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CHD6, a Cellular Repressor of Influenza Virus Replication, Is
Degraded in Human Alveolar Epithelial Cells and Mice Lungs during
Infection
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The influenza virus polymerase associates to an important number of transcription-related proteins, including the largest sub-
unit of the RNA polymerase IT complex (RNAP II). Despite this association, degradation of the RNAP II takes place in the in-
fected cells once viral transcription is completed. We have previously shown that the chromatin remodeler CHDG6 protein inter-
acts with the influenza virus polymerase complex, represses viral replication, and relocalizes to inactive chromatin during
influenza virus infection. In this paper, we report that CHD6 acts as a negative modulator of the influenza virus polymerase ac-
tivity and is also subjected to degradation through a process that includes the following characteristics: (i) the cellular protea-
some is not implicated, (ii) the sole expression of the three viral polymerase subunits from its cloned cDNAs is sufficient to in-
duce proteolysis, and (iii) degradation is also observed in vivo in lungs of infected mice and correlates with the increase of viral
titers in the lungs. Collectively, the data indicate that CHD6 degradation is a general effect exerted by influenza A viruses and
suggest that this viral repressor may play an important inhibitory role since degradation and accumulation into inactive chro-

matin occur during the infection.

he influenza virus contains a segmented genome of eight neg-

ative-sense and single-stranded RNA molecules, whose ex-
pression takes place in the nucleus of the infected cell. Genomic
RNAs (VRNAs) form ribonucleoprotein complexes (VRNPs) that
are constituted by the three subunits of the polymerase (PB1, PB2,
and PA) and the nucleoprotein (NP), which are responsible for
genome expression (1-5). For viral replication, the vVRNAs are
copied to form full-length positive-stranded RNAs (cRNAs),
which serve as templates for VRNA synthesis. During transcrip-
tion, capped and polyadenylated viral mRNAs are synthesized by
the viral polymerase. The mRNA synthesis is primed by short-
capped oligonucleotides of around 10 to 12 nucleotides scavenged
from de novo synthesized host cell pre-mRNAs by a viral endonu-
clease activity (6). This transcription strategy involves a functional
coupling between viral and cellular transcription for the cap-
snatching process, but this functional association is broader and
applies to different steps of viral mRNA metabolism. Indeed, two
of the viral transcripts are spliced (7, 8), but the influenza virus
does not possess a viral splicing system, since it is dependent on
the host splicing machinery (9), an activity related to the RNA
polymerase II (RNAP II) transcription. Furthermore, the influ-
enza virus uses the mRNA export machinery of the infected cell at
least for some of its mRNAs, and an active RNA polymerase II is
required to facilitate nuclear export of selected viral mRNAs (10).
In agreement with this transcriptional association, interaction of
the viral polymerase with host cell transcription-related factors
has been reported, among which the interaction with the largest
subunit of the RNAP II (11) should be emphasized. Other tran-
scription-related factors found to interact with the viral polymer-
ase are Erb-B3 binding protein 1 (Ebp-1) (12), which represses
transcription of cell cycle genes regulated by E2F transcription
factors (13); DDX5 protein (14), a transcription coactivator that
may play a role in transcription initiation (15); SFPQ/PSF factor
(14), which stimulates pre-mRNA processing (16) and is essential
for influenza virus transcription increasing the efficiency of viral
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mRNA polyadenylation (17); and hCLE, a positive modulator of
the RNAP II (18, 19) which is required for influenza virus repli-
cation (20).

The eukaryotic DNA is packaged in a higher-order structure
known as chromatin, and chromatin remodelers play a critical
role in allowing access to the transcription machinery to chroma-
tin regions. Chromodomain-helicase DNA binding proteins
(CHD) are a family of chromatin remodelers constituted by three
different subfamilies that contribute to the dynamics of chroma-
tin structure, affecting the binding of transcription factors and,
therefore, modulating the initiation and elongation steps of tran-
scription (21-23). The CHD6 protein belongs to subfamily III of
the CHD family and is a transcription-related factor since it colo-
calizes with RNAP II and is present at sites of mRNA synthesis
(24). In addition, we previously observed that CHD6 negatively
modulated influenza virus replication, showing for the first time
the importance of a protein that modifies chromatin in the life
cycle of this virus (25). In fact, influenza virus infection induces
marked remodeling of the host nuclear architecture, and accord-
ingly it has been described that viral ribonucleoproteins are closely
bound to the nuclear matrix or to chromatin components (26—
29). This binding may be mediated, at least in part, through inter-
action of NP with nucleosomes, since NP interacts with histone
tails in vitro (30). In agreement with this association, it has been
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proposed that viral transcription and replication take place in
DNase insensitive nuclear fractions that include chromatin
and/or cellular matrix (31). We have previously described the in-
teraction of the PA polymerase subunit and viral polymerase com-
plex with CHDG6 (18), which relocates to inactive chromatin upon
infection and negatively modulates influenza virus replication
(25). Despite the described coupling between viral and cellular
transcription, previous reports have shown that influenza virus
infection causes the degradation of RNAP II, with a concomitant
inhibition of cellular mRNA synthesis (32-34). Interestingly,
RNAP II proteolysis is not observed in cells infected with the
A/PR/8/34 (PR8) and A/Ann Arbor/6/60 cold-adapted (AAca) at-
tenuated viral strains, highlighting the possibility that a link be-
tween this phenomenon and viral pathogenicity may exist (32).
Two main questions are studied in this paper: (i) does viral poly-
merase activity depend on the chromatin remodeler CHD6 and
(ii) is CHD®, like RNAPII, a degradation target during viral infec-
tion? We show here that CHD6 serves as a negative modulator of
the influenza virus polymerase transcription and replication and
undergoes proteolytic degradation during infection in cultured
cells and in an animal model. Moreover, degradation is not de-
pendent on the cellular proteasome pathway and can be observed
in cells that express only viral polymerase.

