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The Journal of Immunology

SARS-Coronavirus Open Reading Frame-9b Suppresses
Innate Immunity by Targeting Mitochondria and the
MAVS/TRAF3/TRAF6 Signalosome

Chong-Shan Shi,* Hai-Yan Qi,† Cedric Boularan,* Ning-Na Huang,* Mones Abu-Asab,‡

James H. Shelhamer,† and John H. Kehrl*

Coronaviruses (CoV) have recently emerged as potentially serious pathogens that can cause significant humanmorbidity and death.

The severe acute respiratory syndrome (SARS)-CoV was identified as the etiologic agent of the 2002–2003 international SARS

outbreak. Yet, how SARS evades innate immune responses to cause human disease remains poorly understood. In this study, we

show that a protein encoded by SARS-CoV designated as open reading frame-9b (ORF-9b) localizes to mitochondria and causes

mitochondrial elongation by triggering ubiquitination and proteasomal degradation of dynamin-like protein 1, a host protein

involved in mitochondrial fission. Also, acting on mitochondria, ORF-9b targets the mitochondrial-associated adaptor molecule

MAVS signalosome by usurping PCBP2 and the HECT domain E3 ligase AIP4 to trigger the degradation of MAVS, TRAF3, and

TRAF 6. This severely limits host cell IFN responses. Reducing either PCBP2 or AIP4 expression substantially reversed the ORF-

9b–mediated reduction of MAVS and the suppression of antiviral transcriptional responses. Finally, transient ORF-9b expression

led to a strong induction of autophagy in cells. The induction of autophagy depended upon ATG5, a critical autophagy regulator,

but the inhibition of MAVS signaling did not. These results indicate that SARS-CoV ORF-9b manipulates host cell mitochon-

dria and mitochondrial function to help evade host innate immunity. This study has uncovered an important clue to the

pathogenesis of SARS-CoV infection and illustrates the havoc that a small ORF can cause in cells. The Journal of Immunology,

2014, 193: 000–000.

S
evere acute respiratory syndrome (SARS) is caused by
a novel coronavirus (SARS-CoV) (1–3). An international
outbreak of SARS began in November 2002 and ended in

July 2003. It afflicted .8000 people and left 774 patients dead
(4, 5). Prior to the 2003 SARS outbreak, CoV had not been rec-
ognized as a significant pathogen. However, the subsequent doc-
umentation of a large pool of CoV that circulate in bats and other
animals has portended the possible emergence of other highly
pathogenic CoV as major threats to human health (6, 7). And
recently, a SARS-like virus designated human corona virus-
Eramus Medical Center or Middle East respiratory syndrome CoV
has been detected in patients, whose clinical courses have re-
sembled that of SARS patients, although with an even higher
mortality rate (8, 9).

Shortly after the initial SARS outbreak, the genome sequence
and organization of SARS-CoV were reported (10, 11). It is a large
single-positive–strand RNAvirus. The virus genome encodes eight
accessory proteins designated open reading frame (ORF)-3a, 3b,
6, 7a, 7b, 8a, 8b, and 9b. Several have identified functions. ORF-
3a triggers cellular apoptosis; ORF-7a activates NF-kB; ORF3b
upregulates the expression of several cytokines and chemokines;
ORF-6 reduces IFN production; ORF-8a triggers cellular apo-
ptosis; and ORF-8b induces cellular DNA synthesis (12). How-
ever, the function of ORF-9b is largely unknown. Synthesized
from an alternative complete reading frame within the viral
N gene, the 98-aa protein has no known homolog. A resolved
crystal structure revealed a dimeric tentlike b structure with an
amphipathic surface and a central hydrophobic cavity that most
likely mediates membrane attachment (13). The protein has been
detected in tissues from infected patients and in in vitro infected
cells (14, 15). Two previous studies have addressed the localiza-
tion of ORF-9b in Vero cells, a cell line derived from African
green monkey kidney epithelial cells (16, 17). In the first study, it
was reported to be exported from the nucleus and to colocalize
with an endoplasmic reticulum marker (16) and in a more recent
study to shuttle between the nucleus and the cytosol via an in-
teraction with Crm1 (17).
SARS-CoV–infected cells have an impaired IFN response,

suggesting that the virus disrupts the normal host cell IFN re-
sponse (18). Yet, IFN therapy has also been suggested to be ef-
ficacious for SARS patients (18, 19). The activation of the type
1 IFN pathway is crucial for the control of many viral infections.
Following viral invasion, host cells detect the presence of viral
RNA by endosomally localized TLR and cytosolic sensors of the
retinoic-inducible gene-I (RIG-I)–like receptor (RLR) pathway,
RIG-I and melanoma differentiation-associated gene 5 (MDA5)
(20). RIG-I and MDA5 consist of two N-terminal CARDs, a central
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DEAD box helicase/ATPase domain and a C-terminal regulatory
domain. Although RIG-I and MDA5 differ in the types of viral
RNA that they recognize, they share a common signaling path-
way that utilizes the adaptor protein, mitochondrial antiviral sig-
naling protein MAVS (also known as ISP-1/VISA/Cardiff). The
N-terminal MAVS CARD domain mediates the interaction with
RIG-I and MDA5 as well with downstream effectors; an adjacent
proline-rich region also recruits downstream signaling molecules;
and the C-terminal transmembrane domain anchors the protein to
the mitochondrial membrane. MAVS recruits the E3 ligases TRAF3
and TRAF6, facilitating the activation of IFN regulatory factors
(IRFs), NF-kB, and the induction of a host antiviral state.
However, RNAviruses have evolved strategies to antagonize the

type I IFN signaling pathways. MAVS and MAVS signaling are
common targets. For example, the human metapneumovirus M2-2
protein inhibits cellular immunity by inhibiting MAVS signaling.
The M2-2 protein interacted with MAVS; however, the specific
mechanisms by which M2-2 functioned was not discerned (21).
Enterovirus 71 employs a protease 2Apro to cleave and release
MAVS from mitochondria, thereby deactivating the pathway
and promoting viral immune evasion (22). Hepatitis C utilizes a
similar mechanism as the viral protease NS3/4A also cleaves
MAVS efficiently degrading mitochondria-associated membrane-
associated MAVS (23, 24). The mitochondria-associated mem-
brane is a specialized membrane subcompartment that links
mitochondria to the endoplasmic reticulum–peroxisome network.
The hepatitis B X protein also causes the degradation of MAVS by
triggering its ubiquitination on Lys136 (25). Finally, respiratory
syncytial virus uses two structural proteins, NS1 and NS2, to as-
semble a degradasome that also preferentially targets MAVS
signaling (26). How SARS-CoV subverts the host IFN response is
poorly understood.
In this study, we investigate the functional role of ORF-9b in

cells and find that ORF-9b alters host cell mitochondria mor-
phology and disrupts mitochondria antiviral signaling. ORF-9b
localizes to the outer mitochondria membrane. Probably as a
consequence, mitochondria elongate and mitochondrial antiviral
signaling is disturbed. Furthermore, either as a direct or indirect
consequence, autophagosome formation in acutely ORF-9b–ex-
pressing cells is enhanced.

