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Abstract

A vast number of cellular processes and signaling pathways are regulated by various receptors,
ranging from transmembrane to nuclear receptors. These receptor-mediated processes are
modulated by a diverse set of regulatory proteins. TNFa-induced protein 3-interacting protein 1 is
such a protein that inhibits both transduction by transmembrane receptors, such as TNFa.-receptor,
EGF-R, and TLR, and nuclear receptors’ PPAR and RAR activity. These receptors play key roles
in regulating inflammation and inflammatory diseases. A growing number of references have
implicated TNIP1 through GWAS and expression studies in chronic inflammatory diseases such
as psoriasis and rheumatoid arthritis, although TNIP1’s exact role has yet been determined. In this
review, we aim to integrate the current knowledge of TNIP1’s functions with the diseases in
which it has been associated to potentially elucidate the role this regulator has in promoting or
alleviating these inflammatory diseases.
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1. Introduction

Receptor-mediated signals and the changes in gene expression they instigate are regulated
by the availability of receptor ligands as well as supernumerary checks on post-receptor
pathways thus providing a more rheostat-type control rather than an all-on or all-off switch.
The TNFa-induced protein 3 (TNFAIP3)-interacting protein 1 (TNIP1, also known as
ABIN-1, Nafl and VAN) appears to be one of these pathway-modulating factors. Known as
a human cellular protein capable of interaction with the HIV proteins nef and matrix [1,2], it
was also discovered to interact with the cytoplasmic protein A20 (also known as TNFAIP3)
and to dampen subsequent NF-xB signaling following TNFa receptor (TNFa—-R) activation
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[3]. Even with this latter function well established, TNIP1’s interaction portfolio continues
to expand [3-7]. For instance, we have found it acts as a corepressor of ligand-bound
retinoic acid receptors (RAR) [8] and peroxisome proliferator activated receptors (PPAR)
[9], while other researchers discovered it prevents EGF-R-induced ERK2 nuclear
translocation [10]. Additionally, genetic ablation of TNIP1 in mice [11] has suggested the
phenotype due to its loss may not simply be the inverse of over-expression studies.
Unexpectedly, TNIP1 null cells had levels of NF-xB-dependent gene expression similar to
wild-type cells. Nevertheless, in these cells, another post-TNFa receptor pathway was
affected, leading to increased apoptosis [11]. These roles for TNIP1 in model systems raise
the questions of what do we know of TNIP1 in human disease, and, how might one correlate
TNIP1 reduction of TNFa signaling with other findings of altered TNIP1 expression levels
in inflamed tissues. The aim of this review is to provide some perspective by examining the
association of TNIP1 and disease states in human genetic studies along with candidate
signaling pathways based on cellular and molecular studies.

2. TNIP1 and associated diseases and phenotypes

2.1 Implications from GWAS and array studies

Current connections between TNIP1 and human pathologies cross several tissues including
skin, connective tissue, possibly blood vessels and some internal organs. These associations
derive from high throughput approaches such as genome-wide association studies (GWAS)
and expression microarrays [12-18] (Table 1). Whether through sequence variations or
expression levels, these approaches have linked TNIP1 with psoriasis, systemic lupus
erythematosus (SLE), systemic sclerosis (SSc), rheumatoid arthritis (RA) and leukemia/
lymphoma. Although family genealogies and twin studies have documented hereditary
components or shared genetic loci for these pathologies [19-24], no one gene such as TNIP1
has been identified as definitively causative for any one of them, unlike the variant coding
sequence for a “classic” single-gene disease, viz. hemophilia and mutations in genes for
clotting factors V11 or IX. Further compounding the study of psoriasis, SLE, and RA is the
participation of often multiple cell types, broadly grouped as non-immune and immune,
suggesting TNIP1 expression changes specific to any one of them might confer some
disease pathology to the affected organ. Although no human disease correlate has yet been
identified with the pathology seen in the TNIP1 mouse knockout [11] (see section 2.3), a
lupus-like autoimmune disease was seen in a TNIP1 mutant mouse knock-in [25], which is
consistent with current genome wide association scans (GWAS). Additionally, the
inflammation-associated defects seen using both in vitro and in vivo experimental systems
are consistent with current reports of TNIP1 alterations associated with human auto-immune
and chronic inflammatory diseases. TNIP1’s wide tissue distribution [2,9,26] and
involvement in a number of receptor-mediated signaling pathways would likely extend
impact of its altered function to non-immune cells. For instance, we found TNIP1 antibody
staining in both stratified epithelial cells and germinal centers of human tonsil [26]. More
clearly defined roles for TNIP1 in normo- and patho-physiology and will benefit from
organ- and cell-specific knockout systems.

The TNI/PI gene has been implicated in psoriasis, SLE and SSc through at least three
independent GWAS reports. In each case however, the strongest disease-associated single
nucleotide polymorphisms (SNP) were in non-coding regions. In the psoriasis study [13],
despite strong association with the disease (P-value 1 x 10729) and ~1.5 fold increase in
TNIP1 expression between lesioned and uninvolved skin (i.e., tissues from the same
individual), the SNP was several kilobases upstream from the 7A/P1 locus. Psoriasis is
classically recognized as epidermal keratinocyte hyperproliferation with incomplete
differentiation, incomplete barrier formation, and immune cell infiltration [27]. Notably,
there is often the comorbidity of psoriatic arthritis, a chronic inflammatory disease where
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immune cells target the patient’s joints promoting cartilage breakdown and bone damage
[28]. It is not unexpected then that SNP alleles were also confirmed for psoriatic arthritis
[29,30].

