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Toll-like receptors (TLRs) are expressed on innate immune cells and
trigger inflammation upon detection of pathogens and host tissue
injury. TLR-mediated proinflammatory-signaling pathways are
counteracted by partially characterized anti-inflammatory mecha-
nisms that prevent exaggerated inflammation and host tissue
damage as manifested in inflammatory diseases. We biochemically
identified a component of TLR-signaling pathways, A20-binding
inhibitor of NF-xB (ABIN1), which recently has been linked by
genome-wide association studies to the inflammatory diseases
systemic lupus erythematosus and psoriasis. We generated
ABIN1-deficient mice to study the function of ABIN1 in vivo and
during TLR activation. Here we show that ABIN1-deficient mice
develop a progressive, lupus-like inflammatory disease character-
ized by expansion of myeloid cells, leukocyte infiltrations in dif-
ferent parenchymatous organs, activated T and B lymphocytes,
elevated serum Ig levels, and the appearance of autoreactive anti-
bodies. Kidneys develop glomerulonephritis and proteinuria,
reflecting tissue injury. Surprisingly, ABIN1-deficient macrophages
exhibit normal regulation of major proinflammatory signaling
pathways and mediators but show selective deregulation of the
transcription factor CCAAT/enhancer binding protein § (C/EBPf)
and its target genes, such as colony-stimulating factor 3 (Csf3),
nitric oxide synthase, inducible (Nos2), and S100 calcium-binding
protein A8 (S700a8). Their gene products, which are intimately
linked to innate immune cell expansion (granulocyte colony-
stimulating factor), cytotoxicity (inducible nitric oxide synthase),
and host factor-derived inflammation (S100A8), may explain, at
least in part, the inflammatory phenotype observed. Together,
our data reveal ABIN1 as an essential anti-inflammatory compo-
nent of TLR-signaling pathways that controls C/EBP§ activity.

I nflammation is triggered by innate immune cells upon exposure
to noxious stimuli, such as infectious agents and tissue injury, and
is characterized by leukocyte infiltration, release of proin-
flammatory mediators, and plasma leakage into tissues (1). Dif-
ferent receptor systems are used to recognize such noxious stimuli,
including the repertoire of Toll-like receptors (TLRs), which
activate diverse signal-transduction pathways that control proin-
flammatory effector mechanisms, such as production of cytokines,
growth factors, and cytotoxic mediators, including nitric oxide
(NO). As part of a physiological immune response, inflammation
is essential for immune defense; however, exaggerated or persis-
tent inflammation leads to tissue injury and possibly organ failure.

Persistent, chronic inflammatory diseases, such as systemic lu-
pus erythematosus (SLE) and psoriasis, usually entail involve-
ment of the adaptive immune system, i.e., B and T cells, whose
effector functions, such as antibody production and cytotoxicity,
may contribute to innate immune cell activation and tissue in-
jury. SLE can affect almost any organ, including skin, brain,
joints, and kidney; psoriasis initially is limited to the skin but in as
many as 10-30% of cases progresses toward arthritis (2, 3). Still,
SLE and psoriasis seem to involve similar pathogenetic mecha-
nisms, whereby tissue-derived nucleic acids, liberated upon cell
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death, form complexes with autoreactive antibodies (SLE) or
antimicrobial peptides (psoriasis and SLE) that trigger specific
TLRs (i.e., TLRY and TLR7), thereby providing a possible link
between tissue injury and perpetuation of inflammation (2-5).
Although such observations support the idea that TLRs and
their signaling pathways are involved in the promotion of in-
flammatory disease, the etiology of both SLE and psoriasis is
largely unclear. Both diseases involve clear genetic components
as revealed by familial aggregation studies (2), and a set of recent
genome-wide association studies (GWAS) identified several sus-
ceptibility loci, including TNF-a-induced protein 3 (TNFAIP3)
and TNFAIP3-interacting protein 1 (TNIPI), which encode the
ubiquitin-modifying enzyme A20 and the ubiquitin-binding pro-
tein, A20-binding inhibitor of NF-xB (ABIN1), respectively (6—
9). ABIN1 was cloned originally by yeast two-hybrid screening as
an A20-interacting protein (10). Although no information about
the function of ABIN1 in TLR-signaling pathways in primary
immune cells is available, A20 has been characterized in detail as
an essential anti-inflammatory protein acting in TNF receptor
(TNFR) and TLR pathways (11, 12). Importantly, A20’s function
in TLR pathways is essential for protection from a lethal in-
flammatory disease, indicating a possible link between dereg-
ulation of TLR-signaling pathways and human disease (12).
TLR activation, e.g., through immunostimulatory DNA (CpG-
DNA/TLRY) or LPS (TLR4), leads to recruitment of the in-
tracellular adaptor molecule MyD88, whose receptor-mediated
oligomerization translates receptor triggering into signal trans-
duction (13-15). MyDS88 is used by all TLRs except TLR3 and is
recruited, either directly or via an additional adaptor protein,
Toll-interleukin 1 receptor domain containing adaptor protein/
MyD88-adapter-like (TIRAP/MAL), to the intracellular domain
of TLR family members (16). Oligomerization of MyD88 ini-
tiates the formation of a signaling complex that contains several
characterized proteins, including members of the IL-1 receptor—
associated kinase (IRAK) family and the ubiquitin ligases TNF
receptor-associated factor 3 (TRAF3) and TNF receptor-asso-
ciated factor (TRAF6), which in turn activate different signaling
pathways and transcription factors, such as NF-kB, MAPK,
IFN regulatory factors (IRFs), and CCAAT/enhancer-binding
protein p (C/EBPp) (15, 16). TRAF-mediated nondegradative
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ubiquitination is essential for TLR-mediated signal transduction,
at least in part because of the recruitment and activation of
ubiquitin-binding proteins and their interaction partners (17)
(18). Deubiquitination and degradation of ubiquitinated signal-
ing proteins appears to be the key mechanism by which A20
limits TLR signaling as part of a negative feedback loop. Ac-
cordingly, A20 loss of function leads to prolonged activation of
classic inflammatory signaling pathways, such as the NF-kB and
MAPK pathways, and exaggerated production of proinflam-
matory cytokines, e.g., TNF-a and IL-6 (12, 19). Coexpression of
ABINI1 together with A20 in HEK293 cells was shown to con-
tribute to the negative regulatory function of A20 in TNF-o—
mediated NF-xB activation (10). Although these data suggested
a cooperative function of the two proteins in TNFR signaling,
ABINI1 recently has been found to counteract TNF-o—mediated
liver cell death during embryonic development, a function that is
independent of A20 (ref. 20 and below). Therefore, ABIN1 and
A20 may cooperate in some functions but not in others.