Materials and Methods
Reagents and Abs

Hoechst 33342 (Invitrogen) was used at a concentration of 100 ng/ml.
MG-132 (Cayman Chemical) was used at 10 mM, and 3 methyladenine
(Sigma-Aldrich) at 5 nM. Primary Abs used for immunofluorescence ex-
periments were the following: anti-MAVS (Cell Signaling; 1:500), anti-Flag
(Sigma-Aldrich; 1:500), anti-Tomm20 (Santa Cruz Biotechnology; 1:1,000),
and anti–dynamin-like protein 1 (DRP1) (BD Biosciences; 1:200). The
secondary Abs used for immunofluorescence were as follows: polyclonal
anti-mouse Ig Alexa488 or Alexa568 conjugated (Invitrogen; 1:1000);
polyclonal anti-rabbit Ig Alexa488, Alexa568, or Alexa647 conjugated
(Invitrogen; 1:1000); polyclonal goat anti-rabbit Ig ATTO647N (Active
Motif; 1:1000); and polyclonal goat anti-mouse IgG MegaRed 520
(Sigma-Aldrich; 1:100). Primary Abs used for immunoblotting were the
following: rabbit anti-MAVS, ATG5 and DRP1, mouse anti-GFP, and
IFN-a (Cell Signaling); mouse anti-PCPB2 and anti-AIP4 (Santa Cruz
Biotechnology); monoclonal anti-Myc (Clontech Laboratories); mouse
anti-Flag and rabbit anti-LC3 (Sigma-Aldrich); rabbit anti-K48–linked
polyubiquitin chains (Millipore); mouse monoclonal anti–IFN-b (Bio-
Legend); and mouse anti-actin conjugated to HRP (Sigma-Aldrich). For
immunoprecipitations, monoclonal mouse anti-Myc, anti-PCPB2 or anti-
GFP, and protein G PLUS–agarose (Santa Cruz Biotechnology) were used.

Cells and plasmids

A549 and HEK 293 cells were obtained from the American Type Culture
Collection. A549 and HEK 293 cells were maintained in DMEM sup-

plemented with 10% FBS (Invitrogen). The A549 Tet-inducible 9b-GFP
cells were made by transfecting A549 cells with pTet-on (Clontech), fol-
lowed by G418 selection for 4 wk. Single clones were picked, expanded,
and transfected with pTRE2 pur-9b-GFP (Clontech vector). These cells
were selected with G418 and puromycin for 4 wk, after which the cell lines
were treated with tetracycline and GFP-positive cells were sorted and
allowed to re-expand in the absence of tetracycline. Low-frequency con-
stitutively expressing 9b-GFP cells were also sorted and expanded. THP-1
cells expressing GFP or 9b-GFP were made transfecting the cells with the
appropriate construct and selecting cells for 4 wk with G418. The top 5% of
GFP-positive cells were sorted after 4 and 6 wk of selection. The cell lines
were maintained in G418.

Atg5 and control small interfering RNA (siRNA) were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). The LC3-GFP plasmid was
a gift ofDr. Noboru Mizushima (Tokyo Metropolitan Institute of Medical
Science, Tokyo, Japan), in which GFP was replaced by red fluorescent
protein (RFP) as the autophagosome probe. Myc-MAVS full-length and its
truncated constructs and full-length RIG-I and RIG-I1–250 were gifts of
Dr. Takumi Kushiba (Kyushu University, Fukuoka, Japan). Myc-MAVS
(503–540) and Flag-Traf3 were gift of Dr. John Hiscott (Lady Davis In-
stitute, Quebec, Canada). Mito-Cherry Red was a gift of Dr. Quan Chen
(Chinese Academy of Sciences, Beijing, China). The IFN-b luciferase
reporter was a gift ofDr. Saori Suzuki (University of Tokyo, Tokyo, Japan).
The NF-kB luciferase reporter was provided by Dr. Ulrich Siebenlist
(National Institutes of Health). SARS-CoV accessory ORF-9b DNA was
generated by PCR from K14 and J17 cDNA clones, which were produced
from the SARS-CoV genome Tor2 isolate (Michael Smith Genome Sci-
ences Centre, Vancouver, Canada). The PCR primers were corresponding
to SARS-CoV accessory gene sequences in accession number NC_004718
(http://www.ncbi.nlm.nih.gov/gene/).

Recombinant GFP-tagged SARS-CoV ORF-9b was generated using
pEGFP-N1 vector (BD Biosciences). The ORF-9b constructs were verified
by DNA sequencing. The plasmids were transiently transfected into the
cells using Lipofectamine 2000 (Invitrogen) following the manufacturer’s
protocol.

Luciferase assay

HEK 293 cells (2 3 105 cells/well) were seeded in 24-well plates. The
following day, the cells were cotransfected with 25 ng luciferase reporter
plasmid, 2.5 ng Renilla luciferase internal control vector phRL-TK
(Promega), and each of the indicated plasmids with Lipofectamine 2000
(Invitrogen). Empty vector pcDNA3 was used to maintain equivalent
amounts of DNA in each well. The transfection of polyinosinic-
polycytidylic acid [poly(I:C)] was performed 6 h before cell harvest.
The reporter gene assay was performed 24 h after transfection and ana-
lyzed by a dual-luciferase reporter assay on the Mithras LB 840 Multi-
mode Microplate Reader (Berthold). Each experiment was replicated
a minimum of three times.

