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Specific Residues of PB2 and PA Influenza Virus Polymerase Subunits
Confer the Ability for RNA Polymerase II Degradation and Virus
Pathogenicity in Mice
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ABSTRACT

Influenza virus transcription requires functional coupling with cellular transcription for the cap-snatching process. Despite this
fact, RNA polymerase II (RNAP II) is degraded during infection in a process triggered by the viral polymerase. Reassortant vi-
ruses from the A/PR/8/34 (PR8) strain that induce (hvPR8) or do not induce (IvPR8) RNAP II degradation led to the identifica-
tion of PA and PB2 subunits as responsible for the degradation process. Three changes in the PB2 sequence (I1105M, N456D, and
1504V) and two in PA (Q193H and I550L) differentiate PA and PB2 of IvPR8 from those of hvPR8. Using recombinant viruses,
we observed that changes at position 504 of PB2, together with 550 of PA, confer the ability on IvPR8 for RNAP II degradation
and, conversely, abolish hvPR8 degradation capacity. Since hvPR8 is more pathogenic than IvPR8 in mice, we tested the potential
contribution of RNAP II degradation in a distant viral strain, the 2009 pandemic A/California/04/09 (CAL) virus, whose PA and
PB2 subunits are of avian origin. As in the hvPR8 virus, mutations at positions 504 of PB2 and 550 of PA in CAL virus abolished
its RNAP II degradation capacity. Moreover, in an in vivo model, the CAL-infected mice lost more body weight, and 75% lethal-
ity was observed in this situation compared with 100% survival in mutant-CAL- or mock-infected animals. These results confirm
the involvement of specific PB2 and PA residues in RNAP II degradation, which correlates with pathogenicity in mice of viruses
containing human or avian polymerase PB2 and PA subunits.

IMPORTANCE

The influenza virus polymerase induces the degradation of RNAP II, which probably cooperates to avoid the antiviral response.
Here, we have characterized two specific residues located in the PA and PB2 polymerase subunits that mediate this degradation
in different influenza viruses. Moreover, a clear correlation between RNAP II degradation and in vivo pathogenicity in mice was

observed, indicating that the degradative process constitutes a viral pathogenicity factor.

he influenza virus induces profound alterations in the host

cell, and several mechanisms triggered by the influenza virus
have been reported to be involved in cellular shutoff, among them
cap snatching of cellular pre-mRNAs (1), inhibition of cleavage
and polyadenylation of cellular pre-mRNAs (2, 3), nuclear reten-
tion of poly(A)-containing cellular mRNAs (4), degradation of
cytoplasmic cellular mRNAs (5, 6), and preferential utilization of
the translation machinery by virus-specific mRNAs (7, 8). More
recently, a degradative process affecting RNA polymerase II
(RNAPII) (9-11), as well as CHD6 chromatin remodeler (12), has
been reported. Degradation and disabling of host cell factors in-
volved in genome expression may contribute to hijacking the me-
tabolism of the infected cell and to suppressing the establishment
of the host antiviral defense against viral pathogens, contributing
to viral pathogenicity.

The RNAP II and CHD6 degradation observed seems to be a
general feature triggered by influenza A viruses (10, 12), but we
have previously reported that degradation of RNAP II does not
occur upon infection with the attenuated A/PR/8/34 (PR8) strain
(9), which would contribute to the attenuated phenotype of the
strain. However, a hypervirulent PR8 (hvPR8) variant, which
multiplies much faster than standard PR8 (IvPR8) in infected cells
and is more virulent in mice than the parental PR8 virus, effi-
ciently induces RNAP II degradation (9). It has been reported that
the inclusion of PA or PB2 segments from hvPR8 in IvPR8 recom-
binant viruses greatly increases their pathogenicity (13). Studies
with reassortant viruses containing defined genome segments of
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both hvPR8 and IvPR8 indicate that PA and PB2 subunits individ-
ually contribute to the ability of the influenza virus to degrade
RNAP II (9). Using recombinant hvPR8 and IvPR8 viruses with
defined PA and PB2 mutations, we characterized the individual
contributions of specific residues to RNAP II degradation, and
moreover, we tested their contributions in a very distant viral
background. A new influenza A virus from the HIN1 subtype
[A(HIN1)pdmO09], possessing high transmissibility but relatively
low virulence, emerged in 2009, rapidly spread across the entire
globe, and caused the first pandemic of the 21st century (14, 15).
Infection with the new pandemic viruses produced mild symp-
toms in the majority of infected people, but compared with the
previous seasonal HIN1, a small proportion of severe cases and
deaths occurred among young and apparently healthy patients
(16, 17). The new virus was a reassortant virus containing seg-
ments of avian, human, and porcine origin: for instance, PB2 and
PA polymerase segments were avian, while PB1 was of human
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origin (15). Here, we checked the contributions of those PB2 and
PA amino acids that modulate RNAP II degradation in the PR8
virus in a distant strain, the 2009 pandemic A/California/04/09
(CAL) virus. In addition, the possible importance of RNAP II
degradation to the in vivo pathogenicity of the CAL strain was also
studied. The same residues that abolish RNAP II degradation in
the hvPR8 virus eliminate the RNAP II degradation capacity of the
CAL strain. This CAL virus was less pathogenic than the wild-type
(wt) CAL virus in mice, resembling the reported reduced patho-
genicity of IvPR8 compared with hvPR8 in the mouse model.
These results suggest that RNAP II degradation contributes to
viral pathogenicity in i1 vivo models and that specific mutations in
PB2 and PA subunits generate attenuated viruses.

