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Abstract

Heterologous expression of ABIN-1 (A20 Binding and Inhibitor of NFkB-1,
gene name Tnip1), like A20, was suggested to restrict TNF-induced inflammation
and cell death. ABIN-1’s physiological function was unknown. To interrogate
ABIN-1’s roles in vivo, we generated ABIN-1-deficient mice. ABIN-1 was required
for successful embryonic development. TNF-deficiency rescued this lethality,
demonstrating that ABIN-1 restricts potentially lethal TNF-induced signals. ABIN-
17" TNF”~ mice develop a striking immune phenotype, suggesting that ABIN-1
restricts TNF-independent signals. ABIN-17- TNF”- RAG-1"" mice have
splenomegaly, which supports that ABIN-1 expression in innate cells preserves
immune quiescence. ABIN-1"" fetal liver chimera develop partially cell-intrinsic
widespread immune activation, suggesting that ABIN-1"7" hematopoietic cells are

sufficient for exaggerated immune activation.

Aberrant immune activation contributes to the pathogenesis of multiple
autoimmune and inflammation-exacerbated diseases. The Tnip1 gene is strongly
associated with susceptibility to psoriasis in humans. Psoriasis is a chronic,
inflammatory skin disease caused by a combination of environmental and genetic
factors. We demonstrated that mice lacking ABIN-1 specifically in dendritic cells
(DCs), ABIN-17°* CD11¢c-Cre mice, exhibited perturbed immune homeostasis.
ABIN-1 deficient DCs displayed exaggerated NF-kB and MAP kinase signaling

and produced more IL-23 than normal cells in response to TLR ligands.
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Challenge of ABIN-17°* CD11c-Cre mice with topical TLR7 ligand lead to greater
numbers of TH17 and TCRy/d" T cells and exacerbated development of
psoriaform lesions. These phenotypes were reversed by DC-specific deletion of
the TLR adaptor MyD88. These studies link ABIN-1 with IL-23 and IL-17, and
provide cellular and molecular mechanisms by which ABIN-1 regulates
susceptibility to psoriasis. They support that ubiquitin sensor ABIN-1 regulates
cell survival and restricts proinflammatory signals in DC to protect against

psoriasis.
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Chapter 1

Introduction



Introduction

Immune activation combats infection and promotes inflammation.

Tightly regulated immune activation is critical for maintenance of host immunity.
Immune activation is the process by which adaptive and innate immune cells
adopt a phenotype specialized in combating infection. Temporary immune
activation is part of the normal immune response and inflammation. Inflammation
is the condition in which a part of the body develops swelling, reddening, and
potentially pain and heat (Beutler and Cerami, 1988, 1989; Larsen and Henson,
1983). Cells in inflamed areas secrete inflammatory mediators to increase
permeability of blood vessels and permit greater numbers of activated white
blood cells to enter tissues. Myeloid cells at the site of injury consume pathogenic
invaders, damaged host cells, and debris (Larsen and Henson, 1983). Myeloid
cells then also secrete cytokines to activate additional cell types and coordinate
the immune response. Transient inflammation during infection or injury promotes
host immunity, sequestering the site of damage and recruiting cells to repair it. In
contrast, prolonged and/ or excessively robust inflammation damages host cells
and organ systems. As damaging inflammation contributes to disease
pathogenesis, cellular and molecular mechanisms that restrict or terminate

inflammation are critical for preventing inflammatory disease.

Immune homeostasis is a relatively quiescent status.
To maintain immune homeostasis, the relatively stable equilibrium between many

components of the immune system in absence of infection, multiple specialized



hematopoietic white blood cell types (e.g., T cells, B cells, and innate immune
cells) communicate with each other to upregulate and down-regulate immune
responses. T cells employ membrane receptors, called T cell antigen receptors
(TCRs), to recognize unique antigen epitopes presented on the surface of
mammalian cells. Prior to antigen exposure in the periphery, T cells are naive
(producing few proinflammatory cytokines). T cells undergo terminal
differentiation to adopt different cell fates, such as, TH17, memory phenotype T
cells, or regulatory T cells (Reis e Sousa, 2006; Zhu et al., 2010). Terminally
differentiated T cells are specialized in promoting and regulating adaptive
immune cell-mediated responses. For example, TH17 produce cytokines (e.g.,
IL-17) to enhance inflammation by recruiting neutrophils and promoting
subsequent production of additional growth factors and proinflammatory
mediators (Huang et al., 2012). Memory phenotype T cells express high levels of

activation markers suggesting antigen experience or prior immune activation.

