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Nuclear receptor Nurr1 expressed in human in-stent 
restenosis inhibits proliferation and inflammatory 
gene expression of smooth muscle cells and reduces 
neointima formation in mice
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Abstract
Background: Restenosis is the major drawback of percutaneous transluminal 
coronary angioplasty and is characterized by activation and subsequent excessive 
proliferation of smooth muscle cells (SMC). In this study, we investigated expression 
of the nuclear receptor Nurr1 (NR4A2) in human in-stent restenosis and established 
the role of this transcription factor in vascular lesion formation. 

Methods and Results: Nurr1, as well as its subfamily members Nur77 and NOR-
1 are expressed in human coronary in-stent restenosis lesions as demonstrated by 
in-situ hybridization. In human primary SMCs Nurr1 is expressed in response to 
serum and tumor necrosis factor (TNF)-α. Lentiviral overexpression of Nurr1 in 
SMCs results in enhanced Nurr1 protein levels, predominantly in the nucleus, and 
inhibits proliferation of these cells, consistent with increased protein levels of the 
key cell-cycle inhibitor p27Kip1. Accordingly, silencing of Nurr1 with short hairpin 
RNA enhances proliferation of SMCs. Treatment of SMCs with TNF-α results in a 
remarkable pro-inflammatory response, whereas simultaneous Nurr1 overexpression 
reduces interleukin-1β, TNF-α and monocyte chemo-attractant protein (MCP)-1 
expression in these cells. Significantly, Nurr1 reduces wire injury-induced lesion 
formation in carotid arteries of ApoE-/- mice.

Conclusion: Nurr1 is expressed in human in-stent restenosis lesions, inhibits 
proliferation and inflammatory gene expression in SMCs and reduces neointima 
formation in mice. Since recently small-molecule drugs have been identified that 
enhance the transcriptional activity of this nuclear receptor, Nurr1 is an attractive 
novel target for intervention in vascular lesion formation. 
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Introduction
The major complication following percutaneous transluminal coronary angioplasty 
(PTCA) is (in-stent) restenosis, which is considered an accelerated form of 
atherosclerosis that can develop within months after the procedure (Welt and Rogers, 
2002). The pathophysiological mechanism of restenosis involves endothelial 
denudation and injury of the vessel wall caused by inflation of the angioplasty 
balloon in combination with stent placement. This injury to the vessel wall leads 
to local platelet aggregation and inflammatory cell recruitment, ultimately driving 
(excessive) smooth muscle cell (SMC) activation and proliferation (Costa and 
Simon, 2005). As a result, the end-stage vascular lesion in (in-stent) restenosis 
is predominantly composed of SMCs and is referred to as a SMC-rich vascular 
pathology. Recently, the application of sirolimus or paclitaxel drug-eluting stents, 
has considerably reduced the incidence of in-stent restenosis (Serruys et al., 2006; 
Stone et al., 2007). These drugs effectively inhibit SMC proliferation, but may also 
prohibit re-endothelialization and delay arterial healing, pathological processes 
implicated in (late) in-stent thrombosis (Luscher et al., 2007; Farb et al., 1999; Farb 
and Boam, 2007). Consequently, novel targets for specific intervention in in-stent 
restenosis, preferably with small-molecule drugs, need to be identified. 

In search for genes involved in SMC activation and proliferation, we discovered 
that the nuclear receptor Nurr1 is expressed in activated SMCs in vitro and in SMCs 
and macrophages in human atherosclerotic lesions (Arkenbout et al., 2002; Bonta et 
al., 2006; de Vries et al., 2000). So far, the transcription factor Nurr1 has mainly been 
associated with brain development in line with the observation that Nurr1-/- mice lack 
dopaminergic neurons (Zetterstrom et al., 1997). Other studies showed that Nurr1 is 
not only essential in the development of mesencephalic dopaminergic neurons and 
maintenance of their function, but that it may also play a role in the pathogenesis of 
Parkinson’s disease and related disorders (Chu et al., 2006). In addition, enhanced 
Nurr1 expression has been observed in human rheumatoid arthritis (McEvoy et al., 
2002), however, the expression of Nurr1 in human restenosis and the function of 
Nurr1 in SMCs in restenosis has not yet been described. 

