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ABSTRACT The efficient proliferation of Newcastle
disease virus (NDV) depends on its inhibition of host
cell innate immunity. V protein acts as a nonstructural
protein which plays a significant role in virus replication,
whereas its function remains to be further explored.
In this study, Musashi RNA binding protein 1 (MSI1)
was selected and its interaction with V protein was fur-
ther verified by Co-immunoprecipitation (Co-IP) and
Immuno-colocalization test. Through the transfection of
pCMV-HA-MSI1 in DF-1 cells, the overexpression of
MSI1 reduced virus particles in the cell supernatant but
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not reduced mRNA and virus protein in cells pellet,
which suggests that MSI1may act as a new antiviral
molecule by inhibiting viral release. Cell early apoptosis
was detected by flow cytometry (FCM), the result
shows that overexpression of MSI1 inhibit cell apoptosis,
implying MSI1 Inhibit virus release may through this
way. Taken together, MSI1 and NDV V protein has a
detectable interaction, and may block apoptosis to
inhibit the release of NDV. However, this is the first
report about the interaction between MSI1 and V pro-
tein of NDV that can inhibit the NDV replicated.
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INTRODUCTION

Since the first report of Newcastle disease virus
(NDV) in 1926 (Ganar et al., 2014), it acts as a serious
infectious disease that affects the poultry industry across
the world. According to the latest virus taxonomy, the
virus has been classified into the order family Paramyxo-
viridae, subfamily Avulavirinae, and genus Orthoavula-
virus (Butt et al., 2019). NDV genome transcript six
fundamental genes in the order of 30-NP-P-M-F-HN-L-50
(Wang et al., 2019). Like other Paramyxovirus, NDV
encodes V protein through RNA editing (Galinski et al.,
1992). The NDV Clone-30 mutants that have lost its V
protein were unable to propagate in SPF chicken
eggs (Mebatsion et al., 2001), which indicates that the V
protein plays a direct role in virus replication. Studies
have shown that expression of the V protein prevents
the activation of the Alpha Interferon response, by its
C-terminal domain (Park et al., 2003a). Overexpression
of V protein promotes NDV replication by anti-innate
immune responses (Jang et al., 2010). But, in interferon-
deficient cells, the deletion of the C-terminal domain of
V protein decreased the replication level of rNDV
(Park et al., 2003b), which indicates that the function of
V protein is not fully understood.
To further explore the function of V protein, several

host proteins that interacted with V protein were discov-
ered by the yeast two-hybrid technology (Y2H) in our
lab. MSI1, one of the molecules that have been screened,
belongs to an evolutionarily conserved family of RNA-
binding proteins was first identified in 1994 in Drosoph-
ila by Makoto Nakamura (Nakamura et al., 1994). MSI1
has two RNA-recognition motifs, in the N-terminal
region that mediate the binding of MSI1 to target RNAs
(Kudinov et al., 2017). According to previous studies,
MSI1 may control hundreds of targets, regulating apo-
ptosis, differentiation, proliferation, and cell cycle
(Bish and Vogel, 2014). Indicating that MSI1 can regu-
late cell fate through multiple ways (Chen et al., 2016).
However, the antiviral function of MSI1 has yet to be
studied in relation to NDV.
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V protein is indispensable for the efficient replication
of NDV, whereas its function remains to be further
explored. The present study revealed a molecule MSI1
which has a detectable interaction with V protein. We
investigated the function of MSI1 in the progression
of NDV infection. In this context, we delve into the
mechanism of MSI1 to further interpret the function of
NDV V protein.
MATERIALS AND METHODS

Plasmid Construction

The primers for MSI1 were designed according to the
published Gallus MSI1 gene in NCBI
(XM_015275405.2). The ORF of MSI1 was amplified
by PCR from DF-1 cell and was cloned into the pCMV-
HA expression vector. The constructed plasmid was
finally identified using double restriction enzyme diges-
tion, and MSI1 overexpression was confirmed by west-
ern blotting. The V gene, with a Flag tag, cloned into
the pCAGEN (maintained in our lab).
Cell Culture and Plasmid Transfection

DF-1, HEK 293T and BHK21 cells were maintained in
our lab. All cell lines were cultured in DMEM (Gibco,
Grand Island, NY) supplemented with 10% fetal bovine
serum (SERA-PRO, USA) in a 5% CO2 condition in a
37°C incubator.

