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Abstract

ABIN-1 (encoded by the gene Tnipl) is a ubiquitin-binding protein that can interact with ubiquitin-editing enzyme A20
(encoded by the gene TNFAIP3) to restrain the activation of necroptosis and NF-«kB activation. Genetic variants in the genes
Tnipl and TNFAIP3 are both strongly associated with susceptibility to autoimmune chronic inflammatory diseases such as
psoriasis vulgaris and systemic lupus erythematosus (SLE) in humans. Here we investigated the mechanism by which
ABIN-1 regulated innate immune responses. We show that ABIN-1 heterozygosity sensitizes cells to antiviral response by
mediating NF-kB-dependent and RIPK1-independent expression of pattern recognition molecules, including TLR3, RIG-I,
and MDAS, in MEFs. Furthermore, we demonstrate that increased interaction of ABIN-1 and A20 with prolonged poly(I:C)
stimulation of WT cells leads to A20-dependent reduction of ABIN-1 protein. Finally, we show that ABIN-1 heterozygosity
sensitizes innate immune response of Abin-1""" mice in vivo by promoting the production of proinflammatory cytokines,
which can be blocked upon inhibition of RIPK1 kinase. Inhibition of RIPK1 kinase activity in vivo partially reduces the
expression of MDAS, RIG-I, and caspase-11 in Abin-1 *~ mice but not in WT mice. Thus, we conclude that ABIN-1 is a
suppressor of innate immune response and the interaction of ABIN-1 with A20 controls innate immunity response through
the NF-xB pathway and in both RIPK1 kinase activity-independent and dependent manner.

Introduction

The gene Tnipl encodes ABIN-1 (A20 binding and inhi-
bitor of nuclear factor (NF)-kB-1), a ubiquitin-binding
protein with a UBAN domain, while the gene TNFAIP3
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NEMO to terminate NF-kB signaling [8]. Thus ABIN-1 and
A20 can cooperate to restrain both necroptosis and NF-xB
activation.

TLR3, retinoic acid-inducible gene (RIG-I), and mela-
noma differentiation-associated gene 5 (MDAS) are cellular
viral receptors involved in mediating defense response
against RNA viruses [9]. TLR3 is mainly located in endo-
somal membrane of endosome, while RIG-I and MDAS, two
RNA helicases with a high degree of functional and struc-
tural homology, serve as cytoplasmic double-stranded RNA
(dsRNA) receptors that can respond to different types of
dsRNAs and RNA viruses [10]. Upon binding to dsRNAs,
TLR3 recruits the adaptor TIR-domain-containing adapter-
inducing interferon (IFN) that in turn interacts with E3
ubiquitin ligase TRAF3 to activate TBK1 and IKKe. TBK1
and IKKe further phosphorylate and activate the IFN reg-
ulatory factor (IRF)-3 and IRF-7 to transactivate the
expression of type I IFNs, including IFN-o and IFN-f [11,
12]. In addition, upon binding to dsRNAs in the cytosol,
RIG-I and MDAS can also associate with the IFN promoter
stimulated-1 (IPS-1) adaptor (also known as MAVS, VISA,
and Cardif), which further recruits and activates TRAF3,
TBKI1, and IKKge, leading to phosphorylation of IRF-3 and
IRF-7 and production of type I IFNs [13].

Caspase-11 is involved in mediating both inflammatory
response and cell death [14-16]. Caspase-11 is highly
inducible in response to proinflammatory stimuli such as
bacterial endotoxin lipopolysaccharide (LPS) and poly-
inosinic:polycytidylic (poly(I:C)) [17, 18]. The induction
of caspase-11 is at least in part mediated by NF-xB pathway
[19]. Our previous studies revealed that caspase-11~"" mice
are highly resistant to endotoxic shock induced by LPS [14].
Thus the induction of caspase-11 can serve as an excellent
biomarker for the activation of innate immunity response.

In this study, we demonstrate that ABIN-1 is an important
regulator of innate immunity that controls the expression of
intracellular viral RNA receptors. We show that ABIN-1
heterozygosity sensitizes cells to antiviral responses by
promoting the expression of key viral pattern recognition
molecules including TLR3, RIG-I, and MDAS5 in a NF-xB-
dependent manner independent of RIPK1 kinase. Further-
more, we show that the increased interaction of ABIN-1
with A20 in viral-infected cells leads to the decline
of ABIN-1 protein levels in an A20-dependent manner.
Finally, we demonstrate that ABIN-1 heterozygosity sensi-
tizes Abin-1""" mice to poly(I:C)-induced innate immunity
response in vivo. Blocking RIPK1 kinase activity inhibits
the systemic production of proinflammatory cytokines
and partially reduces the induction of RIG-I and MDAS in
Abin-1""" mice stimulated by poly(I:C) but has no effect in
that of wild-type (WT) mice. Thus we conclude that ABIN-1
heterozygosity promotes innate immune response in both
RIPK1-dependent and RIPK1-independent manner.
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Results

