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Chapter 1 

Summary 
It is conceivable that the extent and the spatio-temperal expression of dozens or even a few 

hundred genes is significantly altered during the development and progression of 

atherosclerosis as compared to normal circumstances. It is believed that differential gene 

expression in vascular cells and in blood cells, due to gene-gene and gene-environment 

interactions, is the molecular basis for this disease. To comprehend the coherence of the 

complex genetic response to systemic and local atherosclerotic challenges, one needs 

accessible high through-put technologies to analyze a panel of differentially expressed genes 

and to describe the interactions between their gene products. Fortunately, new technologies 

have been developed that allow a complete inventor)- of differential gene expression, i.e. 

DD/RT-PCR, SAGE and DXA micro-array The initial data on the application of these 

technologies in cardiovascular research is now being reported and this review summarizes a 

number of key observations. Special attention is paid to a few central transcription factors 

that are differentially expressed either in endothelial cells, smooth muscle cells or monocytes/ 

macrophages. In particular, recent data on the role of nuclear factor-KB ( N F - K B ) and 

peroxisome proliferation-activating receptors (PPARs) are discussed. Like the PPARs, the 

NGFI-B subfamily of orphan receptors (TR3, MINOR and NOT) also belongs to the 

steroid/thryroid hormone receptors superfamily of transcription factors. We report that 

this subfamily is specifically induced in a sub-population of ncointimal smooth muscle 

cells. Furthermore, intriguing new data on the implication of the Sp/XKLF family of 

transcription factors in cell-cell communication and maintenance of phenotype are 

mentioned. In that respect, it is speculated that a member of the Sp/XKLF family, the 

shear stress-regulated lung Kriippel-like factor (LKLF) may be instrumental for the 

communication between endothelial cells and smooth muscle cells. Taken together, the 

expectation can be advanced that the fundamental knowledge obtained on atherogenesis 

and the data that will be acquired during the coming decade with the new, powerful high 

through-put methodologies, will lead to novel modalities to treat patients suffering from 

cardiovascular disease. In view of the phenotypic changes of vascular and blood-borne 

cells during atherogenesis, one mav speculate that therapeutic interventions should focus 

on reversal of an acquired phenotype either by a gene therapeutic approach or by the 

application of specific drugs that interfere with aberrant gene expression. 
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Gene expression in atherogenesis 

Introduction 
Atherosclerosis is a complex, chronic inflammatory disease of the arterial vessel wall that is 

manifested at predilected locations of the vasculature (reviewed in: 1-3). Accordingly the 

current opinion is that this disease is caused by both local and systemic risk factors. Local 

risk factors are determined by the geometry of the vessels and the view has emerged that 

bifurcations, branch points and curvatures intrinsically cause irregularities of the otherwise 

uniform laminar shear-stress (4-6). Areas of turbulent flow, resulting in abrupt transitions 

of low and high shear stress, are particularly prone to develop atherosclerotic lesions. The 

formation of atherosclerotic lesions is considered as the basis for the etiology of most 

pathological, cardiovascular events such as coronary heart disease (CHD) (7,8). The systemic 

risk factors, that cause these diseases, have been thoroughly defined by epidemiological 

studies and traditionally include high plasma cholesterol, smoking, male sex, advanced age, 

diabetes mellitus, overweight and high blood pressure (9). Novel risk factors have now 

been introduced and are under investigation such as hyperhomocysteinemia, impaired 

fibrinolysis, lipoprotein (a), small dense low-density lipoprotein (LDL) and inflammatory 

markers (10). Ever since the epidemiological studies introduced the risk factors for CUD, 

scientists have been challenged to translate these risk factors into patho-biological pathways 

and define a molecular basis. 

Among the patho-biological processes involved in atherosclerosis, the importance of 

lipoprotein metabolism in initiation and progression of atherosclerosis has been established 

by human as well as animal studies. The earliest form of atherosclerosis, called 'fatty streaks', 

could start as early as in infancy and these lesions contain inflammatory cells, like macrophages 

and lymphocytes, in addition to accumulated lipids. This has led to the generally accepted 

hypothesis that atherosclerosis is a chronic inflammatory disease of the vessel wall (reviewed 

in: 1-3). According to this hypothesis, endothelial cell dysfunction upon different 'injuries', 

such as oxidized low-density lipoprotein (ox-LDL), is the first step in atherogenesis. The 

dysfunction leads to increased permeability' and to augmentation of adhesion of leukocytes 

and platelets to the endothelium. The interaction between endothelial cells and leukocytes 

or platelets is mediated by selectins, surface-exposed receptors, that bind to defined ligands 

on the indicated blood cells (11). Subsequently, leukocytes (e.g. monocytes and T cells) 

transmigrate through the endothelium by transiently disrupting the gap junctions and the 

tight junctions between adjacent endothelial cells (reviewed in: 12). In the sub-endothelial 

space, monocytes differentiate into macrophages and get engaged in digesting large amounts 

of (modified) lipoprotein particles. Consequently, these cells turn into lipid-laden 

macrophages ('foam-cells'). The monocytes/macrophages release cytokines and chemokines 
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that will reach the medial smooth muscle cells and strongly affect their fate. Under normal 

conditions, smooth muscle cells are specialized to provide elasticity and contractabilitv to the 

arterial vessel wall. However, due to the monocyte/macrophage-derived factors, smooth muscle 

cells leave their medial location, traverse the internal elastic lamina and migrate into the intima. 

Subsequently or simultaneously, smooth muscle cells change from a contractile (differentiated) 

phenotype into a non-contractile, proliferative (partially dedifferentiated) phcnotvpe, reminiscent 

of transitions observed during early fetal development (13-15). In addition, dedifferentiated 

smooth muscle cells synthesize vast amounts of extracellular matrix proteins, ultimately resulting 

in a fibrous lesion that may partially obstruct the circulation. The susceptibility of the lesion 

with respect to rupture is dependent on the lipid content of the plaque or, more precisely, on 

the relative amount of fibrous material versus atheromatous core. 

Each of the distinct steps in atherogenesis is driven by a set of genes that is expressed by a 

variety of cells as outlined above. Although, it has been announced that the nucleotide 

sequence of the entire human genome has now been resolved, it is obvious that only a 

fraction of the genes and gene products has been characterized. It is conceivable that among 

the tremendous number of unidentified genes, a subset will be responsible for atherogenesis. 

Hence, we are faced with the challenge to identify these genes and elucidate their function, 

in order to get a firm understanding of the molecular basis of this multifactorial disease. 

Fortunately, during the past decade novel high through-put technologies have been developed 

that provide unbiased approaches to make an inventory of differentially expressed genes. 

These technologies have been recently applied in cardiovascular research by our laboratory 

and by others and will be briefly outlined in the next paragraph. 

There is no doubt that genes expressed in the liver and the intestine have an important role 

in lipid metabolism and in atherogenesis. However, this review focuses on genes expressed 

by the vascular cells and, consequently, we will refrain from discussing genes expressed in 

the aforementioned organs. We have chosen to separately elaborate on the contribution of 

endothelial cells, smooth muscle cells and monocytes/macrophages to atherogenesis. It is 

expected that in the near future integration of the results with separate cell types will be 

done e.g. by employing co-culture systems of vascular cells as has been described previously 

(16,17). Furthermore, in view of the molecular complexity of the patho-physiology of 

atherogenesis, we have restricted this review to a discussion of recent data on the contribution 

of specific (families of) transcription factors which regulate genes that are possibly causative 

determinants for initiation and progression of atherosclerosis. In particular, recent data on 

the role of nuclear factor-KB (NF-KB), peroxisome proliferation-activating receptors (PPARs) 

and the Sp/XKLF family of zinc finger proteins will be discussed. Finally, arguments can 
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Gene expression in atherogenesis 

bc advanced to support the notion that interfering with the action of these transcription 

factors, or with up-stream or down-stream events related to these factors, may provide 

opportunities to develop new diagnostic tools and therapeutic agents and modalities to 

prevent the formation of lesions or to induce their regression. 

High through-put techniques to monitor differential gene expression 

Three major techniques have been developed during the last decade that allows high through

put analysis of differential gene expression in complex organisms. These techniques are 

denoted differential display of randomly-primed mRNA by RT-PCR pD/RT-PCR) (18,19), 

serial analysis of gene expression (SAGE) (20) and DNA micro-arrav (21). Our laboratorv 

has implemented and validated each of these techniques and we believe that each of them 

has its specific merits and drawbacks. For example, in principle DD/RT-PCR reveals 

differential expression of both high and low expressing genes, but does not provide 

quantitative insight into the steady-state concentration of mRNAs. Furthermore, DD/RT-

PCR is based on the use of anchored- and arbitrary primers and the number of primer 

combinations determines the actual 'coverage' of the collection of different mRNAs 

(denoted 'transcriptome'). For example, usually 144 DD/RT-PCR reactions are performed 

with 12 anchored- and 12 arbitrary primers, theoretically comprising about 80% of the 

mRNA profile, meaning that the remaining part of the transcriptome is lacking (19). SAGE 

does provide quantitative data on the level of (differential) mRNA synthesis, but obtaining 

a collection of statistically relevant data depends on the availability of large-scale DNA 

sequencing facilities. Since both techniques rely on amplification of mRNA by RT-PCR, 

they are both very sensitive. DNA micro-array is based on hybridization of radio-labeled or 

fluoresccntly labeled cDNA preparations to either filter- or glass-immobilized single-stranded 

cDNA or a series of gene-specific and control oligonucleotides. The amplified, labeled 

cDNA preparation should be a qualitative and quantitative representation of the mRNA 

profile of a given tissue, cell type or mixture of different cells and, hence, is highly 

heterogeneous in terms of amount of distinct mRNAs. As a consequence, the sensitivity 

of hybridization, which is determined among others by the concentration of the hybridizing 

counterpart (probe), might be modest for genes that arc expressed at a very low mRNA 

level. On the other hand, DNA micro-array is a genuine high through-put technique that in 

principle allows a 'genome-wide' comparison of for example gene expression of a chosen 

cell type/tissue under different conditions or of two different cell types under the same 

condition. As an illustration of large-scale gene expression profiling, tumor endothelium 

has been compared with normal endothelium, using SAGE (22). Undoubtedly, similar studies 

13 



Chapter 1 

will be undertaken to compare the transcriptome of vascular cells under atherosclerotic 

circumstances and that of their healthy counterparts. 

We have recently designed and applied a combined protocol of DD/RT-PCR and DNA 

micro-array. Initially, DD/RT-PCR had been employed to isolate and identify genes 

differentially expressed in cultured human vascular endothelial cells and smooth muscle 

cells that were subjected to a strong atherosclerotic stimulus (23,24). In addition, we also 

performed an extensive SAGE to delineate genes that are specifically induced or repressed 

upon activation of cultured human smooth muscle cells (25). Together with cDNAs, 

corresponding to genes differentially expressed upon the transition of cultured human 

monocytes into macrophages (Y. Sier-Ferreira, B.M.M. van den Berg, H. Pannekock, 

unpublished data), we composed a limited, 'custom' human vascular DNA micro-array 

that contains about 350 cDNAs (26). These arrays are currendv used to analyze expression 

of this pre-selected set of genes in specimens collected during major vascular surgery or in 

vascular material that has been obtained from organ donors (27). Obviously, the 

bioinformatics required to 'read' these custom arrays is relatively straightforward as compared 

to genome-wide screens that will be available in due time. 

Vascular cells 

The non-atherosclerotic ('healthy') vessel wall contains only two different cell types, 

endothelial cells and smooth muscle cells, each of which has a well-defined role. Under 

these conditions, the monocellular endothelial layer forms a barrier that permits transport 

of nutrients to the sub-endothelial space. The endothelial cells synthesize products that are 

important to maintain the contractile function of the underlying smooth muscle cells. This 

communicative function is attributed in particular to small molecules like prostanoids, 

endothelins and nitric oxide (NO). Indications are at hand, however, suggesting that 

additional pathways are also involved in the communication between endothelial cells and 

smooth muscle cells. I lence, it is foreseen that future studies will focus on the identification 

of these molecules and the elucidation of their function. In this respect, the seminal studies 

on the interplay between cardiac microvascular endothelial cells and cardiomyocytes may 

serve as an illuminating example (28-31). In that case, it was demonstrated that differential 

(regional) vascular-bed specific expression of von Willebrand was mediated by signal 

transduction initiated at the level of heterodimeric platelet-derived growth factor AB (PDGF 

AB). Remarkably, the endothelial cells and cardiomyocytes both contribute to the generation 

ot PDGF AB. In the absence of cardiomyocytes, cardiac microvascular endothelial cells 

exclusively synthesize P D G F A. Co-culturing of these two different cell types results in the 
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induction by cardiomyocytes of endothelial P D G F B synthesis, allowing the subsequent 

generation of heterodimeric PDGF-AB. P D G F AB is a ligand for the so-called a-rcceptor 

and the interaction between ligand and receptor ultimately leads to von Willebrand factor 

synthesis. This example elegantiy illustrates the importance of cell-cell communication and 

provides a mechanistic explanation loi regional-specific gene expression. In the following 

paragraph, we will present a similar, though less well understood, example of communication 

between the endothelial cells and smooth muscle cells. 

The atherosclerotic vessel wall harbors, in addition to endothelial cells and smooth muscle 

cells, also inflammatory cells, notably monocytes and T cells. As indicated before, these 

cells transmigrate through the endothelial cell layer by interaction with the proteins that 

constitute the gap junctions and the tight junctions between adjacent endothelial cells 

(reviewed in: 12). Communication between monocytes, that differentiate in the vessel wall 

into macrophages, and smooth muscle cells is mediated by cytokines and chemokines that 

are not synthesized at these locations under non-atherosclerotic circumstances (reviewed 

in: 1-3). Hence, the accumulation of lipid-laden macrophages in the vessel wall constitutes 

a hallmark of this disease and conceivably forms a decisive factor in the development of a 

rupture-prone plaque. Taken together, the picture is emerging that dysregulation of gene 

expression of different cell types and, consequently, altered communication between these 

cells is the molecular basis for this disease. However, since alterations of cell-cell 

communication in atherogenesis are still poorly understood, we will discuss a number of 

aspects on differential gene expression of 'isolated' vascular cells. 

Endothelial cells 

The endothelium covers the luminal side of the entire cardiovascular system and has been 

considered a distinct organ. It covers approximately 700 m - , weighs 1.5 kg and regulates 

many processes (32,33). It forms a non-thrombogenic, non-adhesive layer and regulates 

vascular tone. It is now generally accepted that endothelial dysfunction is the first step in 

atherosclerosis (reviewed in: 1-3). Endothelial dysfunction refers to impaired biological 

processes in endothelial cells, leading to increased adhesiveness to monocytes, increased 

permeability, procoagulant properties and changes in vascular tone. However, in clinical 

settings endothelial dysfunction has been used to describe the impaired nitric oxide (NO) 

derived vasodilatation. Endothelial cells are exposed to a variety of biochemical and 

biomechanical stimuli, such as circulating LDL, inflammatory cytokines, fluid shear stress 

and cyclic stretch (4-6,34). Since it is generally assumed that atherosclerosis is due to an 

interplay between genes and environmental factors, different individuals should react 
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differently to these stimuli. Accordingly, experiments with mice of a different genetic 

background illustrate a different sensitivity towards atherogenic stimuli and differences in 

the gene expression pattern of their endothelial cells (35). Bv using two strains of mice, 

one resistant (C3H/HeJ) and the other susceptible (C5~BL/6J) to diet-induced 

atherosclerosis, it was shown that cultured endothelial cells isolated from these strains of 

mice reacted differently to stimuli. Ahnimallv-modified LDL induced higher levels of 

inflammatory genes in cultured endothelial cells derived from the C57BL/6J mice than in 

those derived from C311/1 lej mice. This study not only explains, at least pardy, the differences 

in susceptibility of these mice, but also illustrates that factors acting in the vessel wall could 

protect against diet-induced atherosclerosis. Finally, these observations imply that altering 

the expression profile of vascular cells, by for instance gene therapy or local drug delivery, 

might be a useful modality- to treat atherosclerosis. 

Since atherosclerosis is considered a chronic inflammatory disease of the vessel wall, it is 

obvious that special attention should be given to the transcription factor, nuclear factor KB 

( N F - K B ) . N F - K B is a heterodimeric, DX A-binding protein, being one of the key regulators 

of gene expression in the vessel wall and plays a coordinating role in inflammation. Its role 

in atherosclerosis is emphasized by the notion that the activated form is exclusively 

encountered in vascular lesions and not in healthy tissue (36). The mode of activation of 

N F - K B has been elucidated in detail. It involves the activation of a dimeric IkB kinase 

complex that phosphorylates the N F - K B inhibitor IKBCC, leading to its subsequent 

ubiquifiliation and degradation and, ultimately, release of N F - K B (37). Free N F - K B dimers 

then translocate to the nucleus where the assembled transcription factor regulates the mRNA 

synthesis of target genes. Recently, it was shown in a pig model that a high cholesterol diet 

resulted in higher expression of the activated N F - K B in the coronary vasculature (38). In 

view of the mediating role of activated N F - K B in inflammation, it is conceivable that high 

cholesterol levels cause inflammation of the vessel wall, as evidenced by the presence of 

activated N F - K B . Similarly, tumor necrosis factor alpha (TNF-a) is a potent inflammatory 

cytokine that also activates the N F - K B signaling pathway. 

Although, the role of the N F - K B pathway in atherogenesis is undisputed, it is obvious that 

many other known and unknown genes play a crucial role in initiation and progression of 

this disease. To identify novel and known genes expressed by endothelial cells and involved 

in atherosclerosis, differential display of gene expression by randomly primed mRNA, using 

RT-PCR was employed (DD/RT-PCR; 18,19). The mRNA profile of quiescent human 

umbilical vein endothelial cells (I IUVEC) was compared with that of TNF-a-stimulated 

HUYRC, resembling the pro-atherogenic, inflammatory phenotype (23). 106 differentially 
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expressed gene fragments were identified among which 22 known genes (Table 1). Many of 

these known genes have been implicated before in atherosclerosis, such as monocyte 

chemoattractant protein-1 (MCP-1) and interleukin 8 (IL-8), showing the validity of this 

approach. On the other hand, as noted before, the DD/RT-PCR analysis does not cover 

the entire transcriptome since a number of anticipated, differentially expressed mRNAs 

was not encountered. Notably, we did not detect a differential display (DD) fragment 

corresponding to transcripts of e.g. N F - K B nor to plasminogen activator inhibitor 1 (PAI-

1). The latter transcript was, however, encountered in a rather limited SAGE of resting 

IIUVEC versus cells activated with TNF-a-containing, conditioned medium of ox-LDIn

activated cultured monocytes (39). This observation demonstrates that it is worthwhile to 

simultaneously explore different (complementary) high through-put technologies to make 

an inventory of genes that are differentially expressed. Part of the remaining unknown 

endothelial cell D D gene fragments (37 out of 84) is present in public databases (dbEST), 

indicating that these genes are indeed expressed and represent genuine transcripts. A subset 

of these ESTs is currently under investigation to explore their role in vascular disease. 

Finally, it should be noted from the catalogue of differentially expressed genes (Table 1) 

that activation of endothelial cells with a 'strong' atherosclerotic stimulus, i.e. TXF-a or 

TNF-a-containing conditioned medium of ox-LDL-treated monocytes, results in alterations 

of an impressive number of diverse processes such as haemostasis, leukocyte trafficking, 

regulation of transcription, protection against oxidation, cell shape and cell cycle, signal 

transduction and apoptosis. 

Despite the importance of systemic factors for initiation and progression, atherosclerosis 

develops at prcdilected sites in the arterial tree, such as the outer edges of vessel bifurcations, 

branch points and curvatures (4-6,34). In these susceptible areas, laminar blood flow is 

disturbed resulting in a low shear stress. It has been postulated that the gene expression 

pattern of the endothelial cells is modulated at the transition of high to low shear stress, 

leading to a focal atherogenic phenotype of these cells (40-42). Indeed, in vitro studies have 

shown that the mRNA profile of cultured endothelial cells changes upon applying shear 

stress. For instance, endothelial NO-synthase (eNOS), an enzyme that catalyses the 

production of the vasodilator NO, is increased in vitro by fluid shear stress (43). En-face 

examination of endothelial-cell surfaces in human thoracic aortas revealed a pro-athcrogenic 

phenotype in areas with low shear stress (accumulation of sub-endothelial macrophages 

and lymphocytes, irregular endothelial morphology with denuded regions) (44). Recently, 

evidence has been acquired that the effects of low shear stress are also transmitted through 

the N F - K B pathway (45). These investigators showed that areas with disturbed flow (high 
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probability) in mice aorta display a higher expression level of N F - K B as compared to areas 

with high shear stress (low probability region). Upon feeding an atherogenic diet to these 

mice, N F - K B was predominandy activated in those high probability areas, leading to the 

conclusion that these areas are primed for activation bv various stimuli, whereas the low 

probability regions with high shear stress are apparently resistant to diet-induced 

atherosclerosis. These studies show that high shear stress indeed induces a quiescent, anti

atherogenic phenotype of the endothelial cells and it is speculated that this is accomplished 

by interfering with inflammatory pathways. 

I low do the endothelial cells 'sense' these biomechanical forces and how do thev change 

their expression profile? Unfortunately, neither the receptor(s) for shear stress nor the down

stream signaling pathway(s) have been clarified yet. Recently, however, we found by using 

commercial DNA macro-arrays that, among other genes, lung Krüppel-like factor (LKLI*') 

wras up-regulated by shear stress (R.J. Dekker, II. Pannekoek and A.J.G. I Iorrevoets, 

unpublished data). LKLF is a zinc finger transcription factor that belongs to the Sp/XKLF 

family (reviewed in: 46). Most of diese proteins have been reported to promote transcription, 

but some members of this family exert an inhibitory effect. I .K.1 ,F was previously shown to 

be expressed in naive T cells and was rapidly repressed after T cell activation (47). In that 

study, it was concluded that LKLF is required to program the quiescent state of T cells and 

to maintain their viability- in the peripheral lymphoid organs. LKLF is also highly expressed in 

vascular endothelial cells between E9.5 and E12.5 of mouse embryogencsis, a critical time for 

vessel wall stabilization (48). It turned out that LKLF-deficient mice die in utero due to 

haemorrhages that are caused by severe defects in vessel wall integrity. Apparently, LKLF 

mice arc unable to form an organized tunica media. However, we found by in situ hybridization 

that LKLF is exclusively expressed in endothelial cells of the human aorta and it seems to be 

confined to areas with liigh shear stress. No expression was observed in the media, presumably 

since smooth muscle cells do not synthesize LKLF (R.j. Dekker, H. Pannekoek and A.J.G. 

I Iorrevoets, unpublished data). Consequendy, we propose that these observations can be 

reconciled by assuming that secreted, endothelial factors synthesized down-stream of LKLF 

may interact with the smooth musdc cells and are involved in the organization of the media. 

Interestingly, LKLF was down-regulated by cultured HUVECs that were treated with TNF-

a , suggesting that the N F - K B signaling pathway counteracts gene regulation by LKLF. 

Smooth muscle cells 

Smooth muscle cells do not terminally differentiate and do exhibit different phenotypes, 

dependent on the presence of specific growth factors and cytokines, secreted by endothelial 
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cells and surrounding macrophages. Contractile (differentiated) smooth muscle cells are 

quiescent and regulate the vascular tone (13). In contrast, under atherosclerotic conditions 

smooth muscle cells respond to growth factors and cytokines and dedifferentiate into a 

'synthetic', proliferative phenotype. These cells are able to migrate from the media into the 

intima and to produce large amounts of extracellular matrix constituents (13,14). 

Consequently, a substantial part of the atherosclerotic, ncointimal lesion is formed by smooth 

muscle cells and their matrix proteins. Conversely, apoptosis of smooth muscle cells would 

decrease the extent of lesion formation and promotion of this process may thus constitute 

a promising strategy to relieve obstruction of the circulation. 

The alterations in gene expression, resulting from the transition of quiescent to activated 

smooth muscle cells, arc largely unknown. Actually, only a few genes have been identified 

that are specifically induced in cultured smooth muscle cells upon applying an atherosclerotic 

stimulus (indicated below). To create an unbiased inventory of differential gene expression 

of resting versus activated cultured, human smooth muscle cells, we performed both D D / 

RT-PCR (24) and SAGE (25). Here, the results obtained with DD/RT-PCR will be briefly 

summarized (Table 1). By applying DD/RT-PCR, using 12 different anchored primers and 

12 different arbitrary primers, we identified 40 genes that are induced in smooth muscle 

cells upon activation with the conditioned medium of ox-LDL-treated cultured human 

monocytes. Ten differentially expressed genes have a known function, whereas 30 are novel 

genes of unknown function of which only a few arc encountered in dbEST. Among the 10 

known genes, some have been reported to be involved in atherogenesis, notably IL-8, 

intercellular adhesion molecule-1 (ICAM-1) and granulocyte-macrophage colony-stimulating 

factor (GM-CSF). Interestingly, a comparison of the differential gene expression profile of 

culrured endothelial cells and smooth muscle cells, exposed to the same atherogenic stimulus, 

reveals that these cell types respond via a virtually unique rallXA repertoire. Except for a 

few genes (IL-8, GM-CSF and the human inhibitor, of apoptosis protein-1 (hIAP-1)) both 

the mRNAs of differentially expressed known genes and the ESTs are apparently specific 

for each of these cell types. 