Here we describe the identification of ABIN1 as part of the
activated TLR-signaling complex. We generated gene-deficient
mice and studied ABIN1’s function in vivo and in TLR-stimu-
lated macrophages in vitro. We found that ABIN1-deficient mice
develop an inflammatory disease postnatally that shares many
characteristics of human SLE, consistent with ABIN1’s function
as an anti-inflammatory molecule. Surprisingly, in contrast to
A20-deficient macrophages, ABIN1-deficient macrophages did
not exhibit a deregulation of classic proinflammatory signaling
pathways and effector functions upon TLR activation but dis-
played a selective up-regulation of the transcription factor C/
EBPp and C/EBPp-target genes, such as colony-stimulating fac-
tor 3 (Csf3, G-CSF), Nos2 (inducible NOS, iNOS), and S100
calcium-binding protein A8 ( $100a8, S100AS).

Results

ABIN1 Is Part of the Activated TLR-Signaling Complex. The molecular
mechanisms that enable TLRs and their signaling pathways to
maintain the required balance between pro- and anti-inflam-
matory functions are characterized only partially. To define the
molecular composition of TLR-signaling pathways, we per-
formed proteomic experiments using the well-characterized
TLR-signaling protein MyD88 as bait. We previously demon-
strated that coumermycin Al (CM)-mediated dimerization of
a MyD88-GyraseB fusion protein can be used to mimic physio-
logical, TLR-mediated cell activation (15). Moreover, when
coupled to affinity purification and mass spectrometry (MS), the
composition of transiently assembled signaling complexes can be
determined, as demonstrated by the identification of TRAF3 as
a component in TLR-signaling complexes and regulator of type I
interferons (15). Here we used a similar, more quantitative ap-
proach and purified MyD88-GyraseB from unstimulated and
CM-treated cells, followed by separation by SDS/PAGE, and MS
analysis (Fig. 14). Degradation of inhibitor of kBa (IxkBx) and
recruitment of known MyD88-signaling components, such as
TRAF6, TRAF3, and IRAK4 were confirmed by immunoblot-
ting (Fig. 1B). In the MS analysis not only the known MyD88-
signaling proteins were detected; ABIN1 also was identified
unequivocally by 10 unique peptides in the activated MyDS88
complex (Fig. 1C and Table S1). Complex formation between
MyD88 and ABINI1 during physiological TLR activation was
confirmed using RAW264.7 cells stably expressing epitope-tag-
ged MyD88-GyrB and ABIN1 that were stimulated with CpG-
DNA and LPS, which activate cells in an MyD88-dependent
manner via TLR9 and TLR4, respectively (Fig. 1D) (13, 21-23).
Interaction between endogenous MyD88 and endogenous ABIN1
was confirmed further in untransfected RAW264.7 cells during
CpG-DNA stimulation (Fig. 1E). Together, the data show that
ABINT1 is recruited into a MyD88-marshalled signaling complex
upon TLR activation.
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Fig. 1. ABIN1 is recruited into the activated MyD88-signaling complex. (A
and B) RAW264.7 cells expressing Flag-MyD88-GyrB-TAP were stimulated
with CM for 6 min. Lysates were prepared, purified with antibodies against
Flag, gel separated, and stained with SYPRO Ruby (A) or analyzed by im-
munoblotting (B). (C) MS analysis of lanes shown in A. The number of unique
peptides of select proteins is shown. (D) RAW264.7 cells stably expressing
Flag-MyD88-GyrB and HA-tagged ABIN1 were stimulated with CM, LPS, and
CpG-DNA, followed by Flag immunoprecipitation and immunoblotting with
antibodies against Flag (MyD88-GyrB) or HA (ABIN1). (E) RAW264.7 cells
were stimulated with CpG-DNA, followed by immunoprecipitation with
antibodies against MyD88 and immunoblotting with antibodies against
ABIN1 and MyD88. IP, immunoprecipitation.

