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Editorial on the Research Topic

Ubiquitin and ubiquitin-like modifications in viral infection and
innate immunity

The Research Topic ‘ubiquitin and ubiquitin-like modifications in viral infection and
innate immunity’ aimed to advance our knowledge and understanding of the regulation of
innate immune signaling by ubiquitin and ubiquitin-like modifiers during infection, its
interplay with viral proteins and the application of modern techniques to decode these
interactions. Six original research papers, three mini-reviews, one review article, and one
perspective article that covered various aspects of the Research Topic were eventually part of
the collection.

Innate immune responses are our first line of defense against invading pathogens.
Multiple signaling pathways work in concert to eliminate the invading pathogen (1).
However, to mediate a rapid but balanced defensive response, the innate immune system
itself has to be intricately regulated. The fate and function of the individual key signalling
factors is often regulated by post-translational modifications (PTMs) (2). Most prominently
among them are ubiquitin (Ub) and ubiquitin-like (UbLs) modifications such as ISGylation,
Neddylation, UFMylation, SUMOylation (3, 4). These modifications virtually control all
aspects of innate immune signaling (5, 6). A concerted series of enzymatic processes leads to
the covalent attachment of Ub/UbLs to mainly lysine residue of substrate proteins. It involves
an activation enzyme (E1), a conjugation enzyme (E2), and ligating enzyme (E3). E3-Ub
ligases recognize the substrate simultaneously interacts with the Ub-conjugated E2 and the
substrate protein and mediates the isopeptide bond formation between the Ub and a lysine
residue of the substrate protein (7). Modification of a signaling protein by Ub or UbLs
eventually impacts its functional activity and/or stability.

More than 600 human E3-ligases have been identified so far, among them are members of
the tripartite motif (TRIM) family that are encoded within the MHC-I locus of the human
DNA (8). The review by Jia et al. highlights the role of TRIMs in regulating innate immunity
that impacts infections or auto-inflammatory conditions. Beyond classical ubiquitination,
TRIM proteins like TRIM38 mediate SUMOylation in RNA-sensing (RIG-I/MDAS5) and
DNA-sensing (cGAS/STING) pathways. A role of TRIM?7 in the negative regulation of innate
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immune response upon RNA-virus infection was revealed by the
study of Yang et al. TRIM7, also known as E3 ubiquitin-protein
ligases RING-finger protein 90 (RNF90) promotes K48-linked
ubiquitination of the important RNA-sensing signaling adaptor
MAVS. This eventually leads to the proteasomal degradation of
MAVS and consequently decreased innate immune signaling in
response to RNA viruses. Of note, the negative regulation of MAVS
by TRIM7 may protect against aberrant spontaneous activation of
immune responses under physiological conditions.

Ubiquitin has seven lysine residues (Lys6, Lys11, Lys27, Lys29,
Lys33, Lys48, and Lys63). The mode of Ub lysine-lysine
interconnection determines the fate of the substrate protein (9). In
addition to lysine-linked chains, linear chains can be formed that are
linked via the N-terminal first methionine. This is mediated by the
specialized E3-ligase complex Linear ubiquitin chain assembly
complex (LUBAC) (10, 11). The study by Miyashita et al. shows
that the autophagy cargo, Nuclear dot protein 52 kDa (NDP52, also
known as calcium binding and coiled-coil domain 2, CALCOCO2)
interacts with the LUBAC complex via the HOIP subunit. Although
this interaction did not affect the E3-ligase activity of the LUBAC,
NDP52 negatively regulates TNF-o. secretion, antiviral signaling, and
apoptosis, as well as xenophagosome formation.

Despite forming a covalent bond between the substrate and
ubiquitin chain, modifications by ubiquitination are reversible.
Homeostasis is maintained by a balance between PTM formation
by E3-ligases and the removal of ubiquitin chains by deubiquitinases
(DUBs) (12). Currently, more than 100 human DUBs have been
identified, and the role of major DUBs in type-I IFN signaling during
viral infection was comprehensively reviewed by Qian et al. In
addition, it was highlighted that the DUBs are not always required
to be catalytically active to regulate signal transduction. DUBs can
also have specific antiviral activity, as shown by Gao et al. Specifically,
the DUB ubiquitin-specific protease 8 (USP8) may suppress HIV-1
infectivity by counteracting Vif-induced APOBEC3G degradation.
Their work also revealed other DUBs like USP7, USP33, and USP37
that play a role as host-encoded restriction factors to prevent
degradation facilitated by HIV-1 accessory proteins Vpr, Vpu,
and Vpx.

However, viruses have evolved strategies to interfere with the
ubiquitin system to counteract the host defenses and promote their
replication. To this end, viruses encode proteins that mimic key
components of Ub and UbL ligases or deubiquitinates (13, 14). For
example, poxviruses encode E3-ubiquitin ligase and adaptor proteins
belonging to PRANC, ANK/BC, BBK, P28/RING, and MARCH
proteins. Cui et al. reviewed the role of these five categories of
proteins in host immune evasion. Accessory proteins of HIV, such
as Nef exploit ubiquitin regulatory factors to dampen innate signaling.
Castro-Gonzalez et al. provide a perspective on Nefs impact on
autophagy and apoptotic pathways triggered by Nef-promoted mono-
ubiquitination of BCL-2 by PRKN. Mono-ubiquitination enhances
the interaction of BCL-2 with BECNI, thereby diminishing
autophagy initiation (15).

While ubiquitination is undoubtedly among the most studied
PTMs, UbL modifications like ISGylation, SUMOylation, and
Neddylation etc. have recently gained increased attention. In
principle, similar cascades as classical ubiquitination are required to
mediate conjugation to substrates. In their review, Thery et al. discussed
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different mass-spectrometry-based approaches to identify the substrates
of Interferon-stimulated gene 15 (ISG15) and ISGylation sites.
Mohanty et al. studied interaction dynamics between NEDDS8 and
E3-ligase Culling-RING ligases (CRLs). All-atom MD simulations
combined with NMR spectroscopy revealed the interactions that
stabilize the open and closed conformation of NEDDylated-Cul5“"".
In addition, they define the role of NEDD8 in the catalytic confirmation
of Cullin-Rbx1 and the effect of NEDD8 deamidation on CRL activity.

Although a significant focus of the Research Topic is Ub and UbL
proteins in the human system, we did not restrict ourselves to one species
only. In shrimps, Wang et al. identify a viral serine/threonine protein
kinase WSV 083 that phosphorylates the nuclear transcription factor Tcf,
triggering its ubiquitination and proteasome mediated degradation.
Thus, the antiviral function of Tcf is reduced. Shephard et al. studied
the structure of chicken 2-5" oligoadenylate synthetase-like proteins
(OASL), a key enzyme in innate immunity, whose UbL tandem
domain shares similarity to human ISG15 and, unlike mammalian
OASL, it can be conjugated to proteins. This led them to speculate that
OASL may have a similar function as ISG15 in the absence of the latter.

In this collection we have assembled novel research and overview
articles covering different stages of the ubiquitination and
deubiquitination cascades, non-ubiquitin modifiers, and extending
our understanding of the role of Ub and UbLs in innate immune
regulation of non-human species. State-of-the-art proteomics-based
and NMR spectroscopy-based technologies that could be applied to
study interactions and structural conformations were presented.
Although our collection has certainly expanded our knowledge
about the role of Ub and UbL modifications in antiviral innate
immune responses, there are still a lot of open questions. Are
specific ubiquitin chains more prevalent for one or another innate
immune pathway? Are the known conjugated proteins the only UbL
proteins? How important are the mixed linkage-type chains in innate
immunity? Can the proteolysis-targeting chimera (PROTAC)
technology be used in the therapeutic regulation of innate immune
response? Thus, we are also looking forward to exciting future work
on Ub and UbL modifiers as the major regulatory PTMs in
innate immunity.
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Nuclear dot protein 52 kDa (NDP52, also known as CALCOCQO2) functions as a selective
autophagy receptor. The linear ubiquitin chain assembly complex (LUBAC) specifically
generates the N-terminal Met1-linked linear ubiquitin chain, and regulates innate immune
responses, such as nuclear factor-kB (NF-xB), interferon (IFN) antiviral, and apoptotic
pathways. Although NDP52 and LUBAC cooperatively regulate bacterial invasion-
induced xenophagy, their functional crosstalk remains enigmatic. Here we show that
NDP52 suppresses canonical NF-xB signaling through the broad specificity of ubiquitin-
binding at the C-terminal UBZ domain. Upon TNF-a-stimulation, NDP52 associates with
LUBAC through the HOIP subunit, but does not disturb its ubiquitin ligase activity, and has
amodest suppressive effect on NF-kB activation by functioning as a component of TNF-a.
receptor signaling complex |. NDP52 also regulates the TNF-o-induced apoptotic
pathway, but not doxorubicin-induced intrinsic apoptosis. A chemical inhibitor of
LUBAC (HOIPIN-8) cancelled the increased activation of the NF-xB and IFN antiviral
pathways, and enhanced apoptosis in NDP52-knockout and -knockdown Hela cells.
Upon Salmonella-infection, colocalization of Salmonella, LC3, and linear ubiquitin was
detected in parental Hela cells to induce xenophagy. Treatment with HOIPIN-8 disturbed
the colocalization and facilitated Salmonella expansion. In contrast, HOIPIN-8 showed
little effect on the colocalization of LC3 and Salmonella in NDP52-knockout cells,
suggesting that NDP52 is a weak regulator in LUBAC-mediated xenophagy. These
results indicate that the crosstalk between NDP52 and LUBAC regulates innate
immune responses, apoptosis, and xenophagy.
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INTRODUCTION

Protein ubiquitination, a crucial post-translational modification, is catalyzed by ubiquitin-activating
enzyme (E1), ubiquitin-conjugating enzyme (E2), and ubiquitin ligase (E3), and regulates numerous
cellular functions, including proteasomal degradation, membrane trafficking, DNA repair, and
signal transduction, by generating various types of ubiquitin linkages in the “ubiquitin code” (1, 2).
Linear ubiquitin chain assembly complex (LUBAC) is composed of the HOIL-1L (also known as
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RBCK1), HOIP (RNF31), and SHARPIN subunits, and generates
the N-terminal Metl-linked linear polyubiquitin chain (3-5).
LUBAC is required for the regulation of the canonical nuclear
factor-kB (NF-kB) activation pathway, interferon (IFN)
regulatory factor 3 (IRF3)-mediated antiviral response, and cell
death (5). Moreover, dysfunctions in LUBAC and linear
ubiquitin-binding proteins, such as NF-kB-essential modulator
(NEMO), optineurin (OPTN), and A20, are associated with
various disorders (6-10). Indeed, we previously reported that
OPTN selectively binds to linear ubiquitin through the UBAN
domain, and plays a crucial role in the suppression of NF-kB
activity (8). Furthermore, the amyotrophic lateral sclerosis-
associated OPTN mutations, such as E478G and Q398X,
abrogated the inhibitory effects on LUBAC-mediated NF-«B
activation, and increased caspase activation (7, 8). These results
suggested that LUBAC affects the physiological functions
of OPTN.

To modulate the LUBAC activity, we developed o,f3-
unsaturated carbonyl-containing compounds, HOIPIN-1 (from
HOIP-inhibitor-1) and its potent derivative HOIPIN-8 (11-13).
HOIPINs are powerful and specific LUBAC inhibitors that
suppress the LUBAC-mediated proinflammatory cytokine-
induced NF-xB activation and pathogen-associated molecular
patterns-induced IFN antiviral pathways, by modifying the active
site Cys885 and thus specifically inhibiting the RING-HECT-
hybrid reaction in HOIP (13). Indeed, we showed that HOIPINs
suppressed the enhanced NF-xB activation in OPTN-
deficient cells.

Nuclear dot protein 52 kDa (NDP52, also known as calcium
binding and coiled-coil domain 2, CALCOCO?2) was originally
identified as an antigen protein localized in nuclear domain 10 (14,
15). NDP52, as well as OPTN, p62/SQSTM1, NBR1, and Tax1-
binding protein 1 (TAX1BP1), functions as an autophagy cargo
receptor that recognizes substrates for selective autophagy,
including proteins, organelles, and pathogens, in a ubiquitin-
dependent or independent manner, and links to ATG8/LC3 via
LC3-interacting regions (LIRs) (16). In particular, NDP52 and
OPTN are critical for the selective autophagy of damaged
mitochondria (mitophagy) and invading microorganisms
(xenophagy) (16-18). Bacteria that have invaded mammalian
cells are initially restricted in vacuoles or phagosomes; however,
some escape to the cytoplasm by disruption of the phagosomal or
vacuolar membrane (19). NDP52 binds to galectin 8 (Gal8) (20),
which recognizes bacterial carbohydrates in the cytoplasm and
bridges to LC3 in autophagosomes. Moreover, ubiquitinated and
ruptured phagosomal and bacterial membranes are recognized by
NDP52 for autophagic degradation (21-23). Importantly, Noad
and co-workers reported that LUBAC is recruited to the bacterial
surface via HOIP, and linear ubiquitin is part of the ubiquitin coat
of invading Salmonella (24). Subsequently, the recruited NEMO
and OPTN, linear ubiquitin-binding UBAN domain-containing
proteins, function in NF-xB and xenophagy, respectively.
Furthermore, van Wijk et al. reported that OTULIN, a linear
ubiquitin chain-specific deubiquitinase, plays a major role in the
regulation of linear ubiquitin in the bacterial coat, which affects the
recruitment of NEMO and the activation of canonical IKK (25). A

more recent report showed that the linear ubiquitination of
ATGI13 by LUBAC and the deubiquitination by OTULIN are
associated with autophagy initiation (26). Thus, NDP52 and linear
ubiquitination are closely correlated in xenophagy; however, the
detailed physiological crosstalk between NDP52 and LUBAC has
remained elusive. In this study, we investigated the physiological
roles of the crosstalk between NDP52 and LUBAC in innate
immune responses, cell death, and xenophagy, using the LUBAC
inhibitors, HOIPIN.

MATERIALS AND METHODS

Reagents

The following reagents were obtained as indicated: zVAD-FMK
(ZVAD) (ENZO Life Sciences), recombinant human TNF-o and
IL-1B (BioLegend), poly(I:C) (HMW) (Invivogen), doxorubicin
(Calbiochem), DAPI (Dojindo), blasticidin (Wako), pepstatin A,
chloroquine, and cycloheximide (Sigma), E64d (Tokyo Chemical
Industry), monoubiquitin, eight kinds of diubiquitins, linear
(M1)-, K11-, K48-, and K63-tetraubiquitins (Boston Biochem),
control siRNA (sc-37007) and NDP52-siRNA (sc-93738) (Santa
Cruz Biotechnology), and BV6 (Genentech). HOIPIN-1 (2-
[(1E)-3-(2-methoxyphenyl)-3-oxoprop-1-en-1-yl] benzoic acid
sodium salt) and HOIPIN-8 (2-{(E)-3-[2,6-difluoro-4-(1H-
pyrazol-4-yl)-phenyl]-3-oxo-propenyl}-4-(1-methyl-1H-pyraol-
4-yl)-benzoic acid sodium salt) were prepared as described
(11, 12).

Plasmids

The open reading frames of cDNAs were amplified by reverse-
transcription PCR. Mutants of these cDNAs were prepared by
the QuikChange method, and the nucleotide sequences were
verified. The cDNAs were ligated to the appropriate epitope
sequences and cloned into the pcDNA3.1 (Invitrogen), pMAL-
c2x (New England Biolabs), and pGEX6p-1 (Addgene) vectors.
For lentiviral transduction, pCSII-CMV-RfA-IRES-Blast
(RIKEN BioResource Research Center) was used.

Cell Culture and Transfection

HelLa cells (ATCC), HEK293T cells (ATCC), A549 cells (ATCC),
and ATG7”" Hela cells (27) (a generous gift from Prof.
Yoshimori) were cultured in DMEM containing 10% fetal
bovine serum (FBS) and antibiotics. Transfection experiments
were performed using PEI (polyethylenimine) or lipofectamine
RNAIMAX (Thermo Fisher). For the stable expression of the
FLAG-Hiss-tagged NDP52-wild type (WT) or -D439R mutant in
NDP52"" Hela cells, lentiviral infection followed by selection
with 5 ug/ml blasticidin was performed.

Luciferase Assay

HEK293T and A549 cells were cultured in 24-well plates, and co-
transfected with the pGL4.32 [luc2P/NF-xB-RE/Hygro] vector
(Promega) and the pRL-TK Renilla Luciferase control reporter
vector (Promega). At 24 h after transfection by PEI, the cells were
lysed and the luciferase activity was measured with a GloMax 20/
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20 luminometer (Promega), using the Dual-Luciferase Reporter
Assay System (Promega). At 18 h after transfection, TNF-o
(10 ng/ml) or IL-1B (1 ng/ml) was added to the medium. The
cultures were incubated further for 6 h and then the cells
were analyzed.

Immunoprecipitation, SDS-PAGE,

and Immunoblotting

Cells were lysed with 50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1%
Triton X-100, 2 mM PMSF, and complete protease inhibitor
cocktail (Sigma). Immunoprecipitation was performed using
appropriate antibodies followed by Protein G agarose beads (GE
Healthcare) at 4°C with gentle rotation. Immunoprecipitates were
washed five times with the lysis solution. The samples were then
separated by SDS-PAGE and transferred to PVDF membranes.
After blocking in Tris-buffered saline containing 0.1% Tween-20
(TBS-T) with 5% skim-milk or bovine serum albumin (BSA), the
membrane was incubated with the appropriate primary antibodies,
diluted in TBS-T containing 5% w/v BSA, and then with
horseradish peroxidase-conjugated secondary antibodies (GE
Healthcare). The chemiluminescent images were obtained with
an LAS4000 imaging analyzer (GE Healthcare) or a Fusion Solo S
imaging system (Vilber).

Antibodies

The following antibodies were used for immunoblot analyses:
NDP52 (#9036; 1:1,000), P-IxkBo. (#9246; 1:1,000), IxBo. (#4812;
1:1,000), P-p105 (#4806; 1:1,000), p105 (#3035; 1:1,000), P-p65
(#3033; 1:1,000), p65 (#8242; 1:1,000), P-IKKat/P (#2697;
1:1,000), P-IRF3 (#4947; 1:2,000), IRF3 (#4302; 1:1,000), P-
TBK1 (#5483; 1:1000), TBK1 (#3504; 1:1000), caspase 8
(#4790; 1:1,000), cleaved caspase 8 (#9496; 1:1,000), caspase 3
(#9662; 1:1,000), cleaved caspase 3 (#9661; 1:1,000), caspase 9
(#9502; 1:1,000), Bid (#8762; 1:1,000), PARP (#9542; 1:1,000),
and Atg7 (#8558; 1:1000) were obtained from Cell Signaling.
HOIL-1L (sc-393754; 1:250), ubiquitin (P4D1) (sc-8017;
1:1,000), TNFRI1 (sc-8436; 1:1,000), B-actin (sc-47778; 1:1,000),
MAVS (sc-166583; 1:1,000), and IKKo/B (sc-7607; 1:1,000) were
purchased from Santa Cruz Biotechnology. HOIP (ab125189;
1:1,000) and NEMO (ab178872; 1:3,000) were purchased from
Abcam. RIP1 (BD Biosciences, 610458; 1:1,000), tubulin
(Cedarlane, CLT9002; 1:3,000), SHARPIN (Proteintech, 14626-
1-AP; 1:3,000), linear ubiquitin (Millipore, clone LUBY,
MABS451; 1:1,000), HA (Roche, 11867423001; 1:1,000), Myc
(MBL, HRP-Conjugate, M192-7; 1:20,000), and DYKDDDDK
(Wako, 1E6, 015-22391; HRP-Conjugate; 1:20,000) were also
used. For immunoprecipitation, c-Myc (Santa Cruz
Biotechnology, sc-40; 1ug), FLAG (Sigma-Aldrich, clone M2,
F1840; 1ug), FADD (Proteintech, 14906-1-AP; 2ug), NDP52
(Abcam, ab68588; 2 ug), and normal rabbit IgG (MBL, PM035;
2 ug) were used. For immunofluorescence analyses, LC3 (MBL,
clone 4E12; 1:100), linear ubiquitin (Genentech, 1F11/3F5/
Y102L; 5 ug/ml), and NDP52 (abcam, ab68588; 1:200) were
used as primary antibodies, and then anti-mouse IgG Alexa
Fluor 488, anti-human IgG Alexa Fluor 647, and anti-rabbit

Alexa Fluor 647 (Thermo Fisher, goat polyclonal; 1:1000) were
used as secondary antibodies, respectively.

Recombinant Proteins

Expression vectors of maltose-binding protein (MBP)-fused wild
type (WT)-NDP52 and the NDP52-D439R mutant, and MBP-
LacZ were expressed in Escherichia coli Rosetta 2 (DE3)
(Novagen) and purified using amylose resin (New England
Biolabs). The glutathione S-transferase (GST)-fused NDP52-
UBZ domain was expressed in E. coli BL21 (DE3)pLysS
(Promega) and purified with a GSTrap column (GE Healthcare).

Pulldown Assay

Linear polyubiquitin was prepared as described previously (28).
Briefly, reaction mixture, containing 40 mM Tris-HCI, pH 7.5, 10
mM MgCl,, 0.6 mM dithiothreitol, 10 mM ATP, 1.4 mM
ubiquitin (Boston Biochem), 1 UM baculovirus-expressed His-
El, 8 uM E. coli-expressed His-UbcH5¢, and baculovirus-
expressed His-HOIP/Myc-SHARPIN complex was incubated at
37°C for 3 h, and then heated at 60°C for 15 min. After
centrifugation at 14,000 rpm for 30 min, the supernatant
containing linear polyubiquitin was used. MBP-fusion proteins
(0.8 uM) and tetraubiquitin (2 uM), diubiquitin (1 puM),
monoubiquitin (1 pM), and linear polyubiquitin (1 ug) were
incubated in reaction buffer (50 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 1 mM dithiothreitol, 0.1% NP-40 and 0.25 mg/ml BSA) at
37°C for 1 h, followed by the addition of amylose resin. Similarly,
GST-fusion proteins were incubated with tetraubiquitin (3.4 ug),
followed by glutathione Sepharose (GE Healthcare). The samples
were further incubated at 4°C for 1 h with gentle rotation, and
then the beads were washed three times with the reaction buffer
without BSA, and analyzed by SDS-PAGE. The bound ubiquitin
was detected by immunoblotting using an anti-ubiquitin
antibody, and MBP- and GST-fusion proteins were stained
with Coomassie Brilliant Blue (CBB).

For the pulldown assay with cell lysates, HEK293T cells were
transiently transfected with plasmids encoding HA-tagged
ubiquitin or its single-Lys mutants (K6, K11, K27, K29, K33,
K48, and K63), and lysed with buffer containing 50 mM Tris-
HCI, pH 7.5, 150 mM NaCl, 1 mM dithiothreitol, 0.1% NP-40,
2 mM PMSF, and protease inhibitor cocktails (Sigma). The
lysates were incubated with MBP-fusion proteins in the
reaction buffer for 1 h at 37°C, followed by the addition of
amylose resin. The samples were further incubated at 4°C for 1 h
with gentle rotation, and then the beads were washed three times
with the reaction buffer without BSA.

For the pulldown assay with M1-TUBE (Tandem Ubiquitin
Binding Entity), parental and NDP52”"-HeLa cells (1x107 cells)
were stimulated with 1 ug/ml FLAG-tagged TNF-a, and lysed in
1 ml RIPA buffer, containing 50 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 2 mM
EDTA, 2 mM PMSEF, and protease inhibitor cocktails (Sigma),
for 15 min on ice. The cell lysates were subjected to the pulldown
with MI1-TUBE Biotin (LifeSensors, UM306), and Dynabeads
M-280 Streptavidin (Invitrogen) overnight at 4°C, and washed
five times.
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Construction of Knockout HeLa Cells

The gRNA cloning vector and the pCAG-hCas9 vector were
obtained from Addgene. The nucleotide sequence 5’-
GAAGTTCTACATCCCTGGAGG-3’ in exon 2 of the human
NDP52 gene was selected as the target. These plasmids and a
puromycin-resistant vector (pXS-Puro) were co-transfected into
HeLa cells, and puromycin-resistant cell clones were selected by
limiting dilution. Genome editing of the NDP52 gene was
screened by a BstNI digestion assay, and the mutations were
confirmed by sequencing. The deficiency of the NDP52 protein
was confirmed by immunoblotting.

For the knockout of the RNF31 gene, which encodes HOIP,
the nucleotide sequence 5-TCAACCCTCAGGAAGCTCAGC-
3’ in exon 2 of the human RNF31 gene was selected as the target.
Genome editing of the RNF31 gene was screened by a BtsCI
digestion assay, and the mutations were confirmed by
sequencing. The deficiency of the HOIP protein was confirmed
by immunoblotting.

Quantitative PCR (qPCR)

Cell lysis, reverse-transcription, and qPCR were performed with
a SuperPrep Cell Lysis RT Kit for gPCR (TOYOBO) and Power
SYBR Green PCR Master Mix (Life Technologies), according to
the manufacturers’ instructions. Quantitative real-time PCR was
performed with a Step-One-Plus PCR system (Applied
Biosystems) by the AACT method, using the following
oligonucleotides: human IL-6 sense, 5-AGCCACTCA
CCTCTTC-3, and human IL-6 anti-sense, 5-GCCTCTTTGC
TGCTTT-3’; human ICAM]I1 sense, 5-GTGGTAGCAGC
CGCAGT-3’, and human ICAM]I anti-sense, 5-TTCGGTT
TCATGGGGGT-3’; human TNF-o sense, 5-GCCGCATCGC
CGTCTC-3’, and human TNF-o anti-sense, 5-CCTCAGC
CCCCTCTGG-3’; human BIRC3 sense, 5-AGATG
AAAATGCAGAGTCATCAAT-3’, and human BIRC3 anti-
sense, 5-CATGATTGCATCTTCTGAATGG-3’; human IFIT2
sense, 5-TGGTGGCAGAAGAGGAAGAT-3’, and human
IFIT2 anti-sense, 5-GTAGGCTGCTCTCCAAGGAA-3’;
human ISGI15 sense, 5-GCGAACTCATCTTTGCCAGTA-3’,
and human ISGI5 anti-sense, 5-CCAGCATCTTCA
CCGTCAG-3’; and human GAPDH sense, 5-AGCAACAGGG
TGGTGGAC-3’, and human GAPDH anti-sense, 5-GTGTG
GTGGGGGACTGAG-3.

TNF Receptor Complex | and
Complex Il Analyses
The TNFR complex I analysis was performed as described
previously (10). Briefly, parental, NDP52” -HeLa cells, and
HOIP”"-HelLa cells (2x10” cells) were stimulated with 1 pg/ml
FLAG-tagged TNF-0,, and lysed in 1 ml lysis buffer, containing 50
mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 2 mM
PMSF, and protease inhibitor cocktails (Sigma), for 15 min
on ice. The cell lysates were then immunoprecipitated with anti-
FLAG M2 magnetic beads (Sigma) overnight at 4°C, and
immunoprecipitates were washed five times with the lysis solution.
For the complex IT analysis, parental and NDP52”"~HeLa cells
(2x107 cells) were stimulated with 20 pg/ml CHX, 20 ng/ml

TNF-o, with or without 30 uM HOIPIN-8, and lysed in 1 ml
lysis buffer, containing 50 mM Tris-HCI, pH 7.5, 150 mM NaCl,
1% Triton X-100, 2 mM PMSF, and protease inhibitor cocktails
(Sigma), for 15 min on ice. The cell lysates were then
immunoprecipitated using an anti-FADD antibody, followed
by Protein G agarose beads (GE Healthcare) at 4°C for 2 h
with gentle rotation. Subsequently, the samples were washed
five times.

Cell Survival Assay

The number of viable cells was measured with a Cell Counting
Kit-F (DOJINDO), based on the degradation of Calcein-AM, and
an ATP-based CellTiter-Glo Luminescent Cell Viability Assay
(Promega). For quantifying cellular cytotoxicity, a trypan blue
exclusion assay and a Cytotoxicity LDH Assay Kit-WST
(DOJINDO), which is based on lactate dehydrogenase (LDH)
release from damaged cells to the media, were used. Cell
proliferation was measured with an xCELLigence RTCA S16
instrument (ACEA Biosciences, Inc.). For the experiments, the
parental and NDP52”"-HeLa cells were seeded in E-Plate VIEW
16 plates (ACEA Biosciences) at 20,000 cells/well, and monitored
every 15 min for 24 h. The cells were then stimulated with TNE-
o and CHX, and monitored every 15 min for 24 h. The data were
analyzed with real-time cell analysis (RTCA) software and
exported for statistical analysis.

Xenophagy Assay

The xenophagy assay was basically performed as described (29)
with minor modifications. Briefly, 1x10° HeLa cells were seeded
in 24-well plates, one day before infection. The cells were infected
with Salmonella enterica serovar Typhimurium SR-11 %3181 in
penicillin/streptomycin-free cell culture medium, at a
multiplicity of infection (MOI) of 100, for 15 min. The
extracellular Salmonella cells were washed away with PBS, and
then the residual bacteria were killed by culturing the cells in
medium containing 50 pg/ml gentamicin for 40 min. The
Salmonella-infected cells were cultured in medium with 10 pg/
ml gentamicin, and lysed with extraction buffer (1% Triton X-
100, 0.1% SDS in PBS) at the indicated times. The cell lysates
were serially diluted with PBS, and small aliquots were spotted
onto LB agar plates in quadruplicate. After 12 h incubation at
37°C, Salmonella colonies were counted manually to calculate the
total number of bacteria in each well.

Immunofluorescence Analysis

Hela cells (5x10%) were seeded on collagen I-coated coverslips in
24-well plates, one day before infection. The cells were infected with
mCherry-labeled Salmonella at a MOI of 300, and treated with
gentamicin as described in the xenophagy assay protocol. The cells
were fixed with phosphate buffered 4% paraformaldehyde at room
temperature for 15 min, and then permeabilized/blocked in staining
buffer (0.05% saponin, 10% FBS, 10 mM glycine in PBS) for 30 min.
The cells were sequentially incubated with primary and secondary
antibodies, diluted with the staining buffer, in a humidity box for
1 h. The stained cells were counterstained with DAPI and mounted
onto glass slides with FluorSave (Millipore). The confocal
fluorescence images of the prepared slides were captured with an
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LSM800 system (Carl Zeiss) using the following excitation laser,
detection range and pinhole settings: DAPI (Laser: 405 nm,
Detection range: 400-600 nm, Pinhole = 49 m), Alexa488 (Laser:
488 nm, Detection range: 450-580 nm, Pinhole = 52 um), mCherry
(Laser: 561 nm, Detection range: 570-650 nm, Pinhole = 60 um),
and Alexa647 (Laser: 640 nm, Detection range: 645-700 nm,
Pinhole = 66 um). All images were acquired as 16-bit depth
images with a 63X water-immersion objective lens by scanning
each channel four separate times, at a speed of 3.18 psec/pixel, for
averaging. These images were analyzed with the accompanying
ZEN software to depict the intensity profile plots and to calculate
the mean fluorescence intensity of interest. Pearson’s and Manders’
correlation coefficient between two independent channels were also
determined using the ZEN software by thresholding with the signals
obtained from negative control sample (non-infected cells stained
with the secondary antibodies and DAPI only) as backgrounds. The
captured images were processed with Fiji (Image]).

Statistical Analysis

To examine the differences in the outcomes between the mutant
groups, linear regression analyses were performed for each outcome
variable separately. All pairwise comparisons were derived from the
linear regression analyses. Furthermore, in order to compare the
change of the normalized cell index over time among mutant
groups, we conducted a multivariable non-linear regression
analysis including a two-way interaction term between the
indicator variable for the mutant groups and the time variable in
addition to their main effect terms as explanatory variables.
Moreover, the non-linear effect of the time variable on the
outcome was considered using a restricted-cubic-spline with knot
5. In all regression models, we estimated the heteroskedasticity
corrected standard errors and 95% confidence intervals using the
Huber-White sandwich estimators for a robust variance-covariance
matrix (30). Normality of the residuals of all regression models was
assessed graphically. All residual plots appeared to show a good
degree of normally or no meaningful skewness was detected. All p-
values were adjusted for multiplicity using the Bonferroni method.
All hypothesis tests were performed with a two-sided 5%
significance level using R software (https://cran.r-project.org/).

RESULTS

Ubiquitin-Binding Domain of NDP52 Is
Crucial to Suppress Canonical NF-xB
Signaling

Human NDP52 consists of the SKIP carboxyl homology
(SKICH), LC3-interacting region (LIR), coiled-coil, galectin-8
binding (GALBI), and C-terminal ubiquitin-binding zinc finger
(UBZ) domains (17, 19) (Figure 1A). The substitution of Asp439
by Arg (D439R) in the UBZ domain reportedly abolishes the
ubiquitin-binding (31). Moreover, the genetic variant of Val248
to Ala (V248A) is associated with Crohn’s disease, a chronic
inflammatory bowel disease (32). To confirm the ubiquitin-
selectivity of NDP52, we initially performed pulldown
experiments. Although MBP-fused NDP52-WT failed to

pulldown either mono- or eight different kinds of diubiquitins
(Supplementary Figure 1A), MBP-fused NDP52-WT, but not
the D439R mutant, coprecipitated with linear (M1)-, K48-, or
K63-tetraubiquitins with an affinity order of K63>M1>K48
(Figure 1B). The GST-fused UBZ domain (a.a. 394-446) of
NDP52 also precipitated tetraubiquitins with a similar affinity
order of K63>M1>K48>K11-tetraubiquitin (Supplementary
Figure 1B). When we expressed the N-terminally HA-tagged
single Lys mutants of ubiquitin in HEK293T cells, MBP-NDP52-
WT, but not MBP-NDP52-D439R, bound all of the Lys-linked
polyubiquitin chains, and seemed to have higher affinity toward
K27- and K29-polyubiquitin chains, followed by K63-chain
(Figure 1C). Since linear ubiquitination cannot be evaluated
with an N-terminally tagged ubiquitin (3), we performed an in
vitro MBP pulldown experiment using LUBAC-generated linear
polyubiquitin (Figure 1D). The results revealed that MBP-
NDP52-WT, but not the D439R mutant, coprecipitated long
(>130 kDa) linear polyubiquitin chains. These results suggested
that the UBZ domain of NDP-52 shows broad specificity to
ubiquitin-linkages, including linear chains, although it may have
higher affinity toward some atypical ubiquitin chains. Moreover,
the mutation of Asp439 to Arg drastically abolishes the
ubiquitin-binding of NDP52, including the M1-chain.

Next, to investigate the physiological functions of NDP52, we
examined the effect of NDP52 overexpression on TNF-o.- and
LUBAC-mediated NF-xB activation, by a luciferase assay
(Figure 1E). The increasing expression of NDP52-WT dose-
dependently suppressed the NF-xB activation, whereas the
overexpression of the D439R mutant failed to suppress, and
rather increased, the NF-xB activity in HEK293T cells. Since the
increasing expression of the WT-, or D439R- and AUBZ-
mutants of NDP52 with LUBAC subunits showed no effect on
the LUBAC-mediated linear ubiquitination (Figure 1F), NDP52
does not seem to directly inhibit the E3 activity of LUBAC. We
previously showed that the C-terminally tetraubiquitin-fused
NEMO (NEMO-Ub4), a mimic of linear ubiquitinated NEMO,
fully activates the canonical NF-xB pathway (33). The NEMO-
Ub4-induced NF-kB activation was suppressed by the WT and
V248A variant of NDP52, but not by the AUBZ mutant (Figure
1G). In contrast, the noncanonical NF-kB activation pathway by
NF-kB-inducing kinase (NIK) was not suppressed by the WT
and mutants of NDP52. We further examined the effects of the
overexpression of NDP52-WT, and V248A, D439R, and AUBZ
mutants on the basal NF-«B activity. The increased expression of
NDP52-WT and V248A had no effect on the basal NF-kB
activity in HEK293T cells, whereas the overexpression of the
D439R and AUBZ mutants dose-dependently enhanced the basal
NF-kB activity (Supplementary Figure 2A). Similar effects of
the NDP52-WT and D439R mutant were detected by a luciferase
assay in A549 cells (Supplementary Figure 2B). These results
suggested that the overexpression of ubiquitin-binding-defective
mutants of NDP52 may affect the basal NF-xB activity. The
V248A variant in NDP52 is associated with Crohn’s disease, and
thus the increased pathogen-induced NF-xB activation may
contribute to the pathogenesis (31, 34). However, there were
no differences in the canonical and noncanonical NF-xB
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FIGURE 1 | The ubiquitin-binding activity of NDP52 is indispensable for NF-kB suppression. (A) Domain structure of Wild-type (WT) human NDP52 isoform 3 and
its AUBZ mutant. V248A is associated with Crohn’s disease (31), and the D439R substitution causes the defect in ubiquitin-binding (32). SKICH, SKIP carboxyl
homology; LIR, LC3-interacting region; GALBI, galectin-8 binding; and UBZ, ubiquitin-binding zinc finger. (B) The UBZ domain of NDP52 functions as the ubiquitin-
binding site. /n vitro MBP pulldown experiments using linear (M1)-, K48-, or K63-linked tetraubiquitins and MBP-fused lacZ, NDP52-WT, and D439R mutant were
performed, and the bound ubiquitin chain was detected by immunoblotting. The precipitated MBP-fusion proteins were visualized by Coomassie Briliant Blue (CBB)
staining. (C) Low ubiquitin selectivity of NDP52. HA-tagged single Lys mutants of ubiquitin were expressed in HEK293T cells, and the lysates were pulled down by
MBP-NDP52-WT or -D439R mutant. The precipitated ubiquitin was detected by an anti-HA antibody, and the precipitated MBP-fusion proteins were detected by
CBB staining. (D) Linear polyubiquitin-binding of NDP52. LUBAC-generated linear polyubiquitin was pulled down by the MBP-NDP52-WT or -D439R mutant in vitro.
The precipitated ubiquitin was detected by an anti-linear ubiquitin antibody, and the precipitated MBP-fused proteins were detected by CBB staining. (E) NDP52-
WT, but not the D439R mutant, suppresses NF-kB activity. Effects of increasing amounts (0.025 ug, 0.075 pg, and 0.25 ug/well) of WT and D439R mutant of
FLAG-NDP52 were examined, in the presence of either 10 ng/ml TNF-o. or the co-expression of LUBAC subunits in HEK293T cells, by the NF-kB Iuciferase assay.
(F) NDP52 does not inhibit the linear ubiquitination activity of LUBAC. HA-tagged LUBAC subunits (1.0 ug HA-HOIP, 0.2 ng HOIL-1L-HA, and 0.2 pg HA-SHARPIN/
well) and increasing amounts (0.1 ug, 0.3 ug, and 1.0 pg/well) of FLAG-NDP52-WT, -D439R, and -AUBZ were co-expressed in HEK293T cells, and cell lysates were
immunoblotted with the indicated antibodies. (G) NDP52 suppresses the canonical NF-kB pathway. The C-terminally tetraubiquitin-fused NEMO (NEMO-Ub4), WT
and mutants of NDP52, and/or NIK were co-transfected with the NF-kB Iuciferase reporter, as indicated, and luciferase activity was measured at 24 h-post
transfection. (E, G) Data are shown as Means + SD (n = 3) by Huber-White Sandwich estimators for variance-covariance structures corrected with Bonferroni
method. *P < 0.05, **P < 0.01, ***P < 0.0001, NS, not significant.

activations with the V248A variant and NDP52-W'T, suggesting
that a different cellular phenomenon underlies this disease.

NDP52 Binds NF-xB Signaling Factors,
Including LUBAC

At present, 269 unique interactors and 409 raw interactions of
NDP52 (CALCOCO?2) are listed on the BioGRID site (https://

thebiogrid.org/115535/summary/homo-sapiens/calcoco2.html).
Intriguingly, the interaction of HOIL-1L (RBCK1) with NDP52
can be characterized by affinity capture mass spectrometry (35).
Moreover, NF-xB signaling factors, such as TANK-binding
kinase 1 (TBK1) (36), TBK1-binding protein 1 (TBKBP1) (36),
MAVS (37), c-IAP2 (BIRC3) (38), IkB kinase (IKK)B (IKBKB)
(39), IKKe (IKBKE) (21), NEMO (IKBKG) (40), TAB3 (21), A20
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(TNFAIP3) (41), TRAF2 (42), TRAF3 (35), TRAF4 (43), and
TRAF6 (40) are included as physiological interactors of NDP52.
At present, NDP52 is reportedly involved in the TNF-o-induced
NEF-kB signal transduction pathway through binding with a
ubiquitin editing complex, such as A20 (21), but it may play a
more important role in the regulation of the NF-«B signaling
pathway through binding with multiple factors,
including LUBAC.

To examine the binding of NDP52 with LUBAC, we
performed a co-immunoprecipitation followed by an
immunoblotting analysis in HEK293T cells (Figure 2A). To
avoid the linear ubiquitin-mediated interaction, we used the
active site mutant (C885A) of HOIP with HOIL-1L and
SHARPIN. As a result, NDP52, as well as NEMO, a known
substrate of LUBAC (44), efficiently coprecipitated with three
components of the LUBAC complex. Among the LUBAC
subunits, NDP52 bound HOIP alone, but not HOIL-1L or
SHARPIN. The endogenous association of NDP52 and HOIP

was also detected in HeLa cells (Figure 2B). The deletions of the
zinc finger domains (a.a. 300-438) and UBA-flanking region (a.a.
575-698) of HOIP reduced NDP52-binding (Figures 2C, D).
Furthermore, the deletion of either SKICH (a.a. 1-127) or the
UBZ domain (a.a. 395-446) of NDP52 disturbed the HOIP-
binding, whereas the coiled-coil region alone (a.a. 128-350)
showed no affinity for HOIP (Figures 2E, F). These results
indicated that NDP52 principally associates with LUBAC
through HOIP, by biphasic interactions through the SKICH
and UBZ domains.

To further confirm the binding of NDP52 with NF-«xB
signaling factors, we performed a co-immunoprecipitation
assay using the WT and AUBZ mutant of NDP52 in HEK293T
cells (Supplementary Figure 3). NDP52-WT efficiently
associated with the reported NF-kB signaling factors, such as
IKKpB, NEMO, IKKo, TRAF6, and A20. The deletion of the UBZ
domain drastically reduced the association with NEMO, TRAF6,
and A20. In contrast, IKKP and IKKo substantially bound the
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AUBZ mutant of NDP52. Therefore, these different binding
profiles of the WT- and AUBZ mutant of NDP52 with NF-kB
signaling factors may correlate with the enhanced NF-xB activity
by the overexpression of ubiquitin-binding defective mutants
of NDP52.

NDP52 Is a Negative Regulator of TNF-o
and Antiviral Signaling pathways

To further clarify the physiological functions of NDP52, we
constructed NDP52-knockout (NDP52"") HeLa cells by the
CRIPSR/Cas9 method (Supplementary Figure 4A). The siRNA-
mediated knockdown of NDP52 had no effect on the background
immunoreactive bands in the parental and NDP52” -HelLa cells,

suggesting the specific ablation of NDP52 (Supplementary Figure
4B), Upon stimulation with TNF-o or IL-1f, the NF-«B luciferase
activity was significantly up-regulated in NDP52'"-HelLa cells
as compared to the parental cells (Figure 3A). Moreover, the
expression of NF-kB target genes, such as IL-6 and BIRC3
(c-IAP2), was enhanced in TNF-o- and IL-1B-treated NDP527"-
Hela cells (Figure 3B, Supplementary Figure 4C). We restored
the NDP52-WT and D439R mutant into NDP52""-HelLa cells,
with comparable expression to that of the parental cells
(Supplementary Figure 4D). Although the enhanced IL-6
expression in NDP52”" cells was significantly suppressed in
NDP52-WT-restored cells, the restoration of the D439R mutant
had minimal suppressive effects after TNF-o- and IL-1jB-
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stimulation (Supplementary Figures 4E, F). In addition to
NDP52""-Hela cells, the TNF-o-induced expression of BIRC3
was upregulated in NDP52-siRNA-transfected HeLa cells, as
compared to the control-siRNA-transfected cells (Figure 3C).
These results suggested the inhibitory effect of NDP52 on the
canonical NF-kB activation pathway.

Upon TNEF-o stimulation, multiple proteins, such as receptor-
interacting serine/threonine-protein kinase 1 (RIP1), IKK
complex, and LUBAC, are recruited to the TNF receptor
(TNFR) to form signaling complex I, which is crucial for TNF-
o-mediated canonical NF-xB activation (45, 46). Importantly, we
identified that NDP52 was recruited upon the FLAG-TNF-o
treatment of the parental HelLa cells, but not NDP52” cells,
clearly indicating that NDP52 is a component of TNFR
signaling complex I (Figure 3D). Furthermore, the recruitment
of NDP52 to TNFR complex I was partially suppressed in HOIP”~
cells (Supplementary Figure 4G), suggesting that the linear
ubiquitination by LUBAC affects the association of NDP52
with TNFR upon TNF-o stimulation. Since the M1-TUBE
pulldowns of linear ubiquitin from TNF-o.-stimulated parental
and NDP52"-Hela cells showed similar levels of intracellular
linear ubiquitin, NDP52 does not seem to inhibit the E3 activity
of LUBAC (Supplementary Figure 4H).

To further examine whether NDP52 mediates the autophagic
degradation of LUBAC and NF-«B signaling factors, we treated
parental and NDP52” -HeLa cells with lysosomal inhibitors,
such as E64d+pepstatin or chloroquine (Figure 3E). However,
these inhibitors had no effect on the protein levels of LUBAC
subunits and NF-xB signaling factors in either the presence
or absence of TNF-o stimulation. Moreover, the NDP52
knockdown in ATG7”-HeLa cells had minimal effects on the
intracellular amounts of LUBAC subunits and NF-kB signaling
factors, in either the presence or absence of TNF-o stimulation
(Figure 3F). Collectively, these results indicated that autophagy-
induced lysosomal degradation is not involved in NDP52-
mediated NF-xB regulation.

To investigate the crosstalk between NDP52 and LUBAC, we
treated parental and NDP52”"-HelLa cells with LUBAC inhibitors,
HOIPINs. The phosphorylation of p105, p65, and IKK, hallmarks
of NF-xB activation, was upregulated in NDP52”"-HeLa cell
lysates as compared to the parental cells. However, the enhanced
phosphorylation of NF-kB factors was dose-dependently cancelled
in the presence of HOIPIN-8 or HOIPIN-1 (Figure 4A,
Supplementary Figure 5). Moreover, the enhanced expression
of NF-B targets, such as ICAMI and TNF-o, in NDP52”"-HeLa
cells was suppressed in the presence of HOIPIN-8 (Figure 4B),
suggesting that LUBAC inhibitors negated the increased NF-xB
activation in NDP52”"-HelLa cells.

When we transfected poly(I:C), a mimic of viral dsRNA, to
activate the RIG-I-like receptors-mediated antiviral response,
the phosphorylation of TBK1 and IRF3 was enhanced in
NDP52" -cells, as compared to that in parental cells (Figure
4C), indicating the augmented activation of the IFN antiviral
pathway by the genetic ablation of NDP52. However, we could not
detect the degradation of TBK1, MAVS, and IRF3 after a 4 h-
treatment with poly(I:C). In the presence of HOIPIN-8, the

phosphorylation of TBK1 and IRF3 in parental and NDP52"-HelLa
cells was partially suppressed. Furthermore, the expression of
IRF3-target genes, such as IFIT2 and ISG15, was upregulated in
NDP52”"-Hel.a cells and suppressed by HOIPIN-8 (Figure 4D).
These results indicated that NDP52 has a physiologically
inhibitory effect on innate immune responses, such as the
canonical NF-«xB and type I IFN antiviral pathways.

NDP52 Regulates TNF-a-Induced
Apoptosis
TNF-o stimulation induced not only NF-xB activation but also
cell death, when the expression of NF-xB targets was prohibited
in the presence of cycloheximide (CHX), a protein synthesis
inhibitor (47, 48). To investigate the role of NDP52 in the
regulation of cell death, we treated parental and NDP52”"-HeLa
cells with TNF-0+CHX, and found that the number of trypan
blue-positive dead cells was increased among NDP52"" cells, as
compared to the parental HeLa cells (Figure 5A). Since the pan-
caspase inhibitor ZVAD suppressed the enhanced cell death, it
seemed to be mediated by the apoptosis pathway. The increased
TNF-0+CHX-induced cell death was detected in NDP52-
silenced HeLa cells, as compared to the control siRNA-
transfected cells (Figure 5B). The ATP-based cell viability
assay also indicated the enhanced cell death in NDP52”" cells
after TNF-0+CHX or TNF-o+Smac mimetic BV6 treatment
(Figure 5C). Furthermore, a real time cell analysis revealed that
NDP52""-HelLa cells died more rapidly than the parental cells
after TNF-o+CHX-treatment, and cell death was accelerated in
the presence of HOIPIN-8 (Figure 5D). Indeed, the cleavages of
PARP, caspase 8, and caspase 3, which are hallmarks of
apoptosis, were increased in NDP52”"-HeLa cells and dose-
dependently enhanced by HOIPIN-8 or HOIPIN-1 (Figure 5E,
Supplementary Figure 6A, B). During the course of TNF-oi-
induced cell death, TNFR complex II, composed of RIPI,
caspase 8, and Fas-associated death domain protein (FADD),
plays a crucial role to activate the apoptosis pathway (49). The
anti-FADD immunoprecipitation indicated that TNF-o+CHX-
induced TNFR complex II formation was upregulated in
NDP52" cells as compared to the parental cells, and was
further increased in the presence of HOIPIN-8 (Figure 5F).
These data indicated that NDP52 physiologically functions as an
anti-apoptotic factor in the TNF-o-induced apoptotic pathway.
Doxorubicin, a genotoxic agent, activates the Bcl-2/Bax-
mediated intrinsic apoptosis pathway (50). In contrast to the
TNF-0+CHX treatment, the cleavages of PARP, Bid, and
caspases 9, 8, and 3 were similar between the doxorubicin-
treated parental and NDP52”"-Hela cells (Figure 5G). In the
presence of HOIPIN-8, the doxorubicin-induced cleavages of
Bid, and caspases 8 and 3, but not PARP and caspase 9, were
suppressed in parental and NDP52”"-Hela cells. However, cell
viability and toxicity assessments by CellTiter-Glo, Calcein-AM,
and lactate dehydrogenase analyses did not reveal a significant
anti-apoptotic effect of HOIPIN-8 in doxorubicin-treated cells
(Figures 5C, H, Supplementary Figure 6C). These results
suggested that, in contrast to the TNF-o-induced apoptotic
pathway, the intrinsic apoptotic pathway is not affected by the
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genetic ablation of NDP52 and/or the inhibition of
LUBAC activity.

Effect of HOIPINs on NDP52-Mediated
Xenophagy

To evaluate the importance of the crosstalk between NDP52 and
LUBAC, we next investigated the effects of HOIPIN-8 on the
xenophagy triggered by Salmonella typhimurium infection in
HelLa cells. At 1 h after infection, LC3-positive membranes were
recruited to Salmonella foci, and most of them were also positive
for linear ubiquitin (Supplementary Figures 7A, 8) in
accordance with previous reports (24, 25). In contrast, the
majority of the invaded Salmonella cells were devoid of LC3,
and the colocalization between LC3 and linear ubiquitin, which
were shown by Pearson’s and Manders’ correlation coefficients
and mean fluorescence intensities, was significantly diminished
in HOIPIN-8-treated cells (Supplementary Figures 7B, C, 8).
At 8 h after infection, Salmonella escaped from the clearance

system of the host cells and started to explosively proliferate in
the cytoplasm, even in the non-treated cells. At this time point,
the bacterial cells were covered with a trace amount of linear
ubiquitin, but the LC3 positive membranes were not well
recruited to the expanding bacterial foci, in both the non-
treated and HOIPIN-8-treated cells (Supplementary Figures
7D, E, 8). The colony forming assay indicated that the entry
into HeLa cells was not affected by HOIPIN-8, whereas the
Salmonella expansion was facilitated by the suppression of
LUBAC (Supplementary Figure 7F). Thus, the compromised
elimination of bacteria in HOIPIN-8-treated cells can be
attributed to the defects in the initial responses against
Salmonella, including the linear ubiquitination and
LC3 recruitment.

We next examined whether NDP52 affects the linear
ubiquitination of the invaded Salmonella. NDP52”~-HeLa cells
were infected with Salmonella as described previously (29), and
the colocalization of linear ubiquitin and Salmonella foci in
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FIGURE 5 | NDP52 suppresses the TNF-a-induced apoptosis. (A) TNF-o+CHX-induced cell death is enhanced in NDP527"-Hel.a cells. Parental and NDP527"-Hela
cells were treated with 10 ng/ml TNF-o, 10 ug/ml CHX, and/or 20 uM ZVAD for 12 h, as indicated, and trypan-blue positive cells were counted. (B) Increased TNF-o.-
induced cell death in NDP52-silenced cells. Control- or NDP52-siRNA was transfected into Hela cells, which were then treated with 10 ng/ml TNF-0+10 pg/ml CHX
as indicated. Trypan-blue positive cells were counted as in (A). (C) Reduced viability of NDP52” cells. Parental and NDP527~-Hel a cells were treated with 10 ng/ml
TNF-a, 10 ug/ml CHX, 4 uM BV6, and/or 25 pM doxorubicin as indicated for 24 h. The cell viability was then analyzed by an ATP-based assay. (D) HOIPIN-8
accelerated cell death. Parental and NDP52”~-Hel.a cells were treated with 10 ng/ml TNF-a, 10 ug/ml CHX, and/or 30 uM HOIPIN-8, and analyzed by an
xCELLigence real-time cell analyzer. Data are shown as mean + s.e.m. (n = 4), and P-values for the comparison of the change of the normalized cell index over time
between parental and NDP52”"-HeLa cells in the absence and presence of HOIPIN-8, respectively. **P < 0.001. (E) Enhanced cleavages of caspases and PARP in
TNF-0:+CHX- and HOIPIN-8-treated NDP527~-Hel.a cells. Parental and NDP52”~-HeLa cells were treated with 10 ng/ml TNF-a, 10 pg/ml CHX, and/or 30 uM HOIPIN-
8 as indicated, and cell lysates were analyzed by immunoblotting with the indicated antibodies. (F) Increased TNFR complex Il formation in NDP52” cells. Parental and
NDP52”~-Hel a cells were treated with 20 ng/ml TNF-o, 20 ug/ml CHX, and/or 30 uM HOIPIN-8 as indicated for 2.5 h, and cell lysates and anti-FADD
immunoprecipitates were immunoblotted with the indicated antibodies. (G) NDP52 and HOIPIN-8 exert minimal effects on the doxorubicin-induced intrinsic apoptotic
pathway. Cells were treated with 25 uM doxorubicin and analyzed as in (E). (H) HelLa cells were treated with 25 uM doxorubicin, 20 uM ZVAD, and/or HOIPIN-8 as
indicated, and cell viability was analyzed by a Calcein-AM assay. (A-C, H) Data are shown as Means + SD (n = 3) by Huber-White Sandwich estimators for variance-
covariance structures corrected with Bonferroni method. *P < 0.05, ***P < 0.0001, NS, not significant.

either the absence or presence of HOIPIN-8 was evaluated and
compared with that in parental HeLa cells. Interestingly, the
linear ubiquitination of Salmonella, which was observed in
parental HeLa cells, was profoundly suppressed in NDP527
cells (Figure 6A, Supplementary Figure 9). Quantitative

imaging analyses of Salmonella and linear ubiquitin
colocalization revealed that NDP52 plays an important role in
the linear ubiquitination of invaded Salmonella (Figure 6B). We
also tested the effects of HOIPIN-8 on Salmonella elimination in
NDP52”"-HelLa cells. In the NDP52-deficient background, no
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additional effects of LUBAC inhibition on the reduction of
colocalization or linear ubiquitination were found (Figure 6B),
but the HOIPIN-8 treatment strikingly exacerbated Salmonella
elimination in NDP527"-HeLa cells, while the NDP52 defect
showed minimal adverse effects in non-treated cells (Figure 6C).
These results suggested that NDP52 substantially contributes to
the elimination of invading bacteria in collaboration
with LUBAC.