RNA-mediated interference

The siRNA pools targeting human ATG5 (sc-41445) or control siRNA
(sc-37007) with scrambled sequence were purchased (Santa Cruz Bio-
technology). The short hairpin RNAs (shRNAs) against human PCPB2 and
AIP4 were designed on published targeting sequences (27). The synthetic
DNA oligomers targeting PCPB2, AIP4, or scrambled sequence control
were cloned into the pSIREN-RetroQ vector (Clontech). The DRP1
shRNA was a gift of Dr. Shigehisa Hirose (Tokyo Institute of Technology,
Tokyo, Japan). For the knockdowns in A549 cells, the cells seeded for 4 h
were transfected with siRNAs targeting ATG5 or control siRNA 30 nM
once, and, on the following day, 10 nM siRNA was transfected again 8 h
prior to harvesting the cells. The shRNAs were transfected into HEK 293
cells overnight, and then the cells were lysed for analysis. The trans-
fections were performed using Lipofectamine 2000 (Invitrogen).

GFP-LC3 assay

These assays were done as described previously (28). A minimum of 50–
100 GFP+ cells per sample was surveyed, and the number of GFP-LC3+

dots/cell was counted. Cells were considered positive if they had more than
three large GFP-LC3+ dots. Data are presented as a percentage of the total
number of GFP+ cells visualized.

Immunoblot analysis and immunoprecipitation

For standard immunoblotting, the cells were lysed in a buffer of 20 mM
HEPES (pH 7.4), 50 mM b-glycerophosphate, 1 mM Na3VO4, 0.5% (v/v)
Triton X-100, 0.5% (v/v) CHAPS, and 10% (v/v) glycerol with a protease
inhibitor mixture tablet. For the LC3 immunoblot analysis, the cells were
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lysed with the same buffer plus 0.25% SDS. The lysates were separated by
SDS-PAGE and transferred to nitrocellulose membrane by iBLOT Gel
Transfer System (Invitrogen). The membrane was incubated with 5%
nonfat milk w/v in TBS buffer (25 mM Tris-HCl [pH 7.5], 150 mM NaCl,
0.1% Tween 20) for 1 h, and then reacted with the primary Ab in TBS
buffer with 2.5% nonfat milk or 5% BSA w/v for overnight by shaking at
4˚C. The appropriated second Abs conjugated to HRP were used to detect
the protein of interest via ECL. To immunoprecipitate Myc-MAVS or
ORF8b-GFP, the cells were lysed in the same buffer and incubated for 2 h
at 4˚C with the appropriate Abs, at which point protein G PLUS–agarose
was added, followed by an additional incubation of 1 h at 4˚C. The
immunoprecipitates were collected and washed eight times with lysis
buffer, separated by SDS-PAGE, and analyzed by immunoblotting. To
immunoprecipitate PCPB2, 1% CHAPS was used in the above buffer. To
analyze ubiquitination, 2% SDS was added to the lysates prior to heating
them to 95˚C for 10 min. Subsequently, the cell lysates were diluted 10-
fold with the extraction buffer and then incubated with Abs overnight.
Membranes were stripped using OneMinutePlus (GM Bioscience) fol-
lowing the manufacturer’s protocol. Blots were scanned and imported into
Photoshop as unmodified tagged image file format files. Quantification
of band intensity was done using Photoshop.

Immunofluorescence

A549 cells were grown on 35-mm plates (MatTek) for confocal microscopy
or on 0.15-mm coverslips (Corning) for stimulated emission depletion
(STED) imaging, after which the cells were fixed in methanol for 5 min.
After blocking for 1 h in 5% BSA in PBS–0.05% Tween 20, the cells were
incubated for 1 h with the appropriated primary Ab at 4˚C, washed three
times in PBS, and incubated with appropriate secondary Abs for 30 min
at 4˚C. Hoescht33342 was applied for the last 5 min only for confo-
cal experiments. After an extensive wash in PBS, cells were mounted
in Prolong antifade reagent (Invitrogen) and were imaged on a Leica
DMIRBE inverted microscope equipped with a TCS SP5 confocal scanner
and a 633 1.32 NA (Numerical Aperture) objective (Leica Microsystems).

High-resolution light microscopy

For STED microscopy and the corresponding confocal microscopy,
a LEICA SP5-STED microscope was used. The fluorophores ATTO647N
(ActiveMotif) andMegaRed (Sigma-Aldrich) were excited with an 80MHz
pulsed diode laser at 635 or 531 nm, respectively (Pico-Quant; pulse width
,100 ps). STED depletion was achieved using a mode-locked titanium
sapphire laser (Spectra Physics Mai Tai HP laser) operating at 770 nm with
a repetition rate of 80 MHz. The delay between the excitation and STED
pulses was adjusted electronically to optimize depletion. The excitation
and the STED beams were focused by a 1003 oil immersion objective
(NA 1.4 PL APO STED, 1003; Leica Microsystems). The fluorescence
signal was collected by the same objective and detected confocally be-
tween 650 and 690 nm for ATTO647N and between 540 and 595 nm for
Megared with an APD detector. Using this setup, a resolution of ∼250 nm
in the confocal images and 50–70 nm in the STED images was achieved.
Except for contrast stretching and level adjustment, no further image
processing was applied.

Electron microscopy

For standard electron microscopy, HEK 293 cells were transfected with
a control vector or 9b-Flag. The following day, the cells were double fixed in
PBS-buffered glutaraldehyde (2.5%) and osmium tetroxide (0.5%), dehy-
drated, and embedded with Spurr’s epoxy resin. Ultrathin sections (90 nm)
were made and double stained with uranyl acetate and lead citrate and
viewed in a JEOL JEM-1010 transmission electron microscope. For im-
munoelectron microscopy, HEK 293 cells were transfected with a con-
trol vector or 9b-Flag. The following day, the cells were fixed in formal-
dehyde, pelleted in 1.5% low melting point agarose, washed with PBS
(33, 5 min), dehydrated in an ethanol series, and embedded in LR White
(SPI). Ultrathin sections were mounted on 150-mesh uncoated nickel grids.
Grids were floated on blocking solution (PBS, 0.1% Tween 20, 0.5% cold-
water fish gelatin [Ted Pella]) for 20 min, incubated for 1 h with the
primary Abs, rinsed in blocking buffer for 5 min, blocked with 2% goat
serum, rinsed with blocking buffer, and then incubated with 10 and 20 nm
gold-conjugated secondary goat Ab accordingly (Ted Pella), rinsed in PBS,
and air dried. Sections were stained with aqueous uranyl acetate (5%) and
examined with a JEOL JEM-1010 electron microscope.