ABIN1 Is Essential for Protection from Embryonic Lethality and
Postnatal Inflammatory Disease. Given the genetic link between
ABIN1 and inflammatory diseases and the identification of
ABINT1 as part of the TLR-signaling complex, we hypothesized
that ABIN1 may be involved in regulation of TLR-mediated
inflammation. To investigate the function of ABINI in vivo, we
established ABIN1-deficient mice which were based on ES cells
carrying a gene trap cassette in the first intron of Tnipl, pre-
ceding the translation-initiating ATG located in the second exon
(Fig. 24). As expected, Tnipl expression was abrogated com-
pletely both on the mRNA and protein level (Fig. 2 B and C).
Consistent with a recent publication (20), the ratio of Tnipl ™"
pups born alive from heterozygous crossings was far below
Mendelian ratio (4.3% versus 25% expected), because of an
essential antiapoptotic role of ABIN1 in TNF-o—mediated liver
damage during embryogenesis (Tables S2 and S3). Embryonic
lethality was influenced to some extent by the genetic back-
ground, because backcrossing from the 129S2 ES-cell back-
ground to C57BL/6 mice led to an increase of Thipl ™'~ pups
born alive at the F5 generation (10.3% vs. 25% expected) (Table
S2). As reported, embryonic lethality could be prevented
by simultaneous deletion of the genes encoding TNF-a (20) or
TNFRI (Table S3). Interestingly, although live-born Tnipl =~
mice could not be differentiated macroscopically from WT lit-
termates immediately after birth, they developed a cachectic
disease and died prematurely within 4 mo after birth (Fig. 2 D
and E). This disease was characterized by significant changes in
the cellular composition of peripheral blood, lymph system, and
different parenchymatous organs. Blood hemoglobin concen-
tration was reduced, and the number of neutrophil granulocytes
(neutrophils) in the peripheral blood was increased significantly
(Fig. 2F). Also, as in patients with SLE and other chronic in-
flammatory conditions, peripheral blood and spleen contained
a significant number of immature myeloid cells, characterized by
low expression levels of Ly-6G (GR-1) and increased mRNA

PNAS | November 1,2011 | vol. 108 | no.44 | E999

n
]
%)
=
=
(%)
@
-
<
o
Q
]
=


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106232108/-/DCSupplemental/pnas.201106232SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106232108/-/DCSupplemental/pnas.201106232SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106232108/-/DCSupplemental/pnas.201106232SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106232108/-/DCSupplemental/pnas.201106232SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106232108/-/DCSupplemental/pnas.201106232SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106232108/-/DCSupplemental/pnas.201106232SI.pdf?targetid=nameddest=ST3

L T

/

1\

BN AS  DNAS P

A r>ATG
8 910 12 13 15 18
T I*I—IHFH -
P4 P5
1 34567 8910 11 12131518 19
Tnip1ko
PRI
P3 b .
mRNA .
B C  protein
Gene Trap Element +/+ ‘/'
. +H+ -
0 i

ABIN1—I= —I‘”S

D 1009 Tnip1+- E F
A+ - - 40 * =
= 807 = 5 20 Es
3 60 g% g1s 26
2 404 220 210 24
@ > 2 s
204 8 10 5 o2
@ 3
0 0 )
T D B B HE Al =
Survival [weeks]
G H °© Mpo Ela2
Tnip1# Tnip 1 2 0.0008 PO 0.003
4.1% 14.4% < 0.0006
- Z 0.002
a ¥
5l £ 0.0004
= 0.001
& 0.0002
0 0
Mac-1 MPO +H+ o - +H+ o -

Fig. 2. Generation of Tnip7™" mice and development of runting disease and myeloid expansion. (A) Genomic WT and gene-trapped Tnip1 locus as gen-
erated in ES cells. Exons 1-19 are shown as gray squares; introns (drawn to scale) are shown as lines. Locations of primers used for genotyping PCR (P1-P3) and
RT-PCR (P4, P5) are indicated. -Geo, lacZ-neomycin fusion construct; pA, polyA signal; SA, splice acceptor site. Correct insertion of the gene-trap cassette was
confirmed by PCR and DNA sequencing of the 5’ region. (B) mRNA from splenocytes of Thip7** and Tnip7~'~ mice were analyzed by RT-PCR for Thip7 and
cyclophilin (Cph) expression using primers P4 and P5 (shown in A). (C) Protein extracts of splenocytes from Tnip7** and Thip7~'~ mice were analyzed by
immunoblotting for ABIN1 expression. ns, nonspecific. (D) Survival of live-born pups of indicated genotypes (n = 18 for each group). (E) Appearance of 6-wk-

old mice (n = 7). (F) Body weight, hemoglobin (Hb) concentration, and neutrophil counts in blood of 6- to 8-wk-old mice (n = 9; *P < 0.01). (G) Splenocytes of

Tnip1*'* and Thip1~'~

mice were analyzed by flow cytometry using antibodies against the surface markers GR-1 and CD11b (Mac-1, macrophage-1 antigen)

and intracellular MPO. MPO staining is shown for the CD11b*GR-1'"" subpopulation of a Tnip7~~ mouse as indicated. Data are representative of four

experiments. (H) mRNA was prepared from peripheral blood leukocytes of Thip1** and Tnip1

mined by qPCR analysis. Error bars in F and H show SD.

