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ABSTRACT

A growing body of evidence suggests the pivotal role of long non-coding RNA (IncRNA) in
influenza virus infection. Based on next-generation sequencing, we previously demonstrated
that Lnc45 was distinctively stimulated by H5N1 influenza virus in mice. In this study, we system-
atically investigated the specific role of Lnc45 during influenza A virus (IAV) infection. Through
gRT-PCR, we first demonstrated that Lnc45 is highly up-regulated by different subtypes of IAV
strains, including H5N1, H7N9, and H1N1 viruses. Using RNA-FISH and qRT-PCR, we then found
that Lnc45 can translocate from nuclear to cytoplasm during H5N1 virus infection. In addition,
forced Lnc45 expression dramatically impeded viral replication of HIN1, H5N1, and H7N9 virus,
while abolish of Lnc45 expression by RNA interference favored replication of these viruses,
highlighting the potential broad antiviral activity of Lnc45 to IAV. Correspondingly, overexpression
of Lnc45 inhibited viral polymerase activity and suppressed IAV-induced cell apoptosis. Moreover,
Lnc45 significantly restrained nuclear aggregation of viral NP and PA proteins during H5N1 virus
infection. Further functional study revealed that the stem ring arms of Lnc45 mainly mediated the
antiviral effect. Therefore, we here demonstrated that Lnc45 functions as a broad-spectrum
antiviral factor to inhibit influenza virus replication probably through inhibiting polymerase
activity and NP and PA nuclear accumulation via its stem ring arms. Our study not only advances
our understanding of the complexity of the IAV pathogenesis but also lays the foundation for
developing novel anti-IAV therapeutics targeting the host IncRNA.
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INTRODUCTION Activated T cells [NFAT]), modulates human immuno-

Influenza A virus (IAV) is an enveloped negative-
strand RNA virus that can be classified into type A, B,
and C according to different antigenicity of the nucleo-
protein (NP) and matrix protein (M) [1]. IAV has
a wide host range and poses a dual threat to both
poultry and human health [2].

Long non-coding RNA (IncRNA) is a large class of
non-protein-coding transcripts with a length of more
than 200 nucleotides (nt) [3]. Although IncRNA does
not contain a significant open reading frame, it can act
as a gene regulator at multiple levels, including transcrip-
tion, post-transcription and translation [4-7]. Moreover,
accumulated studies have demonstrated that IncRNA
plays either a promotional or an inhibitory role in the
process of viral infection [8-11]. For example, IncRNA
NRON (noncoding repressor of Nuclear Factor of

deficiency virus (HIV) replication through alternating the
activity of NFAT and the viral long terminal repeat (LTR)
region [9]. While LncRNA GAS5 (growth arrest-specific
5), which was first identified as a decoy of the hepatitis
C virus (HCV) NS3 protein, is important for preventing
HCV replication in Huh?7 cells [10]. In addition, IncRNA
also represents a defender of host immune response to
viral infection [12-14]. For instance, Lnczc3h7a serving as
a molecular scaffold between the E3 ubiquitin ligase
TRIM25 and RIG-], then facilitates the subsequent innate
immune signaling and promising an efficient antiviral
effect [14].

As for influenza virus, IncRNA also plays a substantial
role during influenza virus infection and contributes to
the antiviral immune response [15-22]. In order to
directly or indirectly regulate IAV replication, abundant
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differentially expressed IncRNAs are induced by IAV
infection to play important roles in immune signal trans-
duction, immune pathway activation and the generation
of antiviral proteins [22]. Some previous studies empha-
size the functions of IncRNA, either being as negative or
positive regulator in influenza virus replication or func-
tional as a regulator in innate antiviral immunity, includ-
ing NRAV (negative regulator of antiviral response), Inc-
ISG20, IncRNA ISR, VIN (virus inducible IncRNA),
IncRNA TSPOAP1-AS1 and IncRNA-155 [15-21].
NRAV is one of such examples, which impedes the
expression of some critical interferon-stimulated genes
(ISGs), such as IFITM3 (interferon-induced transmem-
brane protein 3) and MxA, thus significantly promotes
TAV replication and viral virulence [21]. In contrast, Inc-
ISG20, which is a novel interferon-stimulated gene sti-
mulated by IAV, exerts its antiviral effect via up-
regulating the expression of ISG20 [20]. Moreover, for
function of IncRNA in innate immunity, IncRNA
TSPOAP1-ASI inhibits IAV-induced IFN-B1 transcrip-
tion, impedes the activation of interferon-sensitive
response element (ISRE), and suppresses the expression
of the downstream interferon-stimulated gene [17].
Besides, IAV-induced IncRNA-155, which was encoded
by MIR155HG, modulates immune response via regula-
tion of PTPIB (Protein Tyrosine Phosphatase 1B)-
mediated interferon response during influenza virus
infection [15].

Through deep-sequencing of the different IncRNA
expression during H5N1 influenza virus infection in
mice, we previously identified a potential functional
IncRNA, named Lnc45 [23]. Here, we demonstrated
that Lnc45 was highly stimulated by various subtypes
of influenza A virus, including H5NI1, HINI, and
H7N9, and exerts a wide inhibitory effect on viral
replication of various subtypes of IAV. Furthermore,
Lnc45 translocated from nuclear to cytoplasm after
IAV infection. Over-expression of Lnc45 significantly
inhibited viral polymerase activity, impeded nuclear
aggregation of NP and PA proteins and suppressed
TIAV-induced cell apoptosis. Moreover, the broad inhi-
bitory antiviral effect was mainly mediated by the stem
ring arms of Lnc45. Therefore, our results demon-
strated that Lnc45 was equipped with the broad-
spectrum anti-influenza A virus activity that may act
as potential antiviral complements for IAV infection.