Dendritic cells (DC) are innate immune cells that direct immune responses of
both adaptive immune cells and other innate immune cells. DC activate naive T
cells more effectively than other antigen presenting cells (Steinman, 1991, 2012).
DC also provide activating and survival signals to B cells and myeloid cells. DC
can also produce anti-inflammatory molecules to restore immune quiescence
following resolution of infection. Restoring and preserving immune homeostasis

requires maintaining multiple codependent immune cell types. DC have a unique



role in processing signals and determining when to rapidly shift the immune

system from homeostasis to an activated state.

Dendritic cell types.

DC are highly specialized innate immune cells that activate adaptive and innate
immune cells through cytokines and cell surface markers (lwasaki and
Medzhitov, 2010). Most DC in circulation are either conventional DC (cDC) or
plasmacytoid DC (pDC). The maijority of DC are cDC. cDC express constitutively
high levels of CD11c integrin and MHC class Il antigen presentation molecules.
pDC are a far less abundant subset especially effective in producing Type |
Interferons (IFNs) in response to viral and bacterial products (Kang et al., 2008).
pDC express lower levels of CD11c than cDC and often express CD45 RABC
(B220), making them separable by flow cytometry. In cooperation with thymic
epithelial cells, DC present antigenic peptides on cell-surface expressed MHC
class Il molecules to shape the developing T cell repertoire in the thymus. DC
express costimulatory molecules CD40, CD80, and CD86 to directly transmit
activating signals to T cells. Activation marker expression increases when DC
encounter damage or danger signals. DC maturation is associated with an
increase in DC antigen presentation function and costimulatory molecule
expression (Reis e Sousa, 2006). TLR stimulated DC produce proinflammatory
cytokines (e.g., IL-6, TNF, IL-23, IL-12p40, IL-12p70) (Joffre et al., 2009). Well-
regulated DC production of cytokines helps fight infections and promote host

immunity. Poorly regulated cytokine production can generate cachexia and



systemic inflammation. DCs specialize in supporting T cells through antigen
presentation and producing proinflammatory cytokines that enhance immune

activation.

TLR signaling protects against infection and initiates inflammation.

DC recognize multiple molecular patterns and convert those activating signals
into coordinated cellular responses. Toll like receptors (TLRs) are non-catalytic,
transmembrane receptors in DC and other cells that induce responses to danger
and damage signals (Kawai and Akira, 2006; Medzhitov et al., 1997). TLR4 and
TLR7 are expressed on the cell’s plasma membrane. Other TLRs are in
intracellular vesicle membranes (Blasius and Beutler, 2010). TLRs are a subtype
of pattern-recognition receptor (PRR) (Takeda et al., 2003). As sentinels for
infection, DC use TLRs to detect pathogen associated molecular patterns
(PAMPs) and danger associated molecular patterns (DAMPs). PAMPs are
molecules produced by microbes, but not generated by the host. PAMP detection
relies on self vs. non-self discrimination to indicate infection. DAMPs are
molecules that can initiate and perpetuate an inflammatory response in absence
of infection. DAMPs are usually released when host cells are damaged or lysed
and release intracellular contents (Matzinger, 2002; Rubartelli and Lotze, 2007).
For example, TLR4 binds lipopolysaccharide, a major structural component of
the outer membrane of Gram-negative bacteria. Mouse TLR7 (mTLR7) and
human TLR8 (hTLR8) bind single stranded RNA, as found in RNA viruses.