We finally investigated the effect of a LUBAC inhibitor on the
NDP52 localization in Salmonella-infected cells. At 1 h after
infection, NDP52 was selectively accumulated in Salmonella-
encapsulating xenophagosomes (Supplementary Figures 10A,

11). As expected, either the inhibition of LUBAC or the genetic
loss of NDP52, or both caused poor xenophagosome formation
(Supplementary Figures 10B-D, 11), while their effects on the
colocalization correlation between Salmonella and LC3 were
limited (Supplementary Figure 10E). In contrast to the
reduction in LC3-positive xenophagosome formation, the NDP52
recruitment to Salmonella was not affected by the HOIPIN-8
treatment (Supplementary Figure 10F).

These xenophagy analyses indicated that LUBAC plays an
important role in xenophagosome formation, and thus the
suppression of LUBAC attenuates the clearance of invaded
bacteria. In addition, the genetic deletion of NDP52 also
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FIGURE 6 | Effect of LUBAC inhibitor on xenophagosome formation in NDP527~-HelLa cells. (A) Colocalization of linear ubiquitin with Salmonella xenophagosomes.
NDP52”~-Hel.a cells were infected with mCherry-labeled Salmonella. The recruitments of endogenous LC3 and linear ubiquitin chains were visualized by
immunofluorescence analyses. Representative confocal images of each condition are shown. Insets: Enlarged images of boxed regions with Salmonella foci. Lower
panels: Intensity profile plot of Saimonella, linear ubiquitin, and LC3 signals on the line across Salmonella foci shown in the left panel. Bars: 10 um. (B) Colocalization
analysis of Salmonella foci and linear ubiquitin. Representative dot plots from Salmonelia-infected wild type and NDP527~-Hela cells with or without HOIPIN-8
treatment are shown. Pearson’s correlation coefficient () is indicated in the upper right corner of each panel. Scatter plots of Pearson’s and Manders’ correlation
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using Hela without HOIPIN-8, (n = 25); Hela with HOIPIN-8, (n = 28); NDP52”~ without HOIPIN-8, (n = 25); and NDP52” with HOIPIN-8, (n = 30). (C) Colony
formation assay of cells infected with Salmonella. Parental and NDP52”~-Hel.a cells were infected with Salmonella at a MOI of 100 in triplicate, and cultured in the
absence or presence of 30 uM HOIPIN-8. The invaded intracellular bacteria were grown on LB agar plates in quadruplicate and their colonies were counted at the
indicated timepoints. Data are shown as Means + SD (n = 3). (B, C) Data was analyzed by Huber-White Sandwich estimators for variance-covariance structures
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curtailed both the linear ubiquitination of Salmonella and LC3
recruitment, indicating that the collaboration between LUBAC
and NDP52 takes a part in xenophagy. In summary, the crosstalk
between NDP52 and LUBAC contributes to several cellular
responses, including NF-kB-mediated inflammation, apoptosis,
and xenophagy regulation.

DISCUSSION

NDP52 is a multifunctional regulatory protein that predominantly
works in selective autophagy (17, 18). Although linear (de)
ubiquitination is involved in the NDP52-mediated xenophagy of
invading Salmonella (24, 25), little is known about the crosstalk
between NDP52 and LUBAC in innate immune responses. In
terms of the regulation of the NF-«B signaling pathway, NDP52 is
reportedly involved in the TNF-c-induced NF-xB signal
transduction network (41), and only slightly inhibited the
TRAF6-mediated NF-xB activation (51). Furthermore, NDP52
suppressed the lipopolysaccharide-induced NF-kB and IRF3
activation pathways by mediating the autophagic degradations
of Toll/interleukin-1 receptor homology domain-containing
adaptor inducing interferon (TRIF) and TRAF6 (52). In this
study, we showed that NDP52 down-regulates the canonical
NEF-xB pathway through ubiquitin-binding via the C-terminal
UBZ domain, which is centered on a crucial Asp439 residue
(Figure 1). The V248A variant of NDP52 is reportedly
associated with Crohn’s disease, and the variant affects Toll-like
receptor-mediated NF-«B signaling through the ubiquitin-binding
at this region. However, V248A of NDP52 showed no effect on
NEF-xB activation, suggesting that it may affect other cellular
functions, including selective autophagy. NDP52 reportedly
associates with NF-kB signaling factors, such as the IKK
complex (39, 40), TRAFs (35, 40, 42, 43), A20 (41), c-IAP2 (38),
and HOIL-1L (35), and we identified HOIP as the primary
NDP52-binding subunit in LUBAC (Figure 2). The ubiquitin-
binding defective mutants of NDP52 may have a positive effect on
the NF-kB activity through their different binding affinities for
NEF-«B signaling factors, such as by the substantial binding with
IKKo/B. Importantly, NDP52 is a component of TNFR signaling
complex I (Figure 3). At present, K11-, K63-, and M1-ubiquitin
chains, which are produced by the E3s of c-IAP-1/2, TRAF2/5,
and LUBAC, are known to be involved in TNFR signaling
complex I (45, 53, 54). Moreover, the linear ubiquitination of
NEMO functions as a scaffold to recruit multiple IKK molecules
through the UBAN domain of NEMO, and induces the trans-
activation of canonical IKK (44, 55). The ubiquitin-binding of
NDP52 through the UBZ domain showed its broad specificity in
ubiquitin-linkages (32), although it also appeared to have affinities
toward atypical linkages, such as K27-, K29-, K63-, and M1-chains
(Figure 1). Therefore, NDP52 seems to be recruited to TNFR by
binding with a wide variety of ubiquitin chains, including the M1
chain, and thus regulates the canonical NF-«B activation pathway
(Figure 7). Indeed, the recruitment of NDP52 to TNFR complex I
was suppressed in HOIP-deficient cells (Supplementary
Figure 4).

In addition to its role in NF-kB signaling, NDP52 partly
regulates the type I IFN production pathway, and a LUBAC
inhibitor cancelled the enhanced antiviral signaling in NDP52-
deficient cells (Figure 4). Since NDP52 reportedly associates
with several antiviral signaling factors, such as TBK1 (36),
TBKBP1 (36), MAVS (37), and IKKe (21), it seems to function
as a crucial regulator in innate immune responses.

Furthermore, we showed that the TNF-o-induced apoptotic
pathway, but not doxorubicin-mediated intrinsic apoptosis, was
enhanced in NDP52”"-Hela cells as compared to parental HeLa
cells (Figure 5). When TNEFR signaling complex I fails to activate
NEF-kB, cells activate the apoptotic pathway with the formation of a
second complex, complex II, composed of RIP1, FADD, and
caspase 8 (49). Indeed, we identified the facilitated complex II
formation in NDP52-deficient cells upon TNF-0+CHX treatment
(Figure 5). In the course of complex II formation, RIP1
deubiquitination by CYLD, a deubiquitinase that cleaves linear-
and K63-ubiquitin chains, plays a crucial role (56, 57). Therefore,
NDP52 may prevent the CYLD-mediated deubiquitination of RIP1,
resulting in the suppression of the TNF-a-induced apoptotic
pathway (Figure 7). Since HOIPIN-8 inhibits the LUBAC-
mediated linear ubiquitination of RIP1 upon TNF-ot stimulation,
it also seems to facilitate the complex II formation.

In addition to NDP52, other multiple autophagy receptors,
including OPTN, p62 and TAXI1BPI1, are also involved in
xenophagy, although NDP52 seems to play a major role in
Salmonella elimination (21-23, 58). Moreover, LUBAC and
OTULIN are crucial regulators of xenophagy (24, 25), and
LUBAC linearly ubiquitinates proteins in the inner membrane of
invading Salmonella, and preferentially recruits linear ubiquitin-
specific UBAN domain-containing OPTN and NEMO, which
facilitate xenophagy and NF-kB activation, respectively (24).
LUBAC and OTULIN are reportedly regulates the initiation of
autophagy by the linear (de)ubiquitination of ATG13 (26),
suggesting the crosstalk between linear ubiquitination and
selective autophagy. In this study, we showed that Salmonella,
LC3, and linear ubiquitin are colocalized 1 h after infection, and
HOIPIN-8 treatment suppressed the recruitment of linear ubiquitin
and LC3 to the bacteria, thereby allowing increased colony
formation (Supplementary Figure 7). On the other hand, NDP52
recruitment was scarcely disturbed by HOIPIN-8 treatment
(Supplementary Figure 10), consistent with previous findings
that OPTN recruitment to Salmonella was abrogated in HOIP-
deficient cells, in contrast to NDP52 (24). Intriguingly, the ablation
of NDP52 significantly reduced the linear ubiquitination of
Salmonella (Figure 6), suggesting that NDP52 is not an inhibitor
of LUBAC in xenophagy progression, but is required for the
effective linear ubiquitination of invading bacteria and
xenophagosome formation. Thus, apart from its adaptor function,
the NDP52 recruited to bacterial foci might work cooperatively with
LUBAC in forming xenophagosomes and killing bacteria (Figure
7). Since the NDP52-deficiency alone seemed to have a minor effect,
OPTN may play a dominant role in xenophagy, as reported
previously (24). Further analyses of xenophagy receptors, such as
the effects of the combined deletion of NDP52 and OPTN, will
be necessary.
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FIGURE 7 | Schematic model of innate immune responses, apoptosis, and xenophagy by crosstalk between NDP52 and LUBAC.

Collectively, we have shown that NDP52 functions in innate
immune responses, such as the NF-xB and type I IFN antiviral
signaling pathways, apoptosis, and selective autophagy such as
xenophagy (Figure 7). Therefore, the crosstalk between NDP52
and LUBAC may represent an attractive therapeutic target to
develop anti-inflammatory agents.
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HIV Nef-mediated Ubiquitination of
BCL2: Implications in Autophagy
and Apoptosis

Sergio Castro-Gonzalez™, Sydney Simpson?, Yuhang Shi, Yuexuan Chen,
Jared Benjamin and Ruth Serra-Moreno*

Microbiology and Immunology, University of Rochester Medical Center, Rochester, NY, United States

Ubiquitination is a process that acts upon every step of the HIV replication cycle. The
activity, subcellular localization, and stability of HIV dependency factors as well as negative
modulators can be affected by ubiquitination. These modifications consequently have an
impact on the progression and outcome of infection. Additionally, recent findings suggest
new roles for ubiquitination in the interplay between HIV and the cellular environment,
specifically in the interactions between HIV, autophagy and apoptosis. On one hand,
autophagy is a defense mechanism against HIV that promotes the degradation of the viral
protein Gag, likely through ubiquitination. Gag is an essential structural protein that drives
virion assembly and release. Interestingly, the ubiquitination of Gag is vital for HIV
replication. Hence, this post-translational modification in Gag represents a double-
edged sword: necessary for virion biogenesis, but potentially detrimental under
conditions of autophagy activation. On the other hand, HIV uses Nef to circumvent
autophagy-mediated restriction by promoting the ubiquitination of the autophagy inhibitor
BCL2 through Parkin/PRKN. Although the Nef-promoted ubiquitination of BCL2 occurs in
both the endoplasmic reticulum (ER) and mitochondria, only ER-associated ubiquitinated
BCL2 arrests the progression of autophagy. Importantly, both mitochondrial BCL2 and
PRKN are tightly connected to mitochondrial function and apoptosis. Hence, by
enhancing the PRKN-mediated ubiquitination of BCL2 at the mitochondria, HIV might
promote apoptosis. Moreover, this effect of Nef might account for HIV-associated
disorders. In this article, we outline our current knowledge and provide perspectives of
how ubiquitination impacts the molecular interactions between HIV, autophagy
and apoptosis.
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UBIQUITINATION IN THE MUTUAL
ANTAGONISM BETWEEN HIV AND
AUTOPHAGY

Ubiquitination post-translational modifications are used for
multiple purposes including signaling transduction, enhancing
protein function, driving protein subcellular localization and
targeting proteins for degradation (1-3). One of these degradation
pathways is autophagy, which targets components in the cytosol,
including subcellular organelles and microbial pathogens, for
lysosomal degradation. Whereas Lys-48 polyubiquitination
commonly directs substrates to the proteasome (4-7), autophagy
cargos are usually tagged with Lys-63 ubiquitin chains (4, 7, 8).
Specifically, Lys-63 polyubiquitinated molecules are recognized by
the ubiquitin binding domain (UBD) of different specialized
autophagic receptors, including SQSTM1/p62. These receptors can
simultaneously bind to ubiquitinated cargo and autophagosomal
markers (i.e., LC3), allowing for the encapsulation of substrates into
elongating autophagosomes (9-11).

Autophagy itself is highly regulated, in part through
ubiquitination, as well as other post-translational modifications
(1). For instance, ULK1, a serine/threonine kinase responsible
for inducing autophagy under conditions of amino acid
withdrawal, is ubiquitinated by the E3 ubiquitin ligase TRAF®6,
which enhances ULK1’s function and stability (12). Moreover,
TRAF6 ubiquitinates Beclinl/BECN1, which promotes
autophagy induced by Toll-like receptor 4 signaling (13). p62
activity can similarly be regulated through E2-supported
ubiquitination by UB2D2/UB2D3, which allows for this

receptor to recognize cargo (14) (Figure 1). In addition to
triggering autophagy, ubiquitination can also down-regulate
this pathway by targeting components of this cascade for
degradation (15). Particularly, the ubiquitination of (i) ULK1
and VPS34 by the E3 ligase Cul3-KLHL20, (ii) BECN1 by
RNF216, and (iii) AMBRAI by Cullin-4, promotes the
proteasomal degradation of these autophagy regulators and,
thus, reduces autophagy flux (16-19) (Figure 1). Additionally,
many members of the tripartite motif (TRIM) family of E3
ligases regulate autophagy, although their mode of action does
not always involve ubiquitination. Among the TRIM proteins
that positively modulate autophagy we find TRIM5c, TRIMS,
TRIM16, TRIM17, TRIM20, TRIM21, TRIM22, TRIM23,
TRIM49 and TRIMS50. These molecules trigger autophagy in
response to stimuli such as viral infections, cell damage, IFNy
stimulation and pattern recognition receptor (PRR) engagement
(20-28). Examples of TRIM members that down-regulate
autophagy are TRIM17, TRIM28, TRIM37 and TRIM59.
Despite its ability to promote autophagy of midbodies,
TRIM17 can also hinder autophagy by stabilizing the
autophagy inhibitor MCLI. In an analogous manner, TRIM37
increases the stability of mTOR, which naturally keeps
autophagy off (29-31). By contrast, rather than enhancing the
activity of autophagy inhibitors, TRIM28 and TRIM59 prevent
autophagy through the ubiquitination and subsequent
degradation of the positive regulators AMPK1lco and TRAFS6,
respectively (32, 33) (Figure 1). Although not through
ubiquitination, LC3 - a key player in autophagy initiation,
progression and execution - is regulated through a ubiquitin-

[20,21]

¢

P

Phagophore

Autophagy

Autophagosome

pathway.

L‘ other E3 ] 157.58] @

Lysosome

ey

\/[49, 50, 55, 57, 60, 61]

Autophagosome 2t
& lysosome == =5
fusion

FIGURE 1 | The intersections between HIV infection and autophagy mediated by ubiquitination. The autophagy pathway and known interactions with HIV proteins
are shown with regards to ubiquitination. Solid arrows represent the transfer of a ubiquitin group, direct contribution to the autophagy pathway, or show the steps of
the autophagy cycle. Dotted lines represent substrates targeted for elimination. Red lines or arrows represent autophagy inhibition at corresponding steps in the
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like process. Particularly, LC3 becomes lipidated and this post-
translational modification requires the concerted action of
enzymes that mimic the function of the E1, E2 and E3
enzymes involved in ubiquitination, and they are often referred
to as E3-like ligases (34-36).

Ubiquitination also plays a role in viral infections, including
HIV. On one hand, the HIV accessory proteins Vif, Vpr, Vpx
and Vpu usurp ubiquitination signaling to target host factors —
which would otherwise limit virion production - for proteasomal
or lysosomal degradation (37-41), and also for autophagy-
mediated clearance (42). For instance, Vpu has been reported
to re-route the restriction factor Tetherin/BST2 to
autophagosomes in a non-canonical manner (Figure 1). On
the other hand, ubiquitination can cause the degradation of
HIV proteins through the proteasomal, lysosomal and/or
autophagy pathways. For example, the ubiquitination of the
HIV core by TRIM5a promotes the proteasomal degradation
of the capsid and premature termination of reverse transcription.
In addition to this well-known activity, TRIM5o also triggers
autophagy in response to HIV infection and leads to the
autophagic degradation of the HIV core (20, 21) (Figure 1).
Another example of ubiquitin-dependent degradation is that of
the HIV protein Tat, which is responsible for switching from a
state of viral latency to one of productive replication. Tat is
ubiquitinated by the E3 ligase CHIP, which consequently causes
its proteasomal degradation, and thus, negatively impacts viral
transcription (43). However, Tat is also susceptible to
ubiquitination in a non-degradative manner by the E3 ligase
PJA2. Specifically, PJA2 adds atypical ubiquitin chains to Tat that
increase its transactivating potential (44). Besides being degraded
at the proteasome, Tat has also been found as an autophagy
target in CD4" T cells, although its ubiquitination is not required
to route it to autophagosomes (45). Conversely, Tat has been
reported to down-regulate autophagy in neurons (46). Similar to
Tat, Vif is also directed for autophagy-mediated clearance in a
ubiquitin-independent manner through an association with the
HDACS6 deacetylase (47). Paradoxically, Vif has been reported to
inhibit canonical autophagy by associating with LC3 and
preventing its incorporation into autophagosomal structures.
Although the underlying mechanism by which Vif achieves
this is not well understood, it does not seem to rely on LC3
ubiquitination or degradation (48).

The dichotomy of Tat and Vif in their relationship with the
autophagy machinery underscores that the autophagy-HIV
interactions are complex. Actually, conflicting reports exist
regarding this interplay, with studies supporting that
autophagy enhances or inhibits the progression of infection,
depending on cell type (20, 45, 49-56). However, our group
recently found that the HIV Gag polyprotein, the immature
precursor of several structural proteins required for virion
maturation, is degraded through autophagy regardless of cell
type (57). Since Gag is susceptible to ubiquitination, which is part
of its role in facilitating virion budding, it is likely that the
targeting of Gag to autophagosomal membranes requires
ubiquitination as well. In fact, our previous work on breast
cancer-associated gene 2 (BCA2), a RING finger E3 ubiquitin

ligase, showed that this protein promotes the ubiquitination and
subsequent lysosomal degradation of HIV Gag (58). Hence, Gag
ubiquitination could similarly tag this protein for autophagy-
mediated clearance (Figure 1). Despite the antiviral potential of
autophagy against HIV, our work also revealed that the virus has
evolved mechanisms to counteract the autophagy-mediated
destruction of viral elements needed for replication, including
Gag. In particular, the HIV protein Nef counteracts the antiviral
effects of autophagy. Importantly, while Nef is not required for
replication in vitro, it enhances infection and contributes to
pathogenesis in vivo by affording immune evasion through
multiple mechanisms, including MHC-I down-regulation and
counteraction of the restriction factors SERINC3 and SERINC5
[reviewed in (59)]. Besides these roles, Nef was also known to
prevent viral degradation caused by autophagy through (i) a
physical association with BECNI, inhibiting in turn
autophagolysosomal biogenesis, and (ii) by promoting the
cytosolic sequestration of the transcription factor TFEB, a
master regulator of autophagy genes (49, 50, 55, 60, 61). In
both models, the ultimate outcome is a defect in the fusion
between autophagosomes and lysosomes. In support of these
findings, we also found that Nef blocks autophagy maturation.
However, we uncovered an additional mechanism by which Nef
blocks autophagy at early stages of the cascade, and that requires
a physical association between Nef and the E3 ubiquitin ligase
Parkin/PRKN. Specifically, Nef recruits PRKN to promote the
mono-ubiquitination of BCL2, an autophagy inhibitor (Figure 1)
(57). Under normal conditions, BCL2 interacts with the
autophagy initiator BECN1 to prevent autophagosome
formation. However, under conditions of stress, BECN1
dissociates from BCL2 to initiate autophagosome biogenesis
(62-64). Remarkably, the sequestration of BECN1 by BCL2 is
enhanced if BCL2 is mono-ubiquitinated (65). In fact, we found
that the Nef-mediated recruitment of PRKN not only increases
BCL2 ubiquitination but also BECN1-BCL2 association. As a
consequence of this, autophagosome formation is severely
inhibited, while Gag levels and virion production are restored
(Figure 1) (57). Based on these observations, we conclude that,
besides its already described roles in autophagy maturation, Nef
circumvents the autophagy block by intersecting with an early
event in the autophagy cascade.

EFFECTS OF THE NEF-PROMOTED
UBIQUITINATION OF BCL2 ON
AUTOPHAGY AND APOPTOSIS

The increased levels of ubiquitinated BCL2 promoted by Nef
may have further implications for infected cells. BCL2 is found in
multiple subcellular compartments, including the endoplasmic
reticullum (ER) and the mitochondria (66-68). ER-associated
BCL2 is mainly involved in the regulation of autophagy through
its interaction with BECNI, as stated above. Specifically, BCL2
binds to the BCL2 homology domain 3 (BH-3 domain) of
BECN1 and sequesters this molecule, which in turn impairs
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autophagy at both initiation and maturation stages. Autophagy
initiation and maturation are dependent on the respective
formation of the protein complexes PI3K-C1 and PI3K-C2
(class IIT PI 3-kinase complex 1 and complex 2). The core
structure of PI3K-C1 consists of VPS34, BECN1, VPS15, and
ATG14. PI3K-C2 core structure differs from C1 by the absence of
ATGI14 and the addition of UVRAG. The presence of ATG14 or
UVRAG targets each complex towards phagophore membranes
or autophagosomal membranes, which helps modulate
autophagy initiation and maturation, respectively (69-71).
Besides its role in sequestering BECN1, BCL2 may additionally
intersect with C1/C2 and inhibit VPS34 kinase activity by
blocking BECN1 interactions with ATG14 and UVRAG in
their respective complexes (57, 69, 72, 73). The resulting effect
of BCL2 binding to BECN1 is an overall antagonization of
autophagy. Although this phenomenon has been described in
more detail for C1 formation, the sequestration of free BECN1
might also impact the biogenesis of C2 and, thus, autophagy
maturation (Figure 2A). Therefore, a major point of regulation
in autophagy is the promotion and reduction of BECNI-
BCL2 complexes.

Besides its ability to associate with the ER, BCL2 and other
members of the BCL2 family can also be found at the
mitochondria, where they regulate apoptosis by controlling the
permeabilization of the outer mitochondrial membrane.
Apoptosis is an essential process that removes damaged or
infected cells in an orderly fashion. Under conditions of
extreme stress or damage, pro-apoptotic effector proteins, such
as BCL2-associated X protein (BAX) or BCL2 antagonist/killer-1
(BAK), homo-oligomerize to form pores on the outer

mitochondrial membrane (74-77). The formation of these
pores allows for cytochrome C to escape from the
mitochondrial lumen. The release of cytochrome C to the
cytosol enables its binding to the apoptotic protease activating
factor (Apaf-1) and consequently triggers multiple caspase
cascades that lead to this controlled death fate (77-79).
Conversely, under healthy conditions, BCL2 pro-survival
proteins directly bind to the BH3 domain in BAX to prevent
pore formation on the outer mitochondrial membrane, which in
turn prevents apoptosis (80, 81). Due to the importance of
maintaining a healthy cell survival/cell death equilibrium, there
are other relevant cellular factors involved in this apoptotic
regulation. In particular, the BH3 domain of BCL2-associated
agonist of cell death (BAD) is able to directly bind to
mitochondria-associated BCL2 to hamper its anti-apoptotic
function (82-84) (Figure 2B). Therefore, the BCL2-mediated
inactivation of BAX, as well as its own regulation via BAD
interaction, are crucial to control mitochondrial membrane
integrity and consequently cell survival.

Whereas its subcellular localization dictates which cellular
pathway will be susceptible for BCL2-mediated inhibition
(autophagy vs. apoptosis), post-translational modifications of
BCL2 will regulate the degree of restriction exerted over these
two pathways. From this perspective, BCL2 is susceptible to
become phosphorylated at Ser70 by the JNK1 kinase (85-87).
When this phosphorylation occurs at the ER, it causes a
reduction in the association between BCL2 and BECNI1 and
thus, it facilitates autophagy activation and progression by
increasing the availability of BECN1 (62, 64, 85) (Figure 2A;
top). Alternatively, JNK1 as well as other kinases have been

=) | Autophagy

PI3K-C1 PI3K-C2

_E___..‘..

opte!
. == | Apoptosis

putative roles.

FIGURE 2 | Implications of the phosphorylation and ubiquitination of BCL2 at the ER and mitochondria. The figure illustrates the regulation of BCL2 functions
through its post-translational modifications at different subcellular localizations, depicting the potential effect of BCL2 ubiquitination on autophagy and apoptosis.
(A) presents the roles of BCL2 in the endoplasmic reticulum (ER), whereas (B) depicts the roles of BCL2 at the mitochondria. The dotted frame in (B) represents
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reported to mediate the phosphorylation of both BCL2 and its
inhibitor BAD at the outer mitochondrial membrane (86, 88).
This phosphorylation can promote the dissociation of BCL2
from BAD, which enables BCL2 anti-apoptotic function by
increasing the ratio BCL2 to BAX (86, 88) (Figure 2B; top).

As noted above, in addition to phosphorylation, BCL2 is
mono-ubiquitinated by PRKN. Of note, PRKN primarily
localizes at the mitochondria where it helps regulate
mitochondrial quality control, namely through mitophagy -
the autophagy of mitochondria — when these organelles are
impaired (89-91). The Nef-promoted mono-ubiquitination of
BCL2 at the ER increases its stability and enhances its association
with BECNT1 to further restrict the early stages and progression of
the autophagy pathway (57, 65) (Figure 2A; bottom). Besides
facilitating BCL2 mono-ubiquitination at the ER, HIV Nef also
increases mono-ubiquitination and stability of the BCL2 isoform
in the mitochondria, although it does not cause an enhancement
in its association with BECN1 (57). However, the potential
impacts of mitochondrial BCL2 mono-ubiquitination on
mitophagy and apoptosis are yet to be determined. One could
speculate in this matter that, analogously to what applies for the
ER in terms of BCL2-BECNI1 interactions, the mono-
ubiquitination of BCL2 at the mitochondria might promote
BCL2-BAD association and consequently, facilitate cell death
through apoptosis (Figure 2B; bottom).

DISCUSSION AND CONCLUDING
REMARKS

The effects of the Nef-dependent mono-ubiquitination of BCL2
could have strong implications in our understanding of the role
of Nef in the development of pathologies associated with HIV™
individuals. First of all, the fact that not only Nef impacts
autophagy restriction but also might facilitate apoptotic events
through the PRKN-dependent mono-ubiquitination of BCL2
could provide mechanistic support to previous studies that
connect Nef expression and apoptosis in different cell types,
such as cardiomyocytes, brain endothelial cells or CD4" T cells
(92-94). Importantly, this Nef-mediated apoptosis may be
responsible, at least in part, for the depletion of infected as
well as bystander CD4" T cells, which is the main cause of the
immunodeficiency observed in infected individuals.
Additionally, the effect of the Nef-enhanced ubiquitination of
BCL2 on autophagy could also account for the development of
other HIV-associated pathologies, including HIV-associated
neurological disorders (HAND) or HIV-associated pulmonary
hypertension (HIV-PH) (95-97). These conditions are not only
relevant because of their undesired symptomatology and
prognosis, but also because they are usually associated with
persons living with HIV, even those controlling the infection
due to their adherence to the antiretroviral regimens. Whereas
Nef expression has been linked to the development of these
pathologies, the underlying mechanisms still remain unknown.
Remarkably, several studies have demonstrated that autophagic

dysfunction is directly associated with pulmonary hypertension
as well as numerous neurological and cognitive conditions,
including HAND (96, 98, 99). In fact, autophagy dysregulation
by HIV Tat has been linked with neuronal degeneration (46), so
the effect of Nef on BCL2 ubiquitination and its role in
autophagy might exacerbate neuronal damage. In addition,
malfunction of the ubiquitin ligase PRKN seems to be
associated with neurological disorders (100, 101). Therefore,
Nef’s capacity to intersect with autophagy through the
recruitment of PRKN to drive the mono-ubiquitination of
BCL2 might be a key driver in the development of these HIV-
associated conditions.

Ubiquitin has a relevant position in the arms-race between
HIV and the host cell environment. Despite being required for
viral particle assembly, the ubiquitination of HIV Gag might be
tagging this protein for the so-called ‘kiss of death’ fate.
Conversely, HIV has evolved a strategy to hijack the cellular
ubiquitin machinery in order to overcome this hurdle. This
mechanism involves the mono-ubiquitination of BCL2 that, in
addition to preventing the degradation of Gag, might also be
lifting the endogenous control over apoptosis. This in turn could
have a wide range of implications for the pathogenesis and
prognosis of HIV" individuals. Therefore, further elucidation
of the role of ubiquitin within the interplay between HIV and the
host could be promising for the identification of new therapeutic
targets against this virus.
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Xiuzhi Jia, Chunyuan Zhao and Wei Zhao™

Department of Pathogenic Biology, School of Basic Medical Science, Cheeloo College of Medicine, Shandong University,
Jinan, China

The major histocompatibility complex (MHC) class | (MHC-I) region contains a multitude of
genes relevant to immune response. Multiple E3 ubiquitin ligase genes, including tripartite
motif 10 (TRIM10), TRIM15, TRIM26, TRIM27, TRIM31, TRIM38, TRIM39, TRIM40, and
RING finger protein 39 (RNF39), are organized in a tight cluster, and an additional two
TRIM genes (namely TRIM38 and TRIM27) telomeric of the cluster within the MHC-I
region. The E3 ubiquitin ligases encoded by these genes possess important roles in
controlling the intensity of innate immune responses. In this review, we discuss the E3
ubiquitin ligases encoded within the MHC-I region, highlight their regulatory roles in innate
immunity, and outline their potential functions in infection, inflammatory and
autoimmune diseases.

Keywords: MHC class | region, E3 ubiquitin ligases, innate immunity, post-translational modifications,
autoimmune diseases

INTRODUCTION

Innate immunity is the first line of defense against invading pathogens and cancers. A variety of
germline-encoded pattern recognition receptors (PRRs) recognize conserved structures present in
pathogenic microorganisms (termed as pathogen-associated molecular patterns) and danger signals
(termed as damage-associated molecular patterns), in turn initiating innate immune responses. The
different types of PRRs include Toll-like receptors (TLRs), retinoic acid-inducible gene-I (RIG-I)-
like receptors (RLRs), and cytosolic DNA sensors [e.g., cyclic GMP-AMP synthase (cGAS)]. These
PRRs transduce activation signals by recruiting cellular adaptors including myeloid differentiation
factor 88, Toll/IL-1 receptor (TIR) domain-containing adapter inducing interferon (IFN)-3 (TRIF),
mitochondrial antiviral signaling protein (MAVS), and stimulator of interferon genes (STING).
These activation signals then activate the transcription factors nuclear factor kappa-B (NF-kB) and
interferon regulatory factor 3 (IRF3), leading to the expression of proinflammatory cytokines and
type I IFNs (1-3).

Optimal activation of innate immunity is crucial for the elimination of invading pathogens and
mutant cells, as well as for the maintenance of immune homeostasis. A magnitude of sophisticated
strategies have been developed by our body to manipulate the intensity of innate immune response,
including epigenetic regulation and post-translational modifications (PTMs) of key immune
signaling adaptors (4). Ubiquitination is an important PTM that is dynamically controlled by
multiple E3 ubiquitin ligases and deubiquitinases, and it has been implicated in innate immune
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FIGURE 1 | Schematic representation of gene clusters and structure domain of MHC-I region encoded E3 ubiquitin ligases. (A) Gene cluster of human MHC-I
region. (B) Schematic diagram of structure domain of MHC-I region encoded E3 ubiquitin ligases. R, RING finger; B, B-box; CC, coiled-coil.

response (5). Recently, a series of E3 ubiquitin ligases encoded
within the MHC-I region (Figure 1) have been reported as
important regulators of innate immunity. In this review, we will
introduce the MHC-I region genes encoded E3 ubiquitin ligases,
highlight their regulatory roles in innate immunity and potential
functions in infection, inflammatory and autoimmune diseases.

CLUSTER OF E3 UBIQUITIN LIGASES
GENES IN THE MHC-I REGION

MHC-I region contains a large number of immune-related genes,
which are often polymorphic and closely linked as a result of
their genomic proximity (6). In addition, many of these genes are
associated with infections and autoimmune diseases, such as
rheumatoid arthritis (RA) and systemic lupus erythematosus
(SLE) (6). The human MHC-I genomic region locates on
chromosome 6p21.33-6p22.2, known as human leukocyte
antigen (HLA) class I region which contains HLA gene loci
and several non-HLA gene clusters (7). Several E3 ubiquitin
ligase genes in this region are organized in a tight cluster from
HLA-E to HLA-A (Figure 1A), and they comprise six TRIM
family members (including TRIM10, TRIM15, TRIM?26,
TRIM31, TRIM39 and TRIM40) as well as RNF39 (8). Two
additional TRIM genes (namely TRIM27 and TRIM38) are found
telomeric from this cluster and near to the butyrophilin genes
(8). In the mouse genome, Triml0, Triml5, Trim26, Trim31,
Trim39, Trim40 and Rnf39 are located on chromosome 17 in the
Bl region within the histocompatibility(H)2-I genetic group,
while Trim27 and Trim38, are located on chromosome 13 in the
A3.1 region.

STRUCTURE OF MHC-I REGION-
ENCODED E3 UBIQUITIN LIGASES

Most MHC-I region encoded E3 ubiquitin ligases are members
of the TRIM protein family and possess RING finger, B-box 2,
and coiled-coil (CC) domain (Figure 1B) (9, 10). The N-terminal
RING finger domain confers the E3 ubiquitin ligase activity,
which is essential for TRIMs to exert their antiviral effects and
regulate innate immune signaling pathways (11). Specifically, the
RING domain functions by recognizing E2 ubiquitin-
conjugating enzymes via zinc finger motifs, subsequently
transferring the ubiquitins or ubiquitin-like proteins to their
substrates (11). The second signature sequence of MHC-I region
encoded TRIM proteins is the B-box 2 domain, which also
exhibits zinc-finger motifs similar to RING domain. Currently,
the unified function of B-box 2 remains unclear, but there is
evidence that it can potentiate the ability of TRIM50. to mediate
human immunodeficiency virus 1 (HIV-1) restriction; lead to
higher-order self-assembly of TRIM50; and offer an E2 binding
site resembling RING, which endows E3 ligase activity in some
TRIMs lacking a RING domain (12-14). Following the B-box 2
domain is the CC domain, a typical hyper-secondary structure
that can assemble with other CC structures to mediate homo- or
hetero- oligomeric interactions among TRIM proteins (15). This
oligomerization promotes the generation of high-molecular-
mass complexes that are compartmentalized either in distinct
cellular compartments such as nuclear bodies (PML/TRIM19) or
microtubules (MID1/TRIM18) (16). In addition, structural
analyses of several TRIM CC dimers have indicated that they
are formed by antiparallel dimeric architecture, which places the
RING and B-box domains on opposite sides of the CC domain.
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This architecture permits the dimerization of RING domains in
some cases, endowing E3 ligase activity to some TRIM proteins
(15). Furthermore, TRIM10, TRIM15, TRIM26, TRIM27,
TRIM38, TRIM39 and RNF39 share a C-terminal PRY-SPRY
domain (Figure 1B) that binds with high specificity to a diverse
set of substrates, including peptides and proteins, and even RNA
molecules (17, 18).

EMERGING ROLES OF MHC-I REGION
ENCODED E3 UBIQUITIN LIGASES IN
INNATE IMMUNITY

Increasing evidences indicate that the MHC-I region encoded E3
ubiquitin ligase genes possess moderate levels of polymorphism,
play regulatory roles in innate immune responses (Figure 2), and
their expressions are associated with a variety of autoimmune
diseases (8).

TRIM38

TRIM38 may be involved in the development of various
autoimmune diseases and generally in the innate immune
response. In one study, the presence of autoantibodies to
TRIM38 significantly correlated with disease severity in
patients with primary Sjogren’s syndrome (SS, a disease in
which circulating autoantibodies react with multiple cellular
proteins to cause glandular dysfunction) (19). Similarly, in
patients with dermatomyositis (DM, an autoimmune
connective tissue disease characterized by erythema in the eyes
and hands, and weakness in the proximal muscles), skin and
muscle biopsy analyses showed that TRIM38 gene expression
was upregulated (20). In fact, TRIM38 is an intriguing regulator
of innate immunity (21). As a negative regulator, TRIM38
mediates lysine 48 (K48)-linked polyubiquitination of TNF
receptor associated factor 6, TRIF and NF-xB-activating
kinase-associated protein 1 to promote their proteasomal
degradation, resulting in the inhibition of TLR and RLR
pathways (22-24). In addition, TRIM38 facilitates the
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lysosome-dependent degradation of TAK1-binding protein 2
(TAB2) in TNF- and IL-1P-triggered signaling, independent of
its E3 ubiquitin ligase activity; however, the specific mechanism
remains to be explored (25). Notably, the interaction between
TRIM38 and TAB2/3 is weakened in RA, resulting in an excess
expression of TAB2/3 and proinflammatory cytokines,
indicating the essential roles of TRIM38 in modulating
autoimmune disease severity (26).

Besides its E3 ubiquitin ligase activity, TRIM38 has also been
identified as an E3 small ubiquitin-like modifier (SUMO) ligase
and mediates the SUMOylation of RIG-I and MDA5 (27). First,
TRIM38 catalyzes the SUMOylation of RIG-I and MDAS5,
subsequently inhibiting K48-linked ubiquitination and
degradation through steric hindrance both in rest and infection
states (27). Second, this SUMOylation of RIG-I and MDAS5 at
K96/K889 and K43/K865 mediated by TRIM38 facilitates PP1-
mediated dephosphorylation and K63-linked polyubiquitination
of RIG-I/MDAS5, leading to RLRs activation (27). Third, the
SUMOylation of RIG-I/MDA5 impaired and the K48-linked
ubiquitination increased in the late phase of viral infection,
restricting both the intensity and duration of RLRs activation
(27). This may also explain why in a different study, Enterovirus
71, another RNA virus, escaped immune surveillance through
promoting degradation of TRIM38 (28). In DNA-sensing
signaling pathways, TRIM38 also regulates the activation and
expression of both ¢cGAS and STING by mediating their
SUMOylation by different mechanisms (29). Thus, TRIM38
may be the key in establishing an efficient antiviral state in the
early phase of viral infection, while also terminating the
activation of RLRs and ¢cGAS/STING in the late phase. These
results indicate that TRIM38 is a multifunctional molecule in
innate immunity, and even affects the same pathway through
different mechanisms (such as RLRs).

TRIM27

TRIM27, also known as RET finger protein, plays important
regulatory roles in innate immune responses; its dysregulation
may cause several inflammatory diseases. TRIM27 binds to
NOD?2 via its PRY-SPRY domain, subsequently promoting
K48-linked polyubiquitination and degradation of NOD2 and
leading to the inhibition of NF-xB signal (30). An
immunohistological inspection indicated that when compared
to healthy tissue, TRIM27 expression appeared higher in tissue
derived from patients with Crohn disease (CD), implying that
TRIM27 has a role in CD, which is a known NOD2-related
inflammatory disease (30). Additionally, in a model of hepatic
ischemia-reperfusion injury (IRI, which initiates from oxidative
stress and inflammation caused by insufficient blood supply and
subsequent reperfusion owing to trauma, resection or
transplantation of the liver), TRIM27 alleviated liver damage
and inflammation by suppressing the recruitment of TAK1 via
TAB2/3 degradation (31). Moreover, TRIM27 interacts with
multiple IKKs, including IKKa, IKKB, IKKe and TBKI, to
attenuate both NF-xB and IRF triggered IFN-f3 expression
(32). Furthermore, TRIM27 promotes IL-6-induced STAT3
activation by mediating ubiquitination of protein inhibitor of
activated STAT3, thereby aggravating psoriasis (a chronic

inflammatory disease that predominantly affects the skin and
joints), colitis, and colitis-associated cancer (33, 34). In addition,
it has been reported that TRIM27 is a host restriction factor that
suppresses the survival of Mycobacterium tuberculosis in
macrophages by upregulating the NF-xB and JNK/p38
pathways (35). Another study showed that TRIM27
could serve as a potential biomarker for discriminating active
tuberculosis from latent tuberculosis infection and healthy
people (36).

Recently, TRIM27 was reported to promote K48-linked
ubiquitination at Lys251/372 and protein degradation of TBK1
during Vesicular stomatitis virus (VSV) infection (37).
Furthermore, TRIM27 facilitates hepatitis C virus (HCV)
replication through inhibiting IRF3 and NF-«B pathway (38).
However, TRIM27 possesses contrary roles in Herpes simplex
virus type 1 (HSV-1), HIV-1 and N-tropic murine leukemia
virus (N-MLV)-infected cells; the contrary effects of TRIM27
may be related to varying effects of TRIM27 upon the lifecycles of
different viruses (39, 40). While TRIM27 may regulate different
innate immune pathways to control a type I IFN response during
RNA virus and DNA virus infection, its effect during retrovirus
infection may depend on direct interaction with viral
components. Moreover, considering its vital role in regulating
host antiviral immune responses, TRIM27 turn out to be the
evasion target of HSV-1. The ICPO protein of HSV-1, which has
its own RING domain and E3 ubiquitin ligase activity, has been
shown to interact with TRIM27 to promote its polyubiquitination
and degradation (41). These contradictory results suggest complex
roles of TRIM27 in innate immunity.

TRIM31

Single nucleotide polymorphisms (SNPs) of TRIM31, also called
hemochromatosis candidate gene I, are associated with a variety
of inflammatory diseases including inflammatory bowel disease
(IBD, a chronic nonspecific inflammatory disease characterized
by recurrent inflammation of the intestinal mucosa, comprising
two main distinctive entities, ulcerative colitis and CD) and
irritant contact dermatitis (ICD, a kind of skin inflammatory
reaction after contact with exogenous irritants) (42, 43).
Additionally, TRIM31 expression correlates with reduced risk
of nasopharyngeal carcinoma associated with Epstein-Barr virus
infection (44). These evidences suggest the potential roles of
TRIM31 in antiviral immune responses and autoimmune
disorders. A confirmatory study identified that TRIM31
suppressed NLR family pyrin domain containing 3 (NLRP3)
inflammasome activation by promoting K48-linked
ubiquitination and proteasomal degradation of NLRP3 (45).
The study also showed that Trim31 deficiency aggravates
alum-induced peritonitis and attenuates the severity of DSS-
induced colitis (45). Furthermore, TRIM31 reduces the risk of
other NLRP3 inflammasome-associated diseases such as apical
periodontitis (AP, an acute suppurative inflammation caused by
endodontic microbial infections) and age-related macular
degeneration (AMD, a major cause of blindness in the elderly
in developed countries, induced by dysfunction of retinal
pigment epithelial cells, which constitute the immune defense
barrier of the macula) (46, 47). In addition, TRIM31 is involved
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in the development of sepsis and colorectal cancer through
regulating the NF-xB signaling pathway (48, 49).

In addition to its role in inflammation, TRIM31 has been
shown to modify multiple MAVS sites with K63-linked
polyubiquitin, leading to its aggregation and thus the
enhancement of IFN-I expression upon RNA virus infection
(50). The PBI1-F2 protein of avian influenza A (H7N9) virus,
scaffold protein FAF1 and Rho family small guanosine
triphosphatase Racl limit the interaction between MAVS and
TRIM31, resulting in the inhibition of MAVS ubiquitination,
aggregation, and activation (51-53). TRIM31 also triggers
ubiquitination and degradation of the hepatitis B virus (HBV)
component HBx and therefore plays a potential role in IFN-
resistant HBV infection (54). Furthermore, while TRIM31 can
inhibit HIV-1 entry, downregulation of endogenously expressed
TRIM 31 inhibits both HIV-1 and MLV release, suggesting that
TRIM31 plays different roles at early and late stages of the
retroviral lifecycle (40). Overall, these findings provide the
possibility of TRIM31 as a potential antiviral drug target.

TRIM40

Genome-wide association studies show strong association between
genetic variants of TRIM40 and common diseases. For example,
one of TRIM40 SNPs, rs757262, can balance the risk of developing
different autoimmune diseases (55). Accordingly, several
functional studies indicate that TRIM40 is a regulator of innate
immunity. TRIM40 physically combines with Nedd8 to promote
the neddylation of IKKy, thereby preventing gastrointestinal
neoplasia caused by chronic inflammation; reduces
inflammation and liver injury in septic mice via attenuating the
activation of TLR4 pathway; and suppresses RLRs pathway by
promoting both K27- and K48-linked polyubiquitination of RIG-I
and MDAS, thus enhancing their proteasomal degradation (56—
58). As RIG-I and MDA5 are associated with autoimmune
diseases including Aicardi-Gouti¢res syndrome (AGS, a severe
autoimmune encephalopathy caused by aberrant activation of the
IFN-I axis), Singleton-Merten syndrome(SMS, a type I
interferonopathy characterized by aortic calcifications, psoriasis,
glaucoma and skeletal abnormalities) and type 1 diabetes (T1D),
TRIM40 may attenuate the pathogenesis of autoimmune diseases
by regulating the activation of RIG-I and MDAS5 (59-61).

TRIM26

TRIM26, also called RNF95 or ZNF173, exhibits polymorphisms
associated with several autoimmune disorders including T1D
and multiple sclerosis (MS, an autoimmune disease characterized
by inflammatory demyelination of the central nervous system)
and with nasopharyngeal carcinoma caused by viral disease (62—
64). In antiviral immunity, TRIM26 mediates the K48-linked
polyubiquitination and protein degradation of nuclear IRF3,
attenuating the antiviral response (65). However, another study
reported that TRIM26 actually enhanced innate immunity
against RNA viruses, by recruiting NEMO to facilitate the
interaction between TBK1 and MAVS (66). Furthermore, a
genome-wide CRISPR-Cas9 screening identified TRIM26 as a
critical HCV host factor, where it mediates K27-linked
ubiquitination of HCV-encoded NS5B protein, enhances the

interaction between NS5B-NS5A, and ultimately promotes
HCV genome replication (67). Thus, as a key E3 ubiquitin
ligase, TRIM26 plays multiple roles through catalyzing the
conjugation of multiple ubiquitin chains to variety of substrates.

RNF39

Emerging evidences indicate that RNF39 is a potential immune
regulator. Genetic variants of RNF39 are associated with a variety
of viral diseases and autoimmune diseases, such as the
progression of HIV-1 and Behcet’s disease (BD, a chronic
systemic vasculitis resulting in ulcerative in the oral cavity and
on the genitals, as well as inflammatory damage of the eyes) (68).
The DNA methylation state of RNF39 impacts autoimmune
disorders, including MS, SLE and allergic rhinitis (AR, a
delayed hypersensitivity nasal mucosa reaction to
environmental allergens, caused by IgE mediated release of
autacoids) and confers poor responsiveness to HBV
vaccination (69-72). Furthermore, RNF39 genetic variants are
related to HIV-1 plasma viral loads, CD4" T cell count, and the
clinical course of HIV-1 infection (73-75). Besides its role in
DNA viruses and retrovirus infection, RNF39 has also been
identified as a feedback suppressor of RNA virus-induced
signaling and antiviral immunity. RNF39 mediates K48-linked
polyubiquitination and proteasomal degradation of DDX3X, a
scaffold vital for the formation of the MAVS-TRAF3 complex, to
subsequently inhibit the RLR pathway (76). Rnf39 deficiency
enhances RLR activation and inhibits RNA viral replication (76).
Further studies will identify more immune targets of RNF39,
which will help to explain the regulatory roles of RNF39 in
antiviral and autoimmune responses.

Other MHC-I Region Encoded E3

Ubiquitin Ligases

Several other MHC-I region-encoded E3 ubiquitin ligases have
also been reported to regulate viral infection and innate
immunity. SNPs in TRIMI5 show a correlation with lupus
nephritis (LN, an autoimmune disease characterized by the
hypersecretion of autoantibodies and deposition of immune
complexes in the kidneys); this correlation varies significantly
according to ethnicity (77). Furthermore, human TRIM15
interferes with the release of HIV-1 and MLV from cells (40).
TRIMI15 targets adaptors upstream of MAVS to potentiate RIG-
I-mediated IFN-B production and suppress viral infection (78).
TRIM39 stabilizes Cactin to attenuate TLR- and TNF-o-
mediated RelA/p65 translocation, inhibiting the expression of
IL-6 and IL-8 (79). SNP analyses indicate that the genetic
variants of TRIM39 are also associated with inflammatory
diseases including psoriasis, and autoimmune diseases
including BD and cutaneous lupus erythematosus (CLE, an
autoimmune connective tissue disease with cutaneous lesion)
(68, 80, 81). Another study found a differentially methylated site
in the promoter region of TRIM39-RPP2 that was associated
with IBD patients (82). Lastly, TRIM39 also regulates the type I
IEN response to exert its antiviral functions (83). TRIM10
contributes to the restriction of HIV-1 entry and shows high
correlation with the risk of developing MS, RA, LN, ankylosing
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spondylitis (AS, a chronic autoimmune-mediated arthritis that
predominantly affects the axial skeleton and peripheral joints),
autoimmune thyroid disease (AITD, various conditions caused
by autoantibodies attacking the thyroid, including Hashimoto’s
thyroiditis and Graves’ disease) and T1D, although its
exact functions in these conditions remain unknown (40, 77,
84). In summary, the detailed mechanisms of action of these
lesser-studied MHC-I region-encoded E3 ubiquitin ligases
(including TRIM10, TRIM15 and TRIM39) need to be
further investigated.

CONCLUSION AND PERSPECTIVE

Many MHC-I region-encoded E3 ubiquitin ligases are highly
polymorphic, participate in the regulation of inflammation and
antiviral innate immunity, and play a key role in the interaction
between virus and host. At present, the known mechanisms of
action include ubiquitination and SUMOylation; however, more
mechanisms will be elucidated with further study. Concordantly,
these MHC-I region genes are related to a variety of inflammatory,
viral and autoimmune diseases. Nonetheless, their exact roles in the
development of these diseases remain largely unclarified. In
addition, same E3 ubiquitin ligases may play contrary roles in
different inflammatory diseases. So, how does the organism regulate
the action of the same MHC-I region-encoded E3 ubiquitin ligase
(such as TRIM26 and TRIM38) to exert multiple or even opposing
activities in different pathways? Further studies with varied cell types
and disease models using gene-deficient mice are required to answer
these questions. Given the important role of MHC-I region-
encoded E3 ubiquitin ligases in antiviral innate immunity, it is
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Nuclear DNA-binding TCF proteins, which act as the main downstream effectors of Wnt
signaling, are essential for the regulation of cell fate and innate immunity. However, their
role during viral infection in shrimp remains unknown. Herein, we demonstrated that
Litopenaeus vannamei TCF (LvTcf) acts independently of LvB-catenin to promote
interferon-like protein LvVago1 production, thus mounting the response to WSSV
infection. Further, we observed that WSV083, a WSSV serine/threonine protein kinase,
bound to LvTcf and phosphorylated it. Phosphorylated LvTcf was then recognized and
degraded via the ubiquitin-proteasome pathway. Moreover, mass spectrometry analyses
indicated that the T39 and T104 residues of LvTcf were target sites phosphorylated by
WSV083. Point mutation analyses suggested that additional sites of LvTcf may undergo
phosphorylation via WSV083. Taken together, the current work provides valuable insights
into host immunity and viral pathogenesis. LvTcf is not only a modulator of shrimp innate
immunity but is also an important target for WSSV immune evasion. Thus, the current
findings will help improve disease control in shrimps.

Keywords: Wnt signaling pathway, LvTcf, LvWago1, WSV083, phosphorylation, ubiquitin-proteasome pathway

INTRODUCTION

White spot syndrome virus (WSSV) is the only species within the Whispovirus genus of the
Nimaviridae family (1-3). It is a large double-stranded circular DNA virus with a genome of
approximately 300 kb containing 181 open reading frames (ORFs). This virus is a major crustacean
pathogen, causing a cumulative mortality of up to 100% in cultured shrimp (4, 5). Due to the current
lack of effective treatment, understanding the mechanisms of host immunity and host-virus
interactions is of great importance for improving WSSV control.

WSSV triggers pattern recognition upon cell entry as the initial step of the innate immune
response (6). Shrimp mount humoral and cellular immune responses (7) to defend against viral
infection. These rely on several key cell signaling cascades, including the Toll/IMD-NF-xB and JAK/
STAT pathways, among others, which transduce extracellular signals into cells and promote the
expression of antimicrobial peptides or other immune effector molecules to combat WSSV infection
(8-10). In its shrimp host, WSSV employs a number of mechanisms to ensure propagation. To this
end, the virus hijacks host proteins to facilitate gene transcription. Shrimp NF-xB and STAT were
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reported to bind the promoter of the WSSV immediate early
gene iel, promoting its expression (11-13). Viral transcription
factor IE1 then drives host JNK autophosphorylation to activate
c-Jun and stimulate iel, wsv056, wsv249, as well as wsv403
expression (14). Through the cell cycle, IE1 and WSV056
competitively interact with Rb to promote the transition from
GO0/G1 to S phase, providing a favorable environment for viral
replication (15). In addition, WSSV employs several strategies to
evade host immunity. For example, viral microRNA WSSV-miR-
22 restricts host STAT expression by targeting its 3'UTR, which
allows for subverting the JAK/STAT-driven antiviral response
(16). WSSV can also manipulate metabolic programming to
induce the Warburg effect, counteracting reactive oxygen
species (17-19). Moreover, WSSV regulates the degradation of
host proteins via ubiquitination-related enzymes encoded by
wsv222, wsv249, and wsv403, facilitating viral replication and
proliferation (20-24).

Within research on the relationship between host signaling
and viral infection, the Wnt pathway has attracted increasing
attention. It is evolutionarily conserved in metazoan animals,
regulating cell fate during embryonic development as well as in
adult tissues (25-27). In addition, Wnt/B-catenin/TCF signaling
participates in immune regulation. In particular, TCF-1 initiates
TFH differentiation, thus promoting the B cell-mediated
response to acute viral infections (28). With regard to innate
immunity, B-catenin/TCF promotes the expression of type I IFN
and interferon-stimulated genes to suppress viral infection (29—
32). In Drosophila, the Dally-mediated Wnt signaling pathway is
involved in S2 phagocytosis of WSSV (33). Our previous work
showed that the expression of LvWnt5b was initially suppressed
in shrimp as a proapoptotic response against WSSV infection.
Moreover, LvB-catenin tends to translocate to the nucleus
following WSSV infection where it activates the expression of
several antimicrobial peptides (34, 35). However, how WSSV
regulates the Wnt signaling pathway in shrimp remains unclear.
Therefore, further research is necessary in order to determine the
relationship between shrimp Wnt signaling and WSSV infection.

Nuclear DNA-binding TCF/LEF proteins from the high-
mobility group (HMG) box family are the main downstream
effectors of the Wnt pathway. In humans, the TCF/LEF family
consists of four members designated TCF7, LEF1, TCF7L1, and
TCF7L2 (also known as TCF1, LEF1, TCF3, and TCF4,
respectively) (36). The majority of TCF isoforms possess a
conserved B-catenin-binding domain at the N-terminus and a
monomeric HMG domain that recognizes the Wnt response
element (5-ACATCAAAG-3’) to mediate DNA binding (37-
39). Importantly, isoforms exhibit different functional properties.
In this study, we found that shrimp TCF, referred to as LvTcf,
plays a protective role against WSSV infection by promoting the
production of shrimp interferon-like protein LvVagol in an Lvf3-
catenin-independent manner. Furthermore, we uncovered a new
mechanism through which WSSV regulates the Wnt signaling
pathway. WSV 083, a serine/threonine protein kinase encoded by
WSSV (40), was found to bind and phosphorylate LvTcf.
Phosphorylated LvTcf was then degraded via the ubiquitin-
proteasome pathway. Thus, WSV083 suppressed the antiviral

effect mediated by LvTcf. The current findings highlight novel
therapeutic targets for WSSV control.

MATERIALS AND METHODS
Shrimp and Virus

L.vannamei, about 15-20 g, were purchased from a market in
Xiamen, China, and kept in air-pumped circulating seawater for
3 days before experiments. WSSV particles (a Chinese isolated)
were extracted from hemocytes of infected crayfish Procambarus
clarkii and quantified according to Yang’s description (41, 42).

