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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-p65
Ser536

), 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-p65
Ser536

 and COX-2 

expression.  The binding of p65 to the кB binding site on DNA was detected with an ELISA-

based system. 

IL-11 treatment was associated with the nuclear accumulation of phospho-p65
ser536

 in 

epithelial cell lines.  Inhibition of PI3K/Akt signaling with LY294002 and AktiVIII suggested a 

partial reduction in phospho-p65
Ser536

 while inhibition of MEK1,2 signaling with U0126 indicated 

almost a complete abrogation of phospho-p65
Ser536 

accumulation in the nucleus.  Inhibition of 

inhibitor of кB kinase-β (IKKβ) with SC-514 also revealed a strong attenuation of IL-11 induced 
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phospho-p65
Ser536

.  Inhibition of p90
RSK1

 with SL0101 was inconsistent but suggested a partial 

blockage of phospho-p65Ser
536

 whereas inhibition of Src kinase with PP2, did not affect 

phospho-p65
Ser536

 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-p65
Ser536

 was unaffected; however there was an evident potentiation of wound-

induced 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 IL-

11 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, IL-

11Rα 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 
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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, anti-

apoptotic, 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).  In normal rats and mice, 
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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 IL-

11 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), 5-

fluorouracil (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 IL-

11 or their cellular source in the intestinal mucosa.     
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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 mitogen-

activated 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 
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notably demonstrated the phosphorylation of transcription factors, p90 ribosomal S6 kinases 

(p90
RSK1

) (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 pro-

inflammatory 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 
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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 (p90
RSK1

) (70) and NFкB activating kinase (NAK) also known as TANK-

binding 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 ERK-
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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 glycine-

rich 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 non-

canonical 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.  IкBα undergoes 



 

  17 

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 post-

translational 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.  Furthermore, NFкB 
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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 pro-
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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 pro-

carcinogenic 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 β-

defensins.  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 pathogen-

specific 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 p90
RSK1

 inhibitor SL0101 was obtained from 

Toronto Research Chemicals Inc (North York, ON).  The IKKγ inhibitor peptide NBD (H-Asp-

Arg-Gln-Ile-Lys-Ile-Trp-Phe-Gln-Asn-Arg-Arg-Met-Lys-Trp-Lys-Lys-Thr-Ala-Leu-Asp-Trp-

Ser-Trp-Leu-Gln-Thr-Glu-OH) and the mutated NBD control peptide (H-Asp-Arg-Gln-Ile-Lys-

Ile-Trp-Phe-Gln-Asn-Arg-Arg-Met-Lys-Trp-Lys-Lys-Thr-Ala-Leu-Asp-Ala-Ser-Ala-Leu-Gln-

Thr-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 (TBS-

T) (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-β-

d-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 X-

100 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(aa354-

551) 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-Ser
536

 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 Ser
536

 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-p65Ser
536

 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 phospho-

serine
536

-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-p65Ser
536

 

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-p65Ser
536

 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-p65Ser
536

 in response to IL-11 treatment.  

For future experiments, it was decided to focus on the thirty and sixty minute time points of IEC-

18 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 Serine
536

 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-p65Ser
536

 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-p65Ser
536

 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 anti-

p65NFкB (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-p90
RSK1

 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 p90
RSK1

 (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 serine
536

 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 serine
536

 in IEC-18 nuclear lysates but subsequent 

abrogation of p65 serine
536

 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 

serine
536

. 

 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 

p65aa
354-551

 from BL-21 E. coli were harvested and isolated using glutathione agarose beads.  

Subsequent elution by reduced glutathione produced GSTp65
354-551

 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 GSTp65
354-551

 substrate.  Figure 6-C(i) 

demonstrates the positive control for the kinase assay where TNFα-treated IKK complexes 

clearly phosphorylated the GSTp65
354-551

 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 serine
536

 to achieve more sensitive 

readout to confirm IKK activation in response to IL-11.  

