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ABSTRACT

Porcine reproductive and respiratory syndrome virus (PRRSV) nucleocapsid (N) protein is the main component of the viral cap-
sid to encapsulate viral RNA, and it is also a multifunctional protein involved in the regulation of host cell processes. Nonstruc-
tural protein 9 (Nsp9) is the RNA-dependent RNA polymerase that plays a critical role in viral RNA transcription and replica-
tion. In this study, we demonstrate that PRRSV N protein is bound to Nsp9 by protein-protein interaction and that the
contacting surface on Nsp9 is located in the two predicted a-helixes formed by 48 residues at the C-terminal end of the protein.
Mutagenesis analyses identified E646, E608, and E611 on Nsp9 and Q85 on the N protein as the pivotal residues participating in
the N-Nsp9 interaction. By overexpressing the N protein binding fragment of Nsp9 in infected Marc-145 cells, the synthesis of
viral RNAs, as well as the production of infectious progeny viruses, was dramatically inhibited, suggesting that Nsp9-N protein
association is involved in the process of viral RNA production. In addition, we show that PRRSV N interacts with cellular RNA
helicase DHX9 and redistributes the protein into the cytoplasm. Knockdown of DHX9 increased the ratio of short subgenomic
mRNAs (sgmRNAs); in contrast, DHX9 overexpression benefited the synthesis of longer sgmRNAs and the viral genomic RNA
(gRNA). These results imply that DHX9 is recruited by the N protein in PRRSV infection to regulate viral RNA synthesis. We
postulate that N and DHX9 may act as antiattenuation factors for the continuous elongation of nascent transcript during nega-

tive-strand RNA synthesis.

IMPORTANCE

It is unclear whether the N protein of PRRSV is involved in regulation of the viral RNA production process. In this report, we
demonstrate that the N protein of the arterivirus PRRSV participates in viral RNA replication and transcription through inter-
acting with Nsp9 and its RARp and recruiting cellular RNA helicase to promote the production of longer viral sgmRNAs and
gRNA. Our data here provide some new insights into the discontinuous to continuous extension of PRRSV RNA synthesis and
also offer a new potential anti-PRRSV strategy targeting the N-Nsp9 and/or N-DHXO9 interaction.

P orcine reproductive and respiratory syndrome (PRRS) emerged
in America in 1987 and later in Europe (1), and since then it
has spread around the world and has brought great economic
losses to the swine industry worldwide (2). The etiological agent,
PRRS virus (PRRSV), is an enveloped positive-sense RNA virus
that belongs to the family Arteriviridae in the order Nidovirales,
along with equine arteritis virus (EAV), lactate dehydrogenase-
elevating virus (LDV), and simian hemorrhagic fever virus
(SHEV) (3).

The PRRSV genome is approximately 15 kb in length and in-
cludes at least 10 open reading frames (ORFs): ORFla, ORF1b,
ORF2a, ORF2b, ORF3 to -7, and the newly discovered ORF5a (4,
5). ORFla and ORF1b encode polyproteins ppla and pplab, and
at least 14 viral nonstructural proteins (Nsps) are generated as a
result of serial cleavage of ppla and pplab. ppla is processed to
release Nspla, Nsp1f, Nsp2 to Nsp6, Nsp7a, Nsp7f3, and Nsp8;
Nsp9 to Nspl2, which have been shown to be involved in viral
genome transcription and replication, are generated from pplab
(6). Two more Nsps, nsp2TF and nsp2N, have been found re-
cently to be produced from an alternative reading frame overlap-
ping the viral replicase gene by programmed ribosomal frame-
shifting (7). ORF2a and ORF3 to ORF5 encode four
N-glycosylated envelope proteins (GP2a, GP3, GP4, and GP5);
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ORE2b and ORF6 encode two other membrane-associated nong-
lycosylated proteins (E and M) (8). The nucleocapsid (N) protein
is translated from the last ORF (ORF7) to encapsidate the viral
RNA genome (9).

The ORF1b-encoded Nsp9 protein contains a putative RNA-
dependent RNA-polymerase (RdRp) domain in the C-terminal
part, and the N-terminal part of Nsp9 has a newly identified ni-
dovirus RdRp-associated nucleotidyltransferase domain (6, 10).
PRRSV RdRp is considered to be a core component of the viral
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replication and transcription complex (RTC) that is crucial for
virus replication (11). PRRSV Nsp9 not only possesses polymerase
activity, but also interacts with other cellular proteins that affect
viral replication, including annexin A2, retinoblastoma protein,
and DEAD box RNA helicase 5 (12—-14).

The N protein of North American PRRSV contains 123 amino
acids with a molecular mass of 15 kDa. This phosphorylated pro-
tein is the most abundant viral structural protein and exhibits
multiple functions throughout the viral life cycle (15). The fun-
damental function of the N protein is to interact with itself
through covalent and noncovalent interactions to form the vi-
ral capsid, which packages the viral genome (16). In addition,
the N protein localizes in both the cytoplasm and the nucleus/
nucleolus of the host cell and interacts with a number of host
factors, and it can affect cellular gene expression involved in
viral pathogenesis (16-18).

Nucleocapsid proteins of minus-strand RNA viruses have long
been known as part of the helical ribonucleoprotein structure,
which is the template for viral RNA transcription and replication
(19, 20). Recently, the nucleocapsid protein of bunyavirus was
reported to interact with its L polymerase and to mediate the
switch from capped RNA-primed transcription to unprimed viral
RNA replication (21). The nucleocapsid protein of hantavirus was
also shown to interact with its RARp, and their association was
required for viral RNA synthesis (22), consistent with the require-
ment for N protein expression for the function of RdRp in two
Bunyaviridae reverse-genetic systems (23, 24).

In plus-strand RNA viruses, the core protein of classic swine
fever virus (CSFV) and the capsid protein of norovirus have been
reported to enhance their RdRp activities, and their viral RNA
syntheses are regulated by the interaction between their RdRps
and core/capsid proteins (25, 26). A role in viral RNA synthesis
has also been postulated for the N protein of coronavirus, as the
expression of the nucleocapsid protein is required for the initia-
tion of RNA synthesis in some reverse-genetic systems (27, 28).
Recently, phosphorylated coronavirus N protein has been found
to recruit RNA helicase DDX1, and this can facilitate the synthesis
of longer viral subgenomic mRNAs (sgmRNAs) (29).

In arteriviruses, the N protein has been reported to colocalize
with the viral replicases, including Nsp9, in early infection (11,
28). DHX9, a member of the DExH/D box superfamily of RNA
helicases that plays critical roles in transcriptional regulation and
translation, has been identified by proteomic analyses as a poten-
tial cellular partner of PRRSV nucleocapsid protein (17, 18). Why
is N protein present in the replication complex? Does DHX9 play
a role in PRRSV replication similar to that of DDX1 in coronavi-
rus infection? These interesting questions remain to be investi-
gated.

In this study, we provide evidence demonstrating that the
PRRSV nucleocapsid protein interacts with Nsp9 and its RdRp
and also recruits the cellular helicase DHX9 during virus infec-
tion to facilitate viral RNA synthesis and virus production. Our
data suggest that these protein interactions play an important
role in the regulation of arterivirus PRRSV RNA synthesis to
balance the production of viral sgmRNAs and gRNA.

MATERIALS AND METHODS

Cells and virus. Human embryonic kidney (HEK) 293T cells and Marc-
145 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)
(HyClone) in a 5% CO, atmosphere at 37°C. Growth media were supple-
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mented with 10% fetal bovine serum (FBS) (HyClone), 0.1 mM sodium
pyruvate, and penicillin (100 U/ml)-streptomycin (100 p.g/ml) (Bio Basic,
Canada). A highly pathogenic PRRSV isolate, TA-12 (GenBank accession
no. HQ416720.1), and a recombinant PRRSV expressing enhanced green
fluorescent protein (eGFP) reporter (30) were used in virus infection
studies. Genes of the North American strain NSVL 97-7895 (GenBank
accession no. AY545985.1) were amplified by PCR using replicon FL-12 as
the template (31), and genes of the low-pathogenic European strain
Olot/91 (GenBank accession no. KF203132.1) were obtained by reverse
transcription (RT)-PCR as described previously (32).

