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

UvA-DARE (Digital Academic Repository)

Nuclear receptors and their co-factors in hematological and inflammation-driven
disorders

Koenis, D.S.

Publication date
2018
Document Version
Other version
License
Other

Link to publication

Citation for published version (APA):
Koenis, D. S. (2018). Nuclear receptors and their co-factors in hematological and
inflammation-driven disorders. [Thesis, fully internal, Universiteit van Amsterdam].

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:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/nuclear-receptors-and-their-cofactors-in-hematological-and-inflammationdriven-disorders(644724ce-68ae-4443-9c5f-82fce89a9a9c).html


Thesis2.indd   8 21-5-2018   15:30:53

Chapter 1

General introduction and scope of thesis

Thesis2.indd   9 21-5-2018   15:30:5315590_Koenis_BNW.indd   9 28-05-18   16:22



10

Chapter 1

GENERAL INTRODUCTION AND SCOPE OF THESIS 
This thesis describes the role of several nuclear receptors and their coregulatory proteins in 
macrophage and vascular cell biology, with a particular focus on the nuclear receptor Nur77. In 
this chapter, I will provide a brief background on the nuclear receptors Nur77 and Liver X receptor 
(LXR), macrophages and vascular smooth muscle cells, the role of mitochondrial metabolism in 
the macrophage inflammatory response, and the pathogenesis of atherosclerosis — all major 
subjects of this thesis.  

Nuclear receptors 

Nuclear receptors are a family of ligand-controlled transcription factors that regulate a plethora of 
cellular processes, including metabolism, inflammation, and proliferation1,2. The mammalian 
nuclear receptor superfamily consists of 49 proteins divided over 7 subfamilies (Figure 1A). 
Nuclear receptors share a common structure of a well-conserved DNA-binding domain (DBD) 
containing two zinc-fingers, flanked by an unstructured amino-terminal domain important for 
transcriptional activation, and a carboxy-terminal ligand-binding domain (LBD) that mediates 
binding of both ligands and other proteins (Figure 1B)1. The LBD is composed of 12 α-helices and 
contains a variable ligand-binding pocket that is used to bind ligands such as steroid hormones, 
fatty acids, and cholesterol derivatives2. Binding of these ligands leads to a conformational 
change that increases the activity of the nuclear receptor as either a transcriptional activator or 
repressor2,3. Some nuclear receptors have no known ligands, however. The activity of such 
“orphan” nuclear receptors is instead thought to be controlled through regulation of their 
expression and post-translational modifications4. 

 

  

Figure 1. The nuclear receptor family. 
(A) Phylogenetic tree of the 49 mammalian nuclear 
receptors divided over 7 closely inter-related 
subfamilies. LXR belongs to the NR1 subfamily and is 
indicated in red. Nur77, Nurr1, and NOR-1 belong to the 
NR4 subfamily and are indicated in green.  
(B) Canonical primary protein structure of nuclear 
receptors: an amino-terminal domain involved in 
transcriptional activation, followed by a two zinc-finger 
(ZF)-containing DNA-binding domain which is 
connected through a hinge region with the ligand-
binding domain. 
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Nur77 

Nur77 (NR4A1) is an orphan nuclear receptor that together with the closely related factors Nurr1 
(NR4A2) and NOR-1 (NR4A3) makes up the NR4A subfamily (Figure 1A). Like most nuclear 
receptors, Nur77 can act as either a transcriptional activator or repressor depending on the 
cellular and genomic context. Unlike most nuclear receptors, Nur77 can do so as either a 
monomer binding to the NGFI-B Response Element (NBRE; AAAGGTCA), or as a homodimer 
binding to the Nur Response Element (NurRE; TGATATTT[n6]AAATGCCA)5. Nur77 has no 
known ligand, and analyses of Nur77 and Nurr1 LBD structures suggest that they lack an 
accessible ligand-binding pocket altogether6,7. Nur77 activity is instead regulated via tight control 
of its expression, post-translational modifications, and interactions with co-regulatory proteins4,8. 
These latter two processes may be further modulated by allosterically-binding metabolites such 
as unsatured fatty-acids9, as well as non-endogenous small molecules such as celastrol10, 
cytosporone A/B11,12, and 6-mercaptopurine13. The various coregulatory proteins that can interact 
with and regulate Nur77 activity are reviewed in Chapter 2 of this thesis. In Chapter 3, we identify 
peptidylprolyl cis/trans isomerase, NIMA-interacting 1 (Pin1) as a novel Nur77-interacting protein 
and show that it increases both Nur77 protein stability and transcriptional activity. 

