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Abstract
In the past year, the influence of psychosocialemdronmental stressors in different pathogenesisived
increased awareness. The brain is the master maohgfee interpretation of what is stressful andttod
physiological responses that are produced. Anirhalsee developed conserved strategies to respond to
stressful conditions, in particular, the secretidrstress-specific neuromediators which mediateegtive
and adaptative effects in the short run and yetacaelerate pathophysiology when they are overymed
or mis-managed. The Cortico-Releasing Factor (C&fk their derived peptides are the majors stress
neuromediators. Their localization has originalgeb described in the central nervous system winene t
play a pivotal role to activate the hypothalamitujpary-adrenal (HPA) axis and was recently extehtie
the periphery. While the peripheral effects of Csgnalling need to be more thoroughly investigatehas
been described to influence disease negativelyaiticular in the intestine. The epithelial barigen crucial
checkpoint to control body entrances. Prolongedosdpe to stress can cause ultrastructural epithelia
abnormalities and can increase barrier permeab¥ibjich favors luminal translocation, immune actioa
and thus induces inflammation. This review sumnearithe present knowledge on the stress response and
the effects of both acute and chronic stress tadagathological damage to the intestine. We ptaben
potential pathways involved, and the proposed nmsh@ of action, mediating these effects. The CRF
system is potentially useful as a diagnostic maokex therapy target for inflammatory diseasescarnter.

Introduction

In medical language the concept of “Stress” hamnhiatroduced by Hans Selye (1907-1982) [1]. In
response to various stressors, living organisme lteweloped adaptative behaviors and coping stesteg
order to maintain their homoeostasis. Stress ioraptex process that involves the endocrine, immane
nervous systems. Altogether, they communicate by phoduction of mediators (hormones, cytokines,
neuromediators) which target their specific receptdCognitive stress” (from the central nervoussteyn
activity) such as psychological and emotional evémndistinguished from the “non cognitive stressfuced by
physical damage, infection or inflammation, althbugpme “non cognitive stress” may be relayed by the
nervous system especially via the vagal afferer{€égure 1). The stress is also characterized byouar
parameters such as duration, frequency (acute vefswnic stress) and intensity. Chronic or recurstress
results in an increased demand of physiologicaksys (cardiac, immune, metabolic, hormonalthat can lead
to diseases and contribute to wear and tear obdtlg, a condition known as “allostatic load” [2].

According to the community of pathways used armtesses generated, mediators and receptors used,
stress of various nature leads to convergent sffémtleed, whatever the nature of the stress, tie ataptative
response is mediated by the hypothalamic-pituitaiyenal (HPA) axis with a central role of the ndumanone,
the corticotrophin-releasing factor (CRF). Thisst response begins with the hypothalamic producticCRF
which in turn, induces the production and releasadsenocorticotropic hormone (ACTH). Pituitary-oed
ACTH stimulates adrenocortical production of glugdioids (GC) which counteract the effect of stas,
suppress the immune system, and attenuate theidnakcactivity of HPA axis via feedback inhibitiasf the
hypothalamic CRF expression [3, 4] (Figure 1). Heare the brain is not the only centre of informatiand
decisions: the interactions between the differgntesns also occur at a local level in some orgach ss the
skin, the heart and the digestive tract. They @adicularly described in the brain-gut axis, whialso
contributes to manage the stress in the intessirguhe same mediators and signalling pathwaysdiprocity
to the brain.

Stress and pathologies

In the past ten years, the influence of psychekgand environmental stressors on pathogenesis suc
as obesity, metabolic syndrome, and type 2 diapetesvell as pain and chronic fatigue syndromesived
increased awareness [5]. Furthermore, a large nuaiflskin diseases, including atopic dermatitis pedriasis,
appear to be triggered or exacerbated by psychmbgitress [6]. They are also often associated with
perturbation of the cutaneous homeostatic permgalbiarrier [7]. Stress is recognized to particgpah the
development and/or aggravation of gastrointestj@4) disorders, such as inflammatory bowel disedH&B)
and irritable bowel syndrome (IBS) despite differes in their etiologies [8-12]. IBD which includ€hron’s
disease (CD) and ulcerative colitis (UC), consistaneasurable over-inflammatory response leadingut
damage [13]. Manyin vitro andin vivo studies indicate that stress-related alteration&lofunctions are
mediated by both brain and peripheral CRF signglfjathways (for review see [14]). While the expi@ss
pattern of CRF receptors and ligands in the Gltthave been extensively described (for review 4&8)[ the



cellular and molecular mechanisms of their intecast are still poorly understood and principallgdsed on the
neuronal CRF signalling influence on the immuneoase in the Gl tract (for review [16]). Using dditam
clinical and basic research literature, the obyestiof this review are to summarize evidence irpetpof a
major role of stress and CRF signalling in the ttéhn and progression of inflammatory intestinadatders
with a special emphasis on the intestinal bariteraion. We also discuss the implication of CRBtem in the
colorectal cancer (CRC) initiation and progression.

The CRF system: signalling and expression in thatbplium

An overview of the CRF system

In mammals, the CRF family (including urocortirigcn) is composed of 38 to 41aa peptides called
CRF or urocortins (Ucn) such as Ucnl, Ucn2 and UGHRF and Ucnl were first characterized for thbility
to control ACTH secretion from anterior pituitarglis [3, 17], and hence play a pivotal role in dteess
response by regulating the HPA axis. Later, DNAIgsia has identified Ucn2 and Ucn3 by sequence
homologies [18, 19]. Other orthologs have also destribed, like the Urotensinl [20] in fish or seuvagine
in frogs [21, 22]. Phylogenic analyses indicateat BRF-like peptides are well conserved throughetr@ution
and derived from a common stem involved in osmaHa@n as an ancestral stress adaptation, neutoeare
system [23-25]. Like many hormones, these peptatesderived from precursor proteins [26, 27] angirth
bioactivities are modulated by the secreted CRBihin protein (CRF-BP) or soluble splice variantsttodir
receptors [28-32] (Figure 2).

These polypeptides exert their activities throtlghactivation of two known class Il G Protein Claap
Receptors (GPCR), CRF1 [33] and CRF2 [34]. While&=GBceptors arise from the transcription of twdetént
genes they share about 70% homology, but diffetheyr N-terminal ligand binding domains [35, 36]RE
recognizes both receptors, but displays a highimitgf for CRF1. Ucnl activates CRF1 and CRF2 wiitle
same potency, whereas Ucn2 and Ucn3 exclusivelg tonCRF2 [37, 38]. CRF receptors are subjected to
additional modifications consisting of splicing tdgtion and glycosylation [39]. Several CRF1 sphegiants
classified from CRF1la to CRF1h were identified le#¢ mMRNA level but there is little knowledge aboueit
protein expression and functionality within thefeiént tissues. Except for CRF1a, these variargglaly low
ligand affinity or are unable to induce intracediulsignalling: they have been suggested to exeula&ory
functions by titrating free ligands [40-43]. Redgnt novel functional isoform CRFL1i has been idfeed in the
BON cell line, which is also expressed in humanrie[44]. CRF2 undergoes three distinct functiomahfs:
CRF2a, CRF2b and CRF2c, which consist of an altemndranscription start a, ¢ versus b and altéveat
splicing between a and c, only detected in humédBbs 46]. This results in the modification of thet&tminus,
involved in the ligands’ affinity [47]. Several dusictional CRF2 forms have also been describegaiticular
soluble truncated forms. First, they have been gseg as ligand scavengers which are in competitiii
membrane expressed receptors for free ligands [48ever recent studies found that despite itsexbrr
translation, the variant of CRF2a is not secreldds protein may regulate the CRF2 signalling ktgrahg the
transcription of full-length CRF2a mRNA [49, 50]in8larly, a dominant-negative CRF2b splice varituais
been described in mouse heart, to impair mCRF2btifum by retaining its cellular location to the epthsmic
reticulum-golgi sites [51]. There is also some a&hility in the molecular weight observed by westétat
analysis for these receptors depending on tissletype and species. These differences are oftentd the
splicing, the antibodies used, or the glycosylastatus of CRF receptors [52, 53] according tofitree potential
sites of N-glycosylation identified in the primastructure [39]. However CRF1 activity has been dbed to be
regulated by inflammation [39] which also influesdie glycosylation status of proteins [5#hgether these
studies indicate that the CRF system is finely dubg different regulatory pathways at the receptud ligand
levels.

