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ABSTRACT The influenza A virus genome is comprised of eight single-stranded nega-
tive-sense viral RNA (vVRNA) segments. Each of the eight VRNA segments contains seg-
ment-specific nonconserved noncoding regions (NCRs) of similar sequence and length in
different influenza A virus strains. However, in the subtype-determinant segments, encod-
ing hemagglutinin (HA) and neuraminidase (NA), the segment-specific noncoding regions
are subtype specific, varying significantly in sequence and length at both the 3’ and 5’
termini among different subtypes. The significance of these subtype-specific noncoding
regions (ssNCR) in the influenza virus replication cycle is not fully understood. In this
study, we show that truncations of the 3’-end H1-subtype-specific noncoding region
(H1-ssNCR) resulted in recombinant viruses with decreased HA VRNA replication and attenu-
ated growth phenotype, although the VRNA replication was not affected in single-template
RNP reconstitution assays. The attenuated viruses were unstable, and point mutations at
nucleotide position 76 or 56 in the adjacent coding region of HA vRNA were found after
serial passage. The mutations restored the HA vRNA replication and reversed the attenuated
virus growth phenotype. We propose that the terminal noncoding and adjacent coding
regions act synergistically to ensure optimal levels of HA VRNA replication in a multisegment
environment. These results provide novel insights into the role of the 3’-end nonconserved
noncoding regions and adjacent coding regions on template preference in multiple-
segmented negative-strand RNA viruses.
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polymerase and nucleoprotein (NP) to form viral ribonucleoprotein (VRNP) complexes (2).
The viral polymerase consists of three subunits, polymerase basic 1 (PB1), polymerase ba-
sic 2 (PB2), and polymerase acidic (PA) proteins, and carries out transcription and replica-
tion of the VRNA in the nucleus of infected cells. Transcription of the negative-sense
VRNA genome produces positive-sense viral mRNAs with a 5’-terminal N7-methylguano-
sine (M’G) cap and 3’ poly(A) tail (3, 4). During transcription, the viral polymerase makes
an essential interaction with the C-terminal domain (CTD) of the large subunit of cellular
RNA polymerase Il (5). Replication of the negative-sense VRNA genome is a two-step pro-
cess that requires polymerase dimerization (6-10). In the first step, the viral polymerase
copies the VRNA template into a positive-sense cRNA replicative intermediate, which in
the second step serves as template for the polymerase to synthesize VRNA. Both cRNA
and VRNA assemble into RNP complexes with newly synthesized polymerase and NP (11).
Progeny VRNPs are exported from the cell nucleus and are selectively packaged into
progeny virions, which are released from the infected cells by budding (12).

Each influenza A virus VRNA segment encodes one or two major open reading frames
(ORFs) in the negative sense, which are flanked by 3’ and 5’ noncoding terminal sequences.
The first 12 and 13 nucleotides at the 3" and 5’ ends, respectively, are highly conserved
among different VRNA segments and form a promoter structure, which is bound by the viral
polymerase (13). The conserved terminal promoter sequences and coding region are sepa-
rated by nonconserved noncoding regions (NCRs), which are variable in length and nucleo-
tide composition in different VRNA segments but in most instances are highly conserved in
the same VRNA segment of different influenza virus strains (14). In the subtype-determinant
segments, encoding hemagglutinin (HA) and neuraminidase (NA), the segment-specific
NCRs are also subtype specific, varying significantly in length and sequence at both the 3’
and 5’ ends among the different subtypes (15).

The NCRs are known to play multiple roles in the replication cycle of influenza A
viruses. These include regulatory roles in transcription and replication of vVRNA segments
as well as roles in determining splicing and translation efficiencies (16-22). NCRs and the
adjacent coding regions have also been proposed to contain signals that are required for
selective packaging of the eight vRNA segments into progeny virions (23-37).

In this study, we aimed to characterize the role of the 3’-terminal NCR in the HA
VRNA of influenza A virus. These regions differ in length (ranging between 5 to 32 nucleotides)
as well as sequence between different influenza A subtypes, suggesting a subtype-specific
role (15). Here, we focus on the 3’-terminal NCR of the H1 subtype VRNA that is characterized
by a 20-nucleotide-long U-rich sequence. We demonstrate that HA vVRNA templates with trun-
cations in the 3'-end H1-subtype-specific noncoding region (3'-end H1-ssNCR) are replicated
less efficiently than the wild-type (WT) HA VRNA template in infected cells, leading to viral
attenuation. However, point mutations (G76A or C56U/A; numbering starting from the 3’ end)
in the coding region of the HA vVRNA segment reverses the deficiency in vVRNA replication and
restores virus replication. These results highlight the importance of sequences beyond the
conserved promoter structure for vRNA template utilization.