levels of neutrophil elastase (Ela2) and myeloperoxidase (Mpo)
(Fig. 2 G and H) (24, 25). Lymph nodes and spleen were
markedly increased in size and cellularity (Fig. 34). More de-
tailed analysis of spleen cells revealed an expansion of CD11b*
myeloid cells in Thipl ™~ mice, including GR-1"¢" neutrophils,
whereas B cell numbers were comparable to those in WT mice,
and T cell numbers were reduced (Fig. 3B). T cells displayed an
activated phenotype with increased surface levels of CD69 and
CD44 and decreased levels of CD62L (Fig. 3C) accompanied by
a general increase in Ig levels in the serum (Fig. 3D) and the
spontaneous appearance of autoreactive antibodies against nu-
clear antigens and dsDNA (Fig. 3E). Several parenchymatous
organs, such as liver, lung, and kidneys, were infiltrated with
leukocytes, primarily F4/80* myeloid cells and neutrophils (Fig.
3 F and G). Kidneys displayed significant glomerulonephritis,
which correlated with proteinuria, reflecting tissue damage (Fig.
3H). Other organs, including joints, were not affected obviously
by leukocyte infiltration (Fig. S1). Altogether, ABIN1-deficient
mice develop an inflammatory disease with many characteristics
of human SLE, including the appearance of immature gran-
ulocytes in the peripheral blood and development of autor-
eactive antibodies and glomerulonephritis.

Deletion of TNFRI in Tnip1~~ Mice Protects from Embryonic Lethality
but Not from Inflammation. As mentioned, ABIN1 is required for
protectlon from TNF-a-mediated liver apoptosis during embry-
onic development (ref. 20 and Table S2). However, Tnipl™

TNF receptor superfamily member 1A (Tnfrsfla)™ - double-

E1000 | www.pnas.org/cgi/doi/10.1073/pnas.1106232108

~/~ mice, and expression levels of Mpo and Ela2 were deter-

knockout mice developed an inflammatory disease comparable
to that in TnipI ™~ mice, as characterized by body weight loss,
anemia, neutrophilia, leukocyte organ infiltrations, and glomer-
ulonephritis, demonstrating that inflammatory disease measured
by these parameters proceeds largely independently of ABIN1
function in the TNFRI pathway (Flg S2 A-C). Still, the median
survival of Tmp] =/~ Tnfrsfla™'~ mice was extended s1gn1ﬁcantly,
by ~2 mo, in comparlson with Tnipl™~ Tnfrsfla™'~ or Tnipl™
Tnfrsfla” * mice, demonstrating some influence of TNFRI sig-
naling for disease progression (Fig. S2D). Whether this effect
results from the general inflammatory function of TNF-a or
involves specific changes in TNF-a signaling because of the
absence of ABIN1 remains to be established.

Bone Marrow-Derived Cells Drive Inflammation in ABIN1-Deficient
Mice. To determine whether cells of hematopoietic origin are re-
sponsible for the observed inflammatory disease, we established
bone marrow-chimeric mice by transferring fetal liver cells from
WT and Tnipl™~ embryos into lethally irradiated WT mice. Mice
reconstituted with Tnipl™~ fetal liver cells developed an in-
flammatory disease comparable to that in Tnipl ™~ mice, charac-
terized by anemia, myeloid expansion, parenchymatous leukocyte
infiltrations, and the activated phenotype of T and B cells (Fig. 4
A-C). These results indicate that bone marrow-derived cells trig-
ger inflammatory disease in ABIN1-deficient mice.

ABIN1 Controls TLR-Induced C/EBPP Activation. To identify TLR-
signaling pathways and effector mechanisms controlled by ABIN1,

Zhou et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106232108/-/DCSupplemental/pnas.201106232SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106232108/-/DCSupplemental/pnas.201106232SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106232108/-/DCSupplemental/pnas.201106232SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106232108/-/DCSupplemental/pnas.201106232SI.pdf?targetid=nameddest=SF2
www.pnas.org/cgi/doi/10.1073/pnas.1106232108

L T

z

1\

BN AS PN AN D

A - Splenocytes B CD11b* CD11b*GR-1"s" CD3*CD4* CD3*CD8* B220*
Iy * o
- ©10007 &1000 & 507 ko X 257 % 150
S 2800 X, 8 4 %0 20
I S 600 g6 3 2 15 10
— 500 £ 4 20 10 50
LN[ c € 10
~ . = 200 = 20 10 5
o o 0
0T O O O R O R
ki CD4* 8 '
€ ®Thip1+*
2 = ®Thip1+-
S ‘ CcD8* E’ 6 * * ° * *
”A< <
=]
CD69  CD44  CD62L 2 4 o ! s
E dsDNA ANA ° ® e o o L4
* * c [] o
80 100 2 - 8 e o o
= £ 21 - 8 °
E 60 = ° _ —- <+ g
> ° o 6 o s
2 40 ° ]
$ 2% ole £ ° g . & § o
= IgM  IgG1 IgG2a IgG2b IgG3 IgA
0 0
+H+ -/
Tnip1+*
- ."‘
Lung
Proteinuria
2 (1]
o
Liver 81 ome
(2]
0
++ /-
Kidney