CRF signalling

CRF signalling has been studied in many cell liaed tissues including the Central Nervous System
(CNS) and the periphery. It appears that the biodif ligands give rise to structural arrangemerftCBF
receptors that increase the affinity of their thimttacellular loop for the & subunits which become activated.
CRF receptors are primarily coupled tasGand trigger cAMP formation via adenylyl cyclasgiation [55]
(Figure 2). However they could in few cases bindGtay, i, 0, z and involve other signalling pathwaykeeli
Phosho Lipase C (PLC) [56-59]5¢subunits are also able to mobilize intracellulathgvays like PI3K/Akt and



cd" flux but their involvements in CRF signalling greorly investigated. Thus, depending on thesBbtype
recruited and on the cell type, CRF receptors hleta transduce plethora of intracellular sigralns, such as
Protein Kinase A, B, C (PKA, PKB, PKC), P42/p448pditogen-Activated Protein Kinases (MAPK) €dlux,
NOS activation Fas-ligand, and & [60]. Recently novel downstream G protein-indefsan pathways have
been described for the CRF receptors like Src wHiokctly interacts with the endocytosed CRF recepaind
takes part in the activation of ERK 1/2 [56, 61].62

Like other GPCR, CRF receptors expression andtifumare regulated by a desensitizing process.

Moreover, the recruitment of G protein-coupled Eoekinase GRK3 and GRK6 by the activated recelgimls

to the phosphorylation of its C-terminus ghdrrestin binding [40, 63]. All of these events areolved in the
internalization of the receptor which can subsetjyére degraded in the endo-lysosomal path, oralewy to

the membrane. If both receptors are subjectedi¢onalization after ligand binding, it seems tha time course

of desensitization could be different dependinghancell model and the receptor sub-type [64, 68uences
analyses also report multiple phosphorylation siteseither PKA or PKC, which can regulate CRF moe
function [40, 66]. However, the use of specific ants, truncated forms or PKA inhibitors showed titatse
modifications are not required for the receptoelinalization [65].

Distribution of CRFreceptors and peptides throudie intestinal mucosa

The CRF system was first characterized in the CHNSits implication in the brain response and
adaptation to stress as well as in food intake &7 and psychiatric disorders [69, 70]. Later, QREeptors and
their ligands have been identified in peripherabtes like digestive tract (for review [15]), candiscular,
immune, reproductive systems or skin [71]. Thera igrowing number of studies interested in CRF ptge
expression and localization in the gut but the gingrfeatures are often heterogeneous and incoenpldiis
can be explained by the CRF receptor isoforms,igpeand antibodies recognition, as mentioned pusijo
[72]. It could also be due to the disparity in giblnd cell type expression between the differentisns of the
digestive tract [73]. According to our interesttire regulatory role of CRF system on the epithdigirier, in
this section, we will focus on what is known ontkelial cells (EC), lamina propria (LP) cells anuthe enteric
nervous system (ENS), at the small intestine arldnéo levels (Figure 3). Indeed, the LP containraite
immune cells which participate in the primary respmto intestinal homeostasis perturbations.

Expression of CRF receptors and ligands in the siriatestine

In contrast to the colon, the expression andilligion of CRF receptors and their related peptides

the ileum have been poorly investigated in rodemd humans. In mouse, only one study has repohied t
expression of CRF1 mRNA and at low levels CRF2 mRNAP and EC in the ileum [74]. CRF2 mRNA was
found in mucosa and at the base of villi in the dkrmum [75]. Both CRF receptors have been pringipall
detected in neuronal myenteric plexus (NMP) andareal submucous plexus (SNP) in guinea pigs arsd[7&},
76, 77]. Their expression can also be observed urscie layers of rats, however with opposite pastern
depending on the region considered duodenal véealsLastly, CRF2 expression was found in entegarons
and nerve fibers, in the duodenal glands [78] and-HT negative EC in the villi [77]. Interestinglyhe
expression of CRF1 is complementary to that of @Rptides suggesting that neurons are a potentggttéor
CRF signalling [79].

CRF immunoreactivity was detected in MNP and SN&éhe ileum and the duodenum in guinea-pigs as

well as in rats [80]. CRF mRNA was also locatedoat levels in LP cells, Paneth cells and endocoeks in

the crypts of rat ileum, but not in enterocytes, [80]. Only one report describes CRF expressidrArand in a
few EC of mouse ileum at both mRNA and protein Is\j@4]. The expression of Ucns in the ileum hasrbe
principally investigated in rat tissue. Ucnl pragand transcripts were found in both enteric @es82, 83].
Ucn2 mRNA has been described in rat and to a lesgent in mouse small intestine [73, 84]. In k&tn2 was
detected in the epithelium, LP and enteric plexuseBuman, Ucn2 was absent, while Ucn3 was deldotéhe
muscularis mucosa@5s].

Expression of CRF receptors and ligands in the colo

Both CRF receptors have been detected at the aysaifer protein levels in human and rodent colons
(Figure 3). Some reports mentioned that CRF1 ixpmessed in human IEC of the colon, neither atnifiNA



level on total purified EC, nor with tissue immuocdlization [86, 87]. Nevertheless, CRF1 transsripave
been detected in colonic sections from healthytacaid a CRF1 positive staining can be observadPigells
(macrophages and mast cells), as well as in barierplexuses [88]. LP macrophages and mast @&l
ileum and colon also express CRF2 receptors in herft#, 89] and rats [73]. The mast cell leukaedeaved
cell line HMC-1 also expresses CRF1 and CRF2a BpesRNA isoforms and provides a useful model tadgt

in vitro mastocyte-epithelial interactions [87, 90]. Irdeats, CRF1 expression especially concerns neural
plexuses. However regional differences were obsehetween species. In guinea pigs, the signal isemo
important in the SNP than in the MNP, whereas tpposite is observed in rats [78, 88, 91]. Non-neato
expression of CRF1 has been reported in some U amd in IEC located at the base of rat colon tsiywhich
also contain stem cells [78]. Other experimentsiaep protein expression in the whole crypts of pidximal
colons, which disappears distally, and mRNA is alsscribed in the IEC of the mice ileum [74, 92].98
ovines, CRF1 is expressed at the baso-lateral narabn the IEC of the colon, during the foetus matan but
there are no data whether it’s still present inngpand adults [72].

The presence of CRF2 in IEC, at a basal levelugeqcontroversial in terms of expression and
localization. CRF2a mARN or protein expression hagen identified in human and rat IEC and in thithepal
derived carcinoma cell lines HT-29 or in the unsfanmed NCM460 [86, 89, 93-95]. However, in otherdses,
CRF2 has not been detected in rat, human or famtme IEC [72, 73, 87, 92]. The CRF2 subcellular
localization differs in EC, depending on the stedae species. While CRF2 immunostaining is apinataits,
localized in the luminal surface of the cryptsséems to be localized on the baso-lateral membrahamans
[78, 95]. The real localization of this receptowery important to understand its role in the dimegulation of
epithelial barrier functions. Therefore, baso-lateexpression would signify that EC could be exgose
autocrine/paracrine activation, while apical expi@s would be restricted to autocrine stimulatioractivation
by luminal circulating ligands. Enterochromaffinllsewhich are inserted within the epithelium, dat express
CRF2 but CRF1 in humans and ovines [72, 89]. Betteptors have been identified in BON cells, a peatar
carcinoid-derived human endocrine cell line, whidhares functional similarities with intestinal
enterochromaffin cells [96].

The quasi ubiquitous expression of the CRF receptothese cell populations of the digestive wall
reinforces the involvement of the CRF system inithmunomodulation response. The micro vasculatfitben
intestine plays an important role in the delivefypooinflammatory cytokines and the regulation nfniune
cells. There is a strong expression of CRF2 in #rium and smooth muscles from the human colon
vasculature [89, 97]. Identical patterns are foumichts with no CRF1 [78].

To date, CRF, Ucnl and Ucn3 but not Ucn2 wereatietiein human colons. While CRF was found in
the mucosa, in monocytes and IEC, mainly in ente@uaffin cells [98, 99], Ucnl (protein and mRNApasv
present in LP macrophages with a few amount inreateomaffin cells [86, 100, 101]. Ucn3 express®more
heterogenous, since protein and mRNA were fountbath enteric plexuses, smooth muscle, endothelium,
enterochromaffin cells as well as in enteric gtialls [89, 102]. In rodents, there is no data adéd on Ucn3
expression, to date. Expression of CRF is predomtiypaneuronal with an immunoreactivity observedbioth
enteric plexuses, and in nerve fibers located icoval projections and submucosa ganglia and irtitiealar
muscle layer [81, 88, 103]. Non-neuronal expres®brCRF in rats was controversial, and was deteated
enterochromaffin cells [81]. Expression of Ucnhigher than of CRF and was observed in rat enteigous
plexuses and co-localized with CRF1 receptors BB, In contrast, mucosal expression of Ucnl hasnbe
detected in very few cells [82]. Ucn2 protein wdsritified in mucosal and submucosal layers of cdtrecin
IEC, LP immune cells and enteric neurons [73, 82]1

Altogether these studies indicate that the imtests a target for stress signalling. Most of thedies
show that ligands are expressed in close proximftghe CRF receptors, indicating the existence ozial
autocrine/paracrine regulatory loops. However,sstiggands produced by enteric neurons could darttito
endocrine regulation. So whatever the nature af thgulation, different loops could be establisffedure 1).
For example, neuronal activation following stressymegulate expression of stress-ligand and recetdEC
and their function, directly according to the clgseximity of enteric neurones and these cells [well as
indirectly after LP immune cell stimulation. Indeedallon et al. have shown that the release of GRF
oesinophils following the activation of muscaringceptors can activate mast cells and leads taimoloucosal
barrier dysfunction in patients with UC or in epétial T84 cells [105]. Immune cells may also regell CRF
signalling on IEC, independently of neurones aftdection. Finally, IEC may produce ligands whichayn
regulate epithelial barrier function by an autoerimay. We found that rat IEC from the duodenumhts dolon
as well as human adenocarcima cells were ableotupe CRF and Ucns (personal data).