Cell Lines, Reagents and Antibodies

High Five cells were cultured in Express Five SEM (Gibco, USA;
Cat. No. 10486025) with 10% L-Glutamine (Gibco, USA; Cat.
No. 25030081). S2 cells were maintained in complete Schneider’s
Drosophila Medium. Complete Schneider’s Drosophila Medium
was prepared as follows: Schneider’s Drosophila Medium (Gibco,
USA; Cat. No. R69007) was supplemented with 10% fetal bovine
serum (Gibco, USA; Cat. No. 16140071) and 1% Penicillin-
Streptomycin (Gibco, USA; Cat. No. 15070063). Sf9 cells were
cultured in S£-900 III SFM (Gibco, USA; Cat. No. 10902104) with
10% fetal bovine serum and 1% Penicillin-Streptomycin. MG132
(Merck, USA; Cat. No. 474790) were used for treating cells. Calf
intestinal alkaline phosphatase (CIAP, Thermo Fisher Scientific,
USA; Cat. No. 18009-019) were used for dephosphorylation
assay in vitro. Protein A-coupled Sepharose (GE Healthcare,
USA; Cat. No. 17-5280-04) was used for antibody purification
and immunoprecipitation. Primary Antibodies used in this study
were anti-flag (Sigma, USA; Cat. No. F3165; Abcam, USA; Cat.
No. ab205606), anti-V5 (Thermo Fisher Scientific, USA; Cat. No.
R961-25), anti-myc (Cell Signaling Technology, USA; Cat. No.
2276S), anti-a-tubulin (Sigma, USA; Cat. No. T5168). Anti-c-
myc Agarose Affinity Gel (Sigma, USA; Cat. No. A7470) and
Anti-FLAG M2 Affinity Gel (Sigma, USA; Cat. No. A2220) were
used for immunoprecipitation or protein purification. Secondary
antibodies used in this work including Goat anti-Mouse 1gG
antibody (Thermo Fisher Scientific, USA; Cat. No. 31430), Goat
anti-Rabbit IgG antibody (Life technologies, USA, Cat. No.
A16110), FITC goat anti-mouse antibody (Life technologies,
USA, Cat. No. A11029) and Rhodamine Red""'-X goat anti-
rabbit antibody (Life technologies, USA, Cat. No. R6394).

RNA Extraction, cDNA Synthesis and
Genomic DNA Extraction

Total RNA was extracted with TRIzol reagent (Molecular Research
Center, Inc, USA; Cat. No. TR118) according to the manufacturer’s
instruction. Total RNA was treated with DNasel(Takara, Japan; Cat.
No. 2270A) at 37°C for 0.5 h to remove residual genomic DNA. The
first-strand cDNA was synthesized by reverse transcriptase M-MLV
(Takara, Japan; Cat. No. 2641A) with Oligo(dT),g primer (Thermo
Fisher Scientific, USA; Cat. No. SO131). TTANGEN Marine Animal
DNA Kit (TTANGEN, Beijing, China; Cat. No. GD3311-02) was
used to extract the shrimp genomic DNA according to the
manufacturer’s instructions.
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WSSV Challenge

Each batch of 40 healthy shrimps was injected with 1x10° WSSV
virions diluted in 100 ul PBS (140 mM NaCl, 3 mM KCI, 8 mM
Na,HPO,, 1.5 mM KH,PO,, pH 7.4). Shrimps injected with 100
ul PBS were set as negative control. Samples of four individuals
collected at different time points post injection (0, 6, 12, 24, 48 h)
were used for analysis by qRT-PCR.

RNAIi Assay

We used RNAI to knock down the expression of LvTcf in order
to explore its role in shrimp innate immunity. DsLvTcf and
dsEGFP (control) were synthesized using the T7 RiboMAX
Express RNAi System (Promega, USA; Cat. No. P1700),
according to the manufacturer’s instructions. dsRNA was
diluted in PBS, and 100 uL of PBS containing 20 pug dsRNA
was injected into shrimps twice after 24 h. Another 12 h later,
shrimp of the two groups were injected with 1x10° WSSV
virions. Shrimp hemocytes (n = 8) were collected at 48 h post-
infection (hpi). The transcriptional levels of LvTcf and the
number of WSSV copies were then analyzed. siRNA was used
to reduce the expression of endogenous B-catenin in S2 cells.
SiDm-catenin was synthesized by GenePharma based on the
following sequences: (5'-3) GCUUGCAAAUUCUGGCCUAT
and UAGGCCAGAAUUUGCAAGCTT.

gRT-PCR

qRT-PCR was performed using TB Green Premix Ex Taq (Cat.
No. RR820) in a Rotor-Gene' " 6000 (Corbett Life Science) with
the following program: 1 cycle of pre-denaturation for 1 min at
95°C, followed by 40 cycles of 95°C for 10 s, 56°C for 15 s, and
72°C for 15 s. Primers are listed in Table S1. We used LvEF-1o
(GenBank accession No. GU136229) as an internal control, and
each sample was analyzed in triplicate. Relative expression was
determined via the 2"**“" method. Statistical significance was set
at p<0.05.

Absolute q-PCR

We performed absolute q-PCR to monitor viral loads in shrimp.
Briefly, we collected gills from shrimp at 48 hpi (n = 8 in the
LvTcfknockdown experiment). Gill genomic DNA was extracted
as described above. Primers for WSSV genomic DNA-F and
WSSV genomic DNA-R (Table S1) were used to measure WSSV
genomic copies via absolute q-PCR according to a previously
described method (43). The WSSV copy number in 1 pg of
shrimp genomic DNA was then calculated.

Plasmid Construction

GST protein was expressed via the pGEX-4T-2 vector (stored in
our laboratory). The ORF of WSV083 was cloned into pGEX-4T-
2 to express the WSV083-GST fusion protein. The ORFs of
LvTcf and Lvf-catenin were cloned into the pIEx-4 vector
(Novagen), with a c-Myc tag or FLAG tag fused to the N-
terminus. The LvTcf catenin-binding domain deletion mutant
(LvTcf57-556) was inserted into pIEx-4 with a c-Myc tag fused to
the N-terminus. EGFP with a c-Myc, V5, or FLAG tag fused
to the N-terminus was cloned into pIEx-4 vector at the same

time. The ORFs of WSV056, WSV069 (IE1), WSV079, WSV 100,
WSV249, WSV403, wild-type (WT) WSV083, kinase domain
deletion mutant WSV083DM, and kinase domain point mutant
D459A WSV083PM were introduced into a pIEx-4 vector with a
V5 tag fused to the N-terminus. FLAG-tagged ubiquitin was
cloned into the pIEx-4 vector. The point mutations of LvTcf,
including LvTcf2MuA (T39AT104A), LvTcf4AMuA (T39AT10
4AT311AS315A), and LvTcf5MuA (T39AT104AT311AS315AS
356A) were introduced into the wild-type LvTcf expression
plasmid using the Mut Express® II Fast Mutagenesis Kit V2
(Vazyme, Nanjing, China; Cat. No. C214). The promoters of
LvVagol-5 were cloned into the pGL3-Basic vector (stored in
our laboratory).

Co-Immunoprecipitation (Co-IP) and
Western Blotting Analyses

High Five cells were maintained in Express Five SFM medium
with 10% L-glutamine. CellfectinTM II reagent (Thermo Fisher
Scientific, USA; Cat. No. 10362100) was used for cell transfection
according to the manufacturer’s instructions. High Five cells
(cultured in a six-well plate) were harvested at 48 h post-
transfection and lysed in Western and IP cell lysis buffer
(Beyotime, Shanghai, China; Cat. No. P0013) with the addition
of 1 mM phenylmethylsulfonylfluoride (PMSF; BBI Life
Sciences, China, Cat. No. A610425) and a protease inhibitor
cocktail (Calbiochem, USA; Cat. No. 539134) or a phosphatase
inhibitor cocktail (Roche, USA; Cat. No. 04906837001) for 30
min on ice. Ten percent of the cell lysates were used for input
analysis, and the rest were immunoprecipitated with an antibody
affinity gel for 4 h at 4°C. Alternatively, lysates were preincubated
with protein A-coupled Sepharose (GE Healthcare, USA; Cat.
No. 17-5280-04) to remove nonspecific protein binding for 1 h at
4°C. Lysates were then immunoprecipitated with Sepharose and
the indicated antibodies for at least 4 h. The gel or beads were
washed sequentially with lysis buffer five times and boiled in
5xSDS loading buffer (Solarbio, Beijing, China; Cat. No. P1040)
for western blot analysis. The protein samples were separated on
SDS-PAGE gel and transferred to a nitrocellulose blotting
membrane (Millipore, USA; Cat. No. IPVH00010). The
membrane was blocked in 5% (w/v) skim milk in TBST (20
mM Tris-HCI, 150 mM NaCl, 0.1% Tween 20, pH 7.6) at room
temperature for 1 h. The membrane was then incubated with a
primary antibody for 1 h at room temperature. A horseradish
peroxidase (HRP)-conjugated secondary antibody was then
incubated with the membrane for 1 h at room temperature.
SuperSignalTM West Pico PLUS Chemiluminescent Substrate
(Thermo Fisher Scientific, USA; Cat. No. 34578) was used for
signal detection.

GST Pull-Down

A GST or GST-WSVO083 expression plasmid was transformed
into Escherichia coli BL21, and single colonies were selected on
plates supplemented with ampicillin (100 pug/mL). E. coli were
then cultured and induced with 1 mM isopropyl-B-D-
thiogalactopyranoside (Thermo Fisher Scientific, USA; Cat. No.
R0392) for 16 h at 16°C in LB medium during the mid-
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exponential growth phase. Cells were harvested, sonicated, and
protein was solubilized in PBS. Solubilized proteins were
incubated with GST-Sepharose beads (GE Healthcare, USA;
Cat. No. 17-5132-01) with rotation for 1 h at 4°C, collected by
centrifugation, and washed five times with PBS. To determine
whether the GST-WSV083 fusion protein binds to LvTcf, a pIEx-
4-LvTcf-myc plasmid was transfected into High Five cells and
harvested after 48 h, as mentioned above. The cell lysate was
incubated with GST or GST-WSV083 fusion protein-bound
beads with rotation at 4°C for 9 h, followed by five washes
with PBS. Bound proteins were eluted in SDS loading buffer for
Coomassie blue staining or western blotting.

Dual-Luciferase Reporter Assay

Dual-luciferase reporter assays were performed in Drosophila S2
cells. Briefly, S2 cells were seeded into 48-well plates and cultured
at 27°C in Schneider’s Drosophila Medium (Gibco, USA; Cat. No.
R69007) supplemented with 10% fetal bovine serum (Gibco,
USA; Cat. No. 16140071) and 1% Penicillin-Streptomycin
(Gibco, USA; Cat. No. 15070063). Once cells grew to 60-80%
confluence, transient transfection was performed. Using the
FuGENE HD Transfection Reagent (Promega, USA; Cat. No.
E2311), each well was transfected with 500 ng Firefly luciferase
reporter plasmid (pGL3-Basic, pGL3-LvVagol-5, respectively),
500 ng of target protein expression plasmid (pIEx-LvTcf-Myc,
pIEx-LvB-catenin-FLAG), and 5 ng pRL-OpIE2 Renilla
luciferase plasmid (internal control). The transfection ratio of
the three plasmids was 100:100:1. The cells were lysed 48 h after
transfection, and luciferase activity was detected using the Dual-
Luciferase® Reporter Assay System (Promega, USA; Cat. No.
E1910) on a GloMaxTM20/20 Luminometer (Promega, USA).
Relative luciferase activity was calculated by normalizing Firefly
luciferase activity to Renilla luciferase activity. Western blotting
was performed to confirm protein expression. All experiments
were repeated at least three times.

Immunofluorescence Assay

Sf9 cells were transfected with the target plasmids and cultured
for 24 h at 27°C in 35-mm dishes (Cellvis, USA; Cat. No. D35-
20-1-N). The cells were washed twice with PBS, fixed with 4%
paraformaldehyde at room temperature for 20 min, and were
then permeabilized with 0.5% TritonX-100 (diluted in PBS) for 1
min. After washing three times, cells were blocked with 5%
bovine serum albumin (diluted in TBST) for 1 h, followed by
incubation for 1.5 h at room temperature or overnight (about 10
h) at 4°C with a mouse anti-myc antibody (Cell Signaling
Technology, USA; Cat. No. 2276S; 1:250) and a rabbit anti-
FLAG antibody (Abcam, USA; Cat. No. ab205606; 1:200) or a
rabbit anti-V5 antibody (Thermo Fisher Scientific, USA; Cat. No.
R961-25; 1:200). After washing with PBS four times, the cells
were subsequently incubated with mixed FITC goat anti-mouse
(Life technologies, USA, Cat. No. A11029; 1:500) and rhodamine
goat anti-rabbit secondary antibodies (Life technologies, USA,
Cat. No. R6394, 1:500) for 1 h at room temperature. The cells
were washed with PBS five times before nuclei were stained with
0.5 ug/mL Hoechst (Beyotime, Nanjing, China; Cat. No. C1028)

for 1 min. Finally, the cells were observed under a confocal laser-
scanning microscope (Leica SP2).

Calf Intestinal Alkaline Phosphatase

(CIAP) Assay

LvTcf was co-expressed with EGFP, WSV083, or its mutants in
High Five cells for 48 h. A spot of the cell lysate was used as
input. The remaining proteins were immunoprecipitated with an
anti-myc antibody and washed with lysis buffer three times as
well as with phosphatase buffer (50 mM Tris-HCl, 0.1 mM
EDTA, pH 8.5) three times. The bound beads in 30 pl
phosphatase buffer were treated with CIAP (Thermo Fisher
Scientific, USA; Cat. No. 18009-019) at 37°C for 1 h. The
reaction was stopped with SDS loading buffer, and the beads
were boiled for 5 min for western blotting.

Ubiquitination Assay

Ubiquitination assays were performed in High Five cells.
Expression plasmids, including ubiquitin, were co-transfected
into cells. After 12 h, the cells were treated with 10 uM protease
inhibitor MG132 (Merck, USA; Cat. No. 474790) for 24 h and
harvested with Western and IP cell lysis buffer [20 mM Tris
(pH7.5), 150 mM NaCl, 1% Triton X-100] (Beyotime, Nanjing,
China; Cat. No. P0013). The supernatants were
immunoprecipitated as described above. The input and
immunoprecipitates were subjected to western blot analysis.

Mass Spectrum Analysis

FLAG-LvTcf samples were collected from High Five cells co-
expressing WSVO083WT or WSV083DM. After SDS-PAGE
analysis, FLAG-LvTcf bands were recovered for mass
spectrometry analysis by Novogene (Beijing, China).

RESULTS

Effects of LvTcf on WSSV Infection

We obtained full-length LvTcf from the Litopenaeus vannamei
transcriptome analyzed in our laboratory (unpublished). The
LvTcf gene was 2220 bp in length (GenBank accession No.
MT241372), which included a 1671 bp ORF encoding 556-
amino acid protein with a predicted molecular mass of 60.214
kDa. A catenin-binding domain, a conserved High Mobility
group (HMG) domain, and a C-clamp domain were found at
positions 1-56 aa, 288-358 aa, and 381-411 aa respectively
(Figures S1A, B). Multiple sequence alignment suggested that
the LvTcf HMG domain had several highly-conserved Ser/Thr/
Lys phosphorylation sites (Figure S1C). Phylogenetic analysis
revealed that LvTcf was evolutionarily associated with
arthropods, including crustaceans and insects (Figure S1D).
To investigate the relationship between LvTcf and WSSV
infection, we performed time-course analysis of LvTcf expression
in hemocytes. The expression of viral gene iel was used as an
index of WSSV infection level, increasing gradually, which
suggested successful infection (Figure 1A). LvTcf expression
was significantly upregulated approximately 6-fold at 24 hpi
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and 11-fold at 48 hpi (Figure 1B). These results indicated that
WSSV infection positively regulated LvTcf expression. Further,
we employed RNAI to knock down the expression of LvTcf in
order to investigate its role during WSSV infection. Healthy
shrimps were injected with dsLvTcf or dsEGFP (as control). Both
groups were subsequently challenged with WSSV. 48 h after the
injection of shrimp with WSSV, gill LvTcf was suppressed at the
mRNA level compared to the control group (Figure 1C).
The number WSSV copies in gills increased after LvTcf
silencing (Figure 1D). Taken together, these results suggested
that LvTcf plays a protective role against WSSV infection.

LvTcf Promotes the Production of

LvVago1 Independently of LvB-Catenin
fB-catenin and TCF usually form a complex in order to activate
gene expression (37, 44, 45). As we predicted that the B-catenin-
binding domain is located in the N-terminus of LvTcf, we sought
to determine whether Lvf-catenin could bind to LvTcf. Co-IP
experiments indicated that Lv[3-catenin interacted with LvTcf in
High Five cells (Figures 2A, B). Moreover, immunofluorescence
analysis further revealed a strong colocalization of LvfB-catenin
with wild-type LvTcf, but not with its catenin-binding domain
deletion mutation (LvTcf57-556) (Figure 2C). Lvp-catenin
expressed alone was mainly localized in the cytoplasm, while
LvTcf, a nuclear protein, was present in the nucleus. When Lvj3-

catenin and LvTcf were co-expressed in cells, Lvf-catenin
translocated into the nucleus and colocalized with
LvTcf (Figure 2C).

According to previous reports, the B-catenin/TCF pathway
facilitates interferon production following viral infection (30-
32). Thus, we hypothesized that the LvB-catenin/LvTcf pathway
could promote the expression of shrimp interferon-like protein
Vago during WSSV infection. As five isoforms of Vago have been
identified in shrimp to date (46, 47), we performed dual
luciferase reporter gene assays in Drosophila S2 cells to
confirm the LvfB-catenin/LvTcf-mediated transcriptional
regulation at Vago promoters. To our surprise, the results
indicated that LvTcf, but not Lvf-catenin, could significantly
promote LvVagol promoter activity, and Lvf-catenin/LvTcf
together had a less effect (Figures 2D). Further, knockdown of
LvTcfled to decreased LvVagol expression after WSSV infection
(Figures 2E, F). We found that LvT'cf57-556, a catenin-binding
domain deletion mutant, could still activate the LvVagol
promoter (Figure 2G). This activation was not reduced under
LvpB-catenin co-expression (Figure 2H). To determine the
influence of endogenous B-catenin in S2 cells, we silenced the
expression of [-catenin via siRNA and detected the effect of
LvTcf on the LvVagol promoter. The knockdown of endogenous
Dmp-catenin did not affect LvVagol promoter activity, which
was regulated by LvTcf (Figure 2I).
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Based on the above-described results, we suggest that LvTcf
activates the expression of LvVagol independently of Lvp-
catenin. We further detected the regulatory activity of LvTcf
on the LvVagol promoter upon WSSV stimulation. pGL3-
LvVagol was co-transfected with an empty vector or LvTcf
expression plasmids in Drosophila S2 cells. WSSV was added
at 36 and 42 h after transfection. After culturing for 48 h, the cells
were lysed, and fluorescence activity was detected. WSSV
stimulation increased LvVagol promoter activity, which was
regulated by LvTcf (Figure 2J). Taken together, these results
revealed that LvTcf could promote the expression of interferon-
like protein LvVagol independently of Lvf-catenin, thus having
a protective role against WSSV infection.

LvTcf Interacts With WSV083

TCF is the main downstream nuclear transcription factor of the
Wnt pathway and is involved in immune regulation. It is usually a
target of diverse viruses (48). To reveal the regulatory effect of
WSSV on host LvTcf, we sought to identify LvTcf-associated viral
proteins. As key viral regulatory factors, WSSV immediate-early

proteins play important roles in successful infection and replication.
In addition, these proteins mainly localize to the host cell nucleus.
Therefore, we selected WSSV immediate-early proteins with known
functions to study their relationship with LvTcf. In High Five cells,
viral immediate-early protein expression plasmids of WSV403,
WSV249, WSV079, WSV083, WSV069, WSV100, and WSV056
were co-transfected with the LvTcf-myc expression plasmid. The
results indicated that LvTcf may interact with WSV083 and
WSV069 (Figure S2). Transient transfection and Co-IP further
indicated that WSV083 interacted with LvTcf (Figure 3A).
Moreover, WSV083-GST was expressed in E. coli BL21, while
LvTcf-myc was expressed in High Hive cells due to its difficult
expression in prokaryotic cells. A GST-pull-down was then
performed, indicating that WSV083-GST, but not GST alone,
could bind to LvTcf in vitro (Figures 3B, C). These results
revealed that WSV083 interacted with LvTcf directly.

WSV083 Phosphorylates LvTcf

While exploring the interaction between LvTcf and WSV083, we
found that LvTcf displayed an upshift in mobility on the SDS-
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PAGE gel when co-expressed with WSV083 (Figure 3A). As
WSV083 is essentially a serine/threonine protein kinase, we
hypothesized that this phenomenon was caused by the
WSV083-mediated phosphorylation of LvTcf. At the same
time, WSV083 kinase domain deletion mutant WSV083DM
and kinase domain ATP-binding point mutant D459A
WSV083PM expression plasmids were constructed
(Figure 4A). We then co-expressed both LvTcf and WSV083
or its mutants in High Five cells. The LvTcf immunoprecipitated
via anti-myc agarose was subjected to treatment with or without
CIAP. The results revealed that LvTcf co-expressed with
WSVO083WT exhibited slower mobility through the gel
compared to LvTcf co-expressed with the control vector.
WSV083DM nor WSV083PM affected the mobility of LvTcf
(Figure 4B). After CIAP treatment, the mobility difference of
LvTcf disappeared (Figure 4B), indicating that WSV083
phosphorylated LvTcf.

WSVO083 Increases the Degradation

of LvTcf Through the Ubiquitin-
Proteasome Pathway

In addition, we found that LvTcf protein levels were reduced in
the presence of WSV083WT (Figures 3A, 4B). To validate this
observation, we transfected High Five cells with equal amounts
of LvTcf plasmid and increasing amounts of WSVO083WT
plasmid, while decreasing amounts of EGFP plasmid were

added to maintain the same amount of transfection. Western
blotting results indicated that WSV083 decreased the level of
LvTcf in a dose-dependent manner (Figure 5A). To further
confirm whether WSV083 promoted the degradation of LvTcf
through the proteasome pathway after its phosphorylation, we
co-transfected LvTcf with pIEx-4, WSV083WT, WSV083DM,
and WSV083PM expression plasmids into High Five cells. The
proteasome inhibitor MG132 was used to block protein
degradation. MG132 completely inhibited LvTcf degradation
by WSVO083WT, while the empty vector, WSV083DM, or
WSV083PM, had no effect on LvTcf (Figure 5B). This
suggests that phosphorylation of LvTcf by functional WSV083
is necessary for its proteasome-mediated degradation.

Since protein degradation is usually related to ubiquitination,
we further determined whether LvTcf underwent ubiquitylation
as a result of WSV083-mediated phosphorylation. LvTcf was co-
transfected with EGFP, WSV083, and ubiquitin into High Five
cells for intracellular ubiquitination assays. In the presence of
WSV083WT, which possesses kinase activity, a polyUb-LvTcf
smear of greater molecular mass was observed compared to the
control group (Figure 5C), indicating that WSV083 promoted
the ubiquitylation of LvTcf. Moreover, immunofluorescence
analysis indicated that LvTcf colocalized with WSV083, and
the latter could change the subcellular localization of LvTcf
upon addition of MG132 (Figure 5D). We believe that
WSV083-phosphorylated LvTcf was transferred to the
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cytoplasm for degradation. The current results suggested that
WSV083 increased the degradation of LvTcf via the ubiquitin-
proteasome pathway. In addition, WSV083 inhibited the LvTcf-
mediated activity of the LvVagol promoter (Figure 5E). While
our data cannot rule out an indirect mechanism where WSV083
regulates a kinase that in turn directly phosphorylates LvI'CF, we
favor a model where WSV083 phosphorylates LvI'CF directly,
on multiple residues that remain to be identified, leading to its
degradation by the ubiquitin-proteasome pathway.

Identification of WSV083-Targeted LvTcf
Phosphorylation Sites

Based on the results described above, we speculated that an E3
ligase might recognize the specific LvTcf residues that were

FIGURE 4 | LvTcf phosphorylation by WSV083. (A) Schematic diagram of WSV083 and its kinase activity deficiency mutant expression vectors. (B) High Five cells
were co-transfected with Myc-LvTcf and V5-EGFP, V5-WSVO83WT, V5-WSV083DM, V5-WSV083PM, respectively. After 48 h, whole-cell extracts were
immunoprecipitated with anti-Myc and protein A beads. Immunoprecipitates were then subjected to CIAP treatment and immunoblotting as indicated.

phosphorylated by WSV083. To locate these, we employed
mass spectrometry in LvTcf samples gathered from High Five
cells co-expressing LvTcf with WSV083WT or WSV083DM
(Figure S3). The Thr39 and Thr104 LvTcf residues were found
to be phosphorylated in cells co-transfected with WSV083WT,
but not WSV083DM (Figures 6A, B). We therefore suggest that
WSV083 phosphorylates LvTcf at Thr39 and Thr104. However,
the LvTcfT39AT104A mutant (LvTcf2MuA) retained a mobility
shift in SDS-PAGE gel when co-expressed with WSV083WT
(Figure 6C). LvTcf might therefore contain other residues that
are phosphorylated by WSV083, in addition to Thr39 and
Thr104. Thus, we continued to substitute some potentially
conserved phosphorylated serine or threonine residues
(Thr311, Ser315, and Ser356) with alanine. When T39, T104,
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FIGURE 5 | WSV083 promotes the degradation of LvTcf via the ubiquitin-proteasome pathway. (A) High Five cells were transfected with Myc-LvTcf and increasing
doses of V5-WSV083 expression plasmid (0, 0.5, 1, 2, and 4 ug), as indicated. After 48 h, the cells were lysed and analyzed by western blotting. (B) High Five cells
were co-transfected with Myc-LvTcf, plEx-4, V5-WSVO83WT, or its mutants. After 24 h, the cells were treated with or without 10 uM MG132 as indicated. Anti-Myc,
anti-V5, and anti-tubulin antibodies were used for western blotting. (C) WSV083 promoted the polyubiquitination of LvTcf. High Five cells were co-transfected with
Myc-LvTcf, FLAG-Ub, and V5-WSV083, as indicated. After 24 h, the cells were treated with 10 uM MG132 for 12 h. Whole-cell extracts were immunoprecipitated
with anti-Myc and protein A beads followed by western blotting with anti-FLAG. (D) WSV083-phosphorylated LvTcf was transferred into the cytoplasm for
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MG132 or DMSO for 18 h. Immunofluorescence experiments were performed with a primary mouse anti-Myc, rabbit anti-V5 as well as secondary FITC anti-mouse
and rhodamine anti-rabbit antibodies. Finally, the cells were observed under a confocal laser-scanning microscope. Scale bar = 10 um. (E) Dual-luciferase reporter
assays indicated that WSV083 inhibited the effect of LvTcf on the LvVago? promoter. Data were analyzed via the student’s t-test (*p < 0.01).

Thr311, Ser315 and Ser356 (LvIcf5MuA) were simultaneously ~ Thus, TCF plays a critical role in innate and adaptive immune
mutated, a mobility shift still occurred (Figure 6D). CIAP  responses. Various studies have confirmed the involvement of Wnt
treatment abolished the mobility difference of LvTcf mutants  signaling in WSSV infection (33-35, 51-54). However, little is
(Figure 6E). These results indicated that a series of serine or ~ known regarding the relationship between shrimp Tcf and WSSV.
threonine sites of LvTcf, including T39 and T104, could be  In the current study, we demonstrated for the first time that LvTcf
phosphorylated by WSV083. exerts antiviral effects by promoting the production of interferon-

like protein LvVagol independently of LvP-catenin. Further, this

antiviral effect was suppressed by WSSV protein kinase WSV083.
DISCUSSION WSSV triggered expression changes in diverse host

molecules, including LvTcf. As shown in Figure 1, LvTcf
TCEF, the key transcription factor of the Wnt signaling pathway, =~ mRNA was significantly increased following WSSV infection
drives the development of lymphocytes (T cells, B cells), NK cells, (Figures 1A, B), indicative of a close relationship between LvTcf
and innate lymphoid cells (49, 50). Further, TCF-1 is essential for =~ and WSSV infection. RNAi experiments revealed that LvTcf
both the initiation of TFH differentiation and the effector function ~ knockdown resulted in greater WSSV proliferation (Figures 1C, D),
of differentiated TFH during acute viral infection by promoting the ~ suggesting that the former plays a protective role against WSSV
expression of Bcl-6 (28). In addition, the B-catenin/TCF signaling  infection. A recent research found that two isoforms of LvPangolin,
pathway functions in innate defense mechanisms to defend against ~ LvPangolinl (LvTcf in this work) and LvPangolin2, had antiviral
diverse pathogens via phagocytosis, autophagy, reactive oxygen  properties against WSSV, which is compatible with our
species production, and antimicrobial peptide production (31).  findings (55).

Frontiers in Immunology | www.frontiersin.org 4 August 2021 | Volume 12 | Article 698697


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Wang et al.

WSV083 Promotes Tcf Degradation

ad

Intensity [counts] (1073)

0439221277

A HPXFPEPISIGITIS thraw #16312 T {65163 min
FTMS, 949.9323@hcd27.00, z=+4, Mono miz=049 67773 Da, MH+=3795.66911 Da, Malch Tol =0.02 Da

plhr3o

500 S.SENLTED.K yu©
[MegH[--H 105549927

949,

Yoy
,, o470

—_— P Y

11

yor P
1056.49878

{

by
1484.63672

0

00 1000

HFX4_FPEP191618726-1Araw #17051 RT:16.4259 min
FTMS, 950.1829@ncd27.00, 2=+4, Mono miz=949.63048 Da, MH+=3795.70009 Da, Maich Tol =0.02 Da

Thr39

g5

- Vi s
SSENLTEDK 95846112

yuP
1056.49829

HO yo*+-P

706.33728

o024 pThrio4

LGYLSPEAYAY TNGISAMAAEK

v sLom

DEHPH | Lo )
sk, W o) 1POAER 7 o
00 —— — [ T \‘
20 100 150 20 = -
o -
Cc D E
Myc-LvTef WT  T39AT104A Myc-LvTef wT 5MuA MycLvief ~ WT  T39ATI04A  sMuA
V5-WSV083WT - + - + V5-WSV083WT - + - + V5-WSV083 - I N ¥
VSEGFP  + -+ - VBEGFP &+ - s - e a0
e Emma Antt-myc E E 7ok e N
- W 67 kDa Anti-myc + CIAP | % & St S e st — 70 kD2
o |67 kDa
- == ®
Anti-V5 & —67 kDa
Anti-V5 Anti-V5
- - o
-— —_— — [—29 kDa
—— — 120 kDa
Anti-tubulin “ |55 kDa
Anti-tubulin | ARG (5 <Da

FIGURE 6 | Identification of WSV083 phosphorylation sites on LvTcf. (A, B) Mass spectrometry analysis of LvTcf immunoprecipitates revealed that Thr39 and
Thr104 in LvTcf were phosphorylation sites targeted by WSV083. (A) or (B) upper panel: Spectrum analysis of LvTcf immunoprecipitated from cells co-expressing
WSVO083WT; lower panel: from cells co-expressing WSVO83DM. (C, D) Myc-LvTcfT-39AT104A or Myc-LvTcfSMUA (T39A/T104A/T311A/S315A/S356A) still
displayed their mobility shift when co-expressed with WSVO83WT. Myc-LvTcfWT, Myc-LvTcfT39AT104A (C), Myc-LvTcfSMUA (D) were co-expressed with V5-EGFP
or V5-WSVO83WT in High Five cells. After 36 h, cell lysates were subjected to western blotting, as indicated. (E) CIAP abolished the mobility shift of LvTcf mutants
when co-expressed with WSVO83WT. Myc-LvTcfWT, Myc-LvTcfT39AT104A, or Myc-LvTcfSMuA were co-expressed with V5-EGFP or V5-WSVO83WT, respectively.
At 36 h post-transfection, cell lysates were subjected to immunoprecipitation, CIAP treatment, and immunoblotting, as indicated.

Wnt/B-catenin/TCF signaling pathway-mediated responses
to bacterial and viral infections have been the subject of
extensive study, highlighting the cascade’s roles in
orchestrating phagocytosis, antimicrobial or interferon defense,
as well as inflammatory cytokine production (56-58). In the
current study, we sought to explore the LvTcf-mediated
regulation of downstream immune-related genes in shrimp.
Interferons, a family of immune proteins which spearhead
antiviral defense, are regulated by B-catenin/TCF in an
interferon regulatory factor-independent manner (59). There
are five interferon-like proteins in shrimp. Among them, the
interferon regulatory factor-mediated antiviral effects of
LvVagol, LvVago4, and LvVago5, have been previously
characterized (47, 60). Sequence analysis revealed that LvTcf
harbors several possible binding sites in the promoters of
LvVago-encoding genes. LvTcf promoted the activity of the
LvVagol promoter during WSSV infection (Figures 2D-F, H, J).
In a recent study, B-catenin was shown to activate gene expression
by binding to other transcription factors such as FOXO4 without
TCEF (61). We found that LvTcf initiated the production of LvVagol
independently LvB-catenin even though they could interact with
each other. Moreover, cooperation with Lvf-catenin reduced the

effect of LvT'cf on LvVagol promoter activity. It is suggested that
LvTcf acts by itself or cooperates with other transcription factors to
activate LvVagol expression, whereas the Lvf-catenin/LvTcf
complex might upregulate the transcription of other shrimp target
genes. Taken together, our study clarified one of the mechanisms
through which LvTcf defends against WSSV infection.

Host immune molecules are often targeted by viruses. The
regulation of post-translational modifications, especially the
ubiquitination of host immune molecules, is an effective means
of immune evasion (20, 62). For instance, IpaH9.8, an E3
ubiquitin ligase of Shigella flexneri, could target human GBP-1
to induce its ubiquitination and degradation, thus suppressing
host defense (63). Kaposi’s sarcoma-associated herpesvirus
encodes an E3 ligase RTA that suppresses innate immunity via
the ubiquitin-mediated degradation of MyD88 (64). As pivotal
nuclear co-activators of the Wnt signaling pathway, TCFs are
regulated by various factors. LEF1, TCF7L1, and TCF7L2 are
phosphorylated by HIPK2 at their HMG box domain (65). These
are also phosphorylated by NLK, as the first step for
ubiquitylation by NARF, and are subsequently degraded via
the proteasome (66). Various reports have indicated that
SUMOylation and acetylation of TCFs regulate their
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subcellular localization and transcriptional activity (67, 68). In
the present study, we discovered that LvTcf was modulated by
the viral Ser/Thr protein kinase WSV083. WSV083 caused the
phosphorylation of LvTcf and delayed its mobility in SDS-PAGE
due to changes in molecular weight and isoelectric point
(Figure 4B). WSV083-mediated LvTcf phosphorylation could
impact the latter’s protein stability (Figures 5A-C).
Phosphorylated LvTcf was transferred into the cytoplasm for
degradation via the ubiquitin-proteasome pathway (Figure 5D).
Some E3 ligases mediate the degradation of target proteins
necessary for the recognition of specific phosphorylated amino
acid residues (69-71). We speculated that an E3 ligase might
recognize the LvTcf residues phosphorylated by WSV083 prior
to its ubiquitination. However, mass spectrometry analysis did
not identify all LvTcf residues targeted by WSV083 (Figure 6). In
addition, although over-expression of WSV083 downregulated
LvTcf protein and inhibited its ability to activate LvVagol
promoter (Figure 5E), this did not contradict the findings in
Figure 2J that WSSV infection induced LvTcf activation of the
LvVagol. In contrast to WSV083 overexpression, the amount of
WSV083 in S2 cells was insufficient to cause LvTcf breakdown in
a WSSV-stimulated manner. S2 cells, on the other hand, were
capable of receiving and responding to WSSV infection.
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FIGURE 7 | Model of the relationship between LvTcf and WSSV infection. WSSV infection (pathogenic stress) induced the LvTcf-driven production of interferon-like
protein LvwWago1 independently of Lvf-catenin, as an antiviral defense mechanism. However, WSSV encodes a serine/threonine protein kinase, WSV083, which
phosphorylates LvTcf. Phosphorylated LvTcf is translocated to the cytoplasm, recognized by an ES ligase, and degraded via the ubiquitin-proteasome pathway.

In response to WSSV stimulation, LvTcf in S2 cells was likely
to upregulate the activity of the LvVagol promoter.

In summary, our work showed that LvTcf promoted the
expression of shrimp interferon-like protein Vagol following
WSSV infection, whereas WSSV protein kinase WSV083 could
directly bind to and phosphorylate LvTcf, promoting its
degradation via the ubiquitin-proteasome pathway (Figure 7).
The current findings provide new insight into the response
against WSSV, thus having implications for disease control.
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During infection, pathogen sensing and cytokine signaling by the host induce expression
of antimicrobial proteins and specialized post-translational modifications. One such
protein is ISG15, a ubiquitin-like protein (UBL) conserved among vertebrates. Similar to
ubiquitin, ISG15 covalently conjugates to lysine residues in substrate proteins in a process
called ISGylation. Mice deficient for ISGylation or lacking ISG15 are strongly susceptible to
many viral pathogens and several intracellular bacterial pathogens. Although ISG15 was
the first UBL discovered after ubiquitin, the mechanisms behind its protective activity are
poorly understood. Largely, this stems from a lack of knowledge on the ISG15 substrate
repertoire. To unravel the antiviral activity of ISG15, early studies used mass spectrometry-
based proteomics in combination with ISG15 pulldown. Despite reporting hundreds of
ISG15 substrates, these studies were unable to identify the exact sites of modification,
impeding a clear understanding of the molecular consequences of protein ISGylation.
More recently, a peptide-based enrichment approach revolutionized the study of ubiquitin
allowing untargeted discovery of ubiquitin substrates, including knowledge of their exact
modification sites. Shared molecular determinants between ISG15 and ubiquitin allowed
to take advantage of this technology for proteome-wide mapping of ISG15 substrates and
modification sites. In this review, we provide a comprehensive overview of mass
spectrometry-based proteomics studies on protein ISGylation. We critically discuss the
relevant literature, compare reported substrates and sites and make suggestions for
future research.

Keywords: ISG15, mass spectrometry, infection, interferon, ubiquitin-like modification

INTRODUCTION
ISG15, a Ubiquitin-Like Protein of the Immune System

Host cellular immunity arises from the intricate network of cell types and signaling molecules which
confer resistance to pathogenic infections. As part of both the innate and adaptive immune system,
interferons (IFNs) are a family of proteins released by host cells upon encounter of foreign invaders.
Acting as a cytokine, IFNs signal to other cells to induce the expression of interferon-stimulated
genes (ISGs) whose products control pathogenic infections. The evolutionary conserved ubiquitin-
like protein (UBL) ISG15 is one of the genes most strongly induced by IFNs and has a profound role
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in the antimicrobial response. For instance, ISG15 is known to
counteract both viral, bacterial and fungal infections (1). To exert
this function, ISG15 depends on three molecular activities which
include i) negative control of interferon-o/-B signaling as a free
intracellular molecule (2, 3), ii) induction of IFN-y secretion as
an extracellular cytokine and iii) ubiquitin-like protein
conjugation in a process called ISGylation (4, 5) (Figure 1).
Similar to ubiquitylation, ISGylation is mediated by the
consecutive action of an El-activating enzyme (UBA7), an E2-
conjugating enzyme (UBE2L6) and E3 ligases (ARIH1, TRIM25
or hHERC5/mHERCS) that covalently link ISG15 to lysine
residues of target proteins (14-18). In addition, ISGylation can
be reversed through the action of a deconjugating protease, the
ubiquitin-like carboxy-terminal hydrolase USP18 (6, 19).
Although its discovery dates back to the 1980s, ISG15 only
recently regained attention as an UBL involved in a plethora of
biological pathways. Aside from the immune system, ISG15 also
plays a role in the progression of cancers, exosome secretion, the
DNA damage response, telomere shortening, autophagy,
hypoxia and ischemia (20-28). However, its main and most
studied function lies within the host response against viral
infection [recently reviewed in (1)]. ISG15 acts antiviral by
covalently modifying host and viral proteins which interferes
with viral assembly or function (29). Accordingly, mice lacking
ISG15 are unable to control various pathogens including
clinically relevant etiologic agents such as influenza, herpes-,
noro- and coxsackievirus (30-32). This crucial antiviral function
of ISG15 is further supported by effective immune evasion
strategies of specific pathogens which express ISG15 proteases
(e.g. SARS/MERS virus) or interfere with ISG15 conjugation (e.g.
influenza virus) (33-35). Notably, also the coronavirus pandemic
led to renewed interest in ISG15 since the papain-like protease
(PLpro) from SARS-CoV-2 actively targets and deconjugates
ISGylated proteins to dismantle the host immune response (36,
37). In line with this, molecular inhibition of PLpro restores
ISGylation levels in infected cells concomitant with reduced viral
replication and virus-induced cytopathogenic effects (10).
Although ISG15 and ISGylation have been primarily
characterized in the context of viral infection, it was recently
shown that ISG15 also protects against infections by intracellular
bacteria such as Listeria monocytogenes (L. monocytogenes) and
Mycobacterium tuberculosis (M. tuberculosis) or predominantly
extracellular bacteria like Pseudomonas aeruginosa (38-40).
Concordantly, individuals with an inherited ISG15 deficiency
show an increased susceptibility to weakly virulent
M. tuberculosis, a condition known as Mendelian susceptibility to
mycobacterial disease (MSMD) (4). Although this phenotype was
first ascribed to the extracellular function of ISG15, it was later
shown that ISG15 conjugation is also upregulated during
M. tuberculosis infection in vivo (39). Likewise, our laboratory and
others have shown that increased levels of ISGylation protect against
L. monocytogenes in vitro and in vivo (38). Meanwhile beyond
bacteria, ISGylation was also found to be critical to control
Toxoplasma gondii (T. gondii) infection in human cells (41).
Clearly, ISG15 and ISGylation harbor a broad antimicrobial
effect against several major classes of pathogens. Evidently, this

raises the question how one single protein modification can target
such a diverse set of disease agents. One model suggests that
cotranslational modification of newly translated proteins is the
basis of ISG15’s far-reaching antimicrobial function. Indeed, the
dominant ISG15 E3 ligase HERC5 associates with polyribosomes
and preferentially modifies proteins that are being synthesized
during the active stages of the conjugation machinery (29).
Considering that during viral infection mainly viral proteins are
translated, ISGylation will preferentially target viral proteins thus
disturbing their folding and activity. As such mechanism does not
require affinity for specific viral components, ISG15 cotranslational
tagging likely contributes to the ability of ISG15 to counteract a
broad range of viruses. While this model contributes to our
understanding of the antiviral activity of ISG15, it does not
explain how ISGylation counteracts bacterial infections. In
addition, viral infection or type I interferons (IFN-I) signaling also
leads to strong ISGylation of host proteins for which the functional
role is still unknown. To gain insights into the biological
implications of ISGylation, research has focused on identifying the
targets and sites of ISGylation induced upon infection.

Like many other protein post-translational modifications
(PTMs), research on UBLs has benefited greatly from recent
advances in mass spectrometry (MS)-based proteomics. Aside
from shotgun proteomics experiments to profile protein changes
upon ISG15 modulation (42-44), several MS screens were
performed in the past two decades to identify targets and sites
of ISG15 with increasing levels of ingenuity, but also with their
own set of shortcomings. In this review, we provide a
comprehensive overview of MS-based studies on protein
ISGylation. We critically discuss the relevant literature and
make suggestions for future developments and research.

MS-Based Approaches to Identify

ISG15 Substrates

Despite its early classification as an UBL, it was not until 2002 when
the first substrates of ISG15-conjugation were discovered. Following
immune challenge of murine macrophages with bacterial DNA,
Hamerman and colleagues identified Serpin2a as a bacteria-induced
host protein with unexpected higher molecular mass forms on
western blot (45). The authors expressed a tagged version of
Serpin2a in macrophages followed by immunoprecipitation (IP)
and separation on SDS-PAGE to isolate these modified forms of
Serpin2a. Subsequent MS analysis then revealed mouse ISG15 as the
PTM that conjugates to Serpin2a during macrophage activation.
One year later, four additional ISG15-substrates were reported using
a high-throughput western blot screen on human thymus
samples (46).

In the years that followed, different research groups continued
using untargeted MS-based approaches to identify targets of
ISGylation. In 2005, a research team led by Robert M Krug was
the first to report a comprehensive catalog of 156 human ISGylated
proteins (47). The authors overexpressed doubly tagged His-FLAG-
ISG15 along with E1/E2 enzymes in HeLa cells treated with IFN-1.
ISGylated proteins were isolated from cellular lysates by affinity
pulldown and separated by SDS-PAGE prior to their MS
identification from specific gel bands. Bona fide ISGylated
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A The ISGylation pathway during infection
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FIGURE 1 | The three functions of ISG15. (A) The ISGylation pathway during infection. After detecting the presence of an intra- or extracellular pathogen, several
antimicrobial signaling pathways lead to the expression of ISGs, including ISG15 and its conjugation machinery. The covalent attachment of ISG15 to substrate
proteins, also called ISGylation, relies on the activities of an E1 (UBA7) (1), E2 (UBE2L6) (2) and E3 ((HERC5/mHERCS) (3) enzyme. The product of the ISG15-

a widespread negative effect on the replication, growth, egress and

infectivity of four major classes of pathogens, including viruses, bacteria, fungi and protozoa (1). Deconjugation is catalyzed by USP18 which releases ISG15 from its
substrate (5) (6). (B) Intra- and extracellular functions of free ISG15. Apart from its activity as a ubiquitin-like conjugate, ISG15 also exists in a free form with functions
both inside and outside the cell. (1) Type | interferon (IFN-I) signaling is the main pathway for induction of ISG15 and the ISGylation machinery, including the
delSGylase USP18. Binding of IFN-I to the dimeric IFN-I receptor (IFNAR1/2) results in recruitment and activation of Janus activated kinases (JAKs) and tyrosine
kinase 2 (TYK2). Consequently, the JAKs phosphorylate STAT1 and STAT2 which dimerize and form a three-protein complex with IRF9. This complex translocates
to the nucleus where it binds to IFN-responsive regulatory elements (ISRE) to initiate transcription of IFN-stimulated genes (ISGs). Among these genes is Usp18,
which, in addition to its enzymatic activity, also functions as a negative regulator of IFN-I signaling by binding to IFNAR2 (7). There, it prevents dimerization of the
receptor and blocks recruitment of JAKs which puts a brake on IFN-I-signaling (8). There, it prevents dimerization of the receptor and blocks recruitment of JAKs
which puts a brake on IFN-I-signaling (8). In humans, this function depends on direct interaction with ISG15 which protects USP18 from proteasomal degradation

impairs viral functions by sequestering viral proteins, regulates

autophagy (9). (2) When ISG15 is not conjugated to other proteins, it also becomes secreted through an unknown non-canonical secretion pathway (10, 11). In the
extracellular space, it acts as a cytokine for NK and T cells where it binds to LFA-1 and induces the secretion of IFN-y and IL-10 from secretory granules (5). The
mechanism relies on a synergy between IL-12 and ISG15 where IL-12 triggers the expression of IFN-y and ISG15 promotes the secretion of IFN-y through
downstream activation of SRC kinases. In addition, ISG15 was shown to enhance secretion of other pro-inflammatory cytokines such as CXCL1, CXCL5, IL-1 and
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proteins were distinguished from potential contaminants by
applying the same procedure on untransfected control cells.
Similarly, Takeuchi and colleagues relied on overexpression of
FLAG-ISG15 and the ISGylation machinery (E1/E2 enzymes) in
HelLa cells to identify six additional substrates of ISG15 (48).

Although new insights were gained into the functions of ISG15,
both studies suffered from the use of transient transfection to
overexpress the ISGylation machinery. This was known to
introduce artefacts through modification of collateral proteins that
are not endogenous ISG15-conjugates (29). To overcome these
limitations, alternative strategies were devised based on antibodies
recognizing endogenous ISG15 or on cell lines stably expressing
tagged ISG15. Wong et al. engineered A549 cells to express FLAG-
ISG15 which was leveraged to isolate ISGylated proteins from IFN-
I-treated cells (49). They identified 168 ISGylation targets of which
24 were biochemically validated. Moreover, the use of A549 instead
of HeLa cells elegantly expanded the repertoire of ISG15 targets in
epithelial cells. Also during that time, the first ISG15 substrates
derived from professional immune cells were uncovered thanks to
the lab of Dong-Er Zhang. Here, the authors relied on antibodies
raised against human and mouse ISG15 to isolate and map ISG15
substrates in human U937 monocytes and UspI8”~ mouse
embryonic fibroblast (MEF) cells treated with IFN-I (50). In total,
76 1SGylation targets were discovered of which 21 were found in
both human and mouse cells, suggesting a core set of ISGylated
proteins shared across different species and cell types. More recently,
Care et al. applied the same antibody-based strategy to draft the first
catalog of ISG15 substrates in primary human cells (51). The
authors investigated how ISG15-conjugation is involved in the
maturation of plasmablasts into immunoglobulin-secreting
plasma cells. To this end, primary B cells were isolated from
human donors, treated with IFN-I and immunoprecipitated with
anti-ISG15 antibodies. MS analysis and comparison with control-IP
samples revealed 52 ISGylated substrates, several of which are
known regulators of B cell maturation.

Nonetheless, the identification of endogenous ISG15 substrates
through IP remains suboptimal due to the inefficiency of ISG15
antibodies to enrich for ISGylated proteins (47, 52). As a result, Yan
et al. recently developed a novel approach to map ISG15 targets
based on adenoviral delivery and stable overexpression of FLAG-
ISGI15 into primary Isg15” adipocytes treated with LPS (52). In this
way, potent anti-FLAG antibodies could be used to fish for
ISGylated proteins, similar to the early screens of Takeuchi and
Wong. Following standard IP and MS analysis, the authors
eventually identified 527 murine ISG15 substrates, hitherto the
highest number of ISGylated proteins reported in a single
experiment. One of the reasons for their high coverage is the
incorporation of state-of-the-art proteomics tools, including
peptide isotopic labeling by Tandem Mass Tags (TMT) and high-
resolution orbitrap MS analysis.

Together, these studies made important contributions to the
field by expanding the landscape of potential ISGylation functions
beyond the scope of microbial infections. Nevertheless, ISG15’s
antimicrobial activity is still considered as its foremost function
which prompted additional proteomics studies in the context of
infection. In 2015, Radoshevich et al. demonstrated that ISG15

counteracts infection with the intracellular bacterial pathogen L.
monocytogenes in vitro and in vivo (38). To work out the molecular
determinants underlying the antilisterial activity, the authors
developed a quantitative proteomics approach to identify ISG15
substrates. Using HeLa cells stably expressing FLAG-His-ISG15,
they isolated ISGylated proteins by His pulldown and quantitatively
measured the levels of ISG15-conjugates with Stable Isotope
Labeling by Amino acids in Cell culture (SILAC). Unlike previous
screens where in-gel digestion was used without any isotopic
labeling approach, this report was the first to combine
contemporary in-solution sample preparation with SILAC-based
quantification. With their approach, the authors identified 42 new
ISG15 substrates of which two were validated at the endogenous
level during L. monocytogenes infection. Similarly, Bhushan and
colleagues investigated the role of ISGylation signaling during
autophagy-mediated growth restriction of intracellular T. gondii
(41). The authors found that ISG15 is part of the proxisome of the
Autophagy Gene 5 (ATG5) where it mediates recruitment of
autophagy adaptors to the pathogen-containing vacuole (PV).
Accordingly, deletion of ISG15 blocked PV-recruitment which
impaired IFN-y-dependent control of T. gondii. To discern the
function of ISG15-conjugation during this process, the authors
mapped ISG15 substrates in A549 cells upon IFN-y treatment.
Their protocol used A549 cells stably expressing wild-type or non-
conjugatable ISG15 (control) that were subjected to ISG15 IP and
on-bead trypsin digestion followed by MS analysis. 239 ISGylated
proteins were identified, making up the first list of ISGylated
proteins induced upon IFN-y treatment in an epithelial cell line.
Finally, one study identified ISG15 substrates during influenza A
viral infection (53). Here, A549 cells were cultured in presence or
absence (control) of the virus to induce a physiological ISGylation
response. After 24h, cells were lysed and ISGylated proteins were
pulled down prior to on-bead trypsin digestion and LC-MS/MS
analysis. Among 22 ISGylated proteins, the authors picked up the
influenza A non-structural protein 1 as a known viral target of
ISGylation (54, 55).

Together, just 20 years after the initial discovery of the first
ISG15 substrate, MS-based methods led to the successful
identification of hundreds of ISGylation substrates in various
cell types upon different stimuli. However, many of these studies
relied on artificial systems that used ectopic overexpression of
ISGI15 in cultured cells, leading to overexpression artefacts, and
on treatment with IFNs which could induce a stronger
ISGylation response than what is physiologically induced
during infection. In addition, none of the above screens was
able to pinpoint the exact modification site on substrate proteins,
making it difficult to investigate how ISG15-conjugation affects
the function of the identified substrates.

Proteome-Wide Mapping of ISG15
Modification Sites

To overcome the inability to map ISG15 modification sites and
inspired by recent developments in the ubiquitin field, we recently
devised a novel approach to study protein ISGylation (56). When
trypsin cleaves proteins into peptides, also conjugated ISG15
becomes proteolyzed which leaves a diglycine tag (GG) attached
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to the original modified lysine residue. As a result, peptides that
were modified by ISG15 can be isolated from the bulk of
unmodified peptides using anti-K-e-GG antibodies. Hence, the
modified peptides including the exact site of modification can be
identified by LC-MS/MS. Without any further comparison,
however, GG peptide pulldown is unable to distinguish ISG15
sites from ubiquitin and NEDDS sites since trypsin digestion leaves
the same diglycine adduct for all three PTMs. One evident solution
is to include an IsgI5” control condition where all enriched sites
either correspond to NEDD8 or ubiquitin sites. In this way, sites
that are uniquely identified in the wild-type correspond to bona
fide ISG15 sites. Using this comparative approach, we were able to
map 930 ISG15 sites on 434 proteins in the liver of mice infected
with L. monocytogenes, the first study reporting on the proteome-
wide identification of ISG15 modification sites, directly in an in
vivo model of bacterial infection.

Last year, the group of Benedikt Kessler published a similar
strategy to map ISG15 modification sites in the chronic myeloid
leukemia (CML)-derived cell line HAP1 (57). Here, the authors
used Uspl8” cells instead of Isgl5" cells to control for the
ubiquitin/NEDDS signal spillover. Knockout of USP18 as the
major delSGylation enzyme leads to massive accumulation of
ISGylated proteins after IFN-I treatment. Hence, sites
differentially regulated between UspI8”'~ and wild-type cells
correspond to actual ISG15 sites, assuming that ubiquitylation
and NEDDylation are not affected in UspI8” cells. Their
approach eventually uncovered 796 ISG15 modification sites
on 476 substrate proteins. In addition, the authors validated
110 of the identified targets in the same cellular system by ISG15
IP followed by LC-MS/MS. Together, both approaches led to the
joint discovery of 679 USP18-dependent substrates of ISG15.

Finally, a recent proteomics study on ISGylation generated the
first list of porcine ISG15 substrates in a porcine alveolar
macrophage cell line treated with IFN-I (58). Similar to previous
studies, the authors relied on an antibody against porcine ISG15 to
isolate ISGylated proteins prior to in-solution digestion and MS
analysis. Even without specific enrichment, MS analysis allowed to
identify GG-modified peptides and map 190 ISGylation sites on 97
substrate proteins. Evidently, this study demonstrates the capacity
of contemporary MS-based proteomics to map ISG15
modification sites directly after ISG15 pulldown, albeit with a
lower efficiency compared to standard GG-peptidomics.