ABIN-1 deficiency sensitizes cells to innate immune
signaling

To simulate the process of viral infection, we transfected
synthetic dsSRNA poly(I:C) into mouse embryonic fibroblasts
(MEFs) to induce innate immune responses. Cytoplasmic
poly(I:C) can initiate RIG-I-, MDAS-, and TLR3-mediated
antiviral signaling pathways to promote the expression of
proinflammatory cytokines [10, 20, 21]. Interestingly, poly(I:
C) transfection led to transcriptional induction of IFN-f, IL-6,
and TNF-o in Abin-1""*, Abin-1'"" and Abin-1""~ MEFs,
which was inversely related to the levels of ABIN-1
(Fig. 1a—). Treatment with RIPK1 inhibitor Nec-1s did not
block poly(I:C)-induced mRNA transcription of these cyto-
kines (Fig. Sla and b).

We also determined the effect of ABIN-1 deficiency on
the production of poly(I:C)-induced cytokine by enzyme-
linked immunosorbent assay (ELISA). Heterozygosity of
ABIN-1 enhanced the expression of IFN-p and IL-6 in cells
stimulated by poly(I:C), which was not affected by the
addition of RIPK1 inhibitor Nec-1s (Fig. 1d, e). In addition,
ABIN-1 deficiency also sensitized MEFs to non-transfected
poly(I:C)-induced IL-6 production (Fig. Slc). Thus cyto-
kine production in cells directly stimulated by poly(I:C)
is induced in RIPK1-kinase-independent manner.

To explore the mechanism that mediates the increased
induction of pro-inflammatory cytokines in ABIN-1-
deficient cells in response to poly(I:C), we measured the
levels of IRF-1, IRF-2, and IRF-7, the IFN regulatory
factors that regulate the production of these cytokines.
We found that the levels of IRF-1 and IRF-7, but not IRF-2,
were also increased dose-dependently in response to the
reduction of ABIN-1 in Abin-1""" and Abin-1~"~ MEFs and
the induction was not blocked by addition of Nec-1s
(Fig. 1f, g, Fig. S1d and e).

Because the phosphorylation of IRF-3 and IkBa repre-
sent critical regulatory steps in antiviral responses, we next
investigated whether the phosphorylation of IRF-3 and
IxkBa were affected by ABIN-1 deficiency. We found that
phosphorylation of IRF-3 and IkBa was both activated
earlier and stronger in Abin-1""~ and Abin-1""~ MEFs than
that of WT MEFs (Fig. 1h). The addition of Nec-1s did not
block the phosphorylation of IRF-3 and IxkBa (Fig. S1f and
g). In addition, the expression of caspase-11 was more
strongly induced by poly(I:C) in Abin-1""" and Abin-1""~
MEFs than that of WT MEFs, which was not affected by
the addition of pan caspase inhibitor zZVAD.fmk or Nec-1s
(Fig. 1i; Fig. S1h). Thus the induction of phosphorylation of
IRF-3 and IkBa was not affected by RIPK1 kinase activity.

Thus ABIN-1 deficiency sensitizes cells to the activation
of host defense response by increasing the expression and
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Fig. 1 ABIN-1 deficiency sensitizes MEFs to poly(I:C) transfection-
induced innate immune responses. a—¢ qPCR analysis of IFN-f (a),
IL-6 (b), and TNF-a (c) expression upon 2 pg/ml poly(I:C) transfec-
tion for 1-3h in Abin-1""%, Abin-1"", and Abin-1""~ MEFs. d, e
ELISA analysis of IFN-p (d) and IL-6 (e) production upon 2 pg/ml
poly(I:C) transfection for 4 and 8 h in the presence or absence of 10

phosphorylation of multiple transcriptional regulators,
including IRFs and NF-xB pathways, in RIPKI1-kinase-
independent manner. We conclude that ABIN-1 is an
important suppressor of innate immune response that can
control multiple key innate immune signaling pathways.