MATERIALS AND METHODS
Bioinformatics analysis

The University of California Santa Cruz (UCSC)
Genome Browser (http://genome-asia.ucsc.edu/index.

html) was explored to predict the location of Lnc45
on chromosome of the mouse genome. The ability of
Lnc45 to encode gene was predicated through
PhyloCSF tracks (https://data.broadinstitute.org/comp
biol/PhyloCSFtracks/trackHub/hub.txt). In order to
analyze the secondary structure of Lnc45, an RNAfold
web server (http://rna.tbi.univie.ac.at/cgi-bin
/RNAWebSuite/ RNAfold.cgi) was also made use of.
The potential transcription factor (TF) of Lnc45 was
predicted through TRANSFAC (http://www.gene-
regulation. Com/index2.html).

Virus strains and Cells

Influenza A viruses, including A/Chicken/Jiangsu/
k0402/2010 (H5N1 CK10) [23], A/Puerto Rico/8/1934
(HIN1 PR8) and A/Chicken/Shandong/S8/2015 (H7N9
S8) were propagated in specific pathogen free (SPF)
embryonated chicken eggs at 37°C for about 1 to 2 days.

Human embryonic kidney cells (HEK293T/293 T),
Madin-Darby canine kidney cells (MDCK) cells, Rat
alveolar type II cells (RLE-6TN) and Henrietta Lack cell
(HeLa) were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) (Gibco, MA, USA) supplemented
with 10% heat-inactivated fetal bovine serum (FBS)
(Gibco), and then incubated in a 37°C, 6% CO,
incubator.

Plasmids and siRNA

The Lnc45 gene was subcloned into the expression
plasmid pcDNA3.1. Plasmids expressing the PB2, PA,
PBI1, and NP genes of the CK10 virus were generated
previously by subcloning of these genes into the
pcDNA3.1 vector [24]. The Firefly luciferase reporter
plasmid and the internal control Renilla luciferase
reporter plasmid were from our laboratory.

In order to obtain the truncation mutants of Lnc45,
the truncation mutants were PCR-amplified using the
cDNA of the Lnc45 as a template and then were sub-
cloned into expression plasmid pcDNA3.1 using
a Ready-to-Use Seamless Cloning Kit (Sangon Biotech,
Shanghai, China) according to the manufacturer’s pro-
tocol. The mutated plasmids were named Mutant-A to
Mutant-L, respectively (Figure 11a). All plasmids con-
structed in this study were confirmed by sequencing, and
the primers used are shown in Table S1.

For silencing of Lnc45 expression, Lnc45-specific
siRNAs were transfected into 6TN cells using siRNA-
Mate (Gene Pharma, SuZhou, China) following the
supplied protocol. Moreover, the negative-control
siRNAs and FAM-siRNA were also included. The spe-
cific sequences of the used siRNAs are given in Table 1.
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Table 1. siRNA sequences (5'-3').
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Gene sense antisense
siRNA-1150 GGUCCUUAGUUUAGAUCUUTT AAGAUCUAAACUAAGGACCTT
siRNA-700 CCUGGGACAUAGGUCUAUUTT AAUAGACCUAUGUCCCAGGTT
FAM-siRNA UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT
N.C siRNA-RL GCGACGAUCUGCCUAAGAUTAT AUCUUAGGCAGAUCGUCGCATdT

Cell death analysis

293 T cells were first transfected with pcDNA3.1-Lnc45
or pcDNA3.1 for 24 h, and then the cells were then
inoculated with CK10 virus. At 24 h p.i, the cells were
then collected and analyzed as described previously
[25]. Briefly, a total of 10%° cells was stained with
fluorescein isothiocyanate (FITC)-conjugated annexin
V and/or propidium iodide (PI) (Beyotime, Shanghai,
China), respectively, and were then analyzed using the
flow cytometer (Becton Dickinson, Franklin Lakes, NJ,
USA). The ratios of apoptotic or necrotic cells were
presented as the means * standard deviations (SD)
from three independent experiments.

Virus Growth curve

To determine whether Lnc45 affect virus replication,
293 T cells and Hela cells with 80-90% confluence was
first transfected with pcDNA3.1-Lnc45 or pcDNA3.1
for 24 h, then the cells were infected with indicated
influenza virus at a multiplicity of infection (MOI) of 1.
The supernatants of the cell culture were harvested at
the indicated times points. The virus 50% tissue culture
infective dose (TCIDs) in supernatants were measured
on MDCK cells by the method of Reed and
Muench [26].

Indirect immunofluorescence assay

For indirect immunofluorescence assay, cells were
washed three times using PBS, then fixed in 4% paraf-
ormaldehyde at room temperature for 30 min, and
permeabilized in 0.5% Triton X-100 for 10 min. The
cells were then blocked with 1% bovine serum albumin
(BSA) for 1 h at room temperature, and were incubated
with rabbit antiserum against PA (1:1000, GeneTex,
San Antonio, USA) or monoclonal antibody against
NP (1:300, generated by our lab) overnight at 4°C.
PBS was used to wash the cells for additional three
times and incubated for 1 h with Alexa-conjugated
goat anti-rabbit (for PA) or fluorescein isothiocyanate
(FITC)-coupled goat anti-mouse (for NP) secondary
antibodies (1:1000, Invitrogen, CA, USA) at room tem-
perature. The nucleus was stained with DAPI

(4,6-diamino-2-phenyl indole). Fluorescence was then
observed by a Leica TCS SP-E microscope.

