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Preface

Influenza A viruses cause acute respiratory infection, and annual influenza

epidemics have an enormous impact on the global economy and public health.

Influenza A viruses belong to the family Orthomyxoviridae; they are classified into

subtypes based on the antigenicity of two major surface glycoproteins, hemagglutinin

(HA; H1-H18) and neuraminidase (NA; N1-N11). The viruses contain eight negative-

strand RNA segments that encode different viral proteins. They enter host cells via an

interaction between the HA on the virus membrane and receptors on the host cell

surface. Following membrane fusion between the viral envelope and the host cell

membrane and entry of the virion into the host cell via receptor-mediated endocytosis,

the viral ribonucleoprotein (VRNP) is released into the cytoplasm. The released vRNP is

transported into the nucleus, where transcription and replication of the viral RNA occur.

The transcribed mRNA is exported from the nucleus to the cytoplasm, and translated

into various viral proteins. VRNA replicated in the nucleus forms vVRNP with viral

nucleoprotein and is exported into the cytoplasm. Newly synthesized vRNP and viral

structural proteins, including HA and NA, are transported to the plasma membrane,

where they are assembled to form progeny virions. The progeny virions bud from the



plasma membrane and are released from the host cells through the cleavage of sialic

acids by NA enzymatic activity.

For transcription and replication, three polymerase proteins are required:

polymerase basic protein 2 (PB2), polymerase basic protein 1 (PB1), and polymerase

acidic protein (PA). These three proteins are encoded by three different segments and

interact with each other to form the trimeric viral RNA-dependent RNA polymerase

complex. RNA templates are incorporated into the complex with NTPs and pass through

the active site, where RNA synthesis occurs. They then leave via the template exit. RNA

products synthesized at the active site leave via the product exit.

Since influenza is a major human respiratory disease, the influenza virus has been

well studied. However, our understanding of the fundamental replication mechanisms of

influenza virus remains incomplete. Although the reverse genetics method has enabled

us to engineer the virus genome at will, most recombinant viruses that express foreign

proteins do not replicate efficiently and the expression of the foreign protein is not

stable. Our previous study revealed that the virus polymerase plays an important role in

the stabilization of foreign protein expression, suggesting the existence of an unknown

mechanism or mechanisms of virus genome replication. Therefore, in the present study,



I aimed to discover these unknown viral replication mechanisms, focusing on the

stability of a foreign gene inserted into the virus genome.



Abstract

We previously attempted to establish a reporter influenza virus by inserting the gene for

the Venus fluorescent protein into the NS segment of influenza A/Puerto Rico/8/34

(PRS8, HIN1) virus to yield WT-Venus-PR8. Although the inserted Venus gene was

deleted during serial passages of WT-Venus-PR8, we discovered that the PB2-E712D

mutation stabilizes the Venus gene. Here, I explored the mechanisms by which Venus

gene deletion occurs and how the polymerase mutation stabilizes the Venus gene. Deep

sequencing analysis revealed that PB2-E712D does not cause an appreciable change in

the mutation rate, suggesting that the stability of the Venus gene is not affected by

polymerase fidelity. I found that WT-Venus-PRS8 induces high-level IFNJ expression by

using quantitative real-time PCR. The induction of IFNJ} expression seemed to result

from the reduced transcription/replication efficiency of the modified NS segment in

WT-Venus-PRS. In contrast, the transcription/replication efficiency of the modified NS

segment was enhanced by the PB2-E712D mutation. Loss of the Venus gene in WT-

Venus-PR8 appeared to be caused by internal deletions in the NS segment. Moreover, to

further our understanding of the Venus stabilization mechanisms, I identified additional

amino acid mutations in the virus polymerase complex that stabilize the Venus gene. |



found that some of these amino acids are located near the template exit or the product

exit of the viral polymerase, suggesting that these amino acids contribute to the stability

of the Venus gene by affecting the binding affinity between the polymerase complex and

the RNA template and product.



