The remaining debris was removed by centrifugation at
13,000 g at 4°C for 10 min. The supernatant was col-
lected and the protein concentration was determined
using the BCA kit (Beyotime Biotechnology, China)
according to the manufacturer’s instructions. For tryp-
sin digestion, the protein solution was reduced with
5 mM DTT for 30 min at 56°C and alkylated with
11 mM iodoacetamide for 15 min at room temperature.
The protein sample was then diluted by adding
100 mM TEAB to urea concentration less than 2 M.

Finally, trypsin was added at 1:50 (trypsin: protein)
mass ratio for the first digestion overnight and 1:100
(trypsin: protein) mass ratio for a second 4 h-digestion.

TMT labeling, HPLC fractionation and LC-MS/MS
analysis

After trypsin digestion of protein samples, peptide
was desalted by Strata X C18 SPE column
(Phenomenex) and vacuum-dried. Peptide was recon-
stituted in 0.5 M TEAB and processed for 6-plex
TMT kit according to the manufacturer’s instructions.
Briefly, one unit of TMT reagent was thawed and
reconstituted in acetonitrile (about 100 mg protein).
41 μL of TMT Label Reagent was carefully added to
each 100 μL sample, and eighteen samples were dif-
ferentially labeled with six TMT tags (Control group:
126 label for 12 h and 129 label for 24 h; rSS1GFP
group: 127 label for 12 h and 130 label for 24 h;
rSS1GFP-M/NLSm group: 128 label for 12 h and
131 label for 24 h). The peptide mixtures were then
incubated for 2 h at room temperature. Then reac-
tions were treated with 8 μL 5% hydroxylamine for
15 min to stop trypsin. Finally, the six labeled pep-
tides were combined in a new microcentrifuge tube
and 1 mL mixed peptides were dried by vacuum
concentrator.

The labeled peptides were fractionated into 60 frac-
tions by high pH reverse-phase high-performance liquid
chromatography (HPLC) using Agilent 300Extend C-18
column (5 μm particle size, 4.6 mm ID, 250 mm length)
with a gradient of 8% to 32% acetonitrile (pH 9.0) over
60 min. Then, the 60 fractions were combined into 18
fractions and each fraction (volume of 800 μL) was dried
by vacuum centrifuging pending for MS analysis. The
LC-MS/MS analysis of the labeled peptides was per-
formed as described previously [93]. The related techni-
cal support and data analysis were supported by Jingjie
PTM BioLabs (Hangzhou, China).

Database search and data analysis

The resulting MS/MS data were processed using
MaxQuant with an integrated Andromeda search
engine (v.1.5.2.8). Tandem mass spectra were searched
against the UniProt Cricetulus griseus database
(Cricetulus_griseus_uniprot_10029, 23885 sequences)
concatenated with reverse decoy database. Common
contamination database was added to eliminate the
influence of contaminated proteins in the identified
proteins. Trypsin/P was specified as the cleavage
enzyme allowing up to 2 missing cleavages. The mass
tolerance for precursor ions was set as 20 ppm in First
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search and 5 ppm in Main search, and the mass
tolerance for fragment ions was set as 0.02 Da.
Carbamidomethyl on Cys was specified as fixed mod-
ification and acetylation modification and oxidation
on Met were specified as variable modifications. Gene
ontology (GO) annotation was derived from the
UniProt-GOA database (http://www.ebi.ac.uk/GOA/).
Biological processes, cellular components, molecular
functions, and KEGG pathways analysis of the DEPs
were conducted using DAVID (Database for
Annotation, Visualization, and Integrated Discovery)
version 6.7. The protein-protein interactions were
analyzed by STRING software version 11.0 (http://
string.embl.de/).

For TMT quantification, the ratios of the TMT repor-
ter ion intensities in the MS/MS spectra (m/z 126–131)
from rawdatasets were used to calculate fold changes
between samples. False discovery rate (FDR) was adjusted
to <1% at protein, peptide and peptide-spectrum match
level, and minimum score for peptides was set at >40.
Only peptides unique for a given protein were considered
for relative quantification. For each sample, the quantifi-
cation was normalized using the average ratio of all the
unique peptides. The two-tailed Fisher’s exact test was
employed to test the enrichment of the DEPs versus all
identified proteins. For data analysis, p-values were
adjusted for multiple hypotheses testing based on the
Benjamini-Hochberg FDR method, and protein quantifi-
cation data with p-value <0.05 and fold change of >1.2 or
<0.83 and was considered as significantly up-regulated or
down-regulated proteins. The mass spectrometry proteo-
mics data have been deposited to the ProteomeXchange
Consortium via the PRIDE [94] partner repository with
the dataset identifier PXD018098.