In agreement with the previous sections, here we will focus on differential expression of 

transcription factors in smooth muscle cells. Interestingly, we found that the central 

transcription factor N F - K B is up-regulated in activated cultured smooth muscle cells and 

encountered in the DD/RT-PCR analysis. As mentioned before, this observation with 

cultured smooth muscle cells coincides with a study showing that activated N L - K B is present 

in human atheromas, but not in apparently healthy arteries (36). furthermore, the data are 

also in agreement with the finding that the products of many genes, that are induced by 
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Tab le 1. Cumulative data on affected genes, the corresponding Genbank (GB) accession number 

and affected processes of cvtokine-stimulatcd endothelial cells and smooth muscle cells 

Gene Genbank accession number Affected process 

Endothelial cell 

MCP-1 
GM-CSF 

IL-8 

R A N T E S 

PCTA-1 

A20 
h-IAP-1* 

h-s tannin ' 

S C C - S 2 = G G 2 - 1 * 

BTG-1 
GSPT1 

h-Rabkinesin-6* 

RGS-5 

Mn-S< )D 
ferritin heavy chain 

GBP-2 

SUPT4H 

hbrillann 

TRIP? 

myosin light chain 

GRAVIN 

annexin-XI 

RAC1 

COX-2 

ribos. protein S l l 

apoL3 = CG12-1* 

X14768 
M l 1220 

M28130 
M21121 

L~8132 

M59465 

AF070674 

AF070673 

AF070671 

H70177 

XI7644 

AF070672 

AB008109 

X07834 

M97164 

M55542 

U43923 

X56597 

L40357 

M22919 

AB003476 

1.19605 

M29970 

D28235 

X06617 

AF070675 

cellular interactions 
cellular interactions 

cellular interactions 

cellular interactions 

cellular interactions 

apoptosis 

apoptosis 

apoptosis 

apoptosis 

proliferation 

proliferation 

proliferation 

proliferation 

protection oxidation 

protection oxidation 

signaling 

transcription 
transcription 

transcription 

cell shape 

cvtoskcleton 

vesicular transport 

vesicular transport 

prostaglandin synth. 

translation 

lipid metabolism 

Smooth muscle cell 

ICAM-1 
EIAM-1 ligand fucosvl transferase 
GM-CSF 
IL-8 
FGF-5 
NF-kB 
TR3 
MINOR 
h-IAP-1 
FLICE-like inhib. prot 

X06990 
M58596 
Ml 1220 
M28130 
M37825 
M58603 
L13740 
U12767 
AF070674 
U97075 

cellular interactions 
cellular interactions 

cellular interactions 
cellular interactions 

rcgul. transcription 

regul. transcription 

regul. transcription 
regul. tramscription 
apoptosis 

apoptosis 

These data have been taken from f lorrevoets et al. Blood 1999; 93:3418-3431 and de Vries et al., 

J Biol Chem 2000; 275:23939-23947 and subsequently up-dated by consuldng a recent version of 

dbEST (January 2001). The abbreviadons arc explained in Genbank (http:www.ncbi.nlm.nih.gov/ 

Un iGene) (see co r re spond ing accession number) . * Full-length c D N A has been isolated 

(Horrevoets et al, Blood 1999; 93: 3418-3431). 

2i) 
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N F - K B , arc detected in the plaque (49). N F - K B is also a crucial player in the delicate balance 

that determines apoptosis or protection against programmed cell death. These processes 

are of prime importance for the generation and regression of fully developed plaques. The 

properties of N F - K B to both promote apoptosis and to counteract this process are illustrated 

by the following findings. Activation of smooth muscle cells by a cocktail of cytokines 

(containing e.g. TNF-OC) causes synthesis of X F - K B , as revealed by our DD/RT-PCR 

experiment (Table 1). As a consequence of the activation of the N F - K B pathway, down

stream genes are induced that are known to inhibit apoptosis, notably inhibitor of apoptosis 

protein-1 (hIAP-1) and FLICE-likc inhibitory protein (FLIP) (50-54). 

Next to the induction of N F - K B and its subsequent down-stream genes, it is also of interest 

to discuss the induction of the peroxisome prolifcrator-activatcd receptors (PPARs) in these 

cells and the probable mechanistic relation between the PPARs and N F - K B (55). The PPARs 

are transcription factors and members of the family of the nuclear steroid/thyroid hormone 

receptors. PPARa stimulates the P-oxidative degradation of fatty acids, whereas PPARy 

regulates adipocyte differentiation and glucose homeostasis. PPARa has been linked to the 

N F - K B signal transduction pathway, since it antagonizes the nuclear translocation of N F -

KB (56). It is conceivable that inhibition is mediated by the formation of inactive complexes 

between N F - K B and PPARa. These observations are consistent with the reported anti

inflammatory activities exerted by PPARa ligands (57,58). Similarly, it was demonstrated 

that PPARy ligands inhibit the development of atherosclerosis in LDL-receptor deficient 

mice (59). However, the explanation of this beneficial effect does not imply interference in 

the N F - K B pathway. Rather, it has been suggested that PPARy ligands would reduce the 

expression of MCP-1 in macrophages and vascular-cell adhesion molecule-1 (VCAM-1) in 

endothelial cells (60-62), although some investigators did not observe these effects (59). 

Recently, exciting new data have been reported by different laboratories on the effect of 

activated PPARy on lipid influx and efflux of macrophages that will be discussed in the 

following paragraph. 

Interestingly, a distinct subfamily of the nuclear steroid/thyroid hormone receptor 

superfamilv was found in our DD/RT-PCR of resting versus activated smooth muscle 

cells. This nerve growth factor inducible gene B (NGFI-B) subfamily consists of three 

genes that encode orphan nuclear receptors and are denoted TR3, mitogen-induced orphan 

receptor (MINOR) and nuclear orphan receptor of T cells (NOT) (reviewed in: 63). All 

three members are induced in cultured smooth muscle cells, treated with an atherosclerotic 

stimulus. The NGFI-B family members have been implicated in different cellular processes 

and are also expressed by other vascular cells in atherosclerosis (F.K. Arkenbout, II. 

21 



Chapter 1 

Pannekoek, C.J.M, de Vries, unpublished observations). Presently, no data are available on 

the function of these receptors in atherogenesis. 

Finally, we will mention new data that may serve as an example for the intricate regulation 

of gene expression that determines the phenotvpe of smooth muscle cells (15). In addition, 

it may be instructive to illustrate the potentially crucial role of the Sp/XKLF familv of zinc 

finger transcription factors in atherogenesis. As stated before, dedifferentiation of quiescent, 

contractile smooth muscle cells into proliferative cells is characterized by down-regulation 

of contractile proteins, such as SMct-actin and SM22a (13). Conversily, maintenance of the 

quiescent, contractile state is strongly promoted by transforming growth factor (3 (TGF-|3) 

(1,2). This effect of TGl'-(3 is mediated by a specific TGF-P control element (TCE), identified 

in die promoter of SM a-actin and SM22a (15, 64). It was shown that members of the Sp/ 

XKLF family of transcription factors interact with the TCE. Gut-enriched Krüppel-like 

factor (GKLF) was found to bind to the TCE and to repress TGF-P-promoted transcription 

of SM22a. Accordingly, expression of GKLF in proliferative smooth muscle cells is high 

and is specifically down-regulated by TGF-P when the cells become quiescent. In contrast 

to the repressing effect of GKLF, overexpression of another XKLF family member (BTILB2) 

augmented the TGF-[3-depcndent increase in SM220C mRNA synthesis: these findings arc 

specific for BTEB2 since LKLF did not affect SM22a expression (15). In conclusion, the 

often ubiquitously expressed members of the Sp/XKLF family are structurally similar 

proteins that bind to the same so-called G C / G T boxes in transcription regulatory elements. 

Nevertheless, they exhibit a high degree of specificity that is explained by a competitive 

mechanism in which differences between DXA binding affinity to a given G C / G T box and 

the relative concentration of the XKLFs would determine the prevalence of a particular 

family member (46). In aggregate, these studies together with the discussed effect of 

endothelial LKLF on the organization of smooth muscle cells during mouse embryogenesis, 

and possibly also post-natally, emphasize the importance of the Sp/XKLF" family in the 

maintenance of the integrity of the vessel wall. 

A lonocytesl macrophages 

The attachment of monocytes to activated endothelial cells, followed by extravasation into 

the intima, are crucial steps in the development of atherosclerotic lesions. Monocytes 

differentiate in the vessel wall into macrophages and generate lipid-laden 'foam cells'. To 

define the molecular mechanisms of gene expression during the process of macrophage 

differentiation, Hashimoto and colleagues employed SAGE to delineate differential gene 

expression upon the transition of monocytes into macrophages, induced by granulocyte-
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macrophage colony-stimulating factor (GM-CSF) (65). In view of our specific referring to 

the involvement of the Sp/XKLF family of transcription factors in atherogenesis, these 

investigators detected down-regulation of a family member of the XKLF family, but did 

not unveil its explicit identity". Remarkably, none of the PPAR family members were identified 

in this screen. This result is unexpected since it has been shown that treatment of monocytes 

with ox-LDL causes differentiation into macrophages and induction of PPARy expression 

(66,67). The ultimate influence of PPARy expression and activation on atherosclerosis has 

been puzzling, although recent observations have shed light on this enigmatic issue (see 

below). First, it has been shown that PPARg-specific ligands inhibit the expression of 

inflammatory genes {e.g. TNF-a, interleukin-1P (IL-iP)) (68,69). Hence, these results would 

indicate that PPARy and its specific ligands act as anti-inflammatory and anti-atherogenic 

agents. Second, it has been demonstrated that activated PPARy up-regulates the synthesis 

of CD36, a major scavenger receptor on macrophages that mediates uptake of ox-LDL 

and, consequently, promotes removal of its own inducer {i.e. ox-LDL) (66). It should be 

noted, however, that up-regulation of CD36 would be expected to be pro-atherogenic, 

since CD36 deficiency in mice susceptible to diet-induced atherosclerosis due to apoE 

deficiency (CD36'' apoE ' ) protects against atherosclerosis (70). An apparendv contradictory 

observation is that the PPARy-specific agonists rosiglitazonc and GW'7845 strongly inhibited 

the development of atherosclerosis in LDL receptor—deficient (LDL-R ) mice (59). These 

enigmatic data might be reconciled by yet another effect of activated PPARy. Notably, PPARy 

ligands promote apoptosis by inhibiting the anti-apoptotic N F - K R signalling pathway (71). 

Possibly, programmed death and subsequent removal of macrophages may restrict the size of 

the lesion. Finally, recendy three 'back-to-back' papers provided a rationale for the puzzling 

effect of PPARy activation on atherosclerosis (72-74). It was demonstrated that the induction 

of CD36 by PPARy is actually counteracted by reduced expression of another scavenger 

receptor (SR-A). In addition, a nuclear receptor of the steroid/thyroid family LXR-ct is up-

regulated by PPARy and induces the expression of the reverse cholesterol transporter ABCA1. 

1 lence, the net result of PPARy activation is anti-atherogenic in foam cells and now provides 

a rational explanation for the beneficial effects of PPARy specific agonists. 
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General Introduction 

2.1 The superfamily of nuclear receptors 
Genes transcribed within the first few hours of cell activation, and which do not require de 

novo protein synthesis, represent the immediate-early response genes. Typically, such genes 

arc induced rapidly, have a short half-life and are primarily transcribed in the first phase of 

cell activation. Immediate response genes are often coding for transcription factors that are 

involved in the activation of secondary genes. One group of transcription factors is the 

superfamily of steroid/thyroid hormone nuclear receptors, which includes over 83 proteins. 

These nuclear receptors are subdivided in 7 subfamilies comprising, among others, receptors 

for steroid hormones, vitamin D, ecdysone, retinoic acids and thyroid hormones (www.ens-

lyon.fr/LBMC/index-uk.htm). Also oxystcrols and prostaglandin Lare known ligands of 

the superfamily and act by binding nuclear receptors such as Liver X receptor (LXR) and 

peroxisome proliferator-activated receptors (PPARs), respectively. In addition to these 

receptors with known ligands, an increasing number of orphan receptors has been described. 

The ligands of these receptors have not been identified yet and it may be considered that 

some of the orphan receptors are regulated in a ligand-independent way. In general, ligands 

of nuclear receptors are low molecular weight, neutral, lipophilic, non-protein compounds 

and, consequently, nuclear receptors are becoming increasingly attractive targets for potential 

therapeutic interventions. In this Chapter, we will focus on the XGFI-B or XR4A subfamily 

of transcription factors and present an overview of the different family members. We will 

mainly concentrate on TR3 (XR4A1) and mention a number of important facts with respect 

to X O T (XR4A2) and MINOR (XR4A3). 

2.2 The NGFI-B (NR4A) subfamily of nuclear receptors 
2.2.1 Jntrodudion 

A growing number of transcription factor proteins have been identified that regulate changes 

in gene expression during the pathogenesis of atherosclerosis.' By using an RT-PCR/ 

differential display approach TR3 orphan receptor (also known as TR3, Xur77, NGFI-B, 

XR4A1) and Mitogen induced nuclear orphan receptor (MIXOR, XOR-1, NR4A3) were 

identified in smooth muscle cells (SMCs) upon activation by a cocktail of pro-inflammatory, 

cytokines secreted by oxidized low-density lipoprotein (ox-LDL)-stimulated macrophages.2 

TR3 and MIXOR comprise, together with Xuclear orphan receptor of T-cells (XOT, Xurrl , 

XR4A2), the XGFI-B (Xerve Growth 1'actor Inducible gene B) subfamily of the superfamily 

of nuclear hormone receptors and arc orphan receptors. For reasons of clarity, names for 

the human transcription factors will be used throughout this thesis, although a substantial 

amount of research has been performed with the murine homologues of this subfamily 

(Xur77, Xurrl and XOR-1). The XGFI-B family is defined as a subfamily within the 
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steroid/thyroid hormone supcrfamily based on high sequence similarities between the 

subfamily members and their ability to bind DNA as a monomer. 

All nuclear receptors share the same modular structure (see Figure 1). An amino-terminal 

transactivation domain comprising the activation function-1 (AF-1) domain, two Zinc linger 

motifs (see Figure 2) forming the DXA-binding domain and a carboxvl-terminal domain 

which is involved in ligand binding, climerixation and transactivation (AF-2). The DXA-

binding domains of TR3, MINOR and N O T arc remarkably homologous (>91°o), an 

observation that is also reflected by the fact that these receptors bind the same response 

elements. The carboxvl-terminal domains of the TR3-like factors share 54-67% homology, 

whereas the amino-terminal domains are less homologous (2 l-2~°o). Together these data 

mav implicate that TR3, MINOR and NOT transactivate the same genes. However, as 

especially the regulatory domains of the TR3-like factors are divergent, these factors will 

have distinct interactions with co-activators and co-repressors, resulting in unique patterns 

of regulation of downstream genes. 

DNA 
BINDING 

TRANSACTIVATION 269 355 LIGAND BINDING 601 

TR3 

MINOR 

NOT 

269 

21 

318 

91 

262 

27 

5 

54 

328 

92 

*7 

598 

67 

ATA 

Figure 1. Schematic comparison of the amino acid sequence of TR3, MINOR, NOT and the 
dominant-negative variant of TR3. The borders for the N-fcrminal transactivation domain, the 
DXA-binding domain and the ligand binding domain are shown. Sequences were aligned and 
percent identity of other proteins to TR3 is indicated within each domain. 

TR3 was originally identified by virtue of its rapid induction by nerve growth factor (NGF) 

in PCI2 ceils' and by serum in fibroblasts.4 In addition, it has been demonstrated that TR3 

is expression is induced in apoptosis of T-cell hybridomasA' MINOR was originally identified 

in cultured rat fetal forcbrain cells.8 N O T was isolated from a neonatal mouse brain cDN A 

library, using low stringency hybridization conditions with a probe encoding the DNA-

binding domain of COUP-TF, an additional orphan member of the nuclear receptor 

supcrfamily.'' 
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2.2.2 Homo- and heterodimeri^atlon of TR3-like factors 

Members of the superfamilv of nuclear receptors regulate transcription by binding to a 

specific DXA targets, originally named hormone response element (HRE). Most nuclear 

receptors bind as homodimcrs or heterodimers to their 1 IREs, which consist of the following 

consensus hcxamenc halfsites 5'-(A/G)G(G/T)TCA-3', 5'-AAGTCA-3' or 5'-AGAACA-

3'. Specificity is determined by the exact half-site sequence, the relative orientation of the 

half-sites (inverted, everted or direct repeats) and the number of spacer nucleotides between 

the half sites. As a unique feature all three members of the XGFI-B subfamily have been 

shown to bind DXA as monomers by using the target DXA as a positive allosteric factor. 

The TR3 subfamily members bind to an estrogen receptor half-site element, containing 

two additional adenosine-residues at the 5' end the so-called X G H - B response element 

(XBRE) 5'-AAAGGTCA-3'.10- " Detailed analysis of the crystal structure of the DXA-

binding domain of TR3 revealed that the A-box', which is located adjacent to the Zinc-

fingers, is required for recognition of these two additional nucleotides in the XBRF.12 (Fig. 2). 

1 232 297 318 
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Figure 2. a) Domain structure of TR3. Amino acid sequence of rat NGFI-B. Depicted are the 
two zinc-fingers in the DNA-binding domain, b) The estrogen response clement (ERF) half-site 
and the required 5' AAA sequence (adapted from Meinke el al. I2) 

NGFI-B subfamily members can also bind as homodimers to a palindromic DNA binding 

motif ; the XurRE, TGATATTTN AAATGCCA (Fig. 3).13 The non-consensus dimeric 

XGI'I-B response clement may be essential for certain aspects of the function of the 

receptors in vivo. Physiologic processes that have been shown to depend on NGFI-B 
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Nur response elements 

Dimers 

NurREpowc 

NurREcoN 

DR-5 

Monomers 

NBRE 

TGATATTTACCTCCAAATGCCA 
M1 M2 M3 

I GAC'CITI AC C ICCAAAGG 1C 'A 

GG ITCACCGAAAGGICA 

AAAGG1CA 

Figure 3. DX.\ sequences of various TR3 
response elements. The POMC XurRE 
sequence is present in the rat POMC 
promoter. The NurRE(. is composed of 
two canonical sites organized as in the 
XurRE m The XBRE sequense was 
described by Wilson etal.w And the Xur-
responsive DR-% was described by 
Perlmann and Jansson."' (adapted from 

activation, such as the induction of T-ccll apoptosis and the response of pituitary cells to 

corticotrophin-releasing hormone (CRU), result in increased activity of NurRE-regulated 

but not NBRE-regulated synthetic promoters.13 

Often, more than a single NG1T-B subfamilv member is induced in response to extracellular 

signals. Maira et ai found that the XR4A members cooperate to synergistically activate 

X'urRE-dependent transcription and that this is likely to result from heterodimerization 

between subfamily members. Different dimers exhibit sequence preference and may be 

responsible for the activation of subsets of target genes.14 In addition to heterodimer 

formation among subfamily members, heterodimer formation with other steroid receptors 

has been reported. Both TR3 and NOT, but not MINOR, can heterodimerize with RXR 

and bind to a direct repeat element of estrogen receptor half-sites separated by five 

nucleotides. ' RXR can also function as a non-DNA-binding cofactor for TR3 or NOT 

orphan receptors, because heterodimerization of RXR with constitutivclv active TR3 or 

N O T creates a novel hormone-dependent complex.' MINOR is a functionally distinct 

member of the NGFI-B subfamilv, because it does not form heterodimers with RXR and 

consequently does not promote ligand activation of RXR from its target DR5 response 

elements. TR3 and N O T heterodimerization involves specific helices in the carboxyl-terminal 

domain. However, MINOR lacks three essential amino acids in its corresponding domain, 

which observation may explain the lack of dimerization. In conclusion, more than one 

member of the NGFI-B family can be induced in response to extracellular signals that can 

specifically interact with each other or other nuclear receptors. It should be emphasized that 

NGFI-B family members have also transactivation properties when bound as monomers to 

their cognate response element. This may point to a dual role for the NGFI-B type of 

receptors both as transcriptional activators and as regulators of other nuclear receptors. 
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2.2.3 NOT 
NOT was identified in T-cclls upon autogenic activation.18 In vivo, high expression of N O T 

mRNA expression was detected in the brain. |y The phenotype of the N O T - / - knockout-

mouse indeed lacks expression in this organ. The mice are hypoactive and die postpartum 

due to lack of development of dopaminergic neurons.2" It has been shown that N O T is 

essential for differentiation of ventral mesencephalic late dopaminergic precursor neurons 

and for induction of a full dopaminergic phenotype of these cells.21 N O T is a candidate 

gene for neurological and psychiatric disorders with an involvement of the dopaminergic 

neuron system, such as Parkinson's disease, schizophrenia, and manic depression. Indeed, 

misssense mutations were found in these patient groups in the coding region of NOT, 

leading to a reduction in transcriptional activity. Furthermore, decreased expression of N O T 

in dopaminergic neurons of cocaine abusers was reported.22 Recendy, Wagner etal. showed 

induction of a dopaminergic phenotype in type 1 astrocytes upon overexpression of NOT. 

This procedure yields cells that may be a useful source for neuronal replacement in Parkinson's 

disease.2' In addition to the psysiological expression of N O T in the brain we and others 

have reported that N O T is also involved in inflammatory pathologies, such as atherosclerosis 

(in this thesis), glomerulonephritis24, and rheumatoid arthritis 2 \ In the study on rheumatoid 

arthritis, it was shown that proinflammatory mediators induced NOT transcription in synovial 

tissue, whereas NF-kB and CREB bind to the promoter of the N O T gene. In this thesis, we 

show induction of N O T with proinflammatory mediators in SMCs and endothelial cells 

(EC) as well as expression of N O T mRNA in atherosclerotic plaques. 

2.2.4 MINOR 
Rat MINOR cDNA was cloned from primary cultured rat forebrain cells that were 

undergoing apoptosis.8 The human homologue was identified from fetal brain 2f' and from 

human T-cells activated with phvtohemagglutunin (PHA) and phorbol 12-myristate 13-

acetate (PIMA).2 Expression of MINOR is induced by mechanical agitation of leukemic 

cell lines and, recently, it was reported that the members of the NGFI-B family are induced 

in liver generation after hepatcctomy.28-29 This fact was already established for NOT, which 

was named regenerating liver nuclear receptor (RNR-1).3" The induction of MINOR was 

also detected during cell death in a human breast cancer cell line.31 There are two alternative 

splice variants identified in .MINOR mRNA in human skeletal muscles.'2 Two groups 

independently generated MINOR knockout mice with completely different phenotypes. 

The group of Conneely demonstrated that interruption of the MINOR gene resulted in a 

mild phenotype with mice showing an "ear defect". In contrast, the MINOR - / - mice 
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generated by in the laboratory of W'inoto were embrvonic lethal, suggesting that MINOR 

plays a crucial role in gastrulation. The explanation proposed to explain this difference in 

phenotype was that in the embryonic lethal mice the entire coding sequence of MINOR 

was disrupted, whereas part of the coding sequence of MINOR was maintained in the 

mice with the mild phenotvpe. The embryonic defects observed in the MINOR knockout 

mice demonstrate that MINOR exhibits a crucial function in embrvonic development, which 

is cannot be replaced by its homologucs TR3 or NOT. 

2.3 TR3 
2.3.1 Modulation of TEJ activity by phosphorylation 

L nphosphorvlated TR3 is distributed equally among the cytoplasm and the nucleus, whereas 

its highly phosphorylated form is predominantly present in the cytoplasm.33'l4 The amino 

acid serine at position 350 (Ser-350) in TR3 is a phosphorylation site that is located in the 

'A-box', the protein motif required for selective DX.A binding. Ser-350 phosphorylation 

interferes with the DNA-binding ability of TR3 and decreases its transcriptional activity by 

50-80%35 ,36 This serine residue can be phosphorylated by Akt (PKI3) kinase, which is a key 

plaver in the transduction of anti-apoptotic and proliferative signals in T-cells. 

Nuclear export signal sequences (NES) arc leucine-rich motifs that are critical to transport 

proteins out of the nucleus. Recently, three NES sequences were identified within the ligand-

binding domain of TR3. Ii was shown that, in addition to these NES sequences, 

phosphorylation of the serine residue at position 105 in TR3 is also required to translocate 

RXR-TR3 heterodimeric complexes from the nucleus to the cytoplasm. As a consccjucncc 

of this cellular relocalization of RXR-TR3 complexes, the transcriptional activity of RXR-

RAR heterodimers is reduced.1 The interaction of TR3 with RXR has been reported to 

result on the one hand in a rexinoid-rcsponsivc transcription complex and on the other 

hand in a protein complex that is transcriptionally inactive due to export from the nucleus. 

These divergent effects of TR3 on RXR function and its activity on gene expression as a 

monomer, indicate that TR3 may interconnect multiple signalling pathways. 

2.3.2 Regulation of TRJ transcription 

TR3 expression is induced in numerous cell types by a variety of stimuli. The promoter 

sequence of the TR3 gene comprises consensus response-elements for multiple transenption 

factors. The mechanism underlying the induction of TR3 mRNA expression in T cell 

apoptosis, involving changes in intracellular calcium (Ca_) , has recently been described in 

detail. Two Ca2r-responsive DNA elements in die TR3 promoter were identified as consensus 

binding sites for the transcription factor myocyte enhancer factor 2 (MEF2).39 In the inactive 
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state, MEF2 is bound to Cabin 1, which is also an endogenous inhibitor of the protein 

phosphatase calcineurin. In response to an increase in intracellular calcium, calmodulin 

becomes activated, binds in a competitive way to Cabinl and releases MEF2, winch 

subsequently transactivates TR3 expression. In accordance with these data, overexpression 

of Cabinl has been shown to inhibit both TR3 expression and T-cell receptor (TCR)-

mediated apoptosis.39 Interestingly, MEF2 was originally discovered as a transcription factor 

for muscle-specific gene expression. It was postulated that a specific co-activator was required 

for the extensive increase in MEF2 activity in response to antigen receptor signaling. Indeed, 

MEF2 was shown to bind ERK5, which contains a transactivation domain to recruit the 

basal transcriptional machinery. In this way, ERK5 functions as a transcriptional co-activator 

of MEF2 activity7 in response to calcium fluxes and is essential to activate TR3 expression.4" 

2.3.3 Involvement of 7"RJ in T-cell apoptosis 

The process of programmed cell death (apoptosis) plays a central role in regulation of 

lymphocyte development and homeostasis. In the thymus, maturing T cells develop self-

recognition and thymocytes that lack this ability arc deleted by apoptosis. TR3 has been 

implicated in this process as an important transcription factor and indeed TR3 expression 

was found to correlate with TCR-mediatcd apoptosis.3-6 Blocking TR3 activity by a dominant-

negative construct (which lacks the transactivation domain), or inhibiton of TR3 protein 

expression with anti-sense oligonucleotide approaches, prevents TCR-mediated apoptosis 

in T-cell hvbridomas.3'6 Interestingly, mice with a loss of function mutation of the TR3 

gene have normal thymic and peripheral T-cell death. This lack of phenotype suggests 

redundancy by the related members of the NGFI-B family, MINOR and NOT 4 1 It has 

been shown that NOT and MINOR can transactivate genes through the same DNA elements 

as TR3, however, functional redundancy for TR3 in T-cell apoptosis was only established 

for MINOR.42 MINOR is induced upon TCR stimulation with the same kinetics as TR3 

and constitutive expression of MINOR in developing thymocytes in transgenic mice leads 

to massive apoptosis. 

Li et at. revealed another mechanism by which TR3 is capable to induce apoptosis.4'' In 

prostate cancer cells TR3 is, in response to apoptotic stimuli, translocated from the nucleus 

to the mitochondria to induce cytochrome C release, which event initiates apoptosis. 