DF-1 cells were plated with 5£ 105 cells per well in a
12-well plate and cultivated for 24 h. The cells were
transfected with pCMV-HA-MSI1 or pCAGEN-Flag-V
using TurboFect (Thermo, USA) according to the man-
ufacturer’s instructions.
Viruses and Viral Infection

NDV F48E9 (genotype IX) was maintained in our lab. It
is a kind of neurotropic immediate virulent strain. DF-1
cells in 12-well culture plate were incubation with F48E9
(0.01 MOI, 300 mL) for 1 h. The incubation process was
performed at 37°C with 5% CO2. In this study, viral titers
were measured by plaque assay through BHK21 cells.
Co-IP Assay

293T cells were cultured in 60 mm dishes grown to a
confluence of 80%, each plasmid was transfected with
3 mg for 48 h. Scrap the cells from dishes. Centrifugally
collect cell pellets after washing cells twice with cold PBS.
The cell pellet was lysed by the NP40 buffer for 30 min on
ice. Centrifuge at 13000 rpm for 10 min, collecting super-
natant subassembly 20 mL as input. Resuspend magnetic
beads by vortex 30 s and transfer 50 mL beads to a tube.
Place the tube on the magnet to remove the supernatant.
Add antibody diluted in 200 mL premade PBST into the
processed magnetic beads and rotation for 30 min at room
temperature. Place the tube on the magnet and remove
the supernatant. Incubate antigen and bead-Ab complex
for 45 min at room temperature. Wash the bead-Ab-Ag
complex with PBST gently three times. Remove the
supernatant, add 20 mL of Elution Buffer and 10 mL pro-
tein loading buffer heat at 95℃ for 5 min, 10 mL sample
was used for Western blotting assay.
Western Blot Analysis

DF-1 cells on a 12-well plate were washed with PBS
and lysed by RIPA buffer (contained PMSF) for 30 min
at 4°C. Proteins were boiled for 10 min with a 5£protein
loading buffer. The equal volume of each protein sample
was separated by 12% or 15% SDS-PAGE, then, trans-
ferred onto PVDF sheets (Millipore, Billerica, MA,
USA). After blocking for 2 h at room temperature with
10% skim milk, the PVDF membranes containing target
protein were incubated with diluted primary antibodies
for one night at 4°C, then incubated with diluted second
antibodies for 1 h at room temperature. After washing
by TBST, the membranes were observed by the imaging
system.
Quantitative Real Time PCR (Q-PCR)

The mRNA levels of NDV M genes were detected by
Q-PCR. The total RNAs were extracted by RNAiso
(TaKaRa, Dalian, China) from DF-1 cells. Then, cDNA
was obtained via Star Script II First-strand cDNA syn-
thesis kit II (Genstar, China). Real-time PCR was used
to detect cDNA samples according to the protocol.
Indirect Immunofluorescence Assay (IFA)

DF-1 cells were grown to 70% confluence on confocal
dishes (NEST, Wuxi, China), cells were co-transfection
with pCAGEN-Flag-V and pCMV-HA-MSI1. After
24 h, the treated cell samples were observed under a con-
focal microscope.
RESULTS
V. Protein Interacts With MSI1 in DF-1 Cells

Our previous work screened hundreds of molecules
that interact with NDV V protein including MSI1
through the yeast two-hybrid system. In this work, a
Co-IP assay confirmed the interaction of MSI1 with V in
293T cells (Figure 1A), magnetic beads were treated
with Flag antibody, and HA antibodies were used to
detect MSI1 in eluent. The results show the interaction
between V and MSI1. The interaction was further con-
firmed by a reverse Co-IP assay by using HA antibody
treated magnetic and Flag antibody to detect V in elu-
ent (Figure 1B). The localization of MSI1 and V in DF-1
cells was observed using immunofluorescence and confo-
cal microscopy. As is shown above, the V protein (RFP)



