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RNA sensor LGP2 inhibits TRAF ubiquitin ligase to
negatively regulate innate immune signaling
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Abstract

The production of type | interferon (IFN) is essential for cellular
barrier functions and innate and adaptive antiviral immunity. In
response to virus infections, RNA receptors RIG-I and MDAS5 stimu-
late a mitochondria-localized signaling apparatus that uses TRAF
family ubiquitin ligase proteins to activate master transcription
regulators IRF3 and NFkB, driving IFN and antiviral target gene
expression. Data indicate that a third RNA receptor, LGP2, acts as a
negative regulator of antiviral signaling by interfering with TRAF
family proteins. Disruption of LGP2 expression in cells results in
earlier and overactive transcriptional responses to virus or dsRNA.
LGP2 associates with the C-terminus of TRAF2, TRAF3, TRAF5, and
TRAF6 and interferes with TRAF ubiquitin ligase activity. TRAF
interference is independent of LGP2 ATP hydrolysis, RNA binding,
or its C-terminal domain, and LGP2 can regulate TRAF-mediated
signaling pathways in trans, including IL-1f, TNFa, and cGAMP.
These findings provide a unique mechanism for LGP2 negative
regulation through TRAF suppression and extend the potential
impact of LGP2 negative regulation beyond the IFN antiviral
response.
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Introduction

The production of and response to type I interferon (IFN) are essen-
tial for protection against virus infection, and control both innate
and adaptive immune responses. IFN restricts virus replication by
inducing expression of antiviral effectors that suppress host and
viral RNA transcription or protein translation, initiate RNA degrada-
tion, induce growth arrest, activate apoptosis, and trigger autophagy
that together facilitate infection clearance. IFN also acts as an

immune modulator, regulating dendritic cells, monocytes, and other
professional immune cells to counteract infections and stimulate
lasting immunity [1-5]. While essential for controlling virus replica-
tion, chronic production and exposure to IFN can result in autoim-
mune diseases and chronic inflammatory responses, and influence
therapeutic efficacy of chemotherapy, radiotherapy, and
immunotherapy [6-9]. To ensure rapid and transient responses and
to prevent these adverse outcomes, homeostatic regulation of antivi-
ral responses includes endogenous negative regulators that attenu-
ate IFN production and response.

IFN production is triggered by virus infections or intrinsic defects
that cause accumulation of RNA species in the cytoplasm. The RNAs
are detected by a family of three pattern-recognition receptor sensor
proteins, RIG-I, MDAS, and LGP2. All three RIG-I-like receptor
(RLR) proteins share conserved DECH-box helicase and C-terminal
domain (CTD) regions that have intrinsic dsRNA binding and ATP
hydrolysis activities [10-13]. RIG-I and MDAS contain tandem
caspase activation and recruitment domain (CARD) regions, interac-
tion domains that mediate contact with downstream signaling
proteins. RNA-activated RLRs initiate the oligomerization of an
essential mitochondrial antiviral signaling protein, MAVS, that
serves as a scaffold for the activation of TNF receptor-associated
factor (TRAF) family proteins, TRAF2, TRAF3, TRAF5, and TRAF6
[14,15]. TRAF proteins catalyze the assembly of K63-linked ubiqui-
tin chains that are required for the activation of serine kinases,
IKKa, IKKB, IKKy, IKKe, and TBK1 [16,17]. Kinase activation trig-
gers the phosphorylation and nuclear import of IRF3 and NFkB,
driving the production of primary antiviral effectors including IFNs
[18]. For IRF3 activation, MAVS itself becomes phosphorylated by
activated IKKs and/or TBK1 on serine 442 and directly recruits IRF3
for subsequent kinase activation. The precise means of MAVS-
mediated NFkB activation has not been elucidated, but many path-
ways to NF«B activation rely on TRAF-mediated ubiquitination to
initiate IKK kinase activity that results in alleviation of IkB-mediated
repression and NF«xB activity [17,19].

LGP2 is unique among the RLR proteins, as it is associated with
both activation and inhibition of antiviral signaling [20]. LGP2 lacks
CARDs but can participate in antiviral signaling as a positive regula-
tor of MDAS5-dsRNA interactions [21-26]. This positive regulation
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by LGP2 occurs upstream of MAVS and absolutely requires both
ATP hydrolysis and RNA binding activities [24,26].

As a negative regulator, LGP2 can suppress both MDAS5-dependent
and RIG-I-dependent signal transduction [13,23,27-31], but the
precise targets and mechanisms underlying LGP2 interference are
poorly understood. Distinct mechanistic interpretations for the
observed feedback inhibition have been suggested [13,29,31], but
the observation that LGP2 negative regulation remains intact in the
absence of either RNA binding or ATP hydrolysis activity [26,32]
invited further inquiry into the molecular targets and mechanisms
of LGP2 inhibition. Experiments demonstrate that LGP2 can inter-
fere with TRAF-mediated signaling downstream of MAVS. Data
indicate that LGP2 can co-precipitate with TRAF protein C-termini,
disrupting ubiquitin ligase activity and restricting IRF3 and NF«xB
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activation. Although LGP2 is a component of the RLR-MAVS-IFN
system, results demonstrate its TRAF-suppressing activity can
disengage NFkB activation induced by MAVS-independent signal-
ing via TNFa, IL-1B, and cGAMP. These findings identify novel
targets for LGP2 negative regulation and a previously unrecognized
means for antagonizing TRAF-mediated signaling.