Analysis of cellular gene expression by qRT-PCR

Based on the proteomics results, qRT-PCR was used to
analyze the expression of 11 selected DEP genes. The
primers (Table 3) for qRT-PCR were designed based on

the target sequences using Primer Premier 5.0 software.
Total RNA was isolated from virus-infected cells or nor-
mal cells using the TRIzol reagent according to the man-
ufacturer’s protocol. One microgram of total RNA per
sample was reverse-transcribed into cDNA using super-
script Ⅳ reverse transcriptase (ThermoFisher Scientific,
USA). The qRT-PCR was performed using SYBR®
Premix Ex TaqTMⅡKit (Takara Biomedical Technology,
China). All of the reactions were performed in a 25 μL
volume containing 12.5 μL of 2× SYBR® Premix Ex
TaqTMⅡ, 400 nM of each primer, 1.0 μL ROX Reference
DyeⅡ, and 2.0 μL cDNA. The cycling parameters were 1
cycle at 95°C for 30 s followed by 40 cycles at 95°C for 5
s and 60°C for 34 s. One cycle of melting curve analysis
was added for all reactions to verify product specificity.
The relative gene expression levels were normalized to
that of the GAPDH gene. The threshold cycle 2−ΔΔCT

method was used to determine the fold change of gene
expression levels.

Western blotting

BSR-T7/5 cells grown in 6-well plates were infected
with rSS1GFP or rSS1GFP-M/NLSm at an MOI of 1.
At 12 and 24 hpi, cells were washed thrice with PBS
and then lysed with 1× RIPA buffer (Beyotime
Biotechnology, China) for total protein extraction.
Equivalent amounts of cell lysate (30 μg) were dealt
with SDS-PAGE loading buffer, resolved by SDS-
PAGE and then transferred electrophoretically onto
polyvinylidene fluoride (PVDF) membrane. The
membranes were blocked for 1 h at 37°C with 5%
nonfat dry milk in Tris-buffered saline with Tween
(TBST) buffer and then incubated overnight at 4°C
with the primary antibodies against the target DEPs.
The blots were washed thrice in TBST buffer and
incubated for 1 h at 37°C with horseradish peroxi-
dase-conjugated anti-mouse or rabbit IgG(H + L).
Rabbit anti-GAPDH polyclonal antibody was used
as an internal standard. The relative levels of the

Table 3. Quantitative real-time PCR primers used in this study.
Gene name Forward primer (5ʹ→3ʹ) Reverse primer (5ʹ→3ʹ) EMBL No.

ENY2 ATCTCACAATGCATGTCGATGTCC GAGGCGTTCTCTTTCTCCAGTTTCT EGW09203
BRD2 GCGAAAGCTCGGACTCTGAGGAA TGGGATAGGGCAGCCAGTTGTTC EGW09104
POP1 ACCATGATCTGTGTCCCATCCG GTATCAGGCTCTTAAATGGGTCGC EGW04063
SWD2 GGACCATTTGCAACCTTTAAGATGC GCCGTTGGTGGAAATGAGTATGAGT EGW05670
RPL18 GTCCCGGATGATCCGAAAAATGA CTTCAGCTTGGGCACTTCGAGAA EGW03967
RPL34 ATTTACTTGCGGGGATGCTGCTT GGTAAACAATCCTGTTGCCAGGG EGW10449
PSMD3 CCAGGATGTGGAGATGAAAGAGGA CCAAGGTGACAGTGTCCAGCTCTC EGW15211
UBR5 GTTTACTTCTGGACATCAAGCCCGT GGTGTTGGTCGTCTGGTGGTCTTA EGW09566
RAB12 AAGTATGCTTCGGAAGATGCTGAGC AACCGCATCCCAGTTATCTGCTGT EGW05159
STX5 GCAGAGCCGTCAGAATGGAATCCAA TTCCAATGCGCTTGGCCATAAG EGW04472
TIFA CAGGTTTCCCGAGTTCAGTTTGC TTGAGGTAGCCAAGCTCCTGATTG EGW12881
GAPDH TCAAGAAGGTGGTGAAGCAGGCAT CATCAAAGGTGGAAGAGTGGGAGTC CAA36368
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selected proteins to control GAPDH expression were
determined by densitometry using Image J software
version 1.8.0.