MATERIALS AND METHODS

Ethics statement. All the procedures that required the use of animals
complied with Spanish and European legislation concerning vivisection
and the use of genetically modified organisms, and the protocols were
approved by the National Center for Biotechnology Ethics Committees
on Animal Experimentation and the Consejo Superior de Investigaciones
Cientificas (CSIC) Bioethics Subcommittee. In particular, we followed the
guidelines included in the current Spanish legislation on protection for
animals used in research and other scientific aims (RD 1201/2005, 10
October, and the current European Union Directive 86/609/CEE, DOCE
12.12.86 [N.L358/1 to N.L358/28]) on protection for animals used in
experimentation and other scientific aims.

Biological materials. Human embryonic kidney 293T (HEK293T)
and Madin-Darby canine kidney (MDCK) cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal calf serum. The plas-
mid pHH-NS CAT expresses, under an RNA polymerase I promoter, the
chloramphenicol acetyltransferase (CAT) gene in antisense orientation
flanked by the untranslated region (UTR) sequences of the NS segment. It
was constructed by insertion of the NS-CAT fragment from
pT7NSCAT-RT (18) into the pHH plasmid.

Western blotting. Cells were infected at a multiplicity of infection
(MOI) of 3 PFU/cell. At different times postinfection (p.i.), cells were
collected in Laemmli sample buffer. Western blotting was carried out as
described previously (10). The following primary antibodies were used:
for RNA polymerase II, monoclonal antibody 8WG16 (1:500) from Co-
vance; for PA, monoclonal antibodies 2 and 9 (1:250 each) (19); for PB1,
a rabbit polyclonal antibody (1:1,000) (20); for NP, a rabbit polyclonal
antibody (1:5,000) (21); for DDXS5, a goat anti-human antibody (1:1,000)
from Abcam; for B-tubulin, a mouse monoclonal antibody (1:15,000)
from Sigma. RNAP II quantification was done by quantifying the Western
blots by densitometry using the Image] program and normalizing by the
B-tubulin levels.

Generation of recombinant viruses. For generation of the different
IvPR8 and hvPR8 recombinant viruses, mutations were introduced into
the corresponding ambisense expression vector pDZ, which contains a
human RNA polymerase I promoter and a chicken B-actin promoter,
using the QuikChange Site-Directed mutagenesis kit (Stratagene), and
rescue of IvPR8 and hvPR8 recombinant viruses was done as previously
described (13).

Rescue of the recombinant A/California/04/2009 viruses was done as
previously described (22). The mutations in the PA and PB2 segments
were introduced into the corresponding pPoll plasmids, using the
QuikChange Site-Directed mutagenesis kit (Stratagene).