Bioinformatics analysis. The spatial structures of full-length Nsp9
and N proteins from PRRSV strain NVSL 97-7895 were predicted by the
I-TASSER server online tool (http://zhanglab.ccmb.med.umich.edu
/I-TASSER/) as previously described (33). The N-Nsp9 interaction model
was predicted by PRISM 2.0 (http://cosbi.ku.edu.tr/prism/index.php)
(34). The structure files were analyzed using PyMOL software (PyMOL
v1.0).

DNA transfection. For pulldown or immunoprecipitation assays,
HEK 293T cells grown in 100-mm plates were transfected with 10 pg of
plasmids using calcium phosphate (35). Transfections of Marc-145 cells
in 12-well plates were performed with 1 g of plasmids per well using
Lipofectamine 2000 reagent (Invitrogen, USA) according to the manufac-
turer’s instructions.

Colocalization assay. Cells were cotransfected with constructs ex-
pressing green fluorescent protein (GFP)- and mCherry-tagged proteins.
At 36 h posttransfection, the cells were fixed and permeabilized with pre-
cooled isometric methyl alcohol and acetone for 10 min. After three
washes with phosphate-buffered saline (PBS), the cells were dyed with
DAPI (4',6-diamidino-2-phenylindole) for 20 min in a darkroom at
room temperature. The expression of fluorescent proteins was observed
using a confocal microscope (Nikon, Japan).

Immunofluorescence assay. Transfected HEK 293T cells or PRRSV-
infected Marc-145 cells were immobilized using 4% paraformaldehyde
and permeabilized using 0.2% Triton X-100 for 10 min. After being
blocked with 5% skimmed milk, the cells were incubated with rabbit anti-
DHXO9 polyclonal antibodies (Proteintech, USA) at room temperature for
1 h. After three washes with PBS, the cells were incubated with tetramethyl
rhodamine isocyanate (TRITC)-conjugated anti-rabbit IgG (CWBIO,
China) for 1 h and then stained with DAPI for 20 min. The fluorescence
signals were recorded by confocal microscopy.

Yeast two-hybrid assay. For the yeast two-hybrid (Y2H) assay, the
Nsp9 and N genes of strain NVSL 97-78975 were amplified by PCR using
the corresponding primers listed in Table S1 in the supplemental material
and then inserted into pGBKT7 and pGADT7, respectively. The truncated
fragments and site-directed mutants of Nsp9 were cloned into plasmid
pGBKT7, the same vector as for the full-length Nsp9, and the mutants of N
were cloned into pGADT?7. The inserts in the constructs used in this study
were verified by DNA sequencing.

The pGADT7-N and pGBKT7-Nsp9 constructs were cotransformed
into Saccharomyces cerevisiae (yeast) strain Gold using the Yeastmaker
Yeast Transformation System kit (Clontech, USA) as described by the
manufacturer. Each interaction assay was repeated in at least three inde-
pendent experiments.

Bimolecular fluorescence complementation (BiFC) assay. The Nsp9
and N fragments of NVSL strain 97-7895 were amplified using primer
pairs HindIIINsp9-F/SalINsp9-R and EcoRIN-F/XhoIN-R, and the PCR
products were digested with the indicated restriction enzymes and cloned
into vector pBiFC-VN173 or pBiFC-VC155, respectively, resulting in
plasmids pBiFC-Nsp9-VN173 and pBiFC-N-VC155 for the expression of
fusion proteins Nsp9-EYFPN and N-EYFPC. HEK 293T cells were
cotransfected with the two constructs using calcium phosphate. The su-
pernatant was replaced with fresh medium at 8 h posttransfection, and the
fluorescence was examined 24 h later using a DM5000 B microscope
(Leica, Germany).
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Protein expression and purification. For protein expression, primer
pairs NcoINsp9-F/XhoINsp9-R and EcoRIN-F/BamHIN-R were used to
amplify Nsp9 and N fragments from North American strains NVSL 97-
78975 and TA-12 and European strain Olot/91, respectively. The Nsp9
genes were inserted into pTriEx-1.1 to make pTriEx-Nsp9 constructs, and
the N genes were cloned into pGEX-2T. Recombinant glutathione
S-transferase (GST)-N proteins were expressed in Escherichia coli
BL21(DE3) at 37°C, while the expression of Nsp9-His proteins was per-
formed at 16°C overnight, except for Olot/91 at 4°C for 2 days. The cells
were disrupted by sonication. GST-N was purified with GST-Bind Sep-
harose (CWBIO) in phosphate buffer (137 mM NaCl, 2.7 mM KCl, 10
mM Na,HPO,, and 2 Mm KH,PO, [pH 8.0]). For Nsp9-His, the purifi-
cation was preformed using His-Bind Ni-nitrilotriacetic acid (NTA) Sep-
harose (CWBIO), and the protein was eluted in 20 mM Tris (pH 7.9), 0.5
M NaCl, and 200 mM imidazole.

Pulldown assay. Protein mixtures of Nsp9-His and GST-N were in-
cubated at 4°C for 2 h. In the reaction mixtures treated with RNase, RNase
was added to the mixtures to a final concentration of 10 pug/ml. GST was
incubated with Nsp9-His as the negative control. The solutions were then
incubated with PureProteome nickel magnetic beads (Millipore, USA) in
the tubes. After washing with 50 mM sodium phosphate, 300 mM NaCl,
and 10 mM imidazole (pH 8.0), proteins bound with the beads were
eluted with elution buffer (50 mM sodium phosphate, 300 mM NaCl, and
300 mM imidazole [pH 8.0]). The eluates were separated by SDS-PAGE
and stained with Coomassie brilliant blue or detected by Western blotting.

Coimmunoprecipitation (co-IP) assay. DNA-transfected or PRRSV-
infected cells were washed with PBS three times and lysed with a One Step
Animal Cell Active Protein Exaction kit (Sangon Biotech, China). The cell
lysates were collected by centrifugation at 14,000 X g for 15 min at 4°C.
Aliquots of the cell extract (about 1 X 107 cells) were immunoprecipitated
using the indicated antibodies and applied to PureProteome Protein A
Mix magnetic beads (Millipore, USA) following the supplier’s protocol.
The eluates were analyzed by Western blotting.

Western blotting. Protein samples were separated by SDS-PAGE or
Tricine-SDS-PAGE gels for the detection of protein fragments smaller
than 10 kDa (36) and subsequently transferred to polyvinylidene difluo-
ride (PVDF) membranes (Bio-Rad, USA). The membranes were blocked
for 1 h in 5% skimmed milk and then incubated with the indicated pri-
mary antibodies at 4°C overnight. The primary antibodies used in this
study included mouse anti-His (1:5,000; CWBIO), anti-GST monoclonal
antibodies (MAbs) (1:4,000; BioSino, China), rabbit anti-GFP polyclonal
antibody (1:5,000; CWBIO), and rabbit anti-DHX9 polyclonal antibody
(1:5,000; Proteintech). After three washes with washing buffer (0.1%
Tween 20 in Tris-buffered saline [TBS]), the membranes were probed
with horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit
IgG (1:10,000; CWBIO) at 37°C for 2 h. Immunodetection was performed
using enhanced chemiluminescence (ECL) reagents (CWBIO) according
to the supplier’s instructions, and protein bands were quantified by den-
sitometry using Image Lab software (Bio-Rad).

Competitive-inhibition assay. Marc-145 cells grown in 12-well plates
were transfected with 1 g of plasmid per well expressing the wild-type
(WT) Nsp9seo_e46 fragment or its indicated mutant. At 16 h posttrans-
fection, the cells were infected with PRRSV at a multiplicity of infection
(MOI) of 1. To boost the expression of Nsp9sg9_ 46> the cells were trans-
fected again at 8 h postinfection (hpi). The infected cells were harvested at
0, 24, and 48 hpi. The total RNAs were extracted, and the mRNA levels for
N and Nsp1 were quantified by real-time RT-PCR. The expression level of
the GAPDH (glyceraldehyde-3-phosphate dehydrogenase) gene was de-
tected as an internal control. The quantities of Nsp1 and N represent the
levels of genomic RNA and subgenomic RNAs, respectively.

