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ABSTRACT

Influenza A virus requires ongoing cellular transcription to carry out the cap-snatching process. Chromatin remodelers modify
chromatin structure to produce an active or inactive conformation, which enables or prevents the recruitment of transcriptional
complexes to specific genes; viral transcription thus depends on chromatin dynamics. Influenza virus polymerase associates with
chromatin components of the infected cell, such as RNA polymerase II (RNAP II) or the CHD6 chromatin remodeler. Here we
show that another CHD family member, CHD1 protein, also interacts with the influenza virus polymerase complex. CHD1 rec-
ognizes the H3K4me3 (histone 3 with a trimethyl group in lysine 4) histone modification, a hallmark of active chromatin. Down-
regulation of CHD1 causes a reduction in viral polymerase activity, viral RNA transcription, and the production of infectious
particles. Despite the dependence of influenza virus on cellular transcription, RNAP II is degraded when viral transcription is
complete, and recombinant viruses unable to degrade RNAP II show decreased pathogenicity in the murine model. We describe
the CHD1–RNAP II association, as well as the parallel degradation of both proteins during infection with viruses showing full or
reduced induction of degradation. The H3K4me3 histone mark also decreased during influenza virus infection, whereas a his-
tone mark of inactive chromatin, H3K27me3, remained unchanged. Our results indicate that CHD1 is a positive regulator of
influenza virus multiplication and suggest a role for chromatin remodeling in the control of the influenza virus life cycle.

IMPORTANCE

Although influenza virus is not integrated into the genome of the infected cell, it needs continuous cellular transcription to syn-
thesize viral mRNA. This mechanism implies functional association with host genome expression and thus depends on chroma-
tin dynamics. Influenza virus polymerase associates with transcription-related factors, such as RNA polymerase II, and with
chromatin remodelers, such as CHD6. We identified the association of viral polymerase with another chromatin remodeler, the
CHD1 protein, which positively modulated viral polymerase activity, viral RNA transcription, and virus multiplication. Once
viral transcription is complete, RNAP II is degraded in infected cells, probably as a virus-induced mechanism to reduce the anti-
viral response. CHD1 associated with RNAP II and paralleled its degradation during infection with viruses that induce full or
reduced degradation. These findings suggest that RNAP II degradation and CHD1 degradation cooperate to reduce the antiviral
response.

Influenza A virus contains eight single-stranded RNA segments
of negative polarity (viral RNA [vRNA]) that form viral ribo-

nucleoproteins (vRNP) by association with a trimeric polymerase
complex that consists of the PA, PB1, and PB2 subunits and the
nucleoprotein (NP). These vRNP are the functional units for RNA
transcription and replication, which are restricted to the nucleus
of the infected cell (1). For viral RNA replication, the vRNAs are
copied to form full-length positive-stranded RNAs (cRNA),
which serve as templates for vRNA synthesis (2). During tran-
scription, capped and polyadenylated viral mRNAs are synthe-
sized by the viral polymerase through an initiation mechanism
that uses as primers short-capped oligonucleotides scavenged
from newly synthesized RNA polymerase II (RNAP II) transcripts
by a viral endonuclease activity that resides in the PA subunit (3,
4). This transcription strategy involves functional coupling be-
tween viral and cellular transcription for the cap-snatching pro-
cess. The viral polymerase is reported to interact with host cell
transcription-related factors (5–9), among which is the largest
subunit of the RNAP II itself (10).

Although influenza virus does not integrate into the infected-
cell genome, its transcription mechanism involves absolute de-
pendence on chromatin-based functions and thus on chromatin
dynamics. vRNP are tightly bound to the nuclear matrix or to

chromatin components (11–15), and viral RNA transcription and
replication are proposed to take place in DNase-insensitive nu-
clear fractions that include chromatin and/or the cellular matrix
(16). Specific interactions take place between chromatin remod-
elers and influenza virus proteins, including the association of
CHD3 with the nonstructural protein NS2 (17). CHD6 interacts
with the PA polymerase subunit and with the viral polymerase
complex (8, 18), which relocates to inactive chromatin late in
infection (18) and negatively modulates influenza virus multipli-
cation (18).

CHD3 and CHD6 belong to the CHD (chromodomain-heli-
case DNA-binding) family of chromatin remodelers, which have
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two N-terminal chromodomains that interact with methylated
histone tails (19, 20). This interaction contributes to the dynamics
of chromatin structure, affecting transcription factor binding to
modulate transcription initiation and elongation steps (21–23).
Despite the coupling between viral and cellular transcription, re-
ports showed that in a process triggered by the viral polymerase,
influenza virus infection induces RNAP II degradation once viral
transcription is complete and synthesis of cellular mRNA is no
longer needed (24–26). We recently characterized the involve-
ment pf the PB2 and PA subunits in RNAP II degradation, as well
as the contribution of specific subunit residues to this process,
which correlates with pathogenicity in mice (27). We also showed
that the CHD6 chromatin remodeler is specifically degraded after
influenza virus infection in cultured cells and in a mouse model
(28).

CHD1 is the best-characterized member of the CHD chroma-
tin remodeler family. It binds to histone 3 with a trimethyl group
in lysine 4 (H3K4me3), a hallmark of active chromatin, both in
vitro (22) and in vivo, near the beginning of active genes (29); it
also associates with transcription complexes, such as Mediator,

FACT, Paf1, or RUNX1/AML1 (29–32). The combined action of
CHD1 binding to transcriptional complexes and CHD1 binding
to H3K4me3 allows CHD1 recruitment to its responsive genes.
Since influenza virus polymerase interacts with the RNAP II com-
plex and is highly dependent on its activity, we explored the role of
CHD1 in the influenza virus life cycle. We show that CHD1 inter-
acts with influenza virus polymerase and positively modulates vi-
ral RNA transcription and virus multiplication. Like that of RNAP
II, CHD1 degradation is initiated at midinfection, once viral RNA
transcription is complete, suggesting a coordinated role for CHD1
and RNAP II in the influenza virus life cycle.