Importance

The reverse genetics method of influenza virus generation has enabled us to generate

recombinant viruses bearing modified viral proteins. Recombinant influenza viruses

expressing foreign genes have become useful tools in basic research and such viruses

can be utilized as efficient virus vectors or multivalent vaccines. However, the insertion

of a foreign gene into the influenza virus genome often impairs virus replication and the

inserted genes are unstable. The elucidation of the mechanisms of foreign gene

stabilization will help us to establish useful recombinant influenza viruses.
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Introduction

Influenza A viruses are segmented negative-strand RNA viruses that belong to the
family Orthomyxoviridae. The genome of influenza A virus consists of eight RNA
segments encoding different viral proteins. With the development of reverse genetics for
influenza viruses (1), it became possible to generate recombinant viruses bearing
modified viral proteins. Recombinant viruses expressing foreign proteins such as
reporter proteins are now useful tools in basic research. Moreover, influenza viruses
stably expressing foreign genes may be used as virus vectors or multivalent vaccines.
For example, an influenza viruses expressing a modified HA segment, in which
polypeptides of the Bachillus anthractis protective antigen were inserted, expresses
chimeric HA proteins stably and induces antibody responses against both the HA and
the Bachillus anthractis antigens (2). In another study, insertion of the human
interleukin-2 gene into the influenza NS segment enhanced the CD8" immune response
to viral antigens (3). However, insertion of foreign genes into virus genomes often
impairs virus replication (4, 5) and inserted sequences are not stable during the

replication cycle (6).
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Previously, we attempted to establish a reporter influenza virus that would allow us

to visualize virus-infected cells as a tool to understand influenza virus-induced

pathology (7). The gene of the Venus fluorescent protein was inserted into the NS

segment of influenza A/Puerto Rico/8/34 (PR8, HIN1) virus to yield WT-Venus-PRS.

However, WT-Venus-PRS8 was significantly attenuated and the inserted Venus gene was

deleted during serial virus passages. We found that an E-to-D mutation at position 712

of the polymerase subunit PB2 (PB2-E712D) stabilized the inserted Venus gene (7, 8).

Furthermore, we have also established HSN1 virus carrying the Venus gene, which was

inserted into the NS segment from PR8 (Venus-H5N1) (7). Although, like WT-Venus-

PRS8, WT-Venus-H5N1 showed moderate virulence and low Venus expression, we

acquired a variant that became more lethal to mice and stably expressed Venus after

mouse adaptation (7). We found that a V-to-A mutation at position 25 of the polymerase

subunit PB2 and a R-to-K mutation at position 443 of the polymerase subunit PA

contributed to the stable maintenance of the Venus gene (9). These results indicate that

the composition of the viral polymerase plays an important role in the stabilization of

the inserted foreign gene. However, the mechanisms by which the Venus gene can be

deleted and how polymerase mutations stabilize the Venus gene have remained

unknown.
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In this study, I explored the mechanisms of Venus gene stabilization by comparing

events upon infection with WT-Venus-PR8 and Venus-PRS8 possessing the PB2-E712D

mutation (Venus-PR8-PB2-E712D). I examined the polymerase fidelity, RNA and

protein expression in infected cells, and performed sequencing analysis coupled with

co-infection experiments to determine how the Venus gene is deleted. Moreover, 1

identified additional mutations that contribute to the stabilization of the Venus gene to

further our understanding of the stabilization mechanisms.
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Materials and Methods

Cells and Viruses

Madin-Darby canine kidney (MDCK) cells were cultured in Eagle’s MEM (GIBCO)

with 5% NCS at 37 °C in 5% CO». Human embryonic kidney 293 (HEK293) cells were

cultured in Dulbecco’s modified Eagle medium supplemented with 10% fetal calf serum

(FCS). WT-Venus-PR8 and Venus-PR8 mutants with NS segments encoding the Venus

fluorescent protein (7) were generated by using reverse genetics (1) and were

propagated in MDCK cells at 37 °C.

Venus stability

WT-Venus-PR8 or each Venus-PR8 mutant was infected to MDCK cells at an MOI of

0.001. The supernatants were collected at 48 h post-infection, and titrated by use of plaque

assays in MDCK cells. Obtained viruses were similarly passaged four times. The

proportion of Venus-expressing plaques in virus stocks from different passages was

determined in MDCK cells by observing more than 65 plaques in each virus stock using

fluorescence microscopy. To exclude false-positive plaques, Venus-negative plaques were

picked up, amplified in MDCK cells, and reassessed for Venus expression.
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Deep sequencing analysis

WT-PRS, PR8-PB2-E712D, PR8-PB1-V43I (10, 11), and PR8-PB1-T123A (12) were

generated by reverse genetics (1) and infected to MDCK cells at an MOI of 0.001. The

supernatants were collected at 48 h post-infection, and titrated by means of plaque

assays in MDCK cells. Obtained viruses were passaged five times in the same way.

