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U13 — C13 mutation in the variable region of the NA gene 3'UTR
of HIN2 influenza virus influences the replication and transcription
of NA and enhances virus infectivity
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Abstract

The untranslated regions within viral segments are the essential promoter elements required for the initiation of viral rep-
lication and transcription. The end of the UTR sequence and part of the ORF sequence constitute the packaging signal for
progeny viruses. To explore the influence of single-point and multi-site joint mutations in the UTR of the NA gene on the
viral expression, we select clones with upregulated expression of the reporter gene and analyze their sequence characteristics.
Bioinformatics methods were used to analyze polymorphisms in the untranslated region (UTR) of the neuraminidase gene
of the HON2 influenza A virus. Using the RNA polymerase I reporting system with enhanced green fluorescence protein
(EGFP) gene as the reporter gene, libraries containing random mutations at sites within the N2 UTR were constructed using
random mutagenesis. The mutants were selected from the randomized mutagenesis libraries for the N2-UTR. The N2-UTR-
RNA polymerase I fluorescence reporter system was identified by sequencing and transfected into infected MDCK cells.
The expression of the reporter EGFP was observed using fluorescence microscopy, and the relative fluorescence intensity
was measured using a multifunctional microplate reader to analyze the expression of the reporter gene (EGFP) qualitatively
and quantitatively. Herein, an RNA polymerase reporter system was constructed to rescue the mutated viruses and measure
their tissue culture infective dose (TCID50). The results showed that the U13 — C13 mutation in the 3’end of the NA gene
promoted the expression of viral RNA and protein, and mutation of other sites within the UTR could differentially regulate
viral genomic transcription and translation. These data showed that the U13 — C13 mutation within the variable region of
the 3'UTR of the NA gene in the HON2 influenza virus promotes viral genomic expression and infection.
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Edited by Dr. Zhen F. Fu. The paper expands upon functional research on base poly-
morphisms at nucleotide positions in the variable region of
the UTR that have not been previously reported.
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The eight vRNA gene segments are approximately 13 kb in
length and are known to encode the following influenza A
viral proteins: PB1, PB2, PA, NP, M1, M2, HA, NA, NS1,
and NS2 [2-8]. These proteins constitute the RNA poly-
merase, RNA binding protein, matrix protein, ion channel,
surface glycoprotein, and nuclear transporter, all of which
perform the basic functions of the virus. The viral RNA-
dependent RNA polymerase (VRNPs) consists of VRNA, the
RNA polymerase complex (RdRp), and the nuclear protein
(NP), which are the smallest units of viral replication [9, 10].
The neuraminidase (NA) of influenza virus is a viral sur-
face glycoprotein. As one of the most important antigens of
influenza virus, NA can eliminate sialic acid residues on the
surface of infected cells, release progeny virus from the host
cells, and assist the progeny virus particles in moving into
the respiratory mucus of the host to infect new cells [11, 12].

The full-length NA gene of the HIN2 influenza virus is
1467 nt in length; the first 1-13 nt of the 5" UTR (untrans-
lated region) and 1-12 nt of the 3" UTR are highly con-
served. The NA gene also contains an open reading frame
(ORF) and an untranslated region (UTR) that is located on
both sides of the ORF and can be divided into a variable
region and a conserved region. The UTR is the essential
promoter element required for initiating viral replication and
transcription [13]; the end of the UTR sequence and part of
the ORF sequence constitute the packaging signal for prog-
eny viruses [14]. When using the reverse genetics system
for virus rescue, it was found that the integrity and accuracy
of the 3" and 5’ sequences of the UTR directly affected the
effectiveness of virus rescue and the infectivity of the prog-
eny viruses. Zhao et al. [15] used the WSN (HIN1) reverse
transcription gene system to study the HA-UTR gene (H1-
H7 and H9) of the influenza A virus and found that (1) the
3'-UTR is more critical for progeny HA vRNA entry in new
viruses than the 5’-UTR; (2) the specific UTR nucleic acid
site and sequence length regulate the newly produced HA
VRNA in progeny viruses. At present, studies have shown
that the UTR at the end of the influenza A virus gene is
mostly conserved. It is generally accepted that the nucleo-
tides at positions 1-13 in the 5'-UTR and positions 1-3 and
5-12 in the 3’-UTR are highly conserved, apart from the
U/C at position 4 in the 3’ end. Sun et al. [16] mutated C4
to U4 in the 3’-UTR of the PB1 gene of a highly pathogenic
avian influenza virus (A/Vietnam/1194/2004 (H5N1)) and
found that the recombinant virus promoted the transcrip-
tional activity of RdRp. The LD50 of the HSN1 recombinant
virus in a mouse animal model was lower than that of the
PB1-3’-UTR-C4 virus, and the body weights in the experi-
mental group were significantly reduced, suggesting that
the PB1-3'-UTR-U4 mutant virus had greater pathogenic-
ity. Similarly, it has been found that the HA/NA-3'-UTR-U4
can significantly increase the level of HA/NA-mRNA syn-
thesis and stimulate the production of HA and NA proteins.