Results
LGP2 suppresses antiviral signaling

The ability of LGP2 to antagonize antiviral signaling is apparent in
transcription suppression assays. Sendai virus infection is a potent
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Figure 1. LGP2 suppresses virus-induced antiviral gene expression.

LGP2-/- MEF
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A HEK293 cells were transfected with IFNf promoter reporter gene and 500 ng LGP2 expression plasmid (+) or salmon sperm DNA (—), then infected with 200 HA units

per ml of SeV for 6 h prior to luciferase assays.
B Similar to (A), but using PRDIII/I (IRF3) reporter gene.
Similar to (A), but using PRDII (NFkB) reporter gene.

(@}

D Cells were transfected with empty vector (=) or 500 ng LGP2 expression plasmid (+), then stimulated with 200 HA units per ml of SeV for 8 h prior to RNA isolation

and RT—-gPCR with IFN-specific primers or control GAPDH.
E Similar to (D), but using primers for 1SG56.
Similar to (D), but using primers for TNFo.

o m

illustrates LGP2 mRNA level to verify knockout.
H Similar to (G), but using primers for ISG56.
| Similar to (G), but using primers for TNFor.
] Similar to (G), but using primers for IL-6.

Using WT and LGP2~/~ MEFs, mRNA was isolated after 4 h SeV infection and subjected to RT-qPCR with murine IFNB-specific primers or control GAPDH. Inset graph

Data information: Bars represent average values (n = 3) + standard deviation. Corresponding immunoblots for panels (A-C) in Fig EV1. ***P < 0.0005, **P < 0.005, and

*P < 0.05 by two-tailed Student’s t-test.
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inducer of IFNP promoter transcription, but LGP2 expression
prevents IFNJ reporter gene activity (Fig 1A and EV1). The primary
activated transcription factors contributing to IFNf gene induction
are IRF3 and NF«xB, which bind to positive regulatory domain (PRD)
elements of the IFNP enhancer, PRDIII/I, and PRDII, respectively
[33-35]. Virus infection activated gene expression from both
PRDIII/I and PRDII, but LGP2 expression dramatically reduced IRF3
and NF«xB transcriptional responses to baseline levels (Fig 1B and
C). Similarly, the induction of endogenous IFNf§ mRNA, the IRF3
target gene, ISG56, and the NFkB target gene, TNFa, was suppressed
by LGP2 expression (Fig 1D-F). To complement these expression
experiments, fibroblasts derived from LGP2-deficient mice [36] were
mock-infected or infected with Sendai virus for 4 h, and endogenous
IFNP, ISG56, TNFa, and IL6 mRNAs were measured by RT-qPCR
(Fig 1G-J). Infection robustly activated these mRNAs, and loss of
LGP2 significantly increased mRNA levels by twofold to threefold,
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consistent with derepression due to the absence of LGP2 negative
regulation. Together, these data support negative regulatory func-
tions of LGP2 that suppress both IRF3 and NFkB signaling.

LGP2 inhibits signaling downstream of MAVS

To more clearly define the target(s) for LGP2 negative regulation,
experiments were conducted using the synthetic dsRNA, poly(I:C)
to stimulate RLR/MAVS signaling. Poly(I:C) transfection activated
expression of the IFNB enhancer (Fig 2A), or the substituent PRDII
and PRDIII/I reporters (Fig 2B and C). Expression of LGP2 in these
assays results in a concentration-dependent decrease in dsRNA
signaling. To determine whether the LGP2 suppression occurs at the
level of RNA detection by RLRs upstream of MAVS activation or
antagonizes a step downstream of RLR function, expression of
MAVS was used to activate antiviral signaling in the absence of
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Figure 2. LGP2 inhibits signaling downstream of MAVS.

Similar to (A), but using PRDII (NFkB) reporter gene.
Similar to (A), but using PRDIII/I (IRF3) reporter gene.

Similar to (D), but using PRDII (NFkB) reporter gene.
Similar to (D), but using PRDIII/I (IRF3) reporter gene.
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ISRE-reporter gene assay with 6-h IFNa stimulation with or without LGP2 titration.
GAS-reporter gene assay with 6-h IFNy stimulation with or without LGP2 titration.

IFNB-reporter gene assay with 6 h poly(l:C) (5 pug/ml) stimulation with or without LGP2 expression. 2fTGH cells were harvested for luciferase assays.

IFNB-reporter gene assay with MAVS expressed with or without LGP2 titration. Cells were harvested 24 h post-transfection for luciferase assays.

Data information: Bars represent average values (n = 3) £ standard deviation. Corresponding immunoblots in Fig EV1. ***P < 0.0005, **P < 0.005, and *P < 0.05 by two-

tailed Student’s t-test.
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Figure 3. LGP2 inhibits signal transduction to IRF3 and NFxB.

A WT and LGP2™/~ MEFs were stimulated with 200 HA units per ml of SeV at indicated time points, and cell lysates were subjected to immunoblotting with antibodies
that recognize phospho-IRF3 (S396), total IRF3, and GAPDH.

B Similar to (A), but probing with antibodies for phospho-lkBa (S32), total IxBo, and GAPDH.

C Immunoblot of WT and LGP2-deficient (KO) HEK293 cells. Cells were mock-infected (—) or infected with SeV (+) for 24 h prior to analysis of LGP2, STAT1
phosphotyrosine 701 (pSTAT1), total STAT1, and control GAPDH.

