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Abstract
Interleukin-11 (IL-11) is a cytokine that promotes intestinal epithelial resistance to injury,
however the mechanisms remain incompletely understood. Evidence from the Ropeleski Lab
supports IL-11 dependent activation of the transcription factor Nuclear Factor кB (NFкB),
without the degradation of the inhibitor кB (IкB), which deviates from the classical mechanism
involving proteolytic processing of IкB. Also, IL-11 mediates the modulation of genes associated
with healing, such as cyclooxygenase-2 (COX-2). It was hypothesized that IL-11 activates NFкB
in intestinal epithelial cells by direct modulation of NFкB which, in a physiological setting,
stimulates restitution during the healing response in the gut.
Both cultured rat IEC-18 and human HIEC epithelial crypt cells were used as models to
investigate whether the effect of IL-11 was species-specific. Activated NFкB is targeted to the
nucleus therefore immunoblotting of nuclear extracts for expression of NFкB protein subunits
including p65, activated p65 (phospho-p65Ser536), p50, and RelB, as well as by immunofluorescent
detection of p65 were used.

Inhibition of IL-11 signaling was carried out using various

pharmacological inhibitors in order to determine their effect on p65 phosphorylation.
Mechanically wounded cells were used as a model of gut injury and restitution where
immunoblotting was used to examine IL-11 dependent effects on phospho-p65Ser536 and COX-2
expression. The binding of p65 to the кB binding site on DNA was detected with an ELISAbased system.
IL-11 treatment was associated with the nuclear accumulation of phospho-p65ser536 in
epithelial cell lines. Inhibition of PI3K/Akt signaling with LY294002 and AktiVIII suggested a
partial reduction in phospho-p65Ser536 while inhibition of MEK1,2 signaling with U0126 indicated
almost a complete abrogation of phospho-p65Ser536 accumulation in the nucleus. Inhibition of
inhibitor of кB kinase-β (IKKβ) with SC-514 also revealed a strong attenuation of IL-11 induced
ii

phospho-p65Ser536. Inhibition of p90RSK1 with SL0101 was inconsistent but suggested a partial
blockage of phospho-p65Ser536 whereas inhibition of Src kinase with PP2, did not affect
phospho-p65Ser536 in IL-11 treated IEC-18 cells. There was no increased binding of p65 to the кB
binding motif on DNA after IL-11 treatment. In mechanically wounded cells treated with IL-11,
nuclear phospho-p65Ser536 was unaffected; however there was an evident potentiation of woundinduced COX-2 expression compared to untreated cells.
In conclusion, IL-11 activates NFкB signaling in a non-classical manner through the
phosphorylation of the p65 subunit. The predominant pathway appears to involve IKK and MEK
signaling.

Also, IL-11 modulates COX-2 expression in response to wounding in intestinal

epithelial cells.
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Chapter 1
Introduction
Inflammatory bowel disease (IBD) is a condition hallmarked by chronic gut
inflammation resulting from a failure to heal immune-mediated intestinal mucosal injury. A
potential remedy could include interleukin-11 (IL-11), a cytokine associated with hematopoiesis
(1) and protection from intestinal injury (2). While the development of strategies to exploit IL-11
mediated signaling pathways may have important therapeutic benefits, it has also been recognized
that increased IL-11 receptor expression is characteristic of certain carcinomas, such as colorectal
and gastric cancers (3, 4). Tumors with increased activation of autocrine IL-11 signaling are
associated with hyperactive and deregulated STAT3 signaling, leading to increased cancer
invasiveness and tumorigenesis (4). While literature has revealed the properties of IL-11 to elicit
potent anti-inflammatory effects in the immune cell system (5, 6), the physiological effects of IL11 on the epithelial compartment of the intestine are incompletely defined and thus the goal of
this thesis is to further delineate IL-11 signaling in the intestinal epithelium.
Nuclear Factor-кB (NFкB) is a transcription factor central to the regulation of the
inflammatory response elicited by mucosal immune cells such as lymphocytes and macrophages.
NFкB has been considered a viable target for therapeutic intervention with regards to inhibiting
its pro-inflammatory effects. In addition, an evolving literature describes a role for NFкB in the
regulation of homeostatic functions in the intestinal epithelium, as shown by knockout studies of
inhibitor of кB kinaseβ (IKKβ) (7-9) and more recently intestinal epithelial specific knockout of
p65NFkB (10), which have resulted in dysregulated intestinal barrier function and even
spontaneous colitis. It is becoming increasingly evident that NFкB has a homeostatic role and
functions to protect against injury and to facilitate healing. The mediators of such unique aspects
of NFкB regulation and function remain incompletely understood.
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Taken together, these published studies led to the hypothesis that IL-11 activates
intestinal epithelial NFкB signaling to elicit its protective and healing functions. In this report, a
novel IL-11 dependent activation of NFкB in the intestinal epithelium is characterized. While the
pathway by which IL-11 activates NFкB deviates from canonical NFкB signaling pathways that
involve IкB degradation, activation of known NFкB targets for healing such as COX-2 are
demonstrated. It is speculated that IL-11 activation of the NFкB pathway in the intestine may
allow the exploitation of the protective and healing aspects of both these entities to develop novel
therapeutic approaches for IBD.
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Chapter 2
Literature Review
2.1 Interleukin-11
Interleukin-11 (IL-11) was first isolated and characterized in transformed bone marrow
stromal cells as a hematopoietic growth factor (11). It originates in a proform of 199 amino acids
(11) and is cleaved into a mature protein consisting of 178 amino acids with an approximate
molecular weight of 23 kDa (predicted 19 kDa) . It also contains a four-helix bundle topology
with two receptor binding sites located on the carboxy terminus (12). Currently, IL-11 is known
as a pleiotropic cytokine that possesses potent anti-inflammatory effects along with protective and
anti-apoptotic properties.
2.1.1 IL-11 signaling
IL-11 is a member of the IL-6 cytokine superfamily and activation of IL-11 Receptor-α
(IL-11Rα) causes the receptor multi-subunit complex to initiate cellular signaling by forming a
heterodimer with gp130, a transmembrane signal transducer glycoprotein.

IL-11 binds

specifically to the IL-11Rα subunit which is expressed in most tissues (13). The hexameric
receptor complex has been described to activate various signaling pathways in different cell
types. In a mouse preadipocyte cell line, 3T3-L1, IL-11 activated members of the Src-family
protein tyrosine kinases including p62yes and p60src (14) while in human erythroleukemia cells,
particularly K562, IL-11 mediated protein kinase C (PKC) activation (15). In the intestine, IL11Rα is constitutively expressed in the epithelium (16) and activated signaling pathways include
Janus kinase (JAK) (17), signal transducer and activator transcription (STAT) (17), mitogen
activated protein kinases (MAPK), extracellular signal-regulated kinases (ERKs) (18),
phosphatidylinositol 3-kinase (PI3K) (18), and Akt (18), all of which are involved in the
3

regulation of cell proliferation and cell survival pathways (described below). Despite these
preliminary mechanistic insights, the pathways by which IL-11 elicits its protective effects in the
intestinal epithelium are not completely defined.
2.1.2 Cytokine secretion: the source of intestinal IL-11
In the intestine, IL-11 secretion has been demonstrated in subepithelial myofibroblasts
which exist in close proximity to the intestinal epithelium along the basement membrane (19).
The production of IL-11 has been shown to be stimulated by TGF-β and IL-1β (19) in primary
cultures of intestinal myofibroblasts, as well as by IL-22, a cytokine with similar actions to IL-10,
in an NFкB and activating protein-1 (AP-1) dependent manner (20). Interestingly, the absence of
IL-11 production was reported in IL-18 deficient mice which demonstrate increased sensitivity to
dextran sodium sulphate (DSS)-induced colitis associated with poor mucosal repair.

This

established IL-11 as a target of IL-18 signaling (21, 22). The presence of IL-11Rα on fibroblasts
(or myofibroblasts) themselves suggests an autocrine signaling pathway for IL-11 in addition to
obvious paracrine effects. However, no literature to date has delineated the capacity of intestinal
epithelial cells to secrete IL-11 in an autocrine manner. Preliminary data from the Ropeleski lab
suggests that IL-11 may be induced in response to wounding in certain intestinal epithelial cell
lines; this notion is being investigated by other lab members.
2.1.3 Physiological effects of IL-11
Since its discovery, IL-11 has been reported to play an anti-inflammatory, trophic, antiapoptotic, and pro-metastatic roles. IL-11 inhibits cellular proliferation in normal untransformed
rat intestinal epithelial cells likely by prolonging the G1 phase of cell cycle (23, 24), however, it
supports growth in myeloid leukemia cell lines and other plasmacytoma cell lines in a dose
dependent manner by acting synergistically with IL-3 (25).
4

In normal rats and mice,

subcutaneous IL-11 treatment stimulated megakaryocyte progenitor differentiation and
maturation which resulted in marked elevation of peripheral platelet counts in the circulating
blood (26). Furthermore, IL-11 is detected within other tissues such as lung alveolar cells and
cardiac myocytes and reports indicate protective effects from ischemia. For example, IL-11
treatment conferred resistance to apoptosis induced by hydrogen peroxide in cardiac myocytes
specifically through STAT3 signaling (27).

In macrophages, IL-11 exhibits potent anti-

inflammatory effects by down-regulating LPS-induced proinflammatory cytokine release and
nitric oxide production in mice by altering RNA stability and preventing NFкB translocation to
the nucleus (5, 28). Additionally, IL-11 has been reported to polarize T cells towards TH2
functions, thus supporting anti-inflammatory roles in autoimmune TH1 models of inflammation
including arthritis and graft versus host disease (GVHD) (29-31).

2.2 IL-11 function in the intestine
IL-11Rα expression is reported in the murine small and large bowel (13) and also in the
human colonic epithelium (16). Not surprisingly, administration of exogenous recombinant IL11 protects the intestinal epithelium in various models of injury including radiation damage (24),
ischemia-reperfusion injury (32), oxidant stress (17), Fas Ligand-induced epithelial apoptosis
(18), trinitrobenzene sulfonic acid (TNBS) colitis (33), transgenic HLA-B27 colitis (34), 5fluorouracil (5-FU)-induced mucositis (35), and graft versus host disease (GVHD) (31). In all
these cases, treatment with IL-11 significantly prolonged cellular and animal survival by either
promoting anti-apoptotic mechanisms, conferring resistance to injury, or reducing acute
inflammation.
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2.2.1 Anti-apoptotic effect of IL-11
IL-11 treatment of cultured human colonic epithelial cells (CEC) results in a dose
dependent tyrosine phosphorylation of Akt, which activates the Akt survival pathway. The
activated survival pathway may reduce apoptotic cell numbers in human CECs during
detachment–induced apoptosis triggered by constant shaking (16). In HLA-B27 transgenic rats
that develop spontaneous colitis, IL-11 treatment partially reduced apoptosis (34) possibly by
modulating epithelial proliferation (23, 24). Apart from Akt activation, Kiessling et al. also
reported a decrease in caspase-9 activation, a notion supported by a report from Orazi et al. (16,
36). The Ropeleski Lab confirmed these findings since IL-11 treatment in Fas Ligand-induced
apoptosis on cultured rat intestinal epithelial crypt cells prevented cell death by reducing DNA
fragmentation and attenuating caspase-3 activity and the abundance of the activated cleaved
fragment of caspase-9 (18). It should be noted however, that IL-11 did not affect anti-apoptotic
gene transcripts such as cIAP1, cIAP2, XIAP, cFLIP, survivin, and Bcl-2 (18). Consequently,
IL-11 has been established to suppress the apoptotic pathway to prevent cell death.

2.2.2 IL-11-mediated protection from injury
Multiple reports indicate that in experiments with radiation therapy, IL-11 treatment
accelerates mucosal recovery in the gut (2, 24, 36, 37). For instance, Boerma et al. reported that
IL-11 treatment in rats prior to and during radiation exposure until 2 weeks after irradiation
significantly ameliorated manifestations of damage in the intestine including mucosal surface
area, wall thickening, TGFβ expression, and injury score (37). Similar results were reported in
mice given a combination of radiation and chemotherapy treatment (5-fluorouracil) or 90% small
bowel resection where IL-11 afforded protection resulting in more cell survival (four times more
survival versus control) and the rapid recovery of the small intestinal mucosal cells by increasing
the mitotic indices of crypt cells (2, 24, 38). Moreover, in an in vitro model of oxidant stress
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initiated by monochloramine exposure, IL-11 induced expression of heat shock protein-25
(hsp25) to maintain cellular viability (17). In yet another model of injury, ischemia-reperfusion
was elicited by mesenteric artery occlusion in rats and IL-11 pretreatment reduced crypt cell
apoptosis to improve survival (32).

The latter mechanism appeared to involve less DNA

fragmentation and upregulation of Bcl-2, an anti-apoptotic regulator (32).

Taken together,

exogenous IL-11 treatment clearly affords protection from various models of injury and
accelerates recovery.

2.2.3 IL-11-mediated reduction in inflammation
Overlapping effects of IL-11 on the immune response may have protective results on the
intestine as well. IL-11 modulates monocyte and macrophage responses via suppression of
mRNA transcript levels of proinflammatory cytokines including interleukin-12 (IL-12), nitric
oxide (NO), interferon-γ (IFNγ), and tumor necrosis factor-α (TNFα) in primary macrophages
isolated from mice (5, 6). Moreover, IL-11 pretreatment before injury transiently inhibits cell
proliferation by prolonging the G1-S phase of the cell cycle to reduce susceptibility to damage
(23, 24, 39). Overall, fewer inflammatory signals from macrophages protects the structural
integrity of the gastrointestinal mucosal barrier and this is confirmed by observations by
transmission electron microscopy in the TNBS-induced colitis model in mice (31, 33). Until
recently, little has been known about the intestinal epithelial signaling pathways activated by IL11 or their cellular source in the intestinal mucosa.

7

Figure 1. A schematic of IL-11 signaling pathways in intestinal epithelial cells.
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2.3 Other IL-11-mediated signaling pathways
As mentioned above, IL-11 is known to activate several intracellular signaling pathways
including JAK/STAT, ERK, and PI3K/Akt. The following highlights signaling pathways studied
during the course of this thesis.

A schematic of the IL-11 mediated signaling pathway in

intestinal epithelial cells is depicted in Figure 1.

2.3.1 ERK (p42/44 MAPK) pathway
The extracellular signal-related kinase (ERK) signaling cascade is part of the mitogenactivated protein kinase (MAPK) family, a central component of the intracellular signaling
network. Extracellular stimuli that activate small G proteins, such as Ras, transmit signals down
the MAP3K pathway towards the MAPKK tier proteins termed MAPK/ERK kinases (MEKs),
which subsequently phosphorylate ERK proteins (40). MEKs consist of a highly conserved
group of 3 isoforms, MEK1, MEK1b, and MEK2, which all possess a catalytic kinase domain
that is activated by phosphorylation of two serine residues in their respective activation loops
(41).

MEKs

themselves

can

undergo

further

regulation

via

additional

phosphorylation/dephosphorylation which will not be highlighted here. MEKs have also been
described as cytoplasmic anchor proteins for ERKs due to the presence of nuclear export signals
(NES) (42), however, phosphorylation of ERK happens in both the cytoplasm and the nucleus
depending on the stimulus (43). Upon activation, MEKs dually phosphorylate specific regulatory
tyrosine and threonine residues of ERKs, a unique modification mediated solely by MEKs to
elicit physiological responses (44).
ERK proteins are conserved and consist of two predominant isoforms, ERK1 and ERK2
(also known as p42/p44 MAPK) (45). Their catalytic kinase domain can be activated by MEKs
and activation leads to phosphorylation of numerous substrates. IL-11 stimulation of ERK has
9

notably demonstrated the phosphorylation of transcription factors, p90 ribosomal S6 kinases
(p90RSK1) (46), and mitogen- and stress-activated kinase-1 (MSK-1) (unpublished observations by
Dr. Ropeleski). Thus, activation of ERK leads to regulation of physiological functions including
proliferation, differentiation, survival, and apoptosis (47).

2.3.2 PI3K/Akt pathway
Phosphoinositide-3 kinases (PI3K) generate 3’ phosphorylated inositol lipids to convey
cellular signals. PI3K have several isoforms that are categorized into three subclasses I, II, and
III, of which class IA is the most studied (48, 49). PI3K have a catalytic subunit and a regulatory
subunit that function as adaptors to localize PI3K to the plasma membrane via interaction of their
Src homology domains (SH2) with phosphotyrosine residues of activated receptors (48).
Stimulation of PI3K activates its p110 catalytic subunit to target the serine/threonine protein
kinase Akt (also known as protein kinase B (PKB)) to mediate various biological effects (49).
Akt has three identified family members Akt1, Akt2, and Akt3, which all exhibit over
80% homology to each other (50). As mentioned above, PI3K activates Akt by recruiting it to the
plasma membrane where the threonine 308 and serine 473 residues are phosphorylated.
Phosphoinositide dependent kinase-1 (PDK1) carries out the modification at threonine 308 but
the kinase responsible for serine 473 remains unknown (51).

Akt stimulation has various

downstream effects such as activating pro-survival and anti-apoptotic pathways through
p65NFкB transactivation (52) and IL-11 dependent stimulation of Akt has been reported to
suppress anti-apoptotic genes and prevent caspase cleavage (18).

