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Background: Negative regulation of innate antiviral singling is crucial for preventing cell damage elicited by

hyperinflammation.

Results: Gp78 was identified as a negative regulator of innate antiviral signaling.
Conclusion: Gp78 regulates MAVS by both decreasing protein levels and by inhibiting signaling via physical interactions.
Significance: Gp78 regulation of innate antiviral signaling points to a novel and unexpected role for this protein.

In a previous study, we identified the E3 ubiquitin ligase Gp78
by RNAI high-throughput screening as a gene whose depletion
restricted enterovirus infection. In the current study, we show
that Gp78, which localizes to the ER-mitochondria interface, is a
regulator of RIG-I-like receptor (RLR) antiviral signaling. We
show that depletion of Gp78 results in a robust decrease of vesic-
ular stomatitis virus (VSV) infection and a corresponding
enhancement of type I interferon (IFN) signaling. Mechanisti-
cally, we show that Gp78 modulates type I IFN induction by
altering both the expression and signaling of the mitochon-
dria-localized RLR adaptor mitochondrial antiviral signaling
(MAVS). Expression of mutants of Gp78 that abolish its E3 ubiq-
uitin ligase and its participation in ER-associated degradation
(ERAD) lost their ability to degrade MAVS, but surprisingly
maintained their ability to repress RLR signaling. In contrast,
Gp78lacking its entire C terminus lost both its ability to degrade
MAVS and repress RLR signaling. We show that Gp78 interacts
with both the N- and C-terminal domains of MAVS via its C-ter-
minal RING domain, and that this interaction is required to
abrogate Gp78-mediated attenuation of MAVS signaling. Our
data thus implicate two parallel pathways by which Gp78 regu-
lates MAVS signaling; one pathway requires its E3 ubiquitin
ligase and ERAD activity to directly degrade MAVS, whereas the
other pathway occurs independently of these activities, but
requires the Gp78 RING domain and occurs via a direct associ-
ation between this region and MAVS.

Recognition of pathogen-derived nucleic acids is among the
most important mechanisms by which a host cell defends
against pathogen infection. Upon recognition of these nucleic
acids, the transcription of myriad antiviral genes ensues, culmi-
nating in a cellular antimicrobial state that equips the cell to

resist and/or suppress infection. The cytosolic pattern recogni-
tion receptors (PRRs)? retinoic acid inducible gene-I1 (RIG-I)
and melanoma differentiation-associated gene 5 (MDAD5) are
largely responsible for initiating the innate immune response to
cytosolic dsRNA derived from the replication of viral pathogens
(1). The signaling initiated by one or both of these cytosolic senti-
nels converges on a common mitochondria-localized adaptor
molecule, mitochondrial antiviral signaling (MAVS), which in
turn leads to nuclear translocation of NF-«B and interferon
(IFN) regulatory factor (IRF)-3 for induction of type L interferon
(IFN) production (2). MAVS contains an N-terminal caspase
recruitment and activation domain (CARD), which is required
for both upstream and downstream interactions, as well as a
C-terminal mitochondrial localization sequence, which is
required for downstream signaling events (2-5).

Because enhanced inflammation can lead to cell damage,
mechanisms must exist to tightly regulate antiviral signaling.
There are a variety of mechanisms by which regulators specifi-
cally modulate MAVS expression and/or signaling. This can be
achieved by protein-protein interactions that physically disrupt
or enhance upstream or downstream interactions required for
propagating MAVS-mediated signaling (6 —12). MAVS regula-
tion can also be achieved by post-translational modifications
such as ubiquitination that lead to inactivation or proteasomal
degradation (12-15). Variations in mitochondrial dynamics
have also been reported to play a role in MAVS regulation, such
as alterations in mitochondrial fusion/fission (16, 17), mem-
brane potential (17), reactive oxygen species generation (18),
and mitochondrial-endoplasmic reticulum contacts (MAMs)
(16, 19).

MAMs are defined as sites of close physical contact (~10-30
nm (20, 21)) between the ER and mitochondria. It is estimated
that between 5 and 20% of mitochondria are in direct contact
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with the ER (22). The MAM is an important cellular domain
that regulates a variety of functions involved in cellular homeo-
stasis such as lipid biosynthesis (23, 24), Ca>" signaling, and cell
survival pathways (25-27). Quite interestingly, activated
MAVS-containing innate immune synapses form at MAMs,
and the population of MAVS at the MAM is targeted by the
hepatitis C virus (HCV) NS3/4A protease, underscoring the
importance of this compartment in innate antiviral signaling
(19). In addition, the mitochondria and MAM have been asso-
ciated with the induction of inflammasome signaling (28).

The MAM proteome includes Gp78 (29 —32), an E3 ubiquitin
ligase active in the ER-associated degradation (ERAD) pathway.
Gp78 is also a cell surface receptor for the cytokine autocrine
motility factor (AMF), the activity of which has been linked
with increased cancer metastasis presumably due to its role in
cell differentiation, survival and growth (33). Gp78 is responsi-
ble for conjugation of ubiquitin to misfolded proteins, which
are then directed to the cytosolic proteasome for subsequent
degradation (34-36). Gp78-mediated ERAD participation
requires its C-terminal RING domain (responsible for ligase
activity), Cue domain (responsible for binding of ubiquitin),
and E2 (the enzyme responsible for bringing in the ubiquitin)
binding site (34—36). The C terminus of gp78 also contains a
site of interaction with the AAA ATPase p97 (VCP), which
provides the driving force for translocation of the polyubiquiti-
nated substrates to the cytosol for subsequent degradation by
the proteasome (37—40). It has also been recently reported that
Gp78 induces mitochondrial fragmentation in a ligase-depen-
dent manner, leading to mitophagy upon mitochondrial mem-
brane depolarization (41).