COMMON SUBSTRATES AND FUTURE
PERSPECTIVES

In the above studies two strategies were used to map ISG15
substrates: i) enrichment of ISGylated proteins on the protein
level and ii) pulldown of GG-modified peptides to identify the
protein along with the modification site(s) (Figure 2A).
Together, both strategies led to the discovery of 1,563 ISG15
substrates of which 64 were validated by orthogonal approaches
(Supplementary Table S1), with a coverage increasing over time
thanks to more performant MS technologies and improved
methods to study ISG15 (Figures 2B, C). For example, GG-

peptidomics alone resulted in more identified ISGylation
substrates than all previous approaches combined. By looking
at the overlap across all screens, 29 ISG15 substrates were
identified in half of the studies, suggesting that despite the
different species, cell types and strategies employed, there is a
degree of selectivity for certain ISG15 substrates (Figure 2D).
Among these 29 proteins are many metabolic proteins, especially
glycolytic enzymes, and ISGs such as STAT1 and IFIT1, in line
with previous reports (44, 52, 56, 59).

Aside from protein substrates, three studies additionally
uncovered 1,916 ISG15 modification sites (Supplementary Table
§2). However, unlike SUMOylation (60), these studies did not
report any sequence motif that would drive the specificity for
ISG15 conjugation (56, 57). We ranked ISG15 substrates based on
their number of identified GG sites, which allowed us to highlight
the top most modified ISG15 substrates in each study
(Figures 2E-H). By looking at the overlap, the molecular
chaperone HSPAS and the glycolytic enzyme GAPDH were found
as most modified ISG15 substrates. GAPDH was found in six out of
fourteen screens, while HSPA8 was found in eleven screens, so far
without any further characterization. Likely, ISGylation of these key
proteins regulates their activity or interaction state, influencing the
cellular processes in which they are involved.

Despite the gain of knowledge through ISG15 site-seeing,
studies by Zhang and Pinto-Fernandez relied on genetic
approaches with Isg15”" animals or UspI8” cells to discern
bona fide 1SG15 sites. Since both proteins are regulators of
IFN-I signaling, but also other processes (3, 61) (Figure 1),
their absence could potentially introduce artefacts which might
also affect the identification of ISG15 sites. Future studies will
need to address this caveat by developing novel genetic
approaches that preserve both IFN-I signaling and endogenous
ISG15 conjugation. In analogy to strategies employed for the
identification of SUMO sites (62, 63), one could envision to
mutate ISG15’s C-terminal sequence to LRLKGG, which after
endopeptidase Lys-C digestion will generate ISG15-derived GG-
modified peptides that can be specifically enriched and identified
by MS. However, such genetic approaches cannot easily be used
in a clinical setting.

To overcome the need for genetic approaches and expand the
repertoire of applicable samples, alternative approaches could be
based on novel antibodies or technologies that combine
enzymatic and chemical methods. Unlike trypsin digestion
which generates the same GG-modified peptides for ubiquitin,
NEDDS8 and ISG15, digestion with endopeptidase Lys-C leads to
remnants that are specific for each UBL. Hence, antibodies
developed against this fragment could be used to fish for
ISG15-modified peptides. In the case of ubiquitin, this strategy
led to the proteome-wide identification of 63,000 unique
modification sites (64). Another elegant strategy would be to
include a treatment with USP2 (a ubiquitin-specific protease)
ahead of trypsin digestion and GG-peptide enrichment to deplete
the sample from ubiquitin-modification sites. Similarly, the
specificity of proteases such as USP18 could be leveraged to
reveal free lysine residues at ISG15 modification sites available
for chemical labeling and enrichment by affinity precipitation
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FIGURE 2 | MS-based discovery of ISG15 substrates. (A) Commonly used workflows to identify ISG15 substrates by mass spectrometry. Upper panel: many
studies rely on pulldown of ISGylated proteins from induced cells using antibodies or resins against endogenous or overexpressed (tagged) ISG15. Pulled down

bands. Alternatively, proteins are digested directly on-bead. In both cases, the released peptides are

analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS). Non-specific binders can be controlled by parallel analysis of cells expressing no ISG15
or non-conjugatable ISG15 (e.g. ISG15AA) or by using an antibody isotype control. Lower panel: to identify exact sites of ISG15 modification, recent studies applied
diglycine (GG) peptide enrichment from induced cells or tissues. Here, trypsin digestion of extracted proteins generates GG-modified peptides derived from
conjugated ISG15, ubiquitin or NEDD8. These GG-modified peptides can be captured with specific anti-K-e-GG antibodies prior to their identification by LC-MS/MS.
To distinguish 1SG15 modification sites from ubiquitin and NEDDS sites, genetic controls are included such as Isg75”" mice or Usp78”" cells. Consequently,
comparison with a wild-type condition allows to pinpoint bona fide ISG15 sites based on their absence in lsg75’/ " or increased abundance in Usp78'/ ~ conditions.
Figure created with BioRender.com. (B) Overview of MS-based proteomics studies reporting ISG15 substrates, listing relevant information on the number of
identified substrates and the experimental design. (C) Bar chart showing the increase of identified ISG15 substrates in the different studies over time. (D) Bar chart
showing 29 ISG15 substrates that were reported in >7 studies. (E) Venn diagram showing the overlap between the most modified ISG15 substrates listed in panel
(F-H). (F-H) Bar charts showing the most modified ISG15 substrates (substrates with =5 sites) in the three GG-peptidomics screens.
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(65) or diagonal chromatography (66). Beyond label-free
quantification, improvements in quantification methods also
have the potential to increase site identification by GG-
peptidomics, as demonstrated by the incorporation of SILAC
and TMT-labeling in several ubiquitin studies (67, 68).
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NEDDS8 Deamidation Inhibits
Cullin RING Ligase Dynamics

Priyesh Mohanty, Kiran Sankar Chatterjee and Ranabir Das™

National Center for Biological Sciences, Tata Institute of Fundamental Research (TIFR), Bangalore, India

Cullin-RING ligases (CRLs) are a significant subset of Ubiquitin E3 ligases that regulate
multiple cellular substrates involved in innate immunity, cytoskeleton modeling, and cell
cycle. The glutamine deamidase Cycle inhibitory factor (Cif) from enteric bacteria
inactivates CRLs to modulate these processes in the host cell. The covalent
attachment of a Ubiquitin-like protein NEDD8 catalytically activates CRLs by driving
conformational changes in the Cullin C-terminal domain (CTD). NEDDylation results in a
shift from a compact to an open CTD conformation through non-covalent interactions
between NEDDS8 and the WHB subdomain of CTD, eliminating the latter’s inhibitory
interactions with the RING ES3 ligase-Rbx1/2. It is unknown whether the non-covalent
interactions are sufficient to stabilize Cullin CTD’s catalytic conformation. We studied the
dynamics of Cullin-CTD in the presence and absence of NEDD8 using atomistic molecular
dynamics (MD) simulations. We uncovered that NEDD8 engages in non-covalent
interactions with 4HB/of3 subdomains in Cullin-CTD to promote open conformations.
Cif deamidates glutamine 40 in NEDDS to inhibit the conformational change in CRLs by an
unknown mechanism. We investigated the effect of glutamine deamidation on NEDD8 and
its interaction with the WHB subdomain post-NEDDylation using MD simulations and
NMR spectroscopy. Our results suggest that deamidation creates a new intramolecular
salt bridge in NEDDS to destabilize the NEDD8/WHB complex and reduce CRL activity.

Keywords: bacterial effector, deamidation, protein dynamics (molecular dynamics), NMR spectroscopy, Cullin
RING E3 ligases, enteropathogenic E. coli, cycle inhibitory factor

INTRODUCTION

Ubiquitination is a post-translational modification that involves the sequential transfer of Ubiquitin
(Ub) by E1, E2, and E3 enzymes onto the lysine residue of a substrate protein or another Ub
molecule. E3 ligases catalyze the transfer of Ub from the E2~UD thioester conjugate to the substrate.
E3 may belong to RING or HECT classes. RING-E3s (~600) use a RING domain to catalyze the Ub
transfer from the E2~Ub thioester onto the substrate lysine (1). A significant subset of RING E3
ligases (25-30%), known as Cullin-RING ligases (CRLs), tightly regulates the levels of various
cellular substrates (2). CRLs are large, multi-modular machines comprising of an N-terminal
domain (Cullin™™) for substrate recognition and a C-terminal domain (Cullin®™™) to associate
with the RING ligase Rbx1/2 (3). CRLs require the covalent attachment of a Ub-like protein -
NEDDS, for catalytic activation (4, 5). The NEDDylation effect can be reversed by the COP9
signalosome, which cleaves NEDDS8 to regulate CRL activity (6).
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Crystal structures suggest that NEDDylation promotes the
Cullin®™ transition from a closed, inactive state to an open,
active state (7). Rbx1/2 interacts with the Winged-helix B
subdomain (WHB®P) of Cullin®® in the closed, inactive form.
Post-NEDDylation, NEDD8 engages in non-covalent
interactions with the WHB®" and masks its interaction with
Rbx1/2. Moreover, it also triggers a domain rotation WHB®® to
promote interactions between WHB® and the four-helix bundle
subdomain (4HB®P). Consequently, the Rbx RING domain
(Rbx"™C) transitions from a compact to an extended catalytic
conformation (Figure 1). In silico models have proposed that in
the full-length NEDDylated-Cullin, NEDD8 and Cullin™"™ may
also interact (7). A recent structure of full-length, NEDDylated-
CRL bound to E2~Ub conjugate reveals that NEDDS8 interacts
with Cullin™™®, Cullin“™, and the E2~Ub to nucleate an active

CRL/E2~Ub complex (8). However, the interaction dynamics
between NEDD8 and Cullin in the absence of E2~Ub are
unknown. These interactions are fundamental to the NEDD8-
induced conformational change in CRL, which is the precursor
to E2~Ub binding and activity.

Secreted bacterial effectors optimize the host cellular
environment for replication. Glutamine deamidases convert
glutamine to glutamate in their substrate proteins (9). The
deamidase Cycle Inhibiting Factor (Cif) secreted by
enteropathogenic E. Coli specifically deamidates the glutamine
at position 40 (Q40) in NEDD8 to convert it to glutamate (10,
11). CRL facilitate the proteasomal degradation of CDK
inhibitors p21/27, promoting timely progression through the
G1/S and G2/M transition points of the eukaryotic cell cycle (2).
Deamidated-NEDD8 (dNEDDS8) drastically lowers the

B-TRCP

Substrate Substrate
Ks Ks
B-TRCP NEDDS B-TRCP
—
N8
CuULA1 CuL1
- NEDDS8 + NEDD8
Closed, Inactive CRL Open, Active CRL
Substrate E2~Ub
K Ub )

N8

D

CUL1

+ NEDD8 +E2~Ub
Open, Active CRL

FIGURE 1 | Role of NEDDS in the activation of Cullin RING ligases. Schematic illustration showing the mechanism of Cullin RING ligase activation by NEDDylation.
Conjugation of NEDD8 (N8) to the WHBSP (W) triggers a change in its orientation which frees the Rbx™ domain from inhibitory interactions.
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polyubiquitination activity of CRLs and blocks p21/p27
degradation, leading to cell cycle arrest (10). The Cullin family
of E3 ligases also regulates the IxBo ubiquitination and
degradation, activating the NFkB inflammatory responses (12).
Cullin inhibition by NEDD8 deamidation could be instrumental
in depleting the host inflammatory response. Cross-linking and
Mass spectrometry experiments indicate that ANEDDS8 prevents
structural reconfiguration of Cullin®™® necessary for CRL
activation (13). A recent NEDD8~CULI1/Substrate/E2~Ub
structure postulated that deamidation destabilizes the NEDD8/
WHB®® interface (8). A thorough understanding of how
dNEDDS prevents the structural reconfiguration in Cullin®™
is currently lacking.

We report (i) NEDD8’s role in promoting Cullin-Rbx1 open/
catalytic conformations and (ii) the mechanistic basis behind
CRL inactivation by dNEDDS, using all-atom MD simulations
and NMR spectroscopy. The NEDDylated-Cul5“™ open
conformation is stabilized by transient interactions between
NEDD8 and 4HB/0of-subdomains of Cullin®"®. NEDD8/
Cullin®™ interactions inhibit WHB®™’s tendency to associate
with the Rbx1™™¢ domain and stabilize the closed conformation.
NEDD8 deamidation results in an intramolecular salt-bridge
formation, which competes with intermolecular interactions
formed during NEDD8/WHB®" association. Consequently, the
dNEDD8/WHB®" complex is unstable, and dNEDDS cannot
induce the CRL open/active conformation. Overall, this study
provides valuable atomistic insights into NEDD8’s role in
maintaining CRLs in an active conformation and the mechanism
underlying its inhibition by bacterial deamidation.

METHODS

Starting Structures and Molecular Modeling
Starting structures for MD simulations were obtained from the
Protein Data Bank (PDB). Structures for closed and open
conformations of Cul5"™P-Rbx1 were PDB id: 3DPL (chain: C/R)
and PDB id: 3DQV (chain: A/B/C), respectively. The structure
for ANEDDS8 was taken from PDB id: INDD. Complexes of
NEDD8~Cul1/5-WHB®® were obtained from PDB id: 6TTU
(Chain: C/N) and PDB id: 3DQV (Chain: A/C), respectively.
NEDD8~Cull-WHB®P extended conformation was modeled
from PDB id: 4P50 (chain A/K). Glutamine to glutamate
substitutions in NEDD8 was introduced by replacing existing
sidechains with best aligning rotamers from the Dunbrack
rotamer library (14) in UCSF Chimera (15).

MD Simulation Protocol

All systems except the extended conformation of NEDD8~Cull-
WHB®® were parameterized using the AMBER99SB*-ILDN
force field (16-18) with CUFIX (19-22) corrections. For
extended NEDD8~Cull-WHBSP, the AMBER99SBws (23)
were used to prevent overestimation of protein-protein
interactions and improve conformational sampling. All

simulations were performed using the Gromacs 5.1.2 package
(24, 25). Zinc coordination sites in the Rbx1*™¢ domain were
modeled based on the Zinc AMBER force field (26) (ZAFF). The
isopeptide bond between NEDD8-G76 and Cul1“"-K721/
Cul5“TP-K724 was modeled based on peptide bond
parameters inAMBER99.

The starting structures were solvated in suitable cubic boxes by
adding TIP3P/TIP4P2005 water molecules and 0.1 M NaCl.
Cul5CTD-Rbx1 structures (closed/open) were simulated in a
rhombic dodecahedral box with an edge length of 14.2 nm.
dNEDDS8 was simulated in a cubic box with an edge length of 6.5
nm. NEDD8/Cull-WHB®" association simulations were performed
in a cubic box with an edge length of 12.0 nm. NEDD8~Cull-
WHB® complex variants were simulated in rectangular boxes with
dimensions (nm): 9 x 8 x 8. Counter ions were added to neutralize
the residual charge of the system. The electrically neutral system was
then subjected to energy minimization using the steepest descent
method for a maximum of 5000 steps until the maximum force on
any atom was <1000 kJ mol 'nm™.

Temperature and pressure equilibration was performed with
harmonic positional restraints on all heavy protein atoms
(k=1000 kJ mol*nm™) using periodic boundary conditions.
Production MD simulations were carried out at 300 K and 1
bar pressure (NPT ensemble). Temperature control was achieved
using the Berendsen thermostat (27) with a coupling constant
(tt) of 2.0 ps. The Parrinello-Rahman barostat (28) was
employed for pressure control using a coupling constant (Tp)
of 5 ps. All bond lengths were constrained using the LINCS
(Hess, 2008) algorithm. Virtual interaction sites (29) were
employed for hydrogen atoms, which permitted a 4 fs time
step. The mass of water oxygen was reduced from 16 to 2 amu to
improve sampling efficiency. Short-range electrostatics and van
der Waals interactions were calculated using a 1.2 nm cutoff.
Long-range electrostatics were calculated using Particle Mesh
Ewald (30, 31) summation. SMD simulations of NEDD8~Cul5-
WHB®P~NEDDS complexes were carried out in a rectangular
box of dimensions (nm): 12 x 9 x 9. Dissociation of the complexes
was performed for 16 ns at a pull rate of 0.25 nm ns™ using a
moving harmonic potential (force constant = 1500 k] mol ! nm™)
applied to the NEDD8 (aa:1-70) COM. The COM motion of
WHB®P was removed every 100 fs to promote the build-up of the
unbinding force.

Structure and MD Trajectory Analysis

Nonbonded interactions in crystal structures were identified
using the contact analysis tool in UCSF chimera. MD
trajectories were analyzed using analysis tools available within
the Gromacs package. Conventional MD trajectories were
analyzed for snapshots saved at 200/240 ps intervals. ‘gmx
gyrate’ was used to calculate the radius of gyration for various
Cullin®"P-Rbx1 complexes. Inter-atomic distances and the
number of contacts were analyzed using the ‘gmx mindist.’
‘gmx hbond’ script was used to analyze hydrogen bonds. For
SMD trajectories, force and COM separation values were
recorded every 4 ps. Mean Force-time and work-time profiles
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were calculated over twelve independent trajectories to obtain
mean F,,,, and W for enforced dissociation. Two-dimensional
free energy landscapes for Cul5“"P-Rbx1 with and without
NEDD8 were computed using a bin width of 0.03 nm, and the
normalized free energy (AG) for each bin was determined using
the relation:

AG(R1, R2) = —kyT [In P; - In P,..],

where R1/R2 are reaction coordinates, kg is the Boltzmann
constant, T is the temperature, P; is the joint probability of R1/
R2 for a given bin, and P, is the maximum probability. The
lowest free energy state corresponds to AG = 0.

Protein Expression and Purification

Plasmid for NEDDS for bacterial expression was procured from
Addgene. For N-terminal His-tag addition, the plasmid DNA
was subcloned in Kanamycin resistance pet28b vector.
Substitutions were done using Site-directed mutagenesis, and
the corresponding clone was verified by sequencing. For
overexpression and purification, clones were transformed in BL21
(DE3) bacterial cells and grown in an M9 medium containing
NH,Cl and "C-glucose. Cells were grown at 37°C, and protein
expression was induced at ODgq, of 0.8 by adding IPTG (isopropyl
this-p-d-thiogalactoside) final concentration of 0.25mM. After five
hours of further growth, the cells were harvested by centrifugation.
NEDDS and Q40E NEDD8 were purified from inclusion bodies by
unfolding and refolding, according to the previously reported
method (32). The cells were re-suspended in the lysis buffer [50
mM Tris, (pH 8.0), 300 mM NaCl], lysed by sonication. The lysate
was centrifuged at 15000 rpm at 4°C, and the supernatant was
discarded. The remaining inclusion bodies were washed and
dissolved in denaturant buffer (8M Urea, 25 mM Tris, 150 mM
NaCl) and sonicated further until the solution became clear. The
solution was mixed with pre-equilibrated Ni** NTA-agarose beads
(Protino) for 30 minutes. The slurry mixture (lysate with beads) was
loaded to an open column, washed extensively with high salt lysis
buffer for removing DNA impurities, and eluted with different
imidazole concentrations present in denaturant buffer (pH 8.0). The
eluted fraction was dialyzed overnight at 4°C in 0 M Urea buffer (25
mM Tris, pH 7.6, 150 mM NaCl) for refolding. Further purification
was done by gel filtration (Superdex 75 16/600) column. The final
protein was obtained in PBS containing 1 mM DTT at pH 7.4.

NMR Spectroscopy

The NMR experiments were recorded at 298K on an 800 MHz
Bruker Avance III HD spectrometer with a cryoprobe head. The
samples were prepared in PBS with 1 mM DTT, pH 7.4. The
protein sample was supplemented by 10% D2O. The standard
triple resonance experiments HNCA and HN(CO)CA were used
for assigning the chemicals shifts of '*C, '°N, and 'H backbone
atoms. 95% (69 out of 73) of the non-proline backbone amide
resonances were assigned in the protein. The assignment is
deposited in BMRB with id 50948. Backbone assignment for
wt NEDD8 was already available from BMRB (Entry 10062) (33).

RESULTS

Both the apo-Cullin®"® and NEDDylated-
Cullin®™ Are Dynamic

Cullin C-terminal domain comprises of four-helix bundle (4HB),
o/P, and winged-helix B (WHB) subdomains (Figure 2A). The
open and closed Cul5°"P-Rbx1 structures suggest that
NEDDylation drives a reorientation of the WHBSP (Figure 2A).
NEDD8 masks the Rbx1¥™¢ interaction surface on WHB®® (helix-
29/ECTD) to promote the WHB®® reorientation. Consequently, the
WHB®P-Rbx1"™¢ interaction is disrupted, and Rbx1 adopts open
and flexible/dynamic conformations, essential for the CRL activity
(7). In the open conformation, helix-29 of WHB®” interacts with
4HB/o3*P. However, there are no short-range interactions between
NEDDS and 4HB/o3°" subdomains (Figure 2B). Moreover, unlike
the closed conformation, there are no interactions between ECTD
and 4HBSP in the open conformation (Figure 2B). In the
NEDD8~Cul5“™ crystal structure, the open conformation
appears to be stabilized through mutual interactions between two
NEDD8~Cul5“™P-Rbx1 conformers in the asymmetric unit
(Figure S1). Altogether, whether the NEDD8~Cul5“TP-Rbx1
open conformation observed in crystal structures represents a
stable structure in solution is unclear.

The stability of Cul5“"°-Rbx1 open/closed conformations
was studied using atomistic MD simulations with explicit solvent
(Materials and Methods). The simulations were carried out both
in the presence and absence of NEDD8. Overall dimensions of
complexes were analyzed by their average radius of gyration
(<Rg>), and their probability distributions were compared
(Figure 3). <Rg> values calculated for the closed and open
ensembles remain close to their crystal structures (Figure 3A).
Simulations initiated from the closed conformation exhibited a
narrow distribution of Rg about ~2.65 nm (Figure 3B).
Simulations of the open conformation in the presence of NEDD8
showed a bimodal Rg distribution ranging from 2.7 to 3.1 nm. In the
absence of NEDDS, the Rg distribution of the open conformation
exhibited a shift towards closed-like conformations (Figure 3B).

The conformation of Cul5“™ was analyzed by measuring the
distance between Coa-atoms of two residues chosen for
convenience, S567 and R714, which reduces from 5.3 nm to
3.6 nm as Cul5“"P-Rbxl transitions from the open to closed
conformation (Figure 2A). Simulations of the closed
conformation generated a restricted Cul5“™ ensemble, which
was predominantly populated at an S567-R714 distance of ~3.6
nm (Figure 3C). In contrast, NEDD8~Cul5“™°-Rbx1 has an
ensemble of Cul5“™ conformations where the $567-R714
distance has an extended range of 4.0-6.0 nm (Figure 3C),
which correlates well with its broad Rg distribution. NEDD8
removal causes a shift towards more compact Cul5“""
conformations. The conformational heterogeneity observed in
NEDD8~Cul5°" indicates that WHB®® may adopt a range of
orientations instead of a single orientation observed in the crystal
structure. The multiple WHB®P orientations result from frequent
rupture of the short-range interactions that stabilize the
orientation of WHB®" against 4HB®”. The mean WHB®"/
4HB®" contact occupancies were merely 50%-75% during the
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Closed (PDB: 3DPL)

ECTD

of clarity.

FIGURE 2 | Crystal conformations of Cul5°™ closed and open states. (A) Crystal structures of Cul5°™-Rox1 in the closed/open state were used to initiate independent
MD simulations. Dotted black lines connect the Co. atoms (spheres) of S567 and R714 in Cul5°™. ECTD in both complexes refers to the extreme C-terminal domain, which
comprises aa:726-780. (B) Non-covalent interactions between WHB®P and 4HB/ocBSD in the open conformation of NEDD8~Cul5°™P-Rbx1 are shown in (A). The black circle
represents the R452/E705 salt bridge, while black lines correspond to S539/E697 and E629/T695 hydrogen bonds. The RING domain of Rbx1 (blue) is omitted for the sake

simulation (Figure S2). Overall, the simulations underline the
dynamic nature of the Cullin®™ ensemble before and after
NEDDylation. The dynamic Cullin®’® ensembles may play a
significant role in CRL activity by modulating its interaction with
regulatory co-factors (34, 35).

Transient Interactions Between NEDD8
and 4HB/af3 Subdomain Promotes the
Extended Conformations of
NEDD8~Cullin®™

Although interactions between ECTD and Rbx1"™ are absent
in the crystallographic open conformation, MD simulations
indicate a tendency for such interactions to occur both in the
presence and absence of NEDDS8 (Figures S3, S4). Such
interactions arise due to the dynamics of WHB®" in the open
conformation. NEDD8~Cul5“™ was mostly open across all
eight trajectories, and ECTD/RING interactions could be
observed in only two trajectories (Figure S3). DeNEDDylation
leads to compact Cul5“™ for more extended periods, which
increases the frequency of ECTD/RING interaction, as observed

in four of the eight trajectories (Figure S4). The compact
Cul5“™ conformations stabilized by ECTD/RING interactions
were observed in two of these trajectories (Figure S5). From the
2-D plots and the trajectories, it is clear that NEDD8 promotes
extended conformations of Cul5“™ to minimize ECTD/RING
interaction (Figure 4A and Movies S1, S2). NEDDS8~Cul5<™P-
Rbx1 contact analysis indicates that NEDD8 had frequent
contacts with 4HB/aB°" of Cul5°™, including hydrogen
bonds (Figure S6). The mean number of ECTD/RING
contacts increased by more than two-fold upon removing
NEDDS, indicating that NEDD8 inhibits the ECTD/RING
interactions (Figure 4B). A representative NEDD8~Cul5“""-
Rbx1 conformation, wherein NEDDS interacts with 4HB/o3°" is
shown in Figure 4C. The occurrence of ECTD/RING
interactions in NEDD8~Cul5“"P-Rbx1 simulations strongly
suggests that partial masking of WHB®® by NEDDS is
insufficient to maintain the open conformation. In summary,
NEDDylated-Cullin®™® exists as an ensemble of open
conformations via transient interactions between NEDDS8 and
4HB/apP.
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Rg (nm) $567-R714 distance (nm)
Complex Crystal MD Crystal MD
Cul5¢™-Rbx1 (closed) 2.62 2.65 (+0.03) 3.61 3.63 (+0.18)
NEDD8~Cul5°™-Rbx1 (open) 297 2.88 (+0.08) 5.27 5.07 (£0.44)
Cul5¢™-Rbx1 (open) 2.85 2.78 (+0.06) 5.27 4.65 (£0.42)
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FIGURE 3 | Dynamic ensembles of Cul5°™ closed, and open states were observed from simulations. (A) Radius of gyration for Cul5°™-Rox1 variants and S567-
R714 separation in Cul5°™ calculated from MD simulations. Mean + std deviation for each variant is calculated over eight independent MD trajectories performed for
200 ns. (B) Probability distributions for the radius of gyration (Rg) of closed/open states of Cul5°™-Rox1 calculated from the 1.6 us macro trajectory for each state.
The macro trajectory was obtained by combining eight independent 200 ns runs. (C) Probability distribution of $567-R714 distance in Cul5°™ calculated from the

1.6 us macro trajectory for each state.
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FIGURE 4 | NEDDylation biases the conformational landscape of Cullin

NEDD8-4HB/aps®

CTP_Rbx1 towards an ensemble of open conformations which minimize RING/ECTD
interaction. (A) 2D-free energy landscapes calculated for the open state of Cul5°™P-Rox1 with and without NEDD8 from 1.6 s macro trajectories obtained by
combining eight independent 200 ns trajectories for each state. Upon removal of NEDD8, ECTD/RING interaction is more favorable. (B) Mean + SEM for several
ECTD/Rbx17™N¢ and 4HB/aBSP-NEDDS contacts across all Cul5°™°-Rbx1 trajectories initiated from the open state with and without NEDD8. Contact cutoff was
chosen to be 0.4 nm. (C) A representative conformation of NEDD8~Cul5°"™P-Rbx1 showing NEDDS interacting with 4HB/af®C. Interacting atoms are shown as
sticks. A black dotted circle indicates a salt bridge between NEDDS (K48) and 4HBSP (E407). The red dotted circle indicates van der Waals interactions between
NEDDS8 (M1/M62) and ofC (N655/5656).
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NEDD8 Deamidation Creates a New
Intramolecular Salt-Bridge

NEDDS8 deamidation disfavours open CRL conformations and
reduces CRL activity. As a first step towards understanding how
NEDDS8 deamidation affects CRL activation, ANEDD8 (Q40E)
was simulated for 500 ns. Intriguingly, an intramolecular salt
bridge formed frequently between E40 and R74, located in the
flexible C-terminal tail (Figures 5A, B). Solution NMR
spectroscopy was used to probe the deamidation effect on
NEDDS. Uniformly °C, '°N labeled NEDDS, and dNEDDS
were grown and purified from E. coli. The ANEDD8 backbone
amide resonances in the 'H-'°N Heteronuclear Single Quantum
Coherence (HSQC) NMR spectra were well separated, indicating
that the molecule is folded (Figure S7). The chemical shifts of
backbone amide resonances in NEDD8 were retrieved from
previous data stored in the Biological Magnetic Resonance
Bank (BMRB entry 10062) (33). The standard triple resonance
experiments were used to assign the backbone amide chemical
shifts in INEDDS. An overlay of NEDD8 and dNEDDS 'H -'°N
HSQC spectra shows minor changes in chemical shifts for a few
backbone resonances (Figure S7). A chemical shift perturbation
(CSP) plot revealed changes in two distinct regions in ANEDDS8

(Figure 5C). The residues between 39 and 45 have significant
CSP, with the highest CSP at E40 (Figure 5C), which is expected
to be the deamidation site. Interestingly, the second set of
residues affected by deamidation spans the C terminal tail in
NEDDS8. Residues 68 to 74 exhibit significant perturbation in
their chemical shifts, with the highest CSP at 74 (Figure 5C). The
high CSPs at these regions support the implication from MD
studies that a new salt bridge is formed between E40-R74
dNEDDS (Figure 5D).

NEDDS8 Deamidation Enhances Its
Dissociation From WHBSP

In the NEDDylated Cul5°"®-Rbx1 complex, R74 in NEDDS
interacts with K764/Y765, located in ECTD of WHB®P
(Figure 6A). The E40/R74 interaction in dNEDDS8 could
disrupt the intermolecular contacts of R74 and thereby
destabilize the non-covalent complex. Steered MD simulations
(12 independent runs) were performed to dissociate NEDD8
variants from WHBSP. The rupture force (F,.x) and cumulative
work (Wynbing) required for each variant’s dissociation were
determined from these runs. As shown in Figure 6B, F,,., and
Wanbina Were highest for the NEDD8 complex. Compared to
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FIGURE 5 | Formation of an intramolecular salt-bridge in dNEDDS. (A) Salt-bridge stability as a function of time in a 500 ns MD simulation of dNEDDS. In the
bottom plot, salt-bridge occupancy is shown as either 1 or O to indicate the presence or absence of a salt-bridge, respectively. Salt-bridge occupancy was
calculated using a 0.5 nm cutoff. The occupancy of the salt-bridge was calculated to be 44.2%. (B) MD snapshot showing the formation of R74-E40 salt-bridge in
dNEDDS. (C) The NMR CSP plot showing the effect of Q40E substitution in NEDD8. The CSP = [(8Hnepps - 8Haneops)2 + (ONNepbps - ONaneppe)2/25]1/2, where
SHnepps and SHynepps are amide proton chemical shifts of residue in wt-NEDD8 and dNEDDS, respectively. The dashed yellow line and red line denote Mean+SD
and Mean+2*SD, respectively. (D) The residues with high CSPs are mapped onto the NEDDS8 structure. The residues with CSP above Mean+SD are colored yellow,
and the residues with CSP above Mean+2*SD are colored orange.
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NEDDS, F, .. and Wping for ANEDD8 were reduced by ~90 pN
and 8 kcal/mol, respectively, indicating a destabilized INEDDS8-
WHB® complex (Figure 6C). 144 in NEDDS$ engages in
hydrophobic interactions with WHB*" in the NEDD8-WHB®"
complex (Figure 6D). The F,,,; and Wy,pina reduced when the
144 mediated contacts were disrupted (I44A substitution)
(Figure 6C). However, ANEDD8 was more unstable compared
to the 144A complex (Figures 6B, C). Moreover, destabilization
of the ANEDD8 complex was comparable to the NEDD8-R74A
complex, which suggested that E40 disrupted R74-mediated
interactions during dNEDDS dissociation.

Concomitantly, the R74/K764 hydrogen bond’s mean
stability was reduced by 13-15% for dNEDD8 compared to
NEDDS or 144A-NEDD8 complex (Figure 6E). The R74/K764
hydrogen bond dynamics during the SMD in NEDDS8 and

(]
NEDD8 | <F,_ > (pN) | <W> (kcal mol)
Wt 580.0 (61.6) 39.0 (2.5)
dNEDD8 | 491.7 (51.2) 31.2(2.1)
R74A | 514.5(24.0) 33.0 (2.0)
144A 521.6 (41.6) 35.1 (1.4)
E %
8 65
>
2
g,
=
3
S
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o
30

144A

Wt

dNEDDS

FIGURE 6 | Deamidation of NEDD8 enhances its dissociation from WHBSP. (A) R74-mediated interactions in the Cul5-WHBSP~NEDD8 complex (PDB: 3DQV).
Orange lines indicate interactions of R74 with and K764 (backbone) and Y765 (sidechain). (B) Mean force-time profile for the dissociation of NEDD8-wt and its
mutants from WHBSP obtained from steered MD (SMD) simulations. Twelve independent SMD runs were performed for 20 ns in the case of each complex.

(C) Frax @nd unbinding work (W) determined from average profiles obtained by steered MD. One standard error of mean is indicated in (). (D) 144-mediated hydrophobic
interactions in the Cul5-WHBSP~NEDDS complex. (E) Mean occupancy of the R74-K764 hydrogen bond from NEDD8-wt, dNEDDS8, and NEDD8-144A SMD runs.

dNEDDS8 complexes are shown in Figures S8, S§9. In a few
dNEDDS trajectories, transient salt-bridges (<0.5 nm) were
observed between E40 and R74 from 8-16 ns (Figure S9),
which appeared to compete with and destabilize the R74-K764
hydrogen bond. In conclusion, SMD simulations suggest that the
intramolecular interaction between E40 and R74 in dNEDDS$
may destabilize the NEDD8-WHB®® complex.

Intramolecular E40-R74 Interaction
Interferes With the NEDD8/Cullin-

WHBSP Association

The E40-R74 interaction may also inhibit the association
between dNEDD8 and WHB®®. An extended open
conformation structure of NEDD8~Cullin-WHB®® with no
contacts between NEDD8 and WHB®" is required as the
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starting structure to study the association, which is currently
unavailable for Cul5 but available for Cull. Hence, the
NEDD8~Cull-WHBSP structure (PDB id: 4P50) was chosen
for this purpose (Figure S10A). Unbiased MD simulations were
initiated from an extended NEDD8~Cul1-WHB*" conformation
to determine if E40 in dNEDDS8 could compete for R74 during
association with WHB®P. Five independent runs were performed
(300 ns) for NEDD8 and dNEDDS8-conjugated Cull-WHB®®.
For all NEDD8~WHB®® variants, a range of extended
conformations was observed across all trajectories with
minimal interaction between NEDDS8 (aa: 1-70) and WHB®P
(Figure S10B). In the NEDD8/dNEDDS trajectories, R74
formed a hydrogen bond with E760, which corresponds to the
same position as K764 in Cul5-WHB®" (Figure S11). The mean
occupancy of R74/E760 hydrogen bond calculated over NEDD8/
dNEDDS trajectories indicates a slight destabilization (>15%) for
dANEDD8~WHB®® due to competition with R74/E40 salt-bridge
(Figure 7A). In ANEDDS trajectories, E40 was found to compete
for R74 in four of the five trajectories (Figure S11C). A
representative WHB*P~dNEDDS conformation with an E40/
R74 salt-bridge is shown in Figure 7B. In the NEDD8~Cull-
WHB*® and NEDD8~Cul5-WHB®" complex structures, R74-
mediated interactions stabilize the compact conformation of the
C-terminal tail (Figures 7A and S11A), which likely reduces the
range of motion for NEDDS around WHB®" and enhances non-
covalent binding between NEDD8 and WHB®P. The
conformation adopted by the C-terminal tail was determined
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by measuring the Co distance between A72 and G76, which is
0.75 nm in the NEDD8~Cul5-WHB®" crystal structure. The
combined probability distributions of the C-terminal
conformations from all wt-NEDD8, dNEDDS8, and NEDDS8-
R74A trajectories are shown in Figure 7C. The probability
distributions indicate that the C-terminal tail populates both
compact and extended conformations to a similar extent in wt-
NEDDS. In contrast, the ANEDD8 C-terminal tail has a strong
bias towards extended conformations (Figures 7C, D). Similar to
dNEDD8, NEDD8-R74A conjugate populates extended
conformations of the C-terminal tail, confirming that R74-
mediated hydrogen bonding is required for compact
conformations. To summarize, R74-mediated hydrogen bonds
with E760 of WHB®® played a crucial role in NEDD8/WHB®"
non-covalent interaction. MD simulations suggest that
intramolecular attraction between E40 and R74 in the
dANEDD8~WHB®® complex may disrupt R74 contacts with
WHB® and destabilize INEDD8~WHB®" association.

Deamidation Also Destabilizes the
NEDD8~WHBSP/E2~Ub Complex

When E2~Ub binds to NEDD8~Cull-Rbx1l, NEDDS8 is no
longer associated with WHB® through its 144 patch (as in
Figure S11A) (8). Instead, the I44 patch interacts with the
‘backside’ of E2. In this complex, NEDD8 Q40 is close to
R717, located on helix-29 of WHBP (Figure 8A). The effect of
deamidation was also investigated in the NEDD8~WHB®"

B

NEDD8 | A72-G76 distance (nm)
Wt 1.07 (£0.08)
~ dNEDDS 1.23 (£0.02)
R74A 1.13 (£0.03)

FIGURE 7 | R74-E40 salt-bridge may hinder NEDD8/WHBSP association by disallowing compact conformations of the NEDD8 C-terminal tail. (A) Mean+ one
standard error of R74/E760 hydrogen bond occupancy for NEDD8-wt and dNEDD8 conjugates. (B) Snapshot from trajectory 1 of Cult-WHBSP~NEDDS showing an
intramolecular salt-bridge involving R74/E40. The Co. atom positions of A72/G76 are shown as pink spheres. (C) Combined probability distribution of the C-terminal
tail conformation obtained from five 300 ns trajectories for each conjugate. The A72-G76 distance varies from 0.74 to 0.9 nm in crystal complexes of Cul1/5-
WHBSP~NEDDS. (D) Mean + one standard error of the C-terminal tail conformation across all five trajectories for each conjugate.
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FIGURE 8 | An intermolecular salt-bridge involving E40 destabilizes the Culi -WHBSP~NEDD8 complex. (A) Relative positions of R717 and Q40 in the Cul1-
WHBSP~NEDDS. The red line connects the Nn1 atom of R717 to the Oe atom of Q40 and has a length of 0.41 nm. The distance between the atoms drops below
0.32 nm in NEDD8-wt simulations, indicating a hydrogen bond formation. (B) Contact occupancies of R717-Q40 hydrogen bond, and R717-E40 salt-bridge were
calculated using cutoffs of 0.32 and 0.5 nm, respectively. Mean + std. Error is calculated for over three independent 200 ns trajectories. (C) Mean =+ std error of the
number of contacts formed between NEDDS (136/L71) and Cul1-WHBSP (helix-29) sidechains using a cutoff of 0.45 nm. (D) Average RMSDs of Cul1-
WHBSP~NEDD8 complexes over three independent 200 ns trajectories. + One std. Error is indicated in ().

portion of this complex by simulations. The E2~Ub, Rbx1l &
Cullin 4HB, o/f subdomains were removed before simulations
to reduce the size of the system. In triplicate simulations, a stable
hydrogen bond forms between Q40 and R717 across all
trajectories (Figures 8B and S12A). Overall, the wt-complex
maintained native hydrophobic interactions (Figures 8C and
§12C) and had a mean RMSD below 0.5 nm (Figures 8D and
§12D), indicating a stable complex. In contrast, the dNEDDS8
complex was unstable, resulting in increased RMSD beyond 1
nm across all replicates (Figure S12D). Destabilization of
dNEDDS8 complex correlated with the lower contact occupancy
of the R717-E40 contact (Figures 8D and S12D) and
hydrophobic interactions (Figure 8C), which disrupted the

orientation between NEDD8 and WHB®P, leading to an
inactive Cull-Rbx complex.

DISCUSSION

Our study provides atomistic insights into the role of NEDDS in
stabilizing the open, catalytically-active Cullin“™™ conformation
and how its function is impaired by deamidation. Unlike a single
conformation observed in crystal structures, NEDD8~Cul5“""-
Rbx1 exists as an ensemble of interconverting closed and open
conformations. The orientation between WHB®" and 4HB®"
observed in the crystal structure was unstable and adopted
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multiple orientations across independent simulations. The MD
simulations suggest that NEDDS activates Cullin“"®-Rbx1
through a combination of two mechanisms, (i) steric
hindrance of interactions between Rbx1 and WHB/4HB*", and
(ii) transient interactions between NEDDS8 and Cullin
4HB/0B*°. The steric hindrance induces the open
conformation. The transient interactions minimize ECTD/
RING interaction, which also promotes the open/active
conformation. These observations are supported by in vitro
activity assays, which showed that in the absence of NEDDS,
the ECTD deletion is sufficient to convert CRLs from an inactive
to a constitutively active state (36).

Our results also uncover the underlying mechanism by which
bacterial deamidation of NEDD8 inactivates CRLs. We have
previously shown that the deamidation of the E2 enzyme-UBC13
by the Shigella flexneri deamidase — Ospl triggers an intramolecular
salt-bridge formation, inhibiting its association with the cognate
RING E3 ligase - TRAF6 (37). We show here by MD simulations
that deamidation at Q40 triggers the formation of an
intramolecular salt bridge between E40 and R74. The NMR CSPs
supported the observation. However, due to the low solubility of
NEDDS in in-vitro conditions, measurement of the salt bridge by
hydrogen exchange or NOESY experiments was difficult.

The R74-E40 salt-bridge in dNEDDS8 competes with an
intermolecular hydrogen bond involving R74, which is required
for stable association with WHB®P. Deamidation-induced
competition for R74 promotes extended conformations of the
C-terminal tail, inhibiting the formation of a stable NEDD8-
WHB®® complex. Even after E2~Ub interacts with CRLs,
deamidation disrupts the Q40 contacts and destabilizes the
NEDDS8-WHB®® complex. The inability of NEDDS to associate
with WHB®" may effectively lock Cullin®"-Rbx1 into a closed
conformation, as suggested by XL/MS experiments (13).

Our results with Shigella flexneri deamidase OspI and E. coli
deamidase Cif suggest a common inactivation mechanism of
host cellular pathways by bacterial deamidases. The deamidated
glutamine residue competes for functional electrostatic
interactions between the target and its interacting partners.
Disruption of these interactions adversely affects downstream
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The antiviral innate immunity is the first line of host defense against viral infection.
Mitochondrial antiviral signaling protein (MAVS, also named Cardif/IPS-1/VISA) is a
critical protein in RNA virus-induced antiviral signaling pathways. Our previous research
suggested that E3 ubiquitin-protein ligases RING-finger protein (RNF90) negatively
regulate cellular antiviral responses by targeting STING for degradation, though its role
in RNA virus infection remains unknown. This study demonstrated that RNFO0 negatively
regulated RNA virus-triggered antiviral innate immune responses in RNFO0-silenced PMA-
THP1 cells, RNF90-deficient cells (including HaCaTs, MEFs, and BMDMs), and RNF9O0-
deficient mice. However, RNFO0 regulated RNA virus-triggered antiviral innate immune
responses independent of STING. RNFO0 promoted K48-linked ubiquitination of MAVS
and its proteasome-dependent degradation, leading to the inhibition of innate immune
responses. Altogether, our findings suggested a novel function and mechanism of RNFOO0
in antiviral innate immunity.

Keywords: antiviral innate immune responses, ubiquitination, degradation, signaling pathway, MAVS, RNF90

INTRODUCTION

RNA viruses, which have RNA as their genetic material, including single-stranded RNA (ssRNA)
viruses and double-stranded RNA (dsRNA) viruses, cause many kinds of human infectious diseases
(1, 2). A lot of RNA viruses, such as human immunodeficiency virus (HIV), hepatitis C virus
(HCV), Ebola virus, Zika virus, respiratory syncytial virus (RSV), influenza viruses, yellow fever
virus, dengue virus, severe acute respiratory syndrome (SARS)-associated coronavirus (SARS-CoV),
and SARS-CoV-2 are well-known viruses that are infectious and cause serious, even deadly,
syndromes in humans (3, 4). The first line to eliminate viral invasions is the host innate immune
system (5). The host antiviral immune responses are initiated by the sensing of pathogen-associated
molecular patterns (PAMPs) from invading viruses by a series of pattern recognition receptors
(PRRs), which results in the production of type I interferons (IFNs) and other cytokines or
chemokines essential to host antiviral responses (6).

For RNA viruses, the viral nucleic acids are critical PAMPs, and the viral RNAs are recognized by
TLR3 or RIG-I-like receptors (RLRs) (7). In most cell types, two RLRs, retinoic-acid-inducible
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protein I (RIG-I) and Melanoma differentiation-associated gene
5 (Mda5), serve as cytosolic RNA receptors (8). Generally
speaking, RIG-I is responsible for the production of type I
IFNs and proinflammatory cytokines upon the infection by
Newcastle disease virus (NDV), vesicular stomatitis virus
(VSV), influenza virus, and Sendai virus (SeV), and Japanese
encephalitis virus (JEV), whereas Mda5 was required for the
responses against encephalomyocarditis virus (EMCV) and in
vitro transcribed poly I:C (9).

Activated RIG-I and MDA5 by dsRNA engagement interact
with the adaptor protein mitochondrial antiviral-signaling
protein (MAVS), which is also known as caspase-activation
recruitment-domain adaptor inducing I FN-f (Cardif), IFN-f
promoter stimulator (IPS-1), or virus-induced signaling adaptor
(VISA), via a caspase recruitment domain (CARD)-CARD
interaction, and triggers MAVS mediating signaling pathways,
including the recruitment of downstream tumor necrosis factor
(TNF) receptor-associated factor (TRAF) family members, the
TRAF family member-associated NF-xB activator (TANK)-
binding kinase 1 (TBK1) and inducible IxB kinase (IKK-i or
IKK-€), leading to the activation of the transcription factor NF-
KB and IRF3 (10-14). Thus, MAVS is critical to innate immunity
and serves as the center of the antiviral innate immune responses
against RNA viruses.

The host immune signaling pathways must be tightly
controlled because its excessive activation may cause tissue
damage and contribute to the pathogenesis of many human
diseases (15-17). Accumulating evidence suggests that
ubiquitination is part of this exquisite regulatory system and
adjust the strength and duration of the immune responses in a
timely and efficient way (18). Ubiquitin has seven Lys residues
(Ko, K11, K27, K29, K33, K48, and K63) and can be linked to its
target proteins to regulate their functions by various mechanisms
(19). K48-linked ubiquitination is mainly associated with
proteasome-mediated degradation of proteins, whereas K63-
linked modification usually regulates signaling pathways in a
non-proteolytic manner (20). The process of ubiquitination was
catalyzed sequentially by three different types of enzymes, El
ubiquitin-activating enzyme, E2 ubiquitin-conjugating enzymes,
and E3 ubiquitin-protein ligases (21). Human genome contains
more than 600 E3 ubiquitin-protein ligases, responsible for the
high selection of target proteins, including HECT-, RING- and
RBP-type E3 ubiquitin-protein ligases (22).

As the center adaptor protein in the RLR signaling pathways,
MAVS has been reported to be targeted by several E3 ubiquitin-
protein ligases for the regulation of antiviral immune responses
(23). For example, TRIM25 catalyzed K48-linked ubiquitination
of MAVS and marked it for proteasomal degradation (24),
whereas TRIM31 catalyzes the K63-linked polyubiquitination
of MAVS and promotes its activation and subsequent induction
of type I IFNs (25). In addition, our previous research suggested
that TRIM44 stabilized MAVS by inhibiting the K48-linked
ubiquitination and degradation of MAVS (26).

RNF90 (also called TRIM7/GNIP), was identified as a RING-
type E3 ubiquitin-protein ligase in various cancer pathological
conditions (27-30). In innate immunity, RNF90 positively

regulates the TLR4-mediated innate response via its E3 ligase
domain in macrophages (31). RNF90 has been reported
to regulate norovirus replication (32). A recent study
demonstrated that RNF90 inhibited enterovirus replication by
targeting viral 2BC protein for ubiquitination and degradation
(33). Our previous study indicated RNF90 deficiency protected
mice from DNA virus infection and RNF90 negatively
modulated DNA virus- or cytosolic DNA-triggered signaling
pathway via the enhancement of K48-linked ubiquitination of
STING and its proteasome-dependent degradation (34). A recent
study showed that RNF90 promoted the Lys63 (K63)-linked
polyubiquitination of the envelope protein of Zika virus, which
enhances virus entry in cells and brain tissue in vivo (35). In this
research, we investigated the role of RNF90 in RNA virus-
triggered signaling pathways, and our findings suggested
RNF90 as a negative regulator of the RIG-I mediated signaling
pathway. RNF90 was induced during RNA virus infection,
interacted with MAVS, and promoted the K48-linked
ubiquitination and subsequent proteasome-dependent
degradation of MAVS. RNF90 deficiency enhanced RNA virus-
triggered innate immune responses and protected mice from
RNA virus infection. Thus, our study demonstrated that RNF90
promoted MAVS degradation and suggest a novel mechanism
that regulates antiviral immune responses of host cells against
RNA virus invasion.

MATERIALS AND METHODS

Mice

We generated RNF90-deficient mice as described previously
(34). The sequences of sgRNA were: K1 (GGCGGAGTTCC
AAGCGCTGCGGG), K2 (GGGTCGGCTTCTAAG
CCGACTGG) and K3 (CTGGATCTGGCCGCTGAGTTTGG).
No RNF90 mRNA or truncated proteins were detected in the
RNF90-deficient mice. Mice were housed in a facility with access
to food and water and were maintained under a 12-h light/12-h
dark cycle. All animal procedures were performed according to
guidelines approved by the committee on animal care at
Xinxiang Medical University, China. The age- and sex-
matched wildtype (WT) and RNF90-deficient mice were used
in the experiments.

Plasmids

Plasmids encoding human RNF90 or its deletion mutants were
constructed as described previously (34). HA-Ubi, HA-K48-Ubi,
HA-K63-Ubi, HA-K48R-Ubi, HA-K63R-Ubi, pIFN-f-Luc, HA/
Flag-MAV'S were obtained as described previously (26). HA-K6-
Ubi (22900), HA-K11-Ubi (22901), HA-K27-Ubi (22902), HA-
K29-Ubi (22903), HA-K33-Ubi (17607) were purchased
from Addgene.

Reagents

The antibodies for immunoblot analysis or immunoprecipitation
were listed as follows: anti-Flag (F3165, Sigma-Aldrich),
anti-HA (901515, Biolend), anti-Myc (66004-1-Ig, Proteintech),
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anti-RNF90 (sc-109107, Santa Cruz; ab170538, Abcam), anti-
MAVS (14341-1-AP, Proteintech), anti-p-TBK1 (5483T, Cell
Signaling Technology), anti-TBK1 (CSB-PA024154LA01HU,
Flarbio), anti-p-IRF3 (4947, Cell Signaling Technology), anti-
IRF3 (sc-9082, Santa Cruz), anti-p-p65 (3033, Cell Signaling
Technology), anti-p65 (10745-1-AP, Proteintech), anti-STING
(19851-1-AP, Proteintech), anti-Ubi (sc-8017, Santa Cruz), anti-
Ubi-K48 (05-1307, Millipore), anti-Ubi-K63 (05-1313, Millipore),
anti-VSVg (YM3006, Immunoway), anti-H3 (CSB-
PA010109LA01HU, Flarbio), anti-B-tubulin(10068-1-AP,
Proteintech), and anti-B-actin (60008-1, Proteintech). The poly
(I:C) (tlrl-picw), HSV60 (tlrl-hsv60n) and cGAMP (tlrl-nacga23)
were obtained from InvivoGen. The PMA (S1819) was obtained
from Beyotime Biotechnology. MG132 (474790) was purchased
from Millipore. 3-MA (M9281) and NH4Cl (A9434) were
purchased from Sigma-Aldrich.

Cell Culture

HaCaT keratinocytes were obtained from Procell Life Science &
Technology Co., Ltd., (Wuhan, China). HEK293T and THP1
cells were purchased from Stem Cell Bank, Chinese Academy of
Sciences. The procedures for the generation of BMDMs and
MEFs have been described previously (36, 37). THP1 STING-KO
cells (thpd-kostg) were purchased from InvivoGen. RNF90-
deficient HaCaT cells were generated by the Laboratory of
Genetic Regulators in the Immune System in Xinxiang Medical
University through CRISPR/Cas9-mediated gene editing. THP1
cells were cultured in RPMI 1640, whereas HaCaT and
HEK293T cells were grown in Dulbecco’s modified Eagle's
medium (DMEM). Phorbol-12-myristate-13-acetate (PMA)-
differentiated THP1 (PMA-THPI1, a human macrophage-like
cell line) cells referred to THP1 cells that were pretreated with
100ng/ml PMA for 24 h. All cells were supplemented with 10%
EBS (Gibco), 4 mM L-glutamine, 100pg/ml penicillin, and 100U/
ml streptomycin under humidified conditions with 5% CO, at
37°C. Transfection of HaCaT, HEK293T, THP1, MEFs, and
BMDMs was performed with Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions.

Immunoprecipitation and

Immunoblot Analysis

Immunoprecipitation and immunoblot analysis were performed
as described previously (38). Briefly, cells were lysed in lysis
buffer (1.0% Nonidet P-40, 20 mM Tris-HCI, 10% glycerol, 150
mM NaCl, 0.2 mM Na;VO,, ImM NaF, 0.1 mM sodium
pyrophosphate with a protease inhibitor ‘cocktail’ (Roche), pH
8.0). After centrifugation for 20 min at 14,000g, supernatants
were collected and incubated with the indicated antibodies
together with protein A/G Plus-agarose immunoprecipitation
reagent (sc-2003, Santa Cruz) at 4°C for 3 h or overnight. After
three washes, the immunoprecipitates were boiled in an SDS
sample buffer for 10 min and analyzed by immunoblot.

Nuclear Extracts

The nuclear extracts were prepared as described previously (39). In
short, cells were lysed with fresh buffer A (10 mM HEPES, 1.5 mM
MgClL2 - 6 H20, 10 mM KCI, 0.5 mM DTT, 0.1% Nonidet P-40,

with a protease inhibitor ‘cocktail’ (Roche), pH 7.9). The lysate was
placed on ice for 10 min and centrifuged at 10,000 rpm for 5 min
at 4°C to remove cytoplasmic proteins. Nuclear proteins were
extracted from the pellet in ice-cold fresh buffer C (20 mM
HEPES, 1.5 mM MgCI2 - 6 H20, 0.42 M NaCl, 0.2 mM EDTA,
25% glycerol, 0.5 mM DTT, with a protease inhibitor ‘cocktail
(Roche), pH 7.9). Insoluble material was removed by
centrifugation at 10,000 rpm for 5 min at 4°C. Protein
concentration was measured by BCA protein assay reagent kit.