MATERIALS AND METHODS
Biological materials. Human embryonic kidney 293T (HEK293T) cells,
human respiratory cells (A549), and Madin-Darby canine kidney
(MDCK) cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal calf serum. Plasmids pCMVPA, pCMVPB1,
pCMVPB2, and pCMVNP have been described previously (33). Plasmid
pHH-NS CAT expresses, under the control of an RNA polymerase I pro-
moter, the chloramphenicol acetyltransferase (CAT) gene in an antisense

FIG 1 CHD1 interacts with the influenza virus polymerase complex. (A) A549 cells were either mock infected (�) or infected (�) with the VIC strain (3
PFU/cell, 4 h); cell extracts were obtained and were immunoprecipitated (IP) using CHD-specific or control (IgG) antibodies. Proteins were monitored in
Western blots probed with appropriate antibodies. Input, A549 cell extracts. (B) A549 cells were infected with influenza virus (3 PFU/cell, 4 h); cells were fixed
and were processed for immunofluorescence using anti-CHD1, anti-PB2, and anti-NP antibodies. DAPI was used to stain nuclei. The colocalization panels show
the signals common to the two antibodies, obtained with the colocalization mask. Representative images from one of three experiments are shown.
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orientation flanked by the untranslated region (UTR) sequences of the NS
segment. This plasmid was constructed by insertion of the nonstructural
(NS)-CAT fragment from pT7NSCAT-RT (34) into the pHH plasmid.

Virus infection. Cells were infected with influenza viruses at a low or
high multiplicity of infection (MOI) or with vesicular stomatitis virus
(VSV) or adenovirus (AdV) at an MOI of 5 or 7.5 PFU/cell, respectively.
At various times postinfection, cells were collected in phosphate-buffered
saline (PBS) with a protease inhibitor cocktail (cOmplete; Roche), and
virus titers were determined by plaque assay.

Lentiviral particle production and cell transduction. Lentiviral par-
ticles were produced in HEK293T cells by cotransfection of plasmids ps-
PAX2 and pMD2.G with each of the pLKO-based short hairpin RNA
(shRNA) vectors, as described previously (35, 36). Supernatants were col-
lected 40 to 48 h posttransfection, filtered through a 0.45-�m filter, and
used to transduce A549 or HEK293T cells. Since the lentiviral vectors
confer puromycin resistance, the minimum amount of supernatant nec-
essary to confer 100% resistance to puromycin (5 �g/ml) was used. Si-
lencing was tested by Western blotting, generally at 3 days postrans-
duction. The viability of transduced cells was determined by the
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) assay (37).

Confocal immunofluorescence microscopy. Cultured A549 cells
were either left uninfected or infected with the A/Victoria/3/75 (VIC)
strain at a multiplicity of infection of 5 PFU/cell. At 4 h postinfection
(hpi), cells were fixed with 4% paraformaldehyde (for 20 min at room
temperature; Sigma) and were stored in PBS. For immunofluorescence,
cells were permeabilized in PBS with 0.5% Triton X-100 (5 min) and were
incubated with the following primary antibodies diluted in PBS– 0.1%
(wt/vol) bovine serum albumin (BSA): rabbit anti-CHD1 (D8C2; dilu-
tion, 1:200; Cell Signaling), rabbit anti-H3K4me3 (C42D8; dilution,
1:200; Cell Signaling), a monoclonal anti-PB2 antibody (dilution, 1:100)
(38), and a monoclonal anti-RNAP II antibody (8WG16; dilution, 1:500;
Covance). Confocal microscopy was performed with a Leica TCS SP5

laser scanning system. Images (1,024 by 1,024 pixels; 8-bit gray scale
depth) were acquired sequentially every 0.2 to 0.3 �m using LAS AF (ver-
sion 2.2.1) software (Leica) and were analyzed with LAS AF and Meta-
Morph Premier (version 7.5.2) image analysis software (Molecular De-
vices). For colocalization analysis, single confocal sections and the
colocalization mask that produces binary images showing only overlap-
ping pixels (white spots) were used.

Western blotting. Cells infected at various MOIs were collected at
various times postinfection in Laemmli sample buffer. Western blotting
was performed as described previously (24). The following rabbit poly-
clonal antibodies were used: anti-CHD1 (D8C2; dilution, 1:1,000; Cell
Signaling), anti-CHD3 (A301-219A; dilution, 1:500; Bethyl), anti-CHD6
(A301-221A; dilution, 1:100; Bethyl), and anti-CHD9 (ABIN1007493; di-
lution, 1:500; Antibodies Online). A monoclonal anti-CHD5 antibody
(D-10; dilution, 1:500; Santa Cruz) was also used. For RNA polymerase II,
we used monoclonal antibody 8WG16 (dilution, 1:500; Covance), which
recognizes predominantly unphosphorylated Ser2 of the C-terminal do-
main (CTD) (39). For influenza virus proteins, monoclonal anti-PA (an-
tibodies 2 and 9; dilution, 1:250) and anti-PB2 (antibody 22; dilution,
1:100) antibodies (40), rabbit polyclonal anti-PB1 (dilution, 1:1,000) (41)
and anti-NP (dilution, 1:5,000) (42) antibodies, and a mouse monoclonal
anti-�-actin antibody (dilution, 1:1,000; Sigma) were used. For histone
recognition, the following polyclonal antibodies were used: anti-
H3K4me3 (dilution, 1:1,000; Cell Signaling), anti-H3K27me3 (dilution,
1:500; Active Motif), and anti-H3 (D1H2; dilution, 1:1,000; Cell Signal-
ing).