ABIN-1 deficiency promotes antiviral responses to
Sendai virus

Next, we characterized the role of ABIN-1 in mediating
host defense response upon infection with Sendai virus. We
found that the production of IFN-p and IL-6 in Abin-1""~
and Abin-1~ MEFs stimulated by Sendai virus was

uM Nec-1s. f, g qPCR assay of IRF-1 (f) and IRF-7 (g) expression
upon 2 pg/ml poly(I:C) transfection for 0-3 h. h Phosphorylation of
IRF-3 and IkBa in response to 2 ug/ml poly(I:C) transfection for 0—16
h. i Nec-1s has no effect on poly(I:C) transfection-induced caspase-11
expression. Data are presented as the mean + S.D. from at least three
independent experiments. *P <0.05, **P <0.01, ***P <0.001

significantly elevated compared to that of WT MEFs;
however, the addition of Nec-1s had no effect on the pro-
duction of these cytokines (Fig. 2a, b). Consistent with the
increased cytokine production, Sendai virus induced more
rapid and sustained phosphorylation of IRF-3 and IxkBa in
ABIN-1-deficient MEFs than in WT MEFs (Fig. 2c, d).
Addition of Nec-1s had no effect on phosphorylation of
IRF-3 and IxBa (Fig. S2). In addition, Sendai virus also
induced higher levels of caspase-11 expression in ABIN-1-
deficient cells at earlier time point than that of WT (Fig. 2e).
Taken together, these results demonstrate that ABIN-1
deficiency enhances antiviral responses independent of
RIPK1 kinase activity.
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Fig. 2 ABIN-1 deficiency increases antiviral responses of MEFs to
Sendai virus. a, b ELISA analysis of IFN-f (a) and IL-6 (b) production
upon Sendai virus infection at the indicated time points in the presence
or absence of 10 uM Nec-1s in Abin-1"", Abin-1"~, and Abin-1""~
MEFs. Sendai virus strain: PI-1. Multiplicity of infection (MOI), 10. ¢
Phosphorylation of IRF-3 upon Sendai virus infection for 0-24 h in

ABIN-1 deficiency promotes the expression of TLR3,
RIG-I, and MDA5

We next characterized the involvement of viral pattern
recognition molecules, including TLR3, RIG-I, and MDAS,
in the increased sensitivity of ABIN-1-deficient cells to virus.
We found that the mRNA levels of RIG-I, MDAS, and TLR3
were increased in an inverse correlation manner to the
reduction in ABIN-1 levels in Abin-1""~ and Abin-1""~ MEFs
compared to WT MEFs (Fig. 3a—c). On the other hand, the
expression levels of TLR7 and IPS-1 were not significantly
different among Abin-1""", Abin-1""~, and Abin-1~"~ MEFs
(Fig. S3a and b). The increased levels of RIG-I and MDAS
proteins were found in un-stimulated, poly(I:C)-transfected
and Sendai-virus-infected Abin-1""" and Abin-1""~ MEFs
compared to WT MEFs (Fig. 3d, f). The protein levels of
TLR3 were not examined owing to the lack of a specific
antibody. Because the levels of K48 ubiquitinated RIG-I and
MDAS5 showed no difference in Abin-17"", Abin-17", and
Abin-1""~ MEFs (Fig. S3c¢), the increased levels of RIG-I and
MDAS5 in ABIN-1-deficient cells were not likely due to dif-
ference in the rate of protein degradation.

To explore the role of pattern recognition molecules in
the increased sensitivity of ABIN-1-deficient cells to poly(I:
C), we used small interfering RNAs (siRNAs) to knock-
down TLR3, RIG-I, and MDAS5. Similar to WT cells,

SPRINGER NATURE

-43kd

Abin-1""" and Abin-17~ MEFs. d Phosphorylation of IkBa upon
Sendai virus infection for 0-8 h in MEFs. e Western blot analysis of
caspase-11 expression upon Sendai virus infection for 0-16 h. Data are
presented as the mean +S.D. from at least three independent experi-
ments. **P<0.01, ***P <0.001

knockdown of TLR3, RIG-I, and MDAS blocked the poly
(I:C)-transfection-induced IFN-f and IL-6 production in
ABIN-1-deficient MEFs (Fig. 3g, h). These results indicate
that the increased antiviral responses in ABIN-1-deficient
cells are due to elevated transcription of three viral dSRNA
receptors, TLR3, RIG-I, and MDAS.