Regulation of the CRF system by stress and inflantima

Cumulative studies suggest that stress, whatév@erigin, either interceptive (infection, inflamtian)
or exteroceptive (psychological or physical stresg)dulates the expression of stress signallingeoubdés in the
Gl tract as it was observed for the brain.

Regulation by stress

During stressful conditions, brain perception @nmunicated to the periphery partially via the HPA
axis that rapidly produces GC discharges into thed Promoters of CRF family genes contain Glucticoid
Response Elements (GRE) which modulate their gempeession [48, 106-109]. However, GC regulate the
expression of the CRF system compounds dependirgglbtype or location. For example, CRF and Ucre a
differentially regulated by stress-related GC deleg on the brain region [109]. Ligands and receptoe also
submitted to regulation in different intestinal Icglpes, during stress and inflammation. The stiedaced
regulation of intestinal CRF system could also lepahdent on the nature of the stress inputs. Acertsus
chronic stress could modify the GC response whiepedds on GC receptor signalling, rather than on
mineralocorticoid receptors (MR) according to thie €xpression profile of cells [110]. CRF2 is dovegulated
by GC in the rat aortic smooth muscle A7r5, theletlad muscle C2C12 for thgisoform or the HEK 293 cells
transfected with the "a" promoter coupled to lueife. Dexamethasone induces a decrease of CRRIR#2b
opposite to a CRF2a increase of the promoter &gtini pancreatic islets or in the insulinoma céiel MING
[111]. Consequently, some CRF circuits could be dlown in some cell types or activated in othersMalley
et al.; have investigated the CRF receptor reguiadiuring acute versus chronic stress or the aasociof both.
Regulation appears to be different between proxemnal distal sections of the rat colon, accordinthtonature
of stressors [92]. Their experiments are very estia@l in stress models but there is no informatiarthe time
course which is important according to the variaiio CRF system expression during the inflammagimtess.

In that way, our unpublished data show that aces&raint stress induces an increase in CRF2 expness$ich

becomes significant in the proximal colon of raisly after six hours post stress. Hence, if thellef CRF

system components is unchanged at the early pHasteess, it doesn’t exclude that some modificatioocur

later. Lakshmanan et al. speculate that in ovihedricrease of endogenous foetal GC and/or geshtairess
contributes both to the down-regulation of the CRIf2 to the up-regulation of the CRF1 observed tigar
term and term foetuses [72].

CRF ligands are also differentially regulated b§.&ortico-therapies reverse the Ucnl up-regulation
observed in the intestinal mucosa of UC patien@l[1whereas CRF levels seem to be not regulatethdy
corticosterone and hence independent of the HP# [4fi2]. When altered, the physiological statehef howel
and coping strategies will lead to inappropriatgpmse to stress, as observed in maternal dep{WBd rats
and IBD or IBS patients [113-115]. Some IBD patsedbn’t respond to corticotherapy and in few catesse
treatments lead to worsening symptoms. Misregulatif the CRF system dependent on GC could extliase
phenomenons. Also, CRF and Ucnh genes contain CRIEGAITA sequences that enhance promoter activity
[116-118]. These sequences may participate toiised- and cell type-specific expression of CRFtidep
[119]. Moreover, in human and rodents, the strespanse and the associated HPA axis activatioraglisex
related differences. Sex hormones like oestrogertiagir receptors target the CRF promoter and gplage its
activity [120].

Stress causes relapse after the remission ofinfiation in IBD and animal colitis models [121-12i8],
also exacerbates flares in IBD [124]. Depending mmt on stress, local modifications of the ratio
ligands/receptors control the CRF signalling whpgdrticipates to mucosal inflammation but the molacu
mechanisms involved in this process are not webbwkm Finally, individual differences in CRF system
compounds may explain differential susceptibiliystress. In this way, Wistar Kyoto and Sprague-legwwo
strains of rats with diverse anxiety sensitivitiexhibit differential profiles of CRF1 and CRF2 eptor
expression in their colon under basal conditiorts fatiowing various stresses [93].

Regulation by inflammation

CRF signalling molecules are increased in IBD biep versus healthy volunteers and in animal models
of inflammation. Both Ucn2 and CRF2 expression weorted in IEC in regions with active colitisifC and
CD biopsies compared to healthy samples [95]. InBitipsies, CRF was detected in monocytes, and licnl
LP immune cells together with CRF1 and CRF2, butimenacrophages [99, 101]. Their expression catesl
with the inflammatory stage of UC patients [104]this study, Ucnl was also reported in mucosds seich as



enterochromaffin cells. Interestingly, Ucnl is atise foetuses or neonates but appears in the fl&mmatory
cells of pediatric subjects and increase in ad#tsod intake and bacterial agent exposure afteh lere
supposed to contribute to Ucnl expression and atigal [86].

Different models of animals developing inflammatarolitis have been described: 1) spontaneous
colitis in animals with genetic manipulation, 2)iitte induced by the transfer of activated cellslyfnphocytes
in nude mice, SCID), by chemical agents (indometha2.4.6-trinitrobenzenesulfonic acid, TNBS; dextr
sulphate sodique, DSS; acetic acid), by bacter@dycts (peptidoglycan-polysaccharide, PG-PS) [12BBS-
induced colitis in rats is associated with a deseeia CRF2 expression in myenteric neurons and apaages
during the early phase (days1-3) of inflammationleviis agonist Ucn2 mRNA is up-regulated in thelyand
late stages (days 12-15) of inflammation [73]. @opublished data depict an up-regulation of the ZRRhe
chronic DSS model of rat colitis that is cohereithvthe CRF2 overexpression observed in humani€¢86].

In these models, the development of colitis isu@ficed by the intestinal bacterial flora [126]. SThuggested
flora to mucosa regulation has been investigatdigbapolysaccharides (LPS) treated rats in whicHHFGRRNA
and proteins are up-regulated in inflammatory ¢etiesenchymal cells and myenteric plexus [112, .1Pd[J-
Like Receptors (TLR) which are targets of LPS, ipgrate for a bacteria-dependent colitogenic effiegt
internalizing and transporting pathogens from thmadn to the LP. The TLR-4 is strongly expressetthéncolon
and could then relay the inflammation-dependenteimsed expression of CRF and Ucnl peptides [128. T
TLR-4 expression is increased in macrophages ag@ddECD patients and could favor the bacterial-mehl
inflammatory susceptibility [129].Clostridium Difficile toxin A (C. Difficile Tx A)-induced inflammation in
mice ileum leads to an earigcreased expression (within 1 hour) of CRF in githelial cells and both CRF
receptors in LP cells and IEC [74]. Blocking of CRFed to decreased inflammation suggesting a pro-
inflammatory role of CRF. In the same model, UchZn3 (but not Ucnl) and CRF2 mRNA levels were
increased after a four hour treatment in mice [@4tats [80], while in humans, exposureQo Difficile Tx A
was reported to increase the expression of CRF2 Amn&idl protein levels in HT-29 cells and colonic agrafts
[95]. Also, CRF receptors are sensitive to cytokiaad inflammatory toxins but their regulation mgecytosis
and degradation after ligand binding counteracts abserved levels. This hypothesis is supportedhiey
observation thatC. Difficile Tx A raises CRF1 levels in the ileum when CRF isvdeegulated but not in
control or Ucn2 silencing [80]. This differentialogiulation between ligand and receptor expressiatdcoe a
regulatory response to stress signals. Commenstdrimare beneficial or/and pathogenic, dependimgtrain,
environment and localization. IBD patients, who atdjected to chronic colitis, present a modifiedeec
microflora composition (for review [130]), that dduaffect the basal expression of CRF system comgsu
depending on intestinal sections, and consequentiances colitis susceptibility.