MATERIALS AND METHODS

Biological materials. The cell lines used in this study were HEK293T and
A549. The influenza viruses A/Victoria/3/75 (H3N2) (VIC), A/WSN/33
HIN1) (WSN), A/PR8/8/34 (HIN1) (PR8), A/New Caledonia/20/99
HIN1) (NC), A/England/1/51 (HIN1) (E), A/Wyoming/3/2003 (H3N2)
Wy), A/Ann Arbor/6/60 (H2N2) (AA), A/Ann Arbor/6/60 cold-adapted
H2N2) (AAca), A/Turkey/Wisconsin/66 (H9N2), A/California/07/09
(CAL), and a recombinant influenza virus containing the RNP genes from
the VIC strain and all other genes from the WSN strain (35) were used.
Vesicular stomatitis virus (VSV) of the New Jersey serotype was a gift from
M. Esteban, and P. Fortes kindly provided adenovirus serotype 5 (AdV).
The plasmids expressing the influenza virus polymerase subunits from the
AA and AAca strains were generously distributed by K. Subbarao. The
plasmids pPCMVPA, pCMVPBI1, and pCMVPB2 have previously been de-
scribed (36). Proteasome inhibitor MG132 and cycloheximide were from
Sigma. The protease inhibitor Complete was from Roche.

Virus infection. Cells were infected with the influenza virus at a mul-
tiplicity of infection (MOI) of 3 PFU/cell and with VSV and AdV at MOIs
of 5 and 7.5 PFU/cell, respectively. At different hours postinfection (hpi),
the cells were collected in phosphate-buffered saline (PBS) with protease
(Complete) inhibitors, and the cell pellet was resuspended in Laemmli
buffer (37).

Cell transfection. Cell cultures were transfected by the calcium-phos-
phate method (38) with pCMV plasmids expressing PB1, PB2, or PA from
the VIC strain or with pBD plasmids expressing the polymerase subunits
from the AA and AAca strains. After 24 h of transfection, the cells were
collected and used for Western blot analysis.

Western blotting. Western blotting was carried out as described pre-
viously (33). The following primary antibodies were used: for CHD6, an
immunopurified rabbit antibody (1:1,000) from Bethyl Laboratories; for
CHD3, a rabbit polyclonal antibody (1:300) from Transduction Labora-
tories; for CHD?7, a rabbit polyclonal antibody (1:500) from Abcam; for
CHDI, a rabbit anti-human antibody (1:1,000) from Cell Signaling; for
RNA polymerase II, monoclonal antibody 8WG16 (1:500) from BabCo;
for PA, monoclonal antibody 14 (1:250) (39); for PB2, monoclonal anti-
body 22 (1:25) (39); for PB1, a rabbit polyclonal antibody (1:1,000) (40);
for NP, a rabbit polyclonal antibody (1:5,000) (41); for VSV detection, a
monoclonal antibody mix against G, N, and M viral proteins provided by
M. Esteban; for DDXS5 detection, a goat anti-human antibody from Ab-
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cam (1:1,000); and for B-tubulin, a mouse monoclonal antibody (1:
15,000) from Sigma.

Quantitative reverse transcription-PCR (qRT-PCR) detection. To-
tal RNA was isolated using TRI reagent (Sigma) by following the manu-
facturer’s indications. For CHD6 and B-actin mRNA detection, which
was used for standardization, reverse transcription with the applied high-
capacity cDNA reverse transcription kit was used. For viral RNA detec-
tion, hot-start reverse transcription with a tagged primer was used (42).
c¢DNAs complementary to the three types of influenza virus RNA for
segment five were synthesized using primers with an additional 18 to 20
unrelated nucleotide tags at the 5" end as described previously (42). The fol-
lowing oligonucleotides were used: for the RT of the vVRNA, 5'-GGCCGTC
ATGGTGGCGAATTGCCTGCCTGTGTGTATGGA-3'; for the cRNA,
5'-GCTAGCTTCAGCTAGGCATCGTAGAAACAAGGGTATTTTTCC-
3'; and for the mRNA, 5'-CCAGATCGTTCGAGTCGTTTTTTTTTTTT
TTTTTAATTGTCGTAC-3'.

