
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Nur77 and FHL2: Novel players in vascular and immune disease

Kurakula, K.B.

Publication date
2015
Document Version
Final published version

Link to publication

Citation for published version (APA):
Kurakula, K. B. (2015). Nur77 and FHL2: Novel players in vascular and immune disease.

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:10 Nov 2022

https://dare.uva.nl/personal/pure/en/publications/nur77-and-fhl2-novel-players-in-vascular-and-immune-disease(539a6f80-0f42-47ff-8f2c-a127d123b4d2).html


Nur77 and FHL2: Novel 
Players in Vascular and Immune 

Disease

Konda Babu Kurakula

Nur77 and FHL2: 
Novel Players in 

Vascular and
 Immune Disease

by
Konda Babu 

Kurakula

Invitation

PhD thesis public 
defence 

30 June 2015
Tuesday 14.00

Agnietenkapel
Oudezijds Voorburgwal 

231
1012 EZ  Amsterdam

You are kindly 
invited to join the 
defence and the 

reception thereafter

Paranymphs:

Nazanin Hakimzadeh
n.hakimzadeh@amc.

uva.nl

Lejla Medzikovic
l.medzikovic@amc.uva.nl

N
ur77 and FH

L
2: N

ovel Players in Vascular and Im
m

une disease 
K

onda B
abu K

urakula



Nur77 and FHL2: Novel Players 
in Vascular and Immune Disease



ISBN: 978-94-6233-012-2 

Cover design and Lay-out by Dollar photo club and Konda Babu Kurakula

Printed by Gildeprint, Enschede.

This research forms part of the Project P1.02 NEXTREAM of the research program 
of the BioMedical Materials institute, co-funded by the Dutch Ministry of Economic 
Affairs. The research described in this thesis was supported by a grant of the Dutch 
Heart Foundation (NEXTREAM – DHF 2008T090).
 
Financial support by the Dutch Heart Foundation for the publication of this thesis is 
gratefully acknowledged.

The printing of this thesis was financially supported by: the Department of Medical 
Biochemistry, Academic Medical Center (AMC); Tebu-bio (The Netherlands); BD 
Biosciences (Belgium).

The research described in this thesis was conducted at the department of Medical 
Biochemistry, Academic Medical Center, University of Amsterdam. 

Copyright@2015 by Konda Babu Kurakula
All rights are reserved. No part of this thesis may be reproduced, stored, or
transmitted in any form or by any means, without written permission of the author. 



Nur77 and FHL2: Novel Players 
in Vascular and Immune Disease

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van doctor
aan de Universiteit van Amsterdam
op gezag van de Rector Magnificus

prof. dr. D.C. van den Boom
ten overstaan van een door het college voor promoties ingestelde

commissie, in het openbaar
te verdedigen in de Agnietenkapel

op dinsdag 30 juni 2015, te 14.00 uur

door 

Konda Babu Kurakula

geboren te Viravada, India



Promotiecommissie

Promotor:            Prof. dr. C.J.M. de Vries

Co-promotores:   Dr. C.M. van Tiel
            Dr. V. de Waard

 Overige leden:     Prof. dr. J.C.M. Meijers 
                       Prof. dr. M.J.T.H. Goumans

                 Prof. dr. M.P.J. de Winther
         Prof. dr. M. Yazdanbakhsh 
         Dr. N. Zelcer

     Faculteit der Geneeskunde



“A person who never made a mistake never tried anything 
new.”-Albert Einstein

“It always seems impossible until it’s done.” - Nelson Mandela

        To my family…



Table of Contents

Chapter 1       General introduction and outline of the thesis                           9  
Part I       Vascular and Immune diseases   11          
Part II       Nuclear Receptors in Vascular Disease            27
Part III       The Interactome of NR4A Nuclear Receptors                         43

Chapter 2  Dual function of Pin1 in NR4A nuclear receptor 
activation:enhanced activity of NR4As and increased 

                                 Nur77 protein stability                                                             59

Chapter 3  FHL2 protein is a novel co-repressor of nuclear 
 receptor Nur77                   83

Chapter 4  6-Mercaptopurine reduces cytokine and Muc5ac 
 expression involving inhibition of NFkB activation in 
 human airway epithelial cells              101

Chapter 5  Nuclear receptor Nur77 attenuates airway inflammation 
 in mice by suppressing NFkB activity in lung epithelial 
 cells              123

Chapter 6  Deficiency of LIM-only protein FHL2 attenuates
 airway inflammation in mice and genetic variation
 in FHL2 associates with human bronchohyperreactivity      151

Chapter 7  LIM-only protein FHL2 regulates pulmonary
 Schistosoma mansoni egg granuloma formation            183

Chapter 8  The LIM-only protein FHL2 reduces vascular lesion
 formation involving inhibition of proliferation and
 migration of smooth muscle cells                          207

Chapter 9  LIM-only protein FHL2 is a positive regulator of         



liver X receptors in smooth muscle cells involved 
 in lipid homeostasis               223

Chapter 10  FHL2 interacts with Tissue Factor and modulates      
 its activity in vascular cells              247

Chapter 11  General discussion                 265

Chapter 12  Summary                  289
Samenvatting                297
About the author               303
PhD portfolio                304
List of publications               306
Acknowledgements               309





General Introduction
 
Part I   Vascular and Immune diseases

     1. Cardiovascular diseases
1.1 Atherosclerosis
1.2 Restenosis
1.3 Coagulation

     2. Immune disease
2.1 Asthma and airway inflammation
2.2 Schistosomiasis

Part II  Nuclear Receptors in Vascular Disease
Nuclear Receptors in atherosclerosis: a superfamily with many 
‘Goodfellas’.  Kurakula K, Hamers AA, de Waard V, de Vries CJ. 
Mol Cell Endocrinol. 2013;368:71-84.

Part III The Interactome of NR4A Nuclear Receptors
NR4A nuclear receptors are orphans but not lonesome. Kurakula 
K, Koenis DS, van  Tiel CM, de Vries CJ. 
Biochim Biophys Acta. 2014;1843:2543-2555.

1





General Introduction
This thesis aims to understand the role of the nuclear receptor Nur77 and LIM-
only protein FHL2 in vascular and immune disease. The research described in this 
thesis has a strong focus on the function of Nur77 and FHL2 in vascular diseases 
such as restenosis and coagulation, and immune diseases including asthma and 
schistosomiasis. The studies are dedicated to obtain a better understanding of the 
underlying causes behind restenosis, coagulation, asthma and schistosomiasis, and 
will hopefully contribute to improved prevention and treatment strategies in the 
future. 

This general introduction comprises three parts to provide complete overview of the 
study subjects. Part I contains a brief introduction on vascular diseases and immune 
diseases. Part II introduces the superfamily of nuclear receptors and describes 
briefly the function of Nur77 in vascular cells including endothelial cells, smooth 
muscle cells and macrophages in atherosclerosis. In Part III, the last section of 
this general introduction, the interactome of all three NR4A nuclear receptors with 
emphasis on Nur77 is described in detail. 

PART I
1. Cardiovascular diseases
Cardiovascular disease (CVD) is the most prevalent and expensive life-threating 
disease in our society that affects a large population with disease burden ever 
increasing as we age. It remains a predominant cause of morbidity and mortality 
worldwide in spite of our advances in the understanding of the etiology [1]. Indeed, 
WHO reported that CVD are the number one cause of death throughout the world 
killing 17.5 million people only in 2012 [2]. As a consequence of these daunting 
statistics, an enormous amount of effort has been devoted into elucidating the 
underlying causes and finding the potential therapeutic strategies to this major health 
problem. Although mortality rates related to CVD are significantly reduced due 
to the identification of major risk factors such as obesity, dyslipidemia, diabetes, 
and hypertension, the prevalence of the heart disease is greatly expanding [3]. This 
impending burden of disease stresses the need for further insight into the molecular 
mechanisms that contribute to the pathology of CVD and the search for innovative 
therapeutic agents for prevention and treatment. 
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1.1. Atherosclerosis
Atherosclerosis is one of the most frequent cardiovascular diseases and a leading 
cause of death in the developed countries. It is a chronic inflammatory disease 
characterized by accumulation of lipids in the vascular wall and accompanied 
by innate and adaptive immune responses. Atherosclerotic plaques are mainly 
composed of inflammatory cells, smooth muscle cells (SMCs), lipoproteins, and 
calcium [4;5]. There is compelling evidence showing that inflammation plays 
a key role in both the initiation and progression of atherosclerosis. Well-known 
risk factors for atherosclerosis such as obesity, hypertension, and diabetes have a 
significant contribution to the development of atherosclerosis through exacerbation 
of the on-going inflammatory response [6]. This increased inflammation leads to 
enhanced inflammatory cell and SMC content and extracellular matrix deposition in 
the vascular wall [4;7]. Atherosclerotic plaques may grow over a prolonged period 
of time –decades- without clinical symptoms. As the plaque advances, it may rupture 
and cause obstruction of blood flow through formation of a local thrombus which 
eventually results in cardiovascular events such as stroke, myocardial infarction, or 
acute coronary diseases. 

The healthy arterial vessel wall consists of three layers namely intima, media and 
adventitia. The innermost layer is the intima, which consists of a single layer of 
endothelial cells denoted as endothelium. The intima is accompanied by the 
underlying basal lamina throughout the vessel and is separated from the media by the 
internal elastic lamina. Endothelial cells play a crucial role in vessel wall homeostasis 
through formation of a barrier between the flowing blood and the underlying vessel 
wall, and by modulating blood coagulation. The next layer is the media, which is 
separated from the adventitia by the external elastic lamina and contains SMCs and 
extracellular matrix components, which maintain vascular integrity and generate 
vascular tone. Under diseased conditions such as atherosclerosis and restenosis, 
vascular SMCs proliferate and migrate in response to several growth factors and 
inflammatory stimuli, which are released by endothelial cells and macrophages and 
thereby play an important role in progression of the disease. The most outer layer 
of the artery is called the adventitia, which primarily contains connective tissue, 
fibroblasts and vasa vasorum [8]. 



Atherosclerosis is initiated through damage to the endothelium, which may involve 
excessive infiltration of low-density lipoprotein (LDL) particles from the blood. This 
results in a dysfunctional endothelium characterized by vascular leakage, which 
allows accumulation of LDL particles into the sub-endothelial space where they 
become oxidized by resident reactive-oxygen species (ROS) [9]. The dysfunctional 
endothelium releases inflammatory cytokines and expresses high VCAM-1 levels 
recruiting circulating monocytes. Monocytes enter into the sub-endothelial space 
where they differentiate into macrophages that scavenge oxidized LDL and become 
foam cells. These macrophages and foam cells release cytokines and chemokines that 
further propagate the inflammatory process. Cytokines produced by dysfunctional 
endothelium and infiltrated cells induces a phenotypic switch of SMCs from the 
contractile to the synthetic phenotype, involving proliferation and migration of 
SMCs from the media into the intima. This results in formation of a fibrous cap 
that is covered by endothelium. Macrophages release matrix metalloproteinases that 
make the plaque unstable or vulnerable, eventually resulting in plaque rupture and 
thrombus formation. 

1.2. Restenosis
Restenosis is an atherosclerosis-related pathology that occurs following percutaneous 
transluminal coronary angioplasty (PTCA) or coronary artery bypass grafting 
(CABG). Restenosis is characterized by narrowing of the artery as a result of the 
reaction of the vessel wall to the intervention. For example, due to the placement of a 
stent using a catheter-delivered intra-coronary high-pressure balloon, endothelium is 
damaged resulting in excessive SMC proliferation [10]. Damage to the endothelium 
results in recruitment and activation of platelets and leukocytes, which in turn 
produce inflammatory cytokines that induce proliferation and migration of SMCs, 
and deposition of extracellular matrix. Unlike atherosclerotic plaques, these lesions 
develop in weeks to months following the angioplasty procedure and are called ‘in-
stent restenosis’. In-stent restenotic lesions are composed mainly of proliferating 
SMCs with some infiltrated inflammatory cells and fibrous material [11]. Drug-
eluting stents were developed to inhibit proliferation and migration of cells, and 
the local inflammatory response. Indeed, stents coated with sirolimus and paclitaxel 
have shown a tremendous reduction in-stent  restenosis incidence. Despite the 
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development of drug-eluting stents, restenosis is still one of the major limitations 
of angioplasty interventions in coronary arteries as the use of these stents leads to 
development of in-stent thrombosis, a potential dreadful, acute and therefore often 
lethal condition [12]. 

1.3. Coagulation
Coagulation is the process by which blood clots are formed and begins almost 
instantly after damage to the endothelium of the vessel wall following an injury. Due 
to the damaged endothelium, blood is exposed to the space under the endothelium 
initiating two key processes. The first stage, also known as primary hemostasis, is 
characterized by vasoconstriction and involves activation, adhesion and aggregation 
of platelets, forming a temporary loose platelet plug at the site of injury. Clot 
formation occurs in the second stage, also denoted as secondary hemostasis, due to 
the exposure of the cell membrane-embedded tissue factor (TF) to plasma factor VII. 
Subsequently, additional coagulation factors are involved through a complex cascade 
of reactions resulting in the formation of fibrin strands, which further strengthen the 
platelet plug. Under certain disease conditions, clots can be formed in blood vessels 
leading to occlusion of the blood vessel, often referred to as thrombosis [13-17]. 

Blood clotting is as mentioned a sequential process that involves the interaction of 
multiple coagulation factors. Coagulation can be initiated through the activation of 
two distinct clotting pathways, namely the extrinsic and the intrinsic pathway. Both 
pathways result in the generation of active factor X (Factor Xa), which can activate 
thrombin that converts soluble fibrinogen into fibrillar fibrin eventually leading to 
the formation of a clot. Of note, under normal physiological conditions, the intrinsic 
pathway has less in vivo significance than the extrinsic pathway. The classical blood 
coagulation pathway has been depicted in Figure 1.

The intrinsic pathway (also known as the contact activation pathway) is initiated 
by injury that occurs within a blood vessel and involves contact between blood and 
exposed negatively charged surfaces. Initiation of this pathway begins with formation 
of a primary complex on collagen by pre-kallikrein, high-molecular-weight kininogen 
(HMWK), and FXII (Hageman factor), which happens when blood circulates over 
injured internal surfaces of vessels. Prekallikrein is converted to kallikrein and FXII 



becomes FXIIa, which in turn converts FXI into FXIa. Activation of FIX occurs by 
Factor XIa together with factor FVIIIa and forms the tenase complex, which results 
in activation of FX to FXa. Components from the extrinsic pathway can also activate 
the intrinsic pathway and thereby enhance the coagulation process. The intrinsic 
pathway may have a more significant function in inflammation than in coagulation 
[13-17]. 

Figure 1: Classical blood coagulation pathways. Various steps in the coagulation cascade 
involving the activation of various proteins are shown. The intrinsic pathway is initiated 
when blood is in contact with exposed negatively charged surfaces. The extrinsic pathway 
is activated after a vascular injury leading to exposure of TF to the blood. The crossover 
between the intrinsic and extrinsic pathways is indicated with a green dotted arrow. The 
intrinsic and extrinsic pathways converge at the activation of factor X to Xa. Factor Xa 
triggers cleavage of prothrombin (Factor II) to thrombin (Factor IIa), which in turn converts 
fibrinogen (factor I) into fibrin (factor Ia). PK = prekallikrein, HMWK = high molecular 
weight kininogen, PL = phospholipid, TF=tissue factor.

The extrinsic coagulation pathway is the first pathway that is activated upon vascular 
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injury leading to exposure of TF (also known as Factor III), which is expressed on 
SMCs and other cells that normally are not in contact with blood. Following an injury, 
TF activates Factor VII from blood, which in turn induces a cascade of reactions that 
eventually result in production of FXa. Intrinsic and extrinsic pathways converge at 
the activation of Factor X. Factor Xa triggers cleavage of prothrombin (factor II) to 
thrombin (Factor IIa), which in turn converts fibrinogen (Factor I) into Fibrin (Factor 
Ia). Fibrin is an insoluble protein that forms a mesh trapping platelets and other 
blood cells, eventually leading to formation of an insoluble clot [13-17]. 

2. Immune disease

Our immune system is a complex network of cells, tissues and organs that work 
together to defend against microorganisms, viruses, cancer cells; so-called ‘foreign 
invaders’. The lymphatic system contains lymph nodes, spleen, thymus and 
lymphatic vessels, playing a crucial role in the immune system. Like normal blood 
vessels, lymphatic vessels are present throughout the body and contain lymphatic 
fluid to carry tissue fluid, waste products, and immune cells. Abnormal activity of 
the immune system leads to chronic immune diseases such as rheumatoid arthritis, 
vasculitis, allergic rhinitis and asthma. Overactivity of the immune system leads to 
damage of own tissues and leads to autoimmune diseases [18;19]. 

2.1. Asthma and airway inflammation
Asthma is a complex inflammatory disorder characterized by airway inflammation, 
intermittent airway obstruction, eosinophilic infiltration, airway hyperreactivity, 
and mucus hypersecretion [20;21]. The initiation and severity of asthma involves 
the intricate interaction between the inhaled environment, genetic variation and the 
formed elements of the airways. Especially T-helper type 2 (Th2) cells and their 
cytokine products, including interleukin (IL)-4, IL-5 and IL-13 play a critical 
role in mediating the inflammatory responses in the diseased lung. Th2 cytokines 
contribute to the recruitment of eosinophils, activation of mast cells, regulation 
of IgE synthesis, mucus gland hyperplasia and tissue remodelling [22;23]. The 
cytokines RANTES and eotaxin1/2 are instrumental in attracting eosinophils to the 
airways [24]. The inflammatory eosinophils, mast cells, neutrophils, dendritic cells 
and B-cells further modulate the immune response in asthma through promoting 
Th2 responses. In addition to inflammatory immune cells, airway smooth muscle 



cells and epithelial cells play a prominent role in the pathogenesis of asthma. Airway 
smooth muscle cells are the major resident cells in airways and at the onset of asthma 
their contraction leads to excessive narrowing of the airway whereas in progressive 
disease enhanced proliferation of these cells further narrows the airways [25]. The 
pathophysiology of asthma is depicted in Figure 2. 

Figure 2: Pathophysiology of asthma. Involvement of several interacting inflammatory 
cells are shown. The lumen is occluded with a mucous plug and the airway wall is thickened 
due to increased proliferation of airway smooth muscle cells. Normal healthy airway is also 
shown. (Obtained from: Dollar photo club; File # 60109853)

Enhanced production of mucus obstructs mucocilary clearance and airflow in 
airways and is a common pathological change observed in asthma [26]. Muc5ac, 
among other mucin genes, is the most prominent mucin gene that is highly expressed 
in airway inflammation and serves as a major marker of mucus cell hyperplasia 
[27]. Several studies have shown that inflammatory cytokines, like TNFα, induce 
Muc5ac gene expression in lung epithelial cells [27]. Activation of extracellular 
signal-regulated kinase (ERK)-1/2 signalling pathway has been shown to inhibit 
allergic airway inflammation and asthma through blocking eosinophil infiltration 
and reducing mucus hypersecretion by inhibiting Muc5ac expression [28]. Although 
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several experimental studies in animal models of asthma have led us to understand 
nature and mechanisms that drive asthma, the mechanistic processes that underlie 
in the development of asthma are poorly understood. Understanding the cellular 
and molecular mechanisms of asthma and identification of the genes responsible for 
asthma exacerbations is crucial to further improve treatment of affected individuals.

2.2. Schistosomiasis
The helminth parasite, Schistosoma mansoni (Sm) causes some of the most debilitating 
and chronic diseases of mankind affecting more than 200 million people worldwide 
[29;30]. Schistosomiasis is most commonly found in developing countries in Africa, 
as well as in Asia and South America and an estimated 12,000 to 200,000 people 
die per year. It is a chronic disease which persists for years because of impaired 
ability to remove adult worms and the eggs that become trapped in the liver, lungs 
and intestine as well as inadequate repair of local cellular damage [31]. The first 
three weeks of post-schistosome infection, immune cells target the schistosomula 
that are migrating in the host [29]. Sm eggs are produced by parasites 4-5 weeks 
post-infection. The eggs are trapped in host tissues such as liver and lung and induce 
granulomatous inflammation 8 weeks post-infection. Excessive amounts of collagen 
is deposited in the host tissues resulting in development of fibrosis 11-13 weeks post-
infection, when the infection becomes chronic [29;32]. Infection by Sm involves 
distinct phases, including an initial T-helper (Th)1 response involving enhanced 
interferon-γ (IFN-γ) expression followed by a stronger Th2 response, reflected by 
excessive expression of Interleukin (IL)-4, IL-5 and IL-13, resulting in recruitment 
and activation of dendritic cells, eosinophils, Th2 cells and alternatively activated 
macrophages or M2 macrophages [29;32]. Although several experimental studies in 
animal models of schistosomiasis have led us to understand pathology, the up-stream 
regulators that regulate the schistosomiasis  are poorly understood. Identification 
of such regulators responsible for schistosomiasis are crucial for designing novel 
therapeutic strategies.
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Aim and Outline of the thesis

The aim of this thesis was to come to a further understanding of the role of the nuclear 
receptor Nur77 and the LIM-only protein FHL2 in vascular and immune disease and 
to contribute to improved prevention and treatment strategies in the future.

General introduction (Chapter 1)

Part I contains a brief introduction on vascular diseases including Atherosclerosis, 
Restenosis and Coagulation, and the Immune Diseases Asthma, Airway inflammation 
and Schistosomiasis.

Part II reviews the current literature concerning the function of various nuclear 
receptors in vascular disease and describes the function of Nur77 in vascular cells 
including endothelial cells, smooth muscle cells and macrophages in atherosclerosis. 

Part III describes the protein-protein interactions of all three NR4A nuclear receptors 
with emphasis on Nur77 focusing in detail on the function of those interactions in 
several cell types and in multiple diseases.

Chapter 2 reports a novel interaction of peptidyl-prolyl isomerase Pin1 with NR4As 
and the identification of Pin1 has a transcriptional co-activator of NR4As. We show 
that Pin1 acts as a co-activator of Nur77 in an isomerase activity-independent manner 
whereas it enhances protein stability of Nur77 in an Pin1 activity-dependent manner. 

In Chapter 3, we identified LIM-only protein FHL2 as a novel interacting partner 
and co-repressor of Nur77. We report that FHL2 is highly expressed in human 
endothelial and smooth muscle cells (SMC), but not in monocytes or macrophages. 
This study further shows that FHL2 modulates Nur77 mediated SMC proliferation 
and may play a pivotal role in vascular disease.

Chapter 4 describes the effect of the Nur77 agonist 6-Mercaptopurine on the 
expression level of pro-inflammatory cytokines in human airway epithelial cells. 
We found that 6-Mercaptopurine regulates mucin Muc5ac expression involving 
inhibition of NFkB activation in human airway epithelial cells and propose that 
6-MP may represent a novel therapeutic target for mucus hypersecretion in airway 
diseases.
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Chapter 5 reports the protective function of Nur77 in asthma and airway inflammation 
as shown in a murine model of ovalbumin-induced airway inflammation. 
Overexpression of Nur77 in airway epithelial cells decreases NFκB activity and 
suppresses mRNA levels of inflammatory cytokines.  Furthermore, Nur77 reduces 
Muc5ac expression and attenuates mucus production in lung epithelial cells. 

In Chapter 6 we investigated the functional involvement of FHL2 in OVA-induced 
airway inflammation in mice and identify FHL2 as a novel factor aggravating asthma. 
In addition, we show that FHL2 regulates expression of inflammatory cytokines and 
mucus production in lung epithelial cells.

Chapter 7 aimed at elucidating the role of FHL2 in macrophage polarization 
and pulmonary Schistosoma mansoni egg granuloma formation. We report that 
FHL2-deficiency results in enhanced number of granulomas accompanied by 
decreased expression of Th2 markers and an exacerbated Th1 type of inflammation, 
characterized by enhanced expression of neutrophil markers and Th1 cytokines. We 
identified a previously unrecognized role for FHL2 in the pathogenesis of pulmonary 
granulomatous inflammation, partly through its effect on macrophage polarization, 
modulation of the Th1/Th2 balance and the regulation of permeability in the lung.

Chapter 8 investigates the function of FHL2 in vascular lesion formation in a 
murine model of carotid artery ligation. We show that FHL2 depletion accelerated 
lesion formation with enhanced proliferation and migration of SMCs via increased 
activation of the ERK1/2-CyclinD1 signaling pathway. 

Chapter 9 reports that FHL2 acts as a positive regulator of liver X receptors (LXR) 
in SMCs involved in lipid homeostasis. In the absence of FHL2, cholesterol synthesis 
and LXR pathways are altered. We show that FHL2 interacts with the two LXR 
isoforms, LXRα and LXRβ. Furthermore, FHL2-deficiency results in attenuated 
cholesterol efflux to both ApoA-1 and high-density lipoprotein (HDL) and identifies 
FHL2 as an important determinant of cholesterol metabolism in SMCs.

Chapter 10 investigates the impact of FHL2 on tissue factor (TF) expression and 
activity in vascular cells including endothelial cells and vascular SMCs. We show 
that FHL2 inhibits TF expression and activity in endothelial cells and smooth muscle 
cells. FHL2 also regulates TF promoter activity in an AP-1 and NFκB-dependent 



manner. Furthermore, we found that FHL2 physically interacts with TF and thereby 
may affect thrombus formation. 

Chapter 11 includes the General discussion section in which the results obtained 
in this thesis and future perspectives are discussed. 

The thesis is concluded with Summaries in English and Dutch, and appendices 
including an About the author section, PhD portfolio,  a List of publications, and 
Acknowledgements. 

Chapter 

1

25





27

    PART II
Nuclear Receptors in atherosclerosis: a 

superfamily with many ‘Goodfellas’

Kurakula K, Hamers AA, de Waard V, de Vries CJ

Mol Cell Endocrinol. 2013;368:71-84

Chapter 

1





29

Review

Nuclear Receptors in atherosclerosis: A superfamily with many ‘Goodfellas’

Kondababu Kurakula 1, Anouk A.J. Hamers 1, Vivian de Waard, Carlie J.M. de Vries ⇑

Department of Medical Biochemistry, University of Amsterdam, Amsterdam, The Netherlands

a r t i c l e i n f o

Article history:
Available online 2 June 2012

Keywords:
Nuclear receptor
Atherosclerosis
Endothelial cell
Smooth muscle cell
Macrophage
Mouse model

a b s t r a c t

Nuclear Receptors form a superfamily of 48 transcription factors that exhibit a plethora of functions in
steroid hormone signaling, regulation of metabolism, circadian rhythm and cellular differentiation. In
this review, we describe our current knowledge on the role of Nuclear Receptors in atherosclerosis,
which is a multifactorial disease of the vessel wall. Various cell types are involved in this chronic inflam-
matory pathology in which multiple cellular processes and numerous genes are dysregulated. Systemic
risk factors for atherosclerosis are among others adverse blood lipid profiles, enhanced circulating cyto-
kine levels, as well as increased blood pressure. Since many Nuclear Receptors modulate lipid profiles or
regulate blood pressure they indirectly affect atherosclerosis. In the present review, we focus on the
functional involvement of Nuclear Receptors within the atherosclerotic vessel wall, more specifically
on their modulation of cellular functions in endothelial cells, smooth muscle cells and macrophages. Col-
lectively, this overview shows that most of the Nuclear Receptors are athero-protective in atherosclerotic
lesions.

� 2012 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction Nuclear Receptor superfamily

The human superfamily of Nuclear Receptors (NRs) comprises
48 members that are classified in six subfamilies, based on se-
quence alignment and phylogenetic tree construction (NR Nomen-
clature Committee 1999). The historic names and nomenclature of
the NRs discussed in this review are given in Table 1. NR proteins
have a modular structure with three typical domains; a DNA-bind-
ing domain that is composed of two so called Zinc-fingers in the
middle of the protein, which allows NRs to interact with DNA at
specific response elements to regulate expression of target genes.
The ligand binding domain is localized at the C-terminus and its
structure has been revealed for most NRs. Binding of ligands in
the ligand binding pocket induces a dramatic conformational
change of this domain, which changes the interaction profile of
coregulatory proteins. The DNA-binding domain and the ligand
binding domain are connected via the hinge region (Fig. 1; sche-
matic of NR modular structure). The amino-terminal domains (N-
term) of NRs show most variation in amino-acid sequence and
length and have no organized structure. The exact position of
two so called activation function areas (AF1 and AF2) is variable
as well their amino-acid sequence and their relative importance
in regulation of the activity of each NR. The only exceptions con-
cerning the structural organization are DAX-1 and SHP, which lack
a DNA-binding domain and consequently do not interact with
DNA. Consequently, DAX-1 and SHP exhibit dominant-negative
transcriptional activities.

NRs function as transcription factors that can activate or repress
gene expression and for many members of the superfamily non-
genomic activities have been described. The latter activities may
concern transrepression of the activity of other transcription fac-
tors or activation of specific kinases by membrane-bound NRs.
Some NRs reside in the cytoplasm and undergo nuclear transloca-
tion upon ligand binding, whereas other NRs are constitutively
localized in the cell nucleus regardless of the presence of ligand.
The activity of NRs is regulated by co-activator and co-repressor
proteins for which the binding is heavily influenced by ligand-
induced allosteric alterations that generate, expose or remove
interaction surfaces (Nagy and Schwabe, 2004). Each cell type
expresses a specific subset of co-regulators, which dictates the
cell-specific outcome of NR activity. In the current review, we focus
on the function of NRs in three cell types that have an important
function in atherosclerosis as will be explained in the Section 2;
endothelial cells, smooth muscle cells (SMCs) and macrophages.

2. Introduction on atherosclerosis

Atherosclerosis is a chronic inflammatory disease of arteries,
which causes the formation of atherosclerotic lesions in the vessel
wall. Atherosclerotic lesions may lead to obstruction of blood flow
(Fig. 2) and may thus cause ischemic diseases such as heart and
brain infarction. Atherosclerosis is initiated by local activation of
endothelial cells and accumulation of lipids in the vessel wall,
where the lipids are oxidized due to elevated reactive oxygen spe-
cies. In addition, endothelial cells produce chemokines and adhe-
sion molecules to attract monocytes. Subsequently, infiltration of
monocytes into the vessel wall is initiated, where these cells differ-
entiate into macrophages that scavenge the modified lipid parti-
cles. Excessive uptake of lipids, mostly oxidized low-density

lipoproteins (ox-LDL) by macrophages results in their transition
into lipid-laden foam cells that remain resident in the artery, form-
ing an enlarged intimal lesion. Other inflammatory cells such as
granulocytes, T and B cells and as most recently shown also mast
cells are involved in this vascular pathology (reviewed by Weber
et al., 2008). SMCs become activated as well and like macrophages
release cytokines and growth factors that aggravate local inflam-
mation and SMC proliferation and migration from the media into
the lesion. In a period of decades atherosclerotic plaques grow
and eventually delimit blood flow. However, sudden plaque rup-
ture may occur at an earlier stage with subsequent local blood
coagulation resulting in acute obstruction of the circulation with
immediate life threatening consequences. For detailed mechanistic
insight and up to date clinical data on atherosclerosis the reviews
of Lusis et al. (2004) and Libby et al. (2011) are very informative.

In the current review, we present currently available knowledge
on the function of NRs in three major cell types involved in athero-
sclerosis; endothelial cells, SMCs and monocytes/macrophages. A
large amount of data on the function of NRs in atherosclerosis is
derived from mouse experiments. The standard pro-atherogenic
mouse models are the apolipoprotein E deficient (ApoE�/�) mice
(Plump et al., 1992; Zhang et al., 1992) and the low density lipo-
protein receptor deficient (LDLR�/�) mice (Ishibashi et al., 1994).
In ApoE�/� mice, most lipoproteins cannot efficiently be cleared
by the liver and start to accumulate in the blood. Therefore, the
mice become hyperlipidemic and develop atherosclerosis in time,
already on a normal chow diet. In LDLR�/� mice, cholesterol-rich
LDL particles are not cleared, which in addition triggers cholesterol
synthesis in peripheral tissue. On a chow diet the mice do not be-
come atherosclerotic, yet on a cholesterol-rich diet the mice be-
come hypercholesterolemic and develop atherosclerotic lesions.

Many NRs have crucial functions in the regulation of glucose
and lipid metabolism, which of course indirectly influences the risk
to develop atherosclerosis. In the current review, however, we spe-
cifically address the role of the NR superfamily in atherosclerotic
lesion formation in the vessel wall.

3. Endocrine receptors in atherosclerosis

3.1. Estrogen receptors

The protective effect of estrogens on the vessel wall is the main
reason why women develop less cardiovascular disease before
menopause and in general start developing vascular lesions after
menopause when endogenous estrogen levels become low. Estro-
gen replacement therapy to inhibit progression of atherosclerosis
later on in life, however, has not been very successful, unless treat-
ment was initiated close to menopause (Rossouw et al., 2007). In
addition to epidemiological information, numerous in vitro and
in vivo animal studies have been performed to come to an under-
standing of the function of estrogen in the vessel wall. Our knowl-
edge on the exact mechanism of estrogen action in the vessel wall
and insight in its molecular pathways is still increasing and in this
section we focus on the most recently obtained data. Estrogens sig-
nal through the NRs estrogen receptor-a (ERa, NR3A1) and ERb
(NR3A2) and the intracellular transmembrane G protein coupled
receptor GPR30, also known as gpER (Filardo et al., 2000). ERa
and ERb reside in the cytoplasm and translocate to the nucleus
upon estrogen binding to interact with estrogen response elements
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in the promoter region of target genes. ERa and ERb are both ex-
pressed in the normal vessel wall and during progression of ath-
erosclerosis ERb expression increases, whereas ERa expression
decreases, which involves methylation of the promoter regions of
the genes encoding the estrogen receptors (Kim et al., 2007; Post
et al., 1999; Ying et al., 2000).

To delineate the relative importance of ERa and ERb in athero-
sclerosis, knockout (KO) mice of the estrogen receptors were
generated, which were subsequently analyzed in ApoE�/� and
LDLR�/� mice. These mouse models revealed that ERb is important
for normal tension of the vessel wall and vascular function. ERa is
largely responsible for the protective effects of estrogen after
vascular injury and in initiation of atherosclerosis. In analogy to
human observations, estrogens are potent inhibitors of the initia-
tion of atherosclerosis, whereas inhibition of existing atheroscle-
rotic lesions is ineffective (Darblade et al., 2002; Hodgin et al.,
2001; Villablanca et al., 2004; Zhu et al., 2002).

The function of ERa in endothelial cells has been studied in great
detail, showing its crucial function in reendothelialization of the
vessel wall after injury (Brouchet et al., 2001; Iwakura et al.,
2003; Toutain et al., 2009). In line with these observations it was
shown that endothelial cell-specific deletion of ERa in loxP-flanked
ERa crossbredwith Tie2-Cremice in LDLR�/�mice completely abol-
ished the protective effect of estrogen (Billon-Gales et al., 2009a).
Interestingly, in the latter study it was also concluded that the con-
tribution of ERa in the hematopoietic compartment is minimal in
atheroprotection. In contrast, Ribas et al. (2011) recently showed
that ERa is involved in controlling the inflammatory response, as
well as the phagocytic capacity of macrophages in response to
lipopolysaccharide (LPS). Furthermore, bone marrow transplanta-
tion experiments in LDLR�/�micewith ERa-deficient bonemarrow,
as well as deletion of ERa in macrophages and neutrophils by
LysM-Cre, showed a significant acceleration of aortic lesion
formation.

Table 1
List of NRs in the order in which they are discussed in this review. For each NR the name and official nomenclature are indicated as well as their natural ligand(s) if known. Only
for the PPARs synthetic ligands are mentioned. DHA, docosahexaenoic acid; NR, nuclear receptor; and RA, retinoic acid.

Nuclear receptor Name Nomenclature Ligand

Endocrine receptors
Estrogen receptor a ERa NR3A1 17b-Estradiol
Estrogen receptor b ERb NR3A2 17b-Estradiol
Glucocorticoid receptor GR NR3C1 Cortisol (mouse; also corticosterone)
Mineralocorticoid receptor MR NR3C2 Aldosterone
Androgen receptor AR NR3C4 Testosterone
Vitamin D receptor VDR NR1I1 Vitamin D
Thyroid receptor a TRa NR1A1 Thyroid hormone
Thyroid receptor b TRb NR1A2 Thyroid hormone
Retinoic acid receptor a RARa NR1B1 All-trans RA, 9-cis RA
Retinoic acid receptor b RARb NR1B2 All-trans RA, 9-cis RA
Retinoic acid receptor RARc NR1B3 All-trans RA, 9-cis RA
Progesterone receptor PR NR3C3 Progesterone

Adopted orphan receptors
Peroxisome-proliferator-activated receptor a PPARa NR1C1 Fatty acids, leukotriene B4, fibrates, DHA
Peroxisome-proliferator-activated receptor b/d PPARb NR1C2 Fatty acids
Peroxisome-proliferator-activated receptor c PPARc NR1C3 Fatty acids, PG-J2, thiazolidinediones
Liver X receptor a LXRa NR1H3 Oxysterols
Liver X receptor b LXRb NR1H2 Oxysterols
Retinoid X receptors a RXRa NR2B1 9-cis RA
Retinoid X receptors b RXRb NR2B2 9-cis RA
Retinoid X receptors c RXRc NR2B3 9-cis RA
Farnesoid X receptor a FXRa NR1H4 Bile acids

Orphan receptors
NR4A1-Nur77 Nur77 NR4A1 Orphan
NR4A2-Nurr1 Nurr1 NR4A2 Orphan
NR4A3-NOR1 NOR-1 NR4A3 Orphan
Retinoid-related orphan receptor a RORa NR1F1 Cholesterol
Retinoid-related orphan receptor b RORb NR1F2 All-trans RA
Retinoid-related orphan receptor c RORc NR1F3 Orphan
Estrogen receptor-related receptor 1 ERR1 NR3B1 Orphan
Estrogen receptor-related receptor 2 ERR2 NR3B2 Orphan
Estrogen receptor-related receptor 3 ERR3 NR3B3 Orphan

Other Nuclear Receptors
Small heterodimeric partner SHP NR0B2 Orphan
DAX-1 DAX-1 NR0B1 Orphan
Pregnane X receptor PXR NR1I2 Xenobiotics
Constitutive-androstane receptor CAR NR1I3 Xenobiotics
COUP-TFI COUP-TFI NR2F1 Orphan
COUP-TFII COUP-TFII NR2F2 Orphan
COUP-TFIII COUP-TFIII NR2F3 Orphan
Liver receptor homologue-1 LRH1 NR5A2 Orphan
Steriodogenic factor-1 SF-1 NR5A1 Orphan
Hepatocyte nuclear factor 4a HNF4a NR2A1 Orphan
Hepatocyte nuclear factor 4c HNF4c NR2A3 Orphan
Rev-Erba Rev-Erba NR1D1 Heme
Rev-Erbb Rev-Erbb NR1D2 Heme
TLX TLX NR2E1 Orphan
Photoreceptor-specific nuclear receptor PNR NR2E3 Orphan
Germ cell nuclear factor GCNF NR6A1 Orphan
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ERa and ERb are expressed in vascular SMCs and the growth
and migratory capacity of these cells is inhibited by estrogen (Ger-
aldes et al., 2002). The application of estrogen locally in pig coro-
nary arteries after balloon injury effectively reduced lesion
formation, which was mainly attributed to reduced SMC prolifera-
tion (Chandrasekar and Tanguay, 2000).

The ERs contain well-defined activation function AF1 and AF2
domains, which are localized within the N-terminal domain and
the ligand-binding domain of these proteins, respectively (Fig. 1).
In ERa the AF1 and the AF2 domain synergistically modulate tran-
scriptional activity of downstream genes and are both essential for
full activity of ERa in reproduction. The most recent and detailed
insight in the vascular function of ERa is that AF1 and AF2 can
independently promote reendothelialization of the injured vessel
wall, whereas only AF2 has the capacity to inhibit atherosclerotic
lesion formation (Billon-Gales et al., 2009b, 2011). The latter con-
clusions were drawn from transgenic mouse models in which
these domains were separately deleted from ERa, such that the
in vivo function of each AF-domain could be assessed.

In humans it has become clear that estrogen is especially ath-
eroprotective at the onset of the disease and is less protective once

atherosclerotic lesions have already been established. The (knock-
out) mouse models in which ERs are studied pheno-copy this
observation made in humans remarkably well (Rosenfeld et al.,
2002). Several explanations have been proposed to understand
the bivalent effect of estrogen in vascular disease. The expression
of ERa is down regulated in the diseased vessel wall, which makes
the vessel wall less responsive to the hormone. In addition, the
finding that 27-hydroxycholesterol, a cholesterol metabolite pres-
ent in atherosclerotic lesions, acts as an antagonist for the ERs may
explain the lack of estrogen response in advanced lesions (Umetani
et al., 2007).

3.2. Glucocorticoid receptor and mineralocorticoid receptor

Glucocorticoids are applied as extremely potent anti-inflamma-
tory drugs that modulate innate inflammatory mechanisms by pro-
moting resolution of inflammation. Unfortunately, glucocorticoids
also have severe side effects such as hyperglycemia and bone
resorption. Glucocorticoids bind and activate the Glucocorticoid
receptor (GR, NR3C1), which is expressed in almost every cell in
the body and regulates genes controlling development, basic
metabolism and immune response. The receptor is expressed in
several (spliced) forms, which adds an additional layer of complex-
ity to the regulation of its many different effects in distinct organs
and cell types. Like other NRs, GR also regulates gene expression by
(in)direct interaction with enhancer elements in promoters of
genes and through transrepression of other transcription factors
like nuclear factor kappa-light-chain-enhancer of activated B cells
(NFjB) and activator protein 1 (AP-1). The repressive activity of GR
has recently also been attributed to GR binding of negative GR re-
sponse elements; so called nGREs (Surjit et al., 2011).

The mineralocorticoid receptor (MR, NR3C2) is activated by
mineralocorticoids such as aldosterone and deoxycorticosterone,

Hinge region

DNA binding
domain

Ligand binding
domain

AF1

N

AF2
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N-terminal
domain

DBD LBDN-term

Fig. 1. Schematic representation of the modular protein structure of nuclear
receptors. NRs are composed of an N-terminal domain, a DNA binding domain
(DBD) and a ligand-binding domain (LBD). The localization of activation function 1
(AF1) and AF2, as well as the so called hinge region are indicated.

Fig. 2. Schematic view of a cross section through a vessel wall with an atherosclerotic lesion. Specific cellular processes in endothelial cells, SMCs and macrophages are listed
as well as the names of the different NRs that are functionally involved in those cell types. The NRs indicated in green have multiple beneficial functions, whereas the NRs
indicated in red adversely influence that cell type in vascular disease. EC, endothelial cell; SMC, smooth muscle cell; M/, macrophage; ox-LDL, oxidized low-density
lipoprotein.
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but also by glucocorticoids like cortisol. GR and MR share a high
degree of amino-acid sequence homology of 94% in the DNA-bind-
ing domain and 57% in the ligand-binding domain. In many cell
types MR is only stimulated by aldosterone since the enzyme
11b-hydroxysteroid dehydrogenase type 2 (11b-HSD2) converts
cortisol to cortisone, which does not interact with MR.

MR and GR are both expressed in macrophages, however, upon
activation of these cells by LPS or interferon gamma (IFNc) GR
expression increases, whereas MR expression is substantially re-
duced (Barish et al., 2005). In rabbits glucocorticoids have been
shown to inhibit the infiltration of macrophages in the injured ves-
sel wall both when such drugs were administrated systemically
(Poon et al., 2001) or by local peri-adventitial delivery (Villa
et al., 1994). To study the endogenous function of GR in macro-
phages in atherosclerosis in mice, loxP-flanked GR was deleted in
macrophages and neutrophils by LysM-Cre. Subsequent bone mar-
row transplantation of GR-LysM-Cre in LDLR�/� mice followed by
an atherogenic diet, unexpectedly, did not affect lesion size. In late
lesions a reduction in vascular calcification was observed after this
bone marrow transplantation, which seems to contradict with the
osteoporotic effects of GR on bone formation (Preusch et al., 2008).
A mouse model with tissue-specific deficiency of GR in endothelial
cells exhibited resistance to dexamethasone-induced hyperten-
sion, which highlighted the importance of endothelial GR in this
physiologic process (Goodwin et al., 2011).

The literature on the function of MR in the vessel wall has
recently been summarized in great detail in this Journal by
McCurley and Jaffe (2012) and for that reason we only briefly men-
tion their main conclusions in the current review. MR is expressed
in vascular endothelial cells and SMCs together with 11b-HSD2,
implicating that cortisol does not induce activity of MR in these
cells and that the vessel wall may be considered as an aldoste-
rone-responsive tissue. MR activation is involved in maintenance
of normal blood pressure but has also been proposed to promote
vascular disease by increasing oxidative stress and vascular con-
traction. The synthesis of extracellular matrix is provoked upon
excessive MR activation, causing stiffness of the vessel wall.
Furthermore, the release of inflammatory cytokines from these
vascular cells is increased upon MR activation. MR-deficiency in
the myeloid compartment of mice demonstrated that the absence
of MR in macrophages promotes alternative activation of these
cells, implicating that MR has a pro-inflammatory function in
macrophages (Usher et al., 2010). So far, no direct data are available
on the function of MR in lesion formation in atherosclerotic mice.
However, 11b-HSD2 deficiency in ApoE�/� mice results in a dra-
matic increase in atherosclerosis, which could be prevented with
an MR-antagonist, illustrating the adverse effects of MR activation
in the vessel wall (Deuchar et al., 2011).

3.3. Androgen receptor

The androgen receptor (AR, NR3C4) is activated by binding the
androgens testosterone or dihydrotestosterone and the main func-
tion of AR is transcriptional regulation of genes involved in the
development andmaintenance of the male sexual phenotype. Since
gender differences are known to play a role in the development of
atherosclerosis androgens are seen as the enhancers and estrogens,
the female sex hormones, are considered atheroprotective
hormones. Both AR and ER are expressed in the SMC-containing
media of the vessel wall in close proximity of atherosclerotic
plaques (Liu et al., 2005). However, the role of androgens in athero-
sclerosis remains unclear. AR activation increases cultured SMCpro-
liferation and microarray analyses revealed a novel AR-mediated
proliferative pathway via prostate overexpressedprotein 1 (PTOV1),
a protein discovered in tumour proliferation (Nakamura et al., 2006;
Nheu et al., 2011). PTOV1 is also expressed in neointimal SMCs in

human atherosclerotic plaques (Nakamura et al., 2006). Further-
more, AR activation has been shown to result in inhibition of endo-
thelial cell growth. Both SMCproliferation and inhibited endothelial
cell proliferation is considered pro-atherogenic. Unexpectedly, in
variousmousemodels with AR deficiency the mice developedmore
atherosclerosis than wild-type mice, which could be rescued by
androgen treatment. The protective effect of androgens in those
models has been explained by the aromatization of testosterone to
the athero-protective steroid estrogen (Bourghardt et al., 2010;
Ikeda et al., 2009; Nettleship et al., 2007; Nheu et al., 2011; Norata
et al., 2010; Qiu et al., 2010).

3.4. Vitamin D receptor

The natural ligand of the vitamin D receptor (VDR, NR1I1) is
1,25-dihydroxy vitamin D (calcitriol). VDR forms heterodimers
with retinod X receptor (RXR) that regulate transcription by binding
to specific response elements, the so called VDREs. While VDR is
mainly known for its function in calcium and phosphate absorption
to promote healthy growth and remodeling of bone, there is evi-
dence that insufficient vitamin D levels correlate with increased
cardiovascular disease (Lavie et al., 2011). VDR inhibits the renin-
angiotensin-aldosterone system, which regulates blood pressure
(Li et al., 2002). Angiotensin II not only induces blood pressure,
but also activates the angiotensin II receptor that is expressed on
endothelial cells and SMCs in the vessel wall resulting in enhanced
monocyte recruitment and SMC hyperplasia (Leuschner et al.,
2010). Obviously, the VDR-mediated decrease in blood pressure is
beneficial to prevent cardiovascular disease. Furthermore, VDR re-
duces angiotensin II levels which results in reduced local inflamma-
tion of the vessel wall and inhibition of SMC proliferation Finally,
VDR increases expression of a number of inhibitors of SMC prolifer-
ation among which the transcription factor Krüppel-like factor 4
(KLF4), which promotes SMC quiescence (Wu-Wong et al., 2006).

In hematopoietic stem cells VDR agonists promote monocyte
commitment at the cost of retinoic acid-induced granulocyte dif-
ferentiation (Bastie et al., 2004). In human and mouse atheroscle-
rosis studies a lack of VDR activation results in increased plaque
size (Carrelli et al., 2011; Takeda et al., 2010). Indeed, ApoE�/� mice
treated with calcitriol develop less atherosclerosis with more
anti-inflammatory regulatory T cells and less mature, activated
dendritic, macrophage-like cells. These data underline the immu-
nosuppressive function of VDR (Takeda et al., 2010). In addition,
calcitriol inhibits foam cell formation and suppresses macrophage
cholesterol uptake in patients with type 2 diabetes mellitus (Oh
et al., 2009).

Taken together, VDR activation inhibits SMC proliferation, de-
creases blood pressure via endothelial cell-mediated vasodilation
and decreases inflammation and foam cell formation in macro-
phages, all pointing at a beneficial role for VDR in atherosclerosis.

3.5. Thyroid hormone receptors

The thyroid hormone receptors (TR) are activated by thyroid
hormone and four receptor forms are encoded by two genes, TRa
(NR1A1) and TRb (NR1A2). Each gene generates two splice variants
with a tissue-specific expression profile. TR-a 1 is highly expressed
in cardiac and skeletal muscles, TR-b1 is mainly expressed in brain,
liver and kidney and TRb2 expression is limited to the hypothala-
mus and pituitary. Interestingly, the splice variant TRa 2, that is
widely expressed, does not bind thyroid hormone. The thyroid hor-
mone thyroxine (T4) is abundantly present and can be converted
into the more potent activator of TR triiodothyronine (T3) by liver,
kidney and skeletal muscle. TR can function either as monomer,
homodimer or heterodimer with RXR, of which the latter form is
transcriptionally most active. Multiple transporters actively import
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thyroid hormones to supply every cell type with sufficient hor-
mone to regulate their metabolic state. Apart from genomic ac-
tions, TRs have also been described to have non-genomic
functions on ion channels (Klein and Danzi, 2007). The main TR
function concerns regulation of metabolism and heart rate, which
obviously plays a major indirect role in atherosclerosis and both
hypo- and hyperthyroidism have cardiovascular implications
(Klein and Danzi, 2007). Increased or decreased TR (mainly TRa)
activation affects systemic vascular resistance, blood volume, car-
diac contractility, heart rate and cardiac output either directly or
indirectly via activation of the renin–angiotensin–aldosterone sys-
tem. Endothelial cells and SMCs express TR and are directly
responsive to T3/T4, leading to enhanced nitric oxide (NO) genera-
tion and vasodilation. Hypothyroidism is also associated with in-
creased LDL cholesterol serum levels, which enhances the risk for
atherosclerosis. Thyroid hormone therapy in hypothyroidism has
been demonstrated to improve endothelial cell function (Dagre
et al., 2007; Razvi et al., 2007). Generation of selective thyromimet-
ics, which are synthetic analogs of thyroid hormones, have demon-
strated great potential as lipid lowering drugs in animal models
and human clinical trials (Tancevski et al., 2011). Thus, striving
for euthyroidism is the goal to lower cardiovascular risk.

3.6. Retinoic acid receptors

Three retinoic acid receptors (RARs) are encoded by different
genes; RARa, b and c (NR1B1-3). RARa is ubiquitously expressed,
whereas RARb and RARc show a more tissue-specific expression
pattern. RAR ligands are retinoids, derivatives of the essential
diet-derived precursors b-carotene and vitamin A, which are con-
verted into active metabolites especially in the liver. Other NRs
that are activated by retinoids are the retinoid X receptors; RXRa,
b and c, (see Section 3.7). RARs function only as heterodimers with
RXRs to regulate gene transcription. Since different RARs and RXRs
each have specific affinity for specific (ant)agonists, the combina-
tion of receptors present in a cell will dictate the eventual outcome
of the downstream transcriptome (de Lera et al., 2007). In addition,
the mixture of intracellular ligands will determine whether RAR/
RXR activation results in proliferation, apoptosis, differentiation
or survival of cells. RARs can be phosphorylated at specific amino
acids by different kinases, which further influences their transcrip-
tional activity (Bour et al., 2007). RARs anchored at the cell mem-
brane have a non-genomic function in activation of certain kinases,
thereby inducing phosphorylation of signaling proteins and rapid
activation of signaling pathways (Rochette-Egly and Germain,
2009). The RARs have mostly been studied for their role in cancer,
but from multiple human cardiovascular trials in which retinoids
were tested a controversial function has emerged for these com-
pounds as has recently been reviewed by Rhee et al. (2012).

Single RAR subtype-deficient mice show no phenotype, yet cer-
tain RAR isotype double-deficiency lead to significant cardiovascu-
lar malformations (Mendelsohn et al., 1994). Many atherosclerosis
studies have been performed in animals with different RAR ligands,
however each with distinct specificity profiles, for example ligands
that also effectively activate RXRs (Schug et al., 2007). RXRs also
form heterodimers with many other NRs (eg. VDR, LXRs, and
PPARs) and consequently some effects may be more RXR-mediated
than RAR-based. More consistent observations have been made in
animal restenosis studies, in which SMC proliferation plays a cru-
cial role; in these studies RAR-agonists inhibit lesion formation.
The RARa-specific synthetic agonist Am80, showed decreased
SMC proliferation by inhibiting the activity of the transcription fac-
tor Krüppel-like factor 5 (KLF5), which is a key regulator in SMC
activation (Fujiu et al., 2005; Shindo et al., 2002; Zhang et al.,
2009). In the absence of ligand, RAR may form a transcriptionally
active complex with KLF5 on the platelet derived growth factor

(PDGF) promoter, increasing SMC hyperplasia. Am80 treatment
disrupts this complex, thereby inhibiting further PDGF expression
(Fujiu et al., 2005). In addition, it was demonstrated that in the ab-
sence of ligand, RARa can form a repression complex with histone
deacetylase 2 (HDAC2) and KLF5 at the cyclin inhibitor p21 pro-
moter to inhibit its expression, which also facilitates SMC prolifer-
ation (Zheng et al., 2011).

In endothelial cells RAR agonists suppress production of endo-
thelin-1, a potent vasoconstrictor peptide (Yokota et al., 2001).
Endothelin-1 also induces proliferation of SMCs, which is thus
inhibited by RAR activation. RARa activation additionally induces
NO production by enhancing endothelial nitric oxide synthase
(eNOS) phosphorylation (Uruno et al., 2005), which lowers blood
pressure and thereby atherosclerosis. Furthermore, RARa activa-
tion induces endothelial cell proliferation and angiogenesis via
the potent mitogen fibroblast growth factor-2 (FGF2) (Gaetano
et al., 2001). Interestingly, circulating CD34+ endothelial cell pro-
genitor cells from coronary artery disease (CAD) patients showed
enhanced RARa expression and a RAR-signature compared to
CD34+ cells of control individuals (van der Pouw Kraan et al.,
2010). It was proposed that RAR-activated CD34+ cells promote
revascularization after damage of the vessel wall in CAD patients.
RARs are known to regulate stem cell differentiation and are thus
a target for tissue regeneration (Gudas and Wagner, 2011).

In hematopoietic stem cells RARa activation induces granulo-
cyte differentiation at the expense of monocyte differentiation
(Duong and Rochette-Egly, 2011), which may be protective at the
onset of atherosclerosis. Indeed, in an atherosclerosis study in
ApoE-deficient mice treated with Am80 reduced plaque size and
less foam cells were observed (Takeda et al., 2006). This was in part
explained by decreased interleukin-6 (IL-6) production in the
Am80-treated mice. IL-6 is a potent inducer of the expression of
the ox-LDL scavenger receptors SR-A and CD36 and as expected
Am80-treated mice showed lower expression of these receptors
(Takeda et al., 2006). In addition, Am80 increases the expression
of ATP-binding cassette reporter-A1 (ABCA1) in macrophages, pro-
moting cholesterol efflux again diminishing foam cell formation
(Maitra et al., 2009).

Taken together, RAR-mediated athero-protection involves de-
creased SMC proliferation, endothelial cell-mediated vasodilation,
increased endothelial cell survival and reduced foam cell formation.

3.7. Progesterone receptor

The progesterone receptor (PR; NR3C3) specifically binds pro-
gesterone; a cholesterol-derived steroid hormone, which is a pre-
cursor of many other steroid hormones. In humans, PR is
encoded by a single gene generating two main forms; PR-A and
PR-B that function as distinct transcription factors regulating
expression of specific gene sets and physiological effects. PR func-
tions in diverse reproductive events including maintenance of
pregnancy and mammary-gland development. PR regulates tran-
scription and also has non-genomic functions in the cytoplasm,
involving the activation of specific protein kinases. PR expression
is estrogen-regulated and PR enhances the estrogen effect. There-
fore, clinical trials were initiated as hormone replacement therapy
in combination with estrogen. Unexpectedly, little additive effect
was observed in comparison to estrogen-only treatment
(Wassmann et al., 2005). Progesterone was shown to increase
endothelial cell mediated vasodilation, yet, there is also evidence
that PR activation increases angiotensin II receptor expression on
SMCs and decreases antioxidant enzyme expression, which is
opposite to the atheroprotective effect of estrogens (Nickenig
et al., 2000; Wassmann et al., 2005). There is more conflicting data
with some studies showing that SMC proliferation is enhanced by
progesterone and others that this hormone inhibits SMC prolifera-
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tion (Carmody et al., 2002; Hsu et al., 2011; Nickenig et al., 2000). A
study in PR-deficient mice revealed an anti-proliferative effect in
SMCs in the absence of ligand, suggesting PR-mediated transre-
pression in SMCs (Karas et al., 2001). In the presence of ligand
however, the vascular injury response was increased in wild type
mice, perhaps via a delayed re-endothelialization (Karas et al.,
2001). Progesterone is a potent antagonist of MR and possibly
some conflicting results with progesterone may be explained by
MR inhibition, since MR is abundantly present in endothelial cells
and SMCs (Rupprecht et al., 1993; McCurley and Jaffe, 2012). In
addition, progesterone is a precursor of many other steroid hor-
mones and local conversion of progesterone into these compounds
may lead to activation of other NRs. Finally, a role has been sug-
gested for PR in macrophage activation involving differential gene
expression of alternatively activated, anti-inflammatory (M2)
macrophage genes, generating a more M2, anti-atherogenic macro-
phage phenotype (Menzies et al., 2011; Routley and Ashcroft,
2009). This observation may again be explained by the antagonist
effect of progestrone on the MR, since MR deficiency also leads to
anti-inflammatory macrophage activation (Usher et al., 2010).
Altogether, the exact function of PR in the (atherosclerotic) vessel
wall has not been addressed.

4. Adopted orphan nuclear receptors in atherosclerosis

4.1. Peroxisome-proliferator-activated receptors

The peroxisome-proliferator-activated receptors (PPARs) are li-
gand-activated transcription factors that have crucial functions in
lipid metabolism and inflammation. Upon ligand binding, PPARs
form heterodimers with retinoid X receptors (RXRs) and bind to
defined PPAR response elements (PPREs; AGGTCA) in enhancers
of their target genes. In monomeric form PPARs act as transrepres-
sors. Three PPAR subtypes have been identified: PPARa (NR1C1),
PPARc (NR1C3) and PPARd (NR1C2, also known as PPARb), which
possess distinct functions. PPARs can be activated by fatty acids
and fatty acid-derived molecules and by multiple synthetic com-
pounds, such as fibrates for PPARa and thiazolidinediones for
PPARc. The latter two compounds are used to treat dylipidimia
and as anti-diabetic drugs, respectively. PPARa is involved in
beta-oxidation of fatty acids and PPARc is best known for its cru-
cial role in adipogenesis, lipid metabolism and glucose homeosta-
sis. PPARd is the least investigated and has recently been shown to
raise HDL levels and in muscle, PPARd activation regulates oxida-
tive metabolism and improves insulin sensitivity (Barish et al.,
2008). The PPARs are expressed in the (atherosclerotic) vasculature
in endothelial cells, SMCs and monocytes/macrophages (Li et al.,
2004; Marx et al., 1999; Staels et al., 1998). We wish to refer to a
recent review by Plutzky for detailed discussions on PPARs and
RXRs in cardiovascular disease (Plutzky, 2011).

Activation of the PPARs has been shown to inhibit cytokine-
induced expression of vascular cell adhesion molecule-1 (VCAM-1)
and monocyte chemottactic protein-1 (MCP-1, also known as
CCL2) in endothelial cells, thus reducing monocyte adhesion. (Marx
et al., 1999; Okayasu et al., 2008). In addition, an anti-proliferative
response of SMCs has been reported upon activation of the different
PPARs. Various pathways are involved in this SMC cell cycle arrest;
PPARa prevents SMC proliferation by inducing p16INK4a gene tran-
scription, a synthetic PPARd ligandblocks the cell-cycle at G1–S tran-
sition, whereas PPARc down-regulates the proto-oncogene Ets-1
(Gizard et al., 2005; Law et al., 2000; Meredith et al., 2009). Athero-
sclerotic plaque stability increases when extracellular matrix com-
ponents such as collagen are synthesized by SMCs whereas
apoptosis of these cells destabilizes the lesion. PPARc ligands inhibit
collagen production in SMCs,whereas PPARd enhances extracellular

matrix production and prevents SMC apoptosis (Kim et al., 2009;
Ringseis et al., 2008). PPARa and PPARc inhibit the production of
inflammatory cytokines by SMCs and simultaneously enhance the
synthesis of anti-inflammatory proteins (Delerive et al., 1999; Staels
et al., 1998).

Each of the PPARs is expressed inmacrophages and is involved in
lipid handling and inflammatory responses of these cells. Ox-LDL
has been shown to enhance PPARa/c expression in macrophages
and both PPARs inhibit foam cell formation, involving induction
of liver X receptor (LXR) expression to enhance ABCA1/G1 expres-
sion and thereby increasing cholesterol efflux from the cells (Cha-
wla et al., 2001). Interestingly, PPARc also promotes ox-LDL
uptake by macrophages by upregulating scavenger receptor CD36
(Tontonoz et al., 1998). PPARd has been described to have both a
pro- and anti-inflammatory role in macrophages (Lee et al., 2003).
In the absence of ligand, it binds to Bcl6 leading to inflammation,
however, in the presence of ligand PPARd releases B cell lymphoma
6 protein (Bcl6) resulting in repression of inflammation (Lee et al.,
2003). Macrophages can either polarize toward a pro-inflammatory
(M1) or an alternatively activated (M2) phenotype. PPARc activa-
tion suppresses cytokine and chemokine production upon LPS stim-
ulation and primes primary human monocytes for M2
differentiation (Bouhlel et al., 2007; Ricote et al., 1998).

Altogether, the knowledge on PPAR function in the vessel wall
has increased substantially over the years and numerous synthetic
ligands with variable specificity have been tested in atherosclerosis
animal models and cell-type specific experiments. However, de-
tailed knowledge on the underlying mechanisms regulating PPAR
activity in vascular and inflammatory cells, such as the complex
interactions with distinct RXR subtypes and posttranslational
modifications of these NRs is incomplete. It should be emphasized
that all three PPARs have crucial functions in metabolism and that
PPARd is ubiquitously expressed. Consequently, systemic PPAR
activation causes changes in lipid profiles and cellular metabolism
that indirectly modulate atherosclerosis on top of the local vascu-
lar effects of PPARs.

4.2. Liver X receptors

The liver X receptors (LXR) LXRa (NR1H3) and LXRb (NR1H2)
are ligand-activated transcription factors that form heterodimers
with RXRs to bind their specific response elements. Ligands for
these receptors are naturally occurring oxysterols and several ste-
roidal and non-steroidal synthetic ligands (Zelcer and Tontonoz,
2006). Both LXR isoforms regulate cellular cholesterol levels and
inhibit the inflammatory response by antagonizing NFjB signaling,
suggesting a protective role for these receptors in atherosclerosis
(Zelcer and Tontonoz, 2006). LXR agonists have been shown to pre-
vent atherosclerosis by enhancing cholesterol efflux from cells,
inhibiting macrophage inflammation and suppressing SMC prolif-
eration (Levin et al., 2005; Verschuren et al., 2009). Recent reviews
for a detailed discussion of LXRs in cardiovascular disease may also
be considered for further reading (Bruemmer and Law, 2005; Im
and Osborne, 2011).

LXRb is expressed in endothelial cells, SMCs and monocytes/
macrophages whereas LXRa is only expressed in SMCs and macro-
phages, which may explain a distinct function in atherosclerosis
(Repa et al., 2000; Zelcer and Tontonoz, 2006). When endothelial
cells are exposed to LDL, LXRb is activated and enhances the
expression of ABCA1 to enhance cholesterol efflux. Ox-LDL how-
ever, inhibits LXR activity and thus reduces cholesterol efflux,
resulting in lipid accumulation in endothelial cells (Liao et al.,
2002). Ox-LDL also increases adhesion of mononuclear cells to
endothelial cells involving enhanced VCAM-1 expression, which
is reversed by LXR-agonists resulting in decreased monocyte adhe-
sion and migration (Verschuren et al., 2009). Synthetic LXR

Chapter 

1



agonists have also been shown to attenuate LPS-induced expres-
sion of adhesion molecules intracellular adhesion molecule-1
(ICAM-1), VCAM-1 and E-selectin on endothelial cells.

In a rat vascular injury model the formation of SMC-rich lesion
formation is inhibited by LXR ligands. It was demonstrated that
LXR ligands inhibit SMC proliferation by interfering with cell cycle
progression through decreased degradation of p27kip1, a negative
regulator of G1/S transition. In addition, the expression of the cell
cycle promoting proteins cyclin D1 and cyclin A is reduced by LXR
ligands (Blaschke et al., 2004). Angiotensin II interacts with its Type
1 receptor to accelerate SMC growth and LXR ligands lower expres-
sion of this receptor, which is another mechanism underlying the
diminished mitogenic response of SMCs (Imayama et al., 2008).

LXR signaling in macrophages is well studied and there is con-
vincing evidence that especially macrophage LXR is necessary for
the athero-protective effects of LXR agonists (Levin et al., 2005;
Li et al., 2011). Macrophages in atherosclerotic lesions scavenge
excessive amounts of cholesterol leading to foam cell formation.
Both LXRa and LXRb increase cholesterol efflux via induction of
ABCA1, ABCG1 and ApoE in foamy macrophages. The LXRb-RXR
complex can also bind directly to the ABCA1 protein to enhance
its activity (Im and Osborne, 2011). ABCA1/G1 transmembrane
transporters are crucial to transfer cholesterol out of the cell, which
reduces foam cell formation and thus the cholesterol content of
atherosclerotic lesions (Teupser et al., 2008). LXRs not only modu-
late cholesterol efflux, but also uptake via the LDL-receptor. Most
recently, it has been shown that LXRs reduce cholesterol uptake
in macrophages by enhancing the expression of Inducible degrader
of the LDL-receptor (Idol), an E3 ubiquitin ligase, which triggers
LDL-receptor degradation (Zelcer et al., 2009). LXRs modulate the
inflammatory response of macrophages through transrepression
of NFjB with a co-repressor complex comprising NCoR and SMRT
(Joseph et al., 2003; Ghisletti et al., 2009). Huang et al revealed that
coronin 2A, a nuclear actin-binding protein, when bound to
SUMOylated LXRs blocks clearance of these NCoR complexes
(Huang et al., 2011). Inflammatory signals induce phosphorylation
of LXRs, which leads to their deSUMOylation and release from cor-
onin 2A and subsequent degradation of NCoR.

LXR agonists have a beneficial effect on atherosclerosis in the
vessel wall; however, these compounds also enhance triglyceride
levels through enhanced lipogenesis in liver causing severe hepatic
steatosis upon systemic treatment of mice (Grefhorst et al., 2002).
LXRa is the predominant LXR expressed in liver and the ability of
LXR agonists to stimulate hepatic lipogenesis is thought to result
primarily from LXRa regulation of SREBP1c and Fas expression.
The function of LXRs in atherosclerosis independent from LXRa-
mediated hepatic lipogenesis has been assessed in bone marrow
transplantation experiments. Reconstitution of irradiated ApoE�/�

or LDLR�/� mice with bone marrow from LXRa/b-dKO mice results
in a dramatic increase in atherosclerosis (Tangirala et al., 2002). The
question whether activation of the LXRb pathway is sufficient to re-
duce atherosclerosis has been addressed in LXRa-ApoE-dKO mice
in which synthetic LXR ligands were shown to reduce atherosclero-
sis (Bradley et al., 2007). Apparently, LXRb activation is sufficient to
compensate for the loss of LXRa. The adverse lipogenic effect of
LXRa in the liver has stimulated an interest in the development of
LXRb-selective agonists as potential atherosclerosis therapeutics.

4.3. Retinoid X receptors

There are three subtypes of retinoid X receptors (RXRs) that are
encoded by different genes; RXRa, b and c (NR2B1-3). RXRb is
ubiquitously expressed and RXRa and c have tissue-specific
expression patterns. In the absence of ligand RXRs form homo-
tetramers, which quickly fall apart upon ligand binding (Chen
et al., 1998; Kersten et al., 1995). The ligand often used to activate

RXR is 9-cis-retinoic acid (9-cis-RA), in contrast to all trans-RA that
is the most common natural ligand for RAR, but does not fit in the
twisted pocket of RXR (de Lera et al., 2007). Other ligands known
for RXR are certain flexible fatty acids (Perez et al., 2012). In the
presence of ligand, RXR is not only known to homodimerize or
heterodimerize with RAR, but can also form dimers with a great
number of other nuclear hormone receptors such as PPAR, LXR,
VDR, FXR, TR, CAR, PXR, Nur77 and Nurr1. The function of these
NRs and their involvement in lipid homeostasis and vascular dis-
ease are separately discussed in this review. There is a large inter-
est in generation of synthetic RXR ligands to specifically influence
transcriptomes of each distinct RXR-heterodimeric complex. Inter-
estingly, RXR agonists alone cannot induce RAR activation, but
rather enhance RA-induced RAR activation. Certain RXR agonists
can activate LXR and PPAR as potent as the natural ligands of these
NRs, which is called permissive activation, however, the effective-
ness of RXR agonists has also been shown to be restricted to a sub-
set of LXR/PPAR target genes (Lalloyer et al., 2009). This makes that
RXR ligands alone are potential therapeutic agents to treat meta-
bolic syndrome and the major challenge is to design RXR-nuclear
receptor agonists without severe side effects (Perez et al., 2012).
Interestingly, RXRs only heterodimerize with NRs that have a
beneficial role in endothelial cells, SMC and macrophages. Thus
specific RXR agonists may also have great direct and indirect
cardiovascular-protective potential.