D WT and LGP2 KO cells were subjected to a time course of SeV infection prior to analysis of IRF3 phosphorylation at S396 (pIRF3).

E Similar to (D), but lysates were subjected to native PAGE to detect IRF3 dimerization (IRF3?), and to SDS—PAGE to detect IRF3 S396 phosphorylation (pIRF3).

F WT and LGP2 KO cells were infected with SeV for 24 h or treated with poly(:C) for 6 h. RNA was isolated and subjected to RT-qPCR with IFN-specific primers or
control GAPDH.

G WT and LGP2 KO cells were subjected to a time course of SeV infection prior to RNA isolation and RT-qPCR.

H Similar to (G), except cells were treated with poly(l:C).

Data information: Bars in (F-H) represent average values (n = 3) + standard deviation. ***P < 0.0005 and **P < 0.005 by two-tailed Student’s t-test.
Source data are available online for this figure.
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Figure 4. LGP2 inhibits TRAF-mediated NFxB activation.

A-D PRD Il (NFkB)-reporter gene assays with TRAF2, TRAF3, TRAF5, or TRAF6 expressed with or without LGP2 titration. Cells were harvested 24 h post-transfection for
luciferase assays. Bars represent average values (n = 3) with + standard deviation. Corresponding immunoblots in Fig EV1.
E-H Similar to (A), but using PRDIII/I (IRF3) reporter gene.

I-L

Similar to (A), but using -110 IFNB- promoter reporter gene.

Data information: ***P < 0.0005 and **P < 0.005 by two-tailed Student’s t-test.
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either virus infection or RLR engagement [30]. Expression of MAVS
can potently induce downstream responses and results in activation
of the complete IFNP enhancer (Fig 2D), or the PRDII and PRDIII/I
reporters (Fig 2E and F). Expression of LGP2 in these assays results
in a concentration-dependent decrease in MAVS-dependent signal-
ing, demonstrating LGP2 interference with both IRF3 and NFxB
occurs downstream of MAVS. To verify the specificity of LGP2
suppression and rule out off-target interference with the reporter
gene assay, similar experiments were conducted using IFNo-
activated ISRE luciferase or IFNy-activated GAS luciferase assays. No
LGP2 interference was observed with IFNa or IFNy signaling (Fig 2G
and H). These experiments localize LGP2 antagonism to a step down-
stream of the MAVS signaling.

LGP2 regulates signaling to IRF3 and NFxB

IRF3 and NF«B pathway activation was directly examined in intact
or LGP2-deficient mouse and human cells. In mouse embryo fibro-
blasts, Sendai virus infection induced IRF3 Ser396 phosphorylation
within 4 h, and this was reduced by 6 h. In MEFs lacking LGP2,
IRF3 Ser396 phosphorylation was dramatically increased and
remained detectable at 6 h postinfection (Fig 3A). Virus-activated
phosphorylation of IkBa at Ser32 was also tested and found to be
detectable in the LGP2-/- MEFs even at steady state. Nonetheless,
IkBa phosphorylation dramatically increased in the absence of LGP2
and was observed to rise until 8 h postinfection (Fig 3B).
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To test the veracity of these findings in human cells, CRISPR/
Cas9 was used to create HEK293 cells lacking LGP2 expression.
Disruption of LGP2 does not alter overall cellular antiviral response,
as indicated by intact phosphorylation of STAT1 tyrosine 701
(Fig 3C). Absence of LGP2 was found to derepress the response to
Sendai virus infection, leading to altered kinetics of IRF3 Ser396
phosphorylation (Fig 3D) and IRF3 dimerization (Fig 3E). Phospho-
rylation and dimerization of IRF3 were detected 2 h earlier in the
LGP2-knockout cells, confirming in human cells the negative role of
LGP2 in antiviral signaling observed in mouse cells.

The ability of LGP2 deficiency to alter antiviral transcription was
tested in the CRISPR cell system for both Sendai virus infection and
poly(I:C) transfection (Fig 3F-H). IFNf3 mRNA level following 24 h
of Sendai virus or 6 h of poly(I:C) was greatly increased in the
absence of LGP2. Time-course analysis for Sendai virus infection
(Fig 3G) and poly(I:C) transfection (Fig 3H) correlate well with the
observed differential transcription factor activation. All tested indu-
cible mRNAs accumulated to higher levels in the absence of LGP2
within the 4-6 h time course, confirming the biological outcome of
hyperactive transcription factors IRF3 and NF«B.

LGP2 targets TRAF signaling

Signal transduction between MAVS and IRF3/NFkB is mediated by
TRAF family proteins. The ability of LGP2 to influence TRAF activa-
tion was tested, and strong activation of the PRDII reporter,
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Figure 5. LGP2 inhibits MAVS-independent TRAF-mediated signaling.
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A NFxB-reporter gene assay with HEK293 cells treated (+) for 6 h with TNFo (L0 ng/ml) with or without LGP2 plasmid titration as indicated. Bars represent average

values (n = 3) + standard deviation. Corresponding immunoblots in Fig EV1.

B Hela cells transfected with indicated amounts of LGP2 or empty vector were treated with TNFo (10 ng/ml) for 5 min. Cell lysates were subjected to immunoblotting
with antibodies that recognize phospho-IkBa (ser32), total IkBo, FLAG-tagged LGP2, and GAPDH.

C Similar to (A), but treating HEK293 cells with IL-1B (10 ng/ml)

D Similar to (A), but STING was co-transfected with indicated amounts of the LGP2 plasmid prior to stimulation with 2'3' cGAMP (20 pg/ml) for 24 h in HEK293 cells.