The expression of Nur77 is rapidly induced in a cell type-specific manner by a variety of stimuli, 
including peptide hormones, growth factors, pro-inflammatory cytokines, toll-like receptor 
agonists, β-adrenergic stimulation, and mechanical stress4. In skeletal muscle, Nur77 expression 
is strongly induced by exercise14, and in turn it enhances expression of genes involved in 
glycolysis and oxidative phosphorylation15,16. In vascular smooth muscle cells, Nur77 is induced 
by mechanical stretch or activation with pro-inflammatory macrophage-conditioned medium17,18. 
In turn, it inhibits the proliferation of these cells, thereby reducing smooth muscle-rich vascular 
lesion formation in mouse models of atherosclerosis17,18. In macrophages, Nur77 is induced by 
various pro-inflammatory stimuli, such as lipopolysaccharide (LPS), tumor necrosis factor (TNF)-
α, and oxidized low density lipoprotein (ox-LDL)19,20. This induction is mediated through direct 
activation of the Nur77 promoter by the transcription factor nuclear factor kappa-B (NF-κB), a 
master regulator of inflammation19. In turn, Nur77 can restrict the macrophage inflammatory 
response via direct interaction with and inhibition of NF-κB20–23. Consistently, Nur77 activity is 
protective in mouse models of various inflammation-driven pathologies, such as 
atherosclerosis23–25, LPS-induced sepsis12,  neuroinflammation26, and inflammatory bowel  
disease27,28. Exogenous overexpression of Nur77 has also been shown to increase certain pro-
inflammatory macrophage marker genes, however29. Therefore, we studied the transcriptional 
programs activated and repressed by Nur77 in macrophages in more detail. In Chapter 4 of this 
thesis, we studied the gene expression profiles of naïve and LPS-activated wild-type and Nur77-
deficient mouse macrophages and found a role for Nur77 in the regulation of extracellular matrix 
maintenance and chemotactic cytokine (chemokine) production. In Chapter 5, we used a 
combination of genome-wide Nur77 binding site and target gene profiling by chromatin 
immunoprecipitation sequencing (ChIP-seq) and RNA-sequencing (RNA-seq), respectively, to 
uncover a hitherto unknown role for Nur77 in the regulation of pro-inflammatory macrophage 
immunometabolism, a concept that will be explained in more detail later on in this introduction. 

Liver X receptor (LXR) 

LXR is a nuclear receptor with two subtypes encoded by different genes: LXRα (NR1H3) and 
LXRβ (NR1H2). The two LXRs have distinct expression patterns, with LXRα expression being 
restricted to metabolic and immunologic tissues and cells such as liver, intestine, adipocytes, 
kidney, macrophages, and spleen, while LXRβ is ubiquitously expressed30. Both isoforms are 
ligand-activated transcription factors that respond to increased cellular sterol load in the form of 
cholesterol biosynthesis pathway intermediates and oxidized derivatives of cholesterol 
(oxysterols)31. In turn, LXRs activate the expression of genes that promote cholesterol efflux from 
the cell (such as ABCA1, ABCG1, and APOE30), as well as genes that inhibit the uptake of 
extracellular lipoprotein-derived cholesterol, most notably IDOL32. Together, this LXR-induced 
transcriptional program drastically reduces the sterol burden on the cell, thereby lowering the 
activation of LXR itself through negative feedback. In addition to the regulation of cellular sterol 
homeostasis, LXRs also regulate the inflammatory response in a variety of immune cells31 and 
vascular smooth muscle cells33. LXR-deficient macrophages are hyperinflammatory and 
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accumulate intracellular cholesterol in vivo, resulting in exacerbated disease progression in 
mouse models of atherosclerosis34,35. In Chapter 6 of this thesis, we identified four and a half LIM 
domains protein 2 (FHL2) as a novel interacting protein and co-activator of LXR signaling in 
vascular smooth muscle cells. In Chapter 7, we studied the transcriptional profiles induced by 
various LXR ligands in macrophages and identify a hitherto uncharacterized protein (EEPD1) as 
a direct LXR target gene that enhances macrophage cholesterol efflux via regulation of ABCA1 
abundance at the cell membrane. 

Macrophages, inflammation, and atherosclerosis 

Macrophages 

The innate immune system is a well-conserved non-specific host defense mechanism that is 
activated by antigens that follow certain molecular patterns36. These antigens can be either 
products or components of an invading pathogen (pathogen-associated molecular patterns; 
PAMPs), or endogenously generated as a result of cell or tissue damage (damage-associated 
molecular patterns; DAMPs)36. Macrophages are a crucial component of the innate immune 
system. Upon recognition of an antigen, macrophages start an inflammatory response during 
which they produce a plethora of cytokines and other immune effector molecules to neutralize 
pathogens, recruit additional cells of the innate immune system, activate cells of the adaptive 
immune system through antigen presentation, and clear the local environment of apoptotic cells 
and other forms of tissue damage36. As such, they play a central role in many diseases that involve 
inflammation. 