4.4. Farnesoid X receptor

Farnesoid X receptor (FXRa/NR1H4) functions primarily as a bile
acid sensor in the liver to induce and repress genes involved in bile
acid synthesis and export, but is also involved in regulation of lipid
and carbohydratemetabolism. FXR functions as a heterodimer with
RXR. Increasing evidence supports a role for bile salts inmodulating
atherosclerosis in mice mainly via the bile salt receptors FXR (re-
viewed by Hageman et al., 2010) and the G-protein coupled trans-
membrane receptor TGR5 (Pols et al., 2011). FXR is expressed in
endothelial cells and its activation leads to inhibition of endothe-
lin-1 expression and enhanced expression of eNOS (Li et al.,
2008). In addition, FXR has been demonstrated to induce vasocon-
striction by increasing expression of the angiotensin II receptor in
SMCs (Zhang et al., 2008). FXR is present in SMCs of both normal
and atherosclerotic blood vessels and its activation leads to growth
inhibition and reduced migration and inflammation of these cells
(Bishop-Bailey et al., 2004; Li et al., 2007). Hanniman et al. (2005)
demonstrated that FXR-deficient mice develop increased athero-
sclerotic lesions in ApoE�/� mice, which coincides with an athero-
genic lipoprotein profile and hepatic lipid accumulation. In
contrast, two other independent studies reported that FXR�/� mice
in both ApoE�/� and LDLR�/� background exhibited less lesion for-
mation (Hanniman et al., 2005; Guo et al., 2006; Zhang et al., 2006).
FXR agonists have been shown to reduce aortic plaque formation
and plasma lipids (Hartman et al., 2009; Mencarelli et al., 2009).
Of note, also the other bile salt receptor TGR5 has recently been
shown to inhibit cholesterol loading and inflammation in macro-
phages, which may explain at least part of the bile salt-mediated
phenotype independent of FXR (Pols et al., 2011). At present the ex-
act function of FXR in atherosclerosis is undecided and additional
studies are required to explain the observed discrepancies.

5. Orphan Nuclear Receptors in atherosclerosis

5.1. Nur77, Nurr1 and NOR-1

Members of the NR4A subfamily of NRs, Nur77 (NR4A1), Nurr1
(NR4A2) and NOR-1 (NR4A3), have been identified as key tran-
scriptional regulators in metabolism and vascular disease. The
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NR4A subfamily members share the common NR domain structure
with highly conserved DNA-binding domains (>90% homology) and
ligand-binding domains (�60% homology). However, the N-termi-
nal domain among the NR4A receptors is divergent with only 20–
30% homology (Pols et al., 2007; van Tiel and de Vries, 2012). NR4A
receptors are rapidly and potently induced by a variety of extracel-
lular stimuli, including cytokines, growth factors and inflammatory
stimuli. Structural analyses revealed that the ligand-binding pock-
et of the NR4A receptors is occupied by hydrophobic residues of
amino-acid side chains and these receptors seem to function as
ligand-independent transcription factors (Wang et al., 2003; Flaig
et al., 2005).

NR4A receptors are expressed in atherosclerotic lesions in acti-
vated, neointimal SMCs but not in quiescent, medial SMCs (Arkenb-
out et al., 2002; de Waard et al., 2006; Nomiyama et al., 2006). In
cultured SMCs, NR4A receptors are potently induced in response
to proatherogenic stimuli (Arkenbout et al., 2002; Bonta et al.,
2010; de Vries et al., 2000; de Waard et al., 2006; Nomiyama
et al., 2006). Overexpression of Nur77 inhibits SMC proliferation
by increasing p27kip1 protein expression and inhibiting DNA syn-
thesis. Consistent with these in vitro observations transgenic mice
with Nur77 under the control of a SMC-specific promoter show
decreased formation of injury-induced vascular lesions (Arkenbout
et al., 2002; Pires et al., 2007). Nurr1 has been reported to have anti-
proliferative and anti-inflammatory functions as revealed by gain-
and loss-of-function experiments in SMCs (Bonta et al., 2010). In
contrast, knock-down of NOR1 prevents SMC proliferation due to
reduced cyclin D1, D2 and S phase kinase-associated protein 2
expression (Gizard et al., 2011; Nomiyama et al., 2009). Consistent
with these in vitro observations, NOR-1�/�mice develop less neoin-
tima formation following vascular injury (Martinez-Gonzalez et al.,
2003; Nomiyama et al., 2009). The distinct biological functions of
Nur77 and Nurr1 compared to NOR-1 in SMCs may be explained
by the fact that Nur77 and Nurr1 heterodimerize with RXR,
whereas NOR-1 is only active as monomer. Yet, additional studies
on downstream signaling mechanisms are warranted to substanti-
ate this assumption.

In endothelial cells the expression of NR4A receptors is induced
in response to several stimuli, including lipoproteins, growth fac-
tors such as VEGF, inflammatory cytokines and hypoxia through
multiple signaling pathways (Gruber et al., 2003; Liu et al., 2003;
Rius et al., 2006). Overexpression of Nur77 in human endothelial
cells has been shown to enhance cell proliferation and cell survival
following increased expression of cell-cycle regulators (Zeng et al.,
2006). Nur77 potently induces angiogenesis in the absence of
exogenous vascular endothelial growth factor (VEGF), whereas
Nur77 antisense strongly inhibits VEGF-induced angiogenesis
(Zeng et al., 2006). Knockdown of Nurr1 reduces VEGF-induced
in vivo angiogenesis in matrigel plugs and NOR-1 was shown to
be crucial in thrombin-driven endothelial cell growth (Martorell
et al., 2007; Zhao et al., 2011). Recently, it has been reported that
NOR-1 increases the adhesion of THP-1 monocytes to endothelial
cells by enhanced expression of VCAM-1 and ICAM-1 and that
NOR-1-ApoE-dKO mice develop larger atherosclerotic lesions than
ApoE�/� mice (Zhao et al., 2010).

In human atherosclerotic lesions the NR4A receptors are highly
expressed in macrophages and are also rapidly induced in cultured
monocytes and macrophages by diverse inflammatory stimuli.
(Bonta et al., 2006; Pei et al., 2005; Shao et al., 2010). Controversial
data were available concerning the function of NR4As in cultured
macrophages. Gain of function experiments inmurinemacrophages
demonstrated that Nur77 induces inflammatory gene expression by
enhancing the IKKi levels, which is an NFjB activating kinase (Pei
et al., 2005). In contrast, it has been demonstrated that overexpres-
sion of eachNR4Amember reduces the expression of several inflam-
matory cytokines in human macrophages (Bonta et al., 2006).

Additionally, it has recently been described that Nur77 suppresses
the ox-LDL induced inflammatory response inmurinemacrophages
by inhibiting cyclooxygenase-2 (Cox-2) expression (Shao et al.,
2010). Most recent in vivo data in atherosclerotic mouse models,
however, consistently demonstrate that Nur77-deficiency polarizes
macrophages towards a pro-inflammatory phenotype and aggra-
vates atherosclerosis in LDLR�/� and ApoE�/� mice (Hamers et al.,
2012; Hanna et al., 2012). Bone-marrow specific deletion of Nur77
in LDLR�/� mice increases diet-induced atherosclerosis with en-
hanced expression of pro-inflammatory cytokines and chemokines,
especially stromal derived factor-1a (SDF-1a) in the lesions
(Hamers et al., 2012). In line with this, enhanced Toll-like receptor
signaling was observed (Hanna et al., 2012). The recent discovery
that Nur77 is a master regulator of the differentiation and survival
of patrolling Ly6C� monocytes, may also contribute to the observed
atherosclerotic phenotype of Nur77�/� mice (Hanna et al., 2012).

Altogether, these studies firmly establish the important role for
Nur77 and Nurr1 in controlling atherosclerosis, whereas NOR-1
aggravates this vascular pathology. Continued investigations will
be required to define the exact transcriptional mechanisms under-
lying NR4A-mediated regulation of vascular cell function in
atherosclerosis.

5.2. Retinoid-related orphan receptors

The Retinoid-related orphan receptor (ROR) subfamily contains
RORa, RORb and RORc (NR1F1-3). RORb expression is restricted
to the neuro-photo-endocrine system, which corresponds with
the function that has been attributed to this NR in regulation of
the circadian rhythm (Jetten et al., 2001). RORc also has a limited
expression pattern and function, mainly in the thymus, where it
inhibits apoptosis of specific T cell subtypes. The crucial function
of RORc in peripheral lymphoid tissue is illustrated by RORc-defi-
cient mice that lack lymph nodes and Peyer’s patches (reviewed
in Jetten et al., 2001). Most recently it has been demonstrated that
RORc and RORa are involved in final differentiation of Th17 lym-
phocytes (Ruan et al., 2011). RORa is more widely expressed in
the body and the natural mouse mutant staggerer lacking expres-
sion of this gene, revealed the role of RORa in Purkinje cell develop-
ment in brain. In addition, the mice have thin long bones and low
HDL levels. Treatment of staggerer mice with a high fat/cholesterol
diet provoked massive atherosclerosis development, which may be
explained by the function of RORa in (lipid) metabolism (Mamont-
ova et al., 1998). In addition, RORa is expressed in macrophages,
even though its function in these cells is at present unknown. In
SMCs NFjB activity is inhibited by RORa through enhanced expres-
sion of IjBa (Delerive et al., 2001; Laitinen and Staels, 2003). Taken
together, RORs exhibit an anti-inflammatory function, which may
be protective in the chronic inflammatory processes underlying
atherosclerosis.

5.3. Estrogen receptor-related receptors

Estrogen receptor-related receptors (ERRs) are orphan receptors
and belong to the NR3B subfamily of NRs superfamily. This NR3B
subfamily consists of three members; ERRa, ERRb and ERRc
(NR3B1-3) that are closely related to the ER family members. ERRs
are considered to be ligand-independent NRs that interact with co-
regulators and have been studied extensively in energy metabo-
lism in heart and skeletal muscle and circadian rhythm. However,
only limited information is available on their functional involve-
ment in the vessel wall (Horard and Vanacker, 2003; Zhang et al.,
2011). In endothelial cells ERRa induces expression and activity
of eNOS resulting in increased endothelium-derived NO produc-
tion, which may in turn result in a protective effect against athero-
sclerosis (Sumi and Ignarro, 2003). Recently, it was reported that
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activation of the ERRa pathway by baicalin, a major component of
S. baicalensis root, increases angiogenesis via induction of VEGF
expression (Zhang et al., 2011). ERRa can act as a downstream
effector for IFNc, regulating mitochondrial output in macrophages
(Sonoda et al., 2007). So far, these receptors have been studied
extensively in heart and skeletal muscle but not in SMCs and obvi-
ously more studies are required investigating the potential role of
ERRs in vascular disease (Sonoda et al., 2007).

5.4. Other orphan receptors

5.4.1. Small heterodimer partner and DAX
The NRs DAX-1 (NR0B1) and small heterodimer partner (SHP;

NR0B2) are atypical orphan NRs because they lack the conven-
tional DNA-binding domain and therefore exhibit only co-regula-
tor functions. The N-terminal regions contain LxxLL-motifs that
can mediate interaction with other NRs (Clipsham and McCabe,
2003; Ehrlund and Treuter, 2012; Seol et al., 1996). DAX-1 is ex-
pressed in steroidogenic tissues of the hypothalamus-pituitary-
adrenal axis and controls both fetal development of these tissues
and the expression of enzymes converting cholesterol to steroid
hormones in adult life, whereas SHP is involved in regulation of
cholesterol to bile acid conversion in the liver. DAX-1 is not ex-
pressed in the vessel wall and very limited knowledge is available
on vascular functions of SHP. c-Jun enhances expression of SHP to
promote monocyte differentiation and SHP expression in macro-
phages requires activation of an AMP-activated protein kinase-
dependent signaling pathway (Choi et al., 2004; Yuk et al., 2011).
In combined action with FXR, SHP inhibits IL-1b-induced iNOS
expression in SMCs, decreases PDGF-induced migration and limits
angiotensin II-stimulated plasminogen activator inhibitor (PAI-1)
expression through suppression of Smad3 and AP-1 activity in
SMCs (Lee et al., 2010; Li et al., 2007).

5.4.2. Pregnane X receptor
Pregnane X receptor (PXR, also known as SXR, NRI2), is acti-

vated by drugs, environmental contaminants and endogenous
compounds such as bile acids. Recently, there is increasing evi-
dence for a role of PXR in lipid homeostasis and atherosclerosis
(Sui et al., 2011; Zhou et al., 2009). Many clinically relevant PXR li-
gands like for example rifampicin and ritonavir have been shown
to affect cholesterol levels in patients (Khogali et al., 1974; Shafran
et al., 2005). Modulation of PXR activity regulates cholesterol and
lipid homeostasis at multiple levels via SREBP-dependent lipogenic
pathways and scavenger receptor CD36 (de Haan et al., 2009;
Hoekstra et al., 2009; Roth et al., 2008; Zhou et al., 2009, 2008).
Consistent with these observations, PXR-ApoE� double knockout
mice develop less atherosclerosis through decreased expression
of CD36 and consequently reduced lipid uptake in macrophages
(Sui et al., 2011). Although PXR mRNA expression was detected
in SMCs and endothelial cells across species, further studies are re-
quired to assess a potential function of PXR in the atherosclerotic
vessel wall (Swales et al., 2012).

5.4.3. Constitutive androstane receptor
Constitutive androstane receptor (CAR, NR1I3) is a xenobiotic

sensor that regulates the expression of target genes involved in
the hydroxylation, conjugation and excretion of potentially harm-
ful exogenous molecules (Sberna et al., 2011a). Treatment with the
CAR-specific agonist 3,30,5,50-tetrachloro-1,4-bis(pyridyloxy)ben-
zene (TCPOBOP) results in an atheroprotective effect in ApoE�/�

mice. In addition, CAR has also been shown to play a role in choles-
terol and triglyceride metabolism (Sberna et al., 2011b). CAR and
PXR directly affect lipogenic pathways by activating Insig-1, an
endoplasmic reticulum (ER) protein involved in sterol-dependent
synthesis of cholesterol (Roth et al., 2008). Although CAR activation

is atheroprotective, there is limited information on the relative
contribution of CAR in reduction of atherosclerosis systemically
versus locally in the vessel wall.

5.4.4. Other orphan receptors
Chicken ovalbumin upstream promoter-transcription factor I

(COUP-TFI)/Ear3, Arp1/COUP-TFII and Ear2/COUP-TFIII form the
COUP-TF (NR2F) orphan NR superfamily. Although COUP-TFs share
an exceptional degree of sequence homology, their expression pat-
terns are distinct (Pereira et al., 1999). COUP-TFII has a main func-
tion during embryogenesis in neurogenesis, organogenesis, such as
the heart and the differentiation of venous, arterial and lymphatic
vessels. In adults, COUP-TFs are involved in regenerative processes
like angiogenesis in wound healing and in regulation of lipid and
glucose metabolism (Lin et al., 2011; Myers et al., 2006). So far,
no direct connection between COUP-TFs and atherosclerosis has
been reported.

The nuclear rceptors liver receptor homolog 1(LRH-1; NR5A2),
hepatocyte nuclear factor 4 alpha (HNF4, NR2A1-2), steroidogenic
factor-1 (SF-1, NR5A1) and the Rev-Erbs (NR1D1-2) have so far not
been studied in vascular cells or atherosclerosis.

6. Concluding remarks

Atherosclerosis is a dynamic, complex and progressive pathol-
ogy that takes place in the vessel wall. At the onset of atheroscle-
rosis the cellular processes active in macrophages, endothelial cells
and SMCs are distinct from their function in advanced atheroscle-
rotic lesions. Where macrophages initially scavenge modified lipid
particles, these cells at a certain stage get too large to leave the ves-
sel wall and become a chronic source of pro-inflammatory cyto-
kines and growth factors. Once macrophages undergo apoptosis a
lipid-rich necrotic core develops, which destabilizes the lesion
and as a consequence lesions become ‘rupture-prone’. Increased
foam cell formation, enhanced pro-inflammatory cytokine expres-
sion and apoptosis are therefore adverse characteristics of
macrophages. Concerning endothelial cells, we considered in our
analyses that proliferation of these cells in response to damage of
the vessel wall is an important beneficial repair pathway. However,
one should realize that extensive angiogenesis in the mature ath-
erosclerotic lesion might promote leukocyte influx and destabilize
the lesion. Activated SMCs migrate into the lesion, produce cyto-
kines and excessive extracelluar matrix proteins and become pro-
liferative. SMC proliferation on the one hand enlarges the lesion
and thus reduces the vessel lumen. On the other hand SMCs pro-
vide advanced atherosclerotic plaques a more fibrous and stable
phenotype. Thus, at distinct stages of atherosclerotic lesion forma-
tion the same function of a cell may either be beneficial or influ-
ence the lesion adversely. This insight may explain the often
controversial outcomes in numerous atherosclerosis clinical trials
with novel drugs that were shown to be effective in animal models
in which only inhibition of early lesion formation was studied.

In this review, we provide a comprehensive overview of the
available knowledge on the function of NRs in the vessel wall dur-
ing atherosclerosis with a focus on endothelial cells, SMCs and
macrophages. Since many NRs are key regulators of lipid and glu-
cose metabolism or blood pressure and thus influence systemic
risk factors for atherosclerosis it is not always easy to dissect sys-
temic metabolic and local effects in the vessel wall. Altogether, we
identified expression and functional involvement to some extent
for 37 NRs out 48 members of the superfamily. Sixteen NRs have
been studied in dedicated (atherosclerotic) mouse models and
summarizing those data, we may conclude that most NRs in the
superfamily have a beneficial function in atherosclerosis, with
the exception of MR, AR and NOR-1, which have been shown to
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aggravate atherosclerosis (Fig. 2). NRs are proven drugable targets
for intervention and even though NRs may not always affect
metabolism beneficially in view of atherosclerosis risk, local NR
stimulation in the vessel wall through cell-type specific- or NR-
subtype specific-activation holds great promise for future treat-
ment of atherosclerosis.
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The NR4A subfamily of nuclear receptors consists of three mammalian members: Nur77, Nurr1, and NOR-1. The
NR4A receptors are involved in essential physiological processes such as adaptive and innate immune cell differ-
entiation, metabolism and brain function. They act as transcription factors that directly modulate gene expres-
sion, but can also form trans-repressive complexes with other transcription factors. In contrast to steroid
hormone nuclear receptors such as the estrogen receptor or the glucocorticoid receptor, no ligands have been
described for the NR4A receptors. This lack of known ligands might be explained by the structure of the
ligand-binding domain of NR4A receptors, which shows an active conformation and a ligand-binding pocket
that is filled with bulky amino acid side-chains. Other mechanisms, such as transcriptional control, post-
translational modifications and protein–protein interactions therefore seem to be more important in regulating
the activity of theNR4A receptors. For Nur77, over 80 interacting proteins (the interactome) have been identified
so far, and roughly half of these interactions has been studied in more detail. Although the NR4As show some
overlap in interacting proteins, less information is available on the interactome of Nurr1 and NOR-1. Therefore,
the present reviewwill describe the current knowledge on the interactomes of all three NR4A nuclear receptors
with emphasis on Nur77.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The nuclear receptor family of 48 proteins comprises steroid hormone
receptors, nuclear receptors that heterodimerize with retinoid X recep-
tors (RXRs), and a number of so called orphan receptors. A typical nuclear
receptor contains a central double zinc finger DNA-binding domain
(DBD), a carboxyl-terminal ligand-binding domain (LBD) composed of
12 α-helices, and an unstructured amino-terminal domain (N-term)
(Fig. 1) [1]. The ligands of nuclear receptors are usually small, non-
protein compounds such as steroid hormones, retinoids, fatty acids or
cholesterol derivatives. In this review we describe the NR4A-subfamily

of orphan receptors comprised of Nur77 (also known as NR4A1, TR3,
NGFI-B), Nurr1 (NR4A2) and NOR-1 (NR4A3), for which no ligand has
been identified yet. The amino acid sequences of the different NR4A
DBDs are almost identical, whereas the LBDs show a sequence similarity
of 58–65%. Meanwhile, the N-terminal domains aremost divergent, with
only 26–28% amino acid sequence similarity between the NR4As.This
domain is therefore also the most likely to exhibit diversity in protein–
protein interactions (Fig. 1). NR4A receptors are involved in a plethora
of cellular processes and their activity is mainly regulated through alter-
ations in gene expression, post-translational modifications and interac-
tions with coregulatory proteins. In this review we put together the
wealth of information that is available on the interactome of theNR4A re-
ceptors with a focus on Nur77, for which most protein–protein interac-
tions have been described. We categorized the Nur77-binding proteins
into three groups: transcription factors, transcriptional coregulators and
kinases. The proteins interacting with Nurr1 and NOR-1 are described
in a separate part of the review. The protein–protein interactions de-
scribed in this review are summarized in Tables 1 through 5, while the
protein–protein interactions of Nur77 that have a known binding site
are also shown schematically in Fig. 2.

2. Interactions between Nur77 and other transcription factors

Nur77 acts as a transcription factor with its two zinc fingers in the
DBD mediating direct binding to DNA. Nur77 binds as a monomeric
factor on theNGFI-B response element (NBRE; AAAGGTCA) or as a homo-
dimer to Nur-response elements (NurREs; TGATATTTn6AAATGCCA) in

Abbreviations: 6-MP, 6-mercaptopurine; 9-cis-RA, 9-cis-retinoic acid; AMP, adenosine
monophosphate; AMPK, AMP-activated protein kinase; Cam-kinase, calcium/calmodulin-
dependent protein kinase; CREB, cAMP response element binding protein; DBD, DNA-
binding domain; DSB, DNA double-strand break; E2, 17-β-estradiol; HAT, histone
acetyltransferase; HDAC, histone deacetylase; HIF-1α, hypoxia inducible factor-1α;
HPA, hypothalamo-pituitary-adrenal; LBD, ligand-binding domain; LXRs, liver X receptors;
MDM2, mouse double minute 2; NBRE, NGFI-B response element; NES, nuclear export se-
quence; N-term, amino-terminal domain; NurRE, Nur-response elements; PI3K, phos-
phatidylinositol 3-kinase; PIP3, phosphatidylinositol(3,4,5)phosphate; PKC, protein kinase
C; POMC, pro-opiomelanocortin; PPARs, peroxisome proliferator-activated receptors;
βRARE, RA-response element of the RARβ promoter; RXRs, retinoid X receptors; StAR, ste-
roidogenic acute regulatory protein; Treg, regulatory T cells
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promoter sequences of its downstream target genes. The interaction of
Nur77 with other transcription factors modulates its transcriptional
activity. Vice versa, such protein–protein interactions can also result in
enhancement or inhibition of the activity of the interacting transcription
factor itself (see Table 1). The following paragraphs will focus on those
interactions between Nur77 and other transcription factors for which
the outcome on transcriptional activity has been determined in a physio-
logical context.

2.1. Nur77 in the regulation of endocrine signals and steroid hormone
synthesis

Nur77 is expressed in endocrine tissues and in organs that are crucial
for steroid hormone synthesis such as the adrenal glands, the pituitary
gland and the testes. The first functional NurRE was identified in the
promoter of the pro-opiomelanocortin (POMC) gene of pituitary-
derived AtT-20 cells [2]. Nur77 can bind this NurRE either as a homodi-
mer or as a heterodimerwith either one of the other two NR4A receptors
Nurr1 and NOR-1. Interestingly, it was shown that these heterodimers
enhance POMC gene transcription more potently than homodimers of

Nur77 do, suggesting that there is interdependency between the NR4A
receptors in activating their target genes [3].

The NurRE sequence in the POMC promoter also partially overlaps
with a STAT1-3 response element. Philips et al. showed that Nur77
and STAT1-3 bind simultaneously to this so called NurRE-STAT compos-
ite site and synergistically enhance transcription of the POMC gene.
However, Nur77 and STAT1-3 do not interact directly, which suggests
that one or more facilitating factors are involved in NurRE-STAT driven
transcription. Mynard et al. showed that this third factor is cAMP re-
sponse element binding protein (CREB), which binds both STAT1-3
and Nur77 and indirectly enhances transcription of the POMC gene by
facilitating the synergistic activation of the NurRE-STAT composite site
by STAT1-3 and Nur77 [4].

Nur77 also plays an important role in the steroidogenic acute regu-
latory protein (StAR)-mediated testosterone production by Leydig
cells. StAR is required for the transport of cholesterol through the mito-
chondrial membrane to initiate steroid hormone synthesis. Nur77 binds
to an NBRE in the StAR promoter, which is in close proximity to an AP-1
response element. In response to cAMP stimulation c-Jun and Nur77
synergistically increase StAR gene expression [5], presumably through
a direct interaction between c-Jun and the LBD of Nur77 [6]. On the
other hand, c-Jun has also been shown to suppress expression of the hy-
droxylase P450c17 gene by blocking the DNA-binding activity of Nur77
in response to stimulation of Leydig cells with reactive oxygen species
[7]. The effect of c-Jun on the transcriptional activity of Nur77 therefore
seems to depend on other factors as well. One of these factors could be
the atypical nuclear receptor DAX1 (NR0B1), which lacks a DBD and as-
sociateswithmultiple coregulatory proteins. DAX1 bindsNur77directly
and represses its ability to enhance transcription of the previouslymen-
tioned P450c17 gene. This inhibition is mainly the result of competition

DBD LBDN-termNuclear Receptor

94-95% 58-65%26-28%Similarity NR4As

Fig. 1. Schematic representation of the domain structure of nuclear receptors. Nuclear re-
ceptors are composed of an N-terminal domain (N-term), a central DNA-binding domain
(DBD) and a ligand-binding domain (LBD). The amino acid similarity between the individ-
ual domains of Nur77 with Nurr1 and NOR-1 is given in percentages below the domains.

Table 1
Transcription factors interacting with Nur77.

Transcription factor Also known as Interacting domain of Nur77 References

Coactivators of Nur77
CREB CREB1 N-term [4]
NOR-1 NR4A3; MINOR [3]
Nur77 NR4A1; TR3; NGFI-B [3]
Nurr1 NR4A2; NOT [3]
RXRγ NR2B3; RXRC; RXRgamma N-term; LBD [15]

Coactivated by Nurt77
c-Jun AP-1; AP1; c-Jun; C-JUN; cJun LBD [7]
RXRα NR2B1; RXR alpha LBD [16,17]
SP1 [34,35]
SP4 [34,35]
p53 TP53; TRP53 DBD–LBD [67]

Corepressed by Nur77
COUP-TFI NR2F1; EAR3 [26]
COUP-TFII NR2F2; COUPTFB [26]
GR NR3C1; GCR; GRL; GCCR DBD [11]
NF-κB (p65) EBP-1; KBF1; NF kappa B; NFκB [42]
p53 TP53; TRP53 DBD–LBD [38]
RXRα NR2B1; RXR alpha LBD [21]

Corepressor of Nur77
AR NR3C4 N-term [12]
DAX1 NR0B1; DAX-1; DSS LBD [8]
ERα NR3A1; ER; ESR1; Era; ESRA; DBD–LBD [13]
GR NR3C1; GCR; GRL; GCCR DBD [9,10]
c-JUN AP-1; AP1; c-Jun; C-JUN; cJun LBD [6]
NF-κB (p65) EBP-1; KBF1; NF kappa B; NFκB LBD [14]
Notch-1 hN1; TAN1 DBD–LBD [37]
PML MYL; TRIM19 DBD [36]
RARα NR1B1; RAR [22]
RXRα NR2B1; RXR alpha DBD [22]
SHP NR0B2; SHP-1 N-term [28]

Other function
ß-catenin CTNNB1; armadillo Nur77 inhibits β-catenin signaling by inducing its degradation [33]
RXRα NR2B1; RXR alpha Translocation of hetero-dimers to the cytoplasm [17,20,21,24]
VHL pVHL; VHL1 Nur77 inhibits VHL-associated E3-ligase activity [40]
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for the interaction with Nur77 between DAX1 and steroid receptor
coactivator-1 (SRC-1), which is a transcriptional coactivator of Nur77
that will be described in more detail later on in this review [8].

Recruitment of Nur77 to the StAR promoter is inhibited by the
synthetic glucocorticoid receptor (GR) ligand dexamethasone [5].
GR and Nur77 interact directly through their DBDs and subsequent
transrepression of Nur77 involves the formation of a transcriptionally
inactive complex comprised of GR, Brg1, Brm and HDAC2 on the
POMC promoter [9–11]. Interestingly, dexamethasone stimulation in-
creases DAX1 expression levels, suggesting that DAX1 also plays a role
in GR-mediated transrepression of Nur77 [11]. Additionally, Nur77
was shown to reciprocally inhibit the activity of GR in CV-1 cells, pre-
sumably through the formation of the previously mentioned transcrip-
tionally inactive complexes [11].

Steroid hormone synthesis is tightly regulated, and both the andro-
gens and 17-β-estradiol (E2) activate negative feedback loops involving
Nur77. Upon ligand binding, the androgen receptor (AR) can inhibit
Nur77 activity through interaction of the N-terminal domain of Nur77
with the DBD of AR. Competition for SRC-1 binding was identified as
the underlying mechanism for this inhibition of Nur77 activity, analo-
gous to DAX1 inhibition [12]. The estrogen receptor alpha (ERα) binds
with its DBD-hinge region the DBD–LBD domains of Nur77, thereby
blocking Nur77 DNA-binding and thus activity [13]. Finally, TNFα was
shown to inhibit the expression of steroidogenic enzymes through
induction of NF-κB and subsequent inhibition of Nur77 transcriptional
activity [14]. The interaction between Nur77 and NF-κBwill be described
in more detail below.

2.2. Interaction between Nur77, RXRs and RARs modulates apoptosis

The three retinoidX receptors (RXRα,β andγ) can formheterodimers
with multiple nuclear receptors and bind 9-cis-retinoic acid (9-cis-RA) in
their ligand-binding pocket. RXRs are silenced when dimerized with the
retinoic acid receptors (RARs). In contrast, both Nur77 and Nurr1, but
not NOR-1, can form activating heterodimerswith RXRs on DR5 response
elements (GGTTCAn5AGTTCA). So far, Nur77 has been shown to interact
with both RXRα and RXRγ. RXRγwas found to enhance Nur77 transcrip-
tional activity, which was further increased upon addition of the RXR
ligand 9-cis-RA. This interaction can therefore make Nur77 indirectly re-
sponsive to retinoic acids [15]. Similarly, Nur77 can form heterodimers
with RXRα that are also activated by 9-cis-RA with Nur77 acting as an
activator of RXRα-dependent transcription [16]. In the absence of RXRα
activating ligands, Nur77 and RXRα heterodimerize via their DBDs.
Ligand binding by RXRα induces a conformational change, which alters
the dimerization interface and allows for dimerization of Nurr77 and
RXRα through their LBDs. This interactionmasks the leucine-rich nuclear
export signal (NES) of RXRα, thereby preventing nuclear export and in-
creasing transcription of RA-response genes [17]. 9-cis-RA was also
shown to arrest Nur77-RXRα heterodimers in the nucleus of neuronal
cells, thereby protecting these cells from glutamate-induced apoptosis
[18] and in pluripotent embryonic stem cells [19]. In contrast to the
above findings, 9-cis-RA was shown to induce rather than inhibit nuclear
export and mitochondrial localization of Nur77-RXRα dimers in gastric
cancer cells [20,21]. Futhermore, Nur77 was shown to decrease RXRα
transcriptional activity by competing with the coactivator CBP/p300 for
RXRα binding in these cells [21]. Finally, in Jurkat cells RA-dependent re-
pression of Nur77 activity by both RAR and RXR has been described [22].
Together these data illustrate that the outcome of Nur77-RXR interaction
is highly dependent on the cell type, the stimulus and the presence of
retinoic acids. Furthermore, retinoic acids are unstable and are metabo-
lized in different ways in distinct cell types so one may speculate that a
specific metabolite of 9-cis-RA is responsible for nuclear export and regu-
lation of activity of Nur77-RXRα dimers. This hypothesis remains to be
tested however [23].

Other stimuli also play a role in modulating the interaction between
Nur77 and RXRα: in response to either apoptotic stimuli or nerve

growth factor (NGF) treatment, Nur77 translocates from the nucleus
to the cytoplasm as part of a Nur77-RXRα heterodimer. Although
these two stimuli have similar downstream effects (nuclear export of
Nur77-RXRα), the exact mechanism through which they achieve this
effect seems to be either fundamentally different or very dependent
on cell type [17,24]. In PC12 cells NGF-induced translocation requires
the presence of a NES in the LBDof Nur77 thereby regulating the subcel-
lular distribution of RXRα [24]. On the other hand, RXRα is required for
shuttling of Nur77 from the nucleus to the cytoplasm in response to ap-
optotic stimuli in prostate cancer cells, as the export of Nur77-RXRα
heterodimers in these cells is dependent on a NES present in the LBD
of RXRα [17]. It could be hypothesized that cell-type specific tertiary
proteins that modulate the interactions between Nur77 and RXRα de-
scribed above cause these differences in the nuclear export mechanism.
For example, in smooth muscle cells, interferon stimulated gene 12
(ISG12) interacts with and inhibits the transcriptional activity of
Nur77 by facilitating Crm1-dependent nuclear export of Nur77 [25].
After nuclear export, Nur77-RXRα heterodimers are targeted to themi-
tochondria where Nur77 induces apoptosis via interaction with Bcl-2, a
process that will be described in more detail further on in this review.

Related to the interactions betweenNur77 and the RXRs are COUP-TFI
and COUP-TFII. These nuclear receptors bind and repress RARs through
competition for DNA binding. Interactions between Nur77 and COUP-
TFI/II may therefore result in enhanced expression of RAR-responsive
genes. At the same time, binding of the COUP-TFs to Nur77 also inhibits
Nur77-RXRheterodimer formation, thereby inhibiting the transcriptional
activity of these complexes [26]. In short, COUP-TFs add an additional
layer of regulation to the interactions between Nur77 and the RXRs.

2.3. Interaction of Nur77with other transcription factors in cell proliferation
and apoptosis

Nur77 has been implicated in the regulation of cellular survival,
proliferation and apoptosis in different tissues and cell types involving
various mechanisms, as reviewed by Moll et al. [27]. In this section we
focus on the interaction of Nur77 with transcription factors that are ac-
tively involved in these processes.

In cultured hepatocytes the atypical nuclear receptor SHP interacts
with a variety of nuclear receptors, including Nur77. The SHP protein
only consists of a putative LBD and binds either Nur77 or the coactivator
CBP/p300. Through this binding it can sequester this activator away
from Nur77 resulting in inhibition of Nur77 activity [28]. In addition to
this direct interaction, Yeo et al. also described SHP as a modulator of
Nur77-mediated apoptosis in hepatocytes. The exact role of Nur77 in
hepatocyte apoptosis is still unclear however, as adenovirus-mediated
overexpression of Nur77 in mouse liver does not result in extensive apo-
ptosis in this organ [29,30].

β-catenin is a dual function protein: it can either regulate cell–cell
adhesion as a transmembrane protein or alter gene expression as a tran-
scription factor after proteolytic release from the membrane. Notably,
Nur77 gene expression is indirectly increased through activation of
the AP-1 transcription factor complex by β-catenin [31]. In addition to
regulation of Nur77 gene expression, β-catenin and Nur77 also interact
directly and this interaction plays an important role in ubiquitin-
mediated proteasomal degradation of β-catenin. More specifically,
Nur77 binds β-catenin through its LBD and subsequently becomes
ubiquitinated on its N-terminal domain. The proteasome subsequently
degrades this entire complex of ubiquitinated Nur77 and β-catenin. In-
hibition of nuclear export of Nur77 through mutagenesis of the NES in
the LBD of Nur77 abolishes this degradation-inducing interaction with
β-catenin. Additionally, Nur77 mutants lacking a DBD and associated
nuclear localization signals (NLS) show increased binding and degrada-
tion of β-catenin. These two observations strongly suggest that this in-
teraction takes place exclusively in the cytoplasm [31–33].

In pancreatic cancer cells, Nur77 was shown to bind Sp1 and Sp4
transcription factors, which are recruited to GC-rich sites in the promoter
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of the cyclin-dependent kinase inhibitor p21. The effect on the survival
and growth of these cells remains unclear although the enhanced p21
expression would potentially inhibit cell proliferation [34]. However, in
another study of the same pancreatic cancer cells it was demonstrated
that the Nur77/Sp1-complex induces expression of Survivin, a member
of the inhibitors of the apoptosis family, resulting in cell survival and pro-
liferation [35].

The promyelocytic leukemia protein (PML) is a tumor suppressor
involved in apoptosis and regulation of cell cycle progression. PML in-
teracts with the DBD of Nur77 via its coiled-coil domain thereby
inhibiting Nur77 binding to DNA [36]. In the human osteosarcoma
U2OS cell line Nur77-dependent apoptosis is enhanced by PML. Finally,
the intracellular region of the transmembrane protein Notch-1 is re-
leased upon proteolytic cleavage and translocates to the nucleus
where it can bind Nur77 and inhibit Nur77-dependent cell death of
T-cells [37].

Taken together, these data illustrate that Nur77 interacts with a
plethora of transcription factors that are active in cellular survival,
growth and apoptosis and that the final outcome of these interactions
on both Nur77 activity and cellular behavior is variable. One should re-
alize that not all proteins mentioned are expressed to the same extent
and under the same conditions in the different cell systems, which
most likely explains the diverse outcome on Nur77 function.

2.4. Nur77modulates tumor progression and angiogenesis through interac-
tions with p53 and HIF-1α

The anti-cancer function of the tumor suppressor p53 involves cell
cycle arrest, maintenance of genomic stability, apoptosis and inhibition
of angiogenesis. Acetylation of p53 is blocked upon complex formation
between p53 and Nur77, which suppresses the transcriptional activity
of p53 [38]. The p53 target gene mouse double minute 2 (MDM2) is
an E3 ligase that binds and ubiquitinates p53, but not Nur77. Nur77
can bind to p53 with a higher affinity than MDM2 and through this
competition for binding Nur77 inhibits MDM2-mediated ubiquitination
and degradation of p53. As a consequence, self-ubiquitination and sub-
sequent degradation of MDM2 is promoted [38]. Taken together, the in-
teraction of Nur77 with p53 downregulates both MDM2 mRNA
(through a decrease in p53 transcriptional activity) and protein levels
(through an increase in self-ubiquitination). Nur77 also stabilizes hyp-
oxia inducible factor (HIF)-1α in a similar fashion: HIF-1α protein is

continuously degraded due to interaction with MDM2, but is stabilized
under hypoxic conditions to induce the expression of genes crucial in
angiogenesis. Nur77 expression is also increased in response to hypoxia,
leading to reduced MDM2 expression, decreased ubiquitination and
degradation of HIF-1α and enhanced expression of HIF-1α target
genes [39]. An additional mechanism bywhich Nur77 inhibits degrada-
tion of HIF-1α involves interaction with the von Hippel–Lindau protein
(pVHL). In the presence of oxygen pVHL forms a complex that exhibits
E3 ubiquitin ligase activity, leading to HIF-1α ubiquitination and
subsequent degradation. Under hypoxic conditions Nur77 binds to
the α-domain of pVHL, thereby blocking pVHL-mediated HIF-1α
ubiquitination and thus degradation [40].

2.5. Nur77 modulates inflammatory responses through interaction with
NF-κB

In mice, Nur77 is involved in negative selection of thymocytes, reg-
ulatory T cell differentiation, development of Ly6C-low monocytes and
attenuation of the chronic inflammatory response of macrophages in
atherosclerosis [1,41]. In Jurkat cells the anti-inflammatory function of
Nur77 is mediated at least partly through its direct interaction with
the p65 (RelA) subunit of NF-κB [14]. The NF-κB binding sites in
IL2- and IL8-promoters have been shown to preferentially bind
p65- or c-Rel homodimers or p65-c-Rel heterodimers. Nur77 respresses
the transcriptional activity of p65 and c-Rel on these low affinity binding
sites, but not on the high affinity NF-κB response element derived from
the HIV-LTR. Reciprocally, p65 was shown to inhibit the transcriptional
activity of Nur77 on NurREs [42].

3. Interactions between Nur77 and transcriptional coregulatory
proteins

Target gene transcription by Nur77 is modulated through interac-
tion with coregulatory factors that either enhance or repress interac-
tions between Nur77 and the transcriptional machinery [43]. Both the
N-terminal domain and LBD of Nur77 play a crucial role in transcrip-
tional activation, coregulator recruitment and intra- and intermolecular
interactions [15]. Some coregulators of Nur77 display specificity for
either the NBRE or the NurRE promoter element and most coregulators
have been characterized in a cell type- and stimulus-specific manner
(Table 2). Coregulators of Nur77 have diverse enzyme functions

Table 2
Transcriptional coregulators interacting with Nur77.

Name Also known as Effect on Nur77 activity Interacting domain of Nur77 References

ARR19 CKLFSF2; CMTM2 − LBD [51]
AXIN2 AXIL [54]
BCL2 Bcl-2; PPP1R50 LBD [56,57]
BRG1 SMARCA4; BAF190; SNF2; SWI2; hSNF2b − [9]
BRM SMARCA2; BAF190; NCBRS; SNF2; SNF2L2; SWI2; Sth1p; hSNF2a − [9]
CBP/p300 CBP; CREBBP; KAT3A; RSTS; p300; EP300; KAT3B + N-term; LBD [15,28,46,47]
CRIF1 CKBBP2; GADD45GIP1 − N-term [50]
FHL2 DRAL; SLIM3 − N-term; DBD [59]
HDAC1 GON-10; HD1; RPD3; RPD3L1 − LBD [46]
ISG12 IFI27; ISG12A; P27 − [25]
PCAF KAT2B + N-term [15]
PIN1 DOD; UBL5 + N-term; DBD [63,64]
PRMT1 HRMT1L2; IR1B4 + DBD–LBD [49]
RB1 p105-Rb; pp110; pRb + DBD [45]
SMAD7 CRCS3; MADH7; MADH8 [54]
SMRT NCOR2; SMAP270; SMRTE; TRAC1 − LBD [43,52]
SRC-1 NCOA1; F-SRC-1; RIP160 + N-term; LBD [15,43,44]
SRC-2 NCOA2; GRIP1; NCoA-2; TIF2 + N-term [15]
TIM-1 HAVCR1; KIM-1 − LBD [60]
TIM-3 HAVCR2; KIM-3 − LBD [60]
TIM-4 SMUCKLER − LBD [60]
TIF1β TRIM28; KAP1; TIF1B + N-term [48]
TRAP220 MED1; CRSP1; DRIP205; PBP; PPARBP; RB18A; TRIP2 N-term [105]

N-term, indicates N-terminal domain;−, binding partner represses Nur77 activity; +, activation of Nur77 transcriptional activity.
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among which are histone acetyltransferase (HAT), histone deacetylase
(HDAC), methyltransferase and isomerase activities.

3.1. Interactions with steroid receptor coactivators (SRCs) increase the
transcriptional activity of Nur77 and are extensively modulated by other
protein–protein interactions

Muscat et al. generated a model for the structure of the LBD of
Nur77 and predicted that the coregulator-binding groove that is
formed in the LBDs of most nuclear receptors upon ligand binding
is absent in Nur77 [15]. The lack of this binding groove, which can in-
teract with LxxLL motifs of coregulatory proteins, may explain why
most coregulators interact with the N-terminal domain of Nur77
instead.

The steroid receptor coactivators (SRCs)1-3 are three members of
the p160 family of histone acetyl transferases (HATs) that are critical
for transactivation of many nuclear receptors. Both SRC-1 and SRC-2
can directly interact with the N-terminal domain of Nur77 and enhance
its transcriptional activity. Interestingly, SRC-1 can also interactwith the
LBD of Nur77 even though this domain does not contain the previously
mentioned coregulator-binding groove [15]. Additionally, SRC-1 only
increases the transcriptional activity of Nur77 on NurREs (which are
bound by NR4A dimers) but not NBREs (which are bound by NR4A
monomers) [15,44]. The latter two facts suggest a possible role for
SRC-1 in facilitating NR4A dimerization through interaction with the
LBD of Nur77. At present, both the role of SRC-1 in NR4A dimerization
and the importance of the innate acetyltransferase activity of SRC-1 or
SRC-2 in the transcriptional activation of Nur77 remain unknown. Fur-
thermore, many other coregulatory proteins have been found to either
increase or decrease the activation of Nur77 by SRC-1 and SRC-2. This
finding suggests that cells regulate Nur77 activation by SRC-1 and
SRC-2 through protein–protein interactions instead of ligand binding,
which fits with the fact that Nur77 does not contain a classical nuclear re-
ceptor LBD that recruits coregulators like SRC-1 in a ligand-dependent
fashion.

Multiple proteins have been shown to increase transactivation of
Nur77 by SRC-1 or SRC-2. First, retinoblastoma tumor suppressor pro-
tein (Rb) is a repressor of genes involved in cell cycle progression. Rb
and its related proteins p107 and p130 increase the activity of Nur77
through direct interaction with the N-terminal domain and the DBD of
Nur77. Although SRCs can bind Nur77 in the absence of Rb, Rb acts as a
synergistic potentiator of SRC-2 coactivator function, thereby promoting
Nur77 activity [45].

Second, p300/CBP-associated factor (PCAF) is a HAT that binds
directly to the N-terminal domain of Nur77 and mediates recruitment
of additional coactivators. Together with SRC-1, SRC-2 and CBP/p300,
PCAF works with the mediator complex to remodel local chromatin
structure, thereby enhancing transcription [15]. In addition to interac-
tionswith PCAF, Nur77 is also a target for acetylation by CBP/p300 itself.
This acetylation increases protein stability of Nur77 and is directly an-
tagonized by histone deacetylase 1 (HDAC1) [46]. Interestingly, Nur77
induces expression of both the acetylase p300 and the deacetylase
HDAC1, pointing to the existence of a negative feedback loop that regu-
lates Nur77 activity and is itself regulated at the post-transcriptional
level [46,47].

Third, transcription intermediary factor 1β (TIF1β) is an intrinsic
component of two chromatin remodeling and histone deacetylase
complexes: the NCoR1 complex and the nucleosome remodeling and
deacetylation (Mi-2/NuRD) complex. TIF1β increases the transcription-
al activity of Nur77 upon corticotropin-releasing hormone (CRH) stim-
ulation of AtT-20 cells by forming a transcriptional activation complex
together with SRC-2 on the N-terminal domain of Nur77. It should be
noted that TIF1β acts only on Nur77/NR4A dimers but not on mono-
mers. Additionally, TIF1β also interacts with the other two members
of the NR4A family, which will be discussed in a separate section of
this review [48].

Finally, protein arginine methyltransferase 1 (PRMT1) physically
interacts with Nur77 and synergizes with SRC-2 to increase Nur77 tran-
scriptional activity. However, Nur77 is not methylated by PRMT1 [49].
Instead, PRMT1 increases the protein stability of Nur77 through direct
interaction independent of its methyltransferase activity. Interestingly,
this interaction also blocks the methyltransferase activity of PRMT1 by
masking its catalytic domain, resulting in decreased methylation of
PRMT1 substrates such as STAT3 and Sam68, indirectly leading to either
a decrease in their transcriptional activity (for STAT3) or a decrease in
their nuclear localization (for Sam68) [49].

On the other hand, two proteins have been shown to decrease the
activation of Nur77 by direct competition with either SRC-1 or SRC-2.
First, CR6-interacting factor 1 (CRIF1), a putative regulator of cell cycle
progression and cell growth, has been shown to interact directly with
the N-terminal domain of Nur77 via its mid-region and decrease
transactivation of Nur77 by SRC-2. In thyroid cells this binding resulted
in a decrease of Nur77-dependent induction of E2F1 promoter activity
and Nur77-mediated G1/S progression of the cell cycle [50].

The second, androgen receptor corepressor-19 (ARR19), is a
member of the chemokine-like factor superfamily and reduces the
expression of steroidogenic enzymes. ARR19 can inhibit the transcrip-
tional activity of Nur77 by directly competing with SRC-1 for binding
of the LBD of Nur77 [51]. As was previously stated, SRC-1 could hypo-
thetically affect dimerization of Nur77. Unfortunately, Qamar et al. did
not look at the effect of ARR19 or SRC-1 on NR4A dimerization in this
study.

Similarly, although not directly related to modulation of SRC-1 and
SRC-2 activity, the silencingmediator for retinoid and thyroid hormones
(SMRT) was shown to bind the LBD of Nur77 and repress its transcrip-
tional activity. SMRT is a known corepressor of multiple nuclear recep-
tors and associates with HDACs to form repressive complexes. The
HDAC inhibitor Trichostatin A (TSA) does not block the repressive effects
of SMRT on Nur77 however, suggesting that HDACs do not play a role in
this process. Instead, Sohn et al. hypothesize that SMRT competes with
other coregulatory proteins (such as the SRCs) for binding of Nur77
[52]. Furthermore, it should be noted that the inhibitory effect of SMRT
on Nur77 is repressed by Ca2+/calmodulin-dependent protein kinase
IV (CaMKIVc), which facilitates the translocation of SMRT from the nu-
cleus to the cytoplasm [52]. Additionally, increases in cytosolic calcium
enhance expression of Nur77 [53], while increases in intracellular
cAMP levels enhance expression of both Nur77 and SMRT [43]. When
taking these three facts together, it could be hypothesized that the effect
of a stimulus that sequentially increases cytosolic Ca2+ and cAMP levels
(such as those relayed by the β-adrenergic receptors) on Nur77 is a two-
stage affair that is regulated by SMRT: first, when cytosolic calcium and
cAMP levels are high, expression of both SMRT and Nur77 is increased
while SMRT protein is sequestered in the cytosol by CaMKIVc, leading
to an increase in Nur77 transcriptional activity. Then, when the said
stimulus has passed and cytosolic calcium levels return to normal,
SMRT is no longer exported from the nucleus and starts inhibiting
Nur77, thereby ending the Nur77-dependent response of the cell to
such a stimulus.

Finally, Sohn et al. also describe the coactivator ASC-2 (NCOA6),
which increases the transcriptional activity of Nur77 but does not bind
it directly. The interaction between ASC-2 and Nur77 is said to bemedi-
ated by an intermediary protein that has not been identified yet [52].
Since it has been shown that ASC-2 interacts with both RXRα and
RARα [54], it could be hypothesized that the previously mentioned di-
merization of Nur77 with these two receptors plays a role in the activa-
tion of Nur77 by ASC-2.

3.2. Nur77 promotes thymocyte apoptosis through interaction with Bcl-2

Nur77 has been shown to induce cell death through a transcription-
dependent pathway in thymocytes [55], while Bcl-2 family proteins are
evolutionarily conserved regulators of apoptosis [56]. Upon apoptotic

Chapter 

1



stimulation of thymocytes Nur77 translocates from the nucleus tomito-
chondria, a process which is tightly controlled by post-translational
modifications such as phosphorylation (more on this later). When
Nur77 binds to Bcl-2 in mitochondria cytochrome C is released into
the cytosol, which subsequently triggers apoptosis. The interaction of
Nur77with Bcl-2 induces a conformational change resulting in the con-
version of Bcl-2 from an anti-apoptotic to a pro-apoptotic protein [56].
The translocation of Nur77 from the nucleus to the mitochondria is
also observed in cancer cells derived from lung, ovary, prostate, stomach
and breast [27]. Nur77 and NOR-1 associate with the proapoptotic BH3
domain of Bcl-2 in stimulated thymocytes, whichwas confirmed in cells
from T-cell receptor-transgenic mouse models [57]. Recently, Kolluri
et al. developed a short Nur77-derived peptide, NuBCP-9, which poten-
tiates the pro-apoptotic function of Bcl-2 to induce apoptosis of cancer
cells in vitro and in animal models [58].

3.3. Regulation of Nur77 transcriptional activity by FHL2, TIMs and TGFβ
signaling

Four and a half LIMdomain protein-2 (FHL2) is a typical adaptor pro-
tein that facilitates interactions between different proteins and interacts
directly with all three NR4As [59]. All four LIM domains of FHL2 can
bind Nur77 and both the N-terminal domain and the DBD of Nur77 are
involved in this interaction. FHL2 inhibits Nur77 transcriptional activity,
presumably through recruitment of additional, repressive coregulators
of Nur77 [59].

T-cell immunoglobulin and mucin domain (TIM) proteins such as
TIM-1, TIM-3 and TIM-4 function as cell-surface signaling receptors in
T-cells and scavenger receptors in antigen-presenting cells. All three
TIM proteins interact with Nur77 and repress its transcriptional
activity [60]. It was also shown that TIM-1 is constitutively endocytosed
and that this dynamic cycling of TIM-1 is important for simultaneously
targeting Nur77 to the lysosome for degradation. As such, the association
of TIM-1withNur77 in renal tubular epithelial cellsmay confer protection
against apoptosis [60].

More recently, itwas shown thatNur77 strongly potentiates oncogen-
ic TGFβ signaling in breast tumor cells by interactingwith both Axin2 and
Smad7. These interactions lead to increased Axin2-dependent degrada-
tion of Smad7, a negative regulator of TGFβ signaling [61]. So far it is un-
known whether or not these interactions also have a reciprocal effect on
the activity of Nur77, although it has been shown that Axin2, like Nur77,
enhances degradation of β-catenin, suggesting that Axin2 plays a role in
this Nur77-mediated degradation process as well [62].

4. Interactions with kinases and phosphorylation of Nur77

Phosphorylation is a post-translational proteinmodification that can
change the conformation of an entire protein or, alternatively, alter the

accessibility of only a single region of it. These conformational changes
can in turn lead to an increase or decrease in the protein's activity, sta-
bility or ability to interactwith other proteins. A number of kinases have
been shown to phosphorylate or interact with Nur77 directly, and these
interactions and modifications occur in all three of the domains of
Nur77 (Table 3).

4.1. Phosphorylation inhibits proteasomal degradation of Nur77

The peptidyl-prolyl isomerase Pin1 plays a role in post-translational
regulation of protein function by recognizing phosphorylated serine or
threonine residues and isomerizing the adjacent proline residues (so
called pSer/pThr-Promotifs). Pin1 interacts with all three NR4A nuclear
receptors and enhances their transcriptional activity [63,64]. However,
the exact regions of Nur77 that Pin1 binds or isomerizes are subjects
of debate as Nur77 contains 17 putative pSer/pThr-Pro motifs for isom-
erization by Pin1 and two papers have identified different motifs as
being essential for Pin1–Nur77 interactions. The first paper, by Chen
et al., reported that Pin1 recognizes both JNK1-phosphorylated Ser95
and ERK2-phosphorylated Ser431 and subsequently isomerizes their
adjacent proline residues, which ultimately leads to increased protein
stability and transcriptional activity of Nur77, respectively [63,65]. In
contrast, van Tiel et al. reported that Pin1 enhancesNur77 transcription-
al activity independent of its isomerase activity and that the isomerase
activity of Pin1 is only required to increase the protein stability of
Nur77. Additionally, van Tiel et al. reported that phosphorylation of
Nur77 at the N-terminal domain Ser152 residue by casein kinase 2
(CK2) is required for isomerization to take place, which then leads to in-
creased protein stability by blocking ubiquitination of Nur77 [64]. Both
studies used Pin1 and Nur77 mutants to verify binding and isomeriza-
tion sites and all experiments were performed in HEK293 cells. So far
there is no explanation for the discrepancies between these two papers.

4.2. Phosphorylation by DNA-PK promotes the p53 transactivation and
DNA double-strand break repair activity of Nur77

DNA-PK is a serine/threonine protein kinase complex that is
expressed in the nucleus, where it plays an essential role in the non-
homologous end joining (NHEJ) pathway of DNA double-strand break
(DSB) repair [66]. DNA-PK has been shown to phosphorylate Nur77 at
two different sites with distinct downstream effects: first, phosphoryla-
tion of Nur77 at the Ser164 residue promotes the Nur77-mediated inter-
action betweenDNA-PK and p53, resulting in phosphorylation of p53 and
subsequent enhancement of its transcriptional activity [67].Second,
Nur77 can also be phosphorylated by DNA-PK at residue Ser337 in re-
sponse to DNA damage, and this phosphorylation is crucial for the proper
progression of DSB repair [68]. However, the enhancement of DSB repair
does not depend on the transcriptional activity of Nur77, excluding the

Table 3
Kinases that interact directly with Nur77.

Kinase Also known as Effect of phosphorylation Phosphorylation site Interaction site References

AKT1 AKT; PKB Decreases transcriptional activity, blocks nuclear export of Nur77 Ser351 DBD [71,75]
CHEK2 CDS1; CHK2; RAD53 Increases DNA-binding ability of Nur77 Thr88 N-term [84]
CK2 CSNK2A1/A2/B; CKII Mediates stabilization of Nur77 by Pin1 Ser152 N-term [64]
DNA-PK PRKDC Promotes DSB-repair activity of Nur77 Ser164 Ser337 N-term DBD [67,68]
ERK2 p38; MAPK1; MAPK2 Mediates transcriptional activation of Nur77 by Pin1 Thr143 Ser431 N-term DBD [63,76,81,82]
ERK5 ERK4; BMK1; MAPK7 Increases transcriptional activity of Nur77 n.d. (not Thr143) n.d. [83]
JNK JNK1; MAPK8 Reduces DNA-binding ability, promotes nuclear export of Nur77 Ser95 N-term [63,65,71,77]
LKB1 hLKB1; STK11 No direct phosphorylation. LKB1 stays in the nucleus by binding Nur77,

thereby inhibiting AMPK signaling
n.d. LBD [87]

PKA PKAC; PRKAC Decreases DNA-binding ability of Nur77, but increases DNA-binding ability
of Nur77 homodimers

Ser341 Ser351 DBD [44,74]

PKC PRKC Induces mitochondrial translocation of Nur77. Inhibition of the catalytic activity of PKCΘ Ser351 n.d. DBD [74,79,80]
RSK1/2 S6K; p90-RSK;

RPS6KA1/3
Mitochondrial translocation of Nur77 and apoptosis in T cells Ser351 DBD [73,77,78]

Phosphorylation sites are given for human NR4A1, isoform 1 (GI:21361342); n.d., not determined.
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possibility of Nur77 enhancing transcription of genes involved in DNA re-
pair. Additionally, phosphorylation by DNA-PK is not required for recruit-
ment of Nur77 to sites of DNA repair, as DNA-PK only phosphorylates
Nur77 after it is already localized to DNA repair sites. Instead, the enzy-
matic activity of poly-ADP-ribose polymerase-1 (PARP-1) was shown to
be essential for recruitment of Nur77 to DNA repair sites [68]. Increased
DSB repair by Nur77 may therefore be seen as a two-step process: first,
ribosylation by PARP-1 of either Nur77 itself (unconfirmed, but direct in-
teractions between PARP-1 and Nur77 do occur [69]) or the chromatin
surrounding the DSB (as has been previously shown to occur [70])
paves the way for a stable association of Nur77s with DSBs. Such an asso-
ciation then allows for recruitment of DNA-PK, which phosphorylates
Nur77 and thereby paves the way for recruitment of additional DNA re-
pair factors.

4.3. Subcellular localization of Nur77 is regulated by competing kinase
signaling pathways

Two major signaling pathways play an important role in mediating
the intracellular relay of cell proliferation and apoptosis signals: the
phosphatidylinositol 3-kinase to Akt/protein kinase B (PI3K-Akt) path-
way and the Ras to mitogen-activated protein kinase (MAPK) pathway.
These two pathways competitively alter the subcellular localization of
Nur77, with PI3K-Akt signaling promoting nuclear sequestration and
transcriptional inactivation ofNur77, andRas-MAPK signaling enhancing
mitochondrial translocation and transcriptional activation of Nur77
(Fig. 3). As described earlier in this review, translocation of Nur77 to
the mitochondria is a potent inducer of apoptosis. Therefore, the choice
in subcellular localization of Nur77 as decided by these two signaling
pathways can also be seen as a choice for either apoptosis or survival of
the cell. The effects of the PI3K-Akt signaling pathway on Nur77 are a
direct result of phosphorylation of Nur77 by Akt at residue Ser351. Phos-
phorylation of this residue, which is located in the DBD, has two effects
on Nur77: first, it blocks export of Nur77 from the nucleus, presumably
through phosphorylation-dependent interactions between Nur77 and
the14-3-3 family of inactivating proteins (which have been shown to in-
teract with Nur77, albeit in vitro only) [71–73]. Second, phosphorylation
of Ser351 inhibits the ability of Nur77 to bindDNAand thereby decreases
its transcriptional activity [74,75].

On the other hand, activation of theMAPK pathwayhas less straight-
forward effects on Nur77, as it can induce both nuclear sequestration
and non-apoptotic cell death through ERK2 [76], as well as mitochon-
drial translocation and apoptosis through RSK/JNK [65,71,73,77,78].
More specifically, 90-kDa ribosomal S6 kinase (RSK2; also known as
p90-RSK) can phosphorylate the same Ser351 residue in the DBD of
Nur77 that was previously shown to be phosphorylated by Akt [73,77,
78]. Since phosphorylation of Ser351 can have seemingly opposite
effects depending on the kinase involved, it seems logical that a third
factor determines the final effect phosphorylation of this residue has
on localization of Nur77. This third factor could be phosphorylation by
JNK, as it was shown that when the Ser95 residue in the N-terminal do-
main of Nur77 is phosphorylated by JNK, nuclear export and transloca-
tion of Nur77 to themitochondria is increased and Bcl-2mediated T-cell
apoptosis is promoted [65,71]. Another possibility is involvement of
protein kinase C (PKC), which also induces mitochondrial translocation
and is known to phosphorylate Nur77 in vitro [74,79]. Whether the
kinases described above synergistically promote translocation of
Nur77, or whether phosphorylation of Nur77 by these two kinases
only occurs separately from each other depending on cell type remains
to be determined. It should also be noted that in addition to the phos-
phorylation by PKC described above, interaction between the LBD of
Nur77 and a highly conserved glycine-rich loop of PKC was also
shown to inhibit its kinase activity [80].

ERK2 can phosphorylate Nur77 at residue Thr143, which also
sequesters Nur77 in the nucleus and thereby induces an alternative,
non-apoptotic form of programmed cell death that requires

transcriptional activation of Nur77 [76,81,82]. Additionally, ERK5 phos-
phorylates Nur77 as well (albeit at a different site than ERK2) and this
phosphorylation was shown to also increase apoptosis through induc-
tion of its transcriptional activity [83]. The idea of transcription-
dependent induction of cell death by Nur77 is made more plausible by
the fact that phosphorylation of residue Thr88 in Nur77 by checkpoint
kinase 2 (CHEK2) has already been described to have a similar
cell death-inducing effect by enhancing Nur77-dependent down-
regulation of expression of the anti-apoptotic genes BRE and RNF-7
[84]. In summary, phosphorylation by Akt inactivates and sequesters
Nur77 in the nucleus and thereby inhibits apoptosis, whereas the
MAPK pathway and/or PKC (possibly depending on the cell type)
can either enhancemitochondrial translocation of Nur77 and apoptosis
through JNK and RSK, or sequester Nur77 in the nucleus and thereby
promote non-apoptotic programmed cell death through ERK2.

Finally, it should be noted that the Ser351 residue of Nur77, whose
phosphorylation by kinases of the MAPK pathway and Akt was
discussed in the preceding paragraphs, is also phosphorylated by PKA
[74]. The exact effect of this phosphorylation by PKA is unclear however,
as activation of PKA has been shown to both increase and decrease tran-
scriptional activity of Nur77 [44,74].

4.4. Nur77 indirectly regulates AMPK activity through interactions with
LKB1

During times of energy starvation cellular levels of adenosine
monophosphate (AMP) rise and the appropriately named AMP-
activated protein kinase (AMPK) becomes activated through phosphor-
ylation by liver kinase B1 (LKB1). Activated AMPK is a major driver of
energy conservation in the cell, because it turns on energy producing
catabolic pathways such as fatty acid oxidation and glycolysis while
simultaneously shutting down energy-requiring processes such as
fatty acid synthesis, gluconeogenesis and cell growth [85]. Nur77 has
been shown to have the opposite effect of AMPK: it promotes gluconeo-
genesis, glucose metabolism and sensitivity to insulin [86]. This compe-
tition for themetabolic state of the cell between AMPK andNur77 is not
just indirect however, as Nur77 can also inhibit the activity of AMPK
through modulating the localization of LKB1. Nur77 directly interacts
with nuclear LKB1 and this interaction prevents LKB1 from leaving the
nucleus and activating cytosolic AMPK [87]. In the regulation of nuclear
export of LKB1 phosphorylation at its Ser428 residue is most important,
which is a target site for protein kinase C zeta (PKCζ) [88]. The LBD of
Nur77 and the region surrounding the PKCζ target residue Ser428 of
LKB1 interact with each other. This interaction prevents phosphoryla-
tion of LKB1 and thus its nuclear export [87].

5. Interacting proteins of Nurr1 and NOR-1

The interactome of Nurr1 is not as well described as that of Nur77,
whereas for NOR-1 even less data are available on its interacting
proteins. The reason why Nurr1 has been studied more elaborately
thanNOR-1may be its crucial function in development of dopaminergic
neurons as is illustrated by the brain phenotype of Nurr1-deficientmice
[89]. In this paragraphNurr1-interactingproteinswill be presentedfirst,
followed by a description of our current knowledge on the protein–
protein interactions of NOR-1 (Tables 4–5).

5.1. The interactome of Nurr1

Nurr1 is both in its monomeric and homodimeric form an active
transcription factor, but it can also form heterodimers with Nur77 or
RXR. Nurr1 interactionwith RXRhas beendescribed in great detail dem-
onstrating that alanine substitution of Pro560 or Leu562 completely
disrupts this interaction, as well as the triple substitution of Lys554–
Leu555–Leu556 [90]. RXR is an inactive receptor in other nuclear recep-
tor dimeric complexes however, it creates a hormone-dependent
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complex upon interaction with Nurr1 or Nur77. Of note, the transcrip-
tional activity of Nurr1 itself is reduced upon complex formation with
RXR [16]. Nurr1 also interacts with the glucocorticoid receptor (GR) al-
though some discrepancy exists in literature on the domain of Nurr1
involved in this reaction, which has been described to be the DBD or
the N-terminal domain [10,91]. Nurr1 inhibits the transcriptional
activity of GR in AtT20 cells, whereas GR enhances Nurr1 activity in a
dexamethasone-dependent manner in PC12 cells [10,91].

In search for proteins that interact with Nurr1 extensive pull-
down experiments were performed, which revealed that the MAP
kinases ERK2 and ERK5 both bind to Nurr1 and enhance its transcrip-
tional activity in a phosphorylation-dependent manner [92]. For
ERK5 it was demonstrated that the Nurr1 Thr168A- and Ser177Ala-
variants were no longer responsive to ERK5 activation, whereas the
exact phosphorylation sites in Nurr1 for ERK2 were later identified
as Ser126 and Thr132 [93]. ERK2 interacts with the N-terminal
domain of Nurr1, whereas ERK5 was shown to bind the N-terminal
domain, where the target residues (Thr168, Ser177) are localized,
and the LBD.

LIM kinase1 and cyclin-dependent kinase inhibitor 1C (CDKN1C or
p57Kip2) are known to interact and have independently been shown
to bind the N-terminal domain of Nurr1 to inhibit the activity of Nurr1
[92,94]. Therefore, it is conceivable that the p57kip2–LIM kinase1–
Nurr1 complex exists. Moreover, LIM-domain containing proteins are
known to recruit the Sin3A-histone deacetylase co-repressor complex
and Nurr1 interacts directly with Sin3A, making the existence of an
even larger protein complex feasible [95].

The peptidyl-prolyl isomerase Pin1 was identified in a yeast-two-
hybrid screen and shown to interact with the N-terminal domain and
DBD of Nurr1. Pin1 enhances the transcriptional activity of Nurr1 with-
out changing its protein stability, in contrast to Nur77 protein stability
that is increased by Pin1 [63,64]. In the same screen the LIM-only do-
main protein FHL2 was identified and, similarly as observed for Nur77,
FHL2 binds theN-terminal domain and DBD of Nurr1 and inhibits its ac-
tivity [59, unpublished data van Tiel et al.].

As indicated above, Nurr1 is crucial in development of dopaminergic
neurons. In these cells Nurr1 is bound in corepressor complexes via
lymphoid enhancer-binding factor-1 (LEF-1). β-catenin competes for
this specific interaction with the Nurr1 LBD and upon binding to

Nurr1 β-catenin facilitates downstream gene expression of both Nurr1
and Wnt [96].

More recently, Nurr1 has been demonstrated to be involved in
expression of the Forkhead transcription factor Foxp3, which defines
the differentiation of regulatory T cells (Treg) [97]. This regulation
of gene expression in CD4+ T cells is mediated through direct inter-
action of Nurr1 with Runx1. In macrophages and microglia an anti-
inflammatory function has been attributed to Nurr1 involving inhibi-
tion of NF-κB p65 activity [98]. Indeed, a direct interaction between
Nurr1 and NF-κB p65 has been established, which requires phosphory-
lation of p65 at Ser468. Subsequently, the corepressor complex with
CoRest is recruited and this factor also binds Nurr1 directly. It is the
Nurr1/CoREST-mediated transrepression complex that blocks NF-κB
p65 activity.

In analogywith Nur77, Nurr1 is important in DNA repair through in-
teraction with DNA-PK, which phosphorylates Nurr1 at Ser337 in the
NR4A-conserved sequence ‘TDSLKG’. To substantiate its involvement
in dsDNA repair, overexpression of the Ser337Ala Nurr1-variant was
shown to hamper DNA repair [68].