For the detection of mRNA levels, quantitative real-time PCR (qPCR)
was performed with Power SYBR green PCR master mix from Applied
Biosystems on an Applied Biosystems 7500 real-time PCR system. Four
microliters of the cDNA was added to the qPCR mixture (10 pl Power
SYBR green PCR master mix from Applied Biosystems [2X], 1.5 pl for-
ward primer [10 pM], 1.5 pl reverse primer [10 wM], 3 pl double-dis-
tilled water). The cycle conditions of gPCR were 95°C for 10 min, followed
by 40 cycles of 95°C for 15 s and 60°C for 1 min. Data were analyzed with
7500 software version 2.0.5, and each sample was normalized based on the
amount of B-actin. The following oligonucleotides were used: for CHDG6,
5'-TAAGCCAGATTCAGACCGCT-3" and 5'-TGAGCCTGCAAGTCAT
TTTG-3'; for B-actin, 5'-CCCAGCACAATGAAGATCAA-3' and 5'-CG
ATCCACACGGAGTACTTG-3'; for the vRNA, 5'-GGCCGTCATGGTG
GCGAAT-3" and 5'-TCCACACCAGCTGACTCTTG-3'; for the cRNA,
5'-GCTAGCTTCAGCTAGGCATC-3" and GAGCTCTCGGACGAAA
AGG; and for the mRNA, 5'-CCAGATCGTTCGAGTCGT-3" and 5'-GA
GCTCTCGGACGAAAAGG-3'.

Mice. Twenty-two 6-week-old BALB/c mice were infected intranasally
with 5 X 10° PFU of a recombinant influenza virus containing RNP genes
from the VIC strain and all other genes from the WSN strain (35), and
four mice were mock infected. Their body weights were measured daily,
and they were sacrificed and their lungs excised at different days after
inoculation. The lungs were homogenized in PBS-0.3% bovine serum
albumin (BSA) in a Dounce homogenizer and centrifuged at 10,000 X g.
The viral titers were measured in the supernatants by plaque assay. The
same lung preparations were used for Western assays.

RESULTS

CHDG6 silencing increases influenza virus RNA replication and
transcription. We previously found that CHD6 interacts with the
viral polymerase complex during infection and negatively modu-
lates influenza virus growth (25). Next, we asked whether CHD6
could regulate the influenza virus polymerase activity, which
could account for the observed increase in viral particle produc-
tion. In order to answer this question, stable A549 cells individu-
ally expressing either a control short hairpin RNA (shRNA) (TM)
or two CHD6 shRNAs with different silencing efficiencies
(shCHDS6.1 and shCHD®6.2) (25) were left uninfected or infected
with the influenza virus VIC strain at an MOI of 3. Ten hours later,
samples for each cell type and condition were taken and used for
RT-PCR detection of CHD6 mRNAs and viral RNAs (vVRNA,
cRNA, and mRNA). A previously described strand-specific quan-
titative real-time RT-PCR procedure for distinguishing influenza
vRNA, cRNA, and mRNA species on infected cells (42) was used
as detailed in Materials and Methods. Cellular extracts were also
prepared to detect CHDG6, viral (PB1 and NP), and control (3-
tubulin) proteins by Western blotting. A reduction in CHD6 pro-
tein levels was found in control (TM) infected cells compared to
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FIG 1 CHDG6 silencing increases influenza virus RNA replication and transcription. (A) Stable A549 cells expressing a control silencer (TM) or specific silencers
for CHD6 (siCHD6.1 and CHD6.2) were left uninfected or infected at an MOI of 3. At 10 hpi, samples were taken and used for Western blotting against the
indicated proteins. A representative experiment is presented. (B and C) Total RNAs from stable A549-infected cells as described in panel A were isolated and used
for qQRT-PCR detection of CHD6 mRNAs (B) or influenza virus RNAs (C). Two experiments were performed with three biological replicates. The results

represent the means * standard deviations (SD) from the two experiments.

that of uninfected cells (see below). Within the infected cells, de-
creased accumulation of CHD6 protein levels were found in the
CHD6 shRNA stable cell lines. This reduction was higher in the
shCHD6.2-expressing cells (as previously reported [25]), while
B-tubulin levels did not show variations (Fig. 1A). PB1 and NP
accumulation was observed in every condition, indicating that
influenza virus infection took place (Fig. 1A). Accordingly, reduc-
tion of CHD6 mRNA levels was observed in CHD6-silenced cells,
and there was an even greater reduction in CHD6 mRNA levels in
siCHD.2 cells (Fig. 1B). A higher production of viral RNAs corre-
sponding to RNA replication (VRNAs, cRNA) and transcription
(mRNAs) was found in CHD6 silenced cells, being higher in cells
expressing the siCHD®6.2 silencer (Fig. 1C). It should be high-
lighted that silencing of CHD6 produces a higher increase in viral
transcription than in viral replication, suggesting that CHD6 tar-
gets mainly the transcription step of viral expression. No signifi-
cant changes were observed in B-actin RNAs in any situation (data
not shown), and its levels were used to normalize the production
of viral RNAs. These results indicate that CHD6 negatively mod-
ulates both influenza virus RNA replication and transcription and
agree with previous data showing an increase of viral titer in
CHDe6-silenced cells (25). Moreover, the increase in viral RNA
production correlates with the degree of CHDG6 silencing (Fig. 1A
and B) and the viral titer (25), suggesting that viral polymerase
plays a key role in the CHD6-mediated regulation of the influenza
virus life cycle. We have also explored the effect that the overex-
pression of CHD6 has on influenza virus replication. Infected cells
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overexpressing a hemagglutinin (HA)-tagged CHD6 protein pro-
duce viral titers similar to those obtained in control cells (data not
shown). These results could indicate that the amount of endoge-
nous protein is sufficient to inhibit viral replication, and larger
amounts do not cause a larger effect.