ABIN-1 deficiency promotes NF-kB-mediated
transcription of RIG-I and MDA5 genes

We further investigated the mechanism that promoted the
expression of RIG-I and MDAS in ABIN-1-deficient cells.
Consistent with the increased phosphorylation of IkBa in
ABIN-1-deficient MEFs (Figs. 1h and 2d), the presence of
NF-xB inhibitors BMS-345541 or IKK-16 inhibited the
elevated expression of RIG-I, MDAS, and caspase-11
(Fig. 4a, b). However, deletion of Ripk3 had no effect on
the increased expression of MDAS, RIG-I, and caspase-11
in ABIN-1-deficient MEFs (Fig. 4c). The addition of TBK1
inhibitor MRT67307 blocked the phosphorylation of IRF3
as expected [22], but had no effect on the expression of
MDAS, RIG-I, and caspase-11 in WT or ABIN-1-deficient
MEFs (Fig. 4d). These results suggest that increased acti-
vation of NF-kB, but not IRF3, is involved in mediating the
elevated expression of virus dsRNA receptors RIG-I and
MDAS in ABIN-1-deficient cells.
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Fig. 3 ABIN-1 deficiency increases basal and poly (I:C)/virus-induced
TLR3, RIG-I, and MDAS expression. a—¢ qPCR assay of RIG-I (a),
MDAS5 (b), and TLR3 (¢) expression upon 2 pg/ml poly(I:C) trans-
fection for 0-3 h in Abin-1™", Abin-1"~, and Abin-1~"~ MEFs. d
Western blot analysis of the basal levels of ABIN-1, RIG-I, and
MDAS in Abin-1""", Abin-1""", and Abin-1""~ MEFs. e Western blot
analysis of poly(I:C) transfection-induced RIG-I and MDAS expres-
sion at the indicated time points (0, 4, 8, and 16 h). Poly(I:C), 2 ug/ml.
f Western blot analysis of Sendai virus-induced RIG-I and MDAS5
expression at different time points (0-16 h). g Effect of TLR3 or RIG-I

knockdown on poly(I:C)-induced IFN-f and IL-6 production. MEFs
were transfected with 50nM negative control (NC)/RIG-I/
TLR3 siRNA for 48 h and then transfected with 2 pg/ml poly(I:C) for
4.5h, followed by collection of supernatants for ELISA. The lower
two graphs are knockdown efficiency of TLR3 and RIG-I. h Effect
of MDAS5 knockdown on poly(I:C)-induced IFN-f production.
Procedures are the same as described in g. The lower graph is the
MDAS knockdown efficiency. Data are presented as the mean + S.D.
from at least three independent experiments. *P <0.05, **P <0.01,
4P < 0.001
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Fig. 4 Poly(I:C) transfection-induced RIG-I, MDA-5, and caspase-11
expression in MEFs is NF-kB dependent. a Effect of NF-xB inhibitor
BMS-345541 on poly(I:C) transfection-induced RIG-I, MDA-5, and
caspase-11 expression at the indicated times in Abin-1** and Abin-1
~/~ MEFs. BMS-345541, 8 uM, pretreatment for 30 min; poly(I:C), 2
pg/ml. b Effect of NF-kB inhibitor IKK-16 on poly(I:C) transfection-
induced RIG-I, MDA-5, and caspase-11 expression at the indicated
times. IKK-16, 5 uM, pretreatment for 30 min; poly(I:C), 2 ug/ml. ¢

A20-dependent decline of ABIN-1 protein levels
with sustained poly(l:C) stimulation

The increased sensitivity of Abin-1 *~ MEFs to poly(I:C)
led us to explore whether changes in ABIN-1 levels might
be involved in mediating dynamics of innate immune
response in WT cells. Interestingly, we found that sustained
stimulation of poly(I:C) led to the decline of ABIN-1 pro-
tein levels in both immortalized WT and Abin-1""~ MEFs
(Fig. 5a). Similarly, poly(I:C) transfection also led to the
decline of ABIN-1 levels in primary MEFs (Fig. 5b). We
found that sustained poly(I:C) stimulation increased the
binding of ABIN-1 and A20 (Fig. 5¢).

To characterize the role of A20 in mediating the decline
of ABIN-1 levels after prolonged innate signaling, we
knocked down A20 with siRNAs and observed that ABIN-1
levels were significantly increased in A20-deficient cells
(Fig. 5d). The protein levels of ABIN-1 were considerably
higher in A20 knockout cells with or without poly(I:C)
stimulation (Fig. 5e). On the other hand, the presence of pan
caspase inhibitor zZVAD.fmk had no effect on the decline of
ABIN-1 protein (Fig. S4a), suggesting that caspases are not
involved in regulating the ABIN-1 levels. The addition of
autophagy inhibitor 3-methyladenine (3-MA) had a partial
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TBKI1 inhibitor MRT67307 on poly(I:C) transfection-induced RIG-I,
MDA-5, and caspase-11 expression at the indicated times. MRT67307
(MR), 2 uM; poly(I:C), 2 ug/ml. Results shown are representative of at
least three independent experiments

effect in reducing the loss of ABIN-1 at 8h time point
(Figure S4b). Because A20 can mediate K48-linked poly-
ubiquitination [5] and binds to ABIN-1 avidly, and the
levels of A20 inversely correlated with that of ABIN-1,
these results suggest that A20 may mediate the degradation
of ABIN-1 in viral-infected cells. Consistent with the role of
A20 in negatively regulating ABIN-1, the induction of
MDAS and RIG-I by poly(I:C) was reduced in A20~"~ cells
compared to that of WT (Fig. 5f). Taken together, these
results suggest that A20 negatively controls ABIN-1 in
modulating innate immune response.