Data information: ***P < 0.0005 and **P < 0.005 by two-tailed Student’s t-test.
Source data are available online for this figure.
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indicating stimulation of NFkB-mediated transcription, was induced
by expression of TRAF2, TRAF3, TRAFS, or TRAF6 (Fig 4A-D).
Titration of LGP2 resulted in a dramatic concentration-dependent
decrease in PRDII-dependent signaling, demonstrating potent inter-
ference with TRAF-mediated NFkB activation. None of the TRAFs
were found to activate the PRDIII/I reporter, reflecting an unfulfilled
requirement for MAVS to activate IRF3 [37] (Fig 4E-H). Conse-
quently, TRAF protein activation of the IFNf promoter was weak
due to the absence of IRF3, but in all cases, any induced IFNf
promoter signal was eliminated by LGP2 expression (Fig 41-L). In
the absence of MAVS, LGP2 expression disrupts TRAF-dependent
NF«B activation.

LGP2 inhibits MAVS-independent, TRAF-mediated signaling

As TRAF proteins mediate NFkB activation triggered by many
immune and inflammatory signals, we examined diverse contexts
to more generally test the ability of LGP2 to inhibit TRAF-depen-
dent signal transduction. Stimulation with TNFa activates NFkB
signaling through TRADD adaptor-mediated TRAF2/TRAF5
recruitment [38,39], IL-1B activates NFkB through MyD88 adap-
tor-mediated TRAF6 recruitment [40], and the cGAMP receptor,
STING, induces NFkB via TRAF6 [41,42]. Treatment of cells with
TNFa robustly induced PRDII/NFkB activity, and it was
suppressed by LGP2 expression (Fig 5A). To confirm the reporter
gene analysis, the Ser32 phosphorylation status of endogenous
IxBo was examined (Fig 5B). TNFa induced robust IkBo phospho-
rylation, but LGP2 expression interfered with TNFo-mediated kB
phosphorylation. Similarly, NF«B signaling induced by IL-1f or
cGAMP/STING pathways was suppressed by LGP2 (Fig 5C and D).
These results indicate that LGP2 interference with TRAF activity
disrupts kinase regulation and demonstrate LGP2’s ability to
disrupt TRAF-mediated signaling irrespective of the stimulatory
ligand or specific TRAF adaptor, and in the absence of MAVS
(Fig EV2C). LGP2 can function as a trans-inhibitor of TRAF
signaling.

LGP2 targets the TRAF C-terminal MATH domain

To investigate the means of LGP2-mediated TRAF inhibition, co-
immunoprecipitation assays were performed with LGP2 and TRAF6
(Fig 6). In addition to full-length TRAF6, co-precipitation of a series
of truncations that dissected the protein along known structural
domain boundaries was tested (Fig 6A). LGP2 was found to co-
precipitate with TRAF6, but RIG-I did not (Fig 6B). Co-precipitation
of LGP2 was observed only with protein fragments containing the
TRAF-C domain (Fig 6B; TRAF6 residues 352-522, also known as
the MATH domain [43]). An analogous set of full-length, N-term-
inal, or C-terminal fragments of TRAF2, TRAF3, and TRAFS were
also tested for LGP2 co-precipitation, revealing in all cases that the
TRAF protein C-terminal domain is necessary and sufficient for
LGP2 interaction (Fig 6C). This highly conserved TRAF domain
apparently forms a conserved target for LGP2 interference.

Novel means of LGP2 TRAF suppression

TRAF proteins are previously unrecognized regulatory targets for
LGP2. Earlier work has suggested that LGP2 RNA binding or CTD
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Figure 6. LGP2 co-precipitation with TRAF C-terminal MATH domain.

A

B

Diagram illustrating the domain structure of full-length TRAF6 and the
fragments generated for this study.

Cells were transfected with FLAG-tagged full-length TRAF6 or TRAF6
fragments along with HA-tagged LGP2, and lysates were subjected to FLAG
immunoaffinity purification and detection of co-precipitation was carried
out by anti-HA immunoblot for LGP2 (or RIG-I as a control), anti-FLAG
immunoblot for TRAF6, and anti-GAPDH control (n = 5). * indicates non-
specific cross-reactivity.

Similar to (B), testing the interaction with full-length, N- and C-terminal
truncations of TRAF2, TRAF3, and TRAF5 with LGP2. All full-length TRAFs
and their C-terminal domains co-precipitate LGP2. * indicates non-specific
cross-reactivity (n = 3 for all experiments).

Source data are available online for this figure.
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Figure 7. TRAF suppression by catalytically inactive LGP2.
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A Diagram illustrating the domain structure of full-length LGP2 and LGP2-H (top). Analysis of LGP2-H catalytic properties. RNA binding was tested by mobility shift
assay and quantified by phosphor imaging (bottom left). ATP hydrolysis was directly measured for both proteins at 100 nM (bottom right).

B NF«kB-reporter gene assay with MAVS or indicated TRAFs expressed with or without LGP2-H. Cells were harvested 24 h post-transfection prior to luciferase assays.
Bars represent normalized mean values (n = 3) & standard deviation. ***P < 0.0005 by two-tailed Student’s t-test. Corresponding immunoblots in Fig EV1.