Macrophages arise from monocytes, which in turn are produced from myeloid progenitors in the 
bone marrow (and in some cases, the spleen)37. In mice, monocytes can be broadly classified 
into classical (Ccr2hi, Ly6chi) and non-classical (Cx3cr1hi, Ly6clo) categories, with classical 
monocytes playing an important role in driving the pro-inflammatory response to bacterial PAMPs, 
while non-classical monocytes are more important for the response to viral stimuli as well as 
maintenance of tissue homeostasis37. Nur77 plays an important role in the development of non-
classical monocytes, as Nur77-deficient mice essentially lack this subset38. Additionally, a dual 
deficiency of Nur77 and its family member NOR-1 leads to bone marrow differentiation being 
heavily skewed towards monocyte/macrophage production which ultimately results in 
development of acute myeloid leukemia (AML), a hematological malignancy characterized by 
excessive myeloid cell proliferation39. In Chapter 8 of this thesis, we show that Nur77 knockout 
mice generated using homologous recombination are not completely deficient for Nur77 but still 
express part of the Nur77 amino-terminal domain. This truncated protein is not present in a newly-
developed complete Nur77 knockout mouse model. We show that the truncated Nur77 protein 
drives bone marrow dysfunction and is structurally highly similar to a so-far-uncharacterized 
human Nur77 transcript variant that is strongly expressed in human bone marrow and AML 
samples. 

The macrophage inflammatory response and immunometabolism 

During the macrophage inflammatory response, the production of cytokines and immune effector 
molecules such as nitric oxide is critically dependent on a number of changes in their intracellular 
metabolism40,41. These metabolic changes include: (i) inhibition of mitochondrial oxidative 
phosphorylation (OXPHOS) and increased glycolysis as the main source of cellular energy; (ii) 
inhibition of the tricarboxylic acid (TCA) cycle at the rate-limiting enzyme isocitrate dehydrogenase 
(IDH) and a concomitant increase in glutamine-mediated refilling (anaplerosis) of the TCA cycle; 
(iii) significantly increased production of glutamine-derived succinate; (iv) increased mitochondrial 
membrane potential (Δψ) and concomitant reactive oxygen species (ROS) production due to 
succinate dehydrogenase (SDH)-driven reverse electron transport (RET); (v) succinate and ROS-
induced stabilization of the pro-inflammatory transcription factor hypoxia inducible factor (HIF)-
1α; (vi) induction of pro-inflammatory cytokine production40,41. Additionally, the succinate 
produced in step (iii) can be excreted into the extracellular environment, which acts as a pro-
inflammatory stimulus for surrounding immune cells by activating the succinate receptor GPR91 
(vii)42,43. 
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In Chapter 5 of this thesis, we describe a pivotal role for Nur77 in the metabolic switch of pro-
inflammatory macrophages. We show that complete Nur77 knockout pro-inflammatory 
macrophages fail to downregulate IDH expression, produce and secrete larger amounts of 
succinate, and express higher levels of several pro-inflammatory cytokines in a SDH-dependent 
manner. In this chapter we also show that complete Nur77 knockout macrophages have less 
mitochondria at baseline. We follow up on this finding in Chapter 9, where we show that Nur77 
interacts with the transcription factor YY1 — a known regulator of mitochondrial biogenesis — 
and that these factors can synergistically increase mitochondrial content and activity in 
macrophages. 

 

Atherosclerosis 

Atherosclerosis is a disease of the blood vessel wall that is initiated by systemic dyslipidemia and 
accumulation of lipids such as low-density lipoprotein (LDL)-derived cholesterol inside the vessel 
wall44. These trapped lipid particles can become damaged by local oxidative stress, resulting in 
the creation of highly immunogenic oxidized LDL particles (ox-LDL) that are recognized as 
DAMPs by the innate immune system, primarily macrophages. Upon recognition of ox-LDL, 
macrophages mount an inflammatory response that has the well-intended aim of clearing up the 
developing atherosclerotic lesion45. Such an inflammatory response would normally end with the 
resolution of inflammation: a two-step process in which inflammatory signaling is inhibited and 
apoptotic pro-inflammatory cells are cleared46. In the atherosclerotic lesion however, the 
continuous presence of pro-inflammatory stimuli in the form of ox-LDL, combined with the poorly 
perfused nature of the lesion create a local environment that is highly pro-inflammatory and not 
conducive to resolution47. Chronic macrophage-driven inflammation leads to a progressive 

 
 

Figure 2. Changes in intracellular metabolism during the macrophage inflammatory response. 