Similar to psoriasis, SNPs in non-coding regions were also disease associated with SSc.
Three different TNIP1 SNPs were identified in European populations in the second GWAS
report for SSc [18]. Intriguingly, when TNIP1 mRNA and protein levels were assessed from
cultured dermal fibroblasts of SSc patients, a ~1.7-fold decrease was observed. A separate
GWAS study also identified SNPs in SLE. Two TNIP1 intronic SNP variants were found in
SLE patients from Chinese Han, Caucasian, and Japanese populations, with the latter two
groups having the same SNP [14,15,17]. Unlike the altered expression of TNIP1 in psoriasis
and SSc, there was no TNIP1 mRNA change associated with this SLE SNP [17]. However,
Kawasaki and colleagues suggested the SNP location in intron 1 could impact TNIP1
splicing possibly affecting the use of alternative exons 1A and B with exon 2 and thereby
contributing to the numerous splice variants of TNIP1 [31,32] with as yet unrecognized
consequences. Perhaps reflecting the polygenic nature of these pathologies, it is interesting
to note that a protein-protein interaction partner for TNIP1, TNFAIP3 (also known as A20),
is also a susceptibility locus for psoriasis [13,33], SLE [14,34], and RA [35,36]. Most
challenging in understanding these results will be to appreciate how SNP variants in non-
coding regions can go from association with the disease to at least contributory if not
causative. Some context for that comes from a recent report that about 88% of trait or
disease-associated SNPs are located in gene introns or intergenic regions [37]. Far from
being innocuous spacers between coding regions of genes, introns are now recognized as
possible sites of transcription-regulating factors at the DNA level and/or potential effectors
of splicing at the RNA level [38,39]. Likewise, proximal or intergenic regions, especially
those covering the disease-associated gene’s promoter/enhancer region, may affect
expression levels or tissue-specific expression [37]. Most recently, copy number variations
were reported for TNFAIP3 and TNIP1 suggesting other forms of genome-wide analyses
could prove productive in relating these genes to the disease states [40].

In addition to gene analysis, TNIP1 mRNA expression has been analyzed from several
human cell lines and tissues. Several splice variants having either 5" truncated ends or
lacking specific exons were detected in samples derived from patients with acute myeloid
leukemia (AML) [32]. Although variant 5" ends have been mapped to the use of alternative
first exons, the 3” truncations described in these samples are the first of their kind to be
reported. Most of the splice variants did not confer changes in amino acid sequence.
However, one variant lacking exons 16 and 17 was less effective at reducing NF-xB
activity. Decreased TNIP1 mRNA levels, for with full-length or splice variants, were
observed in AML patient samples post chemotherapy treatments. Separately, several TNIP1
mutations have been detected in gastrointestinal diffuse large B cell lymphomas [41]. These
sequence alterations are either point or frame-shift mutations, the latter resulting in a protein
truncation. One mutant in particular, causing a glutamic acid to lysine change (E476K), lost
its NF-xB inhibitory properties; other missense mutations did not alter this TNIP1 property.
Thus, sequence variations, either at the mRNA level possibly affecting message stability,
exon content, or amino acid sequence could impact ultimate TNIP1 protein function.
Additionally, we should consider that there could be functional consequence to even wild-
type TNIP1 protein if its levels or post-translation processing, e.g. phosphorylation (see
sections 2.3 and 5.2) were altered.

In contrast to other TNIP1 associated diseases, the connection between 7A/PIand RA
appears strictly at the expression level, not at a susceptibility locus or nucleotide mutation.
Three SNP type GWAS reports [17,36,42] concluded loci-disease association(s) did not
meet the cut-offs used for the analyses. However, when compared to knee synovial
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membrane biopsies from osteoarthritis patients, similar samples from patients with RA
showed a 2.5-3.5 fold TNIP1 mRNA increase. Osteoarthritis and RA are referred to as non-
inflammatory versus inflammatory forms of the disease, respectively. Consistent with this
inflammatory association, TNIP1 was one of the genes with increased expression following
TNFa treatment of cultured synovial fibroblasts [12]. Nevertheless, TNFa-increased TNIP1
expression may be tissue specific by following one of multiple post-TNFa-receptor
signaling pathways. For instance, retrovirus-mediated increases in NF-xB signaling, one of
several post-TNFa-receptor consequences, did not increase TNIP1 expression in dermal
fibroblasts but did in epidermal keratinocytes [43]. TNIP1 up-regulation in response to
signaling from inflammatory mediators coupled with dampening of NF-xB activity, at least
in experimental systems, suggests its disregulation may be contributory and/or consequential
to cytokine signaling.

2.2 Non-coding changes in TNIP1 and possible connections to disease

The quandary of how TNIP1 non-coding region SNPs affect psoriasis, SLE and SSc is much
the same as for any other extra-exonic sequence changes associated with disease. Sequence
alterations in promoter regions, even those distant to transcription start sites may affect
transcription factor binding and, in turn, mRNA production. Likewise, SNPs in non-coding
regions may alter transcript conformation resulting in changes in its stability, translational
efficiency, or interaction with RNA regulatory factors [44]. Thus even the wild-type TNIP1
protein sequence at altered levels could impact the associated disease states given the ability
of TNIP1 to modulate post-receptor signaling as detailed below. In the case of RA,
experiments using fibroblast-like synoviocytes show wild-type TNIP1 increases pro-
inflammatory cytokines, potentially advancing the disease [45]. In this vein, as psoriasis,
SLE, and RA are at least in part regulated [46] by receptor pathways (TNFa—-R and EGF-R)
modulated by TNIP1, TNIP1 itself could be a focal point for clinical intervention. This
possibility is again echoed by TNIP1 corepression of nuclear receptors currently used as
therapeutic targets (RAR) [47] or suggested for such use (PPAR) [48,49] for treatment of
psoriasis or other inflammatory diseases [50]. However, a discrepancy arises in TNIP1’s
inhibitory effect on TNFa—R signaling and increasing pro-inflammatory cytokines in RA.
The authors hypothesize that TNIP1 could regulate these molecules through a separate
pathway distinct from TNFR [45]. Therefore, while several targets have been elucidated, it
is plausible that other TNIP1-mediated pathways are yet to be discovered.