Additionally, mTLR7/ hTLR8 bind the small molecule imiquimod, which mimics a



nucleic acid. Excessive signaling through mTLR7/ hTLR8 can induce psoriasis
and/ or contribute to autoimmunity. TLR-mediated recognition of PAMPs and
PAMP-like shapes allows DC to respond to infection and provides tools for

inducing proinflammatory immune signaling.

Upon TLR ligand binding, DC can generate a potent, multipronged response to
trigger immune activation. TLR4 and/ or TLR7 engagement leads to recruitment
of adaptor MyD88, IL-1 Receptor associated kinases (IRAKs), and E3 ligase
TRAFG6. This TLR-proximate signaling complex can modulate additional
downstream proteins to propagate signals through the cytoplasm to activate
gene transcription factors (e.g. NF-xB). TLR engagement induces DC activation,
DC maturation, and often stimulates production of cytokines and/ or chemokines
(Beutler, 2009; Reis e Sousa, 2006). Chemokines are cytokines that attract
immune cells to migrate directionally through a gradient. Cytokines can direct
cells to apoptose, differentiate into alternate cell types, or inhibit protein
production, among other functional activities. Antibody-mediated cytokine
neutralization remedies symptoms of inflammatory autoimmune diseases.
Controlling and restricting the abundance of TLR-induced cytokines protects the
host from immunopathology, i.e., damage from the immune response. As
inadequately restrained TLR signaling can lead to disease, proper restriction of

TLR signals is crucial.

Negative regulators constantly restrict TLR signaling.



Negative regulation of TLR signaling occurs constantly at the levels of
dissociation of adaptor complexes, degradation of signal proteins, and
transcriptional regulation. Microbes (including commensal bacteria) on epithelial
surfaces constantly express PAMPs, but the immune system does not induce
rampant inflammation despite this steady-state exposure. Several molecules
dissociate signaling adaptor complexes involved in TLR signaling or prevent
formation of TLR-induced proinflammatory complexes. IRAK-M inhibits
recruitment of IRAK1 and IRAK4 to adaptor MyD88 to restrict downstream MAPK
and NFkB (Kobayashi et al., 2002). Similarly, g-arrestin-1 and p-arrestin-2
compete with TRAF6 in steady state to inhibit TRAF6 proinflammatory signaling
(Wang et al., 2006). Additionally, ST2 acts as a signaling inhibitor, as ST2 has a
Toll/ IL-1 Receptor (TIR) domain that binds to MyD88, but ST2 is unable to
propagate signals downstream of MyD88 (Brint et al., 2004). Genetic knockout
studies have demonstrated that many of these molecules are crucial for
restricting MyD88-dependent signaling, but not for MyD88-independent signaling.
DC and/ or macrophages lacking IRAK-M, p-arrestin-1, p-arrestin-2, or ST2 show
exaggerated proinflammatory cytokine production, and mice lacking any of these
targeted genes exhibit increased susceptibility to endotoxin-induced inflammation
(Brint et al., 2004; Kobayashi et al., 2002; Wang et al., 2006). Deficiency of these
key TLR signaling restricting genes unleashes potent pro-inflammatory cytokines

(e.g. TNF) that activate multiple cell types and pathways.



TNF signaling promotes activation and/ or apoptosis.

TNF signaling activates immune cells and can induce apoptosis. TNF binding to
TNFR initiates formation of a TNFR-proximate signaling complex. TNFR-
proximate signaling complexes can mediate either proinflammatory, survival-
enhancing NF-kB activating signaling or caspase-mediated apoptotic cell death
signals (Chen and Goeddel, 2002; Hsu et al., 1996). The presence, absence,
and/ or ubiquitination status of signaling proteins — such as receptor interacting
serine/ threonine protein kinase 1 (RIP1), FADD (Fas associated protein with
death domain) — and Caspase 8, can determine which of these outcomes is
favored. Ubiquitination, or the attachment of the small peptide ubiquitin, marks
some of these proteins for degradation or facilitates interaction with downstream
binding partners. Both TLR and TNF signaling can induce NF-xB

proinflammatory signals.



cytoplasm

Caspase-8
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Figure 1. TNF-Induced Signaling.
TNF engagement of TNFR1 induces formation of signal-propagating complexes
containing TRADD, TRAF2, and RIP. Recruitment of FADD and Caspase 8 can
promote TNF-induced apoptosis. Alternately, interaction with IKK complex
(containing IKKa, IKKB, and NEMO) can promote IkBa degradation and NF-xB

activation. Figure is adapted from (Chen and Goeddel, 2002).



