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Abstract 

 Disequilibrium between coagulation and fibrinolysis can lead to severe haemostatic 

disorders such as thrombosis and hemophilia. Thrombin-activable fibrinolysis inhibitor 

(TAFI) is a carboxypeptidase B-like pro-enzyme that, once activated, attenuates fibrinolysis. 

TAFI may also mediate connections between coagulation and inflammation. Studies have 

associated high plasma TAFI levels with risk for thrombotic diseases. Interestingly, steroid 

hormones, such as estrogen and progestogens used in hormone replacement therapy or oral 

contraceptive preparations, have been shown to affect plasma TAFI levels. Regulation of the 

expression of the gene encoding TAFI, CBP2, is likely an important determinant of the role 

of the TAFI pathway in vivo; this concept motivated the investigations described in this 

thesis. 

 In Chapter 2, the results of my research lead to the identification of key transcription 

factors regulating CPB2. Specifically, we described the binding of NF-Y and HNF-1α to the 

CPB2 promoter. NF-Y was shown to be an important factor for the basal CPB2 promoter 

activity. Binding of HNF-1α is essential for the activity of the promoter and is potentially 

responsible for the liver specific expression of CPB2. 

 In Chapter 3, we set to investigate the effect of female sex hormone on hepatic 

expression of CPB2. We demonstrated that the levels of TAFI protein secreted from cultured 

hepatoma cells (HepG2) are decreased by 17β-estradiol and progesterone. The change in 

protein expression was paralleled by decreases in CPB2 mRNA abundance and promoter 

activity. Deletion analysis of the CPB2 promoter indicated that the genomic effects of 

estrogen and progesterone are likely mediated via a non-classical mechanism. 

 iii



 In Chapter 4, we evaluated the effects of various inflammatory mediators on 

expression of the gene encoding mouse TAFI (Cpb2). Our results showed that Cpb2 mRNA 

abundance and promoter activity are up-regulated by inflammatory mediators IL-1β, IL-6, 

and TNFα. We also showed that TNFα mediates its effect via the binding of NFκB to Cpb2 

promoter. Additionally, our results suggest that TNFα promotes the binding of NFκB to the 

promoter by increasing its translocation to the nucleus. The NFκB site is not conserved 

between human and mouse and may explained the different responses to inflammation 

observed in vivo. 
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Chapter 1: General Introduction 

 The coagulation and fibrinolytic cascades are balanced during normal hemostasis. 

However, any perturbations in the regulation of these two cascades will likely tilt the 

balance towards either an increased tendency to thrombose or to bleed. Thrombin 

Activable Fibrinolysis Inhibitor (TAFI) is a carboxypeptidase B-like pro-enzyme that, 

upon activation by plasmin, thrombin (IIa) or the thrombin/thrombomodulin complex 

(IIa/TM), attenuates fibrinolysis (1). TAFI is a major molecular connection between 

coagulation and fibrinolysis, and plasma concentrations of TAFI as well as sequence 

polymorphisms in the gene encoding TAFI have been associated with incidence of 

cardiovascular diseases (2). Interestingly, plasma TAFI antigen levels vary widely within 

the human population (3). This variation is not associated with any of the common 

cardiovascular risk factors (4); moreover, the contribution of genetic factors such as 

single nucleotide polymorphisms, account for only approximately 25 % of the total 

variation (3). One way to control the amount of TAFI produced is through the regulation 

of its gene expression. In this regard, it has been reported that plasma TAFI antigen levels 

vary as a consequence of age, gender, pregnancy, some disease states and inflammation, 

suggesting a role for steroid hormones and inflammatory mediators in regulating CPB2 

expression. We suspect that variation in CPB2 expression may be a risk factor for 

thrombotic and atherothrombotic disorders and may represent an important means by 

which the hemostatic and inflammatory systems respond to environmental and 

physiological stimuli. 
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1.1 Coagulation and Fibrinolytic Cascades 

 The function of the coagulation system is to prevent excessive blood loss at the 

site of injury. The first hemostatic structure is the platelet plug, which forms when 

circulating platelets recognize injury to the blood vessel by binding to subendothelial 

components such as collagen. A cycle of platelet adhesion, activation, and aggregation 

culminates in the formation of the platelet plug. Sustained hemostasis is achieved by 

promoting the formation of a fibrin network, the major structural component of the blood 

clot. Precise regulation of the coagulation and fibrinolytic cascades, as well as 

communication between the cascades, allows a clot to be formed and sustained at the site 

of injury, while elsewhere the blood remains fluid. Thrombin (IIa) is the product of the 

cleavage of prothrombin by the prothrombinase complex. At the beginning of the 

coagulation process, called the initiation phase, the small amount of IIa produced from 

the extrinsic pathway (tissue factor-dependent pathway) is enough to catalyze platelet 

activation, fibrin accretion, and activation of the intrinsic pathway through activation of 

the zymogen Factor XI and the cofactors Factor V and Factor VIII (5) (Ch 1, Figure 1). 

The propagation phase starts once IIa reaches 25 nM, resulting in the increase of IIa 

concentration (up to 850 nM) in a short period of time through full activation of the 

intrinsic pathway (5). The key function of IIa is to cleave soluble fibrinogen to form 

insoluble fibrin monomers (Ch 1, Figure 1). The role of the extra IIa provided by the 

intrinsic pathway has been enigmatic in the past, but has recently been appreciated to 

contribute to clot stability through activation of Factor XIII, which introduces covalent 

crosslinks into the clot (6), as well as of TAFI, which prevents breakdown of the clot by 

the fibrinolytic cascade (5). 
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Ch 1, Figure 1. TAFI Links the Coagulation and Fibrinolytic Cascades. The extrinsic 
pathway of coagulation produces a small amount of thrombin that promotes fibrin 
formation and the activation of the intrinsic pathway. The large amount of thrombin 
produced by the intrinsic pathway consolidates the clot, in part through activation of 
TAFI. In complex with thrombomodulin, thrombin no longer recognizes fibrinogen as a 
substrate but its ability to activate protein C and TAFI is enhanced by three orders of 
magnitude. Fibrin dissolution is accomplished by plasmin, which is formed by cleavage 
of plasminogen by tPA or uPA with fibrin as an essential cofactor. Limited digestion of 
fibrin leads to a form of fibrin (fibrin’) containing carboxyl-terminal lysine residues that 
is several-fold more effective as a cofactor for plasminogen activation. TAFIa attenuates 
this positive feedback by removing the carboxyl-terminal lysines, thereby yielding a form 
of fibrin that exhibits a cofactor activity for plasminogen activation that is far below that 
even of intact fibrin. Hence, the TAFI pathway inhibits plasminogen activation and thus 
fibrinolysis. 
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 Thrombomodulin (TM), an endothelial cell membrane protein, plays an important 

role in regulating hemostasis. Binding to TM converts the specificity of IIa away from 

procoagulant substrates such as fibrinogen towards the anticoagulant zymogen Protein C 

(PC). Activated protein C (APC) acts as an anticoagulant enzyme by inactivating Factors 

Va and VIIIa of the intrinsic pathway (Ch 1, Figure 1) (7). Thus, the activation of PC 

provides negative feedback for the process of thrombin formation. In addition to the 

anticoagulant property, the thrombin-thrombomodulin complex (IIa/TM) can also act as 

an antifibrinolytic complex by activating thrombin-activable fibrinolysis inhibitor (TAFI; 

EC 3.4.17.20) (8). Notably, APC decreases the growth of the blood clot, while the 

activation of TAFI retards the dissolution of the clot. The maintenance of the clot is 

therefore likely to be precisely regulated by these two enzymes. It has been demonstrated 

that their respective rates of activation depend on IIa and TM concentrations at a specific 

location (7). In fact, TAFI activation is stimulated at low concentrations of TM, while 

high concentration of TM promotes the formation of APC, resulting in less TAFI 

activation due to inhibition of IIa production (7). In addition, TAFI activation has been 

shown to depend on TM density on the surface of endothelial cells in vitro (7). 

 Fibrin acts as a cofactor in the conversion of plasminogen to plasmin by tissue-

type plasminogen activator (tPA), thereby serving to localize the fibrinolytic cascade to 

the vicinity of the fibrin clot, where its activity is in fact required. Plasmin, the end 

product of the fibrinolytic cascade, degrades fibrin into soluble fibrin degradation 

products (FDPs) to effect dissolution of the blood clot (Ch 1, Figure 1). Partial digestion 

of fibrin by plasmin results in the exposition of carboxyl-terminal lysine residues; this 
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new form of fibrin is referred to fibrin’. These lysines are key mediators of positive 

feedback in the fibrinolytic cascade. 

 Plasminogen can be activated by either uPA (urokinase-type plasminogen 

activator) or tPA. The ability of tPA, but not uPA, to bind to fibrin makes tPA the major 

activator of plasminogen in the fibrinolytic cascade. In fact, tPA, plasminogen and fibrin 

form a ternary complex that has been shown to increase the rate of plasminogen 

activation (9). Plasminogen also has the ability to bind carboxyl-terminal lysine residues 

in partially degraded fibrin which causes a conformational change in plasminogen from a 

closed to an open form. The open form of plasminogen facilitates its cleavage by tPA to 

form plasmin. Indeed, fibrin’ has been demonstrated to be a 3-fold better cofactor than 

intact fibrin for the tPA-mediated activation of plasminogen (10). This increase in 

cofactor activity is one mechanism by which the carboxyl-terminal lysines in fibrin’ 

produce positive feedback in the fibrinolytic cascade (Ch 1, Figure 2). In addition, fibrin' 

also acts as a cofactor for the plasmin-mediated conversion of native Glu-plasminogen 

(GPg) to Lys-plasminogen (LPg) (Ch 1, Figure 2). LPg is a 20-fold better substrate than 

GPg for tPA. Fibrinolysis can be down regulated by serine protease inhibitors such as 

plasminogen activator inhibitor type 1 (PAI-1) and α2-antiplasmin (α2-AP) (5). When 

plasmin is bound to fibrin or fibrin’, it is protected from consumption by α2-AP; plasmin 

binds with high affinity to the carboxyl-terminal lysines on fibrin’, making this form 

more effective in protecting plasmin from its inhibitor than native fibrin (Ch 1, Figure 2) 

(5). 

 

 

 5



 

Ch 1, Figure 2. Effect of TAFIa on Positive Feedback in the Fibrinolytic Cascade. 
Through the actions of tPA or uPA, native Glu-plasminogen (Pg) is converted to Glu-
plasmin (Pn). Plasmin removes the amino-terminal 77 amino acids of Glu-Pg and Glu-Pn 
to form the respective Lys variants. Fibrin is an essential cofactor in the cascade: the plus 
and minus signs illustrate the reactions in fibrinolysis that are stimulated or inhibited, 
respectively, by fibrin. Fibrin promotes the activation of plasminogen and the formation 
of Lys-Pg which is a better substrate for plasminogen activators. In addition, fibrin 
prevents the consumption of plasmin by its major inhibitor α2-antiplasmin (α2-AP). 
Partial degradation of fibrin by plasmin exposes carboxyl-terminal lysines which 
potentiate the cofactor activity of fibrin. TAFIa removes carboxyl-terminal lysines from 
partially-degraded fibrin, thus yielding a cofactor with a reduced ability to stimulate 
plasminogen activation, stimulate Lys-plasminogen formation, and protect plasmin from 
consumption by α2-antiplasmin. TAFIa may also directly inhibit the enzymatic activity of 
plasmin. 
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1.2 The TAFI Pathway as a Link between the Two Cascades 

 The coagulation and the fibrinolytic systems are balanced in such a way that the 

activation of IIa (coagulation cascade) triggers the activation of plasmin (fibrinolytic 

cascade). This is because formation of the fibrin clot is a prerequisite for the activity of 

the fibrinolytic cascade. Several links between the coagulation and fibrinolytic cascades 

are known to exist (2). Thrombin causes endothelial cells to release tPA (11). Factor 

XIIIa mediates cross-linking of fibrin to a form that is resistant to fibrinolysis and also 

cross-links α2-AP to fibrin (12). Plasmin influences the intrinsic pathway through 

proteolytic inactivation of Factor Xa (13), while plasmin-modified Factor Va can serve as 

a cofactor for plasminogen activation by tPA (14). Finally, there is TAFI, which can be 

cleaved by thrombin to form activated TAFIa, a basic carboxypeptidase (15). Activation 

of TAFI by thrombin is accelerated more than 1000-fold in the presence of 

thrombomodulin (16). TAFI can also be activated by plasmin, albeit with a catalytic 

efficiency which remains well below that of IIa/TM (17). 

 TAFIa, regulates the balance between coagulation and fibrinolysis by removing 

carboxyl-terminal lysine residues from partially degraded fibrin molecules, yielding a 

form of fibrin (fibrin’) (Ch 1, Figure 1) that exhibits a cofactor activity for plasminogen 

activation that is far below that even of intact fibrin (18). Therefore, TAFIa blocks the 

positive feedback created by fibrin’, and hence attenuates fibrinolysis (Ch 1, Figure 2).  
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13 Properties of the TAFI Protein 

 TAFI was first identified in 1989 by Hendriks and colleagues and was named 

CPU (“unstable” carboxypeptidase) (19,20); six years later it was functionally 

characterized and named Thrombin Activable Fibrinolysis Inhibitor (TAFI) by Bajzar 

and coworkers (8). In the meantime, other groups had isolated the proenzyme and named 

it pro-CPR (21) or plasma pro-CPB (17) named for the apparent preference for arginine 

residues in synthetic peptides, or for the resemblance to the pancreatic carboxypeptidase 

B, respectively. Plasma TAFI arises from expression in the liver and is secreted into the 

circulation as a zymogen with an apparent molecular mass of 60 kDa. Cleavage after 

Arg92 by one of its activators results in release of an activation peptide and exposure of 

the active site cleft of the TAFIa enzyme (35 kDa). TAFIa is down-regulated by its 

intrinsic thermal instability; the half-life of TAFIa at body temperature (37 oC) is 

approximately 10 minutes (22). There is no natural inhibitor of TAFIa, rendering the 

thermal instability, and not proteolysis, the major physiological inactivation mechanism 

(23). 

 It has been observed that increases in TAFI antigen levels correspond to an 

increase in clot lysis time in vitro (24-26). These findings are in keeping with what might 

be expected given the kinetics of TAFI activation. The Km for TAFI activation by IIa or 

IIa/TM (~1 μM) is substantially higher than the physiological plasma TAFI antigen 

concentration (mean TAFI antigen levels range from 73 to 275 nM, (27-30)). As such, 

the amount of TAFIa that can be generated depends directly on TAFI antigen levels in 

plasma. Therefore, it is plausible that elevated plasma TAFI concentrations give rise to a 

hypofibrinolytic state and thus may act as a risk factor for thrombotic disorders. In fact, 
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plasma TAFI concentrations have been correlated with cardiovascular diseases in several 

clinical studies as discussed below. 

 

1.4 Potential Biological Roles of the TAFI Pathway 

 Studies have showed that the fibrin clot lysis time (i.e. the time required for half-

maximal clot lysis) increases with increasing TAFIa concentrations (22), although the 

extent to which TAFIa can inhibit clot lysis is limited. TAFIa inhibits clot lysis through a 

threshold-like mechanism, whereby lysis can be inhibited only as long as the 

concentration of TAFIa remains above a certain threshold (31,32). This explains why the 

antifibrinolytic effect of TAFIa is influenced by the intrinsic stability of TAFIa, since 

eventually the concentration of TAFIa falls below the threshold. Furthermore, the 

maximal extent to which TAFIa can inhibit clot lysis is a function of its intrinsic stability 

(22). A naturally-occurring variant of TAFI in which Thr325 is replaced with Ile shows a 

2-fold longer half-life at 37 °C and a correspondingly greater antifibrinolytic potential 

(33). 

 TAFIa has also been shown to influence clot lysis in vivo. For example, inhibition 

of TAFIa by potato carboxypeptidase inhibitor (PCI), in a rabbit model of tPA-induced 

thrombolysis, results in an increase in clot lysis. Indeed, 89 % of the clot lysis process is 

achieved when PCI is added to a tPA-induced clot lysis reaction compared to only 54 % 

of the clot lysis obtained with tPA alone. Moreover, only co-treatment with tPA and PCI 

reduced the endpoint clot mass (when compared to the original clot mass) (34). These 

results suggest that the co-administration of TAFIa inhibitors with tPA may improve the 

efficacy of thrombolytic therapy. In another study using a batroxobin-induced pulmonary 
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embolism model, TAFI knockout mice displayed a lower retention of fibrin in the lungs 

compared to wild-type mice, demonstrating enhanced endogenous fibrinolysis in an in 

vivo model (35). Another study, which used an arterial thrombolysis model, showed that 

potato tuber carboxypeptidase B inhibitor (PTCI), a specific TAFIa inhibitor, accelerates 

endogenous thrombolysis (36). 

 In addition to the role of TAFI in hemostasis, TAFI may have an important role 

during inflammation in the context of vascular injuries or infections. Formation of micro-

thrombi, deposition of fibrin in various organs as well as disseminated intravascular 

coagulation are common features observed in meningococcal infection (37), an infectious 

disease characterized by the inflammation of the meninges, and are features that affect a 

large proportion of the patients surviving lung fibrosis. Inhibition of fibrinolysis in these 

patients is believed to result in adverse outcome. A recent study suggested that increases 

in TAFIa activity in patients with meningococcal infection are associated with increases 

in mortality (37). The authors also hypothesized that the increased frequency of Ile at 

position 325 in non-survivor patients increased the number of death outcomes (37). A 

role for TAFI in inflammation is also suggested by the ability of TAFIa to cleave arginine 

residues from bradykinin, the anaphylatoxins, and thrombin-cleaved osteopontin in vitro 

and in vivo (38-40). Bradykinin has effects on the pulmonary and systemic arterial blood 

pressure as well as on vascular permeability. The anaphylatoxins C3a and C5a induce 

release of factors from mast cells causing inflammatory responses (e.g. histamine, 

cytokines), and mediate smooth muscle contraction, and platelet activation and 

aggregation (38). In addition, TAFI plays a role in regulation of excessive inflammation: 

injection of cobra venom factor (which activates and depletes almost all complement in 
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vivo), 6 hours following LPS injection, is lethal in homozygous TAFI-deficient mice 

(TAFI -/-), but not in heterozygous (TAFI +/-) and wild-type (TAFI +/+) mice (41). 

 There is substantial evidence that TAFI expression is regulated by inflammatory 

mediators. For example, plasma TAFI antigen levels are altered in several disease states 

that feature inflammation, such as Behcet’s disease and inflammatory bowel disease 

(42,43). Mild experimental endotoxemia in humans results in a decrease in plasma TAFI 

antigen levels (44). On the other hand, plasma TAFI antigen levels and hepatic CPB2 (the 

gene encoding TAFI) mRNA abundance were shown to increase in a mouse model of 

acute phase inflammation in which the animals were subjected to injection of 

lipopolysaccharide (LPS) (45). From in vitro studies carried out in our laboratory, 

inflammatory mediators appeared to regulate CPB2 expression, although the effects were 

different. As detailed below, we have shown that inflammatory cytokines reduce CPB2 

expression in HepG2 (human hepatoma) cells, while glucocorticoids, which have anti-

inflammatory properties, induce CPB2 mRNA abundance and promoter activity by 2-fold 

(46). The TAFI pathway may function in inflammation either to directly modulate the 

activity of inflammatory mediators (such as the anaphylatoxins and bradykinin) or to 

control the deposition of fibrin, which acts to isolate areas of bacterial infection as well as 

to modulate the migration of inflammatory cells. Presumably, regulation of CPB2 

expression in the setting of inflammation has some regulatory role with respect to this 

pathway. Accordingly, it can be hypothesized that the TAFI pathway may play distinct 

roles in host defense in human versus mice. 

 The TAFI pathway appears to play a role in wound healing as revealed by studies 

performed in TAFI -/- mice (47). The mice reproduce, grow and develop normally, 
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suggesting that the lack of TAFI is not lethal. Additionally, no overt bleeding tendency 

was observed. Wound healing, however, was compromised in the TAFI-deficient animals: 

excisional cutaneous wound healing  was completed in 89 % and 100 % of the control 

mice on days 4 and 7 after wounding, respectively, but in only 38 % and 63 % of the 

TAFI -/- mice on days 4 and 7 after wounding, respectively (48). Healing of colonic 

anastomoses was also impaired, as reflected by the decrease in the strength of the tissue 

at the site of the suture. Notably, TAFI -/- mice that had undergone colonic anastomosis 

surgery showed increased weight loss, increased mortality, peritonitis, mesenterial 

thrombosis and ischemia. The mechanism underlying the impaired cutaneous wound 

healing in TAFI -/- mice likely reflects the ability of TAFI to down-regulate plasmin 

formation and hence fibrin breakdown; fibrin is an essential element of the provisional 

matrix that allows fibroblasts to migrate into the wound site (49). On the other hand, the 

mechanisms by which the TAFI pathway contributes to the healing of colonic 

anastomoses remains to be determined. It is notable, however, that plasmin is important 

for wound repair processes such as extracellular matrix remodeling, cell migration and 

angiogenesis, all of which are relevant to anastomosis healing (49). 

 As reported in a recent study, TAFI may also play a role in the development of 

lung fibrosis in mice (50). Lung fibrosis is characterized by an increased proliferation of 

fibroblast and collagen-containing cells, as well as excessive accumulation of 

extracellular matrix in the lung. Decreased fibrinolytic activity in the alveoli plays a 

fundamental role in the development of fibrosis in the lung. Plasmin promotes 

extracellular matrix degradation by directly degrading a number of extracellular matrix 

macromolecules. As such, decreased degradation of extracellular matrix may occur due 
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to an impaired fibrinolytic pathway, resulting from aberrant plasmin activity. When the 

investigators compared bleomycin-induced lung fibrosis in TAFI -/-, +/-, and +/+ mice, 

they observed that the anti-fibrinolytic activity of TAFI promotes lung fibrosis and 

reduces the rate of fibrin degradation. 

 

1.5 Association of TAFI with Cardiovascular Diseases 

 Elevated plasma TAFI levels (higher than the 90th percentile (odds ratio, 1.7; 

P<0.05)) have been associated with a nearly 2-fold increased risk of deep vein thrombosis 

(DVT) in the Leiden Thrombophilia Study (LETS) (51). The LETS is a population-based 

case-control study of 474 DVT patients and 474 healthy control subjects who matched 

for age and sex; TAFI antigen levels were measured using electroimmunodiffusion assay 

(with a monoclonal antibody against TAFI) and compared to a plasma-pool of TAFI from 

64 healthy donors. Another study evaluated the possibility that TAFI is a risk factor for 

recurrence of venous thromboembolism (VTE) (52). In this study, 600 patients with a 

first VTE were selected from the Austrian Study on Recurrent Venous 

Thromboembolism (AUREC). The AUREC is an ongoing, prospective, multicenter 

cohort study investigating risk factors for recurrent VTE. The results showed that high 

TAFI levels (over the 75th percentile in thrombosis patients) were associated with a 2-fold 

higher risk for recurrence of VTE compared with patients with lower levels of TAFI. 

 The role of TAFI in ischemic stroke has been described extensively in the 

literature (53-55). Indeed, elevated TAFI levels were recently associated with an 

increased risk of ischemic stroke (55). In this study, TAFI levels were measured in 124 

patients with a recent ischemic stroke and in 125 age- and sex-matched controls. 
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Functional TAFI levels, defined as TAFI-related differences in clot lysis time (CLT) in 

the absence or presence of a specific TAFIa inhibitor (PCI), were higher in patients 

versus controls (19.5 ± 4.2 vs. 17.7 ± 3.7 min, P < 0.005). Individuals with functional 

TAFI levels in the highest quartile had a 4-fold increased risk (P < 0.05) of ischemic 

stroke compared with the lowest quartile. 