TIFA overexpression and virus infection

To investigate the effect of TIFA overexpression on
the replication of NDV, the constructed plasmid
pCMV-HA-TIFA or empty vector control pCMV-
HA was transfected into BSR-T7/5 cells using
FuGENE® HD transfection reagent (Promega, USA)
according to the manufacturer’s instructions. After
36 hours post-transfection (hpt), the expression of
HA-TIFA was detected by Western blotting using
rabbit anti-TIFA or anti-HA polyclonal antibody,
respectively. BSR-T7/5 cells were infected with
rSS1GFP or rSS1GFP-M/NLSm at an MOI of 1 at 36
hpt, and the virus titers were examined at 12 and 24
hpi, respectively.

siRNA treatment and virus infection

Three pairs of siRNA (Supplemental material Table S8)
were designed to knockdown TIFA in BSR-T7/5 cells.
For transfection with the siRNA against TIFA, BSR-T7/5
cells were transfected with 25 pmol TIFA siRNA using
7.5 μL Lipofectamine® RNAiMAX (ThermoFisher
Scientific, USA) in Opti-MEM medium. The knockdown
efficiency was measured by detecting endogenous protein
expression by Western blotting analysis after 48 hpt. To
study the effect of TIFA on the replication of NDV,
rSS1GFP or rSS1GFP-M/NLSm was used to infect TIFA
siRNA- or negative siRNA-treated BSR-T7/5 cells at an
MOI of 1. The detection of virus titers was performed at
12 and 24 hpi, respectively.

Statistical analysis

Differences in the expression level of genes, proteins
and virus titers between with rSS1GFP- and rSS1GFP-
M/NLSm-infected cells were analyzed using SPSS 12.0
software. The independent-samples t test was used for
data analysis. All experiments were repeated at least
three times and the results were shown as the mean ±
standard deviation (SD). A p-value of < 0.05 was con-
sidered significant. P-values are indicated by asterisks
(*P < 0.05, **P < 0.01, ***P < 0.001).

Disclosure statement

No potential conflicts of interest were disclosed.

Funding

This project was supported by the National Natural Science
Foundation of China [No. 31760732 and 31960698], the
Science and Technology Fund of Guizhou Province [No.
QKHJ-2020-1Y134]，the Transformation and Industrialization
of Scientific and Technological Achievements of Guizhou
Province [No. QKHKY-2017-055], and the Agricultural
Research Project of Guizhou Province [No. QKHZC-2016-2588].

ORCID

Zhiqiang Duan http://orcid.org/0000-0002-0033-3919

References

[1] Harrison MS, Sakaguchi T, Schmitt AP. Paramyxovirus
assembly and budding: building particles that transmit
infections. Int J Biochem Cell Biol. 2010;42:1416–1429.

[2] Kolakofsky D. Paramyxovirus RNA synthesis, mRNA
editing, and genome hexamer phase: a review.
Virology. 2016;498:94–98.

[3] Karsunke J, Heiden S, Murr M, et al. W protein expres-
sion by Newcastle disease virus. Virus Res.
2019;263:207–216.

[4] Coleman NA, Peeples ME. The matrix protein of
Newcastle disease virus localizes to the nucleus via
a bipartite nuclear localization signal. Virology.
1993;195:596–607.

[5] Pantua HD, McGinnes LW, Peeples ME, et al.
Requirements for the assembly and release of
Newcastle disease virus-like particles. J Virol.
2006;80:11062–11073.

[6] Peeples ME, Wang C, Gupta KC, et al. Nuclear entry
and nucleolar localization of the Newcastle disease
virus (NDV) matrix protein occur early in infection
and do not require other NDV proteins. J Virol.
1992;66:3263–3269.

[7] Ghildyal R, Baulch-Brown C, Mills J, et al. The matrix
protein of human respiratory syncytial virus localises to
the nucleus of infected cells and inhibits transcription.
Arch Virol. 2003;148:1419–1429.