Interestingly, DNA binding and transactivation arc not required in this process.4' In contrast, 

Rajpal et al. showed that TR3-mediated apoptosis in thymocytes does not involve cytoplasmic 

cytochrome C release and cannot be rescued by Bcl-2.44 In this study, micro-array analyses 

revealed that TR3 induces expression of many genes in thymocytes, including two novel 
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genes 'XDG'1 and 'XDG2' . Of interest, NDG1 initiates a novel apoptotic pathway in a 

Bcl2-indepcndcnt manner.44 Together these data point in the direction that TR3 may regulate 

apoptosis via transcription-dependent as well as via transcriptional activity independent 

pathways 

2.3.4 Downstream target genes of TRJ, MINOR and KOT 

So far, a limited number of target genes downstream of TR3 have been identified that are 

related to inflammation and steroidogenesis.43 The expression of TR3 in cells throughout 

the hypothalamic-pituitary-adrenal (HPA)-axis suggests that this transcription factor 

performs signalling functions at all levels of the HPA-axis. Indeed, TR3 induces expression 

of corticotropin-releasing hormone (CRII) in the hypothalamus46 and mediates the effect 

of CRI I on transcription of the pituitary pro-opiomelanocotin (POMC) gene.4. The NGFI-

B family regulates transcription of genes encoding the steroidogenic cytochrome P-450 

enzymes in the adrenal cortex as illustrated by direct interaction with promoter sequences 

of the steroid-21 -hydroxylase (21-OHase) gene upon adrenocorticotropic hormone 

(ACTH) activation of cells." Furthermore, TR3 induces expression of 20-a-hydroxvsteroid 

dehydrogenase, a steroidogenic enzyme involved in the catabolism of progesterone in 

response to prostaglandin F0a.48 MINOR was shown to be induced by ACTH and angiotensin 

II treatment of adrenal fascicular cells and also induces the expression of genes encoding 

steroidogenic enzymes. However, MINOR does not affect POMC expression.49,50 Studies 

with TR3 knockout mice have shown that the basal regulation of hypothalamic and pituitary 

function as well as the adrenocortical steroidogenesis is undistinguisable from wild-type 

mice.51 This lack of phenotype, and the knowledge that expression of N O T and MINOR 

is enhanced in these mice, illustrates that there is a clear redundancy between the family 

members in the NGFI-B family. Finally, Grubcr etai recently identified TR3 as an inducible 

DNA-binding protein that binds specifically to the promoter of the plasminogen activator 

inhibitor 1 (PAI-1) gene to drive its expression.32 

2.4 Outline of the thesis 
Vascular smooth muscle cells (SMCs) can undergo relatively rapid and reversible phenotypical 

changes in response to local environmental alterations, which occur during atherogenesis. 

Transcription factors may be considered key regulators in phenotypic changes of SMCs. 

Upon activation of human SMCs with an atherogenic stimulus, we found that the mRNA 

expression of all three members of the Nerve Growth Factor Induced gene-B (NGFI-B) 

subfamily of nuclear hormone receptors, TR3, MINOR and NOT, are induced rapidly and 
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transiently.2 At the onset of this study, no reports were available on expression of these 

immediate-early response genes in atherogenesis. 

In this thesis we investigated whether TR3, MINOR and N O T are functionally involved in 

atherosclerosis and other vascular pathologies involving SMCs, like vein-graft disease and 

in-stent restenosis. 

In Chapter 1 and the current Chapter, an overview is presented regarding atheroslerosis 

and the NGFI-B subfamily of transcription factors, respectively. In Chapter 3 we report 

that cultured SMCs express TR3, MINOR and N O T in response to an atherogenic stimulus. 

In line with these data, we show that mRN A encoding these transcription factors is absent 

in normal, unaffected vascular tissue, whereas each of these genes is expressed in neointimal 

SMCs in human atherosclerotic lesions. To reveal functional involvement of these nuclear 

receptors in atherogenesis, we applied a variant of TR3, named ATA, which lacks the 

transactivation domain, but exhibits normal DNA binding, and consequently functions as 

a dominant-negative inhibitor of all three subfamily members. Transgenic mice were 

generated that overcxpress TR3 or ATA in arterial SMCs and these mice were challenged by 

carotid artery ligation. These experiments clearly demonstrated that TR3 protects against 

excessive SMC hyperplasia in vivo (Chapter 3). Furthermore, expression of these transcription 

factors was observed in other vascular cells such as lesion macrophages and endothelial 

cells. In Chapter 4 we demonstrate that TR3 overexpression in cultured endothelial cells 

results in growth inhibition of the cells by maintaining them in the Gl stage of the cell 

cycle. We also studied the expression and function of TR3 in vein-graft disease (Chapter 5). 

Both in vein segments exposed to high-pressure flow and in cultured venous SMCs, exposed 

to mechanical strain induction, of TR3 expression was observed. In this study we show-

that overexpression of TR3 prevents stretch-induced proliferation of venous SMCs. In 

Chapter 6 expression of TR3, MINOR and NOT was explored in in-stent restenosis lesions 

and downstream target genes of TR3 in SMCs were identified. Finally, we demonstrated that 

TR3 is not involved in arterial responsiveness to vasoactive compounds and vascular remodelling 

during collateral artery formation as assessed in the transgenic mice (Chapter 7). 
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Abstract 
B a c k g r o u n d 

Smooth xMusclc Cells (SMCs) play a key role in intimal thickening in atherosclerosis and 

restenosis. T h e precise signaling pathways by which proliferation of SMCs is regulated are 

largely unknown. TR3 orphan receptor, Mitogen Induced Nuclear Orphan receptor (MINOR) 

and Nuclear receptor of T-cells (NOT) are a subfamily of transcription factors belonging to 

the nuclear receptor superfamily and are induced in activated SMCs. In this study we 

investigated the role of these transcription factors in SMC proliferation in atherogenesis. 

M e t h o d s a n d R e s u l t s 

Multiple human vascular specimens at distinct stages of atherosclerosis (American Hear t 

Association classification lesion Type II A') derived from 14 different individuals were studied 

for expression of these transcription factors. We observed expression of T R 3 , M I N O R and 

N O T in neointimal SMCs whereas no expression was detected in medial SMCs. Adenovirus-

mediated expression of a dominant-negative variant of T R3 (ATA), which suppresses the 

transcriptional activity of each subfamily member , increases D N A synthesis and decreases 

p2~K.pi protein expression in cultured SMCs. We generated transgenic mice that express this 

dominant-negat ive variant or full-length T R 3 under control of a vascular SMC-specific 

promoter . Carotid artery ligation of transgenic mice that express ATA in arterial SMCs, 

results in a 3-fold increase in neointima formation compared to lesions formed in wild-type 

mice, whereas neoint ima formation is inhibited 5-fold in transgenic mice expressing full-

length T R 3 . 

C o n c l u s i o n s 

O u r results reveal d i a tTR3 , and possibly other members of this transcription factor subfamily, 

inhibit vascular lesion formation. These transcription factors could serve as novel targets in 

the treatment of vascular disease. 

C o n d e n s e d a b s t r a c t 

Knowledge on changes in gene expression in smooth muscle cells (SMCs) during atherogenesis 

is vital to unders tand human vascular diseases. We observed expression of all members of 

the Nerve G r o w t h Factor Induced gene-B (NGFI-B) subfamily in activated SMCs and in 

human , atherosclerotic lesions. .Adenoviral expression of a dominant-negative variant of 

T R 3 (ATA), which inhibits all subfamily members , increases D N A synthesis. Carotid artery 

ligation of transgenic mice expressing cither ATA or T R 3 in arterial SMCs, results in a 3 fold 

increase and a 5-fold inhibition in neointima formation, respectively. T R3 inhibits vascular 

lesion formation and may have a protective function in atherogenesis. 
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Introduction 
SMCs display a dynamic phenotypc varying from quiescent, fully contractile cells to 

proliferative cells. This phenotvpic modulation is associated with a variety of vascular diseases, 

ranging from atherosclerosis to restenosis after angioplasty.' Detailed knowledge on the 

molecular mechanisms underlying proliferation as well as phenotvpic changes associated 

with proliferation is crucial to identify novel targets for intervention. In our search for 

genes involved in SMC activation in atherogenesis, we have revealed by differential display 

analysis the induction of TR32 and MINOR2 expression by in vitro activated SMCs.3 TR3 

and MINOR are members of the NGFI-B family that has also been named the Nuclear 

Receptor subfamily 4, group A (NR4A)4 and which contains, so far, one additional member, 

NOT.2 These transcription factors contain a similar structural organization of their functional 

domains. An amino-terminal domain involved in trans-activation, the DNA-binding domain 

that contains two zinc-fingers and a ligand-binding domain at the carboxyl-terminus. All 

three subfamily members bind the same response element(s) and they arc referred to as 

orphan receptors, because the ligands that may regulate their transcriptional activity have 

not been identified yet.' The NGFI-B-like factors have been implicated in diverse cellular 

signaling events among which T-cell receptor-mediated apoptosis/'- In key experiments on 

T-cell apoptosis, a dominant-negative form of TR3 has been described, which lacks the 

transactivation domain and consequently blocks the transcriptional activity of each subfamily 

member.8 Overexpression of this variant under the control of a promoter specific for 

developing thymocytes in transgenic mice perturbed thymocyte development resulting in 

increased circulating T-cells.9 

The aim of the current study is to determine the expression profiles of TR3, MINOR and 

N O T in human vascular lesions and to assess the function of these transcription factors in 

the modulation of SMC proliferation, and consequently in atherogenesis. Our results show 

that TR3, MINOR and N O T are expressed in human atheroslcerotic lesions and that TR3 

inhibits SMC proliferation in vivo. 

Methods 
/ \uman tissue specimens 

I luman tissue samples were obtained from organ donors with informed consent, according 

to protocols approved by the Medical Ethical Committee of the Academic Medical Center, 

Amsterdam. The specimens were paraffin embedded, sectioned and mounted on Superfrost 

plus glass slides (Menzel-glaser, Braunschweig, Germany). Vascular specimen were 

characterized by immunohistochemistry to establish the stage of disease according to the 

American Heart Association classification.1" 
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SA4C culture and KKA. isolation 

Human SMCs were expknted from umbilical cord arteries and were used at passage 5-7.3 

Murine SMCs were explanted from aortas. Briefly, murine aortas were harvested, sliced and 

put in gelatine coated 6-wells plates in Ml 99 with HEPES, 10% vol/vol fetal bovine serum 

with penicillin/streptomycin (GIBCO BRL, Gaithersburg, MD). Cells were cultured and 

used for experiments at passage 2-4. SMCs were characterized with a monoclonal antibody 

directed against SM a-actin (1A4, DAKO, Glastrup, Denmark) and show uniform fibrillar 

staining. Total RNA was isolated with Trizol reagent (GIBCO BRL). 

jH- Thymidine incorporation 

SMCs were seeded at 4xl04 cells per well of a 24 well plate and reached 60-70% confluencv 

after 24 h. Cells were infected with ATA- or TR3 adenovirus at 3x10H pfu for 2 h.' ' SMCs 

were made quiescent in serum-free medium for 60 hours, stimulated with 10% vol/vol 

serum and labeled for 18 h with 0.5 LiCi/ml [methyl-3H]-thymidine (Amersham, 

Buckinghamshire, UK). Incorporated radioactivity was precipitated for 30 minutes at 4"C 

with 10% (wt/vol) trichloroacetic acid, washed twice with 5% (wt/vol) trichloroacetic acid 

and dissolved in 0.5 X XaOII (0.5 ml/well); incorporated 'I I-thvmidinc was measured by 

liquid-scintillation counting. All experiments were performed in triplicate and repeated at 

least twice. 

Immunohistochemistry and Western Plotting 

TR3 antigen was detected by immunohistochemistry with a rabbit antibody directed against 

Nur77 (M-210, Santa Cruz Biotechnology, CA). For Western blotting, another Xur77 

antibody was applied", p27Kir'1 and a-tubulin were detected with monoclonal antibodies 

(BD Biosciences, CA and Cedar Lane, Canada, respectively). 

In situ hybridisation and liNase protection assay 

In situ hybridization and RXase protection assays were performed as described.12 The 

following probes were synthesized for in situ hybridization: TR3, Genbank L13740, bp 

1221-1905; MINOR, Genbank U12767, bp 1435-2172; XOT, Genbank X75918, bp 119-

1003; SM22a, Genbank XM_011526, bp 330-582. Matching sense riboprobes were assayed 

for each gene and were shown to give neither background nor an aspecific signal. The 

sections were exposed for 2 to 8 weeks. The RNase protection probe for X O T was from bp 

1434 to 1555. 
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Double in situ/' immunohistochemistry 

In situ hybridization assays was performed as described12, with minor modifications. Briefly, 

the proteinase K step was reduced to 1 minute. After probe hybridization and wash steps, 

immunohistochemistry was performed. Slides were dipped in emulsion and exposed, 

developed, counterstained with hematoxyline and embedded in glvcergel. 

Northern Blotting and Southern Blotting 

Northern and Southern blotting was performed as described.3'') The transgene was detected 

using a fragment of human TR3 cDNA (bp 864-1905). 

Mice 

Animal care and experimental procedures were approved by the Animal Experimental 

Committee at our Institute. Transgenic mice expressing ATA or full-length TR3 gene were 

generated in a FYB-background (Broekman, Someren, The Netherlands) by injection of 

DNA into pronuclei of fertilized oocytes. The DNA injected consisted of the 1406 bp 

EcoRI/Sall fragment of the SM22(X promoter as described14 (Genbank U36589, bp 1393-

2797), a 203 bp rabbit p-globin intron from the pSI mammalian expression vector (Promega), 

either full-length TR3 cDNA (bp 1-1950) or ATA bp (864-1950) with a substitution of aa 

251 from threonine into methionine and a 622 bp polyadenylation signal of human growth 

hormone (Genbankf J03071, bp 6699-7321). Different founders were raised. Mice were 

homozygous as established by Southern blotting and backcrossed with wild-type mice. At 8 

weeks of age, mice were subjected to carotid artery ligation as described. '5 Briefly, mice 

were anaesthetized by intraperitoneal injection of a solution of Midazolam (12.5 mg/kg 

body weight) and I lypnorm (0.01 ml/mouse) and the left common carotid artery was liga ted 

near the distal bifurcation (n=4-7). 2.5 or 4 weeks after ligation, mice were anaesthetized 

and subsequently perfused via the heart with phosphate-buffered saline and carotid arteries 

were harvested. 

Morphometry 

The ligated artery was sectioned from the ligature towards the aortic arch. A standardized 

reference point was set at which location the vessel structure was not distorted by the 

ligature and the clastic laminae were intact. Cross sections at 0.7 mm from the reference 

point were morphomctrically analyzed, using the QWin software (Leica Microsystems) on 

digital images of the vessel, obtained with a Sony DXC-950 3CCD video camera. The 

circumferences of the lumen, internal clastic lamina (IEL) and external elastic lamina (EEL) 

were measured and medial area, neointimal area and ncointima/media ratio were calculated. 
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Statistical analysis 

Statistical analyses were performed with SPSS version 10.0.5 software, experimental values 

are expressed as means ± SEM. The significance of differences was determined by using 

the non-parametric, Mann-Whitney U 2-tailcd test and expressed as a P-value. 

Results 
Activated human primary SMCs express TR3, MINOR and NOT 

In agreement with our previous observation that expression of TR3 and MINOR is induced 

upon activation of primary, human SMCs, we now show that N O T is also uprcgulated and 

exhibits similar kinetics as TR3 and MINOR (Figure 1A-C). All three genes display typical 

characteristics of early response genes in SMCs upon an atherogenic stimulus. 

0 1 2 4 8 24 h stimulation 

TR3 

MINOR 

• • • 
A 

Northern blotting 

N O T C RNase protection 

Figure 1. Expression of TR3, MINOR and NOT in cultured SMCs. TR3 (A) and MINOR (B) 
mRNA expression in human SMCs was assessed by Northern blotting and NOT (C) mRNA 
expression by RNase protection assay. Cultured, primary SMCs were stimulated for 0 to 24 h with 
the conditioned medium of oxidized LDL-activated macrophages.' 

TRJ, MINOR and NOT expressed in human atherosclerotic lesions 

To evaluate the role of these transcription factors in vascular disease, we determined mRN A-

expression profiles of TR3, MINOR and NOT in multiple human vascular specimens at 

different stages of the disease (according to the American heart Association, lesion Type II-

V), derived from 14 different individuals ranging in age from 17-66 years (listed in Table 

1).'" All three NR4A members are exclusively expressed in neointimal cells and not in normal 

medial SMCs (Table 1). As a typical example of an early lesion, we show a type II lesion of 

a 40-year-old female (first specimen from Table 1, Figure 2A and B). This lesion consists 

mainly of SMCs but some macrophages are present (Figure 2D and E). TR3, MINOR and 

N O T mRNA is expressed in neointimal cells (Figure 2F-N). In figures H, K. and N in situ 

hybridization is combined with immnuohistochemistry for a macrophage-specific antigen 

and these data clearly show that indeed SMCs express these transcription factors. 
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Figure 2. TR3. M I \ ( >R and N O T mRXA expressed in human atherosclerotic lesions. Serial 

sections of a typical human type II lesion were investigated by H E staining (A and B), 

irnmunohistochemistry (C E) and in situ hybridization (F- X) or a combination (H,K and X). An 

(>verview of the vessel is shown (A) and the inset is shown at a larger magnification (B). Again an 

inset is shown ar larger magnification to reveal endothelial cells (Ulex) (C), macrophages (Ham56) 

(D) and SMCs (1 A4) (E). Radioactive in situ hybridization was performed on consecutive sections 
of the same lesion (F X) and positive signals result in black dots in a purple counterstain. The 

area shown in F, I and I, relates to the box shown in B. TR3 mRX \ I . enlargement of inset in G), 

\ I IX( )R mRNA (I, enlargement of inset in J) and N O T mRXA (I., enlargement of inset in Ml 

expression are shown. Figure 11, K. and X show both in situ hybridization signal and macrophage 

s ta ining in red. TR3 pro te in is expressed in this a the rosc le ro t i c lesion, as shown b\ 

irnmunohistochemistry ((). P). Bar=4mm (A) and lOOum (B P). 

Macrophages also express T R 3 , M I N O R and N O T (Arkenbout, Ml) , unpublished data, 

21102). The expression of these transcription factors in lesions is not homogeneous and the 

mere fact that not all neointimal SMCs synthesize '1113, M 1 X O R or N O T , may indicate that 

lesion SMCs have diverse phenotypic characteristics. In addition, we demonst ra ted that 

TR3 protein expression is comparable to the typical m R X A pattern (Figure 2( )-P). 

Increased l)\ 4 synthesis upon adenoviral infection of 

SMCs with dominant-negative variant 

To assess the function of NGFI-B-l ike transcription factors in SMCs, we infected cultured 

human SMCs with adenoviral vehicles encoding either a ATA or full-lengthTR3 or a mock 

virus and determined the effect on D N A synthesis .ind expression of the cell cycle inhibitor 
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Table 1. Characteristics of Donors and Expression Profiles of TR3, MIXOR and NOT 

Sex 

I "emale 
Female 
Female 
Female 

Female 
Male 
Female 
Female 
Female 
Male 
Male 

Male 

Female-

Male 

Age 

40 
52 
38 
49 

17 

66 
58 
41 
59 
41 
49 

49 

56 

65 

Class 

II 
III 
II 
II 
V 
I 
V 
II 
IV 
II 
IV 
II 
V 
II 
V 
II 
V 
II 
V 

Origin 

Aorta 
Aorta 
Aorta 
Aorta 
Aorta 
Aorta 
Aorta 
Aorta 
Aorta 
Aorta 

Art.iliaca 
Aorta 

Artiliaca 

Aorta 
.Aorta 

Art.iliaca 

TR3 

+++ 
+ 
• 
-
-
-
-

nd 
++ 
nd 

+ 
+ 
+ 
+ 

++ 
I 

+++ 
++ 

MINOR 

++ 
-
-
-
-
-
-

nd 
nd 
+ 
-
+ 
+ 
-
-

++ 
+ 

+ 

NOT 

+++ 

++ 
-
-
-
-
-
+ 
+ 

++ 
nd 
+ 
• 
• 
+ 

++ 
++ 
++ 

+ , + + , + + + indicates amount of positive cells, - indicates no positive cells, nd indicates not 
determined No expression was observed in medial SMCs, only in lesions. 

p27K.pi 11 pjj.s t j infection with ATA-adenovirus and TR3-virus resulted in expression of the 

encoded proteins of approximately 35 kDa and of 68 kDa, respectively in a virus dose-

dependent way (Figure 3A). Second, due to ATA overexpression 'I I-thymidine incorporation 

is almost 10-fold increased compared to mock-infected cells (Figure 3B). Probably, because 

mock-infected SMCs show relatively low TI-thymidine incorporation, this DNA synthesis 

is not further diminished upon addition of full-length TR3 adenovirus. Third, p27Kipl 

expression is substantially decreased in ATA-overexprcssing SMCs (Figure 3C). 

Opposite effects on DNA synthesis in transgenic SMC ATA 
and full-length TR 3 

To evaluate the in vivo function of these orphan nuclear receptors in lesion formation, we 

generated transgenic mice expressing either ATA or full-length TR3 under control of the 

SM22a-promoter, which directs expression of transgenes specifically to arterial SMCs. l •' 

Independent, homozygous transgenic lines (ATA-F, ATA-D, and TR3-A) were bred that 

differ in copy number of the transgenes (Figure 4A). The transgenic mice reproduce normally 

and are apparently healthy. We observed expression of the transgenes in SMCs in the arterial 
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Figure 3. Adenovirus-mediated expression 

of DTA and full-length TR3 in cultured 

SMCs. Primary human SMCs were infected 

with ATA adenovirus (lanes 1, 2). with TR3-

adenovirus (lanes 3, 4) or with mock-virus 

(Lane 5) at 1.5x10* pfu (lanes 1, 3) or 3x10 s 

pfu per 105 cells (lanes 2, 4, 5) and cell lysates 

were assayed for TR3 protein expression by 

Western blotting (A). D N A synthesis was 

investigated bv JH-thymidine incorporation 

in primary SMCs after infection at 3x l0 8 pfu 

per 10'1 cells with mock adenovirus or 

adenovirus encoding ATA or full length TR3 

(B). p 2 - k ' r ' protein expression was deteced in 

cell lysates of infected cells by Western 

blotting and a-tubulin expression is shown as 

a control for equal loading. 

vessel wall bv radioactive in situ hybridization, whereas no expression was detected in the 

arterial wall of wild-type mice (Figure 4B). D N A synthesis of SMCs explanted from aortas 

of ATA-expressing transgenic mice is 1.5 fold higher for ATA-F and A T A - D compared to 

wild-type murine SMCs (P= 0.017 and / ) = 0.005, respectively) and 2-fold lower for SMCs 

from the TR3-A line (P= 0.039) (Figure 5A). Importantly, infection of ATA-F and ATA-D 

transgenic SMCs with adenoviral full-length TR3 reverted the enhanced D N A synthesis as 

shown by a 80" 'o decrease of Tb thvmid ine incorporat ion compared to mock-infected cells 

(Figure 5B). 

Opposite effects on lesion formation upon carotid artery ligation 

in transgenic mice expressing ATs! or full-length I R ? 

Wild-type mice and the transgenic lines were subjected to carotid artery l igat ion 1 , a model 

in which a SMC-rich neointima is induced. First, S M 2 2 a expression was investigated by in 

situ It\ 1 >ridization b ve ssels from wild-type mice ligated for diffcrenl time peri» >d 5. ! üxpre - >i< >n 
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Figure 4. Analysis oi transgenic miceoverexpressing ATA and full-length TR3 in arterial SMCs. 

Genomic 1 ) \ A was digested with BamHI and the transgene was detected with a fragment of 

human TR3 c D X \ (bp 864-1905) which hybridizes to human TR3 and \'I' \ 1 ) \ \ as well as to 

endogenous murine TR3 D N A . (A). mRXA expression of the transgenes was observed in the 

aorta of \ I A I'. A 1 \ 1) mice and TR3-A mice by radioactive in situ hybridization with human 

TR3 specific sequences (bp 1221 1905), which do not detect murine TR3. No hybridization was 

observed in aortas of wild type mice (B). Lu indicates lumen. Bar~35um. 

A 

6000 

2000 J 

*## 
1 

• • 

1 1 
-

n 

fi 

h i 

1 
i — 1 W l 

1=1 D l \ 1 

^ m \ n 
" • TR3 \ 

y 

- | 
— c 

\ \ « s 
'J 

05 

I I 

DTA I mock 

DTA I) mock 

ATA I \ l \ I) 

Figure 5. DNA synthesis in aortic SMCs explained from ATA transgenic and TR3 transgenic 

mice. SMCs from VIA transgenic mice exhibited a 1.5 fold increase in 5H-thymidine incorporation 

compared to wild-type SMCs ( ' . P<0.01; ' ' . P<0.05), while SMCs from TR3 transgenic showed 

a 2-fold decrease compared to wild type SMCs (' ' ' . P<0.05) (A). Infection of transgenic ATA 

SMCs with 'I R3 adenovirus resulted in a 80% decrease of 11 thymidine incorporation in AT \-F 

and ATA I) SMCs (ar 3x10 s pfu per 105 cells) (B). 
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unligated ligatcd Iweek 

wt ATA-F ATA-D TR3-A 

Figure 6. SM22oc mRNA expression in non-ligated carotid arteries .n 1 week and 4 weeks after 

ligation ol wild-type mice. Expression is observed in both medial at seven days and in the unligated 

vessel (insets arc shown with enlargements of the vessel wall) and neointimal SMCs. The red 
dashed line in the last picture indicates the l i d . and the solid line the Kid . (A). Morphology of the 

non-ligated carotid arteries of TR3 and ATA transgenic mice is similar to carotid arteries of wild 

type animals (B). Bar 3Sum. 

of S M 2 2 a m R N A is present in the non-ligated carotid artery. Fu r the rmore , medial 

expression is observed 1 week after ligation, which observat ion is in contrast to the wire-

induced injury model in which downrcgulat ion of SM220C was seen seven days after injury. 

\t tour weeks after ligation, medial as well as neointimal SMCs express S M 2 2 a (Figure 

6A). The morphology of the carotid arteries of the different transgenic lines is identical. 

indicating transgene expression does not effect the structure of the vessel wall (Figure 6B). 

Sections of ligatcd vessels of ATA transgenic mice (ATA-D) and wild-type littermates are 

shown after 2.3 weeks ligation, during which period wild-type mice develop hardly any 

lesion (Figure 7 V;. Lesions of TR3-expressing mice and control mice are shown after 4 

weeks of ligation to reveal inhibition of lesion formation (Figure 7B). The neoint ima 

media ratios were assessed by m o r p h o m e t r y analyses and showed that lesions are 3-fold 

larger in \ T V-transgenic mice as compared to wild-type mice (n=4-6) , (P = 0.019 and / , = 

0.014, for ATA-D and ATA-F, respectively) (Figure 7 \i. As expected, die TR3-expressing 

mice exhibited the opposite response with an almost 5-tolcl reduction of neointima formation 

as compared to wild type mice (n=5-8) (P = 0.008) (Figure 7B). 
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Figure 7. Carotid artery ligation in TR3 and \ T \ transgenic mice. Representative examples of 

sections of ligated carotid arteries from wild-type and ATA F mice 2.5 weeks after ligation. 