 There are contradictory results concerning the association of plasma TAFI levels 

and the incidence of acute coronary artery disease (CAD). On one hand, the possible 

association of plasma TAFI levels with CAD was investigated in 44 consecutive patients 

admitted to the Coronary Care Unit at the University of Florence and in a group of 44 

healthy controls, matched for age and sex (54). Results showed no differences between 

TAFI levels (either activity or antigen levels) between patients and controls, suggesting 

that there are no changes in plasma TAFI levels in patients with CAD. On the other hand, 

functional plasma TAFI levels were measured in 174 patients admitted to the Cardiology 

Unit with a diagnosis of acute CAD and 211 healthy controls (55). The results showed 

that high functional TAFI levels in plasma (above the 90th percentile) increased the risk 

of acute CAD by nearly 4-fold, suggesting the functional TAFI levels are a significant 

risk factor for the development of acute CAD. The contradictory results of these two 

studies may reside in the different TAFI assays used, ELISA detection kit in the first 

study compared to a TAFI activity assay in the second study. The collection and handling 

of samples may also have contributed to the discrepancy observed. In a large prospective 

study conducted in France and Northern Ireland, no association between plasma TAFI 

antigen concentrations and incidence of coronary events was found. Interestingly, a 

CPB2 polymorphism associated with higher TAFI concentrations were more frequent in 
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cases in France, but more frequent in controls in Northern Ireland (56). Clearly, 

determination of the definitive role of TAFI in acute CAD will require further clinical 

studies. 

 Plasma TAFI levels were also associated with increased rate of restenosis in a 

single-center post-operative study including 159 patients with stable angina who had 

undergone percutaneous transluminal coronary angioplasty (PTCA) or stenting of the 

coronary artery (57). Indeed, the rates of restenosis for patients with pre-procedural TAFI 

levels in the upper tertile were 2-fold higher than for patients in the lower tertile. Plasma 

TAFI antigen levels were measured using ELISA; TAFI levels were expressed as a 

percentage of a plasma pool of TAFI from 30 healthy donors. A follow-up of this study 

(58) showed that the Thr325Ile variant in the TAFI protein, which alters the 

antifibrinolytic potential of the corresponding TAFIa (see above) was significantly 

related to the pre-procedural plasma TAFI antigen levels in the same group of 159 

patients subjected to PTCA. Interestingly, the T/T allele (Ile/Ile) was associated with 

lower plasma TAFI levels, and therefore lower restenosis rates despite the greater 

stability of the Ile isoform. The role of TAFI in restenosis may be linked to the effects of 

the fibrinolytic pathway on several processes that are involved in restenosis such as tissue 

remodeling and cell migration that occur following arterial injury. However, the plasma 

TAFI antigen levels in the T/T group corresponded to a small number of patients due to 

the low occurrence of that particular genotype. Therefore, larger studies need to be 

conducted in order to confirm these findings. 
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1.6 Variation in Plasma TAFI Levels 

 There is a large inter-individual variation in plasma TAFI antigen levels in the 

human population and elevated plasma TAFI levels have been hypothesized to be a risk 

factor for the development of thrombotic and atherothrombotic diseases. Plasma TAFI 

concentrations vary in the human population between 50 % and 150 % of the mean value 

and only 25 percent of this variability can be explained by genetic factors such as SNPs 

(59). Additionally, common cardiovascular risk factors were shown not to be associated 

with plasma TAFI antigen levels variability (60). For example, in one study in which 

plasma TAFI antigen concentrations were measured by ELISA, the only significant 

contributor to the variation of TAFI antigen levels in men was waist-hip ratio (explained 

2 % of the variation) and the only significant contributor in women was age (explained 3 

% of the variation) (60). In another study, functional TAFI levels were measured in a 

Spanish population of 303 individuals, it was found that age and hypercholesterolemia 

were both associated with small differences in TAFI antigen levels in women; no other 

significant contributors to the variation of TAFI antigen levels were found in both 

genders (61). Taken together these results suggest a role for the regulation of CPB2 

through modulation of gene expression, since 75 % of the variation in plasma TAFI 

antigen levels is epigenetic. As a matter of fact, TAFI levels have been shown to be 

influenced by sex hormones (62,63), disease states (e.g. renal disease (64,65), insulin 

resistance (66)), and inflammation (41,45,46), suggesting a role for steroid hormones and 

inflammatory mediators in regulating CPB2 expression. To date, however, the 

mechanisms of regulation of CPB2 expression remain largely unexplored. 
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1.7 Regulation of CPB2 Expression 

 Although it is not clear whether TAFI is a positive acute phase protein in humans 

like it is in mice, positive associations between TAFI expression and certain 

inflammatory markers have been observed. For example, TAFI has been shown to be 

positively correlated with C reactive protein (67,68). In this regard, we have previously 

reported that treatment of cultured HepG2 (human hepatoma) cells with the interleukins 

IL-6 + IL-1β in combination decreased CPB2 mRNA abundance by 60 % through a 

decrease in CPB2 mRNA stability (46). On the other hand, glucocorticoid analog 

treatment increased both CPB2 promoter activity and mRNA level in a dose dependent 

manner (46). The latter results led to the identification of a glucocorticoid response 

element (GRE) in the proximal CPB2 promoter (46). These findings provided evidence 

that plasma TAFI levels may be controlled through modulation of gene expression 

throughout the inflammation process. The association of TAFI concentrations with 

inflammatory mediators suggests that the glucocorticoid pathway may have a role in 

regulating plasma TAFI levels in the setting of chronic inflammatory conditions. 

 In addition to regulation at the transcriptional level, evidence has been presented 

that CPB2 expression can be regulated at the levels of CPB2 mRNA abundance by post-

transcriptional mechanisms. Research undertaken in our laboratory demonstrated the 

importance of CPB2 mRNA transcript stability in regulating CPB2 expression. Three 

different polyadenylation sites were identified in the 3’-untranslated region (3’-UTR) 

following nucleotides 1677, 1710 and 1836 (69). The stability of the corresponding 

transcripts was shown to decrease from the shortest to the longest transcript (70). It was 

reported that treatment with interleukin-1β (IL-1β) and interleukin-6 (IL-6) combined 
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resulted in a 2-fold decrease in the stability of the longest transcript. Moreover, the 

relative abundance of the longest transcript (versus the two shorter transcripts) increased 

1000-fold in the presence of IL-1β and IL-6, while in the absence of stimuli the longest 

transcript comprised only 1 % of the total CPB2 transcripts (70).  

 Plasma TAFI antigen levels have also been correlated with levels of sex hormones 

in a few recent studies. Plasma TAFI was assayed in 15 non-pregnant women and 176 

healthy pregnant women (62). The results showed that TAFI was higher in pregnant 

women, following an increasing trend until around 20 weeks of gestation, then remaining 

at steady high levels until delivery, and promptly decreasing after delivery. These results 

were supported by another study in which plasma TAFI was assayed in 152 pregnant 

women and 31 women in the immediate postpartum period (63). Compared with the 

mean TAFI levels at the beginning of gestation, levels peaked at 35-39 weeks then 

significantly dropped within 24 hours postpartum. Furthermore, the mean CLT also 

peaked at 35-39 weeks gestation and dropped after delivery. Increased CLT was 

significantly correlated with gestational age and could be abrogated in the presence of the 

TAFI inhibitor, potato carboxypeptidase inhibitor. In other studies, plasma TAFI 

concentrations have been shown to slightly rise with age in women but not in men, and 

are elevated in post-menopausal women compared to pre-menopausal women (60,67,71). 

In addition, plasma TAFI levels have been shown to be decreased by selective estrogen 

receptor modulators such as HMR 3339 (72) and raloxifene (73), as well as estradiol plus 

trimegestone (74), transdermal estradiol, and oral estradiol plus gestodene (74). On the 

other hand, some studies have reported minimal to no change in plasma TAFI levels in 

healthy postmenopausal women taking hormone therapy regimen consisting of raloxifene 
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or tamoxifen (75). Whether CPB2 expression undergoes hormone-dependent changes 

remains to be clarified, but collectively, these data provide a rationale for analyzing the 

effect of sex hormones on CPB2 expression. 

 

1.8 Structure of CPB2 

 CPB2 (the gene encoding TAFI) encompasses 48 kb and has been localized to the 

long arm of chromosome 13 (13q14.11) by fluorescence in situ hybridization (FISH) (76). 

The gene contains 11 exons and 10 introns (Ch 1, Figure 3). The exon sizes and the 

location of the exon-intron boundaries are very similar among several carboxypeptidases, 

including rat carboxypeptidases A1, A2, and B and the human mast cell 

procarboxypeptidase A [9], in keeping with the concept that these genes all arose from a 

common evolutionary ancestor. Primer extension analysis using human liver CPB2 poly-

(A)+ RNA revealed 9 major and 2 minor transcriptional start sites. The +1 position 

corresponds to the first nucleotide of the cDNA reported by Eaton and coworkers 

(GenBank accession number AF080222) (17). The initiator methionine codon is located 

18 nucleotides downstream of the +1 nucleotide (69). 
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Ch 1, Figure 3. Genomic Organization of the CPB2 and Location of Polymorphisms. 
The human gene encoding TAFI (CPB2) consists of 11 exons (1, 2, 3A, 3B, 4-10) 
distributed along approximately 48 kb of genomic DNA. Shown above the broken lines 
between the exons are the intron lengths. Sixteen single nucleotide polymorphisms in 
CPB2 have been identified in the human population of which ten are in the 5’-flanking 
region, three are in the coding regions, and three are in the 3’-flanking region 
(corresponding to the 3’-untranslated region (3’-UTR)) of the CPB2 mRNA transcript. Of 
the polymorphisms in the coding regions, two result in amino acid substitutions while one 
is a silent mutation. All of the SNPs display a high degree of linkage disequilibrium with 
each other and all are significantly associated with variation in plasma TAFI antigen 
levels. The Thr/Ile substitution at position 325 is a functional variant as TAFIa bearing 
the Ile has a two-fold increased intrinsic stability as well as an increased antifibrinolytic 
potential. None of the SNPs in the 5’-flanking region result in changes in CPB2 
transcription, but the SNPs in the 3’-UTR may alter CPB2 mRNA abundance through an 
effect on mRNA stability. 
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 Further characterization of the 5’-flanking region indicates the absence of a 

TATA box, which is also observed in other coagulation factor genes including Factors 

VII, IX, X, XII and protein C [9]. The lack of a functional TATA box is presumably 

replaced by interactions of transcription factors within the promoter sequence. Those 

transcription factors bind the promoter with weaker affinity and lower specificity, which 

results in a weaker-binding transcription initiation complex and multiple transcriptional 

start sites (69). 

 CPB2 contains several SNPs. Precisely, 10 in the 5’-flanking region, 3 in the 

coding region and 3 in the 3’-untranslated region (UTR) have been identified (2). 

Virtually all the SNPs are in strong linkage disequilibrium (LD) with each other, thus 

resulting in the existence of a limited number of haplotypes (four major haplotypes) in 

the human population, each of which is associated with variation in TAFI antigen levels 

(77-79). The strong LD complicates the identification of SNPs that might be directly 

linked to variations in TAFI levels, presumably through an effect on CPB2 expression. 

Interestingly, SNPs in the 5’-flanking region of the CPB2, either individually or in 

combination, have been shown to have no effect on  CPB2 promoter activity in vitro, 

suggesting that these polymorphisms do not directly contribute to the variation  in plasma 

TAFI antigen levels (77). On the other hand, all three tested SNPs in the 3’-untranslated 

region influenced CPB2 mRNA stability.  

 Two of the three SNPs found in the CPB2 3’-UTR (+1542 C/G and +1583 A/T) 

have been shown to be associated with plasma TAFI concentrations, while the SNP 

+1344 G/A has not been studied with respect to association with TAFI antigen 

concentrations. Nucleotides corresponding to SNPs were introduced either alone or in 
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combination based on the pattern of the major haplotypes reported by Henry and 

coworkers (79). The results showed that all the SNPs affect the mRNA stability of the 

construct, in a manner partially consistent with the effects of the haplotypes on plasma 

TAFI antigen levels. Taken together, these results suggest a causal link between the 

occurrences of the 3’-UTR SNPs and changes in CPB2 expression, hence TAFI antigen 

levels. However, the 3’-UTR polymorphisms are unlikely to be the only explanation for 

the observed genetic variation in TAFI plasma levels [36]. The identity of presumptive 

SNPs that contribute to the remainder of the genetic variation in plasma TAFI antigen 

concentrations is not yet known.  

 

1.9 Properties of the CPB2 Promoter 

 Previous studies from our laboratory have localized the minimal CPB2 promoter 

within the 5’-flanking region of the CPB2 on transcriptional activity. The evidence is 

based on luciferase reporter plasmids containing progressive deletions of the 5’-flanking 

region that were transfected into HepG2 (human hepatoma), HeLa (human cervical 

carcinoma), and 293 (human embryonic kidney) cells. The results highlighted a markedly 

higher activity (~10-fold) in HepG2 cells when compared to the promoterless plasmid 

pGL3 Basic (69), demonstrating the capability of the 5’-flanking region to mediate 

transcription of CPB2 in hepatic cells. Notably, deletion of the region corresponding to 

nucleotides -141 through -73 abolished promoter activity (69), revealing this region to 

contain sequences essential for the transcriptional activity of CPB2 in hepatic cells. 

 Several liver-specific and/or liver-enriched transcription factors have been shown 

to regulate the transcription of a number of coagulation factor genes expressed in the liver, 
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including the Factor VII, Factor X, Factor IX and PC genes (69). A sample of these 

transcription factors would include HNF-1 (hepatic nuclear factor 1), HNF-3, HNF-4, 

C/EBP (CCAAT/enhancer-binding protein), and HLF (hepatic leukemia factor) (80-85). 

Liver specific expression of TAFI likely resides in a specific pattern of regulation 

exhibited by transcription factors that bind in the proximal 5’-flanking region of CPB2. 

Some of these factors have been identified in previous studies by our group, including a 

C/EBP (CCAAT/enhancer-binding-protein) binding site (86) and a glucocorticoid 

response element (GRE) (46). C/EBP (87) is a family of transcription factors with tissue-

specific expression patterns that play a key role in regulating tissue-specific gene 

expression. In liver, the C/EBPα and C/EBPβ isoforms are constitutively expressed while 

C/EBPδ is upregulated by certain inflammatory stimuli. We showed that all three of these 

isoforms are capable of binding to, and enhancing transcription through, the C/EBP site 

in the CPB2 promoter. However, ablation of the C/EBP binding site did not completely 

abolish transcription of the CPB2 promoter in HepG2 cells. Therefore, additional liver-

specific transcription factors are likely to participate in regulating CPB2 expression in 

this organ. 

 

1.10 Rationale, Hypothesis, and Objectives 

 The expression of CPB2 is likely regulated through the binding of transcription 

factors to the promoter. Nuclear receptors or tissue-specific factors may be the key 

components for the liver-specific expression of TAFI and the regulation of TAFI by 

hormonal, inflammatory, and other stimuli. An investigation of transcription factor 

binding sites within the CPB2 promoter should reveal important sequences for the 
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expression of TAFI in HepG2 cells. Regulation of CPB2 expression may have 

considerable implications for hemostasis, inflammation, and other processes in both 

health and disease. Understanding the molecular mechanisms underlying regulation of 

CPB2 expression will help to explain some of the clinical data showing changes in 

plasma TAFI levels in disease states and in response to hormonal stimuli. This, in turn, 

may help to reveal how regulation of CPB2 expression influences the functioning of the 

TAFI pathway. Therefore, analysis of the mechanisms underlying regulation of CPB2 

expression is an important research goal. 

 The following hypotheses arose from the above rationale: 1) the promoter arbors 

critical elements for CBP2 expression in liver cells, 2) CBP2 expression can be 

modulated by female sex hormones progesterone and estrogen and 3) mouse CPB2 (Cpb2) 

expression is regulated differently by cytokines compared to human. 

 Three main objectives evolved for this project. The first was to characterize the 

CPB2 promoter and transcription factor important for the basal transcriptional activity. 

The second was to assess the effect of female sex hormone on the regulation of CPB2. 

The final objective was to describe the regulation of Cpb2 by inflammatory mediators. 
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Chapter 2: Molecular Analysis of the TAFI Gene Promoter 

2.1 Statement of Co-authorship 

 This manuscript has been published in the British Journal of Haematology (1). 

The authors are Mathieu Garand, Nazareth Bastajian, Michael E. Nesheim, Michael B. 

Boffa, and Marlys L. Koschinsky. The data in Figures 1-4 and 5A were collected by 

Nazareth Bastajian. All remaining data were collected by me. All sections of the 

manuscript were written by me. Dr. Boffa, Dr. Koschinsky and I were involved in the 

editing of the manuscript. 

 

2.2 Abstract 

 Thrombin-activable fibrinolysis inhibitor (TAFI) is a carboxypeptidase B-like 

pro-enzyme that, once activated, attenuates fibrinolysis. Little is presently known of the 

factors that regulate expression of CPB2, the gene encoding TAFI. In this study, we 

report the identification of 10 potential transcription factor binding sites (denoted A – J) 

within the proximal promoter region of CPB2, spanning nucleotides -425 to +21; two of 

these represent previously-described binding sites for CCAAT/enhancer binding protein 

and glucocorticoid receptor. We identified additional transcription factors that bind 

within the proximal CPB2 promoter, namely, nuclear factor-Y (NF-Y) and hepatocyte 

nuclear factor-1α (HNF-1α). Binding of NF-Y to the region between nucleotides -76 to -

59 (Site B) is important for basal CPB2 promoter activity; NF-Y may be a key factor for 

the recruitment of the transcriptional machinery to the CPB2 promoter. HNF-1α binds at 

the interface between Sites C and B. Transient transfections of CPB2 promoter-reporter 

 31



constructs showed that HNF-1α binding is essential for the activity of this promoter in 

HepG2 cells, indicating that HNF-1α is involved in the liver-specific expression of CPB2. 

 

2.3 Introduction 

 Thrombin-activable fibrinolysis inhibitor (TAFI; HUGO gene name CPB2) is a 

carboxypeptidase B-like proenzyme that, upon activation by plasmin, thrombin or the 

thrombin/thrombomodulin complex, attenuates fibrinolysis (see (2,3) for recent reviews). 

TAFI is also known as CPU (“unstable” carboxypeptidase) (4,5), CPR (“R” for arginine) 

(6) and plasma procarboxypeptidase B (based on its resemblance to the pancreatic 

carboxypeptidase B) (7). The removal of carboxyl-terminal lysine residues from partially 

degraded fibrin by TAFIa inhibits positive feedback in the fibrinolytic cascade, and thus 

attenuates fibrinolysis (2,3). Therefore, TAFI acts as a molecular link between the 

processes of blood coagulation and fibrinolysis, and likely plays an important role in 

maintaining the balance between these two systems in vivo. In addition to hemostasis, 

TAFI has been implicated as a modulator of inflammation; TAFIa has been shown to 

cleave arginine residues from bradykinin and anaphylatoxins in vitro and in vivo (8-11).  

 The human gene encoding TAFI, CPB2, encompasses 48 kb within the long arm 

of chromosome 13 (12), and contains 11 exons and 10 introns, and the CPB2 promoter 

has been identified and partially characterized (13). CPB2 is primarily expressed in the 

liver, contributing to the plasma pool of TAFI. TAFI has also been identified in platelets; 

this pool likely arises from expression of CPB2 in megakaryocytes rather than from 

uptake of TAFI into platelets from the plasma compartment (14). There is also evidence 

of CPB2 expression in adipocytes and endothelial cells (15). 

 32



 There is significant inter-individual variation in plasma concentrations of TAFI in 

the human population (reviewed in (16)) and elevated plasma TAFI levels have been 

hypothesized to be a risk factor for the development of thrombotic and atherothrombotic 

diseases such as deep venous thrombosis (17,18), ischemic stroke (19-21) and coronary 

artery disease (22). Plasma TAFI concentrations vary in the human population between 

50 % and 150 % of the mean population value and only 25 % of this variability can be 

explained by sequence variations such as single nucleotide polymorphisms (SNPs) in 

CPB2 itself (23). These results suggest a role for the regulation of CPB2 through 

modulation of gene expression. In fact, TAFI levels have been shown to be influenced by 

sex hormones (24,25), disease states (e.g. renal disease (26,27) and insulin resistance 

(15,28)), and inflammation (29,30), suggesting a role for steroid hormones and 

inflammatory mediators in regulating CPB2 expression. To date, however, the 

mechanisms of regulation of CPB2 expression remain largely unexplored. Our own 

studies of the CPB2 promoter have revealed the presence of a functional 

CCAAT/enhancer binding protein (C/EBP) site, which may play a role in restricting 

TAFI expression to certain tissues (31). In addition, we have shown that CPB2 promoter 

activity is upregulated by glucocorticoids and have identified a functional glucocorticoid 

responsive element in the CPB2 promoter (32). 

 In order to enhance our understanding of the mechanism of CPB2 gene regulation, 

we describe in the current study the dissection of the proximal promoter region of CPB2 

(spanning nucleotides -425 to +21; the numbering is as per (13)). In order to elucidate the 

transcription factor binding site architecture of the proximal promoter, we studied the 

binding of hepatic transcription factors to this region of the promoter using DNaseI 
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footprinting analysis. We identified ten potential transcription factor binding sites 

designated A to J, with Site A being the closest to the initiator methionine codon. The 

previously described regions corresponding to  -52 to -36 and -92 to -79 that bind C/EBP 

and glucocorticoid receptor (GR) correspond to Sites A and C, respectively. Using 

electrophoretic mobility shift assays (EMSAs), we demonstrated that nuclear factor-Y 

(NF-Y) binds to Site B and hepatocyte nuclear factor-1α (HNF-1α) binds at the interface 

between Sites C and B. We show that both of these factors, particularly HNF-1α, play a 

critical role in mediating basal CPB2 promoter activity in hepatic cells. 
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2.4 Experimental Procedures 

2.4.1 DNaseI Footprint Analysis 

 In order to provide full coverage of the CPB2 proximal promoter region, 

nucleotides -425 to +21, Probes I, II, III and IV were constructed from TAFI[-620]-luc, 

TAFI[-236]-luc, TAFI[-1128]-luc and TAFI[-417]-luc plasmids, respectively (13) 

(Figure 1). All probes were prepared in a manner similar to what we have previously 

described (31) with the following modifications for Probes II, III and IV. Probe III was 

produced with the restriction enzymes SacI and XbaI, and was labeled at the 3’- (XbaI) 

end with [α32P]-dCTP using Klenow (New England Biolabs, Pickering, Ontario, Canada). 

Probe II was produced in three sequential steps: (i) digestion of the plasmid with XbaI; (ii) 

labeling of both XbaI ends (one of which is present at -236 and one of which is present in 

the vector sequence downstream of the promoter) with [α32P]-dCTP; and (iii) digestion 

of the labeled fragment with HindIII followed by isolation of the appropriate 

asymmetrically end-labeled subfragment. Probe IV was produced in the same manner as 

Probe II except that the initial digestion of TAFI[-417]-luc was performed with EcoRI 

and SphI (vector-derived sites flanking the CPB2 5’-flanking region insert), and XbaI was 

used for the post-labeling digestion. Probe V was constructed from TAFI[-417]-luc 

(either the wild-type plasmid or containing the M1 mutation; see below) in  a manner 

similar to Probe I, as previously decribed (31). DNaseI footprint analyses were performed 

as described (31) except that rat liver nuclear extract (Active Motif, Carlsbad, CA) was 

used in all footprint reactions. Maxam-Gilbert sequencing reactions were performed on 

the respective probes as previously described (31), and these were electrophoresed 

alongside the footprinting reactions. 
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Ch 2, Figure 1. Probes Used for DNaseI Footprint Analyses. Four probes were used to 
map the transcription factor binding sites within the CPB2 proximal promoter region 
between approximately -425 and +21, where +1 position corresponds to one of the 
published transcription start sites (13). Each probe was constructed from different 
plasmids, as described in Experimental Procedures. The labeling strategy allowed full 
coverage of the CPB2 5’-flanking region up to -425. The asterisk indicates the 32P-
labeled end. An additional probe (Probe V) was constructed that contained either the 
wild-type sequence or a substitution of five nucleotides (the M1 Site B mutation; -70 to -
66) in one of the transcription factor binding sites (arrow). 
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2.4.2 Reporter Plasmids 

 The CPB2 promoter-reporter luciferase plasmid, TAFI[-1128]-luc, has been 

previously described (13). Variants of this vector were produced using the QuikChange 

Site-directed Mutagenesis Kit (Stratagene, La Jolla, CA). DNA sequencing analysis was 

performed to verify the presence of the mutated nucleotides. 