[8] Rajani KR, Kneller ELP, McKenzie MO, et al.
Complexes of vesicular stomatitis virus matrix protein
with host Rae1 and Nup98 involved in inhibition of
host transcription. PLos Pathog. 2012;8:e1002929.

[9] Yu XL, Shahriari S, Li HM, et al. Measles virus matrix
protein inhibits host cell transcription. PLos One.
2016;11:e0161360.

[10] Duan ZQ, Xu HX, Ji XQ, et al. Importin α5 negatively
regulates importin β1-mediated nuclear import of
Newcastle disease virus matrix protein and viral repli-
cation and pathogenicity in chicken fibroblasts.
Virulence. 2018;9:783–803.

[11] Duan ZQ, Song QQ, Wang YY, et al. Characterization
of signal sequences determining the nuclear export of
Newcastle disease virus matrix protein. Arch Virol.
2013;158:2589–2595.

[12] Ghildyal R, Ho A, Jans DA. Central role of the respira-
tory syncytial virus matrix protein in infection. FEMS
Microbiol Rev. 2006;30:692–705.

632 Z. DUAN ET AL.



[13] Wulan WN, Heydet D, Walker EJ, et al.
Nucleocytoplasmic transport of nucleocapsid proteins
of enveloped RNA viruses. Front Microbiol. 2015;6.
DOI:10.3389/fmicb.2015.00553

[14] Jans DA, Martin AJ. Nucleocytoplasmic trafficking of
Dengue non-structural protein 5 as a target for
antivirals. Adv Exp Med Biol. 2018;1062:199–213.

[15] Sugai A, Sato H, Takayama I, et al. Nipah and Hendra
virus nucleoproteins inhibit nuclear accumulation of
signal transducer and activator of transcription 1
(STAT1) and STAT2 by interfering with their complex
formation. J Virol. 2017;91:e01136–17.

[16] Lee C, Hodgins D, Calvert JG, et al. Mutations within the
nuclear localization signal of the porcine reproductive and
respiratory syndrome virus nucleocapsid protein attenuate
virus replication. Virology. 2006;346:238–250.

[17] Chen Z, Liu SN, Sun WB, et al. Nuclear export signal
of PRRSV NSP1 alpha is necessary for type I IFN
inhibition. Virology. 2016;499:278–287.

[18] Ghildyal R, Ho A, Dias M, et al. The respiratory syn-
cytial virus matrix protein possesses a Crm1-mediated
nuclear export mechanism. J Virol. 2009;83:5353–5362.

[19] Luo WY, Zhang J, Liang LB, et al. Phospholipid scram-
blase 1 interacts with influenza A virus NP, impairing
its nuclear import and thereby suppressing virus
replication. PLos Pathog. 2018;14:e1006851.

[20] Chutiwitoonchai N, Mano T, Kakisaka M, et al. Inhibition
of CRM1-mediated nuclear export of influenza
A nucleoprotein and nuclear export protein as a novel
target for antiviral drug development. Virology.
2017;507:32–39.

[21] Wang YE, Park A, Lake M, et al. Ubiquitin-regulated
nuclear-cytoplasmic trafficking of the Nipah virus
matrix protein is important for viral budding. PLos
Pathog. 2010;6:e1001186.

[22] Bantscheff M, Schirle M, Sweetman G, et al. Quantitative
mass spectrometry in proteomics: a critical review. Anal
Bioanal Chem. 2007;389:1017–1031.

[23] Bantscheff M, Lemeer S, Savitski MM, et al.
Quantitative mass spectrometry in proteomics: critical
review update from 2007 to the present. Anal Bioanal
Chem. 2012;404:939–965.

[24] O’Brien DP, Timms JF. Employing TMT quantification in
a shotgun-MS platform. Methods Mol Biol.
2014;1156:187–199.

[25] Zecha J, Satpathy S, Kanashova T, et al. TMT labeling for
themasses: A robust and cost-efficient, in-solution labeling
approach. Mol Cell Proteomics. 2019;18:1468–1478.

[26] Greenwood EJD, Matheson NJ, Wals K, et al.
Temporal proteomic analysis of HIV infection reveals
remodelling of the host phosphoproteome by lentiviral
Vif variants. Elife. 2016;5:e18296.

