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It has been described that influenza virus polymerase associates with RNA polymerase II (RNAP II). To gain
information about the role of this interaction, we explored if changes in RNAP II occur during infection. Here
we show that influenza virus causes the specific degradation of the hypophosphorylated form of the largest
subunit of RNAP II without affecting the accumulation of its hyperphosphorylated forms. This effect is
independent of the viral strain and the origin of the cells used. Analysis of synthesized mRNAs in isolated
nuclei of infected cells indicated that transcription decreases concomitantly with RNAP II degradation.
Moreover, this degradation correlated with the onset of viral transcription and replication. The ubiquitin-
mediated proteasome pathway is not involved in virally induced RNAP II proteolysis. The expression of viral
polymerase from its cloned cDNAs was sufficient to cause the degradation. Since the PA polymerase subunit
has proteolytic activity, we tested its participation in the process. A recombinant virus that encodes a PA point
mutant with decreased proteolytic activity and that has defects in replication delayed the effect, suggesting that
PA’s contribution to RNAP II degradation occurs during infection.

The genome of influenza virus consists of eight single-
stranded RNA molecules of negative polarity. The viral RNA
polymerase is composed of three subunits, PB1, PB2, and PA
(16, 26, 27), which together with the nucleoprotein perform all
the activities required for viral RNA expression (15, 18, 28, 33).
The PB2 subunit is able to bind cap 1 structures of host cell
hnRNAs (8, 57). The PB1 subunit contains both sequence
motifs typical of the viral RNA-dependent RNA polymerases
(46), which are essential for RNA synthesis (7), and the endo-
nuclease activity responsible for the cleavage of host mRNA
precursors (35). The PA subunit is a phosphoprotein with
proteolytic activity (25, 40, 50, 51). The phenotype of viral
temperature-sensitive and protease mutants suggests that the
PA subunit may be involved in the transition from mRNA
transcription to replication (29, 37). The transcription process
involves a cap-stealing mechanism by which 5'-capped oligo-
nucleotides derived from newly synthesized RNA polymerase
IT (RNAP II) transcripts are used as primers and elongated by
the viral polymerase (9, 45). In line with this transcription
strategy, parental virion RNPs colocalize with active RNAP II
in the infected-cell nucleus (I. Salanueva, personal communi-
cation). Due to the requirements for cellular capped mRNAs,
virus transcription is inhibited by actinomycin D or a-amanitin
(38). Viral RNA replication involves the synthesis of cap-in-
dependent, full-length positive-stranded RNAs complemen-
tary to the genomic viral RNAs (VRNAs), which serve as tem-
plates for amplification of the vRNAs and are not sensitive to
actinomycin D or a-amanitin (53).

Many viruses induce alterations in host cell gene expression.
Among these, changes in the transcriptional machinery of the
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infected cells are broadly documented. RNAP II, a multipro-
tein complex composed of 12 subunits, is the enzyme respon-
sible for the transcription of mRNAs. Two major forms of
RNAP II are found in cells, hyperphosphorylated and hypo-
phosphorylated on the carboxy-terminal domain (CTD) of its
largest subunit. The CTD consists of more than 50 repeats of
the Y,S,P;T,SsP.S, heptapeptide (12), with Ser-2 and Ser-5
(boldface) being the main phosphoacceptor residues (see ref-
erence 42 for a review). It has been reported that serine 5
phosphorylation is detected at the promoter region of the
transcribing genes, whereas serine 2 phosphorylation is in-
creased as RNAP II leaves the promoter and transcribes the
body of the gene. Several cyclin-dependent kinases phosphor-
ylate the CTD. Among them CDK?7, a subunit of the transcrip-
tion factor TFIIH, and CDK®9, a subunit of the elongation
factor P-TEFb, are found. These kinases associate with one of
the several regulatory cyclin T proteins (6, 47, 54). There are
many examples of viruses that modify the RNAP II CTD to
improve their replication, including human immunodeficiency
virus type 1 (13, 31, 59), cytomegalovirus (55), herpes simplex
virus type 1 (HSV-1) (14, 17, 21), Epstein-Barr virus (5), and
Bunyamwera virus (56).

It has been found that the RNA polymerase complex of
influenza virus interacts with the largest subunit of the RNAP
II via the CTD. The viral polymerase binds to the hypo- and
hyperphosphorylated forms of RNAP II, suggesting that it
targets actively transcribing RNAP II (19). We previously iden-
tified the cellular protein hCLE/CGI-99 as a factor interacting
with the PA subunit of the influenza virus polymerase that
associates with active, purified viral RNPs reconstituted in vivo
(30). We have also shown that hCLE is a new positive tran-
scription modulator of RNAP II that is present in complexes
with both the hypo- and hyperphosphorylated forms of RNAP
IT (44). All these data prompted us to explore if changes in
RNAP II levels or in its phosphorylation pattern occur during
influenza virus infection.