 

2.4.3 Reporter Gene Assays 

 HepG2 cells (33) were grown in minimal essential medium (MEM) supplemented 

with 10 % fetal bovine serum (American Type Culture Collection, Manassas, VA) and 1 

% antibiotic-antimycotic (10 units/mL penicillin G sodium, 10 μg/mL streptomycin 

sulfate, and 25 ng/mL amphotericin B) (Invitrogen, Burlington, Ontario, Canada). Cells 

were maintained in a humidified 37 °C incubator under a 95 % air, 5 % CO2 atmosphere. 

For luciferase reporter gene assays, HepG2 cells were grown in 6-well plates (Corning, 

Lowell, MA) and transfected using calcium phosphate co-precipitation (34). Cells 

received 4.5 μg of luciferase reporter plasmid as well as 2 μg of β-galactosidase (RSV-

βgal) as an internal control plasmid for transfection and harvesting efficiency (35). After 

exposure to the precipitate for 5-6 hours, the cells were washed three times with 

phosphate-buffered saline, given fresh normal medium, and then incubated for an 

additional 24 h prior to cytoplasmic extract preparations. Cytoplasmic extracts were 

prepared using a Triton/glycylglycine lysis buffer (1 % Triton X-100, 25 mM 

glycylglycine pH 7.8, 15 mM MgSO4, 4 mM EGTA, 1 mM dithiothreitol) and luciferase 

and β-galactosidase assays were performed on these extracts as previously described (13). 

The relative luciferase activity for each sample is defined as the luciferase activity per 
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unit of β-galactosidase activity per unit volume of cell extract (13). Each transfection 

reaction was done in triplicate. 

 

2.4.4 Bioinformatics 

 Sequences corresponding to binding sites identified by DNaseI footprint analyses 

were searched against the TRANSFAC 7.0 public transcription factor database in order to 

determine potential transcription factors for each site; the AliBaba2 program (www.gene-

regulation.com/pub/programs/alibaba2) was used for the database searching. In order to 

obtain additional evidence that a particular transcription factor potentially binds the 

region identified using AliBaba2, we also searched the TRANSFAC 7.0 public database 

(http://www.gene-regulation.com/cgi-bin/pub/databases/transfac) for matrices of aligned 

binding sequences corresponding to the particular factor and then compared the matrix to 

the CPB2 promoter sequence by inspection. 

 

2.4.5 Electrophoresis Mobility Shift Assay (EMSA) 

 The complementary sets of oligonucleotides used in EMSAs were synthesized 

(Cortec DNA Service Laboratories Inc., Kingston, Ontario, Canada) such that each 

double-stranded DNA species has a 4-nucleotide overhang (Ch 2, Table 1). Mutant 

oligonucleotide pairs that were predicted to be unable to bind to the respective 

transcription factors were also synthesized, as well as a pair corresponding to a site in the 

human fibrinogen α chain gene promoter that has been shown to bind HNF-1 (hFibα) 

(36). NF-Y and HNF-1 consensus binding site oligonucleotide pairs were purchased from 

Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Anti-HNF-1α, anti-HNF-1β and anti-
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NF-Yb polyclonal antibodies used in supershift assays were also purchased from Santa 

Cruz Biotechnology Inc. 

 For labeling, annealed double-stranded binding sites (100 ng/μL final 

concentration) were incubated in a total volume of 20 μL, in a mixture containing 2 μL of 

Forward Reaction Buffer (Invitrogen), 5 units of Klenow (New England Biolabs), 200 ng 

of oligonucleotide for labeling, 20 μCi of [α32P]-dCTP (Amersham Biosciences, 

Piscataway, NJ), and 2 μL of 3 × 5 mM dNTPs (excluding dCTP) for 20-30 min. 

Following incubation, 100 μL of TEN50 (10 mM Tris pH 7.6, 0.1 mM EDTA, 50 mM 

NaCl) and 100 μL of chloroform-isoamyl alcohol (24:1) were added to the tube, and the 

reaction mixture was vortexed and briefly centrifuged. Unincorporated label was 

removed using G50 Sephadex beads (Amersham Biosciences), and Micro-Spin 

chromatography Columns (Bio-Rad). The Micro-Spin column containing the beads was 

stacked by centrifugation at 1000 rpm for 1 min at which point the probe mixture was 

added; the probe was eluted by centrifugation at 1000 rpm for 1 min. In order to prepare 

unlabeled competitor binding sites, sense and antisense oligonucleotides corresponding to 

the respective sites were annealed in equimolar amounts. 

 Binding reactions were prepared that contained (added in the order listed) binding 

Buffer A (250 mM HEPES pH 7.6, 50 mM MgCl2, 340 mM KCl, 2 mM dithiothreitol) or 

binding Buffer B (250 mM HEPES pH 7.6, 50 mM MgCl2, 340 mM KCl, 10 % (v/v) 

glycerol, 2 mM dithiothreitol), 1 μg of poly(dIdC)·(dIdC) (Amersham Biosciences), 

unlabeled competitor (10-, 20-, 25-, 50- or 100-fold molar excess) where applicable, 5 μg 

of rat liver nuclear extract (Active Motif) and 1.2 ng of radiolabeled probe (~14,000 cpm). 

The binding reactions were incubated at 4 °C for 15-30 min prior to electrophoresis. In 
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some cases, 1.0-3.0 μL of rabbit polyclonal antibody (2 μg/μL) was added to reactions 

containing all components except for the probe and incubation was carried out for 10-30 

min at 4°C before addition of probe. All samples were loaded onto non-denaturing 3.5 % 

- 5.0 % polyacrylamide gels (in some cases containing 5 % glycerol) in 0.25X Tris-

borate-EDTA (0.25 M Tris pH 7.6, 0.25 M boric acid, 0.5 mM EDTA) that had been pre-

electrophoresed at 250 V for 30 min at 4 °C. Electrophoresis was continued for 3-6 hours 

at 160-300 V at 4 °C, at which time the gel was fixed for 20 min in methanol-acetic acid 

(3:1), dried for ~1 hour, and exposed to film (BioMax MS Film; Kodak, New Haven, CT) 

for 4-24 hours. 
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Ch 2, Table I. Oligonucleotides Used for Electrophoretic Mobility Shift Assays. 

Shown are the sense strand sequences of the double-stranded oligonucleotides used for 
EMSAs (both labeled probes and unlabeled competitors). Substitutions relative to the 
wild-type CPB2 promoter sequence are underlined. The nucleotides in lower case are 
those added as 5’-extensions for the purpose of end-labeling the probes. 
 
 

 

catgCACAGGAACAAGAGGGAACATGCC
AGCTTATTTTAACC4mis+Wt

gatcAGGACAAAGCCAATGATTAACCAhFibα

GTTAATGATTAACHNF-1 consensus

catgCACAGGAACAAGAGGGACAGTGCC
GTTATATTTTAACCMutant Site C

catgCACAGGAACAAGAGGGAACATGCC
GTTATATTTTAACCWt Site C

AAGAGATTACCGTATTTCGTACGGTCTMutant NF-Y

AAGAGATTAACCAATCACGTACGGTCTNF-Y consensus

ctgcTTTTAAAACCGGTGTAAAM1 Site B

ctgcTTTTAACCAGTGTGTAAAWt Site B

SequenceName

catgCACAGGAACAAGAGGGAACATGCC
AGCTTATTTTAACC4mis+Wt

gatcAGGACAAAGCCAATGATTAACCAhFibα

GTTAATGATTAACHNF-1 consensus

catgCACAGGAACAAGAGGGACAGTGCC
GTTATATTTTAACCMutant Site C

catgCACAGGAACAAGAGGGAACATGCC
GTTATATTTTAACCWt Site C

AAGAGATTACCGTATTTCGTACGGTCTMutant NF-Y

AAGAGATTAACCAATCACGTACGGTCTNF-Y consensus

ctgcTTTTAAAACCGGTGTAAAM1 Site B

ctgcTTTTAACCAGTGTGTAAAWt Site B

SequenceName

 

 

 

 

 

 

 

 

 

 41



2.5 Results 

2.5.1 Characterization of the Transcription Factor Binding Sites within the CPB2 

Proximal Promoter  

 In order to identify transcription factors that may regulate expression of CPB2 in 

the liver, we subjected the 5’-flanking region spanning from -425 to +21 to DNaseI 

footprinting analysis. Crude rat liver nuclear extracts were used since they would be 

expected to contain liver-expressed transcription factors relevant for CPB2 gene 

expression. The DNaseI footprinting analyses revealed ten potential transcription factor 

binding sites noted in alphabetical order from A to J, with A being the closest to the 

initiator methionine codon. 

 Figure 2A (Ch 2) shows the digestion of Probe I by DNaseI in the presence of 

increasing amount of rat liver nuclear extract. Using this probe, transcription factor 

binding sites close to the sites of transcription initiation were revealed. Transcription 

factor binding is evidenced by a decreased intensity of bands in a particular region of the 

gel, owing to protection from cleavage by DNaseI by protein binding; the location of the 

protected regions was mapped by electrophoresing Maxam-Gilbert sequencing reactions 

of the identical labeled fragment alongside the footprinting reactions. Sites A, B, C, and 

D were clearly identified when compared to the degradation pattern of the control lane, 

which represented digestion of the DNA probe by DNaseI in the absence of nuclear 

extract (Ch 2, Figure 2A). Of note is a particular hypersensitive site (HS) representing 

enhanced cleavage by DNaseI in the presence of bound transcription factor at site D. A 

footprint corresponding to a putative Site E is discernable upstream of Site D. 
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 In order to verify the presence of Site E, a fragment end-labeled using the XbaI 

site at -236 was employed (Probe II; Ch 2, Figure 1). Sites B, C, D, and E are all readily 

identifiable by comparison to the degradation pattern in the control lanes (Ch 2, Figure 

2B). Sites B, C, and D were localized to the same position as in Fig 2A as assessed by 

Maxam-Gilbert sequencing (data not shown). Site E was mapped to the region spanning 

nucleotides -181 to -155, and an HS is located at its upstream margin (Ch 2, Figure 2B). 

 In order to identify transcription factor binding sites further upstream, Probe IV 

was prepared which is end-labeled at an upstream vector-derived EcoRI site (Ch 2, 

Figure 1). Sites G and H were clearly identified when compared to the degradation 

pattern of the control lane (Ch 2, Figure 3A) while the boundaries of a putative Site F, 

downstream of Site G, could not be clearly discerned. In order to resolve the location of 

Site F, we performed a longer electrophoresis of the Probe IV DNaseI digestion (Ch 2, 

Figure 3B). Site F was localized to the region extending from nucleotides -253 to -291. 

 Potential binding sites furthest upstream in the region analyzed were identified 

using Probe III (Ch 2, Figure 4). Using this probe, the locations of Sites G and H were 

mapped to the same locations as was observed using Probe IV. Three HS were identified, 

at the downstream margins of Sites G, I and J. 
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Ch 2, Figure 2. DNase I Footprint Analysis of the CPB2 Promoter between -200 and 
-30 Reveals Five Distinct Transcription Factor Binding Sites A through E. DNaseI 
footprint analysis was performed using Probes I and II (see Fig 1). All footprinting 
reaction mixtures were treated with limiting quantities of DNase I, and the digestion 
products were resolved on a polyacrylamide/urea sequencing gel. DNaseI hypersensitive 
sites (37) are indicated to the left of the autoradiograms. Nucleotide positions in square 
brackets represent the boundaries of the probes used and are shown for orientation 
purpose only. Nucleotide positions in italics represent the approximate location of the 
band corresponding to that nucleotide on the autoradiogram. Panel A. Probe I was 
incubated in the absence (no NE) or presence of rat liver nuclear extracts (17.5 or 35 μg). 
The three leftmost lanes are Maxam-Gilbert sequencing reactions of the same probe 
fragment used for the footprinting, which were electrophoresed adjacent to the footprint 
reactions in order to map the observed transcription factor binding sites. The boundaries 
of Sites A through D are indicated on the right of the autoradiogram. The asterisk 
indicates the location of Site E that could not be clearly determined from this 
autoradiogram. Panel B. Probe II was incubated in the absence (no NE) or presence of rat 
liver nuclear extracts (8.8, 17.5 or 35 μg). The boundaries of Sites B through E are 
indicated on the right of the autoradiogram. 
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Ch 2, Figure 3.  DNaseI Footprinting between -350 and -250 of the CPB2 Promoter 
Reveals Three Additional Transcription Factor Binding Sites F through H. DNaseI 
footprint analysis was performed using Probe IV (see Fig 1) as described in the legend to 
Fig 2. Panel A. Probe IV was incubated in the absence (no NE) or presence of rat liver 
nuclear extracts (8.8, 17.5 or 35 μg). The boundaries of Sites G and H are indicated to the 
right of the autoradiogram. Site F (denoted with an asterisk) indicates a potential binding 
site; however the boundaries of this site cannot be clearly defined from this 
autoradiogram. Panel B. DNaseI footprinting reactions similar to those described in Panel 
A were performed (using 17.5 or 35 μg of rat liver nuclear extract) except that the 
electrophoresis was carried out for a longer period in order to clearly resolve the 
boundaries of Site F. Annotations of the autoradiograms are as described in the legend to 
Fig 2. 
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Ch 2, Figure 4.  DNaseI Footprinting Analysis between  -300 and -430 of the CPB2 
Promoter Reveals Four Distinct Transcription Factor Binding Sites G through J. 
DNaseI footprint analysis was performed using Probe III (see Fig 1) as described in the 
legend to Fig. 2. The probe was incubated in the absence (no NE) or presence of rat liver 
nuclear extracts (8.8, 17.5, or 35 μg). The boundaries of Sites G through H are indicated 
to the right of the autoradiogram. The hypersensitive sites (37) are indicated to the left of 
the autoradiogram. Autoradiogram annotations are as described in the legend to Fig 2. 
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2.5.2 NF-Y Binds to Site B 

 Within the Site B region (nucleotides -76 to -59), there is a stretch of five 

nucleotides (CCAGT) that resembles the core consensus sequence of the binding site for 

the constitutive transcription factors such as NF-Y (CCAAT). Thus, we speculated that 

mutation of those five nucleotides would impair transcription factor binding to Site B. To 

test this hypothesis we designed the M1 Site B mutation (CCAGT → AACCG). Using 

Probe V, the M1 Site B mutation decreased protection of the probe at Site B compared to 

the footprint performed with Probe V containing the wild-type Site B sequence (Wt Site 

B) (Figure 5A). This result suggested that the abolition of the apparent consensus NF-Y 

binding sequence found within Site B impaired the binding of transcription factors. 

Similarly, in EMSA using a radiolabeled Wt Site B probe (Ch 2, Table 1) and rat liver 

nuclear extracts, an excess of unlabeled competitor binding site corresponding to the M1 

Site B mutation (Ch 2, Table 1) showed a decreased ability to compete with the probe for 

transcription factor binding compared to unlabeled Wt Site B competitor (Ch 2, Figure 

5B).  

 Transcription factor database searches using the Alibaba2 program indicated Sp-1, 

HNF-1, and NF-Y as potential candidates for binding to Site B (nucleotides -76 to -59). 

To identify the bound transcription factor(s), EMSAs in the absence and in the presence 

of specific transcription factor antibodies were performed using the Wt Site B probe (Ch 

2, Figure 6). Similarly, no competition was observed when the Wt Site B probe was 

incubated in the presence of excess unlabeled oligonucleotides corresponding to hFibα 

HNF-1 binding site or the HNF-1 consensus sequence (data not shown). 
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Ch 2, Figure 5. Binding of a Factor to Site B Is Important for CPB2 Promoter 
Activity. Panel A. DNase I footprinting reactions were carried out using Mutant (M1 site 
B) and wild-type Site B (Wt site B) probes (Probe V: Ch 2, Figure 1) in the absence (no 
NE) or presence (8.8, 17.5 or 35 μg) of rat liver nuclear extract. Reactions were 
performed and autoradiograms annotated as described in the legend to Fig 2. Panel B. 
EMSA was performed using a 32P-labeled double-stranded oligonucleotide corresponding 
to the wild-type Site B (Wt Site B) sequence of the proximal CPB2 promoter. Reactions 
contained increasing amounts (10-, 20-, 50-, or 100-fold molar excess), as indicated, of 
unlabeled competitor corresponding to the Wt Site B (lanes 3-6) and mutant Site B (M1 
Site B) (lanes 8-11) oligonucleotides, or no competitor (-). All binding reactions 
contained Buffer B (see Experimental Procedures), were carried out for 15 min at 4 °C. 
Reactions were then subjected to electrophoresis on a non-denaturing 5 % 
polyacrylamide gel for 3 hours at 300 V, and at 4 °C. The bracket indicates the location 
of the DNA-protein low mobility complexes. 
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On the other hand, unlabeled binding site corresponding to the consensus NF-Y site (Ch 

2, Table 1) effectively competed for transcription factor binding to Site B (Ch 2, Figure 

6A); importantly, a mutant consensus NF-Y binding site (Ch 2, Table 1) was completely 

unable to compete for binding, unlike the M1 Site B mutant site, which competed albeit 

to a lesser extent than the wild-type sequence (Ch 2, Figure6A). 

 EMSA were performed using an anti-NF-Y antibody that recognizes subunit “b” 

(anti-NF-Yb) of the NF-Y heterotrimer (NF-Y a, b, or c). In the presence of anti-NF-Yb, 

a new band of very low mobility (super-shifted complex; SS) appeared on the gel (Ch 2, 

Figure 6B, lane 3). This super shifted complex was fully competed by unlabeled Wt Site 

B (Ch 2, Figure 6B, lanes 4-6) and NF-Y consensus competitors (Ch 2, Figure 6B, lanes 

10-12). The addition of unlabeled mutant NF-Y and M1 Site B competitors did not result 

in reduction in intensity of the band corresponding to the super-shifted complex (Ch 2, 

Figure 6B, lanes 7-9 and 13-15). Collectively, these data demonstrate that NF-Y is 

capable of binding to Site B of the CPB2 promoter in vitro. 

 

2.5.3 HNF-1α Binds to Site C 

Site C has been previously shown to contain a functional GRE (32). It is noteworthy that 

in our previous study, EMSAs demonstrating GR binding to Site C were performed with 

partially purified recombinant full-length human GR, rather than with rat liver nuclear 

extracts. Moreover, since the footprint analyses shown in the present study were carried 

out in the absence of glucocorticoid hormones, and since GR is present in very low 

amount in the nucleus (38), it is unlikely that GR accounts for the protection observed at 

this site. 
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Ch 2, Figure 6. NF-Y Is the Transcription Factor Binding to Site B. EMSAs were 
performed using a radiolabeled double-stranded oligonucleotide corresponding to the Wt 
Site B sequence of the CPB2 proximal promoter region. Panel A. Binding reactions were 
prepared in Buffer A, contained increasing amounts (10-, 20-, 50-, or 100-fold molar 
excess), as indicated, of unlabeled competitor corresponding to the Wt Site B (lanes 3-5), 
M1 Site B (lanes 6-8),  consensus NF-Y (NFY; lanes 9-11) and mutant consensus NF-Y 
(mNFY; lanes 12-14), or no competitor (-), and were carried out for 20 min at 4°C. 
Electrophoresis was carried out on a non-denaturing 4 % polyacrylamide gel for 3 hours 
at 300 V, and at 4 °C. Bracket and arrow indicate the positions of the DNA-protein low 
mobility complexes and the super-shifted complex (SS), respectively. Panel B. EMSA 
was performed as described in Panel A, but antibody against NF-Yb (4 μg) was added to 
the indicated reactions prior to addition of probe. 
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Transcription factor database searches identified HNF-1 as a potential transcription factor 

for binding to Site C. The binding of HNF-1 in this region may be relevant for the 

regulation of CPB2 by glucocorticoids and for the liver-restricted expression of CPB2. 

There are two different forms of HNF-1 (α and β) which share DNA binding specificity 

but have distinct expression patterns and physiological roles, with HNF-1α being the 

major form present in liver (39). Thus, we conducted EMSAs to determine whether HNF-

1α binds to Site C.  

 The data in Figure 7 show an intense complex of lower mobility formed from the 

Wt Site C probe incubated in the presence of rat liver nuclear extracts. This complex was 

effectively competed by unlabeled consensus HNF-1 binding site (lanes 3-4), unlabeled 

Wt Site C (lanes 5-6) and unlabeled hFibα binding site (lane 7-8) oligonucleotides (Ch 2, 

Table 1). Interestingly, a mutant form of Site C in which the GRE has been abolished 

(Mutant Site C; Ch 2, Table I) competed as effectively for transcription factor binding as 

the unlabeled Wt Site C (data not shown).  

 In order to directly demonstrate binding of HNF-1α to Site C, we performed 

EMSAs in the presence of antibodies against HNF-1α (Ch 2, Figure 8). A super-shifted 

complex of very low mobility was formed specifically in the presence of the anti-HNF-

1α antibody, and this complex was effectively competed by unlabeled Wt Site C or 

consensus HNF-1 binding sites (Ch 2, Figure 8). Collectively, these data clearly 

demonstrate that HNF-1α is capable of binding to Site C. 

 

 

 

 51



 

NS

1 2 3 4 5 6 7 8

H
N

F-
1

10
x

H
N

F-
1

10
0x

W
tS

ite
C

10
x

W
tS

ite
C

10
0x

NS

1 2 3 4 5 6 7 8

H
N

F-
1

10
x

H
N

F-
1

10
0x

W
tS

ite
C

10
x

W
tS

ite
C

10
0x

no
 N

E
- hF

ib
 1

0X
α

hF
ib

 1
00

X
α

 

 

 
 
 
 
Ch 2, Figure 7. HNF-1 Is the Transcription Factor Binding to Site C. EMSA was 
performed using a radiolabeled double-stranded oligonucleotide corresponding to the 
wild-type Site C (Wt Site C) sequence. Binding reactions were prepared in Buffer A, 
contained increasing amounts (10- or 100-fold molar excess), as indicated, of unlabeled 
competitor corresponding to the consensus HNF-1 (HNF-1; lanes 3,4), Wt Site C (lanes 
5,6), and hFibα (lanes 7,8) oligonucleotides, or no competitor (-), and were carried out 
for 15 min at room temperature. Electrophoresis was carried out on a non-denaturing 5.0 
% polyacrylamide gel for 3 hours at 180 V, and at 4 °C. The bracket indicates the 
location of the DNA-protein low mobility complexes; NS indicates the non-specific 
complex. 
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Ch 2, Figure 8. HNF-1 Is the Transcription Factor Binding to Site C. EMSA was 
performed using a radiolabeled double-stranded oligonucleotide corresponding to the 
wild-type Site C (Wt Site C) sequence. Binding reactions were prepared in Buffer A, 
contained increasing amounts (10-, 50-, or 100-fold molar excess), as indicated, of 
unlabeled competitor corresponding to Wt Site C (lanes 3-5; 10-12) and consensus HNF-
1 (HNF-1; lanes 6-8; 13-15) oligonucleotides, or no competitor (-), and were incubated 
for 15 min at room temperature. In some reactions, anti-HNF-1α (4 μg) antibody was 
added (lanes 9-15), which were then incubated for 30 min at 4 °C prior to addition of 
probe. Electrophoresis was carried out on a non-denaturing 3.5 % polyacrylamide gel for 
3.5 hours at 300 V, and at 4 °C. The bracket and arrow indicate the locations of the DNA-
proteins low mobility complexes and the super-shifted complex (SS) respectively. 
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2.5.4 The Binding of HNF-1 and NF-Y is Required for Basal CPB2 Promoter Activity 

We introduced the M1 Site B mutation (Ch 2, Figure 9A) into a CPB2 promoter-

luciferase reporter plasmid, in the context of the previously described TAFI[-1128]-luc 

construct (13). The mutant reporter plasmid was transiently transfected into HepG2 cells 

in order to assess the effect of the mutation on CPB2 promoter activity. The results (Ch 2, 

Figure 9B) show that the M1 Site B mutation decreases CPB2 promoter activity by nearly 

a factor of 3; however, some residual promoter activity remained that is substantially 

greater than the background luciferase activity resulting from the promoter-less reporter 

plasmid (pGL3 Basic; Ch 2, Figure 9B).  