Alternatively, mucosal inflammation can be consédkon the immune cell side, where an inappropriate
activation leads to pro-inflammatory cytokine séioreand participates in inflammatory flares in IBChe CRF
system could be regulated by inflammatory cytokitiks IL1, IL6 or TNFu [112], which are differentially
expressed depending on the colitis stage. Thidbaa studied at the different phases of TNBS-indux#itis
in rats [12, 73]. On day 1, at the early step daimmation, the MPO peak matches with an Ucn2 gpHagion
in mucosal macrophages, whereas Ucnl and CRF2 amm-ckgulated. On day 6, at the late step of
inflammation, Ucnl and Ucn2 expressions are atr th@ximal levels with the TNk peak. Up and down
regulations may represent the multi-factorial iefiae of cytokine production. The cytokine proféedifferent
in UC versus CD patients [131] and the respectigelyesponding experimental models, DSS and TNBiBsco
[132]. These divergences could explain some diffees of both the immune activated population ardGRF
system regulation pattern. Altogether, microflorad acytokines impact the basal level expression and
localization of the CRF system according to thé typles and their location.

Influence of CRF signalling in epithelial function: normal and pathological

Intestinal epithelial homeostasis and functionedepon various cell populations distributed on the
different layers that constitute the Gl tract. Teheslls participate in the control of intestinatretory, motor and
immune functions as well as epithelium permeabi(fiyr review [14]). Mucosal cells make up a complex
network in which ENS, immunocytes, enterocytes anttrochomaffin cells, establish interaction citguhat
are mobilized during stress and inflammation. Tgsilibrium of cell representations could also ffeaed in
pathological conditions, as mastocytes, macrophagddymphocytes are more vastly represented ircoken
LP of IBD and IBS [133]. In this review, we will fois on epithelial barrier defects induced by CRfailing.

The intestinal homeostasis is maintained by théhelmal monolayer which separates immune cells
from luminal contents. Thus the epithelium prevantgvanted solutes, micro-organisms, and antigeteriag
into the body. However, monocyte activation, epittiecell-cell interaction weakness or down-regigat of



goblet cells induced-mucus secretion lead to adrigiflux from the lumen that makes these two papaohs in
contact (Figure 1). The GI epithelial lining consisof a monolayer of cells that are held togethgr b
circumferential intercellular junctions. Tight jufans (TJ) are composed of transmembrane protelasidins
(CL), occludins and junctional adhesion molecul®s\)), scaffold proteins like zona occludens (Z@st link
the actin cytoskeleton, and intracellular regukatotolecules including kinases [134]. TJ proteingutate the
flux of water and solutes in the intercellular spalout also the movement of transmembrane prottiescby
promoting apical-basal polarity [135]. Directly lsath TJ are the adherens junctions (AJ) which ciz@i-
cadherin and nectin connected to the actin cytestelviac/p catenin and afadin respectively, and are regulated
by 120ctn [136]. Rather than providing barrier ftime, AJ are thought to act as a dynamic connedietween
the actin contractile rings of adjacent cells [13The third group of cell-cell contacts, desmosagmniss
structurally similar to AJ [138]. The transmembratesmosomal cadherin, desmoglein and desmocoifid,tb
the intercellular scaffold proteins plakoglobin amsmoplakin, which link the protein complexes to
intermediate filaments to provide structural sttbngn addition to form a physical barrier, EC jp@pate in the
innate defence mechanisms through the expressianwifle range of pattern-recognition receptorshsas
TLRs and by the production of immunomodulatory raales. By releasing 5-HT, enterochromaffin can eaus
the secretion of mucus from goblet cells [139], lettaneth cells produce defensins, crytidines gsozlmes
which exert antibacterial activities [140]. The magrotects from bacterial penetration by the fdiomaof a
coating laid at the epithelial surface [141].

Stress modulates the activity of neuroendocrimeiine and Gl systems [142, 143]. Altered release of
neuroendocrine factors, such as GC, vasoactiveting peptides, neurotensin, adrenomedullin, ¢tatmines
or CRF and its related peptides, by stress, mawurtighe intestinal cytokine balance and barriéegnity [10,
144, 145]. The impact of the CRF system on thestitial epithelium could be considered at two déferlevels:
On one hand, by targeting the immune system, wh&tondarily interacts with the epithelium througle t
production of cytokines, and on the other hand,thg mobilization of the enterocyte’s CRF receptors.
According to the low expression of the enteroc@RFergic system in basal conditions, this way reenless
studied. However, considering the CRF ligand ancepéor up-regulation that could occur under various
conditions such as stress or inflammation, the &iget needs to be more thoroughly investigated.

Stress and barrier dysfunction: role of CRF signaidy

While maintaining an effective barrier to harmfahcromolecules and micro-organisms, enterocytes
have also developed two mechanisms to controleleetive permeability of the barrier. The managetnoéion
selectivity, nutriments and solute occurs via theapcellular route crossing between the epitheldls, while
large molecules such as antigens and immunoglabplass through epithelial cells via the trans-tallmwoute
[146] (Figure 1). In humans, the effect of streasnaucosal barrier function has not been deeplystigated.
The reason might be that it is difficult to evakidhe stress and to obtain intestinal biopsiehes$d patients
without adding exogenous stress. However, someeststhowed that acute stress leads to the reduztioater
absorption, and sodium/chloride secretion, coopealgtwith the luminal release of mast cell mediatin the
colon [147, 148] and/on-defensin in the jejunum [149]. Other studies régdrincreased small intestinal
permeability in some patients with IBS comparedéalthy controls [150, 151]. Futhermore colonicpsies
from IBS patients had increased para-cellular pabitigy [152] and a release in mast cell neuromied#a[153].
Soluble mediators produced from cultured colonigpbies of these IBS patients increased the periitgadfi
human intestinal epithelial Caco-2 cells, a proaesselated with a reduction of ZO-1 mRNA [152]. e, the
components that alter epithelial barrier in humhbase not all been identified. However unpublishedhdof
kiank et al., indicate that activation of peripHe€&RF signalling contributes to defect in epitheligrrier by
reducing the expression of TJ proteins and altettfiegexpression of IFNand IL10 (Kiank et al., unpublished
data). This effect seems to be related to the teoent of CRF2 pathways by CRF1 activation.

In rodents, both acute physical and chronic séegicrease the para- and trans-cellular permsatbili
colon. Studies, using various CRF antagonistsgcatdithat the modulation of colonic permeabilitgres to be
CRF1 dependent [103, 154-160]. In rats, acute ooréb administration of peripheral CRF also leadsah
increase in the colonic permeability by stimulatipgra-cellular transport, [154, 155, 161]. Thisqass that
appeared to be dependent on either CRF1 or CRF2Zeddrpotential pro-inflammatory events [162].
Psychological stress induces eosinophils-derived= @GR activate mast cells, leading to epithelial rigar
dysfunction [163]. As it might be expected, the esyre to chronic stress compared to a single expdsas
more severe consequences on the intestinal funcfiom use of chronic stress (5-10 days of repeatpdsure
to stressors) is thought to reflect more accuratedydaily stressors of humans. Indeed, the expasuchronic
water avoidance stress (WAS) caused longer lastingosal barrier defects than in acute stress, svittanced



ultrastructural abnormalities in the epitheliumflammation and mucus depletion [158, 164, 165].Idvahg
acute stress, the endogenous CRF is responsibteddncreased mucin secretion since IEC expresSRE1
are partly goblet cells [10, 72, 154, 166]. On ttker hand, murine experiments advocated thatruacige
stress, provoked by high level acoustic stimulijon@ permeability occurs, associated with mastl cel
degranulation and overproduction of interferon gamrfiFNy). The colonic epithelial barrier was
morphologically altered, mMRNA encoding TJ proteivere reduced and colonocyte differentiation wasratt
[157]. Theses transient phenotypic changes in calgies are mediated by mast cell activation andyIfdiease
[167].

Early life stress also generates long term impactshe epithelial physiology by changing its cell
composition and interactions. Maternal deprivaiiptD) of rat pups induces alterations in the diffafation of
IEC, resulting in a CRF2-dependent depletion ofdBarand goblet cells, concomitant to a CRF1-depsnde
hyperplasia of endocrine cells in the rat duodentihese losses in the secretory epithelial cellaliyge could
contribute to the stress-associated epitheliaidragiefects, disturb the mucosal function and prensobsequent
exposure to sensitising antigen or bacterial ind@st Similarly to MD, chronic administration of €Rn rats,
increases enterochromaffin cells, while Ucn2 adstiation decreases Paneth and goblet cells [16&].effect
on goblet and Paneth cells but not on enteroemu®arells does not exceed the duration of the renefva
cellular population, suggesting that the stem pepulation was altered by a CRF/CRF1-dependant amesim
at a critical stage of the intestinal maturatiantestinal crypts may contain both short-lived (Jags well as
long-lived (months) multipotent progenitors that aable to differentiate in all epithelial cell fat¢169].
Futhermore, in the rat colon, CRF receptors aré bapressed in the basal third of the crypts osstittal stem
cells and could affect cell differentiation [78]inBlly, stress impairs rat ileal epithelial celhktics including
proliferation, maturation and apoptosis. In adatsy chronic stress reduced crypt length due tptapis,
followed by an increase in cell proliferation tgl&ce these damaged cells [170]. Hence, a reduogdion of
fully differentiated epithelial cells may producer@re permeable intestinal barrier.