Flow cytometry

A549 cells stably expressing 9b-GFP or GFP were harvested and fixed with
4% paraformaldehyde for 20 min. After three washes in PBS 1% BSA, the

cells were permeablized with ice-cold methanol for 5 min. After blocking
for 1 h in PBS 1% BSA, the primary Ab (DRP1) was incubated for 3 h and
secondary Alexa647-conjugated Ab was incubated for 40 min. Data were
acquired with a FACS CANTO (BD Biosciences) and analyzed using
FlowJo software.

Statistical analysis

Prism (GraphPad software) was used for all statistical analyses. All
experiments were repeated a minimum of three times.

Results
SARS-CoV ORF-9b localizes to mitochondria and results in
reduced DRP1 levels and mitochondrial elongation

Although SARS-CoV infects multiple organs, the pulmonary ep-
ithelium and immune cells are major targets (29, 30). To inves-
tigate the functions of ORF-9b, we first expressed an ORF-9b GFP
fusion protein (9b-GFP) in A549 cells, a cell line used as a model
of type II pulmonary epithelial cells. We found that ORF-9b lo-
calized to mitochondria and that those cells that expressed the
fusion protein had more elongated mitochondria compared with
control cells (Fig. 1A, 1B, Supplemental Video 1). Similar results
were found following expression of 9b-GFP in HEK 293 cells
(Fig. 1A). We also verified the mitochondrial morphology changes
in a permanent transfection model using THP-1 cells, a human
monocyte-like cell line that can be differentiated to macro-
phages following treatment with PMA. Immunostaining 9b-GFP–
expressing THP-1 cells for the mitochondrial protein Tomm20
revealed numerous elongated mitochondria that colocalized with
9b-GFP (Fig. 1C). Mitochondrial fusion and fission maintain
mitochondrial number, morphology, and function. In the initial
step of fission, the dynamin-related protein DRP1 is recruited to
mitochondria, where it assembles into a fission complex (31).
As reduction in DRP1 favors mitochondrial fusion, we checked
whether ORF-9b affected DRP1 levels. Expression of 9b-GFP in
HEK 293 cells reduced DRP1 levels by ∼70% via a mechanism
sensitive to proteasome inhibition, but not autophagic degradation
inhibition (Fig. 1D). We found similar results when we used a 9b-
Flag construct (Fig. 1E). The sensitivity to proteasome inhibition
suggested that DRP1 underwent ubiquitination. Consistent with
that possibility, the immunoblotting of DRP1 immunoprecipitates
revealed the presence of K48-linked ubiquitin (Fig. 1F). We also
examined DRP1 levels in the permanently transfected THP-1 cells
and again found a marked decrease in DRP1 levels (Fig. 1G).
Further imaging and flow cytometry studies confirmed the re-
duction of DRP1 in 9b-GFP–expressing cells (Fig. 2A, 2B). The
imaging data showed that some DRP1 is recruited to the 9b-GFP–
delineated mitochondria. As transfection of 9b-GFP into A549
cells led to varying levels of 9b-GFP expression in individual
cells, we checked the endogenous DRP1 expression in cells as
a function of 9b-GFP levels (Fig. 2A). We found that those cells
with higher levels of 9b-GFP had lower amounts of DRP1 and
less DRP1 associated with mitochondria. Consistent with the
presence of DRP1 and ORF-9b in the same molecular complex,
endogenous DRP1 immunoprecipitates contained small amounts
of 9b-GFP, but not GFP (Fig. 2C). These data show that ORF-9b
localizes to mitochondria and most likely causes mitochondrial
elongation by triggering DRP1 ubiquitination and its proteasomal
destruction.

SARS-CoV ORF-9b limits host cell IFN signaling and
coimmunoprecipitates with the mitochondrial adaptor protein
MAVS

Besides their recognized role in energy production, mitochondria
serve as a platform for host defense against RNA viruses such as

The Journal of Immunology 3
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SARS-CoV (32). Mitochondrial-localized MAVS links mitochon-
dria to antiviral type I IFN signaling. Because SARS-CoV–
infected cells have impaired IFN responses (18) and ORF9b
localized to mitochondria, we checked whether ORF-9b impacted
MAVS signaling. We expressed 9b-GFP in the presence of either
an IFN-b or a NF-kB reporter construct and simulated an intra-
cellular viral infection by cotransfecting poly(I:C). As expected,
poly(I:C) induced both reporter constructs, but the presence of
ORF-9b significantly inhibited this response (Fig. 3A). Next, we
tested where in the signaling pathway ORF-9b acted by assessing
reporter gene activation following expression of a constitutively
active form of RIG-I (RIG-I1–250) or by MAVS overexpression
(33). In both instances, ORF-9b reduced the activation of the
reporters, arguing that ORF-9b functions at the level of MAVS or
more distally (Fig. 3A). We verified that the 9b-Flag construct also
inhibited MAVS signaling (Fig. 3B). Because MAVS is required
for the phosphorylation of IRF3 in the RIG-I–mediated antiviral
response, we checked whether 9b-GFP expression reduced IRF3
phosphorylation, which it did (Fig. 3C). Next, we measured IFN-b
levels by immunoblotting cell supernatants conditioned by THP1
cells transfected with Myc-MAVs in the presence or absence of
9b-Flag. As expected, the amount of IFN-b decreased in the cell
supernatant in the presence of 9b-Flag (Fig. 3D). In contrast,

ORF-9b had little impact on IFN-b production in THP-1 cells
triggered by either exposing the cells to a TLR3 ligand (Fig. 3E)
or transfecting the cells with an IRF-3 expression vector
(Fig. 3F). Next, we determined whether ORF-9b and MAVS
could be found in the same molecular complex. We found that
expressed 9b-GFP consistently immunoprecipitated with endog-
enous MAVS (Fig. 3G). Mapping the region in MAVS needed
to coimmunoprecipitate with ORF-9b suggested that the mito-
chondrial membrane insertion sequence in MAVS (aa 514–535)
was necessary. However, the 503–540 MAVS construct coim-
munoprecipitated less well than full-length MAVS, implying
that another region in MAVS may be needed (Fig. 3H). We
also checked whether the reduction of DRP1 noted above might
contribute to the impaired induction of IFN-b. We used a previ-
ously described shRNA to reduce DRP1 levels in HEK 293 cell
(34). Lowered DRP1 levels impaired the MAVS-induced in-
creased IFN-b reporter activity, although not nearly as effectively
as did the 9b-FLAG construct (Fig. 3I). The DRP1 shRNA ap-
propriately decreased DRP1 expression, but did not impact en-
dogenous MAVS expression (Fig. 3J). This indicates that the
ORF-9b–mediated reduction in DRP1 may contribute to the de-
crease in type I IFN signaling; however, other mechanisms must
be operant.

