
ln compliance with the 
Canadian Privacy Legislation 

some supporting forms 
may have been removed from 

this dissertation. 

hile these forms may be included 
in the document page count, 

their removal does not represent 
any loss of content from the dissertation. 





MECHANISMS OF REGULATION OF HAPTOGLOBIN BY C/EBPs 

By 

Mariana Gabriela GHINET 

Département d'Anatomie et de Biologie Cellulaire 

Faculté de Médecine 

Université de Sherbrooke 

In partial fülfillment of the reqnirements of the Degree of Maste:r of Science 

Sherbrooke, Québec, Janu.ary 2003 



l+I National Library 
of Canada 

Bibliothèque nationale 
du Canada 

Acquisitions and 
Bibliographie Services 

Acquisisitons et 
services bibliographiques 

395 Wellington Street 
Ottawa ON K1A ON4 
Canada 

395, rue Wellington 
Ottawa ON K1A ON4 
Canada 

The author has granted a non-
exclusive licence allowing the 
National Library of Canada to 
reproduce, loan, distribute or sell 
copies of this thesis in microform, 
paper or electronic formats. 

The author retains ownership of the 
copyright in this thesis. Neither the 
thesis nor substantial extracts from it 
may be printed or otherwise 
reproduced without the author's 
permission. 

Canada 

Your file Votre référence 
ISBN: 0-612-86655-6 
Our file Notre référence 
ISBN: 0-612-86655-6 

L'auteur a accordé une licence non 
exclusive permettant à la 
Bibliothèque nationale du Canada de 
reproduire, prêter, distribuer ou 
vendre des copies de cette thèse sous 
la forme de microfiche/film, de 
reproduction sur papier ou sur format 
électronique. 

L'auteur conserve la propriété du 
droit d'auteur qui protège cette thèse. 
Ni la thèse ni des extraits substantiels 
de celle-ci ne doivent être imprimés 
ou aturement reproduits sans son 
autorisation. 



TABLE OF CONTENTS 

LIST OF FIGURES 

LIST OF TABLES 

LIST OF ABBREVIATIONS 

LIST OF PlJBLICATION 

COMMUNICATIONS 

ABSTRACT 

RÉSUMÉ 

INTRODUCTION 

TABLE OF CONTENTS 

1. Inflammation and the acute phase response 

2. The C/EBP family of transcription factors 

3. Role of C/EBPs in different tissues 

4. The intestinal acute phase response 

5. Effect ofMG132 in different cell types 

n 

VI 

vm 

IX 

XV 

XVI 

xvn 

XX 

1 

1 

5 

9 

14 

16 



6. Research project 19 

6.1 Effect ofMG132 on the inflamrnatory response of the rat intestinal 

epithelial cell line IEC-6 19 

6.2 Effect of C/EBParnutant overexpression on the regulation of the acute 

phase protein gene haptoglobin 20 

MATERIAL AND METHODS 21 

1. Cell culture 21 

2. Retroviral constructs and infection 21 

3. RNA extraction and Northern blot analysis 22 

3.1 Total RNA extraction 22 

3.2 Northern blot 23 

3.3 Preparation of radioactive probes 23 

3.4 Prehybridization and hybridization 24 

4. Electrophoretic rnobility shift assay 25 

4.1 Nuclear extracts 25 

4.2 Preparation of 32P-labelled oligonucleotides 25 

m 



4.3 E1ectrophoretic mobility shift assay 26 

5. Protein extraction and Western blot analysis 27 

6. Transient transfection and luciferase assays 29 

6.1 Transient transfections 29 

6.2 Luciferase assay 29 

RESULTS 31 

1. Effect of the proteasome inhibitor MG 132 on the inflammatory response in 

intestinal epithelial cells 

1.1 Effect ofMG132 on IL-1-dependent induction ofmRNA levels of 

haptoglobin, C/EBP,6 and CIEBPô 

1.2 Effect ofMG132 on haptoglobin transcription 

31 

31 

32 

1.3 Modulation of the DNA-binding capacity of C/EBP isoforms by MG 132 

32 

1.4 Effect ofMG132 on endogenous C/EBP protein levels 33 

2. Effect of C/EBPa mutant overexpression on the expression of haptoglobin 

and C/EBPs 34 

lV 



2.1 Effect of C/EBParnutant overexpression on C/EBP endogenous protein 

levels 

2.2 Effect ofC/EBParnutant overexpression on the regulation of the acute 

phase protein gene haptoglobin and C/EBPs 

DISCUSSION 

l. MG 132 decreases specifically the IL-1 dependent induction of the acute 

phase protein gene haptoglobin 

2. CIEBPa is involved in the regulation of the acute phase protein gene 

haptoglobin in intestinal epithelial cells 

CONCLUSIONS AND PERSPECTNES 

1. Possible link between regulation of C/EBP-dependent transcriptional 

activation and C/EBP protease-dependent degradation 

34 

35 

47 

47 

51 

55 

55 

2. Effect of CIEBPa mutant overexpression on acute phase protein haptoglobin 

expression 56 

ACKNOWLEDGMENTS 57 

REFERENCES 58 

V 



LIST OF FIGURES 

Figure 1. Sequential model of induction for acute phase protein genes 4 

Figure 2. The structure of C/EBP isoforms a, (3 and ô 8 

Figure 3. The proteasome inhibitor MG 132 decreases the IL-1 dependent induction 

ofhaptoglobin, but does not affect C/EBP/3 and C/EBPo mRNA levels 37 

Figure 4. Transcriptional effect ofMG132 on the expression ofhaptoglobin 38 

Figure 5. MG132 increases C/EBP-DNA binding activity and causes a change of 

C/EBP complex mobility 39 

Figure 6. Composition of C/EBP DNA-binding complexes in IEC-6 cells 

stimulated with MG132 40 

Figure 7. C/EBP/1 and C/EBPô isoforms are stabilized and a novel C/EBP/1 

isoform is induced following the stimulation ofIEC-6 cells with MG 132 41 

Figure 8. The caspase inhibitor Z-V AD-FMK does not affect the cleavage of 

CIEBP/1 LAP caused by MG132 

Figure 9. Retroviral constructs 

Figure 10. Composition of C/EBP DNA-binding complexes in IEC-6 cell lines 

overexpressing C/EBPa mutants 

Vl 

42 

43 

44 



Figure 11. C/EBPa mutants overexpression in IEC-6 cells 45 

Figure 12. Pattern of expression ofhaptoglobin and C/EBP isoforms mRNAs in 

CIEPBa mutant overexpressing clones 46 

VH 



LIST OF TABLES 

Table 1: DNA fragments used for radioactive probes preparation, their lengths 

and their restriction sites 

Table 2: Retention gel preparation 

Table 3: Polyacrylamide gel preparation 

vm 

24 

27 

28 



LIST OF ABBREVIATIONS 

APl: activator protein-1 

APP: acute phase protein 

APR: acute phase response 

ATF4: activating transcription factor 4 

ATP: adenosine triphosphate 

BRM: basic region mutant 

bZIP: basic region and leucine zipper including domain 

°C: degree celsius 

cAMP: cyclic adenosine monophosphate 

C/ATF: C/EBP-related activating transcription factor 

CDK: cyclin-dependent kinases 

C/EBP: CCAAT/enhancer-binding protein 

CHIP: chromatin immunoprecipitation 

CHOP: C/EBP homologous protein 

cLA.Pl: inhibitor of apoptosis 1 

cIAP2: inhibitor of apoptosis 2 

C02: carbon dioxide 

lX 



cps: counts per second 

CREB: cAMP response element-binding protein 

C-terminal: carboxy-terminal 

dCTP : deoxycytidine-5'-triphosphate 

DMEM: Dulbecco's modified Eagle medium 

DMSO: dimethyl sulfoxide 

DNA: deoxyribonucleic acid 

DIT: dithiothreitol 

EDTA: ethylenediaminetetraacetic acid 

Erk: extracellular signal-regulated kinase 

F ADD: Fas-associated death domain 

FBS: fetal bovine serum 

G-6P: glucose 6-Phosphatase 

GSK3: glycogen synthase kinase 3 

HIEC: human intestinal epithelial cells 

HRP: horse radish peroxidase 

ICAM-1: intracellular adhesion molecule-1 

IBD: inflammatory bowel disease 

IEC-6: rat intestinal epithelial cells 

X 



IGF I: insulin-like growth factor I 

IGF II: insulin-like growth factor II 

IkB: NF-kB inhibitor 

IL: interleukin 

IL-R: interleukin receptor 

IL-6 RE: IL-6 responsive element 

IL-2: interleukin 2 

IL-4: interleukin 4 

IL-6: interleukin 6 

IL-8: interleukin 8 

IL-9: interleukin 9 

IL-10: interleukin 10 

IL-11: interleukin 11 

IL-13: interleukin 13 

IFN-y: interferon-y 

JAK: Janus activated kinase 

JNK: c-jun N-terminal kinase 

kD: kilo Dalton 

LB: L-broth 

Xl 



LIP: liver-enriched transcriptional inhibitor protein 

LAP: liver enriched transcriptional activator protein 

LZ: leucine zipper 

M: molar 

MAP kinase: mitogen activated protein kinase 

Met: methionine 

mg: milligram 

MHC: major histocompatibility complex 

ml: millilitre 

mm: millimeter 

mM: millimolar 

MOPS: sulphonic acid 3-(N-morpholino propane) sodium 

NF-kB: nuclear factor kappa B 

NP-40: nonidet P-40 

NRB: nuclear resuspension buffer 

nM: nanomolar 

N-terminal: amino-terminal 

OD: optical density 

PBS: phosphate buffered saline 

XH 



PEPCK: phosphoenolpyruvate carboxykinase 

PI-3K: phosphatidylinositol 3 kinase 

PKA: protein kinase A 

PKC: protein kinase C 

PMSF: phenylmethylsulfonyl fluoride 

pRb: retinoblastoma protein 

PVDF: polivinylidene difluoride 

RPM: revolutions per minutes 

rsk: p90 ribosomal protein S-6 kinase 

SDS: sodium dodecyl sulfate 

STAT: signal transducer and activator of transcription 

TBE: tris borate buffer 

TBS: tris buffered saline 

TE: tris EDTA buffer 

TE I: transactivation element I 

TEMED: tetramethylethylenediamine 

TGFP: transforming growth factor p 

Thr: Threonine 

TNF-a: tumor necrosis factor a 

xm 



TNFR: TNF-a receptor 

TRIS: tris (hydroxymethyl) aminomethane 

µg: m1crogram 

µl: microliter 

UV: ultraviolet 

XlV 



LIST OF PUBLICATION 

Ghinet G.M., Bernatchez G., Svotelis A. and Asselin C. (2003) Role ofC/EBPamutant 

overexpression on the regulation of the acute phase protein gene haptoglobin in 

intestinal epithelial cells. (En préparation) 

XV 



COMMUNICATIONS 

1. Ghinet M.G., Blais M., Svotelis A., Juaire N., Lévy É. et Asselin C. (2002) 

Régulation de l'activation transcriptionnelle des facteurs de transcription C/EBPs par 

ubiquitinylation? 44ieme Réunion Annuelle de Club de Recherches Cliniques du 

Québec. Saint Sauveur, Québec. 

2. Blais M., Gbinet M.G., Juaire N. et Asselin C. (2002) La voie de dégradation 

ubiquitine-protéasome affecte l'activité du facteur de transcription C/EBP. 70ieme 

Congrès de I' Association canadienne-française pour l'avancement des sciences. 

Université Laval, Québec. 

3. Blais M., Svotelis A., Mongrain S., Ghinet M.G. et Asselin C. (2002) Le contrôle de 

l'expression des gènes de l'intestin. Journée de la recherche, Sherbrooke, Québec. 

XVl 



Mechanisms of regulation of haptogfobin by C/EBPs 
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ABSTRACT 

1. Effect of the proteasome inhibitor MG132 on the inflammatory response in 

intestinal epithefüd cens 

Intestinal epithelial cells participate in the acute phase response (APR) during intestinal 

inflammation. We have shown that acute phase protein (APP) genes are induced during 

the intestinal APR. Modulation ofproinflammatory molecule synthesis is a key strategy 

in down regulating the inflammatory process characteristic of various diseases such as 
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inflammatory bowel disease (IBD). One way of repressing the activity of these 

molecules is by the use of different inhibitors such as proteasome inhibitors. MG 132 is 

a highly specific inhibitor of protein degradation via the ubiquitin/proteasome system 

and negatively modulates the activation of specific genes involved in the intestinal acute 

phase response via NF-KB in.hibition. The CCAAT/enhancer binding protein family of 

transcription factors are involved in APP regulation in intestinal epithelial cells. In this 

study, we were interested in verifying if MG 132 alters the expression of C/EBP targets 

and if MG 132 alters the stability of the C/EBP isoforms. In intestinal epithelial cells, we 

demonstrated by Northem blot that MG132 causes a decrease in the IL-1 dependent 

induction of the acute phase protein gene haptoglobin. The effect of MG132 on 

haptoglobin expression is transcriptional as determined by transient transfections. 