2.3 Experimentally altered TNIP1 levels and the resulting phenotypes

Building on the cell culture findings of NF-xB inhibition by TNIP1 overexpression, Beyaert
and colleagues used adenoviral gene delivery of TNIP1 to test its effect on allergic airway
inflammation [51]. Constructs expressing either TNIP1, the NF-xB inhibitor I1xB (as a
positive control), or a LacZ (as a negative control), were generated and delivered
intratracheally to mice prior to irritant exposure. Comparing tissue histology, protein
markers, and mRNA production, they demonstrated increased TNIP1 levels could, like the
NF-xB inhibitor IkB, decrease sensitivity to the experimental irritant compared to animals
receiving the negative control construct. These finding confirmed and extended the role of
TNIP1 negatively regulating NF-xB-dependent gene expression associated with
inflammation.

In addition to an anti-inflammatory effect, the protective role for TNIP1 has been extended
to inhibition of apoptosis. TNIP1 overexpression from adenoviral constructs protected mice
from TNFa/galactosamine (TNF/GalN) induced acute liver failure [52]. TNF/GalN-treated
animals receiving control constructs showed massive sinusoidal hemorrhage, significant
infiltration of neutrophils and macrophages, and increases in apoptotic markers such as
caspase. However, these changes were significantly restricted or undetectable in mice over
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expressing TNIP1. This data suggests that TNIP1 has an anti-apoptotic function in addition

to its regulation of inflammation. Importantly, NF-xB suppresses TNF-mediated hepatocyte
apoptosis. This makes the hepato-protective effects of increased levels of TNIP1, with their
expected inhibition of NF-xB, particularly intriguing. Thus, as Beyaert and colleagues point
out, the hepato-protective effect of TNIP1 in this murine model of liver failure highlights an
additional, anti-apoptotic function of TNIP1, possibly distinct from its NF-xB inhibition.

Using a TNIP1 knockout mouse line, Oshima and colleagues confirmed Beyaert’s results
showing TNIP1 control over programmed cell death (PCD). TNIP1 deficient mice are
smaller and present with anemia and hypocellular livers showing markers of apoptosis but
not inflammation [11]. This phenotype is surprising in light of TNIP1’s suppression of NF-
xB and presumably inflammation [5,6,53]. Additionally, although TNIP1- null mice
developed in normal Mendelian ratios up to embryonic day 18.5, only ~ 1 in 40 mice were
live-born suggesting TNIP1 is essential in the development of normal embryos.
Interbreeding heterozygote TNIP1 mice with heterozygote TNF knockout mice resulted in
animals born in normal ratios [11]. This suggests TNIP1 is involved in embryonic
development, and has anti-apoptotic effects through regulation of TNFa signaling cascade
in a similar but distinct way compared to TNFa-induced NF-xB activation.

Subsequent to Oshima et a/., Zhou and colleagues also generated a TNIP1 knockout mouse
line via the gene trap method [11]. Similar to prior observations, a decrease in the number of
live-born homozygous null mice was noted (4.3% vs. expected 25%). However, new born
live pup survival was increased to 10.3% when the C57BL/6 strain mice were backcrossed
with the 129S2 strain, suggesting that the mouse genetic background influences TNIP1’s
role in embryonic development. Interestingly, the live-born TNIP1 deficient mice die within
4 months. These mice present with enlarged lymph nodes and spleen, and develop an
inflammatory disease similar to SLE. Deletion of the TNFa-R in addition to TNIP1
prevented the embryonic lethality. These mice, however still retained their inflammatory
disease state, suggesting that the inflammation could be caused in a TNFa-R-independent
pathway. Both these murine experiments indicate TNIP1 plays key roles in regulating
TNFa-R dependent and TNFa-R independent pathways.

To contrast animal phenotypes caused by a lack of TNIP1 from those expressing a TNIP1
variant, Nanda and colleagues generated a TNIP1 knockin mouse where a single amino acid
in TNIP1’s UBAN (ubiquitin binding in ABIN and NEMO) domain was mutated [25]. The
inability of TNIP1 to bind ubiquitin chains led to the development of a lupus-like
autoimmune disease in these knock-in mice. Different from the knockout mice, these
knockin mice were the born in normal Mendelian ratios; examination of the spleen and
lymph nodes, however, showed an enlargement of these organs. Within 5 months, all
recombinant mice developed the autoimmune disease and were sacrificed by 6 months.
Analysis of immunological mediators showed a TLR ligand-dependent increase in levels of
serum immunoglobulins and autoantibodies. This SLE-like phenotype derives from an
experimentally induced change in a conserved amino acid of the core UBAN sequence.
Intriguingly, the mutation associated with a human large B cell lymphoma (see section 2.1
above) also mapped to the UBAN domain, although it occurred at a different amino acid in
the core sequence [41].

Recently, TNIP1’s cytoprotective role was also reported using cultured Saos-2 cells [54].
Over-expression of TNIP1 provided cells with more resistance to treatment with the histone
deacetylase inhibitor trichostatin-A. Zhang and colleagues observed that during the cell
cycle, there was an M phase-dependent TNIP1 phosphorylation. Taking a cue from when in
the cell cycle this modification arose and that the phosphorylated TNIP1 protein was
degraded with the progression from M to G1 phase, the investigators hypothesized that
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TNIP1 phosphorylation may be an important event as a cell cycle protective factor.
Presumably, the effects trichostatin A induces from accumulated acetylation impaired
chromosome condensation that would be incompatible with cell cycle progression. The
protection from chemically-induced apoptosis by TNIP1 over-expression may be the
reciprocal of the increased sensitivity to cytokine- (TNFa) induced apoptosis in cells
derived from TNIP1 null mice [11].

Taken together, these /n vivoand in vitro models strongly suggest TNIP1 plays a crucial
role in regulating several cellular pathways involved in inflammation and immune-related
disorders (Table 2). The phenotypes arising from experimentally altering TNIP1 levels or
ubiquitin binding are consistent with diseases correlated with TNIP1 from GWAS and
expression arrays. Since expression array studies found increased 7/N/P1 levels in psoriasis
and RA, these elevated levels could play a crucial role in reducing the pathogenesis of these
diseases. We speculate that if TNIP1 protein amounts could be further increased, the
inflammatory phenotype may be lessened, providing a potential treatment for these diseases.