Virus RNA was extracted from viruses before passaging and from viruses passaged five

times by using the QIAamp Viral RNA Mini Kit (Qiagen). RT-PCR was performed by

using the Superscript III high-fidelity RT-PCR kit (Invitrogen). DNA amplicons were

purified by 0.45X of Agencourt AMpure XP magnetic beads (Beckman Coulter) and 1

ng was used for barcoded library preparation with the Nextera XT DNA kit (Illumina).

After bead-based normalization (Illumina), libraries were sequenced on the MiSeq

platform in a paired-end run using the MiSeq v2, 300 cycle reagent kit (Illumina). The

raw sequence reads were analyzed by using the ViVan pipeline (13). Here, a cutoff of

1% as the minimum frequency was used. Moreover, we defined an empirical cutoff for

the minimum read coverage: for a variant with 1% frequency, at least 1000 reads should

cover that region. Likewise, for a variant with 0.1% frequency, 10,000 reads should

cover that region. Namely, if the coverage was < 1000 / (frequency), the variant was

14



removed. The sequencing data of the five times-passaged viruses were compared with
those of the viruses before passaging. The number of nucleotide mutations that were not
observed before passaging but observed only after passaging was counted. The number
of mutations per nucleotide was calculated for each segment and the mean values for all

eight segments in each virus were compared.

Quantitative real-time PCR

MDCK cells were infected with WT-Venus-PRS8 or Venus-PR8-PB2-E712D at an MOI
of 1 or mock-infected with medium. Total RNA was extracted from cells at 9 h post-
infection by using the RNeasy Mini Kit (QIAGEN). Quantification of RNA was
performed as described previously (14). Primers for IFNB, NS vRNA, NP vRNA, and -
actin were described previously (14-16). Data were analyzed with the 224" method

(17) and normalized to the expression of f-actin mRNA.

Western blotting

MDCK cells were infected with each virus at an MOI of 1 or mock-infected with
medium. Cells were lysed at the indicated timepoints with Tris-Glycine SDS sample
buffer (Invitrogen). The cell lysates were sonicated, heated for 10 min at 95 °C, and
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then subjected to SDS-polyacrylamide gel electrophoresis (PAGE). SDS-PAGE was

performed on Any kD Mini-PROTEAN TGM Precast Protein Gels (Bio-Rad). Proteins

on SDS-PAGE gels were transferred to a polyvinylidene fluoride membrane (Millipore),

and detected by using the indicated primary antibodies [rabbit anti-NS1(GeneTex),

mouse anti-Aichi NP (2S 347/4), mouse anti-p-actin(Sigma-Aldrich)], followed by

secondary antibodies [sheep horseradish peroxidase (HRP)-conjugated anti-mouse IgG

(GE Healthcare) or donkey HRP-conjugated anti-rabbit IgG (GE Healthcare)]. Signals

of specific proteins were detected by using ECL Prime Western Blotting Detection

Reagent (GE Healthcare). Images were captured with the ChemiDoc Touch Imaging

System (Bio-Rad) and quantified by using Image Lab Software (Bio-Rad).

Co-infection analysis

Three nucleotides in the 3’ or 5’ region, which does not overlap the packaging signal

sequence (18) of the NS segment of WT-Venus-PRS8, were substituted synonymously.

These modified viruses were co-infected to MDCK cells at an MOI of 0.001 each or 5

each. The supernatant was collected at 2 days or 8 h post-infection respectively, and

infected to MDCK cells. Venus-negative plaques were picked up, amplified in MDCK

cells, and then the sequences of the NS segments in the obtained viruses were analyzed.