MG132 causes an increase in C/EBP-DNA binding activity to the consensus site 

HaptoA and a change in C/EBP complex mobility, which may be due to the formation 

of a novel form of C/EBP~ of approximately of 26 kD. This 26 kD form may not result 

from a cleavage induced by caspases. By Western blot analysis, we showed that MG 132 

causes a stabilization of C/EBP~ and C/EBPù isoforms. These results suggest that, in 

addition to a modulation ofNF-KB-regulated genes, MG132 may down-regulate C/EBP 

regulated genes. Furthermore, C/EBP~ and C/EBPô stability is controled by a 

proteasome-dependent pathway. 
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2. Effect of C/EBPœ mutant overexp:ressicm on haptoglobin expression in intestinal 

epitheUal cens 

The transcription factor C/EBPa plays an important role in the regulation of 

haptoglobin expression in intestinal epithelial cells, but the specific regions involved in 

this regulation were unknown. To deterrnine which regions of the C/EBPa isoform are 

involved in the control of haptoglobin expression, we generated IEC-6 rat intestinal 

epithelial cell lines stably expressing different C/EBPa mutants, by infection with the 

retroviral vector pBabepuro. Overexpression of C/EBPa deletion mutants (!1 70-96, l1 

126-200 and l1 200-256) and the basic region point mutations (BRM2 and BRMS) led to 

increases in the basal levels of haptoglobin mRNAs, as determined by Northem blot, 

confirming the importance of this isoform in the control of the haptoglobin expression. 

We have shown that the region 70-96 may play a negative effect on forskolin induction 

of haptoglobin and that the amino acids 126-200 and 200-256 are independently 

necessary for full transactivation potential in response to dexamethasone, forskolin and 

IL-1. Finally, as asseassed by the transactivation potential of the BRM2 and BRM5 

mutants, interaction between E2Fs and C/EBPs does not affect C/EBPa inductive 

potential. 
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RÉSUMÉ 

1. Effet de l'inhibiteur du protéasome MG132 sur fa réponse inflammatoire des 

cellules épithéliales intestinales. 

Les cellules épithéliales intestinales participent à une réponse inflammatoire aiguë 

(RIA) lors de l'inflammation de l'intestin. Nous avons démontré que la RIA induit 

l'expression de gènes encodant les protéines de la réponse inflammatoire. La 

modulation de la synthèse d'une molécule pro-inflammatoire est une stratégie 

essentielle dans la régulation du processus inflammatoire caractéristique de plusieurs 

maladies comme les maladies inflammatoire intestinales. Il a été démontré que 

différents inhibiteurs comme les inhibiteurs du protéasome peuvent réprimer l'action de 

molécules pro-inflammatoires. Par exemple, le MG132 est un inhibiteur très spécifique 

de la dégradation protéique par le système ubiquitine/protéasome. MG 132 module 

négativement l'activation de gènes spécifiques impliqués dans la RIA via l'inhibition 

de NF-KB. La famille des facteurs de transcription C/EBP (CCAAT/enhancer binding 

protein) est aussi impliquée dans la régulation de gènes de réponse inflammatoire dans 

les cellules épithéliales intestinales. Dans cette étude, nous avons vérifié si MG132 

modifie l'expression des cibles de C/EBP ou la stabilité des isoformes de C/EBP. Dans 

les cellules épithéliales intestinales, nous avons démontré par Northem blot que MG132 

cause une diminution de l'induction IL-1 dépendante du gène encodant la protéine de la 

réponse inflammatoire haptoglobine. L'effet de MG132 sur l'expression de 

l'haptoglobine est transcriptionnel, tel que démontré par transfections transitoires. 

MG132 entraîne une augmentation de l'activité de liaison des C/EBPs à l'ADN au site 
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consensus HaptoA ainsi qu'un changement dans la mobilité du complexe C/EBP, peut-

être dû à la formation d'une nouvelle forme de C/EBPf) de 26 kD. Cette forme paraît ne 

pas être le résultat d'un clivage causé par les caspases. Par des études de Western blot, 

nous avons montré que MG 132 entraîne une stabilisation des isoformes C/EBP.B et 

C/EBPô. Ces résultats suggèrent qu'en plus d'une modulation des gènes régularisés par 

NF-KB, MG132 peut diminuer l'expression des gènes régularisés par les C/EBPs. De 

plus, la stabilité de C/EBP{J et C/EBPô est contrôlée par une voie protéasome-

dépendante. 

2. Effet de la surexpression des mutants de C/EBPa sur l'expression de 

Phaptoglobine dans les ceUules épithéliales intestinales. 

Le facteur de transcription C/EBPa joue un rôle important dans la régulation de 

l'expression de l'haptoglobine dans les cellules épithéliales intestinales. Cependant, les 

domaines protéiques impliqués dans cette régulation sont inconnus. Pour définir les 

domaines de l'isoforme C/EBPa impliqués dans le contrôle de l'expression de 

l 'haptoglobine, nous avons généré, par infection du vecteur rétroviral pBabepuro, des 

lignées de cellules épithéliales intestinales de rat exprimant de façon stable différents 

mutants de C/EBPa. La surexpression des mutants de délétion de C/EBPa (A 70-96, 

Al26-200 et A200-256) et des mutants ponctuels des régions basiques (BRM2 et 

BRM5) a entraîné une augmentation des niveaux de base des ARNm de l'haptoglobine, 

comme démontré par Northem blot, ce qui confirme l'importance de cet isoforme dans 

contrôle de 1' expression de l'haptoglobine. Nous avons démontré que la région entre 

les acides aminés 70-96 peut jouer un rôle négatif sur l'induction de l'haptoglobine par 
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la forskoline. De plus, les acides aminés 126-200 et 200-256 sont nécessaires de façon 

indépendante, au potentiel de transactivation de C/EBPa dans la réponse au 

dexamethasone, à la forskoline et à l'IL-1. Finalement, l'interaction entre les facteurs 

de transcription E2Fs et C/EBPs n'affecte pas le potentiel inductif de C/EBPa, tel que 

démontré par le potentiel de transactivation des mutants BRM2 et BRM5, incapables de 

lier les E2Fs. 
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INTRODUCTION 

1. Inflammation ami the acute phase respo:nse 

The inflammatory response is a complex process by which the organism tries to 

prevent ongoing tissue damage, to isoiate and destroy the infectious agents and to 

activate a reparatory program necessary for normal function of the damaged tissue. 

The first stages of this horneostatic process represent the acute phase response (APR). 

This early response is a very complex and non-specific reaction activated in the 

animal in response to different tissue damages like bacterial infection, mechanical 

injury or the development of a malignant tumor (Koj, 1996; Baumann and Gauldie, 

1994). The cells most associated with initiating the APR are the macrophages. The 

first stage of the APR is a local reaction characterized by macrophage activation at the 

site of injury. Activated macrophages release a large spectrum of mediators including 

free radicals, lipid derivatives and cytokines (Cavaillon, 1994). 

Cytokines are multifunctional soluble proteins that act on different types of ceUs. 

Cytokines were divided by Koj and Guzdek (1995) into three different classes: the 

proinflammatory cytokines (TNFa, IL-1, IL-8, IFN-y), interleukin-6-type cytokines 

(IL-6, IL-11, leukernia inhibitory factor, oncostatin M, ciliary neurotrophic factor, 

cardiotrophin-1) and anti-inflammator; cytokines (IL-4, IL-10, IL-13, TGFj3). At the 

reaction site, systemic IL-1 and TNFa cause the release of a secondary wave of 

cytokines. This secondary wave increases the homeostatic signal and initiates the 

cellular and cytokine cascades involved in the APR (Baumann and Gauldie, 1994). 

The systemic reaction following cytokine release is characterized by fever, 

leukocytosis, increased release of glucocorticoids, activation of clotting and of the 



complement cascade, a decrease iron and zinc 1eve1s, and drastic modulations of 

plasma inflammatory response protein synthesis (Koj, 1996). 

The acute phase proteins (APPs) are plasma proteins synthesized main1y by the liver 

as well as by other organs like the intestine (Fiocchi and Podolsky, 1995). APPs are 

known to be involved, for example, in the control of inflammation by inactivation of 

specific serine proteases (e.g. elastase and cathepsin G, liberated at the inflammatory 

sites) and clearance of harmful agents that result from cellular lysis (Baumann and 

Gauldie, 1994). APPs are also involved in the modulation of cellular interactions and 

cellular restoration (Engler, 1995). For example, haptoglobin, an APP that is highly 

expressed during the inflammatory response, is capable of binding free hemoglobin 

produced following tissue hemolysis, a phenomenon which characterizes each acute 

phase response (Engler, 1995). The acute phase proteins can be divided into two 

classes, according to their response to cytokines (Koj et al., 1993). The APPs that 

belong to the first class require, for their maximal activation, the presence of a 

combination of both IL-1-type cytokines and IL-6, sometimes with the additional 

need for glucocorticoids. The APPs that belong to the second class are solely 

responsive to IL-6-type cytokines, either alone or in combination with 

g1ucocorticoids. 

Analysis of APP promoters showed that four major classes of transcription factors are 

involved in the regulation of acute phase proteins: NF-KB, STAT, glucocorticoid 

receptors and C/EBPs (Baumann and Gauldie, 1994; Mackiewicz, 1997). The 

signaling pathways activated by inflammatory cytokines involved in the regulation of 

APP expression are weU studied. In 1998, Poli proposed a simplified model for the 
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activation of APP expression in hepatocytes. In this model, binding of TNFa. and IL-

113 to their membrane receptors induces the phosphorylation of IKB and its 

degradation by the proteasome complex. This leads to the activation of the 

transcription factor NF-KB, nonnally sequestered at the cytoplasmic level by IKB. The 

activated NF-KB translocates to the nucleus where it binds to the promoters of various 

APP genes and activates their transcription. On the other hand, TNFo:. and IL-1 f3 

cause the activation of the MAP kinase pathway which leads to the phosphorylation 

and activation of different transcription factors, such as C/EBP[3, involved in the 

expression of APP genes. It was also demonstrated that ERK.s (MAP kinase) 

phosphorylate C/EBPf3, causing an increase in its transcriptional activity (Nakajima et 

al., 1993). The IL-6-type cytokines activate, via their specific receptors, the JAK-

STAT signaling pathway. The transcription factor STAT {Signal Transducer and 

Activator of Transcription) is phosphorylated on a tyrosine residue and in this 

phosphorylated form, STAT dimerizes and translocates to the nucleus where it 

activates the transcription of APP (Salier et al., 1997), C/EBP!3 (Poli, 1998) and 

C/EBPù {Cantwell et al., 1998) genes. Induction of both C/EBPf3 and C/EBPô levels 

by inflammatory stimuli occurs in most tissues analyzed, suggesting a more general 

role of these two factors in inflammation (Akira et al., 1990; Kinoshita et al., 1992). 

Indeed, fünctional C/EBP-binding motifs (initially known as type-1 IL-6-responsive 

elements {IL-6 REs)) have been characterized in the promoters of most type-1 APP 

genes (haptoglobin, hemopexin, a.1-acid glycopmtein, serum amyloid Al, A2 and A3, 

complement C3, C-reactive protein), often in association with IL-1-responsive NF-KB 

(Poli, 1998). 
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Figure 1. Sequenfüd model of induction for acute phase prntein genes. 