Influenza virus infection induces degradation of the CHD6
chromatin remodeler independently of the proteasome path-
way. CHD6 protein levels were reduced in the above-described
experiment in cells infected with influenza virus compared to
those in mock-infected cells (see Fig. 1A). As mentioned, RNAP II
is degraded during influenza virus infection in a process where the
viral polymerase plays a major role. Taking into account that
CHD6 is a viral polymerase-associated factor that negatively mod-
ulates viral polymerase transcription and replication, we exam-
ined whether CHD6 becomes degraded upon infection. With this
aim, human alveolar epithelial cells (A549) were infected with the
VIC strain, and at different hpi, total cell extracts were used for
Western blot analysis with antibodies that recognize CHDG6.
RNAP II accumulation was simultaneously observed to monitor
its degradation during influenza virus infection. The accumula-
tion levels of other chromatin remodelers belonging to the three
different CHD subfamilies were also evaluated. We chose CHD1
of subfamily I, CHD3 of subfamily II, and CHD7 belonging to
subfamily III, as does CHD6. To assess the progression of the
infection, the amounts of PB1 and PA polymerase subunits were
analyzed as well as that of B-tubulin. The results (Fig. 2A) indi-
cated that the accumulation of CHD6 decreases at 6 hpi, reaching
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FIG 2 Influenza virus infection induces degradation of CHD6 chromatin remodeler. (A) A549 cells were infected with the influenza virus VIC strain, and at the
designated hpi, CHD6 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. Quantification of the amount of CHD6 during the virus infection is shown at the bottom of the CHD6 panel. (B) Half-life
of CHD6 in mock-infected and influenza virus-infected cells. A549 cells were mock infected or infected with the VIC strain of influenza virus and treated with
cycloheximide (100 wg/ml) at 6 hpi. At the indicated times after treatment, aliquots were analyzed for Western blotting to detect CHD6. Three different
experiments were performed, and in every case the accumulation levels of CHD6 both in mock-infected and infected cells at 6 h were considered 100%.

low levels at later times postinfection (12 h). The amounts of
CHD3 and CHD7 did not show variations as the infection pro-
gressed. CHD1 was also degraded during the infection with a
slightly delayed kinetic. The degradation of CHD6 and CHD1, but
not of other CHD members, suggests a complex interrelation be-
tween the influenza virus infection and specific members of this
family of ATP-dependent chromatin remodelers.

It is well established that influenza virus infection shuts down
host cell protein synthesis (43, 44). Inhibition of cell host tran-
scription and host mRNA degradation take place during infection
(33,45, 46) and definitely contribute to the virus-induced shutoff.
Therefore, determination of the amount of CHD6 mRNA during
infection would not provide insights into the mechanism involved
in the observed decrease of CHD6 protein levels. To distinguish
between an effect caused by the general virus-induced cellular
shutoff and a specific degradation of CHD6 during infection, we
studied the half-life of CHD6 in mock-infected and infected cells.
Thus, mock-infected or infected A549 cells were treated with cy-
cloheximide at 6 hpi to stop de novo protein synthesis. At different
times after treatment, cell extracts were taken and used for West-
ern blot analysis against CHD6. The experiment was repeated
three times, and in every case the accumulated CHD6 protein just
before the addition of the drug either in mock-infected or infected
cells was considered 100%. The estimated half-life of CHD6 was
around 12 h in mock-infected cells and around 8 h in infected cells
(Fig. 2B). Since the half-life of CHD6 was reduced during infec-
tion, this result indicates that influenza virus infection triggers
CHD6 degradation.

Next we tested the involvement of the proteasome pathway in
CHD6 degradation. Cultured A549 cells were infected with the
VIC strain or remained uninfected in the presence or absence of
the proteasome inhibitor MG132, which was added 1 h before
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infection. At different hpi, the accumulation levels of the PA poly-
merase subunit and CHD6 were analyzed (Fig. 3A). Almost total
degradation of CHD6 was observed at 12 hpi, irrespective of the
presence of the proteasome inhibitor. As a control of the effective-
ness of the drug, the extracts were probed with antibodies specific
for ubiquitin, and a significant accumulation of ubiquitinated
proteins was observed upon MG132 treatment (Fig. 3B). These
results suggest that the ubiquitin-mediated proteasomal degrada-
tion pathway does not mediate CHD6 degradation triggered by
influenza virus infection.