The nuclear ‘orphan’ receptor Nurr1 (also denoted NR4A2 or NOT) is classified 
into the NR4A subfamily of nuclear receptors, which also includes Nur77 (NR4A1, 
TR3, NGFI-B) and NOR-1 (NR4A3, MINOR). The nuclear receptor superfamily 
comprises both ‘classical’ ligand-activated receptors such as the estrogen receptor, 
liver X receptors (LXR) and peroxisome-proliferator-activated receptors (PPAR) 
as well as orphan receptors like Nurr1, for which ligands have not been identified 
yet (A unified nomenclature system for the nuclear receptor superfamily, 1999). 
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Nurr1 contains a two zinc-finger DNA-binding domain, a C-terminal ligand-binding 
domain, and an N-terminal activation domain of which the latter shows only ~30% 
homology with the other two members of the subfamily (Maruyama et al., 1998). 
The DNA-binding domain interacts as a monomer with the consensus nerve growth 
factor-induced clone B (NGFI-B) response element (NBRE; AAAGGTCA) and 
as a homodimer and/or heterodimer with the palindromic Nur-responsive element 
(NurRE; TGATATTTX6AAAGTCCA) in promoters of target genes (Philips et al., 
1997). Furthermore, Nurr1 can form heterodimers with retinoid X receptors (RXR) 
via its C-terminal domain to mediate retinoid responses via a DR5-element (Wallen-
Mackenzie et al., 2003). In addition to direct binding to the promoter of target genes, 
Nurr1 also modulates gene transcription by transrepression of other transcription 
factors (Mix et al., 2007). Structural analyses of the C-terminal domain of Nurr1 
revealed that the classical ligand-binding cavity is filled with hydrophobic and 
aromatic amino-acid side-chains and that an atypical co-activator cleft is exposed 
on the surface (Volakakis et al., 2006; Wang et al., 2003). In line with these data, 
classical ligands that interact with the Nurr1 ligand-binding domain have not been 
identified thus far. Recently, however, several small-molecule drugs that enhance 
the transcriptional activity of Nurr1 have been documented, among which 6-
meraptopurine and benzamidizoles (Dubois et al., 2006; Ordentlich et al., 2003; 
Wansa et al., 2003). 

In the current study we show that Nurr1 is expressed in human in-stent restenosis 
tissue obtained by coronary atherectomy, and we demonstrate that Nurr1 has an anti-
proliferative and anti-inflammatory function in human cultured SMCs. In agreement 
with our in vitro data, Nurr1 protects against arterial wire-injury induced neointima 
formation in ApoE-/- mice. 

Materials and methods
Human Tissue Specimens, In Situ Hybridization and Immunohistochemistry
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 Committee of the Academic Medical Center, Amsterdam, The 
Netherlands. The retrieved specimens were immediately frozen in liquid nitrogen, stored 
at -80°C, and 5-µm sections were mounted on Superfrost plus glass slides (Emergo, 
Amsterdam, The Netherlands). In situ hybridization was performed with gene specific 
probes as described previously (Arkenbout et al., 2002). Immunohistochemistry was 
performed for Nurr1 protein and SMC detection and Elastin von Giesson staining was 
used to visualize elastic laminae of mouse carotid arteries. 
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Lentiviral Vector Construction and shRNA Interference
Human Nurr1 cDNA (Genbank X75918, bp 73-2310) was cloned into the pRRL-
cPPT-CMV-X2-PRE-SIN vector and recombinant lentivirus was generated by 
standard procedures (Seppen et al., 2002). Viral titers were determined by standard 
procedures as described (Sastry et al., 2002). For knockdown experiments short 
hairpin (sh) human and mouse Nurr1 sequences were designed and determined 
unique by the Whitehead Institute (Cambridge, UK) shRNA selection program 
(Yuan et al., 2004), and were cloned into p156RRL-sinPPT-CMV-GFP-PRE/NheI. 
Lentiviral transduction efficiency in human SMCs was determined by standard 
immunofluorescence techniques. Efficiency of endogenous Nurr1 knockdown by 
shNurr1 encoding virus was determined using semi-quantitative real-time RT-PCR 
(qRT-PCR). 

Short hairpin (sh) RNA primer sequences

*Bold sequences are target sequences; underlined sequences represent hairpin

SMC Culture 
SMCs were explanted from human umbilical cord arteries or mouse aortas and 
were cultured in Dulbecco’s Modified Eagle’s Medium (Invitrogen, Breda, The 
Netherlands) with 10% (v/v) fetal calf serum (FCS) and penicillin and streptomycin 
(Invitrogen). SMCs were transduced for 24 hours with recombinant lentiviruses 
encoding either human Nurr1, shRNA directed against Nurr1, or with the control 
viruses. After transduction the cells were cultured for an additional 72 hours before 
experiments were performed. 