APP: acute phase protein, C/EBP{3: CCAAT/enhancer-binding protein {3, CIEBPô: 

CCAAT/enhancer-binding protein ô, I-KB: KB inhibitor, IL-1{3: interleukin-1 (3, IL-6: 

interleukin 6, IL-l/3R: interleukin-1{3 receptor, IL-6R: interleukin-6 receptor, JAK: 

Janus activated kinase, MAPK: mitogen activated protein kinase, MEK: MAPK 

kinase, NF-KB: nuclear factor KB, TNFœ. tumor necrosis factor ot, TNFR: TNF a 

receptor. 
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2. The C/EBP family of transcription factors 

The CCAAT/enhancer binding proteins (C/EBPs) are part of a family of transcription 

factors involved in the regulation of various aspects of cellular differentiation and 

fonction in multiple tissues. Six members of the family have been isolated and 

characterized to date: C/EBPa (Johnson et al., 1987), C/EBPl3 (Cao et al., 1991 ), 

C/EBPô (Cao et al., 1991), C/EBPy (Roman et al., 1990), C/EBPE (Williams et al., 

1991) and C/EBPÇ, or CHOP (Ron and Habener, 1992). Structurally, C/EBPs are 

characterized by three distinct domains: the transactivation domain that is responsible 

for the transcriptional activity, the basic region that allows them to bind to DNA, and 

a dimerization domain, the leucine zipper (Lekstrom-Himes and Xanthopoulos, 1998; 

Takiguchi, 1998; Wedel et al., 1995). The leucine zipper domain consists of a heptad 

repeat of 4-5 leucine residues that assume an a.-helical configuration, with two such 

repeats being able to interdigitate in a parallel manner to form a coiled-coil structure 

(Landschulz et al., 1989; Vinson et al., 1989; Hlirst, 1995). Electrostatic interactions 

between amino acids along the dimerization interface determine the specificity of 

dimer formation (Vinson et al., 1989; Hurst, 1995; Vinson et al., 1993). Dimerization 

is a pre-requisite for DNA binding, which is mediated by the basic region (Vinson et 

al., 1989; Hurst, 1995). The basic region and the leucine zipper form the bZIP domain 

(Cao et al., 1991; Williams et al., 1991; Johnson, 1993). Because of the high 

conservation of the bZIP domain, C/EBPs are able to form homodimers and 

heterodimers between each other (Landschulz et al., 1989; Descombes et al., 1990; 

Poli et al., 1990; Roman et al., 1990; Williams et aL, 1991) and with other bZIP 

protein members such as CREB (Tsukada et al., 1994), API (Hsu et al., 1994), C/ATF 

(Vallejo et al., 1993) and ATF4 (Vinson et al., 1993). In contrast to the bZIP domain, 

the N-terminal region of C/EBPs is quite divergent. 
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The N-terminal portion of C/EBPa (Friedman and McKnight, 1990; Nelov and Ziff, 

1994) and C/EBPl3 (Kowenz-Leutz et al., 1994; Williams et al., 1995) contain three 

separate domains that cooperatively activate transcription. Interestingly, both C/EBPa. 

(Pei and Shih, 1991; Nelov and Ziff, 1994) and C/EBP(3 (Kowenz-Leutz et al., 1994; 

Williams et al., 1995) bear negative regulatory or inhîbitory domains, which mask the 

activities of the transactivation domains and the DNA-binding bZIP domain. 

Phosphorylation of C/EBPa and C/EBP(3 at these inhibitory domains is likely to 

result in the liberation of the transactivation and DNA-binding domains from such 

inhibitory interactions (Kowenz-Leutz et al., 1994). Another possible mechanism for 

relief of inhibition is the interaction with another transcription factor like NF-KB 

(LeClair et al., 1992; Ray et al., 1995; Vietor et al., 1996) or Fos/Jun (Vinson et al., 

1993). Another interesting feature of these two isoforms is that different sized 

polypeptides can be produced by alternative use of translation initiation codons in the 

same mRNA molecule due to a leaky ribosome scanning mechanism, or regulated 

proteolysis (Descombes et al., 1991; Ossipow et al., 1993; Lin et al., 1993; Welm et 

al., 1999). Thus, C/EBPa mRNA can give rise to two polypeptides, p30 that retains 

the dimerization and the DNA-binding domains and shows an altered transactivation 

potential when cornpared to the long form p42. Similar to C/EBPa., multiple C/EBPl3 

isoforms arise from the use of different translational initiation sites, including a 36 kD 

(LAP) and a 20 kD (LIP) proteins, the latter being devoid of transcriptional activity 

and acting as a dominant-negative (Williams et al., 1995). Regarding C/EBPo, less is 

known about its structure. Sorne recent work done in our laboratory has shown the 

presence of a transactivation domain between amino acids 70 and 108 (Svotelis et al., 

2003). C/EBP8 shows certain homologies with C/EBPa. and C/EBPp. For example, 

the transactivation domains of C/EBP8 are located in the N-terminal region, like those 
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of C/EBPa and C/EBP~ (Fig. 2). In the following sections, I wiH focus on the C/EBP 

isoforms a, ~ and 8 and their role in different tissues. 
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Figure 2. The structure of CIERP isoforms a, ~ ami S. 

The nurnbers correspond to the amino acid nurnber. BR: basic region; LZ: leucine 

zipper; dark squares: positive element; grey squares: negative elernent. 
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3. Role of C/EBPs in dif:ferent tissues. 

The function of the C/EBP family of transcription factors has been investigated in 

detail using a number of approaches, including analysis of the promoter regions of 

target genes, overexpression or inhibition studies in ceH culture-based model systems 

and studies of knockout mice. These studies have identified pivotal roles of C/EBPs in 

a number of processes including the inflammatory response, liver regeneration, 

cellular differentiation, metabolism and numerous other cellular responses. 

C/EBPa was originally purified from rat liver nuclear extracts as a heat-stable DNA-

binding protein recognizing viral enhancer core sequences (Johnson et al., 1987). 

C/EBPa controls transcription of genes important for liver function, white adipose 

tissue development and granulocyte differentiation (Johnson et al., 1989). C/EBPa. 

plays an important role in the terminal differentiation of hepatocytes (Birkenmeier et 

al., 1989) and adipocytes (Birkenmeier et al., 1989; Cao et al., 1991; Yeh et al., 1995). 

In addition to its function in controlling gene expression in differentiated tissues, 

C/EBPa is also associated with an antimitotic activity in many cell types, including 

intestinal epithelial cells (Hendricks-Taylor et al., 1995; McKnight, 2001; our data). 

Although C/EBPa is a transcription factor, its ability to arrest growth does not require 

its DNA-binding activity, but is mediated via protein-protein interaction (McKnight, 

2001). C/EBPa has been shown to interact with the cyclin-dependent kinases cdk2 

and cdk4 and arrests liver cell proliferation by inhibiting the activity of these kinases 

(Wang et al., 2001). C/EBPa also stabilizes p21, an inhibitor of cyclin-dependent 

kinases, through protein-protein interaction (Timckenko et al., 1997) and activates the 

p21 gene (Cram et al., 1998) in different cell lines. Furthermore, C/EBPa. eau.ses 

growth arrest by direct repression of E2F-mediated transcription (Slomiany et al., 
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2000) and may disrupt E2F-pl07 complexes (Timchenko et al., 1999). It has been 

shown that aH C/EBP isoforms bind to E2F4 via their C-terminal region, but only 

C/EBPa p42 (Hendrick-Taylor and Darlington, 1995; Slomiany et al., 2000) and 

C/EBPl3 LAP (Gheorghiu et al., 2001) induce growth arrest. C/EBPa's direct 

interaction with E2F through its DNA-binding domain is required for adipogenesis 

and granulopoiesis in vivo (Porse et al., 200 l ). C/EBPa has recently been 

characterized as a tumor suppressor gene in acute myeloid leukemias (Pabst et al., 

2001 ), indicating the importance of this transcription factor in the control of cell 

proliferation in vivo. C/EBPa controls the expression of hepatic enzymes involved in 

energy metabolism (insulin-responsive glucose transporter, PEPCK, G-6P) and of 

factors that maintain liver-specific fonctions (transferrin, factor IX, IGF I, IGF II) 

(Lee et al., 1997). C/EBPa is also involved in the control of the APR in the liver 

(Burgess-Beusse and Darlington, 1998) and in intestinal epithelial cells (Gheorghiu et 

al., 2001). 

C/EBPf3 was first cloned as a factor binding to an IL-1 responsive element of the IL-6 

gene promoter from human monocytes (Akira et al., 1990). C/EBP!3 plays an 

important role in promoting hepatocyte and keratinocyte proliferation (Buck et al., 

1999; Greenbaum et al., 1998). Furthennore, C/EBPf3 is essential for normal 

development and function of the mammary gland (Robinson et al., 1998). It plays a 

pivotal role in ovarian function (Screpanti et al, 1995), in hormonal regulation and 

liver regeneration (Flodby et al., 1993; Rana et al., 1995). Like C/EBPa, C/EBP(3 is a 

central regulator of energy metabolism (McKnight et al., 1989). C/EBPP is also 

involved in macrophage activation and differentiation (Natsuka et al., 1992). In 

addition to a role in the early processes of adipocyte differentiation, C/EBP(3 and 



C/EBPô are direct mediators of the APR in hepatocytes (Poli, 1998). The acute phase 

proteins are among the proteins whose expression is controUed by the C/EBPs (Salier 

et al., 1997). Furthermore, the activity and/or the mRNA and protein levels of some 

C/EBP isoforms are induced in response to different inflammatory stimuli. C/EBP[3 

and C/EBP8 are drasticaHy induced in many tissues during the acute phase response 

(Alam et ai., 1992). Studies on hepatocytes demonstrated that in nom1al conditions, 

the majority of C/EBP complexes that recognize and activate the promoters of 

different APP genes are fom1ed by C/EBPa homodimers and C/EBPa/C/EBP[3 

heterodimers (Ossipow et al., 1993). During the acute phase response, the fraction of 

the complexes containing C/EBPa decreases in favour of those containing C/EBP[3, 

C/EBP8 homodimers or C/EBP[3/C/EBP8 heterodimers (Ramji et al., 1993; Ray and 

Ray, 1994a, 1994b). In addition, it has been shown in our laboratory that C/EBP[3 and 

C/EBP8 are also direct mediators of the APR in intestinal epithelial cells (Boudreau et 

al., 1997; Yu et al., 1999; Désilets et al., 2000). Thus, C/EBPf3 and C/EBPù are 

considered as important transcription factors involved in the inflammatory response 

and in the induction of APP genes. Along with its role as a mediator of the APR in 

hepatocytes and intestinal epithelial cells, C/EBPô is involved in the regulation of 

proliferation and differentiation of adipocytes (Darlington et al., 1998) and 

hepatocytes (Diehl, 1998), in the differentiation of the lung epithelial cells (Breed et 

al., 1997) and myelonomocytic cells (Scott et al., 1992), and in marnmary epithelial 

cells GO grovvth arrest and programed death (O'Rourke et al., 1999). 

Analysis of knockout rnice for different C/EBP isoforms has confinned the important 

roles played by members of C/EBP family suggested by tissue culture models. For 

example, animais lacking C/EBPa. fail to accumulate lipids and to activate 
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gluconeogenetic pathways at birth, while showing defects in glycogen storage (Wang 

et al., 1995) and hyperproliferation of type II pneumocytes in the lung (Flodby et al., 

1996). C/EBPl3 deficiency causes impainnent of macrophage bactericidal and 

tumoricida! activities (Tanaka et al., 1997) and a iymphoproliferative disorder with 

distorted humoral, innate and cellular immunity (Screpanti et al., 1995). C/EBPl3 

deficient female mice are infertile (Stemeck et al., 1997) and display a disordered 

differentiation of brown adipose tissue (Tanaka et al., 1997). C/EBPl3(-/-)/o(-/-) mice 

have extremely high rates of mortality. These mice display reduced adipocyte 

differentiation and fail to accumulate lipid droplets in brown adipose tissue (Tanaka et 

al., 1997). 

Transient transfection studies have shown that C/EBP isofonns control the levels of 

C/EBPl3 (Chang et al., 1995) and C/EBPô (Yamada et al., 1998) mRNAs by 

autoregulatory mechanisms in many cell types. Furthermore, the murine C/EBPa 

promoter presents a C/EBP consensus site that allows autoregulation by direct binding 

of C/EBPa. as well as activation by other C/EBP family members in adipocytes 

(Christy et al., 1991) and liver (Legraverend et al., 1993). An autoregulatory 

mechanism for C/EBPa has also been described for human cells (Timchenko et al., 

1995). Thus, C/EBP isoforms play a role in controlling their own expression. 

However it is not the case in intestinal epithelial cens (Gheorghiu et al., 2001). 