Figure 1. V protein interacts with MSI1. (A, B) Co-Immunoprecipitation analysis of MSI1 and V in 293T cells. MSI1 and V were co-trans-
fected or separate transfected into 293T cells. Cells pellet was collected after 36 h post-transfection. (C) Confocal analysis of MSI1 and V in DF-1
cells. MSI1 and V protein was transfected into DF-1 cells and assessed by immunofluorescence staining. V protein was detected with goat antimouse
monoclonal antibody and visualized with Alexa Fluor 488 (green). MSI1 was detected with goat antirabbit monoclonal antibody and visualized
with Alexa Fluor 594 (red). Yellow indicates colocalization of the V protein and MSI1 in the merged image. (D) Histograms represent the fluores-
cence intensity for MSI1 and V protein in determined area (white continuous line) demonstrating the correlation between two signals. In MSI1 and
V co-expression cells, MSI1 is colocalized with V.
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and MSI1 (GFP) colocalized in the cytoplasmic region
(Figures 1C and 1D).
Infected With F48E9 or Transfection With V
Protein in DF-1 Cells Promote MSI1
Expression

After identifying the interaction between MSI1 and V
protein, we further explored their relationship. The
expression of endogenous MSI1 at the mRNA levels was
detected 24 h postinfection. The results show that
infected with F48E9 promotes MSI1 expression
(Figure 2A). Then, DF-1 cells which were transfected
with V protein, compared to the control group, have
prominently higher MSI1 mRNA level (Figure 2B).
MSI1 Inhibits NDV Release in DF-1 Cells

Previous studies have shown that V protein promotes
the proliferation of NDV through a variety of functions.
Next, we measured the effect of MSI1 on NDV replica-
tion. DF-1 cells were transfected with pCMV-HA-MSI1
and pCMV-HA (control) for 24 h and then infected with
F48E9 (0.01 MOI), collect the samples at 12 h, 24 h and,
36 h postinfection. Western blot (Figure 3A) and Q-
PCR (Figure 3B) results show that there is significant
inhibition in 12 h postinfection, the inhibition weakened
in the 24 h and 36 h groups. However, plaque assay
shows the titer of virus decreased in the supernatant at
three time points (Figure 3C). Indicating that overex-
pression of MSI1 inhibits NDV release in DF-1 cells.
Overexpression of MSI1 Inhibited Apoptosis
in DF-1 Cells

MSI1 acts as a tumor factor affecting apoptosis. Flow
cytometry analysis of early apoptosis showed that early
apoptotic cells were decreased in MSI1 transfected cells
Figure 2. Infected with F48E9 or transfection with V protein pr
24 h. The RNA was extracted according to the method previously describe
(B) DF-1 cells were transfected with V protein for 36 h. The RNA was extrac
compared with control group 36 h post-transfection
(Figure 4A). Western blot results showed that BCL2
associated X protein decreased in DF-1 cells (Figure 4B)
which were transfected with pCMV-HA-MSI1, com-
pared with the control group. In conclusion, overexpres-
sion of MSI1 inhibits cell apoptosis.
DISCUSSION

In our previous studies, we employed a yeast two-
hybrid system to select the host proteins which interact
with NDV V protein. The result shows that V proteins
have a wide range of interactions with intracellular
molecules, such as TXNL1 (Wang et al., 2018), cacyBP
(Chu et al., 2018). Many of these molecules are associ-
ated with tumorigenesis, which suggests that V protein
may participate in cell cycle regulation. As one of the
molecules which interact with V protein, MSI1 belongs
to a family of RBPs that possess various functions,
including apoptosis, differentiation, proliferation and
cell cycle. In cancers, MSI1 has been identified as a factor
supporting proliferation and apoptosis (Kudinov et al.,
2017).
Further, this interaction was confirmed by Co-IP