Previously, we conducted RNAi high-throughput screening
and identified Gp78 as a gene whose depletion led to a signifi-
cant reduction in infection of the enteroviruses coxsackievirus
B (CVB) and poliovirus (PV) (42). In the current study, we pro-
vide a molecular mechanism for these previous findings and
show that Gp78 is a novel regulator of RLR signaling. We show
that in addition to CVB and PV, depletion of Gp78 results in a
robust decrease of vesicular stomatitis virus (VSV) infection.
Mechanistically, we show that expression of Gp78 dramatically
represses type I interferon (IFN) signaling upstream of IRF3,
and that this decrease in signaling corresponds to decreases in
MAVS protein levels. Expression of Gp78 mutants defective in
E3 ubiquitin ligase activity or ERAD participation lost their
ability to decrease MAVS levels, but surprisingly maintained
their ability to repress RLR-mediated IFNf signaling. In con-
trast, Gp78 lacking its entire C terminus lost both its ability to
induce reductions in MAVS expression and repress RLR signal-
ing. These studies point to an unexpected role for the MAM-
localized Gp78 E3 ubiquitin ligase in the negative regulation of
MAVS signaling. Our data implicate two parallel pathways by
which Gp78 regulates MAVS expression and signaling, one
pathway requires its E3 ubiquitin ligase and ERAD activity,
while the other pathway occurs independently of E3 ubiquitin
ligase and ERAD activity, but requires the Gp78 C terminus and
occurs via an association between this region and the N- and
C-terminal domains of MAVS.
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EXPERIMENTAL PROCEDURES

Cells and Viruses—HEK293T cells, human fibrosarcoma
HT1080 cells, and human osteosarcoma U20S cells were cul-
tured in DMEM-H supplemented with 10% FBS and 1X peni-
cillin/streptomycin. Human brain microvascular endothelial
cells (HBMEC) were cultured as previously described (42, 43).
Experiments were performed with CVB3-RD at 3 particle-
forming units (pfu)/cell (expanded as previously described
(44)), PV Sabin 2 at 1 pfu/cell (previously described in (45)),
recombinant GFP-expressing vesicular stomatitis virus at 2
pfu/cell (VSV, as described in Ref. 44), and Sendai virus at 25
hemagglutination units (HAU)/ml (SeV, Cantell strain pur-
chased from Charles River Laboratories).

Antibodies—Mouse anti-enterovirus VP1 (Ncl-Entero) was
obtained from Novocastra Laboratories. Mouse anti-GFP
(B-2), mouse anti-V5 (H-9), rabbit and mouse anti-Flag (OctA,
D-8 or H-5, respectively), rabbit anti-GAPDH (FL-335), and
goat anti-Gp78 (N-18) were obtained from Santa Cruz Biotech-
nology. Rabbit anti-MAVS was obtained from Bethyl Labora-
tories. Mouse monoclonal antibody to mitochondria (MTCO2)
was obtained from Abcam. Alexa fluor-conjugated secondary
antibodies were from Invitrogen. Rat anti-Gp78 IgM (3F3A)
was a generous gift from Dr. Ivan Nabi (University of British
Columbia, Vancouver, Canada) and was previously described
(46).

Plasmids, siRNAs, and Transfections—Unless otherwise
specified, all Gp78 constructs were of human origin. PCI-Neo-
gp78/JM20 was purchased from Addgene and was previously
described (35). For subsequent cloning, Gp78 was amplified by
PCR from pCI-Neo-Gp78/JM20 using primers encoding an
N-terminal Flag tag, and was then cloned into pcDNA3.1 using
BamHI and Xbal sites. C-terminal Gp78 mutants were gener-
ated by standard PCR cloning. Primer sequences are available
upon request. Flag-tagged mouse Gp78 and the mouse Gp78
RING mutant were provided by Dr. Ivan Nabi and have been
previously described (41). EGFP-MAVS, EGFP-MAVS-CT,
and -NT, EGFP-RIG-I, V5-IRF3-5D, and EGFP-STING have
been described previously (44) (47).

The siRNA targeting Gp78 was purchased from Sigma
Aldrich (GGACGAACUCCUCCAGCAALtt). Control (scram-
bled) siRNAs were purchased from Ambion or Sigma.

Plasmid transfections were performed using X-tremeGENE
9 or HP (Roche) essentially per the manufacturer’s protocol.
For siRNA transfections, HBMEC or HT1080 were transfected
with siRNAs (final concentration 25-75 nm) using Dharma-
FECT-1 transfection reagent (Thermo-Fisher Scientific) accord-
ing to the manufacturer’s protocol.