ShRNA knockdown and overexpression assays. For short hairpin
RNA (shRNA)-mediated knockdown of DHXO9, the target sequence of
DHX9 was selected according to the method of a previous study (37).
The forward and reverse oligonucleotides (shDHX9-F, GGTTAATGAA
CGTATGCTGATCTCTTGAATCAGCATACGTTCATTAACTTTT
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TTC; shDHX9-R, TCGAGAAAAAAGTTAATGAACGTATGCTGATTC
AAGAGATCAGCATACGTTCATTAACCTGCA) contain complemen-
tary sequences: the sense and antisense sequences that encode a hairpin
structure within a 19-nucleotide (nt) stem and a 9-nt loop (5'-TCTCTT
GAA-3") in the middle. The PstI and Xhol restriction enzyme sites (un-
derlined sequences) were added to the 5" ends of the forward and reverse
primers, respectively, to form overhangs. The annealed double-stranded
oligonucleotides were cloned into vector pTriEx-U6 (modified in our
laboratory) to generate pTriEx-shDHX9. Sequence from the luciferase
reporter gene was also cloned as a control (pTriEx-shCT), using primers
shCT-F (GCTTACGCTGAGTCTTCGATCTCTTGAATCGAAGACTCA
GCGTAAGTTTTTTC) and shCT-R (TCGAGAAAAAACTTACGCTGA
GTCTTCGATTCAAGAGATCGAAGACTCAGCGTAAGCTGCA).

For DHX9 overexpression, a construct of pTriEx-DHX9 was gener-
ated in two steps due to the limited available restriction sites in the vector.
First, the 3’ part of DHX9 was amplified using the primer pair
EcoRIDHX9r2-F/HindIIIDHX9r2-R and cloned into the pTriEx-1.1
plasmid between the EcoRI and HindIII sites. Second, the 5’ part of DHX9
was amplified using the primer pair BamHIDHX9r1-F/EcoRIDHX9r1-R
and cloned into the construct between the BamHI and EcoRI sites.

To detect the effects of DHX9 knockdown and overexpression on
PRRSV transcription, Marc-145 cells in 12-well plates were transfected
with pTriEx-shDHX9 or pTriEx-DHX9. Empty vector and pTriEx-shCT
were transfected as negative controls. At 16 h posttransfection, the cells
were infected with PRRSV strain TA-12 at an MOI of 1, and cells were
harvested at 48 hpi for subsequent analyses.

Quantitative real-time PCR. Infected Marc-145 cells were washed
three times with PBS, and the total RNAs were extracted with TRIzon
Reagent (CWBIO). Reverse transcriptions were completed using a 5%
All-in-One RT MasterMix kit (ABM, Canada). Quantitative real-time
PCR (qRT-PCR) was performed in a CFX96 Real-Time PCR detection
system (Bio-Rad), using EvaGreen qPCR MasterMix (ABM) according to
the manufacturer’s instructions. The following cycling conditions were
used for real-time PCRs: 95°C for 30 s and 40 cycles of 95°C for 5 s and
60°C for 30 s. To measure viral total RNA, a pair of internal primers in the
N gene were used to amplify all sgmRNAs and gRNA. To measure gRNA
and each viral sgmRNA, a forward primer in the 5’ leader and a reverse
primer in the corresponding ORF were used for the PCR. The cellular
GAPDH was quantified as the internal control to normalize the cDNA
amounts. All primers used for qRT-PCR are listed in Table S2 in the
supplemental material. The 27227 method was used to calculate the
relative levels of viral genomic and subgenomic RNAs.

Virus titration. Marc-145 cells grown in 96-well plates were infected
with PRRSV strain TA-12 at serial dilutions. After 1 h incubation at 37°C,
the supernatants were replaced with fresh medium containing 2% FBS.
Viral titers were determined by endpoint dilution analyses. The Spear-
man-Karber method was used to determine the 50% tissue culture in-
fected dose (TCID,,) 5 days postinfection (38).

Statistical analysis. Statistical analyses of quantitative real-time PCR
were performed with paired two-tailed Student’s ¢ tests, and analysis of the
virus titer was carried out using one-way analysis of variance (ANOVA).
The data were calculated as means and standard deviations (SD) of three
independent experiments. Statistical analyses were completed using
GraphPad Prism 5 (GraphPad Software, USA).

RESULTS

Nsp9 of PRRSV strain NVSL 97-7895 interacts with its nucleo-
capsid protein. To investigate the interaction between Nsp9 and
N, their gene fragments were amplified from a highly pathogenic
strain, NSVL 97-7895, and inserted into the vectors pGBKT7 and
pGADT?7, respectively, for Y2H analysis. The constructs pGBKT7-
Nsp9 and pGADT7-N containing Nsp9 and N genes were cotrans-
formed into the yeast strain Gold, and empty vectors pGADT7
and pGBKT7 were cotransformed with pGBKT7-Nsp9 and
pGADT7-N, respectively, as negative controls. Protein interac-
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FIG 1 The N protein of PRRSV strain NVSL 97-7895 interacts with its Nsp9. (A) Yeast two-hybrid analysis. Yeast cells were cotransformed with the indicated
constructs. The group transformed with pGADT7-T/pGBKT7-p53 was set up as a positive control, and pGADT7-T/pGBKT7-Lam was the negative control. The
yeast cells were grown for 3 days at 30°C on SD medium without Ade, His, Leu, and Trp. The three spots in each group were diluted 10'-, 10*-, or 10°-fold. (B)
BiFC assay. Constructs expressing Nsp9-EYFPN and N-EYFPC were cotransfected into HEK 293T cells, and the fluorescence was detected at 24 h posttransfec-
tion. The Nsp7-VN/N-VC group was set as a negative control. (C) Pulldown assay using purified proteins. The purified fusion proteins Nsp9-His and GST-N
were incubated at 4°C for 2 h, RNase was added to a final concentration of 10 pg/ml in the RNase “+” groups. GST was purified and used as the control protein
for the binding of GST-N to Nsp9-His. The protein mixtures were applied to nickel magnetic beads, and the bound proteins were eluted and then detected by
SDS-PAGE and Coomassie brilliant blue R250 staining. (D) Pulldown assay to analyze the interaction between Nsp9-His purified from E. coli and N-GFP
expressed in mammalian cells. A vector expressing N-GFP was transfected into HEK 293T cells, the cell lysate was incubated with purified Nsp9-His, and the
proteins bound with Nsp9-His were purified using Ni-NTA beads. The samples were examined by Western blotting using anti-GFP antibody. Nsp7-His was used

as a negative control.

tions were checked by growing on selective medium, synthetic
dropout minimal base (SD) medium without Ade, His, Leu, and
Trp (SD —Ade/—His/—Leu/—Trp). The results showed that nei-
ther Nsp9 fused with the DNA binding domain (BD) of the tran-
scription factor nor N protein fused with the activation domain
(AD) could activate the expression of the reporter, which was
essential for the growth of the yeast cells on the selective medium,
whereas the cells cotransformed with pGBKT7-Nsp9 and
pGADT7-N were alive on the selective medium, indicating that
N-AD bound to Nsp9-BD and activated the reporter in yeast cells
(Fig. 1A).

To confirm the interaction of Nsp9 with the N protein, a bi-
molecular fluorescence complementation assay was then applied.
As shown in Fig. 1B, Nsp9 and N coexpressed in 293T cells
dragged their fused N fragments and C fragments of enhanced
yellow fluorescent protein (EYFP) together and yielded observ-
able fluorescence under a microscope, suggesting that the PRRSV
N protein was able to get close to and contact Nsp9.

To investigate PRRSV Nsp9-N protein interaction in vitro, we
expressed recombinant GST-N and 6 XHis-tagged Nsp9 in E. coli
and purified the proteins for pulldown assays. As both Nsp9 and N
protein are RNA-binding proteins, RNase was also added to the
protein mixture to a final concentration of 10 pg/ml to rule out
the involvement of RNAs in the interaction assay. The results
showed that the N protein clearly bound to Nsp9 with or without
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RNase treatment (Fig. 1C), indicating that the N protein directly
recognized Nsp9 through protein-protein interaction. To validate
this result, HEK 293T cells were transfected with the vector ex-
pressing N-GFP, and then the cell lysate was harvested and incu-
bated with purified Nsp9-His protein and nickel magnetic beads.
After washing, N-GFP was successfully pulled out with Nsp9-His,
but not with the control Nsp7-His from the RNase-treated and
untreated cell lysates (Fig. 1D), confirming that N interacted with
Nsp9 and that the interaction did not need the presence of RNA.