Subcellular Fractionation

6TN cells that were cultured in a six-well plate were
washed with PBS and incubated with 200 pL buffer
A (10 mM HEPES, 10 mM KCI, 1.5 mM MgCl2,
0.34 M sucrose, 10% glycerol, 1 mM DTT, 0.1%
Triton X-100 and protease inhibitor) for 5 min on ice,
followed by low-speed centrifugation at 4 «C (1500 x g,
4 min). The supernatant was then further clarified by
high-speed centrifugation (13,000 x g, 10 min) to
remove cell debris and insoluble aggregates, and then
stored as the cytoplasmic fraction. The pellets were
then washed once with buffer A without 0.1% Triton
X-100, then lysed in 200 pL RIPA buffer (50 mM Tris,
pH 7.4, 150 mM NacCl, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS and protease inhibitor), and
then stored as nuclear fraction. For RNA quantification
in the cytoplasm and nuclei, the subcellular fractions of
6TN cells were prepared in the presence of RNase
inhibitor as described above. The levels of Lnc45,
GAPDH and U6 mRNA in cytoplasmic and nuclear
fractions were then determined by quantitative real-
time PCR (qRT-PCR). The percentage of RNA distri-
bution was determined as the ratio of the amount of
RNA in each fraction to the total amount of RNA.

gRT-PCR

To determine the amount of Lnc45 and NP mRNA,
cRNA and vRNA after virus infection, the total RNA
for the uninfected or infected 293 T cells were collected
using TRIZOL (Vazyme, NanJing, China) following
the manufacturer’s instructions. To determine the
Lnc45 expression in the nuclear and cytoplasm, the
total RNA for the cytoplasmic and nuclear fractions
of the uninfected or infected 6TN cells were collected
separately using TRIZOL (Vazyme) following the man-
ufacturer’s instructions. Reverse transcription reac-
tions were performed with the Prime Script RT
reagent Kit (TaKaRa). The qRT-PCR was then per-
formed with the SYBR Premix ExTaq Kit (TaKaRa)
according to the manufacturer’s protocol. U6 mRNA
was measured as nuclear endogenous control and
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Table 2. Primers used for gRT-PCR detection.

Primers Primer sequence (5'-3")
CK10 NP-F AGAGACGGAAAATGGGTGAGAGAGC
CK10 NP-R GGATCCATTCCAGTACGCACGAGAG
S8 NP-F AGAGACGGAAAATGGGTGAGAGAGC
S8 NP-R GGATCCATTCCAGTACGCACGAGAG
PR8 NP-F GCGTCTCAAGGCACCAAAC

PR8 NP-R TCAAAAGCAGAGAGCACCATTC
NP-vRNA AGCAAAAGCAGGGTAGATAATCACTC
NP-cRNA AGTAGAAACAAGGGTATTTTTCTTT
Lnc45-F GAGCATTTTCCACGGACTTC

Lnc45-R AAACCCCTACCTCCTCTCCA
(Human) GAPDH-F GGTGGTCTCCTCTGACTTCAACA
(Human) GAPDH-R GTTGCTGTAGCCAAATTCGTTGT
(Mus) GAPDH-F CGTGTTCCTACCCCCAATGT

(Mus) GAPDH-R TGTCATCATACTTGGCAGGTTTCT
(Mus) U6-F GCTTCGGCAGCACATATACTAAAAT
(Mus) U6-R CGCTTCACGAATTTGCGTGTCAT

GAPDH mRNA was measured as cytoplasm endogen-
ous control. The final results were analyzed by normal-
izing against GAPDH or U6 using the 272" method.
The specific primer sequences have been listed in
Table 2.

RNA-FISH

A fluorescent in situ hybridization (FISH) Kit (RiboBio,
Guangzhou, China) was used to determine the distribu-
tion of Lnc45 in 6TN cells. The 6TN cells were seeded
in dishes with coverslips and infected with CK10 virus
for 24 h. Cells were then fixed in 4% paraformaldehyde
at room temperature for 30 min, and then washed three
times with PBS, and permeabilized with 0.5% Triton
X-100 on ice for 10 min. Following additional three
times washes in PBS for 10 min; cells on coverslips
were pre-hybridized at room temperature for 30 min.
The probe for U6 and 185 mRNA were used as control
for FISH assay. The 2x saline sodium citrate (SSC) was
used to cover the treated cells. Then, the cells were
heated at 95°C for 4 min, and incubated at 37°C over-
night in a humidified chamber containing denatured
probes and the supplemented hybridization buffer (20%
formamide, 10% dextran sulfate, 10% 20x SSC, 100 g
yeast tRNA, 0.5 ul rRNasin). Coverslips were then
washed with 2x SSC/50% formamide (three times) at
37°C, 2x SSC (three times) at 42°C, 1x SSC (three
times) at 42°C, and 4x SSC (once) at room tempera-
ture. The cell nucleus was stained with DAPI. A Leica
TCS SP-E microscope was used to analyze the confocal
immunofluorescence images.

Dual-luciferase assay

293 T cells cultured on 12-well plate were co-
transfected with 200ng/well of pcDNA3.1 encoding
PB1, PB2, PA, and NP genes from CK10 virus and

a Firefly luciferase reporter plasmid (p-Luci), or an
empty plasmid , together with 20ng/well ofa internal
control Renilla plasmid (pTK-RL) and 250 ng of Lnc45
using EL Transfection Reagent (Roche). After 24 h,
luciferase activities were determined using the Dual-
GLO® Luciferase Assay System Kit (Promega,
Madison, WI, USA) following the supplied instruction.
Results of the polymerase activity were calculated as
relative luciferase activity which presented as the ratio
of Firefly luciferase/Renilla luciferase. Results are
shown as the means + standard deviations (SD) from
three independent experiments.

Statistical analysis

Statistical analyses were performed using the inde-
pendent-samples ¢t based on SPSS statistics software.
“” (P < 0.05) and “**” (p < 0.01), *** (p < 0.001),
indicated statistically significant between different
groups.

RESULTS
Bioinformatics analysis of Lnc45

To investigate the potential biological functions of
Lnc45, a systematically bioinformatics analysis of
Lnc45 was carried out. As a result, using UCSC
Genome Browser, we found that Lnc45 was located
on chromosome 7qB3 of the mouse genome
(Figure la). In addition, by PhyloCSF analysis, Lnc45
was proved to be disabled in encoding genes
(Figure la). By RNAfold webserver, Lnc45 was pre-
dicted as a highly folded secondary structure carrying
several hairpin loops (Figure 1b) [27]. Moreover, when
using TRANSFAC to analyze the associated TFs of
Lnc45, we found that a total of 115 TFs were highly
related with Lnc45, such as heat shock factor (HSF),
macrophage-activating factor (MAF) and interferon
regulated factor (IRF) (Figure 2).