DNA Synthesis and Western Blotting
DNA synthesis was monitored by 5-bromo-2-deoxyuridine (BrdU) incorporation 
according to manufacturers’ protocol (Roche, Basel, Switzerland). For Western 
blotting, p27Kip1, Nurr1 and α-tubulin were detected with primary antibodies (BD 
Biosciences, Franklin Lakes, NJ, M-196, Santa Cruz Biotechnology and Cedar 
Lane, Canada, respectively) and HRP-conjugated secondary antibodies. Proteins 
were visualized by enhanced chemiluminescence detection (Lumi-LightPLUS; Roche 
Diagnostics GmbH, Mannheim, Germany). Quantitative analysis was performed by 

Human 
Nurr1: 

5’-CTGTCTAGACAAAAATACAGCTCCGATTTCTTAATCTCTTGAA
TTAAGAAATCGGAGCTGTAGGGGATCTGTGGTCTCATACA-3’*

Murine 
Nurr1: 

5’-CTGTCTAGACAAAAAATACGTGTGTTTAGCAAATTCTCTTGAA
ATTTGCTAAACACACGTATGGGGATCTGTGGTCTCATACA-3’*
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the Lumi-Imager (Boehringer Mannheim, Mannheim, Germany). α-Tubulin staining 
served as a control for equal loading.

Inflammatory Gene Expression Analysis 
SMCs were stimulated with 25 ng/ml recombinant human TNF-α (R&D, Minneapolis, 
Mn) or LPS (Sigma, St Louis, Mo). Cells were lysed and RNA was extracted at 
time points indicated (Aurum RNA isolation kit Biorad, Hercules, CA). cDNA 
was synthesized (iScript Biorad) and inflammatory gene expression analyzed with 
multiplex ligation-dependent probe amplification (MLPA) assay (MRC-Holland, 
The Netherlands) (Eldering et al., 2003), or qRT-PCR using gene-specific primers 
and SYBR-Green (MyiQ RT-PCR System, Biorad). Experiments were performed in 
duplicate with 3 distinct SMC isolates. 

Mouse Model of Arterial Wire Injury and Lentiviral Transduction
Female ApoE-/- mice, 9-10 weeks old, were obtained from the local animal breeding 
facility and fed a Western-type diet containing 0.25% cholesterol and 15% cacao 
butter (SDS, Sussex, UK) throughout the experiment starting 1 week before surgery. 
Plasma cholesterol levels were determined at 0, 1.5, 3 and 4 weeks during the 
experiment using a colorimetric enzymatic assay and no differences were observed 
between the treatment groups. All animal work was approved by regulatory authorities 
of Leiden University and complied with Dutch government guidelines. Transluminal 
wire injury of the left common carotid artery was performed as described previously 
(Krohn et al., 2007; Lindner et al., 1993; Schober et al., 2004). Briefly, a 0.36 mm 
flexible angioplasty guide wire was advanced into the common carotid artery via the 
left external carotid artery, and endothelial denudation was achieved by 3 rotational 
passes. For lentiviral transfer, the lumen of the carotid artery was incubated for 15 
minutes with lentivirus containing Nurr1, shNurr1 sequences or control lentivirus 
(1010 IU/mouse supplemented with 10 μg/mL DEAE-dextran) directly after wire 
injury. Animals were euthanized at 4 weeks after injury, perfusion fixed and the 
carotids were taken out and embedded in paraffin. Starting at the bifurcation, 
serial tissue sections (5 µm) were obtained from left common carotid arteries. For 
morphometry, 10 sections (each 250 µm apart) were Elastin von Giesson stained 

Gene Forward primer sequence Reverse primer sequence
hNurr1 5’-TATTCCAGGTTCCAGGCGAA-3’   5’-GCTAATCGAAGGACAAACAG-3’ 
mNurr1 5’-CCGCCTGTCACTCTTCTCC-3’ 5’-GGTCTGCCCATCCACTACG-3’
hIL-1β 5’-TGGCAGAAAGGGAACAGAAAGG-3’ 5’-GTGAGTAGGAGAGGTGAGAGAGG-3’
hTNF-α 5’-AGGACACCATGAGCACTGAAAG-3’ 5’-AGGAGAAGAGGCTGAGGAACAAG-3’
hMCP-1 5’-CCTAGCTTTCCCCAGACACC-3’    5’-CCCAGGGGTAGAACTGTGG-3
hIL-6 5’-TGTAGCCGCCCCACACAG-3’ 5’-GCTGCTTTCACACATGTTACTCTTG-3’
hIL-8 5’-CTGCGCCAACACAGAAATTA-3’ 5’-ATTGCATCTGGCAACCCTAC-3’
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to visualize elastic laminae and medial, intimal and luminal surface areas were 
quantified by morphometric analysis (Leica Qwin, Germany). Experiments were 
performed with 7 to 9 animals per group.