FIGURE 1. ORF-9b expression elongates mitochondria and enhances the degradation of DRP1. (A) Confocal microscopy of A549 cells expressing GFP

(top) or 9b-GFP (middle) and mito-mCherry or HEK 293 cells expressing 9b-GFP and mito-mCherry (lower). Individual images are shown. Scale bar,

10 mm. (B) Quantitation of percentage of cells with elongated mitochondria in A549 cells expressing GFP or 9b-GFP and Mito-mCherry. Coexpressing

cells (100 each) were imaged, and percentage of cells with obviously elongated mitochondria was enumerated. **p , 0.01. (C) Confocal microscopy of

THP-1 cells permanently expressing 9b-GFP or GFP and immunostained for Tomm20. Original magnification 31000. (D) Immunoblot of cell lysates from

HEK 293 cells expressing GFP or 9b-GFP to detect DRP1. In some instances, the cells were treated with MG-132 (10 mM) or 3-MA (5 mM) for 4 h.

(E) Immunoblots of cell lysates from HEK 293 cells transfected with Flag or 9b-Flag for indicated proteins. (F) Immunoblots of DRP1 immunoprecipitates

(+) and cell lysates from HEK 293 cells transfected with GFP or 9b-GFP. The mock lane is a control Ab immunoprecipitation. Following the K48 ubiquitin

(Ub) immunoblot, the membrane was stripped and reblotted for DRP1. The cells were treated with MG-132 for the last 4 h prior to cell lysis. (G) Im-

munoblot of cell lysates from THP-1 cells permanently expressing either 9b-GFP or GFP to detect DRPl.
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To check whether ORF-9b altered the intracellular distribution
of MAVS, we expressed 9b-GFP in A549 cells and immunostained
for endogenous MAVS. Standard confocal microscopy revealed
that, in 9b-GFP–expressing cells, MAVS had a more punctate
appearance forming small aggregates along 9b-GFP–delineated
mitochondria (Fig. 4A). This is most evident in the zoomed
images shown in the insets (Fig. 4A). To better visualize the
distribution of MAVS in the control and ORF-9b–expressing cells,
we used STED microscopy. In the control cell, most of the MAVS
distributed uniformly along mitochondria-like structures, whereas
small, discrete MAVS puncta distributed along elongated
ORF-9b–delineated mitochondria (green in the inset, Fig. 4B).
Although this is a subjective conclusion, it is based on the ex-
amination of numerous images. We also examined the localization
of MAVS and ORF-9b by immunoelectron microscopy and ob-
served the apposition of Flag-tagged ORF-9b (9b-Flag) with en-
dogenous MAVS at the outer mitochondrial membrane (Fig. 4C,
4D). These data indicate that ORF-9b is in close physical asso-
ciation with MAVS.

SARS-CoV ORF-9b limits IFN signaling by degrading the
MAVS signalosome

We had noted the level of the epitope-tagged MAVS was reduced
in the ORF-9b–expressing cells compared with the level in control
cells, so we checked endogenous MAVS levels following 9b-GFP
expression. We found that, following 9b-GFP expression, the
level of endogenous MAVS, as determined by immunoblotting,
had declined by ∼50%. The reduction was partially reversed
by a proteasomal inhibitor, but not by an autophagy inhibitor

(Fig. 5A). Because MAVS recruits TRAF3 and TRAF6 to activate
downstream signaling pathways, we also checked whether ORF-
9b expression affected their expression. To do so, we immuno-
blotted cell lysates prepared from HEK 293 cells expressing
epitope-tagged versions of TRAF3 or TRAF6 along with either
GFP or 9b-GFP (Fig. 5B). Surprisingly, the reductions in the
epitope-tagged TRAF3 and TRAF6 equaled those of Myc-MAVS.
Indicating that ORF-9b most likely triggers K48-linked ubiq-
uitination of MAVS immunoblotting, Myc-MAVS immunoprecip-
itates revealed the presence of K48-linked ubiquitin (Fig. 5C).
This last experiment was done using a stringent protocol that
reduces the likelihood that the immunoprecipitates will contain
spurious proteins (28, 35). Stripping the membrane and reblotting
with Abs directed at the Myc tag revealed a smeared band also
suggestive of MAVS ubiquitination (Fig. 5C). We verified that
9b-Flag also reduced Myc-MAVS levels (Fig. 5D). Finally, in the
THP-1 cells permanently transfected with 9b-GFP, we also found
a marked reduction in the endogenous level of MAVS (Fig. 5E).
These results led us to search for the E3 ligase responsible for
ubiquitinating MAVS following ORF-9b expression.
It is known that PCBP2 acts as a gatekeeper to control MAVS

levels and signaling by linking the AIP4 E3 ubiquitin ligase with
MAVS (27). To determine whether ORF-9b usurped PCBP2 and
AIP4 to degrade MAVS, we reduced their levels in cells that
expressed 9b-GFP. We found that the two shRNAs partially re-
versed the ORF-9b–mediated reduction in MAVS (Fig. 6A). In
addition, endogenous PCBP2 could pull down 9b-GFP and en-
dogenous MAVS, suggesting that ORF-9b may form a trimo-
lecular complex (Fig. 6B). Next, we reduced PCBP2 or AIP4
expression, and we checked poly(I:C)-induced reporter gene
activation in the presence of 9b-GFP (Fig. 6C). We found that
reducing either PCBP2 or AIP4 largely reversed the ORF-9b–
mediated inhibition of poly(I:C)-induced reporter gene activity.
Together, these data indicate that ORF-9b targets several mem-
bers of the MAVS signalosome for destruction. It largely does so
by recruiting PCBP2 and the AIP4 E3 ligase. As a consequence,
MAVS, TRAF3, and TRAF6 levels decline in the host cell, lim-
iting the cells’ ability to generate a potent IFN response to viral
RNA.