Various mechanisms are responsible for mucosalidbatdlysfunction. A combination of local and
extrinsic signals may be involved in mediating #fect of CRF on colonic epithelial function sinGRF
receptors were localized in the periphery as desdrpreviously. Here we will successively focustioa CRF
system-dependent barrier dysfunctions at the neurahunologic and epithelial level. The enteric woars
system (ENS) controls chloride secretion by acéglioe (ACh) and 5-HT, through the secreto-motdtese
[171]. The stress susceptible Wistar-Kyoto strdimats have a decreased ACh transferase activitpunosal
homogenates, compared to the parental strain vidilgss stress-suceptible, suggesting that AChspdaple in
these rats prior to restraint stress exposure [1FBihermore, atropine, a muscarinic receptor a@migg
prevented the stress-induced increase in both nretdéase following exposure to immobilization s¢r¢$66]
and trans-cellular permeability [154, 173]. Thehats been proposed that MD-induced barrier dysiomatas
dependent on CRF activatiora CRF2 of enteric nerves to release ACh, which in factivated EC to increase
the permeability of the epithelium [174]. Acuteests also activates cholinergic pathways, to triggercrine
pancreatic secretion. Trypsin released in thesalitons may be responsible for colonic barrier raltiens
through activation of PAR2 [175].

Animals devoid of mastocytes (including Ws/Ws Yat® not develop gastrointestinal disorders
following the exposure to stress [158, 164]. Henegious studies have shown that stress-mediatadges in
Gl are mediated by mast cell activation and dedediun in the LP of mediators such as prostaglandin
proteases, histamine and 5-HT. In distal colon axgsl of rats, the administration of CRF inducesoaed
response increase in rat mast cell proteases (RNM)CWhich is responsible for entrerocyte down-riegion of
occludin and ZO-1, and subsequent TJ opening [II&se effects are reverted in presence of doxanieda
mast cell stabilizer) and significantly reducedAits/Ws rats. This seems to be mast cell and CRFendkgmt but
the presence of neighboring cells that also expB#E receptors does not exclude other targets [@0]itro
studies have shown that acute stress is able tacénibn-transport and abnormalities in para/traibar
permeability of rats [159, 173]. These effects ratatl by peripheral CRF induce activation of ma#is cevhich
is also blocked by doxantrazole [154, 155]. Ma#troediators may affect epithelial permeabilityheit directly
eg tryptase acting through PAR2 receptors [177],Xeither by stimulating local immune system [167]by the
reduction of colonic mucus [179]. Chronic affecBofound in MD are responsible for a CRF-dependent
production of the nerve growth factor (NGF) in noastesvia CRF1, with a subsequent increase in para-cellular
permeability [103, 180, 181]. Therefore, mast calls important effectors of the intestinal respsnsestress
and inflammation, which include ion secretion almalities, increased permability and mucin reled€g 182].
CRF receptor expression and functionality have lseribed in mast cells in rat and human colonicaosa,
however in humans, only resident mast cells areeored [10, 87]. NCM460 IEC stimulated by Ucn2,darce
chemo-attractants for immunocytes, like 1L8, whitds been described to control intestinal permealis,
183].



Futhermore, the increased para-cellular flux ef ¢ipithelium can be explained by cell signallingtth
are activated directly on enterocytes. TherefolRl-Ceceptors coupled to adenyl cyclase and cAMP leeen
described to be responsible for the inter-celld&@sociation of IEC [184]. In addition to their cancal
pathways, GPCRs as well as CRF receptors are ablectivate the Src kinase by promoting its auto-
phosphorylation on Y-418 [61] as observed in the-29Tcell line (our unpublished data). Thus, by mating
the phosphorylation status of inter-cellular juantiproteins Src activation could lead to the bardpening
[185]. Src kinase has also been implicated in yBrsis mechanisms, its activation leads to cavémimation
and small molecules flux, from the apical to thedgole, through a trans-cellular route. Both irbitipation
stress of rats and intravenous/intracerebral iigeodf CRF in conscious non stressed rats, leashdreased
colonic mucosal levels of cyclooxygenase-2 (COXHBNA and prostaglandin E2 (PGE?2) secretion [166).18
However, RhoA-dependent COX-2 signalling has béews to disrupt formation of AJ in HCA-7 cells [1]87
whereas PGE2 signalling mediates TJ disassembbyghra mechanism that involves PKC and CL1 in human
colorectal cancer Caco-2 cells [188]. Our resutididate that exposure of HT-29 cells to Ucn3 leadAd
dissociation and increase cell motility, a procassociated in part with RhoA activation (Ducaroegeal.;
unpublished data).

Together, these data suggest that stress-indwtiedteon of both peripheral CRF receptors contigsu
to mucosal barrier dysfunction, with the recruitinehenteric nerves, mastocytes and the less ipadstl, IEC.
Furthermore, timing and duration of the stressax key elements determining the extent of the damage
observed.

Inflammation and barrier dysfunction: role of CRFignalling.

Inflammation is a main component in the pathogsne$ IBD [13, 145] and there is increasing
evidence that low grade pro-inflammatory processayg also have a role in the development of IBStiqdarly
in post-infectious IBS [10, 189, 190]. Psychologjistiess, including dismal life events and depassiriggers
sympathetic activation and favors inflammatory tess that increase the risk of relapse and/or eskation of
IBD symptoms [9].Thus, a stress/inflammation relaship has been found in IBD patients, particuldolythe
stress in UC and the depressive symptoms in CDeMar, whether stress presents itself as a caadaiitor
or a consequence of the IBD development remainstmuable, since psychosocial stress might trigmer
increase the inflammatory cascade through neurodinmlogical interactions, whereas disease symptams c
themselves cause stress. It is already well-estaddi that, in parallel to the indirect influencdsttee CRF
system on the immune function through neuroendecdctivation of the HPA-axis, a direct pathway &xis
through immune tissue-derived local inflammatortiaats. The CRF receptors are found in different umen
cells, including macrophages, lymphocytes and roak$ and locally secreted CRF ligands are thotglect
directly as autocrine/paracrine immuno-modulat@gsl].

The development of inflammatory processes couddiitdrom the increased passage of antigens and
pathogens in the LP subsequent to a prolonged rmpat of colonic epithelial secretion [192] or 1o epithelial
barrier dysfunction [193] (for review [194]). Bottolitis and chronic psychological stress enhancetetial
translocation, which in turn exacerbates the cowfseolonic inflammation [195, 196]. During the nusal
inflammation,E. coli bacteria activate the TLR4 of immune cells, whicthance the local release of Bind
NO [197]. This exacerbates ileitis and thus calsesl damages of tissuds. vitro study showed that in murine
macrophages, the expression and transcription dR4Tlcould be increased by stimulating CRF2 [198].
However, deficiency in the TLR4 signalling pathwagds to increased intestinal inflammation in ahimadels
[199] and is associated with IBD pathology in husmdf00]. Using a DSS-induced colitis model in mice,
Chaniotou et al.; showed that CRF-deficient miceeha lower expression of TLR4 before the onset of
inflammation and that inflammation is more sevardhese animals [201]. In humans, it has been ksted
that a protective pathway mediated by Paneth sefietretory activity is altered in IBD patients 22Q@03].
Alterations in the expression of defensins couldehdeleterious effects on gut homeostasis and #hist
balance toward inflammation. However, it is notatclevhether defensin deficiency is implicated in the
pathogenesis of IBD or is a symptom [204]. The iwility that stress may affect this innate defenoechanism
is supported by recent data showing that psychcdbgstress decreases the release of anti-micratmcte
peptides in the skin and that MD stress or Ucn2iaidtnation decreases Paneth cells [168].

IBD-associated inflammatory response in the gsbdhcludes activation of the adaptive immune
system. Both Thl and Th2, T cells have been shawnatise chronic gut inflammation by releasing pro-
inflammatory cytokines, with CD having a predomitiaTh1 cytokine profile (IFN or TNFx) and UC having
a Th2 cytokine profile (IL4 IL5, IL13) mediated kgpecialized cells such as natural killer (NK) Tkeeln
addition to the Th1/Th2 theory, recent studies haveeiled in the pathogenesis of CD, the critica&blvement
of a third subset of effectors T helper cells, ThtElls [13, 205]. These cells produce IL17, whicbrpotes a
local inflammatory response including a IL6 and lis3ease and neutrophil chemotaxis to remove méasob



Under physiological conditions, the Th1/Th2 balanseequilibrated and regulatory T (Treg) cell drive
responses, which include the release of IL10, f@Rd IL4, counteract the Thl mediated microbial and
autoimmune actions [205, 206]. In several tiss@RE- signalling promotes the immune response: inde&f
stimulates the proliferation of human lymphocytgsihcreasing IL2 receptor expression and enhantheg
production of IL1 and IL2 [207]. Tache and colladtmrs found that in mice treated with CRF1 agoritst,
colon responds with increased TB&xpression (a modulator of intestinal mast cdéetbr functions), while the
ileum exhibits a dose-related IFFNesponse indicating T cell and/or NK cell activati (Kiank et al.;
unpublishend data). Finally, IBS patients who pnédaigh levels of psychological stress, exhibit ighler
number of mucosal mast cells (in the jejunum arldrgoas well as CD8+ T lymphocytes (in the colob33,
208, 209]. Similarly, chemically DNBS induced cidliin rodents can be reactivated by acute stresessS
reduced colonic mucin, increased colon permeahidlitg T lymphocytes mucosal infiltration [121, 218jress
susceptible reactivation required CDigmphocytes. Furthermore, stress neuro-mediatkes@RF can recruit
and activate mast cells, neutrophils, oeisnophiiganuclear cells in the intestinal mucosa which edher
cause tissue damage (pro-inflammatory actions) ame hprotective effects on intestinal homeostasiti-(a
inflammatory)(for review [16]).