2.4 TNIP1 modulation of HIV proteins and viral life cycle

While this review focuses on the role of TNIP1 via its interactions with other endogenous
proteins, we would be remiss not to note the possible significant implications of its
interactions with the HIV encoded proteins nef and matrix. Beyond these physical
associations, early work demonstrated higher levels of TNIP1 increased levels of cell
surface CD4; these CD4 amounts were decreased by co-expression of HIV Nef [1].
Additionally, TNIP1 interaction with HIV matrix suggested it might regulate the nuclear
localization of that viral protein [2]. Better understanding of the opportunistic use of TNIP1
by these viral proteins awaits more in-depth investigation in such systems as has accrued for
TNIP1 and TNFa, EGF-Rand nuclear receptor signaling. Until then, we note three
potentially important intersections between TNIPL, its target proteins or signal pathways,
and players in HIV pathogenesis or treatment: i)the HIV Nef increase in ERK enzymatic
activity [55] and the physical association of ERK and TNIP1 [10], ii)the activation of NF-
xB by Nef ([56] for review) and the dampening of NF-xB signaling by TNIP1, and iii)the
shortcomings of PPARy agonists in the treatment of HIV antiretroviral therapy-related
lipoatrophy (highlighted in [57], see also [58]) and corepression of agonist-bound PPAR
activity by TNIP1 [9]. Together, these overlaps suggest TNIP1’s functions regulating the
activity of post-TNFa receptor signaling, NF-xB activation, ERK activity, and PPARy
function could have significant impact on cellular consequences of HIV infection and
patient therapy.

3. TNIP1 functional motifs
3.1 Ubiquitin binding regions

It was within the post- TNFa-R pathway that TNIP1 was recognized as a protein-protein
interaction partner of A20 (also named TNFAIP3) and, like A20 [59], an inhibitor of NF-xB
signaling [3]. A later report [5] dissected this relationship and suggested that interaction of
A20 and TNIP1 was not required for either’s inhibition of TNFa-activated NF-xB
signaling. Nevertheless, a TNIP1-A20 functional cooperation may exist to form an A20-
ubiquitin editing complex ([60] for review) or other functional interactions since A20
knockdown does decrease recombinant TNIP1’s ability to inhibit NF-xB [6]. Some
constituents of the complex may be redundant in this important control step of NF-xB
signaling and/or vary in relative expression levels dependent on cell type thereby accounting
for differences in interpretation of protein function. These constituents include proteins
controlling protein ubiquitination and/or recognizing ubiquitinated proteins. For the latter
case, ubiquitin binding motifs, called UBAN (ubiquitin binding in ABIN and NEMO)
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domains, are present in TNIP1 [61] (Fig. 1). The UBAN domain, previously named ABIN
homology domain 2 (AHD?2), is present in all ABIN proteins [62] and NEMO. TNIP1’s
similarities with the other ABIN family members, ABIN-2 and ABIN-3, extend past its
homologous amino acid sequences. All three ABINs contain the UBAN domain, capable of
binding ubiquitin chains to inhibit NF-xB activation.

In addition to the presence of these motifs, TNIP1’s ability to bind ubiquitin proteins was
shown through protein-protein interaction experiments [7,11,25]. It is this direct binding that
facilitates TNIP1’s inhibitory effects on transmembrane receptor-mediated pathways.
UBAN motifs, found between amino acids 461 to 483, are essential to the NF-xB inhibitory
function of TNIP1. A core sequence within the domain, DFXXER (X = any amino acid),
appears to be crucial for binding ubiquitin as mutations of these residues abolish TNIP1’s
repressive effect [5,25,41].

3.2 Nuclear Receptor Interaction Motifs

Research in our laboratory has identified TNIP1 as a nuclear receptor (NR) coregulator.
Coregulators physically associate with NRs and are key determinants of NR-mediated
transcriptional activity. They are broadly subdivided into two functional classes —
coactivators and corepressors — which either facilitate or inhibit the transcription of NR-
targeted genes. To examine what coregulators may be present in human skin cells, we [63]
conducted a yeast two-hybrid screen of a keratinocyte cDNA library using the carboxyl two-
thirds of PPAR«x which contain the contiguous ligand-binding domain and ligand-dependent
activation function (LBD and AF-2, respectively). TNIP1 was one of the proteins isolated in
that screen.

The TNIP1 amino acid sequence contains two types of potential interaction motifs for
association with NRs, LXXLL (L = leucine, X = any amino acid), referred to as an NR box,
and LXXX!/ . XXX/, (I = isoleucine), referred to as a corepressor (CORNR) box (Fig. 1).
Typically, NR boxes are associated with coactivators and CORNR boxes with corepressors.
Agonist binding causes a repositioning of the NR AF-2 domain resulting in the shedding of
a corepressor and the recruitment of a coactivator [64]. Although TNIP1 contains both types
of matifs, further experiments have characterized it as a corepressor of agonist-bound
PPARs and RARs [8,9].

4. TNIP1 inhibits TNFa—R -induced signaling cascades

4.1 Overview of the TNFa—R-induced signaling cascades

TNFa binding to its receptor can trigger intracellular signaling consequences including NF-
xB-dependent transcription and programmed cell death ([65,66] for reviews). For both
TNFa-R induced outcomes, the activated receptor recruits and binds numerous intracellular
proteins, including the kinase enzyme RIP1, forming a group of proteins named “Complex
I”. To initiate the cascade for NF-xB activation, RIP1 is ubiquitinated thus activating its
kinase activity. RIP1 activation facilitates the phosphorylation which results in the
subsequent ubiquitination of the NF-xB essential modulator (NEMO, also named IKK-y),
which is a subunit in the trimeric protein complex, the inhibitor NF-xB (IxB) kinase (IKK).
The IKK complex is comprised of two additional kinase enzymes, IKKa and IKKp.
Ubiquitination of NEMO activates the associated kinase enzymes in the IKK complex,
which results in the phosphorylation and eventual degradation of IxB, a protein which
physically retains the homo-or hetero-dimeric NF-xB in the cytoplasm. Degradation of 1xB
releases NF-xB, exposing its nuclear localization sequences allowing the transcription factor
to translocate to the nucleus and to bind NF-«xB sites in responsive gene promoters (see Fig.
2).
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TNFa-R mediated programmed cell death begins with TNFa-R binding to its
transmembrane receptor followed by the intracellular recruitment of various proteins to the
receptor, forming Complex I. Deviating from the NF-xB activating pathway, this group of
proteins dissociates from the TNFa-R. Complex I then recruits the fas associated death
domain (FADD), which facilitates the binding and activation of procaspase 8 to caspase 8,
forming the aptly named Complex Il. Complex Il further mediates the cleavage and
activation of pro-apoptotic enzymes, such as caspase 3 and tBid. tBid interacts with the
mitochondria, disrupting its plasma membrane, allowing the release of more pro-apoptotic
mitochondrial proteins such as cytochrome ¢ and Smac/DIABLO into the cytoplasm further
leading to the activation of caspases, DNA cleavage, and eventual cell death [67] (see Fig.
2). The ultimate fate of this signaling pathway depends on the intracellular proteins available
during TNF-R activation.