Lnc45 is highly stimulated by different subtypes of
IAV strains

To further investigate the expression of Lnc45 induced
by CK10, 6TN cells were infected by CK10 virus with
a multiplicity of infection (MOI) of 0.5. The qRT-PCR
analysis results showed that Lnc45 was up-regulated 3-
fold by CK10 virus compared with uninfected cells at
24 h p.i (Figure 3a). In an attempt to define the expres-
sion pattern of Lnc45, 6TN cells were infected by CK10
virus and samples were collected at different time
points, and the results showed that the expression of
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Lnc45 reached peak at 28 h p.i (Figure 3b). Moreover,
when infected 6TN cells with MOIs of 0.5, 2, 3, 4 or 5,
respectively, the expression of Lnc45 gradually
increased and showed the highest expression level at
an infection dose of 4 MOI (upregulated almost 10-
fold) (Figure 3c). We then further investigate whether
virus infection-induced highly expression of Lnc45 is
specific to CK10 virus or not. Two additional TAV
strains were selected, including HINI (PR8) and
H7N9 (S8). Surprisingly, both S8 and PR8 highly up-
regulated the expression of Lnc45; with 10-fold and
3-fold, respectively (Figure 3d). Altogether, these results
clearly demonstrated that Lnc45 is highly stimulated by
various subtypes of IAV stains.

Lnc45 is translocated from nuclear to cytoplasm
during H5N1 IAV infection

To elucidate the potential role of Lnc45 in influenza
virus replication, we then defined the subcellular dis-
tributions of Lnc45. Cytoplasmic and nuclear fractions
of the 6TN cells were collected, GAPDH and 18S was
set as the reference standard for cytoplasm protein,
while U6 was used as the reference standard for nuclear
protein. The results of RNA FISH revealed that 18S was
more abundant in the cytoplasmic fraction of 6TN cells
compared with the nuclear fraction (Figure 4a, upper
panel), while U6 principally localized in nucleus of
6TN cells (Figure 4a, lower panel). When determining
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Figure 2. Transcriptional factor analysis of Lnc45. The potential transcriptional factors (TFs) of Lnc45 were analyzed via TRANSFAC

database.

the localization of Lnc45, we found that Lnc45 distrib-
uted mainly in the nucleus of the uninfected cells
(Figure 4b and 4c), while some of the Lnc45 trans-
ported from nucleus to the cytoplasm after CK10
virus infection (Figure 4b and 4d). Therefore, these
results revealed that Lnc45 can translocate from
nucleus to cytoplasm during H5N1 IAV infection.

Forced Lnc45 expression efficiently inhibits viral
replication of different subtypes IAV

Since different subtypes of IAV infection can signifi-
cantly elevate Lnc45 expression, we want to investigate
the effect of Lnc45 on viral replication by overexpres-
sing Lnc45. The indirect immunofluorescence assay
showed that overexpression of Lnc45 significantly
decreased NP expression during CK10 virus infection,
suggesting the role of Lnc45 limiting viral replication
(Figure 5a and 5c). Moreover, qRT-PCR results con-
firmed that the expression level of Lnc45 mRNA was
increased by 20-fold in 293 T cells (Figure 5b). To

confirm these results, we further systematically investi-
gate whether overexpressing Lnc45 affect viral replica-
tion in 293 T cells. As a result, the viral growth curves
showed that over-expression of Lnc45 significantly
inhibited viral replication of the H5N1 (CK10) virus
(Figure 5d), H7N9 (S8) virus (Figure 5e) and HIN1
(PR8) virus (Figure 5f) in 293 T cells. Specifically, the
viral titer of CK10 was down-regulated 31.63-fold at
48 h pi, and 37.9-fold at 72 h p.i, respectively
(Figure 5d). As for S8 virus, the viral titer was down-
regulated 25.12-fold at 60 h p.i, and 39.81-fold at 84 h
p.i, respectively (Figure 5e). In addition, the viral titer
for PR8 was down-regulated 15.84-fold at 48 h p.i, and
19.95-fold at 60 h p., respectively (Figure 5f).
Furthermore, qRT-PCR results also showed that over-
expression of Lnc45 significantly down-regulated the
NP mRNA, cRNA and vRNA level of these viral strains
(Figure 5g to Figure 5i). To be noted of, when compar-
ing the expression pattern of NP RNA in different viral
stains, we found that the PR8 virus showed the highest
NP RNA reduction compared with that of CK10 and S8
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virus, with 5-efold for mRNA, 3-fold for cRNA and
2.5-fold for vRNA, respectively (Figure 5i).

In order to verify the antiviral ability of Lnc45, we
further determine the effect of over-expression of
Lnc45 in viral replication of CK10, S8 and PR8 virus
in Hela cells. The results showed that the viral titers of
the CK10 virus were significantly down-regulated
19.95-fold at 48 h p. and 15.84-fold at 72 h pi
(Figure 6a). Moreover, the S8 viral titer was down-
regulated 13.8-fold at 36 h p.i (Figure 6b). It’s worth
noting that the PR8 viral titer declined significantly at
multiple time points compared with empty vector con-
trol, including 36 h p.i (3.3-fold), 48 h p.i (6.31-fold)
and 60 h p.i (63.1-fold) (Figure 6c). The followed
results of QRT-PCR further showed that overexpression
of Lnc45 also significantly suppressed the expression of
NP mRNA, cRNA and vRNA of the CK10 (Figure 6d),
S8 (Figure 6e) and PR8 virus (Figure 6f). More impor-
tantly, compared with mRNA and vRNA, the cRNA

level showed the highest reduction during different
virus infection, with 5-fold for CK10 virus, 6-fold for
S8 wvirus and 2-fold for PR8 virus, respectively
(Figure 6d and 6e). Altogether, these results clearly
revealed that forced Lnc45 expression efficiently inhi-
bits viral replication of different subtypes of IAV,
including H5N1, H7N9 and HINI1 virus strain.