The SUMO-E3 ligase PIASγ represses Nurr1 transcriptional activity
in two independent ways. One mechanism involves PIASγ-mediated
SUMOylation of Lys91 in Nurr1 resulting in reduced activity in complex
promoters. The other type of repression is mediated through a direct
interaction betweenNurr1 and PIASγ independent of its E3-ligase activ-
ity [99,100].

Proteins directly interacting with Nurr1, but for which the effect on
Nurr1 function has not been studied in detail are the nuclear receptors
FXR and PPAR, the transcription factors STAT3 and p53, PARP-1, which
is involved in apoptosis, p85 βPIX, a guanine nucleotide exchange factor
and JAB1, a component of the COP9 signalosome that acts as a positive
regulator of E3 ubiquitin ligases [92,101].

JAB1 is involved in the degradation of cyclin-dependent kinase
inhibitor CDKN1B/p27Kip1, but its effect on Nurr1 activity or protein
stability has not been studied [69,92,102].

Among the less well-defined Nurr1 interacting proteins are also the
signaling pathway constituentsMxiI and NCoR-1 [92]. For NCoR-1 it has
been shown that a peptide comprising its LxxLLmotif interacts with the
novel co-regulator interaction site that has been defined in the Nurr1
LBD domain, based on the LBD crystal structure and NMR-analyses

Table 4
Nurr1 interacting proteins.

Name Also known as Effect on Nurr1 activity Interacting domain of Nurr1 References

CTNNB1 ß-Catenin; armadillo Increased LBD [96]
CDKN1C Cyclin-dependent kinase inhibitor 1C; p57Kip2 Decreased N-term [94]
COPS5 COP9 signalosome subunit 5; Jab1 nd [102]
coREST REST corepressor 1; RCOR1 nd DBD [98]
ERK2 p38; MAPK1; MAPK2 Increased N-term [92,93]
ERK5 MAPK7 Increased N-term-LBD [92]
FHL2 Four and a half LIM domain 2; DRAL; SLIM3 Decreased LBD–DBD [59]
GR Glucocorticoid receptor; NR3C1 Increased DBD or N-term [10,91]
LEF1 Lymphoid enhancer-binding factor 1 nd LBD [96]
LIMK1 LIM kinase 1 Decreased N-term-LBD [92]
NCOR1 Nuclear receptor corepressor 1 nd [103]
NCOR2 Nuclear receptor corepressor 2; SMRT Decreased LBD [95,103]
NFKB NFKB-p65; NF-κB nd [98]
NR4A1 Nur77; NAK1; TR3; NGFI-B nd LBD
PIAS4 Protein inhibitor of activated STAT protein 4; PIASgamma Decreased N-term [100]
Pin1 Peptidyl-prolyl isomerase 1; DOD; UBL5 Increased [64]
PRKDC DNA-PKcs; DNA-PK nd DBD [68]
RSK1/2 S6K; p90-RSK; RPS6KA1/3 nd DBD [73]
RUNX1 AML1; CBFA2; EVI-1; PEBP2aB nd [97]
RXRA NR2B1 nd LBD [16,90,102]
SFPQ PSF; POMP100 nd [95]
SIN3A SIN3 transcription regulator family member A nd [95]
TP53 p53; TRP53 nd DBD [101]
TRIM28 TIF1β; KAP; TIF1B1 Increased [48]
FXR, PPAR, STAT3, PARP-1, p85 βPIX, MxiI nd [92]

N-term, indicates N-terminal domain; n.d., not determined.
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[103]. Similarly, the peptide containing the LxxLL motif of NCoR-2 (also
known as SMRT) interacts with this novel co-regulator interaction site
in the LBD. Pitx3 disturbs the interaction between Nurr1 and NCoR-2/
SMRT and even though Nurr1 does not bind directly to Pitx3, these pro-
teins both bind the corepressor PSF indicating that Pitx3 and Nurr1 are
present in the same complex [95].

5.2. The interactome of NOR-1

NOR-1 is less well studied than Nur77 and Nurr1 and most of the
data on interacting proteins of NOR-1 are presented in studies that are
mainly focused on its homologues. As a consequence, NOR-1 protein–
protein interactions are described with limited detail, for example the
HAT p300/CBP acetylates NOR-1 similarly as Nur77, however, the effect
on NOR-1 activity has not been described [79]. Likewise, NOR-1 inter-
acts with the co-regulator TIF1β resulting in enhanced NOR-1 activity,
but the domain involved in the interaction is unknown [48]. Similar to
Nur77, PKC and RSK1/2 were shown to induce NOR-1 mitochondrial
translocation [73,79] andDNA-PK binds the DBD of NOR-1. Even though
Nurr1 and Nur77 are both essential for optimal DSB repair the function
of NOR-1 in this process remains to be studied [68]. Both FHL2 and the
peptidyl-prolyl isomerase Pin1 bind the N-terminal domain and DBD

of NOR-1, resulting in reduced or enhanced transcriptional activity of
NOR-1, respectively [59,64].

Muscat and co-workers performed detailed studies to identify co-
regulators of NOR-1 andwere the first to reveal the absence of a conven-
tional ligand-binding pocket in the LBD of NOR-1, through molecular
modeling and hydrophobicity analysis of the LBD [104]. Based on
these analyses, the relative importance of the N-terminal domain of
NOR-1 in regulation of the transcriptional activity of NOR-1 became
apparent and direct interaction of a number of crucial co-regulators to
this domain was shown; SRC-2 (GRIP-1), SRC-1, SRC-3, p300, DRIP250/
TRAP220 and PCAF [104]. The interaction between the N-terminal
domain of NOR-1 and TRAP220 is independent of PKA- and PKC phos-
phorylation sites in TRAP220. Most interestingly, the purine derivative
6-mercaptopurine,which enhances the activity of NR4Aswithout directly
binding these nuclear receptors promotes the interaction betweenNOR-1
and TRAP220 [105].

Both Nur77 and NOR-1 are involved in T-cell receptor mediated
apoptosis of developing T cells [106]. During activation of T cells the
expression of NOR-1 is induced and protein kinase C (PKC) becomes ac-
tive. NOR-1 is a PKC substrate that is phosphorylated and subsequently
translocates from the nucleus to themitochondria where it binds Bcl-2.
Most interestingly, as already indicated above the interaction between
NOR-1/Nur77 and Bcl-2 causes a conformational change in Bcl-2
allowing its BH3 domain to be exposed, resulting in the conversion of
Bcl-2 from an anti-apoptotic into a pro-apoptotic protein. For Nur77 it
is exactly known which amino acids are involved to provoke the func-
tional switch in Bcl-2, which is not the case for NOR-1 [57,79].

Initially, the homeobox domain containing protein Six3 was identi-
fied in a yeast-two-hybrid study as a protein that interacts uniquely
with the DBD and LBD of NOR-1 without binding or inhibiting the activ-
ity of Nur77 or Nurr1. Of interest, NOR-1 and Six3 show overlap in
expression in the rat fetal forebrain on embryonic day 18 [107]. In a
later study this specificity of Six3 for NOR-1was not found, rather inter-
action with all three NR4As was observed [108]. NOR-1 is part of the
EWS/NOR-1 fusion protein that is expressed in human extraskeletal
myxoid chondrosarcoma tumors. Six3 enhances the activity of NOR-1
(andNur77 and Nurr1), whereas the activity of EWS/NOR-1 is inhibited
and the interaction only requires the DBD of NOR-1. The opposing data
in these two studies may be explained by the use of different cell types
for the activity assays, as well as the use of Gal4-fusion proteins in the
latter study.

PARP-1 specifically and effectively interacts with the DBD of NOR-1
independent of the enzymatic activity of PARP-1 [69]. Nurr1 interacts
with lower affinity, whereas EWS/NOR-1 and Nur77 do not bind
PARP-1, unless the N-terminal domain of Nur77 is deleted. The latter
experiment nicely illustrates that the N-terminal domains of Nur77
and EWS/NOR-1 disturb PARP-1 interaction with the DBD. This may
be the underlying mechanism of differential function of NOR-1 and
the EWS/NOR-1 fusion protein. In line with the binding characteristics,

Table 5
NOR-1 interacting proteins.

Name Also known as Effect on NOR-1 activity Interacting domain of NOR-1 References

BCL2 Bcl-2; PPP1R50 nd [79]
CBP/p300 CBP; CREBBP; p300; EP300 nd [46]
ERK2 p38; MAPK1; MAPK2 nd [82]
FHL2 DRAL; FHL-2; SLIM3 Decreased [59]
TRAP220 MED1; RSP1; DRIP205; PBP; PPARBP; RB18A; TRIP2 Increased [104]
NCOA2 SRC-2; TIF2; GRIP1; NCoA-2 Increased N-term [104]
Pin1 Peptidyl-prolyl isomerase 1; DOD; UBL5 Increased N-term [64]
PARP1 poly-ADP-ribose polymerase-1 Decreased [69]
PKC PRKC nd [79]
PRKDC DNA-PKcs; DNA-PK nd DBD [68]
RSK1/2 S6K; p90-RSK; RPS6KA1/3 nd DBD [73]
SIX3 HPE2 Decreased DBD [108]
TRIM28 TIF1-β; KAP; TIF1B1 Increased DBD and LBD/DBD [48]

N-term, indicates N-terminal domain; n.d., not determined.

Fig. 2.Nur77 and its interacting proteins. Schematic overviewof theprotein–protein inter-
actionswith Nur77 for which the domains of interaction have been elucidated. Details are
described in the text and in Tables 1–3, which also contain the full names of the indicated
proteins. N-term, N-terminal domain; DBD, DNA-binding domain; LBD, ligand-binding
domain.
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PARP-1 only inhibits the activity of NOR-1 effectively, again indepen-
dently of the ribose polymerase activity of PARP-1.

6. Discussion and concluding remarks

This review summarizes the currently available knowledge on the
protein–protein interactions of the NR4A nuclear receptor family and
their downstream effects. When looking at the information gathered
in this review three main observations can be made. First, there are a
large number of protein–protein interactions that regulate the activity
of Nur77 and there is a large variation in the effects of these interactions
on the ‘target’ protein, be it Nur77 or the interacting protein itself. These
effects include modulation of transcriptional activity, protein stability,
post-translational modification and cellular localization: all processes
that are tightly regulated by ligand binding in other nuclear receptors.
In light of the many interactions it undergoes with other proteins,
Nur77 could also be considered to be amolecular ‘chameleon’: a protein
that selectively adopts the responsiveness of other proteins by directly
interacting with them. Secondly, the protein–protein interactions with
Nur77 described in this review have been studied in a wide range of
cell types, such as immune cells (T-cells, thymocytes, monocytes and
macrophages); somatic cells (neurons, smoothmuscle cells, endothelial

cells and hepatocytes) and cancer cells from diverse origins. We reason
that a stimulus- and cell type-specific expression pattern of interacting
proteins may be decisive in determining both the interactions of NR4As
with other proteins and their activity in general. Thewell-studied inter-
action between Nur77 and RXRα, which has unique outcomes depend-
ing on both the cell type studied and the stimulus used, is one such
interaction that is modulated by stimulus- or cell type-specific auxiliary
proteins.

Lastly, there is a large amount of overlap in interacting proteins be-
tween the three NR4A nuclear receptors. All three domains of the
NR4As are involved in interactions with other proteins (Tables 1–5,
Fig. 2), and we think that the unstructured N-terminal domains are of
special interest as they have the lowest overall amino acid similarity
(Fig. 1). Based on this dissimilarity, it could be hypothesized that the
N-terminal domain of each NR4A receptor interacts with a unique set
of proteins that specifically regulates each of their activities, if it were
not for the fact that this review has shown that the interacting partners
of the NR4As strongly overlap. However, a closer look at the N-terminal
domains of Nur77, Nurr1 andNOR-1 reveals small stretches of relatively
high similarity within the amino acid sequences (Fig. 4). The possible
importance of these small stretches of high similarity is most readily
apparent when looking at phosphorylation sites of the NR4As. For

Fig. 4. Amino-acid sequence similarity between the N-terminal domains of the NR4A receptors. The amino-acid sequence of the N-terminal domains of Nur77, Nurr1 and NOR-1 was
aligned and the extent of sequence similarity is indicated with colors; e.g. blue indicates the regions where the sequence of the three NR4As is identical. In the Nur77 sequence, the
CHEK2 target Thr88, the JNK1 target Ser95, the ERK2 target Thr143, the CK2 target Ser152, and the DNA-PK target Ser164 are indicatedwith arrows. In the Nurr1 sequence, the ERK2 tar-
gets Ser126 and Thr132, and the ERK5 targets Thr168 and Ser177 are indicated with arrows.
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example, ERK2 phosphorylates both Nur77 and Nurr1 at highly con-
served sites in their N-terminal domains (Thr143 of Nur77 [82];
Ser126 and Thr132 of Nurr1) [93]. Additionally, NOR-1 is phosphorylat-
ed by ERK2 in vitro [82], but the exact phosphorylation site is not
known. Based on our hypothesis, it might be located in the same con-
served stretch of the N-terminal domain that is targeted by ERK2 in
Nur77 and Nurr1. Similarly, PKC and RSK1/2 were both shown to
target all three NR4As in their highly conserved DBDs.

In contrast, some kinases phosphorylate amino-acid residues that
are not located in conserved stretches. In line with our hypothesis,
these kinases only affect one of the NR4As. For example: protein stabili-
zation of Nur77 by Pin1, which requires phosphorylation of the poorly
conserved residues Ser95 or Ser152 by JNK1 or CK2, respectively. Pin1
does not affect Nurr1 or NOR1 protein stability, which could be caused
by the lack of CK2 or JNK1 consensus sites in these two proteins.

Similarly, DNA-PK and CHEK2 have only been shown to phosphory-
late Nur77 so far, and these two kinases both target poorly conserved
amino acid residues (Ser164 and Thr88, respectively) as well. Finally,
two ERK5 phosphorylation sites in Nurr1 (Thr168 and Ser177) are local-
ized in a region of the N-terminal domain with low amino acid sequence
similarity between the three family members, suggesting that Nur77 and
NOR-1 are not phosphorylated by ERK5 in this amino-acid stretch.

In summary, this review shows that even though the NR4As have no
known ligands, they are still tightly regulated through a plethora of
protein–protein interactions. Our current knowledge on the NR4A
interactome ismost likely far from complete and the exact interplay be-
tween the interacting proteins and the regulation of such interactions
will provide deeper inside in NR4A receptor function.

Funding

Supported by project P1.02 NEXTREAM of the research program of
the BioMedical Materials institute, co-funded by the Dutch Ministry of
Economic Affairs. The financial contribution of the Dutch Heart Founda-
tion is gratefully acknowledged. We acknowledge the support from the
Netherlands CardioVascular Research Initiative: “the Dutch Heart
Foundation, Dutch Federation of University Medical Centers, the
Netherlands Organisation for Health Research and Development
and the Royal Netherlands Academyof Sciences” for the GENIUS project
(CVON2011-19).

References

[1] A.A. Hamers, R.N. Hanna, H. Nowyhed, C.C. Hedrick, C.J. de Vries, NR4A nuclear re-
ceptors in immunity and atherosclerosis, Curr. Opin. Lipidol. 24 (2013) 381–385.

[2] A. Philips, S. Lesage, R. Gingras, M.H. Maira, Y. Gauthier, P. Hugo, J. Drouin, Novel
dimeric Nur77 signaling mechanism in endocrine and lymphoid cells, Mol. Cell.
Biol. 17 (1997) 5946–5951.

[3] M. Maira, C. Martens, A. Philips, J. Drouin, Heterodimerization between members
of the Nur subfamily of orphan nuclear receptors as a novel mechanism for gene
activation, Mol. Cell. Biol. 19 (1999) 7549–7557.

[4] V. Mynard, O. Latchoumanin, L. Guignat, J. Devin-Leclerc, X. Bertagna, B. Barre, J.
Fagart, O. Coqueret, M.G. Catelli, Synergistic signaling by corticotropin-releasing
hormone and leukemia inhibitory factor bridged by phosphorylated 3′,5′-cyclic
adenosine monophosphate response element binding protein at the Nur response
element (NurRE)-signal transducers and activators of transcription (STAT) element
of the proopiomelanocortin promoter, Mol. Endocrinol. 18 (2004) 2997–3010.

[5] L.J. Martin, J.J. Tremblay, Glucocorticoids antagonize cAMP-induced Star transcrip-
tion in Leydig cells through the orphan nuclear receptor NR4A1, J. Mol. Endocrinol.
41 (2008) 165–175.

[6] L.J. Martin, J.J. Tremblay, The nuclear receptors NUR77 and SF1 play additive roles
with c-JUN through distinct elements on the mouse Star promoter, J. Mol.
Endocrinol. 42 (2009) 119–129.

[7] S.Y. Lee, E.Y. Gong, C.Y. Hong, K.H. Kim, J.S. Han, J.C. Ryu, H.Z. Chae, C.H. Yun, K. Lee,
ROS inhibit the expression of testicular steroidogenic enzyme genes via the sup-
pression of Nur77 transactivation, Free Radic. Biol. Med. 47 (2009) 1591–1600.

[8] K.H. Song, Y.Y. Park, K.C. Park, C.Y. Hong, J.H. Park, M. Shong, K. Lee, H.S. Choi, The
atypical orphan nuclear receptor DAX-1 interacts with orphan nuclear receptor
Nur77 and represses its transactivation, Mol. Endocrinol. 18 (2004) 1929–1940.

[9] S. Bilodeau, S. Vallette-Kasic, Y. Gauthier, D. Figarella-Branger, T. Brue, F. Berthelet,
A. Lacroix, D. Batista, C. Stratakis, J. Hanson, B. Meij, J. Drouin, Role of Brg1 and

HDAC2 in GR trans-repression of the pituitary POMC gene and misexpression in
Cushing disease, Genes Dev. 20 (2006) 2871–2886.

[10] C. Martens, S. Bilodeau,M. Maira, Y. Gauthier, J. Drouin, Protein–protein interactions
and transcriptional antagonism between the subfamily of NGFI-B/Nur77 orphan
nuclear receptors and glucocorticoid receptor, Mol. Endocrinol. 19 (2005) 885–897.

[11] A. Philips, M. Maira, A. Mullick, M. Chamberland, S. Lesage, P. Hugo, J. Drouin, An-
tagonism between Nur77 and glucocorticoid receptor for control of transcription,
Mol. Cell. Biol. 17 (1997) 5952–5959.

[12] C.H. Song, E.Y. Gong, J. Park, K. Lee, Testicular steroidogenesis is locally regulated by
androgen via suppression of Nur77, Biochem. Biophys. Res. Commun. 422 (2012)
327–332.

[13] S.Y. Lee, E. Park, S.C. Kim, R.S. Ahn, C. Ko, K. Lee, ERalpha/E2 signaling suppresses
the expression of steroidogenic enzyme genes via cross-talk with orphan nuclear
receptor Nur77 in the testes, Mol. Cell. Endocrinol. 362 (2012) 91–103.

[14] C.Y. Hong, J.H. Park, R.S. Ahn, S.Y. Im, H.S. Choi, J. Soh, S.H. Mellon, K. Lee, Molecular
mechanism of suppression of testicular steroidogenesis by proinflammatory cyto-
kine tumor necrosis factor alpha, Mol. Cell. Biol. 24 (2004) 2593–2604.

[15] K.D. Wansa, J.M. Harris, G.E. Muscat, The activation function-1 domain of Nur77/
NR4A1 mediates trans-activation, cell specificity, and coactivator recruitment, J.
Biol. Chem. 277 (2002) 33001–33011.

[16] T. Perlmann, L. Jansson, A novel pathway for vitamin A signaling mediated by RXR
heterodimerization with NGFI-B and NURR1, Genes Dev. 9 (1995) 769–782.

[17] X. Cao, W. Liu, F. Lin, H. Li, S.K. Kolluri, B. Lin, Y.H. Han, M.I. Dawson, X.K. Zhang,
Retinoid X receptor regulates Nur77/TR3-dependent apoptosis [corrected] by
modulating its nuclear export and mitochondrial targeting, Mol. Cell. Biol. 24
(2004) 9705–9725.

[18] G.H. Mathisen, A.B. Fallgren, B.O. Strom, K.A. Boldingh Debernard, B.U. Mohebi, R.E.
Paulsen, Delayed translocation of NGFI-B/RXR in glutamate stimulated neurons al-
lows late protection by 9-cis retinoic acid, Biochem. Biophys. Res. Commun. 414
(2011) 90–95.

[19] Y.W. Lee, C. Terranova, B. Birkaya, S. Narla, D. Kehoe, A. Parikh, S. Dong, A. Ratzka,
H. Brinkmann, J.M. Aletta, E.S. Tzanakakis, E.K. Stachowiak, P. Claus, M.K.
Stachowiak, A novel nuclear FGF Receptor-1 partnership with retinoid and Nur re-
ceptors during developmental gene programming of embryonic stem cells, J. Cell.
Biochem. 113 (2012) 2920–2936.

[20] X.F. Lin, B.X. Zhao, H.Z. Chen, X.F. Ye, C.Y. Yang, H.Y. Zhou, M.Q. Zhang, S.C. Lin, Q.
Wu, RXRalpha acts as a carrier for TR3 nuclear export in a 9-cis retinoic acid-
dependent manner in gastric cancer cells, J. Cell Sci. 117 (2004) 5609–5621.

[21] W.X. Zhao, M. Tian, B.X. Zhao, G.D. Li, B. Liu, Y.Y. Zhan, H.Z. Chen, Q. Wu, Orphan
receptor TR3 attenuates the p300-induced acetylation of retinoid X receptor-
alpha, Mol. Endocrinol. 21 (2007) 2877–2889.

[22] H.J. Kang, M.R. Song, S.K. Lee, E.C. Shin, Y.H. Choi, S.J. Kim, J.W. Lee, M.O. Lee,
Retinoic acid and its receptors repress the expression and transactivation functions
of Nur77: a possible mechanism for the inhibition of apoptosis by retinoic acid,
Exp. Cell Res. 256 (2000) 545–554.

[23] X.K. Zhang, Targeting Nur77 translocation, Expert Opin. Ther. Targets 11 (2007)
69–79.

[24] Y. Katagiri, K. Takeda, Z.X. Yu, V.J. Ferrans, K. Ozato, G. Guroff, Modulation of reti-
noid signalling through NGF-induced nuclear export of NGFI-B, Nat. Cell Biol. 2
(2000) 435–440.

[25] N. Papac-Milicevic, J.M. Breuss, J. Zaujec, L. Ryban, T. Plyushch, G.A. Wagner, S.
Fenzl, P. Dremsek, M. Cabaravdic, M. Steiner, C.K. Glass, C.J. Binder, P. Uhrin, B.R.
Binder, The interferon stimulated gene 12 inactivates vasculoprotective functions
of NR4A nuclear receptors, Circ. Res. 110 (2012) e50–e63.

[26] Q. Wu, Y. Li, R. Liu, A. Agadir, M.O. Lee, Y. Liu, X. Zhang, Modulation of retinoic acid
sensitivity in lung cancer cells through dynamic balance of orphan receptors nur77
and COUP-TF and their heterodimerization, EMBO J. 16 (1997) 1656–1669.

[27] U.M. Moll, N. Marchenko, X.K. Zhang, p53 and Nur77, Oncogene 25 (2006)
4725–4743.

[28] M.G. Yeo, Y.G. Yoo, H.S. Choi, Y.K. Pak, M.O. Lee, Negative cross-talk between Nur77
and small heterodimer partner and its role in apoptotic cell death of hepatoma
cells, Mol. Endocrinol. 19 (2005) 950–963.

[29] L. Pei, H. Waki, B. Vaitheesvaran, D.C. Wilpitz, I.J. Kurland, P. Tontonoz, NR4A
orphan nuclear receptors are transcriptional regulators of hepatic glucose metab-
olism, Nat. Med. 12 (2006) 1048–1055.

[30] T.W. Pols, R. Ottenhoff, M. Vos, J.H. Levels, P.H. Quax, J.C. Meijers, H. Pannekoek, A.K.
Groen, C.J. de Vries, Nur77 modulates hepatic lipid metabolism through suppres-
sion of SREBP1c activity, Biochem. Biophys. Res. Commun. 366 (2008) 910–916.

[31] H. Wu, Y.Y. Lin, W.G. Li, Z. Sun, W.W. Gao, H.P. Zhang, L. Xie, F.Q. Jiang, B. Qin, T.D.
Yan, L.Q. Chen, Y. Zhao, X.H. Cao, Y. Wu, B.Z. Lin, H. Zhou, A.S.T. Wong, X.K. Zhang, J.
Z. Zeng, Regulation of Nur77 expression by beta-catenin and its mitogenic effect in
colon cancer cells, FASEB J. 25 (2011) 192–205.

[32] H.Z. Chen, Q.F. Liu, L. Li, W.J. Wang, L.M. Yao, M. Yang, B. Liu, W. Chen, Y.Y. Zhan, M.
Q. Zhang, J.C. Cai, Z.H. Zheng, S.C. Lin, B.A. Li, Q. Wu, The orphan receptor TR3 sup-
presses intestinal tumorigenesis inmice by downregulatingWnt signalling, Gut 61
(2012) 714–724.

[33] Z. Sun, X. Cao, M.M. Jiang, Y. Qiu, H. Zhou, L. Chen, B. Qin, H. Wu, F. Jiang, J. Chen, J.
Liu, Y. Dai, H.F. Chen, Q.Y. Hu, Z. Wu, J.Z. Zeng, X.S. Yao, X.K. Zhang, Inhibition of
beta-catenin signaling by nongenomic action of orphan nuclear receptor Nur77,
Oncogene 31 (2012) 2653–2667.

[34] S.O. Lee, S. Chintharlapalli, S. Liu, S. Papineni, S.D. Cho, K. Yoon, S. Safe, p21 Expres-
sion is induced by activation of nuclear nerve growth factor-induced Balpha
(Nur77) in pancreatic cancer cells, Mol. Cancer Res. 7 (2009) 1169–1178.

[35] S.O. Lee, M. Abdelrahim, K. Yoon, S. Chintharlapalli, S. Papineni, K. Kim, H. Wang, S.
Safe, Inactivation of the orphan nuclear receptor TR3/Nur77 inhibits pancreatic
cancer cell and tumor growth, Cancer Res. 70 (2010) 6824–6836.

Chapter 

1



[36] W.S. Wu, Z.X. Xu, R. Ran, F. Meng, K.S. Chang, Promyelocytic leukemia protein PML
inhibits Nur77-mediated transcription through specific functional interactions,
Oncogene 21 (2002) 3925–3933.

[37] B.M. Jehn, W. Bielke, W.S. Pear, B.A. Osborne, Cutting edge: protective effects of
notch-1 on TCR-induced apoptosis, J. Immunol. 162 (1999) 635–638.

[38] B.X. Zhao, H.Z. Chen, N.Z. Lei, G.D. Li, W.X. Zhao, Y.Y. Zhan, B. Liu, S.C. Lin, Q. Wu,
p53 Mediates the negative regulation of MDM2 by orphan receptor TR3, EMBO J.
25 (2006) 5703–5715.

[39] Y.G. Yoo, M.G. Yeo, D.K. Kim, H. Park, M.O. Lee, Novel function of orphan nuclear
receptor Nur77 in stabilizing hypoxia-inducible factor-1alpha, J. Biol. Chem. 279
(2004) 53365–53373.

[40] B.Y. Kim, H. Kim, E.J. Cho, H.D. Youn, Nur77 upregulates HIF-alpha by inhibiting
pVHL-mediated degradation, Exp. Mol. Med. 40 (2008) 71–83.

[41] R.N. Hanna, L.M. Carlin, H.G. Hubbeling, D. Nackiewicz, A.M. Green, J.A. Punt, F.
Geissmann, C.C. Hedrick, The transcription factor NR4A1 (Nur77) controls bone
marrow differentiation and the survival of Ly6C-monocytes, Nat. Immunol. 12
(2011) 778–785.

[42] H.Harant, I.J. Lindley,Negative cross-talk between thehumanorphannuclear receptor
Nur77/NAK-1/TR3 and nuclear factor-kappaB, Nucleic Acids Res. 32 (2004)
5280–5290.

[43] S.N. Kelly, T.J. McKenna, L.S. Young, Coregulatory protein-orphan nuclear re-
ceptor interactions in the human adrenal cortex, J. Endocrinol. 186 (2005)
33–42.

[44] M. Maira, C. Martens, E. Batsche, Y. Gauthier, J. Drouin, Dimer-specific potentiation
of NGFI-B (Nur77) transcriptional activity by the protein kinase a pathway and
AF-1-dependent coactivator recruitment, Mol. Cell. Biol. 23 (2003) 763–776.

[45] E. Batsche, J. Desroches, S. Bilodeau, Y. Gauthier, J. Drouin, Rb enhances p160/SRC
coactivator-dependent activity of nuclear receptors and hormone responsiveness,
J. Biol. Chem. 280 (2005) 19746–19756.

[46] S.A. Kang, H. Na, H.J. Kang, S.H. Kim,M.H. Lee, M.O. Lee, Regulation of Nur77 protein
turnover through acetylation and deacetylation induced by p300 and HDAC1,
Biochem. Pharmacol. 80 (2010) 867–873.

[47] G.D. Li, J.X. Fang, H.Z. Chen, J. Luo, Z.H. Zheng, Y.M. Shen, Q. Wu, Negative regula-
tion of transcription coactivator p300 by orphan receptor TR3, Nucleic Acids Res.
35 (2007) 7348–7359.

[48] J. Rambaud, J. Desroches, A. Balsalobre, J. Drouin, TIF1beta/KAP-1 is a coactivator of the
orphan nuclear receptor NGFI-B/Nur77, J. Biol. Chem. 284 (2009) 14147–14156.

[49] N.Z. Lei, X.Y. Zhang, H.Z. Chen, Y. Wang, Y.Y. Zhan, Z.H. Zheng, Y.M. Shen, Q. Wu, A
feedback regulatory loop between methyltransferase PRMT1 and orphan receptor
TR3, Nucleic Acids Res. 37 (2009) 832–848.

[50] K.C. Park, K.H. Song, H.K. Chung, H. Kim, D.W. Kim, J.H. Song, E.S. Hwang, H.S. Jung,
S.H. Park, I. Bae, I.K. Lee, H.S. Choi, M. Shong, CR6-interacting factor 1 interacts with
orphan nuclear receptor Nur77 and inhibits its transactivation, Mol. Endocrinol. 19
(2005) 12–24.

[51] I. Qamar, E.Y. Gong, Y. Kim, C.H. Song, H.J. Lee, S.Y. Chun, K. Lee, Anti-steroidogenic
factor ARR19 inhibits testicular steroidogenesis through the suppression of Nur77
transactivation, J. Biol. Chem. 285 (2010) 22360–22369.

[52] Y.C. Sohn, E. Kwak, Y.J. Na, J.W. Lee, S.K. Lee, Silencing mediator of retinoid and
thyroid hormone receptors and activating signal cointegrator-2 as transcriptional
coregulators of the orphan nuclear receptor Nur77, J. Biol. Chem. 276 (2001)
43734–43739.

[53] J.D. Woronicz, A. Lina, B.J. Calnan, S. Szychowski, L. Cheng, A. Winoto, Regulation of
the Nur77 orphan steroid receptor in activation-induced apoptosis, Mol. Cell. Biol.
15 (1995) 6364–6376.

[54] S.K. Lee, S.L. Anzick, J.E. Choi, L. Bubendorf, X.Y. Guan, Y.K. Jung, O.P. Kallioniemi, J.
Kononen, J.M. Trent, D. Azorsa, B.H. Jhun, J.H. Cheong, Y.C. Lee, P.S. Meltzer, J.W.
Lee, A nuclear factor, ASC-2, as a cancer-amplified transcriptional coactivator es-
sential for ligand-dependent transactivation by nuclear receptors in vivo, J. Biol.
Chem. 274 (1999) 34283–34293.

[55] D.J. McConkey, M. Jondal, S. Orrenius, The regulation of apoptosis in thymocytes,
Biochem. Soc. Trans. 22 (1994) 606–610.

[56] B. Lin, S.K. Kolluri, F. Lin,W. Liu, Y.H. Han, X. Cao, M.I. Dawson, J.C. Reed, X.K. Zhang,
Conversion of Bcl-2 from protector to killer by interaction with nuclear orphan re-
ceptor Nur77/TR3, Cell 116 (2004) 527–540.

[57] J. Thompson, A. Winoto, During negative selection, Nur77 family proteins translo-
cate to mitochondria where they associate with Bcl-2 and expose its proapoptotic
BH3 domain, J. Exp. Med. 205 (2008) 1029–1036.

[58] S.K. Kolluri, X. Zhu, X. Zhou, B. Lin, Y. Chen, K. Sun, X. Tian, J. Town, X. Cao, F. Lin, D.
Zhai, S. Kitada, F. Luciano, E. O'Donnell, Y. Cao, F. He, J. Lin, J.C. Reed, A.C.
Satterthwait, X.K. Zhang, A short Nur77-derived peptide converts Bcl-2 from a pro-
tector to a killer, Cancer Cell 14 (2008) 285–298.

[59] K. Kurakula, E. van der Wal, D. Geerts, C.M. van Tiel, C.J. de Vries, FHL2 protein is a
novel co-repressor of nuclear receptorNur77, J. Biol. Chem. 286 (2011) 44336–44343.

[60] S. Balasubramanian, S.K. Kota, V.K. Kuchroo, B.D. Humphreys, T.B. Strom, TIM fam-
ily proteins promote the lysosomal degradation of the nuclear receptor NUR77, Sci.
Signal. 5 (2012) ra90.

[61] F. Zhou, Y. Drabsch, T.J. Dekker, A.G. de Vinuesa, Y. Li, L.J. Hawinkels, K.A. Sheppard,
M.J. Goumans, R.B. Luwor, C.J. de Vries, W.E. Mesker, R.A. Tollenaar, P. Devilee, C.X.
Lu, H. Zhu, L. Zhang, P.T. Dijke, Nuclear receptor NR4A1 promotes breast cancer in-
vasion and metastasis by activating TGF-beta signalling, Nat. Commun. 5 (2014)
3388.

[62] W. Liu, X. Dong, M.Mai, R.S. Seelan, K. Taniguchi, K.K. Krishnadath, K.C. Halling, J.M.
Cunningham, L.A. Boardman, C. Qian, E. Christensen, S.S. Schmidt, P.C. Roche, D.I.
Smith, S.N. Thibodeau, Mutations in AXIN2 cause colorectal cancer with defective
mismatch repair by activating beta-catenin/TCF signalling, Nat. Genet. 26 (2000)
146–147.

[63] H.Z. Chen, L. Li, W.J. Wang, X.D. Du, Q. Wen, J.P. He, B.X. Zhao, G.D. Li, W. Zhou, Y.
Xia, Q.Y. Yang, C.L. Hew, Y.C. Liou, Q. Wu, Prolyl isomerase Pin1 stabilizes and acti-
vates orphan nuclear receptor TR3 to promote mitogenesis, Oncogene 31 (2012)
2876–2887.

[64] C.M. van Tiel, K. Kurakula, D.S. Koenis, E. van der Wal, C.J. de Vries, Dual func-
tion of Pin1 in NR4A nuclear receptor activation: enhanced activity of NR4As
and increased Nur77 protein stability, Biochim. Biophys. Acta 1823 (2012)
1894–1904.

[65] B. Liu, J.F. Wu, Y.Y. Zhan, H.Z. Chen, X.Y. Zhang, Q. Wu, Regulation of the orphan
receptor TR3 nuclear functions by c-Jun N terminal kinase phosphorylation, Endo-
crinology 148 (2007) 34–44.

[66] G.C. Smith, S.P. Jackson, The DNA-dependent protein kinase, Genes Dev. 13 (1999)
916–934.

[67] B.X. Zhao, H.Z. Chen, X.D. Du, J. Luo, J.P. He, R.H. Wang, Y. Wang, R. Wu, R.R. Hou, M.
Hong, Q. Wu, Orphan receptor TR3 enhances p53 transactivation and represses
DNA double-strand break repair in hepatoma cells under ionizing radiation, Mol.
Endocrinol. 25 (2011) 1337–1350.

[68] M. Malewicz, B. Kadkhodaei, N. Kee, N. Volakakis, U. Hellman, K. Viktorsson, C.Y.
Leung, B. Chen, R. Lewensohn, D.C. van Gent, D.J. Chen, T. Perlmann, Essential
role for DNA-PK-mediated phosphorylation of NR4A nuclear orphan receptors in
DNA double-strand break repair, Genes Dev. 25 (2011) 2031–2040.

[69] N. Ohkura, Y. Nagamura, T. Tsukada, Differential transactivation by orphan nuclear
receptor NOR1 and its fusion gene product EWS/NOR1: possible involvement of
poly(ADP-ribose) polymerase I, PARP-1, J. Cell. Biochem. 105 (2008) 785–800.

[70] A.R. Ball Jr., K. Yokomori, Damage site chromatin: open or closed? Curr. Opin. Cell
Biol. 23 (2011) 277–283.

[71] Y.H. Han, X. Cao, B. Lin, F. Lin, S.K. Kolluri, J. Stebbins, J.C. Reed, M.I. Dawson, X.K.
Zhang, Regulation of Nur77 nuclear export by c-Jun N-terminal kinase and Akt,
Oncogene 25 (2006) 2974–2986.

[72] N.Masuyama, K.Oishi, Y.Mori, T. Ueno, Y. Takahama, Y. Gotoh, Akt inhibits the orphan
nuclear receptor Nur77 and T-cell apoptosis, J. Biol. Chem. 276 (2001) 32799–32805.

[73] A.D. Wingate, D.G. Campbell, M. Peggie, J.S. Arthur, Nur77 is phosphorylated in
cells by RSK in response tomitogenic stimulation, Biochem. J. 393 (2006) 715–724.

[74] Y. Hirata, K. Kiuchi, H.C. Chen, J. Milbrandt, G. Guroff, The phosphorylation and
DNA binding of the DNA-binding domain of the orphan nuclear receptor NGFI-B,
J. Biol. Chem. 268 (1993) 24808–24812.

[75] Y. Pekarsky, C. Hallas, A. Palamarchuk, A. Koval, F. Bullrich, Y. Hirata, R. Bichi, J.
Letofsky, C.M. Croce, Akt phosphorylates and regulates the orphan nuclear recep-
tor Nur77, Proc. Natl. Acad. Sci. U. S. A. 98 (2001) 3690–3694.

[76] C.M. Jacobs, K.A. Boldingh, H.H. Slagsvold, G.H. Thoresen, R.E. Paulsen, ERK2 pro-
hibits apoptosis-induced subcellular translocation of orphan nuclear receptor
NGFI-B/TR3, J. Biol. Chem. 279 (2004) 50097–50101.

[77] S.K. Kolluri, N. Bruey-Sedano, X. Cao, B. Lin, F. Lin, Y.H. Han, M.I. Dawson, X.K.
Zhang, Mitogenic effect of orphan receptor TR3 and its regulation by MEKK1 in
lung cancer cells, Mol. Cell. Biol. 23 (2003) 8651–8667.

[78] A. Wang, J. Rud, C.M. Olson Jr., J. Anguita, B.A. Osborne, Phosphorylation of Nur77
by the MEK-ERK-RSK cascade induces mitochondrial translocation and apoptosis
in T cells, J. Immunol. 183 (2009) 3268–3277.

[79] J. Thompson,M.L. Burger,H.Whang, A.Winoto, Protein kinase C regulatesmitochon-
drial targeting of Nur77 and its family member Nor-1 in thymocytes undergoing ap-
optosis, Eur. J. Immunol. 40 (2010) 2041–2049.

[80] H. Kim, B.Y. Kim, J.W. Soh, E.J. Cho, J.O. Liu, H.D. Youn, A novel function of Nur77:
physical and functional association with protein kinase C, Biochem. Biophys. Res.
Commun. 348 (2006) 950–956.

[81] S. Castro-Obregon, R.V. Rao, R.G. del, S.F. Chen, K.S. Poksay, S. Rabizadeh, S. Vesce, X.
K. Zhang, R.A. Swanson, D.E. Bredesen, Alternative, nonapoptotic programmed
cell death: mediation by arrestin 2, ERK2, and Nur77, J. Biol. Chem. 279 (2004)
17543–17553.

[82] H.H. Slagsvold, A.C. Ostvold, A.B. Fallgren, R.E. Paulsen, Nuclear receptor and apo-
ptosis initiator NGFI-B is a substrate for kinase ERK2, Biochem. Biophys. Res.
Commun. 291 (2002) 1146–1150.

[83] Y. Fujii, S. Matsuda, G. Takayama, S. Koyasu, ERK5 is involved in TCR-induced apo-
ptosis through the modification of Nur77, Genes Cells 13 (2008) 411–419.

[84] L.M. Yao, J.P. He, H.Z. Chen, Y. Wang, W.J. Wang, R. Wu, C.D. Yu, Q. Wu, Orphan re-
ceptor TR3 participates in cisplatin-induced apoptosis via Chk2 phosphorylation to
repress intestinal tumorigenesis, Carcinogenesis 33 (2012) 301–311.

[85] D.G. Hardie, AMP-activated protein kinase: an energy sensor that regulates all as-
pects of cell function, Genes Dev. 25 (2011) 1895–1908.

[86] A.F. Close, C. Rouillard, J. Buteau, NR4A orphan nuclear receptors in glucose homeo-
stasis: a minireview, Diabetes Metab. 39 (2013) 478–484.

[87] Y.Y. Zhan, Y. Chen, Q. Zhang, J.J. Zhuang, M. Tian, H.Z. Chen, L.R. Zhang, H.K. Zhang,
J.P. He, W.J. Wang, R. Wu, Y. Wang, C. Shi, K. Yang, A.Z. Li, Y.Z. Xin, T.Y. Li, J.Y. Yang,
Z.H. Zheng, C.D. Yu, S.C. Lin, C. Chang, P.Q. Huang, T. Lin, Q.Wu, The orphan nuclear
receptor Nur77 regulates LKB1 localization and activates AMPK, Nat. Chem. Biol. 8
(2012) 897–904.

[88] Z. Xie, Y. Dong, M. Zhang, M.Z. Cui, R.A. Cohen, U. Riek, D. Neumann, U. Schlattner,
M.H. Zou, Activation of protein kinase C zeta by peroxynitrite regulates LKB1-
dependent AMP-activated protein kinase in cultured endothelial cells, J. Biol.
Chem. 281 (2006) 6366–6375.

[89] A.A. Wallen, D.S. Castro, R.H. Zetterstrom, M. Karlen, L. Olson, J. Ericson, T.
Perlmann, Orphan nuclear receptor Nurr1 is essential for Ret expression in
midbrain dopamine neurons and in the brain stem, Mol. Cell. Neurosci. 18
(2001) 649–663.

[90] B.M. Forman, K. Umesono, J. Chen, R.M. Evans, Unique response pathways are
established by allosteric interactions among nuclear hormone receptors, Cell 81
(1995) 541–550.



57

[91] R. Carpentier, P. Sacchetti, P. Segard, B. Staels, P. Lefebvre, The glucocorticoid recep-
tor is a co-regulator of the orphan nuclear receptor Nurr1, J. Neurochem. 104
(2008) 777–789.

[92] P. Sacchetti, R. Carpentier, P. Segard, C. Olive-Cren, P. Lefebvre, Multiple signaling
pathways regulate the transcriptional activity of the orphan nuclear receptor
NURR1, Nucleic Acids Res. 34 (2006) 5515–5527.

[93] T. Zhang, N. Jia, E. Fei, P. Wang, Z. Liao, L. Ding, M. Yan, N. Nukina, J. Zhou, G. Wang,
Nurr1 is phosphorylated by ERK2 in vitro and its phosphorylation upregulates tyro-
sine hydroxylase expression in SH-SY5Y cells, Neurosci. Lett. 423 (2007) 118–122.

[94] B. Joseph, A. Wallen-Mackenzie, G. Benoit, T. Murata, E. Joodmardi, S. Okret, T.
Perlmann, p57(Kip2) cooperates with Nurr1 in developing dopamine cells, Proc.
Natl. Acad. Sci. U. S. A. 100 (2003) 15619–15624.

[95] F.M. Jacobs, E.S. van, A.J. van der Linden, O.L. von, J.P. Burbach, M.P. Smidt, Pitx3 po-
tentiates Nurr1 in dopamine neuron terminal differentiation through release of
SMRT-mediated repression, Development 136 (2009) 531–540.

[96] H. Kitagawa, W.J. Ray, H. Glantschnig, P.V. Nantermet, Y. Yu, C.T. Leu, S. Harada, S.
Kato, L.P. Freedman, A regulatory circuit mediating convergence between Nurr1
transcriptional regulation andWnt signaling, Mol. Cell. Biol. 27 (2007) 7486–7496.

[97] T. Sekiya, I. Kashiwagi, N. Inoue, R. Morita, S. Hori, H. Waldmann, A.Y. Rudensky, H.
Ichinose, D. Metzger, P. Chambon, A. Yoshimura, The nuclear orphan receptor
Nr4a2 induces Foxp3 and regulates differentiation of CD4+ T cells, Nat. Commun.
2 (2011) 269.

[98] K. Saijo, B. Winner, C.T. Carson, J.G. Collier, L. Boyer, M.G. Rosenfeld, F.H. Gage, C.K.
Glass, A Nurr1/CoREST pathway in microglia and astrocytes protects dopaminergic
neurons from inflammation-induced death, Cell 137 (2009) 47–59.

[99] C. Arredondo, M. Orellana, A. Vecchiola, L.A. Pereira, L. Galdames, M.E. Andres,
PIASgamma enhanced SUMO-2 modification of Nurr1 activation-function-1 do-
main limits Nurr1 transcriptional synergy, PLoS One 8 (2013) e55035.

[100] D. Galleguillos, A. Vecchiola, J.A. Fuentealba, V. Ojeda, K. Alvarez, A. Gomez, M.E.
Andres, PIASgamma represses the transcriptional activation induced by the nuclear
receptor Nurr1, J. Biol. Chem. 279 (2004) 2005–2011.

[101] T. Zhang, P. Wang, H. Ren, J. Fan, G. Wang, NGFI-B nuclear orphan receptor Nurr1
interacts with p53 and suppresses its transcriptional activity, Mol. Cancer Res. 7
(2009) 1408–1415.

[102] M. Albers, H. Kranz, I. Kober, C. Kaiser, M. Klink, J. Suckow, R. Kern, M. Koegl, Auto-
mated yeast two-hybrid screening for nuclear receptor-interacting proteins, Mol.
Cell. Proteomics 4 (2005) 205–213.

[103] A. Codina, G. Benoit, J.T. Gooch, D. Neuhaus, T. Perlmann, J.W. Schwabe, Identifica-
tion of a novel co-regulator interaction surface on the ligand binding domain of
Nurr1 using NMR footprinting, J. Biol. Chem. 279 (2004) 53338–53345.

[104] K.D. Wansa, J.M. Harris, G. Yan, P. Ordentlich, G.E. Muscat, The AF-1 domain of the
orphan nuclear receptor NOR-1mediates trans-activation, coactivator recruitment,
and activation by the purine anti-metabolite 6-mercaptopurine, J. Biol. Chem. 278
(2003) 24776–24790.

[105] K.D. Wansa, G.E. Muscat, TRAP220 is modulated by the antineoplastic agent 6-
mercaptopurine, and mediates the activation of the NR4A subgroup of nuclear re-
ceptors, J. Mol. Endocrinol. 34 (2005) 835–848.

[106] L.E. Cheng, F.K. Chan, D. Cado, A. Winoto, Functional redundancy of the Nur77 and
Nor-1 orphan steroid receptors in T-cell apoptosis, EMBO J. 16 (1997) 1865–1875.

[107] N. Ohkura, T. Ohkubo, K. Maruyama, T. Tsukada, K. Yamaguchi, The orphan nuclear
receptor NOR-1 interacts with the homeobox containing protein Six3, Dev.
Neurosci. 23 (2001) 17–24.

[108] C. Laflamme, C. Filion, J.A. Bridge, M. Ladanyi, M.B. Goldring, Y. Labelle, The home-
otic protein Six3 is a coactivator of the nuclear receptor NOR-1 and a corepressor of
the fusion protein EWS/NOR-1 in human extraskeletal myxoid chondrosarcomas,
Cancer Res. 63 (2003) 449–454.

Chapter 

1





59

Dual function of Pin1 in NR4A 
nuclear receptor activation: enhanced 

activity of NR4As and increased 
Nur77 protein stability

van Tiel CM, Kurakula K, Koenis DS, van der Wal E, de Vries CJ

Biochim Biophys Acta. 2012 Oct;1823(10):1894-904

2





61

Chapter 

2
Dual function of Pin1 in NR4A nuclear receptor activation: Enhanced activity of
NR4As and increased Nur77 protein stability

Claudia M. van Tiel, Kondababu Kurakula, Duco S. Koenis, Erik van der Wal, Carlie J.M. de Vries ⁎
Department of Medical Biochemistry, Academic Medical Center, University of Amsterdam, Meibergdreef 15, 1105AZ, Amsterdam, The Netherlands

a b s t r a c ta r t i c l e i n f o

Article history:
Received 20 January 2012
Received in revised form 14 June 2012
Accepted 29 June 2012
Available online 10 July 2012

Keywords:
Protein–protein interaction
Protein stability
Transcription factor
NR4A nuclear receptors

Nur77, Nurr1 and NOR-1 form the NR4A subfamily of the nuclear receptor superfamily and have been shown
to regulate various biological processes among which are cell survival and differentiation, apoptosis, inflam-
mation and metabolism. These nuclear receptors have been proposed to act in a ligand-independent manner
and we aim to gain insight in the regulation of NR4A activity. A yeast two-hybrid screen identified the
peptidyl-prolyl isomerase Pin1 as a novel binding partner of NR4As, which was confirmed by
co-immunoprecipitation. Pin1 enhances the transcriptional activity of all three NR4A nuclear receptors and
increases protein stability of Nur77 through inhibition of its ubiquitination. Enhanced transcriptional activity
of NR4As requires theWW-domain of Pin1 that interacts with the N-terminal transactivation domain and the
DNA-binding domain of Nur77. Most remarkably, this enhanced activity is independent of Pin1 isomerase ac-
tivity. A systematic mutation analysis of all 17 Ser/Thr-Pro-motifs in Nur77 revealed that Pin1 enhances pro-
tein stability of Nur77 in an isomerase-dependent manner by acting on phosphorylated Nur77 involving
protein kinase CK2-mediated phosphorylation of the Ser152-Pro153 motif in Nur77. Given the role of Nur77
in vascular disease and metabolism, this novel regulation mechanism provides perspectives to manipulate
Nur77 activity to attenuate these processes.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The NR4A receptor family belongs to the nuclear hormone receptor
superfamily and consists of three highly homologousmammalianmem-
bers known as Nur77 (also indicated as NR4A1, NGFI-B, TR3), Nurr1
(NR4A2) and NOR-1 (NR4A3, MINOR, Nor1). The NR4A transcription
factors were first described as early response genes expressed upon
stimulation by multiple growth factors and have been shown to play a
role in the regulation ofmetabolism in liver, skeletalmuscle and adipose
tissue and cardiovascular disease [1–3]. Basic cellular processes such as
differentiation, apoptosis, proliferation and stress responses are modu-
lated by NR4A nuclear receptors [4–6]. We have demonstrated that
Nur77 and Nurr1 inhibit the formation of smooth muscle-rich vascular
lesion formation and exhibit an anti-inflammatory function in macro-
phages [2,7–9].

Like all nuclear receptors, Nur77, Nurr1 and NOR-1 consist of a
carboxy-terminal ligand-binding domain (LBD), an amino-terminal

domain mediating ligand-independent coactivator recruitment and
a central DNA-binding domain (DBD). This DBD is extremely similar
among the NR4A receptors (94% amino acid sequence identity). The
ligand‐binding domains also show substantial amino acid similarity
(approximately 65%), whereas the amino-terminal domains are
more divergent (approximately 30% similarity) [10]. All three NR4A
receptors bind as monomers to the response element NBRE
(AAAGGTCA) or as NR4A heterodimers or homodimers to the palin-
dromic NurRE (TGATATTTX6AAAGTCCA) in the promoters of specific
target genes [11]. Nur77 and Nurr1, but not NOR-1, also form
heterodimers with the Retinoid X Receptor in the presence of reti-
noids and thus can modulate the activities of a subclass of retinoid
response elements [12]. NR4A receptors are referred to as orphan
receptors, because as yet no ligands have been identified, which is
in line with structural analyses of the ligand‐binding domains of
Nurr1 and Nur77 showing that the putative ligand-binding pocket is
filled with bulky aromatic and hydrophobic residues [13,14]. These
structural analyses also revealed that the canonical coactivator cleft,
through which most nuclear receptors interact with the LxxLL motif
of coregulators, is hydrophobic rather than hydrophilic in Nur77
and Nurr1. As a consequence, the interaction of NR4As with
coregulators most likely does not involve such LxxLL motifs. For the
NR4A subfamily the activation function (AF)-1 domain, which is lo-
calized in the amino-terminal domain, appears to be most important
for transcriptional activation and cofactor recruitment. Direct inter-
action with the AF-1 domain of Nur77 has been shown for the

Abbreviations: CHX, cycloheximide; CK2, protein kinase CK2; DBD, DNA-binding
domain; DCOH, dimerization cofactor for hepatocyte nuclear factor 1; GST, glutathione
S-transferase; LBD, ligand-binding domain; Pin1, peptidyl-prolyl cis/trans isomerase 1;
PPIase, Peptidyl-prolyl isomerase; pSer/pThr-Pro, phosphorylated proline-directed serine/
threonine; TBB, 4,5,6,7-tetrabromobenzotriazole
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coactivators SRC-2, PCAF, p300, DRIP250 and TRAP220, aswell as for the
corepressors SHP and CRIF1. The corepressor SMRT has been shown to
interact in a CaMKIV-dependent way with the ligand‐binding domain
of Nur77 [10,15–19].

Peptidyl-prolyl isomerases (PPIases) form an evolutionary conserved
group of proteins that promote the cis/trans isomerization of the peptide
bond preceding specific proline residues [20]. Peptidyl-prolyl cis/trans
isomerase 1 (Pin1) belongs to the parvulin subfamily of PPIases and
is unique in that it is the only PPIase that specifically recognizes phos-
phorylated proline-directed serine/threonine (pSer/pThr-Pro) motifs
[21–23]. These Pin1-induced conformational changes have profound
effects on the properties of many Pin1 substrates, like protein phos-
phorylation, enzyme activity, protein localization, protein interaction,
transcriptional activity and protein stability [24–26]. This allows Pin1
to play an important role in a wide range of cellular processes such
as regulation of the cell cycle [27,28], the cellular response to DNA
damage [29], and in transcriptional regulation [30,31]. Pin1 is a protein
of 163 amino acids and comprises an amino-terminalWWdomain that
is involved in protein–protein interaction and a carboxy-terminal
PPIase domain [22,23]. A number of Pin1-interacting proteins are tran-
scription factors, including c-Jun, NF-κB, p53, β-catenin, PPARγ and
steroid receptor coactivator (SRC)3 [32,33].

In the current study, we sought to identify novel coregulatory pro-
teins of the NR4A receptors and identified Pin1 as a novel coactivator
of Nur77, Nurr1 and NOR-1, which has so far only been described for
Nur77 [34]. Our yeast two-hybrid revealed four and a half
LIM-domain 2 (FHL2) as a novel corepressor of NR4As [35].We demon-
strate that Pin1 interacts with and enhances the transcriptional activity
of Nur77 in a PPIase-independent manner and enhances the stability of
Nur77 protein in a PPIase-dependent manner by acting on the phos-
phorylated Ser152-Pro153 motif in Nur77. Pin1 enhances the expression
of the Nur77 target gene enolase 3. Altogether these data reveal a novel
Pin1-mediated regulation mechanism of Nur77 activity and suggest
that association of Pin1 with Nur77 plays a role in the regulation of vas-
cular disease and metabolism.

2. Materials and methods

2.1. Plasmids

The cDNA encoding the N-terminal domain of hNOR-1 (Genbank
D78579), coding for amino acids 2–290, was cloned into the pGBKT7
vector (Clontech). hNur77 cDNA (GenBank D49728, bp 8–1947),
hNurr1 cDNA (Genbank X75918, bp 73–2310) and hNOR-1 (bp
513–2872) were cloned into the pRRL-cPPt-X2-CMV-PreSIN vector [36]
and amino-terminally epitope tagged by cloning into the pCMV-Myc
vector (Clontech). Pin1 was N-terminally tagged by cloning from the
pGADT7 library vector into the pCMV-HA vector (Clontech), cloned
into the pRRL-cPPt-X2-CMV-PreSIN vector and amino-terminally tagged
with His6-GST by cloning into the pETM-30 vector. Plasmids encoding
GST-CK2α and GST-CK2α′ have been described before [37] and were
obtained via Addgene (plasmids 27083 and 27084). The luciferase
reporter plasmids containing three copies of NurRE or NBRE have been
described before [11,38]. Severalmutants of Nur77 and Pin1were gener-
ated by site-directed mutagenesis using the QuickChange site-directed
mutagenesis method (Stratagene) according to the manufacturer's in-
struction. The primers used to generate themutants are listed in Supple-
mental Tables S1 and S2. All constructs were verified by sequencing.
Short hairpin RNA plasmids targeting CK2α and Ck2α′ genes from The
RNAi Consortium (TRC) [39] were obtained from Sigma-Aldrich. The
human shRNA oligo sequences are listed in Supplemental Table S3.

2.2. Yeast two-hybrid assay

A smooth muscle cell cDNA library was constructed from 0.5 μg of
poly A+ RNA from activated smooth muscle cells [40] using the

Matchmaker library construction and screening kit (Clontech)
according to the manufacturer's instructions. The bait construct
pGBKT7-NOR-1 was transformed into the Saccharomyces cerevisiae
strainAH109 (Clontech) using the lithium-acetatemethod. Subsequently
these yeast cells were transformedwith the pGADT7-smoothmuscle cell
cDNA library and interacting clones were isolated on selective syn-
thetic drop-outmediumbased on growth in the absence of tryptophan,
leucine, and histidine in presence of 30 mM 3-amino-1,2,4-triazole
(3-AT, Sigma). False positives were eliminated based on their interac-
tion with the negative control (empty pGBKT7) vector. The plasmids
of the positive cloneswere isolated and sequenced. TheDNA sequences
were then characterized by BLAST analysis against the NCBI database
to determine the identity of the potential NOR-1 interacting proteins.

2.3. Cell culture

HEK293T cellswere cultured inDulbecco'sModified Eagle'smedium
supplemented with 10% (v/v) fetal bovine serum (FBS) and penicillin
and streptomycin (Invitrogen). Human smooth muscle cells were
explanted from umbilical cord arteries [40]. Cells were cultured in
M199 containing 10% FBS and penicillin and streptomycin. Smooth
muscle cells were used at passages 5 to 7 and were characterized by
SM α-actin expression (1A4, DAKO) and showing uniform fibrillar
staining.

2.4. Generation of lentiviral particles and transduction

Recombinant lentiviral particles encoding Nur77, shNur77 and
Pin1 were produced, concentrated and titrated as described before
[7]. Smooth muscle cells were incubated with recombinant lentivirus
for 24 h after which the medium was refreshed and the cells were
cultured for another 72 h. Transduction efficiency was determined
by immunofluorescence.

2.5. Co-immunoprecipitation assay

HEK293T cells were seeded in a 6-well plate and co-transfected with
1 μg of the appropriate constructs by calcium phosphate precipitation
using the CalPhos Mammalian Transfection Kit (Clontech). Medium
was refreshed 24 h after transfection and cells were lysed 48 h after
transfection in 400 μl ice-cold pull-down buffer (50 mM Tris–HCl, pH
7.4, 100 mM NaCl, 10% (v/v) glycerol, 1% (v/v) Nonidet P-40, 10 mM
NaF, 1 mM Na3VO4 supplemented with Complete protease-inhibitor
cocktail (Roche Applied Science)). Cell lysates were pre-cleared for 1 h
at 4 °C with protein A-Sepharose (GE Healthcare) and then incubated
overnight with the pull-down antibody and protein A-Sepharose. The
precipitate was washed 3 times with pull-down buffer, and bound pro-
teins were eluted by boiling in SDS-loading buffer before electrophoresis
on 12% SDS-polyacrylamide gels. After protein transfer, PVDF mem-
branes (Millipore) were incubated with appropriate primary antibodies
and fluorescently conjugated secondary antibodies, followed by scan-
ning using Odyssey Infrared Imaging System (LI-COR Biosciences
GmbH). Antibodies applied in this study: anti-HA (12CA5; RocheApplied
Science), anti-Pin1 (Calbiochem), anti-Nur77 (M210) and anti-c-Myc
(both Santa Cruz Biotechnology).

2.6. GST pulldown

Escherichia coli-expressed glutathione S-transferase (GST)-His6-Pin1
was bound to glutathione Sepharose 4B (GE Healthcare), followed by
the addition of Nur77, which was generated by in vitro transcription
and translation using the TNT T7Quick Coupled transcription/translation
system according to the manufacturer's instructions (Promega). The
bound proteins were resolved on 12% SDS‐polyacrylamide gels and
detected by Western blot analysis.
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2.7. Immunofluorescence

For immunofluorescence, cells were cultured on glass coverslips.
Smoothmuscle cellswere transducedwith the appropriate lentiviruses.
The cells were fixed with 4% (w/v) paraformaldehyde in PBS, perme-
abilized with 0.5% (v/v) Triton X-100 and Nur77, Nurr1, NOR-1 and
Pin1 were detected using the appropriate antibody. As secondary anti-
bodies the Alexa Fluor 488 goat anti-rabbit IgG or Alexa Fluor-568
goat anti-mouse were used, the nuclei were stained with Hoechst (all
Molecular Probes).

2.8. Luciferase assay

HEK293T cells were transfected with NurRE or NBRE luciferase re-
porter plasmids together with pCMV-Myc-Nur77 (mutants) and
pCMV-HA-Pin1 (mutants) or pCMV-HA-mock. pRL-TK renilla report-
er plasmid (Promega) was co-transfected as an internal control.
Luciferase activity was determined 24 h after transfection using the
dual-luciferase reporter assay system (Promega) according to the
manufacturer's protocol.

2.9. Semi-quantitative RT-PCR

Total RNA was prepared with Total RNA mini kit (Bio-Rad) from
cells. cDNA synthesis was performed with iScript (Bio-Rad), followed
by real-time PCR using the MyIQ system (Bio-Rad). Human enolase 3
primers: 5′-GAAGAAGGCCTGCAACTGTC-3′ (sense) and 5′-ACTTGCG
TCCAGCAAAGATT-3′ (anti-sense) were used for real-time PCR. Acidic
ribosomal phosphoprotein P0 was determined as an internal control
for cDNA content of the samples.

2.10. Knockdown of Pin1 and Nur77

Human Pin1 small interfering RNA (siRNA) was designed using the
Whitehead Institute (Cambridge, MA) siRNA selection program [41].
HEK293T cells were transfected with siRNA duplexes (Ambion Inc.)
at 100 nM final concentrations using Oligofectamine (Invitrogen)
according to the manufacturer's instructions. The Pin1 target sequence
was 5′-GCCGAGUGUACUACUUCAA-3′ and control transfections were
with siRNA against 5′-CAGACGAGCCUUGCUCGUC-3′. The knockdown
of Pin1 was verified by Western blotting using an antibody directed
against Pin1 as primary and IRDye 800CW goat anti-rabbit (LI-COR
Biosciences GmbH) as secondary antibody. Pin1 expression was quan-
tified using the Odyssey Infrared Imaging System. shNur77 and control
shRNA were generated as described [7].

2.11. Protein stability assay

HEK293T cells were transfected with pCMV-Myc-Nur77 and
pCMV-HA-Pin1 or pCMV-HA-mock. After 24 h of transfection themedi-
um was refreshed and the cells were treated with cycloheximide
(50 μg/ml) or vehicle (DMSO) for 4–16 h. In some cases the cells were
also treated withMG132 (10 μM). Nur77 protein levels weremeasured
by Western blot analysis using mouse monoclonal c-Myc antibody
(Santa Cruz) and quantified on Odyssey Infrared Imaging System.
α-Tubulin (Cedarlane) was used as a control for protein loading.

2.12. CK2 kinase assay

GST-CK2α and GST-CK2α′ were purified from bacterial lysates as
described [37]. Nur77 or Nur77-S152A was immunoprecipitated from
HEK293T cells as described above. Immunoprecipitated Nur77(mutant)
was treated for 30 min at 30 °Cwith calf intestinal alkaline phosphatase
(Invitrogen). After washing the immunoprecipitated Nur77(mutant)
was incubated for 20 min at 30 °C with a mixture of GST-CK2α
and GST-CK2α′ in CK2 assay buffer (50 mM Tris–HCl, pH 7.5, 150 mM

NaCl, 10 mM MgCl2, 100 μM ATP) in the presence of 1 μCi γ-32P-ATP.
To stop the reaction, the samples were boiled in 5 μl SDS-loading
buffer before electrophoresis on a 12% SDS-polyacrylamide gel.
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Fig. 1. Pin1 interacts with Nur77, Nurr1 and NOR-1. (A) HEK293T cells expressing
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anti-HA antibodies. Immunoprecipitates were resolved by SDS-PAGE and processed
by Western blot analysis using the indicated antibodies. Input, total lysate used for im-
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The incorporation of radioactive phosphate was monitored by
phosphorimaging using the Typhoon Variable Mode Imager (Amersham
Biosciences).

2.13. Statistical analysis

Data are reported as Mean±SD and were analyzed with the un-
paired Student t-test. Values of Pb0.05 were considered statistically
significant (*Pb0.05, **Pb0.01, ***Pb0.001 in the figures).

3. Results

3.1. Pin1 is a novel binding partner of the NR4A nuclear receptors

To understand the regulation of NR4A nuclear receptor activity, we
aimed to identify new binding partners and performed a yeast
two-hybrid screen. We and others reported that NR4A receptor expres-
sion is induced in activated vascular smooth muscle cells and for that
reason a cDNA library was generated from (activated) smooth muscle
cells to identify novel interacting proteins [40,42]. The amino-terminal
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65

Chapter 

2

region of NR4As has been shown to be crucial in regulation of the tran-
scriptional activity of these nuclear receptors and for cofactor recruit-
ment [10]. The amino-terminal domain of Nur77 gave unspecific
background colonies in the yeast two-hybrid system therefore the
amino-terminal region of NOR-1 was used as bait to screen the smooth
muscle cell cDNA library. From the colonies that were able to grow
under selective conditions, we isolated two independent cDNAs
containing an open reading frame encoding full-length peptidyl-prolyl
cis/trans isomerase Pin1 (Genbank NM_006221). To verify the interac-
tion found in the yeast two-hybrid screen we performed a
co-immunoprecipitation experiment. Full-length Nur77 and HA-tagged
Pin1 were expressed in HEK293T cells and Nur77 was efficiently
co-immunoprecipitated with Pin1. A similar experiment was performed
using full-length NOR-1 and Nurr1, showing that NOR-1 and Nurr1 also
interact with Pin1 (Fig. 1A).

To demonstrate direct interaction between Pin1 and Nur77, we
performed aGST-pull-down assay. As shown in Fig. 1B in vitro transcribed

and translated Nur77 was pulled down by GST-His6-Pin1 but not by
GST-His6-DCOH (dimerization cofactor for hepatocyte nuclear factor 1)
which served as a control.

Immunofluorescence using vascular smooth muscle cells revealed
that Nur77 located in the nucleus. As expected, Pin1 co-localized with
Nur77 in the nucleus and was also detected in the cytoplasm. Pin1
does not change cellular localization of Nur77 and similar results
were obtained for Nurr1 and NOR-1 (Fig. 1C).

3.2. Pin1 is a coactivator of NR4A receptors

To investigate whether Pin1 binding influences the transcriptional
activity of Nur77, HEK293T cells were transfected with plasmids
encoding Nur77 and Pin1 together with luciferase reporter constructs.
Pin1 significantly increased the transcriptional activity of Nur77,
Nurr1 and NOR-1 when assayed with the NurRE-containing reporter
plasmid, as well as with the NBRE-luciferase construct (Fig. 2A, B), in a
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dose-dependentmanner (Supplemental Fig. S2A). This enhancement of
transcriptional activity is not due to an increase inNur77mRNAbecause
Pin1 does not affect Nur77 mRNA levels (Supplemental Fig. S2B).

Nur77 is known to induce the expression of enolase 3, which is me-
diated through an NBRE in the enolase 3 promoter [43]. To assess
whether Pin1 also enhances Nur77 activity in human vascular smooth
muscle cells, wemeasured enolase 3 expression. As expected, Nur77 ro-
bustly enhanced enolase 3 expression, which was further increased by
Pin1 (Fig. 2C). The effect of endogenous Pin1 andNur77 is substantiated
using specific siRNA against Pin1 (Supplemental Fig. S2C, D) and Nur77.
Knockdown of Nur77 or Pin1 resulted in a significant decrease in eno-
lase 3 expression (Fig. 2D). In agreement with the luciferase data, Pin1
increases Nurr1-mediated enolase 3 expression. Unexpectedly, in
smooth muscle cells Pin1 does not enhance NOR-1 induced enolase 3
expression, indicating a cell-type specific function of Pin1. Our data in-
dicate that Pin1 increases both NBRE-driven monomeric and
NurRE-mediated dimeric NR4A transcriptional activity and therefore
may be considered as a coactivator of Nur77, Nurr1 and NOR-1.

3.3. Pin1 interacts with the N-terminal and DNA-binding domains of Nur77

To assess which region of Nur77 interacts with Pin1, Nur77mutants
were assayed in co-immunoprecipitation experiments (Fig. 3A, B). Pin1

is co-immunoprecipitated by full-length Nur77, the DNA-binding do-
main (DBD, aa 264–354) and the separate amino-terminal domain of
Nur77 (N-term, aa 1–264), but not by the ligand-binding domain
(LBD, aa 355–598) (Fig. 3B). Because Pin1 did not bind the LBD, we de-
termined whether this domain was indeed dispensable for the
coactivation of Nur77. The Nur77 mutant lacking the LBD (ΔLBD) is
transcriptionaly active and Pin1 still enhanced the activity of ΔLBD
(Fig. 3C). These experiments demonstrate that the Nur77 LBD is not re-
quired for coactivation and that Pin1 interacts with both the
amino-terminal region and the DNA‐binding domain of Nur77.

