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ABSTRACT

Influenza A virus (IAV) undergoes RNA transcription by a unique capped-mRNA-dependent transcription, which is carried out
by the viral RNA-dependent RNA polymerase (RdRp), consisting of the viral PA, PB1, and PB2 proteins. However, how the viral
RdRp utilizes cellular factors for virus transcription is not clear. Previously, we conducted a genome-wide pooled short hairpin
RNA (shRNA) screen to identify host factors important for influenza A virus replication. Ribosomal RNA processing 1 homolog
B (RRP1B) was identified as one of the candidates. RRP1B is a nucleolar protein involved in ribosomal biogenesis. Upon IAV
infection, part of RRP1B was translocated from the nucleolus to the nucleoplasm, where viral RNA synthesis likely takes place.
The depletion of RRP1B significantly reduced IAV mRNA transcription in a minireplicon assay and in virus-infected cells. Fur-
thermore, we showed that RRP1B interacted with PB1 and PB2 of the RdRp and formed a coimmunoprecipitable complex with
RdRp. The depletion of RRP1B reduced the amount of capped mRNA in the RdRp complex. Taken together, these findings indi-
cate that RRP1B is a host factor essential for IAV transcription and provide a target for new antivirals.

IMPORTANCE

Influenza virus is an important human pathogen that causes significant morbidity and mortality and threatens the human popu-
lation with epidemics and pandemics every year. Due to the high mutation rate of the virus, antiviral drugs targeting viral pro-
teins might ultimately lose their effectiveness. An alternative strategy that explores the genetic stability of host factors indispens-
able for influenza virus replication would thus be desirable. Here, we characterized the rRNA processing 1 homolog B (RRP1B)
protein as an important cellular factor for influenza A virus transcription. We showed that silencing RRP1B hampered viral
RNA-dependent RNA polymerase (RdRp) activity, which is responsible for virus transcription and replication. Furthermore, we
reported that RRP1B is crucial for RdRp binding to cellular capped mRNA, which is a critical step of virus transcription. Our
study not only provides a deeper understanding of influenza virus-host interplay, but also suggests a potential target for antiviral

drug development.

Inﬂuenza virus is an important pathogen that threatens human
public health and the global economy on an annual basis. Influ-
enza A viruses (IAV), which belong to the family Orthomyxoviri-
dae, are enveloped RNA viruses with eight segments of single-
stranded, negative-sense RNA encoding up to 12 viral proteins
(1). Based on the antigenicity of their hemagglutinin (HA) and
neuraminidase (NA) molecules, they have been classified into
combinations of 18 HA subtypes (H1 to H18) and 11 NA subtypes
(N1 to N11) (2).

At the beginning of infection, the viral HA protein binds to
sialic acid-containing receptors on the host cell surface and elicits
endocytosis of the viral particle, thereby allowing viral entry into
the cell. Subsequently, the engulfed viral particle fuses with the late
endosome to release viral ribonucleoprotein (VRNP), which is
composed of viral RNA (VRNA) associated with the nucleoprotein
(NP) and viral RNA-dependent RNA polymerase (RdRp). The
viral RARp is composed of polymerase acidic protein (PA), poly-
merase basic protein 1 (PB1), and polymerase basic protein 2
(PB2) (3). Subsequently, vRNP is translocated to the nucleus for
transcription and replication of the influenza virus genome, which
are both carried out by RdRp (4). IAV RNA transcription under-
goes a unique cap-snatching process, in which PB2 first binds to
the 5" cap of the host mRNA (5, 6), PA subsequently cleaves the
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host mRNA to produce capped RNA fragments with lengths of 10
to 13 nucleotides (7), and PB1 finally elongates the viral mRNA by
RNA polymerization using the viral negative-sense RNA as a tem-
plate (8). Of note, production of the primer RNA requires PB1
binding to the 5" and 3" end sequences of VRNA (9). As for viral
RNA replication, RdRp first uses the viral RNA as a template to
generate a replicative intermediate, named cRNA, and then uses
cRNA as the template to produce vVRNA in a primer-independent
process (10). In the late stage of the viral life cycle, vVRNP, M1, and
viral envelope proteins assemble the virion particles, which are
then released from the cell surface to produce viral progeny.
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Productive infection of the influenza virus requires the coop-
eration of host proteins. Accordingly, identification of the host
factors involved in viral replication is of interest to understand the
mechanisms of the viral life cycle. To identify potential cellular
factors crucial for viral replication, several genome-wide RNA in-
terference (RNAI) library screens have been conducted (11). Un-
fortunately, relatively few overlaps among the candidates were
found. We therefore carried out a modified pooled genome-wide
RNAi library screen (12). In total, 38 candidate genes, hit by two
unique short hairpin RNAs (shRNAs) showing at least 40% reduc-
tion of viral replication, were identified as hits. To explore the
detailed mechanisms of influenza virus transcription, we focused
on the candidate host proteins with potential functions in the
regulation of cellular transcription or RNA processing, since in-
fluenza virus transcription relies on host transcription (13). From
the list, we focused on the rRNA processing 1 homolog B (RRP1B)
gene, which was previously identified as a susceptibility gene for
breast cancer progression and metastasis (14). RRP1B is a multi-
functional protein that has been implicated in several biological
processes. It has been reported to modulate transcription and
chromatin structure via interaction with transcription factors and
nucleosome-binding proteins (15), as well as to regulate the ex-
pression of mRNA isoforms via interactions with serine/arginine-
rich splicing factor 1 (SRSF1) (16). Additionally, RRP1B is associ-
ated with pre-60S ribosomal subunits and predicted to modulate
ribosome biogenesis (17). Due to its potential function in the reg-
ulation of transcription or RNA processing, the protein was sin-
gled out for further studies to understand its role in IAV replica-
tion. In this study, we found that upon IAV infection, RRP1B is
translocated to the nucleoplasm and facilitates the binding of
RdRp to capped mRNAs to undergo virus transcription.