2.4 Nuclear Factor-кB
The Nuclear Factor-кB (NFкB) transcription factor is expressed in almost all animal cell
types with similar systems operational in Drosophila. It consists of a dimeric complex of various
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protein subunits that share the Rel homology domain (RHD), an evolutionarily conserved region
of 300 amino acids within the amino-terminal region. The RHD is responsible for DNA binding,
dimerization, nuclear localization, and interaction with inhibitor of кB proteins (IкB). The NFкB
subunits include RelA (p65), RelB, c-Rel, NF-кB1 (p50/p105), and NF-кB2 (p52/p100). RelA,
c-Rel, and RelB are transcriptionally active proteins whereas NF-кB1 and NF-кB2 are produced
in larger precursor isoforms of 105 kDa and 100 kDa, which are further cleaved into their active
forms of 50 kDa and 52 kDa respectively (53). These subunits form either homodimers or
heterodimers which are distinctly regulated in different physiological circumstances as outlined
below. Furthermore, the subunits are subject to further post-translational modifications such as
phosphorylation and acetylation, which regulate the intensity and duration of the NFкB
transcriptional response (54, 55).

The most abundant NFкB complex is the prototypical

heterodimer comprised of p65 and p50.
NFкB is typically inactive in the cytoplasm due to its association with a family of IкB
inhibitory proteins. IкB are a family of proteins that have multiple ankyrin repeats and include
the IkBα, IkBβ, IkBγ, IkBε and bcl-3 isoforms, of which the α, β, and ε isoforms are most studied
(53). RHD forms a butterfly-shape composed of β strands arranged in a pattern similar to
immunoglobulin domains. The multiple ankyrin repeats are protein-protein interaction areas that
allow for interaction with NFкB at its RHD. When IкB bind to NFкB, each ankyrin repeat forms
two closely packed helices followed by a loop and a tight hairpin turn. (56, 57). The ankryin
repeats stack to form a slightly curved cylinder with loops that form finger-like extensions (58).
IкB are targets for phosphorylation by the IкB kinases (IKK), ubiquitination by β-TrCP, and
degradation by the 26S proteasome which are categorized as classical activation and described in
further detail below.
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NFкB is activated by various stimuli (LPS, IL-1, TNF, UV light, reactive oxygen
species) which causes dissociation and degradation of its inhibitor IкB, to liberate the
transcription factor, thereby allowing NFкB translocation into the nucleus to its consensus
binding sequence to activate gene transcription (59). NFкB mediates the gene transcription of
cytokines (IL-6, IL-11, TNFα), chemokines (IL-8, MCP1), and inducible effector enzymes
(COX-2) that coordinate cellular functions ranging from inflammation, apoptosis, proliferation,
healing, innate and adaptive immune responses (59). NFкB is commonly associated with proinflammatory responses, however, recent literature has revealed its role in intestinal epithelial
homeostasis.

2.4.1 RelA/p65 subunit
RelA (p65) consists of a RHD (rel-homology domain) which allows IкB to bind to it,
thus masking its nuclear localization signal (NLS), and rendering it inactive in the cytoplasm
(60). More importantly, p65 contains a transactivation domain (TAD) in the carboxy-terminal
region away from the RHD, which interacts directly with co-activators to stimulate transcription
once bound to the DNA consensus sequence (60). The p65 subunit possesses relatively weak
DNA binding capabilities until it undergoes post-translational modifications which include
phosphorylation and acetylation.
Distinct kinases are differentially induced by various stimuli to phosphorylate the p65
subunit for optimal transcriptional activation, specifically at serine 276 and 311 located in the
RHD, and serines 529 and 536, both located in the TAD. For example, lipopolysaccharide (LPS)
stimulation activates protein kinase A (PKA) to phosphorylate the serine 276 residue in the
cytoplasm to regulate DNA binding (55, 61). Additionally, tumour necrosis factor-α (TNFα)
activates another kinase, mitogen- and stress-activated kinase-1 (MSK-1), to phosphorylate serine
12

276 in the nucleus, and this serves to enhance transcriptional activity (62).

Serine 311

phosphorylation by protein kinase Cζ (PKCζ) enhances p300/CBP binding to p65 allowing it to
displace histone deacetylase (HDAC) complexes that are repressing the transcriptional response
(63, 64). Phosphorylation of serine 529 is mediated by casein kinase II (CKII) and is stimulated
by the pro-inflammatory cytokines IL-1 and TNFα (65-67). Phosphorylation of serine 536
classically occurs directly via inhibitors of кB kinases (IKK) (68, 69), or atypically by p90
ribosomal s6 kinase-1 (p90RSK1) (70) and NFкB activating kinase (NAK) also known as TANKbinding kinase-1 (TBK1) (71).

The modifications at serines 529 and 536 enhance NFкB

transactivation (60, 65-69).
Similarly, acetylation of p65 by histone acetyl transferases (HAT) at lysines 122, 123,
218, 221, and 310 regulates DNA binding, IкBα association, and transactivation. Acetylation at
lysines 122 and 123 down-regulates p65 binding to DNA and reduces transactivation (72).
Acetylation of lysine residues 218 and 221 reduces affinity to IкB and thus enhances binding to
DNA (73). Acetylation of lysine 310 allows full transactivation without affecting binding to
DNA or affinity to IкB (73). Reversibility of acetylation is facilitated by histone deacetylases
(HDAC) which removes the acetyl group from the transcription factor and plays an important
physiological role in regulating the activation of p65NFкB (74).
Apart from the classical activation of p65 which involves IкB degradation, there have
been reports of alternative NFкB activation pathways involving p65. For example, p65 was
found in mouse embryonic fibroblasts to be constitutively associated with the c-fos promoter, an
immediate early transcription factor that mediates gene expression by regulating transcription
(75). Angiotensin II (AngII) is an active peptide that can signal to NFкB and has established
roles in controlling body fluid homeostasis, inflammatory reactions, and anti-apoptosis (76). For
instance, AngII treatment has been reported to increase p65 nuclear translocation in an ERK13

dependent manner without any observable degradation of IкBα (77). Therefore, in attempt to
delineate the mechanism of IL-11 dependent activation of NFкB, this project modeled ideas to
follow studies on AngII activation of NFкB.
In the intestine, p65 knockout studies in the epithelium reveal that this subunit has a
critical role with maintaining a balance of proliferation and apoptosis for gut homeostasis and
preventing inflammation (10). However, the mechanisms involved in mediating these effects of
p65 remain incompletely understood but the body of literature is constantly growing.

2.4.2 RelB subunit
The RelB subunit contains a RHD but it cannot homodimerize.

Instead, it forms

heterodimers typically with p52 and p50 to regulate transcription. Together with the p50 subunit,
they are involved in the non-canonical NFкB activation pathway described below. The RelB
subunit contains a TAD but requires the function of a leucine zipper (LZ) for transactivation
activity (78). RelB expression is highest in the thymus, lymph nodes and Peyer’s patches where
its primary roles are to promote development of secondary lymphoid structures and to regulate
immune responses (79, 80).

Knockout studies of RelB have revealed defective secondary

lymphoid organ structures and both defective and deficient dendritic cell populations (79, 81).
However, little is known about the specific role of RelB in the intestine.

2.4.3 c-Rel subunit
The c-Rel subunit consists of a RHD and can form both homodimers and heterodimers
with other NFкB subunits. Additionally, it has a TAD allowing it to activate transcription (78).
Evolutionarily, it is the human equivalent of viral oncogene v-rel and therefore surmised to be
linked with carcinogenesis which is supported by evidence that overexpression of c-Rel is seen in
human breast cancer (82, 83).

The highest levels of c-Rel are found in lymphocytes,
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myelomonocytic and erythroid cells of hemopoietic organs, underscoring its role in immune
function (84). Recent reports document detectable levels of c-Rel expression in the epidermis
and epidermal keratinocyte function (85). Also, increased expression of c-Rel has been detected
in the inflamed mucosa of patients with Crohn’s disease (86), however, the understanding of its
role in the gut compared to p65 is largely unknown.

2.4.4 p105/p50
The p105 protein contains ankyrin repeats similar to the IкB family, and also a glycinerich region (GRR) which is important for processing of p105 into p50 (87). The p50 subunit
associates together with p65 as the most abundant NFкB heterodimer and is ubiquitously
expressed. Also, the p50 subunit possesses DNA binding capabilities at the кB motif but has no
TAD. Thus, association with p65 then allows the heterodimer to effectively bind DNA and
activate transcription (60). As a homodimer, it has weaker DNA affinity in comparison to a
heterodimer with p65.

Overexpression of p50 revealed increased DNA binding, however

decreased expression of NFкB dependent genes was observed (88) suggesting that it acts as a
transcriptional repressor. Post-translational modifications also occur on p50 since it undergoes
acetylation at lysine residues 431, 440, and 441 to enhance DNA binding activity and increase the
transactivation of its heterodimeric partner (89, 90). Moreover, p50 recruits histone deacetylases
(HDAC) to enhance histone deacetylation which represses gene expression (91). In the intestine,
Wang et al. showed that p50-/- mice were more sensitive to irradiation that led to lethality caused
by increased apoptosis of the epithelial cells (92). Therefore, p50 appears to have a similar
homeostatic regulatory role as p65 in the intestine which is not surprising since they are the
predominant heterodimer (93).
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2.4.5 p100/p52
The p100 protein contains ankyrin repeats similar to those of the IкB family and
functions as an inhibitor for that reason.

Cellular stimulation activates post-translational

processing of p100 amino-terminal end to derive p52 (94, 95). The expression of p52 is the
highest in hemopoietic tissues where it has an important role in the development of lymphoid
organs and B cell maturation (96). However, the p52 subunit has less of a role in innate
immunity and inflammation.

The predominant binding partner is RelB, since they form

heterodimers in which they facilitate the non-canonical pathway of NFкB activation described
below (97). Similar to p50, homodimers of p52 function as transcriptional repressors (58). In the
intestine, relatively little is known about the role of p52.

2.5 NFкB Activation
As a transcription factor with multiple levels of regulation, it is not surprising that NFкB
activation occurs via numerous mechanisms including both the classical pathway and the noncanonical pathways.

Typically, NFкB activation occurs through the well studied classical

pathway as described below and in the gastrointestinal tract, this mechanism is certainly better
understood. However, activation of NFкB can be elicited through a non-canonical pathway in the
intestine as well.

Moreover, a growing body of literature demonstrates NFкB activation

independent of the classical pathway, and thus further expanding the range of non-canonical and
atypical NFкB activation.

2.5.1 Classical NF-кB activation
As shown in Figure 2, canonical NFкB activation typically occurs in response to
inflammatory cytokines, such as TNFα and IL-1β, which leads to IкBα phosphorylation on two
serine residues (32 and 36) by the activated IкB kinase (IKK) complex.
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IкBα undergoes

subsequent ubiquitination by β-TrCP and degradation by the 26S proteasome, which allows the
rapid nuclear translocation of NFкB (98). In this classical pathway, the IKK complex consists of
two kinases (IKKα and IKKβ) which contain 52% overall homology, but are differentially
activated by specific stimuli. IKKβ appears to be the principal kinase involved in the classical
pathway. As well, there is a regulatory subunit called NFкB essential modifier (NEMO also
known as IKKγ) (99), which together with IKKα and IKKβ, forms a very stable 700 kDa
signalosome complex that may associate with additional components to activate NFкB dimers
(98). In most cells, the p65/p50 heterodimers are activated and migrate to the nucleus after the
removal of IкBα, when their nuclear localization signal (NLS) becomes exposed and posttranslational modifications occur as described above. IкBα contains nuclear export signals (NES)
such as exportin-1 and through a negative feedback mechanism, the NFкB response is terminated
whereby resynthesized IкBα (itself a target of NFкB) enters the nucleus, binds to NFкB and
shuttles the inhibited complex back into the cytoplasm (53).
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Figure 2. A schematic of classical NFкB activation.
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2.5.2 Non-canonical and atypical NFкB activation
Usually, the term “non-canonical pathway” of NFкB activation has been most often used
when referring to the activation of NFкB-inducing kinase (NIK), which activates IKKα dimers,
and subsequently phosphorylates p100 precursors to be proteolytically processed into p52 in
immune cells (97). Activated complexes containing p52, most often p52/RelB heterodimers,
have specific DNA binding affinity for кB elements. Therefore, when different NFкB subunit
combinations are activated, distinct yet overlapping responses result from the various promoters
and enhancer sequences being targeted (100). Additionally, there is a growing list of alternative
mechanisms for NFкB activation which are likely cell and stimulus specific. For instance, IKK
independent pathways include a response to UV light where casein kinase II phosphorylates IкBα
in the C-terminus leading to IкBα degradation (101).

Another IKK independent pathway

involves stimulation by hydrogen peroxide and hypoxic conditions where phosphorylation of
IкBα occurs at tyrosine residue 42 to release NFкB from tonic inhibition (102, 103). However,
the degradation of IкBα protein may or may not occur depending on the type of stimulus. Apart
from phosphorylation of IкBα, the phosphorylation of p65 alone has been proposed to reduce its
affinity to IкBα, thereby enhancing p65 nuclear translocation as well (70). Moreover, there is
evidence that IKKα phosphorylates nuclear Histone H3 at serine 10 which recruits transcription
factors and co-activators such as CBP and p65 to the promoter of NFkB target genes (75, 104).
For instance, after EGF stimulation, IKKα and p65 were both found associated to the c-fos
promoter (75). In contrast to IKKβ phosphorylation of serine 536 on p65NFкB, IKKα mediated
phosphorylation of the same residue led to degradation of p65 and termination of NFкB response
in macrophages (105). Taken together, the numerous mechanisms that have been characterized
reinforce that multiple layers of regulation in NFкB activation exist.
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Furthermore, NFкB

activation varies between cell type and stimuli which demonstrates the complexity and
heterogeneity in the NFкB response.

2.6 Physiological Roles of NFкB
As a critical transcription factor, NFкB functions as a master regulator of numerous genes
that are involved in various physiological settings. These roles include but are not limited to the
control of the inflammatory response, cancer progression, cell death, immunity, gut homeostasis
and epithelial healing.

2.6.1 NF-кB: Role in inflammation, carcinogenesis, tumor suppression
Constitutive NFкB activity has been detected in chronic inflammatory diseases such as
Crohn’s disease, ulcerative colitis, rheumatoid arthritis, and asthma (59).

Pro-inflammatory

mediators such as IL-1 and TNFα induce NFкB to transcribe gene products involved in the
inflammatory response such as nitric oxide synthase (NOS) and cyclooxygenase-2 (COX-2)
(106). Furthermore, there is a strong correlation between inflammation and cancer such as in
cases of ulcerative colitis where chronic inflammation can lead to tumor initiation. High levels of
basal NFкB activation are associated with various cancers since NFкB can potentially initiate and
sustain carcinogenesis by several means.

First, NFкB dependent anti-apoptotic genes are

activated which allow the survival of precancerous cells that would have otherwise been targeted
for apoptosis. Second, NFкB is targeted by certain viral oncoproteins such as Hepatitis virus
protein (HBx) and latent membrane protein-1 (LMP1) from Epstein-Barr virus (EBV) which
enhance NFкB DNA binding activity (107, 108). Moreover, NFкB has the ability to induce
proto-oncogenes such as cyclin D1 and c-Myc (100). Finally, increased chronic expression of
pro-inflammatory cytokines such as TNFα has been linked to increased tumor progression. IKKβ
dependent activation of NFкB through the classical pathway is known to activate several pro20

inflammatory mediators such as TNFα, IL-1β, IL-6, and IL-8, all of which are associated with
tumor development and progression (109).

For example, Greten et al. demonstrated that

myeloid-specific deletion of IKKβ reduced cytokine production and consequently tumor
incidence and size were decreased (110). Elevated NFкB and cancer is not exclusive to one type
of tissue since elevated NFкB expression is detected in acute lymphoblastic leukemia and breast
cancer in rodents (59, 83, 111). Additionally in the epithelium, studies of enterocyte specific
ablation of IKKβ correlated with decreased tumor incidence after the injection of procarcinogenic compound azoxymethane (AOM) in mice (110). Also, neutralizing antibodies to
IL-6 receptor also decreased tumor number and size in the mouse model of colitis-associated
cancer, indicating that IL-6, a target of NFкB, is involved in the proliferative effect of tumor
progression (112). Taken together, the classical activation of NFкB has been proposed as a
molecular link between inflammation and carcinogenesis (109, 110).
As knowledge about the intricacies of NFкB signaling continues to evolve, NFкB has
also been shown to possess tumor suppression properties as well. For instance, NFкB inhibition
in the epidermis led to the spontaneous induction of squamous cell carcinoma (113).
Furthermore, deregulated β-catenin binds to p50 and selectively repressed NFкB targets such as
KAI1, a metastasis repressor gene (114). Evidence of p65NFкB recruitment to the p53 tumor
suppression pathway has also been observed where activation of this pathway induced cell death
(115). Moreover, p53 also induces p52NFкB association to histone deacetylase-1 (HDAC1) to
repress cyclin D1 and cause cell cycle arrest. Another pathway involves ARF tumor suppressor,
which binds to inhibitors of p53 and ultimately drives the phosphorylation of the threonine 505
residue on p65NFкB, repressing the Bcl-xL expression and making cells more susceptible to
TNF-induced apoptosis (116). Finally, evidence exists of other tumor suppressors such as p16,
inhibitor of growth family-4 (ING4), and phosphatase and tensin homolog deleted on
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chromosome 10 (PTEN) which can interact with p65NFкB to inhibit the transactivation capacity
(117). While there is a growing body of literature demonstrating the tumor suppressing function
of NFкB, the current knowledge is incomplete and the responses vary depending of different cell
types and stimuli.