CAT assays. HEK293T cells were infected with control or specific
lentiviruses for CHD1 silencing and were cotransfected with the
pCMVPA, pCMVPB2, pCMVPB1, pCMVNP, or pHH-NS CAT plasmid
and a plasmid expressing green fluorescent protein (GFP) under the con-
trol of the RNAP II promoter (24 h). Cell extracts were collected, and CAT
accumulation was assayed by enzyme-linked immunosorbent assays
(ELISA) (GE Healthcare) using purified CAT enzyme as the standard.

FIG 2 CHD1 silencing does not affect cell viability or RNA polymerase activity. HEK293T and A549 cells were infected with lentiviruses expressing CHD1
silencers or a control lentivirus (shTT). (A) Western blot analysis of CHD1 proteins. (B) The viability of transduced HEK293T and A549 cells was determined by
the MTT assay measuring cell metabolic activity. (C) Quantification of EU and BrU incorporation as well as RNAP II staining in 300 A549 cells infected with
lentiviruses expressing CHD1 silencers or a control lentivirus (shTT). The relative intensity found in each analysis was compared with the intensity of uninfected
control cells. Bars represent means � standard errors of the means; no statistical differences were found.
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Immunoprecipitation. Immunoprecipitation studies were per-
formed as described previously (43). Briefly, 107 A549 cells were either
mock infected or infected with influenza virus at 3 PFU/cell. At 4 hpi, cells
were collected and were lysed in a buffer containing 150 mM NaCl, 5 mM
EDTA, 1.5 mM MgCl2, 50 mM Tris-HCl (pH 8.5) and 0.5% IGEPAL, with
cOmplete protease inhibitors. The lysate was centrifuged (10,000 � g, 10
min, 4°C), and the supernatant was used for immunoprecipitation studies
with 1 �g of anti-CHD antibodies, anti-RNAP II (8WG16), or an unre-
lated antibody. Immune complexes were washed 10 times with the lysis
buffer, and the immunoprecipitated proteins were analyzed by Western
blotting.

RNA analysis. For RNA extraction, cell pellets were resuspended in 1
ml TRIzol reagent (Invitrogen), and RNA was purified as recommended
by the manufacturer. RNA was digested with RNase-free DNase (1 U/mg,
1 h, 37°C), extracted with phenol-chloroform-isoamyl alcohol, and pre-
cipitated with ethanol.

Primer extension analyses were performed as described previously
(44). We used synthetic oligonucleotides complementary to mRNA or
vRNA specific for the VIC strain sequence located �50 to 150 nucleotides
downstream of the 5= end. Primers were 5= end labeled using [	-32P]ATP
and T4 polynucleotide kinase and were annealed to the specific RNA
molecules in the RNA samples. Reverse transcriptase (RT), deoxyribo-
nucleoside triphosphates, and appropriate buffer components were
added to the primer-mRNA hybrids to catalyze primer elongation. The
resulting radiolabeled cDNA products were analyzed by denaturing poly-
acrylamide gel electrophoresis followed by autoradiography.

Specific real-time RT-PCR was performed essentially as described pre-
viously (45). This method is based on reverse transcription using tagged
primers to add a “tag” sequence at the 5= end, followed by the hot-start
method. Real-time PCR using the tagged primer as the forward primer
and a segment-specific reverse primer ensures specificity for quantifying
mRNAs and vRNAs. PCRs were performed in 96-well PCR plates, using
SYBR green PCR master mix and the specific primers, in an ABI Prism
7000 sequence detection system (Applied Biosystems). The cycle thresh-
old (CT) was determined with SDS software (Applied Biosystems). Serial
dilutions of cDNA were used to ensure amplification.

To analyze primary transcription, cells were either control silenced or
CHD1 silenced, infected 3 days later with the VIC strain (3 PFU/cell), and
treated with cycloheximide (100 �g/ml). At 6 hpi, total RNA was extracted
and was used to detect NS mRNA by real-time RT-PCR.

RNA synthesis. Intracellular RNA synthesis was detected using a
chemical method based on biosynthetic incorporation of the uridine an-
alog 5-ethynyluridine (EU) into newly transcribed RNA. On average, EU
is incorporated once every 35 uridine residues in total RNA. EU-labeled
cellular RNA is detected rapidly and with high sensitivity using a cop-
per(I)-catalyzed cycloaddition reaction (also termed click chemistry) with
fluorescent azides (Click-iT Nascent RNA Capture kit; Life Technolo-
gies), followed by microscopic imaging. Alternatively, we measured bro-
mouridine (BrU) incorporation in cell culture to label nascent RNA. Cells
were cultured with 2.5 mM BrU (15 min), followed by immunofluores-
cence using a monoclonal anti-iododeoxyuridine (IdU)/bromodeoxyuri-
dine (BrdU) antibody (Caltag Laboratories). We also detected RNA elon-

FIG 3 CHD1 silencing reduces influenza virus RNP activity. (A) HEK293T cells were infected with lentiviruses expressing CHD1 silencers or a control lentivirus
(shTT) and were used for CAT RNP reconstitution (see Materials and Methods). At 48 h postreconstitution, the amount of CAT protein in total-cell extracts was
analyzed by ELISA. CAT activity was normalized in each case to the amount of GFP expression, which was used as a transfection control. Activity in control
lentivirus-transfected cells was considered 100%. Mock, untransfected cells; negative control, the plasmid expressing PB1 was omitted. (B) Aliquots of samples
for which results are shown in panel A were analyzed by Western blotting for RNP, GFP, and �-actin. (C) Aliquots of samples for which results are shown in panel
A were subjected to primer extension analysis (see Materials and Methods). Asterisks indicate nonspecific bands in uninfected cells (�). (D) Quantification of
data from panel C. Bars represent means � standard errors of the means. Significance was determined using an unpaired Student t test with Welch’s correction;
3 independent experiments were performed. **, P 
 0.01; ***, P 
 0.001.
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gation by specific immunolabeling of phosphorylated Ser2 (Ser2P) of
RNAP II using a monoclonal anti-H5 antibody (Abcam).