Abolish of Lnc45 expression highly promotes viral
replication of different subtypes IAV

In order to further confirm the antiviral function of Lnc45
during IAV infection, we then analyzed the effect of
abolish of Lnc45 expression on viral replication. Lnc45-
targeted siRNA (siRNA-700, siRNA-1150, siRNA-700
+ siRNA-1150) treatment resulted in a reduction of
mRNA level of 90%, 85%, 95% in 6TN cells, respectively
(Figure 7a). Therefore, the following results of knock-
down of Lnc45 expression were all based on the
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Figure 4. Lnc45 is translocated from nuclear to cytoplasm during H5N1 IAV infection. (a) Nuclei was visualized using DAPI
(blue). 18S and U6 probes were hybridized 6TN cells which shown as red immunofluorescence. Images shown are representatives
from three independent experiments. (b) FISH and confocal imaging showed the localization of Lnc45 (red) in the cell nucleus 6TN
cells before or after CK10 virus infection. (c) Nuclear and cytoplasmic RNA fractions were separated from uninfected 6TN cells. gRT-
PCR was performed to determine the expression of the GAPDH, U6 and Lnc45. (d) Nuclear and cytoplasmic RNA fractions were
isolated from CK10 virus-infected 6TN cells (1 MOI, 24 h). GAPDH, U6 and Lnc45 expression by qRT-PCR was shown as mean fold-

changes + SD compared with non-infected reference (NC).

combination of siRNA-700 and siRNA-1150. The results
of qRT-PCR showed that silencing of Lnc45 expression
highly upregulated the mRNA, cRNA and vRNA level of
NP of different IAV in cellular precipitation, including
CK10 (Figure 7b), S8 (Figure 7c) and PR8 virus
(Figure 7d). Notably, when comparing the expression
pattern of NP RNA in different viral strains, we found
that knockdown of Lnc45 has the most obvious effect on
the level of CK10 NP mRNA (10-fold), NP cRNA (25-
fold) and NP vRNA (20-fold) (Figure 7b). Similar with the
result in cellular precipitation, we also observed
a significant up-regulation of different NP RNA levels in
the culture supernatant of the Lnc45 knockdown cells
(Figure 8a, 8b and 8c). Interestingly, knockdown of
Lnc45 also has the most obvious effect on the level of
CK10 NP RNA in the culture supernatant of the Lnc45
knockdown cells, with NP mRNA increased 6-fold, NP
cRNA increased 5-fold and NP vRNA increased 4-fold,
respectively (Figure 8a). Moreover, it’s also worth noting
that the level of NP mRNA was mostly up-regulated when
comparing to cRNA and vRNA in different viral strains
(Figure 8a, 8b and 8c). Taken together, these results
clearly indicated that knockdown of Lnc45 enhances
viral replication of different subtype IAV, further sup-
porting the extensive antivirus activity of Lnc45.

Forced Lnc45 expression significantly inhibits viral
polymerase activity and cell apoptosis

The aforementioned data showed that Lnc45 was
involved in extensive antivirus activity. We logically
asked whether Lnc45 expression inhibited viral polymer-
ase activity, virus infection-induced cell apoptosis and
necrosis. As a result, we found that forced expression of
Lnc45 in 293 T cells substantially decreased viral poly-
merase activity (Figure 9a). Additionally, overexpression
of Lnc45 significantly impeded cell apoptosis of the CK10
virus-infected 293 T cells (Figure 9b). However, over-
expression of Lnc45 has no effect on cell necrosis during
CK10 virus infection (Figure 9c). Altogether, these data
suggested that overexpression of Lnc45 significantly inhi-
bits viral polymerase activity and cell apoptosis.

Forced Lnc45 expression impedes PA and NP
nuclear accumulation

To provide mechanistic insight into antiviral action of
Lnc45, we further investigate whether Lnc45 affects
nuclear aggregation of NP and PA proteins during
CK10 virus infection. As shown in Figure 10a and 10b,
by IFA assay, we found that over-expression of Lnc45
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Figure 5. Over-expression of Lnc45 efficiently inhibits viral replication of different subtypes IAV in 293 T cells. (a) 293 T
cells were transfected with pcDNA3.1-Lnc45 or pcDNA3.1 and then infected with the CK10 virus (1 MOI, 24 h). Expression of
viral NP gene (green) was analyzed by the indirect immunofluorescence assay. (b) The efficiency of over-expression of Lnc45 in
293 T cells was evaluated through gRT-PCR. (c) The relative level of NP fluorescence intensity compared with pcDNA3.1 group
was determined by ImageJ Plus. (d-f) 293 T cells were first transfected with pcDNA3.1-Lnc45 or pcDNA3.1 for 24 h, and then
the cells were inoculated with CK10 (d), S8 (e) and PR8 (f) virus (1MOI, 24 h), respectively. The cellular supernatants were then
collected at indicated time points post infection and viral load was quantified based on TCIDs, on MDCK cells. (g-i) 293 T cells
were first transfected with pcDNA3.1-Lnc45 or pcDNA3.1 for 24 hours, and followed by infection with CK10 (d), S8 (e) or PR8 (f)
virus (1 MOI) for 24 h, respectively. The total RNA was extracted from cells collected at indicated time points post-IAV infection.
Then the levels of Lnc45 and viral NP mRNA, cRNA, vRNA were determined by gRT-PCR. The data was shown as the means +
SD for triplicate samples from one representative independent experiment. The experiments were replicated three times and
analyzed using one-sample t test. * P < 0.05, ** P < 0.01 and *** P < 0.001, shown as significant different compared with the
result of the pcDNA-3.1 control group.
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Figure 6. Over-expression of Lnc45 efficiently inhibits viral replication of different subtypes IAV in Hela cells. (a-c) Hela cells were
transfected with pcDNA3.1-Lnc45 or pcDNA3.1 and then exposed to CK10 (a), S8 (b) or PR8 (c) virus infection (1MOI, 24 h),
respectively. The virus titers in cellular supernatants collected at indicated time points were measured based on the TCIDs, in MDCK
cells. (d-f) Hela cells were transfected with pcDNA3.1-Lnc45 or pcDNA3.1 for 24 h and then were inoculated with CK10 (d), S8 (e) or
PR8 (f) (1 MOI, 24 h) virus, respectively. The expression levels of viral NP mRNA, cRNA, vRNA and Lnc45 in infected Hela cells were measured
using qRT-PCR. The data was shown as the means =+ SD for triplicate samples from one representative independent experiment. * P < 0.05, **
P < 0.01 and *** P < 0.001, shown as significant different compared with the result of the pcDNA-3.1 control group.