MATERIALS AND METHODS

Cell culture. Human lung adenocarcinoma epithelial cells (A549) were
maintained in F-12K medium (Gibco) supplemented with 10% fetal bo-
vine serum (FBS) (Thermo Scientific) and antibiotics (100 U/ml penicil-
lin and 100 pg/ml streptomycin). Madin-Darby canine kidney (MDCK)
cells and human embryonic kidney (HEK293T) cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) supplemented
with 10% FBS and antibiotics (100 U/ml penicillin G and 100 g/ml strep-
tomycin). All the cells were cultured under 5% CO, at 37°C.

Plasmids and viruses. All the plasmids required for lentivirus produc-
tion were provided by the National RNAi Core Facility, Academia Sinica,
Taiwan. The identifier (ID) numbers of five shRNA clones used for
knockdown of RRP1B were as follows: TRCN0000130433 (shRRP1B no.
1), TRCN0000131097 (shRRP1B no. 2), TRCN0000129332 (shRRP1B
no. 3), TRCN0000130351 (shRRP1B no. 4), and TRCN0000131094
(shRRP1B no. 5). The ID number of the shLacZ clone is TRCN0000072240.
To generate the pLAS3w-RRP1B-flag.bsd plasmid for expression of Flag-
tagged RRP1B, the open reading frame of RRP1B was amplified by PCR
from pBluescript-RRP1B (purchased from Thermo Fisher Scientific Inc.)
and inserted into the Nhel and Pmel sites of the pLAS3w.Pbsd lentivirus-
based vector (provided by the National RNAi Core Facility, Academia
Sinica, Taiwan). To deliver the shRNA, the lentiviruses carrying the dis-
tinct ShRNA were prepared by cotransfection with a packaging construct
(pCMVARS.91), an envelope construct (pMD.G), and different shRNA
constructs using TransIT-LT1 transfection reagent (Mirus Bio) according
to the protocol on the RNAi Core website. The influenza A/WSN/33 virus
(WSN33) was prepared by using reverse genetics (18) and mainly used in
the studies. Influenza A/New Caledonia/20/1999 (NC99) and A/Wiscon-
sin/67/2005 (W10) viruses were kindly provided by Che Ma, Academia
Sinica, Taiwan.
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Generation of the knockdown stable cell line and the RRP1B-over-
expressing cell line and IAV infection. To generate the RRP1B or LacZ
knockdown (KD) cells, A549 or HEK293T cells were transduced with the
lentivirus carrying shRNAs and subsequently selected with 3 pg/ml puro-
mycin (Sigma) for 10 days to generate the stable cell lines. For the RRP1B-
overexpressing cell line, A549 cells were transduced with the lentivirus
carrying Flag-tagged RRP1B and subsequently selected with 10 pg/ml
blasticidin (Invitrogen) for 10 days. To perform IAV infection, the cells
were washed with phosphate-buffered saline (PBS) and then infected with
IAV in MEM-alpha medium (Gibco) containing 0.5 pg/ml TPCK (tosyl-
sulfonyl phenylalanyl chloromethyl ketone)-trypsin (Sigma) at the indi-
cated multiplicity of infection (MOI) for 1 h. Afterward, the cells were
washed twice with 1X PBS to remove excess AV and then placed in
complete growth medium. The IAV-infected cells were harvested at the
indicated time points for further analysis.

Plaque assay. MDCK cells were infected with serial 10-fold dilutions
of TAV for 1 h, washed twice with PBS, and then overlaid with 0.5%
agarose-containing MEM-alpha medium. After 2 days, the cells were fixed
with 10% formaldehyde and stained with 0.1% crystal violet solution.

Antibodies and reagents. Anti-HA, anti-7-methylguanylate (m7G)
cap antibody, and anti-B-actin antibodies were purchased from Millipore
(no. 04-902, MABE419, and MAB1501). Anti-IAV NP, anti-PB1, anti-
PB2, and anti-PA antibodies were purchased from GeneTex (no.
GTX629633, GTX125923, GTX125925, and GTX118991). Anti-IAV ma-
trix protein (M1) antibody was purchased from AbDSerotec (no.
MCA401). Anti-RRP1B antibody was obtained from Santa Cruz Biotech-
nology (no. sc-83327). Anti-Flag antibody was purchased from Cell Sig-
naling (no. 2368S). Anti-nucleolin antibody was procured from Enzo Life
Sciences (no. KAM-CP100). All Alexa Fluor-conjugated secondary anti-
bodies used for immunofluorescence were procured from Molecular
Probes (Invitrogen). DAPI (4',6'-diamidino-2-phenylindole dihydro-
chloride) and cycloheximide (CHX) were purchased from Sigma-Aldrich.
M-PER mammalian protein extraction reagent and anti-HA agarose were
obtained from Thermo Scientific.