5316 RODRIGUEZ ET AL.

MATERIALS AND METHODS

Biological materials. The cell lines used in this study were HEK293T and
HeLa (human), COS-1 (monkey), NIH 3T3 (mouse), and NLB2 (canine). The
influenza virus A/Victoria/3/75 (VIC) and A/WSN/33 (WSN) strains were used.
Recombinant viruses containing PA, PB1, PB2, and NP genes from the VIC
strain and all other genes from the WSN strain, with either wild-type PA or the
T157A PA mutant, have been described previously (29). Plasmids pCMVPA,
pCMVPBI, and pCMVPB2 have been described previously (20). a-Amanitin
and proteasome inhibitor MG132 were from Sigma. The protease inhibitor
“Complete” was from Roche.

Virus infection and transfection. Cells were infected at a multiplicity of infec-
tion of 3 PFU/cell. At different hours postinfection (hpi), the cells were collected
in phosphate-buffered saline with protease (“Complete”) and phosphatase (500
M sodium orthovanadate, 500 uM B-glycerophosphate, and 500 pM sodium
molybdate) inhibitors, and the cell pellet was resuspended in Laemmli sample
buffer (49).

Cell cultures were transfected by the calcium phosphate method (58) with
pCMYV plasmids expressing PB1, PB2, or PA. After 16 hours of transfection, the
cells were collected and used for Western blot analysis.

Western blotting. Western blotting was done as described previously (30). The
following primary antibodies were used: for RNAP II, monoclonal antibodies
8WG16 (1:500), H14 (1:500), and H5 (1:500) from BabCo; for the N-terminal
part of the largest RNAP II subunit, polyclonal antibody N-20 from Santa Cruz
(1:500); for PA, monoclonal antibodies 2 and 14 (1:20 each) (4); for PB1, a rabbit
polyclonal antibody (1:1,000) (24); for PB2, monoclonal antibodies 8 and 28
(1:100 each) (2); for NP protein, a rat polyclonal antibody generated using as
antigen a His-NP protein expressed and purified from bacteria (1:2,000); for
translation initiation factor 4GI (eIF4GI), a mixture of four rabbit polyclonal
antibodies (1:8,000 each) (1); for B-tubulin, a mouse monoclonal antibody (1:
15,000) from Sigma; for cyclin T1, a goat polyclonal antibody (1:1,000) from
Santa Cruz; for CDK?7, a mouse monoclonal antibody (1:1,000) from Santa Cruz;
and for ubiquitin, a rabbit polyclonal antibody (1:1,000) from Santa Cruz.

In vitro RNA synthesis. To analyze total RNA synthesis, cultures of HEK293T
cells were mock infected or infected with the VIC or WSN strain and their nuclei
were isolated and frozen. These nuclei were used to detect in vitro RNA syn-
thesis by incorporation of [a-**P]GTP (250 wCi/ml) during a 30-min pulse, with
or without a-amanitin (5 pg/ml), as described previously (49). After in vitro RNA
synthesis, total RNAs were isolated by phenol extraction and ethanol precipita-
tion. The RNAs were quantified by ethidium bromide staining in Bio-Rad Chemi
Doc equipment. The radioactivity was quantitated in a phosphorimager after
blotting to a nylon membrane.

To analyze the synthesis of hStaufen-1, vimentin, and B-tubulin mRNAs, the
in vitro-synthesized RNAs using isolated nuclei from either mock- or influenza
virus-infected cells were used as probes for runoff experiments (49). Five hun-
dred nanograms of the corresponding coding sequences was spotted and fixed to
nylon membranes and hybridized with the labeled RNAs, and the label was
quantitated in a phosphorimager.

Detection of viral RNAs. Total RNA from infected HEK293T cells was iso-
lated using the Ultraspec RNA isolation reagent from Biotex. Northern blotting
was performed using standard conditions (49), and the membranes were hybrid-
ized with oligonucleotide probes radiolabeled with [y-*>P]JATP. The probes rec-
ognized NP positive sense RNA or vVRNA from VIC and WSN strains, and their
sequences were 5'-GTCTTCGAGCTCTCGGAC-3' and 5'-TCTTAGGATCTT
TCCCCGC-3', respectively.

Pulse-chase experiments. Cultures of HEK293T cells were starved for 2 h in
methionine- and cysteine-free Dulbecco’s modified Eagle medium (DMEM) and
labeled for 1 h with a mixture of [*>S]Met/Cys (Promix; Amersham) in 100 wl of
the same medium. The chase was carried out by extensive washing with DMEM
and incubation in 500 wl of DMEM supplemented with 10% fetal bovine serum.
Finally, cells were washed with phosphate-buffered saline buffer, resuspended in
200 pl of DMEM, and used for immunoprecipitation assays as reported previ-
ously (50).

Metabolic labeling. HEK293T cells were mock infected or infected with the
VIC strain at a multiplicity of infection of 3 PFU/cell. The cells that were treated
with a-amanitin received the treatment at various times postinfection, and the
cells tested at 0 hpi were pretreated 1.5 h before the infection. In all cases, the
drug was present from its addition until the end of the infection (8 h). At 7 hpi
the cells were washed and incubated for 1 hour in the culture medium containing
[>>S]Met/Cys.
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TABLE 1. Phosphorylation dependence of anti-CTD
monoclonal antibodies

. Epitope s
Antibody (Y152P2T4§5P()S7) Recognition
8WG16 Unphosphorylated Unphosphorylated repeats (no
affinity for repeats containing
Ser-2P)
H14 Ser-5P Ser-5P, Ser-5P + Ser-2P
H5 Ser-2P Ser-2P, Ser-5P, Ser-2P + Ser-5P

“ See reference 32.

