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Chapter 6 

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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TR3, MINOR and NOT in in-sent restenosis 

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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T R 3 N O T M I N O R 
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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 

15 -i 

^ 12 i 

M 6H 
,1 

<?***> 

B 

60 

= -
3 I> •v o 40 

« 20 Jn 

D mock 
• ATA 
D TR3 

Mock ATA TR3 

• * * • » • 
1 0.7 2.4 

^ ^ ^ • ^ 

PKC8 

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 
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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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