Statistical Analyses
The unpaired Student t test was used to calculate the statistical significance of BrdU 
incorporation and expression ratios versus control. In animal experiments data are 
reported as mean ± SEM and were analyzed with the nonparametric Mann-Whitney 
2-tailed U test (SPSS 12.0 for Windows, SPSS Inc, Chicago, Illinois, USA). P<0.05 
was considered statistically significant.

Results
NR4A Nuclear Receptors are expressed in Human In-Stent Restenosis
In the current study, we analyzed expression of all three NR4A nuclear receptors in 
human in-stent restenosis, a vascular pathology characterized by SMC proliferation 
and activation (Costa and Simon, 2005). In-stent restenosis specimens, obtained by 
intravascular directional atherectomy in coronary arteries of nine different patients, were 
analyzed for Nurr1, Nur77 and NOR-1 expression by radioactive in situ hybridization 
(see Table 1 for patient characteristics; gender, age, and time interval between stenting 
and atherectomy). In accordance with previous studies, immunohistochemical analyses 
demonstrated that the main cell-type in human in-stent restenosis lesions is the SMC 
(Figure 1A) (Komatsu et al., 1998). In addition to SMCs, a relatively low number 
of macrophages were detected by macrophage-specific immunohistochemistry on 
consecutive sections (Figure 1B). NR4A nuclear receptor mRNA expression was 
observed by in situ hybridization experiments with gene-specific probes as shown in 
Figure 1C and at larger magnification in specimens derived from two distinct patients 
in Figure 1D-F and G-I, respectively. In each of the nine different specimens analyzed, 
we observed substantial expression of Nurr1 throughout the lesion. The percentage of 
cells expressing each of the nuclear receptors was determined and revealed a relatively 
high percentage of cells expressing Nurr1 (36 ± 6%) and Nur77 (33 ± 7%), whereas 
NOR-1 expression was less abundant (17 ± 3%; Table 1). 

Nurr1 inhibits Proliferation of Human Vascular SMCs 
Since proliferation of vascular SMCs is of critical importance in (in-stent) restenosis, 
we analyzed the function of Nurr1 in this process. In cultured human vascular 
SMCs, Nurr1 mRNA is transiently induced with optimal mRNA expression levels 
2 hours after treatment with FCS, a strong mitogenic stimulus (supplementary 



70 71

Immunohistochemistry In situ hybridization

hu
m

an
at

he
re

ct
om

y

Nur77

SMC MΦ

Nurr1

Nurr1

NOR-1

sp
ec

im
en

2
sp

ec
im

en
1

A B C

D

IHG

FE

Sex Age (yrs)
Time Interval 

(mo)
NR4A expression (% of cells)

Nurr1 Nur77 NOR-1

F 75 8.6 23 38 33
M† 68 2.1 25 31 16
M‡ 68 17.5 35 31 25
M 57 15.1 27 13 7
M 75 9.7 18 17 18
M 62 7.2 48 2 -
F 48 4.0 28 45 4
M 69 3.0 50 78 21
F 48 2.2 70 43 13

Average (±SEM) 36 (±6) 33 (±7) 17 (±3)
M: male; F: female; yrs: years; mo: months between PTCA and atherectomy; -: not determined. †: 
shown in Figure 1, A-F; ‡: shown in Figure 1, G-I.

Table 1. Patient characteristics and mRNA expression of Nurr1, Nur77 and NOR-1 in human 
coronary atherectomy specimens. 