To understand the role of the CRF system in ttguladion of the intestinal homeostasis, some
approaches were developed based on receptor antt lighibition by either genetic or chemical extio.
These works indicate that both CRF receptors plajein the stress-induced inflammation but theayrhave a
contrasting function since it was hypothesized @RF1 acts as an anti-inflammatory by counterirgefiect of
pro-inflammatory cytokines, while CRF2 signallingtpntiates the inflammation. The establishmentrmfdkout
(KO) mice provided a useful tool for this purpostowever, there are some contradictory results pbssi
depending on the type of inflammation and since e not conditional, they do not exclude centnadiated
effects on the animal behaviour, that impact thtesiinal mucosa through the “brain-gut axis” [2113R
Indeed, CRF2 KO is responsible for a reduced infitetion inC. Difficile Tx A-treated mice [94]. In contrast,
in a DSS-induced colitis model, CRF1 KO mice showtkstreased inflammation, while CRF2 KO mice
displayed increased intestinal inflammation. Thife@ could also be obtained by antagonizing remeptn
littermate mice [214]. This hypothesis is reinfatdey contradictory data in which local injectionsshRNA
targeting CRF-receptors diminish TNBS-induced @lisuggesting that both receptors participate i@ th
inflammation process [12]. Furthermore, IBD patiedisplay a high level expression of Ucn2 and CRRbe
colon [95]. Likewise, in the acute phase of inflaation, in a rat model of chemically-induced colitigcn2
levels are increased in infiltrating cells whereagpression levels of CRF2 are decreased in myentexirons,
suggesting a compensatory down-regulation [73].uReign of receptor expression by its ligands isather
frequent homeostatic mechanism observed in endgpanacrine pathways. The pro-inflammatory rol€gF2
has also been demonstrated at the cellular lemehuman NCM460 colonocytes, CRF2 activation by Ucn2
induces NFg¢b signalling and a subsequent exaggerated reldd&8 and monocyte chemoattractant protein 1
(MCP-1) [94, 95]. In these cells, Ucn2 also indudhe mitogen-activated protein (MAP) kinase which
participates in cell differentiation, survival aagoptosis. The pro-inflammatory role of CRF ligarths also
been demonstrated by KO seh interference. In an experimental mouse modeCoDifficile Tx A induced
intestinal inflammation, CRF KO animals developedess severe inflammation [215]. In rats, CRF mRNA
silencing but not Ucnll dsRNA treatment abrogatedhbthe inflammatory response and the increased1CRF
expression in inflamed tissue [80] suggesting apartant role of CRF1 in the pro-inflammatory effeétCRF
in rats. However, CRF receptors antagonists redtitedise of TNk and IL13 in C. Difficile Tx A-induced
ileitis [74]. In murine TNBS-induced colitis, CRFKreduced inflammation with a decline in the lotial
upregulation [216]. Supporting a local pro-inflantorg role, CRF was shown to modulate secretion of
cytokines and neuropeptides, as well as prolifenatthemotaxis and degranulation of purified makeages and
lymphocytesin vitro. Indeed, CRF/Ucns augments proinflammatory cytknoduction (TNE, IL1 and IL6)
from macrophage# vitro and in LPS-induced endotoxin shock in mice. Thiduced the chemotaxis of
mononuclear cells and macrophage activation, whiehassociated with a local release of oxidativeiaters
[74, 142, 198, 217]. Antalarmin administration inité CRF-induced local inflammation, suggesting the
implication of CRF1 [218]. The pro-inflammatory eéts of CRF are in contrast to the anti-inflammator
properties reported for Ucnl, which bind with higladfinity the same receptors. Treatment of endetoix
animals with Ucnl reduced several pro-inflammatytpkines release, and also increased the levetseddnti-
inflammatory 1L10 [219]. Comparable results werdaded in TNBS-induced colitis with the inductioh @
clear anti-inflammatory cytokine profile that protad Treg cell responses but reduced the Thl afatrent
with Ucnl [220]. The contrasting results betweerFGIRd Ucnl, may be attributed to their differemstrithution
patterns. Whatever their role, clinical studiesvedad that the colonic mucosa of UC patients displagseased
numbers of CRF positive enterochromaffin and maage cells and Ucnl is upregulated in these celks i
positive correlation with the intensity of the dise [86, 101, 145]. Futhermore, multiple patholalgoonditions
associated with chronic inflammation present highels of CRF and/or Ucnl in the affected tissuexl]2
including endometriosis, Hashimoto thyroiditis artteumatoid arthritis, where they seem to act as pro



inflammatory factors. In cardiomyocytes, Ucnl inési@n IL6 release in a time- and dose-dependenbenan
which is associated with the activation of ERK @38 MAP kinases and the stimulation of NB{222]. On the
other hand, some studies show that CRF receptorlitgg may also favor an anti-inflammatory process
Peripheral immune pro-inflammatory mediators sushllalp, TNFa and IL6, stimulate the hypothalamic
secretion of CRF which evokes adrenal GC releadenativation of the sympathetic nervous system [223].
Secondarily, the CRF-induced release of GC andecathmines displays an immunosuppressive effect by
favoring anti-inflammatory responses and inhibitilghate and adaptative immune systems [224-226].
Furthermore, CRF stimulation of human monocytexatidendritic cells (DC) decreased the release 8,
which is a pro-inflammatory mediator that promose$hl shift [227]. During the early stage of inflasation,
CRF, Ucnl and Ucn2 can transiently inhibit the LiRGiced TNF response in murine macrophages, via the
induction of a COX-2/PGE2 pathway. However, it Beses the TNEtranscription and release in late stages of
inflammation [228]. These authors also previousipwged that the CRF2 activation by low dose of lagmn
enhances macrophage apoptosis and thus promotemtamflammatory response [229]. The differential
modulation of inflammatory process by CRF peptidetme and dose dependent.

It has been suggested that dysfunction in theheljmt barrier stimulates the mucosal immune system
and may be the primary cause of IBD (reviewed BO[2 Permeability defects could conceivably be tluthe
pronounced apoptosis that occurs during inflammapimcesses. However it has been shown that IEQGtagie
alone is not sufficient for the entire deficit. 8eal studies have provided evidence for the peatioh of AJ or
TJ in IBD, however the question of whether anyralteexpression of junctional molecules is a primergnt in
IBD mucosa, or a phenomenon secondary to the imflatory process has yet to be clarified. It has been
hypothesized that permeability defects might regames primary disorder in CD, since intestinal peaiility
alterations have been observed not only in inflaguedissues but also in areas lacking any sigmadroscopic
injury [231, 232]. Animal models mimicking CD sues the SAMP1/Yit mode, showed increased intestinal
para-cellular permeability at an early stage ofeds®, prior to the onset of inflammation [233]. U,
perturbations in permeability seem to be limitedthe inflamed intestinal segment. However the delsitl
persists since animal studies support both tendsr2B4, 235]. Various junctional molecules areetfd by the
actively inflamed status in IBD, in particular teapression of ZO-1, occludin, E-cadherin and dedenog
[235]. E-cadherin mRNA transcripts were clearly exgsed in actively inflamed mucosa of CD and UCenshs
the protein is less detected, suggesting a posttrgmional regulation of barrier integrity as iagvobserved with
cytokines and various growth factors (TGF, HGF, JTNEB36]. Transgenic animal models revealed the
importance of E-cadherin in maintening the epitdadi barrier by showing that AJ proteins contrgulito IBD-
like processes [237] ([238] for review). Jankowakd co-wokers have demonstrated that deregulafién and
P- cadherin correlates with the progression of humalitis [239]. Intestinal permeability is alsarettly
regulated through alteration of TJ proteins [248§ing non invasive techniques, various studies daetnated
an increased intestinal permeability in CD [24124/ich is most likely attributed to the actions ©hl
cytokines (TN and INF) that are characteristic of this disease [245]déftaying this increased permeability
are disrupted TJ resulting in an up-regulationafegforming CL2 and a down-regulation and a reitistion of
sealing CL3, CL4, CL5 and CL8 along the inflamegptrepithelium, whilst absent or barely detectaiple
normal colon [246, 247]n vitro models have demonstrated that T\fan induce both apoptosis-independent
disruption of epithelial barrier function via aléion of TJ and up-regulation of apoptosis in absesf changes
in the expression of TJ proteins, suggesting tiNfal may constitute a major link between a more |dadyier
and CD [248-250]. Furthermore, IFNcan prime intestinal epithelial monolayers to mesp to TNF by
disrupting TJ morphology and barrier function vigasin light chain (MLC) kinase up-regulation and ®IL
phosphorylation [245]. The mechanism by which JFhkduces permeability changes is incompletetely
understood. It has been associated to endocytésisatudin, JAM-A and CL1 following activation of H®
GTPases [249]. In contrast to CD, increased imtaktpermeability is not easily demonstrated in U@ilev
ultrastructural evidence of inadequate TJ has lestablished without increasing bacterial transiocasuch as
in CD patients. These alterations have been ataibto UC cytokine profiles ILA, TNFu and IL13 which are
able to alter TJ and permeability in cell cultuf2s1, 252]. IL13 impairs epithelial barrier funatidy affecting
epithelial apoptosis, CL2 expression and restitutielocity [251]. Unlike CD patients, UC is chamgted by a
reduction of goblet cells and a diminished mucusi®a[253].