2.6.2 NF-кB: Role in anti-apoptosis and pro-apoptosis
Activation of NFкB has shown contradictory effects such as both the stimulation of
apoptosis, as well as the attenuation of cell death induced by the chemotherapy drugs,
doxorubicin and daunorubicin. To prevent programmed cell death, NFкB triggers anti-apoptotic
genes directly involved in repressing the apoptotic cascade such as IAPs (including cIAP1,
cIAP2, X-IAP), Bcl-2 family proteins (including Bcl-xL, Bfl-1, Bcl-2), c-FLIP, and A20 (118).
IAPs are highly conserved and directly inhibit active caspase-3 and -7, and also specifically
inhibit caspase-8 activity after TNF stimulation through TNF-receptor associated factor-1 and -2
(TRAF1, TRAF2) (119). The Bcl-2 protein family attenuates cytochrome c leakage from the
mitochondria to prevent activation of the intrinsic apoptotic cascade. As well, being a structural
analog of caspase-8, c-FLIP competitively binds to FADD to abrogate death receptor mediated
apoptosis (120). Additionally, reports have suggested that NFкB activation leads to repression of
pro-apoptotic genes such as the Forkhead family (FOXO) and p53 (121, 122).
To contrast its anti-apoptotic effect, there are reports of p65NFкB repressing those same
anti-apoptotic genes after NFкB stimulation by atypical stimuli such as UV-C (116, 123). NFкB
can activate apoptosis-inducing factors such as Fas Ligand and death receptors 4 and 5(DR4,
DR5) (118). To further demonstrate the pro-apoptotic capacity of NFкB, blockage of NFкB
induction in leukocytes resulted in prolonged inflammation due to the inhibition of apoptotic
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genes p53 and Bax (124). The contradictory effects of NFкB reiterate the complexity of this
transcription factor and that much depends on the context of its activation.

2.6.3 NF-кB: Innate and adaptive immune responses
NFкB is responsible in part for the regulation of innate and adaptive immune responses.
To control innate immunity, NFкB regulates genes encoding antimicrobial peptides such as βdefensins. Also, NFкB is necessary for the production of chemokines and adhesion molecules for
the recruitment of macrophages and neutrophils (58). Additionally, evidence exists that reduced
NFкB activity is correlated to immunodeficiency and susceptibility to infection. For instance, in
both IKKβ-/-TNFR1-/- and p65-/-TNFR1-/- double knockout mice, severe immunodeficiency was
observed and the mice died from opportunistic infections within 2-3 weeks or 2 months
respectively (97, 125). Mice survived slightly longer in the p65-/-TNFR1-/- knockouts most likely
due to residual overlapping NFкB activity conducted by the other subunits. The cause of death in
p65-/-TNFR1-/- was attributed to impaired neutrophil migration due to deficient epithelial
production of chemokines and adhesion molecules (125).

Taken together, there is strong

evidence that links classical NFкB activation to the regulation of innate immunity.
Moreover, NFкB induces the production of molecules associated to adaptive immune
responses such as major histocompatibility complex (MHC) proteins and stimulates naïve
lymphocytes to commence maturation and migration. In lethally irradiated mice reconstituted
with IKKβ-/- and p65-/-p50-/- hematopoietic cells, a strong abrogation of mature B and T
lymphocytes was observed in comparison to the controls (97, 126). Similarly, reconstitution with
IKKα-/- hematopoietic stem cells in irradiated mice revealed defective B cell maturation and
antibody production (127).

Moreover, IKKα-/- chimeras present defective splenic

microarchitecture (127) and an absence of Peyer’s patches (97). Taken together, IKKβ dependent
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p65NFкB activation is required for signaling the innate immune response while IKKα appears to
be more involved with B cell-mediated responses and lymphoid tissue effects.

2.6.4 NF-кB: Novel role in gut homeostasis and healing
Recently, a novel function that has been characterized is the involvement of NFкB in
maintaining gut homeostasis and mediating epithelial restitution. In murine intestinal epithelial
specific deletion of IKKβ where NFкB signaling is selectively ablated, Egan et al. demonstrated
increased epithelial apoptosis after radiation exposure (128).

NFкB was unable to elicit

radioprotection in the intestine of IKKβ knockouts resulting in a shift towards more pro-apoptotic
gene activation such as p53 tumor suppressor and decreased anti-apoptotic Bcl-2 proteins. Using
the same model of intestinal epithelial specific IKKβ ablation in mice, Zaph et al. demonstrated
the inability of the mice to eradicate Trichuria infection with impaired signaling to pathogenspecific CD4+ TH2 cells, exacerbated levels of pro-inflammatory cytokines, and the development
of severe intestinal inflammation(9).

Additionally, Chae et al. observed increased mucosal

injury, inflammation, luminal fluid secretion, and bacterial translocation after Clostridium
difficile Toxin A exposure (7). Taken together, these results indicate that IKKβ expression
maintains homeostasis by promoting mucosal immunity, limiting chronic inflammation,
mediating apoptosis, and maintaining barrier integrity.
To further emphasize the key role of the IKK signalosome in the maintenance of
intestinal homeostasis, intestinal epithelial IKKγ (NEMO) knockout mice were used to
investigate the effects of complete IKK complex ablation. These mice were unable to activate
NFкB and developed deficient innate immune responses that led to impaired epithelial integrity
and spontaneous intestinal inflammation that caused severe colitis (8). Moreover, Nenci et al.
reported that these NEMO knockout mice had elevated apoptosis in their colonic epithelial cells,
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deficient antimicrobial peptide expression, and increased bacterial translocation into the mucosa
(8). Additionally, Toll-like receptor (TLR) recognition of antigens from normal enteric flora can
activate pro-inflammatory cytokines and innate immune cells which contributed to the tissue
damage. Not surprisingly, inflammation was reduced in NEMO deficient mice by blocking TLR
signaling through the knockout of an adaptor molecule, MyD88 (8). Therefore, this report
strongly supports a model in which NEMO regulates intestinal epithelial cell homeostasis by
preventing apoptosis and maintaining barrier integrity.
More recently, epithelial specific deletion of p65NFкB in murine intestine revealed
spontaneous intestinal failure in neonates and impaired homeostatic control of enterocyte
proliferation and susceptibility to colonic inflammation in adults (10). The p65 deletion caused a
reduction of antimicrobial, anti-apoptotic, and pro-restitution gene expression while it increased
apoptosis and proliferation. In the dextran sodium sulfate (DSS) model of chemically induced
colitis, increased severity and mortality was observed in the epithelial specific p65 knockouts.
Thus, p65 likely plays an important role in maintaining homeostasis in the gut. Finally, NFкB
was observed to be activated in the wound edge of epithelial monolayers of rat intestinal
epithelial cells (129, 130). Pre-treatment of the wounded cells with pharmacological inhibitors
of NFкB caused reduced cell migration into the wounded area suggesting that NFкB regulates
genes necessary for epithelial restitution (129).

2.7 NFкB target genes
A plethora of genes have been linked to NFкB control. While the majority of the NFкB
genes in the intestine are pro-inflammatory, there is an emerging literature on NFкB induction of
factors involved in restitution such as COX-2.
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2.7.1 Cyclooxygenase-2
Cyclooxygenase-2 (COX-2) participates in the production of prostanoids by converting
arachidonic acid into prostaglandins which are mediators of inflammatory and anaphylactic
reactions. Thus, COX-2 is typically associated with inflammation and cancer progression. The
paradigm of cyclooxygenase pathways involved constitutive expression of COX-1 while COX-2
was expressed solely at sites of inflammation (131). Moreover, different types of cancer cells
were found to have elevated levels of COX-2 (132-134). Thus, it was deemed beneficial in the
1990’s to develop selective COX-2 inhibitors as non-steroidal anti-inflammatory drugs that
would not damage the gastrointestinal system and might confer anti-cancer effects. However,
numerous reports since then have indicated that COX-2 does not solely function during
inflammation, rather it contributes to epithelial restitution, cell migration, mucosal host defense,
and resistance to injury.

For instance, COX-2 inhibition by pharmacological antagonists

attenuated cell migration and ulcer healing in Helicobacter pylori induced gastritis (135). In rat
intestinal epithelial cells, inhibition of COX-2 using the inhibitor NS-398 attenuated restitution
after mechanical wounding (130). Additionally, selectively inhibiting COX-2 in the mouse
stomach during exposure to hydrochloric acid resulted in gastric erosion (136).

Further

confirmation of COX-2 necessity is seen in various reports indicating that NSAIDS actually
exacerbate colitis (137, 138). Even in other tissues, COX-2 deficient mice revealed elevated
leukocyte infiltration in carrageenan induced paw edema (139). Taken together, COX-2 plays a
critical role in the mucosal response to injury.

2.8 Preliminary data, Hypothesis, and Objectives
Preliminary data by Dr. Mark Ropeleski indicated activation of p65NFкB by IL-11
treatment of intestinal epithelial cells by immunoblotting. Moreover, another lab member had
found NFкB promoter activation by IL-11 treatment using a luciferase reporter. Additionally, the
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lab technician had evidence that siRNA knockdown of p65NFкB revealed attenuation of IL-11
dependent monocyte chemoattractant protein-1 (MCP-1) induction. These pieces of data served
as the first evidence of NFкB activation after IL-11 treatment.
While recognizing that IL-11 possesses potent anti-inflammatory and healing effects as
described above, the preliminary NFкB data from the lab, and the literature’s delineation of the
homeostatic role of NFкB in the intestinal epithelium, it developed the hypothesis that IL-11
dependent activation of NFкB may result the promotion of restitution and healing in the gut
through downstream targets (Figure 3). Therefore, the goals of this thesis were to further
delineate the mechanisms of IL-11 signaling in the intestinal epithelium in relation to NFкB, and
secondly, to identify the physiological role of IL-11 dependent NFкB activation.
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Figure 3.

A schematic of the proposed model of IL-11 dependent activation of NFкB in

intestinal epithelial cells. Solid arrows represent known IL-11 activated pathways in IEC-18
cells. Dashed arrows represent pathways to be investigated.
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Chapter 3
Materials & Methods
3.1 Reagents
All chemicals were of molecular biology grade and obtained from Fisher Scientific
(Ottawa, ON, Canada) unless stated otherwise. All cell culture reagents and FBS were obtained
from Sigma-Aldrich (St. Louis, MO). The PI3-kinase inhibitor LY294002, Akt inhibitor VIII,
MEK1 inhibitor U0126, IKKβ inhibitor SC514, and Src tyrosine kinase inhibitor PP2 were
obtained from Calbiochem (La Jolla, CA). The p90RSK1 inhibitor SL0101 was obtained from
Toronto Research Chemicals Inc (North York, ON). The IKKγ inhibitor peptide NBD (H-AspArg-Gln-Ile-Lys-Ile-Trp-Phe-Gln-Asn-Arg-Arg-Met-Lys-Trp-Lys-Lys-Thr-Ala-Leu-Asp-TrpSer-Trp-Leu-Gln-Thr-Glu-OH) and the mutated NBD control peptide (H-Asp-Arg-Gln-Ile-LysIle-Trp-Phe-Gln-Asn-Arg-Arg-Met-Lys-Trp-Lys-Lys-Thr-Ala-Leu-Asp-Ala-Ser-Ala-Leu-GlnThr-Glu-OH) (bold represents the NEMO binding domain) were obtained from Biomol
(Plymouth Meeting, PA). Recombinant human IL-11 was obtained from the Genetics Institute
(Cambridge, MA).

3.2 Cell Culture
3.2.1 Cell Lines
Rat IEC-18 (CRL-1589; American Type Culture Collection (ATCC), Manassas, VA)
intestinal epithelial crypt cells were grown to confluence in sodium bicarbonate-buffered
Dulbecco’s Modified Eagle’s Medium (DMEM # D5671) supplemented with 5% fetal bovine
serum (FBS), 2 mM glutamine, 0.1 U/mL human insulin (Novo, Nordisk, Mississauga, ON), 50
U/mL penicillin and 50 µg/mL streptomycin. Cells were passaged every 3-4 days with 0.05%
trypsin-0.53 mM EDTA and cells were fed every 2-3 days after passage. All IEC-18 cells used
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were below passage 30. The cells were treated with recombinant human IL-11 for various time
points to study signaling events.
Human HIEC fetal epithelial crypt cells were a gift from Dr. Jean-François Beaulieu from
the Université de Sherbrooke (140). Cells were grown to confluence in OPTIMEM (#31985,
Invitrogen) media supplemented with 4% FBS, 10 mM HEPES, 2 mM glutamine, 4 ng/mL
epidermal growth factor (EGF), 50 U/mL penicillin and 50 µg/mL streptomycin. Cells were
passaged weekly at 80% confluence and fed every 2-3 days after passage. All HIEC cells used
were below passage 30.

3.2.2 Inhibitor Studies
Cells were pretreated for 2 hours with LY294002 (20 µM in DMSO), U0126 (10 µM in
DMSO), SC514 (20-30 µM in DMSO), AKT inhibitor VIII (30 µM in DMSO), SL0101 (30 µM
in methanol) (141), PP2 (20 µM in DMSO), and NBD (30 µM in DMSO) before IL-11 treatment.
Appropriate vehicle controls using DMSO, methanol, and NBD control peptide were employed.

3.3 Immunoblotting
Whole cell lysates were produced from cell pellets by re-suspending in a hypotonic lysis
buffer (10 mM Tris (pH7.3), 5 mM MgCl2, 50 U/mL DNase I (GE Healthcare, Baie D’Urfe,
Quebec), 5 µL/mL RNase cocktail (2.5 U/mL RNase A and 100U/mL RNase T1) (Ambion Inc.,
Foster City, CA )) supplemented with 1x Complete protease inhibitor cocktail (Roche
Diagnostics, Mannheim, Germany) and phosphatase inhibitors (1 mM sodium fluoride,1 mM
sodium orthovanadate, 1 mM β-glycerophosphate, 2.5 mM sodium pyrophosphate). Nuclear
lysates were isolated and extracted using the NE-PER nuclear isolation kit according to the
procedure outlined by the extraction kit (Pierce Biotechnology Inc., Rockford, IL), supplemented
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with 1x Complete protease inhibitors (Roche Diagnostics, Mannheim, Germany) and the same
phosphatase inhibitors as mentioned above. Protein lysates were aliquotted for quantification
using bichinchoninic acid (BCA) protein assay reagent (Sigma Aldrich, St. Louis, MO). The
remaining lysates were denatured by the addition of 0.5 volumes of 3x SDS sample buffer (187.5
mM Tris-HCl (pH6.8), 6% SDS, 30% glycerol, and 0.03% bromophenol blue) and subsequent
heating at 95°C for 5 minutes. Protein samples were stored at -80°C until further use.
Depending on the antigen being probed, 10-50 µg of protein lysates were separated by
denaturing electrophoresis on 10% polyacrylamide gels and transferred onto Immobilon-P PVDF
membranes (Millipore Corporation, Bedford, MA) for 2-4 hours at 400 mA in Towbin transfer
buffer (20% methanol, 25 mM Tris, 190 mM glycine). After blocking in 5% non-fat milk or 5%
BSA according to manufacturer’s recommendations in Tris buffered saline with Tween-20 (TBST) (10 mM Tris, 50 mM NaCl, and 0.1% Tween-20) for one hour to reduce non-specific binding,
membranes were incubated with polyclonal antibodies at their appropriate concentrations
overnight at 4°C with gentle agitation. Membranes were washed with TBS-T and incubated with
anti-mouse (1:40000 for β-actin), anti-goat (1:10000 for RNA polymerase II) , and anti-rabbit
(1:10000 for all other antibodies) horseradish peroxidase conjugated secondary antibodies
(Jackson Immunoresearch, Westgrove, PA) in 5% non-fat milk in TBS-T for 1 hour at room
temperature with gentle agitation. After washing the membranes again with TBS-T, SuperSignal
West Pico Chemiluminescent Substrate (Pierce Biotechnology, Rockford, IL) was applied for all
blots except while probing for RNA polymerase II in which Lumiglo reagents (Cell Signaling,
Danvers, MA) were used and HRP signals were detected by BioMax Light scientific imaging
film (Kodak, Rochester, NY).
Polyclonal antibodies against the following antigens were used for immunoblotting:
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phospho-p65NFкB Ser536 (Cell Signaling #3033) 1:2000
p65NFкB (Santa Cruz #sc-372) 1:5000
RelB (Cell Signaling #4954) 1:2000
c-Rel (Cell Signaling #4727) 1:1000
p50NFкB (Santa Cruz #sc-114X) 1:10000
IKKγ (Santa Cruz #sc-8330) 1:3000
IKKα (Cell Signaling #2682) 1:3000
COX-2 (Cell Signaling #4842) 1:2000
phospho-IKKα (Ser180)/IKKβ (Ser181) (Cell Signaling #2681) 1:500
RNA Polymerase II (Santa Cruz #sc-5943) 1:750
β-actin (Sigma Aldrich #A5316) 1:40000

3.4 Immunofluorescence
IEC-18 cells were grown to 80% confluence on sterilized uncoated square glass cover
slips (Corning, Corning, NY) in 6 well plates and were stimulated with IL-11 (100 ng/mL) for
various time points.

They were fixed with a 1:1 mixture of methanol:acetone at room

temperature for 30 minutes. Cells were washed 3 times with PBS for 5 minutes per wash. Cells
were blocked with 10% goat serum in antibody diluent fluid (ADF) (Dako Cytomation, Glostrup,
Germany) for 60 minutes at room temperature, then probed with rabbit anti-p65NFkB antibody
(diluted 1:50 in ADF) overnight at 4°C in a humid chamber.
Cover slips were then washed sequentially with 1x PBS, 1x high salt (0.4 M NaCl) PBS
to reduce background staining, and 1x PBS again for 5 minutes per wash. Cells were incubated
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with Alexa-488 conjugated goat anti-rabbit IgG antibody (diluted 1:1000 in ADF) for 1 hour
protected from light at room temperature then washed as described above.
The cover slips were then mounted to glass slides in 50% glycerol with 0.02% azide and
sealed with nail polish. The images were visualized with an Olympus BX-51 fluorescent light
microscope (Olympus, Center Valley, PA). Images were analyzed using the Image-Pro Plus
software (Media Cybernetics Inc, Bethesda, MD).

