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Abstract

In recent years, our understanding of the pathogenesis of inflammatory bowel diseases (IBD) has
greatly increased. Hallmarks of IBD include loss of intestinal barrier function, increased cytokine
production and failed resolution of tissue damage. Lasting treatments are still lacking and
therefore, a better understanding of the underlying molecular mechanisms is necessary to design
novel therapeutic approaches. Apart from transcriptional and post-transcriptional regulation of
relevant genes, mammals have evolved a complex and efficient series of mechanisms to rapidly
modify newly made proteins for the purposes of signaling and adaptation. These post-translational
protein modifications include, amongst others, phosphorylation, hydroxylation, neddylation and
cytokine cleavage by the inflammasome. This review focuses on our current understanding of
post-translational protein modifications with a particular focus on their relevance to IBD
pathogenesis.

Introduction

The inflammatory bowel diseases (IBD), comprised of ulcerative colitis (UC) and Crohn’s
disease (CD) are chronic mucosal inflammatory disorders which result from a dysregulated
immune response in a genetically predisposed host(1). Although the etiology of CD and UC
remains unclear, accumulating evidence suggests that dysfunction of the mucosal immune
system contributes fundamentally to the pathogenesis of IBD. Significant evidence
implicates impaired innate immunity (granulocytes, macrophages and dendritic cells) in
IBD, particularly CD(2). Such defects have the potential to allow abnormal microbial
invasion and pathological T-cell mediated chronic inflammation. In this context, signaling
defects and the protein processing associated with such signaling has become an area of
increasing interest and importance. In this context, the modification of proteins at the post-
translational level significantly extends the regulatory possibilities of a given pathway.
Protein processing through a variety of means allows for tight control and rapid responses to
inflammation beyond that of direct transcriptional control and de novo protein synthesis.
This review will focus on protein phosphorylation, neddylation and hydroxylation as a
means to control the inflammatory response (Overview in Figure 1). We will also
summarize some of the recent findings with regard to cytokine cleavage by the
inflammasome.

Phosphorylation

Inflammatory pathways are regulated, in part, through a relatively small number of
transcription factors, of which the best understood is NF-xB (3). Upon cellular stimulation
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by a variety of mediators including cytokines, bacterial toxins, or oxidative stress, a
signaling transduction cascade is activated, leading to the phosphorylation of IxBa on Ser
32 and 36 by the multimeric IKK (IxB kinase) complex (4). Phosphorylation of 1xBa is
followed by ubiquitination via the E3 ligase SCFBTRCP and IxBa. is targeted for
proteosomal degradation by the 26S proteasome (5). Once IxBa is degraded, NF-xB
translocates to the nucleus and binds to the promoter regions of several pro-inflammatory
genes, inducing their expression and thus amplifying the inflammatory response (5-7)
(Figure 2). Mouse models of intestinal inflammation have been quite revealing, and even
surprising, with regard to NF-xB signaling. While most studies have suggested that the
activation of NF-xB is a strong pro-inflammatory biomarker, studies with mice bearing
intestinal epithelial defects in either the phosphorylation of IxBa or the activation of NF-xB
have been somewhat surprising. For example, it is notable that conditional deletion of the
NF-xB pathway in intestinal epithelial cells in mice leads to an increased susceptibility to
colitis(8). This observation strongly implicates epithelial NF-xB in a prominently protective
role in colitis, likely through the expression of anti-apoptotic genes in intestinal epithelial
cells and through enhanced epithelial barrier function.

The tight regulation of phosphorylation of IxBa and NF-xB activity are also important for
gut homeostasis, particularly through gut microflora interactions with the host. For example,
Neish et al. demonstrated that enteric microorganisms (e.g. nonvirulent Sa/monella strains)
interactions with epithelial cells attenuate synthesis of inflammatory effector molecules
elicited by diverse proinflammatory stimuli (9). These studies revealed that although
phosphorylation of IxBa occurs, subsequent polyubiquitination necessary for regulated
IxBa degradation was completely abrogated by non-virulent enteric organisms. Likewise,
work by Kelly and colleagues showed that non-pathogenic bacteria in the gut, and their
regulation of the NF-xB pathway, are important for maintaining intestinal homeostasis.
They were able to show, that commensal Bacteroides thetaiotaomicron species dampen
inflammatory processes by the translocation of the NF-xB subunit Rel A from the nucleus to
the cytoplasm in a PPARy dependent manner (10).