Western blot analysis and immunoprecipitation. Cell lysates were
prepared using M-PER mammalian protein extraction reagent with addi-
tional protease inhibitors, subjected to SDS-PAGE, and transferred onto a
Hybond-P membrane (Amersham Biosciences). The membrane was
probed with the indicated primary and appropriate secondary antibodies,
detected using an enhanced chemiluminescence detection kit (Thermo
Scientific), and then imaged with ImageQuant LAS4000 (GE Healthcare
Life Sciences). For immunoprecipitation assays, the cell lysates were incu-
bated with anti-HA agarose at 4°C overnight and washed with wash buffer
(50 mM Tris, pH 7.5, 150 mM NaCl, 0.1% Triton X-100). The immuno-
precipitated proteins were subjected to Western blot analysis.

Immunofluorescence microscopy. For indirect immunofluores-
cence staining, cells were fixed with paraformaldehyde, permeabilized
with Triton X-100, blocked with bovine serum albumin, and then probed
with the indicated primary antibody. A secondary antibody was applied
with appropriate Alexa Fluor-conjugated antibody. To visualize DNA,
cells were counterstained with DAPI. Images were acquired using a Leica
SP2 spectral confocal microscope.

qRT-PCR. Total cellular RNA was extracted using a High Pure RNA
isolation kit (Roche Diagnostics) according to the manufacturer’s proto-
col. cDNA was synthesized by using the SuperScript IIT first-strand syn-
thesis system (Invitrogen). The primers for reverse transcription (RT) of
mRNA, vRNA, and U2 small nuclear RNA (snRNA) were oligo(dT),,, an
TAV-specific RT primer (uni-12; 5'-AGCAAAAGCAGG-3’), and a U2
snRNA-specific RT primer (5'-CTGGAGGTACTGCAATACCAG-3'),
respectively. For most quantitative RT (qRT)-PCR analyses, we followed
the standard TagMan method with the Universal Probe Library System.
GAPDH (glyceraldehyde 3-phosphate dehydrogenase) was used as a con-
trol for the normalization of cellular mRNA and intracellular viral RNA.
The primers and probes were as follows: IAV_NP segment, sense (5'-GAT
GGAGACTGATGGAGAACG-3") and antisense (5'-TCATTTTTCCGACA
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GATGCTC-3") with universal probe no. 59; RRP1B, sense (5'-AGACAA
AAGTGGGTGATGGTG-3") and antisense (5'-CAGCTCTTCTCAAGG
ATACCTCA-3" with universal probe no. 73; GAPDH, sense (5'-AGCCA
CATCGCTCAGACAC-3") and antisense (5'-GCCCAATACGACCAAAT
CC-3") with universal probe no. 60; and actin, sense (5'-GGTGTATCTC
TGCCTTACAGATCA-3') and antisense (5'-TCCATCACGATGCCAGT
G-3") with universal probe no. 64. For quantification of U2 snRNA, SYBR
green dye was used. The primers for U2 snRNA were as follows: sense,
5'-ATCGCTTCTCGGCCTTTTGG-3', and antisense, 5'-CTGGAGGTA
CTGCAATACCAG-3'.

Minireplicon assay. HEK293T cells were cotransfected with pPoll-
Lug, a Renillaluciferase-expressing plasmid, and four plasmids for expres-
sion of the viral proteins PA, PB1, PB2, and NP. Renilla luciferase activity
was used as an internal control to normalize transfection efficiency. At 48
h posttransfection, cells were collected, and the luciferase activity was
measured by using Dual-Glo luciferase (Promega) according to the man-
ufacturer’s protocol.

Primer extension assay. Primer extension assays were performed by
using a primer extension system avian myeloblastosis virus (AMV) re-
verse transcriptase kit (Promega), as described previously (19). Five mi-
crograms of total RNA was mixed with 0.5 pmol (each) of two DNA
primers, labeled at the 5" end with [y-**P]JATP and T4 polynucleotide
kinase (Promega). The mixture was heated at 50°C for 2 h, followed by
cooling at room temperature for 10 min. Primer extensions were per-
formed after the addition of 1 U of avian myeloblastosis virus reverse
transcriptase (Promega) to the reaction buffer provided with the enzyme
for 2 h at 42°C. Two NA-specific primers were used in the same reverse
transcription reaction: 5'-TGGACTAGTGGGAGCATCAT-3’ to detect
vRNA and 5'-TCCAGTATGGTTTTGATTTCCG-3' to detect cRNA and
mRNA. The sequence 5'-TCCCAGGCGGTCTCCCATCC-3" was used as
a primer to detect 5S rRNA. Transcription products were analyzed on 6%
polyacrylamide gels containing 7 M urea in Tris-borate-EDTA (TBE) buf-
fer and detected by autoradiography.

RIP assay. RNA-binding protein immunoprecipitation (RIP) assays
were performed using the Magna RIP kit (Millipore) according to the
manufacturer’s instructions.