C Cells were transfected with plasmids expressing HA-tagged MDAS (M), RIG-I (R), LGP2 (L), LGP2-H (Ly) and FLAG-tagged TRAF2, 3, 5, and 6 as indicated (n = 3). Cell
lysates were subjected to FLAG immunoaffinity purification and immunoblotting with antisera for FLAG (TRAF) and HA (LGP2).

D Reverse co-immunoprecipitation. Similar to (C), except cell lysates were subjected to HA immunoprecipitation and immunoblotting with antisera for FLAG (TRAF6)

and HA (LGP2).

E Reverse co-immunoprecipitation. Similar to (C), except cells were transfected with plasmids expressing HA-tagged TRAF6 and FLAG-tagged RLRs as indicated. Cell
lysates were subjected to FLAG immunoaffinity purification and immunoblotting with antisera for FLAG (RLR) and HA (TRAF6) (n = 3). Asterisk (*) indicates non-

specific cross-reactivity.

Source data are available online for this figure.

is required for repression [13,29,31]. To test the importance of
LGP2 catalytic activities in TRAF repression, the TRAF binding and
interference of a truncated LGP2 protein were characterized. LGP2-
H (residues 1-546) consists only of the helicase domain without
the CTD, and it lacks both RNA binding and ATPase activities
(Fig 7A). Despite these defects, LGP2-H retained the ability to
suppress NFkB activation induced by either MAVS or TRAFs
(Fig 7B). In addition, co-precipitation assays revealed both LGP2
and LGP2-H co-purified with all of the TRAF proteins (Fig 7C).
The TRAF co-precipitation is specific for LGP2, as neither MDAS
nor RIG-I was found to co-precipitate with any TRAF tested
(Fig 7C), though it remains possible the co-precipitation represents
an indirect interaction. Immunoprecipitation of TRAFG6 revealed
slower migrating species typically indicative of auto-modification
by endogenous ubiquitin chains, and the observed ladder was
greatly diminished by the presence of LGP2 or LGP2-H but not
RIG-I nor MDAS. The specificity of LGP2 (and LGP2-H) co-precipi-
tation was verified in reverse immunoprecipitations, both by alter-
nating antisera for immunoprecipitation and blotting (Fig 7D) and
by swapping tags (Figs 7E and EV2D-F). These data indicate that
LGP2 can associate with diverse TRAF proteins and disrupt TRAF6
ubiquitin ligase activity.

LGP2 interference with TRAF ubiquitin ligase activity

TRAF proteins activate NFkB and IRF3 signaling by creating
K63-linked ubiquitin chains, modifications to themselves, and to
relevant cellular target proteins including IKKy/NEMO [44-46].
Interference with TRAF E3 activity prevents IKK activation and
abrogates downstream NFkB signaling [47]. TRAF ubiquitin ligase
activity was tested in the presence or absence of LGP2. For
TRAF2 and especially TRAF6, slower migrating species were
observed in the absence of transfected ubiquitin, indicating self-
modification by endogenous ubiquitin. Additional samples
included an expression vector for ubiquitin which enhanced the
detection of ubiquitin-modified TRAF proteins. Importantly, all of
the observed ubiquitin modifications were substantially dimin-
ished by the presence of LGP2 (Fig 8A). Parallel experiments were
done with a ubiquitin variant in which all lysines were mutated
to arginine, except for K63 (Fig 8B). Again, modification by
K63-only ubiquitin was observed as slower migrating species, and
in all cases, these forms were suppressed in the presence of
LGP2. TRAF6-dependent ligation is inhibited by LGP2 and LGP-H,
but not MDAS or RIG-I, even in the presence of exogenous

© 2018 The Authors

ubiquitin (Fig 8C). These results indicate that LGP2 interferes with
diverse TRAF proteins to disrupt ubiquitin ligase activity and
interfere with NFxB signaling.

Discussion

The data presented here describe a new means of negative regula-
tion by the innate immune regulator, LGP2, that targets TRAF
proteins and their ubiquitin ligase activities. The results provide a
mechanistic explanation for LGP2’s role as an inhibitor of signaling
induced by viruses, cytosolic dsRNA, or the activity of RLRs and
MAVS pathways. Data here indicate that LGP2 negative regulation
is retained in the absence of ATP hydrolysis or RNA binding and
is able to be mediated by a truncated LGP2 variant missing the
C-terminal domain.

Loss of LGP2 in both mouse and human cells results in hypersen-
sitive and overactive antiviral signaling and IRF3/NF«B transcrip-
tion, and results indicate that LGP2 can co-precipitate with and
inhibit all of the TRAF proteins that have been associated with
MAVS signaling, preventing ubiquitin ligase activity. Interaction
domain mapping revealed that LGP2 targets the TRAF protein C-
terminal domain. This domain, referred to as the TRAF-C domain or
the “meprin and TRAF homology (MATH)” domain [43], is a fold of
seven anti-parallel helices that is broadly represented among
eukaryotes and participates in protein—protein interactions. The
TRAF/MATH domain is known to be important for TRAF oligomer-
ization, association with transmembrane receptor intracellular
domains, or engaging downstream signaling machinery including
partners such as MAVS [48], TRADD [38], and CD40 [49,50]. As
many protein families encompassing a TRAF/MATH domain are
involved in protein processing and ubiquitination, it has been
suggested that TRAF/MATH domains co-evolved with proteolysis
pathways in eukaryotes [51].