N protein interacts with Nsp9 by binding to the C-terminal
end of Nsp9. The full-length Nsp9 of PRRSV is a large protein that
harbors 646 amino acids. To narrow down the Nsp9-N interaction
region on Nsp9, the three-dimensional (3D) structure of Nsp9
from strain NSVL 97-7895 was predicted using the I-TASSER
server online tool (Fig. 2A), and based on this structure, the pro-
tein was expressed as five BD-fused fragments containing amino
acid residues 1 to 180, 181 to 452, 453 to 646, 1 to 452, and 181 to
646 (illustrated in Fig. 2B) for yeast two-hybrid assays. When these
fragments were coexpressed with N-AD, BD-fused fragments 453
to 646 and 181 to 646 activated reporter expression (Fig. 2C),
indicating that the N protein interaction site was located within
the 453-t0-646 region. Subsequently, fragment 453 to 646 was
split in two, 453 to 551 and 552 to 646 (Fig. 2B), and it was shown
that the N protein bound to the 552-to-646 polypeptide (Fig. 2C).
Further truncation of the fragment 552 to 646 (552 to 598 and 599
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FIG 2 The Nsp9-N interaction domain in Nsp9 is located at the C-terminal end. (A) Predicted 3D structure of Nsp9 of PRRSV strain NVSL 97-7895. The
structure was predicted using the I-TASSER tool and is presented in surface (left) and cartoon (right) formats. (B) Nsp9 fragments used in this study for
identification of the Nsp9-N interaction domain. Full-length Nsp9 was truncated into five fragments in the first stage: Nsp9,_50, NSpP9;g1_452> NSP94s5_es6s
Nsp9,_4s5, and Nsp9 g, 446 The C-terminal fragment, Nsp9,s5 46, Was subsequently split into fragments Nsp9,55_s5; and Nsp9ss, 446, and fragment
Nsp9ss,_¢46 Was finally split into fragments Nsp9ss,_so5 and Nsp9sgg_es6. (C) Vectors expressing the N protein and the indicated Nsp9 fragments were
cotransformed into yeast cells. The yeast cells were grown on selective medium in decreasing densities. (D) Vectors expressing N-GFP and Nsp9s,¢ _¢46-His were
cotransfected into HEK 293T cells. Thirty-six hours after transfection, the cell lysate was harvested and purified using Ni-NTA beads, and the eluate was examined
by Western blotting using anti-GFP antibody. As a negative control, Nsp7-His was coexpressed with N-GFP. (E) HEK 293T cells were cotransfected with plasmids
expressing N-GFP (green), along with the construct expressing mCherry-tagged full-length Nsp9 or the indicated fragment of Nsp9 (red). The nuclei were

stained with DAPI (4',6-diamidino-2-phenylindole) (blue).

to 646 in Fig. 2B) positioned the N protein binding site in the
599-to-646 region (Fig. 2C), which consisted of only 48 amino
acid residues and was predicted to form two a-helixes at the C-
terminal end of Nsp9.

To validate the binding of N to the C-terminal end of Nsp9,
constructs expressing N-GFP and His-tagged Nsp9sq9_44 Were
cotransfected into 293T cells. Nsp7-His was coexpressed with N-
GFP as a negative control. The cell lysates were then incubated
with Ni-NTA beads, the eluted His-tagged proteins were exam-
ined by Western blotting using anti-His antibody, and N-GFP was
detected using anti-GFP antibody. As shown in Fig. 2D, N-GFP
was pulled down by Nsp9s4s_446-His, but not by the control pro-
tein, Nsp7-His. This result verified that the N protein binding
domain of Nsp9 was located in the C-terminal 48 amino acids.

To directly visualize the interaction between the N protein and
Nsp9se9_gae We generated constructs expressing mCherry fused
to full-length Nsp9 and the Nsp9s49_¢46 and Nsp9,_s5, segments.
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After cotransfection with the plasmid expressing N-GFP, the
fluorescence signals were examined by confocal microscopy. The
results showed that Nsp9s99_ 46, as well as the full-length Nsp9,
colocalized with the N protein in the cytoplasm, although the N
protein could enter the nucleolus while Nsp9 resided only in the
cytoplasm (Fig. 2E, top and bottom). In contrast, no obvious co-
localization between the N protein and Nsp9, 55, was observed
(Fig. 2E, middle). These results were consistent with the results of
Y2H and pulldown assays and confirmed that the C-terminal 599-
t0-646 fragment of Nsp9 constituted the N protein binding do-
main.

Nsp9-N association exists in both types of PRRSV strains.
There are two PRRSV genotypes, represented by the North Amer-
ican prototype strain VR-2332 and the European prototype strain
Lelystad virus (LV), which display extensive variation from one
another (39). The above-mentioned data demonstrated the inter-
action between the Nsp9 and N proteins of PRRSV isolate
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FIG 3 Determination of Nsp9-N association in strains TA-12 and Olot/91. (A) Interaction of N with full-length Nsp9 from strain TA-12. Nsp9-His and GST-N
were purified using Ni-NTA or GST-Bind Sepharose, respectively. The pulldown assays were carried out under the same conditions as for strain NVSL 97-7895
(Fig. 1C). The eluate was detected by SDS-PAGE with Coomassie brilliant blue staining. (B) Interaction of N with full-length Nsp9 from strain Olot/91. The
pulldown assays were carried out as described in the legend to panel A. His-tagged proteins in the eluate were examined by Western blotting using anti-His
antibodies, and the GST-tagged proteins were detected using anti-GST antibodies. (C) Sequence alignment of the 48 Nsp9 C-terminal residues of PRRSV isolates
NVSL 97-7895, TA-12, and Olot/91. The residues shaded in yellow were conserved among all three strains, and those shaded in cyan were identical in two of the
three strains. (D) Interaction of N with the Nsp9 C-terminal fragment from strain TA-12. (E) Interaction of N with the Nsp9 C-terminal fragment from strain
Olot/91. (D and E) In coimmunoprecipitation assays, HEK 293T cells were cotransfected with vectors expressing N-GFP and His-tagged Nsp959q_ 446 Thirty-six
hours posttransfection, the cell lysates were collected and incubated with anti-GFP antibody and protein A beads. The immunoprecipitated proteins were

examined by Western blotting (WB) using anti-GFP and anti-His antibodies.

NSVL97-7895, a highly virulent North American strain isolated in
the United States in 1997 (31). To investigate whether N-Nsp9
interaction exists in other PRRSV strains, TA-12, another highly
virulent North American strain isolated in China in 2008, and a
low-virulence European strain, Olot/91, were used in this study.
Sequence comparison (the sequence alignment is shown in Fig. S1
in the supplemental material) showed that strain TA-12 was close
to NSVL97-7895, and the amino acid identity between them
reached 98.5% for Nsp9 and 92.7% for the N protein. In compar-
ison, the sequence similarity between the low-virulence European
strain Olot/91 and the two American strains was only about 60%
for the N protein and 70% for Nsp9.

Nsp9-His and GST-N from strain TA-12, like the proteins
from strain NSVL 97-7895, were stable and could be abundantly
purified and easily detected by Coomassie blue staining. In com-
parison, the expression level of Nsp9-His from strain Olot/91 was
low, the protein degraded rapidly during the pulldown assay, and
the eluate from the pulldown assay could be detected only by
Western blotting. Nevertheless, the pulldown results showed that
the N proteins from both strains TA-12 and Olot/91 bound to
their Nsp9s, and the association was not mediated by RNA, con-
sistent with the result from strain NSVL 97-7895 (Fig. 3A and B).