Briefly, HEK293T knockdown cells were transfected in 10-cm dishes
using TransIT-LT1 transfection reagent (Mirus Bio) and lysed with 100 pl
of RIP lysis buffer at 24 h posttransfection. The cell lysates (50 pl) were
incubated with 450 w1 RIP buffer containing anti-HA agarose and rotated
overnight at 4°C. Samples were washed four times with RIP wash buffer,
and 50 pl out of 500 pl of suspension beads was analyzed by immuno-
blotting using the indicated antibodies to check immunoprecipitation
efficiency. The remnant samples were incubated with proteinase K buffer
at 55°C for 1 h to digest the protein. RNAs were extracted by using a
standard phenol-chloroform protocol and subjected to qRT-PCR for rel-
ative quantification.

RNA-protein pulldown assay. RNA-protein pulldown assays were
performed using a Pierce magnetic RNA-protein pulldown kit (Thermo
Scientific) according to the manufacturer’s instructions. The pGEM vec-
tor was first linearized with Xbal and then used for in vitro transcription
with T7 RNA polymerase using a RiboMax large-scale RNA production
kit (Promega) to produce 18-nucleotide RNA (uncapped RNA [5'-UCU
GGUGUUGCCAAAGGG-3']). The in vitro-transcribed uncapped RNA
was purified using a Direct-zol RNA miniprep kit (Zymo Research) and
then capped with a 7-methylguanylate structure using a vaccinia virus
capping system and mRNA cap 2'-O-methyltransferase (New England
BioLabs) to produce capped RNA (5'-m7G-UCUGGUGUUGCCAAAG
GG-3").5" vRNA, which covers 12 nucleotides of the 5" terminus of VRNA
(5'-AGUAGAAACAAGG-3'), and poly(A),5 were obtained from a com-
mercial company (AllBio). Subsequently, RNA molecules were desthio-
biotinylated using a Pierce RNA 3’ end desthiobiotinylation kit (Thermo
Scientific) and captured by streptavidin magnetic beads. Two hundred
micrograms of cell lysates was incubated with desthiobiotinylated RNA-
captured streptavidin magnetic beads at 4°C for 2 h. The pulldown pro-
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teins were eluted using biotin elution buffer and subjected to Western blot
analysis.

RESULTS

Identification of RRP1B as an important cofactor for influenza
A virus replication. We previously carried out an RNA interfer-
ence (RNAI) screen and identified RRP1B as one of the candidates
potentially affecting IAV replication (12). To verify its role in IAV
replication, A549 cells were first transduced with lentiviruses ex-
pressing the shRNAs targeting RRP1B and then infected with in-
fluenza A/WSN/33 virus for 6 h. Compared to the shLacZ control,
shRRP1B no. 3 and no. 5 clones had significantly smaller amounts
of RRP1B protein and RNA; correspondingly, the amounts of vi-
ral NP in the two clones were also significantly smaller, as evi-
denced by both Western blot (Fig. 1A) and qRT-PCR (Fig. 1B)
analyses. Due to the high knockdown efficiencies of the shRRP1B
no. 3 and no. 5 clones, the two clones were selected for further
experiments. To ascertain the importance of RRP1B in IAV repli-
cation, we examined the silencing effect of RRP1B on IAV pro-
duction. The progeny virus titer, as determined by PFU assay, was
reduced up to 10-fold in RRP1B knockdown cells compared to
that from the control cells at various time points of the viral life
cycle (Fig. 1C). To determine the universality of these findings, we
also tested the RRP1B knockdown effects on other influenza virus
strains, A/New Caledonia/20/1999 (HIN1) (NC99) and A/Wis-
consin/67/2005 (H3N2) (W10) viruses. Knockdown of RRP1B
also had the same suppression effects on viral NP or virus produc-
tion (Fig. 1D, E, and F), suggesting that dependence on RRP1B
may be conserved across IAV subtypes.