Immunoblots—Cells were grown in 24-well plates, and
lysates prepared with RIPA buffer (50 mm Tris-HCl, pH 7.4, 1%
Nonidet P-40, 0.25% sodium deoxycholate, 150 mm NaCl, 1 mm
EDTA, 1 mMm phenylmethanesulfonyl fluoride, 1 mg/ml apro-
tinin, leupeptin, and pepstatin). Lysates were run on 4-20%
Tris-HCl gels (Bio-Rad) and transferred to nitrocellulose mem-
branes. Membranes were blocked using 5% nonfat dry milk,
probed with the indicated antibodies, and developed using horse-
radish peroxidase-conjugated secondary antibodies (Santa Cruz
Biotechnology) and SuperSignal West Pico or Dura chemilumi-
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nescent substrates (Pierce Biotechnology). Densitometry was per-
formed using Image J (NIH).

Immunoprecipitations—HEK293T cells transiently trans-
fected with the indicated plasmids were lysed with RIPA buffer
(450 mm NaCl, 1 mm EDTA, 50 mm Tris-HCI, pH 7.8, 1% Non-
idet P-40, 1 mMm phenylmethylsulfonyl fluoride, 0.5 ng/ml leu-
peptin, and 0.5 ug/ml pepstatin), and insoluble material was
cleared by centrifugation. Lysates were incubated with the indi-
cated antibodies for 1-2 h at 4 °C followed by the addition of
Sepharose G beads for an additional 1-2 h at 4 °C. After cen-
trifugation, the beads were washed with RIPA buffer a mini-
mum of five times and heated at 95 °C for 10 min in Laemmli
sample buffer. Following a brief centrifugation, the supernatant
was immunoblotted with the indicated antibodies.

Reporter-Gene Assays—Activation of IFNS and NF-«B pro-
moters was quantified using dual luciferase reporter-gene
assays. Cells were transfected in 96-well plates with p-125 luc
(which contains the entire IFNS promoter upstream of firefly
luciferase) or NF-«B reporter (which contains NF-«B respon-
sive promoter elements upstream of firefly luciferase) plasmids
together with a control Renilla luciferase plasmid (pRL-null,
Promega) and the indicated plasmids. Cells were lysed and pre-
pared for luciferase measurement using the Dual-Luciferase
assay kit (Promega) according to the manufacturer’s instruc-
tions, and luciferase activity was measured using a Synergy 2
luminescence plate reader (Bio-Tek). Data are presented as fold
induction over uninfected or vector-transfected controls, and
are normalized to Renilla luciferase activity. All experiments
were performed in triplicate and conducted a minimum of
three times.

RT-gPCR—Total cellular RNA was extracted using TRI re-
agent (MRC) according to the manufacturer’s protocol. RNA
samples were treated with RNase-free DNase (Qiagen) prior to
c¢DNA synthesis. Total RNA (1 ug) was reverse transcribed
using iScript cDNA synthesis kit (Bio-Rad). RT-qPCR was per-
formed using iQ SYBR Green Supermix (Bio-Rad) in an
Applied Biosystems StepOnePlus real-time PCR machine.
Gene expression was calculated using the 2-AACT method and
was normalized to actin (48). QuantiTect primers against Gp78
were purchased from Qiagen and actin primer sequences have
been described elsewhere (49). Primer sequences are as follows:
MAYVS (Forward, 5'-GTCACTTCCTGCTGAGA-3’; Reverse,
5'-TGCTCTGAATTCTCTCCT-3'); ISG56 (Forward, 5'-CAA-
CCAAGCAAATGTGAGGA-3'; Reverse, 5'-AGGGGAAG-
CAAAGAAAATGG-3').

Immunofluorescence Microscopy—Cells cultured in 8-well
chamber slides (LabTek, Nunc) were washed and fixed with
either 4% paraformaldehyde or with ice-cold methanol. Cells
were then permeabilized with 0.1% Triton X-100 in phosphate-
buffered saline (PBS) and incubated with the indicated primary
antibodies for 1 h at room temperature (RT). Following wash-
ing, cells were incubated with secondary antibodies for 30 min
at room temperature, washed, and mounted with Vectashield
(Vector Laboratories) containing 4',6-diamidino-2-phenylin-
dole (DAPI). Images were captured using a FV1000 confocal
laser scanning microscope (Olympus), analyzed using Image ]
(NIH) or FV10-ASW (Olymous) (Bitplane), and contrasted and
merged using Photoshop (Adobe).
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Statistical Analysis—Data are presented as mean *= S.D.
Unpaired, two-tailed ¢ test or one-way analysis of variance
(ANOVA) and Bonferroni’s correction for multiple compari-
sons were used to determine statistical significance (*, p <
0.01).

RESULTS

Gp78 Is a Regulator of RNA Virus Infection—We previously
conducted high throughput RNAi screens for novel regulators
of enterovirus infection in human brain microvascular endo-
thelial cells (HBMEC) (42), and identified Gp78 as a regulator of
CVB and PV infection whose depletion led to a robust decrease
of infection (42) (Fig. 1A). To expand on these findings, we also
determined the effects of Gp78 depletion on CVB infection in
the fibrosarcoma cell line HT1080 (a cell type reported to
express high levels of Gp78 (50)). Similar to our results in
HBMEC, we found that RNAi-mediated Gp78 silencing
decreased CVB infection (Fig. 1C). In addition, we found that
Gp78silencing also reduced the infection of the unrelated RNA
virus VSV, a member of the rhabdovirus family (Fig. 1, Band C).
Efficient reduction of Gp78 expression in the presence of RNAi
was achieved in these experiments (Fig. 1D). Taken together,
these data show that depletion of Gp78 in both HBMEC and
HT1080 cells results in a decrease of CVB, PV, and VSV infec-
tion, suggesting a mechanism that is common to two indepen-
dent families of RNA viruses in disparate cell types.