3.5 In vitro IKK kinase Assay
3.5.1 Cell lysis
Confluent IEC-18 cells were treated with 100 ng/ml of IL-11 for various times. The cells
were scraped and sonicated in a lysis buffer containing (20 mM Hepes (pH7.2), 100 mM sodium
chloride, 5 mM EGTA, 2 mM EDTA, 20 mM sodium fluoride, 25 mM β-glycerophosphate, 1%
NP-40) supplemented with 1x Complete protease inhibitor cocktail (Roche Diagnostic,
Mannheim, Germany), and phosphatase inhibitors (0.1 mM sodium orthovanadate, 1 µM
microcystin LR). After centrifugation at 16000x g in a tabletop microcentrifuge for 15 minutes at
4°C, the supernatant was collected and aliquotted for protein quantification using Bradford assay
(Bio-Rad, Hercules, CA).

The protein samples were subsequently equilibrated to equal

concentrations by additional volumes of the above mentioned lysis buffer and stored at -80°C
until further use.

3.5.2 Growing Recombinant GST-p65NFκB proteins
Competent BL-21 DE3 RIL E. Coli (Stratagene, La Jolla, CA) were transformed with the
GST-p65NFκB (aa354-551) plasmid obtained from Dr. M. Mayo, University of Virginia. Sterile
LB broth supplemented with 50 µg/mL chloramphenicol and 100 µg/mL ampicillin was used to
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grow a starter culture overnight at 37°C. The starter culture was used to inoculate 250 mL of LB
broth with the same concentration of the above mentioned antibiotics at 37°C. During log phase,
(OD600 = 0.5), protein expression was induced by treating cells with 0.5 mM isopropyl-1-thio-βd-galactopyranoside (IPTG) for 3 hours. BL-21 cells were then pelleted at 3500x g for 20
minutes at 4°C. The bacterial cells were resuspended and sonicated in PBS with 1% Triton X100 supplemented with 1x Complete protease inhibitor cocktail (Roche Diagnostics, Mannheim,
Germany). The lysate was collected by centrifugation at 12000x g in a tabletop microcentrifuge
for 15 minutes at 4°C. One mL of a 50% slurry of glutathione-sepharose (GSH) beads was then
mixed with the lysate for 1 hour at 4°C to collect the GST fusion proteins and subsequently spun
down at 1000x g for 2 minutes at 4°C. The supernatant was removed and cold 20 mM reduced
glutathione in 50 mM Tris (pH8) was added to elute the fusion proteins from the GSH beads and
subsequently stored at -30°C until further use.

3.5.3 Immunoprecipitation
The supernatants were pre-cleared by incubating with 10% Pansorbin cells (Calbiochem,
La Jolla, CA) for 60 minutes rotating at 4°C to eliminate non-specific binding. The lysate was
centrifuged at 3000x g for 5 minutes to collect the supernatant for immunoprecipitation. One mg
of whole cell extract was immunoprecipitated by incubating with 1:200 anti-IKKγ (Santa Cruz
#sc-8330) overnight at 4°C. A 50% slurry of Protein A agarose beads (Upstate Biotech/Millipore
Corporation, Bedford, MA) were added and mixed for 1 hour at 4C to collect immune complexes.

3.5.4 Kinase Assay
The protein A agarose beads were spun down to isolate the immune complexes and
washed with lysis buffer, twice with PBS + 1% NP40, and finally once with kinase assay dilution
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buffer (20 mM MOPS (pH7.2), 25 mM β-glycerophosphate, 20 mM MgCl2, 5 mM EGTA, 2 mM
EDTA, 1 mM DTT, 1 mM sodium orthovanadate).
The kinase reactions were performed by incubating IKKγ immune complexes in assay
dilution buffer and 1 µCi of [γ-32P]ATP with 20 µM ATP, along with GST-p65NFкB(aa354551) substrate for 30 minutes at 37°C. Substrate protein was resolved by gel electrophoresis and
the phosphate incorporation was assessed by autoradiography.

3.6 Wounding assay
IEC-18 cells were grown to confluency in p100 plates (Corning Inc, Corning, NY). Prior
to wounding, cells were serum starved in 0.1% FBS overnight. Wounding was performed as
described by Karrasch et al. (130) with several modifications. Multiple linear wounds (100 in
total) were created using a p200 pipette tip. Cells were subsequently washed twice with sterile
Hank’s Buffered Salt Solution (HBSS) to remove cellular debris and fed with fresh media
containing low serum (0.1% FBS) with IL-11 for various times according to experimental
conditions described by Karrasch et al. which are chosen to exploit NFкB activation.

3.7 p65NFκB DNA binding ELISA
The binding ELISA was performed on 96-well plates using the ELISA–based TransAM
NFкBp65 nuclear binding assay (#40096, Active Motif, Carlsbad, CA) as per the manufacturer’s
instructions. Nuclear lysates were obtained as described above and 20µg of IEC-18 nuclear
lysate was used per well. IEC-18 cells stimulated with TNF and Jurkat cells stimulated with
TPA and chlorine were used as positive controls. NFкB binding was determined colorimetrically
at 450 nm with a reference wavelength of 650 nm using a Biotek 800 plate reader.
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Chapter 4
Results
4.1 IL-11 activates NFкB in intestinal epithelial cell lines
Preliminary experiments examining p65NFкB activation had been conducted upon whole
cell lysates by other lab members. Therefore to begin this project, immunoblotting was employed
to measure the relative protein expression of phospho-Ser536 p65NFкB in the lysates of cultured
cell lines treated with IL-11. TNFα treated cells were used as the positive control because it is a
potent activator of p65 phosphorylation (69).

As shown in Figure 4, administration of

recombinant human IL-11 coincided with a variable time-dependent increase of p65
phosphorylated at the serine 536 residue in whole cell lysates. Figure 4-A demonstrates the
phosphorylation appears to peak around thirty minutes in the IEC-18 cell lines (n=3). Figure 4-B
shows that HIEC cells exhibit a more linear increase in p65 phosphorylation in response to IL-11
treatment over four hours (n=3). Total p65 also increased in parallel in these instances, however,
the observations were inconsistent between replicates. Furthermore, both cell lines demonstrated
a second wave of prolonged elevation of p65 phosphorylation that persisted until around 16 hours
(Appendix A). This could represent stimulus specific oscillatory activity of the kinases activated
by IL-11 or could be a different family of kinases altogether that are responsible for the changes.
It was decided to focus on the initial peak of phosphorylation for this project.
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Figure 4-A. Western blot analysis of phospho-p65 Ser536 and total p65 expression in IEC-18
whole cell lysates during (i) TNFα (n=1) and (ii-iv) IL-11 timecourses (n=3). In all these blots,
β-actin expression was probed and used as a control for equal loading.
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Figure 4-B. Western blot analysis of phospho-p65Ser536 and total p65 expression in HIEC whole
cell lysates during (i) TNFα (n=1) and (ii-iv) IL-11 timecourses (n=3). In all these blots, β-actin
expression was probed and used as a control for equal loading.
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Given that there was variability using total cell lysates and since the presence of phosphoserine536-p65 bears more physiological significance when translocated to the nucleus,
immunoblotting experiments were carried out exclusively using nuclear lysates thereafter to study
the activated p65 NFкB subunit. In Figure 5-A(i), a positive control using cytoplasmic and
nuclear lysates from TNFα treated IEC-18 cells (n=2) reveals nuclear phospho-p65Ser536
accumulation after an increase in the cytoplasm. In comparison to the whole cell lysates, isolated
nuclear lysates of IL-11 treated IEC-18 cells revealed a consistent physiological response with
increased p65 phosphorylation of serine 536 (Figure 5-A ii-xv) (n=14). While the peak incidence
of the phosphorylation event varied between experiments, the overall trend indicates increased
nuclear phospho-p65Ser536 in response to IL-11 treatment. In Figure 5-B, nuclear lysates of
HIEC cells also demonstrated a pattern of elevated p65 phosphorylation of serine 536 in response
to IL-11 (n=4). Once again, there was variability in peak onset between experiments in HIEC
cells but the trend shows an increase in nuclear phospho-p65Ser536 in response to IL-11 treatment.
For future experiments, it was decided to focus on the thirty and sixty minute time points of IEC18 nuclear lysates because it more consistently demonstrated a peak in IL-11 mediated p65
phosphorylation.
As NFкB consists of other components which make up various heterodimers or
homodimers, immunoblotting was conducted to investigate whether the expression of other NFкB
subunits, particularly RelB, p50, and c-Rel were affected in response to IL-11. Figures 5-C and
5-D demonstrate variable but increased IL-11 dependent accumulation of RelB and p50 in the
nucleus in IEC-18 cells (n=5 and n=3 respectively). As the c-Rel antibody only recognizes
human c-Rel, HIEC nuclear lysates were probed for c-Rel, however, the immunoblots revealed no
signal (data not shown). Since the c-Rel antibody was specific to only human cell lines, probing
for c-Rel in IEC-18 was not pursued. Overall, these data indicate that IL-11 may increase
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activation of other NFкB subunits but more experiments are necessary. More importantly, this
data suggests that IL-11 may signal through specific NFкB dimers to elicit a physiological
response. This is an area that will require further investigation.
To confirm the translocation of p65 to the nucleus, immunofluorescence was performed
on IEC-18 cells. As seen in Figure 5-E, some increased staining of p65 was observed in response
to thirty minutes of IL-11 treatment (n=3). Although there is a stark contrast in relative nuclear
p65 staining between the TNFα positive control and IL-11 treated cells, a consistent increase in
p65 staining that parallels the immunoblot data was observed. Using the immunofluorescence
technique, p65 is not clearly shown in the nucleus of IL-11 treated cells. This may be attributed to
missing the exact time point despite efforts to cover a time course of IL-11 treatment (data not
shown). Unfortunately, the phospho-p65 Serine536 antibody did not work in this setting, and this
problem was corroborated by colleagues of Dr. Ropeleski from other labs investigating NFкB.
Therefore, immunofluorescence did lend further support to existing data from the numerous
replicates of the Western blots but was insufficient as presented to indicate an overall increase in
nuclear p65 in response to IL-11 treatment in cultured intestinal epithelial cells. A more rigorous
approach comparing pixel density of the nuclear p65 signal between control and IL-11 treatments
may help to resolve this issue.
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Figure 5-A. Western blot analysis of phospho-p65Ser536 expression in IEC-18 cytoplasmic and
nuclear lysates during a (i) TNFα time course (n=2) and (ii-xv) IEC-18 nuclear lysates after IL-11
time courses (n=14). In all these blots, RNA polymerase II expression was probed and used as a
control for equal loading.
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Figure 5-B. Western blot analysis of phospho-p65Ser536 and expression in HIEC nuclear lysates
during (i-iv) IL-11 time courses (n=4) and TNFα treatment as a positive control. In all these
blots, RNA polymerase II expression was probed and used as a control for equal loading.
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Figure 5-C. Western blot analysis of RelB subunit expression in IEC-18 nuclear lysates during
(i-v) IL-11 time courses (n=5). In all these blots, RNA polymerase II expression was probed and
used as a control for equal loading.
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Figure 5-D. Western blot analysis of p50NFкB subunit expression in IEC-18 nuclear lysates
during (i-iii) IL-11 time courses (n=3). In all these blots, RNA polymerase II expression was
probed and used as a control for equal loading.
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Figure 5-E. Immunofluorescence analysis of total p65 in IEC-18 cells (n=3). (i) Untreated
control, (ii) 30 minute IL-11 treated, (iii) 30 minute TNFα treated cells were stained with antip65NFкB (1:50 dilution), (iv) omitted primary antibody, and (v) mismatched secondary (1:1000
goat anti-mouse 488). Scale bar represents 10 µm. White arrows indicate positive staining.
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4.2 IL-11 dependent signaling pathways
The activation of various signaling pathways in cultured intestinal epithelial cells in
response to IL-11 treatment has been confirmed in previous publications from the Ropeleski lab,
namely ERK1/2, Akt, and STAT3 (17, 18). In addition, other lab members have demonstrated
MEK-dependent stimulation of phospho-p90RSK1 by IL-11 (unpublished observations by Dr.
Ropeleski). To investigate upstream signaling mechanisms of NFкB activated by IL-11, the use
of specific pharmacological inhibitors was employed on IEC-18 cells prior to IL-11 treatment.
Since IKKβ is well established in the classical activation of NFкB (142), inhibition of that kinase
was a logical starting point for this study. Moreover, other targets to inhibit included components
of the Akt/PI3K and MEK/ERK pathway in light of evidence of direct p65 serine 536
phosphorylation by Akt (143) and p90RSK1 (144) respectively.

In all incubations with the

inhibitors, cells were visually screened for viability before proceeding to IL-11 treatment.
Solvent controls using DMSO and methanol were utilized as appropriate to control for effects of
the drug vehicle.
As IKKβ is the best described kinase that mediates p65 phosphorylation, it was rational
to inhibit this kinase. A selective inhibitor of IKKβ function, SC-514 (used at 30 µM based upon
literature (145) and manufacturer’s recommendation), was used to pre-treat IEC-18 for two hours
prior to administration of IL-11. As shown in the immunoblots in Figure 6-A (i-iii), SC-514
pretreatment resulted in the attenuation of p65 serine536 phosphorylation in the nucleus in all three
cases (n=3). To corroborate this finding, a cell-permeable inhibitor peptide of NEMO (IKKγ)
called NBD-peptide was used at 30 µM for three hours prior to IL-11 stimulation This
concentration of NBD-peptide was used based upon literature (146, 147) and initial trials with
TNFα treated IEC-18 cells (data not shown). The NBD-peptide competitively binds to IKKα and
IKKβ to prevent the regulatory NEMO subunit from binding and forming an active IKK complex
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(147), and therefore it functions to render the IKK complex inactive and blocks NFкB activation.
A mutated NBD peptide served as the control in these experiments. Figure 6-B depicts that NBD
pre-treatment alone elevated basal p65 serine536 in IEC-18 nuclear lysates but subsequent
abrogation of p65 serine536 phosphorylation after IL-11 treatment in the presence of the NBD
inhibitor peptide still occurred (n=3). No effect of the control peptide was observed. More
repeats are needed to confirm the inhibitory effect of NBD-peptide on p65 phosphorylation at
serine536.
In order to amass further evidence that IL-11 activates NFкB by signaling through IKK,
an in vitro IKK complex kinase assay was employed. Briefly, fusion proteins of GST tagged
p65aa354-551 from BL-21 E. coli were harvested and isolated using glutathione agarose beads.
Subsequent elution by reduced glutathione produced GSTp65354-551 proteins containing the serine
536 residue in question. Next, IKK complexes were immunoprecipitated from cultured IEC-18
cells using an antibody to IKKγ. The use of radioactive P-32-ATP as a marker in the kinase
assay allowed for the detection of phosphorylation of the GSTp65354-551 substrate. Figure 6-C(i)
demonstrates the positive control for the kinase assay where TNFα-treated IKK complexes
clearly phosphorylated the GSTp65354-551 substrate at early timepoints between five to ten minutes
and at sixty minutes. As seen in Figure 6-C(ii-iv), there is a faint but detectable increase in
phosphorylation of the substrate with IL-11 treatment although the timing was variable (n=3).
IKKα, NEMO, and β-actin were probed by immunoblot to control for equal loading of
immunoprecipitated NEMO complexes in the kinase assay. Repeats of the kinase assay are being
completed by the lab technician using an antibody to p65 serine536 to achieve more sensitive
readout to confirm IKK activation in response to IL-11.
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Figure 6-A. Western blot analysis of phospho-p65 Ser536 expression in IEC-18 nuclear lysates
during (i-iii) IL-11 time courses pretreated 2 hours with SC-514 (30 µM) (n=3).