Real-Time PCR

Total RNA was extracted from the cultured cells with TRIzol
reagent (Invitrogen). All gene transcripts were quantified by real-
time PCR with SYBR Green qPCR Master Mix using a 7500 Fast
real-time PCR system (Applied Biosystems). The relative fold
induction was calculated using the 2 AAC method. The primers
used for real-time PCR were as follows:

Human IFN-f,

Forward, 5- CACGACAGCTCTTTCCATGA -3’;
Reverse, 5- AGCCAGTGCTCGATGAATCT -3
Human CXCL10,

Forward, 5- GGTGAGAAGAGATGTCTGAATCC -3’
Reverse, 5- GTCCATCCTTGGAAGCACTGCA -3
Human TNF-q,

Forward, 5- GGCGTGGAGCTGAGAGATAAC -3’
Reverse, 5- GGTGTGGGTGAGGAGCACAT -3’
Human RANTES,

Forward, 5- TACACCAGTGGCAAGTGCTC -3’
Reverse, 5- ACACACTTGGCGGTTCTTTC -3’
Human ISG56,

Forward, 5°- GCCATTTTCTTTGCTTCCCCTA -3%
Reverse, 5- TGCCCTTTTGTAGCCTCCTTG -3’
Human GAPDH,

Forward, 5-TCAACGACCACTTTGTCAAGCTCA-3%;
Reverse, 5-GCTGGTGGTCCAGGTCTTACT-3’
Mouse IFN-j3,

Forward, 5°- TCCTGCTGTGCTTCTCCACCACA -3’
Reverse, 5- AAGTCCGCCCTGTAGGTGAGGTT -3’
Mouse CXCL10,

Forward, 5°- ATCATCCCTGCGAGCCTATCCT -3’
Reverse, 5- GACCTTTTTTGGCTAAACGCTTTC -3’
Mouse TNF-q,

Forward, 5- CGTAGGCGATTACAGTCACGG -3’;
Reverse, 5- GACCAGGCTGTCGCTACATCA -3’
Mouse ISG56,

Forward, 5-ACAGCAACCATGGGAGAGAATGCTG-3%
Forward, 5-ACGTAGGCCAGGAGGTTGTGCAT-3
Mouse GAPDH,

Forward, 5- ACGGCCGCATCTTCTTGTGCA-3’;
Reverse, 5- ACGGCCAAATCCGTTCACACC-3’.
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ELISA

The culture media of BMDMs and MEFs or the serum of mice
were collected for measurement of IFN-B (PBL) and TNF-o
(Thermo Fisher Scientific) by ELISA according to the
manufacturer’s instructions.

RNA Interference

RNF90 Stealth-RNAi siRNA was designed by the Invitrogen
BLOCKIT RNAi Designer. The small interfering RNA (siRNA)
sequences used were as follows:

R2,

Forward, 5-GAGGACUGUGAGGUGUUCCGGUCCA-3’;
Reverse, 5-UGGACCGGAACACCUCACAGUCCUC -3’
R3,

Forward, 5-CAGUCUCUUCUGAGAUGAAGAAUAA-3’;
Reverse, 5-UUAUUCUUCAUCUCAGAAGAGACUG -3’

The Silencer Select negative control siRNA was obtained from
Invitrogen (Catalog n0.4390843). Lipofectamine 2000 was used
for the transfection of PMA-THP1 or HaCaT cells with siRNA.

Viruses and Infection

Cells were infected with VSV (MOI=1) for 1.5 h. Then the cells
were washed with PBS and cultured in fresh media. For the in
vivo study, age- and sex-matched mice were intravenously or
intraperitoneally infected with VSV. VSV viral titer was
determined by the plaque-forming assay on Vero cells.

In Vitro Ubiquitination Assay

MAVS, RNF90, and RNF90 mutants were expressed with a TNT
Quick-coupled Transcription/Translation Systems kit (L1171,
Promega). In vitro ubiquitination assay was performed with a
ubiquitination kit (BML-UW9920, Enzo Life Science) following
the manufacturer’s instructions.

Luciferase Reporter Gene Assay

Luciferase reporter gene assays were performed as described
previously (38). In short, HEK293T cells were transfected with
indicated plasmids. 24 h after transfection, cells were lysed, and
reporter activity was analyzed with the Dual-Luciferase Reporter
Assay System (Promega).

Confocal Microscopy

After treatment, HEK293T cells were fixed with 4% PFA in PBS,
permeabilized with Triton X-100, and then blocked with 1%
BSA in PBS. Nuclei were stained with 4, 6-diamidino-2-
phenylindole (DAPI).

Statistics

The data are presented as the means + SD from at least three
independent experiments. The statistical comparisons between the
different treatments were performed using the unpaired Student
t-test, and P < 0.05 was considered statistically significant.

RESULTS

RNF90 Negatively Regulates RNA Virus-
Induced Innate Immune Responses

Our previous work indicated that RNF90 negatively regulated
DNA virus- or cytosolic DNA-triggered antiviral innate immune
responses (34). We wondered whether RNF90 has a role in RNA
virus-triggered signaling pathways. To address this issue, firstly,
we examined the expression pattern of RNF90 upon poly (I:C)
transfection or RNA virus infection. As shown in Figures 1A, B,
immunoblot results indicated that RNF90 expression was
induced in PMA-THP1 cells upon VSV infection (Figure 1A)
or poly (I:C) transfection (Figure 1B). Then, we evaluated the
effect of RNF90 on RNA virus-induced immune responses.
Induction of IFN-B, CXCL10, and RANTES upon poly (I:C)
transfection or VSV infection was inhibited by RNF90
overexpression in mRNA levels (Figures 1C, D). Next, we
used the knockdown approach to further address endogenous
RNF90 in RNA virus-triggered innate immune responses. PMA-
THP1 cells were transfected with control siRNA (SC) or two
pairs of siRNA oligonucleotides specific for RNF90 RNA (R2,
R3). As shown in Figure 2A, both R2 and R3 inhibited
endogenous RNF90 expression. In PMA-THP1 cells, real-time
PCR results indicated the production of IFN-f3 and CXCL10 was
increased in RNF90-silenced PMA-THP1 cells compared to SC-
transfected cells upon poly (I:C) transfection (Figure 2B).
Consistently, RNF90 knockdown promoted VSV-induced
antiviral immune responses, including the production of IFN-f3,
CXCLI10, and RANTES (Figure 2C) and the phosphorylation of
TBK1, IRF3, and p65 (Figure 2D). In addition, standard plaque
assay was performed to analyze virus titers in the cell supernatants.
The results indicated RNF90 knockdown decreased VSV titers
(Figure 2E), suggesting the VSV-triggered antiviral immune
responses was inhibited by RNF90. Altogether, our results
suggested a negative regulatory role of RNF90 in RNA virus-
induced innate immune responses.

RNF90 Deficiency Promotes RNA Virus-
Triggered Innate Immune Responses in
HaCaT Cells

To further investigate the role of RNF90 in RNA virus infection,
we generated the RNF90-deficient HaCaT cell line by CRISPR/
Cas9 strategy. As shown in Figure 3A, the expression of RNF90
could not be detected in RNF90-deficient HaCaT cells by
immunoblot assays. Then we stimulated the RNF90-deficient
HaCaT cells and WT HaCaT cells with poly (I:C) transfection or
VSV infection and evaluated the effects of RNF90 on RNA virus-
triggered immune responses. Real-time PCR assays indicated
that, compared to WT HaCaT cells, RNF90-deficient HaCaT
cells exhibited higher IFN-f§ and CXCL10 production upon poly
(I:C) transfection or VSV infection (Figures 3B, C). In addition,
in RNF90-deficient HaCaT cells, the phosphorylation of TBK1,
IRF3, and p65 was higher than that in WT HaCaT cells
(Figure 3D). Finally, immunoblot results demonstrated
decreased virus protein VSVg in RNF90-deficient HaCaT cells
(Figure 3E). Altogether, our findings suggested RNF90
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FIGURE 1 | RNF90 overexpression inhibits RNA virus-triggered innate immune responses. (A) PMA-THP1 cells were stimulated with HSV-1 (MOI = 1) or VSV

(MOI = 1) for 8 h. Afterwards, the cells were lysed for immunoblot assays. (B) PMA-THP1 cells were transfected with 1 ug/ml HSV60, 2.5 pg/ml poly(l:C), or 1 ug/ml
cGAMP (B) for 8 h. Afterwards, the cells were lysed for immunoblot assays. (C, D) HEK293T cells were transfected with an empty vector (Vec) or RNFO0 plasmid.
At 24 h after transfection, HEK293T cells were treated with poly(l:C) (2.5 ug/ml) (C) or VSV (MOI = 1) (D) for indicated time periods. Then the cells were lysed for
real-time PCR analysis. B-actin was used as a loading control in all the immunoblot assays. The data are representative of three independent experiments and are
presented as mean + SEM. *P < 0.05, **P < 0.01, **P < 0.001.

deficiency in HaCaT cells enhanced RNA virus-triggered innate  infection (Figures 4D, 5C). Furthermore, in MEFs and
immune responses, suggesting the inhibitory role of RNF90 in ~ BMDMs isolated from WT mice, the impairment of RNF90

RNA virus-induced signaling pathways. resulted in enhanced phosphorylation of TBK1, IRF3, and p65

upon poly (I:C) transfection or VSV infection (Figures 4E, 5D).
RNF90 Deficiency Promotes RNA Virus- VSV triggered the nuclear accumulation of IRF3, and p65 was
Triggered Innate Immune Responses in observed in BMDMs (Figure 5E). In BMDMs isolated from
Primary MEFs and BMDMs RNF-deficient mice, the VSV-triggered nuclear accumulation of

Next, we isolated and cultured the primary MEFs and BMDMs  IRF3 and p65 was enhanced (Figure 5E). VSV infection was also
from RNF90-deficient mice and examined the effects of RNF90 ~ suppressed by RNF90 deficiency as suggested by VSV titers using
deficiency on RNA virus-triggered antiviral immune responses  plaque assays in MEFs and VSV protein VSVg expression using
in primary non-immune and immune cells. As shown in immunoblot assays in BMDMs (Figures 4F, SF) Altogether, our
Figures 4A, B, RNF90 deficiency enhanced the production of  findings in RNF90-deficient primary non-immune and immune
IEN-B, CXCL10, ISG56, and TNF-o. in mRNA levels in MEFs cells confirmed that RNF90 inhibited RNA virus-triggered innate
upon the treatment of poly (I:C) transfection or VSV infection. =~ immune responses.

Similar results were obtained from BMDMs isolated from

RNF90-deficient mice (Figures 5A, B). The increase of IFN-p  RNF90 Deficiency Protects Mice From

and ISG56 in RNF90-deficient MEFs upon VSV infection could ~ RNA Virus Infection

be blocked by RNF90 transfection (Figure S1). Additionally, = Next, WT and RNF90-deficient mice were used to investigate the
ELISA assays confirmed the increase of IFN-, and TNF-oo  role of RNF90 in antiviral immune responses against VSV
production in protein levels in RNF90-deficient MEFs, infection in vivo. RNF90-deficient mice exhibited prolonged
compared to WT MEFs, upon the treatment of poly (I:C)  survival after VSV infection, suggesting the protective role of
transfection (Figure 4C). Consistently, compared to the cells RNF90 impairment during VSV infection in mice (Figure 6A).
isolated from WT mice, RNF90-deficient MEFs and BMDMs  Additionally, less lung destruction was observed in the lungs
exhibited a higher IFN- and TNF-o production after VSV from RNF90-deficient mice than that from WT mice after VSV
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FIGURE 2 | RNF90 knockdown promotes RNA virus-triggered innate
immune responses. (A) PMA-THP1 cells were transfected with control SiRNA
(SC) or RNF90-specific siRNA (R2 and R3). At 24 h after transfection, the
cells were infected with VSV (MOI = 1) for 8 h and then lysed for immunoblot
assay. (B, C) PMA-THP1 cells were transfected with control siRNA (SC) or
RNF90-specific siRNA (R3). 24 h later, PMA-THP1 cells were treated with
poly(l:C) (2.5 ug/ml) for 8 h (B) or VSV (MOI = 1) (C) for indicated time
periods. Then the cells were lysed for real-time PCR analysis. (D) PMA-THP1
cells were transfected with control siRNA (SC) or RNF90-specific siRNA (R2,
R3). At 24 h after transfection, the cells were infected with VSV (MOI = 1) for
8 h. Then, the cells were lysed for immunoblot analysis. (E) PMA-THP1 cells
were transfected with control sSiRNA (SC) or RNF90-specific siRNA (R3). At 24
h after transfection, the cells were infected with VSV (MOI = 1) for 24 h. The
titers of VSV were determined by standard plaque assay. B-actin was used as
a loading control in all the immunoblot assays. The data are representative of
three independent experiments and are presented as mean + SEM.

*P < 0.05, P < 0.01, **P < 0.001.

infection (Figure 6B). Compared to WT mice, higher IFN-f3 and
TNF-o expression levels were observed in the serum of RNF90-
deficient mice upon VSV infection (Figure 6C). Next, we
evaluated the antiviral immune responses in different organs of
mice. As shown in Figures 6D-F, in lung, liver, and spleen,
RNF90 impairment significantly promoted VSV-triggered
antiviral immune responses, as suggested by the increased
production of IFN-B, CXCL10, ISG56, and TNE-q. Altogether,
our findings suggested that RNF90 deficiency protected mice
from RNA virus infection.

The Effect of RNF90 on RNA Virus
Infection Is Independent of STING

STING has been reported to play a very important role in both
RNA viruses- and DNA viruses-induced antiviral immune
responses (40-43). Our previous study clarified that RNF90
negatively regulated DNA virus- or cytosolic DNA-triggered
antiviral immune responses by targeting STING for
degradation (34). Therefore, we wondered whether the effect of
RNF90 on RNA virus-induced signaling pathways is
independent of STING. To address this question, we
constructed STING-deficient THP1 cells and examined the
role of RNF90 in RNA virus-triggered immune responses in
the absence of STING. As is shown in Figures 7A, S2, STING-
deficient THP1 cells showed undetectable STING expression and
impaired IFN-B production upon poly(dA:dT) or HSV60
transfection. Then, control siRNA (SC) or RNF90-specific
siRNA (R3) were transfected into STING-deficient PMA-THP1
cells (Figure 7B). Real-time PCR assays indicated RNF90
knockdown promoted the production of IFN-, CXCL10, and
ISG56 upon poly (I:C) transfection or VSV infection in the
absence of STING, suggesting RNF90 negatively regulated
RNA virus-triggered immune responses targeting other
proteins involved in the RLR signaling pathway. Altogether,
our findings suggested that the effect of RNF90 on RNA
virus-triggered antiviral immune response is independent
of STING.

RNF90 Interacts With MAVS

To explore the molecular mechanisms underlying the negative
regulatory role of RNF90 in RNA virus-triggered anti-viral
immune responses, we first identified the target protein of
RNF90 by luciferase assay. RIG-I, MAVS, TBK1, and IRF3-5D
(the constitutively active mutant of IRF3) are essential to the VSV-
induced antiviral signaling pathways. Thus, we examined the
effects of RNF90 overexpression on IFN-f reporter activation
induced by these molecules. As shown in Figure 8A, RNF90
overexpression inhibited IFN-} reporter activation induced by
RIG-I, and MAVS, but not by TBK1 and IRF3-5D. Thus, we
hypothesized that RNF90 might target MAVS to inhibit RIG-I
signaling. To address this hypothesis, we investigated whether
RNF90 interacted with MAVS. HA-RNF90 and Flag-MAVS were
co-transfected into HEK293T cells, and co-immunoprecipitation
assays revealed that RNF90 interacted with MAVS (Figure 8B).
Additionally, confocal microscopy indicated that Flag-RNF90
colocalized with endogenous MAVS in mitochondria in
HEK293T cells with or without poly (I:C) stimulation
(Figure 8C). We further performed endogenous co-
immunoprecipitation experiments, which indicated that RNF90
interacted with MAVS in untreated PMA-THP1 cells, and VSV
infection enhanced the interaction at 4 h after infection
(Figure 8D). Similar results were observed in VSV-infected
HaCaT cells (Figure 8E). Next, we tried to figure out the region
of MAVS responsible for its interaction with RNF90. As shown in
Figures 8F, G, the residues aal80-360 of MAVS have the strongest
association with RNF90, whereas aa 360-540 of MAVS lost the
ability to interact with RNF90, suggesting the N-terminal of
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FIGURE 3 | RNF90 deficiency promotes RNA virus-triggered innate immune responses in HaCaT cells. (A) WT and RNF90-deficient (KO) HaCaT cells were lysed for
immunoblot analysis. (B, C) WT and RNF90-deficient (KO) HaCaT cells were treated with poly (1:C) (2.5 ug/ml) (B) or VSV (MOI = 1) (C) for indicated time points and
then lysed for real-time PCR analysis. (D) WT and RNF90-deficient (KO) HaCaT cells were infected with VSV (MOI = 1) for indicated time points and then lysed for
immunoblot analysis. (E) WT and RNF90-deficient (KO) HaCaT were infected with VSV (MOI = 1) for indicated time points and then lysed for immunoblot analysis.
B-actin served as a loading control in all the immunoblot assays. The data are representative of three independent experiments. *P < 0.05, **P < 0.01, **P < 0.001.

MAVS is responsible for interaction with RNF90. Finally, we
mapped the binding regions on RNF90 for MAVS association. As
shown in Figures 8H, I, the aa 1-166 and aa 324-511 of RNF90
exhibited no association with MAVS, whereas aa 167-511, aa 1-
323, and aa 85-511 of RNF90 maintained the association with
MAVS, suggesting aa 167-323 containing the coiled-coil structure
might contribute to its interaction with MAVS. Altogether, our
findings suggested RNF90 interacted with MAVS.

RNF90 Promotes the Degradation of MAVS
Given that RNF90 interacted with MAVS, we next explored how
RNF90 regulated the MAVS-mediated signaling pathway. The
stability of MAVS was examined and the immunoblot analysis
indicated that RNF90 overexpression inhibited MAVS
expression in protein levels in cycloheximide (CHX) chase
assay (Figure S3). This inhibition could be reversed by the
proteasome inhibitor MG132, but not by NH4Cl or 3-MA
(Figure 9A), suggesting RNF90 promoted MAVS degradation
in a proteasome-dependent mechanism. Consistently, compared
to WT cells, RNF90-deficient HaCaT cells exhibited a higher
expression of MAVS upon VSV infection (Figure 9B).

RNF90 Promotes the K48-Linked
Ubiquitination of MAVS

Next, we investigated the effect of RNF90 on the ubiquitination of
MAVS. RNF90 was co-transfected with MAVS and ubiquitin, and
the immunoprecipitation and immunoblot analysis indicated that
RNF90 overexpression increased the ubiquitination of MAVS in a
dose-dependent manner (Figure 9C). RING-domain containing

conserved cysteine and histidine residues is essential for the
activity of RING-type ubiquitin-protein ligases (22). The C29,
32A mutant of RNF90, in which the integrity of the RING domain
was destroyed (30), lost the ability to promote the ubiquitination
of MAVS, suggesting the important role of the RING domain in
the function of RNF90 (Figure 9D). Additionally, in vitro
ubiquitination assays indicated that RNF90 enhanced the
ubiquitination of STING directly (Figure 9E). Consistently, C29,
32A mutant of RNF90, or the RNF90 mutant lacking RING
domain (AR) could not increase the ubiquitination of STING
directly (Figure 9F). In addition, compared to WT RNF90, C29,
32A, and AR mutants exhibited less inhibition on the activation of
TBK1, IRF3, and p65 upon VSV infection (Figure 9G).
Ubiquitin contains seven Lys residues (K6, K11, K27, K29, K33,
K48, and K63) and seven different polyubiquitin chains can be
generated (19). Ubiquitin mutants retaining only a single lysine
residue were used to determine the type of linkage enhanced by
RNF90 in the ubiquitination of MAVS (Figure 10A). As shown in
Figure 10B, RNF90 promoted K48 mutants (only the Lys residue
48 was retained) mediated ubiquitination of MAVS, whereas
showed no detectable effect on the ubiquitination mediated by
the other six types of mutants, suggesting RNF90 promoted the
K48-linked ubiquitination of MAVS. To further confirm the
phenomenon, two mutants of ubiquitin, K48R (only the Lys
residue 48 was mutated to Arg) and K63R (only the Lys residue
63 was mutated to Arg), were transfected into HEK293T cells with
MAVS and RNF90. Immunoprecipitation and immunoblot
analysis indicated that RNF90 promoted K63R mediated
ubiquitination of STING, but not K48R, indicating the Lys
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FIGURE 4 | RNF90 deficiency promotes RNA virus-triggered innate immune responses in MEFs. (A, B) WT and RNF90-deficient (KO) MEFs were treated with poly
(:C) (2.5 ug/mi) (A) or VSV (MOI = 1) (B) for 8 h. The cells were lysed for real-time PCR analysis. (C, D) WT and RNF90-deficient (KO) MEFs were stimulated with
poly(:C) (2.5 ug/ml) (C) or VSV (MOI = 1) (D) for 24 h. The supernatants were collected and subjected to ELISA analysis. (E) WT and RNF90-deficient (KO) MEFs
were transfected with poly (1:C) (2.5 ug/ml) or VSV (MOI = 1) for indicated time points. Then the cells were lysed for immunoblot analysis. (F) WT and RNF90-
deficient (KO) MEFs were infected with VSV for 24 h. The titers of VSV were determined by standard plagque assays. B-actin served as a loading control in all the
immunoblot assays. The data are representative of three independent experiments and are presented as mean + SEM. *P < 0.05, **P < 0.01, **P < 0.001.

residue 48 was essential to the RNF90-triggered linkage of MAVS ~ responses targeting STING (34). Because of the important role of
with ubiquitin (Figure 10C). Furthermore, RNF90-deficiency in ~ STING in the RNA virus-triggered signaling pathway (45), it is
HaCaT cells inhibited poly(I:C) transfection induced K48-linked  reasonable for us to propose the hypothesis that RNF90 could act
ubiquitination of MAVS, but no significant effect of RNF90 was  as a negative regulator during RNA virus infection. To prove our
observed on K63-linked ubiquitination of MAVS (Figure 10D).  hypothesis, first of all, we explored whether RNF90 was
Additionally, RNF90-deficient MEF cells exhibited weaker K48-  expressed during RNA virus infection and our findings
linked ubiquitination of MAVS upon VSV infection (Figure 10E)  indicated that RNF90 expression was induced upon poly (I:C)
than WT cells. Altogether, our data indicated that RNF90  transfection or RNA virus infection. Next, we evaluated the effect
promoted the K48-linked ubiquitination of MAVS and its  of RNF90 on RNA virus-induced immune responses in cells with
subsequent proteasome-dependent degradation. RNF90 overexpression, RNF90-silenced cells, RNF90-deficient

cells, and RNF90-deficient mice. Firstly, RNF90 overexpression

in HEK293T cells inhibited IFN-B, CXCL10, and RANTES
DISCUSSION production upon poly (I:C) transfection or VSV infection.

Secondly, in RNF90-silenced PMA-THP1 cells, VSV triggered
In recent years, accumulating evidence has demonstrated the  antiviral innate immune responses was promoted, compared to
critical role of ubiquitination in regulating antiviral innate ~ PMA-THP1 cells transfected with control siRNA. Thirdly, we
immune responses (44). Our previous research work suggested ~ generated RNF90-deficient HaCaT cell line by CRISPR/Cas9
RNF90 negatively regulated DNA virus-triggered innate immune  strategy, in which higher expression of IFN- and CXCLI10,
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FIGURE 5 | RNF90 deficiency promotes RNA virus-triggered innate immune responses in BMDMs. (A, B) WT and RNF90-deficient (KO) BMDMs were treated with
poly(:C) (2.5 ug/ml) (A) or VSV (MOI = 1) (B) for indicated time periods. Then the cells were lysed for real-time PCR analysis. (C) WT and RNF90-deficient (KO)
BMDMs were infected with VSV (MOI = 1) for 24 h. The supernatants were collected and subjected to ELISA analysis. (D) WT and RNF9O0-deficient (KO) BMDMs
were treated with poly(1:C) (2.5 ug/ml) or VSV (MOI = 1) for indicated time periods. Then the cells were lysed for immunoblot analysis. (E) WT and RNF90-deficient
(KO) BMDMs were infected with VSV (MOI = 1) for indicated time points and then fractionated into cytosolic and nuclear subfractions. The immunoblot assay was
performed as indicated. (F) WT and RNF90-deficient (KO) BMDMs were infected with VSV (MOI = 1) for indicated time points. Then the cells were lysed for
immunoblot analysis. B-actin served as a loading control in all the immunoblot assays. The data are representative of three independent experiments. *P < 0.05,
P < 0.01, P < 0.001.

enhanced activation of TBK1, IRF3, and p65, decreas

expression of virus protein VSVg was observed upon VSV
infection. Fourthly, we isolated and cultured the primary MEFs
and BMDMs from WT and RNF90-deficient mice. Consistently,

RNF90-deficient primary MEFs and BMDMs exhibit
potentiated activation of TBK1, IRF3, and p65 and enhanc
production of IFN-B, CXCL10, ISG56, and TNF-o. after t

stimulation of VSV or poly (I:C). Finally, RNF90-deficient mice
exhibited prolonged survival and increased production of type I

IFN and proinflammatory cytokine in the lung, liver, and sple

during VSV infection. All these data strongly demonstrated that
RNF90 negatively regulated RNA virus-induced innate

immune responses.

Then, we tried to explore whether the effect of RNF90 on
RNA virus-triggered innate immune responses was dependent

on STING. Surprisingly, in STING-deficient THP1 cells, RNF

knockdown still affected the production of IFN-f, CXCL10, and

ed  ISG56 upon poly (I:C) transfection or VSV infection, suggesting
the effect of RNF90 on RNA virus-triggered antiviral immune
response is independent of STING. Thus, during the negative
regulation of RNA virus-triggered immune responses by RNF90,
other target proteins regulated by RNF90 needed to be identified.
Then, luciferase assays were performed to identify the
downstream signaling and target protein of RNF90, revealing
that MAVS might be the target protein. Next, both co-
immunoprecipitation assays and confocal microscopy indicated
RNF90 interacted with MAVS, and this interaction was
enhanced by viral infection. Considering the essential role of
MAVS in the RLR signaling pathway, it was reasonable that
RNF90 might target MAVS for the negative regulation of innate
immune responses against RNA viruses. Our previous data
have demonstrated that RNF90 promotes the K48-linked
ubiquitination on K150 and degradation of STING (34), so we
first examined whether RNF90 had similar effects on MAVS. As

ed
ed
he

en

90
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FIGURE 6 | RNF90 deficiency protects mice from RNA virus infection. (A) Sex and age-matched WT and RNF90-deficient (KO) mice (n = 5) were intraperitoneally (i.p.)
infected with VSV [5x10® plague-forming units (PFU)]. Mouse survival rates were observed and recorded for 15 days. The data were analyzed by Log-rank (Mantel-Cox)
test. (B) Sex and age-matched WT and RNF90-deficient (KO) mice were intraperitoneally (i.p.) infected with VSV (5x10” PFU) for 24 h, and lung sections were analyzed
by H&E staining. Scale bars, 200 um. (C) ELISA of IFN-B and TNF-a. in serum of WT and RNF90-deficient (KO) mice 6 h after intraperitoneal (i.p.) infection with VSV
(5x10” PFU). (D-F) WT and RNF90-deficient (KO) mice were intraperitoneally infected with VSV (5x10” PFU) for 24 h, and then the lungs (D), livers (E), and spleens (F) of
the mice were subjected to real-time PCR analysis. The data are representative of three independent experiments. *P < 0.05, **P < 0.01.

FIGURE 7 | RNF90 inhibits RNA virus-triggered innate immune
independent of STING Signaling. (A) WT and STING-deficient (K

(B) STING-deficient (KO) PMA-THP1 cells were transfected with

as mean + SEM. *P < 0.01, **P < 0.001.
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cells were lysed for immunoblot analysis. B-actin served as a loading control.

control siRNA

(SC) or RNF90-specific siRNA (R3) for 24 h and then transfected with poly (I:C)
or infected with VSV for 8 h. Then, the cells were lysed for real-time PCR assays.
The data are representative of three independent experiments and are presented

expected, RNF90 increased the K48-linked ubiquitination and
the subsequent degradation of MAVS in a proteasome-
dependent mechanism, which relied on the RING domain of
RNF90. However, we did not find the motif in the sequence
of MAVS similar to that contained K150 in STING. Thus, as
shown in Figure 11, our findings suggest a novel mechanism of
negative regulation of antiviral innate immune response against
RNA viruses.

Whereas the essential role of STING in DNA virus- or
cytosolic DNA-triggered innate immune responses has been
clarified (40-43), the function and mechanisms of STING in
RNA virus-triggered antiviral immune responses remain less
clear (46). It seems that STING regulates innate immune
responses against RNA viruses in a virus- and cell-type-specific
manner (45). For example, STING-deficient MEFs exhibited
high susceptibility to VSV infection, but STING-deficient
BMDCs or BMDMs did not (45). Furthermore, STING-
deficient mice were defective in type I IFN production upon
VSV infection but not encephalomyocarditis virus (EMCV),
suggesting that STING may be only involved in RIG-I, but not
MDA5-mediated signaling (45). Our research findings indicated
RNF90 regulated RNA-triggered immune responses targeting

Frontiers in Immunology | www.frontiersin.org

August 2021 | Volume 12 | Article 730483


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

B0 uisienuol; Mmm | ABojountuwl Ul SienuolH

£870€/ 8oy | 2L sWnoA | 120z 1snbny

A B D
Vec
22007 mRNF90
g Flag-MAVS - IP Ab IgG MAVS
£150 1—,HA9RNF90 + i VSV(h)y 0 0 4 8
€100 IB:anti-HA wea| anti-RNFOO| - |
2 50 g DlIB:anti-Flag] _ w=me| anti-MAVS PR —
© *k ©
< 0 \ Iy 0 ) Input nput
KT Y ——
R\ & -ant-riagy e anti-MAVS g see « =
. = I 2
anti-Flag —__EMAVS @\3
ant-HA [= = = = = R0 IPAb 196 _MAVS &
anti-p-actine=we————— VSV(h) 0 0 4 8
¢ RNF90 MAVS Mito Merge  a@nti-RNF90 )
anti-MAVSM
Mock Inpu
anti-RNF90]  +« = =
anti-MAVS [gus - =

.-.- RNF904I RING HBBOW CC j{SPRY}~

166 323 511
F 173 514 \ .\ i
MAVS -CARD ™ NN q, s (o'\
‘ Hm' ‘- Flag RNFOO - AOW »@ NP PP
o P HA-MAVS + + + + + e +Mr(KD)
G N '56%0' N —|IB:anti-HA [ —— — o -F 72
Flag-MAVS - <N Mmrkp) 3|
HA-RNFO0 + + + + + + T ™ 55
2|IB:anti-HA v= . ..o= |55 ] .
4 —— IB:anti-Flag - 40
D - e anetigy |0 T e-en
Q||B:anti-Flag & 25
- [25 _[IB:anti-HA [== o= o= = o= o= e /2
_lB:anti-HA -——-—Lss .g p— _55
2 = =140
= i - L IB:anti-Fla -
~lIB:anti-Flag - 38 : g
-25 25

FIGURE 8 | RNF90 interacts with MAVS. (A) HEK293T cells were transfected with an IFN-B Iuciferase reporter, together with RIG-I, MAVS, TBK1, or IRF3-5D and the empty vector (Vec) or the RNF90 plasmid. At
24h after transfection, the cells were lysed for luciferase assay and immunoblot analysis. B-actin served as a loading control. **P < 0.01. (B) HEK293T cells were transfected with HA-RNF90, together with the empty
vector (-) or Flag-MAVS plasmid. At 24 h after transfection, the cells were lysed and subjected to immunoprecipitation (IP) and immunoblot (IB) analysis. (C) HEK293T cells were transfected with Flag-RNF9O0, at 24 h
after transfection, HEK293T cells were stimulated with poly(1:C) (2.5 ug/ml) or left untreated for another 8 h. Immunofluorescence was performed using anti-Flag (green) and anti-MAVS (red). Mitochondria and Nuclei
were stained with Mito Tracker or DAPI, respectively. Scale bars, 10 um. (D, E) PMA-THP1 cells (D) or HaCaT cells (E) were infected with VSV (MOI = 1) for indicated time points, and then the cell lysates were
subjected to immunoprecipitation (IP) and immunaoblot (IB) analysis as indicated. (F) A schematic presentation of full-length MAVS and its mutants. (G) HEK293T cells were transfected with plasmids as indicated. At
24 h after transfection, the cell lysates were subjected to immunoprecipitation (IP) and immunoblot (IB) analysis as indicated. (H) A schematic presentation of full-length RNFO0 and its mutants. (I) HEK293T cells
were transfected with plasmids as indicated. At 24 h after transfection, the cell lysates were subjected to immunoprecipitation (IP) and immunoblot (IB) analysis as indicated. The data are representative of three

independent experiments.
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FIGURE 9 | RNF90 enhances the degradation of MAVS (A) HEK293T cells were transfected with HA-MAVS and the increasing amounts of RNF90 plasmids as indicated. 24 h later, cells were treated with DMSO
as control, MG132 (20 mM), NH,CL (5 mM), or 3-MA (2 mM) separately for 6 h and lysed for immunoblot assays (Top). The quantity of MAVS expression was normalized by B-actin (Bottom). (B) WT and RNF90-
deficient (KO) HaCaT cells were infected with VSV (MOI = 1) for indicated time points, and the cell lysates were then subjected to immunoblot analysis. -actin served as a loading control in all the immunoblot
assays. (C) HEK293T cells were transfected with the indicated plasmids and increasing amounts of Myc-RNF90 (0, 0.5, 1, and 2 pg). 24 h later, cells were treated with MG132 (20 mM) for 6 h. Then, the cells were
lysed and subjected to immunoprecipitation (IP) and immunobilot (IB) analysis. (D) HEK293T cells were transfected with HA-Ubiquitin (Ubi) plasmid, with empty vector (-), WT Flag-RNF90, or C29, 32A mutant
plasmid. At 24 h after transfection, the cells were lysed and subjected to immunoprecipitation (IP) and immunoblot (IB) analysis. (E, F) Immunoblot analysis of MAVS ubiquitination in vitro. MAVS and WT RNF90

(E) or its mutants (F) were quickly translated in vitro, and the biotin-ubiquitin E1 and indicated E2s were added for the in vitro ubiquitination assays. Ubiquitination of MAVS was detected by anti-Ubi. (G) RNF90-
deficient MEFs were transfected with indicated plasmids. At 24 h after transfection, the cells were infected with VSV (MOI = 1) for 4 h, and then the cell lysates were subjected to immunoblot analysis. The data are
representative of three independent experiments.
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FIGURE 10 | RNF90 promotes K48-linked ubiquitination of MAVS. (A) A schematic presentation of Ubi and its mutants. (B, C) HEK293T cells were transfected with the indicated plasmids. At 24 h after
transfection, immunoprecipitation (IP) and immunobilot (IB) analysis were performed as indicated. (D) WT and RNF90-deficient (KO) HaCaT cells were stimulated with poly(l:C) (2.5 pg/ml) for the indicated time points.
Then the cells were lysed and subjected to immunoprecipitation (IP) and immunoblot (IB) analysis. (E) WT and RNF90-deficient (KO) MEFs were infected with VSV (MOI = 1) for the indicated time points. Then the
cells were lysed and subjected to immunoprecipitation (IP) and immunobilot (IB) analysis. The data are representative of three independent experiments.
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FIGURE 11 | A schematic model illustrating functional involvement of RNF90 in MAVS-mediated antiviral signaling. Upon RNA virus infection, RIG-I binds to viral
dsRNA and activates MAVS. MAVS recruits TRAF3 and TRAF6 to activate type | IFN and inflammation cytokines production. Host protein RNF9O0, as identified in this
study, ubiquitinates MAVS for degradation and tones down the responses to RNA virus infection, thereby contributing to the maintenance of balanced antiviral innate

MAVS, independent of STING, suggesting the negative
regulatory role of RNF90 in the process of RNA virus infection
may be universal. Thus RNF90 has the potential to manipulate
the signaling pathways mediated by both RIG-I and MDAS5.

Several molecules have been identified to target MAVS to
regulate the antiviral signaling pathway (47). It is unclear why
different molecules are needed to control MAVS degradation to
turn off the antiviral innate immune responses. It will be very
interesting to investigate these regulators’ expression patterns
and functions during specific viral infections. Further
investigations about the collaboration of these factors
responsible for MAVS degradation in human diseases are also
needed to address this issue.

In summary, our data suggest that RNF90, the expression of
which is induced by the infection of RNA viruses, negatively
regulates MAVS-mediated innate immune responses against
RNA viruses. RNF90 interacts with MAVS, promotes its K48-

linked ubiquitination and subsequent proteasome-dependent
degradation. These results characterized a novel mechanism
underlying the regulation and termination of MAVS-mediated
innate immune responses against RNA viruses.
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Hijacking host ubiquitin pathways is essential for the replication of diverse viruses.
However, the role of deubiquitinating enzymes (DUBS) in the interplay between viruses
and the host is poorly characterized. Here, we demonstrate that specific DUBs are potent
inhibitors of viral proteins from HIVs/simian immunodeficiency viruses (SIVs) that are
involved in viral evasion of host restriction factors and viral replication. In particular, we
discovered that T cell-functioning ubiquitin-specific protease 8 (USP8) is a potent and
specific inhibitor of HIV-1 virion infectivity factor (Vif)-mediated apolipoprotein B mRNA-
editing enzyme catalytic polypeptide-like 3 (APOBEC3)G (A3G) degradation. Ectopic
expression of USP8 inhibited Vif-induced A3G degradation and suppressed wild-type
HIV-1 infectivity even in the presence of Vif. In addition, specific DUBs repressed Vpr-,
Vpu-, and Vpx-triggered host restriction factor degradation. Our study has revealed a
previously unrecognized interplay between the host’s DUBs and viral replication.
Enhancing the antiviral activity of DUBs therefore represents an attractive strategy
against HIVs/SIVs.

Keywords: USP8, deubiquitinating enzymes, antiviral activity, viral proteins, ubiquitin ligase

INTRODUCTION

Ubiquitin modification of proteins regulates their functions and is involved in virtually all aspects of
cellular processes (1). Ubiquitin modification is further regulated by deubiquitinating enzymes
(DUBs). DUBs have been divided according to active site homology into six broad classes (2): Ub-
specific proteases (USPs), Ub C-terminal hydrolases (UCHs), ovarian tumor proteases (OTUs),
Machado-Joseph disease protein domain proteases, JAMM/MPN domain-associated
metallopeptidases (JAMMs), and monocyte chemotactic protein-induced proteins (MCPIPs) (3).
Within the six classes of DUBs, USPs are highly diversified, consisting of more than 50 members.
Many studies have reported mutations in USPs involved in multiple biological processes (4).
However, the role of DUBs in the interplay between viruses and the host is poorly characterized.
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Specific Deubiquitinating Enzymes Against Viruses

Ubiquitin modification of proteins regulates their function
(1, 4, 5) and the reverse process, deubiquitination, is also
important for many biological events (6). The importance of
deubiquitylating enzyme function is underscored by its frequent
deregulation in human diseases such as cancer, infections, and
neurological disease, making these enzymes potential drug targets.
Also, hijacking host ubiquitin pathways is essential for the
replication of diverse viruses (7, 8). The host’s cytidine
deaminase apolipoprotein B mRNA-editing enzyme catalytic
polypeptide-like 3 (APOBEC3) proteins are potent inhibitors of
virion infectivity factor (Vif)-deficient human immunodeficiency
virus 1 (HIV-1AVif) (9, 10). APOBEC3B/DE/G/F (A3B/DE/G/F)
proteins become packaged into HIV-1 virions during virus
production and inhibit viral reverse transcription in newly
infected target cells. Other APOBEC3 protein family members,
including APOBEC3A (A3A), APOBEC3C (A3C), and
APOBEC3H (A3H), also impair HIV-1 replication by packaging
into virions (11). The Vif protein of HIV-1 neutralizes
APOBEC3’s antiviral functions by forming a viral-specific CRL5
E3 ubiquitin ligase complex consisting of CUL5, EIOB/C, and
CBFp (12-14) to promote the polyubiquitination and degradation
of APOBECS3 substrates (15).

Three other HIV/simian immunodeficiency virus (SIV)
accessory proteins, Vpu, Vpr, and Vpx, are also essential
components of viral replication and pathogenesis. Ubiquitin
modification is vital for them on the process of target protein
destruction. HIV-1 Vpu hijacks CUL1 and B-TrCP to form a
CRLI E3 ubiquitin ligase complex, triggering the degradation of
BST-2 (16) and PSGL-1 (17). Vpr recruits DCAF1, DDBI, and
CULA4 to form the CRL4 E3 ubiquitin ligase complex to induce
the degradation of HLTF (18). Vpx proteins of HIV-2Rod and
certain SIVs overcome the antiviral function of SAMHDI1 in
myeloid cells by inducing its polyubiquitination and degradation
(19, 20).

In this report, we demonstrate that DUBs are potent
inhibitors of viral evasion of host restriction. We have
identified various DUBs inhibiting functions of HIV Vif, Vpr,
Vpu, and Vpx proteins. Collectively, our study reveals a
previously unrecognized interplay between the host’s DUBs
and viral replication. Enhancing the antiviral activity of DUBs
therefore represents an attractive strategy against HIVs/SIVs.

RESULTS

T Cell-Specific USP8 Inhibits Vif-Induced
A3G Degradation and Suppresses
Wild-Type HIV-1 Infectivity

The deubiquitination enzyme USP8 is a human T cell-specific
factor regulating T-cell maturation and functions (21, 22), and
CD4" T cells are primary targets of HIV-1 infection. HIV-1 is
potently inhibited by several human cytidine deaminases that are
members of human APOBEC3 proteins. HIV-1 Vif neutralizes
some APOBEC3’s antiviral functions by forming viral-specific
CRLS5 E3 ubiquitin ligase complexes (12, 13, 23, 24) to promote

the polyubiquitination and degradation of APOBEC3 substrates
(Figure 1A). Whether any host factors involved in the
deubiquitination pathway can influence Vif function has not
been explored.

We observed that USP8 is highly expressed in primary CD4" T
cells and myeloid cells compared with HEK293T cells and RD cells
(Figures 1B, C). Primary CD4" T cells and myeloid cells are the
preferred target cells of HIV-1. We screened a library of
mammalian expression vectors that encode 32 USPs twice and
discovered USP8 is distinguished from the group. USP8
significantly impaired Vif-triggered APOBEC3G (A3G)
degradation (Supplementary Figures S1H, I). To investigate
whether endogenous USP8 in T cells has an effect on Vif-
induced A3G degradation, we generated USP8 knocking down
stable cell line in H9 T cells (Supplementary Figure S1A). shCon
and shUSP8 H9 cells were infected with wild-type (WT) HIV-1 at
the same titer or mock infected. As shown in Figure 1D, silencing
USP8 has no effect on endogenous A3G expression (lanes 1 and 3).
A3G was degraded during HIV-1 infection (lanes 1 and 2).
Surprisingly, A3G degradation was enhanced in virus-infected
shUSP8 H9 cells (lanes 2 and 4). In addition, cell supernatants
were collected at different time points, and virus infectivity was
assessed using TZM-BL indicator cells. We found that USP8
knocking down had a positive effect on HIV-1 progeny virus
replication (Figure 1E). A similar result was also determined in
primary CD4" cells (Supplementary Figure S1B). Since USP8
expression in HEK293T cells is lower than that in CD4" T cells, we
detected whether increasing the USP8 expression could affect
HIV-1 Vif function in HEK293T cells. As a result, increasing the
USP8 expression effectively inhibited HIV-1 Vif-induced A3G
degradation (Figure 1F). In the absence of exogenous USP8
expression, HIV-1 Vif induced a >70% reduction in A3G
(Figure 1F, lane 5) when compared to control cells (Figure 1F,
lane 4). The Vif-induced degradation of A3G was essentially
abolished in the presence of increasing amounts of USP8
(Figure 1F, lanes 6 and 7). In the absence of Vif, A3G
expression was not affected by USP8 (Figure 1F, lanes 1-3).
Consistent with previous reports, we also observed that USP8
could rescue Vif expression in a dose-dependent manner, since Vif
was ubiquitinated and degraded via the proteasome pathway (25)
(Figure 1F). Furthermore, silencing endogenous USP8 expression
(Supplementary Figure S1C) enhanced HIV-1 Vif-mediated A3G
degradation in HEK293T cells (Supplementary Figures S1C, D).
The ability of HIV-1 Vif to counteract A3G is quite conserved
among different HIV-1 subtypes. To investigate whether USP8
blocking of anti-A3G activity of Vif is universal, seven viral isolates
from patients representing seven HIV-1 subtypes Vif molecules
were selected (26, 27), except NL4-3 Vif. We validated that USP8
has the ability to block the anti-A3G activity of Vif molecules from
diverse HIV-1 subtypes (Figure 1G).

To examine the possible effect of USP8 on HIV-1 infection, we
first co-expressed increasing amounts of USP8 with HIV-1 (NL4-3).
USP8 expression had no detectable effect on viral protein
expression, as determined by the expression of intracellular HIV-
1 Pr55Gag in HEK293T cells (Supplementary Figure S1E). Virus
release (Supplementary Figure S1F) and the infectivity of the
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FIGURE 1 | T cell-specific ubiquitin-specific protease 8 (USP8) inhibits virion infectivity factor (Vif)-induced apolipoprotein B mRNA-editing enzyme catalytic
polypeptide-like 3 (APOBEC3)G (A3G) degradation and suppresses wild-type (WT) HIV-1 infectivity. (A) A model of HIV Vif assembly with the Cul5, CBFf, and EloB/
C E3 components to mediate polyubiquitination and degradation of the A3G protein. (B) USP8 mRNA expression levels in various cell types were detected by RT-
qPCR. USP8 mRNA expression in HEK293T cell line was set to 1.0. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control. Orange,
myeloid cell lines; blue, CD4™ T cell lines; black, other cell lines. (C) USP8 protein expression levels in various cell types were detected by immunoblotting. (D) The
effect of USP8 silencing on A3G expression in HIV-1-infected H9 cell. H9 USP8 silencing cells were infected with HIV or not for 48 h. Endogenous USP8 and A3G
were analyzed by immunoblotting. Virus infection was determined by Pr55Gag. (E) The effect of USP8 silencing on HIV infectivity in H9 cell. USP8 silencing and its
control H9 cells were infected with HIV for 30 h. The cells were then washed three times with phosphate buffered saline (PBS) and placed in fresh RPMI-1640
medium with 10% fetal bovine serum (FBS). Cell supernatants were then harvested after 24, 48, and 96 h of infection. Virus infectivity was assessed using TZM-BL
indicator cells. (F) USP8 inhibits Vif-mediated A3G degradation. HEK293T cells were transfected with A3G-HA and Vif-HA or its empty vector in the presence of
increasing amounts of USP8-HA. Cells were harvested 48 h after transfection. Protein expression in the cell lysates was analyzed by immunoblotting with anti-HA
antibody targeting USP8-HA, A3G-HA, and Vif-HA proteins. Tubulin was used as a loading control. Quantification of A3G expression was analyzed by ImageJ2X.
A3G expression alone was normalized to 100%. (G) USP8 repressed the anti-A3G activity of Vif molecules from diverse HIV-1 subtypes. HEK293T cells were
transfected with A3G-HA and diverse HIV-1 Vif subtypes or empty vector in the presence or absence of USP8. Cells were harvested 48 h after transfection, and
protein expression in the cell lysates was analyzed by immunoblotting with anti-HA antibody targeting USP8-HA, A3G-HA, and anti-Vif antibody targeting Vif proteins.
Tubulin was used as a loading control. Quantification of ASG expression was analyzed by ImageJ2X. A3G expression alone was normalized to 100%. (H-J) HIV-1
infectivity was significantly reduced when USP8 was co-expressed with ASG. WT HIV-1 and A3G-HA or control vector were co-transfected into HEK293T cells with
increasing amounts of USP8-HA. After 48 h, cells were harvested, and protein expression was analyzed by immunoblotting with anti-Pr55Gag and anti-HA antibody
targeting USP8-HA and A3G-HA proteins. Tubulin was used as a loading control (H). Virion particle-containing supernatants were harvested and filtered through a
0.45-um filter, then concentrated by ultracentrifugation. Virion pellets were immunoblotted with anti-CAp24, anti-Vif, and anti-HA antibody targeting A3G-HA (1). HIV-
1 infectivity was assessed by TZM-bl indicator cells (J). WT HIV-1 infectivity alone was set to 100% (J). Column results were from n = 3 independent biological
experiments (A, F, G, J), and immunoblotting results are representative of n = 3 experiments (F, H). Means and standard deviations are presented. The statistical
significance analyses were performed using two-sided unpaired t-tests (NS, not significant, *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001).

released virus (Supplementary Figure S1G) were also unaffected  the presence of HIV-1 Vif. At the same time, the infectivity of the
by USP8 expression in the absence of A3G. In contrast, in the  released HIV-1 was reduced in the presence of USP8 (Figure 1J),
presence of USP8, intracellular A3G expression (Figure 1H) and  which is consistent with the increased amount of A3G virion
virion incorporation of A3G (Figure 1I) were increased, even in  packaging. Combined with these data, these results indicate that
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USP8 exerts its potent antiviral effect through Vif. USP8
antagonized the ability of HIV-1 Vif to suppress the antiviral
function of A3G, resulting in an enhanced antiviral activity of A3G
against Vif-containing HIV-1.

The Active Site of the USP8 Enzyme Is
Required for Inhibition of HIV-1 Vif
Function

In addition to A3G, A3H-Haplotype II (hap II), which is
overcome by HxB2 Vif (26), and A3F are also potent inhibitors

of HIV-1 that are neutralized by Vif (13, 28, 29). We observed that
USP8 can efficiently inhibit HIV-1 Vif-induced degradation of
A3F (Figures 2A, B) and A3H-Hapll (Figures 2C, D). The
degradation of other known HIV-1 Vif targets, such as A3C
(Supplementary Figures S2A, B) and A3DE (Supplementary
Figures S2C, D), was also inhibited by USP8. Non-primate
lentiviral Vif from bovine immunodeficiency virus (BIV) targets
cow APOBECS3 proteins (30). Unlike HIV-1 Vif, non-primate
lentivirus BIV Vif assembles with CUL2 and the EIOB/C E3
component (Supplementary Figure S2E) and is not regulated by

A C E proteolytic cleavage site
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FIGURE 2 | The active site of ubiquitin-specific protease 8 (USP8) is required for inhibition of HIV-1 virion infectivity factor (Vif) function. USP8 efficiently inhibited HIV-
1 Vif-induced apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like 3 (APOBECS3)F (A3F) (A) and A3H-Hapll (C) degradation. (A, C) HEK293T cells were
co-transfected with expression vector as indicated. Cells were harvested 48 h after transfection. Protein expression in the cell lysates was analyzed by
immunoblotting with the corresponding antibodies. Tubulin was used as a loading control. (B, D) Quantification of A3F or A3H-Hapll expression was analyzed by
Imaged2X. ASF (B) or A3H-Hapll (D) expression alone was normalized to 100%. (E) The schematic represents USP8 wild type (WT) and mutations used in the
study. The red arrow shows the USP8 proteolytic cleavage site (p.714Arg). (F) The USP8C786D mutation has lost the ability to inhibit Vif-mediated degradation of
A3G. HEK293T cells were transfected with A3G-V5 alone or together with Vif-HA in the presence of USP8 WT-HA, the USP8C786D-HA mutation, or empty vector
(EV). Cells were harvested 48 h after transfection, and protein expression in the cell lysates was analyzed by immunoblotting with anti-V5 and anti-HA antibodies
targeting A3G-V5, USP8-HA, and Vif-HA protein. Tubulin was used as a loading control. (G) Quantification of ASG expression was analyzed by ImageJ2X. A3G
expression alone was normalized to 100%. (H) HEK293T cells were transfected with A3G-V5 alone or together with Vif-HA in the presence of USP8 WT-HA, a USP8
truncation, or EV. Cells were harvested after 48 h, and protein expression in the cell lysates was analyzed by immunoblotting with the corresponding antibodies.
(I) Quantification of ASG expression was analyzed by ImageJ2X. A3G expression alone was normalized to 100%. Column results were from n = 3 (B, D, G, |)
independent experiments, and immunoblotting results are representative of n = 3 experiments (A, C, F, H). Means and standard deviations are presented. The
statistical significance analyses were performed using two-sided unpaired t-tests (NS, not significant; **p < 0.01, ***p < 0.001, ***p < 0.0001).
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CBFp to trigger the degradation of bovine APOBEC3 (31). Since
USP8 sequence is highly conserved between cow and human
(Supplementary Figure S2F), human USP8 was also able to block
BIV Vif-induced degradation of cow APOBEC3 in HEK293T cells
(Supplementary Figures S2G, H). Importantly, we observed that
diverse Vif expression could be enhanced by USP8
(Supplementary Figures S2A, C, G). Taken together, USP8
targets diverse Vif viral substrate receptors but not the E3
cellular components.

To identify whether the deubiquitinating enzymatic activity
of USP8 is required for its antagonism of Vif function, a key
residue Cysteine 786 of USP8 is mutated to abolish its enzymatic
activity (21) (Figure 2E). We found that the active site mutant
USP8 C786D lost the ability to inhibit Vif-mediated A3G
degradation (Figure 2F, lane 4) when compared to wild-type
USP8 (Figure 2F, lane 3). In the presence of USP8 C786D, Vif-
mediated A3G degradation was as efficient as the no-USP8
control (Figure 2G, bar 4 vs. bar 2). USP8 is vital for the
development and homeostasis of T cells and is cleaved in
activated CD4" T cells by caspases. The C-terminal fragment
of USP8, but not N-terminal fragment, possesses the enzymatic
activity (21). Somatic mutations in USP8 enhance its proteolytic
cleavage and are associated with Cushing’s disease resulting from
elevated deubiquitinase activity (22). We observed that the C-
terminal fragment (C40) but not the N-terminal fragment (N90)
of USP8 maintained the inhibitory activity against HIV-1 Vif
(Figures 2H, I). Collectively, enzymatic activity of USP8 is
critical for the inhibitory effect of Vif function.

USP8 Specifically Interacts With HIV-1 Vif
and Reduces Vif-Triggered A3G
Polyubiquitination

To explore the mechanism of USP8-mediated Vif inhibition, we
employed co-immunoprecipitation (co-IP) assay to determine
whether USP8 could interact with HIV-1 Vif. In the absence
of Vif, USP8 was not detected in the co-IP sample (Figure 3A,
lane 1), indicating the specificity of the assay system. In the
presence of Vif, co-precipitation of USP8 with Vif was detected
(Figure 3A, lane 3). Gads is a binding partner of USP8, which is
required for USP8 in regulating the development and
homeostasis of T cells (21). The interaction with HIV-1 Vif
reduced the ability of USP8 binding with its functional cofactor
Gads (Supplementary Figures S3A, B). These data establish a
specific interaction between HIV-1 Vif and USP8.

Vif forms a viral-specific E3 ubiquitin ligase complex with
cellular proteins CUL5, EIOB/C, and CBEP to trigger
polyubiquitination of substrates (12). Vif interacts with USPS;
we next assessed whether USP8 disrupts Vif-Cullin 5-E3
ubiquitin ligase complex assembly. Interestingly, USP8 did not
interact with CUL5, EIOB, or CBFJ (Supplementary Figure
S3C) in the absence of Vif. The ability of Vif to interact with
CULS5, EIOB, and CBFp (Figure 3B, lane 2; Figure 3C) was not
affected by USP8 overexpression (Figure 3B, lane 3; Figure 3C).
The interaction of Vif with the target protein A3G (Figure 3D,
lane 3; Figure 3E) was also not affected by USP8 (Figure 3D, lane
4; Figure 3E). However, HIV-1 Vif-induced polyubiquitination

of A3G (Figure 3F, lane 1) was significantly reduced in the
presence of USP8 (Figure 3F, lane 2). In contrast, enzymatically
defective USP8 C786D, which could not inhibit Vif-triggered
A3G degradation, was disabled in suppressing HIV-1 Vif-
induced polyubiquitination of A3G (Figure 3F, lane 3) when
compared to the WT USP8 (Figure 3F, lane 2). Additionally, we
confirmed that USP8 repressed Vif-mediated A3G
polyubiquitination in vitro study (Supplementary Figures
S3D-F). Ubiquitinated A3G was purified from HEK293T cells
transfected with Ub-Flag, Vif-HA, and A3G-V5 using anti-V5
affinity purification. WT USP8 and functional dominant
truncation C40, which purified from HEK293T cells and
incubated with ubiquitinated A3G, decreased A3G
polyubiquitination, while enzymatic mutation C786D was
disabled (Supplementary Figure S3D). USP8 C40 purified
from Escherichia coli reduced A3G polyubiquitination in a
time-dependent fashion (Supplementary Figure S3E).
Likewise, USP8 C407%°", an enzymatic mutant, lost the ability
of A3G deubiquitination (Supplementary Figure S3F).
Together, these results indicated that USP8 specifically
interacts with Vif and deubiquitinates the ubiquitination of
A3G mediated by Vif.