The C-terminal end of Nsp9, the region identified as the N
binding domain in strain NSVL97-7895, was also highly con-
served between the two highly pathogenic strains but diverged
about 30% between the European and American strains (Fig. 3C).
To validate the interaction domain on Nsp9 of strains TA-12 and
Olot/91, a coimmunoprecipitation assay was carried out. The cell
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lysates coexpressing N-GFP and the His-tagged Nsp9 C-terminal-
end 48 amino acid residues were harvested and immunoprecipi-
tated with anti-GFP polyclonal antibody. The proteins eluted
from the protein A column were subsequently detected by West-
ern blotting. As the results shown in Fig. 3D and E illustrate, the
Nsp9 C-terminal-end fragments from both strains TA-12 and
Olot/91 were coimmunoprecipitated with their N proteins by the
anti-GFP antibody. The data shown here demonstrated that
PRRSV Nsp9 interacted with the N protein through its C-terminal
domain, and this interaction existed in the low-pathogenic Euro-
pean strain, as well as in the highly pathogenic North American
strains, in spite of their sequence divergence.

Determination of the crucial amino acids on Nsp9 and N
protein participating in their interaction. To identify the key
amino acids involved in N-Nsp9 interaction, N-Nsp9 binding
models for PRRSV strain NSVL 97-7895 were simulated by the
online server PRISM 2.0 (34) (see Fig. S2 in the supplemental
material). A series of residues exposed on the contacting surface of
Nsp9 according to the binding models were chosen for mutagen-
esis analysis (Fig. 4A). The interactions of 11 single mutants of
Nsp9s99_s46 With the N protein were assayed with the yeast two-
hybrid system. As shown in Fig. 4B, compared with the WT
Nsp9se9_g46> replacement of amino acids E608, E611, E639, and
E646 with alanine effectively weakened but did not abrogate the
association of the Nsp9 fragment with the N protein. Simultane-
ous mutation of two of the four residues showed that E608A/
E611A, E608A/E646A, and E611A/E646A double mutants com-
pletely abolished the interaction between the N protein and the
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FIG 4 Identification of the amino acid residues on Nsp9 involved in N-Nsp9 binding. (A) Prediction of the probable amino acids on Nsp9 involved in N-Nsp9
interaction. Nsp9 and the N protein of strain NSVL 97-7895 were used for the structural prediction, and protein docking was carried out with a simulated-
interaction online server (PRISM 2.0). The residues probably involved in the N-Nsp9 interaction, according to the predicted binding models (see Fig. S2 in the
supplemental material), are shown in red. (B) Y2H assay of the single mutants of Nsp95,4_¢4¢. BD-fused Nsp9 fragments containing the indicated mutations were
coexpressed with N-AD in yeast cells. The yeast cells were grown on selective medium in decreasing concentrations. (C) Y2H assay of the double mutants of
Nsp9se9_gae- (D) Analysis of the interaction between the N protein and the mutated Nsp9544_4 fragments by coimmunoprecipitation assay. HEK 293T cells
were cotransfected with vectors expressing N-GFP and the indicated His-tagged Nsp9s40_,46 fragments. The precipitated proteins and the input cell lysates were

examined by Western blotting using anti-GFP and anti-His antibodies. Cellular 3-actin was detected as an internal control.

Nsp9sg9_g46 fragment (Fig. 4C). The E608A/E639A double mu-
tant significantly diminished the interaction, but E611A/E639A
and E639A/E646A mutants showed growth ability on the selec-
tive media similar to that of the E611A and E646A single mu-
tants (Fig. 4C).

To verify the yeast two-hybrid results, coimmunoprecipitation
assays were done using the mutated Nsp9s44_¢4¢ fragments. N-
GFP was coexpressed with either His-tagged WT or a single/dou-
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ble mutant of Nsp9sg9_446 in HEK 293T cells. The harvested cell
lysates were incubated with anti-GFP antibodies, and the proteins
eluted from protein A beads were analyzed by Western blotting
using an anti-His MAD. The results showed that replacement of
single amino acids had little effect on the N-Nsp9 interaction (Fig.
4D); however, the E611A/E646A double mutant lost the ability to
interact with the N protein, and the E608A/E611A double mutant
only weakly bound to the N protein. These results indicated that
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selective medium in decreasing densities at dilutions of 10~", 1072, and 10°.
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residues E608, E611, and E646 of Nsp9 could cooperatively par-
ticipate in the Nsp9-N interaction.

To identify the amino acid residues on the N protein that par-
ticipated in the N-Nsp9 interaction, the three-dimensional struc-
ture for the N protein of strain NSVL 97-7895 was predicted (Fig.
5A) and displayed high similarity to the resolved structure for the
N protein of strain VR-2332 (Protein Data Bank accession no.
[PDB] 1P65), and a docking study on N-Nsp9 interaction was
conducted. In the predicted binding models, amino acids R13,
T81-Q85-F104, and T101 on the N protein could bind to the res-
idues E608, E646, and E611, respectively, on Nsp9 (see Fig. S2 in
the supplemental material). Here, constructs expressing the five
site-directed mutants of the N protein were generated for Y2H
assay. As shown in Fig. 5B, the Q85A mutant entirely abrogated
the interaction with the WT Nsp9s44_¢4¢ fragment, while the rest
of the mutants displayed no difference from the WT N protein in
the Y2H assay.

Taken together, the site-directed mutagenesis data presented
here showed that amino acid Q85 on the N protein plays a critical
role in the interaction with Nsp9. Three key amino acids on Nsp9
(E608, E611, and E646) involved in the N-Nsp9 interaction were
identified, but further studies are needed to investigate the actual
roles of these amino acids in N-Nsp9 binding.

Competitive inhibition of N-Nsp9 interaction suppressed
the synthesis of viral subgenomic and genomic RNAs. In order
to investigate whether the Nsp9-N interaction plays a role in
PRRSV transcription, the vector expressing the polypeptide
Nsp9s99_g46> Which had been determined by pulldown and co-IP
assays to be able to bind to the N protein, was transfected into
Marc-145 cells. The transfected cells were then infected with
PRRSV at an MOI of 1 at 16 h posttransfection, when the expres-
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sion of the Nsp9s9_ 46 fragment was detectable by Western blot-
ting (Fig. 6A), and then viral total RNAs, including the gRNA,
were quantified by real-time RT-PCR at 24 and 48 hpi. The qRT-
PCR data showed that expression of Nsp9s44_ 46 significantly in-
hibited the synthesis of both viral gRNA and viral total RNAs
compared to the control transfected with an empty vector (Fig. 6B
and C). Calculation of the gRNA/total RNA ratio revealed that the
expression of Nsp9s9_ 46 NOt only inhibited the synthesis of viral
RNAs, but also reduced the proportion of the full-length gRNA in
the total viral RNA (Fig. 6D), suggesting that the N-Nsp9 interac-
tion participated in the regulation of PRRSV RNA replication and
transcription.

In the N-Nsp9 interaction inhibition assay, expression of
Nsp9s99_ g4 mutants in parallel with WT Nsp9s94_ 646 Showed that
most of the mutants displayed weaker inhibition ability than WT
Nsp9s9_gs6- The E611A/E646A double mutant, which lost the
ability to bind to N protein in Y2H and co-IP assays, exhibited no
activity inhibitive to the synthesis of viral RNAs compared to the
empty vector. These results illustrated that interfering with the
N-Nsp9 interaction suppressed the synthesis of viral RNAs and
that replacing critical residues in the interfering fragments to re-
lieve the inhibition of the N-Nsp9 interaction could also relieve
the suppression effect on viral RNA synthesis, confirming the in-
volvement of the N-Nsp9 interaction in viral RNA production.

Examination of the yield of viral progeny showed that expres-
sion of WT Nsp9sg9_g46 significantly reduced the production of
infectious viruses at 48 hpi. The E608A/E611A and E611A/E646A
double mutants, which suppressed less viral gRNA synthesis, also
exhibited less inhibition of viral progeny production than the
other mutants (Fig. 6E).

PRRSV N protein interacts with the cellular RNA helicase
DHX9 and redistributes DHX9 into the cytoplasm. The obser-
vation of the involvement of the N-Nsp9 interaction in viral RNA
synthesis raised the interesting question of how the N-Nsp9 inter-
action influenced the gRNA/sgmRNA product ratio. In coronavi-
ruses, the phosphorylated N protein has been found to recruit the
RNA helicase DDX1, and this can facilitate the synthesis of longer
viral sgmRNAs (29). Mass spectrometry coupled with pulldown
or coimmunoprecipitation assays have also found a panel of cel-
lular RNA helicases associated with the PRRSV N protein (17, 18),
and both of the studies have identified DHX9 as a potential cellu-
lar partner for the N protein, suggesting a possibility that DHX9
could play a role in PRRSV infection similar to that of DDX1 in
coronavirus infection.