RNA

polymerase II was probed to control for equal loading. DMSO was used as the vehicle control.
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Figure 6-B. Western blot analysis of phospho-p65 Ser536 and expression in IEC-18 nuclear
lysates (i-iii) pretreated with NBD (30µM) for 3 hours and followed by 30 minutes of IL-11
(n=3). RNA polymerase II was probed to control for equal loading. DMSO was used as the
vehicle for the inhibitor and control peptide.
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Figure 6-C. In vitro kinase assay showing (i) TNFa treated and (ii-iv) IL-11 treated IEC-18
lysates with phosphorylation of GSTp65354-551 substrates after IKK complex pull-down. AB lane
represents antibody only negative control, LC lane represents lysate only negative control. IKKα,
NEMO, and β-actin expression were probed to control for equal loading.
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The activation of NFкB is not restricted to the classical pathway and numerous
investigators have reported distinct signaling cascades independent of IKK. Moreover, IL-11 has
been established to potently activate other signaling pathways such as PI3K and ERK which have
both been implicated in the regulation of NFкB (70, 143, 144). Thus, the project was steered
towards investigating which other IL-11 signaling pathways are involved with p65 serine536
phosphorylation. As shown in Figure 7-A by immunoblotting, pretreatment with the PI3K
inhibitor, LY294002 (20 µM), appears to partially attenuate nuclear p65 serine536 phosphorylation
induced by IL-11 at earlier timepoints in (iii) but shows no definitive response in (i) and (ii).
More repeated trials are necessary to confirm the effect of PI3K inhibition by LY294002 which is
skewed by variation in the response to IL-11. Interestingly, inhibition of Akt downstream of
PI3K with the inhibitor AktiVIII (30 µM) revealed a partial attenuation of nuclear p65 serine536
phosphorylation more consistently in Figure 7-B(i-iv) (n=4). In these experiments, the partial
attenuation of p65 serine536 phosphorylation suggests some participation of PI3K/Akt in response
to IL-11, however the data is not conclusive. While more experiments are needed, the current
evidence suggests that PI3K/Akt activation by IL-11 is not a major effector of p65 serine536
phosphorylation.
Pretreatment with a specific MEK1 inhibitor, U0126 (10 µM), was employed on IEC-18
cells. Figure 7-C demonstrates that U0126 pretreatment caused nearly complete abrogation of IL11 dependent p65 serine536 phosphorylation in the nucleus in both (i) and (iii) but this effect was
not apparent in (ii) (n=3). More repeats are required to confirm the effect of MEK inhibition by
U0126 and subsequent IL-11 treatment. In support of this evidence, there is as of yet incomplete
data indicating that pretreatment of IEC-18 cells with U0126 (10 µM) attenuates the IL-11
dependent phosphorylation of IKKβ (Appendix B) (n=2) which suggests MEK activation may be
upstream of IKK activity. Experiments were also conducted using the p90RSK1 inhibitor, SL0101
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(20 µM), on IEC-18 cells as described above. Figure 7-D indicates that SL0101 pretreatment
causes partial attenuation of IL-11 mediated nuclear p65 serine536 phosphorylation in most trials
including (i, ii, iv and vi) (n=6). This incomplete block of p65 phosphorylation hints that p90RSK1
may be involved in IL-11 mediated NFкB activation and is supported by another lab member
with evidence of p90RSK1 activation induced by IL-11 (unpublished data by Dr. Ropeleski not
shown). Finally, an inhibitor of Src tyrosine kinase, PP2, was used to pre-treat IEC-18 cells. No
discernible effect of Src inhibition on IL-11 mediated p65 serine536 phosphorylation was evident
(n=3) (data not shown). According to Figures 7-C and 7-D, most trials suggest that the MEK
pathway is involved and may be a major effector in IL-11 activation of NFкB due to the stronger
attenuation exhibited by U0126 and SL0101 and this may be confirmed by more experimental
replicates.
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Figure 7-A. Western blot analysis of phospho-p65 Ser536 expression in IEC-18 nuclear lysates
during (i-iii) IL-11 time courses pretreated for 2 hours with LY294002 (20 µM) (n=3). RNA
polymerase II was probed to control for equal loading. DMSO was used as the vehicle control.
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Figure 7-B. Western blot analysis of phospho-p65 Ser536 expression in IEC-18 nuclear lysates (iiv) pretreated for 2 hours with AktiVIII (30 µM) and 30 minutes of IL-11 (n=4).

RNA

polymerase II was probed to control for equal loading. DMSO was used as the vehicle control.
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Figure 7-C. Western blot analysis of phospho-p65 Ser536 expression in IEC-18 nuclear lysates
during (i-iii) IL-11 time course pretreated for 2 hours with U0126 (10 µM) (n=3).

RNA

polymerase II was probed to control for equal loading. DMSO was used as the vehicle control.
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Figure 7-D. Western blot analysis of phospho-p65 Ser536 expression in IEC-18 nuclear lysates (ivi) pretreated 2 hours with SL0101 (30 µM) and 30 minutes of IL-11 (n=6). RNA polymerase II
was probed to control for equal loading. Methanol was used as the vehicle control.
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4.3 IL-11 signals through a non-classical pathway to activate NFкB
Having confirmed that p65 translocates to the nucleus after stimulation with IL-11, the
activation of NFкB was further investigated by attempting to confirm p65 binding to the standard
кB consensus motif (5’-GGGACTTTCC-3’).

Using a sensitive ELISA-based approach, the

binding of p65 to oligonucleotides containing the кB motif was employed and the averaged data
is seen in Figure 8. It is apparent that IL-11 treatment did not trigger increased DNA binding to
standard consensus binding sites by p65 (n=2). Similar results were observed when another lab
member used the electromobility shift assay technique to probe for p65 binding to DNA
(unpublished data by Dr. Ropeleski not shown). In the end, an ultra sensitive approach employed
by the post doctoral fellow in the lab called Chromatin Immunoprecipitation (ChIP) ultimately
revealed IL-11 mediated recruitment of p65NFкB to the promoter of the MCP-1 gene
(unpublished data by Dr. Ropeleski not shown). Thus, while p65NFкB may not bind directly to
the кB motif, evidence suggests that it can associate with the promoter of a known IL-11 target
gene.
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Figure 8. IEC-18 cells treated with IL-11 were analyzed for nuclear p65 bound to кB motif by
DNA binding ELISA (Average of n=2). TNFα treated IEC-18 and TPA + chlorine treated Jurkat
cells were used as positive controls.
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The other question to address was whether a physiological readout of NFкB activation
would be affected by IL-11 treatment. After making multiple linear wounds on a confluent
monolayer of IEC-18 cells in a p100 cell culture plate, cellular debris was washed off and cells
were supplied with fresh media. At this point, IL-11 was administered and nuclear lysates were
harvested at the end of the time points. As shown in Figure 9-A(i-iii), immunoblotting for p65
serine536 phosphorylation revealed no difference between wounded IEC-18 nuclear lysates that
were IL-11 untreated or treated (n=3). Furthermore, the wounded nuclear lysates were subjected
to the same DNA binding ELISA described above. The average percent change of DNA binding
is shown in Figure 9-B and reveals no difference with or without IL-11 treatment (n=4).
Nonetheless, the process of identifying NFкB phosphorylation sites associated with the wounding
response was still pursued since another lab member demonstrated that IL-11 treatment in
wounded cells increased nuclear phosphorylation of serine 276 (unpublished data by Dr.
Ropeleski not shown).
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Figure 9-A. Western blot analysis of phospho-p65 Ser536 and total p65 expression in IEC-18
nuclear lysates (i-iii) after wounding with and without IL-11 co-treatment. RNA polymerase II
was probed as the control for equal loading. The control group was unwounded and untreated.
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Figure 9-B. Wounded IEC-18 cells treated with IL-11 were analyzed for nuclear p65 bound to
кB motif by DNA binding ELISA (Average of n=4). The control group was unwounded and
untreated. TNFα treated IEC-18 nuclear lysate was used as the positive control. Error bars
represent standard deviation.
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4.4 IL-11 activates NFкB targets implicated in restitution
IL-11 mediated signaling in the gut has been described to be anti-apoptotic and has also
been implicated in the promotion of restitution in various models of injury. Thus, it was surmised
that IL-11 could modulate the NFкB target genes responsible for the healing and protective
programs of the gut. Ultimately, protein expression is considered a better readout than transcript
levels and it was decided to examine COX-2 protein expression given its association with
epithelial restitution in various reports (130, 131). Initial screening of IL-11’s effect on basal
COX-2 expression in unwounded IEC-18 cells did not reveal an increase in COX-2 protein
expression (data not shown). As seen in Figure 10(i-vi with the exception of iv), administration
of IL-11 after subjecting IEC-18 cells to multiple linear wounds consistently resulted in an
increase of COX-2 protein expression compared to the wounded cells without IL-11 treatment
(n=6). Having established this key finding, other members in the lab have addressed the question
of whether p65 association with the native COX-2 promoter after wounding is modified in
response to IL-11. Once again, using Chromatin Immunoprecipitation assays (ChIP), IL-11
appeared to increase p65 recruitment compared to wounding alone (unpublished data by Dr.
Ropeleski not shown). Also, supporting evidence by semi-quantitative RT-PCR performed by the
technician in the lab confirmed that COX-2 transcript abundance increases over time after IL-11
treatment of wounded cells compared to wounded cells alone (unpublished data by Dr. Ropeleski
not shown).

63

Figure 40. Western blot analysis of COX-2 expression in IEC-18 whole cell lysates (i-vi) after
wounding and IL-11 treatment (n=6). The control group was unwounded and untreated. LPS
treated IEC-18 cells were used as the positive control. β-actin was probed to control for equal
loading.
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Chapter 5
Discussion
Prior to arriving in the Ropeleski Lab, several pilot experiments examining IL-11
stimulation of intestinal epithelial cells had been conducted by other lab members. Preliminary
findings of IL-11 mediated p65NFкB activation were discovered by Dr. Ropeleski using
immunoblotting. Concurrently, Dr. Parhar also demonstrated activation of NFкB using a
luciferase reporter after transient transfection into rat intestinal epithelial crypt cells.
Additionally, the lab technician, Kathy Baer, demonstrated that siRNA knockdown of p65 caused
attenuation of IL-11 mediated MCP-1 expression, a known target of NFкB activation. This
supported the novel supposition that IL-11 signaling occurs in part through NFкB. However, the
mechanisms by which IL-11 activated NFкB and the physiological implications of such were yet
to be identified. Thus, the major goals of this thesis were to delineate the signaling mechanisms
behind IL-11 mediated activation of p65NFкB and also, to investigate the physiological role of
IL-11 mediated activation of p65NFкB.

5.1 Delineation of mechanisms in IL-11 signaling of NFкB
Posttranslational modifications of NFкB are critical to the strength and duration of the
signaling response to a stimulus. Initially, the upregulation of the activated p65 subunit of NFкB
was confirmed by probing for p65 phosphorylation of the serine536 residue. This residue is
located in the TAD of p65 and phosphorylation at this specific site potentiates transactivation of
the subunit (60, 68). Typically, phosphorylation of serine536 participates in liberating p65 from its
inhibitor, IкB, therefore facilitating the rapid translocation of p65 into the nucleus to bind to the
кB motif leading to transcriptional activation of downstream targets (70). As demonstrated in
Figure 4-A and 4-B, IL-11 receptor activation leads to phosphorylation of the serine536 residue of
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p65NFкB in whole cell lysates of rat and human intestinal epithelial cells. However, a more
robust readout was sought due to variation between experimental replicates. A more rigorous
approach focusing on isolating the nuclear lysates of IL-11 treated cells to probe for phosphoserine536-p65 was deemed appropriate for the rest of the project to identify whether p65 is truly
activated. As demonstrated by Figure 5-A and 5-B, IL-11 treatment leads to increases of p65 in
the nucleus which confirms that activation of NFкB is occuring. After verifying serine536-p65
phosphorylation in the cultured intestinal epithelial cells, the project aimed to determine whether
the expression of other NFкB subunits was also affected by IL-11. As seen in Figure 5-C and 5D, nuclear RelB and p50 expression appears to increase in response to IL-11. Though more
replicates are necessary to adequately confirm a response, the evidence thus far indicates that IL11 regulates other NFкB subunits which may or may not heterodimerize with p65 to confer an IL11 specific physiological response. Having confirmed that IL-11 dependent p65 activation occurs
in cultured intestinal epithelial cells, the project was focused towards determining the mechanism
by which this event occurs.

5.1.1 Non-canonical activation of NFкB by IL-11
The activation of p65NFкB has been well documented to occur through a ‘classical’
pathway and therefore this was a logical possibility to investigate first. It was observed that IL11 stimulates phosphorylation of IKKβ in conjunction with the nuclear translocation of
p65NFкB. Inhibition of IKKβ using the specific pharmacological inhibitor, SC-514, resulted in
an overall attenuation of phospho-p65 Serine536 accumulation in the nucleus (Figure 6-A).
Similarly, a cell permeable peptide inhibitor of IKKγ called NBD appears to effectively abrogate
p65 Serine536 phosphorylation, although more replicates are required (Figure 6-B).

It is

interesting to note that elevated basal levels of phospho-p65 Serine536 are detectable in the
presence of the NBD peptide which suggests alternative NFкB activation pathways may exist. In
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vitro IKK complex kinase assays were subsequently performed to determine if the IKK complex
directly phosphorylates p65. Although subtle, the results seen in Figure 6-C suggest direct
phosphorylation mediated by IL-11 treatment. Replicates of the kinase assay are being performed
by other lab members using a phospho-Ser536 antibody to p65 instead of a radioactive probe in
efforts to increase the sensitivity of the assay. Additionally, a p65 substrate with serine536
mutated to alanine will serve as a negative control.

Taken together, it could initially be

interpreted that IL-11 activates NFкB through the classical pathway. However, early on Dr.
Ropeleski and other lab members had demonstrated that there is neither phosphorylation nor any
subsequent degradation of IкBα in response to IL-11 treatment. Moreover, DNA binding was not
detected by either EMSA (data not shown conducted by Dr. Parhar) or a more sensitive p65 DNA
binding ELISA (Figure 8). Consequently, the lack of IкBα degradation and p65 binding to
nuclear DNA point towards a non-classical NFкB activation mediated by IL-11. Interestingly,
another lab member has recently obtained immunoprecipitation data showing increased IL-11
phosphorylation of Serine536 of p65 bound to IкBα (data not shown conducted by Dr. Shu). A
different pathway of IL-11 mediated NFкB activation that still remains to be explored is that of
inducible tyrosine42 phosphorylation of IкBα leading to IкBα degradation-independent activation
of NFкB (148). Apart from pervanadate treatment, phosphorylation of IкBα at tyrosine42 has
been documented in response to hydrogen peroxide and nerve growth factor as well (102, 103).
In support of these findings are various reports of NFкB activation outside of the classical
pathway and a wide range of physiological effects (70, 101, 149). For example, expression of the
HER-2/neu oncogene in NF639 mouse breast cancer cells activated casein kinase II (CKII)
dependent phosphorylation of IкBα that occurred at the C-terminus as opposed to the typical
serine32/36 residues to trigger IкBα degradation, and thus the subsequent activation of NFкB was
independent of IKK activity (101). Moreover, Huang et al. describe that in response to DNA
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damaging agents such as ultraviolet light, small ubiquitin-like modifier (SUMO) modifications
occur on NEMO to activate the IKK complex inside the nucleus as opposed to its conventional
operation in the cytoplasm (149).
While researching the literature on atypical mechanisms of NFкB activation, the IL-11
story appears to resemble that of angiotensin II (AngII), a major effector peptide of the reninangiotensin system which induces inflammatory genes via NFкB activation. For instance, similar
to IL-11, AngII weakly activates the canonical pathway despite nuclear translocation of p65;
rather AngII requires phosphorylation of p65 at serine536 and association with NFкB inducing
kinase (NIK), a pathway independent of IкBα degradation (150). Parallel to another IL-11
feature, AngII was correlated with NFкB activation and resistance to apoptosis in synoviocytes
(76). Also, AngII appears to activate NFкB through an ERK dependent mechanism in vascular
smooth muscle cells (77). Therefore, in attempt to figure out IL-11 mediated NFкB signaling,
these Angiotensin II reports were used as guides to delineate mechanisms appropriate to the
context of the intestinal epithelial setting. Taken together, it is highly probable that IL-11
mediated NFкB signaling occurs through a previously uncharacterized non-canonical activation
pathway.

5.1.2 Multiple IL-11 dependent signals converging upon NFкB
Considering the possibility that IL-11 mediated NFкB activation may occur noncanonically, we explored established IL-11 signaling pathways such as PI3K/Akt and ERK. By
using pharmacological inhibitors prior to IL-11 treatment, it was found that other signaling
cascades mediate IL-11-induced p65 activation in nuclear lysates as shown in Figure 7. We
discovered that that the PI3K and Akt inhibitors, LY294002 and AktiVIII respectively, caused
only a partial attenuation of the IL-11 effect on p65 Serine536 phosphorylation in some
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experimental trials while a couple cases showed no effect. The partial attenuation by these
inhibitors reveals that IL-11 can signal through PI3K/Akt but it is unlikely to be the predominant
effector pathway of NFкB activation by IL-11. The specific MEK1,2 inhibitor U0126, however,
led to a very important finding since it caused almost a complete abrogation of the IL-11 induced
p65 response in two of the three trials, which is indicative of the importance of the MEK
signaling cascade for this cytokine to activate NFкB. Moreover, it should also be noted that
although incomplete, there is some evidence that U0126 attenuates IL-11 mediated IKKβ
phosphorylation (Appendix B). Therefore, the data in Appendix B showing inhibition of IKKβ
phosphorylation by U0126 implies that MEK signaling may activate the IKK signalosome to
mediate NFкB activation in intestinal epithelial cells.
The dependence on MEK shifted the focus to p90RSK1 as it has previously been implicated
as a kinase that can directly phosphorylate p65 in response to AngII (144). The p90RSK1 inhibitor
SL0101, appears to cause attenuation of phospho-p65 Serine536 in four of the six trials but more
replicates of the experiment are necessary to confidently determine the role of p90RSK1 in IL-11
mediated NFкB signaling. It should be noted also that the Src tyrosine kinase inhibitor PP2,
revealed no effect on IL-11 induced phosphorylation of p65 Serine536 suggesting the receptor
tyrosine kinase is not a major effector in this system. Overall, this indicates that IL-11 may rely
on p90RSK1 for the activation of p65 although its importance cannot be established at this point.
The lack of a more consistent effect by the SL0101 inhibitor was surprising since p90RSK1 is a
branch of ERK signaling and other members in the lab in addition to Uemura et al. had reported
p90RSK1 phosphorylation by IL-11 (46). It is possible that p90RSK1 is involved in other aspects of
IL-11 signaling, perhaps even other aspects of NFкB signaling apart from p65 phosphorylation.
To support that notion, serine536 phosphorylation may not be the sole target of IL-11. Another

69

p65 phosphorylation site at serine276 also appears to be a target of IL-11 and another lab member
is actively pursuing this mechanism (unpublished observation by Dr. Ropeleski).
Considering that other NFкB subunits such as RelB and p50 appear to translocate to the
nucleus in an IL-11 dependent manner, it is reasonable to postulate that IL-11 activates distinct
pathways, induces specific NFкB heterodimers or homodimers, and site-specific phosphorylation
depending on the context of the cytokine treatment. The current evidence supports the notion that
IL-11 signaling is not restricted to one target, and taken together, it appears that IL-11 activates
multiple signaling pathways that could potentially converge upon NFкB.