Gp78 Negatively Regulates Type I IFN Signaling—Because
depletion of Gp78 resulted in a decrease of infection by two
unrelated families of RNA viruses, we next determined whether
Gp78 regulated some aspect of type I IFN signaling. We found
that expression of exogenous Gp78 led to a significant decrease
in Sendai virus (SeV)-induced signaling to both the IFN and
NE-«B promoters (Fig. 2, A and B). SeV is specifically recog-
nized by RIG-I (51). In addition, we found that overexpression
of Gp78 greatly attenuated the induction of the interferon stim-
ulated gene (ISG)-56 by both cytosolic poly (I:C) or SeV infec-
tion (Fig. 2, C and E). In contrast, RNAi-mediated silencing of
Gp78 greatly enhanced this induction (Fig. 2, D and E). Of note,
the expression levels of ISG56 slightly increased in the absence
of Gp78 (by ~16-fold) even without stimulation by SeV (Fig.
2D), which could point to a steady state regulatory role for Gp78
in type I IEN signaling. Taken together, these data suggest a
negative regulatory role for Gp78 in type I IFN.

A common characteristic of many type I IFN mediators is
their inducible expression upon treatment with virus infection,
purified interferon and/or PRR agonists (2, 28, 52—54). Given
the possible role of Gp78 in the regulation of type I IFN signal-
ing, we determined if its expression was inducible under these
conditions. We found that expression of Gp78 was not induced
by treatment with purified IENf or cytosolic poly (I:C) or by
infection with SeV (Fig. 2F), a result underscoring the possible
steady state regulatory role for Gp78 in type I IEN signaling.

Gp78 Negatively Regulates RLR Signaling—RLR signaling is
one of the most important components of the type I IFN
response to RNA viruses. Given that depletion of Gp78
restricted the replication of both CVB and VSV, and enhanced
type I IEN signaling, we next investigated the role of Gp78 in
RLR signaling. We found that expression of exogenous Gp78
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FIGURE 1. Gp78 depletion restricts RNA virus replication. A, decreased CVB and PV replication by high-throughput RNAi screening in HBMEC transfected
with Gp78 siRNAs (siGp78) compared with an siRNA targeting a gene within the library that had no effect on viral replication (si-No Effect). VP1 staining is shown
in green, and DAPI-stained nuclei are shown in blue. White text at bottom left denotes the level of infection (%). B, decreased VSV-GFP replication in HT1080 cells
transfected with siGp78 compared with control siRNA (siCON), as assessed by immunofluorescence microscopy at 8 h post-infection. VSV-GFP is shown in
green, and DAPI-stained nuclei are shown in blue. C, decreased VSV-GFP and CVB replication in HT1080 cells transfected with siGP78 compared with control
siRNA (siCON), as assessed by immunofluorescence microscopy at 8 h (VSV-GFP) or 16 h (CVB) post-infection. D, level of Gp78 expression in HT1080 cells
transfected with siGp78 compared with a control siRNA, as assessed by RT-gPCR 48 h post-transfection. All data are representative of at least three independent

experiments, and data in Cand D are presented as mean = S.D. (¥, p < 0.01).

greatly decreased signaling to the IFNS promoter induced by
overexpression of RIG-I, MDAS5, and MAVS (Fig. 34). How-
ever, exogenously expressed Gp78 had no effect on signaling to
the IFNB promoter induced by overexpression of a constitu-
tively active mutant of IRF-3 (IRF3-5D) (55) (Fig. 3B). These
results suggest that Gp78 exerts its regulatory role within the
RLR pathway upstream of IRF3 activation.

Gp?78 Expression Results in the Post-translational Down-reg-
ulation of MAVS—Because silencing of Gp78 restricted the
replication of CVB and VSV, which are detected by different
RLRs (11, 56, 57), and because Gp78 expression abrogated RLR
signaling upstream of IRF3, we next investigated the effect of
Gp78 on the expression of various innate immune-associated
components. Strikingly, we found that overexpression of Gp78
resulted in a marked decrease in EGFP-MAVS protein levels by
immunoblotting (Fig. 44). In contrast, expression of Gp78 had
no effect on the expression of EGFP-RIG-I, V5-IRF3-5D, or the
unrelated ER-localized IEN signaling molecule EGFP-STING
(Fig. 4A). Importantly, overexpression of Gp78 had no effect on
MAVS mRNA levels, suggesting that the Gp78-mediated
decrease in MAVS protein levels occurs post-translationally
(Fig. 4B).

Because our previous results relied on the overexpression of
MAVS, we also determined whether expression of Gp78
reduced levels of endogenous MAVS. Similar to our findings
with exogenously expressed MAVS, we found that Gp78 also
decreased the levels of endogenous MAVS in a dose-dependent
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manner (Fig. 4C). In addition, we observed a pronounced loss of
endogenous MAVS immunofluorescence in cells transfected
with Gp78 (Fig. 4D).