Fig. 3. ABIN1 deficiency results in inflammatory disease. All experiments shown were done using 6- to 8-wk-old sex-matched WT and Tnip1~'~ mice. (A)
Appearance and total cell number of spleen (S) and lymph nodes (LN) of Tnip7** and Thip1~~ mice (n = 6). (B) Absolute numbers of splenic subpopulations as
determined by flow cytometry (n = 6). CD11b* depicts total of CD11b* cells; CD11b*GR-1"9" depicts the GR-1"9" neutrophilic subpopulation of CD11b* cells.
(C) CD69, CD44, and CD62L expression on CD3*CD4* and CD3*CD8™ splenocytes was analyzed by flow cytometry. Data shown are representative of the results
of four independent experiments. (D) Serum immunoglobulin levels of Tnip1+’+ and Tnip1"‘ mice as determined by ELISA (n = 8; *P < 0.001). (E) Serum levels
of anti-DNA antibodies and anti-nuclear antibodies (ANA) of Tnip7** mice (red circles) and Tnip7~~ mice (blue circles) as determined by ELISA (n = 8; *P <
0.01). (F) Microscopic image of H&E-stained tissue sections of lung (a and b), liver (c and d), and kidney (e and 1). (Scale bar: 80 uM.) (G) Microscopic image of

F4/80-stained tissue sections of lung (a and b), liver (c and d), and kidney (e and f). Brownish color identifies F4/80* cells. (Scale bar: 80 uM). (H) Protein

1 +/+ —/—

concentration in urine of Thip and Tnip1~"~ mice (n = 9). For scoring, see

we stimulated bone marrow-derived macrophages (BMM) from
WT and Tnipl™~ mice with CpG-DNA and investigated classic
TLR-signaling pathways, such as the NF-xB and MAPK pathways,
by immunoblotting and gene regulation by microarray analysis. In
stark contrast to A20-deficient cells (11), no differences were ob-
served for IkBa degradation and resynthesis, reflecting NF-xB
activation, or the phosphorylation of different MAPKs, including
p38, ERK1/2, and JNK1/2 in WT and TnipI~~ BMM upon CpG-
DNA stimulation (Fig. 54). Consistent with these data, detailed
microarray analyses showed that genes encoding classic pro- and
anti-inflammatory factors, such as TNF-a, IL-6, IL-1, IL-12, and
IL-10, were up-regulated comparably in CpG-DNA-stimulated
WT and Tnipl™~ BMM (Fig. 5B). In contrast, significant changes
in mRNA expression levels were observed for a subset of genes
that are established C/EBPp-target genes, including Csf3, $100a8,
and arginase, liver (4rg!). Differential regulation of these genes
and of Nos2 and C/ebpb itself, which is up-regulated via a positive
feed-forward loop, was confirmed by quantitative PCR (qPCR)
analysis (Fig. 5C and Fig. S3) (26, 27). Notably, C/EBPf as a po-
tential ABIN1-regulated transcription factor also was identified by
Cis-element overrepresentation (Clover) analysis based on the

Zhou et al.

Materials and Methods.

microarray dataset shown in Fig. 5B (Table S4). In this unbiased
approach, 5-kb promoter regions 5’ upstream of genes deregu-
lated (up-regulated) in Tnipl~~ BMM were extracted and ana-
lyzed for overrepresentation of transcription factor binding sites
(28). C/EBPp consensus binding sites were found to be signifi-
cantly overrepresented in these promoters (P = 0.001), but NF-xB
and activator protein 1 (AP-1) sites were not (significance
threshold P < 0.01, for details see SI Materials and Methods). In-
creased levels of nitrite, reflecting iNOS activity, and G-CSF were
found in the cell culture supernatants of CpG-DNA- and LPS-
treated Tnipl ™~ BMM (Fig. 5 D and E), whereas TNF-o was
produced at levels comparable to those in WT BMM, and IL-12
levels were reduced (Fig. 5D). The reduction in IL-12 levels is
consistent with data from C/EBPB-mutant mice specifically lacking
the major transcriptionally active form of C/EBPp referred to as
“liver-enriched transcriptional activator protein” (LAP) (29).
Other TLR stimulj, i.e., the TLR2 agonist Pam3Cys and the TLR7
agonist resiquimod (R848) induced a similar pattern of cytokine
release. Similar data also were obtained from bone marrow-de-
rived dendritic cells (BMDC) [with the exception of IL-12 (Fig.
5F), whose secretion was not reduced in these cells, consistent
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liver (c and d), and kidney (e and f) were analyzed by microscopy. (Scale
bar: 80 uM.)