RESULTS

Influenza virus infection induces the specific degradation of
hypophosphorylated RNAP II. It has been found that the in-
fluenza virus polymerase associates with the hypo- and Ser-5P-
hyperphosphorylated forms of RNAP II, whereas Ser-2P
RNAP II does not associate with the viral polymerase (19). To
check whether such interactions could produce changes in the
accumulation or phosphorylation state of RNAP II during
influenza virus infection, HEK293T cells were infected with
the VIC strain of influenza virus and total cell extracts used for
Western blot analysis with antibodies that recognize different
phosphorylated forms of RNAP II. These antibodies have
been produced using as epitopes different phosphorylated
forms of the Y,S,P;T,SsPsS, heptapeptide, and their specific-
ities have been extensively studied (42). In Table 1 their rec-
ognition pattern for CTD peptides subjected to Biacore anal-
ysis is shown (32). As can be observed, SW(G16 antibody mainly
detects hypophosphorylated RNAP II; HS antibody detects
phosphorylated RNAP II either at Ser-2 or Ser-5, and H14
antibody detects RNAP II phosphorylated specifically at Ser-5.
To assess the progression of the infection, the accumulation
levels of nucleoprotein were analyzed and B-tubulin accumu-
lation was also determined as a loading control. Around 4 hpi,
the accumulation of the RNAP II forms recognized by the
8WG16 antibody began to decrease, reaching nearly undetect-
able levels at later times postinfection (10 to 12 h). In contrast,
the levels of accumulation of the hyperphosphorylated forms
of RNAP II did not show variations as the infection progressed
(Fig. 1A). This experiment was repeated more than five times
with identical results. The quantitation of the amount of total
RNAP II (hypo- plus hyperphosphorylated forms) during in-
fluenza virus infection in the representative experiment pre-
sented in Fig. 1A is shown at the right of the figure. As ob-
served, a 50% reduction was attained at late times
postinfection. Degradation of RNAP II was also observed us-
ing an antibody that recognizes the N-terminal part of the
largest subunit (Fig. 1, N20). In this case the decline of total
RNAP II was lower and mainly affected the RNAP II form
with higher electrophoretic mobility, which should correspond
to the hypophosphorylated form. On the other hand, no spe-
cific cleavage products were found using antibodies that rec-
ognize both the N- and C-terminal parts of RNAP II. Thus,
these data confirm the above results and indicate that degra-
dation of hypophosphorylated RNAP II does not affect the
CTD specifically.

It is well established that influenza virus infection shuts
down host cell protein synthesis (1, 22). Depending on the
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FIG. 1. Influenza virus infection produces degradation of hypophosphorylated RNAP II. (A) HEK293T cells were infected with the VIC strain
of influenza virus and at the designated hpi hypophosphorylated RNAP II (8WG16), RNAP II Ser-2P and Ser-5P (HS), RNAP II Ser-5P (H14),
total RNAP II (N20), and the indicated proteins were monitored in total cell extracts by Western blotting. Five different experiments were carried
out, and a representative experiment is shown. Quantitation of the amount of total RNAP II (hypo- plus hyperphosphoryalated forms) during the
virus infection is shown at the right. M, mock-infected cells; V, influenza virus-infected cells. (B) Pulse-chase experiments. Synthesis of hypo-
phosphorylated RNAP II was monitored in HEK293T cells with a mixture of [*>S]Met/Cys. The specific SWG16 antibody was used to immuno-
precipitate (Ip) hypophosphorylated RNAP II. Ctrl, unspecific monoclonal antibody. (C) HEK293T cells were infected with the VIC strain of
influenza virus and at the designated hpi the presence of the indicated proteins was monitored in total cell extracts by Western blotting.

half-lives of cellular proteins, their amounts may therefore
decline during the time of influenza virus infection. Although
the different RNAP II forms come from the same mRNA, it
could be argued that the specific decline of the hypophosphor-
ylated form may be the consequence of a particularly short
half-life. Thus, we studied the half-lives of the different RNAP
II forms. With this aim, pulse-chase experiments were carried
out with HEK293T cells followed by immunoprecipitation us-
ing specific antibodies as described in Materials and Methods.
As can be seen (Fig. 1B), immunoprecipitation with the
8WG16 antibody shows that the half-life of the hypophosphor-
ylated form of the RNAP II is around 16 h, indicating that the
observed decrease in the accumulation of this RNAP II form is
not the consequence of the block in protein synthesis that
occurs upon viral infection. Quantitation of the remaining la-
beled hypophosphorylated RNAP II during the chase time is
shown at the bottom of the figure. Similar half-lives were
detected for the hyperphosphorylated forms of RNAP II (data
not shown). To assess the specificity of the degradation, we

probed the membranes with an antibody specific for eIF4GI.
This translation factor has a half-life greater than 12 h in
human cells, but it is very susceptible to degradation (11, 39).
In spite of this susceptibility, no variations were found in
elF4GI levels upon influenza virus infection (Fig. 1C). Finally,
we analyzed possible changes in the CTD kinases. Thus, the
levels of CDK?7 and the regulatory cyclin of CDKY, cyclin T1,
were analyzed. No variations were found in their accumulation
levels during the infection, in agreement with the unchanged
levels of the hyperphosphorylated forms of RNAP II (Fig. 1C).