RESULTS
CHD1 interacts with the influenza virus polymerase complex.
We previously observed the interaction of influenza virus poly-
merase with the CHD6 chromatin remodeler (18). To character-
ize additional interactions of viral polymerase with chromatin
components, we performed coimmunoprecipitation analysis of
several CHD family members in A549 human respiratory epithe-
lial cells infected with 3 PFU of influenza virus A/Victoria/3/75
(VIC)/cell at 4 h postinfection (hpi). Extracts of mock-infected or
infected cells were coimmunoprecipitated using either a rabbit
polyclonal antibody against CHD1, CHD3, CHD5, CHD6, or
CHD9 or a control antibody (IgG), washed, and analyzed by
Western blotting (25). The three polymerase subunits were asso-
ciated with CHD6, and we observed a clear association with
CHD1; viral polymerase subunits also showed some association
with the CHD5 chromatin remodeler (Fig. 1A). Given the strong
association of viral polymerase subunits with CHD1, we also ex-
amined CHD1 for colocalization with components of the viral
RNP (the PB2 protein and NP). Cultures of A549 cells were in-
fected with the VIC strain (3 PFU/cell); cells were fixed at 4 hpi and
were analyzed by immunofluorescence microscopy. Single confo-
cal sections and the colocalization mask that produces binary im-
ages showing only overlapping pixels (white spots) were used (Fig.
1B). In agreement with the observed association of CHD1 with the
viral polymerase, we found CHD1 colocalization with PB2 and

NP. Our results indicate that CHD1 interacts with the polymerase
complex and colocalizes with viral RNP in infected cells.

Effect of CHD1 silencing on cell physiology. Viral and cellular
transcriptions are functionally associated to allow the cap-snatch-
ing process, and viral polymerase interacts with cellular RNAP II
and other transcription-related factors. The data suggested that
CHD1 plays a role in the influenza virus life cycle. Since CHD1 is
a chromatin remodeler with an important function in mRNA
transcription elongation (46, 47), we first tested the effect of
CHD1 knockdown on cell physiology. For RNA interference
(RNAi)-mediated CHD1-silencing experiments, we used lentivi-
ruses expressing shRNAs specific for CHD1 (shCHD1.1,
shCHD1.2, shCHD1.3) or a control that expresses irrelevant
shRNA (shTT) (48, 49). Expression of the CHD1 shRNAs reduced
CHD1 protein accumulation by 25 to 70% from that with shTT
(Fig. 2A). An MTT assay (see Materials and Methods) of the
HEK293T and A549 cell lines at 5 days postsilencing showed no
effect of any of the silencers on cell viability (Fig. 2B).

We used several approaches to analyze the effect of CHD1 si-
lencing on overall de novo cellular transcription. The Click-iT
RNA Alexa Fluor 488 imaging kit enabled the detection of newly
synthesized RNA (50) using an alkyne-modified nucleoside, the
compound 5-ethynyluridine (EU), which is incorporated into
RNA but not DNA. We also analyzed bromouridine (BrU) incor-
poration and RNAP II-Ser2P levels. Control-silenced or CHD1-
silenced A549 cells either were treated with EU or BrU or were left
untreated (see Materials and Methods) and were processed for

FIG 4 Influenza virus RNA transcription and replication in CHD1-down-
regulated cells. A549 cells were infected first with lentiviruses expressing
CHD1 silencers or control shRNA and then with the VIC strain (3 PFU/cell);
total RNA was extracted at various times postinfection and was used to quan-
tify viral genomic RNA (vRNA) and the viral mRNA of the NP segment by
RT-qPCR (see Materials and Methods). Bars represent means � standard
errors of the means. Significance was determined by an unpaired Student t test
with Welch’s correction; 3 technical replicates of 3 independent experiments
were performed. *, P 
 0.5; **, P 
 0.01; ***, P 
 0.001.

FIG 5 CHD1 downregulation affects influenza virus mRNA transcription.
(A) CHD1-silenced and control-silenced A549 cells were treated with cyclo-
heximide to prevent the synthesis of viral proteins. The cells were then infected
with the VIC strain (3 PFU/cell); at 6 hpi, cell extracts were used for detection
of the NP segment of viral mRNA by RT-qPCR (see Materials and Methods).
(B) Detection of viral mRNA in influenza virus-infected cells that were either
left untreated or treated with cycloheximide (CHX). Bars represent means �
standard errors of the means. Significance was determined by an unpaired
Student t test with Welch’s correction; 3 technical replicates of 3 independent
experiments were performed. *, P 
 0.5; **, P 
 0.01; ***, P 
 0.001.
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immunofluorescence detection of EU, BrU, or RNAP II-Ser2P,
respectively. To quantify the effect of CHD1 silencing on cell tran-
scription, we analyzed the label intensity in 300 cells for each con-
dition and compared the relative intensity with that of untreated
control cells (Fig. 2C). The absence of any significant differences
among any of the signals indicated that CHD1 silencing does not
have a general deleterious effect on RNA transcription.