Another important example of posttranslational modification by phosphorylation in IBD is
the phosphorylation of myaosin light chain kinases (MLCK) through atypical protein kinases
C (aPKC)(11). The breakdown of intestinal barrier integrity through loss of tight junctions
(TJs) is one of the hallmarks of IBD (12-14) and is in part cytokine-mediated (15-17).
Several groups have by now provided evidence, that MLCKSs are important for this
downregulation of tight junction function by mediating incomplete maturation and
distribution of TJs (18-20) (Figure 3). aPKCs have been shown to be necessary for the
proper alignment of tight junctions in epithelia since lack of aPKCs through dominant
negative expression results in atypical localization of tight junction proteins (21). aPKC
proteins are posttranslationally modified through PDK-1 mediated phosphorylation and
dephosphorylation. Dephosphorylated PKCs are subsequently degraded in a ubiquitin
dependent matter (22). Part of the dephosphorylated PKCs can be salvaged and
rephosphorylated by heat shock protein-70 (Hsp70) (23). This chaperoning activity of Hsp’s
is necessary to prevent ubiquitination and degradation as has been shown by Mashukova and
colleagues (24). Recently the same group provided evidence that TNFa actively
downregulates aPKC activity in a human colon cancer cell line (CaCo2) and in murine
dextran sodium sulfate (DSS)-induced colitis. Furthermore, they showed that TNFa
signaling inhibits the Hsp70 activity required for the rephosphorylation of aPKC
subsequently disrupting epithelial barrier function as indicated by a loss of transepithelial
resistance (25). This provides evidence, that inflammation induced intestinal barrier
breakdown, at least in part, relies on a posttranslational mechanism (Figure 3).
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Finally, there is much recent interest in beta-catenin signaling in both intestinal
inflammation and intestinal cancer (26, 27). Like NF-xB, beta-catenin is tightly controlled
by phosphorylation. In the absence of a Wnt signal, the expression of beta-catenin is
controlled to low levels through proteasomal degradation. Beta-catenin is targeted for
ubiquitination by the beta-transducin repeat containing protein (BTrCP) and is then degraded
by the proteosome. Beta-catenin is phosphorylated by the serine/threonine kinases casein
kinase 1 (CK1) and glycogen synthase 3p (GSK3p) in a multi-protein complex (the
destruction complex) comprised of axin, adenomatous polyposis coli (APC) and diversin.
CK1 phosphorylates B-catenin on Ser45, which primes p-catenin for subsequent
phosphorylation by GSK-3 (28). GSK-3p destabilizes p-catenin by phosphorylation at
Ser33, Ser37, and Thr4l (29) (Figure 3). Mutations at these sites result in the stabilization of
[B-catenin protein levels and have been implicated in tumor growth and upregulation of
proliferative genes (30, 31). Following activation by a Wnt signal, the protein dishevelled
prevents degradation of beta-catenin that in turn displaces GSK3p from the destruction
complex. Thus, inhibition of GSK3p might serve as a potential therapeutic target in different
disease models, as recently reviewed by Klamer et al. (32). Recent studies have suggested
that in addition to its role in cancer progression, beta-catenin significantly contributes to
epithelial homeostasis during inflammation. For instance, Nava et al, recently showed that
interferon-gamma (IFN-y) and TNFa synergistically inhibit epithelial proliferation during
modeled inflammation in vitro and during DSS through a mechanism involving beta-catenin
phosphorylation (33).

Taken together, these studies strongly implicate protein phosphorylation events as central
control points for both pro- and anti-inflammatory signaling in intestinal inflammatory
models.