To verify the interaction of the PRRSV N protein with cellular
DHX9, His-tagged N protein was coexpressed with DHX9 in HEK
293T cells. The coimmunoprecipitation assay results showed that
the N protein was efficiently coimmunoprecipitated with DHX9
by anti-DHX9 antibodies (Fig. 7A), confirming the interaction
between DHX9 and the PRRSV N protein. To investigate whether
N interacted with DHX9 during PRRSV infection, Marc-145 cells
were infected with PRRSV TA-12, and the cell extract was used for
coimmunoprecipitation assays. As shown in Fig. 7B, anti-DHX9
antibody specifically coimmunoprecipitated the N protein with
DHXO9 from the cell extract. In the control assays, anti-DHX9
antibody failed to precipitate purified N protein without the pres-
ence of DHX9, and neither the N protein nor DHX9 was precipi-
tated by the irrelevant rabbit IgG.

To visually observe the DHX9-N association, fusion proteins
N-GFP and mCherry-DHX9 were coexpressed in HEK 293T cells.

jviasm.org 5391


http://www.rcsb.org/pdb/explore/explore.do?structureId=1P65
http://jvi.asm.org

Liu et al.

A ;o &
& & F&ESF
L o &
S
P FTF FF ) g§) %év \ng

antiHis[ el L SR

Anti-Tubulin | s it S50 S0 SNEF S0 % o0 e o

(oY)

1.5+ B 24hpi & 48hpi

-
=}
1

o
T

Relative level of total RNA

0.0 b1 [ !
5 5 F X FF AT
& & AT S F T F
& 5 CE TP ECEEEEEE
S FF S F ST
S8 & &8 SEES
& &
C 15 24hpi 48hpi

U LIPS S S R R
o & W oF ¥ o § X W oF ¥ WV oF o o
S S A RN S S N oD $0° NN DT 0T
@Qé@q SeESIEEN &Q'C\%Q‘” NGRS
<9 CECCCe o ECECEL
= O
D E 4 £ 48hpi
= n.s ns. *
Sl :
< 3 ] ]
Z 3 " ]
£ a 5 E s o b
S8 1 H ) o
g8 2 2 2 H
8% e . ] E
4 - -
2 5’ < H ﬁ :§ )
=) - =
ol B : )

FIG 6 Competitive inhibition of the N-Nsp9 interaction by overexpression of Nsp9seq_s46 O its mutants and effects on the production of viral RNAs and
progeny viruses. Mar-145 cells were transfected with constructs expressing the indicated fragments and then infected with PRRSV at an MOI of 1 at 16 h
posttransfection. Empty vector was transfected as a control. (A) The expression of Nsp9 fragments in the transfected cells at 16 h posttransfection was detected
by Western blotting using anti-His monoclonal antibody. Tubulin was detected as an internal control. (B and C) At 24 and 48 hpi, viral total RNA (B) and gRNA
(C) were quantified by real-time PCR using primers targeting the N and NspI genes, and the relative levels of viral RNAs versus those at 0 hpi are shown. The
GAPDH level was monitored as an internal control for gqRT-PCR. (D) The ratios of viral gRNA to total RNA levels in cells overexpressing WT Nsp9s9q_ 46 and
in the control group were calculated. (E) Virus titers at 48 hpi were determined by limiting-dilution analysis. The data from three independent experiments were
averaged and used to calculate the standard deviations, shown as error bars. Statistical analyses were performed with Student’s t test. (B, C, D, and E) Significance

was calculated relative to the WT Nsp959q_ 46 group, and the significance between empty vector and WT Nsp9se9_ 46 is indicated: ### and ***, P < 0.001; ## and
**, P <0.01; %, P < 0.05; n.s., not significant.
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FIG 7 Association of RNA helicase DHX9 with PRRSV N protein and virus infection. (A) Verification of the interaction between DHX9 and N by coimmuno-
precipitation assay. DHX9 and N-His were coexpressed in HEK 293T cells, and Nsp7-His was coexpressed with DHX9 as a control. At 36 h posttransfection, the
cells were harvested, and the cell lysates were incubated with anti-DHX9 antibody and protein A beads. Western blotting of the input lysates and precipitated
proteins was performed using anti-His (WB: Anti-His) and anti-DHX9 (WB: Anti-DHX9) antibodies. (B) Identification of the interaction between DHX9 and
PRRSV N protein in infected cells. Marc-145 cells were infected with PRRSV atan MOI of 1, and the cells were lysed at 48 hpi. The coimmunoprecipitation assays
were carried out using anti-DHX9 antibody, with rabbit anti-goat IgG (CWBIO; CW0105) as a control. Purified N protein was also immunoprecipitated with
rabbit anti-DHX9 antibody in parallel as a negative control. The eluted proteins were examined by Western blotting. (C) Colocalization of overexpressed N-GFP
and mCherry-DHX9. HEK 293T cells were cotransfected with plasmids expressing N-GFP and mCherry-DHX9. The cells were fixed at 36 h posttransfection
using prechilled methyl alcohol and acetone and stained with DAPI. Fluorescence was detected by confocal microscopy. Arrows indicate the redistribution of
DHX9 to the cytoplasm. (D) Redistribution of endogenous cellular DHX9 in cells expressing N-GFP. HEK 293T cells were transfected with vector expressing
N-GFP for 48 h and then stained with rabbit anti-DHX9 antibody after immobilization. The arrows indicate the redistribution of DHX9 to the cytoplasm in
transfected cells, and the untransfected cells are circled. (E) Redistribution of cellular DHX9 in PRRSV-infected cells. Marc-145 cells were infected with PRRSV
SD16-eGFP, fixed at 48 hpi, and incubated sequentially with rabbit anti-DHX9 antibody and TRITC-conjugated anti-rabbit IgG. The arrows indicate the

redistribution of DHXO9 to the cytoplasm in infected cells.

In transfected cells, the majority of the overexpressed mCherry-
DHXO9 entered cell nuclei, and N-GFP localized in both the cyto-
plasm and cell nuclei. In most of the cotransfected cells, the red
fluorescence superimposed well on the green fluorescence in cell
nuclei (Fig. 7C, top), but colocalization of DHX9 with the N pro-
tein in the cytoplasm was also observed in a small number of
cotransfected cells (Fig. 7C, bottom).

The localization of overexpressed DHX9 in cell nuclei is con-
sistent with the function of the protein in transcription regulation.
However, the transcription and replication of PRRSV RNAs, like
those of other nidoviruses, are carried out in the cytoplasm of the
host cells. If DHX9 is recruited by the PRRSV N protein and is
involved in virus replication, it will require the redistribution of
the protein into the cytoplasm. To investigate whether the N pro-
tein could redistribute the localization of cellular DHX9, HEK
293T cells were transfected with the construct expressing N-GFP,
and the cells’ endogenous DHX9 was visualized by immunofluo-
rescence assay. As shown in Fig. 7D, the endogenous DHX9 local-
ized exclusively in the nuclei in the untransfected cells, while in the
transfected cells expressing N-GFP, some of the DHX9 proteins
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were obviously redistributed from the nucleus into the cytoplasm,
where they colocalized with N-GFP.

To observe the localization of DHX9 in PRRSV-infected cells,
Marc-145 cells were infected at an MOI of 1 with a recombinant
PRRSV strain (SD16) expressing eGFP (30), and then the local-
ization of DHX9 was examined by immunofluorescence analysis
using anti-DHX9 antibodies at 48 hpi. Consistent with the subcel-
lular localization of the protein in untransfected 293T cells, DHX9
predominantly localized to the nucleus in uninfected Marc-145
cells (Fig. 7E, bottom). In PRRSV-infected cells, part of the endog-
enous DHX9 proteins were clearly redistributed into the cyto-
plasm (Fig. 7E, top), implying that DHX9 might be recruited into
the virus RTCs and involved in the regulation of virus replication.