To check the validity of this observation for other influenza
virus strains, we performed similar experiments using the in-
fluenza virus WSN strain (a mouse-adapted strain) to infect
HEK293T cells. As shown in Fig. 2A, the WSN strain also
produced degradation of the hypophosphorylated RNAP II,
similarly to the VIC strain. In this case the degradation was
delayed starting at around 6 hpi. To explore if this delay could
be the consequence of specific requirements of virus-host cell
interactions, the same experiment was performed with NIH
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FIG. 2. Degradation of hypophosphorylated RNAP II in different
virus-host cell systems. (A) HEK293T cells were mock infected (M) or
infected with the WSN strain of influenza virus (W) and processed as
for Fig. 1. (B) NIH 3T3 cells were mock infected or infected with the
VIC (V) or the WSN strain of influenza virus and processed as for Fig.
1. (C) COS-1, HeLa, and NLB2 cells were mock infected or infected
with the VIC or WSN strain of influenza virus, and at 10 hpi the
presence of RNAP II (8WG16) and the designated proteins was ana-
lyzed by Western blotting.

3T3 cells of mouse origin. The results using WSN and VIC
strains (Fig. 2B) show that degradation of hypophosphorylated
RNAP II by WSN infection in NIH 3T3 cells starts at around
4 hpi, whereas the VIC strain produces a somewhat delayed
degradation in the NIH 3T3 cell line. This observation was
obtained in three different experiments, and here we show a
representative experiment. These results indicate that the ef-
fect occurs independently of the virus strain, although some
modulation depending on specific virus-host cell interactions
could take place. Finally, we studied the degradation in addi-
tional cell lines such as HelLa, COS-1, and NLB2, of human,
monkey, and canine origin, respectively. The cells were in-
fected with the VIC and WSN strains and processed as indi-
cated above at 10 hpi. Results are presented in Fig. 2C and
show that, independently of the cell origin, influenza virus
infection gives rise to a specific degradation of hypophosphor-
ylated RNAP II. Altogether these results indicate that influ-
enza virus infection produces a specific degradation of the
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hypophosphorylated form of RNAP II that is independent of
the strain and cell origin.

Dependence of cellular mRNA and viral protein synthesis
on active RNAP II. To study the relationship between the
virally induced degradation of the hypophosphorylated RNAP
IT and its activity, we carried out in vitro RNA synthesis.
Cultures of HEK293T cells were either mock infected or in-
fected with the VIC or WSN strain, and at the indicated (Fig.
3) hpi the nuclei were isolated. These nuclei were afterward
used to perform in vitro RNA synthesis with or without
a-amanitin (5 pg/ml) to specifically inhibit RNAP II. The RNA
synthesis due to RNAP II activity (plus the RNA produced by
viral replication in infected cells that is insensitive to o-amani-
tin) is calculated as the difference between the values obtained
without the drug (total synthesis is synthesis of RNAP I plus
RNAP II plus RNAP III) and with the drug (synthesis of
RNAP I plus RNAP III). The results are shown in Fig. 3A. The
synthesis of cellular mRNAs was unchanged during the 8-h
period that was assayed for the mock-infected cells. In con-
trast, an important inhibition of RNAP II synthesis was ob-
served in the infected cells, which reached its maximum around
4 to 5 hpi and persisted throughout the infection, with an
increase at late hpi possibly due to viral replication (see be-
low). To confirm this inhibition, the specific synthesis of several
mRNAs corresponding to cellular genes was evaluated. With
this aim, in vitro-labeled RNAs from either mock- or influenza
virus-infected cells were used as probes in runoff experiments
using the cDNAs of hStaufen-1, -tubulin, and vimentin genes.
A progressive reduction in the synthesis of these mRNAs dur-
ing the infection was observed (Fig. 3B). These results indicate
that there is inhibition of cellular mRNA synthesis upon influ-
enza virus infection and that this inhibition correlates with the
start of degradation of the hypophosphorylated RNAP II.