4.2 TNIP1 protein-protein interactions and NF-kB activation (NEMO, p105 & TNFa-R)

TNFa-R-mediated NF-xB activation is largely dependent on a series of phosphorylation and
ubiquitination steps on various proteins. Typically, ubiquitination is part of the proteasome-
mediated protein degradation pathway; however, there are proteins, including NEMO,
whose ubiquitination results not only in protein breakdown but also in protein-protein
interaction and enzyme activation [60]. Although not an enzyme itself, ubiquitinated NEMO
interacts with IKKa and IKK in the IKK complex and facilitates activation of these
kinases. The ubiquitination of NEMO is essential in this cascade because without it, the
subsequent degradation of 1«B and release of NF-xB will be prevented. TNIP1 over-
expression inhibits NF-xB signaling downstream of TRAF2, apparently at the level of IKK
(see Fig. 2), specifically NEMO. There is a direct physical interaction [6] between TNIP1
and NEMO (in addition to TNIP1 and A20) and with TNIP1 levels experimentally
increased, A20-mediated removal of ubiquitin from NEMO is likely facilitated, decreasing
the activity of the IKK complex, blocking NF-xB gene regulation [6,7].

In addition to the interaction with NEMO, TNIP1 can also prevent NF-xB activation
through decreasing the pool of one of the NF-xB subunits -- p50. NF-xB is a homo- or
hetero-dimeric transcription factor consisting of proteins in the Rel family. The p50 and p65
complex is the most common NF-xB dimer, with the p50 subunit derived from proteolytic
processing of the precursor, and 1xB protein, p105. Endogenous [68] and overexpressed [53]
TNIP1 was found to bind and inhibit the processing of p105 resulting in a reduction of
active p50. While the two proteins can physically interact, this is not an absolute
requirement for the effect on p105 (see Fig. 2). Interestingly, for any effect TNIP1 may have
on intracellular signaling, increases in p105 expression significantly increased TNIP1 half-
life. This protein-protein interaction could prevent NF-xB activation in two ways:
(1)decreasing available p50 to form an active NF-xB dimer and (2)increasing TNIP1
expression to prevent IKK activation.

Further upstream of NEMO or Complex I, TNIP1 was found to interact with the TNFa-R.
Haas and colleagues identified the various intracellular proteins recruited post TNFa-R
ligand binding, including the IKK trimeric complex and TNIP1. Although the specific
details of how TNIP1 associates with the complex were not elucidated, mechanisms of
NEMO’s association in this complex were discussed. NEMO’s ubiquitin binding domain,
UBAN, facilitates the recruitment of the complex to other ubuquitinated TNFa—R bound
proteins, such as RIP1 and TNFa~-R associated factor 2 (TRAF2). Given that TNIP1 also
has the same UBAN domain, it is likely that its presence in the TNFa—R complex is
mediated through TNIP1’s ability to bind ubiquitin chains.

Through physical association with NEMO, p105 and the TNFa-R, the molecular
mechanisms of TNIP1’s function to inhibit NF-xB-dependent gene transcription may
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explain its potential role in inflammatory and immune-related diseases. Deregulation of this
pathway can result in a myriad of diseases and disorders, including but not limited to the
progression of arthritis and psoriasis, and yet, controlled TNFa—-R signaling can lead to
differentiation and immunomodulation in equally diverse cell types [65,66]. As previously
mentioned for leukemia-lymphoma [32,41] and psoriasis [13,33], TNIP1 association with
disease states need not be limited to variants in its protein sequence. Wild-type TNIP1 could
still play a key role in pathologies or as a pharmacologic target if its levels were altered, as
in this case subsequent to increases in p105.

4.3 Control over programmed cell death post-TNFo—R signaling

Additional /n vitro studies using TNIP1 knockout- or wild type-derived mouse embryonic
fibroblasts (MEF) and three TNIP1 deficient human cell lines were performed to further
characterize the specific molecular interactions in which TNIP1 is involved. These cell
culture experiments mirrored the results observed from whole animal studies [11]. As
observed by Oshima et al., mice lacking both TNIP1 and TNF exhibited hypocellular livers
due to increased apoptosis; human and mouse cell lines deficient in TNIP1 were prone to
TNFa-induced PCD. Conversely, exogenous TNIP1 expression into these cells recovered
the normal phenotype. Specifically, the presence of TNIP1 prevented the activation of
apoptosis regulating enzymes tBid, caspase 3 and caspase 8, which are downstream targets
of the TNFa cascade. Similar to TNFa-mediated NF-xB activation, initiation of PCD by
TNFa involves the recruitment of numerous intracellular proteins to the TNFa-R. Deviating
from the prior NF-xB activating cascade, these intracellular proteins dissociate from the
receptor to recruit the Fas associated death domain (FADD), which facilitates recruiting and
activating caspase 8 from pro-caspase 8. This secondary protein complex mediates the
cleavage and activation of additional pro-apoptotic intracellular proteins such as Bid to tBid
and procaspase 3 to caspase 3. tBid interacts with the mitochondria, disrupting its plasma
membrane, allowing the release of more pro-apoptotic mitochondrial proteins such as
cytochrome ¢ and Smac/DIABLO into the cytoplasm further leading to the activation of
caspases, DNA cleavage, and eventual cell death [67] (see Fig. 2). Protein-protein
interaction analysis show TNIP1 inhibits secondary protein complex formation by blocking
the FADD and caspase 8 interactions (see Fig. 2). These experiments revealed TNIP1 is
involved in inhibiting apoptosis early in the TNF signaling pathway [11].