Degradation of CHDG6 is a general feature triggered by influ-
enza A viruses. To determine whether degradation of CHD6 is a
general feature induced by influenza A viruses, infections with
another laboratory-passaged influenza strain and several natural
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FIG 3 Proteasomal degradation pathway does not mediate CHD6 degrada-
tion during influenza virus infection. (A) A549 cells, treated (+) or not treated
(—) with 25 puM MG132, were mock infected (M) or infected with the VIC
strain (V). At the indicated hpi, CHD6 and the designated proteins were de-
tected by Western blotting. (B) Western blot using anti-ubiquitin antibody of
mock-infected and infected cells at 12 hpi.
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FIG 4 Degradation of CHDG6 is a general feature triggered by influenza A
viruses. (A) A549 cells were mock infected or infected with the VIC, WSN, E,
Wy, HON2, NC, or CAL strains at 3 PFU/cell. At 15 hpi, CHD6, PA, PB1, and
B-tubulin proteins were monitored by Western blotting of the total cell ex-
tracts. (B) A549 cells were mock infected or infected with the PR8, VIC, AA, or
AAca strains of the influenza virus at 3 PFU/cell at 32°C. At 24 hpi, CHDS,
RNAP II, and the indicated proteins were monitored by Western blotting of
total cell extracts. Quantification of the amount of CHDG6 is shown at the
bottom of the CHD6 panels.

isolates were carried out. Cultured A549 cells were infected with
A/WSN/33 (WSN) and with different human isolates of the HIN1
subtype, such as A/England/1/51 (E), A/New Caledonia/20/99
(NC), and the 2009 pandemic strain A/California/07/09 (CAL), or
the H3N2 subtype, such as A/Wyoming/3/2003 (Wy). An avian
strain, A/Turkey/Wisconsin/66 of the HON2 subtype (HIN2), was
also used. In all cases, the accumulation levels of CHD6, PB1, PA,
and B-tubulin at 15 hpi were examined (Fig. 4A). As previously
described (32), the detection of PA from the HIN2 and CAL
strains was almost undetectable, probably due to the absence of
the corresponding epitope recognized by the monoclonal anti-
body in the avian proteins. Nevertheless, a successful monitoring
of infection by these strains through PB1 accumulation was pos-
sible. All the viruses produced CHD6 degradation, supporting the
notion that this process is a general feature of influenza A viruses.

Attenuated influenza viruses are used to produce reassortant
vaccine strains containing the six internal gene protein segments
of these attenuated viruses and the NA and HA segments of the
circulating viruses. Two main attenuated strains are currently
used in the generation of vaccines, the A/PR/8/34 (PR8) and the
A/Ann Arbor/6/60 cold-adapted (AAca) viruses. The PR8 virus is
attenuated in humans (47) and chickens (48), and it has been used
to produce inactivated influenza vaccines. On the other hand, the
AAca influenza virus is avirulent in humans as well as in animal
models (mice and ferrets) (49). Moreover, this cold-adapted
strain has been used to produce safe live influenza A virus vaccines
(49, 50) that are being commercially developed for use in children.
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As opposed to nonattenuated influenza viruses, the attenuated
influenza strains PR8 and AAca are not capable of inducing RNAP
II degradation (32). Thus, we asked if CHD6 degradation occurs
upon infection with these nonpathogenic strains. With this aim,
A549 cells were infected with VIC, PR8, AA, or AAca strains at
32°C, a permissive temperature for the AAca virus. The accumu-
lation levels of CHD6 and RNAP II were analyzed at 24 hpi by
Western blotting. Accumulation of PB1 and PA were analyzed asa
measure of the progression of the infection, and B-tubulin was
used as the loading control. The results obtained (Fig. 4B) showed
that during infection of A549 cells with the PR8 strain, CHD6 was
degraded as efficiently as in the VIC infection. Similar results in
CHD6 degradation were observed when PR8 infection was per-
formed at 37°C (data not shown). In contrast, this effect was at-
tenuated when the cells were infected with the AAca strain, since
only some CHD6 degradation was observed after 24 hpi. More-
over, CHD6 was degraded when the parental nonattenuated AA
strain was used. Therefore, CHD6 would seem to be a very sus-
ceptible target for the virus-induced proteolysis since only a very
attenuated strain, such as the AAca virus, shows an impaired
CHD6 degradation activity.

Specificity of influenza virus-induced CHD6 degradation. As
reported, the influenza virus requires a close functional associa-
tion with the cellular transcription apparatus and causes severe
alterations in the host cell expression system. Since chromatin
remodelers modulate cellular gene expression, we examined
whether CHD6 degradation also took place upon infection with
different viruses which impair the host-cell expression system or
modify the nucleus of the infected cell. Two viruses that are hu-
man pathogens and present some similarities with the influenza
virus were chosen. The first virus analyzed was vesicular stomati-
tis virus (VSV), a negative, single-stranded but nonsegmented
RNA virus that forms ribonucleoproteins and whose life cycle
takes place in the cytoplasm of the infected cell. Besides the simi-
larity of its genome characteristics, VSV and the influenza virus
share activation of the RIG-I RNA sensor during infection (51)
and impairment of viral replication by the cellular Mx protein
(52). Infection with VSV produces host cell transcription shutoff
by inactivation of the host general transcription initiation factor
TFIID (53). Moreover, VSV infection induces inhibition of DNA
synthesis (54) and nuclear cytoplasmic transport as well as pro-
cessing of host RNA (55, 56). Thus, cultured A549 cells were in-
fected with VSV at a high MOI, and the accumulation levels of
CHDS6, viral proteins (G, N, and M), and B-tubulin were moni-
tored at different hpi (Fig. 5A). Production of viral proteins was
clearly visible at 4 hpi, and their accumulation increased during
the infection. In this situation, CHD6 levels remained constant
through the infection without any indication of degradation.