RRPIB is required for influenza A virus RdRp activity. To
address whether RRP1B plays a role in the early stages of the viral
life cycle, RRP1B knockdown cells were infected with IAV for 3 h
and assessed by immunofluorescence staining of NP, which is lo-
calized mainly in the nucleus early in infection. As shown in Fig.
2A, silencing RRP1B dramatically reduced NP staining signals,
suggesting that RRP1B is involved in the early stages of the viral
life cycle, which include virus entry, uncoating, nuclear import of
vRNP, genome transcription/replication, and translation. To fur-
ther dissect the role of RRP1B in early viral infection, we examined
whether RRP1B participates in virus entry. For this purpose, A549
knockdown cells were incubated with IAV for 1 h at 4°C or 37°C
and then washed with acidic PBS to remove the attached viruses.
At 4°C, the virus can bind to the cell surface but not internalize;
however, the virus can bind and internalize at 37°C. The internal-
ized virus particles were detected by immunoblotting of viral M1
protein, which is the most abundant and sensitive marker protein
of IAV. As shown in Fig. 2B, M1 signals were faint with incubation
at 4°C (lanes 1 to 3), suggesting that most of the attached viruses
were removed by the acidic treatment. Compared to the control
shLacZ cells, no significant change in the amount of internalized
M1 could be observed in RRP1B knockdown cells, indicating that
virus entry was not affected (Fig. 2B, lanes 4 to 6). We next inves-
tigated whether RRP1B is involved in the regulation of IAV tran-
scription/replication. A well-established minireplicon assay was
applied to examine the silencing effect of RRP1B on RdRp activity,
which is responsible for viral transcription and replication (20).
RRP1B knockdown cells were cotransfected with plasmids for ex-
pression of the viral PB1, PB2, PA, and NP proteins; Renilla lucif-
erase; and the reporter pPoll-Luc. Transfection of pPoll-Luc pro-
duces a modified influenza virus VRNA in which the coding region
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FIG 1 Silencing RRP1B reduces influenza A virus replication. (A and B) To prepare A549 knockdown cells, A549 cells were transduced with lentiviruses carrying
shRNA as described in Materials and Methods. The A549 knockdown cells were infected with influenza A/WSN/33 virus at an MOI of 1. At 6 h p.i., the cells were
harvested. (A) The cellular lysates were subjected to Western blot analysis using anti-nucleoprotein (o NP) and anti-RRP1B antibodies. Actin was used as a
loading control. (B) Cellular RNA was extracted and measured by qRT-PCR. The viral RNA (Flu_NP) level was determined by detection of NP-specific VRNA.
Thelevels of viral RNA and RRP1B mRNA were normalized by GAPDH mRNA. The values represent the means = standard deviations (SD) of the results of three
independent experiments. ¥, P < 0.05; **, P < 0.01; ***, P < 0.001 compared with controls (n = 3). (C) A549 knockdown cells were infected with influenza
A/WSN/33 virus atan MOI of 0.01. The supernatants were collected at the indicated time points and used for determining the viral titer by plaque assay in MDCK
cells. The values represent the means = SD of the results of two independent experiments. (D, E, and F) Experiments were performed the same way as for panels
A to C, except that influenza A/New Caledonia/20/1999 (NC99) and A/Wisconsin/67/2005 (W10) viruses were used in place of influenza A/WSN/33 virus. (F)
To determine the knockdown effect on NC99 and W10 virus production, the supernatants were collected at 24 h p.i. and used for plaque assays.

was replaced with the firefly luciferase coding sequences; thus, the  proximately 70% (Fig. 2C). Furthermore, we performed qRT-
firefly luciferase levels reflect the overall transcription and repli- PCR analysis of various viral RNA species in IAV-infected cells.
cation activities of the viral polymerase complex. Compared to the  The results showed that both viral mRNA and vRNA levels were
shLacZ control, silencing RRP1B reduced RdRp activity by ap- reduced in RRP1B knockdown cells, corresponding to the re-
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FIG 2 Silencing RRP1B inhibits IAV RdRp activity. (A) A549 knockdown cells were infected with influenza A/WSN/33 virus at an MOI of 5 for 3 h and processed
for immunofluorescence staining with anti-NP antibody (green) and DAPL. (B) A549 knockdown cells were infected with influenza A/WSN/33 virus at an MOI
of 10 for 1 h, washed with acidic PBS (pH 1.3) to remove the attached but not yet internalized virions, and harvested. Internalized virus particles were analyzed
by Western blotting with anti-M1 antibody. Actin was used as an internal control. (C) 293T knockdown cells were cotransfected with pPolI-Luc and plasmids for
the expression of the viral PB1, PB2, PA, and NP. Renilla luciferase was used as an internal control. At 48 h posttransfection, luciferase activity was determined.
The data represent the respective values relative to the value detected in control shLacZ knockdown cells. **, P < 0.01, and ***, P < 0.001 compared with controls
(n = 3). (D) A549 knockdown cells were infected with influenza A/WSN/33 virus at an MOI of 5. At 3 h p.i., the cellular RNA was extracted. The levels of viral
mRNA, vRNA, and RRP1B mRNA were measured by qRT-PCR and normalized by GAPDH mRNA. The values represent the means * SD of the results of two
independent experiments. **, P < 0.01, and ***, P < 0.001 compared with controls (n = 2). (E) A549 knockdown cells were infected with influenza A/WSN/33
virus atan MOI of 5. At 3 h p.i., the cellular RNA was extracted. The mRNA, cRNA, and vRNA of the viral NA segment were detected by primer extension assay.

5S rRNA was used as an internal control. The band intensities were quantified, and the mRNA/5S rRNA and vRNA/5S rRNA ratios are shown below.

duced RRP1B RNA level at 3 h postinfection (p.i.) (Fig. 2D). Ad-
ditionally, primer extension studies measuring vVRNA, cRNA, and
mRNA of the viral NA segment in the IAV-infected cells (19) also
showed that silencing RRP1B significantly diminished mRNA,
cRNA, and vRNA levels (Fig. 2E). Taken together, these data sug-
gested that in both the minireplicon system and the IAV-infected
cells, RRP1B had been demonstrated to be required for IAV RdRp
activities involved in transcription or replication.