N protein recruits DHX9 to benefit the synthesis of viral
gRNA and long sgmRNAs. To investigate the role of DHX9 in
PRRSV replication, DHX9 in Marc-145 cells was knocked down
by transfection of an RNA interference vector expressing a short
hairpin RNA targeting the DHX9 gene (shDHX9). Western blot
analysis showed that expression of sShDHX9 reduced the level of
DHX9 protein by about 60% compared to the controls transfected

jviasm.org 5393


http://jvi.asm.org

Liu et al.

A )
@%9’* & .{3’ B shCT
Sy P EZ3 shDHX9
AniDHS || <
Anti-B-actin | - — — E
s
Relative value 1 1.09 0.36 °
C 8 :
L Q) —_—
& g
Q)& A‘Zao 0‘9' &
Anti-B-actin | “e——

Relative value 1

D

E3A Empty vector

E oo b &3 DHX9
8 pi 72hpi 2.0- o
-
= i [ |
151 2 ns. ns.
0 Lo B |

10040 TCIDso/mL

Relative expression
-
o
h

FIG 8 Effects of knockdown and overexpression of DHX9 on PRRSV infection. (A) Interference with DHX9 expression by shRNA. MARC-145 cells were
transfected with the empty vector or vectors expressing short hairpin RNA targeting the DHX9 gene (shDHX9) or shCT targeting the luciferase gene. DHX9
protein was detected using anti-DHX9 polyclonal antibodies, and B-actin was detected as an internal control. The relative value was calculated using 3-actin to
normalize the amount of protein loaded. (B) Effects of DHX9 knockdown on PRRSV RNA synthesis. MARC-145 cells were infected with PRRSV at an MOI of
1 at 16 h posttransfection of the indicated vectors. The levels of viral RNAs were monitored at 48 hpi by quantitative RT-PCR, and the levels of shCT treatment
were normalized to a value of 1. (C) Detection of overexpression of DHX9 protein by Western blotting. 3-Actin was examined as an internal control. The relative
value is the DHX9/@B-actin ratio in each group. (D) Effects of DHX9 overexpression on PRRSV RNA synthesis. Cell transfection and RNA quantification were
performed as described for panel B. MARC-145 cells transfected with empty vector were infected with PRRSV as a control, and the viral RNA levels in control cells
were normalized to a value of 1. (E) Progeny virus titers produced in DHX9 knockdown and overexpressing cells. Virus titers at 48 and 72 hpi were determined
by endpoint dilution assay. The data shown are averages of the results of three independent experiments. The error bars indicate standard deviations. Statistical

analyses were performed with Student’s  test. ***, P < 0.001; **, P < 0.01; ¥, P < 0.05; n.s., not significant.

with the empty vector or plasmid expressing interfering RNA of
the luciferase reporter gene (shCT) (Fig. 8A). After the infection of
the Marc-145 cells with PRRSV, synthesized viral RNAs were
quantified by real-time RT-PCR. As shown in Fig. 8B, the rela-
tive levels of viral gRNA and sgmRNAs, including sgmRNA2 to
sgmRNAG6, apparently declined in DHX9 knockdown cells com-
pared to the control, but the relative levels of the shortest viral
sgmRNA, sgmRNA7, had no significant differences. This result
suggested the positive role of DHX9 in the process of synthesizing
long subgenomic mRNAs and genomic RNA.

Subsequently, Marc-145 cells were transfected with a construct
overexpressing DHX9 before PRRSV infection. The overexpres-
sion of DHXY in the transfected cells was confirmed by Western
blotting (Fig. 8C). Quantification of the viral RNAs showed that
overexpression of DHX9 markedly increased the relative levels of
long viral RNAs compared with the control group, while no sig-
nificant changes were found in the synthesis of short sgmRNA6
and sgmRNA?7 (Fig. 8D). These data confirmed the beneficial role
of the cellular RNA helicase DHX9 in the synthesis of long viral
RNAs.

Titration of PRRSV at 48 and 72 hpi revealed that knockdown
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of DHX9 expression inhibited the production of progeny viruses.
On the other hand, overexpression of DHX9 prominently in-
creased virus production compared with the control group (Fig.
8E). These results demonstrated that DHX9 played a positive role
in PRRSV infection.

DISCUSSION

The N protein of arteriviruses has been known as a multifunc-
tional protein more than a structural component of the viral cap-
sid to encapsulate the viral genomic RNA (16, 40). It has been
reported to be involved in other aspects of viral biology, such as
modulating host cell function during infection and recruiting cel-
lular factors to promote viral replication (41, 42). The N protein of
arterivirus EAV colocalizes with the viral replication complex in
early infection, probably due to the the proximity of the sites of
encapsidation and genome replication (11, 28), as it has been
shown that EAV genome replication and sgmRNA transcription
require only the expression of the replicase gene (28). PRRSV can
be successfully rescued by reverse genetics without the preexisting
N protein (30, 31), suggesting that N protein is also dispensable
for the initiation of PRRSV RNA synthesis. However, whether N
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protein of PRRSV is involved in the regulation of the viral RNA
synthesis process has remained obscure.

Here, we showed that the N protein of the arterivirus PRRSV
bound with Nsp9, its RdRp, by protein-protein interaction. The
N-Nsp9 interaction existed not only in the highly pathogenic
North American strains NSVL 97-7895 and TA-12, but also in a
low-virulence European strain, Olot/91, indicating that the pro-
tein-protein interaction could be common in PRRSV strains and
may play some important roles in virus infection. In this study, we
detected only the interaction of tagged N protein with Nsp9 due to
the lack of appropriate antibodies for co-IP assays. Further studies
are needed to examine whether N actually interacts with Nsp9 in
PRRSV-infected cells.

To investigate how the N protein interacted with Nsp9, trun-
cated Nsp9 fragments were used in Y2H, pulldown/co-IP, and
immunofluorescence colocalization assays, and the C-terminal-
end fragment consisting of amino acid residues 599 to 646 was
identified as the N protein binding region. This region is close to
but does not overlap the predicted RdRp catalytic domain, which
spans amino acid residues 334 to 583 (43). Site-directed mutagen-
esis analyses identified the negatively charged residues E646, E608,
and E611 on Nsp9 and a polar residue, Q85, on the N protein as
the key residues participating in the N-Nsp9 interaction.

Competitive inhibition of the N-Nsp9 interaction with over-
expressed Nsp9soe_ 446 resulted in a dramatic decline in viral RNA
synthesis, especially gRNA production, and consequently inhib-
ited the production of infectious progeny viruses. In contrast, the
mutated Nsp9s99_446 With reduced ability to bind the N protein,
displayed less inhibition activity than WT Nsp9s49_¢46, and the
E611A/E646A double mutant, which lost the ability to bind N
protein, had the least inhibition effect. These data demonstrated
that the interaction of N protein with Nsp9 could benefit the syn-
thesis of PRRSV RNAs.

In minus-strand RNA viruses, the N protein has been well
known to play important roles in viral RNA transcription and
replication (19, 20). Recently, the N protein of bunyavirus was
found to interact with its RdRp, and the interaction regulated the
switch from capped RNA-primed transcription to unprimed viral
RNA replication (21). In hantavirus, the interaction of N with its
RdRp has been reported to be required for viral RNA synthesis,
and it is postulated to be involved in cap-snatching or RdRp-
recruiting processes (22).

In the plus-strand viruses CSFV and norovirus, the core/capsid
proteins have been reported to interact with the RdRps and to be
involved in viral RNA synthesis (25, 26). Here, we found that the
PRRSV N protein also interacted with its RdRp, Nsp9. To our
knowledge, this is the first study to demonstrate the interaction of
the N protein with its viral RdRp in nidoviruses and the involve-
ment of the N protein in arterivirus RNA synthesis. It is notewor-
thy that the production of PRRSV genomic RNA was reduced
more severely than that of the total viral RNAs by inhibition of the
N-Nsp9 interaction. In coronaviruses, the N protein has been re-
ported to be required for efficient replication of the viral genome
(44, 45). Whether the N and RdRp interaction also exists in coro-
naviruses and participates in RNA synthesis regulation remains to
be determined.