RESULTS

The 3’-end H1-ssNCR is not required for transcription and replication in single-
template RNP reconstitution assays. To assess the importance of 3’-end H1-ssNCR for
the replication of influenza A virus, we first generated six pHW2000 plasmids to express the
HA vRNA segment of influenza A/WSN/33 (H1N1) (WSN) virus with truncations in the 3’-end
H1-ssNCR. Specifically, we progressively truncated the 3’-end H1-ssNCR by deleting three
nucleotides at a time upstream of the HA start codon, producing mutants 3L1, 3L2, 3L3, 3L4,
3L5, and 3L6 with 3-, 6-, 9-, 12-, 15-, and 18-nt deletions, respectively (Fig. 1A).

To characterize the effect of 3’-end H1-ssNCR truncations on RNA synthesis, RNPs
were reconstituted by coexpression of the three polymerase subunits, NP and wild type or 3'-
end H1-ssNCR-truncated HA VRNA in human HEK-293T cells, and the steady-state levels of
positive- and negative-sense RNAs were analyzed by primer extension. The catalytically inac-
tive polymerase (PB1a) was used as a negative control (38). All 3’-end H1-ssNCR-truncated HA
VRNAs were transcribed and replicated by the viral polymerase to levels similar to that of the
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FIG 1 The 3’-end H1-ssNCR is not essential for transcription and replication in single-template RNP
reconstitution assays. (A) Schematic representation of mutants with serial truncations at the 3’-end
H1-ssNCR of the HA segment of WSN virus. The red boxes represent the 3'- and 5'-terminal promoter
regions. The orange boxes represent the start codon (AUG) of HA vRNA (UAC in negative sense). The
lines represent the remaining nucleotides. The triangles represent the deleted nucleotides. The
truncation is three nucleotides at a time. In 3L6, the short line next to the red box at the 3’ end
represents two conserved nucleotides CC (in negative sense) next to the 3’-terminal promoter region.
(B, C) HEK-293T cells were cotransfected with plasmids expressing WSN (B) or CA04 (C) viral polymerase
subunits, NP, and wild-type or mutant HA VRNA (wild type or mutant). A polymerase containing an
active site mutation (PB1a, D445A/446A) was used as negative control (NC). Accumulation of RNA 24 h
posttransfection was analyzed by primer extension and 6% PAGE. SE, short exposure; LE, long exposure.
The graph shows the mean intensity signals of mutant HA RNAs relative to those of wild-type HA RNAs.
The data represent the means * standard error of mean (SEM) of three independent experiments.

wild type HA VRNA (Fig. 1B). These results suggest that the conserved 12 nucleotides and the
two adjacent HA segment-specific CC nucleotides at the 3" end of HA VRNA (as present in the
3L6 mutant) are sufficient for viral polymerase to efficiently replicate and transcribe the VRNA
in a single-template RNP reconstitution system.

To address whether this result is specific to influenza A/WSN/33 or could be generalized
to other influenza A virus strains, we introduced the same 3’-end H1-ssNCR truncations into
the HA segment of the pandemic A/California/04/2009 (H1N1) virus (CA04) and examined the
effect of the truncations on RNA synthesis in the context of the CA04 RNP reconstitution sys-
tem. We obtained similar results as with the WSN virus (Fig. 1C). Together, these results
show that the 3’-end H1-ssNCR is not required for transcription and replication in the single-
template RNP reconstitution assay.

Truncations of the 3’-end H1-ssNCR lead to virus attenuation. Next, we used reverse
genetics to generate WSN and CA04 viruses with 3’-end H1-ssNCR truncations, and
titers of the rescued viruses (P0) were examined by plaque assay. In the context of
WSN viruses, the 3L1 and 3L2 viruses showed similar titers compared to the wild-type virus,
while the 3L3 virus showed about a 10-fold reduction. The 3L4 and 3L5 viruses were severely
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FIG 2 Truncations of the 3’-end H1-ssNCR lead to reduced virus replication. (A, B) Titers of WSN (A) and CA04 (B) rescued
viruses (P0). Wild-type or mutant viruses were rescued in HEK-293T cells by cotransfecting eight pHW2000-PB2, -PB1, -PA,
-HA (wild type or mutant), -NP, -NA, -M, and -NS plasmids. The graph shows the mean titers of wild-type and mutant
viruses in PO. The data represent the means = SEM of three independent experiments. One-way analysis of variance
(ANOVA) with Dunnett correction for multiple testing; asterisks represent a significant difference from wild-type virus as
follows: **, P<0.01; ***, P<<0.001; **** P<0.0001. (C) Growth curves of WSN wild-type and mutant viruses (P2). The
growth curves of the WSN viruses were determined by plaque assay on MDCK cells at 24 h, 36 h, 48 h, 60 h, and 72 h
postinfection. The graph shows the mean titers of wild-type and mutant viruses. The data represent the means + SEM of
three independent experiments. Two-way analysis of variance with Dunnett correction for multiple testing; asterisks represent
a significant difference from wild-type virus as follows: *, P<<0.05; **, P<<0.01. (D) Titers of CA04 wild-type and mutant viruses
(P6). CAO4 WT, 3L5, and 3L6 were passaged in embryonated eggs six times (P6), and the P6 virus titers were detected by
TCID,,. The data represent the means = SEM of three independent experiments. One-way analysis of variance with Dunnett
correction for multiple testing; asterisks represent a significant difference from wild-type virus as follows: **, P <0.01; ***,
P <0.001. (E, F) Reverse cDNA sequences of the 3’ terminus of WSN (E) or CA04 (F) HA vRNA of viruses harvested at 48
h postinfection from the growth curve experiment above. The sequencing results are the representatives from three independent
biological replicates (n=3).