5.2 IL-11 physiological extension to wound healing
The other goal of this thesis was to define a physiological context for IL-11 dependent
NFкB signaling. Thus, it was decided to use an in vitro model of wounded cells since there is
compelling recent evidence in this area as reported by Egan et al. where NFкB was responsible
for epithelial restitution of rat intestinal epithelial cells and Karrasch et al. where increased NFкB
dependent COX-2 expression was detected in IEC-18 cells in response to wounding (129, 130).
Furthermore, epithelial wounding in IEC-6 cells was reported to activate the ERK signaling
cascade (151) and the U0126 inhibition of p65 phosphorylation indicated that IL-11 activates
ERK to stimulate NFкB. Thus the novel evidence of NFкB involvement with wound healing
(129) along with the established protective effects of IL-11 (2, 18, 32, 36), led to the postulation
that IL-11 might activate NFкB targets such as COX-2 which is associated with restitution.
Interestingly, IL-11 did not enhance p65 serine536 phosphorylation in IEC-18 cells after
wounding (Figure 9-A). This may be due in part, to maximal serine536 phosphorylation after
wounding so that IL-11 treatments did not result in detectable changes in p65 serine536
phosphorylation. However, another lab member has immunoblot evidence that the serine276 site
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is phosphorylated in the setting of wounding and increased after IL-11 treatment on wounded
IEC-18 cells (unpublished observation by Dr. Ropeleski).

Moreover, IL-11 treatment of

wounded cells did not result in incremental p65 binding to DNA (Figure 9-B). An explanation
for this finding is that IL-11 may trigger p65 to modulate gene transcription by associating with
some other co-factor such as the acetyltransferase p300. Taken together, this demonstrates again
that IL-11 mediated NFкB activation may not be restricted to Serine536 and that further
investigations need to be conducted to completely identify the mechanism of IL-11 mediated
NFкB signaling especially in the wounded model.

Nevertheless, immunoblot analysis of

mechanically wounded IEC-18 cells treated with IL-11 revealed a significant upregulation of
COX-2 protein expression over time (Figure 10). Although there is enhanced NFкB dependent
COX-2 production induced by wounding alone as described by Karrasch et al. (130), IL-11 cotreatment markedly elevates its expression consistently. This data adds rational support to other
evidence found in the lab that revealed the same experimental conditions led to the upregulation
of COX-2 transcript by semi-quantitative PCR. Therefore, in the setting of wounding, IL-11
results in the upregulation of COX-2 expression. Karrasch et al. had also demonstrated that
inhibition of NFкB and COX-2 with the pharmacological inhibitors Bay-11-7082 and NS-398
respectively, inhibited cell restitution after wounding (130). From data obtained during the
course of this project, it was proposed that the IL-11 dependent expression of COX-2 may
indicate the promotion of restitution. This data supports yet to be published work by Dr.
Ropeleski that IL-11 increases epithelial cell migration in response to wounding. It should be
noted however, that COX-2 overexpression leads to increased IL-11 production in intestinal
epithelial cells and breast cancer cells (111, 130). Once again, this highlights that dysregulated
IL-11 signaling may promote reciprocal activation and shift a cell’s program from restitution
towards carcinogenesis through constitutive STAT3 and NFкB activation. With such a strong
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link to cancer, it should be noted that if IL-11 mediated COX-2 expression is considered for
therapeutic promotion of epithelial restitution, caution must be exercised to avoid undesired
effects such as increased cancer development or metastasis. Thus, it is important that IL-11
mediated NFкB regulation in colon cancer cell lines be tested in the future. Initial experiments
examining IL-11 dependent effects on COX-2 expression in wounded colon cancer cell lines,
including HT-29 and Caco2 were performed, however, the effects were not obvious and time
constraints prevented further investigation (data not shown).

5.3 The IL-11 effect on NFкB may be cell-specific
It was important to determine whether NFкB activation occurred in other cell types and
therefore it was chosen to use immortalized human colonic sub-epithelial myofibroblasts, 18CO,
and mouse embryonic fibroblasts, 3T3. Since subepithelial myofibroblasts in the gut are a source
of endogenous IL-11 (19), a response to exogenous IL-11 treatment might indicate a capacity for
autocrine effects in the myofibroblast. However, as shown in Appendix C, no discernible effect
of IL-11 on p65 serine536 phosphorylation was displayed in either the 18CO or the 3T3 cell lines.
This may correlate to a lack of response to IL-11 but it should be noted however, that p65 with
modifications at other sites and also other NFкB subunits must be probed to thoroughly
investigate whether an autocrine effect of IL-11 exists on these other cell types. Due to limited
time, those other p65 phosphorylation sites and NFкB subunits were not investigated. Also, since
IEC-18 and HIEC are non-transformed cell lines, it will be important to thoroughly screen IL-11
effects on NFкB in colon cancer cell lines such as Caco-2 and HT-29 because of the correlation
between uncontrolled IL-11 production and tumorigenesis.
In efforts to recapitulate intestinal IL-11 signaling with an in vitro model, conditioned
media experiments were carried out where 18CO myofibroblasts were used as the source of IL-11
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and IEC-18 cells were the treated cells. Briefly, two cytokines established to stimulate IL-11
production in subepithelial myofibroblasts, TGFβ and IL-1β, were used to treat the 18CO cells
for 24 hours. After confirmation of IL-11 secretion by ELISA, the conditioned media was then
used directly to treat confluent IEC-18 cells for various time points. As seen in Appendix D, both
the TGFβ and IL-1β conditioned media elevated phospho-p65 serine536 expression in the nucleus
compared to unconditioned media. However, these experiments only represent a rudimentary
investigation of IL-11 production because the proper controls remain to be done. Firstly, in
response to TGFβ and IL-1β treatment, 18CO cells may secrete a myriad of signals apart from IL11. Moreover, residual TGFβ and IL-1β remained in the media and these agents themselves
could have triggered the response seen in the IEC-18 cells. The addition of a neutralizing
antibody to IL-11 into the conditioned 18CO media may provide further insight if it causes
attenuation of p65 serine536 phosphorylation.
Most of the work in this thesis was conducted in IEC-18 cells, a non-transformed rat
intestinal epithelial crypt cell line produced from the ileum of a rat small intestine. IEC-18 cells
are known for reproducible effects however there was noticeable variability in some of the results
often requiring many experiments to adequately establish the effect. This may be explained by
inherent variability between cell passages, sharing an incubator, different media batches, and cells
at various stages in cell cycle. These cells do not readily synchronize by withdrawing serum as
other cell types do. The idea of serum reduction was entertained to synchronize the cells and
reduce background effects caused by serum components, however, it was decided against since
IEC-18 cells cannot be synchronized by this technique. Other techniques such as a thymidine
block may be used in the future.
Reports in other cell types and conditions have revealed variable effects of IL-11 on
NFкB signaling, thus further highlighting that the IL-11 effect on NFкB may be cell and context
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specific. For example, in macrophages, Trepicchio et al. reported that IL-11 antagonized LPS
induced NFкB translocation into the nucleus, an effect that contrasts this project’s finding of
increased IL-11 dependent p65 nuclear translocation (28). However, Trepicchio’s study was
focused on the classical pathway of NFкB activation and looked specifically at DNA binding
activity in the nucleus by supershift EMSA of NFкB subunits in a protean response to a gram
negative bacteria derived stimulus. Unlike this project, Trepicchio et al. did not look at gene
targets downstream of NFкB and the effects of IL-11 on other signaling pathways which may
account for such differences. Ultimately, this strongly implies that IL-11 may affect NFкB
differently depending on cell type and the context of the conditions.

5.4 Future Directions
The study of IL-11 has many potential applications to treat human disease since it has
various properties to exploit. For instance, IL-11 is currently used in human clinical trials for
patients receiving chemotherapy which successfully prevent thrombocytopenia by increasing
blood platelet counts (152). Some of the side effects include fluid retention leading to edema
when administered subcutaneously (153, 154). To reduce the systemic side effects, an oral
enteric delivery formulation has been developed to release IL-11 in the intestine and the results
are beneficial and reveal no undesired side effects (155).
Moreover, studies have already established the anti-apoptotic and anti-inflammatory
properties of IL-11 which makes this cytokine an attractive therapeutic agent to treat diseases
with chronic inflammation such as ulcerative colitis and Crohn’s disease. A recombinant human
IL-11 (Oprelvekin) clinical trial in patients with active Crohn’s disease was reported in 2002 to
be safe and significantly induced remission as defined by a 100 point decrease in Crohn’s disease
activity index (CDAI) (156). However, subcutaneous administration of IL-11 is only beneficial
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for patients with mild to moderate Crohn’s disease and is inferior to another commonly used
treatment of prednisolone (157). It will be interesting to see if oral delivery of IL-11 will produce
better induction of remission in patients with Crohn’s disease compared to other drugs.
Furthermore, if IL-11 can be established as a player in restitution via NFкB in the gut, perhaps
future clinical trials would establish the safety and efficacy of using this cytokine for patients
with intestinal injuries or bowel resection.
This thesis is part of a global laboratory effort to study IL-11 and experiments going
forward should delineate mechanisms upstream of the IKK complex. IL-11 mediated NFкB
activation appears non-canonical and it will be critical to determine how IKK participates and
whether cross regulation occurs with the other known signaling cascades activated by IL-11. To
accomplish this, dominant negative IKKβ can be transiently or stably transfected, and probed for
phosphorylation of the GSTp65 fusion protein during in vitro kinase assays in conjunction with
pharmacological inhibitor pretreatment. Since IL-11 was added after mechanical wounding,
another aspect of IL-11 signaling to test in the near future is the pretreatment with IL-11 before
wounding and probing for NFкB as other reports have indicated the benefits of IL-11
administration not only after but before radiation injury (2, 24). As this work has been completed
in the in vitro setting on cell lines, it will be important to establish that IL-11 elicits the same
NFкB response in vivo. Therefore, experiments testing IL-11 effects on p65 phosphorylation in
the animal models such as mice would be the next logical step. Additionally, DSS-induced colitis
may serve as an appropriate model of injury to the gut to test whether IL-11 can ameliorate injury
and accelerate recovery through NFкB gene targets such as COX-2. Moreover, it may prove
beneficial to thoroughly investigate other IL-11 targets including other phosphorylation sites on
p65 such as serine276 and other NFкB subunits including RelB and p50 as preliminary evidence of
their involvement already exists. Since the repertoire of genes involved in IL-11 mediated NFкB
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activation remains uncharacterized, the Ropeleski Lab also plans on carrying out gene
microarrays in p65 siRNA transfected cells to screen for those downstream NFкB-dependent
targets of IL-11.
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Chapter 6
Conclusion
This project is the first report of a novel IL-11 dependent activation of p65NFкB in
intestinal epithelial cells. The mechanism of NFкB activation appears to occur through a nonclassical manner.

Moreover, this thesis indicates that IL-11 activation of NFкB may be

predominantly IKK- and MEK-dependent, however other signaling pathways such as PI3K/Akt
may have a minor role. Additional experiments and further investigation should aid in clarifying
the signaling cascades involved in IL-11 dependent activation of NFкB. Since p65 does not bind
to DNA in response to IL-11 treatment despite evidence of IL-11 dependent targets being
activated, it is plausible to postulate that the p65 subunit may associate through protein-protein
interactions with an unknown co-factor to stimulate NFкB target genes. Further investigation is
required to identify the exact mechanism and thus nuclear co-immunoprecipitation experiments
and proteomics would be useful in examining IL-11 induced interactions. More importantly, an
IL-11 mediated NFкB effector enzyme, COX-2, serves as a viable therapeutic target to stimulate
cellular restitution and thus, can have various benefits to combat intestinal injury in the future.
Apart from having cell specific effects, IL-11 dependent NFкB signaling may also depend on the
context of its treatment such as during a wounded state versus a normal steady state. Finally,
NFкB dimers have multiple levels of regulation and numerous signaling combinations which
support the notion that its activation by IL-11 likely depends on the context of the stimulus and
the cell type.

77

References

1. Du XX, Williams DA. Interleukin-11: A multifunctional growth factor derived from the
hematopoietic microenvironment. Blood. 1994 Apr 15;83(8):2023-30.

2. Du XX, Doerschuk CM, Orazi A, Williams DA. A bone marrow stromal-derived growth
factor, interleukin-11, stimulates recovery of small intestinal mucosal cells after cytoablative
therapy. Blood. 1994 Jan 1;83(1):33-7.

3. Yoshizaki A, Nakayama T, Yamazumi K, Yakata Y, Taba M, Sekine I. Expression of
interleukin (IL)-11 and IL-11 receptor in human colorectal adenocarcinoma: IL-11 up-regulation
of the invasive and proliferative activity of human colorectal carcinoma cells. Int J Oncol. 2006
Oct;29(4):869-76.

4. Merchant JL. What lurks beneath: IL-11, via Stat3, promotes inflammation-associated gastric
tumorigenesis. J Clin Invest. 2008 May;118(5):1628-31.

5. Trepicchio WL, Bozza M, Pedneault G, Dorner AJ. Recombinant human IL-11 attenuates the
inflammatory response through down-regulation of proinflammatory cytokine release and nitric
oxide production. J Immunol. 1996 Oct 15;157(8):3627-34.

6. Leng SX, Elias JA. Interleukin-11 inhibits macrophage interleukin-12 production. J Immunol.
1997 Sep 1;159(5):2161-8.

78

7. Chae S, Eckmann L, Miyamoto Y, Pothoulakis C, Karin M, Kagnoff MF. Epithelial cell I
kappa B-kinase beta has an important protective role in clostridium difficile toxin A-induced
mucosal injury. J Immunol. 2006 Jul 15;177(2):1214-20.

8. Nenci A, Becker C, Wullaert A, Gareus R, van Loo G, Danese S, et al. Epithelial NEMO links
innate immunity to chronic intestinal inflammation. Nature. 2007 Mar 29;446(7135):557-61.

9. Zaph C, Troy AE, Taylor BC, Berman-Booty LD, Guild KJ, Du Y, et al. Epithelial-cellintrinsic IKK-beta expression regulates intestinal immune homeostasis. Nature. 2007 Mar
29;446(7135):552-6.

10. Steinbrecher KA, Harmel-Laws E, Sitcheran R, Baldwin AS. Loss of epithelial RelA results
in deregulated intestinal proliferative/apoptotic homeostasis and susceptibility to inflammation. J
Immunol. 2008 Feb 15;180(4):2588-99.

11. Paul SR, Bennett F, Calvetti JA, Kelleher K, Wood CR, O'Hara RM,Jr, et al. Molecular
cloning of a cDNA encoding interleukin 11, a stromal cell-derived lymphopoietic and
hematopoietic cytokine. Proc Natl Acad Sci U S A. 1990 Oct;87(19):7512-6.

12. Czupryn M, Bennett F, Dube J, Grant K, Scoble H, Sookdeo H, et al. Alanine-scanning
mutagenesis of human interleukin-11: Identification of regions important for biological activity.
Ann N Y Acad Sci. 1995 Jul 21;762:152-64.

13. Davidson AJ, Freeman SA, Crosier KE, Wood CR, Crosier PS. Expression of murine
interleukin 11 and its receptor alpha-chain in adult and embryonic tissues. Stem Cells.
1997;15(2):119-24.
79

14. Fuhrer DK, Yang YC. Activation of src-family protein tyrosine kinases and
phosphatidylinositol 3-kinase in 3T3-L1 mouse preadipocytes by interleukin-11. Exp Hematol.
1996 Feb;24(2):195-203.

15. Spencer GC, Adunyah SE. Interleukin-11 induces rapid PKC activation and cytosolic to
particulate translocation of alpha and beta PKC isoforms in human erythroleukemia K562 cells.
Biochem Biophys Res Commun. 1997 Mar 6;232(1):61-4.

16. Kiessling S, Muller-Newen G, Leeb SN, Hausmann M, Rath HC, Strater J, et al. Functional
expression of the interleukin-11 receptor alpha-chain and evidence of antiapoptotic effects in
human colonic epithelial cells. J Biol Chem. 2004 Mar 12;279(11):10304-15.

17. Ropeleski MJ, Tang J, Walsh-Reitz MM, Musch MW, Chang EB. Interleukin-11-induced
heat shock protein 25 confers intestinal epithelial-specific cytoprotection from oxidant stress.
Gastroenterology. 2003 May;124(5):1358-68.

18. Naugler KM, Baer KA, Ropeleski MJ. Interleukin-11 antagonizes fas ligand-mediated
apoptosis in IEC-18 intestinal epithelial crypt cells: Role of MEK and akt-dependent signaling.
Am J Physiol Gastrointest Liver Physiol. 2008 Mar;294(3):G728-37.

19. Bamba S, Andoh A, Yasui H, Makino J, Kim S, Fujiyama Y. Regulation of IL-11 expression
in intestinal myofibroblasts: Role of c-jun AP-1- and MAPK-dependent pathways. Am J Physiol
Gastrointest Liver Physiol. 2003 Sep;285(3):G529-38.

80

20. Andoh A, Zhang Z, Inatomi O, Fujino S, Deguchi Y, Araki Y, et al. Interleukin-22, a member
of the IL-10 subfamily, induces inflammatory responses in colonic subepithelial myofibroblasts.
Gastroenterology. 2005 Sep;129(3):969-84.

21. Reuter BK, Pizarro TT. Commentary: The role of the IL-18 system and other members of the
IL-1R/TLR superfamily in innate mucosal immunity and the pathogenesis of inflammatory bowel
disease: Friend or foe? Eur J Immunol. 2004 Sep;34(9):2347-55.

22. Takagi H, Kanai T, Okazawa A, Kishi Y, Sato T, Takaishi H, et al. Contrasting action of IL12 and IL-18 in the development of dextran sodium sulphate colitis in mice. Scand J
Gastroenterol. 2003 Aug;38(8):837-44.

23. Booth C, Potten CS. Effects of IL-11 on the growth of intestinal epithelial cells in vitro. Cell
Prolif. 1995 Nov;28(11):581-94.