[27] Rodriguez-Gallego. Proteomic profile associated with
loss of spontaneous human immunodeficiency virus
type 1 elite control. J Infect Dis. 2019;219:867–876.

[28] Hu DB, Xue SJ, Zhao C, et al. Comprehensive profiling
of lysine acetylome in baculovirus infected silkworm
(Bombyx mori) cells. Proteomics. 2018;18:1700133.

[29] Franco-Martinez L, Tvarijonaviciute A, Horvatic A,
et al. Changes in salivary analytes in canine parvovirus:
A high-resolution quantitative proteomic study. Comp
Immunol Microb. 2018;60:1–10.

[30] Chen YH, Huang AQ, Ao W, et al. Proteomic analysis
of serum proteins from HIV/AIDS patients with
Talaromyces marneffei infection by TMT
labeling-based quantitative proteomics. Clin
Proteomics. 2018;15. DOI:10.1186/s12014-018-9219-8

[31] Zhou Y, Heesom K, Osborn K, et al. Identifying the
cellular interactome of Epstein-Barr virus lytic regula-
tor Zta reveals cellular targets contributing to viral
replication. J Virol. 2019;94. DOI:10.1128/JVI.00927-19

[32] Deng XY, Cong YL, Yin RF, et al. Proteomic analysis of
chicken peripheral blood mononuclear cells after infec-
tion by Newcastle disease virus. J Vet Sci.
2014;15:511–517.

[33] Sun JF, Han ZX, Shao YH, et al. Comparative pro-
teome analysis of tracheal tissues in response to infec-
tious bronchitis coronavirus, Newcastle disease virus,
and avian influenza virus H9 subtype virus infection.
Proteomics. 2014;14:1403–1423.

[34] Saelao P, Wang Y, Chanthavixay G, et al. Integrated
proteomic and transcriptomic analysis of differential
expression of chicken lung tissue in response to
NDV infection during heat stress. Genes (Basel).
2018;9:579.

[35] Hu ZL, Gu H, Hu J, et al. Quantitative proteomics
identify an association between extracellular matrix
degradation and immunopathology of genotype VII
Newcastle disease virus in the spleen in chickens.
J Proteomics. 2018;181:201–212.

[36] Hsu SC, Gilgenast TG, Bartman CR, et al. The BET
protein BRD2 cooperates with CTCF to enforce tran-
scriptional and architectural boundaries. Mol Cell.
2017;66:102–116.

[37] Kramm K, Engel C, Grohmann D. Transcription initia-
tion factor TBP: old friend new questions. Biochem Soc
Trans. 2019;47:411–423.

[38] Yamauchi T, Keough RA, Gonda TJ, et al. Ribosomal
stress induces processing of Mybbp1a and its translo-
cation from the nucleolus to the nucleoplasm. Genes
Cells. 2008;13:27–39.

[39] Albert B, Leger-Silvestre I, Normand C, et al. RNA
polymerase I-specific subunits promote polymerase
clustering to enhance the rRNA gene transcription
cycle. J Cell Biol. 2011;192:277–293.

[40] Brower CS, Veiga L, Jones RH, et al. Mouse dfa is
a repressor of TATA-box promoters and interacts
with the Abt1 activator of basal transcription. J Biol
Chem. 2010;285:17218–17234.

[41] Lum KK, Cristea IM. Proteomic approaches to unco-
vering virus-host protein interactions during the pro-
gression of viral infection. Expert Rev Proteomic.
2016;13:325–340.

[42] Rodrigo G, Daros JA, Elena SF. Virus-host interac-
tome: putting the accent on how it changes.
J Proteomics. 2017;156:1–4.

[43] Yang B, Xue QH, Qi XF, et al. Autophagy enhances the
replication of Peste des petits ruminants virus and
inhibits caspase-dependent apoptosis in vitro.
Virulence. 2018;9:1176–1194.

[44] Takatsuna H, Kato H, Gohda J, et al. Identification of
TIFA as an adapter protein that links tumor necrosis
factor receptor-associated factor 6 (TRAF6) to
interleukin-1 (IL-1) receptor-associated kinase-1

VIRULENCE 633

https://doi.org/10.3389/fmicb.2015.00553
https://doi.org/10.1186/s12014-018-9219-8
https://doi.org/10.1128/JVI.00927-19


(IRAK-1) in IL-1 receptor signaling. J Biol Chem.
2003;278:12144–12150.