 Progressive deletions of the 5’-flanking region of CPB2 have previously 

pinpointed a critical promoter sequence between nucleotides -80 and -73 (32). 

Interestingly, alignment of the CPB2 promoter with a HNF-1 consensus sequence matrix 

(obtained via search of the TRANSFAC database) reveals that the region possibly 

responsible for binding HNF-1 corresponds to a stretch of nucleotides linking Site C and 

Site B (NF-Y binding site) which comprises nucleotides -80 to -73 (Ch 2, Figure 9A). 

Thus, several mutations, which were expected to inhibit the interaction of HNF-1α with 

the CPB2 promoter, were introduced into CPB2 promoter-reporter plasmids for transient 

transfection analysis (Ch 2, Figure 9B). The result shows that mutation of nucleotides -82 

to -79 (GTTA→AGCT; 4mis+Wt) decreased the basal CPB2 promoter activity to a level 

only slightly greater than that observed from the promoter-less reporter plasmid. A 

reporter plasmid in which the HNF-1 and NF-Y mutations were combined (4mis+M1) 

had promoter activity indistinguishable from the promoter-less plasmid (Ch 2, Figure 9B). 

Importantly, the GTTA→AGCT mutations of nucleotides -82 to -79 also prevented the 
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corresponding unlabeled binding site from competing with labeled Wt Site C for binding 

to a factor (presumably HNF-1α; see above) in rat liver nuclear extracts (Ch 2, Figure 10). 

These data clearly demonstrate a key role for HNF-1α binding in mediating CPB2 

promoter activity in HepG2 cells. 
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Ch 2, Figure 9. Mutational Analysis of the Putative HNF-1 Binding Site. Panel A. 
Shown is the sense strand sequence of the CPB2 promoter region from -92 to -59 (A), 
including sequences of Site C and Site B and the consensus HNF-1 and NF-Y 
transcription factor binding site sequences (lowercase). “N” indicates that any nucleotide 
is accommodated in this position in the HNF-1 consensus sequence, while “W” indicates 
that either adenine or thymidine nucleotides are accommodated. The corresponding 
mutants of Site B, M1 (B) and M2 (C), are aligned below the CPB2 promoter sequence, 
as well as the 4mis+Wt (D) and 4mis+M1 (E) mutations. Panel B. HepG2 cells were 
transiently transfected, with the wild-type or mutant CPB2 promoter-reporter luciferase 
plasmids (corresponding to sequences A-E from Panel A) or with the empty luciferase 
reporter plasmid pGL3 Basic (denoted as F). The internal control plasmid RSV-βgal was 
also included in all transfections to correct for differences in transfection and harvesting 
efficiency. After 6 hours of incubation with the precipitate, cells were washed, provided 
with fresh medium and incubated for an additional 24 hours prior to preparation of 
cytoplasmic cell. Relative luciferase activities (mean ± standard deviation of three 
independent transfection reactions) are defined as luciferase activity per unit of β-
galactosidase activity per unit volume of cell extract. Statistically significant differences 
in promoter activity compared to pGL3 Basic are marked with an asterisk (P ≤ 0.01). 
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Ch 2, Figure 10. Nucleotides -82 to -79 Are Critical for Binding HNF-1. EMSA was 
performed using a radiolabeled double-stranded oligonucleotide corresponding to the 
wild-type Site C sequence (Wt Site C). Binding reactions were prepared in Buffer A, 
contained increasing amounts (10-, 25-, 50- or 100-fold molar excess), as indicated, of 
unlabeled competitor corresponding to the Wt Site C (lanes 3-6), and the 4mis+Wt (lanes 
7-10) oligonucleotides or no competitor (-), and were incubated for 15 min at room 
temperature. Electrophoresis was carried out on a non-denaturing 5.0 % polyacrylamide 
gel (containing 5 % glycerol) for 6 hours at 160 V, and at 4 °C. The bracket to the left of 
the autoradiogram indicates the location of the DNA-protein low mobility complexes. 
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2.6 Discussion 

 Many studies have shown that plasma concentrations of TAFI vary significantly 

in the population (16). However, the basis for this variation remains to be determined. 

There are a number of SNPs throughout CPB2, and all of these have been associated with 

variation in plasma TAFI concentrations (16,23,40,41). The mechanistic basis for these 

associations has yet to be definitively established. Although there are two SNPs within 

the proximal region of the 5’-flanking region examined by footprinting in the current 

study (-298 G/A and -152 A/G), it is interesting that both of these are clearly located in 

the regions between footprints (Ch 2, Figure 11), suggesting that they have no direct 

effect on transcription factor binding. This is in keeping with our findings that none of the 

5’-flanking region SNPs significantly affect CPB2 promoter activity as measured by 

transient transfection of luciferase reporter plasmids into HepG2 cells (42). 

 While plasma TAFI concentrations have been shown to be relatively unaffected 

by conventional risk factors for cardiovascular disease, a number of external stimuli have 

been implicated in control of plasma TAFI concentrations. Although TAFI has been 

demonstrated to be a positive acute phase protein in mice (43), plasma TAFI 

concentrations were reported to be decreased in human subjects receiving a low dose of 

bacterial lipopolysaccharide intravenously (29). In accordance with this finding, our own 

work using HepG2 cells has demonstrated that co-treatment of the cells with IL-1β and 

IL-6 results in a decrease in CPB2 mRNA abundance attributable to changes in the 

intrinsic stability and site of polyadenylation of the CPB2 mRNA (44). On the other hand, 

we have shown that the synthetic glucocorticoid dexamethasone induces CPB2 promoter 

activity via a GRE present within Site C (32). CPB2 expression is likely influenced by 
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sex steroids as plasma TAFI concentrations rise with age in women but not in men 

(17,45,46), several oral contraceptive and hormone replacement therapy modalities 

decrease plasma TAFI concentrations (47-50), and plasma TAFI concentrations rise 

during pregnancy and subsequently return to baseline levels following parturition 

(24,25,51). Changes in plasma TAFI concentrations are also seen in several disease states 

including Type II diabetes mellitus (52) and renal disease (53-55). Collectively, these 

results suggest an important role for the regulation of CPB2 expression in determination 

of plasma TAFI concentrations.  

 In the present study, we have demonstrated that the CPB2 proximal promoter 

contains 10 distinct binding sites for liver-expressed transcription factors. Transcription 

factor database analyses of the proximal promoter region (spanning nucleotides -425 to 

+21) showed similarity to a number of transcription factor consensus binding sequences 

(Ch 2, Figure 11). We also identified several DNase I hypersensitive sites in the vicinity 

of the transcription factor binding sites, suggesting that binding of these factors alters the 

topology of the DNA in that region. The presence of these hypersensitive sites also 

provides additional evidence for the binding of transcription factors in their vicinity, 

which is important in the case of relatively weak footprints such as for Sites I and J (Ch 2, 

Figure 4). The mapping at the nucleotide level of the transcription factor binding sites 

within the CPB2 proximal promoter allows the use of bioinformatics tools to identify 

specific transcription factors that may bind within that region, thus facilitating the 

subsequent identification of those factors using a candidate approach. We have used this 

approach to identify two new transcription factors that both play important roles in 

regulating basal CPB2 promoter activity, namely, HNF-1α and NF-Y. 
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TATTTTAACCAGTGTGTAAAGAAGGCTGTTA

TCTGGGTTTTTCTCTTCAGAGAAATTTGTTGTACA

ATG

-391-411

-36

-52-59-76-79

-99-119

-298 G/A 

-155-181

-253

-291-305-324

-347-370

Site I

Site H (AP-1?, HNF-1?)

Site G (C/EBP?)

Site E (HNF-1?, HNF-3?, NF-1?)

Site D (Sp1?)

Site B (NF-Y)

-152 A/G 

 

Ch 2, Figure 11. Summary of the Proposed Transcription Factor Binding Sites 
within the Proximal 5’-Flanking Region of CPB2.  The 5’-flanking region of CPB2 
included in this analysis spans from nucleotides -425 to +21, where +1 corresponds to 
one of the transcription start sites previously published (13). Within this region, there are 
two previously identified SNPs (-298 G/A and -152 A/G; indicated by arrows) as well as 
ten potential transcription binding sites A to J identified in this study by DNaseI 
footprinting. The approximate locations of DNase I hypersensitive sites are indicated 
with the triangles. Note that none of the SNPs are located within the potential binding 
sites. Sites A and B are identified as C/EBP (31) and NF-Y binding sites respectively, 
whereas GR binds to Site C and (32) and HNF-1 binds at the interface between Sites B 
and C. Question marks indicate potential transcription factors binding to Sites D through 
J, based on a database search. No matches were found for Site I at the time of the search. 
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 Using EMSAs in the presence of antibodies specific for certain transcription 

factors, we were able to demonstrate conclusively that NF-Y binds to Site B, and HNF-

1α binds to the interface between Sites B and C. We also used EMSAs to identify 

mutations in the respective sites that would lead to a loss of transcription factor binding. 

When the corresponding mutations were introduced into luciferase reporter plasmids 

containing the CPB2 5’-flanking sequences, we were able to show that binding of NF-Y 

and, particularly, HNF-1α is crucial for basal CPB2 promoter activity in hepatic cells. In 

concert with our previous demonstration that C/EBP binds to site A in the CPB2 

promoter (31), we are beginning to dissect the molecular architecture of the proximal 

CPB2 promoter. These insights have ramifications for our understanding of the liver-

specific expression of CPB2 and how it is regulated by physiological and 

pathophysiological stimuli. 

 We have determined that Site B binds to the ubiquitous transcription factor NF-Y. 

NF-Y has been hypothesized to play several roles in the regulation of gene activation; 

these roles depend on the sites flanking the NF-Y binding site, and the recruitment of 

specific factors likely account for the different regulation (56). NF-Y interacts with the 

basal transcriptional machinery, including TFIID which binds to the TATA box (56). The 

CPB2 promoter lacks a TATA box (13). As such, NF-Y may help localize the basal 

transcriptional machinery to the CPB2 promoter, while the lack of a TATA box would 

account for the observation that CPB2 transcription is initiated from multiple sites (13). 

NF-Y can also interact with other types of transcription factors and strengthens their 

binding to promoters (56). For example, it was shown that synergistic interaction of NF-

Y with the sterol regulatory element-binding protein 1 (SREBP-1) stimulates 
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transcription of the farnesyl diphosphate synthase gene (57). The proximity of the NF-Y 

(Site B) and HNF-1α (Site C) and C/EBP (Site A) binding sites suggests that NF-Y may 

facilitate the roles of these respective transcription factors in CPB2 promoter activation in 

liver cells. While synergism between NF-Y and HNF-1α has not, to our knowledge, been 

reported, it has been shown that NF-Y and C/EBPα directly interact to activate the 

human microsomal epoxide hydrolase gene promoter in liver cells (58). 

 

 It is noteworthy that mutation of the NF-Y binding site does not completely 

abolish CPB2 promoter activity (Ch 2, Figure 9B), and that unlabeled binding sites with 

the corresponding mutation retain some ability to compete with Wt site B for binding to 

transcription factors present in rat liver nuclear extracts (Ch 2, Figures 5B, 6). These 

findings suggest either that NF-Y retains some ability to bind to the mutant site, or that 

other transcription factors can bind to this site and contribute to basal CPB2 promoter 

activity. We speculate that the latter possibility is most plausible. In the supershift 

experiments using anti-NF-Yb antibodies, unlabeled binding site containing the M1 

mutation is completely unable to compete for binding of the wild-type Site B probe to the 

supershifted complex. Since it can be assumed that this complex consists only of NF-Y, 

the partially competed, non-supershifted complex likely represents complexes between 

the probe and either NF-Y or a second, presumptive, Site B-binding factor (Ch 2, Figure 

6). 

 The NF-Y transcription factor is a ubiquitous heterotrimeric protein composed of 

subunits NF-Ya, NF-Yb, and NF-Yc, which are all necessary for DNA binding (59). 

Subunits NF-Yb and c must interact and form a heterodimer in order to bind to NF-Ya 
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and then to the DNA. NF-Yb and c contain putative histone-core motifs within their 

conserved domains (60). The different subunits of NF-Y can interact with protein(s) 

within the nucleus (60). NF-Y has the greatest binding affinity for the consensus CCAAT 

sequence; the consensus CCAAT sequence matches better with the NF-Y DNA binding 

site than with those of other CCAAT-binding proteins, such as CCAAT transcription 

factor/Nuclear factor 1 (CTF/NF-1) and C/EBP (61,62). Site B of the CPB2 promoter 

contains a CCAGT sequence, suggesting that Site B has a weaker affinity for NF-Y 

compared to the affinity of the consensus sequence CCAAT. However, the reversion of 

the CPB2 sequence to CCAAT had no appreciable effect on CPB2 promoter activity in 

transfection experiments (Ch 2, Figure 9B) or on NF-Y binding in EMSAs (data not 

shown). The sequence flanking the CCAAT sequence also affects the binding of NF-Y to 

the DNA; the affinity of NF-Y for its binding site is increased when AT-rich stretches are 

present at both the 5’- and 3’-ends of the NF-Y binding site (63). In the CPB2 promoter, 

there is an A/T-rich sequence flanking the 5’ side of the NF-Y binding sequence; this 

A/T-rich stretch spans nucleotides -81 to -71 (Ch 2, Figure 11). Ronchi and coworkers 

suggested that such AT-rich stretches are important for the correct spatial positioning of 

NF-Y during the initiation of transcription and RNA polymerase II recruitment (64).  

 Progressive deletions of the proximal CPB2 promoter have shown that the 

sequences between nucleotides -80 and -73 are essential for the basal promoter activity 

(32). Interestingly, this region corresponds to the junction sequence between Site C (-92 

to -79) and Site B (-76 to -59). Therefore, the identification of the transcription factor 

binding to Site C is relevant for the study of the CPB2 promoter regulation. Our 

transcription factor database searches have identified HNF-1 as a potential transcription 
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factor for Site C. In our study, we confirmed the binding of HNF-1α to a probe 

encompassing Site C using EMSA (Ch 2, Figures 7,8). The specific complexes formed in 

the presence of Wt Site C probe were also competed by unlabeled oligonucleotide 

corresponding to a GRE mutant of Site C (data not shown). This observation does not 

contradict the binding of GR to Site C previously reported by our group (32), but rather 

supports the concept that Site C binds an additional factor. 

 HNF-1α is part of a family of liver-enriched transcription factors involved in the 

regulation of genes expressed in liver, kidney, intestine, and pancreas (65). HNF-1α and 

the related factor HNF-1β binds the DNA either as homo- or heterodimers to provide 

cell-specific transcriptional regulation. The phenotype of mice in which the gene 

encoding HNF-1α has been deleted suggests a role for HNF-1α in hepatic, renal, and 

pancreatic function, including glucose homeostasis and insulin secretion (66). Our 

finding that HNF-1α binds Site C suggests a potential role for HNF-1α in the liver-

specific expression of CPB2. Moreover, since HNF-1α shares a binding site with GR, 

HNF-1α might contribute to the regulation of CPB2 expression in liver by 

glucocorticoids.  

 In summary, we have identified 10 potential transcription factors binding sites 

within the CPB2 proximal promoter (Ch 2, Figure 11). Moreover, we have characterized, 

using in vitro methods, some of the potential transcription factor binding sites present 

within the CPB2 proximal promoter, such as Site B (which binds NF-Y) and the HNF-1α 

binding site located at the interface between Sites B and C. We showed that the binding 

events at Site B are important, though not absolutely essential, for the basal promoter 

activity of CPB2. Thus far, we cannot ascertain if NF-Y interacts with other transcription 
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factors once bound to Site B; however NF-Y is involved in protein-protein interactions 

and has been shown to recruit transcription factors to proximal promoters (56). Finally, 

we have shown that the presence of HNF-1 is required for basal CPB2 promoter activity, 

and we suspect that HNF-1α directs the liver-specific expression of CPB2, potentially in 

concert with NF-Y. Transcription factors that may bind to Sites D through J likely do not 

play a role in basal transcription of the CPB2 promoter, but may be important for the 

regulation of CPB2 gene expression by stimuli such as hormones (16). The present 

findings are an important first step in delineating these regulatory events. 

 Interestingly, it has recently been suggested that a platelet pool of TAFI exists and 

that this pool arises from the expression of CPB2 in megakaryocytes (14). In addition, the 

presence of TAFI in cultured human umbilical vein endothelial cells and in mouse 3T3-

L1 adipocytes has been described (15,67). Thus, our studies of CPB2 promoter 

architecture in the context of liver cells will provide a valuable template for the 

regulatory events underlying CPB2 expression in these other cell types. Finally, 

understanding the mechanism of regulation of CPB2 in the liver will also inform future 

studies on the role of stimuli such as sex steroids and inflammatory mediators in 

regulating plasma TAFI concentrations. 
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Chapter 3: Regulation of the Gene Encoding Human Thrombin-Activable 

Fibrinolysis Inhibitor by Estrogen and Progesterone 

3.1 Statement of Co-authorship 

 This manuscript is being prepared for peer review. The authors are Mathieu 

Garand, Joellen H.H. Lin, Marlys L. Koschinsky, and Michael B. Boffa. The data in 

Figures 1A and 6A were collected by Joellen H.H. Lin. Joellen H.H. Lin participated in 

the collection of the data in Figure 1B. All remaining data were collected by me. All 

sections of the manuscript were written by me. All the authors were involved in the 

editing of the manuscript. 

 

3.2 Abstract 

 Thrombin-activable fibrinolysis inhibitor (TAFI) is a pro-carboxypeptidase B-like 

pro-enzyme that, once activated by plasmin, thrombin, or the thrombin-thrombomodulin 

complex, attenuates fibrinolysis. There is a large inter-individual variability in plasma 

TAFI levels within the population which is primarily due to epigenetic factors. Novel 

associations between plasma TAFI levels and sex hormones have triggered interest in 

determining the role of TAFI as a mediator of the cardio-protective effects of estrogens 

and progestogens, or as a mediator of the increased thrombotic risk that accompanies use 

of oral contraceptives or hormone replacement therapy (HRT). We measured the effect of 

sex steroids on hepatic expression of CPB2, the gene encoding TAFI, to uncover the 

molecular mechanisms underlying these regulatory events. Using HepG2 (human 

hepatocellular carcinoma) cells cultured in the presence of progesterone and 17β-

estradiol, we demonstrated that the level of TAFI protein is decreased by those sex 
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hormones in vitro, in keeping with the menopause-associated increase in plasma TAFI 

concentrations observed in epidemiological studies. These changes in protein expression 

were paralleled by decreases in CPB2 mRNA abundance as assessed using quantitative 

RT-PCR. Transient transfection experiments with luciferase reporter plasmids containing 

the 5’-flanking region of CPB2 demonstrated that the change in the CPB2 expression is 

attributable to changes in promoter activity; mRNA stability was unaffected by 

treatments. We did not find evidence of estrogen or progesterone receptors acting through 

canonical binding sites in the CPB2 promoter region, suggesting that the genomic effects 

of these hormones are mediated indirectly, without binding of ER to CPB2 promoter. 

 

3.3 Introduction 

 TAFI is a plasma pro-carboxypeptidase primarily expressed by the liver and 

implicated in the regulation of hemostasis. TAFI is secreted into the circulation as a 

zymogen with an apparent molecular mass of 60 kDa. Following activation by plasmin, 

thrombin or the thrombin/thrombomodulin complex, the main function of activated TAFI 

(TAFIa; molecular mass of 35 kDa) is to attenuate fibrinolysis (1). Indeed, TAFIa 

removes carboxyl-terminal lysine residues from partially degraded fibrin, thus interfering 

with several positive feedback mechanisms in the fibrinolytic cascade (1). Individuals 

with elevated plasma TAFI antigen levels have greater risk of developing cardiovascular 

disease as shown in several clinical studies (2,3). Of the inter-individual variation in 

plasma TAFI concentrations, 25 % is accounted for by genetic factors (such as single 

nucleotide polymorphisms in CPB2) (4) while the remaining 75 % is proposed to reflect 

the regulation of gene expression (2). Importantly, the regulation of CPB2 may be a 
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means by which the TAFI pathway responds to environmental and physiological stimuli. 

In fact, TAFI levels have been shown to be influenced by pregnancy (5,6) and disease 

states (e.g. renal disease (7,8) insulin resistance (9), and inflammation (9-19), thyroid 

diseases (20-22)), suggesting a role for hormonal or inflammatory factors in regulating 

CPB2 gene expression. We have previously reported the regulation of CPB2 gene 

expression by acute phase mediators and glucocorticoids in cultured hepatoma cells 

(HepG2) (23). 

 Many studies have suggested a role for female sex hormones in risk for 

cardiovascular disease through modulation of factors involved in hemostasis and 

thrombosis (24,25) and the discovery of the TAFI pathway has identified a novel 

potential mediator of these effects. In line with these observations, plasma TAFI 

concentrations have been shown to slightly rise with age in women but not in men, and 

are elevated in post-menopausal women compared to pre-menopausal women (26-28). In 

addition, plasma TAFI levels have been shown to be decreased by selective estrogen 

receptor modulators such as HMR 3339 (29) and raloxifene (30), as well as estradiol plus 

trimegestone (31), transdermal estradiol, and oral estradiol plus gestodene (31). On the 

other hand, some studies have reported minimal to no change in plasma TAFI levels in 

healthy postmenopausal women taking hormone therapy regimen consisting of raloxifene 

or tamoxifen (32). Paradoxically, it has been shown that both plasma TAFI levels and 

clot lysis time rise during pregnancy and then promptly return to basal levels after 

delivery (5,6). These studies illustrate the controversies surrounding the role of sex 

steroids in modulating plasma TAFI levels. 
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 In this study, we set out to address the effects of two particular sex hormones, 

namely progesterone and estrogen, on the regulation of CPB2 gene expression. First, we 

demonstrated that the levels of TAFI protein are modulated by those sex hormones in 

cultured human hepatoma (HepG2) cells in vitro. Furthermore, we found that CPB2 

mRNA abundance decreases when HepG2 cells are treated with either 17β-estradiol or 

progesterone. The change in mRNA abundance is attributable to changes in promoter 

activity, but not mRNA stability. 

 

3.4 Experimental Procedures 

3.4.1 DNA Manipulations 

 Standard molecular biology techniques were used for restriction analyses, 

bacterial manipulations, and plasmid purifications. All plasmid DNA purifications were 

done using QIAGEN Plasmid Mini Kits or QIAGEN Maxi Kits (Mississauga, ON, 

Canada). All DNA modifying and restriction enzymes and molecular standards were 

purchased from New England Biolabs Limited (Mississauga, ON, Canada). The CPB2 

promoter-reporter luciferase plasmid, TAFI[-1128]-luc, has been previously described 

(33). Variants of this vector were produced using the QuikChange Site-directed 

Mutagenesis Kit (Stratagene, La Jolla, CA) (described in (33)). DNA sequencing analysis 

was performed by Cortec (Kingston, ON, Canada) to verify the presence of the mutated 

nucleotides. 

 

 

 

 74



3.4.2 Cell Culture 

 HepG2 cells (34) were grown in minimal essential medium (MEM) supplemented 

with 10 % fetal bovine serum (FBS) (ATCC, Manassas, VA, USA) and 1 % antibiotic-

antimycotic (10 units/mL penicillin G sodium, 10 μg/mL streptomycin sulfate, and 25 

ng/mL amphotericin B) (Invitrogen, Carlsbad, CA). Cells were maintained in a 

humidified 37 °C incubator under a 95 % air, 5 % CO2 atmosphere. For all experiments 

except Western blots (see below for detailed sample preparation for Western blot), 17β-

estradiol, progesterone, or dexamethasone was added to the cells with fresh complete 

growth medium on the day of the experiment at the concentration indicated for 24 hours. 

In some experiments, tamoxifen (Sigma, St Louis, MO) or cycloheximide (Sigma), at the 

concentrations indicated, were added 30 minutes prior to the addition of sex hormones. 