16



Identification of additional mutations that stabilize the Venus gene

WT-Venus-PR8 was infected to MDCK cells at an MOI of 0.001. The supernatant was

collected at 2 days post-infection and infected to MDCK cells. Then, Venus-positive

plaques were picked up and amplified in MDCK cells repeatedly until mutants stably

expressing Venus fluorescence were obtained. The sequences of the mutants were

analyzed to identify amino acid mutations in PB2, PB1, and PA. To determine whether

those mutations contributed to the stability of the Venus gene, mutants containing each

of the identified amino acid mutations were generated by reverse genetics (1), and the

Venus stability of each mutant was examined as described above. Confirmed amino acid

positions were plotted on the crystal structure of the influenza virus polymerase

complex (PDB ID: 4WSB) by using the PyMOL molecular graphics system. In Fig. 5B,

the polymerase internal tunnels were visualized by using the MOLEonline web interface

(19) and the information deposited in ChannelsDB (20). The percentage of strains that

contained the identified amino acid was determined by using the “Sequencing Feature

Variant Type” tool in the Influenza Research Database (21, 22).
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Statistical analysis
Statistically significant differences between WT-Venus-PR8 and Venus-PR8-PB2-
E712D were assessed by using the two-tailed unpaired Student’s #-test. P<0.05 was

considered significantly different.
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Results

Loss of Venus expression in WT-Venus-PRS restores replication efficiency

I prepared WT-Venus-PR8 and Venus-PR8-PB2-E712D by using reverse genetics as

previously described (1). The gene of the Venus fluorescent protein was inserted into the

NS segment as illustrated in Figure 1A (7). First, I confirmed how quickly Venus

expression was lost in WT-Venus-PR8 and the relationship between Venus deletion and

virus titer. I passaged the viruses in MDCK cells at a multiplicity of infection (MOI) of

0.001 and measured the proportion of Venus-positive plaques (Fig. 1B). I confirmed that

the expression of Venus was lost immediately in WT-Venus-PRS8, whereas all plaques of

Venus-PR8-PB2-E712D showed Venus expression after four passages. Although WT-

Venus-PRS& showed a lower titer than Venus-PR8-PB2-E712D in MDCK cells as

described previously (8), the virus titer increased during virus passages as the

proportion of Venus-positive plaques decreased (Fig. 1C). This result suggests that the

loss of the Venus gene in the mutated WT-Venus-PRS restored the replicative efficiency

of the virus.
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Fig. 1 (A) Schematic structure of the eight viral RNA segments contained in WT-Venus-
PRS. 2A; protease 2A autoproteolytic site. (B) Each virus was passaged in MDCK cells.
The proportion of Venus-expressing plaques in virus stocks from different passages was
determined in MDCK cells by using fluorescence microscopy. (C) The virus stocks

from different passages were titrated by use of plaque assays in MDCK cells.

20



The PB2-E712D mutation does not cause an appreciable change in polymerase

fidelity

I hypothesized that the PB2-E712D mutation increases viral polymerase fidelity in

order to retain the inserted Venus gene during passages. To test this hypothesis, I

generated WT-PRS as well as PR8-PB2-E712D, which possesses aspartic acid at

position 712 of PB2 and therefore differs from WT-PRS by only this amino acid, by

reverse genetics and compared their mutation rates. Here, I used viruses that did not

contain the Venus gene to make it easier to measure the mutation rates. PR8-PB1-V431,

which has been reported to be a high-fidelity mutant virus (10, 11), and PR8-PBI-

T123A, which has been reported to be a low-fidelity mutant virus (12), were also

generated by reverse genetics and used as controls. To estimate the mutation rates, |

passaged these viruses in MDCK cells at an MOI of 0.001 and performed deep

sequencing of the entire genome; the sequencing data of the five-times passaged viruses

were compared with those of viruses before passaging. I counted the number of

nucleotide changes in the five-times passaged viruses that were not present before

passaging. The number of mutations introduced during the five passages are shown in

Figure 2A by segment. Also, the number of mutations per nucleotide was calculated for

normalization and the mean values for all eight segments were compared (Fig. 2B). I
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confirmed that PR8-PB1-V43], the high-fidelity control, had fewer mutations, and PR8-

PB1-T123A, the low-fidelity control, had more mutations than WT-PRS. Although PRS-