HIV-1 Antagonizes USP8-Mediated Viral
Suppression by Impairing USP8
Expression in CD4* Cells

Although USP8 exhibits strong inhibitory activity against Vif-
mediated A3G degradation (Figure 1F), the anti-HIV-1 function
of USP8 could be compromised during HIV-1 replication.
Because USP8 expression was reduced in HIV-1-infected CD4"
T cells, which is based on mass spectrometry data published by
several groups (17, 32, 33). In both H9 (Figures 4A, B and
Supplementary Figure S4A) and Jurkat (Figures 4C, D and
Supplementary Figure S4B) CD4" T cells, HIV-1 infection
resulted in depletion of USP8 proteins significantly. Moreover,
the USP8 mRNA level was also reduced in HIV-1-infected T cells
(Figures 4E, F), suggesting that down-modulation of USP8
expression by HIV-1 is at least partially the result of an
alteration in USP8 mRNA transcription or RNA stability. The
C-terminal fragment of USP8 contains the deubiquitining
enzymatic activity (22) and is a potent inhibitor of HIV-1 Vif
function (Figure 2H). HIV-1 Vif-triggered A3G degradation was
blocked slightly more efficiently by USP8 C40 than by full-length
USP8 (Figure 4G), which was correlated with the inhibition of
HIV-1 Vif-induced A3G polyubiquitination (Supplementary
Figures S3D, S4C, D). To further validate USP8 C40 function
during HIV-1 infection, USP8 C40 was transduced into CD4" T
cells (Figure 4H). Transduction with USP8 C40 in H9 cells that
express endogenous APOBEC3 antiviral proteins (Figure 41,
lanes 3 and 4) significantly inhibited HIV-1 replication
(Figure 4]). In contrast, USP8 C40 (Figure 41, lanes 1 and 2)
has no effect on HIV-1 replication (Figure 4K) when transduced
in APOBEC3-negative Jurkat cells. These data demonstrate that
modulation of USP8 function in CD4" T cells can enhance the
antiviral activity of APOBEC3 cytidine deaminases against
HIV-1 even in the presence of Vif.
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FIGURE 3 | Ubiquitin-specific protease 8 (USP8) specifically interacts with HIV-1 virion infectivity factor (Vif) and reduces Vif-triggered apolipoprotein B mRNA-editing
enzyme catalytic polypeptide-like 3 (APOBECS3)G (A3G) polyubiquitination. (A) Co-precipitation of USP8 with Vif. HEK293T cells were transfected with USP8-HA, Vif-
Myc alone, or both, as indicated. Cell lysates were prepared and immunoprecipitated using anti-Myc antibody conjugated to agarose beads 48 h after transfection.
Cell lysates and precipitated samples were separated by sodium dodecy! sulfate—polyacrylamide gel electrophoresis (SDS-PAGE), transferred to nitrocellulose
membranes, and reacted with an anti-HA antibody to detect USP8-HA and an anti-Myc antibody to detect Vif-Myc. Tubulin was used as the loading control for the
cell lysate. (B) USP8 does not affect Vi—~CRL5 E3 ubiquitin ligase formation. HEK293T cells were transfected with Vif-Myc, USP8-HA, or both. Cell lysates were
immunoprecipitated with anti-Myc antibodies conjugated to agarose beads. Cell lysates and precipitated samples were analyzed by immunoblotting with the
corresponding antibodies. Tubulin was used as the loading control for the cell lysate. (C) Relative binding ability of Vif with Cul5, CBF, and EloB in the presence or
absence of USP8 was determined by ImageJ2X. Protein binding to Vif in lane 2 (B, upper blots) was set to 1.0. Data are means + SD from n = 3 independent
experiments. The statistical significance analyses were performed using two-sided unpaired t-tests (NS, not significant). (D) The association of Vif with A3G is also
not affected by USP8. HEK293T cells were co-transfected with expression vectors as indicated. Cells were treated with 10 mM MG132 12 h before harvesting.

Vif protein was immunoprecipitated from cell lysates with an anti-V5 antibody conjugated to agarose beads. Cell lysates and precipitated samples were analyzed by
immunoblotting with the corresponding antibodies. Tubulin was used as the loading control for the cell lysate. (E) Quantification of co-precipitated Vif relative to ASG
was determined by ImageJ2X. Data are means + SD from n = 3 independent experiments. The statistical significance analyses were performed using two-sided
unpaired t-tests (NS, not significant). (F) USP8 inhibits Vif-triggered polyubiquitination of ASG. HEK293T cells were transfected with the empty vector, Vif-HA, A3G-V5,
Ub-Myc, or USP8-HA as indicated. Cells were treated with 10 mM MG132 for 12 h before harvesting. Cell lysates were prepared and immunoprecipitated using anti-
V5 antibody conjugated to agarose beads 48 h after transfection. Cell lysates and precipitated samples were analyzed by immunoblotting with the corresponding
antibodies. Immunoblotting results from panels (A, B, D, F) are representative of n = 3 independent experiments.

Specific Deubiquitinating Enzymes
Suppress Different HIV/SIV Accessory
Protein-Mediated Degradation of Host
Restriction Factors

Ubiquitin modification is linked to many cellular processes.
Diverse DUBs are involved in reversing protein ubiquitination
and therefore modulate the outcome of this posttranslational
modification. HIV-1 Vpr, HIV-1 Vpu, and HIV-2 Rod/SIVmac
Vpx also form virus-specific E3 ubiquitin ligase complexes to
mediate the polyubiquitination and degradation of various target
proteins (Supplementary Figures S5A-C). However, in contrast
to USP8-mediated Vif inhibition, USP8 had a little effect on HIV-1
Vpr-mediated HLTF degradation (Supplementary Figure S5G),
HIV-1 Vpu-mediated BST-2 depletion (Supplementary Figure
S5H), or HIV-2Rod/SIVmac Vpx-mediated SAMHDI1

degradation (Supplementary Figures S5I, J). Although USP8
had little effect on HIV-1 Vpr, HIV-1 Vpu, or HIV-2 Rod/
SIVmac Vpx function, we identified other potent DUB
inhibitors of HIV-1 Vpr, HIV-1 Vpu, and HIV-2 Rod/SIVmac
Vpx (Figures 5A-D) after screening 32 USPs (Supplementary
Figures S5D-F). USP7 inhibited HIV-1 Vpr-mediated HLTF
degradation (Figure 5A), USP33 inhibited HIV-1 Vpu-mediated
BST-2 depletion (Figure 5B), and USP37 inhibited HIV-2 Rod/
SIVmac Vpx-mediated SAMHD1 degradation (Figures 5C, D).
Moreover, we investigated different USP functions in suitable cell
lines as previously reported (16, 20, 34). Silencing USP7 in H9 T
cells, HLTF degradation was more efficient in shUSP7 cells in the
presence of HIV-1 infection compared with its control cells
(Figure 5E, lanes 2 and 4). As a result, silencing USP7
promoted HIV-1 infectivity (Supplementary Figure S5K).
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FIGURE 4 | HIV-1 antagonizes ubiquitin-specific protease 8 (USP8) suppression by lowering USP8 protein levels in CD4* cells. (A=-D) HIV-1 suppresses USP8
expression at the protein level. H9 (A) and Jurkat (C) cells were infected or not infected with wild-type (WT) HIV for 48 h. Endogenous USP8 was analyzed by
immunoblotting. Virus infection was determined by the presence of Pr55Gag. Tubulin was used as a loading control. USP8 expression was measured by ImageJ2X
(mock infection was set to 100%) (B, D). (E, F) HIV-1 suppresses USP8 expression at the mRNA level. H9 (E) and Jurkat (F) cells were infected or not infected with
WT HIV for 48 h. USP8 mRNA expression was detected by RT-gPCR. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a control.
(G) Comparison of the effect of full-length USP8 and C40-truncated USP8 on virion infectivity factor (Vif)-mediated apolipoprotein B mRNA-editing enzyme catalytic
polypeptide-like 3 (APOBEC3)G (A3G) degradation. A3G-V5, together with Vif-HA or its control vector, was transfected into HEK293T cells in the presence of
increasing amounts of full-length USP8 or C40-truncated USP8. Cells were harvested after 48 h, and cell lysates were heated with lysis buffer, then
immunoprecipitated with the corresponding antibodies. Quantification of ASG expression was analyzed by ImageJ2X. A3G expression alone was normalized to
100%. (H) Workflow for USP8 C40 inhibition of HIV infectivity in H9 and Jurkat cells. (1) USP8-C40-HA or control vector was electro-transfected into H9 (1) or Jurkat
(J) cells. After 30 h, USP8 and USP8 C40-HA expression was analyzed by immunoblotting. (J, K) USP8 C40-HA or control vector was electro-transfected into H9
(K) or Jurkat (L) cells. After 30 h, H9/Jurkat cells were infected with WT HIV for another 30 h. The cells were then washed three times with phosphate buffered saline
(PBS) and placed in fresh RPMI-1640 medium with 10% fetal bovine serum (FBS). Cell supernatants were then harvested after 24, 48, 72, 96, and 120 h of
infection. Virus infectivity was assessed using TZM-BL indicator cells. Means and standard deviations are presented. Panels (B, D-F, J, K) are results from n = 3
independent experiments. The statistical significance analyses were performed using two-sided unpaired t-tests (NS, not significant; *p < 0.05; **p < 0.01; **p <
0.001; ***p < 0.0001).

Meanwhile, similar result was demonstrated in shUSP33 HeLa  THP-1 cells (Figure 5G). Collectively, specific DUBs play
cells that BST2 degradation was enhanced during HIV-1 infection =~ important roles in virus-host relationships.

(Figure 5F, lanes 2 and 4) and subsequently promoted HIV-1

infectivity (Supplementary Figure S5L). HIV-1 Pr55Gag was

determined to demonstrate silencing USPs has no effect on virus ~ DISCUSSION

replication (Figures 5E, F). SAMHDI1 was degraded in THP-1

cells when infected with SIVmac virus. As expected, SIV-induced =~ APOBEC3 cytidine deaminases are host restriction factors
SAMHDI1 degradation was more efficient in the absence of USP37 ~ against HIV-1 and related retroviruses. HIV-1 Vif targets
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FIGURE 5 | Specific deubiquitinating enzymes suppress degradation of host restriction factors mediated by HIV/simian immunodeficiency virus (SIV) proteins.

(A) Ubiquitin-specific protease 7 (USP7) inhibits HIV-1 Vpr-induced degradation of HLTF. HEK293T cells were transfected with expression vectors as indicated. Cell
lysates were immunoblotted with the corresponding antibodies. (B) USP33 inhibits HIV-1 Vpu-induced BST-2 degradation. The experimental methods were the
same as in panel (A). (C, D) USP37 inhibits HIV-2 Rod Vpx- (C) or SIV mac Vpx (D)-induced SAMHD1 degradation. The experimental methods were the same as in
panel (A). (E) The effect of USP7 silencing on HLTF expression in WT HIV-1-infected HI cell. H9 shUSP7 and its control cell lines were infected with WT HIV-1 or not
for 48 h. Endogenous USP7 and HLTF were analyzed by immunoblotting. Virus infection was determined by Pr55Gag. (F) The effect of USP33 silencing on BST2
expression in WT HIV-infected Hela cell. The process is described in panel (E). (G) The effect of USP33 silencing on SAMHD1 expression in SIVmac-GFP-infected
THP-1 cell. THP-1 cells stably expressed USP33shRNA. USP33 knockdown THP-1 cells were differentiated into macrophages by phorbol 12-myristate 13-acetate
(PMA) treatment and infected with SIV mac viruses for 24 h. Endogenous USP33 and SAMHD1 were analyzed by immunoblotting. Immunoblotting results are
representative of n = 3 independent experiments.

Cullin-RING E3 complex assembly (Figure 3B) or Vif-A3G
interaction (Figure 3D). USP8 blocked Vif-induced
polyubiquitination and degradation of A3G (Figures 1D-H,
3F). Consequently, USP8 could attenuate the infectivity of
HIV-1 in the presence of A3G and suppress HIV-1 replication
in CD4" T cells (Figure 4J). Meanwhile, both mRNA and protein
expression levels of USP8 were significantly downregulated
during HIV-1 infection in T cells (Figures 4A-D and
Supplementary Figures S4A, B), which indicated that HIV-1
has evolved new antagonisms against USP8.

APOBECS for polyubiquitination and subsequent degradation to
ensure successful viral replication. A3G protein degradation by
ubiquitination was mediated by Vif- and cullin-RING-
independent pathway. It is reported that USP49 is a new
antiviral factor. USP49 increased A3G protein expression by
removing ubiquitin and enhanced its anti-HIV-1 activity (35).
Different from USP49, we discovered that USP8 is a potent and
specific inhibitor of Vif. USP8 overexpression alone or knocking
down has no effect on A3G protein stability (Figures 1D, F).
Notably, USP8 bound Vif (Figure 3A) without disturbing Vif-
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We also observed that diverse Vif expression could be
enhanced by USP8 (Figures 2A, C, F, 3H and Supplementary
Figures S2A, C, G). Importantly, USP8 has the ability to block
the anti-A3G activity of Vif molecules from diverse HIV-1
subtypes as well as distant related lentiviral Vif molecules
(Figure 1G and Supplementary Figures S2G, H). Taken
together, USP8 targets diverse Vif viral substrate receptors, but
not the E3 cellular components or A3G. USP8 antagonized the
ability of HIV-1 Vif to suppress the antiviral function of A3G,
resulting in an enhanced antiviral activity of A3G against Vif-
containing HIV-1. Next, USP8 functions in primary CD4+ T
cells and monocyte-derived macrophages (MDMs) from actual
patients need to be validated in the future.

Deubiquitinating enzymatic activity of USP8 is required for
its antagonism of Vif function. The active site mutant USP8
C786D lost the ability to inhibit Vif-mediated A3G degradation
when compared to the WT USP8 (Figures 2F, G). During T-cell
activation, USP8 is catalytically cleaved by proteolytic enzymes
into N-terminal and C-terminal fragments (22). We observed
that the C-terminal fragment (C40), but not the N-terminal
fragment (N90), maintains deubiquitinase activity (22) and
inhibitory activity against HIV-1 Vif (Figures 2F, 4G). In
addition, we validated the inhibitory function of USP8 on Vif-
mediated A3G polyubiquitination in vitro (Supplementary
Figures S3D-F). Both WT USP8 and functional dominant
truncation C40 decreased A3G polyubiquitination, while
enzymatic mutation C786D was disabled (Supplementary
Figures S3D-F).

USP8 is highly expressed in CD4" T cells and myeloid cells,
which are the preferred target cells of HIV-1. USP8 is a
regulatory factor of the T-cell receptor complex and plays an
important role in T-cell function. HIV-1 infection could interfere
with T-cell function by disturbing the expression of USP8
(Figures 4A-F) or its interaction with Gads5 (Supplementary
Figure S3A). We discovered that endogenous USP8 expression is
significantly reduced in HIV-1-infected H9 and Jurkat cells
(Supplementary Figures S4A, B). It is interesting to investigate
whether any auxiliary proteins of HIV may play a role in it
Unfortunately, we did not observe any significant endogenous
USP8 protein expression reduction rescued by Vif-, Vpu-, or Vpx-
deficient HIV. Therefore, we speculate that the reduction of USP8
by HIV may not be through its single auxiliary protein. Multiple
proteins are potentially involved, including the structural proteins,
which needs study in the future.

Interestingly, DUB USP8 exhibits poor activity against HIV-1
Vpr, HIV-1 Vpu, and HIV-2 Rod/SIVmac Vpx. After screening
32 USP functions, we discovered that distinct DUBs inhibit Vpr-
mediated HLTF degradation, Vpu-mediated BST-2 degradation
(16), and HIV-2 Rod/SIVmacVpx-mediated SAMHDI1
degradation (19, 20). Vpx relieves inhibition of HIV-1
infection of myeloid cells mediated by the SAMHDI1 protein
(19, 20). SAMHDL1 restricts reverse transcription of HIV in
myeloid cells and resting T cells through its dNTP
triphosphohydrolase (dNTPase) activity to repress virus
replication. Different from SAMHDI1, A3G and BST2/Tetherin
all impair HIV-1 progeny virus replication. A3G impairs HIV-1

replication by packaging into virions during virus production
and inhibits viral reverse transcription in newly infected target
cells (10). BST2/Tetherin inhibits HIV-1 release by directly
tethering virions to cells (16, 36). Interestingly, whether Vpr
could promote HIV-1 replication in T cells is still disputable, and
evidence for its role in cycling T lymphocytes has been sparse.
Lahouassa et al. (18) and Yan et al. (37), using a sensitive pairwise
replication competition assay, demonstrated that Vpr
antagonizes HLTF to promote HIV-1 replication more fitness
when coinfected with HIV-1 Vpr defective virus. In our study,
the degradation of A3G, BST2, and HLTF was enhanced by HIV/
SIV accessory protein when specific USPs (USP8, USP7, and
USP33) were knocked down. However, we did not observe any
effect on the first-round virus replication, as determined by the
intracellular Pr55%°8 expression level (Figures 5E, F).
Importantly, USP7, USP8, or USP33 knocking down all
promotes the HIV-1 progeny virus infectivity (Figures 1D, E
and Supplementary Figures 5K, L). Therefore, specific USPs
target different HIV/SIV accessory proteins to promote host
restriction factors against HIVs/SIVs.

Ubiquitin modification of proteins and its reverse process,
deubiquitination, regulate all aspects of cellular processes (1, 4, 5).
Hijacking host ubiquitin pathways has been linked to the
replication of diverse viruses (7). The role of DUBs in the
interplay between viruses and the host has not been well
characterized. In this study, we demonstrate that DUBs potently
inhibit viral evasion of host restriction and viral replication
(Figure 6). Interestingly, distinct DUBs inhibit different viral
proteins with different efficacies. Enhancing the antiviral activity
of certain DUBs therefore represents an attractive strategy against
HIVs/SIVs.

MATERIALS AND METHODS

Plasmid Construction

USP8, USP8 N90, and USP8 C40 were constructed by PCR
amplification from USP8-HA/Flag (#79639; Addgene) and then
inserted between the Sall and BamHI sites of a C-terminal HA/
Flag tag VR1012 vector. pET28a-USP8 C40 was constructed by
PCR amplification from USP8-HA/Flag and then inserted into
the pET28a-Plus vector with a 6xHis-tag at the N terminus.
pET28a-USP8 C40 C786D was made from pET28a-USP8 C40 by
site-directed mutagenesis. All the USP plasmids were purchased
from Addgene. The infectious molecular clone pNL4-3 (WT
HIV-1) (38), A3G-HA (13), A3G-V5 (13), HIV-1 NL4-3-Vif-HA
(Vif-HA) (38), BIV-Vif-HA (39), A3Z2Z3-HA (39), HIV-
2RodVpx (40), SIVmac Vpx-HA (40, 41), SAMHDI-HA (41),
A3F-V5 (28), A3C-HA (42), A3DE-HA (42), Vpu-Myc (43) and
BST-2-HA (43), A3H-hapII-HA (44), and renilla (45) were as
previously described. Vifs from different HIV-1 subtypes have
been previously described (26). Vpr-HA, HLTF-Flag, Vif
(HxB2)-HA, Vif-Myc, and Vpx-Myc were obtained from the
Institute of Virology and AIDS Research, First Hospital of Jilin
University, and were as previously described (13, 38, 41).
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FIGURE 6 | Specific deubiquitinating enzymes suppress viral protein-mediated evasion of cell host restriction. Model of specific deubiquitinating enzymes
suppressing HIV/simian immunodeficiency virus (SIV) accessory protein-mediated cell host restriction factor degradation.

Cells

HEK293T (CRL-11268; ATCC), HeLa (CRM-CCL-2; ATCC), and
TZM-bl (PTA-5659; ATCC) cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM; HyClone) containing 10%
heat-inactivated fetal bovine serum (FBS, 04-001-1; Biological
Industries) and penicillin/streptomycin. H9 (HTB-176; ATCC),
Jurkat (TIB-152; ATCC), and THP1 (TIB-202; ATCC) cells were
purchased from the ATCC and maintained in Roswell Park
Memorial Institute 1640 (RPMI-1640) medium (HyClone) with
10% FBS and penicillin/streptomycin. The peripheral blood
mononuclear cells (PBMCs) were isolated through Ficoll
gradient centrifugation, and the CD4" T lymphocytes were then
purified from the PBMCs with anti-CD4-specific antibody-coated
microbeads (Miltenyi Biotec, Germany) according to the
manufacturer’s instructions. CD4" T lymphocytes were
maintained in RPMI-1640 medium (HyClone) with 10% FBS
and penicillin/streptomycin.

Transfection

DNA transfection was carried out using Lipofectamine 3000
(Invitrogen) according to the manufacturer’s instructions. H9
and Jurkat cells were transfected using the Amaxa Cell Line
Nucleofector Kit V (Lonza, Switzerland) with the program G-014
or X-001 according to the manufacturer’s instructions.

Reagents and Antibodies

The antibodies used in this study are as follows: B-tubulin
monoclonal antibody (NMS-410P; Covance), Anti-CUL5 (sc-
13014; Santa Cruz Biotechnology), anti-EloB (sc-1144; Santa
Cruz Biotechnology), anti-CBFb (sc-166142; Santa Cruz
Biotechnology), anti-Vif (GTX80393; GeneTex), anti-USP8
(A7031; ABclonal), anti-HA (901513; Biolegend), anti-Myc
(AHOO0052; Invitrogen), anti-V5 (R960-25; Invitrogen), anti-
SAMHD1 (TA502024; OriGene), anti-HLTF (14786-1-AP;
Proteintech), anti-BST2 (13560-1-AP; Proteintech), anti-A3G
(D221663;Sangon Biotech), anti-USP7 (26948-1-AP; Proteintech),
anti-USP33 (20445-1-AP; Proteintech), anti-USP37 (18465-1-AP;
Proteintech), anti-His (sc-8036; Santa Cruz Biotechnology). CAp24
mADb (1513) was purchased from the NIH AIDS Reagents
Program. Secondary antibodies were alkaline phosphatase-
conjugated anti-rabbit (115-055-045; Jackson ImmunoResearch)
and anti-mouse (115-055-062; Jackson ImmunoResearch), HRP-
conjugated anti-rabbit (NA934V; GE) and anti-mouse (sc-2005;
Santa Cruz Biotechnology).

Immunoblot Analysis

For immunoblot analysis of cell-associated proteins, whole cell
lysates were prepared as follows: Cells were collected in culture
medium and centrifuged at 5,000 rpm for 5 min. Each
supernatant was mixed with an appropriate volume of lysis
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buffer (50 mM Tris-HCI, pH 7.8, with 150 mM NaCl, 1% NP-40,
1% sodium deoxycholate, and 4 mM EDTA) and corresponding
4x loading buffer (8% sodium dodecyl sulfate in 320 mM Tris-
HCI, pH 6.8, with 40% glycerol and 0.002% bromophenol blue).
Proteins were solubilized by heating for 30 min at 100°C, with
occasional vortexing to shear cellular DNA. Cell lysates were
subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). Proteins were transferred to NC
membranes (10401396; GE Whatman) and reacted with
appropriate antibodies as described in the text, e.g., 1:500
rabbit polyclonal anti-USP8 to detect USP8. Membranes were
then incubated with the corresponding secondary antibody, and
proteins were visualized using a hypersensitive ECL
chemiluminescence detection kit (Proteintech) according to the
manufacturer’s protocol; the assembled HIV-1 in the culture
supernatants was evaluated by immunoblotting in Figure 1I and
Supplementary Figure S1F. HIV-1 in the culture supernatants
was filtered through a 0.45-um filter and mixed with
corresponding 4x loading buffer (described above). Proteins
were solubilized by heating for 15 min at 100°C with
occasional vortexing, and the HIV-1 supernatants were
subjected to immunoblotting.

Co-Immunoprecipitation

In Figure 3 and Supplementary Figures S3 and $S4C, HEK293T
cells were co-transfected with an expression vector as indicated.
In Figures 3D, F and Supplementary Figure S4C, cells were
treated with 10 mM MG132 (Sigma) 12 h prior to harvesting
(12, 46, 47). Cells were harvested and lysed in lysis buffer (50 mM
Tris, pH 7.5, with 150 mM NaCl, 1% NP-40, and complete
protease inhibitor cocktail tablets) at 4°C for 1 h, then centrifuged
at 10,000xg for 30 min. Precleared cell lysates were mixed with
anti-V5 antibody (Figures 3D, F and Supplementary Figures
S3A, $4C), anti-Myc antibody (Figures 3A, B) or anti-HA
antibody (Supplementary Figure S3C)-conjugated protein G
agarose beads and incubated at 4°C overnight. The second day,
the beads were washed six times with washing buffer (20 mM
Tris, pH 7.5, with 100 mM NaCl, 0.1 mM EDTA, and 0.05%
Tween-20) and centrifuged at 800xg for 1 min each time. The
beads were eluted with elution buffer (0.1 M glycine-HCIl, pH
3.5). The eluted materials were then analyzed by SDS-PAGE and
immunoblotting as previously described.

RT-gPCR

Total RNA was extracted with TRIzol reagent (15596-026;
Invitrogen) according to the manufacturer’s instructions. RNA
reverse transcription used EasyScript First-Strand cDNA
Synthesis SuperMix (AE301; TransGen Biotech) according to
the manufacturer’s instructions. The quantitative real-time
polymerase chain reaction (qPCR) was carried out on an
Mx3005P instrument (Agilent Technologies, Stratagene, USA)
using Power SYBR® Green PCR Master Mix (2x) (4367659;
ABI). The primers used in this study are as follows:
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)-F: GCA
AATTCCATGGCACCGT; GAPDH-R: TCGCCCCACTTGAT
TTTGG; USP8-RT-F: CTGAAAGACTCTCTGAAAGCCT;
USP8-RT-R: CCTTTCTCTTTGGTCTCACAT. Data were

normalized to the housekeeping GAPDH gene, and the relative
abundance of the transcripts was calculated using Ct models.

Chemical Synthesis of siRNA

To generate knocking down USP8 cell lines, chemically
synthesized short interfering RNA (siRNA) and a nonspecific
control were purchased from RiboBio Co. Ltd. (Guangzhou,
China). The siUSP8 sequences are as follows: sense, #1: GCA
TAAAGGTGAAGTGGCA; #2: GAAAACAGGAAGAG
AGGAT; #3: GCAAAGAGGGGCAAAGAAA.

Knockdown Cell Line Construction
USP7/USP8/USP33/USP37-specific shRNAs with the following
target sites were cloned in the lenti-retroviral vector pLKO.1-
puro (Addgene). The shRNA sequences are as follows: USP7
shRNA: 5-CCGGCCTGGATTTGTGGTTACGTTACTCGAG
TAACGTAACCACAAATCCAGGTTTTTG-3; USP8 shRNA:
5-CCGGTAAGAGTTATGTGCACAGTGCCCTCGAGGGC
ACTGTGCACATAACTCTTTTTTTG-3; USP33 shRNA 5-
CCGGTCTCGACAGTGGCTTAATTAACTCGAGTTAATTA
AGCCACTGTCGAGATTTTTG-3; USP37 shRNA 5-CCG
GCCGGATTTGCAGAAGATGATACTCGAGTATCATCTTC
TGCAAATCCGGTTTTTG-3. HEK293T cells were co-
transfected with sh-USP7/USP8/USP33/USP37-pLKO.1 or
pLKO.1 plus RRE, REV, and VSV-G expression vectors by
using Lipofectamine 3000. At 48 h after transfection,
supernatants containing packaged lentivirus were harvested
and used to infect H9, Hela, or THP1 cells for 96 h as
indicated. Puromycin (3 pg/ml for HEK293T, 5 pg/ml for
Hela, and 1.5 ug/ml for THP1) was then added into the
culture to screen for stable cell lines.

HIV Infectivity and Detection

HEK293T cells were transfected with pNL4-3 (WT HIV-1)
plasmid; 48 h later, the supernatant was collected and filtered
through a 0.45-um filter. Then, cells were infected with pNL4-3
virus in the presence of diethylaminoethyl-dextran hydrochloride
(DEAE; 20 pg/ml) for 30 h. The culture medium was changed
30 h after infection and replaced with fresh medium and
harvested at the indicated time. HIV-1 infectivity was assessed
using TZM-BL indicator cells. LTR-luciferase was activated when
TZM-BL cells were infected by HIV-1. TZM-BL cells were seeded
in 24-well format plates (2 x 104 cells/well); 24 h later, the cells
were infected with the equivalent of 0.5 ng of HIV-1 p24 antigen
in the presence of 20 ug/ml DEAE. Cells were collected and lysed
after 48 h. LTR-luciferase activity was measured with the Dual-
Luciferase Reporter Assay System (E1910; Promega) according to
the manufacturer’s protocol.

In Vitro Deubiquitination Assay

Ubiquitinated A3G was isolated from HEK293T cells transfected
with expression vectors of Ub-Flag, Vif-HA, and A3G-V5 and
then purified from the cell extracts with anti-V5 antibody-
conjugated protein G agarose beads. USP8 or its mutant was
purified from HEK293T cells overexpressing USP8-HA or its
mutant using anti-HA-Agarose antibody in IP buffer [1%
(vol/vol) Triton X-100, 50 mM Tris-HCl pH 7.4, 50 mM EDTA,
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150 mM NaCl, 10 mM NaF, 10% glycerol, and fresh protease
inhibitor cocktail]. For in vitro deubiquitination assay,
ubiquitinated A3G protein was incubated with USP8 or its
mutant in the deubiquitination buffer (20 mM Tris-HCl pH 8.0,
200 mM NaCl, 1 mM EDTA, 10 mM DTT, 5% glycerol) for 1 h at
37°C. The ubiquitinated A3G was analyzed by immunoblotting.

pET28a-USP8 C40 and pET28a-USP8 C40 C786D fusion
protein were expressed in the strain of BL21(DE3) and purified
by metal-affinity chromatography on chelation resin. For in vitro
deubiquitination assay, ubiquitinated A3G protein was
incubated with USP8 C40 or its mutant in the deubiquitination
buffer (mentioned above) for the indicated time courses at 37°C.
The ubiquitinated A3G was analyzed by immunoblotting.

Statistical Analysis

Data from the protein quantitative analysis and luciferase reporter
assays are presented as means and standard derivations.
Differences among groups were analyzed by ANOVA test
(Stata Corp., College 251 Station, TX, USA) (NS, not significant;
*p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001).
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Supplementary Figure 1 | Knocking down of USP8 promotes HIV-1 infectivity.
(A) USP8 was knocked down by lentivirus infection in H9 cells. USP8 expression
was analyzed by immunoblotting. (B) The effect of USP8 silencing on HIV infectivity
in CD4™ cell. (A) siUSPS8 or si control RNA was electro-transfected into CD4*cells.
After 24 h, H9 cells were infected with WT HIV for another 30 h. The cells were then
washed three times with PBS and placed in fresh 1640 medium with 10% FBS. Cell
supernatants were then harvested after 48 h of infection. Proteins in the cell lysates
were immunoblotted with the corresponding antibodies. Virus infectivity was
assessed using TZM-BL indicator cells. (C, D) USP8 knockdown promoted Vif-
triggered A3G degradation. (D) A3G expression from (C) was quantified by
ImageJ2X. A3G expression alone was normalized to 100%. (E, F) WT HIV-1 vector
was co-transfected with increasing amounts of USP8 or without USP8 in HEK293T
cells. HIV-1 Pr55Gag in cells and supernatants was analyzed by immunoblotting.
Tubulin was used as a loading control. (G) HIV-1 infectivity was assessed using
TZM-bl indicator cells. The process is described in Materials and Methods.

(H) Screening 32 USPs function on inhibiting Vif-mediated A3G degradation.
HEK293T cells were transfected with A3G-V5 and Vif-HA or its empty vector in the
presence of 32 USPs. Cells were harvested 48 h after transfection; protein
expression in the cell lysates was analyzed by immunoblotting. Quantification of
A3G expression from three independent results was analyzed by ImageJ2X. A3G
expression alone was normalized to 100%. () The second-round screening of
selective functional USPs in H. Quantification of A3G expression from three
independent results was analyzed by ImageJ2X. A3G expression alone was
normalized to 100%. Means and standard deviations are presented. Results are
representative of n=3 independent experiments. The statistical significance
analyses were performed using two-sided unpaired t-tests (NS, not significant,

*p < 0.05; *p < 0.01; **p < 0.001, **p < 0.0001).

Supplementary Figure 2 | USP8 efficiently inhibits Vif-induced degradation of
APOBECS proteins. (A, C) HEK293T cells were co-transfected with expression
vector as indicated. Proteins in the cell lysates were immunoblotted with the
corresponding antibodies. (B, D) Quantification of ASC or A3DE expression was
analyzed by ImageJ2X. ABC/A3DE expression alone was normalized to 100%.
(E) A model of the assembly of the BIV Vif E3 component mediating
polyubiquitination and degradation of target proteins. (F) Sequence alignment of
bovine (NM_001076126.1) and human (BC110590.2) USP8 using DNAMAN 8.0
software. (G) USP8 inhibits BIV Vif-induced degradation of A3Z2Z3. HEK293T cells
were co-transfected with expression vector as indicated. Proteins in the cell lysates
were immunoblotted with the corresponding antibodies. (H) Quantification of
A3Z27Z3 expression was analyzed by ImageJ2X. Data are representative of at least
three independent repeats. The statistical significance analyses were performed
using two-tailed unpaired t-tests (**p < 0.001; ***p < 0.0001).

Supplementary Figure 3 | Vif affects the association of USP8 and Gads, and
USP8 barely interacts with the CRL5 E3-ubiquitin-ligase complex. (A) USP8
interacts poorly with Gads in the presence of Vif. USP8-HA was co-transfected with
Vif-Myc, Gads-V5 alone, or both, into HEK293T cells. Cell lysates were prepared
and immunoprecipitated 48 h after transfection using anti-V5 antibody conjugated
to agarose beads. Cell lysates and precipitated samples were analyzed by
immunoblotting with the corresponding antibodies. Tubulin was used as the loading
control for the cell lysate (n=3). (B) Relative binding ability of USP8 and Gads in the
presence or absence of Vif. Lane 2 from A was set to 100%. (C) USP8-HA or Vif-HA
was transfected into HEK293T cells. Cells were treated with 10 mM MG132 12 h
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prior to harvesting. Cell lysates were prepared and immunoprecipitated overnight
using anti-HA agarose beads. Cell lysates and precipitated samples were analyzed
by immunoblotting with anti-HA, anti-Cul5, anti-CBFp, or anti-EloB antibodly.
Tubulin was used as the loading control for the cell lysate (n=3). (D) USP8
deubiquitinates A3G in vivo. Ubiquitinated A3G was purified from HEK293T cells
transfected with Ub-Flag,Vif-HA and A3G-V5 using anti-V5 affinity purification. HA-
tagged USP8, USP8 C40 or USP8°78%P was purified from HEK293T cells using
anti-HA affinity purification. Ubiquitinated ASG-V5 was incubated with HA-tagged
USP8 or USP8°78P for 1h, followed by immunoblotting using antibodies against
Ub-Flag and USP8-HA. (E) Ubiquitinated A3G was purified from HEK293T cells
transfected with Ub-Flag, Vif-HA and A3G-V5 using anti-V5 affinity purification.
USP8 C40 recombinant protein was purified by Ni2+-NTA beads. Ubiquitinated
A3G-V5 was incubated with His-tagged USP8CA40 for indicated times, followed by
immunoblotting using antibodies against Ub-Flag and USP8-His. (F) Ubiquitinated
A3G was purified from HEK293T cells transfected with Ub-Flag, Vif-HA and A3G-V5
using anti-V5 affinity purification. USP8 C40 and USP8 C40°7#P recombinant
protein was purified by Ni2+-NTA beads. Ubiquitinated A3G-V5 was incubated with
His-tagged USP8C40 or USP8 C40°7€€P for 1h, followed by immunoblotting using
antibodies against Ub-Flag and USP8-His. Results from (A-F) are representative of
n=3 independent experiments.

Supplementary Figure 4 | HIV-1 antagonizes USP8 suppression in CD4* cells,
and USP8 C40 inhibits HIV-1 Vif-induced A3G polyubiquitination. (A, B) HIV-1
suppresses USP8 expression at the protein level. H9 (A) and Jurkat (D) cells were
infected with WT HIV or not for 48 h and 72h. Endogenous USP8 was analyzed by
immunoblotting. Virus infection was determined by the presence of Pro5Gag.
Tubulin was used as a loading control. USP8 expression was measured by
Imaged2X (mock infection was set to 100%). (C) The C terminus of USP8 is
important for the inhibition of Vif-induced A3G degradation. HEK293T cells were
transfected with Vif-HA, A3G-V5, and Ub-Myc in the presence of WT USP8, a
truncation (N909 or C40), or control vector. Cells were treated with 10 mM MG132
for 12 h prior to harvesting. Cell lysates were prepared and immunoprecipitated
overnight using anti-V5 antibody conjugated to agarose beads. Cell lysates and
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Viral infectious diseases pose a great challenge to human health around the world. Type |
interferons (IFN-Is) function as the first line of host defense and thus play critical roles
during virus infection by mediating the transcriptional induction of hundreds of genes.
Nevertheless, overactive cytokine immune responses also cause autoimmune diseases,
and thus, tight regulation of the innate immune response is needed to achieve viral
clearance without causing excessive immune responses. Emerging studies have recently
uncovered that the ubiquitin system, particularly deubiquitinating enzymes (DUBS), plays a
critical role in regulating innate immune responses. In this review, we highlight recent
advances on the diverse mechanisms of human DUBs implicated in IFN-I signaling. These
DUBs function dynamically to calibrate host defenses against various virus infections by
targeting hub proteins in the IFN-I signaling transduction pathway. We also present a
future perspective on the roles of DUB-substrate interaction networks in innate antiviral
activities, discuss the promises and challenges of DUB-based drug development, and
identify the open questions that remain to be clarified. Our review provides a
comprehensive description of DUBs, particularly their differential mechanisms that have
evolved in the host to regulate IFN-I-signaling-mediated antiviral responses.

Keywords: deubiquitinating enzymes, type | IFN signaling, ubiquitin, virus infection, innate immunity

INTRODUCTION

Pathogen invasions are responsible for many diseases and exert extensive effects on human health
ranging from mild to potentially fatal infections. Critically, the prevalence of certain viruses, such as
SARS-CoV-2, can even pose a serious threat to global human health (1). The host’s immune system
evolved as the first line of defense against the invasion of microbial pathogens and can also trigger
various immune responses through dynamic interactions with differential cellular components
(2, 3). Among all the signaling pathways examined, much attention has been given to the signaling
events triggered by one class of molecules during the activation of innate immune responses,
pattern-recognition receptors (PRRs). Innate immune responses are rapidly initiated when host
cellular PRRs, such as Toll-like receptors (TLRs), RIG-I-like receptors (RLRs), NOD-like receptors
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(NLRs), and DNA sensors encounter pathogen-associated
molecular patterns (PAMPs) of fungal, bacterial, or viral origin
(4, 5). Toll-like receptors, including TLR3, TLR4, TLR7, TLRS,
and TLRY can sense endosomal nucleic acids derived from
pathogens and infected apoptotic cells. Specifically, TLR3 and
TLR7/8 recognize double-stranded RNA (dsRNA) and single-
stranded RNA (ssRNA), respectively, whereas TLR9 detects
unmethylated CpG double-stranded DNA species (6). The
activation of TLR3, TLR4, TLR7, TLR8, and TLR9Y leads to
activation of the adapter myeloid differentiation 88 (MyD88)-
dependent pathway, which causes IRF7 activation through a
TRAF6-dependent mechanism (TLR7/8/9) or the Toll/
interleukin-1 (IL-1) receptor-domain-containing adapter-
inducing IFNB (TRIF)-dependent pathway and thus leads to
IRF3 and IRF7 activation through a TBK1-dependent mechanism
(TLR3/4) (7-9). RLRs are another critical sensor of virus infection.
These protein family members include retinoic acid-inducible gene I
(RIG-I, also known as Ddx58), melanoma differentiation-associated
protein 5 (MDAS5, also known as Ifih1 or Helicard), and laboratory of
genetics and physiology protein 2 (LGP2) (10). Viral 5’ ppp RNA, and
longer double-stranded (ds) RNA are often recognized by RIG-I and
MDAS, respectively, and both proteins share two N-terminal caspase
activation and recruitment domains (CARDs), which are needed for
interaction with the mitochondrial antiviral signaling protein
(MAVS, also termed IPS-1, VISA or CARDIF). The interacting
components then activate MAVS and TNF receptor-associated
factors (TRAF)-mediated downstream signaling during virus
infection (11). Ultimately, the viruses recognized by different host
sensors induce antiviral responses by regulating multiple signaling
pathways, which are characterized by rapid gene expression of
inflammation-inducing molecules and/or cytokines, including
interferons (12-15).

Type I IFNs (also called IFNov/3 or IEN-Is), which serve as the
first line of host defense against virus infection can be induced in
almost all cells in the body. A dysregulated interferon-response is
thus associated with many diseases, such as autoimmune diseases
(16), infectious diseases (17), and the recent severe coronavirus
diseases, which have caused a major ongoing pandemic worldwide
(18). The critical cytosolic DNA sensor, cyclic guanosine
monophosphate-adenosine monophosphate (cGAMP) synthase
(cGAS) often recognizes viral DNA and triggers downstream
immune responses through the molecule stimulator of interferon
genes (STING, also known as MITA, MPYS, ERIS, or TMEM173)
(19). STING further activates TRAFs, which in turn activate TANK-
binding kinase 1 (TBK1) or IxB kinase (IKK), and this activation
leads to the activation of nuclear factor-kappa enhancer-binding
protein (NF-kB) or interferon regulatory factor 3 or 7 (IRF3 or
IRF7, respectively). The activated IRF3 and IRF7 complex
ultimately translocates the nucleus, which leads to the
transcriptional induction of multiple IFNs (Figure 1A) (20).

Furthermore, the secreted IFN-Is bind to and signal through a
heterodimeric transmembrane receptor composed of the subunits
IFNAR1 and IFNAR2. The ligation of IFNAR activates the
receptor-associated protein tyrosine kinases Janus kinase 1
(JAK1) and tyrosine kinase 2 (TYK2). In the canonical IFNAR-
mediated downstream signaling pathway, activated JAK1 and

TYK2 induce phosphorylation of the signal transducer and
activator of transcription 1 (STAT1) and STAT2 molecules
present in the cytosol, which leads to the dimerization, nuclear
translocation, and binding of these molecules to IRF9 to form the
ISG factor 3 (ISGF3) complex. This complex then enters the nucleus
and binds to DNA sequences termed interferon-sensitive response
elements (ISREs) (with the consensus sequence TTTCNNTTTC),
which results in induction of the transcription of several hundred
IFN-stimulated genes (ISGs), including Mx1, OAS, STATI,
interferon-regulatory factors (IRFs) and other antiviral genes (21)
(Figure 1B). These ISGs function to induce an antiviral state within
the cell. Thus, it can be concluded that host antiviral efficiencies are
tightly regulated not only at the virus-induced IFN-I production
level but also at the interferon receptor-mediated downstream
signaling level.

Currently, post-translational modifications (PTMs), which
involve the covalent linkage of new functional groups to amino
acid chains, have remarkably expanded the functions of proteins.
Over the years, an increasing number of studies have uncovered
that PTMs also play pivotal roles during host innate immune
responses upon virus infection (22, 23). In particular, ubiquitination
(also known as ubiquitylation or ubiquitinylation) events in
which 8.5-kDa ubiquitin (Ub) is conjugated to one or more
lysine residues of proteins are broadly involved in antiviral signaling
by regulating the stability, folding, and location of proteins or by
interacting with other proteins in the signaling transduction
pathway (22, 24). In general, ubiquitination involves three
sequential steps: an initial activation step catalyzed by the
Ub-activating enzyme (E1), an intermediate step in which Ub is
covalently linked to a conjugating enzyme (E2), and a final specific
step in which Ub reaches its ultimate destination of the substrate
amino group through a reaction catalyzed by a ligase enzyme (E3)
(25-27). Substrate-conjugated ubiquitin can be modified by
additional Ub molecules to build polyubiquitin chains. The
C-terminal carboxyl group of the distal Ub moiety is covalently
attached to either the first methionine (M1) of the proximal Ub
moiety or one of the seven lysine (K) residues K6, K11, K27, K29,
K33, K48, and K63 to result in the formation of linear Ub chains or
polyubiquitin chains (28-30). Homotypic polyubiquitin chains are
often referred to as a single type of polyubiquitin linkage, whereas
heterotypic polyubiquitin chains are characterized by the presence
of at least two different types of linkages within the same
polymer (31).

Similar to other PTMs, ubiquitination is reversible, and the
reversal process is implemented by an array of proteases termed
deubiquitinating enzymes (DUBs) or deubiquitinating peptidases.
Approximately 100 DUBs encoded in the human genome. These
DUBs have been categorized into at least seven families based on
their homology domains and cleavage preferences: namely,
ubiquitin-specific proteases (USPs), ubiquitin C-terminal
hydrolases (UCHs), ovarian tumour proteases (OTUs), Machado-
Joseph disease protease family members (M]Ds), the motif
interacting with the Ub (MIU)-containing novel DUB family
(MINDYs), the JABI/MPN/MOV34 metalloenzyme family
(JAMMs, also termed MPN+), zinc fingers with UFM1-specific
peptidase domain proteins (ZUFSPs), and other members

Frontiers in Immunology | www.frontiersin.org

105

October 2021 | Volume 12 | Article 742542


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Qian et al.

Deubiquitinating Enzymes and Interferons

Extracellular

MDAS

\

STING MAVS

VRIGJ ‘1’ /m
=¥

TLR7/8/9

IKK

LEEET]

Extracellular

ISGF3 p-STAT1 Dimer

p-STAT1 Dimer ! ;

FIGURE 1 | Schematic illustration of type | interferon (IFN-I) induction and receptor signaling pathways. (A) Type-I IFNs are induced upon virus nucleic acid
recognition by a variety of PRRs, including TLRs and cytosolic nucleic acid sensors. The activation of PRRs causes the nuclear translocation of IRFs or NF-kB, which
bind to the promoter region of IFN-Is and thus induce their transcription. IRF3- and IRF7-mediated IFN-I production could be regulated by STING (via cGAS), RIG-I,
MDAS5, TLR3, and TLR4 (through TRIF), whereas the ligand engagement of TLR7/8 and TLR9 activates IRF7 via MyD88. (B) Secreted interferons bind to the IFNAR
complex composed of IFNAR1 and IFNAR2, which causes cross-phosphorylation of JAK1 and TYK2 and further activation of STAT homo/heterodimers to control
distinct expression profiles. ISGF3, which comprise of STAT1, STAT2, and IRF9, binds to the IFN-stimulated response element (ISRE). TYK2 activates MAPK and
MSK1/2. Nuclear MSK1/2 further phosphorylates CREB and induces the transcriptional induction of hundreds of genes or noncoding RNAs.

identified recently (32-36) (Figure 2). These DUBs often contain a
catalytic domain surrounded by one or more accessory domains,
and some of these domains contribute to Ub binding and target
recognition (37). One of the best-characterized functions of DUBs is
the removal of monoubiquitin and polyubiquitin chains from
proteins, thus ensuring that the Ub-proteasome system (UPS)
functions properly and recycles free Ub for reuse to maintain the
homeostasis of the polyubiquitin pool (38, 39). Analogous to the
dynamic and crucial roles of ubiquitination events shown
previously, DUB-mediated deubiquitination events also play
important roles in the antiviral innate immune response (23, 24,
40, 41). Here, we summarize the differential regulatory roles of
human DUBs involved in the IFN-I signaling transduction pathway
during viral infections. Integrated analyses of DUBs involved in the

IEN-I signaling transduction pathway might improve our
understanding of their diverse regulatory mechanisms and host
antiviral activities, and facilitate the development of therapeutic
targets to improve host antiviral efficiency in the future.

DUBS REGULATE VIRUS-INDUCED IFN-I
PRODUCTION AND ANTIVIRAL
ACTIVITIES

Constitutively expressed RLRs often reside in the cytoplasm of
uninfected cells in an auto-repressed, inactive state (42). However,
upon viral infection, the master regulators RIG-I and MDAS5 are
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FIGURE 2 | List of DUBs identified in the human genome. These DUBSs are categorized into at least seven subfamilies, namely, Ub carboxyl-terminal hydrolases
(UCHSs), Ub-specific proteases (USPs), ovarian tumor proteases (OTUs), Machado-Joseph disease proteases (MJDs), motifs interacting with Ub (MIU)-containing
novel DUB family members (MINDYs), zinc fingers with UFM1-specific peptidase domain protein/C6orf113/ZUP1 (ZUFSP), JAB1/MPN/MOV34 metalloenzyme family

rapidly activated and then induce the transcriptional induction of
multiple IFNs. Additionally, mice lacking RIG-I or MDA5 are
highly susceptible to infection and fail to produce IFN-I and
proinflammatory cytokines (43, 44). Given the importance of
RIG-I and MDAS5 in the RLR signaling pathways, the functions
of the two proteins are affected by multiple PTM events, such as
phosphorylation and ubiquitination. For instance, several E3
ligases, such as TRIM25 (45), RNF135 (46), RNF125 (47),
RNF122 (48), TRIM40 (49), CHIP (50), and c-Cbl (51), regulate
RIG-I signaling by modulating Ub chains from various signaling
proteins. Among these, the K63-linked ubiquitination of RIG-I
often represents a critical step in promoting the activation of IFN-I
signaling (45, 46, 52). Intriguingly, IFN stimulation could also
promote an increase in the expression level of RIG-I. Thus, the
protein turnover and activity of RIG-I must be tightly regulated to
ensure restoration to homeostasis and to avoid hyperactivation of
IEN and cytokine signaling. To the best of our knowledge, at least
nine DUBs, A20, CYLD, USP3, USP5, USP14, USP15, USP21,
USP25, and USP27X, have been proposed to counteract the K63-
linked ubiquitination of RIG-I and, thereby attenuate downstream

signaling and IFN-f production (Table 1 and Figure 3) (58, 76,
93). However, unlike the nine above-mentioned Dubs, USP4 and
USP17 are the two DUBs that positively regulate virus-induced
IFN-I signaling by increasing the stability of RIG-I (Table 1 and
Figure 3). Congruently, the overexpression of USP4 or USP17
significantly promotes virus-induced IEN production and thereby
restricts virus replication, whereas the knockdown of USP4 or
USP17 has the opposite effect (77, 87). Moreover, DUBs also
exhibit different functions under different contexts. For example,
the deubiquitinating enzyme USP15 negatively regulates virus-
induced IFN-I production by targeting RIG-I (84). However,
USP15 has also been identified to positively regulate type I IFN
responses by decreasing the polyubiquitination level of TRIM25
(85, 86). Because the function of DUBs can be altered by various
PTMs under differential contexts (123), the discrepancy that
USP15 exerts both positive and negative effects may arise from
the context-specific PTM of USP15 itself, which may allow
dynamic fine-tuning of the signaling. Among the DUBs that
interact with STING, five members, namely CYLD, OTUDS5,
USP18 (also termed UBP43), USP20, and USP44, have been
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TABLE 1 | Summary on human DUBs involved in the regulation on IFN-I signaling and antiviral responses.