Given that Gp78 has been associated with mitochondrial
fragmentation and mitophagy (41), we also determined
whether overexpression of Gp78 would lead to the possible
degradation of other mitochondria-localized components. We
found that expression of Gp78 had no effect on the levels of the
constitutive mitochondrial marker MTCO02 (Fig. 4E). Taken
together, these data show that MAVS protein levels are post-
translationally decreased in the presence of Gp78 in a specific
manner that does not rely on mitophagy or mitochondrial
fragmentation.

Gp78 Colocalizes with MAVS and Specifically Targets the
MAVS CARD—Consistent with the work of others (30, 32), we
found that exogenously expressed Gp78 partially localized with
a marker of mitochondria (Fig. 54). In addition, we found that
endogenous Gp78 colocalized with endogenous MAVS, likely
at the ER-mitochondria interface in uninfected cells and in cells
infected with SeV (Fig. 5B). MAVS contains a C-terminal
domain that mediates its mitochondrial localization and is
required for its activity, and an N-terminal CARD-containing
region that is required for upstream and downstream interac-
tions (2). To investigate which region of MAVS is required for
Gp78-mediated degradation, we cotransfected Flag-Gp78 with
either full length MAVS (MAVS-WT), or with deletion
mutants of MAVS containing 148 N-terminal amino acids
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FIGURE 2. Gp78 regulates type | interferon signaling. A and B, dual luciferase assays from 293T cells transfected with IFNS (A) or NF-«B (B) promoted
luciferase constructs and the indicated plasmids. Cells were infected with SeV 24 h post-transfection and luciferase activity was measured 16 h post-infection.
Cand D, levels of ISG56 in untreated 293T (C) or HT1080 (D) cells transfected with the indicated plasmids (C) or siRNAs (D), transfected with 500 ng poly (I:C) (C),
or infected with SeV (D) at 48 h post-transfection for 16 h, as assessed by RT-qPCR. £, Gp78 expression from 293T (overexpression) or HT1080 (siRNA) cells
transfected with the indicated plasmids (left) or siRNAs (right), as assessed by RT-qPCR. Data are presented as mean = S.D. and correspond to data shown in C
and D. F, level of Gp78 (left) or ISG56 (right) expression in untreated HT1080 cells, or cells transfected with 500 ng poly (I:C), treated with 500 units/ml IFNS
overnight, or infected with SeV for 24 h, as assessed by RT-qPCR. All data are representative of at least three independent experiments and presented as

mean *= S.D. (¥, p < 0.01).

including the CARD (MAVS-NT) or 391 C-terminal amino
acids including the transmembrane domain, but lacking the
CARD (MAVS-CT) (Fig. 5C). We found that expression of
Gp78induced a reduction in the expression of both MAVS-WT
and MAVS-NT, but had no significant effect on the expression
of MAVS-CT. These data suggest that the CARD-containing N
terminus of MAVS is required for Gp78-mediated decreases in
expression.

Gp78-mediated Degradation of MAVS Requires Its E3 Ubiq-
uitin Ligase and ERAD Activity—Several domains within the C
terminus of Gp78 are critical for its E3 ubiquitin ligase and
ERAD activities (schematic, Fig. 6A, left). These include a RING

1608 JOURNAL OF BIOLOGICAL CHEMISTRY

finger domain, a CUE domain, an E2-binding region (G2BR)
(34-36), and a VCP-interacting motif for translocation of the
polyubiquitinated substrates to the cytosol for subsequent deg-
radation by the proteasome) (37—40). We next sought to deter-
mine the role of the E3 ubiquitin ligase and ERAD functions of
Gp78 in its degradation of MAVS using a panel of point and
truncation mutants (schematic, Fig. 6A4, right). When MAVS
was cotransfected with human or mouse Gp78 (hGp78 or
mGp78, respectively), a robust decrease in MAVS protein levels
was evident by immunoblotting (Fig. 6B, compare lane I to
lanes 2 and 3). However, MAVS protein levels were unaffected
by a point mutant of mGp78 described previously (41) that
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FIGURE 3. Gp78 regulates RLR signaling. A and B, dual luciferase assays from 293T cells transfected with IFN3 promoted luciferase constructs, RIG-I, MDA5,
MAVS (A), or IRF3-5D (B), and the indicated plasmids (vector or Gp78). Luciferase activity was measured 48 h post-transfection. All data are representative of at
least three independent experiments and presented as mean = S.D. (¥, p < 0.01).

abolishes its E3 ligase activity (mGp78 RING mut) (Fig. 6B,
compare lane 1 to lanes 3 and 4). Furthermore, truncation
mutants of hGp78 that have been described previously to
inhibit its participation in the ERAD pathway (34, 35) (lacking
the VIM (AVCP), VIM and G2BR (AG2BR), VIM, G2BR and
CUE (ACUE), or the entire C terminus (AC)), lost their ability to
decrease MAVS (Fig. 6B, compare lane 1 to lanes 4—8). Impor-
tantly, when treated with MG132 (a proteasome inhibitor),
MAVS protein levels were partially restored (~2.5-fold resto-
ration) in the presence of Gp78 (Fig. 6C). Interestingly, consis-
tent with the work of others (53), we found that MAVS protein
levels (Fig. 6D), but not RNA levels (not shown), were signifi-
cantly decreased in response to SeV infection. Together, these
data point to a role for the E3 ubiquitin ligase and ERAD activity
of Gp78 in MAVS degradation.