PB1-V43I had fewer mutations than WT-PRS, the difference between PR8-PB1-V431

and WT-PRS8 was small. Since a previous report suggested that PB1-V43I does not alter

the mutation rate (12), the influence of PB1-V43I on the mutation rate might be

dependent on the virus strain or experimental conditions. Moreover, there was no clear

difference in mutation number between WT-PRS and PR8-PB2-E712D. Although the

possibility that the PB2-E712D mutation affects virus polymerase fidelity cannot be

excluded, the effect does not seem to be large enough to cause an appreciable difference

in Venus stability. Therefore, this result suggests that the stability of the Venus gene is

not influenced by the fidelity of the virus polymerase.
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Fig. 2 The effect of PB2-E712D on the mutation rate. (A) Each virus was passaged five
times in MDCK cells and the number of mutations introduced into each segment during
the passages was counted. (B) The mutation number per nucleotide in each segment was
calculated and the mean values for all eight segments are shown.
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Transcription/replication of the modified RNA segment is impaired in WT-Venus-

PRS

Some reports suggest that recombinant viruses containing a foreign gene insertion

in their NS segment can propagate more efficiently in IFN-deficient Vero cells than in

IFN-competent cells such as MDCK cells (4, 23, 24). Therefore, I quantified the

expression levels of IFNf in virus-infected cells by using quantitative real-time PCR.

MDCK cells were infected with WT-Venus-PRS8 or Venus-PR&-PB2-E712D at an MOI

of 1 or mock-infected with medium, and the relative expression levels of IFNf in

infected cells were quantified at 9 h post-infection. WT-Venus-PRS8 induced a higher

level of IFNP expression than did Venus-PR8-PB2-E712D (Fig. 3A). This result

suggests that WT-Venus-PRS8 does not efficiently inhibit IFN} expression. Given that

NSI plays a key role in suppressing IFN expression and I[FN-mediated antiviral

responses in the host (25, 26), I next quantified the NS vRNA in infected cells by using

influenza virus strand-specific real-time PCR (14, 16). The amount of NS vVRNA in WT-

Venus-PR8&-infected cells was 90% lower than that in Venus-PR&-PB2-E712D-infected

cells (Fig. 3B), whereas there was no significant difference in their NP vRNA

expression levels (Fig. 3C). The NS vVRNA/NP vRNA ratio in WT-Venus-PR8-infected

cells was 80% lower than that in Venus-PR8-PB2-E712D-infected cells (Fig. 3D). This
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result suggests that the transcription/replication of the NS segment is specifically

impaired in WT-Venus-PR8. The sequences of all of the plasmids used to generate

viruses by reverse genetics were confirmed before use, and the NS segments of WT-

Venus-PRS and Venus-PR8-PB2-E712D were derived from the same NS-Venus

plasmid. Therefore, it is unlikely that either WT-Venus-PRS8 or Venus-PR8-PB2-E712D

has a mutated promoter sequence in its NS segment. Accordingly, the difference in the

transcription/replication efficiency of the NS segment was likely caused by the PB2-

E712D. Moreover, I confirmed the expression level of the NS1 protein by western

blotting (Fig. 3E). Due to the reduced transcription/replication efficiency of the NS

segment, the expression level of the NS1 protein in WT-Venus-PR8-infected cells was

much lower than that in Venus-PR8-PB2-E712D-infected cells. In contrast, the

expression level of NP was almost the same. The NS1/NP ratio, quantified based on the

band intensity, was significantly reduced in WT-Venus-PR8-infected cells (Fig. 3F). It,

therefore, appears that the low level of NS1 expression leads to the high expression of

IFNB in WT-Venus-PR8-infected cells. Furthermore, the high expression of IFN causes

attenuation of WT-Venus-PRS, although it is possible that other factors are involved.
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Fig. 3 RNA and protein expression in infected cells. (A—C) MDCK cells were infected
with each virus at an MOI of 1. The relative expression levels of IFNB mRNA (A), NS
vRNA (B), and NP vRNA (C) were determined by quantitative real-time PCR at 9 h
post-infection. (D) The NS vVRNA/NP vRNA ratio was calculated. (E) MDCK cells

were infected with WT-Venus-PR8 (WT) or Venus-PR8-PB2-E712D (712) at an MOI of
1. Cells were lysed at the indicated timepoints and the expression of NS1, NP, and -
actin was detected by western blotting. (F) NS1/NP ratios were determined based on the
band intensity of the western blots. Means + S.D. of triplicate experiments, taking each
value in Venus-PR8-PB2-E712D-infected cells as 1, are shown in (A) to (D) and (F).