4.4 TNIP1 anti-apoptotic roles are unexpected from prior TNIP1-NF-kB studies

A discord in determining TNIP1’s function arises comparing the results observed from
Oshima et al. and previous published data. Prior /n vitro data concluded TNIP1 inhibits
TNFa-mediated NF-xB activation [3,6], whereas the new /in vivoand /n vitro research
suggest TNIP1’s inhibitory effect is seen in TNFa-mediated programmed cell death [11]. It
is possible that TNIP1 has the capability of blocking both pathways, but favors inhibition of
PCD depending on which intracellular proteins are available to regulate the cascade. The
presence of intracellular proteins could be a result of the different cell types used. Earlier
NF-xB related research used HEK293 cells and later experiments used Jurkat T cells,
HepG2 hepatoma cells and HT1080 fibrosarcoma cells, in addition to MEF’s. The
intracellular proteins available in each cell type may play a factor in determining TNIP1’s
regulatory function.

Apoptosis plays a key role in the physiology of many tissues and cells, both in normal and
diseased states. Keratinocyte differentiation, for example, depends on cell death to make the
necessary epidermal layers to produce the outermost barrier layer, the stratum corneum,
which protects our bodies from vast physical or chemical insults and injuries [69]. Aberrant
keratinocyte cell death leads to hyperproliferation of the skin, which could contribute to the
progression of psoriasis [70]. Since keratinocyte hyperproliferation is observed in psoriatic
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lesions, the increased TNIP1 levels in lesioned psoriatic skin [13] may be inhibiting the
TNFa-induced PCD therefore contributing to the progression of the disease.

5. TNIP1 control over the epidermal growth factor receptor pathway
5.1 TNIP1 blocks NF-kB activation

Although the canonical NF-xB activation occurs through the TNFa-R pathway, the
epidermal growth factor receptor (EFGR) pathway can also initiate NF-xB translocation
through an as yet uncharacterized mechanism. However, it is known that the induction of
NF-xB by EGF-R is independent of IxB degradation, thus a different pathway involving
different regulatory proteins is mediating its activation. Similar to the TNFa-R cascade,
TNIP1 prevents NF-xB dependent gene regulation in cells stimulated with EGF [71].
Because the induction of NF-xB by EGF-R is independent of IxB degradation, TNIP1 is
likely interacting with different, yet determined protein(s) in the EGF-R pathway.
Interestingly, TNIP1’s UBAN domain plays a functional role in this inhibition. Mutations in
the DFXXER sequence abolish TNIPlinhibitory effects, suggesting that ubiquitin binding is
necessary for this function. These results, along with data involving TNFa-R, demonstrate
that TNIP1 may regulate inflammation through more than one mechanism. Furthermore,
there appears to be a redundancy in TNIP1 function to prevent NF-xB activation regardless
of which post-receptor signaling initiates its nuclear translocation.

5.2 TNIP1 blocks ERK2 signaling

TNIP1’s regulation of the EGF-R pathway was extended to its inhibition of extracellular
signal-regulated kinase (ERK) 2 nuclear translocation. ERK [72] is one cytoplasmic
stepping stone in a signaling pathway initiated by activation of cell membrane receptors
such as G-protein coupled receptors, EGF-R, and integrins. These receptors translate
extracellular signals through the cytoplasm via the sequential phosphorylation and therefore
activation of Raf, MEK and eventually ERK. Phosphorylated (i.e., enzymatically activated)
ERK can be found both in the cytoplasm and nucleus, increasing opportunity for it to in turn
phosphorylate more than 100 target proteins, thus regulating a multitude of physiological
processes including cell proliferation, migration and death [72]. Over-expression of TNIP1
in osteosarcoma (Saos-2) cells [10] inhibited the nuclear translocation of EGF-activated
ERK2 recalling the suggestion from Gupta and colleagues [2] that increased levels of TNIP1
may titrate out cellular factors necessary for its ability to shuttle into the nucleus. This
TNIP1-induced stalling of ERK in the cytoplasm reduced transactivation of ERK-dependent
reporter constructs. Coincident and perhaps as a direct result of the TNIP1-ERK2
interaction, over-expressed TNIP1 itself was phosphorylated subsequent to EGF stimulation
[10] (Fig. 2).

TNIP1 reduction of ERK2 signaling and translocation to the nucleus might also have a
collateral effect on TNFa signaling. ERK2 activation promotes the translocation of TNFa
mRNA from the nucleus into the cytoplasm [73,74]. With ERK2 signaling lessened by
TNIPL, it will be important to formally test if TNFa production is decreased and possibly its
promotion of inflammatory disease states e.g., psoriasis. It is possible the increase in TNIP1
expression seen in psoriasis [13] and the experimental increase in TNIP1 brought about by
TNFa exposure [75,76] or recombinant expression [43] of NF-xB may be a compensatory
mechanism to negatively regulate inflammatory signals.

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2013 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ramirez et al.

Page 11

6. TNIP1 represses agonist-bound PPARs and RARs
6.1 TNIP1 is a PPAR and RAR Corepressor

The isolation and characterization of TNIP1 under the alias VAN (virion-associated matrix-
interacting protein), a human protein possibly involved with the HIV replication cycle, and
on its own, possessing a nuclear-cytoplasmic shuttling ability [2] raised the question of a
nuclear function for TNIP1 in absence of HIV infection. Since TNIP1 localization was
determined in both cytoplasmic and nuclear compartments [26], we became interested in
determining TNIP1’s possible role in the nucleus.