SARS-CoV ORF-9b promotes the formation of
autophagosomes

Finally, because mitochondrial damage and changes in mito-
chondrial morphology have been linked to autophagy, and many
CoV trigger autophagy (36), we checked autophagy levels in 9b-
GFP–expressing cells by coexpressing the autophagy marker LC3-
tagged RFP (LC3-RFP) in A549 cells. When autophagosomes
form, LC3-RFP is processed and recruited to the autophagosomal
membrane, resulting in the accumulation of fluorescent cytoplas-
mic dots. Interestingly, 9b-GFP expression potently induced
autophagosome formation in A549 cells (Fig. 7A, Supplemental
Video 2). The video shows numerous interactions between elon-
gated mitochondria and autophagosomes. Similarly, 9b-Flag
triggered autophagy in the same cells (Fig. 7B). Quantification
of the imaging, electron microscopy, and LC3 immunoblotting
confirmed the increase in autophagosome formation (Fig. 7C–E).
The electron microscopy also revealed the mitochondrial mor-
phology changes noted previously and a close association between
mitochondria and the autophagosomes (Fig. 7D). The induction
of autophagy by ORF-9b depended upon ATG5, an important
regulator of autophagosome formation, as reducing its expression
decreased 9b-GFP–triggered LC3 processing (Fig. 7F). Although
ATG5–ATG12 conjugates can interact with MAVS to impair
its antiviral effects (37), reducing ATG5 expression did not

FIGURE 2. ORF-9b expression leads to less DRP1 associated with

mitochondria and ORF-9b coimmunoprecipitates with DRP1. (A) Confo-

cal microscopy of endogenous DRP1 in A549 cells transiently transfected

with GFP-ORF9b or GFP vector alone. Scale bar, 10 mm. Mean fluores-

cence intensity (MFI) of DRP1 or GFP was quantified from the whole

volume using ImageJ for cell 1 and cell 2. (B) Flow cytometry analysis of

endogenous DRP1 level in A549 cells expressing either GFP or 9b-GFP.

The mean fluorescent intensity of DRP1 in GFP+ cells was 186 and 46 in

the 9b-GFP+ cells. (C) Immunoblots of DRP1 immunoprecipitates (+) and

cell lysates from HEK 293 cells transfected with GFP or 9b-GFP for in-

dicated proteins. Mock is a control Ab immunoprecipitation. Cells were

treated with MG-132 (10 mM).
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appreciably impact MAVS signaling in the presence or absence of
9b-GFP (Fig. 7H). This indicates that the increased autophagy in
ORF-9b expressing minimally contributes to the previously noted
loss of MAVS signaling. We also checked the basal autophagy
levels in the THP-1 cells permanently transfected with either 9b-
GFP or GFP. Although we noted an increase in LC3 processing in
the 9b-GFP–expressing cells compared with control cells, the dif-
ference was small (Fig. 7G). This suggests that the cells had com-
pensated for the prolonged ORF-9b expression or that some intrinsic
difference exists between macrophages and the other cell types.

Discussion
Our observations indicate the SARS-CoV ORF-9b provides a re-
ceptive intracellular environment for viral replication by targeting
the mitochondrial MAVS signalosome. ORF-9b localizes to mi-
tochondria, where it promotes mitochondrial elongation by en-
hancing DRP1 degradation. In the presence of ORF-9b, MAVS
becomes concentrated into small puncta and subject to PCBP2 and
AIP4 ubiquitination. The degradation of MAVS is accompanied by
a loss of TRAF3 and TRAF6, two key signaling intermediaries in
antiviral defenses. In addition, acute ORF-9b expression results in
ATG5-dependent autophagosome formation.
The expression of ORF-9b in A549, HEK 293, and THP-1 cells

resulted in a rather striking set of cellular changes. ORF-9b

localized to mitochondria and led to mitochondrial elongation.

This is in contrast to the usual mitochondrial fragmentation that

occurs following viral infection and, to our knowledge, has not

been reported with another viral ORF. Mitochondrial elongation

has been reported following infection of cells with a defective strain

of Sendai virus. The mitochondrial elongation was linked to RLR

activation and enhanced MAVS signaling (38). This differed from

ORF-9b expression, which also caused mitochondrial elongation,

but severely limited MAVS signaling. In contradistinction to the

defective virus, the wild-type Sendai virus triggered mitochondrial

fragmentation and aggregation (38). Similarly, hepatitis C virus

infection caused mitochondrial perinuclear clustering, the trans-

location of Parkin to mitochondria, and mitophagy (39). Perhaps

ORF-9b counteracts the impact of other cellular stresses during

SARS-CoV infection, which fragment and aggregate mitochon-

dria, thereby helping to promote cell survival during viral repli-

cation. Mitochondrial fusion is known to protect mitochondria

from starvation-induced autophagosomal degradation (40, 41).
Our localization results differ from those previously reported

localization results of ORF-9b in Vero cells (16, 17). We observed

a similar localization of ORF-9b in three different human cell

types using both Flag- and GFP-tagged versions. We show mito-

chondrial localization in all three cell types and failed to see

a visible accumulation of ORF-9b in the nucleus of any of three

FIGURE 3. ORF-9b inhibits antiviral type I IFN responses. (A) IFN-b and NF-kB reporter gene assays using HEK 293 cells expressing GFP or 9b-GFP

and induced by transfection of poly(I:C), RIG-I1–250, or MAVS. Luciferase activity is shown as fold induction. (B) IFN-b and NF-kB reporter gene assays

using HEK 293 cells expressing Flag or 9b-Flag and induced by transfection of myc-MAVS. Luciferase activity is shown as fold induction. (C) Immunoblot

of HEK 293 cells expressing Flag-IRF3 and Myc-MAVS and either GFP or 9b-GFP to detect phosphorylated (P)-IRF-3. (D) Immunoblot of IFN-b in cell

supernatants and indicated proteins in cell lysates from THP-1 transiently transfected with Myc-MAVS and expressing 9b-Flag or not. (E) Immunoblot of

IFN-b and indicated proteins in cell lysates from THP-1 permanently expressing GFP or 9b-GFP and exposed to poly(I:C) overnight (10 mg/ml). (F)