Another mechanism for the control of C/EBP expression and function involves 

phosphorylation. Phosphorylation of C/EBPa in vitro by protein kinase C decreases 

the DNA-binding activity (Mahoney et al., 1992). Insulin stimulates the 

dephosphorylation of C/EBPa, through a phosphatidylinositol-3 kinase (PI-3K) 
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pathway resu1ting in the inhibition of glycogen synthase kinase 3 (GSK3). Indeed 

GSK3 phosphorylates thr222 and thr226, suggesting that GSK3 is an insulin-

regulated C/EBPa. kinase (Ross et al., 1999). MAPKs ERK1 and ERK2 (p44/p42) 

activate C/EBPl3 by phosphorylation of thrl 89, leading to increased gene transcription 

in response to interferon 'Y (Hu et al., 2001). The sarne amino acid has been shown to 

be phosphorylated by the p38 MAP kinase, leading to promotion of adipogenesis 

(Engelman et al., 1998). TNFa.-dependent hepatocyte proliferation requires 

phosphorylation of rat C/EBP!3 serl 05 by the p90 ribosomal S kinase (rsk) (Buck et 

al., 1999). Phosphorylation of this site by rsk after liver injury is required to protect 

stellate cells from apoptosis by creating a functional XEXD caspase inhibitory box. 

Phosphorylated C/EBP!3 associates with and inhibits the procaspases 1 and 8 (Buck et 

al., 2001 ). Little is known about the domain and kinases involved in C/EBP8 

regulation. In osteoblasts, C/EBPô nuclear localization and transactivation is 

indirectly regulated by protein kinase A (Billiard et al., 2001; Billiard et al., 2001). 

Preliminary results obtained in our laboratory suggest that p38 MAPK may well 

regulate C/EBPô transcriptional activity (Svotelis et al., 2003). 

Another mechanisrn for C/EBP activity modulation is by protein-protein interactions. 

For example, C/EBPa's direct interaction with E2F through its DNA-binding region 

is required for adipogenesis and granulopoiesis in vivo (Porse et al., 2001 ). In 

addition, C/EBPa physically interacts with the p300 nuclear co-activator through 

multiple regions (Erickson et al., 2001) in order to activate the expression of the 1eptin 

gene in adipocytes. Pedersen et al. (200 l) showed that cooperation between C/EBPa., 

the TATA binding protein-TFIIB complex and the SWI/SNF chrornatin rernodeUing 

complex is required for adipocyte differentiation. C/EBPl3 transcriptional activity is 
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rnodulated by its interaction with the transcriptional co-activator p300 (Mink et al., 

1996). Furthermore, the association of the first 21 amino acids from C/EBPfj with the 

homology domain Rel from NF-KB causes a functional synergy between the two 

transcription factors (Lee et al., 1996). pRb transiently binds C/EBPj3 in the course of 

differentiation of mouse fibroblasts into adipocytes, and stimulates both DNA-binding 

and transactivation of C/EBPj3 by a chaperone-Hke activity (Chen et al., 1996). 

C/EBPj3 LAP also interacts with the E2F4 transcription factor, leading to a reduced 

expression of E2F target genes and decreased proliferation (Gheorghiu et al., 2001). 

NF-KB interacts with C/EBP8 (Diehl et Hannink, 1994; Ray et al., 1995), but the 

C/EBP8 regions involved in this interaction are not yet identified. Knowledge about 

the structure, function and rnechanisms of activation of C/EBPs in different cell types 

bas shed more light on the role of C/EBPs in the inflammatory response. 

4. The intestinal acute phase response. 

Intestinal epithelial cells form a physical barrier between the host interna! medium 

and the extemal environment, and function as an integral component of the mucosal 

immune system (Chang et al., 1995). When microbes internet with the gut epithelium, 

the gut can react by evok.ing both an immedîate and innate as well as a delayed, 

adaptive immune response to contain their penetration. This interaction is tenned 

"microbial-epithelial crosstalk" (Bloom et al., 1996; Hromockyj et al., 1999). The 

inflammatory response of the gastrointestinal tract is mediated by the concerted action 

of cellular and humoral elements including cytokines, reactive oxygen metabolites 

and bacterial products (Papadakis et al., 2000; Podolski and Fiocchi, 2000). A number 

of groups have confinned that intestinal epithelial cells express and release a large 

number of cytokines and chemokines such as IL-1, IL-8, TNF-a and INF-')"and IL-6 
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(Santor, 1995; Eckman et al., 1993; Jung et al., 1995; Shirota et al., 1990), particularly 

in the initial stages of the mucosal host defence. Furthermore, intestinal epitheHal 

cells express receptors for cytokines (IL-2, IL-4, IL-6, IL-8, IL-9, IL-10, IL-13, TNF-

a. and INF- "( (Stadnyk et Waterhouse, 1997). In addition to this, intestinal epithelial 

cells express and respond to IL-1, both in vitro and in vivo (Stadnyk et Waterhouse, 

1997). Thus, intestinal epithelial cells participa te in intestinal homeostasis and 

mucosal immunity by secreting and responding to cytokines (Stadnyk et Waterhouse, 

1997). 

The intestinal inflammatory response leads to the establishment of an acute phase 

response characterized by the local production of acute phase proteins (APPs) in 

response to cytokines and hormones (Podolski and Fiocchi, 2000). For example, 

results obtained in our laboratory have demonstrated that the APP haptoglobin gene is 

induced in various rat models of intestinal inflammation (Désilets et al., 2000; 

Gheorghlu et al., 2001) and in the rat intestinal epithelial cell line IEC-6 in response 

to cAMP, glucocorticoids and IL-1 (Pelletier et al., 1998; Yu et al., 1999; Désilets et 

al., 2000; Gheorghiu et al., 2001). We have also shown that C/EBPa, C/EBPj3 and 

C/EBP8 were expressed and their activity was rnodulated in intestinal epithelial cells 

in vivo and in vitro (Blais et al., 1995; Boudreau et al., 1996, 1997, 1998; Yu et al, 

1999). Overexpression of C/EBPa p30 and C/EBPù in IBC-6 cells caused an increase 

of the endogenous levels of C/EBPj3 (Gheorghlu et al., 2001). Furthermore, 

overexpression of C/EBPa p30, C/EBPj3 LAP and C/EBPo independently led to 

increased basal levels of haptoglobin mRNAs (Gheorghiu et al., 2001). Other results 

show that C/EBPj3 and C/EBPo isoforms are involved in the regulation of the APP 

haptoglobin gene by cAMP (Pelletier et al., 1998) and TGFJ3 (Yu et al., 1999) in 
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intestinal epithelial ceUs. It is known that the prolongation of the inflarnmatory 

process could be iU-fated for an organism and is associated with difforent chronic 

diseases in humans, like ulcerative colitis and Crohn1s disease (Sartor, 1994; Fiocchi, 

1997, 1998). Synthesis of many cytokines is controUed at the transcriptional level. 

Modulation of proinflammatory molecule synthesis is a key strategy in down 

regulating the inflammatory process. One way of repressing the activity of these 

molecules is by the use of different inhibitors such as proteasome inhibitors. One of 

these proteasome inhibitors is MG 132. 

5. Effect of MG132 in different ceU types. 

MG132 is a highly specific inhibitor of protein degradation via the 

ubiquitin/proteasome system (Palombella et al., 1994; Fenteany et al., 1995). The 

ubiquitin/proteasome system is the major pathway for selective protein degradation in 

eukaryotic ceUs. Degradation of proteins by this system occurs via two successive 

steps. First, the target proteins are conjugated to the polypeptide ubiquitin, and then 

the ubiquitin conjugated proteins are recognized by the proteasome, leading to 

degradation. The ubiquitin/proteasome system targets both short-lived, normal 

proteins and misfolded, abnormal proteins (Komitzer et Ciechanover, 2000). MG132 

is a peptide aldehyde (N-carbobenzoxyl-L-leucyl-L-leucyl-L-leucinal) that causes the 

modification of peptide proteasome substrates with a C-terminal group, aldehyde, and 

blocks the chymotrypsin-like activity of the proteasome (W6jcik, 2002). It has been 

shown in different cell types that MG132 affects ceU proliferation and activates of the 

apoptotic pathways by different mechanisms. In 1997, Magae et al., showed that 

MG132 causes an increase in the level of expression of p53 and E2F-l, two 

transcription factors that play important roles in the control of ceU cycle progression. 
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MG 132 causes conformational modifications by inhibiting post-transiational steps 

required for proper folding and cellular trafficking of p53 and E2F-1. A number of 

other transcription factors including NF-KB, c-fos, c-jun are stabilized by MG132 in 

different ceH types (PalombeUa et al., 1994; Treier et al., 1994; Maki et al., 1996). 

One of the important effects of the proteasome inhibitor MG132 is its ability to inhibit 

the degradation of IKB a and therefore to prevent the activation of the transcription 

factor N""F-KB (Traenclmer et al., 1994 ). After stimulation with various cytokines, NF-

KB is involved in the stimulation of pro-survival pathways and prevention of 

apoptosis. Thus, the inhibition of NF-Jd3 activation by MG132 represents an 

important mechanism for apoptosis activation by this proteasome inhibitor. It was 

demonstrated, in human intestinal epithelial cells (HIECs), that MG 132, by blocking 

NF-KB activation, blacks the induction of the inducible inhibitors of apoptosis cIAPl 

and cIAP2. In addition to that, MG132 causes the activation of the caspase cascade in 

Fas-induced HIECs (Ruemrnele et al., 2002). Furthennore, MG132 up-regulates Fas 

and FADD expression in human vascular smooth muscle cells sensitizing them to 

apoptosis caused by FAS-ligand (Tanimoto et Kizaki, 2002). 

The proteasome inhibitors are being tested as experimental drugs in the treatment of 

cancer and other pathological conditions where manipulation of apoptosis is required. 

MG 132 potently induces apoptosis in leukaernic B cens from patients with B ceU 

chronic lymphocytic leukaemia at all stages of the disease, including those resistant to 

conventional chemotherapy (Almond et al., 2001). 

Because the transcription factor NF-KB is also involved in the rapid induction of a 

number of proinflammatory cytokines, APPs, class II MHC antigens,and adhesion 



molecules implicated in the immune and inflammatory response (GriUi et 1993; 

Baeuerle et Henkle, 1994 ), proteasome inhibitors are currently being considered as 

therapeutic agents for inflammation (Meng et al., 1999; Palombella et al., 1998). In 

the rat intestinal epithe1ia1 cell line IEC-6, MG 132 inhibits the activation of NF-KB 

and therefore decreases the expression of proinflammatory genes such as ICAM-1 

(intercellular adhesion molecule 1) (Jobin, 1998). AH these studies suggest an 

important effect of MG 132 on the intestinal inflammatory response. Furthermore, the 

mechanisms involved the control of the inflamrnatory response in intestinal 

epithelial cells by MG 132 need further investigation. 
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6. Research project 

6.1 Effect of MG132 on the inflammatory respm1se of the rat h1testi:md epithelial 

ceH line IEC-6. 

Our 1aboratory is interested in studying the response of intestinal epithelial cens to 

different cytokines. We have demonstrated that genes for acute phase proteins and 

C/EBPs are induced in vivo and in vitro in rat intestinal epithelial cells, and that their 

expression is modulated by different cytokines such as IL-1 and TGFf3 (Blais et al., 

1995; Boudreau et al., 1996, 1997, 1998; Yu et al., 1999). Even if the proteasome 

inhibitor MG 132 is known for its capacity to block the activation of the 

proinflammatory transcription factor NF-KB, thereby inhibiting the activation of 

proinflammatory genes such as ICAM-lin IEC-6 cells (Jobin, 1998), its effects on 

APP genes and C/EBPs in intestinal cells and the mechanisms involved need further 

investigation. We hypothesized that in intestinal epithelial cells MG132 alters the 

expression of APP genes via C/EBPs pathway. The first objective of my research 

project was to study the effects of MG 132 on the expression of the acute phase 

protein haptoglobin and C/EBP genes in the rat intestinal epithelial cell line IEC-6. 

6.2 Effod of C/EBPa. mutant ove:rexpressfon on the regulation of the acute 

phase protem gene haptoglobin and C/EBPs. 

C/EBPa is a transcription factor involved in the differentiation of adipocytes and 

neutrophil granulocytes, and controls cellular proliferation in vivo (Porse et al., 2001). 