Effect of CHD1 silencing on influenza virus polymerase ac-
tivity. To establish possible CHD1 function in influenza virus
infection, we analyzed its role in viral polymerase activity. To re-
constitute viral RNP, control-silenced or CHD1-silenced cells
were transfected with plasmids pCMV-PB1, pCMV-PB2, pCMV-
PA, pCMV-NP, and pHH-NSCAT, which encode VIC strain pro-
teins PB1, PB2, PA, and NP and a negative-sense virus-like CAT
RNA under the control of the polymerase I (Pol I) promoter (34,
51). In control cells, plasmid pCMV-PB1 was omitted. A GFP-
expressing plasmid was added under each condition as a transfec-
tion control for normalization of the CAT accumulation used to
measure the RNA replication/transcription activity of recombi-
nant RNP (Fig. 3A). CAT accumulation decreased 30 to 60% in
CHD1-silenced cells, concomitantly with the degree of CHD1 si-
lencing (Fig. 2A). To exclude the possibility of a decrease in the

accumulation of the RNP and/or in RNA polymerase II-driven
expression of viral polymerase subunits, which could explain the
decreased CAT activity, we analyzed the accumulation of viral
polymerase subunits and �-actin by Western blotting; the accu-
mulation of all these proteins was independent of CHD1 silencing
(Fig. 3B). These data indicated that CHD1 is not essential for RNP
accumulation but positively modulates viral polymerase activity.
We used primer extension analyses (52) to examine the virus-like
CAT positive- and negative-sense RNA levels produced by the
reconstituted RNP in control-silenced and CHD1-silenced cells.
We found 42% to 70% reductions in vRNA and mRNA levels
when RNP were reconstituted in the different CHD1 knockdown
cells (Fig. 3C and D), indicating that CHD1 stimulates viral RNA
polymerase activity.

CHD1 affects influenza virus transcription. To analyze the
relevance of CHD1 in virus RNA replication, we infected A549
cells with lentiviruses expressing the same CHD1 silencers or con-
trol shRNA, followed by infection with the VIC strain (3 PFU/
cell). Total RNA was extracted at various times postinfection,
and RT quantitative PCR (RT-qPCR) was used as described
previously (45) to quantify viral genomic RNA (vRNA) and
viral mRNA in the NP segment. Reductions in the levels of

FIG 6 CHD1 silencing reduces viral titers in multistep growth experiments in A549 cells. (A) CHD1-silenced or control-silenced A549 cells were first generated
by lentivirus infection and then infected with the A/Victoria/3/75 (VIC) influenza virus strain (10�3 PFU/cell). Cell extracts were obtained at the indicated times
postinfection, and virus titers were determined by plaque assays in MDCK cells. (B) Aliquots of samples for which results are shown in panel A were used for the
detection of proteins by Western blotting. (C and D) A549 cells were treated as for panel A, except that they were infected with the influenza virus A/PR8/8/34
(PR8) strain (C) or the influenza virus A/California/04/09 (CAL) strain (D). Error bars represent standard errors of the means. Significance was determined by
an unpaired Student t test with Welch’s correction; 3 technical replicates of 3 independent experiments were performed. **, P 
 0.01; ***, P 
 0.001.
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negative-sense (Fig. 4A) and positive-sense (Fig. 4B) viral RNA
were detected after CHD1 silencing, corresponding to the degree
of CHD1 reduction. These results indicated that CHD1 is needed
for viral RNA replication but could not indicate a role for CHD1
in virus transcription. To clarify this question, we determined the
levels of primary virus transcripts after the infection of CHD1-
and control-silenced cells in the presence of cycloheximide to pre-
vent viral protein synthesis and hence viral RNA replication (53).
Accumulation of total NP transcripts, determined by RT-qPCR,
showed that CHD1 silencing led to a reduction in primary tran-
scription (Fig. 5A). We verified the inhibition of virus multiplica-
tion after cycloheximide treatment by determining virus mRNA
levels in treated and untreated infected cells, which showed an
approximately 10-fold reduction after drug treatment (Fig. 5B).

CHD1 is specifically needed for influenza virus infection. To
determine whether CHD1 specifically modulates influenza virus
infection, we evaluated the effect of CHD1 silencing on virus mul-
tiplication by infecting control- or CHD1-silenced A549 cells at a
low multiplicity of infection (MOI) (10�3 PFU/cell) with the VIC
strain (subtype H3N2), and determined virus titers by plaque as-
says on MDCK cells. We found reductions in viral titers of �0.5 to
1 log unit, depending on CHD1 levels, in CHD1-deficient cells
relative to control cells (Fig. 6A). A concomitant decrease in viral
protein accumulation (Fig. 6B) was also observed. To test whether
CHD1 can be considered a general modulator of influenza virus
multiplication, we performed similar experiments using influenza
strains of a different subtype. Control- or CHD1-silenced A549
cells were infected at a low multiplicity with the laboratory-pas-
saged influenza virus strain A/PR/8/34 (PR8) (Fig. 6C) or with a
natural human isolate, the 2009 pandemic strain A/California/
04/09 (CAL) (Fig. 6D), both of which belong to the H1N1 subtype.
As with the VIC strain, these cells showed 0.5- to 1-log reductions
in viral titers that correlated with the degree of CHD1 silencing,
indicating that the CHD1 chromatin remodeler is a positive mod-
ulator of human influenza virus.

To ascertain the specificity of CHD1 in the modulation of the
influenza virus life cycle, we studied the multiplication of two
additional viruses in CHD1-silenced cells: vesicular stomatitis vi-
rus (VSV), another negative-stranded RNA virus, and adenovirus
5 (Ad5), a nuclear virus strongly dependent on cellular transcrip-
tion and splicing machineries. A549 cell cultures were first CHD1
silenced or control silenced and then infected with VSV (Fig. 7A)
or Ad5 (Fig. 7B). We determined the amounts of virus that had
accumulated in the culture supernatant (VSV) or the infected cells
(Ad5) by plaque assays on BHK21 (VSV) or HEK293T (Ad5) cells,
as described previously (54). Ad5 multiplication was unaffected
by CHD1 downregulation; for VSV replication, the silencer
shCHD1.3 elicited an initial delay in virus multiplication, al-
though cells infected with this lentivirus attained a viral titer sim-
ilar to that of infected cells at 48 hpi. These results indicate that
CHD1 is a particularly important host factor for influenza virus
multiplication.