ABIN-1 deficiency enhances antiviral responses
in vivo

To further characterize the role of ABIN-1 in regulating the
antiviral responses in vivo, WT mice and Abin-1 +~ mice
were injected intraperitoneally with phosphate-buffered
saline (PBS) buffer or poly(I:C) and analyzed for their
responses. The levels of IFN-p, IL-6, and TNF-a were much
higher in the serum of poly(I:C)-injected Abin-1"~ mice
compared to that of WT mice (Fig. 6a—c). Consistent with
the in vitro results, we observed that increased levels of
MDAS and RIG-I and phosphorylation of IRF-3 and IxBa
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Fig. 5 Poly(I:C) transfection promotes the decline of ABIN-1 in an
A20-dependent manner. a Decline of ABIN-1 protein in response to 2
pg/ml poly(I:C) transfection for 0-16h in Abin-1"" and Abin-1""~
immortalized MEFs. b Decline of ABIN-1 protein in response to 2 pg/
ml poly(I:C) transfection for 0—16 h in primary MEFs. ¢ Immunopre-
cipitation analysis for the interaction between ABIN-1 and A20 upon 2
ug/ml poly (I:C) transfection for 0-8 h in wild-type MEFs. d Effect of
A20 knockdown on ABIN-1 levels in Abin-1""* and Abin-1""~ MEFs.

in the spleens of Abin-1"" mice compared to that of WT
mice (Fig. 6d, e). Furthermore, the levels of MDAS, RIG-I,
and caspase-11 were also higher in the small intestine of
Abin-1""~ mice compared to that of WT mice (Fig. 6f, g).
Blocking RIPK1 kinase activity by Ripk1-D138N mutation
in Abin-1"" mice partially reduced the induction of RIG-I,
MDAS, and caspase-11 induced by poly(I:C) (Fig. 6f, g;
Fig. S5a-d). Furthermore, inhibition of RIPK1 in Abin-1 +-
mice blocked poly(I:C)-induced systemic increases in the
serum levels of inflammatory cytokines, including TNF-a,
IL-6, and IFN-p (Fig. 6h—j). However, inactivation of
RIPK1 kinase in Abin-1"" (WT) mice did not significantly
affect the levels of poly(I:C)-induced TNF-a, IL-6,
and IFN-p secretion or that of MDAS and RIG-I (Fig. 6h—j;
Fig. S5e).

Thus the kinase activity of RIPK1 is not involved in
regulating the antiviral response in WT ABIN-1

Cells were transfected with 50 nM control NC siRNA or A20 siRNA
for 36 h, followed by transfection with 2 pg/ml poly(I:C) for 8 and 16 h.
e Effect of A20 knockout on ABIN-1 level. A20"™* and A207~
immortalized MEFs were transfected with 2 ug/ml poly(I:C) for 0-16 h.
f RIG-I and MDAS expression upon 2 ug/ml poly(I:C) transfection for
0-24h in A20™* and A20~~ immortalized MEFs. Results shown are
representative of at least three independent experiments

background; however, increased innate immunity response
in ABIN-1 heterozygosity in vivo at least in part involves
RIPK1 kinase activity.

Discussion

Genetic variants in the genes Tnipl and TNFAIP3 in
humans are both strongly associated with susceptibility to
autoimmune chronic inflammatory diseases, such as psor-
iasis vulgaris and systemic lupus erythematosus (SLE) [23,
24]. Thus understanding the mechanism by which ABIN-1
and A20 regulates inflammation and cell death may
have direct relevance to these important human diseases.
Here we show that the interaction of ABIN-1 and A20
provide differential controls on innate responses and
inflammation mediated by NF-kB activation and RIPK1
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kinase activation. Mimicking viral stimulation by poly(Il:C)
transfection promotes the interaction of ABIN-1 and
A20 and degradation of ABIN-1 in an A20-dependent
manner. Thus ABIN-1 is an important “gate-keeper” that
modulates this innate immune response. Although both
ABIN-1 and A20 have been identified as negative reg-
ulators of both NF-xB pathway and RIPK1 kinase activity
and ABIN-1 can act to recruit A20 in TNFR1 signaling