attenuated, showing a more than 3 log reduction. No plaques were detected for the 3L6 virus
(Fig. 2A).

In the case of CA04 viruses (P0), all truncation mutants (3L1 to 3L6) could be rescued, and
we measured the virus replication efficiency by 50% tissue culture infective dose (TCIDs). As
shown in Fig. 2B, we observed similar titers for the rescued WT and 3L1 to 3L4 mutant viruses,
but the titers of 3L5 and 3L6 mutant viruses were significantly lower than WT. Taken together,
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these results suggest that 3’-end H1-ssNCR truncations lead to virus attenuation, although the
extents vary between different truncations and different viruses.

Attenuated PO viruses show improved growth upon virus passage. To further
characterize these 3'-end H1-ssNCR-truncated mutant viruses, the rescued WSN virus (P0) was
then passaged in MDCK cells. Interestingly, the growth curves of all passaged WSN viruses (P2)
in MDCK cells, including the 3L4 and 3L5 mutants, reached maximal viral titers between
1% 107 and 1 x 10® PFU/m, similar to the wild type (Fig. 2C). To address the molecular basis
of the improved growth, we sequenced the 3" terminus of HA vVRNA of WSN viruses (P2). We
found that 3L3, 3L4, and 3L5 mutants were unstable and contained mutations in addition to
the truncations introduced. In the 3L3 mutant, we observed a duplication of six nucleotides,
resulting in the insertion of UAUUUU (ATAAAA in positive sense) upstream of the HA start
codon, extending the 3’-end H1-ssNCR to a length identical to that in 3L1. In the mutant
viruses 3L4 and 3L5, a point mutation G76A (C76T in positive sense) was found in the HA
open reading frame, which changes the 15th HA amino acid from threonine to isoleucine.
We also passaged these mutant WSN viruses in A549 cells and sequenced the virus at P2.
We found exactly the same mutations as described above for 3L3, 3L4, and 3L5. Moreover, we
repeatedly found an independent synonymous C56U (G56A in positive sense) mutation in the
HA open reading frame of mutant virus 3L5 (Fig. 2E). For the highly attenuated 3L5 and 3L6
CA04 mutant viruses, we did not observe any improved cytopathic effect (CPE) after 10 pas-
sages in MDCK cells. We then passaged these viruses in embryonated chicken eggs and ana-
lyzed virus titers by TCID,. The CA04 3L6 mutant showed significantly higher virus titers than
3L5 at P6 (Fig. 2D). We sequenced the CA04 3L6 (P6) virus and found a synonymous mutation
C56A (G56T in positive sense) at exactly the same position as we found in WSN 3L5 virus pas-
saged in A549 cells (Fig. 2F). Together, these results show that the 3L3, 3L4, and 3L5 mutant
WSN viruses and the 3L6 CA04 virus with 3’-end H1-ssNCR truncations are unstable, and
upon passage, they can accumulate mutations at specific positions in the adjacent HA coding
region, which might improve their growth.

The G76A and C56U mutations are responsible for the improved growth of the
attenuated viruses. In order to assess the effect of the G76A mutation on WSN virus
growth, we generated recombinant viruses WT-G76A, 3L4-G76A, and 3L5-G76A using reverse
genetics, and titers of the rescued viruses (P0) were examined by plaque assay. In contrast to
the significant attenuation (3 log reduction) observed for the original 3L4 and 3L5 mutants,
the 3L4-G76A and the 3L5-G76A mutants showed similar titers compared to that of the wild-
type virus (Fig. 3A). We sequenced the 3’ terminus of the HA VRNA of the 3L4, 3L4-G76A, 3L5,
and 3L5-G76A viruses and found that in the 3L4 and 3L5 viruses, both G and A (C and T in
positive sense) were present at position 76, indicating that these viruses are unstable and
obtain the G76A mutation very quickly. In contrast, no mutation was observed at position 76
or at any other position in the sequenced part of the 3’ terminus of the HA vVRNA (position 1
to 151) of the 3L4-G76A and 3L5-G76A viruses (Fig. 3B). To address whether the C56U muta-
tion has the same effect as the G76A mutation, we plaque purified both 3L5-G76A and 3L5-
C56U mutant viruses and examined virus growth by plaque assay. The 3L5-C56U mutant
showed a similar titer to those of the 3L5-G76A mutant and wild-type virus (Fig. 3C). Together,
these results show that the G76A and C56U mutations in the open reading frame of the HA
VRNA stabilize the 3L4 and 3L5 viruses with 3’-end H1-ssNCR truncations and reverse the
attenuation in virus replication.