CHD1 is degraded in parallel with RNAP II during influenza
virus infection. CHD1 is a component of several transcription
complexes, such as Mediator and RNA polymerase II-associated
factor (PAF) (55, 56). Mediator is a multiprotein complex that
acts as a transcriptional coactivator in all eukaryotes and is neces-
sary for successful transcription of RNAP II-dependent genes in
yeasts and mammals (56). Mediator associates with general tran-
scription factors and with the C-terminal domain of the RNAP II

holoenzyme, acting as a bridge between this enzyme and tran-
scription factors (57). Previous data for CHD1-Mediator associa-
tion support a model in which Mediator coordinates the assembly
of the transcription preinitiation complex as well as CHD1 re-
cruitment (29). CHD1 also interacts with hPaf1/PD2, a subunit of
the human PAF complex, which is involved in the regulation of
transcriptional elongation in pancreatic cancer cells (55). Influ-
enza virus transcription requires ongoing cellular transcription to
carry out the cap-snatching process, and the viral RNA polymer-
ase binds to the C-terminal part of RNAP II (10). In spite of this
viral-cellular polymerase interaction, RNAP II degradation begins
in midinfection, once viral transcription is complete and de novo
cell transcription is no longer needed (24, 25). This degradation is
reflected as a shorter protein half-life and is proteasome indepen-
dent (24). In vivo experiments indicate that RNAP II degradation
correlates with pathogenicity in mice (27).

Since CHD1 associates with influenza virus polymerase (Fig. 1)
and with the Mediator and PAF complexes, we investigated the
possibility of CHD1–RNAP II association and tested whether
CHD1 is degraded in parallel with RNAP II during influenza virus
infection. In coimmunoprecipitation studies using CHD1-spe-
cific antibodies, we analyzed CHD1 association with RNAP II in

FIG 7 CHD1 does not control VSV or adenovirus replication. Cultures of
A549 cells were first CHD1 silenced or control silenced and then infected with
VSV (A) or Ad5 (B) (see Materials and Methods). Levels of virus accumulation
in the culture supernatant (VSV) or in infected cells (Ad5) were determined by
plaque assays on BHK21 (VSV) or HEK293T (Ad5) cells. Error bars represent
standard errors of the means. No significant differences were found in 3 tech-
nical replicates of 3 independent experiments.
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mock- or virus-infected A549 cells at 4 hpi. We found CHD1 and
RNAP II proteins in the immune complexes of uninfected and
infected cells (Fig. 8A and B); immunofluorescence studies also
indicated nuclear colocalization of these proteins (Fig. 8C).

We examined CHD1 accumulation in A549 cells infected with
influenza virus at a high MOI. Starting at 6 hpi in strain VIC-
infected cells, we observed reduced CHD1 accumulation, which
paralleled that of RNAP II; both were almost undetectable at late
times postinfection (Fig. 9). In addition, we evaluated possible
variations in the amount of specific posttranslational methylated
histone recognized by CHD1 during influenza virus infection. The
H3K4me3 histone mark decreased in parallel with RNAP II and
CHD1 in infected cells, whereas the amount of H3K27me3, a his-
tone mark of inactive chromatin and of unmodified histone 3,
remained unchanged (Fig. 9). These data indicate that influenza
virus infection triggers strong inhibition of cellular mRNA expres-
sion by the host cell, which probably aids in reducing the antiviral
response.

To test whether decreased CHD1 accumulation was due to
virus-induced degradation or normal protein decay, we compared
the half-lives of CHD1 in mock- and virus-infected A549 cells
treated with cycloheximide at 6 hpi to halt de novo protein synthe-
sis. At various times posttreatment, cell extracts were prepared,
and CHD1 levels were analyzed by Western blotting. The level of
CHD1 that accumulated immediately before addition of the drug
was considered 100% (Fig. 10A). The estimated half-life of CHD1
was �9 h in mock-infected cells and �4 h in virus-infected cells
(Fig. 10B), which showed that influenza virus infection triggers
CHD1 degradation.

We tested whether CHD1 degradation was proteasome in-

dependent, as is RNAP II degradation. Cultured A549 cells
were infected with the VIC strain or remained uninfected,
alone or with the addition (1 h preinfection) of the proteasome
inhibitor MG132. We measured the accumulation of the PB1
and PA polymerase subunits and of CHD1 at different times
postinfection (Fig. 10C). Under these conditions, CHD1 was
almost totally degraded after infection, irrespective of the pres-
ence or absence of the proteasome inhibitor. To confirm the
effectiveness of the drug, we probed the extracts with an anti-
ubiquitin antibody and found marked accumulation of ubiq-
uitinated proteins following MG132 treatment. These results
indicate that, as is the case for RNAP II degradation (24), the
ubiquitin-mediated proteasomal degradation pathway does
not mediate the CHD1 degradation triggered by influenza virus
infection.