NF-xB is a regulator of immunity, inflammation, and cell survival.

NF-xB signaling pathway is a regulator of immunity, inflammation, and cell
survival. TNFR and TLR signaling rely on intracellular signaling cascades, such
as NF-kB. NF-xB signaling relies critically on ubiquitination at multiple steps,
including IKK complex-mediated phosphorylation, ubiquitination, and subsequent
degradation of IkBa (inhibitor of NF-kB) (Ghosh and Karin, 2002; Karin and Ben-
Neriah, 2000). Degradation of IkBa releases the NF-kB transcription factor. The
prototypical NF-xB is composed of p65 (also known as RelA) and p50 subunits.
NF-kB then enters the nucleus and binds to DNA sequences and promotes
transcription of proinflammatory cytokines and survival-enhancing proteins.

Selective ubiquitination regulates both TLR and TNF signaling axes.

Ubiquitination determines protein fates.

Ubiquitination comprises a series of posttranslational modifications that regulate
protein function. Addition of the 76-amino acid globular ubiquitin peptide can
direct proteins to multiple intracellular destinations. Ubiquitination can mediate
signal transduction in proinflammatory signaling pathways (e.g. NF-kB) or target
proteins for proteasomal degradation (Chen and Chen, 2013; Oudshoorn et al.,
2012; Pickart and Fushman, 2004). Ubiquitination events mediate signaling in:
DNA damage response, cell cycle, and endocytosis. Covalent ligation of a
ubiquitin monomer to a target relies on a sequence of transient protein-protein
interactions involving the cell’'s E1, E2, and E3 ubiquitination machinery. First,

ubiquitin is bound to ubiquitin-activating enzyme (E1) in an ATP-consuming step.
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Second, the activated ubiquitin is transferred from the E1 onto one of many
potential ubiquitin-conjugating enzymes (E2). Third, in the presence of the
ubiquitin ligase (E3), which binds both E2 and the target substrate protein, the
ubiquitin is transferred from the E2 and onto the substrate protein. The
interaction of E1, E2, and E3 allows for construction of chains with multiple

different linkages.

Specific ubiquitin linkages designate the fates of substrate proteins (Kim et al.,
2006; Li and Ye, 2008). Monomeric ubiquitination can direct endocytic removal of
a receptor from the plasma membrane. Ligation of ubiquitin chains in which each
ubiquitin is linked to the next through the lysine that is the 48™ amino acid residue
(K48-linked) are typically targets substrates for proteasomal degradation.
Ubiquitin chains linked through lysines other than K48 (e.g. K63) can target
ubiquitinated proteins for non-degradative routes. K63 ubiquitination frequently
occurs in receptor-mediated immune cell activation pathways, and propagates
proinflammatory signals. As a tunable, reversible posttranslational modification,
ubiquitination offers an effective way to rapidly activate, modulate, and terminate
signaling. Regulation of ubiquitination requires interaction of multiple ubiquitin

modifying enzymes.

Ubiquitin modifying enzymes modify signaling outcomes.