In vitro infection. Cultured MDCK cells were infected at 5 X 107>
PFU/cell (low MOI), or HEK293T cells were infected at 3 PFU/cell (high
MOI). After 1 h, the unbound virus was rinsed off, and at different times
postinfection, cell supernatants (MDCK) or cell extracts (HEK293T) were
collected and used for virus titration by plaque assay or Western blotting,
respectively.
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TABLE 1 Mutations in PB2 and PA of hvPR8 and IvPR8 implicated in
RNAP II degradation

Mutation

Virus Mutation name PB2 PA
IvPR8 PB2, 1105M

PB2, N456D

PB2, 1504V

PA, QI193H

PA, 1550L
hvPR8 PB2, M1051

PB2, D456N

PB2, V5041

PA, H193Q

PA, L5501

CAT assays. HEK293T cells were transfected with pHH-NS CAT plas-
mid. Twenty-four hours later, the cells were infected with the different
recombinant influenza viruses at 3 PFU/cell. At 10 h p.i., cell extracts were
collected and CAT accumulation was assayed by enzyme-linked immu-
nosorbent assay (ELISA).

In vivo infection. Female BALB/c mice (6 to 8 weeks old) were in-
fected intranasally with 5 X 10° PFU of the corresponding viruses or were
mock infected. The animals were monitored daily for body weight. On
days 2, 4, and 6 postinfection, mice were euthanized and necropsied.
Clinical specimens from lungs were homogenized in phosphate-buffered
saline—0.3% bovine serum albumin in a homogenizer and used for deter-
mination of viral titers by plaque assay.

Virus titration. Tissue samples from mice were homogenized (10%
[wt/vol]) in phosphate-buffered saline (PBS), and debris was pelleted by
centrifugation (2,000 X g; 5 min). Virus titers of triplicate tissue samples
or cell culture supernatants were determined by standard plaque assay on
MDCK cells.

RESULTS

Characterization of PA and PB2 residues involved in RNAP II
degradation. Three changes in the PB2 sequence (amino acids
[aa] 105, 456, and 504) and two in PA (aa 193 and 550) differen-
tiate PB2 and PA of IvPR8 from those of hvPR8. To characterize
the individual contributions of these amino acids to the RNAP II
degradation process, recombinant viruses were constructed con-
taining the corresponding residues from IvPR8 in the hvPR8 con-
text and the opposite, the residues present in hvPR8 in the context
of IVPR8. Table 1 shows the nomenclature of these PB2 and PA
residues, depending on the amino acid that is present in the IVPR8
or hvPR8 virus. Recombinant viruses containing each of the indi-
vidual residues, as well as the double mutations, were constructed
and confirmed by sequencing. The rescued viruses were amplified
and used to infect HEK293T cells at a high multiplicity of infection
to examine their ability to degrade RNAP II. In parallel, the accu-
mulation levels of DDX5, a host factor that interacts with influ-
enza virus polymerase (23); of PB1 and PA as markers for the
progression of the infection; and of B-tubulin as a loading indica-
tor were also examined. As reported, the global change of individ-
ual PB2 or PA subunits of IvPR8 in the hvPR8 virus decreases the
ability of hvPR8 to degrade RNAP II, producing an intermediate
degradation phenotype compared with the original virus (9).
Examination of the changes introduced in the PB2 subunit of
IvPR8 corresponding to hvPR8 allowed the identification of resi-
due 504 (rlvPB2;, rlvPB2, ;, and rlvPB2, 5, where subscript num-
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FIG 1 Identification of amino acids of PB2 and PA IvPR8 involved in loss of
RNAP II degradation. HEK293T cells were mock infected or infected with the
recombinant IvPR8 viruses listed in panel B, right,and at 15h p.i., RNAP ITand
the indicated proteins were monitored by Western blotting of total cell ex-
tracts. Quantification of the amount of RNAP II during the virus infection
normalized to the B-tubulin levels is shown below the RNAP I1 blots (means *+
standard deviations). (A) Recombinant IvPB2 viruses. (B) Recombinant IvPA
viruses. The asterisks indicate affected mutants. Three to five independent
experiments were carried out, and a representative experiment is shown.