A mechanism of post-translational modification of much recent interest is neddylation, i.e.
the reversible conjugation of a NEDDS8 (Neural precursor cell expressed, developmentally
down-regulated 8) (34) moiety to proteins (35). Neddylation and deneddylation responses
are highly conserved exist in a wide variety of cell types (36) and species (37-40).
Activating the inactive Nedd8-precursor through cleavage a carboxy-terminal glycine
residue by UCH-L3 or SENP8 enables it to be conjugated to the E1 UBA3-APPBP1
heterodimer (41-44). Subsequently NEDDS8 is conjugated to its specific E2 Ubc12
(ubiquitin conjugating enzyme) (45) and afterwards linked to the E3 complex (46, 47)
(Figure 2). Neddylation plays a large role in the post-translational modification of Cullin-
RING-ligases (48) involved in the ubiquitin pathway. Cullins act as scaffolding proteins and
are essential for the assembly of the ubiquitin E3 ligase complex conjugating ubiquitin to
target proteins and thus marking them for proteasomal degradation (49). New insights into
potential roles for Cullin-deneddylation in inflammation have come of interest in recent
years. The work by Neish et al. alluded to above have demonstrated that commensal
bacteria-associated attenuation of NFxB is Cullin-de-neddylation-dependent (9).
Furthermore, Kumar et al. were able to demonstrate that commensal bacteria can influence
the neddylation status of Cullin-1 (Cull) through generation of reactive oxygen species
(ROS). Initially the demonstrated, that epithelial cells react with increases in ROS when co-
cultured with commensal bacteria. This resulted in a transient and reversible deneddylation
of Cull and subsequent decrease of NFxB pathway end products. Interestingly, they were
able to show, that different commensal bacterial strains differ in the amount of ROS they
generate. Since there is an altered microbiota in patients with IBD compared to healthy
subjects, and commensal bacterial strains also differ in their primary location in the gut,
there might be different amounts of ROS in different parts of the intestine altering the
inflammatory response in IBD (50).
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Adenosine receptor signaling has also been linked to neddylation. While signal transduction
through the various adenosine receptors is well characterized, less is known about post-
receptor events (51). One particularly intriguing mechanism suggests that adenosine inhibits
NF-xB through actions on proteasomal degradation of IkB proteins (52). These findings
were based on studies addressing adenosine signaling mechanisms which revealed that
adenosine and adenosine analogs display a dose-dependent deneddylation of Cul-1 with rank
order of receptor potencies A2BAR >A1ARDA2AAR = A3AR (52). Our current
understanding is that deneddylation reactions on Cullin targets via CSN-associated
proteolysis is increasingly implicated as a central point for Cullin-mediated E3
ubiquitylation (48). Notably, other pathways for deneddylation have been reported. For
example, the identification of the Nedd8-specific proteases NEDP1 and DEN1 have
provided new insight into this emerging field. NEDP1/DEN1 appear to contain isopeptidase
activity capable of directly deneddylating Cullin targets (53, 54). How adenosine influences
NEDP1/DENL1 activity is not currently known.

Neddylation of other Cullin proteins (i.e. Cul-2) have also been implicated in mucosal
inflammation, particularly related to hypoxia-inducible factor (HIF). HIF is a member of the
Per-ARNT-Sim (PAS) family of basic helix-loop-helix (bHLH) transcription factors. HIF
activation is dependent upon stabilization of an O,-dependent degradation domain of the a
subunit and subsequent nuclear translocation to form a functional complex with HIF-1p and
cofactors such as CBP and its ortholog p300 (55). Under conditions of adequate oxygen
supply, iron and oxygen dependent hydroxylation of two prolines (Pro564 and Pro402)
within the oxygen-dependent degradation domain (ODD) of HIF-1a initiates the association
with the von Hippel-Lindau tumor suppressor protein (p\VVHL) and rapid degradation via
ubiquitin-E3 ligase proteasomal targeting (56, 57). A second hypoxic switch operates in the
carboxy terminal transactivation domain of HIF-1a Here, hypoxia blocks the hydroxylation
of asparagine (Asn80), thereby facilitating the recruitment of CBP/p300 (58). The
proteasomal degradation of a-subunit of HIF provides a particularly intriguing example of
post-translational modification (Figure 4). The E3 SCF ubiquitin ligase specific to HIFa-
family members are comprised of Elongin B/C, RBX, CUL2, and the F-box domain of
pVHL, and are responsible for the polyubiquitination of HIFa (59). Regulation of the E3
SCF is maintained by the covalent modification of NEDDS8. The functional E3-SCF requires
the COP9 signalosome (CSN) to bind Nedd8 to Cul2, which can be de-neddylated by Den1/
SenP8 (60, 61). In recent work by MacManus et al (62), it was shown that the HIF target
gene adrenomedullin (ADM) functions as an endogenously generated vascular mediator that
serves as a mucosal protective factor through fine-tuning of HIF. The underlying mechanism
involved ADM-mediated deneddylation of Cul2, resulting in less pVHL activity and
subsequent fine-tuning of HIF expression. Exogenous administration of ADM in a DSS
colitis model resulted in decreased tissue and serum levels of pro-inflammatory cytokines,
identifying the Cul2 pathway as another potential therapeutic target for IBD (62).