significantly inhibited PA and NP nuclear accumulation.
Moreover, a significant difference in the aggregation of
NP and PA proteins in the nucleus was observed at 9 h p.
i in overexpressed-Lnc45 cells (Figure 10a, 10b and 10c¢).
Specifically, at 9 h p.i, the PA protein was detected in the
nucleus of 80% of the mock control cells, whereas only
25% of cells in the over-expression group showed PA
nuclear localization (Figure 10d). Similarly, NP protein
was detected in the nucleus of 95% of the mock control
cells, whereas only 25% of cells in the over-expression
group showed PA nuclear localization (Figure 10d).
Therefore, these results directly indicated that over-
expression of Lnc45 impedes nuclear aggregation of
viral NP and PA proteins in 293 T cells.

The stem ring arms mainly determine the antiviral
effect of Lnc45

It is well known that the diverse functions of IncRNA
are highly associated with their ability of folding into
thermodynamically stable secondary and higher-
order structures [28]. We then further dissected the
functional structures associated with the antiviral
ability of Lnc45. Twelve truncation mutants were
successfully constructed according to the predicted
secondary structure of Lnc45 through RNAfold ana-
lysis (Figure 11a and 11b). More specifically, accord-
ing to the location of stem-loop arm, Lnc45 was
divided into Mutant A to Mutant L. Additionally,
there are several stem-loop arms at each end of
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Figure 7. Knockdown Lnc45 highly promotes viral replication of different subtypes IAV in 6TN cells (cellular precipita-
tion). (a left panel) 6TN cells were transfected with siRNA700 or siRNA1150, respectively or co-transfected with siRNA700 and
siRNA1150. The interference efficiency of Lnc45 was measured using by gPT-PCR. (a right panel) Transfection efficiency of 6TN
cells was determined through FAM (green) fluorescence intensity after 20 h. (b, ¢, d upper panel) 6TN cells were co-
transfected with siRNA700 and siRNA1150 for 24 h, and then followed by infection with different subtypes 1AV (CK10 (b), S8 (c)
and PR8 (d)) virus (TMOI, 24 h), respectively. The interference efficiency of Lnc45 was measured using by gPT-PCR. (b, ¢,
d lower panel) The total RNA of 6TN cellular precipitation was extracted for qRT-PCR at 24 h pi. Viral NP mRNA, cRNA, vRNA
expression was normalized to GAPDH using the 2722 method. The data represents the means + SD of three independent
experiments. * P < 0.05, ** P < 0.01 and *** P < 0.001, shown as significant different compared with the result of the mock
control cells.

Lnc45’s secondary structure. By RT-PCR, the ectopic
expression of these mutants was successfully con-
firmed (Figure 11c). Further functional experiments
concerning the effect of these mutants on viral repli-
cation revealed that the stem ring arms mainly deter-
mine the antiviral effect of Lnc45 (Figure 11d).
Specifically, the RNA sequences of stem loops in
Lnc45, including 1-190 nt, 330-570 nt, 780-830 nt,
1310-1430 nt, 1515-1668 nt and 1714-1890 nt may
form a spatial structure that is essential for its anti-
viral function.

DISCUSSION

Recently, accumulated studies have shown that IAV
infection can induce a huge number of differentially
expressed IncRNA in host cells [11,17,19,20,29].
LncRNA represents as a class of host factors, which is
important for antiviral strategies [30]. As a large num-
ber of IncRNA have been discovered, many of the
associated biofunctions have been successfully deter-
mined. Revealing the function of IncRNA in the process
of influenza virus infection and replication is of great
significance for elucidating the pathogenesis of
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Figure 9. Over-expression of Lnc45 significantly inhibits viral polymerase activity and cell apoptosis. (a) 293 T cells were
transfected with pcDNA3.1-Lnc45 or pcDNA3.1, then followed by co-transfection of RNP reconstitution plasmids (PB1, PB2, PA, NP)
and the reporter plasmid that used to transcribe an IAV-like RNA. After 24 h, cell lysates were used to measure luciferase activities.
The polymerase activity values were normalized to the Renilla luciferase activity. (b and ¢) 293 T cells were first transfected with
pcDNA3.1-Lnc45 or pcDNA3.1 for 24 h, and then the cells were inoculated with CK10 virus (1 MOI, 24 h). The 293 T cells were
collected at indicated time points and then analyzed for cell apoptosis (b) and necrosis (c) using flow cytometry. The experiments
were carried out in triplicate and repeated three times, and the data are expressed as mean + SD of three independent experiments.
All statistical analyses were carried out using the t-test. * P < 0.05 and ** P < 0.01, shown as significant different compared with the
result of the mock control cells.