Ubiquitin modifying enzymes include E3 ubiquitin ligases and deubiquitinating

enzymes (DUBs). Most ubiquitin ligases contain either a HECT (Homologous to

11



E6-AP Carboxyl Terminus) or RING (Really Interesting New Gene) finger domain
that aids in transfer of ubiquitin to substrates (Pickart, 2001). RING-containing E3
ligases stabilize the interaction between substrate and E2 to mediate transfer of
ubiquitin from E2 directly to substrate. HECT-containing E3 ligases form a
thioester bond with the ubiquitin and then transfer ubiquitin to the substrate. In
humans, ~600 E3 ligases exist. In addition, E3 ligases can interact with or act as
ubiquitin-binding proteins/ ubiquitin sensors to aid in recruitment to substrates.
Deubiquitinating enzymes modify ubiquitin-mediated signaling by facilitating
removal of ubiquitin from substrates via their DUB domains (e.g. UBP, USP,
JAMM, and OTU) (Wilkinson, 1997). Specific DUBs remove specific types of
ubiquitin chain linkages to alter signaling pathways and immune homeostasis.
For example, the DUB cylandromatosis protein (CYLD) restricts NF-xB and
apoptotic signaling upstream of IKK activation. CYLD uses its UBP domain to
cleave K63-linked, but not K48-linked, polyubiquitin chains (Chen and Sun,
2009). CYLD-deficient mice have multiple phenotypes consistent with increased
IKK and NF-kB activity as well as loss of CYLD’s tumor suppressing function
(Sun, 2008). Ubiquitin ligases, ubiquitin sensors, and DUBs collaborate to shape

the ubiquitin code and determine signaling outcomes.

A20 is a multifunctional editing enzyme that restricts proinflammatory
signaling.
A20 is an unusual ubiquitin-modifying enzyme harboring both E3 ligase and DUB

activities. A20 (gene name Tnfaip3) is a TNF-inducible gene (Krikos et al., 1992;

12



Opipari et al., 1990). Using its N-terminal ovarian tumor (OTU) cysteine protease
domain A20 removes K63-polyubiquitin chains to restrict receptor-induced
proinflammatory signaling (Wertz et al., 2004). A20 uses its fourth zinc finger
domain to mark proteins for proteasomal degradation by ligating K48-
polyubiquitin chains to them (Wertz et al., 2004). A20-deficiency severely
compromises immune homeostasis. A20-deficient mice develop severe multi-
organ inflammation and die prematurely. Challenge of A20” mice with TNF or
LPS causes lethality within 2 hours of injection (Lee et al., 2000). These and
other experiments suggest that A20 may restrict signaling downstream of TNFR
and TLRs. A20 may selectively ubiquitinate or deubiquitinate multiple targets
(e.g., TRAFG6, RIP1) to restrict alternate signaling pathways. Additionally, A20

may interact with binding partners that cooperate with A20 to perform its

functions.
DUB E3 ubiquitin
activity ligase
region activity
v ¥
N OTu ZFIJZFZ ZF3UZF4 ZF5| |ZF6||ZF7 C

Figure 2. A20 schematic.
A20 contains an OTU domain that deubiquitinates K63-polyubiquitinated targets.
A20 has seven zinc fingers. Zinc finger 4 can act as an E3 ligase by adding K48-

polyubiquitin chains to targets.
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ABIN-1 protein binds A20, restricts proinflammatory signals, and is linked
to disease.

An unbiased search for A20 binding partners yielded ABIN-1. ABIN-1 (A20
Binding and Inhibitor of NF-kB-1, gene name TNIP1) may collaborate with A20 in
restriction of NF-kB signaling. ABIN-1 has an NF-kB binding site in its promoter
and is inducible by TNFa (Tian et al., 2005). Suggestive of negative feedback
capacity, heterologously expressed ABIN-1 restricts proinflammatory signaling
downstream of TNF, LPS, and IL-1 (Heyninck et al., 1999). ABIN-1 can bind to
NEMO (NF-kB Essential Modulator, the regulatory subunit of the IKK complex).
To test which interactions were critical for NF-kB restriction, ABIN-1 truncation
mutants lacking the A20-binding region, NEMO-binding region, or both were
made. Deletion of either the A20-binding region, or NEMO-binding region of
ABIN-1 led to no reduction of ABIN-1’s NFkB inhibitory effect (Mauro et al.,
2006). Deletion of both disabled ABIN-1’s inhibition of TNF-induced NF-xB
signaling. ABIN-1 shares partially overlapping regulation and activity with A20.
ABIN-1 might help recruit A20 to specific targets. Studies of A20 and other
negative regulators of proinflammatory signaling demonstrated that tightly
regulated proinflammatory signaling is critical to maintain host immunity and

immune quiescence in absence of infection.
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Figure 3. ABIN-1 schematic.