RRPI1B participates in influenza A virus transcription. Be-
cause IAV uses distinctly different strategies for transcription and
for RNA replication, we next investigated the effects of RRP1B
knockdown on viral RNA transcription and replication sepa-
rately. Given that IAV RNA replication (but not transcription)
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requires newly synthesized viral proteins (21), CHX, a translation
inhibitor, was used to block the synthesis of viral proteins, thereby
inhibiting the synthesis of cRNA and the replication of viral RNA.
As shown in Fig. 3A, in the absence of CHX, the reduction of
RRP1B relative to the control cells was correlated with the reduc-
tion of both viral mRNA and vRNA levels (Fig. 3A, left), consistent
with the results described above. Interestingly, in the presence of
CHX, upon RRP1B knockdown, the IAV mRNA levels were re-
duced in correlation with the reduction of RRP1B; in contrast, the
VRNA levels remained unaffected or even increased slightly in
RRP1B knockdown cells (Fig. 3A, right). These results were fur-
ther confirmed in IAV infection of RRP1B knockdown cells by
primer extension assay of intracellular RNA species. The results
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showed that the IAV mRNA levels were reduced in RRP1B knock-
down cells in both the presence and absence of CHX (Fig. 3B, lanes
2 to 7). On the other hand, the vVRNA levels were low but equiva-
lent in all cells in the presence of CHX (Fig. 3B, lanes 5 to 7). These
vRNAs likely represent the entering viral RNA or the residual
amount of viral RNA replication. These results suggest that
RRPIB is directly involved in mRNA transcription, but it is not
certain whether it also participates in RNA replication.

Redistribution of RRP1B upon influenza A virus infection.
To further explore the role of RRP1B in IAV, we next examined its
expression and localization early in infection. As shown in Fig. 4A,
the expression levels of RRP1B were similar in IAV-infected and
uninfected A549 cells at 3 h p.i., indicating that IAV infection did
not enhance the expression of RRP1B. In the absence of viral in-
fection, all the RRP1B colocalized with nucleolin, indicating that it
is a nucleolar protein, consistent with its purported role in ribo-
some biogenesis (17). Interestingly, upon virus infection, some
RRP1B was detected in the nucleoplasm (Fig. 4B). Furthermore,
RRPI1B showed colocalization with NP (Fig. 4C), strengthening
the redistribution of RRP1B upon virus infection. Taken together,
these findings support a potential role of RRP1B in virus tran-
scription, which takes place in the nucleus.
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RRP1B associates with influenza A virus RdRp. The redistri-
bution of RRP1B into the nucleoplasm upon IAV infection of-
fered the possibility that RRP1B might interact with IAV. To ad-
dress this possibility, Flag-tagged RRP1B and HA-tagged IAV
proteins, excluding HA, NA, and NS2, were coexpressed in 293T
cells and used for coimmunoprecipitation assays. As shown in Fig.
5A, among all the viral proteins, PB1, PB2, and NP coprecipitated
Flag-tagged RRP1B, indicating their potential for interaction. To
demonstrate that the interaction between RRP1B and IAV pro-
teins indeed occurs in natural viral infections, A549 cells were
infected with IAV, and the lysates harvested at 3 h p.i. were used
for a coimmunoprecipitation assay. Anti-RRP1B antibody immu-
noprecipitated RRP1B and all three components of RdRp, but not
NSI; in contrast, the IgG control did not precipitate RdRp (Fig.
5B), supporting the conclusion that RRP1B can interact with
RdRp and that RRP1B is present in, or associated with, IAV RdRp.

RRP1B affects the capped-RNA-binding ability of RdRp. The
three components of IAV RdRp have distinct functions. PB2 is for
binding of host capped mRNA, PA is for endonuclease activity,
and PBI is for RNA polymerization (4). Notably, upon virus tran-
scription, PB1 binds to the 5" and 3’ termini of VRNA to activate
RdRp activity (9). Since RRP1B interacts with PB2 and PB1 (Fig. 5A),
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FIG 4 Protein levels and distribution of RRP1B in IAV-infected cells. (A) A549 cells were infected (+) or not (—) with influenza A/WSN/33 virus at an MOI of
5 for 3 h and then harvested for Western blot analysis with antibodies against RRP1B and NP. Actin was used as a loading control. (B and C) A549 cells were
transduced with lentiviruses carrying Flag-tagged RRP1B cDNA. The RRP1B-Flag-overexpressing A549 cells were infected with influenza A/WSN/33 virus at an
MOI of 5. At 3 h p.i., the cells were processed for immunofluorescence with anti-Flag antibody (green), anti-nucleolin antibody (B), or anti-NP antibody (C)

(red), and DAPIL.

we speculated that RRP1B may affect the RNA-binding activity of
RdRp. To test this hypothesis, RRP1B knockdown 293T cells were
cotransfected with HA-tagged PB1, PB2, and PA, and the lysates
were used for immunoprecipitation of the RARp-RNA complex
using anti-m7G cap antibody, which specifically recognizes m7G-
capped RNA, and then immunoblotted with anti-HA antibody to
detect RARp. As shown in Fig. 6A, RdRp could be coimmunopre-
cipitated by anti-m7G cap antibody (lane 7), but not by the IgG
control (lane 4); importantly, anti-m7G cap antibody coprecipi-
tated less RdRp from the RRP1B knockdown cell lysates than from
the control cells (lanes 7 to 9), suggesting that RRP1B is essential
for RdRp binding to capped mRNA. Previously, it was shown that
the N-terminal region of PB1 interacts with PA, whereas the C-
terminal region of PBI interacts with PB2 (22); thus, RdRp exists
as a tripartite complex. It was noted that since PA, PB1, and PB2
have similar molecular weights, the RARp complex was often de-
tected as two bands, as seen in our Western blot analysis.