C/EBPa is required for a normal acute phase response in newborn mice (Burgess-

Beusse et Darlington, 1998). Furthermore, it has been demonstrated in our laboratory 

that C/EBPa plays an important role in the expression of the acute phase protein 

19 



haptoglobin in intestinal epithelial cells (Gheorghiu et al., 2001). We hypothesized 

that specific regions from C/EBPa structure play an important role in the control of 

haptoglobin expression. The second objective of my research project was to identify 

the regions of C/EBPa important in the control of haptoglobin expression by 

generating, via retrovira1 infection, IEC-6 intestinal epithelial cell populations stably 

expressing different C/EBPa deletion and basic region mutants. 
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MATERIAL AND METHODS 

1. Cell cu:dtu:re 

The rat intestinal epithelial cell line IEC-6 (Quaroni et al., 1979) was provided by A. 

Quaroni (ComeU University, Ithaca, NY). CeUs were grown in Dulbecco's modified 

Eagle medium {DMEM) (Invitrogen, Burlington, ON), containing 5% fetal bovine 

serum (FBS) (BioMédia, Drummondville, QC), 2 mM of L-glutamine (Invitrogen, 

Burlington, ON) and 1 OO U/ml penicillin and streptomycin (Invitrogen, Burlington, 

01\1) at 3 7°C in an atmosphere containing 95% air and 5% C02. Cells at 80% 

confluence were stîmulated for different periods of time with or without MG 132 in 

solution (10 µM) (Calbiochem, La Jolla, CA), 0.1% DMSO (Sigma-Aldrich Canada, 

Oakville, ON), human recombinant IL-1(3 (10 ng/ml) (R & D Systems, Minneapolis, 

MN), Z-V AD-FMK an inhibitor of caspases 1, 3, 7 and 8 (Almond J.B. et al., 2001, 

Meisse D. et al., 2002; Ruemmele et al., 2002; MacFarlane et al., 2000) (10 µM) 

(Biomol, Plymouth Meeting, PA), forskolin (1 µM) (Calbiochem, La Jolla, CA), or 

l o·6M dexamethasone (Sigma-Aldrich Canada, Oakville, ON). 

2. Ret:rovind const:ructs ami infection 

The C/EBPO! retroviral constru.cts were provided by Claus Nerlov {Porse et al., 2001). 

The C/EBPa deletion mutants (&. 70-96, fi 126-200 and fi 200-256) and the basic 

region point mutations (BRM1, BRJ\.12 and BRJ\.15) were cloned in the EcoRl-BamHI 

site of the retroviral vector pBabepuro (Morgenstern and Land, 1990). 293T cells 

{human kidney ceHs transformed by T antigen) (gift from Alain Nepveu, McGiH 

University) were used for the transfections (Graham et al., 1977). The medium of 
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ceUs in 100 mm dishes was replaced with 5 ml DMEM containing 10% FBS and the 

cells were transfected after 2 hours using Lipofectarnine 2000 (Invitrogen, Burlington, 

ON) (10 µ1Lipofectarnine2000/3 µg retroviral construct DNN3 µg amphotropic viral 

DNA), according to the manufacturer's instructions. The medium was replaced after 8 

hours. Two days after transfection, supematants were filtered and stored at -80°C. 

IEC-6 ceHs at 60% confluence in 60 mm dishes were infected for 24 hours with 1.5 

ml of virus-containing supernatant in the presence of 8 µg/ml Polybrene (Sigma-

Aldrich Canada, Oakville, ON). The next day, the medium was changed. After 24 

hours, the cells were split in a selection medium containing 2 µglm1 puromycin 

(Sigma-Aldrich Canada, Oakville, ON) and 20 µg/ml kanamycin (Sigma-Aldrich 

Canada, Oakville, ON). IEC-6 populations overexpressing C/EBPcr mutants or the 

empty vector were selected after two weeks. 

3. RNA extraction and Northe:rn blot analysis 

3.1 Total RNA extraction 

IEC-6 cells (2x100 mm plates) were stimulated for 24 hours. Total cellular RNAs 

were isolated by the guanidinium isothiocyanate-phenol extraction method 

(Chomczynski and Sacchi, 1987), using the TRizol reagent (Invitrogen, Burlington, 

ON). Cells were washed one time with 3 ml of PBS lX, harvested in 1 ml of PBS lX 

and centrifuged 2 minutes at 2000 RPM. Cells were lysed with 800 µl of TRizol by 

pipeting up and down. After 5 minutes of incubation at room temperature, 160 µl 

chloroform-isoamyl alcohol 24:1 was added, and the tubes were vortexed for 15 

seconds. After 3 minutes of incubation at room temperature, the tubes were 

centrifuged 15 minutes at 13000 RPM, at 4°C. Tuen, the supematant was transferred 
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to another tube and 0.5 ml of isopropano1 was added. After 10 minutes of incubation 

at roorn temperature and a centrifugation of 15 minutes at 13000 RPM at 4°C, the 

pellet was washed with 1 ml ethanol 70%. Finally, the RNAs were resuspended in 20 

of sterile water and conserved at -80°C until their use for Northem Blot analysis. 

3.2 Northern blot 

Northem blot analysis was performed using the method described by Foumey et al. 

(1988). Total RNAs (20 - 40 µg) were denatured for 15 minutes at 65°C and then 

separated by 1 % agarose gel electrophoresis for 5 hours at 70 volts. The agarose gel 

contained IX MOPS buffer (20 mM sulfonic acid 3-(N-morpholino propane) sodium, 

1 rnM EDTA, 5 mM sodium acetate) and 5% forrnaldehyde. RNAs were transferred 

to a Nylon membrane (Nytran, Schleicher and Schuell, Keene, NH) by capillarity. 

The gel was placed with the membrane on a sponge soaked with 1 OX SSC solution 

(1.5 M sodium chloride, 150 mM tri-sodium citrate) ovemight (Sambrook et al., 

1989). The membrane was then dried for 2 hours at 80°C and exposed to UV for 2 

minutes in a DNA fixation apparatus (Fotodyne, BioCan Scientific, Mississauga, 

ON). 

3.3 Preparation of :radioactive probes 

The DNA haptoglobin fragment was isolated by RT-PCR from rat liver mRNAs 

(Pelletier et al., 1998). The C/EBP/3 and C/EBPo fragments were provided by Steve 

McKnight (Cao et al., 1991). The murine œ-tubulin fragment was provided by René 

St-Arnaud (Hôpital Shriner's, Montréal) (Table 1). The plasrnids were digested for 2 

hours at 37°C with different restriction enzymes (Amersham Biosciences Corp., Baie 

d'Urfé, QC). The fragments were then isolated on a 0.8% agarose gel and purified. 

The band containing the fragment was eut out of the gel and placed in a bottom 
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pierced tube that contained minera! wool. The tube was placed in another tube and 

centrifuged for 10 minutes at 13000 RPM. The solution coUected in the tube was then 

purified by extraction with phenol-chloroform-isoamyl alcohol (25: 24: 1). The DNA 

was precipitated with 0.1 volume of sodium acetate 3 M and two volumes of 100% 

cold ethanol. After a 5 minutes centrifugation, the DNA was resuspended in water. 

The fragments were labelled with Œ-32P-dCTP, using a Multiprime DNA labelling 

system (Amersharn Biosciences Corp., Baie d1Urfé, QC). 

Table 1: DNA fragments used for radioactive probes preparation, their lengths 

and their restriction sites: 

Fragment Length Restriction site References 

Haptoglobin 545bp Hindill, BamHI Pelletier et al. (1998) 

C/EBPf3 1.5 kb EcoRI,XhoI Cao et al. (1991) 

C/EBPô 1.0kb EcoRI, BamHI Cao et al. (1991) 

a-tubulin 1.6 kb PstI Lemischka et al. (1981) 

3.4 Prehybridization and hyb.ridizafüm 

Nylon membranes with fixed RNAs were first incubated for 4 hours at 65°C in a 

prehybridization solution (0.12 M Tris-HCl pH 7.4, 0.6 M NaCl, 8 mM EDTA, 0.1% 

sodium pyrophosphate, 0.1 % SDS, 0.06% heparin) and then incubated ovemight at 

65"C with the radioactive probe in a hybridization solution {prehybridization solution 

+ 10% dextran sulphate and 0.625 mg/ml heparin). The next day, the membrane was 

washed twice for 30 minutes, in a 0.1 X SSC and 0.1 % SDS solution at 65°C. The 
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membrane was exposed at -80°C in a cassette with a BioMax MR film (Kodak, 

Rochester, NY) for 17 to 48 hours. 

4. Electropbo:retic mobifüy shirt assay 

4.1 Nudear extracts 

IEC-6 cells and IEC-6 cells overexpressing the C/EBPOl mutants were stimulated for 

24 h with different agents and the nuclear extracts were prepared according to Stein et 

al. (1989). Cells were washed once with 3 ml of PBS lX, harvested in l ml of PBS 

lX and centrifuged for 2 minutes at 2000 RPM. Ce11s were resuspended in 100 µl 

lysis buffer (10 mM 4-(2-hydroxyethyl)-l-piperazineethanesulfonate pH 7.9 

(HEPES), 1 mM ethylenediaminetetraacetic acid (EDTA), 60 mM KCl, 0.5% NP-40, 

l % protease inhibitor cocktail EDTA free (Roche Diagnostics, Laval, QC.)), lysed for 

5 minutes on ice and centrifuged for 30 seconds at 13000 RPM. The pellet containing 

the nuclei was re-suspended in 50 µl ofresuspension buffer (NRB) (0.25 M Tris-HCl 

pH 7.8, 60 mM KCl, l mM DTT, 1% protease inhibitor cocktail EDTA free (Roche 

Diagnostics, Laval, QC)). The transcription factors were eluted by three cycles of 2 

minutes of freezing in liquid nitrogen and thawing at 37°C. The samples were then 

centrifuged at 4°C for 10 minutes at 13000 RPM. The supematant was frozen quickly 

in liquid nitrogen and stored at -80°C. 

4.2 P:reparati.on of 32P-labelled oUgonudeotides 

The double-stranded oligonucleotide corresponding to a specific DNA-binding site of 

the C/EBPs in the haptoglobin promoter, Hapto A, was labeled with 32P-dCTP. The 

Hapto A oligonucleotide contains cohesive extremities (GG) that are füled with ex-
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32P-dCTP by the Klenow fragment of DNA polymerase I from Escherichia coli 

(Amersham Biosciences Corp., Baie d'Urfé, QC). 

The following -166 to -145 hapto A C/EBP DNA-binding site from the rat 

haptoglobin promoter was used: 5'-CCAAGTATGAAGCAAGAGCTCA-3' (Pajovic 

et al., 1994). 

4.3 Electrophoretic mobifüy sb.ift assay 

Nuclear extracts (25 µg) were incubated for 30 minutes at room temperature in a 20 µl 

volume containing 2 µl reaction buffer lOX (10 mM Tris-HCl pH 7.5, 500 mM NaCl, 

10 mM EDTA, 50% glycerol), 0.25 µg didC (Amersham Biosciences Corp., Baie 

d'Urfé, QC) and 2 µ1 of labeled oligonucleotide (50 cps (counts per second)).The 

samples were resolved on a 4% polyacrylamide gel (Table 2) in a 0.5X TBE buffer 

(45 mM Tris-borate, 40 mM borie acid, 1 mM EDTA) and 2% glycerol, during 2 

hours at 150 volts after a pre-electrophoresis of 30 minutes at 150 volts. The gel was 

dried at 80°C and then exposed at -80°C in a cassette with a BioMax MR film (Kodak, 

Rochester, NY). Supershift assays were performed by adding 2 µ.g of rabbit affi.nity-

purified polyclonal antibody raised against C/EBP isoforms (Santa Cruz 

Biotechnology, Santa Cruz, CA) for 30 minutes before the addition of the radioactive 

probe. 
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Table 2: Retenfüm. gel prepa.rnfüm.: 

P:roduct Quanfüy 
Acrylamide/ Bis solution 8ml 

Glycerol 50% ' 2m1 

TBE lOX 2.25 ml 

Bi-distilled water 32.75 ml 

Ammonium persulfate 0.01 g 

TEMED 0.05 ml 

5. Protein extraction and Western blot analysis 

Cells were washed one time with 3 ml of PBS lX, harvested in 1 ml of PBS lX and 

centrifuged for 2 minutes at 2000 RPM. Cells were then resuspended in 50 µl Laemli 

buffer (62.5 mM Tris-HCl, pH 6.9, 2% sodium dodecyl sulphate (SDS), 1 % ~-

mercaptoethanol, 10% glycerol, 0.04% bromophenol blue and 1 % protease inhibitor 

cocktail EDTA free (Roche Diagnostics, Laval, QC)) and sonicated three times for 5 

seconds each, with a Sonicator ultrasonic processor XL (Mandel Scientific Company 