Figure 1. Nurr1, Nur77 and NOR-1 expression in human in-stent restenosis atherectomy specimens. 
Serial sections were analyzed by immunohistochemistry to detect (A) SMCs and (B) macrophages 
(red). (C-I) NR4A nuclear receptor expression was detected by radioactive in-situ hybridization with 
gene-specific probes on consecutive sections. mRNA expression (black silver grains) expression of 
Nurr1 (D, G), Nur77 (E,H) and NOR-1 (F, I) was detected throughout the lesions. The data from two 
specimens are shown (D-F and G-I, respectively). All sections were counterstained with hematoxylin to 
detect nuclei (blue).  A-C: 25x magnification; D-I: 200x magnification. Mφ indicated macrophages. 
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Figure S1A). Four hours after treatment with FCS endogenous Nurr1 protein is 
observed in the nucleus (supplementary Figure S1B). These data are in line with 
our previous observation that conditioned medium of activated macrophages 
promotes expression of this nuclear receptor (Arkenbout et al., 2002). To perform 
gain of function experiments we applied recombinant lentivirus encoding Nurr1 
to optimally express Nurr1 in primary SMCs. In addition, short-hairpin (sh)RNA 
encoding viruses were generated for knockdown experiments. Nurr1 overexpression 
results in nuclear localization of Nurr1 protein as shown by immunofluorescence 
(Figure 2A). Lentiviral delivery of shRNA directed against Nurr1 mRNA resulted 
in over 80% knockdown of endogenous Nurr1 mRNA levels both in the absence 
and in the presence of FCS (supplementary Figure S2). We demonstrate that Nurr1 
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Figure 2. Nurr1 inhibits proliferation of human vascular SMCs. (A) Vascular SMCs were efficiently 
transduced with lentivirus encoding Nurr1, which resulted in nuclear localization of the Nurr1 protein 
as detected by immunofluorescence using a Nurr1-specific antibody. Nurr1 protein (red). Nuclei 
were detected by Hoechst (blue). (B) SMCs were transduced with lentiviruses encoding either Nurr1, 
shNurr1 or with the control viruses. Quiescent SMCs were stimulated with FCS and p27Kip1 protein 
expression was analyzed by Western blotting, showing increased expression in SMCs overexpressing 
Nurr1 (specific band indicated with an arrow, nonspecific bands indicated by asterisk (*). α-tubulin 
expression served as loading control (B, left panel). Quantification of p27Kip1 protein showed a 1.8 fold 
increase in Nurr1 overexpressing SMCs as compared to control (B, right panel). (C) Proliferation was 
assessed by DNA synthesis BrdU-incorporation assays and demonstrated that Nurr1 overexpression 
results in inhibition of proliferation of SMCs as compared to control. (D) shRNA-mediated knockdown 
of endogenous Nurr1 increased proliferation of SMCs as compared to control (n=3 ±SD, Student  t test; 
p<0.05). 
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overexpression in SMCs results in increased protein levels of p27Kip1, a crucial cell-
cycle inhibitor in vascular SMCs (Figure 2B) (Boehm and Nabel, 2003). Consistent 
with these data, Nurr1 overexpression reduces DNA synthesis 1.7 fold as measured 
by BrdU incorporation in these cells (Figure 2C), whereas knockdown of endogenous 
Nurr1 increases DNA synthesis 2.6 fold (Figure 2D). From these data we conclude 
that Nurr1 inhibits vascular SMC proliferation involving upregulation of p27Kip1.

Nurr1 reduces Inflammatory Gene Expression in Vascular SMCs
Next, we assayed whether Nurr1 modulates SMC activation, since inflammatory 
processes are crucially involved in (in-stent) restenotic lesion formation. First, we 
studied the expression of Nurr1 in human vascular SMCs in response to LPS or 
TNF-α, pro-atherogenic stimuli involved in neointima formation (Hansson and 
Libby, 2006). In response to TNF-α, Nurr1 mRNA is transiently induced over 50 
fold with optimal expression 1 hour after stimulation, whereas LPS does not affect 
early Nurr1 expression (Figure 3A). To characterize the inflammatory response of 
SMCs, we performed a multiplex ligation-dependent amplification (MLPA) assay 
(Figure 3B) and semi-quantitative, real-time RT-PCR (Figure 3C) on RNA samples 
from TNF-α and LPS-treated SMCs. These experiments revealed strong induction of 
several pro-inflammatory cytokines and chemokines, most significantly IL-1β, TNF-
α, MCP-1, IL-8 and IL-6  (Figure 3B and C). 

To investigate the function of Nurr1 during SMC activation the expression of 
these inflammatory genes was analyzed in gain of function and knockdown studies. 
Nurr1 does not change IL-8 and IL-6 expression (data no shown), however, Nurr1 
overexpression inhibits TNF-α-induced expression of IL-1β (2.5 fold), TNF-α (1.5 
fold) and MCP-1 (1.7 fold; Figure 4A). In line with these data, shRNA-mediated 
knockdown of endogenous Nurr1 revealed a robust 4.5 fold increased expression 
of TNF-α, while a non-significant 1.3 fold increase of IL-1β and MCP-1 expression 
was observed (Figure 4B). 