It has been previously shown that active RNAP II is required
for primary transcription of the influenza virus genome and
that the presence of a-amanitin in the infected cells abolishes
viral protein production (34). The addition of a-amanitin dur-
ing the first 2 h of infection inhibits virus replication, whereas
no effect is observed if the drug is added around 4 hpi or later
(36). To analyze if there is a correlation between the RNAP II
inhibition, its degradation, and its effect on viral progression,
we studied the extent of degradation of RNAP II upon
a-amanitin treatment in infected cells. With this aim,
HEK293T cells were infected with the VIC strain and treated
or not with a-amanitin (50 wg/ml) at the indicated (Fig. 3C)
times postinfection. In the treated cells, the drug was present
from its addition until the end of the infection (8 h). To
estimate the synthesis of viral proteins, at 7 hpi the cells were
metabolically labeled with [>*S]Met-Cys, collected at 8 hpi, and
analyzed in denaturing polyacrylamide gels. The results are
shown in Fig. 3C. Synthesis of influenza virus proteins was
undetectable or very scarce if a-amanitin was present through-
out the infection cycle (0 hpi) or added at 0.5 hpi. If the drug
was added between 1.5 and 2.5 hpi, a small decrease in viral
protein synthesis, compared to untreated cultures, was ob-
served. In contrast, the addition of the drug at later times did
not inhibit viral protein synthesis, in agreement with previous
results (36). The same samples were used to analyze hypophos-
phorylated RNAP II levels by Western blot assays. The results
are shown in Fig. 3C, bottom panel. The addition of a-amani-
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FIG. 3. Dependence of cellular mRNA and viral protein synthesis on active RNAP II. (A) Synthesis of cellular mRNA. HEK293T cells were
mock-infected or infected with the VIC or WSN strain of influenza virus, and at the indicated hpi nuclei were isolated and total RNA synthesis
was measured by in vitro incorporation of a labeled ribonucleotide with or without a-amanitin (5 wg/ml). The mRNA synthesis due to RNAP II
activity is calculated as the difference between the values obtained without the drug (total synthesis is synthesis of RNAP I plus RNAP II plus
RNAP III) and with the drug (synthesis of RNAP I plus RNAP III). In the infected cells the contribution of viral replication that is insensitive
to a-amanitin should be taken into account. (B) Synthesis of hStaufen-1, B-tubulin, and vimentin mRNAs. Total labeled RNAs from panel A were
used as probes for runoff experiments. Five hundred nanograms of the corresponding coding sequences was used, and the label was quantitated
in a phosphorimager. Black bars, cells infected with the VIC strain; gray bars, cells infected with the WSN strain. (C) HEK293T cells were mock
infected (M) or infected with the VIC strain of influenza virus (V), and a-amanitin (50 pg/ml; a-ama) was added (+) or not (—) to the cell culture
at the indicated hpi. At 7 hpi the cells were metabolically labeled with [>*S]Met-Cys. Cells were collected at 8 hpi and the synthesized proteins
analyzed. At the same times, total cell extracts were used to analyze hypophosphorylated RNAP II by Western blotting (§WG16).

tin between 0 and 0.5 hpi leads to an almost complete degra-
dation of RNAP II, both in uninfected and infected cells, in
agreement with previous data reporting that the degradation
rate of RNAP II is a-amanitin dose dependent but is not a
consequence of transcriptional arrest (41). From 1.5 to 2.5 hpi
the degradation of hypophosphorylated RNAP II increases in
the treated and infected cells as a result of the additive effects
of both treatments. If the drug is added later, such as at 3.5 hpi,
the levels of accumulation of hypophosphorylated RNAP II
are similar in treated and uninfected cells and in untreated and
infected cells; in this situation viral protein synthesis is normal.

Viral protein and hypophosphorylated RNAP II accumulation
at 8 hpi in the absence of a-amanitin is presented in Fig. 3C,
right, for comparison. The results obtained indicate that a fully
active, nondegraded hypophosphorylated RNAP II protein is
required during the first 0 to 2.5 hpi to allow appropriate viral
protein synthesis; after this time the synthesis becomes inde-
pendent of the integrity of the cellular transcription machinery.
Furthermore, the data also indicate that, if a degradation of
hypophosphorylated RNAP II similar to that caused by the
infection is produced exogenously by a-amanitin treatment (as
described above for 3.5 hpi), it does not impede viral progres-
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FIG. 4. Degradation of hypophosphorylated RNAP II correlates
with the onset of viral transcription and replication. HEK293T cells
were mock infected or infected with the VIC or WSN strain of influ-
enza virus, and at the indicated hpi total RNAs were isolated and used
to detect the positive sense RNA (top) or the VRNA (VRNA; bottom)
of viral nucleoproteins by Northern blot analysis.

sion if this effect takes place at the same time that it would
occur naturally during the infection (compare Fig. 1A, 4 hpi).