Ltd. USA). Total cellular ex.tracts were isolated from IEC-6 cells preincubated for 4 

hours with or without MG 132 (10 µM) or 0.1 % DMSO and then treated for 24 hours 

with IL-1 (10 ng/ml). To determine the effects of the caspase inhibitor Z-V AD -

FMK, cells were preincubated for 2 hours with 10 µM Z-VAD-FMK and then treated 

for 4 hours with or without MG132 (10 µM) or 0.1% DMSO. To verify the 

overexpression of C/EBPa mutants, total cellular extracts were isolated from IEC-6 

ce11s overexpressing C/EBPC< mutants. Protein concentrations were measured by the 

Bradford method (Bio-Rad Protein assay kit, Bio-Rad Laboratories, Mississauga, 

ON). Proteins (25-40 µg) were resolved on a SDS gel (Table 3) containing 12% 

polyacrylamide (SDS-PAGE) as described by Laemmli (1970). Proteins were 
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transferred to a PVDF membrane (Roche Diagnostics, Laval, QC) for 2 hours at 4°C 

and 150 volts, in a transfer buffer (0.025 M Tris-Cl pH 7 .6, 0.192 mM glycine, 10% 

methanol). Then, the membrane was blocked for 1 hour at room temperature a 

blocking solution: TBS lX (20 mM Tris-Cl pH 7.6, 137 mM NaCl) containing 5% 

non-fat dry milk and 0.1 % Tween-20. Incubation with affinity-purified rabbit 

polyclonal antibodies (0.2µg/ml) against C/EBP isoforms (Santa Cruz Biotechnology, 

Santa Cruz, CA) was performed at 4°C overnight. Membranes were then washed 3 

times for 10 minutes with TBS lX-Tween-20 0.1 % at room temperature. Incubations 

with the HRP-labelled secondary antibody (1/1000) (Sigma-Aldrich, Canada, 

Oakville, ON) were performed for 1 hour at room temperature. After three washes of 

ten minutes each, at roorn temperature, with TBS lX-Tween-20 0.1%, the immune 

complexes were detected with the Super Signal West Pico Substrate system (Pierce, 

Rockford, IL) following the manufacturer's instructions. The membrane was exposed 

in an autoradiography cassette with a Hyperfi1m ECL (Amersham Biosciences Corp., 

Baie d'Urfé, QC). 

Table 3: Polyac:ryfamide gel preparafüm.: 

Product 
Resolvmg gel Stacking gel 

Sterile water 3.3 ml 2.1 ml 

30% Acrylamide mix 4ml 0.5 ml 

Tris-Hel pH 8.8 (1.5 M) 2.5ml -
Tris-HCl pH 6.8 (LO M) - 0.38 ml 

SDS 10% 0.1 ml 0.03 ml 

Ammonium persulfate 0.1 ml 0.03 ml 
0.1 g/m1 

TEMED 0.004ml 0.003 ml 
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6. Transient transfecfüm and ludfo:rase assay 

6.1 Transient transfections 

The promoter (-396 to -2) of the rat haptoglobin gene inserted upstrearn of the 

luciferase gene in the basic pGL3 promoter (Promega, Madison, WI) was used as a 

reporter construct (Pelletier et al., 1998; Désilets et al., 2000). 

IEC-6 cells were transfected in 24 weU plates with Lipofectamine 2000 (Invitrogen, 

Burlington, ON). Two hours before the transfection, the medium was replaced with 

0.5 ml of DMEM supplemented with 5% FBS per well. Lipofectamine 2000 (1 µ1 

Lipofectamine 2000/ 50 µl of Opti-MEM) was incubated in Opti-MEM medium 

(Invitrogen, Burlington, ON) at room temperature for 5 minutes (solution A). 0.1 µg 

DNA was added to 50 µl Opti-MEM and mixed with 50 µl solution A. The mixture 

was incubated for 15 minutes at room temperature. After this incubation, 100 µl from 

this mixture was added to each well. After 5 hours of incubation at 37°C, the medium 

was replaced with a fresh medium containing either DMSO (0.1%) or MG 132 (10 

µM) • Luciferase assays were performed after 8 hours of incubation. 

6.2 Lucife:rase assay 

Cells were lysed in 300 µ1 lysis buffer (25 mM gly-gly, 15 mM MgS04, 4 mM 

EGTA, 1 % Triton X-1 OO, and 1 mM DIT) for 15 minutes, at room temperature and 

mixed with 100 µ1 buffer containing ATP (Sigma-Adrich Canada, Oakville, ON) (25 

mM gly-gly, 15 mM MgS04, 4 rnM EGTA, 1% Triton X-100, 15 mM KH2P04, 6 

mM ATP, 3 mM DIT) and 100 µ.1 luciferin solution 1 mM (Molecular Probes, 

Eugene, OR). Luciferase activity was rneasured for 20 seconds in a luminometer 
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(Lumat LB 9507 (EG&G Berthold, Gaithersburg, MD)). Each experiment was 

repeated twice in duplicate. 
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RESULTS 

1. Effect of the proteasome inhibitor MG132 on the inflammatory response in 

intestinal epithefüd cells. 

1.1 Effect of MG132 on IL-1-dependent induction of mRNA levels of 

haptoglobin, C/EBPS and C/EBPO. 

In order to determine if MG 132 modulates the expression of genes involved in the 

inflamrnatory response and the capacity of IEC-6 cells to respond to pro-

inflammatory cytokines, we verified the effects of MG 132 and IL-1 on the mRNA 

levels of haptoglobin. As already shown (Désilets et al., 2000), we observed that IL-1 

caused an increase in the levels of haptoglobin mRNAs. Addition of MG 132 caused a 

decrease in the IL-1-dependent induction of haptoglobin mRNA levels (Fig. 3). We 

also verified the expression of C/EBP~ and C/EBPO, two transcription factors that 

play a major role in the regulation of haptoglobin expression in intestinal epithelial 

cells (Pelletier et al., 1998; Yu et al., 1999). We found that the IL-1-dependent 

induction of C/EBP~ and C/EBPf> seems not to be affected by MG132, as it is the 

case for the haptoglobin expression. Densiometric analyses need to e done in order to 

confirm these results. In an of the above mentioned experiments. A-tubulin was used 

as a control. These results demonstrate that the effects of MG 132 may be gene 

specific. MG 132 decreased the IL-1-dependent induction of haptoglobin but seems 

not to have an effect on the expression of C/EBP~ and C/EBPô mRNAs. 
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1.2 Effed of MG132 on baptogfobin transcription. 

To determine the effect of the proteasome inhibitor MG132 on haptoglobin 

transcription, we perfonned transient transfections in IEC-6 cells with a reporter 

construct, namely Hapto-luc, containing the promoter (-396 to -2) of the rat 

haptoglobin gene inserted upstream of the luciferase gene in the basic pGL3 reporter 

construct (Désilets et al., 2000). Relative luciferase activities were analysed (Fig.4). 

We observed that MG132 treatment decreased luciferase activity from the 

haptoglobin promoter. These results suggest that the effects ofMG132 on haptoglobin 

expression are transcriptional. 

1.3 Modulation of the DNA-binding capacity of C/EBP isoforms by MG132 

C/EBPs are the major regulators ofhaptoglobin expression in intestinal epithelial cells 

(Gheorghiu et al., 2001). We thus verified whether MG132 was capable of 

modulating the binding of nuclear proteins to the binding site of C/EBPs, namely 

HaptoA, present in the haptoglobin promoter (Marinkovic et al,. 1990). IEC-6 cells 

were pretreated with MG 132 for 30 minutes and then stimula.ted for 4 and 24 hours 

with IL-1. Nuclear extracts were prepared and analyzed by electophoretic mobility 

shift assays. Addition of MG132 led to an increase in C/EBP DNA-binding activity to 

the consensus site HaptoA as compared to the control, with or without IL-1 (Fig.5). 

Furthermore, we observed an important change in C/EBP complex mobility. Tuen, we 

wanted to detennine the nature of C/EBP isoforms in these complexes. To accomplish 

this, we performed supershift assays using specific antibodies against different C/EBP 

isoforms (Fig. 6). In control conditions (IEC-6 cells treated with DMSO), the 

complexes were composed of C/EBPoc, C/EBP(:S and to a lesser extent C/EBPO, as 

detennined by the presence of a supershift (C/EBP(){, C/EBP(:S) or a decrease in 
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complex formation (C/EBP5). C/EBP~ was the major isoform in these complexes. 

IL-1, as expected, induced C/EBP~ and C/EBPÔ DNA-binding both in the presence 

and in the absence of MG 132. MG 132 caused an increase in the ability of C/EBP~ 

and to a larger extent, C/EBPb , to bind to the haptoA site. In an these complexes, 

C/EBP{3 was the major isoform. Our results show that MG 132 treatment leads to an 

increase in C/EBP DNA- binding activity to the consensus site HaptoA and a change 

in C/EBP complex mobifüy. C/EBP{3 and C/EBPÔ binding, but not C/EBP(){ i is 

increased after MG132 stimulation. 

1.4 Effect of MG132 on endogenous C/EBP protein levels. 

We then analyzed the effect of MG132 on the expression of C/EBP{3 and C/EBPÔ 

isoforms by Western blot. MG132 caused an increase and a stabilization of C/EBP{3 

and C/EBP5 isoforms (Fig. 7). In addition, we observed that stimulation with MG132 

led to the induction of a novel C/EBP~ isoform of approximately 26 kD. Since the 

antibodies used in Western blots recognize only . the C-terminal portion of the 

isoforms, this led us to suppose that the novel C/EBPfj isoform of 26 k:D laclcs the N-

terminal transactivation domain. 

It has previously been suggested that MG132 is involved the activation of the 

apoptotic process in different ceU types (Wojcik et al., 1999). MG132 causes the 

activation of different caspases. Furthermore, Buck et al. (2001) demonstrated that 

C/EBP~ interacts with and inactiva tes procaspase 1 and procaspase 8. W e next 

wanted to verify if the formation of the novel C/EBPfj isoform was due to the 

activation of a specific caspase by MG 132. To accomplish this, IEC-6 cells were 

treated with the broad caspase inhibitor Z-VAD-FMK before the addition ofMG132. 
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Nuclear extracts were prepared and analyzed by Western blot. W e found that the 

caspase inhibitor Z-V AD- FMK did not affect the cleavage of C/EBPa LAP caused 

by MG 132 (Fig.8). Our resuHs show that MG 132 induces a novel C/EBPjj isofonn 

that may be responsible for the change in the mobility of the C/EBP complex. Z-

V AD-FMK did not alter the formation of the novel C/EBPa isoform, suggesting that 

caspases may not be involved. 

2. Effect of C/EBPœ mutant ove:rexpression, on the expression of haptogfobin 

and C/EBPs. 

2.1 Effect of C/EBP<X mutant ove:rexp:ression on C/EBP e:mfogenous p:rotein 

levels. 

Another goal of my studies was to identify the role of C/EBPœ mutants 

overexpression in intestinal epithelial cells. We generated IEC-6 rat intestinal 

epithelial cen lines stably expressing different C/EBPœ mutants by retroviral infection 

and puromycin selection. The C/EBPiX deletion mutants (A 70-96, A 126-200 and A 

200-256) and the basic region point mutations (BRMl, BRM2 and BRM5) were 

cloned in the EcoRI-BamHI site of the retroviral vector pBabepuro (Fig.9). Nuclear 

extracts were prepared and analyzed by electrophoretic mobility shift assays with a 

HaptoA C/EBP DNA-binding site from the haptoglobin promoter (Pelletier et al., 

1998; Yu et al., 1999). Our results show an increase in DNA-binding activity 

nuclear extracts obtained from C/EBPœ mutant expressing clones (Fig. lOA). 

It was previously shown (Gheorghiu et al., 2001) that overexpression of C/EBP(l{ p30 

and C/EBP5 caused an increase in endogenous C/EBP~ levels. We therefore verified 
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the composition of C/EBP DNA-binding complexes in IEC-6 ceU lines 

overexpressing C/EBPe< mutants by supershift assays using specific antibodies 

against C/EBPoc and C/EBP~ isoforms. Compared to nuclear extracts from ceUs 

expressing the empty vector (pBabepuro ), C/EBPcr was increased in C/EBPcr mutant 

nuclear extracts {Fig. lOB). We also observed an increase in endogenous C/EBP~ 

isoforms with nuclear extracts expressing high levels of C/EBP01 mutants (b. 126-

200, ô200-256, BRM2, BRM5). Lower C/EBP()( expressors (ô 70-96, BRMl) did 

not show a significant increase in C/EBP~ endogenous levels. The overexpression of 

C/EBP01 mutants was confirmed by Western blot analysis, using specific antibodies 

against C/EBP!X (Fig. 11). 