[45] Huang CCF, Weng JH, Wei TYW, et al. Intermolecular
binding between TIFA-FHA and TIFA-pT mediates
tumor necrosis factor alpha stimulation and NF-κB
activation. Mol Cell Biol. 2012;32:2664–2673.

[46] Huang WC, Liao JH, Hsiao TC, et al. Binding and
enhanced binding between key immunity proteins
TRAF6 and TIFA. Chembiochem. 2019;20:140–146.

[47] Lin TY, Wei TW, Li S, et al. TIFA as a crucial mediator
for NLRP3 inflammasome. Proc Natl Acad Sci U S A.
2016;113:15078–15083.

[48] Xue YS, Man SM. ALPK1: innate attraction to the
sweetness of bacteria. Cell Res. 2018;28:1125–1126.

[49] Lopez-Denman AJ, Mackenzie JM. The IMPORTance
of the nucleus during Flavivirus replication. Viruses.
2017;9:14.

[50] Duan ZQ, Chen J, Xu HX, et al. The nucleolar phos-
phoprotein B23 targets Newcastle disease virus matrix
protein to the nucleoli and facilitates viral replication.
Virology. 2014;452:212–222.

[51] Sun W, McCrory TS, Khaw WY, et al. Matrix proteins
of Nipah and Hendra viruses interact with beta sub-
units of AP-3 complexes. J Virol. 2014;88:13099–13110.

[52] Koga R, Kubota M, Hashiguchi T, et al. Annexin A2
mediates the localization of Measles virus matrix pro-
tein at the plasma membrane. J Virol. 2018;92.
DOI:10.1128/JVI.00181-18

[53] Pentecost M, Vashisht AA, Lester T, et al. Evidence for
ubiquitin-regulated nuclear and subnuclear trafficking
among Paramyxovirinae matrix proteins. PLoS Pathog.
2015;11:e1004739.

[54] Ortin J, Martin-Benito J. The RNA synthesis machin-
ery of negative-stranded RNA viruses. Virology.
2015;479:532–544.

[55] Marx PA, Portner A, Kingsbury DW. Sendai virion tran-
scriptase complex: polyeptide composition and inhibition
by virion envelope proteins. J Virol. 1974;13:107–112.

[56] Clinto GM, Little SP, Hagen FS, et al. The matrix (M)
protein of vesicular stomatitis virus regulates
transcription. Cell. 1978;15:1455–1462.

[57] Markwell MA, Fox CF. Protein-protein interactions within
paramyxoviruses identified by native disulfide bonding or
reversible chemical cross-linking. J Virol. 1980;33:152–166.

[58] Carroll AR, Wagner RR. Role of the membrane (M) pro-
tein in endogenous inhibition of in vitro transcription by
vesicular stomatitis virus. J Virol. 1979;29:134–142.

[59] Reuter T, Weissbrich B, Schneider-Schaulies S, et al. RNA
interference with measles virus N, P, and L mRNAs
efficiently prevents and with matrix protein mRNA
enhances viral transcription. J Virol. 2006;80:5951–5957.

[60] Iwasaki M, Takeda M, Shirogane Y, et al. The matrix
protein of Measles virus regulates viral RNA synthesis
and assembly by interacting with the nucleocapsid
protein. J Virol. 2009;83:10374–10383.

[61] Ahmed M, Lyles DS. Identification of a consensus muta-
tion in M protein of vesicular stomatitis virus from persis-
tently infected cells that affects inhibition of host-directed
gene expression. Virology. 1997;237:378–388.

[62] Ahmed M, Lyles DS. Effect of vesicular stomatitis virus
matrix protein on transcription directed by host RNA
polymerases I, II, and III. J Virol. 1998;72:8413–8419.

[63] Faria PA, Chakraborty P, Levay A, et al. VSV disrupts
the Rae1/mrnp41 mRNA nuclear export pathway. Mol
Cell. 2005;17:93–102.

[64] von Kobbe C, van Deursen JM, Rodrigues JP, et al.
Vesicular stomatitis virus matrix protein inhibits host
cell gene expression by targeting the nucleoporin
Nup98. Mol Cell. 2000;6:1243–1452.