3.4. Pin1 coactivation of Nur77 does not require PPIase activity

Pin1 is a PPIase that isomerizes pSer/pThr-Pro motifs. It comprises
an N-terminal WW domain that is involved in protein-protein interac-
tion and a carboxy-terminal PPIase domain. It has been shown that
alanine-substitution of Trp34 (W34A) results in a Pin1-variant with a
defective WW domain [44,45], whereas substitution of Lys63 or Cys113

in the catalytic domain (K63A and C113A) yields a Pin1 mutant that
lacks PPIase activity [45,46]. As expected, Pin1W34A did not enhance
Nur77 transcriptional activity, as thismutant is defective in Nur77 bind-
ing. However, both Pin1K63A and Pin1C113A still enhanced Nur77
transcriptional activity of Nur77 (Fig. 4B), demonstrating that the

**

W
3

4

K
6

3

N C

Catalytic domainWW

A

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

N
u

r7
7

N
u

r7
7

+
P

in
1

N
u

r7
7

+
W

3
4

A

N
u

r7
7

+
K

6
3

A

R
e

la
ti
v
e

 
lu

c
if
e

ra
s
e

 a
c
ti
v
it
y

***
***

B

N
u

r7
7

+
C

1
1

3
A

***

C

Nur77

Pin1

Input Pin1

WB:IP: anti-Nur77

-

P
in

1

K
6

3
A

W
3

4
A

*

C
1

1
3

Pin1

Tubulin
Nur77

K63A Pin1-
Nur77

C113A

50

20
25

37

250

75

kDa

M

Fig. 4. Pin1-mediated coactivation of and binding to Nur77 involves a functional WW domain. (A) Schematic representation of Pin1 with the WW-domain and the PPIase-domain
indicated, as well as the residues that are alanine-substituted in the different Pin1 variants. (B) The transcriptional activity of Nur77 was monitored by measuring luciferase activity
in HEK293T cells expressing the indicated proteins and the NurRE luciferase reporter (N=4). The lysates used in the luciferase assay were also resolved by SDS-PAGE and Western
blotting using anti-Nur77, anti α-tubulin and anti-Pin1 antibodies, showing similar Nur77 expression in all 4 transfections. Data were normalized for transfection efficiency by
corresponding Renilla luciferase activity and are expressed as mean±SD, ***Pb0.001. Protein molecular mass markers are shown in kiloDalton (kDa). (C) HEK293T cells expressing
myc-Nur77 together with HA-mock or wild-type or mutant HA-Pin1were immunoprecipitated with anti-myc antibodies. Co-immunoprecipitates were resolved by SDS-PAGE and
processed by Western blotting using anti-Nur77 and anti-Pin1 antibodies. The Pin1W34A variant does not interact with Nur77 and disruption of the WW-domain abolishes
Pin1-mediated stimulation of Nur77 activity.



67

Chapter 

2

PPIase activity of Pin1 is not required for coactivation of Nur77. In line
with these data, the Pin1K63A mutant still binds Nur77, whereas
Pin1W34A does not (Fig. 4C).

3.5. Pin1 increases Nur77, but not Nurr1 or NOR-1 protein stability

Pin1 has been shown to enhance Nur77 protein stability [34], and
we tested whether Pin1 also affects the protein stability of Nurr1 and
NOR-1. To this end, we treated cells expressing Nur77, Nurr1 or
NOR-1 with the protein synthesis inhibitor cycloheximide (CHX). In
the absence of Pin1, CHX decreased the Nur77 and Nurr1 protein
levels, whereas NOR-1 protein levels remained the same for up to
16 h (Fig. 5). In the presence of Pin1, Nur77 protein remained stably
present during the CHX treatment. In contrast, Nurr1 protein was
not stabilized by Pin1.

To test which functional domain of Pin1 is important for the en-
hanced stability of Nur77, we repeated the CHX experiment in cells ex-
pressing Nur77 and mutant Pin1. As expected, Pin1W34A, which is
impaired in Nur77 binding, does not stabilize Nur77 in the presence of
CHX. Furthermore, Pin1K63A and Pin1C113A, both of which lack the
catalytic activity, also do not stabilize Nur77 protein (Fig. 6A, B). It is
concluded that Pin1 enhances Nur77 protein stability for which also
PPIase activity is crucial. It should be noted that in the experiments in

which NR4A activity is measured, we designed the experimental set
up such that the protein levels of the NR4Aswere similar in the absence
and in the presence of Pin1. Our experiments demonstrate for the first
time that Pin1 has a dual function in Nur77 activation; WW-domain
mediated interaction of Pin1 enhances the transcriptional activity of
Nur77 and the combined action of theWW-domainwith the PPIase ac-
tivity of Pin1 increase Nur77 protein stability.

3.6. Pin1 positively regulates Nur77 stability by inhibiting its ubiquitination

We next investigated whether Nur77 stability is regulated through
proteasomal degradation. Cells expressing Nur77 were treated with
CHX in combination with the proteasome inhibitor MG132. As de-
scribed above, CHX decreased Nur77 protein levels in the absence of
Pin1, however, MG132 treatment inhibited the CHX-mediated decrease
in Nur77 levels (Fig. 6C, D), indicating that the ubiquitin-proteasomal
degradation pathway is involved in regulation of Nur77 stability. To fur-
ther investigate the effect of Pin1 on Nur77 stability, we expressed
Nur77 together with HA-ubiquitin in the presence and absence of
Pin1. Nur77 ubiquitination, as shown after immunoprecipitation of
ubiquitin-conjugated proteins and subsequent Western blotting with
an anti-Nur77 antibody, was only observed in the absence of Pin1,
When Pin1 was co-expressed ubiquitinated Nur77 could hardly be
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detected (Fig. 6E). These data indicate that Pin1 enhances Nur77
stability by inhibiting its ubiquitination.

3.7. Pin1 increases Nur77 protein stability by acting on pSer152-Pro

After demonstrating that the increased stability of Nur77 is depen-
dent on the PPIase activity of Pin1, we investigated which Ser/Thr-Pro
motif in Nur77 is targeted by Pin1. The amino-acid sequence of Nur77
contains 17 serine or threonine residues that are followed by a pro-
line residue; the Pin1 consensus Ser/Thr-Pro motif. As yet it is

unknown whether any of these Ser/Thr-Pro motifs are phosphorylat-
ed in Nur77. To identify the Pin1 target site, Nur77 mutants were gen-
erated in which these serine/threonine residues were changed into
alanine residues (Supplemental Fig. S4A). Each of the mutants was
analyzed in the protein stability assay. We found that Pin1 enhances
the stability of all Nur77 mutants except for Nur77-S152A (mutant
5, Fig. 6F and Supplemental Fig. S4) It should be noted that the tran-
scriptional activity of Nur77-S152A and the Nur77-variant in which
all 17 Pin1 consensus site are alanine-substituted (Nur77-MutAll)
are still enhanced by Pin1 when measured under conditions that
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protein levels remain similar (Supplemental Fig. S5). So far,
phosphorylation of Ser152 of Nur77 has not been reported, however,
in silico analysis revealed a potential protein kinase CK2 site at this
residue. Therefore, potential involvement of CK2 in Pin1 mediated
Nur77 stability was tested. Inhibition of CK2 by its inhibitor
4,5,6,7-tetrabromobenzotriazole (TBB) abolished the ability of Pin1
to stabilize Nur77 (Fig. 7A, B), whereas the MAPK-inhibitor
(PD98059) did not affect Nur77 stability. In addition, knockdown of
both catalytic subunits of CK2 (CK2α and CK2α′) using shRNA also
inhibited the ability of Pin1 to stabilize Nur77 (Fig. 7C and

Supplemental Fig. S6). To establish direct phosphorylation of Nur77
by CK2, Nur77 was immunoprecipitated from HEK293T cells and
was, after dephosphorylation with alkaline phosphatase, incubated
with the catalytic subunits of CK2 (CK2α and CK2α′) in the presence
of radioactive ATP. As shown in Fig. 7D, under these conditions Nur77
is a substrate for CK2, whereas the mutant Nur77-S152A is not. These
data indicate that Pin1 increases Nur77 protein stability by isomeriz-
ing Pro153 when it is preceded by CK2-phosphorylated Ser152. Inter-
estingly, Nurr1, which is not stabilized by Pin1, does contain the
Ser152-Pro motif, but this is not in a CK2 consensus site, whereas
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NOR-1, which is not degraded in the presence of CHX does not con-
tain the Ser152-Pro motif (Fig. 7E). The dual function of Pin1 in
Nur77 activation is visualized in a scheme in Supplemental Fig. S7.

4. Discussion

Nur77, Nurr1 and NOR-1 have been classified as orphan nuclear re-
ceptors since ligands have as yet not been identified although several
small-molecule drugs have been described that enhance NR4A activity
[47,48]. Because of the regulatory role of NR4A receptors in vascular dis-
ease and metabolism [2,7,49], it is crucial to understand how NR4A
transcriptional activity is regulated. The amino-terminal domain of
Nur77 has been shown to be important for cofactor binding
[10,15–19] and we therefore carried out a yeast two-hybrid screen to
identify novel coregulators of Nur77, Nurr1 and monomeric NOR-1.
We demonstrated that four and a half LIM-domain-2 (FHL2) is a novel
corepressor of Nur77 [35] and now report that the PPIase Pin1 binds
all 3 NR4A receptors and,most importantly, enhances the transcription-
al activity of bothmonomeric and dimeric Nur77, Nurr1 andNOR-1. The
ligand-binding domain of Nur77 is not required for this coactivation as
Pin1 is still able to enhance the transcriptional activity of a Nur77 vari-
ant lacking this domain (Fig. 3C). The physiological relevance of the in-
teraction between Pin1 and Nur77 is underpinned by the observation
that Pin1 enhances the expression of the Nur77 target gene enolase 3.

It is demonstrated that Pin1 PPIase activity is not required to en-
hance Nur77 activity as was shown with the PPIase-negative variants
Pin1K63A and Pin1C113A. Although in general the PPIase activity of
Pin1 is essential to change the transcriptional activity of target proteins,
the dispensability of the PPIase activity has been described before for
Pin1-dependent modulation of Stat3 and PPARγ activity [32,50]. The
Pin1 interaction with and activation of Nur77 are mediated solely by
the WW domain of Pin1, which binds both the amino-terminal and
the DNA-binding domain of Nur77 (Fig. 3B). The exact mechanism un-
derlying Pin1-mediated coactivation of NR4As is as yet unknown. It is
most likely that Pin1 binding to NR4As recruits other coactivators that
enhanceNR4A activity or Pin1 binding to NR4Asmay displace corepres-
sor proteins of Nur77 (Supplemental Fig. S7 for a schematic of the
model). In contrast, Chen et al. proposed that the PPIase activity of
Pin1 is crucial to bind Nur77, however, this conclusion was based on
treatment of Nur77 with a phosphatase [34] whereas we demonstrate
using Nur77-MutAll, a variant in which all 17 Pin1 consensus binding
site are alanine substituted, still binds and becomes activated by Pin1
(Supplemental Fig. S5D, E).

We show that Pin1 specifically enhances protein stability of Nur77,
whereas protein levels of Nurr1 and NOR-1 are not affected. This obser-
vation underscores the direct effect of Pin1 in activation of NR4A activ-
ity independent of protein stabilization. Although the catalytic activity
of Pin1 is not involved in increasing Nur77 transcriptional activity, its
PPIase activity is essential to enhance Nur77 stability and we identified
Ser152-Pro as the Pin1 target site in Nur77. Pin1 has been demonstrated
to exhibit little PPIase activity on non-phosphorylated Ser/Thr-Pro se-
quences, therefore we postulated that Ser152 is very likely phosphory-
lated prior to Pin1 modulation. It has been described that Nur77 is
highly phosphorylated on multiple sites, however, the knowledge on
which amino-acids are actually phosphorylated bywhich kinases is lim-
ited [51]. Nur77 is phosphorylated at Ser351 in the DNA-binding domain
by RSK and Akt [52,53] and at Ser140 by the MAPK pathway [54]. Fur-
thermore, Nur77 was shown to be phosphorylated by JNK somewhere
in the first 122 amino-acid residues of Nur77 [55]. Phosphorylation of
Ser152 has, however, not yet been described. In silico analysis revealed
in addition to a potential MAPK site at Thr143, two potential CK2 sites
at Ser152 and at Ser431 in Nur77. Inhibition or knockdown of CK2
abolished the capability of Pin1 to enhance Nur77 stability, whereas in-
cubation with a selective MAPK (MEK) inhibitor did not (Fig. 7). Fur-
thermore, we show that Nur77 is a substrate for CK2, whereas
Nur77-S152A is not (Fig. 7D). We therefore conclude that Pin1 acts on

the CK2-phosphorylated Ser152-Pro153 motif in Nur77 to induce a con-
formational change resulting in enhanced stability of this nuclear recep-
tor (Supplemental Fig. S7). These data are in line with the observation
that Pin1 is not able to enhance the stability of Nurr1, which does con-
tain the Ser152-Pro Pin1-motif, however this is not in a CK2 consensus
site. Interestingly NOR-1, which does not comprise the Ser152-Pro
motif, is not degraded in the presence of CHX and Pin1 does not affect
this (Figs. 5 and 7E). Previously, it has been shown that CK2 canmediate
inhibition of smooth muscle cell proliferation requiring phosphoryla-
tion of cAMP response element binding protein (CREB) [56]. We pro-
pose that Nur77 is another CK2 substrate to modulate smooth muscle
cell growth. Pin1 enhances Nur77 most likely by changing the confor-
mation of Nur77 by isomerization on pSer152, thereby making the pro-
tein less prone to ubiquitination and subsequent degradation, as we
show that ubiquitination of Nur77 is inhibited by Pin1 (Fig. 6E). This ob-
servation is in line with the observation that acetylation of Nur77 by
p300 results in inhibition of ubiquitination and thus increased stability
[15]. Pin1 isomerization may make Nur77 more accessible to p300
acetylation, resulting in a more stable protein. Of note, Chen et al. [34]
identified distinct Ser-Pro motifs as potential interaction sites for Pin1,
more specifically Ser 95 (corresponding with our mutant 3), Ser 140
(mutant 4) and Ser 431 (mutant 10). We did not observe any effect
on Nur77 activity/stability after alanine substitution of these residues
(Fig. 6 and Supplemental Figs. S4 and S5). At this moment we have no
satisfying explanation for this discrepancy.

Interestingly, although the presence of the CK2-phosphorylated
Ser152-Pro motif is essential for Pin1-mediated enhancement of Nur77
stability, it is not required to enhance Nur77 activity, as mutant 5
(Nur77-S152A) is still coactivated by Pin1 (Supplemental Fig. S5; note
that protein levels are similar under these conditions). This is in line
with the finding that Pin1 is also able to enhance the activity of Nurr1
and NOR-1 that lack the CK2-motif. Taken together, Pin1-dependent
coactivation of Nur77 is distinct from Pin1-dependent increase in
Nur77 protein stability and together this dual effect of Pin1 onNur77 re-
sults in enhanced Nur77 transcriptional activity.

Given the role of the NR4A nuclear receptors in vascular disease
andmetabolism, detailed understanding of the regulation of NR4A ac-
tivity will offer new opportunities to manipulate the activity of these
transcription factors to eventually attenuate these processes. We here
demonstrate that Pin1 is a coactivator of Nur77, Nurr1 and NOR-1 and
increases Nur77, but not Nurr1 and NOR-1 protein levels by increas-
ing the protein half-life of this nuclear receptor.
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Table S1: Primers used to generate Nur77 and Pin1 mutants.

Mutant Primers
m1 Nur77(T10A,S14A) 5’-CAAGCCCAATATGGGGCCCCAGCACCGGCTCCAGGACCCCGTGAC-3’ 

5’-GTCACGGGGTCCTGGAGCCGGTGCTGGGGCCCCATATTGGGCTTG-3’ 

m2 Nur77(T27A,S39A) 5’-GCAAGCGACCCCCTGGCGCCTGAGTTCATCAAGCCCACCATGGACCTGGCC

GCCCCCGAGGCAGCCCCC-3’ 

5’-GGGGGCTGCCTCGGGGGCGGCCAGGTCCATGGTGGGCTTGATGAACTCAGG 

CGCCAGGGGGTCGCTTGC-3’ 

m3 Nur77(S95A) 5’-CTCGTCCTCAGCCACAGCGCCTGCCTCTGCCTCC-3’ 

5’-GGAGGCAGAGGCAGGCGCTGTGGCTGAGGACGAG-3’ 

m4 Nur77(S134A,S140A,T143A) 5’-CTCTGACTACTATGGCGCCCCCTGCTCGGCCCCGGCGCCCTCCGCGCCCA

GCTTCCAGCCG-3’ 

5’-CGGCTGGAAGCTGGGCGCGGAGGGCGCCGGGGCCGAGCAGGGGGCGCCAT 

AGTAGTCAGAG 

m5 Nur77(152A) 5’-CAGCCGCCCCAGCTCGCGCCCTGGGATGGCTCC-3’ 

5’-GGAGCCATCCCAGGGCGCGAGCTGGGGCGGCTG-3’ 

m6 Nur77(S162A) 5’-CTCCTTCGGCCACTTCGCGCCCAGCCAGACTTACG-3’ 

5’-CGTAAGTCTGGCTGGGCGCGAAGTGGCCGAAGGAG-3’ 

m7 Nur77(S193A,S199A,S205A) 5’-GCCTTCTTTTCCTTCGCTCCTCCCACCGGCCCCGCGCCCAGCCTGGCCCA 

GGCCCCCCTGAAGTTGTTC-3’ 

5’-GAACAACTTCAGGGGGGCCTGGGCCAGGCTGGGCGCGGGGCCGGTGGGAG 

GAGCGAAGGAAAAGAAGGC-3’ 

m8 Nur77(S237A,T248A) 5’-GGTTTGGCACCCACTGCTCCACACCTTGAGGGCTCTGGGATACTGGATGCA

CCTGTGACCTCAACC-3’ 

5’-GGTTGAGGTCACAGGTGCATCCAGTATCCCAGAGCCCTCAAGGTGTGGAGC 

AGTGGGTGCCAAACC-3’ 

m9 Nur77(S360A) 5’-AGCCCCCAGATGGCGCCTGCCAATCTCCTC-3’ 

5’-GAGGAGATTGGCAGGCGCGGCATCTGGGGGCTG-3’ 

m10 Nur77(S431A) 5’-GGCTTTGCTGAGCTGGCGCCGGCTGACCAGGAC-3’ 

5’-GTCCTGGTCAGCCGGCGCCAGCTCAGCAAAGCC-3’ 

Pin1(W34A) 5’-CCACATCACTAACGCTAGCCAGGCGGAGCGGCCCAGCG-3’ 

5’-CGCTGGGCCGCTCCGCCTGGCTAGCGTTAGTGATGTGG-3’ 

Pin1(K63A) 5’-GCACCTGCTGGTGGCGCACAGCCAGAGCCGGCGGCCCTCG-3’

5’-CGAGGGCCGCCGGCTCTGGCTGTGCGCCACCAGCAGGTGC-3’ 

The bold nucleotides encode the mutated amino acids. The underlined nucleotides are silent 

mutation introducing a restriction site. 
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Table S2: Primers used to generate Nur77 deletion mutants.

Deletion mutant Primers

Nur77 amino-terminal 

domain

5'-CCGAATTCCCCTGTATCCAAGCCCAA-3' 

5'-CCGGATCCCTATTCACTTCCACCTGGGGC-3' 

Nur77 DNA binding 

domain

5’-CCCGAATTCGGGAAGGCCGCTGTGCTGTG-3’ 

5’-GCGGCCGCTCACTTGGGTTTTGAAGGTAGC-3’ 

Nur77 ligand binding 

domain

5’-CCCGAATTCGGCAGCCCCCAGATGCC-3’ 

5’-CCCTGCAGTCAGAAGGGCAGCGTGT-3’ 

Table S3: Human shRNA oligo sequences of CK2α and CK2α’.

Primers

shCK2α-1 5'-CCGGCCAAGAATATAATGTCCGAGTCTCGAG

ACTCGGACATTATATTCTTGGTTTTT-3' 

shCK2α-2 5’-CCGGCGTAAACAACACAGACTTCAACTCGAG

TTGAAGTCTGTGTTGTTTACGTTTTT-3’ 

shCK2α’-1 5’-CCGGAGACCTAGATCCACACTTCAACTCGAG

TTGAAGTGTGGATCTAGGTCTTTTTT-3’ 

shCK2α’-2 5’-CCGGCCTCACAATGTCATGATAGATCTCGAG

ATCTATCATGACATTGTGAGGTTTTTTG-3’ 

The underlined sequences are target sequences 
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Fig. S1. Isotype control staining for the antibodies used to determine Nur77, Nurr1 and NOR-1 colocalization with Pin1.
These data show that the antibodies used to stain Nur77, Nurr1, NOR-1 and Pin1 are specific.
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Fig. S2. Pin1 is a coactivator of Nur77. (A) Nur77 transcriptional activity was measured in HEK293T cells transfected with the 
NurRE luciferase reporter and increasing amounts of HA-Pin1. (B) The effect of Pin1 expression on mRNA levels of endogenous 
(left panel) and overexpressed (right panel) Nur77. (C) Cells expressing Nur77 and control (siCon) or Pin1 siRNA were transfected 
with the NurRE luciferase reporter plasmid (N=4). The efficiency of Pin1 knock-down was determined by Western blotting using 
an anti-Pin1 antibody. (D) The efficiency of Nur77 and Pin1 knock-down using siRNA was determined by quantitative RT-PCR 
using gene-specific primers. Luciferase data are normalized to Renilla luciferase activity and are expressed as mean±SD, PCR 
data are normalized for cDNA content of the samples by phosphoprotein P0 expression and are expressed as mean±SD. 
*P<0.05, **P<0.01, ***P<0.001.
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Fig. S3. Pin1-mediated increase in Nur77 protein stability requires both the WW and the catalytic domain of Pin1. 
HEK293T cells expressing Nur77 and HA-mock or wild-type or mutant HA-Pin1 were treated with CHX for 
0, 4, 8, 12 and 16 hrs and Nur77 expression was analyzed by Western blotting using the indicated antibodies. 
CHX, cycloheximide; Pin1W34A, defective WW-domain; Pin1K63A and Pin1C113A, disrupted PPIase activity.
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Fig. S5. Ser152-Pro motif is not required for the ability of Pin1 to enhance Nur77 activity. (A) The transcriptional activity of Nur77 was 
monitored by measuring luciferase activity in HEK293T cells expressing the indicated (mutant) proteins and were transfected with the 
NurRE luciferase reporter (N=6). (B) The lysates used in the luciferase assay were also resolved by SDS-PAGE and Westernblotting 
using anti-Nur77, anti α-tubulin and anti-Pin1 antibodies. (C) Quantification of Nur77 protein expression, normalized to α-tubulin 
expression. (D) The Nur77 transcriptional activity was measured in HEK293T cells transfected with the NurRE luciferase reporter and 
expressing the indicated proteins. Data (N=4) are normalized to Renilla luciferase activity and are expressed as mean±SD, *P<0.05, 
**P<0.01, ***P<0.001. (E) HEK293T cells expressing HA-mock or wild-type or mutant HA-Pin1 together with myc-Nur77MutAll were 
immunoprecipitated with anti-myc antibodies. Immunoprecipitates were resolved by SDS-PAGE and processed by Western blotting using 
anti-myc (red) and anti-Pin1 (green) antibody to demonstrate that Nur77MutAll interaction with Pin1 requires an intact WW domain but is 
independent of isomerase activiy of Pin1.  MutAll, Nur77 variant in which all Ser/Thr-Pro motifs are mutated into Ala-Pro; mutant 5, 
Nur77-S152A. Protein molecular mass markers (M) are shown in kiloDalton (kDa). 
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Fig. S6. Pin1-mediated increase in Nur77 protein stability is dependent on CK2 expression. (A) Nur77 expression was
analyzed by Western blotting in HEK293T cells expressing Nur77 and HA-mock or HA-Pin1 and either control shRNA 
(shCon) or a mixture of CK2α and CK2α’-specific shRNA (shCK2α/α’) after treatment with CHX using the indicated 
antibodies. (B) The efficiency of CK2α and CK2α’ knock-down using shRNA was determined by quantitative RT-PCR 
using gene-specific primers. Data are normalized for cDNA content of the samples by phosphoprotein P0 expression and 
are expressed as mean±SD.  *P<0.05, **P<0.01; CHX, cycloheximide.
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Background:Nur77 is an orphan nuclear receptor involved in vascular disease, of which the regulation of activity is poorly
understood.
Results: FHL2 binds Nur77 and represses its transcriptional activity by inhibition of Nur77 association with DNA.
Conclusion: FHL2 acts as a co-repressor of Nur77.
Significance:Our data suggest that interaction of FHL2 with Nur77 plays a pivotal role in vascular disease.

The three members of the NR4A orphan nuclear receptor
subfamily Nur77, Nurr1, and NOR-1, regulate a variety of bio-
logical functions including vascular disease and metabolism. In
this study, we identified Four and a half LIM domains protein-2
(FHL2) as a novel interacting protein ofNR4Anuclear receptors
by yeast two-hybrid screen and co-immunoprecipitation stud-
ies. Each of the four LIM domains of FHL2 can bind Nur77, and
both the amino-terminal domain and the DNA binding domain
of Nur77 are involved in the interaction between FHL2 and
Nur77. FHL2 represses Nur77 transcriptional activity in a dose-
dependent manner, and short hairpin RNA-mediated knock-
down of FHL2 results in increased Nur77 transcriptional activ-
ity. ChIP experiments on the enolase3 promoter revealed that
FHL2 inhibits the association of Nur77 with DNA. FHL2 is
highly expressed in human endothelial and smoothmuscle cells,
but not in monocytes or macrophages. To substantiate func-
tional involvement of FHL2 in smooth muscle cell physiology,
we demonstrated that FHL2 overexpression increases the
growth of these cells, whereas FHL2 knockdown results in
reduced DNA synthesis. Collectively, these studies suggest that
association of FHL2 with Nur77 plays a pivotal role in vascular
disease.

Nuclear receptors of the NR4A subfamily have been
described as early response genes that are induced by diverse
extracellular signals in a wide range of tissues and cultured cells
(1, 2). The NR4A subfamily includes three members: Nur77
(NR4A1, NGFI-B), Nurr1 (NR4A2, NOT), and NOR-1
(NR4A3, MINOR) (2, 3). The NR4A members contain highly

conserved DNA binding domains (DBD3; 97% homology) and
carboxyl-terminal ligand binding domains (LBD; 60–65%
homology). The amino-terminal domain, however, is less con-
served and shows a higher degree of variability among the
NR4As with only 20–30% amino acid sequence homology
(4–7). NR4A nuclear receptors are implicated in the regulation
of a wide range of biological processes including cell differenti-
ation, proliferation, and apoptosis (8–10). Recent data demon-
strated that NR4A nuclear receptors are also involved in the
regulation of genes involved in adipogenesis, metabolic disease,
inflammation, and vascular disease (1, 11–13). NR4A receptors
have been shown to bind the consensus NBRE sequence
(AAAGGTCA) as monomers (14) or the palindromic NurRE
sequence (TGATATTTX6AAAGTCCA) as homodimers and
heterodimers in promoters of target genes (2, 15). We and oth-
ers have demonstrated that NR4A nuclear receptors are signif-
icantly induced in human vascular smoothmuscle cells (SMCs)
upon atherogenic stimulation and in vascular endothelial cells
in response to proliferative and inflammatory signals (16–18).

Structural studies have revealed that the putative ligand
binding pocket of Nurr1 is tightly packed with bulky aromatic
and hydrophobic residues, leaving no cavity for binding of any
ligand (19, 20). To date, no physiological ligand for the mem-
bers of this subfamily has been identified, and therefore they are
classified as orphan nuclear receptors (17). However, several
agonists have been reported that may modulate the expression
and/or transcriptional activity of NR4A nuclear receptors in
unconventional ways (11, 15). It has also been shown that the
transcriptional activity of NR4A nuclear receptors is strongly
regulated at the level of protein expression and/or post-trans-
lational modification, including protein-protein interactions
with co-activators and co-repressors (15, 21). Further studies
showed that the amino-terminal domain contains the activa-
tion function 1 region of the NR4A subfamily, which is neces-
sary for optimal transcriptional activity and recruitment of co-
factors (1, 20).

* This work is part of Project P1.02 NEXTREAM of the research program of the
BioMedical Materials institute, co-funded by the Dutch Ministry of Eco-
nomic Affairs. This work was also supported by the Nederlandse
Hartstichting.



Four and a half LIMdomains protein 2 (FHL2), also known as
down-regulated in rhabdomyosarcoma LIMprotein (DRAL), is
the second member of the LIM-only subclass of the LIM pro-
tein superfamily (22–24). LIM domains contain cysteine-rich
zinc-finger motifs, which mediate protein-protein interactions
(25–28). FHL2 is a multifunctional protein that interacts with a
large number of transcription factors and regulates a wide
range of cellular functions, including gene expression, apopto-
sis, cell cycle, cytoskeletonmodulation, and signal transduction
(26, 28–31). FHL2has been identified as a co-regulator formul-
tiple transcription factors among which several nuclear recep-
tors, including androgen receptor, estrogen receptor � and �,
vitamin D receptor, thyroid receptor, retinoic acid receptor,
retinoid-related orphan receptor� and �, and retinoid X recep-
tors (25, 26, 29, 30, 32). FHL2 is expressed predominantly in the
heart and, to a lesser extent in other tissues, including the vessel
wall (31, 33). FHL2 is not required for normal cardiac develop-
ment and heart function, as was demonstrated in mice lacking
FHL2, that are viable; however, these mice have been shown to
develop enhanced cardiac hypertrophy following �-adrenergic
stimulation (28, 29, 34).
In the current study, we identified FHL2 as a novel co-repres-

sor of NR4A nuclear receptors. In particular, FHL2 interacts
with NR4A nuclear receptors and inhibits the transcriptional
activity of Nur77 involving the amino terminus and DBD.
Expression analysis of FHL2 reveals strong expression in vascu-
lar SMCs and endothelial cells. Furthermore, functional studies
show that FHL2 increases SMC proliferation. Altogether, these
data suggest that the association of FHL2 with Nur77 in vascu-
lar cells plays a role in the regulation of vascular disease.

EXPERIMENTAL PROCEDURES

Plasmids—The cDNA encoding the amino-terminal domain
of human (h)NOR-1 (GenBank D78579) amino acids 2–264
was cloned in yeast expression vector pGBKT7 (Clontech) for
the yeast two-hybrid screen. Full-length hNur77 cDNA (Gen-
Bank D49728, bp 8–1947), hNurr1 cDNA (GenBank X75918,
bp 73–2310), and hNOR-1 (bp 513–2872) were cloned into the
lentiviral vector pRRL-cPPt-X2-CMV-PreSIN (35). hNOR-1,
hNur77, and hNurr1 were amino-terminally epitope-tagged in
pCMV-Myc (Clontech). FHL2 was cloned from the pGADT7
yeast two-hybrid library vector into the pCMV-HA vector
(amino-terminal tag; Clontech) and in the pRRL-cPPt-X2-
CMV-PreSIN vector. FHL2 and dimerization co-factor for hep-
atocyte nuclear factor 1 (DCOH) were cloned into pETM-30
expression vector to generate GST fusion proteins. The lucifer-
ase reporter plasmids containing three copies of NurRE or
NBRE have been described before (36). Several deletion
mutants of FHL2 andNur77were constructed (see supplemen-
tal Table 1 for sequences of the primers applied in mutagene-
sis). FHL2 deletion mutants were cloned into pCMV-HA vec-
tor, and Nur77 deletionmutants were cloned into pCMV-Myc.
All constructs were verified by sequencing.
Yeast Two-hybrid Screen—A cDNA library was constructed

from 0.5 �g of poly(A)� RNA from activated SMCs (37) using
the Matchmaker library construction and screening kit (Clon-
tech) according to the manufacturer’s instructions. The bait
construct pGBKT7-NOR-1 was transformed into Saccharomy-

ces cerevisiae strainAH109 (Clontech) using the lithiumacetate
method. Subsequently, these yeast cells were transformed with
the pGADT7-SMC cDNA library, and interacting clones were
isolated on selective synthetic drop-out medium based on
growth in the absence of tryptophan, leucine, and histidine in
the presence of 30 mM 3-amino-1,2,4-triazole (Sigma). False
positives were eliminated based on their positive signal after
transfection in the negative control cells (containing mock
pGBKT7). Plasmids of positive clones were isolated and
sequenced. The DNA sequences were then characterized by
BLAST analysis against the NCBI data base to determine the
identity of the potential interacting proteins.
Cell Culture and Transfection—HEK293T cells were cul-

tured in Dulbecco’s modified Eagle’s medium (DMEM)with 20
mM glucose, supplemented with 10% fetal bovine serum (FCS)
and penicillin/streptomycin (Invitrogen). Human SMCs were
explanted from umbilical cord arteries (37) and cultured in
M199 medium (Invitrogen) supplemented with 10% FCS and
penicillin/streptomycin. SMCs were used at passages 5–7 and
were characterized by SM �-actin expression (1A4; DAKO)
showing uniform fibrillar staining.Humanumbilical vein endo-
thelial cells were isolated fromumbilical cords, used at passages
1–3 and cultured in M199 medium supplemented with 20%
FCS, endothelial cell growth supplement (Sigma), penicillin/
streptomycin, L-glutamine, and heparin. THP-1 monocytes,
PMA-induced macrophages and mouse bone marrow-derived
macrophages were cultured in RPMI 1640 medium supple-
mented with 10% FCS, penicillin/streptomycin and L929 cell
conditioned medium. HEK293T cells were transfected by the
calcium phosphate method using CalPhos Mammalian Trans-
fection Kit (Clontech).
Co-immunoprecipitation Assays and Western Blot Analysis—

HEK293T cells were co-transfected with appropriate plasmids
and incubated for 48 h. For optimal expression of the amino-
terminal domain of Nur77 (amino acids 1–264), cells were
treated with 25 �M MG-132, a proteasome inhibitor, for 8 h
before cell lysis. The cells were lysed in lysis buffer (50 mM

Tris-HCl, pH7.4, 100mMNaCl, 10% glycerol, 1%Nonidet P-40,
10 mM NaF, 1 mM Na3VO4) containing complete protease
inhibitor mixture (Roche Applied Science). Cell lysates were
precleared for 1 h at 4 °Cwith proteinA-Sepharose (GEHealth-
care) and then incubated overnight with the pulldown antibody
and protein A-Sepharose. Immunoprecipitates were washed
three times in lysis buffer, and bound protein was eluted by
boiling in SDS-loading buffer before electrophoresis on 12%
SDS-polyacrylamide gels. After protein transfer, PVDF mem-
branes (Millipore) were incubated with appropriate primary
antibodies and fluorescently conjugated secondary antibodies,
followed by scanning using Odyssey Infrared Imaging System
(Licor Biosciences). Antibodies applied in this study were
anti-HA (12CA5; Roche Applied Science), anti-Myc (Santa
Cruz Biotechnology), and anti-Nur77 (M210; Santa Cruz
Biotechnology).
GST Pulldown Assay—Escherichia coli-expressed glutathi-

one S-transferase (GST)-FHL2 was bound by glutathione-Sep-
harose 4B (GEHealthcare), followed by the addition of in vitro-
transcribed/translated Nur77. After 1 h of incubation at 4 °C,
the beads were washed three times with PBS. The pulldown
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complex was subjected to Western blot analysis using the
appropriate antibodies.
Generation of Lentiviral Particles and Infection—Recombi-

nant lentiviral particles encoding Nur77, FHL2, and shFHL2
were produced, concentrated, and titrated as described previ-
ously (3, 38, 39). SMCs were infected with recombinant lentivi-
rus for 24 h after which themediumwas refreshed and the cells
were cultured for another 72 h. Transduction efficiency was
determined by immunofluorescence and real-time PCR.
Immunofluorescence staining and the protein stability assay
are described under supplemental Methods.
Luciferase Assays—HEK293T cells were transiently trans-

fected with NurRE or NBRE luciferase reporter plasmids
together with pCMV-Myc-Nur77 (deletion mutants) and
pCMV-HA-FHL2 (deletionmutants) or pCMV-mock. pRL-TK
Renilla reporter plasmid (Promega) was co-transfected as an
internal control. SMCswere first transduced with recombinant
lentiviral particles encoding Nur77 and FHL2 or shFHL2 fol-
lowed by FuGENE6 (Roche Applied Science) transfection of
NurRE reporter plasmid. Luciferase activity measurements
were performed using the dual-luciferase reporter assay system
(Promega) and Glomax Multi detection system (Promega)
according to the manufacturer’s protocol. Each experiment (in
duplicate) was repeated at least three times.
FHL2 Knockdown—Short hairpin RNA plasmids targeting

FHL2 gene from the RNAi Consortium and Sigma Mission
library (40) were obtained from Sigma-Aldrich. The human
shRNA oligonucleotide sequences of FHL2 used were
shFHL2#1, 5�-CCGGCCAGGAATGCAAGAAGACCAT-
CTCGAGATGGTCTTCTTGCATTCCTGGTTTTT-3� and
shFHL2#2, 5�-CCGGCGACTGCTTTAACTGTAAGAACT-
CGAGTTCTTACAGTTAAAGCAGTCGTTTTT-3� (under-
lined sequences are target sequences). In all of our experiments
both shRNAs gave similar results, therefore only the results
using shFLH2#1 are shown.
Semiquantitative RT-PCR—Total RNA was prepared with

Total RNA mini kit (Bio-Rad) from cells. cDNA synthesis
was performed with iScript (Bio-Rad), followed by real-time
PCR using the MyIQ system (Bio-Rad). Human FHL2 primers
5�-TGCCTACTGCCTGAACTGCTTCTG-3� (sense) and 5�-
TCGTTATGCCACTGCCGTTCCTC-3� (antisense), mouse
FHL2 primers 5�-GAAGCAGCTATCTGGGCAAC-3� (sense)
and 5�-CCAGAGACAGGGAGCACTTC-3� (antisense), and
enolase3 primers 5�-GAAGAAGGCCTGCAACTGTC-3�
(sense) and 5�-ACTTGCGTCCAGCAAAGATT-3� (antisense)
were used for real-time PCR. Acidic ribosomal phosphoprotein
P0 was determined as an internal control for cDNA content of
the samples.
Chromatin Immunoprecipitation Assay (ChIP)—ChIP assays

were performed using the Magnify ChIP system (Invitrogen)
according to the manufacturer’s instructions. The following
primers were used to amplify the enolase3 promoter in PCR
and semiquantitative PCR: 5�-GGTGGAATTAGAACA-
GGGACTG-3� (sense) and 5�-ACTACAGCCTGAAGCAGA-
AGC-3� (antisense).
BrdU Incorporation Assay—SMCs were transduced with

recombinant lentivirus particles encoding Nur77 and FHL2 or
shFHL2. Four days after transduction, cells were seeded in a

96-well plate at a density of 3 � 103 cells/well and incubated
overnight. The cells were made quiescent by incubation in
medium without FCS for 48 h, then FCS (10% v/v) was added
and incubated for another 24 h. DNA synthesis was measured
by the BrdU incorporation assay (Roche Applied Science)
according to the manufacturer’s instructions. Briefly, the cells
were incubated with BrdU for 4 h, fixed, and incubated with
conjugated anti-BrdU antibody, and finally colorimetric analy-
sis was performedwith an ELISA plate reader. Each experiment
(in quadruplicate) was repeated at least four times.
Statistical Analysis—Data are reported as mean � S.D. and

were analyzedwith the unpaired Student’s t test. p values�0.05
were considered as significant.

RESULTS

FHL2 Interacts with NR4A Nuclear Receptors—To identify
novel interacting proteins of NR4A nuclear receptors we
employed a yeast two-hybrid screen. Because NR4A receptors
are induced in activated SMCs, a cDNA library was generated
from RNA derived from (activated) SMCs to identify novel
interacting proteins in this cell type (8, 16, 37). The amino-
terminal domain of Nur77 gave background in the yeast two-
hybrid system; therefore, the amino-terminal region of NOR-1
was used as bait to screen the activated human SMC cDNA
library. One of the positive clones in this screen encoded a pro-
tein of 279 amino acids with a predictedmolecular mass of 32.2
kDa, which was identified as FHL2.

To corroborate the potential interaction between all three
NR4As and FHL2, we performed co-immunoprecipitation
experiments. HEK293T cells were co-transfected with expres-
sion vectors encoding full-length Nur77, Nurr1, or NOR-1 and
FHL2. Each NR4A nuclear receptor was efficiently co-immu-
noprecipitated with FHL2 from whole cell extracts using an
anti-HA antibody (Fig. 1A and supplemental Fig. 1), and NR4A
precipitation with an anti-Myc antibody resulted in pulldown
of FHL2 (data not shown). Total cell lysates served as a control
for input of NR4As and FHL2. These experiments revealed that
FHL2 associates with all three NR4A receptors.

To analyze whether FHL2 binds directly to Nur77, GST pull-
down experiments were performed with bacterially expressed
GST-FHL2 and in vitro transcribed/translated Nur77. As
shown in Fig. 1B, Nur77 was pulled down with GST-FHL2.
However, it did not interact with the control fusion protein
GST-DCOH. These data demonstrate direct interaction
between FHL2 and Nur77.
Mapping of FHL2 Domains Interacting with Nur77—To

identify which domain of FHL2 is responsible for the interac-
tionwithNur77, we generated constructs encoding the individ-
ual LIM domains and performed co-immunoprecipitation
assays. HEK293T cells were transiently transfected with full-
length Myc-Nur77 and full-length HA-FHL2 or the separate
HA-tagged FHL2 LIM domains. Protein expression in total
lysates of the pulldown assay is shown in the upper two panels
(Fig. 1D). Each of the FHL2 LIM domains was immunoprecipi-
tated with anti-HA antibody and showed Nur77 binding as was
detected by Western blotting (Fig. 1D, bottom panel). A recip-
rocal co-immunoprecipitation assay applying the anti-Myc tag
antibody confirmed the interaction of HA-FHL2 and FHL2-



LIMdomains withNur77 (data not shown). These results dem-
onstrate that a single LIM domain can already bind Nur77 and
that the addition of other LIMdomain does not affect the inter-
action between FHL2 with Nur77.
Mapping of NR4A Domains Interacting with FHL2—To

assess which region of Nur77 interacts with FHL2, three Nur77
mutants (Fig. 2A) were assayed in co-immunoprecipitation
experiments. HA-FHL2 co-immunoprecipitated full-length
Nur77 and the DBD (amino acids 265–364), but not the LBD
(amino acids 365–598) (Fig. 2B). The separate amino-terminal
domain of Nur77 (amino acids 1–264) was not expressed effi-
ciently in the cells unless the cells were treated with a protea-
some inhibitor (MG132; see “Experimental Procedures”). The
amino-terminal domain interacts with FHL2 as shown by spe-
cific pulldown of FHL2 with this domain (Fig. 2C). Similar
results were obtained for Nurr1 and NOR-1 (supplemental Fig.
2). These experiments demonstrate that FHL2 binds the ami-
no-terminal region of all three NR4A members and their DBD
and does not require intact NR4A for these interactions.
Subcellular Localization of FHL2 and Nur77—Having estab-

lished that FHL2 interacts withNur77, we performed immuno-
fluorescence experiments to visualize subcellular localization
of Nur77 and FHL2. FHL2 has been described to exhibit cell
type-specific and stimulation-dependent subcellular distribu-
tion (33, 41). Nur77 is known to localize predominantly to the
nucleus, but has also been shown to translocate to the mito-

chondria to provoke apoptosis in specific cancer cells (17).
Here, we demonstrate that FHL2 protein is present throughout
both cytoplasm and nucleus, whereas Nur77 protein is local-
ized predominantly in the nucleus. FHL2 andNur77 co-localize
in the nuclear compartment in vascular SMCs (supplemental
Fig. 3) and in HEK293T cells (data not shown). These data sug-
gest that interaction between Nur77 and FHL2 occurs in the
nucleus indicating that FHL2 may modulate Nur77 transcrip-
tional activity.
Inhibition of Nur77 Transcriptional Activity by FHL2—To

determine whether FHL2 modulates Nur77 activity, we co-ex-
pressed FHL2 and Nur77 along with luciferase reporter plas-
mids in HEK293T cells and SMCs. We observed that FHL2
significantly represses the transcriptional activity of Nur77
both for NBRE- and NurRE-mediated transcription in
HEK293T cells (Fig. 3, A and B) and in SMCs (Fig. 3C). FHL2
inhibits the activity ofNur77 in a dose-dependentmanner (sup-
plemental Fig. 4). These results indicate that FHL2 represses
both monomeric and dimeric Nur77-mediated transcriptional
activity.

Based on the co-immunoprecipitation experiments, we pro-
posed that each LIM domain interacts with Nur77, which
prompted us to assess the effect of each LIM domain of FHL2
on Nur77 transcriptional activity. HEK293T cells were

FIGURE 1. FHL2 interacts with Nur77. A, HEK293T cells were transfected with
expression vectors encoding HA-tagged FHL2 and Myc-tagged Nur77, as
indicated. Whole cell extracts were immunoprecipitated for FHL2 with an
anti-HA antibody (IP: FHL2), and the bound protein was analyzed by Western
blotting using anti-Myc antibody (WB: Nur77). 10% of the cell lysate was used
as input. Data are representative of at least three independent experiments.
B, in vitro transcribed/translated Nur77 was incubated with GST-FHL2 fusion
protein, and binding of Nur77 to FHL2 was analyzed by Western blotting.
GST-DCOH protein was used as a control. 10% of the cell lysate was used as
input. Data are representative of at least two independent experiments.
C, schematic represents full-length FHL2 protein. D, HEK293T cells were co-
transfected with expression vectors encoding Nur77 and FHL2-mutants, as
indicated. Whole cell extracts were prepared and immunoprecipitated with
anti-HA antibody (IP: LIMs). Immunoprecipitated samples were resolved on
12% SDS-PAGE and analyzed by Western blotting with anti-Myc antibody
(WB: Nur77). The input represents 10% of the total cell lysate. Data are repre-
sentative of at least three independent experiments. Protein molecular mass
markers (M) are shown in kilodaltons (kDa).

FIGURE 2. The amino-terminal domain and DBD of Nur77 interact with
FHL2. A, schematic diagrams Nur77 deletion mutants and their ability to
interact with FHL2. B, HEK 293T cells were co-transfected with expression
vectors encoding FHL2 and Nur77 domains, as indicated. Whole cell extracts
were immunoprecipitated using the anti-HA antibody (IP: FHL2). Immunopre-
cipitated samples were resolved on 12% SDS-PAGE and analyzed by Western
blotting (WB) with anti-Myc antibody (WB: Nur77). C, HEK293T cells were
transfected with the amino-terminal domain of Nur77 (N-Term) without or
with FHL2. Prior to lysis the cells were treated with proteasomal inhibitor
MG-132 for 8 h. Whole cell extracts were incubated with anti-Myc antibody
(IP: N-Term), subjected to SDS-PAGE, and analyzed by Western blotting with
anti-HA antibody (WB: FHL2). The input represents 10% of the total cell lysate
in all co-immunoprecipitation experiments. Data are representative of at
least three independent cell culture experiments. Protein molecular mass
marker is shown in kilodaltons (kDa).
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co-transfected with the individual LIM domains and FHL2
deletion mutants (for schematic representation of the different
mutants, see supplemental Fig. 5). Subsequent measurements
of Nur77 activity revealed that each LIM domain is sufficient to
repress the activity of Nur77 except LIM0, which contains only
half an LIM domain (Fig. 3D). Interestingly, the presence of
multiple LIM domains in the same protein does not result in an
additive or synergistic inhibition of Nur77 activity. Taken
together, these data confirm that each domain of FHL2 is suf-
ficient for interaction withNur77 as well as for inhibition of the
activity of this nuclear receptor.

Post-translational modifications such as phosphorylation,
sumoylation, and most recently acetylation of NR4As have
been demonstrated to be important in regulation of the activity
and half-life of these nuclear receptors (42). To measure the
potential impact of FHL2 on Nur77 protein stability, we co-
transfected Nur77 and FHL2 and treated the cells with the pro-
tein synthesis inhibitor cycloheximide. Cells were harvested at
different time points, and we performed Western blot analysis
to measure Nur77 protein levels. The half-life of Nur77 protein
was not influenced by FHL2 (supplemental Fig. 6). Based on
these findings we concluded that FHL2 does not affect Nur77
protein stability.

FHL2 Knockdown Increases Nur77 Activity—To address fur-
ther the effect of FHL2 on Nur77 activity, we suppressed FHL2
expression by FHL2-specific shRNA in human SMCs. SMCs
were transduced with lentiviruses encoding Nur77 and FHL2
or shFHL2, and subsequently the cells were transfected with
NurRE-Luc for luciferase activity measurements. The knock-
down efficiency of FHL2 was determined by real-time RT-PCR
(Fig. 4A) and Western blot analysis (Fig. 4B). Consistent with
gain-of-function experiments, knockdown of endogenous
FHL2 expression resulted in increased Nur77 transcriptional
activity (Fig. 4C). This finding further substantiated functional
involvement of FHL2 in regulation of the transcriptional activ-
ity of Nur77.
FHL2 Regulates Nur77 Target Genes—Previous reports iden-

tified enolase3 as a target gene ofNur77 in liver (21). To address

FIGURE 3. FHL2 is a co-repressor of Nur77. The activity of Nur77 was moni-
tored either with the NBRE-luc or with the NurRE-luc plasmid. A and B, in
HEK293T cells FHL2 inhibits the activity of Nur77 on NurRE (A) and the NBRE
(B) luciferase reporters. C, FHL2 also inhibits the transcriptional activity of
Nur77 in SMCs. SMCs were transduced with lentivirus encoding Nur77 and
FHL2, and the cells were subsequently transfected with reporter plasmid.
D, effect of distinct FHL2 mutants on Nur77 activity was assayed, showing that
each LIM domain gives full inhibition of Nur77 activity, except LIM0, which
contains only half an LIM domain. In all luciferase experiments, the transfec-
tion efficiency was normalized using Renilla luciferase, which was co-trans-
fected with the reporter plasmids. All experiments were performed in tripli-
cate and repeated at least three times. Values represent mean � S.D. (error
bars). *, p � 0.05.

FIGURE 4. FHL2 regulates Nur77 transcriptional activity. A and B, human
SMCs were transduced with lentiviruses encoding shRNA targeting FHL2
(shFHL2#1 and #2) or a control shRNA (shCon). After 72 h of transduction,
semiquantitative RT-PCR for FHL2 expression (A) and Western blot analysis for
FHL2 protein (B) were performed. Tubulin was used as a loading control.
C, human SMCs were transduced with recombinant lentiviral particles as indi-
cated and incubated for 4 days. Then cells were transfected with NurRE and
luciferase activity measured after 36 h. The total amount of DNA was kept
constant by adding empty vector. The transfection efficiency was normalized
using Renilla luciferase. Values represent mean � S.D. (error bars). *, p � 0.05.
D, human SMCs were transduced with recombinant lentiviral particles as indi-
cated and incubated for 4 days. The expression of enolase3, which is a known
target gene of Nur77, was analyzed by real-time RT-PCR. Acidic ribosomal
phosphoprotein P0 was used as an internal control for cDNA content of the
samples. E, ChIP analyses were performed with enolase3 promoter-specific
PCR primers and Nur77-specific antibodies. In the left panel PCR products
after agarose gel electrophoresis are shown, and in the right panel are the
data from semiquantitative PCR, with the appropriate controls. Data are rep-
resentative of at least two independent experiments in two different batches
of SMCs. Values represent mean � S.D. *, p � 0.05.



whether FHL2 regulates Nur77 target genes, we examined
expression of enolase3 in human SMCs by real-time RT-PCR.
As shown in Fig. 4D, we observed a strong induction of enolase3
expression by Nur77. When FHL2 was overexpressed together
with Nur77, the induction of enolase3 was significantly inhib-
ited. Furthermore, the induction of enolase3 by Nur77 was
strongly induced upon knockdown of endogenous FHL2, con-
firming the role of FHL2 in regulation ofNur77 target genes. To
understand the inhibitory effect of FHL2 on Nur77 transcrip-
tional activity, we performedChIP experiments on the enolase3
promoter (Fig. 4E). In the left panel of Fig. 4E, the PCRproducts
after ChIP are visualized, showing that Nur77 binds to the eno-
lase3 promoter and that this association is disturbed upon over-
expression of FHL2. In the right panel of Fig. 4E, the semiquan-
titative PCR data of the ChIP analysis are shown, including all
control IgG-ChIP data. Based on these results we conclude that
FHL2 reduces binding of Nur77 to its NBRE in the enolase3
promoter, which reveals the mechanism of inhibition of Nur77
transcriptional activity by FHL2.
FHL2 Is Expressed in Vascular Cells—We and others

reported thatNR4Anuclear receptors are expressed in vascular
cells such as SMCs, endothelial cells, and monocytes and
macrophages (3, 11). FHL2 expression was demonstrated to be
most abundant in heart; however, limited data are available on
the expression pattern of FHL2 in the vessel wall (33). There-
fore, we determined mRNA expression of FHL2 in different
vascular cells by real-timeRT-PCR. Interestingly, FHL2 expres-
sion is high in human umbilical endothelial cells and SMCs;
however, no FHL2 expression was detected in THP-1 mono-
cytes, THP-1 macrophages, or mouse bone marrow-derived
macrophages (Fig. 5A).
FHL2 Knockdown Inhibits DNA Synthesis in SMCs—Nur77

has been shown to inhibit the proliferation of vascular SMCs
(43, 44). Because both Nur77 and FHL2 are expressed in SMCs,
we evaluated the impact of FHL2 on the antiproliferative effect
of Nur77. Human SMCs were transduced with lentiviral parti-
cles encoding Nur77 and FHL2 or shFHL2. In line with pub-
lished data, overexpression of Nur77 inhibits BrdU incorpora-
tion, whereas overexpression of Nur77 together with FHL2
increases DNA synthesis (Fig. 5B). In addition, knockdown of
endogenous FHL2 expression significantly decreased DNA
synthesis of FCS-stimulated SMCs (Fig. 5C). Furthermore, we
examined the contribution of FHL2 on Nur77-inhibited SMC
growth. Knockdown of Nur77 using shRNA resulted in
enhanced proliferation of SMCs compared with expression of
control shRNA. Overexpression of FHL2 did not influence
these results, indicating that FHL2 relies, as expected, not only
on Nur77 to modulate SMC proliferation (Fig. 5D). We con-
firmed these results in MTT assays (data not shown). Taken
together, these data demonstrate that FHL2 is involved in the
regulation of SMC proliferation involving its inhibitory inter-
action with Nur77.

DISCUSSION

We initiated the current study with the aim of identifying
novel co-regulators that associate withNR4Anuclear receptors
to delineate the underlying mechanism involved in regulation
of NR4A nuclear receptor transcriptional activity. We provide

compelling evidence that FHL2 interactswithNur77 and inhib-
its its transcriptional activity. Previous studies revealed that
Nurr1 transcriptional activity may be linked to protein stability
(45). We speculated that decreased transcriptional activity of
Nur77 in the presence of FHL2 could be due to decreased pro-
tein stability. However, FHL2 has no influence on Nur77 pro-
tein stability. FHL2 represses Nur77 activity both in HEK293T
cells and in vascular SMCs, suggesting that the inhibitory effect
of FHL2 on Nur77 activity is independent of other tissue-spe-
cific co-regulators.Obviously, because FHL2 is not expressed in

FIGURE 5. Knockdown of FHL2 decreases SMC proliferation. A, semiquan-
titative RT-PCR was performed to assess expression of FHL2 mRNA in mouse
heart, human SMCs and endothelial cells, in THP-1 monocytes and macro-
phages, and mouse bone marrow-derived macrophages. Acidic ribosomal
phosphoprotein P0 was used as an internal control for cDNA content of the
samples. Values represent mean � S.D. (error bars), and data are representa-
tive of at least two independent experiments. B–D, recombinant lentiviral
particles encoding Nur77 and FHL2 (B), shFHL2 (C), or shNur77 (D) were trans-
duced in SMCs. After serum stimulation, cells were pulse-labeled with BrdU to
measure DNA synthesis. All experiments were performed in quadruplicate
and repeated at least four times. Values represent mean � S.D. E, semiquan-
titative RT-PCR was performed to assess knockdown of Nur77 in SMCs using
shRNA. Values represent mean � S.D. *, p � 0.05.
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(activated)monocytes andmacrophages the activity ofNur77 is
not influenced by FHL2 in these cells.

Each LIM domain of FHL2 binds to Nur77 and represses
Nur77-mediated activity independently and, interestingly, each
LIM domain shows similar inhibitory capability as full-length
FHL2.We observed no additive or synergistic effect whenmul-
tiple LIM domains are present in the same FHL2 deletion
mutant. Collectively, these results suggest that a single LIM
domain of FHL2 is sufficient for interaction and optimal repres-
sion of Nur77 activity and that FHL2 does not serve as a protein
platform for interaction of multiple proteins, but rather binds
directly to Nur77, and this way prevents interaction with other
co-regulators. Our ChIP experiments clearly demonstrate that
FHL2 inhibits the association of Nur77 with its response ele-
ment in the enolase3 promoter, which reveals the underlying
mechanism of FHL2-mediated inhibition of Nur77 transcrip-
tional activity.

NR4A nuclear receptors contain well conserved amino acid
sequences in their carboxyl-terminal LBD and central DBD but
a poorly conserved amino-terminal domain. Previous studies
demonstrated that the amino-terminal domain of NR4A
nuclear receptors is essential for the ligand-independent trans-
activation and recruitment of co-regulators (1). In search for
co-factors with high specificity for the individual NR4A recep-
tors, we applied the amino-terminal domain as bait in our yeast
two-hybrid screen. Unexpectedly, FHL2 binds and inhibits all
three NR4As. We demonstrated that FHL2 binds to both the
amino-terminal domain as well as the central DBD, which may
explain the lack of NR4A specificity of FHL2. Previously, FHL2
has been shown to bind the nuclear androgen receptor in a
LBD-dependent manner, whereas no interaction was observed
with the LBD of NR4A nuclear receptors.

In the current study we demonstrate that FHL2 interacts
with the nuclear receptor Nur77 in activated SMCs; because
Nur77 has been shown to inhibit the proliferation of SMCs, we
studied FHL2 function in SMC growth and observed enhanced
SMCDNA synthesis upon overexpression of FHL2 (43, 44, 47).
FHL2 has been demonstrated to inhibit the transcription factor
serum-response factor (SRF) in vascular SMCs (31, 46). SRF
recruits myocardin-like factors to the promoter of genes that
contain a CArG-response element and is crucial inmaintaining
the expression of SMC-specific genes like SM�-actin, calponin,
and SM22�. FHL2 expression was shown to be induced by SRF
to subsequently bind and inhibit this transcription factor in a
negative feedback loop (46). Subsequently, it was demonstrated
that FHL2 inhibits recruitment of the SWI/SNF chromatin-
remodeling complex to DNA-bound SRF/myocardin (-related
factors), resulting in FHL2-mediated inhibition of expression of
SMC-specific genes in response to bone morphogenetic pro-
tein-4 (31). In the latter study it was also shown that FHL2-
deficient mice display abnormal vascular relaxation, which was
explained by reduced expression of the contractile SMC pro-
teins. We propose that the enhanced SMC growth in response
to FHL2 can be explained, at least partly, by reduced transcrip-
tional activity of both Nur77 and SRF in the presence of FHL2,
which results in a phenotypic switch toward activated, prolifer-
ative SMCs with reduced expression of SMC-specific contract-
ile proteins.

In summary, we identified FHL2 as a novel interacting factor
of NR4A nuclear receptors in vascular SMCs. FHL2 represses
the transcriptional activity of Nur77 through interaction with
the amino-terminal and DBD of Nur77 and enhances SMC
growth.
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SUPPLEMENTARY METHODS 
 
Immunofluorescence staining- Human SMCs were seeded on gelatin-coated cover slips and transduced 
with recombinant lentiviral particles encoding Nur77 and/or FHL2. After 4 days of transduction, cells 
were fixed with 4% (w/v) Formal-Fix (Thermo scientific), washed and incubated with appropriate 
antibodies. Following repeated washing steps with PBS, protein localization was visualized by secondary 
antibodies coupled to fluorescent dyes Alexa Fluor-568 or -488 (Molecular Probes). Nuclei were 
counterstained with Hoechst (Molecular Probes). 
 
Protein stability assay- HEK293T cells were transfected with pCMV-Myc-Nur77 and pCMV-HA-FHL2 
or pCMV-mock. After 24h of transfection the cells were treated with cycloheximide (50 μg/ml) or vehicle 
(DMSO). Nur77 protein levels were measured by Western blot analysis using mouse monoclonal c-Myc 
antibody (Santa Cruz). Tubulin was used as the loading control. 
 
 

SUPPLEMENTARY TABLES 

 

Supplementary Table 1: Primers used to generate Nur77 and FHL2 deletion mutants. 

 

Deletion mutant Primers 

LIM0 FW: 5’-CCGAATTCGGACTGAGCGCTTTGACTGCCAC-3’ 

RV: 5’-CCGCGGCCGCCTACAGGGTCTCAAAGCACACCAC-3’ 

LIM1 FW: 5’-CCGAATTCGGTTCGCCAACACCTGCGAGGAG-3’ 

RV: 5’-CCGCGGCCGCCTAGTACTCGTTGGAATAGCAGTC-3’ 

LIM2 FW: 5’-CCGAATTCGGTCATCCAAGTGCCAGGAATGC-3’ 

RV: 5’-CCGCGGCCGCCTAATGTTGTTTCTCATAGCAGGG-3’ 

LIM3 FW: 5’-CCGAATTCGGGCCATGCAGTGCGTTCAGTGC-3’ 

RV: 5’-CCGCGGCCGCCTAATACAAGTCACAGAAGCAGTT-3’ 

LIM4 FW: 5’-CCGAATTCGGGCCAAGAAGTGTGCTGGGTGC-3’ 

RV: 5’-CCGCGGCCGCTCAGATGTCTTTCCCACAGTC-3’ 

Nur77 N-terminus FW: 5'-GGCAATTCCCCTGTATCCAAGCCCAA-3 

RV: 5'-CCGGATCCCTATTCACTTCCACCTGGGGC-3' 

Nur77 DBD FW: 5’-CCCGAATTCGGGAAGGCCGCTGTGCTGTG-3’ 

RV: 5’-GCGGCCGCTCACTTGGGTTTTGAAGGTAGC-3’ 

Nur77 LBD FW: 5’-CCCGAATTCGGCGCCCCCAGATGCC-3’ 

RV: 5’-CCCTGCAGTCAGAAGGGCAGCGTGT-3’ 
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Supplementary Figure 1

FHL2 Interacts with Nurr1 and NOR-1.  HEK293T cells were transfected with expression vectors 
encoding HA-tagged FHL2 and Myc-tagged Nurr1 or NOR-1, as indicated.  Whole cell extracts were 
immunoprecipitated for FHL2 with an anti-HA antibody (IP-HA) and the bound protein were analyzed 
by Western blotting using anti-Myc antibody (WB-Nur77). 10% of the cell lysate was used as input. 
Data are representative of at least three independent experiments.
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The amino-terminal domain and DBD of Nurr1 and NOR-1 interact with FHL2. A and C. HEK 293T cells were 
co-transfected with expression vectors encoding FHL2 and Nurr1 and NOR-1 domains, as indicated. Whole cell extracts 
were immunoprecipitated using the anti-HA antibody (IP: FHL2). Immunoprecipitated samples were resolved on 12% 
SDS-PAGE and analyzed by Western blotting with anti-Myc antibody (WB: Nurr1/NOR-1). B and D. HEK293T cells 
were transfected with the amino-terminal domain of Nurr1 and NOR-1 (N-term) with or without FHL2. Prior to lysis 
the cells were treated with proteasomal inhibitor MG-132 for 8h. Whole cell extracts were incubated with anti-Myc 
antibody (IP: N-Term), subjected to SDS-PAGE and analyzed by Western blotting with anti-HA antibody (WB: FHL2). 
The input represents 10% of the total cell lysate in all co-immunoprecipitation experiments. Data are representative of at 
least three independent cell culture experiments. Protein molecular weight marker is shown in kDa.
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Supplementary Figure 3

Nur77 and FHL2 co-localize in the nucleus. SMCs were transduced with lentivirusses enconding Nur77 and FHL2 
and protein expression as well as cellular localization was determined by immunofluorescence using appropriate 
antibodies. Nur77 indicates the staining (green, top panel) with anti-Myc antibody, FHL2 indicates the staining 
(red, middle panel) with anti-HA antibody, and the overlay (yellow, lower panel) pictures are shown. FHL2 protein 
is detected in both the cytoplasm and the nucleus, whereas Nur77 is only expressed in the nucleus indicating that 
Nur77 and FHL2 interact only in the nucleus and that FHL2 does not affect cellular localization of Nur77.
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Supplementary Figure 4

FHL2 inhibits Nur77 activity in a dose-dependent fashion. HEK293T cells were co-transfected 
with NurRE-luc, Nur77, and increasing amounts of FHL2 as indicated. The total amount of DNA 
was kept constant by adding empty vector. The transfection efficiency was normalized using 
Renilla luciferase. Values represent mean ± SD. *P≤ 0.05.
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FHL2 interacts with Nur77. A. Schematic representation of FHL2 deletion mutants and their ability to 
interact with Nur77. B. HEK293T cells were co-transfected with expression vectors encoding Nur77 and 
FHL2-mutants, as indicated. Whole cell extracts were prepared and immunoprecipitated with anti-HA 
antibody (IP: LIMs). Immunoprecipitated samples were resolved on 12% SDS-PAGE and analyzed by 
Western blotting with anti-Myc antibody (WB: Nur77). The input represents 10% of the total cell lysate. 
Data are representative of at least three independent experiments. Protein molecular weight markers (M) 
are shown in kiloDalton (kDa).
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Abstract
Background
Mucus hypersecretion and excessive cytokine synthesis is associated with many of 
the pathologic features of chronic airway diseases such as asthma. 6-Mercaptopurine 
(6-MP) is an immunosuppressive drug that is widely used in several inflammatory 
disorders. Although 6-MP has been used to treat asthma, its function and mechanism 
of action in airway epithelial cells is unknown.
Methods
Confluent NCI-H292 epithelial cells were pretreated with 6-MP followed by 
stimulation with TNFα. mRNA levels of cytokines and mucins were measured by 
qRT-PCR. Western blot analysis was performed to assess the phosphorylation of 
IκBα and luciferase assays were performed to determine NFκB activity. Periodic 
Acid Schiff staining was used to assess the production of mucus. 
Results
6-MP displayed no effect on cell viability up to a concentration of 15 µM. qRT-
PCR analysis showed that 6-MP significantly reduces TNFα-induced expression of 
several proinflammatory cytokines. Consistent with this, we demonstrated that 6-MP 
strongly inhibits TNFα-induced phosphorylation of IκBα and thus attenuates NFκB 
luciferase activity. 6-MP down regulates gene expression of the mucin Muc5ac, but 
not Muc2, through inhibition of activation of NFκB pathway. Furthermore, PMA- 
and TNFα-induced mucus production, as visualized by Periodic Acid Schiff (PAS) 
staining, is decreased by 6-MP. 
Conclusions
Our data demonstrate that 6-MP inhibits Muc5ac gene expression and mucus 
production in airway epithelial cells through inhibition of the NFκB pathway, and 
6-MP may represent a novel therapeutic target for mucus hypersecretion in airway 
diseases.

Keywords: 6-MP, epithelial cells, TNFα, Muc5ac, NFκB
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Background
Chronic airway diseases such as asthma, chronic bronchitis, cystic fibrosis, and chronic 
allergic rhinitis are characterized by airway inflammation and mucus hypersecretion. 
Airway mucus is a component of the pulmonary innate immune function and plays a 
crucial role in defense against infectious and environmental agents [1-7]. Excessive 
mucus production is a hallmark in the pathogenesis of several airway diseases as 
it increases morbidity and mortality by obstructing mucocilary clearance and air 
flow [8]. Goblet cells produce mucins, a class of mucus glycoproteins that provide 
airway with characteristic adhesiveness and viscoelasticity to maintain epithelium 
homeostasis [3]. To date, more than 20 mucin genes have been identified in airways. 
Among several mucin genes, Muc5ac is a major constituent of the mucous layer in 
the airways of humans with respiratory diseases and therefore serves as a marker for 
mucus cell hyperplasia [9, 10]. Numerous previous studies reported that inflammatory 
cytokines, like TNFα, induce Muc5ac gene expression through activation of the 
NFκB pathway in lung epithelial cells [11]. NFκB is a major transcription factor 
essential for regulation of both innate and adaptive immunity, and inflammation. 
Inhibition of the NFκB pathway resulted in attenuation of airway inflammation in 
asthma both in experimental models and in humans [12-14]. A putative NFκB site at 
−3594/−3581 was identified in the promoter region of Muc5ac which is responsible 
for the increased Muc5ac expression following stimulation with inflammatory 
cytokines in airway epithelial cells [11]. 

Azathioprine is an immunosuppressive drug, which has been used for more than 5 
decades to treat many inflammatory diseases [15-17]. Azathioprine is a pro-drug 
that is rapidly converted to 6-mercaptopurine (6-MP). As an immunosuppressive 
drug, 6-MP is widely used as a key agent in organ transplant recipients to prevent 
allograft rejection, as a maintenance drug for patients with inflammatory bowel 
disease, to treat rheumatoid arthritis, hematologic malignancies, chronic active 
hepatitis, and lupus nephritis [17]. 6-MP has been shown to have anti-inflammatory 
effects through inhibiting prostaglandin synthesis and neutrophil trafficking into 
inflammatory tissue [18] and Rac1 inhibition in T cells and gut epithelial cells [19, 
20]. Several randomized trials reported that 6-MP led to improvement in patient’s 
asthmatic symptoms, probably due to reducing airway inflammation [18].  It is 
also reported that 6-MP may be used as a steroid sparing agent for patients with 



asthma [18]. Prolonged treatment of 6-MP has also been shown to be effective in the 
treatment of chronic asthma patients [17]. 6-MP may reduce T-cell activation and 
regulate the T-helper (Th)1 response to maintain a balance between Th1 and Th2 
response in asthma [21]. Despite its extensive use in many clinical studies in asthma, 
the molecular mechanism behind actions of 6-MP is poorly understood.