It has been suggested that the presence of U4 in the 3'-UTR
of the surface glycoprotein in influenza A virus can result in
improved recognition and localization of RdRp and promote
the transcription of viral proteins [17]. Scientists have been
constantly researching and working to discover the functions
of the bases in the UTRs of influenza viruses. However,
systematic study of the functional research on base poly-
morphisms at various nucleotide positions in the variable
regions of UTRs has not been previously reported.

To examine the effects of base mutations in UTRs on
transcription and translation, we initially screened mutated
UTR sequences for differential expression, which laid the
foundation for further investigation of the effects of base
polymorphisms in the UTRs of the HON2 influenza virus
on viral transcription and translation.

Methods
Construction of the mutation library

The NA genomic cDNA sequence information for the N2
subtype of the influenza A virus, which was obtained from
the Influenza Virus Database at NCBI, was aligned using
MEGA (Molecular Evolutionary Genetics Analysis) 7.0
software to screen out the 3'-UTR and 5’-UTR sequences
and analyze the mutation sites within UTR sequences from
the same evolutionary branch. The main sequence of the
forward primer (F), which contained the EGFP KOZAK
sequence and Bsmbl restriction sites, was designed based
on N2-5'-UTR cDNA. Similarly, the main sequence of the
reverse primer (R), which contained the EGFP sequence and
Bsmbl restriction sites, was designed based on N2-3’-UTR
cDNA. Based on the UTR sequence of the influenza virus
N2 subtype, corresponding primer sequences containing
random bases were designed (F/R: N2-5'-UTR/N2-3'-UTR-
Majority; N2-5'UTR-Majority/N2-3"UTR; N2-5'-UTR/
N2-3'-UTR). The N2-UTR mutation library was constructed
using PCR that utilized the RNA polymerase I fluorescence
reporter system plasmid as a template.

Construction of the RNA polymerase | fluorescence
reporting system

Based on previous experiments [18], the humanized pro-
moter (PIh) and murine terminator (t1) of RNA polymerase
I were synthesized and the Bsmbl restriction site (5'-GGA
GACGGTACCGTCTCC-3") was inserted between the pro-
moter and the terminator to create the primary component
of the RNA polymerase I fluorescence reporter system. This
component was cloned into the reconstructive pMD18-T
vector, from which non-specific Bsmbl sites were removed
using site-directed mutagenesis to construct the skeleton
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of the RNA polymerase I fluorescence reporter system.
The majority sequence, which was obtained via MegA-
lign software analysis of the N2-5-UTR and N2-3'-UTR
sequences, was spliced into the N2-5'-UTR-EGFP-3'-UTR
target sequence. The target sequence was then ligated into
the skeleton of the RNA polymerase I fluorescent reporter
system to construct the pMD18-T-t1-N2-5'-UTR-EGFP-3'-
UTR-PIh fluorescence reporter system.