SPRINGER NATURE

PBS poly(.C) PBS

poly(l:C)

pathway [3-6], our result suggests that A20 may also pro-
vide feedback regulation on ABIN-1, which may provide
additional layer of regulation in the control of innate
immune response. In addition, since the levels of ABIN-1
may reduce after prolonged innate immune response,
heterozygosity of ABIN-1 may mimic cells with prolonged
viral infection to lead to sustained antiviral responses that
may promote tissue damage.
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<« Fig. 6 ABIN-1 deficiency enhances the poly(I:C)-induced antiviral

responses in vivo. a—¢ ELISA analysis of serum IFN-f (a), TNF-a (b),
and IL-6 (c). Abin-1""* and Abin-1""~ mice were i.p. injected with 5 mg/
kg body weight poly(I:C) and sacrificed 1h later. n=3. d RIG-I,
MDAS, p-IRF-3, and ABIN-1 expression in the spleen of Abin-1* and
Abin-1"~ mice ip. injected with PBS or poly(l:C) (5mg/kg body
weight). Mice were sacrificed 3.5 h after drugs' injection, and the spleens
were homogenized using RIPA buffer and subjected for western blot
analysis. e MDAS, p-IRF-3, total IRF-3, p-IxBa, total IkBa, and ABIN-1
expression in the spleen of Abin-I1"" and Abin-1~ mice i.p. injected
with PBS or poly(I:C) (5 mg/kg body weight). Mice were sacrificed 2
and 5 h after drugs' injection, and the spleens were homogenized using
RIPA buffer and subjected for western blot analysis. f Caspase-11
expression in the small intestine of Abin-1*, Abin-1"~, and Abin-1""~
RipkI®®V mice ip. injected with PBS or poly(:C) (5 mg/kg body
weight). Mice were sacrificed 6 h after drugs' injection, and the small
intestines were homogenized using RIPA buffer and subjected for
western blot analysis. g RIG-I, MDAS, and A20 expression in the small
intestine of Abin-I1"", Abin-1""~, and Abin-1""~ Ripk1?38N mice ip.
injected with PBS or poly(I:C) (5mg/kg body weight). Mice were
sacrificed either 6 or 24 h after drugs' injection, and the small intestines
were homogenized using RIPA buffer and subjected for western blot
analysis. h—j ELISA assay of serum IFN-f (h), TNF-a (i), and IL-6 (j).
Abin-1"*, Abin-1""~ RipkI”'3N, Abin-1"~, and Abin-1""~ RipkIP"38N
mice were i.p. injected with 5 mg/kg body weight poly(I:C) and sacri-
ficed 6 h later. Data are presented as the mean + S.D. from at least three
independent experiments. *P <0.05, ***P <(0.001, NS no significant
difference

Regulating the expression of multiple viral pattern
recognition molecules including RIG-I, MDAS, and TLR3
as well as phosphorylation of IRF3 and IkBa by ABIN-1
and A20 makes a concerted effort to coordinate important
intracellular antiviral responses. Because A20 is a
polyubiquitin-editing enzyme that adds K48-linked poly-
ubiquitin and removes K63-linked polyubiquitin to specific
proteins [5, 25], our results suggest that ABIN-1 is a sub-
strate of A20 and interaction of ABIN-1 with A20 may
promote its degradation. However, because MG-132 and
Velcade are both highly toxic to cells in combination of
poly(I:C) transfection, we cannot directly examine the effect
of proteasome in the degradation of ABIN-1. The ability of
A20 deficiency to stabilize the protein levels of ABIN-I1
suggests that the proinflammatory phenotype of A207~
mice can be partially compensated by elevated levels of
ABIN-1. While the embryonic lethality of Abin-I1~"" mice
and proinflammatory phenotype of A20 ™/~ mice can both be
inhibited upon inactivation of RIPK1 [3, 26], A20~~ mice
can survive significantly longer than that of Abin-1~"" mice.
The ability of A20™~ mice to survive past embryonic
development may be in part due to the compensatory
expression of ABIN-1 in A20-deficient background. Con-
sistent with this possibility, the loss of either A20 or ABIN-
1 alone from intestinal epithelial cells (IECs) leads to neg-
ligible pathology, whereas double deletion of both A20 and
ABIN-1 leads to rapid IEC death and mouse lethality [27].
Inhibition of RIPK1 kinase is sufficient to block the acti-
vation of RIPKI-dependent apoptosis and necroptosis in

A207""; Abin-17"" cells [3]. Thus ABIN-1 and A20 may
cooperate to suppress the activation of RIPK1.

While RIPK1 kinase activity does not directly regulate
the antiviral response mediated by ABIN-1/A20, the inter-
action of ABIN-1 with A20 regulates systemic inflamma-
tory response in RIPK1-dependent manner in ABIN-1-
deficient background. Sustained viral infection in ABIN-1
heterozygosity individuals may facilitate the activation of
RIPK1 to promote secondary inflammation. Thus the
coordinated action of ABIN-1/A20 is important to restrain
the activation of RIPK1 and necroptosis. Sustained innate
immune response in ABIN-1-deficient individuals may lead
to tissue damage and inflammatory diseases mediated by
RIPK1 kinase. Interestingly, at least in our experimental
paradigm, inhibition of RIPK1 did not change the induction
of viral receptors or proinflammatory cytokines in WT
background, suggesting the specificity of RIPK1 kinase
activation under disease conditions. The contribution of
TNF-a pathway to pathogenesis of psoriasis has been well
recognized [28]. Our results suggest that pharmacological
inhibition of RIPK1 might provide an important mechanism
to modulate the TNF-a pathway for the treatment of psor-
iasis and SLE by blocking systemic inflammation under
disease condition.