 

3.4.3 Reporter Gene Assays 

 For luciferase reporter gene assays, HepG2 cells were grown to confluence in 6-

wells plates (Corning, NY, USA) and transfected using Fugene 6 transfection reagent 

(Roche Diagnostics, Indianapolis, IN). Cells received 6 μL of 0.2 μM luciferase reporter 

plasmid as well as 1 μg of β-galactosidase (RSV-βgal) or renilla luciferase (pRL-CMV) 

as internal control plasmid to control for transfection and harvesting efficiency. Cells 

were incubated for 16 hours then were washed three times with PBS (137 mM NaCl, 2.7 

mM KCl, 1.4 mM KH2PO4, 3mM Na2HPO4, pH 7.4), given fresh growth medium, and 

then incubated, in the presence or absence of hormone treatment, for 24 hours prior to 

cytoplasmic extract preparations. All transfection reactions were done in triplicate. The 

cells were harvested for preparation of cytoplasmic extracts for luciferase and β-
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galactosidase or renilla luciferase assays using Triton X-100/glycylglycine lysis buffer (1 

% Triton X-100, 25 mM glycylglycine pH 7.8, 15 mM MgSO4, 4 mM EGTA, 1 mM 

dithiothrietol) or passive lysis butter (PLB, Promega, Madison, WI). For each sample, the 

relative luciferase activity was calculated in order to obtain the luciferase activity per unit 

of β-galactosidase or renilla luciferase activity per unit volume of cell extract (33). 

 

3.4.4 Western Immunoblotting and Enzyme-Linked Immunoassay 

 Confluent cells were washed three times with PBS, serum-free Opti-MEM was 

added to each plate, and then cells were incubated with 17β-estradiol, progesterone, or 

dexamethasone, at the concentration indicated, for 24 hours. Conditioned medium from 

the cells was collected and centrifuged for 3 min at 300 x g to pellet the dead cells and 

cellular debris. Medium samples were then concentrated 100-fold using Amicon 10 kDa 

cutoff centricons (Millipore, Etobicoke, ON). The preparation of cytoplasmic extracts 

was essentially the same as described (35) except that the cells were lysed with a 

different lysis buffer (50 mM Tris-HCl pH 7.4, 1 % Nonidet-P40, 0.25 % sodium 

deoxycholate, 150 mM NaCl, 1 mM EDTA). For each sample, 5 µL of concentrated 

medium or cell lysate was mixed with 15 µL 4xSDS loading dye. Electrophoresis was 

performed on 12 % or 10 % SDS-PAGE, for the detection of TAFI and β-actin, 

respectively. Proteins were then transferred to a PVDF membrane (Millipore) in transfer 

buffer (25 mM Tris, 192 mM glycine, 10 % methanol). Blocking for TAFI blot was 

performed in 6 % nonfat milk prepared in 1× NET (150 mM NaCl, 5 mM EDTA, 50 mM 

Tris pH 7.4, 0.05 % (v/v) Triton X-100) for at least 1 hour at room temperature. Blocking 
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for β-actin blot was performed in 4 % nonfat milk in 1×TBST (15 mM Tris-HCl pH 7.6, 

140 mM NaCl, 0.05 % Tween20) for at least 1 hour at room temperature. 

 For TAFI western blot, the membrane was incubated with sheep polyclonal anti-

TAFI (Affinity Biologicals, Ancaster, ON) (diluted 1:10000 in 3 % nonfat milk made in 

1×NET) at room temperature for at least 1 hour. After incubation with primary antibody, 

the membrane was washed 4 times with 1×NET for 10 min each time and then incubated 

with rabbit anti-sheep horseradish peroxidase-conjugated secondary antibody (diluted 

1:3000 in 3 % nonfat milk made in 1×NET) for at least 1 hour at room temperature. 

Following secondary antibody incubation, the membrane was washed 4 times with 

1×NET for 10 min each time. The membrane was subsequently developed as described 

below. 

 For β-actin western blot, the membrane was incubated with mouse polyclonal 

anti-β-actin (Sigma) (diluted 1:15000 in 1× TBST) at 4 oC overnight. After incubation 

with primary antibody, the membrane was rinsed 10 times with water, and then incubated 

with sheep anti-mouse horseradish peroxidase-conjugated secondary antibody (diluted 

1:7500 in 1× TBST) for at least 1.5 hours at room temperature. Following secondary 

antibody incubation, the blot was rinsed 20 times with water, washed for 10 min with 1× 

TBST, and then rinsed 20 times with water. The membrane was subsequently developed 

as described below. 

 All membranes were developed with an enhanced chemiluminescence detection 

system (ECL; Amersham Biosciences, Piscataway, NJ) at room temperature for 1 min 

before exposing to an X-ray film (Amersham Biosciences). In some case, blots were 

scanned using a flatbed laser scanner, and the density of the immunoreactive bands was 
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determined using Corel PHOTO-PAINT Version 10. The amount of TAFI in the medium 

was normalized to total cytoplasmic β-actin of the samples.  

 The ELISA of human TAFI antigen levels was performed using Matched-Pair 

Antibody Set for ELISA of Human TAFI Antigen (Affinity Biologicals) according to the 

manufacturer’s recommendations. Each sample was normalized to total cellular protein 

measured using the BCA assay (Pierce Chemical, Rockford, IL) to account for 

differences in cell numbers. Results were expressed as ng of TAFI per mg of total cellular 

protein. 

 

3.4.5 Quantitative RT-PCR 

 Total RNA was isolated from HepG2 cells using the RNeasy Mini Kit (QIAGEN). 

RNA concentrations were determined spectrophotometrically. Quantitative measurement 

of CPB2 transcripts was carried out on an ABI Prism Instrument (model 7000 or 7500 

from Applied Biosystems, Foster City, CA) using Taqman chemistry. All samples were 

assayed in triplicate for every experiment. The forward and reverse CPB2 PCR primers 

used were 5’-CTA GTT ACC TAC TTT TTC TTT GAT TTT CGA-3’ and 5’-GAC CAC 

CCT TCC TTT TGT TGA GT-3’, respectively. The CPB2 probes sequence was 5’-

FAM-TCA AGC AAG TTT AAT CAA AGA TCA TCT CAC GCT G-NFQ-MGB-3’ 

and correspond to nucleotide 1642 to 1675 (NCBI Reference Sequence: NM_001872.3) 

of the CPB2 cDNA. The probe contains the reporter dye FAM (6-carboxyfluorescein) at 

the 5’end and the non-fluorescent quencher attached in the minor grove at the 3’end 

(NFQ-MGB). In 96-well optical plates, 25 µL of 2× Taqman One-Step RT-PCR Master 

Mix and 1.25 µL of 40× MultiScribe and RNase Inhibitor Mix (all purchased from 
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Applied Biosystems) were added to 100 ng of total RNA, 300 nM forward and reverse 

primers, and 250 nM probe. Thermal cycling conditions consisted of 30 min at 48 °C for 

reverse transcription, 10 min at 95 °C for activation of Taq polymerase, and 40 

subsequent cycles of 15 seconds at 95 °C and 1 min at 60 °C. The absence of 

contaminating genomic DNA was assessed by carrying out control reactions in which 

reverse transcriptase was omitted. As well, control reactions in which no template was 

added to the wells were also carried out for every independent experiment. The threshold 

cycle (CT) for each sample was determined using ABI Prism 7500 SDS software, version 

1.3, and the number of CPB2 transcripts was interpolated from standard curves obtained 

from serial dilution of  known amounts of in vitro transcribed CPB2 mRNA (Riboprobe 

in vitro transcription system, Promega) as previously described (36). 
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3.5 Results 

3.5.1 Effect of Sex Hormones on Changes in Secreted TAFI Protein Levels 

 There are several lines of evidence pointing to a role for sex hormones and 

glucocorticoids in regulating CPB2 expression (see section 3.3). There is also 

controversy surrounding the effect of oral contraceptive and hormone replacement 

therapy usage on TAFI levels which may have implications for the TAFI pathway in 

mediating the potential prothrombotic side effects of steroid hormone regimens (see 

section 3.3). Therefore, we evaluated the impact of two particular sex hormones, 

progesterone and estrogen, on the regulation of CPB2 expression in a cultured hepatoma 

cell model (HepG2), which expresses the CPB2 mRNA. The amount of TAFI protein 

produced from hormone-treated HepG2 cells was measured by western blots (Ch 3, 

Figure 1A) as well as by ELISA (Ch 3, Figure 1B). The western blot results show, 

qualitatively, a marked decrease in secreted TAFI protein as the concentration of 

progesterone and 17β-estradiol increases, as well as with the combination of progesterone 

and dexamethasone (Ch 3, Figure 1A). The ELISA results show that TAFI protein levels 

are decreased by 5 to 10-fold when HepG2 cells were treated with either progesterone or 

17β-estradiol (final concentrations from 10 µM to 50 µM) (Ch 3, Figure 1B). TAFI 

protein expression in the presence of lower concentrations of progesterone (5 μM) was 

slightly elevated, but significant. Our observations are consistent with the observation 

that plasma concentrations of TAFI rise post-menopause. 

 Our previous studies have shown that the synthetic glucocorticoid dexamethasone 

increases CPB2 expression in HepG2 cells (23). We verified that dexamethasone 

increases TAFI protein expression in these cells (Ch 3, Figure 1B), albeit to a lower 
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extent than the approximate 2-fold increase in mRNA levels previously observed. 

Interestingly, co-administration of dexamethasone and progesterone appears to partially 

blunt the effects of progesterone. For example, co-administration of dexamethasone and 

progesterone (10 µM) resulted in significantly higher TAFI protein levels when 

compared to control whereas 10 µM progesterone alone resulted in a decrease in TAFI 

protein levels (Ch 3, Figure 1B).  

 

3.5.2 Estradiol and Progesterone Decrease CPB2 mRNA Abundance and Promoter 

Activity 

 We next assessed if treatment of HepG2 cells with these hormones influences 

expression of endogenous CPB2 mRNA using quantitative real-time RT-PCR. We 

observed that both progesterone and 17β-estradiol (at final concentrations of 25 µM to 50 

µM) decrease CPB2 mRNA abundance after 24 hours of treatment (Ch 3, Figure 2). 

Interestingly, as observed with the levels of TAFI protein, there was a trend towards 

increased CPB2 mRNA abundance at lower concentrations of the hormones; however, it 

reaches significance only with 5 μM progesterone. In addition, we showed that, at all 

concentrations, progesterone overcame the dexamethasone-induced increase in CPB2 

transcript abundance (Ch 3, Figure 2). 
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Ch 3, Figure 1. Effect of Dexamethasone, Progesterone and Estrogen on Secreted 
TAFI Protein Levels. HepG2 cells were grown to confluency, and switched to serum-
free growth medium (Opti-MEM); cells were then treated with increasing concentration 
of progesterone, 17β-estradiol (5, 10, 20, 50 µM), dexamethasone (1 µM), 
dexamethasone in combination with progesterone, or left untreated (Ctrl) for 24 hours. A) 
TAFI levels were determined by Western blot analysis using an anti-TAFI antibody. 
Equivalent protein loading was assessed by electrophoresis of the respective whole cell 
extract followed by probing with an anti-β-actin antibody. The letters “D” and “C” 
represent dexamethasone-treated and untreated cells, respectively. B) TAFI levels were 
determined by Matched-Pair Antibody Set for ELISA of Human TAFI Antigen (Affinity 
Biologicals). Total cellular protein concentration from the respective lysates was used to 
normalize the differences in protein content. Results are expressed in ng TAFI per mg of 
total cellular protein. The data shown are the mean of triplicate determination, and is a 
representative of at least 3 independent experiments; the error bars represent the standard 
error of the mean. Conditions that showed statistically (p<0.05) significant change in 
protein abundance when compared to the untreated cells are marked with an asterisk. 
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Ch 3, Figure 2. Effects of Dexamethasone, Progesterone and Estrogen on CPB2 
mRNA Abundance. HepG2 cells were grown to confluency, treated with increasing 
concentration of progesterone, 17β-estradiol (5, 10, 20, 50 µM), dexamethasone (1 µM), 
dexamethasone in combination with progesterone, or left untreated (Control) for 24 hours. 
Total RNA was harvested and subjected to quantitative RT-PCR. The absolute 
quantitation is based on in vitro transcribed CPB2 mRNA standards; quantity of unknown 
is interpolated from the standard curve. The number of CPB2 transcripts is expressed 
relative to the untreated cells (Control). The data shown are the means ± standard 
deviation of 4 independent experiments. Conditions that showed statistically (p<0.01) 
significant change in mRNA abundance when compared to the untreated cells are marked 
with one asterisk. 
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 To assess if the change in mRNA abundance observed corresponds to a change in 

transcriptional activity, we measured the effects of sex hormones on the activity of 

luciferase reporter plasmids containing the CPB2 5’-flanking region that had been 

transfected into HepG2 cells. We observed that both progesterone and β-estradiol 

influenced CPB2 promoter activity (Ch 3, Figure 3). The extent of the decrease at the 

highest concentrations of hormone was not as profound as observed for the TAFI protein 

and CPB2 mRNA. We also found that progesterone was able to interfere with the 

increase in promoter activity elicited by dexamethasone; moreover, promoter activity at 

all concentrations of progesterone is consistently higher in the presence dexamethasone 

than without it (Ch 3, Figure 3). Interestingly, the trends in the variation in mRNA 

abundance and promoter activity are very similar, suggesting that the latter accounts for 

the former. On the other hand, quantitative correlation of the magnitudes of the effects 

between the change in promoter activity, mRNA abundance, and protein concentration is 

not straightforward. Indeed, the rate of mRNA turnover, translation, post-translational 

modification, and secretion are factors that confound the relationship between changes in 

protein levels and changes in promoter activity. To examine if the steroid hormones have 

any effect on CPB2 mRNA abundance through modulation of mRNA stability, we 

measured the effects of progesterone and 17β-estradiol on the half-life of endogenous 

CPB2 transcripts in HepG2 cells. CPB2 mRNA stability remained unchanged when cells 

were treated with progesterone or 17β-estradiol (50 µM) (data not shown), and therefore 

changes in mRNA stability do not account for the marked decrease in CPB2 mRNA 

abundance we have observed. 
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3.5.3 Localization of the Hormone Response Element within CPB2 Proximal Promoter 

 After having established the effects of estrogen and progesterone on CPB2 

transcription, we set out to identify the respective hormone receptor responsive elements. 

The CPB2 promoter does not appear to contain either a consensus progesterone response 

element  (PRE) or estrogen response element (ERE) (37); however the glucocorticoid 

response element (GRE) present in the CPB2 promoter (33,37) could be employed by the 

PR to mediate changes in promoter activity. Therefore, we tested the effect in transfected 

HepG2 cells of progesterone on a CPB2 promoter-reporter construct in which the GRE 

site has been mutated and rendered inactive (described in (23)). The results in Figure 4 

indicate no difference in the response to progesterone between the wild-type and mutant 

reporter plasmids, demonstrating that the GRE does not mediate responses to 

progesterone in this promoter (Ch 3, Figure 4). 

 We next took a systematic approach and tested progressive 5’ deletion variants of 

the CPB2 promoter for responsiveness to progesterone and 17β-estradiol treatment. 

CPB2 promoter activity decreased with progesterone (Ch 3, Figure 5A) and 17β-estradiol 

(Ch 3, Figure 5B) treatment with all variants tested, including TAFI[-80]-luc, which 

contains 97 nucleotides upstream of the initiator methionine codon (33). TAFI[-80]-luc is 

the shortest construct that retains promoter activity. As such, it is possible either that the 

responsive elements are within this minimal region of the promoter or the hormones are 

acting through non-classical mechanisms.  
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Ch 3, Figure 3. Effects of Dexamethasone, Progesterone and Estrogen on the 
Promoter Activity of CPB2. HepG2 cells were grown to 90 % confluency and 
transiently transfected with the CPB2 promoter-reporter luciferase plasmid TAFI[-1128]-
luc (see 3.4 Experimental Procedures). The internal control RSV-β-gal was also 
included in the transfection reaction to correct for differences in transfection and 
harvesting efficiency. Cells were treated with increasing concentration of progesterone, 
17β-estradiol (5, 10, 20, 50 µM), dexamethasone (1 µM), dexamethasone in combination 
with progesterone, or left untreated (Control) for 24 hours. After the incubation period, 
cytoplasmic extracts were prepared for the measurement of luciferase and β-galactosidase 
activities. The amount of luciferase activity is first normalized to the β-galactosidase 
activity and then expressed relative to the untreated cells (Control). Normalized relative 
luciferase activities shown are the mean ± standard deviation of 5 independent 
experiments. Conditions that showed statistically (p<0.01) significant change in promoter 
activity when compared to the untreated cells are marked with one asterisk. 
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Ch 3, Figure 4. Progesterone Does Not Use the Existing Glucocorticoid Response 
Element Present within CPB2 Proximal Promoter. HepG2 cells were grown to 90 % 
confluency and transiently transfected with the CPB2 promoter-reporter luciferase 
plasmid TAFI[-1128]-luc or TAFI[-1128ΔGRE]-luc (described in (23)). The internal 
control pRL-CMV was also included in the transfection reaction to correct for differences 
in transfection and harvesting efficiency. Cells were treated with increasing concentration 
of progesterone (5, 10, 50 µM), dexamethasone (1 µM) or left untreated (Ctrl) for 24 
hours. After the incubation period, cytoplasmic extracts were prepared for the 
measurement of luciferase activities. The amount of luciferase activity is first normalized 
to the renilla luciferase activity and then expressed relative to the untreated cells (Ctrl). 
Normalized relative luciferase activities shown are the mean ± standard deviation of 3 
independent experiments. Conditions that showed statistically (p<0.01) significant 
change in promoter activity when compared to the untreated cells are marked with one 
asterisk. 
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Ch 3, Figure 5. Progressive Deletion of the CPB2 Promoter did not Abolish 
Responsiveness to Progesterone and Estrogen. HepG2 cells were grown to 90 % 
confluency and transiently transfected with CPB2 promoter-reporter luciferase plasmids 
containing different length of 5’-flanking sequence (in bp) as indicated. Each construct 
was made from the TAFI[-1128]-luc construct (see 3.4 Experimental Procedures) and 
were previously described (33). The internal control RSV-β-gal was also included in the 
transfection reaction to correct for differences in transfection and harvesting efficiency. 
Cells were treated with progesterone (50 µM) in panel A, 17β-estradiol (50 µM) in panel 
B, or left untreated (white bars in both A and B) for 24 hours. After the incubation period, 
cytoplasmic extracts were prepared for the measurement of luciferase and β-galactosidase 
activities. The amount of luciferase activity is first normalized to the β-galactosidase 
activity and then expressed relative to the untreated cells (white bar) transfected with the 
empty vector (Vector). The data shown are the mean of triplicate determination, and is a 
representative of at least 2 (for panel A) or 3 (for panel B) independent experiments; the 
error bars represent the standard error of the mean. Conditions that showed statistically 
(p<0.01) significant change in promoter activity when compared to the untreated cells are 
marked with one asterisk. 
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3.5.4 Receptor-Dependence of the Steroid Hormone Effects 

 To test whether the estrogen receptor is required for mediating the 17β-estradiol-

dependent changes in TAFI expression, we co-treated the cells with a selective estrogen 

receptor modulator (SERM), tamoxifen. SERMs are compounds with high affinity to the 

estrogen receptor and demonstrate tissue-specific activity (38). Both tamoxifen and 17β-

estradiol can bind to the estrogen receptor and form a complex capable of recognizing 

binding sites on the genome. When tamoxifen binds to the estrogen receptor, it prevents 

the recycling of the receptor, reducing the number of receptor molecules available for 

subsequent activation by 17β-estradiol (39). We expected the sequestration of the ER by 

tamoxifen would prevent the ability of 17β-estradiol to alter CPB2 expression if 17β-

estradiol operated via a receptor-dependent mechanism. First, we used western blotting to 

detect changes in TAFI expression when cells are treated with 17β-estradiol, tamoxifen 

or the combination of both. The amount of TAFI secreted was normalized to the level of 

β-actin present in the cells under each condition. The results show that relative TAFI 

protein levels were markedly decreased with 17β-estradiol even in the presence of 

tamoxifen. Tamoxifen alone had an increasing effect at 1 μM or 0.1 μM, while a 

noticeable decrease was observed with 10 μM tamoxifen alone (Ch 3, Figure 6A-B). 

 Similarly, tamoxifen had no effect on the ability of 17β-estradiol to decrease 

CPB2 mRNA abundance (Ch 3, Figure 7A) or CPB2 promoter activity (Ch 3, Figure 7B). 

On the other hand, no significant changes in these parameters were observed in the 

presence of tamoxifen alone (Ch 3, Figure 7).  

 To help resolve the mechanism of action of 17β-estradiol, we tested whether the 

synthesis of new proteins was required to mediate the change in CPB2 expression in 
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response to this hormone. To do this, we pre-incubated the cells with cycloheximide, a 

translational inhibitor. The results demonstrate that cycloheximide had no effect on the 

change in CPB2 mRNA abundance upon treatment with 17β-estradiol (Ch 3, Figure 8), 

indicating that the regulation of the CPB2 is not linked to new protein synthesized in 

consequence to the activation of the ER. 
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Ch 3, Figure 6. Effects of Estrogen Receptor Antagonist on Secreted TAFI Protein 
Levels. HepG2 cells were grown to confluency, and switched to serum-free growth 
medium (Opti-MEM); cells were then treated with tamoxifen (10, 1, 0.1 µM) alone for 30 
minutes, followed by the addition of 17β-estradiol (50 µM) or left untreated (Ctrl) for 24 
hours. A) TAFI levels were determined by Western blot analysis using an anti-TAFI 
antibody. Equivalent protein loading was assessed by electrophoresis of the respective 
whole cell extract followed by probing with an anti-β-actin antibody. The letter “C” 
represent untreated cells. B) Densitometry analysis of the Western blot was performed 
using Corel PhotoPaint software and represents the amount of TAFI normalized to the 
amount of β-actin within each sample. The data shown are representative of 2 
independent experiments. 
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Ch 3, Figure 7. Effects of Estrogen Receptor Antagonist on TAFI mRNA 
Abundance and TAFI Promoter Activity. A) HepG2 cells were grown to confluency, 
treated with tamoxifen (10, 1, 0.1 µM) for 30 min, followed by the addition of 17β-
estradiol (50 µM) or left untreated (Ctrl) for 24 hours. Total RNA was then harvested and 
subjected to quantitative RT-PCR. The absolute quantitation is based on in vitro 
transcribed CPB2 mRNA standards; quantity of unknown is interpolated from the 
standard curve. The number of CPB2 transcripts is expressed relative to the untreated 
cells (Ctrl). B) HepG2 cells were grown to 90 % confluency and transiently transfected 
with the CPB2 promoter-reporter luciferase plasmid TAFI[-1128]-luc (described in (33)). 
The internal control pRL-CMV was also included in the transfection reaction to correct 
for differences in transfection and harvesting efficiency. Cells were treated with 
tamoxifen (10, 1, 0.1 µM) for 30 min, followed by the addition of 17β-estradiol (50 µM) 
or left untreated (Ctrl) for 24 hours. After the incubation period, cytoplasmic extracts 
were prepared for the measurement of luciferase activities. The amount of luciferase 
activity is first normalized to the renilla luciferase activity and then expressed relative to 
the untreated cells (Ctrl). For both panels, the data shown are the mean ± standard 
deviation of 2 independent experiments. Conditions that showed statistically (p<0.01) 
significant change when compared to the untreated cells are marked with one asterisk. 
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Ch 3, Figure 8. Protein Synthesis is not Required for Mediating the Effects of 
Estrogen on CPB2 mRNA Abundance and Promoter Activity. HepG2 cells were 
grown to confluency, treated with cycloheximide (200 nM) for 30 min, followed by the 
addition of 17β-estradiol (25, 50 or 75 µM) or left untreated (Control) for 24 hours. Total 
RNA was then harvested and subjected to quantitative RT-PCR. The absolute 
quantitation is based on in vitro transcribed CPB2 mRNA standards; quantity of unknown 
is interpolated from the standard curve. The number of CPB2 transcripts is expressed 
relative to the untreated cells (Control). Conditions that showed statistically (p<0.01) 
significant change when compared to the untreated cells are marked with one asterisk. 
 