Nurr1 reduces Neointima Formation after Arterial Injury in ApoE-/- mice.
Based on our observation that Nurr1 is expressed in human in-stent restenosis lesions 
and the inhibitory effect of Nurr1 on vascular SMC proliferation and inflammatory 
gene expression in vitro, we hypothesized that Nurr1 attenuates neointima formation. 
To test this hypothesis, we applied a dedicated arterial wire-injury model in ApoE-

/- mice. In this model, endothelial denudation of the left common carotid artery was 
performed by wire injury followed by local transduction of the injured vessel wall 
with lentiviruses encoding either Nurr1 or shRNA directed against endogenous Nurr1 



72 73

4

N
ur

r1
 in

 S
M

C
-r

ic
h 

ne
oi

nt
im

a 
fo

rm
at

io
n

A
Nurr1

B

MIF
Gstp1
cdkn1a
Myc
bmi1
tnfrsf1
B2M
parn
Ptp4a2
IL-12b
thbs1
IL-6
IL-15-R01
IL-1β
IL-1α
NFκBIA
NFκB1
MCP-1
IL-8

Fold change
10

1

0.1

TNF-α LPS

C

0

30

60

90

120

0 6 12 18 24hrs

m
R

N
A

ex
pr

es
si

on
[A

U
]

0

50

100

150

200

0 6 12 18 24hrs
0

20

40

60

80

0 6 12 18 24hrs
0

100

200

300

400

0 6 12 18 24hrs
0

50

100

150

200

0 6 12 18 24hrs

0

500

1000

1500

2000

2500

3000

0 1 2 3 4 5 6

Time [hrs]

m
R

N
A

ex
pr

es
si

on
[A

U
] TNF-α

LPS

IL-1β TNF-α MCP-1 IL-8 IL-6

BA

0

100

200

300

400

500

600

IL-1β TNF-α MCP-1

m
R

N
A

ex
pr

es
si

on
[A

U
]

shCon2 shNurr1

0

20

40

60

80

100

120

IL-1β TNF-α MCP-1

m
R

N
A

ex
pr

es
si

on
[A

U
]

Mock Nurr1

Figure 4. Nurr1 inhibits inflammatory gene expression in human vascular SMCs. (A-B) SMCs 
were transduced with lentiviruses encoding Nurr1, shNurr1 or with the control viruses and cyto- and 
chemokine expression was determined 6 hours after TNFα stimulation. (A) Nurr1 overexpression 
inhibits expression of IL1β, TNFα and MCP1. (B) ShRNA-mediated knockdown of endogenous Nurr1 
results in a 4.5 fold increased expression of TNF-α, while a non-significant 1.3 fold increase of IL-1β 
and MCP-1 expression was observed (n=3, ±SD, Student  t test; p<0.05).

Figure 3. Nurr1 is expressed in TNFα-activated vascular SMCs, in which the inflammatory response 
is characterized by increased expression levels of pro-inflammatory cyto- and chemokines. (A) 
Nurr1 mRNA is transiently induced in human SMCs after TNFα stimulation with optimal expression 
after 1 hour, as determined by real-time RT-PCR. (B) The expression of pro-inflammatory cytokines 
and chemokines was assayed 6 hours after TNFα and LPS activation of SMCs by MLPA. The data of 
triplicate experiments are summarized in a heat map. (C) For a number of pro-inflammatory cytokines 
and chemokines (IL-1β, IL-6, IL-8, TNF-α and MCP-1 mRNA expression levels were assessed at 
different time points after TNF-α stimulation by real-time RT-PCR. 
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or with control virus. Following injury the mice received a Western-type diet for 4 
weeks after which the arteries were harvested and the lesions at the site of injury 
were analyzed. Nurr1 overexpression was detected in medial SMCs by radioactive 
in situ hybridization (Figure 5A). ShRNA-mediated Nurr1 knockdown resulted 
in a 5.4 fold reduction of endogenous Nurr1 expression in murine vascular SMCs 
(Figure 5B). Immunohistochemical analyses of the lesions revealed the presence of 
SMCs (Figure 5C), and morphometric analysis demonstrated that medial surface 
area (Figure 5D), and total vascular surface area (data not shown) were comparable 
between all groups. Overexpression of Nurr1 resulted in a significant 2.5 fold 
reduction in neointimal area as compared to control (42.2 ± 9.0 × 103 µm2 vs. 16.9 ± 
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Figure 5. Nurr1 inhibits neointima formation in the arterial wire-injury model in ApoE-/- mice. 
Carotid arteries of female ApoE-/- mice were exposed to transluminal wire-injury and subsequently 
treated with lentivirus containing Nurr1, shNurr1 or control virus. Lesions were analyzed 4 weeks 
after atherogenic diet. (A) Nurr1 overexpression was detected in medial SMCs by radioactive 
in situ hybridization. (B) ShRNA directed against murine Nurr1 resulted in a 5.4 fold reduction of 
endogenous Nurr1 expression in murine vascular SMCs as determined by real-time RT-PCR. (C) 
Immunohistochemical analysis of the neointima in control mice revealed a SMC- and macrophage-rich 
lesion. SMCs were detected by immunohistochemistry (red) and Elastin von Giesson staining (EVG, 
black) was used to visualize the elastic laminae. All sections were counterstained with hematoxylin 
(blue). (D) Morphometric analyses revealed that medial surface areas were comparable between all 
groups. (E-F) Overexpression of Nurr1 reduces neointimal area 2.5 fold and neointima/media ratio 2.3 
fold, whereas knockdown of endogenous Nurr1 results in a trend towards increased neointimal area 
and neointima/media ratio (n=7 to 9 per group, ±SEM, nonparametric Mann-Whitney 2-tailed U test, 
p<0.05).
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3.3 × 103 µm2; p<0.05) and a 2.3 fold reduction in neointima/media ratio (0.75 ± 0.17 
vs. 0.32 ± 0.05; p<0.05). In line with these data, Nurr1 knockdown resulted in a trend 
towards a 1.4 fold increase in neointimal area as compared to control (42.2 ± 9.0 × 
103 µm2 vs. 61.0 ± 13.5 × 103 µm2; p=0.27) and a 1.5 fold increase in neointima/
media ratio (0.75 ± 0.17 vs. 1.16 ± 0.25; p=0.16; Figure 5E-F). 