In our previous studies, a panel of cellular RNA helicases inter-
acting with the PRRSV N protein were identified by proteomic
assays (17, 18). Among them, DHX9 was detected in both studies
and scored high in the list of proteins pulled down by the His-
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tagged N protein. Here, we showed that the N protein could be
coimmunoprecipitated with DHX9 by anti-DHX9 antibodies,
confirming the interaction of PRRSV N with DHX9. The redistri-
bution of endogenous cellular DHX9 from the nucleus to the cy-
toplasm, where PRRSV replication compartments are located, was
observed in both N-transfected and PRRSV-infected cells, sug-
gesting that the N protein may recruit this RNA helicase into the
RTC to regulate viral RNA synthesis. Furthermore, we showed
that overexpression of DHX9 increased the production of viral
gRNA and sgmRNAs longer than sgmRNAG6, while knockdown of
the expression of DHX9 using shRNA inhibited the synthesis of
viral gRNA and longer sgmRNAs. These data demonstrated that
DHXO9 was recruited by the N protein to benefit the replication of
viral gRNA and the transcription of long sgmRNAs.

DHXO is also called RNA helicase A, and its function has been
known to be unwinding double-stranded RNA (46). Nakajima et
al. (47) have reported that DHX9 acts as a bridging factor between
CREB-binding protein (CBP) and RNA polymerase I and coop-
erates with CBP to activate transcription. In virus infections,
DHXO9 was first identified interacting with HIV gag protein and
HIV RNA, and it was also found to be incorporated into HIV
virions (48). During foot-and-mouth disease virus infection, it
was reported to associate with the 5'-terminal viral genome and
viral proteins 2C and 3A and also complexed with the cellular
protein PABP (49). Recently, DHX9 was shown to be required for
the replication and transcription of influenza virus RNAs through
interaction with viral NS1 protein in an RNA-dependent manner
(50).

All nidoviruses contain a positive-strand long genomic RNA.
During viral RNA synthesis, the viruses first produce a set of co-
terminal negative-strand RNAs, which are generated through a
unique discontinuous minus-strand RNA synthesis mechanism,
and then use these RNAs as the template to synthesize their posi-
tive-strand gRNA and sgmRNAs (51, 52). The discontinuous pro-
cess for the production of negative-strand RNAs is controlled by a
conserved transcription-regulating sequence (TRS), which is lo-
cated after the leader sequence (leader TRS) and in front of each gene
(body TRS) (51, 53). In nidovirus infections, shorter sgnRNAs are
produced more abundantly than longer viral RNAs in general, sug-
gesting that transcription may stop upon reaching the 3’ end of the
body TRS to produce shorter sgmRNAs (51, 54). To synthesize lon-
ger sgnRNAs and gRNA, which are essential to the viral life cycle,
the transcription has to pass the body TRS in an appropriate pro-
portion. To illustrate how the nested gRNA and sgmRNA are gen-
erated, a “discontinuous extension of minus-strand RNA synthe-
sis” model has been proposed (54). In this model, the synthesis of
minus-strand RNA is initiated at the 3" end of a genomic RNA;
when a body TRS and/or its flanking sequences located upstream
of each ORF is encountered, a proportion of the nascent RNA
elongation stops and relocates to complete its synthesis of the 5’
end of the genome; some RTC will pass the TRS and continue to
synthesize longer minus-strand RNAs (51, 54, 55). However, the
model does not explain how the virus can control the balance
between the synthesis of shorter and longer sgmRNAs and gRNA.

In coronaviruses, Wu et al. (29) reported that the phosphory-
lated N protein recruited RNA helicase DDX1 to facilitate tem-
plate readthrough and enable synthesis of longer sgmRNAs, prob-
ably because DDX1 could unwind the hairpin loop structure of
viral gRNA during the discontinuous minus-strand RNA synthe-
sis process. In this study, we found that the arterivirus PRRSV N

jviasm.org 5395


http://jvi.asm.org

Liu et al.

A leader TRS body TRS
(| genome RNA |l T T | ]
l Translation
<
Nsp9|
B random jumping of Nsp9 from body TRS to leader TRS (termination)
(| genome RNA < | | . | | |
Nsp9 Nsp9
¢ Transcription
Translation - subgenome RNA
Nsp9| + m + =
host helicase
l ¢ Transcription
[ + subgenome RNA ]
& [ |
— 1 I
C anti-termination
(| & genome RNA | | | || |
- genome RNA

FIG 9 Proposed model to illustrate the involvement of N protein and cellular RNA helicase in the regulation of PRRSV viral production. (A) Following PRRSV
entry and the release of viral genomic RNA, viral biosynthesis starts with the translation of polyproteins ppla and pplab, using plus-strand gRNA as the mRNA.
The nonstructural proteins, including Nsp9, are proteolytically processed by virus-encoded proteinases. (B) Nsp9 begins to transcribe nascent RNAs. The body
TRSs can lead to the premature termination of negative-strand RNA synthesis and facilitate the accumulation of short minus-strand subgenomic RNAs (—
sgRNA) and then their plus-strand subgenomic RNAs (+ sgRNA). The nucleocapsid protein is translated using subgenomic mRNA7 as the template, and the
newly synthesized N proteins bind to Nsp9 and recruit cellular RNA helicases, such as DHX9, to form protein complexes. (C) Host RNA helicases in the protein
complexes unwind the RNA secondary structures on gRNA. Consequently, Nsp9 reads through the body TRS and/or its flanking sequences, and longer —

sgRNAs and — gRNA are generated.

protein interacted with its RARp and recruited the cellular helicase
DHXO to facilitate the synthesis of gRNA and longer sgmRNAs.
This result is consistent with the coronavirus data showing that
the N protein may recruit RNA helicase to control the switch from
discontinuous to continuous RNA synthesis. It would be interest-
ing to investigate whether the involvement of the N protein in
coronavirus transcription regulation is also through the interac-
tion with the RdRp and whether the phosphorylation of the N
protein plays a role in PRRSV RNA synthesis. Considering that
both the PRRSV N proteins produced in HEK 293T cells and those
from E. coli interact with Nsp9 and cellular DHX9 (17, 18), the
phosphorylation of the N protein is unlikely to be involved in the
N-Nsp9 and N-DHX9 associations. As both the N proteins from
HEK 293T and E. coli cells associate, not only with DHX9, but also
with a panel of other cellular RNA helicases (17, 18), and Nsp9 has
also been reported to be able to recruit host RNA helicases (14), it
is possible that cellular RNA helicases other than DHX9 are in-
volved in the regulation of the discontinuous minus-strand RNA
synthesis process during PRRSV infection.

Based on the data obtained in this study and the previous dis-
continuous extension of minus-strand RNA synthesis model, we
propose a modified model to illustrate the mechanism by which
the arterivirus PRRSV controls the switch from discontinuous to
continuous synthesis of viral RNAs (Fig. 9). Since the uncoated
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viral gRNA released in the infected cell can be used as the mRNA
to synthesize the proteins encoded by ORF1, Nsp9, the viral RdRp,
can be produced early in infection. After it is produced, the RdRp
activity of Nsp9 initiates sgmRNA synthesis, especially the synthe-
sis of short sgmRNAs. As the N protein is encoded by the shortest
sgmRNA, it can then be abundantly produced. The newly synthe-
sized N protein binds to Nsp9 and recruits cellular RNA helicases,
including DHXO, to join the RTC. N protein binding with RNA
may help stabilize the association of the RTC with the RNA tem-
plate when the body TRSs are encountered and may act as an
antitermination or antiattenuation factor for discontinuous RNA
synthesis. The recruited RNA helicases unwind the RNA second-
ary structures and allow the RdRp to read through the template
and generate longer viral RNAs.

In conclusion, we have demonstrated here that the N protein of
the arterivirus PRRSV participates in viral RNA replication and
transcription by interacting with Nsp9, its RdRp, and recruiting
cellular RNA helicase to unwind the duplex RNA structure of
gRNA and promote the production of longer viral sgmRNAs and
gRNA. Our data from this study provide some new insights into
the discontinuous to continuous synthesis of PRRSV RNA and
offer a new potential anti-PRRSV strategy targeting the N-Nsp9
and/or N-DHXO9 interaction. Further studies are ongoing to inves-
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tigate by reverse genetics whether mutation of the N-Nsp9 bind-
ing sites can attenuate PRRSV.
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