 

 

 95



3.6 Discussion 

 The level of progesterone and estrogen is known to decrease in post-menopausal 

women, and hormone replacement therapy (HRT) was developed to alleviate menopausal 

symptoms. Estrogen has a complex range of biological targets that may account for its 

apparent cardio-protective effect. Estrogen has been shown to be involved in the 

modulation of vascular tone, antioxidant production, lipid metabolism, fibrinolysis, and 

bone density (24,40,41). HRT was anticipated to confer protection from cardiovascular 

disease in post-menopausal woman. However, since the initial epidemiological 

observations and studies that promote HRT as prophylaxis, evidence has emerged 

associating HRT usage with increased risk of arterial and venous thrombotic events (24). 

Thrombotic complications in hormone replacement users have been debated for many 

years without reaching a clear consensus (25,42-47). It has been proposed that the risk for 

thrombosis, which likely arises from a complex interplay of factors associated with 

hormone replacement, is dependent on the context preceding the usage of hormone 

therapy (25). Indeed, it has recently been proposed that time to initiation of HRT and the 

type of estrogen/progesterone combination used may result in diametrically opposing 

outcomes (48,49). As well, the risk of thrombosis associated with HRT is thought to be 

predominant in certain type of estrogen/progestin preparations (38,43). However, a more 

recent trial showed that any combination of the most currently used estrogen/progestin 

preparations are associated with 4 to 7-fold increased in the risk of venous thrombosis 

(43). 

 For some time, only the progestin component of HRT was thought to be 

responsible for increasing the risk of thrombosis. However, it has been shown that 
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unopposed estrogen (not combined with progestogens) also increases risk of thrombosis 

(50-52). Consequently, many groups aimed at evaluating the effects of estrogen and other 

SERMs employed in HRT on the levels of various hemostatic factors (25,32,53,54). 

Results relevant to our gene of interest, CPB2, indicated minimal change to significant 

decrease in plasma TAFI levels in women using hormone therapy; the effects observed 

were specific for the type of estrogen and progestins used (29-32). A small change in 

plasma TAFI levels could significantly modulate the balance between coagulation and 

fibrinolysis (3); a decrease in plasma TAFI levels could suggest that TAFI mediates the 

cardio-protective effect of HRT (55). So far, there are no data available on the 

mechanism by which TAFI expression is modulated by female sex hormones. It is 

therefore important to establish the effect of physiologically relevant sex hormones such 

as progesterone and 17β-estradiol on CPB2 expression. A better understanding of the 

effects of female sex hormones on CPB2 will provide a standard for future studies 

investigating the effect of SERMs alone or use in combination with estrogen. 

 TAFI is primarily expressed by the liver and constitutively secreted into the 

circulation. Our in vitro model is based on the culture of hepatoma cells (HepG2). These 

cells express and secrete TAFI in the medium and contain most of the hepatic 

transcription factors and are therefore a good model for studying change in gene 

expression. These cells have also been employed previously to study the effect of steroid 

hormones on gene expression (23,56,57). Using our system, we observed a decrease in 

the levels of TAFI protein secreted from cultured HepG2 cells upon treatment with 17β-

estradiol (10 to 50 µM), progesterone (10 to 50 µM), and progesterone combined with 

dexamethasone (1 µM) (Ch 3, Figure 1). A slight upward deviation from the decreasing 
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trend in TAFI protein levels was observed with 5 μM progesterone (Ch 3, Figure 1B), 

suggesting that the change in TAFI protein levels could be directed either way, depending 

on the concentration of progesterone. Our previous studies have shown that the synthetic 

glucocorticoid dexamethasone increases CPB2 expression in HepG2 cells (23). We 

observed using ELISA that dexamethasone increases TAFI protein expression in these 

cells (Ch 3, Figure 1B), albeit to a lower extent than the approximate 2-fold increase in 

mRNA levels previously observed. Interestingly, co-administration of dexamethasone 

and progesterone resulted in a slight blunting of the effects of the latter. The trends in 

TAFI protein expression in response to hormone treatment were, in general, faithfully 

recapitulated when we tested their effect on CPB2 mRNA abundance and promoter 

activity. These findings indicate that changes in CPB2 expression, and more specifically, 

in transcriptional activity, account for the effects of the hormones on TAFI protein 

expression. 

 The concentration range for 17β-estradiol and progesterone used in this study was 

determined in vitro and corresponds to the most reproducible maximal effect on CPB2 

expression (data not shown); importantly, the lowest concentration of 17β-estradiol that 

results in a detectable decrease in CPB2 expression in vitro was found to be around 50-

100 nM (data not shown). The concentration of 17β-estradiol and progesterone we used 

ranges from 5 to 50 µM, concentrations that are beyond the physiological plasma 

concentration range of estrogen (0.3-1.1 nM; up to 150 nM during third trimester of 

pregnancy) and progesterone (5-60 nM; up to 1.6 µM during third trimester of 

pregnancy). Even though it is tempting to directly relate our results to physiological 

situations, it is important to keep in mind that in vitro studies differ in many aspects such 
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as cells surface arrangement, growth medium composition, protein concentration, and 

cell concentration. Consequently, our results can still firmly suggest that in vivo liver 

expression of TAFI is modulated by endogenous estradiol, especially during special 

circumstances such as HRT or oral contraceptive usage (where concentration of 

circulating estrogen can reach micromolar concentrations). To support the validity of our 

results, several studies provide evidence that high concentration of estrogen and 

progesterone (ranging up to 100 µM) can be found in vivo such as estrogen production 

sites and in tumor cells (58-62). In addition, it has been proposed that high micromolar 

concentration of estrogen (0.5-50 µM) could mediate distinct cellular effects via ER 

binding site of higher affinity constant (60). These examples support our results in that 

they demonstrate that micromolar level of sex hormones likely have physiologically 

relevant roles. Importantly, the aim of our study was to determine the susceptibility of 

CPB2 expression to be modulated by female sex hormones in vitro and to provide the 

initial step toward understanding how sex hormones modulate plasma TAFI levels. Lastly, 

additional reasons for using high concentration of hormone might be accounted by the 

induction of sex hormone-binding globulin (SHBG). SHBG is expressed in the liver and 

binds circulating testosterone and 17β-estradiol, modulating the bioavailability of these 

compounds. The requirement for higher levels on hormones could be explained by the 

increased expression of sex hormone-binding globulin by the liver, especially in the 

presence of 17β-estradiol (63). Finally, studies in rats have demonstrated micromolar 

concentrations of 17β-estradiol in liver, as this organ is the major site of clearance of the 

hormone (64). 
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 There are several possible pathways by which the steroid hormones used in this 

study could modulate CPB2 expression. The level of transcription could be directly 

modulated through hormone-receptor binding to the CPB2 promoter or indirectly by 

altering gene expression of transcription factors, through protein-protein complexes (such 

as ER-transcription factor), or via activation of signaling cascades. Since GR and PR 

share a similar consensus responsive element (65) (palindromic pentadecamer GAA 

CAnnnTG TTC), we were naturally interested in the effects of treatment with both 

dexamethasone and progesterone. The overall impression from these co-administration 

studies is that the increasing effects of dexamethasone are superimposed on the 

decreasing effects of progesterone, such that a 2-fold increase in CPB2 promoter activity 

attributable to dexamethasone is observed at all concentrations of progesterone. These 

data suggest that the two hormones do not compete for the same responsive element on 

the promoter.  Indeed, mutations rendering the GRE inactive fail to interfere with the 

effect of progesterone on CPB2 promoter activity (Ch 3, Figure 4). Progressive 5’-

flanking deletion of the CPB2 promoter revealed that the location of the putative steroid 

hormone receptors is restricted to the nucleotides between -73 and +1, where no 

consensus estrogen or progesterone responsive element could be identified (Ch 3, Figure 

5) (37). In light of this evidence, we suspect that neither PR nor ER binds directly to the 

CPB2 promoter sequence. 

 The effect of estrogen on the vascular system is well documented. It is possible 

for 17β-estradiol to mediate its effect indirectly through the modulation of genes coding 

for transcription factors or members of the basal transcriptional machinery (24,66). We 

decided to focus on the potential mechanism of action of 17β-estradiol on CPB2 
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regulation. First, we wanted to assess the involvement of the estrogen receptor (ER). To 

this end, we pre-exposed HepG2 cells to tamoxifen, a well described SERM employed 

extensively for adjuvant therapy in breast cancer (67), for a short period prior to 

incubating the cells with 17β-estradiol. We expected that tamoxifen would sequester the 

ER and abolish 17β-estradiol-mediated change in CPB2 expression. Our results showed 

that TAFI protein levels, mRNA abundance, and promoter activity were all unaffected by 

the presence of tamoxifen (Ch 3, Figures 6-7). Theses results suggest that the effects of 

estrogen are ER-independent, and therefore involve a non-classical pathway. However, it 

has been reported that different ER ligands can cause changes in the structural 

conformation of ERs, which can alter ER target affinity and specificity (24,67,68). In 

support to this observation, it has been shown that 17β-estradiol and tamoxifen generate 

gene expression profiles that differ substantially from each other (66). Therefore, we 

cannot rule out the possibility that the ER is still involved in transmitting the effect of 

17β-estradiol. In addition to the possibility of receptor-mediated or receptor-independent 

mechanisms, steroid hormones may have simultaneous genomic and non-genomic effects, 

amplifying the complexity of their action (24). ER knockout cell lines or ER over-

expression are two strategies that could help describe more precisely the action of 17β-

estradiol, but both surpass the scope of our initial objectives and will require further study. 

 Concerning the plausible involvement of the ER, it is possible that the ER up-

regulates the expression of a gene encoding for a transcription factor (66,69). The 

resulting gene product, once translated, could affect CPB2 expression. In order to assess 

if the mechanism of action of 17β-estradiol requires de novo synthesis of protein, we pre-

treated cells with cycloheximide, a translational inhibitor. The results showed no 
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difference in the responsiveness of the CPB2 to 17β-estradiol in terms of mRNA 

abundance (Ch 3, Figures 8). Therefore, the possible modulation of specific transcription 

factors by the ER-17β-estradiol complex would likely arise from an existing pool of 

proteins. Certainly, those estrogen-regulated transcription factors can potentially interfere 

with the integrity of the transcriptional machinery. Alternative mechanisms for the 

regulation of transcription by ER involve protein-protein interaction with transcription 

factors, such as activator protein 1 (AP-1) and specific protein 1 (Sp1). It is also plausible 

that the signaling of estrogen is mediated by other kinase pathways in an ER-independent 

manner (66,70-72). The AKT pathway has been shown to be up-regulated by estradiol 

during the menstrual cycle (73). The activation of AKT downstream from estrogen 

bound-membrane receptor could mimic ER-dependent estrogen signaling and result in 

gene transactivation (66). 

 A paradox presented by our findings is that plasma TAFI antigen levels have been 

reported to rise during pregnancy and then fall immediately after parturition (5,6). Given 

that concentrations of estrogen and progesterone rise considerably during pregnancy, it is 

clear that different hormonal factors must counteract the effect of estrogen and 

progesterone on CPB2 expression during pregnancy. Candidates include glucocorticoids, 

mineralocorticoids, and insulin. 

 In summary, we showed that TAFI can be modulated by progesterone and 

estrogen (17β-estradiol). The changes in TAFI protein expression are attributable to 

changes in CPB2 mRNA abundance and promoter activity after treatment with hormones. 

Moreover, we determined that the hormone receptors are not likely binding to the CPB2 

promoter. The present findings are an important step in the evaluation of the role of TAFI 
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as a potential mediator of the cardio-protective effects of estrogens and progestogens. 

Moreover, results from this study corroborate the modulation of the plasma TAFI 

concentration by female sex hormones. Specifically, female sex steroids have a down-

regulatory effect on transcription of the gene encoding TAFI. The role of hormonal 

regulation of TAFI in the control of hemostasis and risk for thrombosis will need to be 

assessed by further in vivo studies. 
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Chapter 4: Transcriptional Regulation Cpb2 by Inflammatory Mediators 

4.1 Statement of Co-authorship 

 This manuscript is being prepared for peer review. The authors are Mathieu 

Garand, Joellen H.H. Lin, Ceredwyn E. Hill, Diann Andrews, Marlys L. Koschinsky, and 

Michael B. Boffa. Dr. Hill, Diann Andrews and myself participated in the collection of 

the data in Figure 1. The data in Figure 2 were collected by Dr. Boffa. The data in Figure 

9 were collected by me and Joellen H.H. Lin. All remaining data were collected by me. 

All sections of the manuscript were written by me. Experimental designs were prepared 

by me and Dr. Boffa. I, Joellen H.H. Lin, Dr. Boffa and Dr. Koschinksy were involved in 

the editing of the manuscript. 

 

4.2 Abstract 

 Thrombin-activable fibrinolysis inhibitor (TAFI) is a plasma pro-

carboxypeptidase that, once converted to its active form (TAFIa), down-regulates 

fibrinolysis by removing C-terminal lysine residues from the partially degraded fibrin. In 

addition to partially degraded fibrin, anaphylatoxins, bradykinin, and thrombin-cleaved 

osteopontin have been shown to be substrates for TAFIa, suggesting that TAFIa may 

have anti-inflammatory properties. In mice, TAFI plasma levels and mRNA expression 

were found to increase within 24 hours after intra-peritoneal lipopolysaccharide (LPS) 

injection. On the other hand, injection of LPS in humans was shown to decrease plasma 

TAFI concentrations. We have previously demonstrated that CPB2 mRNA abundance in 

human hepatoma (HepG2) cells decreased by ~60% after combined IL-1β and IL-6 (IL-

1β/IL-6) treatment. However, there are no mechanistic explanations for the increased 
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TAFI expression observed in mice. To better understand the mechanisms by which TAFI 

is regulated in mice, we have evaluated the effects of various inflammatory mediators on 

mouse gene encoding TAFI (Cpb2) expression. Our results showed that treatment of 

primary mouse hepatocytes with IL-1β/IL-6 or TNFα for 24 hours results in a 1.5 to 2-

fold increase in Cpb2 mRNA abundance. After 48 hours, IL-1β, IL-1β/IL-6, and TNFα 

increase Cpb2 mRNA abundance by 2.5, 4, and 2-fold, respectively. Next, mouse hepatic 

cells (the FL83B cell line) were transfected with reporter plasmids containing the Cpb2 

5’-flanking region. Treatment with TNFα for 24 and 48 hours resulted in ∼1.5-fold 

increased Cpb2 promoter activity. Mutation of a putative NFκB site ablated the increased 

promoter activity observed following TNFα treatment. Using gel mobility shift assays, 

we demonstrated the binding of NFκB to the Cpb2 promoter. Incubation with TNFα 

increases the translocation of NFκB from the cytoplasm to the nucleus of mouse 

hepatocytes. These findings suggest that the NFκB site in the Cpb2 promoter is 

functional and mediates, in part, the cytokine induction of Cpb2 transcription. 
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4.3 Introduction 

 TAFI (thrombin-activable fibrinolysis inhibitor) is a basic carboxypeptidase 

zymogen that, upon activation by plasmin, thrombin or thrombin in complex with 

thrombomodulin, cleaves lysine residues from the carboxyl-terminus of partially 

degraded fibrin (1-4). This modification attenuates the positive feedback in the 

fibrinolytic cascade, and indicates that TAFI likely play a role in mediating the balance 

between coagulation and fibrinolysis in vivo (5,6). Additionally, activated TAFI (TAFIa) 

has been demonstrated in both in vitro (7,8) and in vivo (9,10) studies to inactivate, 

through cleavage of C-terminal arginines, anaphylatoxin peptides C3a and C5a, as well as 

bradykinin and thrombin-cleaved osteopontin. These observations suggest a role for 

TAFI in the modulation of inflammatory processes. 

 It has been demonstrated that the injection of bacterial lipopolysaccharide (LPS) 

into mice to induce the acute phase response results in an increase of plasma TAFI levels 

and hepatic Cpb2 mRNA abundance (11). Conversely, it has been reported in human 

subjects that experimental endotoxemia results in a decrease in plasma TAFI 

concentrations (12). In addition, decreased plasma concentrations of TAFI have been 

reported in patients with severe sepsis and septic shock (13). Recent studies from our 

own laboratory have demonstrated that the CPB2 promoter is not regulated by the 

cytokines IL-1β or IL-6, but is activated 2-fold in cultured human hepatoma (HepG2) 

cells by the synthetic glucocorticoid dexamethasone (14). On the other hand, we have 

shown that treatment of HepG2 cells with IL-1 and IL-6, in combination, decreases CPB2 

mRNA abundance through effects on CPB2 mRNA stability and polyadenylation site 

selection (15).  
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 The mouse has emerged as an important model for a variety of vascular diseases 

including thrombosis, atherosclerosis, and systemic inflammatory responses. Mice in 

which Cpb2 has been deleted by homologous recombination have been described (16-19) 

and roles for TAFI in pericellular plasmin activation, wound healing, and inflammation 

have been suggested by analysis of these animals (9,10,17,20). Currently, however, there 

are no mechanistic explanations for the increase in Cpb2 expression following LPS 

injection. In order to better understand the mechanisms by which Cpb2 expression is 

regulated in mice, and to facilitate comparison to the human situation, we have 

characterized the 5’-flanking region of the mouse gene encoding TAFI, Cpb2, and have 

evaluated the regulation of the Cpb2 promoter by inflammatory mediators.  
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4.4 Experimental Procedures 

4.4.1 Primary Mouse Hepatocyte Isolation 

 Procedures with animals were conducted according to the Canadian Council on 

Animal Care. B6C3F1 mice (44-56g body wt) were housed under a 12-h light/dark cycle 

with free access to water. Mice were anaesthetized with sodium pentobarbital (150-200 

mg/kg body weight), and a laparotomy was performed under aseptic conditions. The 

inferior vena cava was cannulated and livers were successively single-pass perfused at 7 

ml/min with 100 ml 5.1 mM glucose, 25.4 mM HEPES pH 7.4, 121 mM NaCl, 2.3 mM 

KCl, 1.2 mM KH2PO4 (GHK) containing 4× PSF, 0.5 mM EGTA and then 75 ml of 

GHK containing 2× penicillin-streptomysin-Fungizone solution (PSF; Invitrogen), 5 mM 

CaCl2, and 0.03 % (w/v) collagenase (Liberase; Roche Biochemicals). The partially 

digested liver was excised, minced and incubated for a further 5 min with fresh 

collagenase. The cell suspension was filtered through a 25 μm nylon mesh and washed 

three times with GHK containing 2 mM CaCl2 and 2× PSF. Cell counts were determined 

using a hemacytometer with viable cells evaluated by exclusion of trypan blue. Cells 

were seeded in 6-well plates (Corning) at a density of ~1.5 × 105 viable cells/ml in 

Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12; Invitrogen) 

containing 5 % newborn calf serum (Sigma), 1× antibiotic/antimycotic mixture (10 

units/mL penicillin G sodium, 10 μg/mL streptomycin sulfate, and 25 ng/mL 

amphotericin B) (Invitrogen) for 4 hours at 37 °C in an atmosphere with 5 % CO2. Then, 

where appropriate, medium was supplemented with IL-1β, IL-6, or TNFα (10 ng/ml) for 

24 or 48 hours prior to harvest of total RNA. Cytokines were purchased from Sigma and 

reconstituted as recommended by the manufacturer. 
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4.4.2 Real-time Quantitative RT-PCR 

 Total RNA was isolated from the primary mouse hepatocytes using the RNeasy 

Mini Kit (QIAGEN). RNA concentrations were determined spectrophotometrically. 

Absolute quantification of Cpb2 transcripts was carried out essentially as previously 

described (15) on an ABI Prism 7500 instrument (Applied Biosystems) using Taqman 

chemistry. PCR primers 5’–CGT GGG CAC AGA CCT GAA C–3’ (upstream) and 5’–

AAC TTG ACG CAC CTT TCT CAC A–3’ (downstream) and the Taqman probe 5’–

FAM TTC GCT TCC AAA CAC NFQ-MGB–3’ were designed using Primer Express 

(version 1.7) software (Applied Biosystems) with the manufacturer’s default settings. The 

probe was labeled at the 5’-end with the reporter dye FAM (6-carboxyfluorescein) and at 

the 3’ end with a non-fluorescent quencher attached to a minor groove binder (NFQ-

MGB). In 96-well optical plates, 25 µL of 2× Taqman One-Step RT-PCR Master Mix 

and 1.25 µL of 40× MultiScribe and RNase Inhibitor Mix (all purchased from Applied 

Biosystems) were added to 100 ng of total RNA, 300 nM forward and reverse primers, 

and 250 nM probe. Thermal cycling conditions consisted of 30 min at 48 °C for reverse 

transcription, 10 min at 95 °C, and 40 subsequent cycles of 15 sec at 95 °C and 1 min at 

60 °C. The absence of genomic DNA contamination in the RNA template was confirmed 

by carrying out control reactions in which reverse transcriptase was omitted. In addition, 

amplification controls were also carried out where RNA template was not included in the 

reaction mixture. The threshold cycle (CT) for each sample, as an index of the amount of 

template present, was determined using ABI Prism SDS software (version 1.0) and the 

number of transcripts was interpolated from standard curves. RNA standards were 

created corresponding to the Cpb2 mRNA species by in vitro transcription using 
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Riboprobe in vitro transcription systems (Promega) of templates consisting of the cDNA 

in pBluescript II SK+ (Stratagene). 

 

4.4.3 Reporter Plasmids 

 Using a region of the Cpb2 cDNA sequence (GenBank accession # AF164524) 

(21) corresponding to the presumptive first exon of the gene as the query sequence, a 

BLAST search of the Genome Survey Sequences database was conducted. The search 

identified clone UUGC1M0041F07 of the mouse genomic DNA plasmid library 

UUGC1M. This clone was generously provided by Dr. Robert Weiss at the University of 

Utah Genome Center and was subjected to restriction enzyme mapping and subcloning in 

pBluescript II SK+; DNA sequence analysis of the subclones revealed that the clone 

encompassed the Cpb2 5’-flanking region. A 200 base pair (bp) fragment of the 5’-

flanking region was amplified by PCR using the following primers: sense 5’–GGG TTC 

AGA TAT CAG ACG ACC–3’; antisense 5’–CAT GAA GCT TCA ACC CAA CAG–3’. 

The 5’-primer encompasses a unique EcoRV site (underlined) and the 3’-primer 

encompasses the unique HindIII site (underlined) immediately downstream of the 

mutated initiator methionine codon (double-underlined); in order to prevent out-of-frame 

translation of the luciferase reporter mRNA, this codon was mutated to TTG. The PCR 

fragment was combined with a 1162 bp XbaI-EcoRV fragment isolated from a subclone 

of clone UUGC1M0041F07 in the firefly luciferase reporter plasmid pGL3 Basic 

(Promega) to create the reporter plasmid named mTAFI[-1353]. The upstream restriction 

site used in this procedure was SacI, present in the multiple cloning site of the 

pBluescript II SK+ cloning vector from which the 1162 bp fragment was excised. The 
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nomenclature refers to the number of bp of 5’-flanking sequence upstream of the initiator 

methionine codon that was present in this construct. 

 

4.4.4 Mutagenesis 

 Mutagenesis of the putative NFκB site was performed using the mTAFI[-1353] 

plasmid as the template for the QuikChange Mutagenesis System (Stratagene). 

Conditions were: 1 cycle of 95 oC for 30 sec and 18 cycles of 95 oC for 30 sec, 50 oC for 

1 min and 68 oC for 6 min. The sequence of the sense mutagenic primer was as follows: 

5’–CTC TTA GGC AAT TAG TTA CCT CTC TCT TTC TCC CCA AGG GCT TGC–

3’; the underlined nucleotides (positions -42 to -39 of the Cpb2 promoter) are 

substitutions relative to the wild-type sequence. The resultant plasmid was designated 

mTAFI[-1353]ΔNFκB. 