[65] Pan W, Song DG, He WQ, et al. The matrix protein of
vesicular stomatitis virus inhibits host-directed tran-
scription of target genes via interaction with the
TFIIH subunit p8. Vet Microbiol. 2017;208:82–88.

[66] Duan ZQ, Deng SS, Ji XQ, et al. Nuclear localiza-
tion of Newcastle disease virus matrix protein pro-
motes virus replication by affecting viral RNA
synthesis and transcription and inhibiting host cell
transcription. Vet Res. 2019;50. DOI:10.1186/
s13567-019-0640-4

[67] Kopytova DV, Orlova AV, Krasnov AN, et al.
Multifunctional factor ENY2 is associated with the
THO complex and promotes its recruitment onto nas-
cent mRNA. Gene Dev. 2010;24:86–96.

[68] Kumar R, Corbett MA, van Bon BWM, et al. THOC2
mutations implicate mRNA-export pathway in
X-linked intellectual disability. Am J Hum Genet.
2015;97:302–310.

[69] Li S. Regulation of ribosomal proteins on viral
infection. Cells. 2019;8. DOI:10.3390/cells8020137

[70] Spurgers KB, Alefantis T, Peyser BD, et al.
Identification of essential Filovirion-associated host
factors by serial proteomic analysis and RNAi screen.
Mol Cell Proteomics. 2010;9:2690–2703.

[71] Li S, Li X, Zhou YJ. Ribosomal protein L18 is an essential
factor that promote rice stripe virus accumulation in small
brown planthopper. Virus Res. 2018;247:15–20.

[72] Xu J, Zhang PB, Kusakabe T, et al. Comparative pro-
teomic analysis of hemolymph proteins from
Autographa californica multiple nucleopolyhedrovirus
(AcMNPV)-sensitive or -resistant silkworm strains
during infections. Comp Biochem Physiol Part
D Genomics Proteomics. 2015;16:36–47.

[73] Hightower LE, Bratt MA. Protein synthesis in
Newcastle disease virus-infected chicken embryo cells.
J Virol. 1974;13:788–800.

[74] Marques M, Ramos B, Soares AR, et al. Cellular pro-
teostasis during influenza A virus infection-Friend or
Foe? Cells. 2019;8:228.

[75] Vester D, Rapp E, Gade D, et al. Quantitative analysis of
cellular proteome alterations in human influenza A
virus-infected mammalian cell lines. Proteomics.
2009;9:3316–3327.

[76] Kroeker AL, Ezzati P, Coombs KM, et al. Influenza
A infection of primary human airway epithelial cells
up-regulates proteins related to purine metabolism and
ubiquitin-related signaling. J Proteome Res.
2013;12:3139–3151.

[77] Soderholm S, Kainov DE, Ohman T, et al.
Phosphoproteomics to characterize host response during
influenza A virus infection of human macrophages. Mol
Cell Proteomics. 2016;15:3203–3219.

[78] Pei ZF, Bai YT, Schmitt AP. PIV5 M protein interac-
tion with host protein angiomotin-like 1. Virology.
2010;397:155–166.

634 Z. DUAN ET AL.

https://doi.org/10.1128/JVI.00181-18
https://doi.org/10.1186/s13567-019-0640-4
https://doi.org/10.1186/s13567-019-0640-4
https://doi.org/10.3390/cells8020137


[79] Ray G, Schmitt PT, Schmitt AP. Angiomotin-Like 1
links paramyxovirus M proteins to NEDD4 family
ubiquitin ligases. Viruses. 2019;11:128.

[80] Cheng JH, Sun YJ, Zhang FQ, et al. Newcastle disease
virus NP and P proteins induce autophagy via the
endoplasmic reticulum stress-related unfolded protein
response. Sci Rep. 2016;6:1–10.

[81] Ren SH, Rehman ZU, Shi MY, et al. Hemagglutinin-
neuraminidase and fusion proteins of virulent
Newcastle disease virus cooperatively disturb
fusion-fission homeostasis to enhance mitochondrial
function by activating the unfolded protein response
of endoplasmic reticulum and mitochondrial stress.
Vet Res. 2019;50:37.

[82] Chen BJ, Lamb RA. Mechanisms for enveloped virus
budding: can some viruses do without an ESCRT?
Virology. 2008;372:221–232.