Hydroxylation

It is recently appreciated that studies of the oxygenation profile of the gut may provide
important insight into the pathogenesis of IBD. While the intestinal tract is highly
vascularized, blood flow is tightly regulated and fluctuates multiple times during the day
(e.g. postprandial increases in blood flow). As a result, the amount of oxygen available to
the intestinal tissue changes in fundamental ways as part of our normal physiology. It is
thought that the steep gradient between the highly metabolic serosa and the anaerobic lumen
of the gut primes the intestinal epithelium for rapid responses to changes in tissue
oxygenation (63). In particular, inflammatory processes can rapidly increase the demand for
oxygen in inflamed tissue, thereby leading to profound hypoxia (64), so called
“inflammatory hypoxia” (65). Adaptation to hypoxia is, at least in part, mediated through
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the HIF-1 and HIF-2 (66, 67). Many cell types, including intestinal epithelial cells (IEC)
(68), express both HIF1a and HIF2a and murine genetic studies suggest that these proteins
have non-redundant roles (69). Some have suggested that distinct transcriptional responses
mediated by HIF1a and HIF2a. may be integrated in ways that support particular
adaptations to hypoxia. For example, the transcriptional responses that coordinate the
glycolytic pathways include more than 11 target genes and seem to be more selective for the
HIF-1a than for the HIF-2a isoform (69). Likewise, studies addressing the selectivity of the
two isoforms of HIFa suggest greater selectivity of HIF-2 for both erythropoietin
production (69) and for intestinal iron transport (70).

The stability of the HIFa subunit is post-translationally regulated by four
prolylhydroxylases (PHD1-3 and Factor Inhibiting HIF, FIH), all of which are present in
intestinal epithelial cells (71-74). Under normoxic conditions, these enzymes hydroxylate
HIF1-a at specific prolines (PHDs) and/or at a specific asparaginyl (FIH) residue (66, 71).
This hydroxylation leads to interaction with the von Hippel-Lindau protein, poly-
ubiquitination of HIF-a subunit and subsequent proteasomal degradation (75) (Figure 4).
Several studies have shown that HIF triggers the transcription of a number of genes that
enable IEC to function as an effective barrier. Guided initially by microarray analysis of
hypoxic IEC (76), these studies have been validated in animal models of intestinal
inflammation (72, 73, 77-80) and in human intestinal inflammation tissues (81-83).
Interestingly, the functional proteins encoded by a number of uniquely hypoxia-inducible
genes in intestinal epithelia localize primarily to the most luminal aspect of polarized
epithelia, providing significant support for the hypothesis that hypoxia supports a barrier-
protective phenotype. Molecular studies of these hypoxia-elicited pathway(s) have shown a
dependence on HIF-mediated transcriptional responses. Notably, epithelial barrier protective
pathways driven by HIF tend not to be the classical regulators of barrier function, such as
the tight junction proteins occludin or claudins. Rather, the HIF-regulated molecules include
molecules which support overall tissue integrity and include increased mucin production,
(84) molecules that modify mucin (e.g. intestinal trefoil factor)(85), promote xenobiotic
clearance via P-glycoprotein (86), enhance nucleotide metabolism (by ecto-5’-nucleotidase
and CD73)(76, 87) and drive nucleotide signaling (e.g. adenosine A2B receptor) (87).

As an extension of the original studies identifying HIF stabilization within the intestinal
mucosa, transgenic mice expressing either mutant Hifla (causing constitutive repression of
Hifla) or mutant von Hippel-Lindau (causing constitutive overexpression of HIF) were
targeted to the IEC (78). Loss of epithelial HIF-1a resulted in a more severe colitic
phenotype than wild-type animals, including increased epithelial permeability, enhanced
loss of bodyweight, and decreased colon length. Constitutively active intestinal epithelial
HIF (mutant VVhl) was protective for each of these individual parameters. These findings
may be somewhat model-dependent, since epithelial HIF-based signaling has also been
shown to promote inflammation in another study (80). Nonetheless, these findings have
revealed that IEC can adapt to even severe hypoxia and that HIF contributes in fundamental
ways to this adaptation.