influenza virus [31]. In this study, we demonstrated (Figure 5 to Figure 8). Furthermore, Lnc45 also acts
that a functional IncRNA, Lnc45, which was correlated as an important regulatory molecule, including inhibits
with multiple transcription factors (TFs), including  viral polymerase activity and cell death (Figure 9),
IRF, MAF and HSF (Figure 2), had a profound influ-  restrains nuclear aggregation of viral NP and PA pro-
ence on viral replication of various subtype of IAV  teins during influenza virus infection (Figure 10).
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Figure 10. Over-expression of Lnc45 down-regulates PA and NP nuclear accumulation. (a, b) 293 T cells were first transfected
with pcDNA3.1-Lnc45 or pcDNA3.1 for 24 h, then the cells were inoculated with CK10 virus (1 MOI, 4 h, 9 h or 12 h). 293 T cell
cultures were then fixed and processed for immunofluorescence observation at the indicated time points. Cell nuclei were stained
with DAPL. (c) 293 T cells were transfected with pcDNA3.Tor pcDNA3.1-Lnc45 and then infected with CK10 virus at an MOI of 1. At
9 h p.i., cells were fixed and processed for immunofluorescence observation. (d)The PA and NP nuclear accumulation in the infected
cells was determined as the ratio of cells showing red (PA) or green (NP) fluorescence in the nucleus to the total number of cells
counted (n = 200). The values shown are the means + SD of the results from three independent experiments. ** P < 0.01, shown as
significant different compared with the result of the control cells. Three independent replicates were set up for each independent
experiment. Moreover, three areas were randomly selected from each replicate well, and a total of 200 cells in each area were
analyzed. Therefore, 1800 cells (3*3*200 cells) were statistically analyzed in total in each independent experiment.
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Figure 11. The stem ring arms mainly determine the antiviral effect of Lnc45. (a) Schematic diagram of truncation mutants of
Lnc45 was shown. (b) Secondary structure predictions of Lnc45 and the Lnc45 mutants were performed through RNAfold. The
mutation locations were labeled by blue circle. (c) Exogenous expression of Lnc45 or its mutants in 293 T cells was determined by
RT-PCR. (d) 293 T cells expressing Lnc45 or its mutants were infected with 1AV, and the mRNA of virus protein (NP) was
demonstrated by qRT-PCR. * P < 0.05, ** P < 0.01, *** P < 0.001, means significant different compared with the parental plasmid
pcDNA-3.1-Lnc45. Shown are means + SD of representative results from three independent experiments.

Notably, multiple functional domains of Lnc45 which
may form a stable spatial structure are required for its
antiviral activity, mainly the stem ring arms of Lnc45
(Figure 11).

TFs are a type of proteins that combine with the
promoter region of genes to turn on the transcription
process, and plays an essential role in regulating signal-
ing cascades during pathogen infection [32,33].
Interestingly, IncRNA emerged as crucial regulator in
gene expression and is highly associated with TFs [4].
In this study, we found that Lnc45 associated with 115
TFs, including IRF, MAF, and HSF (Figure 2).
Importantly, several TFs are associated with the innate
immune response such as MAF, IRF, and AIRE (auto-
immune regulator). MAF family genes are a class of
TFs that play an important role in tumorigenesis,
immune system, insulin production, cell differentiation,
and apoptosis [34]. In addition, MAF indirectly regu-
lates viral replication during influenza virus infection
via interaction with MAPK (mitogen-activated protein

kinase) and AKT/mTOR signaling pathways [35]. IRF,
is a kind of transcriptional factors plays a critical and
diverse role, mainly include establish a close link
between microbial signatures and the IFNs representa-
tive innate immune responses [36,37]. Although the
mechanism underlying the highly activation of Lnc45
by various subtype influenza virus remains elusive, it is
highly possible that these important TFs are likely
contributed to particular pathways that are involved
in activation of Lnc45 after sensing influenza virus
infection. Future studies are still needed to verify
whether the correlation of the TFs and Lnc45 is linked
to the Lnc45-mdieated antiviral ability as well as eluci-
date the potential associated molecular mechanism.
Currently, the roles of IncRNA during virus infec-
tion have been progressively unveiled. Multifarious of
viruses, including coronavirus, IAV, enterovirus, HCV,
rabies virus, HIV, hepatitis B virus (HBV), Japanese
encephalitis virus (JEV), encephalomyocarditis virus
(EMCV), have been demonstrated to stimulate various



of IncRNA transcription in different host cells [8,21,38—
40]. For example, Ma et al. found that IncRNA NEAT1
that was stimulated by Hantan virus (HTNV) via RIG-
I-IRF7 pathway highly promotes IFN expression
through facilitating RIG-I and DEXD/H box helicase
60 (DDX60) expression [38]. Lnc45 is also highly up-
regulated by different subtypes IAVs (Figure 3d). It is
worth noting that forced expression or silencing of
Lnc45 resulted in a significantly decreased or enhanced
viral replication of different subtype virus, suggesting
the broad-spectrum antiviral ability of Lnc45.
Currently, other functional IncRNA such as Lnc-
ISG20, LncRNA-PAAN (PA-associated noncoding
RNA), LncRNA-155 and VIN also have been identified
as important regulators during IAV infection
[11,15,16,20]. For example, Lnc-ISG20 suppresses IAV
replication via up-regulating ISG20 production, while
LncRNA-PAAN promotes IAV replication by enhan-
cing influenza virus RNA polymerase activity [11,20].
LncRNA-155 enhances IAV-mediated innate immune
response through elevating IFN-f expression and rein-
forcing the associated type I IFN signaling pathway,
including augmenting the production of several critical
ISGs. In addition, the large intergenic ncRNAs, VIN,
promotes replication of influenza viruses without inter-
ference from interferon or interferon stimulants, and
can be activated by a variety of influenza viruses
(including HIN1, H3N2, and H7N7 influenza viruses)
and vesicular stomatitis viruses (VSV) [15,16]. We here
demonstrated that Lnc45 is not only induced by H5N1
IAV, but also other subtype IAVs, including H7N9 and
HINI influenza virus (Figure 3d). More importantly,
we also showed that Lnc45 has a broad inhibitory effect
on viral replication of H5N1, H7N9 and HINI subtype
virus. Currently, we are exploring the association of
Lnc45 with host innate immunity and elucidating the
potential role of the close interaction between viral
proteins and Lnc45 in regulating IAV infection.