ABIN-1 has four ABIN homology domains (AHD) and a NEMO binding domain.

AHD1 has been suggested to interact with A20, and AHDZ2 regulates NF-kB

signaling intensity upon heterologous expression.
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Both A20 and ABIN-1 are linked to multiple human diseases. Identification of
factors that may support or direct A20 activity could help determine how critical
negative regulators of inflammation function at a molecular level. GWAS linked
TNFAIP3 SNPs to multiple diseases, including: psoriasis, SSc (Systemic
Sclerosis), SLE (Systemic lupus erythematosus), rheumatoid arthritis, type 1
diabetes, coeliac disease, Crohn’s disease, coronary artery disease in type 2
diabetes (Adrianto et al., 2011; Boonyasrisawat et al., 2007; Cai et al., 2010;
Consortium, 2007; Dieude et al., 2010; Elsby et al., 2010; Eyre et al., 2010; Fung
et al., 2009; Graham et al., 2008; Hammer et al., 2011; Han et al., 2009; Hughes
et al., 2010; Koumakis et al., 2012; Musone et al., 2008; Musone et al., 2011;
Nair et al., 2009; Plenge et al., 2007; Shimane et al., 2010; Strange et al., 2010;
Thomson et al., 2007; Trynka et al., 2009). Reflective of human pathologies,
model organism reports demonstrated that reducing A20 expression levels in B
cells or in gut commensal-sensing cells could unleash exaggerated
proinflammatory signals that mediate SLE-like autoimmune disease and
compromise immune homeostasis in the gut, respectively (Tavares et al., 2010;
Turer et al., 2008). TNIP1 SNPs also correlated with several of these A20-linked
diseases. ABIN-1 is linked to: psoriasis, SSc, SLE, psoriatic arthritis, myasthenia
gravis (Adrianto et al., 2012; Allanore et al., 2011; Bossini-Castillo et al., 2013;
Bowes et al., 2011; Gateva et al., 2009; Gregersen et al., 2012; Han et al., 2009;
Kawasaki et al., 2010; Nair et al., 2009; Sun et al., 2010). Interrogating ABIN-1’s
function in cells and in intact organisms may help demonstrate why ABIN-1

mutations predispose to disease.
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This thesis explores the roles of ABIN-1 in the immune system. In chapter 2, we
present studies, which demonstrate that ABIN-1 restricts TNF-induced apoptosis.
We show that ABIN-1 expression in innate cells preserves immune homeostasis.
These experiments support that ABIN-1 restricts TNF-dependent and TNF-
independent signals. In chapter 3, we present studies, which demonstrate that
ABIN-1 expression in DC is required to restrict MyD88-dependent TLR signals

and protect against inflammatory autoimmune disease psoriasis.
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Chapter 2

ABIN-1 Protects Against TNF-Induced Embryonic

Lethality And Supports Immune Quiescence
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Summary

Heterologous expression of ABIN-1 (A20 Binding and Inhibitor of NFxB-1), like
A20, was suggested to restrict TNF-induced inflammation and cell death. ABIN-
1’s physiological function was unknown. To interrogate ABIN-1’s roles in vivo, we
generated ABIN-1-deficient mice. Endogenous ABIN-1 was required for
successful TNF-competent mouse embryonic development, as ABIN-1" embryos
died with fetal liver apoptosis, anemia and hypoplasia. TNF-deficiency rescued
this lethality, demonstrating that ABIN-1 restricts potentially lethal TNF-induced

signals during embryogenesis.