Recombinant influenza viruses with alterations at amino acid
position 550 in PA or 504 in PB2 determine the ability to degrade
RNAP II (25). The hvPR8 strain (high virulence, RNAP II degra-
dation inducer) bears PA 550L and PB2 504V, whereas the lvPR8
strain (low virulence, noninducer of RNAP II degradation) has PA
550I and PB2 504I. A defined combination of PA 550L and PB2
504V confers on the PR8 background the ability to degrade RNAP
II, as it also does for a natural isolate, the pandemic CAL 2009
strain (27). Individual changes of PA 550L or PB2 504V to isoleu-
cine attenuate the ability of these recombinant viruses to degrade
RNAP II, and the double mutation (DM) eliminates this ability.
The specific PA 550L–PB2 504V combination restores the ability
of lvPR8DM to degrade RNAP II, and conversely, the double mu-
tation of these amino acids to isoleucine inhibits the degradation
abilities of CAL and hvPR8 (27).

FIG 8 CHD1 interacts with RNA polymerase II. (A) A549 cell extracts were used in coimmunoprecipitation studies with a specific anti-RNAP II or anti-CHD1
antibody or a control antibody (IgG). Coimmunoprecipitated proteins were detected by Western blotting and probing with appropriate antibodies. IP,
immunoprecipitation. (B) Quantification of data from panel A. RNAP II IP, amount of CHD1 immunoprecipitated with an anti-RNAP II antibody; CHD1 IP,
amount of RNAP II immunoprecipitated with an anti-CHD1 antibody. Bars represent means � standard errors of the means. No significant differences were
found in 2 independent experiments. (C) A549 cells were used in immunofluorescence studies with anti-CHD1 and anti-RNAP II antibodies. The colocalization
panel shows the signals common to the two antibodies, obtained with the colocalization mask.
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To study whether the abilities of these virus strains to degrade
CHD1 parallel their abilities to degrade RNAP II, we infected
A549 cells with the VIC, hvPR8, or lvPR8 strain and evaluated
CHD1 accumulation by Western blotting. CHD1 and RNAP II
were degraded after VIC or hvPR8 infection but not in lvPR8-
infected cells (Fig. 11A). We analyzed the phenotypes of single and
double mutants with alterations in PA and PB2 subunits in the
recombinant hvPR8, lvPR8, and CAL strains (Fig. 11B). In all
cases, CHD1 and RNAP II showed similar degradation pat-
terns: they remained stable in hvPR8DM, wild-type (WT)
lvPR8, and CALDM, as in mock-infected cells; single mutants
led to partial degradation; and WT hvPR8, lvPR8DM, and WT
CAL caused total degradation (Fig. 11B). These data indicate
that CHD1 and RNAP II are degraded concomitantly during
influenza virus infections with different strains or recombinant
viruses.

DISCUSSION

Members of the CHD (chromodomain-helicase-DNA binding)
family of ATP-dependent chromatin remodelers have tandem
chromodomains that recognize modified histones and are divided
into subfamilies 1 (CHD1 and -2), 2 (CHD3 to -5), and 3 (CHD6
to -9) (19, 20). CHD1 protein is conserved from yeasts to humans;
it has DNA-dependent ATPase activity (58) and interacts with
components of the FACT, Paf1, and Spt4 –Spt5 elongation com-
plexes. In addition, CHD1 binds to H3K4me3 both in vitro (22)
and in vivo (29). Subfamily 2 members CHD3/CHD4 are recruited
to specific genes as part of the transcriptional repressor NuRD
complex (59). NuRD links chromatin remodeling with histone
deacetylation activity and is generally considered a transcriptional
repressor (60).

Less is known of the molecular function of mammalian CHD

FIG 9 CHD1 and H3K4me3 accumulation decreases in influenza virus-infected cells. (A) A549 cells were either mock infected or infected with the VIC strain
(3 PFU/cell). At the indicated times postinfection, CHD1, RNAP II, PB1, PA, H3K4me3, H3K27me3, H3, and �-actin were monitored by Western blotting of
total-cell extracts. (B) A549 cells were infected with influenza virus (3 PFU/cell); at different times postinfection, cells were fixed and were processed for
immunofluorescence using antibodies against CHD1, H3K4me3, and NP. DAPI was used to stain nuclei. Images representative of three independent experi-
ments are shown.
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protein subfamily 3. CHD6 activity remains mainly uncharac-
terized, but several studies support its function as a transcrip-
tional activator. CHD6 is found at intranuclear sites of mRNA
synthesis (43) and operates as a coactivator for the cellular Nrf2
transcription factor (61). Very little is known of CHD6 func-
tion, although reports suggest its involvement in processes

such as human cancers (62–64). Mutations in the CHD7 gene
are described as responsible for CHARGE syndrome, a com-
plex neurological syndrome (65); since it interacts with CHD7,
CHD8 might also be involved in CHARGE syndrome (66). The
CHD8 tandem chromodomains bind specifically to histone H3
dimethylated at lysine 4 in vitro (67). CHD9 appears to play a

FIG 10 CHD1 is degraded in influenza virus-infected cells. (A) Mock- and virus-infected A549 cells were treated with cycloheximide (CHX) at 6 hpi. At various
times posttreatment, cell extracts were obtained, and the accumulation of CHD1, PB1, and PA proteins was determined by Western blotting. CHD1 protein
accumulation prior to drug addition was considered 100%. hpt, hours posttreatment. (B) Quantification of the amounts of CHD1 in panel A. Error bars
represent standard errors of the means. Significance was determined by an unpaired Student t test with Welch’s correction; 3 independent experiments were
performed. **, P 
 0.01; ***, P 
 0.001. (C) Cultured A549 cells were either infected with the VIC strain or mock infected, alone or with the proteasome inhibitor
MG132 added 1 h before infection. At various times postinfection, levels of the PB1 and PA polymerase subunits, CHD1, and ubiquitin (UB) were analyzed by
Western blotting.