Gp78-mediated Abrogation of MAVS-mediated Signaling
Occurs Independently of E3 Ubiquitin Ligase and ERAD
Activities—We found that the E3 ubiquitin ligase and ERAD
activities of Gp78 were required for its degradation of MAVS.
Thus, we next determined whether this activity was also
required for Gp78-mediated abrogation of type I IFN signaling.
Surprisingly, we found that most of the mutants of Gp78 that
ablated its ability to alter MAVS expression (mGp78 RING
mut, hGP78-AVCP, -AG2BR, and -ACUE), retained their abil-
ity to suppress SeV-induced IFNS signaling (Fig. 7A). In con-
trast, only the hGp78 mutant lacking almost the entire C termi-
nus (hGP78-AC) lost the ability to attenuate antiviral signaling
(Fig. 7A). These data suggested that there are divergent mech-
anisms by which Gp78 induces MAVS degradation and atten-
uates MAVS-mediated signaling.

The C Terminus of Gp78 Interacts with MAVS and Binds to
Both the N- and C-terminal Domains of MAVS—There are sev-
eral pathways by which cellular components attenuate MAVS-
mediated signaling. One of these includes the use of specific
protein-protein interactions to inhibit the binding of key
upstream and/or downstream innate immune signaling com-
ponents to MAVS (6-8). Given that Gp78 localizes in close
proximity to MAVS (Fig. 5B) and can attenuate MAVS-medi-
ated signaling even in the absence of its degradation (Fig. 7A),
we next determined whether Gp78 and MAVS form an inter-
action by performing coimmunoprecipitation studies. For
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these studies, we utilized the AVCP, ACUE, and AC mutants of
Gp78, but not wild-type Gp78, to avoid experimental difficul-
ties related to the decrease in MAVS levels mediated by full
length Gp78. We found that MAVS coimmunoprecipitated
with both Gp78-AVCP and Gp78-ACUE (Fig. 7B). In contrast,
MAVS did not coimmunoprecipitate with Gp78-AC, despite
this modification not significantly altering its localization (Fig.
7, B and C). These data suggest that Gp78 utilizes a domain
between amino acids 311 and 455 of its C terminus, most likely
its RING region, to interact with MAVS.

Both the N- and C-terminal domains of MAVS play critical
roles in its activation by upstream components and propaga-
tion of downstream signals. For example, whereas both RIG-I
and MDADS5 bind to the N-terminal CARD of MAVS (2), tumor
necrosis factor (TNF) receptor-associated factor (TRAF)-3
binds to a region within the C terminus of MAVS (58). Because
we observed an association between Gp78 and MAVS, and a
possible ablation of MAVS-mediated signaling as a result of this
interaction, we next determined whether Gp78 interacted with
the N- or C-terminal regions of MAVS. We found that Gp78-
AVCP interacted with both the N- and C-terminal domains of
MAVS, whereas we did not detect any association of either of
these domains with Gp78-AC, as expected (Fig. 7D). These data
show that Gp78 utilizes a region within its C terminus to inter-
act with multiple regions of MAVS.

DISCUSSION

Here we report on the regulation of MAVS expression and
signaling by the MAM-associated E3 ubiquitin ligase Gp78. We
identified Gp78 initially using an unbiased high throughput
RNAI screen to identify novel regulators of enterovirus infec-
tion (42). In the follow-up studies presented here, we found that
RNAi-mediated silencing of Gp78 also restricted VSV infection
and correlated with enhancements of type I IFN antiviral sig-
naling. Mechanistically, we found that Gp78 alters RLR signal-
ing by both enhancing the degradation of MAVS via its E3 ubiq-
uitin ligase and ERAD-mediated functions and by specifically
interacting with MAVS via a region within its C terminus. Col-
lectively, these data report on the unexpected role of Gp78 in
the regulation of MAVS-mediated antiviral signaling and sug-
gest that it specifically functions to attenuate antiviral signaling
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FIGURE 4. Gp78 specifically alters MAVS levels. A, immunoblot analysis from 293T cells 48 h post-transfection with EGFP-MAVS, EGFP-RIG-, V5-IRF3-5D, or
EGFP-STING and either vector or Gp78. Antibodies directed against GFP or V5 were used. Immunoblotting for Gp78 (middle panel) is included to demonstrate
transfection and GAPDH (bottom panels) is included as a loading control. B, levels of MAVS in 293T cells transfected with vector or Gp78 as assessed by RT-qPCR
at 48 h post-transfection. C, immunoblot analysis for endogenous MAVS 48 h post-transfection with increasing amounts of Gp78 (from 0 ug to 2 ug).
Immunoblotting for Gp78 (middle panel) is included to demonstrate transfection and GAPDH (bottom panels) is included as a loading control. D, immunofluo-
rescence microscopy for endogenous MAVS in U20S cells 48 h post-transfection with Flag-Gp78. MAVS is shown in red, and Flag-Gp78 is shown in green.
DAPI-stained nuclei are shown in blue. White arrows denote areas of decreased MAVS staining in the presence of Gp78. E,immunoblot analysis from 293T cells
48 h post-transfection with EGFP-MAVS and either vector or Gp78. Antibodies directed against GFP and MTCO2 (an unrelated mitochondrial protein) are
included as a measure of specificity, and immunoblotting for Gp78 (middle panel) is included to demonstrate transfection and GAPDH (bottom panels). All data
are representative of at least three independent experiments, and data in B are presented as mean * S.D. (¥, p < 0.01).

of MAVS at the MAM by two parallel pathways (reviewed in the
schematic shown in Fig. 8).