bers refer to the subscripts in the column “Mutation name” in
Table 1 [i.e., rlvPB2, ; refers to a virus with the mutations 1105M
and 1504V in PB2 protein]) as the main element responsible for
increased RNAP II degradation, while residues 105 (rlvPB2,) and
456 (rlvPB2, and rlvPB2, ,) did not seem to contribute to the
degradation process (Fig. 1A). Regarding the PA subunit, whereas
residue 193 (rlvPA;) did not contribute to RNAP II degradation,
residue 550 (rlvPA,) did cause increased degradation (Fig. 1B).
Furthermore, study of the corresponding changes in the hvPR8
virus containing the PB2 and PA residues present in [vPR8 con-
firmed that residues 504 (rthvPB24, rhvPB2, , and rhvPB2; ) of
PB2 and 550 (rlvPA,) of PA were responsible for the decreased
capacity of the corresponding viruses to degrade RNAP II (Fig. 2).
With this information, two additional recombinant viruses were
constructed, containing aa 504 of PB2 and 550 of PA from IvPR8
or hvPR8 in the opposite background (rlvPB2;-PA, and rhvPB2-
PA,), and their capacities for RNAP II degradation were examined
(Fig. 3). As expected, IvPR8 with these mutations acquires degra-
dation capacity, and conversely, hvPR8 with these changes was
unable to degrade the protein (here, rlvPB2;-PA, and rhvPB2,-
PA, are referred to as rlvPR8 DM and rhvPR8 DM, indicating the
presence of the double mutations in PB2 and PA that produce
the change in RNAP II degradation). In all cases (Fig. 1 to 3), the
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FIG 2 Identification of amino acids of PB2 and PA hvPR8 implicated in RNAP
1T degradation. HEK293T cells were mock infected or infected with the recom-
binant hvPR8 viruses indicated in panel B, right, and at 15 h p.i., RNAP IT and
the indicated proteins were monitored in Western blots of total cell extracts.
Quantification of the amount of RNAP II during the virus infection normal-
ized to the B-tubulin levels is shown below the RNAP II blots (means * stan-
dard deviations). (A) Recombinant hvPB2 viruses. (B) Recombinant hvPA
viruses. The asterisks indicate affected mutants. Three to five independent
experiments were carried out, and a representative experiment is shown.

experiments were repeated 3 to 5 times, and the quantification of
RNAP II levels from these experiments is shown at the bottom of
the corresponding RNAP II Western blots. In summary, amino
acids 504 of PB2 and 550 of PA play a major role in the ability of
the PR8 influenza virus to degrade RNAP II.

Previous reports have indicated the individual contributions of
aa 504 of PB2 and 550 of PA to modulating the influenza virus
polymerase activity of IVPR8. It has been shown that an isoleucine-
to-valine change at position 504 in PB2 (PB2;) and an isoleucine-
to-leucine change at position 550 in PA (PA,) enhanced the activ-
ity of the polymerase complex of the virus in a minireplicon
system, although the combined contributions of the two residues
were not examined (24). Then, the pooled contributions of these
changes in hvPR8 and IvPR8 recombinant viruses were assayed.
With that aim, a transfection-infection system was used in which
HEK293T cells were first transfected with plasmid pHH-NSCAT,
expressing a negative-sense virus-like CAT RNA under the poly-
merase I promoter, and then infected with different recombinant
viruses. After 10 h p.i., the CAT accumulation and protein content
were measured and used to quantify the replication/transcription
activity of the viral polymerase. Insertion of mutations in PB2 and
PA in the IvPR8 virus (rlvPR8 DM) that increased the ability of
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FIG 3 Analysis of RNAP II degradation induced by double-mutant IvPR8 and hvPR8 viruses. HEK293T cells were mock infected or infected with the
recombinant IvPR8 (left) or hvPR8 (center) viruses indicated on the right. At 15 h p.i., RNAP II and the indicated proteins were monitored in Western blots of
total cell extracts. Quantification of the amount of RNAP II during the virus infection normalized to the B-tubulin levels is shown below of the RNAP II blots
(means * standard deviations). Three to five independent experiments were carried out, and a representative experiment is shown.