The identification of HIF-selective PHDs has provided unique opportunities for the
development of PHD-based therapies (88, 89). While there is wide interest in developing
HIF inhibitors as potential cancer therapies, opportunities also exist to selectively stabilize
HIF in an attempt to promote inflammatory resolution (90). For example, 2-OG analogues
stabilize HIF-a (88) and effectively promote the resolution of colitis in mouse models (72).
Interestlingly, the protection afforded by PHD inhibitors (e.g. decreased tissue inflammatory
cytokines, increased barrier function, decreased epithelial apoptosis) may involve both HIF
and NF-xB activities. For example, in a genetic screen of PHD isoform deficient animals,
Tambuwala et al. revealed that Phd1-/- mice were less susceptible to the development of
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DSS colitis, likely through decreased epithelial cell apoptosis (91), which was originally
shown to be NF-xB-dependent (72). Likewise, it was shown that hydroxylase inhibiton
inhibits TNF-a induced barrier breakdown. Hindryckx and colleagues demonstrated, that
DMOG repressed FADD (Fas-associated death domain protein), a linkage protein for the
TNFa-receptor-1. This inhibition reduced TNF-a induced apoptosis and restored, or
prevented loss of, epithelial barrier function. This response was HIF1-a mediated, and not
dependent on abrogation of the NFxB pathway, since siRNA inhibition of HIF1-a
diminished the protective function of DMOG despite a fully functional NFxB pathway (92).
To date, selective inhibitors for particular PHD isoforms have not become available.

The inflammasome

Recently, the inflammasome has generated some interest in its role in IBD. The
inflammasome consists of several receptors of the NLR family (nucleotide-binding domain
leucin rich repeat), a class of more than 20 receptors, who differ in their N-terminal domains
(93-95). One subset of the NLR family, containing NLRP1, NLRP3, and NLRC4 are termed
the inflammasome, defined by its ability to trigger the activation of capase-1 (96-98).
Activated caspase-1 post-translationally cleaves pro-1L-1p and pro-IL-18, resulting in active
forms of IL-1 and IL-18. Similar to TNF-a, IL-1p has been shown to be capable of
increased epithelial barrier breakdown through the NFxB-pathway (99). From this
perspective, the inflammasome provides an interesting post-translational modification of
importance to disease pathogenesis.

Numerous exogenous and endogenous activators of the NLRP3 inflammasome have been
identified, including bacteria (e.g. commensal E. coli (100)), different bacterial toxins (e.g.
LPS), bacterial RNA and poly(l:C)(101), reactive oxygen species (102) and ATP(103)
(Figure 5). Recently, Bauer and colleagues demonstrated a strong role for the NRLP3
inflammasome for murine experimental colitis. Macrophages lacking different components
of the inflammasome (e.g. NRLP3, ASC or caspase-1) were unable to secrete the mature
form of IL-1B following DSS stimulation. Using mice deficient for NRLP3, they were able
to show that DSS-induced colitis was significantly less severe compared to wild-type mice,
revealed by less severe weight loss and reduced pro-inflammatory cytokine levels in colonic
tissue. Similar results were achieved by utilizing pralnacasan to pharmacologically inhibit
caspase-1 (104). This study stands in contrast to other studies showing a hyper-susceptible
phenotype of NLRP3 deficient mice for DSS-induced colitis, potentially due to the lack of
pro-resolution effects of IL-1p and IL-18 (105-107). Especially the contribution of IL-18 to
the etiology of IBD remains unclear. Initially it was believed, that high levels of 1L-18
favored increased disease activity since inhibition of IL-18 protected mice from
experimental colitis (108-110). However, more recent data by Dupaul-Chicoine and
colleagues, hints at a more protective role of IL-18 and the inflammasome. They observed,
that mice lacking caspase-1 developed more severe colitis following DSS-treatment and that
administration of IL-18 attenuated this effect (106). Lack of the inflammasome (NIrp3-
knockout mice) and thus the inability to activate IL-18 increases bacterial translocation, i.e.
decreases barrier function of IECs, underlining a more protective role of I1L-18 (111).