Whereas CVB and other enteroviruses are sensed by MDAS5,
RLR-mediated anti-VSV signaling is specifically mediated by
RIG-I(11,56,57). Our findings that Gp78 depletion suppressed
infection by both viruses supports its specific regulation of an
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innate-immune associated factor common to both viruses,
such as MAVS. Regulation of antiviral signaling at the mito-
chondrial level is quite strategic given that signals propagated
by two independent cytosolic sensors converge on MAVS at the
mitochondrial membrane. Therefore, regulators of MAVS such
as Gp78 exert a higher level of control than they might if they

S
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cells 48 h post-transfection with Flag-Gp78. Mitochondria are shown in red and were stained with MTCO2 antibody and Gp78 is shown in green and was stained
with a Flag-specific antibody. B, immunofluorescence microscopy of endogenous MAVS and endogenous Gp78 in U20S cells in uninfected (Mock) or SeV-
infected HT1080 cells. MAVS is shown in red, and Gp78 is shown in green and was stained using the 3F3A antibody specific for Gp78. C, top, schematic of MAVS
constructs used. Bottom, immunoblot analysis from 293T cells 48 h post-transfection with EGFP-MAVS, EGFP-MAVS-CT, or EGFP-MAVS-NT with either vector or
Gp78. Antibody directed against GFP was used. Immunoblotting for Flag and GAPDH (bottom panel) are included to show expression of Gp78 and as a loading
control, respectively. Table at bottom, densitometry (MAVS/GAPDH normalized to vector control) in cells transfected with vector of Gp78. All data are repre-

sentative of at least three independent experiments.

targeted upstream components of RLR signaling such as RIG-I
or MDAS5 individually.

The MAM is emerging as a critical platform for MAVS-me-
diated innate antiviral signaling (19). In light of evidence that
the active population of MAVS in virus-infected cells is local-
ized to the MAM (19, 30, 32), negative regulation of MAVS in
this compartment is critical to prevent excessive inflammation.
Therefore, MAM-localized Gp78 is an ideal candidate to nega-
tively regulate MAVS. Interestingly, we found that type I IEN
signaling is enhanced in the absence of Gp78 in uninfected cells.
This could indicate that Gp78 plays a housekeeping role in the
regulating of MAVS signaling to suppress MAVS-mediated
innate immune signaling under basal states, likely as a means of
avoiding hyperinflammatory signaling. This notion is sup-
ported by our findings that Gp78 expression is not induced by
purified IFN treatment, transfection of cells with a synthetic
ligand of RLR signaling, or SeV infection. Given the lack of a
robust induction of Gp78 in response to any RLR ligand, it is
possible that other interferon-inducible regulators of MAVS
exist within the MAM, and that these would be important for
immediate regulation during an acute viral infection. However,
in the event of excessive inflammation after a viral infection has
been contained, or in the context of excessive inflammation in
the absence of a viral threat (i.e. autoimmunity), negative regu-
lation of MAVS at the MAM by a steady-state protein such as
Gp78 would become critical for cellular homeostasis.
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Ubiquitin-mediated proteasomal degradation of MAVS is a
known mechanism for its negative regulation (13-16, 59).
Moreover, Gp78 is a well-characterized E3 ubiquitin ligase of
the ERAD pathway. Given that Gp78-induced degradation of
MAVS was E3 ubiquitin ligase and ERAD dependent, and that
the effect was partially rescued with the proteasome inhibitor
MG@G132, we conclude that Gp78-mediated MAVS degradation
is achieved at least in part by its Gp78-mediated ubiquitination
and proteasomal degradation. Whereas the RING, Cue, and
G2BR regions are important for the E3 ubiquitin ligase activity
of Gp78 (34, 35), the VIM region is not required for the enzy-
matic addition of ubiquitin to the substrate and is instead
required for translocation of the ubiquitinated substrate out of
the ER membrane and to the cytosol for completion of the
ERAD pathway (37-40). Importantly, mutant Gp78 lacking
this domain did not degrade MAVS, supporting a specific role
for ERAD in MAVS degradation. The ERAD pathway is an ER-
specific mechanism of protein quality control, and is mainly
responsible for destruction of misfolded proteins exiting the ER
by marking them with ubiquitin for proteasomal degradation
(61). Although the requirement of the VIM region seems to
point to a role for the ERAD pathway in Gp78-mediated MAVS
degradation, it is important to note that MAVS is a membrane-
localized protein in the mitochondria that, like ERAD sub-
strates in the ER, would require translocation into the cytosol
for interaction with the proteasome even in the absence of tra-
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control, respectively. Table at bottom, densitometry (MAVS/GAPDH normalized to vector control) in cells transfected with the indicated plasmids. Densitometry
was performed, and data are presented as fold change from vector untreated (bottom panel). C,immunoblot analysis from 293T cells 48 h post-transfection
with EGFP-MAVS and either vector control or Gp78. MG132 (20 uMm) was added 16 h post-transfection. Antibodies directed against GFP and GAPDH were used.
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loading control. Table at bottom, densitometry (MAVS/Actin normalized to control (mock infection).