(A) Naïve (unstimulated) macrophages produce cellular energy in the form of ATP primarily through 
mitochondrial oxidative phosphorylation (OXPHOS).  

(B) Pro-inflammatory macrophages reduce OXPHOS and rewire their tricarboxylic acid (TCA) cycle 
metabolism to induce mitochondrial reactive oxygen species (ROS) production via reverse electron transport 
(RET) and facilitate production of pro-inflammatory metabolites such as succinate and nitric oxide (NO). 
Adapted from: Van den Bossche J, O'Neill LA, Menon D. Macrophage Immunometabolism: Where Are We 
(Going)? Trends Immunol. 2017;38(6):395-406. 
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deterioration of the vessel wall that can ultimately destabilize the lesion and lead to its rupture 
(Figure 3)45,47. Inhibiting excessive macrophage-driven inflammation is therefore of considerable 
therapeutic interest. It is therefore interesting to note that both Nur77 and LXR have been shown 
to protect against lesion development in mouse models of atherosclerosis23–25,34,35. Additionally, 
a clinical trial studying the potential of anti-inflammatory and lipid-lowering drug combinations to 
combat atherosclerosis progression in humans has recently reported positive initial results48. 

In Chapter 5 of this thesis, we confirm the reported anti-atherogenic effects of Nur77 in a separate 
atherosclerosis study performed using complete Nur77 knockout mice and further show that 
atherosclerosis progression is accompanied by a systemic increase of the pro-inflammatory 
metabolite succinate in the circulation.  

Coagulation and thrombus formation 

Advanced atherosclerosis can result in rupture of the atherosclerotic lesion, thereby exposing 
coagulation-promoting factors expressed on lesional smooth muscle cells to the circulation 
(Figure 3)45,49. If the lesion rupture is large enough, the resulting coagulation of blood clotting 
factors can lead to the formation of a thrombus in the blood, which can then travel through the 
body to cause life-threatening events such as stroke or myocardial infarction49. One of the main 
initiators of coagulation expressed on smooth muscle cells is Tissue Factor (TF)50. In both 
macrophages and smooth muscle cells, TF expression is induced by inflammatory stimuli such 
as TNF-α51,52. In Chapter 10 of this thesis, we identify Pin1 as an enhancer of TF expression and 
pro-coagulant activity. 

 
  

 
Figure 3. Progression of atherosclerotic lesion development in the blood vessel wall. 

From: Moore KJ, Tabas I. Macrophages in the pathogenesis of atherosclerosis. Cell. 2011;145(3):341-
355. 
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deterioration of the vessel wall that can ultimately destabilize the lesion and lead to its rupture 
(Figure 3)45,47. Inhibiting excessive macrophage-driven inflammation is therefore of considerable 
therapeutic interest. It is therefore interesting to note that both Nur77 and LXR have been shown 
to protect against lesion development in mouse models of atherosclerosis23–25,34,35. Additionally, 
a clinical trial studying the potential of anti-inflammatory and lipid-lowering drug combinations to 
combat atherosclerosis progression in humans has recently reported positive initial results48. 

In Chapter 5 of this thesis, we confirm the reported anti-atherogenic effects of Nur77 in a separate 
atherosclerosis study performed using complete Nur77 knockout mice and further show that 
atherosclerosis progression is accompanied by a systemic increase of the pro-inflammatory 
metabolite succinate in the circulation.  

Coagulation and thrombus formation 

Advanced atherosclerosis can result in rupture of the atherosclerotic lesion, thereby exposing 
coagulation-promoting factors expressed on lesional smooth muscle cells to the circulation 
(Figure 3)45,49. If the lesion rupture is large enough, the resulting coagulation of blood clotting 
factors can lead to the formation of a thrombus in the blood, which can then travel through the 
body to cause life-threatening events such as stroke or myocardial infarction49. One of the main 
initiators of coagulation expressed on smooth muscle cells is Tissue Factor (TF)50. In both 
macrophages and smooth muscle cells, TF expression is induced by inflammatory stimuli such 
as TNF-α51,52. In Chapter 10 of this thesis, we identify Pin1 as an enhancer of TF expression and 
pro-coagulant activity. 

 
  

 
Figure 3. Progression of atherosclerotic lesion development in the blood vessel wall. 

From: Moore KJ, Tabas I. Macrophages in the pathogenesis of atherosclerosis. Cell. 2011;145(3):341-
355. 
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