Xcointima 'media ratios ol the ligated left carotid arteries are 3 fold larger in ATA-D and ATA 

F transgenic lines compared to wild-type mice (n~4 6) (', P<0.05), respectively (A). Representative 

examples ol sections of ligated left carotid arteries from wild type and TR3 \ mice at 4 weeks 

alter ligation. Morphomet ry analyses disclosed rh.it TR3 overexpression results 5-fold reduction 

ot ncointima. media ratio compared to wild-type mice (n=5-8) (' "', P<0.01) (ll). Bar 1(H) pm 

Discussion 
Activated SM( -s arc a hallmark ot pathological vascular processes including atherosclerosis. 

(in-stent) restenosis after percutaneous transluminal coronarv angioplasty (PT( !A) and vein-

graft disease. In the present stud v. we examined the expression profiles of the SJGFI-B 

transcription factor family in human atherosclerotic lesions. ( )ur results clearly show that 

inhibition of these transcription factors in SMCs results in enhanced lesion formation, 

while T R 3 decreases the extent of lesion formation. We hypothesize that N G F I - B like 

factors may have a pro tec t ive function in the initiation and progress ion of h u m a n 

atherogenesis by prevent ing excessive SMC proliferation. 

We showed that T R 3 , M I N O R and N O T are expressed by in vitro activated SMCs and in 

atherosclerotic lesions in a wide range ot individuals at different stages of atherosclerosis. For 

genes that are expressed exclusively in atherosclerotic lesions, but are absent trom the normal 

vessel wall, the inhibition of vascular lesion formation is an unexpected function. However, 

defense mechanisms may be essential to control pathological processes such as atherogenesis 

and are also operational during progression oi the disease. Fur thermore , preliminary data 

>! 
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show that TR3 is also expressed in in-stent restenosis material (data not shown), which suggest 

that induction of this transcription factor is a general process initiated upon SMC activation. 

At present, the exact mechanism by which TR3 reduces vascular lesion formation is unknown. 

TR3 has been associated with the induction of apoptosis during T-cell development/'9 

Moreover, in prostate tumor cells it has been demonstrated that '1113 translocates, in response 

to apoptotic agents, from the nucleus to mitochondria to induce cytochrome c release 

resulting in programmed cell death. '8 However, our data suggest that apoptosis is not the 

mechanism by which TR3 mediates its inhibitory capacity Infection of human SMCs with 

either mock, TR3 or ATA adenovirus does not change the number of apoptotic SMCs as 

determined by alterations in nuclear morphology and generation of activated caspase-3 

(data not shown). Moreover, infection of SMCs with ATA adenovirus, but not with mock-

or full length TR3 adenovirus, results in a decrease of p27Klpl protein indicating that the 

dominant-negative TR3 variant promotes cell cycle progression by downregulating this CDK 

inhibitor. Although further studies are required to reveal the exact underlying molecular 

mechanisms bv which TR3 may inhibit SMC proliferation, we postulate that the ' U n 

regulated genes comprise cell-cycle regulators. 

It is known that NGFI-B family members can heterodimerize, resulting in a synergistic 

effects on their transcriptional activities and changes in target sequence preferences.V} In 

addition, both TR3 and N O T form heterodimers with the retinoid X receptor (RXR).2" 

Recently, it has been shown that nerve growth factor-induced phosphorylation of TR3 

results in translocation of RXR-TR3 heterodimers from the nucleus into the cytoplasm, 

consequently interfering with RXR-mediatcd signal transduction.21 A potential contribution 

of TR3-RXR dimcrization in the process of atherogencsis needs to be addressed. 

In summary, we propose that the NGFI-B hormone receptors are inhibitors of vascular 

lesion formation and that these transcription factors arc expressed in atherosclerotic lesions 

to protect the vessel wall from excessive SMC proliferation. Increased activation of these 

orphan receptors by as yet unknown ligand(s) may be applied in the treatment of 

atherosclerosis and restenosis and may lead to targeted therapeutic interventions. 
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Abstract 
Objective 

Endothelial cells play a pivotal role in vascular homeostasis. In this studv, we investigated 

the function of the Nerve growth factor-induced protein-B (NGFI-B) subfamilv of nuclear 

receptors comprising TR3 orphan receptor (TR3), mitogen-induced nuclear orphan receptor 

(MINOR) and nuclear orphan receptor of T-cells (NOT) in endothelial cells. 

Methods and Results 

The mRNA expression of TR3, MINOR and N O T in atherosclerotic lesions was assessed 

in human vascular specimens. Each of these factors is expressed in smooth muscle cells as 

described before, and in subsets of endothelial cells, implicating that they may affect 

endothelial cell function. Adenoviral ovcrcxpression of TR3 in cultured endothelial cells 

resulted in decreased [ 'Hj-thvmidine incorporation, whereas a dominant-negative TR3 variant 

that inhibits the activity of endogenous TR3-like factors enhanced DNA synthesis. TR3 

interfered with progression of the cell cycle by upregulating p27K,p1 and downregulatmg 

Cyclin A, whereas expression levels of a number of other ccllcyclc-associated proteins 

remained unchanged. 

Conclusions 

These findings demonstrate that TR3 is a modulator of endothelial cell proliferation and 

arrests endothelial cells in the G1 phase of the cell cycle by influencing cell-cvcle protein 

levels. We hypothesize involvement of TR3 in maintenance of the integrity of vascular 

endothelium. 

Condensed abstract 

TR3 orphan receptor (TR3)-like transcription factors are expressed in endothelial cells in 

vascular (atherosclerotic) tissue and in capillarv endothelial cells. Adenoviral ovcrcxpression 

of '1113 in cultured endothelial cells reduced DNA synthesis and provoked Gl-arrest of 

the cell cycle, which correlated with enhanced p27Kiri1 and reduced Cyclin A expression. 
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Introduction 
Under physiological conditions vascular endothelium serves as a physical barrier between 

the blood compartment and the vessel wall and remains in a quiescent, non-prolifcrative 

state.1 Endothelial cell proliferation is, however, induced in pathological situations e.g. by 

balloon angioplastv-mediated disruption of the monolayer. The exact molecular mechanism 

regulating endothelial cell proliferation under pathophysiological conditions are poorly 

understood. Endothelial cell-cycle progression requires activation of distinct cyclin-

dependent kinases (Cdk) through their association with regulatory subunits called cyclins, 

during different phases of the cell cycle.2 The Cdk inhibitors p21 c , p l , p27Kipl, and p l 5 / 

pi 5INK negatively regulate this process by inhibitingcyclin/Cdk activity.' In ECs and a variety 

of other cells, the Cdk inhibitor p27K 'pl induces Gl arrest of the cell cycle and inhibits 

growth and migration. 

The Nerve growth factor-induced protcin-B (NGFI-B) subfamily r' of nuclear receptors 

(NR4A) belongs to the steroid/thyroid hormone superfamily of transcription factors and 

comprises TR3 orphan receptor (TR3), mitogen-induced nuclear orphan receptor (MINOR) 

and nuclear orphan receptor of T-cells (NOT). Like other members of the nuclear receptor 

superfamily, the NGFI-B-like factors contain a central DNA-binding domain, comprising 

two Zn-fingers, that recognizes response elements in the promoter of specific target genes. 

The amino-terminal domain mediates transactivation and the carboxy-terminal domain is 

involved in (hctero)dimcrization and ligand binding. At present, the ligands for TR3, MINOR 

and N O T are unknown, qualifying these transcription factors as orphan receptors.8 Several 

lines of evidence indicate that TR3 and MINOR are involved in T-cell apoptosis. Antisense 

oligo-nucleotides directed against TR3 prevent apoptosis in cultured T-cells and prostate 

and lung carcinoma cells.'' " Furthermore, it has been shown that overexpression of TR3 

or MINOR in developing T-cells of transgenic mice results in massive apoptosis of 

thymocytes and reduced levels of peripheral T-cells, whereas a dominant-negative variant 

of TR3 inhibits T-cell apoptosis.'2"'' Recently, it has been shown that in response to apoptotic 

stimuli TR3 can translocate from the nucleus to mitochondria to promote cytochrome c 

release and apoptosis. This pro-apoptotic effect of TR3 was shown to be independent of 

its transactivation activity.14 

We have recently shown thatTR3 inhibits scrum-stimulated proliferation of vascular smooth 

muscle cells (SMCs). Moreover, overexpression of TR3 specifically in arterial SMCs of 

transgenic mice resulted in reduced intima formation in the carotid artery ligation-model.13 

Downrcgulation of p27K'i1' is crucial for cell-cycle progression and we showed that TR3 controls 

progression of the cell cycle in SMCs through the regulation of this important Cdk inhibitor.'1 
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In the current study, we show expression of the NGFI-B family members in ECs in human 

vascular tissue. We demonstrate that TR3 regulates p27K>pl and Cyclm A protein levels in 

cultured ECs, consistent with inhibition of DNA synthesis and arrest of the cell cycle at 

Gj We discuss the physiological relevance of TR3-likc factors in protection against excessive 

vascular endothelial cell proliferation. 

Methods 
Immuno histochemistry and radioactive in situ hybridisation 

Human tissue samples were obtained with informed consent from organ donors, according 

to protocols approved bv the Medical Ethica] Committee of the Academic Medical Center, 

Amsterdam. The specimens were para f fin-embedded, sectioned and mounted on Superfrost 

Plus glass slides (Emergo, Belgium). Vascular specimens were characterized bv 

immunohistochemistrv to establish the stage of disease according to the American I Ieart 

Association classification.16ECs in the human vascular specimens were identified bv Ulex 

europaeus lectin (1:50 dilution), which was detected with a rabbit anti Ulex-lectin antibody 

conjugated with horseradish peroxidase at a 1:50 dilution (DAKO, Denmark). 

Radioactive in situ hybridization assavs were performed as described.' The following 

riboprobes were synthesized for in situ hybridization: TR3, Genbank No. LI 3740, bp 1221-

1905; MINOR, Genbank No. U12767, bp 1435-2T2; NOT, Genbank No. X~5918, bp 

119-1003. Matching sense riboprobes were assayed for each gene and were shown to give 

neither background nor an aspecific signal. The sections were exposed for 4 to 8 weeks. 

/ / ( : I liC isolation and cell culture 

Human umbilical vein ECs (HUVEC) were isolated as described '8 and cultured on 

fibronectin-coated tissue culture plates (NUNC, Napierviile, IL) in 'growth medium' 

containing Medium-199 (GIBCO-BRL, Paisley, Scodand), supplemented with 20% (v/v) 

fetal bovine serum, 2mM L-Glutaminc, 50 mg/ml heparin (Sigma, St. Louis, MO), 12.5 

mg/ml Endothelial OH Growth Supplement (ECGS) (Sigma) and 100 U/ml penicillin/ 

streptomycin (GIBCO-BRL). Cells at passage level 1-2 were applied and plated on 

fibronectin-coated 6-wells plates (NUNC]) in growth medium. 

Recombinant adenoviruses 

Replication-defective adenoviruses expressing cDNAs under control of the CAP\"-promoter 

were purified by Cesium Chloride-gradient centrifugation and viral titers were dctermmed 

by standard plaque assays.15 Full-length TR3 cDNA bp l-2375 (Genbank X97226) was 

inserted in the TR3-virus, whereas mock virus did not contain cDN A sequence. The ATA-
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virus lacked bp 178-690 from the full-length cDXA and consequendy encodes a TR3-

variant without the transactivation domain. lv ATA exhibits normal DNA-binding without 

mediating transcriptional activation, and acts as a dominant-negative inhibitor for all three 

subfamily membersTR3, MINOR and NOT. 

31 {-Thymidine incorporation 

HUVEC were seeded in 24-well plates and reached 70-80% confluency after 24 h. Cells 

were infected for 2 h with mock-, ATA- or TR3 adenovirus at 3 x 10K pfu/mL in modified 

growth medium containing 5 (ag/mL ECG'S (instead of 12.5 jig/mL) and were allowed to 

recover in full growth medium for 2h.15 Subsequently, the cells were maintained for 60 h in 

modified growth medium containing 5 (.ig/ml. ECGS. The HUVEC were stimulated with 

growth medium and after 8 h 0.5 \iCi/mL [methyl-3H]-thymidine (Amersham, 

Buckinghamshire, UK) was added for 18 h. Incorporated radioactivity was determined as 

described.'3 The experiments were performed in triplicate and repeated three times. 

Western Blotting 

SDS-polyacrylamide gclectrophoresis was performed with cell lysates and proteins were 

transferred to nitrocellulose-Protran (Schleicher and Schuell, Germany). TR3 was detected 

by Western blotting with an antiserum directed against Nur77 (M-210, 1:1000), Jab 1 was 

detected with antiserum sc-6271 (1:200) (Santa Cruz Biotechnology, CA), pro-Caspase 3 

protein was assayed with an antiserum from BD Biosciences (C A) (1:1500), whereas cleaved 

Caspase 3 was shown with an antiserum (D175; 1:1000) from Cell Signaling (MA). 

Monoclonal antibodies were used to detect Cdkl/Cdc2 (1:2500), Cdk2 (1:2500), Cyclin A 

(1:250), CyclinB (1:1000), CyclinD, (1:1000), PCNA (1:5000), p2lW A F 1 /G p 1 (1:500),p27K'<" 

(1:1000) (BD Biosciences, CA), and a-tubulin (1:2500) (Cedar Lane, Canada). Proteins 

were visualized by ECL detection (Amersham, Pharmacia, Biotech, U.K.). We analyzed the 

dataquantitatively, applying Lumi-Light1'11-s (Roche, Germany) and the Lumi-Imager M 

(Bochringer Mannheim, Germany). 

/ ̂ lowcy to metric analysis of cell cycle distribution 

Cells were plated in 6-well plates and infected as described above to assess 3H-thymidine 

incorporation. After recovery of the cells for 2 h in growth medium, the cells were incubated 

for 60 h in growth medium with low (5 |J.g/mL) ECGS. Subsequently, the HUVEC were 

split 1:2 and placed overnight in growth medium. Bromodeoxyuridinc (BrdU) was 

administered from a 100x stock solution to a final concentration of 10 mM. After 4 h the 

cells were harvested, fixed in 70% ethanol in phosphate-buffered saline (PBS), and stored 
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at -20°C. Ethanol-fixed cells were centrifuged (1 min, 2200 rpm), resuspended in 1 mL 

pepsin solution (0.4 mg/mL 0.1N HC1), and incubated for 30 min at room temperature. 

Subsequendy, the DNA was degraded by a 30-min incubation at 37°C in 1 mL 2N HC1. 

After washing with PBTb (PBS, Tween-20 0.05% v/v, bovine serum albumin [Sigma] 20 

mg/mL), the cells were resuspended in 0.1 ml . rat-anti- Brdl' (Harlan Sera-Laboratory 

Ltd., Loughborough, L*K, diluted 1:100 in PBTb) and incubated for 30 min at room 

temperature. After washing with PBTg (PBS, Tween-20 0.05% v/v, normal goat scrum 

[Dako, Glostrup, Denmark] 1% v/v), the cells were resuspended with 0.1 mL fluorescein 

isothiocvanate (ITi'C)-conjugatedgoat-anti-rat IgG (Jackson ImmunoResearch Laboratories 

Inc., West Grove, PA, diluted 1:100 in PBTg) and incubated in the dark for 30 min at room 

temperature. Propidium iodine and ethanol were added to an end-concentration of 1 mg/mL 

and 30% (v/v) respectively. Samples were syringed through a 21-gauge needle to reduce cell 

aggregation before flowcytometry (FACScan cytometer, Bccton Dickinson, San Jose, CA). 

Real-time KT-PCR 

Cells were plated in 6-well plates and infected and cultured as described above for the 

flowcvtometric analyses. Total RNA was extracted and reverse transcription of 1 ug of 

total RXA was performed with 0.5 ug (dT)., .„ primer using Superscript II (GIBCO-BRL). 

Real-time RT-PCR was performed using the EastStart DXA Master SYBR Green I kit (Roche, 

Mannheim, Germany) in the LightCycler System (Roche). Primers were TR3, (forward) 5'-

G T T C T C T G G A G G T C A T C C G C A A G -3 ' and (reverse) 5 ' -GCAGGGACCTTGA 

GAAGGCCA-3'; MINOR, (forward) 5'-CCATTACAACAGGAACCTTC-3' and (reverse) 

5'-GAGATCAGTAAATCCCGGAA-3', NOT, (forward) 5'-TATlï;CAGGTTCCAGG 

CGAA-3' and (reverse) 5'-GCTAATCGAAGGACAAACAG-3'. As a control for equal 

amounts of first-strand cDNA in the different samples, we determined HPRT mRNA 

levels; (forward) 5'-TA ATTATGG ACAGGACTG AACG-5 ' , and (reverse) 5'-

CACAATCAAGACATTCTTTCCAG-3'. 

Results 
l'R3, MINOR and NOT are expressed in SCsin vivo 

We have previously shown that TR3, MINOR and NOT are expressed in intimal SMCs of 

human atherosclerotic lesions, whereas no expression was observed in normal, medial 

SMCs. To determine whether these genes are expressed in arterial ECs, we performed 

radioactive in situ hybridizations with probes specific for TR3, MINOR or NOT. We analyzed 

the expression of TR3-like factors in 19 different vascular specimen derived from individuals 
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ranging in age from 17 to 65 vrs. The complexity of the lesions varied from apparently 

normal, Type I to Type Y according to the classification of the American 1 leart Association16. 

In apparently healthy endothelium we observed patchy, non-continuous expression of TR3, 

MINOR and N O T (Figure la-c, respectively). Furthermore, expression of TR3-like factors 

was present in the vasa vasorum of normal and atherosclerotic vascular dssue (Figure ld-f). 

TR3-like factors are prominently expressed in microvascular ECs as well as in some cells 

surrounding the capillaries, which are probably adventitial fibroblasts (indicated by arrows). 

As a control, in situ hybridizations were performed with sense riboprobes (Figure 1 g-i). 

Next we show expression of TR3, MINOR and N O T in Type II lesions (Figure 2). An 

overview of the specimens after hematoxylin/eosin (I IE)-staining is shown (Figure 2 a, d 

and g) and the corresponding endothelial cell-specific staining illustrates the presence of an 

intact endothelial layer (Figure 2b, e and h). In situ hybridizations were performed on 

consecutive sections and revealed mRNA expression of TR3, MINOR or N O T in all ECs 

as well as in some underlying intimal SMCs (Figure 2 c, f and i). These experiments revealed 

that ECs overlying atherosclerotic lesions express mRNA encoding each of these 

transcription factors. 

Adenoviral infection of I II 1VEC to overexpress TR3 and the dominant-negative 
variant of TR3 (ATA) 

The mRNA expression studies revealed relatively high expression of TR3 in ECs in 

atherosclerotic lesions, which prompted us to assess the functional activity of TR3 in cultured 

human umbilical cord ECs (HUYEC). We applied adenoviruses expressing either TR3 or a 

dominant-negative variant of TR3, denoted ATA.' '•lD This dominant-negative variant lacks 

the amino-terminal transactivation domain and inhibits endogenous transcriptional activity 

of all three family members, which is of importance because functional redundancy has 

been described for members of this subfamily.20 

We first assayed the expression of TR3, MINOR and NOT in HL Y1 :.C under the conditions 

used in our experiments. Confluent, quiescent HUYEC cultures were exposed to complete 

growth medium and the expression of TR3, MINOR and N O T was monitored by real

time RT-PCR (Figure 3A). All three nuclear receptors are transiently induced in serum-

stimulated HUVEC, with optimal expression 2-4 h after stimulation. 

Since TR3 has been associated with apoptosis, 1ILAi'.C were infected with mock-, ATA- or 

TR3-adenovirus and the extent of Caspase 3 activation was determined by Western blotting 

using an antiserum specific for cleaved Caspase 3(19 kD). Clearly, no activation of Caspase 3 

was observed in the infected cells, whereas treatment with the apoptotic agent staurosponn 
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Figure 1. Expression of TR3, MINOR and N O T mRNA in normal vascular endothelium, (a) 

TR3, (b) MIN( >R and (c) N( )T expression was determined by radioactive in situ hybridization in 

winch positive signal results in black dots on a purple nuclear counterstain (hematoxilin). Each of 

these genes showed a patchy expression in ECs of apparently healthy vessels. In addition, d 

T R 3 , (e) \ 1 I \ ( )R and (f) X( )T mRNA was expressed in adventitial microvessels. As a control for 

probe specificity, hybridizations were performed with sense riboprobes (g-i) The red lines indicate 

internal elastic laminae (a c). The arrows in cl e indicate positive cells in the aclventitia, probably 

myofibroblasts. ( Jriginal magnifications 200x (a c), 630x (d-i). 

during 2 h resulted in generation of a substantial amount of active (Caspase 3 (big. 3). Inactive 

p ro Caspase 3 (36 kD) was present in all cells, with enhanced expression in ATA-infected 

cells. Pro ( Caspase 3 was relatively low in staurosponn-trcated cells, which correlated with less 

total protein loaded in this lane as illustrated by a-tubulin expression levels. (riven that only 

the presence of cleaved Caspase 3 is indicative for the induction of apoptosis , we concluded 

that overexpression of TR3 or ATA does not affect p rog rammed cell death m E( ',s. 

To determine whether TR3 is involved in cellular proliferation, we performed [ d FJ-thymidine 

incorpora t ion exper iments . Overexpression of T R 3 resulted in a 2.6 told lower |T1]-

thymidine incorporat ion and. consistent with these data. A'l \-infected H U V E C showed a 

1.5 fold increase in DNA-synthes is ' P<0.l 101) 'Figure 4A). Moreover, T R3 blocks the cell 
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cycle in ECs in the Gl-phase as shown by FACS analysis of propidium-iodide stained cells 

(Figure 4B). The number of cells in the S-phase was determined by Brdl '-staining followed 

by FACS analysis and was shown to be 2.1 -fold lower in the TR3-infected cells compared to 

the mock-infected cells (13.1" b and 28.1" o of the counted cells, respectively;. To delineate 

the mechanism of this cell cycle arrest, we determined the expression level of cell-cycle 

proteins by Western blotting, followed by quantitative Luminometry (figure 5). No changes 

were observed in protein expression levels of Cdkl, Cdk2, Cyclin B, Cyclin IX. PCNA and 

p21 c , p l (Figure 5A). The expression of the Cdk inhibitor p2~k ' , , ' was upregulated 2-fold by 

TR3 and downregulated 2.2-fold by ATA, whereas Cyclin A was regulated inversely; 1.9-

/ / / : Endothelial cells 
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Figure 2. TR3, M I N O R and N O T mRNA expression in human atherosclerotic lesions. Serial 

sections of three different human lesions were investigated by (a, d and g) hematoxilin/eosin 

(I IE)-staining; an overview of the vessel is shown, (b, e and h) Immunohistochemistrv with Ulex-

Staining (see Materials and Methods) to detect FCs that are shown at a larger magnification, (c, e 

and i) Radioactive in situ hybridization; homogeneous expression of (c) I R.3, (f) MIN( )R and (I) 

\ ' >T mRNA in ECs on atherosclerotic lesions Arrows in f and i indicate positive SMCs \l :media, 
N=neointima. A=adventitia. ()riginal magnifications 25x (a, d. g), 400x (b, e, h), 630x (c, f, i). 
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told down regulation by TR3 and 2.6-fold upregulation by ATA (Figure 5 B-C). It has been 

described thai p 2 7 K l p l is a substrate of the ubiquitin p ro teasome system and thai lab 1 

cont ro ls the activity7 of p2 -1 '-"' by facilitating its degradation.2 1 I lowever, labl protein Levels 

were not affected by T R 3 o r ATA (Figure 5 V). 
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Figure 3. TR3, MIX( >R and N< >T are expressed in I IUVEC and are nol involved in apoptosis. 

(A) Real rime RT-PCRanalysis of TR3,MIN( )Rand N O T expression in HUVEC demonstrated 

transient expression in serum stimulated I IUVEC. (B) I IUVEC were infected with mock , ATA 

or TR3 adenovirus or were treated for 2 h with staurosporin. Cleaved Caspase 3 (19 kl) was 

detected with an antibody specific for the activated form of Caspase 3. Only in staurosporin 

treated HUVEC activated Caspase 3 was obeserved. Uncleaved, inactive Caspase 3 proteii 

k l ) was detected in all cell lysates. The expression of a tubulin was shown as a control for equal 

protein loading. TR3 does nol induce apoptosis in HUVEC. 
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Figure 4. \ deno \ lrus-mediaiccl overexpression of full-length TR3 or ATA in cultured HUVEC 

to study D N \ synthesis and cell cycle progression. (A) I IUVEC were infected with mock . ATA 

or TR3-adenovirus and 1 ) \ A synthesis was investigated by II thymidine incorporation; ATA 

enhances and TR3 inhibits DNA synthesis (*= P<0.001). (B) Bivariate flowcytometry with 

propidium idodide (PI) fluorescence indicating the amount of DNA on the A axis and FITC 

fluorescence indicating BrdU incorporation on the ) axis. Populations in G l , S and Ci2 phase 

are indicated TR3 infected cells exhibited Cil arrest compared to mock infected cells. 
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Figure 5. Adenovirus mediated overexpression of \T \ and TR3 in cultured I II A EC to study 
cell cycle protein expression. (A) I fUVEC were infected with mock-, AT \- or TR3-adenovirus 
and cell Ivsates were assayed for cell cycle associated protein expression In Western blotting. (B) 
The expression of p27K,P' and Cyclin A was affected by ATA and TR3, whereas the expression 
level of a number of other cell cycle proteins and [abl was nor changed (A). The expression of a-
tubulin was assayed as a control for equal protein loading. (C) Luminometry allowed quantitative 
analysis of the expression levels of p2~k ' r ' and Cyclin A. 

Discussion 
IT )s constitute a monolayer in the vessel wall facing the lumen and display a strategic function 

in regulation of many (patho) physiological processes such as the control ot blood 

coagulation, vasomotor tone, ischemic and teperfusion injuries, and atherosclerosis. In 

pathological situations, such as the initiation and progression of atherosclerosis, FT Is bec< »me 

activated and arc involved in excessive extravasation of monocytes into the vessel wall." In 

response to local insults tor example clue to transluminal angioplasty the endothelium is 

disrupted resulting in a proliferative response of these cells. 

In the current study, we demonstrated that the nuclear orphan receptor TR3, and potential!) 

also its subfamily members N( )Tand M I \ ( )R, induce cell-cycle arresi of E( ,s. TR3, MIX( 'R 

and \ ( VI' were shown to be expressed in E( - in the 'atherosclerotic) vessel wall. The 
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majority of the ECs overlying atherosclerotic plaques in large arteries express TR3, MINOR 

and N O T mRNA. In the apparently healthy part of vessels with relatively early, eccentric 

lesions we observed patchy expression of TR3-like factors in the EC layer. 