2.2 Effect of C/EBPœ mutant overexpression on the regufation of the acute phase 

protein gene haptoglobin and C/EBPs. 

We further analyzed the effect of C/EBPIX mutants on the expression of haptoglobin 

and C/EBPs, and verified the degree of responsiveness of these genes to known 

regulators, namely glucocorticoids (dexamethasone), cAMP (forskolin) and IL-1. By 

Northem blot analysis and comparison to the tubulin mRNA control, we observed that 

overexpression of C/EBPoc deletion mutants ô 70-96, ô 126-200 and A 200-256 and 

the basic region point mutations BRM2 and BRMS increased basal haptoglobin 

mRNAs to various levels, BRM2, BRM5 and ô 70-96 being the most potent basal 

inducers (Fig.12A). The expression of C/EBPa BRMl was lost after 9 passages and 

this population was not studied further. The responsiveness of haptoglobin to 

dexamethasone, forskolin and IL-1 was inc:reased in C/EBPo:: basic region point 

mutations BRM2 and BRMS overexpressing clones, the response to IL-1 being most 

prominent. Overexpression of the C/EBPe< deletion mutant A 70-96 caused a stonger 
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increase in haptoglobin responsiveness to forskolin, as opposed to dexamethasone or 

IL-1 (as compared with the control pBabepuro). Furthermore, we observed that the 

responsiveness of haptoglobin to dexamethasone, forskolin and IL-1 was decreased in 

C/EBP01 deletion mutants !Y,. 126-200 and !Y,. 200-256 expressing clones (Fig. 12B). 

Overexpression of C/EBP(){ mutants in IEC-6 cells did not alter the mR.-1\f A levels of 

C/EBP~ and C/EBPô. These results suggest that amino acids 70-96 may play a 

negative role on forskolin induction of haptoglobin, and that both amino acids 126-

200 and 200-256 regions are necessary for full transactivation potential. 
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Figure 3 

The proteasome inhibitor MG132 decreases the IL-1 dependent indm::tion of 

haptoglobin, but does not affect C/EBP~ and C/EBP5 mRNA levels. 

Total RNAs were iso1ated from IEC-6 cells pretreated for 30 minutes with MG132 

(10 µM) and DMSO (0 .1 % ) and th en stimulated for 4 h without ( control) or with IL-1 

(10 ng/ml). Equal amounts of RNA (40 µg) were electrophoresed and analyzed by 

Northem blot with 32P-labeled haptoglobin, C/EBP~, C/EBP8 and cx-tubulin probes. 
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Figure4 

Trnnscriptional eff ect of MG 132 on the expression of haptogfobin. 

IEC-6 cells were transiently transfected 'hith the reporter construct Hapto-luc. The 

cells were treated with MG132 (10 µM) and DMSO (0.1%) for 8 h. Luciferase 

activity is expressed as induction levels in comparison with non-treated cens. 

Standard deviations were determined from results of two independent experiments 

realized in duplicata. 
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Figure 5 

MG132 increases C!EBP-DNA binding activity and causes a change of C!EBP 

complex mobiUty. 

Nuclear extracts were prepared from IEC-6 cells pretreated for 30 minutes with 

MG132 (10 µM) and DMSO (0.1 %), stimulated for 4 h and 24 h without (control) or 

with IL-1 (10 ng/ml) and mixed with the double-stranded oligonucleotide 

corresponding to the DNA-binding site of the C/EBPs, HaptoA, labeled with 

32PdCTP. DNA-protein complexes were separated from the free probe on a native 

polyacrylamide gel for electrophoretic mobility shift assays. 

39 



MSO 

01\~SC) IL-1 1 ~ 
µ' 

1 

MG132 

MG132 lle~1 -
~ 

DMSO 

DMSO IL-1 
1 
N 

MG132 ~ µ 

MG132 IL=1 



Figure 6 

Composition of C/EBP DNA-binding complexes in IEC-6 cens stimufated wifü 

MG132 

Nuclear extracts prepared from IEC-6 cells pretreated for 30 minutes with MG 132 (10 

µM) and DMSO (0.1 %) and then stimulated for 4 h without ( control) or with IL-1 (10 

ng/ml), were incubated for 30 minutes with antibodies against C/EBP<X, C/EBP~ and 

C/EBP5 and then mixed with the haptoA DNA-binding site labeled probe. 
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Figure 7 

C/EBPf3 ami C/EBPS isoforms are stabilized and a novel C/EBP'3 isofo:rm is 

induced foUowing the stimufation ofIEC-6 cells wifü MG132. 

40 µg of total protein extracts isolated from IEC-6 cells treated with DMSO (0.1 %) or 

MG132 (10 µM) for 4 h were separated by SDS-PAGE and transferred to PVDF 

membranes for Western blot analysis for C/EBPj3 and C/EBP5 expression. The 

positions of C/EBP~ LIP, C/EBPj3 LAP, a nove! C/EBPl3 isoform and C/EBP8 are 

indicated. 
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Figure 8 

The caspase inhlbitor Z-V AD-FMK does not affect the deavage of C/EBP~ LAP 

caused by MG132. 

40 µg of nuclear extracts iso1ated from IEC-6 cells treated with MG 132 (10 µM), 

DMSO (0.1%) and/or Z-VAD-FMK (10 µM) were separated by SDS-PAGE and 

transferred to PVDF membranes for Western blot analysis for C/EBP~ expression. 

The positions of C/EBP~ LIP, C/EBP~ LAP and the novel C/EBP~ isoform are 

indicated. 
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Figure 9 

Retroviral constructs 

The coding regions of C/EBPa deletion mutants (6. 70-96, 6. 126-200 and/:::,,, 200-256) 

and the basic region point mutations (BRMl, BRM2 and BRM5) were cloned in the 

EcoRI-BamHI site of the retroviral vector pBabepuro. 
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Figure 10 

Composition of C/EBP DNA-binding complexes in IEC-6 ceU Unes 

overexpressing C/EPBcc mutants. 

(A) Nuclear extracts were prepared frorn cens expressing the representative empty 

vector (pBabepuro) and C/EPB<X mutants. The extracts were mixed with the double-

stranded oligonucleotide corresponding to the DNA-binding site of the C/EBPs, 

HaptoA, labeled with 32PdCTP. DNA-protein complexes were separated from the free 

probe on a native polyacrylamide gel for electrophoretic mobility shift assays. (B) 

Nuclear extracts were incubated with the haptoA DNA-binding labeled probe without 

(-) or with antibodies against C/EBP<X and C/EBPB to determine the composition of 

the C/EBP complexes. 
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Figure 11 

C/EBP« mutants overexpression in IEC-6 cells. 

40µg of total protein extracts prepared from cell population expressing the empty 

vector (pBabepuro ), C/EPBoc basic region point mutations (BR.l\12 and BR.l\15) and 

C/EPBO< deletion mutants (L'i 70-96, L'i 126-200 and .6. 200-256) were separated by 

SDS-PAGE and transferred to PVDF membranes for Western blot analysis for 

C/EBPot expression. The positions of C/EBPot mutants are indicated. 
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Figure 12 

Pattem of expression of haptoglobin and C/EBP isofo:rms mRNAs in C/EBPa 

mutant overexpressing clones 

Total RNAs were isolated from cell population expressing the empty vector 

(pBabepuro ), C/EBPa basic region point mutations (BRM2 and BRM5) and deletion 

mutants (.6. 70-96, 11 126-200 and .6. 200-256) treated for 24 h without (control) or 

with 1 o-6M dexamethasone, 1 µM forskolin or 10 ng/ml human recombinant IL-1. 

Equal amounts of RNA ( 40 µg) were electrophoresed and analyzed sequentially by 

Northem blot with 32P-labeled haptoglobin, C/EBP~, C/EBP8 and Œ-tubulin probes. 
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DISCUSSION 

1. MG132 decreases spedfically the IL-1 dependent induction of the acute phase 

protein gene haptoglobin. 

MG 132 is a highly specific inhibitor of protein degradation via the 

ubiquitin/proteasome system (Palombella et al., 1994; Fenteany et al., 1995). MG132 

is known to inhibit the activation of the proinflammatory transcription factor NF-KB. 

By blocking the activation of NF-KB, MG 132 negatively modulates the activation of 

specific genes involved in the intestinal acute phase response (Jobin, 1998).The 

results of my work show that the proteasome inhibitor MG 132 causes a decrease in 

IL-1 dependent induction of the acute phase protein gene haptoglobin. 

Our results show that the effect of MG132 on the expression of haptoglobin may be 

gene specific. MG 132 caused a decrease in the IL-1 dependent induction of 

haptoglobin mRNA levels and seems not to affect the IL-1 dependent induction of 

C/EBPl3 and C/EBPo mRNA levels. Furthermore, by transient transfections, we 

showed that the effect of MG 132 on haptoglobin expression is transcriptional. AU 

those results demonstrate that in addition to an effect on NF-KB inducible genes, 

MG132 addition alters the expression of a C/EBP inducible gene, such as 

haptoglobin. 

Indeed, it has been demonstrated in our laboratory that in intestinal epithelial cells, 

C/EBPs are the main regulators of haptoglobin gene expression and that they are 

involved in haptoglobin regulation by forskolin, a cAMP activator, by glucocorticoids 
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and by IL-1 (Pelletier et al., 1998; Yu et al., 1999; Désilets et al., 2000; Gheorghiu et 

al., 2001 ). C/EBPs are also involved in the negative effect of TGFl3 on the expression 

of haptoglobin (Yu et al., 1999). Here we showed that MG132 causes an increase 

C/EBP-DNA binding activity to the consensus site HaptoA and a change in C/EBP 

complex mobility. As shown by supershift assays, C/EBPj3 is the major isofonn in 

these complexes. 

Usually an increase in C/EBP DNA-binding activity to the consensus site HaptoA of 

the haptoglobin promoter correlates with an increase in haptoglobin expression. We 

observed that on one hand, MG 132 causes an increase in the C/EBP DNA-binding 

activity to the consensus site HaptoA (in the presence or in the absence of IL-1) and, 

on the other band, a decrease in the IL-1 dependent induction of haptoglobin. In 

addition to this, by Western blot analysis, we showed that this proteasome inhibitor 

causes an increase in, and a stabilization of C/EBPl3 LAP, C/EBP() LIP and C/EBPo 

protein levels, suggesting that steady state protein levels of C/EBPf3 and C/EBPo are 

indeed regulated by a proteasome-dependent pathway. In fact, we had previously 

shown that C/EBPa protein was the most stable, followed by C/EBPP and C/EBPô. 

MG132 can induce the accumulation of other short-lived proteins such as p53, p21, 

Bax, and Ii<Ba (Stanciu and DeFranco, 2002). 

We have shown that MG132 causes the formation of a novel form of C/EBPj3 of 

approximately 26 kD. The antibodies that we use for Western blot analysis recognize 

the C-tenninal region of C/EBPj3 isofonns. We investigated whether this novel fonn 

of 26 kD, which may lack the transactivation domain, was generated following the 

activation of a protease by MG132. We first hypothesized that caspases could be 
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involved smce MG 132 activates the apoptotic process in different ceH types. 

Apoptosis is the process of programmed cell death, and is a common occurrence in 

embryogenesis and in the destruction of infected, damaged or senescent cens (Fraser 

and Evan, 1996; Takahaschi and Earnshaw, 1995). The biochemical processes 

involved in apoptosis can be divided into two discrete phases. There is a variable 

lapse of time following exposure to apoptosis-inducing signais before ceUs become 

committed to undergo apoptosis. This phase is followed by the execution phase (more 

correctly a suicide phase, since apoptosis is ceH autonomous) which, unlike the 

commitment phase, is irreversible. The execution phase is characterized by changes in 

the cytoplasmic membrane, breakdown of the nuclear envelope, condensation of the 

chromatin structure and eventual destruction of the chromatin (laddering). This 

suicide phase is associated with the activation of a family of cysteine-proteases, 

namely caspases, which cleave after an aspartate residue (King and Goodbourn, 

1998). The caspases can be grouped into initiator and effector caspases. Caspase 

activation requires their proteolytic cleavage to free subunits reconstituting an active 

caspase heterodimer (Hengartner, 2000). 