Immunoblots of IFN-b in cell supernatants and of the indicated proteins in cell lysates from THP-1 cells transiently transfected with an IRF-3 expression

vector. (G) Immunoblot of GFP immunoprecipitates from HEK 293 cells expressing GFP vector or ORF-9b-GFP for endogenous MAVS. Poly(I:C) was

transfected 1 h prior to cell lysis. (H) Immunoblot of Myc immunoprecipitates from HEK 293 cells expressing full-length or truncated Myc-MAVS and GFP

or 9b-GFP. GFP and 9b-GFP expression levels were verified by immunoblotting cell lysates from the same cells. (I) IFN-b reporter assays using HEK293

cells expressing a control (NC) or a DRP1 shRNA in the presence or absence of 9b-FLAG. MAVS expression was used to induce reporter gene activity. (J)

Immunoblot verifying that the DRP1 shRNA reduced DRP1 expression, but did not affect endogenous MAVS expression. *p , 0.05, **p , 0.01 by t test.
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cell types. The mitochondrial localization reported in this work
was confirmed by life cell imaging of cells coexpressing Mito-

tracker and by immunostaining fixed cells for Tomm20 and
MAVS. The two other studies did not look for mitochondria lo-

FIGURE 4. Imaging ORF-9b expression reveals ORF-9b and MAVS colocalized and increased MAVS aggregation. (A) Images from confocal mi-

croscopy of A549 cells expressing GFP or 9b-GFP immunostained for MAVS (red) and labeled with DNA dye (blue). Inset, 33 electronic zoom. Scale bar,

10 mm. (B) Images from STED microscopy of A549 cells expressing 9b-GFP and immunostained for MAVS. The 9b-GFP was imaged by confocal

microscopy. Overlap is shown as an inset. Scale bar, 2 mm. Below each image is a 2.53 electronic zoom of the white boxed area. Red arrows indicate

MAVS accumulation along 9b-GFP–delineated mitochondria. (C) Immunoelectron microscopy of HEK 293 cells transfected with a control vector

and immunostained for MAVS (red arrowhead). Scale bar, 500 nM. Right image is a 3.23 electronic zoom of the mitochondria in the left image.

(D) Immunoelectron microscopy of HEK 293 cells transfected with 9b-Flag and immunostained for MAVS (red arrowhead) and Flag (blue arrowhead).

Scale bar, 100 nM. Right image is a 3.23 electronic zoom of the mitochondria in the left image.

FIGURE 5. ORF-9b enhances MAVS protea-

somal degradation via its K48-linked ubiq-

uitination. (A) Immunoblots of lysates from HEK

293 cells expressing GFP vector or 9b-GFP un-

treated or treated with MG-132 (10 mM) or 3-MA

(5 mM) for 4 h. The blots show the indicated

proteins. (B) Immunoblots of lysates from HEK

293 cells expressing Flag-TRAF3 or Flag-TRAF6

and either GFP or 9b-GFP. The blots show

the indicated proteins. (C) Immunoblots of Myc

immunoprecipitates (+) and cell lysates from

HEK 293 cells expressing Myc-MAVS and GFP

or 9b-GFP. Following immunoblotting for K48

ubiquitin (Ub), the membrane was stripped and

probed for Myc-MAVS. Mock is a control Ab

immunoprecipitation. (D) Immunoblots of lysates

from HEK 293 cells expressing Myc-MAVS

in the presence of either the Flag-vector or

9b-Flag. The blots show the indicated proteins.

(E) Immunoblots of lysates from THP-1 cells per-

manently expressing GFP or 9b-GFP for endog-

enous MAVS. Also shown are GFP, 9b-GFP, and

actin levels.
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calization. As mitochondria are often closely associated with the

endoplasmic reticulum, the colocalization of ORF-9b with an en-

doplasmic marker may have obscured its true localization. Less

likely is that the localization of ORF-9b has a cell type–dependent

distribution pattern.
In the ORF-9b–expressing cells, DRP1 levels declined as

a consequence of ubiquitination and proteasomal degradation,

most likely explaining the change in mitochondria morphology.

Parkin is an E3 ligase that is known to ubiquitinate DRP1 for

proteasome-dependent degradation. Reducing Parkin expression

in HeLa cells enhanced DRP1 levels and caused mitochondrial

fragmentation (42). To test whether ORF-9b used Parkin to

ubiquitinate DRP1, we reduced its expression and examined the

mitochondrial morphology in the knockdown cells. The reduced

Parkin expression did not alter the mitochondrial morphology

changes triggered by ORF-9b expression, arguing that another

E3 ligase ubiquitinates DRP1 following ORF-9b expression

(C. Shi, unpublished result). We also considered whether autophago-

somal degradation contributed to the reduced DRP1 levels noted

in ORF-9b–expressing cells. Inhibitors of autophagy increased

DRP1 levels in HEK 293T cells, and increasing autophagy reduced

DRP1 levels in neurons (43); however, an autophagy inhibitor did

not reverse the lowered DRP1 levels observed in the ORF-9b–

expressing cells.

SARS-CoV ORF-9b most likely has little role in directly sup-
porting viral replication, but rather its primary function is to in-
activate the RLR pathway by triggering degradation of the MAVS/
TRAF3/TFAF6 signalosome. As mentioned in the introductory
section, RNA viruses have evolved several different mechanisms
to disable MAVS signaling, including cleaving MAVS from the
mitochondria (24), assembling a degradasome (26), and usurping
a host cell-negative regulatory system, the AIP4-PCBP2-MAVS
axis, as we describe in this work. PCBP2 serves as an adapter
molecule recruited to mitochondrial MAVS following viral in-
fection or MAVS overexpression (27). The C-terminal portion of
MAVS is needed to recruit PCBP2 and ORF-9b. Following ORF-
9b expression, we found that PCBP2 immunoprecipitates con-
tained both MAVS and ORF-9b. This suggests the localization
of ORF-9b to the mitochondria had led to the translocation of
PCBP2 from the nucleus to the mitochondria. Rescue of the
ORF-9b phenotype by knockdown of PCBP2 also indicates that
ORF-9b expression had led to PCBP2 recruitment to mitochondria.
Although the physiologic signal that triggers PCBP2 nuclear ex-
port and its localization to mitochondria following viral infection
is unknown, mitochondria are a logical source. Pathogenic viral
infections cause mitochondrial stress. Stressed mitochondria re-
lease reactive oxygen species and a variety of other mediators
and affect intracellular calcium levels. However, mitochondrial
stress typically causes mitochondrial fission, not mitochondria
fusion (44), as we noted in the ORF-9b–expressing cells.
Not only did we observe a strong reduction in MAVS levels