Given that 6-MP has both an anti-inflammatory function and an immune modulatory 
function, and also its association with treatment of chronic asthma in humans, we 
hypothesized that 6-MP may suppress mucus production through inhibition of the 
NFκB pathway in airway epithelial cells. Our results clearly demonstrate that 6-
MP strongly inhibits cytokine synthesis and mucus production by reduced gene 
expression of Muc5ac through suppression of the NFκB pathway in airway epithelial 
cells.

Methods
Cell culture and transfection
Human alveolar epithelial carcinoma (NCI-H292) cells were grown and maintained 
in RPMI 1640 medium containing 10% FCS and 1% penicillin/streptomycin. For 
transient transfection experiments, cells were seeded at density of 2.4x104 cells/
ml and were transfected with indicated plasmids using Lipofectamine LTX plus 
transfection reagent (Life technologies) according to manufacturer’s instructions.

MTT assay
Cell viability was assessed by the MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5-
diphenyltetrazolium bromide) assay. Cells were seeded in a 96-well plate at a 
density of 2.4x103 cells/well and incubated overnight. Cells were made quiescent 
by incubation in medium without FCS for 24 h and then treated with various 
concentrations of 6-MP overnight followed by FCS (10% v/v) stimulation for 24 h. 
After the incubation, cells were incubated with 10 µL of MTT reagent (5 mg/ml) for 
3 h at 370 C. The MTT reagent was removed, 100 µL of isopropanol was added to 
each well and incubated for 15 min. Colorimetric analysis was performed with an 
ELISA plate reader. Each experiment (in quadruplicate) was repeated at least three 
times.
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Semi-quantitative RT-PCR
Semi-quantitative RT-PCR (qRT-PCR) was performed as described previously 
[22, 23]. Briefly, cells were serum-starved for 24 h and were pre-treated 
overnight with 6-MP (10 µM) or BAY-117085 (NFkB inhibitor; 10 µM). After 
the incubation, cells were stimulated with TNFα (R&D systems; 50ng/ml) for 6 
h before harvesting. Acidic ribosomal phosphoprotein P0 was determined as 
an internal control for cDNA content of the samples. The following primers 
were used for qRT-PCR: RANTES forw: 5’-CGCTGTCATCCTCATTGC-
3’, RANTES rev: 5’-CCACTGGTGTAGAAATACTCC-3’; IL-6 forw: 5’-
CGCCTTCGGTCCAGTTG-3’, IL-6 rev: 5’- TCGTTCTGAAGAGGTGAGTG-
3’; IL-12p35 forw: 5’- AGGAATGTTCCCATGCCTTCAC-
3’, IL-12 p35 rev: 5’- GCAACTCTCATTCTTGGTTAATTC-
3’; TNFα forw: 5’-AGGACACCATGAGCACTGAAAG-
3’, TNFα rev: 5’-AGGAGAGGCTGAGGAACAAG-3’; 
IL-1β forw: 5’-TGGCAGAAAGGGAACAGAAAGG-
3’, IL-1β rev: 5’- GTGAGTAGGAGAGGTGAGAGAGG-
3’; Muc5ac forw: 5’-GGAACTGTGGGGACAGCTCTT-3’, 
Muc5ac rev: 5’-GTCACATTCCTCAGCGAGGTC-3’; Muc2 
forw: 5’-CAGCACCGATTGCTGAGTTG-3’, Muc2 rev: 5’- 
GCTGGTCATCTCAATGGCAG-3’; P0 forw: 5’-TCGACAATGGCAGCATCTAC-
3’, P0 rev: 5’-ATCCGTCTCCACAGACAAGG-3’. 

Western blot analysis 
Western blot analysis was performed as described previously [22, 23]. Antibodies 
applied in western blot analysis were phospho-specific (p)IkBα (Cell signaling), and 
β-actin (Cell signaling). 

Periodic Acid Schiff staining
To evaluate the production of mucus glycoproteins, Periodic Acid Schiff (PAS) 
staining was performed. Cells were serum-starved for 24 h and then stimulated with 
TNFα (50ng/ml) or PMA (1nM) for 24 h. After the incubation, cells were fixed 
with formaldehyde for 30 min and mucus glycoconjugates were visualized by PAS 
staining. Hematoxylin staining was also incorporated as a counterstain.
 



Luciferase Assays
Cells were transiently transfected with a NFκB reporter plasmid and a NFκB 
subunit p65 reporter plasmid using Lipofectamine LTX plus transfection reagent 
according to the manufacturer’s protocol and assay was described previously [24]. 
The construct containing the NFκB response element of the minimal IL-6 promoter 
was kindly provided by Dr. Karolien De Bosscher (Ghent University, Belgium) and 
was described previously [25]. The pRL-TK Renilla reporter plasmid (Promega) 
was co-transfected as an internal control for transfection efficiency. Luciferase 
activity measurements were performed using the dual-luciferase reporter assay 
system (Promega) and Glomax multi detection system (Promega) according to the 
manufacturer’s protocol. Each experiment (in duplicate) was repeated at least three 
times.

Immunofluorescence staining
Cells were seeded on cover slips and serum-starved for 24h. After starvation, cells 
were treated with 6-MP overnight and then stimulated with TNFα for 24h. Cells 
were fixed with 4% (w/v) Formal-Fix (Thermo scientific), washed and incubated 
with Muc5ac antibody (Santa Cruz). Following repeated washing steps with PBS, 
protein localization was visualized by secondary antibodies coupled to fluorescent 
dyes Alexa Fluor-568 or -488 (Molecular Probes). Nuclei were counterstained with 
Hoechst (Molecular Probes). 

Statistical analysis
All statistical analyses were carried out with GraphPad Prism software (GraphPad 
Software, San Diego, Calif). Comparisons between 2 groups were done with the 
Student t test for unpaired variables. Data are reported as mean±SD. P values <0.05 
were considered as statistically significant.   

Results
Effect of 6-MP on airway epithelial cell viability
6-MP is an immunosuppressive drug and is known to associate with inhibition of 
proliferation of cells such as T-lymphocytes, smooth muscle cells, endothelial cells 
and intestinal epithelial cells, we sought to investigate the effect of 6-MP on viability 
of airway epithelial cells [19, 26-29]. To study this, a MTT assay was performed 
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using various concentrations of 6-MP in NCI-H292 cells. We found that 6-MP has 
no effect on cell proliferation at concentrations up to 15 µM, however it inhibits cell 
proliferation at a concentration of 20 µM (Fig.1). No cell cytotoxicity was observed 
at concentrations up to 15 µM (data not shown). Therefore, we choose to study the 
effect of 6-MP at 10 µM in the following experiments as it was also shown to be 
effective in our previous studies with gut epithelial cells [19, 28].

Figure 1. Effect of 6-MP on airway 
epithelial cell viability. Serum-starved 
NCI-H292 cells were pre-treated with 
6-MP at the indicated concentrations 
and MTT assays were performed 
to assess cell proliferation. Values 
represent mean ± S.D. *, p ≤ 0.05; 

ns=non-significant.

Inhibition of the inflammatory response of airway epithelial cells by 6-MP
We and others previously demonstrated that 6-MP decreases the inflammatory 
response in various cells such as endothelial cells, smooth muscle cells and gut 
epithelial cells [19, 28, 29]. As inflammation is also a key event in airway diseases, 
we investigated the effect of 6-MP on inflammation in airway epithelial cells. 6-MP 
significantly decreased TNFα-induced mRNA expression of several proinflammatory 
cytokines such as RANTES, IL-6, IL-12, and TNFα, but not IL-1β in NCI-H292 
cells (Fig.2). Altogether, these data indicating that 6-MP has an anti-inflammatory 
function in airway epithelial cells.

6-MP inhibits activation of the NFκB pathway 
NFκB is a pleiotropic transcription factor that is activated in response to inflammatory 
cytokines, mitogens, and infections in airway epithelial cells [11]. Having established 
that 6-MP inhibits activation of the NFκB pathway in endothelial cells [28], and  
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based on its profound inhibitory effect on inflammatory response in NCI-H292 
cells, we hypothesized that 6-MP inhibits the NFκB pathway in NCI-H292 cells. 
NCI-H292 cells were serum-starved for 24 h and pretreated with 6-MP followed by 
stimulation with TNFα for the indicated time points. Western blot analysis shows 
that 6-MP inhibits TNFα-induced phosphorylation of IκBα, an inhibitory unit of 
NFκB (Fig.3A). 

Figure 2. 6-MP decreases the inflammatory response in airway epithelial cells. Serum-
starved NCI-H292 cells were pre-treated with 6-MP and then stimulated with TNFα for 6 hrs. 
qRT-PCR was performed to assess mRNA expression of RANTES (A), IL-6 (B), IL-12p35 
(C), TNFα (D), and IL-1β (E). Values represent mean ± S.D. *, p ≤ 0.05.

To corroborate these findings, we performed a luciferase assay using an NFκB 
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luciferase reporter plasmid. Consistent with the above findings, 6-MP significantly 
reduced TNFα-induced NFκB activity in NCI-H292 cells (Fig.3B). Previous studies 
showed that 6-MP exhibits an anti-inflammatory function through inhibition of the 
NFκB subunit p65 in a rat model of subarachnoid hemorrhage [30]. Therefore, we 
investigated the effect of 6-MP on cells overexpressing the NFκB subunit p65. In 
line with reduced TNFα-induced NFκB activity, we found that 6-MP attenuates 
p65 activity (Fig.3C). Taken together, these data demonstrate that 6-MP reduces the 
inflammatory response through inhibition of the NFκB pathway.

Figure 3. 6-MP inhibits activation of the NFκB pathway. A, Serum-starved NCI-H292 
cells were pre-treated with 6-MP and then stimulated with TNFα for the indicated time 
periods. Western blot analysis for pIkBα was performed and β-actin was used as a loading 
control. B, NCI-H292 cells were transfected with a NFκB-reporter plasmid and TNFα-
induced luciferase activity was measured in the absence and in the presence of 6-MP.  C, 
The NFκB subunit p65 was overexpressed together with the NFκB-reporter plasmid and 
luciferase activity was measured after 36 h. The transfection efficiencies were normalized 
using Renilla luciferase co-transfection. Values represent mean ± S.D. *, p ≤ 0.05. 
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6-MP attenuates Muc5ac mucin gene expression
Numerous studies reported that the NFκB pathway is involved in regulation of Muc5ac 
gene expression in airway epithelial cells [11]. Indeed, we also found that an NFκB 
inhibitor markedly decreased mRNA expression of TNFα-induced Muc5ac mucin 
gene expression in NCI-H292 cells, confirming the previously published results 
(Fig.4A). Since 6-MP reduces activation of the NFκB pathway, we hypothesized that 
6-MP may regulate Muc5ac gene expression. To test our hypothesis, we performed 

Figure 4. 6-MP decreases Muc5ac mucin gene expression. A, Serum-starved NCI-H292 
cells were treated with a NFκB inhibitor and then stimulated with TNFα. qRT-PCR was 
performed to assess mRNA expression of Muc5ac. B-C, Serum-starved NCI-H292 cells 
were pre-treated with 6-MP and then stimulated with TNFα, and qRT-PCR was performed 
to assess mRNA expression of Muc5ac (B) and Muc2 (C). Values represent mean ± S.D. *, 
p ≤ 0.05. D, Muc5ac protein expression was determined by immunofluorescence using the 
appropriate antibody, and Hoechst was used for nuclear staining. 
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qRTPCR analyses for Muc5ac gene expression following treatment with 6-MP. 
As expected, we found that 6-MP significantly decreased TNFα-induced Muc5ac 
gene expression (Fig.4B). In addition to Muc5ac, Muc2 is also associated with 
inflammatory airway diseases such as chronic bronchitis, and cystic fibrosis [31, 32]. 
We therefore analyzed the mRNA expression of Muc2, but 6-MP has no effect on the 
mRNA expression of Muc2, suggesting the selective regulation of Muc5ac by 6-MP 
(Fig.4C). We next investigated the effect of 6-MP on Muc5ac protein expression 
using an immunofluorescent assay. Consistent with mRNA data of Muc5ac, 6-MP 
strongly inhibits the TNFα-induced Muc5ac protein expression (Fig.4D). Altogether, 
we conclude from these experiments that 6-MP-mediated inhibition of NFκB reduces 
Muc5ac gene expression.      

Figure 5. 6-MP inhibits mucus production in airway epithelial cells. Serum-starved 
NCI-H292 cells were treated with 6-MP and then stimulated with PMA or TNFα. Mucus 
glycoconjugates were visualized by PAS staining. Hematoxylin staining was incorporated as 
a counterstain to visualize the nuclei.

Mucus production is decreased by 6-MP
To further substantiate above findings, we performed PAS staining to test whether 
6-MP has any effect on overall mucus production. Serum-starved NCI-H292 cells 
were pretreated with 6-MP followed by stimulation with PMA or TNFα. Similar to 
TNFα, PMA has also been shown to induce mucus production in airway epithelial 
cells [33]. In line with reduced Muc5ac gene expression, 6-MP markedly attenuated 
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mucus production in the untreated, PMA- and TNFα-stimulated NCI-H292 cells 
(Fig.5). 

Discussion
Excessive mucus production is an important hallmark of airway diseases such as 
asthma, cystic fibrosis, and chronic obstructive pulmonary disease [8]. A promising 
approach to attenuate airway inflammation is identification and development of a 
useful drug that inhibits secretion and production of mucins, the major constituents 
of airway mucus. 6-MP is an immunosuppressive drug and was reported to exhibit 
various biological effects such as anti-inflammatory and immunomodulatory 
functions [19, 20, 28]. Although 6-MP has been used to treat asthmatic patients, 
its function as well as the mechanism responsible for its action on airway epithelial 
cells is unknown. In this study, we investigated the potential effect of 6-MP on mucin 
gene expression and mucus production in airway epithelial cells. For these studies, 
we chose NCI-H292 lung epithelial cells, a widely used model system for mucin 
production, because various inflammatory stimuli induce mucin gene transcription 
in these cells [34]. We demonstrated, to the best of our knowledge for the first time, 
that 6-MP significantly reduces TNFα-induced Muc5ac mucin gene expression and 
mucus production through inhibition of airway inflammation mediated by NFκB 
pathway in cultured NCI-H292 cells.
As an immunosuppressive drug, 6-MP has been shown inhibit proliferation of 
different cells such as lymphocytes, smooth muscle cells, endothelial cells and 
intestinal epithelial cells [19, 26-29]. Our present data demonstrate that 6-MP has 
no effect on the proliferation of lung airway epithelial cells, however 6-MP exhibits 
cytotoxic effects at concentrations above 15 µM. Intestinal epithelial cells are more 
sensitive to 6-MP,  as a 10 µM concentration was shown to inhibit the proliferation 
of these cells [19], which may require further research. 

Allergic asthma is well characterized by mucus hypersecretion and airway 
inflammation which eventually leads to airway obstruction [5-7]. Airway epithelial 
cells, in addition to other cells such as dendritic cells, airway smooth muscle cells 
and lymphocytes, contribute to airway inflammation in asthma involving enhanced 
activation of the NFκB pathway. NFκB is a crucial regulator of inflammation and 
immunity, and has been shown to be activated in bronchiolar epithelium both in 
humans and mice [12-14]. Inhibition of NFκB activity has been associated with a 
strong down-regulation of many of the molecular events that culminate in airway 
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inflammation and structural damage of the lung in asthma. 6-MP has been demonstrated 
to be effective in the treatment of inflammatory diseases such as inflammatory bowel 
disease, rheumatoid arthritis and asthma, probably through modulation of the NFκB 
pathway [17, 28, 30]. Our present data further extend these findings showing that 
6-MP attenuates expression of several proinflammatory cytokines, which are down-
stream targets of NFκB, in airway epithelial cells. Moreover, 6-MP decreases IκBα 
phosphorylation and NFκB activity in airway epithelial cells. 

Airway epithelial cells produce mucins, a class of mucus glycoproteins, that are 
crucial in maintaining epithelium homeostasis [3]. Under diseased conditions such 
as asthma, exaggerated airway epithelial mucin production leads to mucous plugging 
and ultimately to death [8]. Although other mucins are present, Muc5ac is a major 
constituent of airway mucus in humans [9, 10]. It is well documented that multiple 
inflammatory stimuli such as TNFα induce the expression of Muc5ac through 
activation of NFκB in airway epithelial cells [11]. We have shown here that 6-MP 
attenuates TNFα-induced Muc5ac gene expression and mucus production in NCI-
H292 cells. Even though Muc2, like Muc5ac, contains an NFκB response element in 
its promoter [35], 6-MP failed to suppress Muc2 gene transcription. Apparently, the 
signaling pathways to induce Muc2 expression are different from those of Muc5ac, 
also demonstrating the selective regulation of 6-MP on Muc5ac. To gain insight on 
the effect of 6-MP on overall mucus production, PAS stainings were performed, 
revealing a dramatic decrease. 6-MP strongly inhibits both TNFα- and PMA-induced 
mucus production probably through inhibition of NFκB pathway. Although we did 
not investigate the expression of all known mucins, one may suggest that, in addition 
to Muc5ac, there are more 6-MP sensitive mucin genes.

Conclusions
In summary, we demonstrated that the immunosuppressive drug 6-MP inhibits 
inflammatory response induced by TNFα in NCI-H292 cells. In addition, 6-MP 
attenuates TNFα-induced Muc5ac expression and total mucus production through 
inhibition of IκBα phosphorylation resulting in reduced NFκB activation in NCI-
H292 cells. The data presented in the current study disclosed a previously unknown 
role of 6-MP in airway epithelial cells as an efficacious mucoregulator. As these 
experiments were performed in a cell line, results may not be generalizable to the 
airway epithelium in vivo and future studies should focus on testing of 6-MP in 



animal models of allergic airway inflammation.
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Abstract

Allergic asthma is characterized by persistent chronic airway inflammation, which 
leads to mucus hypersecretion and airway hyperresponsiveness. Nuclear receptor 
Nur77 plays a pivotal role in distinct immune and inflammatory cells, is expressed 
in eosinophils and lung epithelium. However, the role of Nur77 in allergic airway 
inflammation is not studied so far. In the present study, we determined the role of 
Nur77 in airway inflammation using a murine model of ovalbumin (OVA)-induced 
allergic airway inflammation. We found that OVA-challenged Nur77-knockout 
(KO) mice show significantly enhanced infiltration of inflammatory cells including 
eosinophils and lymphocytes, and aggravated mucus production. The infiltration of 
macrophages is limited in this model and was similar in WT and Nur77-KO mice. 
Higher levels of Th2 cytokines were found in BALF and draining lymph node cells of 
Nur77-KO mice, and increased serum IgG1 and IgG2a levels. Knock-down of Nur77 
in human lung epithelial cells resulted in a marked increase in IκBα phosphorylation 
corresponding with elevated NFκB activity, whereas Nur77 overexpression 
decreased NFκB activity. Consistently, Nur77 significantly decreased mRNA levels 
of inflammatory cytokines and Muc5ac expression and also attenuated mucus 
production in lung epithelial cells. Collectively these findings support a protective 
role of Nur77 in OVA-induced airway inflammation and identify Nur77 as a novel 
therapeutic target for airway inflammation.

Keywords: airway inflammation, epithelial cells, NFκB, Nur77
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Introduction

Allergic asthma is a chronic inflammatory disorder characterized by eosinophilic 
airway inflammation and enhanced production of T-helper type 2 (Th2) cytokines 
and immunoglobulins (IgGs). The eventual airway obstruction in asthma varies 
depending on the extent of mucus hypersecretion and airway hyperresponsiveness (1, 
2). The process of airway inflammation involves infiltration of various inflammatory 
and immune cells such as eosinophils, mast cells, neutrophils, basophils, B-and T-
lymphocytes and dendritic cells (3, 4). The Th2 cytokines IL-4, IL-5 and IL-13 play a 
major role in the development and persistence of airway inflammation and their role 
in the pathogenesis of airway inflammation is well established. IL-4 is pivotal for the 
initiation of Th2 inflammatory responses, whereas IL-5 is essential for the growth, 
differentiation, recruitment and survival of eosinophils, whereas IL-13 is crucial for 
eosinophilic inflammation, mucus secretion and airway hyperresponsiveness (5-7). 
In addition, chemokines such as eotaxins and RANTES and other proinflammatory 
mediators play a major role in the attraction of eosinophils to the airways (8, 9). 
Airway smooth muscle cells are involved in the pathophysiology of asthma since 
excessive proliferation and contraction leads to narrowing of the airways and 
enhanced airway hyperresponsiveness thereby increasing morbidity and mortality 
in asthma (10). 

Airway epithelial cells are essential for the regulation of inflammatory, immune and 
regenerative responses to several airborne allergens. Goblet cells produce mucins, 
which play a crucial role in maintaining epithelium homeostasis in airway disease 
(11). Mucus hypersecretion by these cells is however, one of the hallmarks of 
allergic airway disease. Among other mucins, Muc5ac is abundantly expressed in 
mucus-secreting goblet cells and serves as a marker for mucus cell hyperplasia (12). 
NFκB is a pleiotrophic transcription factor that acts as a key regulator of immune 
and inflammatory genes and activation of the NFκB pathway has been implicated in 
asthma both in experimental models and in human (13, 14). It has also been reported 
that proinflammatory cytokines induce Muc5ac gene expression through activation 
of the NFκB pathway in lung epithelial cells (15). Despite much effort to understand 
the pathophysiology of allergic airway disease, the molecular events that underlie 
the pathogenesis of airway inflammation are not completely unravelled. To gain 



further mechanistic insights and design new therapeutic strategies for the treatment 
of airway allergic disease, identification of key transcription factors responsible for 
allergic airway disease is essential.

Nur77 is also known as NR4A1, TR3 or NGFI-B and is a member of the NR4A 
subfamily of nuclear receptors that are early response genes induced by diverse 
extracellular signals (16-18). Nur77 plays a pivotal role in the regulation of a 
wide range of biological processes including cell proliferation, differentiation and 
survival. Accumulating evidence suggests that Nur77 is implicated in the regulation 
of genes involved in metabolism, cancer, inflammation and immunity and vascular 
disease (16-19). In particular, Nur77 has been shown to have a protective function 
in restenosis and atherosclerosis (20, 21). In vascular endothelial cells, Nur77 
reduces the proinflammatory response by inducing expression of IκBα, which is 
a potent inhibitor of NFκB (22). Furthermore, Nur77 has been shown to inhibit 
the NFκB pathway through direct interaction with the p65 component of NFκB 
(23). Atherosclerosis may be considered a chronic inflammatory disease driven by 
macrophage activation in which Nur77 has an anti-inflammatory function (24, 25). 
Nur77, along with its family members, was also shown to be important for thymic 
regulatory T cell development and immune homeostasis (16). Finally, peripheral 
eosinophils from patients with atopic dermatitis show increased Nur77 expression 
(26). Limited information is available on Nur77 in the lung, but its expression has 
been described in lung epithelial cells and a recent study demonstrated that Nur77 
inhibits pulmonary smooth muscle cell proliferation (27, 28). 

Altogether these data suggest a specific role of Nur77 in airway inflammation 
and asthma and the present study aimed to evaluate, to the best of our knowledge 
for the first time, the role of Nur77 in ovalbumin (OVA)-induced allergic airway 
inflammation. Considering the anti-inflammatory potential of Nur77, we hypothesized 
that Nur77-KO mice develop enhanced allergen-induced airway inflammation. In 
order to understand underlying mechanisms involved in mediating the effect of 
Nur77 in lung pathology, we performed both gain and loss of function experiments 
in lung epithelial cells. We report here that Nur77-deficient mice show significantly 
increased production of Th2 cytokines, eosinophil infiltrates and histopathological 
changes in the lung. 



129

Chapter 

5

Materials and Methods

Animals and care
Nur77-KO mice on a C57BL/6 background were kindly provided by Prof B.R. Binder 
(Vienna, Austria). All experimental protocols conducted on the mice were approved 
by the Committee for Animal Welfare of the Academic Medical Center, University 
of Amsterdam and performed in accordance with the standards established by the 
Dutch government.

Murine model of ovalbumin-induced airway allergic inflammation
8-wk-old female mice were sensitized on days 0 and 7 by intraperitoneal injection 
of 10 µg OVA (Sigma, grade V) adsorbed in 1 mg aluminium hydroxide (Imject 
alum, Pierce) (n=8 per group). Control animals received alum only. Subsequently, 
mice were challenged with aerosolized OVA (Sigma, grade III, 10 mg/ml) or PBS 
for 30 minutes each day for three consecutive days on days 14, 15, and 16. 48 hours 
after the last challenge, mice were sacrificed for harvest of bronchoalveolar lavage 
(BAL) fluid, lungs and serum. Two mice that did not develop airway inflammation 
following OVA challenge were excluded from the data analysis.

Immunohistochemistry
Lungs were inflated and fixed with 4% formaldehyde via a tracheal cannula and 
stored in 4% formaldehyde for fixation before histochemical processing. The whole 
lung was embedded in paraffin, sectioned at a 5 μm thickness, deparaffinized and 
rehydrated. Sections were stained with haematoxylin/eosin to assess inflammatory 
infiltrates, with Periodic Acid - Schiff (PAS) to detect mucin in goblet cells. An 
experienced pathologist blinded for the scoring of parameters of allergic airway 
inflammation and mucus production in H&E and PAS stainings, respectively. 
Quantification was performed in 6–8 different medium-sized bronchi per slide, using 
a semiquantitative scoring system with a grading scale from 0 (no inflammation) to 
3 (very severe inflammation). The following parameters were scored: perivascular 
inflammation, interstitial inflammation, peribronchial inflammation, and edema. The 
total inflammation score was expressed as the sum of the score for all parameters. 



Eosinophils were quantified in lung tissue stained by an Ab against major basic 
protein (MBP; kindly provided by Dr Nancy Lee and Professor James Lee, Mayo 
Clinic Arizona, Scottsdale, AZ, USA). Morphometric analyses of sections were 
performed using Leica QWin V3 software.

BAL fluid (BALF) and phenotyping
BALF was collected with 1 ml followed by 2x 1 ml of sterile PBS containing 0.1mM 
EDTA by intratracheal cannulation. The BALF was immediately centrifuged at 400xg 
for 7 min at 40C and the cell pellet was resuspended after which flow cytometric 
analysis was performed as described before to assess the cellular composition of the 
BALF (29). 

ELISA measurements of cytokines and chemokines 
Cytokine levels in BALF were measured by ELISA for IL-5 and IL-13 (Ready-set-
go!, eBioscience) and Eotaxin-2 (R&D Biosystems) according to the manufacturer’s 
instructions. TNFα, IL-6, IFNγ and MCP-1 were measured in BALF and cell 
culture supernatants using the Cytometric Bead Array Mouse Inflammation Kit (BD 
Biosciences). 

Ex vivo restimulation of lung draining lymph node cells
Lung draining lymph node cell suspensions were plated in 96 well round bottom 
plates at a density of 2 x 105 cells per well and were stimulated for 4 days with 10µg/
ml OVA (Worthington, Lakewood, NJ) or PBS. Supernatants were analysed for IL-
4, IL-5 and IL-13 production by ELISA.

Serum OVA-specific Immunoglobulins
Serum was analysed to assess the level of total and OVA specific IgG1 and IgG2a 
by ELISA (Opteia, BD, San Diego, USA). We used a standard curve of murine IgG1 
and IgG2a respectively, as a quantitative reference.

Cell culture and lenti-viral transduction
Human alveolar epithelial carcinoma (NCI-H292) cells were grown and maintained 
in RPMI 1640 medium containing 10% FBS and 1% penicillin/streptomycin. 
Recombinant lentiviral particles encoding Nur77 and shRNA targeting Nur77 were 
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produced, concentrated, and titrated as described previously (30). The human shRNA 
oligonucleotide sequences of Nur77 were described earlier (20). Cells were seeded 
at 2.4x104 cells/ml and were infected with recombinant lentivirus for two times with 
an interval of 12 h and incubated for 24 h.  After 24h, the medium was refreshed 
and the cells were cultured for another 24 h. Cells were serum-starved for 36 h and 
stimulated with TNFα (50ng/ml) for indicated time periods. 

quantitative RT-PCR, Western blot analysis, luciferase reporter assay and PAS 
staining
qRT-PCR and Western blot analysis were performed as described previously 
(31). For qRT-PCR experiments, serum-starved cells were stimulated with 
TNFα for 6 h before harvesting. In some experiments, cells were pre-treated 
overnight with BAY 11-7085 (NFκB inhibitor) at a final concentration of 
10 µM. Transduction efficiency was determined by immunofluorescence 
and quantitative RT-PCR (qRT-PCR). The following primers were used 
for qRT-PCR: TNFα forw: 5’-AGGACACCATGAGCACTGAAAG-
3’, TNFα rev: 5’-AGGAGAGGCTGAGGAACAAG-3’; RANTES 
forw: 5’-CGCTGTCATCCTCATTGC-3’, RANTES rev: 5’-
CCACTGGTGTAGAAATACTCC-3’;IL-6 forw: 5’-CGCCTTCGGTCCAGTTG-
3’, IL-6 rev: 5’- TCGTTCTGAAGAGGTGAGTG-3’;Muc5ac 
forw: 5’-GGAACTGTGGGGACAGCTCTT-3’, Muc5ac rev: 5’-
GTCACATTCCTCAGCGAGGTC-3’. Antibodies applied in Western blot analysis 
were anti-pIKBα (Cell signalling), and tubulin (Cedarlane laboratories). 

For luciferase assay, cells were transfected with a NFκB reporter plasmid using 
Lipofectamine LTX plus transfection reagent (Life technologies) according to the 
manufacturer’s protocol and assay was described previously (30). The construct 
containing the NFκB response element of the minimal IL-6 promoter was kindly 
provided by Dr. Karolien De Bosscher, Ghent University, Belgium and described 
previously (32). pRL-TK Renilla reporter plasmid (Promega) was co-transfected as 
an internal control. For PAS staining on NCI-H292 cells, the cells were infected 
with Nur77 lentivirus followed by serum-starvation for 24 h and then cells were 
stimulated with TNFα (50ng/ml) for 48 h. After the incubation, cells were fixed 
with formaldehyde for 30 min and mucus glycoconjugates were visualized by PAS 



staining.

Statistical analysis
All statistical analyses and graphing were carried out with GraphPad Prism software 
(GraphPad Software). Comparisons between 2 groups were done with the Student 
t test for unpaired variables. Data are reported as mean±SEM unless otherwise 
specified. P values <0.05 were considered as statistically significant.

Results

OVA-challenged Nur77-deficient mice show enhanced infiltration of 
inflammatory cells
To define the role of Nur77 in the pathogenesis of airway inflammation, wild-type 
(WT) and Nur77-KO mice were sensitized and challenged with OVA. BALF was 
collected 48 h after the last challenge and analyzed for infiltration of inflammatory 
cells. OVA challenge in WT mice induced a significant increase in the number 
of inflammatory cells including eosinophils, dendritic cells and lymphocytes, 
except macrophages compared to non-OVA challenged mice (Fig. 1). Among 
the inflammatory cell populations, eosinophils were most dominant, followed by 
macrophages, T-cells, dendritic cells and B-cells (Fig. 1). The total number of 
inflammatory cells including the number of eosinophils and lymphocytes in OVA-
challenged Nur77-KO mice were significantly higher than in challenged WT mice 
(Fig. 1). The increase in number of dendritic cells in OVA-challenged Nur77-KO 
was modest and not significant (Fig. 1B). Of note, the number of macrophages was 
similar for WT and Nur77-KO mice upon OVA-challenge (Fig. 1E). These results 
demonstrate that Nur77 deficiency results in enhanced OVA-induced inflammatory 
cell infiltration in BALF. 

Nur77-KO mice display enhanced OVA-induced allergic airway inflammation
Histological analyses revealed typical pathologic features of allergic airway 
inflammation in the OVA-challenged mice, as compared with the saline controls; 
OVA-challenged mice showed numerous inflammatory cells infiltrated around the 
bronchioles (Fig. 2A). OVA-challenged Nur77-KO mice showed a marked increase 
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Fig. 1. Enhanced airway inflammation in Nur77-KO mice. BALF was obtained 48 h after 
the last challenge from saline-treated and OVA-treated WT and Nur77-KO mice (n=6-8 per 
group), and differential inflammatory cell count analysis for eosinophils (A), dendritic cells 
(B), B-cells (C), T-cells (D), and macrophages (E) was determined. OVA-challenge induced 
significant infiltration of inflammatory cells in WT mice. Nur77-KO mice displayed even 
higher numbers of eosinophils, B-cells, and T- cells, except dendritic cells and macrophages 
compared to WT mice. Data are mean±SEM. *, P≤0.05. ns, non-significant.

in inflammation compared to WT mice (Fig. 2A). Mucus cell hyperplasia is another 
important feature of allergic airway disease, therefore mucus secretion was assessed 
by Periodic Acid Schiff (PAS) staining on lung sections (11). Consistent with the 
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Fig. 2. Marked infiltration of inflammatory cells and mucus production in Nur77-
KO mice. A-B) Lung sections of saline- and OVA-challenged WT and Nur77-KO mice 
were stained with H&E (A) or periodic acid-schiff staining (B). OVA-challenged Nur77-
KO mice showed enhanced infiltration of inflammatory cells and high mucus production. 
C-E) Histopathological changes in lung inflammation were scored (described in Materials 
and methods) for peribronchial inflammation (C), interstitial inflammation (D), and total 
inflammation (E). F) Histological analysis of lung sections stained with MBP antibody 
showing enhanced eosinophilic inflammation in OVA-challenged Nur77-KO mice. G) 
Quantification of MBP-positive cells/area in WT and Nur77-KO mice. H) Eotaxin-2 levels 
in BALF were measured by ELISA. Data are mean±SEM (n=8 per group). *, P≤0.05. ns, 
non-significant. 

C

A B

D E

0

0.5

1

1.5

2

2.5

WT Nur77-KO

*

To
ta

l in
fla

m
m

at
io

n 
sc

or
e

WT Nur77-KO WT Nur77-KO

F

H

0.000

0.005

0.010

0.015

0.020

0.025
Eo

sin
op

hi
ls/

ar
ea

*

*

*

Eosinophils

PBS OVA

GWT Nur77-KO

PBS

OVA

0

*

WT Nur77-KO

Pe
rib

ro
nc

hi
al

in
fla

m
m

at
io

n 
sc

or
e

0.5

1

1.5

2

In
te

rs
tit

ia
l 

in
fla

m
m

at
io

n 
sc

or
e

WT Nur77-KO

*

0

0.5

1

1.5

2

WT
Nur77-KO

0

500

1000

1500

2000

2500

pg
/m

l

Eotaxin-2

ns

*

*

PBS OVA



135

Chapter 

5

enhanced inflammation, OVA-challenged Nur77-KO mice showed increased 
production of mucous in their lungs (Fig. 2B). Semi-quantitative scoring revealed 
that peribronchial inflammation, interstitial inflammation, and total inflammation 
were significantly enhanced in OVA-challenged Nur77-KO mice (Fig. 2C-E). 
Collectively, these data suggest that Nur77 plays a prominent role in regulation of 
allergic airway inflammation.

Enhanced eosinophil numbers in lung tissue of Nur77-KO mice
Eosinophilic inflammation is another important hallmark of allergic airway disease. 
To address the impact of Nur77 deficiency on OVA-induced eosinophilic airway 
inflammation, we detected eosinophils by Major Basic protein (MBP) staining in 
lung tissue sections and determined the number of eosinophils per area (Fig. 2F-G). 
Similar to the BALF data, OVA challenge caused an increase in influx of pulmonary 
eosinophils into lungs of WT mice compared to saline controls (Fig. 2F-G). OVA-
challenged Nur77-KO mice displayed a significant increase in the number of 
eosinophils compared to WT mice, corroborating the findings in BALF (Fig. 2F-G). 
Given that OVA-challenged Nur77-KO mice displayed an increase in recruitment 
of eosinophils into the lung and in BALF, we explored whether Nur77 deficiency 
had any impact on production of Eotaxin-2, a key chemokine involved in eosinophil 
recruitment. Eotaxin-2 is abundantly produced 24 hours after allergen challenge 
and plays a pivotal role in the recruitment of eosinophils into murine airways (9). 
Consistent with BALF and lung histopathology data of eosinophils, Eotaxin-2 
protein levels were highly enhanced in WT mice compared to saline control, upon 
OVA challenge (Fig. 2H). Furthermore, OVA-challenged Nur77-KO mice produced 
increased levels of Eotaxin-2 compared to WT mice (Fig. 2H). Altogether, these 
findings suggest that Nur77 plays a crucial modulating role in pulmonary chemokine 
synthesis for recruitment of eosinophils after OVA-challenge.

Effect of Nur77 deficiency on cytokines in BALF
BALF was examined for a variety of potentially relevant cytokines to assess whether 
Nur77 deficiency affects cytokine production as a mechanism by which eosinophilic 
and lymphocytic airway inflammation are increased in OVA-challenged Nur77-
KO mice. IL-5, IL-13, TNFα, IL-6, IFNγ and MCP-1 protein levels in BALF were 
significantly elevated upon OVA challenge in WT mice compared to saline control 



(Fig. 3). Levels of IL-13, TNFα, IL-6, IFNγ and MCP-1 were significantly higher 
in OVA-challenged Nur77-KO mice compared to challenged WT mice (Fig. 3B-F). 
Unexpectedly, IL-5 was significantly reduced in Nur77-KO mice compared to WT 
mice, upon OVA challenge (Fig. 3A). Despite the decrease in IL-5 expression, our 
data overall showed that OVA-challenged Nur77-KO displayed enhanced production 
of cytokines compared to WT counterparts.

Fig. 3. Effect of Nur77 deficiency on cytokine levels in BALF. The expression of IL-5 (A), 
IL-13 (B), TNFα (C), IL-6 (D), IFNγ (E), and MCP-1 (F) were quantified by ELISA. Data 
are mean±SEM (n=8 per group). *, P≤0.05. ns, non-significant.
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Nur77-KO mice show enhanced IgG1 and IgG2a responses after OVA 
challenge
To explore whether the augmented Th2-mediated allergic airway inflammation in 
Nur77-KO was accompanied by an increased humoral immune response, we assessed 
the levels of IgG1 and IgG2a in serum. WT and Nur77-KO mice showed similar 
levels of total IgG1 and IgG2a levels before and after OVA challenge compared 
(Fig. 4A, C). OVA-specific IgG1 and IgG2a levels were markedly increased in both 
mouse lines and higher in Nur77-KO mice compared to WT mice (Fig. 4B, D).

Fig. 4. Nur77-KO mice show exacerbated production of antigen-specific IgG1 and IgG2a 
in serum. Total IgG1 (A), OVA-specific IgG1 (B), Total IgG2a (C), and OVA-specific IgG2a 
(D) levels in serum obtained 48 hours after saline or OVA-challenge. Data are mean±SEM 
(n=8 per group). *, P≤0.05.
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Enhanced inflammatory response of lymph node cells of Nur77-KO mice
Compelled by the findings that Nur77 deficiency led to an exacerbated inflammatory 
response and Th2 cytokines production, we hypothesized that this was also reflected 
at the level of systemic sensitization. To evaluate this, we isolated and cultured 
draining lymph node cells from WT and Nur77-KO mice and determined levels of 
IL-4, IL-5, and IL-13 in the supernatants after ex vivo stimulation with OVA. Levels 
of these cytokines were significantly increased in WT mice upon OVA challenge 
(Fig. 5). Secretion of IL-4 and IL-13, but also of IL-5 by lung lymph node cells from 
OVA-challenged Nur77-KO mice in response to OVA restimulation was significantly 
elevated compared to secretion form cells of OVA-challenged WT mice (Fig. 5A-C). 
Collectively, these results demonstrate that the exacerbated levels of key cytokines 
and chemokines may explain, at least partly, the enhanced lung inflammation in 
Nur77-KO mice.

Fig. 5. Nur77 deficiency increased levels of Th2 cytokines in the lung lymph node cells. 
Expression of IL-4 (A), IL-5 (B) and IL-13 (C) in ex vivo cultures of draining lymph node 
cells following restimulation with or without OVA was quantified by ELISA. Data are 
mean±SEM (n=8 per group). *, P≤0.05.
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Nur77 modulates inflammation and Muc5ac expression through NFκB pathway
Several studies reported that activation of the NFκB pathway is involved in asthma 
both in experimental models and in humans (13, 14). In addition, Nur77 has been 
shown to be expressed in activated lung epithelium and to regulate the NFκB pathway 
in multiple cell systems (22, 23, 27). Therefore, we sought to explore the impact 
of Nur77 on phosphorylated (p)IκBα expression in lung epithelial NCI-H292 cells. 
Cells were serum-starved for 24 h and were stimulated with TNFα for the indicated 
time points and Western blotting for pIκBα was performed. Knock-down of Nur77 
strongly enhanced phosphorylation of IκBα compared to control cells (Fig. 6A). In 
line with this observation, overexpression of Nur77 significantly decreased NFκB 
activity as determined with luciferase-reporters in NCI-H292 cells (Fig. 6B). 

To further substantiate these findings, we next analyzed the expression of several 
NFκB-mediated pro-inflammatory cytokines. TNFα stimulation enhanced the 
expression of cytokines in the control-infected cells and overexpression of Nur77 
markedly attenuated mRNA expression of TNFα, RANTES and IL-6 and protein 
levels of TNFα and IL1β in lung epithelial cells (Fig. 6C-G). Collectively, these 
data demonstrate that Nur77 inhibits the NFκB pathway in lung epithelial cells, 
corroborating the in vivo findings.

Nur77 deficiency showed enhanced mucus cell hyperplasia in vivo in airway 
inflammation (Fig. 2B). Therefore, we sought to assess the effect of Nur77 on Muc5ac 
expression, which is a key player in mucus production in airway inflammation (12). 
Consistent with published reports, TNFα significantly increased Muc5ac gene 
expression in lung epithelial cells (Fig. 6H). In addition, inhibition of the NFκB 
pathway in lung epithelial cells significantly attenuated mRNA expression of Muc5ac 
(Fig. S1). Overexpression of Nur77 had no effect on Muc5ac gene expression under 
basal conditions (Fig. 6H). However, Nur77 strongly decreased TNFα-induced 
Muc5ac gene expression (Fig. 6H). Finally, we performed PAS staining on the 
lung epithelial cells after overexpression of Nur77. Consistent with decreased 
Muc5ac gene expression, overexpression of Nur77 inhibited TNFα-induced mucus 
production (Fig. 6I). Taken together, our data indicate that Nur77 regulates Muc5ac 
gene expression and mucus production through NFκB-signalling.



Fig. 6. Nur77 inhibits inflammatory response and regulates Muc5ac expression through 
NFκB pathway in lung epithelial cells. A) Western blot analysis for phosphorylated (p)
IκBα in NCI-H292 lung epithelial cells after Nur77 knock-down and stimulation with TNFα 
for the indicated time points. β-actin served as a loading control. B) Overexpression of Nur77 
suppresses TNFα –induced NFκB activity in lung epithelial cells as measured in a luciferase 
reporter assay. Renilla is used as an internal control. C-E) qRT-PCR analysis was performed 
for TNFα (C), RANTES (D), and IL-6 (E) after overexpression of Nur77 in NCI-H292 cells. 
F-G) Protein levels of TNFα (F), and IL1 β (G) were measured in the supernatants by ELISA 
following overexpression of Nur77 in NCI-H292 cells. H) qRT-PCR analysis was performed 
for Muc5ac after Nur77 overexpression and stimulation with or without TNFα in NCI-H292 
cells. I) Mucus production was determined after overexpression of Nur77 and stimulation 
with TNFα in NCI-H292 cells by PAS staining. Each experiment was repeated at least three 
times. Data are mean±SD. *, P≤0.05. 
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Discussion

Allergic asthma is a chronic inflammatory disorder that involves intricate 
antigen interactions and immune responses, and it is characterized by bronchial 
hyperresponsiveness, airway inflammation highly involving eosinophils, mucus 
hypersecretion and airway remodelling (1, 2). Despite many studies conducted on 
animals and in human, the underlying mechanisms of asthma have not been resolved 
completely. Here we document that the nuclear receptor Nur77 plays a critical role 
in regulating allergic airway inflammation by using mice lacking the Nur77 gene. 
OVA-challenged Nur77-KO mice showed a significant increase in allergic airway 
inflammation as evidenced by enhanced infiltration of inflammatory cells with 
especially  more eosinophils and lymphocytes in the airways, increased production 
of mucus, marked elevation of allergen-specific IgG1 and IgG2a levels, and 
augmented production of Th2 cytokines. These observations have in vitro relevance, 
as overexpression of Nur77 significantly diminished the inflammatory response in 
lung epithelial cells. Moreover, Nur77 decreases Muc5ac gene expression through 
modulation of the NFκB pathway. Therefore, activation of Nur77 may inhibit 
inflammatory responses and these findings are of considerable importance for 
understanding and possibly preventing airway inflammation.

Nur77 has been shown to be expressed in peripheral eosinophils and in atopic 
dermatitis patients. Nur77 expression in eosinophils increases with disease severity 
(26). In cultured eosinophils CD30 activation results in transient induction of Nur77 
expression and functional involvement has been proposed in subsequent apoptosis 
of the eosinophils. Of note, both other NR4A nuclear receptor subfamily members 
Nurr1 and especially NOR-1 are also highly expressed in (activated) eosinophils. 
Therefore, redundancy of activity of Nurr1 and NOR-1 in these cells cannot be 
excluded in Nur77-KO mice. At present, we do not know the exact function of NR4A 
receptors in eosinophils in allergic disease. We do know that  the enhanced infiltration 
of eosinophils, in the lung is associated with asthma severity in experimental animals 
and in human, and that this process is aggravated in Nur77-KO mice, which can be 
explained by increased cytokine levels in the lungs of OVA-challenged mice (5). 

It is well established that also dendritic cells, lymphocytes and smooth muscle cells 



all play a pivotal role in allergic airway inflammation (4, 10). Mice lacking Nur77 
showed enhanced infiltration of dendritic cells in BALF following allergen challenge. 
Although Nur77 is expressed in dendritic cells, no change in its expression was 
observed after dendritic cell activation (33). Several studies showed that Nur77 is 
involved in T-lymphocyte development and activation. However, Nur77-deficient 
mice do not show any obvious T-cell phenotype (16). A recent study shows that 
Nur77 inhibits airway smooth muscle cell proliferation in vitro, but this study lacks 
in vivo data (28). To assess whether Nur77 similarly as in the vessel wall inhibits 
airway smooth muscle cell proliferation, chronic allergic experiments need to be 
performed. Altogether, our findings demonstrate that Nur77 is crucial in inhibiting 
infiltration of inflammatory cells associated with the asthmatic response and that this 
function is not taken over by Nurr1 and/or NOR-1.

We and others have shown that Nur77 is involved in macrophage polarisation and 
has been shown to inhibit inflammatory response in macrophages, smooth muscle 
cells and endothelial cells (20-25). The Th2 cytokines IL-4, IL-5, and IL-13, in 
concert with specific chemokines such as eotaxins, play a central role in the initiation 
and maintenance of allergic airway inflammation. Consistent with development of 
airway eosinophilia, OVA-challenged Nur77-deficient mice show increased levels 
of IL-13, IL-6, TNFα, IFNγ, MCP-1, and Eotaxin-2 in BALF compared to WT 
counterparts. Similar to this, production of IL-4, IL-5, and IL-13 are significantly 
enhanced in lung draining lymph node cells of OVA-challenged Nur77-KO mice. 
Interestingly, production of IL-5 in BALF is significantly lower in OVA-challenged 
Nur77-KO mice. This is in contrast to the increased influx of eosinophils into the 
lung and exacerbated production of IL-5 in lymph node cells in Nur77-KO mice. 
IL-5 is involved in growth, maturation, chemotaxis and survival of eosinophils (5-
7). This conflicting data could be due to local or systemic production of IL-5, and 
requires further investigation. In agreement with enhanced Th2 cytokine production, 
Nur77-deficient mice also displayed increased production of allergen-specific IgG1 
and IgG2a. Therefore, it is highly likely that Nur77 is involved in inhibition of airway 
inflammation through maintaining balance between Th1/Th2 cytokines.

Airway epithelial cells, among other cell types play a key role at the onset of airway 
inflammation in asthma (3, 4). It has been shown that Nur77 is expressed in lung 



143

Chapter 

5

epithelial cells and causes epithelial cell apoptosis following exposure to cadmium. 
However, the impact of Nur77 in inflammation in epithelial cells was not investigated 
(34). Here we found that overexpression of Nur77 in airway epithelial cells resulted 
in a marked reduction in expression levels of diverse proinflammatory cytokines. 
Several studies reported that NFκB activity is significantly higher in asthma both in 
experimental models and in humans and is involved in the cytokine production from 
a variety of cell types including lung epithelial cells, dendritic cells, smooth muscle 
cells and lymphocytes (13,14). Moreover, inhibition of NFκB activity strongly 
decreases airway inflammation and asthma. We and others previously demonstrated 
that Nur77 inhibits NFκB activity and thereby diminishes proinflammatory response 
in multiple cell types (20-25). Indeed, we found that knock-down of Nur77 resulted 
in a marked increase in IκBα phosphorylation, whereas overexpression of Nur77 
decreased NFκB activity in lung epithelial cells. As such, the enhanced production 
of Th2 cytokines in BALF and draining lymph node cells in Nur77-deficient mice 
upon OVA challenge may be due to enhanced activation of the NFκB pathway in 
airway epithelium.

Mucus hypersecretion is another important hallmark of asthma. We found that 
Nur77-KO mice showed a pronounced increase in mucus production compared 
to control mice following allergen challenge. The NFκB pathway has been shown 
to modulate Muc5ac gene expression in epithelial cells (15). In agreement with 
decreased NFκB activity, Nur77 significantly decreased the mRNA expression of 
Muc5ac and also attenuated mucus production in lung epithelial cells. Therefore, it 
is likely that the exacerbated mucus production observed in Nur77 deficient mice is 
due to the enhanced Muc5ac expression through activation of NFκB pathway.

In conclusion, our experiments in mice and human epithelial cells demonstrate that 
Nur77 has a protective function in airway inflammation involving inhibition of the 
NFκB pathway. Nur77 deficiency markedly enhanced OVA-induced Th2 cytokine 
production, pulmonary eosinophilia, serum IgG1 and IgG2a levels, and mucus 
hypersecretion in a model of murine airway inflammation. So far, several small-
molecule agonists have been identified that enhance the activity of Nur77 (35, 36) 
and our findings support the possibility that Nur77 agonists provide an effective 
treatment for allergic airway disease.
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Supplementary material

Fig. S1: Muc5ac is regulated by NFκB pathway in 
lung epithelial cells. RT-PCR analysis was performed 
for Muc5ac after treatment with BAY 11-7085 (NFκB 

inhibitor) and TNFα stimulation in NCI-H292 cells.
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Abstract 
Asthma is an inflammatory disease that involves airway hyperresponsiveness, 
and mucus hypersecretion. The LIM-only protein FHL2 is a crucial modulator 
of signal transduction pathways and functions as a scaffold in specific protein-
protein interactions. In the current study, we examined the role of FHL2 in airway 
inflammation using a murine model of ovalbumin (OVA)-induced airway allergic 
inflammation. We found that OVA-challenged FHL2-knockout (FHL2-KO) mice 
show significantly reduced allergen-driven airway inflammation as evidenced by 
reduced infiltration of inflammatory cells including eosinophils, dendritic cells, B-
cells and T-cells. Furthermore, mucus production was decreased compared to WT 
mice. In bronchoalveolar lavage fluid, the levels of IL-5, IL-13, Eotaxin-1, and 
Eotaxin-2 were significantly lower in FHL2-KO compared to wildtype littermates. 
In addition, draining lymph node cells from OVA-challenged FHL2-KO mice show 
reduced levels of IL-5 and IL-13 following ex vivo OVA stimulation. Consistent 
with this, OVA-specific serum IgG and IgE levels were reduced in FHL2-KO mice. 
We also found that phosphorylation of ERK1/2 is markedly attenuated in FHL2-
KO lung. Knock-down of FHL2 in human lung epithelial cells resulted in a striking 
decrease in ERK1/2 phosphorylation and mRNA levels of inflammatory cytokines 
and Muc5ac, whereas FHL2 overexpression increased expression of Muc5ac and 
mucus production. To substantiate a role of FHL2 in human asthma, we searched 
for association of single nucleotide polymorphisms (SNPs) in the FHL2 gene with 
asthma. The SNP rs4851765 shows an association with the severity of bronchial 
hyperreasponsiveness. These results highlight functional involvement of FHL2 in 
the aggravation of OVA-induced airway inflammation and identify FHL2 as a novel 
gene associated with asthma severity in human.

Abbreviations
BALF            Broncho alveolar lavage fluid
ERK              Extracellular signal-regulated kinases
IL                  Interleukin 
OVA             Ovalbumin
Th2               T-helper type 2
SNP         Single Nucleotide Polymorphism
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Introduction
Asthma is a complex inflammatory disorder characterized by airway inflammation, 
intermittent airway obstruction, eosinophilic infiltration, airway hyperreactivity 
and mucus hypersecretion [1-3]. Asthma involves intricate interaction between 
the inhaled environment, genetic variation and the formed elements of the airways 
[4]. Especially T-helper type 2 (Th2) cells and their cytokine products, including 
interleukin (IL)-4, IL-5 and IL-13 play a critical role in mediating the inflammatory 
responses in the diseased lung. Th2 cytokines contribute to the recruitment of 
eosinophils, activation of mast cells, regulation of IgE synthesis, mucus gland 
hyperplasia and tissue remodelling [5-8]. The cytokines RANTES and eotaxin1/2 
are instrumental in attracting eosinophils to the airways [10-12]. The inflammatory 
eosinophils, mast cells, neutrophils, dendritic cells and B-cells further modulate 
the immune response in asthma by promoting Th2 responses [9]. In addition to 
inflammatory immune cells, airway smooth muscle cells and epithelial cells play a 
prominent role in the pathogenesis of asthma. Airway smooth muscle cells are major 
resident cells in airways and their contraction leads to excessive narrowing of the 
airway whereas in progressive disease enhanced proliferation of these cells further 
narrows the airways [13-15].

Excessive production of mucus obstructs mucocilary clearance and airflow in the 
airways and is a common pathological change observed in asthma [16-17]. Muc5ac, 
among other mucin genes, is the most prominent mucin gene, which is highly expressed 
in airway inflammation and serves as a major marker of mucus cell hyperplasia 
[18]. Several studies have shown that inflammatory cytokines, like TNFα, induce 
Muc5ac gene expression in lung epithelial cells [19]. Activation of extracellular 
signal-regulated kinase (ERK)-1/2 signalling pathway has been shown to inhibit 
allergic airway inflammation and asthma through blocking eosinophil infiltration 
and reducing mucus hypersecretion by inhibiting Muc5ac expression [20]. Although 
several experimental studies in animal models of asthma have led to understanding 
the nature and mechanisms that drive asthma, the mechanistic processes that underlie 
the development of asthma are poorly understood. To understand the cellular and 
molecular mechanisms of asthma, identification of the genes responsible for asthma 
exacerbations is crucial.



The LIM-only protein FHL2 contains four LIM domains, which are composed 
of double zinc finger structures that mediate protein-protein interactions [21-24]. 
Cumulative evidence shows that FHL2 functions as a scaffold in multiple protein-
protein interactions and modulates a number of signal transduction pathways. FHL2 
plays a critical role in a range of physiological and pathological processes, among 
which proliferation, migration, apoptosis and inflammation [22, 25, 26]. FHL2 has 
been reported to act as a transcriptional cofactor that regulates the activity of the 
transcription factors such as NFκB, cAMP-responsive element binding protein 
(CREB), androgen receptor (AR) and Nur77 [22-24, 27, 28].  The outcome on activity 
of proteins interacting with FHL2 is highly cell-context dependent. For example, in 
osteoclast formation FHL2 inhibits TRAF6-induced NFκB activation, whereas FHL2 
acts as a positive regulator of NFκB in liver regeneration and carcinogenesis through 
enhanced protein stability of TRAF6. FHL2 binds and inhibits ERK phosphorylation 
in cardiomyocytes thereby inhibiting ERK-induced cardiac hypertrophy [29], and 
we demonstrated that FHL2 regulates vascular smooth muscle cell proliferation 
and migration through down-regulation of the ERK-CyclinD1 pathway [30]. 
Furthermore, FHL2 regulates CCL19-induced migration of murine bone marrow-
derived dendritic cells [31]. Lung inflammation following bleomycin administration 
in mice is reduced through the FHL2-mediated increase of tenscin C expression and 
the reduction of inflammation-resolving macrophage activation [25]. Most recently, 
FHL2 was shown to protect against chronic inflammatory arthritis [32].

Given that FHL2 is involved in modulation of dendritic cell migration and in 
inflammatory pathologies, we investigated, to the best of our knowledge for the first 
time, the function of FHL2 in allergic airway inflammation in mice. We report here 
that the absence of FHL2 significantly reduces the production of Th2 cytokines, 
eosinophil infiltrates, mucus production and histopathological changes in the lung. 
Moreover, we explored the underlying mechanism using both in vivo and in vitro 
approaches and we explored whether FHL2 genetic variation associates with asthma 
and severity of airway hyperreactivity,  as well as with the expression of the FHL2 
gene transcript in the lung (eQTL).

Materials and methods
Animals and care
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FHL2-KO mice were generated by R. Bassel-Duby (University of Texas Southwestern 
Medical Center, Dallas, TX) and were bred onto a C57BL/6 background for >11 
generations. All animal experiments were approved by the Committee for Animal 
Welfare of the Academic Medical Center, University of Amsterdam and were carried 
out in compliance with guidelines issued by the Dutch government.

Murine model of ovalbumin-induced airway allergic inflammation
Female mice aged 8 weeks were sensitized on days 0 and 7 by intraperitoneal injection 
of 10 µg OVA (Sigma, grade V) adsorbed in 1 mg aluminium hydroxide (Imject 
alum, Pierce) (n=8 per group). Control animals received alum only. Subsequently, 
mice were challenged with aerosolized OVA (Sigma, grade III, 10 mg/ml) or PBS 
for 30 minutes each day for three consecutive days on days 14, 15, and 16. 48h after 
the last challenge, mice were sacrificed for harvest of bronchoalveolar lavage (BAL) 
fluid, lungs and serum.  

Lung histology
Lungs were inflated and fixed with 4% formaldehyde via a tracheal cannula and 
stored in 4% formaldehyde for fixation before histochemical processing. The whole 
lung was embedded in paraffin, sectioned at a 4-μm thickness, deparaffinized and 
rehydrated. Sections were stained with haematoxylin/eosin to assess inflammatory 
infiltrates and with Periodic Acid - Schiff (PAS) to detect mucin in goblet cells. 
Examining the entire slide surface, the following inflammatory parameters were 
scored by an experienced histopathologist in a blinded fashion, exactly as described 
previously [33]: perivascular inflammation, interstitial inflammation, peribronchial 
inflammation, and edema. Each parameter was graded in a semi-quantitative fashion 
on a scale of 0 to 4 (0: absent, 1: mild, 2: moderate, 3: severe, 4: very severe). 
The total pathology score was expressed as the sum of the score for all parameters. 
In a similar way PAS-staining for polysaccharides in mucus was performed to 
quantify the amount of mucus. The amount of mucus per lung section was scored 
semi-quantitatively on a scale of 0-3. Eosinophils were quantified in lung tissue 
stained by an antibody against major basic protein (MBP; kindly provided by Dr 
Nancy Lee and Professor James Lee, Mayo Clinic Arizona, Scottsdale, AZ, USA). 
`phosphorylated ERK1/2 staining was performed using a pERK1/2-specific antibody 
(Cell Signalling). Morphometric analyses of sections were performed using Leica 



QWin V3 software.

Assessment of BAL inflammatory cells
The lungs were lavaged with 3x 1ml PBS containing 0.1mM EDTA by intratracheal 
cannulation. BALF inflammatory cells were collected by centrifugation at 400xg 
for 7 min at 40C. The cell pellet was resuspended and flow cytometric analysis was 
performed as described before to assess the cellular composition of the BALF [34].

Measurement of total protein, cytokines and chemokines
Total protein in BALF was measured by standard Bradford’s assay as described 
before [23]. Cytokine levels in BALF were measured by ELISA for IL-5 and IL-
13 (Ready-set-go!, eBioscience Inc) and Eotaxin-1 (Qiagen) and Eotaxin-2 (R&D 
Biosystems) according to the manufacturer’s directions. TNFα and IL-6 were 
measured in BALF and cell culture supernatants using the Cytometric Bead Array 
Mouse Inflammation Kit (BD Biosciences).

Ex vivo restimulation of lung draining lymph node cells
Lung draining lymph nodes were harvested and cell suspensions were made with 
cell-strainers. Cells were plated in 96-well round bottom plates at a density of 2 x 
105 cells per well and were stimulated for 4 days with 10µg/ml OVA (Worthington, 
Lakewood, NJ) or PBS. Supernatants were analysed for IL-5 and IL-13 production 
by ELISA.

Serum OVA-specific Immunoglobulins
Serum was analysed to assess the level of total and OVA specific IgE and IgG1 by 
ELISA (Opteia, BD, San Diego, USA). Nunc maxisorp plates were coated with 100 
µg OVA (grade V, Sigma)/ml and were incubated overnight at 4ºC. After blocking 
with 10%FCS/PBS, plates were incubated with serum samples for 2h and the OVA 
specific IgE and OVA specific IgG1 were detected following the manufacturer’s 
instructions. We used a standard curve of murine IgE and IgG1 respectively, as a 
quantitative reference.

Cell culture, lentiviral transduction, semi-quantitative RT-PCR, Western blot 
analysis and PAS staining
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Human alveolar epithelial carcinoma (NCI-H292) cells were grown and maintained in 
RPMI 1640 medium containing 10% FBS and 1% penicillin/streptomycin. Recombinant 
lentiviral particles encoding FHL2, shRNAs targeting FHL2 were produced, 
concentrated and titrated as described previously [23]. Cells were seeded at 2.4x104 
cells/ml and were infected with recombinant lentivirus for two times with an interval 
of 12h and incubated for 24h. After 24h, the medium was refreshed and the cells were 
cultured for another 24h. Cells were serum-starved for 36h and stimulated with TNFα 
(50ng/ml) or EGF (50ng/ml) for indicated time periods. For qRT-PCR experiments, 
cells were stimulated with TNFα for 6h before harvesting. In some experiments, cells 
were pre-treated overnight with PD98059 (ERK1/2 inhibitor) at a final concentration 
of 25µM. Transduction efficiency was determined by immunofluorescence and 
semi-quantitative RT-PCR (qRT-PCR). qRT-PCR and Western blot analysis 
were performed as described previously [30]. The following primers were 
used for qRT-PCR: TNFα forw: 5’-AGGACACCATGAGCACTGAAAG-
3’, TNFα rev: 5’-AGGAGAGGCTGAGGAACAAG-3’; 
RANTES forw: 5’-CGCTGTCATCCTCATTGC-3’, RANTES 
rev: 5’-CCACTGGTGTAGAAATACTCC-3’; Muc5ac forw: 
5’-GGAACTGTGGGGACAGCTCTT-3’, Muc5ac rev: 5’-
GTCACATTCCTCAGCGAGGTC-3’. Antibodies applied in Western blot analysis 
were anti-ERK1/2 (Cell signalling), and anti-pERK1/2 (Santa Cruz). For PAS 
staining on NCI-H292 cells, the cells were infected with FHL2 lentivirus followed 
by serum-starvation for 24 h and then cells were stimulated with TNFα (50ng/ml) for 
48h. After the incubation, cells were fixed with formaldehyde for 30 min and mucus 
glycoconjugates were visualized by PAS staining.

Single nucleotide polymorphism (SNP) association with asthma and severity of 
bronchial hyper-responsiveness (BHR) 
For single nucleotide polymorphism (SNP) analyses asthma patients were recruited 
from the Dutch Asthma GWAS (DAG)-cohort. All available SNPs in FHL2 in the 
DAG cohort were tested for an association with asthma and severity of bronchial 
hyperresponsiveness (BHR). In the DAG cohort all 920 asthmatics had a physician’s 
diagnosis of asthma, asthma symptoms, and BHR to either histamine or methacholine. 
The 980 controls had no asthma or chronic obstructive pulmonary disease COPD, nor 
any evidence of significant airway obstruction. Inclusion criteria for the association 



with severity of BHR were as follows: cases had a doctor diagnosis of asthma in 
combination with BHR with data available on smoking and inhaled corticosteroids 
use at the time of the test. In total 650 asthmatics were included in this analysis. 
Severity of BHR was measured with a slope. This slope was calculated by dividing 
the difference between forced expiratory volume in one second (FEV1) at baseline 
and the dose step at which a ≥20% fall in FEV1 was reached. We divided the BHR 
slopes of the 30-second tidal breathing method by 4 in order to compare the slope 
of the 30-second tidal breathing method with the 2-minute method. Values were log 
transformed to reach normal distribution.

DNA of subjects was genotyped on the Illumina 317 Chip (IlluminaInc, San Diego, 
CA) or with the Illumina 370 Duo Chip. Quality control was applied; subjects were 
removed from analysis if they were not of Caucasian descent, had a low genotyping 
call rate (< 95%) or were discrepant or ambiguous for genetic sex. SNPs were deleted 
if the call rates were low (<95%), not in Hardy-Weinberg Equilibrium (p < 1E-04), 
or if the minor allele frequency was <0.05. After quality control 294,932 SNPs were 
selected for the analysis. All statistical analyses have been performed using PLINK 
v1.07. Logistic regression analyses in additive models were performed to analyze 
the associations between FHL2 SNPs and asthma. Linear regression analyses were 
performed in additive models to analyze the association of FHL2 SNPs on slopes of 
the BHR test with adjustments for smoking and inhaled and/or oral corticosteroid 
use. 

eQTL analysis 
SNPs with a significant association with asthma and/or severity of BHR were selected 
for eQTL analysis with probes located in FHL2 in a lung tissue database (Hao et al. 
2012). Adjustments were made for age, gender, smoking and all other lung diseases 
like cystic fibrosis, chronic obstructive pulmonary disease and idiopathic pulmonary 
fibrosis. Data of the three centers were analyzed separately and subseqeuntley  meta-
analyzed. All analyses were performed using R.

Statistical analysis
Statistical analyses for cell and mouse experiments were carried out with GraphPad 
Prism software (GraphPad Software, San Diego, Calif) and graphing was carried 
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out with Adobe illustrator (Adobe). Comparisons between 2 groups were done with 
the Student t test for unpaired variables. Data are reported as mean±SEM unless 
otherwise specified. P values <0.05 were considered as statistically significant.

Results
Deficiency of FHL2 attenuates infiltration of inflammatory cells in lungs of 
OVA-challenged mice
To investigate the potential role of FHL2 in OVA-induced airway allergic 
inflammation, WT and FHL2-KO mice were sensitized and challenged with OVA. 
BALF was collected 48h after the last OVA aerosol challenge. Assessment of OVA-
induced airway inflammation via enumeration of total and differential cell counts 
in the BALF revealed that the OVA challenge significantly increased total cell, 
eosinophil, and lymphocyte counts in WT mice as compared to saline control (Fig. 
1). Among the inflammatory cell populations, eosinophils were most predominant, 
followed by macrophages, T-cells, dendritic cells, and B-cells (Fig. 1). The total 
number of inflammatory cells including the number of eosinophils, dendritic cells, T-
cells and B-cells in OVA-challenged FHL2-deficient mice were significantly lower 
than in OVA-challenged WT mice. There was no difference found in the number 
of macrophages between WT and FHL2-KO mice after OVA-challenge (Fig. 1e). 
These results clearly suggest a possible role of FHL2 in eosinophil, dendritic cell and 
lymphocyte recruitment during allergic inflammation. 

FHL2-KO mice show reduced OVA-induced allergic airway inflammation
Inflammation is a major hallmark of allergic airway disease [1-3]. Evaluation of lung 
histopathology revealed infiltration of inflammatory cells in both WT and FHL2-
KO mice following OVA challenge (Fig. 2a). However, OVA-challenged FHL2-
KO mice showed a significant decrease in inflammation compared to WT mice 
(Fig. 2a). Semi-quantitative scoring also revealed that peribronchial inflammation, 
perivascular inflammation and total inflammation were significantly impaired in 
FHL2-KO (Fig. 2b-d). 



FIGURE 1. Attenuated allergen-driven airway inflammation in OVA-challenged FHL2-KO 
mice. BALF was collected 48h after the last challenge from OVA- and saline-challenged 
WT and FHL2-KO mice (n=8 per group). Differential inflammatory cell count analysis for 
eosinophils (a), dendritic cells (b), B-cells (c), T-cells (d), and macrophages (e) was performed 
by flow cytometry. There was a progressive increase in the number of inflammatory cells 
after OVA-challenge in WT mice. The numbers of eosinophils, dendritic cells, B-cells, and 
T- cells, except macrophages were significantly lower in FHL2-KO mice compared to WT 
mice. Data are mean±SEM. *, P≤0.05.
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FIGURE 2. FHL2-KO mice show reduced infiltration of inflammatory cells and mucus 
production after OVA-challenge. a) Histological examination of lung tissue from the OVA-
challenged WT and FHL2-KO mice (n = 8) were stained with H&E and examined by light 
microscopy. b-d) Semi-quantitative pathology scores (described in Materials and methods) 
for peribronchial inflammation (b), perivascular inflammation (c) and total inflammation (d). 
e) Representative photomicrographs of PAS-stained lung sections from WT and FHL2-KO 
mice following OVA-challenge. f) Semi-quantitative mucus score (described in Materials 
and methods). Data are mean±SEM. *, P≤0.05.
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Another clinical manifestation of allergic airway disease is the development of mucus 
cell hyperplasia [16-17]. Assessment of mucus secretion by Periodic Acid Schiff 
(PAS) staining in the lung sections of WT and FHL2-KO mice challenged with OVA 
revealed a marked decrease in mucus-producing granular goblet cells in the proximal 
airways of FHL2-KO compared to WT mice (Fig. 2e). There were no or very few 
PAS-positive cells in the proximal airways of saline challenged mice (data not 
shown). Semi-quantitative scoring also confirmed these results (Fig. 2f), suggesting 
that FHL2 plays a dominant role in regulation of mucus cell hyperplasia.