DUB Substrate Ub Model Effect Specific Event References
A20 RIG-I NA - Suppressing VSV through inhibition on RIG-I (53)
A20 MAVS NA - Suppressing VSV through inhibition on MAVS (53)
A20 IRF7 K63 - Deubiquitinating K63-Ub on IRF7 in 293 cell (54)
A20 TRAF6 K63 NA  Deubiquitinating K63-Ub on TRAF6 in HEK293T cells (55)
A20 IKK-y NA NA  Interacting with ubiquitinated NEMO, inhibiting IKK phosphorylation and NF-kB activation (56)
CYLD IKK-y M1 NA  Suppressing NF-kxB signaling (57)
CYLD RIG-I K63 - Deubiquitinating K63-Ub on RIG-I to decrease IFN production (58)
CYLD MAVS NA - Interacting with but not deubiquitinating MAVS to negatively regulate IFN production (58)
CYLD TBK1 K63 - Deubiquitinating K63-Ub on TBK1, negatively regulating RIG-I-mediated antiviral response (58)
CYLD STING K48 + Deubiquitinating K48-Ub on STING, promoting the innate antiviral response (59)
UCHL1  TRAF3 K63 - Deubiquitinating K63-Ub on TRAF3 in HEK293T cell, negatively regulating virus-induced IFNs production (60)
OTUB1  TRAF3 Ub - Deubiquitinating Ub on TRAF3, negative regulating virus-induced IFNs signaling (61)
OTUB2  TRAF6 Ub - Deubiquitinating Ub on TRAF6, negatively regulating virus-induced IFNs signaling 61)
OTUD1  IRF3 K63 NA  Deubiquitinating K63-Ub on IRF3, inhibiting IRF3 nuclear translocation and transcriptional activity (62)
OTUD1  IRF3 K6 - Deubiquitinating the viral infection-induced K6-linked ubiquitination on IRF3 (63)
OTUD1  SMURF1 K48 - Deubiquitinating K48-Ub on SMURF1, causing degradation on MAVS/TRAF3/TRAF6 (64)
OTUD3  MAVS K63 - Deubiquitinating K63-Ub on MAVS, inhibiting innate antiviral immune responses (65)
OTUD4  MAVS K48 + Deubiquitinating K48-Ub on MAVS, promoting antiviral responses (66)
OTuUD4  MyD88 K63 NA  Suppressing TLR/NF-xB signaling 67)
OTUD5  TRAF3 K63 - Deubiquitinating K63-Ub on TRAF3, suppressing type | IFN production in HEK293 cells (68)
OTUD5  STING K48 + Deubiquitinating K48-Ub on STING, promoting innate antiviral immunity. (69)
OTUD7B  RIPK1 K488K63  NA  Deubiquitinating K48 and K63-Ub on RIPK1 (70, 71)
OTUD7B TRAF3 K48 NA  Deubiquitinating K48-Ub on TRAF3, inhibiting TRAF3 proteolysis, preventing NF-kB activation (72)
OTUD7B TRAF6 K63 NA  Deubiquitinating TRAF6 in HUVECs (73)
USP1 TBK1 K48 + Inhibiting TBK1 degradation, promoting RIG-I- induced IRF3 activation and IFN-f secretion (74)
USP2B  TBK1 K63 - Deubiquitinating K63-Ub on TBK1 to inhibit TBK1 kinase activity (75)
USP3 RIG-I K63 - Deubiquitinating K63-Ub on RIG-I, to convert RIG-I to its inactive form in 293T (76)
USP4 RIG-I K48 + Deubiquitinating K48-Ub on RIG-I to stabilize RIG-I (77)
USP4 TRAF6 K48 NA  Deubiquitinating K48-Ub on TRAF6, positively regulating RLR-induced NF-kB activation (78)
USP5 RIG-I K48 - Increasing the K48-Ub on RIG-I after SeV infection (40)
USP7 TRIM27 K48 - USP7 knockout destabilizes TRIM27, which increase TBK1 turnover and IFNs signaling (79)
USP7 NF-xB K48 NA  Stabilizing NF-kB, increasing NF-«B transcription (80)
USP13  STING K27 - Inhibiting the recruitment on TBK1 to STING by deubiquitinating K27-Ub on STING (81)
USP14  RIG-I K63 - Deubiquitinating K63-Ub on RIG-1 in 293T cell (82)
USP14  cGAS K48 + Recruited by TRIM14 to stabilize cGAS, functions as a positive feedback loop on cGAS signaling (83)
USP15  RIG-I K63 - Deubiquitinating K63-Ub on RIG-I in HEK-293T cells (84)
USP15  TRIM25 K48 + Deubiquitinating K48-Ub on TRIM25 to maintain TRIM25 in an inactivate state (85)
USP15  TRIM25 Ub + Deubiquitinating Ub on TRIM25 in haematopoietic cells and resident brain cells (86)
USP17  RIG-I K488K63 + Deubiquitinating K48-Ub on RIG-I (87)
USP17 MDA5 K488K63 + Deubiquitinating K48-Ub and K63-Ub on MDAS (87)
USP18  ISG15 NA - Recruiting USP20 to form a complex with STING independently on DUB activity (88)
USP18  TAK1 K63 NA  Suppressing TLR/NF-«xB signaling (89)
USP19  TRIF K27 - Deubiquitinating K27-Ub on TRIF to impair the recruitment of TRIF to TLR3/4 (90)
USP20  STING K48 + Deubiquitinating K33- or K48 Ub on STING together with USP18 91, 92)
UsP21 RIG-I K63 - Deubiquitinating K63-Ub on RIG-I in HEK 293T cells (93)
UsP22  STING K27 - Deubiquitinating K27-Ub on STING by recruiting USP13 (40)
UsP22  IRF3 K48 + Stabilizing KPNA2, promoting IRF3 nuclear translocation (94)
UsP25  RIG-I K488&K63 - Deubiquitinating RIG-I in HEK-293T cells (95)
UsP25  TRAF3 K488&K63 - Deubiquitinating TRAF3 in HEK-293T cells (95)
USP25  TRAF6 K488K63 - DeubiquitinatingTRAF6 in HEK-293T cells (95)
USP25  TRAF3 K48 + Deubiquitinating K48-Ub in BMDCs and MEFs (96)
USP25  TRAF6 K63 + Deubiquitinating Ub on TRAF6 (96)
UsSP27X  RIG-I K63 - Deubiquitinating K63-Ub on RIG-I (97)
USP27X  cGAS K48 + Deubiquitinating K48-Ub on cGAS to stabilize cGAS (98)
USP29  cGAS K48 + Deubiquitinating and stabilizing cGAS to promote innate antiviral responses against DNA viruses (99)
USP31  TRAF2 K48 NA  Deubiquitinating K48-Ub and stabilizing TRAF2 (100)
USP38  TBK1 K33 - USP38 knockout increases K33-linked Ub but abrogates the K48-mediated degradation on TBK1 (101)
USP44  STING K48 + Preventing STING from proteasome-mediated degradation (102)
USP49  STING K63 - Deubiquitinating K63-Ub on STING, inhibiting STING aggregation and the recruitment on TBK1 (103)
MYSM1  TRAF3 K63 - Deubiquitinating K63-Ub on TRAF3 (104)
MYSM1  TRAF6 K63 - Deubiquitinating K63-Ub on TRAF6 (104)
MYSM1  STING K63 - Deubiquitinating K63-Ub on STING (105)
MCPIP1  TRAFs K48&K63 - Deubiquitinating TRAFs and inhibiting IRF3 nuclear translocation in HEK293T and Hela cells (106, 107)
(Continued)
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TABLE 1 | Continued

DUB Substrate Ub Model Effect Specific Event References
ATXN3  HDAC3 K488&K63 + Deubiquitinating K48- and K63-Ub on HDACS3 in 293T cells (108)
BRCC36 IFNAR1 K63 + Deubiquitinating K63-Ub on IFNART to sustain the turnover of IFNAR1 in 2fTGH cells (109)
BRCC36 STAT1 K63 + Maintaining the STAT1 levels by recruiting USP13 to antagonize the SMURF1-mediated degradation on (110)
STATH
USP2A  p-STATH K48 + Inhibiting K48-Ub-linked ubiquitination and degradation on pY701-STAT1 in the nucleus (111)
USP5 SMURF1 K63 - Deubiquitinating K63-Ub on SMURF1, inhibiting the IFN-mediated antiviral activity (112)
Usp7 SOCSH Ub - Enhancing SOCS1 protein stability via deubiquitination effects (113)
Usp12  CBP NA + Regulating CBP and TCPTP independently on the deubiquitinase activity (114)
USP13  STAT1 K48 + Deubiquitinating and stabilizing STAT1 (115)
USP18  JAK1 NA - Interacting with IFNAR2, restricting its interaction with JAK, inhibiting the tyrosine kinase activity of JAK (116, 117)
USP39  STAT1 K6 + Decreasing K6-linked Ub on STAT1 for degradation (118)
MCPIP1  NA Ub + Promoting IFN signaling by increasing ISRE promoter activity and ISG expression (119)
JOSD1 SOCSH K48 - Deubiquitinating K48-Ub on SOCS1 (120)
COPS5  TYK2 NA + Stabilizing IFNAR by antagonizing the NEDD8 pathway (121)
UCHL3  COPS5 K488K63 + Deubiquitinating K48- and K63-linked Ub on COPSS, increasing the IFNART turnover in 293T cells (122)
NA, not available; Ub model, the deubiquitination type on each DUB acting on the targeted proteins; effects, the DUBs positively (+) or negatively (—) regulate type | IFN signaling-mediated
antiviral activity.
A B
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FIGURE 3 | Overview of DUBs that modulate the virus-induced IFN-I production signaling (A) and the IFNAR-mediated downstream signaling transduction pathway
(B). The green arrows and red lines respectively indicate the positive and negative regulatory roles of each DUB involved.

demonstrated to promote IFN-I production and antiviral
responses. In addition, although USP18 cannot deubiquitinate
STING itself, it can recruit USP20 to deubiquitinate STING and
thereby suppresses virus-induced IFN-I production (91).
However, the other four DUBs (USP13, USP22, USP49, and
MYSM1) inhibit IFN-I-mediated antiviral activity by
deubiquitinating K27- or K63-linked polyubiquitin chains of

STING (40, 81, 103, 105). Consistent with this observation,
USP13- and USP49-deficient mice are more resistant to lethal
herpes simplex virus type 1 (HSV-1) infection than their wild-type
(WT) littermates (81, 103). In addition, MYSMI1 interacts with
STING to cleave STING ubiquitination and attenuate the
pathway, and MYSMI1-deficient mice exhibit tissue damage and
high mortality upon virus infection (105). Moreover, MAVS
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activation and aggregation, which is promoted by K63-linked
ubiquitination catalyzed by TRIM31 (124), are counteracted by
OTUD3 (65). In addition, OTUD3-deficient mice also exhibit
decreased morbidity after infection with vesicular stomatitis virus
(VSV), which might result from increased production of cytokines
and decreased viral replication (65). In addition, both OTUD3 and
A20 negatively regulate the IFN-mediated antiviral response by
modulating the polyubiquitination level of MAVS (125, 126).
However, OTUD4 positively regulates IFN signaling and
enhances host antiviral activities by deubiquitinating K48-Ub on
MAVS (66).

Among the DUBs that interact with cGAS or MDA5, USP27X
(98) and USP29 (99) stabilize cGAS and thus positively regulate
IFN production and antiviral activities. The knockout of USP27X
in mouse macrophages significantly impairs innate antiviral
responses (98), whereas the knockdown or knockout of USP29
severely impairs HSV1- or cytosolic DNA-induced expression of
IFN-Is and proinflammatory cytokines (99). In addition, USP17
promotes virus-induced IFN-I production by decreasing the
polyubiquitination level of MDA5 (87). Notably, UCHLI,
OTUBI, OTUB2, OTUDS5, USP25, MYSM1, and MCPIP1
(Figure 3A) negatively regulate virus-induced IFN-I production
and antiviral activities by cleaving K63-linked or other types of
polyubiquitin chains from TRAF3 or TRAF6. Regarding the
kinase TBK1, a previous study showed that the T cell anergy-
related E3 Ub ligase RNF128 catalyzes the K63-linked
polyubiquitination of TBK1, which causes TBK1 and IRF3
activation, and IFN-B production (127). The E3 ligases DTX4,
Triad3A, and TRIP have also been identified to conjugate K48-
linked polyubiquitin chains on TBKI, which results in TBK1
degradation and subsequent inhibition of IFN-Is (128-130).
However, DUBs cleave the polyubiquitin chains of TBKI to
reverse the ubiquitination process mediated by E3 ligases
(Table 1 and Figure 3). For example, CYLD removes
polyubiquitin chains from TBK1 and RIG-I and thus inhibits
the IRF3 signaling pathway and IFN production triggered by RIG-
I; conversely, CYLD knockdown enhances this response (58).
Similarly, USP38 negatively regulates IFN-I signaling by
targeting the active form of TBK1 for degradation in vitro and
in vivo (101). USP19 suppresses virus-induced IFN-I production
by targeting TIR domain-containing adaptor inducing interferon-
B (TRIF, also known as Ticam1), which is an adaptor required for
innate immune responses mediated by TLR3 and TLR4 (90).
Together, these results indicate that the crosstalk between IFN-I
and the Toll-like signaling pathway functions intricately in
regulating host antiviral activities.

Altogether, the diversity of the mechanisms of DUB
regulation enables the tight regulation of their function, which
ensures an appropriate innate immune response against virus
infections. To the best of our knowledge, at least twenty-four
DUBs, A20, UCHLI, OTUB1, OTUB2, OTUDI1, OTUD3,
OTUDS5, USP2B, USP3, USP5, USP7, USP13, USP14, USP15,
USP18, USP19, USP21, USP22, USP25, USP27X, USP38, USP49,
MYSM1, and MCPIP1, have so far been identified to negatively
regulate virus-induced IFN-I production and antiviral activity. In
contrast, DUBs, including CYLD, OTUD4, OTUD5, USP4,

USP15, USP17, USP20, USP27X, USP29, and USP44, have
been suggested to positively regulate host antiviral responses
by targeting various substrates in this pathway (Table 1). These
DUBs mainly regulate the polyubiquitination levels of RIG-I,
STING, MAVS, TRAFs, and TBK1, which function at different
levels of this pathway (Figure 3A), and this finding implies the
physiological importance of these master proteins in innate
immunity during viral infections. Of note, one DUB might
target different proteins in the same pathway, whereas the
same substrate might also be regulated by more than one
DUB, which suggest the existence of dynamic and complex
crosstalk between DUBs and substrates involved in IFN-I
signaling-mediated antiviral activities. However, why so many
DUBs are involved in host immune responses during viral
infections remains unclear. One possible reason is that
different DUBs may exert differential functions in response to
various stimuli, and some of the Dubs might function
redundantly in specific contexts. Second, the experimental
tools and research biases might also contribute to the diverse
roles of DUBs that have been identified. Moreover, some findings
are only based on cell lines and overexpression systems and need
to be confirmed in vivo and with genetic models in the future.

DUBS IN IFNAR-MEDIATED
DOWNSTREAM SIGNALING AND
THE ANTIVIRAL RESPONSE

In addition to their roles in virus-induced IFN-I production
signaling, signaling molecules downstream of the IFN receptor
play pivotal roles in affecting host antiviral efficiency. Because
increasing the dosage of IFNs alone cannot significantly improve
host antiviral efficiency, it has been proven that IFNs can induce
ubiquitin-dependent degradation of the IFNAR receptor, which
leads to a restriction effect on host antiviral activities (131, 132).
Consequently, it is similarly important to investigate the roles of
DUBs involved in the IFNAR-mediated downstream signaling
pathway. However, compared with the relatively large number of
DUBs that regulate virus-induced IFN-I production (Figure 3A),
the number of DUBs that have been implicated in IFNAR-
mediated downstream signaling has rarely been explored
(Figure 3B). In most cases, the regulatory effects of DUBs are
mainly focused on the STAT1 protein, which functions as an
essential transcription factor in IFNAR1-mediated downstream
signaling. The ubiquitination and deubiquitination regulation
events of STAT1 and its associated effects on the innate immune
response have been increasingly investigated in recent years. For
example, the three deubiquitinating enzymes BRCC36, USP13,
and USP39 interact with STAT1 and decrease the K63-, K48- and
K6-linked polyubiquitin chains of STAT1 respectively (110, 115,
118). These three DUBs positively regulate IFN-mediated antiviral
activities and have been proposed to antagonize the degradation
rate of STAT1 mediated by two E3 ligases, SLIM (133) and
SMURF1 (134). More specifically, BRCC36 deficiency leads to a
rapid downregulation of STAT1 during viral infection, whereas
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complementation by BRCC36 can rescue the STAT1 expression
levels and suppress virus infection (110). BRCC36 sustains STAT1
protein turnover by recruiting USP13 to form a balanced complex
to antagonize the SMURF1-mediated degradation of STAT1 (110).
More specifically, USP13 positively regulates the antiviral activity of
IFNo. against DEN-2 virus replication by deubiquitinating and
stabilizing STAT1 (115). Intriguingly, although USP39 was
previously shown to not have deubiquitinase activity, recent studies
have shown that USP39 combines with STAT1 and stabilizes its
expression level by preventing the K6-linked polyubiquitination of
STAT1 which promotes its degradation, and USP39 thus positively
regulates IFN-I-mediated antiviral activities (118). Notably, IFN
treatment could also promote USP2A to interact with pY701-
STAT1 and maintain the pY701-STAT1 levels in the nucleus,
which enhances IFN signaling-mediated antiviral activity (111).
Unlike USP2A, the deubiquitinating enzymes BRCC36, USP13,
and USP39 positively regulate IFN activities by attenuating the
polyubiquitination level of STAT1, and this process is independent
of IEN treatment, which suggests divergent functional roles of these
DUBs under differential contexts.

Additionally, ATXN3 does not affect IFN-I production during
viral infection but positively regulates IFNAR1-mediated
downstream signaling by targeting HDAC3 (108). Another DUB,
UCHLS3, also positively regulates IFN-I-mediated antiviral activity by
increasing the stability of COPS5 and IFNAR1 (121, 122). Moreover,
both USP7 and JOSD1 have been identified as negative regulators of
IFNAR1-mediated downstream signaling by decreasing the
polyubiquitin expression level of SOCS1 and thereby enhancing the
turnover of SOCS1, which is a potent suppressor of IFN-I signaling
(135). The IFN-inducible deubiquitinase USP18, which functions as
one of the most important DUBs in IFN signaling, can downregulate
type I IFN signaling by blocking the interaction between JAK1 and
IFNAR?2 (88, 89, 117). In addition, USP18 has enzymatic activity in
cleaving the covalently conjugated 15-kDa protein encoded by
interferon-stimulated gene 15 (ISG15) from its targeted substrates
(136), and USP18 gene-knockout mice exhibit increased
susceptibility to Salmonella typhimurium or Mycobacterium
tuberculosis pathogen infections (137). Intriguingly, USP18 also
acts as a negative regulator of microglia activation in mice. USP18
deficiency in microglial causes destructive interferonopathy in the
mouse brain, suggesting that USP18 plays a protective role in
microglia function by regulating the IFNAR pathway (138).
Therefore, multiple DUBs are involved in regulating IFNAR-
mediated downstream signaling during viral infection. However,
whether other DUBs are similarly involved remains unknown, and
the connection of DUBs with immune disorders and other related
diseases still needs further research.

DUBS REGULATE IFN-I-MEDIATED
ANTIVIRAL RESPONSES VIA THEIR
PROTEASE ACTIVITY

Because DUBs are proteases, it is often speculated that the DUBs
functioning in antiviral immunity are dependent on their

deubiquitinating enzyme activities. The Ub chains of each
substrate involved in IFN-I signaling are cleaved by various
DUBs through either endo- or exo cleavage activity. Although
the determination of whether a DUB cleaves with endo- or exo-
cleavage activity seems difficult, several studies have shown that
this activity relies on both the DUB structure and the type of Ub
linkage (39). Indeed, the presence of seven internal lysine
residues of the Ub (K6, K11, K27, K29, K33, K48, and K63)
and the o-amino-terminus of methioninel (Metl) enable the
modification of target proteins with different types of
polyubiquitin chains (conjugation of Ub molecules via the
same lysine residue), heterotypic Ub chains (conjugation
through different linkage patterns), branched chains, or
monoubiquitination (38). Among the different types of
polyubiquitin modifications, the principal and most abundant
forms are K48-linked and K63-linked polyubiquitination.
However, the outcomes of these different ubiquitination events
for the substrate are distinct: K48-linked polyubiquitin chains are
the best characterized and trigger substrates for proteasomal
degradation more frequently than other modifications (139,
140), whereas K63-linked chains play non degradative roles in
cellular signaling, intracellular trafficking, the DNA damage
response, and other contexts (141, 142).

The K48- and K63-linked polyubiquitin modifications are also
the most common types of PTMs identified in the proteins of the
IFN-I signaling pathway (Table 1). Although many Ub E3 ligases
responsible for the K48-linked ubiquitination of proteins have
been identified over the years (22, 24, 143), the corresponding
DUBs in antagonizing the degradation and maintaining the
protein stability of the key molecules in IEN signaling remain
poorly understood (144). An overall view of the DUBs that
specifically hydrolyze K48-linked polyubiquitin chains from
various substrates during virus infections such as CYLD,
OTUD4, OTUDS5, USP1, USP4, USP14, USP15, USP20, USP25,
USP27X, USP29, and USP44 is summarized in Table 1. These
DUBs specifically hydrolyze K48-linked polyubiquitin chains from
various substrates and thereby stabilize proteins and play positive
roles during viral infection. More specifically, among the DUBs,
CYLD deficiency promotes K48-linked polyubiquitination and
degradation of STING and thereby decreases the induction of
IRF3-responsive genes after HSV-1 infection. In accord with this
observation, CYLD-knockout mice are more susceptible to HSV-1
infection than their wild-type littermates (59). The deubiquitinase
OTUD4 interacts with MAVS to remove its K48-linked
polyubiquitin chains and thereby maintains MAVS stability and
promotes innate antiviral signaling. Additionally, the knockout of
OTUD4 impairs RNA virus-triggered activation of IRF3 and NF-
KB and the expression of their downstream target genes, and
potentiates VSV replication in vitro and in vivo (66). Similarly,
OTUDS5 promotes the protein stability of STING via cleaving the
K48-linked polyubiquitin chains. The knockout of OTUD5 leads
to faster turnover of STING and impairs IFN-I signaling following
cytosolic DNA stimulation, whereas Lyz2-Cre Otud5™ mice and
CD11-Cre Otud5”" mice show higher susceptibility to HSV-1
infection than their corresponding control littermates (69).
Among the USP members, USP1 functions as a viral infection-
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induced physiological enhancer of TBK1 expression when bound
to USP1 the K48-linked polyubiquitination of TBK1, resulting in
enhanced TLR3/4 and RIG-I-induced IRF3 activation and IFNf
secretion (74). USP4, it positively regulates the RIG-I-mediated
antiviral response by deubiquitinating K48-linked ubiquitin chains
and stabilizing RIG-I (77). Interestingly, USP14, USP27X, and
USP29 have been identified to positively regulate virus-induced
IFN-I production by targeting the same substrate cGAS,
and mechanistically, the three DUBs function by deubiquitinating
K48-linked ubiquitin chains and stabilizing cGAS (83, 98, 99).
Consistently, mice with the genetic ablation of USP27X and USP29
exhibit decreased levels of IFN-Is and proinflammatory cytokines
after HSV-1 infection and hypersensitivity to HSV-1 infection
compared with their wild-type littermates (98, 99). In addition,
although both USP20 and USP44 have been shown to positively
regulate virus-induced IFN-I signaling by targeting the same
substrate, STING, and removing its K48-linked polyubiquitin
chains, these two DUBs function differently (Table 1).
Mechanistically, USP20 is recruited by USP18 to deconjugate
K48-linked ubiquitination chains from STING and thus
promotes the stability of STING and the expression of type I IFNs
and proinflammatory cytokines after DNA virus infection (91). A
later study, further confirmed that USP20 removes K48-linked
ubiquitin chains from STING after HSV-1 infection and thereby
stabilizes STING and promotes cellular antiviral responses (92).
Congruently, USP20 knockout mice exhibit decreased levels of IFN-
Is and proinflammatory cytokines, increased susceptibility to lethal
HSV-1 infection, and aggravated HSV-1 replication compared with
wild-type mice (92). The complementation of STING into Usp20
(-/-) cells remarkably restores HSV-1-triggered signaling and
inhibits HSV-1 infection (92). In addition, the ectopic expression
of USP15 enhances the TRIM25- and RIG-I-mediated production
of type I IFN and thus suppresses RNA virus replication, whereas
the depletion of USP15 causes decreased IFN production and
markedly enhanced viral replication (85). Moreover, the DUB
activity of USP25 is needed for virus-induced production of IFN-I
and proinflammatory cytokines, because USP25 can stabilize
TRAF3 by deubiquitinating K48-Ub on TRAF3 whereas the
complemention of TRAF3/6 into USP25-deficient MEFs restores
virus-induced signaling (96). Consistently, USP25-deficient mice
are susceptible to H5N1 or HSV-1 infection than their wild-type
counterparts (96).

Notably, although DUBs including OTUDI, USP5, and USP7
function to cleave K48-linked polyubiquitin chains of various
substrates, the three DUBs exert opposite effects, which play
negative roles in the host immune response against virus
infection (Table 1). For example, OTUD1 upregulates the protein
levels of intracellular Smurfl by removing the K48-linked
polyubiquitin chains of Smurfl, and RNA virus infection
promotes the binding of Smurfl to MAVS, TRAF3, and TRAF6,
which leads to ubiquitination-dependent degradation of the three
proteins and subsequent potent inhibition of IFNs production (64).
In agreement with this observation, OTUD]1-deficient mice
produce more antiviral cytokines and are more resistant to RNA
virus infection (64). In addition, a recent systematic functional
screening assay revealed that USP5 inhibits IFNf expression and

promotes VSV replication by recruiting STIP1 homology and U-
box containing protein 1 (STUB1) to degrade RIG-I (40). Whereas
USP7 acts as a negative regulator in antiviral signaling by stabilizing
TRIM27 and promoting the degradation of TBK1, the knockout of
endogenous USP7 leads to enhanced TRIM27 degradation and
reduced TBK1 ubiquitination and degradation (79). In the case of
IFNAR-mediated downstream signaling pathway, USP2A sustains
interferon antiviral activity by restricting the K48-linked
ubiquitination of p-STATI in the nucleus (111). Via using RNA
interference screening strategy, USP13 was found to positively
regulate IFN-I signaling by deubiquitinating the K48-linked
polyubiquitin chains the of STAT1 protein (115). Congruently,
STAT]1 ubiquitination is reduced in cells by USP13 overexpression
and increased with USP13 knockdown regardless of IFNo
treatment (115). JOSD1 has been identified to negatively regulate
IFN-I-induced signaling and the antiviral response by
deubiquitinating the K48-linked polyubiquitination of SOCSI,
which is an essential negative regulator of many cytokine
signaling pathways (120).

K63-linked polyubiquitin modification, it has also been identified
as fundamental for both the innate and adaptive immune systems.
K63-linked polyubiquitin is not only needed for the virus-induced
activation of TBK1 and IRF3 (145) but also widely involved in
pathways including NF-«B signaling and MAPK activation (146,
147). In NF-xB pathways, K63-linked polyubiquitin chains play
pivotal roles in stabilizing the receptor signalosome on the
membrane and hence facilitate the recruitment of adaptors or
complexes and activating kinases (148). Critically, many E3
ligases, including TRAF6, are implicated in NF-xB pathways by
catalyzing K63-linked polyubiquitination of various proteins (146).
Whereas DUBs play an opposite role to E3 ligases, and various
DUBs, including A20, CYLD, UCHL1, OTUD4, OTUDS5,
OTUD7B, USP18, USP25, and MYSM1, have been found to
remove K63-linked polyubiquitin chains from various substrates
(TBK1, TAK1, MyD88, TRAF3, and TRAF6) (Table 1).
Intriguingly, unlike the aforementioned DUBs, A20 is a hybrid of
a DUB and a E3 ligase and has an N-terminal OTU domain
responsible for polyubiquitin cleavage and C-terminal domain-
containing zinc fingers that bear E3 ligase activity. A20 cleaves the
Ké63-linked polyubiquitin chains of TRAF6, RIP1, RIPK2, IKK-Y,
and MALT1 and hence suppresses NF-xB activation. Moreover,
A20 has been shown to promote the K48-linked ubiquitination of
RIP1, which leads to its degradation and thereby the
downregulation of NF-xB signaling (146, 149). Critically, K63-
linked ubiquitination also plays a pivotal role in affecting virus-
induced IFN-I production by either stabilizing substrates or by
acting as a scaffold for the formation of a signaling multi complex
(150). To date, a panel of 15 DUBs, such as CYLD, UCHLI,
OTUDI, OTUD3, OTUD4, OTUDS5, USP2B, USP3, USP14,
USP15, USP21, USP25, USP27X, USP49, and MYSM1, have been
identified to cleave the K63-linked polyubiquitin chains on various
proteins, which results in a positive or negative effect on virus-
induced IFN-I production under different contexts (Table 1). For
example, OTUD3 removes K63-linked ubiquitin chains from
MAVS and thereby inhibits MAVS aggregation and IFN-I
signaling activation (65). In addition, unanchored K63
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polyubiquitin chains can bind to MDAS5, and this binding is
important for signaling by MDAS5, mutations of conserved
residues in MDA5 disrupt its ubiquitin binding, and abrogate its
ability to activate IRF3 (151). In the case of IFNARI-mediated
downstream signaling, BRCC36 sustains the protein turnover of
IFNARI1 by removing K63-Ub from IFNARI1 (109), whereas USP5
has been identified to negatively regulate IFN-I-induced p-STAT1
activation and antiviral activities by removing K63-Ub on
SMURFI (112).

Additionally, some DUBs possess broad DUB activity against
several types of Ub linkages. The DUBs OTUD7B, USP17, USP25,
MCPIP1, ATXN3, and UCHLS3 could simultaneously deconjugate the
K48- and K63-linked Ub chains from the same protein in the IFN-I
signaling pathway (Table 1). For instance, ATXN3 sustains IFNARI-
mediated downstream signaling by deubiquitinating both the K48- and
K63-linked types of Ub chains on HDAC3 (108). However, USP13,
USP19, and USP22 inhibit virus-induced IFN production by removing
K27-linked polyubiquitin chains from STING (40, 81) or TRIF (90). In
contrast, USP38 combines with the active form of TBK1 via the NLR
family pyrin domain containing 4 (NLRP4) signalosome and then
cleaves K33-linked Ub chains from TBK1 at Lys670, which allows
DTX4 and TRIP to catalyze K48-linked ubiquitination on the same
residue (101). This process causes the degradation of TBKI, thus
negatively regulates IFN-I signaling. Intriguingly, USP39 promotes
IFN-mediated antiviral responses by decreasing K6-linked but not
canonical K48-linked polyubiquitination of STAT1 for degradation
(118), eventhough K6-linked ubiquitin chains are often related to DNA
damage instead of protein degradation (142). Morever, although USP5
reportedly increases K11- and K48-linked ubiquitination of RIG-I
upon virus infection and thereby facilitates the degradation of RIG-I
(40), the detailed mechanism used by USP5 to enhance K11-linked Ub
chains of RIG-I and the exact functions of K11-linked Ub chains
implicated in the RIG-I-mediated signaling pathway remain elusive.
Overall, the atypical K6-, K11-, K27-, K33- and linear-linked
polyubiquitin chains of proteins also play critical roles in antiviral
immunity and inflammation (152). However, little is known about
K29-linked polyubiquitination, and whether this type of PTM occurs
on substrates involved in IFN-I signaling remains unknown and
warrants further research.

DUBS REGULATE HOST ANTIVIRAL
ACTIVITY INDEPENDENTLY OF THEIR
PROTEASE ACTIVITY

Although many studies have demonstrated that the protease
activity of DUBs is critical in regulating the Ub chains on their
substrates and affecting host IFN immune responses, some
studies have also shown that the catalytic activity of certain
DUBs is not necessary in regulating the IFN-I signaling pathway,
which implies novel strategies used by DUBs. Mechanistically,
the catalytically inactive mutant sites of DUBs could not abolish
their negative or positive roles during virus infection, which
indicates that these DUBs function independently of their protease
activity. For instance, both the wild-type and enzymatically inactive
mutant of USP5 can cause a decreased polyubiquitination level of
SMURF1 (112), which suggest that USP5 functions in the immune

response probably independently of its protease activity. In addition,
some DUBs form complexes with adaptor or scaffold proteins,
which act by recruiting proteins to participate in particular
biological events, attracting trafficking factors that change
substrate localization, or controlling substrate activity. For
instance, DUBs can regulate a specific substrate by recruiting
other factors, as demonstrated by USP10 recruits and binds with
monocyte chemotactic protein induced protein 1 (MCPIP1) to
deubiquitinate its substrate, nuclear factor kB essential modulator
(NEMO) (153). Additionally, it has been shown that A20 blocks
antiviral signaling by disrupting K63-linked polyubiquitination of
TBK1-IKK complex independtly of the A20 deubiquitination
domain (154). Futhermore, A20 prevents the interaction between
Ubcl3 and both TRAF2/5 and cIAP1/2 upon TNFo stimulation,
which suggest A20 functions beyond its protease activity (155). In
addition, A20 suppresses TNFo-induced NF-kB signaling through
a noncatalytic mechanism that involves binding to polyubiquitin
chains via its seventh zinc finger (ZnF7) (56, 156, 157). This binding
is proposed to impede the recruitment of other linear polyubiquitin
binding proteins that are essential for productive signaling
downstream from TNFR (157). Moreover, USP5 suppresses IFN-
[ expression and enhances VSV replication by recruiting STUBI to
degrade RIG-I (40). USP13, which shares ~80% sequence similarity
with USP5, negatively regulates virus-induced IFN-I production by
inhibiting the recruitment of TBK1 to STING by deubiquitinating
the K27-linked ubiquitin chains on STING (81), whereas USP22
recruits USP13 to cleave the K27-linked polyubiquitin chains from
STING (40). USP18 does not deubiquitinate STING in vitro but
facilitates USP20 to catalyze deubiquitination of STING in a
manner independently of the enzymatic activity of USP18 (91). In
addition, USP18-knockout mice are more susceptible to HSV-1
infection than their wild-type littermates, and the reintroduction of
STING into USP18™/~ MEFs can restore the HSV-1-induced
expression of downstream genes and cellular antiviral responses
(91). In addition to being an active enzyme, USP18 can bind to the
intracellular part of IFNAR2 and compete with the binding of JAK1
to the receptor, which results in negative regulation of IFNAR
signaling independently of its protease activity (117). In the case of
IFNAR-mediated downstream signaling, some other DUBs also
implement their functions beyond their protease activities. For
example, BRCC36 functions noncatalytically by recruiting USP13
to counteract the SMURFI-mediated degradation of STAT1, and
this effect enhances the stability of STAT1 and improves host
antiviral efficiency (110). Additionally, USP12 positively regulates
IFN antiviral signaling independently of its deubiquitinase activity.
Upon IFN treatment, USP12 accumulates in the nucleus, blocks the
CREB-binding protein-induced acetylation of p-STATI, and thus
inhibits the dephosphorylation effects of TCPTP on p-STAT]I,
which ultimately maintains the nuclear p-STATI levels and IFN
antiviral efficacy (114).

DUB INHIBITORS AND THEIR POTENTIAL
ROLES IN THERAPEUTIC PURPOSES

Because DUBs play critical roles during innate antiviral
responses, the development of small-molecule inhibitors that
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specifically change DUB activities might be a therapeutic strategy
for improving host antiviral efficiency. Over the years, inhibitors
of a panel of DUBs, including USP1, USP2, USP4, USP5, USP7,
USPS8, USP9X, USP10, USP11, USP13, USP14, USP19, USP20,
USP25/28, USP30, COPS5, STAMBP, PSMD14, UCHLI,
UCHL3 and UCHLS5, have been designed (158-163). However,
to date, only a few small-molecule inhibitors of DUBs have been
employed to investigate their functional roles in host antiviral
activities. For instance, the USP7 inhibitors P5091 and P22077
have been verified to promote the type-I interferon-mediated
antiviral response by destabilizing SOCS1 (113). Similarly, the
USP5 inhibitor PYR41 could reduce virus replication at the
mRNA and protein levels by promoting IFNAR-mediated
antiviral responses (112).

Because ubiquitination and related processes are involved in
myriad aspects of human cell biology and physiology, abnormalities
in such events can cause many diseases. Among these events, the
dysregulation of DUB activity contributes to various sporadic and
genetic diseases (158, 164, 165). For instance, human USP18
deficiency underlies type 1 interferonopathy, leading to severe
pseudo-TORCH syndrome which is characterized by
microcephaly, enlarged ventricles, cerebral calcification, and other
severe complications (166). Similarly, the homozygous mutation of
USP18 also causes severe type I interferonopathy because the
mutated USP18 protein results in unmitigated interferon-
mediated inflammation and is lethal during the perinatal period
(167). However, the treatment of these patients with ruxolitinib, a
JAK 1/2 inhibitor, it significantly improves their symptoms (167).
Additionally, a homozygous miss-sense mutation in STAT2 results
in failure to appropriately traffic USP18 to IFNAR2 and prevents
USP18 from negatively regulating responses to IFN-Is, which leads
to infant death from autoinflammation disease (168). Notably, given
that the current therapeutics remains incapable of achieving
satisfying disease management in all patients, the therapeutic
modulation of DUBs might be an attractive target in certain
diseases. As has been demonstrated, although some inhibitors can
treat cancer disease efficiently (169), the use of these inhibitors in the
treatment of viral infectious diseases remains largely unexplored.
Because DUB inhibition could promote steady-state Ub levels of
specific substrates without affecting global protein or Ub levels, the
development of small-molecule inhibitors targeted towards DUBs
has increasingly become a promising strategy for drug discovery
(170). However, because many DUBs are conserved during
evolution and have a high sequence similarity, new perspectives
are needed to facilitate the development of specific inhibitors.
Consequently, the design of small-molecule inhibitors that
interfere with the activity of DUBs or the DUB-substrate
interactions accompanied by their relevance in vivo and related
diseases remains one of the critical and challenging research areas.
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Poxviruses have evolved a variety of innate immunity evasion mechanisms, some of which
involve poxvirus-encoded E3 ubiquitin ligases and adaptor proteins. Based on their
functional domains and ubiquitin transfer mechanisms, these poxvirus-encoded E3
ubiquitin ligases and adaptor proteins can be divided into five categories: PRANC,
ANK/BC, BBK, P28/RING, and MARCH proteins. Although the substrates of many
poxvirus E3 ubiquitin ligases remain to be discovered, most of the identified substrates
are components of the innate immune system. In this review, we discuss the current
research progress on poxvirus-encoded E3 ubiquitin ligases and adaptor proteins to
provide mechanistic insights into the interplay between these viruses and their hosts.

Keywords: poxvirus, ubiquitin, E3 ubiquitin ligase, innate immune evasion, MARCH

INTRODUCTION

Members of the family Poxviridae are double-stranded DNA viruses that replicate in the cytoplasm
of the host cell. After infecting the host, poxviruses usually cause local or systemic purulent skin
damage. Poxviridae is divided into two subfamilies: Chordopoxvirinae and Entomopoxvirinae. The
typical members of the Chordopoxvirinae subfamily are variola virus (VARV), cowpox virus
(CPXV), monkeypox virus (MPXV), vaccinia virus (VACV), orf virus (ORFV), myxoma virus
(MYXV), and ectromelia virus (ECTV) (1).

The host inhibits the replication and spread of the virus through both the innate and adaptive
immune systems. Therefore, immune escape mechanisms are particularly important for the survival
of the virus (2). Poxviruses have gradually developed a variety of immune escape strategies during
their evolution. For instance, poxviruses encode ubiquitination pathway components that modify
the host proteins, directly affecting viral recognition, the generation of antiviral signals and
inflammation, and the elimination of the virus.

Ubiquitin consists of 76 amino acids and can be attached to target proteins. The ubiquitination
process occurs through an enzymatic cascade. First, ubiquitin needs to be activated by an E1 ubiquitin-
activating enzyme; then, the activated ubiquitin is transferred to an E2 ubiquitin-conjugating enzyme;
and finally, an E3 ubiquitin ligase transfers ubiquitin to a lysine residue on the target protein (Figure 1A)
(3). Deubiquitylating enzymes (DUBs) maintain the dynamic state of the cellular ubiquitome by
releasing conjugated ubiquitin from proteins and recycling it to maintain the cellular level of free
ubiquitin (4). In the above series of enzymatic cascade reactions, the E3 ubiquitin ligase enzyme plays a
vital role in the specific recognition of target substrates. At present, 8 types of polyubiquitination
modification linkages have been reported. Seven of them involve connections of the glycine at the
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C-terminus of the ubiquitin molecule to a lysine in the ubiquitin
chain, specifically, K6, K11, K27,K29, K33, K48 or K63 (Figure 1B).
Among those seven polyubiquitination modifications, those at K48
and K63 are the best studied. Atleast four ubiquitins linked together
via their Lys48 residues form the ubiquitin chain that triggers
degradation by the 26S proteasome (Figure 1C). In addition,
monoubiquitination or Lys63-linked polyubiquitination functions
as a nonproteolytic signal in intracellular trafficking, DNA repair,
and signal transduction pathways (Figure 1C). The eighth type of
ubiquitin linkage is linear ubiquitination, in which the amino group
of the methionine residue on ubiquitin is connected to the carboxy
group of the glycine residue of another ubiquitin. Ubiquitin-like
proteins (UbLs), including NEDD8, SUMO, and ISG15, are
biochemically similar to Ub and are also covalently attached to
the lysines of their substrates. The conjugation of ubiquitin to UbL,
and vice versa, can also occur, forming hybrid chains (5).

The E3 ubiquitin ligases in eukaryotes are mainly classified
into three types based on their functional domains and ubiquitin
transfer mechanisms (6). The most abundant type of ubiquitin

ligase is Really Interesting New Gene (RING) E3s. They are
characterized by a zinc-binding domain, called a RING domain,
or a U-box domain (7). Some RING E3s, such as cullin-RING
ligases (CRLs), are composed of multiple subunits. CRLs are
composed of a cullin scaffold with a RING-box domain at its N-
terminus, an adaptor protein and a substrate receptor. There are
several subtypes of CRL ligases. One subtype contains Casitas B-
Lineage Lymphoma Proto-Oncogene C (c-Cbl), Mouse Double
Minute 2 (Mdm2), and Inhibitor of Apoptosis (IAP) and RING
finger proteins (8). Another CRL ligase subtype comprises large
protein complexes that include a minimal core element
composed of cullin and RING-H2. Another subtype of CRL
ligase is the Membrane-Associated RING-CH (MARCH) type.
The E3 ligases of the Homologous to the E6AP Carboxyl
Terminus (HECT) domain family are another E3 ligase type
and are characterized by a conserved HECT domain located
at the C-terminus of the protein (9). The other E3 ligase type
is RING-between RING-RING (RBR) E3s, named after their
two predicted RING domains (RING1 and RING2) and an

A
® e
! +ATP ) ] / °
EODEHVE =
“AMP + PPi
B Ubiquitin
NHz- | ] -COOH
I I I I I I I
K6 K1 K27 K29 K33 K48 K63
c

FIGURE 1 | Diagrammatic sketch of the ubiquitin cascade and E3 classification. (A) lllustration of the ubiquitin/26S proteome pathway. E1 is activated through ATP
hydrolysis and adenosylates the ubiquitin molecule. Then, ubiquitin is successfully transferred to E3 from E1 by the catalysis of E2. With the participation of E3,
substrates are modified by the ubiquitin molecule in different linkage modes. (B) The seven lysine residues on the ubiquitin molecule that can be ubiquitinated.

(C) Different ubiquitin molecule linkage types. Upper panel, ubiquitin molecules connect with each other through K48 to form a polyubiquitin chain. Substrates
modified by the polyubiquitin chain are degraded by the proteasome pathway. Lower panel, substrate modification by ubiquitin molecules through K63 type
monoubiquitylation or polyubiquitylation, which plays important roles in signal transduction.
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in-between-RING domain (IBR). In the RBR catalytic process,
the RING1 domain recruits ubiquitin-charged E2, and the
RING2 domain possesses a catalytic cysteine. In this review,
we focus on poxvirus-encoded E3 ubiquitin ligases and adaptor
proteins, which are CRL ligases.

POXVIRUS-ENCODED E3 UBIQUITIN
LIGASES AND ADAPTOR PROTEINS

Poxviruses encode many proteins with E3 ubiquitin ligase
functions, including pox protein repeats of ankyrin-C-terminal
domain (PRANC), ankyrin repeat (ANK)/Elongin B/Elongin C
(BC), BTB/Kelch (BBK), P28/RING, and MARCH. Diagrams of
the E3 ubiquitin ligases and adaptor proteins encoded by
poxvirus are illustrated in Figure 2 and summarized in
Tables 1, 2.

PRANC Proteins

Poxviruses usually encode 4 to 5 ANK proteins. The ANK repeat
domain, composed of 33 amino acid residues, mainly exists in
Chordopoxvirinae, often functioning as a protein-protein
interaction motif. Approximately 80% of ANK proteins have
an F-box domain at the C-terminus, and this F-box domain is
shorter than the typical F-box domain in the host cells (17).
Specifically, the F-box domain encoded by poxviruses is similar
in length to one or two of the three alpha helices of the cellular
F-box protein. The M-T5 protein of MYXV; the VACV protein
of B18R; the ORFV008, ORFV123, ORFV126, ORFV128, and
ORFV129 proteins of ORFV; and EVM002, EVMO005, EVM154,
and EVM165 of ECTV all contain F-boxes. The Skp, Cullin,

F-box (SCF) motif is the recognition motif of E3 ubiquitin ligases
that mediate the ubiquitination and degradation of substrates via
the 26S proteasome (8). In the viral ANK/F-box protein, the F-
box motif binds to the N-terminus of the scaffold protein cullin-1
(Cul-1) via the adaptor protein S-Phase Kinase Associated
Protein 1 (SKP1) (Figure 2A). The substrate is then
ubiquitinated and degraded by binding to the substrate
receptor region of the F-box protein through the degradation
sequence. The SCF complex can selectively degrade regulatory
proteins, thus modulating a variety of cell activities, such as
signal transduction and cell cycle regulation (26).

MYXV encodes M-T5, M148R, M149R and M150, all of
which are considered PRANC proteins, as they include N-
terminal ANK repeats and a C-terminal F-box structure. The
association of M-T5 and Cul-1 reduces P27 expression levels
through 26S proteasomal degradation mediated by M-T5/SCF1.
The association of M-T5 and Cul-1 maintains the protein level of
Akt instead of reducing it through M-T5/SCF1-mediated 26S
proteasome degradation. M-T5 can mimic the cellular protein
PIKE-A, forming a complex with Akt to induce its activity. M-T5
interacts with Akt to promote the phosphorylation of P27 to
regulate apoptosis and cell growth. P27/kip1 belongs to the cell
cycle control protein Cip/Kip family and is a negative cell cycle
regulator. The continuous phosphorylation and ubiquitination-
associated degradation of P27 promote the cell cycle to cross the
GO/G1 checkpoint, thereby avoiding programmed cell death due
to virus infection (13, 17). The M148 protein encoded by MYXV
contains 10 ankyrin repeats and is located in the cytoplasm and
nucleus. M149 contains 9 of these ankyrin repeats and is
unevenly distributed in the cytoplasm in the form of dots.
Neither M148 nor M149 is required for virus replication in

A E3 complex B E3 complex c | E3 complex |
[ 1
scaffold f scaffold I R ol , scaffold
T T T T Cerminal :
1 1
1 1 ’
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FIGURE 2 | A diagram of poxvirus E3 ubiquitin ligases and adaptor proteins. (A) Schematic diagram of Cullin-1 E3 Ub ligases and poxvirus-encoded pox protein
repeats of ankyrin-C-terminal domain (PRANC) protein. (B) Schematic diagram of Cullin-2/Cullin-5 E3 Ub ligases and poxvirus-encoded ankyrin repeat (ANK)/Elongin
B/Elongin C (BC) protein. (C) Schematic diagram of Cullin-3 E3 Ub ligases and poxvirus-encoded BTB/Kelch (BBK) protein. (D) Schematic diagram of P28/RING
protein. (E) Schematic diagram of membrane-associated RING-CH (MARCH) protein.
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TABLE 1 | Summary of poxvirus E3 ubiquitin ligases.

Classification E3 ubiquitin ligase protein encoded Substrates
by poxvirus
MARCH M153 (Myxoma virus) CD4, CD95, MHC-I,
FAS (10)
P28/RING EVMO12 (Mouse poxvirus) not found

M143 (Myxoma virus)
P28 (Vaccinia virus)

not found (11)
not found (12)

tissue culture. However, when MYXYV infects rabbits, it acts as a
virulence factor (14). The identification of the proteins and target
substrates that interact with M148, M149, and M150 requires
further research. M150 is another viral protein with an ankyrin
repeat sequence, containing nine ankyrin repeats in its N-
terminus and an F-box in its C-terminus. This structure is
necessary for the pathogenic mechanism of MYXV. The M150
protein localizes to dot-like structures in the nucleus. However,
deletion of the eighth ankyrin repeat disrupts its nuclear
localization. Therefore, the nuclear localization of M150
depends on the eighth ankyrin repeat. M150 colocalized with
p50 of NF-xB in the nucleus in cells stimulated by tumor
necrosis factor (TNF). This indicates that M150 may interfere
with the NF-xB signaling pathway, but the details of this
mechanism remain unclear (14).

The CPXV protein CP77 is a PRANC protein that contains
nine ankyrin repeats and a 13 amino acid F-box motif at its C-
terminus (15). CP77 blocks TNF-mediated nuclear
translocation and activation of the NF-kB subunit p65, while
it does not block IxkBa. phosphorylation. CP77 binds to the NF-
KB subunit p65 through six ankyrin repeats in the N-terminus
and binds to Cul-1 and SKP1 of the SCF complex through the
C-terminal 13 amino acid F-box-like sequence. Through these
two pathways, poxvirus CP77 inhibits NF-kB activation and
weakens the signal transduction of the natural immune
response in cells (15).

In CPXV and other orthopoxviruses, viral inducer of RIPK3
degradation (VIRD) was identified to trigger the ubiquitination
and proteasome-mediated degradation of receptor interacting
protein kinase 3 (RIPK3) and inhibit necroptosis (21).

ORFV belongs to the genus Parapoxvirus and causes local
skin infections in goats, sheep and humans (29). The five
proteins ORFV008, ORFV123, ORFV126, ORFV128 and
ORFV129 encoded by ORFV all contain F-box domains (18).
ORFV008, ORFV123, ORFV126, ORFV128 and ORFV129
interact with the SKP1, Cul-1 and Rocl proteins of host cells
in an F-box-dependent manner, and the interaction of ORFV008
with SCF does not inhibit the E3 ubiquitin ligase function of
cellular SCF (17). In summary, poxviruses are likely to use ANK/
F-box proteins to recruit target proteins to SCF1 ubiquitin ligase
and degrade specific cellular proteins through the ubiquitin
protease system of the host to support virus replication.

ECTV causes lethal mousepox in infected mice. The four
proteins EVM002, EVM005, EVM154 and EVM165 encoded by
ECTV all contain an F-box domain in the C-terminus that
interacts with the host SCF complex (30). EVMO005 colocalizes
with Cul-1 and interacts with Cul-1, SKP1 and Rocl. Deletion of
the F-box domain eliminates the interactions among EVMO005,
Cul-1 and SKP1 (30). One of the key steps in NF-«B activation is
the ubiquitination and degradation of IxkBa. by the cellular SCF
B-TrCP-ubiquitin ligase complex. The overexpression of
EVMO002, EVMO005, EVM154 and EVM165 inhibited TNF- or
IL-1B-stimulated IxkBo degradation and NF-kB subunit p65
nuclear translocation. The inhibition of the NF-xB pathway by
EVMO005 depends on its F-box domain and the interaction
between EVMO005 and the SCF complex (19, 20). In A/NCR
and C57BL/6 mouse models, virus lacking EVMO005 exhibited
significantly weakened virulence, indicating that EVMO005 is
necessary for the toxicity and immune regulation of ECTV (19).

VACV BI8R is highly conserved in orthopoxviruses,
containing ANK repeats and an F-box domain (16). B18R,
together with two other VACV proteins, M2 and C5, has
functions in uncoating and in viral DNA replication (31).
Yeast two-hybrid screening experiments showed that SKP1A
binds to B18R, and this interaction was confirmed by
immunoprecipitation experiments, which further showed that
the binding of SKP1A to B18R was dependent on the F-box (16).

VACV C9 contains 6 ANK repeats and an F-box domain near
the C-terminus, which antagonizes the antiviral state induced by
type I interferons (IFNs) in the early stage of VACV replication

TABLE 2 | Summary of poxvirus adaptor proteins for E3 ubiquitin ligases.

Classification E3 adaptor protein encoded by poxvirus Substrates

PRANC M-T5 (Myxoma virus) P27/Kip1 (13)
M148, M149, M150 (Myxoma virus) not found (14, 15)
B18R (Vaccinia virus) not found (16)
ORFV008, ORFV123, ORFV126 ORFV128, ORFV129 (Orf virus) not found (17, 18)
EVMO002, EVM005, EVM154 and EVM165 (Ectromelia virus) IkBa (19, 20)
CP77 (cowpox virus), C9 (Vaccinia virus) NF-xB (15)

viral inducer of RIPK3 degradation (vVIRD)

ANK/BC protein EVMO10 (Ectromelia virus)

MC132 (Molluscum contagiosum virus)
BBK EVM150, EVM167, EVM18, EVM27 (Ectromelia virus)

SPPV-019 (Sheeppox virus)

C2L, F3L, A55R (Vaccinia virus)
D11L, C18L, G3L, A57R (Vaccinia virus)
MO006, M008, M009, M014, M140 (Myxoma virus)

not found (21)
not found (22)
NF-xB p65 (23)
not found (24)
not found (25)
not found (26)
not found (27,
not found (27,

28)

26
27, 28
27, 28)
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(32). When VACV infects host cells, pattern recognition
receptors (PRRs) bind to pathogen-associated molecular
patterns (PAMPs), activating a series of signal cascades to
induce the transcription of IFN-encoding genes. Secreted IFNs
act on the originating cell or on neighboring cells to activate the
JAK-STAT pathway, inducing the transcription of more than
300 interferon-stimulated genes (ISGs). These genes induced by
IENs can protect the host against infection by viruses and other
pathogens. Studies have found that C9 interacts with SCF and
SCN (COP9 signal body/deubiquitination) complexes. C9 may
interact with related proteins through both the F-box and SKP1
to mediate the proteasomal degradation of specific host proteins,
such as ISGs. The degradation of ISGs antagonizes the host
antiviral status induced by IFNs (32). In addition, the N- and C-
terminal portions of C9 bind interferon-induced proteins with
tetratricopeptide repeats (IFITs) and ubiquitin regulatory
complexes, respectively. Ectopic expression of C9 rescues IFN-
induced inhibition of viral DNA replication in IFIT KO cell
lines (33).

VACV A49 is phosphorylated at serine 7 but not serine 12,
and this phosphorylation is necessary and sufficient for its
binding to B-TrCP to antagonize NF-xB (34). A49 inhibits
NEF-xB activation by molecular mimicry and has a motif near
the N-terminus that is conserved in IkBa, B-catenin, HIV Vpu,
and some other proteins (34). Phosphorylation of A49 S7 occurs
when NF-xB signaling is activated by the addition of IL-1f or
overexpression of TRAF6 or IKKp, the kinase needed for IkBot
phosphorylation (34). Thus, A49 is an elegant biological
regulation because it becomes an NF-xB antagonist upon
activation of NF-xB signaling (34). Interestingly, A49 encodes
a second, smaller polypeptide that is expressed via leaky
scanning translation from methionine 20 and is unable to
block NF-xB activation (35). Viruses engineered to express
either only the large protein or only the small A49 protein
both have lower virulence than wild-type virus and greater
virulence than an A49L deletion mutant (35).

In summary, poxviruses encode PRANC proteins that can
bind SKP1. The cullin-based E3 ubiquitin ligase consists of three
functional components: a catalytic component consisting of a
small RING domain protein to recruit the ubiquitin-conjugating
enzyme, a cullin scaffold component, and a substrate recognition
component that can bind the substrate and recruit it to the
vicinity of the catalytic component.

ANK/BC Proteins
In contrast to ANK repeat/F-box proteins that associate with
Cul-1, noncanonical ANK protein 010 encoded by ECTV
EVMO10 interacts with host cullin-2 (Cul-2) via a C-terminal
BC box (22). Bioinformatics and mass spectrometry approaches
revealed that poxviral ANK ortholog groups IV and VI represent
a novel class of viral ANK proteins targeting host Cul-2. In
ECTV, ANK/BC proteins suppress the production of CXCL10,
CCL5, and IFN, thus inhibiting innate immune signaling (22).
Thus, it is speculated that the potential substrate of EVMO010 is
an innate immune signaling component.

MCTV MCI132 was identified to associate with NF-xB
subunit p65 by unbiased affinity purification. MC132 targeted

p65 for ubiquitin-dependent proteasomal degradation by
recruiting p65 to a host Cullin-5 (Cul-5)/BC complex, leading
to effective suppression of NF-kB activity and thus benefiting
virus replication (23). Poxvirus ANK/BC E3 ligase is illustrated
in Figure 2B.

BBK Proteins

The molecular composition and function of the Cul-3-dependent
E3 ligase complex has been revealed. In this complex, the binding
of BTB domain-containing proteins to their substrates is
mediated by Cul-3. Poxvirus is the only virus family known to
encode BBK proteins, indicating that poxvirus may interact with
Cul-3 to regulate the host ubiquitination pathway.

The BTB domains of the ECTV virus BBK proteins EVM150
and EVM167 bind to the N-terminal region of Cul-3 (Figure 2C).
Moreover, EVM150 and EVM167 bind to E2-bound ubiquitin and
Rocl, and the RING finger protein has the effect of an E3 ubiquitin
ligase. In summary, EVM150 and EVM167 rely on Cul-3 to
activate their ubiquitin ligase functions, recruiting as-yet
unknown substrates for ubiquitination (24). In addition, the
BBK proteins EVM18 and EVM27 also interact with Cul-3. It is
not clear whether all BBK proteins in poxviruses are related to the
ubiquitination pathway.

Studies have found that knocking out the BBK gene in VACV
leads to a decrease in the number of mature progeny viruses (36).
VACYV bearing a BBK gene knockout mutation showed reduced
toxicity in the nasal cavities of infected mice. VACV with BBK
knockout also exhibited reduced cytopathic changes and formed
fewer cell protuberances in vitro. The sheeppox virus BBK
protein (SPPV)-019 is an important virulence factor. Calcium-
independent cell adhesion is reduced in sheep infected with
SPPV-019 knockout virus, indicating that SPPV-019 may
regulate cell adhesion (25). When injected into sheep through
the nasal cavity or an intradermal route, the SPPV-019-knockout
virus was very weak, indicating that the SPPV-019 protein plays
an important role in the life cycle of the poxvirus (25).

VACV encodes three BBK family proteins: C2L, F3L and
A55R (26). The VACV production in mice subcutaneously
injected with BBK-knockout VACV was very weak. However,
the role of BBK in the ubiquitination pathway of host cells is still
unclear. Previous studies showed that the N-terminal BTB-
BACK (BB) domain of A55 binds directly to the Cul3 N-
terminal domain (Cul3-NTD) (37). According to sequence
analysis, D11L, C18L, G3L, and A57R encoded by VACV and
M006, M008, M009, M014, and M140 encoded by MYXV also
belong to the BBK family of proteins (27, 28).

MARCH Proteins

MYXYV causes widespread lethal multiple myxomatosis in European
rabbits (38). The M153R gene of MYXV encodes the E3 ubiquitin
ligase M153, which contains a RING-CH domain and two
transmembrane domains in its N-terminus (Figure 2D). Proteins
with such features are referred to as MARCH proteins. In the early
stage of MYXV infection, M153 is translocated from the cytoplasm
to the endoplasmic reticulum, which in turn upregulates the plasma
membrane levels of MHC-I, CD4, activated leukocyte cell adhesion
molecule (ALCAM) and the proapoptotic factor Fas/CD95. Those
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ubiquitinated substrates are then degraded by the lysosomal
pathway. M153 inhibits the recognition of MHC-I and death
signals by CD8 T lymphocytes and inhibits the recognition of
MHC-II molecules by CD4 T lymphocytes (10). During MYXV
infection, the RING-CH domain of M153 acts as a ubiquitin ligase
to recognize and ubiquitinate the lysine residue in the cytoplasmic
tail of CD4, which is responsible for the recognition of MHC-II
molecules. Therefore, CD4 ubiquitination inhibits the recognition of
MHC-II molecules. The ubiquitination and degradation of immune
molecules on the cell surface induced by M153 is an important
mechanism by which MYXV suppresses the immune response (10).

P28/RING Proteins

ECTV causes fatal skin damage in mice, and the P28 protein
plays a key role in this process (39). P28 is a virulence factor with
E3 ubiquitin ligase activity. P28 contains two functional
domains, the DNA binding domain in the N-terminus and the
RING domain in the C-terminus. The DNA binding domain is
also called the KilA-N domain. The KilA-N domain plays an
important role in the cytoplasmic localization of P28
(Figure 2E). Fowlpox virus (FWPV) encodes 2 functional P28
ubiquitin ligases, FWPV150 and FWPV157 (40). P28 completely
loses its E3 ubiquitin ligase function when the RING domain of
P28 is mutated. Therefore, the RING domain plays a role in
maintaining its E3 ligase activity. Both the KilA-N domain and
RING domain are crucial for the function of P28 ubiquitin
ligases. ECTV and VARV P28 interact with the E2 ubiquitin-
conjugating enzymes Ubc4 and UbcH5c¢ to degrade substrates.
When Ubcl3/UevlA is present, P28 can catalyze the Lys63
ubiquitination of multiple protein substrates (41).