In a series of mammalian two-hybrid studies, we observed that TNIP1 interacted with
nuclear receptors PPARs and RARs only in the presence of agonist ligand [8,9], suggesting
TNIP1 functions as a coactivator. PPAR and RAR interaction with TNIP1 is strictly
dependent on the integrity of the NR AF-2 as conservative amino acid substitutions within
this domain completely abolished TNIP1 interaction, a coregulator characteristic again
suggestive of TNIP1 as a coactivator. However, mutagenesis of the NR boxes in TNIP1
complicated its coactivator candidacy. Conservative amino acid substitutions in either of the
TNIP1 NR boxes significantly reduced its interaction with PPARs, with an additive effect
observed when both were mutated equaling about 50% reduction [9]. For its interaction with
RARs, only the mutation of both TNIP1 NR boxes had a significant effect leading to about a
30% decrease in mammalian two-hybrid determined interaction [8]. Beyond NR boxes, we
observed that for both PPAR and RAR interaction the central portion of TNIP1 between
amino acids 206 and 418 played an important role despite the absence of recognizable NR
box motifs. For the NRs tested to date, the interaction of TNIP1 with them is neither
universal nor equal. TNIP1 exhibits a strong subtype preference amongst PPARs (y > & >»>>
a) and RARs (a > 7y) [8,9]. There is no interaction between TNIP1 and retinoid X receptor
(RXR) a, the common obligate heterodimer partner of both PPARs and RARs, regardless of
presence of RXR agonist.

Characteristics of TNIP1-NR interaction — requirement for ligand presence, requirement for
the integrity of receptor AF-2 domain, the partial dependence on TNIP1 NR boxes — all
suggest TNIP1 as a NR coactivator. We were somewhat surprised then to see that in the
presence of the respective NR agonists, TNIP1 attenuated the activity of both PPARs and
RARs [8,9]. TNIP1, however, had no effect on the activities of estrogen receptors a and p,
androgen receptor, and progesterone receptor (Encarnacao and Aneskievich, unpublished).
Although increased expression of TNIP1 decreases PPAR and RAR activity, the protein
levels of these receptors does not decrease [8,9,26] supporting the interpretation that the
repressive effect was due to the alteration in NR transcriptional activity by TNIP1, i.e., that
TNIPL is a bona fide corepressor of agonist-bound PPAR and RAR.

6.2 Towards resolving the role(s) of a corepressor of agonist-bound PPAR and RAR

As a NR coregulator, TNIP1 is in a still relatively small class of corepressors of agonist-
bound NRs exemplified by this group’s archetype, receptor interacting protein 140 (RIP140)
[77]. This group is distinct from the better-known typical corepressors e.g., nuclear receptor
corepressor (NCoR) and silencing mediator of retinoid and thyroid receptors (SMRT) which
associate with NRs in the absence of ligand and abolish the receptor activity entirely [64].
Rather, these corepressors of agonist-bound NRs attenuate receptor activity acting as
something of an emergency brake in cases of excessive receptor activation either by toxic
ligand levels or exposure to the ligand at inappropriate times. Additionally, even under
normal ligand conditions, they may contribute to a combinatorial approach to NR regulation,
providing for a finer level of control over receptor activity instead of the all-on or all-off
effect of typical coactivators or corepressors.
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Many corepressors of agonist-bound NRs contain both NR and CoRNR boxes [78]; TNIP1
fits this pattern. However, their mechanisms of NR repression vary. Unlike what has been
reported for RIP140 [79], we found no association between TNIP1 and chromatin
remodeling histone deacetylase (HDAC) enzymes. TNIP1 repression is partially relieved by
over-expression of the NR coactivator steroid receptor coactivator 1 (SRC1) suggesting that
interference with coactivator recruitment by liganded NRs is a mechanism of TNIP1
repression [8]. We found the transcriptional repression effect of TNIP1 was mostly localized
to its carboxyl-terminus and surprisingly, that its amino terminus could activate transcription
[9]. With such traits, TNIP1 may be a coregulator of mixed function akin to other such
proteins including NR binding SET domain containing protein 1 (NSD1) and comodulator
of PPAR and RXRa 1(COPR1) which act as a coactivator and corepressor, respectively, yet
possess separable activation and repression domains [63,71,78].

7. TNIP1 and TLR signaling

Additional receptor-mediated signaling pathways regulating inflammation may also be
controlled by TNIP1. Most recently, these include a role for TNIP1 in toll-like receptor
(TLR) signaling [25] likely via a complex with MyD88 [80], an essential signal transducer
in the TLR pathway. Using TNIP1 knockout mouse bone marrow-derived macrophages,
Zhou and colleagues determined that absence of TNIP1 had the functional consequence of
increased mMRNA expression and DNA binding of the transcription factor CCAAT/enhancer-
binding protein p (C/EBP) post TLR stimulation, resulting in the increased expression of
C/EBP target genes. Given that TLR signaling has been implicated to play a role in
inflammatory diseases, including psoriasis [81], SSc [82], SLE and RA [83], TNIP1’s
regulation of the TLR pathway could likely contribute to the pathogenesis of these diseases.

8. Conclusions & perspectives

TNIP1 appears to play important roles in regulating multiple receptor mediated signal
pathways— from the membrane bound TNFa-R [3,6,11], EGF-R [10], and TLR [25,80]
signaling cascades to modulating the transcriptional activity of nuclear PPAR [9] and RAR
[8]. Additionally, TNIP1 has been implicated in several disease states through changes in
protein expression [12,13,18] and/or gene SNPs [13-15,17,18], which could alter its
transcription or TNIP1 mRNA splicing [31,32]. Though TNIP1’s specific role has not been
identified in these diseases, we postulated mechanisms of TNIP1’s potential roles in either
the progression or regression of these disorders. In psoriasis, increased TNIP1 protein
expression could be abrogating the TNFa—induced PCD pathway instead of the pro-
inflammatory NF-xB signaling, consequently leading to hyperproliferation and increased
inflammation typical of psoriatic lesions. This hypothesis could account for the discord in
increased levels of NF-xB and TNIP1, an NF-xB inhibitor, as seen in psoriatic
inflammation.