 

4.4.5 Reporter Gene Assays 

 Mouse hepatocytes (FL83B) were grown in Dulbecco’s Modified Eagle 

Medium/Nutrient Mixture F-12 (DMEM/F12; Invitrogen) containing 10 % fetal bovine 

serum (ATCC) and 1× antibiotic/antimycotic mixture (Invitrogen). Cells were maintained 

in a humidified 37 °C incubator under a 95 % air, 5 % CO2 atmosphere. Cells were 

seeded in 6-well culture plates (Corning) 16 hours prior to transfection. Transfections 

were performed using Fugene 6 (Roche) according to the manufacturer’s 

recommendations. Briefly, 0.5 µg of luciferase reporter plasmids corresponding to the 

wild type or mutant Cpb2 promoter were transiently transfected into mouse hepatocytes 

along with 1 µg of internal control plasmid (pRL-TK; Promega). After an overnight 
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incubation with the transfection mixture, the cells were washed with phosphate-buffered 

saline (PBS: 137 mM NaCl, 2.7 mM KCl, 1.4 mM KH2PO4, 3 mM Na2HPO4, pH 7.4) 

and provided with fresh medium and supplemented with the appropriate cytokines (each 

at 10 ng/mL): TNFα, IL-1β, IL-6, or IL-1β/IL-6 in combination. Following 24 or 48 

hours incubation, cells were harvested for preparation of cytoplasmic extracts for 

luciferase assays according to the Promega Dual-Luciferase Reporter Assay System 

protocol using Passive Lysis Buffer. Relative luciferase activities were determined using 

the Dual Luciferase Assay (Promega) implemented on a Berthold MicroLuminat Plus LB 

96V; the data were analyzed with Winglow version 1.0 software. 

 

4.4.6 Preparation of Cytoplasmic and Nuclear Extracts 

 Cells grown to confluence in the presence or absence of TNFα (10 ng/ml) or IL-

1β (10 ng/ml), and were washed three times with PBS prior to harvest. For preparation of 

cytoplasmic extracts, cells were resuspended and lysed in lysis buffer (50 mM Tris-HCl 

pH 7.4, 1 % Nonidet-P40, 0.25 % sodium deoxycholate, 150 mM NaCl, 1 mM EDTA). 

Nuclear extracts were prepared from five confluent 100 mm plates of cells as previously 

described (22). Total protein content in each sample was quantified using BCA assay 

according to the manufacturer’s instructions (Pierce Biochemicals). 

 

4.4.7 Electrophoresis Mobility Shift Assays (EMSA) 

 Complementary sets of oligonucleotides encompassing the putative NFκB site in 

the Cpb2 promoter were synthesized: sense 5’–cat gTA GTT ACC TGG GAC TTT 

CTC CCC AAG GG–3’. Mutant oligonucleotides spanning the same range and 
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containing substitutions (underlined) that reverse the sequence to that present in the 

analogous position in the CPB2 promoter were also synthesized: sense 5’–cat gCA ATG 

ATC TGG GTT TTT CTC TTC AGA GA–3’. These are denoted oligonucleotides 

NFκB and ΔNFκB/h, respectively and span the -53 to -29 region of the Cpb2 promoter. 

The core nucleotides for the putative NFκB site base on consensus binding sequence are 

indicated in bold characters. The lowercase letters represent a 5’-overhang for labeling of 

the annealed oligonucleotides with the Klenow fragment of DNA polymerase, which was 

performed as previously described (23). Unlabeled competitor binding sites were made 

by annealing equimolar amounts of sense and antisense oligonucleotides (lacking the 5’-

overhang). Binding reactions were prepared that contained (added in the order listed) 

binding buffer (250 mM HEPES pH 7.6, 50 mM MgCl2, 340 mM KCl, 2 mM 

dithiothreitol), 1 μg of poly(dIdC)·(dIdC) (Amersham Biosciences), unlabeled competitor 

(10-, 25-, or 100-fold molar excess, where applicable, 5-10 μg nuclear extract, and 1.2 ng 

of radiolabeled probe (~15,000 cpm). Binding reactions were incubated for 15 min at 4 

oC. For super-shift gel mobility assays, 2 μL of antibody (0.2 μg/μL) against the p50 

subunit of NFκB was added to the reaction and incubated for 10 min at room temperature 

prior to the addition of the radiolabeled probe. Reactions were loaded on a 5 % 

polyacrylamide gel, which also contained 5 % glycerol, and that had been pre-

electrophoresed at 250 V for 20 min at 4 oC. Electrophoresis was continued for a further 

3 hours, at which time the gel was fixed, dried, and exposed to film (Kodak X-OMAT 

MS). 
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4.4.8 Western Blotting - NFκB Translocation Assay 

 Mouse hepatocytes were grown to ~90 % confluency, and then washed three 

times with 2 mL PBS; cytoplasmic and nuclear samples were prepared as described 

above. Fifty micrograms of each sample were loaded onto 12 % SDS-PAGE for NFκB 

and β-actin and 9 % SDS-PAGE for RNA pol II. Proteins were then transferred to a 

PVDF membrane (Millipore) in transfer buffer (25 mM Tris, 192 mM glycine, 10 % 

methanol) and incubated in blocking buffer (15 mM Tris-HCl pH 7.6, 140 mM NaCl, 

0.05 % Tween 20, and 4 % non-fat milk) at least 1 hour at room temperature. 

 For NFκB western blot, the membrane was incubated with rabbit polyclonal 

antibody (diluted 1:1000 in blocking buffer) raised against NFκB p105/p50 subunit 

(ab7971-1; AbCam, Cambridge, MA, USA) at 4 oC overnight. After incubation with 

primary antibody, the membrane was washed 10 times with water, and then incubated 

with donkey anti-rabbit horseradish peroxidase-conjugated secondary antibody (diluted 

1:5000 in blocking buffer) for at least 1.5 hours at room temperature. Following 

secondary antibody incubation, the blot was rinsed 20 times with water, incubated 10 

minutes with 1× TBST (15 mM Tris-HCl pH 7.6, 140 mM NaCl, 0.05 % Tween 20), and 

then rinsed 20 times with water. Membranes were developed with an enhanced 

chemiluminescence detection system (ECL; Amersham Biosciences) at room temperature 

for 1 minute before exposing to X-ray film (Biomax MS Film: Kodak). Films were 

scanned using a flatbed laser scanner, and the density of the immunoreactive bands was 

determined using Corel PHOTO-PAINT Version 10. 

 For β-actin western blot, the membrane was incubated with mouse polyclonal 

anti-β-actin (Sigma) (diluted 1:15000 in 1 × TBST containing 2.5 % nonfat milk) at 4 oC 
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overnight. After incubation with primary antibody, the membrane was washed 10 times 

with water, and then incubated with sheep anti-mouse horseradish peroxidase-conjugated 

secondary antibody (diluted 1:7500 in 1× TBST containing 2.5 % nonfat milk) for at least 

1.5 hours at room temperature. Following secondary antibody incubation, the blot was 

washed and developed as described above. 

 For RNA pol II western blot, the membrane was incubated with mouse polyclonal 

anti-RNA pol II antibody (Millipore) (diluted 1:3000 in blocking buffer) at 4 oC 

overnight. After incubation with primary antibody, the membrane was washed 10 times 

with water, and then incubated with sheep anti-mouse horseradish peroxidase-conjugated 

secondary antibody (diluted 1:7500 in blocking buffer) for at least 1.5 hours at room 

temperature. Following secondary antibody incubation, the blot was washed 20 times 

with water, incubated 4×10 minutes with 1×TBST, and then rinsed 20 times with water. 

The membrane was subsequently developed as described above. 

 From the densities of the appropriate immunoreactive bands, the amounts of 

NFκB in cytoplasmic and nuclear extracts were normalized to total β-actin and RNA pol 

II, respectively, within the samples. 
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4.5 Results 

4.5.1 Effect of Cytokines on Cpb2 mRNA Abundance 

 It has been demonstrated that the plasma concentration of TAFI and hepatic Cpb2 

mRNA abundance increase in mice in which the acute phase has been induced by 

injection of LPS [11]. The key pro-inflammatory cytokines released in the acute phase 

response are IL-1β, IL-6 and TNFα (24,25). To directly establish whether these cytokines 

influence Cpb2 expression, we used them to treat cultured primary mouse hepatocytes for 

24 or 48 hours. Total RNA was harvested from the cells and the abundance of Cpb2 

transcripts was determined by quantitative RT-PCR. A significant up-regulation of Cpb2 

mRNA abundance was observed after 24 hours incubation with TNFα and IL-1β/IL-6, 

resulting in a 1.5-fold and 2-fold induction, respectively (Ch 4, Figure 1). Incubation with 

IL-6 for 24 hours resulted in a small, but significant, decrease in Cpb2 mRNA abundance. 

After 48 hours with IL-1β, TNFα and IL-1β/IL-6 treatment, we observed a 2.5, 2, and 4-

fold increase in Cpb2 mRNA abundance, respectively (Ch 4, Figure 1). 

  

4.5.2 Cloning and Sequencing of the 5'-Flanking Region of the Cpb2 

 In order to investigate the molecular mechanisms underlying these observations, 

we cloned and characterized the 5’-flanking region of the murine gene encoding TAFI. 

The sequence of an XbaI/HindIII sub-fragment of this clone encompassing the 

presumptive 5'-flanking region is shown in Figure 2. Indicated are potential transcription 

factor binding sites, identified by Matinspector version 5.3 (Library version 2.4), that are 

potentially relevant to liver-specific and acute-phase regulation of the Cpb2. 

  

 121



N
or

m
al

iz
ed

 C
pb
2

m
R

N
A

 a
bu

nd
an

ce

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

24 hrs

48 hrs

Treatment

Ctrl IL-1β IL-6 TNFα IL-1β/IL-6

*

*

*
*

*

*
N

or
m

al
iz

ed
 C
pb
2

m
R

N
A

 a
bu

nd
an

ce

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

24 hrs

48 hrs

Treatment

Ctrl IL-1β IL-6 TNFα IL-1β/IL-6

*

*

*
*

*

*

 

 

 

 

 

Ch 4, Figure 1. Effect of Inflammatory Cytokines on Cpb2 mRNA Expression in 
Primary Mouse Hepatocytes. Hepatocytes were isolated from mice and were cultured in 
the absence (Ctrl) or presence of IL-1β (10 ng/mL), IL-6 (10 ng/mL), TNFα (10 ng/mL) 
or IL-1β/IL-6 combined for 24 or 48 hours. Total RNA was harvested from the cells and 
the abundance of Cpb2 mRNA (per 100 ng of primary mouse hepatocyte total RNA) was 
determined using quantitative real-time RT-PCR. Quantification of mRNA transcripts is 
based on in vitro transcribed Cpb2 mRNA. The data at each time point (means ± standard 
deviation of 7 independent experiments) are expressed relative to the mRNA abundance 
in cells not treated with cytokine. The asterisks denote a significant difference from the 
absence of cytokines (p < 0.02) as assessed by Student’s t-test. 
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Ch 4, Figure 2. Cloning and Characterization of the 5’-Flanking Region of the 
Mouse Cpb2. BLAST search was conducted using the exon 1 sequence of the Cpb2; this 
identified a clone (UUGC1M0041F07F) from the mouse 10 kb plasmid UUGC1M 
library. The sequence of an XbaI/HindIII sub-fragment of this clone encompassing the 
presumptive 5'-flanking region is shown. The region spans 1353 nucleotides upstream the 
methionine codon (double underlined). Putative transcription factor binding sites 
identified by Matinspector version 5.3 (Library version 2.4) are indicated with the name 
of the putative factor displayed above the corresponding nucleotide sequence 
(underlined). We selected factors that were potentially relevant to liver-specific and 
acute-phase regulation of the Cpb2. 
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 We compared the sequence of the 5’-flanking region of the Cpb2 to that of the 

human gene (accession # AF080222), as well as those of the chimpanzee (accession # 

NW_115458), dog (accession # NW_876274) and rat (accession # NW_047454). We 

limited our analysis to the first 500 base pairs (bp) of the 5’-flanking regions. There was 

54.5 % identity between the five species within this region (of the nucleotides that could 

be aligned). There is substantial similarity between the human, chimpanzee, and dog 

genes in the first 500 bp (80.9 % identity) and between the mouse and rat genes in this 

region (79.7 %). Sequence alignment of the first 150 bp of the 5’-flanking regions of the 

mouse and human promoter is shown in Figure 3. The CCAAT/enhancer binding protein 

(C/EBP) binding site has been identified as functional in the human promoter (22), while 

the site in the other species contains minor substitutions. Based on the C/EBP consensus 

transcription factor binding site sequence matrices in the TRANSFAC database, such 

substitutions are likely compatible with C/EBP binding. The glucocorticoid responsive 

element (GRE) is conserved among human, chimpanzee and dog, although the 

functionality of the GRE in these animals remains to be identified. The putative NFκB 

binding site in the mouse promoter is only apparently conserved in the rat, with 

substitutions in the critical core nucleotides of the NFκB site (GGGAC) occurring in each 

of the other three species examined. A strong consensus hepatic nuclear factor-1 (HNF-1) 

site was identified in the mouse promoter; nucleotides critical for the binding of HNF-1 

are present in all species (except for 1 nucleotide substitution in dog). Like the human 

promoter, the mouse promoter lacks a TATA box (Ch 4, Figures 2, 3) (26). 
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Ch 4, Figure 3. Sequence Alignment of Cpb2 Proximal Promoters of Different 
Mammalian Species. Genomic sequences were obtained from GenBank corresponding 
to human, chimpanzee, rat, and dog, and approximately 170 nucleotides of each sequence 
upstream of the initiator methionine codon was aligned (along with the corresponding 
mouse sequence) using DNAMAN software (version 4.15; Lynnon Biosoft). Nucleotides 
identical in all five species are indicated with the shading. The putative HNF-1, C/EBP, 
and NFκB sites and the GRE are shown along with their respective binding sequence 
(boxes). Of these, the C/EBP site is mutated (but likely still functional) in rodent and dog, 
while the NFκB site is only present in the rodents and the GRE is only present in the 
primates and dog. The HNF-1 site is mostly conserved and likely functional in all species 
described. 
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4.5.3 Effects of Acute Phase Mediators on Cpb2 Promoter Activity 

 In order to assess whether inflammatory cytokines are capable of inducing Cpb2 

promoter activity, we constructed a firefly luciferase reporter plasmid that encompasses 

1353 bp of the Cpb2 5’-flanking region. We transfected the mouse hepatic cell line 

(FL83B) with the Cpb2 reporter plasmid and then treated the cells with cytokines IL-1β, 

IL-6, TNFα, and IL-1β/IL-6 combined. Treatment with TNFα significantly increased 

Cpb2 promoter activity by ~1.5-fold, while the other cytokine treatments did not result in 

any change in Cpb2 promoter activity (Ch 4, Figure 4). To assess the role of the putative 

NFκB binding site, we performed parallel experiments in cells that had been transfected 

with a Cpb2 reporter plasmid in which the NFκB site had been mutated. The reporter 

plasmid containing the mutated NFκB site was impaired in its responsiveness to TNFα 

(Ch 4, Figure 5); the mutation had no effect on basal promoter activity (data not shown). 

These findings point to a key role for the NFκB site in mediating the response of the 

Cpb2 promoter to TNFα. 

 

4.5.4 Transcription Factor Binding to the Putative NFκB Binding Site 

 In order to characterize the ability of the putative NFκB binding site to bind this 

transcription factor, gel mobility shift assays were performed using a radiolabeled double-

stranded oligonucleotide probe that encompasses this site. The activity of NFκB can be 

induced, among other known inducers, by pro-inflammatory mediators TNFα and IL-1β 

(24,27), but we observed that the Cpb2 promoter activity was unchanged in the presence 

of IL-1β (Ch 4, Figure 4). 
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Ch 4, Figure 4. Effect of Cytokines on Cpb2 Promoter Activity in Cultured Mouse 
Hepatocytes. A luciferase reporter plasmid corresponding to the wild type Cpb2 
promoter (mTAFI[-1353]) were transiently transfected into mouse hepatocytes (cell line 
FL83B) along with an internal control plasmid (pRL-TK) using Fugene reagent. After 16 
hours exposure to the transfection mixture, the cells were washed and then incubated for 
24 or 48 hours (white or shaded columns, respectively) in the presence of IL-1β (10 
ng/ml), IL-6 (10ng/mL), TNFα (10 ng/ml), combined IL-1β/IL-6, or in the absence of 
cytokine (Ctrl). Relative luciferase activities (means ± standard deviations of 3 
independent experiments) were determined using the Dual Luciferase Assay (Promega). 
The asterisks denote a significant difference from the absence of cytokines (p < 0.01) as 
assessed by Student’s t-test. 
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Ch 4, Figure 5. Important Role for the NFκB Site in Mediating TNFα Induction of 
the Cpb2 Promoter. Luciferase reporter plasmids corresponding to the wild type Cpb2 
promoter (mTAFI[-1353]) and a mutant lacking the putative NFκB site (mTAFI[-
1353]ΔNFκB) were transiently transfected into mouse hepatocytes (cell line FL83B) 
along with an internal control plasmid (pRL-TK) using Fugene reagent. Transfections 
with the wild type and mutant reporter plasmids are represented by white and black 
columns, respectively. After 16 hours exposure to the transfection mixture, the cells were 
washed and incubated for 24 hours in the presence of TNFα (10 ng/ml) or in the absence 
of cytokine (Ctrl). Relative luciferase activities (means ± standard deviations of 4 
independent experiments) were determined using the Dual Luciferase Assay (Promega). 
The asterisks denote a significant difference from the absence of cytokines (p < 0.01) as 
assessed by Student’s t-test. 
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Therefore, we expected that the treatment of mouse hepatocyte with IL-1β to display 

reduced or absent binding of NFκB to its putative site. The probe was incubated with 

nuclear extracts harvested from mouse hepatic cells (FL83B cell line) treated with TNFα 

or IL-1β, or from untreated cells (Ch 4, Figure 6). The mixtures were subjected to native 

polyacrylamide gel electrophoresis which resulted in the observation of several bands 

with reduced electrophoretic mobility; a subset of these bands correspond to specific 

complexes between transcription factors and the NFκB binding site as they were reduced 

in intensity by the inclusion of unlabeled wild-type binding site probe in the reaction (Ch 

4, Figure 6). Notably, figure 6 shows that specific complexes were observed in all mouse 

hepatocyte nuclear extract samples. We also assessed the ability of a mutant unlabeled 

oligonucleotide containing the substitutions in the NFκB site contained in the CPB2 

promoter (ΔNFκB/h) to compete for specific binding; this mutant binding site was less 

effective as a competitor than the wild-type Cpb2 promoter sequence (Ch 4, Figure 7A). 

Specific complexes were observed in all mouse hepatocyte nuclear extract samples used, 

but no specific complexes were observed using a probe made from the mutated ΔNFκB/h 

oligonucleotides (Ch 4, Figure 7B). 

 To confirm the identity of the proteins in the complexes, super-shift assays were 

performed by including antibodies specific for NFκB p50 subunit in the binding reactions. 

In samples containing the antibody against p50, a faint complex of lower mobility is 

observed that is effectively competed with unlabeled NFκB binding site oligonucleotides 

(Ch 4, Figure 8). Notably, super-shifted complexes were observed in nuclear extracts 

from control or treated mouse hepatic cells. 
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4.5.5 Translocation of NFκB to the Nucleus 

 While TNFα induced Cpb2 promoter activity in a manner dependent on the 

presence of an intact NFκB site in the promoter, NFκB binding activity was observed in 

the nuclear extract of control and treated cells. We therefore hypothesized that TNFα 

increases the translocation of NFκB from the cytoplasm to the nucleus. 

 In order to measure the translocation of NFκB, we prepared nuclear and 

cytoplasmic extracts from mouse hepatocyte cells (FL83B) treated with IL-1β, TNFα or 

left untreated, and then followed by western blot analysis for the presence of NFκB p50. 

Our results showed a decrease in cytoplasmic NFkB at 6 and 12 hours with TNFα and, to 

a smaller extent, with IL-1β (Ch 4, Figure 9A). An increase in the amount of nuclear 

NFkB was observed in TNFα treated cells at these time points (Ch 4, Figure 9B). As well, 

we observed a small increase in nuclear NFkB at 12 hours with IL-1β treatment (Ch 4, 

Figure 9B). 
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Ch 4, Figure 6. Gel Mobility Shift Assay Using the Putative Mouse NFκB Site as the 
Probe. Nuclear extracts harvested from mouse hepatocytes (cell line FL83B) treated with 
IL-1β (lanes 6-9), TNFα (lanes 10-13), or left untreated (Ctrl; lanes 1-5) were incubated 
with a radiolabeled probe encompassing the putative NFκB site in the Cpb2 promoter. In 
some cases, the binding reactions also contained increasing amount (10, 25, or 100-fold 
molar excess) of unlabeled binding site competitors encompassing the wild-type NFκB 
site. Binding reactions were subjected to native polyacrylamide gel electrophoresis and 
the gels were dried and exposed to X-ray film. The positions of the specific (Bound) and 
non-specific (NS) complexes between the probe and nuclear proteins are indicated to the 
left of the autoradiogram (None: lanes that do not contain competitors; X: experimental 
control lane that do not contain nuclear extract). 
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Ch 4, Figure 7. Gel Mobility Shift Assay Using Mutant and Wild-Type Putative 
Mouse NFκB sites as the Probe. (A) Nuclear extracts harvested from mouse 
hepatocytes (cell line FL83B) treated with IL-1β (lanes 5-7), TNFα (lanes 8-10), or left 
untreated (Ctrl; lanes 1-4) were incubated with a radiolabeled probe encompassing the 
putative NFκB site in the Cpb2 promoter. In some cases, the binding reactions also 
contained 10-fold molar excess of unlabeled binding site competitors encompassing the 
wild-type NFκB or the mutated NFκB (corresponding to the sequence at the analogous 
site in the human promoter and denoted ΔNFκB/h) sites. (B) Nuclear extract from 
untreated mouse hepatocytes (Ctrl) were incubated with a radiolabeled probe 
corresponding to the ΔNFκB/h sequence. In some cases, the binding reactions also 
contained increasing amount (10, 25-fold molar excess) of unlabeled binding site 
competitors encompassing the wild-type (NFκB) or the mutated (ΔNFκB/h) sites. All 
binding reactions were subjected to native polyacrylamide gel electrophoresis and the 
gels were dried and exposed to X-ray film. The positions of the specific (bound) and non-
specific (NS) complexes between the probe and nuclear proteins are indicated to the left 
of the autoradiogram (None: lanes that do not contain competitors; X: experimental 
control lane that do not contain nuclear extract). 
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Ch 4, Figure 8. Supershift Assays Using the Putative NFκB Site as the Probe. 
Nuclear extracts harvested from mouse hepatocytes (cell line FL83B) treated with IL-1β 
(lanes 4-5, 10-11), TNFα (lanes 6-7, 12-13), or left untreated (Ctrl; lanes 1-3, 8-9) were 
incubated with a radiolabeled probe encompassing the putative NFκB site in the Cpb2 
promoter. In some cases, the binding reactions also contained 10-fold molar excess of 
unlabeled binding site competitors encompassing the wild-type NFκB site. Lanes 8-13 
contain an antibody specific for NFκB p50 (anti-NFκB). Binding reactions were 
subjected to native polyacrylamide gel electrophoresis and the gels were dried and 
exposed to X-ray film. The positions of the specific (Bound), specific supershifted (SS) 
and non-specific (NS) complexes between the probe and nuclear proteins are indicated to 
the left of the autoradiogram (None: lanes that do not contain competitors; X: 
experimental control lane that do not contain nuclear extract). 
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Ch 4, Figure 9. NFκB Translocation Assay. Cytoplasmic (A) or nuclear (B) extracts 
were harvested from mouse hepatocyte (cell line FL83B) treated with IL-1β, TNFα, or 
left untreated (Ctrl) for 6 or 12 hours, as indicated. Representative western blots from 2 
independent experiments are shown. The density of the immunoreactive bands was 
determined from scanned blots and is represented graphically under each western blot. 
Data are shown as the ratio NFκB/β-actin or NFκB/RNA pol II (for cytoplasmic (A) and 
nuclear (B) extracts samples, respectively) and expressed as a percentage of the untreated 
cells. 
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4.6 Discussion 

 In the present study, we have cloned and characterized a segment of the 5’-

flanking region of Cpb2 that contains the promoter region. We revealed the presence of 

several putative transcription factor binding sites. Nucleotide sequence comparison 

between the mouse and human promoters as well as with the corresponding sequence 

from chimpanzee, dog and rat, reveals certain stretches with significant sequence identity, 

as well as some important differences. It has been previously established that the CPB2 

promoter contains a functional C/EBP binding site between -53 and -40 (22); the core 

nucleotides of this site contains minor substitutions in all species examined in this study, 

but may still be compatible with the binding of C/EBP. On the other hand, the functional 

glucocorticoid response element (GRE) previously identified in the human promoter (14) 

contains substitutions in the Cpb2 5’-flanking region that would be expected to abolish 

the GRE (Ch 4, Figure 3). Indeed, the activity of the mouse promoter is not altered by 

treatment of the cells with dexamethasone (data not shown). The chimpanzee and the dog 

promoter, like the human, contain the GRE while the rat promoter, like the mouse, does 

not. Inspection of the Cpb2 promoter sequence reveals the presence of a sequence that 

matches the consensus NFκB binding site (between -43 and -32); key A → T and C → T 

substitutions of this sequence in the human promoter (thus altering the core consensus 

GGGAC to GGGTT) would be expected to render this site non-functional. The only other 

species examined that possessed an intact NFκB site was the other rodent, the rat. The 

physiological significance of these differences remains to be discovered. It is tempting, 

however, to speculate that the role of TAFI in host defense may differ between rodents 

and primates. 
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 We also identified, using bioinformatic tools, a consensus binding site for the 

liver-enriched transcription factor HNF-1 in the Cpb2 promoter. The functionality of this 

site is not yet known in the mouse or the other species studied. We have recently reported 

that the putative HNF-1 site in the human promoter in fact binds HNF-1 and is absolutely 

required for human promoter activity in HepG2 cells (23). 