Cell culture

Madin—Darby canine kidney (MDCK) cells were cultured
in T25 cell culture flasks with Dulbecco’s modified Eagle’s
Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and incubated at 37 °C in the presence of 5%
CO,.

Transfection of MDCK cells with recombinant
plasmid

MDCK cells were infected for 2 h with HIN1 influenza virus
[A/Shenzhen/42/2009(HIN1)] at an m.o.i. (multiplicity of
infection) of 1, and then the medium was replaced with
Opti-MEM (reduced serum medium). The cells were trans-
fected with recombinant plasmid using Lipofectamine 2000
according to the manufacturer’s protocol and maintained in
an incubator at 35 °C in the presence of 5% CO,. The expres-
sion of the fluorescent reporter gene was observed under a
fluorescence microscope, and the relative fluorescence val-
ues were measured using a Victor multi-function microplate
reader at 24 h, 36 h, 48 h, and 60 h post-transfection.

Real-time RT-PCR using SYBR PrimeScript

To precisely quantify the relative expression of mRNA, the
one-step SYBR PrimeScript RT-PCR method was used. The
sequence of the p-actin primer (Table 1) used for the MDCK
cells was obtained from a previous report [19]. The total
RNA in cells was harvested 24 h and 48 h after the posi-
tive clone plasmid was transfected into the infected cells.
The experimental group consisted of N2-1, N2-2, N2-3,
N2-5, N2-6, and N2-8, with the wild type as a control, and
was named N2 [A/chicken/Beijing/0309/2013(HIN2)].
These RNA samples were subjected to one-step RT-PCR

Table 1 The primer for RT-PCR

Primer Sequence

p-actin-F 5'-CGTGCGTGACATCAAGGAAGAAG -3’
f-actin-R 5'-GGAACCGCTCGTTGCCAATG -3’
EGFP-F 5'- GCCACCATGGTGAGCAAGGGCGAG -3’
EGFP-R 5'-TTACTTGTACAGCTCGTCCATG-3'
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with specific primers, EGFP-F/R and p-actin-F/R, at 24 h
and 48 h. The results were then analyzed using the 2744C
method with GraphPad Prism 5.0 mapping software to
compare the relative differences in expression between the
mutated and wild-type plasmids.

Rescue of viruses with U,; and C,; mutation

Reverse genetics system containing eight recombinant plas-
mids was provided by Shenzhen Center for Disease Control
and Prevention. MDCK and 293T mixed cells were trans-
fected with eight recombinant plasmids, PHW2000-PB1,
PHW2000-PB2, PHW2000-PA, PHW2000-HA, PHW2000-
NP, PHW2000-M, PHW2000-NS, and PHW2000-NA-U13
or PHW2000-NA-C13 with lipofectamine 2000 according
to the manufacturer’s protocol. After 6-h post-transfection,
the medium was replaced with Opti-MEM (reduced serum
medium) and maintained in an incubator at 37 °C in the
presence of 5% CO,. In order to detect the TCID50 of the
recombinant viruses, the supernatant was collected at 12 h,
24 h,36 h,48 h, 60 h, and 72 h.

Results

Determination of the effects of the N2-UTR mutant
strain on the EGFP expression level

To examine the influence of variations in the N2-UTR on
EGFP expression, plasmids containing randomly mutated
UTRs and the N2-UTR-RNA polymerase I fluorescence
reporter system were transfected into MDCK cells that were
infected with HIN1 influenza virus at an MOI of 1. The
expression of EGFP was then observed using a fluorescence
microscope at 24 h, 36 h, and 48 h. As shown in Fig. 1,
the expression of the N2-1-3'/5-UTR combined mutant
strain was downregulated, while the expression of the N2-2/
N2-5-3'/5'-UTR combined mutant strains was upregulated.
Moreover, the results showed that the expression of the
N2-1-3’-UTR mutation strains was decreased, while the
expression of the N2-2/N2-5-3'-UTR mutation strains was
increased (Fig. 2). However, there were no differences in the
expression of the N2-1/N2-2/N2-5-5"-UTR mutation strains
(Fig. 3).