24. Potten CS. Protection of the small intestinal clonogenic stem cells from radiation-induced
damage by pretreatment with interleukin 11 also increases murine survival time. Stem Cells. 1996
Jul;14(4):452-9.

25. Hu JP, Cesano A, Santoli D, Clark SC, Hoang T. Effects of interleukin-11 on the proliferation
and cell cycle status of myeloid leukemic cells. Blood. 1993 Mar 15;81(6):1586-92.

26. Neben TY, Loebelenz J, Hayes L, McCarthy K, Stoudemire J, Schaub R, et al. Recombinant
human interleukin-11 stimulates megakaryocytopoiesis and increases peripheral platelets in
normal and splenectomized mice. Blood. 1993 Feb 15;81(4):901-8.

81

27. Kimura R, Maeda M, Arita A, Oshima Y, Obana M, Ito T, et al. Identification of cardiac
myocytes as the target of interleukin 11, a cardioprotective cytokine. Cytokine. 2007
May;38(2):107-15.

28. Trepicchio WL, Wang L, Bozza M, Dorner AJ. IL-11 regulates macrophage effector function
through the inhibition of nuclear factor-kappaB. J Immunol. 1997 Dec 1;159(11):5661-70.

29. Bozza M, Bliss JL, Dorner AJ, Trepicchio WL. Interleukin-11 modulates Th1/Th2 cytokine
production from activated CD4+ T cells. J Interferon Cytokine Res. 2001 Jan;21(1):21-30.

30. Curti A, Ratta M, Corinti S, Girolomoni G, Ricci F, Tazzari P, et al. Interleukin-11 induces
Th2 polarization of human CD4(+) T cells. Blood. 2001 May 1;97(9):2758-63.

31. Hill GR, Cooke KR, Teshima T, Crawford JM, Keith JC,Jr, Brinson YS, et al. Interleukin-11
promotes T cell polarization and prevents acute graft-versus-host disease after allogeneic bone
marrow transplantation. J Clin Invest. 1998 Jul 1;102(1):115-23.

32. Kuenzler KA, Pearson PY, Schwartz MZ. IL-11 pretreatment reduces cell death after
intestinal ischemia-reperfusion. J Surg Res. 2002 Dec;108(2):268-72.

33. Pfeiffer CJ, Sato S, Qiu BS, Keith JC, Evangelista S. Cellular pathology of experimental
colitis induced by trinitrobenzenesulphonic acid (TNBS): Protective effects of recombinant
human interleukin-11. Inflammopharmacology. 1997;5(4):363-81.

82

34. Peterson RL, Wang L, Albert L, Keith JC,Jr, Dorner AJ. Molecular effects of recombinant
human interleukin-11 in the HLA-B27 rat model of inflammatory bowel disease. Lab Invest.
1998 Dec;78(12):1503-12.

35. Sonis ST, Van Vugt AG, McDonald J, Dotoli E, Schwertschlag U, Szklut P, et al. Mitigating
effects of interleukin 11 on consecutive courses of 5-fluorouracil-induced ulcerative mucositis in
hamsters. Cytokine. 1997 Aug;9(8):605-12.

36. Orazi A, Du X, Yang Z, Kashai M, Williams DA. Interleukin-11 prevents apoptosis and
accelerates recovery of small intestinal mucosa in mice treated with combined chemotherapy and
radiation. Lab Invest. 1996 Jul;75(1):33-42.

37. Boerma M, Wang J, Burnett AF, Santin AD, Roman JJ, Hauer-Jensen M. Local
administration of interleukin-11 ameliorates intestinal radiation injury in rats. Cancer Res. 2007
Oct 1;67(19):9501-6.

38. Liu Q, Du XX, Schindel DT, Yang ZX, Rescorla FJ, Williams DA, et al. Trophic effects of
interleukin-11 in rats with experimental short bowel syndrome. J Pediatr Surg. 1996
Aug;31(8):1047,50; discussion 1050-1.

39. Peterson RL, Bozza MM, Dorner AJ. Interleukin-11 induces intestinal epithelial cell growth
arrest through effects on retinoblastoma protein phosphorylation. Am J Pathol. 1996
Sep;149(3):895-902.

40. Seger R, Krebs EG. The MAPK signaling cascade. FASEB J. 1995 Jun;9(9):726-35.

83

41. Alessi DR, Saito Y, Campbell DG, Cohen P, Sithanandam G, Rapp U, et al. Identification of
the sites in MAP kinase kinase-1 phosphorylated by p74raf-1. EMBO J. 1994 Apr 1;13(7):16109.

42. Fukuda M, Gotoh I, Gotoh Y, Nishida E. Cytoplasmic localization of mitogen-activated
protein kinase kinase directed by its NH2-terminal, leucine-rich short amino acid sequence, which
acts as a nuclear export signal. J Biol Chem. 1996 Aug 16;271(33):20024-8.

43. Jaaro H, Rubinfeld H, Hanoch T, Seger R. Nuclear translocation of mitogen-activated protein
kinase kinase (MEK1) in response to mitogenic stimulation. Proc Natl Acad Sci U S A. 1997 Apr
15;94(8):3742-7.

44. Seger R, Ahn NG, Posada J, Munar ES, Jensen AM, Cooper JA, et al. Purification and
characterization of mitogen-activated protein kinase activator(s) from epidermal growth factorstimulated A431 cells. J Biol Chem. 1992 Jul 15;267(20):14373-81.

45. Boulton TG, Nye SH, Robbins DJ, Ip NY, Radziejewska E, Morgenbesser SD, et al. ERKs: A
family of protein-serine/threonine kinases that are activated and tyrosine phosphorylated in
response to insulin and NGF. Cell. 1991 May 17;65(4):663-75.

46. Uemura T, Nakayama T, Kusaba T, Yakata Y, Yamazumi K, Matsuu-Matsuyama M, et al.
The protective effect of interleukin-11 on the cell death induced by X-ray irradiation in cultured
intestinal epithelial cell. J Radiat Res (Tokyo). 2007 Mar;48(2):171-7.

47. Shaul YD, Seger R. The MEK/ERK cascade: From signaling specificity to diverse functions.
Biochim Biophys Acta. 2007 Aug;1773(8):1213-26.
84

48. Foster FM, Traer CJ, Abraham SM, Fry MJ. The phosphoinositide (PI) 3-kinase family. J Cell
Sci. 2003 Aug 1;116(Pt 15):3037-40.

49. Martelli AM, Faenza I, Billi AM, Manzoli L, Evangelisti C, Fala F, et al. Intranuclear 3'phosphoinositide metabolism and akt signaling: New mechanisms for tumorigenesis and
protection against apoptosis? Cell Signal. 2006 Aug;18(8):1101-7.

50. Brazil DP, Yang ZZ, Hemmings BA. Advances in protein kinase B signalling: AKTion on
multiple fronts. Trends Biochem Sci. 2004 May;29(5):233-42.

51. Mora A, Komander D, van Aalten DM, Alessi DR. PDK1, the master regulator of AGC
kinase signal transduction. Semin Cell Dev Biol. 2004 Apr;15(2):161-70.

52. Madrid LV, Wang CY, Guttridge DC, Schottelius AJ, Baldwin AS,Jr, Mayo MW. Akt
suppresses apoptosis by stimulating the transactivation potential of the RelA/p65 subunit of NFkappaB. Mol Cell Biol. 2000 Mar;20(5):1626-38.

53. Ghosh S, May MJ, Kopp EB. NF-kappa B and rel proteins: Evolutionarily conserved
mediators of immune responses. Annu Rev Immunol. 1998;16:225-60.

54. Naumann M, Scheidereit C. Activation of NF-kappa B in vivo is regulated by multiple
phosphorylations. EMBO J. 1994 Oct 3;13(19):4597-607.

55. Mosialos G, Gilmore TD. v-rel and c-rel are differentially affected by mutations at a
consensus protein kinase recognition sequence. Oncogene. 1993 Mar;8(3):721-30.

85

56. Huxford T, Huang DB, Malek S, Ghosh G. The crystal structure of the IkappaBalpha/NFkappaB complex reveals mechanisms of NF-kappaB inactivation. Cell. 1998 Dec 11;95(6):75970.

57. Jacobs MD, Harrison SC. Structure of an IkappaBalpha/NF-kappaB complex. Cell. 1998 Dec
11;95(6):749-58.

58. Ghosh S, Karin M. Missing pieces in the NF-kappaB puzzle. Cell. 2002 Apr;109 Suppl:S8196.

59. Delhalle S, Blasius R, Dicato M, Diederich M. A beginner's guide to NF-kappaB signaling
pathways. Ann N Y Acad Sci. 2004 Dec;1030:1-13.

60. Schmitz ML, Baeuerle PA. The p65 subunit is responsible for the strong transcription
activating potential of NF-kappa B. EMBO J. 1991 Dec;10(12):3805-17.

61. Ganchi PA, Sun SC, Greene WC, Ballard DW. A novel NF-kappa B complex containing p65
homodimers: Implications for transcriptional control at the level of subunit dimerization. Mol
Cell Biol. 1993 Dec;13(12):7826-35.

62. Vermeulen L, De Wilde G, Van Damme P, Vanden Berghe W, Haegeman G. Transcriptional
activation of the NF-kappaB p65 subunit by mitogen- and stress-activated protein kinase-1
(MSK1). EMBO J. 2003 Mar 17;22(6):1313-24.

63. Duran A, Diaz-Meco MT, Moscat J. Essential role of RelA Ser311 phosphorylation by
zetaPKC in NF-kappaB transcriptional activation. EMBO J. 2003 Aug 1;22(15):3910-8.
86

64. Leitges M, Sanz L, Martin P, Duran A, Braun U, Garcia JF, et al. Targeted disruption of the
zetaPKC gene results in the impairment of the NF-kappaB pathway. Mol Cell. 2001
Oct;8(4):771-80.

65. Bird TA, Schooley K, Dower SK, Hagen H, Virca GD. Activation of nuclear transcription
factor NF-kappaB by interleukin-1 is accompanied by casein kinase II-mediated phosphorylation
of the p65 subunit. J Biol Chem. 1997 Dec 19;272(51):32606-12.

66. Wang D, Baldwin AS,Jr. Activation of nuclear factor-kappaB-dependent transcription by
tumor necrosis factor-alpha is mediated through phosphorylation of RelA/p65 on serine 529. J
Biol Chem. 1998 Nov 6;273(45):29411-6.

67. Wang D, Westerheide SD, Hanson JL, Baldwin AS,Jr. Tumor necrosis factor alpha-induced
phosphorylation of RelA/p65 on Ser529 is controlled by casein kinase II. J Biol Chem. 2000 Oct
20;275(42):32592-7.

68. Sakurai H, Chiba H, Miyoshi H, Sugita T, Toriumi W. IkappaB kinases phosphorylate NFkappaB p65 subunit on serine 536 in the transactivation domain. J Biol Chem. 1999 Oct
22;274(43):30353-6.

69. Sakurai H, Suzuki S, Kawasaki N, Nakano H, Okazaki T, Chino A, et al. Tumor necrosis
factor-alpha-induced IKK phosphorylation of NF-kappaB p65 on serine 536 is mediated through
the TRAF2, TRAF5, and TAK1 signaling pathway. J Biol Chem. 2003 Sep 19;278(38):36916-23.

87

70. Bohuslav J, Chen LF, Kwon H, Mu Y, Greene WC. p53 induces NF-kappaB activation by an
IkappaB kinase-independent mechanism involving phosphorylation of p65 by ribosomal S6
kinase 1. J Biol Chem. 2004 Jun 18;279(25):26115-25.

71. Fujita F, Taniguchi Y, Kato T, Narita Y, Furuya A, Ogawa T, et al. Identification of NAP1, a
regulatory subunit of IkappaB kinase-related kinases that potentiates NF-kappaB signaling. Mol
Cell Biol. 2003 Nov;23(21):7780-93.

72. Kiernan R, Bres V, Ng RW, Coudart MP, El Messaoudi S, Sardet C, et al. Post-activation
turn-off of NF-kappa B-dependent transcription is regulated by acetylation of p65. J Biol Chem.
2003 Jan 24;278(4):2758-66.

73. Chen LF, Mu Y, Greene WC. Acetylation of RelA at discrete sites regulates distinct nuclear
functions of NF-kappaB. EMBO J. 2002 Dec 2;21(23):6539-48.

74. Chen L, Fischle W, Verdin E, Greene WC. Duration of nuclear NF-kappaB action regulated
by reversible acetylation. Science. 2001 Aug 31;293(5535):1653-7.

75. Anest V, Cogswell PC, Baldwin AS,Jr. IkappaB kinase alpha and p65/RelA contribute to
optimal epidermal growth factor-induced c-fos gene expression independent of IkappaBalpha
degradation. J Biol Chem. 2004 Jul 23;279(30):31183-9.

76. Pattacini L, Casali B, Boiardi L, Pipitone N, Albertazzi L, Salvarani C. Angiotensin II
protects fibroblast-like synoviocytes from apoptosis via the AT1-NF-kappaB pathway.
Rheumatology (Oxford). 2007 Aug;46(8):1252-7.

88

77. Sahar S, Reddy MA, Wong C, Meng L, Wang M, Natarajan R. Cooperation of SRC-1 and
p300 with NF-kappaB and CREB in angiotensin II-induced IL-6 expression in vascular smooth
muscle cells. Arterioscler Thromb Vasc Biol. 2007 Jul;27(7):1528-34.

78. Gerondakis S, Grumont R, Gugasyan R, Wong L, Isomura I, Ho W, et al. Unravelling the
complexities of the NF-kappaB signalling pathway using mouse knockout and transgenic models.
Oncogene. 2006 Oct 30;25(51):6781-99.

79. Weih DS, Yilmaz ZB, Weih F. Essential role of RelB in germinal center and marginal zone
formation and proper expression of homing chemokines. J Immunol. 2001 Aug 15;167(4):190919.

80. Yilmaz ZB, Weih DS, Sivakumar V, Weih F. RelB is required for peyer's patch development:
Differential regulation of p52-RelB by lymphotoxin and TNF. EMBO J. 2003 Jan 2;22(1):12130.

81. Wu L, D'Amico A, Winkel KD, Suter M, Lo D, Shortman K. RelB is essential for the
development of myeloid-related CD8alpha- dendritic cells but not of lymphoid-related
CD8alpha+ dendritic cells. Immunity. 1998 Dec;9(6):839-47.

82. Capobianco AJ, Simmons DL, Gilmore TD. Cloning and expression of a chicken c-rel cDNA:
Unlike p59v-rel, p68c-rel is a cytoplasmic protein in chicken embryo fibroblasts. Oncogene. 1990
Mar;5(3):257-65.

89

83. Romieu-Mourez R, Kim DW, Shin SM, Demicco EG, Landesman-Bollag E, Seldin DC, et al.
Mouse mammary tumor virus c-rel transgenic mice develop mammary tumors. Mol Cell Biol.
2003 Aug;23(16):5738-54.

84. Gerondakis S, Grossmann M, Nakamura Y, Pohl T, Grumont R. Genetic approaches in mice
to understand Rel/NF-kappaB and IkappaB function: Transgenics and knockouts. Oncogene.
1999 Nov 22;18(49):6888-95.

85. Gugasyan R, Voss A, Varigos G, Thomas T, Grumont RJ, Kaur P, et al. The transcription
factors c-rel and RelA control epidermal development and homeostasis in embryonic and adult
skin via distinct mechanisms. Mol Cell Biol. 2004 Jul;24(13):5733-45.

86. Visekruna A, Joeris T, Seidel D, Kroesen A, Loddenkemper C, Zeitz M, et al. Proteasomemediated degradation of IkappaBalpha and processing of p105 in crohn disease and ulcerative
colitis. J Clin Invest. 2006 Dec;116(12):3195-203.

87. Lin L, DeMartino GN, Greene WC. Cotranslational biogenesis of NF-kappaB p50 by the 26S
proteasome. Cell. 1998 Mar 20;92(6):819-28.

88. Ledebur HC, Parks TP. Transcriptional regulation of the intercellular adhesion molecule-1
gene by inflammatory cytokines in human endothelial cells. essential roles of a variant NF-kappa
B site and p65 homodimers. J Biol Chem. 1995 Jan 13;270(2):933-43.

89. Chen H, Tini M, Evans RM. HATs on and beyond chromatin. Curr Opin Cell Biol. 2001
Apr;13(2):218-24.

90

90. Martinez-Balbas MA, Bauer UM, Nielsen SJ, Brehm A, Kouzarides T. Regulation of E2F1
activity by acetylation. EMBO J. 2000 Feb 15;19(4):662-71.

91. Zhong H, May MJ, Jimi E, Ghosh S. The phosphorylation status of nuclear NF-kappa B
determines its association with CBP/p300 or HDAC-1. Mol Cell. 2002 Mar;9(3):625-36.

92. Wang Y, Meng A, Lang H, Brown SA, Konopa JL, Kindy MS, et al. Activation of nuclear
factor kappaB in vivo selectively protects the murine small intestine against ionizing radiationinduced damage. Cancer Res. 2004 Sep 1;64(17):6240-6.

93. Gadjeva M, Wang Y, Horwitz BH. NF-kappaB p50 and p65 subunits control intestinal
homeostasis. Eur J Immunol. 2007 Sep;37(9):2509-17.

94. Claudio E, Brown K, Park S, Wang H, Siebenlist U. BAFF-induced NEMO-independent
processing of NF-kappa B2 in maturing B cells. Nat Immunol. 2002 Oct;3(10):958-65.

95. Coope HJ, Atkinson PG, Huhse B, Belich M, Janzen J, Holman MJ, et al. CD40 regulates the
processing of NF-kappaB2 p100 to p52. EMBO J. 2002 Oct 15;21(20):5375-85.