November 2015 Volume 89 Number 22

Journal of Virology

To establish further that the RRP1B-affected RNA recruitment
in the RARp complex was indeed the capped RNA, RRP1B knock-
down 293T cells were cotransfected with HA-tagged PB1, PB2,
and PA. The lysates were incubated with various RNA species-
conjugated beads, and the captured proteins were immunoblotted
with anti-HA antibody to detect RdRp. Four kinds of RNA, in-
cluding capped and uncapped nonspecific RNA, 5’ termini of
vRNA, and poly(A), were used. The uncapped RNA was prepared
by in vitro transcription of the pGEM plasmid and then capped
with 7-methylguanylate structure to produce capped RNA. As
shown in Fig. 6B, a significant amount of RARp was captured by
capped RNA (lanes 4 to 6), and the amounts of captured RdRp
recovered from the lysates of RRP1B knockdown cells were less
than that from the control cells (lanes 4 to 6). In contrast, the
amounts of RARp bound to the uncapped RNA were very small
and were not affected by RRP1B knockdown (lanes 7 to 9),
strengthening the evidence that RRP1B is critical for the binding
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FIG 5 RRP1B interacts with IAV. (A) HEK293T cells were cotransfected with
Flag-tagged RRP1B and the indicated HA-tagged plasmids. The cell lysates
were prepared and used for immunoprecipitation with anti-HA agarose. The
cell lysates (Input) and the immunoprecipitates (IP) were resolved on SDS-
PAGE and immunoblotted with anti-HA or anti-Flag antibody. (B) A549 cells
were infected with influenza A/WSN/33 virus atan MOI of 5. At 3 h p.i., the cell
lysates were prepared and used for immunoprecipitation with rabbit IgG or
anti-RRP1B antibody. The cell lysates (Input) and the immunoprecipitates
were resolved on SDS-PAGE and immunoblotted with antibodies (Ab) against
RRP1B, PA, PB1, PB2, and NS1, as indicated.

of RARp to capped RNA. We further demonstrated that 5'-vRNA,
which presumably bound to PB1 (9), binds to RdRp as a whole,
whereas poly(A) did not bind, indicating some RNA specificity in
the RNA-RdRp-RRP1B interactions (Fig. 6C). However, the
amount of RdRp captured by 5'-vRNA was not affected by the
depletion of RRP1B (Fig. 6C, lanes 4 to 6). These results likely
suggest that RRP1B primarily assists RARp in binding to capped
mRNA.

RRP1B influences RdRp binding to mRNA in vivo. Since the
above-mentioned evidence implied that RRP1B is involved in the
binding of the RARp complex to capped RNA in vitro, we next
examined whether RRP1B knockdown could affect the binding of
RdRp to cellular mRNA in vivo by performing an RIP assay.
RRP1B knockdown cells were cotransfected with plasmids ex-
pressing HA-tagged RdRp, NP protein, and NP-specific VRNA
and then immunoprecipitated using HA agarose. As shown in Fig.
7A, the same amounts of RARp were immunoprecipitated from
the lysates of the shLacZ control and RRP1B knockdown cells,
suggesting that RRP1B does not alter the formation of the RdRp
protein complex. The immunoprecipitated complex was then ex-
amined for the presence of cellular capped mRNA by using reverse
transcription with oligo(dT) primer and qPCR with gene-specific
primers. Since it has been demonstrated that the majority of the
cap-snatching host primers originate from the most abundant cel-
lular genes (23), we chose two housekeeping genes, the GAPDH
and B-actin genes, to monitor the amount of mRNA coimmuno-
precipitated with RdRp. Compared to the control cells, silencing
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RRP1B did not affect the expression levels of GAPDH and 3-actin
RNAs (Fig. 7B and C, left). However, the amounts of GAPDH and
actin mRNAs coimmunoprecipitated with RARp from the RRP1B
knockdown cells were smaller than those from the control cells
(Fig. 7B and C, right), suggesting the importance of RRP1B in
RdRp binding to mRNA. Recently, small nuclear RNAs and small
nucleolar RNAs have been shown to be abundant capped leaders
for influenza virus transcription (24). We thus assessed whether
RRP1B affects RdRp binding to U2 snRNA. We found that knock-
down of RRP1B slightly reduced RdRp binding to U2 snRNA (Fig.
7D), suggesting that the capped U2 snRNA may be recruited into
the viral RARp through another cellular factor or directly by inter-
acting with viral RdRp.

DISCUSSION

It has been widely recognized that influenza virus transcription,
replication, splicing, and nuclear export of viral messenger RNPs
(mRNPs) depend on the host cell nuclear environment. Here, we
have identified RRP1B as such a molecule. RRP1B has been
demonstrated to regulate the expression of alternative mRNA
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FIG 7 Silencing RRP1B reduces RdRp binding to mRNA in vivo. HEK293T knockdown cells were cotransfected with plasmids expressing HA-tagged PB1,
HA-tagged PB2, HA-tagged PA, and pFlu-NP, which produces NP protein and NP vRNA. At 24 h posttransfection, the cells were harvested for RIP assays as
described in Materials and Methods. The cell lysates were subjected to immunoprecipitation using anti-HA agarose to isolate the RARp-mRNA complex. (A) The
cell lysates and immunoprecipitated proteins were resolved on SDS-PAGE and immunoblotted with anti-HA antibody. (B, C, and D) The levels of input (left)
and coprecipitated (right) cellular mRNAs of GAPDH (B), B-actin (C), and U2 snRNA (D) were determined by qRT-PCR. The values represent the means = SD
of the results of three independent experiments. *, P < 0.05, and **, P < 0.01 compared with controls.