FIGURE 3. FHL2-KO mice demonstrate reduced influx of eosinophils in lung and eotaxin 
levels in BALF after OVA challenge. a) Representative photomicrographs of MBP-stained 
lung sections for detection of eosinophils from WT and FHL2-KO mice following saline or 
OVA-challenge. b) Quantification of MBP-positive cells/area in WT and FHL2-deficient 
mice. Eotaxin-1 (c) and Eotaxin-2 (d) protein concentrations in BALF were measured by 
ELISA. Data are mean±SEM (n=8 per group). *, P≤0.0;. ns, non-significant.
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Reduced eosinophil accumulation and eotaxin levels in FHL2-KO mice
Eosinophils in the lung tissue were detected by MBP staining, which was quantified 
by digital imaging and expressed as eosinophils per area (Fig. 3a-b). Consistent 
with the BALF data, OVA challenge caused an increase in pulmonary eosinophils 
in WT mice compared to saline control (Fig. 3b). The number of eosinophils in lung 
tissue of OVA-challenged FHL2-KO mice was substantially decreased compared 
to WT mice, corroborating the findings in BALF (Fig. 3a-b). Since FHL2-KO mice 
showed a strong defect in eosinophil recruitment to the lung upon OVA challenge, 
we determined whether FHL2 deficiency is also associated with impaired production 
of key chemokines implicated in eosinophil recruitment: Eotaxin-1 and Eotaxin-2. 
Eotaxin-2 is the major eotaxin isoform recruiting eosinophils into murine airways 
because this chemokine is highly produced 24 hours after an allergen challenge 
[10, 12, 35, 36]. In line with the lung histology and BALF data of eosinophils, 
Eotaxin-1 and Eotaxin-2 protein levels in BALF were significantly increased in 
OVA-challenged WT mice compared to saline control (Fig. 3c-d). We also observed 
higher levels of Eotaxin-2 than Eotaxin-1 in BALF of OVA-challenged WT mice 
(Fig. 3c-d). In contrast to WT mice, FHL2-KO mice failed to produce increased 
levels of both Eotaxin-1 and Eotaxin-2 after OVA-challenge. Taken together, these 
data indicate that FHL2 plays an important role in pulmonary chemokine synthesis 
for recruitment of eosinophils after OVA-challenge. 

Effect of FHL2 deficiency on cytokines in BALF
To test the hypothesis that the reduced eosinophilia in the FHL2-KO mice was 
due to an altered allergic cytokine response, BALF was examined for a variety of 
potentially relevant cytokines. First, we measured total protein levels showing that 
FHL2-KO had a significantly lower amount of protein in BALF compared to WT 
after OVA challenge (Fig. 4a). IL-5, IL-13, TNFα, and IL-6 protein levels in BALF 
were significantly increased upon OVA challenge in WT mice compared to saline 
control (Fig. 4b-e). OVA-challenged FHL2-KO mice had a striking reduction in IL-
5, IL-13, TNFα, and IL-6 protein levels compared to WT (Fig. 4b-e).

FHL2-KO mice show decreased OVA-specific IgE and IgG1 levels
To investigate whether the inhibition of Th2-mediated allergic airway inflammation 
in FHL2-KO mice was accompanied by a suppressed humoral immune response, 



we determined the levels of IgE and IgG1. Total IgE and IgG1 levels in serum were 
increased after OVA challenge in both WT and FHL2-KO mice (Fig. 5a,c). OVA-
specific IgE and IgG1 levels were significantly attenuated in FHL2-KO compared to 
WT mice after OVA challenge (Fig. 5b, d). 

FIGURE 4. Disruption of FHL2 attenuates cytokines production in BALF. a) FHL2-KO 
mice have less protein leakage in BALF upon OVA-challenge. The expression of IL-5 (b), 
IL-13 (c), TNFα (d), and IL-6 (e) was quantified by ELISA. Data are mean±SEM (n=8 per 
group). *, P≤0.05. ns, non-significant.
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FHL2-KO
To determine whether attenuated Th2 cell secretion in OVA-challenged mice 
was reflected at the level of systemic sensitization, we isolated and cultured lung 
draining lymph node cells from WT and FHL2-KO mice and examined IL-5 and 
IL-13 levels in the supernatants after ex-vivo stimulation with OVA. We noticed that 
OVA challenge in WT lymph node cells resulted in high levels of IL-5 and IL-13 
compared with the saline control (Fig. 6). Consistent with the BALF data, FHL2-KO 
lymph node cells displayed lower production of IL-5 and IL-13 compared to WT 
when stimulated ex vivo with OVA (Fig. 6a-b). Taken together, the decreased levels 
of these key cytokines and chemokines may explain, at least partly, the attenuated 
lung eosinophilia in FHL2-KO mice.

FIGURE 5. FHL2 deficiency attenuates production of IgE and IgG1 after OVA-challenge. 
Total IgE (a), OVA-specific IgE (b), Total IgG1 (c), and OVA-specific IgG1 (d) levels in 
serum obtained 48h after saline or OVA-challenge. Data are mean±SEM. *, P≤0.05.

Knock-down of FHL2 reduces inflammation in human lung epithelial cells
To further substantiate our in vivo findings, human lung epithelial cells (NCI-H292) 
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were depleted of FHL2 using lentivirus of shRNA targeting FHL2 to investigate 
cytokine and chemokine release after TNFα stimulation. TNFα stimulation enhanced 
the expression of several pro-inflammatory cytokines in the control shRNA-infected 
cells (Fig. 7). In line with our in vivo observations, FHL2 knockdown reduced mRNA 
expression of TNFα and RANTES and protein levels of TNFα and IL-6 (Fig. 7a-d).   

FIGURE 6. Attenuation of inflammatory cytokine response in the lymph node cells of 
FHL2-KO mice. IL-5 (a) and IL-13 (b) secretion by ex vivo cultures of draining lymph node 
cells that had been restimulated with or without OVA was quantified by ELISA. Data are 

mean±SEM (n=8 per group). *, P≤0.05.

FHL2 regulates Muc5ac expression through pERK1/2
Previous reports by others and us revealed that FHL2 binds and regulates ERK1/2 
[29-30]. ERK signalling has been proposed to be highly involved in the pathogenesis 
of asthma [20]. Therefore, we sought to explore the impact of FHL2 on ERK 
signalling in OVA-challenged WT and FHL2-KO mice. Lung histopathology 
showed that the number of positive cells of phosphorylated (p)ERK1/2 per area was 
significantly reduced in OVA-challenged FHL2-KO compared to WT mice (Fig. 8a). 
To corroborate these in vivo findings, we performed Western blotting for pERK1/2 
after FHL2 knockdown in NCI-H292 cells. Cells were stimulated with EGF for the 
indicated time points. Consistent with our in vivo observation, knockdown of FHL2 
reduced phosphorylation of ERK1/2 compared to control, whereas total ERK1/2 
protein levels were not affected (Fig. 8b). 
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FIGURE 7. FHL2 knock-down attenuates inflammation in lung epithelial cells. a-b) FHL2 
was knocked-down in NCI-H292 lung epithelial cells using lentivirus of shRNA targeting 
FHL2 and cells were stimulated with or with TNFα. qRT-PCR analysis was performed for 
TNFα (a) and RANTES (b). c-d) Expression levels of TNFα (c) and IL-6 (d) were quantified in 
the supernatants of lung epithelial cells after FHL2 knock-down by ELISA. Each experiment 
(in triplicate) was repeated at least three times. Data are mean±SD. *, P≤0.05. 

Having established that FHL2 deficiency reduced mucus cell hyperplasia in vivo, we 
sought to examine the effect of FHL2 on expression levels of Muc5ac, which is a key 
player in mucus production in airway inflammation [37, 38]. Both gain and loss of 
function experiments were performed in NCI-H292 cells using lentiviruses of FHL2 
and shRNA targeting FHL2, respectively. Cells were stimulated with TNFα. qRT-
PCR analysis showed that knock-down of FHL2 decreased mRNA expression of 
Muc5ac in both non-stimulated and stimulated conditions (Fig. 8c). In contrast, over-
expression of FHL2 significantly enhanced the mRNA expression of Muc5ac in both 
non-stimulated and stimulated conditions (Fig. 8d). To substantiate these findings, 
PAS staining was performed on the lung epithelial cells after over-expression of 
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FHL2. In line with increased Muc5ac gene expression, over-expression of FHL2 
strongly enhanced TNFα-induced mucus production (Fig. 8e), further substantiating 
the role of FHL2 in the regulation of mucus production.

FIGURE 8. FHL2 regulates Muc5ac expression through phosphorylated (p)ERK1/2. 
a) Quantification of pERK1/2 positive cells/area of lung tissue sections from the OVA- 
challenged WT and FHL2-KO mice that were stained for pERK1/2. Data are mean±SEM 
(n=8 per group). *, P≤0.05. b) Western blot analysis for pERK1/2 in NCI-H292 lung 
epithelial cells after FHL2 knockdown and stimulation with EGF for the indicated time 
points. Total ERK1/2 served as a loading control. c) qRT-PCR analysis was performed for 
Muc5ac after FHL2 knock-down and stimulation with or without TNFα in NCI-H292 cells. 
d) qRT-PCR analysis was performed for Muc5ac after FHL2 over-expression and treatment 
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with or without TNFα and an ERK1/2 inhibitor (PD98059, 25µM) in NCI-H292 cells. e) 
PAS staining was performed on lung epithelial cells after over-expression of FHL2 and 
stimulation with TNFα. Each experiment (in triplicate) was repeated at least two times. Data 
are mean±SD. *, P≤0.05. F) A schematic summary of FHL2 function in airway inflammation.

It has been demonstrated that ERK-signalling regulates Muc5ac gene expression 
in epithelial cells [39-41]. To determine whether FHL2 modulates Muc5ac gene 
expression through ERK-signalling, an ERK1/2 inhibitor was employed. Consistent 
with published reports, mRNA levels of Muc5ac were significantly inhibited 
upon blocking of ERK-signalling. Furthermore, inhibition of ERK-signalling also 
significantly mitigated the FHL2-mediated induction of Muc5ac gene expression, 
indicating that FHL2 regulates Muc5ac gene expression through ERK-signalling 
(Fig. 8d). A schematic overview of our data on FHL2 function in airway inflammation 
is outlined in Fig. 8f.

SNP association with asthma and severity of bronchial hyper-responsiveness 
(BHR) and eQTL analysis
In total 12 FHL2 SNPs were available in the DAG cohort and analyzed for association 
with asthma and severity of BHR. No significant association between FHL2 and 
asthma was found (Table 1). 

Table 1: FHL2 association with asthma in the DAG cohort

        
        
        
        
        
        
        
        
        
        
        
        
        

 



One significant association was found between FHL2 and the severity of BHR in 
asthma. Every added C allele of SNP rs4851765 was associated with less severe 
BHR (beta (CI95%)= -0.22 (-0.40;-0.03) p=0.02). The SNP rs4851772 in FHL2 
showed a near-significant (p=0.06) association with BHR (Table 2). Two probes 
were available for FHL2 in the lung tissue database. Rs4851765 was analyzed for 
association with the expression of both. No significant association was found as 
shown in Table 3. 

Table 2: FHL2 association with severity of BHR in the DAG cohort. 

      
      
      
      
      
      
      
      
      
      
      
      
      



 

Discussion
Allergic asthma is a complex inflammatory disorder characterized by bronchial 
hyperresponsiveness, mucus hypersecretion, airway inflammation and eventually 
airway obstruction [1-3]. The molecular events that contribute to allergic airway 
inflammation are poorly understood. In this study we utilized FHL2-deficient 
mice to establish the role of FHL2 in development of allergic airway inflammation 



173

Chapter 

6

using the model of OVA-induced allergic airway inflammation. We demonstrated 
that FHL2 deficiency significantly attenuates allergic airway inflammation along 
with reduced infiltration of inflammatory cells, mucus hypersecretion, production 
of allergen specific IgE and IgG1, Th2 cytokines, eotaxins and phosphorylation of 
ERK1/2. Furthermore, gain and loss of function studies in cultured human airway 
epithelial cells demonstrated that FHL2 regulates cyto/chemokine and Muc5ac gene 
expression, the latter gene through modulation of the ERK1/2 pathway. 

Table3: eQTL analyses for BHR-associated SNP rs4851765 with two probe sets 
testing the mRNA expression levels of FHL2 in human lung tissues

   









    
         

         
         
         

         
         
         

         
 

OVA-challenged FHL2-KO mice have significantly lower numbers of inflammatory 
cells, predominantly eosinophils, in BALF compared to WT mice. Furthermore, 
reduced extravasation of eosinophils was observed in the perivascular, peribronchial, 
and parenchymal tissues of the lungs of OVA-challenged FHL2-KO mice. Eosinophils 
play a crucial role in the pathogenesis of allergic inflammation [1, 2, 4]. The process 
of eosinophil infiltration into the airways is orchestrated by Th2 cytokines and is 
coordinated by specific chemokines such as eotaxins [6, 8]. Eotaxins are potent 
chemokines, which induce the accumulation of eosinophils in vivo [42]. Th2 
cytokine levels in BALF reflect the combined production by Th2 cells and various 
resident cells such as bronchial epithelial cells and alveolar macrophages, as well 
as infiltrated eosinophils and lymphocytes. Our present data demonstrate that OVA-
challenged FHL2-KO mice display significantly reduced levels of IL-5, IL-6, IL-13, 



TNFα and eotaxins in BALF compared to WT mice. In addition, expression of IL-5 
and IL-13 is decreased in lung draining lymph node cells of OVA-challenged FHL2-
KO mice compared to WT cells. FHL2 thus plays a critical role in the regulation of 
eosinophil migration, however, whether FHL2 affects eosinophils themselves has 
not been studied so far and requires further research. 

Disruption of the FHL2 gene also causes reduced influx of dendritic cells and 
lymphocytes, but not macrophages in BALF, upon OVA challenge. The role for 
dendritic cells and lymphocytes has been extensively studied in allergic airway 
inflammation [4, 8, 43]. Previously, FHL2-deficient dendritic cells were shown to 
migrate faster to CCL19 and in vivo towards lymphoid organs than WT cells, which 
was explained by enhanced sphingosine-1-phosphate receptor 1 (S1P-R1) expression 
[31]. A potential explanation for the discrepancy with our current study may include 
the fact that the earlier migration studies were performed in healthy WT mice and 
that only migration of the cells to lymph nodes was monitored, whereas here the 
migration of dendritic cells towards lungs was determined in diseased FHL2-KO 
mice. Interestingly, FHL2 is also known to inhibit the activity of sphingosine kinase 
1 in cardiomyocytes and endothelial (progenitor) cells [44-46]. This may implicate 
that S1P levels are increased in FHL2-KO mice, again not corroborating with, and 
thus not explaining the observed reduction in cellular influx in the BALF. 

Consistent with a reduced Th2 response, FHL2-KO mice showed impaired 
production of allergen-specific IgG1 and IgE production. Furthermore, we found 
that knockdown of FHL2 in airway epithelial cells results in reduced expression 
levels of TNFα, IL-6, and RANTES. FHL2 has been shown to have both pro-and 
anti-inflammatory effects depending on the cell-type. For example, inflammation 
in liver regeneration and carcinogenesis is promoted by FHL2 [47], as well as IL-6 
expression in skeletal myoblasts. The latter study showed involvement of FHL2 in 
increased NFκB and p38 MAPK signaling. Similar as in the current study however, 
FHL2 inhibits inflammation in lung following bleomycin treatment [25]. Taken 
together, in airway inflammation FHL2 seems to aggravate disease by enhancing the 
production of Th2 cytokines and eotaxins.

Previous studies demonstrated that ERK activity is significantly higher in asthmatic 
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mice compared to control mice and that inhibition of ERK signaling markedly 
diminishes OVA-induced airway inflammation and asthma [20, 48]. ERK activation 
has been implicated in the induction of cytokine production from a variety of cell 
types including airway epithelial cells, dendritic cells, smooth muscle cells and 
T-cells [49-51]. Moreover, we and others showed that FHL2 binds and regulates 
ERK [29, 30]. As such, the observed reduction of Th2 cytokine levels in BALF and 
draining lymph nodes from OVA-challenged FHL2-KO mice may be due to the 
observed inhibition of the ERK signaling pathway in lung. 

In this study we demonstrated that FHL2 plays a pivotal role in regulating mucus 
hypersecretion in airway epithelium, which is an important pathophysiologic feature 
of allergic airway inflammation [16, 17]. OVA-challenged FHL2-KO mice displayed 
a dramatic reduction in mucus production with less goblet cell hyperplasia compared 
to WT counterparts. Previous reports suggest that the ERK pathway regulates mucus 
production through Muc5ac [39-41]. Given that FHL2 regulates ERK signalling, 
we hypothesized that FHL2 might modulate mucus secretion through regulation 
of Muc5ac. Indeed, gain of function studies in epithelial cells showed that FHL2 
promotes Muc5ac gene expression through enhanced activation of ERK1/2, whereas 
knockdown of FHL2 reduced Muc5ac expression. Taken together, the observed 
reduction in mucus production in FHL2-KO mice may be attributed to the substantial 
reduction in Muc5ac expression through inhibition of ERK activity. 

Based on our GWAS data in the DAG-cohort, no association was observed of FHL2 
with asthma; however, severity of the disease does show association with an intronic 
SNP in the FHL2 gene. Given that the p-value for the association of the FHL2 SNP 
with BHR is 0.02 and multiple SNPs were tested, we should be careful concluding 
that FHL2 is functionally involved in human asthma and further research is required. 
The functional effect of this SNP, or SNPs in LD with this SNP is not known, but 
does not seem to involve an effect on lung gene expression. 

In conclusion, our study demonstrates for the first time that FHL2 deficiency 
effectively decreased OVA-induced Th2 cytokine production, pulmonary 
eosinophilia, serum IgE and IgG1 levels, and mucus hypersecretion in a model of 
murine airway inflammation. Furthermore, the FHL2 SNP rs4851765 shows an 



association with BHR in human. Collectively, our data provide compelling evidence 
that FHL2 exacerbates airway inflammation and may be a novel marker to identify 
individuals at risk for asthma or alternatively, provide an innovative target to inhibit 
airway inflammation in patients with asthma. 
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Abstract
LIM-only protein FHL2 is associated with several immune and inflammatory diseases 
such as arthritis, Influenza A virus infection, and lung inflammation. However, the 
role of FHL2 in macrophage differentiation and in the development of granuloma 
formation is unknown. Here we show that expression of FHL2 is induced in bone 
marrow derived macrophages (BMM) following stimulation with M2 cytokines such 
as IL-4 and IL-10. FHL2-knockout (FHL2-KO) BMM exhibit a pro-inflammatory 
M1 phenotype after LPS treatment and display a reduced anti-inflammatory M2 
phenotype following IL-4 treatment. Furthermore, thioglycollate-induced migration 
of macrophages and B cells is enhanced in FHL2-KO mice. To evaluate the 
importance of FHL2 in the development of pulmonary granuloma formation, FHL2-
KO mice were challenged with Schistosoma mansoni (Sm) eggs. FHL2-KO mice 
show an enhanced number of granulomas  and display decreased expression of Th2 
markers and an exacerbated Th1 type of inflammation, characterized by enhanced 
expression of neutrophil markers and Th1 cytokines. Furthermore, the expression of 
barrier proteins is reduced in FHL2-KO lung compared to wild-type. Collectively, 
these data identify a previously unrecognized role for FHL2 in the pathogenesis of 
pulmonary granulomatous inflammation, partly through its effect on macrophage 
polarization, modulation of the Th1/Th2 balance  and regulation of permeability in 
lung. 
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Introduction

The helminth parasite, Schistosoma mansoni (Sm) causes some of the most 
debilitating and chronic diseases of mankind affecting more than 200 million 
people worldwide [1-3]. Schistosomiasis is a chronic disease which persists for 
years because of impaired ability to remove adult worms and the eggs that become 
trapped in the liver, lungs and intestine as well as inadequate repair of local cellular 
damage [4]. Infection by Sm involves distinct phases, including an initial T-helper 
(Th)1 response involving interferon-γ (IFN-γ) followed by a stronger Th2 response, 
reflected by excessive expression of Interleukin (IL)-4, IL-5 and IL-13, resulting in 
recruitment and activation of dendritic cells, eosinophils, Th2 cells and alternatively 
activated macrophages or M2 macrophages [3,5]. 

Macrophages are a heterogeneous population of immune cells playing a crucial role 
in the regulation of both innate and adaptive immune responses in inflammatory 
diseases, such as airway inflammation, inflammatory bowel disease and 
atherosclerosis [6]. Macrophage polarization is a key event in multiple chronic 
pulmonary diseases including schistosomasis and may help in regulation of tissue 
repair. Classical activation of macrophages (often indicated as M1) is induced by 
IFN-γ or LPS whereas alternatively activated M2 macrophages are elicited by IL-
4, IL-10 and IL-13 [7,8]. M1 macrophages are characterized by high expression 
of pro-inflammatory cytokines such as IL-12, TNFα and iNOS that are key to the 
progression of inflammation, whereas M2 macrophages inhibit the inflammatory 
response through production of molecules such as arginase 1 (Arg1), Ym1, mannose 
Receptor-2 (MRC2) and Fizz1. As macrophage behaviour is mainly coordinated by 
cytokines, the activation state of macrophages is largely dependent on the cytokines 
present in the extracellular milieu [7,8]. In schistosomasis, granulomas are usually 
associated with M2 macrophages, which may function in repair mechanisms. 

The LIM-only protein FHL2 belongs to the FHL protein family and consists of 
four and a half LIM domains, which contain double zinc finger structures that 
mediate protein-protein interactions [9-11]. FHL2 has been implicated in several 
immune and inflammatory diseases such as arthritis, Influenza A virus infection, 
vascular restenosis, and lung inflammation [10,12-14]. Furthermore, FHL2 plays 
a crucial role in a range of physiological and pathological processes, among which 



proliferation, migration, apoptosis, and inflammation [9-11]. As an adapter protein 
FHL2 interacts with numerous proteins and regulates signal transduction pathways 
in a cell and context-specific manner [9,15]. For transcription factors such as NFκB, 
androgen receptor (AR) and Nur77, FHL2 acts as a cofactor [9,11,15,16]. FHL2 
is highly expressed in heart and in vascular cells, including endothelial cells and 
smooth muscle cells, but is undetectable in monocytes and macrophages under 
basal conditions [15,17]. Although very limited data are available on FHL2 function 
in macrophages, a recent study showed that peritoneal macrophages from FHL2-
KO and wild-type (WT) mice displayed no changes in pro-inflammatory cytokine 
expression in response to LPS [12]. FHL2 is also involved in CCL19-induced 
dendritic cell  migration through regulation of sphingosine1-phosphate receptor 1 
[18]. Most recently, FHL2 has been implicated in hematopoiesis in bone-marrow 
cells regulating hematopoietic stem cell function under stress conditions [19]. 

In the current study, we stimulated bone marrow-derived macrophages (BMM) with 
IL-4 and IL-10 and found that FHL2 is highly upregulated during macrophage M2 
differentiation. In addition, FHL2 deficiency leads to upregulation of M1 macrophage 
markers and downregulation of M2 macrophage signature genes. Furthermore, 
FHL2-KO mice display enhanced migration of inflammatory cells in the peritoneal 
cavity compared to WT mice following injection of thioglycollate. Finally, using 
the Sm egg pulmonary granuloma model in mice, we studied the effect of FHL2 
deficiency on the formation of pulmonary granuloma. We found that the number of 
granulomas is significantly higher in FHL2-KO mice compared to WT counterparts. 
The Th1 response is enhanced in the lungs, whereas a decrease in Th2 response 
was observed in FHL2-KO mice. Furthermore, FHL2-KO mice display enhanced 
expression of neutrophil markers such as neutrophil elastase and myeloperoxidase 
in lungs. Finally, FHL2-KO lungs exhibit reduced expression of junctional proteins. 
Collectively, our results suggest that FHL2 plays a key role in Sm egg granuloma 
formation partly through its effects on macrophage polarization, modulation of the 
Th1/Th2 balance and regulation of permeability in the lung.

Results
FHL2 mRNA is induced following treatment with IL-4 and IL-10
We and others have shown that FHL2 mRNA is undetectable in quiescent and LPS-
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treated human and mouse macrophages [15,17]. In the present study, we investigated 
the expression of FHL2 in alternatively activated (M2) macrophages and found 
that FHL2 expression is significantly induced in cultured wild-type (WT) BMMs 
following stimulation with IL-4 and IL-10 (Fig.1). These data indicate that FHL2 
may play a role in the regulation of M2 polarization of macrophages.

Figure 1. FHL2 mRNA is induced in BMM following treatment with IL-4 and IL-10. 
BMM were polarized toward an M2 phenotype with IL-4 and IL-10. qRT-PCR was performed 
to assess mRNA expression of FHL2 at 6h and 24h of stimulation; the cDNA content of the 
samples was normalized by P0 expression levels. Values represent mean ± S.D (n=4). *, p ≤ 
0.05 by unpaired, two-tailed Student’s t-test.

FHL2 is crucial for the regulation of M1/M2 macrophage polarization 
Given the enhanced expression of FHL2 in M2 macrophages, we aimed to delineate 
the function of FHL2 in macrophage polarization. To study this, we polarized BMMs 
from WT and FHL2-KO mice toward the pro-inflammatory M1 phenotype with 
LPS or the alternative M2 phenotype with IL-4 and measured expression of well 
characterized M1 and M2 markers. We found that FHL2-KO macrophages exhibit 
enhanced mRNA expression of M1 markers including TNFα, MCP-1 and SDF-1α 
and protein expression of TNFα and MCP-1 (Fig. 2A-C). Of note, FHL2-KO BMM 
show enhanced expression of SDF-1α under basal conditions (Fig. 2A). However, 
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FHL2 deficiency did not affect the production of iNOS following LPS stimulation of 
BMM (data not shown). We next investigated the expression of M2 signature genes 
such as Mgl1, Ym1 and Arg1. In contrast with enhanced expression of M1 markers, 
FHL2-KO BMM express significantly reduced mRNA levels of Mgl1, Ym1 and 
Arg1 (Fig. 2D). In addition, FHL2-KO BMMs show decreased protein expression 
of IL-10 (Fig. 2E). Altogether, our data suggests that FHL2 plays a crucial role in 
the regulation of M1/M2 macrophage polarization.
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Figure 2. FHL2-KO macrophages exhibit an enhanced M1 pro-inflammatory phenotype 
and decreased M2 alternative activation. BMM were polarized toward an M1 phenotype 
with LPS and the M2 phenotype with IL-4. mRNA expression of M1 macrophage phenotype-
specific markers TNFα, MCP-1 and SDF-1α (A), and M2 macrophage phenotype-specific 
markers Mgl1, Ym1, and Arg-1 (D) were measured by qRT-PCR.  Protein expression of 
TNFα (B), MCP-1(C), and IL-10 (E) was measured in the supernatants of BMM stimulated 
with LPS or IL-4. Values represent mean ± S.D (n=4). *, p ≤ 0.05 by unpaired, two-tailed 
Student’s t-test.

FHL2 deficient mice displayed enhanced migration of inflammatory cells
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Having established that FHL2-KO BMM exhibit a pro-inflammatory phenotype, we 
next assessed whether FHL2 is involved in inflammatory cell migration in vivo. We 
injected thioglycollate in both WT and FHL2-KO mice, and measured the migration 
of circulating cells to the peritoneal cavity. In comparison with control mice, FHL2-
deficient mice showed enhanced migration of circulating cells to the peritoneal 
cavity (Fig. 3A). Therefore, we next analysed the cellular composition and found 
that there is a marked increase in migration of B-cells and macrophages in FHL2-KO 
mice compared to WT counter parts (Fig. 3B). Although there is a modest increase 
in T-cell migration in FHL2-KO, this did not reach statistical significance (Fig. 3B). 
Collectively, our data indicate that FHL2-KO mice exhibit an increased influx of 
inflammatory cells upon sterile peritonitis. 

Figure 3. FHL2-deficient mice displayed enhanced thioglycollate-induced cell migration. 
Migration of cells to the peritoneal cavity was induced by thioglycollate and FACS analysis 
was performed for cellular identification. The total number of migrated cells was determined 
(A) as well as the numbers of B-cells, T-cells, granulocytes, and macrophages (B). Values 
represent mean ± S.D (n=3). *, p ≤ 0.05 by unpaired, two-tailed Student’s t-test.

FHL2 regulates pulmonary granuloma formation
Because FHL2-KO macrophages exhibit a pro-inflammatory phenotype, and 
a decrease in M2 polarization, as well as increased migratory characteristics, we 
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rationalized that FHL2 may play a role in Sm egg induced pulmonary granuloma 
formation, a well-known model in which alternatively activated macrophages limit 
excessive pulmonary inflammation [20-23]. To test this hypothesis, we challenged 
both WT and FHL2-KO mice with eggs of helminth Sm. Four weeks after Sm-egg 
injection, enhanced pulmonary granulomatous inflammation was observed in egg-
injected WT mice compared to naïve WT mice (Fig. 4A-C). In comparison to WT 
mice, FHL2-KO mice exhibit a modest increase in the size of the granulomas (Fig. 
4A). Interestingly, the number of granulomas is significantly increased in FHL2-
KO mice compared to WT mice (Fig. 4B). As enhanced granuloma formation is 
associated with eosinophilia, we determined the number of eosinophils by MBP-
staining, however no difference in the number of eosinophils was observed between 
the two groups following egg injection (Fig. 4D). To characterize the type of 
granulomas formed in FHL2-KO mice, we assessed the presence of neutrophils, a 
known marker for type 1 inflammation. Interestingly, we observed that FHL2-KO 
mice have increased mRNA levels of the neutrophil-specific enzymes elastase and 
myeloperoxidase (MPO) compared to WT mice (Fig. 4E), suggesting that FHL2-KO 
mice developed type-1 pulmonary granulomas. 

FHL2 deficient mice exhibit reduced permeability

FHL2 has been implicated in cell permeability, partly through regulation of E-
cadherin and snail1 [24], and as we found FHL2-KO mice displayed increased 
number of granulomas, we investigated the role of FHL2 in tight and adherens 
junction formation in lungs (Fig. 4). We found that Sm-injected FHL2-deficient 
mice have reduced mRNA expression levels of occludin, ZO-1, VE-cadherin and 
claudin-5, but not claudin-10 compared to WT mice (Fig. 4F). These data indicate 
that FHL2 plays a role in cell permeability and may explain, at least partly, the 
increased number of granulomas in FHL2-KO mice. 

Enhanced Th1 and decreased Th2 cytokines and chemokines in FHL2-KO 
lungs
The histological examination of FHL2-KO mice  challenged with S. mansoni eggs 
suggested that this knockout mouse has a significant alteration in its lung cytokine 
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Figure 4. Granuloma formation in Sm egg injected FHL2-KO mice. WT and FHL2-KO 
mice were injected with Sm eggs. Four weeks after injection, the area per granuloma area 
was determined (A) and the number of granulomas per microscopic field of lung sections 
was measured (B). Representative photomicrographs of WT and FHL2-KO before and 
after Sm injection are shown (C). Lung sections from WT and FHL2-KO mice following 
Sm egg injection were stained for MBP to detect eosinophils and underwent morphometric 
analyses (D). qRT-PCR was performed on lung tissue to assess mRNA expression of MPO 
and neutrophil elastase as a measure of neutrophil infiltration (E). mRNA expression of tight 
and adherens junction proteins in lungs from WT and FHL2-KO mice following Sm egg 
injection was determined by qRT-PCR (E). Values represent mean ± S.D (n=8). *, p ≤ 0.05 
for FHL2-KO versus WT; #, p ≤ 0.05 for WT ctrl versus WT Sm egg. Comparisons between 
2 groups were done with unpaired, two-tailed Student’s t-test.
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Figure 5. Enhanced Th1 and decreased Th2 cytokines and chemokines in FHL2-KO 
lungs. Protein expression of IL-12p40 and MCP-1 was determined by ELISA in plasma from 
WT and FHL2-KO mice following Sm egg injection (A). qRT-PCR was performed to assess 
mRNA expression of Th-1 (B) and Th-2 (C) cytokines and chemokines in total lungs from 
WT and FHL2-KO mice following Sm egg injection. Values represent mean ± S.D (n=4). *, 
p ≤ 0.05 for FHL2-KO versus WT; #, p ≤ 0.05 for WT ctrl versus WT Sm egg. Comparisons 
between 2 groups were done with unpaired, two-tailed Student’s t-test.

and chemokine pattern. It has been shown that IL-4, IL-5, and IL-13 are highly 
expressed in Th2-skewed pulmonary granulomas, whereas IL-12 p40, MCP-1, 
IFNγ, and CXCL10 are characteristic for Th1-type pulmonary granulomas [25,26]. 
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We therefore examined these prototypical factors in the plasma and whole lungs 
of WT and FHL2-KO mice. We found that protein levels of IL-12p40 and MCP-1 
are significantly elevated in FHL2 deficient mice compared to WT mice after Sm-
egg injection (Fig. 5A). Consistent with this, mRNA expression of inflammatory 
cytokines and chemokines such as IL-12p40, MCP-1, IFNγ, iNOS and CXCL10 are 
significantly higher in whole lungs from FHL2-KO mice compared with WT mice 
(Fig. 5B). Of note, there is no significant increase in the expression of IFNγ following 
egg injection in WT mice compared to naive WT mice (Fig. 5B). Furthermore, F4/80 
expression is significantly higher in FHL2-KO mice compared to WT mice (Fig. 
5B). We next determined the expression pattern of characteristic Th2 markers such 
as IL-4, IL-5, and IL-13. In contrast to increased Th1 cytokine levels, FHL2-KO 
mice displayed a marked decrease in mRNA expression of IL-4, IL-5, and IL-13 
compared to WT mice. In addition and in line with the data on in vitro cultured 
macrophages (Fig. 2), mRNA expression of M2 markers including MRC2 and YM1 
is significantly lower in FHL2-deficient mice. Taken together, our data reveals that 
FHL2 plays a pivotal role in the formation of pulmonary granulomas following Sm 
egg injection, at least partly thorough modulation of the Th1/Th2 cytokine balance.

Discussion
The LIM-only protein FHL2 has been implicated in several immune and inflammatory 
diseases [10,12-14]; however, the function of FHL2 has never been studied in 
pulmonary granulomatous inflammation or in type 2 mediated inflammatory diseases. 
The present study is the first to provide insights into the role of FHL2 in macrophage 
polarisation and pulmonary granuloma formation in vivo. We demonstrated that 
expression of FHL2 is induced in BMM following treatment with IL-4 and IL-
10, which are cytokines that induce macrophage M2 polarization. We found that 
FHL2 actually plays a crucial role in macrophage polarization, thereby regulating 
the inflammatory response of these cells. We also showed that FHL2 deficiency 
results in more pulmonary granulomas, characterized by an exacerbated production 
of Th1 cytokines and decreased levels of Th2 cytokines in the murine model of Sm 
egg injection. These results suggest that FHL2 plays a role in granuloma formation 
resulting in modulation of the Th1/Th2 cytokine balance.

Macrophages are a heterogeneous population of immune cells that are instrumental 



in chronic inflammatory and infectious diseases [6]. FHL2 is not detectable in non-
stimulated monocytes and macrophages [15,17]. However, in the current study 
we found that FHL2 mRNA is significantly induced in BMM following treatment 
with IL-4 and IL-10, whereas no induction was observed upon treatment with LPS. 
This observation suggests that the potential involvement of FHL2 in macrophage 
M2 polarization plays a critical role in diseases such as pulmonary granulomatous 
inflammation and asthma.

Macrophages become functionally polarized in response to local cues and the type 
of polarization in the pulmonary environment is completely dependent on the Th1/
Th2 cytokine balance present [27,28]. For example, Th2 cytokines such as IL-4 
induce alternative activation of macrophages that limit inflammation and promote 
wound healing [27,28]. In this study, we show that FHL2-KO BMM exhibit reduced 
expression of characteristic alternative activation markers such as Arg1, Ym1 and 
Mgl1. A previous study demonstrated that FHL2-KO mice exhibit impaired wound 
healing, which was attributed to decreased cell migration and collagen contraction 
[29]. We propose that the abrogated macrophage M2 polarization in FHL2-KO 
mice also contributes to decreased wound healing, however, further research is 
necessary to investigate this in detail. Several studies demonstrated that FHL2 is 
associated with inflammation in multiple cell types, partly through regulation of the 
NFκB pathway in a cell-and context-dependent manner [12,14,17,30]. Upon LPS 
stimulation, FHL2-KO BMM show enhanced expression of pro-inflammatory or M1 
cytokines, which was unexpected, because FHL2 mRNA is not expressed in LPS-
treated BMM. These data suggest that FHL2 modulates the initial differentiation of 
BMM, rather than the direct LPS-response. We also observed enhanced migration 
of inflammatory cells including macrophages and B-cells to the peritoneal cavity of 
FHL2-KO mice following thioglycollate injection. In contrast to our findings, a recent 
study showed that FHL2-KO mice display no difference in expression of TNFα and 
IL-6 in peritoneal macrophages following stimulation with LPS [12]. This seeming 
discrepancy may be explained by the use of macrophages from distinct sources 
(peritoneal vs bone marrow), high/low LPS concentrations (1µg/ml vs 100 ng/ml) 
and the time of incubation (24h vs 8h). Collectively, our study revealed the crucial 
involvement of FHL2 in modulation of macrophage inflammatory responses. 
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Granulomatous inflammation is a tightly regulated chronic inflammatory process 
with characteristic pathological hallmarks including accumulation of macrophages, 
lymphocytes, neutrophils, eosinophils, mast cells and fibroblasts, and a pronounced 
T lymphocyte-mediated inflammatory response [3,5]. Both Th1 and Th2 cytokines 
play critical roles in the pathogenesis of pulmonary granulomatous inflammation 
[3,5]. The complete loss of FHL2 had a profound effect on the cytokine profile of the 
egg granulomatous response. Although we found that FHL2-KO mice displayed an 
increased number of granulomas, the cytokine profile in the lungs of FHL2-KO mice 
with Sm eggs was skewed more toward Th1 cytokines and chemokines compared 
to WT mice. FHL2 has been implicated in regulation of barrier function through 
modulation of E-cadherin and snail1 [24]. Interestingly, we found that FHL2-KO 
mice displayed reduced expression of several junctional proteins such as occludin, 
ZO-1, VE-cadherin, and claudin5. These data suggest that the enhanced number 
of granulomas found in FHL2-KO may be explained, at least partly, by a reduced 
barrier function. 

Granulomas are usually associated with M2 macrophages. A strongly reduced Th2 
response in egg-challenged FHL2-KO mice is the absence of M2 macrophages as 
evidenced by reduced expression of M2 macrophage markers such as MRC2 and 
Ym1. Increased levels of neutrophil elastase and MPO implicate increased neutrophil 
influx under these conditions. The elevated levels of pro-inflammatory cytokines 
and reduced levels of Th2 cytokines displayed in Sm-egg injected FHL2-KO mice 
suggest that FHL2 modulates the Th1/Th2 balance in granulomatous inflammation. 
Beyond a direct influence on balancing the production of Th1 and Th2 cytokines, 
FHL2 may also modulate recruitment and/or retention of immune and inflammatory 
cells at the site of infection or inflammation[13,14,29]. For example, FHL2-KO mice 
were shown to recruit monocytes through upregulated expression of CX3CL1 and 
CCL5 in a murine model of atherosclerosis. Furthermore, FHL2 has been implicated 
in CCL19-induced migration of bone marrow derived dendritic cells [18]. Thus, after 
exposure to Sm eggs, one may hypothesize that FHL2 acts on multiple inflammatory 
cells to simultaneously create conditions permissive to Th1 cell differentiation and 
to minimize Th2 effector cell recruitment or retention in the lungs, which warrants 
further research with cell-type specific depletion of FHL2.



In conclusion, our results show that FHL2 is induced in BMM following treatment 
with IL-4 and IL-10. We found that FHL2 deletion results in enhanced granuloma 
formation in the Sm egg-injected murine model, coinciding with a decreased Th2 
response and augmented Th1 cytokine production. Mechanistically, the loss of 
FHL2 caused a decrease in lung barrier function and enhanced neutrophil influx, 
suggesting a modulatory role for FHL2 in pulmonary granulomatous diseases such 
as Sm infection.
 
Materials and Methods
Animals 
FHL2-KO mice were generated by R. Bassel-Duby (University of Texas Southwestern 
Medical Center, Dallas, TX). FHL2-KO mice were bred onto a C57BL/6 background 
for >11 generations. Animal protocols were approved by an independent animal 
ethic committee of the Academic Medical Center, University of Amsterdam, The 
Netherlands and were carried out in compliance with guidelines issued by the 
Dutch government. All surgery was performed under midazolam and medetomidine 
hydrochloride anesthesia, and all animals were sacrificed under ketamine/xylazine 
anaesthesia. Every effort was made to minimize both the suffering of the animals 
and the number of animals utilized. 

In vitro murine macrophage culture 
Bone marrow cells were isolated from both femurs and tibiae of wild-type mice 
(C57BL/6) and FHL2-KO mice (n=4). Cells were cultured in RPMI-1640 (GIBCO 
Invitrogen) supplemented with penicillin/streptomycin (GIBCO Invitrogen), 10% 
fetal calf serum (FCS; GIBCO Invitrogen) and 15% L929 conditioned medium 
(LCM) for 8 days to generate bone marrow-derived macrophages (BMM). BMM 
were seeded at a density of 1.5x105 cells/cm2 and were polarized towards a pro-
inflammatory (M1) phenotype using 100ng/ml LPS (Sigma) or were alternatively 
(M2) activated using 50ng/ml interleukin (IL)-4 or IL-10 (R&D Systems). The cells 
were stimulated for different time periods as indicated. Medium was harvested, 
centrifuged and the supernatant was stored at -80o C. This experiment was repeated 
2-3 times in triplicate.

RNA Extraction and quantitative RT-PCR



199

Chapter 

7

Semi-quantitative RT-PCR (qRT-PCR) was performed as described previously 
[10,15]. Briefly, total RNA was harvested from cells using the Total RNA mini 
kit (Bio-Rad) and from tissues using Trizol reagent (Invitrogen) according to the 
manufacturer’s instructions. cDNA was made using the iScript cDNA synthesis 
kit (Bio-Rad). Real-time reverse transcription PCR was performed using the MyIQ 
system (Bio-Rad) and the primer sequences are described in Supplemental Table 
1. Acidic ribosomal phosphoprotein P0 was determined as an internal control for 
cDNA content of the samples. 

Cytokine measurements by ELISA 
Protein levels of monocyte chemotactic protein-1 (MCP-1), tumor necrosis factor 
α (TNFα), IL-12p40, and IL-10 were measured in cell supernatants using the 
Cytometric Bead Array Mouse Inflammation Kit (BD Biosciences) according to the 
manufacturer’s instructions. 

Thioglycollate-induced cell migration 
Female wild-type and FHL2-KO mice (n=3) were injected intraperitoneally with 
1ml 4% (w/v) sterile thioglycollate medium. Four days post-injection, peritoneal 
cells were collected by injecting 10ml of ice cold PBS into the peritoneal cavity and 
retracting the PBS into the peritoneal cavity and retracting the PBS together with the 
cells. The cells were labelled for FACS analysis. Briefly, cells were resuspended in 
FACS-buffer (1% FCS and 0.1% sodium azide in PBS) and FC receptors were blocked 
with an antibody against CD32 and CD16 (BD Pharmingen). After washing the cells 
with FACS-buffer, they were incubated for 30 minutes with antibodies against B-
cells (CD19-PE), T-cells (CD3-APC), granulocytes (Ly6G-FITC), and macrophages 
(F4/80-FITC) (eBioscience). Unlabeled cells were used for cell counting. 

S. Mansoni egg pulmonary granuloma model
S. mansoni eggs isolated aseptically from livers of infected hamsters were used to 
induce pulmonary granulomas [31].  Female mice (n=8) aged 8 weeks were injected 
with 5000 eggs intravenously. After 4 weeks mice were sacrificed and lung tissue 
was taken for histology and RNA extraction. We noted no mortalities in any group 
up to the point of sacrifice.



Immunohistochemistry 
Lungs were fixed in 4% paraformaldehyde, paraffin-embedded, sectioned, and 
stained in hematoxylin and eosin (H&E). Images of all granulomas present in one 
section from each mouse were
captured, and the size of each granuloma was measured using Leica QWin V3 
software. Average granuloma size per mouse was determined, and then the average 
per genotype was determined. The number of granulomas present in one microscopic 
field was determined from each mouse. Eosinophils were quantified in lung tissue 
after staining with an Ab against major basic protein (MBP; provided by Dr Nancy 
Lee and Professor James Lee, Mayo Clinic Arizona, Scottsdale, AZ, USA). 

Statistical analysis
All statistical analyses were carried out with GraphPad Prism software (GraphPad 
Software, San Diego, Calif). Comparisons between 2 groups were done with the 
Student t test for unpaired variables. Data are reported as mean±SD. P values <0.05 
were considered as statistically significant.   
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Abstract

The LIM-only protein FHL2, also known as DRAL or SLIM3, has a function in fine-tuning multiple physiological processes.
FHL2 is expressed in the vessel wall in smooth muscle cells (SMCs) and endothelial cells and conflicting data have been
reported on the regulatory function of FHL2 in SMC phenotype transition. At present the function of FHL2 in SMCs in
vascular injury is unknown. Therefore, we studied the role of FHL2 in SMC-rich lesion formation. In response to carotid artery
ligation FHL2-deficient (FHL2-KO) mice showed accelerated lesion formation with enhanced Ki67 expression compared with
wild-type (WT)-mice. Consistent with these findings, cultured SMCs from FHL2-KO mice showed increased proliferation
through enhanced phosphorylation of extracellular-regulated kinase-1/2 (ERK1/2) and induction of CyclinD1 expression.
Overexpression of FHL2 in SMCs inhibited CyclinD1 expression and CyclinD1-knockdown blocked the enhanced
proliferation of FHL2-KO SMCs. We also observed increased CyclinD1 promoter activity in FHL2-KO SMCs, which was
reduced upon ERK1/2 inhibition. Furthermore, FHL2-KO SMCs showed enhanced migration compared with WT SMCs. In
conclusion, FHL2 deficiency in mice results in exacerbated SMC-rich lesion formation involving increased proliferation and
migration of SMCs via enhanced activation of the ERK1/2-CyclinD1 signaling pathway.
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Introduction

Vascular smooth muscle cells (SMCs) provide the vessel wall

structural integrity and the capacity to modulate blood supply

through vasodilatation and vasoconstriction. Arteries comprise

multiple layers of SMCs that are organized in the so called media

of the vessel wall, which is at the luminal side of covered by a single

layer of endothelial cells. In vascular diseases such as atheroscle-

rosis and (in-stent) restenosis after percutaneous coronary inter-

ventions, smooth muscle cells (SMCs) play a crucial role [1]. SMCs

undergo a phenotypic switch upon activation and are often

referred to as ‘synthetic or activated SMCs’ in contrast to ‘normal’,

quiescent SMCs that exhibit the contractile phenotype [1,2].

Synthetic SMCs show enhanced proliferation and migration and

are pro-inflammatory. Furthermore, these activated SMCs syn-

thesize excessive amounts of extracellular matrix, whereas

expression of SMC-specific marker genes is reduced [1,3–5].

SMC proliferation and migration is known to contribute to the

development of vascular restenosis [3,6–8].

The LIM-only protein FHL2/DRAL/SLIM3 (Four and Half

LIM domain protein 2) is a member of the FHL protein family.

FHL2 is known to interact with a number of proteins, and

functions as a crucial coactivator or corepressor of the interacting

partners. The strength and activating or antagonizing function of

FHL2 strongly depends on the cell-type and cellular context in

which FHL2 interacts with other proteins [9,10]. FHL2 modulates

the activity of transcription factors, such as the androgen receptor

(AR), NF-kB, cAMP-responsive element binding protein (CREB)

and Nur77, in a range of physiological and pathological processes,

among which proliferation, migration, differentiation and apop-

tosis [9,11–13]. FHL2 is highly expressed in heart and skeletal

muscle as well as in vascular cells, including SMCs, but also at low

levels of expression in other cell types and tissues [9,11,12,14].

Although FHL2-deficient mice maintain normal cardiac function

they display cardiac hypertrophy in response to b-adrenergic
stimulation [15]. FHL2 has been described to prevent extracellular

signal-regulated kinase (ERK)-induced cardiac hypertrophy

through binding and inhibiting ERK in cardiomyocytes [13]. As

a serum-response factor (SRF) target gene, FHL2 antagonizes

RhoA and bone morphogenetic protein (BMP) signaling pathway-

mediated induction of SMC differentiation markers such as

smooth muscle a-actin (SM a-actin), calponin and SM22-a
[10,12]. In contrast with these data, FHL2 has been described

to enhance protein stability of myocardin-like proteins resulting in

enhanced SMC marker genes [16]. Deletion of FHL2 has been

associated with resistance to atherogenesis, possibly via regulation



of its function in endothelial cells [17]. Restenosis and in-stent

restenosis after angioplastic intervention in man is characterized

by excessive SMC proliferation and may be considered a typical

SMC pathology.

The function of FHL2 in vascular repair during restenosis has

not been studied and based on the reported functions of FHL2 in

SMC gene expression in cultured cells the outcome of in vivo injury
studies was unpredictable. In the current study, we show to best of

our knowledge for the first time that FHL2 deficiency in mice

results in enhanced SMC-rich lesion formation following vascular

injury by carotid artery ligation. The underlying cause involves

increased proliferation and migration of vascular SMCs deficient

for FHL2, showing enhanced ERK1/2 activation and CyclinD1

expression. Based on our data, we propose that the intricate

regulatory function of FHL2 in the complex phenotypic changes of

SMCs upon vascular injury contributes to inhibition of vascular

lesion formation.

Materials and Methods

Animals and Ethics statement
All experiments were approved by an independent animal ethic

committee of the Amsterdam Medical Center, University of

Amsterdam, The Netherlands (permit number DBC102226) and

were carried out in compliance with guidelines issued by the

Dutch government. All animals were cared for and maintained

under the strict supervision and guidelines of the animal ethic

committee. All surgery was performed under midazolam and

medetomidine hydrochloride anesthesia, and all animals were

sacrificed under ketamine/xylazine anaesthesia. Every effort was

made to minimize both the suffering of the animals and the

number of animals utilized. FHL2-deficient mice were generated

by R. Bassel-Duby (University of Texas Southwestern Medical

Center, Dallas, TX). FHL2-KO mice were bred onto a C57BL/6

background for .11 generations.

Left carotid artery ligation
Mouse carotid artery ligation was performed as previously

described [18]. Briefly, the left common carotid artery of 12–13

weeks old male wild-type and FHL2-KO mice was ligated just

proximal to the carotid bifurcation. Before surgery, mice were

anaesthetized with an intra-peritoneal injection of a mixed solution

of 5 mg/kg midazolam (Dormicum, Roche), 0.5 mg/kg medeto-

midine hydrochloride (Domitor, Pfizer) and 0.05 mg/kg fentanyl

(Bipharma). The right carotid artery served as an uninjured

contralateral control. Mice were sacrificed at 0, 1, 2, and 4 weeks

after carotid ligation (n= 7 for 1 and 2 weeks and n= 14 for 4

weeks). Prior to sacrifice, the body weight of all mice was measured

followed by anaesthesia by intra-peritoneal injection with 80 mg/

kg ketamine (Nimatek; Eurovet) and 5 mg/kg xylazine (Sedamun,

Eurovet) and perfused with saline. The left and right carotid

arteries were placed in Trizol (Invitrogen) for RNA isolation or

embedded in paraffin for histological analysis. Morphometric

analysis was performed on at least 5 sections per mouse at a fixed

position proximal from the ligation site; 1 week at 1.7 mm, 2

weeks ligation at 2.0 mm and 4 weeks at 2.3 mm.

Immunohistochemistry
Paraffin sections were deparaffinized and rehydrated. Hema-

toxylin/Eosin (HE) and Lawson stainings for measuring neointima

formation were performed as described previously [19]. Prolifer-

ating cells were detected with an antibody against Ki67, antigen

retrieval was performed at pH 6.0 and sections were blocked with

Ultra-V-block (Thermo Scientific). The first antibody was

incubated overnight at 4uC followed by an HRP-conjugated

secondary goat anti-rabbit antibody. DAB substrate was used for

detection. After counterstaining with hematoxylin all the sections

were embedded in pertex (HistoLab). Neointimal area was

quantified using Leica QWin V3 software.

Preparation of mouse aortic SMCs
Mouse aortas were harvested and aortic SMCs were prepared

as described previously [20]. Briefly, aortas were harvested from

8–12 weeks old mice, perivascular fat was removed and aortas

were digested in 1 g/L collagenase II (Sigma C), 0.25 g/L elastase

(Sigma), 1% penicillin/streptomycin (PAA Laboratories GmbH),

and 1 g/L soybean trypsin inhibitor (Sigma) in Hank’s Balanced

Salt Solution (Gibco) for 20 minutes at 37uC. Following digestion

the adventitia was carefully removed and the intimal surface was

gently scraped with fine forceps. Aortas were cut into ,0.5 mm

pieces and placed in enzyme solution again for 1 hour. Disaggre-

gated medial SMCs were then grown and maintained in DMEM/

F12 medium [Gibco] containing 20% fetal calf serum [Gibco] and

1% penicillin/streptomycin). For some experiments as described,

SMCs were switched to serum-free medium (DMEM/F12, 1%

penicillin/streptomycin). All in vitro experiments were performed in

at least three different SMC isolations, which were maximally used

up to passage no. 8.

BrdU Incorporation Assay
Cultured aortic SMCs were seeded in 96-well plates at a density

of 36103 cells/well and incubated overnight in full medium. The

cells were made quiescent by incubation in medium without FCS

for 48 h, then FCS (20% v/v) was added and incubated for

another 24 h. DNA synthesis was measured by the BrdU

incorporation assay (Roche) according to the manufacturer’s

instructions. Briefly, the cells were incubated with BrdU for 16 h,

fixed, and incubated with conjugated anti-BrdU antibody, and

finally colorimetric analysis was performed with an ELISA plate

reader. Each experiment (in quadruplicate) was repeated at least

four times. Cells were pre-treated for overnight with PD98059 (an

ERK1/2 inhibitor, Sigma) at a final concentration of 25 mM.

Western blot analysis
SMCs were lysed in RIPA buffer with protease inhibitor

cocktail (Sigma). The cell lysates were separated by SDS-PAGE

and transferred onto PVDF membranes (Millipore). After protein

transfer, membranes were blocked with Odyssey blocking buffer

(LI-COR) and incubated with the appropriate primary antibodies

and fluorescently conjugated secondary antibodies, followed by

scanning using the Odyssey Infrared Imaging System (Licor

Biosciences). Antibodies applied in this study were alpha-tubulin

(Cedarlane laboratories), anti-ERK1/2 (Santa Cruz), and anti-

pERK1/2 (Santa Cruz).

Generation of lentiviral particles and infection
Recombinant lentiviral particles encoding FHL2, shRNAs

targeting CyclinD1 and shRNAs targeting FHL2 were produced,

concentrated, and titrated as described previously [11]. Two

different mouse shRNAs that target different regions in the

CyclinD1 mRNA (shCyclinD1 #1 target sequence: CTTTCTT-

TCCAGAGTCATCAA and shCyclinD1 #2 target sequence:

CCCTGACACCAATCTCCTCAA) and in the FHL2 mRNA

(shFHL2 #1 target sequence: GATGGGAAGATGGTTTGGA-

AT and shFHL2 #2 target sequence: CTGTGACTTGTACG-

CTAAGAA) were used for generation of lentiviruses. Cultured

aortic SMCs were infected with recombinant lentivirus for 24 h
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after which the medium was refreshed and the cells were cultured

for another 24 h. After this incubation period, cells were serum

starved for another 36 h before harvesting. Transduction efficien-

cy was determined by immunofluorescence and qRT-PCR.

RNA Extraction and quantitative RT-PCR
Total RNA was harvested from cells using the Total RNA mini

kit (Bio-Rad) or Trizol reagent (Invitrogen) according to the

manufacturer’s instructions. cDNA was made using the iScript

cDNA synthesis kit (Bio-Rad). Real-time reverse transcription

PCR was performed using the MyIQ system (Bio-Rad) and the

following primers: CyclinD1 forw: 59-GGCCACTGAGGAGGA-

GGGGG-39, CyclinD1 rev: 59-TCCCCAAGGGGGACGTCG-

TC-39, Ki67 forw: 59-CAGTACTCGGAATGCAGCAA-39,
Ki67 rev: CAGTCTTCAGGGGCTCTGTC-39, PCNA forw:

59-AATGGGGTGAAGTTTTCTGC-39, PCNA rev: 59-CAGT-

GGAGTGGCTTTTGTGA-39. Cells were pre-treated overnight

with PD98059 at a final concentration of 25 mM. Acidic ribosomal

phosphoprotein P0 was determined as an internal control for

cDNA content of the samples (P0 forw: 59-GGACCCGAGAA-

GACCTCCTT-39, P0 rev: 59-GCACATCACTCAGAATTT-

CAATGG-39).

In vitro scratch-wound assays
Cultured aortic SMCs were seeded in 6-well plates in DMEM/

F12 medium containing 20% FCS. After 16 h, confluent cells

were serum starved for 48 h and scratched with a 100 ml pipette
tip. The cells were stimulated with 25 ng/ml of PDGF-BB

(TEBU-BIO) and the medium in the wells was layered with

mineral oil (Sigma M3516) to prevent evaporation. Cell migration

was assayed during 48 h after scratching and stimulation with

PDGF-BB. Six areas were chosen randomly for taking images

every 10 min under a Leica live-cell microscope (DMIRBE) and

the relative closure distance was measured. Images were captured

with a digital camera (Apogee) and movies were generated.

Quantification was made using custom-made software. Each

experiment (in duplicate) was repeated at least three times.

In vitro migration assay using trans-well chambers
SMC migration was evaluated in a trans-well chamber

according to the method by Goncharova et al. with modification

[21]. Briefly, confluent cells were serum starved for 48 h, washed

with PBS, and then detached by trypsin. Cells were labeled

fluorescently using the CellTrace CFSE Cell Proliferation Kit

(Molecular Probes, Invitrogen). Cells were plated at a density of

26105 cells/well in 24-well trans-well plates (8-mm pore size; BD

Falcon) in serum-free DMEM/F12 medium and serum-free

medium was also added to the lower chamber. Cells were allowed

to migrate for 3 h under 5% CO2 and 21% O2 in a humidified

incubator at 37uC and fluorescence was measured using a cell-

based fast kinetic microplate reader (NOVOstar, BMG-labtech).

Each condition was repeated in triplicate.

Luciferase reporter assays
Transient transfection and reporter assays were carried out in

serum starved SMCs with the indicated reporter plasmids using

Fugene6 transfection reagent (Roche) according to the manufac-

turer’s protocol. The level of promoter activity was evaluated by

measurement of firefly luciferase activity. pRL-TK Renilla

reporter plasmid (Promega) was co-transfected as an internal

control. Luciferase activity was measured by using the Dual

Luciferase Assay System and Glomax Multi detection system as

described by the manufacturer (Promega). pGL3-CyclinD1

reporter vector was a kind gift from Dr. J J Molenaar (Academic

Medical Center, University of Amsterdam, Amsterdam, The

Netherlands) and has been described [22]. To increase basal

CyclinD1, serum-starved SMCs were stimulated with FCS. Cells

were pre-treated overnight with PD98059 at a final concentration

of 25 mM. A minimum of three independent transfections were

performed and all assays were repeated at least three times.

Statistical analysis
Data are reported as mean6SD unless otherwise specified.

Results were analyzed with the unpaired Student’s t-test. P values

,0.05 were considered as statistically significant.

Results

Deficiency of FHL2 exacerbates vascular lesion formation
in vivo
FHL2 has been associated with SMC proliferation and

differentiation, however, in cultured cells conflicting data are

available on its function in SMC phenotype modulation [9–12].

Therefore, we sought to determine whether FHL2 is functionally

involved in SMC-rich lesion formation in vivo and performed

carotid artery ligations in WT and FHL2-KO mice. Both at the

onset of the experiment and 4 weeks after ligation the white blood

cell counts were similar in WT and FHL2-KO mice (Figures S1A–

B). Vascular lesions in the ligated carotid arteries were analyzed

after 1, 2 and 4 weeks. Quantitative morphometry revealed

significantly more lesion area (neointimal area) and an increased

neointima/media ratio after 1, 2 and 4 weeks in FHL2-KO mice

(Fig. 1A–F). Based on these data, we concluded that endogenous

FHL2 suppresses vascular intima formation after injury of the

carotid artery.

FHL2 deficiency promotes lesion formation via enhanced
cell proliferation in vivo.
In line with the original description of this injury model

immunohistochemical staining for SM a-actin revealed that SMCs

were the predominant cell type in the neointimal area after carotid

artery ligation regardless of the genotype, whereas only limited

numbers of macrophages were present (data not shown) [18]. To

test for enhanced SMC proliferation as a cause for the increased

neointima formation in FHL2-KO mice, we stained sections for

Ki67 at 1, 2 and 4 weeks after ligation. Most Ki67-positive cells

were present after 1 and 2 weeks of ligation. Injured vessels of

FHL2-KO mice contained a higher number of Ki67-positive cells

compared with those of WT mice after 1 and 2 weeks of ligation

(Figs. 2A). In addition, we determined mRNA expression of Ki67

and PCNA in the ligated vessels from WT and FHL2-KO mice.

We found that expression of both Ki67 and PCNA mRNA was

significantly higher in FHL2-KO compared to WT at 1 and 2

weeks after ligation (Figs. 2B–C). These findings support the

observation that enhanced SMC proliferation in FHL2-KO mice

promotes neointima formation after carotid artery ligation.

FHL2 deficiency enhances SMC proliferation involving
ERK1/2 and CyclinD1
Since we observed increased SMC proliferation in the lesions of

FHL2-KO mice compared to lesions from WT mice, we

investigated the role of FHL2 in proliferation of cultured aortic

SMCs from WT and FHL2-KO mice. FHL2-KO SMCs exhibited

increased cell proliferation in response to serum stimulation

compared with WT SMCs, as demonstrated by higher BrdU

incorporation (Fig. 3A) and increased numbers of cells (Fig. 3B).



Previous studies showed that SMC proliferation and migration are

controlled by MAPK signaling pathways and that FHL2 interacts

with ERK2 [11,13]. To demonstrate that FHL2 and ERK1/2

indeed interact in SMCs, we performed co-immunoprecipitation

(co-IP) experiments. We found that FHL2 interacts with ERK1/2

in WT SMCs. As a control, we have also included FHL2-KO

SMCs (Fig. S2). Next, we evaluated the activation of ERK1/2 in

WT and FHL2-KO SMCs. FHL2-KO SMCs showed increased

phosphorylation of ERK1/2 for a prolonged period of time up to

30 min, whereas ERK1/2 phosphorylation in WT SMCs was

lower and more transient with optimal phosphorylation at 2–

5 min (Fig. 3C–D). Consistent with this observation, pre-treatment

of SMCs with PD98059, an ERK1/2 inhibitor, resulted in

decreased proliferation of FHL2-KO SMCs compared with

untreated cells (Fig. 3A–B). In addition, we show that overexpres-

sion of FHL2 using lentivirus decreases phosphorylation of

ERK1/2 in FHL2 KO SMCs (Fig. 3C–D). The transduction

efficiency of FHL2 lentivirus in WT and FHL2-KO SMCs was

analyzed by qRT-PCR (Fig. S3). To further substantiate these in

vitro findings, we also performed immunohistochemical stainings

for phospho- ERK1/2 on the ligated vessels from WT and FHL2-

KO. We show that phospho-ERK1/2 activation is increased in

lesions from FHL2-KO compared to lesions from WT mice (Fig.

S4). Taken together, these data indicate that the enhanced

proliferation in FHL2-KO SMCs is regulated, at least partly,

through enhanced activation of ERK1/2.

Several lines of evidence implicated a role of FHL2 in the

control of cell proliferation. Although there is no direct DNA

binding capacity shown for FHL2, it has been demonstrated that

FHL2 associates, most likely indirectly, with the CyclinD1

promoter and regulates its transcription in a cell-type dependent

manner [23]. The expression of CyclinD1 mRNA was 2.5 fold

higher in FHL2-KO SMCs than in WT SMCs (Fig. 4A).

Furthermore, FHL2 overexpression in SMCs decreased CyclinD1

expression both in WT and FHL2-KO SMCs (Fig. 4A). To

explore whether enhanced CyclinD1 expression is responsible for

the increased proliferation observed in FHL2-KO SMCs, we

performed BrdU incorporation assays after knock-down of

CyclinD1. The knock-down efficiency of CyclinD1 as analyzed

by qRT-PCR was 75–80% (Fig. S5A). Indeed, the enhanced cell

proliferation of FHL2-KO SMCs was significantly reduced after

knock-down of CyclinD1 by two different shRNA sequences

(Fig. 4B). We also assessed CyclinD1 protein expression on the

ligated vessels from WT and FHL2-KO, which show enhanced

CyclinD1 expression in lesions from FHL2-KO compared to

lesions from WT mice (Fig. S4). Consistent with these data, the

luciferase activity of a CyclinD1 promoter luciferase-reporter was

increased in FHL2-KO SMCs (Fig. 4C). Since the ERK1/2

pathway has been demonstrated to regulate CyclinD1 transcrip-

tional activity in different cell types including SMCs, we

investigated CyclinD1 promoter activity after pretreatment with

PD98059. CyclinD1 promoter activity was reduced in FHL2-KO

SMCs after pretreatment with PD98059. Collectively, these results

imply that FHL2 affects SMC proliferation through enhanced

activation of the ERK1/2-CyclinD1 signaling pathway.

Figure. 1. Deficiency of FHL2 accelerates neointima formation after carotid artery ligation. A, C and E; Representative cross sections of
hematoxylin/eosin-stained carotid arteries from WT and FHL2-KO mice ligated for 1 (A), 2 (C) and 4 weeks (E). B, D and F; Quantitative analysis of
neointima/media ratio and neointimal area in histological sections from WT and FHL2-KO mice ligated for 1 (B), 2 (D) and 4 weeks (F), revealed
increased lesion formation in FHL2-KO mice. n = 7 for 1 and 2 weeks and n= 14 for 4 weeks. Three consecutive sections per mouse at each location
were employed in the analysis. Lesions were characterized at 1.7, 2.0 and 2.3 mm from the reference point at 1, 2 and 4 weeks, respectively. Values
are mean6SEM. *P,0.05 for FHL2-KO versus WT mice.
doi:10.1371/journal.pone.0094931.g001
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Enhanced migration of FHL2-deficient SMCs in vitro
SMC migration is an important component of neointima

formation and vascular remodeling [4,8]. Results of previous

studies in multiple cell culture systems have shown that FHL2

plays a vital role in cell migration [24,25]. To explore the potential

function of FHL2 in SMC migration, in vitro scratch wound assays

were performed. Serum-starved WT and FHL2-KO SMCs were

observed for migratory speed using time-lapse video microscopy.

FHL2-KO SMCs migrated significantly faster into the scratch

area in the given time period than WT SMCs, indicating that

FHL2 deficiency increases the PDGF-induced migration rate of

SMCs (Figs. 5A–B; see Videos S1–2). To further substantiate these

results, we performed trans-well assays to measure SMC migration

in serum-starved SMCs. In line with the scratch wound assays,

FHL2-KO SMCs migrated significantly faster than WT SMCs

(Fig. 5C). Since the ERK1/2 pathway has been shown to be

important for cell migration, we tested SMC migration after

pretreatment with PD98059. Indeed, migration of FHL2-KO

SMCs was significantly reduced after treatment with PD98059

compared to control (Fig. 5C). To assess whether deletion of FHL2

in adult SMCs also affects cell migration, we performed knock-

down experiments. The knock-down efficiency of FHL2 was

analyzed by qRT-PCR (Fig. S5B). Knock-down of FHL2 in adult

WT SMCs using shRNA also showed significant increase in SMC

migration (Fig. 5D). Taken together, FHL2-deficient SMCs

migrate faster than WT SMCs, involving activation of the

ERK1/2 pathway. In Fig. 5E, we summarized our data in a

schematic representation.

Discussion

Restenosis is still one of the major limitations of angioplasty

interventions in coronary arteries in spite of the development of

drug-eluting stents. In-stent restenotic lesions are composed

predominantly of proliferating SMCs with some infiltrated

inflammatory cells [26,27]. To study the underlying mechanism

of this disease, we employed the mouse carotid artery ligation

model, which involves endothelial cell activation, an inflammatory

response in the vessel wall as well as migration and proliferation of

SMCs [6,18]. In the present study, we demonstrate that FHL2

deficiency exacerbates SMC-rich lesion formation through acti-

vation of these underlying processes in response to vascular injury.

SMCs deficient for FHL2 showed a strong intrinsic induction of

cellular proliferation and migration in culture. Furthermore, we

observed enhanced activation of ERK1/2 and increased CyclinD1

expression in FHL2-KO SMCs, which promote SMC prolifera-

tion and migration.