The other virus examined was adenovirus, which has a double-
stranded DNA genome and strongly depends on the host cell tran-
scription system. Similar to the influenza virus, adenovirus repli-
cates in the nucleus of the infected cell, inducing important
alterations in nuclear structures, such as the nuclear matrix (57) or
the promyelocytic leukemia (PML) bodies (58). Infection with
adenovirus serotype 5 was then performed in A549 cells at a high
MO, and cell extracts were obtained at different hpi to analyze
CHD6 accumulation. As presented in Fig. 5B, the amount of
CHD6 remained unaltered through the infection, which was
monitored simultaneously by immunofluorescence assays.

Collectively, the results suggest that CHD6 degradation pro-
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total cell extracts were processed for CHD6 and B-tubulin detection (left) or the indicated VSV proteins (right) by Western blotting. (B) A549 cells were mock
infected or infected with the adenovirus serotype 5 at 7.5 PFU/cell. At the times indicated, CHD6 and B-tubulin accumulation was monitored by Western blotting
(left). Right, DAPI staining and immunofluorescence analysis of the A549-infected cells at 36 hpi, using monoclonal antibody MAB805 (1:200) to detect

adenovirus protein.

duced by influenza virus infection could be specific for this virus
since other viruses having a similar genomic constitution, such as
VSV, or causing alterations on subnuclear structures, such as ad-
enovirus, do not trigger the degradation process.

The viral RNA polymerase complex is sufficient to induce the
degradation of CHD6. Looking for viral proteins involved in
RNAP II degradation, we had previously observed that neither the
individual expression of polymerase subunits nor combinations
of two of them induced proteolysis. In contrast, the coexpression
of the three subunits triggered RNAP II degradation (33). Thus,
we checked whether proteolysis of CHD6 occurs in the same con-
ditions. Cultured HEK293T cells, which are very efficiently trans-
fected, were then used for transfection with plasmids expressing
individually PB1, PB2, or PA from the VIC strain, combinations of
two of these plasmids, or coexpression of the three plasmids to
reconstitute the viral polymerase. A total of 2 g of plasmids was
used in all cases. After 24 h of transfection, the amounts of CHD6
were analyzed by Western blotting. The individual expression of
polymerase subunits or combinations of two of them did not in-
duce significant degradation (Fig. 6A), whereas the in vivo recon-
stituted influenza virus polymerase triggered CHD6 proteolysis.
In addition, a dose-dependent experiment using increasing
amounts of plasmids expressing PA, PB1, and PB2 shows a posi-
tive correlation between CHD6 degradation and the levels of viral
polymerase expression (Fig. 6B).

Since a decreased degradation capacity was observed in cul-
tured cells infected with the AAca strain (Fig. 4B), we tested the
effect of the reconstituted viral polymerase from this strain on
CHD6 degradation. Thus, HEK293T cells were left untransfected
or transfected with plasmids expressing the three polymerase sub-
units from the VIC, AA, and AAca strains at 32°C, and 24 h later,
samples were used for CHD6, PB1, PA, PB2, and 3-tubulin detec-
tion by Western blotting (Fig. 6C). The results indicated that re-
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constituted viral polymerases from VIC and AA strains produce
CHD6 degradation, while the reconstituted polymerase from the
AAca strain does not significantly degrade CHD®, in agreement
with the decreased capacity of the AAca virus to induce the deg-
radation process. A weak PB1 accumulation from the AA strains
compared with that of the VIC strain was observed. Since PB1
accumulates properly in either AA- or AAca-infected cells (Fig.
4B), the results obtained could represent PB1 instability when it is
expressed out of the infection. Nevertheless, the results indicate
that sufficient viral polymerase is reconstituted in cells transfected
with the AA plasmids since CHD6 degradation occurs in cells
expressing AA polymerase in contrast with cells expressing AAca
polymerase. These data provide evidence that viral polymerase
expressed out of the context of infection is also capable of degrad-
ing CHD6 and, moreover, that a correlation exists between the
degree of CHD6 degradation induced by the virus and the ability
of the corresponding reconstituted polymerase to degrade. The
mechanism involved in the virus-induced CHD6 degradation re-
mains uncharacterized. The fact that the sole expression of the
viral polymerase is sufficient to trigger the degradation and that it
occurs in the presence of a proteasome inhibitor suggests that the
viral polymerase may be the main factor responsible for CHD6
degradation, although the possible role of a viral polymerase-in-
duced cellular protease cannot be discarded. Further characteriza-
tion is necessary to fully describe the mechanism involved in the
degradation process.

CHDG6 is degraded in mice upon influenza virus infection.
The influenza virus is capable of infecting mice, so we therefore
explored the possible CHD6 degradation in this animal model.
With that aim, mice were intranasally mock infected or infected
with 5 X 10° PFU of a recombinant influenza virus containing the
RNP genes from the VIC strain and all other genes from the WSN
strain [virus referred to as VIC (RNP)+WSN] (35). This reas-
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FIG 6 Reconstituted viral polymerase degrades CHD6. (A) HEK293T cells were transfected with plasmids expressing PA, PB1, or PB2 from the VIC strain
individually, with combinations of two of them or with PA, PB1, and PB2 together as indicated. At 24 h posttransfection, the amount of CHD6 and the indicated
proteins were detected by Western blotting. (B) HEK293T cells were left untransfected (MOCK) or transfected with increasing amounts of plasmids expressing
PA, PBI, and PB2 from the VIC strain. At 24 h posttransfection, the amount of CHD6 and the indicated proteins were detected by Western blotting. (C)
HEK293T cells were transfected with plasmids expressing PA, PB1, and PB2 from VIC, AA, or AAca strains at 32°C. At 24 h posttransfection, the amount of CHD6
and the indicated proteins were detected by Western blotting.