96. Beinke S, Ley SC. Functions of NF-kappaB1 and NF-kappaB2 in immune cell biology.
Biochem J. 2004 Sep 1;382(Pt 2):393-409.

97. Senftleben U, Cao Y, Xiao G, Greten FR, Krahn G, Bonizzi G, et al. Activation by IKKalpha
of a second, evolutionary conserved, NF-kappa B signaling pathway. Science. 2001 Aug
24;293(5534):1495-9.

91

98. Karin M, Ben-Neriah Y. Phosphorylation meets ubiquitination: The control of NF-[kappa]B
activity. Annu Rev Immunol. 2000;18:621-63.

99. Rothwarf DM, Zandi E, Natoli G, Karin M. IKK-gamma is an essential regulatory subunit of
the IkappaB kinase complex. Nature. 1998 Sep 17;395(6699):297-300.

100. Perkins ND, Gilmore TD. Good cop, bad cop: The different faces of NF-kappaB. Cell Death
Differ. 2006 May;13(5):759-72.

101. Romieu-Mourez R, Landesman-Bollag E, Seldin DC, Sonenshein GE. Protein kinase CK2
promotes aberrant activation of nuclear factor-kappaB, transformed phenotype, and survival of
breast cancer cells. Cancer Res. 2002 Nov 15;62(22):6770-8.

102. Bui NT, Livolsi A, Peyron JF, Prehn JH. Activation of nuclear factor kappaB and bcl-x
survival gene expression by nerve growth factor requires tyrosine phosphorylation of
IkappaBalpha. J Cell Biol. 2001 Feb 19;152(4):753-64.

103. Schoonbroodt S, Ferreira V, Best-Belpomme M, Boelaert JR, Legrand-Poels S, Korner M, et
al. Crucial role of the amino-terminal tyrosine residue 42 and the carboxyl-terminal PEST domain
of I kappa B alpha in NF-kappa B activation by an oxidative stress. J Immunol. 2000 Apr
15;164(8):4292-300.

104. Yamamoto Y, Verma UN, Prajapati S, Kwak YT, Gaynor RB. Histone H3 phosphorylation
by IKK-alpha is critical for cytokine-induced gene expression. Nature. 2003 Jun
5;423(6940):655-9.

92

105. Lawrence T, Bebien M, Liu GY, Nizet V, Karin M. IKKalpha limits macrophage NFkappaB activation and contributes to the resolution of inflammation. Nature. 2005 Apr
28;434(7037):1138-43.

106. El-Omar EM, Carrington M, Chow WH, McColl KE, Bream JH, Young HA, et al.
Interleukin-1 polymorphisms associated with increased risk of gastric cancer. Nature. 2000 Mar
23;404(6776):398-402.

107. Xiao G, Harhaj EW, Sun SC. Domain-specific interaction with the I kappa B kinase
(IKK)regulatory subunit IKK gamma is an essential step in tax-mediated activation of IKK. J
Biol Chem. 2000 Nov 3;275(44):34060-7.

108. Knecht H, Berger C, Rothenberger S, Odermatt BF, Brousset P. The role of epstein-barr
virus in neoplastic transformation. Oncology. 2001;60(4):289-302.

109. Karin M, Greten FR. NF-kappaB: Linking inflammation and immunity to cancer
development and progression. Nat Rev Immunol. 2005 Oct;5(10):749-59.

110. Greten FR, Eckmann L, Greten TF, Park JM, Li ZW, Egan LJ, et al. IKKbeta links
inflammation and tumorigenesis in a mouse model of colitis-associated cancer. Cell. 2004 Aug
6;118(3):285-96.

111. Sovak MA, Bellas RE, Kim DW, Zanieski GJ, Rogers AE, Traish AM, et al. Aberrant
nuclear factor-kappaB/Rel expression and the pathogenesis of breast cancer. J Clin Invest. 1997
Dec 15;100(12):2952-60.

93

112. Becker C, Fantini MC, Schramm C, Lehr HA, Wirtz S, Nikolaev A, et al. TGF-beta
suppresses tumor progression in colon cancer by inhibition of IL-6 trans-signaling. Immunity.
2004 Oct;21(4):491-501.

113. Dajee M, Lazarov M, Zhang JY, Cai T, Green CL, Russell AJ, et al. NF-kappaB blockade
and oncogenic ras trigger invasive human epidermal neoplasia. Nature. 2003 Feb
6;421(6923):639-43.

114. Kim JH, Kim B, Cai L, Choi HJ, Ohgi KA, Tran C, et al. Transcriptional regulation of a
metastasis suppressor gene by Tip60 and beta-catenin complexes. Nature. 2005 Apr
14;434(7035):921-6.

115. Ryan KM, Ernst MK, Rice NR, Vousden KH. Role of NF-kappaB in p53-mediated
programmed cell death. Nature. 2000 Apr 20;404(6780):892-7.

116. Rocha S, Garrett MD, Campbell KJ, Schumm K, Perkins ND. Regulation of NF-kappaB and
p53 through activation of ATR and Chk1 by the ARF tumour suppressor. EMBO J. 2005 Mar
23;24(6):1157-69.

117. Mayo MW, Madrid LV, Westerheide SD, Jones DR, Yuan XJ, Baldwin AS,Jr, et al. PTEN
blocks tumor necrosis factor-induced NF-kappa B-dependent transcription by inhibiting the
transactivation potential of the p65 subunit. J Biol Chem. 2002 Mar 29;277(13):11116-25.

118. Kucharczak J, Simmons MJ, Fan Y, Gelinas C. To be, or not to be: NF-kappaB is the
answer--role of Rel/NF-kappaB in the regulation of apoptosis. Oncogene. 2003 Dec
8;22(56):8961-82.
94

119. Wang CY, Mayo MW, Korneluk RG, Goeddel DV, Baldwin AS,Jr. NF-kappaB
antiapoptosis: Induction of TRAF1 and TRAF2 and c-IAP1 and c-IAP2 to suppress caspase-8
activation. Science. 1998 Sep 11;281(5383):1680-3.

120. Irmler M, Thome M, Hahne M, Schneider P, Hofmann K, Steiner V, et al. Inhibition of
death receptor signals by cellular FLIP. Nature. 1997 Jul 10;388(6638):190-5.

121. Tran H, Brunet A, Griffith EC, Greenberg ME. The many forks in FOXO's road. Sci STKE.
2003 Mar 4;2003(172):RE5.

122. Webster GA, Perkins ND. Transcriptional cross talk between NF-kappaB and p53. Mol Cell
Biol. 1999 May;19(5):3485-95.

123. Campbell KJ, Rocha S, Perkins ND. Active repression of antiapoptotic gene expression by
RelA(p65) NF-kappa B. Mol Cell. 2004 Mar 26;13(6):853-65.

124. Lawrence T, Gilroy DW, Colville-Nash PR, Willoughby DA. Possible new role for NFkappaB in the resolution of inflammation. Nat Med. 2001 Dec;7(12):1291-7.

125. Alcamo E, Mizgerd JP, Horwitz BH, Bronson R, Beg AA, Scott M, et al. Targeted mutation
of TNF receptor I rescues the RelA-deficient mouse and reveals a critical role for NF-kappa B in
leukocyte recruitment. J Immunol. 2001 Aug 1;167(3):1592-600.

126. Horwitz BH, Scott ML, Cherry SR, Bronson RT, Baltimore D. Failure of lymphopoiesis
after adoptive transfer of NF-kappaB-deficient fetal liver cells. Immunity. 1997 Jun;6(6):765-72.

95

127. Kaisho T, Takeda K, Tsujimura T, Kawai T, Nomura F, Terada N, et al. IkappaB kinase
alpha is essential for mature B cell development and function. J Exp Med. 2001 Feb
19;193(4):417-26.

128. Egan LJ, Eckmann L, Greten FR, Chae S, Li ZW, Myhre GM, et al. IkappaB-kinasebetadependent NF-kappaB activation provides radioprotection to the intestinal epithelium. Proc Natl
Acad Sci U S A. 2004 Feb 24;101(8):2452-7.

129. Egan LJ, de Lecea A, Lehrman ED, Myhre GM, Eckmann L, Kagnoff MF. Nuclear factorkappa B activation promotes restitution of wounded intestinal epithelial monolayers. Am J
Physiol Cell Physiol. 2003 Nov;285(5):C1028-35.

130. Karrasch T, Steinbrecher KA, Allard B, Baldwin AS, Jobin C. Wound-induced p38MAPKdependent histone H3 phosphorylation correlates with increased COX-2 expression in
enterocytes. J Cell Physiol. 2006 Jun;207(3):809-15.

131. Wallace JL. COX-2: A pivotal enzyme in mucosal protection and resolution of
inflammation. ScientificWorldJournal. 2006 May 25;6:577-88.

132. Singh B, Cook KR, Vincent L, Hall CS, Berry JA, Multani AS, et al. Cyclooxygenase-2
induces genomic instability, BCL2 expression, doxorubicin resistance, and altered cancerinitiating cell phenotype in MCF7 breast cancer cells. J Surg Res. 2008 Jun 15;147(2):240-6.

133. Buchanan FG, Holla V, Katkuri S, Matta P, DuBois RN. Targeting cyclooxygenase-2 and
the epidermal growth factor receptor for the prevention and treatment of intestinal cancer. Cancer
Res. 2007 Oct 1;67(19):9380-8.
96

134. Wang D, Dubois RN. Pro-inflammatory prostaglandins and progression of colorectal cancer.
Cancer Lett. 2008 Apr 10.

135. Schmassmann A, Zoidl G, Peskar BM, Waser B, Schmassmann-Suhijar D, Gebbers JO, et
al. Role of the different isoforms of cyclooxygenase and nitric oxide synthase during gastric ulcer
healing in cyclooxygenase-1 and -2 knockout mice. Am J Physiol Gastrointest Liver Physiol.
2006 Apr;290(4):G747-56.

136. Gretzer B, Maricic N, Respondek M, Schuligoi R, Peskar BM. Effects of specific inhibition
of cyclo-oxygenase-1 and cyclo-oxygenase-2 in the rat stomach with normal mucosa and after
acid challenge. Br J Pharmacol. 2001 Apr;132(7):1565-73.

137. Kaufmann HJ, Taubin HL. Nonsteroidal anti-inflammatory drugs activate quiescent
inflammatory bowel disease. Ann Intern Med. 1987 Oct;107(4):513-6.

138. Wallace JL, Keenan CM, Gale D, Shoupe TS. Exacerbation of experimental colitis by
nonsteroidal anti-inflammatory drugs is not related to elevated leukotriene B4 synthesis.
Gastroenterology. 1992 Jan;102(1):18-27.

139. Wallace JL, Bak A, McKnight W, Asfaha S, Sharkey KA, MacNaughton WK.
Cyclooxygenase 1 contributes to inflammatory responses in rats and mice: Implications for
gastrointestinal toxicity. Gastroenterology. 1998 Jul;115(1):101-9.

140. Perreault N, Jean-Francois B. Use of the dissociating enzyme thermolysin to generate viable
human normal intestinal epithelial cell cultures. Exp Cell Res. 1996 May 1;224(2):354-64.

97

141. Smith JA, Poteet-Smith CE, Xu Y, Errington TM, Hecht SM, Lannigan DA. Identification
of the first specific inhibitor of p90 ribosomal S6 kinase (RSK) reveals an unexpected role for
RSK in cancer cell proliferation. Cancer Res. 2005 Feb 1;65(3):1027-34.

142. Hacker H, Karin M. Regulation and function of IKK and IKK-related kinases. Sci STKE.
2006 Oct 17;2006(357):re13.

143. Madrid LV, Mayo MW, Reuther JY, Baldwin AS,Jr. Akt stimulates the transactivation
potential of the RelA/p65 subunit of NF-kappa B through utilization of the ikappa B kinase and
activation of the mitogen-activated protein kinase p38. J Biol Chem. 2001 Jun 1;276(22):1893440.

144. Zhang L, Ma Y, Zhang J, Cheng J, Du J. A new cellular signaling mechanism for
angiotensin II activation of NF-kappaB: An IkappaB-independent, RSK-mediated
phosphorylation of p65. Arterioscler Thromb Vasc Biol. 2005 Jun;25(6):1148-53.

145. Kishore N, Sommers C, Mathialagan S, Guzova J, Yao M, Hauser S, et al. A selective IKK2 inhibitor blocks NF-kappa B-dependent gene expression in interleukin-1 beta-stimulated
synovial fibroblasts. J Biol Chem. 2003 Aug 29;278(35):32861-71.

146. Lewis K, Caldwell J, Phan V, Prescott D, Nazli A, Wang A, et al. Decreased epithelial
barrier function evoked by exposure to metabolic stress and nonpathogenic E. coli is enhanced by
TNF-alpha. Am J Physiol Gastrointest Liver Physiol. 2008 Mar;294(3):G669-78.

98

147. May MJ, D'Acquisto F, Madge LA, Glockner J, Pober JS, Ghosh S. Selective inhibition of
NF-kappaB activation by a peptide that blocks the interaction of NEMO with the IkappaB kinase
complex. Science. 2000 Sep 1;289(5484):1550-4.

148. Imbert V, Rupec RA, Livolsi A, Pahl HL, Traenckner EB, Mueller-Dieckmann C, et al.
Tyrosine phosphorylation of I kappa B-alpha activates NF-kappa B without proteolytic
degradation of I kappa B-alpha. Cell. 1996 Sep 6;86(5):787-98.

149. Huang TT, Wuerzberger-Davis SM, Wu ZH, Miyamoto S. Sequential modification of
NEMO/IKKgamma by SUMO-1 and ubiquitin mediates NF-kappaB activation by genotoxic
stress. Cell. 2003 Nov 26;115(5):565-76.

150. Choudhary S, Lu M, Cui R, Brasier AR. Involvement of a novel Rac/RhoA guanosine
triphosphatase-nuclear factor-kappaB inducing kinase signaling pathway mediating angiotensin
II-induced RelA transactivation. Mol Endocrinol. 2007 Sep;21(9):2203-17.

151. Dieckgraefe BK, Weems DM, Santoro SA, Alpers DH. ERK and p38 MAP kinase pathways
are mediators of intestinal epithelial wound-induced signal transduction. Biochem Biophys Res
Commun. 1997 Apr 17;233(2):389-94.

152. Bhatia M, Davenport V, Cairo MS. The role of interleukin-11 to prevent chemotherapyinduced thrombocytopenia in patients with solid tumors, lymphoma, acute myeloid leukemia and
bone marrow failure syndromes. Leuk Lymphoma. 2007 Jan;48(1):9-15.

153. Williams DA. Inflammatory cytokines and mucosal injury. J Natl Cancer Inst Monogr.
2001;(29)(29):26-30.
99

154. Sands BE, Bank S, Sninsky CA, Robinson M, Katz S, Singleton JW, et al. Preliminary
evaluation of safety and activity of recombinant human interleukin 11 in patients with active
crohn's disease. Gastroenterology. 1999 Jul;117(1):58-64.

155. Cotreau MM, Stonis L, Strahs A, Schwertschlag US. A multiple-dose, safety, tolerability,
pharmacokinetics and pharmacodynamic study of oral recombinant human interleukin-11
(oprelvekin). Biopharm Drug Dispos. 2004 Oct;25(7):291-6.

156. Sands BE, Winston BD, Salzberg B, Safdi M, Barish C, Wruble L, et al. Randomized,
controlled trial of recombinant human interleukin-11 in patients with active crohn's disease.
Aliment Pharmacol Ther. 2002 Mar;16(3):399-406.

157. Herrlinger KR, Witthoeft T, Raedler A, Bokemeyer B, Krummenerl T, Schulzke JD, et al.
Randomized, double blind controlled trial of subcutaneous recombinant human interleukin-11
versus prednisolone in active crohn's disease. Am J Gastroenterol. 2006 Apr;101(4):793-7.

100

Appendix A

A
TNFa
1h

IL-11
0’

30’

1h

2h

4h 8h 16h 24h
p-p65Ser536
RNA POL II

B
TNFa
20’

IL-11
0’

30’

1h

2h

4h 8h 16h 24h
p-p65Ser536
RNA POL II

Appendix A. IL-11 mediates prolonged NFкB activation in intestinal epithelial crypt cells.
Western blot analysis of phospho-p65 Ser536 expression after IL-11 time course to 24 hours in
nuclear lysates of (A) IEC-18 (n=2) and (B) HIEC (n=2). In all these blots, RNA polymerase II
expression was probed and used as a control for equal loading.
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Appendix B. IL-11 mediated activation of IKKβ in intestinal epithelial crypt cells is MEK
dependent. Western blot analysis of phospho-IKKα Ser180/IKKβ Ser181 expression after 30 and 60
minutes of IL-11 treatment in whole cell lysates of IEC-18 cells pretreated with various inhibitors
(n=2). In all these blots, β-actin expression was probed and used as a control for equal loading.
DMSO and methanol were used as the vehicle controls.
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Appendix C. IL-11 has no effect on NFкB in 18CO human colonic myofibroblast or 3T3 mouse
fibroblast cell lines. A: Western blot analysis of phospho-p65 Ser536 in whole cell lysates during
an IL-11 time course in 18CO cells (n=3). B: Western blot analysis of phospho-p65 Ser536 in
whole cell lysates during an IL-11 time course in 3T3 cells (n=3). β-actin was probed as the
control for equal loading.
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Appendix D
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Appendix D. IEC-18 co-culture with 18CO conditioned media results in upregulated NFкB.
Western blot analysis of phospho-p65 Ser536 in IEC-18 nuclear lysates treated with 18CO media
after 24hr stimulation with (A) human IL-1β (n=2) and (B) human TGFβ (n=2).
polymerase II was probed and used as the control for equal loading.
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