In this study, we found that the antiviral activity of
Lnc45 was strain-dependent characterized by stronger
suppressive effect observed in some IAV strains than
others. For example, Lnc45 exerts a more potent inhibi-
tory effect in CK10-infected 293 T cells. Specifically, the
viral titer of CK10 virus decreased by 31.63-fold at 48 h p.
i, and 37.9-fold at 72 h p.i, respectively (Figure 5d), while
lower reduction in virus titers were detected for S8 and
PR3 viruses (Figure 5e and 5f). As for the viral titers in
Hela cells, it seems likely that Lnc45 exerts more promi-
nent antiviral effects against PR8 virus. For example,
Lnc45 inhibits PR8 virus replication at multiple time
points, and the viral titer of PR8 dropped by 3.3-fold at
36 h p., 6.31-fold at 48 h p.i and 63.1-fold at 60 h p.i,
respectively (Figure 6¢). By contrast, the viral titers of
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CK10 reduced 19.95-fold at 48 h p.i and 15.84-fold at
72 h p.i (Figure 6a), while S8 viral titer only declined
13.8-fold at 36 h p.i (Figure 6b). Interestingly, our results
also showed that Lnc45 inhibits viral replication probably
by impeding polymerase activity (Figure 9) and nuclear
accumulation efficiency of NP and PA (Figure 10).
Therefore, we hypothesized that the strain-specific anti-
viral effect seen for Lnc45 may be related to the discre-
pancy of Lnc45 in inhibiting polymerase activity and
nuclear accumulation efficiency of NP and PA among
different virus strains. Furthermore, Lnc45 may inhibit
viral replication by interacting with viral NP and PA to
further regulate polymerase activity and nuclear accumu-
lation efficiency. Future studies are required to verify
these assumptions.

At present, there are mainly two reported functional
patterns of IncRNA, one is modulating gene expression
in the nucleus [41], another is affecting signal transduc-
tion or assimilating microRNAs in the cytoplasm [42—
45]. For instance, LncRNA Morrbid (myeloid RNA
regulator of Bim-induced death), which predominately
localizes in the nucleus, modulates Bim gene transcrip-
tion to control the lifespan of the short-lived myeloid
cell, such as eosinophils, neutrophils and monocytes
[41]. However, IncRNA also regulates cellular differen-
tiation and function through close interconnection with
signaling transduction molecules in the cytoplasm
[42,46]. Taking virus-induced IncRNA-ACOD1 (aconi-
tate decarboxylase 1) as an example, IncRNA-ACOD1
that is independent of type I interferon mainly located
in cytoplasm can facilitate viral replication through
associating tightly with metabolic enzyme glutamic-
oxaloacetic transaminase (GOT2) [42]. Moreover,
Carrieri et al. found that the localization and function
of antisense Ubiquitin carboxy-terminal hydrolase L1
(Uchll) is regulated by mTOR pathway. Inhibition of
mTORCI results in up-regulation of Uchll and is asso-
ciated with the shuttling of Uchll from the nucleus to
the cytoplasm [46]. In this study, we identified that
Lnc45 was mainly located in nuclear before virus infec-
tion, while it translocated to cytoplasm after H5N1
influenza virus infection (Figure 4a and 4b). We sup-
posed that the transportation of Lnc45 from nuclear to
cytoplasm may be associated with its antiviral function,
which is fundamental for its role in regulating the
translation of some important functional genes or the
expression of some crucial proteins related with influ-
enza viral replication.

Previous studies have demonstrated that the ability
of polymerase protein accumulation in nuclear highly
correlates with the virulence of influenza virus [47-51].
For example, Chen et al. found that K91R and K198R
disrupts cellular location of NP and decreases viral
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polymerase activity and subsequently contribute to
H5N1 viral virulence in mammals [47]. PA K237E
mutation increased PA nuclear accumulation in DEFs
and contributed to the enhanced virulence of the highly
pathogenic H5N1 virus in ducks [50]. In addition,
Giese et al. also found that the enhanced transportation
of PB2 from cytoplasm to the nucleus is highly asso-
ciated with the enhanced virulence of the H7N7 virus
in a mouse model [51]. In this study, we found that
overexpression of Lnc45 suppressed the nuclear accu-
mulation of PA and NP (Figure 10), and we hypothe-
sized that this dynamic distribution character of Lnc45
may also relate to its antiviral effect (Figure 5 to
Figure 8). The influenza viral RNP complex is com-
posed of PB2, PBI, NP, and PA. Some previous studies
have demonstrated that specific mutations in the RNP
complex associated with viral replication also affect
viral polymerase activity and the nuclear accumulation
ability of the RNP component [50,52-54]. In this study,
we found that the antiviral capability of Lnc45 is also
associated with its ability to inhibit polymerase activity
and nuclear accumulation of NP and PA. However,
currently, we cannot exclude the probability that the
lower levels of NP and PA nuclear accumulation may
also relate to the reduced viral polymerase activity
caused by Lnc45 expression. Therefore, further studies
are needed to verify this possibility in our future study.

In conclusion, this is the first study to describe the broad
antiviral role of Lnc45 during IAV infection. We have
provided direct evidence that Lnc45 is highly stimulated
by various subtypes of IAV and acts as a broad-spectrum
antiviral factor. More importantly, we also demonstrated
that the antiviral capability attributed to Lnc45 may be
associated with its ability to inhibit polymerase activity
and NP and PA nuclear accumulation mainly via its stem
ring arms. Further study aimed at elucidating the potential
mechanism of the antiviral effect of Lnc45 is highly needed,
which may include investigating the potential contribution
of the Lnc45-mediated-cellular response as to the universal
defense against influenza virus infection and determining
the exact relationship between Lnc45 distribution and its
antiviral activities.
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