The 3’-end H1-ssNCR-truncated mutant viruses show decreased HA vRNA
levels in virions and in cells. To address which step in the virus life cycle is affected
by the truncations in the 3’-end H1-ssNCR and to elucidate how the G76A mutation
improves viral growth, we analyzed HA VvRNA levels in the rescued WSN virus (P0) as
well as in the transfected cells used for the generation of PO stock of virus using reverse
transcription-quantitative PCR (RT-qPCR). Compared to the levels of NA vRNA, the 3'-
end H1-ssNCR-truncated mutant WSN viruses 3L2, 3L3, 3L4, and 3L5 showed decreased
levels of HA VRNA in both the harvested virions and the transfected cells. However, the
G76A mutation in the 3L4-G76A and 3L5-G76A viruses significantly increased the HA
VRNA levels in both virions and cells (Fig. 4A).

To investigate the reduction in HA VRNA levels further, the rescued viruses (P0) were
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FIG 3 The G76A and C56U mutations improve the growth of 3L4 and 3L5 viruses. (A) Titers of rescued viruses (P0). Wild-type or mutant
viruses were rescued in HEK-293T cells, and virus titers were examined by plaque assay on MDCK cells. The graph shows the mean titers of
wild-type and mutant viruses. The data represent the means = SEM of three independent experiments. Two-way analysis of variance (ANOVA)
with Dunnett correction for multiple testing; asterisks represent a significant difference from wild-type virus as follows: ****, P<<0.0001. (B)
Reverse cDNA sequence traces of the 3’ terminus HA VRNA of 3L4, 3L4-G76A, 3L5, and 3L5-G76A mutant viruses from panel A. The sequence
traces are the representatives from three independent biological replicates (n=3). (C) Titers of WSN wild-type and mutant viruses (P2). WSN
WT, 3L5-G76A, and 3L5-C56U were passaged in MDCK cells twice (P2), and the P2 virus titers were detected by plaque assay.

passaged in MDCK cells (P1). At 24 h postinfection (p.i.), RNA was isolated from the passaged
viruses and the infected cells, followed by the analysis of HA VRNA by RT-gPCR. In general,
the results were consistent with the results observed before passage, showing that 3’-end
H1-ssNCR truncations lead to decreased HA VRNA levels in both virions and cells while the
G76A mutation increased HA vRNA levels (Fig. 4B). Together, these results show that trunca-
tions in the 3’-end H1-ssNCR lead to deficiency in RNA replication, resulting in decreased HA
VRNA levels in cells and thus in virions. The G76A mutation increases HA VRNA levels in cells
and thus in virions, promoting the improved replication of the 3’-end H1-ssNCR-truncated
mutant viruses.
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FIG 4 The 3’-end H1-ssNCR-truncated mutant viruses show decreased HA VRNA levels in virions and
in cells. (A, B) Wild-type or mutant viruses were rescued in HEK-293T cells and then passaged in
MDCK cells once. The VRNA levels of PO(A) and P1(B) virus in virions and in cells were analyzed by
RT-qPCR. The graphs show the mean values of HA VRNA relative to those of NA vRNA. The data
represent the means *= SEM of three independent experiments. Two-way analysis of variance
(ANOVA) with Dunnett correction for multiple testing; asterisks represent a significant difference from
wild-type virus as follows: *, P < 0.05; **, P<0.01; ***, P<0.001; ****, P < 0.0001.

The 3'-end H1-ssNCR-truncated mutant templates are replicated less efficiently than
the wild-type HA template in multiple-template RNP reconstitution assays. The findings
above demonstrate that truncations in the 3’-end H1-ssNCR do not significantly affect
RNA synthesis in a single-template RNP reconstitution assay (Fig. 1B) but result in
decreased HA vRNA levels in virions and in cells during viral rescue and virus passage
(Fig. 4). It has been proposed that the gene segments of influenza A viruses could com-
pete for available viral polymerase (39). To address the effect of truncations in 3'-end H1-
ssNCR, seven pHW2000 plasmids (PB2, PB1, PA, NP, HA (wild type or mutant), NA, and NS)
were cotransfected into human HEK-293T cells, and the accumulation of positive- and nega-
tive-sense RNAs was analyzed by primer extension. The pHW2000-M plasmid was excluded
to avoid the formation of virus particles. Mutant HA VRNA templates with 3'-end H1-ssNCR
truncations showed reduced steady-state levels of mRNA, cRNA, and VRNA compared to
those of the wild-type HA segment. However, the 3L4-G76A and 3L5-G76A mutant HA
VRNA templates with the additional G76A mutation showed increased RNA levels compared
to those without the G76A mutation (Fig. 5A, top). The steady-state levels of mMRNA, cRNA,
and vRNA derived from the NA segment were not affected (Fig. 5A, bottom). We conducted
the same experiment described above for the CA04 3’-end H1-ssNCR truncation mutants
and obtained very similar results (Fig. 5B).