FIG 11 CHD1 degradation parallels RNAP II degradation. (A) A549 cells were either mock infected or infected with the indicated viruses; at 12 hpi, CHD1,
RNAP II, and the indicated proteins were monitored in Western blots of total-cell extracts. (B) A549 cells were either mock infected or infected with the indicated
recombinant viruses; at 12 hpi, CHD1, RNAP II, and the indicated proteins were monitored by Western blotting. DM, recombinant viruses with double
mutations in residues PA 550 and PB2 504. The results shown are representative of 3 independent experiments performed.
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role in regulating transcription during osteogenic cell differen-
tiation (68). These data indicate that members of the CHD
family might act as transcriptional activators and repressors
and that their chromodomains recognize distinct posttran-
scriptional modifications of histone tails for the recruitment of
specific genes.

The influenza virus paradox. Viruses do not possess the full
equipment needed to express their genomes; they must thus use
host cell factors and compete for and manipulate the host cell to
their own benefit. Influenza virus faces a challenge in that it re-
quires active cellular transcription to provide 5=-capped oligonu-
cleotides to the viral polymerase for viral transcription, but con-
versely, active cellular transcription machinery permits an
efficient antiviral response. To overcome this problem, influenza
virus induces a degradative process that affects central compo-
nents of the cell transcription system, such as RNAP II itself (24,
26), the CHD6 chromatin remodeler (28), and the CHD1 chro-
matin remodeler discussed here. Once viral transcription is com-
plete, these proteins are degraded, which appears to contribute to
host cell shutoff, since inhibition of cellular transcription corre-
lates with the degree of RNAP II degradation in various influenza
virus strains (24, 25). The abilities of different viruses to degrade
RNAP II, which correlate strictly with CHD1 degradation (Fig.
9 to 11), are linked to viral pathogenicity in mice (27), rein-
forcing the role of degradation in viral pathogenesis. The com-
bined degradation of RNAP II and CHD1, both of which play
major roles in gene expression, might be a virus-induced mech-
anism to evade the cell antiviral response. The reduction in
H3K4me3, the histone mark recognized by CHD1 protein (Fig.
9), during infection supports an important function for
H3K4me3 turnover in the control of the antiviral response
elicited by influenza virus infection.

Possible role of CHD1 in influenza virus control. Chromatin
remodelers are thought to be essential for cellular transcription,
since they maintain chromatin in an “open” or “closed” configu-
ration and thus regulate the access of transcription factors and
RNA polymerases to specific genes (69). The recruitment of chro-
matin remodelers to specific genes is mainly the result of remod-
eler binding to transcription factors that recognize specific se-
quences within the promoters, followed by the recognition of
specific posttranslational histone modifications (70). CHD1 re-
cruitment to the genes it regulates appears to be mediated by its
association with transcription initiation complexes and with
H3K4me3 near the beginning of active genes (29). This observa-
tion supports a model in which the combined action of transcrip-
tion complexes and H3K4me3 targets CHD1 specifically to active
genes. Histone methylation is fundamental in gene regulation,
and the H3K4me3 modification is considered a general marker of
actively transcribed genes, since about three-quarters of protein-
coding genes have promoter-proximal nucleosomes enriched for
H3K4me3 (71).

Here we show that CHD1 interacts with influenza virus
polymerase (Fig. 1) and positively modulates the viral life cycle
(Fig. 6) and viral RNA transcription (Fig. 5). Association of the
viral polymerase with transcriptionally active chromatin re-
gions, mediated by the CHD1–H3K4me3 interaction, could
position the viral polymerase near the “open” chromatin sites
where precursor mRNAs are being synthesized. This connec-
tion would provide a platform for an interaction that sustains

the cap-snatching process necessary for viral initiation of
mRNA transcription.

We previously described a distinct negative function of
CHD6 in modulating influenza virus multiplication. CHD6
colocalizes preferentially with active chromatin markers in hu-
man lung epithelial cells (18), but it is not known whether it
controls a large number of genes or a subpopulation of only a
few specific genes, as suggested by transcriptome analysis in
CHD6-silenced cells (our unpublished data). CHD6 is both
degraded and recruited to histones with epigenetic marks of
inactive chromatin in influenza virus-infected cells at late times
postinfection (18). These actions could reduce cellular tran-
scription activity, since they would allow the virus to hijack the
infected-cell metabolism, to promote viral RNA replication
that persists throughout infection (72), and/or to reduce the
antiviral response.

H3K4me3 modification during influenza virus infection. In-
fluenza virus infection induces H3K4me3 addition and the re-
moval of repressive histone marks (H3K27me3) in several in-
terferon-stimulated genes (ISG), allowing the binding of
activated transcription factors, such as STAT1 and IRF7, and
permitting robust ISG expression (73). The importance of his-
tone modification in influenza virus control has also been
shown using viral proteins that mimic endogenous histone
marks. The H3N2 subtype NS1 protein has a histone H3K4-like
sequence (histone mimic) at its carboxyl terminus that is used
by the virus to target the human PAF1 transcription elongation
complex, leading to suppression of hPAF1C-mediated tran-
scriptional control of inducible antiviral gene expression (74).
The NXP2/MORC3 protein, a histone reader that recognizes
H3K4me3 (75), interacts with the influenza virus polymerase
complex and positively modulates viral transcription (76); this
protein relocalizes partially to the cytoplasm late in influenza
virus infection (76). Although NXP2/MORC3, unlike the
CHD1 H3K4me3 reader, is not degraded during infection, its
relocalization could inhibit its still-uncharacterized nuclear
function.

In summary, since the influenza virus is not integrated into the
host genome, its transcription mechanism requires early, precise
functional association with the host transcription apparatus.
Chromatin dynamics therefore determine the viral life cycle.
Changes in chromatin structure also modulate the access of tran-
scription complexes to specific genes needed to counteract the
host cell antiviral response. Chromatin control of viral infection is
thus a new area of research with potential targets for the develop-
ment of antiviral therapies.
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