The degradation of hypophosphorylated RNAP II correlates
with the onset of viral transcription and replication. To study
the relationship between RNAP II degradation and the kinet-
ics of viral transcription and replication, we analyzed the pos-
itive and negative sense viral RNA levels during infection.
Cultures of HEK293T cells were either mock infected or in-
fected with the VIC or WSN strain, and at the indicated hpi
total RNA was isolated and used to detect the positive and
negative sense RNA for viral nucleoprotein (Fig. 4, top and
bottom panels, respectively). Total positive sense RNA (cRNA
plus mRNA) starts accumulating at around 3 hpi and continues
increasing until 8 hpi, indicating that its synthesis persists dur-
ing the infection. As the amount of cRNA is much lower than
that of mRNA, the presented data would mainly represent
mRNA levels. The NP mRNA levels in the WSN-infected cells
were less than those attained in the VIC-infected cells. These
results point out that the synthesis of viral messengers takes
place even in the context of significantly inactive RNAP II (Fig.
3A), indicating that the availability of 5'-capped cellular
premessengers is sufficient to allow viral transcription in these
conditions. On the other hand, the accumulation of vVRNA
starts at around 3 to 4 hpi and attains a maximum at around 6
hpi, with a small decrease at late times postinfection. These
data are in agreement with our previous results (29) and dif-
ferent reports (23) using reverse transcription-PCR detection
of mRNA, cRNA, and vRNA levels in infected cells. Thus,
with different recombinant viruses, an increase of mRNA ac-
cumulation until the end of the infection has been shown,
whereas cRNA and vRNA accumulation reaches a maximum
at around 6 hpi. These results indicate that degradation of
hypophosphorylated RNAP II that starts at around 4 hpi (Fig.
1A) correlates with the onset of viral transcription and repli-
cation.

The viral RNA polymerase complex is sufficient to induce
the degradation of RNAP II. The observed degradation of
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FIG. 5. The proteasome pathway is not involved in the degradation
of hypophosphorylated RNAP II. (A) HEK293T cells were mock in-
fected (M) or infected with the VIC strain (V), with (+) or without (—)
MGI132, and at the indicated hpi hypophosphorylated RNAP II
(8WG16) and the designated proteins were detected by Western blot-
ting. (B) Western blot using antiubiquitin antibody of mock-infected
cells and cells infected at 10 hpi from panel A.

RNAP II could be the result of either an activity of some viral
protein or a cellular proteolytic pathway activated by the in-
fection. Ubiquitin-mediated proteasomal degradation com-
prises the major proteolytic pathway in eukaryotes. To evalu-
ate its contribution to RNAP II degradation, HEK293T cells
were infected or not in the presence or absence of the protea-
some inhibitor MG132, which was added 1 h before the infec-
tion. At different hpi the levels of accumulation of viral pro-
teins and hypophosphorylated RNAP II were analyzed. The
results can be seen in Fig. SA. The progress of the infection,
monitored by observing the appearance of PA and PB1 pro-
teins, was somewhat delayed in the treated cells. In these
conditions, almost total degradation of hypophosphorylated
RNAP II was observed at 12 hpi, whereas in nontreated cells
this effect was observed at 9 hpi. As a control for the effec-
tiveness of the drug, the extracts were probed with antibodies
specific for ubiquitin, and an important accumulation of ubiq-
uitinated proteins was observed in the treated cells (Fig. 5B).
These results indicate that the proteasome pathway could play
some role in influenza virus infection, but it is not responsible
for the RNAP II degradation produced by the infection.
Next, we analyzed the contribution of viral proteins to spe-
cific RNAP II degradation. We have previously found that the
individual expression of the PA subunit causes its own degra-
dation and that of coexpressed proteins and that the 247 N-
terminal amino acids are responsible for this activity (50, 52).
The use of protease inhibitors, including those of the protea-
some pathway, does not inhibit proteolytic activity (data not
shown). Similar to RNAP II degradation upon influenza virus
infection, no specific cleavage products of the proteins coex-
pressed with PA can be observed as a result of its proteolytic
activity. The mutation of threonine 157 to alanine in the PA
molecule (T157A) diminishes the proteolytic activity (43). Tak-
ing these data and the reported association of the viral poly-
merase with RNAP II into account (19), we explored the pos-
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FIG. 6. Reconstituted viral polymerase degrades hypophosphorylated RNAP II. HEK293T cells were transfected with plasmids expressing PA,
PB1, or PB2 individually (left), with combinations of two of them (middle), or with plasmids expressing PA, PB1, and PB2 together (right), and
at 16 h posttransfection the amounts of hypophosphorylated RNAP II (§WG16), hyperphosphorylated RNAP II (HS), and the indicated proteins
were detected by Western blotting. Quantitation of RNAP II degradation under conditions of polymerase reconstitution is shown at the right

(means and standard deviations).

sibility that the components of the influenza virus polymerase
could produce the degradation of hypophosphorylated RNAP
II. HEK293T cells were transfected with plasmids expressing
PBI1, PB2, or PA or combinations of two plasmids expressing
these subunits. After 16 hours of transfection, the amounts of
hypophosphorylated and hyperphosphorylated RNAP II were
analyzed by Western blotting. The results obtained indicated
that neither the individual expression of polymerase subunits
nor expression of combinations of two of them induced deg-
radation of hypophosphorylated RNAP II (Fig. 6, left and
middle panels). Subsequently, we assayed if the polymerase
complex could produce the effect, and hence HEK293T cells
were cotransfected with plasmids expressing the three poly-
merase subunits and processed as above. As can be seen in Fig.
6, in vivo-reconstituted influenza virus polymerase was able to
degrade hypophosphorylated RNAP II, whereas hyperphos-
phorylated RNAP II remained unchanged. These transfection
experiments were performed three times with similar results,
and the quantitation (mean and standard deviation) of RNAP
II degradation upon coexpression of the three subunits is
shown at the right of Fig. 6. The decrease of hypophosphory-
lated RNAP II levels due to the expression of the polymerase
was smaller than that observed in influenza virus-infected cells.
These results are in agreement with the requirement for coex-
pression of the three subunits in the same cell. In this context,
it should be pointed out that, by performing transfection ex-
periments of HEK293T cells with plasmids expressing PA,
PB1, and PB2, we have estimated that the percentage of cells
coexpressing the three subunits should be between 30 and 60%
(data not shown). Consequently the RNAP II coming from
cells that do not express the three polymerase subunits will not
be degraded and will mask the degradation that takes place in
cotransfected cells. Nevertheless, it is also possible that other
unidentified viral or virus-induced proteins could be important
for this process.