assays. The results show that the interaction between
MSI1 and V protein could be detected whether MSI1 or
V protein was used as bait protein, which gave us con-
vincing proof, suggesting that the V protein may exert
its function through MSI1 while the molecular details of
this interaction need further investigation. Next, Endog-
enous MSI1 mRNA was detected after NDV infection or
V protein over-expression. Results show that after infec-
tion with F48E9 for 24 h, the expression of MSI1
increased with a small range in DF-1 cells while over-
expression of V protein 36 h post-transfection promi-
nently promoted MSI1 expression. This may be because
the expression of V protein after virus infection is lower
than that after transfection.
omote MSI1 expression. (A) DF-1 cells were infected with F48E9 for
d. The mRNA levels of endogenous MSI1 were detected using Q-PCR.
ted and endogenous MSI1 mRNA was detected using Q-PCR.



Figure 3. MSI1 inhibits NDV release. (A) Western blot was used to detect the protein of the virus. DF-1 cells were transfected with pCMV-
HA-MSI1 and control plasmids for 24 h and infected with F48E9 (0.01 MOI). The cell pellet was collected after 12 h, 24 h, and 36 h postinfection.
(B) DF-1 cells were transfected with pCMV-HA- MSI1 and control plasmids for 24 h and infected with F48E9 (0.01 MOI). The RNA was extracted
after 12 h, 24 h and 36 h postinfection. Then mRNA level of NDV was detected using Q-PCR. (C) The viral titer of F48E9 was detected using the
viral plaque assay.

Figure 4. MSI1 Inhibit apoptosis in DF-1 cells. (A) Detection of apoptosis by Annexin V/PI staining and flow cytometry. DF-1 cells were
transfected with pCMV-HA-MSI1, control plasmid or mock transfected for 48 h. Stained with annexin V and PI, and analyzed with flow cytometry.
(B) Protein expression level for BAX in MSI1 overexpressed cells 36 h post-transfection detected by western blot.
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Current studies are devoted to making MSI1 a cancer
treatment target and there have been no reports on the
antiviral effect of MSI1. However, our study showed
that overexpression of MSI1 inhibited NDV replication
in DF-1 cells. Then we investigated the role of MSI1 in
virus replication. Notably, previous studies have indi-
cated that MSI1 transduction also promoted OP sur-
vival, significantly reduced the cleaved of caspase-3,
protective against OP cell death in vitro (Dobson et al.,
2008). Ether extrinsic or intrinsic pathways of apoptosis
are both ultimately initiated by the cleavage of caspase-
3/7 (De et al., 2018). Consistent with the results, DF-1
cells which were transfected with pCMV-HA-MSI1 the
BAX expression is reduced and the proportion of early
apoptotic cells decreased compared to the control group.
How does MSI1 regulate apoptosis still needs to be fur-
ther identified. NDV replicates and aggregates in host
cells, eventually destroying the cells and resulting in the
mass release of virions. The inhibition of apoptosis in
cells which were infected probably results in the preven-
tion of virus release. Observe in microscope, cells which
transfected with pCMV-HA-MSI1 shows higher viabil-
ity after infection with F48E9 compared with cells trans-
fected with vector (Supplemental Figure 1).
Consequently, we used the plaque assay to detect the
cell supernatant. The result shows a significant decrease
of virus titer, at 12 h, 24 h, and 36 h, compared with con-
trol cells. Indicating that, MSI1 can be an anti-NDV
molecule. Suggesting that MSI1 may be an anti-NDV
target, could contribute to innovative vaccines to con-
trol NDV in poultry flocks. However, in cells pellet,
mRNA and protein level of virus have no significant dif-
ferences between the experimental group and the control
group. We speculate that the overexpression of MSI1
prevented the release of virus, thus inhibiting their repli-
cation.
CONCLUSION

In summary, MSI1 was identified as a novel antiviral
molecule, and it has a detectable interaction with NDV
V protein. It is speculated that MSI1 can be a potential
target for V protein to regulate apoptosis, which gives
new information about the interactive relationships
between viral genes and host proteins. Future studies
need to verify the regulatory relationship between V
protein and MSI1. The findings of this study may help
us better understand the molecular mechanisms by
which NDV replicates in host cells.
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