TR3-like factors have been implicated in apoptosis of T-cells, prostate tumour and lung 

tumour cells.''1 '4 We have shown that TR3 overexpression in ECs or full inhibition of the 

transcriptional activity of endogenous subfamily members bv ATA in these cells does not 

affect the activation of Caspase 3. Furthermore, we performed a Multiplex ligation-

dependent probe amplification, which allowed simultaneous assessment of mRNA 

expression levels of 24 apoptosis-rclated genes and showed that both TR3- and ATA-

overcxpressing HUYEC exhibit no significant differences in the expression of each of 

these genes (unpublished data). Based on these data, we concluded that TR3 does not 

provoke apoptosis in ECs. 

I Iere, we demonstrate inhibition of endothelial cell proliferation in response to TR3 

overexpression, which may be explained by Cyclin A downregulation and enhanced 

expression of the Cdk inliibitor p27Kipl, resulting in cell cycle arrest at Gl as shown by 

FACS analysis.3,4 Analogous to our data Chen et«/have shown that p27Kip1 induction and 

Cyclin A downregulation are crucial for cell-cell contact mediated inhibition of endothelial 

cell proliferation.24 Furthermore, Hirano etalhsne. concluded that cell-cell contact mediated 

growth inhibition in vascular ECs involves to some extent transcriptional uprcgulation of 

the p27K,pl gene.4 It is thus conceivable that TR3 modulates p27K,p] expression at the 

transcriptional level, even though no consensus NGBFI-B response element (NBRE)23 or 

NurRE2 6 have been identified in the region 5 kb upstream of the p27Kip1 gene (unpublished 

data). An alternative mechanism may be that Jabl-mediated degradation of p27K,pl is less 

rapid in the presence of TR3, however, we did not find any change in Jabl expression levels 

in ATA- or TR3-ovcrcxprcssing HUYEC, implying that this is probably not the mechanism 

by which TR3 influences p27Klp1 protein expression levels. Tanner Wo/have demonstrated 

that in human atherosclerotic lesions p27 p expression appears to correlate inversely with 

vascular cell proliferation and they proposed that p27K,p1 sets the balance between 

proliferating and nonprolifcrating cells in the vessel wall.2 Moreover, p27Klpl knock-out 

mice crossed with ApoF knock-out mice exhibit a profound enhancement of atherosclerosis 

compared to ApoE knock-out mice when fed a Western-type diet, indicating that p27K,pl 

protects against diet-induced atherosclerosis.28 However, it is difficult to assess the effect 

of the lack of p27Kipl expression on endothelial cell (dys)function and its relative contribution 

to lesion formation in those in vivo experiments. 

In adventitial microvessels we observed relatively high mRNA levels of TR3, MINOR and 

NOT. These data are in good correlation with the observation of abundant and uniform 
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expression of p27K'i'1in adventitial microvessels.2 In the same stud}' p27KiP1 was shown to 

be expressed in a patchy manner in luminal ECs of large arteries, which correlates with the 

vascular expression pattern that we describe for TR3. 

Finally, endothelial cell proliferation is crucial for angiogenesis and, consequently, anti-

angiogenic therapy by inducing growth arrest of endothelial cell has been shown to be 

effective in the treatment of cancer.29 Accordingly, it has been shown that overexpression 

of p27Kip1 inhibits endothelial cell proliferation, resulting in reduced angiogenesis3 and delayed 

tumor progression.3" Therefore, TR3 may be considered as a potential target to inhibit 

angiogenesis. However, in vivo experiments are necessarv to provide evidence for such an 

effect of TR3. 

In summary, we show that TR3, MINOR and N O T are expressed in (activated) ECs and 

that TR3 inhibits proliferation of these cells. Endothelial cell growth inhibition may be 

undesirable in situations where the endothelium is denudated such as after angioplasty. At 

the initiation of atherosclerosis, however, the endothelial cell layer is not disrupted. In this 

respect it is important to mention that TR3 has also been shown to cause cell-cycle arrest in 

the dopaminergic NM9D cell line, which simultaneously results in induction of differentiation 

of these cells.''We envision that expression of TR3 in ECs results, by an analogous 

mechanism, in preservation of the normal endothelial cell characteristics, thereby influencing 

the vessel wall towards a reduction of its susceptibility to progression of atherosclerosis. 

Recently, Gruber et al. showed similar data onTR3 (denoted as Nur77/NAK1) expression 

in atherosclerotic vessels and showed that TR3 is expressed in HUVEC in response to 

tumor necrosis factor-a, interlcukin-1 and lipopolysaccharide stimulation.2" 
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Chapter 5 

Abstract 
Bypass material applied in coronary artery bypass surgery is derived either from internal 

mammary arteries or from saphenous veins. The patency of arterial grafts is usually better 

than that of venous grafts due to 'vein-graft disease', which involves excessive proliferation 

of venous smooth muscle cells (SMCs) and subsequent accelerated atherosclerosis. We aim 

to elucidate the underlying mechanism of vein-graft disease and focus on the initiation of 

this pathological process that is, most likely, caused by mechanical strain on the vessel wall. 

We assayed expression of the transcription factor TR3 orphan receptor (TR.3) and 

plasminogen activator inhibitor-1 (PAI-1), which is regulated by TR3, as candidate genes 

involved in the early response of SMCs to mechanical strain. TR3 and PAI-1 are induced in 

human saphenous vein segments exposed ex vivo to whole-blood perfusion under arterial 

pressure. In addition, we challenged in vitro cultured SMCs with evelic stretch, which induced 

proliferation in saphenous vein SMCs, whereas mammary artery-derived SMCs remained 

quiescent. Only in venous SMCs, TR3 and PAI-1 expression was induced in response to 

mechanical strain. We have shown that TR3 inhibits SMC hyperplasia. Consequently, we 

hypothesize thatTR3 is induced in venous SMCs upon mechanical strain to restrict excessive 

SMC proliferation. Indeed, adenovirus-mediated overexpression of TR3 in venous SMCs 

resulted in inhibition of stretch-induced proliferation. In addition, stretch-mediated 

proliferation was inhibited in a dose-dependent manner bv 6-mcrcaptopurine (6-MP), an 

agonist for TR3. In conclusion, enhancement of the activity of TR3 mav contribute to 

prevention of vein-graft disease. 
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Introduction 
Smooth muscle cells (SMCs) play a key role in vascular pathologies such as atherosclerosis, 

(in-stent) restenosis after angioplasty and vein-graft disease following coronary artery bypass 

surgery.' Even though the first two tvpes of vascular disease occur in the arterial vessel wall 

and the latter in the venous vessel wall, SMC hyperplasia is a critical factor in the onset and 

progression of these large vessel diseases. Various stimuli are involved in initiation of SMC 

proliferation, of which inflammatory pathways are well established.2 Here, we study the 

distinct effect of mechanical strain on proliferation of venous and arterial SMCs and we try 

to delineate the molecular mechanisms underlying the different responses to this stimulus. 

Bypass surgery is an established intervention to treat coronary artery disease. Both the 

saphenous vein and the internal mammary artery are applied as bypass material. The arterial 

bypass has a better patency than the venous bypass in which vein-graft disease may develop, 

resulting in vein graft failure in 10-30% per year.1,3 Vein-graft disease is the result of excessive 

SMC proliferation that may be caused by mechanical strain, however, limited information is 

available on the underlying mechanism of such mechanical activation.4-"^ The mammary 

artery is relatively short, limiting the amount of available bypass material. Therefore, it is 

vital to improve the function of venous bypasses in terms of enhancement of longevity, 

which is the ultimate goal of our studies. 

TR3, also known as nerve growth factor-induced protein B (NGFI-B) or NR4A1, is a 

member of the superfamily of nuclear receptors.6 Recently, analysis of the crystal structure 

of the ligand-binding domain of TR3-subfamily members has revealed that these nuclear 

orphan receptors contain bulky hydrophobic amino-acid residues in the cavity that is normally 

occupied by cognate ligands. Moreover, the ligand-binding domain resembles the 

conformation of agonist-bound, transcriptionally active nuclear receptors, which indicates 

that the members of this subfamily probably function independently of traditional ligands. 's 

However, it has been shown that the transcriptional activity of TR3-like factors is regulated 

via non-traditional (ant)agonists such as 6-MP, which increases the activity of TR3-like 

factors without directly interacting with these nuclear receptors.9-10 

Originally TR3 was found to induce T cell apoptosis." Yet, in vascular endothelial cells and 

SMCs TR3 acts as an anti-proliferative transcription factor, which involves induction of an 

inhibitor of cell-cycle progression p27K,r'1 and subsequent cell-cycle arrest.12'13 In the carotid 

artery ligation model, a murine model for restenosis, we have shown that TR3 overexpression 

inhibits formation of SMC-rich lesions.'° PAI-1 was incorporated in our studies, because at 

present it is the only known gene that has a functional transcriptional response element lor 

TR3 and is related to vascular biology as well as mechanical activation of SMCs.14"16 
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To define the relative contribution of mechanical strain in initiation of vein-graft disease and 

to delineate the underlying mechanism of this stimulus in venous SMC hyperplasia compared 

to SMCs derived from the internal mammary artery, we studied the expression of the early-

response gene TR3 in distinct stretch models. Finally, we assessed the function of TR3 in 

stretch by overexpressing the gene or by enhancing its activity with the agonist 6-MP. 

Methods 
Human tissue specimens 

The ex vivo perfusion model in winch human saphenous vein segments were exposed to 

whole-blood under arterial pressure was used as described previously.' Briefly, vein segments 

were placed in a loop of the extracorporeal circulation during bypass surgery and were 

exposed to autologous blood under flow (non-pulsatile) and arterial pressure (60 mm Hg). 

To study the effect of overdistension on bypass veins, vein segments were perfused in the 

presence or absence of an external stent. After one and six hours of perfusion the vein 

segments were harvested, fixed in formalin and embedded in paraffin for histological 

examination. Patients included in this study gave their informed consent and the study was 

approved by the local medical ethical committee. Anesthesia and cardiopulmonary bypass 

surgery were performed according to routine protocols. 

In situ hybridisation 

In situ hybridizations were performed as described.18 TR3 and PAI-1 probes were synthesized: 

TR3, GenBank No. L13740, base pairs (bp) 1221 to 1905; PAI-1, GenBank No. X12701, 

bp 52 to 1308. The probes were labeled with [,:>S]-UTP (Amersham Biosciences, 

Buckinghamshire, U.K.). Paraffin sections (5 mm) of control and perfused saphenous vein 

segments were mounted on SupcrFrost Plus slides (Menzel-Glaser, Braunschweig, Germany). 

After hybridization and stringent washes, the in silu sections were covered with nuclear 

research emulsion (ILFORD Imaging UK Limited, Cheshire, U.K.), exposed for 2 to 9 

weeks, then developed and counterstained with hematoxylin and eosin. Ma telling sense 

riboprobes were assayed for each gene and were shown to give neither background nor 

aspecific signal. A s a control for the integrity of RNA, in situ hybridizations were performed 

with an antisense riboprobe for thrombin receptor PAR-1 (Gcnbank M62424 bp 3076-

3472). PAR-1 was abundantly expressed in SMCs of control and perfused vein segments, 

indicating that the integrity of the RNA was comparable in all specimens (data not shown). 

Immunohistochemistry 
Paraffin sections (5 mm) were deparaffinized, rehvdrated and incubated with 0.3% (v/v) 
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hvdrogen peroxide and blocked with 10% (v/v) prc-immune goat serum (DAKO, Glostrup, 

Denmark) in 1Ü mMTris-HCl (pH 8.0), 150 mM NaCl (TBS). Subsequendy, sections were 

incubated overnight at 4°C with biotinylated Ulex Europaeuns Agglutinin (Vector 

Laboratories, Inc. Burlingame, CA) (1:50 dilution) in 'IBS, followed bv detection with 

streptavidin-horseradish peroxidase conjugates (DAKO) and, subsequently, with amino-

ethylcarbazole and hydrogen peroxide. Cultured cells were fixed with methanol and stained 

for SM a-actin with monoclonal antibody 1A4 (1:200; DAKO), and biotinylated goat anti-

mouse secondary antibodies (DAKO). After counterstaining with hematoxylin, sections 

were embedded in glycergcl (Sigma, St. Louis, MO). Immunofluorescent nuclear staining 

was performed with Hoechst 33258 (Sigma). 

SMC culture 
Venous and arterial SMCs were cultured from explants of saphenous vein (SV) and internal 

mammary artery (IMA) in Medium 199 with HEPES containing 20% (v/v) fetal bovine 

serum (1'BS) with penicillin and streptomycin (GIBCO, Invitrogen Life Technology, Breda, 

The Netherlands) and were used at passages 4 to 6. SMCs were characterized with monoclonal 

antibody 1A4, directed against SM a-actin (DAKO) and demonstrated homogenous fibrillar 

staining. Overnight incubation with 10 LtM carbonyl cyanide chlorophenylhydrazone (CCCP) 

induced SMC apoptosis. 

To study stretch-induced responses, SMCs were seeded in 6-well plates containing collagen 

Icoated flexible membranes (Biol'lex® culture plates, Dunn Labortcchnik GmbI I, Asbach, 

Germany) and were stretched in the Flexercell FX3000 apparatus (Dunn Labortechnik) for 

1, 2, 4, 6, or 24 h at 10% stretch at 0.5 Hz or served as control (without stretch). Silicone-

based lubricant was applied to prevent friction between the membrane and loading post. 

[{Hj'-Thymidine incorporation and turns infection 

SMCs were seeded in 6-well stretch plates and when wells were confluent, SMCs were made 

quiescent for 16 h in medium containing 0.5% (v/v) FBS. The plates were transferred into the 

Loading Station'M and stretched for 24 h. Control plates, without stretch, were cultured 

under identical conditions. Thereafter, cells were labeled for 4 h with 0.5 (.iCi/mL [methyl-

'J I]-thymidine (Amersham Biosciences). Incorporated radioactivity was precipitated for 30 

min at 4°C with 10% (wt/v) trichloroacetic acid, washed twice with 5% (wt/v) tnchlorioacetic 

acid and dissolved in 0.5N NaOH. pH]-thymidinc was measured by liquid scintillation counting. 

When cells were infected with mock- or TR3-containing adenovirus (3x1 08 plaque-forming 

units) for 2 h, the cells were allowed to recover for 24 h in complete medium before they 
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were made quiescent. 6-MP-treatment (Sigma) was initiated 1 h prior to stretch with 0, 1, 

10, 25 u \ I 6-MP (stock at 50 mM in DMSO). 

Western b'lol'ting analysis 

Sodium dodccyl sulfate-polyacrylamide gel electrophoresis was performed with cell lysates 

(30 mg per lane) and concentrated culture media (equivalent of 200 ml per lane). Proteins 

were transferred to nitrocellulosc-Protran (Schleicher and Schuell, 's I lertogenbosch, The 

Netherlands). Expression of p27K 'pl (BD Biosciences, Alphen a/d Rijn, The Netherlands), 

p2lCiP1 (BD), SM a-actin (DAKO), PAI-1 (MAI-12; Biopool, Umea, Sweden), TR3 (M-

210; Santa Cruz Biotechnology, Santa Cruz, CA), calponin (clone hCP; Sigma) and a-tubulin 

(Cedar Lane, Hornby, Ontario, Canada) was studied, using the indicated antibodies directed 

against these proteins. Primary antibodies were incubated overnight at 4°C in 5°'o Protifar 

plus (Nutricia, Cuijk, The Netherlands) in TBS. As secondary antibodies, horseradish 

peroxidasc-conjugated goat anti-rabbit (forp2~K ' , , ' and TR3 detection) or goat anti-mouse 

(for all others) (BioRad Laboratories Inc., Hercules, CA) in a dilution of 1:5000 in TBS 

were used. Proteins were visualized by enhanced chemiluminescence detection (Lumi-

Lightp ; Roche Diagnostics GmbH, Mannheim, Germany). Quantitative analysis was 

performed by the Lumi-Tmager (Boehringer Mannheim, Mannheim, Germany). a-Tubulin 

staining served as a control for loading. 

Real-time RT-PCR 

Total RNA was isolated using Trizol reagent (GIBCO). cDNA was synthesized by reverse 

transcription (RT) from 1 fig of total RNA with Superscript IT (GIBCO) and 0.5 \Xg (dT) 

. , . . primer. Real-lime polymerase chain reaction (PCR) was performed with the use of 

the FastStart DNA Master SYBR green 1 kit (Roche) in the LightCycler System (Roche). 

Primers for TR3 were as follows: (forward) 5 '-GTrCTCTGGAGGTCATCCGCAAG-3' 

and (reverse) 5'-GCAGGGACCTTGAGAAGGCCA-3'. As a control for equal amount 

of first strand cDNA in different samples we determined hypoxanthine phosphoribosvl 

transferase (IIPRT) mRNA levels with primers (forward) 5'-TAATTATGGACAGGAC 

TGAACG-3' and (reverse) 5'-CACAATCAAGACATTCTTTCCAG-3'. 

Results 
TRJ and PAI-I expression in perfused saphenous vein segments 

To study the molecular processes causing vein-graft disease, we applied an ex vivo perfusion 

model in which segments or saphenous veins were placed in the extracorporeal circulation 
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during coronary artery bypass surgery During perfusion significant distension was observed 

in the non-stented saphenous veins which resulted in an almost complete loss of the 

endothelial cell layer after already 1 h of perfusion under arterial pressure.17 Veins protected 

against excessive mechanical strain due to placement of an external stent contained intact 

endothelium after perfusion (as illustrated by endothelium-specific immunohistochemistry, 

Figure 1 A). In the non-stented vein segments endothelial cell-specific staining revealed the 

presence of endothelial cells in capillaries at the adventitia, whereas the luminal endothelium 

had disappeared (Figure IB). 

The structure of saphenous veins differs in SMC organization from the arterial wall, as 

veins contain two SMC layers that are oriented in opposite directions. A layer of longitudinally 

oriented SMCs is situated close to the lumen of the vessel and a circular SMC layer (like in 

arterial vessels) is present adjacent to the adventitia (Figure 1, schematic drawing). 

In search for genes involved in vein-graft disease we assayed mRNA expression of early 

response gene TR3 in ex vivo perfused vein segments by radioactive in situ hybridization. 

After 1 h of perfusion, TR3 expression was detected in occasional endothelial cells and 

SMCs in the stented vein segments (Figure 1C, E). I lowevcr, extensive TR3 expression was 

detected predominantly in the circular SMC layer of the non-stented vein segments (Figure 

ID, F). TR3 expression was virtually absent in the control vein segment (Figure 2A). Yet, 

after 6 h of perfusion TR3 was abundantly expressed throughout the entire vessel, in both 

the longitudinal and circular SMC layers, in the non-stented perfused vein (Figure 2B). In 

addition, PAI-1 mRNA expression was analyzed since at present PAI-1 is the only known 

gene that is both related to vascular biology and has a functional TR3 response clement.14 

PAI-1 was present in occasional endothelial cells and SMCs in control veins (Figure 2C) and 

after 1 h of perfusion (data not shown). However, PAI-1 expression was strongly increased 

in SMCs after 6 h of perfusion (Figure 2D). In conclusion, TR3- and PAI-1 mRNA are 

expressed in SMCs in saphenous vein grafts subjected to perfusion under arterial pressure. 

Cyclic stretch-induced proliferation in venous SMCs 

To investigate why mammary artery bypass material has a better patency than bypass material 

derived from saphenous vein, the intrinsic difference between SMCs derived from these 

different vessels was studied in response to mechanical strain. For our in vitro stretch 

experiments we applied an experimental stretch-device (Flexercell FX-3000 apparatus) in 

which all cells are exposed to the same extent of stretch. Standardization of this stretch 

model involved analysis of DNA synthesis. We subjected SMCs, derived from mammary 

artery or saphenous vein origin, to 10% cyclic stretch (0.5 Hz) for 24 h and measured pi I|-

thymidine incorporation. In line with previous data,4 we observed that stretch induced 
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Figure 1. Endothelial cell specific immunohistochemistry and TR3 m R \ A expression in perfused 

vein segments. Vein segments were placed in an extracorporeal bypass loop during bypass surgery 

and exposed ro autologous whole blood flow under arterial pressure for I h. Upon perfusion, 

non stented vein grafts (B,D,F) displayed overdistension. In vein grafts with an external stenl 

(A,C,E) biomechanical activation was prevented. Win segments exposed ro perfusion at high 

pressure showed loss of endothelium,whereas capillary endothelial cells -red; were observed near 
the adventitia as a control for the procedure (B). Stent placement preserved endothelium integrity 

(A; red monolayer). TR3 mRN \ expression was observed by radioactive in situ hybridization 

(black dots) in the circular (Ci) SMC layer in non-stented vein grafts (D 21II lx; F 4i II 'x . Scarce 1 R.3 

expression was seen in the stented vein grafts 'C 2' 'Ox; E 400x) or longitudinal (Lo) SMC la) cr (< 

!•'). The schematic drawing ol the venous vessel wall structure shows two distinct SMC layers; the 

1 ,o and Ci SMC layer. The dotted line indicates the border between I ,o and Ci SMC layer. Nuclei 

were counterstainecl in purple (C-F). 
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Figure 2. TR3 and PAI-1 

expression in perfused vein 

segments. Vein segments were 

exposed for 6 h to autologous 

whole blood under arterial pressure 

(B,D) or instantly fixed to serve as 

controls (A,C). TR3 m R \ A and 

PAI 1 mRNA expression was 

delected by radioactive in situ 

hybridization (black dors) 

throughout the vein gratis alter 6 h 

of perfusion (B,D), whereas TR3 

and I'M 1 expression was only 

scarcely present in control vein 

segments \,< i. 
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Figure 3. Cyclic stretch-induced proliferation in venous SMCs. D N A synthesis was increased in 

response to 24 h of cyclic stretch in venous SMCs derived from two different donors, whereas 

arterial SMCs of the same donors were indifferent to stretch (A). |M I]-Thymidine incorporation 

after stretch was expressed as percentage of control value. p27 p l was down regulated after 24 h 

ol stretch in venous SMCs, while p21 lpl expression levels remained the same as demonstrated by 

Western Blotting (15). In addition, SM a-actin was down-regulated in response to stretch in venous 
SMCs. In arterial cell lysates the expression of these proteins was unchanged. Note the high SM 

a-actin expression in arterial SMCs, compared to venous SMCs. a Tubulin expression served as 

control for equal loading. SV indicates saphenous vein SMCs; IMA, internal mammary artery 

SMCs; c, control; s, stretch. 

D N A svnthesis in venous SMCs (2 to 3.5 fold, dependen t on d o n o r A or B), whereas 

arterial SMCs derived trom the same individuals remained quiescent (Figure 3A). To further 

substantiate changes in cell-cycle progression, the expression level of cell-cycle prote ins 

was analyzed in cell lysates of stretched SM( Is of venous and arterial origin. ( \ elm dependent 

kinase inhibitor p2 - K ' 1 ' 1 was found to be decreased upon stretch in venous SMCs (Figure 

3B). In contrast , stretch did not alter the expression of p 2 - K , p l in arterial SMCs. The 

expression of another cell-cvcle inhibitor, p 2 1 c , p l , was not affected by stretch in both venous 

and arterial SMCs. SM a-act in expression was assayed as a marker for quiescent SMCs and 

war- moderately decreased in venous SMCs after stretch (Figure 3B). In conclusion, cyclic 

mechanical stretching induced the proliferative phenotype in saphenous vein SM< Is, while 

mammary artery SMCs remained quiescent. 

Cyclic stretch-induced I R ? and P \l-l expression in venous SMC s 

To establish whe the rTR3 m R N A was also expressed in SMCs upon mechanical strain in vitro, 

analogous to what we observed in our ex viva experiments. T R3 m R N A expression was 

determined by real-time R 1 PCR. Saphenous vein .md mammary artery SMCs were stretched 
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Figure 4. Stretch-induced TR3 and PAI-1 expression in venous SMCs. TR3 mRXA expression 
(A), as measured by real time RT-PCR, was increased 1-2 h after stretch. The expression was 
higher in venous SMCs in response to stretch than in arterial SMCs. TR3 mRXA expression was 
corrected for equal mRXA content by the expression of HPRT. PAI-1 protein expression (B) was 
induced by stretch (24 h) in venous SMCs, whereas it was highly expressed and not stretch-regulated 
in arterial SMCs. The induction in PAI-1 protein in venous SMCs was observed in cell lysates 
(CL) and culture medium (CM). a-Tubulin served as control for equal loading. SV indicates 
saphenous vein SMCs; IMA, internal mammary artery SMCs; c, control; s, stretch. 

for 1, 2, 4 and 6 h, while non-stretched cells served as a control. TR3 was up-regulated in 

arterial SMCs (Figure 4A). However, in venous SMCs, TR3 mRXA expression was 4.6-fold 

higher than in arterial cells, reaching an optimum at 1 to 2 h after initiation of stretch. 

PAI-1 protein levels were alrcadv relatively high in arterial SMCs and did not alter notably in 

response to stretch, whereas in venous SMCs induction in PAI-1 protein level was observed 

in cell-lysatcs as well as in culture media after stretch (Figure 4B). Analogous to the data of 

Gruber and colleagues using endothelial cells,'4 TR3 may also be involved in enhanced 

transcriptional activation of PAI-1 in SMCs. 

Adenoviral expression of TR3 decreased proliferation in venous SMCs 

To evaluate functional involvement of TR3 in the response of venous SMCs to mechanical 

strain, TR3 was ovcrcxprcsscd applying adenoviral infection. TR3 protein expression in 

stretched SMCs, was confirmed by Western blotting analysis (Figure 5A). Even after stretch, 

TR3 virus-infected SMCs showed a more differentiated (contractile) SMC phenotvpc 

reflected by increased synthesis of SM A-actin, calponin and p27|s•'',1 protein when compared 

to mock virus-infected cells (Figure 5A). 