Homologs of P28-containing proteins have also been found in
other orthopoxviruses, such as VARV, CPXV, MPXV, VACYV,
fibroma virus (SFV) and MYXV. P28 in ECTV, MI143R in
MYXV (11), P28 in VACV (11) and other P28 E3 ubiquitin
ligases all contain a RING finger structure. The structure of the
P28/RING protein is relatively conserved among different
poxviruses. Although the P28/RING protein is not essential for
virus replication in cell culture, it is important for the pathogenic
mechanism in virus-infected mice (12).

CONCLUSION AND PERSPECTIVE

During coevolution with their hosts, poxviruses have
incorporated host cell genes into their genomes and adapted
them to promote the viral life cycle. In recent years, with in-
depth research on the mechanisms of host-virus interactions,
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Post-translational modification of host and viral proteins by ubiquitin and ubiquitin-like
proteins plays a key role in a host’s ability to mount an effective immune response. Avian
species lack a ubiquitin-like protein found in mammals and other non-avian reptiles;
interferon stimulated gene product 15 (ISG15). ISG15 serves as a messenger molecule
and can be conjugated to both host and viral proteins leading them to be stabilized,
degraded, or sequestered. Structurally, ISG15 is comprised of a tandem ubiquitin-like
domain (Ubl), which serves as the motif for post-translational modification. The 2’-5’
oligoadenylate synthetase-like proteins (OASL) also encode two Ubl domains in series
near its C-terminus which binds OASL to retinoic acid inducible gene-l (RIG-I). This
protein-protein interaction increases the sensitivity of RIG-I and results in an enhanced
production of type 1 interferons and a robust immune response. Unlike human and other
mammalian OASL homologues, avian OASLs terminate their tandem Ubl domains with
the same LRLRGG motif found in ubiquitin and 1ISG15, a motif required for their
conjugation to proteins. Chickens, however, lack RIG-I, raising the question of
structural and functional characteristics of chicken OASL (chOASL). By investigating
chOASL, the evolutionary history of viruses with deubiquitinases can be explored and
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drivers of species specificity for these viruses may be uncovered. Here we show that the
chOASL tandem Ubl domains shares structural characteristics with mammalian ISG15,
and that chOASL can oligomerize and conjugate to itself. In addition, the 1ISG15-like
features of avian OASLs and how they impact interactions with viral deubiquitinases and

delSGylases are explored.
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INTRODUCTION

Oligoadenylate synthetase (OAS) proteins are a group of
enzymes that act as pattern recognition receptors (PRRs) and
detect pathogen-associated molecular patterns (PAMPs) (1).
Upon recognition of PAMPs, PRRs initiate signaling cascades
that induce host defense mechanisms (2). One key PAMP
recognized by PRRs is double-stranded RNA. The OAS family
of proteins are made up of one or more OAS domains, at least
one of which is catalytically active and contains an RNA binding
site (3, 4). Following RNA binding, the OAS enzyme is activated
and catalyzes the synthesis of 2’-5’-oligoadenylate (2-5A), which
activates RNAse L, resulting in the degradation of cytoplasmic
RNAs (5, 6). Another member of the OAS family, OAS-like
(OASL), is also shown to play a role in antiviral responses to
double-stranded RNA, but with a different mechanism of action
than its OAS counterpart (3, 4, 7).

OASLs are unique members of the OAS family as they
contain a single OAS domain with variable 2-5A synthetase
activity across different species. The functional diversity of OASL
may be exemplified by the various OAS proteins currently
identified. Mouse OASL2 (mOASL2) readily catalyzes the
production of 2-5As in response to cytoplasmic viral RNA;
however, mOASL1 does not have the same 2-5A synthetase
activity in response to viral nucleic acids (3, 5, 8). The ortholog to
mOASL2, human OASL (hOASL), also lacks 2-5A synthetase
activity when challenged by viral RNA (3, 5, 8), while avian
(duck, goose, ostrich, and chicken) OASLs maintain their 2’-5°A
synthetase activity in response to the same challenge (3, 5, 8, 9).

In addition to their single OAS domain, OASLs contain a
tandem ubiquitin (Ub)-like protein (Ubl) domain at their C-
terminus (3). Ub is a post-translational modifier that is
conjugated to target proteins at its C-terminal LRLRGG motif.
In the presence of double-stranded RNA, retinoic acid inducible
gene-I (RIG-I) undergoes a conformational change that exposes
its N-terminal caspase activation and recruitment domains
(CARDs), which are then conjugated by K63 poly-Ub by the
ligase tripartite motif containing protein 25 (TRIM25), initiating
a signaling cascade that upregulates type I interferons (IFN) and
IFN-stimulated genes (ISG)s such as hOASL (4). Following the
upregulation of hOASL, its Ubl domain is thought to mimic
poly-Ub and binds to RIG-I (4, 10). Structurally, the Ubl
domains of mammalian OASL resemble that of native Ub but
lack the LRLRGG motif that allows Ub to be conjugated to its
target host and viral proteins. It is therefore unknown how
hOASL mediates this interaction between the Ubl domain and

RIG-I. In contrast, this motif is found on the Ubl domain of
avian OASLs

Unlike most mammalian OASLs, avian OASLs are catalytically
active and act on the OAS/RNase L pathway, and with the
exception of chickens, induce RIG-I signaling in a Ubl-
dependent manner (11). The Ubl domains of avian OASLs are
required to activate either pathway, whereas mammalian OASLs
activate RNase L in a Ubl-independent manner. The dual
functionality of the avian OASLs may be due to the reduced
number of OAS and OASL proteins that avian species encode
compared to mammals (3, 5, 8, 9). Most birds express only OASL,
with some Ratitae species, such as ostriches, expressing OASL and
OAS1 (12). Meanwhile, mammals can have up to three OAS
proteins and up to two OASLs. Both birds and mammals,
however, express an OAS homologue, nucleotidyltransferase
(NTase) cyclic GMP-AMP synthetase (cGAS). Beyond the
predominate absence of OAS proteins, birds lack another
important immunoregulatory Ubl, ISG15, that is involved in
many aspects of the mammalian antiviral innate immune
response (13).

ISG15 is an important regulator of the mammalian antiviral
innate immune response. It is involved in the regulation of many
antiviral responses including RIG-I, NF-kB, cytokine and
chemokine production, and immune cell activation (14-17).
Additionally, ISGylation of viral proteins signals their
degradation or inactivation (18-20). The importance of ISG15
and Ub for successful antiviral responses are highlighted by the
evolution of viruses encoding proteases that target these proteins
such as the ovarian tumor domain proteases (OTU)s of
Nairoviruses and papain-like proteases (PLpro) of coronaviruses
(14, 21-23). These viral proteases reverse post-translational
modifications by Ub and ISG15 by cleaving the conjugation
created at their C-terminal LRLRGG motifs and generally
preferentially cleave immunologically relevant poly-Ub chains
and ISG15s from their virus’ host species (24, 25). Based on this
activity it is possible that some viral OTUs and PLpro’s have
adapted to target similar immunologically relevant Ubls such as
OASL (26, 27).

Here we examine the structure of the domestic chicken OASL
(chOASL) tandem Ubl domain and show that it contains features
resembling those found in mammalian ISG15s. Analysis of
OASL sequences from six diverse species indicate that these
features are likely conserved among avian OASLs, just as they are
among ISG15s. Sequence analysis indicates these features are
likely not shared with mammalian OASLs. We also observed that
chOASL do form conjugates in chicken embryonic fibroblasts
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whether induced into an antiviral state or not. Nearly 900
proteins were identified, with chOASL conjugating primarily to
itself when in an antiviral state. Finally, we examined the ability
of OTUs and PLpro’s from a diverse group of viruses to
productively engage with the Ubl domain of chOASL. Several
OTUs that lack deubiquitinase (DUB) and deISGylase activity
were found to have moderate deOASLylase activity, with
deOASLylase activity in OTUs mirroring viral host
preferences. Similar species sensitivity was observed for
PLpro’s, which generally displayed significantly less
deOASLylase activity than their OTU counterparts. Overall,
the structure and covalent conjugation role of avian OASL’s
tandem Ubl domain was explored.

MATERIALS AND METHODS

Chemicals and Reagents

Poly-ethylene glycol (PEG) 3350 was purchased from Sigma Life
Sciences, tri-ammonium citrate was purchased from Sigma Life
Sciences, Ampicillin was purchased from GoldBio, dehydrated
Luria-Bertani (LB) Broth was purchased from Fisher Scientific,
DL-dithiothroitol (DTT) and isopropyl-f-d-thiogalactopyranoside
(IPTG) were purchased from GoldBio. 4-(2-Hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) was purchased from
Fisher BioReagents. Imidazole was purchased from Acros
Organics; tris(hydroxymethyl)aminomethane (Tris) was
purchased from Fisher Scientific. Sodium chloride (NaCl) was
purchased from Fisher Chemical, and bovine serum albumin
(BSA) was purchased from Sigma Life Science.

Construction, Expression, and Purification
of Proteases and Ubls

The tandem Ubl domain of chOASL (342-497; Genbank ID:
NP_990372) was cloned into pET-15b by Genscript and
transformed into T7-expressing E. coli. Bacteria were cultured
in 9 L of LB broth containing 100 pg/mL ampicillin at 37°C until
the ODggo reached 0.6. Once reached, the expression was
induced by the addition of 1 mM isopropyl B-d-
thiogalactopyranoside (IPTG), and the culture was incubated
at 18°C overnight. The culture was centrifuged at 12,000 g for
10 min, and then the pellet was collected and stored in a -80°C
freezer. The cell pellet was dissolved into lysis buffer (500 mM
NaCl and 50 mM Tris-HCI [pH = 7.0]) with lysozyme and then
sonicated in Fisher Scientific series 150 on ice at 50% power with
5 s pulses for 6 min. The lysate was centrifuged at 64,000 g for
30 min to remove all insoluble products. The supernatant was
then filtered and placed onto Ni-nitrilotriacetic agarose resin
(Qiagen). The resin was washed using five column volumes of
lysis buffer containing 10 mM imidazole. The protein was eluted
using 5 column volumes of lysis buffer containing 300 mM
imidazole. Thrombin was added to the elution to remove the 6X
His-tag, and the combined solution was dialyzed in size
exclusion buffer (200 mM NaCl, 50 mM Tris-HCI [pH = 7.0])
and run over a Size Exclusion Superdex 75 column (GE

Healthcare, Pittsburgh PA). Purity was confirmed by gel
electrophoresis. Nairovirus OTUs were expressed and purified
as previously described (24).

Protease Activity Assay With proOASL
Activity assays of OTUs originating from viruses within the
Nairoviridae genus Orthonairovirus, Crimean-Congo hemorrhagic
fever virus (CCHFV, strain IbAr10200, Genbank: NC_005301),
Dugbe virus (DUGYV, strain ArD4431, Genbank: U15018), Erve
virus (ERVEV, prototype, Genbank: JF911697), Nairobi sheep
disease virus (NSDV, strain Jilin, Genbank: NC_034387), Ganjam
virus (GANV, a Nairobi sheep disease orthonairovirus genotype
called ‘Ganjam virus’, Genbank: EU697949), Taggert virus (TAGV,
strain MI14850, Genbank: KT820205), Qalyub virus (QYBV, strain
ErAg370, Genbank: NC_034511), Farallon virus (FARV, strain
CalAr846, Genbank: NC_034502), Huangpi tick virus 1 (HpTV-1,
strain H124-1, Genbank: NC_031135), Issyk-kul virus (ISKV, strain
LEIV-315K, Genbank: KF892005), Leopards Hill virus (LPHYV,
strain 11SB17, Genbank: AB842088), Dera Ghazi Khan
virus (DGKYV, strain JD254, Genbank: NC_034520), Hazara virus
(HAZV, strain JC280, Genbank: NC_038709), and Kupe virus
(KUPEV, strain K611, Genbank: EU257628), with purified
chOASL Ubl (G. gallus; NP_990372.2), Golden Eagle (A.
chrysaetos; XP_029899442.1), or Emperor Penguin (A. forsteri
XP_019326421.1) were adapted from previously reported
methods (25). Briefly, for 24 h, 10 UM OASL was incubated at
37°C with 20 nM of each Nairovirus OTU. At indicated timepoints,
10 UL samples were taken from the reaction tubes and quenched in
2x Laemmli buffer and boiled at 98°C for 5 min. Samples were run
on BioRad Mini-PROTEAN® TGX Stain-Free ™ pre-cast gels.
Visualization of timepoints relied on Stain-Free technology that
enhances the fluorescence of endogenous tryptophan. The gels
were UV-activated for five minutes and subsequently imaged in
a BioRad ChemiDoc™ Imaging system according to the
manufacturer’s recommendations.

Utilizing the same technique PLpros originating from viruses
within the Coronaviridae family, porcine epidemic diarrhea virus
(PEDV, strain CV777, Genbank: AF353511), Severe acute
respiratory syndrome virus 1 (SARS, strain Urbani, Genbank:
AY278741), (MERS, strain HCoV-EMC, Genbank: NC_019843),
murine hepatitis virus (MHYV, strain: JHM, Genbank:
NC_006852), infectious bronchitis virus (IBV, strain Beaudette,
Genbank: NC_001451), and porcine deltacoronavirus (pDCoV,
strain HKU15, Genbank: NC_039208.1) were tested for their
ability to process chOASL Ubl and evaluated in the
same manner.

Crystallization of chOASL Tandem

Ubl Domain

The Ubl domain of chOASL was screened against a series of
Qiagen NeXtal suites by hanging drop using a TTP Labtech
Mosquito (TTP Labtech, Herfordshire, United Kingdom). The
initial screens produced spindly, starburst shaped crystals from a
condition containing 0.18 M tri-ammonium citrate and 20% w/v
PEG 3350. This condition was then optimized by varying
concentrations of PEG 3350 and tri-ammonium citrate as well
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as with additive screens. The final optimized crystal that the Ubl
structure was collected from was cubic in shape and was
generated through hanging drop with a final mother liquor of
0.18 M tri-ammonium citrate and 24% w/v PEG 3350, 16.3 mg/
mL protein, and a 30% w/v galactose additive from Hampton
research. The drop was 4 pL and contained a 4:1:5 ratio of
mother liquor to additive to protein. The crystals were flash
cooled in a cryoprotective solution containing 0.18 M tri-
ammonium citrate and 28% w/v PEG 3350. The data set for
chOASL Ubl domain was collected at the National Synchrotron
Light Source II (Brookhaven National Laboratory, Upton, NY)
on Life Science Biomedical Technology Research AMX beamline
17-ID-1 using a EigerOM detector. Data were collected using
wavelength 1 A.

Data Processing and Structure Solution

All X-ray images were indexed, strategized, integrated, and
scaled using HKL2000 (28). To create a cross-validation set
from a random 5% of the reflections to be used throughout
refinement, the CCP4 software suite was employed (29). The
initial phase solution for the structure of chOASL Ubl domain
was obtained by molecular replacement via Phaser (30). A
homology model of the Ubl domain based on mouse ISG15
(5CHW) was generated using MODELLER (31) for use as a
search model. The structures were refined initially using
Autobuild (32), then alternating rounds of manual editing in
Coot (33), and automated refinement with Phenix (34).
Molprobity was used to examine the final model of each
structure to confirm the quality of the structures. The data
collection and refinement statistics for each structure along are
listed in Supplemental Table 1. The structure of chOASL Ubl
has been deposited in the protein data bank (PDB 7SBI).

Cell Culture

Chicken embryonic fibroblasts (CRL-12203; UMNSAH/’DF-1)
(ATCC, Manassas, VA) were grown in Dulbecco’s Modified
Eagle Medium with GlutaMAX (DMEM) supplemented with
10% fetal bovine serum in the presence or absence (for
transfections) of Penicillin-Streptomycin (10,000 U/mL)
(ThermoFisher Scientific, Waltham, MA). Chicken fibroblasts
were passaged using Trypsin-EDTA (0.05%) with phenol red
(ThermoFisher Scientific) every two to three days for
subculturing and experimental designs.

Chicken Cell Transfections, Stimulations,
and Harvesting

Chicken embryonic fibroblasts (DF-1) were grown in 10 cm
tissue culture-treated dishes and transfected with pcDNA 3.1(+)
plasmid expressing His/FLAG-chOAS [Gene Name: DYK-
cOASL_pcDNA3.1(+)] (Genscript) using TransIT-LT1 (Mirus
Bio) transfection reagent. Cells were stimulated 24 h post
transfection with recombinant chicken IFN-o (Bio-Rad) in
optimem supplemented with 0.2% bovine serum albumin, or
polyl:C (In vivoGen) in Lipofectamine 2000 (ThermoFisher
Scientific). Treatments with polyl:C (MilliporeSigma, St. Louis,
MO) and chicken IFN-0o. (Bio-Rad Laboratories, Hercules, CA)
were titrated and optimized on DF-1 cells to minimize

cytotoxicity. Cells were harvested by scraping 24 h post
stimulation in lysis buffer (137mM NaCl, 10% glycerol, 1%
NP-40 Surfact-Amps [Thermo Scientific], 1X Halt Protease
Inhibitor Cocktail [Thermo Scientific], 20mM Tris-HCI
[pH=8.0]), centrifuged at 12,000 rpm and 4°C for 30 minutes,
and the supernatant was collected in aliquots and stored at -80°C.

Western Blotting

Various antibodies raised against FLAG-Tag (MilliporeSigma),
His-, HA-, and V5-Tag, and B-Actin (ThermoFisher Scientific)
were used in western blotting using the Invitrogen Mini Gel
System (ThermoFisher Scientific) following manufacturers
protocols. Briefly, cell monolayers were lysed on ice with either
NP-40 lysis buffer (ThermoFisher Scientific) or 2x Laemmli
Sample Buffer (BioRad). Lysates were then heated to 95°C for
10 minutes and loaded onto 3-8% Tris-Acetate protein gels
(ThermoFisher Scientific). Proteins were transferred onto
nitrocellulose membranes using semi-dry transfer and probed
according to Pierce Fast Western Blot Kit (ThermoFisher
Scientific) manufacturer instructions. Blots were imaged on a
GelDoc (BioRad).

Immunoprecipitations

The His/FLAG-chOASL plasmid construct [DYK-cOASL_
pcDNA3.1(+)], was mutagenized by In-Fusion cloning PCR
mutagenesis (Takara, San Jose, CA) and inhouse primers
(available upon request) designed to replace the His/FLAG
nucleotide sequences, with that of an HA-tag sequence. HA-
tagged construct was cloned into competent cells, DNA mini-
prepped (Zymo Research, Irvine, CA), restriction digest
screened, next generation sequenced for confirmation of
FLAG/HA swap, and DNA maxi-prepped (Zymo Research).
DEF-1 cell monolayers were transfected with either a FLAG- or
HA-tagged version of the chOASL construct, along with a
reporter plasmid (pCAGG-GFP) to standardize vector
concentrations across transfected cells, as previously described.
Cell monolayers were lysed on ice with Mammalian Protein
Extraction Reagent (ThermoFisher Scientific) per reagent
protocols, mixed at 4°C for 30 min and clarified by
centrifugation. Clarified lysates were mixed separately to either
Anti-FLAG M2 Magnetic Beads (MilliporeSigma) or Pierce
Anti-HA Magnetic Beads (ThermoFisher Scientific) per
manufacturers’ instructions. Beads were eluted with 2x
Laemmmli Sample Buffer and processed as previously
described for western blots. Blots were probed with a
monoclonal anti-FLAG M2 murine antibody conjugated to
peroxidase (HRP) (MilliporeSigma).

Mass Spectrometry Analysis of chOASL
Conjugates From Chicken Cells

The chOASL transfected DF-1 cell lysates were incubated with
ANTI-FLAG M2 magnetic beads (Sigma-Aldrich) for 2 hr at
room temperature. The flow-through was removed and the
beads were washed thoroughly with TBS. The bound proteins
were eluted by boiling the beads in 5% Sodium dodecyl sulfate
(SDS) (Fisher Scientific) in 50 mM triethylammonium
bicarbonate (TEAB) (Sigma-Aldrich) for 3 min. The eluted
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proteins were then reduced by 5 mM Tris(2-carboxyethyl)
phosphine hydrochloride (TCEP) (Sigma-Aldrich) at 55°C for
15 min and alkylated by 20 mM MMTS at room temperature for
10 min. The alkylated proteins were then loaded onto S-trap
micro columns (PROTIFI), washed thoroughly with 100 mM
TEAB in 90% methanol (Fisher Scientific), and digested by
trypsin/lys-C (Promega) mix at 37°C for 16 hr. The digested
peptides were eluted sequentially by 50 mM TEAB, 0.2% formic
acid (Fisher Scientific), and 50% acetonitrile (Fisher Scientific).
The eluted peptides were combined, dried down, and
reconstituted in 0.1% formic acid.

The reconstituted peptides were separated on an Acclaim'
PepMap' " 100 C18 column (75 pum x 15 cm) and eluted into the
nano-electrospray ion source of an Orbitrap EclipseTM Tribrid ™
mass spectrometer (Thermo Scientific) at a flow rate of 200 nL/
min. The elution gradient consists of 1-40% acetonitrile in 0.1%
formic acid over 220 min followed by 10 min of 80% acetonitrile in
0.1% formic acid. The spray voltage was set to 2.2 kV and the
temperature of the heated capillary was set to 275°C. Full MS scans
were acquired from m/z 200 to 2000 at 60k resolution, and MS/MS
scans following collision-induced dissociation (CID) were
collected in the ion trap. The raw spectra were analyzed by
Proteome Discoverer (v2.5, Thermo Scientific) with mass
tolerance set as 20 ppm for precursors and 0.5 Da for fragments.
The search output was filtered at 0.1% false discovery rate and the
spectra assigned as peptides with glycine-glycine modification
were manually evaluated. The identified proteins were subjected
to biological pathway analysis using Panther Classification System.
Spectral counts were used to evaluate the abundances of the
identified proteins as well as the abundances of glycine-glycine
modification: the numbers of spectra were collected for every
identified peptides, then summarized for the respective proteins
those peptides were assigned to, and used to evaluate the
abundances of every identified proteins; the numbers of spectra
assigned to the glycine-glycine modified peptides were
summarized for each modified protein and used to represent the
abundances of protein glycine-glycine modification.

RESULTS

Structural Analysis of the chOASL Tandem
Ubl Domain

Like Ub, OASL Ubls interact with the CARDs of RIG-I to initiate
an antiviral signaling cascade in the presence of viral RNA (7, 10,
11, 35). To determine the degree to which chOASL Ubl domains
resemble poly-Ub or ISG15, an X-ray crystal structure was
obtained of the tandem Ubl domain of chOASL from residue
350 to 505 (Figure 1A; PDB 7SBI). The structure was determined
to a resolution of 2.23 A in the space group P2, (Supplemental
Table 1). Molecular replacement phasing was performed using
homology models of both 3-grasp domains based on Ub. Each -
grasp was phased independently with linker regions
subsequently modeled in. Two copies of the chOASL tandem
Ubl domain were identified in the asymmetric unit. Electron
density was found for all but the final two glycine residues which

were disordered and a small density gap within a flexible region
of the N-terminal B-grasp between [-sheets three and four.

The chOASL tandem Ubl domain’s N-terminal B-grasp
contains the typical four B-strands, forming two —sheets, that
wrap around a three-turn o-helix (Figure 1). Both B-grasps also
contain two 3;o-helixes bracketing the third B-strand, which is
consistent with the secondary structure topology of Ub and
ISG15. The C-terminal B-grasp consists of the same secondary
structure features in the same relative positioning to one another,
with the addition of a short, fifth B-strand. Resembling the more
compacted ISG15 rather than linear di-Ub, the two B-grasp folds
are connected by a four-residue hinge region, but closely
associated with each other (Figure 1B). In chOASL, the hinge
consists of a T-E-P-Q motif that forms one internal, main chain
hydrogen bond as well as a hydrogen bond to R447 (Figure 2A).
The two B-grasp folds are oriented slightly closer together in
OASL than in ISG15 and far closer than in linear di-
Ub (Figure 1B).

The close orientation of the two Ubl domains of chOASL is
largely due to Y388 of the N-terminal B-grasp (Figure 2A). The
aromatic ring of Y388 interacts with an extremely hydrophobic
pocket within the C-terminal B-grasp of the Ubl domain, while
the hydroxyl group forms hydrogen bonds with the main chain
of V490. PISA analysis reveals this interface to be 281.1 A?
spanned by four hydrogen bonds (36). In addition to the
hydrogen bonds between Y388 and V490, H489 form bonds
with R387 and W373. Because of these interactions the two Ubls
adopt a compact, rigid tandem Ubl conformation rather than
two distinct Ubl domains. ISG15s from all previously examined
species have similar hydrophobic interactions between F41 and a
hydrophobic pocket within their C-terminal B-grasp
(Figure 2B). However, ISG15s do not appear to have
conserved hydrogen bonds across the interface, and as a result
the two B-grasps are more flexible in their orientation to each
other. In human ISG15, this interface is 182.2 A® and is spanned
by two hydrogen bonds from E139 to the main chain of F41.
While E139 is highly conserved among mammalian ISG15s, it is
not always oriented in a manner that would allow for
interactions across the interface. When the C-terminal -
grasps are overlaid the N-terminal B-grasp of chOASL is
rotated approximately 65 degrees relative to human ISG15.
The rotational difference between human ISG15 and chOASL
resembles the difference between human ISG15 and bat ISG15,
which is reported to be 76 degrees (37). However, despite the
similarity in the rotation of the N-terminal domains of bat ISG15
and chOASL, the two do not overlap when the C-terminal
domains are overlaid due to the more compact tertiary
structure of chOASL.

Examination of the electrostatic surfaces of the chOASL
tandem Ubl domain confirms the presence of a negatively
charged pocket between the B-grasps of chOASL (Figure 3A).
The two B-grasps are tightly packed around this charged pocket.
This differs from polymeric Ub and ISG15, which do not have
highly charged inter-domain interfaces and have visibly distinct
Ubl domains (Figure 3A). Most of the surface of the C-terminal
B-grasp of chOASL is positively charged. Evaluation of the level
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Linear di-Ub

Chicken OASL Sy

Human ISG15

FIGURE 1 | Tertiary structure comparison of Ubls (A) Cartoon representation of the Ubl domain of chOASL (Orange; PDB 7SBI) with secondary structure labels
corresponding to those in Figure 4. (B) Cartoon and surface representations of the chOASL Ubl domain, human ISG15 (Green; PDB 1Z2M), and linear di-Ub (Blue;
PDB 2W9N) overlaid at their C-terminal B-grasps.

FIGURE 2 | Interdomain interactions dictate Ubl B-grasp orientation (A) Interactions between the two B-grasps of chOASL (Orange) along with the connecting hinge
region highlighting hydrogen bonds at the interface and hydrophobic interactions between Y388 and the C-terminal hydrophobic pocket. (B) Similar interactions
between the two B-grasps of human ISG15 (Green).
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180°

residues to orange for residues that are one third conserved.

of conservation of surface residues reveals that several of the
most charged regions of chOASL, including a positively charged
pocket of the C-terminus, seem to be only moderately
conserved (Figure 3B).

Interestingly, despite avian OASL Ubl domains being
approximately 55 percent conserved as a whole, their hinge
regions are extremely conserved at 95.8 percent. The same
region of ISG15 is only about 54 percent conserved, despite
ISG15s being approximately 60 percent conserved as a whole
(Figure 4). Closer examination reveals that not only is this region
highly conserved in avian OASLs, but it is likely far more rigid as
well. Specifically, this area of the hinge region is stabilized by the
hydrogen bonding interaction formed by the main chain
carbonyl oxygen of P428 and main chain amine of Q429
(Figure 2). Additionally, as these residues are highly conserved
among avian OASLs, this hydrogen bond and stabilization could
appear in other avian species (Figure 4). On the other hand, in
human ISG15 none of the three hydrogen bonds being formed
within this region are likely to be conserved as the residues
involved have flexible side chains and show greater genetic

FIGURE 3 | Electrostatic surface potential and residue conservation of chOASL Ubl and human ISG15. (A) Surface rendering of each Ubl with surface potential
ranging from +4 to -4. Negatively charged regions are shown in red and positively charged regions are shown in blue. Potentials were generated using the
PDB2PQR server and the surface was rendered using the adaptive Poisson-Boltzmann solver (APBS). (B) Surface rendering of each Ubl with surface residues color
coded to represent degree of conservation across species based on the alignments in Figure 4. Color scale ranges from bright green for perfectly conserved

Motif

Motif

Percent Sequence Identity

variation among species of ISG15 (Figures 2B and 3). As the
hinge region connects the two 3-grasp folds of ISG15 and OASL,
these differences could play a role in the orientation of the
two domains.

Sequence Analysis of

Immunoregulatory Ubls

To identify which features of chOASL Ubl may be conserved
across avian OASL, the sequences of six diverse bird species were
examined. Human and mouse OASLs were also used for
comparison. Upon examination of the OASL Ubl domains of
these species it is apparent that some of the most highly
conserved motifs of mammalian ISG15 and Ub are present in
avian OASLs as well, but not in mammalian OASLs (Figure 4).
Most notably, the LRLRGG conjugation motif is highly
conserved in birds, but absent in mammalian OASL
(Figure 4A). The presence and degree of conservation of this
motif in avian OASLs, suggest a strong possibility that they are
conjugating to target proteins, similar to other Ubls. Conversely,
the absence of this site in mammals makes it unlikely that they

Frontiers in Immunology | www.frontiersin.org

134

January 2022 | Volume 12 | Article 794664


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Shepard et al.

Avian Tandem OASL Ubls

—

(65

350 360
Chicken

Golden Eagle

Emperor Penguin VRIEVKQLAGTSLSMTVS|4STTVWQLISEKIEQEWGIP

OAS domain 3

—

B2

370

VKVQVKQLQGMSLTRKVHS!I.‘TVWEL

380

ISGEIEKEWCIP
VTVEVROLAGTSLSKTVS|JGTTVWQLINEEIEKVWGIP

Cormorant VTIEVRQSVVTSLSKTVS|ZSTTIWQLINEEVEQAWGIP 87%
Ostrich VTVEIKRLVGTSLTRTIS|ZDTPILNLISREIMQQOWGIP 78%
Mallard VTLEVRGLQGNRLRITVS|4STTIWQLISEEISKNWGIP 49%
Mouse VQVRVKQTGTVDWTLWTN|JYSPIRKMIJYAEIRREKNFGG . 81%
Human IHLTVEQRGYPDFNLIVN|JYEPIRKVISEKIRRTRGYSG.LQRLSFUVPGSERQLIASSRCSIAIKYGIFSHTHI YL}AE]| 64%
35;37 @8 3 9
430 460 490 0
Chicken _EMEVLD SNKTTVYTVRTDTVKQQQ YACQHVPVEQ TYETKEENHHTEHYHVQPRSTIYLLLRLRGG
Golden Eagle IAMEVF\SADDKNRTTTYTVK|ZTDTVRQOIANEQMHNRQGPPANQURIATYGSME/* EDRNT|AAHYAIQPRSTIFMLLRLRGG 59.87%
Emperor Penguin QAMEVFVASDDKNRTTTYMVOQIJTDTVWQIAIEQIMHARHGPPANQRIATYGSREMENQHVIAAHYNIQPRSTIFMLLRLRGG 60.51%
Cormorant VMEVF\#4DDKNRTTTYTVW|JTDTIRHANEQMHARQGPPADQNHIATYGSREAEDQHT|AAHYNIQPKSTIFMLLWLWGG 52.87%
Ostrich IEMDVL\SA4DDKNRTSTYTMQ|JTDTVRQIANEQMCNRLGPPVDOURIATFCSKE/*EDRHTIAAHYGIQNKSIIYLLLRLRGG 54.78%
Mallard EMEIF\ASDIKNQTMTYSVRIFTDTVLOIANKKMNSRQGIPVEQ[RIATYDSRN}#EDQHTIAOHYNVQPKSTIYL RLRGG 59.49%
Mouse EILVF\ASYPGGQSKPFTID|IDDTILDIANEKMEDAGGPCAEDVIALLDDEE#EDDES|AKELEIKDCDTIILIRVI. 27.81%
Human SEIQVF\ASNPDGGSYAYAIN|3YNSFILGIHIQ0 EDQQGLPKKQQEFQGQVQDWLGGIYGIQDSDTLILSKKK G 33.64%
1 B2
B
1 0 20 30
Human IGWDIATAZIFAAEINEF QJSLSSS! EAQ GH A VHPSGVAQDRVPASQGPGSTVLV
Cattle QEIL\PLRDS LK o) IN\WP AN SN VHLD SREVIAOEGVPIAVLO(IARAGS TVLIAV\YO 65.61%
Sheep EEIL\{YPLRDS E}S 4O F IN\WP AN INVHLDSREVIAOEGVPIAVHO[3AKAGS T I LiAM| 65.61%
Pig KEILYPLRDC! DN 0 Q GA\UP AN L) 3WVHPAGN . VIAODGVP}AVNQ[e3AG PGS MV L} AM| 68.15%
Camel GG IIAK\ASMAE[REIQ|TLRDS! E} %40 Q) HPIHPESQQVKDGEPVRQKPGDTVLM 65.61%
Mouse WDIAK\ A MAG[]NDFL)JSVTNS E}f 4K Q| GAYP AR} SHNHOTA VQDGLTSSLGPSSTVMV 65.61%
36 a2
B? l? 0 ll(? 140
Human L\AURNNK[€RSSTY|AYRLTO| QOVSGL E| KPLEQLPGB IGLKPLS
Cattle L\YRNDK| IQQVCOQK| [E[RPMDDIEHPJAEENGLMKGC| 65.61%
Sheep L\YRNDK| IQQVCOR| [E[cJKPMDDJEHPAGE}{GLTTGC| 65.61%
Pig L\YRNDK[¢RSNAY AYWLTOQ, QOVCOL E[CKPMENEHQAGENMDLKPMC 68.15%
Camel L\URNDK[¢RSSAY/AYWLTO, RQVCOQK| E[€KPMENIOHQIAGENMGLTARC! 65.61%
Mouse L\YRNER¢HSNIY AYFLTOQ, IKKVSQR| [E[JRPMEDJKELIAGE){GLKPQC| 65.61%
Ubiquitin FAUKTLT[EKT I TLIAYEP S D) AKIQDK[GIPPPIOOR] KOLEPJGRTIASDYYNIQKES| 36.84%

FIGURE 4 | Sequence and secondary structure comparison of OASL and ISG15 (A) Avian OASL Ubl domains aligned using ClustalW CLC Sequence Viewer.
Percentages show the sequence identity relative to chOASL Ubl. Sequences displayed are from the following species: Domestic Chicken (G. gallus), Golden Eagle

(A. chrysaetos), Emperor Penguin (A. forsteri), Double Crested Cormorant (P. auratus), Southern Ostrich (S. camelus australis), Mallard (A. platyrhynchos), House Mouse
(M. musculus), Human (H. sapiens). Ubl domain secondary structure based on Define Secondary Structure of Proteins (DSSP) algorithm calculations for chOASL is
shown in gray. The aromatic residue found at the interface between the domains is boxed in red and the C-terminal LRLRGG conjugation motif is boxed in purple. Yellow
stars indicate residues that form interactions at known OTU selectivity determination sites. (B) Mammalian ISG15s and Ubiquitin aligned using ClustalWw CLC Sequence
Viewer. Percentages show the sequence identity relative to human ISG15. Sequences displayed are from the following species: Human (H. sapiens), Cattle (B. taurus),
Sheep (O. aries), Boar (S. scrofa), Dromedary Camel (C. dromedarius), House Mouse (M. musculus), and Ubiquitin. General ISG15 secondary structure based on Define
Secondary Structure of Proteins (DSSP) algorithm calculations for mouse ISG15 is shown in gray.

could conjugate to a target, indicating that if mammalian OASL
Ubls are functional it would not be through conjugation in a Ub
or ISG15-like manner.

Previous structural analysis of mammalian ISG15s revealed a
critical phenylalanine residue at the interface of the two Ubl
domains (37). In ISG15 F41 causes the two domains to more
closely associate and has a profound impact of ISG15 tertiary
structure (37). While F41 is not present in any OASL, avian
OASLs have residues with aromatic side chains such as Y388 of
chOASL. The lone outlier, ostriches, have a histidine, with an
imidazole ring, at that location (Figure 4B). Human and mouse
OASL do not contain obvious analogs to F41 or Y388. Both have
aromatic side chains two positions upstream of their ISG15
counterparts, but the difference in location might place these
residues outside of the domain interface. In addition to F41,
ISG15s have a QQRLA motif at this site that make up a 34-helix
followed by a short B-sheet (Figure 4B). This motif is fully
conserved in Ub and the N-terminal domain of ISG15. In avian
OASLs is moderately conserved on the N-terminal domain and

highly conserved on the C-terminal domain. It is not well
conserved on either domain of mammalian OASL.

Other similarities can be found in the degree and regions of
homology between avian OASLs and ISG15s. In general, ISG15s
share approximately 60% sequence identity even among distantly
related mammals (24). Likewise, the base level of sequence
identity between avian OASL Ubls appears to be 53-61%
(Figure 4). The regions of conservation appear to be similar as
well. In addition to those already mentioned, there are several
sections of ISG15 that have highly conserved sequences across
species, and while they are not all similar to the sequences found
in avian OASLs, the same regions of OASL share high degrees of
conservation internally.

Conjugation of Transfected chOASL in
Chicken Cells

Considering chickens lack RIG-I, and chOASL contains a C-
terminal sequence mirroring that of Ub, ISG15, and some other
Ubls, we investigated whether chOASL formed covalent
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conjugates in lieu of its RIG-I modulating role. To determine
whether modification of host proteins by chOASL occurred,
chicken embryonic fibroblasts (DF-1 cells) were transfected
with plasmids expressing FLAG-tagged chOASL and
subsequently stimulated to induce an antiviral state with
synthetic double stranded RNA (poly(I:C)), or chicken IFN-o.
DE-1 cells were harvested at various time points post transfection
and post antiviral stimulation, and cell lysates were analyzed by
western blot using FLAG-antibodies (Figure 5A). All analyzed
time points showed the presence of protein banding at 61kDa for
transfected chOASL. In addition, there were also bands displayed
at approximately 90kDa and 120kDa. These results were
consistent regardless of the presence or absence of antiviral
stimulants. Given that chOASL might be conjugating to
itself due to the presence of a 120kDa band, two chOASL

tagged constructs were designed, one with a FLAG tag and
another with an HA tag. Both constructs were expressed
separately and combined within DF-1 cells (Figure 5B).
Lysates from these transfected cells were immunoprecipitated
with anti-FLAG or anti-HA magnetic beads. Eluents were
probed with a primary antibody against FLAG. Figure 5C
shows the presence of a 120kDa band from both anti-FLAG or
anti-HA immunoprecipitations, supporting that chOASL auto-
conjugates when overexpressed and/or antivirally stimulated
within DF-1 cells.

Mass spectrometry was performed on cell lysates to further
investigate the identity of the proteins bound by FLAG-tagged
chOASL, which broadly identified 832 conjugated proteins
(Supplemental Table 2). Of these, 580 were identified to the
Gallus gallus (chicken) proteome using Panther Classification
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FIGURE 5 | Western blots of cell lysates or immunoprecipitation elutions from tagged chOASL transfected into DF-1 (chicken) cells. (A) FLAG-tagged chOASL
transfected DF-1 cells were treated with various antiviral state inducing conditions (polyl:C delivered with and without transfection reagent; or chicken IFN-o), harvested
at various time points, and probed with anti-FLAG antibodies on western blots. (B) To examine the putative chOASL-chOASL conjugations shown in (A), two separate
tagged constructs, one a FLAG- the other an HA-chOASL, were transfected separately or combined into DF-1 cells, for downstream immunoprecipitations, along

with a GFP control plasmids as warranted. (B) shows these immunoprecipitation input lysates on western blot with an anti-FLAG antibody. (C) Left blot is of
immunoprecipitations using magnetically bound beads conjugated to anti-FLAG antibodies. Right blot is of immunoprecipitations from beads conjugated to anti-HA
antibodies. Both blots in (C) were probed with an HRP conjugated primary antibody against FLAG.
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System and were grouped according to their cell processes
(Figure 6A). Identified proteins which had the highest spectral
counts (greatest in abundance, i.e., most conjugated to chOASL),
were also analyzed separately for pathway analysis (Figure 6B).
Abundances for the ten highest spectral counted proteins were
also analyzed (Figure 6C). Mass spectrometry, along with
western blotting from Figure 5, supported that within DF-1
cells, chOASL conjugates primarily to itself, given the difference
in spectral counts for OASL versus other conjugates
(Supplemental Table 2 and Figures 5A-C, 6C). Conjugation
of chOASL C-terminus should render an e-G-G- linked peptide
on chOASL modified lysines. We identified by mass
spectrometry specific sites of modification on 21 out of 32
lysines on chOASL, with single site modifications on 43 other
identified proteins (Supplemental Table 2). Given the sequence
similarities between chOASL and chOAS*A (92.1% shared
residue identities), we were unable to discriminate between
bona fide conjugations between chOASL and chOAS*A given
many of the shared modification sites (Supplemental Table 2).
Other proteins such as glyceradldehyde-3-phosphate
dehydrogenase (GAPDH), dihydropyrimidinase-related protein
2 (CRMP2A), peroxiredoxin-1 (PRDX1), dihydropyrimidinase-
related protein 3 (DPYSL3), 40S ribosomal protein S3 (RPS3),
Ubiquitin-like carboxyl-terminal hydrolase 18 (USP18), DNA-
(apurinic or apyrimidinic site) lyase (RPS3), vigilin (HDLBP),
and ubiquitin carboxyl-terminal hydrolase 5 (USP5), were
identified as the most abundant conjugates to chOASL,
however, they were approximately two orders of magnitude
less in abundance (via spectral counts) to chOASL (Figure 6C).

Cleavage of chOASL Tandem Ubl Domain
by Viral Proteases

Given that OASL is conjugated to target proteins in a similar
fashion as Ub and ISG15 to other proteins, this presents the

possibility that OASL could perform similar functions in the
avian immune system to those lacking ISG15. If conjugation of
OASL Ubls to a target protein has antiviral effects, there may be
an evolutionary pressure for some viruses to adapt the ability to
counter this mechanism, like viruses reversing ubiquitination
and ISGylation. Similar to ISG15, avian OASLs are translated in
an immature form with several amino acids downstream of their
LRLRGG conjugation motif that would have to be cleaved off
before conjugation. To explore if viral proteases may be able to
process OASL, the pro-form of chOASL tandem Ubl domain was
expressed with a C-terminal 6X His-Tag and was incubated with
OTUs from 14 Nairovirus species for 24 hours with timepoint
samples taken at specified intervals to determine approximate
cleavage rate (Figure 7). Of the 14 OTUs tested, 7 were capable
of cleaving chOASL to some degree, and 4 cleaved all chOASL
within 24 hours. None fully processed the substrate in less than 2
hours. Viral OTUs demonstrate clear species preferences when
processing ISG15s and the rate of cleavage demonstrated by
these OTUs is similar to what is seen when known deISGylases
are incubated with ISG15s from non-host species (24, 38).
Specificity of OTU deOASLylase activity was additionally
assessed using two distantly related avian OASLs from penguin
and eagle (Supplemental Figure 1). Like ISG15, species to
species difference within avian OASLs also seem to impact
their suitability as viral protease substrates, with viral OTUs
exhibiting majority deOASLylase activity against penguin OASL
rather than eagle OASL (Supplemental Figure 1).

Beyond OTUs, six PLpro’s representing all four classes of
coronaviruses (o, B, v, and J), were evaluated for their
deOASLylase activity related to chOASL as well as OASLs
from penguin and eagle species (Figure 8 and Supplemental
Figure 1). When compared to Nairovirus OTUs, coronavirus
PLpro’s were less active against chOASL. In both cases, half of
the enzymes tested demonstrated no activity, however the OTUs
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FIGURE 6 | Pathway and quantitative analysis, by mass spectrometry, of conjugated proteins to chOASL from transfected DF-1 cell lysates. (A) pathway analysis of
total identified proteins conjugated to chOASL. (B) pathway analysis of highest abundance proteins (>100 spectral counts) conjugated to chOASL. (C) quantitative
analysis of the ten most abundant conjugated proteins to chOASL. Pathway analysis of identified proteins was done using Panther Classification System (Geneontology;
www.pantherdb.org) on the Gallus gallus proteome database. Protein abbreviations: 2’-5’-oligoadenylate synthase like protein (OASL), 2’-5’-oligoadenylate synthase
(OAS*A), glyceradidehyde-3-phosphate dehydrogenase (GAPDH), dinydropyrimidinase-related protein 2 (CRMP2A), peroxiredoxin-1 (PRDX1), dihydropyrimidinase-related
protein 3 (DPYSL3), 40S ribosomal protein S3 (RPS3), Ubiquitin-like carboxyl-terminal hydrolase 18 (USP18), DNA-(apurinic or apyrimidinic site) lyase (RPS3), vigilin
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that did demonstrate deOASLylase activity cleaved more than
their PLpro counterparts. The three PLpro’s that demonstrated
some degree of deOASLylase activity were found in each genus
except for Alphacoronavirus. Meanwhile the non-cleaving
PLpro’s were found in either the alpha or betacoronavirus
subgroup. The most active chicken deOASLylating PLpro was
from avian infectious bronchitis virus (IBV), which causes severe
respiratory distress in chickens (39).

DISCUSSION
Probing the Function(s) of Avian OASL

The revelation that covalent modification of proteins by chOASL
is occurring in chicken cells when induced into an antiviral state
by polyl:C or IFN a is intriguing. First, unlike the small Ub,
ISG15, or other Ubls that modify host proteins for signaling
purposes, OASL is 59 kD in size. This dwarfs the 8-17kD size of
those other protein modifiers.

The results also illustrate that chOASL gets to conjugated to
many proteins (Figures 5A, B), however, much of the
conjugation appears to be to itself (Supplemental Table 2 and

FIGURE 7 | deOASLylase activity of Nairovirus OTUs in chicken. OTUs from CCHFV, FARV, KUPEV, DUGV, LPHV, ERVEV, GANV, NSDV, HpTV-1, ISKV, TAGV,
DGKYV, HAZV, and QYBV were evaluated for their cleavage activity towards proOASL Ubl from chicken at 37°C, 10 uM of chOASL Ubl was incubated with 20 nM of
each OTU for at least 24 h with samples taken at the time points indicated. The summary of chOASL cleavage by the different Nairovirus OTUs is presented as a
heat map. Colors range from dark red (no cleavage) to light green (moderate cleavage).

Figures 5C, 6C) whether chicken cells were stimulated or not for
an antiviral state (Figure 5A). There have been oligomerization
domains proven within human OAS (3), and oligomerization
between human OASL and RIG-I (4), however, this is the first
report of chOASL oligomerizing with itself covalently as early as
24 hours after transfection. This conjugation of chOASL to itself
was also apparent. Regardless of treatment used to induce an
antiviral state (Figure 5A), suggesting that enzymes required for
chOASL conjugation are constitutively expressed in DF-1 cells or
that plasmid DNA transfection triggered their expression.

The pathway analysis of chOASL primarily involved cellular
and immune response pathways, though when looking at the
most abundant conjugated proteins, the pathway analysis
supports that most conjugated proteins are involved in cellular
and metabolic processes. With at least three of these primary
conjugates, involved in immune system processes (Figure 6B).
Of these identified proteins (aside from OASL), peroxiredoxin-1
has immune mediated pathways dealing with inflammation,
oxidative stress, immune cell activations, and regulation of
NFkP signaling (40). Additionally, GAPDH has some
regulatory functions that involve type I IFN production and
type II IEN responses (41). With lower conjugation events also
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FIGURE 8 | deOASLylase activity of coronavirus PLpros in chicken. PLpros from PEDV, SARS, MERS, MHV, IBV, and were evaluated for their cleavage activity
towards proOASL Ubl from chicken at 37°C, 10 uM of chOASL Ubl was incubated with 20 nM of each OTU for at least 24 h with samples taken at the time points
indicated. The summary of chOASL cleavage by the different coronavirus PLpros is presented as a heat map. Colors range from dark red (no cleavage) to orange
(weak cleavage). The subgroup each coronavirus belongs to is denoted next to the respective heat map.

found to other immune mediators such as STAT1, ANKRD-
(-1 and -17), REL, and IFIT5 (Supplemental Table 2).
Additionally, the results highlighted a few ubiquitin specific
protease homologues that are modified by chOASL to include
USP18. The chUSP18 homologue is notable because mammalian
USP18 is a delSGylase regulating ISG15 antiviral activity (42).
With no ISGI5 in chicken cells, chUSP18s cellular substrate
is likely another Ubl entity. Similar to other Ubls, the presence
of OASL conjugates suggests that there are a set of enzymes
required for this type of modification. Ultimately, how
interactions of chOASL among these conjugates, specifically to
itself, warrant further studies; specifically in relation to how viral
OTU act on these conjugation events and the evolutionary arms
race among viral taxa (with OTU) and animal antiviral-
response elements.

Significance of the ISG15-Like Structure
the chOASL Tandem Ubl Domain

Compared to linear, di-K63, and other di-Ubs, ISG15 has a
relatively compact conformation but retains rotational flexibility
around the interface between its domains (37). The -grasps of
chOASL’s tandem Ubl domain are even more compact than
those of most ISG15s, and the presence of four hydrogen bonds
at the interface likely reduces rotational flexibility. Sequence data
suggests that three of the four hydrogen bonds are highly
conserved among tandem Ubl motifs found in bird OASLs. As
the hinge region of chOASL forms a hydrogen bond with a
residue on the C-terminal domain as well as one within itself, it
would likely have limited flexibility. The high conservation
observed between avian OASL hinge regions suggests that the
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rigidity of the region would be conserved as well. Conversely, the
hinge of ISG15 is flexible and highly variable (37). Interestingly,
both chOASL and human ISG15 have an arginine at the same
position on their C-terminal domains that forms a hydrogen
bond with the hinge main chain, however this arginine is not
conserved among either OASLs or ISG15s. The arginine is found
in only two of the six OASLs examined and is not seen on any of
the other ISG15s examined here. However, other side chains with
primary amines can be found at this site with glutamines being
found at this site in two of the OASLs, and two of the ISG15s, and
a lysine being present on one of the OASLs.

The increased number of interactions dictating OASL tertiary
structure along with the higher degree of conservation seen in these
residues suggests that this conformation of the Ubl domain may
contribute to the function of avian OASL. The removal of the tandem
Ubl domain from duck and ostrich OASL has been shown to hinder
their ability to activate not only the RIG-I pathway, but also the
RNase L pathway by reducing their capacity to bind viral RNA (11).

Mutation of F41 to a lysine in human ISG15 altered the conformation
to the point where SARS-CoV-1 no longer bind the ISG15 effectively
impeding its antiviral function (37). The evolutionary appearance of
tandem Ubl domains with ISG15 and OASL as well as the negative
impact of perturbing them suggest that this structural element could
be key to selective recognition of these Ubls by both host and viral
enzymes that seek engagement with them.

Structural Factors Potentially Affecting

deOASLylase Activity of OTUs and PLpro’s
When chOASL is overlaid with a structure of sheep ISG15 in
complex with the KUPEV OTU as well as FARV OTU, it appears
that the OASL would be capable of forming some of the same
interactions that allow OTUs to cleave ISG15s and Ub. While not
properly oriented in this structure due to a lack of stabilizing
interactions from being bound, the LRLRGG motif would easily
be accommodated within the P1-P6 binding sites adjacent to the
active site (Figure 9). Aside from the LRLRGG binding pocket,

FIGURE 9 | Interactions between Ubls and OTUs that determine substrate specificity (A) Cartoon representation of chOASL Ubl (Orange), FARV OTU (Purple; PDB
6DX5), sheep ISG15 C-terminal domain (Beige) and KUPEV OTU (Blue; PDB 60AR). Ubls are overlaid at their C-terminal B-grasps and OTUs are overlaid with the
Ubl LRLRGG motifs within their active sites. (B) Close up views of OTU selectivity determination sites, highlighting interactions that determine substrate preferences.
(C) Close of view of FARV and KUPEV OTU active sites with the C-terminus of Ubl substrates bound.
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three key sites that have been determined to be important for
OTU selectivity (24). OASL forms similar interaction at two of
the three and neither site is identical (Figure 9B). The differences
at these recognition sites result in KUPEV OTU having
significantly higher activity toward sheep ISG15 than chOASL.
While the residues at these selectivity sites are not shared
between ISG15s and avian OASLs they are highly conserved
within their respective groups (Figure 4).

When the chOASL Ubl domain is similarly overlaid with a
structure K48 linked di-Ub bound to the PLpro from SARS-
CoV-1 we see that the orientation of the OASL -grasp domains
prevent it from fitting into the active site of the SARS-CoV-1
PLpro (Figure 10). With the C-terminal chOASL B-grasp
domain aligned in the active site, the N-terminal B-grasp
domain sterically clashes with the zinc finger of the PLpro
(Figure 10). The extent of this clash may vary among PLpros
as this region has been shown to have some flexibility when
binding UbI substrates (43). Hence, the degree of flexibility of
this PLpro region in combination with the robust domain-
domain interface found here in chOASL could offer a

FIGURE 10 | Steric hindrance at the zinc finger prevents SARS-CoV PLpro from cleaving chOASL (A) chOASL Ubl domain (Orange) overlaid at the C-terminal B-
grasp with K48 linked di-Ub (Yellow) bound to SARS-CoV PLpro (Red cartoon and white surface) (PDB 5E6J). (B) Close up view of the overlap between the PLpro
zinc finger domain and N-terminal B-grasp of chOASL that causes a steric hindrance, preventing cleavage. (C) Surface view of SARS-CoV PLpro with the four domains
labeled and the proximal Ub-binding pocket (Blue) and the distal Ub-binding pocket (Teal) highlighted.

preliminary rationale for negligible to low PLpro deOASLylase
activity. However, much like that with Nairovirus OTUs, in-
depth molecular investigation will have to be performed prior to
having a definitive conclusion.

Potential Implications of Nairovirus OTU
deOASLylase Activity

The ability of some Nairoviruses to productively process
chOASL may be the result from off target activity toward a
similar substrate, or the result of an evolutionary pressure on
Nairoviruses to counter OASL dependent immune responses in
avian species. For instance, the OTU of the Ganjam virus
(GANV) has robust DUB and delSGylase activity and weak
deOASLylase activity (Figure 7). Viewing from the standpoint
that GANV OTU is one of the most efficient viral DUB and
deISGylases found, having some oft target activity towards
another Ubl would not be that surprising (24, 44). However,
the OTUs of FARV, KUPEV, and Dugbe virus (DUGV) all
demonstrate moderate activity towards chOASL (Figure 7) and
have been shown to be relatively weak DUBs, delSGylases, or
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both (24, 44). Several other viral OTUs also have negligible
activity towards Ub and ISG15 (24, 44). Previously, species
specificity among ISG15s, or preference for other Ubls, was
suggested to be the origin of weak enzymatic activity (24).
FARV OTU robust activity towards chOASL appears to
highlight an example of the latter hypothesis. FARV belongs to
the Hughes serogroup, which primarily infects seabirds (45).
CCHFV deOASLylase activity might also originate from its
interaction with avian species. These interactions have been
recently suggested for the spread of CCHFV to western Europe
(46, 47). Hence, FARV OTU as well as other OTUs may have
adapted to process the OASL of certain avian species and this is
reflected through activity towards related species such as chicken.

Put together, the identification of covalent bonding of avian
OASLs to itself and other immunological proteins as well as
OASLs tandem Ubl domain’s structural similarities to that of
ISG15 highlights how avian species may take a different
approach to OASL immune signaling pathways. Additionally,
these conjugation events may also offer a solution to the recent
finding where certain Nairovirus OTUs that principally circulate
within avian species lack appreciable enzymatic activity towards
Ub or the more common Ubl ISG15.

PDB Accession Number
The final protein structure for chOASL Ubl was deposited in the
Protein Data Bank with the ID 7SBIL
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