A recombinant influenza virus encoding a PA mutant defec-
tive in proteolysis has a delay in RNAP II degradation. To
analyze if the proteolytic activity of PA could be responsible
for the observed degradation, HEK293T cells were infected
with recombinant viruses containing a wild-type or a T157A

PA mutant gene. The virus with the mutant gene contains a
less proteolytic PA protein and does not show changes in
virally induced cellular protein translation shutoff (29). At dif-
ferent hpi, samples were taken and the levels of hypophosphor-
ylated RNAP II were analyzed. The results in Fig. 7 show that
the recombinant virus containing a wild-type PA produced
degradation of the hypophosphorylated RNAP II with the
same kinetics as that observed with the VIC strain. In contrast,
infection with the recombinant virus that expresses the PA
protein with a decreased proteolytic activity led to a delayed
degradation of hypophosphorylated RNAP II, although at
later times postinfection similar degradation was attained. This
experiment has been performed three times, and, although
there were small variations in the time of the initiation of
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FIG. 7. The PA subunit is involved in hypophosphorylated RNAP
II degradation. HEK293T cells were infected with rescued recombi-
nant viruses containing wild-type PA (wt) or T157A mutated PA
(T157A), and at different hpi hypophosphorylated RNAP II (§WG16)
and the indicated proteins were detected by Western blot assays. (Bot-
tom) Quantitation of hypophosphorylated RNAP II levels during the
infection. The ratios of RNAP II/B-tubulin accumulation are shown.
Black bars, wt PA; gray bars, PA T157A. Three different experiments
were carried out, and a representative experiment is shown.
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degradation, it produced the same pattern on all three occa-
sions. To quantitate this effect, the RNAP II and B-tubulin
signals obtained in the Western blots were quantitated by den-
sitometry of autoradiographs, and the obtained RNAP II/B-
tubulin ratios from a representative experiment are shown in
the bottom part of Fig. 7. Previous results have shown that the
recombinant virus containing PA T157A has a delayed trans-
port of PA to the nucleus. While the PA subunit is localized in
the nucleus at 4 hpi in the wild-type virus, the PA T157A of the
recombinant virus goes to the nucleus at 6 hpi (29). The mu-
tant virus also has a weak reduction in virus growth and a
decrease in virus RNA replication (29). Thus, the observed
delayed RNAP II degradation could be the consequence of any
of these phenotypic alterations or a particular combination of
some of them. Nevertheless, Fig. 7 shows that, for example, at
6 hpi, although the levels of PA and PB1 protein accumulation
in wild-type and mutant virus-infected cells are similar, there
are clearly higher remaining levels of RNAP II in cells infected
with the PA T157A virus. These results indicate that the PA
protein is directly or indirectly involved in the degradation
process and suggest that the proteolytic activity of PA within
the viral polymerase complex could contribute to the degrada-
tion of the hypophosphorylated RNAP II that occurs during
the infection.

DISCUSSION

Virus-induced modulation of RNAP II. Some viruses target
RNAP II, either increasing or decreasing the degree of phos-
phorylation of its CTD. HSV-1 is among those whose infection
produces loss of serine 2 phosphorylation (14, 21). HSV-1
utilizes the host RNAP II to transcribe its approximately 80
genes in a coordinately regulated cascade. It has been hypoth-
esized that HSV-1 genes, which are short and not configured in
standard nucleosomes, may not be subject to transcriptional
pausing caused by inherent signals in the gene and/or the
action of negative transcription elongation factors. Thus, they
may not need Ser-2 phosphorylation of the CTD (21). Buny-
amwera virus also prevents CTD phosphorylation at serine 2
(56), suggesting a block in transition from initiation to elonga-
tion during infection. Similar to transcription of influenza vi-
rus, transcription of bunyaviruses is dependent on host cell
mRNAs, since it depends on a cap-snatching mechanism. As
the infection should inhibit cellular transcription, it has been
postulated that RNAP II activity is dispensable for bunyavi-
ruses and that the pool of cytoplasmic mRNAs would be suf-
ficient to support the viral transcription that takes place in the
cytoplasm of the infected cells.