After 24 h of stretch, the virus-infected cells were assayed for DXA synthesis by pH]-

thvmidine incorporation. Mock vitus-infectcd cells showed a similar response as the non-
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infected venous SM( .s compare with Figure 3A) | 'I I\-thymidine incorporat ion was induced 

2.7-fold u p o n stretch Figure 5B). TR3-infected SMCs did not proliferate under condi t ions 

of cyclic stretch as revealed by an equal amount of pi I]-thvmicline incorporat ion in contro l 

and s t re tched T R 3 infected SMCs. T h e fact tha t T R 3 overexpress ion p reven t s the 

differentiation to a proliferative phenotype corresponds with our previous findings, showing 

that T R 3 inhibits SMC hyperplasia.13 

Decreased proliferation in venous SMCs by 6-MP treatment 

To provide additional evidence that endogenous T R 3 directly affects stretch-induced SMC 

proliferation, we assayed the effect of a T R 3 agonist. 6-MP is the active metaboli te of the 

immunosuppress ive drug azathioprine Imuran) that induces apoptosis of 1 cells and is an 
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Figure 5. Decreased proliferation in venous SMCs with TR3 adenovirus. The expression of TR3 

protein after infection of venous SMCs with TR3 encoding adenovirus was demonstrated by 

Western Blotting (A). TR3 was expressed in TR.Vinfecied stretched SMCs, whereas mock infected 

cells did nor express measurable endogenous TR3 protein. In the TR3-infected cells SM « actin, 

calponin and p27Klp l synthesis was more pronounced than in mock-infected cells. ot-Tubulin served 

as control for equal loading. [3H]-Thymidine incorporation was increased after 24 h ot cyclic 

stretch in mock virus infected SMCs, whereas TR3 virus-infected SMCs were indifferent to stretch 

(B). pi I] Thymidine incorporation was expressed as percentage of the mock control value. 

agonist of T R 3 like f ac to r s . ' ! ' To de termine whether 6-MP influences stretch-induced 

proliferation, venous SMCs were treated with 6-MP at various concentrat ions. To exclude 

that 6-MP induces apoptosis in SMCs at the applied concentrat ions, venous SMCs were 

cultured with 25 U.M 6-MP or In u M CCCP, which is known to induce apoptosis . The 

CCCP-treated cells demonst ra ted less cell-spreading (data not shown) and shrunken nuclei 
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'a mild apoptotic phenotype . while cells treated with 6-MP and control cells spread weU 

morphology as revealed by SM a-actin staining) and had large round nuclei, indicating thai 

these cells were riot apoptotic Figure 6A). Untreated venous SMCs, subjected to 24 h of 

stretch, showed a 2.5 told induction in proliferation, whereas the effect on DNA synthesis 

was reduced in a dose-dependent manner with 6-MP treatment Figure 6B . At 25 uM 6-

MP, stretch-induced DNA synthesis was completely inhibited. In conclusion, the 6-MP 

response is in line with the assumption that TR3 is further activated by 6-MP to prevent 

excessive SM(. proliferation. 

B 

control ,s\l o _ 300 -

e- 200 • 

n o 1 K) 25 uM 6-MP 

Figure 6. Decreased SMC proliferation in response to mechanical strain after 6-MP treatment. 6-

Ml' did nol induce apoptosis as determined by healthy nuclear morphology in control and 6-MP 

treated SMCs using Hoechst staining (A). < )nly the < CCP treated cells showed small apoptotic 

nuclei. SM a-actin staining demonstrated actin fibers in control venous SMCs. [3H]-Thymidine 

incorporation was increased in response to 24 h oi cyclic stretch, whereas 6-MP reduced stretch-

mediated proliferation in a dose dependen! manner (13). [3H]-Thymidine incorporation was 

expressed as percentage of the control value. 

Discussion 
Coronary bypass surgerv relieves atherosclerosis patients trom angina and mav prevent 

myocardial infarction. However, when saphenous veins are applied as bypass material 

excessive SMC hyperplasia causes vein-graft disease, an important disadvantage for a 

significant number of patients. In com rast, mammary artery bypass grafts display a better 

patency than saphenous vein grafts, a difference which we believe needs to be unraveled to 

identify the targets to eventually enhance the performance ot bvpasses trom venous origin. 
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In the ex vivo perfusion model applied in this study, the early-response gene TR3 was not 

expressed in control veins, whereas TR3 mRNA was up-regulated in the circular SMC layer 

after 1 h of perfusion and throughout the vessel wall after 6 h. The circular SMC layer is the 

outer part of the venous vessel wall indicating that TR3 mRNA expression was presumably 

not induced by a circulating factor or in response to endothelial cell damage, but rather that 

the key stimulus was mechanical strain. Anatomical differences between the internal 

mammary artery and saphenous vein, i.e. the lack of elastic laminae in veins, may in pari 

explain the observed graft damage by overdistension of vein segments under arterial 

pressure' . Indeed, vein segments that were protected for overdistension by an external 

stent displayed normal morphology, as illustrated by preserved luminal endothelium and no 

induction of TR3 mRNA expression. 

In addition, intrinsic differences between mammary artery and saphenous vein SMCs play 

a crucial role in the response of SMCs to external stimuli. It has been established that 

saphenous vein SMCs are more responsive to mitogenic stimuli such as platelet derived 

growth factor, thrombin or mechanical strain than internal mammary artery SMCs.4-2"-21 In 

the present study, we have investigated intrinsic differences in stretch-related responses of 

these two types of SMCs in an in vitro stretch model, with regard to the role of transcription 

factor TR3 and its downstream gene PAI-1.14 Both for TR3 mRNA and PAI-1 protein 

expression, we observed robust up-rcgulation in venous SMCs in contrast to internal 

mammary artery SMCs. The abundant stretch-mediated expression of TR3 and PAI-1 

mRNA in vein grafts in the ex vivo model confirmed the relevance of the data found in vitro. 

In addition, stretch-induced PAI-1 mRNA expression has also been described in cultured 

aortic SMCs.'1,16 These data demonstrate that mammary artery-derived SMCs arc intrinsically 

different from aortic SMCs and that the latter type of arterial SMCs show a stretch response 

that relates more to venous SMCs. The role of PAI-1 in SMC hyperplasia remains 

controversial 22, however in our hands, in the carotid artery ligation model that induces 

SMC-rich lesions in mice, both TR3 and PAI-1 protect against intima formation.13'2' 

Recently, a molecular pathway to explain mcchano-sensitive cell-cycle progression in SMCs 

has been revealed.3 Stretch-induced integrin-dependent activation of phosphoinositide 3-

kinasc/protein kinase B leads to inactivation of a forkhead transcription factor, which results 

in transcriptional down-regulation of p27Kl''1. To further delineate the processes involved 

in initiation of proliferation and de-differentiation of venous SMC in response to cyclic 

stretch, we also analyzed the expression of p27Kipl. We demonstrated decreased p27K,pl 

protein expression levels in venous SMCs in contrast to unchanged levels in mammary 

artery SMCs in response to stretch. Similar as for PAI-1, p27Kip1 was stretch-regulated in 
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aortic SMCs \ again indicating the resemblance between venous and aortic SMCs in response 

to stretch, which is dissimilar to internal mammary artery SMCs. 

We reported previously that TR3 increases p27K,P1 expression levels and decreases DNA 

synthesis.13 Therefore we studied the functional involvement of TR3 in stretched-induced 

proliferation. Adenovirus-mediated TR3 overexpression in venous SMCs resulted in full 

inhibition of stretch-induced DNA synthesis. Consequently, we propose that TR3 protects 

venous SMCs from excessive proliferation by maintaining high p27K,i>1 levels. In addition, 

SM a-actin and calponin, SMC-spccific differentiation markers, were up-regulated in TR3-

infected stretched SMCs. These data implicate that TR3 not only prevents excessive 

proliferation of venous SMCs, but also enhances the differentiated, contractile phenotype 

of these cells. Our data support a concept that TR3 may act as a target for intervention in 

vein-graft disease. 6-MP, the bioactive metabolite of the commonly used immunosuppressive 

drug A/athioprine (also named Imuran), is a recently identified agonist for TR3 that 

modulates TR3 activity.9 Here, we show that 6-MP decreased stretch-induced SMC 

proliferation in a dose-dependent way. 

In conclusion, vein-graft disease is the result of excessive SMC proliferation in response to 

biomechanical stimulation of venous bypass grafts. Application of the mammary artery as 

graft material is preferred due to its high degree of patency. However, there is only limited 

material available. Consequently, vein grafts will remain an essential, alternative source of 

bypass material, which necessitates improvement. Venous SMCs respond to mechanical strain 

by initiation of proliferation, while at the same time also cell-cycle inhibitor) feedback systems 

are activated, such as the recently described IEX-1 pathway 24 and the TR3 transcription 

factor pathway as identified in this study. The activity of TR3 is enhanced by 6-MP and we 

hypothesize that 6-MP modulates biomechanical intimal thickening after bypass surgery as a 

means to prevent excessive SMC proliferation and subsequent vein-graft disease. 
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Abstract 
Background 

Identification of novel therapeutic targets to prevent in-stent restenosis requires molecular 

understanding of signal transduction pathways involved in the modulation of smooth muscle 

cell (SMC) proliferation. The transcription factor TR3 orphan receptor (TR3) has been 

implicated in the inhibition of SMC growth. We have previously shown that overexpression 

of TR3 in vascular SMCs in transgenic mice resulted in reduced SMC-rich lesion formation. 

This prompted us to study the expression of TR3 and its homologues MINOR and N O T 

in human in-stcn( restcnotic lesions and to investigate functional involvement of these 

nuclear receptors in SMC growth. 

Methods and results 

In this study, atherectomy specimens of human coronary in-stent restenotic lesions were 

shown to express TR3, MIXOR and NOT. We demonstrate that adenovirus-mediated 

overexpression of TR3 in SMCs results in enhanced p2 7 k , p l and reduced Cyclin A expression, 

in accordance with TR3-mediated inhibition of proliferation. Gene-expression profiling 

downstream of TR3 disclosed the regulation of two well-characterized genes, adrenomedullin 

and protein kinase C5, which arc both known to diminish vascular hyperplasia. 

Conclusions 

TR3-like factors are expressed in SMCs in in-stent restenotic lesions and, in addition we 

show that TR3 modulates expression of genes known to adjust SMC growth. Rnhanccmcnt 

of local TR3 activity may open new perspectives to prevent in-stent restenosis. 
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Introduction 
The current widespread use of stents to treat coronary stenosis dramatically increased the 

incidence of in-stent restenotic lesions1. The main cell type involved in in-stent restenosis is 

the smooth muscle cell (SMC). Stent-induced arterial injury is associated in a subpopulation 

of patients with cellular activation and re-entry of SMCs into the cell cycle, which leads to 

exuberant cell proliferation and matrix production, and hence luminal narrowing.- Strategics, 

shown to be successful in reducing the rate of in stent restenosis development, aim at 

inhibition of SMC proliferation. Notably, coating of stents with rapamvein (sirolimus), 

results in arrest of the cell cycle at the G1 /S transition, while coating with paclitaxel induces 

a mitotic block through stabilization of microtubules.'• Recently, we demonstrated that the 

expression of the three nuclear receptor subfamily members TR3 orphan receptor (TR3), 

Mitogen Induced Nuclear Orphan Receptor (MINOR) and Nuclear Orphan Receptor of 

T-cells (NO'1) is induced in cultured SMCs and, moreover, that these transcription factors 

arc expressed in SMCs of atherosclerotic lesions.4'^ We also showed that overcxpression of 

TR3 in the arterial wall of transgenic mice, resulted in inhibition of SMC-rich lesion 

formation, whereas a dominant-negative variant of TR3 (ATA) enhanced lesion formation.1 

Tn the current study, we investigated expression of TR3-like factors in in-stent restenosis by 

in situ hybridization. Moreover, we aimed at delineating the mechanism of SMC growth 

inhibition by TR3 in detail, by determining expression levels of cell-cycle proteins and 

identifying genes downstream of this transcription factor. 

Methods 
Hi/man Tissue Specimens 

Human tissue samples were obtained, with informed consent, from patients undergoing 

directional coronary atherectomy for in-stent restenosis, according to protocols approved 

by the Medical Ethical Committees of the Academic Medical Center, Amsterdam and the 

University of Groningen, Groningen (The Netherlands). The retrieved specimens were 

immediately frozen in liquid nitrogen, stored at -80°C, and 5-mm sections were mounted 

on Superfrost plus glass slides for immunohistochemistry and in situ hybridization (Emergo, 

Tournai, Belgium). 

\n Situ 1 lybridi^ation 

Radioactive in situ hybridization was performed as described.4 The following riboprobes 

were used: TR3, GenbankL137403 basepairs (bp) 1221-1905; MINOR, Gcnbank U12767, 

bp 1435-2172; NOT, Genbank X75918, bp 119-1003. Matching sense riboprobes were 

assayed for each gene and were shown to give neither background nor an aspecific signal. 
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SMC Culture and Adenoviral Injection 

Human SMCs were explained from umbilical cord arteries and were used at passage 5-7. 

Cells were cultured in Ml99 with HEPES, 10% (v/v) fetal bovine serum (FCS) with 

penicillin/streptomycin (GIBCO BRL, Gaithersburg, AID). SMCs showed uniform fibrillar 

staining with a monoclonal antibody directed against SM a-actin.4 SMCs were seeded at 

2x10"* cells per cm- and reached 60-70% confluency after 24 h. Cells were infected for 2 h 

with mock-, ATA- or '1113 adenovirus at 1.5x1 08 pfu/cm2 in medium with 2% (v/v) FCS.3 

Cells were allowed to recover for 4 h in fresh medium with 10% (v/v) FCS and were 

subsequently placed either on serum-free medium containing insulin (5 Ltg/ml) transferrin 

(5 fig/ml) and sodium selenite (5 ng/ml) (Sigma, St Louis, MO) or on serum-free medium 

with 0.1 % (w/v) bovine serum albumin (BSA). Cell lvsatcs for Western blotting were 

harvested 7 2 h after infection in 100 ml RIPA-buffer (50 m.M Tris, pi I 7.5, 150 mM NaCl, 

1% (v/v) \"onidet-P40, 0.5% (w/v) Na-deoxycholate, 0.1% (w/v) SDS, 1 mM EDTA, 

1:15 Protease inhibitor cocktail (Sigma)) per 10 cm3. Protein concentrations were determined 

by BCA protein assay (Pierce, Rockford, IL). Conditioned medium of the cells was harvested 

and immediately frozen. 

Micro-array analysis 

Total RNA was isolated two days after infection with Trizol reagent (GIBCO BRL). Human-

19.2k cDNA microarrays (The Microarray Ccntre,The Ontario Cancer Institute, University 

Health Network,Canada) were hybridized with fluorescent cDNA probes, generated from 1-

2 lig polyA + RNA according to methods previously described by Brown and coworkers (detailed 

protocols taken from the web-site http://cmgm.stanford.edu/pbrown/protocols/index.html).f' 

Arrays were scanned on a ScanArray 3000 micro-array scanner (GSI Lumonics, Bedford, 

MA) and fluorescence signals were background corrected, applying Array Vision software. 

Data were corrected for background signals and LOWESS normalized. 

Real-time RT-PCR 

Reverse transcription of 1 ug of total RNA was performed with 0.5 ug (dT) primer 

using Superscript II (Invitrogen). Real-time RT-PCR was performed using the FastStart 

DNA Master SYBR Green I kit (Roche, Mannheim, Germany) in the LightCvcler System 

(Roche). Primers for adrenomedulin; (forward) 5'- ATTTCTCACGGCGTGTCAC -3' and 

(reverse) 5'- CGCGGCGAACAACTTTACAC -3 ' . The data were normalized for 

glvceraldehvde-3-phosphate dehydrogenase (GAPDH) expression as determined bv real

time PCR with (forward) 5'- CCAGGGCTGCTTTTAACTCTGG -3 ' and 5'- ATCG 

CCCCACTTGATTTTGG -'3 (reverse). 
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Immunohistochemistry, Western Plotting and Immunoradiometric assay. 

TR3 antigen was detected by immunohistochemistry with a rabbit antiserum, directed against 

Nur77 (M-210, Santa Cruz Biotechnology, CA). The antibodies used for Western blotting 

were from BD Biosciences (Palo Alto, CA) and were applied as recommended by the 

manufacturer. The Western blotting data were analyzed quantitatively by applying Lumi-

I ightPLl s (Roche) and the Lumi-Imager (Boehringer, Mannheim, Germany). Adrenomedullin 

protein levels were determined bv immunoradiometric assay in the conditioned media as 

described before. 

Results 
7T\3, MINOR and NOT expression in atherectomy specimens 

Previously, we have shown that the nuclear receptors TR3, MINOR and NOT are expressed 

in human vascular tissue.5 Specifically, each of these transcription factors is present in 

atherosclerotic lesions, whereas no expression was observed in normal medial SMCs. TR3, 

MINOR and NOT mRNA was shown in SMCs, endothelial cells and to a lesser extent in 

lesion macrophages. In this study, we analyzed the expression of TR3-likc factors in the 

typical SMC-pathology of in-stent restenosis. Nine in-stent restenosis specimens, obtained 

by intravascular directional atherectomy in coronary arteries of nine different patients, were 

examined by in situ hybridization and immunohistochemistry for expression of the nuclear 

receptors TR3, MINOR and N O T (see Table 1 for characteristics on age and gender). The 

main cell type present in in-stent restenotic lesions is the SMC as is shown in Fig. la by 

SMC-spccific immunohistochemistry. However, in some areas scattered macrophages are 

present (Fig. lb). Abundant TR3 mRNA expression was observed as shown in Fig. lc 

(enlargement in big. Id). Extensive analyses of TR3, MINOR and N O T mRNA expression 

Percentage ot cells expressing 

gender 

F 
M 
M 
M 
M 
M 
F 
M 
F 

age 

75 
68 
68 
57 
75 
62 
48 
69 
48 

TR3 

38 
31 
31 
13 
17 
2 
45 
78 
43 

NOT 

35 
25 
23 
27 
is 

48 
28 
50 
70 

MINOR 

25 
16 
33 
7 
18 
nd 
4 
21 
13 

Relative number of cells expressing TR3, MINOR or NOT in the in-stent restenotic specimens 
studied. I;, female; M, male; age in years. 
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was performed and the data on two specimens, derived from two distinct donors, are shown 

in Hg. 2 (a-f and g-1, specimen 1 and 2, respectively). In each specimen in consecutive 

sections, substantial expression was observed of TR3 (a, b, g, h), MINOR (c, d, i, j) and 

N O T (e, f, k, 1) mRNA. In the nine different specimens analyzed, most specimens showed 

expression of these transcription factors throughout the lesion, like in the typical examples 

shown, with clearly not all SMCs expressing the TR3-like factors. The percentage of cells 

expressing one of the nuclear receptors was determined and revealed 33 ± 22 % of the cells 

positive for TR3, 36 ± 17 % of the cells with NOT expression, while l 7 ± 10 % expressed 

MINOR (Table 1). These data mav reflect heterogeneity of the SMC population within 

these lesions. In line with the results obtained for TR3 mRNA expression, immuno-

histochemistrv with anti-TR3 antibodies revealed that TR3 protein was also expressed in 

consecutive sections of these in-stent restenosis specimens (Fig. 3). Of note, most of the 

TR3 protein was observed in the cytoplasm of the cells, like we have shown previously in 

human atherosclerotic lesions.'' 

tiffeds of TR3 and ATA on cell cycle proteins 

We have previously shown that DNA synthesis of human primary SMCs infected with 

adenovirus encoding TR3 is decreased, whereas enhanced DNA synthesis is observed in 

SMCs overexprcssing ATA, a dominant-negative variant of TR3 which inhibits all subfamily 

members.'' To analyze the mechanism of TR3-mcdiatcd SMC growth inhibition, protein 

lysates of mock-, ATA- and TR3-infected cells were investigated by Western blotting to 

assess expression levels of proteins involved in the cell cycle. We found previously that TR3 

increases the expression of Cyclin-dependent kinase (Cdk) inhibitor p27K,pl and in this 

study we demonstrate that TR3 reduces the expression level of Cyclin A (Fig. 4 B), whereas 

the expression level of a number of other cell-cycle proteins notably p21 c , p l , p l9 s k p l , 

proliferating cell nuclear antigen (PCNA), p36, Cdk2, Cyclin B. and Cyclin B was not affected 

(Fig. 4A). Accordingly, ovcrcxpression of the dominant-negative variant ATA results in 

enhanced Cyclin A and reduced p2"T|s'1'1 protein levels (Fig. 4B). 

Identification of genes downstream of TR3 

To further identify genes that are regulated in response to TR3, SMCs were infected with 

recombinant adenovirus encoding either TR3 or ATA and micro-array analyses were 

performed. We verified the expression profile of genes that were identified in the initial 

screen and focused on genes that are known to be linked to vascular disease or to SMC 

physiology, such as adrenomedullinK " and protein kinase C-dclta (PKC8)12. For 
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adrenomedull in we assayed m l l X A levels by real-time RT-PCR and demonst ra ted a 3.6 

±1.0 fold increase in m R X A expression in response to T R3 overexpression, whereas A 1 \ 

did no t affect adrenomedull in expression significandy (Fig. 5A). To further substantiate the 

effect of TR 3 on adrenomedull in expression, we measured secreted adrenomedull in protein 

levels ui condit ioned media of cultured SMCs. In response to T R 3 , adrenomedul l in protein 

expression was 3-fold increased in cells cultured in serum-free medium supplemented with 

insulin, transferrin and selenite (ITS) and a 3.4-fold increase of adrenomedul l in secretion 

Immunohistochemistrj 
.—*.. >, a 

t 
SMC 

. * s 
4 

b 

M<D 

In situ hybridization 

c . . . • d 

t 

Figure 1. Immunohistochemical analysis of an 

in-stent restenoric lesion and TR3 mRXA 

expression. Consecutive sections of an in-stent 

restenosis specimen were assayed for (a) SMC 

content and (b) the presence of macrophages. 

()nly limited numbers of macrophages were 

shown to be present, (c, enlargement in d) 

Radioactive in situ hvbridization with a 

nboprobe specific for TR.3, revealed expression 
throughout the lesion, corresponding with 

predominant expression in lesion SMCs. Cells 

expressing TR3 mRXA contain black spots. 

Xuclei were counterstained in purple. 

s p e c i m e n 1 

1 

• 

\ 

a 

• 

specimen 2 

• . 
V 

, • ' 

C 

. 

Figure 3. Immunohistochemistr\ to 

demonstrate TR3 protein 

expression. Consecutive sections of 

the specimens shown in Fig. 2 were 

incubated with an antibody directed 

against TR3 to reveal a similar 

pattern of TR3 protein expression 

(red-brown) in in-stenl restenosis as 

TR3 mRXA; (a, enlargement in b) 

specimen 1 and (c enlargement in d) 

for specimen 2. 
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Figure 2. Radioactive in situ hybridization to demonstrate TR3, MIN( )RandN( VI'mRXA expression 

in in-stent «stenotic atherectomy specimens (specimen h a t and specimen 2; g 1). Scattered expression 

diroughout die lesions was observed for TR3 (a, enlargement in b; g enlargement in h), N( • 1 c, 

enlargement in d; i enlargement in j) and M I N O R (e, enlargement in f; k enlargement in 1). 

Corresponding sense riboprobes did not show anj background (data not shown). 

was observed in the m e d i u m of cells maintained in serum-tree medium with 0 . 5 % BS A 

(Fig. 5B). To evaluate the data initially obtained in the gene expression profiling experiments 

for P K C 5 , we per fo rmed Western blott ing experiments and observed induced expression 

o f PK.CÖ in response to TR3 overexpression (2.4 told) and reduced expression in SMCs 

infected with ATA-encoding adenoviral cons t ructs (0.7 fold). ( ) f note, we only detected a 

protein band with a Mr of approximately 40 k D band, whereas the intact PKC o protein is 

78-80 kD. This may indicate that in cultured SMC !s PK< .d is predominant ly present in its 

active, cleaved form. 1 ! 
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mock ATA TR3 

p21 CiP] 

pl9SkPi 

PCNA 

p36 

Cdk2 

Cyclin D3 

Cyclin B 

a-tubulin 

B 

mock ATA TR3 
p27 KIP! 

Cyclin A 

a -tubulin 

Figure 4. Western blotting analyses on TR3 or ATA overexpressing cultured SMCs to studv 

expression of cell-cycle associated genes. \, The expression of p21' 'l'', p l 9 , proliferating cell 

nuclear antigen (PCNA), p36, cyclin-dependent kinase 2 (Cdk2), Cyclin D ( and Cyclin B was not 

affected by TR3 overexpression or its inhibition by ATA. B. However, the expression of p27Klp1 

and Cyclin A was enhanced and downregulated by TR3, respectively and modulated inversely by 

ATA overexpression. As a control tor equal protein loading a-tubulin expression is shown. 

A 
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a-tubulin 

ITS BSA 

Figure 5. Analysis of the expression of adrenomedulHn and PKCS. A. Enhancement of 

adrenomedullin mRNA by TR3 was verified by real-time RT-PCR. The data were corrected for 

equal amounts of RN \ cDN \ by G A P D H RT-PCR. B. Adrenomedullin protein expression 

was assayed by immunoradiometnc assay using conditioned media from TR3-, ATA or mock 

infected SMCs. In ITS containing and 0 . 1 % BS \ containing serum free media, adrenomedullin 

expression was determined and shown to be 3.0 and 3.4 fold enhanced, respectively. C. Expression 

of PKC protein was assayed in total cell lysates by Western blotting. The 40 kD protein band was 

0.7 fold reduced in \ T V-infected SMCs and 2.4 fold increased in TR3 expressing SMCs. Equal 

protein loading was shown by a-tubulin detection, ns not significantly different; ' P<0.05. 
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Discussion 
Bv using transgenic mice overexpressing TR3 or its dominant-negative variant AT.-\ in 

vascular SMCs, we recently reported that TR3 substantially limits the formation of SMC-

nch lesions, generated upon carotid-artery ligation.3 The lesions generated in this model are 

reminiscent of human in-stent restenotic lesions, since they are also formed relatively fast, 

and are composed of virtually only SMCs. Here, we demonstrate the expression of all three 

TR3-like subfamily members in in-stent neointima. Although the lesions that we studied 

contained SMC hyperplasia and gave rise to clinical symptoms, this prominent expression 

of TR3-like transcription factors suggests that at least the potential for regulating the SMC" 

response is present in these lesions. Therefore, we sought to delineate the consequence of 

TR3 overexpression on SMC physiology and, as a control, the full inhibition of endogenous 

TR3-like factors by overexpressing a dominant-negative TR3 variant (ATA). Guided by our 

previous findings on the effect of TR3 on murine SMC proliferation, we assayed protein 

levels of human cell-cycle proteins. We demonstrated thatTR3 enhances expression of the 

cell-cycle inhibitor p27K'i'1 and reduces Cyclin A protein levels, which findings may implicate 

a G l / S arrest of the SMC cell cycle as demonstrated by Tanner et al '4 and in line with the 

observations we made in endothelial cells.13 

So far, a limited number of genes have been shown to contain functional TR.Vresponsivc 

promoter elements, among which steroid 21-hydroxylase (CYP21),16 pro-opiomelanocortin 

(POA1C),1''' '8 20a-hydoxysteroid dehydrogenase,19 corticotrophin releasing hormone 

(CRU),' plasminogen activator inhibitor type —1 2" and recently, aldosterone synthase 

(CYP11B2).21 In the current study, we demonstrate TR3-mediated expression of 

adrenomedullin and PKC. Adrenomedullin is a relatively small, secreted protein with a Mr 

of 5.2 kD, which exhibits a range of actions including potent vasodilator properties via 

direct action on SMCs to increase cAMP and an indirect action on endothelial cells resulting 

in enhanced X O synthesis.1' Interestingly, knockout mice revealed that adrenomedullin is 

indispensable for normal vascular morphogenesis during embryonic development. 