Recently, it has been reported that deficiency of FHL2 may

inhibit atherosclerosis after a cholesterol-enriched diet [17]. In that

specific study vascular lesion formation was monitored in regular

C57BL/6 mice, which develop very small atherosclerotic lesions

Figure. 2. FHL2 deficiency enhances cell proliferation in vivo. A, To assess the extent of proliferation in the vascular lesions, representative
sections of injured carotid arteries from WT and FHL2-KO mice ligated for 1, 2 and 4 weeks were immunostained for Ki67. n = 7 for 1 and 2 weeks and
n= 14 for 4 weeks. B–C, qRT-PCR was performed to assess mRNA expression of Ki67 (B) and PCNA (C) in the ligated vessels from WT and FHL2-KO
mice for the indicated time periods. Data are means6SD. *P,0.05 for FHL2-KO versus WT mice.
doi:10.1371/journal.pone.0094931.g002



Figure. 3. FHL2 deficiency enhances SMC proliferation via activation of ERK1/2. A, Serum-starved SMCs were stimulated with or without
FCS and treated with or without PD98059 (ERK1/2 inhibitor, 25mM). Cells were pulse-labeled with BrdU to measure DNA synthesis. B, SMCs from WT
and FHL2-KO were seeded at equal density. 1 day after seeding, cells were treated with or without PD98059 and cells were counted manually. C–D,
Western blot analysis (C) and quantification (D) for pERK1/2 in serum-starved SMCs after overexpression with or with out FHL2 followed by FCS
stimulation for the indicated time periods, showing enhanced and prolonged activation of ERK1/2 in FHL2-defeicient SMCs and reduced activation of
ERK1/2 in FHL2-KO SMCs after overexpression of FHL2. Data represent means6SD. *P,0.05 for FHL2-KO versus WT.
doi:10.1371/journal.pone.0094931.g003

Figure. 4. FHL2 regulates cell proliferation via modulation of CycinD1 expression. A, SMCs were transduced with lentiviral particles
encoding FHL2 and assayed for CyclinD1 mRNA expression, showing that FHL2 inhibits its expression. B, Serum-starved WT SMCs were transduced
with lentiviral particles encoding shCtrl, shCyclinD1 #1 and shCyclinD1 #2 and were pulse-labeled with BrdU to measure DNA synthesis. C, The
CyclinD1 promoter-reporter plasmid showed higher induction in FHL2-KO SMCs stimulated with FCS than in WT SMCs. The ERK1/2 inhibitor PD98059
partly reduces this induction. Data represent means6SD. *P,0.05 for FHL2-KO versus WT.
doi:10.1371/journal.pone.0094931.g004
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that were visualized by electron microscopy and were shown to be

composed predominantly of macrophages. The discrepancy with

our study underscores the difference between these models of

arterial disease, resulting in lesions composed of predominantly

SMCs or inflammatory cells.

We and others have demonstrated that FHL2 is expressed in

endothelial cells, but not in macrophages [11]. In endothelial cells,

FHL2 has been shown to interact with sphingosine kinase-1,

resulting in suppression of the VEGF signal transduction pathway

and thus inhibition of angiogenesis [28]. In contrast, deficiency of

FHL2 was also shown to impair angiogenesis in the aortic-ring

culture assay [29]. In the current study we did not incorporate

analyses to further delineate the contribution of FHL2-deficiency

Figure. 5. FHL2-KO SMCs migrate faster. A, A scratch was made in a confluent layer of serum-starved SMCs that were stimulated with PDGF
(20 ng/ml). Images were captured every 10 min using a live cell microscope and representative images at 0, 16 and 32 h are shown. Movies of the
movement are in the online supplement. B, Quantitative analysis of SMC migration in the scratch wound assay showing that FHL2-KO SMCs migrated
1.8 fold faster than WT SMCs. C, SMCs were treated with or without PD98059 and cell migration was evaluated using a trans-well assay. Cells were
labeled with a fluorescent dye and seeded in the upper chamber. Cell migration was measured as fluorescence after 3 h. D, SMC migration was
evaluated using a trans-well assay after knock-down of FHL2 using lentiviral particles encoding shCtrl, shFHL2#1 and shFHL2#2 in WT SMCs. Cell
migration was measured as fluorescence after 3 h. Data represent means6SD. *P,0.05 for shCtrl versus shFHL2. E, Schematic representation of FHL2
function in the modulation of SMC-rich lesion formation. FHL2 modulates SMC-rich lesion formation by inhibiting proliferation and migration of SMCs
via the ERK1/2-CyclinD1signaling pathway.
doi:10.1371/journal.pone.0094931.g005



in endothelial cells during carotid artery ligation-induced lesion

formation, which may require further studies.

The function of FHL2 in cellular proliferation and migration

has so far been shown to be extremely cell-type dependent.

Overexpression of FHL2 inhibits the growth of colon and liver

cancer cell lines, whereas an opposite, growth-accelerating

function has been associated with FHL2 based on experiments

with fibroblasts of FHL2-KO mice [23,30,31]. Similarly, the

migration of bone-marrow derived dendritic cells is reduced by

FHL2, whereas the same factor promotes migration of skin

fibroblasts [24,25]. The ERK1/2 pathway has been implicated

both in SMC migration and proliferation during neointima

formation [32,33,34]. ERK activation is typically biphasic, with

early ERK activation being associated with cell migration and

later ERK activity being essential for cell proliferation [35]. FHL2

has been shown to physically interact with ERK2 and repress

ERK1/2 activation in cardiomyocytes [13]. In line with those

observations, we showed enhanced ERK1/2 activation in FHL2-

KO SMCs, which may thus impact on both SMC growth and

migration. In addition, FHL2 has been implicated in cell motility

and contractility by interacting with proteins of focal adhesion

structures, which we did not explore in SMCs and may require

closer examination [9,20].

Previously, we demonstrated that FHL2 interacts and inhibits

the activity of the nuclear receptor Nur77 which was known to

inhibit proliferation of SMCs [11]. To further delineate the

function of FHL2 in Nur77 regulation, FHL2 was knocked down

in SMCs overexpressing Nur77, which resulted in decreased

proliferation in that specific study [11]. These data may seem in

contrast with our current observations showing that FHL2-KO

SMCs exhibit increased proliferation, however, FHL2-knockdown

in WT SMCs does result in enhanced SMC proliferation similarly

as in FHL2-KO SMCs (data not shown).

Labelette et al demonstrated that FHL2 stimulates CyclinD1

transcription in fibroblasts [23]. In contrast, Ng et al showed that

FHL2 overexpression inhibits CyclinD1 expression in liver cancer

cells [30]. In the current study, we found CyclinD1 expression

significantly induced in FHL2-KO SMCs, which shows another

example of the cell-type specific responses of FHL2. We further

substantiated our observation by demonstrating that overexpres-

sion of FHL2 decreased CyclinD1 expression in SMCs. CyclinD1

transcriptional activity is modulated by the ERK1/2 pathway and

we found indeed that the enhanced CyclinD1 transcriptional

activity in FHL2-KO SMCs was reduced upon ERK1/2

inhibition. Our data support the conclusion that the enhanced

SMC proliferation upon FHL2 deficiency coincides with stimu-

lation of the cell cycle-regulating gene CyclinD1.

In summary, we demonstrate that FHL2 deficiency promotes

the development of SMC-rich lesions after carotid artery ligation.

The exacerbated lesion formation in FHL2-KO compared to WT

mice involves enhanced proliferation and migration of SMCs

deficient for FHL2 with higher expression of CyclinD1 through

the ERK1/2 pathway (see Fig. 5E for the schematic representa-

tion). These findings indicate that FHL2 is an important mediator

of SMC function with a beneficial function in vascular prolifer-

ative disease.

Supporting Information

Figure S1 Number of white-blood cells after carotid
artery ligation. White-blood cells were counted using coulter

counter before (A) and after 4 weeks (B) of carotid artery ligation.

Data are presented as mean6SD.

(PDF)

Figure S2 FHL2 interacts with ERK1/2. Whole cell

extracts from WT and FHL2-KO SMCs were prepared and

immunoprecipitated with anti-ERK1/2 antibody. Immunoprecip-

itated samples were resolved on 10% SDS-PAGE and analyzed by

Western blotting with anti-FHL2 antibody. Data are representa-

tive of two independent experiments.

(PDF)

Figure S3 FHL2 overexpression in SMCs. SMCs were

transduced with lentiviral particles encoding FHL2 and assayed

for FHL2 mRNA expression.

(PDF)

Figure S4 FHL2 deficiency enhances ERK1/2 activation
and CyclinD1 expression in vivo. Representative sections of

ligated carotid arteries from WT and FHL2-KO mice were

immunostained for phospho-ERK1/2 (top panels) and CyclinD1

(lower panels). M (media); I (intima).

(PDF)

Figure S5 Knock-down efficiency of CyclinD1 and
FHL2. A, WT SMCs were transduced with lentiviral particles

encoding shCtrl, shCyclinD1 #1 and shCyclinD1 #2. qRT-PCR

was performed to assess knock-down of CyclinD1,showing about

70% knock-down of CyclinD1. B, WT SMCs were transduced

with lentiviral particles encoding shCtrl, shFHL2#1 and

shFHL2#2. qRT-PCR was performed to assess knock-down of

FHL2, showing 55–60% knock-down of FHL2. Data represent

means6SD. *P,0.05 for shctrl versus shCyclinD1 or shFHL2.

The bar graphs represent results from at least 3 separate

experiments.

(PDF)

Checklist S1

(DOC)

Videos S1 FHL2-KO SMCs migrate faster in the scratch
wound assay. A scratch was made in a confluent layer of serum-

starved SMCs that were stimulated with PDGF (20 ng/ml).

Movies of WT were generated with a digital camera.

(MP4)

Videos S2 FHL2-KO SMCs migrate faster in the scratch
wound assay. A scratch was made in a confluent layer of serum-

starved SMCs that were stimulated with PDGF (20 ng/ml).

Movies of FHL2-KO were generated with a digital camera.

(MP4)
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LIM-Only Protein FHL2 Is a Positive Regulator of Liver X Receptors
in Smooth Muscle Cells Involved in Lipid Homeostasis

Kondababu Kurakula,a Daniela Sommer,a Milka Sokolovic,a,b Perry D. Moerland,c Saskia Scheij,a Pieter B. van Loenen,a

Duco S. Koenis,a Noam Zelcer,a Claudia M. van Tiel,a Carlie J. M. de Vriesa

Department of Medical Biochemistrya and Bioinformatics Laboratory, Department of Clinical Epidemiology, Biostatistics and Bioinformatics,c Academic Medical Center,
Amsterdam, The Netherlands; European Food Information Council, Brussels, Belgiumb

The LIM-only protein FHL2 is expressed in smooth muscle cells (SMCs) and inhibits SMC-rich-lesion formation. To further elu-
cidate the role of FHL2 in SMCs, we compared the transcriptomes of SMCs derived from wild-type (WT) and FHL2 knockout
(KO) mice. This revealed that in addition to the previously recognized involvement of FHL2 in SMC proliferation, the choles-
terol synthesis and liver X receptor (LXR) pathways are altered in the absence of FHL2. Using coimmunoprecipitation experi-
ments, we found that FHL2 interacts with the two LXR isoforms, LXR� and LXR�. Furthermore, FHL2 strongly enhances tran-
scriptional activity of LXR element (LXRE)-containing reporter constructs. Chromatin immunoprecipitation (ChIP)
experiments on the ABCG1 promoter revealed that FHL2 enhances the association of LXR� with DNA. In line with these obser-
vations, we observed reduced basal transcriptional LXR activity in FHL2-KO SMCs compared to WT SMCs. This was also re-
flected in reduced expression of LXR target genes in intact aorta and aortic SMCs of FHL2-KO mice. Functionally, the absence of
FHL2 resulted in attenuated cholesterol efflux to both ApoA-1 and high-density lipoprotein (HDL), in agreement with reduced
LXR signaling. Collectively, our findings demonstrate that FHL2 is a transcriptional coactivator of LXRs and points toward
FHL2 being an important determinant of cholesterol metabolism in SMCs.

Vascular smooth muscle cells (SMCs) are crucial for proper
vascular function, and phenotypic modulation of SMCs con-

tributes to postangioplasty restenosis and atherosclerosis (1, 2).
Cholesterol is an essential component of the cell membrane and
vital for normal cellular function (3), but excessive lipid accumu-
lation in arterial wall cells, including SMCs, is an early event dur-
ing atherosclerosis (4). Lipid-filled SMCs are the predominant
foam cell type in early human atherosclerotic lesions and have
been shown to promote lesion development (5, 6). At a later stage,
the stability of the atherosclerotic plaque depends largely on the
abundance and reparative capacity of SMCs, owing to their ability
to produce a lesion-stabilizing fibrous cap (2, 7). Understanding
how dysregulated cholesterol metabolism in SMCs affects their
function is therefore essential in order to identify novel targets to
regulate their responses.

FHL2, also known as DRAL or SLIM3, is the second member of
the four-and-a-half-LIM-domain protein family (8, 9), which pos-
sesses an amino-terminal half LIM domain followed by four com-
plete LIM domains. LIM proteins mediate protein-protein interac-
tions and sometimes bind DNA or mediate nuclear localization (10,
11). Multiple functions have been ascribed to FHL2, likely a result of
its interaction with over 50 different proteins that are involved in
most major signaling pathways (8). FHL2 lacks any obvious enzy-
matic and direct DNA binding activities; nevertheless, it has been
shown to act as a transcriptional coactivator or corepressor of multi-
ple transcription factors in a cell type- and cellular-context-depen-
dent manner (8, 9). As such, FHL2 has been reported to regulate the
transcriptional activity of NF-�B, cyclic AMP-responsive element
binding protein (CREB), androgen receptor (AR), and Nur77,
among others (8, 9, 11–13). The extensive interactome of FHL2 and
its intricate regulatory role in multiple cellular processes illustrate the
multifaceted function of this protein.

Previous studies have shown that FHL2 is expressed in the
heart and in the vessel wall in endothelial cells and SMCs, among

other tissues (9, 14). In SMCs, FHL2 is transcriptionally regulated
by serum response factor (SRF) and participates in SRF-depen-
dent transcription by stabilizing myocardin factors (14). Addi-
tionally, FHL2 antagonizes RhoA-mediated induction of smooth
muscle (SM) actin and SM22� by competing with the coactivator
myocardin-related transcription factor (MRTF) A for SRF bind-
ing (15). Significantly, FHL2 inhibits SMC proliferation and has a
protective function in SMC-rich-lesion formation (16, 17). The
latter activity of FHL2 involves enhanced activation of the ex-
tracellular signal-regulated kinase 1/2 (ERK1/2)— cyclin D1
signaling pathway (17). Microarray profiling in mouse livers
shows that FHL2 regulates genes involved in signal transduction,
cytoskeleton formation, and cardiovascular function (18). Very
recently, FHL2 was shown to be associated with lipid metabolism
in pigs (19).

The liver X receptors (LXRs) � (NR1H3) and � (NR1H2) are
members of the nuclear hormone receptor superfamily and regu-
late genes involved in cholesterol metabolism and inflammation
(20). LXRs are transcription factors that heterodimerize with the
retinoid X receptor (RXR). LXR� is highly expressed in several
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tissues that are important for cholesterol and lipid metabolism,
such as liver, adipose tissue, intestine, and macrophages, whereas
LXR� is expressed ubiquitously (21). Oxysterols are the endoge-
nous ligands for LXRs, and several synthetic ligands have been
identified (e.g., T0901317 and GW3965) (22, 23). Both LXR� and
LXR� directly regulate several important genes in reverse choles-
terol transport and lipid metabolism, including members of the
ATP-binding cassette (ABC) superfamily of membrane transport-
ers such as ABCA1, ABCG1, lipoprotein lipase (LPL), inducible
degrader of low-density-lipoprotein receptor (IDOL), and sterol
regulatory element-binding protein 1c (SREBP1c) (24). Although
ligands induce LXR activity, transcriptional coregulators play a
crucial role in specificity of the downstream signaling events. A
number of transcriptional coregulators have been found to play
an important role in lipid metabolism, including SRC1, PGC-1�,
and TIF2 (24, 25); however, identification of LXR coregulators
and the underlying molecular mechanisms requires further re-
search.

Given the established role of FHL2 in SMCs, the present study
aimed to characterize the molecular mechanism by which FHL2
exerts its atheroprotective function in SMCs in greater detail. Us-
ing transcriptional profiling, we identified alteration in the cho-
lesterol synthesis and LXR pathways in the absence of FHL2. We
provide evidence that in SMCs, FHL2 acts as a transcriptional
coactivator of LXRs and that this may underlie, in part, its athero-
protective function.

MATERIALS AND METHODS
Microarray profiling. Aortic SMCs were isolated from wild-type (WT)
and FLH2 knockout (FHL2-KO) mice as described previously (17). Aortic
SMCs isolated from 3 WT and 3 FHL2-KO mice were grown to confluence
and made quiescent in serum-free medium for 48 h. Subsequently, the
cells were lysed and used for microarray profiling. RNA was isolated using
the Aurum total-RNA isolation kit (Bio-Rad), and samples were sent to
ServiceXS (Leiden, The Netherlands) for further microarray processing.
In brief, to assess the quality of the samples, the concentration of the RNA
was determined using the Nanodrop ND1000 spectrophotometer. The
Agilent Bioanalyzer was used to analyze the quality and integrity of the
RNA samples, and the Illumina TotalPrep-96 RNA amplification kit was
used to generate biotin-labeled (biotin-16-UTP) amplified cRNA. The
biotinylated cRNA samples were hybridized onto Illumina MouseWG-6
v2 arrays, which were scanned using the Illumina iScan array scanner, and
the data were retrieved by using Illumina’s Genomestudio v. 2011.1 soft-
ware.

Data normalization and analyses. Analyses were carried out with
packages from Bioconductor in the statistical software package R (version
2.14.0). Normexp-by-control background correction, quantile normal-
ization, and log2 transformation (26) were performed on the Illumina
sample and control probe profiles using the limma package (version
3.10.2). The arrayQualityMetrics package (version 3.10.0) was used to
ensure that the microarray data were of good quality. Gene-wise linear
models were fitted using the limma package. Differential gene expression
between the FHL2-KO and WT SMC samples was assessed via a moder-
ated t test. Only probes detected on at least one array were included in the
differential expression analysis. Resulting P values were corrected for mul-
tiple testing using the Benjamini-Hochberg false-discovery rate. The
illuminaMousev2.db package (version 1.12.2) was used to update the
probe annotation provided by GEO. The data set with differentially ex-
pressed genes with a P value of �0.05 was analyzed using Ingenuity path-
way analysis (IPA; Ingenuity Systems) to test for enriched canonical path-
ways and networks and to identify upstream transcriptional regulators.
The background set for the gene enrichment analyses consisted of all
genes detected on at least one array. Significant expression on the Illumina

MouseWG-6 v2 array and statistical association for mapping of genes to
functions and pathways were assessed using the right-tailed Fisher’s exact
test.

Plasmids and chemicals. pCMX-hLXR�, pCMX-hLXR�-Flag,
pCMX-hRXR�, an LXR response element (LXRE)-luciferase reporter
(pTK.LXRE3-luc), and several deletion mutants of FHL2 have been de-
scribed before (9, 27). The pCMV-LIM2-4-Myc construct was made using

0.0

F
H

L2
K

O
-1

W
T-

1

F
H

L2
K

O
-3

F
H

L2
K

O
-2

W
T-

3

W
T-

2

10.68.6

Upk1b
Moxd1

Cib3
Ppl
O3far1

Gjb3
Pbp2
Il33
Akap5
Ezr
Akr1c18
Actg2
Aldh3a1
Fam101a
Msln
Hopx
Mtap2
Cxadr
Pkhd1l1
Kif23
Igf1
Smpd3
Mmp17
Stc2
Adam23
Foxa1
Podxl
Pbk

Atp1b1

Upk3b

Gpr39
Egfl7
Gpnmb
Col28a1
Apoe
Klhl6
Unc45b
Serpina3n
Tcfap2b
Isl1
Meg3
Megf10
Ephx2
Bmx
Stk32b
Ramp2
Comp
Fhl2
Dpysl4
Lpl
Xist
Esm1
Xlr3b
Gdf10
Mia1
Dlk1
Spp1
Emcn
Scg2
Gpc3

FIG 1 Changes in mRNA abundance in FHL2-KO compared to WT SMCs, as
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the primers described before (9). pGL3-hABCA1-luc was kindly provided
by Johan Auwerx (EPFL, Lausanne, Switzerland) and was described pre-
viously (28). The LXR agonists T0901317 and GW3965 were purchased
from Sigma-Aldrich. [3H]cholesterol was purchased from Amersham;
high-density lipoprotein (HDL) and ApoA1 were purchased from Calbi-
ochem.

Cell culture and transfection. HeLa cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with 20 mM glucose, supplemented
with 10% serum and penicillin-streptomycin (Invitrogen). Aortic SMCs
were cultured in DMEM—F-12 medium (Invitrogen) supplemented with
20% fetal calf serum (FCS) and penicillin-streptomycin. SMCs were used
at passages 6 to 8 and were characterized by SM �-actin expression (1A4;
Dako) showing uniform fibrillar staining. Culturing of human SMCs
has been described before (9). HeLa cells were transfected using Lipo-
fectamine 2000 (Invitrogen), and SMCs were transfected using Fugene6
transfection reagent (Roche).

Coimmunoprecipitation assays and Western blot analysis. Coim-
munoprecipitation assays and Western blot analysis were described pre-
viously (9). Briefly, HeLa cells were cotransfected with appropriate plas-
mids and incubated for 48 h. The cells were lysed in NP-40 lysis buffer
supplemented with complete protease inhibitor mixture (Roche Applied
Science). For endogenous coimmunoprecipitation assays, SMC lysates
from WT and FHL2-KO mice (1.5 mg total protein each) were used. Cell
lysates were precleared for 1 h at 4°C with protein A-Sepharose (GE
Healthcare) and then incubated overnight with the pulldown antibody
and protein A-Sepharose. Immunoprecipitates were washed three times
in lysis buffer, and bound protein was eluted by boiling in SDS loading
buffer before electrophoresis on 12% SDS-polyacrylamide gels. SMC ly-
sates were prepared with NP-40 lysis buffer (with protease inhibitors) and
samples were boiled in SDS loading buffer before electrophoresis on 12%
SDS-polyacrylamide gels. Proteins were transferred using a transfer sys-
tem (Bio-Rad) to polyvinylidene difluoride (PVDF) membranes (Bio-
Rad) that were incubated with appropriate blocking agents, primary an-

tibodies, and fluorescently conjugated secondary antibodies, followed by
scanning using an Odyssey infrared imaging system (Licor Biosciences).
Antibodies applied in this study were antihemagglutinin (anti-HA)
(12CA5; Roche Applied Science), anti-Flag (Invitrogen), anti-LXR� (Ab-
cam), anti-LXR� (Abcam), anti-FHL2 (Thermo Scientific), antitubulin
(Cedarlane Labs), and anti-�-actin (Cell Signaling).

Luciferase assays. HeLa cells were transiently transfected with LXRE
luciferase reporter plasmids and ABCA1 promoter constructs (WT and
DR4 mutant; kindly provided by Herbert Stangl, Vienna, Austria) (29)
together with pCMX-LXR�, pCMX-Flag-LXR�, and pCMV-HA-FHL2
or pCMV-mock. The Renilla reporter plasmid pRL-TK (Promega) was
cotransfected as an internal control for transfection efficiency. SMCs were
cotransfected with pTK.LXRE3-luc or pGL3-hABCA1-luc and Renilla re-
porter plasmids by Fugene6 (Roche Applied Science). Luciferase activity
measurements were performed using the dual-luciferase reporter assay
system (Promega) and Glomax Multi detection system (Promega) ac-
cording to the manufacturer’s protocol. Each experiment (in duplicate)
was repeated at least three times.

Chromatin immunoprecipitation (ChIP) assays. ChIPassays inHeLa
cells were performed using the Magnify ChIP system (Invitrogen) as de-
scribed previously (9). The following primers were used to amplify the
ABCG1 promoter by quantitative real-time PCR (qRT-PCR): 5=-TTCTG
TGGACAGGTACTAGGT-3= (sense) and 5=-CCACAAACATAGGTAGT
CCAG-3= (antisense).

qRT-PCR. HeLa cells and SMCs were treated with the LXR agonists
T0901317 and GW3965 for 8 h before lysis. In some experiments, SMCs
were incubated in serum-free medium (SFM), lipoprotein-deficient se-
rum (LPDS), or LPDS supplemented with simvastatin and mevalonate
and then treated with 25-OH-cholesterol or desmosterol. Total RNA from
mouse aorta was prepared with TRIzol (Invitrogen). Total RNA from cells
was isolated with a total-RNA minikit (Bio-Rad). cDNA synthesis was
performed with iScript (Bio-Rad), followed by real-time PCR using the
MyIQ system (Bio-Rad). Primers used for real-time PCR are detailed in

TABLE 1 Functional clusters associated with the highest-score networks identified by Ingenuity pathway analysis and their scores for gene
categories in FHL2-KO versus WT SMCsa

Network Top diseases and functions Scoreb

1 Cell cycle, connective tissue disorders, developmental disorder 40
2 Hereditary disorder, neurological disease, lipid metabolism 36
3 Drug metabolism, molecular transport, nucleic acid metabolism 35
4 RNA posttranscriptional modification, protein synthesis, connective tissue disorders 33
5 Cellular response to therapeutics, cancer, developmental disorder 31
6 Cell cycle, cellular assembly and organization, amino acid metabolism 31
7 Cellular development, cardiovascular system development and function, hematological system development and function 31
8 Posttranslational modification, embryonic development, organ development 31
9 Skeletal and muscular system development and function, tissue development, cellular movement 30
10 Cellular movement, cellular growth and proliferation, embryonic development 30
11 Developmental disorder, hereditary disorder, neurological disease 29
12 Cellular assembly and organization, DNA replication, recombination, and repair, cell cycle 29
13 Cancer, developmental disorder, hereditary disorder 29
14 Cancer, cardiovascular disease, cellular assembly and organization 29
15 Lipid metabolism, small molecule biochemistry, vitamin and mineral metabolism 28
16 Amino acid metabolism, posttranslational modification, small molecule biochemistry 28
17 Cellular development, cellular growth and proliferation, hematological system development and function 27
18 Cell-to-cell signaling and interaction, nervous system development and function, cellular assembly and organization 26
19 Cell-to-cell signaling and interaction, cellular assembly and organization, cellular function and maintenance 26
20 Cellular function and maintenance, small molecule biochemistry, molecular transport 26
21 Embryonic development, organismal development, organ development 26
22 Cellular assembly and organization, cellular compromise, cell-to-cell signaling and interaction 26
23 Skeletal and muscular system development and function, behavior, cellular movement 26
24 Lipid metabolism, molecular transport, small molecule biochemistry 25
25 Protein synthesis, lipid metabolism, small molecule biochemistry 25
a Pathways involving cell cycle regulation are underlined, and pathways involving lipid and cholesterol metabolism are in bold.
b �Log10(P value).



Table S3 in the supplemental material. The acidic ribosomal phosphopro-
tein P0 was measured as an internal control for cDNA content of the
samples.

FHL2 knockdown in SMCs. Recombinant lentiviral particles of short
hairpin RNAs (shRNAs) targeting FHL2 were produced, concentrated,
and titrated as described previously (9, 17). Two different mouse shRNAs
that target different regions in the FHL2 mRNA (shFHL2#1 target se-
quence, GATGGGAAGATGGTTTGGAAT; shFHL2#2 target sequence,
CTGTGACTTGTACGCTAAGAA) were used for generation of lentivi-
ruses. shRNAs targeting human FHL2 and the scrambled control shRNA
have been described before (9). Lentiviral infection in cultured aortic
SMCs was performed as described previously (17). Transduction effi-
ciency was determined by immunofluorescence and qRT-PCR.

Cell proliferation assays. Bromodeoxyuridine (BrdU) incorporation
assays were performed as described previously (17). For both BrdU and
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)
assays, cells were seeded in a 96-well plate at a density of 3 � 103 cells/well
and incubated overnight. Cells were made quiescent by incubation in
medium without FCS for 48 h and then treated with GW3965 overnight
followed by incubation with FCS (10% [vol/vol]) for 24 h. After the incu-
bation, cells were incubated with BrdU reagent for 16 h or 10 �l of MTT
reagent (5 mg/ml) for 3 h at 37°C. In MTT assays, 100 �l of isopropanol
was added to each well and incubated for 15 min. Colorimetric analysis
was performed with an enzyme-linked immunosorbent assay (ELISA)
plate reader. Each experiment (in quadruplicate) was repeated at least
three times.

Cholesterol efflux assay. Cholesterol efflux assays were performed as
previously described with minor modifications (30). Briefly, SMCs from
WT and FHL2-KO mice were seeded into 24-well-plate wells at a concen-
tration of 3 � 105 cells per ml and allowed to adhere overnight, followed
by incubation for 24 h in DMEM—F-12 plus 20% FCS plus [3H]choles-
terol. Cells were then washed and incubated for an additional 18 h with
equilibration medium (DMEM—F-12 plus 0.2% bovine serum albumin
[BSA]) supplemented with T0901317 (5 �M) or GW3965 (5 �M) where
indicated. Efflux was initiated by the addition of efflux medium (DMEM—
F-12 plus 0.2% BSA) plus either vehicle, ApoAI (10 �g/ml), or HDL (100
�g/ml). Radioactivity in the medium plus cells was measured by liquid
scintillation counting. This assay was performed in quadruplicate and
repeated three times. Values are expressed as means and standard devia-
tions (SD).

Statistical analysis. Data are reported as means and SD and were
analyzed with the unpaired Student t test. P values of �0.05 were consid-
ered significant.

Microarray data accession number. The microarray data have been
deposited in NCBI Gene Expression Omnibus in a MIAME compliant
format and are accessible under GEO series accession number GSE56860.

RESULTS
Expression profiling reveals attenuated LXR-RXR signaling in
FHL2-KO SMCs. To understand the function of FHL2 in murine
SMCs, RNA was isolated from three independent SMC isolates

Enzyme
Complex or Group
Kinase

Transcription Regulator
Ligand-dependent Nuclear Receptor

Transmembrane Receptor
Transporter
Unknown

Indirect interaction
Direct interaction

FIG 2 Network analysis of the expression profiles of WT and FHL2-KO SMCs. Data analyses revealed that networks related to cell cycle regulation (A) and lipid
metabolism (B) are affected by FHL2 deficiency. Interactions between genes are shown as explained in the legend. Red symbols indicate that genes are upregulated
in FHL2-KO SMCs compared to WT cells, green symbols indicate downregulation of genes, and white indicates proteins with unchanged expression.



229

Chapter 

9
after serum stimulation, derived from different FHL2-KO and
WT mice. Transcriptional profiling revealed that �2,500 genes
were differentially expressed in FHL2-KO compared with WT
SMCs (P � 0.05; change � 1.4-fold), of which 843 genes remained
differentially expressed after correction for multiple testing (ad-
justed P value � 0.05). Of these genes, 373 were upregulated and
470 were downregulated in FHL2-KO compared with WT SMCs.
The top 30 up- and downregulated genes are shown in Fig. 1 and
in Table S1 in the supplemental material. Ingenuity pathway anal-
ysis (IPA) was performed to identify canonical pathways with a
statistically significant enrichment of differentially expressed
genes, and the top 25 canonical pathways indicate involvement of
FHL2 in lipid and cholesterol metabolism (see Fig. S1A in the
supplemental material). The top-ranking canonical pathway is the
“super-pathway of cholesterol biosynthesis,” which comprises 87
genes, 13 of which show changed expression in FHL2-KO SMCs
compared with WT cells. The second pathway, “LPS/IL-1 medi-
ated inhibition of RXR function,” concerns retinoid X receptor
(RXR), which is a nuclear receptor that is activated by 9-cis reti-
noic acid and is an obligate heterodimerization partner for a sub-
family of nuclear receptors, including the liver X receptors (LXR).
LXRs are important regulators of cholesterol and fatty acid ho-

meostasis (24), and interestingly, our transcriptional analysis also
identified the LXR/RXR pathway as being sensitive to FHL2 in
SMCs. Subsequent generation of networks of the top canonical
pathways with at least 4 genes in common divided these pathways
into two networks centered around cholesterol synthesis and me-
tabolism and signaling (see Fig. S1B in the supplemental mate-
rial).

IPA gene network analysis, which examines the intermolecular
connections among interacting genes based on functional knowl-
edge input, was also performed, and the top 25 networks are
shown in Table 1. The highest-scoring network concerns cell cycle
regulation and is centered around cyclin D1, which is known to be
regulated by FHL2 in SMCs (Table 1; Fig. 2A) (17). In line with the
canonical pathway analysis, four of the networks were found to
involve lipid metabolism (Table 1, networks 2, 15, 24, and 25), and
one of these (network 15) indicates a role for FHL2 in LXR-RXR
signaling and cholesterol metabolism (Fig. 2B; also, see Fig. S2 in
the supplemental material).

Finally, IPA upstream regulator analysis was used to identify
upstream transcriptional regulators and revealed that LXR is
among the 14 identified transcription factors that are predicted to
be inhibited in FHL2-KO SMCs (see Table S2 in the supplemental
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material). Taken together, the results of our transcriptional anal-
ysis of WT and FHL2-KO SMCs suggest that FHL2 may influence
lipid handling in these cells, in part through LXR-regulated path-
ways.

FHL2 interacts with LXR� and LXR�. Recent studies have
established that FHL2 can interact with several nuclear receptors,
including the androgen receptor and Nur77 (9, 12). In view of our
transcriptional analysis, we therefore hypothesized that FHL2
may interact with LXRs to regulate its transcriptional activity. We
tested this by performing coimmunoprecipitation experiments
with FHL2 and the two LXR isoforms in HeLa cells. As shown in
Fig. 3A and B, we observed that FHL2 interacted with both LXR�
and LXR�. Furthermore, the interaction between FHL2 and both
LXRs was not altered by the addition of two LXR synthetic ligands
(T0901317 and GW3965; data not shown). To further substanti-
ate these findings, we performed coimmunoprecipitation experi-
ments in cultured SMCs from WT and FHL2-KO mice. We found
that FHL2 interacts with LXR� in WT SMCs. As a control, we also

included FHL2-KO SMCs (Fig. 3C). To delineate which LIM do-
main of FHL2 is involved in the interaction with LXRs, coimmu-
noprecipitation assays were performed with truncated FHL2 con-
structs. A schematic representation of various FHL2 mutants is
shown in Fig. 3D. Our data show that each LIM domain can al-
ready bind both LXR� and LXR� (Fig. 3E and F).

FHL2 enhances the transcriptional activity of LXRs. In view
of its interaction with LXRs, and in order to determine the effect
on activity, we tested the impact of FHL2 on LXR-dependent tran-
scriptional activity, using a surrogate reporter construct contain-
ing an LXRE coupled to luciferase. The transcriptional activity of
both LXR� and LXR� was significantly increased in cells coex-
pressing full-length FHL2 protein (Fig. 4A and B). We also ob-
served that FHL2 further enhanced LXR transcriptional activity
induced by the synthetic ligands T0901317 and GW3965 (Fig. 4A
and B). As all truncated FHL2 mutants interact with both LXR�
and LXR�, we then investigated their effect on LXR transcrip-
tional activity. Interestingly, we found that in addition to full-
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length FHL2, only the LIM0-2 and LIM0-3 mutants of FHL2 en-
hanced LXR�-mediated transcriptional activity and that only the
LIM0-3 mutant of FHL2 is able to transactivate LXR�-mediated
transcriptional activity, suggesting the differential regulation of
LXRs by FHL2 (Fig. 4C and D). To functionally assess the conse-
quence of FHL2 loss on LXR signaling in SMCs, we transfected
aortic SMCs derived from either WT or FHL2-KO mice with the
LXR reporter construct and human ABCA1 promoter constructs.
In line with the overexpression studies, FHL2-KO SMCs displayed
reduced transcriptional activity of an LXRE-containing reporter
construct as well as of an ABCA1 promoter construct (Fig. 4E and
F). Furthermore, the transcriptional activity of both LXR� and
LXR� was enhanced by FHL2 on the ABCA1 promoter reporter
(Fig. 4G). Consistent with this, FHL2 failed to increase the LXR�
and LXR�-mediated transcriptional activity on a DR4-mutated

ABCA1 promoter construct (Fig. 4G), suggesting functional asso-
ciation of FHL2 with LXRs. Collectively, these findings suggest
that FHL2 enhances the transcriptional activity of LXRs both in
HeLa cells and in SMCs.

To further understand the enhanced effect of FHL2 on LXR
transcriptional activity, we performed ChIP experiments on the
ABCG1 promoter, which was analyzed by qRT-PCR (Fig. 4H). As
shown in Fig. 4H, LXR� binds to the ABCG1 promoter, and this
association is significantly enhanced upon overexpression of
FHL2. These results demonstrate that FHL2 enhances binding of
LXRs to the LXREs in their target gene promoters, which reveals
the mechanism of potentiation of LXR transcriptional activity by
FHL2.

To test the significance of our findings, we turned to primary
SMCs from WT and FHL2-KO mice. We treated cells with LXR
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agonists and determined the expression of established LXR target
genes. As shown in Fig. 5, LXR agonists upregulated ABCA1,
IDOL, and LPL in both WT and FHL2-KO SMCs (Fig. 5A to C).
However, consistent with the hypothesis of FHL2 being required
for maximal LXR activation, the expression level of the selected
LXR regulated genes did not reach that observed in WT cells and
was also lower at baseline (Fig. 5A to C). In addition, FHL2-KO
SMCs displayed reduced protein expression of ABCA1 (Fig. 5E).
To test whether FHL2 also modulates LXR target genes in the
presence of endogenous ligands, we treated SMCs from WT and
FHL2-KO mice with 25-OH-cholesterol and desmosterol in se-
rum-free medium (SFM) and lipoprotein-deficient serum
(LPDS). FHL2-KO SMCs showed reduced ABCA1 mRNA expres-
sion following treatment with natural ligands under both SFM
and LPDS conditions (Fig. 5D). We then sought to investigate
whether FHL2 regulates LXR target genes directly; we treated
SMCs with simvastatin in LPDS. We found that simvastatin de-
creased endogenous mRNA expression of ABCA1. Interestingly,
FHL2-KO SMCs showed a further decrease in mRNA expression
of ABCA1 following treatment with natural ligands (Fig. 5D). Fur-
thermore, we also confirmed decreased LXR target gene expres-
sion in FHL2-KO SMCs in RNA samples from freshly isolated
mouse aortas to rule out confounding tissue culture-related ef-
fects (Fig. 5F). To assess whether deletion of FHL2 in adult SMCs
also affects LXR target gene expression, we performed knockdown
experiments. Knockdown of FHL2 in human SMCs using two
independent shRNAs also showed a significant decrease in mRNA
expression of ABCA1 and IDOL (Fig. 5G). Importantly, this is not
limited to SMCs, as overexpression of FHL2 in HeLa cells in-
creases the mRNA levels of ABCA1 and ABCG1 as well (Fig. 6A
and B). A simple explanation for our observations would be that
FHL2 controls the expression level of LXRs themselves. However,
this can be ruled out, as both the transcript and protein levels of
LXR� and LXR� were unchanged in SMCs from KO mice (Fig.

6C). Collectively, our results point to the requirement of FHL2 for
maximal LXR signaling in SMCs.

FHL2 is not involved in LXR-mediated cell proliferation but
is crucial for LXR-mediated cholesterol efflux. In our previous
study, we demonstrated that FHL2-KO SMCs proliferate faster
than their WT counterparts (17). As LXRs are also involved in
regulation of cell proliferation, we sought to investigate this by
performing cell proliferation assays. Consistent with our previous
results, FHL2-KO SMCs proliferate faster, as determined by BrdU
and MTT assays (Fig. 7A and B). However, pretreatment with
GW3965 decreased proliferation in both WT and FHL2-KO
SMCs, suggesting that FHL2 is not involved in LXR-mediated
antiproliferative effects (Fig. 7A and B).

The LXR-regulated gene ABCA1 is a crucial mediator of cellu-
lar cholesterol efflux in SMCs (30, 31). We therefore measured
both ApoAI- and HDL-mediated cholesterol efflux in WT and
FHL2-KO SMCs. To stimulate maximal cholesterol efflux, we also
treated the cells with LXR ligands. As might have been anticipated,
both basal cholesterol efflux and ligand-stimulated cholesterol ef-
flux to ApoAI and HDL were diminished in the absence of FHL2
(Fig. 7C and D). These results further support the notion that
FHL2 is an important determinant of LXR activity in SMCs.

DISCUSSION

The phenotypic switch of SMCs from contractile, quiescent cells
to synthetic, highly proliferative cells plays a crucial role in the
pathogenesis of vascular disease, including atherosclerosis and in-
stent restenosis (1, 2). FHL2 is expressed in vascular SMCs and
endothelial cells (9, 14) and has been shown to regulate SMC
phenotype and inhibit SMC-rich-lesion formation in mice (16,
17). In the present study, we provide evidence that FHL2 is in-
volved not only in SMC proliferation and differentiation but also
in the regulation of cholesterol metabolism of SMCs through its
interaction with LXRs. Our conclusions are based on the follow-
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ing principal findings: (i) transcriptome analyses revealed a mod-
ulation of cholesterol pathways in FHL2-KO SMCs compared
with WT SMCs; (ii) FHL2 interacts with LXRs; (iii) the transcrip-
tional activity of LXRs and the expression of endogenous LXR
target genes are enhanced by FHL2; (iv) FHL2 enhances binding
of LXR� to LXR target genes; (v) FHL2 deficiency decreases cho-
lesterol efflux in SMCs.

Our transcriptome analyses confirm that FHL2 regulates SMC
proliferation, in line with our recent observations showing mod-
ulation of the ERK-cyclin D1 signaling pathway by FHL2 (17).
Unexpectedly, the data also indicated that FHL2 modulates cho-
lesterol pathways in SMCs. In the current study, we demonstrate
that FHL2 influences cholesterol metabolism by interacting with
both LXR isoforms and that this protein-protein interaction is
independent of the presence of synthetic ligands. Although SMCs
contain endogenous ligands for LXR, we assume that these may
not influence the interaction between FHL2 and LXRs.

FHL2 has been shown to interact with more than 50 different
proteins, including transcription factors and structural proteins in
a cell type- and context-dependent manner (8, 9). The activity of
the nuclear receptors estrogen receptor and Nur77 is reduced by
FHL2, whereas FHL2 is a coactivator of androgen receptor, liver
homolog 1 (LRH-1), steroidogenic factor 1 (SF-1), PPAR�, and,
as shown in this study, LXRs (8, 32). In contrast, the activity of
glucocorticoid, mineralocorticoid, and progesterone receptors is

not influenced by FHL2 (8). LIM domains contain a tandem cys-
teine-rich Zn2� finger motif and are important for protein-pro-
tein interactions, may bind DNA, or are crucial in nuclear local-
ization (8, 33, 34). FHL2 does not bind DNA directly and does not
possess a characteristic LXXLL motif, a hallmark of many coregu-
lators that are involved in the regulation of nuclear receptors (8,
12, 35). We reported previously that all four LIM domains of
FHL2 can independently bind the nuclear receptor Nur77 (9).
LXR� and LXR� show high amino acid sequence homology in
their DNA- and ligand-binding domains (78%), but their inter-
actions with FHL2 are dissimilar. FHL2-LXR� interaction is inde-
pendent of the first two LIM domains of FHL2, whereas LXR�
binds the first LIM domain of FHL2. Further analyses may reveal
the exact involvement of the individual LIM domains in FHL2-
LXR complex formation. The sharing of a coregulator between
LXRs and other nuclear receptors may be a mechanism to coor-
dinate and integrate signals derived from different signal trans-
duction pathways in the cell.

Both LXR isoforms LXR� and LXR� are present and func-
tional in SMCs (30, 36). We show here that FHL2 enhances the
transcriptional activity of LXRs in SMCs by activating transcrip-
tion of several LXR target genes. Of note, FHL2 clearly enhances
basal LXR activity in the absence of ligands, whereas treatment
with LXR agonists, particularly efficacious synthetic compounds,
appears to override the requirement for FHL2. We observed de-
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creased cholesterol efflux in FHL2-deficient SMCs, and therefore,
we investigated whether the expression of ABCA1, a major lipid
transport protein in the plasma membrane that mediates cellular
cholesterol export, might be altered in the absence of FHL2. As
expected, deficiency of FHL2 results in greatly reduced ABCA1
expression, which is caused by decreased LXR-mediated gene
transcription. This potent transcriptional repression of ABCA1
occurs in cultured cells as well as in the vascular wall in vivo in
FHL2-deficient SMCs. Recently, FHL2 has been shown to regulate
genes involved in signal transduction, cytoskeleton, and cardio-
vascular function in mouse livers (18). As LXR� plays a key role in
liver, it will be of interest to further investigate the association of
FHL2 and LXR� function in liver lipid metabolism.

Well-characterized coactivators of LXRs include SRC-1 and
p300, which regulate LXR transcriptional activity, at least partly,
by their histone acetyltransferase activity (37). FHL2 and p300 are
also known to interact, and while this paper was in preparation,
Ramayo-Caldas et al. demonstrated that genetic variation in both
FHL2 and p300 genes is associated with lipid metabolism and
control of energy homeostasis in pigs (19, 38). Hence, we propose
that FHL2 is instrumental in formation of LXR multiprotein tran-
scriptional complexes and may be considered a new key compo-
nent of lipid homeostasis.

In summary, we have shown that FHL2 regulates cholesterol
metabolism, at least partly, through interaction with and activa-
tion of LXRs and its specific LXR target genes in SMCs. FHL2
enhances ApoAI- and HDL-mediated efflux of cholesterol by reg-
ulating ABCA1 expression at the transcriptional level. These find-
ings emphasize the importance of FHL2 in SMCs as an integrator
of lipid transport and cellular signals that regulate cellular lipid
homeostasis through modulation of LXRs.
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LIM-only protein FHL2 is a Positive Regulator of Liver X Receptors in 
Smooth Muscle Cells involved in Lipid Homeostasis

Kondababu Kurakula, Daniela Sommer, Milka Sokolovic, Perry D. Moerland, Saskia Scheij, 
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Fig. S1. The top 30 canonical pathways associated with differentially expressed genes 
comparing FHL2-KO with WT SMCs as identified by IPA. A. The line graph represents the 
ratio of the number of differentially expressed genes from the dataset over the number of genes 
present in each canonical pathway. The pathways are ranked from highest to lowest degree of 
association between genes from the dataset with the pathways by the P-value, calculated by a 
right tailed Fisher Exact Test. The bars represent the -log(P-value) for each pathway and the 
threshold represents P=0.01. Pathways concerning cholesterol metabolism are underlined and 
LXR-RXR pathways are indicated in bold. B. Generation of networks of the top canonical 
pathways with at least 4 shared dataset molecules, resulted in two networks; cholesterol synthesis 
and metabolism and signalling 

Fig. S2. Network analysis for the differential gene expression of WT and FHL2-KO SMCs 
revealed that lipid metabolism is affected by FHL2 deficiency. Network #15 (Table 1 and Figure 
2B) is shown including its correlation with the IPA canonical pathways  ‘metabolism of 
cholesterol’ and ‘efflux of cholesterol’ (A), ‘LPS/IL-1mediated inhibition RXR function and 
LXR/RXR activation’ (B) and with the IPA function ‘synthesis of cholesterol’ (C) is indicated 
by the blue lines. Interactions between molecules are shown as explained in the legend. Red 
symbols indicate that genes are up-regulated in FHL2-KO SMCs as compared to WT cells, green 
symbols indicate down regulation of the genes and genes with unchanged expression are 
depicted in white.
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Table S1. Top 30 up- and down-regulated genes in FHL2-KO vs WT SMCs

Gene Symbol Log2 Fold Change

(KO/WT) 

P-value Adjusted P-value Entrez Gene ID

Up-regulated genes

Upk1b 6.6832 1.17E-13 2.88E-09 22268

Moxd1 5.4093 7.26E-12 4.46E-08 59012

Atp1b1 4.9782 1.02E-05 1.01E-03 11931

Cib3 4.8205 3.08E-09 2.44E-06 234421

Ppl 4.7222 1.09E-10 1.77E-07 19041

O3far1 4.5867 9.28E-11 1.63E-07 107221

Upk3b 4.5017 1.65E-06 2.64E-04 100647

Gjb3 4.4790 1.92E-08 8.56E-06 14620

Pbp2 4.4706 8.64E-07 1.62E-04 76400

Il33 4.4289 4.49E-09 3.24E-06 77125

Akap5 4.3442 5.75E-10 6.14E-07 238276

Ezr 4.1641 8.30E-09 4.74E-06 22350

Akr1c18 4.1503 1.58E-07 4.75E-05 105349

Actg2 4.1066 5.01E-06 5.86E-04 11468

Aldh3a1 4.0791 2.64E-11 9.26E-08 11670

Fam101a 4.0710 7.25E-09 4.57E-06 73121

Msln 4.0281 5.99E-11 1.34E-07 56047

Hopx 3.9277 1.30E-06 2.18E-04 74318

Mtap2 3.8370 1.50E-09 1.36E-06 17756

Cxadr 3.8150 3.71E-09 2.76E-06 13052

Pkhd1l1 3.5932 2.13E-06 3.16E-04 192190

Kif23 3.5642 1.70E-06 2.68E-04 71819

Igf1 3.5228 9.09E-09 4.96E-06 16000



Smpd3 3.5108 5.98E-09 3.97E-06 58994

Mmp17 3.4393 1.62E-07 4.79E-05 23948

Stc2 3.3409 1.46E-05 1.32E-03 3.3409

Adam23 3.3187 6.20E-09 4.01E-06 3.3187

Foxa1 3.3083 3.68E-06 4.58E-04 3.3083

Podxl 3.2622 5.52E-04 2.10E-02 3.2622

Pbk 3.2555 6.25E-07 1.31E-04 3.2555

Down-regulated genes

Gpr39 -3.6863 2.63E-09 2.22E-06 71111

Egfl7 -3.7688 1.08E-08 5.44E-06 353156

Gpnmb -3.8035 4.88E-10 5.45E-07 93695

Col28a1 -3.8379 1.81E-07 5.22E-05 213945

Apoe -3.8533 8.58E-08 3.05E-05 11816

Klhl6 -3.8820 2.77E-10 3.78E-07 11816

Unc45b -3.9217 5.48E-07 1.17E-04 239743

Serpina3n -3.9307 1.16E-10 1.77E-07 217012

Tcfap2b -3.9672 3.27E-06 4.27E-04 20716

Isl1 -3.9676 3.54E-06 4.46E-04 21419

Meg3 -4.0516 1.74E-08 8.21E-06 16392

Megf10 -4.2217 1.42E-09 1.34E-06 70417

Ephx2 -4.2252 7.24E-11 1.44E-07 13850

Bmx -4.3916 6.58E-07 1.37E-04 12169

Stk32b -4.4717 1.17E-09 1.19E-06 64293

Ramp2 -4.6254 2.89E-08 1.20E-05 54409

Comp -4.6268 3.62E-09 2.76E-06 12845

Fhl2 -4.6325 1.42E-11 5.81E-08 14200

Dpysl4 -4.6587 2.77E-08 1.19E-05 26757

Lpl -4.6739 1.40E-09 1.34E-06 16956

Xist -4.8129 5.90E-09 3.97E-06 213742
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Esm1 -4.9070 2.68E-10 3.78E-07 71690

Xlr3b -4.9737 1.27E-11 5.81E-08 574437

Gdf10 -5.2468 1.00E-08 5.36E-06 14560

Mia1 -5.2740 3.95E-11 1.21E-07 12587

Dlk1 -5.5971 4.12E-10 5.12E-07 13386

Spp1 -5.6046 9.93E-08 3.48E-05 20750

Emcn -5.6530 7.65E-11 1.44E-07 59308

Scg2 -5.8287 5.47E-11 1.34E-07 20254

Gpc3 -8.5022 3.38E-12 2.86E-08 14734

 

 



Table S2. Upstream Regulators

 

Transcription Factor *Activation Z-Score **P-Value of Overlap 

SNAI1 -2.745 5.61E-02 

SOX9 -2.737 4.02E-02 

ETV5 -2.607 9.63E-04 

KMT2A -2.566 7.33E-05 

TCF3 -2.518 1.62E-03 

CDKN2A -2.329 6.80E-05 

NUPR1 -2.323 3.45E-06 

ATF3 -2.279 5.12E-02 

TP53 -2.253 3.07E-26 

SIX5 -2.219 8.89E-02 

CITED2 -2.209 5.55E-04 

LXR -2.189 5.74E-03 

BRCA1 -2.068 2.29E-05 

MYOD1 -2.044 2.18E-02 

MTPN 2.011 2.92E-03 

MKL1 2.037 3.44E-02 

GATA1 2.102 2.60E-02 

TRIM24 2.183 9.59E-03 

MAX 2.213 7.61E-02 

HDAC4 2.216 4.88E-01 

KLF4 2.293 8.90E-03 
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NKX2-3 2.340 2.50E-09 

NFE2L2 2.353 1.51E-03 

SRF 2.495 2.96E-04 

CREB 2.611 6.15E-02 

MYC 2.892 7.31E-14 

TBX2 3.081 2.85E-06 

SREBF2 3.336 2.20E-04 

*The bias-corrected z-score is used to infer the activation states of transcriptional regulators. It 
is calculated from the proportions of genes which are differentially regulated in an expected 
direction based on the known interactions between the regulator and the genes present in the 
Ingenuity database. Those genes with a z-score greater or less than two are considered to be 
either activated or inhibited, respectively 

**The P-value of overlap is the calculated statistical significance of overlap between genes from 
the dataset and genes that are known to be regulated by the upstream regulator using a right 
tailed Fisher’s Exact Test. 

 

 

 

 

 

 

 

 

 

 



Table S3. Primers used for qRT-PCR

 

Gene Forward Reverse 

mABCA1 GGTTTGGAGATGGTTATACAATAGTTGT TTCCCGGAAACGCAAGTC 

mABCG1 CCTTCCTCAGCATCATGCG CCGATCCCAATGTGCGA 

mIDOL ATCTGCAGACCGGACAGG AGGAGATCAACTCCACCTT 

mLPL GGGAGTTTGGCTCCAGAGTTT TGTGTCTTCAGGGGTCCTTAG 

mLXRα TACAACCGGGAAGACTTTGC TGCAGAGAAGATGCTGATGG 

mLXRβ CAGGAGATTGTGGACTTTGC TTGTAGCGTCTGGCTGTTTC 

hABCA1 ATGAGGACAACAACTACAAAGCC GGGAAAGAGGACTAGACTCCAAA 

hABCG1 ATTCAGGGACCTTTCCTATTCGG CTCACCACTATTGAACTTCCCG 
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Abstract

Tissue factor (TF) is a transmembrane glycoprotein that initiates coagulation, regulates hemostasis, 

and plays an important role in a variety of pathological conditions, including acute coronary 

syndromes and thrombosis. In the present study, we focused on the molecular basis for transcriptional 

regulation of TF in vascular cells. We found that deficiency of LIM-only protein FHL2 exacerbates 

thrombus formation in response to vascular injury in a murine model of carotid artery ligation. In line 

with this, deficiency of FHL2 results in enhanced expression of TF in ligated vessels. Overexpression 

of FHL2 decreases TNFα-induced TF expression in HUVECs. Aortic SMCs derived from FHL2-KO 

mice show increased expression of TF compared to WT counter-parts. In addition, FHL2-KO SMCs 

displayed enhanced expression of TF following treatment with macrophage culture medium. 

Conversely, overexpression of FHL2 significantly decreased TF expression in both WT and FHL2-

KO SMCs. Moreover, ectopic expression of FHL2 reduces TNFα-induced TF expression. SMCs 

deficient for FHL2 also displayed enhanced protein expression of TF. FHL2 represses TF promoter 

activity through inhibiting NFkB and AP-1 in HEK293T cells. Furthermore, we observed that FHL2 

interacts with full-length TF, but not with cytoplasmic tail mutant of TF. Finally, we show that FHL2 

modulates the pro-coagulant activity of TF in vascular cells including endothelial cells and SMCs.  
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Introduction

Tissue factor (TF) is a transmembrane glycoprotein that initiates coagulation, regulates hemostasis, 

and plays an important role in a variety of pathological conditions, including acute coronary 

syndromes, thrombosis, endotoxinemia, septic shock, and cancer [1-4]. It is the key enzyme in the 

extrinsic coagulation pathway and binds to factor VII/VIIa to activate factor X which eventually 

results in generation of thrombin and fibrin formation. It is well established that TF expressed in 

vascular cells plays pivotal role in triggering intravascular thrombosis. Under physiological state, only 

low levels of TF can be detectable in vascular endothelium and smooth muscle cells (SMC). 

However, TF expression is highly induced following vascular injury through release of several 

cytokines and thrombin [5]. For example, TF mRNA and activity are induced following ballon injury 

to rats, rabbits and pigs[6;7]. High levels of TF is also found in patients with atherosclerosis, 

restenosis, and in stent thrombosis. TF expression is also detectable in macrophages, pericytes and 

adventitial fibroblasts of normal arteries [8]. In addition to vascular cells, TF is produced by 

circulating cells such as leukocytes and platelets and contribute to thrombosis probably through 

release of TF-rich microparticles [1].  

Many inflammatory mediators such as tumour necrosis factor alpha (TNF-α) and pro-thrombotic 

mediators like thrombin have been shown to increase TF expression in vascular cells [9-11]. 

Regulation of TF expression in vascular cells and circulating cells involves the activation of the MAP 

kinases p38, ERK, and c-Jun NH2-terminal kinase (JNK) pathways, and consequently numerous 

transcription factors such as activating protein-1 (AP-1) and nuclear factor-kappa B (NFκB) [12;13]. 

Previous experimental evidence revealed that inhibition of TF expression impairs thrombus formation 

in animal models. Although several experimental studies in animal models of thrombosis have led us 

to understand TF-mediated thrombus formation, the up-stream regulators that modulate the expression 

and activity of TF need to be identified. Identification of such regulators responsible for TF 

expression in vascular cells is crucial for designing therapeutic strategies to inhibit thrombus 

formation in several pathological conditions. 

LIM-only protein FHL2 is the second member of the four and a half LIM (FHL) proteins family and  

is characterized by an N-terminal half LIM domain followed by four complete LIM domains [14;15]. 

LIM domains contain double zinc finger structures that mediate protein-protein interactions. Indeed, 

FHL2 has been shown to interact with over 50 proteins including nuclear receptors Nur77, LXRs, AR, 

ER, and other transcription factors such as CREB, etc. [14-16]. FHL2 is a multifunctional protein and 

acts as a transcriptional coactivator or corepressor in a cell and context dependent manner. 

Cumulative evidence shows that FHL2 is implicated in a range of physiological and pathological 

processes, among which proliferation, differentiation, migration, apoptosis, bone formation, wound 



healing and inflammation [14;17]. Expression analyses show that FHL2 is highly expressed in 

vascular cells including in endothelial cells and smooth muscle cells [15;16;18]. 

In this study, we investigated the impact of FHL2 on TF expression and activity in vascular cells 

including endothelial cells and vascular smooth muscle cells. We show for the first time that FHL2 

inhibits TF expression and activity in endothelial cells and smooth muscle cells. Insights into the 

molecular mechanisms governing this regulation provide evidence that FHL2 regulates TF promoter 

activity in AP-1 and NFκB dependent manner. Furthermore, we found that FHL2 physically interacts 

with TF and thereby may affect thrombus formation.  

Material and Methods  

Cell culture and Transfection  

Human umbilical vein endothelial cells (HUVECs) were isolated from umbilical cords, used at 

passages 1–3 and cultured in M199 medium supplemented with 20% FCS, endothelial cell growth 

supplement (Sigma), penicillin/streptomycin, L-glutamine, and heparin. Human SMCs were explanted 

from umbilical cord arteries[19]  and cultured in M199 medium (Invitrogen) supplemented with 10% 

FCS and penicillin/streptomycin. SMCs were used at passages 5–7 and were characterized by SM α-

actin expression (1A4; DAKO) showing uniform fibrillar staining. Preparation and culture of mouse 

aortic SMCs has been described previously [18]. HEK293T cells were cultured in Dulbecco's 

modified Eagle's medium (DMEM) with 20 mM glucose, supplemented with 10% fetal bovine serum 

(FCS) and penicillin/streptomycin (Invitrogen). HEK293T cells were transfected by the calcium 

phosphate method using CalPhos Mammalian Transfection Kit (Clontech).

Western Blot Analysis 

The cells were lysed in lysis buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 10% glycerol, 1% 

Nonidet P-40, 10 mM NaF, 1 mM Na3VO4) containing complete protease inhibitor mixture (Roche 

Applied Science). Samples was loaded and separated using 12% SDS gel electrophoresis and proteins 

were transferred onto a PVDF membranes (Millipore). Membranes were incubated with appropriate 

primary antibodies and fluorescently conjugated secondary antibodies, followed by scanning using 

Odyssey Infrared Imaging System (Licor Biosciences). Antibodies applied in this study were anti-HA 

(12CA5; Roche Applied Science), TF (American Diagnostica), and anti-tubulin (Cedarlane 

laboratories). 

Co-immunoprecipitation Assays  

HEK293T cells were co-transfected with appropriate plasmids and incubated for 48 h. The cells were 

lysed in lysis buffer and cell lysates were precleared for 1 h at 4 °C with protein A-Sepharose (GE 

Healthcare) and then incubated overnight with the pulldown antibody and protein A-Sepharose. 
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Immunoprecipitates were washed three times in lysis buffer, and bound protein was eluted by boiling 

in SDS-loading buffer and subjected to western blot analysis. 

TF activity assay 

The TF activity in the HUVECs and SMCs was performed as previously described [20]. Briefly, the 

cells were seeded in a 24-well plate and were washed with HBS before incubation with human Factor 

VIIa and human Factor X for 2 min at 370C. After 10 min of incubation, samples that contain the 

FVIIa/FXa complex were collected and measured in a spectrophotometer using a chromogenic 

substrate Spectrozyme FXa.  

Real-time polymerase chain reaction analysis 

Cells were lysed and total RNA was extracted using the Total RNA mini kit (Bio-Rad) according to 

the manufacturer’s instructions. cDNA was made using the iScript cDNA synthesis kit (Bio-Rad). 

Real-time reverse transcription PCR was performed using the MyIQ system (Bio-Rad). Acidic 

ribosomal phosphoprotein P0 was determined as an internal control for cDNA content of the samples. 

 

Generation of Lentiviral Particles and Infection 

Recombinant lentiviral particles encoding FHL2 and shFHL2 were produced, concentrated, and 

titrated as described previously [15]. Cells were infected with recombinant lentivirus for 24 h after 

which the medium was refreshed and the cells were cultured for another 72 h. Transduction efficiency 

was determined by immunofluorescence and real-time PCR.  

 

Immunofluorescence  

Cells were seeded on gelatin-coated cover slips and transduced with recombinant lentiviral particles 

encoding FHL2 or shFHL2. After 3 days of transduction, cells were stimulated with TNFα (50ng/ml) 

for 24 h and then fixed with 4% (w/v) Formal-Fix (Thermo scientific), washed and incubated with 

appropriate antibodies. After extensive washing with PBS, protein localization was visualized by 

secondary antibodies coupled to fluorescent dyes Alexa Fluor-568 or -488 (Molecular Probes).  

Nuclei were counterstained with Hoechst (Molecular Probes).  

 

Protein stability assay 

HEK293T cells were transfected with FHL2 and TF or deltaTF. After 24h of transfection the cells 

were treated with cycloheximide (50 μg/ml) or vehicle (DMSO). TF protein levels were measured by 

Western blot analysis using rabbit polyclonal TF antibody (American diagnostica). Tubulin was used 

as the loading control. 

 

Luciferase Assays 



HEK293T cells were transiently transfected with TF full length or mutated TF luciferase reporter 

plasmids together with FHL2 or FHL2 deletion mutants. pRL-TK Renilla reporter plasmid (Promega) 

was co-transfected as an internal control. Luciferase activity measurements were performed using the 

dual-luciferase reporter assay system (Promega) and Glomax Multi detection system (Promega) 

according to the manufacturer's protocol. Each experiment (in duplicate) was repeated at least three 

times. 

 

Statistical analysis 

All data are presented as mean ± SD. The significance was determined by the unpaired t-test. P values 

less than 0.05 were considered statistically significant. 

Results 

FHL2 deficiency induces TF expression 

We previously reported that FHL2 regulates arterial lesion formation in a murine model of left carotid 

artery model [18]. Interestingly, in ligated arteries from FHL2-KO mice enhanced thrombus 

formation was observed as compared with lesions in WT mice (Figure 1A). As tissue factor plays a 

key role in the extrinsic coagulation cascade, we hypothesized that increased thrombin generation 

might be due to enhanced TF expression in the lesions. Therefore, we measured TF mRNA expression

 
Figure 1: FHL2 deficiency induces TF expression. A) Representative cross sections of hematoxylin/eosin-

stained carotid arteries from WT and FHL2-KO mice ligated for 4 weeks. B) qRT-PCR was performed to assess 

mRNA expression of TF in the ligated vessels from WT and FHL2-KO mice for the indicated time periods. C) 

qRT-PCR was performed to determine TF mRNA levels in HUVECs transduced with FHL2 following 

treatment with TNFα. Data represent means±SD. *P<0.05.  
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in ligated carotids of FHL2-KO and WT mice (Figure 1B) and established that these were elevated at 

2 and 4 weeks after ligation in FHL2-KO mice. Since endothelium plays pivotal role in the initiation 

of coagulation, we determined TF expression at mRNA level following overexpression of FHL2. The 

transduction efficiency of FHL2 lentivirus in HUVECs was analyzed by qRT-PCR (data not shown). 

TNFα was used to induce basal expression of TF in endothelial cells which does not express TF under 

basal conditions. Consistent with the above data, ectopic expression of FHL2 significantly reduced 

TNFα-induced TF expression in HUVECs (Figure 1C), suggesting the potential involvement of FHL2 

in the modulation of thrombus formation through regulation of TF expression.  

 

FHL2-KO SMCs show increased TF activity 

Since SMCs form the major source of TF in vascular lesions, we subsequently cultured SMCs from 

aortas of WT and FHL2-KO mice. In agreement with the in vivo results, TF mRNA expression was 

significantly higher in cultured FHL2-KO SMCs than in WT SMCs (Figure 2A). We also measured 

the expression of TF in SMCs after culturing them in macrophage condition medium. We found that 

WT SMCs displayed enhanced TF expression with peak at 2 h and gradually decreased by 8 h (Figure 

2B). Consistent with the above findings, FHL2-KO SMCs show enhanced TF expression at mRNA 

level (Figure 2B). In addition, we show that overexpression of FHL2 using lentivirus decreases 

Figure 2: FHL2-KO SMCs show increased 

TF activity. A) qRT-PCR was performed to 

assess mRNA expression of TF in the aortic 

SMCs isolated from WT and FHL2-KO. B) 

qRT-PCR was performed to determine TF 

mRNA levels in WT and FHL2-KO SMCs 

cultured in macrophage condition period for 

indicated time periods. C) SMCs were 

transduced with lentiviral particles encoding 

FHL2 and assayed for TF mRNA expression, 

showing that FHL2 inhibits its expression. D) 

Human SMCs were transduced with 

lentiviral particles encoding FHL2 and qRT-

PCR was performed to measure mRNA 

expression of TF. Data represent means±SD. 

*P<0.05. E) Western blot analysis for TF in 

SMCs derived from WT and FHL2-KO. 

Tubulin was used a loading control.  



expression of TF in both WT and FHL2-KO SMCs (Figure 2C). To substantiate these findings, we 

also determined the expression of TF in human SMCs following ectopic expression of FHL2. In line, 

we demonstrate that overexpression of FHL2 markedly decreases TF mRNA expression (Figure 2D). 

Furthermore, FHL2-KO SMCs displayed enhanced protein expression of TF as determined by 

western blotting (Figure 2E). Altogether, these data indicate that FHL2 is crucial for regulation of TF 

expression in SMCs. 

 

FHL2 regulates TF expression through NFkB and AP-1 

Previous reports demonstrated that the human TF promoter contains binding motifs for NFkB and 

AP-1 [12;13]. To elucidate the mechanism by which FHL2 suppresses transcriptional activation of the 

TF gene, we performed transient transfection with TF promoter–reporter constructs in HEK293T 

cells. Decreased expression of the WT TF luciferase reporter was observed after FHL2 transfection in 

concert with the expression data in HUVECs and SMCs (Figure 3A). However, FHL2 overexpression 

decreased TF NFkB mutant and TF AP1 mutant luciferase reporter activity (Figure 3A). PMA has 

been shown to induce TF promoter activity. Therefore, we also examined the effect of FHL2 on 

PMA-induced TF promoter–reporter constructs in HEK293T cells. In agreement with above findings, 

FHL2 decreases PMA-induced WT TF luciferase reporter as well as TF NFkB mutant and TF AP1 

mutant luciferase reporter activities (Figure 3B), suggesting that FHL2 might use both NFkB and AP-

1 sites for regulation of TF promoter activity. 

Figure 3: FHL2 regulates TF expression through 

NFkB and AP-1. A-B) Transient co-transfection

of 293T cells was performed by using either TF-Luc 

(WT), TF/NFkB mut-Luc, and TF/AP-1 mut-Luc 

and measured luciferase activity under basal (A) and 

PMA stimulated (B) conditions. Luciferase activity 

is normalized with renilla. Data represent 

means±SD. *P<0.05. 
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FHL2 physically interacts with TF 

To investigate whether inhibition of TF by FHL2 is attributable to physical interaction with TF, the 

ability of FHL2 to interact TF was analyzed by coimunoprecipitation experiments. HEK293T cells 

were co-transfected with expression vectors encoding FHL2 and TF or cytoplasmic tail mutant of TF 

(∆CT-TF). Full-length TF was efficiently co-immunoprecipitated with FHL2 from whole cell extracts 

using an anti-HA antibody (Figure 4A). However, ∆CT-TF mutant of TF fail to bind FHL2, 

suggesting that FHL2 requires the short cytoplasmic tail of TF for its interaction. Next we sought to 

investigate which domain of FHL2 is responsible for the interaction with TF, we generated several 

mutants of FHL2 and performed co-immunoprecipitation assays. Interestingly, each LIM mutant of 

FHL2 efficiently binds the TF (Figure 4B), suggesting that each LIM domain of FHL2 might be 

essential in mediating the interaction with TF. Since post-translational modifications such as 

phosphorylation have been demonstrated to be essential in modulation of TF expression, we measured 

the potential impact of FHL2 on TF protein stability. We incorporated ∆CT-TF as a negative control.  