 A recent study has established TAFI as a positive acute phase protein in mice (11). 

Regulation of the expression of acute phase proteins often occurs at the transcriptional 

level in the liver and is modulated by certain inflammatory cytokines (28). We now 

demonstrate that acute phase mediators, specifically the inflammatory cytokines TNFα 

and IL-1β, increase Cpb2 mRNA abundance in mouse hepatocytes, using primary 

cultures isolated from this animal (Ch 4, Figure 1). To begin to understand the molecular 

mechanisms underlying this phenomenon, we have examined the effects of these 

cytokines on the Cpb2 promoter. Interestingly, only TNFα treatment resulted in an 

increase in Cpb2 promoter activity, with IL-1β and IL-6 having no effect (Ch 4, Figure 4). 

To assess the possibility that the putative NFκB site in the mouse promoter was 

mediating the effect, mouse hepatocytes were transiently transfected with reporter 

plasmids containing the wild-type Cpb2 promoter or the promoter with mutations in the 

putative NFκB site. As the latter plasmid is unresponsive to TNFα, the data indicate that 

the NFκB site plays an essential role in promoter responsiveness to TNFα (Ch 4, Figure 

5).  

 The mechanisms underlying the ability of IL-1and IL-6 to increase Cpb2 

expression remain to be elucidated. Our data strongly suggest that IL-1β and IL-6 

increase Cpb2 mRNA abundance through mechanisms other than an increase in 
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transcription. It is possible that these cytokines alter Cpb2 mRNA stability. We have 

demonstrated that these cytokines, when administered together but not individually, 

destabilize CPB2 mRNA and change that pattern of polyadenylation site selection, 

ultimately leading to a decrease in CPB2 mRNA abundance. The sequences and lengths 

of the human and mouse 3-untranslated regions are very different (11,26); in the case of 

the human transcript, the 3’-untranslated region is the sole determinant of the stability of 

the mRNA (14). Finally, we cannot formally exclude the possibility that the FL83B cell 

line is impaired in its ability to respond to IL-1β and IL-6; on the other hand, we 

observed a clear difference in the translocation of NFκB between IL-1β and TNFα 

treatments. 

 NFκB activity can be induced in most cell types upon treatment with the pro-

inflammatory cytokines TNFα and IL-1β (27). Exposure of cells to these inducers frees 

NFκB from complexes with the inhibitory subunit IκB and enables NFκB dimers to 

translocate from the cytoplasm to the nucleus where they bind target genes and regulate 

their transcription (29). The activation of NFκB induces the expression of many genes 

that play a critical role in the regulation of both immune and inflammatory responses (29). 

 Using gel mobility shift assays, we demonstrated that the putative NFκB site in 

the Cpb2 promoter in fact binds NFκB proteins. In vertebrates, the NFκB family is 

comprised of five members: NFκB1 (p50 and its precursor p105), NFκB2 (p52 and its 

precursor p100), RelA (p65), c-Rel and RelB (30). They are structurally related and can 

form various heterodimers and homodimers (31). The most common and fully 

characterized dimer is the p65:p50 heterodimer (32). We observed that incubation with 
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NFκB p50 antibody super-shifted the specific complexes in all the nuclear extracts used 

(Ch 4, Figure 8). 

 Treatment with TNFα seems to increase the amount of NFκB that migrates to the 

nucleus of mouse hepatocytes. These findings suggest that the NFκB site in the Cpb2 

promoter is functional and potentially mediates the cytokine induction of the Cpb2 

transcription. Although NFκB normally required activation to translocate to the nucleus, 

the mouse hepatocyte cell line used in our study, a transformed cell line (33), harbors 

basal level of nuclear NFκB, as observed both in our gel mobility shift assays and 

western blots (Ch 4, Figures 7-9). This observation may be a consequence of aneuploidy 

and may reflect an excess degradation of IκB, the NFκB inhibitory binding factor, as 

observed in hepatocarcinogenic cells (34). 

 In conclusion, our work has examined the effects of acute phase mediators on 

Cpb2 expression and found a key role for NFκB in mediating the effects of TNFα on 

transcription of this promoter. Induction of Cpb2 transcription by inflammatory cytokines 

is consistent with the increase TAFI levels observed in the acute phase in mice. The 

differential pattern of regulation of Cpb2 and CPB2 by inflammatory cytokines, which is 

reflected in the different molecular mechanisms that underlie these effects, is strongly 

suggestive of contrasting roles for the TAFI pathway in host defense in these two 

organisms. This consideration should certainly be remembered and caution should be 

employed when planning to use mice as a model to study the relationship between the 

TAFI pathway and inflammation. 
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Chapter 5: General Discussion 

 In Chapter Two, we have presented the characterization of CPB2 promoter and 

some of the potential transcription factor binding sites within the proximal promoter 

region, such as Site B (which binds NF-Y) and the HNF-1 binding site that spans Site B 

and Site C. We showed that the presence of HNF-1α is required for basal CPB2 promoter 

activity, and we proposed that HNF-1 plays a role in directing the liver-specific 

expression of CPB2. In Chapter Three, we have demonstrated that TAFI expression can 

be modulated by progesterone and estrogen (17β-estradiol). The changes in CPB2 

expression are attributable to changes in promoter activity after treatment with hormones. 

We also confirm that the levels of TAFI protein are similarly affected by sex hormones. 

Moreover, we determined that the corresponding hormone receptors (PR and ER) are not 

likely to be binding to the CPB2 proximal promoter; we showed that PR does not share 

the previously described GRE (1). Our results suggest that TAFI may be a potential 

candidate for mediating cardioprotective effects that are associated with estrogens and 

progestogens. In Chapter Four, we have evaluated the effects of various inflammatory 

mediators on Cpb2 expression. Our results showed that treatment of primary mouse 

hepatocytes with IL-1β/IL-6 and TNFα for 24 hours increases in Cpb2 mRNA 

abundance and this increase that was further amplified when cells were treated for 48 

hours. Next, mouse hepatocytes (FL83B cell line) were transfected with reporter 

plasmids containing the Cpb2 5’-flanking region. Treatment of mouse hepatocytes with 

TNFα for 24 and 48 hours increased Cpb2 promoter activities; this effect was lost with 

the mutation of a putative NFκB site in the Cpb2 promoter. In addition, we have 

confirmed the binding of NFκB to the Cpb2 promoter and have gathered evidence that 
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TNFα treatment increases the translocation of NFκB from the cytoplasm to the nucleus. 

These findings suggest that the NFκB site in the Cpb2 promoter is functional and 

potentially mediates the induction of Cpb2 transcription by TNFα. Furthermore, the 

results bring into perspective the use of mice to study the role of TAFI in inflammation. 

 Overall, our analyses of regulation of CPB2 expression in liver cells have 

provided important basic, mechanistic insights into how expression of this novel 

hemostatic factor is modulated. These insights are relevant not only to rationalizing the 

epidemiological studies of variation in plasma TAFI antigen levels, but also to 

understanding how regulation of TAFI expression may be an essential component of the 

TAFI system. Our studies provide a valuable platform for studies of TAFI in other cell 

types that may be involved in hemostasis or inflammation more locally, at the site of 

vascular injury. 

 

5.1 Understanding CPB2 Regulation  

 Many studies have shown that plasma concentrations of TAFI vary significantly 

in the population. There are a number of SNPs throughout the CPB2 and altogether 

account for 25 % of the variation in plasma TAFI levels (2). While this variation has been 

shown not to be influenced by the presence of conventional risk factors for 

cardiovascular disease, a number of external stimuli have been implicated in controlling 

plasma TAFI concentrations (3). It is highly probable that the regulation of CPB2 

expression is an important factor in the control of plasma TAFI levels. An important step 

in understanding gene regulation is to define the elements that control transcription. 

Transcription factor are key regulatory proteins for the development of cell specificity 
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and for transmitting modulation of gene expression by external stimuli. Several 

transcription factors have been shown to be selectively expressed at high level in 

hepatocytes (4). There are 5 main groups of factors: CCAAT/enhancer-binding protein 

(C/EBP), hepatocyte leukemia factor (HLF), hepatocyte nuclear factor (HNF)-1, HNF-3, 

and HNF-4. Among the 10 potential transcription factor binding sites that we have 

identified within the human CPB2 proximal promoter, we have proved the binding and 

functionality of NF-Y and HNF-1 (5). NF-Y is ubiquitously expressed and recognizes 

CCAAT sequence to even a greater extent than C/EBP (6,7). We have shown that the 

binding of NF-Y is important, though not absolutely essential, for the basal promoter 

activity of CPB2. Thus far, we cannot ascertain if NF-Y interacts with other transcription 

factors once bound to Site B; however, NF-Y is involved in protein-protein interactions 

and has been shown to recruit transcription factors to proximal promoters (8). One 

particularly interesting fact is the synergistic interaction between NF-Y and C/EBPα. 

Indeed, it has been shown that the presence of bound NF-Y was essential for the 

induction of the microsomal epoxide hydrolase (mEH) gene (9). The CPB2 promoter 

contains a C/EBP site, which has previously been described by our group, in close 

proximity to the NF-Y binding site (located 15 nucleotides upstream of the C/EBP site) 

(5,10). These observations suggest that NF-Y could potentially interact with C/EBP, 

resulting in the up-regulation of transcription (Ch5, Figure 1). 

 Among the results presented in Chapter Two, we showed that HNF-1α is an 

essential transcription factor for the basal activity of the CPB2 promoter. Four 

nucleotides, located tightly between the GRE and NF-Y sites, are required for the binding  
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Ch 5, Figure 1. Hypothetical Interactions of the Transcription Factors Bound to the 
CPB2 Promoter. The diagram depicts the proximal promoter region and includes 4 
transcription factors binding sites (boxes labeled A to D). One of the major transcription 
start sites is indicated by an arrow (+1). The numbering of each site corresponds to the 
nucleotide upstream of the transcription start site (distances are not to scale; refer to Ch2, 
Figure 11 for a precise map). Filled lines represent interactions between transcription 
factors. Dotted lines represent recruitment of other proteins. Question marks emphasize 
the unknown nature of the particular action. Abbreviation not described in the text: 
RNAP II = RNA polymerase II; TFIID = transcription factor II D. 
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of HNF-1α to the promoter. Over a decade ago, it has been shown that HNF-1 synergizes 

with C/EBPα to increase the activity of the human albumin gene promoter (11). The 

structure of the albumin promoter presented exhibits, in order from upstream to 

downstream, a C/EBP, NF-Y, and HNF-1 binding sites all located within ~35 nucleotides 

of each other. The human CPB2 promoter presents striking similarity with this latter 

promoter (Ch2, Figure 11), suggesting that HNF-1 could also interact with C/EBP and 

potentiates the response to inflammation with C/EBP (Ch5, Figure 1). In another study, 

HNF-1 has been shown to interact in synergy with the glucocorticoid receptor (GR), 

resulting in the enhancement of dexamethasone-induction of the insulin-like growth 

factor (IGF) gene promoter activity (12). This result could have direct implication for the 

regulation of the CPB2 promoter by dexamethasone through the GRE as previously 

described (Ch5, Figure 1). However, in the IGF promoter, both HNF-1α and HNF-1β 

isoforms bind to the HNF-1 site, but only HNF-1β enhances dexamethasone response. In 

our study, we have demonstrated the binding of HNF-1α to the CPB2 promoter; the 

involvement of HNF-1β remains to be elucidated. Another group looked at the role of 

HNF-1 in the response to liver injury (13). The study demonstrated that 2 different 

classes of transcription factors, in this case growth induced and tissue specific factors, 

could establish cross-talk under certain special conditions such as following liver injury. 

In fact, results showed that interleukin-6 (IL-6), an important player for liver regeneration, 

increased the insulin-like growth factor binding protein 1 (IGFBP-1) gene promoter 

activity via the binding of HNF-1α to the promoter. Interestingly, the induction of 

IGFBP-1 promoter activity by IL-6 was shown to be dependent on the STAT3/AP-1 

pathway by the formation of protein-protein complexes between HNF-1/STAT3 and 
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HNF-1/c-Fos. The IL-6/HNF-1/STAT3/AP-1-mediated trans-activation pathway was also 

observed with the glucose-6-phosphatase and α-fibrinogen promoters, suggesting a 

certain commonality for this type of regulation of hepatic gene expression following liver 

injury. 

 Previous findings have demonstrated positive associations between inflammatory 

markers and plasma TAFI antigen levels, while mild experimental endotoxemia results in 

a decrease in plasma TAFI levels (14). Our in vitro data show that inflammatory 

cytokines can decrease CPB2 gene expression while glucocorticoids increase it. 

Therefore, additional studies, which will be informed by our dissection of the CPB2 

promoter architecture, are required to fully understand how inflammatory and anti-

inflammatory stimuli regulate TAFI expression. 

 Other transcription factors (such as those proposed in Figure 11 of Chapter Two) 

that potentially populate binding sites throughout the human promoter are not likely to 

play a role in basal transcription of the CPB2 promoter, but may be important for the 

regulation of CPB2 expression by external stimuli (3) (Ch5, Figure 1). The present 

findings are an important first step in delineating these regulatory events. Interestingly, it 

has been recently suggested that a platelet pool of TAFI exists and that this pool arises 

from the expression of the CPB2 in megakaryocytes (15). In addition, a novel form of 

TAFI expressed in the brain has been described (16). We expect the pattern of expression 

of transcription factors to be different in those cell types, and therefore subject to a 

different mode of gene expression regulation. Our studies of CPB2 expression in the liver 

will provide important context for eventual studies of CPB2 expression in 

megakaryocytes, brain and other tissues. 
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5.2 TAFI and Female Sex Hormones 

 The increased incidence of cardiovascular thrombosis for users of HRT and oral 

contraceptives has spurred a large number of clinical trials determined to assess the effect 

of estrogenic compounds and progestogens on the vascular system. In fact, several factors 

implicated in hemostasis have been reported to feature hormone-dependent regulation of 

their gene expression (17). In addition, certain progestins have been found to promote 

vascular pro-coagulant activity via up-regulation of proteolytically activable thrombin 

receptor (PAR-1) expression (18). A number of clinical studies have looked at the effect 

of current estrogen-progestogen combinations on plasma TAFI levels (reviewed in (3)). 

Alteration in TAFI expression levels by sex steroids may play a role in the thrombotic 

risks that have been attributed to HRT and oral contraceptive use. Alternatively, the TAFI 

pathway could contribute to the cardio-protection that women enjoy prior to menopause. 

In keeping with this idea, plasma TAFI antigen levels tend to be higher in post-

menopausal versus pre-menopausal women (19-21). 

 We demonstrated, in our in vitro system, that the levels of TAFI protein are 

decreased by sex hormones, consistent with results from clinical studies. It is an 

important result that set the base for future studies with combination of estrogen and 

progestogens used in HRT and oral contraceptives. Our main interest in this study was to 

determine the mechanism behind the change in TAFI protein levels by female sex 

hormones. 

 We analyzed the effect of sex hormones on endogenous CPB2 mRNA abundance 

in vitro using HepG2 cells. We showed that CPB2 mRNA levels are decreased by 

progesterone (up to 60 % by progesterone alone or combined with dexamethasone) and 
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17β-estradiol (up to 80 %). The changes in CPB2 expression are attributable to changes 

in promoter activity. We therefore demonstrate that the changes in TAFI protein level 

observed in this study are due to regulation of CPB2 by female sex hormone. 

 It is known that PR can interact with a GRE to modulate gene expression, as the 

PR and GR share a common consensus binding site. Since CPB2 possesses a functional 

GRE (1), it was an obvious target of our search for hormone response elements. 

Mutations rendering the GRE non-functional did not interfere with the progesterone-

induced decrease in CPB2 promoter activity, clearly ruling out the involvement of that 

site. We then decided to systematically dissect the promoter and look for loss of response; 

we found that alteration of CPB2 transcription is not likely the result of either estrogen or 

progesterone receptors binding to the promoter, since the minimally-sized construct that 

retained promoter activity (TAFI[-80]-luc) retained hormone responsiveness. The TAFI[-

73]-luc construct is inactive (22) and therefore did not allow us to elucidate, using our 

transient transfection experiment, the role of the region between nucleotide -73 and +1. In 

any event, no potential ERE or PRE could be identified downstream of -80 through 

inspection or bioinformatic analysis of the sequence of this region (5). Hence, future 

studies could exploit strategies such as scanning mutagenesis of that region, to rule out 

any potential, non-classical, hormone receptor binding sites. However, using a different 

approach, we have concluded that, at least in the case of estrogen, the ability of the CPB2 

promoter to respond to this hormone does not result from binding of the receptor to the 

promoter. 

 To resolve the involvement of ER in transmitting the effect of estrogen to CPB2, 

we incubated cells with tamoxifen prior to incubation with 17β-estradiol. Tamoxifen 
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interacts with ER and sequesters the receptor away from other ligands, hence its 

antagonist action. However, tamoxifen possesses both agonist and antagonist effect 

(depending of tissue) (23,24) and could therefore still mediate CPB2 regulation in a 

manner similar to 17β-estradiol. Our results indicated that tamoxifen does not interfere 

with CPB2 expression (including protein levels, mRNA abundance, and promoter 

activity). Hence, future work on the estrogen responsiveness of CPB2 gene expression 

will focus on non-genomic effects of estrogen. Moreover, we have yet to uncover the 

mechanism by which progesterone alters CPB2 transcription. Preliminary transfection 

analyses using a similar suite of deletion mutants of the promoter similarly failed to 

identify a region harboring a PRE. 

  In conclusion, our findings are an important step in the evaluation of the role of 

TAFI as a potential mediator of the cardio-protective effects of estrogens and 

progestogens. Additionally, our results provide a mechanistic explanation for clinical 

observations of TAFI down-regulation by HRT. The role of TAFI in hormone therapy or 

oral contraceptive related cardiovascular complications need to be assessed further in 

vitro and in vivo studies. In addition, studies need to be performed to assess why plasma 

TAFI concentrations rise during pregnancy. Our results would seem to rule out a role for 

estrogen and progesterone, and so different hormones such as glucocorticoids, 

mineralocorticoids, and insulin might be involved. 

 

5.3 Regulation of Cpb2 Expression by Inflammatory Mediators 

 The link between the coagulation and inflammation systems has become a 

growing interest in the field of hematology (25). Perturbation of the expression of genes, 
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involved in maintaining hemostasis, by inflammatory events can have a significant 

impact on the host response to various physiological and pharmacological challenges. An 

example of the cross-talk between the 2 pathways is provided by the ability of TAFIa to 

inactivate anaphylatoxins, C3a and C5a, bradykinin, and thrombin-cleaved osteopontin 

(26-29).  Another example is the inhibition of tumor necrosis factor (TNF) by 

plasminogen activator inhibitor 1 (PAI-1) (30). It has been shown that fibrinogen 

knockout mice have reduced macrophage adhesion and cytokine production during 

inflammation (31). CPB2 regulation by interleukins (1) is another good example of the 

cross-talk between coagulation and inflammation. 

 Our work has examined the effects of acute phase mediators on Cpb2 expression 

and found a key role for NFκB. Induction of Cpb2 transcription by inflammatory 

mediators is consistent with the increase in TAFI levels observed in the acute phase in 

mice (32). Similarly, we observed an increase in promoter activity only when mouse 

hepatocytes (FL83B) were treated with TNFα (Ch 4, Figure 4), suggesting that 

interleukins (IL-1β and IL-6) used a pathway independent of NFκB to increase Cpb2 

mRNA abundance (Ch 4, Figure 1). Previous study from our group examined the effect 

of interleukins-1β and -6 on CPB2 expression and found that the interleukins destabilized 

CPB2 mRNA (33). Even though the 3’-UTR of Cpb2 is markedly different from its 

human counterpart (22,32), it is certainly worthwhile to investigate the effect of 

interleukins on Cpb2 mRNA stability. However, the different nature of the cells used is 

an important limitation when comparing the change in Cpb2 mRNA abundance and 

promoter activity. Indeed, we used primary mouse hepatocytes and a mouse hepatocyte 

cell line (FL83B) for our quantitative RT-PCR and transient transfection experiments, 
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respectively. It is possible that the responsiveness of the mouse hepatocyte cell line to 

interleukins may be compromised; however we did observe an effect of IL-1β on NFκB 

translocation (Ch4, Figure 9), suggesting the cells have the capability to respond to 

interleukins to a certain degree. Additionally, regulation of the NFκB pathway between 

the primary hepatocyte and the cultured cell line may be different, particularly 

concerning the auto-regulation of NFκB activity by inhibitors such IκB and IL-10 (34). 

The modulation of mouse TAFI protein levels by inflammatory cytokines in vitro is 

another important aspect that remains to be investigated, as we cannot rule out a role for 

translational efficiency in mediating at least part of the effect of the acute phase on 

plasma levels of TAFI in mice. Unfortunately, the in vivo studies of hepatic Cpb2 mRNA 

abundance were not quantitative. The main limitation for determining the level of mouse 

TAFI secreted from mouse hepatocyte culture cells has been the lack of commercially 

available anti-mouse TAFI antibody for western blot and ELISA. However, using a 

recently-developed functional assay for TAFIa that is highly sensitive yet not species-

specific, this question will be possible to address. 

 Certainly, the differential pattern of regulation of Cpb2 and CPB2 by 

inflammatory cytokines, which is reflected in the different molecular mechanisms that 

underlie these effects, is evidence for contrasting roles for the TAFI pathway in host 

defense in these two organisms. This consideration should certainly be remembered and 

caution should be employed when planning to use mice as a model to study the 

relationship between the TAFI pathway and inflammation. For example, the mouse is a 

popular model for sepsis, a clinically important disorder in which activation, and 

subsequent consumption, of the coagulation cascade is an important feature. When 
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assessing the effect of the absence of TAFI, the outcome may not be translatable to 

humans, since sepsis, on the basis of the available evidence, would appear to have 

opposite effects on mouse and human TAFI expression. 

 

5.4 Concluding Remarks 

 The analysis of the mechanisms of gene expression regulation has several general 

aims. First, these kinds of studies reveal what regulatory mechanisms are at play for a 

particular gene, and what the direction and magnitude of regulatory events are. Second, in 

the case of complex regulatory environments as exemplified by female reproductive 

hormones, these studies can pinpoint the particular players responsible for the regulation. 

Third, gene regulatory events can illuminate important control mechanisms that play key 

roles in physiology and pathophysiology. In turn, the discovery of these events can reveal 

novel roles for the gene product under study. Finally, the study of the molecular basis of 

gene regulatory events can lead to novel evolutionary insights and, more importantly, to 

more general advances in our knowledge of the molecular basis of gene regulation. Our 

studies of the regulation of the gene encoding TAFI have touched on all of these general 

aims, and likewise have set the stage for further progress in this regard. 
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