Genetic variants and their implications for post-translational protein modifications in IBD

The identification of genetic variants is an area of intense investigation in IBD. To date,
genome wide association studies have identified nearly 100 susceptibility loci for IBD (112,
113). Of particular interest for protein post-translational modifications in IBD is the caspase-
recruitment containing domain 9 (CARD?9) gene product (114). CARD9 has been strongly
implicated in apoptosis and NFxB signaling as a convergence signal for TLR and NOD2
pathways(115), the latter of which has been prominently associated as a genetic variant in
IBD (112, 113). Numerous studies have indicated that CARD?9 signaling is strongly
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Conclusion

associated with dectin-1 receptor signaling, which relays incoming p-glucan signals to the
inflammasome and leads to increased IL-1f synthesis (116). Furthermore, Bi et al. recently
demonstrated, that CARDO is able to relay Dectin-2 signals and associated increases in
IxBa kinase ubiquitination (117). As outlined above, increased ubiquitination leads to
degradation of 1xB and subsequently increased NFxB levels. This observation nicely
compliments the previous finding by Glocker and colleagues that the homozygous mutation
of CARD? results in increased susceptibility to fungal infections (118). CARDS9 has now
been identified as one of the many susceptibility loci for CD (119). This might be due to the
impaired NFxB signaling and subsequent loss of barrier function. As Nenci and colleagues
have shown, the IEC specific loss of NFxB signaling prevents appropriate responses to
inflammatory stimuli and results in a pro-inflammatory phenotype with increased apoptosis
and loss of barrier integrity (120). Thus, a loss of CARD9 signaling via genetic mutation
could result in a loss of NFxB signaling and the associated loss of barrier. Additionally,
CARD?9 has been linked to pVHL function. Yang et al. showed that p\VHL is able to
downregulate NFxB activity by increasing phosphorylation of CARDS9. This leads to
decreased CARD9 activity and thus decreased NFxB levels (121). Using CARD9 as an
example, genetic variations can significantly alter post-translational modifications such as
ubiquitination and phosphorylation, leading to altered NFxB levels, which have been shown
to be critical for the development of IBD.

The gastrointestinal mucosa provides an interesting example for which to study post-
translation protein modifications in IBD. In this review, we have outlined the evidence for
post-translation modifications as a priming signal within the intestinal mucosa and their
associated changes in models of IBD and in tissue from both CD and UC patients. These
studies have documented several important examples of protein post-translation
modifications as significant components of the inflammatory microenvironment, both
directly and indirectly associated with protein post-translational modifications. This work
has resulted in the identification and validation of a number of potentially important
therapeutic targets along the length of the gastrointestinal tract. Ongoing studies to define
the differences and similarities between innate and adaptive immune responses between and
within IBD patients will continue to teach us important lessons about the complexity of this
organ system. Such information will provide new insight into the pathogenesis of disease
and importantly, will refine these targets as templates for the development of therapies for
human disease.
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Figure 1. Overview of posttranslational protein modificationsrelevant to I1BD

A number of posttranslational protein modifications relevant to IBD (highlighted in red).
These pathways include phosphorylation, neddylation hydroxylation and cleavage of
cytokine precursor forms by the inflammasome. The interplay of these rapid response
mechanisms enables rapid adaptation to incoming inflammatory signals. Cytokine induced
barrier breakdown allows for bacterial translocation to the basal aspect of intestinal
epithelial cells. Bacterial antigens and endogenous danger signals are recognized by the
adaptive and innate immune system, triggering a variety of reactions including apoptosis,
increased cytokine release, loss of tight junctional proteins and barrier breakdown.
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Figure 2. Phosphorylation and neddylation pathways