the strain to degrade RNAP II caused an important increase in the  different polymerase context than that previously characterized,
activity of the viral polymerase (Fig. 4A). The inclusion of the the laboratory-passaged human origin PR8 strain.
corresponding PB2 and PA mutations in the hvPR8 strain, which Sequence comparison of the PB2 and PA subunits of the CAL
decreased the degradation capacity (rhvPR8 DM), caused only a  virus showed that PB2 residue 105 was different than that present
moderate decrease in polymerase activity (Fig. 4B). Therefore, the  in IvPR8 and hvPR8; PB2 amino acid 456 was the same in IvPR8;
insertion of these mutations in the viral polymerase has an impact  and PB2 residue 504, which modulates RNAP II degradation, is a
on viral polymerase activity, although a clear correlation between  valine, as in hvPR8 (Table 2). Regarding PA, a glutamine is present
RNAP II degradation and polymerase activity cannot be estab-  at position 193, as in IvPR8, while PA 550 is a leucine, as in hvPR8.
lished. Therefore, the CAL strain contains the same amino acids as hvPR8
Effects of PB2 504 and PA 550 residues on virus pathogenic- at PB2 504 and PA 550. With this information, we checked
ity. The above-mentioned data indicate the roles of specific PB2 ~ whether these positions modulate RNAP II degradation, as well as
and PA residues in the degradation of RNAP II triggered by influ-  other functions of the CAL virus, as they do in the PR8 strain. To
enza virus infection. Subsequently, we examined whether the con-  do so, recombinant viruses containing all the genes from the CAL
tributions of these specific amino acids could also take place ina  strain but introducing the individual PB2 or PA residues of IVPRS,
different viral background. We have previously reported that in-  or the two amino acids together, were constructed. The recombi-
fluenza viruses of avian origin belonging to different subtypes nant wild type (rCAL wt) and the mutant CAL viruses with the
(H5N1 and HI9N2) also trigger RNAP II degradation in infected inserted mutations were used for HEK293T infection at 3 PFU/
cells (9). Taking into account the recent first pandemic of the 21st  cell, and RNAP II, DDX5, PB1, and NP viral protein and -tubu-
century caused by a reassortant influenza A virus containing por-  lin contents were evaluated by Western blotting. Quantitative data
cine, avian (PB2 and PA), and human segments, we chose a rep- on RNAP II accumulation are presented at the bottom of the
resentative strain of the A(HIN1)pdmO9 viruses, the CAL strain, RNAP II Western blots. The results (Fig. 5A) indicated that the
to evaluate the contributions of PB2 and PA residues in a very rCAL wt virus degrades RNAP II, the viruses containing one of
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FIG 4 Polymerase activities of recombinant IvPR8 and hvPR8 double mutants. HEK293T cells were transfected with a plasmid encoding a CAT viral minige-
nome construct. Twenty-four hours later, the cells were infected at an MOI of 3 with the recombinant wt and double-mutant (DM) IvPR8 (A) or hvPR8 (B) virus.
The cultures were harvested at 10 h p.i., and the amount of CAT protein present in the total cell extract was analyzed by ELISA. On the right, aliquots of the same
samples were analyzed for the presence of PB1 and B-tubulin by Western blotting. Three independent experiments were carried out, and a representative
experiment is shown. The error bars indicate the standard errors of the mean. Student’s ¢ test was performed to determine the P values. *, P < 0.05.
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TABLE 2 Amino acid differences between IvPR8, hvPR8, and CAL viruses®

PB2 protein PA protein
105 456 504 193 550
IvPR8 1 N 1 Q 1
hvPR8 M D Vv H L
AlCalifornia/04/09 T N Vv Q L

“ Residues not implicated in RNAP II degradation are in black. Amino acids that confer the ability for RNAP IT
degradation are shown in red, whereas residues involved in loss of RNAP II degradation are in green.

the PB2 or PA amino acids of IvPR8 showed decreased RNAP II
degradation, and the double mutant (rCAL DM) did not cause
RNAP II degradation. Thus, as in hvPR8, a valine at position 504
of PB2, together with a leucine at PA 550, is required to induce
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FIG 5 A recombinant CAL double mutant is affected in RNAP II degradation.
(A) HEK293T cells were mock infected or infected with the indicated recom-
binant CAL viruses, and at 15 h p.i., RNAP II and the indicated proteins were
monitored in Western blots of total cell extracts. Quantification of the amount
of RNAP II during the virus infection normalized to the B-tubulin levels
(means * standard deviations) is shown below the RNAP II blot. (B)
HEK293T cells were transfected with a plasmid encoding a CAT viral minige-
nome construct. Twenty-four hours later, the cells were infected with 3 PFU/
cell of either CAL wt or CAL DM. The cultures were harvested at 10 h p.i., and
the amount of CAT protein present in the total cell extract was analyzed by
ELISA. (Right) Aliquots of the same samples were also analyzed for the pres-
ence of PB1 and B-tubulin by Western blotting. (C) Cultured MDCK cells
were infected at 10> PFU/cell with the CAL wt or CAL DM influenza virus. At
the indicated times p.1i., cell supernatants were collected, and the virus titer was
determined by plaque assay. In all cases, three independent experiments were
carried out, and a representative experiment is shown. The error bars indicate
the standard errors of the mean.
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RNAP II degradation by the pandemic CAL strain, which has
avian PB2 and PA segments. On the other hand, the accumulation
levels of viral proteins were similar in the rCAL wt virus and re-
combinant mutant CAL viruses. Next, we evaluated the activity of
the viral polymerase in the rCAL wt and the rCAL DM recombi-
nant viruses by using the transfection-infection protocol de-
scribed above. In agreement with the small reduction observed in
the polymerase activity of the rhvPR8 DM virus, the introduction
of these mutations in the CAL strain also produced a similar weak
reduction in its polymerase activity (Fig. 5B).