with earlier observations demonstrating a cell type-specific regu-
lation of this cytokine in BMM and BMDC (30)]. Also consistent
with the up-regulation of C/EBPp-target genes, the protein level
of C/EBPpB LAP was increased and was accompanied by enhanced
C/EBP DNA-binding activity in CpG-DNA-stimulated Tnipl ™"~
BMM (Fig. 6 A and B). Interestingly, a short form of C/EBP,
referred to as “C/EBPp liver-enriched inhibitory protein” (LIP),
which lacks a transactivation domain, was found to be up-regu-
lated to comparable levels in WT and Tnipl”~ BMM (Fig. 64).
Thus it appears that ABIN1 selectively controls the levels of the
transcriptionally active LAP form of C/EBP. Consistent with the
data obtained by immunoblotting and mRNA analysis, NF-kb and
AP-1-DNA binding activity was induced comparably by CpG-
DNA in WT and TnipI ”'~ BMM (Fig. 6B). To determine whether
increased expression of C/EBPp and its target genes correlated
with increased recruitment of C/EBPJ to relevant promoter re-
gions, we performed ChIP assays from CpG-DNA-treated BMM.
Indeed, C/EBPp binding to promoter regions of Csf3, $100a8, and
Nos2 was increased in Thipl~~ BMM (Fig. 6C). In contrast, the
NF-«B family member reticuloendotheliosis oncogene (c-REL)
was recruited to the NF-kB polypeptide gene enhancer in B-cells
inhibitor o (Nfkbia; IxkBa) promoter comparably in WT and
TnipI”~ BMM (Fig. 6C). Taken together, the data show that
ABINT1 specifically controls TLR-mediated C/EBPp activity and
expression of C/EBPp-target genes.
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Discussion

Our data show that ABIN1 is a negative regulator of TLR-in-
duced C/EBP activity and that ABIN1 loss of function results in
an inflammatory disease that reflects many characteristics of
human SLE, an inflammatory disease of unclear etiology. A set
of recent GWAS has revealed several disease-susceptibility loci
for SLE, including TNIPI and TNFAIP3, which encode ABIN1
and A20, respectively (6-8, 31, 32). Both genes also have been
linked to psoriasis. In addition, TNFAIP3, but not TNIPI, has
been linked to rheumatoid arthritis (8, 9, 33, 34). As mentioned,
ABIN1 was cloned originally by a yeast two-hybrid system as
an A20-interacting protein, and coexpression experiments in
HEK?293 cells demonstrated synergistic, negative regulatory ac-
tivity of both proteins in the TNFR pathway (10). As such, it
seemed possible that ABIN1 also contributes to A20-dependent
activities in other pathways. Still, analysis of gene-deficient mice
had demonstrated A20-independent activity of ABIN1, because
only ABIN1-deficient mice, but not A20-deficient mice, die
during embryogenesis as the result of TNF-oa-mediated cell
death (ref. 20 and Tables S2 and S3). Moreover, A20-deficient
mice, but not ABIN1-deficient mice, develop significant joint
inflammation, consistent with the above-mentioned link between
A20 and rheumatoid arthritis (ref. 11 and Fig. S1). As shown
here, TLR stimulation of ABIN1-deficient macrophages leads to
increased C/EBPp activation but does not provoke detectable
deregulation of classic proinflammatory-signaling pathways,
including NF-xB and MAPK pathways, a hallmark of A20-
deficient macrophages (12). As a consequence, classic C/EBPp-
target genes encoding G-CSF, S100A8, iNOS, and ARG-1, but
not NF-kB/AP-1-target genes encoding IkBa, TNF-a, IL-6, and
IL-12, were up-regulated in ABIN1-deficient macrophages. Still,
it currently is unclear whether ABINT1’s function in the C/EBPS
pathway depends on A20 or whether the two proteins function
entirely independently of each other. In fact, it is not clear at this
point whether A20 has any role in C/EBPp regulation.

As demonstrated, ABIN1 deficiency leads to deregulation of
a rather select set of C/EBPp-target genes, including Csf3,
$100a8, and Nos2, whose characterized functions may explain
several aspects of the observed phenotype. G-CSF is a major
myeloid growth and survival factor (35), and myeloid expansion,
including the appearance of increased numbers of macrophages
and granulocytes, both in parenchymatous organs and peripheral
blood, is a prominent phenotype of ABIN1-deficient mice. No-
tably, increased numbers of immature granulocytes also have
been described in SLE patients (25, 24), and two recent reports
suggested granulocytes as key players in human SLE through
a cell death-related release of DNA, which potently activates
innate immune cells via TLR9 when complexed with other host
cell-derived factors such as antibacterial peptides or autoreactive
antibodies (4., 5, 36, 37). INOS regulates the production of cy-
totoxic NO, which are essential for defense against intracellular
pathogens but also can promote host tissue damage if produced
at exaggerated levels (38, 39). SI00AS, a protein whose serum
levels correlate with SLE disease activity (40), has been dem-
onstrated to trigger inflammation through direct binding of the
TLR4/MD2 complex, a process shown to amplify other innate
immune cell activation signals (e.g., LPS stimulation) (41). Based
on these and other observations we propose a model for in-
flammatory disease development in which a low level of TLR
stimulation (e.g., through TLR agonists released upon minor
tissue injuries or through commensal bacteria) leads to increased
production of described C/EBPp-target genes. Their gene
products promote amplification of inflammation (S1008A), cy-
totoxicity (iNOS), and liberation of cellular components such as
DNA and RNA and increased myeloid expansion and cell
turnover (G-CSF). Complex formation of liberated nucleic acids
and antibacterial peptides or of nucleic acids and autoreactive
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antibodies then may trigger continued TLR activation and fur- As demonstrated, ABIN1 is recruited into the MyD88-