[83] Milivojevic M, Dangeard AS, Kasper CA, et al.
ALPK1 controls TIFA/TRAF6-dependent innate
immunity against heptose-1,7-bisphosphate of
gram-negative bacteria. PLos Pathog. 2017;13:
e1006224.

[84] Gaudet RG, Guo CX, Molinaro R, et al. Innate recog-
nition of intracellular bacterial growth is driven by the
TIFA-dependent cytosolic surveillance pathway. Cell
Rep. 2017;19:1418–1430.

[85] Ying L, Ferrero RL. Role of NOD1 and ALPK1/TIFA
signalling in innate immunity against helicobacter
pylori infection. Curr Top Microbiol.
2019;421:159–177.

[86] Rue CA, Susta L, Cornax I, et al. Virulent Newcastle
disease virus elicits a strong innate immune response in
chickens. J Gen Virol. 2011;92:931–939.

[87] Kapczynski DR, Afonso CL, Miller PJ. Immune
responses of poultry to Newcastle disease virus. Dev
Comp Immunol. 2013;41:447–453.

[88] Susta L, Diel DG, Courtney S, et al. Expression of chicken
interleukin-2 by a highly virulent strain of Newcastle dis-
ease virus leads to decreased systemic viral load but does
not significantly affect mortality in chickens. Virol J.
2015;12. DOI:10.1186/s12985-015-0353-x

[89] Susta L, Cornax I, Diel DG, et al. Expression of inter-
feron gamma by a highly virulent strain of Newcastle
disease virus decreases its pathogenicity in chickens.
Microb Pathog. 2013;61-62:73–83.

[90] Buchholz UJ, Finke S, ConzelmannKK.Generation of bovine
respiratory syncytial virus (BRSV) from cDNA: BRSV NS2 is
not essential for virus replication in tissue culture, and the
human RSV leader region acts as a functional BRSV genome
promoter. J Virol. 1999;73:251–259.

[91] Whelan SP, Wertz GW. Transcription and replication
initiate at separate sites on the vesicular stomatitis
virus genome. Proc Natl Acad Sci U S A.
2002;99:9178–9783.

[92] Yu XH, Cheng JL, He ZR, et al. The glutamic residue at
position 402 in the C-terminus of Newcastle disease
virus nucleoprotein is critical for the virus. Sci Rep.
2017;7. DOI:10.1038/s41598-017-17803-2

[93] Guo HX, Guo HH, Zhang L, et al. Dynamic TMT-based
quantitative proteomics analysis of cCritical initiation pro-
cess of totipotency during cotton somatic embryogenesis
transdifferentiation. Int J Mol Sci. 2019;20:1691.

[94] Perez-Riverol Y, Csordas A, Bai J, et al. The PRIDE
database and related tools and resources in 2019:
improving support for quantification data. Nucleic
Acids Res. 2019;47:D442–D450.

VIRULENCE 635

https://doi.org/10.1186/s12985-015-0353-x
https://doi.org/10.1038/s41598-017-17803-2

	Abstract
	Introduction
	Results
	Nucleocytoplasmic trafficking of Mprotein promotes the replication and cytopathogenicity of NDV and regulates viral RNA synthesis and transcription
	rSS1GFP and rSS1GFP-M/NLSm exhibit great discrepancy in stimulating the cellular proteome
	Annotation analysis of the identified DEPs
	rSS1GFP infection inhibits host cell transcription, RNA processing and modification
	rSS1GFP infection affects the expression of cellular translation, posttranslational modification and trafficking-associated proteins
	rSS1GFP replication is enhanced by inhibiting TIFA/TRAF6/NF-κB signaling pathway

	Discussion
	Materials and methods
	Cells, viruses and antibodies
	Cell culture and Virus infection
	Indirect immunofluorescence assay
	Quantification of viral RNA synthesis and gene expression by qRT‑PCR
	Protein sample preparation and trypsin digestion
	TMT labeling, HPLC fractionation and LC-MS/MS analysis
	Database search and data analysis
	Analysis of cellular gene expression by qRT-PCR
	Western blotting
	TIFA overexpression and virus infection
	siRNA treatment and virus infection
	Statistical analysis

	Disclosure statement
	Funding
	References