sortant virus was used since we have characterized CHD6 interac-
tion with the viral polymerase of the VIC strain (25). Further-
more, as opposed to the complete parental VIC virus, the VIC
(RNP)+WSN virus is fully pathogenic in the mice model (35) and
causes degradation of CHD6 in cultured cells (Fig. 7A). A total of
22 mice were used; four of them were mock infected, whereas the
other 18 were influenza virus infected. At days 2, 5, and 7 postin-
fection, six mice were sacrificed and viral titers in the lungs were
measured. The mock-infected animals were sacrificed at day 7

after inoculation. Body weight of mock- or virus-infected mice
was monitored daily for 7 days with no loss observed in mock-
infected mice, whereas those infected showed a 20% body weight
loss 5 to 7 days after inoculation (Fig. 7B). Since the virus primar-
ily infects the lungs of mice, lung samples of the infected animals
were used to determine the viral titers that increased concomi-
tantly with body weight loss (Fig. 7C). Since the VIC
(RNP)+WSN virus contains viral genomes from A/WSN/33 and
this virus is known to infect mouse extrapulmonary tissues (59),
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FIG 7 CHD6 is degraded in influenza virus-infected mice. (A) An influenza virus containing the RNP genes from the VIC strain and all other genes from the
WSN strain was used to infect A549 cells, and the accumulation of the indicated proteins was examined by Western blotting. (B) BALB/c mice were mock infected
(Control) or were inoculated intranasally with 5 X 10° PFU of the recombinant virus used in panel A. Mice body weight was evaluated daily. (C) At the indicated
days postinfection, six mice were sacrificed and viral titers in the lung extracts were measured. (D) Detection of CHD6 and the indicated proteins in lungs or
spleens of mock-infected and infected mice by Western blotting.
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we analyzed the possible presence of viral particles in the spleen of
the infected mice, but no viral titers were detected (data not
shown). For protein analysis, lung homogenates from the sacri-
ficed mice were prepared and used for Western blot assays to
detect viral nucleoprotein (NP), CHDG6, as well as an additional
influenza virus polymerase-interacting protein that is not de-
graded in cell culture upon infection, DDX5 protein (14, 60). As
can be seen (Fig. 7D), the accumulation of viral protein increased
during the infection time, while CHD6 lung levels decreased con-
comitantly with the progression of the infection, being almost
undetectable at day 7 concurrently with the reduction of mice
body weight (Fig. 7B) and with the increase in viral titers (Fig. 7C).
The six infected mice showed the same CHD6 degradation pat-
tern, and a representative series is presented. Furthermore, no
variations were found in DDX5 (Fig. 7D), another viral polymer-
ase-interacting protein. Therefore, CHD6 would appear to be a
specific target for the degradation triggered by influenza virus in-
fection in an animal model.

DISCUSSION

Viruses exert different mechanisms in trying to overcome the de-
fenses of the host cell in order to develop their life cycles. Fre-
quently observed among them are mechanisms aimed at degrad-
ing the host cell components that negatively regulate the viral life
cycle or are involved in the host immune response. Accordingly,
DNA viruses such as adenovirus (61, 62) or Epstein-Barr virus
(63) induce degradation of the transcription factor p53, which
protects against virus replication. In adenovirus infection, the
E1B-55k protein forms a complex with another adenoviral pro-
tein, E4-ORF6, recruiting a cellular ubiquitin ligase that targets
p53 for degradation (61, 62). Other examples of DNA viruses that
induce degradation-dependent viral defense strategies include
degradation of the PML (64) and IRF3 (65) proteins by the bICPO
component of the bovine herpesvirus-1 virus. Furthermore, the
cellular Daxx protein that represses human cytomegalovirus gene
expression is degraded by the viral pp71 protein (66). In addition,
epigenetic mechanisms preventing host cell transcription are also
observed. Adenovirus silences p53-activated transcription by
forming a nuclear structure that induces de novo H3K9me3 het-
erochromatin formation at p53 target promoters, preventing p53-
DNA binding (67). RNA viruses also induce degradation pro-
cesses to overcome the host defenses. Hence, the NSs protein of
the Rift Valley fever virus promotes the degradation of double-
stranded RNA-dependent protein kinase (68) and the basal tran-
scription factor TFIIH (69). Furthermore, other RNA viruses in-
duce degradation of components of the interferon cascade such as
IRF3 in porcine reproductive and respiratory syndrome virus in-
fection (70) and rotavirus infection (71), as well as STAT degra-
dation in human respiratory syncytial virus infection (72). All this
information points out that viruses commonly use protein degra-
dation processes to allow satisfactory viral genome expression.
Proteomic analysis, two-hybrid screenings, RNA interference
analyses, and functional genomic approaches have revealed an
extensive network of interactions of influenza virus polymerase
with the host cell (for a review, see reference 73). In agreement
with the functional coupling between viral and cellular RNA me-
tabolism, many of these factors are involved in the cellular RNA
life cycle, such as the RNAP Il itself (11), the cyclin T/CDK9 stim-
ulator of transcription elongation (74), the hCLE protein, a posi-
tive modulator of the RNAP II (18, 20), the splicing factor SFPQ/
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PSF (14, 17), or the RNA-associated proteins DDX17 and NPM1
(75). All of the above-reported interactions, as well as the vast
majority of the polymerase-interacting host factors reported, pos-
itively regulate viral replication or viral polymerase activity. In
contrast, very few viral repressors have been described. In fact,
from a recent genomic screening, only two factors that negatively
modulate viral polymerase activity were found (75), and, further-
more, the physiological role of only a very few cases of influenza
virus repressors has been characterized. Standing out among these
are the characterization of Ebp-1, a suppressor of the androgen-
mediated transcription that inhibits RNA synthesis of the viral
polymerase in vitro (76); cyclophilin E, which negatively regulates
virus life cycle in infected cells (77); annexin 6, which impairs virus
budding (78); and the HAX1 protein, which impedes the nuclear
translocation of the PA polymerase subunit (79).