ther promote a vicious circle of tissue injury, liberation of en-
dogenous TLR agonists, and the perpetuating supply of myeloid
cells. Notably, this model emphasizes innate immune cell de-
regulation as the primary culprit for the development of in-
flammatory disease, and it will be important to prove the
contribution of identified factors in more detailed mouse models
and possibly in human disease.
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marshalled signaling complex and negatively regulates activation
of C/EBPp, a transcription factor whose mechanism of activation,
particularly upon TLR stimulation, remains incompletely un-
derstood (42). Given that other MyD88-dependent signaling
pathways, such as the NF-xB and MAPK pathways, proceed nor-
mally in ABIN1-deficient cells, it appears that ABIN1 contributes
to the process of signal diversification downstream of MyD&88. Still,
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tionally active. (B) BMM were stimulated with CpG-DNA, and DNA-binding
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INOS, and IkBa were quantified using gPCR. qPCR values were normalized to
gPCR values obtained from chromatin input sample and are displayed as
relative ChIP signals. Representative data from three independent experi-
ments are shown.

the molecular mechanisms involved, with respect to both the
proteins involved in ABIN1 recruitment and ABIN1’s effector
mechanism toward C/EBPp, need to be established. A very recent
report based on a knock-in approach using an ubiquitin-binding—
deficient form of ABIN1 described the development of an auto-
immune disease which also involved innate immune cells and
lymphocyte activation (43). Embryos that were homozygous for
this mutant form of ABIN1 did not die during embryogenesis; this
result was unexpected given the earlier report demonstrating an
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essential role of ubiquitin binding in protection from TNF-a—
mediated cell death (20). Also unexpected with respect to data
obtained from ABIN1-deficient cells described in our work, TLR
stimulation of innate immune cells and B cells from ABIN1-mu-
tant mice showed deregulation of both NF-kB- and MAPK-sig-
naling pathways, indicating additional effects of the mutant
protein (43). It will be important to compare ABIN1-deficient cells
and ABIN1-mutant cells side by side, possibly resolving the ap-
parent discrepancies described.

TLR-mediated C/EBPf activation in the absence of ABIN1 is
reflected by increased C/EBPB mRNA and protein levels and in-
creased C/EBP DNA binding activity, all of which are consistent
with the known regulation of C/EBPf through a positive feed-
forward loop that involves characterized C/EBPp binding sites in
the C/EBPp promoter region (26, 27). Interestingly, we found that
C/EBPB LAP, but not C/EBPp LIP, was increased selectively in
ABIN1-deficient macrophages upon TLR stimulation. Both LAP
and LIP forms are produced from the same Cebpb mRNA using
alternative in-frame ATG codons for translation initiation be-
cause of a leaky ribosomal scanning mechanism (29). Although
LAP contains DNA-binding and transactivation domains and
therefore is able to drive transcription, LIP lacks the transac-
tivation domain and is considered a negative regulatory protein
(44). ABIN1 deficiency appears to shift the balance toward the
transcriptionally active LAP form. The precise mechanism that
regulates this process during TLR activation is still unclear; how-
ever, differential regulation of LAP vs. LIP forms is not un-
precedented. A knock-in mutant of a catalytically inactive form of
IRAK4 shows a defect in LIP production upon LPS stimulation,
although LAP production is comparable to that in WT cells (45).
Still, whether IRAK4 or any other additional protein is involved in
ABINI1-dependent C/EBPf regulation needs to be investigated.
Notably, the pattern of gene deregulation observed in ABIN1-
deficient macrophages matches very well those genes found to be
affected in macrophages established from C/EBPp-mutant mice
that specifically lack the LAP form of C/EBPp and strongly sup-
ports the interpretation that C/EBPB LAP deregulation is re-
sponsible for the observed changes in gene expression in ABIN1-
deficient mice (26).

Taking our results together, we identified a component of the
TLR-signaling pathways, ABIN1, whose activity is essential for
protection from inflammatory, lupus-like disease. As opposed to
other, negative regulatory proteins, such as A20 or IRAK3,
ABIN-1 selectively controls the TLR-activated C/EBPp pathway
but not NF-xB or MAPK pathways (12, 46). As a consequence,
a select set of genes is deregulated, leading to increased pro-
duction of the myeloid growth factor G-CSF, cytotoxic NOS, and
inflammatory S100A8. Given the genetic link between ABIN1
and the human diseases SLE and psoriasis, the contribution of
the C/EBPp pathway and its individual target genes to the de-
velopment of inflammatory disease needs to be investigated both
in ABIN1-deficient mice and in human disease.

Materials and Methods

Mice and Cell Culture. The gene (Tnip1)-trapped ES cell clone EO59E05 was
obtained from the German Gene Trap Consortium. Mice carrying the gene-
trap mutation were generated by injection of ES cells into C57BL/6J blasto-
cysts and crossing of germline chimeras with C57BL/6) mice. Tnfrsfla™'~ mice
have been described (47) and were obtained from the Jackson Laboratory.
For fetal liver transplantation, 2 x 10° fetal liver cells isolated from Thip1**
or Tnip1~'~ embryos on embryonic day 13.5 were injected into lethally ir-
radiated (950 cGy) C57BL/6 mice. All mouse studies were carried out in ac-
cordance with protocols approved by the Institutional Animal Care and Use
Committee at St. Jude Children’s Research Hospital. BMM and BMDC were
generated by cultivating bone marrow cells in Petri dishes for 6 d in the
presence of 30% L-cell conditioned medium or medium containing GM-CSF,
respectively. Stable RAW264.7 transfectants were generated and cultured as
described (48).