Determination of relative fluorescence values

A multi-function microplate reader was used to analyze
the relative fluorescence values (Rfu) of mutant strains in
infected cells. MDCK cells were infected with HIN1 influ-
enza virus at an m.o.i of 1. The plasmids containing ran-
domly mutated N2-UTRs and the RNA polymerase I fluo-
rescence reporter system were transfected into the infected
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Notes:

Name of mutant strains 3" UTR 57 UTR
N2-1 U4—C4, C16—Gl6 C22—-U22
N2-2 U13—-C13 C22—U22
N2-5 U4—C4, C16—Al6 C22—G@G22

Fig.1 Effects of random N2-3'/5'UTR mutations on EGFP expres-
sion as observed using fluorescence microscopy (200x). a N2-1-3/5'-
UTR combined mutant strain. b N2-2-3'/5'-UTR combined mutant

MDCK cells, and the Rfu values were measured at 24 h,
36 h, 48 h, and 60 h (excitation wavelength: 488 nm; absorp-
tion wavelength: 507 nm). The experiment was conducted
independently three times. Using GraphPad Prism 5.0 map-
ping software, the normalized fluorescence intensity (the
normal ratio of the Rfu value for the experimental group to
that for MDCK cells infected with HIN1 influenza virus)
was plotted on the ordinate, while time was plotted on the
abscissa. A line chart of the intensity as a function of time
was constructed. Line graphs showing the changes in fluo-
rescence intensity over time were plotted using GraphPad
Prism 5.0 mapping software; X represents the normalized
fluorescence intensity as the ratio of the average Rfu of the
experimental group to the Rfu measured in infected MDCK
cells that did not contain mutant plasmid, while Y represents
time. The experimental data were analyzed using a two-way

strains. ¢ N2-5-3'/5'-UTR combined mutant strain. d Control: wild-
type N2-UTR sequence [A/chicken/Beijing/0309/ 2013 (H9N2)]. e
Negative control: mock

ANOVA of multiple comparisons method to determine the
significance of the differences. As shown in Fig. 4, the nor-
malized fluorescence intensity for the experimental group
strains N2-1-3'UTR (Fig. 4a) and N2-1-3'/S'UTR (Fig. 4c)
was significantly downregulated compared with that of the
standard strain. In contrast, the normalized fluorescence
intensity for the mutant strains N2-2/N2-5-3'UTR (Fig. 4a)
and N2-1/N2-5-3'/5'UTR (Fig. 4c) was upregulated. How-
ever, the normalized fluorescence intensity for the N2-1/
N2-2/N2-5-5'-UTR mutant strains showed no significant
differences (Fig. 4b).

The regulation of NA RNA by UTR mutations

To measure the effects of UTR mutations on viral RNA
expression, MDCK cells were infected with HIN1 influenza
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Fig.2 Effects of random N2-3'UTR mutations on EGFP expression
as observed using fluorescence microscopy (x200). a N2-1-3'-UTR
mutant strain. b N2-2-3’-UTR mutant strains. ¢ N2-5-3’-UTR mutant
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Fig.3 Effects of random N2-5'UTR mutations on EGFP expression
as observed using fluorescence microscopy (200x). a N2-1-5'-UTR
mutant strain. b N2-2-5'-UTR mutant strains. ¢ N2-5-5"-UTR mutant

virus at an MOI of 1, and then N2-UTR mutant plasmids
were transfected into the cells. Twenty-four or 48-h post
infection, the MDCK cells were harvested to extract total
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strain. d Control: wild-type N2-UTR sequence [A/chicken/Bei-
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strain. d Control: wild-type N2-UTR sequence [A/chicken/Bei-
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RNA. To quantify the VRNA expression of N2-UTR mutant
strains, a real-time RT-PCR method that utilized SYBR
Green I dye was employed, and the relative expression of
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Fig.4 Statistical analysis of the normalized fluorescence intensity of
strains containing randomly mutated N2-UTR-EGFP sequences using
a multilabel reader. a N2-3'-UTR mutant strain. b N2-5-UTR mutant
strains. ¢ N2-3'/5-UTR mutant strain. Positive control: the wild-type
N2-UTR sequence [A/chicken/Beijing/0309/2013 (H9N2)]; negative