As a member of the RLR family of signaling proteins, LGP2 is a
component of the MAVS-mediated antiviral signaling circuit, but
results show that TRAF disruption by LGP2 does not formally
require MAVS and remains suppressive in cells with MAVS knock-
down (Fig EV2C). Diverse MAVS-independent NFkB activation
pathways, including TNFa, IL-18, and cGAMP/STING, are
suppressed by LGP2 expression (Fig 5). All of these signaling path-
ways share a common requirement for TRAF ubiquitin ligase activ-
ity leading to NFkB activation, but they access their cognate TRAFs
through distinct signaling adaptors [38-41,52,53]. This result

EMBO reports  19: 4517612018 9 of 14
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Figure 8. LGP2 interference with TRAF ubiquitin ligase activity.
A

Cells were transfected with plasmids expressing HA-tagged LGP2, FLAG-tagged TRAF2, 3, 5, 6, and ubiquitin (Ub) as indicated (n = 3). Cell lysates were subjected to

FLAG immunoaffinity purification and immunoblotting with antisera for FLAG (TRAF), LGP2, and GAPDH.

Similar to (A), but using K63-only variant of ubiquitin (Ub K63) (n = 3).

Cells were transfected with plasmids expressing HA-tagged MDAS, RIG-I, LGP2, LGP2-H, FLAG-tagged TRAF6, and ubiquitin (Ub) as indicated. Cell lysates were

subjected to FLAG immunoaffinity purification and immunoblotting with antisera for FLAG (TRAF) and ubiquitin (n = 3).

Source data are available online for this figure.

suggests the possibility of crosstalk regulation by LGP2 expression
downstream of antiviral signals regulating TRAF sensitivity to limit
NF«B responses in allied immune response pathways.

Consistent with these findings, all of the reported biological
responses attributed to LGP2 negative regulation in vivo can be
readily connected to TRAF/NF«B signal transduction. In one report
of LGP2-deficient mice, heightened NF«B activity was observed in

10 of 14  EMBO reports 19: 45176 | 2018

the absence of LGP2 following poly(I:C) stimulation [25]. An inde-
pendent knockout mouse strain uncovered a role for LGP2 in the
control of CD8" T-cell survival and the regulation of death-receptor
signaling in the context of virus infections [36]. The role for TRAF
interference in LGP2-mediated T-cell survival function was not
examined, but LGP2 regulation of NFkB pathways may provide a
mechanistic basis for this phenomenon, as T-cell receptor and death
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receptors activate TRAF-mediated NF«kB signaling pathways [19]
and TCR ligation induces LGP2 expression.

In humans, LGP2 has been characterized as an important regula-
tor of cellular responses to ionizing radiation [54]. LGP2 expression
confers radioresistance to susceptible cells, and patient tumors with
elevated LGP2 expression were associated with more adverse clini-
cal outcomes following radiation therapy. NFkB activation is a
known consequence of ionizing radiation [55], and we speculate
this is likely to be subject to regulation by LGP2.

The broad use of TRAF proteins to activate NFkB in diverse
immune and inflammatory processes extends LGP2 regulation of
TRAF-mediated NFkB activation well beyond the antiviral system.
Results demonstrate LGP2 is able to interfere in trans with NF«B
activation by TNFa, IL-1B, and cGAMP/STING, and it is predicted to
regulate many other TRAF pathways. This highlights potential
cross-regulation between antiviral responses and inflammatory
signals. It is tempting to speculate that the TRAF inhibitory actions
of LGP2 could be harnessed for the relief of interferonopathic
systemic autoimmunity, arthritis, inflammatory bowel diseases,
asthma, atherosclerosis, cancer, and other conditions characterized
by hyperactive IKK or NF«B signaling.

Materials and Methods

Cells, viruses, and cytokines

HEK293 cells (ATCC) and mouse embryonic fibroblasts (MEFs; gift
of Dr. M. Gale Jr., University of Washington, Seattle, WA) were
grown in DMEM (Invitrogen, cat# 11965118) supplemented with
10% cosmic calf serum (CCS, Hyclone, cat# 25200114) and 1%
penicillin—streptomycin (Invitrogen, cat# 15140122). Cells are routi-
nely tested for mycoplasma contamination and regularly restored
from early-passage frozen stocks. MEFs were used before the sixth
passage. Infection of cells with Sendai virus (Sendai Virus, Cantell
strain, 3x10% pfu/ml, 40 HA units per pl) was performed at 200
HA units per 1 ml in serum-free media. After 1 h, cells were
washed, placed in growth medium supplemented with 2% CCS,
and harvested at the indicated time points. Treatment of cells with
recombinant human tumor necrosis factor alpha (TNFa, R&D
systems, cat# 210-TA-005) and human interleukin-1f (IL-1f, Cell
Signaling) was performed using 10 ng per 1 ml in 10% CCS media.
2'3' ¢cGAMP (Invivogen, cat# tlrl-cga23) was used at 20 pg/ml.

For generation and analysis of CRISPR KO cells, gRNA
target sequences were identified in exon 3 of LGP2 genomic DNA
using Target Finder (http://crispr.mit.edu/). The gRNAs with the
top three scores and least off-target binding were selected from
exon3:

gRNA#1 (GAGCTTCGGTCCTACCAAT), gRNA#2 (CTTCGGTCC
TACCAATGGG), gRNA#3 (GGGTCTTCCCGGCACCCGT). Each gRNA
was then incorporated into a 455-bp DNA fragment synthesized as a
gBlock (IDT) and cloned into pCR-Blunt II-TOPO vector (Invitrogen,
cat# 450245). All three gRNAs and hCas9 (Addgene #41815) were
transfected into cells and selected with 500 pug/ml G418. Genetic
edit was validated by sequencing and by mismatch-cleavage assay
(IndelCheck, GeneCopoeia, cat# ICPE-050). Positive clones were
ultimately screened by immunoblot with a LGP2 antibody after
virus induction (Proteintech, cat# 11355-1-AP).