ABIN-17 TNF™ mice had a striking immune phenotype. ABIN-1"- TNF"- RAG-1"
mice showed that ABIN-1-deficient mature T cells and B cells were not required
to generate splenomegaly. Using ABIN-1"" fetal livers for stem cell transfer into
chimera, we showed that ABIN-1"7" hematopoietic lineage-specific deletion of
ABIN-1 was sufficient to generate this partially cell-intrinsic widespread immune
activation. These studies provide new insights into how ubiquitination and
ubiquitin sensing proteins regulate cellular and organism survival and immune

quiescence.
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Introduction

Human GWAS studies implicate regulators of innate and adaptive immune
signaling in disease susceptibility. Negative regulators of proinflammatory
signaling protect against destructive immune activation. Identification and
investigation of functions of regulatory genes can help in design of targeted
therapies. Disease susceptibility SNPs identified in both A20 and ABIN link these
genes to a partially overlapping list of autoimmune diseases and diseases that
are exacerbated by damaging inflammation (Ma and Malynn, 2012). These
connections support that biochemical and cell-biological dissection of ABIN-1
physiological functions could elucidate mechanisms by which ABIN-1 protects

against aberrant inflammation and disease.

In this study, we investigated the roles of ABIN-1 in maintaining cell survival and

immune quiescence. We have demonstrated a critical role of ABIN-1 in restricting
TNF-induced apoptosis. Additionally, we demonstrated that ABIN-1 expression in
innate cells preserves immune homeostasis through regulating TNF-independent

signals.
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Results

ABIN-1 is required for successful embryonic development.

To generate ABIN-1 deficient mice, we generated a gene-targeting construct in
which mouse Thip1 exons 12 - 15 were flanked with LoxP sites. We introduced
this construct into C57BL/6 inbred mouse embryonic stem cells and bred
individuals with germline transmission of the targeted allele to mice bearing E2A-
Cre recombinase. Mice bearing the null allele lacking exon 12-15 were then bred

back to B6 to make ABIN-1*" mice.

We found that only 2-3% of live-born pups were ABIN-1"". ABIN-1"" embryos
were found in Mendelian ratios at post coital days E12.5 through E18.5 (Table 1).
The majority of ABIN-1-deficient mice die during embryonic development with
lower than normal body mass, pale color, and anemia (Figure 1A-C). ABIN-17"
embyos develop excessive cell death in the liver, as characterized by
hypocellularity and immunohistochemical staining of cleaved Caspase 3 (Figure
1D). This indicates that ABIN-1 has a role in supporting the development of
viable embryos. TNF induces RelA and many NF-kB survival-enhancing genes
(Gallagher et al., 2003). RelA-deficient mice die of late stage TNF-dependent
embryonic lethality (Doi et al., 1999). Adenoviral expression of ABIN-1 blocked
TNF-induced apoptosis in hepatocytes (Wullaert et al., 2005). We hypothesized
that ABIN-1 may also restrict TNF-induced apoptosis during embryogenesis.

Accordingly, we tested whether TNF-deficiency could rescue ABIN-1-deficient
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embryos. ABIN-17" embryonic lethality is largely TNF-dependent, as ABIN-1""
TNF” embryos are born at near Mendelian ratios. This demonstration of TNF-
dependent death in vivo argues strongly that endogenous ABIN-1 protects

against TNF-induced cell death during embryonic development.

22



ABIN-1 genotype
TNF genotype Age +/+ +/- -/- -- (%) Total #
E15.5pc |12 32 17 (27.9%) | 61
E16.5pc |6 29 11 (23.9%) |46
TNF +/+ E18.5pc | 11 16 11 (28.9%) |38
newborn | 12 28 1 (2.4%) 41
3-4 week | 37 92 4 (3.0%) 133
TNF +/- live born |19 28 4 (7.8%) 51
TNF -/- live born | 27 61 22 (20%) 110

Table 1. ABIN-1 is required for regulating TNF signals in utero.

Numbers of embryos or live born pups of the indicated genotypes at various
stages of development obtained from ABIN-1*" heterozygote intercrosses are
shown. Total embryos/pups genotyped at each stage of development for each
TNF genotype is indicated at right (total). The percentages of embryos that were
homozygous deficient (ABIN-17") among specific TNF genotypes and at specific

stages of development are indicated in parentheses.
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Figure 1. ABIN-1 is required for embryonic development.

(A) Gross appearance of ABIN-1*"* and ABIN-1"" embryos. (B) Hypoplasia of
E18.5 ABIN-1" embryos. Weights of individual embryos are shown as circles;
horizontal bars indicate mean weights for each genotype. ABIN-17" embryos
weigh less than 