the RNA was calculated using the 2724 method. Graph-
Pad Prism 5.0 mapping software was used to construct a
column chart in which X represents the 2-24C value and
Y represents time (the dotted line Y = 1 represents the rela-
tive expression of the wild-type strain). Significant results
were found; as shown in Fig. 5, relative expression in the
N2-2/N2-5-3'UTR mutant strains and the N2-2/N2-5-
3'/5'UTR combined mutant strains was upregulated, while
the relative expression in the N2-1-3'UTR mutant strain
and N2-1-3'/5'UTR combined mutant strain was clearly
downregulated. However, variation in the N2-1/N2-2/N2-5-
5'UTR strains made no significant contribution to the rela-
tive expression of RNA.

Growth characteristics of viruses by UTR mutations

The growth of the mutant viruses was characterized in
MDCK cells. MDCK cells were infected with the two iso-
genic viruses at an MOI of 1, and maintained in serum-free
DMEM. Supernatants were harvested at 12 h, 24 h, 36 h,
48 h, 60 h, and 72 h. As shown in Fig. 6, peak yield of
viruses was attained 24 h after infection. The TCID50 (Tis-
sue culture infective dose) of the N2-2-3'UTR mutant virus

A RT-PCR results of N2-3'UTR mutant
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control: mock of the RNA polymerase I fluorescence reporter sys-
tem. The mean relative activity and standard deviation (error bars) are
shown. The data were statistically analyzed using a two-way ANOVA
method with GraphPad Prism Software. *P<0.05; “P<0.01;
P <0.001

and the N2-2-3'/5'UTR combined mutant virus were higher
than wild type (Fig. 6a, c). Respectively, there is no differ-
ence between the TCIDS50 of the N2-2-5'UTR mutant virus
and wild type (Fig. 6b).

Discussion

The highly conserved first 12 nucleotides of the 3'UTR and
the first 13 nucleotides of the 5"UTR form the promoter for
influenza virus vRNA [10]. The sequences of the 3'UTR
and 5'UTR are complementary and form a looped structure
that functions to bind and immobilize RdRp (RNA-depend-
ent RNA polymerase) [20]. The influenza virus promoter
induces transcription and replication of viral RNA via syn-
ergy with the virus RdRp. The conserved region is highly
involved in the transcription, replication, and packaging
processes of the virus. Synonymous mutations at the con-
served site indicate that disruption of the looped structure in
the conserved region will affect the production of infectious
progeny virus [21]. Until now, few studies have shed light on
the effects of mutations in the UTR of influenza A virus on
gene transcription and translation. Jun Ma et al. [22] found
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Fig.5 Statistical analysis of the determination of the effects of ran-
dom mutations in N2-UTRs on relative changes in gene expression
using RT-PCR. a N2-3-UTR mutant strain. b N2-5-UTR mutant
strains. ¢ N2-3/5-UTR mutant strain. Y =1 represents the positive
control [wild-type N2-UTR sequence; A/chicken/Beijing/0309/2013
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(HO9N2)]. The mean relative activity values (+ SEM) are shown. The
P values representing significance for the experimental group were
calculated using a one-way ANOVA method. “P<0.05; “P<0.01;
P <0.001
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A Growth kinetics of N2-3'UTR mutation virus
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Fig.6 Growth kinetics of the random mutations on N2-2-UTRs
of HION2 virus using TCID50. a N2-2-3-UTR mutant virus.
(U13—C13 mutation on 3'UTR) b N2-2-5-UTR mutant virus.
(C22—U22 mutation on 5'UTR) ¢ N2-2-3'/5'-UTR mutant virus
(U13—C13 mutation on 3'UTR; C22—U22 mutation on 5'UTR)