© 2018 The Authors
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Plasmids, immunoprecipitations, and immunoblotting

LGP2 and MDAS cDNAs were cloned into a mammalian expression
plasmid (p3XFLAG-CMV-10) with an amino-terminal 3x FLAG
epitope tag. MAVS and LGP2 cDNAs were cloned into a mammalian
expression plasmid (pEF-HA) with an amino-terminal HA epitope
tag. GFP and MAVS were cloned into a mammalian expression plas-
mid (pEF-FLAG) with an amino-terminal FLAG epitope tag. Point
mutations were made using Agilent’s Quikchange mutagenesis
Lightning kit (cat# 210519) and confirmed by DNA sequencing.
Expression vectors for TRAF2, TRAFS, and TRAF6 were provided by
Dr. Z.J. Chen (UT Southwestern Medical Center, Dallas, TX). Plas-
mid pcDNA3.1-FLAG-TRAF3 was provided by Dr. J. Hiscott (VGTI
Florida). Plasmid pcDNA3-FLAG-STING was provided by Dr. R.
Weichselbaum, University of Chicago.

To construct FLAG-tagged TRAF6 N-terminal truncation frag-
ments, PCR-amplified segments of TRAF6 cDNAs (ZNC, aa 204-522;
NC, aa 261-522; C, aa 352-522) were subcloned into the BamHI and
NotI sites into plasmid pEF-FLAG to generate an N-terminal in-frame
epitope tag. TRAF6 C-terminal truncation fragments were made using
stop-codon insertion mutagenesis with QuikChange II XL mutagenesis
kit (Agilent, cat# 200522). Stop codons were inserted at aa 107 (R), aa
261 (RZ), and aa 351 (RZN). Similar methods were used to create
FLAG-tagged TRAF2, TRAF3, and TRAF5 RZN and C fragments.

For co-immunoprecipitation experiments, FLAG-tagged and HA-
tagged plasmids were transfected into HEK293 cells by the calcium
phosphate method. Twenty-four hours later, cells were harvested by
first washing with cold phosphate-buffered saline and then lysed
with whole cell extract buffer (WCEB) consisting of 50 mM Tris,
280 mM NaCl, 0.5% NP-40, 0.2 mM EDTA, 2 mM EGTA, 10% glyc-
erol, 1 mM DTT, 2.5 mM sodium vanadate, and protease inhibitors.
Cell lysates were then precleared with Sepharose beads. A percent-
age of the cleared lysates was reserved for analysis and the remain-
der incubated with FLAG M2 affinity beads (Sigma, cat# A2220)
overnight and washed 3x with WCEB, eluted with SDS sample
buffer, then separated by SDS-PAGE and processed for immunoblot-
ting. For immunoblotting, the separated proteins were transferred to
nitrocellulose and probed with commercial primary antibodies
recognizing FLAG (Sigma, cat# F3165), HA (Sigma, cat# H3663),
phospho-IRF3 (Ser396, Cell Signaling, cat# 4947), IRF3 (Santa Cruz
Biotechnology, cat# sc-9082), phospho-IkBa (IkBo, Ser32, Cell
Signaling, cat# 14D4), IxBa (Cell Signaling), ubiquitin (Ub, Santa
Cruz Biotechnology, cat# sc-8017), DHXS8 (LGP2, Abcam, cat#
ab67270), or GAPDH (Santa Cruz Biotechnology, cat# sc-47724).
Proteins were visualized by enhanced chemiluminescence (Perkin
Elmer, cat# NEL105001EA) and imaged using a UVP BioSpectrum
MultiSpectral Imaging System. Digital files are printed on thermal
paper for laboratory notebook records and exported to Adobe Photo-
shop and Illustrator for cropping and figure assembly. Intact digital
files are only subjected to minor contrast and quality modifications
and applied to entire image and shown intact without lane splicing.
For HA immunoprecipitations, cells were lysed with WCEB and
incubated overnight with 20 pg of anti-HA antibody (Sigma, cat#
H3663), followed by addition of 50 pl protein A/G PLUS agarose
beads (Santa Cruz, cat# sc-2003) for 6 h. Beads were washed 4x
with WCEB, 1x with PBS, eluted with SDS sample buffer, and
analyzed by SDS-PAGE. Figures indicate 3-5 biological replicates,
and the figure presented is a representative of those replicates.

EMBO reports 19:e45176|2018 11 of 14


http://crispr.mit.edu/

EMBO reports

Native PAGE for IRF3 dimerization was performed as described
by [56]. The gel was prerun with 25 mM Tris and 192 mM glycine,
pH 8.4 with and without 1% deoxycholate for 30 min at 40 mA on
ice. 10 pg protein in native sample buffer was loaded immediately
at the end of the prerun and the gel run at 25 mA for 60 min.
Immunoblotting was performed with antisera for IRF3.