As demonstrated by western blot analysis, the half-life of full-length TF and ∆CT-TF mutant proteins 

was not significantly influenced by FHL2 (Figure 4C). Based on these findings we concluded that 

FHL2 interact with TF, but not essential for TF protein stability. 

Figure 4: FHL2 physically interacts with TF. A) HEK 293T cells were co-transfected with expression vectors 

encoding FHL2 and full-length TF or ∆CT-TF, as indicated. Whole cell extracts were immunoprecipitated using 

the anti-HA antibody (IP: FHL2) and analyzed by Western blotting (WB) with anti-TF antibody (WB: TF). B) 

HEK293T cells were co-transfected with expression vectors encoding FHL2-mutants and TF, as indicated. 

Immunoprecipitated with anti-HA antibody (IP: LIMs) and analyzed by Western blotting with anti-TF antibody 

(WB: TF). C) HEK293T cells were transfected with expression plasmids coding for TF or ∆CT-TF with or 

without FHL2 were transfected. Cells were treated with cycloheximide (CHX) to block the de novo protein 

synthesis for the indicated time periods. Tubulin was used as the loading control. 



FHL2 modulates TF pro-coagulant activity 

Having established that FHL2 regulates TF expression in endothelial cells and SMCs, we sought to 

examine the impact of FHL2 on the activity of TF in cultured HUVECs and SMCs, by assessing the 

coagulation potential of these cells. Consistent with high TF mRNA expression, knock-down of FHL2 

in HUVECs resulted in enhanced inomycin induced FXa generation compared to control (Figure 5A). 

In a similar fashion, FHL2-KO SMCs showed higher inomycin induced FXa generation than WT 

SMCs (Figure 5B). In addition, FHL2-KO SMCs displayed higher TF pro-coagulant activity as 

measured by thrombin generation on their cell surface compared to WT SMCs (Figure 5C). 

Altogether, this indicates that FHL2 might modulate thrombus formation through regulation of TF 

expression and activity.  

Figure 5: FHL2 modulates TF pro-

coagulant activity. A) HUVECs were 

transduced with lentivirus encoding 

shFHL2 followed by serum-starvation 

and treatment with inomycin. FXa 

generation was measured. B-C) FXa 

generation (B) and TF pro-coagulant 

activity (C) was assayed in SMCs 

derived from WT and FHL2-KO.  

 

Discussion 

Blood coagulation is a key process which is activated and forms a fibrin clot almost instantly after 

damage to the endothelium of the vessel wall following an injury. The protein on the surface of 

vascular cells that is crucial for the initiation of coagulation is known as tissue factor (TF) which is a 

key player in the extrinsic pathway of coagulation [3;5]. Although several experimental studies have 

led us to understand the coagulation process, the mechanistic processes that underlie in the regulation 

of TF are incompletely understood. In the current study, we demonstrate that LIM-only protein FHL2 

deficiency exacerbates thrombus formation in response to vascular injury. We focused on the 

molecular basis for transcriptional regulation of TF and reported that FHL2 modulates the expression 

and activity of TF in vascular cells including endothelial cells and SMCs. Furthermore, we observed 

that FHL2 interacts with TF.  
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We previously reported that FHL2-KO mice developed larger SMC-rich lesions involving 

proliferation and migration of SMCs in a murine model of carotid artery ligation model [18]. 

Unexpectedly, we found that FHL2 deficiency resulted in enhanced thrombus formation in some 

animals. Some previous studies demonstrated that thrombus formation is common in carotid artery 

ligation model at earlier time periods, however this is uncommon after 4 weeks of vascular injury. TF 

is a membrane protein found to be expressed in vascular cells such as endothelial cells, SMCs and 

macrophages. Indeed, we have demonstrated that TF is highly expressed in the intact ligated carotid 

vessels in WT mice. However, lack of FHL2 displayed exacerbated TF expression in ligated vessels 

compared to WT counter-parts, suggesting that FHL2 may play crucial role in thrombus formation 

through modulation of TF in vascular cells.  

 

Although quite contrasting data exists on TF expression in endothelial cells, many studies conclude 

that TF is highly induced in endothelium upon vascular injury which involves a wide array of 

production of inflammatory cytokines. Indeed, diverse pro-inflammatory cytokines such as TNFα and 

LPS have been shown to induce TF expression and activity in cultured endothelial cells. Moreover, 

enhanced activity of TF is transient and directly correlates with mRNA level of TF [9-11]. The current 

study described that ectopic expression of FHL2 inhibits TF expression at mRNA level. These 

observations were further corroborated by reduced TF dependent formation of FXa generation in 

HUVECs.  

 

Our recent work confirms that FHL2 is a key modulator of SMC function through regulation of ERK-

cyclinD1 signalling and interaction with Liver X receptors (LXRs) [16;18]. Our current data shows 

that high active TF is present on SMCs deficient for FHL2, which on the luminal surface of injured 

vessels that is crucial for thrombin generation. Thrombin has been shown to promote neointima 

formation through multiple mechanisms, including activation of platelets and induction of SMC 

proliferation [21;22]. Based on these observations, we hypothesize that enhanced TF expression may 

promote high thrombin generation which in turn accelerate SMC proliferation and migration as we 

observed in the absence of FHL2. Further studies are warranted to investigate these speculations.  

 

It is well established that the human TF gene contains transcription factor binding sites for the NFkB, 

AP-1, Sp-1 and Egr-1. For example, inflammatory stimuli induced TF expression in endothelial cells 

is mediated by activation and nuclear translocation of NFkB, AP-1 and Egr-1 [12;13]. Interestingly, 

several previous studies reported that FHL2 is associated with NFkB, AP-1, Sp-1 and Egr-1 in 

multiple cell types in distinct contexts [15;23]. Here, we reported that FHL2 regulates TF promoter 

activity through modulation of both NFkB, and AP-1 both under basal and stimulated conditions. 

Because NFkB is implicated in PMA induced TF expression and also its role in TF regulation after 



vascular injury, it is plausible that it is involved in the FHL2-mediated TF regulation. On the other 

hand, two AP-1 binding sites present in TF promoter has also been shown to be essential for 

regulation of TF under inflammatory conditions. It is plausible that one of the two transcription 

factors are crucial in modulation of TF expression and activity depending on the cell-type involved 

and the disease context. However, more studies are required to investigate the potential mechanism of 

FHL2 regulation on TF in vascular cells.  

 

Numerous reports demonstrated that FHL2 interacts with more than 50 different proteins, including 

transcription factors and structural proteins in a cell type- and context-dependent manner [14-16]. In 

this study, we found that FHL2 physically interacts with full-length TF, but not with the cytoplasmic 

tail deleted mutant of TF (∆CT-TF) indicating that FHL2 interacts with TF to regulate TF-mediated 

coagulation at cell surface. This finding is in concert with another study which describes that TF 

interacts with α3β1 which also interacts with FHL2 [24;25]. It is most likely that FHL2-TF forms a 

complex with α3β1 and mediates many cellular processes. To confirm this hypothesis, more research 

is required. 

 

In summary, our study reports that FHL2 is a novel regulator of TF expression and activity in vascular 

cells, including endothelial cells and SMCs. Furthermore, we demonstrated that FHL2 regulates TF 

promoter activity in NFkB and AP-1 dependent manner. Finally, we show that FHL2 physically 

interacts with full-length TF. This work reinforces the biological significance of FHL2 as potential 

regulator of TF pro-coagulant functions. To further assess the role of FHL2 in TF-mediated 

coagulation and other TF-mediated non-coagulant functions, in vivo animal modelling is required.  
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General Discussion 

The aim of this thesis is to increase our understanding of fundamental pathways 
critical in vascular diseases including atherosclerosis, restenosis, coagulation, and 
immune diseases including asthma, airway inflammation and schistosomiasis. To 
achieve this goal, we performed numerous distinct studies on the role of nuclear 
receptor Nur77 and LIM-only protein FHL2 using mouse models and several cell 
types. In this thesis, functional properties of Nur77 and FHL2, as well as their impact 
on multiple signaling pathways in vascular and immune disease were studied. These 
research efforts are ultimately directed at designing novel therapeutic strategies that 
may aid in mitigating the development of vascular and immune disease. Each chapter 
focuses on either Nur77 or FHL2 in either vascular or immune disease. In the current 
chapter, I will discuss our results and other issues concerning the role of Nur77 and 
FHL2 in vascular and immune disease that have not been completely discussed in 
the preceding chapters. At the end, I will provide a brief perspective for intervention 
targeting Nur77 and FHL2 as ideal candidates in vascular and immune disease. 

The key findings of this thesis are:

1. Pin1 and FHL2 were identified as potential novel regulators of Nur77.

2. Nur77 inhibits airway inflammation in asthma. Overexpression of Nur77 
decreases expression of inflammatory cytokines and mucus production in 
lung epithelial cells.

3. Nur77 agonist 6-Mercaptopurine inhibits production of inflammatory 
cytokines and mucus production in human airway epithelial cells. 

4. LIM-only protein FHL2 deficiency reduces airway inflammation in mice. 
FHL2 regulates expression of inflammatory cytokines and mucus production 
in lung epithelial cells.

5. FHL2 modulates macrophage polarization and pulmonary Schistosoma 
mansoni egg granuloma formation. 

6. FHL2 depletion accelerates SMC-rich lesion formation with enhanced 
proliferation and migration of SMCs via increased activation of the ERK1/2-
CyclinD1 signaling pathway. 



7. FHL2 act as a co-activator of liver X receptors in SMCs. FHL2-deficiency 
results in attenuated cholesterol efflux to both ApoA-1 and high-density 
lipoprotein (HDL).

8. FHL2 regulates tissue factor (TF) expression and activity in vascular cells 
including endothelial cells and vascular SMCs. FHL2 also regulates TF 
promoter activity via AP-1 and in an NFκB-dependent manner.

Multifunctional role of nuclear receptor Nur77

In Chapter 1, we introduced the superfamily of nuclear receptors (NRs) and 
described their documented actions in atherosclerosis. NRs are a class of proteins 
found within cells that regulate a wide range of biological processes including cell 
differentiation, development, homeostasis, proliferation, migration, and apoptosis. 
NRs have been implicated in many diseases including cancer, metabolic disease, 
immune disease and cardiovascular disease. The human superfamily of NRs contains 
48 members that are classified into six subfamilies, based on sequence alignment and 
phylogenetic tree construction. All NRs typically contain a variable amino-terminal 
domain (N-Term), a highly conserved central DNA binding domain (DBD) and a less 
conserved ligand-binding domain (LBD). NRs act as transcription factors as they have 
the ability to bind directly to DNA and thereby mediate transcription of target genes. 
In general, NRs are ligand-activated receptors and bind to the sequence-specific 
promoter response elements in their target genes either as monomers, homodimers 
or heterodimers with the retinoid X receptor (RXR) to regulate transcription of their 
target genes. More specifically, binding of ligand to NRs induces conformational 
changes, which results in activation of these receptors that modulate transcription 
through up-regulation or down-regulation. In addition to the ligands, co-regulators 
have been shown to modulate the transcription of target genes. Co-regulators are 
implicated in many functions such as stabilization, chromatin remodeling, and 
post-translational modifications of NRs. In some cases, NRs may interact with co-
regulators to regulate the transcription via modulation of cellular mechanisms of 
signal transduction [1-3].  

As described in Chapter 1, the subfamily of NR4A nuclear receptors comprises 
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three members: Nur77 (NR4A1, NGFI-B), Nurr1 (NR4A2, NOT), and NOR-1 
(NR4A3, MINOR). These are known as early response genes that are induced by 
diverse extracellular signals in a wide range of tissues and cultured cells. The NR4A 
receptors are implicated in the regulation of genes involved in metabolic disease, 
adipogenesis, inflammation, and vascular disease. To date, no ligands have been 
identified for the NR4A receptors. However, several small-molecule drugs such as 
6-mercaptopurine (6-MP) have been shown to enhance NR4A transcriptional activity. 
It has been shown that transcriptional regulation, post-translational modifications 
and protein–protein interactions are essential in modulating the activity of the 
NR4A receptors. Over 80 interacting proteins have been identified so far for Nur77, 
however less information is available on the interactome of Nurr1 and NOR-1 [4-6].

Pin1 is a novel co-regulator of Nur77

Because NR4A nuclear receptors are orphan receptors and play a crucial regulatory 
role in vascular disease and metabolism, we aim to identify novel co-regulators 
that associate with NR4A nuclear receptors to delineate the underlying mechanism 
involved in regulation of transcriptional activity of NR4As. In Chapter 2, we 
identified peptidyl-prolyl isomerase Pin1 as a novel interacting partner of NR4As. 
The amino-terminal domain of Nur77 has been shown to be essential for binding 
of co-regulators as well as for transcriptional activity. Although many other co-
regulators have been identified for Nur77 in numerous studies, the interaction 
domain of Nur77 is poorly described in those studies. As shown in Chapter 2, Pin1 
binds to the amino-terminal domain of Nur77 and enhances Nur77 transcriptional 
activity. We also observed that Pin1 increases the protein stability of Nur77, but 
not of Nurr1 and NOR-1 in an isomerase-dependent manner. However, Pin1 acts 
as a co-activator of all three NR4As: Nur77, Nurr1 and NOR-1 in an isomerase 
activity-independent manner. Of note, Pin1 isomerase activity has been shown to be 
essential for modulation of transcriptional activity of target proteins such as Stat3 
and PPARγ. Although all three members of NR4As share high homology, Pin1 acts 
only on Nur77 selectively compared to Nurr1 and NOR-1 in an isomerase-dependent 
and independent manner. In contrast, Chen et al. reported that the isomerase activity 
of Pin1 is necessary for interaction with Nur77 [7]. The observed discrepancy with 
our study could be explained because Chen et al. used a phosphatase where as we 
used a variant ‘Nur77-MutAll’, in which all 17 Pin1 consensus binding site are 



substituted with alanine. Future research is warranted to investigate this in detail 
using alternative methods in multiple cell types. 

The WW domain of Pin1 interacts with Nur77 and regulates transcriptional activity of 
Nur77. It is plausible that Pin1 recruits other potential co-activators or even displace 
co-repressors to enhance Nur77 transcriptional activity. Subsequently, we reported 
that Pin1 increases the expression of enolase3, a known Nur77 target gene. Pin1 acts 
as a co-activator of Nur77 independent of protein stabilization for which isomerase 
activity of Pin1 is crucial. A potential novel Pin1 target site in Nur77 has been 
identified and reported that Nur77 is a substrate for casein kinase (CK2). We provide 
evidence that Pin1 triggers conformational changes to increase the stability of Nur77 
through acting on CK2-phosphorylated Ser152-Pro153 motif in Nur77. Conversely, 
Chen et al. demonstrated that distinct Ser-Pro motifs (Ser 95; Ser 140; Ser 431) are 
essential in interaction with Pin1[7]. However, we did not find any effect on Nur77 
activity/stability after substitution of these residues with alanine. This discrepancy 
with our study can not be explained and choosing a distinct approach in the future is 
necessary to resolve the issues raised.

Protective role of Nur77 in asthma and airway inflammation

Having established that Nur77 exhibits anti-proliferative and anti-inflammatory 
actions in smooth muscle cells (SMCs) and endothelia cells (ECs), and plays an 
essential role in immune and inflammatory cells [8;9], we speculate that this receptor 
has a protective function in asthma and airway inflammation. However, one should 
realize that multiple inflammatory and immune cells such as eosinophils, mast cells, 
neutrophils, basophils, B-and T-lymphocytes and dendritic cells are involved in the 
initiation and development of allergic asthma and airway inflammation [10;11]. 
Asthma is characterized by persistent chronic airway inflammation, which leads to 
mucus hypersecretion and airway hyperresponsiveness. Nur77 was also shown to 
be important for thymic regulatory T cell development and immune homeostasis. 
Peripheral eosinophils from patients with atopic dermatitis show increased Nur77 
expression. However, very limited information is available on Nur77 in the lung, 
but its expression has been described in lung epithelial cells and a recent study 
demonstrated that Nur77 inhibits pulmonary SMC proliferation [12;13]. In Chapter 
5, we sought to investigate the role of Nur77 in asthma and airway inflammation. 
We found that Nur77 deficiency results in accelerated airway inflammation in a 
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murine model of ovalbumin (OVA)-induced allergic airway inflammation. We 
observed that OVA-challenged Nur77-knockout (KO) mice show significantly 
enhanced infiltration of inflammatory cells including eosinophils and lymphocytes. 
Corresponding with these results, our group showed that Nur77 deficiency results in 
enhanced migration of inflammatory cells following thioglycollate injection [9]. We 
also recently described that Nur77 has been implicated in barrier function in ECs 
and lungs [14]. Therefore, it is likely that Nur77 has a protective function in airway 
inflammation through modulation of several cell types and modulation of barrier 
function.

Mucus hypersecretion by airway epithelial cells is one of the hallmarks of allergic 
airway disease. Among other mucins, Muc5ac is abundantly expressed in mucus-
secreting goblet cells and serves as a marker for mucus cell hyperplasia [15]. We 
reported that Nur77 inhibits Muc5ac gene expression and thereby mucus production. 
These data provide evidence that Nur77 may have a protective role not only in asthma 
and airway inflammation but also in other diseases such as chronic bronchitis, cystic 
fibrosis, and chronic allergic rhinitis in which mucus hypersecretion is implicated. 
Another interesting finding is that Nur77 decreases mucus production through 
inhibition of activation of NFκB, a pleiotropic transcription factor that acts as a key 
regulator of immune and inflammatory genes. These data is consistent with previous 
studies where reporting that Nur77 inhibits NFκB in multiple cell types in several 
diseases. 

Another important finding is the identification of several potential single 
nucleotide polymorphisms (SNPs) in the Nur77 gene (NR4A1) associated with 
hyperbronchioreactivity in asthma patients. We also found that Nur77 is highly 
expressed in lungs of house dust-mite induced airway inflammation in mice 
(unpublished data). Therefore, it is conceivable that Nurr7 is highly expressed 
and functionally active in airway inflammation and asthma in humans. Overall 
our findings support a protective role of Nur77 in ovalbumin (OVA)-induced 
airway inflammation and identify Nur77 as a novel therapeutic target for airway 
inflammation and asthma. Altogether, I envision that enhancing the activity of Nur77 
by small molecule agonists such as 6-mercaptopurine may have a beneficial effect 
in asthma and airway associated diseases such as chronic bronchitis, cystic fibrosis, 
and chronic allergic rhinitis. It is intriguing to study the function of Nur77 in these 



diseases in the future.

6-Mercaptopurine regulates inflammation and mucus production

As described in Chapter 5, Nur77 displayed a protective function in airway 
inflammation. Therefore, we hypothesized that 6-MP may be beneficial in airway 
inflammation. 6-MP is an active metabolite of the immunosuppressive drug 
‘azathioprine’ and has been widely used in several inflammatory disorders. As an 
immunosuppressive drug, 6-MP is widely used as a key agent in organ transplant 
recipients to prevent allograft rejection, as a maintenance drug for patients with 
inflammatory bowel disease, to treat rheumatoid arthritis, chronic active hepatitis, 
and lupus nephritis. It has been shown to have an anti-inflammatory function in 
SMCs and macrophages. Recent studies from our group show that 6-MP decreases 
macrophage activation and gut epithelium proliferation through inhibition of GTPase 
Rac1 [unpublished data; [14]. Several randomized trials reported that 6-MP led to 
improvement in patient’s asthmatic symptoms, probably due to reducing airway 
inflammation. It is also demonstrated that 6-MP may be used as a steroid-sparing 
agent for patients with asthma and prolonged treatment of 6-MP has also been 
shown to be effective in the treatment of chronic asthma patients. It was proposed 
that 6-MP may reduce T-cell activation and regulate the T-helper (Th)1 response to 
maintain a balance between Th1 and Th2 response in asthma [16-22]. Based on the 
observation that Nur77 has a protective function in airway inflammation, and the 
knowledge that 6-MP has an anti-inflammatory and immune modulatory function, 
as well as the genetic association of Nur77 with treatment of chronic asthma in 
humans, we sought to investigate the effect of 6-MP on mucus production in airway 
epithelial cells. In Chapter 4 we clearly demonstrate that 6-MP strongly inhibits 
cytokine synthesis and mucus production by reduced gene expression of Muc5ac 
through suppression of the NFκB pathway in airway epithelial cells. Although the 
effect of 6-MP needs to be investigated in vivo using animal models, it is most 
likely that 6-MP is beneficial in airway inflammation and asthma through reducing 
inflammation and mucus hypersecretion. It will be also of interest to investigate the 
relative contribution of Nur77 in 6-MP mediated effects in airway inflammation by 
applying Nur77-deficient mice.

FHL2 plays a protective role in vascular smooth muscle cells
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Vascular SMCs play a crucial role in maintaining the vessel wall structural integrity 
and in modulating vasodilatation and vasoconstriction for blood flow homeostasis. 
SMCs form a substantial part of atherosclerotic plaques and also in other 
atherosclerosis-related pathologies such as in-stent restenosis and vein graft disease. 
Under these diseased conditions, SMCs undergo phenotypic switching from ‘normal 
quiescent’ to the ‘synthetic or activated’ state resulting in increased proliferation, 
migration and inflammation. In addition, these synthetic SMCs produce excessive 
amounts of extracellular matrix and express reduced levels of SMC-specific marker 
genes [23-27]. Nur77 has been shown to inhibit proliferation of SMCs and thereby 
protects against SMC-rich lesion formation in mice. Furthermore, overexpression 
of Nur77 in vascular SMCs inhibit flow-induced carotid artery remodelling in mice 
[8]. Very recently, Nur77 has been shown to inhibit pulmonary SMCs proliferation, 
which is a key feature in pulmonary arterial hypertension. Because Nur77 plays 
a crucial role in SMCs and no ligands have been identified, we investigated for 
novel interacting partners for Nur77 in SMCs. In Chapter 3, we identified FHL2 
as a novel co-regulator of Nur77 in SMCs. FHL2 interacts with the amino-terminal 
transactivation domain of Nur77 and inhibits its transcriptional activity in a dose-
dependent manner. 

FHL2/DRAL/SLIM3 is a LIM-only protein that has been shown to interact with 
many proteins and acts as a co-activator or co-repressor depending on the cell-
type and cellular context. It is a crucial adaptor protein and plays a pivotal role 
in a range of physiological and pathological processes, including proliferation, 
migration, differentiation and apoptosis. Interestingly, FHL2 has been shown to be 
associated with vascular SMCs and inhibits RhoA and bone morphogenetic protein 
(BMP) signaling pathway-mediated induction of SMC differentiation markers such 
as smooth muscle α-actin (SM α-actin), calponin and SM22-α. In contrast, FHL2 
has been described to increase protein stability of myocardin-like proteins resulting 
in up-regulation of SMC marker genes [28;29]. As shown in Chapter 3, FHL2 is 
highly expressed in human endothelial cells and SMCs, but not in monocytes or 
macrophages under basal conditions. FHL2 is expressed throughout the cell and 
FHL2 and Nur77 co-localize in the nucleus of SMCs. FHL2 regulates expression of 
the Nur77 target gene enolase3 in SMCs, indicating a functional interaction of these 
proteins. Furthermore, FHL2 regulates Nur77-mediated SMC proliferation as shown 
by gain-and loss of function studies. We postulated that FHL2 might be a crucial 



target for vascular proliferative diseases such as restenosis and vein graft disease. 

Indeed we investigated the role of FHL2 in SMC-rich lesion formation in mice 
using a carotid artery ligation model as described in Chapter 8. We demonstrated 
that deficiency of FHL2 results in accelerated SMC-rich lesion formation in mice. 
Enhanced lesion formation is associated with excessive proliferation and migration 
of SMCs, the two key characteristic features of ‘in-stent restenosis’ in humans. 
Mechanistic and signaling studies revealed that FHL2 depletion results in increased 
phosphorylation of extracellular-regulated kinase-1/2 (ERK1/2) and induction of 
CyclinD1 expression, explaining the enhanced proliferation in FHL2-knockout 
(FHL2-KO) mice. Conversely, Labalette et al. showed that CyclinD1 is a direct target 
gene of FHL2, and lack of FHL2 significantly reduces the expression of CyclinD1 
which in turn results in reduced proliferation of spontaneously immortalized mouse 
fibroblasts [30]. The discrepancy could be due to the fact that different cell types 
were studied in distinct disease contexts and that FHL2 may play a distinct role in a 
cell-type and context-dependent manner. In our study, we further demonstrated that 
lack of FHL2 resulted in enhanced migration of SMCs and thereby contributes to the 
SMC-rich lesion formation in mice. Consistent with our study, a study reported that 
deficiency of FHL2 enhances CCL19-induced dendritic cell migration [31]. Several 
previous reports proposed contrasting data on the role of FHL2 in SMCs. However, 
our group has discovered using this in vivo model that FHL2 is protective in vascular 
proliferative diseases such as restenosis. Since proliferation and migration of SMCs 
is of importance in several other diseases, including pulmonary arterial hypertension, 
aneurysm formation and asthma associated with airway inflammation, it may be of 
interest to investigate the role of FHL2 in these pathologies. 

FHL2 regulates lipid metabolism via modulation of Liver X Receptors in SMCs

Cholesterol is an essential component of the cell membrane and crucial for cellular 
homeostasis [32]. Excessive accumulation of lipids in arterial wall cells, including 
SMCs, is one of the early events in atherosclerosis and lipid-filled SMCs are 
implicated in the development of lesion formation [33]. Plaque stability in advanced 
atherosclerotic lesions also largely depends on the abundance and reparative capacity 
of SMCs. Identification of genes that modulate cholesterol metabolism in SMCs is 
essential to understand the molecular mechanisms of dysregulation of cholesterol 
metabolism. In Chapter 9, we performed transcriptional profiling to characterize 
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the molecular mechanism by which FHL2 exerts its atheroprotective function in 
SMCs as described in Chapter 8. Interestingly, we found that cholesterol synthesis 
and Liver X Receptor (LXR) pathways are highly altered in the absence of FHL2 in 
SMCs, suggested an essential role of FHL2. During preparation of the manuscript, 
Ramayo-Caldas et al. demonstrated that FHL2, together with NCOA2 and EP300, 
plays a central role in fatty acid metabolism and the control of energy homeostasis 
in pigs [34]. They also reported that FHL2 binds some well-known regulators of 
lipid and carbohydrate metabolism. As shown in Chapter 9, we provide compelling 
evidence that FHL2 acts as a transcriptional co-activator of LXRs in SMCs. In 
addition, FHL2 regulates specific LXR target genes and also enhances ApoA-1- 
and HDL-mediated efflux of cholesterol by regulating ABCA1 expression at the 
transcriptional level in SMCs. Our study highlighted the essential role of FHL2 as an 
integrator of lipid transport and cellular signals regulating cellular lipid homeostasis 
through modulation of LXRs in SMCs. We proposed that the FHL2-LXR axis is 
crucial, at least partly, in the observed atheroprotective function of FHL2. 

FHL2 is known to interact with more than 50 different proteins and regulates 
the activity of nuclear receptors such as estrogen receptor, androgen receptor, 
steroidogenic factor 1 (SF-1) and PPARα. However, FHL2 does not regulate the 
transcriptional activity of glucocorticoid, mineralocorticoid, and progesterone 
receptors, demonstrating that FHL2 does not act on all nuclear receptors, but 
rather exhibits specific functions depending on context- and cell type [35]. Another 
interesting finding shown in Chapter 9 is that FHL2 uses different LIM domains for 
its interaction with two LXR isoforms, LXRα and LXRβ, in spite of high amino-acid 
sequence homology between the isoforms. Future research should focus on the exact 
involvement of the individual LIM domains in FHL2-LXR complex formation to 
elucidate the underlying mechanisms. It is also plausible that LXRs and other nuclear 
receptors share a co-regulator, depending on the context, and thereby coordinate and 
integrate signals derived from different signal transduction pathways in the cell.

FHL2 interacts with and regulates tissue factor in vascular cells

Under normal physiological conditions, blood in the fluid form serves as a transport 
medium for oxygen, nutrients, hormones and circulating cells. In response to vascular 
injury, a blood clot is formed as a preventive mechanism to avoid excessive blood 
loss. Initiation of blood coagulation in response to injury is dependent on tissue 



factor (TF) which plays a key role in the formation of a fibrin network that stabilizes 
the platelet plug [36-40]. In Chapter 10, we identified FHL2 has an interacting 
partner of TF. We demonstrated that FHL2 inhibits TF expression and TF-mediated 
FXa generation in vascular cells including ECs and SMCs. Moreover, we found that 
FHL2 inhibits TF expression in macrophages (unpublished data). In line with these 
observations, FHL2 knockdown results in enhanced TF expression in vascular cells. 
Interestingly, FHL2 also decreases TF promoter activity through regulation of AP-1 
and NFκB pathways. 

Our findings described in Chapter 10 were performed in primary cells isolated from 
mouse and humans, however these results cannot be extrapolated directly to humans 
because of the tissue culture-related effects on TF expression and activity. However, 
our pilot in vivo findings in a model of venous thrombosis in which the vena cava 
is ligated incompletely revealed that FHL2-KO mice show a trend toward enhanced 
thrombus formation (unpublished data). In contrast, we found that the absence of 
FHL2 does not influence thrombus formation in another mouse thrombosis model 
in which siRNA against antithrombin and protein C inhibit the expression of these 
anti-coagulant proteins [41]. In this model fibrin deposition in the liver is a measure 
for thrombosis as shown in Figure 1. In male mice FHL2-KO mice show reduced 
thrombosis, whereas female FHL2-KO mice show no difference with WT mice. 
The observed discrepancy in increased versus decreased thrombosis is most likely 
due to the fact that these models are very different: the vena cava ligation model 
involves vascular injury due to the ligation, causing exposure of activated SMCs to 
the blood. Injection of siRNA does not provoke injury and  monitors coagulation 
under conditions of low antithrombin-III and Protein C. One may conclude that 
FHL2 is crucial for coagulation following vascular injury and may not be essential 
for coagulation under basal conditions. To investigate this in detail, another in vivo 
experimental approach should be used in which vascular injury is involved. For 
example, the ferric chloride model of thrombosis might be useful to understand the 
exact role of FHL2 in vivo in injury-induced thrombosis. 

Interestingly, we found that FHL2 protein is present in human and mouse platelets. 
When we subjected platelets-rich plasma from WT and FHL2-KO to high-shear 
flow conditions, we found that FHL2 deficiency results in enhanced aggregation 
of platelets on collagen surface as visualized by time-lapse microscopy (Figure 
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2). Platelets from FHL2-KO mice did not show changed expression of platelet 
aggregation markers as tested by flow-cytometry. Additional experimental approach 
should be used to investigate this in detail; for example, measuring in vitro activation 
of washed platelets with different stimuli. Some recent studies show that LXRβ is 
expressed in platelets and exhibit some non-genomic functions in platelets [42]. As 
described in Chapter 8, we found a strong correlation between FHL2 and LXRs in 
SMCs. It would be intriguing to study the role of FHL2 on LXRs in platelets in the 
future.

Figure 1: Liver fibrin deposition in mice following silencing of hepatic antithrombin-III and 
protein C production. Fibrin deposition is measured in male (A) and female (B) mice.

FHL2 attenuates inflammation in SMCs

Inflammation plays an essential role in the regulation of many diseases including 
atherosclerosis, restenosis and pulmonary arterial hypertension [8]. Although much 
has been investigated in the preceding chapters, the role of FHL2 in inflammation 
is not studied in SMCs. In Chapter 8, we showed that FHL2-KO mice displayed 
enhanced neointima formation. However, the inflammation associated with it has not 
been investigated. To explore the role of FHL2 in inflammation, we measured the 
expression of cytokine and chemokine production in SMCs derived from aortas from 
WT and FHL2-KO mice. We demonstrated that FHL2-KO SMCs show increased 
expression of multiple cytokines and chemokines compared to WT SMCs (Figure 3). 

 



Figure 2: FHL2 deficiency increases platelet adherence on collagen under high-shear flow 
at non-coagulant conditions. Wild type (WT) and FHL2 KO mouse platelet-rich plasma was 
perfused over collagen type I during 4 min at a shear rate of 1000/s. Representative bright-
field phase-contrast images of platelet thrombi on collagen were taken (left panels). Thrombi 
were post-stained with Alexa-647-annexin A5 to detect PS exposure (middle panels), and 
with FITC-anti-CD62 mAb to detect P-selectin exposure as a marker of secretion (right 
panels). n=3-9. 

The NFκB pathway is a central regulator of inflammatory events associated with 
neointima formation and interestingly, FHL2 has previously been shown to modulate 
NFκB activity in osteoclasts, even though FHL2 does not directly interact with NFκB. 
We found that NFκB transcriptional activity is also constitutively enhanced in FHL2-
depleted SMCs and consistent with this, we observed diminished IκBα expression in 
FHL2-KO SMCs (data not shown). SMCs orchestrate their inflammatory response 
via an NFkB-dependent manner (Figure 3B). FHL2-KO SMCs displayed higher 
levels of IL-6, MCP-1, RANTES and SDF-1α expression and overexpression of 
FHL2 repressed expression of these genes in FHL2-KO SMCs (data not shown). 
Both RANTES and SDF-1α are highly expressed in the injured vessel wall and 
SDF-1α levels are markedly higher in plasma of FHL2-KO mice than of WT mice. 
These data indicate that the function of endogenous FHL2 involves inhibition of the 
inflammatory response of SMCs via the NFkB pathway. Given the protective function 
of FHL2 in inflammation, it is intriguing to study the role of FHL2 in inflammatory 
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disorders such as inflammatory bowel disease, aneurysm and pulmonary arterial 
hypertension. 

Deficiency of FHL2 attenuates airway inflammation and asthma

Dysfunction of the immune system leads to immune disorders such as asthma 
and allergic rhinitis. Many inflammatory cells such as eosinophils, mast cells 
and dendritic cells, airway SMCs and epithelial cells play a prominent role in the 
pathogenesis of asthma [10;11]. Based on the observation that FHL2 has an anti-
inflammatory function in vascular SMCs, we hypothesized a protective function for 
FHL2 in airway inflammation. However, in Chapter 6 we show that FHL2-KO mice 
displayed reduced infiltration of inflammatory cells. We found that OVA-challenged 
FHL2-KO mice show significantly reduced allergen-driven airway inflammation 
as evidenced by reduced infiltration of inflammatory cells including eosinophils, 
dendritic cells, B-cells and T-cells. Furthermore, mucus production and expression 
of several Th2 cytokines were significantly lower in FHL2-KO. Knock-down 
of FHL2 in human lung epithelial cells resulted in a striking decrease in ERK1/2 
phosphorylation and production of inflammatory cytokines and mucus production. 
To extrapolate our results to human disease, we searched for association of single 
nucleotide polymorphisms (SNPs) in the FHL2 gene with asthma and found that one 
SNP is associated with hyperbronchioreactivity. These results highlight functional 
involvement of FHL2 in the aggravation of OVA-induced airway inflammation 
and identify FHL2 as a novel gene associated with asthma severity in human. 
The discrepancy of FHL2 function in vascular disease and immune disease could 
be attributed to different cell types involved in these pathologies and the type of 
trigger involved. This hypothesis needs to be verified in dedicated in vivo models 
and multiple approaches such as specific cell type deleted FHL2 mice, etc may be 
considered. 

FHL2 regulates granulomatous inflammation

Macrophages are a heterogeneous population of immune cells playing a crucial role in 
the regulation of both innate and adaptive immune responses in inflammatory diseases, 
such as airway inflammation, inflammatory bowel disease and atherosclerosis. 
Macrophage polarization is a key event in multiple chronic pulmonary diseases 
including schistosomiasis and may help in regulation of tissue repair [43-45]. We 



Figure 3. FHL2 depletion induces pro-inflammatory gene expression in SMCs via the NFκB 
pathway. Protein expression of IL-6, MCP-1 and SDF1-α was analysed by ELISA (A), and 
semi-quantitative RT-PCR was performed to assess mRNA expression of IL-6, MCP-1, 
RANTES and SDF1-α in serum-starved SMCs treated with or without BAY11-7085 (B). 

previously showed that FHL2 is not detectable at mRNA level in non-stimulated 
monocytes and macrophages. However, as shown in Chapter 7, we demonstrated 
that FHL2 mRNA is significantly induced in bone-marrow macrophages (BMM) 
following treatment with IL-4 and IL-10, whereas no induction was observed 
upon treatment with LPS. This observation suggests that the potential involvement 
of FHL2 in macrophage M2 polarization plays a critical role in diseases such as 
pulmonary granulomatous inflammation and asthma. We also showed that FHL2-KO 
BMM exhibit reduced expression of characteristic alternative activation markers. A 
previous study demonstrated that FHL2-KO mice exhibit impaired wound healing, 
which was attributed to decreased cell migration and collagen contraction [46]. We 
propose that the abrogated macrophage M2 polarization in FHL2-KO mice also 
contributes to decreased wound healing, however, further research is necessary to 
investigate this in detail. 

Several studies demonstrated that FHL2 is associated with inflammation in multiple 
cell types, partly through regulation of the NFκB pathway in a cell- and context-
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dependent manner. For example, FHL2 regulates inflammation in SMCs through 
modulation of NFκB pathway (unpublished; Fig. 3). Upon LPS stimulation, FHL2-
KO BMM show enhanced expression of pro-inflammatory or M1 cytokines, which 
was unexpected, because FHL2 mRNA is not expressed in LPS-treated BMM. These 
data suggest that FHL2 modulates the initial differentiation of BMM, rather than 
the direct LPS-response. We also observed enhanced migration of inflammatory 
cells including macrophages and B-cells to the peritoneal cavity of FHL2-KO 
mice following thioglycollate injection. In contrast to our findings, a recent study 
showed that FHL2-KO mice display no difference in expression of TNFα and IL-6 
in peritoneal macrophages following stimulation with LPS [47]. This seeming 
discrepancy may be explained by the use of macrophages from distinct sources 
(peritoneal vs bone marrow), high/low LPS concentrations (1µg/ml vs 100 ng/ml) 
and the time of incubation (24h vs 8h). 

Schistosoma mansoni (Sm) is a helminth parasite that causes schistosomiasis which 
is a chronic disease that persists for years because of impaired ability to remove adult 
worms and the eggs that become trapped in the liver, lungs and intestine [48]. We 
found that FHL2 deficiency results in more pulmonary granulomas, characterized by 
an exacerbated production of Th1 cytokines and decreased levels of Th2 cytokines in 
the murine model of Sm egg injection. These results suggest that FHL2 plays a role 
in granuloma formation resulting in modulation of the Th1/Th2 cytokine balance. 
FHL2 has been implicated in the regulation of barrier function. Interestingly, we 
found that FHL2-KO mice displayed reduced expression of several junctional 
proteins [49]. Altogether, these data suggest that the enhanced number of granulomas 
found in FHL2-KO may be explained, at least partly, by a reduced barrier function. 
Studies using cell-type specific depletion of FHL2 might be helpful to understand 
the role of FHL2 on multiple inflammatory cells.

Conclusions and Future perspectives

The studies described in this thesis substantially contribute to the understanding of 
the role of Nur77 and FHL2 in vascular and immune disease. In this thesis, several 
novel facets of the nuclear receptor Nur77 and its agonist 6-MP are described that 
are highly useful as to design novel intervention strategies in asthma and airway 
inflammation. A part of the thesis deals with the potential benefits of 6-MP on airway 
inflammation and mucus hypersecretion, two key features of asthma. Although 6-MP 



has been proposed as an agonist of Nur77, it has been shown that 6-MP also influences 
other signaling pathways independent of Nur77; the small GTPase Rac1 being best 
described. In line with this knowledge, 6-MP does not show specificity for Nur77 
in several cell types. Moreover, it is unclear by which mechanism 6-MP activates 
Nur77, most likely through modulation of its interaction with co-regulators [50]. It is 
essential to obtain mechanistic insight in the action of 6-MP on regulation of Nur77 
activity and its effects on Nur77-mediated functions. 6-MP is an immunosuppressive 
drug and therefore it is also crucial to determine the optimal dosage and delivery of 
the drug because systemic administration may result in severe pathologies such as 
leukemia. Local delivery of 6-MP into organs such as inhalation in lungs may be 
beneficial to treat asthma and airway inflammation. Development of selective Nur77 
agonists should also be considered, as these may be useful to target this nuclear 
receptor for clinical intervention in airway diseases.

We demonstrated that FHL2 has diverse functions in multiple diseases. Even though 
FHL2 seems to be a promising target for intervention in restenosis, coagulation, 
airway inflammation, and schistosomiasis, there are still several questions remaining. 
First, which genes are directly targeted by FHL2 in each disease condition. The 
function of FHL2 seems to depend strongly on cell-type and context. Secondly, 
FHL2 is expressed by several different cell types, including ECs, SMCs, M2-
macrophages and epithelial cells, and the role of FHL2 in these cells is also quite 
different. Thirdly, how to target FHL2 as a treatment modality; specific compounds 
need to be developed. Targeting FHL2 may be challenging as it is a scaffolding 
protein which fine tunes the function of many proteins in several diseases. FHL2 can 
change the cellular localization, the interactome and protein stability of the proteins 
it binds. 

In conclusion, this thesis describes hitherto unknown roles of Nur77 and FHL2 
in vascular and immune disease, and expands our view on mechanistic insights in 
airway inflammation, atherosclerosis, restenosis, coagulation, and schistosomiasis. 
These studies provide new avenues for future studies on these diseases and targeting 
Nur77 and FHL2 by selective compounds might be useful for intervention. 
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Summary

The research described in this thesis focuses on the understanding of fundamental 
pathways critical in vascular and immune disease. This thesis comprises a series of 
studies on the role of nuclear receptor Nur77 and LIM-only protein FHL2 in vascular 
disease, including atherosclerosis, restenosis and coagulation, and immune diseases 
including asthma, airway inflammation and schistosomiasis using mouse models and 
relevant cell types. These research efforts contribute to improved prevention and 
treatment strategies in vascular and immune disease in the future. 

The background information for this thesis is provided in Chapter 1. Part I presents 
a short overview on vascular diseases including atherosclerosis, restenosis and 
coagulation, and the immune diseases including asthma, airway inflammation and 
schistosomiasis. Part II reviews the current literature concerning the function of 
various nuclear receptors (NRs) in vascular disease and describes the function of 
Nur77 in vascular cells including endothelial cells, smooth muscle cells (SMCs) and 
macrophages in atherosclerosis. Atherosclerosis is a chronic inflammatory disease 
characterized by accumulation of lipids in the vascular wall and is accompanied 
by innate and adaptive immune responses. Various cell types such as inflammatory 
cells and SMCs are involved in this multi-factorial disease. Most NRs display an 
atheroprotective role through modulation of cellular functions in vascular cells and 
inflammation. Part III introduces the NR4A subfamily of nuclear receptors which 
consists of three members: Nur77, Nurr1, and NOR-1 and describes their function 
in numerous diseases. It describes the protein-protein interactions of all three NR4A 
nuclear receptors with emphasis on Nur77 focusing in detail on the function of those 
interactions in specific cell types in multiple diseases. 

Chapter 2 reports a novel interaction of the peptidyl-prolyl isomerase Pin1 with 
NR4As as determined by yeast two-hybrid and co-immunoprecipitation assays. 
Pin1 is shown to be involved in increasing transcriptional activity of all three NR4A 
nuclear receptors. In addition, Pin1enhances protein stability of Nur77 through 
inhibition of its ubiquitination. Deletion mutant analysis shows that the WW-domain 
of Pin1 interacts with the N-terminal transactivation domain and the DNA-binding 
domain of Nur77. Interestingly, Pin1 acts as a co-activator of Nur77 in an isomerase 
activity-independent manner whereas it enhancing protein stability of Nur77 



requires Pin1 isomerase activity. Nur77 is a novel substrate for protein kinase casein 
kinase 2 (CK2) and Pin1 acts on the CK2-mediated phosphorylation of the Ser(152)-
Pro(153)-motif in Nur77 to enhance Nur77 stability. 

To identify potential interacting partners of Nur77, we performed a yeast two-hybrid 
screen. The results of this study were described in Chapter 3. We report that LIM-
only protein FHL2 is a novel interacting partner of Nur77, which was confirmed 
by co-immunoprecipitation assays. Using deletion mutation analysis we show 
that each LIM domain of FHL2 can interact with Nur77 and that both the amino-
terminal domain and the DNA binding domain of Nur77 are involved in binding 
with FHL2. Subsequently, we demonstrated that FHL2 decreases the transcriptional 
activity of Nur77 in a dose-dependent manner. Conversely, knockdown of FHL2 
results in enhanced Nur77 transcriptional activity. To corroborate these findings, we 
also performed chromatin-immunoprecipitation (ChIP) on the Nur77 target gene 
enolase3, and reported that FHL2 inhibits the association of Nur77 with DNA. 
FHL2 is highly expressed in human endothelial and SMCs, but not in monocytes or 
macrophages under non-stimulated conditions. 

Azathioprine is an immunosuppressive drug, which has been implicated in the 
treatment of many inflammatory diseases. In Chapter 4 we describe the crucial 
role of 6-mercaptopurine (6-MP), an active metabolite of azathioprine, on the 
expression level of pro-inflammatory cytokines in human airway epithelial cells. 
We report that 6-MP does not influence the viability of airway epithelial cells when 
used up to a concentration of 15 µM. 6-MP reduces TNFα-induced expression 
of several proinflammatory cytokines in airway epithelial cells as determined by 
qRT-PCR analysis. In line with these observations, 6-MP inhibits TNFα-induced 
phosphorylation of IκBα and thus reduces NFκB luciferase activity. Chronic airway 
diseases such as asthma are associated with excessive cytokine synthesis and mucus 
hypersecretion. 6-MP reduces gene expression of the mucin Muc5ac, but not Muc2, 
through inhibition of the NFκB pathway. Moreover, 6-MP inhibits PMA- and TNFα-
induced mucus production as visualized by Periodic Acid Schiff (PAS) staining. 
Collectively, our data revealed that 6-MP reduces the inflammatory response as well 
as mucus production in airway epithelial cells and therefore 6-MP may represent a 
novel therapeutic option to inhibit mucus hypersecretion in airway diseases.

Nuclear receptor Nur77 plays an essential role in distinct immune and inflammatory 
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cells, expressed in eosinophils and lung epithelium. To study the role of Nur77 in 
asthma and airway inflammation, we used a murine model of ovalbumin (OVA)-
induced airway inflammation. The findings are described in Chapter 5. We reported 
that Nur77 deficiency results in significantly enhanced infiltration of inflammatory 
cells including eosinophils and lymphocytes, and aggravated mucus production. 
Macrophages have a limited contribution in this model and similar numbers of 
infiltrated macrophages were found in WT and Nur77-KO mice. Nur77-KO mice 
showed higher levels of Th2 cytokines in bronchoalveolar lavage fluid (BALF) and 
draining lymph node cells, and augmented IgG1 and IgG2a levels in serum. Our in 
vivo findings were further substantiated by gain- and loss-of function experiments in 
human lung epithelial cells. Knockdown of Nur77 in these cells resulted in an increase 
in IκBα phosphorylation corresponding with enhanced NFκB activity, whereas 
overexpression of Nur77 decreased NFκB activity. Moreover, overexpression 
of Nur77 reduced expression of inflammatory cytokines and Muc5ac expression, 
and also attenuated mucus production in lung epithelial cells. Finally, our findings 
in mice were further substantiated by identification of potential single nucleotide 
polymorphisms (SNPs) in the Nur77 gene associated with hyperbronchioreactivity 
in human asthma. Altogether, our results support a protective role of Nur77 in OVA-
induced airway inflammation and identify Nur77 as a novel therapeutic target for 
airway inflammation. However, further research is required to understand the exact 
underlying mechanism.

Chapter 6 describes the functional involvement of FHL2 in OVA-induced airway 
inflammation using a murine model. We report that FHL2-KO mice display reduced 
allergen-driven airway inflammation as evidenced by diminished infiltration of 
inflammatory cells including eosinophils, dendritic cells, B-cells and T-cells. Mucus 
production was also decreased in FHL2-KO mice. We found that FHL2-KO mice 
show lower levels of IL-5, IL-13, Eotaxin-1, and Eotaxin-2 in BALF as well as in 
draining lymph node cells. OVA-specific serum IgG and IgE levels were also reduced 
in FHL2-KO mice. Immunohistochemical staining showed that phosphorylation 
of extracellular-regulated kinase-1/2 (ERK1/2) was strongly attenuated in FHL2-
KO lung. Consistent with this, knockdown of FHL2 in human lung epithelial 
cells displayed reduced ERK1/2 phosphorylation. Furthermore, FHL2 knockdown 
resulted in lower levels of inflammatory cytokines and Muc5ac, whereas FHL2 
overexpression increased expression of Muc5ac and mucus production. Our results 



were further corroborated by the identification of SNPs in the FHL2 gene associating 
with hyperbronchioreactivity in asthma. Based on these findings, we conclude that 
FHL2 is involved in the aggravation of OVA-induced airway inflammation and 
identify FHL2 as a novel gene associated with asthma severity in human.

In Chapter 7 we elucidated the role of FHL2 in macrophage polarization and 
pulmonary Schistosoma mansoni (Sm) egg granuloma formation. Macrophage 
polarization is a key event in multiple chronic pulmonary diseases including 
schistosomasis and may help in regulation of tissue repair. We demonstrated that 
expression of FHL2 is induced in murine bone marrow derived macrophages 
(BMM) following stimulation with M2 cytokines such as IL-4 and IL-10. FHL2-
KO BMMs exhibited a pro-inflammatory M1 phenotype after LPS treatment and 
displayed a reduced anti-inflammatory M2 phenotype in response to IL-4. FHL2 
deficiency resulted in enhanced migration of macrophages and B cells following 
thioglycollate injection. To evaluate the importance of FHL2 in the development of 
Th2-dependent pulmonary granuloma formation, FHL2-KO mice were challenged 
with Sm eggs. Four weeks after egg injection FHL2-KO mice showed an enhanced 
number of granulomas compared with wild-type mice. Sm egg–challenged wild-
type mice displayed the expected Th2 response, whereas FHL2-KO mice showed 
decreased expression of Th2 markers and an exacerbated Th1 type of inflammation, 
characterized by enhanced expression of neutrophil markers and Th1 cytokines. 
Interestingly, the expression of barrier proteins such as occludin, ZO-1, claudin5 
and VE-cadherin were reduced in FHL2-KO lung following Sm egg injection. In 
conclusion, our findings identify FHL2 as a novel player in the pathogenesis of 
pulmonary granulomatous inflammation, partly through its effect on macrophage 
polarization, modulation of the Th1/Th2 balance and regulation of permeability in 
lung.

FHL2 is expressed in the vessel wall in SMCs and ECs, and conflicting data have 
been reported on the regulatory function of FHL2 in SMC phenotype transition. In 
Chapter 8 we investigated the function of FHL2 in vascular lesion formation in a 
murine model of carotid artery ligation. We reported that FHL2-deficiency results 
in accelerated lesion formation with enhanced Ki67 expression. To elucidate the 
underlying mechanism, we cultured SMCs from aortas of WT and FHL2-KO mice. 
SMCs derived from FHL2-KO showed enhanced proliferation through enhanced 
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phosphorylation of ERK1/2 and induction of CyclinD1 expression. Furthermore, 
overexpression of FHL2 in SMCs decreased CyclinD1 expression. To further support 
this observation, we performed knockdown of CyclinD1 in FHL2-KO SMCs which 
resulted in reduced proliferation of FHL2-KO SMCs. In addition, FHL2-KO SMCs 
displayed increased CyclinD1 promoter activity, which was decreased upon ERK1/2 
inhibition. FHL2 deficiency showed enhanced migration of SMCs, which is one of 
the key characteristic features of restenosis. Altogether, our data support a protective 
function of FHL2 in SMC-rich lesion formation involving reduced proliferation and 
migration of SMCs via inhibition of the ERK1/2-CyclinD1 signaling pathway.

In Chapter 9 we present results from an extensive transcriptome profiling in WT 
and FHL2-KO SMCs. As described in Chapter 8, FHL2-KO SMCs displayed 
altered regulation of the cell cycle in our micro-array study. In addition to the 
previously recognized involvement of FHL2 in SMC proliferation, we found that the 
cholesterol synthesis and liver X receptor (LXR) pathways are altered in the absence 
of FHL2. Interestingly, FHL2 interacted with the two LXR isoforms, LXRα and 
LXRβ as determined by coimmunoprecipitation experiments. We found that FHL2 
strongly increases transcriptional activity of LXR element (LXRE)-containing 
reporter constructs. To further unravel the underlying mechanism, ChIP analyses 
were performed on the ABCG1 promoter which demonstrated that FHL2 enhances 
the association of LXRβ with DNA. Consistent with this, basal transcriptional LXR 
activity was reduced in FHL2-KO SMCs. Moreover, expression of LXR target genes 
was reduced in intact aorta and aortic SMCs of FHL2-KO mice. In agreement with 
reduced LXR signalling, FHL2 deficiency resulted in attenuated cholesterol efflux 
to both ApoA-1 and high-density lipoprotein (HDL). Altogether, our results establish 
that FHL2 is a transcriptional co-activator of LXRs and points toward FHL2 being 
an important determinant of cholesterol metabolism in SMCs.

The findings described in Chapter 10 show that FHL2 acts as a novel regulator 
of tissue factor (TF) expression and activity in vascular cells including endothelial 
cells and vascular SMCs. We reported that overexpression of FHL2 decreases TF 
expression and activity in endothelial cells. Aortic SMCs isolated from FHL2-KO 
mice display enhanced expression and activity of TF. In contrast, overexpression of 
FHL2 in SMCs decreases reduced expression of TF. Analysis of promoter sequences 
of the TF gene revealed that it contains potential AP-1 and NFκB sites. We showed 



that FHL2 inhibits TF promoter activity in an AP-1 and NFκB-dependent manner. 
Interestingly, we also found that FHL2 physically interacts with full-length TF, 
but not with a mutant of TF lacking the cytoplasmic tail. Further mapping studies 
demonstrated that all LIM domains of FHL2 can interact with TF. Collectively, our 
findings clearly indicate that FHL2 is a novel regulator of TF in vascular cells and 
thereby may affect thrombus formation. 

In Chapter 11, the combined findings of this thesis and their implications are 
discussed. The potential roles as well as other specific areas of interest on Nur77 
and FHL2 in the vascular and immune disease are discussed and are put in a general 
scientific and clinically relevant perspective. Finally, the implications for future 
research targeting Nur77 and FHL2 in vascular and immune disease are proposed.
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Samenvatting

Het onderzoek dat wordt beschreven in dit proefschrift richt zich op een beter begrip 
van de onderliggende mechanismen die ten grondslag liggen aan vaatziekten en de 
rol van het immuunsysteem in meerdere ziektebeelden. Het proefschrift bevat een 
aantal studies betreffende de rol van de nucleaire receptor Nur77 en het ’LIM-domain 
only’ eiwit FHL2 in ziekten van de vaatwand, waaronder aderverkalking, restenose 
en stolling, en de immuunziekten astma, luchtwegontsteking en schistosomiasis, 
waarbij verschillende muis modellen werden gebruikt alsook relevante cellijnen. Het 
uiteindelijke doel van deze studies is om nieuwe preventiemethoden en verbeterde 
behandelingen te ontwikkelen voor vaatwand- en immuunziekten.

De achtergrond informatie die relevant is voor dit proefschrift is weergegeven in 
Hoofdstuk 1. Part I geeft een kort overzicht van vaatziekten als aderverkalking, 
restenose en bloedstolling en van de immuunziekten astma, luchtwegontsteking 
en schistosomiasis. In Part II wordt de beschikbare literatuur samengevat over de 
functie van nucleaire receptoren in vaatziekten en in het bijzonder de functie van 
Nur77 in endotheelcellen, gladde spiercellen en macrofagen in aderverkalking. 
Aderverkalking kan beschouwd worden als een chronische ontsteking van de 
slagaderwand met een karakteristieke stapeling van vetten en geactiveerde 
immuun cellen. De meeste nucleaire receptoren beschermen tegen aderverkalking, 
doordat deze een gunstig effect hebben op de vaatwand en immuun cellen. Part III 
introduceert de zogenaamde NR4A subfamilie van nucleaire receptoren, die drie 
leden bevat; Nur77, Nurr1 en NOR-1, en de huidige kennis over de functie van deze 
transcriptiefactoren in meerdere ziekteprocessen wordt besproken. Dit hoofdstuk vat 
ook alle beschreven eiwit-eiwit interacties van de NR4As samen, met de nadruk op 
Nur77, waarbij de rol van de interacties in relatie tot bepaalde ziektebeelden wordt 
besproken.

Hoofdstuk 2 rapporteert over de interactie van ‘Pin1’, een peptidyl-prolyl isomerase,  
met de NR4As zoals werd vastgesteld middels een ‘yeast-two-hybrid’ analyse en co-
immunoprecipitaties. Pin1 verhoogt de transcriptionele activiteit van alle drie de 
NR4As. Bovendien wordt de eiwit stabiliteit van Nur77 door Pin1 verhoogd, wat 
gepaard gaat met een verminderde ubiquitinering van Nur77.  Het is interessant, en 
onverwacht, dat Pin1 een activator is van Nur77 onafhankelijk van de isomerase 



activiteit, terwijl de stabilisatie van Nur77 wel afhankelijk is van Pin1 activiteit. 
Nur77 blijkt een substraat te zijn voor caseine kinase, dat het Ser(152)-Pro(153)-
motif in Nur77 fosforyleert, waarna Pin1 aan Nur77 bindt en stabilisatie induceert.

We hebben een ‘yeast-two-hybrid’ screen uitgevoerd om nieuwe bindingspartners 
van Nur77 te identificeren. De resultaten van dit onderzoek staan beschreven in 
Hoofdstuk 3, waarin wordt gerapporteerd dat FHL2 een interactie aan kan gaan 
met Nur77. Middels deletie-mutant analyses en co-immunoprecipitaties hebben we 
aangetoond dat elk LIM domein van FHL2 kan binden aan zowel het amino-terminale 
als het ligand-bindende domein van Nur77. Vervolgens is aangetoond dat FHL2 de 
activiteit van Nur77 remt. Voor het Nur77 target gen enolase 3, waarvan de expressie 
door Nur77 wordt gestimuleerd, hebben we aangetoond middels zogenaamde ChIP-
experimenten, dat FHL2 de binding van Nur77 aan de enolase 3 promoter remt. In 
deze studie laten we tevens zien dat FHL2 tot expressie komt in endotheelcellen en 
gladde spiercellen, maar niet in monocyten en macrofagen.

Azathioprine is een immuunsuppressivum, dat wordt toegepast bij patiënten 
met chronische ontstekingsziekten. In Hoofdstuk 4 beschrijven we de rol van 
6-mercaptopurine (6-MP), een actieve metaboliet van azathioprine, in de regulatie 
van de expressie van pro-inflammatoire cytokines in humane long epitheelcellen. 
6-MP beïnvloedt de levensvatbaarheid van de long epitheelcellen niet tot een 
concentratie van 15 µM;. wel vermindert 6-MP de TNFα-geïnduceerde expressie 
van verschillende pro-inflammatoire cytokines. In overeenstemming met deze 
observaties, remt 6-MP de TNFα-geïnduceerde fosforylatie van IκBα en vermindert 
daardoor de NFκB luciferase activiteit. Chronische luchtwegontstekingen, zoals 
astma, zijn geassocieerd met excessieve cytokine productie en mucus secretie. 6-MP 
reduceert de genexpressie van mucin Muc5ac, maar niet die van Muc2, via remming 
van de NFκB route. Samenvattend tonen de data aan dat 6-MP de inflammatoire 
response en de mucus productie in long epitheelcellen onderdrukt, waardoor 6-MP 
mogelijk therapeutische waarde heeft tegen overmatige secretie van mucus in 
verschillende longziekten. 

De nucleaire receptor Nur77 speelt een essentiële rol in niet-immuuncellen en 
ontstekingscellen. Aangezien Nur77 tot expressie komt in eosinofielen en long 
epitheelcellen, hebben we de rol van Nur77 bestudeerd in een muis-model met 
ovalbumine (OVA)-geïnduceerde astma / luchtweg-ontsteking. Deze bevindingen 
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zijn beschreven in Hoofdstuk 5.  Het ontbreken van Nur77 resulteert in verergerde 
infiltratie van ontstekingscellen, waaronder lymfocyten en eosinofielen, en 
verhoogde mucus productie. Macrofagen dragen in dit model weinig bij aan de 
ziekte en de aantallen macrofagen zijn vergelijkbaar in controle (WT) en Nur77-
deficiënte (Nur77-KO) muizen in dit model.  Nur77-KO muizen hebben hogere 
Th2 cytokine niveaus in broncho-alveolaire lavage vloeistof (BALF) en lokale 
lymfeknopen en verhoogde IgG1 en IgG2a niveaus in serum. Deze resultaten zijn 
bevestigd in zogenaamde “gain- and loss-of function” experimenten in humane long 
epitheelcellen. Het uitschakelen van Nur77 in deze cellen resulteerde in verhoogde 
IκBα fosforylatie, wat leidt tot meer NFκB activiteit, terwijl overexpressie van 
Nur77 de NFκB activiteit verlaagt. Daarnaast geeft overexpressie van Nur77 lagere 
inflammatoire cytokine- en Muc5ac expressie en  verminderde mucus productie. 
Tot slot hebben we een “single nucleotide polymorphism” (SNP) in het Nur77 
gen geïdentificeerd dat geassocieerd is met hyperbronchioreactiviteit in humane 
astmapatiënten. Onze resultaten wijzen op een beschermende rol van Nur77 in 
OVA-geïnduceerde luchtwegontsteking en identificeren Nur77 als een nieuwe 
therapeutische target. Echter, er is meer onderzoek nodig naar het onderliggende 
werkingsmechanisme. 

Hoofdstuk 6 beschrijft de functionele rol van FHL2 in het OVA-geïnduceerde 
luchtwegontsteking muis model. De FHL2-deficiënte (FHL2-KO) muizen  hebben 
verminderde allergeen-gedreven luchtwegontsteking, wat tot uiting komt in minder 
infiltratie van inflammatoire cellen, zoals eosinofielen, dendritische cellen, B-cellen 
en T-cellen. De mucus productie is ook gereduceerd in FHL2-KO muizen. FHL2-
KO muizen hebben lagere cytokine niveaus van IL-5, IL-13, Eotaxin-1 en Eotaxin-2 
in BALF, alsook in de lokale lymfeknopen. OVA-specifieke serum IgG en IgE 
niveaus zijn evneens verminderd in FHL2-KO muizen. Immunohistochemische 
kleuringen laten sterk verminderde fosforylatie van extracellular-regulated 
kinase-1/2 (ERK1/2) zien in de longen van FHL2-KO muizen. In overeenkomst 
met deze observatie zorgt uitschakeling van FHL2 in humane long epitheelcellen 
ook voor verlaagde ERK1/2 fosforylatie. Daarnaast resulteert de onderdrukking 
van FHL2 in verminderde inflammatoire cytokine- en Muc5ac expressie, terwijl 
FHL2 overexpressie meer Muc5ac en mucus productie geeft. De resultaten werden 
bekrachtigd door de identificatie van SNPs in het FHL2 gen, die geassocieerd zijn 
met hyperbronchioreactiviteit in humane astmapatiënten. We concluderen dat FHL2 



betrokken is bij verergering van OVA-geïnduceerde luchtwegontsteking en hebben 
FHL2 geidentificeerd als een nieuw gen dat is geassocieerd met de hevigheid van 
humane astma.

In Hoofdstuk 7 ontrafelden we de functie van FHL2 in macrofaag polarisatie en in 
Schistosoma mansoni (Sm) ei granulomaformatie in de long. Macrofaag polarisatie 
is belangrijk in verschillende chronische longziekten, inclusief schistosomasis, 
en speelt een rol bij de regulatie van weefselschade herstel. We laten zien dat de 
expressie van FHL2 wordt geïnduceerd in beenmerg macrofagen (BMf) van de muis, 
na stimulatie met M2 cytokines zoals IL-4 en IL-10. FHL2-KO BMf vertonen een 
ontstekings ‘M1-fenotype’ na LPS stimulatie en een verminderd anti-inflammatoir 
‘M2-fenotype’ na IL-4 incubatie. FHL2 deficiëntie resulteert in versnelde migratie van 
macrofagen en B-cellen na thioglycolaat injectie. Om te beoordelen hoe belangrijk 
FHL2 is in de ontwikkeling van de Th2-afhankelijke granulomavorming in de long, 
hebben we bij FHL2-KO muizen Sm eitjes ingespoten. Vier weken na injectie 
hadden de FHL2-KO muizen een groter aantal granulomas in vergelijking met de 
WT muizen. WT muizen lieten de verwachtte Th2 respons zien, welke verlaagd was 
in de FHL2-KO muizen. Daarentegen was de Th1 respons verhoogd in de FHL2-
KO, wat gekarakteriseerd werd door verhoogde expressie van neutrofiel markers 
en Th1 cytokines. Het was ook opvallend dat de expressie van barrière eiwitten 
zoals occludin, ZO-1, claudine5 en VE-cadherine verminderd waren in FHL2-KO 
longen na Sm ei injecties. Samenvattend suggereren de bevindingen dat FHL2 een 
nieuwe speler is in de pathogenese van pulmonale granulomateuze ontsteking, via 
een effect op macrofaag polarisatie, modulatie van de Th1/Th2 balans en regulatie 
van permeabiliteit in de long.

In de vaatwand komt FHL2 tot expressie in gladde spiercellen en endotheelcellen. 
Contrasterende data zijn gepubliceerd over de rol van FHL2 in gladde spiercellen 
differentiatie. In Hoofdstuk 8 onderzoeken we de functie van FHL2 in vasculaire 
lesies in het carotis ligatie muismodel. We constateerden dat de FHL2-KO muizen 
grotere lesies vormen door verhoogde gladde spiercel proliferatie (Ki67 marker). 
Om het onderliggende mechanisme te ontrafelen zijn gladde spiercellen gekweekt 
uit aorta’s van WT en FHL2-KO muizen. Gladde spiercellens uit de FHL2-KO muis 
groeien sneller door verhoogde ERK1/2 fosforylatie en de inductie van CyclinD1 
expressie. Overexpressie van FHL2 in gladde spiercellen resulteerde in verlaging van 
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de CyclinD1 expressie te. Daarop volgend, hebben we aangetoond dat onderdrukking 
van de CyclinD1 expressie in FHL2-KO gladde spiercellen proliferatie vermindert. 
In FHL2-KO gladde spiercellens bleek er verhoogde CyclinD1 promoter activiteit te 
zijn, wat verminderde na remming van ERK1/2 activatie. Het ontbreken van FHL2 
versnelt ook gladde spiercel migratie, wat een belangrijk  kenmerk is van vasculaire 
restenose. Concluderend wijzen onze data op een beschermde rol van FHL2 in de 
vorming van gladde spiercel-rijke lesies in de vaatwand, door verminderde proliferatie 
en migratie via onderdrukking van de  ERK1/2-CyclinD1 signaal transductie route.

In Hoofdstuk 9 presenteren we de resultaten van ‘transcriptoom’-profielen in 
WT en FHL2-KO gladde spiercellen. Zoals beschreven in Hoofdstuk 8 vertonen 
FHL2-KO gladde spiercellen veranderde regulatie van de celcyclus, wat terug is te 
zien in onze micro-array studie. Daarnaast bleek dat de cholesterol biosynthese en 
‘liver X receptor’ (LXR) routes veranderd waren in afwezigheid van FHL2. FHL2 
blijkt een interactie aan te gaan met beide LXR receptoren, LXRα en LXRβ, zoals 
bepaald door middel van co-immuunprecipitatie. FHL2 versterkt de transcriptionele 
activiteit van LXR element (LXRE)-bevattende reporter constructen. Om het 
onderliggende mechanisme op te helderen zijn ‘ChIP’-analyses uitgevoerd met de 
ABCG1 promoter, wat een versterkte interactie van LXRβ met het DNA liet zien in 
aanwezigheid van FHL2. In lijn met deze data was de basale transcriptionele LXR 
activiteit verlaagd in FHL2-KO gladde spiercellen. Daarnaast was de expressie van 
LXR target genen verminderd in muis aorta weefsel en aorta gladde spiercellen van 
FHL2-KO muizen. In samenspraak met de verminderde LXR signaal transductie 
geeft FHL2 deficiëntie verminderde cholesterol efflux aan de acceptoren ApoA-1 en 
high-density lipoprotein (HDL). Samenvattend kunnen we vaststellen dat FHL2 een 
transcriptionele co-activator is van de LXRs en dat FHL2 een belangrijke rol speelt 
bij het cholesterol metabolisme in gladde spiercellen.

De resultaten in  Hoofdstuk 10 laten zien dat FHL2 een nieuwe regulator is van tissue 
factor (TF) expressie en activiteit in vasculaire cellen, inclusief endotheelcellen en 
gladde spiercellen. TF speelt een belangrijke rol bij de bloedstolling. Overexpressie 
van FHL2 vermindert TF expressie en activiteit in endotheelcellen en gladde 
spiercellen. In lijn met deze data is er meer TF expressie en activiteit in aorta 
gladde spiercellen uit FHL2-KO muizen. Promoter analyse van het TF gen hebben 
aangteoond dat er potentiële AP-1 en NFκB sites aanwezig zijn; FHL2 remming 



van TF promoter-activiteit is AP-1 en NFκB afhankelijk. Bovendien kan FHL2 een 
fysieke interactie aangaan met “full-length” TF, maar niet met een mutant van TF 
waarin het cytoplasmatische uiteinde ontbreekt. Uit nadere studies bleek dat alle 
LIM domeinen van FHL2 kunnen binden aan TF. Onze bevindingen duiden op 
een rol voor FHL2 in TF activiteit, wat van belang kan zijn bij de regulatie van 
bloedstolling. 

In Hoofdstuk 11 worden de resultaten uit dit proefschrift gecombineerd en worden de 
implicaties  bediscussieerd. De potentiële functies van Nur77 en FHL2 in vasculaire- 
en immuunziekten worden besproken en geplaatst in een algemeen wetenschappelijk 
en klinisch relevant kader. Tot slot, worden de gevolgen voor toekomstig onderzoek 
op het gebied van Nur77 en FHL2 modulatie in vasculaire- en immuunziekten 
gepresenteerd. 
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