The influenza virus needs to reconcile two contradictory activ-
ities. It requires an active host cell transcription to allow the cap-
snatching process, but that means an active cell capable of eliciting
the antiviral response. To handle these opposing requirements,
impairment of host cell transcription occurs once viral transcrip-
tion is finished and therefore active cellular transcription is dis-
pensable. Accordingly, during infection, there is degradation of
RNAP II with a concomitant inhibition of cellular transcription at
the midpoint postinfection, an infection time at which viral tran-
scription is already accomplished (33, 80). Moreover, inhibition
of cleavage and polyadenylation of cellular pre-mRNAs (81, 82)
and nuclear retention of poly(A)-containing cellular mRNAs (83)
are also observed. Besides, degradation of cytoplasmic cellular
mRNAs (45, 84, 85) and preferential utilization of the translation
machinery by the virus-specific mRNAs (86) cooperate to effi-
ciently shut off the expression of the host genes while maintaining
an efficient expression of viral proteins. Therefore, the influenza
virus triggers a battery of actions aimed at efficiently impairing the
expression of genes involved in the antiviral response. CHD6 ac-
tivity remains largely uncharacterized, but several reports support
its function as a transcriptional activator. In this sense, CHD6 is
present at intranuclear sites of mRNA synthesis (24), it operates as
a coactivator for the cellular Nrf2 transcription factor (87), and it
has preferential colocalization with markers of active chromatin
in human epithelial lung cells (25). Interestingly, it has recently
been reported that Nrf2 also acts as a negative modulator of influ-
enza virus replication (88). Moreover, a negative role of CHD6 on
human papillomavirus (HPV) gene expression has also been re-
ported (89).

In addition to the above-described actions induced by the in-
fluenza virus to ensure a proper viral genome expression, we have
described here how the viral repressor CHDG6 is degraded con-
comitantly with RNAP II in what would seem to be yet another
viral strategy to subvert and control cellular mRNA synthesis. In-
terestingly, all viruses that we tested of different subtypes and or-
igins can trigger degradation of CHD6. PR8-attenuated virus was
also capable of inducing this process but, as previously shown,
could not degrade RNAP II. Although we still don’t understand
the reason for this difference, we can envision two possibilities: (i)
the proteolytic actions responsible for the degradation of both
proteins are unrelated, maybe through different pathways in re-
sponse to different viral insults; or (ii) the same action causes the
degradation of both proteins, but CHD6 is either an upstream
degradation target or a more sensitive one. We favor the latter
possibility since, as described in this paper and others, degrada-
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tion of CHD6 and RNAP II share important characteristics,
mainly not being dependent on the cellular proteasome and oc-
curring in cells transfected with the viral polymerase. Regardless of
what mechanism is responsible for CHD6 degradation during in-
fluenza virus infection, it is diminished in AAca-infected cells
since only a weak reduction in CHD6 protein levels is observed
(Fig. 4B). The fact that we were able to recapitulate the same be-
havior in cells transfected with AAca viral polymerase highlights
the importance of this viral complex in CHD6 protein degrada-
tion. Besides this degradation, the CHD6 recruitment to histones
with epigenetic marks of inactive chromatin also takes place in the
infected cells (25). These actions would diminish the cellular tran-
scription activity, thus hijacking the infected cell metabolism and
favoring viral RNA replication that persists through the infection
time (80) and/or reduces the antiviral response. Very importantly,
CHD6 degradation occurs both in influenza virus-infected hu-
man lung epithelial cells as well as in vivo in the lungs of infected
mice. Influenza viruses infect mainly the lung epithelium, and it
should be noted that CHD6 degradation correlates with an in-
crease in viral titers, suggesting a physiological role for this pro-
cess. Therefore, the influenza virus exerts accumulative actions to
inactivate the CHD6 viral repressor, causing its degradation to-
gether with its relocalization to inactive chromatin in a process
that resembles p53 regulation by adenovirus. In addition, CHD6
degradation also takes place in vivo in the lungs of the infected
mice, suggesting that CHD6 plays an important role in modulat-
ing influenza virus replication.
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