*#; p<0.01, ns; not significant (z-test). hpi; hours post-infection.
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The inserted Venus gene is deleted via internal deletion

To explore how deletion of the Venus gene occurs, I determined the sequence of the

NS segment in WT-Venus-PR8 that lost Venus expression after serial passages. |

performed plaque assays using three independently passaged WT-Venus-PR8 virus

stocks and found that the majority of the plaques were Venus-negative. I then sequenced

more than five plaques from each stock and found that one or two deletion patterns in

each virus stock. I found that large deletions occurred in the NS segment and most of

the Venus sequence was lost (Fig. 4A). However, I could not identify any specific

patterns with regard to the deletion, such as the number of nucleotide deletions, the site

of the deletion(s), or specific sequences at which deletions occurred. I hypothesized that

the large deletion resulted from internal deletion caused by polymerase jumping, which

1s a known mechanism of defective interfering viral RNA production (27, 28), or by

gene recombination, which plays an important role in RNA virus adaptation through

rearrangement of the virus genome (29-32). I introduced synonymous mutations into

the 3’ or 5’ region of the NS segment of WT-Venus-PRS8 (Fig. 4B) and then infected

MDCK cells at an MOI of 0.001 or 5 with each of these mutant viruses; supernatants

were collected at 2 days or 8 h post-infection, respectively. The supernatant was then

incubated with MDCK cells. Venus-negative plaques were picked up, amplified in
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MDCK cells, and then I determined the NS segment sequence in the viruses that lost

Venus expression. I found that the truncated NS segments had a synonymous mutation

on only one side (Fig. 4C). I found no viruses that had an NS segment with synonymous

mutations on both sides or without a synonymous mutation at both the low and high

MOI co-infections. This result indicates that the large deletion in the NS segment

resulted from internal deletion in each NS segment and not gene recombination between

NS segments.
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Fig. 4 Internal deletions occurred in the NS segment of WT-Venus-PRS. (A) Schematic
sequence of the NS segment in WT-Venus-PRS viruses that lost Venus expression after
serial passages in MDCK cells; selected examples are shown. (B) The procedure for the
co-infection experiment is illustrated. The synonymous mutation was introduced into
the 3’ or 5° region of the NS segment of WT-Venus-PRS8. The viruses were then co-
infected to MDCK cells. Viruses not expressing Venus were plaque-purified and the
sequence of their NS segment was analyzed. (C) Examples of the sequences of the NS
segment of Venus-negative viruses obtained after co-infection experiments; the red X

indicates the introduced synonymous mutation.
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Additional mutations stabilize the Venus gene

To further understand the mechanisms of the Venus deletion and stabilization, I

attempted to obtain additional mutations in the polymerase complex that stabilize the

Venus gene. MDCK cells were infected with WT-Venus-PRS8 at an MOI of 0.001 and

then Venus-positive plaques were picked and amplified in MDCK cells. After

consecutive passaging and plaque purification of Venus-positive viruses, I obtained

mutants that stably expressed enhanced Venus fluorescence. Sequence analysis revealed

that mutations were introduced into the polymerase genes PB2, PB1, and PA of each

mutant (Fig. 5SA). PA-180 and PA-200 are located on the surface of the polymerase

complex, as is PB2-712, whereas PB2-540, PB1-149, and PB1-684 are located inside

the complex. PA-180 and PA-200 are located in the endonuclease domain, PB1-149 and

PB1-684 are located near the exit of the RNA template, and PB2-540 is located near the

exit of newly synthesized RNA products (Fig. 5B), while the function of the region

around PB2-712 has remained unclear (33-35). To determine whether these mutations

contribute to the stabilization of the Venus gene, I generated mutant viruses containing

each of the mutations by using reverse genetics and measured the Venus retention ratio

after four passages in MDCK cells (Fig. 5C). The mutant viruses showed enhanced

Venus stability compared with WT-Venus-PRS, indicating that these amino acids play
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important roles in the stabilization of the Venus gene. Although further analysis is

needed to clarify how these amino acids contribute to the stability of the Venus gene,

considering that PB2-540, PB1-149 and PB1-684 are located near the polymerase

internal tunnels (33-35) that the template and product go through during the

transcription/replication reaction, these amino acids may affect the binding stability of

the RNA template, product, and polymerase complex. Moreover, when I examined

whether these mutations were found in previously isolated influenza A viruses in the