Interplay between Inflammation and cancer: role tiie CRF system

Even though CRC does not always develop after IB®,high frequency in patients with IBD
represents a paradigm for the connection betweBanmimation and cancer in terms of epidemiology and
mechanistic studies in preclinical models (for eswi[254]). Although there is a very clear assooratbetween
UC and an elevated risk for CRC, there has beere stebate concerning CD patients. However, the asew
risk of CRC in IBD patients seems correlate with thronic inflammatory conditions in the intestinalicosa,



in particular with the degree [255], duration [22%57] and anatomical extent of colonic inflammat{@s8].
There is evidence that the regular use of antaimfhatory medications can reduce the developmecamters
in IBD patients, but these cancers are lymphomatsaaa not developed from intestinal epithelial £¢#59,
260]. In animals models such as intraperitoneadciipn of the carcinogen azoxymethane (AOM) folldwizy
repeated cycles of DSS or mice lacking the genéhiedL10 cytokine, chronic inflammation also resuh an
increased frequency of intestinal tumors [261, 26&jwever these data do not provide mechanistiglinsnto
how inflammatory processes might contribute to eanmflammation could contribute to carcinogendsis1)
enhancing levels of reactive oxygen species tha¢ lramutagenic effect on DNA (tumor initiation) B62)
activating pro-survival or anti-apoptotic pathway<€C (tumor promotion) and 3) generating an enviement
in favor of substained growth, angiogenesis, mignagind invasion of tumor cells (tumor progressamd
metastasis). Various components of the inflammagmyironnement in IBD are key elements in the oéifie
steps of cancer [264]. Recent works have eluciddtedole of various immune cells and mediatorslirthe
steps of colon carcinogenesis with the dissectfsome molecular pathways. The most significardifigs are
reviewed in [254, 265, 266]. The relationship betwecancer and inflammation is not simple and caiweot
reduced to the deleterious role of various inflaframacells, mediators or signalling pathways in @@m The
inflammatory response also maintains physiologicatesses such as tissue homeostasis and repainity.
Indeed, many molecules and pathways double-upjngaples in homeostasis, tissue repair, and tugeoesis.
However, dedicated tissue injury and wounding sugpmmor growth and neoplastic progression suckimga
the two processes of tissue repair and tumoregeivestparable, in particular during chronis stréSee review
from [267]). In this review, we will focus on thele of CRF signalling in the regulation of cancervelopment.
Our analysis will be extended to various cancarsesthere is little specific data concerning catancer.

CRF receptors and ligands are expressed in ma®gstgf cancers and melanoma (for review [268].
However, a wild range screening of the CRF receptpression by CRF autoradiography misses to ifyettie
CRF receptors in different tumoral tissues likeocettal adenocarcinomas [269], while they were esged in
normal conditions suggesting that receptor loss mamtribute to malignant transformation and/or tumo
progression either as a causal or as a resultfiegtefSimilar conclusions have been drawn in ptestancer
characterized by an expression loss of CRF2 cordptirebenign tissues [270]. The comparison with high
expressing tissues like endocrine tumors could idsiess expressing tissues such as Gl. HowevefF2CRs
been previously immuno-detected in HT-29 cells [84d further in Caco2, SW620, SW1222 and HCT8 cells
(Ducarouge et al. unpublished data), all adenosanca cell lines which display differential metastat
properties. Finally, the distinct distribution aactivities of the CRF system within the tumor otvieen normal
tissues and tumors reinforce the hypothesis thd&1C&hd/or CRF2 could modulate different aspectsaoicer.

A study performed on 51 untreated endometrial capatents as well as on normal surrounding tisshesved
that in 61% of tumors specimens, CRF2 staining eifiase in the cytoplasm while it was nuclear inrmal
endometrial glands [271]. The CRF2 cytoplasmic grattwas associated with a more advanced FIGO stage
disease [271, 272]. As for CRF receptors, CRF atil ékpressions have been extensively investigatéuki Gl
tract, but their expression in colorectal cancexrs hot been the center of interest. ExpressionRiF @as first
detected in various tumors of the Gl by radioimmasgay including one adenocarcinoma of the sigmalioinc
[273]. One report indicated that CRF/Ucn peptidesla inappropriately be secreted by several tunfidrg,
275] and sometimes correlates with the aggrességené cancers [276]. It would therefore be inténgsto
determine the CRF peptide regulation in coloreatinocarcinomas. Autocrine/paracrine actions ofGR&
system have been suggested to be involved in theranvironment control of the tumor and neighbgriells
[277, 278]. In the tumor microenvironment, CRF edensed by endothelial and immune cells and byaite
neuronal innervations [279-281]. The non-tumor#isaeould also be source of CRF ligands, whicinflienced
by stress and inflammation.

The chronic inflammatory states may lead to emvitents that foster genomic lesions and tumor
initiation. Disorganization of inter-epithelial jations could participate in the infection process &lso in the
cellular dedifferentiation preceding carcinogeng2B2]. These epithelial alterations were more prorted in
UC tissues in which the development of malignansegpparently more frequent than in CD tissueggssting
that disturbances of junction-associated molecatedikely to be involved in carcinogenesis fronDIBatients.

In HT-29 cells, we found that exposure to Ucn3 dbates to the disorganization of AJ with an endosis of
E-cadherin and a nuclear translocation of bgitatenins and p120ctn (Ducarouge et al.; unpshligteta).
Apart from being cell-cell adhesion proteins, theatenins are also important signal transductioteoubes that
control proliferation and migration processes. Tiauction of Wnt signalling, mostly by affectiriycatenin,
plays a critical role in both the maintenance & #heady-state proliferative compartment and tugeoesis of
tissue since it has been described as a hallmadoloh, breast, prostate and ovarian cancers,falthich
express CRF system molecules [283, 284]. Usingtifie breast cancer cell line, Arranz et al. demanstthat
peripheral CRF modified the expression of SMAD2 @rnchtenin, induced cell proliferation and increatieel
TGH3 action on proliferation, confirming its impact A@iGH3 and the Wnt signalling [285]. Similarly, CRF



stimulates Neuro2a neublastoma cell line prolifera{286]. However, the effects exerted by CRF amaer
cells range from promotion of cell proliferationdaangiogenesis versus cell apoptosis; all of thweeesses
participating in the regulation of the tumor growithus, CRF has been described to inhibit cellifen@tion via
CRF1 in the endometrial adenocarcinoma cell liekisva [287], in human HaCat keratinocytes, in neous
immortalized keratinocytes and melanoma [288, 288K in MCF7, an oestrogen dependent human breast
cancer [290]. One study reports that Ucns coul@éady inhibit the proliferation and promote apopgosf
human small cell lung carcinoma via CRF2 activaf2®1] whereas both receptors don't affect theijemaition

of the human gastric cancer cell line AGS [221]u§htumor growth could also result from inhibitiof
apoptosis, which procures characteristics thatigyaate in the chemotherapy escape and the suratal
metastatic cells. Apoptosis is inhibited in the laungastric cancer cell line AGS after exposure®R-CUcnl or
Ucn2 [221]. Similar results were observed in thénablastoma cells treated by CRF via a PKA-mediatewn-
regulation of pro-caspase-3 cleavage and subsegaettation [292]. In contrast, CRF induces local
immunosuppression by promoting apoptosis of cytotaxcell via the production of Fas ligand in owari
cancer cells [276]. In the mouse RM-1 prostate earell line, CRF1 and CRF2 are expressed and exert
opposite apoptotic roles. CRF reduces Bcl-2 exprasahile activating Bax-dependent caspase-9 and2Uc
increases Bcl-2 expression and decreases Bax sigmesia a cCAMP, AKT pathway [293]. The balance
between proliferation and apoptosis could switch @NOFF the tumor survival or death, depending lom t
cancer type and the nature of CRF peptides anddiivated CRF receptors.