These results, the correct accumulation of viral proteins in
rCAL DM infection compared with recombinant rCAL wt at a
high MOI (Fig. 5A) and the small reduction in polymerase activity
in the transfection-infection studies (Fig. 5B), indicated that the
introduction of the specific PB2 and PA amino acids that abolish
RNAP II degradation capacity does not profoundly alter its viral
functions in cultured cells. To further examine this possibility, we
studied the rCAL wt and rCAL DM kinetics in cell cultures.
MDCK cells were infected with each virus at a low multiplicity of
infection, and viral titers were determined at different times
postinfection. The two viruses presented similar kinetics and
reached similar titers at later times (Fig. 5C), confirming that the
introduction of these mutations does not produce an important
impairment in virus fitness in cultured cells, thus allowing the
examination of its virulence in vivo in animal models.

Previous reports indicated that hvPR8 presents higher patho-
genicity than IvPR8 in mice and that the dissimilarity can be at-
tributed to viral polymerase differences (11, 20). We examined
whether the rCAL wt virus presents differences in pathogenicity
compared to rCAL DM in the mouse model. BALB/c mice were
intranasally infected with 5 X 10° PFU of rCAL wt or rCAL DM
virus or were mock infected. Survival and body weight were mon-
itored daily for 2 weeks. No loss of body weight was observed in
mock-infected mice, whereas mice infected with rCAL wt and
rCAL DM viruses had a peak of weight loss 5 to 7 days after inoc-
ulation. However, in the rCAL wt virus-infected mice, the weight
loss was more pronounced (Fig. 6A). Importantly, 75% lethality in
rCAL wt virus-infected mice was observed in comparison with
100% survival in rCAL DM virus- or mock-infected animals (Fig.
6B). Since influenza virus primarily infects the lungs of mice, lung
samples of the infected animals were used to determine the viral
titers at different days postinfection (Fig. 6C). At 2 days p.i., the
virus titer reached its maximum value. The presence of virus was
gradually reduced in the lungs of both groups of infected animals,
and by 6 days p.1., infectious virus was still detectable, with higher
viral titers in wt-infected mice, although this observation was not
statistically significant. Collectively, these results indicate that the
same specific residues of PB2 and PA modulate the capacities of
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were intranasally inoculated with 5 X 10° PFU (50 pul) of either CAL wt or CAL
DM influenza virus or were mock infected with 50 .l of PBS. (A) Body weights
were determined daily for 14 days and are depicted as the percentage of body
weight at the time of inoculation. The data are the mean body weights of the
mice (n = 4). The error bars represent standard errors of the mean. (B) The
mice were monitored daily for survival for 14 days. Animals that lost 25% of
their body weight were euthanized and counted as dead animals. (C) Three
mice from each group were euthanized on days 2, 4, and 6 postinfection for
lung virus titration. The error bars show standard errors of the mean. For body
weights, Student’s ¢ test was performed to determine the P value. ¥, P < 0.05.
For survival, statistical significance was assessed by a log rank (Mantel-Cox)
test. ¥, P < 0.05. For panels A and B, two independent experiments were
carried out, and a representative experiment is shown.

the PR8 and CAL viruses to induce RNAP II degradation, which
correlates with viral pathogenicity in mice.