The results above indicate that the HA vVRNA templates with 3’-end H1-ssNCR truncations
are transcribed and replicated less efficiently than the wild-type HA vRNA template. To
address this further, we carried out an RNP reconstitution assay in which we coexpressed
wild-type HA VRNA and a 3'-end H1-ssNCR-truncated HA VRNA, together with plasmids
expressing polymerase and nucleoprotein. We used a transcription-deficient polymerase
(PA-D108A) (40) to avoid the generation of mMRNA, which produces a signal that overlaps
with cRNA, hampering the quantitation of primer extension analyses. In comparison to the
steady-state level of the wild-type HA vVRNA template, the 3L2 to 3L6 3’-end H1-ssNCR-trun-
cated mutant VRNA templates produced significantly reduced levels of cRNA. However, the
3L4-G76A and 3L5-G76A mutant templates with the additional G76A mutation produced
significantly increased levels of cRNA compared to those of 3L4 and 3L5 without the G76A
mutation and were not significantly different compared to cRNA levels produced by the
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FIG 5 The 3’-end H1-ssNCR-truncated mutant templates are replicated less efficiently than the wild-type HA template
in multiple-template RNP reconstitution assays. (A, B) Seven pHW2000-PB2, -PB1, -PA, -HA (wild type or mutant), -NP,
-NA, and -NS plasmids derived from WSN (A) or CA04 (B) were transfected into HEK-293T cells. A polymerase
containing an active site mutation (PB1a, D445A/446A) was used as negative control (NC). Accumulation of HA and NA
RNAs was analyzed by primer extension and 6% PAGE. The graph shows the mean intensity signals of mutant HA and
NA RNAs relative to those of wild-type RNAs. The data represent the means = SEM of three independent experiments.
Two-way analysis of variance (ANOVA) with Dunnett correction for multiple testing; asterisks represent a significant
difference from wild-type virus as follows: *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001.

wild-type HA VRNA template (Fig. 6A). We also observed similar effects when the C56U
mutation was introduced into the 3L4 and 3L5 mutants (Fig. 6B). Together, these results
show that the 3L2 to 3L6 3'-end H1-ssNCR-truncated mutants have a disadvantage compared
to the wild-type HA segment in RNA synthesis. However, the introduction of the G76A or the
C56U mutation in the 3L4 and 3L5 mutants eliminates this disadvantage and restores the defi-
ciencies in RNA synthesis.
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FIG 6 The G76A and C56U mutations increased the replication of the 3’-terminal H1-ssNCR-truncated
mutant template in multitemplate RNP recombination assays. HEK-293T cells were cotransfected with
pcDNA-PB2, pcDNA-PB1, pcDNA-PA-D108A, pcDNA-NP, pPOL1-HA, and pPOL1-mut-HA with G76A(A)
or C56U(B). A polymerase containing an active site mutation (PBla, D445A/446A) was used as
negative control (NC). Accumulation of RNA 24 h posttransfection was analyzed by primer extension.
The graph shows the mean intensity signals of mutant HA RNAs relative to those of wild-type HA
RNAs. The data represent the means * SEM of three independent experiments. Two-way analysis of
variance (ANOVA) with Dunnett correction for multiple testing; asterisks represent a significant
difference from wild-type virus as follows: *, P <0.05; **, P<0.01; ***, P<0.001; ****, P < 0.0001.

DISCUSSION

In this study, we aimed to characterize the role of the 3’-end H1-ssNCR in the HA VRNA
of influenza A viruses. We found that 3’-end H1-ssNCR-truncated mutant templates could be
transcribed and replicated as efficiently as the wild-type template in single-template RNP
reconstitution assays. However, recombinant viruses (WSN and CA04) with truncations in the
3’-end H1-ssNCR showed decreased HA VRNA levels both in virions and infected cells, and
those with the longest deletions were severely attenuated. This was the result of reduced
replication of the mutant HA vRNAs in the presence of the other seven VRNA segments in
both transfected and infected cells. Interestingly, we found that a point mutation at a specific
position located in the adjacent HA coding region of the attenuated viruses could restore
the HA VRNA levels and virus growth. We propose that although not essential, the 3’-end
H1-ssNCR as well as the adjacent coding region play a role in determining how efficiently
the viral polymerase transcribes and replicates a template in the presence of the other seven
VRNA templates during influenza A virus replication.