Influenza virus polymerase binds RNAP II both in its hypo-
phosphorylated and serine 5-hyperphosphorylated forms. As
the latter is engaged in transcription initiation, this binding
could be a manner of placing the viral polymerase close to the
sites of generation of the 5'-capped pre-mRNAs. This associ-
ation might be mediated by the PA-binding protein hCLE,
which acts as an RNAP II transcription factor and binds to the
hypo- and hyperphosphorylated RNAP II forms (44). Synthe-
sis of mRNAs decreases upon influenza virus infection con-
comitantly with degradation of hypophosphorylated RNAP II
(Fig. 3A and B). The inhibition of RNAP II activity that pro-
duces the disappearance of its hypophosphorylated form could
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be the consequence of a decreased recycling of the hypophos-
phorylated and hyperphosphorylated forms or the result of
an uncharacterized mechanism. Nevertheless, the inhibition
should affect specially the transcriptional elongation activity,
because in this situation there is active synthesis of viral
mRNAs, which depends on 5'-capped oligonucleotides (Fig.
4), indicating that cellular transcription initiation persists.
These results are in agreement with recent reports showing
that during influenza virus infection there is a decreased asso-
ciation of RNAP II with the coding regions, whereas no vari-
ations are found in the RNAP II associated with the promoter
regions (10). Both treatment with a-amanitin and influenza
virus infection cause degradation of hypophosphorylated
RNAP II. Nevertheless, in a-amanitin-treated and infected
cells, if the drug is added from 3.5 hpi, the accumulation of
viral proteins occurs normally (Fig. 3C). Similarly, viral mRNA
levels increase from 3 to 4 hpi despite the degradation of
hypophosphorylated RNAP II (Fig. 4). These results suggest
that upon infection there are cellular transcription complexes
that would be inaccessible to the drug and active for initiation
reactions, in spite of the fact that hypophosphorylated RNAP
II recycling should be impaired due to its degradation. This
effect could represent a strategy to allow the generation of
5'-capped oligonucleotides, avoiding the competition of the
RNAP II engaged in mRNA elongation. It should produce
cellular transcriptional inhibition and might represent an ad-
ditional contribution to the general shutoff produced by the
infection.

The PA polymerase subunit could be involved in the degra-
dation of cellular RNAP II. Different viruses use degradation
pathways to impair cellular transcription. Thus, HSV-1 ICP27
protein (14) and poliovirus 3CP™ protein (3) are involved in
RNAP II Ser-2 and TATA binding protein degradation, re-
spectively. In the case of influenza virus infection the viral
polymerase induces the degradation of hypophosphorylated
RNAP II (Fig. 6). This is the first case of a viral polymerase
that targets cellular RNAP II. Within the polymerase complex,
the PA subunit could play a role in this process, as suggested by
the delayed effect on RNAP II degradation produced by the
mutation of threonine 157 of this subunit (Fig. 7). This residue
reduces the proteolytic activity of individually expressed PA
and is phosphorylated in vivo (43). Although a cellular proteo-
lytic pathway induced by the expression of the viral polymerase
could be involved in hypophosphorylated RNAP II degrada-
tion, several facts directly implicate the viral polymerase. (i)
Proteasome inhibitors delay but do not impede RNAP II deg-
radation. This holdup could be the consequence of the delayed
viral protein accumulation observed in this situation (Fig. SA).
(ii) Individually expressed PA has proteolytic activity modu-
lated by threonine 157 (52), which is not sensitive to protease
inhibitors (data not shown). (iii) PA also has a weak serine
protease activity in vitro, which resides on the C-terminal part
of the molecule (25). Neither the individually expressed poly-
merase subunits nor the different dimers associate with RNAP
II, whereas the trimeric complex possesses this capacity (19).
As PA protease activity does not show specificity when indi-
vidually expressed, it is possible that its association with the
polymerase complex could confer the required specificity, ren-
dering hypophosphorylated RNAP II the physiological target
for PA proteolytic activity.
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Previous reports have shown that PA protease activity ap-
pears to be a general characteristic because both human (VIC
and PRS8) and avian (FPV, MAL, and HK) strains show this
phenotype (40). We have previously shown that in vivo-recon-
stituted RNPs or recombinant influenza viruses containing PA
T157A have defects in RNA replication whereas viral tran-
scription remains unaffected (29, 43). The recombinant virus
containing PA T157A also has a reduced pathogenicity in mice,
indicating that PA proteolytic activity is important for both
viral RNA replication and attenuation. Now we provide data
suggesting that the PA T157 residue could also be involved in
the degradation of RNAP II. Thus, it is possible that degrada-
tion of hypophosphorylated RNAP II is important to allow
efficient viral RNA replication. Alternatively, the observed
RNAP II degradation could be the consequence of viral RNA
replication and the impairment shown by PA T157A recombi-
nant virus the result of a defective viral RNA replication
process.

Finally, influenza virus and some other viruses whose expres-
sion depends on RNAP II inhibit its activity, either by degra-
dation (influenza virus [this report], HSV-1[14], and La Crosse
virus [48]) or by dephosphorylation of its CTD (Bunyamwera
virus [56]). These puzzling viral activities could have been
selected to avoid the competition of cellular transcription once
it is no longer required and would contribute to the overall
pathogenesis exerted by the different viruses.
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