Materials and methods
Reagents

zVAD.fmk (Z) (Sigma, Cat# V116) was dissolved in
dimethyl sulfoxide (DMSO) at a concentration of 20 mM
and used at a final concentration of 20 uM. R-7-C1-O-Nec-1
(Nec-1s) was made by custom synthesis, dissolved in
DMSO at a concentration of 10 mM, and used at a final
concentration of 10 uM. ELISA kit for mouse IFN-p was
from PBL Assay Science (Cat# 42400), and ELISA kits for
mouse TNF-a and IL-6 were from BioLegend (Cat# 431304
and Cat# 430904). The following reagents were used: Poly
(I:C) (InvivoGen, Cat# tlrl-pic-5), BMS-345541 (Sigma-
Aldrich, Cat# B9935), IKK-16 dihydrochloride (Sigma-
Aldrich, Cat# SML1138), MRT67307 HCI (Selleckchem,
Cat# S7948), and 3-MA (Selleckchem, Cat# S2767).

Animals

Abin-1"" (Tnipl™~) mice were kindly provided by Dr.
Averil Ma of UCSF. RipkIP"3#" mice were kindly provided
by Dr. Manolis Pasparakis of U. Cologne, Germany and Dr.
Michelle Kelliher of U. Mass. Ripk3~~ mice were kindly
provided by Dr. Vishva Dixit of Genentech. In animal
studies, female mice (6—10 weeks) were used for poly(I:C)
injection. All animals were cultured in a pathogen-free
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environment, and experiments on mice were conducted
according to the protocols approved by the Harvard Medical
School Animal Care Committee.

Mouse genotyping

Genotyping used the following primers:

For Abin-1 (5°-3’): ATGGGTGGGTAGGCATAGGGA
TAG (common), CCTCAAACAGCAGAAGAGGAAAGC
(WT), and TTGATTCCCCTTCGCCCATTCCAGC (KO).
For Ripk3 (5°-3"): CGCTTTAGAAGCCTTCAGGTTGAC
(common), GCAGGCTCTGGTGACAAGATTCATGG
(WT), and CCAGAGGCCACTTGTGTAGCG (KO).

For RipkIP13N (5°-3°):

TACCTTCTAACAAAGCTTTCC (common), AATGG
AACCACAGCATTGGC (WT), and CCCTCGAAGAG
GTTCACTAG (KD).

Generation and immortalization of MEFs

Male and female mice with different genotypes were crossed
and pregnancy was terminated at E11-E13 stage. Embryos
were homogenized individually and treated with trypsin/
EDTA, sieved through 70-micron filter, and primary MEFs
were cultured in high-glucose Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 15% fetal bovine
serum (FBS) and antibiotics. At passages 4—0, primary
MEFs were immortalized by transfection with SV40 small
+large T antigen-expressing plasmid (Addgene, Cat#
22298), using Lipofectamine 2000 or Lentivirus system.

Sendai virus infection

The Sendai virus PI-1 strain was obtained from Charles
River. Virus infection was carried out as described before
[29]. Briefly, the cells were infected with Sendai virus in
virus infection medium (DMEM supplemented with 2%
FBS) at multiplicity of infection of 10. Cells were incubated
with virus for 1 h with gentle agitation every 10 min. After
1 h of incubation, the virus was removed and the cells were
washed twice with DMEM. The cells were then placed in
complete medium and harvested at the times indicated.

Poly(l:C) transfection

Poly(I:C) was transfected into MEFs using Lipofecta-
mine™ 2000 Transfection Reagent (Cat# 11668019,
Thermo Fisher Scientific). Briefly, 2 ug poly(I:C) and 2 pl
Lipofectamine™ 2000 were individually diluted in 50 ul
Opti-MEM I Reduced Serum Media (Cat# 31985062,
Thermo Fisher Scientific). Diluted Poly(I:C) was transferred
into diluted Lipofectamine 2000, followed by pipetting and
incubation of the mixture for 30 min at room temperature.
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Transfection complex was added to 1 ml cell culture and the
plate was shaken gently for a few seconds.