ditional ERAD. In fact, there are specific substrates recognized We show that the CARD-containing N-terminal region of
and negatively regulated by Gp78-mediated ubiquitinationand =~ MAVS, but not the C-terminal region of MAVS, is targeted for
proteasomal degradation in a manner distinct from ERAD’s Gp78-mediated degradation. However, RIG-I, which also con-
traditional role of nonspecific protein quality control (62, 63), tains CARDs that are subject to ubiqutination (64), is not sen-
including MAVS. sitive to Gp78-mediated degradation. These data point to the

1612 JOURNAL OF BIOLOGICAL CHEMISTRY YASHMBN  VOLUME 289-NUMBER 3+JANUARY 17, 2014



>

Gp78 Regulates MAVS Expression and Signaling

B

IFNB EGFP-MAVS
Flag-Gp78
50+ S Q @
O @) N
© I & v v ¥
e 401
o
"B"-EE pa— IP: Flag
52 307 - 1B GFP
23 i
<8 = H
— *
S E : * _i*_ o =
w5 104 IP: Flag
= — B! Flag
. P R -
IR I I U R RN e
F &R RS VRS
CaliRC I A )
W& \‘\o A4 VO \4
) — Input: GFP
OQ,\ hGp78 S a— W |NpU
&
SeV
Wild-type
yp AC EGFP-MAVS EGFP-MAVS
CT NT
Flag-Gp78 Flag-Gp78

© 3 $ R
N~ X0 (52 O
O O
((Dl N § ¥ ¥ § N
o (|3) CT-»| -
<Qt E IP: Flag
1B: GFP
NS—p| M SR B e
NT-» —
@©
= L -
g IP: Flag
_8 IB: Flag
[S]
L
s —-— -
m Input: GFP
=

Merge

FIGURE 7. The C terminus of Gp78 interacts with the N- and C-terminal regions of MAVS and is required to ablate MAVS-mediated signaling. A, dual
luciferase assays from 293T cells transfected with IFNB promoted luciferase constructs and the indicated plasmids (a schematic of these constructs is shown in
Fig. 6A, right). Cells were mock-infected or infected with SeV 24 h post-transfection and luciferase activity was measured 16 h post-infection. B, immunoblot
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experiments, and data in A are presented as mean = S.D. (*, p < 0.01).

specificity of the Gp78-mediated degradation of MAVS and
suggest that it may not target all CARDs. In addition, as we
observed degradation of MAVS-NT, this suggests that the
mitochondrial localization of MAVS is not required for its deg-
radation by Gp78.

Surprisingly, we observed a repression of MAVS-mediated
signaling by Gp78 mutants incapable of participating in the
ERAD pathway. We show that Gp78 binds to both the N- and
C-terminal regions of MAVS, and that the region of Gp78
required for this binding is within RING-containing residues
311-455, as binding was lost when these residues were
removed. Because RING domains are known to mediate pro-

JANUARY 17,2014 +VOLUME 289-NUMBER 3

tein-protein interactions (65, 66), it is likely that this region of
Gp78 mediates its interaction with MAVS. Protein-protein
interaction is a well-defined mechanism of regulating MAVS-
mediated signaling. This is often achieved by physically block-
ing key interactions of MAVS with up or downstream signaling
partners (6—10). It is possible that binding of Gp78 to MAVS
within its CARD would disrupt the interaction between MAVS
and RIG-I/MDA5 that is required for downstream signaling
(2-5). However, it is also possible that Gp78 binds to a different
region of MAVS, such as the proline-rich region or TRAF inter-
action motifs (TIMs) required for MAVS interaction with the
downstream signaling adaptors TRAF2/3/5/6 (5, 58, 67, 68),
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schematic, MAVS oligomerization is a critical component of its signaling (60, 69, 70).

effectively disrupting and suppressing signaling. In addition,
Gp78 may inhibit some aspect of MAVS oligomerization,
which has been shown to play an important role in its signaling
(60, 69, 70).

Taken together, our study provides evidence for two possible
mechanisms for the regulation of MAVS expression and signal-
ing by Gp78. The first mechanism requires the ERAD activity of
Gp78 and likely corresponds enhancements in MAVS ubiquiti-
nation and proteosomal degradation while the second occurs
independently of ERAD function, but requires Gp78-MAVS
interactions (schematic, Fig. 8). Both of these mechanisms likely
require physical interaction of Gp78 with MAVS. These results
shed light on a novel function of Gp78 in the regulation of
MAVS-mediated antiviral signaling. Moreover, our work sug-
gests that other MAM-localized components might also serve
to specifically target MAVS as a means to regulate inflamma-
tory signaling within the cell. Defining the specific components
of the MAVS regulome specifically within the MAM will
undoubtedly provide exciting new insights into the regulation
of antiviral signaling.
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