DISCUSSION

Viruses do not possess the full equipment required for genome
expression. They are thus obliged to utilize host cell factors and
therefore to compete for and manipulate the host cell to their own
benefit. They have developed different strategies to interfere with
host cell expression, which is described as cellular shutoff, by try-
ing to hijack the cellular expression machinery while at the same
time avoiding the antiviral response and increasing viral pathoge-
nicity. Understanding the pathogenicity of influenza viruses is
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critical for predicting several aspects of viral infection, such as the
severity of the infection or even the pandemic potential of influ-
enza viruses. Viral genetic determinants for high virulence have
been extensively studied, especially for highly virulent viruses,
such as the 1918 virus that produced the most devastating human
pandemic; the avian H5N1 virus that was transmitted to humans,
causing a high rate of mortality; or the recent new and mild HIN1
2009 pandemic strain. Despite extensive studies, no clear com-
mon pathogenicity traits have been determined, although there is
general agreement as to the prominent contribution of viral poly-
merase, hemagglutinin, neuraminidase, and the NS1 protein
(25-28).

Viral polymerase plays a crucial role in controlling the expres-
sion of the viral and host genomes, as well as viral pathogenicity.
Studies on highly pathogenic avian influenza H5N1 viruses have
shown that virulence in mammals is directly influenced by muta-
tions in PB1 and PB2 polymerase subunits (29). Moreover, exper-
iments with hybrid polymerase constructs suggested that the PA,
and to a lesser extent the PB2, subunit of the polymerase was
responsible for increased polymerase activity of a highly patho-
genic duck H5N1 strain (30) and that the specific replacement of 2
amino acids, S224P and N383D, in PA contributed to the highly
virulent phenotype of H5N1 infection in domestic ducks (31). In
addition, specific mutations of PB2 (A221T) and PA (D529N)
contributed to the high pathogenicity of a 2009 pandemic strain
isolated from a fatal case (32). Accordingly, specific mutations in
polymerase subunits produce attenuated temperature-sensitive
viruses (33) that are commonly used for live-vaccine production
(34-36). Influenza virus polymerase also has a role in the RNAP II
degradative process caused by infection, since its expression from
its cloned cDNAs is sufficient to cause RNAP II degradation (10).
As we previously reported, ubiquitin-mediated proteasomal deg-
radation is not involved in the RNAP II degradation caused by
influenza virus infection, since degradation occurs similarly in the
presence of the proteasome inhibitor MG132 (10). In agreement
with that, we have not observed differences in RNAP II ubiquiti-
nation with the different viruses used in this study (data not
shown), indicating that there is no correlation between RNAP II
degradation and ubiquitination. RNAP II degradation appears to
contribute to host cell shutoff, since inhibition of cellular tran-
scription correlates with the degree of degradation generated by
different influenza virus strains (9, 10). New polymerase-related
viral strategies controlling host cell shutoff have been recently de-
scribed. A new influenza virus-encoded protein named PA-X that
represses cellular gene expression and modulates viral pathoge-
nicity is produced through ribosomal frameshifting and contains
the endonuclease domain of the PA polymerase subunit, followed
by a new sequence translated from a different reading frame (37).
In addition, new influenza virus proteins translated from the 11th
and 13th in-frame AUG codons in PA mRNA have also been de-
scribed (38). These new PA-encoded proteins are N-terminally
truncated forms of PA, named PA-N155 and PA-N182, and
mutant viruses lacking these proteins replicate more slowly in
cell culture and have lower pathogenicity in mice (38). The
PB1-F2 protein, encoded by an open reading frame overlap-
ping the PB1 open reading frame, needs to be added to the new
polymerase gene-encoded proteins that contribute to viral
pathogenesis (39).

Using recombinant viruses containing PA and PB2 residues,
which distinguish viral strains that degrade (hvPR8) or do not
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TABLE 3 Frequencies of different residues at PA 550 and PB2 504 positions in human,

avian, and swine viruses®

Host PA 550 | Frequency (%) Host PB2 504 | Frequency (%)
(No. sequences) (No. sequences)
Human L (9217) 99.77 Human V (9105) 99.88
(9239) 1(16)° 0.17 (9116) 1(11)° 0.12
M (3) 0.03
V(2) 0.02
F (1) 0.01
Avian L (7185) 99.79 Avian V (6506) 99.94
(7200) 1(13) 0.18 (6510) 1(3) 0.05
M (2) 0.03 A1) 0.01
Swine L (1420) 95.5 Swine V (1407) 99.86
(1487) M (55) 3.7 (1409) 1(1) 0.07
1(12) 0.8 L (1) 0.07

“ Nine of the sequences belong to A/Puerto Rico/8/1934.
b Nine of the sequences belong to A/Puerto Rico/8/1934.