Another way by which the CRF system may influetgmor growth is angiogenesis. It has been
reported that Ucn2 inhibits the growth and vascrddion of Lewis lung carcinoma cell tumars vivo andin
vitro [294] as well as in hepatocellular carcinoma [2%4]rthermore, the CRF2 is strongly expressed aodl
vessels [89] that are neo-generated in growingd siimors [296]. In many tumors, the neo-angiogenési
affected by the CRF system via the production of3FEand has been suggested to be a potential theiape
target with Ucn treatments [97, 295, 297]. The CRE&vation down-regulates VEGF production fromotdar
smooth muscle cells, which leads to a decreadeeaf proliferation and tubule formation in matrigahd CRF2
deficient mice become hyper-vascularized post-yafalr]. Similarly, it was also shown that the aetiion of
CRF2 could inhibit p38/AKT phosphorylation to supgs the secretion of VEGF in human small cell lung
carcinoma [291]. In contrast, in the skin, perighe€RF has been shown to enhance local angiogeardis
vascular permeability [280, 298]. This effect inve$ skin mast cell degranulation (theoharides 1998
HMC-1 human mastocyte cell line also produces VHEGFesponse to CRF administration by a CRF1 pathway
as it is reversed by Antalarmin [90]. This CRFlamunist also suppresses neo-angiogenesis in 4Tktbre
cancer cell line using a COX-2 but not VEGF-depeaeechanism [285]. In the intestine, during DS&uited
colitis, KO of CRF1 and CRF2 decreased or increasiedovascular density, respectively [214]. Thikeef was
associated with a decrease (for CRF1-/-) or areas® (for CRF2-/-) in VEGF compared to inflammaiion
control mice. The effects of the two receptors mestinal angiogenesis are again opposite to etmwdr.or his
finding leads to the conclusion that CRF1 is prgiagenic, while CRF2 is anti-angiogenic. The amii@genic
property of CRF2 is not only true during inflamneati[97].

Finally, the CRF system has been proposed to taffégration and invasion of tumor cells, thus
supporting tumor progression and metastasis [298]. 2As described previously, the CRF receptorsided
numerous cell signalling pathways, which are inedhn cell-cell junction regulation and/or cell magon. This
increased cell motility might be driven by cytoskeh rearrangements and focal adhesion kinase (FAK)
phosphorylation [278, 300]. Actin reorganizatiors eeen observed following CRF-treatment of At1scgB5].

In colorectal cancers, transient ERK activationnsge¢o be sufficient to induce FAK phosphorylatiam serine
and subsequent migration and metastasis [301, 80RIT-29 cells, the CRF2 activation induces SrieKEand
FAK phosphorylation coupled to a disorganization Af, a rearrangement of actin cytoskeleton and cell
migration (Ducarouge et al. unpublished data). Bne family kinases are master regulators of theaAd
interact with both CRF receptors [61]. The CRF itehi the migration and invasion of the B16F10 murine
melanoma cells that also depend on a transient &RiKation via the CRF1 [299]. It also participatesactin
polymerization and FAK phosphorylation, which leadVICF-7 motility [278]. CRF-dependent modulaticofs
RhoGTPase and their associated actin cytoskeletmphmlogy have been described in neurons [303,.304]
CRF1 induces Rac-1 activation via PKA, MAPK signalghereas CRF2 induces RhoA via PKC. The
involvement of the CRF system in the regulatiorcaficer progression and metastasis is supporteldebfatt
that ligand expression could correlate with thedrgnade, as it has been observed in ovarian caf€és$ but

not breast cancer [277]. CRF2 is also expresseetesdly in peri-neural invasion of breast tumoramdy play a
role in the invasiveness [277].

In conclusion CRF receptor signalling is implichte carcinogenesis-related pathways which could
therefore be regulated by CRF ligands. Among thetbway, the phosphatidylinositol 3-kinase (PI3KJ/A
pathway is a key modulator of cell survival, ceftle and angiogenesis. Recently the PI3K pathwayleen
suggested to play a critical role in both CRF récemediated effects [305, 306]. CRF is also a latgu of NF-
kb which is a regulator of genes that control cebliferation and survival. However the varying ritsu



observed indicate cell-or receptor specific actidnghe brain, CRF inhibits the DNA binding activbf NF-+«b
under normal or oxidative stress-induced conditiwhie in leucocytes and thymocytes CRF has besorited
to enhance Nk DNA activity in a time and dose dependent marigev, 308]. Aberrant activation of Nigh

is frequently detected in enterocytes and LP mdwages of IBD patient biopsies and colorectal tunjdes,
310]. In a model of colitis associated-CRC and bletion of IK«b (impaired activation of Nkb), it has been
demonstrated that epithelial N#- contributes to tumor initiation and promotion byppressing apoptosis
while, myeloid NFkb supports both tumor promotion and progressiooutn production of cytokines, COX-2
and growth factors [311].

Conclusion

A great deal of evidence from recent literaturendestrates that the CRF system is widely expressed
and active throughout the Gl tract. Even some itgmbrspecie differences in the expression pattefribese
molecules at the cellular level, they could be ntaidd by both stress and inflammation. The CRFesgsnay
act as an autocrine/paracrine modulator of inflatenyapathways, which affects the immune system, the
epithelial barrier physiology via the increase m@ns- and para-cellular permeability and the musaetion.
Life stress events are able to induce or aggrahatenflammatory state of either healthy peopléB® via CRF
system modulations. Chronic inflammation observedBD patients or chronic stresses both lead tsués
damage that could be repaired. Thus, the chronicndiog makes hyper-proliferative IEC populationsiici
favors the cancer development. Furthermore, asce#lljunction impairement leads to inflammatorppesses
in non-tumor tissues, this loss also participatesancer progression. The CRF system seems tofressed
and functional in colorectal cancer cells. Hen¢ere is direct and indirect evidence for a rolethef CRF
signalling in human cancers, growth, survival anetastasis. Consequently, CRF receptors becometjabten
targets for novel therapeutic strategies againgd hd colorectal cancers. These compounds arelyeadi
available for clinical use: while the synthesisnoh-peptide selective CRF2 antagonists still resaichallenge
in medicinal chemistry, non-peptide CRF1 antagsrtistve been recently synthesized and tested inghment
of CNS-related diseases.
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Figure 1. Involvement of the CRF system in stress, inflammation and cancer.

Brain-gut communications are exerted via the AN§aeping vagal and sympathetic nerves,
and the HPA axis. The cognitive stress induces btRiA\ activation and ANS modulations,
which respectively lead to GC and cathecolaminsh{Catlease into the blood, and liberation
into the gut of Ach and Cath. A GC feedback regdahe central activation of the HPA by
inhibiting the hypothalamic CRF production. The ibrperceives both cognitive stress and
peripheral stress by the activation of the vagatreffices from the gut. ACh, Cath and GC all
regulate the intestinal expression of CRF recepamd ligands from IEC, immune cells and
neurons from ENS. However the CRF system may a@ paracrine/autocrine system. CRF
signalling could drive the inflammation related twtintestinal barrier opening by the control
of: 1/ the trans-cellular permeability/ the para-cellular permeability addthe reduced mucus
secretion. The inflammatory processes could in affact the CRF system expression by the
production of cytokines and toxins. Acute and chvostresses could also induce epithelial
barrier dysfunctions which may contribute to inflmation. The epithelial barrier repair brings
back to healthy conditions, but in the chronic anfimation this continual regeneration is a
substrate for the development of cancer. Tumosaetpbress some CRF system components,
which could participate to the cancer progressignalffecting the cell-cell junctions and
cytoskeleton organisation. Thus CRF signalling mdfeck 4/ cell proliferation, 5/ cell
apoptosis ané/ cell migration and invasion.
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Figure 2: The CRF system and receptor signalling.

Left panel CRF and Ucnl could activate the CRF1 and the CRift2 a lower affinity for the
CRF, whereas the Ucn2 and Ucn3 bind exclusivelyQR&2. These ligand/receptor interactions
are challenged by a competition with the CRF-BPsaluble truncated forms of the receptors.
The activated receptors are endocytosed and fuglhieer degraded or recycled to the cell
membraneRight panel CRF receptors downstream signalling are linkedhe®s GPCR Gpy
activity and the Src kinase which interact with thmjtoplasmic domains. Thus, numerous intra-
cellular proteins could regulate cell processes liurvival, proliferation, apoptosis, or
migration.
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Figure 3: Distribution of CRF receptorsand ligandsin human and rodent colon and ileum.
ENS: enteric nervous system, CD: Crohn disease, Wéerative colitis, g: guinea pig, h:
human, m: mouse, o: ovine, r: rat.