Reporter gene assays

HEK293 cells were transfected with the —110 IFNP luciferase
reporter gene, or reporters for NFkB (4x PRDII) or IRF3 (3x PRDIII/
I) along with Renilla luciferase vector and other expression vectors
as indicated. In samples where < 600 ng of DNA was transfected,
DNA amounts were equalized using salmon sperm DNA (Invitro-
gen, cat# 15632-011) in order to bring the total amount of DNA to
600 ng. At 24 h post-transfection, cells were harvested or stimulated
for 6 h with SeV, poly(I:C) (5 pg/ml), IFNeo (1,000 units/ml), or
IFNYy (50 ng/ml) and 24 h with 2’3’ ¢cGAMP (10 pg/ml, Invivogen)
and assayed for firefly and Renilla luciferase activities. Luciferase
activity was measured using the Dual-Luciferase Reporter Assay
System (Promega, cat# E1960). Relative luciferase activity was
calculated by dividing the firefly luciferase values by those of the
Renilla luciferase. Data are plotted as mean values, with error bars
representing standard deviation. Figures indicate two to three
biological replicates, the figure presented is a representative of those
replicates, and statistical analysis was done using a two-tailed
Student’s t-test.

RT-qPCR

Total RNA was extracted using the TRIzol Reagent (Invitrogen, cat#
15596018). Samples were treated with DNAse I (Invitrogen, cat#
AM2224), and 1-5 pg of total RNA was primed with random
primers and reverse transcribed using SuperScript III (Invitrogen,
cat# 18080085). Gene expression was measured by quantitative
real-time PCR (qPCR) using the Mx3005P SYBR Green real-time PCR
system (Agilent) and normalized to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). Data are representative of multiple experi-
ments and plotted as mean values of technical replicates with error
bars representing standard deviation in technical replicates. Primers
used for human mRNAs:

CCLS5 (F: 5-CTGCTTTGCCTACATTGCCC-3/, R: 5-TCGGGTGA
CAAAGACGACTG-3'), CXCL10 (F: 5-AGCAGAGGAACCTCCAGTCT-3/,
R: 5-ATGCAGGTACAGCGTACAG-3'), GAPDH (F: 5-ACAGTCAGCC
GCATCTTCTT-3/, R: 5-ACGACCAAATCCGTTGACTC-3'), 1SG56 (F:
5-CAGAACGGCTGCCTAATTT-3’, R: 5-GGCCTTTCAGGTGTTTCA
C-3'), IFNB (F: 5-ACGCCGCATTGACCATCTAT-3’, R: 5-AGCCAG
GAGGTTCTCAACAA-3'), IkBa (F: 5-GATCCGCCAGGTGAAGGG-3/,
R: 5-GCAATTTCTGGCTGGTTGG-3'), TNFa (F: 5-GCCCATGTTG
TAGCAAACCC-3’, R: 5-TATCTCTCAGCTCCACGCCA-3'). Primers
used for mouse mRNAs:

IFNB (F: 5'-CTGTTTTCCTTTGACCTTTCAAATG-3/, R: 5-GAA
GACCTGTCAGTTGATGCC-3'); GAPDH (F: 5-CTTCAGAGTGGAA
TACTGTTGC-3/, R: 5-GCATACATTTCTAATGTACTGTGTC-3'); LG
P2 (F: 5-GCTGGGTGGTGGTGGC-3', R: 5-GAACTCACTCTGTAGAC
CAGG-3'); IL-6 (F: 5'-CCGGAGAGGAGACTTCACAG-3', R: 5-TC
CACG ATTTCCCAGAGAAC-3’). TNFa (F: 5-TAGCCAGGAGGGA
GAACAGA-3', R: 5-TTTTCTGGAGGGAGATGTGG-3').
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Protein purification, ATP hydrolysis, and RNA binding assays

Flag-tagged LGP2 and LGP2-H were expressed and purified from
recombinant baculoviruses, and ATP hydrolysis assessed using the
Enz-Chek Phosphate Assay Kit (Molecular Probes, cat# E6646)
according to the manufacturer’s protocol with 100 nM protein
concentrations as previously described in Bruns et al [26]. RNA
binding was measured using electrophoretic mobility shift assay
with 10 pmol protein and 2 pmol of an end-labeled 25-bp dsRNA
probe, and signals were quantified by phosphor image analysis.

RNA interference

Individual wells of a 24-well culture dish containing 2fTGH cells
were transfected with 60 pmol (20 uM) of siRNA with a NFkB
(PRDII) luciferase reporter and Renilla luciferase plasmid using
Lipofectamine 2000 (Invitrogen, cat# 11668-500) following the
manufacturer’s recommendations. SMARTpool:onTARGETplus
siRNAs specific for MAVS (catalog # L-024237-00) or non-targeted
control (ON-TARGETplus Non-targeting pool, catalog # D001810-
10) was obtained from Dharmacon. Experiments were performed in
triplicate. Treatment with poly(I:C) (5 pg/ml) for 6 h followed by
reporter gene analysis was performed 48 h after transfection.

Statistical analysis

For luciferase reporter gene assays, figures are representative of > 3
biological replicates and each of these experiments contains three
technical replicates. Data are plotted as mean values of these repli-
cates, with error bars representing standard deviation calculated
using a two-tailed Student’s t-test. The two-tailed Student’s t-test is
a standard statistical test for measuring the significance of the
results from these assays. P values calculated from the two-tailed
Student’s t-test conform to the standards set by the field.

For RT—qPCR, data presented are representative of > 3 indepen-
dent experiments and plotted as mean values of technical replicates,
averaged before any statistical inference test is performed, with
error bars representing standard deviation in technical replicates.
Statistical analysis was done using a two-tailed Student’s t-test.

Expanded View for this article is available online.
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