Cell lines, siRNA, and cell culture

A20~~ MEFs were kindly provided by Dr. Averil Ma of
UCSF. Knockdowns were generated using Lipofectamine™
RNAIMAX (Thermo Fisher Scientific, Cat# 13778100) and
the following siRNA sequences: TLR3: 5’-AAGGAU
GUUUUCGGGCCGCCU-3’, RIG-I: 5’-CCGGACTTCG
AACACGTTTAA-3’, MDAS: 5°-GAACGUAGACGACA
UAUUA-3’, and A20: 5’-CAAAGCACUUAUUGACA
GA-3’. MEFs were cultured in DMEM supplemented with
10% FBS, penicillin, and streptomycin. All cell lines were
authenticated by quantitative PCR (qPCR) or western blot
assay and tested for mycoplasma contamination.

gPCR analysis and primers

Total RNA was extracted from MEFs using an AxyPrep
Multisource Total RNA Miniprep Kit (Axygen, Cat# AP-
MN-MS-RNA-250). Reverse transcription was performed
with a PrimeScript First Strand cDNA Synthesis Kit
(Takara, Cat# 6110A). Real-time PCR primers were
designed with the Primer 5.0 software, and the sequences
were as follows (5°—3’): IFN-B: GGAAAGATTGACG
TGGGAGA (F), CTGAGGCATCAACTGACAGG (R);
IL-6: GAGGATACCACTCCCAACAGACC (F), AAGTG
CATCATCGTTGTTCATACA (R); IRF-1: AGGCATC
CTTGTTGATGTCC (F), AATTCCAACCAAATCCCA
GG (R); IRF-7: AGCATTGCTGAGGCTCACTT (F), TGA
TCCGCATAAGGTGTACG (R); IRF-2: GGCATGGT
ACCCTCTCAATG (F), TTCAACTGACGGGCTTTCAT
(R); RIG-I: CAGACAGATCCGAGACACTA (F), TGC
AAGACCTTTGGCCAGTT (R); MDAS: CGATCCGA
ATGATTGATGCA (F), AGTTGGTCATTGCAACTGCT
(R); TLR3: GAAGATGATGCAGTCTTTCCA (F), CCTG
TATCATATTCTACTCCTTGC (R); TLR7: AAACCATC
GAAACCCAAAGA (F), CCACCAGACCTCTTGATTCC
(R); IPS-1: AGGGTGGGATGGACTGAGAT (F), CTAGG
GGAGAATGAGGTCGG (R); and B-actin:. AGAGGGA
AATCGTGCGTGAC (F), CAATAGTGATGACCTGGCC
GT (R). qPCR was performed on an Applied Biosystems
7900HT System using SYBR® Green Master Mix reagent
(Applied Biosystems, Cat# 4309155).

Antibodies and immunoprecipitation (IP)

The following antibodies were used: ABIN-1 (Ubiquigent,
Cat# 68-0001-100), K48 ubiquitin antibody (kindly pro-
vided by Genentech), A20 (Cell Signaling, Cat# 5630),
RIG-I (Cell Signaling, Cat# 4200), MDAS (Cell Signaling,
Cat# 5321), Phospho-IRF-3 (Cell Signaling, Cat# 4947),
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IRF-3 (Cell Signaling, Cat# 4302; Proteintech Group,
Cat. 11312-1-AP), Phospho-IkBa (Cell Signaling,
Cat# 9246), IxkBa (Cell Signaling, Cat# 4812), Caspase-11
(Lab-made rat monoclonal antibody) [17], and p-actin
(Santa Cruz, Cat# sc-81178). For ABIN-1 IP, cells were
harvested in RIPA buffer and incubated overnight with
ABIN-1 antibody followed by 2 h incubation with Protein
A/G ultra-link resin (Thermo Scientific, Cat# 53133). For
K48 ubiquitin IP, cells were lysed with 6 M urea lysis buffer
[6M urea, 20 mM Tris-HCI, pH 7.5, 135 mM NaCl, 1.5
mM MgCl,, 1 mM EGTA, 1% Triton X-100, Complete
protease inhibitor cocktail (Roche), 20 mM NEM, 1 mM
phenylmethanesulfonylfluoride, 5mM NaPyrophoshate,
2mM Naz;VO,, 50 mM NaF, 5 mM Na-glycerophosphate]
and centrifuged at full speed for 30 min in 4 C. Supernatants
were diluted with lysis buffer (without urea) to bring
urea concentration to 3 M, and 2-3 pg chain specific anti-
body was added and incubated at 4 °C overnight followed
by 4h incubation with Protein A agarose resin (Pierce,
Cat# 20333). Beads were washed and proteins were
eluted with 2x sodium dodecyl sulfate-polyacrylamide gel
electrophoresis loading buffer.

Statistics

Data were expressed as means + standard deviation (S.D.)
or means + standard error of the mean (S.E.M) and analyzed
by two-tailed ¢ tests. Differences were considered statisti-
cally significant if *p <0.05, **p <0.01, or ***p <0.001.
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