However, another potential explanation for increased levels of both TNIP1 and NF-xB
could be that both are involved in a negative feedback regulation loop. In transcriptional
analysis studies, several NF-xB binding sites have been elucidated in TNIP1’s promoter
[75] and [84]. Additionally, Tian and colleagues concluded that increased TNIP1 expression
is delayed post-TNFa stimulation. We suggest that NF-xB activation primarily activates
pro-inflammatory molecules, thus progressing these diseases. TNIP1 upregulation could be
a secondary event arising from this transcription factor’s activation, and TNIP1 could then
partially alleviate inflammation.

Furthermore, TNIP1 could be involved in regulating inflammation through regulation of
other receptors, namely PPAR [9], RAR [8], and TLR [25,80]. Both PPAR and RARs are

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2013 June 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey JoyIny vd-HIN

Ramirez et al.

Page 13

pharmacologic targets used or proposed to treat inflammation [47-50], whereas TLRs have
gained attention as potential targets for immunotherapeutics [85]. TNIP1 may then regulate
inflammation as a NR corepressor and/or inhibitor of C/EBPp activation, preventing the
transcription of these inflammatory proteins. Depending on the function of these target
genes, the pathogenesis of these inflammatory diseases could be greatly affected by TNIP1.

In conclusion, while this review summarizes the various experiments defining TNIP1’s roles
regulating receptor mediated events and presents GWAS studies implicating TNIP1 in
psoriasis, SLE and RA, the compiled research to date has yet to determine the exact role this
regulator plays in normal physiology or the progression of these diseases. Much work
remains to determine whether the identified or yet potential undiscovered TNIP1-modulated
pathways are responsible for regulating inflammation. It is likely that further work regarding
TNIP1 will establish it as a significant regulator of these pathways and diseases.
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Figure 1.

Linear representation of TNIP1. Specific functional domains of TNIP1 are depicted. ABIN
homology domains (AHD) 1, 3 and 4 are shown in blue. TNIP1’s ubiquitin binding domain,
UBAN/AHD?2, is shown in red and contains the DFXXER core sequence motif. The
LXXLL nuclear receptor (NR) and LXXX!/, XXX/, corepressor/nuclear receptor (CORNR)
boxes are shown in black and gray, respectively. The putative nuclear export sequences
(NES) and nuclear localization sequences (NLS) are shown in open and filled triangles,
respectively.
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Figure 2.
TNIP1-mediated signaling pathways. The canonical NF-xB activation (left) and cell death

(middle top) pathways are mediated by the TNFa-R. (Left) In the NF-xB pathway,
intracellular proteins are recruited to the TNFa-R to form complex I, which facilitates the
phosphorylation and subsequent activation and polyubiquitination of NEMO. 1kB is then
targeted for degradation, allowing the p65/p50 NF-xB heterodimer to translocate into the
nucleus. TNIP1 inhibits NF-xB activation by preventing NEMO’s polyubiquitination.
Additionally, TNIP1 blocks the processing of p105 to the NF-xB subunit p50, therefore
decreasing the available pool of NF-xB. (Middle top) In the programmed cell death
pathway, complex | dissociates from the TNFa-R and recruits FADD and caspase 8 to form
complex Il. Complex Il mediates the activation of caspase 3 and tBid, leading to apoptosis.
TNIP1 prevents the recruitment of caspase 8 to complex | which prevents the signaling
cascade. (Right) EFGR initiates a MAP kinase pathway leading to the phosphorylation and
activation of ERK2, a MAPKK kinase. ERK2 can phosphorylate cytosolic and nuclear
substrates including various transcription factors. ERK2 nuclear translocation is inhibited by
TNIPL. (Middle nucleus) TNIP1 represses nuclear receptors transcriptional activity. Upon
ligand-NR binding, TNIP1 exerts its inhibitory effects on either PPAR or RAR. Red (O)
denotes TNIP1’s inhibitory functions.
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Table 1
TNIP1 and associated diseases
Disease TNIP1 Association Experimental Approach Reference
Psoriasis Intronic SNP; Increased GWAS; Gene expression Nair et al. [13]; Psoriasis Consortium
expression microarray [33]; Ellinghaus et al. [30]
Psoriatic Arthritis Intronic SNP GWAS Bowes et al.[29]
Systemic Lupus Erythematosus  Intronic SNP GWAS Kawasaki et al. [17]
Systemic Sclerosis Intronic SNP GWAS Allanore et al. [18]
Leukemia-Lymphoma Splice Variants RT-PCR and sequencing Shiote et al. [32]
Leukemia-Lymphoma Point or frameshift mutations ~ PCR and sequencing Dong et al. [41]
Rheumatoid Arthritis Increased expression Gene Expression microarray Gallagher et al. [12]
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Experimentally altered TNIP1 and the resulting phenotypes
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Experimental Model

Overexpression of WT TNIP1 in vivo via adenoviral
tail vein delivery

Overexpression of WT TNIP1 in vivo via adenoviral
intratracheal delivery

Mouse knockout by BAC recombineering and Cre
mediated excision to delete sequences including exons
12-15

Gene trap mutation mouse model

Mouse knock-in model mutating TNIP1’s UBAN
domain

Overexpression of WT TNIP1 in vitro in Saos-2
osteosarcoma cells

Phenotype

Protection from TNFa/Galactosamine induced acute liver
failure

Protection from allergen induced airway inflammation

1 in 40 mice were live-born; Embryonic lethal at day 18.5;
Anemic; Hypocellular livers; Increased apoptosis in
embryonic livers

1 in 40 mice were live-born; Embryonic lethal at day 18.5;
Live- born mice die within 40 days post- birth; Enlarged
lymph nodes and spleen

Development of lupus-like autoimmune disease within 5
months; Enlarged lymph nodes and spleen;

Protection from trichostatin A induced apoptosis

Reference

El Bakkouri et al. [51]

Waullaert et al. [52]

Oshima et al. [11]

Zhou et al. [80]

Nanda et al. [25]

Zhang et al. [54]
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