Recognition of pro-inflammatory stimuli, presence of microbial cell wall components,
secreted TNFa or various other cytokines, through their respective receptors triggers a pro-
inflammatory first response of the IEC. The NFxB pathway is activated through the
phosphorylation of 1kB by the Ix-kinases a and . This phosphorylation allows for its
recognition by the neddylated Skp-Cullin-F-Box (SCF) complex, polyubiquitination and
subsequent proteasomal degradation. Neddylation of Cullins is achieved through a
multienzyme process, conjugating a NEDD8 moiety to the target protein. NEDDS, in order
to be conjugated has to be processed from its pro-form to the mature form by the
isopeptidase SENP8. The same protein, in addition to the COP9 signalosome removes
NEDDS8 from Cullins. Neddylated Cullins are integrated into SCF complex and activate it to
enable SCF complex mediated ubiquitination. The NFxB heterodimer can then translocate
to the nucleus and bind to the promoter regions of various pro- and anti-inflammatory
cytokines, including TNFa, IL-1B and interferon-ry. This can further promote inflammation,
e.9. by TNFa induced apoptosis through the FADD pathway, and barrier breakdown, but
also abrogate the incoming stimulus by induction of NUBL1 through the interferon receptor.
Anti-inflammatory mechanisms include the induction of deneddylation of Cullin-proteins
through adenosine and ROS mediated inhibition of the E2 ligase NEDD8/UBC12.
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Figure 3. Intestinal barrier regulation in iflammation

Following NFxB activation, various cytokines, including TNFa, are secreted in a paracrine
fashion. Recognition of TNFa by its surface receptor TNFR1, inhibits heat shock protein 70
(HSP70). HSP70 mediates the re/-phosphorylation of atypical Protein Kinase C (aPKC) by
serving as a chaperoning agent for the unphosphorylated aPKC. Phosphorylated aPKC
inhibits Myosin light chain kinases, which prevent full maturation of tight junctional
proteins (zonula occludens 1,2,3 and occludins) leading to decreased transepithelial
resistance and loss of barrier function. Tight junctional integrity also relies on the interaction
between B-catenin and the cytoskeleton. TNF-a and interferon-gamma, secreted during
inflammation, can activate a multienzyme complex comprised of diversin, adenomatous
polyposis coli (APC), Axin and glycogen synthase 3b (GSK3p). The GSK3p subunit
phosphorylates p-catenin, allowing for its recognition and ubiquitination by the p-TrCP/E3
ligase. Ubiquinated p-catenin is subsequently proteasomally degraded, and thus unavailable
for enhancing barrier function.
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Figure 4. Regulation of hypoxia-inducible factor by hydroxylation
Under normoxic conditions, the HIFa subunit is hydroxylated through prolylhydroxylases
1-3 (PHDs) or the Factor-inhibiting-HIF (FIH). Hydroxylated HIF is recognized by the von
Hippel-Lindau (pVVHL) protein, which in its activated state contains a neddylated Culllin-2

subunit. This leads to ubiquitination of the HIF1a subunit and its degradation by the
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proteasome. During inflammation, local oxygen is limited due to increased metabolism and
also due to neutrophil derived reactive oxygen species. This hypoxic environment renders
PHDs impotent, as does pharmacological inhibition with DMOG, preventing ubiquitination
of HIFa by pVHL. Non-ubiquitinated HIFa translocates to the nucleus, binds to the beta-
subunit and the heterodimer functions as a transcription factor of a variety of genes,
including adrenomedullin (ADM). Furthermore, HIFa inhibits Fas-associated-death-domain
(FADD) induced apoptosis, thereby increasing intestinal barrier function. The autocrine
release of ADM can, through the ADM receptor-mediated deneddylation of Cul2, serve as a

negative feedback mechanism.
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Figure5. Theinflammasome and I1BD

Activation of the NLRP3 inflammasome by either cell surface (e.g. TLR4 via the TRIF
pathway) or intracellular (e.g. TLR9 or NOD-receptors) pattern recognition receptors leads
to the cleavage of the IL-1p and IL-18 precursors to their mature form. This activation is
achieved through pathogen associated molecular patterns (PAMPSs) and also through
endogenous danger associated molecular patterns (DAMPSs) such as extracellular ATP (via
the P2X7 receptor) or intracellular reactive oxygen species (ROS). IL-1p and IL-18, when
secreted, bind to their respective receptors and activate the NFxB pathway. In addition, there
are possible anti-inflammatory influences attributed to I1L-18 and enhanced cell proliferation,
thereby leading to more rapid resolution of intestinal barrier breakdown.
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