Moreover, adrenomedullin specifically reduces SMC growth9, and has been shown to inhibit 

cuff-induced arterial intima formation in vivo. Both adrenomedullin mRNA and protein 

expression levels were not affected by overexpression of ATA, indicating that TR3-like 

factors may only mediate enhanced expression. 

Enhanced TR3 expression was also shown to increase PKC protein expression. A recent 

study shows exacerbated vein-graft arteriosclerosis in PKC-null mice, suggesting also for 

PKC a beneficial role in preventing atherosclerosis.12 Purthcrmore, in endothelial cells 

overexpression of PKC] slows proliferation and a critical role has been suggested for p27K,P'in 

PKC-mediated cell cycle arrest.22 

100 



TR3, MINOR and NOT in in-sent restenosis 

Altogether, TR3 appears to have divergent effects on distinct genes, which eventually result 

in inhibition of SMC growth in vivo in transgenic mouse models with expression of TR3 in 

vascular SMCs.5 Despite the clear inhibitory effect of TR3 on SMC growth, as has been 

demonstrated in vitro and in vivo in animal studies, its activity was apparently insufficient 

to prevent symptomatic restenosis at sites of stent placement in the patients saidied. 

However, the relatively high abundance of TR3-like factors in these specific lesions may 

allow strategics aiming at increasing the activity of pre-existent TR3 by agonists, which 

intervention may be beneficial in terms of diminishing restenosis. Interestingly, it has recendy 

been shown that 6-mercaptopurine enhances the activity of TR3-like factors.2' It is anticipated 

that targeting of these factors with small molecule compound will be highly specific for 

diseased areas of the vascular tree since TR3-like factors are synthesized characteristically 

in lesion SMCs and not in normal arteries. 
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Abstract 
Background 

Smooth muscle cell (SMC) function is important for physiological arterial responsiveness 

and in vascular remodeling during collateral artery formation. In addition, SMCs are pivotal 

in intimal tltickening in atherosclerosis and restenosis. We have shown that TR3-likc nuclear 

orphan receptors are expressed in human atherosclerotic lesions and that TR3 nuclear orphan 

receptor (TR3) inhibits SMC proliferation in the murine carotid artery ligation model of 

restenosis. In this studv we assaved the effect of TR3 on vascular contraction and relaxation 

as well as a potential function in artcriogenesis. 

Methods and Results 

Responsiveness to vasoconstrictor or vasodilator agents were determined in the aortas and 

small resistance mesenteric arteries of both transgenic mice overexpressing TR3 or a 

dominant-negative variant of TR3 (ATA) and wild-type mice. No differences in arterial 

contraction and dilation between the different mice were established in either vessel type. 

To study the effect of TR3 on artcriogenesis, mice that express full-length TR3 (n= 13), or 

ATA (n=15) and their wild-tvpe littermates (n=14) underwent femoral artery occlusion. 

X o significant differences in hindlimb perfusion were observed one week after arterial 

ligation, as assessed with fluorescent microspheres. Immunohistochemistry revealed no 

obvious differences in the proliferative activity- of medial SMCs in TR3 or ATA transgenic 

mice after ligation. 

Conclusions 

Neointima formation caused by intimal SMC hyperplasia is reduced upon overexpression 

of TR3, without negative effects on arterial responsiveness and vascular remodeling during 

collateral artery formation. These findings are important when considering TR3 as a 

therapeutic target to limit vascular lesion formation. 
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Introduction 
Percutaneous coronary intervention may cause early thrombus deposition, cellular 

inflammation, and ultimately intimal smooth muscle cell (SMC) proliferation, leading to 

restenosis.' The introduction of stents has reduced the incidence of restenosis,2 4 however, 

in-stent restenosis evolved as a novel SMC-specific pathology.3 We have identified three 

transcription factors that are differentially expressed in cultured SMCs upon activation with 

an atherogenic stimulus; TR3 orphan receptor (TR3), Mitogcn-induced nuclear orphan 

receptor (MINOR) and Nuclear receptor of T-cells (NOT), which form a sub-family of 

the nuclear orphan receptors denoted NGFI-B or NR4A.6- TR3, MINOR and N O T are 

expressed in human atherosclerotic lesions in neointimal SMCs, endothelial cells and to 

lesser extent in macrophages. TR3 inhibits SMC proliferation, whereas a dominant-negative 

variant of TR3 (ATA) that lacks the transactivation domain and inhibits all three family 

members, enhances SMC growth. Transgenic mice were generated expressing TR3 or the 

dominant-negative variant ATA in arterial SMCs. Vascular lesion formation was studied in 

a murine carotid artery ligation model and TR3 was shown to inhibit intimal SMC hyperplasia, 

whereas ATA aggravated lesion formation. It was hypothesized that TR.Vlike transcription 

factors are potential therapeutic targets to prevent (in-stent) restenosis. However, this potential 

new treatment modality to inhibit SMC proliferation may involve an important adverse 

effect, since SMC proliferation plays a key role in processes of vasoconstriction or 

vasodilatation and in arterial remodeling during collateral artery formation. • The purpose 

of this study was to evaluate the effect of modulation of TR3 expression on in-vitro arterial 

responsiveness to vasoactive substances and on in-vivo collateral artery growth in the mouse 

ischemic hindlimb model. 

Methods 
Animals 

Mice 

Animal care and experimental procedures were approved by the Animal Experimental 

Committee at our institution. Transgenic mice expressing ATA or lull-length TR3 cDNA 

under the control of a specific part of the SM22ct promoter, which directs transgene expression 

to SMCs of the arterial vascular wall, were generated in an FVB-background, as described 

before. The animals were housed in standard cages and fed water and chow ad libitum. 

Chemicals 

The following drugs were used: (acetyl-b)methacholinc chloride, 9a-epoxymethano-

prostaglandin l ; ,a (U46619), isoprenaline bitartrate and L-phenylephrine H O which were 
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obtained from Sigma Chemical (St. Louis, Mo., USA). All drugs were dissolved in distilled 

water and kept frozen at -20°C prior to use, except for isoprenaline, for which solutions 

were freshly prepared prior to the experiments. 

Assessment of Stimulated Isometric Contractile and Relaxation Responses 

The direct vasocontrictor and relaxant effects of phenylephrine (n=3), the thromboxane 

A, receptor agonist U46619 (n=5), methacholine (n=5) and isoprenaline (n=3) on aorta 

segments of transgenic and wild-type mice of eight weeks of age were investigated using 

an isometric wire myograph. Also direct vasocontrictor and relaxant effects of phenylephrine 

(n=6-7), U46619 (n=6-7), methacholine (n=6) and isoprenaline (n=6-7) on small resistance 

mesenteric arteries of transgenic and wild-type mice were investigated. After decapitation, 

the thoracic aorta and the mesenteric vascular bed were isolated, dissected free from its 

connective tissue and transferred to physiological Tvrode's solution of die following composition 

(mM) NaCl 118.5, KC14.7, MgCl, 1.2, CaCi, 2.5, Kl I ,P0 4 1.2, NaflCO, 25, glucose 5.5 and 

EDTA 0.024. The organ bath contained Tyrode's that was oxygenated by carbogen (95% O, 

+ 5% CO J , at room temperature. Small segments (length approximately: 2mm) of aorta or 

first branch mesenteric artery (internal diameter approximately 200-250 um) were prepared. 

Subsequently, a 40 urn (for aortic preparations) or a 25 urn (for mesenteric segments) stainless 

steel wire was inserted to the lumen and the preparations were mounted in an isometric wire 

myograph according to Mulvany and Halpern."1- " The vessel segments were fixed to a 

micrometer screw and after insertion of a second wire to an isometric force transducer. 

Hereafter the preparations were equilibrated for 15 minutes in Tyrode's solution at 37°C 

and oxygenated with carbogen. Subsequently, the diameter was determined by a 

normalization procedure. In this normalization procedure the passive wall tension was 

adjusted to a level comparable to an intraluminal pressure of 100 mml Ig. In the aortic 

preparations the internal circumference was thereafter adjusted to a value which equals 

90% of the diameter at an intraluminal pressure of 100 mmllg, whereas in the mesenteric 

preparations the passive wall tension was set to 5 mN according to Besnard et al. After an 

additional 15 min equilibration penod, the preparations were exposed thrice to a depolarizing 

Tyrode's solution (containing 40 m\[ (aorta) or 120 mM (mesenteric arteries) KC1, cquimolar 

substitution for NaCl) for 5 min with a 20-min interval. I Iereafter cumulative concentration 

response curves were constructed for the a -adrenoceptor agonist, L-phcnylephrine and 

the thromboxane A, receptor agonist U46619. Endothelium-depcndcnt and endothelium-

independent relaxation was studied by construction of cumulative concentration-response 

curves for metacholine and isoprenaline, respectively after precontraction with a sub-maximal 
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concentration phenylephrine (1 LIM). Using a computer program (GraphPad, Institute for 

Scientific Information, San Diego, Calif, USA), concentration-response curves for the 

different agonists were fitted to log concentration-response data of individual experiments. 

Measurements of Collateral Dependent Hind Umb Perfusion 

Hind limb blood flow was quantified after 7 days of ligation (ATA: n = 15; full-length TR3: 

n = 13 and \XT: n = 14). For this purpose, a pressure-controlled perfusion of the isolated 

hind limbs was performed, using fluorescent microspheres.13 Briefly, a catheter was inserted 

in the abdominal aorta for perfusion of the hind limbs with 4 differently fluorescent labeled 

microspheres (Molecular Probes, Eugene, Oregon, USA). These microspheres were put in 

a buffer solution of XaCl 0.9%, adenosine (5 mg/liter) and Tween 20% (1 ml/liter). Each 

differently colored microsphere was infused at a specific pressure level (70, 80, 90 and 100 

mm I Ig) that was generated via an automated, computer driven exogenous perfusion system. 

Hereafter, the tissue from the peripheral hind limb (m. gastrocnemius and m. pcroncus) 

was harvested for digestion of the tissue, and subsequent counting of the microspheres 

using FAGS analysis. Perfusion was expressed as a percentage of the ligated compared to 

the non-ligated hind limb. 

1'mmitnohistochemistry and in Situ Hybridisation of Collateral Arteries 

Proximal hind limb muscle tissue (m. quadriceps and m. adductor) were harvested 7 days 

after femoral artery ligation (ATA: n = 5; full-length TR3: n = 5 and WT: n = 5) and snap-

frozen in methvlbutanc that was cooled with liquid nitrogen at -150 to -160 °C. Finally, the 

tissue was stored at -80 °C until further processing. Some samples were fixed in formalin 

and embedded in paraffin. For all histological examinations 5 urn sections were used. 

Micrographs were taken with a Leica microscope (Leica, Wetzlar, FRG) equipped with a 

Sony DXC-950 3CCD digital video camera. TR3 and ATA are expressed under control of 

the SM22a-promoter and to evaluate transgene expression in this model we assessed 

expression of endogenous SM22a by radioactive in situ hybridization assays that were 

performed as described.14-15 The following probe was synthesized for in situ hybridization: 

SM22a, Genbank NM_011526, bp 330-582. A matching sense riboprobe was assayed and 

was shown to give neither background nor an aspecific signal. The sections were exposed 

for 5 days. Antibody 1A4 (DAKO) that recognizes SM a-actin was used to detect vascular 

SMCs. An antibody directed against PCX A (DAKO) was used to detect proliferating SMCs 

in the vascular wall. For pretreatment, the sections were rehydrated, incubated with 0.3% 

hydrogen peroxide to block endogenous peroxidase activity, and blocked with 10% (vol/ 
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vol) prcimmunc goat serum (DAKO) in Tris-buffered saline (TBS; 10 mmol/L Tris (pi I 

8.0), 150 mmol/L XaCl). Subsequently, the sections were incubated with specific antibodies, 

followed by incubation with biotinylated secondary antibodies, which were detected with 

streptavidin-horseradish peroxidase conjugates (DAKO). Peroxidase activity was visualized 

with aminoethylcarbazole and hydrogen peroxide. After counterstaining with hematoxylin, 

the sections were embedded in glvcergel (Sigma). 

Statistical A n a lysis 

Data are expressed as mean ± SEM. Continuous variables were compared using a Student 

T-test using SPSS version 11.0 (SPSS Inc, Arlington, USA). A multiple comparison was 

made between the control and two treatment groups, using an ANOVA-test with a Dunnett's 

(post) test. A p-value <0.05 was considered statistically significant. 

Results 
In vitro vasodilation and vasoconstriction 

Vasoconstrictor responses 

The increase in wall tension (N/mm) of isolated thoracic aorta and mesenteric segments in 

response to a high potassium chloride concentration (40 mM) was similar in preparations 

obtained from TR3, ATA and control groups (1J9 ± 0.09, 1.75 ± 0.03 and 1.879 ± 0.11 N / 

mm, respectively for mesenteric segments). 

The maximal response and pD, values of phenvlephrinc-mediated Ct.-adrenoreceptor 

activation were not significantly different in small resistance mesenteric arteries taken from 

TR3, ATA or wild-type mice as shown in Fig. 1 A. Also the concentration response curves 

for the thromboxane A2 receptor agonist U46619 were not different for the three 

experimental groups (Fig. IB), furthermore, the maximal response to phenylephrine or 

U46619 was not significantly different in aorta segments taken from TR3, ATA or wild-

type mice (data not shown). 

Vasodilator responses 

Endothelium-dependent vasodilator responses of small resistance mesenteric artery (Fig. 

1C) or thoracic aorta (data not shown) preparations to metacholine proved not to be 

significantly altered in the TR3, ATA and wild-type animals. After preconstriction with 

phenylephrine (1 uAl) the relative relaxant responses were the same in these three groups. 

The methacholine-induccd responses of the thoracic aorta preparations and the small 

resistance mesenteric arteries (maximal relaxation 81.5 i 4.7%) appeared not to be influenced 

by TR3. Concentration-response curves for isoprenaline showed no difference in maximal 
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vasodilator response (75.7 ± 3.5%) or sensitivity of small resistance mesenteric arteries of 

the different mice (lug. ID). Thoracic aortas of the various mice also showed no difference 

in their response to isoprenalinc (data not shown). 

Our results indicate that TR3 or ATA do not induce major changes in the responsiveness 

of isolated aorta segments or small resistance mesenteric arteries to different vasoactive 

substances. 
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Figure 1. The relaxant and vasocontrictor effects of phenylephrine (n=6-7; A), thromboxane 
(U46619; n=6-7; B), methacholine (n=6; C) and isoprenalinc (n=6-7; D) on segments of mesenteric 
arteries of transgenic and wild type mice. 
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Collateral artery dependent hind limb perfusion 

To assess the effect of TR3 ovcrcxprcssion or inhibition of all three TR3-like factors by 

ATA overexpression, we challenged the transgenic mice with a femoral artery ligation. None 

of the mice showed a macroscopically visible loss of function or overt necrosis of the foot. 

Microsphere measurements revealed no statistical differences of hind limb perfusion between 

mice expressing ATA, full-length TR3 and the WT mice after 7 days of femoral arterv 

ligation ATA: 54.6% ± 16%; full-length TR3: 58.8% ± 17% and WT: 58.5° o ± 14%; 1% 2; 

P = ns (not significant)). 

Figure 2. Microsphere perfusion 
measurements 7 days after femoral artery 
ligation of mice that express ATA, the 
dominant-negative varianl of TR3 (n = 15), 
mice expressing full-length TR3 (n=13) and 
wild-type littermates (n=14), respectively. 
Quantification of blood flow of the occluded 
leg is expressed as a percentage from the non-
occluded leg. (ns = not significant) 

/// situ hybridisation and immunohistochemistry of collateral arteries 

In the transgenic mice applied in this study the transgenes were under control of the SM22a 

promoter to direct expression specifically to arterial SMCs. To exclude the possibility that 

the absence of significant differences in collateral formation were observed due to 

downregulated expression of the transgenes in this ligation model, we evaluated the 

expression of SM22a expression in collateral vessels one week after ligation. Radioactive in 

situ hybridization showed clear expression specificallv in all SMCs of the arterial vessel wall 

of the collateral arteries (Fig. 3a). Consequently, we assume that the transgenes arc 

continuously expressed during collateral artery remodeling. 

To further substantiate similarity of medial SMC proliferation in collaterals in response to 

ligation in die different (transgenic) mice, we assayed for proliferating cell nuclear antigen (PCX A) 

in sections of ligated hind limbs. Immunohistochemistry showed no differences in PCXA 

expression in TR3, ATA or wild-type mice after femoral arterv ligation (Fig. 3b and 3c). 
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Figure 3. In situ hybridization to show SM22CC expression 7 days after femoral artery ligation (a). 
Immunohistochemistry ro demonstrate PCNA expression in collateral arteries obtained from 
ATA (b) or TR3 (c) mice after femoral artery ligation. 

Discussion 

In the present study we have shown that vascular responsiveness, as assessed in vitro using 

different vasoactive substances, was not different in aortic rings and small resistance 

mesenteric arteries derived from transgenic mice in which the nuclear receptor TR3 was 

either overexpresscd or fully inhibited by overcxpression of its dominant-negative variant 

ATA, compared to wild-type mice. Furthermore, modulation of TR3 activity did not cause 

a (pathological) effect on vascular remodeling in the process of collateral artery formation. 

TR3 in Contractile and Vasodilator Responses 

SMCs play a key role in physiological processes such as vasoconstriction or vasodilatation, 

as well as in vascular pathologies like atherosclerosis, (in-stent) restenosis, vein-graft disease 

and transplantation arteriosclerosis. In previous studies we have shown that TR3 (and possibly 

also MINOR and NOT) inhibit SMC proliferation in vitro as well as in an in vivo restenosis 

model and proposed that TR3-like transcription factors exhibit an inhibitory role in 

atherogenesis. More specifically, it was shown that TR3 affects protein expression levels of 

the cyclin-dcpendent kinase inhibitor p27Kipl and thus promotes arrest of the cell cycle at 

Gl . 7 , 16 However, since SMCs are pivotal in the process of physiological vasoconstriction 

and vasodilation as well as in arteriogenesis, the inhibition of SMC proliferation may 

theoretically influence the functionality of these cells. This may create significant adverse 

effects, when considering the stimulation of TR3 expression as a novel therapeutic modality 

for the treatment of neointima formation, in-stent restenosis and/or atherosclerosis. For 

this reason, the influence of changes of TR3 expression on the vasoconstrictor and 

vasodilator arterial activity was evaluated in an in-vitro setup. The vasoconstrictor responses 

to nigh potassium concentrations (40 or 120 mM), phenylephrine as well as the thromboxane 
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analogue U46619 and the vasodilator responses to methacholine and isoprenalinc appeared 

not to be influenced bv TR3 overexpression or inhibition of all three endogenous TR3-like 

factors. This is of importance because recently it was discovered that another nuclear receptor, 

i.e. the retinoic acid receptor-related orphan receptor a (RORa), which is involved in 

atherogenesis, is required for a normal contractile phenotype of SMCs in small resistance 

arteries.12 Disruption of the RORa gene in the so called staggerer mice causes a reduced 

contractile response to serotonin and phenylephrine of the small resistance mesenteric 

arteries. Also relaxation was impaired in these vessels, whereas these phenomena were not 

observed in aorta segments of the staggerer mice.12 In contrast, we show that TR3 nuclear 

orphan receptor is not required for normal contractile responses of SMCs in aorta and 

small resistance mesenteric arteries of mice. 

Collateral artery formation after modulation of TR3 expression 

Arteriogenesis is the process of remodeling of pre-existing arterioles to mature collateral 

arteries. This natural compensatory mechanism has been shown to limit the damage in 

patients with an acute myocardial infarction.1 In case of arterial obstruction, these collateral 

arteries are recruited, bypassing the vessel narrowing or occlusion.18 The redistribution of 

blood flow via arterioles that interconnect the different vascular territories causes a local 

increase of shear stress, initiating an activation of the endothelium. Subsequently, the 

endothelium starts the production of adhesion molecules and chcmotactic cytokines like 

monocyte chemoattractant protein 1 (MCP-1), regulating the local attraction, adhesion and 

subsequent transendothelial migration of monocytes.19"21 After transformation into 

macrophages, these cells create an inflammatory environment (involving metalloprotcinases 

and pro-inflammatory cytokines like tumor necrosis factor a ) enabling the expansion of 

these pre-existing arterioles. Subsequently, perivascular macrophages generate mitogenic 

factors like basic fibroblast growth factor and transforming growth factor P that stimulate 

proliferation of SMCs around the remodeling arterioles.2221 Ultimately, this results in an 

increase in lumen size of the arterioles and an increased number of perivascular SMC 

layers.18 As already discussed, the intracellular transcription factor TR3 inhibits SMC 

proliferation.7 Therefore, it was postulated that overexpression of TR3 or inhibition of all 

three TR3-likc transcription factors in arterial SMCs may potentially influence the natural 

course of remodeling of arterioles in the process of arteriogenesis. I Iowever, in the present 

study no effects were observed in our established murine ligation model of arterial obstructive 

disease. These data clearly demonstrate that neointimal SMC hyperplasia as observed in 

restenosis is an intrinsically different process as the medial SMC expansion during 
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arteriogenesis. In this respect it is of interest to mention that even though substantial 

functional involvement of FGF-2 in neointimal SMC hyperplasia as well as in arteriogenesis 

has been proposed, it has recently been shown that targeted disruption of FGF-2 gene 

does not affect collateral remodeling.24 

TR3 activity in the vascular wall 

Since no effects were observed on the contractile and vasodilator responses of the normal 

arterial wall neither as on the natural course of the arteriogenesis process in response to 

modulation of TR3 activity, it seems likely that these processes do not utilize the transcription 

factor TR3. The rationale behind these findings remains speculative. One explanation may 

be the fact that the driving force of the process of intimal thickening is caused by a 

combination of thrombus deposition, cellular inflammation, and ultimately intimal SMC 

proliferation and migration. Moreover, progression of atherosclerotic lesion formation is 

sustained by the local transition of macrophages into lipid laden foam cells that are trapped 

in the vessel wall.' This is substantially different from the driving force in vasoconstriction 

and vasodilation in our in-vitro setup (pharmacologically induced) and in the model of 

arteriogenesis (enhanced shear forces and lack of the presence of foam cells).8 The 

transcriptional activity of TR3-like factors is modulated by co-activators and co-repressors, 

as well as by the extent of hetero-dimerization with rcxinoid receptors (RXR).25 The 

expression of each of these regulating proteins may be modulated distinct in the different 

processes involving SMC hyperplasia. Consequently, differences in gene expression profiles 

downstream of TR3-like factors may vary between these processes and experimental models. 

Second, no expression of TR3 is observed in the normal arterial wall. We have previously 

shown that TR3 (and MINOR and NOT) mRNA was exclusively expressed in neointimal 

SMCs and not in normal medial SMCs.' Although the modified TR3 construct was also 

embedded in the medial layer of the arterial wall of the created mice, the site specific 

expression of TR3 in case of pathological conditions like intimal thickening may explain 

the ineffectiveness of modulation of TR3 expression in the in-vitro and in-vivo experimental 

procedures. In both conditions, SMC activation takes place in the (normal) medial layer of 

the vascular wall rather than in the subendothelial compartment where intimal hyperplasia 

takes place. 

Conclusions 
In conclusion, the efficacy of the inhibition of SMC-rich lesion formation using over-

expression of the TR3 receptor is associated with normal arterial responsiveness of both 
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aorta and smaU resistance mesenteric arteries and vascular remodeling. TR3-like factors are 

members of the Nuclear Receptor superfamily, which comprises proteins of which the 

transcriptional activity in general is regulated by small, non-protein ligands. At present, 

traditional ligand(s) of the orphan TR3-like receptors are still unidentified. Our current 

findings are important when considering TR3-like factors as therapeutic targets in the 

treatment of atherosclerosis and/or restenosis. 
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Introduction 
Atherosclerosis, (in-stent) restenosis and vein-graft disease are common vascular disorders 

that involve excess proliferation of smooth muscle cells (SMCs) in the arterial wall. Accordingly, 

many therapeutic approaches aim at die inhibition of SMC proliferation. In our search for 

genes involved in atherogenesis we identified a family of transcription factors, being the Nerve 

Growth Factor Induced-B (NGFI-B) family comprising TR3, MINOR and NOT. In this 

thesis we demonstrate an important role for this family in SMC proliferation in a range of 

vasculo-proliferative diseases. We established that the nuclear receptor TR3 is involved in 

inhibition of SMC and endothelial-cell proliferation and affects the expression of proteins 

involved in regulation of the cell cycle. As the cell cycle is a final common pathway in cellular 

proliferation, proteins of the cell cycle have emerged as logical targets for the treatment and 

prevention of vascular hyperplasia. Pharmacologic activation of TR3 in vascular cells may 

provide a novel therapeutic approach to retard vascular disease by influencing downstream 

genes in regulation of the cell cycle and potentially other cellular processes. 

TR3-like factors in apoptosis 
Evidence accumulated over the past decade indicates that TR3-like factors are involved in 

important physiological processes. For example, the facilitating role of TR3 in T-cell receptor 

mediated T-cell apoptosis is well documented. A dominant-negative variant of TR3, which 

lacks the transactivation domain, inhibits T-cell hvbridoma apoptosis and protects thymocytes 

against antigen-induced apoptosis in vivo.1-2 Furthermore, it was shown in human prostate 

cancer cells that TR3, in response to apoptotic agents, specifically translocates to the 

mitochondrial membranes to induce mitochondrial membrane permeabilization. 

Recombinant TR3 has been shown to induce release of cytochrome C when added to 

purified mitochondria. , It should be emphasized that this specific feature of TR3 is 

independent of its DNA-binding domain as is illustrated by a mutant of TR3, which lacks 

the DNA-binding domain and consequently acts as a dominant-active variant but still induces 

cytochroom C release. In the cell types that we studied, no induction of apoptosis upon 

overexpression of TR3 was observed. Furthermore, the effects of TR3-like factors on 

SMC and EC proliferation are mediated through DNA binding, which is demonstrated by 

the counteracting activity of the dominant-negative variant (ATA). 

Orphan nuclear receptors and ligands 
The superfamily of nuclear receptors comprises 83 transcription factors grouped in 7 

subfamilies that regulate gene expression in a ligand-dependent manner. Nuclear receptors 

activate or repress target genes by binding directly to DNA-response elements as homo- or 
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heterodimers or by binding to other classes of DKA-bound transcription factors. These 

activities have been linked to the formation of complexes with molecules that appear to 

serve as co-activators or co-repressors, causing local modification of chromatin structure 

in order to regulate expression of their target genes. 

Many of the nuclear receptors arc ligand-activated transcription factors that act as the cognate 

receptors for steroid, retinoid, and thyroid hormones. In addition to these well-characterized 

endocrine hormone receptors, there are a large number of orphan receptors of which less 

is known about the nature and function of their ligands. The task of deciphering the 

physiological function of these orphan receptors has been aided by a new generation of 

genomic technologies. Through application of chemical, structural, and functional genomics, 

several orphan nuclear receptors (such as PPARs, LXR and RXR) have emerged as 

pharmaceutical drug targets for the treatment of important human diseases. However, 

until now, no ligands have been identified for TR3, MINOR and N O T and the mechanism 

of co-activation and ligand-independent trans-activation remains unclear. In several studies 

it has been described that these nuclear receptors are ligand-independent transcription factors. 