Influenza Research Database (Fig. 5D), I found that these amino acids are extremely

rare, suggesting that they are not evolutionarily beneficial.
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Fig. 5 Additional mutations that stabilizes the Venus gene inserted into the NS segment.
(A) Identified amino acid mutations were mapped onto the influenza polymerase
complex (PDB ID: 4WSB). (B) Polymerase internal tunnels are shown as yellow tubes.
The vRNA promoter binds to the polymerase and the template vVRNA enters the
polymerase complex. The template vVRNA passes through the active site, where RNA
synthesis occurs, and then leaves via the template exit. The RNA products synthesized
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at the active site leave via the product exit. (C) Each mutant Venus-PRS virus was

passaged four times in MDCK cells and the proportion of Venus-expressing plaques

after passaging was determined in MDCK cells by using fluorescence microscopy. (D)

The percentage of influenza A virus strains containing mutations that stabilize the Venus

gene in Venus-PRS (i.e., the number of strains containing the indicated amino acid /

total number of strains available in the Influenza Research Database).
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Discussion

Recombinant influenza viruses expressing foreign genes would be useful tools;

however, long insertions in virus genomes are often unstable and cause attenuation of

the recombinant viruses. We previously found that amino acids in the influenza virus

polymerase complex play crucial roles in the stabilization of foreign gene insertions; the

Venus gene inserted into the NS segment was stabilized by PB2-E712D in an HIN1

virus (7, 8),and by PB2-V25A and PA-R443K in an H5N1 virus (9). However, the

mechanisms by which these amino acids contribute to the stabilization remained

unclear. In the present study, I explored the mechanism of PB2-E712D-induced

stabilization of the Venus gene inserted into the NS segment of an HIN1 virus. I found

that the transcription/replication efficiency of the modified segment was significantly

reduced in WT-Venus-PR8 compared with Venus-PR8-PB2-E712D. This finding

suggests that the PB2-E712D mutation stabilizes the inserted foreign gene due to the

enhanced transcription/replication efficiency of the modified RNA segment. In contrast,

the transcription/replication efficiency of segments that do not contain additional

sequences is not changed in the presence or absence of the PB2-E712D mutation.

Moreover, we previously showed that polymerase activity is reduced, not enhanced, by
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the PB2-E712D mutation in a mini-replicon assay (8). These results indicate that the

alteration of the transcription/replication efficiency caused by PB2-E712D is specific to

modified RNA segments. The insertion of foreign genes appears to impair the

transcription/replication of the modified segments, and the polymerase overcomes this

impairment in the presence of the PB2-E712D mutation.

In WT-Venus-PRS, in which the Venus gene is inserted into the NS segment, the

transcription/replication efficiency of this segment is significantly reduced. As a result,

the expression of the NS1 protein is also reduced. Since NS1 plays an important role in

inhibiting IFN-mediated antiviral responses (25, 26), WT-Venus-PR8 cannot inhibit

IFNP expression efficiently, which may lead to virus attenuation. The viral titer of WT-

Venus-PR8 increases during serial passages in MDCK cells as the virus loses Venus

expression (Fig. 1B, C), suggesting that mutated WT-Venus-PR8 that does not contain

the Venus gene propagates more efficiently than the original WT-Venus-PRS. Therefore,

it is likely that the immediate loss of Venus expression in WT-Venus-PR8 results from

the selection of variants without the Venus gene during serial passaging. Venus-PR8-

PB2-E712D restores the transcription/replication efficiency of the NS segment, leading

to efficient virus replication. Therefore, viruses expressing Venus are not purged by
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selective pressure in the presence of the PB2-E712D mutation, which enables Venus-

PR8-PB2-E712D to stably maintain the inserted Venus gene.

How is the transcription/replication efficiency reduced on modified RNA segments

specifically, and how is it enhanced by the PB2-E712D mutation? The RNA secondary

structure and the binding affinity between the polymerase complex and the RNA

templates likely hold the answer to these questions. Insertion of a foreign gene must

change the RNA secondary structure, and transcription/replication by the viral

polymerase complex may be negatively influenced by this unusual RNA secondary

structure. Although I do not conclusively know how the PB2-E712D mutation

overcomes the impairment of transcription/replication, one possible explanation is that

the binding affinity between the polymerase complex and the RNA templates is

increased.