It has been reported that mutations introduced into the 3’-end NCR of a segment led to
the reduction of this segment both in infected cells and in virions (16, 17), while other studies
using RNP reconstitution assays found no evidence for a significant role of 3'-end NCR in
regulating viral RNA synthesis (15, 18). We show here that the conserved 12 nucleotides and
the two adjacent HA segment-specific CC nucleotides at the 3’-end of HA vRNA (as present
in the 3L6 mutant) are sufficient for the viral polymerase to efficiently replicate and transcribe
the VRNA in a single-template RNP reconstitution system. However, in a multisegment envi-
ronment, such as during reverse genetics and viral infection, we observed a reduced replica-
tion of the 3’-end H1-ssNCR mutants, indicating that 3’-end NCRs influence replication and
transcription and contribute to the fine-tuning of these processes. This is consistent with a
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previous report in which it was proposed that influenza virus genome segments could com-
pete for available polymerase, especially at an early stage of infection. The ability of a seg-
ment to compete is dependent on its length and sequences both in the coding region and
untranslated regions, although the mechanisms involved remain unknown (38). Our study,
for the first time, reveals very distinct synthesis capacities of the same 3’-end NCR mutant
templates in single-segment and multisesgment environments and, as such, may help resolve
the inconsistent conclusions on the regulatory role of the nonconserved NCR reported in the
literature. It would be interesting to test whether 5’-end H1-ssNCR mutants have similar
effects. Our data could be particularly relevant to the vRNA segments encoding HA and NA,
which are known to act antagonistically and their activities have to be balanced during viral
infection (41-45). The subtype-specific variation in sequence and length of NCRs of HA and
NA vRNA could be a mechanism by which the levels of HA and NA are fine-tuned in different
influenza A virus subtypes.

Upon viral passage, we identified an insertion in the 3’-end H1-ssNCR and a point
mutation in the coding region of HA vRNA that improved viral growth. It remains
unclear how a single-nucleotide mutation more than 20 to 40 nucleotides downstream
of the mutated 3’-end H1-ssNCR restores VRNA replication. A recent study investigat-
ing the global high-resolution structure of the influenza A virus genome showed that
VRNA in the context of VRNP is capable of accommodating secondary RNA structures
with extensive base pairing (46). Le Sage et al. recently reported that vVRNA-vVRNA inter-
actions in the context of vVRNPs are highly flexible and redundant (47). We speculate
that truncations in the segment-specific noncoding region could inhibit the formation
of a beneficial secondary structure or promote the formation of an inhibitory second-
ary structure, and the single-nucleotide mutation could revert this. Alternatively, con-
sidering that different reversion mutations were obtained in different hosts (G76A for
WSN in MDCK cells, either G76A or C56U for WSN in A549 cells, and C56A for CA04 in
eggs), we speculate that the synergistic effect between 3’-terminal noncoding and ad-
jacent coding regions of the H1 vRNA could also be mediated by a host factor.
However, the underlying mechanisms that lead to the reversal of viral attenuation as a
result of these single nucleotide mutations remain unknown and need further study to
clarify. It should also be noted that the effect of 3’-end H1-ssNCR truncations on VRNA
replication could be due to defects in the second step of replication, i.e., the replication
of cRNA into VRNA, with the mutations affecting the 5’-end of the HA cRNA. In multi-
segment RNP reconstitution assays, mRNA levels were also affected (Fig. 5). It remains
unclear whether this reduction in mRNA is a result of reduced vRNA template levels or
if the truncations directly affect transcription as well.

It has been proposed that the 3’ and 5’ NCRs, together with the adjacent terminal
coding regions of each segment, serve as segment-specific packaging signals in the
selective genome-packaging model (29). However, replication of the mutant HA tem-
plates used in previous studies was mainly examined in single-template RNP reconsti-
tution assays. It is unclear whether the reductions in HA vRNA in virions were entirely
due to reduced packaging or reduced replication in a multisegment environment. In
our study, we cannot exclude the possibility that the packaging efficiency of HA vRNA
is also affected in the 3’-end H1-ssNCR-truncated mutant viruses. We speculate that
the nucleotides in the ssNCRs of the HA segment might function as cis-acting signals
in both VRNA replication and HA vRNA packaging. Furthermore, one could argue that
defective particles (DI) could be generated upon reduction of HA vRNA due to a pack-
aging defect (35). However, considering that the segment with the single-nucleotide
mutation quickly outcompeted the truncated segment and the HA vRNA levels in viri-
ons recovered to wild-type levels after two virus passages, it is unlikely that a lot of DI
particles would have been generated that would have interfered with virus growth in
passages one and two.

In summary, we demonstrate that 3'-end H1-ssNCR truncations lead to decreased
HA-specific RNA synthesis, resulting in virus attenuation. Point mutations found in the
adjacent coding region reverse the defect in VRNA replication and restore virus growth.
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These findings unravel the importance of the NCR and the adjacent coding region in
regulating the replication and transcription of vVRNA segments during influenza A virus
replication.