that natural mutation (U or C) of the nucleotide at position
4 in the 3'UTR can temporarily control the transcription of
the virus. C— U at this position in the NA segment effects
the level of mRNA and stimulates NA protein synthesis.
Furthermore, Zhao et al. [15] suggested that, in addition to
specific nucleotides, the length of the HA non-coding region
is also involved in regulating the efficiency of vRNA integra-
tion. Mutation, deletion, and substitution within the variable
region in the UTRs of influenza virus can significantly affect
the transcription of vVRNAs into mRNAs. The length, tertiary
structure, and nucleotide conservation of the UTR in the HA
and NA genes of influenza A virus have an impact on the
transcription, replication, packaging, and expression of HA
and NA viral vVRNAs. Therefore, many studies have focused
on the relationship between the conserved regions of the
3'/5" UTRs and the transcription and replication of vVRNA for
each gene fragment [23-25]. Similarly, the variable regions
in the 3'/5'UTRs have been observed to influence the pack-
aging of progeny viruses [26, 27].

The western blot method was used to quantify the
expression of eGFP protein. This was unsuccessful due
to the low transfection efficiency, which resulted in low
amounts of eGFP protein in the MDCK cells and no target
band. Therefore, the examination of the N2-UTR mutant
strains was performed using a fluorescence microscope
(Figs. 1, 2, 3), a multi-microplate reader (Fig. 4), and RT-
PCR quantitative analysis (Fig. 5). The results showed that
the 3'/5'-UTR combined N2-2/N2-5 mutant strains and
the 3'-UTR N2-2/N2-5 mutant strains were significantly
upregulated. In addition, the N2-1-3'/5'-UTR combined
mutant strains and the N2-1-3'-UTR mutant strain were
downregulated. However, the N2-1/N2-2/N2-5-5'-UTR
mutant strains showed no significant changes. Based on the
comparison of the N2-UTR gene sequences in the mutant
strains and the N2-UTR-Majority sequence obtained from
phylogenetic tree and mutational site analysis, the follow-
ing mutational sites were characterized: N2-1-3'-UTR
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wild type: A/chicken/Beijing/0309/2013 (HON2). The P values rep-
resenting significance for the experimental group were calculated
using a two-way ANOVA method. “P <0.05; “P<0.01; “*P<0.001;

P <0.0001

(U4 - C4, C16 -»G16), N2-2-3'-UTR (U13 — C13),
N2-5-3'-UTR (U4 — C4, C16 — A16), N2-1/N2-2-5"-UTR
(C22—U22), N2-5-5'-UTR (C22 — G22). Lee et al. [17]
found that the C4 to U4 mutation in the 3" UTR of the
NA segment in the HI subtype can significantly promote
the synthesis of NA-mRNA and stimulate the synthesis of
NA protein. Our results for the N2-2-3'UTR mutant strain
showed that the U13 — C13 variation at the 3’ end of the
NA segment influences the expression of VRNA and viral
protein, which could enhance the efficiency of transcrip-
tion of cRNA into vmRNA and contribute to the ability
of the viral infection. By aligning the N2-1/N2-5 UTR
mutant gene sequences, it was shown that the downregu-
lated N2 strain contained the U4 — C4 and C16 —» G16
mutations at the 3’ end. Furthermore, the upregulated N2-5
strain contained the U4 — C4 and C16 — A16 mutations
at the 3’ end, indicating that mutations at other positions
within the UTRs can also affect NA protein expression.
A possible explanation for the opposite trend is that the
C16 — A16 mutation antagonizes the downregulation of
NA protein expression that is induced by the U4 — C4
mutation; however, the specific mechanisms underlying
this process require further study. In conclusion, the vari-
ation of NA in specific positions dramatically promotes the
efficiency of viral replication and transcription, which is
consistent with its infection: virus with higher transcrip-
tion efficiency showed higher infection. The change in the
relative effect on influenza virus infection may contribute
to applying for vaccination with genetically engineered
influenza viruses.
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