Discussion
In this study, we demonstrate high expression levels of the nuclear receptor Nurr1 
and its subfamily members in human coronary in-stent restenosis lesions and we 
show that overexpression of Nurr1 reduces lesion formation upon wire-injury in 
ApoE-/- mice. Decreased lesion formation is explained by Nurr1-mediated inhibition 
of SMC proliferation as well as by reduction of the inflammatory response of these 
cells. Thus, even though increased expression of Nurr1 is seen in response to pro-
atherogenic stimuli in SMCs and in vascular lesions, Nurr1 has a protective function 
in SMCs and vascular lesion formation, pointing towards involvement of Nurr1 in a 
negative feedback mechanism. 

SMC proliferation and migration are well-established crucial events in progression 
of restenosis and other SMC-rich vascular pathologies, like vein-graft disease and 
transplant vasculopathy (Dzau et al., 2002; Mitchell and Libby, 2007). In the current 
study, we demonstrate early and transient Nurr1 expression in human vascular 
SMCs in response to FCS, a strong mitogenic stimulus. ShRNA-mediated Nurr1 
knockdown was shown to increase proliferation of SMCs, whereas overexpression 
of Nurr1 reduces SMC proliferation concomitant with increased expression of 
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Supplementary Figure S1. Human vascular SMCs were stimulated with FCS and endogenous 
Nurr1 expression was detected by real-time RT-PCR and immunofluorescence. (A) Nurr1 
mRNA is transiently induced with optimal expression levels 2 hours after treatment with FCS. (B) 
Endogenous Nurr1 protein localizes to the nucleus 4 hours after treatment with FCS as detected by 
immunofluorescence using a Nurr1-specific antibody. Nurr1 protein (red). Nuclei were detected by 
Hoechst (blue). 
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p27Kip1. Various studies using human vascular tissue and animal models have 
provided cumulative evidence that p27Kip1, a cyclin-dependent kinase inhibitor, is a 
key regulator of vascular SMC proliferation in restenosis (Boehm and Nabel, 2003; 
Tanner et al., 1998). Relatively low levels of p27Kip1 expression has been reported 
in primary human atherosclerotic and restenotic tissue versus non-diseased arterial 
tissue and p27Kip1 expression level and proliferation rate of vascular SMCs were 
shown to be inversely correlated in human atheroma (Braun-Dullaeus et al., 2003). 
Moreover, in the rat balloon injury model, adenovirus-mediated overexpression of 
p27Kip1 attenuated neointimal lesion formation (Chen et al., 1997). In line with these 
data, the observed enhanced p27Kip1 expression in Nurr1 transduced SMCs may, at 
least partially, explain the growth inhibitory effect of Nurr1. 