MATERIALS AND METHODS

Cells, viruses, and plasmids. Human embryonic kidney 293T (HEK-293T) cells and human lung car-
cinoma cell line A549 were cultured in Dulbecco modified Eagle medium (DMEM) supplemented with
10% fetal calf serum (FCS). Madin-Darby canine kidney (MDCK) cells were cultured in minimal essential
medium (MEM) supplemented with 10% FCS and 2 mM L-glutamine. Cells were maintained at 37°C and
5% CO,. Plasmids pcDNA-PB2, pcDNA-PB1, pcDNA-PA, pcDNA-NP, and pcDNA-PB1a for the RNP recon-
stitution system of influenza A/WSN/33 (H1N1) virus (38, 48) have been described previously.
Recombinant influenza A/WSN/33 (H1N1) virus was generated using the pHW2000 eight-plasmid system
(49). The pHW2000 eight-plasmid system and the RNP reconstitution system of influenza A/California/
04/2009 (H1N1) virus were generated in the same way as those of the WSN virus. Plasmids pHW2000-
HA-3L1 to pHW2000-HA-3L6 were generated from pHW2000-HA by PCR amplification of the HA sequen-
ces, with corresponding primers introducing truncations in the 3’-end H1-ssNCR. The PCR products were
then ligated into the BsmBlI site of the pHW2000 vector. To construct the pHW2000-mut plasmid to
express VRNA but not mRNA, the pHW2000 plasmid was modified by removing the truncated immediate
early promoter of the human cytomegalovirus (CMV). The plasmids pHW2000-mut-HA-3L1 to pHW2000-
mut-HA-3L6 were then generated by ligating the PCR products mentioned above into the pHW2000-
mut plasmid. The plasmids with G76A or C56U mutation were generated from the corresponding
pHW2000-HA or pHW2000-mut-HA plasmids using site-directed PCR mutagenesis.

Reverse genetics. Recombinant influenza A/WSN/33 (H1N1) (WSN) virus or influenza A/California/
04/2009 (H1N1) (CA04) virus was generated using the pHW2000 eight-plasmid system (49).
Approximately 106 HEK-293T cells were transfected with 0.5 ug each of pHW2000-PB2, pHW2000-PB1,
pHW2000-PA, pHW2000-HA (wild type or mutant), pHW2000-NP, pHW2000-NA, pHW2000-M, and
pHW2000-NS using Lipofectamine 2000 and Opti-MEM according to the manufacturer’s instructions. At
24 h posttransfection, DMEM containing 10% FCS was replaced with DMEM containing 0.5% FCS and
100 U/ml penicillin-streptomycin (Thermo Fisher). The virus supernatant was harvested 48 h after chang-
ing medium. For serial passage, A/WSN/33 wild-type and mutant viruses were used to infect MDCK or
A549 cells at a multiplicity of infection (MOI) of 0.001. A/California/04/2009 wild type and mutant viruses
were diluted 10-fold with Opti-MEM and serial passaged in 9-day-old embryonated eggs (50). The virus
titer was examined by plaque assay (A/WSN/33 virus) or TCID,, (A/California/04/2009 virus).

RNA sequencing. The RNA of virus stock was extracted with TRI LS Reagent (Sigma-Aldrich) and
reverse transcribed using the SuperScript lIl first-strand synthesis system (Invitrogen) with universal influenza
A virus reverse transcription (RT) primers (VRNA_3_ga GTTCAGACGTGTGCTCTTCCGATCTAGCGAAAGCAGG;
VRNA_3_aa GTTCAGACGTGTGCTCTTCCGATCTAGCAAAAGCAGG) (the nucleotide corresponding to position 4
at the 3’-end of VRNA, which can be either U or C, is underlined). The RT products were then amplified by PCR
using HA segment-specific primers (Fwd_5'-GTGCTCTTCCGATCTAGCAAAAGCAGG-3'; Rev_5'-GATGTTACAT
TTCCCCAATTGTAGTGGGGC-3" (A/WSN/33 virus); Rev_5'-GGTGTTTCCACAATGTAGGACCATGAGCT-3’
[A/California/04/2009 virus]), followed by sequencing of the PCR product.

Virus growth curve. MDCK cells were infected with either wild-type WSN or recombinant virus at a
multiplicity of infection (MOI) of 0.001. At 24, 36, 48, 60, and 72 h postinfection (p.i.), the supernatants
were collected. The virus titers were determined by plaque assay on MDCK cells.