One mechanism of apoptosis induction by MG 132 is via caspase activation. It has 

been shown that MG132 activates caspase 3 in cortical neurons (Qiu et al., 2000) and 

caspases 2, 3, 7, 8, and 9 in glioma ceUs (Wagenk:necht et al., 2000). Furthermore, 

caspase-dependent cleavages selectively inhibit some proteins, but activate others, 

which in tum lead to a phenotype characteristic of apoptotic cells. The effector 

caspases can cleave and inactivate different transcription factors such as STA Tl 

(King and Goodboum, 1998), Spl (Rickers et al., 1999) and GATA-1 (De Maria et 

al., 1999). 
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In 1999, Buck et al. showed that the rat C/EBPP displays at position 105 a serine 

residue phosphorylated by rsk. Phosphorylation of this site by the rsk kinase after 

liver injury is required to protect stellate cells from apoptosis by creating a functional 

XEXD caspase inhibitory box. Phosphorylated rat C/EBPJ3, via this inhibitory box, 

associa tes with and inhibits the activation of procaspase 1 and procaspase 8 (Buck et 

al., 2001). Intriguingly, proteolysis of CEBPP LAP at position 105 would give rise to 

a protein of approximately 26 kD. 

We hypothesized that MG 132 could cause the activation of a specific caspase 

cleaving C/EBP[3 LAP around Serl 05 and leading to the formation of the novel form 

of 26 kD. We thus used Z-V AD-FMK, a general inhibitor of caspases known to block 

MG132-induced toxicity in the hippocampal cell line IIT22 (Stanciu and DeFranco, 

2002), and to inhibit the caspase cascade activated by the proteasome inhibitor 

MG132 in human intestinal epithelial cells (HIECs) (Ruemmele et al., 2002). We 

showed that the caspase inhibitor Z-V AD-FMK did not affect the cleavage of 

C/EBPl3 LAP caused by MG 132, suggesting that caspases may not be involved. 

Nevertheless this novel form may be responsible for the change in C/EBP complex 

mobility. Furthermore, this novel C/EBPj3 LAP isoform, which may lack the 

transactivation domain, could act as a dominant negative form by leading to the 

formation of an inactive dimer unable to activate the transcription of the haptoglobin 

gene. The exact mechanism involved in C/EBP~ LAP cleavage and the exact 

mechanism through which MG 132 down-regulates haptoglobin expression remain to 

be determined. Dose-response studies with Z-V AD-FMK should to be performed in 

order to make sure that the concentration of Z-V AD-FMK used in these experiments 

is sufficient to inhibit the effects of MG132 in IEC-6 cells. Moreover, other caspase 
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inhibitors should be used in order to confinn that MG 132 activates specific caspases 

which may be involved in the cleavage of C!EBP~ LAP. Also dose-response studies. 

with MG 132 should be performed in order to confirm. whether MG 132 is able to 

induce apoptosis IEC-6 cens. 

One may hypothesize that another protease cleaves C/EBP~ LAP causing the 

formation of the novel form of 26 kD in normal cells. This nove1 form is rapidly 

degraded by the proteasome system, which explains our incapacity to detect it in 

normal conditions. However, inhibition of the proteasome system by MG 132 may 

lead to the accumulation and stabilization of this novel form as well as of C/EBPj3 and 

C/EBPo isoforms. 

2. C/EBPa is involved in the regulation of the acute phase protein gene 

haptoglobin in intestin.al epithelial cells. 

Results obtained in our laboratory showed that C/EBPa played an important role in 

the regulation ofhaptoglobin in intestinal epithelial cells (Gheorghiu et al., 2001), but 

the specific regions involved in this regulation were unknown. The results of my work 

show that specific C/EBPa domains are important for the regulation of the acute 

phase protein gene haptoglobin. 

The transactivating function of C/EBPa is generated through cooperation between 

three separate domains of the protein namely the transactivation elements TE I (1-70), 

TE II (70-96) and TE III (126-200). TE Il and TE Ill do not function as independent 

51 



transactivation domains; rather they are both able to cooperate with TE I to achieve 

this funct:ion. Similarly, TE II and TE III can cooperate in the absence of TE I (Nerlov 

et Ziff, 1994). Another domain (200-256) presents sites for phosphorylation by 

protein kinase C (PKC) and glycogen synthase kinase 3 (GSK3). 

Overexpression of C/EBPet deletion mutants A 70-96, A 126-200, A 200-256 and the 

basic region point mutations BRM2 and BRM5, increased the basal levels of 

haptoglobin mRNA. However, interesting differences were observed in the effect of 

overexpression of these mutants on haptoglobin responsiveness to forskolin, 

dexamethasone and IL-1. For example, the effects of A 70-96 overexpression are 

almost the same as for BRM2 and BRM5 overexpression, but the induction by 

forskolin seems to be stronger than the induction with IL-1. Thus, the region 70-96 

may play a negative role in cAlv.IP-dependent induction of haptoglobin by C/EBPa. 

Overexpression of A 126-200 and li 200-256 mutants caused a weak induction of 

haptoglobin expression in response to forskolin, dexamethasone and IL-1, leading us 

to think that these two regions are independently important for transactivation by 

C/EBPa.. This confirms our previous results which show that C/EBPa. p30 (starting at 

amino acid 118), which contains these two domains, is capable of inducing 

haptoglobin expression in response to forskolin, dexamethasone and IL-1 (Gheorghiu 

et al., 200 l ). 

It bas been shown that these domains internet with different transcription factors and 

co-activators, explaining their various transactivation properties. For example the 70-

96 domain tightly binds the retinoblastoma protein pRb (Porse et al., 2001). Deletion 

of this domain does not affect adipocyte gene expression (Porse et al., 2001). One 
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may hypothesize that the binding of pRb to the 70-96 domain may alter cAMP-

dependent regulation of haptoglobin expression. The region 126-200 weakly binds 

pRb and is involved in the recruitment of the SWI/SNF chromatin remodeling 

complex, a co-activator. Cooperation between C/EBPa, the TATA binding protein-

TFHB complex and the SWI/SNF chromatin remodeling complex is required for 

adipocyte differentiation (Pedersen et al., 2001). In addition to this, the 126-200 

region interacts with the nuclear co-activator p300, a histone acetyltransferase 

(Erickson et al., 200 l ). Thus, the interaction between both the SWI/SNF chromatin 

remodeling complex and p300 with the region 126-200 may be necessary for 

haptoglobin induced transcription, but not for basal transcription. The 200-256 region 

presents phosphorylation sites for GSK.3 and PKC, two kinases stimulated by 

different signaling pathways (Porse et al., 2001 ). Phosphorylation of C/EBPa. in vitro 

by PKC decreases the DNA-binding activity (Mahoney et al., 1992). Insulin 

stimulates the dephosphorylation of C/EBPa. through a phosphatidylinositol-3 kinase 

(PI-3K) pathway resulting in the inhfüition of GSK3. Indeed, GSK3 phosphorylates 

thr222 and thr226, suggesting that GSK3 is an insulin-regulated C/EBPa. kinase (Ross 

et al., 1999). It is lmown that phosphorylation of transactivation domains induces the 

transcriptional activity of C/EBPa. Interestingly, while deletion of the 200-256 

domain alters the induced response of haptoglobin to activators ( cAMP, 

glucocorticoids, IL-1 ), fuis deletion does not impair adipocyte gene expression and 

does not affect SWI/SNF chromatin remodeling complex interaction. This suggests 

that this domain, due to its phosphorylation, is important in the control of haptoglobin 

expression by C/EBPa.. The exact phosphorylation site(s) responsible for C/EBPa-

dependent transactivation of haptoglobin remain to be determined. 
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It was previously shown (Gheorghiu et al, 2001) that C/EBPoe p30 interacts with the 

transcription factor E2F4 causing growth arrest of intestinal epithelial cens. Porse et 

al. (2001) demonstrated that if the interaction of C/EBPa with E2F is inhibited by 

replacing the amino acid tyrosine 285 (BRM5) and the amino acids isoleucine 294 

and arginine 297 (BRM2) with alanine, contrary to the replacement of amino acids 

valine 287 and lysine 290 (BRMl) with alanine, the differentiation of adipocytes and 

granulocytes will be affected. We asked whether the interaction between C/EBPa 

and E2F, as we had found before in IEC-6 cells (Gheorghiu et al., 2001), could 

regulate the inducible expression of haptoglobin. The answer is no: we have shown 

that the responsiveness of haptoglobin to dexamethasone, forskolin and IL-1 was not 

induced in IEC-6 populations overexpressing C/EBPcx basic region point mutations 

BRM2 and BRM5. 

Our results suggest that the C/EBPa. domain from amino acid 70 to 96 as weU as the 

interaction between C/EBPa. and E2F do not alter significantly the transcriptional 

activity of C/EBPa.. However, amino acids 70 to 96 may have a negative effect on 

forskolin induction of baptoglobin. Amino acids 126-200 and 200-256 are necessary 

for full transactivation potential. In contrast to the results of Nerlov and Ziff (1999), 

arnino acids 126-200 function as an independent transactivation domain. 
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CONCLUSIONS AND PERSPECTIVES 

1. Possible Unk between :regufafüm. of C/EBP-depe:mlent tnmsc:riptionai 

activation and C/EBP protease-dependent degrad.ation. 

In this work, we demonstrated that MG 132, in intestinal epithelial cens, causes a 

decrease in the IL-1 dependent induction of the acute phase protein haptoglobin gene. 

As shown by transient transfections, MG 132 inhibits haptoglobin expression 

transcriptionally. MG 132 causes a change in C/EBP complex mobility and a 

stabilization of C/EBPf3 and C/EBP8 isoforms. The change in C/EBP complex 

mobility may be due to the formation of a novel form of C/EBPf3 of approxirnately 26 

kD. This novel form may actas a dominant negative by forming inactive dimers with 

other C/EBP isoforms. W e have also shown that caspases may not be involved in the 

generation of this novel form. Further investigation is required in order to identify the 

caspases or the protease(s) involved. It was lately demonstrated that cathepsins, 

following their liberation from the lysosomes, are involved in the cleavage of several 

transcription factors (Nepveu, 2002). In order to veri:fy if cathepsins are involved in 

the generation of the novel form of C/EBPf3, different inhibitors of cathepsins like 

leupeptin and pepstatin A could be used. 

To date, the existence of cleavage sites for proteases, like those of the proteasome 

complex, at the level of C/EBPf3 or C/EBPô has not been :reported. C/EBP(3 or 

C/EBPô deletion mutants or mutation of phospho:rylation sites, such as ser 105, by 

site-directed mutagenesis, would allow us to determine the region invoived in 

C/EBPf3 or C/EBPù stability. 
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The role of MG 132 in the activation of the apoptotic process in intestinal epithelial 

cells remains to be elucidated. In order to study this role of MG 132, DNA laddering 

analysis and determination of caspase activation could be performed foHowing the 

stimulation ofIEC-6 cells with different concentrations ofMG132. 

2. Effect of C/EBPœ mutant overexp.ression on acute phase protein haptoglobin 

expression. 

Another goal of my studies was to identify specific regions of C/EBP<X involved in 

the control of haptoglobin expression in intestinal epithelial cells. Overexpression of 

C/EBPa deletion mutants (Li 70-96, /j, 126-200 and 8. 200-256) and the basic region 

point mutations (BRM2 and BRM5) increased the basal haptoglobin mRNA levels 

showing the importance of this isoform in the control of haptoglobin expression. The 

· C/EBPa domain from amino acids 70 to 96 as well as interaction between C/EBPa 

and E2F does not alter significantly the transcriptional activity of C/EBPa.. However, 

amino acids 70 to 96 may have a negative effect on forskolin induction of 

haptoglobin. It would be interesting to determine whether protein kinase A directly 

plays a role in C/EBPa transactivation, by using co-transfection assays with PKA 

constructs or by using different inhibitors and acrivators. Amino acids 126-200 and 

200-256 are necessary for full transactivation potential. The region 126-200 interacts 

with the SWI/SNF chromatin remodeling complex and p300. It wiH be interesting to 

verify how mutation of this region influences chroma tin remodeling and how this will 

affect haptoglobin gene expression. This can be achieved by chromatin 

immunoprecipitation assays (CHIP), which allow the study of the binding of 

transcription factors to different promoters in vivo (Orlando, 2000). 
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