We have previously shown that NR4A-subfamily member Nur77, has an anti-
proliferative function in cultured human vascular SMCs and that transgenic mice, 
which overexpress Nur77 in arterial SMCs are protected from SMC-rich lesion 
formation (Arkenbout et al., 2002).These data could indicate that Nurr1 and Nur77 
have similar functions in controlling SMC proliferation. In contrast to Nurr1 and 
Nur77, NOR-1 promotes human vascular SMC growth in vitro, and SMCs isolated 
from NOR-1-deficient mice show repressed proliferation, which is rescued by 
re-introducing the NOR-1 gene in these cells (Martinez-Gonzalez et al., 2003; 
Nomiyama et al., 2006). At this moment, the mechanism for the distinct roles of 
the NR4A family members in SMC proliferation remains to be elucidated, however, 
the ability of both Nurr1 and Nur77, unlike NOR-1, to heterodimerize with RXR 
enables these two nuclear receptors to mediate gene expression in vascular cells 
via rexinoid-responsive elements, which may explain the distinct effects of these 
nuclear receptors. Alternatively, because RXR is a common partner for other nuclear 
receptors that affect vascular SMC function such as PPARs or LXRs, competition for 
these alternative RXR heterodimeric partners for RXR may be involved (Blaschke et 
al., 2004; Marx et al., 1998). 

Supplementary Figure S2. Lentiviral delivery of shRNA 
directed against Nurr1 results in efficient knockdown of 
endogenous Nurr1 both in the absence and in the presence 
of FCS as detected by semi-quantitive RT-PCR.
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The modulation of the inflammatory response of SMCs in vascular disease has 
gained less attention than the role of proliferation and migration of these cells. 
However, evidence accumulates that SMC activation also involves increased synthesis 
of pro-inflammatory cytokines and chemokines, like for example MCP-1, that are 
responsible for accelerated inflammatory cell recruitment (Krohn et al., 2007; Wang 
et al., 1991; Weber et al., 2004). In line with these data, a recent study demonstrated 
that vascular SMCs express relatively high levels of inflammatory genes as compared 
to SMCs derived from bronchus, intestine or uterus tissue (Chi et al., 2007). In the 
current study, we revealed high Nurr1 expression in vascular SMCs in response to 
TNF-α, a major pro-inflammatory and pro-proliferative stimulus in vascular diseases 
(Zhang et al., 2007). Further analysis of inflammatory gene expression in human 
vascular SMCs demonstrated that TNF-α and LPS enhance the expression of an array 
of pro-inflammatory cytokines and chemokines, such as IL-1β, TNF-α, IL-6, IL-8, 
and MCP-1, which are of critical importance in vascular disease (Hansson and Libby, 
2006). Significantly, Nurr1 overexpression in SMCs reduces expression of IL-1β, 
TNF-α and MCP-1, whereas shRNA-mediated knockdown experiments showed an 
increase of TNF-α, and to a lesser extent IL-1β and MCP-1 expression. We hypothesize 
that inhibition of the pro-inflammatory transcription factor NF-κB is involved in the 
anti-inflammatory properties of Nurr1 in SMCs, since Nurr1 has been identified in a 
genome-wide screen as an inhibitor of NF-κB (Diatchenko et al., 2005). 

To study the in vivo function of Nurr1 in SMC-rich lesion formation, we applied 
the wire-injury model in ApoE-/- mice and infected the carotid artery locally with 
lentiviral vehicles. In this model predominantly SMCs are infected by the recombinant 
virus as the wire disrupts the endothelial cell layer and inflammatory cells have not 
been recruited yet. Therefore, this approach allowed us to specifically establish the 
protective function of Nurr1 in SMCs in neointima formation. 

Recent structural studies showed that the ligand-binding pocket of Nurr1 is filled 
with bulky amino-acid side chains (Wang et al., 2003). Taken this into account, 
it is remarkable that small-molecule drugs have been identified that enhance the 
transcriptional activity of this nuclear receptor (Dubois et al., 2006; Ordentlich et 
al., 2003; Wansa et al., 2003; Hintermann et al., 2007; Morita et al., 2005). So far 
these Nurr1 activators are considered as potential drugs to modulate dopaminergic 
neuron function, and may be beneficial in Parkinson’s disease. The data presented in 
our current study suggest that (local) application of these Nurr1 activators may also 
prevent SMC-rich vascular lesion formation.

In summary, we revealed expression of Nurr1 in human in-stent restenosis 
lesions, and demonstrated that Nurr1 reduces SMC proliferation and inflammatory 
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responses, and inhibits vascular lesion formation. Based on these data we propose 
Nurr1 as a novel potential therapeutic target in prevention of (in-stent) restenosis and 
other proliferation and inflammation-driven vascular diseases. 
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