RNP reconstitution assay and primer extension analysis. For single-template RNP reconstitution
assays, VRNPs were reconstituted by transiently transfecting approximately 10° HEK-293T cells with 1 ug
each of pcDNA-PB2, pcDNA-PB1/pcDNA-PB1a, pcDNA-PA, pcDNA-NP, and pHW2000-mut-HA (wild type
or mutant) using Lipofectamine 2000 and Opti-MEM according to the manufacturer’s instructions. For
double-template RNP reconstitution assays with a transcription-deficient but replication-competent po-
lymerase (D108A) (40), approximately 10° HEK-293T cells were transfected as before with 1 ug each of
pcDNA-PB2, pcDNA-PB1/pcDNA-PB1a, pcDNA-PA-D108A, pcDNA-NP, and pHW2000-mut-HA (wild type
and mutant). For seven-template RNP reconstitution assays, pHW2000-PB2, -PB1, -PA, -HA (wild type or
mutant), -NP, -NA, and -NS plasmids were transfected into HEK-293T cells. Plasmids pcDNA-PB1a and
pPOLI-PB1 encoding polymerase with an active site mutation (D445A/446A) (38) were used as negative
controls. Cells were harvested 24 h posttransfection. Total RNA was extracted using TRI Reagent (Sigma-Aldrich)
and dissolved in 20 ul of nuclease-free water. RNA was analyzed by primer extension using 32P-labeled primers
specific for negative- or positive-sense viral RNAs as well as 5S rRNA. The primers for segment 4 or 6 negative-
or positive-sense RNA of A/WSN/33 virus and 5S rRNA have been described previously (51). 55 rRNA was used
as internal loading control. In order to improve the separation of primer extension products from segment 4
negative- and positive-sense RNAs of the 3’-end H1-ssNCR-truncated WSN mutants, primer 5’-TTCGAGCA
GGTTAACAGAATG-3" was used to analyze the positive-sense HA RNAs. For the RNP reconstitution assays using
PcDNA-PA-D108A, primer 5'-GCTACAAATGCATATAACAGGACC-3’ or 5'-AGGACCAGTAGTTTTGCC-3" annealing
close to the 5 terminus of HA cRNA was used to analyze HA cRNA. For A/California/04/2009 virus, primer 5'-
CTTCTAGAAGGTTAACAGAGTGTG-3’ was used to detect positive-sense RNA. Primer 5'-ATTGGTACTGGTAGT
CTCCC-3" was used to detect negative-sense RNA. In the RNP reconstitution assays using pcDNA-PA-D108A,
primer 5'-GCGGTTGCAAATGTATATAGC-3' annealing close to the 5’ terminus of HA cRNA was used to analyze
HA cRNA. Primer extension products were analyzed by 6% or 12% denaturing PAGE with 7 M urea in Tris-
borate-EDTA (TBE) buffer and visualized by phosphor imaging on an FLA-5000 scanner (Fuji). ImageJ was used
to analyze the 32P-derived signal (52).
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qPCR analysis of virion RNA and cellular RNA. Wild-type or recombinant A/WSN/33 viruses and
transfected or infected cells were harvested after virus rescue or infection. Virus was treated with 5 ul
Benzonase (Novagen) at 37°C for 30 min to remove nucleic acids outside of the virions. Then virion RNA
was extracted using TRI LS Reagent (Sigma-Aldrich), followed by DNase treatment (Turbo) and cleanup
by using the RNA Clean & Concentrator-5 kit (Zymo Research). Cellular RNA was extracted using TRI
Reagent (Sigma-Aldrich), followed by the same DNase treatment and cleanup as above. The virion RNA or cel-
lular RNA was dissolved in 15 ul nuclease-free water. Approximately 40ng virion RNA or cellular RNA was
reverse transcribed by SuperScript Ill (Invitrogen) with universal influenza A virus reverse transcription (RT) pri-
mers as above. The RT product was then diluted 80-fold and used as a template for gPCR. One microliter of
diluted RT product was used for a TagMan probe-based qPCR using Brilliant Ill ultra-fast probe high ROX QPCR
master mix (Agilent Technologies). The TagMan probes and primer sequences are as follows: HA_Fw 5'-GT
TTGGTGTTTCTACAATGTAGGACC-3'; HA_Rv 5’-CGAAGACAGACACAACGGGA-3'; HA_Taq [JOE]5'-CTGGAAGC
AGTGAGTCGCA-3'[BHQ2]; NA_Fw 5'-CTGTGTATAGCCCACCCACG-3'; NA_Rv 5'-GCAACCAAGGCAGCATTACGC3';
NA_Taq [JOE]5’-TGCTGGGCAGGACTCAACTTCAGT-3'[BHQ1]. The primers named with “_Taq" are TagMan probes
labeled with fluorophores (JOE) and quenchers (BHQ1, BHQ2). A 40-cycle gPCR was carried out according to the
manufacturer’s instructions on a StepOnePlus instrument (Applied Biosystems). Two technical replicates were per-
formed for each segment per sample. The relative concentrations of vVRNAs were determined on the basis of an
analysis of cycle threshold values.
Statistics. GraphPad Prism software, version 6, was used for statistical analysis. Two-way analysis of
variance (ANOVA) with Dunnett correction was used for two-variable comparisons, while one-way analysis of
variance (ANOVA) with Dunnett correction was used for one-variable comparisons. P values of <0.05 were
considered to be significant.
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