isoforms through interactions with a splicing factor, SRSF1
(16). Therefore, we tried to address whether RRP1B plays a role
in splicing of viral RNAs and found that silencing RRP1B did
not change the ratio of spliced M2 to unspliced M1 (data not
shown), implying that RRP1B may not participate in splicing of
viral RNA. Moreover, RRP1B has the property of binding chro-
matin by interaction with many nucleosome-binding factors
(15), and the RRP1B-binding sites have recently been found to
be related to transcriptional repression, which is associated
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with the TRIM28/HP1a heterochromatin complex (25). In this
study, we identified RRP1B as a critical factor in regulating IAV
cap-dependent transcription. We proposed that IAV infection
causes RRP1B to dissociate from the heterochromatin complex
and instead form a viral RNA transcription complex. Indeed,
upon IAV infection, RRP1B redistributed in the nuclei (Fig.
4B) and formed a coimmunoprecipitable complex with RdRp
(Fig. 5B), supporting this hypothesis. It is worth mentioning
that although RRP1B interacts with PB2 and PB1, but not PA
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(Fig. 5A), in IAV-infected cells, PA was coimmunoprecipita-
ted by RRP1B, since PA forms a complex with PB1 and PB2
(Fig. 5B).

Several host factors have been identified as crucial for influenza
virus RARp activity using functional assays or genome-wide RNAi
screening (11, 26). However, only a few of these host factors have
been shown to participate in viral cap-dependent transcription.
The viral RdRp has been found to interact with the C-terminal
domain (CTD) of the largest subunit of cellular RNA polymerase
II (Pol II), and viral transcription has been demonstrated to de-
pend on cellular Pol IT (27, 28). Furthermore, cyclin T1/CDK9 is
proposed to recruit vVRNP to hyperphosphorylated Pol II for cap
snatching and to facilitate viral mRNA transcription (29). Addi-
tionally, splicing factor proline-glutamine rich (SFPQ/PSF) has
been found to increase the efficiency of viral mRNA polyadenyla-
tion (30). In this study, we identified RRP1B as another important
host factor for influenza virus transcription. Although we pres-
ently cannot rule out the possibility that RRP1B may also affect
viral RNA replication, we clearly showed that RRP1B participates
in viral transcription by mediating the capped-mRNA-binding
ability of viral RdRp (Fig. 6). Since RRP1B facilitated RdRp bind-
ing to mRNA (Fig. 6 and 7), we hypothesized that RRP1B might
bind to mRNA to serve as a carrier for delivering capped mRNA to
the RARp complex. Therefore, we examined the mRNA-binding
ability of RRP1B using an RNA-protein pulldown assay and found
that RRP1B alone, without RdRp, could not bind to capped
mRNA or uncapped mRNA (data not shown), suggesting that
RRPIB facilitates RARp binding to capped mRNA indirectly by
promoting RNA-PB1 or RNA-PB2 binding.

It remains unclear how the influenza virus RdRp is committed
to either transcription or replication on the same vVRNA template.
Various models of the switch of transcription and replication in
influenza A virus infections have been proposed. Some mecha-
nisms are assumed to be controlled by viral factors, whereas others
are related to host factors. Regarding viral factors, NP, which is
involved in encapsulation of the VRNA, was identified as a key
player because of its RNA binding, which might modify the pan-
handle structure for the switch (31). Phosphorylation of NP has
been investigated to regulate the polymerization state of NP, and
ubiquitination of NP has been demonstrated to mediate the RNA-
binding ability of NP (19, 32). We previously reported that ubig-
uitination of the NP protein supports IAV RNA replication, but
not transcription (19), indicating the two processes are clearly
separable. Moreover, the interaction between NP and the poly-
merase complex was also proposed to potentiate unprimed RNA
replication via inhibiting cap-snatching activity (33). Further-
more, expression of the viral NS2/NEP protein affected viral RNA
levels by reducing transcription and increasing replication, sug-
gesting NS2/NEP is associated with the regulation of viral replica-
tion and transcription (34). Also, influenza virus-generated small
RNAs were reported to regulate switching from transcription to
replication through interactions with the viral polymerase ma-
chinery (35). Host factors, such as UAP56 (36) and Tat-SF1 (37),
can bind NP and facilitate NP-RNA interaction; thus, both poten-
tially mediate the switch. In addition, the availability of capped
RNA primers and ribonucleoside triphosphates (rNTPs) are also
important for the switch (38, 39). Given that RRP1B could asso-
ciate with not only RdRp, but also NP (Fig. 5A), and mediate
RdRp binding to capped mRNA (Fig. 6), we speculate that RRP1B
may have the potential to participate in the switch of influenza
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virus transcription and replication. It will be interesting to inves-
tigate this possibility.

In conclusion, we propose that upon influenza virus infection,
RRP1B will be redistributed in the nucleus to access viral RdRp.
The interaction of RRP1B may cause a conformational change of
PB1 or PB2 or stabilize the RdRp complex, thereby facilitating
RdRp binding to capped mRNA and eventually enhancing viral
transcription. It will be of interest to understand how RRP1B me-
diates RdRp binding to capped mRNA.
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