¢ Residues not implicated in RNAP II degradation are in black. Amino acids that confer the ability for RNAP II
degradation are shown in red, whereas residues involved in loss of RNAP II degradation are in green.

degrade (IvPR8) RNAP II, we have characterized the specific res-
idues involved in RNAP II degradation and demonstrated that the
combination of a valine at position 504 in the PB2 subunit and a
leucine at position 550 in the PA subunit confers the ability to
degrade RNAP II (Fig. 3). This combination also determines the
ability to degrade RNAP II in a completely different viral back-
ground, such as the CAL 2009 pandemic strain (Fig. 5).

Searches in the databases indicate that these residues are highly
conserved in influenza A viruses. Among more than 9,000 influ-
enza viruses of human origin, the total calculated frequencies of
appearance of PB2 V504 and PA L1550 are 99.77% and 99.88%,
respectively (Table 3). Sixteen of these sequences contain isoleu-
cine at PA 550 and 11 at PB2 504, but 9 of the downloaded se-
quences belong to PR8 viruses sequenced in different laboratories,
indicating that the total frequency of PB2 V504 and PA L550 is
even higher. Moreover, PB2 V504 and PA L550 are also highly
conserved in influenza A viruses of avian and swine origins (Table
3), suggesting an important role of these amino acids in the poly-
merase context. On the other hand, the contribution of PA poly-
merase subunits to RNAP II degradation does not seem to be
mediated by the newly PA-X-expressed protein. The UCCUU
UCGU (positions 567 to 576 of the PA coding sequence) motif
that promotes the frameshifting is located just before the PA trip-
let encoding aa 193 of PA, which is one of the two residues that
distinguishes PAs from hvPR8 and IvPR8. As we have shown, re-
combinant rlvPA |, which contains all the IvPR8 segments with a
Q193H mutation in the PA gene that restores hvPR8 aa 193, does
not increase the ability of the rescued virus to degrade RNAP II
(Fig. 1). This recombinant virus would express a PA-X identical to
that of hvPR8 but an entire PA containing aa 550 from IvPRS. In
addition, CAL wt and CAL DM recombinant viruses would ex-
press identical PA-X proteins, although a different point mutant
PA, and the latter virus does not degrade RNAP II. Therefore, the
PA-X protein does not mediate the RNAP II degradation process.
Contributions by the other newly described PA-N155 and PA-
N182 N-truncated proteins, to RNAP II degradation cannot be
excluded, since these proteins would contain two amino acid dif-
ferences between IvPR8 and hvPRS8, aa 193 and 550 of PA, and one
difference between CAL and CAL DM (aa 550), and this residue is
relevant to RNAP II degradation. Interaction between the N-ter-
minal 100 aa of the PA and PB2 subunits has been described (40),
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but the new N-terminally truncated PA proteins do not interact
with PB2, since they do not contain the PB2-interacting domain.
Taking into account that two residues located in different poly-
merase subunits (aa 550 in PA and 504 in PB2) are required for full
RNAP II degradation activity and the absence of PB2 interaction,
the contribution of PA-truncated forms to the degradation pro-
cess seems unlikely.

The specific V504PB2-L550PA combination restores the abil-
ity of IvPR8 DM for RNAP II degradation and, conversely,
1504PB2-I550PA combination inhibits the degradation capacity
of CAL and hvPR8 double mutants. In agreement with previous
publications, induction of RNAP II degradation in infected cells
clearly correlates with viral pathogenicity in vivo, as has been ob-
served in three different viral systems using both HIN1 and H3N2
viruses. The three systems include the higher pathogenicity of
hvPR8 (HIN1) than of IvPR8 (13), the decreased pathogenicity of
a recombinant virus of A/Victoria/3/75 (H3N2) virus that ex-
presses a mutant PA protein with decreased proteolytic activity
(10, 41), and the decreased pathogenicity of the CAL DM (HINT1)
virus described here. Together, these data suggest that impairment
of RNAP II could contribute to diminishing the establishment of
the host antiviral response, thus contributing to viral pathogenic-
ity. In addition, it is important to emphasize that isoleucine at
positions 504 of PB2 and 550 of PB2 gives rise to attenuated vi-
ruses, and therefore, incorporation of these mutations could be
useful in designing attenuated virus for vaccine strategies.
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