Wang elal. recently crystallized and resolved the 3D-structure of the ligand-binding domain 

of N O T and concluded that it contains no cavity in the region usually occupied by ligands. 

Furthermore, these structural data revealed that N O T lacks a "classical" binding site for 

the LXXLL motif of co-activators.4 By contrast, in a recent study it was found that the 

ammo-terminal transactivation domain of MINOR harbors an AF-1 domain which is 

essential for co-activator recruitment.3 

6-Mercaptopurinc (6-MP), the active metabolite of azathioprine (Imuran) is a nucleotide 

analogue that selectively blocks de novo DNA synthesis in proliferating cells. 6-MP is widely 

uscd at relatively low dose as an immunosuppressive drug in inflammatory bowel disease, 

organ transplantattions and rheumatoid arthritis. Recently, it has been discovered that this 

drug enhances the transcriptional activity of MINOR and NOT, and to a lesser extent that of 

TR3, in an A IT-dependent manner/' The ability of 6-MP metabolites to regulate the activity 

of a class of transcription factors broadens the possible mechanisms of action of this drug. 

In our laboraton-, we investigated the effect of 6-MP in relation to TR3-like factors in vein-

graft disease and demonstrated that 6-MP inhibits stretch-induced DNA synthesis in cultured 

SMCs. We propose that the underlying mechanism of the 6-MP effect involves the activation 

of endogenous TR3 activity (Chapter 5). These data encourage us to embark on studies in 

which the effect of relatively low doses of 6-MP on atherosclerosis in mice will be assessed. 
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Regulation of TR3 expression 
TR3-like factors are strongly induced by a variety of stress stimuli in multiple cell types7'8 In 

summary: the function of TR3 is well-described in T-cell apoptosis and in the HPA axis, 

NOT is especially well-studied in brain and MINOR was rcccndy shown to be essential in 

early mouse embryogcnesis.9 Our studies implicate, for the first time, involvement of TR3, 

MINOR and N O T in atherosclerosis. In our current working model, the successive events 

in the development of atherosclerosis are formulated by the "response to injury"-theory. In 

this theory, oxidative stress and subsequent cellular damage arc potential noxious events 

that induce expression of TR3, MINOR and NOT. However, the exact upstream triggers 

leading to TR3 expression in vascular cells are unknown. So far, we have identified supernatant 

of oxidized LDL-stimulated macrophages, serum, cyclic mechanical strain and tumor 

necrosis factor (TNF) a as important stimuli for expression of TR3-like factors in vascular 

cells. Interestingly, a recent paper confirmed our results showing that T N F a treatment 

induces TR3 expression in endothelial cells '" and MINOR expression in SMCs". Recently, 

TR3 was shown to be induced in a pluripotent mesenchymal embryonic mouse cell line, 

C3H/ I0T l /2a by using a discovery screen specifically designed to identify targets genes of 

the Hedgehog transcription factor.1- Members of the Hedgehog family are potent secreted 

morphogens, involved in developmental processes and in cancer. Genes downstream of 

Hedgehog arc thought to regulate cellular growth and differentiation.'' Whether Hedgehog 

signalling also plays a role in atherosclerosis, similar to cancer, remains to be established. 

Future research will also incorporate studies to decipher upstream events preceding TR3 

expression in atherosclerosis to identify the signalling pathways involving endogenous 

protective TR3-mediated responses. 

Genes induced downstream of TR3 
In this thesis, a first perception of the function of TR3 in vascular cells is given, but more 

experiments are required to elucidate its exact mechanism of action. We believe that the 

identification of downstream targets of TR3 in genome-wide transcription profiling 

experiments are crucial to reach this goal. We initiated such experiments and our data provide 

further insight into molecular mechanisms in TR3 regulation of the cell-cycle (Chapter 6). 

Specifically we showed that adrcnomedulin and protein kinase C-delta (PKC5) may be 

important effector genes of TR3. Both genes have been shown to inhibit SMC proliferation 

in vivo and to decrease SMC-rich lesion formation.14-15 Whether TR3, MINOR or N O T 

each specifically target a defined subset of downstream genes or that these genes display 

substantial functional redundancy with regard to which protein actually activates a defined 
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target promoter remains to be elucidated. Amino-acid sequence comparisons ot the DXA 

binding domains of these factors, and to a lesser extent of the ligand-binding domains, 

demonstrate evolutionary conservation of these domains among the subfamily members. 

The amino-terminal activation domain, however, shows far less homology between the 

family members, allowing the binding of distinct co-activators/reprcssors to each factor 

domain. Moreover, downstream target gene analysis can aid the implementation of TR3 

agonists in preclinical models. Potential, unexpected complexities in the (prc)clinical 

development of target-based therapies may (in part) be revealed beforehand by target gene 

identification. Possible strategies for targeting TR3-like factors and progression of TR3 

modulators to the clinic will be subject of future studies. 

Involvement of p27Kipl in cell-cycle arrest and 
inhibition of migration 

One of the important discoveries described in this thesis that TR3 is involved in regulation 

of cell-cycle arrest both in endothelial cells and SMCs. Previous studies have demonstrated 

the protective effect of the cyclin-dependent kinase (CDK) inhibitor p27K 'p 'against 

atherosclerosis and restenosis. Deletion of the p27Klp1 genes, in an apolipoprotcin E-null 

genetic background, enhances arterial cell proliferation and accelerates atherogenesis 

compared with apolipoprotein E-deficient mice with intact p2^k , p l gcncs.1f' The therapeutic 

effects of p27Kip1 may result from suppression of both proliferation and migration. In the 

search for potent inhibitors of SMC proliferation and migration several compounds were 

shown to inhibit SMC proliferation. One of these compounds is rapamycin (Sirolimus), 

which is reyersibly in coated on stents, which results in reduction of in-stent restenosis 

from 30% to less than 5% in large clinical trials.1 Rapamvcin-mediated inhibition of SMC 

proliferation is, like reduction of SMC hyperplasia by TR3 overexpression, also associated 

with upregulation of the cyclin-dcpendcnt kinase inhibitor p2?l<'pl and vice-versa lack of 

p27K,pl reduces rapamycin-mediated inhibition of SMC migration and proliferation.18 We 

have shown that rapamvein does not affect TR3 expression in SMCs and, consequently, we 

concluded that both rapamycm and TR3 upregulate p27Kipl, although through distinct 

signaling pathways (data not shown in this thesis). 

Interestingly, as mentioned above, p27k , p l is also involved in the inhibition of migration of 

SMCs. Although we did not show that TR3 inhibits migration, the murine restenosis model 

used in this thesis (i.c. the carotid artery ligation model) in part relies on migration of SMCs 

from the media to the (neo)intima. It is tempting to propose that TR3 is also involved in 

migration and it would be of interest to explore this possibility in future experiments. 
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Rupture-prone atherosclerotic plaques are characterized by a thin fibrous cap, containing 

numerous macrophage-derived foam cells and few SMCs. Since TR3 decreases SMC 

proliferation, it may be anticipated that a lower number of SMCs in the fibromuscular cap 

is related to plaque dcstabilization. Overexpression of TR3 and consequent inhibition of 

SMC proliferation may be undesirable under these circumstances. 1 Iowever, TR3 activation 

mav contribute to inhibition of post-intervention SMC-prolifcration (restenosis, vein-graft 

disease). Therefore, the effects of TR3 overexpression in mice in an apolipoprotein E-null 

genetic background will be investigated. 

Not only in SMCs, but also in endothelial cells, p2^K ' r ' inhibits proliferation and migration. '9 

We show expression of TR3-like factors in endothelial cells overlying atherosclerotic plaques 

(Chapter 4). Furthermore, wc established that TR3 overexpression in endothelial cells results 

in p27 K 'p l upregulation and cyclin A downregulation. We concluded that in endothelial cells 

TR3 induces also anti-atherogenic properties, similar to SMCs. However, to appoint the 

anti-atherogenic properties of TR3 in endothelial cells in vivo, dedicated experiments in 

mice should include overexpression of TR3 in endothelial cells using an endothelial cell-

specific promoter like Pit-1 or Tie-2. Finally, mice expressing TR3 in an endothelial cell-

specific way should then be crossed into a ApoE - /- or ApoE3 Leiden genetic background 

to determine the role of TR3 in diet-induced atherogenesis. 

Vascular reactivity of vessel segments overexpressing TR3 
Data in this thesis show no influence of TR3 overexpression on aorta- and small resistance 

mesenteric arteries reactivity to vasoactive substances (Chapter 7) . Moreover, no difference in 

hind-limb perfusion was seen when TR3- or dominant-negative variant (ATA) overexpressing 

mice were subjected to femoral artery occlusion. In conjunction with recently published data211, 

wc investigated the effect of TR3 overexpression or full inhibition on small resistance arteries. 

In knock-out mice of yet another nuclear receptor RORa markedly altered vascular function 

was observed in mesenteric arteries, while there were no changes on vascular function of large 

arteries.2" RORa has been shown to play a major role in vascular biology. Mice lacking RORa, 

and fed a high-fat diet, develop more atherosclerosis than wild-type mice. In conclusion, no 

such role for TR3 on vascular reactivity could be established, which observation will aid possible 

future clinical implementation of TR3 agonists. 
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Conclusion 
Our studies implicate that TR3-likc factors may have a significant protective function in 

cardiovascular disease. TR3 is expressed in atherosclerosis, in-stent restenosis and vein-

graft disease. Moreover, we demonstrated that TR3 inhibits vascular SMC proliferation in 

vitro and in vivo. TR3 is a transcription factor and may regulate multiple genes and consequently 

distinct cellular processes, which assigns TR3 as an attractive target for intervention. TR3 

agonists, such as the recently discovered 6-MP, may mediate protective changes in the 

expression of several proteins that are implicated in the endogenous defense mechanisms 

during the pathogenesis of atherogenesis. 
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Summary 
Atherosclerosis is a major health problem in the Western world, and the effectiveness of 

interventional therapeutic modalities for symptomatic atherosclerotic lesions is limited by 

(in-stent) vessel restenosis. Proliferation and migration of smooth muscle cells (SMCs) are 

key events in various vasculo-proliferative diseases like atherosclerosis, post-interventional 

restenosis and vein-graft disease. Pharmaceutical interventions, such as targeting proteins 

that regulate SMC growth and movement, are promising new approaches to treat 

cardiovascular disease. For our goal to find new genes that are causative in atherosclerosis 

and specifically expression in SMCs, we used the differential display RT-PCR technique. We 

established that the expression of the family members of the NGFI-B family of nuclear 

hormone receptors is increased in cultured SMCs after atherogenic stimulation. The NGFI-

B family constitutes a subfamily of the nuclear receptor superfamily, and comprises three 

mammalian members; TR3 orphan receptor (TR3), mitogen induced nuclear orphan receptor 

(MINOR) and nuclear orphan receptor of T-cells (NOT). In this thesis, several studies are 

described to reveal the function of this NGFI-B subfamily of transcription factors in different 

vasculo-proliferative diseases. Chapter 1 describes different techniques to identify novel 

genes involved in atherogencsis. Moreover, the process of atherosclerosis and a detailed 

description of the cell types involved arc outlined. Features of the NGFI-B transcription 

factor subfamily are presented in Chapter 2. In Chapter 3 we report that TR3-, MINOR-

and N O T mRNA is synthesized in human atherosclerosis, specifically in SMCs, ECs and 

macrophages. To investigate the role of TR3 in the vasculo-proliferative disease, transgenic 

mice were designed that overexpress TR3 or the dominant-negative variant (ATA), which 

specifically inhibits all family members in SMCs of the arterial vessel wall. Carotid artery 

ligations were performed to show that TR3 has a powerful effect in vivo. Overexpression of 

TR3 in these transgenic mice protects against lesion formation, while the dominant-negative 

variant augments SMC proliferation. Anti-proliferative effects of TR3 are mediated by 

modulating the expression of critical cell-cvcle regulators, including p27KlI,, and cyclin A, that 

control progression of cell cycle from the G l phase into the S phase. In Chapter 4, it was 

shown that TR3 inhibits proliferation through modulation of the expression of cell-cycle 

proteins in endothelial cells. Using adenoviral vehicles to accomplish overexpression of TR3 

or the dominant-negative inhibitor in endothelial cells and subsequent fluorescence-activated 

cell sorting (FACS) analysis revealed that TR3 provokes G. arrest of the endothelial cell-cycle. 

Vein grafts are employed in coronary artery bypass surgery. The role of TR3 in vein-graft 

disease is studied in Chapter 5. Vein grafts are subject to increased tensile stress due to 

exposure to arterial blood pressure, which has been hypothesized to induce endothelial cell-
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and SMC injury, resulting in vein-graft disease. TR3 is induced in vein segments when they 

are subjected to perfusion at arterial pressure. In addition, cultured venous SMCs that are 

exposed to cyclic stretch start to proliferate and express TR3 mRXA, whereas arterial SMCs 

remain quiescent and exhibit no TR3 mRNA induction. Adenovirus-mediated 

overexpression of TR3 in venous SMCs results in decreased DNA synthesis in response to 

mechanical strain. Application of 6-MP, an agonist of TR3, during stretch also results in 

decreased DNA synthesis of SMCs, indicating that endogenous TR3 may prevent mechanical 

strain-induced excessive proliferation. 

In Chapter 6, expression of TR3 and its family members in in-stent restenosis is described 

and several candidate genes that are regulated by TR3 were identified. In Chapter 7, the 

effects of (inhibition of ) TR3 on arteriogencsis as well as contraction and dilatation of 

aortic rings and small resistance mesenteric arteries are investigated in transgenic mice. N o 

difference in responsiveness to vasoactive substances was observed between the vessels of 

TR3-overexpressing mice, ATA-transgcnic mice or wild-type mice. Furthermore, collateral 

artery development is not influenced by overexpression or full inhibition of TR3. 

Taken together, in this thesis we demonstrate a functional involvement of TR3-like factors 

in vasculo-prolifcrativc disease. TR3 is expressed in atherosclerotic lesions, in-stent restenosis 

as well as in vein-graft arteriosclerosis and inhibits proliferation of SMCs and endothelial 

cells. Consequently, we propose that this transcription factor fullfils an athero-protective 

function. In view of the findings reported, this thesis may be the starting point for an 

ultimate clinical application of TR3 agonists in the treatment of SMC proliferation in (in-

stent) restenosis, vein-graft disease and atherosclerosis. 
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Nederlandse samenvatting 
Atherosclersose is een belangrijk gezondheidsprobleem in de Westerse wereld en de 

effectiviteit van intervendes wordt gelimiteerd door (in-stent)restenose. Proliferatie en 

migratie van gladde spiercellen spelen een belangrijke rol in diverse vasculo-proliferatieve 

ziekten, zoals athcrosclerose, post-interventie restenose en falende veneuze grafts bij 

kransslagader omleidingen. Farmacologische interventies, gericht op moduleren van de 

activiteit van eiwitten die deze processen aansturen, lijken veelbelovend voor de behandeling 

van cardiovasculaire ziekten. Het doel van ons onderzoek is om nieuwe genen te identificeren 

die een essentiële functie vervullen in atherogenese, met name in gladde spiercellen door 

ondermeer gebruik te maken van de "differential display RT-PCR" techniek. We hebben 

vastgesteld dat de familieleden van de NGFI-B familie van nucleaire hormoon receptoren 

in geactiveerde gladde spiercellen worden geïnduceerd. Deze subfamilie bestaat uit 

transcriptie factoren, en bestaat uit drie leden; TR3 orphan receptor (TR3), mitogen induced 

nuclear orphan receptor (MINOR) en nuclear receptor of T-cells (NOT). In dit proefschrift 

worden diverse studies beschreven die ingaan op de functie van deze nucleaire receptoren 

in vasculo-proliferatieve ziekten. Hoofdstuk 1 beschrijft verschillende technieken die worden 

gebruikt om nieuwe genen te identificeren in atherogenese. Ook wordt het ontstaan en de 

progressie van atherosclerose en de verschillende celtypen, die zijn betrokken bij dit proces, 

uiteengezet. Gegevens over de NGFI-B subfamilie van transcriptie factoren worden 

toegelicht in Hoofdstuk 2. In Hoofdstuk 3 rapporteren we dat TR3-, MINOR- en N O T 

mRNA worden gesynthetiseerd in humane atherosclerotische lesies in endothcel cellen, 

gladde spiercellen en macrofagen. Om de rol van TR3 in de vaatwand te bestuderen zijn 

transgene muizen gemaakt die TR3 of de dominant-negatieve variant (ATA), die alle 

familieleden remt, specifiek in de vaatwand tot expressie brengen. Ligatie van de halsslagader 

is als model voor restenose gebruikt om aan te tonen dat TR3 een drastisch effect heeft in 

vivo op lesie-vorming. Overexpressie van TR3 in deze transgene muizen beperkt de vorming 

van vasculaire lesies doordat de groei van gladde spiercellen wordt geremd, terwijl in de 

aanwezigheid van de dominant-negatieve variant juist grotere lesies worden gevormd. De 

groeiremmende effecten van TR3 worden gemediëerd door veranderingen in de niveaus 

van expressie van regulatoren van de celcyclus, waaronder p27K,f' en cycline A eiwitten, die 

de progressie van de celcyclus van de Gj fase naar de S fase controleren. In Hoofdstuk 4 

wordt aangetoond dat TR3 ook betrokken is bij het remmen van de groei van endothcelcellen 

door het moduleren van de expressie van celcyclus eiwitten. Middels adenovirus-gemediëerde 

overexpressie van TR3 en ATA, en toepassing van FACS analyse, werd aangetoond dat 

TR3 de celcvclus in de G. fase blokkeert. 
-1 i 
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Chapter 9 

Yeneuze grafts worden toegepast bij open hart chirurgie om stenoses in kransslagaders op 

te heffen. De rol van TR3 bij het falen van veneuze grafts wordt beschreven in Hoofdstuk 

5. Yeneuze grafts worden onderworpen aan aanzienlijke mechanische krachten, zodra deze 

vaten worden blootgesteld aan arteriole bloeddrukken. Deze "stress" zou aanleiding geven 

tot endotheelcel- en gladde spiercel beschadiging wat uiteindelijk resulteert in het falen van 

veneuze grafts. TR3 komt tot expressie komt in veneuze grafts na blootstelling aan arteriële 

druk in een perfusie systeem. Gekweekte, veneuze gladde spiercellen, die cyclisch worden 

opgerekt, vertonen een toename van DNA synthese en inductie van TR3 mRNA expressie, 

terwijl arteriële gladde spiercellen zich onder deze omstandigheden niet vermeerderen en 

TR3 niet tot expressie brengen. Adenovirus-gemediëerde overexpressie van TR3 in veneuze 

gladde spiercellen resulteert in een vermindering van veneuze gladde spiercel DNA synthese 

ten gevolge van mechanische rek. Toepassing van 6-MP, een agonist van TR3, tijdens 

mechanische rek resulteert ook in verminderde gladde spiercel DNA synthese, waarmee 

aangetoond wordt dat endogeen TR3 de groei van mechanisch gestimuleerde gladde 

spiercellen kan remmen. Hoofdstuk 6 beschrijft de expressie vanTR3 en zijn familieleden 

in in-stent restenose. Diverse kandidaat-genen, waarvan de expressie wordt beïnvloed door 

TR3, worden beschreven. Tn Hoofdstuk 7 worden de effecten van (remming van) TR3 op 

arteriogenese, contractie en dilatatie van aorta ringen en kleine mescnteriaal vaten onderzocht 

in transgene muizen. Er werden geen verschillcn in reactiviteit op vasoactieve substanties in 

de vaten van TR3- of ATA transgene en wild-type muizen waargenomen. Collateralc 

vaatgroei wordt ook niet beïnvloed door TR3. 

Samenvattend, in dit proefschrift tonen wij de functionele betrokkenheid van TR3 in vasculo-

proliferatieve ziekten aan. TR3 komt tot expressie in atherosclerotische lesies, in-stent 

restenose en veneuze graft arteriosclerose en remt de groei van zowel endotheelcellen als 

gladde spiercellen. Deze bevindingen hebben geleid tot onze stelling dat TR3 een athero-

protecticve functie heeft in de vaatwand. Dit proefschrift is wellicht een beginpunt voor 

klinische toepassingen van TR3 agonisten in de behandeling van gladde spiercel proliferatie 

in in-stent restenose, veneuze bypass en atherosclerose. 
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Dankwoord 
Het wordt vaker gezegd, maar dit is waarschijnlijk het enige hoofdstuk in het proefschrift 

wat iedereen leest. Als eerste wil ik mijn vader bedanken, omdat ik zonder hem nooit zover 

was gekomen. Van 3-HAYO naar 4-VWO was jouw idee en daarna biologie was ook een 

heel goed advies! Pap, je bent er niet meer, maar volgens mij kijk je van boven rustig mee. 

Zonder jouw adviezen en raad was ik nooit zover gekomen en ik geloof dat je behoorlijk 

trots zou zijn. 

Natuurlijk is dit boekje niet alleen door mijn inspanningen tot stand gekomen. Mijn promoter, 

Hans Pannekoek wil ik bedanken voor het feit dat ik in zijn laboratorium dit werk mocht 

verrichten. Beste Hans, je opbouwende kritiek en jouw fantastische kennis van het engels 

waren een grote bijdrage aan het totstandkomen van dit boekje. Je snelle nakijk werk leverde 

altijd een beter artikel op. 

Mijn co-promoter, Carlie de Vries; beste Carlie, jij hebt mij wegwijs gemaakt in de moleculaire 

biologie. Jouw onaflatende drang dingen grondig uit te zoeken zal voor altijd een voorbeeld 

voor mij zijn. Ik hoop dat we onze vruchtbare samenwerking nog lang kunnen voortzetten. 

Hooggeachte leden van de commissie Prof. Dr. Lie, Prof. Dr. Dacmen, Prof. Dr. van der 

Poll, Dr. van de Wal en Dr. Boot, ik ben uw allen zeer erkentelijk voor het kritisch lezen van 

het manuscript en voor uw bereidwilligheid om in de promotiecommissic plaats te nemen. 

Alle mensen op het Pannekoeklab wil ik bedanken voor hun fantastisch hulp. Tanja, zonder 

jouw had ik nooit zoveel moleculaire kennis kunnen opdoen, je bereidwilligheid om elke 

keer weer mijn vragen te beantwoorden was indrukwekkend. Maaike, je hebt ontzettend 

veel gedaan voor het TR3 project. Gaaf dat je nu zelf een promotieonderzoek bent begonnen. 

Mariska, jij trekt nu voornamelijk de TR3-kar, en op wat voor manier! Ik hoop dat we de 

komende tijd intensiever kunnen samenwerken. Birgit, ik vond het erg leuk paranimf met je 

te zijn. Jolanda, dank voor al je hulp in het begin van het TR3 project. Rob, je altijd vruchtbare 

advies ten aanzien van computers en de microarray waren zeer waardevol. Ook zonder 

Richard waren sommige computerproblemen nooit opgelost. Marten, bedankt voor je niet 

aflatende geduld en het verzamelen van kostbaar vaatmateriaal. Houshang, met jou kon ik 

het tenminste over de geneeskunde hebben. Anton en Ruud, hebben mij geïntroduceerd in 

de endotheelcel wereld en dat heeft hoofdstuk 4 opgeleverd. En de "nieuwe club", )oost, 

I lans, Oscar en Peter, het was erg gezellig in Toronto. 

De mensen zonder wiens hulp we de vaatproeven niet hadden kunnen uitvoeren; Dr. Peters, 

M. Mathy, en Dr. Pfaffendorf. Zonder wie er geen muizen (proeven) waren geweest; Marian 

van Rnon Tpovild loost en alle mensen van het ART \. Zonder wie er peen stretchnroiect 

was geweest; Dr. Wim Stooker, Dr. Hans Niessen en Prof. Dr. de Mol. En zonder wie er 
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geen virussen waren geweest, Jos nog heel erg bedankt voor je fantastische hulp met het 

produceren van de virussen en Paul, dank voor je gastvrijheid op jouw lab. I Ianneke, dank 

voor alle "inbed" hulp. 

De afdeling Cardiologie en Prof. dr. Lie, Prof. Dr. de Wilde en Prof Dr. van den Brink wil ik 

in het bijzonder bedanken voor de mogelijkheid mijn opleiding tot cardioloog te volgen in het 

AMC. Michiel, we hebben samen een erg leuk project getrokken, jammer dat het voornamelijk 

negatieve resultaten opleverde. Niels en Prof. Dr. Jan Piek wil ik bedanken voor de leuke en 

inspirerende samenwerking op het gebied van arteriogenese en restenose. De medewerkers 

van de cathlab en Dr. van de Wal bedankt voor het prachtige restenose materiaal. 

Mijn huidige collega's en internisten van het OLYG wil ik bedanken voor de leuke en gedegen 

eerste twee jaar van mijn opleiding. Mijn idee dat het OLYG een leuk ziekenhuis is, klopt 

helemaal! Dank voor alle humor en samenwerking. ]oris, Bernt, Jesse, Sanne, Guido, Mark, 

Aukje, jullie kom ik allemaal nog wel tegen in het AMC of in de Cardiologie. 

Lieve Lidewij, dank voor je niet aflatende steun en humor. Lieve Inge, jouw nuchtere kijk 

op dingen is een inspiratie (laat je niet gek maken). Tinus, thanks voor alle leuke borrelpraat 

en de gezelligheid. Lieve Madeleine, dank voor je jarenlange vriendschap. 

Lieve Viv, ik kan je niet genoeg bedanken voor al je werk en je vriendschap. Gaaf dat je 

uiteindelijk ook zo betrokken bent geweest bij het TR3-project. Zonder jou geen stretch, als 

ze dat maar weten! Fantastisch dat je mijn paranimf wil zijn en heel veel geluk en plezier in 

je nieuwe baan en huis. 

Lieve Tes, dank voor het feit dat je mijn paranimf wil zijn en daar zo ontzettend veel tijd 

voor uit hebt getrokken ondanks je drukke baan. 1 -In natuurlijk wil ik Pruik en jou bedanken 

voor de inmiddels lange vriendschap en jullie hartverwarmende gastvrijheid en avontuurlijke 

vakanties in Kenia. 

Lieve Peet bedankt voor alle steun de afgelopen jaren. Zonder jou moesten wc nu douchen 

bij de buren en konden we niet fatsoenlijk aan tafel zitten. Lieve mam, zonder jou steun was 

dit natuurlijk allemaal niet gelukt, dank dat je er altijd voor me bent. I ieve Berg, ook zonder 

jou was het allemaal een stuk moeilijker geweest, jouw relativeringsvermogen en humor 

hebben mij de betrekkelijke kant van het promoveren laten zien. 
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