following ORF-9b expression, but also in two key signaling
intermediates, TRAF3 and TRAF6. Because reducing either AIP4
or PCBP2 expression largely rescued the ORF-9b–induced sig-
naling defect, the TRAF3 and TRAF6 levels are likely to have
been restored. It is unlikely that TRAF3 and TRAF6 are direct
targets of the PCBP2/AIP4, but rather are indirectly targeted for
destruction by their association with MAVS. Whereas TRAF3 is
directly targeted by the E3 ligase Triad3, which also negatively
regulates MAVS signaling, Triad3 does not cause MAVS degra-
dation (45). The viral degradasome induced by the expression of
respiratory syncytial virus NS1 proteins results in the degradation
of a number of proteins in the IFN induction and response path-
way, including RIG-I, TRAF3, and IRF3, but MAVS was not one
of them (26). Our current studies are aimed at understanding how
ORF-9b expression recruits PCBP2/AIP4 and determining how
TRAF3 and TRAF6 are also degraded. Our working hypothesis is
that the ORF-9b/MAVS interaction triggered a partial assembly of
the MAVS/TRAF3/TRAF6 signalosome, which leads to a signal
that recruits PCBP2/AIP4. As a consequence, MAVS and perhaps
other proteins are ubiquitinated and delivered to the proteasome
for degradation.
Although the observed decreases in DRP1 and MAVS/TRAF3/

TRAF6 can explain the mitochondrial elongation and reduced
antiviral signaling in the ORF-9b expressing, we have not found an
immediately proximal cause of the increase autophagy in HEK293
and A549 cells. Given its localization to mitochondria, mito-
chondria involvement in the enhanced autophagy noted in the
ORF-9b–expressing cells seems likely. However, whereas mito-
chondrial damage and increased mitochondrial reactive oxygen
species production are known triggers for autophagosome for-
mation, they had no clearly defined role in this work. Because the
mitochondrial potential in control and ORF-9b–expressing cells
did not differ, mitochondrial reactive oxygen species production is
an unlikely culprit. We also examined autophagy as assessed by
LC3 immunoblotting in the THP-1 cells permanently transfected
with ORF-9b. Although we observed a small increase in LC3
processing in the ORF-9b–expressing cells, the difference was less

FIGURE 6. ORF-9b uses PCBP2/AIP4 to degrade MAVS and to impair

type I IFN responses. (A) Immunoblot of lysates from HEK 293 cells

expressing Myc-MAVS and either GFP or 9b-GFP in the presence of

a control shRNA or a shRNA targeting either PCBP2 or AIP4. (B) Im-

munoblot of cell lysates and PCBP2 immunoprecipitates (+) from HEK

293 cells expressing GFP or 9b-GFP. Cells were treated with MG-132

(10 mM) for 2 h prior to lysis. Mock is a control Ab immunoprecipitation.

(C) IFN-b and NF-kB reporter assays using HEK 293 cells expressing GFP

or 9b-GFP along with a control, PCBP2, or AIP4 shRNA and induced by

transfection of poly(I:C). The luciferase activity shows in fold induction.

Statistics analyzed by t test. **p , 0.01.
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marked than what we had observed following the acute expression
of ORF-9b in A549 and HEK 293 cells. Further studies will be
needed to delineate the mechanisms by which ORF-9b triggers
marked autophagosome formation in some cell types and not
others.
We also considered whether the enhanced autophagy in A549

and HEK 293 cells might contribute to the reducedMAVS activity
that we observed. Previous studies have shown that some viruses
activate the autophagy pathway to reduce MAVS signaling and
impair antiviral responses (46, 47). Furthermore, the ATG5–
ATG12 conjugate has been shown to negatively regulate the type
I IFN production pathway by direct association with RIG-I and
IFN-b promoter stimulator 1 (37). However, in our hands, ORF-
9b–mediated suppression of MAVS signaling did not depend
upon the autophagy factor ATG5, as reducing its expression did
not impact the suppression in antiviral signaling. In addition, the
pharmacological inhibition of autophagy did not reverse the loss
of MAVS following ORF-9b expression. The modest increase
in autophagy in the 9b-GFP–expressing THP-1 despite a po-
tent reduction in MAVS expression also argues that the induction

of autophagy did not contribute to the loss of MAVS and MAVS
signaling that we noted.
Finally, the ORF-9b–mediated loss of MAVS may further

limit host innate responses by reducing NLRP3 inflammasome
activity, as MAVS promotes NLRP3 mitochondrial localization
and inflammasome activation (48). We are currently testing
whether the expression of ORF-9b also affects inflammasome
activity by targeting NLRP3 levels. In conclusion, SARS-CoV
uses ORF-9b to target host cell mitochondria to disable MAVS
signaling. Our data support the use of IFN-a therapy as a pro-
phylactic treatment against SARS-CoV, but suggest that it will
be less effective when administered to patients with an estab-
lished infection.
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FIGURE 7. ORF-9b induces autophagy. (A) Images from confocal microscopy of A549 cells coexpressing GFP vector or 9b-GFP with LC3-RFP. In-

dividual and merged images are shown as indicated. Scale bar, 10 mm. (B) Images from confocal microscopy of A549 cells expressing 9b-Flag and

immunostained for endogenous LC3 and Flag. Individual images are shown. Scale bar, 10 mm. (C) The number of GFP-positive cells with .10 LC3-RFP

puncta in A549 cells based on the imaging from (A). **p , 0.01, t test. (D) Images from electron microscopy of HEK 293 cells expressing a control (top

three images) or 9b-Flag (bottom three images). Arrows mark the autophagosomes. Black scale bars, 4 mm; gray scale bars, 1 mm. (E) Immunoblot of

lysates from A549 cells expressing GFP or 9b-GFP for the indicated proteins. The lysosome inhibitors E64d and pepstatin A were added, as indicated, for

the last 4 h. The ratio of LC3-II/LC3-I is shown. (F) Immunoblot of cell lysates from A549 cells expressing 9b-GFP under tetracycline control expressing an

ATG5 siRNA or not. The cells were tetracycline induced for 16 h prior to cell lysis. The ratio of LC3-II/LC3-I is shown. (G) Immunoblot of cell lysates

from THP-1 permanently expressing GFP or 9b-GFP. The ratio of LC3-II/LC3-I is shown. (H) IFN-b reporter assay using HEK 293 cells expressing Flag or

9b-Flag along with Myc-MAVS and control or ATG5 siRNAs. Luciferase activity is shown as fold induction.
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