Zhou et al.


www.pnas.org/cgi/doi/10.1073/pnas.1106232108

L T

/

1\

=y

Reagents and Plasmids. Antibodies are described in S/ Materials and Methods.
ELISA kits were from eBiosciences (TNF-a), R&D Systems (G-CSF), Bethyl Lab-
oratories (immunoglobulins), Alpha Diagnostic International (anti-nuclear
antibodies and dsDNA). Griess assays to determine nitric oxide concentration
were done as described (49). cDNA of mouse ThipT was amplified by RT-PCR
using cDNA from BMM as template and cloned in-frame to an N-terminal
triple-HA tag into a lentiviral, ubiquitin promoter-driven vector. CpG-DNA
refers to the phosphothioate backbone containing oligonucleotide 1668 (1
uM, TCCATGACGTTCCTGATGCT) (TIB Molbiol). Other agonists used were LPS
(10 ng/mL, Escherichia coli 0127:B8) (Sigma-Aldrich), coumermycin (0.1 pM)
(Sigma-Aldrich), R848 (300 nM) (GLSynthesis), and tripalmitoyl cysteinyl lip-
opeptide (Pam3Cys; 100 ng/mL) (EMC Microcollections).

Protein Purification and Sample Preparation for MS Analysis. Affinity purifi-
cation of Flag-/TAP-tagged MyD88-GyrB has been described (15). In a varia-
tion of the original protocol, immobilized M2-Flag antibodies and a triple-
Flag-tagged peptide (Sigma-Aldrich) were used for protein capture and
elution, respectively. Following purification, samples were concentrated by
trichloroacetic acid precipitation, separated on a 4-12% (wt/vol) Bis-Tris gel
(Bio-Rad), and stained with SYPRO-Ruby (Invitrogen). Protein bands were
subjected to in-gel trypsin digestion and analyzed by liquid chromatogra-
phy-tandem MS using electrospray ionization coupled to a linear ion trap
mass spectrometer (LTQ-XL; Thermo Scientific) as described in detail in S/
Materials and Methods.

Histology, Complete Blood Cell Count, and Proteinuria Analysis. Tnip7~'~ mice
and littermate controls (5- to 8-wk-old) were perfused with 10% (vol/vol)
phosphate-buffered formalin and embedded in paraffin. Tissues were sec-
tioned at 5 pm and stained with H&E. Complete blood cell counts were
measured using the Forcyte Hematology System (Oxford Science). Protein
concentration in urine was determined using Multistix 10 SG sticks (Siemens)
and scored as 0 (negative or trace), 1 (30 mg/dL), or 2 (100 mg/dL).

Flow Cytometry Analysis. Spleens were removed, and single-cell suspensions
were prepared by straining through a 40-um cell strainer. Cells were
blocked with antibodies against CD16/CD32 (eBioscience) followed by
staining for cell-surface markers. For intracellular staining, splenocytes that
first were stained for the cell-surface markers were fixed with 2% (vol/vol)
formaldehyde in PBS, followed by incubation with FITC-labeled antibodies
against myeloperoxidase (or isotype control) in PBS containing 0.5% sa-
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ponin. Flow cytometry analysis was done using a FACSCalibur instrument
(Becton Dickinson).

Analysis of Gene Expression. Total cellular RNA was prepared using TRIzol
(Invitrogen) and analyzed by real-time qPCR or Affymetrix microarrays as
described in S/ Materials and Methods.

Electrophoretic Mobility Shift Assay. Cells were lysed for 20 min in buffer A [20
mM Hepes/KCl (pH 7.5), 10 mM KCl, 1.5 mM MgCl,, 1 mM EDTA, 1 mM EGTA,
1 mM DTT, 0.5% Nonidet P-40, Roche protease inhibitor mixture] on ice.
Nuclei were pelleted, and the supernatant was saved as a cytoplasmic ex-
tract. Nuclear proteins were extracted in buffer A plus 400 mM Nacl for 20
min at 4 °C. For electrophoretic mobility shift assay (EMSA), 10 pg of nuclear
protein was incubated for 30 min at room temperature with a 32P-labeled
dsDNA probe in binding buffer [10 mM Tris/HCI (pH 7.6), 50 mM KCl, 1 mM
EDTA (pH 8.0), 5% (vol/vol) glycerol, 1 pg/mL poly(di:dc), 1 mM DTT]. Samples
were separated on 5% (wt/vol) native polyacrylamide gels, and gels were
dried, exposed to phosphor screens, and visualized by a Typhoon 9200 im-
aging system (GE Healthcare). Sequences of oligonucleotides used were NF-
kB: AGTTGAGGGGACTTTCCCAGGC; AP-1: AGCTTACTCAGTACTAGTACGAATT;
C/EBPB: TGCAGATTGCGCAATCTGCA.

ChIP. ChIP assays were performed according to standard protocols and are
described in detail in S/ Materials and Methods.

Statistical Analyses. Data are expressed as mean + SD. Statistically significant
differences were assessed by two-tailed student’s t test for two groups.
Survival curves of ABIN-1-deficient mice at different Tnfrsfla backgrounds
were compared by log-rank test. P values less than 0.01 were considered
significant in both tests.
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