 



 

  49 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-A.  Western blot analysis of phospho-p65 Ser
536

 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 Ser
536

 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 GSTp65
354-551

 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 serine
536

 

phosphorylation.  As shown in Figure 7-A by immunoblotting, pretreatment with the PI3K 

inhibitor, LY294002 (20 µM), appears to partially attenuate nuclear p65 serine
536

 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 serine
536

 

phosphorylation more consistently in Figure 7-B(i-iv) (n=4).  In these experiments, the partial 

attenuation of p65 serine
536

 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 serine
536

 

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 IL-

11 dependent p65 serine
536

 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 p90
RSK1

 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 serine
536

 phosphorylation in most trials 

including (i, ii, iv and vi) (n=6).  This incomplete block of p65 phosphorylation hints that p90
RSK1

 

may be involved in IL-11 mediated NFкB activation and is supported by another lab member 

with evidence of p90
RSK1

 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 serine
536

 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 Ser
536

 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 Ser
536

 expression in IEC-18 nuclear lysates (i-

iv) 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 Ser
536

 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 Ser
536

 expression in IEC-18 nuclear lysates (i-

vi) 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 

serine
536

 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 Ser
536

 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). 
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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 serine
536

 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 serine
536

 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 serine
536

 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 phospho-

serine
536

-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 serine
536

-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 5-

D, 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 IL-

11 regulates other NFкB subunits which may or may not heterodimerize with p65 to confer an IL-

11 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 IL-

11 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 Serine
536

 accumulation in the nucleus (Figure 6-A).  

Similarly, a cell permeable peptide inhibitor of IKKγ called NBD appears to effectively abrogate 

p65 Serine
536

 phosphorylation, although more replicates are required (Figure 6-B).  It is 

interesting to note that elevated basal levels of phospho-p65 Serine
536

 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-Ser
536

 antibody to p65 instead of a radioactive probe in 

efforts to increase the sensitivity of the assay.  Additionally, a p65 substrate with serine
536

 

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 Serine
536

 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 tyrosine
42

 phosphorylation of IкBα  leading to IкBα degradation-independent activation 

of NFкB (148).  Apart from pervanadate treatment, phosphorylation of IкBα at tyrosine
42

 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 

serine
32/36

 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 



 

  68 

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 renin-

angiotensin 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 serine
536

 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 non-

canonically, 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 Serine
536

 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 p90
RSK1

 as it has previously been implicated 

as a kinase that can directly phosphorylate p65 in response to AngII (144).  The p90
RSK1

 inhibitor 

SL0101, appears to cause attenuation of phospho-p65 Serine
536

 in four of the six trials but more 

replicates of the experiment are necessary to confidently determine the role of p90
RSK1

 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 Serine
536

 suggesting the receptor 

tyrosine kinase is not a major effector in this system.  Overall, this indicates that IL-11 may rely 

on p90
RSK1

 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 p90
RSK1

 is a 

branch of ERK signaling and other members in the lab in addition to Uemura et al. had reported 

p90
RSK1

 phosphorylation by IL-11 (46).  It is possible that p90
RSK1

 is involved in other aspects of 

IL-11 signaling, perhaps even other aspects of NFкB signaling apart from p65 phosphorylation.  

To support that notion, serine
536

 phosphorylation may not be the sole target of IL-11.  Another 
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p65 phosphorylation site at serine
276

 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 serine
536

 phosphorylation in IEC-18 cells after 

wounding (Figure 9-A).  This may be due in part, to maximal serine
536

 phosphorylation after 

wounding so that IL-11 treatments did not result in detectable changes in p65 serine
536

 

phosphorylation.  However, another lab member has immunoblot evidence that the serine
276

 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 Serine
536

 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 co-

treatment 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 serine
536

 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 serine
536

 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 IL-

11.  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 serine
536

 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 serine
276

 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 non-

classical 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. 
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Appendix A.  IL-11 mediates prolonged NFкB activation in intestinal epithelial crypt cells.  

Western blot analysis of phospho-p65 Ser
536

 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 Ser
180

/IKKβ Ser
181

 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 Ser
536

 in whole cell lysates during 

an IL-11 time course in 18CO cells (n=3). B: Western blot analysis of phospho-p65 Ser
536

 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.  IEC-18 co-culture with 18CO conditioned media results in upregulated NFкB.  

Western blot analysis of phospho-p65 Ser
536

 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).  RNA 

polymerase II was probed and used as the control for equal loading. 

 

 

 

 