Our sequence analysis of WT-Venus-PR8 that lost Venus expression, coupled with

the co-infection experiments (Fig. 4B, C) suggested that the inserted sequence is deleted

due to an internal deletion. Internal deletions often occur during influenza virus

replication cycles regardless of the presence of a foreign gene insertion, and have been

reported to play roles in virus adaptation (36—38) and the generation of defective

interfering viral RNA (27, 28). Internal deletion is believed to be caused by polymerase
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complex dissociation from RNA templates during transcription/replication (28, 39-41).

Amino acid mutations in the polymerase complex affect the frequency of occurrence of

internal deletions (42—45). PB2-E712D may also be involved in the occurrence of

internal deletions. Therefore, the stabilization of the Venus gene in Venus-PR§-PB2-

E712D may be caused by not only the enhancement of the transcription/replication on

the modified segment, but also by the reduced frequency of internal deletions.

I also identified additional mutations in the influenza virus polymerase complex

that stabilize the inserted Venus gene, which may help us to further understand the

stabilization mechanisms based on the positions of these mutations in the viral

polymerase complex. Some of the identified amino acids are located near the

polymerase internal tunnels, that is near the RNA template or newly synthesized RNA

product during the transcription/replication reactions (33—-35). These amino acids might

directly affect the binding affinity between the polymerase complex, template, and

product. A previous report, which showed that PB2 amino acids located at the template

exit channel are involved in the formation of short aberrant RNAs (45), supports the

possibility that amino acids near the polymerase internal tunnels affect the binding

affinity between the polymerase complex, template, and product. However, PA-180 and

PA-200, which are located at the endonuclease domain, are not near the polymerase
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internal tunnels, which is also true for PB2-712. Therefore, these amino acids may

affect the binding affinity indirectly, or there may be other mechanisms involved in the

stabilization of the Venus gene. These mutations could be used to establish recombinant

influenza viruses expressing a foreign gene. However, these amino acids may not

necessarily cause the stabilization of a foreign gene in all influenza virus strains, since

PB2-V25A, which stabilizes the Venus gene in Venus-H5N1 had negative effect on

virus replication in Venus-PRS8 and did not cause Venus stabilization (our unpublished

data).

Although the identified amino acids seem to enhance the genetic stability of virus

genomes, they have been rarely found in virus isolates (Fig. 5D). It seems likely that

mutations that support the maintenance of inserted sequences are not evolutionarily

beneficial to the virus. Insertions of additional sequences into virus genomes are often

deleterious for virus replication. These mutations are probably rare in virus populations

to avoid the accumulation of deleterious insertions. Viruses may purge deleterious

insertions by reducing the transcription/replication efficiency of RNA segments that

contain insertions that form abnormal secondary structures. In conclusion, although the

amino acid mutations I identified in this study are useful for generating recombinant

viruses, they do not seem to be beneficial to the virus in nature in the long run.
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Conclusion

In this study, to identify unknown virus genetic mechanisms, I focused on the

genetic stability of the recombinant influenza virus. Although the instability of an

artificially inserted foreign gene in the virus genome has been known for some time, the

reason for this instability has remained unclear. My data suggest that foreign gene

insertion affects viral RNA transcription/replication efficiency. Interestingly, the

efficiency was changed only on the modified RNA segment, suggesting that the

sequence of the RNA templates directly affects the polymerase function. Co-infection

analysis revealed that the loss of the expression of a foreign gene resulted from an

internal deletion. [ hypothesized that an amino acid mutation on the polymerase

complex can change the binding affinity of the polymerase-RNA complex, resulting in

the modification of the transcription/replication efficiency and the frequency of

occurrence of internal deletions. Although additional analysis is needed to conclusively

confirm this hypothesis, the results obtained in this study could further our

understanding of the fundamental replication mechanisms of influenza virus.

I identified additional amino acid mutations in the polymerase complex that

stabilize an inserted Venus gene. I hope that the identification of these mutations will
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contribute to promoting the development of effective recombinant influenza viruses,

including virus vectors.
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